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Preface

Chemical Engineering is proud to present this second volume of calculator programs for
chemical engineers. As in the first volume, all of the programs in this book can be run on the
Texas Instruments T1-59 and the Hewlett-Packard HP-67 and HP-97, and quite a few can be
handled by the Texas Instruments TI-58. (As well, all the Hewlett-Packard programs can be
run on the HP-41C machines.)

The programs included in the two volumes of Calculator Programs for Chemical En-
gineers have all been published in Chemical Engineering—but are offered here, and in the
first volume, not only in the original calculator language as listed in the magazine article, but
with a translation, so that both HP and Tl versions are available.

The purpose of the two-book series is to present a library of programmable calculator

programs specifically designed to solve chemical engineering problems. Most of the prog-
rams offered are design oriented—such as those for sizing control valves, rating heat
exchangers, and designing multistage evaporators—while others are included for use in
solving such everyday operation tasks as determining flame temperature or optimizing
reactor agitation.

Thethirty-four programs contained herein run the gamut of useful applications of chemi-
cal engineering principles, from engineering mathematics, physical-properties correlations,
and engineering economics to fluid flow, and heat and mass transfer. And an introductory
article presents a listing of published calculator programs (from all sources, not just from
Chemical Engineering) of interest to chemical engineers.
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Published calculator programs
for chemical engineers
Here is a bibliography of programmable-calculator programs

of interest to ChEs, that are available in the literature.

And, many of the Chemical Engineering programs that
are listed here have been translated, so that both HP and TI1

versions are now available. These program listings appear in either
this book or the first volume of Calculator Programs for Chemical

Engineers. The footnotes following the “Calculator” listing
below indicate this information.

 

John R. Garrett, Cost Associates International*
 

(] Programs for hand-held programmable calculators
are an extremely valuable asset to an engineer who
needs to produce a result or solution in a short period of
time, or who has to solve the same basic problem many
times.

However, the time required to develop and debug
any program always requires more time than is needed
for a manual solution, because results of any new pro-
gram must be verified by checking against a manually
derived result.

Engineers are already aware of the increased produc-
tivity that is made possible by the calculator; many
subscribe to a users’ library of programs, sponsored by a
hardware vendor or a programming club. The follow-
ing bibliographic listing does not replace these libraries,
but is intended to serve as an additional source to help
the engineer determine if someone has already pro-
duced a program that could be useful to him or her.
The following listing is divided into two main cate-

gories—one for advanced calculators such as the HP-
67/97 and the TI-58/59, and the second for calculators
having less capability or flexibility. Within these two
main categories, I have attempted to classify programs
according to general areas of interest. This is very diffi-

*At the time of writing this article, the author was a Senior Cost Engineer for
Diamond Shamrock Corp.  

cult to do in many cases, and the reader must be aware
that some programs are applicable in more than one
category.

In the listing, the title of the article is given first, and

the author second (reversing the usual bibliographic-
citation form). In some cases, the title has been ex-
panded to include program subject matter, as a further
guide to the user. The citation also lists the particular
programmable calculator to which the program listing
is applicable.
The engineer who is doing a literature search will

find manytitles that sound as though they contain pro-
gram listings, but which actually contain an abstract or
a computational method. Consequently, all of the fol-
lowing listings have been personally verified by me as
containing actual calculator programs (except for a
small number labeled “narrative”).

I hope that by using this list, other engineers and
technical personnel can eliminate a great deal of re-
search time, and increase their personal knowledge and
individual productivity.
As an aside, in addition to the principal use of this

list, many main-frame and minicomputer programmers

could easily translate the program algorithms into sub-
routines for a larger software package.

Programs for principal engineering calculators
 

Petroleum refining
 

 

Title Author Calculator Reference

Solving Engineering Problems on Programmable Robert F. Benenati HP-67/97° Chem. Eng., Vol. 84, Mar. 14, 1977, pp. 129-132.
Pocket Calculators: Stripping and Flashing, (See Piping for Part 1)
1. Binary Distillation
2. Multicomponent Flash

Streamline Flash Computations with a Calculatot Sohrab Mansouri HP-67/972 Chem. Eng., Vol. 86, Aug. 27, 1979, pp. 99-101
Program

Flash Vaporization Computations for Plant Operations R. Franklin Parker and HP-67/97 Oil & Gas J., Vol. 77, Dec. 17, 1979, pp. 76-79
Eased I. Harvey Oliver

How Steam Alters V-L of Crude T. A. Abdel-Halim TI-58/59 Hydrocarbon Process., Vol. 59, Jan. 1980, pp. 115-
119

Hand Calculator Program Speeds Flash Calculations I. Harvey Oliver HP-67/97/ Oil Gas J., Vol. 78, Mar. 31, 1980, pp. 130-132
41C

Originally published March 7, 1983.
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Petroleum refining (continued)
 

 

Title Author Calculator Reference

Speed of Hand-calculator Programs can be Improved Stephen T. Kostecke HP-67/97 Oil Gas J., Vol. 78, Aug. 11, 1980, pp. 107-110

Shortcut Distillation Program Aids Design Henry Y. Mak TI1-568/59 Oil Gas J., Vol. 78, Oct. 20, 1980, pp. 138-141

Shortcut Program for Multicomponent Distillation Mark Kesler TI-58/59° Chem. Eng., Vol. 88, May 4, 1981, pp. 85-88.

Calculator Eases Flash Calculations Chandra P. Verma TI-58/59 Oil Gas J., Vol. 79, Apr. 27, 1981, pp. 148-150

Rapid Calculator Solutions: ASTM/TBP; Other Tom D. Denchfield HP-67/97 Oil Gas J., Vol. 79, Apr. 27, 1981, pp. 179-184
Probability Plot Problems

Crude Dehydration/Desalting Calculations Van B. Tran HP-41C Oil Gas J., Mar. 15, 1982, pp. 76-79

Calculator Program Finds Petroleum Fraction Viscosities Gidion M. Barnea HP-67/97 Oil Gas., Vol. 80, May 10, 1982, pp. 148-150
Over Wide Temperature Range

 

Pipeline design and use
 

Programmable Calculator Speeds Pipeline Span
Computations

Hand-held Calculator Programs for Frequently Used
Formulas Part 1: Williams-Hazen Pressure Drop

Programmable Calculators Speed Gas-line Calculations

Estimating Products Line Commingling

Pipeline Liquid Flow Problems Solved by Calculator

Equation Programmed to Prompt: Weymouth

Equations Speed Permafrost-area Line Analysis

Program Solves Line Flow Equation

Equation Predicts Buried Pipeline Temperatures

Programs Speed Line Hydraulics

Calculator Can Ease Pipeline Surge Analysis—Part 1

Analyzing Line Surge with Hand-held Calculator—
Part 2

Gas Pipeline Program Computes Five Variables

Programmable Calculator Uses Equation to Figure
Steady-state Gas-Pipeline Flow

Oil Gas J., Vol. 76, Jan. 9, 1978, pp. 106-107

Pet. Eng. Int., Vol. 51, May 1979, pp. 84-90

Oil Gas J., Vol. 77, May 7, 1979, pp. 67-72

Oil Gas J., Vol. 77, Nov. 19, 1979, pp. 109-110

Oil Gas J., Vol. 77, Nov. 19, 1979, pp. 134-152

Oil Gas J., Vol. 77, Dec. 10, 1979, pp. 103-108

Oil Gas J., Vol. 78, Dec. 15, 1980, pp. 80-84

Oil Gas J., Vol. 79, Jan. 19, 1981, pp. 83-84

Oil Gas J., Vol. 79, Mar. 16, 1981, pp. 65-72

Oil Gas J., Vol. 79, Apr. 20, 1981, pp. 76-85

Oil Gas J., Vol. 79, Aug. 10, 1981, pp. 100-106

Oil Gas J., Vol. 79, Aug. 17, 1981, pp. 128-134

Oil Gas J., Vol. 80, Mar. 8, 1982, pp. 195-198

0Oil Gas J., Vol. 80, Apr. 26, 1982, pp. 126-128

 

 

Calculator Program Analyzes Insulated Pipe

Program Calculates Heat Transfer through Composite
Walls

Calculating Heat Loss or Gain by an Insulated Pipe

Heat Loss Through Insulated Steam Lines

Heat./Piping/Air Cond., Vol. 50, Mar. 1978, pp. 65-
70

Chem. Eng., Vol. 87, June 16, 1980, pp. 119-122

Chem. Eng., Vol. 89, Jan. 25, 1982, pp. 111-114

Oil Gas J., Vol. 80, Feb. 22, 1982, pp. 146-154

 

 

New Program Speeds Up Selection of Pumping Unit

New Program . . . Unit—A Correction

Rapid Calculation of Centrifugal-pump Hydraulics

Calculator Program Computes Centrifugal Pump
Efficiency

Gas Calculations Aid Submersible Pump Selections

A. Marks HP-67/97

W. J. Turner HP-67/97

R. F. Parker HP-67/97

A. Marks HP-67/97

R. R. Burnett HP-67/97

Dennis Cook TI1-568/59

G. G. King TI-58/59

Kurt P. McCaslin T1-58/59

Graeme G. King T1-58/59

Lawrence K. Thummel HP-41C

Mike Hein Narrative, see
next item

Mike Hein HP-41C

Steven R. Moore and T1-58/59
Robert D. Huff

E. Holmberg T1-568/59

Insulation

S. L. Barritt HP-67/97

Calvin R. Brunner TI-58/592

Frank S. Schroder HP-67/97°

J. G. Kloepfer and TI-58/59
S. Dykstra

Pumps
Mark Seaman T1-58/59

Mark Seaman T1-58/59

W. Wayne Blackwell TI-58/59%

A. Marks HP-67/97

John Beavers, others TI-58/59

Oil Gas J., Vol. 77, Nov. 12, 1979, pp. 226-229
(see next item)

Oil Gas J., Vol. 77, Dec. 10, 1979, pp. 102

Chem. Eng., Vol. 87, Jan. 28, 1980, pp. 111-115

Oil Gas J., Vol. 78, Dec. 22, 1980, pp. 62-64

Pet. Eng. Int., Vol. 53, July 1981, pp. 69-85

 

Sanitation, environment, and safety/health
 

Sizing Force Mains for Economy

Hydraulic Computations for Small Programmable
Calculators

Computer Program for Open Channel Flow Calculation

Louis Dancs

Thomas E. Croley Il

Ralph Finch

TI-58/59 &
HP-67/97

TI-58/59 &
HP-67/97

TI-58/59

Water Sewage Works, Vol. 124, Mar. 1977, pp. 84—
86

Water Sewage Works, Vol. 124, Nov. 1977, pp. 64-
71

Water Sewage Works Ref. Issue, Vol. 125 Ref., 1978,
pp. R:22-30
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Sanitation, environment, and safety/health (continued)
 

Title Author Calculator Reference
 

Predicting Sulfide in Force Mains

Relative Humidity from Psychrometric Data

Programmed Approach to Water/Mass Analysis

The Hand-held Programmable Calculator and the
Occupational Safety and Health Practitioner:

. TLV for Mixtures—Additive Effects.

. TLV for Mixtures—Additive Effects: Liquid Source.

. Time Weighted Average Exposure.
. Time Weighted Average Exposure with Excursion
Test.
Duct Sizing Calculations.

. Computing Noise Dosage.
. Converting Octave Band Sound Levels to A, B, or
C Weighted Sound Pressure Levels.

. Combining and Subtracting Sound Pressure
Levels.

. Cumulative Summing.
. P Chart Computation.
. C Chart Computation.
. Pareto Analysis.
. Work Injury Experience.
. Concentration of an Air Contaminant from
Sampling or Laboratory Data.

_
_
—
r
—

Oxygen Transfer Parameter Estimation:
1. Complex Method.
2. Linearization Method

Psychrometric Analysis with a Programmable Calculator

Solve Psychrometric Problems with a Programmable
Calculator

""Industrial Wastewater Treatment Plant Model

 

Karl E. Kienow and
Kenneth K. Kienow

Ake Sison Stenius

George R. Spencer,
Jr.

Leo Greenberg

M. K. Stenstrom,
others

Bernard N. DeWitt

Theodore Atwood

Kenneth A. Chacey
and William S.
McAvoy

HP-67/97

HP-67/97

TI-58/59

TI-568/59

TI-58/59

TI-58/59

T1-568/59

HP-41C

Water Sewage Works, Vol. 125, Dec. 1978, pp. 48-
49

Tappi, Vol. 62, Apr. 1979, pp. 87-88

Pollut. Eng., Vol. 13, Feb. 1981, pp. 30-33

Am. Ind. Hyg. Assoc. J., Vol. 42, Mar. 1981,
pp. 165-177

ASCE, J. of Environ. Eng. Div., Vol. 107 (2), Apr.
1981, pp. 379-397

Heat. /Piping/Air Cond., Vol. 563, May 1981, pp. 59-
62

Heat. /Piping/Air Cond., Vol. 53, Dec. 1981, pp. 77-
80

Pollut. Eng., Vol. 14, June, 1982, pp. 25-28

 

Piping
 

Solving Engineering Problems on Programmable
Pocket Calculators

Versatile Calculator Program Eases Piping Design

Versatile Calculator Program Eases Piping Design—
Comment/Reply

Design Weld-neck Flanges Fast

Steam Flow in Steel Pipes

Finding Economic Pipe Diameters Using Programmable
Calculators

Calculator Program Slashes Piping Analysis Time

Pressure Loss Through Valves

Friction Head Loss in Pipe

Analyze Fire Water Network by Calculator

Versatile Program for Pressure-drop Calculations

Program Finds Pressure Drop Through Pipe and
Fittings

Calculator Solves Pipe Flow Problems

Pipe Friction Head Loss

Program Calculates Two-phase Pressure Drop

Calculation of Drop Leg Performance

Equations Speed Permafrost-area Line Analysis

Program Solves Line Flow Equation

Piping Flexibility Analysis with a Programmable
Calculator

Program Sizes Pipe and Flare Manifolds for
Compressible Flow

Solve Fluid Flow Problems with a Programmable
Calculator

Calculating Two-phase Pressure Drop

Pipe Branch Reinforcement Calculations

Robert F. Benenati

Larry L. Simpson

Earle C. Smith

John Stippick

T.S. Bryanand N. T.
MclLaury

Neil Nebeker

M. Hassouneh and H.
Bhaumik

Kishan Bagadia

Kishan Bagadia

H. Bhaumik

James M. Meyer

Barry L. Roth

Chandra P. Verma

Robert Bursey

W. Wayne Blackwell

S. J. Dougherty

G. G. King

Kurt P. McCaslin

Alfred D'Ambra

Paul Kandell

Theodore Atwood

W. Wayne Blackwell

Alfred D'Ambra

HP-67/97°

HP-67/97%

Narrative

TI-58/59

HP-67/97

TI-58/59

HP-67/97

HP-67/97 and
TI-68/59

HP-67/97 and
TI-568/59

HP-67/97

HP-67/972

TI-58/59

TI-58/59

TI-58/59

TI-58/59

HP-67/97%

TI-58/59

TI-58/59

TI-58/59

TI-58/59°

TI-58/59

TI-58/59°

TI-58/59

Chem. Eng., Vol. 84, Feb. 28, 1977, pp. 201-206
(see Refining for Part 2)

Chem. Eng., Vol. 86, Jan. 29, 1979, pp. 105-109
(see next item)

Chem. Eng., Vol. 86, Sept. 10, 1979, p. 5

Hydrocarbon Process., Vol. 59, May 1979, pp. 201-
204

Tappi, Vol. 62, June 1979, pp. 91-92

Plant Eng., Vol. 33, June 14, 1979, pp. 150-153

Oil Gas J., Vol. 77, Oct. 29, 1979, pp. 167-172

Plant Eng., Vol. 33, Oct. 31, 1979, p. 81

Plant Eng., Vol. 33, Oct. 31, 1979, p. 82

Oil Gas J., Vol. 77, Dec. 31, 1979, pp. 182-189

Chem. Eng., Vol. 87, Mar. 10, 1980, pp. 139-142

Oil Gas J., Vol. 78, Mar. 24, 1980, pp. 168-170

Oil Gas J., Vol. 78, July 28, 1980, pp. 183-184

Tappi, Vol. 63, Nov. 1980, pp. 1569-160

Oil Gas J., Vol. 78, Nov. 24, 1980, pp. 116-124

Tappi, Vol. 63, Dec. 1980, pp. 115-116

Oil Gas J., Vol. 78, Dec. 15, 1980, pp. 80-84

Oil Gas J., Vol. 79, Jan. 19, 1981, pp. 83-84

l;lgat./P/pmg/Air Cond., Vol. 563, May 1981, pp. 68-

Chem. Eng., Vol. 88, June 29, 1981, pp. 89-93

Heat. /Piping/Air Cond., Vol. 53, Sept. 1981,
pp. 159-165

Chem. Eng., Vol. 88, Sept. 7, 1981, pp. 121-125

Heat./Piping/Air Cond., Vol. 54, Feb. 1982, pp. 87-
90
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Piping (continued)
 

Title

Program Predicts Pressure Drop for Steam Flow

Sizing Condensate-return Lines

Author

Calvin R. Brunner

W. Wayne Blackwell

Calculator

TI-58/59°

TI-58/59

Reference

Chem. Eng., Vol. 89, Feb. 22, 1982, pp. 97-99

Chem. Eng., Vol. 89, July 12, 1982, pp. 105-108

 

Energy
 

Estimating Nuclear Fuel Cycle Cost Using a Hand-held
Programmable Calculator

Using a Programmable Calculator for Energy Analysis

Estimate Solar Collector Size with a Programmable
Calculator

O. Wesley Taylor

Gregory A. Specht

M. D. Syed, others

TI-58/59

T1-58/59

TI-58/59

Power Eng., Vol. 84, Feb. 1980, pp. 58-61

Plant. Eng., Vol. 34, Nov. 13, 1980, pp. 139-143

Heat. /Piping/Air Cond., Vol. 53, May 1981, pp. 81-
85

 

Operations and maintenance
 

Finding Volume in Partially Filled Tanks

Program Calculates Volumes of Partly Filled Vessels

A Better Way to Balance Turbomachinery

Erminio Santi

W. Wayne Blackwell

L. Fielding and R. E.
Mondy

HP-67/97

TI-68/59

TI-58/59

Chem. Eng., Vol. 86, June 18, 1979, pp. 144-147

Oil Gas J., Vol. 78, June 2, 1980, pp. 131-134

Hydrocarbon Process., Vol. 60, Jan. 1981, pp. 97-
104

 

Economic/financial
 

Fuel Savings in the Lime Kiln

Performing Cost-effective Analysis for Alternative
Interceptor Sewer Designs

Steam Savings in Multiple Effect Evaporator Systems

Economics of Boiler Feedwater Heating

Calculating Boiler Efficiency and Economics

Calculator Program Speeds Up Project Financial
Analysis

Hand-held Calculator Programs for Frequently Used
Formulas: Discounted Cash Flow Projection with Price
and Cost Escalation

Converting From Mechanical to Electrical Drives: The
Looped Pointer Programming Method

Program Calculates Stock-Options Tax

Calculators Quickly Find Tier | Revenue, Volume, WPT

Calculator Program Finds Present Value and Rate of
Return on Investment Opportunities

Calculator Program Aids Well Cost Management

S. Jagannath

Karl E. Kienow and
Kenneth K. Kienow

S. Jagannath

S. Jagannath

Terry A. Stoa

David M. Kirkpatrick

W. J. Turner

S. Jagannath

Ed Oxner

Frank W. Lewis and
Dipak K. Sinha

Rene Santos

Carey J. Doyle

T1-68/59

HP-67/97

TI-58/59
TI-58/59
TI-58/59*°
TI-58/59°

HP-67/97

TI-568/59

HP-67/97

T1-568/59

TI-68/59

TI-58/59

Tappi, Vol. 61, June 1978, pp. 83-84

Water Sewage Works, Vol. 125, Oct. 1978, pp. 43-
48

Tappi, Vol. 61, Nov. 1978, pp. 123-124

Tappi, Vol. 62, Feb. 1979, pp. 89-90

Chem. Eng., Vol. 86, July 16, 1979, pp. 77-81

Chem. Eng., Vol. 86, Aug. 27, 1979, pp. 103-107

Pet. Eng. Int., Vol. 52, Apr. 1980, pp. 76-94

Tappi, Vol. 63, Nov. 1980, pp. 143-144

EDN, Vol. 26, Feb. 4, 1981, p. 87

Oil Gas J., Vol. 79, March 16, 1981, pp. 80-84

Oil Gas J., Vol. 79, Dec. 21, 1981, pp. 62-68

Oil Gas J., Vol. 80, Jan. 18, 1982, pp. 111-116

 

Instrumentation and process control
 

Program Calculates Orifice Sizes for Gas Flow

TI-59 Program for Root Locus

Orifice Gas Flow Calculated Without Tables

Program Sizes Flange-top Orifice Plate

Program Computes Orifice-meter Flow Rate

Automatic Stability Calculations for Feedback Control
Systems

William H. Mink

G. Franklin

Randy Freeman

John E. Hogsett

Jed R. Martin

Mehmet T. Gokbudak

TI-568/59®

TI-568/59

TI-68/59

TI-68/59

TI-568/59

HP-41C

Chem. Eng., Vol. 87, Aug. 25, 1980, pp. 91-94

Electron. Eng., Vol. 63, Feb. 1981, pp. 25-27

Oil Gas J., Vol. 79, Mar. 9, 1981, pp. 156-161

O/l Gas J., Vol. 79, Mar. 23, 1981, pp. 132-136

Oil Gas J., Vol. 79, Oct. 12, 1981, pp. 130-131

Control Eng., Vol. 29, June, 1982, pp. 80-82

 

Equipment engineering
 

Calculator Program Solves Cyclone Efficiency Equations

Overall Efficiency of a Combustion Boiler

Yatendra M. Shah and
Richard T. Price

S. Jagannath

TI-58/59%

TI-58/59

Chem. Eng., Vol. 85, Aug. 28, 1978, pp. 99-102

Tappi, Vol. 62, Jan. 1979, pp. 87-88
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Equipment engineering (continued)
 

Title

Calculator Program for Sour-water Stripper Design

Calculator Program Aids Quench-tower Design

Program Predicts Radiant Heat Flux in Direct Fired
Heaters

Quick Calculation of Heat Exchanger Weight

Calculator Analyzes Compressor Performance

Calculator Gives Compression Ratio for Compressors

Calculator Gives . . . Compressors—A Correction

Kinetics of Fixed-bed Sorption Processes

Calculator Program for Designing Packed Towers

Calculator Program Aids Design of Spouted Beds

Calculating Hole-area Distribution for Liquid Spargers

Hole-area Distribution for Liquid Spargers—A
Correction

Expansion Tank Calculations

Coating Dryer Calculations

Calculator Program for a Steam Condenser

Using a Programmable Calculator to Solve Fan Law
Problems

A New Way to Rate an Existing Heat Exchanger

Power Requirements of Pressurized Screens vs. Foil
Frequency

Calculating the Corrected LMTD in Shell & Tube Heat
Exchangers

Program Calculates Hydrocyclone Efficiency

Letters & Reply—Hydrocyclone Efficiency

Thermosyphon Reboiler Piping Designed by Computer

Program Calculates Flame Temperature

Solving Problems of Varying Heat-transfer Areas in
Batch Processes

Author

Norman H. Wild

William H. Mink

Tayseer A. Abdel-
Halim

Mike Taylor

Jim Urick and Fred
Odom

Chandra P. Verma

Chandra P. Verma

Henry K. S. Tan

Vaclav |. Pancuska

Domingo Mele and
Julian Martinez

William H. Mink

William H. Mink

M. D. Syed and D. G.
Strang

R. C. Walker

Larry J. Haydu

Joseph J. Loeffler

Rogerio G. Herkenhoff

R. M. Bach

W. Wayne Blackwell

Frank H. Merrill

R. L. Atwood

W. F. Abbott

Carl A. Vancini

Maurizio Marzi

Calculator

HP-67/97%

TI-58/59%

T1-568/592

HP-67/97

TI-58/59

TI-568/59

TI-58/59

HP-67/97°

TI-58/592

HP-67/97%

TI-58/59°

TI-58/59%

TI-58/59

HP-67/97

HP-67/97°

HP-67/97

HP-67/97/
41C®

TI-58/59

HP-67/97 &
TI-568/59b

HP-41C®
Narrative®

TI-568/59

HP-67/97°

HP-41C

Reference

Chem. Eng., Vol. 86, Feb. 12, 1979, pp. 103-113

Chem. Eng., Vol. 86, Dec. 3, 1979, pp. 95-98

Chem. Eng., Vol. 86, Dec. 17, 1979, pp. 87-91

Process Eng., Vol. 61, Jan. 1980, pp. 56-59

Oil Gas J., Vol. 78, Jan. 14, 1980, pp. 60-65

Oil Gas J., Vol. 78, Feb. 25, 1980, pp. 128-130 (see
next item)

Oil Gas J., Vol. 78, Mar. 31, 1980, p. 129

Chem. Eng., Vol. 87, Mar. 24, 1980, pp. 117-119

Chem. Eng., Vol. 87, May 5, 1980, pp. 113-114

Chem. Eng., Vol. 87, Oct. 20, 1980, pp. 137-139

Chem. Eng., Vol. 87, Nov. 17, 1980, pp. 277-281
(see next item)

Chem. Eng., Vol. 88, Apr. 6, 1981, pp. 93-95

Heat. /Piping/Air Cond., Vol. 53, Jan. 1981, pp. 96-
99

Tappi, Vol. 64, Feb. 1981, pp. 119-121

Chem. Eng., Vol. 87, Feb. 9, 1981, pp. 99-102

Plant Eng., Vol. 35, Mar. 19, 1981, pp. 167-170

Chem. Eng., Vol. 88, Mar. 23, 1981, pp. 213-215

Tappi, Vol. 64, Aug. 1981, pp. 113-114

Chem. Eng., Vol. 88, Aug. 24, 1981, pp. 101-106

Chem. Eng., Vol. 88, Nov. 2, 1981, pp. 71-78

Chem. Eng., Vol. 89, June 14, 1982, p. 5

Hydrocarbon Process., Vol. 61, Mar. 1982, pp. 127-
129

Chem. Eng., Vol. 89, Mar. 22, 1982, pp. 133-136

Chem. Eng., Vol. 89, May 17, 1982, pp. 101-107

 

Chemical/physical properties
 

Calculate Enthalpy with a Pocket Calculator

Black Box for Pulp Streams

Calculating Roe Chlorine Number

Multi- or Single-sheet Light Scattering and Absorption
Coefficients

Muilti- or Single-sheet . . . Coefficients—A Correction

Calculating Saturated Steam Temperature and Enthalpy
of Vaporization

Thermomechanical Pulp and Sheet Properties

Predicting Volumes of Pure Liquids

Errata, correction to Predicting . . . Liquids by
James H. Weber, in the March 29, 1979, issue of
Chemical Engineering

Specific Gravity of a Solid-Liquid Slurry

Kappa Number Calculation

Color Analysis of Newsprint in the Dominant
Wavelength Range: 5670-585 nm

Predicting Volumes of Saturated Liquid Mixtures

Calculator Gives Compressibility Factors

Predict the Viscosities of Pure Gases

Estimating Acid Dewpoints in Stack Gases

Unknown Flow Streams in Screens

Predicting Viscosities of Liquids and Mixtures

Color Analysis of Newsprint: Hunter L-a-b: L*a*b"
(CIELAB)

Saveall Fiber/Water Balance

Raymond T. Schneider

N. T. MclLaury

S. Jagannath

A. Sison Stenius

Harold Peterson

S. Jagannath

S. Jagannath

James H. Weber

Staff

S. Jagannath

Felipe Ramirez C.

P. J. Mangin and
M. B. Lyne

James H. Weber

R. R. Burnett

James H. Weber

S. Jagannath

Y. M. Mehta

James H. Weber

P. J. Mangin and
M. B. Lyne

R. M. Bach

HP-67/97

HP-67/97

TI-568/569

HP-67/97

HP-67/97

T1-68/569

TI-58/59

TI-58/59°

TI-568/59°

TI-68/569

TI-68/59

TI-58/59

TI-58/59°
HP-67/97
T1-568/59°

TI-58/59
TI-58/59

TI-58/59°

TI-58/59

TI-58/59

Chem. Eng., Vol. 84, May 23, 1977, pp. 145-152

Tappi, Vol. 61, Sept. 1978, pp. 117-118

Tappi, Vol. 61, Dec. 1978, p. 93

Tappi, Vol. 62, Jan. 1979, pp. 89-91 (see next item)

Tappi, Vol. 62, Mar. 1979, p. 109

Tappi, Vol. 62, Feb. 1979, pp. 89-90

Tappi, Vol. 62, Mar. 1979, pp. 109-110

Chem. Eng., Vol. 86, Mar. 26, 1979, pp. 173-177

Chem. Eng., Vol. 86, June 18, 1979, p. 151

Tappi, Vol. 62, Apr. 1979, p. 89

Tappi, Vol. 62, May 1979, p. 93

Tappi, Vol. 62, May 1979, pp. 94-96

Chem. Eng., Vol. 86, May 7, 1979, pp. 95-99

Oil Gas J., Vol. 77, June 11, 1979, pp. 70-74

Chem. Eng., Vol. 86, June 18, 1979, pp. 111-117

Tappi, Vol. 63, July 1979, pp. 97-98

Tappi, Vol. 62, July 1979, pp. 101-103

Chem. Eng., Vol. 86, July 30, 1979, pp. 79-84

Tappi, Vol. 62, Aug. 1979, pp. 129-130

Tappi, Vol. 62, Aug. 1979, pp. 133-134



8 INTRODUCTION

 

Chemical/physical properties (continued)
 

 

Title Author Calculator Reference

Flash Calculations (Steam) S. Jagannath TI-58/59 Tappi, Vol. 62, Aug. 1979, pp. 131-132

Lignin Composition by Freudenberg Formula Felipe Ramirez C. and TI1-58/59 Tappi, Vol. 62, Sept. 1979, pp. 117-118
Ezéquiel Delgado

Heat Recovery in Counterflow Heat Exchangers Y. M. Mehta TI-68/59 Tappi, Vol. 62, Oct. 1979, pp. 137-138

Percent Isokinetic Variation Dayle C. Smith TI-58/59 Tappi, Vol. 62, Oct. 1979, pp. 139-140

Tristimulus Values and Chromaticity Coordinates from Ake Sison Stenius HP-67/97 Tappi, Vol. 62, Nov. 1979, pp. 123-124
Reflectance Values

Predict Vapor Pressure vs. Temperature for Pure James H. Weber TI-58/59% Chem. Eng., Vol. 86, Nov. 5, 1979, pp. 111-117
Substances

Black Liquor Properties—Part 1 S. Jagannath TI-68/59 Tappi, Vol., 62, Dec. 1979, pp. 113-114

Evaluation of Cation Hydrolysis Schemes with a Pocket Brian W. Clare HP-67/97 J. Chem. Educ., Vol. 56, Dec. 1979, pp. 784-787
Calculator

Newsprint Properties—Opacity Percent Saturation, John W. Davidson HP-67/97 Tappi, Vol. 62, Dec. 1979, pp. 115-116 (see next
Dominant Wavelength, and Scattering Coefficient item)

Newsprint Properties . . . A Correction J. Malloch, others HP-67/97 Tappi, Vol. 63, Nov. 1980, p. 144

Predict Latent Heat of Vaporization James H. Weber TI-58/59° Chem. Eng., Vol. 87, Jan. 14, 1980, pp. 105-110

Calculator Program Solves Gas Equations Phillip R. Rowley TI1-68/59° Chem. Eng., Vol. 87, Feb. 11, 1980, pp. 97-100

Calculate Equation-of-state Variables James H. Weber TI-58/592 Chem. Eng., Vol. 87, Feb. 25, 1980, pp. 93-100

The Periodic Chart at Your Fingertips Using the TI-59 Bruce D. Marquardt TI-568/59 BYTE, Vol. 5, Mar. 1980, pp. 208-210

Black Liquor Properties—Part 2 S. Jagannath TI1-58/59 Tappi, Vol. 63, Mar. 1980, pp. 117-118

Calculated Freedom—How You Can Dispense with the Brian Clare HP-67/97 Chem. Br., Vol. 16, May 1980, pp. 249-256
Mainframe Computer

Amount of Inorganic Material in the Kraft Liquor Cycle J. Villa T1-58/59 Tappi, Vol. 63, May 1980, pp. 143-145

Natural Gas Physical Properties from a Programmable Fred M. Odom TI-58/59 Oil Gas J., Vol. 78, May 12, 1980, pp. 106-108 (see
Calculator next item)

Natural Gas . . . Calculator—A Correction Fred M. Odom TI-58/59 Oil Gas J., Vol. 78, June 2, 1980, p. 126

Predict Properties of Gas Mixtures James H. Weber TI-58/59% Chem. Eng., Vol. 87, May 19, 1980, pp. 151-160

Screen Fiber Balance R. M. Bach TI-58/59 Tappi, Vol. 63, June 1980, pp. 123-124

Screen Fiber Balance: Some Fine Tuning R. M. Bach TI1-568/59 Tappi, Vol. 63, Nov. 1980, pp. 161-162

Calculating Properties of Chemical Compounds Erminio Santi HP-67/97% Chem. Eng., Vol. 87, June 2, 1980, pp. 75-77

Brownstock Washer Mass Balance Reid Miner T1-58/59 Tappi, Vol. 63, Aug. 1980, pp. 101-104

Predict Thermodynamic Properties of Pure Gases and James H. Weber TI-58/59° Chem. Eng., Vol. 87, Sept. 22, 1980, pp. 155-158
Binary Mixtures

Program Calculates Gas Physical properties D. Cook and J. D. TI-58/59 Hydrocarbon Process., Vol. 59, Nov. 1980, pp. 213-
Hamaker 215

Brookfield Viscosity Robert C. Walker HP-67/97 Tappi, Vol. 63, Dec. 1980, pp. 117-119

Pinpoint Carbon Deposition J. W. Colton HP-67/97 /{/girocarbon Process., Vol. 60, Jan. 1981, pp. 177-

Predict Thermal Conductivities of Pure Gases James H. Weber TI-58/592 Chem. Eng., Vol. 88, Jan. 12, 1981, pp. 127-132

Program Predicts Critical Properties of Organic Jacob Zabicky TI-58/59b Chem. Eng., Vol. 88, Feb. 23, 1981, pp. 73-76
Compounds

Packed Bed Flow Computed V. |. Pancuska TI-568/59 /{lgirocarbon Process., Vol. 60, Mar. 1981, pp. 103-

Ink Removal Efficiency R. M. Bach T1-58/59 Tappi, Vol. 64, Mar. 1981, pp. 177-178

E.red.igt Thermal Conductivities of Gas Mixtures and James H. Weber TI-58/59° Chem. Eng., Vol. 88, Mar. 9, 1981, pp. 91-96
iquids

Programs Solve Underwood’s Equation J. M. Ladanois HP-67/97 and Hydrocarbon Process., Vol. 60, Apr. 1981, pp. 231-
HP-41C 233

Shortcut Program for Multicomponent Distillation Mark Kesler TI-58/59° Chem. Eng., Vol. 88, May 4, 1981, pp. 85-88

Predict Thermal Conductivities of Liquid Mixtures James H. Weber TI-568/59° Chem. Eng., Vol. 88, June 1, 1981, pp. 67-71

Program Aids Cryogenic Solubility Calculations Patrice Lebrun HP-67/97° Chem. Eng., Vol. 88, July 13, 1981 pp. 127-131
(see correction of 1/11/82, p. 5.)

A Gas Compression Calculator Marcel J. P. Bogart T1-58/59 Chem. Eng. Prog., Vol. 77, Aug. 1981, pp. 66-70

Viscosity Index by Computer S. Stournas TI-58/59 Hydrocarbon Process., Vol. 60, Aug. 1981, pp. 91-92

Water-based Coatings: Characteristics Robert C. Walker HP-67/97 Tappi, Vol. 64, Sept. 1981, pp. 181-185

Compute Volume Correction Factors on Your Calculator T. E. Mullins HP-41C fz-lg(érocarbon Process., Vol. 60, Nov. 1981, pp. 295-

Program Solves Airstream Energy Balances Calvin R. Brunner TI-58/59°P Chem. Eng., Vol. 88, Nov. 16, 1981, pp. 265-269

Hand-held Calculator Program Simplifies Calculation of Walter Karger TI-58/59 Oil Gas J., Vol. 79, Jan. 11, 1982, pp. 88-91
Data for Gas Mixtures

Predict Equation-of-State Variables James H. Weber TI-58/59b Chem. Eng., Vol. 89, Jan. 11, 1982, pp. 111-117

Predict Gas-phase Diffusion Coefficients: James H. Weber TI-58/59° Chem. Eng., Vol. 89, May 3, 1982, pp. 87-92
1. Programs for Calculating Diffusion Coefficients by

Chapman-Cowling, Wilke-Lee, and Fuller-Schettler-
Giddings Correlations and ¢ and ¢/k by Tee-
Gotoh-Stewart Correlations.

2. Programs for Calculating Diffusion Coefficients for
Mixtures Containing Polar Substances via Brokaw
Correlations, 8, o, and ¢/k by Brokaw Method, and
Boiling Points and Volumes by Spencer-Danner
Method
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Chemical/physical properties (continued)
 

 

Title Author Calculator Reference

Saturated Vapor Pressure Tables For Refrigerants Ted Atwood TI-58/59 Heat./Piping/Air Cond., Vol. 54, May 1982, pp. 91-
95

Program Performs Vapor-liquid Equilibrium Calculations Victor L. Rice HP-41C¢ Chem. Eng., Vol. 89, June 28, 1982, pp. 77-86

 

Corrosion control
 

Computer Predicts Pipe Corrosion

The Programmable Electronic Calculator in
Underground Corrosion Related Activity (High Pressure
Pipe Lines)

The Programmable Electronic Calculator in
Underground Corrosion Related Activity (Determination
of Safe Operating Pressure for a Corroded High
Pressure Gas Pipeline)

The Programmable Electronic Calculator in
Underground Corrosion Related Activity (. . .
Determines the Maximum Corrosion Dimensions Which
Will Allow the Use of the Assigned MAOP in a
Pipeline)

The Programmable Electronic Calculator in
Underground Corrosion Related Activity. (Cathodic
Protection Rectifier Interference Calculations)

The Programmable Electronic Calculator in
Underground Corrosion Related Activity (Calculation
and Storage of Interference Network Constants)

The Programmable Electronic Calculator in
Underground Corrosion Related Activity (Comments on
Programs and on HP-34C Programs)

How to Determine Pipe Concrete Coating Thickness

Kenneth K. Kienow
and Karl E. Kienow

Richard L. Seifert

Richard L. Seifert

Richard L. Seifert

Richard L. Seifert

Richard L. Seifert

M. M. Wright and
R. L. Seifert

Frank E. Hangs

HP-67/97

HP-67/97

HP-67/97

HP-67/97

HP-67/97

HP-67/97

HP-34/67/97

Water Sewage Works, Vol. 125, Sept. 1978, pp. 78-
98

Mater. Perform., Vol. 19, June 1980, pp. 34-38

Mater. Perform., Vol. 19, July 1980, pp. 26-33

Mater. Perform., Vol. 19, Aug. 1980, pp. 21-30

Mater. Perform., Vol. 19, Sept. 1980, pp. 33-44

Mater. Perform., Vol. 19, Oct. 1980, pp. 29-32

Mater. Perform., Vol. 20, Jan. 1981, pp. 560-52

Pipe Line Ind., Vol. 56, Mar. 1982, pp. 59-60

 

Valves
 

Pressure Loss Through Valves

Program Sizes Control Valves for Liquids

Kishan Bagadia

Jon F. Monsen

HP-67/97 and
TI-58/59

HP-67/97°

Plant Eng., Vol. 33, Oct. 31, 1979, p. 81

Chem. Eng., Vol. 88, May 18, 1981, pp. 159-163

 

Statistical applications
 

Predicting Queue Performance on a Programmable
Handheld Calculator

Predicting Queue . . . —A Correction

Calculator Programs to Correlate Data— Muiltfit, Part 1

Calculator Program to Fit a Family of Lines—
Multslope, Part 2

Correlating One Dependent Variable with Two
Independent Variables—Mult-2, Part 3

Second-degree-polynomial Calculator Program—Part 4

Calculator Solution to a Three-variable Problem—Part
5

Correlating the Hyperbolic Function— Part 6

Program Correlates Data

Calculator Program for Normal and Log-normal
Distributions

Yates’ Method Analysis of 2" Factorial Design of
Experiments Using the TI-59, Forn =3, 4, 5, 6

HP-41C Generates a Pseudorandom Sequence

Calculate Statistics from a Histogram

Average and Related Data

Curve-fitting With the TI-59

Confidence Intervals For the Odds Ratio in Case-control
Studies—A Calculator Program For Cornfield’'s Method

HP-67 Calculates Maximum Nonlinearity Error

Ronald Zussman

J. Pustaver and R.
Zussman

William Volk

William Volk

William Volk

William Volk

William Volk

Jean R. Brosens

C. S. Payne

Jack F. Chapin

Angelo Tulumello and
J. D. Tulumello

lan Patterson

Walter B. Thomas Il

R. C. Walker

P. M. Overfield

Harry A. Guess

Kyong Park

T1-58/59

TI-58/59

HP-67/97 @

HP-67/97 °

HP-67/97 %

HP-67/97%

HP-67/97°

HP-67/97®

TI-58/59°

HP-67/97%

TI-68/59

HP-41C

HP-67/97°
HP-67/97

TI-58/59

HP-67/97

HP-67/97

Comput. Des., Vol. 17, Aug. 1978, pp. 93-100 (see
next item)

Comput. Des., Vol. 18, Aug. 1979, p. 6

Chem. Eng., Vol. 86, Apr. 23, 1979, pp. 128-132

Chem. Eng., Vol. 86, June 4, 1979, pp. 133-138

Chem. Eng., Vol. 86, Sept. 10, 1979, pp. 131-135

Chem. Eng., Vol. 86, Nov. 19, 1979, pp. 149-153

Chem. Eng., Vol. 86, Dec. 17, 1979, pp. 93-98

Chem. Eng., Vol. 87, Apr. 7, 1980, pp. 97-99

Chem. Eng., Vol. 87, July 28, 1980, pp. 75-77

Chem. Eng., Vol. 87, Dec. 15, 1980, pp. 75-78

Comput. Chem., Vol. 5, No. 1, 1981, pp. 55-66

Electronics, Vol. 54, May 19, 1981, p. 17

Chem. Eng., Vol. 88, July 27, 1981, pp. 95-96

Tappi, Vol. 64, Nov. 1981, pp. 119-121

Electron. Eng., Vol. 51, Dec. 1981, p. 21

Comput. Programs Biomed., Vol. 14, No. 1, Feb. 1982,
pp. 73-76

Electronics, Vol. 55, May 5, 1982, pp. 156-159
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Mathematics
Title Author Calculator Reference

Calculator Routine for 3 X 3 Symmetrical Matrix DelLos F. DeTar HP-67/97 Comput. Chem., Vol. 2, No. 1., 1978, pp. 37-38

TI-569 Program Convolves Functions in Time Domain Fred Fish TI-58/59 Electronics, Vol. 51, Dec. 21, 1978, pp. 120-121

The Power of the HP-67 Programmable Calculator, Robert C. Arp, Jr. Narrative BYTE, Vol. 4, Mar. 1979, pp. 196-204 (see next
Part 1 item)

The Power of the HP-67 Programmable Calculator— Robert C. Arp, Jr. HP-67/97 BYTE, Vol. 4, Apr. 1979, pp. 176-188
Part 2: 9 Equations, 9 Unknowns and Check program

TI-59 Performs Fast Fourier Analysis J. G. Willis TI-58/59 Electronics, Vol. 52, Sept. 27, 1979, pp. 152-153

Extended Multiplication with the TI-58 Michael E. Manwaring TI-58/59 BYTE, Vol. 4, Nov. 1979, pp. 244-245

Analysis of Polynomial Functions with the TI-59—Part Pierre Chancé TI-58/59 BYTE, Vol. 4, Dec. 1979, pp. 120-133

1

Analysis of Polynomial Functions with the TI-59—Part Pierre Chancé T1-68/59 BYTE, Vol. 5, Jan. 1980, pp. 130-136

2

T1-59 Solves Fifth-Order Differential Equations Andrzej Natalski and TI-568/59 Electronics, Vol. 53, Jan. 31, 1980, pp. 109-111
Jan Guz

Solving a Differential Equation P. M. Overfield TI-58/59 Electron. Eng., Vol. 50, Mar. 1980, pp. 18-19

Integer Base Conversion on Handheld Programmable Cass R. Lewart and HP-67/97 and Comput. Des., Vol. 19, May 1980, pp. 202-207
Calculators James Mockler T1-568/59

Calculator Program Speeds Through 32 FFT Points Robert E. Harrison TI-58/59 Electron. Des., Vol. 28, May 10, 1980, pp. 233-236

Calculator Plots Time Response of Inverse Laplace Hank Librach HP-41C Electronics, Vol. 54, July 14, 1981, p. 149
Transform
TI-59 Inverts Laplace Transforms for Time-Domain Kin-chu Woo TI-568/59 Electronics, Vol. 53, Oct. 9, 1980, pp. 178-179
Analysis

Program Solves for Cubic, Quartic Roots Donald W. Lloyd TI-58/59 Oil Gas J., Vol. 78, Nov. 17, 1980, pp. 114-116

TI-569’s Reverse-Polish Routine Simplifies Complex John Bunk TI-58/59 Electronics, Vol. 54, Nov. 30, 1981, pp. 135-136
Arithmetic

Matrix-Diagonalization With a Programmable Calculator Hans Bauer, others HP-41C Comput. Chem., Vol. 6, No. 1, 1982, pp. 15-20

MECONYV, Metric-English Conversions Frank A. Rayner HP-41C Ground Water, Vol. 20, Mar./Apr., 1982, pp. 214-
216

Factorization of a Polynomial With Complex Conjugate B. Priestley T1-58/59 Electron. Eng., Vol. 51, April 1982, pp. 27-29
Pairs of Roots by Bairstow’s Method

 

Laboratory and clinical chemistry
 

Calculator Least Squares Evaluation of k for the First
Order Rate Equation

Calculator Least Squares Evaluation of k for the
Second Order Rate Equation

Calculator Least Squares Evaluation of k, Y;, and Yy,
for the First Order Rate Equation

Least Squares Treatment of the Arrhenius Equation by
a Programmable Calculator

Calculator Algorithms (AESHK) for Interconnecting
Arrhenius A and £ to A H* and A S# and for
Calculating Interpolated Rate Constants

Program for Processing Amino Acid Data with a
Programmable Pocket Calculator

Analyzing Electrolytic Conductivity Data with a
Programmable Calculator

Programmable Calculators: Evaluation of Molecular
Cartesian Coordinates by a Programmable Calculator

A Calculator Program for Determination of Phosphate
Buffer Composition

Simple Computer Program for a Low-Cost Desk-Top
Calculator Applied to the Evaluation of Gas-Liquid
Chromatographic Analysis of 17-Ketosteroids and
Pregnanes

Two Simple Programs for the Analysis of Data From
Enzyme-Linked Immunosorbent (ELISA) Assays on a
Programmable Desk-Top Calculator

Economical Method of On-line Data Processing For an
Isotope-ratio Mass Spectrometer

An Algorithm For the Reich-Stivala Analysis of TGA
Curves

Delos F. DeTar

Delos F. DeTar

DelLos F. DeTar

Delos F. DeTar

DelLos F. DeTar

Marcello Duranti

P. Rechberger and W.
Linert

W. A. Sokalski

A. Grant Mauk and
Robert A. Scott

Siegfried Schwarz and
Waltraud Stecher

D. G. Ritchie, others

Stanislaw Halas and
Zbigniew Skorzymski

J. E. House, Jr.

HP-67/97

HP-67/97

HP-67/97

HP-67/97

HP-67/97

T1-68/59

TI-58/59

TI-568/59

HP-67/97

HP-67/97

TI-58/59

TI-568/59

TI-68/59

Comput. Chem., Vol. 2, No. 1, 1978, pp. 39-41

Comput. Chem., Vol. 2, No. 1, 1978, pp. 43-45

Comput. Chem., Vol. 2, No. 2, 1978, pp. 99-104

Comput. Chem., Vol. 2, No. 3-4, 1978, pp. 143-147

Comput. Chem., Vol. 2, No. 3-4, 1978, pp. 149-151

J. Chromatog., Vol. 194, No. 1, 1980, pp. 69-75

Comput. Chem., Vol. 4, No. 2, 1980, pp. 61-68

Comput. Chem., Vol. 4, No. 4, 1980, pp. 165-177

Comput. Chem., Vol. 5, No. 1, 1981, pp. 67-69

J. Chromatog., Vol. 223, No. 2, 1981, pp. 253-265

Anal. Biochem., Vol. 110, Feb. 1981, pp. 281-290

J. Phys. E. Vol. 14, Apr. 1981, pp. 509-512

Comput. Chem., Vol. 6, No. 1, 1982, pp. 27-31
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Programs for other calculators
 

Sanitation, environment, and safety/health
 

 

Title Author Calculator Reference

Calculators Can Aid in Piping Analysis William Wheeler HP-25 Water Sewage Works, Vol. 124, Jan. 1977, pp. 28-
30

Fast Programming on Small Calculators (Hazen- William Wheeler HP-25 and Civ. Eng. N.Y., Vol. 47, Apr. 1977, pp. 58-60
Williams Formula) SR-56

Solve Equivalent Pipe Problems With a Small William Wheeler HP-25 Water Sewage Works, Vol. 124R, No. 4, Apr. 30,
Calculator 1977, pp. R124-126

Hardy Cross Distribution Analysis William Wheeler HP-25

Why Not Program the Hazen-Williams Formula?

Open Channel Hydraulic Calculation by Programmable
Calculator:
1. Circular Pipe
2. Rectangular & Trapezoidal Channels
3. Manning Equation

Correction: Open Channel . . . Calculator:
1. Manning Formula For Rectangular and Trapezoidal

Channels.
2. Scobey-Kutter Formula

Program the Manning Equation

Data Processing Method Aids Sewer System Analysis

Solve the Francis Weir Formula

Flow Profiles in Trapezoidal Channels

Program Open Channel Flow Design

The Manning Equation Revisited

Pocket Calculator Program for Traverse Point Location
in Stack Sampling

Typical Pipe Flow Problems Programmed for Limited
Capability Calculators

Programs for:
. Sewer Pipe Design
. Pipe Culvert Analysis
. Pipe Culvert Design
. Trapezoidal Open Channel Design
. Triangular Open Channel Design
. Pipe Network Analysis
. Sewer Pipe Velocity and FlowN

O
O
L
W
N
=

Calculator Program Aids Lagoon Design

Erratum, ‘‘Calculator . . . Lagoon Design,”” by R. E.
Palmenberg, in the Oct. 1981, issue

Programmable Hand Calculator Programs For Pumping
Test Analyses by Least Squares Method Using Jacob's
Modjification of Theis’ Equation

Thomas H. Hablett

Louis Dancs

Louis Dancs

Edward C. Hart

Hoang Dong

F. Caplan

Aristides T. Marinos

Herbert Miller

Richard J. Nitto

Wayne Wesolowski
and Benjamin Morris

Aristides T. Marinos

Jonathan Waldo

Roger E. Palmenberg

Alberto Acevedo

Shabbir A. S. Sayed

Monroe 1765

HP-25

HP-25

SR-562

SR-52

SR-562

HP-25

SR-52

HP-29C

HP-25

HP-25

HP-19C

HP-33C

Narrative

Casio FX-502P

Water Sewage Works (R), Vol. 124R, Apr. 30, 1977,
pp. R130-133

Water Waste Eng., Vol. 14, June 1977, pp. 26-27

Water Sewage Works, Vol. 124, Dec. 1977, pp. 75-
77 (see next item)

Water Sewage Works, Vol. 125, Jan. 1978, p. 84

Water Waste Eng., Vol. 15, May 1978, pp. 72-76

Water Sewage Works, Vol. 125, May 1978, pp. 42-
44

Water Waste Eng., Vol. 15, Sept. 1978, pp. 123-124

ASCE J. Hydraul. Div., Vol. 105, Jan. 1979, pp. 96-
101

Water Waste Eng., Vol. 16, May 1979, pp. 95-96

Water Waste Eng., Vol. 16, June 1979, p. 30

Pollut. Eng., Vol. 12, Apr. 1980, pp. 58-59

Water Sewage Works, Vol. 127R, June 30, 1980,
pp. R86-87

Water Eng. Manage., Vol. 128R, Apr. 30, 1981,
pp. R52-55

Water Eng. Manage., Vol. 128, Oct. 1981, pp. 49-52

Water Eng. Manage., Vol. 129, Feb. 1982, p. 66

Ground Water, Vol. 20, Mar./Apr. 1982, pp. 156-
161

 

Statistical applications
 

The Buried Gold in the SR-52 (Standard Deviation and
Memory Management)

Standard Deviation Program Combines Recurring Data

Determining the Significance of an Observed F Using a
Pocket Calculator

Optimizing With a Personal Calculator

Computer Queuing Analysis on a Handheld Calculator

Analyzing Queuing Models

Distribution Analysis Program for SR-56 Calculator

Moving Averages and Ranges

Pocket Calculator Program for Least-square Fitting of
Data with Variable Precision

Pocket Calculator Program: Welch’s v Statistic

Clif Penn

Richard Nelson

William K. Kaemmerer

Michael E. Richerson

Ronald Zussman

Michael E. Richerson

T. Nicklin

Newell H. Claudy

A. Picot

Warren W. Jederberg
and Virginia
Gildengorin

SR-52

HP-25
HP-25

SR-52

SR-52

SR-52

SR-56

HP-25

HP-25

HP-19C/29

BYTE, Vol. 1, No. 16, Dec. 1976, pp. 30-34

Electronics, Vol. 49, Dec. 9, 1976, p. 115

Behav. Res. Methods Instrum., Vol. 9, June 1977,
pp. 557-558

Ind. Eng., Vol. 9, Oct. 1977, pp. 28-30

Comput. Des., Vol. 16, Nov. 1977, pp. 85-94

Ind. Eng., Vol. 9, Dec. 1977, p. 41

Tappi, Vol. 62, Mar. 1979, p. 111

Tappi, Vol. 63, Feb. 1980, pp. 177-178

Am. J. Phys., Vol. 48, Apr. 1980, pp. 302-303

Comput. Biol. Med., Vol. 11, Nc. 3, 1981, pp. 167-
169
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Life cycle
 

 

 

 

Title Author Calculator Reference

Replacement Analysis in your Pocket Bertrand T. Sperling SR-52 Ind. Eng., Vol. 10, Oct. 1978, pp. 28-29

Mathematics
Fourier Analysis and Synthesis With a Pocket Stanley A. Schmidt HP-25 Am. J. Phys., Vol. 45, Jan. 1977, pp. 79-82
Calculator

Programming the SR-52 for Engineering-format Display  Daniel Ozick SR-52 Electronics, Vol. 50, Jan. 6, 1977, pp. 115-117

Fast Algorithm Performs Decimal-to-binary Conversion Allen G. Lloyd All calculators Electronics, Vol. 50, Mar. 5, 1977, pp. 1156-117

Programming a Calculator to Plot Mathematical
Functions

Program Finds Equation Roots

SR-52 Solves Network Equations by Finding Complex
Determinant

SR-52 Program Simplifies Universal Number
Conversion

SR-52 Solves Second-order Differential Equations

Adding Dimensions in English Units

SR-52 Scales Data for Accurate Drawing

A Short Program for Simpson’s or Gazdar’'s Rule-
Integration on Handheld Programmable Calculators

Lagrange’s Interpolation Formula Program for the
SR-56

Tracking Down Equation Roots

Recursive Evaluation of Fourier Series

SR-52 Program For the Solution of Two First Order
Differential Equations

Frequency Analysis With a Programmable Calculator

Prime Numbers on the HP-19C

Warren B. Offutt

F. J. Pierce

Chris Mcintyre

John Bryant

H. E. Lee

Mark J. Zaremba

Charles S. Gaylord

Abdus Sattar Gazdar

Blazimir Mise

Arthur Reubens

William Squire

S. Andrew Yakush

S. Andrew Yakush

Wilfred Aslan

SR-52

HP-25

SR-52

SR-52

SR-52

HP-25

SR-52

HP-25

SR-56

HP-55

Narrative

SR-52

SR-52

HP-19C

Electronics, Vol. 50, Mar. 17, 1977, pp. 92-95

Mach. Des., Vol. 49, Apr. 7, 1977, pp. 87-88

Electronics, Vol. 50, May 12, 1977, pp. 121-122

Electronics, Vol. 50, June 9, 1977, pp. 152-153

Electronics, Vol. 50, Sept. 29, 1977, pp. 111-113

Chem. Eng., Vol. 84, Nov. 21, 1977, p. 222

Electronics, Vol. 51, Jan. 5, 1978, pp. 177-179

Two-year College Mathematics J., Vol. 9, June, 1978,
pp. 182-185

Electron. Eng., Vol. 50, July 1978, p. 25

Mach. Des., Vol. 50, Aug. 10, 1978, p. 120

Am. J. Phys., Vol. 47, Feb. 1979, p. 195

Comput. Programs Biomed., Vol. 9, Mar. 1979,
pp. 103-105

Comput. Biol. Med., Vol. 10, No. 3, 1980, pp. 169-
174

BYTE, Vol. 5, Oct. 1980, pp. 54-58

 

Chemical/physical properties
 

 

 

Equilibrium-flash Calculations With a Pocket Calculator Joseph F. Woicik HP-65 Chem. En)g., Vol. 83, Aug. 16, 1976, pp. 89-93 (see
next item

Letters: Equilibrium . . . Calculator Joseph F. Woicik HP-65 Chem. Eng., Vol. 83, Oct. 11, 1976, p. 5

A Programme for Compressible Flow M. A. Taylor SR-52 Process. Eng., Vol. 57, Oct. 1976, pp. 83-84

Equilibrium-flash Calculations With a Pocket Calculator Joseph F. Woicik SR-52 Chem. Eng., Vol. 83, Nov. 22, 1976, pp. 184-186

Gas and Vapor Concentration Calculations by Means of Marvin Weingast SR-52 Am. Ind. Hyg. Assoc. J., Vol. 38, Mar. 1977,
a Programmable Calculator pp. 147-148

Determining Ideal Stages on a Pocket Calculator H. Tan HP-25 Chem. Eng., Vol. 84, Mar. 14, 1977, p. 154

More on Vaporization and Condensation Edward Withee SR-56 Chem. Eng., Vol. 84, Sept. 26, 1977, pp. 121-122

Calculation of J Functions by a Pocket Calculator H. Tan HP-25 Chem. Eng., Vol. 84, Oct. 24, 1977, p. 158

H-Factor Integration Program for HP-65 Calculator J. E. Tasman HP-65 Tappi, Vol. 61, May 1978, pp. 114-115

Another Approach—Amount of Inorganic Material in R. M. Samuals HP-34C Tappi, Vol. 63, Nov. 1980, pp. 145-146
the Kraft Liquor Cycle

Pumps
Determine System Head Curves With a Programmable Louis Dancs HP-25
Calculator

Water Sewage Works, Vol. 124, Aug. 1977, pp. 61-
63

 

Equipment engineering
 

Maximizing Economy in a Multiple Effect Evaporator

Predicting Heat-exchanger Performance by Successive
Summation

John A. Beaujean

Robert A. Spencer, Jr.

HP-25
SR-52%

Tappi, Vol. 61, May 1978, pp. 113-114

Chem. Eng., Vol. 85, Dec. 4, 1978, pp. 121-124
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Equipment engineering (continued)
 

  

Title Author Calculator Reference

Letters: Heat Exchange Program (Improves the William Volk SR-52°¢ Chem. Eng., Vol. 86, June 18, 1979, p. 151
program ‘'Predicting Heat-exchanger Performance . . .
Summation,”” by Robert A. Spencer, Jr., in the Dec.
4, 1978, issue of Chemical Engineering)

More on Calculating H-factors for Batch Digesters R. M. Samuels HP-34C Tappi, Vol. 64, Mar. 1981, pp. 179-180

Heat Recovery in Counterflow Heat Exchangers: An R. M. Samuels HP-34C Tappi, Vol. 64, May 1981, pp. 131-132
Adaptation

 

Laboratory and clinical chemistry
 

Molecular Calculations for Microanalysis on a
Programmable Calculator:
1. Elemental Percentage Composition
2. Water Conversion

Simple Methods for Calculating Reaction Equilibria in
Single Reaction or Single Moiety Networks:
1. One Reaction Equilibrium—Stage 1
2. One Reaction Equilibrium—Stage 2

Use of a Programmable Pocket Calculator in
Processing Amino Acid Analysis Data

Rapid, Rigorous Computation of Modulation Transfer
Function on a Pocket Calculator

Crystallographic Computations on the Pocket
Calculator:
1. Program to Calculate d-spacings for a Triclinic Unit

Cell
2. d,, Spacings for a Monoclinic Cell
3. To Calculate Bond Distances for a Triclinic Unit Cell
4. To Calculate Torsion Angles

The Use of Programmable Calculators For the
Calculation of Mass Median Diameter

John M. Corliss HP-65

David J. M. Park HP-25

John H. Buchanan HP-25

Peter M. Ronai and HP-65
Dennis L. Kirch

A. L. MacKay HP-25

H. W. West and D. L.
Cashman

RS-EC4000

Microchem. J., Vol. 21, No. 4, Dec. 1976, pp. 458-
465

Comput. Programs Biomed., Vol. 6, Dec. 1976,
pp. 263-268

J. Chromatog., Vol. 137, No. 2, 1977, pp. 475-480

J. Nucl. Med., Vol. 18, No. 6, June 1977,
pp. 579-583

J. Cryst. Mol. Struct., Vol. 9, No. 4, Dec. 1979,
pp. 223-231

Mosquito News, Vol. 40, Dec. 20, 1980, pp. 631-
632

 

Operations and maintenance
 

Optimum Inventory? Do it With a Programmable
Calculator

Fit Data to a Learning Curve Using a Programmable
Calculator

HP-25 Program Makes Fast Cost Estimates

William |. Kaufman SR-56

Michael E. Richerson SR-52

Joe Barocio HP-25

Ind. Eng., Vol. 9, Apr. 1977, pp. 38-42

Ind. Eng., Vol. 10, Jan. 1978, p. 23

Electronics, Vol. 52, Aug. 2, 1979, p. 138

 

Manufacturing
 

Washer Efficiency Control by Use of the Displacement
Ratio

Programmable Calculators Simplify Balancing of
Rotating Equipment

Finding Pipe Intersections

Cutting Pipe Intersections

Celso Hartkopf Lopes HP-25

Stephen G. Scheneller HP-33E

Thomas E. Andrako HP-19C

Edward B. Becker HP-65

Tappi, Vol. 62, Sept. 1979, pp. 115-116

Power, Vol. 123, Dec. 1979, pp. 70-71

Mach. Des., Vol. 52, Feb. 7, 1980, p. 113

Mach. Des., Vol. 52, Apr. 10, 1980, pp. 133-134

 

Calculator Programs Solve Fluid Flow Problems

Using Programmable Engineering Calculators for Fluid-
Flow Problems

Analyzing Flashing Flow With a Programmable
Calculator

Piping
F. Caplan SR-52

S. L. Barritt SR-56

Eugenio M. Amorante SR-56

Heat./Piping/Air Cond., Vol. 50, Oct. 1978, pp. 85-
87

Plant Eng., Vol. 32, Dec. 21, 1978, pp. 79-83

Plant Eng., Vol. 33, Apr. 19, 1979, pp. 269-273
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Piping (continued)
 

Title Reference
 

Using the TI-567 to Calculate the Friction Factor

Calc Program Finds Effective Flow Area

Calc Program Finds Gas Pressure Drop (Pressure Drop
and Pipe Length)

Estimate of Economic Pipe Size

Author Calculator

Mamerto A. Irasga TI-57%

Uri Goldberg HP-33E/C

Bruce M. Bailey HP-29

R. M. Samuels HP-34C

Chem. Eng., Vol. 87, Apr. 21, 1980, pp. 129-130

Mach. Des., Vol. 52, Oct. 9, 1980, p. 216

Mach. Des., Vol. 53, Jan. 8, 1981, pp. 162-164

Tappi, Vol. 64, June 1981, pp. 127-128

 

Instrumentation and process control
 

Solve Valve Sizing and Noise Calculations on Site in
Minutes:
1. Sizing Calculation—Gas (scfh)
2. Sound Level Calculations— Standard Valves (P,/P,

> 2.8)

Use of a Programmable Calculator to Determine
Thermocouple Temperatures

Solving Instrumentation Problems With a
Programmable Calculator:
1. Control Valve Sizing (Gas)
2. Orifice Sizing

Kevin Hynes HP-65

W. G. Delinger HP-25

P. S. Buckley and HP-65
P. L. Mariam

Instrum. Control Syst., Vol. 49, Mar. 1976, pp. 43-
47

Solar Energy, Vol. 20, Apr. 1978, pp. 359-360

Instrum. Technol., Vol. 22, Feb. 1979, pp. 31-37

 

Economic/financial
 

 

 

rrogram For Discounted Cash-flow Return on Norman H. Wild HP-25 Chem. Eng., Vol. 84, May 9, 1977, pp. 137-142
nvestment
Simple Model for Determining Economic Feasibility of G. C. Mistakas and SR-56 J. AM. Oil Chem. Soc., Vol. 56, Jan. 1979, pp. 29-
Processing New Oilseeds K. D. Carlson 32.

Insulation
Insulation Without Economics: M. McChesney and TI-57 Chem. Eng., Vol. 89, May 3, 1982, pp. 70-79
1. Bare Pipe Resistance
2. Insulation Thickness

P. McChesney

 

2 Both HP and TI versions of this program appear in the book, “Calculator Programs for Chemical Engineers.”
® Both HP and TI versions of this program appear in this book.
° This information appears in the book, “Calculator Programs for Chemical Engineers.”
9 This information appears in this book.
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Calculate statistics from a histogram
 

 

   
 

 

Walter B. Thomas IIT*
Program listing for HP-67/97 calculator Table |

[[] Experimental and process data are often recorded as
a freguepcy distribution or histogram. qu example, a Step Key Code Step Koy Code
quality inspector may record the range into which a - - - -
measurement falls instead of recording the measured 861 ¥LBLH 21 I{ ggi Rcf; .

value. This calculator program, written for the HP- @6z ST08 ‘”_‘E‘;” 425 - Y
67/97 (and 19/29) calculators, finds the mean, variance 865 A:y ce_ce o2 826 - -45)= S ; g4 ST+l 35-55 @i 6 o
and standard deviation of a distribution directly from 483 X2y -4 827  RCLI 36

the histogram. 666 X =335 028 ! 8i
@87  ST+2 35-55 @2 g;g - -i;
pes  FCl8 6 @b : -2How the program works oee R e 831 RS 5

The program uses the frequency of observations in a 6i8 ST+3 35-55 83 @32 #LBLD 2i 14
cell (f;) and the cell-midpoint values(x;) to calculate the 811 1 b g::g S;Q? 33 f:?

isti : 2 ST+4 35-55 @4 ] ¢ -statistical parametersf: gig RCLd ‘_’b, 24 635  ST-1 35-45 61

T = Sfx/Sf 814 RS 51 436 AY -4
Mean T =/3 615 WBLE i 12 e:7 X -3
Variance 5?2 = [Zfix? — ((Ej;xl)z/N)]/(N — 1) @16  RCLZ 3€ 22 @38 ST"'E 35'i§ b

Standard deviation s = \/s? €17 RCLI 36 @l 635 kil <€ ?-Sa1g oz -24 640 x =&
Number of observations N = Xf; a18  RsS 31 41  ST-3 33-45 @3

. €26 XiBLC 1 13 g4z 1 ol
Data (f;, x;) are entered, and accumulated in the mem- 62! RCL3 36 &3 g:: ‘F-/: T
ory registers. The program then calculates the statistical 622 RCLz 3 e "
parameters, using two subroutines. There is also a sub-
routine that removes erroneous data pairs.

H h To use this program on an HP-29 calculator, make the

ow to use the program following changes: In step 001, replace *LBL A with

For the HP-67/97 calculators, enter the program as *LBL1; replace *LBL B in step 015 with two steps
. . . GTO 1 and *LBL 2; replace *LBL C in step 020 with

shown in Table I. Then follow the user instructions *LBL 3;replace *LBL D in step 032 with *LBL 4.

*1501 Fishburn Rd., #5, Hershey, PA 17033.

tW. J. Dixon and F. J. Massey, Jr., “Introduction to Statistical Analysis,” 3rd
ed., McGraw-Hill, New York, 1969.

User instructions for HP-67/97 and HP-19/29 calculators Table Il

Step Instructions Input HP 67/97 keys Display HP 19/29 keys

1 Enter program :

2 Initialize registers RTN ; g RTN
f CL REG f REG

fSTK
3 Input data: cell frequency fi ENTER f ENTER

cell midpoint Xj A Cell GTO 1R/S
4 Repeat step 3 for each cell ;

5 Calculate the mean B X GTO2R/S

6 Calculate the variance c 52 GTO3R/S
7 Calculate the standard deviation Jx s fJx
8 To remove an erroneous entry:

input cell frequency f; ENTER fy ENTER
input cell midpoint Xj D GTO 4 R/S

9 To input a new distribution,

go to step 2   
 

Originally published July 27, 1981.
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listed in Table II. (To run the program on the HP-
19/29 calculators, make the changes noted in Tables I
and IIL.)
Example: The figure shows the measured diameters

of rivets leaving a machine shop—73 measurements
overall, arranged in a histogram. Find the mean, vari-
ance and standard deviation ofthis distribution, using

the HP-67/97 calculator program.
 

Example data: Measured

rivet diameters

15

0.140
0.139
0.139
0.139
0.139
0.139
0.140

.135/0.138 6
5 5 5 [0.134[0.137]0.138

0.138| , 0.148
5 10.123]0.128{0.129/0. 0.139 0.147| ,

0.124{0.128/0.129/0.133/0.137 |0.1380.143| 0.148
0.124/0.126{0.130/0.1: 0.140[0.142{0.144]0.149/0.150
0.123/0.126(0.131 0.140/0.143/0.145|0.149/0.150

1/0.1230.127|0.129/0.134/0.1350.139 0.143|0.1440.1470.150

0.124 0.127 0.130 0.133 0.136 0.139 0.142 0.145 0.148 0.151
Cell midpoint,in. (xj)

Solution: For each of the 10 cells, enter the frequency
and cell midpoint as described in Table II. Press B to
find x. Press C to find s2, and take the square root te

find s. The results are:

 

15
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Mean x= 0.1367 in.

Variance s2 = 0.0000476 in.2
Standard deviation s = 0.00690 1n.

How does this compare with using the actual meas-
ured values to get the statistical parameters? If we had
used all 73 data points, and calculated the parameters
by conventional means, the results would have been:
x = 0.1366 in.; s2 = 0.0000479 in.2; s = 0.00692 in.

For TI users

A listing of the program for TI-58/59 is shown in
Table III. User instructions are listed in Table IV.

Program listing for Tl version Table Il

 

Step Code Key Step Code Key
 

     
b  
 

 

 

User instructions for Tl program Table IV

Step Instructions Input Key Output

1 Load program 1 Feed side 1 1

2 Input data: cell frequency f; x=t
cell midpoint X; A

3 Repeat step 2 for each cell
4 Calculate the mean B X
5 Calculate the variance Cc s?
6 Calculate the standard deviation Vx s
7 To remove an erroneous entry:

cell frequency f! x=t

cell midpoint X' D

 



Nonlinear regression on a
pocket calculator

This program for the Hewlett-Packard HP41C fits data to a user-
defined function of several parameters, using a Gauss-Newton

nonlinear-regression analysis. At least one memory module 1s required.

 

Brian W. Clare, Murdoch University
 

[[] We present here a review of curve-fitting procedures
that reveals the value of nonlinear-regression tech-
niques. A six-part program that makes use of the
Gauss-Newton algorithm is described and the step-by-
step running technique is detailed. An example is
worked for the decomposition of available chlorine, and
all relevant program printouts for this example are
shown in tables.

Curve fitting
It is frequently desirable to represent data by an

equation rather than a table. High-precision mathe-
matical data are usually treated by interpolation for-
mulas, which in effect fit exactly a polynomial of degree
n to n 4+ 1 points. This method produces completely
unsatisfactory results when applied to data that may
contain errors.

In this case, some form of regression analysis is better.
This fits a formula, containing one or more parameters,
to the data so that the sum of the squares of the residu-
als (the differences between the data values and the val-
ues predicted by the formula) is minimized.

If the form of the relationship between the dependent
and independent variablesis not known, polynomials of
increasing degree may be used, until a satisfactory fit is
obtained. Discontinuous or periodic data are better
treated by a sum oftrigonometric terms. Such approxi-
mations are linear in the parameters, which makes it
particularly easy to fit them. However, these methods
often require an excessive number of parameters, which
makes them unsatisfactory.

Frequently, some relationship between the variables
is known from theory or suspected from looking at the
graphs. Such relationships may often be changed into a
linear form. Eq. 1, for example, is transformed into
Eq. 2 by taking logarithms of both sides:

5 = abe (1)
Iny =Ilna + bx (2)

(The dependent variabley is related to the independent
variable x by the parameters a and b.) The latter equa-

Originally published August 23, 1982.

 

tion may then be treated by the methods of linear re-
gression.
But such reduction is often not possible, nor even de-

sirable. The transformation affects the weights assigna-
ble to the points in a complex, nonlinear, often un-
determinable manner, thus distorting the resulting fit in
a subtle but significant way.

Nonlinear regression
For these reasons, a better solution, often the only

solution, is to apply the methods of nonlinear regres-
sion. While this has long been possible on a large com-
puter, it has only recently become so on a personal cal-
culator. The program described here is a development
on earlier ones by the author [/] for the Hewlett-Pack-
ard HP67/97 and will run on the HP41C, a machine
that is finding favor among engineers.
The method used is the Gauss-Newton algorithm [2]

which, in the two-parameter case, works as follows:
Let there be points x;,»; that obey a relationship

9; = f(x;; a, B) + €; where a and f8 are parameters to be
determined and ¢; are random errors. Then, if «, B,
are first approximations to these parameters, better ones
are given by a,, 8,, where:

a; = a, — da

:81::80"'8:8

da and 8f are solutions to the linear equations:

SEsa+ Sfufy 88 = S1,

Efaf,e da + zf% o8 = fo,e

andf, andf; are the partial derivatives offwith respect
to a and . In this program, the partial derivatives are
obtained numerically:

f(1.01 a, B; x) — f(a, B; x)
0.01 «
 Jo =

19
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Routine INPUT allocates storage registers, handles data input, and can store data on cards

ALeLBL “INPUT"
8z
a3

24
25
26
27
24
29
0
3
1
R
U
35
3
7
2%
19
40
ai
42
43
44
45
4
47
45
44

58
5y
52
83
c
9

55
56
57
co
ot

CLRG
CF &1
CF 82
"PRIKT OR HALT 7+
AOH
PROMPT

3 ASTR X
“HBLT™
ROFF
ASTR Y
¥=Y7?
SF @z
FIX 8
"GIZE -
PROKPT
lt_: =

ARCL X
AYIEH
i B3

Set Flag 2 if no
printer attached

1

ST 8%
"PARAMETERS 7°
PRONPT
-‘_: a

ARCL ¥
AVIEK
§TR 87
“YRRIABLES 7~
PRONFT
Ii_: =

ARCL X
AYIER
ST+ @9
“CONSTANTS 27
PROHPT
-}_: -

ARCL X
RYICN
ApY
RCL @7
ENTERT
+

Store number

of parameters

Number of

variables and

constants

Calculate

offset for

SYMLIN

+

12
+

RCL &9
INT
+

ST B3
¥EG 41
STC #E
cT0 82
XEG 42
RCL 89
FRL

Offset for

SYMLIN

39 PLL 88
6
&1
62
63
b4
63
65

IKT
/

ENTER?
ENTER?
IKT

&7 ¥=Y?
68 DSE X

76 ST+ 86
7 RCL 88

78 §T0 65
79 1
% ST0 63
UL
82 FI¥ 8

-:x:n

84 CF 29
85 APCL @1
86 "hi*
37 ARCL B3
88 *h)= -
89 PROKPT
98 XEG “FNTC
91 STC TKD @
92 ARCL ¥
93 §F 29
94 AYIEW
95 155 0k
9neLBL B
37 156 8!
45 GT0 2@
93 XEG 42
19a ALY
a1 “K®
182 ASTO IND @@
193 ISC @e
194¢LBL @9
185 RCL @A
166 INT
187 RCL &%
183 INT
189 +
118 RCL 29
iit FRC
12 1 £3
ISER
114 ¥3v?
115 670 &7
i16 GTD A3
Ti7eLBL 87
113 DSE Be
119¢LBL 85
128 ISC 82
121¢LBL W3
122 G710 ae
127081 85
124 DSE 98
125¢LBL @l

Input and
store variable

in form xi <j >

(input)

Display or
print data

Store Flag N
indicating to

record next

card

Variable

storage area

full

Record data

card

i2h "RECORD: R/S*
127 PROKPT

133 SF 81
174 156 83
135¢LBL @9
136 RCL 85
137 ST9 6@
138 G70 08
139¢LBL B
148 =APPROX"
141 XEQ 43
142¢LBL 11
143 =P~
144 FI¥ @
145 ARCL a!
146 "k = =
147 PROMFT
143 XEQ “FHT"
149 ST IND @2
158 ARCL ¥
151 AVIEH
152 186 @2
153¢LEL 89
154 156 @l
135 67D 11
156 Apv
157 =SOLYE"
158 PROMPT
159¢LBL E
168 "END"
161 AYVIEH
162 CLY
163 "t~
164 RETO IND v
165 ST0°F
thh GTG A3
167¢LBL H
158 RCL G&
{69 STO 1@
176 PIN
171 ST 1
172 1
173 -
174 RCL 89
173 FRC
176 1 E2
177 #
172 RLL @2
i79 -
188 ¢
12t -
182 RCL 89
183 INT
184 ~

185 INT
ig6 MDD
187 RCL @9
188 INT
139 *

™
o

Set flag if
data card(s)
recorded

Input starting
approximation

Prompt for
next program
card

Insert Flag E
to indicate

end of data

Change point

194 CHANGE POINT"
191 AVIENW
192 ST0 B4
193 ¥EQ 41
194 +
195 570 @8
196 RCL @9
197 INT
198 1

Table |

199 5§75 45

288 -

281 +

2n2 1 E3

281 s

284 ST+ BE

2A5¢LBL 78

286 3"

787 CF 29

262 FI¥ 8

7R3 ARCL 84 Xi

218 =k

211 ARTL 11

212 "kx= <j>

217 PROMPT

214 ¥EQ ~FMT"

219 ARCL ¥

216 AVIEN Print or display

217 ST IND @6 (corrected) X

218 1 variable

219 5T+ 86

228 1SG o8

221 GTD 78

222 RTL 18

223 870 o8

224 RDY

P
T
D

P
N
D

DR
I
I
S
]

.
- e 2
4

~
T o
N ™
-

I d i e
T

o o
y

238 570 82
239 1
248 pLL @7
241 1 E3
'742 7

243 +
244 STR 8]
245 RTN
2464150 4
247 PCL @
248 RCL 9
249 1
258 +
251 *
252 2
253 7/
254 RCL @7
259 +
255 RCL 83
257 +
258 1
255 +
264 RTN
261 .EHE,

—
d
-

-
4
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Routine SOLVE forms partial derivatives, sums squares and products, calls SYMLIN , and iterates

M

B1eLBL -SOLVE"
#2 CF 08
#3eLBL 83
A4 FS? @1
25 610 23
aceLBL 31
87 XEQ 41
88 ST0 04
@9eLBL 24
18 11
11 RCL @7
12 +
13 57D 85
14 RCL 89
15 INT
16 +
17 1
18 -
19 1 E2
28 /
21 ST+ 85
22¢LBL 21
23 RCL IND 4
24 STD IND 85
25 15c 84
26¢LBL 89
27 ENTER?
28 “t"
29 ASTD X
38 X=Y?
31 6T 249
32 X
33 "N-
34 ASTO X
15 ¥=y?
36 GTO 23
37 15G 85
38 670 21
39 GTC 22
48eLBL 23
41 XEDQ 4!
42 RCL @9
43 FRC
44 +
45 BEEF
46 RDTAY
47 GTOH 31
43eLBL 22
43 RCL &7
o8 18
3+
92 1 E3
33 7
34 11
35 +
26 STO 82
37 RCL 68
58 RCL @7
29 -
68 1
6t -
62 ST 83
63 XEQ “FUNC®
64 STO 18
65¢LBL 82

Clear Flag 00 for
manual iteration

Copy next point
into working area

End of data?

Another data card?

Read data card

Calculate residual value

66 1.01
67 ST+ IND 62
68 XEQ “FUNC*
69 STO IND 83
78 1.81
71 ST/ IND 82
72 RCL 18
73 ST- IND a3
74 RCL IND 82
751 E2
76 7/
77 ST/ IND 83
78 I5G 83
79¢LBL 69
88 156G 82
81 GTO @2
82 RCL 18
82 ST0 IND 83
84 RCL @8
85 STD @6
86 RCL 07
87 -
88 1
89 -
98 ST0 82
91 RCL @8
92 1
93 -
94 1 E3
9/
96 ST+ 82
97 RCL 82
98 STO 83
99¢LBL 84
168 RCL IND @2
181 RCL IND 83
182 *»
183 ST+ IND @6
184 1SG 86
185¢LEBL @9
a6 156 83
187 GTD 04
188 1SC 82
189 GT0 &7
119 GT0 24
111¢LBL @7
112 RCL @2
113 ST0 @3
114 GT0 84
115¢LBL 20

Increase parameter

by 1%

Recalculate residual

value

Return parameter to

its original value

Calculate partial
derivative

Next partial derivative

Calculate squares and
products of partial
derivatives, and sum

them ready for symLIN

116 XEQ =SYMLIN" Solve linear system

117 8
118 STO 1@
119 RCL 88
128 ENTERt
121 ENTER?
122 RCL @7
123 +
124 1|
125 -
126 1 E3
127 7
128 +
129 STD 83
138 11

Table Il

131 ST0 @2
132 9
133¢LBL A6
134 RCL IND @3
135 ST- IND 82 Update parameter

136 RCL IND 82
137 7
138 ABS

139 +
149 ISGC 82
141e(BL 89
142 156G @83
143 GT0 @86
144 FIX 5
145 VIEW X
146 | E-5
147 X>Y?
148 GT0 @5
149 XER 41
158 2
151 -
152 1 E3
153 7/
154 RCL ¥8
155 +
156 ST0 85
157 @
158eLBL 25
159 STD IND 85 Clear summing

168 1SG 85 registers
161 GTO 29
162 TONE 9
163 TONE 9
164 TONE 9
165 TONE 9
166 FC? 88
167 STOP
16§ GTD 83
169¢LBL 41
178 RCL 87
171 RCL 87
172 1
173 +
174 *
175 2
176 7
177 RCL 87
178 +
179 RCL 08
189 +
181 ¢
182 +
183 RTN
1844LBL 85
185 =QUTPUT"
186 PROMPY
187 RTH
138¢LBL A
189 SF fe
198 GTG 83
191 .END.

Display and print

€= E|%§1

Stop if e<10—5

Tone: iteration
completed

Stop if manually
iterating

Finished; prompt for
output program card

Set Flag 00 for
automatic iteration   
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Routine SYMLIN, a program that solves symmetrical linear systems (up to 22x22 if used alone) Table 11

 

 

 

AleLBL “SYMLIN- 43 - 85 XEG 8E Multiply 127 RCL B¢

Az RCL &7 Transfer N 44 PCL @8 g6 1 column 128 %=087

82 ST0 o@ and 7 45 | 87 - by x; 129 610 I
#4 RCL A8 4i - 82 RCL 83 138 1§

#5 STD @i 47 Xy 89 - {21 ST+ 8% Next column

B6¢LBL [ Gaussian 48 GTD 8i 9@ ST A2 132 GTC A

@7 RCL 81 elimination 49 RCiL 0@ 91 RCL &4 133¢LBL D

88 STD &6 o8 1 92 STx IND A3 134 RCL a6

89 1 o+ 93 DSE 82 135 ST @2 Shift solution

fg STQ @82 52 §7+ @1 %4 10 83 136 RCL a1 to first row

{1eLBL @i 531 95 DSE @6 137 +

{2 RCL 86 54 ST- 9@ 9641BL 89 138 ¢

13 ST @3 i=1 95 RCL 2@ 97 RCL 86 129 -

14 15C 83 56 1 98 STD 82 148 ST0 84 Address ofx
15¢LBL 89 No operation 57 X#Y? 99 XEQ 88 141¢LBL 11

16 RCL IND 83 58 GTC € Start another 188 ST A3 142 XEQ 88

{7 RCL IND 81 59 RCL #8 row 1At 1 143 1

18 7/ 68 STD @1 Back 182 ST+ @2 Prepare to 144 -

19 70 83 61 RCL 87 substitution 142 XEQ &8 sum row 145 S70 83

28 XEQ 8§ 62 ST0 @8R 184 2 i46 RCL INL-R3Z Transfer

21 STD @4 €3 ST0 @82 i85 - 147 STQ IND @84

22 1 a 64 1 tae 1 E3 i48 DSE A4

23 ST+ @2 k=22 €5 - 167 / 149¢LBL 99
24 XEQ 88 " 66 STO A6 188 ST+ 83 158 DSE &z

291 67 | 183 RCL IND @3 151 670 11

26 - 68 STD 85 Columnx, x; 118 STD 84 152 RTH

27 1 E3 69 XED 8& {11 1S3¢LBL 8% Calculate

28 7 79 1 112 ST+ 03 154 RCL 08 address of
29 ST+ 04 Multiply top 7 - {134LBL @5 55 1.5 end of row
Ja+LBL 0@ row by mjg 72 ST0 83 114 RCL IND A3 156 +

31 RCL IND 83 and subtract 73 RCL IND 82 », 115 186 a3 157 RCL 82

32 RCL 85 from Row k. 74 DSE 63 116 CT0 67 Sumajx; 158 2
33 % 73 RCL IND 23 ap o 117 670 Ao 159 -

34 ST- IND &4 7 7 ’ 112¢LBL #7 168 -

35 IS6 63 77 158G &2 119 ST+ IND 83 161 RCL B2

3helBL B9 78+LBL 89 128 GTD 85 162 *

37 15G 84 Row finished? 79 STO IND 83 121¢LBL 86 163 RCL 81

38 GT0 oé 2@ STD 84 xpin R 04 122 ST- IND 83 Subtract from 164 +
391 §1elBL A 123 RCL A4 from b; 165 RN

448 ST+ Be 82 RCL @6 124 ST/ IND B3 166 END.

41 RCL 86 82 ST 82 125 RCL IND 83

47 RCL 81 B4eLBL 82 126 ST0 84

Routine OUTPUT prints out the parameters, the residuals and the standard deviation Table IV

BLeLBL -QUTFUT"
82 ALY
BIeLBL C
84 “SOLUTION:=
85 XEQ 43
a6eLBL 12
@7 "p-
88 FIX @
89 ARCL A1
16= -
11 RCL IND 82
12 XEQ “FNT*
13 ARCL X
14 AYIENW
15 F§? 82
16 STOP
17 1SG @2

Print and display parameter

Stop and display parameter
if printer not attached

18¢LBL 89
19 186 61
28 GT0 12
2t 1
22 STO @6
238
24 STD 18
29¢LBL "R"
26 ADY
27 "RESIDUALS™
28 AVIEW
29 F$? @1
8 610 53
3MeLBL 61
32 XEQ 41
33 ST0 4
34eLBL 54

Next parameter

Read data card,if
cards used

35 1

36 RCL 87 Prepare R 05 for indirect
7+ store of variables

38 ST0 85

39 RCL &9

48 IHT

41 +

42 1

43 -

44 1 E2

45 7

46 ST+ 83

47+BL 51

48 RCL IHD B4 Copy variables into

49 STO IND @5 working area
58 ISG o4

S1elBL A9
(Continued on next page)  
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(Continued) Table IV

e B

52 ENTER? 88 -R- 124¢LBL 42
53 °E* 89 FI¥ @ 125 RCL 89
54 ASTO X 98 ARCL 86  Identification number 126 INT

55 X=Y?  Last residual? 9 *F: =  of residual 127 1 E3
56 GTD 58 92 XEQ =FUNC* Calculate and format 128 7

57 CLX 93 XEQ “FNT- residual 129 1
58 =N- 94 ARCL X 138 +
39 ASTO X 95 AVIEW Print or display residual 131 STD 81

#8 8=Y?  Another card? 96 FS? 82 132 RTH
61 610 53 97 STO0P Stop if printer not 133¢LBL 42
62 ISC 85 93 %t2 attached 134 AVIEM
63 GTO 91 Next variable 99 ST+ 18 Square and accumulate 135 11
64 GT0 52 188 1 residual 136 STO 82
65¢LBL 53 181 5T+ @6 Count peints 137 1
66 XEQ 41 182 GT0 54 Next residual 138 RCL &7
67 RCL @9 183¢LB. 58 139 1 £3
68 FRC 184 RCL 18 Calculate standard 148 /
69 + 185 RCL 86 deviation 141 +
78 BEEP 186 RCL 89 142 STO 81
71 RDTAX  Read next data card 187 INT 143 RTH
72 GTO ol 188 - 1441B41
73¢LBL 32 189 1 145 RCL @7 Prepare for indirect
74 RCL 87 118 - 146 RCL 87 recall of variables from

75 18 1"t s 147 1 point storage
76 + 112 SORT 148 +
77 1 E3 113 ADY 149 x
78 7 114 =SDEY = " Print standard deviation 159 2

79 1t 115 XEQ "FHT*" 151 ~
88 + 116 ARCL X 152 RCL @7
81 ST 82 117 AVIEK 153 +
82 RCL 88 118 ADY 154 RCL B8
83 RCL @87 119 ADY 155 +
34 - 128 ADY 156 1
851 121 ADY 157 +
86 - 122 ApY 158 RTK
87 ST0 83 123 STOP 159 (ENE.

Available chlorine deteriorates The program
after production Table V

Length of

time since

produced, Available

weeks chlorine, %
X Y

8 0.49, 0.49

10 0.48,0.47,0.48,0.47

12 0.46, 0.46, 0.45, 0.43

14 0.45, 0.43, 0.43

16 0.44,0.43,0.43

18 0.46, 0.45

20 0.42,0.42,0.43

22 0.41,0.41,0.40

24 0.42, 0.40, 0.40

26 0.41, 0.40, 0.41

28 0.41,0.40

30 0.40, 0.40, 0.38

32 0.41,0.40

34 0.40

36 0.41,0.38

38 0.40, 0.40

40 0.39

42 0.39

Average Y, %

Y

0.430

0.475

0.450

0.437
0.433
0.455

0.423

0.407

0.407

0.407

0.405

0.393

0.405

0.400

0.395

0.400

0.390

0.390

Predicted

Y, using

the model

Y
0.490

0.472

0.457

0.445

0.435

0.427

0.420

0.415

0.410

0.407

0.404

0.401

0.399

0.397

0.396

0.395

0.394

0.393

 

  
 

The program is semi-interactive and consists of six
parts:

1. Routine INPUT (Table I), which allocates registers
for storage, and handles input of data into registers and,
if necessary, storage of data on magnetic cards.

2. Routine SOLVE (Table II), which forms the par-
tial derivatives and their sums of squares and sums of
products, calling SYMLIN to solve the linear equation
system, implementing the corrections to the parameters,
and returning for further iteration.

3. Routine SYMLIN (Table III), a program that
solves symmetrical linear systems (up to 22 X 22 if used
alone).

4. Routine FUNC, the user-written program that
evaluates the residuals whose sum of squares is to be
minimized.

5. Routine FMT, a short program that determines the
format of the output (see Table I).

6. Routine OUTPUT (Table IV), which prints out the
parameters, the residuals and the standard deviation.
The necessary requisites are the HP41C and at least

one memory module. The cardreader is also needed
since running the program without it would be tedious
(though possible). The program is designed to work
with or without the printer. The size of the problem
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that can be handled is determined by the number of
memory modules used, by FUNC and FMT (which are
written by the user), and by SOLVE and SYMLIN, which
together occupy 585 bytes.
The INPUT program reserves space for intermediate

calculations (R, to R, plus a set equal to one greater
than the number of parameters), as well as for the pa-
rameters, variables and constants (which may be parti-
tioned in any way desired), and for the matrix of coeffi-
cients of the linear equation system. The remainder is
available for the data. With simple cases, more than
enough space for 100 points is available. This may be
expanded indefinitely by storing data on cards.

Running the program
Follow these steps, with the HP41C in the USER

mode throughout:
1. Write and store the program FUNC, assuming that

the parameters to be adjusted are in R11 to R(10+ P),
the variables in R(114+P) to R(10+P+ V), and the
constants in R(114+P+V) to R(10+P+V+C). P, V
and C are, respectively, the number of parameters, vari-
ables and constants. The program should return the
value of the residual to the X register.

2. Write and store the program FMT, which deter-
mines the format in which numbers are to be printed.
Example: LBL “FMT,” SCI5, END.

3. Execute (SIZE) as follows: Determine the number
of bytes in programs FMT and FUNC; subtract these
from the total number of bytes in the calculator config-
uration used; subtract also 585 (the number of bytes in
SOLVE plus SYMLIN); divide by seven and take the in-
teger part. This is the size.

4. Press [GTO].., retaining FUNC and FMT, then
load program INPUT. Proceed as follows:

Key in Press Response

[XEQ]
(INPUT) ‘PRINT OR HALT?”

(PRINT) if printer

is to be used;

(HALT) otherwise [R/S] ‘SIZE?’
Size (as determined) [R/S] ‘PARAMETERS?’
Number of parameters [R/S] ‘VARIABLES?’

Number of variables [R/S] ‘CONSTANTS?’

Number of constants [R/S] X1<1> =

For the purposes of the program, the variables x andy
are labelled X1 and X2. The i/th data point is labelled
X1(z), X2(7). Input data as prompted—
X1(1) = ,X2(1) = , etc.—terminating each value by
[R/S].
Continue until all data are input or until input is

interrupted by the display ‘RECORD : R/S.” If this hap-
pens, it means that the memory is full and the data
must be recorded on cardsif there are any more points.
If there are no more points, press [E]. The calculator
responds ‘END.’ (Here, the top five keys are referred to
by their ALPHA designations when in the USER mode.)

Erroneous points may then be corrected thus: Key in
the point number and press [A]. The calculator then
prompts for the X values for that point. Key them in,
terminating each with [R/S]. When the data entry for
the point is finished, the calculator responds  

 

FUNC evaluates residuals; FMT
formats the output Table VI
X

@leLBL “FUNC" a5 EtX 13 RCL 14
82 RCL 12 89 PCL 16 ih -
83 RCL 15 18 RCL 11 17 RTH
34 - 1 - 1geLBL “FHT"
@3 RCL 12 12 * 13 FIF ¢
8 * 13 RCL 1 28 END
@7 CHS 14 +    

‘RECORD : R/S.” If there are no more points, press [B]. If
there are, press [R/S] and pass blank cards to record the
data, and resume data entry as prompted.
On conclusion of data entry, press [E] and, if cards

have been recorded, [R/S], [R/S], and pass the final data
cards.

5. When data entry is complete, store the values of
any constants (e.g., C1[STO]15, C2[STO]16,. . .).

6. Press [B]. The calculator prompts for the starting
approximation to the parameters. Enter each, followed

  

by [R/S]. Display then reads ‘SOLVE.’
7. Clear program INPUT and load SOLVE. Press

[GTO] ... Load SYMLIN.
8. [XEQ] SOLVE.
If data have been recorded on cards, [BEEP] will

sound and ‘CARD’ will appear in the display. Read the
data cards in the order in which they were recorded, on
successive such prompts.
When all the data have been entered, and the first

iteration is complete, four tones will sound and the
machine will halt, displaying a number that is € =

z 8—;1 and is a measure of the proximity of the solu-
1

tion. If this is less than approximately 1, another itera-
tion may be initiated by pressing [R/S]; alternatively,
pressing [A] will cause the machine to iterate automati-
cally until € < 107°.

If € is large, divergence may be occurring and the
solution should be inspected ([RCL]11, [RCL]12,...) to
see whetherit is reasonable. If necessary, ‘unreasonable’
parameters can be changed manually—e.g., NEW
VALUE, STO 11, and so on.

When convergence has occurred, the display will
read ‘OUTPUT.

9. Clear programs SOLVE and SYMLIN. Enter pro-
gram OUTPUT. [XEQ] OUTPUT. If the machine was in-
structed to (PRINT), the output follows: P1 = (first pa-
rameter), P2 = (second parameter); then R1:, R2:, etc.
(the values of the residuals); and finally SDEV = (the
standard deviation). If the machine was instructed to
(HALT) (e.g., if there were no printer attached), it is
necessary to press [R/S] to obtain each output. (Cor-
rection: Program FUNC should end RCL14, —,
CHS, END.)

Decomposition of available chlorine
An example of nonlinear regression in the chemical

industry was given by H. Smith and S. D. Dubey [3]. A



 

Executing INPUT (data) and OUTPUT (solution)

]

SIZE 7= 238,
PARAMETERS 2= 2,
YARIABLES 7=
CONSTRKTS 7= ¢ aO

I
W
]

“-
-

Xi(1)= 3.0062
2{1%= 8.4%8

 

£.47u8

 

21(7>= 12, au@a
R2{7¥= H.4680

Xi(8>= 17,0888
X2(8>= B.4608

21(P= 12, ph0d
K2{9>= 8,480

21{18>= 1Z.hed0
22{18>= §.430¢

{11= 14,6888
%2{11>= 8.450¢

K1¢12}= 14,606
%2(12}= 8.4308

¥1¢133= 14,0009

21{14)= 15,0088

82{14>= £, 44068

®1{19%= {4, 60ne

REc15i= B,4768

= i, Gesd

= 8,478

= 1§.8Re4
= {1, 4R 4§

 

......

X1(24)=
R2(24)=

21(253=
X2(25}=

21{26)=
[2{26%=

X1{27>=
R2(273=

21(283=
R2(28%=

21(20=
22{29>=

X1(38=
x2(3@}=

3=
“2iay=

214(32:
%2{2

27

2%yZ. l
l

l
l¢

2{

= 22.4h060
= §.4108

22.0p00
82,4008

24,9008
a,4208

24,8000
@, 4008

258.10008
A.4100

28.68a8
A, 4004

 

Y1643
%2{43:= 8,

¥1¢44>
52483

- é.él__

36,608
8. 4694

= 36,0048
d. 3844

£ H2. ABgN
168

3. Boen
8.4wid|

S

= 34,6098
B, 4608

3. BadH
2. 4188

= 228.5993
= 8.3584

28, padn

Al
I
:
l
u
j

‘—
Dm

II
"

Table VII

END
CHANGE POINT
%i{48*= 3o, 0002
32(48)>= @, 3868

APPREY
END
APPROY
Pl = 8,2588
PZ = &, 1088

8.25084

SOLUTION:
Pi1 = 8,398t
P2 = #.1816

RESIDUALS
Ri: B.0808
R2:  0,0608
3 -2.0834
Ré4:  B.RB16
R3:  -A.8084
RG:  B,.B615
k7 -B.0834
PG -B.8E834
R9:  @,8666
Ri%:  B.B266
Ril: -8.885%
R12:  B.B144
Ri3:  6.B144
Ri4: -8.9836
RIS:  @.086844
Ri6:  8.6B44
R17:  -8.8337
Rig:  -8,8237
RiS:  -8.0864
R28:  -4.08884
R21:  -B.8184
Rz2:  B.@842
R23:  ©.0842
R24:  8.8142
RZ23:  -B.@1sz
k26 8.8832
R27:  6.6833
R23:  -B,4838
F29:  B.0@52
F38: -6.8628
v3i: -B.8653
g32:  B.pe3?
R2Z:  B,8083
R34:  E.08A:
235 §,6288
R36: -B.B111
R37:  -8,881)
R38. 6,627
Fi5:  -8,814]
R48:  @,8159
R4t~ -8, Aa3;
RaZ: -8, 885
Re3:  B.B8848
R4d:  @,8832

SDEY = &.8133    
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certain product was required to have a fraction 0.50
available chlorine at the time of manufacture. The
product reaches the market in eight weeks, during
which time the available chlorine has fallen to 0.49.
After this time, non-constant storage conditions lead to
a dispersed decomposition rate. It is, however, desirable
to have some means of predicting the available chlorine
at future intervals in order to determine how long the
material should be kept before being discarded.
A number of determinations of available chlorine at

different times after manufacture are shown in Table V.
It was known that the available chlorine fell to about
halfits original value on prolonged storage. A nonlinear
model, based on first-order kinetics, was postulated as
follows:

Y =a + (049 — a)eFU9 ... 3

where Y is the fraction of available chlorine X weeks
from manufacture.
The program FUNGC,corresponding to Eq. 3, together

with program FMT, is shown in Table VI. A value of
0.25 was chosen for a, and bytrial with several points, a

value of 0.1 for B. Registers were allocated:

a (P1) in R11

B (P2) in R12
x; (X1) in R13
»; (X2) in R14
8 in R15
049 in R16

(The constants could have as easily been written into
program memory.)
The output from the program, run with the printer,

is shown in Table VII. The solution is
a = 0.3901, 8 = 0.1016. The residuals are as shown in
Table VII.

For TI-58/59 users

The TI program listing is contained in Table VIII,
and user instructions are offered in Table IX. The
printout of the example given in the text is shown in
Table X.

Program listing for Tl version Table Vil

 

Step Code Key Step Code Key
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(Continued) Table ViiI

 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
 

-

x~. i,

T
e

g
A

e
d
T

C
H
D
T
e

e
bz
(
1
L
Y

L
L

L
3
I
l
)

L 
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(Continued) Table VIl

 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key

  

W
L
e

e
l
e
i

'
.
I

L
W

L
T
U
e

 

     

 

b
e

T
a
e
l

 

ot
1
8
,    

 

 

User instructions for Tl version Table IX

 

The Tl program requires the nonlinear function to be entered as subroutine E,starting at line 382. (The program listing in Table VIII has the text function—Eq.

3—inthis location.) Becauseof size limitations, the nonlinear function may have only two variable parameters, « and g in the text. The calculated values of these

parameters are stored in registers 03 and 04 by the program. Thefirst estimates of the parameters are made by the engineer, and are placed in registers 03 and
04 before the start of the program. (The first estimates in the text example are 0.25 and 0.1.)

Also because of size limitation, only a maximum of 22 pairs of y-x values can be handled. The program uses 16 storage registers for the calculations, and the
22 pairs of x-y values must be stored, requiring a total of 60 storage areas.

Program operation is as follows:

1.The nonlinearfunction is entered in place of the material following line 385 in the program listed. Lines 386 to 479 are available for the function. (Be sure to

end with a RETURN instruction.)

2.The preliminary estimate of the function parameters is entered in storage registers 03 and 04 (i.e., for the example, enterthe initial value for a as 0.25 STO
03, and for B of 0.1 as 0.1 STO 04). Y-X data are entered as:

Y, key XoT

X, key A

3. When all the data are entered, key B gives an estimate of the solution: € in the text. This calculation may take a few minutes.

Additional estimates may be automatically made by using key R/S. If the estimate is satisfactory, key D will give the values of the parameters.If the e value is
less than 1E-5, the program automatically goes to key D and calculates the parameters.

Key D gives the values of two parameters in the nonlinearfunction, first the value of « in register 03, and then the value of g in 04. It then gives the goodness of

fit, measured as the standard deviation—the square root of the mean of the sums of the squares of deviation. The printout of the example is shown in Table X.

 

Example for Tl version Table X Acknowledgement
The author thanks the editors of Industrial Quality Con-

trol for permission to reproduce Table V and to quote
the example.

 

Estimates for €

References
1. Hewlett-Packard Co., Users’ Library, program numbers 03590D, 03591D,

03588D, 03589D.

2. Draper, N., and Smith, H., “Applied Regression Analysis,” John Wiley and
Sons, New York, 1966, Chapter 10.

3. Smith, H., and Dubey,S. D., Industrial Quality Control, Vol. 21, No. 2, pp. 64-
70, 1964 (Amer. Soc. for Quality Control, Milwaukee, Wis.).

The author
Brian W. Clare is 2 member of the
Mineral Chemistry Research Unit,
School of Mathematical and Physical
Sciences, Murdoch University, Murdoch,
Western Australia, 6150, where he has
worked on the hydrometallurgy of
copper, the purification ofsilver, and the
recovery of precious metals from
concentrates. He holds a B.Sc. and a
Ph.D. from the University of Western
Australia and is an Associate of the
Royal Australian Chemical Institute.
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Polynomial regression on
a pocket calculator

This program for the HP-41C calculator fits a polynomial function
to a table of data. The polynomial may then be used for

interpolation or mathematical analysis.

 

Brian W. Clare, Murdoch University
 

[] Polynomial regression often yields a function that is
a good representation of data over a limited range. This
program, written for the HP-41C,yields a best-fit poly-
nomial function of a degree specified by the user. At
least one 64-register memory module is needed to fit
polynomials of degree five or under. With four memory
modules (or the 319-register HP-41CV), the program
can fit a polynomial up to degree eighteen. A card-
reader and printer are convenient to have but are not
necessary.

Regression analysis
Finding an equation that represents a table of (x,»)

data accurately is a common engineering problem.
When the data are the result of an experiment, and
contain errors, the best way to do this is by least-squares
regression analysis.

Linear regression is the simplest form of regression
analysis. Available on most scientific calculators, the

technique fits a straight line (y = ax + b) to a set of
data (x;,;) such that the sum of the squared errors is a
minimum. However, data cannot always be approxi-
mated by a straight line.

If the form of dependence of» on x is known, then

nonlinear regression [/] is possible. But there is no way
to guarantee convergence of this iterative regression
procedure. If the form of dependence is unknown, then
» often may be treated as some general function of x—
such as a sum of trigonometric terms (Fourier analysis)
or a polynomial function. This last case is termed poly-
nomial regression.

How polynomial regression works
Polynomial regression takes a set of N data points

(x;,2;) and represents it as an nth-degree polynomial:

Y =ay + ax + ayx? + --- + ax®

where q,, a; - - - a, are constants chosen so that the sum
of the squared errors (f) is a minimum:

— 2 2S=2i(a0 + ayx; + apxi + -+ + ax] —)

According to calculus, the function fis a minimum

Originally published October 4, 1982.
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with respect to the choice of coefficients when each of
the partial derivatives is zero:

SO _of_SF_ _5_
da, O0a, Oa,  Oa,

Differentiating f with respect to each of these coeffi-
cients and setting the partial derivatives equal to zero
gives rise to a system of (n + 1) linear equations in
(n + 1) unknowns (a,, a; - - - a,):

0

na, + a;2x; + a,2x? + -

a2x; + a2xF + a2x + - -

ag2x? + a2x} + a2xi + ---

-+ a2k = 2y,

+ a,2= Zx;y;

+ a,ZxPt? = Zx2y,

ag2x® + a,ZxM4 a,22 + .+ g,Zx2" = Zaly;

Since we can calculate the sums and products of the
x; and yp; terms, we can solve this symmetric matrix to
find the a,, a, - - - a, values. These are the regression
coeflicients for our nth-degree polynomial.

How the calculator program works
The HP-41C implementation of the polynomial-

regression algorithm consists of three parts, which are
listed in Table I:

1. Program “POLY.”* This 378-byte program han-
dles data input, calculation of sums in the matrix, out-
put ofregression coeflicients, and calculation of the con-
ditional meany for any given x once the coefficients are
known.

2. Subroutine “syMLIN.” This 248-byte routine solves
the matrix. It has been described previously [1], in grea-
ter detail. (See previous article.)

3. Subroutine “FMT.” This 17-byte routine formats
all numbers displayed and printed by the program. As
listed in Table I, “FMT” limits numbers to 5 decimal
places and specifies scientific notation for numbers less
than or equal to 0.1. If desired, “FMT” can be changed

*Throughoutthis article, names such as “POLY” that require ALPHA-mode
keystrokes will be placed in parentheses. The parentheses are not part of the
name. Regular keys will be boldfaced; e.g., R/S.
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Program “POLY” and subroutines “SYMLIN” and “FMT" occupy 95 storage registers in the HP-41C calculator Table |

[

“pPOLY” 64 CHS 187 ISG ov 12 RCL 86
65 ST+ IND @2 125¢LBL B 188 GTD @7 13 ST0 03

B1eLBL "POLY" 126 “DELETE" 189 ADY 14 156 83
8z CLRG 66¢LBL 09 127 AVIEMW 198 ADY
A3 9 67 1 128 SF @8 191 ADY 15¢LBL @9
04 STC @8 68 ST+ 83 129 GTO 85 192 ADY 16 RCL IND 63

85 “DEGKEE” 69 XEQ 89 193 RN {7 RCL IND 01

86 FIx # 7@ STO 94 138¢LBL 89 18 7
87 CF 29 71 RCL 83 131 RCL 63 194¢l8BL E 19 ST0 85

88 PROMPT 72 RCL 97 132 RCL 97 195 RDY 28 ¥EQ 08
89 ARCL X 732 133 - 196 =X= = 21 STO 84
18 AVIEK 4 * 134 2 197 PROMPT 22 1

111 79 ¥=V7? 135 + 198 XEQ “FAT" 23 51+ 82
12 + 76 GT0 w2 136 1 199 SF 29 24 YEQ 08
i3 STC 97 77 RCL vw 137 X<=Y? 208 ARCL X 21
14 Ay 78 ST+ 85 138 XY 201 AVIEM 26 -

151 {39 RN 282 ENTERt 27 1 E3

16 STO @t 79¢LBL 81 263 ENTERT 28 7
88 RCL @3 148+LBL 68 284 ENTERt 29 ST+ w4

17¢LBL 25 81 RCL 04 141 RCL #7 285 RCL 08
18 =¥- 82 2 142 2 206 RCL @7 3ReLBL 90
19 FI¥ @ 81 143 287 + 31 RCL IND 83
28 CF 29 84 - 144 4 2088 RCL ©8 32 RCL 05
2l -i 85 3 143 + 209 1 E2 33 %

22 RCL Wb 86 + 146 RCL &4 218 7 34 ST- IND 084

23 FS7 we 87 ¥<=a? 147 - 211 + 35 ISG 83

24 + 83 GTO ve@ 148 RCL 04 212 1

29 BRCL X 89 ¥EQ B8 149 | 213 - 36¢LBL 89
26 “t= - 9 + 158 - 214 STO @9 37 15G 84
27 PROMFT a1 ST0 w2 151 * 215 CLX 38 GTO @8

28 XER “FHT- 92 RCL @5 152 2 91
29 SF 29 32 FS7 o8 153 7 216¢LBL 86 46 ST+ 86
38 OrCL X 94 HS 154 RCL @8 217 RCL IND w@ 41 RCL 06

31 AVIEW 95 ST+ IND 02 155 + 218 + 42 RCL 01
32 STD ww % 1 156 1 219 » 43 -
37 =y 37 ST+ u4 157 - 228 DSE o8 44 RCL 98
34 Fix 8 38 GT0 81 138 RN 221 GT0 86 45 1

35 CF 29 222 RCL IND 08 46 -
35 -1 99¢1BL 82 159¢L8BL € 223 + 47 X2Y?

37 RCL @6 169 2 168 XEQ =SYMLIN® 224 “YBAR= " 48 £T0 81
38 FS7 60 181 ST0 w4 161 apy 225 XEQ "FAT" 49 RCL 09
39+ 162 RCL 88 226 ARCL X 99 1
48 ARCL X 182¢LBL ¥3 163 RCL 87 227 AYIEM S+

41 b= - 182 XEQ 88 164 RCL @8 228 FC? 55 52 ST+ ul

42 PROMPT 184 STO @2 165 + 229 ST0P 531
42 SF 29 185 RCL #1 166 1 238 G610 E 54 ST- @8

44 REQ “FAT- 186 FS? 88 167 - 231 END 55 RCL w8
43 ARCL X 187 CHS 168 1 &3 S¢ !

45 AVIEW 188 ST+ IND @2 169 / 957 X#Y?

47 STD #; 182 1 17e + SR ETE C

48 ¥EE H 11v 5T+ 04 171 STO ee 59 RCL wv&

49 | 111 RCL 98 68 STD 81
59 FS7 98 112 §T* 81 172¢LBL w7 “SYMLIN" 61 RCL 67
51 CH3 113 RCL 94 172 -g* 62 STO 08
92 1+ 9% 114 RCL w7 174 FIX 8 @lelBL "SYMLIN® 63 STO @z

53 CF 24 115 2 175 CF 29 82 RCL 97 64 1

54 QDY 116 + 176 ARCL 85 @3 STG ee 63 -
55 G0 85 117 ¥=Y7 177 =b= " 84 RCL @8 66 ST 66

118 GTO w4 178 SF 29 45 ST0 &1 67 1
SE+LBL H 119 GT0 #4 179 RCL 1IND 8@ 88 57D 85
o7 W 188 XEQ =FHT" feelBL © 59 XEC 88

58 STC B3 120¢LBL w4 181 ARCL X A7 RCL et 78 1

59 RCL w8 121 RCL 98 182 AYIEM A8 570 96 71 -

6@ 570 82 i22 ST0 82 183 FC? 29 Bs i 72 STO 13

61t 123 RCL IND @2 184 STOP 18 ST &2 73 RCL IND @3

62 570 85 124 RN 185 1 74 DSE @3
63 F57 a¢ 186 Si+ 86 1i¢LBL 8t 75 RCL IND @3
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(Continued) Table |

X I

7% 7 180 ST0 83 125 RCL IND 03 150 DSE 62 87 RN
77 156 @3 101 1 126 STO @4 151 6T0 1

182 ST+ 82 127 RCL 86 152 RTN @BeLBL 8@
78¢LBL @9 183 XEQ ©8 128 ¥%=8? 89 2

79 ST0 IND 63 194 2 129 6T0 D 153¢LBL 08 18 XY
88 STO 04 185 - 130 1 154 RCL 9@ 11 %3Y?

106 1 E3 131 ST+ 85 155 1.5 12 6T0 @
814LBL A 167 / 132 GTO A 156 + 13 FIX §
82 RCL 86 188 ST+ 83 157 RCL 82 14 RTN
83 STO 62 189 RCL IND 03 133¢LBL D 158 2

118 STO w4 134 RCL 99 159 / {5¢LBL 61
84eLBL @3 11 1 135 STO 92 160 - 16 FIX 5
85 XEQ #8 112 ST+ 83 136 RCL 81 161 RCL 82 17 PN
86 1 137 + 162 * 18 .END.
87 - 113¢LBL 85 138 1 162 RCL 61
88 RCL 85 114 RCL IND 03 139 - 164 + Notes:

89 - 115 156 @3 149 STO 04 165 RTN “POLY"is 378 bytes.
98 STO W3 116 G0 @7 166 END “SYMLIN"is 248 bytes.
91 RCL 84 117 610 86 141eLBL 11 “EMT"is 17 bytes.

92 STx IND 83 142 ¥EQ @8 "FMT" sets the output

93 DSE #2 118¢LBL 87 143 1 “EMT" and display format.

94 GTO 3 119 ST+ IND 83 144 - 'I:he alternativg “F.MT“

95 DSE 06 128 10 85 145 ST0 83 pIeLEL “FAT" listed belowwill display
146 RCL IND 82 92 .1 all numbers in §-decimal

96eLBL 89 1210LBL 86 147 5T0 IND 94 83 ¥OY scientific notation:
97 RCL Bb 122 ST- IND 63 143 DSE wd 84 ¥)Y7 @1¢LBL “FAT"
98 STO0 82 123 RCL 94 85 GT0O &¢ @z SC1 S

99 XEQ 98 124 ST/ IND B3 149¢LBL 89 @6 SC1 5 3 .END.  
 

to fit the needs of a particular problem. Changing it to
the alternative form also.hsted in ’_Fable I will assure Userinstructions for HP-41C program Table 1
that any number can be displayed without loss of preci-
sion—though the display may be difficult to read be-
cause of the exponents. Step Entries Display/Prompting
The program allocates the storage as follows: Regis- . Allocatestorage XEQ "sIZE" SIZE — — -

ters 00 and 01 hold the most recent x and y values; (No. ofregisters)
Registers 02, 07 and 08 are used; Regis.tert% from 09 on- . Set USER mode USER
ward hold the matrix. Since the matrix is symmetric,
only half is stored. . Loadorread program

. Enter degree (n) XEQ “POLY" DEGREE?
. and (x,y) data (Degree) R/S X1=

Using the program (x,) RIS Yi=

Table II lists user instructions for the program. Sev- Z‘j :,/: i((z: lafter execution delay)
eral points that should be noted are: (ete. throughv

1. The program should be loaded and run in the - To delete a point* B DELETE '
USER mode. This enables one to presssingle keys during ) RS ::i =(where y; was last point entered)
execution rather than giving XEQ commands (e.g., (Vj'JR/S xj- = (enter next or corrected point)
pressing the B key rather than XEQ “B”).

. Calcula'te_ regression

2. One must allocate registers to data storage. The coefficients R ::’f (("0))
program requires a total of 95 registers. This means that R/S noe (:‘ )
an HP-41C calculator equipped with m 64-register (etc. through a,) 2
memory modules has (64m — 32) registers available for i
allocation. The HP-41CV has 224 registers available. A ' ca::;::fl conditional =
polynomial 'of.degree nneeds (0.57% + 2.5n + 11) regis- (x) RS YBAR =y value for given xJ

ters, at a minimum. (x) R/S YBAR = (etc.)

3. The program requires that one decide the degree 8. Toenter new data Roturn to Step 4
’ prog . q g *|f calculator is not in USER mode, press XEQ B (or *“C,” etc.) rather than the B key.

(n) of polynomial. This should not be greater than (N
— 1), where N is the number of data points, nor less

 

 

   



 

 

    

Example data: Specific heat of water Table 111

o o
T,C ¢p T, C Cp

0 1.00762 55 0.99919

5 1.00392 60 0.99967

10 1.00153 65 1.00024

15 1.00000 70 1.00091

20 0.99907 75 1.00167

25 0.99852 80 1.00253

30 0.99826 85 1.00351

35 0.99818 90 1.00461

40 0.99828 95 1.00586

45 0.99849 100 1.00721

50 0.99878

Source: Ref. 2. Used with permission of
John Wiley & Sons.   

than 1, which would be a linear regression. Note that
one memory module allows n to be no greater than 5; n

can be as high as 18 with four memory modules.

4. During data entry, the execution time after entry
of each y value depends on the degree of the polyno-
mial: about 20 s for degree 2; 50 s for degree 4; 80 s for

degree 6; 120 s for degree 8; up to about 6 min for
degree 18. This should be considered in choosing the
degree. Note that execution time may depend on the
particular calculator.

5. Subroutine “SYMLIN” destroys the matrix when it
calculates the regression coefficients. Therefore, points
cannot be added or deleted after C is executed.

6. If a printer is used (MAN mode), all the data and
coeflicients are printed out.

 

Example results show good fit

 

    

 

of sixth-degree polynomial Table IV

Regression
coefficients Values of y per regression equation

fr= |, 8B7cH E= o, PREABER ¥= 33.09986 %= 7@,08088

Fi= -0,79449E-4 YBAR= ,8d768 YBAR= A, 99221 YBAR= {.6@851

HZ= 892:-3

Az RIS %= I,89898 X= 4%, BAoad A= 75.08988

fie= 2, 71988E-5 TRAR= {,9639% YBAR= @, 39229 YRAR= 1.88163

AS= -5,29595E-11

Aes LLBRRRZE-13 w= (@, anaee ¥= 45, dhane X= 88,9609
YBAR= [.@E154 YBAR= #, 99845 YEAR= 1,68255

a= 15, Aunad X= D@, 36888 A= 85, %0848

YBAR= £,99995 YBRE= 2,99879 YBRR= {.B8I52

A= 28,3880 5= 59, Bpede X= 9@, 808408

YRAR= £,99984 YBAR= ©,999:7 YBAR= [.B@dp!

%= 25, Hapdg £= hH, GbWAR ®= 95, 08060

YBAR= €,33351 VEBAR= i, 9995 YBGE= |, 88383

x= J8,ERAGE A= 69, CpdaA 5= 1@k,ARG

YEGR= 8.9982% YBAR= {.8@A23 YBAR= 1,88723    
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Example
McCracken and Dorn [2] list data for the specific

heat of water at various temperatures, and show a
third-degree polynomial approximation of that data.
Their data are listed in Table III. Since their polyno-
mial appeared not to fit well, let us try a sixth-degree
polynomial approximation.

Table IV shows the actual output of the program.
The regression coefficients ay-a, are listed, and the re-

gression equation is therefore:

» = 1.00760 — 8.79449 X 10™*x + 3.33998 X 1075x2 —

6.87661 X 1077x3 4 8.31908 x 1079%* —

5.29596 X 10711x5 + 1.38922 x 10713x6

Table IV also lists the conditional means (YBAR) pre-
dicted by the regression equation for each temperature
(X) in the original data. Comparing these calculated
values of specific heat with the actual data, one can see
that the fit is very good—a maximum deviation of
0.00004, or less than 0.005%. Of course, the y data in
this example fell into a very narrow range (1.003 ==

0.005).

Cautions

The system of linear equatior s generated by polyno-
mial regression can be ill-conditioned—Ileading to
smooth curves that fit poorly—if the degree of the poly-
nomial is large and especially if the y values cover a
wide range. This means inaccurate results, and can be
avoided only by using orthogonal polynomials instead
of powers of x as the regression functions.
The regression equation begins to reproduce the er-

rors of measurement as well as the true trend when the
degree of the polynomial approaches the number of
data points. When n = (N — 1), the polynomial fits
perfectly but is not a satisfactory representation of the
data. The true best fit is given by the polynomial func-
tion where (3, — »,)?/(N — n — 1) shows no further
significant decrease (y is the y value for a given x pre-
dicted by the regression equation). To get this best fit,
one must try several degrees of polynomial and calcu-
late conditional means and squared error each time.

As a final caution, be aware that extrapolation with
polynomials is always dangerous and becomes more so
as the degree of the polynomial increases. It is best to
use the regression equation only within the limits of the
original data.

Conditionals, such as X = Y?, X = O?, etc., should be

entered as commands; they should not be inserted as
ALPHA strings (i.e., enclosed in quotation marks).

For TI users

The TI version for calculating the best-fit polynomial
function for a given set of data closely follows the HP
program. However, the TI version is limited to a max-
imum of a fourth-degree equation. Tables V and VI
present the listings of the TI programs. User instruc-
tions are offered in Table VII.
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(Continued) Table V

 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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Listing for Tl version—program 2 Table VI
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User instructions for the Tl version Table VI

Step Input Key Output

1. Load program 1

2. Enter degree (n) (Degree) (1 to 4) A

3. Input data: X x=t

7 A

Repeat until all data are entered.

(To delete an erroneous pair of values:

Xi x=t

Yi B

4. When all data are entered Cc Starts calculation

5. When calculation stops, load program 2

6. After loading program 2 C Completes calculation
7. Calculate regression coefficients* 8n, 8n-1, @n_», 6tc.

8. Calculate conditional means X E y (YBAR, y value for a given x)
 

*Output is the regression coefficients, starting with the highest degree and ending with a,. For instance, for a third-degree calculation: y = a, + a; x + a,x® +

a;x3, the output is as, a,, ay, ao.

References
1. Clare, B. W, Nonlinear regression on a pocket calculator, Chem. Eng., Aug.

23, 1982, pp. 83-89.

2. McCracken, D. D., and Dorn, W. S., “Numerical Methods with FORTRAN
IV Case Studies,” John Wiley & Sons, New York, 1972, Fig. 7.9 and Table
7.5. Used with permission.
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Curvefitting via
orthogonal polynomials

In fitting a curve to experimental data, it may be desirable to use
polynomials of increasing degree until the necessary fit is achieved.

Employing orthogonal polynomials has several advantages.

 

Brian W. Clare, Murdoch University (Australia)
 

[] The first thing to do in fitting a curve to experimen-
tal data is to choose a suitable type of function. Some-
times thisis easy, the mathematical form of the function
being known. Vapor-pressure/temperature data, for
example, can be fitted to an equation of the form:

P=A¢B'T

with a reasonable degree of accuracy, and this can be
converted to a linear regression problem by taking loga-
rithms of both sides.

In other cases, a nonlinear equation may be appro-
priate, and fitting this requires an iterative method [/].

If no functional relationship is known or, in some
cases, if a nonlinear equation is known, it may be ap-
propriate to use polynomials of increasing degree until
the desired fit is achieved. Polynomials are very flexible,
and can befitted to most continuous functions. A proce-
dure for fitting polynomials by solving the normal
equations has already been described [2]. It was pointed
out in that article, however, that poor results can be

obtained when the degree of the polynomial is large, or
when the dependent variable covers a wide range.

This is because the normal equations in this case be-
come extremely ill-conditioned, meaning that a small
error in the data (or,as in this case, in the intermediate
results) makes a large difference in the final result.

If, instead of powers ofx, a set of orthogonal polyno-
mials are used, the solution of the normal equations can
be avoided. Thus, instead of the relationship:

y:a0+a1x+a2x2+---+dnx" (1)

we fit the equation:

D = boPo(x) + byPy(x) + -

+ biPi(x) + -+ ann(x> (2)

where P;(x) is an ith-degree polynomialin x, and Pj(x) is
a jth-degree polynomial in x.
These two polynomials are said to be orthogonal if

the sum:

>, Pix)Py(x)
0

Originally published April 18, 1983.
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is zero when : # j, and is non-zero when ¢ = . The
summation extends over all points.
The use of such polynomials has several advantages:
1. The solution of the normal equations is avoided,

and the problem is not ill-conditioned. A high-degree
polynomial can be fitted without any problems.

2. The amount of calculation involved is greatly re-
duced, so the method is much faster.

3. Normally, if a least-squares polynomial of degree
n is fitted to data, a truncated version of degree

m(m < n) will not be a least-squares fit. However, with
this method, the program stores a sequence of orthogo-
nal polynomials that remain least-square fits, even
when truncated. Hence the user can select any degree
(m) of polynomial, up to the value n, which provides a
satisfactory fit. This may be done without reentry of
data. The method of determining the quality offit is
discussed later.

However, the advantages are obtained at a price—
the values of the independent variable must be equally

spaced.
The method offitting these orthogonal polynomials

is given in Ref. 3 and 4, and will not be reproduced
here. However, for further reference, it may be useful to
know that the term Gram polynomials refers to a par-
ticular set of polynomials that are orthogonal on dis-
crete, equally-spaced points. These are sometimes called
Chebychev polynomials, but this name is also used for
other types of orthogonal polynomials.

Use of the HP41C program
The program is given in Table I. To use it, the pro-

gram must be loaded into memory with a formatting
subroutine under label FMT: (PGM) LBL ‘FMT’ FIX
4 RTN (PGM). This subroutine determines the format
of all data and results, and can,if desired, be more com-
plex than this simple, four-decimal-point output.
The program calls for the operator to select a degree,

m, of polynomial that might fit the data sufficiently
well, where m < n. For each degree, m, thatis tested, we

obtain a set of coefficients, a, and a set of conditional
means,» bar. If these conditional means are sufficiently
close to the actual y values, the polynomial may be
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Program fits curves to a high degree of accuracy via orthogonal polynomials Table |
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truncated at this degree, m, and a satisfactory fit has
been obtained.

Register usage
The program, plus the FMT subroutine used here,

requires 126 registers of memory. To fit an nth-degree
polynomial, 18 + 3n data registers are also required.
This necessitates at least two memory modules, ena-

bling a 15th-degree polynomialto be fitted. With one or
two more modules, a 37th- or 58th-degree polynomial

may be fitted.
No other accessoryis required, although a printer is

convenient (the program is printer-compatible). A
cardreader or wand is desirable if the program is to be
frequently loaded. The program is available from the
author in magnetic card form if readers send four blank

HP magnetic cards with a request to the author.  

Example
Dorn and McCracken [5] give the example of the

data of Table II. These values were obtained from:

y =% 4+ 2 4+ 2xt 4+ 3x% 4 5x% 4+ 10x 4+ 40

Using the program of Ref. 2, and fitting a sixth-
degree polynomial (we could try higher), the following
values for the coefficients were obtained:

a, = 84.7357 (cf. 40)
a, —63.3921 (cf. 10)
a, 44.2288  (cf. 5)
a; = —6.4036 (cf. 3)
a, 3.1161  (cf. 2)

0.9359 (cf. 1)
1.0014  (cf. 1)R

.8

T

These are very different from the values used to gen-
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Key in Press Output
XEQ ‘POLY’ “HOW MANY POINTS?”

N+1 (Number

of points) R/S “MAXIMUM DEGREE?”

n(<N) R/S “INITIAL X?”
X R/S “FINAL X?”

x, R/S “yQ =~
Yo R/S “yp =7

In R/S “DEGREE?”

m( <n) R/S “A0 =7

R/S “Al =”
R/S “A2 =7

R/S “Am ="
To obtainy for any given x, use the following proce-

dure. The value obtained is calledy bar (ory), a condi-

Execution of the program:

 

tional mean value for that particular x, as projected by

the regression polynomial.
In USER mode:

Key in Press Output
C ‘CX =’)

x R/S “Y BAR ="

Repeat as required.
To obtain a polynomial of different degree:
In USER mode:  Key in Press Output

B “DEGREE?”
m R/S “A0 =" |

R/S “Al _» '

R/S “Am =

Repeat as desired.

 

erate the data. The conditional means for the first four

entries in Table II are:

y bar (1) =  64.2227 (cf. 62)
(2) = 227.5357 (cf. 232)
(3) = 1,329.5882 (cf. 1,330)
(4) = 5,986.9122  (cf. 5,984)

Clearly, even with a degree ofas little as six, there has

been a severe loss of accuracy.
When the problem was repeated, using the program

of this article, the results obtained were:

a, = 40.0155 (cf. 40)
a, = 9.9774 (cf. 10)
a, = 5.0125 (cf. 5)
a; = 29968 (cf. 3)
a, = 2.0004 (cf. 2)
a; = 1.0000 (cf. 1)
ag = 1.0000 (cf. 1)

and y bar (1) =  62.0026 (cf. 62)
(2) = 232.0007 (cf. 232)
(3) = 1,330.0017 (cf. 1,330)
(4) = 5,984.0022 (cf. 5,984)

These are obviously very much closer to the values

 

 

Values for the two variables in the
polynomial example of Dorn and McCracken Table Il

x Y x Y

1 62 8 305,080

2 232 9 606,334

3 1,330 10 1,123,640

4 5,984 11 1,966,642

5 20,590 12 3,282,352

6 57,952 13 5,262,830

7 140,642 14 8,153,584     

that generated the data. It is also worth noting that the
runtime of the program ofthis article with this example
was 7 min; that of the program of Ref. 2 was 20 min.
The conclusion is that, wherever possible, when a

polynomial least-squares treatment of data is to be
used, the data should be obtained from equal spacing of
the independent variable, and fitting should be done
with orthogonal polynomials. Otherwise, if high-degree
polynomials are used, the error of calculation may be
greater than the error of measurement, and this should

never be so.

For TI users

The TT programis not a direct translation ofthe HP
program, inasmuch as the T1 does not have the storage
capacity used by the HP 41C program. However, the T1
program carries out similar calculations.
The TI program is limitedto 29 y values. and while 1t

will determine the goodness offit of anv degree ortho-
gonal polvnomial up to 10. the program will calculate
the regression coefficients for a maximum ofa fifth-
degree equation.

Data are entered and the program calculates the
goodness offit ofsuccessive-degree polvnomials. When
a sausfactoryfitis obtained. the program calculates the
regression coetficients. the «, values. for the degree
polvnomial selected bv the engineer:

9

y=ay + ax + ax~ + -+ ax"

For instance, the following values are the results of

the equation:

y =40 + x + 27 + &* + x*

x 1 2 3 4 5 6 7 8
y 44 70 160 380 820 1594 2840 4720
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If these data are entered, the program gives the fol- Calculation of regression coefficients for a fourth
lowing (rounded off to 5 decimal places): degree equation: (inputted as 4 key C) gives:

Total

Variation variation  Correlation a, 40.00000081
Degree removed removed coefficient

0.79937 0.79937 0.89408 = (1)‘33339878
0.18960 0.98898 0.99447 ag . 0001
0.01093 0.99991 0.99995 as  0.99999991
0.00009 1.00000 1.00000 a4 1.00000000S
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O
N
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Listing for Tl version—program 1 Table I
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Key Step Code Key

 

(Continued) Table IV

Step Code Key
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User instructions for the Tl version Table V

Step Input Key Output

2. Input data Xi x=t

Yi A (forfirst y value only)

3. When all data are entered

4. Calculate output

5. Continue output calculations for next

degree

6. Calculate regression coefficients n”
7. Load program 2'

R/S (for subsequent y values)

B

R/S
Cc
Cc

Starts calculation

a. Fraction of the sum of squares of

deviation accounted for by that

degree
b. Total fraction of the sum of

squares of deviation accounted

for by the equation to that

degree

c. Correlation coefficient for thee

equation to that degree

Same as step 1

&9, 8y, 8y,etc. (to a,)

Same as step 6
 

*When a satisfactory fitness is obtained (based upon the highest value of correlation coefficient, calculated previously), the user enters n, the degree of the

equation to be calculated. This value cannot be higher than 5, or higher than the maximum goodness of it calculated. If the number entered is higher than 5, or

greater than the maximum goodnessoffit, the calculator will show a flashing display. The flashing may be cleared by pressing the CLR key. Then enter the
correct value of n, followed by pressing the C key.

Tif a first- or second-degree equationis to be calculated,the results will be obtained directly (i.e., with only the first program loaded).If a higher degree is to be

used, the calculator will display the number “2,” indicating that the second program should be entered. Pressing the C key will complete the calculation.
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Section IlI
Physical Properties Correlation

Program predicts critical properties of organic compounds

Predict thermal conductivities of gas mixtures and liquids

Predict thermal conductivities of liquid mixtures

Predict equation-of-state variables

Predict gas-phase diffusion coefficients

Predict liquid-phase diffusion coefficients





Program predicts critical
properties of organic compounds
Written for the TI-59, this

method determines critical
temperature, pressure, volume

and compressibility, using the
Lydersen method.

 
Jacob Zabicky, Ben-Gurion Unwersity of the Negev
 

 

Lydersen’s equations
When the chosen units are Kelvin for temperature,

atmospheres for pressure and dm?/mole for molar vol-
ume, the following formulas are used:

T, = T,/(0.567 + SA, — (SA.)?) (1)
pe = M/(0.34 + A2 (2)
v, = 0.04 + SA/1,000 (3)

where T, is critical temperature, p, is critical pressure
and v, is critical volume. The subscripts 7, p and v are
used to refer to critical temperature, pressure and vol-
ume, respectively.

 

 

 

  

 

[] The deserved popularity of the Lydersen method The critical compressibility factor, 2z, is then

[/-3] for estimating critical properties of organic com- estimated by:
pounds is based on its simplicity and overall reliability. pe 0,
The only data required are the normal boiling point, e = RT (4)
T, the molecular weight, M, and the structural formula ¢
of the compound. where R is the i1deal gas constant.

Atomic and functional groups used in determining critical properties Table |

Group Code Printout? Group Code Printout?

-CHj i iiE -0O- open-chain ether e 25 -0-i
-CHy- open-chain i -0- ring ether . 2o -0-F

-CHy- ring e OF )C=0 open-chain ketone . 27 RETH
)CH- open-chain i 1 )C=0 ring ketone e oo FETE
)CH- ring e 11 -CHO aldehyde . =% —H=0

)CH- angular -COOH i, 3 OO
)C( open-chain i, T -COOR ester ] cO0E

)C( ring e i =0 other types O, 32 =0
=CH, e CHZ -NH, e 53 -HHZ
=CH- open-chain ii. =isHid -NH- open-chain O, =4 G HHG
=C( open-chain e =00 -NH- ring . 5D 3 HHE
=C= open-chain g =C=0 )N- open-chain 0. 35 PR -
=C ring,all types i = ® )N- ring e 37 PR
=CH O, ZLH -C=N . 35 =i
=C- open-chain i - -NO, e 59 -HOz
=C- ring i To-F -SH e S -5

-F o -F -S- open-chain O, 3 -5 -
-Cl L -S- ring Te 41 -5 -
-Br i ~-Eif =S . 42 =43

-1 i -1 )Si( c

-OH alcohol Qe -0nA )B- d
-OH phenol o -0HF

 

©Not included in the program; A;=0.03, Ap=0.54.

dNot included in the program; A;=0.03. aQ=open-chain, R=ring, Z=triple bond, A=alcohol, P=phenol, V=various types of double-bonded oxygen not listed above.

bProposed by Fishtine[4] when the CH group is shared by two saturated rings.  
 

Originally published February 23, 1981.

47



48 PHYSICAL PROPERTIES CORRELATION

 

T1-59 program estimates critical properties of many organic compounds

 

Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key
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asn gz o 113 48 EHC ive Q0000 233 21 31 a0z o1 1 3RS 0o o
051 59 INT 114 00 Qo 177 01 1 240 o0z 2 0% 19 DF 66 17 BT
asz 22 INY 115 &1 GTO ive 94 +.-- 241 08 & 04 011 Zay o1 1

053 44 SUp 116 Q0O 00 ive 19 D¢ 242 08 & 0% 0% o IEE 06 &
o024 o2 02 117 &0 &0 ian 01 1 45 94 +o- a0e o2 2 aE9 oo 0O

oss 29 CF 112 o1 1 tgi 19 o° 244 13 0°f 207 a3 2 70 ot 1
056 22 IHY 119 94 +-- 122 0= 0= 245 £9 0OF 08 08 R 271 00 o

a5y ¥Y GE i20 49 PRI 183 0% o ode 310 31 09 o4 4 ar2 o3 3

om2 01 01 121 a2 o2 igd 03 3 247 01 1 210 03 3 273 19 n¢

o039 00 o iz2z2 &1 GTO 185 0% S o488 19 n* 211 gz 2 274 04 4
Qe 55 <+ 122 01 o1 i8¢ 12 0° 249 0z oz 31z 17 BF IS 090 S
oel Ot 1 124 12 z 139 05 5 S50 o0 o iz gg = SFTE 00 T

o2 Qo0 125 7e& LEBEL igs ds & 251 02 2 214 O8 & 277 0% 9
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with high accuracy and uses partitioning 5 Op 17 Table 1l

 

Location Code Key Location Code Key Location Code Key

    

 

  

ars oy 7 405 73 RO 432 18 ¢
279 19 ne 406 01 01 425 91 RSE

220 &% 0OF 407 &3 0OF 434 V& LEL
221 31 31 408 03 03 435 13 C
I8z 02 2 409 &9 0OF 438 42 =70
483 O & 410 21 21 4327 08 &

24 08 & 411 73 RC# 4323 I2 BT
285 34 +-- 412 01 GOt 433 25 CLE

28 19 0t 41z &9 0OF 440 03 3
a7 o1 1 414 04 04 441 00 0
88 i9 n°¢ 415 &9 0OF 442 04 4
229 08 B 416 0% 05 443 030 3

20 04 4 417 97 DsZ 444 18 C°
291 03 3 418 Q0 oo 445 31 RoE5

92 O R 419 04 04 445 Y& LEL
97 00 0 420 032 03 447 14 D

294 o0 0 421 231 RE-SS 445 25 CLF

295 oo 0 422 V& LBL 449 01 1
298 Q0 O 422 12 E 450 02 =z

237 17 B* 424 42 =70 451 33
I9s 03 3 425 07 o7 452 01 1

299 42 S5TO 426 32 HiT 453 0% =9
400 o0 00 427 25 CLE 454 55 =
401 &9 OF 428 O3 3 455 53

402 00 oo 429 Oy 7 456 43 RECL
403 &% 0OF 430 o011 457 OF 07

404 21 Zi 421 o4 4 452 55 =+

Location Code Key Location Code Key Location Code Key

459 53 426 53 513 03
460 43 ROL 487 33 514 55
51 a2 0= 482 03 3 =15 01

de2 7o - 429 04 4 S16 00

43 23 mE 490 =25 4+ 517 54

ded 2oL+ 431 i3 RCL 218 32
d4e5 23, 492 04 04 219 04

48 OS5 433 i S20 02

47 O & 494 533 mE 221 01
qe2 07 7 435 54 2 S22 05
4849 S 2 49 32 &1 523 02

470 54 2 497 03 3 aod o0
471 22 wmaT 422 07 3 S25 02

472 O3 3 492 01 1 S2e 07

4V Oy 7 000 05 5 227 18
474 01 1 Sl oz 2 528 495

475 a5 o SOz oo o S29 32

47ve 0z 2 Sz ot 1 200 04
477 OO0 0 S04 03 - 531 e

478 02 = Z0S ie oF a2

479 08 & SE £5 0w San 05

G450 is ot 507 53 f; 53 o

451 T S0s Gz . S35 00

452 53 i S09 o0 0o S36 00

423 43 RCL 1o o4 4 S37 oo

424 Oe e Sid 25+ Saa iz

425 55 =+ 212 43 RCL a9 9i

Note: For operation without printer, write x=t (code 32) in locations 479, 504, 5626, 537, and R/S (code 91)
in 480, 505, 527, 538. Pressing D, R/S, R/S, R/S will yield the values of T, p,, v, and z, in succession.

V
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li
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g
T
2
a
0
O
0
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J
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.-
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1
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e

o
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1

A
T

n
-
y

—

 

 

Data registers used in running the program. Registers 08 to 48 must be punched in Table 111

 

Number Content Number

00 Used 17
01 Used 18
02 Used 19
03 ZAT 20
04 Z 4, 21
05 z4, 22
06 M 23
07 Tp 24
08 20.22755 25
09 13.184445 26
10 12.21051 27
11 12.19246 28
12 64.19246 29
13 0.21041 30
14 -7.15431 31
15 18.19845 32
16 0.19836 33

Note: Use partition 50p 17 

Content Number Content

11.15436 34 31.13537
5.15336 35 24.09027
18.22418 36 14.17042
17.32049 37 7.13032
10.5007 38 60.3608
12.83095 39 55.42078
82.06018 40 15.27055

-31.02003 41 8.24045
21.1602 42 3.24047
14.12008 43 3464323317
40.2906 44 3100152340
33.2005 45 3564352431
48.33073 46 2200000000
85.4008 47 7764373524
47.4708 48 3327170014
20.12011
31.09528  
 

Lydersen’s method determines the critical properties
by adding up atomic and structural-group contribu-
tions. Such additions are carried out over all structural
groups in a compound. The A values in Eq. 1-3 repre-
sent those contributions. The values are taken from the
references listed here, and will not be repeated in this

article. The groups used in the program appear in
Table I.
The summations are carried out over all the struc-

tural groups in the formula of the compound.
For the purposes of the program, the functional

groups receive a numerical code, as shown in the table.
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User’s instructions and two examples; the results are comparedwith experimental data Table IV

Example: Estimate critical properties of ci/s-

and trans- 1,2-dimethylcyclopentane _Group CLode n  nx? Group _n_  Code  n.x
CH3—CH—CHg —

i, CH3 2 08 208 —CH ring 2 11 211
\CH2—CH—CH3 —CHz— ring 3 .09 3.09

(both compounds)

Step Description Enter Press Display Printout

1. Need a code listing? E’ Listing of codes
2. Initiate ¢is estimate E 0. Paper advances
3. Enter T, of cis (K) 372.2 B 372.2 ZVE 2 TE

4, Enter M of cis 98.189 C 98.189 FE. 3 i
5. Enter groups of cis 2.09 A S

3.09 A S U3
2.1 A Ze i

6. (a) A wrong entry (2.09) was made in Step 5 2.09 A’ -2

(b) Enter correct value 2.08 A Z

7.¢  Estimate critical properties D = ; : :‘; *

2’ Initiate trans estimate (unnecessary)d ’ e o

3.  Enter T, of trans 365. B 365. SED. TE
4'.  Enter M of trans (unnecessary)d
5'.-6". Enter groups of trans (unnecessary)d
7'.¢  Estimate critical properties D Tio -k

Fio-H
Notes: 2Groups with the same X code may be combined by adding their n values.

Does notaffect stored T, or M values.

®Does not affect stored values. Literature values [3] for c¢is and trans are, respectively:

 

T, =564.8,553.2 K; p, = 34.0, 34.0 atm; v, = 0.368, 0.362 dm¥mole; z, = 0.27, 0.27.
dThe functional groups and molecular weights of both compoundsare the same.

If key E is pressed in Step 2’, then the n, x values have to be entered in Step 5.

 

The three A values of a group with code X are stored in
a condensed form in register 100X. For example, the
contents of register 38, corresponding to the CN group
(code .38) are:

A
Ry = 1,000 A A —

When the value of a A is negative the register contentis
negative, too.

Accuracy
Hougen et al. [2] reported on the accuracy of the

Lydersen method. For estimating 7, the average devia-
tion from experimental data is 1.0%, based upon 233
compounds. For p,, the deviation is 3.3% (159 com-
pounds); for v,, the deviation is 2.4% (141 compounds).
For z,, estimated by Eq. (4), the deviation is 3.4% (121
compounds).

Using the program
The program, written for the TI-59, appears in

Table II. Note that 5 Op 17 partitioning is used. After
loading the program, data registers 08-48 must be
punched in (see Table III).

In order to solve a problem, draw the structural for-
mula of the compound, with as much detail as is re-
quired by Table I. Write down a list of numbers of the
form n.X (where n is the number of times the group of  

code X appears in the formula) and proceed as illus-
trated by the two examples shown in Table IV.
A condensed printout of Table I can be obtained by

pressing key E’. This printout contains listings for the
code, and symbols for each group.

For HP-67/97 users
The HP version closely follows the TI program.

Table V contains the listing of the HP program, and
Table VI offers the user instructions. Use Table I to
determine the codes for the different structural groups.

 

 

 

     

Program listing for HP version Table V

Step Key Code Step Key Code

aél 615 ¥LBLZ ol &2
gaz d1e STl 5 :
a3 G617 INT ic 34
aad 618 STOE i
Bas 815 RCLI T£

ban G2é FRC 44

Bér 6zl i g1
6as ) B2z # g
Ggs SFi  Ic Il i 823 g &d

@1a ] &g 624 -35
@11 STG0A I3 il 825 ECLE o s
g1 STOB oo il bic - -=Z
813 STOC 32 Ll 627 STCI 3 4E
614 F -3l 828  ECLi g 43
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(Continued) Table V

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code

Bzs 857  ECLE € j5 885  ET0l iz Bl 113 1<% 5Z 141 g §&

a3e 8a& X -3 886 + -33 114 570D 35 13 142 Z E2

83l 655 RCLE 36 iz 887 GT0Z2 e B2 115 K4 -1 143 a ge

83z do8 Aei -4f 888 xLBLI zl 81 116 RCLE 36 1z 144 r a7

633 861  Fe: (€ iZ co 889 - -43 ii7 . -2 145 = -z
834 ée2  &T0! i 6] 898 xLBLZ 21 BZ |18 3 g 146  FPKTa -4

835 A63 + -cg 891 STOC 35 13 118 4 &4 147 SFC ig-11

36 g4 GTOZ 2Z gz 89z CF8 1e 22 && 126 + -2 48 CFI 16 ZZ 8l

835 863 xLBLI Zi 81 893 R-3 al 12 AT 53 149 R-5 ol

R3S 466 - -45 894 «xLBLE £l g 122 = -Z4 158 xLBLO Z1 14

@35 @67 kLBLZ Ziog: 895 z 62 123  FRTH -14 131 RCLA st 11

48 S ac8  STOB 35 iz 8% r 67 124 RCLD 36 14 1532 RCLB 36 12

641 tc @69 RCLs iz 45 637 3 &3 125 -3% 153 RCLC 3& 17

842 gl 878 FRC 6 49 58 . -tc 126  5T00 35 14 154 k<5 ol

643 - 45 @7l 1 gy 858 1 &l 127 RCLC 36 12 135 xLBLE 2lis

844 ¥LBLZ cilodr ere EEX -7 loa b Be 12§ i gi 15  5TOC go 13

@45 ST T il er3 3 83 18l + -55 129 EEY -I7 157 Ri -1
846  RCLi I i 874 X -3¢ 182 RCLA Fo il 136 3 #3158 STUE 38 12
647 FRE i€ 44 @7 FRC ic 44 183  RCLA 36 11 131 z -J5  15% R+ =21

a4 i 31 @876 1 g1 184 A< Z 132 . -&Z 168  S5TGA 35 1

a4s EEX -Z5 877 6 gg 165 - -55 133 é £g 161 2 8z

asé 3 g3 878 a ge 1@c . 68 134 J a4 162 & as

@51 =35 @79 X -35 ler 5 85 135 + -2 163 STOD 35 14
a5z  INT i€ 34 @88 RCLE € 15 188 € 3¢ 136 FRTX -14 164 RS 51
833 i 8 881 X -3= 149 7 €7 137 RCLD it 14

as EEX -iI 882 RCLC 36 13 l1a * -55 138 X -35
a55 3 5I 883 X2V -41 111 z -24 138 -8Z
gse < -2+ 884 Far ¢ 27 66 112 FRTA -i4 148 ta

User instructions for HP version Table VI

Step Procedure

1. Store first 10 constants from Table Ill, numbers 08 to 17, in registers 0 to 9.

Key P=S. Store next 10 constants, numbers 18 to 27, in secondary registers 0 to 9.

Store these data on a data card: Key WRITE DATA.

Store next 10 constants, numbers 28 to 37, in registers 0 to 9.

Key P=S. Store next 5 constants, numbers 38 to 42, in secondary registers 0 to 4.

4, Store these data on a second data card: Key WRITE DATA.

To run the program:

 

1a. Enter the program.

1b. Enter the first data card.

2. Enter the number and code for each structural group, following the nomenclature of Table I, with key A.

For example,for two —CH; groups, enter 2.08, key A

for three —CH—groups, enter 3.09, key A

I
for two —CH rings, enter 2.11, key A

|
3a. If structural groups beyond code 0.27 are not required, go to step 7.

3b. If structural groups beyond code 0.27 are required, use key D.

4, If structural groups beyond code 0.27 are required, enter second data card after key D of step 3b.

5. Use key E after having entered second data card. (The second data card wipes outthe first data, but key D saves the calculation in the stack, which is not
affected by data changes, and key E puts the calculation back in the calculator.)

6. Enterthe balance of the data for structural groups beyond code 0.27, the same as step 2.

7. When all structural data are entered, enter molecular weight and boiling point, °C (not K)

Molecular weight key Enter 1

Boiling point, °C key B

8. Output will be:

Critical temperature, K

Critical pressure, atm

Critical volume, L/g-mol

Critical compressibility factor

Notes: 1. If erroneous data are entered in steps 2 or 6, they may be deleted by reentering the same data with key a.

2. For cis- and trans- structures, with the same structural formulas, the molecular weights and different boiling points can be entered at step 7.
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Predict thermal

conductivities
of gas mixtures

and liquids

TI-59 programs calculate the
thermal conductivities of binary
gaseous mixtures and liquids
over a range of temperatures and
from a minimum amount of data.

 

James H. Weber, University of Nebraska*
 

[] For determining the thermal conductivities of gas-
eous mixtures, Wassiljewa postulated the general corre-
lation [/]:

 

n s
Am — n.yl 1 (l)

i=1 2 ylAij

j=1

For a binary mixture:

— ))IAI _))2A2 (la)

"o+ Aippp o +149

For the term 4;;, Lindsay and Bromley suggested [2]:

1 M. \3/4 1/242
Ay = _{1 + [fi(_z) T+ Sl] ]fi (2)

4 Ny, M, T+ S, T+ S,

Here: S; = 15T, (3)

 

and: S12 = Sp1 = Cy(8153)V? (4)

Eq. (1a) and (2) have been programmed assuming
that M, n, T;, S and A are known for both components.
The thermal conductivity of the mixture, A,,, can be
calculated by entermg t(°C), pressing A, and then en-
tering », and pressing R/S. The value for A,,, in cal/
(cm)(s)(K) and Btu/(ft)(h)(°R), is calculated and
printed. The temperature and mole fraction of Compo-
nent 1 are also printed.

Viscosities and heat capacities computed
In many cases, all the data required for the foregoing

calculation will not be readily available, so programs to

*For information about the author, see p. 77.

Originally published March 9, 1981.

 

calculate these are also included. To calculate 7, and S,
first enter ¢,(°C) and press the B key, then entcr ty,(°C)
and press R/S. In both cases, the normal boiling pomt
t(°C), is printed, and 7, and S are calculated and
stored.

If the viscosities are unknown, these can be calculated
via the Yoon-Thodos correlation [3] by entering #°C)
and pressing C:

Tlé = 4.610 TTO.618 _ 2.046_0'449 T, +

19449587, 4 0.1 (5)

Values for 7, and 7, (in uP) are calculated, stored in
the proper locations and printed, with 7, also displayed.
If a printer is not used, either the PRT command (Step
290) may be eliminated or an R/S command substi-
tuted, depending on the wishes of the user.

Because heat capacities are usually required in the
calculation of thermal conductivities, a program to cal-
culate them is also included. To use it, enter #(°C) and
press E, and values of C, will be calculated via the rela-
tionship:

C,=a+ bT + ¢T? + dT? (6)

Heat capacities are stored and printed. The value for
C,, is displayed. The calculation may be stopped to dis-
play C,,, if an R/S command is substituted for the
PRT command at Step 503.

Component thermal conductivity
The necessary information is now available to calcu-

late the thermal conductivity values for the two pure
components by the relationship of Stiel and Thodos [4]:

AM/n = 1.15C, + 4.04 (7)

53
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Programs for calculating thermal conductivities of mixtures, S, viscosities,

 

thermal conductivities of pure components, and heat capacities Table |

Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key

Calculate interaction 063 65 X 131 43 RCL 190 53 | 241 99 PRT 309 24 24

coefficient by 064 53 | 132 15 15 191 43  RCL 242 42 STO 310 45 yx

Lindsay-Bromley 065 53 133 54 ) 192 10 10 243 33 33 3N 53 |

correlation 066 43 RCL 134 85 = 193 65 X 244 85 + 312 01 1

067 06 06 135 42 STO 194 43 RCL 245 43 RCL 313 5 =+

000 76 LBL 068 8 + 136 16 16 195 18 18 246 21 2 314 06 6

001 16 A 069 3 137 92 RTN 196 54 ) 247 9% = 315 54 )
002 93 . 070 43  RCL 197 54 ) 248 55 =+ 316 54 )

003 02 2 on 03 09 Calculate A, by 198 54 ) 249 43 RCL 317 s =

004 05 5 072 65 X Wassiljewa correlation 199 95 = 250 22 22 318 53
005 65 X 073 5 | 200 99 PRT 251 95 = 319 53

006 53 | 074 43  RCL Enter ¢(°C) 201 55 =+ 252 42  STO 320 43 RCL

007 01 1 075 07 07 202 43 RCL 253 32 32 321 01 01

008 8 + 076 85 X 138 76 LBL 203 48 48 254 7 SBR 322 3 VX
009 53 | 077 43 RCL 139 1M1 A 204 g5 = 255 38 SIN 323 54 )

010 53 | 078 08 08 140 99 PRT 205 99 PRT 256 5% =+ 324 65 X

011 43 RCL 079 54 ) 141 85 + 206 91 R/S 257 B 325 53 (
012 02 02 080 3 VX 142 % 43 RCL 258 53 326 43 RCL
013 55+ 081 54 ) 143 21 2 Calculate 259 43 RCL 397 25 25
014 43 RCL 082 54 ) 144 95 = T,and S 260 2 22 328 45  Yx
015 03 03 083 42 ST0 145 42 STO 261 45 yx 329 53 |
016 54 ) 084 14 14 146 06 06 Enter £, (°C) 262 53 | 330 02 2
017 4 ST0 085 55 =+ 147 91  R/S ‘ 263 0 1 331 55
018 1" 1" 086 53 ( 207 76 LBL 264 55 = 332 03 3

019 65 X 087 43  RCL Enter y, 208 12 B 265 06 6 333 54 )

020 53 | 088 06 06 209 99 PRT 266 54 ) 334 54 )
021 53 ( 089 85 + 148 99 PRT 210 8% + 267 54 ) 335 54 )

022 43 RCL 090 43 RCL 149 42 ST0 211 43 RCL 268 55 =+ 336 9% =
023 01 01 091 07 07 150 17 17 212 21 2 269 53 ( 337 42 STO
024 55 =+ 092 5 ) 151 % - 213 g5 = 210 53 | 338 03 03

025 43 RCL 093 54 ) 152 01 1 214 42 st0 2N 43 RCL 339 99 PRT  —-
026 00 00 094 95 = 153 95 = 215 04 04 212 00 00 340 91 R/S
027 54 ) 095 42 STO 154 9%  +/— 216 65 X 273 34 VX
028 45 yx 096 10 10 155 42  STO 217 01 1 274 54 ) Subroutine

029 53 097 93 . 156 18 18 218 93 . 275 65 X
030 03 3 098 02 2 157 16 A 219 05 5 276 583 341 76 LBL
031 55  + 099 05 5 158 43 RCL 220 95 = 271 43 RCL 342 38 SIN
032 04 4 100 65 X 159 18 18 221 42 STO 278 23 23 343 53 |

033 54 ) 101 53 | 160 65 X 222 07 07 279 45 Yx 344 53

034 54 ) 102 01 1 161 43  RCL 223 91 R/S 280 X 345 43  RCL

035 42 STO 103 8% + 162 20 20 281 02 2 346 26 26

036 12 12 104 53 163 55+ Enter £,(°C) 282 5 =+ 347 65 X

037 65 X 105 53 164 53 . 283 03 3 348 43  RCL

038 53 | 106 43  RCL 165 43  RCL 224 99 PRT 284 54 ) 349 32 32

039 53 | 107 n n 166 18 18 225 85 + 285 54 ) 350 45  yx
040 43 RCL 108 35  1/X 167 85 + 226 43 RCL 286 54 ) 351 53

oM 06 06 109 54 ) 168 53 227 21 N 287 95 = 352 43  RCL

042 8 + 110 65 X 169 43 RCL 228 95 = 288 42 STO 353 21 21

043 43  RCL m 53 170 16 16 229 42 STO 289 02 02 354 5% )

044 07 07 112 43 RCL 171 65 X 230 05 05 290 99 PRT 355 54 )
045 b4 ) 113 12 12 172 43 RCL 231 65 X 291 43 RCL 356 % -

04D 5 =+ 114 35  1/X 173 17 1 232 01 1 292 33 33 357 53 |

047 53  ( 115 54 ) 174 54 ) 233 93 . 293 85 + 358 43 RCL

048 43 RCL 116 65 X 175 5% ) 234 05 5 294 43 RCL 359 30 30

049 06 06 117 53 176 8 + 235 95 = 295 21 2 360 65 X

050 85 + 118 43 RCL 1717 53 236 42  STO 296 95 = 361 53

051 43 RCL 119 13 13 178 53 | 237 08 08 297 B = 362 53  (

052 08 08 120 35 1/X 179 43 RCL 238 91 R/S 298 43  RCL 363 43  RCL

053 54 ) 121 54 ) 180 17 1 299 24 24 364 28 28

054 42 STO 122 5% ) 181 65 X Calculate 300 95 = 365 65 X

055 15 15 123 3 VX 182 43 RCL viscosities 301 42 STO 366 43 RCL

056 54 ) 124 54 ) 183 19 19 by Yoon-Thodos 302 32 32 367 32 32

057 42 STO 125 33 X2 184 54 ) correlation 303 71 SBR 368 54 )

058 13 13 126 65 X 185 5% =+ 304 38 SIN 369 22 INV

059 54 ) 127 53 186 53 Enter £(°C) 305 55 + 370 23 LNX

060 3 VX 128 43 RCL 187 43 RCL 306 53 n 54 )

061 54 ) 129 14 14 188 17 17 239 76 LBL 307 53 | 372 54 )

062 33 X2 130 55 =+ 189 85 + 240 13 C 308 43 RCL 373 85 +   
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(Continued) Table |
 

 

Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key

374 53 | 398 53 4217 189 19 456 5% ) 481 85 + 510 65 X

375 43 RCL 399 43 RCL 428 99 PRT 457 9% = 482 53 | 5M 43  RCL

376 I A 400 34 34 429 53 458 42  STO 483 43 RCL 512 06 06

3717 65 X 401 %5 - 430 53 459 20 20 484 06 06 513 54 )

378 53 | 402 43  RCL 431 43 RCL 460 99 PRT 485 3 X2 514 85 +

378 53 | 403 36 36 432 35 35 461 91  R/S 486 65 X 515 53

380 43 RCL 404 54 ) 433 % — 487 43  RCL 516 43  RCL

381 29 29 405 65 X 434 43  RCL Calculate £ 488 42 42 517 06 06

382 85 x 406 43 RCL 435 36 36 Enter £(°C) 489 54 ) 518 3 X2
383 43 RCL 407 31 3 436 54 ) 490 85 + 519 B5 X

384 32 32 408 85 + 437 65 X 462 76 LBL 491 53 520 43  RCL

385 5% ) 409 43 RCL 438 43  RCL 463 15 E 492 43 RCL 521 46 46

386 22 NV 410 38 38 439 317 3 464 99 PRT 493 06 06 522 54 )

387 23 LNX a1 %4 ) 440 85 + 465 85 + 494 45 Yx 523 85 +

388 5 ) 412 65 X 41 43  RCL 466 43 RCL 495 03 3 524 53 |

389 5 ) 413 53 442 38 38 467 21 N 496 65 X 525 43 RCL

390 85 + 414 53 443 54 ) 468 9% = 497 43 RCL 526 06 06

391 93 . 415 43 RCL 444 65 X 469 42 STO 498 43 43 527 45 Yx

392 01 1 416 39 39 445 53 470 06 06 499 5% ) 528 03 3

393 5 ) 417 65 X 446 53 | an 43 RCL 500 3% = 529 65 X

394 92 RTN 418 43  RCL 447 43  RCL 472 40 40 501 42 STO 530 43  RCL

419 02 02 448 39 39 473 8 + 502 34 34 531 47 47

Calculate 420 54 ) 449 65 X 474 53 | 503 99 PRT 532 54 )

A by Stiel-Thodos an 5% =+ 450 43  RCL 475 43  RCL 504 43 RCL 533 9% =

correlation 422 43  RCL 451 03 03 476 41 M 505 4 44 534 42 STO

423 00 00 452 54 ) 4717 65 + 506 8 + 535 35 35

395 76 LBL 424 % ) 453 55  + 478 43 RCL 507 53 | 536 99 PRT

396 14 D 425 9% = 454 43 RCL 478 06 06 508 43  RCL 537 891 R/S

397 53 | 426 42 STO 455 01 m 480 54 ) 509 45 45

Nomenclature

A Constant of Eq. (9) y Vapor-phase mole fraction

Ay Interaction coefhicient, defined by Eq. (2) Z Compressibility factor
a 1 ¢ Tcl/G/Ml/chZ/B

b 1 Viscosity, uP

¢ ] Constants of Eq. (6) A Thermal conductivity, cal/(cm)(s)(K) or Btu/

d (f)(h)(°R)
C,  Heat capacity at constant pressure, cal/(g- p Density, g-mol/cm?

mol)(°C) w Pitzer’s acentric factor

C, Heat capacity at constant volume, cal/(g- Superscripts

mol)(°C) 0 Ideal gas state
C, Constant of Eg. (4) Subscripts

M Molecular weight b Normal boili -

N’ Number of atoms in molecule of a substance .. Hing potn
¢ Critical

P Pressure, atm . Refers to o ot

R Gas law constant, 1.987 cal/(g-mol)(K) or 82.07 Z[’Jj L'e d components in muxtures

(cm?)(atm)(g-mol)(K) a‘ - r Reduced
S Constant, defined by Eq. (3), K ; Saturated

T Temperature, K O 0°C

t Temperature, °C

By pressing D, values for A will be calculated, printed
and stored in the proper locations, and A, displayed.
The calculation can be stopped in order to display A, if
an R/S command is substituted for PRT at Step 428.
The inclusion of programs for calculating S, 7, C,

and A of two pure components permits computation of
thermal conductivities of mixtures from a minimum

1,2 Components 1 and 2 of a binary mixture

amount of data. If all, or part, of the fundamental data

is available, this can be placed in the proper storage
locations, with uncertainties correspondingly reduced.
The programs that have been discussed are given in

Table I and the storage information in Table II. The
programs and storage require both channels of two
magnetic cards. The partitioning i1s 559.49.
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For comparison, thermal conductivities of a gaseous
mixture of 39.4 mol% methane with n-butane have been
calculated, and these are compared in Table III with
experimental data reported by Carmichael, Jacobs and
Sage [5]. It should be noted that the calculated values
were determined from a minimum amount of fun-
damental data.

Thermal conductivities of liquids
There are a numberof correlations for predicting the

thermal conductivities of liquids. Two have been pro-
grammed. Both require the calculation of thermal con-
ductivity at a relatively low temperature, after which
values at higher temperatures are calculated by taking
into account the effect of temperature.
The first correlation is that of Sato [6]:

A = (2.64 X 1073)/M1/2 (8)

Riedel suggested the relationship [7,8]:

A, = A[l + (20/3)(1 — T,)%/9) 9)

Eq. (8) and (9) yield:

o [2.64 X 10—3][ 3 4+ 20(1 — T.)%/3
L — M1/2 3 + 20(1 _ Trb)2/3
 | o

These permit the calculation of thermal conductivity

values at temperatures other than the normal boiling
point from a minimum amount of data.
To determine A, values via Eq. (8) and (10), enter

 

 

Storage information for the calculation of

thermal conductivities of gaseous mixtures Table Il

00 M, 25 PC2

01 M, 26 461
3§ ) 21 0618

M2 28 —0.448 ¢ instants of Eq. (5)
04 Tb1* 29 —4.058

05 sz* 30 2.04

06 T 31 1.94

07 S, 32 T.horl.*

08 S, 33 t°C
09 ct 34 c,t'

10 A" 35 sz‘“

noon/ny” 36  R=1987 cal/(g-mol) (K)
12 (My/M,)%% 3 115
13 (T+S)/(T+S,)" 38 404 ] Constantsof Eq. (7)

1 (745 39 0.000001
15 (T+S,)
16 a0 40 a

21 4 b Constants of C_ expression,
17 ¥ P

. 42 c Component 1
18 2

43 d
19 ALt

20\ 0o
2 45 b |Constants of £, expression,

21 273.16 p
46 ¢ Component 2

2 T, 43
23 P, 48 0.004134 Conversion factor
24 7-02 for A values

* Calculated and stored by program

*Either entered or calculated
*Constant of Eq. (4); usually equals 1, but can be changed by user.   

t,(°C) and press A,then enter {(°C) and press R/S, and
Ay, will be calculated and printed.
The calculations are not stopped, and the thermal

conductivity at temperature ¢ is calculated, displayed
and printed. The two temperatures are also printed.
Values of A, in cal/(cm)(s)(K) and Btu/(ft)(h)(°R), are
printed. If a printer is not used, the value of A;,, if it is
desired,is stored at Location 11. Also, the program can
be stopped by an R/S command, in place of PRT, in
Step 13, and the A;, value will then be displayed.
The programs for Eq. (8) and (10) are given in

Table IV, and the storage information in Table V. Cal-
culated results for n-butane are compared in Table VI
to experimental values reported by Carmichael and
Sage |/4].

Second correlation for liquids
Missenard proposed the relationship [9,/0]:

84 % 10_6( pro)l/20pM

}\110 = MV2N1/4
 (11)

In Eq. (11), A, is the thermal conductivity at 0°C.
Combining Eq. (11) with Eq. (9) gives:

N { 3 + 20(1 — T,)%3 }
B 7el3 42001 — (273/T,))%/3
 (12)

Eq. (11) and (12) have been programmed. To deter-
mine A values via them, enter ¢,(°C) and press B, and
follow by entering #(°C) and pressing R/S. After A,is
calculated and printed, A, is calculated, displayed and
printed.

To stop the calculations so as to display A, substi-
tute R/S for PRT at Location 118. If the two tempera-
tures are already in place, as would be the case if calcu-
lations using Eq. (8) and (10) had been made, the
temperatures need not be reentered, but only B pressed,

and the calculation proceeds as has already been out-
lined.
The programs for Eq. (11) and (12) are listed in

Table IV, and the storage information in Table V.
Calculated results for n-butane are compared in

Table VI to experimental values reported by Carmi-

chael and Sage [/4]. In these calculations, values for p,,
€} and C,are computed by methods that will be dis-
cussed.
To use Eq. (11) and (12), liquid density and heat

capacity at 0°C must be known. If these values are
available, they can be stored in locations 13 and 14. If

 

Calculated and experimental conductivities for

 

39.4% mixture of methane with n-butane Table 111

t °C A X 106, cal/(cm)(s)(K)

(P=1 atm) Ref. [5] Eq. (1).(2)*
444 48.8 428

31.73 54.2 50.3

nn 616 59.0

104.4 70.7 68.0

137.8 80.2 176

1M1 90.5 875  * Values for n and C, were calculated from empiricalrelationships.    
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Programs for calculating liquid-phase thermal conductivities by the correlations of Sato, Riedel and Missenard, and

for calculating liquid density, and liquid and gas heat-capacities Table 1V

Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key

Calculate A, by 058 5 ) 119 05 05 184 10 10 241 5 1/X 305 21 21

Sato and 059 55 + 120 45 yx 185 92 RTN 242 54 ) 306 65 X

Riedel correlations 060 53 | 121 53 243 85 + 307 43 RCL

061 03 3 122 (1) Calculate ideal gas 244 53 | 308 00 00

Enter £,(°C) 062 85 + 123 5%  + phase cp(cpo) 245 43  RCL 309 54 )

t(°C) 063 02 2 124 04 4 246 03 03 310 5, =+

064 0o o0 125 54 ) Enter £(°C) 247 65 X 3N 43 RCL
000 76 LBL 065 65 X 126 54 ) 248 53 | 312 01 oM

001 11 A 066 53 127 54 ) 186 76 LBL 249 43 RCL 313 54 )

002 71 SBR 067 01 1 128 42 STO 187 18 C' 250 22 22 314 65 X

003 48 EXC 068 5 =+ 129 " " 188 99 PRT 251 85 + 315 53 |

004 53 069 53 | 130 99 PRT 189 85 + 252 X 316 43 RCL

005 43 RCL 070 43 Rl 1A % =+ 190 43 RCL 253 43 RCL 317 26 26
006 08 08 071 06 06 132 43  RCL 191 07 07 254 23 23 318 45 ¥x

007 65 X 072 By =+ 133 29 29 192 9% = 255 65 X 319 53

008 43 RCL 073 43 RCL 134 85 = 193 65 X 256 53 320 01 1

009 09 09 074 00 00 135 99 PRT 194 43 RCL 257 01 1 3 85 +

010 54 ) 075 54 ) 136 43  RCL 195 17 1 258 % - 322 53

on B =+ 076 54 ) 137 06 06 196 85 + 259 43 RCL 323 01 1

012 43  RCL 077 45 Yx 138 42  STO 197 43 RCL 260 10 10 324 % -

013 02 02 078 53 139 15 15 198 16 16 261 54 ) 325 43 RCL

014 34 \/X 079 02 2 140 43 RCL 199 86 + 262 45 Yx 326 10 10

015 95 = 080 55 =+ 141 07 07 200 53 263 5 327 5% )

016 42 STO 081 03 3 142 42  STO 201 43 RCL 264 01 1 328 45 yx

017 N " 082 54 ) 143 06 06 202 07 07 265 5 =+ 329 53 |

018 99 PRT 083 54 ) 144 43 RCL 203 33 X2 266 03 3 330 02 2
019 5 =+ 084 54 ) 145 1" " 204 65 X 267 54 ) 331 55 =+

020 43 RCL 085 92 RTN 146 71 SBR 205 43  RCL 268 65 X 332 07 7

021 29 29 141 38 SIN 206 18 18 269 43 RCL 333 54 )

022 95 = Calculate A, by 148 95 = 207 54 ) 270 0 10 334 54 )
023 99  PRT Missenard and 149 99 PRT 208 85 + 271 35 1/Xx 335 54 )
024 43 RCL Riedel correlations 150 55 =+ 209 53 | 272 54 ) 336 95 =

025 " " o 151 43  RCL 210 43  RCL 213 8 + 337 35 /X

026 71 SBR Enter£,(°C) 152 29 29 211 07 07 274 53 338 42 ST0
027 38 SIN r°c 153 9% = 212 45 ¥Yx 275 43 RCL 339 13 13

028 8% = 086 76 LBL 154 93 PRT 213 03 3 276 24 24 340 99 PRT

029 99 PRT 087 17 B 155 42 STO 214 65 X 277 65 X N 91 R/S

030 55 =+ 088 71 SBR 156 28 28 215 43 RCL 278 B3 | 342 76 LBL

031 43 RCL 089 48 EXC 157 43 RCL 216 19 19 279 01 1 343 19 D

032 29 29 090 76 LBL 158 15 15 217 5 ) 280 % - 344 n SBR

033 95 = 091 12 B 159 42 STO 218 95 = 281 43 RCL 345 58  FIX

034 99 PRT 092 53 160 06 06 219 99 PRT 282 10 10 346 14 D

035 91 R/S 093 53 | 161 43 RCL 220 42 STO 283 54 )

094 08 8 162 28 28 221 25 25 284 3% 1/X Subroutine

Subroutine 095 04 4 163 91 R/S 222 91 R/S 285 54 )

096 65 X 286 54 ) 347 16 LBL

036 76 LBL 097 43 RCL Subroutine Calculate liquid 287 54 ) 348 58  FIX

037 38 SIN 098 12 12 phase Cp(CpL) 288 5% ) 349 99 PRT

038 65 X 099 65 X 164 76 LBL Enter £(°C) 289 65 X 350 85 +

039 53 | 100 53 | 165 48  EXC 290 43 RCL 351 43 RCL

040 5 | 101 43  RCL 166 99 PRT 223 76 LBL 291 04 04 352 07 07

041 03 3 102 06 06 167 85 + 224 13 C 292 85 + 353 95 =

042 8 + 103 65 X 168 43  RCL 225 71 SBR 293 43  RCL 354 5 =+

043 02 2 104 43 RCL 169 07 07 226 58  FIX 294 25 25 355 43 RCL

044 00 O 105 13 13 170 8% = 221 LX I 295 9% = 356 00 00

045 65 X 106 54 ) 171 42  STO 228 43 RCL 296 899 PRT 357 8% =

046 53 107 34 \/X 172 06 06 229 200 20 297 42  STO 358 42 STO

047 01 1 108 65 X 173 91 R/S 230 85 + 298 14 14 359 10 10

048 % - 109 43  RCL 174 99  PRT 231 53 | 299 91  R/S 360 92 RTN

049 43 RCL 110 14 14 175 85 + 232 43 RCL Calculate
050 10 10 111 5 ) 176 43 RCL 233 21N liquid density
051 54 ) 112 55  + 177 07 07 234 65 X Enter £(°C)
052 45 YX 113 53 | 178 95 = 235 53 |

053 53 | 114 43 RCL 179 55 + 236 01 1 300 76 LBL

054 02 2 115 02 02 180 43 RCL 237 75 - 301 14 D

055 By =+ 116 34 x/X 181 00 00 238 43  RCL 302 53 |

056 03 3 117 65 X 182 9% = 239 10 10 303 53 (

057 54 ) 118 43  RCL 183 42  STO 240 54 ) 304 43  RCL
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Storage information for calculating conductivities

of liquids, heat capacities and liquid densities Table V

0 T7.K 15 7
01 :10)) 16 a

02 M 17 b ]
03 w 18 . » Constants of Eq. (6)

04  R.1.987 19 4 J
05w 20 256
06 7, ) 21 0436
07 273 16 (0°C) 22 2.91 ;Constants of Eq. (12)
08 264 Constant of Eq. (8) 23 4.28

?g ‘;-901 24 0.296
r ot

oA, Bog
12 0.000001 6 7y,
13 ot 21 R.8207

28 A1w c,t L  * Quantities calculated and stored by program

* Quantities may be calculated or supplied by user

 

 

 

|

Calculated and experiment values of the

thermal conductivities of liquid n butane Table VI

t, °C A*, Btu/(ft)(h)(°R)

Sato Missenard Carmichael

and Riedel and Riedel and Sage

4.44 0.08237 0.07412 0.06340

31.73 0.07247 0.06521 0.05531

A1 0.06152 0.05536 0.04819

1044 0.04892 0.04402 0.04261

137.8 0.03248 0.02923 0.03609

* At bubble point  
 

they are not, programs have been included to calculate
them.

Calculate density and heat capacity
Density, p,, can be calculated with the Rackett cor-

relation as modified by Spencer and Danner |//]:  

(1+Q-7,)%7]1/p, = (RT,./P)Zg, (13)

To use the program to calculate Eq. (13), enter ¢(°C)

and press D, whereupon p, in g-mol/cm?, will be calcu-

lated, printed and stored in Location 13. Ifthe temper-
ature is already in place as a result of a previous calcu-
lation, press D and the calculation will proceed. (In
reality, saturated density 1s calculated, but the eftect of

pressure is negligible.)

Liquid heat capacity at 0°C may be calculated by
the Rowlinson relationship [/2] as modified by Bondi
[/3]:

Y(C, — C9)/R =256 + 0.436(1 — 7))! +
@291 + 4.28(1 — T)V3T1 4

0.296(1 — 7))

Py,

(14

If the gaseous heat-capacity datum is available, 1t
should be stored at Location 25. Ifthe value must be
calculated, the empirical constants required to use Eq.

(6) must be stored, then ¢(°C) entered and C’ pressed.
The heat capacity in the ideal gas state is calculated,
displaved, printed and stored at Location 25. The lig-
uid heat capacity can then be calculated by means of
Eq. (14). Enter /(°C) and 0°C and press C, and €, will
be stoxgd at Location 14, displayed and prmted
The programs for calculating p, ') and CDI are given

in Table IV, and the storage mformatlon in Table V.
The programsfor calculating liquid thermal conduc-

tivity, liquid density, and heat capacities takes both
channels of a magnetic card, and the storage requires
one channel of another card. Partitioning is normal.

For HP-67/97 users
The HP version closely follows the TI programs.

Tables VII and VIII offer listings for program A (for

gas mixtures), and user instructions are given in Table
IX. The program listing for liquid mixtures (program
B) is contained in Table X, and user istructions n

l'able XI.

 

 

       

Listing for HP version—program A, part 1 (gas mixtures) Table VI

Step Key Code Step Key Code Step Key Code Step Key Code Step  Key Code
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a8s  STCE -z IJ €5 E48 FaT @S i FLLE R
HES + > 2o ID \EdT TG eef Zi B
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(Continued) Table ViI
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Listing for HP version—program A, part 2 (gas mixtures) Table Vil
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User instructions for HP version—program A (gas mixtures) Table IX
 

Part 1. Insert program card for Part 1.

Enter mole fraction of first component

Enter temperature, 'C

For each component enter:

1. Molecular weight

2. Heatcapacity, cal/(g-mol)('C), or
Constants of Eq. 6.

3. Viscosity, uP, or

Critical pressure, atm, and temperature, K, for calculation of Eq. 5.

4. Thermal conductivity of gas, cal/(cm)(s)(K), or

No input and press for calculation of Eq. 7.

ENTER 1
Key A

Key R/S

Key R/S, or

a ENTER 1, b ENTER 1,

c ENTER 1,d KeyE

Key R/S, or

P. ENTER 1, T. Key C

Key R/S, or

Key D
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(Continued) Table IX
 

5. Boiling temperature, ‘C, and S (from Eq. 3), or

Boiling temperature, C, for calculation of Eq. 3.

6. Return to step 1 with data for second component

ENTER 1

Key R/S, or
Key B

(Note: If an incorrect input is made at any point, please start again from the beginning with mole fraction of first component, etc.)

Part 2. When program stops, insert program card for Part 2, and press key A.

Output will be thermal conductivity of the mixture,

first in cal/(cm)(s)(K), and

then in Btu/(ft)(h)(R).

Registers will have the following data (primary registers for first component and secondary registers for second component):

Molecular weight

Heat capacity

Viscosity

Thermal conductivity

Boiling point, 'C
S value (Eq. 3), K

Register 0

Register 1

Register 2

Register 3

Register 4

Register 5
 

Listing for HP version—program B (liquid mixtures)
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User instructions for HP version—program B (liquid mixtures)
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Table XI

 

For Sato-Riedel correlation:
 

Store the following data:

 

Critical temperature, K, T, Register 0

Molecular weight, M Register 2

Constant, 273.16 Register 7

Constant, 0.004134 Register A

Enter boiling point, 'C, t, Key A
Enter temperature, 'C,t Key R/S

Output is thermal conductivity:

of liquid at boiling point, cal/(cm)(s)(K) and Btu/(ft)(h)(R)

of liquid at temperature, cal/(cm)(s)(K) and Btu/(ft)(h)(R)

For Missenard correlation:

Store same data as above plus the following:

Constant, 1.987 Register 4

Number of atoms in molecule, N' Register 5

Density, g-mol/cm3, p Register 8
(If density is not available, store the following:

Critical pressure, atm, P, Register 1

Compressibility, Zga Secondary register 9

Constant, 82.07 Register E

Enter temperature, 'C Key D)
Liquid heat capacity, C,,, cal/(g-mol)(°C) Register C

(If Co. is not available, store the following:
Ideal gas heat capacity, C,’
Constant, 0.436

Constant, 2.91

Constant, 4.28

Constant, 0.296

Acentric factor, o

Enter temperature, C
(If G,is not available, store constants from Eq. 6:

a

b

c

d

Enter temperature, 'C

Enter boiling point, 'C, ¢,
Enter temperature, ‘C, t

Output will be the same as for Sato-Riedel correlation.

Secondary register 8

Secondary register 4

Secondary register 5

Secondary register 6

Secondary register 7

Register 3

Key C)

Secondary register 0

Secondary register 1

Secondary register 2

Secondary register 3

Key ¢)

Key B

Key R/S

If any of the parameters are calculated, their values will be printed at the end of the individual calculation.
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Predict thermal

conductivities of

liquid mixtures

Via programs for the TI-39,
thermal conductivities of binary
liquid mixtures can be calculated
from the thermal conductivities
of the pure components and the
composition of the mixtures.

 

James H. Weber, Unwersity of Nebraska*
 

[] The thermal conductivities of binary liquid mix-
tures can be predicted with the Li correlation [/]:

Ap = 22¢ (1

Here: Aij =271+ A7) (2)

And: o; = x,V;/ZxV; (3)
Only A values and volumes for the pure components

are needed to solve Eq. (1). Store these data, enter the
mole fraction of Component 1, x,, then press the A key,
and A for the mixture is calculated, displayed and
printed. The thermal conductivity is given in cal/(cm)
(s)(K) and Btu/(ft)(h)(°R), with the latter displayed.
The x, value is also printed.
The programs for Eq. (1), (2) and (3) are listed in

Table I, and the storage information in Table II. Calcu-
lated A,, values are compared to experimental results
for the system of methanol and water at 0°C as re-
ported by Rastorguev and Ganier [6] in Table III.
Rather than mole fraction, the weight fraction,x,,, of

components is required for the Jordan correlation [2]:

A
R

A1xw1 A2wa

= {exp[13.80|A, — A{| —

0.5(13.50)(Ay 4+ A)]}@wi®e)  (4)

Because mole fractions are usually more readily
available than weight fractions, the program for Eq. (4)
includes the conversion of x to x,,. To run this program,
enter the mole fraction of Component 1, x;, and press
B’. Values of the weight fractions are calculated and
stored, then A, is calculated, displayed and printed.

If one has x,, values, they should be stored at Loca-
tion 20 (x,,) and 21 (x,, ), and the B key pressed. As in
the Li program, A, is caiculated, displayed and printed
in both metric and English units.

*For information about the author, see p. 77.

Originally published June 1, 1981.
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The program for Eq. (4) is given in Table I, and the
storage information in Table II. Calculated and experi-
mental results for the methanol-water mixture are com-
pared in Table III.
To predict A,,, Vredeveld proposed [3]:

An = XAT + X,A0 (5)
Here,r = —2, if the difference between A, and A, is not
greater than 2.
As does Eq. (4), Eq. (5) requires weight fractions

rather than mole fractions. If one has the weight frac-
tions, they should be stored in locations 20 and 21. If
one can use the values determined in the previous cal-
culation, they will already be stored in these locations.
Pressing C calculates, displays and prints A,,.

If the composition of the mixture is known on a mole
basis, enter x; and press C’. Valuesfor x,, and A, will be
calculated, the latter in metric and English units.
The program for Eq. (5) is listed in Table I, the stor-

age information in Table II, and the comparison be-
tween calculated and experimental results in Table III.

For calculating A,,, Filippov proposed [4,5]:

A = AD/Ay = Ay = Cx3 4+ x,,(1 = C)  (6)

Here, C is usually set equal to 0.72, and A, must be
greater than A,.

Again, if values for x,, have been previously calcu-
lated, press D and A, will be calculated, displayed and
printed. If only mole fractions are known, enter x; and
press D’. The program converts mole fractions into
weight fractions, then calculates A,
The program for Eq. (6) is given in Table I, the stor-

age information in Table II, and the comparison of cal-
culated and experimental results in Table III.
To add to the utility of the foregoing programs, the

Sato [3] and Riedel [7,8] correlations for predicting A
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Programs for calculating thermal conductivities of liquid mixtures

 

via correlations of Li, Jordan, Vredeveld and Filippov Table |
——— R

Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key

   

   

Li correlation

Filippov correlation

    

    

  

 

   

Enter x,  

 

Jordan correlation

Enter x, [~
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(Continued) Table | 

KeyCodeLocationKeyCodeLocationeyKCodeLocationKeyCodeLocationCode KeyLocation
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Nomenclature

C  Constant of Eq. (6), usually 0.72
M Molecular weight
P Pressure, atm

R Gas law constant, 82.07 (cm?)(atm)/(g-mol)(K)
T  Temperature, K

t Temperature, °C

V' Volume, cm3/g-mol
x Mole fraction of component in liquid mixture

x,,  Weight fraction of component in liquid mixture

Zgp4 Modified critical compressibility factor for Rack-

ett relationship

Thermal conductivity, cal/(cm)(s)(K) or Btu/(ft)

(R)(°R)
¢ Volume fraction, Eq. (3)

>

Subscripts

b Normal boiling point r Reduced

¢ Critical s Saturated

L  Liquid  

 

Comparison of calculated and experimental
values for the methanol-water system at 0°C Table Iil

—————— N\, Btu/(ft)(h)(°R) —————

Mol fraction water, x4 Eq.(1) Eq.(4) Eq.(5) Eq.(6) Ref.6
 

0.20 0.13¢ 0.137 0.128 0.162 0.134

0.40 0.153  0.159  0.138 0.206  0.154

0.60 0.184 0.190 0.155 0.252  0.188

0.80 0.235 0.240 0.191  0.295 0.239

Physical properties used in calculations

Water Methanol

A, Btu/(h)(ft) °R) 0.327 0.121

V, cm3/g-mol 18.0 31.8

Mol wt 18.015  32.042

Data sources: Ref. 1and 9 
 

values for pure liquids have also been programmed:

Ay, = (2.64 X 1073)/MV/2 (7)

\ (264 X 1079\['3 4 20(1 — T8
L — ( M1/2 )[3 + 20(1 — Trb)‘Z/S] (8)

 

 

Storage information for thermal conductivity

 

and volume correlations Table Il

00 T 19 ¢

01 pci 20 M

02 ZrA1 21 )\2T

03 T 22 xyq*

04 Py 23 xyo*

05 Zga2 24 138  Constant of Eq. (4)

06 «x 25 0.72 Constant of Eq. (6)

07  xo* 26 273.16K

08 82.07,R 27 T*

9 m 28

10 M 29 For storing physical property

11 Tro1 30 data of Component 1, when

. Aand V values of Component

12 T2 31 2 are calculated

13 264 } Constants 32

14 0.001 Jof Eq.(7) 33 0.004134 Factor for converting

15 Tq* Avalues from cal/(cm)(s)(K)
' to Btu/(ft) (h)(°R)

16Vt

17 Wt

18 &

*Calculated and stored by program

tMay be calculated by program or supplied by user  
 

 
To run the program, enter ¢ (°C) and press E. Next,

enter {, and press R/S, then enter t,, and press R/S.
Both A, and A, are calculated, stored and printed.

After A, is calculated, the constants for Component 2
(mol wt, 7, and 7;) are moved to replace the constants

of Component 1 (which, however, are saved). After A, is
calculated, the constants of Component 1 are restored
to their original positions.
The program and the subroutine for it are presented

in Table L.
Volumes of pure components for Eq. (1) can be cal-

culated via the Spencer-Danner modification of the
Rackett equation [9]:

Vy = (RT,/P)ZR=" 9)
Although Eq. (9) provides saturated volumes, pres-

sure differences are not likely to alter volumes much.
Enter ¢t (°C) and press E’, and the volumes for two

components will be calculated, stored and printed. As
in the previous case, the constants for the two compo-
nents are shifted as necessary, and then restored to their
original locations.

Programs for A,, A, and V are included in Table I,
and the storage information in Table II. By these pro-
grams, thermal conductivities of two-component mix-
tures can be calculated from a minimum amount of
pure-component data—i.e., 7., P,, 7, and mol. wt. Of
course, if thermal conductivity data for the components
are available, they should be used in preference to the
calculated values, and stored as indicated in Table II.
The programs and storage require both channels of

two magnetic cards. Partitioning is 539.39.

For HP-67/97 Users
Thelisting for the HP program is contained in Table

IV, with user instructions in Table V. The printout for
the example can be seen in Table VI.
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Program listing for HP version Table IV

 

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code
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User instructions for HP version Table V (Continued) Table V

 

Enter the following data:

Constant, 0.004134 STO E

Molecular weightoffirst component STO 1 (Program will print the two calculated values.)
Molecular weight of second component STO 2

Mol fraction of first component key ¢
Thermal conductivity, Btu/(ft)(h)°R)

First component STO 8 (If molfraction is not available, enter weight fraction of
Second component STO 9 first component and key d.)

(If thermal conductivities are not available, proceed as Mol volume, cm®g-mol,first component ENTER 1

follows and program will calculate the values using Mol volume, cm®g-mol, second component key A
Eqg. (7) and (8)):
Boiling point, K, first component ENTER 1 Output will be the thermal conductivity of the mixture,firstin Btu/(ft)(h)(°R),
Critical temp., K,first component key b and then in cal/(cm)(s)(K), calculated by Eq. (1), (4), (5), and (6). 
 

Boiling point, K, second component ENTER 1t Note: Eq. (6) is only applicable if the thermal conductivity of the first

Critical temp., K, second component ENTER 1 component is smaller than that of the second. The program will not
Test temperature, K key R/S give the result from Eq. (6) when this condition does not hold.
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Table VI

 

x, = 0.20

x; = 0.40

x; = 0.60

x, = 0.80

 

 

Ry
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Predict

equation-of-state
variables

Calculate pressure or temperature
(having one or the other and
volume) and resulting isothermal
enthalpy change and fugacities
for pure substances by means of
TI-59 programs.

 

James H. Weber, Unwversity of Nebraska
 

[[] Programs for the Peng-Robinson [/] and Benedict-
Webb-Rubin [2] equations of state presented in Part 7
of this series (Feb. 25, 1980) permit the determination of
volume and compressibility factor when pressure and
temperature are known, then the calculation of fugac-
ity, isothermal enthalpy change and second and third
virial coefficients for pure substances.

Given in this article are programs for these two equa-
tions that solve for pressure when volume and tempera-
ture are known and for temperature when volume and
pressure are known. With the results, other programs
then calculate fugacity, fugacity/pressure ratio and iso-
thermal enthalpy change.

Peng-Robinson correlation
The Peng-Robinson equation is:

_ _RT oT) )
V—b VIV +b)+ bV —b)
  

The constants a and b are generalized as follows:

oT) = a(T,) X o(T,w) (2)

WT) = u(T,) (3)

Here,

a(T,) = 0.45724(R?T?2/P,) (4)

b(T,) = 0.07780(RT,/P,) (5)

Originally published January 11, 1982.

68

 

a2 =1 + k(1 — TV?) (6)
k = 0.37464 + 1542260 — 0.26992w2  (7)

Thus, b is a function of T, and P,, and a(7T) is a function
of T,, P,, w and temperature.

Determine pressure
Because the Peng-Robinson equation is explicit in P,

Eq. (1) is solved directly. The constants a(7") and b need
only be calculated by means of Eq. (2) through (7);
then, with volume and temperature known, Eq. (1) is
solved. All these equations have been programmed.
To calculate pressure, enter V(L/g-mol) and press the

A key. Next, enter {(°C) and press R/S, and pressure
(atm) is calculated, displayed and printed. The results
are compared to data of Canjar and Manning for meth-
ane at 37.73°C and pressures up to 170.11 atm in
Table V [3].

Determine temperature
This requires a trial-and-error procedure, and the

Newton technique is used to converge on the correct
value of temperature. The initial estimate of tempera-
ture is determined from the ideal gas law. This calcula-
tion is included in the program.
To run the program, enter V(L/g-mol) and press the

B key. Then enter P (atm) and press R/S. These quanti-
ties are printed, as well as the temperature and the cal-
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Programs for Peng-Robinson equation of state Table |

o o a
.
®Location Code Key Location Code Key Location Key Location Code Key Location Code Key Location Code Key

          

Calculate P a3z 23 X iie B85 = Enter P (atm) 23z VT - 295 00 o0
054 432 RCL 117 4% RCL 233 853 1 295 54 3

Enter V(L/g-mol) oS 1z 12 113 01 01 171 9% FET 234 53 0 297 9z =
05se &% = iig 5T =+ iv2 4z £T0 235 42 RCL 7es 55+

OO0 Ve LEL o=y 530« i20 53 173 Q0 00 236 30 20 a9 47 RCOL

ooif i1 H oss o1t 1 i2l 4z ECL iv4 £S ® 237 5T =+ 2000 o1 01

ooz 9% PRT ass 750 - 122 1% 19 i7% 4% RCL 232 4% RCL 301 9% =
ooz 4z =70 ged 5%« 122 7 - ive 1% 19 2239 zZo Zo 302 4z 570

ood 15 19 aeil 4% RCL izd4 43 RCL i77 53 =+ 40 540 0 02 01 Ot

005 91 RSS gez2 1z 1z 125 12 13 i78 4% RCL 241 &5 H 304 Vi SER
0ez 34 I'H i2e 5S4 2 179 08 Do 242 53« 305 35 SIH

Enter£(°C) Oed 54 2 127 54 > ig0 2% = 243 4% ECL 206 &1 GTO

eSS4 o i2e 73 - igl 4z sTO 244 1Z z 307 20 TAH
gos 92 FPRET Jee  S4 2 129 53 182 01 01 245 33 HE

aoy 8o 4 Jed 54 130 4% RCL 123 F1 SBE 248 55 <+ Calculate 7/ and

oo 43z RECL Ogd 33 we 131 17 7 184 32 SIM 247 432 RCL
aos =4 24 aes 472 STO 132 5 = i8% F& LBL 242 0z 02 03 75 LBL

gig 93 = ovo 14 14 133 530 126 30 TAW 249 ¥ - 09 1E C
aii 42 57 a7i 85z o iz4 53 i27 42 570 250 5% o 10 71 SEFR

otz o1t ot ayz 5z o i35 4% ECL gz Qg 08 231 5z« 211 4% PRD
a1z ¥1 ZER 73 8% RCL 126 19 19 igs 7% - 252 43 RCL 212 3% RCL
ai4 32 SIH ovd 04 04 137 &8o = 190 4% RCL 222 1z 12 213 37 3T

a1s 9% PRET avs BT = iz 53 121 00 00 254 5% =+ 2i4 TS -

gie 4z 570 076 4z RCL i39 4% ECL i3z 323L = 255 53 o 215 01 1

Q17 oo oo a77 0s 0Oe 140 1% 19 193 50 I=I 258 4% RCL 18 7S -

iz 21 E<s ayg 33 HE 141 85+ i?d4 VI - 2oy 01 01 217 53
ays 8% o= id4z 43 ECL i9s 53« 293 24 I'e aig 5%

Subroutine aa0 4% RCL 147 18 18 196 43 RCL 253 &% 319 4% RCL
o2l 0z 0Oz 144 5S4 & 197 00 00 2ed 4% RCL 20 3F AT

gis  7F& LEL agz 33 sE i4s 54 o 138 &% 2l Oz 02 zz2i T -
o200 38 SIH g2z 54 2 148 85+ 139 9z, Zez 34 Ta a2z 4% RCL

ozi 3T+ os4 5% =+ i47 53 f o0 0o 0 2RI 54 2 323 16 16

azz 43 ECL O25 432 RCL i42 43z RCL 201 000 Zed D4 D 224 54
az% 020 02 o260z 03 149 18 18 oz o1 1 ZeS 54 o 225 23 LHE

dz4 25 = aay 94 o 150 &5 203 54 ZEE TR - 26 5S4 0
az2% 4z =70 055 42 €70 isi 53 f o4 9% = 257 5% < 227 TR -

gze 1z 13 o899 300 200 152 43 RCL 205 FF¥ OGE 22 4% RCL zEe 530 o
o2y 53 1 030 en o 153 1% 19 SOe 39 COs 2e9 12 12 Z29 4% RECL

azZs 432 ECL 031l 4% EC i34 ¥ - 207 47 RECL 270 33 RE Iz0 1% 15

azeo 0% 0% 032 14 14 155 43 RC 08 01 01 271 5%+ 231 58 =

O30 2%+ g3z 9% = 156 18 18 =09 7 - 272 53 & 232 53 8

21 2%« g34 4z 570 157 54 & 210 43 RCL 273 43 RCL 33 Oz 2
032 43 ECL o095 17 17 155 54 & i1 34 Z4 274 o1 0t 34 BS H

azz 1o 14 g9s 570 ( 129 54 & 21z 35 0= 27T Z4 TH I35 07 2
034 £3 = 037 53 o 160 42 STOD 213 9% PRT 276 &5 = 36 o4 T
033 4% RCL 098 a3z RCL 181 20 20 214 432 RCL 2FF 432 RCL 337 BT
26 0¥ 0¥ 083 0% 03 182 54 215 0% 08 278 0 02 338 43 RCL
27 o4 100 &% 16 95 = Z1& 3% PRT 273 34 TH 339 18 16
L = 101 4% RCL 1&4 92 RTH 217V 91 R<S 220 5S4 3 240 54 7
azs 530 o 102 de 0O& Zig T& LBL Zai 54 2 241 &5 =
40 4% ECL 103 &% Calculate 7 Zig9 39 COs Zer 5S4 % 242 53 f
os1 oy oy iod 43 RCL zz0 53 0 DET S4 3 43 53 O
gz 23 KE 05 0z 02 S22l 47 ECL 24 8o = S44 5%

043 &% ® i0s 543 222 0E 06 2ES 42 5TO0 3245 43 ROL
44 47 RECL 0y 2o = 223 oo+ ZEe 2% 29 a6 37 OET
045 11 11 108 432 RCL Enter V(L/g-mol) 224 530 f TET 94 40— 247 8% 4

Od4e 54 2 1tgs 0z 03 225 43 RECL P35 1o 248 82 RCL

g4y T4 2 iid  S4 183 F& LBL 228 1% 19 233 KT = 49 2V 27
o4z 4z S70 iiit 4z 570 166 12 B 227 % - ag 53 f 350 A5 M
o049 1z 17 112 18 18 1&F 9% PRT 228 43 RCL 291 43 RCOL 351 43 RC
gsa 5300 O itz 53 f ied 42 5TO 229 1E o 292 ag 0B 252 1 1e
a3l ot 1 ii4 4% RCL 1e% 1% 13 230 54 2 233 TS - 355 5S4
a3z 83 o+ 115 0 0Oe IF0 21 RSE 221 540 0 234 43 RCL 3254 55 =
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(Continued) Table |

S

Code Key Location Code Key Location Code Key Location Code Key Location, 8 8 g Key Location Code Key

333 53 X 385 42 RCL 418 15 15 448 &5 = 131 T 13 514 4% RCL
356 42 RCL 22e 19 19 419 53 L 449 52 { a2 24 Iy 515 37 a7

257 3F 37 337 54 2 420 43 RCL 450 4% RCL 423 54 O 516 85  +

338 V3 - @88 4% < 421 18 18 451 37 37 484 85 4+ 17 4% RCL
359 43 RCL 289 53 ( 22 ES 452 785 - 4535 5= i 518 27 2T

380 28 28 330 43 REL 423 43 RCL 452 01 1 436 43 RCL 519 &5 =
361 6% X 331 06 06 424 00 00 454 54 87 1z 12 520 43 RCL
362 432 RCL 332 &3 = 425 54 455 54 498 35 EE 521 16 16

262 16 18 333 43 RCL 426 55 + 456 8% + 439 £S5 ® 522 54
264 54 0 224 01 01 27 53 457 83 ¢ 490 43 FIL 523 §&5 =

365 54 & 335 54 2 422 4% RCL 453 53« 491 30 300 524 53 ¢
366 23 LHA 395 95 = 429 0& 0& 459 53 ¢ 492 £5 M 525 437 RCL
357 54 3 337 42 5TO 430 &% = 460 432 RCL 493 43 RCL S2& 27 27

268 54 2 398 37 37 431 432 RCL 481 12 z 494 13 13 527 75 -

289 33 = 299 53 4232 01 01 482 94 +-- 4395 54 3 528 43 RCL
IF0 2z IHY 400 4% RCL 433 54 ' 4532 &5 = 495 54 0 s2a 28 28

371 23 LHW 401 17 1F 434 95 = 464 43 RCL 497 7S - 530 ET
3re 93 PRT 402 65 = 435 42 57O 465 30 30 493 43 RCL 531 43 RCL
373 B8 403 43 RCL 436 16 16 486 &5 x 499 17 17 532 18 16
374 4z F'L 404 00 00 437 92 RTH 467 43 RCL S00  S4 & 533 54 3

373 0000 403 94 ' 463 12 13 S01 55 + 534 54 O
3re 33 408 33 < Caculta|(H—4%, 463 F4 ¥ 502 53 (535 23 LHK
IF7¥ 8% P F T 407 53 i 470 54 o S0z Oz 2 S35 54

373 31 RS 402 42 RECL 438 T& LBL 471 75 - =04 &5 = A
409 0e 06 433 14 D 472 53« 0s 0z 2 538 &5 =

Subroutine 410 35 KE 440 Fi SBE 473 43 RCL O 34 [ 533 42 RCL
411 &5 441 4% PRD 474 1z 12 507 &S X 540 2z 22

373 F& LBL 1iz2 4% RCL 442 53 1 475 235 oHE S0s 4% RCL 541 95 =
380 49 FFD 412 01 01 443 4% RCL 476 &% = g03 1% 18 542 9% PRT

38l o3 414 33 KE 444 06 08 477 42 RCL 510 54 543 91 R-S
282 4c ELL 415 54 & 445 £5 = 478 20O 30 511 &5 =

222 00 00 4ic 9% = 345 47 RCL 479 &5 = 212 53«

84 63 ¥ 417 42 5T0 447 01 01 430 42 RCL 513 53 O

 

 

Storage for Peng-Robinson equation Table 11

 

Location Data Location Data

00 P,atmt 19 V

01 T, Kt 20 VI(V+b)+b(V-Db)*

02 T.K 2 -
03 P, atm 22 24.2179, cal/(L)(atm)

04  0.45724, constant for Eq. (4) 23 -

05  0.0778, constant for Eq. (5) 2 -

06  0.08207, R, (L)(atm)/(g-mol)(K) 25 -
07 w 26 -

08 P, atm (in Newton method) 21 2414

09 0.37464 28 0414

10  1.54226 ] Constants for Eq. (7) 29  (dP/dT)* (in Newton Method)

1" 0.26992 30 alT)*

12 «* 3 -

13 T 2 -
14 ot 33 -

15 A" 34 2173.16, (0°C)

16 B* 3 -

17 a* 3’ -
18 »b* 37 z*

*Calculated and stored by program

tGiven orcalculated, depending upon program used    



EQUATION-OF-STATE VARIABLES 71

 

Programs for Benedict-Webb-Rubin equation of state Table il

 

Location Code Key Location Locationg g g i s ¥ g i g ¥Location ¥ Key
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(Continued) Table lil
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culated pressure. The degree of accuracy (i.e., the abso-
lute difference between the calculated and given
pressures) can be set as desired. In the program
(Table I), the difference has been set at 0.001 (given P)
(Steps 200 through 202), but can be changed. Calcu-
lated results are again compared with data in Table V.

Calculate fugacities and enthalpy change
Using the results obtained, Program C in Table I cal-

culates fugacity coefficient, f/p, and fugacity, f, and
Program D determines the isothermal enthalpy change,
(H — H *),, with pressure. These programs are based on
Eq. (11) and (12) in Part 7 (pp. 98 and 99), and, with
minor changes, are the same as those listed in Table I of
Part 7.

After having run LBL A or LBL B of Table I, press
the C key to have f/p and f (atm) calculated and



r Constants of Eq. (1)

» Constants of Eq. (8)

 
Fugacity, atm

Enthalpy (cal/g-mol)m
\
%
n
a
v
a
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q
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b:
:k
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Nomenclature
P  Pressure, atm

R Gas law constant, 0.0827 (L)(atm)/(g-mol)(K)
T Temperature, K
t  Temperature, °C
V  Volume, L/g-mol
a Defined by Eq. (6)
k  Defined by Eq. (7)
w  Pitzer’s acentric factor

Subscripts
¢ Critical
r  Reduced

Superscript
*  Refers to ideal gas state

 

 

 

 

 
 

Storage for Benedict-Webb-Rubin equation Table IV

Location Data Location Data

00 P, atm (in Newton method) 13V, L/gmol
0 - 14 -

02 T,Kt 15  (dP/dT)* (in Newton method)
03 P,atmt 16 -

04 0.08207, R.(L){(atm)/(g-mol)(K) 17 f* atm
05 A, 18 -

06 B, 19 -

07 C, 20 273.16 (0°C)

08 a Constants of Eq. (8) 21 24.2179, cal/(L){(atm)

09 »

10 ¢

1n o

12 vy

*Calculated and stored by program
tGiven or calculated, depending upon program used

Comparison of calculated and published equation-of-state values for methane at 37.73°C Table V

P calculated! (atm) t calculatedtt (°C) (H—H?*)1 (cal/g-mol)

P,atm V,L/gmol [3] Eq. (1) Eq. (8) Eq.(1) Eq.(8) Ref. 3 Eq. (1)1 Eq. (1)1T Eq. (8)t Eq. (8)1T

1 25.46 1.000 1.001 31.67 37.54 -1.799 —4.112 —-4.113 -3.37% -3.3717

13.609 1.836 13.536 13.610 39.29 3N —4543 —55.69 —55.52 —46.29 —46.29

40.83 0.5891 40.179 40.734 41.89 38.31 1409 —164.8 -163.3 -140.6 -140.3

68.046 0.3410 66.532 67.806 42.86 3841 -239.0 -270.1 —266.9 —236.0 -235.5

170.11 0.1279 165.08 169.19 42.94 3864 -561.7 —594.1 —586.6 —555.2 —553.7

Physical properties of methane used in calculations

Constants of Benedict-Webb-Rubin equation

Mol wt 16.043 A, 1.85500 b 0.00338004

Te. K 191.04 B, 0.042600 c 2545

P, atm 46.06 C, 22570 a 0.000124359

w 0.008 a 0.049400 Y 0.006

1'Using V and T from Ref. 3
HUsing V and P from Ref. 3
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printed, and the D key to have (H — H*), (cal/g-mol)
calculated and printed.

Calculated isothermal enthalpy changes are com-

pared with published data in Table V. Two such values
are reported—one based on the Peng-Robinson equa-
tion when volume and temperature are known and
pressure is calculated; the other also on the same equa-
tion but when volume and pressure are known and tem-
perature is calculated. The calculated enthalpy values
differ when based on different given conditions.

All the programs based on the Peng-Robinson equa-
tion are listed in Table I and the storage information in
Table II. The storage is compatible with that given in
Part 7. The programs require both channels of two

magnetic cards. The partitioning is 639.39.

Benedict-Webb-Rubin correlation

The Benedict-Webb-Rubin equation is:

P=RT/V + (BRT — 4, — C,/T?)V? +

(bRT — a)/V3 + aa/V® +

e/ V3TH[(1 + v/V?) — exp (—=v/V?)] (8)

Eq. (8) requires eight empirical constants, and is ex-
plicit for pressure but implicit for temperature. Hence,
the general procedure for the Peng-Robinson equation
applies to it as well.
To calculate pressure, enter V(L/g-mol) and press the

A key, then enter ¢ (°C) and press R/S. Values for V
and ¢ are printed, and the calculated pressure is dis-
played and printed. Calculated results are compared
with data in Table V.
To calculate temperature, enter V' and press B, then

enter P (atm) and press R/S. Again, the Newton tech-
nique 1s used to converge on the correct temperature,
the initial estimate having been calculated from the
ideal gas law. As before, the degree of accuracy as a  

function ofpressure can be set as desired. The difference
has again been set at 0.001 (given P) in Steps 189-191
in Table III, but can easily be changed.

Calculated results are again compared with data in
Table V.

Fugacities and enthalpy change
Using the results obtained from Program A or B

(Table III) for the Benedict-Webb-Rubin equation, f/p
and f can be calculated by means of program C, and
(H — H*); via Program D (Table III). The latter two
programs are based on Eq. (17) and (18) in Part 7

(p- 100), and are essentially the same as those in
Table III of Part 7.

Having P, V and T, press C to calculate and printf/p
andf(atm). Press D and (H — H *); (cal/g-mol) will be
calculated and printed. As with the Peng-Robinson
equation, the calculated isothermal enthalpy changes
will differ with differentstarting values for ¥ and T or V
and P. With the Benedict-Webb-Rubin equation, how-
ever, the differences will be smaller than with the Peng-

Robinson equation.

All the programs for the Benedict-Webb-Rubin
equation are listed in Table III, and the storage infor-
mation (which is compatible with that in Part 7) in
Table IV. The programs require both channels of two
magnetic cards, and the partitioning is 719.29.

For HP-67/97 users

The HP version closely follows the TI program. For
the Peng-Robinson equation correlation, Tables VI and

VII offer program listings, and Table VIII supplies the
user instructions. And, for the Benedict-Webb-Rubin

equation correlation, Table X supplies the program
listing, and Table XI the user instructions.

 

 

  

 

    
        

 

   

 

Listing for HP version—program A (Peng-Robinson equation), part 1 Table VI

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code

TT T @47 e5Bi 78l e z 53 857 RILS 36 4
IZID s IT ITIToeTr ROl 56 8%s - T
I f4 BEEF

0

ORULE J& i EFT: -I& PS5 THE Iz

-£5 B9 - =< BT FLLT I &7 &5c - 3
3¢ €51 AES 1571 @t Rl TCOAD 857 UL T
g 85z i gl E7 ; -7 §8c RILE 3¢ i5
5o A3 EEy -I7 Eit ‘ 54 §as - -4%

a0 AT4 [HS -3I ETT 144 IZ 186 % -35
& T EES a vy Fig Fos I8! STer Z5-5T LT

B €32 cT d8 €56 RILE Fn IR ETS 3TOE 18z FOLT 6 @7
Z1i g4 25 857 -3 BEE F23 g3 eTi: co BE
Bz 837 2. 15 eLg ERyR ie-I8 43 = 184 a.ELI P
13040 #35 3T iDoess 5o JIiFogs 185 RILS 3¢ 6!
eid = £37 -7 8sE RULC R - S 19e * -4
212 a3c 3 oad Fai REiia o34 FOLE ie 1D iIA7 2 il
6.8 a3 BEZ Ric? 74l 7188 6 B
6l R 4é 853 - -4% Fes [E-T1 l8F M

541 fog -24 Rlia el e . -5
B4 535 I3 s P2s fE-51 1! 5 gs
843 3 as ; -I3 i1z 4 F4
Hid i 65 - -4 117 2 32
a4z 4 : =53 114 2 a
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(Continued) Table VI
 

Code£ 2 < g g ° A 2 0 a ° & ° A o < » o ° 2 < Code Step Key Code
 

  

  
         

  

 

  

  
  
 

 

 

 

 

 

    

  

  

  

 

     

 

11£ 135 : g, it z g2 Iv3 FCL4 Jg 84 13D RLLE 36 £
A7 RCLE 136  RCLA ¢ il 15% 4 g 174 + -55 122 -45
e A2 137 T T1 156 ' =75 175 ALl 3034 154 - 34
1ia . (3 - -45 157 ST e ITE ¥ =75 135 + -55
128 2 138 X -3 ysg TS §s ITT Ic <4 188 ETH 24

3 as 13t I ai 158 -3 I7E J& 85 197 xlBLL iz
£ N + =i 1se 7T gz I7% - -45 183 RCOLE St T

123 5 4z Xz 2 1€) 5 TE iBE ROLE I 3% 138 PRTY -14
124 z 82 is3 5707 588 52 IT 8l adl -JI 288 K Je é”
123 A -37 148 RCLE 3t 85 I€3 -35 I o -IT IFD R Ja 48
12¢ - -i3 145 RCL! IZ 81 e RILZ SEL 83 ETS TTar 2 - -43
iz7 . -IZ 146 . =35 if3 % -i4 104 i Si 283 FRT -1
12z 3 27 (47 5z 5D igg . -£2 185 KOS J5 05 294 at 16-1:
1Z5 7 €7 148 RCLZ I 88 iET g s I%e -35 @5 Lol 16 ZZ &
i7a = £4 148 = 165 7 g7 1&7 ChE iE Zbs K- 31
17 € &5 158 . -62  i¢d 7 fF ! FCiE Coas
132 3 o4 151 g &4 ;78 Z 35 1 kL7 J€ @ar
Iz3 -Z5 (32 g 85 ITi ¥ 2 i : -3
134 577 T 153 7 a7 172 iToE ! KCL4 Ef

Listing for HP version—program A (Peng-Robinson equation), part 2 Table VII

Step Key Code Step Key Key Code Step Key Code Step Key Code

B ol Ss ii 837 ETGZ - -45 @75  STCO 35 14 145 z &e
g8z RCLZ 36 iS5 828 RiLl = -i4 @88 FRCLB 36 12 lés Vi
883 RCL4 36 84 828 1 LH 3z sl Kz 53 1&7 z

aa4 X -5  @83e - STOC 1T iI 882 RCLa J& @& las  RiLE 4
§a5  kice 35 B 831 RCLI Fiis 75 ¢ 883 x -35 183 : ¢
HO6 = -24 @3z FRIL: g 52 884  RCLA e 11 11§ LI
87  RCLT € 87 @37 - : -i4 @8s x -35 i1
ges < -24 @34 LN 2 €2 886  RCLE 2 11E
8as  5TGH % §r B35 - v i @87  RCLé 113
@16  FCLS Jc 8 836 z -4 888 X 14
611 RCLE 36 15 @837 FCL3 it 3 889 RCLH 115
81z K -75 835 z : 36 i 1ié
813 ¢ B8 @39 . RCLE ! A 157
é14 51 648 4 % aaz 1:8
a15 z -Zs @d] ! CKS 633  FCLE iis
8le  RCLT 5 @7 @4z 3 FCLS 894 Ke e
ei7 g 53 @43 RCLZ + B35 RiLé 121
E15 : -ls @44 X e* 436 X 12z
819 ITaE 3Tl @45 - 5ToS 897 RCLA 123
B28  R{LE @46  RCLI RCLE B3E ' 124
821 RCLE H - . RCLT é3s 123
8as X -5 BdE G x iaa - 1z¢
823 FiLe 5 88 B4S I RCL1 € 61 14l Lis 127
824 £ -Z4 @5 4 i g1 18z - H
B82S sc €7 @5l R{LZ - -45 1@z z 125
b6 : -4 BAE X -3 jeq = izé 



User instructions for HP version—
program A (Peng-Robinson equation) Table Vil
 

Enter program card for part 1

Enter critical temperature, K, T

Entercritical pressure, atm, P,

Enter acentric factor, o

Enter volume V, L/g-mol

Enter pressure P, atm

or
Temperature t, °C

o
0
k
~
w
N

=

Output will be:

Pressure P, atm

Temperature t, °C

7. Enter program card for part 2

Output will be:

Fugacity coefficient, f/p

Fugacity f, atm
Enthalpy change (H — H*)r, cal/g-mol.

STO 1

STO 2

STO 3

ENTER 1

Key A

Key B

Key A

 

Note: To do another calculation, start from beginning.

Listing for HP version—program B (Benedict-Webb-Rubin equation), part 1 Table IX
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Listing for HP version—program B (Benedict-Webb-Rubin equation), part 2

EQUATION-OF-STATE VARIABLES 77

Table X
 

    

   

 

Step Key Code Step Key Key Code Step Code Step Key Code

8d1 Eiil BIE RLLA 3 5 852 & i5 8sY : -24
ad: €8 pis z i B3¢ @53 -45 @78 RCLS 35 @5
aes e B @ze  ROLS I 85 @37 + 654 £I @7l iE 52
feq ; =I5 gl Z 6 B3&  RCLT ET @55 -5 872 : -4
683 RCL3 Io 85 @z : -3 83%  RCL4 i¢ 44 896 6 17 873 RCLI € 46
aee -35  B23 ROLE IE 8 @ad -35 857 -34 @74 + -55
@a7  RCLI IEEL 84 -35 @41 RCin 36 1i 858 -62 875 z gz
aas g 82 @25 RCLE EER : és 853 65 @re 3 &4
CEE 33 e -IF E43 0" i1 86 3 13 @77 : -52
cig - 43 i Bs 844 = -24 @61 -45 876 2 8z
€l RCLZ it @3 87 843 € g5 BeZ 36 15 ars ! é:
o1z 4 84 pza -3F @46 35 853 -35  @8e 7 &7
a13 -3 23 - -45 @47 s 65 acd -45 881 3 s
814 RLLZ 36 BF @31 RilA I i1 @eE s -4 865 36 66 88z x -35
ers  as S Iz Xz 53 @48+ -55 @68 -35 883 PRTX -1
gre = —4oeIr - -24 858 STOI 3T 48 @67 36 i1 884 SRC ie-11

- “35 @34 . -3 @31 61 BE§ 53 @85 RS 51

Userinstructions for HP version—program B (Benedict-Webb-Rubin equation) Table XI

 

Enter program card for part 1

Enter gas constant, °R (0.08207)

Enter equation constants:

-
&
Q
O
O
‘
W
S
)
?
?

Switch storage registers

Enter temperature constant, 273.16

Enter temperature t, °C

Volume V, L/g-mol.

or

Enter pressure P, atm

Volume V, L/g-mol.

Output will be:

Pressure, atm

Temperature, °C

Fugacity f, atm

Fugacity coefficient f/p

Enter program card for part 2 (side 1 only)

Output will be:

Enthalpy change, (H - H*), cal/g-mol.

STO 0

STO 1

STO 2

STO 3

STO 4

STO 5

STO 6

STO 7

STO 8

Key f P=S

STO 0 (secondary register)

Key f P=2

ENTER 1

Key A

ENTER 1

Key B

Key A

 

Note: To do another calculation, start from beginning.

References
1. Peng, D. Y., and Robinson, D. R., Ind. Eng. Chem. Fund., Vol. 15, 1976, p. 59.

2. Benedict, M., Webb, G. B., and Rubin, L. C., J. Chem. Phys., Vol. 8, 1940,
p- 334.

3. Canjar, L. N., and Manning, F. S., “Thermodynamic Properties and Re-
duced Correlations for Gases,” Gulf Pub. Co., Houston, Tex., 1967.
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Predict gas-phase
diffusion

coeflicients

Relationships are presented for
determining diffusion coeflicients
for mixtures of nonpolar gases
and mixtures containing polar
gases. These are programmed
for the TI-59 calculator.

 

James H. Weber, University of Nebraska*
 

[] Diffusion coefficients for non-polar gas systems may
be found via correlations of Chapman and Cowling [3],
Wilke and Lee [9], and Fuller, Schettler and Giddings
[4]. Those for mixtures containing polar gases may be
determined by means of the modifications to the Chap-
man-Cowling correlation proposed by Brokaw [/].
Note that gas-phase diffusion coefficients are inde-

pendent of composition.

Chapman-Cowling relationship
Coeflicients for mixtures of nonpolar gases may be

calculated by means of the basic relationship of Chap-
man and Cowling:

 (08, + MoyQM)
Po2,Q),

According to Neufeld, Janzen and Aziz [5]:

Dy, = (0.001858T3/2){

 

Q, =

A C E G

T*B + exp (DT*) exp (FT*) exp (HT *) 2)

T* = kT/e,, (3)

E1p = (84892 4)

012 = (04 + 05)/2 ©))

Eq. (1) through (5) have been programmed. The
pure component properties M, ¢ and ¢ are stored. To
calculate and display D,,, enter P (atm) and press A,
then enter ¢ (°C) and press R/S.
The program is listed in Table I and the storage in-

formation in Table II. For the ethane and n-hexane sys-
tem at atmospheric pressure, calculated results are com-
pared with experimental data of Carmichael, Sage and
Lacey [2] in Table VL

*For information about the author, see p. 77.

Originally published May 3, 1982.
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Wilke-Lee modification

Wilke and Lee modified Eq. (1) by substituting for
0.001858 the term:

0.00217 — 0.00050[(M, + M,)/(M,M,)]"/?
To determine D, using this modification, enter P

(atm) and press B, then enter ¢ (°C) and press R/S. The
diffusion coefficient (cm?/s)is calculated, displayed and
printed, and P and ¢ also are printed. The program is
listed in Table I and the storage information in Table II.
Calculated and experimental results for the ethane and
n-hexane system are compared in Table VI.

Fuller-Schettler-Giddings correlation
Diffusion coeflicients may also be calculated by

means of the Fuller-Schettler-Giddings relationship:

 

D, = (0.001T1.75){[(M1 + Mz)/(Mle)]l/z} (6)

PEV)? + EVYP

The terms V; and V, are “atomic diffusion volumes.”
These may be estimated from data given in Table IIL
To calculate D,, values via Eq. (6), estimate values

for (2V), and (ZV), and store them in Locations 35
and 36. To calculate, display and print D,, (cm?/s),
en/ter P (atm) and press C, then enter ¢ (°C) and press
R/S.
The program is listed in Table I and the storage in-

formation in Table II. Results for the ethane and n-
hexane system are compared in Table VI.
Note that in the three relationships discussed, the dif-

fusion coeflicient is inversely proportional to the abso-
lute pressure. This proportionality is valid for a number
of systems at low or moderate pressure. At high pres-
sure, more-complex methods must be used.
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Chapman-Cowling

correlation

Enter P (atm)

Enter t(°C)
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(Continued) Table | Nomenclature

A t Temperature, °C
Location Code Key Location Code Key Location Key B V  Volume. cm3/g-mol

33443 ROL 345 300 300 356 OF 07 c &  Polar parameter, defined
1531:'?3:?! 23 29 =z e F T 237 54 3 D G by Eq. (10)

ffi f”-:: D? o - - D =?'f D? = E onstants of Eq. (2) ¢  Energy parameter
sal A R !:'!Z STb 2o GaLL F p, Dipole moment, debyes
oo HE i 2449 43 B 2E0 Y i1
= . e e - - . . G o Length parameter, A
oo o 4 ot == o = 1 Q Collisi . 1 f

340 &5 ST 25+ 93 PRT H p ‘eolision integral for
241 47 RO 252 43 RO 47 STO D  Diffusion coefficient, cm?/s diffusion

42 oo oo TI5T 2T o P 31 3 M Molecular weight

Z43 540 3 TR &5 SEE 9i RS P Pressure, atm Subscripts

244 42 STD0 255 43 BCL T  Temperature, K 1,2 Components 1 and 2

T* Defined by Eq. (3) b Normal boiling point

Storage information for correlations for diffusion coefficients in non-polar systems Table Il

00 T, 19 103587, £
01 Pe, 20 1.52996, F Constants of Eq. (2)
02 m 21 1.76474, G (cont'd)
03 w1 22 3.89411, H

04 Tcz 23 0.001858 Constant of Eq. (1)

05 Pc2 24 0.00217 } . .
06 m 25 0.0005 Constants for Wilke-Lee correlation

07 w2 26 2.3551 }
08 P 97 0.087 Constants of Eq. (7)

*

09 T 28 0.7915 } Constants of Eqg.(8)
10 Not used 29 0.1693

1 Not used 30 (€/ k)Tt
12 Qp* Defined by Eq.(2) 31 (€/ k) Tt
13 Not used 32 o1t
14 () t 33 oott
15 1.06036, A 34 273.16 (0°C)
16 0.1561, 8 35 TV,
17 0.193,C Constants of Eq. (2) 36 Vg

18 0.47635, D
T Values calculated and stored per pressures

Tt Values calculated and stored by program, or supplied by user

Atomic diffusion volumes for Yalues for 0 and € may be estimated by the relation-

Fuller-Schettler-Giddings correlation Table 111 ships proposed by Tee, Gotoh and Stewart [8]:

) o ) o(P,/T,)V/3 = 2.3551 — 0.087w (7)
Atomic and structural diffusion volume increments, v

c 16.5 cit 19.5 and
H 1.98 st 17.0 e/kT, = 0.7915 + 0.1693w (8)

0 5.48 Aromatic ring -20.2 Assuming the fundamental data 7, P, and w are
Nt 5.69 Heterocyclic ring 20.2 . .stored in the proper locations, o4, 0,, (¢/k); and (¢/k),

Diffusion volumes for simple molecules, 2 v may be calculated by means of Eq. (7) and (8) by press-
Hy 7.07 co 18.9 ing D. The values Qf the constants are calculated,stored
D, 6.70 0, 26.9 in the proper locations, and printed. The calculation of

He 2.88 N20 35.9 D,, can then proceed as has been described.
N2 17.9 NH3 14.9 The programs for Eq. (7) and (8) are listed in Table I,
02 16.6 H20 127 and the storage information in Table II. The programs
Air 20.1 CCloF,T 114.8 . .
Ar 161 SF.t §0.7 and storage require both channels of two magnetic
Kr 22.8 CI:T 7.7 cards. Partitioning is normal.

Xef 31.9 Brpt 67.2 . .
50,1 411 Brokaw modification for polar gases

1 Based on a few data points. For mixtures containing polar gases, Brokaw sug-

gested that diffusion coefficients be calculated by means  
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Programs for calculating diffusion coefficients for mixtures containing polar substances via Brokaw

correlations, 6, 0 and €/k by Brokaw method, and boiling points and volumes by Spencer-Danner method Table IV
A _ | 
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Oz D0z a3 IHY 21 ROL 282 43 RCL Oa3z ST
i E. ® 100 LHA Calculate & for pure 220 44 282 4 40 233 40
33 43 ECL 101 3 components and mixtures, 22 4 284 g # 334 SER

9 o & iaz s and o and €/k for 2o = 285 43 RCL 335 TEG

0 5 K 103 2 + pure components by ST ; 23 4 4E, 236 =T0

a41 54 104 53 Brokaw method 224 01 1 257 54 337 44
a4 34 s ins 43 RCL igz 76 LEL 225 B + 285 92 PRT RS FRET
J42 9 = 1o0e 1 12 ies 12 B 22e 432 RCL 289 42 570 3Es F5
44 5 + ioy7 5 + ied 53 i 227 4 43 a0 3 a0

045 53 9 tog S { 165 53 4 228 65 ¥ 291 5 { Enter £(°C)
46 43 RCL ige 5 i ifE 43 ECL 229 43 RCOL 292 43 RCL
D47 02 08 iid 43 RCL 67 43 49 220 3 25 293 4 42 340 39 PET
a4z &5 #® i1y 2 20 ieg &5 = 231 33 =®e 294 & % 241 85 +
143 53 ( 112 & # t62 43 RCL 23205 3 295 43 RCL 342 43 RECL
150 43 RCL ii3 43 RCL 170 =282 38 233 472 STO 29 4 41 243 24 34
151 32 22 114 1 14 iTl 33 H= 234 4 4E 297 & = 344 95 =
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152 43 RCL P1E 22 IHY ira 5% =+ 236 45 yH 299 4 47 246 41 41

234 33 =33 Li7 23 LHa i74 53 237 53 300 54 3 247 42 570
55 540 3 tig & 3 iTh 432 RCL 2300 1 201 99 FRT 248 09 09
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(Continued) Table IV

  
 

 

 

Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key

=249 43 RECL Zed4 Qo oo 3T 52 a2 297 &0 DEG 07 50 50 322 54

350 oo oo 265 43 RCL 330 2 =70 3853 f 408 45 Y 423 45 ¥
251 4z =70 2es 0% 05 321 o0 oo 4 Sz f J0% 530 f 424 53 &
252 =2 52 367 42 5T0 = 43 ECL 5 43 ECL 10 01 i 325 Oz 2

353 43 ECL 23 01 01 353 53 & 13 13 411 25+ 326 55 0+
254 a1 01 367 43 RCL 4 4z STO 65 412 53 427 a7 7
355 42 STO ar0 51 51 5 o01 01 2 432 RCL 413 01 i 328 54
256 53 53 371 a2 =70 & 43 RCL 1S 00 oo 414 75 - 329 54 &
357 43 ECL a72 S50 50 28T 54 54 G000 55 = 4i5 53 ¢ 330 54

A58 S0 S0 373 Y1 SEE 288 42 =70 401 43 RCL 4ie 43 ECL 431 4
253 42 STO 374 w0 DEG 289 50 S0 402 01 01 417 0% 0% 432 92 ETH

Se0 54 54 =37TS 42 5TO 220 31 EoL 03 54 dis 55 <

261 43 ECL AY6E 45 45 . 404 £S5 = 419 43 RECL
G620 04 04 3T 99 PRT Subroutine DEG 405 53 4z0 Q0 0o
FEZ 42 570 3VE 43 RCL 231 Y8 LEL A06 432 RCL 421 54

Storage information for calculating diffusion coefficients of systems containing polar compounds Table V

_

00 Tey 23 0.001858 Constant of Eqg. (1) 46 (141.362),1

01 P, 24 47 (1+1.382)5t
02 M, 25 48 Not used

03 Not used 26 |y ot used 49 1940 Constant of Eq. (10)

04 T 27 50 Zaa,
05 Pcz 28 51 ZpAz

06 My 29 52

07 Not used 30 (e/k)4 Tt 53 } Usedforstoring 7,, Pc,and My
08 P 31 (e/k)ptt 54
09 Tt 32 g4t
10 Not used 33 o 211

1" 1.585 Constant of Eq. (12) 34 213.16 (0° C)
12 Qo1 Defined by Eq.(9) 35 6,11
13 82.07 (R) 36 5,11
14 (1t 37 812tt
15 1.0636, A 38 Mp,
16 0.1561, 8 39 Kpo
17 0.193,C 40 Tb11‘f

18 0.47635, 0 Constants 4 Tpott

19 1.03587, £ of Eq. 2 42 1.18

20 1.52996, F 43 1.3 1 Calculated and stored by program

21 1.76474, G 44 VTt t1 Calculated and stored by program, or supplied by user
22 3.89411, 4 45 Vvatt . L .

Note: This storage has been made compatible with that in Table Il  
 

of the basic relationship Eq. (1) with the following mod- ing A, then entering ¢ (°C) and pressing R/S. Assuming
ifications: that the necessary properties are known and stored in

_ o their proper locations, the diffusion coefficient will be
€ = 8p [Eq. (2)] + [0.19(3,5)*/T*] ®) calculated, displayed and printed.

with = [(1940u2)/V, T,] (10) The program is listed in Table IV and the storage
e/k = 1.18(1 + 1.38%)T, (11) information in Table V. For an ammonia anc! diethyl

ether system, calculated results are compared in Table

o = [1.585%/(1 + 1.36%)]'/° (12) VI with experimental data of B. N. and I. B. Srivastava

812 = (8;8,)12 (13) [7]. As for nonpolar substances, the diffusion coefficient
€10/k = [(e1/k)(eo/k)]? (14) is inversely proportional to the absolute pressure at low

_ 1/2 or moderate pressure.
015 = (0,05) (13)

Eq. (1), with the modifications required by Eq. (9) Calculating required properties
through (15), has been programmed. Diffusion coefhi- With the exception of the dipole moment, u,, the val-
cients may be calculated by entering P (atm) and press- ues of the properties required to determine diffusion 
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Comparison of calculated and experimental coefficients may be calculated from fundamental data,

values for diffusion coefficients Table VI T;, P., ty and Zg,. Programs have been includedto cal-
culate 8y, 8y, 815, (¢/k)y, (€/K)g, 04, 05, V, and V.

System: ethane and n-hexane* (P= 1 atm) First, a program calculates 7, values from t values
Enter ¢, and press C’, and 7,is calculated, stored and

D 12, cm2/s dlsplayed Next, enter t,. and press R/S, and T;, 1s cal-

Chapman- FullerSchettler-  Carmichael- culated, stored and displayed.

t,°C Cowling Wilke-Lee Gidding Sage-Lacey Volumes can be calculated by the Spencer and Dan-

211 0.0485 0.0539 0.0597 0.0391 ner modification [6] of the Rackett correlation:

37.8 0.0541 0.0602 0.0658 0.0498

54.4 0.0601 0.0667 0.0721 0.0597 V. — (RT./P\Z. [1+(1-T/7 16
7.1 0.0663 0.0737 0.0786 0.0690 v (RTc/Fe)Zpa (16)
87.8 0.0728 0.0809 0.0854 0.0781

104.4 0.0795 0.0884 0.0924 0.0869 Enter 4, and press G, and V,is calculated, stored,
dlsplayed and printed. Next, enter t,, and press R/S

Note: Forthis system, the diffusion coefficient at a specific temperature and V21s calculated, stored, dlsplayed and prmted

is inversely proportional to the absolute pressure, over a modest pressure range The required data are now available to calculate val- 
ues for 0, (¢/k) and o. Press B to calculate, print and
store (in the proper locations for the calculation of D,,)
values for: 8, and §,—via Eq. (10); 6,,—via Eq. (13);
(¢/k), and (e/k),—via Eq. (11); o, and o,—via Eq.
(12). Programs for calculating these properties are in-
cluded in Table IV, and the storage information in
Table V. As far as possible, the storage information in

*Values of 0 and € /k calculated via Eq. (7) and (8)

System: ammonia and diethyl ether (P = 1 atm)

Eq. (1), Brokaw

  

 
tC°c modification Srivastava .

“15.14 00881 T0.0999 Table V and II has been made compatible.
64.34 0.1214 0.137 All the programs and storage for calculating coefh-

TValues of 0, € /k, and § calculated by Eq. (10)-(12) cientsfor systems cont?ining polar c.o‘mpoun'ds can be
placed on two magnetic cards. Partitioning is normal.

For HP-67/97 users
Physical properties used in calculations Because the HP program consists oftwo parts,itis not

Ethane p-Hexane  Ammonia Diethyl ether possible to calculate diffusioncoefficients at different
temperatures and pressures simply by entering a dif-

M 30.070 86.178 17.031 74.123 ferent temperature and pressure. After the diffusion
Tp. (K) 184.5 341.9 239.1 307.7 : .7.(K) 2054 507.4. 2056 266.7 coefficient of a gaseous mixture has been calculated ata
P, atm 48.2 29.3 113 35.9 certain temperature and pressure, program A must be
1, debyes - _ 15 13 entered again into the calculator to calculate the diffu-
Zra 0.24658 0.26444 sion coefficient at another temperature and pressure.
w 0.098 0.296 0.250 0.281 The results produced by the HP programs will agree
zv 44.88 126.72 - - within 10% with those ofthe TI program. As with the T1

program, the HP results tend to be higher than the
PTa:]a s:urce:t:_ Reifdf;fl'c" :(;agnit_s J’:I;n.&av:’d Sn:e(r;woodr,rT"- ||< experimental data of Carmichael, Sage and Lacey at

NeweY(r)(r)I[:,el;§s7?an:sse;eancer, I((Il.ull=.,s'andrAr;eIe-rl, S‘.; B"’y Clh;'mn.c.'Eng. Data, lows:r temperatures, 'and tend to be lower than the ex-
Vol. 23, 1978. p. 82. perimental data at higher temperatures.

Tables VII and VIII contain HP program listings,
and Table IX offers user instructions.  
 

 

  
 

Listing for HP version—program A Table VIl

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code

G661 sLELE : 615  RCLI 829 35 843  STOO 35 1+ 857 z -4
aa: SFI ic 21 &1 @l1é A 838 G5E4 A44 F&s ic-5i 858 e a1
883 #LELE cioilooerv i 431  GTO& 845  BSBT7 S&o8r B9y 1 61
884  RCLA Jo il 818 STGI 3 32 xLbL1 646  GTO6 IZGE 868 + -35
Bas + -EC 813 BSB3 Z H33  GSES 847 %LBLZ 21 o2 66l ye 31
Bas TToll B2 STOC 3 834  STOC 846  RCLS 36 85 @62 RCLD e 14
ae7 821 P25 if-51 835 F&s 449 1 Ei 863 X -35
Has §22  6SBZ LI C0I B30 BSBS 856 RCL4 Jc B4 864 KCLE & G
gag 23  RCLS If T 837 RCLC 851 RCLE 36 @6 863 X -35
ais #4249 X -7T 838 + 85z : -24 @66 FECLI 36 €
é11 823 I o+ 838 2 g53 - -45 867 z -24
alz #26 5T JIiI 648 * 854 2 g: 668  STO7 35 67
812 27 GSb4 Z3 €+ B4l STGC 855 ENTt -21 869 1-% o
614 28  STOD 35 14 842 GSBY 856 Q ;7 are 1 bi  
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(Continued) Table Vii
 

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code
 

#71 3 ps 18z * o4 RCLG 36 85 164 RCLD 36 i4 195 & ac

ere 4 a4 183 IR i Ki I 165 -3 198 3 4__1;.

8s3 8 g 164 ETH s -3 166 Vi i 157 o &2

167 §TGD 354 198w -73
168 RCLA 36 11 198 ¥ ek

RCLD 36 14 288 = ey

674 X -35 185 wBLS 2l 88
a7 RCLo It Be 186 g Eo
676 At 53 167 . -&Z

+ |

N

g
Ta
g
g

Ga
g
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g
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y

L
D
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O
y

L
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L
G
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t
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t

be
it
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,

P
t

b
t
e

-- -

g1 62
-z 284
gg caa
ge 286

877 -3Z 188 3 63 el I7 5 -4 zdl + =55

78 RCL4 J€ B4 183 5 g5 148 STGE 3515 dec 1 €i
- 5 :

bL
]

. L £ . .

.
"

g
P

N
0

o
o
y
e
b

888  STOS 25 B¢ 111 &1 142 -
881 RTHN =4 : ‘ Ls
88z xLBL3 cio83 113 g 144 -—5

[

L
)
L
O
T
2
)

2
y

T
t

=4
S

Sh
g
T
T
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T

-~ -

ge 267

m
o
y
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@
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ce
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P
P
S
G
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T

= f1

o
o

— L - A
l

(
]

i
~

o
l

e
l
n
!

= f

[
T
S
o
T
Y

4

. 5
3 & B

884 . -6z 115 5 146 ¥LBLT iiogr 177 az 268 7y

885 3 g 116 7 : = 178 g 289 RCL 36 1S

886 8 g  1i7 -II 046 . -6. 179 RCL e 15 <le 81
887 5 gs 118 -iI 145 i Jl 188 . -6z <11 . -6
888 RCL7 IE @7 118 ECLI i Bl 150 & pe 181 1 @ 2l 5 85

889 X -35 128 K@ 3¢ 8 151 3 £ 182 5 85 213 g 6:

898 1 g 121 : -l 182 3 62 183 6 g 24 g é:

a91 . -6 & i 61 153 A -3 184 I ar i 5 iz

83z z ¢z 123 EWTI -il 154 . -e: 189 Y ir

o

cle & ic
633  RCLE 36 g5 124 3 €7 1585 7 g7 186 % =24 2li x g

894 XE 5z 133 : -i4 156 2 8z 187 : T e i3

ass X -7z les P IIISF 1 g1 188 1 gi &If $ -i4

896 I 61 17 * -i+ 15§ 5 €5 189 3 gz ok * I
as7 + -55 128 RIHW i+ 153 t -55 198 3 gz &1 CF1 16 of Kl
a3 £ -24 12% ¥LBL4 Il @4 168 KCLE 35 65 191 RCLE 6 15 f28 Rt o
@35 i g; 138 1 gl 161 X =35 i . -6

188 ENTt -zp 13l . -€Z 162 RIN 4 193 3 a4

161 3 gz 132 3 iz 163 LBLE if B 194 v i
 

Listing for HP version—program B Table Vil
 

O 2 ® @ ® o A o < 0 2 ®Step Key Code Step Key Step Key Code Step Key Code
 

BA1  LBLA Ililoeer -2 853 : -i4 @79 1 éi 185 X -33
g8z SFL if Il &1 ez8 I 81 B34 RCLA I I ege 7 &7 186 5708 35 &s
#03  #LELE IDlIoezs a {5 855 3 63 E81  RILD 36 14 187 RCLY 36 67
Gaq i &l 638 8 -IT 85 ENTT i1oolsz . -cZ 188 1 £
a5 . -2 831 ROLE 37 I 857 : g: 883 8 66 185  ENTt -
eec 7 67 83z : =24 858 : -y @84 § i 118 3 @z
aar 5 i 833 + -52 653 ¥ i1 8ss é ag 111 : -i4
663 ; 14 834 ¥LBLT Il 6T ace x -IT e@s 5 3512 i ki
563 7 57 @35 FRCLE € I @el STOE IT 5 oeer x -35 113 RCLE 36 65
61 3 51836 x -IT @6z . -6Z 88§ - -45 114 1 é1
#11  RCLE 3315 @837 RCLL 3¢ 13 ae3 @ §6 B89 RCLE 36 15 115 ENTT -21
giz : II 836 XE 57 @64 é g6 8g@ % -IT 116 3 8z
817 : -5 835 e -35 865 1 €1 891  PRTA -15 117 : -24
14 5 Ii @48 STOC 3T 13 esé g 63 @sz RS 511§ VX 51
@15 3 3Z 841 RCLZ 36 62 867 5 €5 833 RCLD 35 14 119 + -85
61e 4 Zi 842 ENTt -1 geg g G 834  RCLA 35 1 126 RILE I 1z
@17 1 Eoad Fzg 16-51 @63 : -3Z 895 1 éi 121 x 35
618 1 g RCLZ 36 62 876 PRTH -li B3 . €2 122 KE 3
815 + -55 @71 F17 1€ XD 61 8ST 7 87 123 RCLI 3€ &
626 e XY -:1 @7: GTOM ilgr egs 5 85 124 Y -41
621 : RCLZ 36 82 @73 RS 31 @93 s it 125 : -24
fzz - . TS @74 HLBLI e 18 -35 126 FRTX -14
823 Fif : ML €2 181 : -6i 1Z7 RS 51
624 ETU7 8 4 oere 6 £¢ 182 ; 3¢
823  RCLI STCD 2314 @7y a s 1@3 g G2
) e RCLC s I3 @7s z sE 184 i 8i

 

 



 

 

User instructions for HP version Table IX

Steps Keys

Enter program A

Enter the following data:

Temperature constant, 273.16 STO A

Gas constant, 82.07 STOD

First component of gas mixture:
Critical temperature, T;, K STO 0

Critical pressure, P,, atm STO 1

Molecular weight STO 2

Acentric factor, ® STO 3

(For polar gases)

Boiling point, T, K STO 4

Compressibility factor, Zgs STO S

Dipole moment, ., STO 6
Switch data into secondary registers P=S

Enter data for second component

Run part 1 of program:

Enter pressure, atm ENTER 1

Enter temperature, °C

For nonpolar gases A

For polar gases B

When the calculator stops, enter program B.

Run program by pressing A for nonpolar gases or B for polar gases.

Output will be diffusivity coefficient, cm?/s, first by Chapman-Cowling

correlation, then by Wilke-Lee correlation.

To calculate the diffusivity coefficient via Fuller-Schettler-Giddings

correlation:

Enter XV, STO 7

Enter =V, STO 8

Press R/S
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Predict liquid-phase
diffusion coefficients

Programs for the TI-59 calculator
determine diffusion coefficients
in dilute two-component solutions.

 

James H. Weber, Uniwversity of Nebraska*
 

[] Diffusion coefficients in liquid phases, unlike those
in vapor phases, depend on concentration. The rela-
tionships presented are only valid for dilute solutions—
i.e., solute concentrations no greater than 10%. Indeed,
the lower the solute concentration, the more accurate
the calculated coefficient. Because of the concentration
dependence, the solute and solvent must be specified. In
this article, solute is called Component A, and solvent,
Component B.
A number of correlations have been suggested for

predicting diffusion coefficients in dilute liquid solu-
tions. Of these, three are programmed here: the Wilke-
Chang [/], Scheibel [2] and Reddy-Doraiswamy [3].

Wilke-Chang relationship
Wilke and Chang proposed:

Dip = 7.4 X 107%(¢Mp)"/2T/ngV3°] (1)
The dimensionless quantity ¢ is the association factor of
the solvent. Its value is 1 —except for water, 2.6; metha-
nol, 1.9; and ethanol, 1.5.
The program for Eq. (1) is listed in Table I. If values

for the required variables have been stored in the loca-
tions designated in Table II, DY(in cm?2/s) will be cal-
culated, printed and displayed by entering ¢ (°C) and
pressing the A key. Calculated and experimental results
for cyclohexane (solute) and benzene (solvent) are com-
pared in Table III.

Scheibel relationship
Eq. (2) and (3) represent Scheibel’s correlation:

Dyp = KT/ngVy/? (2)

K = (8.2 X 1078)[1 + (3V5/V,)?/3] (3)

Eq. (3) applies generally; three exceptions are: K =
25.2 X 10-8when wateris the solvent,and V, < Vpg; K =
19.8 X 108, when benzene is the solvent, and V, < 2Vp;

and K = 17.5 X 1078 for solvents other than water and
benzene, when V, < 2.5 V.

Pressing B’ will calculate, display, print and store (at
Location 09) K X 108. (Note that the factor 1078 is

*For information about the author, see p. 77.

Originally published March 7, 1983.
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taken into account in subsequent calculations.) This
value is used in the determination of DYz, except in the
three special cases just cited.

After K X 108 has been computed and stored, DYis
calculated, displayed and printed by entering ¢ (°C)
and pressing B. Programs for Eq. (2) and (3) are listed
in Table I, and the storage information in Table II.
Calculated and experimental results are again com-
pared in Table IIIL

Reddy-Doraiswamy relationship
Reddy and Doraiswamy proposed:

Dyp = K’A/[},’zT/ng(V4 VB)1/3 (4)

Here, K’ = 10 X 1078 if Vg/V, < 1.5; and 8.5 X 1078
if Vg/V, > 1.5.
The program for Eq. (4) includes the selection and

storage of the proper value of K’ (Table I and II).
Therefore, to calculate, display and print D5 (cm?/s),
enter ¢ (°C) and press C. ,

Calculated and experimental results are again com-
pared in Table III.

Liquid volume and viscosity
In the preceding calculation, the liquid volume at the

normal boiling point of both the solute and solvent may
be required, and the liquid viscosity of the solvent at
temperature ¢ is required. To facilitate the computation
of DYg, programs for calculating these two properties
are included in Table I
Programmed for liquid volumes is the modification

of the Rackett equation by Danner and Spencer [6]:

Vs = (RT,/P)Zp,*+0-TH1 (5)
To calculate, display, print and store V, (cm3/g-mol),

enter ¢,, (°C) and press D. To calculate, print and store
Vg, enter t,5 (°C) and press R/S. To have Vg displayed,
the command RCL 03 must be inserted before R/S at
Step 180.

If viscosity is not known, it can be estimated by
Thomas’s relationship [7]:

log[8.569(n,/p,/D)= O[(1/T,) — 1] (6)
Listed in Table I is the program for Eq. (6) and the
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Location Code Key Location Code Key Location Code

Programs for calculating D3 g by the Wilke-Chang, Scheibel, and

Key

Reddy-Doraiswamy correlations, and for finding liquid volume and viscosity

Location Code Key Location Code Key Location

LIQUID-PHASE DIFFUSION COEFFICIENTS

Code

87

Key

 Table |

 



88 PHYSICAL PROPERTIES CORRELATION

 

Storage information for Table | programs Table 11

 

 

00 Mg 10 K’* Reddy-Doraiswamy constant

01 [.13' 1" 7;:,4

02 Vit 12 Pp

03 Vgt 13 (Zgala

04 ¢ 14 T.g

05 T 15 P

06 0.00000001 16 (Zgalg

07 7.4, Eq. (1) constant 17
o Used forstoring properties of Component A

08 273.16 (0°C) 18 during calculations of Vg

09 K7, Scheibel constant 19

20 T7,*, Boiling point, K

21 82.07=R

22 Tp*

23 pV2

24 6, Thomas constant

25 8.569, Eq. (6) constant

26 1.499 Ratio of Vp/V—used in determination of K*

value in solution of Eq. (4)

*Calculated and stored by program

tCalculated and stored by program or supplied by user 
 

 

Comparison of calculated and experimental coefficient

values for cyclohexane-benzene system Table 111

Dy values are in 1072 cm?/s

t, °C  Wilke-Chang Scheibel Reddy-Doraiswamy Sanni, et al.

25 1.84* 1.89* 1.93* 2.09

2.82t 2.90t 2.97t

40 2.39* 2.46* 2.51* 2.65

3.4t 3.51t 3.59t

60 3.13* 3.22* 3.29* 3.45

4.30t 4.43t 4.52t

*Experimental values of viscosity for benzene, used in calculating coefficient

tViscosity values calculated via Eq. (6), used in calculating coefficient

 

Physical properties used in calculations

Cyclohexane Benzene

M 84.162 78.114

.. K 553.4 562.1

P, atm 40.2 48.3

Tp, K 353.9 353.3

ZRA 0.27286 0.26967

0 0.634

m, cP 0.609 (25°C)

0.492 (40°C)

0.400 (60°C)

Data sources: Reid, R. C., Prausnitz, J.M.,, and Sherwood, T. K., “’Properties

of Gases and Liquids,”” 3rd ed., McGraw-Hill Inc., 1977; Spencer, C. F., and

Adler, S.B., J. Chem. Eng. Data, Vol. 23, 1978, p. 82; API Project 44,

Carnegie Press, Pittsburgh, 1953.  

 

Atomic and group contributions

 

 

 

to calculation of 6, Eq. (6) [7] Table 1V

Carbon —0.462 Sulfur 0.043

Hydrogen 0.249 Double bond 0.478

Oxygen 0.054 CeHs— 0.385

Chlorine 0.340 CO (ketones, esters)  0.105

Bromine 0.326 CN (cyanides) 0.381

lodine 0.335

Nomenclature

D9y Diffusion coefficient, cm?/s
K Constant, Eq. (3)
K’  Constant, Eq. (4)
M  Molecular weight
R Gas law constant, 82.07 (atm)(cm3)/(g-mol)(K)
T Absolute temperature, K

Vv Molal volume at normal boiling point, cm3/g-mol
Zps Rackett compressibility factor
0 Thomas viscosity constant, Eq. (6) and Table IV
n Viscosity, cP

p Density, g/cm3
¢ Association factor, Eq. (1)

Superscripts
0 Infinite dilution

Subscripts

A Solute L Liquid
B Solvent r Reduced

c Critical   
 

Spencer-Danner correlation for calculating density.
Also, 6, which must be stored in Location 24, can be
determined from data given in Table IV. Viscosity can
now be displayed, printed and stored by entering ¢ (°C)
and pressing E.

Partitioning is normal (459.59). The programs and

storage information require both tracks of one card and
one track of a second.
Note that, in all the correlations given, the diffusion

coeflicient is inversely proportional to the viscosity of
the solution. Hence, any error in viscosity produces a

 

 corresponding error in the diffusion coefficient. Because
results from relationships such as Eq. (6) can be consid-
erably in error, experimental data should be used if

they are available.

For HP-67/97 users
The HP program listing is contained in Table V, and

Table VI offers user instructions. For the cyclohexane-
benzene system example given for the TI program,
Table VII summarizes the HP version results.



Program listing for HP version

LIQUID-PHASE DIFFUSION COEFFICIENTS 89

Table V
 

Step Code Step Key @0 - @ © Key Code Step Codeo - ® © Key
 

 
   

  

ga1 sLBLA  ii I 83
g6z LSBS 2T 48 637
@3 RCLE 75 3 @38
684 RCL4 35 54 679
pes -35 848
gac  Ix 54 @41
ga7 -35 842
gas  RCLI 35 01 847
gas < 24 844
ale  RCLZ 3¢ @3 @48
811 . -5: 846
612 € 36 047
a1z v+ I e4s
1 = -4 843
@15 7 67 658
a1¢ -5z @5l
817 q G4 052
Bif  EEX -i7 853
ALY CHE iI64
326 g 57 855
gzt -I5  85¢
822 GT05 i @5 @57
823 #iBLE i ii 858
624 GSBE 23 a5 659
p25  RCLE 36 063 BeE
626 > 5 0E]
927 RCLi 1062
g8 - 4 663
828 RCLE i B64
a6 i 865
31 EWTH i1 86€
632 3 61 867
933 = -4 868
634 o i 869
g35 = 670

3
sLBL?
RCLA
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Joo@s i1z ELL? ic &7 147 PRLLC 3¢ 132
2: 12 112 siBie i i IT 148 537 -5
Iz "3 114 SFa 1€ 21 s i49 ¥* 3i

-3i IS #LELE 1 I35 178 RCLE 27 8&

35 e7 lle  S5Tée IS eF 13 # -39
-3; 17 3TGo Jroiz 1% Fa? (2 20 ed

7T e 118 Ri -31 153 ETC o3l
Tr 118 STGC 35 :3 154 ST o 82

35 57 iZe Ki -3! 155 Ks3 =1
35 @z 121 570G 73 14 136 «iBLi ! e
2T oes i2f fe -2 157 CFg 17 22 &6

T g3 1EF 5TOE I% i 138 5703 35 @87
F1 i€ 4 I8 3 33 158 F3 Zl
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-24 127 a sg 1e2 7 6~
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e 135 RCLE ¢ 1% 176  FPRTX -4

G 136 * -2< 171 SPL ag-il
ge 137 LHS -z 172 R-S ol
-z 138 i !

6 §7 133 T -58
I5 3 idE z £
 

User instructions for HP version Table VI

 

Clearflag 0

For Wilke-Chang equation:

Mg, solvent molecular weight

&, association factor

Viscosity of solvent, cP

Via, solute molecular volume

t, temperature, 'C

Output will be diffusion coefficient, cm?/s

For Scheibel equation:

Viscosity of solvent cP

V., solute molecular volume

K, constant of Eq., (3)

t, temperature, 'C

Output will be diffusion coefficient, cm?/s

For Reddy-Doraiswamy equation:

Mg, solvent molecular weight

Viscosity of solvent, cP

CLFO

STO 0

STO 4

STO 1

STO 2

Key A

STO 1

STO 2

STO 9

Key B

STO 0
STO 1

 

(Continued) Table VI

 

STO 2
STO 3
Key C

Vi, solute molecular volume

Vg, solvent molecular volume

t, temperature, 'C

Outputwill be diffusion coefficient, cm?/s
 

If viscosities are not known, they may be obtained as follows:

ENTER 1

ENTER 1
ENTER 1

Key D

Vs, solvent molecular volume

T., solvent critical temperature, K

0, Thomas constant (Eq. (6))

t, temperature, 'C

Output will be viscosity in cP.

If molecular volumes are not known, they may be obtained as follows:

ENTER 1t

ENTER 1

ENTER 1

Key E (for solute)

Key e (for solvent)

T., critical temperature, K

P., critical pressure, atm

Zaa compressibility factor

t, boiling point, 'C

Output will be molecular volume, cm®/g-mol.
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Comparison of calculated and experimental coefficient values for cyclohexane-benzene system,

HP version Table Vii
 

%s values are in 10~% cm?%s

 

 

 

Reddy-

t,°C Wilke-Chang Scheebel Doraiswamy Sanni et al.

25 1.47* 1.98* 1.93" 2.09

2.33f 3.15' 3.07!
40 1.91* 2.58" 2.51" 2.65

279t 3.77" 3.68'
60 2.49* 3.37° 3.29° 3.45

347" 470" 4.58'

*Experimental values of viscosity of benzene used in calculating diffusion coefficient.

Viscosity values calculated via Eq. (6) used in calculating diffusion coefficient.

References
1. Wilke, C. R., and Chang, P., 4ICkE J., Vol. 1, 1955, p. 264. 4. Sanni, S. A,, and Hutchinson, P., J. Chem. Eng. Data, Vol. 16, 1971, p. 424.

2. Scheibel, E. G., Ind. Eng. Chem., Vol. 46, 1954, p. 2007. 5. Ibid., Vol. 18, 1973, p. 317.
3. Reddy, K. A., and Doraiswamy, L. K., Ind. Eng. Chem. Fund., Vol. 6, 1971, 6. Danner, C. F, and Spencer, R. P,, /. Chem. Eng. Data, Vol. 17, 1972, p. 236.

p. 424. 7. Thomas, L. H., J. Chem. Soc., 1946, p. 573.



Section IV
Fluid Flow

Program sizes control valves for liquids

Program sizes pipe and flare manifolds for compressible flow

Calculating two-phase pressure drop

Program predicts pressure drop for steam flow

Estimate heat-tracing requirements for pipelines

Estimate equivalent line lengths of pipe circuits

Program predicts pressure drop for gas flow across an orifice meter





Program sizes control
valves for liquids
This HP-67/97 program calculates the sizing coefficient for
control valves in liquid service, even 1n cases involving
reducers, choked flow and laminar or transitional flow.

 
Jon F. Monsen, Jamesbury Corp.
 

[] A correctly-sized control valve achieves a high qual-
ity of control at a reasonable cost. Too small a valve will
not pass the required flow. Too large a valve will cost
more than a correctly-sized smaller valve, and will not
control the flow as well, because it will not use its full
control range.
The procedure for sizing a control valve is:
1. Calculate the required valve sizing coefficient (C))

based on process data and manufacturers’ valve data.  

2. Consult valve manufacturers’ tables of C, vs. valve
size. Then select the smallest valve with a C, rating
greater than or equal to the required C, .

3. Check to see that the reducers required to install
the valve will not change the valve selection. Choose a
new valve with a greater C, if necessary.

4. Check to see that the flow through the valve is not

choked (avoid choked flow if possible).
When the liquid flow is turbulent, and the effects of

 

 

3. Calculate AP
IfP, #0 AP,

viv

(choked-flow option) P

F,zJ[P1 - Pv(0.96 — 0.28 /—l)]
viv PL‘

If APvlv > APT " then AP = APTvlv

If AP, < APy', then AP = AP,

fP, =0 AP = AP,

G
4. Calculate C C -9 /5

V(turbulent) V(turbulent) KD AP 

The program uses this algorithm Table |

Step Equations and logic 5. Calculate C,
F2 1/3

F,=| 4
1. Calculate £,| Py, = P1 — DPet reducer fu##0 s [FL]

AP,ot reducer = (laminar-flow option) 17 qu 3

2 \2 d*19%6 C, ==
[0.5(1 _ _2) + 1 _ _4]_% (laminar) FS KCAP

D D% Kd C

(P, # 0 when choked-flow option included) Fp = 0.64 + 0.17 In et
(AP,et requcer # O When reducer option Cv(laminar)

included) If F, < 0.54, then C, = Cv(la.minnr)

C
2. Calculate AP, AP, = APying — APoqucers If 0.4 < F, < 1, then C, = m_.}mmfl

d2 2 q2G R
— -=)

APreducers - [1 '5<1 D2) ]KEd4 If FR > 1, then Cv = Cv
(turbulent)

(AP,equcers # O when reducer option fu=0 C, = S
included)

6. Display C, Stop here unless checking for choked

 

flow

7. Check for choked flow

fP, =0 Display "ERROR"’

If P1 #0 . APT = APTV]V + APreducers
(choked-flow option) ¢ Ap < AP, thensizing —

display “'0.00"" (nonchoked)

If APing > APr then flow is choked
If P, Py — APy, then

display *1.00"" (flashing)

If P, < Py — APthen
display *2.00°" (cavitating)

8. Display AP, End   
Originally published May 18, 1981.
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choked flow and reducers are ignored, the expression for
C, reduces to: Nomenclature

q G, C, Valve sizing coefficient
G, = 7(3; APiring C, (laminar)  Valve sizing coefficient when flow is

This expression is so simple that its solution does not
require a programmable calculator. But most installa-

C, (turbulent)
fully laminar

Valve sizing coefficient when flow is

fully turbulent
tions do require reducers, and many situations demand d Nominal valve size
that the designer check for flashing or cavitation in the D Internal diameter of the piping
valve. When these factors are considered, the calcula- F, Valve-style modifier
tions get very complicated. In such cases, a calculator F,, Rated liquid pressure-recovery factor
program can simplify the task considerably. (Table V)

Fp Reynolds number factor
What the program can do F, Laminar-flow factor

In the simplest case, the program uses the above G, Specific gravity at flowing temperature
equation to calculate C,. But the user has the option to K¢, Kp, Kg Constants stored on data card
check and correct for reducers, choked flow, and lami-
nar or transitional flow. These options may be included

(Table II)

Absolute static pressure upstream of

or omitted in any combination, so the user can solve a inlet reducer
problem as quickly as possible. S Absolute static pressure at valve inlet

Table I shows the algorithm and equations used by  
 

 

Program listing for HP-67/97 calculator Table 11

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code

Store data 836  RCLé i gE 672 ROLT 75 67 186 : iz Calculate Cy (13minar)
861 *LBLA i1 a3z z -2¢ 673 RCL6 36 @6 167 5 8é 137 RCLE IE B8
ggz  ST0C o3 BZ g38 NE 53 8:4 % -4 1as X -3% 138 X -5
443 md -2 639 - -45 875 e 53 185 - -45 i35 RCLC I 13
Bas  STOE 35 az 640 XS 52 87e - -4 116 KCL3 5 as 4@ : -24
685 R-E 51 841 z s - 57 111 X -35 i41 oS ig-31
8@c  KLBL. ZI 15 Ii 842 : -Z4 678 i 8 112 - -43 142 RCL4 3 @4
6a7  &T01 35 ai 643 1 il @7s . -52 113 RCLE 36 B8 143 P2 15-51
aoe 5 i A44 + -55 a3a 5 a5 1i4 Xz 53 144 z -24
gg3  #LELE il €45  RCLT g 67 851 X =35 115 X -35 145 xe 52
6ig  5T03 K @46  RCLE 35 B8z X -35 116 F3S 16-51 146 3 @z
i1 RS £ 847 : -24 883  F28 16-51 117 sToE 5 @ 147 10 5.
812 #iBle I 1Z iZ 848 ut sz ég4  STOS 35 a5 AP= smaller of 148 yx 3
613 =T08 3o e 848 53 665 P28 1g-5! AP,and APy, 145 RCLS 36 83
814 ' -7i 658 - -35 886 CH3 -22 118 RCLZ 36 6z 158 XE 52
615 5105 a5 & 851 RCLE I 6B 87 RCLz 36 &2 119 EY? 1675 151 ROLE 3¢ 6F
816 Ré -1 852 52 ) 885 + -5g {28 03 27 63 5z : -24
@17 5704 3T o4 852  RCLI I A gas RIS 16-5: 121 RCLE 36 BE 153 3 e
818 R-¢ £ 854 X -35 gsa  ST02 5 6z 122 ¥LBLZ 213 154 10X 3
d15 #BLC i1z 855 RCLE 6 15 651 F2s i6-51 123 STO4 3% a4 155 ¥ I

.E'[i SE’O__' 3% BT A5& z -24 IfP, =0, sl(ip- choked-flow Calculate C) (qurbutont) 156 z -24
821 Kes &i @57  RCLT € ér option } o ] Calculate Fg
622 xiBlLc 21 1€ 13 855 Nz 5z 692  RCL3 35 63 lz4 1% i 57 : -Z4
623 5706 I @52 X2 53 833 i=a7 i6-427 125 P25 i&-3l 158 ENT? -2i
824 RS 5 868 : Y 634  §TOZ 2: ez 125 RCLI 35 Bl 158 LK iz
825 ¥LELD il @61  ENTT _2: Calculate AP, 127 X ';5 166 . —£I

62s 5708 3o hE 862 R -1 @95 P28 16-51 leg VX o 161 ! gl
Bz7 RS 2 w3 s 35 ese RoL3 seer o KRB e el g7 a7
828 xlBLd 21 £ 4 @64 CHS -2 ag7 PRS 18-E A, _H 163 -3
629 iTom 3T I 865 RCL3 76 63 695 , -62 131 RCLD 3e s 164 . -z
638 K -i a6s -52 35 5 gy 1% F ot 165 § &
@31 5708 35 63 867 P25 1-Si 168 6 a6 133 STOBR 35 12 156 4 @4
83z Re3 gl #68  5T03 5 &3 161 RCLS 35 A3 If 1= 0, skip laminar-flow 167 + -ZT

Calculate P, 869 28 16-5 182 RCL4 I a4 option 168 . -5z
633 #LELE ilis Calculate AP, 183 z -24 134 RCLA 36 11 Calculate Cy,
834 i e: @7 3 16-31 164 I 54 135 =87 1§-43 169 5 a5
835 RCL7 3 &7 671 1 21 185 . o 136 &T08 iz s 178 4 fs
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P, Thermodynamiccritical pressure of lig-

uid t

P, Absolute vapor pressure of liquid at Q
inlet temperature g

AP Pressure drop used in sizing equations a

AP,et reducer Pressure drop due to inlet reducer a N

APqucers Combined pressure drop due to inlet ow at sizing flowrate

and outlet reducers TPressure drop '

APing Pressure drop for sizing purposes across for sizing RZ‘T}‘::Z"

the valve-reducer combination ' pressure

AP, Terminal or maximum pressure drop | s
across the valve-reducer combination Pump Elbows Gate Control Gate Outlet
that allows nonchoked flow discharge valve valve valve

AP, Terminal or maximum pressure drop

across the valve that allows nonchoked m—7
AP, Pressure drop across the valve —
q Volumetric flowrate

© Viscosity, cP Determine pressure drop for sizing

by examining system pressure drops Fig. 1  
 

 

(Continued) Table Ii Key principles

Pressure drop for sizing. The pressure drop used to

size the control valve (AP.) should not be an arbi-

Step Key Code Step Key Code trary number. In operation, the automatic control

171 Kys f5-3¢ 282 GT05 21 s cquipm'ent will adjust the control-valve opening until

172 G107 i gT 283 RCL3 35 a: the desired flowrate is achieved. The pressure drop used
173 CLy -5 284  RCLZ 35 BE for sizing should be the actual pressure drop across the

174 i 3l 285 - -43 valve at the sizing flowrate.
IFS  REY7 1e-33 266 RCLS e &3 Fig. 1 shows how to calculate AP,.: Start with the
IZE bm‘? £z ‘: EBF’ ff‘m t"::"f' system pressure drop. Subtract from it the pressure drop

f‘_'c IF,: —‘__R igg b”:'? e g: at the sizing flowrate of all pipe, fittings and equipment

EF"? RCLE 3¢ ‘: 515 CTOe 28 i it in the flow system. The remainder is the actual pressure

186 -3F 211 xLBL2 i &z drop across the control valve at the sizing flowrate—this

181 &T0S  ZZ &S 212 P35 16-5) remainder is APy,
182 ¥LBLS &l as £13 RLLE 56 82 Choked flow. As the liquid passes the point of greatest
1’?3 '?“-ff :E -“ :‘:14 ‘:TUE ‘:" L_’E restriction inside the control valve,its velocity reaches a
{b.,f. *igi’: ';': "i i;g *LELE; c fli maximum and its pressure falls to a minimum. If the

:,Z,: E’CL;E’ E; I 517 ET0e 2 ‘6 i5 pressure falls below the liquid’s vapor pressure, vapor
187 R+ i6-3] 218 ¥LBLE 21 BE bubbles form within the valve. Increasing the pressure

188 3 L 219 Z 8 drop across the valve beyond the point where vapor bub-
18% xLBLS cl Er 228  6T0e :f iv is bles form has no effect on the flow. Thus the flow is said

Error message if P, for Display c'oded message : to be choked. The pressure drop at which choked flow

| gghoked-g:g notenteredsz i‘fi *Lg"? i it ;1 begins is referred to as terminal pressure drop (APy).
131 RCL3 35 83 223 RCLI 35 45 When the actual pressure drop across the valve is greater
192 X=@° 16-43 224 RS ; than AP, AP, should be used for the sizing calculation.

183 ET04 22 a4 Display AP Flashing and cavitation. Choked flow produces either
Calculate APy flashing or cavitation. If the pressure downstream of the

i34 _:" {b'fz valve is below the liquid’s vapor pressure, the vapor bub-
igz zgt; :_; S;. bles persist in the liquid. This is flashing. Because the

197 + _cc velocity of the flashing vapor-liquid stream is much

158 s5T0I 3T 4€ higher than the inlet liquid velocity, the flashing stream

Determine whether flow is often erodes valve internals or downstream piping. If|

choked, and whether under choked-flow conditions, the downstream pressure

it s flashing orcavitating is above the liquid’s vapor pressure, the vapor bubbles
1?39 Fff’ ic'f : will collapse as they leave the point of greatest restriction
:gf ff;‘ :i._‘:.‘; in the valve. This is cavitation. The shock waves and

- e o noise caused by the collapsing bubbles cause rapid and
severe damage to the valve or piping.   
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the program. Though based on the ISA Standard [/],
these equations solve for C, directly instead of through
an iterative technique. This saves time, and the resultis
the same. The approximation for laminar and transi-
tional flow are based on [/] and [2].

How to use the program
Load the program as listed in Table II, and record it

on a magnetic card. Store the constants listed in
Table III in the specified registers and record them on a
separate card (one set per side). The given constants are
for the most often-used English and metric units—the
user can develop constants for any other set of units.
The program is now ready to go, and is stored on cards
for easy future access. Table IV lists the user instruc-
tions for the program.
For the simplest case, enter the volumetric flowrate

(¢), the pressure drop forsizing (APg;,;,. ), and the spe-
cific gravity of the liquid at the inlet temperature (G;).
Then solve for C,.
When the flow is not known to be turbulent (as is

required in the simplest case), enter additional data to
include laminar- or transitional-flow effects: pressure
recovery factor (F}) (Table V) for the type of valve

 

 

 

Units and associated constants

for data card Table 111

Variables English units Metric units

q gal/min m3/h

AP (all subscripts) psi kPa

P (all subscripts) psia kPa abs

d, D in. mm

u cP cP

Associated constants

and locations

K¢ (STO C) 52.3 1.72

K, (STO D) 1.0 0.0865

Ky (STO E) 890 1.6 X 1075

(STO 6) 1.0 1.0

(STO 7) 1.0 1.0

All other

registers clear   
 being considered; valve style modifier (F,); the viscos-

ity of the liquid at the inlet temperature (u). Then solve
for C,.

To include the effect of reducers, enter additional

 

 

 

User instructions for program Table IV

Step Instructions Input Keys Output

1 Load program (sides 1 and 2 of card)

2 Load one side of data card (with desired

units); this clears the registers

3 Input data

Volumetric flowrate q 1

Pressure drop for sizing APgiring A

Specific gravity G, fa

Choked-flow option only

Absolute pressure upstream of valve P, B

Thermodynamic critical pressure P, 1

Vapor pressure of fluid P, 1

Pressure-recovery factor” F, fb

Reducer option only

Nominal valve size d C

Inside diameter of pipe D fc

Laminar-flow option only

Pressure-recovery factor” FL D
Valve-style modifiert F, 1

Viscosity uw fd

4 Solve for required C, E C,

Check for choked flow (only after solving R/S 0.00 if nonchoked

for C, and only if data for choked-flow 1.00 if flashing

option were entered) 2.00 if cavitating
ERROR if no data

Solve for terminal pressure drop R/S AP,

6 To revise or add data, go back to Step 3

7 For a new case, go back to Step 2

*F, is obtained from manufacturers’ literature. Table V shows typical values.
tUse F, = 1.0 for ball valves and single-ported globe valves; use F;, = 0.7 for valves with two parallel flowpaths, such as double-ported globe valves
and butterfly valves. From [/].   



 

 

Typical values for liquid pressure-recovery

factor Table V

Valve type F,

Single-seated globe, cage trim 0.86

Single-seated globe, contoured trim 0.86

Single-seated globe, cavitation-control cage trim 0.92

High-performance butterfly, 90° open 0.57

High-performance butterfly, 60° open 0.66

High-performance butterfly, 30° open 0.85

Ball, 90° open 0.45

Ball, 60° open 0.81

Ball, 30° open 0.95  
 

data: nominal valve size (d), and inside diameter of
inlet and outlet pipe (D). If the valve diameter is not
known in advance, then (1) calculate C, and choose the
valve (ignqring the effect of reducers), (2) use the valve
size from (1) to calculate the new C, with reducers, and
(3) check to see that the chosen valve can satisfy the new
C, requirement.

IfAP,is a significant part of upstream pressure, or
if liquid vapor pressure is high, check and correct for
choked flow. This requires more data: absolute pressure
upstream of the valve (P,); critical pressure of the fluid
(P,); vapor pressure of the fluid at the inlet temperature
(P,); and pressure-recovery factor (£). Solve for C,,
then press R/S to get a message that describes the flow
through the valve: 0.00 for nonchoked; 1.00 for flash-
ing; and 2.00 for cavitation. Press R/S again to get the
terminal pressure drop (APy).

Note: Entering the data for any of the options auto-
matically invokes those options. If the data are not en-
tered, the program ignores those options. Checking for
choked flow requires that the user hit the R/S key and
that the correct data be entered. If the data are not

entered, R/S will produce an error message instead of a
coded message.

Examples
Case 1 (simplest case). Size a control valve for a liq-

uid stream with: ¢ = 500 gal/min; AP,. = 15 psi;
G; = 1.0. Ignore reducers and the possibility of choked
flow. Solution:

1. Load the program.
2. Load the side of the data card with English units.
3. Key in ¢, AP, 500115 A
4. Key in G;: 10 fa
5. Solve for C,: E 129.10
6. Choose a valve whose C, is greater than or equal

to 129.10.

Case 2 (possibility of choked flow; reducers). Size a

globe-type control valve, given the following process
data: ¢ = 400 gal/min; AP = 20 psi; G, = 0.98;sizing
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P; = 50 psia; P, = 3,206 psia; P, = 2.9 psia; D = 6 in.
Manufacturers’ literature (and Table V) shows
F,, = 0.86 for a single-seated globe valve. Solution (as-
suming the program is still loaded):

1. Reload the side of the data card with English
units.

2. Key in ¢, AP, 400120 A
3. Key in G;: 098 fa

4. Key in P;: 50 B
5. Key in P,,

P, F,: 3,206172.9170.86 fb
6. Solve for C,: E 8854

Before choosing a valve, check for choked flow:

7. Check for
choked flow: R/S 0.00

8. Solve for APy: R/S 34.94

The 0.00 display indicates that the flow is not choked
(APing 1s less than APp). Checking the valve manufac-
turers’ literature, one can find that a 3-in. globe valve
with a maximum C, rating of 120 is the smallest availa-
ble valve with adequate C,. To verify that the reducers
required to install a 3-in. valve in a 6-in. line will not
change the valve selection, continue as follows:

9. Key in & 3C
10. Key in D: 6fc
11. Solve for C,: E 9291

Because the valve coefficient has changed, recheck

the possibility of choked flow:

12. Check for choked flow:

13. Solve for APy:

R/S 0.00
R/S 34.81

Since C, is still less than the maximum C, rating of
the chosen valve (120), and the flow is not choked, the
3-in. globe valve is the right choice.
Case 3 (laminar flow). Size a globe-type control

valve, given the following process data: ¢ = 3 m3/h;
APing = 35 kPa; G, = 0.99; p = 300 cP. Manufactur-
ers’ literature (and Table V) shows F, = 0.86 for a sin-
gle-seated globe valve. The user instructions in
Table IV show F; = 1.0 for a single-ported globe valve.
Solution (assuming the program is still loaded):

1. Load the side of the data card with metric units

2. Key in ¢, AP. 3135 A
3. Key in G 099 fa
4. Key in Fj; 0.86 D
5. Key in F, p: 1.017 300 fd
6. Solve for C: E 9.09
7. Choose a valve whose C, is greater than or equal

to 9.09.

For TI users

A listing of the program for the TI-58/59 is shown in
Table VI. Userinstructions are listed in Table VII. The
storage of constants follows as Table VIII.

As with the HP version, the calculation for C, is

obtained by pressing the E key. Then, pressing the R/S
key solves for AP7.
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Step Code Key

FLUID FLOW

Program listing for Tl version

Step Code Key Step Code Key Step Code Key Step Code Key

Table VI   
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(Continued) Table VI

 

 

   

 

            

 

   

 

   

 

     

 

 

 

 

Step Code Key Step Code Key Step Code Key Step Code Key

= od 77 LE 2o 2 EE = T LBL

= 43 ECL 4o Y S5 01 i = =53

= g2 Oz 43 REOL =57 &1 47O = i=

3 22 maT 3 a3 a5 358 53 ¢ = 44
3 43 ROL 3 32 HIT 259  T& LEL =
3 1% 15 = 43 ECL 360 45 ¥= 3
IE7OBR O+ = a3 O3 51 000 =

IEE 43 RBOL = fo- 202 el GTO
239 18 1A R 43 ECL IE3 53 f

=S40 85 = 350 oz oz 264 Fe LEBL

341 42 5TO 353 95 = 65 52 EE

User instructions for Tl program Table Vil

Step Procedure Input Key Output

1. Load program

2. Store constants (See Table Vi)

3. Input data:

a. Case 1 q x=t
AP A

G A

—_ E C,
b. Case 2: Same as case 1 plus additional data (repeat steps 3a.) P, xt

P, B

P, xet

F B'

E C,

R/S Choke?

APy

c. Case 2 with reducers: Same as case 2 plus (repeat steps 3a., 3b.) d C
D c

E C,

R/S Choke?

APy

d. Case 3: Same as case 1 plus (repeat step 3a.) F D
Fy4 x=t

B D

Storage of constants for Tl program Table VIl References

 

Register English Units Metric Units

STO 06 1 1

STO 07 1 1

STO 22 52.3 1.72

STO 23 1 0.0865

STO 24 890 0.000016
 

 

. “ANSI/ISA-S75.01 Standard Control Valve Sizing Equations,” Instrument
Soc. of America, Pittsburgh, 1978.

. Driskell, L. R., Sizing Control Valves, Chapter 6 of “ISA Handbook of
Control Valves,” Instrument Soc. of America, Pittsburgh, 1976.

. “Engineering Handbook for Jamesbury Stabilflo Control Valves,” Bulletin
275, Jamesbury Corp., 1980.

The author
Jon F. Monsen is a district sales
manager for Jamesbury Corp., 1317 5th
St., Santa Monica, CA 90401. He
provides assistance to customers in the
sizing, selection and application of
control valves. He has been a sales
engineer for The Foxboro Co., and an
engineering group leader supervising the
specification of control valves for a
nuclear power plant at Bechtel Power
Corp. Mr. Monsen received his B.S. in
engineering from California State
University at Los Angeles. He is
registered in California as a control
systems engineer and as an electrical
engineer.



Program sizes pipe and flare
manifolds for compressible flow

Written for the TI-58 or TI-59, this program
sizes pipe for isothermal flow. Conditions
can be calculated at pipe inlets or outlets.

 

Paul Kandell, PEDCo, Inc.
 

[] In sizing pipe for the flow of liquids, the Darcy, or
Fanning, equation is usually used. Such methods may
also be used for the flow of gases within certain re-
stricted ranges (for details on these ranges, see Ref. [/]).
However, in the design of process plants, compressible
flow is usually encountered, with its characteristic rapid
changes in density and velocity. Other equations are
needed for compressible flow.

Lapple [2] lists these for isothermal and adiabatic
flow. Others present simplified forms of these expres-
sions that have restrictive assumptions. Some empirical
equations designed for limited use, such as the Wey-
mouth and Panhandle formulae, appear in Ref. [/].

Typical of the compressible-flow design problems in
chemical process plants and refineries is sizing pres-
sure-relief manifold systems. In such systems,it is neces-
sary to calculate the backpressure (the pressure in the
header) developed atrelief valve outlets when these are
relieving concurrently. If the backpressure gets too high,
some of the closed valves may not open at their proper
pressures. For example, ordinary relief valves tolerate
variable backpressures to 10% of the valve set pressure.
Balanced-bellows relief valves can be used for back-
pressures to 30—50% of the set pressure, above which
their capacities decrease.

Conventional equations
Many methods based on isothermal flow have been

proposed for sizing relief headers (and, of course, proc-
ess piping). Most notable are those methods given in
API RP-520, Part 1 [3], which has a kinetic-energy cor-
rection factor, and in API RP-521 [4] which is based on
the Lapple chart. An inherent difficulty in these meth-
ods is that they are based on the header inlet or back-
pressure, which is unknown. Backpressure is unknown
since, at any relief-valve outlet, it depends on the flows
of other valves discharging simultaneously into the
same relief manifold.

Therefore, all of these methods require a tedious

Originally published June 29, 1981.
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trial-and-error solution based on an assumed inlet pres-
sure. In a refinery, for example, if cooling water or
power fails, there may be a large number of relief
valves, perhaps as many as ten, concurrently discharg-
ing into the same relief header. The problems posed by
these manual trial-and-error solutions can be hopelessly
complicated.

Calculations can be simplified by using graphic solu-
tions [3,6,7]. These, however, are not convenient or flex-
ible enough for general use, say in sizing gas-transmis-
sion pipelines, or in situations that have large pressure
drops.

Here, we will present a streamlined calculation
method that can solve a formidable array of compressi-
ble-flow problems.

The calculator program
The accompanying program, designed for the TI-58

and TI-59 calculators, does solve a broad range of
pipe-sizing problems for compressible flow. The pro-
gram assumes that flow is isothermal, and that either
the upstream pressure or the downstream pressure is
known. The Mach number can be found at the inlet
and, more importantly, at the outlet—where sonic ve-
locity may limit the flow.
The program has been deliberately economized to fit

the storage capacity of the TI-58, since this model is
widely used by young design engineers.
The program is listed in Table I and the user instruc-

tions are given in Table IIL

The algorithm
Isothermal conditions, based on the inlet pressure,

can be expressed as [2]:

JL/D = (1/M3)[1 — (Py/Py)?] — In(P,/Py)* (1)
If we let r equal the ratio of P, to P,, then:

r2 = rM3(fL/D + Inr?) + 1 (2)
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Program listing for compressible flow of fluids Table |

Location Code Key Location Code Key Location Code Key

Enters P,; sets flag iy S i9 TR =i
TR bR - s =5 - &

42 RCL 2
o aE o

45 =

4z =70

20 20
OOe =L 3 H1 RS

Enters P;; clears flag Calc. f

aos e LBL =5 43 ROCL
: i " i e

3 =) =

] 43 Rl

i i 10
O30 A5 =
oSl 43 RCL

i 14 i

Enters D and Q33 33 18
initializes program i34 S5 =

= =TO
i 1

4 RCL
i

0

A
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T
B
0
e
e
P

e

Tf-
2
C
1
4
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113 53 4

iid4 42 ECL
1%t Z2i

ile 35 0+
117 43 RCL
tig 2z ZC
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121 30 23

122 34 IH
1 25 1o
i 54

1 S8 LG
£S5 =

2 2
_._‘L'

5
E‘

ot
e
t

be
d
e
k
b

    

   

 

G2

 

   

 

=3

43 RO e

s Qs [
£S5 w 15

4% RFCL i3 a1 RS
16 i& Cale. fL/D
55 = 128 42 RCL
43 RCL pas Z20 23
15 1% 40 &S =
£S5 . 141 43 RCL

43 FCL 142 04 04

17 17 i43 55 =+
a5 = 144 43 RCL
2 =70 145 14 14
2 1e 146 95 =

91 RS i47 42 =70
Calc. Np, 142 24 24

CEs 432 RCL Calc. r2
Oee 01 01 4% 011
ae7? 55 =+ i50 42 =TO
82 432 RCL 191 &3 2%
oes 15 15 152 Te LEL
v 25 = 192 16 RA* aY
a7l 42 5TO i54 43 RCL
ovra 19 193 155 18 18
o7 4% RCL 1856 23 oHE
ov4 14 14 157 &5 =
0vs  e5% o= 1895 93
n7e 92 RLL 153 &2 RCL
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Nomenclature
A Pipe internal cross-sectional area, ft2
D Pipe ID, ft

d Pipe ID, in.

f Darcy friction factor

G Mass velocity, 1b/hr-sq ft

Gravitational constant, 32.17 lb-ft/lb-s?

Ratio of heat capacity at constant pressure to

capacity at constant volume
L Equivalent length, ft

M, Mach number at pipe inlet
M, Mach number at pipe outlet

M Molecular weight of gas
MABP Maximum allowable backpressure, psia

Reynolds number

P, Pipe inlet pressure, psia

>
0y o

Also, ifM, is the Mach number at the outlet, then, since

r2 = M3(fL/D + Inr?) + 1 (3)

In this program, the Mach numberis calculated from
the ratio of the actual velocity to the sonic velocity,
which is in turn calculated from the equation [5,8]:

kRT 1/2=[]
This equation reduces to:

1/2
), = 223[-A-4T—] 5)

w

The actual velocity can be expressed as:

w
v, = —
a pA

and, since for actual gases, from the gas law:

PM
w

ZRT

-E e
Combining Eq. (5) and (6), reducing to consistent units
and simplifying, we have the Mach number:

 p:

then,

 

w[ ZT /2= 0. AL 7M 000001336[PA][MW] (7)

Since Eq. (2) and (3) are implicit in 7, 72 is calculated
by assuming 72 = 1 and looping the program until
2 2

" actual equals r assumed’

Speeding convergence
It has been found, however, that in calculations

where the AP was comparatively high, convergence was
slow, especially in calculating P,. The calculation some-
times took twenty minutes to complete. However, using
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Pipe outlet pressure, psia

Relief valve set pressure, psig

Gas law constant, 1,543 ft-lb;/°R-lb mol

Ratio of P, to P,
Absolute temperature, °R

Actual velocity, ft/s

Sonic velocity, ft/s

Gas flowrate, lb/h

Mol fraction
Gas compressibility factor
Absolute roughness, ft (0.00015 for carbon
steel pipe)

Density, 1b/ft3
Viscosity in cP X 2.42 = lb/ft-h

the Newton-Raphson convergence to #=0.001 gave suf-
ficient accuracy, without unduly delaying the calcula-
tion; it took approximately two minutes for the most
extreme and unusual case. Therefore, the development
of a more rapidly converging algorithm, which adds
steps to the program, was not justified.
The Darcy friction factor, f, is calculated from the

Colebrook equation [9] which is the origin of the
Moody chart [/0]. The equation can be expressed as:

———=-—2bg{—i—-k—&2Ll (8)
37D  Np\f

This equation is implicit in f. By assuming V=1
and solving by trial and error, using Newton-Raphson
convergence to =0.00001 [/ /], thefriction factor can be
calculated in four iterations to sufficient precision.

In the execution of this program, either P, or P, is
entered. A pipe size, D, is then assumed and entered.
For example,if P, is known and P, is sought, P, is en-
tered and a pipe size is assumed. The program will then
calculate M, (the Mach number associated with the
entered pressure), followed by the Reynolds number,
the Darcy friction factor, P;, and finally the AP.

If the calculated M, is greater than 0.7, the outlet
velocity is too close to sonic and the assumed pipesize is
too small. Such a design will result in undue vibration
and unacceptable noise generation. A larger pipe size is
then assumed and the program run again until the
Mach number at the pipe outlet is less than 0.7.

If P, is known and P, is sought, the procedure is simi-
lar except that the first calculated Mach number will be
M;. Since the criterion for pipe sizing is M,, the pro-
gram is continued until P, is displayed. Pressing the
R/S button will display AP and pressing it again will
retrieve P, into the display. This value may then be
entered by pressing B, and the pipe diameter, D,is reen-
tered directly or by recalling register 14 (RCL 14). M,
will then be displayed at the first R/S. This, again,
should be less than 0.7, or a larger pipe size must be
assumed and the procedure repeated. Some problems
will illustrate the method.  

 

 

 

User’s instructions. Inlet and outlet

conditions may be obtained easily Table Il

Step Procedure Enter Press Display

1.  Clear program memory 2nd CP

2. Enter learn mode LRN 000 00

3. Enter program

4, Exit learn mode LRN 0

5. Enter stored data:

W, Ib/h w STO 01 W

T,.°R T STO 02 T

K, Ib/ft-h cPX2.42 STO 03 wu

L, ft L STO 04 L

M, M, SsTO 05 WM,

€, ft (0.00015 STO 06 0.00015
for CS pipe)

Zz z STO 07 2

Factor in Mach number 0.00001336 STO 08 0.00001336

Constant in Colebrook

equation 3.7 STO 10* 3.7

Constant in Colebrook

equation 2.51 STO 11 2.51

6. Enter Py or P2 as inde-

pendent variable P1 C P1

or P2 B or P2

7. Enter D, ft, and initialize: D12 A

Read M, if P4 entered {M1

M, if P, entered R/S or M,

Read Reynolds number R/S Npge

Read Darcy friction

factor R/S f

Read P, if P4 entered %Dependent R/S {P2

P1 if P2 entered variable or P1

Read 2P R/S &P

8. Retrieve dependent variable R/S Py

(P20FP1) {OI'P.]

9. Enter displayed depen- Py B P,

dent variable or P1 C or P1

10. Reenter D (RCL 14 or enter

directly) D A
11. Read missing M at first R/S R/S M,

(M2 for P2 or M1 for P1 {or M1

entered in Step 9)

*Reg 09 is reserved for f iteration.
 

Sample problems
Example 1: What is the pressure drop and the outlet

Mach number in a 12-inch, Sch. 30 pipeline, 800 ft
long, with carbon dioxide flowing under the following
conditions:

W = 250,000 Ib/h
P, = 80 psia
T = 600°R
p = 0.0167 cP X 2.42 = 0.040414 1b/ft-h
L =800 ft
M, =44
zZ =1
D =12.09 in. + 12 = 1.0075 ft
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Data and results for Example 3. Such complex cases are worked out relatively quickly Table 111

Line Stack AB BD DF DE BC CH CG

Nominal

size, in. 30 18 12 8 8 12 10 6

Schedule 10 20 40 40 40 40 40 40

D, ft 2.448 1.448 0.9965 0.6651 0.6651 0.9965 0.8350 0.5054

L, ft 250 1,000 200 180 100 115 300 150

W, Ib/h 350,000 350,000 180,000 60,000 120,000 170,000 100,000 70,000

T.°R 646.6 646.6 693.3 800 640 597.6 610 580

MW 56 56 69.5 55 80 46.4 40 60

u, Ib/ft-h 0.0261 0.0261 0.0285 0.0315 0.0267 0.0240 0.0242 0.0237

MARBP, psia -- -- -- 45.9 45.7 -- 44.7 58.7

P2, psia atm. 15.1346 34.1452 37.8689 37.8689 34.1452 36.6166 36.6166

Calculated values

M2 0.2297 0.6375 0.2852 0.2324 0.3447 0.3061 0.2602 0.3958

NRe 6,974,711 11,791,501 8,069,757 3,646,396 8,603,856 9,050,456 6,300,983 7,440,885

f 0.01132 0.01222 0.01314 0.01434 0.01419 0.01312 0.01362 0.01501

P1 15.1346 34.1452 36.8689 41.8276 42.8438 36.6166 42.5446 48.9897

AP 0.4346 19.0106 3.7234 3.9587 49749 24714 5.9280 12.3731  
 

The program calculates the following results:

M, = 0.1933863318
N, = 7,817,596.221
f = 0.0131145068
P, = 6153846154
AP 18.46153846

 

W =100,000 Ib/h H
M,, =40 bs

T=150°F
Pser = 300 psig

 

 

MABP (conventional) |Lcy= 300 ft
=300x0.1+14.7
=44.7 psia G

Lcg=150 ft
Cfl

Lgc=115ft W=70,000 Ib/h

F L MW= 60

B .

@ Lgp=200 ft Pser= 11_0 psig
W =60,000 Ib/h Mfffo—x( ga;.+b$207ws)
Mw= 55 = : .

T=340°F =58.7 psia

Pse= 78 psig Lpe=100 ftMABP (Bal. bellows) bE
=78x0.4+14.7

=45.9 psia Lag=1,000 ft

e €Y
W=120,000 Ib/h
Mw=80 A

T=180°F . — O

Prer” 310 PSig Flare stackMABP (conventional)

=310x0.1+14.7
=45.7 psia

Stack size=30 in.

Stack height =250 ft

 

The program makes the task of sizing a flare

manifold much easier and less tedious   

Then by retrieving P,, entering the displayed value of
P, by pressing B, reentering the diameter, D (or RCL
14) and reinitializing with A, we obtain at the first R/S:

M, = 0.2514022314

which indicates subsonic flow, and that the solution is

acceptable.
Example 2: What is the pressure drop and the outlet

Mach number for natural gas flowing through 3/4-in.,
Sch. 160 pipe under the following conditions:

W = 8,380 lb/h
P, =1,124.7 psia
T =560°R
p =001 cP X 242 = 0.0242 Ib/ft-h
L =23ft
M, = 18.7
Z =09
D =0.614in. + 12 = 0.05117 ft

The program calculates the following:

M, =0.2512971315
Ny, = 8,616,350.445
£ =0.0260122702
P, = 415.7010817
AP = 708.9989183

Then, by retrieving P, into the display by pressing R/S,
entering the displayed value by pressing B, reentering
the diameter directly (or by RCL 14) and reinitializing
by pressing A, we obtain:

M, = 0.6798969169

which is less than 1.0, and therefore the flow is subsonic.
This problem illustrates the time to calculate P,

under conditions of high pressure drop. In this case,
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with a AP of about 709 psi and a Mach number at the
outlet of nearly 0.7, the calculation takes two minutes
and twenty seconds on the TI-58, which is about the
maximum calculation time encountered. Longercalcula-
tions should be manually terminated and rerun with a
larger pipe size. This is accomplished by pressing R/S
followed by INV FIX. Most problems encountered
compute P, in less than ten seconds.

Sizing flare manifolds
Here are points to remember in sizing manifolds:
1. The design starts at the flare tip, where the outlet

pressure is atmospheric. The calculation is worked
backward toward the relief valves.

2. A ssize is assumed for each pipe section of the same
diameter, and an equivalent length established.

3. The maximum allowed velocity at each section
outlet is Mach 0.7.

4. Properties in the common headers may be esti-
mated from the following mixture relationships (7 indi-
cates the :th component):

M, = ZW;/Z(W/M,,); 9)

T=2WT,/ZW, (10)

b= 2x(M)70Zay(M) (11)

5. The inlet pressure is calculated for each section of
the line.

6. At each line size change, the inlet pressure for the
downstream line (P,) is taken as the outlet pressure of
the upstream line (P,) and a new upstream pressure (P,)
calculated.

7. The operation is repeated, working backward to-
ward the relief valve.

8. The calculated backpressure at the relief valve is
then checked against the maximum allowable back-
pressure (MABP). The calculated backpressure should
be less than, but close to, the MABP.

9. The MABP is taken as 40% of the set pressure for
balanced-bellows relief valves, and 10% of the set pres-
sure for conventional relief valves.

10. If there is a great difference between the calcu-
lated backpressure and the MABP, the longest header
should be decreased in size until the calculated back-
pressure is close to the MABP.

Example 3: Size the flare manifold with relief loads
and flow conditions shown in the figure. For simplicity,
the knockout drum is not shown.

Thisis the same problem solved graphically by Mak
[6], and is presented here to demonstrate the simplicity
of the method.

Table III summarizes the calculations. Note that the
backpressures are close to, but less than, the MABPs,
showing that the line sizing is acceptable.
Although many combinations of sizes are possible,

good judgment would dictate minimizing the capital
cost. The main header AB, which is 1,000 ft long,
should be as small in diameter as possible.

Validity of the method
Finally, let us examine the validity of the use of the

isothermal flow equation as opposed to the adiabatic  

flow equation. (Note that Mak [6] also deals with this
problem.) Compared to adiabatic flow:

1. The isothermal equation yields a higher backpres-
sure for both subsonic and sonic flow.

2. In subsonic flow, the maximum backpressure dif-
ference is less than 8%.

3. In sonic flow, the difference is less than 20% when
fL/D is greater than 0.1.

4. Although the difference is greater than 20% for
SL/D less than 0.1, this is academic, as such low values
are rarely encountered.

5. The difference in backpressure is less than 4%
when fL/D is greater than 10 for subsonic and sonic
flows.

These deviations represent maximums of the calcu-
lated backpressure difference between the isothermal

and the adiabatic equations. Actual flow in pipelines
and relief systems normally takes place somewhere be-
tween adiabatic and isothermal conditions, and the
deviation from the true value is greatly reduced.

Conclusion

This method provides a simple and rapid solution to
an otherwise complex problem. Moreover, application
of the program provides conservative values for back-
pressure, making it ideal for use in design of flare system
manifolds and piping.

For HP-67/97 users
The HP version closely follows the TI program.

Table IV contains the HP program listing, and user
instructions all offered in Table V.

 

 

 

  

 

Program listing for HP version Table IV

Step Key Code Step Key Code

Z £ce RCOL: N
T £zg A -7%

0T 5 -7 g38  FILZ I Al
oy Dids oS B3l : 24
e Fe =71 a7z ElLs I
ags ITos DBl h:l ME oF
657 mi -3 iz Fi 16-24
Ges ST ool ers ¥ g
g3s £3 Ti 83c 9 g4

Big EToC T oof 637 : -
31 S -31 €73 §TiS
312 50T 7T (T R73 3 -24
4iz 7 -3 €48 FCLT 3o oar
cid 705 ITIE #41  RiLZ 3c 8s
63 78 =i 242 A -3%
F15  #LELE £ 012 843 FILS € @5
giv IFI i Zi 8! g4 = =24

Bis wLELC 21 i3 443 VA o4
519 £T03 75 98 (4 ¥ -3¢
Ezé 1 é 847  FRTY -i4
A ‘ I F48 TG 75 g
2 ? gz 645  RECLI e 81
623 g 83 8a&  FCLS € €%
fad 5 B 851 = -24
825 Ezs Z7 832 FCie 3t @
B2 3 £5 453 X 2L
g627 tns =22 854  RCLZ e a7
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(Continued) Table IV User instructions for HP version Table V

Step Key Code Step Key Code Step Procedure Key

635 < -4 ags < =24 1. Clearflag 1. FCLF1

G656 FRTH -14 186  FCLE Jc If 2.  Enter program manually, or from both sides of a

@37  ST0E 33 1z 181 LN 22 magnetic card. . .

RE] 4 a4 igg + -og 3.  Store absolute roughness in register D; i.e., STOD

659  &T0! 546 18 RCLA e 1L 0.00015 (for carbon steel pipe)
56 1 Gl 134 5z =3 4. Key in gas flowrate W, Ib/h ENTER 1

1 eTar 7e - 1 e 5.  Key in temperature T, °R ENTER 1a5l &T0C J% i3 ies -I°- . . . - NTER

@62 *BL3 Il e 186  FIT 1£ 23 6 6. Keyin viscosity , lb/fth ENTER 1
563 FRCLC as oo 167 EToS - ae 7.  Keyinlength L, ft A
cod R R 15;3 F’Clt.'; s 8.  Key in molecular wt., M, ENTER 1
ab:- J? i S oL 9.  Key in gas compressibility factor Z ENTER 1
@é.; Lo it 1?" c L 10.  Key in pipe diameter D, ft R/S
st < 62 1.8 #LELE cl o 11.  Keyin P, and press the C key, (or P, and press C or B

BES 3 s 11z + ] 12.  Read the printoutin the following order:
853 1 i i13  [OSP: -6s 32 M, (or My)
gre x STt 114 RND 1€ 24 Neo
871 FCLE g I3 1'5  ST0# Iooen f
ar2 + -24 116  RCLE JE 15 P2 (or P)
673 RCLD Jo id ii7  R=YE 1533 AP
ard 2 8T 18 BTG P 13. Key in P, and press the B key, (or Py andpress BorC

ars : -£2 119 RCLE TE 86 the C key)
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Calculating two-phase
pressure drop
This program for the TI-59 calculator
quickly determines pressure drop for
two-phase fluids in horizontal lines.

 

W. Wayne Blackwell, Ford, Bacon & Davis Texas, Inc.
 

[] A program having several novel features has been
developed to determine two-phase pressure drop in hor-
izontal lines. The program uses the semiempirical
method of Lockhart and Martinelli [3], and is written
for the Texas Instruments TI-59 programmable calcu-
lator used with the PC-100C printer, but will run with-
out the printer.
The program:

B Calculates single-phase pressure drop in pipe for
either gas or liquid flow.

B Calculates pressure drop in horizontal pipe for
two-phase flow.
® Permits unusually rapid pressure-drop calcula-

tions—between 10 and 20 s for execution.
B Yields outputs adequate for permanent records.
B Permits easy change of operating data.
B Option-solves for ideal-gas density, using a self-

prompting mode of operation.
® Can be used with a calculator without printer;

pertinent calculated results are stored in data registers.
Considerable experimental and theoretical work has

been carried out over the last 35 years on the prediction
of two-phase frictional pressure drop in pipes.

Lockhart and Martinelli developed pressure-drop
correlations in the late 1940s for water-air systems flow-
ing in small pipes. These were later applied to other
fluids in large lines.
The Lockhart-Martinelli correlations are most appli-

cable to dispersed flow in which almost all the liquid is
considered to be entrained as a spray in the gas phase.
The correlations will yield slightly high results for strat-
ified, wavy or slug flow. (These four regimes make up
the bulk of two-phase flow configurations.) Annular
flow is about the only flow regime for which the correla-
tions may provide low results. (Annular flow is charac-
terized by the liquid forming a film around the inside
wall of the pipe, while the gas phase flows at high veloc-
ity as a central core.)

Thus, the Lockhart-Martinelli correlations will pro-
duce conservative results for the large majority of two-

Originally published September 7, 1981.
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phase flow regimes. Since the time the equations were

developed, other investigators have developed better
ones for particular two-phase systems but, to this day, a
better general correlation has not been worked out.
The basis of the Lockhart-Martinelli correlation is

that the two-phase pressure drop is equal to the single-
phase pressure drop of either phase, multiplied by a
factor that is derived from the single-phase pressure
drops of the two phases. In this program, the total pres-
sure drop is based on the gas-phase AP by [3]:

APy100) = BPy100 ¥, (1)

The equations
The program solves the following equations™:

Ng, = 631 W,/du, (2)

f = 64/Ng, (for laminar or viscous flow, where

Ng, < 2,000) (3)

S = (2log[(3.24¢/d) + (7/Ng,)*"])~* (4)
where Ng, > 2,000

AP,100) = 0.000336(f)(W,)?/d°p, (9)
X = [AP,/AP,)05 6)
Y, =[exp(4y + 4;In X + AyIn X2 +

A;In X%]2 (7)
V= 0.0509(W,/o, + Wy/py)/d?
b, = (M)(P)/10.73(T + 460)

Using the program
Table I presents the program operating instructions.

The program is read in from a single magnetic card. To
begin computations, the user must first press B to
initialize the program, and then enter data for the gas
and liquid phases in Registers R; to R,. The user then
keys in the pipe I.D. and presses A to obtain a complete
printout of all pertinent information.

Pressure drop for single-phase flow is readily calcu-

*Eq. (2) and (5) are from Ref. 4; (4) is from Ref. 2; and (6) is from Ref. 1.
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Program for finding pressure drop in horizontal lines handling two-phase flow

Key Location Code Key Location Code
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Location Code Key

FLUID FLOW

Location Code Key Location Code Key Location Code Key Location Code Key

 (Continued) Table |

 
 

Fig. 2 Printouts for sample calculations

 



  

 

 

 

User instructions Table Il

Step Procedure Enter Press Display

1. Load program Side 1 1

Side 2 2

2, Initialize B 0

3. Enter required data*

Wg STO 01 Data

Kg STO 02 Data

Pg STO 03 Data

Two- W/ STO 04 Data

phase My STO 05 Data

only P/ STO 06 Data

4, Key in pipe 1.D. 1.D.

5. Calculate AP A Velocity

Options—For alternative pipe sizes, key in new pipe |.D. and press A

For alternative Yg values, key in new Yg and press C

For data printout, press D

*For single-phase pressure drop, enter either vapor or liquid data in

Registers Rq through Rg3, and leave data Registers R4 through Rg

as initialized (0 in R4 and 1.0 in Rg).

 

TWO-PHASE PRESSURE DROP 109

Data registers Table IV

0. Counter 14. Npge

1. Wy or W, Ib/h 15. d,in.

2. g or uy, cP 16. f

3. pg or py, Ib/ft3 17. Y,

4. Wjor0, Ib/h 18.  AP¢(100). Psi/100 ft
5. wy,cP 19. Velocity, ft/s

6. pjor 1.0, Ib/ft3 20. Ag

7. 0 21. Aq

8. 486 x 106 22. A,

9. 336 X 106 23. Aj
10. 0.0509 24. Sum register

11. 6.31 25. M

12. X 26. P, psia

13.  APy(100). Psi/100 ft 27. T,°F

Registers 1 to 6 contain data stored by user.

Remaining registers contain data stored, or

calculated and stored, by program.   
 

 

 

   

 

lated by storing the liquid or vapor data in Registers R
to R, keying in the pipe I.D., and pressing A. (When
switching from two-phase flow to single-phase flow, the
calculator must be reinitialized by pressing B.)

Two-phase flow
The program will calculate pressure drop for single-

phase flow for either viscous or turbulent flow. How-
ever, for two-phase flow, it will calculate pressure drop
only for turbulent flow.

Eq. (7) and constants 4, through 4, were obtained
by a least-squares curve fit of the original data of
Lockhart and Martinelli for the region in which both
the liquid and gas flow are turbulent. This is the solid
line in Fig. 1.

 

 

  

   

     

 

  

User-defined keys Table I

A. Starts program

B. Initializes program

C. Calculates AP with user Yg

D. Lists data registers

E. Calculates ideal-gas density

described in the text

Turbulent flash viscous flow

3. HZe in

103711, 8728 FE
i = 4 : FF ——-Turbulent flow (vapor)

i. P -ids wF

i.. 03 RE
g, =  LFF ——=Laminar (viscous) flow (liquid)

= R F

4. TR # ——=X value used in Fig. 1 for
=, T8 00 Vi finding YG

T N

A “These values automatically
YEL calculated for turbulent/turbulent

flow, but are ignored for this case.
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™ Pressure drop for
two-phase mixture  
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X

Parameters for pressure drop in liquid-gas

flow through horizontal pipes [7] Fig. 1
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The other two curves of Fig. 1 represent either a com-
bination of turbulent/viscous flow or viscous/viscous
flow. Calculation of pressure involving these last two
curves is so seldom encountered that it is not worth-
while to derive equations for each. However, by using
Fig. 1, the user can determine an appropriate ¥, value
and a correct pressure drop if a problem involves these
two regimes.
The user need not bother with Fig. 1 for turbulent/

turbulent flow, as the program will handle this auto-
matically. For the other regimes, the user simply runs
the program normally and then looks at the printed
friction-factor value to see if laminar flow is encoun-
tered for either liquid or vapor. This is indicated by
LFF in the program printout.
The X value calculated is located on Fig. 1, and a

new Y, (Y-axis) is read off for the type of flow encoun-
tered (turbulent/viscous, or viscous/viscous). This new
value of Y, is keyed into the machine, and the C key is
pressed. The program calculates and prints a new value
of P,;00 for these conditions (see Fig. 2).
The pipe roughness figure used in the program is

0.00015 ft (for steel pipe). Other values may be used by
multiplying the roughness number by 3.24 and storing
the result in Register 8. (Note that this must be done
after the program is initialized by pressing Key B.)
To calculate ideal-gas density, the user must press E

and answer the questions as they are presented. Press
R/S after keying in each piece of data.
The user may press Key D at any time to obtain a

printed listing of the data registers.

An example
What is the pressure drop per 100 ft of pipe in a

12-in., Schedule 40 line (I.D. = 11.936 in.), with the
following flow data?

Vapor: W, = 350,000 lb/h; u, = 0.01 cP; p,
= 2.0 Ib/ft3.

Liquid: W, = 300,000 lb/h; u, = 0.10 cP; p,
= 33.5 lIb/ft3.

Assuming that the calculator has been initialized by
Key B, the data are entered as follows:

R, = 350,000 (350,000, STO, 01); R, = 0.01;
R4 =20; R, = 300,000; R; = 0.10; R, = 33.5. Then
key in 11.936 (the pipe I1.D.) and press Key A.

Turbulent/viscous flow example

What is the pressure drop per 100 ft of pipe having
an L.D. of 4.026 in., with the following flow data?

Vapor: W, = 700 lb/h; p, = 0.01 cP;
p,= 2.0 Ib/ft5.

Liquid: W, = 100 Ib/h; u, = 0.10 cP;
p,= 33.5 lb/ft3.

Store data in R, to Ras in previous example. (Note:
Press B first if this is the first run with program.) Key in
4.026 and press A.

After printout is complete, find ¥, from Fig. 1, using
X calculated by program. Key in Y, and press Key C.

 

Nomenclature

A, to A; Constants for 2-phase-flow-modulus equation

d Pipe LD, in.

f Friction factor, dimensionless

M Molecular weight, dimensionless

Ng, Reynolds number, dimensionless
AP1op  Pressure drop of gas flowing alone in pipe,

psi/100 ft
AP0  Pressure drop of liquid flowing alone in pipe,

psi/100 ft
AP,100  Total pressure drop of 2-phase mixture, psi/

100 ft .
AP0  Pressure drop ofeither liquid or gasas if flow-

ing in pipe alone, psi/100 ft

Gas temperature, °F

Velocity of 2-phase mixture in pipe, ft/s

Gas flow, 1b/h

Liquid flow, 1b/h
Flow of gas or liquid, 1b/h

Lockhart-Martinelli 2-phase-flow modulus

Y ordinate in Fig. 1 (calculated by program

itself for turbulent flow—for other types of

flow, use Fig. 1)
o
<
>
<
:
§
§
§
<
~

€ Pipe roughness, ft

g Gas viscosity, cP

W Liquid viscosity, cP

Uy Viscosity of liquid or gas, cP

P, Density of gas, 1b/ft3

0, Density of liquid, lb/ft3
0, Density of liquid or gas, 1b/ft3    

For HP-67/97 users
The HP version closely follows the TI program. The

HP program listing appears in Table V, and the user
instructions in Table VI. The HP printout corresponds
to the TI output, but the HP has no “printed key.”
Please consult the table titled “Printouts for sample cal-
culations described in the text” to identify the printout
items for the HP output.

 

 

Program listing for HP version Table V

Step Key Code Step Key Code

691 ¥LBL¢ ci il Bi2 i €l
@8z 5Tds Jo Qi BiZ ¥ oo
acx  FRT. -4 14 JE i
agd kLo - ci 83 215 -2

aas gs Big 3o 87
695 EE -27 &L -24
ezr 3 £z 313 - 14
aeg  RCL] oo £ Gis 15-34
Bas t ac Ble ZIodl
aié -&Z Bzi BE
Bli 3 #3 a2z i4
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(Continued) Table V

 

Step Key Code Key Code Step Key Code Step Key Code
 

 

823 ARy -5 53 PRTY -i4 @895 X -35 1i% RCLA 35 i
824 : -24 -3° RCLE 35 iZ ase ex 77 128 53

§25 E7d2 2 ez Jo 11 < -2¢ @a7  PRTX -1¢ IZi T -4

826 xLBLI zi &l A5 X 24 @98 xlBLC 21 17 122 FRTR -ig

ez? 1-% e 2! PRTX -i4 A%S2 RCLE I8 1z 123 8 3

828 7 2¢ L o< 198 x -35 124 ¥lELE Zi i3

8:39 X -35 £3 ST0C 35 17 181 PRTX -14 135 4 g4
A3e . -t2 =24 RCLs Jz ad 1F2  RCLI 36 61 126 & g5

63 3 o= cs &! RCLS 36 85 183 RCL3 o5 8T 1E7 & g

6§32 ¥¥ i 8 a2 RCLC 35 12 184 = -4 135 + -55

#33 RCLE 36 68 -1 X -35 185 §7(D 35 14 122 i
834 RCLA 3¢ Ii @88 STOE 2 12 882 + -85 ¥LBL 1 Zi Bl 1Ze 4 aé

53 < -4 B35 RCLS J& 88 893 RCL¢ . -z 131 . B2

£3¢6 + -5 @868 RCLS JF 83 @884 RCLC 8 g i3 7 g7

837 Li& e = #&i F&s 16-5: 885 5 gz 1% 3 g3

@438 z 8- B&2  STGS IT 38 e&e 8 g5 134 -5

839 X -7 8€3 i -3 887 s g> 135 14 ZZ

844 A< S- 854  ST08 35 e @R RC FEsS ie-5r 136 -3
F4l 1-% I B85 RCLI Jc A1 689 RC RFCLi Ir g 137 ¥ -5

42 %LBLc Z1 &3 BEs X=@7 i6-37 8%8 RCOL3 36 BT 138 PRTX -i4

843 FRTH -i4 @E€7 ETii 22 B 8% < -74 138 RTH 2

844 RCLS Z€ £Z BEB SF1 1¢ 21 6! 692 FCLD I i4 148 k-5 3l

845 -’ B89  EBT(03 22 83 893 + -£5

846  RCLI Jt 81 7B ¥.pl? 2i 82 894 -3%

User instructions for HP version Table VI

 

- Enter program, either manually or from magnetic card (two sides).

2. Store the following data:

Gas flow W,, Ib/h

Gas viscosity, cP

Gas density, Ib/ft®
Constant, 0.000486

Constant, 0.000336

PressP =8

Liquid flow W, Ib/h

Liquid viscosity, cP

Liquid density, Ib/ft®

Constant, 1.4659

Constant, 0.4914

Constant, 0.0489

Constant, -3.487E-4

Primary Registers

STO 1

STO 2

STO 3

STO 8

STO 9

Secondary Registers

STO 1

STO 2

STO 3

STO 4

STO 5

STO 6

STO 7
Press P & S (Return to primary registers)

Enter inside diameter, inches

Printout will be in same order as in original article.

If other than turbulent flow, select value of Y, from Fig. 1, enter and
press key C

6. For ideal gas density:

Enter molecular weight

Enter pressure, psia

Enter temperature, °F

Printout will be density, Ib/ft3

o
s

Key A

ENTER 1
ENTER 1
Key E
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Program predicts
pressure drop
for steam flow
This TI-39 calculator program
provides a fast, accurate estimate
of pressure drop for saturated
steam. Inlet pressure is the only
physical datum required, because
the program includes a routine
that calculates specific volume.

    :~

3 !&"TIT

 

Calvin R. Brunner, Malcolm Pirnie, Inc.
 

[] Figuring the expected pressure drop in a saturated-
steam line is a problem that comes up time and again in
plant design and operations. When the length (or
equivalent length) of the pipe is long,it is difficult to be
accurate because the specific volume of the steam, and
thus the velocity, changes along the way. This program,
written for the TI-59 calculator with or without the
PC-100C printer, eliminates the changing-density prob-
lem by dividing the pipe length into short increments
over which the specific volume is assumed to be con-
stant. The user controls the number of increments, and
thus the run time and accuracy.  

The calculation
The Unwin formula [/] expresses the pressure drop

between two points as follows, assuming that there is no
difference in height (gravity head):

P, — P, = 174.2fw?vL/d> (1)

where the friction factor f for turbulent flow of satu-
rated steam is estimated by:

S =0.0027(1 + 3.6/d) (2)

The variables and units are defined in the nomencla-

ture table. Combining Eq. 1 and 2, and converting
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  Printouts for example calculation show how accuracy increases with the number of iterations  
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Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key

 Program listing for TI-59 calculator Table 1I

 Source of data: Ref. 2

Calculated as v = 369.5 P0.962

0.842
1.161

350
400

550

1.160

0.854

1.326 1.319
200

Pressure (P)

50

2.288 2.360
8.615

Calculated*

8.574

’ psia Actual

Specific volume (v), ft3/lb   for saturated steam

Specific-volume correlation

Table |

 
 

    
 

v

W Steam flowrate, 1b/h

Specific volume of steam ) ft3/1b

w Steam flowrate > lb/s

s Incremental length (

, psia

L/(N — 1), ft
P Absolute pressure

N Number of points for N

L Total pipe length (or equivalent length), ft

— 1 increments

d
S

Pipe inside dia., in.
Friction factor

Nomenclature
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User instructions Table Il

Step Keystrokes Display

1. Partition 62nd Op 17 479.59

2. Enter program or

read cards

3. Enter data

Diameter d A d

Flowrate w B w

Length L C L

Pressure in P, D Py

4. Enter no. of points N E Program runs.

P2 is final display.

Results print out.

5. To change data, go back to Step 3.

6. To change no. of points only, go

back to Step 4.  
 

 

 

Storage locations Table IV

Register Contents

00 Diameter (d)

01 Used

02 Flowrate (W)

03 Length (L)
04 No. of points (V)

05 Pressure in (P4)

06 Pressure out (P,)
07 Current increment

08 Specific volume (v)

09 Pressure drop (P, - P2)  
 

flowrate to Ib/h (W = 3,600 w), we obtain the general
expression:

W?2LyP—P=—""
1 727 97554535

(d~5 + 3.647) (3)

The specific volume is a function of steam pressure,
and varies with it as shown in Table I (for pressures to
550 psia):

v = 369.5 P~0962 (4)

If we now divide the pipe length (or equivalent length)
L into N — 1 segments, each s = L/(N — 1) in length,
we can generalize Eq. 3 for the pressure drop across any
segment:  

Wsp,
P — P =——_' (475 3.6d¢

i~ 5=sy @ T 36T 0)

If 5 is sufficiently small, the pressure difference between
points z and j is small enough that the difference be-
tween »; and »; is negligible.

The program calculates a new »; for each segment,
and uses that value to calculate the pressure drop for
the segment. This yields the pressure, and thus the »;
value, for the next segment. The program is finished

when it has gone through all N — 1 segments, and cal-
culated the final pressure at length L. The greater the
number of segments, the greater the accuracy of the

result obtained.

How to use the program

Table II lists the program steps, and Table III.the
user instructions. Note that the calculator is partitioned
to 479.59 whenfirst turned on. Therefore,it is prepared
for program entry or card reading (one card) automati-
cally. While the program is running, a number will
flash in the display, beginning at N — 1 and succes-
sively decreasing to 2. The last display is the final pres-
sure P,, and the results will print out as shown in the
figure if the PC-100C printer is engaged.

The run time is about 2.5 s per iteration. For exam-
ple, the calculation will take about 1 min if N = 25. To
do a series of calculations,it is necessary to enter only
the variable of interest and N. Entering N and pressing
E starts the calculation procedure. If one wishes to re-
trieve any of the stored values without printing them
out, the register locations are listed in Table IV.

Example: Whatis the pressure drop for 7,500 1b/h of
450-psia saturated steam flowing through 2,000 (equiv-
alent) ft of 4-in. Sch. 40 pipe? (The inside diameter of
such pipe is 3.826 in.) To solve the problem, enter the
data as follows:

3.826 A
7,500 B

2,000 C
450 D

Then enter the number of increments desired, in this

case 100:

The program runs for about 4.5 min, then prints out as
shown in the figure on p. 112 (where N = 100). Note
that the value for the final pressure is more accurate
when N is greater. Since the final pressure shown is
439.8808275 psia, the pressure drop is 10 psi. One can
also retrieve pressure drop directly from Register 09.

For HP-67/97 users

The HP version closely follows the TI program.
Table V provides the HP program listing, and Table VI
gives user instructions. A printout of the example re-
sults are contained in Table VII.
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Program listing for HP version Table V
 

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code
 

   

 

 

 

 

g8l ¥LZlH : Aa2e a 858 KoLl 6 6. @77 PRTX

agac STGE g1 453 -3 678  RCLLE

#as ks g2z & dod  ECL4 Jf &+ Br9  DSFé

@84 ¥LGBLE 82z #51 < -+ 888 FRTE -is

#as  siis 824 ECLE . a6z KCLZ Z6 £ 88l RCL3 36 B3

fie K-z 823 o 3 863 A% 53 B82  PRTX -is

@87 xLEBLC 826 CHS : o dod i -II 883 PRCL: ¢ 85

68s  5TC: 27 i [ #46 z ée3  5TOS 35 B @84 PRT: -id

gas R i B8 + -Z8 847 LHS -io Bes CHS -Zi 885  RCL4 3t He

816 xLBLD ZII+ gz2s Z o 848 ¥ Zi @87 ST+6 35-55 &5 @86 FPRTX -14

a1l 5TGS LI (- ; oo 845 3 &2 @868 RCLI St 45 887 SFC ie-il

g1z Fes Io B3l S ST #58 & Gr  d£9 FSE ic S1 888 FRCLE 36 €o

813 x¥LBLE SioiZ 832 5 o5 851 g 8% @78 D521 15 25 s 889  [DSFS -g2 85

ai4 STG4 35 64 B33 4 g+ @32 . -2 8rl ETO0a Z2: ic 1. @38 FRT -4

a15  sT0I D4 @34 3 - B33 3 B @872 RCLE 3c Bc @9i SFC ie-ii

8l RCLe 6 B8 @38 3 £2 834 -¢Z B73  DSFeé -5l g8 @92 SFC ie-ii

817 & €z @36 = I B35 3TG&E R 874 SFC ic-ii @893 SFC le-1i

a1s CHS -l 83T < -5 @36 ECL3 @75  KCLe Jt g8 894 KTH 24

] zi 838 510 35 61 857 876 O5FZ -&3 83 8395 R-5 ol

User instructions for HP version Table Vi

Step Procedure Key Display

1. Key in program (or insert magnetic card, one side only)

2. Enter diameter d,in. A d

Enter flow rate W, Ib/h B w

Enter length L,ft C L

Enter inlet pressure P, D P1

3. Enter number of calculation steps N E N
(Note: Increasing the numberof steps from 25 to 100 would only increase pressure drop

accuracy by about 0.03%;thus, there is no point in using more than 25 steps.)

(Once the data are entered, to rerun for a different number of calculation steps, go

directly to step 3.)

Outputis: The calculation step numberis intermittently displayed during the calculation. When N

calculations have been made, the calculator prints:

Diameter, in.

Flow rate, Ib/h

Length, ft
Inlet pressure, psia

Number of calculations

Outlet pressure, psia

Data are stored as follows:

Register Data

Diameter

Flow rate

Length

Number of calculations

Inlet pressure

Outlet pressure

Specific volume, ft%/Ib

Pressure drop for the last calculation step©
O
O
0

s
d
-
W
N
O

 

Note: Multiplying the value in Register 9 by the number of steps yields the total pressure drop, approximately.
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Printouts for example References
1. Baumeister, T., et al., eds., “Marks’ Standard Handbook for Mechanical

Engineers,” 8th ed., McGraw-Hill Book Co., New York, 1978, p. 4-50.
 

calculation-HP version Table VII

N=10 F.EEE sk
TOER, ki

JEBE.  aEw

JS5.  yax

18, wea

439.8365662  k¥s

N=25 F.255 wvs
ToBo,  yax

2808, wa
§58. xry
28, Wi

439,8841711 »=d

N = 100 Z.026 wux
7968, vix
26E3., R4
455,  Nsi
16E. iax

439.8886i-4 s

 

 

2. Keenan, J. H., and Keyes, F. G., “Thermodynamic Properties of Steam,”
John Wiley & Sons, New York, 1936.

The author
Calvin R. Brunner, P.E., is Chief
Mechanical Engineer of Malcolm Pirnie,
Inc., Consulting Environmental
Engineers, Two Corporate Park Dr.,
White Plains, NY 10602. He is
responsible for design, construction and
operation of waste-incineration systems,
as well as other combustion processes.
Mr. Brunner holds a master’s degree
from Pennsylvania State University, and
a bachelor’s degree from City College of
New York, both in mechanical
engineering. He is licensed as a
professional engineer in five states, and
has written two texts on incineration,
plus many technical articles.



Estimate heat-tracing
requirements for pipelines

Because the equations for tracing contain two unknown quantities,
this calculator program contains a rapid procedure for determining

the film heat-transfer coefficient to air. The program then
continues to establish the remaining design values for heat tracing.

 

W. Wayne Blackwell, Ford, Bacon & Davis, Texas Inc.*
 

[] Pipelines containing liquids are often heat-traced to
prevent the liquids from freezing or becoming too vis-
cous to flow. Pipelines handling gases are sometimes
heat-traced to prevent components or water vapor in
the gases from condensing.
The program to be described will allow us to rapidly

calculate the heat loss and tracing requirements for any
given pipeline, using hot oil or other fluid medium as
the heat source for the tracer. The program was written
for the Texas Instruments TI-59 programmable calcu-
lator, to be used with the PC-100C printer.

This line-tracing program:
® Calculates surface temperature of insulated pipe.
B Calculates heat transferred per 100 ft of pipe.
B (Calculates total heat transferred.
B Determines flowrate for hot media.
B Estimates number of heat tracers required without

heat-transfer cement.
B Estimates number of heat tracers required with

heat-transfer cement.
The program can be used without the printer because

most results are stored in the TI-39 registers.

Equations for heat, flow and temperature
The program solves the following equations':

Q = 27K,(1, — T})/In(d,/;) (1)

Q = ho(7dy/12)(T, — Toy,) (2)

X = In(d,/d;)(h,)(4,/12)/2K; (3)

T, = (T, + XT;,)/(X + 1) (4)

Q= QL )

W=Q/C(Tni — Tnp) (6)

Twoe = U/A Tegavg. — Tp) (7)

Toe = Q/NTeaavs. — Tp) (8)
*To meet the author, see p. 111.

tEq. (1) and (2) are from Ref. 1; Eq. (7) and (8), Ref. 2; and Eq. (9),
Ref. 3.

Originally published September 6, 1982.

 

he + by = 564/(d,)019273 — (T, — T,;)]  (9)
Wp=A + B(T, — Ty,,) + C(T, — T, (10)

ha = (h+ h)Wy (11)
Kern [/] and others have demonstrated that the heat

transferred through an insulated pipe encounters four
resistances: (1) film resistance on inside wall of pipe,
(2) heatresistance through pipewall, (3) heat resistance
through insulation, and (4) air film resistance on out-
side of insulation. The first two resistances are normally
very small, and have been neglected in this program.

For this program, Eq. (1) and (2) were equated, and
the terms rearranged to form Eq. (4). Since Eq. (3) and
(4) involve two unknowns (4, and 7}), an initial value
of A, is assumed and 7 calculated. The program then
calculates a new value of 4, from Eq. (9), and Eq. (4) is
resolved for a new 7. This procedure is repeated until
the film heat-transfer coefficient changes less than 0.01
from the previous calculation.

After T, has been determined, the program continues
to calculate Q, W, and the number of tracers, with and
without transfer cement, required to maintain pipeline
temperatures. Heat losses are based on a 20-mph wind
speed, but may be adjusted for zero wind speed, as will
shortly be explained.

Using the program
Table I lists the detailed program-operating instruc-

tions. After entry of the program (Steps 000 to 361) into
program memory, and entry of the required constants
in Storage Registers 18, 19, 20, 23, 24 and 25 (as out-
lined in Table III), the program and contents of the
storage registers are down-loaded onto magnetic cards.
Once this information has been thus stored, the pro-
gram is ready for use.
The user need only read in the magnetic cards, store

pertinent data in Storage Registers O through 10, and
press A to begin the calculations (Table II). Usually a
first guess of about 4 for A, speeds up convergence and
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Tracer-<   

 

    

 

Heat-transfer cement-~

Insulation -—___

Pipeline-———__ _

-

Process fluid—~

Single tracer

 

Two tracers

   
  

Channel (optional) ~_

Banding or netting -

Three tracers

 

Program for calculating total heat transferred, flowrate

 

 

Configuration for heat tracers
depends on number required    
 

Step Code Key Step Code Key Step Code Key

Start program ns2 11 11 120 5S4

g0 550+ 121 9% =
ooo 76 LBL OBl 432 RCL 122 35 17K
ory 11 f pe2 12 12 123 &5 =
a0z €9 gk oe3 a5 = 124 05 S
03 00 00 064 23 LHX 125 06 &
04 43 RCL pes &5 126 Q& 4
oS i 18 Oes 43 RCL 127 95 =
noe &9 0OP ey 10 10 i2ze 42 570
o7 01 01 DE2 €5 129 22 2

D08 43 RCL D69 43 RCL 130 4¢3 RCL
0oo9 1% 19 pFo 11 11 131 14 14
019 &9 0OF grl1 5% = 132 75 -
Qi1 o0z 02 o722 a1 1 132 43 ECL
@12 43 RCL avF3 a2 2 124 04 04
o1z zo 20 74 55 = 125 95 =
gi4 &9 0OP a7s oz 2 126 42 570
o1 az 3 O¥se 5% =+ 137 27 27
0le »% 0OF avy7 43 RCL 122 42 RCL
Q17 a5 05 ave 08 08

018 43 RCL vy 95 = Calculate wind factor
119 02 02 020 42 sT0
a20 85 0+ o081 1e  1é 139 23 22

g2y 42 RCL gg2 &5 ¥ 140 42 =70

Q22 03 03 pe3 43 RCL 141 26 26
g23 95 = 024 04 04 142 42 RCL

024 535+ 085 8% + 143 27 27

DS nz 2 386 42 RCL 144 &5 X

nge 95 = og? 13 13 145 =2 RCL
027 <42 STO e8 95 = 45 24 24
028 21 21 p8s 55 =+ ;47 95 =
029 35 + o930 S22 143 44 SUM
030 43 RCL 091 43 RCL 149 26 26
031 01 01 J92 16 16 150 43 RCL

n3z 95 = 093 85 + 151 27 2
0332 S + 094 01 1| 152 33 ¥=

N34 s 2 0%5 54 193 695 X
035 35 = Nn9¢ 95 = 154 43 RCL
U336 42 570 D97 42 €70 155 2% 25
o037 13 13 nes 14 14 156 95 =

L3842 RCL 099 7é LBL 157 44 SUM
39 2% 03 100 13 C 158 26 26
040 =25+ 159 43 RCL
J4i 43 RCL Calculate h + b, 160 26 26
047 06 OF i61 65 X
o4z 25 = 101 432 RCL 162 472 RCL
044 4z =70 102 11 11 162 22 22

n4s 12 12 1032 45 v+ 164 9% =
D46 =5 + 104 33 .
04 Y 53 i i 03 01 1 Calculate h,

048 43 RICL i06 09 9
049 97 07 107 95 = i85 2 570

050 £S5 # 108 €5 6B 22 28
051 02 2 i09 S3 ¢ 167 932 .
052 %S4 i10 o0z <& 63 00 O

053 95 = 114 07 7 169 01 1
054 4z 570 i12 03 3 170 322 =&
055 11 11 112 75 - 171 43 RCL
0sé 76 LBEL i14 S3 ¢ 172 10 10

0os? 12 B 115 43 RCL 173 75 -
116 14 14 174 43 RCL
117 75 - 175 28 2%

Cataulate 7, 118 43 RCL 176 95 =
058 43 RCL 119 D04 04 177 S0 Ix]
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of heat-transfer medium, and number of heat tracers Table |

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key

172 77 GE 208 75 - 242 0Og 05 2Ve 25 = 308 &9 0OF 336 04 4

i79 15 E 209 42 ROL 247 5% <+ 277 4z =570 07 04 04 337 03 3

130 7& LBL 210 04 04 244 432 RECL 27a 29 29 02 3 KT 232 01 1
i21 14 D 211 54 245 092 03 272 s5 H® 09 229 0P 239 0% 5

212 =25 = 24e 55 =+ 240 =5 0OP

212 42 =70 247 853 i Print Tyoc 341 04 04
Calculate variables 214 15 15 242 4% RCL Constant a 210 e 08 242 32 HKe

215 &9 0OF 249 0z 0z 211 43 RCL 243 &9 0P
132 &9 0OF 216 00 00 250 75 - zan 93 . I1E 2a 29 )
(2% 00 00 217 03 3 251 43 RCL 281 03 3 313 £5  x Print Twe
ig8d4 033 218 04 4 252 0z 03 232 09 9 344 0Og 0B
135 07 7 #19  &9 OF 253 54 2e3 03 2 Constant b 445 92 ADY
18¢ 02 3 220 04 04 Z54 95 = 224 95 = 314 04 4 348 31 R-S
127 08 & 221 43 RCL 255 42 =70 285 3% 17X {5 97 347 F& LBL

132 &9 0OF 222 15 1% 258 17 17 286 &2 X e 05 05 24z 15 E
133 N4 04 223 532 0P 257 oz 2 227 43 RCL 317 0g 8 .
190 43 RCL 224 06 06 258 a7 7 283 15 1% 318 95 = Readjust i,
191 14 14 222 01 1 259 01 1 283 35 = 219 35 1s8 249 43 RCL
132 3 0OF 226 04 4 e a4 4 290 as + 320 =5 o 3250 28 28

1922 06 O 227 03 3 26! 08 & 291 22 . 221 43 RCL G142 ST0
i9d4 42 RCL 223 0¥ 7 2Ez2 U3 3 29z 039 322 i5 15 352 i0 10

195 28 28 229 04 4 283 0Dz 2 9z 09 9 322 95 = 353 &1 GTO
196 &5 X 220 01 1 264 0Oz 3 294 g3 9 324 95 0+ 34 12 B

197 289 4 2321 o2 2 2e5 &% 0OF 235 95 = 325 33 . 355 91 R~sS
122 B85 X 232 03 3 2 04 04 296 59 INT I2E 0909 356 74 LBL

i93 4% RECL 233 &9 0OF 267 43 RCL 297 32 X7 327 09 3 357 10 E®

200 i 11 234 04 04 2e8 17 1V 295 03 3 Z28 039 : :
20i E5 0+ 235 43 RCL 263 &9 OF 299 07 7 329 3% = Print data regiters
02 201 1 226 15 15 270 s 0& 300 04 4 330 59 IHT 368 00 0
203 [0z 2 237 &5 X 271 42 RCL 301 03 3 221 =2 MIT 359 22 1INV
204 85 X 238 43 RCL 272 21 2 202 oz 2 332 &5 0P 3610 973 LET

205 53« 239 00 00 272 7S - 303 02 2 332 0o 00 261 91 R/8
206 432 RCL 240 95 = 274 43 RCL 304 01 1 334 03 3
207 14 14 241 &9 0OF 275 01 01 305 05 5 2325 07 7 End program

 

reduces run time. After a program run, intermediate
results are maintained in unused Storage Registers 11
through 29. See Table III for all stored information.

In this program, the combined convection and radia-
tion heat-transfer coefficients are corrected by a wind

factor to calculate 4,. If designing for zero wind condi-
tions, enter 1.0 in Storage Register 23, 0 in Storage Reg-
isters 24 and 25, and run the program as usual.
Thermal conductance values, a and b, used in this

program are for Y,-in. tracer lines. The user may substi-

Nomenclature

A,B,C Constants for wind-factor equation

a Thermal conductance, tracer to pipe, without

heat-transfer cement, Btu/(h)(°F)(ft of pipe)

b Thermal conductance, tracer to pipe, with

cement, Btu/(h)(°F)(ft of pipe)
G, Specific heat of hot medium, Btu/(Ib)(°F)
d; Inside diameter of insulation, in.

d, Outside diameter of insulation, in.
hy Film heat-transfer coefficient to air (corrected

for wind), Btu/(h)(°F)(ft?)

h. + h, Combined . convection and radiation heat-
transfer coefficient, Btu/(h)(°F)(ft?)

K, Thermal conductivity of insulation, Btu/(h)

(ft?)(°F/ft)
Total pipeline length, ft

Q
Q

Heat lost per ft of pipe, Btu/(h)(ft)

Total heat lost from pipeline, Btu/ht
T, Average temperature of pipe and tracer, °F
T, Air temperature, °F
Tea.avy. Average temperature of hot medium, °F

T, Inlet temperature of hot medium, °F

T, Outlet temperature of hot medium, °F
T, Temperature in pipe, °F

T, Outside surface temperature of insulation, °F

T, Number oftracers required with heat-transfer
cement

T,0c Number of tracers required without heat-

transfer cement

w Flowrate of hot medium, lb/h

Whg Wind factor
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User instructions Table Il

_Ste_p_ Procedure Enter Press Display

1. Readin both magnetic cards, CLR 1,2,4

Sides 1, 2and 4

2.  Store data in registers RO RO=L,

through R10 R1=T, Data

R2 =T/

R3=Tmo

R4 = Ta,',

R5 = Pipe 0.D.

R6 = Tracer

allowance

R7 = Ty

R8 = K;

R9=Cp

R10 = h, (est.)
3. Press A to begin A Twe

computations

4, Option: Press E’ for E’ 0

printout of data registers

 

 

 

Contents of data registers Table 11l

0. Line length,ft 15. Q, Btu/(h)(ft)

1. Tp,°F 16. X

2. Tpi°F 17. W, Ib/h

3. Tmo.°F 18. 2724311700*

4. T,°F 19. 3735131517*

5. Pipe0.D., in. 20. 3500332230*

6. Tracer allowance,in. 21, Tmed_avg.,°F

1. Ti.in. 22. h,+h,, Btu/(h) (CF)(ft2)
8. K;, Btu/(h)(ft2)(°F/ft) 23. 2.814*

9. Cp, Btu/(Ib)(°F) 24. —0.0003885714*

10. Ay, (trial calculation, Btu/(h)(°F)(ft2) 25. —0.0000012857*

11. d,,in. 26. We

12. d;,in. 21. Ty— T,°F

13. Tavg, inside. °F 28. hj, Btu/(h)(°F)(ft2)

14, T,,°F 29. Tred.avg. — Tp, F

*Constants that must be stored on magnetic card
before program execution (first time only).   

tute constants for other-sized tracers, as given in Table
IV. Constant a occupies Program Steps 280 through
283, and b occupies Steps 314 through 317. Constants
for other-sized tracer lines may be keyed into the same
area of the program.

An example
Estimate the number of tracers required to maintain

100 ft of 6-in.-dia. process line at 500°F. Hot tracing
medium is available at 625°F, and has a heat capacity
of 0.53 Btu/(Ib)(°F). The process line is covered with
2.5 in. of insulation whose thermal conductivity is 0.037
Btu/(h)(ft?)(°F/ft). Design this system for 0°F air tem-  

 

Thermal conductance values for tracer lines Table IV

 

 

Tube size, Constant,

in. a _b_

3/8 0.295 3.44

1/2 0.393 4,58

5/8 0.490 5.73

See Eq. (7) and (8)

 

 

User-defined keys Table V

 

A — Starts program

B — Calculates T (internal)

C - Calculates A, + h, (internal)

D - Calculates Q, Q;, W, and number of tracers (internal)

E — Readjusts h, for new trial (internal)

E’ — Prints data registers   
perature and 20-mph winds. The tracing medium is to
be returned at 550°F. Use Y,-in. tracers.

Enter the problem variables into the calculator:

Variable Register Variable Register

L, =100 (RO)  Tracer
T, = 500 (R1) allowance* = 1.25 (R6)

T, = 625 (R2) T, =25 (R7)
T, = 550 (R3) K, =0.037 (R8)
T,,=0 (R4) C, =053 (R9)
Pipe O.D. = 6.065 (R5) A, (trial) = 4.0 (R10)

Press Key A to run the program. The results print as:

LINE TRRCER FPGH
   13, 24804: 5

2324, 2313 i
234835, 13052 eTilH
SS0. 5224045 LE<H

7 TWhc
i TWe

The estimated number of tracers without the heat-
transfer cement for this example is seven, while using a
heat-transfer cement reduces the required number to
one. Circulation rate of the tracing medium is 590.8
Ib/h, and heat lost from 100 ft of pipeline is 23,485
Btu/h.

Users not having a printer may recall most of the
calculated results from the data registers (see Table III).
The value displayed after program execution is 7.

For HP-67/97 users
The HP version closely follows the TI program.

Table VI offers the HP program listing, and Table VII
provides user instructions for the HP version. Table
VIII lists the contents of the HP data registers.

*Allow approximately 1Y, in. between the pipe and insulation to accommodate
the ,-in. tracer line and heat-transfer cement. For three, or more, tracers,
allow twice this value. Smaller tracers may require only % to 1 in. of space.
Tracers are normally spaced equidistant around the pipe (see illustration), and
are run parallel to the pipe. A final run with the calculator program may be
made after the total number of tracers and spacing has been established.
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Program listing for HP version Table VI

 

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code
 

         
     

  

  

    

  

        
   

       

  

     

  

 

      

 

  

 

Z £;  ErS  STOE 5 IT 11E : £ 157 s

: - @Bé  FULS & Ed jis z -is 156 s
z s1 @81 Fes ic-%1 iZeé I Ss 13 T

- _z: @FZ FRCL4 I P51 i5-3. s IHT
Fis i6-5; @83 - -45  j3F xf oe4 €1 LoFe

FOLE I d84 STiE 5 i& 122 - -7 lEE R

< L 885 Fis 1E-T 124 ST 183 FlLc

- §TGD 856  RCLT 35 87 1E5 ; id4 4
é 5 OROLY 887 ST IT @8 1l Isd .
é1 3 3 688 AL 3 12 127 166 5
&1 6 FzI B3S R I6 83 1iE 167 5
g I RCL3 @36 I5 128 1€
£iz & < b31 J5-55 8¢ 13n ig

R 3 EOLD asz ot e 131 i

ais T i K $IO13z

gie 5 + 654 & EF i3z 172 .
gi7 5 = 835 : -IT .24 17z =

gis : 7 836 ST+ B [35 174 =

giz gt 57 KiLa e 1iE irs S

gld =z 835 ROLE e I 137 < -, I7E +

a2l = ] TI @SS o i3 i77 i

g2z 5 asi ; 186 5TGC 2T 7S
8§23 =L @es = i@l KCLA e Il 7a -5

o a7 i iz - i 186

125 g ¢ z inz HEC i i 181 ol

g6 x -75 s 7 HEL . 1 185 Jo I3

Be7 =55 £ z ias e i 183 oo il

8. ie-I 7 FCL4 iés 184 ZE 1z
8 ZD B g igr i 185 £l

. : : FCLs 188 < 186 2l 1o iF

- 1as LEi c - 5 187 -£2 &2

- ilé FLLS it 54 148 2 158 H

il “RT -i= [3E& 155 -t ac

ira 1iz o 1D 5 178 c

5 ii3 se-ow 15Z FZs 151 5i

& ilg -io 153 RLLE

8637 Fooid $ ils FOL: ot £l 154 T

X 16 R . -ze

833 i FIs 1iF i £. iS58 g 82

 

 

User instructions for HP version Table VII

 

Store the following data:

Pipeline length,ft

Temperature in pipe, °F

Inlet temperature, hot medium, °F

Outlet temperature, hot medium, °F STO 3

Air temperature, °F STO 4

Pipe OD,in. STO 5

Tracer allowance, in. STO 6

Insulation thickness,in. STO 7

Thermal conductivity of insulation,Btu/(h)(ft?)(°F/ft) STO 8

Heat capacity of hot medium, Btu/(Ib)(°F) STO 9

Air film coefficient, estimate, Btu/(h)(°F)(ft?) STO A

~ - STO 0
STO 1
STO 2

e
)

F
S
O
X
A

Exchange registers P=S

Store constants: 2.814 STO 7

(See note below) -3.885712E4 STO 8

-1.285E-6 STO 9

Run program with key A
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(Continued) Table VII

 

Printed output is:

Surtace temperature of insulation, °F

Heat loss per foot of pipe, Btu/h

Total heat loss, Btu/h

Flow rate of hot medium, Ib/h

Number of tracers required:

without transfer cement

with transfer cement
 

Note: When designing for zero wind conditions, enter the following constants in the place of those given above, 1.0, 0 and 0 in secondary registers 7, 8 and 9.

Contents of data registers—HP version Table VI

 

 

HP T HP T

0 26 We D 16X

1 11 d,,in. E 22 h, + h, Btu/(h)(°F)(ft3)

2 12 4, in. SO0 0 line length, ft

3 13 Tavg insides °F S1 1 T,°F
4 14 T, °F S2 2 T,,°F

5 15 Q, Btu/(h)(ft) S3 3 Tpmo°F

6 21 Thneq, avg °F S4 4 T,, °F

7 23 2814 S5 5 pipe O.D,, in.

8 24 -0.0003885714 S6 6 tracer allowance,in.

9 25 -0.0000012857 S7 7 Tin.

A 10 h, (trial calculation, Btu/ S8 8 K;, Btu/(h)(ft2)(°F/ft)

(h)CF)(ft?)
29 Trmed, avg—Tp: °F S9 9 G, Btu/(Ib)(°F)

o
o

28 h',, Btu/(h)(°F)(ft?)
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®

Estimate
®

equivalent
®

line lengths of
® ® ® ®

p1ping circuits
Quickly determine the equivalent
line lengths of loops containing
fittings, valves, and pipes of
various lengths. All that is
needed is an isometric drawing
of the piping system, and this
program for the TI-59 calculator.

 

 
W. Wayne Blackwell, Ford, Bacon & Dauvis, Inc.*
 

[] The program calculates equivalent pipe lengths for
eight types of valves, eight types of fittings, and en-
trance and exit losses. It then sums the equivalent pipe
lengths and prints the total. Next, it adds pipe lengths
in feet and inches (tedious ft/in. conversions are not
necessary), and prints the total equivalent feet in deci-
mal form. With this information, the total pressure
drop through a circuit can be readily determined.
Each valve, fitting and loss is identified, and the

number of each is listed, in the printout. The program
prompts the user for part of the input.
Although written for the TI-59 calculator and the

PC-100C printer, the program could be used without a
printer, because all totals are stored in data registers.

Program development
The pressure drop through valves and fittings is re-

lated to velocity changes in the flowing fluid:

h=KV?/2g

Here, & = pressure loss in head of fluid, ft; K = experi-
mental coefficient (number of velocity heads); V = av-
erage velocity in pipe, ft/s; and g = 32.17 ft/s2.

Pressure drops calculated via the foregoing equation
(which is for turbulent flow) usually give accurate pres-
sure losses for valves and fittings. However, velocity and
K data are required to solve the equation.
The equivalent-length method, though less accurate,
*For information about the author, see Chem. Eng., July 12, p. 108.

Originally published November 1, 1982.

User instructions and key definitions

 

for calculating equivalent line lengths Table |
2

Step. Procedure Entr  Pres  Display
1. Partition calculator at 719.29 3 2nd OP 17 719.29

2. Read in both sides of two CLR 1234

magnetic cards

3. Press A to begin computation A Print

4, Whencalculatorstops, key in R/S 0

pipe 1.D. and press R/S

5. Press subroutine label corresponding Lbl, SBR* Print

to type of valve,fitting or loss

6. Key in numberof valves orfittings R/S 0

and press R/S

1. Repeat Steps 5 and 6 until equivalent Lbl, SBR* Print

lengths of all valves and fittings have

been calculated

8. Press C’ for sum of equivalent length c 0

of pipe

9. Press E’ to activate sum of pipe-length E Print

program

10. Enter pipe length as feet; for example Length

8 ft, 10%2in. as 8.105

11. Press R/S in/ft

12, After calculation has stopped, repeat 0

Steps 10 and 11 until all pipe lengths

have been entered

13. Press C’ for sum of pipe lengths c’ 0

*To activate user labels A through E (or A’ through E’), press only the appropriate

key. To call other labels, press SBR, then the label; (for example, Label X2 is called

by SBR X2,

User-defined keys

A  Starts program CLR Ball check valves

B  Gatevalves x=<t Butterfly valves

C  Longradius 90-deg. elbows X2  Three-way straight-through valves "%
D  Straight-through tees Lo ¥X  Three-way flow-through branch valves «%)—
E  Reduction/enlargement-D—  1/X Short-radius 90-deg. elbows o
A’ Entrance loss —— STO Short-radius 45-deg. elbows
B° Exitloss = RCL 90-deg. miter bends

C’  Sum of equivalent feet SUM 45-deg. miter bends

INV Globevalves Y*  Flow-through branch tees 21
Inx Plug valves E'  Activates sum-of-pipe-length program

CE Swing check valves

 

 

  
Sample problem yields equivalent length of 135 ft Table Il
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Program calculates equivalent line lengths for piping loops containing valves, fittings, and piping of various lengths

. N

Step Code Key Code Key Step Code Key Step Code Key Step Code Key Step Code Keyg =
   
  

   

    

 
    

     

  

     

    

     

 

    
     

  

 

  
   

  
         

  

        
    

           
     

       

ooo e LBL 0l 03 3 i2zz &1 GTO 179 91 R/S 2330 99 PRT 293 04 4
goi 99 PRT ez o1 i it 99 PRT i20 S99 PRT a4 O3 03

ooz &5 = os3 a7 7 13 25 = Butterflyvalves a5 01 i

ooz 43 RCL oed4 o0 Q Valves 82 o1 1 259 Ve LBL & 04 g
noa ay 0oy oS o0 g i2d4 Fs5 LEL 183 oS3, 40 32 HIT vz 2

aos 295 = ade &9 0OF i2s 52 E igd 05 05 241 01 1 = 01 1
G0a 449 SUM oy 01 01 ife 43 EC i85 &1 GT 242 04 4 S 00 0

aoay oo oo aes 02 2 127 z0 20 158 =99 PRT 242 o4 4 oooon 0

oog 42 sTO g% 04 4 i2s &% 0OF S 0l 1 i S [OF
goe 1% 193 agvo oot i1 123 02 o2 Swing checkvalves 4033 a1 o
oig0 43 RCL a7: 0e 6 130 43 RCL 187 Y& LEL 2ds OF7 7 Ti LEE

011 22 22 a7z oo 0 131 21 21 i2se 24 CE 47 a2 2 =2 EE

giz &9 0OF o7z g 0o iz &9 OF 189 0z 03 od8 0t 1 I 31 RS
o013 04 04 ag7d4 oy 7 133 02 03 120 O & 2 a0 0 08 =9 PRT

gid4 43 RECL nys 011 124 &2 0OF 19 04 g 2500 oo o 20 £5 =

o115 13 19 o7e 20 0 125 0% a5 ig2 03 3 251 &9 0OF R 1

cie &9 0OF arvy oo 0 P38 32 RTH 19z Ot 1 i ot Ot oo i1

017 08 06 07 69 OP i94 05 5 71 OSBR 3100 33 .
01 00 0 07 02 02 Globe valves 195 0z 2 4 SZ EE il 9E A
gi1s &9 OF geo &9 OF 137 TE LEL LRE OEF 59y Red 3lE G707
o200 04 04 ner 0s 0s 133 22 IHY 197 a0 S SE PRY TiE &1 OGBTO
gz 21 RSE sz a2 2 taa gz 2 ! o0 T 85 314 e PREY

aez 04 4 i4a o2 =2 eo OF o s

Pipe 1.D as4 030 3 141 0z 2 01 Ot % 33, Long-radius
a2 Fo LBL ogss 0! i idx 0OV T 7i SER 0onE & 90-deg. elbows

023 i1 H Jg2e &9 0OF 143 01 1 ; 58 EE oo i = T LEL
024 =3 0OF asy 04 04 44 O4 4 : G171 ROS = i a3 1o

g2s oo oo i A1 RS 145 0 i = a9 FRT % = sz

a26 43 ECL 129 32 =70 ide oY 7 = £5 = 3 a7 7

a2y o1t o9g oy oy 147 o0 0 = oL i 3-way = o= 3

azs &9 0P aei. &9 0OF 48 000 z aooo0 straight-throughvalves 3 o505
22 o1 01 a9z ds O id42 w2 0OF S0 35 . £ LEL 3 {13 1
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Table 1|
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Short-radius 409 00 0 468 78 LEBL S25 99 PRT ga7?  £93 0OF 19 O
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Step  Code Key

Line length (cont'd) Label addresses (cont'd)

TOl 5% IHT Eaid Fi s

oz 44 SN SUM-EaL FT [
Fios N Gl LTHE LHSTH E*

Tg 43 RCL
T 19 1e

TOs gz THY
S07 55 fuT Drtaregstars®
TS =5 P Sum register o0

TOe 4% ROL 1724412442, i

iy 1 1. 17515 oz

Fi1oa5 = [
Tie o44 =0H 2 Cd
Praoooa0 00 2 05

Ti4 w1 GTO 2 Qe

[S a7
Tie =27 8y o
717 3l Rea o

id

11

Label addresses il 150 12
Si2vseonti. iz

GARATE YHLYDE B 2. H99TR 14

GLEE WALYES THY -1, 0205 1%
FiUG YWARLYeEs LH= : 7 g

ShCE VALYES CE 17

ELCE YALYES CLE 12

CGUTF WALYES ai Pipelength 1=
HdsT WHLYES s d21E274217. 20

SHEE VRLVES & SEOOT o000, 21

SE20 ELBOLS 173 2137, 22

LRSS0 ELBOMES C 17271432473, 23
SE45 ELBHS STO  Za00@ 10000, =g

Q0 RMITEe BEWND RECL ZIFIFIS0G014. 25

45 MITER BEHD SUM Iv3t1a0iart. 26

27 TEES I 17 32e007 100, 27

B TEES F 2724311700, g
REN-EHLE E 2FRl223723, 29

EHTRANCE H* *Numbers must be entered

(Continued) Table Il

   
   

  

  
1is very convenient and has gained wide acceptance by
piping designers for most work. In it, the fitting or valve
is taken to be equivalent to so many feet of pipe. By
addin~ this calculated length to the line length, the
pressure drop for an entire loop can be found at once.
Data from a table of representative equivalent

lengths to pipe diameters for various valves and fittings
[/] were rearranged and expanded by R. Kern [2]. Fac-
tors for this program were taken from the Kern article.
When a single factor was not applicable, an equation
was developed to represent the data.
Caution is urged in using the part of the program

dealing with piping reduction/enlargement. In most
cases, the correlations presented are only valid for
d,/dy < 1.5. (Negative values may be obtained for very
small lines.) For values beyond 1.5, refer to Kern [2].

Using the program
Table I gives the program operating instructions and

the user-defined keys. Table III provides the program  

 

   /5 ft, 3% in.
 

Piping isometric for the sample calculation   
itself, which occupies both sides of two magnetic cards.

The partitioning is 719.29. Label addresses and the
data that must be stored are also listed in Table III.

After the pipe internal diameter has been keyed in
and R/S pressed, the subroutine for each type of valve
or fitting to be converted is called up. Enter the number
of valves or fittings and press R/S to calculate the
equivalent feet of pipe. After all the valves, fittings, and
entrance and exit losses have been converted, the total
equivalent length is recalled and printed by pressing C’.
To sum pipe lengths, inch dimensions need not be

converted into actual equivalents in foot-decimal form.
For example, a pipe 12 ft 2V, in. long is entered as
12.0225, and one 2 ft 11 in. long as 2.11.
To begin the pipe-length summing section,first press

E’. After each pipe length is keyed in as indicated, press
R/S to convert and store the number. After all the
lengths have been entered, press C’ to obtain the total
line length. This feature is also handy for the addition
of any linear measurements in feet and inches, such as
vessel, tank, tower and plot-plan dimensions.

If a printer is not available, all calculations can still
be performed and the totals recalled from storage regis-
ter 00. All sums for equivalent lengths of valves, fittings
and entrance and exit losses, as well as of line lengths,
are stored in this register.
Do not press C’ to obtain a total without the printer,

because register 00 is cleared by the calculator after the
sum has been printed. This registeris also automatically
cleared when either E’ or A is pressed.

Sample problem
A piping isometric (see figure) shows a 4-in. Schedule

40 line containing three 90-deg. long-radius elbows, one
flowthrough branch-tee, one gate valve (fully open),
one swing check-valve, and an exit loss. The piping sec-
tion lengths are 2 ft 4 in., 10 ft 113, in., 7 ft 0 in., and 5
ft 3Y, in. What is the total equivalent length?
The calculator printouts are given in Table II. The

total equivalent length of the valves, fittings and exit
loss is 109 ft. The sum of the line lengths is 26 ft. This
yields a total equivalent line length of 135 ft.

For HP-67/97 users
The HP version closely follows the TI program.

Table IV contains the HP program listing, and Table V
offers user instructions. The HP printout for the exam-
ple is shown in Table VI.
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User instructions for HP version

 

Step
1.

(2.-19.)

22.

23.

The printout is in the following order:; pipe diameter; equivalent line lengths

for each of 18 differenttypes offitting; total of the listed fitting equivalents;

the value, in decimal feet, of each of a series of pipe lengths; and, finally,

Procedure

Enter pipe diameter,in., then press the

A key.

Enter the number of fittings in each of

the following 18 categories and press

the R/S keyafter each entry, Where no

fittings of a given category are used,

enter zero and press the R/S key.

Long radius 90° elbows

Short radius 90° elbows

Short radius 45° elbows

90° miter bends

45° miter bends

Straight-through tees

Flow-through branch tees

Gate valves

Globe valves

Plug valves

Swing check valves

Ball check valves

Butterfly valves

3-way straight-through valves

3-way flow-through branch valves

Reduction/enlargement

Entrance loss

Exit loss

Read the total equivalent lengths.

Enter each pipe length in (“feet-decimal

point-inches”), and after each entry

press the E key.

Press the C key.

Read the total pipe length (in decimal

feet).

the total of the pipe lengths.

Key

A

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

R/S

Example for HP version Table VI

 

¥y Pipe diameter

¥es   
Equivalent line lengths

for each of the 18 different

type offittings

Total equivalent length

Pipe lengths

 

6o5  sed Total pipe length
 

References
1. “Flow of Fluids,” Technical paper No. 410, Crane Co., New York, 1957.

2. Kern, R., How To Compute Pipe Size, Chem. Eng., Jan. 6, 1975, pp. 115-120.
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Program predicts pressure drop
for gas flow across
an orifice meter

Written for the HP-67 or HP-97, this program simplifies calibration
of the meter. Also, guidelines are given for constructing and

installing this device.

 

Frank A. Stephens, Amax Specialty Metals Corp.
 

[] Most engineers, at one time or another, need to
measure the flowrate of a fluid in a pipe. A variety of
devices are available to do this. These are often expen-
sive, and frequently have delivery times of weeks or
even months.

But long lead times for equipment are often unac-
ceptable. As an alternative, the engineer should con-
sider the use of an orifice meter. Such a meter is easily
fabricated in any reasonably equipped machine shop,
and can usually be in place in a couple of days.
The reader may remember a weekend spent in col-

lege when one’s professor assigned the problem of de-
signing an orifice meter to measure the flowrate of a gas
stream. It took hours of trial-and-error calculations to
determine each point on the curve of flowrate vs. pres-
sure differential across the orifice. Now, however, with
the convenience of the small programmable calcula-
tors—here, the Hewlett Packard HP-67 or HP-97—the
entire flow curve can be generated in the field in less
than an hour.

The equation
The calculator program in this article predicts the

differential pressure created by an orifice meter at any
selected flowrate of a gas (see Table I). In most cases,
deviation of the predicted flowrate from the actual will
be less than *=3%.

Obviously, before the pressure differential can be pre-
dicted, certain parameters pertaining to the orifice
meter and the gas stream must be known. These appear
in the nomenclature (see box).
The equation used to predict the differential pressure

across the orifice for a specific flowrate of gas is:

APP
= 678YCd2 |—2+ 1

Q o T1Sg ( )

This equation, when used in conjunction with the
graphs presented here, predicts the maximum pressure
drop that can be measured across an orifice. For this
reason, vena-contracta taps should be used when apply-

Originally published November 29, 1982.
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ing the method presented in this article. These taps
measure the greatest pressure differential.
The value of the expansion factor, Y, in Eq. (1) is

determined from the following equation (from Mink

[4]):

AP
V=1— (041 — 03544— (2)

1

AP
If the value of. exceeds 0.35, the calculator will dis-

play “error.” This is because the linear relationship be-
AP

tween Y and P as described in Eq. (2), changes at

approximately 0.35, and the calculated value of ¥ may
not be accurate.
The value of the coefficient of discharge, C, is ob-

tained from Fig. 1 (from Stearns, et al. [2]). Since the
Reynolds number (and therefore the coefficient of dis-
charge) changes with the flowrate of gas, a new coefhi-
cient of discharge must be used every time a pressure
drop for a given orifice meter is to be determined for a
new flowrate of gas.

User’s instructions for the program appear in Table
II. In Step 11, the calculator may continue to compute
for several minutes. When it completes the calculation,
it will display the pressure drop across the orifice for five
seconds in psi, for the HP-67. Then it will convert the
pressure drop to in. H,O, and leave this number on the
display indefinitely. On the HP-97, the answer is
printed in psi and displayed in in. H,O; the psi value is

not displayed.

Example
Consider air flowing through a 4-in. pipe at a rate of

175 scfm. Assume that the pipe is equipped with an
orifice meter having an inside dia. of 2.4985 in., and
that air is at 100°F and 15.486 psia. The following in-
puts would be made to predict the pressure differential
across the orifice: (Text continues on p. 130)
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Written for the HP-67 or HP-97, program predicts

 

pressure drop for gas flows across orifice meters Table |

Step Code Key Step Code Key Step Code Key Step Code Key

88! ¥LELA il Inputs Q 183 §T03 3° 88 158 . -EE
Inputs as3 _RfS - 51 164 Eg;a §§ RE {QS ; ar

DSy, K, Ty, P 854 5705 35 8§ 185  KCLH 36 11 }bB @ ag
o0, B, Sg K, 11, P4 186 + -35 161 ; ar

aaz K5 51 Calc. Re number a7 570R 35 1l 162 X -35

ga3  5TCGC 35 13 855 ENT? -21 163 GTO8 Ze 86
gad | Si 856 2 8z Compares Q for AP and AP,

aes  ST0C 35 1% as7 & & 188 xLBLZ2 2i o8z

Bec Es5 3l as8 . -£2 189  GS61 23 a1 Subroutine: calc. Q

g67  5T03 3 83 8s32 3 as 116  ST0% 2& as

aag R-S ) ace & a: 111 RCLE 3o 8g 164 xLBL! 21 el

8gg  ST02 35 8z asl X -35 112 RCLS 36 85 165 1 A

aig F2S ie-51 862 RCL3 36 a3 113 - -45 166 RCLA 36 11

aii k-5 ai A6s X -35 114 ABS 16 21 167 RCL4 3€ @84

@12 STl 35 @l 864 RCLD 36 14 115  RCLS Je RS 158 X -33

@13 RsS 51 865 z -24 116  RCLS 35 @85 163 - -45
8id 4 &4 @66 RCLZ it @g 117 - -45 17 RCL7 J& &7

& 5 as 867 z -Z4 11 ABS i6 31 171 X -35

Ale a as g68  OSP2 -63 82 119 kY7 in-34 72 RCLA J5 11

a1z . -&2 GE2 SCI -iz 126  ET03 22 83 ir3 J¥ 54

d18 & ée 121 RCOLS 36 85 174 X -33

a3 P 87 Inputs C igg  5T0& 35 88 175 RTH 24

gra + =53 grve RS 123 RCL#& 3o @@

a2; STOE 35 1z @ari FIX -1 124  RCLA e 11

a2z RS Sl re  STOs 3& B85 125 + -55 New T,

323 STUE 35 15 126 x<@7? 16-43

24 25 16-5: Calc. “K” in Q= KY+/AP 27 &T03 2z 83 176 ¥LBLB 2i 12
§72 & g€ 128  8TUR 35 1! i77 4 a4

Inputs numberof 874 7 87 125 GT02 i @2 178 5 5
decimal points 875 & a5 179 g a9

B25  ReS 51 876  RCLC 313 Changes theincrement 184 . -62
#26 5701 35 a1 arv Xz K 138 x%LBL3 21l a2 181 & 2]

827 %LBLS 21 85 @r8 X -35 131 RCLE 36 aa 182 ¢ ar

828 Fes 16-51] 8r% KCLe 36 @6 132 1 ai 183 + -55

a3e X =35 133 e g 184 STdB & 1z

Calc. B 681  RCLE 36 15 134 CHS -2z 185  &T0S Z: @5
828 RCLC 36 12 B§Z  RCLB 36 12 135 < -24

@38 RCLO IE 1% a83 + -24 136 5708 35 8k

63i < -24 034 RCL3 J6 A3 137 RCLO 36 83 New d,,

832 §T0z 3o ac 25 s -24 128  ST0E 35 a8

833  ENTt =21 B8s iX 34 139 DSZI 16 25 4¢ I8 xLBLC 113

834 ENT?T =21 a3 E =33 148  &T0c7 22 8z 187  SToC 33 13

§88  STGq 35 a7 188 G703 28 85

Calc. “a”in Y=1—-aAP Formats display; Checks "A—";‘: >0.35
g3s 4 a4 fixes degree of accuracy 141 RCLF 36 i

83 v 7 889 RCLI 36 61 142 RCLE 36 IS New D
azz? . -6 @a@  &T0! 35 46 143 < -24 189 x¥LBLD Zi 14

838 2 a3 a31 DSFi -63 45 144 F28 16-5! 188  ST0C 33 14

@a3s 5 S asz 3 a: 145 RCL! 35 81 13] ET0S 2s 85

648 Ey -39 b3z + =55 146 < -24

A4 . -&62 R34 STGI 35 4& 147 P2s 16-5]

842 4 B4 148 . -62 New P,
842 1 ai Calc. Qfor AP, and AP, 149 3 63

G844 + -35 (s = smaller, / = larger; 158 g g5 192 xLBLE 21 IS

848  KCLE JE 15 program assumes larger or isi - -45 193 STOE 35 1§
a4s : -2 smaller APuntil it converges) 152 Y@ i 644 194 5TG5 25 @E

847  RCL! 3¢ a1 893 1 | 153 &7T04 2 84

A48 < -24 g9s  §708@ 35 66

843 RS i&-51 497 . -62 Display “Error”
@56 STO4 3T a4 a9a G a6 Outputs AP 195 #LBL4 21 84

_ 99 a ag 154 RCLA 35 i 19¢€ a ag

Displays 8 106 i a1 155  PRTY -14 197 z -24
51 K¢ -31 148i STOR 33 1 1586 Z Rz 188 RTN 24

652 xLEL® cioge 182 S5E1 2o 8l 157 v ar 139 R-S 51
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Nomenclature

Inside dia. of the orifice, in.

Inside dia. of pipe, in.
Specific gravity of gas relative to air, both at
standard temperature and pressure

Viscosity of gas at actual temperature and
pressure, cP

Ratio of specific heats (C,/C,) at actual tem-
perature and pressure. Typical values appear in

Ref. [7].
Temperature of gas, R
Pressure of gas (upstream oforifice plate), psia
Flowrate of gas, scfm (at 60°F, 14.7 psia)

Coeflicient of discharge

Other parameters, which are not required to be known
directly but will be referred to:

Re no.

B
Y
AP

‘Reynolds number

Orrifice-to-pipe-dia. ratio

Expansion factor

Differential pressure across orifice, psi  

Entry Variable
press A -
2.4985 d,
4.026 D
1.0 S,
0.023 ®
1.40 k
100 T,
15.486 P,
3 No. of decimal points

(Output: = 0.62)
175 Q

(Output: Re no. =
5.47 X 10%)

0.667 C from Fig. 1
AP = 0.141 psi
AP = 3.894 in. H,0

Fabrication/installation

Because the orifice plate is relatively small and its
material cost is low, stainless steel is generally the rec-
ommended material of construction. Different applica-

 

 

 

User’s instructions for running the program Table Il

Input Output

Step Instructions data/units Keys data

1. Initiate program. A

2. Enter inside dia. of orifice plate, in. d,., in. R/S d,

3. Enter inside dia. of pipe, in. D, in. R/S D

4, Enter specific gravity of gas relative to air. Sg R/S Sg

5. Enter viscosity of gas at flow conditions, cP. M, cP R/S M

6. Enter ratio of specific heats of gas at flow k R/S k

conditions.

7. Enter temperature of gas in °F; T,.°F R/S T,.R
calculator will display T.l in R.

8. Enter pressure of gas upstream of orifice P1 , psia R/S P1

plate, psia.

9. Enter number of decimal places of accuracy No. of R/S B

desired (3 are recommended). decimal points

At this point, the calculator will display g,

the ratio of the inside dia. of the orifice to

the inside dia. of the pipe. Record the value

of B, since it will be needed later to determine

the value of the discharge coefficient, C.

10. Enter flowrate of gas at which pressure Q, scfm R/S Reynolds

drop across orifice is to be calculated, scfm. number

Now the calculator will display the
Reynolds number for the gasflow in the pipe.

With this Reynolds number and the appropriate

value for 8, determine the coefficient of discharge

from Fig. 1.

11. Enter value of coefficient of discharge. c R/S AP, psi
AP,in. H,0

1f AP oxceeds 0.35, then “‘error” will bekP,
displayed.

The value of AP for other flowrates may be

obtained by proceeding from Step 10.

New values of T, d,, D and P, may be tried by

entering the new value, pressing the appropriate

lettered key, and proceeding from Step 10.   
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tions may require more-exotic alloys, and the engineer
must select the material, depending on each case. I
The thickness of the plate depends on the size of the At least 45 deg.

pipe and the differential pressure expected to be ap- l‘d"_ f>/
plied. The recommended minimum for plate thickness —L[ 4
18: c, iy C, _4

Pipe size, in. Minimum plate thickness, in. Flow

up to 4 Ye
from 4 to 16 YA
16 and greater v

- >- d, -

Section A—A

  

 

 

 

 

1.000
in.

  
Fig. 2 illustrates a typical design for a square-edged

orifice plate (from Stearns, et al. [2]). The following
rules are suggested guidelines to be used with respect to
Fig. 2: ~\8 7N\C

1. The ratio of 72 should not exceed 0.125 (C, is 7

> L ( »
<

0

defined in the figure).
2. C, should not exceed Y, ofthe inside pipe dia., D.
3. C, should not exceed Y, of (D — d,)/2.

4. [ should fall between 0.15 and 0.75 for Reynolds . - n -

numbers greater than 10,000, and between 0.20 and Dimensions forf(.:onstructlng a typical Fi
0.50 for Reynolds numbers less than 10,000. square-edge orifice plate 9. 2

From Ref.[2].
    
 

1.0

Measurements should be made from the upstream face of the orifice
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Orifice dia. ratio, 8

 

Location of the downstream vena contracta tap depends upon 3 Fig. 3   
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\‘Drill pipe after

welding
Remove burrs and ’

round slightly

 

Careful design of pipewall pressure taps  is needed for accurate data taking Fig. 5
 

5. d; should be equal to the diameter of the bolt cir-
cle of the flange in which it is to be mounted, minus the
diameter of one bolt-hole.

6. In all cases, the leading edge of the orifice plate
should be square and sharp.

Locating the taps
Location of the pressure taps can have a dramatic

effect on measurement. In order for the measured pres-
sure differential to match the predicted pressure differ-
ential, vena-contracta pressure taps should be used, as
already mentioned. This means that the center of the
upstream tap should be located one inside-pipe-dia.
from the upstream face of the orifice plate, and the
downstream tap should be located at the point of mini-
mum pressure. Fig. 3 shows the location of point of
minimum pressure as a function of the orifice-to-
pipe-dia. ratio, 8 (from Stearns, et al. [2]).

Fig. 5 illustrates a pressure tap used to measure the

differential pressure generated by an orifice (from Spink
[3]). The recommended diameter of the hole drilled
through the wall of the pipe is ¥, in. for 2Y,-in. pipe or

 

Controlcheck or Flow=—»

globe valves Less than 10 D

Two-plane 10 D or greater

flow J_

Gate valves or cocks

[wide open]
Tee, cross or

lateral From Ref. [2].

Selecting the correct piping arrangement ensures accurate measurement Fig. 4

smaller; 3 in. for 3 and 3Y%,-in. pipe, and 1, in. for 4-in.

Niple7T From Re. 31, pipe and over. o , ,
threadedd’ y S The piping arrangement in which the orifice plate is

N . . .
atoneen g N E - mounted can also affect the differential pressure, partic-

Weld > N 3 N 90 deg.and radial ularly with respect to the upstream piping. Fig. 4 sug-

- > gests the minimum length of straight pipe that should
be installed before and after the orifice plate, depending
on the piping arrangement (from Stearns, et al. [2]). All
measurements are again made from the upstream face
of the plate.

For TI-58/59 users
Table III presents the TI version of the program.

User’s instructions appear in Table IV, along with the

example that was given for the HP version. (Note that,
due to roundoff, the TI results differ slightly; the value

for the pressure drop for the T1 version is 0.140 psi, or
3.871 in. H,0. Also, the values for the orifice/diameter
ratio and the Reynolds number in Table IV have been
rounded off; the program yields these values with many
more significant figures.)
The decimal has been fixed at 3 places in step 115.

The number of places may be changed by simply chang-
ing the number in this step.

Program listing for Tl version Table il
 

Step Code Key Step Code Key Step Code Key
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(Continued) Table Il

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key

   

  

  

  
o

17
3

e
[
d

[T
]
T

P
t
b
o

{
0
0

b
t

15
7

  Po
ee

ke
o
o
t

fo
se

le
fo

en
ke
s
l
b

te
de

 



PRESSURE DROP FOR GAS FLOW ACROSS AN ORIFICE METER 135

 

 

 

User’s instructions for the Tl version Table IV

Input Output

Step Instructions data/units Value Keys data

1. Enter the program.

2. Enter inside diameter of orifice plate,in. d,, in. 2.4985 A d,

3. Enter inside diameter of pipe,in. D, in. 4.026 R/S D

4. Enter specific gravity of gas relative to air. Sy 1.0 R/S S,

5. Enter viscosity of gas at flow conditions, cP. p, cP 0.023 R/S B

6. Enter ratio of specific heats of gas at flow conditions. k 1.40 R/S k

7. Enter temperature of gas in °F; calculator will display T, in R. T,,°F 100 R/S T

8. Enter pressure of gas upstream of orifice plate, psia. P,,psia 15.486 R/S P;

9. Enter flowrate of gas at which pressure drop across orifice is to be Q, scfm 175 R/S 0.6206 B
calculated, scfm. Now the calculator will display B and the Reynolds 54,656 Re

numberfor the gasflow in the pipe. With this Reynolds number and

the appropriate value for g, determine the coefficient of discharge

from Fig. 1.

10. Enter value of coefficient of discharge. c 0.667 R/S 0.140 AP, psi
3.871 AP, in. H,0

If -’%;1— exceeds 0.35, then “error” will be displayed.

The value of AP for other flowrates may be obtained by proceeding

from step 2.

References The author
1.

2.

3.

Perry, R. H., and Chilton, C. H., “Chemical Engineers’ Handbook,” 5th ed.,
McGraw-Hill Book Co., New York, 1973, p. 3-134.

Stearns, R. F., et al.,, “Flow Measurement with Orifice Meters,” D. Van
Nostrand Co., New York, 1951.

Spink, L. K., “Principles and Practice of Flow Meter Engineering,” 8th ed.,
The Foxboro Co., Foxboro, Mass., 1958.

. Mink, W. H., Program Calculates Orifice Sizes for Gas Flows, Chem. Eng.,
Aug. 25, 1980, Vol. 87, No. 17, p. 91.
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Section V
Heat Transfer

Calculator program for a steam condenser

A new way to rate an existing heat exchanger

Calculating the corrected LMTD in shell-and-tube heat exchangers

Program solves airstream energy balances

Calculating heat loss or gain by an insulated pipe

Program calculates flame temperature

Calculator design of multistage evaporators

Program for evaluation of shell-and-tube heat exchangers





Calculator program
for a steam condenser

This program calculates the weighted mean-temperature-difference
between the fluids inside and outside the tubes of a steam
condenser and the saturation temperature of the steam-vapor
mixture as well as the various heat loads.

 

Larry J. Haydu, Kennecott Engineering Systems Co.

[[] There are three loads in a heat exchanger used for
condensing steam out of a noncondensable vapor—gas
cooling, condensing, and liquid subcooling.

In order to select the correct cooler/condenser for a
particular job, it is necessary to determine the heat load
distribution and the overall weighted mean-tempera-
ture-difference.

Wid. MTD = Q,/[S(Q,/AT))]
where Q, = total heat load

Qi incremental heat load over a selected in-

terval

AT, = log MTD for that interval

@
“
3
=
©
=
[V
Q

£
@
-

Tube length 
Originally published February 9, 1981.

 

The program
Written for the Hewlett-Packard HP-67/97, the pro-

gram (Table I) has these main features:

1. The saturation (dewpoint) temperature of the
steam-vapor mixture is calculated.

2. The amount of steam condensed in the exchanger
is determined.

3. The gas-cooling, condensing, and liquid-subcool-
ing heat loads are calculated, including any desuper-
heating that occurs above the saturation temperature.

4. An overall weighted MTD is determined, based on
the heat-load distribution. Weighted MTDs for the un-
saturated and saturated zones are also calculated.

    

   

  

    

  

     

   

 

9,439 Ib steam/h
22,461 |b noncondensables/h

31,900 Ib/h at 176°F, 13.97 psia

{
 

 

 

|- Cooling water at 110°F

Molecular weight of
oncondensables = 35.05

ressure drop in
xchanger = 0.25 psi

Cooling water sy

at 95°F
  976 Ib steam/h

22,461 Ib noncondensables/h
23,437 Ib/h at 104°F

8,463 |b condensate/h at 104°F
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Calculator program for a steam condenser

  

 

1 I

Step Key Code Step Key Code Step Key Code Step Key Code Step Key

Part | 835 3 €3 8s1 &Y -41 1a7 % =25 141 2

Side 1 636 8 8s er2 - -45 188  RCLA 36 i 142 %
8@1  xLBLA 20 11 637 ! £l 673  STOUE 33 13 188 AeY -4l 143 RCLE
882  RCLS J€ B2 838 . -tZ @74 xLBLB Zi iz 11e * =25 144 +
a3 3 &5 839 3 a3 a7 2 bz 111 RCLA oo 1i 145 4
aa4 % -2 e4a - -43 676  STOI 35 46 1i2 - -45 146 b
#gs  STOS 35 8z 841  STOE 3o 13 677 xLBLC £l 13 Part | 147 a
6eé  RCLi ot £l 84z FSE 6 al 678 RCL4 & &4 Side 2 148 +
a7  RCLZ Jo 62 243  RCLS 36 835 @79 RCLS Jo @8 113 1 &l 148 i
868 % =24 844 x£Y? 16-2% @38 - =45 114 & ac 156 i
665  STOA 33 1 B4 GTOb 22 ie 12 481  STU4 3o 84 115 X =25 151 6

@16 RCLo J6 @6 84e - -43 482 RCLE 36 IS 116 RCuB Jo & i3 3
811 ST0B 33 1 647 CHS -ZZ 883 CHS =22 117 XeY -4 133 .
e12 1 a1 @48  STOD 35 14 884 3 a3 118 §TOE 35 Ed 134 1
613 8 €3 849 GSBa 2% 1€ il 685 8 8& 119 - -4Z 135 X2y
614 : -24 @58 ST+l 35-55 6l 886 1 gi 128 STGC a3 3 156 -
615 + =33 a51 F&s le-3l 887 . -5Z 121 2 B2 157 4
816  LETX ie-62 852 RCL 3e 13 ass 3 63 122 : -24 138 g
617 Asy -41 853 RCLe 36 8¢ 885 - -45 123 F2s ig-5l i58 3
818 T -z 654 - -43 %8 3 63 i24  RCLE 6 d€ led .
819 FECL4 Jo &4 855 3 63 851 g aé 125 + =55 161 1
eze X -39 856 % -24 as2 2 gz 126  RCLD JE 1% 162 *

621 LOE 16 3z 857  5T0D 33 I+ 833 7 87 127 X =25 163 .

622 CHE =i 858 RCLE Je 13 694 XY -41 128  ST+8 '35-3% &f 164 3
623 & do 853 <Y -41 695 2 -&4 129 5T+i 35-55 435 165 &
624 . -&d Be0 - -43 896 6 fe 138 RCLC 3o 13 le6e T
825 2 éc 661  STOE 35 13 637 . -62 131 ST+8 35-58 8¢ lev g
626 & do 62 GTOB 22 1z 698 z £ 132 F&s ie-Zi 1e8 7
627 7 g7 863 *iBLb 1 1f 12 632 & #e 133 Z a2 165 g
628 + 93 @64  RCLS 36 d3 lae 7 dr 134 % -&d 176 .
629 3 82 855 RCLe 3o bE 181 + =55 135 RCLE Jo JF 171 3
836 g 6e dé6 - -43 182 16 le &2 136 + =55 172 X
631 Z oz ge67 3 és 183 FRCL4 Jo €4 137 STO8 35 i2 173 RCLC

832 ’ az 668 * -4 164 Aot -4l 138 6SBa 27 g 1 174 N

833 XY -41 869 STOD 35 14 185 - -4 138 3T+i 35-5% 45 175 S§T+g 35-55 @c

834 £ -4 876 RCLS Je& 05 186 RCL4 Jo 94 148 RCLD 36 14 176  ST+i 25-33 -

Calculation of the weighted MTD depends on the
shape of the heat-release curve [/,2]. This curve indi- Nomenclature
cates the amount of heat transfer at a given tempera- Symbol Item Units
ture as the gas is cooled and steam cor}denses out. A HS  Saturation humidity Ib steam,/lb
greater percentage of steam condenses just below the

. noncondensables
dewpoint than at lower temperatures, so the heat load o

. . v . . HV  Latent heat of vaporization Btu/lb
per unit temperature drop is higher, giving the figure its M M . .

. o olecular weight of steam  eighteen.
curved shape (Fig. 1). Ib/Ib mole

For calculation purposes, the heat-release curve is ,
. . . M, Molecular weight of Ib/lIb mole

broken into several zones, so that when straight lines are ‘
d . . 3 . noncondensables
rawn between the different points they will approxi- . o

. . . MTD Mean-temperature-difference °F
mate the curve. The weighted MTD is then obtained by . .

. . . . P, Partial pressure of steam psi
computing the logarithmic mean-temperature-differ- .

P, Total pressure psia
ence between the vapor and coolant temperatures over .

. . . Q. Heat of condensation Btu/h
the intervals of the condensing range. The equations are .

. . . Q Heat of gas cooling Btu/h
shown in Table II. It is assumed for the sake of this g

. Q; Incremental heat load Btu/h
article that the vapor and coolant always flow counter- Lo .

Q, Heat of liquid subcooling Btu/h
currently. ‘

. . Q, Total heat load Btu/h
The program is in two parts and stored on two cards. T T °. emperature of vapor F
Part I calculates the heat load over the condensing o

. . t Temperature of coolant F
temperature range in five successive steps. For each T Criti 0

. . . c ritical temperature of water 1,165.1°R
temperature interval, the gas-cooling, condensing, and °
. . . AT, Log mean-temperature- F
liquid-subcooling heat duties are computed and accu- difference
mulated in separate memory registers. If the steam is VPV .: . . . apor pressure of steam psi
unsaturated at the inlet, a sixth temperature intervalis  
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Table |
. _ __

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code

Side 2 211 §7+7 35-§5 &r 832 RCLI 26 81 863 ISZI ic 26 4¢ 104 LN 32

(cont'd) 212 RTN 23 833 RCLE 3€ 15 865 RCL2 Jc 82 185 < -24
77 RCLE Je i3 213 R<S 3l 834 x =33 878 ST01 35 8i 186 F2? 16 &3 B2

178 RCLD 36 I4 Part Il 835 F&s 1&6-51 871 RCLD 3c 14 187 STOC 35 13
17 - -4 Side 1 836 RCLE 3¢ 68 8s2 - -45 188 =5 16-51
188 STOE ic 1s @81 xLBLA 21 a3r AT -41 873  STO2 39 82 183 RCLi 36 45
181 F&s 16-51 a6z F&s Ie=3i 838 - -3 874 RCL4 36 84 118 XY -4
182 ISZl 16 26 4€ 883  RCLY Je @7 639  STO4 35 &4 875 STO3 35 83 111 z -24
183 6 E& a4  KCL8 st B8 646  GSBC 23 4 are 6 g€ 112 ST+8 35-3% &8
184  RCLI € 46 8@ + =33 a41 SFz 5 21 &2 877 RCLI 36 46 Part Il
185  K<£y? 16-35 686  RCLS 76 @% 842 RCLB 36 il 878  X<y? 16-35 Side 2
186  6TOC 213 ger t —ag @43 STO! ki a79  6TOC 22 13 113 P3S 16-51
187 RCLE 3& BE 888  STOR 35 1 844 2 8z 886 Pa5 i6-31 114 RTN 24
188 RCLI 25 B aas ) ie-%i @45 5701 35 1€ 881 RCLA 36 il 115 xLBLE 2l 135
183 + -35 @le RCLS 3¢ 83 846 GTOC 22 13 882 RCLo 36 ed 116 RCLC 3¢ 13
198 P35S 16-51 e11 5703 a0 @3 847 ¥LELB 2! 1z 883 z -24 117 z -24
131 RCL7 36 €7 @1z  RCLV 36 87 848  ST01 35 61 684  STOE 35 15 118 RCLG 3 68
192 RCL8 & 8¢ 813 - -45 a49 2 a2 885 ST0D 39 14 119 o -4
193 + -55 a14 e -4i 856 STOI 28 g& 886 RCL1 J€ B! 128 - -45
194 RCLS 36 &8 813 * -84 851 @ as 887  K»@? 16-44 121 RCLA 36 1
185 + -85 @16 STGE 35 13 85z  STGC 39 12 888  GSBE 23 15 122 RCL1 3& 8
196 Fes 1£-51 air i bi 633 xLBLC 21 i3 889 RCLE 36 13 123 - -43
187 RN 24 818  STGI 35 46 654 RCLI 36 a1 @98  RTN 24 124 K2y -41
188 #lBLa 2Zi le i: €19 EKCLD 36 14 835 RCLEG do 14 891 xLBLD 21 1 125 < -24
139 RCL! Jc Ei aza 3 8s 856 - -45 @32 RCLI 36 8! 126 STOD 35 1
286 RCL3 3¢ &2 621 X =33 asr  §T02 33 & 893 RCL4 36 84 127 RN 24
261 X -35 822 RCLS € do a58 &8 16-31 894 - -43 128 RS &1
282 RCLB 36 12 623 t -3 B35 RCL: 36 45 695 STO8 33 aée
263 . -2 824  STOB 33 il 868 RCLE 35 15 89 RCLZ 36 &z
2a4 4 84 625 RCLS 36 85 861 X =23 897  RCL3 Jc 83
2835 3 6 826  X£Y? i6-335 862 25 i6-5: 898 - -45

286 X -35 @z7 GTOE 28 12 B63 RCL3 Jo 83 g99 5709 33 62
267 + -£5 828 ST01 25 ai 854 K2y -4 186 - -45

288 RCULD 26 14 ez29 §&Y -41 865 - -43 181 RCLa 36 8@
289 X =35 838 S5T02 35 BZ @66  STO04 25 d4 182 RCL? 36 83
21a 23 i16-% 831 F&S ig-%! 867  GSBD 22 14 183 £ -2

Equations used in the calculations Table Il

Ref.

Antoine equation for vapor pressure of steam log VP =C41/(T + C3) + C3 4)

Constants Cq =- 3,027

C, =381.3
C3 =6.267

Watson equation for heat of vaporization HVo =HV1[(Te - To)/(T - T4 ))0-38 (3)

. . g Ma Pa
Saturation humidity HS Mp (Pr—Pa) (5)

Q¢
Weighted mean-temperature-difference Wtd MTD =——— (1,2)

TQ;/AT;

Log mean-temperature-difference i =—————(T1-T2~ 1) (1,2)
In[(Tq = t2) /(T3 = t4)]

Total heat load Q;=Q4+Qc+Q, (1,2)

Specific heat of steam 0.45 Btu/lb °F

Specific heat of water 1.0 Btu/Ib°F

Temperatures in the Watson equation are in °R; all other temperatures are in °F.   
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User’s instructions and sample calculations Table 111

_Step Value _Example Key

1. Clear primary and secondary registers CL REG

P=S
CL REG

2. Store input data in primary registers

Steam inlet rate, |b/h 9,439 STOO0

Noncondensable rate, |Ib/h 22,461 STO 1

Molecular weight noncond., Ib/Ib mole 35.05 STO 2

Specific heat inerts, Btu/lb °F 0.22 STO 3
Operating pressure, absolute psia 13.97 STO 4

Inlet gas temperature, °F 176 STO 5

Outlet gas temperature, °F 104 STO 6
Coolant inlet temperature, °F 95 STO 7

Coolant outlet temperature, °F 110 STO 8

Pressure drop of vapor, psi 0.25 STO9

3. Load program Part |, sides 1 and 2

4. Begin computations A

5. Program pauses (briefly) to display

saturation temperature, °F 172.23

6. Recall output from primary

and secondary registers

Q (total), Btu/h 9,463,302.32 Display

Steam rate out, Ib/h 976.26 RCLO

P=S

Steam condensed, Ib/h 8,462.74 RCLO

Q (gas cool) incl. desuperheat, Btu/h 483,665.53 RCL 7

Q (condensed), Btu/h 8,584,213.88 RCL 8

Q (liquid subcool), Btu/h 395,422.92 RCL9

Q (desuperheat), Btu/h 34,659.50 RCL 1

7. Return to primary registers P=S

8. Load program Part 11, sides 1 and 2

9. Begin computations A

10. Recall output

Overall weighted MTD, °F 37.60 Display

Wtd. MTD saturation zone, °F 37.55 RCL D

Wtd. MTD unsaturated zone, °F 57.97 RCL C

Saturation temperature, °F 172.23 RCL B

used to figure the heat of desuperheating the steam- Listing for Tl version—program A Table IV
vapor mixture. The Watson analogy [3] is used to cal-
culate the heat of vaporization for water (Table II). The
Antoine equation [4] is used to predict the vapor pres-
sure of steam.

Part II calculates the weighted MTD from the infor-
mation in Part I. Individual MTDs are also figured for
the desuperheated and saturated zones.
An example is illustrated in Fig. 2, and a step-by-step

procedure for using the program is detailed in Table IIIL.

 

Step Code Key Step Code Key Step Code Key
 

For TI-58/59 users

The TI version of the program has two parts, pro-
gram A and program B, (forlistings, see Tables IV and
V). Table VI contains user instructions and the same
example that was given for the HP version.  
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 (Continued) Table IV
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User instructions and example for Tl version Table VI

Step Value Example Key

1. Store input data:

Steam inletrate,Ib/h 9,439 STO 00

Noncondensable rate, Ib/h 22,461 STO 01

Molecular wt., noncond., Ib/lb mole 35.05 STO 02

Specific heat, inerts, Btu/(Ib) (°F) 0.22 STO 03

Operating pressure (abs.), psia 13.97 STO 04

Inlet gas temperature, °F 176 STO 05

Outlet gas temperature, °F 104 STO 06

Coolant inlet temperature, °F 95 STO 07

Coolant outlet temperature, °F 110 STO 08

Pressure drop of vapor, psi 0.25 STO 09
2. Enter program A, sides 1 and 2

3. Program performs calculations and prints out the results: Press A
Saturation temperature, °F 172.228141

Q (total), Btu/h 9463302.317

Steam rate out, Ib/h 976.2570444
Steam condensed, Ib/h 8462.742956

Q (gas cool) incl. desuperheat, Btu/h 483665.5259

Q (condensed), Btu/h 8584213.871

Q (liquid subcool.), Btu/h 395422.9201

Q (desuperheat), Btu/h 34659.49885

4 Clear program A and enter program B, sides 1 and 2. 2nd CP

5. Program performs calculations and prints out the results: Press A
Overall weighted MTD, °F 37.59845717

Witd. MTD saturation zone, °F 37.54995388

Wtd. MTD unsaturated zone, °F 57.96768663

Saturation temperature, °F 172.228141

References The author
1. Gulley, D. L., How to Calculate Weighted MTD’s, Hydrocarbon Process., Vol.

45, No. 6, 1966.

2. Kern, D. Q., “Process Heat Transfer,” McGraw-Hill, New York, 1950.

3. Weber, James H., Predict Latent Heat of Vaporization, Chem. Eng., Vol. 87,
No. 1, 1980.

4. Pitzer, K. S., Lippmann, D. A., Curl, R. F., Huggins, C. M., and Peterson,
D. E,, J. Am. Chem. Soc., Vol. 77, p. 3,433, 1955.

5. McCabe, W. L., and Smith, J. C., “Unit Operations of Chemical Engineer-
ing,” McGraw-Hill, New York, 1967.

 

Larry J. Haydu is a Senior Engineer
with Carborundum Co., Graphite
Products Div., now called Kennecott
Engineering Systems Co. (KESCO), a
part of Kennecott Corp. He graduated
from Cleveland State University with a
bachelor’s degree in chemical
engineering, then worked for the city of
Cleveland, Div. of Air Pollution, as an
air pollution control engineer. Mr.
Haydu is a licensed professional
engineer in the state of Ohio.



A new way to rate
an existing heat exchanger
With this program, you can quickly determine what
will be the unknown temperatures, log-mean temperature-
difference correction factor, and heat load for any job
that an exchanger may be required to do.

 

Rogério G. Herkenhoff, Petroleo Brasilewro S.A.
 

[] Prediction of the thermal performance of an exist-
ing multipass exchanger is usually carried out by an
iterative procedure in the following way:

1. Compute the overall heat-transfer coefficient,
based on the most recent information about fluid tem-
peratures. (In the first trial; using an arbitrary value
may be advantageous.)

2. Calculate the unknown temperatures.
3. If necessary, return to Step 1.
In the second step, one unknown temperature is cal-

culated from a dimensionless group (P), and the otheris

usually computed via a thermal balance.
The value of P can be obtained graphically [7,2] if

the number of shell passes does not exceed two, or by
means of a trial-and-error solution involving the calcu-
lation of the log-mean temperature-difference (LMTD)
correction factor. This time-consuming method can be
avoided by using a noniterative general solution.

Developing a general solution
The assumptions are the same as those made for the

derivation of the LMTD correction factor [3]. In addi-
tion, the number of tube passes must be a multiple of
the number of shell passes.

For an exchanger having N shell passes, Bowman [4]
developed a general solution for the correction factor:

VRZ + 1In[(1 — X)/(1 — RX)]
 

 

F = (1)
(R 1)1 2—X(R+1—-VR?+1)

- n

2—XR+1+ VR?2+1)

where:

1 — RP\ /¥

_1_(1—P)
- 1 — RP\¥
- (7=%)
T, - T, wc

to, — t, ~ wce

Originally published March 23, 1981.
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(2)

R =  (3)  

t, —t
= ———731— tll (4)

From the original definition:

_ (UA/w9),, _ In[(1 — P)/(1 — RP)]
(UA/wre) (R — 1)(UA/we)

Substituting F in Eq. (1):

In[(1 — P)/(1 — RP)] _
(UA/wrc) -

VRZTIn[(1 — X)/(1 — RX)]
2X(RA1 - VRZ1)

2 - X(R+1+ VRZ+1)

From Eq. (2), it is possible to prove that:

In[(1 — P)/(1 — RP)]=NIn[(1 — X)/(1 — RX)]

 

 

 (5)
1 

Substituting in Eq. (5), and rearranging:

 

X =

2F — 2 (6)

(R+1+4+ VRE+1)E—(R+1—VR2+1)
where:

E — e(UA/we)VR*+1/N

From Eq. (2):

1_(1--RX)N

1 — X
- 1 — RX\V
R_(I—X)

when (R #1) (7)

When R = 1, part of the equation becomes indeter-
minate, but Eq. (6) is still valid. However, Eq. (7) must
be replaced by:

NX
P=—n—— h R=1 7Mr—xg1 WVhen! ) (7a)
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Program to rate an existing exchanger Table |

Step  Key Code Step Key Code Step Key Code  Step Key Code Step  Key Code  Step Key Code

881 »lBLa i ic il 83% ST01 35 4 BF7 SPC le-1: 115 F&& I5-5! 153 RCL8 Jo @& 191 STOA 35 11
88:  STCE 75 !> 846 GESBI 25 ¢l @78 Z 82 116 6589 23 8% 154 X -35 192 RCLE 26 15
BET NV 4] 841 LBLI i1 6! €79 6SB@ 23 B¢ Q17 RCLi 36 45 155 RCLC 3¢ i3 193 wlBL2 21 62
Ba4  STOC 35 14 B42  ESBS 23 G5 @88 xlBLZ 21 €2 118 - -45 156 z -84 154 - -45
aas RTN 24 843 RCLE Je 13 881 1 6. 118 X -35 157 RCLB 36 12 195 RCLA 3¢ 11

G666 SLELE 2. 1€ 1 @44 x -35 @g2 PS5  16-3! 128 RCLi 3€ <5 158 ¢ -24 196 #LBLE 21 8¢
g67  PaS  ig-5: @45  ST0@ S a; 883 GSB4 I e4 121 + -5 159 e 3197 1 o
885 GSEc 27 i5 T 846  KCLi 36 4T 834 F2s ie-51 122  ESBS 23 32 168 STO06 35 be 198 - -43

aa9 F&s ig-5: @47 X -Z& @85 6T £& @1 123 STOi 35 45 161 RCLS 36 85 199 : -24

16 RTH =4 848 ECLi 6 95 @86 LBLT 2l €7 124  E6TCG7 2Z 67 1ed X =35 288 RTK 24

811 xLBic 21 16 13 @48 - -45 887 PRT. -14 123 xLBLS 2i 85 163 RCL7 36 67 2081 «xLBLS Z2i &9
&1z 5T02 35 537 @56  GSE3 £Z €5 @88 xLBLI 2l 8: 126 bGSBE 23 88 164 - -45 2082 DSZI 16 25 46
@13 Ri -3 891 P2S 15-5i 889 RTN & 127 8TOC 35 i3 165 2 6z 263 RTN 24

@14 STO4 -5 a4 652 RCLi 35 45 @98 RCLW 36 1! 126  P2S  l£-5i 166 RCL® 36 03 284 ISZI 16 6 46
815  Fi -2, 653 P25 i6-51 @s1 1% 5. 129 6SB8 23 68 167 ¥ -35 285 IS 1€ 26 46
@i6 5705 3545 654 RCLe 3 Il @9z GSBI 2T 67 138 P3S  16-51 168 z 82 206  RTN 24
a17 RTh s 855 5T+@ 35-IT BE @83 174 S¢ 131 : -24 169 - -4% 287 uLBLS 21 ee
g18 eLBLd 21 1€ 14 856 X =25 894 LN 32 132 1 gl 176 = -24 288 RCLI 36 8
a1s Ry -4; 857 + -59 895 RCLE 36 13 133 ST07 $5 @7 171 GSB3 2383 289 RCL2 36 8-
626 25 jg-5: 838 RCL@ Jc 66 @9  BSBE 23 6 134  STO3 3% 8% 172 RCLB 36 & 218 + =95
821 GSBe 23 'c 15 859 GSBS 23 66 @97 RCLD  3€ 14 135 XY -41 173 yx o211 Z gz
922 25 i€-51 868  ETdi &5 48 @95 : -is 136 X#EYT 16-32 174 G5B3 23 63 212 z -24
623 Xy -7 el P&S 18-31 899 RCL® 36 a& 137 ETOI 22 B1 175 1-X S 213 RCL3 3683
824 Ti 24 @62 ETGr Zi 67 lea £ -24 138 EEX -27 1vé  STOR s it 214 X -35

25 xLBLe Zi (¢ 15 863 xLBLC £l 12 181 RCLC 36 15 13§ 5 es 1v7 RTH 24 215 RCL4 Jo B¢
826  S5TOZ2 35 gz 069 SPC =11 18z X =35 148 CHS -22 178 w.BLE 21 66 216 + -5
gz N2y -4 065 GCSBI 3 Fi 183 RS 5P 141 + 55 179 ST0I 35 4€ 217 ST06 35 @6
@28  STOl 35 5; @66 ETO2 2z €2 184 GSBS 23 B3 142 xlBLI Z1 Bl 188 GSBS 27 85 218 RCLS 3€ 95
62s RTN 2; 867 *LBLL <l {4 185 RCLZ 36 62 143  ETOE 25 15 181 pP&s i5-%i 219 X =35

838 xLBLA 2111 868 SPC ie-11 186 RCL1 3€ B! 144  ST+7 35-55 @7 182 RCLi Jo 45 228 " 24
@31 STO5 35 g5 @03 1 €1 167 - -45 145 ST+8 35-55 65 183 PES 16-51 221 RS gl
632 P25 16-5; 870 P35 1&-5i leg  » =35 146 xe o184 X -35
532 §T08 3 g5 871 65Be 23 88 1e3 RTi¥ 24 147 + =55 185 RCLi 3€ 45
834 F2S i€-51 @72 Pes 16-30 11@ »LBL4 Z1 €4 148 s 54 186 6SB2 23 82

a3s RTN 24 873 #LBL! 21 8! 111 STGI 35 9£ 145  8T-7 25-4% &7 187  GSB2 23 83
83c *LBLE Zi 12 874 & €2 112 GSBS Z3 65 158 ST+8 25-55 6% 188  STOi 3% 45
a3r SPC jg-11 875 ETO4 22 84 113 Pe8 i6-51. 151 RCLD J6 14 189 G107 8 67
678 2 62 876 xLBLE 2! 15 114  RLii 3 45 158 x -3T 199 ¥lBL3 21 &3

o _ When the cold fluid is isothermally vaporized (R =
User’s instructions Table 11 00), or when in Eq. (4) only one temperature is known,

the definitions of R and P [Eq. (3) and (4)] may be
Necessary input (in any order): changed to:
1—- AN f [al

2 — Wtgta (hot fluid) f [b] po -t _WC (32)
3 — wtpta (cold fluid) f [c] T, —-1T, wce
- T4t4-Ty1T, f [d] T, - T,

5— t11t2 f [e] P=—2=° (4a)

Output: I . .
n Eq. :T (8] this case, in Eq. (6), £ must be replaced by

2—Toprinttyand 7o [C] E = e(UA/WC)VR*+1/N

3 —Toprint Ty and t5 (D]

‘;-— X? print ¢1 and T(2: (E] Program description
— After pressing B, C, D or E: .

(a) To display F (R/S] The HP-97/67/fll-C program calc'ulates any combi-
(b) To display q [R/S] nation of two terminal temperatures in an existing mul-

Registers: tipass exchanger, except if both refer to the same fluid.
0 T, P I3 2 5 6 7 8 5 The specific heats are calculated as a linear function
S;Jsed S ! < 2 S % Pc w c Used U Used of the arithmetic mean temperatures of the fluids, using
Used 1T;_, 2T1 3ah S4flh S5 86C S7Used 88U ngsed the last temperatures stored. Thus, unless the desired

IB ]c ID JE [l temperatures had been preliminarily stored, or the spe-
Used N we or WC A R Used cific heats had been considered to be constants (a = 0),  

where: ¢ =8¢ + oty

C=fp+apTm    the temperatures will not be precisely calculated.
So, an iterative procedure must be used to yield a

consistent result. The desired calculation is repeated (by
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pressing B, C, D or E) until the calculated temperatures
remain approximately constant. An initial estimate of
the desired temperatures may be stored to avoid using
the remaining values of any previous operation and to
improve the convergence.

Also, the overall heat-transfer coefficient is often seri-
ously affected by the variation of the physical properties
of the fluids and cannot be precisely evaluated without
knowledge of both inlet and outlet fluid temperatures.
Therefore, the iterative procedure must usually include
the replacement of the previous estimate of the overall
coeflicient with a new one, computed for the latest tem-
perature conditions.

After the convergence, the program can calculate the
LMTD correction factor and the heat load, based on the
cold-fluid conditions.
Any system of units may be used, as long as UA/wc

remains dimensionless.
The program can also accommodate a pure counter-

flow exchanger, assuming a numberofshell passes suffi-
ciently large to make the LMTD correction factor equal
to 1.
When R = 1, the program assumes R = 1.00001 to

permit the solution without using Eq. (7a).
The second unknown temperature is calculated from

a second value of P, which is evaluated by using the first
calculated temperature to compute the specific heat.

Rating an exchanger for heating crude oil
It is desired to heat 700,000 l1b/h of a 36.4° API grav-

ity crude (kK = 11.5) at 433°F, using 400,000 1b/h of a
38° API gravity oil (k = 12.1) at 556°F. Available for
this service is a 3:6 exchanger having a heat-transfer
surface area of 15,000 ft2. Assuming a total dirt factor of
0.005, and that the individual heat-transfer coeflicients
may be estimated by the following equations, what will
the outlet temperatures be?

h, =25+ 0.35¢, and h, = 160 + 0.30 T,

 

Nomenclature

Heat-transfer surface area

Cold-fluid specific heat
Hot-fluid specific heat
Dimensionless group

LMTD correction factor

Individual heat-transfer coefficient

Characterization factor

Total number of shell passes  Subscripts
Dimensionless group ¢ Cold fluid
Heat load c¢c Countercurrent
Dimensionless group k  Hot fluid
Fouling factor m  Arithmetic mean
Cold-fluid temperature 1 Inlet
Hot-fluid temperature 2 Outlet
Overall heat-transfer coefficient
Cold-fluid mass flowrate
Hot-fluid mass flowrate
Dimensionless group
Angular coefficient for specific-heat calculation
Linear coefficient for specific-heat calculationT

R
N
T
E
Q
N
T
I
N
S
V
T
I
I
E
O
C

A

Using the equation presented in Ref. 2, p. 149:
B, = 0.4142

a, = 0.0005474

B, = 0.4306
a, = 0.0005682

In the first trial, let us assume that U = 50, ¢, = ¢, and
T, =T,

Preliminary input:
1—15,00013
2—400,0007.43061.0005682
3—700,00017.41427.0005474 f [c]

[
—

o
e

4—5561 f [d]
5—4331 f[e]

Ist trial:
1—-50 [A]
2—(Compute ¢, and T5) [C] (¢ = 496.01,

T, = 459.29)

2nd trial:
1—Compute the overall coefficient (U = 73.89)
2—73.89 [A]
3—Compute ¢, and 7T, [C] (t, = 498.77,

T, = 448.98)

3rd trial:
1—Compute the overall coefficient (U = 73.88)
2—73.88 [A]
3—Compute ¢, and 7, [C] (¢, = 498.53,

T, = 448.83)

4th trial:
1—Compute the overall coefficient (U = 73.87)
2—73.87 [A]
3—Compute ¢, and 7, [C] (¢, = 498.53,

T, = 448.83)
4—Compute F [R/S] (F =

0.85792)
5—Compute ¢ [R/S] (¢ =

3.06972
X 107)

For TI-58/59 users

The TI programs closely follow the HP version.
However, program A (see Table III listing) supplies
output 1 and 2 of Table II. (i.e., output1 is inlet temper-

atures, and output2 is outlet temperatures). Program B
(listing in Table IV) offers output 3 and 4. Table V
provides user instructions.

Listing for Tl version—program A Table il
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(Continued) Table lil

 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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Listing for VI version—program B Table IV

Step Code Key Step Code Key
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(Continued) Table IV
 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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User instructions for Tl version Table V

 

Two separate programs are given. They are run in similar manner.

For both programs data are entered as follows:

A, heat-transfer surface area

N, number of passes

Hot side

W, mass flowrate

a factor

B factor

T,, temperature in

T, temperature out

Cold side

w, mass flowrate

a factor

B factor

t,, temperature in

t,, temperature out

Enter estimate of overall heat-transfer coefficient U, then press key A

With the program A:

Key B gives inlet temperatures, cold side (t;) and hot side (T,)

Key C gives outlet temperatures, cold side (f;) and hot side (T>)

With program B:

Key D gives hot side inlet (7;) and cold side outlet (t,) temperatures

Key E gives cold side inlet (t;) and hot side outlet (T,) temperatures

Calculation will take a few minutes. In all cases, programs also give LMTD correction factor F, and heat load q.

STO 23
STO 21

STO 15
STO 13
STO 14
STO 12
STO 11

STO 05
STO 03
STO 04
STO 01
STO 02

With further estimate of overall heat-transfer coefficient, key A, additional calculations of the same two temperatures are made until satisfactory convergence is
obtained.

(Note: Any consistent set of units may be used as long as UA/wc remains dimensionless.)

All output are printed in the order indicated in the explanation (i.e., temperatures, LMTD correction factor F, and heat load q.).

 

References

1. Ten Broeck, H., Multipass Exchanger Calculations, Ind. & Eng. Chem., Vol.
30, No. 9, pp. 1,041-1,042 (1938).

2. “Standards of Tubular Exchanger Manufacturers’ Assn.,” pp. 138-139, New
York (1968).

3. Kern, D. Q., “Process Heat Transfer,” pp. 140, 176, McGraw-Hill, New York
(1950).

4. Bowman, R. A., “Mean Temperature Difference Correction in Multipass
Exchangers,” Ind. & Eng. Chem., Vol. 28, No. 5, pp. 541-544 (1936).
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14/804, Centro, CEP 20031, Rio de
Janeiro, Brazil. He holds a B.S. degree
in chemical engineering from
Universidade Federal Rural do Rio de
Janeiro. He lectures on heat-exchanger
design in Petrobrés courses for process
engineers.



Calculating the corrected LMTD
in shell-and-tube
heat exchangers

The programs described here, one
for the Hewlett-Packard system
and one for the Texas Instruments
system, will allow the engineer to
calculate the corrected logarithmic
mean temperature-difference for
shell-and-tube heat exchangers
In series.  
 

W. Wayne Blackwell, Ford, Bacon & Dauvis, Texas Inc., and Larry Haydu, Kennecott Corp.
 

[] Heat transfer is more efficient when there is counter-
current flow rather than cocurrent flow. When multi-
pass shell-and-tube exchangers are used in series, the
flow more closely approximates countercurrent when a
lot ofshells are used. But this means greater cost. So it is
desirable to use the minimum number ofshells that will
achieve an acceptable level of efficiency.
The programs described here will determine that

minimum number of shells, and will calculate a cor-
rected mean temperature-difference for the system cho-
sen. This eliminates the need for laborious calculations
with charts and graphs that are normally used in such
designs.

Heat-exchanger design
The thermal design of heat-exchange equipment

often requires the calculation of the logarithmic mean
temperature-difference (LMTD). This is defined by the
following equation:

LMTD =

Where, for countercurrent flow:

At, = the larger terminal difference, 7; — t,, and
At, = the smaller terminal difference, 7, — ¢,.

Originally published August 24, 1981.

 

For cocurrent flow,
Atl = T1 — ¢4, and

At2 =T, — t,.

Temperatures:
T, = hot-fluid inlet temperature, °F,
T, = hot-fluid exit temperature, °F,
t; = cold-fluid inlet temperature, °F,
to, = cold-fluid exit temperature, °F.
Fig. 1 shows a typical temperature profile of two

fluids in true countercurrent flow through a 1-1 ex-
changer (one shell pass, one tube pass).
The 1-1 exchanger is very simple but has its limita-

tions. In the majority of industrial operations, higher
velocities, shorter tubes, and a more economical ex-
changer can be found using multipass design. In a mul-
tipass exchanger such as shown in Fig. 2, the flow is part
countercurrent and part cocurrent. As a result, the
mean temperature difference lies somewhere between
the countercurrent and cocurrent LMTDs.

In this situation, a correction factor, F, is defined so
that, when it is multiplied by the LMTD, the product is
the corrected mean temperature-difference (CMTD).

CMTD = F X LMTD

Thus, for pure countercurrent flow, F = 1. As more
cocurrent flow is introduced, F is reduced and the efhi-
ciency of the exchanger drops. The lower limit of prac-
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Hewlett-Packard program listing Table |

|

Step Key Code Step Key Code Step Key Code Step Key Code  Step Key Step Key

661 xLBLA 21 11 838 RCLI 36 81 875 : -24 112 X<8? 16-45 149 6108 186 XY

882 1 ar 839 RCLZ2 36 82 876 ST09 35 89 113 6T0C 22 13 156 «LBLD 187  X=Y?

863 STCI 35 456 648 - -45 877 2 82 114 1 @1 151 RCLI 188 ETOC

ae4d P25 i6-51 641 RCL4 36 84 @678 Ay -41 115 X&T -41 152 RCLS 189 LN

@5 ) -62 842 RCL3 3 83 879 : -24 116 X=Y? 16-32 153 X 196 P2S
665 8 65 643 - -45 68@ 1 81 117 ETOC 22 13 154  CHS 191 ST(MM
887  5T02 35 82 044  X=07? 16-43 661 - -45 118 LK 32 155 RCLS 192 28
888 P3s i6-51 @45 ET0d 22 1e 14 882 RCLe 36 86 119 RCL7 36 87 156 + 193 RCLS

889 RCLI 36 ai 046 £ -24 883 - -45 128 X -35 157 RCLI 194 RCL7
818 RCL4 36 84 @47 5706 35 86 684 P:S 16-51 121 RCLé 3¢ 86 158 + 195 X

611 - -45 848 X2 53 885 STO08 3ags 122 1 81 159 RCLS 19¢ 1

812  ABS 16 31 849 1 81 886 35 16-51 123 - -45 168 XY 197 RCL3
813 STOS 35 85 @5e + -55 887 RCL7 36 @7 124 < -24 161 < 198 -
814 RCLZ2 36 82 6351 X 54 @886 + =595 125 s 16-51 162 STO® 195 :

815 RCL3 36 83 852 ST07 35 67 889 &5 16-51 126 RCL1 30 81 163 2 268 =5
816 - -45 853 1 81 698 RCL6 36 88 127 2 -24 164 XY 261 RCLI
617 ABS 16 31 854 RCLé 36 86 891 o8 16-51 128 Pes le-51 165 : 28z :

818  ST06 35 86 855 X=Y? 16-33 892 RCL?V 36 87 129 x¥LBLE 2l 153 166 1 283 P:s

818 - -45 856 610D & 14 893 - -45 138 STOD 33 14 167 - 264 GTOE

828 X=67 16-43 @37 RCLS 36 85 894 =82 16-43 131 RCL6 36 88 168 RCLS 285 xLBLb 21

621 GTob 22 16 12 858 X -35 895 6T0C 22 13 132 X=g? 16-43 169 - 266  RCLS
622 RCLS 3 @5 859 1 81 89 2 -24 133 6SBc 23 16 13 178  F3S 287 STOB
823 RCLe 36 86 868 - -45 897 X<@? 16-45 134 X>Y? 16-34 171 STO8 2688 ET0a 22

824 < -24 861 RCLS 36 85 898 ET0C 22 13 135 6T0C 22 13 172 =8 2689 xLBLd 21

825 LN 32 862 1 81 899 LN 32 136 RCLI 36 46 173 RCLV 218 RCLE

826 2 -24 863 - -45 168 =8 16-51 137 STOA 38 11 174 + 211 sTuC

627 #*LBLa 21 16 11 864 : -24 181 S5TO1 35 81 138 SPC 16-11 175 P&s 212 1

828 STOB 35 12 865 RCLI 36 46 182 PsS 16-51 139 PRIX -14 176 RCL@ 213 GTOE

629 #LBLB 2112 866  1/X 52 183 1 @1 1486 RCLB 36 12 177 35 214 xLBLe 21
838 RCL4 36 84 667 Y 31 184 RCLS 36 B9 141 PRTA -14 178 RCL? 215 Ri

631 RCL3 36 83 668 ST08 35 88 185 - -45 142 RCLD 36 14 179 - 216 =5

832 - -45 869 1 61 106 1 81 143 X -35 188 X=87? 217 RCLZ
833 RCLi 36 81 6@ Xy -4 187 RCLS 36 89 144 STOC 35 13 181 ET0C 218 P3S

834 RCL3 36 83 871 - -45 188 RCLé 36 66 145 PRTX -14 182 z 219  RTN
835 - -45 872 RCL6 3686 189 X -35 146  RTN 24 183 x<@? 226 R/S
836 2 -24 873 RCL8 36 88 118 - -45 147 «xLBLC 21 13 184 6T0C

837 STO0S 35 85 674 - -45 111 < =24 148 ISZ1 16 26 46 185 1

Texas Instruments program listing Table 11

Step Code Key Code Key Step Code Key Step Code Key Code Key
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- X OTLE GOS0 o5 g5 On 71 oz gz 4 24
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G100 & azz 89 OF 5 43 RCL 0% 0z =i
avi 4z azz oo Ot 55 Z1 21 93 FPRT 4% RCL
Bi2 5D RO Ond4 83 ROL oS &% OF FE OLEL OO 00
41s T 0zs 19 1= 57 o1 0Oi 12 E B
Hia &5 azs &% OF a5z 432 RCL % OF 23 RECL
1% s azy oz oz as% 1% 19 oo o 1 i
la - 038 &5 0OF g 25 0OF 4% ROL 4 "

017 GE Oos s 0% as1 0OF

0

OF 2z o =

gig 33 a4 Tl RUE Oez &9 [0OF &3 [OF =
d15 ED 041 42 570 Oes 05 05 g1 0 y

g0 A9 o4z o 0o g4 91 R-3 43 RCL
a2t G2 o4 3% PRT OeS 33 PRY =3 23  
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£esna T

=1  
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Countercurrent flow in a 1-1 exchanger Fig. 1   
tical efficiency is F = 0.75 to 0.80 [/].
When designing shell-and-tube heat exchangers in

series, the lowest F value is for one shell. This value is
raised as the number of shells increases, and the flow
more nearly resembles countercurrent flow. The object
of design is to find the minimum number of shells that
will raise the F value above the chosen minimum of
0.75 to 0.80.

Determining the F factor
An article in the May 1940 issue of The Transactions of

the ASME greatly simplified the calculations required to
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Flow patterns in a multipass exchanger Fig. 2  
 

 

determine the mean temperature differences in shell-
and-tube exchangers [2]. The equations supplied by
that article have been adapted for calculator use.
The general equation, valid for any number of

passes, is [3,4]:

 

 

P ( R? + 1) In[(1 — P,)/(1 — RP,)]

“\ R-1 ln[(Q/P,)— 1 -R+ VR 1]
(2/P)—1—R— VR + 1

RP — 1 1V/N
] — —/——

where P, ='—|:7§J::1T]1_/N

R_[P—l]
and P=(ty — 4)/(Ty — ty)

R = (T1 - Tz)/(tz - tl)

N is the total number of shell passes, i.e., the product
of shell passes per shell and the number of units in
series. Solving for N by repetitive trial and error with a
minimum desired F, the minimum required number of
shell passes can be determined.

If R = 1, the equation becomes indeterminate, and
an alternate solution applies:

P P, +1/(1 — P)
ln[(Q/Pz)— 1 — R+ \/W]

(2/P) —1—R— VR® + 1

P, = P/(N — NP + P)

 

 

and:

The equations presented are based on certain as-
sumptions: the overall heat-transfer coefficient, U, is
constant throughout the heat exchanger; the flowrate of
each fluid is constant; the specific heat of each fluid is
constant; there is no condensation of vapor or boiling of
liquid in any part of the exchanger; heat losses are neg-
ligible; the heat-transfer surface in each pass is equal;
the temperature of the shell-side fluid in any shell-side
pass is uniform over any cross section.

Hewlett-Packard program

 

Larry Haydu

The program in Table I is written for the Hewlett-
Packard HP-67/97 programmable calculators.Tt is sim-
ple and efficient.
The inlet and outlet temperatures of the hot and cold

fluids are fed into computer memory at the start of the
program. The program will select the proper number of
shells in series so that the value of F is greater than or
equal to 0.8. If a cutoff value for F other than 0.8 is
desired, a value can be registered in the memory.

Input: 7,[st0]|1
T.,|sTO |2

t,[st0]3
STO 4

F sT0] 0 (if different than 0.8)

Begin computations—Press[A

Output is stored on the HP-67 (printed on the HP-
97) and can be recalled from storage registers.

 

 

 

 

    



CORRECTED LMTD IN SHELL-AND-TUBE EXCHANGERS 157

 

 

T | user instructions Table 11

 

Step Procedure Enter Press Display
 

1. Read in both magnetic
cards, sides 1,2,3and 4

Key-incold outlet temp.  to

Key-in number of shells N
(or use default value
displayed)

8. Option: To calculate
corrected LMTD for
alternate number of
shells, press B and
continue with Step 7

9. Option: Press D’ to
print R and P

2. Begin computations

3. Key-in hotinlet temp. Ty

4. Key-in hot outlet temp. Ta

5. Key-in cold inlet temp. tq

6.

7.

 

CLR 1,2,3,4

A 37002431

R/S 3700324137

R/S 37002431

R/S 3700324137

R/S N

R/S Corr. LMTD

  
Output: Number of shell passes in series [Rer] A

Logarithmic mean temperature-
difference (LMTD)

Corrected mean temperature-
difference (CMTD)

Correction factor calculated
(CMTD/LMTD)

Example

(7] B
ac
D

Acetone at 250°F is to be sent to storage at 100°F.
The heat will be received by 100% acetic acid coming

from storage at 90°F, and will raise its temperature to
150°F. Calculate the number of shell passes required,
the LMTD, and the CMTD.

Answer:

39.09°F LMTD

3 shell passes in series required

 

 

    

1.0

. 0.9

S
§ 0.8

5£ 0.7
o

S 06

0.5
0 01 02 03 04 05 06 07 08 09 1.0

P=(t,—t,)/(T,—t,)

One shell pass, and two, four,

or any multiple of tube passes

R=(T,— To)/(ty—tq)

W

S
o
8
c
.2

S
o

01 02 03 04 05 06 07 08 09 1.0

P=(t,—t,)(T, —1t,;)

Two shell passes, and four, eight,

or any multiple of tube passes

R= (T-|— Tz)/(tz-— t1)

w

S

8
c
.0

S
O

 

01 02 03 04 05 06 07 08 09 1.0

P=(t,—t,)/(T,—t,)

Three shell passes, and six, twelve,

or any multiple of tube passes

R= (T1— Tz)/(tz"‘ t1)

34.20°F cMTD (F=087)

T | data registers Table IV

0. Hot inlet temp.--T 17. 1513271536

1. Hot outlet temp.--T>» 18. 23323700

2. Cold inlet temp.--t; 19. 37002431

3. Cold outlet temp.--t5 20. 3700324137

4. Number of shells--N 21. 1532271600

5. P’ 22. 3132400036

6. R 23. 2317272736

7. P 24. 1 (optional value)

8. P” 25. 5151515151

9. VRZ+1 26. 24311535
10. log term 27. 1713361716

11. F 28. 2100211315

12. Aty 29. 3732350000

13. Aty 30. 27303716

14. LMTD (uncorrected) 31. 2150552730

15. [(PR-1)/(P-1)] 1IN 32. 3716560000
16. 2730371600 33. 0.75 (optional value)

Note: The numbers in registers 16-33 are all print codes
and default values that must be stored in data
registers before the program is recorded on
magnetic cards. The program should be recorded on
magnetic cards while it is in standard partitioning.    

 

 

Correction factor plot for multipass exchangers Fig. 3
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T | user-defined keys Table V

 

A  Starts program

B  Calculates number of shells*

C Solves F factor equations®

D Checks for minimum F factor*

E  Calculates corrected LMTD

A’ Calculates LMTD*

B Calculates LMTD if At;=At,*

C’ Changes number of shells*

D’ Prints R and P values

* These keys all continue the program   
 

Texas Instruments program

W. Wayne Blackwell  

 

The Texas Instruments program (Table II) is written
for the TI-59 calculator, in conjunction with the PC-
100C printer. It is completely self-prompting, calling
for all necessary input data as required. This method
reduces the possibility of error and confusion.
The program is largely explained by Table III (User

instructions), Table IV (Data registers), and Table V
(User-defined keys).
A minimum correction factor of 0.75 is used, but this

may be changed at any time by keying a new value into
register 33. Base —10 logs are used, as in Ref. 2.
The program is designed to start by testing one shell

(N = 1). This minimum number of shells is known as
the default number. It is possible to start with a differ-
ent number by keying in any chosen value (say, N = 3).
If this is not done, the program will start with the de-
fault number of 1. The program can be designed with a
different default number (say N = 2) in register 24.
The program also allows the user to readily calculate

the effect of a change in the number of exchanger shells
on the corrected LMTD, without reentering exchanger
temperatures. Just press[B], key in the number of shells
desired, and then press[R /S| The values of R and P will
be printed if label[D] is pressed.
The program may also be operated without a printer,

(but, of course, in this case the self-prompting facility is
lost). To do this, store exchanger temperatures (73, 75, ¢,
and t,) in data registers 00 through 03, press[B], enter the
estimated number of exchanger shells (or use the de-
fault value) and press After program execution,
the results of all calculations are stored in registers 04
through 15 and can be recalled as desired. Note that the
value displayed in the register at the end of a run is the
corrected LMTD.

Using the previous example, start the program by
pressing label[AJand answer the questions on exchanger
stream temperatures as presented. The default number
of shells is used as a starting point and 1s pressed.
The printout is shown in Table VI. The F value for
N =1 isn’t a viable solution. It does not print out.

Both programs give the same result, of course.

 

T1 example printout Table VI

HOT 7T IH

50,
HOT T DT

10,

cOLD 7 OIH

210,
COLT T DuT

150,

HO., SHELLS

MO, SHELLS I[HCREASED
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Program solves airstream
energy balances
This TI-59 calculator program includes correlations for the
enthalpy of air and water vapor. Thus it needs little
input to solve mixing and heat-transfer energy balances
and predict outlet temperatures.

 

Calvin R. Brunner, Malcolm Pirnie, Inc.
 

[] Predicting the final temperature of two airstreams
that mix, or exchange heat without mixing, involves a
trial-and-error procedure because both air and water-
vapor enthalpies must be considered simultaneously.
This TI-59 program solves such problems quickly, using
correlations for the enthalpies of air and water vapor
over the range 500°F-2,500°F. Though it is most accu-
rate over this high-temperature range, the program can
be used at lower temperatures with only moderate
error.

Trial-and-error
The figure illustrates the problems that this program

solves:
B Heat exchange. Given the initial temperature, air

flow and water flow for two airstreams, and the final
temperature for one of the streams, predict the final
temperature for the other stream.
B Mixing. Given the initial conditions as above, pre-

dict the temperature of the mixed stream.
To see how the program solves these problems, we

need to look at the energy balances for each case. First,
the enthalpy flow of an airstream (H;, Btu/h) is the sum
of the dry-air and water-vapor enthalpy flows:

Hi = [Maha + Mwhw]i (1)

where M is mass flowrate (1b/h), 4 is enthalpy
(Btu/Ib), a refers to air, and w refers to water.

Enthalpies £, and 4, can be represented as functions
of temperature (¢, °F), based on least-squares correla-
tions of the data shown in Table I:

h, = 0.0805 ¢1-1506 (2)

h, = 0.56 t + 937.8 (3)

Substituting these equations into Eq. (1) yields the en-
thalpy flow for a stream of known temperature and
mass flowrates.

In the case of heat exchange, both the inlet and outlet
(Text continues on p. 162)

Originally published November 16, 1981.

 

 

 

    

 

   
   
 

Heat exchange: Find outlet temperature of Stream 2

Stream 2
t2, in - j\/ - t2, out = ?

Q=7

L1, in > -t
Stream 1 /\/ 7. out

Mixing: Find outlet temperature of mixed stream

Stream 2
I :

. tmix =?

t;
Stream 1

Program handles both
heat exchange and mixing Fig. 1

Correlations correspond closely
to actual enthalpy values Table |
 

  
Temperature (t), °F

500 1,000 1,500 2000 2500

Air enthalpy (h,), Btu/lb

Actual* 102 230 365 505 650

h,=0.0805¢1-1506 103 228 363 506 654

Water-vapor enthalpy (h,,), Btu/lb

Actualt 1,239 1,486 1,756 2,047 2,358

h, =0.56¢+937.8 1,218 1,497 1,777 2057 2,337

*Keenan, J. H., and Kaye, J., “Gas Tables,” John Wiley & Sons, New York, 1948.

tKeenan, J. H., and Keyes, F. G., “Thermodynamic Properties of Steam,”

John Wiley & Sons, New York, 1936.
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 Program listing for T1-59 calculator Table 11
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AIRSTREAM ENERGY BALANCES
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Table Il (Continued)
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(or reading the two program cards). 
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Location Code Key Location Code Key

   

   

    

  

= R i

ii '

 

L

A1
W

T
R

L
I
)

.]
I;

L

w
0

|
D
T
N
e

7
0
0

r

V
A

=
P

T
T
e

N
A
N

l
-
.
-
.
l

]
B
t
g
t
Y
V
L

r o]

L =+
- 4
L i

5 -
i o
N -

 

  
  

 

       
     

 

g K e
o a1l i s
= R v; s

= a0 0 07
7 0 1 o0 0

o 0 2 0303

= ¢ £ Oz =

= S OF &2 OF
0oF 0 4 04

g = T ORCL

i1 = 5 %+

OF = % RobL
fs i 1 it
= = = —¢ p = =

7 S 0OF

-
V
D
T

T

o
|:

.T
~.

l

 

-
1

a
0

   

1
T 1

1
T
e
T

I

o

I

e
d
e
e

w
f
n
|

  

A
e
i
D

T
g

 

0

= OF

HIY i 05

1 0 1 2 0
= 7 = £
= 0 = = ALY

2 a i SEE
= ! 25
" b T i

I
l
o

b
o -

o
L

T1
T
|

   

el
b
b  

-
¢

-=7

=
i

-
i
-=;

-:

=;

-
§

¢ L
g
y

L
T

D
e
0
L

15 R o

S5 RLL i

 

*The key shown as RTN must be entered as INV SBR. RTN appearsat

steps 016, 032, 407, 442 and 481.  
 

temperatures are known for Stream 1, so H,;. and
H,,, are known. From these, we can find the heat
transferred to Stream 2 (Q, Btu/h):

Q = Hl,in - Hl,out

= [Ma (ha,in - ha,out) + Mw (hw,in - hw,out)]l (4)

Knowing Q, we can find the outlet enthalpy flow for

Stream 2:

H2,out = Q. + H2,in (5)

The program calculates Q and H,;, from known
conditions, using Eq. (1-4), then finds H,,,, from Eq.
(5). To find the outlet temperature of Stream 2, the  

program uses Eq. (1-3) again and solves for &
Stream 2 outlet:

H — (056t + 937.8)M,,
t1'1506 — 6

0.0805 M, ©)
 

To solve Eq. (6), the program uses a trial-and-error pro-

cedure, with 0.1°F as the tolerable error.

1. Assume a temperature value, ¢, and use this to
calculate the right-hand side of Eq. (6).

2. Solve for ¢ on the left-hand side of Eq. (6).
3. If |t — ¢| <O0.1, ¢ is considered equal to ¢, and

the calculation is completed. '

4. If |t — ¢'| > 0.1, the calculated value ¢ is substi-
tuted for ¢ and the program returns to Step 1.



 

 

User instructions for T1-59 program Table 111

Step Key Comment

1. Partition 22nd OP 17 799.19
2. Enter program from Table 1|

or from cards

3. Enter essential data

M,, Stream 1 A

M,,, Stream 1 B

t, inlet, Stream 1 C

M,, Stream 2 2nd A’

M,,, Stream 2 2nd B’

t, inlet, Stream 2 2nd C*

4. For mixing of two streams E

5. For heat transfer between streams

t, outlet, Stream 1 D

2nd D’

Program runs,prints out

for coMBINED FLOW

Program runs, prints out

for HEAT TRANSFER

Notes: While the program is running, the value |t —¢’| will flash in the display, de-
creasing each time until it is less than 0.1. At that time, the pragram is complete and
will print out. If the printer is not used, the needed values can be recalled from the
memory registers as listed in Table V.

 

 

Printouts for heat-exchange

 

   

 

 

 

and mixing examples Table IV

HERT TRAMSFEE COMBISED SIFE FLOW

OHE OHE

HIE IR

Hz[ Hz 0

T IH T

TOUT

Tl
£HE RIR

H O
T =

AIR

Azl STEERNA
T IH AIR

TOUT Hz g

FEOM IH LESHE
FLOW 1M LE<HR

Content of storage registers Table V

Register Content

00 M,, Stream 1, Ib/h

01 M,,, Stream ?, Ib/h

02 t, inlet, Stream 1, °F

03 t, outlet, Stream 1, °F

04 hj, outlet, Stream 1, Btu/lb

05 H, outlet, Stream 1, Btu/h

06 hy, inlet, Stream 1, Btu/Ib

07 hy,, inlet, Stream 1, Btu/lb

08 Used

09 Q, Btu/h

10 M,, Stream 2, Ib/h

1 M,,, Stream 2, |b/h

12 t, inlet, Stream 2, °F

13 h,, inlet, Stream 2, Btu/Ib

14 hy, inlet, Stream 2, Btu/Ib

15 t’, °F for mixed-flow case

16 H, outlet, Stream 2, Btu/h

17 t’, °F for heat-transfer case

18 t, °F, final result for either case

19 hy,, outlet, Stream 1, Btu/lb    

AIRSTREAM ENERGY BALANCES 163

In the case where two airstreams mix, the enthalpy
and mass flowrates of the mixed stream are simply the
sums of the individual enthalpy and mass flowrates of
the two streams:

H,, = H, + H, (7)

Ma,miz = Ma,l + Ma,2 (8)

Mw,miz - Mw,l + Mw,2 (9)

The program calculates these values from the given
inputs, substitutes the H, M, and M, values for the
mixed stream into Eq. (6), and solves for the tempera-
ture of the mixture by trial-and-error as above.

How to use the program
Table II lists the steps, and Table III the user instruc-

tions for the program. Note that the TI-59 calculator
must be partitioned to 799.19 before entering the pro-
gram (or before reading cards). If the program is used
with the PC-100 printer, it prints out the relevant in-
puts and outputs as shown in Table IV. If the program
is used without the printer, the results must be recalled
from the data registers—Table V is the key to these.
Register 18 holds the final result ¢ for either mixing or
heat transfer.

Example
Suppose that two airstreams are to exchange heat in

a heat exchanger. The first stream is 20,000 lb/h of dry
air, plus 1,500 1b/h of moisture, entering at 610°F. The
second stream is 35,000 lb/h dry air, plus 2,850 1b/h
moisture, entering at 2,450 °F. What is the exit tempera-
ture of Stream 2 if the exit temperature of Stream 1 is

assumed to be 2,400°F?
To solve this problem, partition the calculator and

enter the program according to Table III. Then enter
the data as shown, and press 2nd D’ to get the appropri-
ate printout in about thirty seconds:

Airflow, Stream 1 20,000 A

Moisture flow, Stream 1 1,500 B

Inlet temperature, Stream 1 610 C

Airflow, Stream 2 35,000 2nd A’

Moisture flow, Stream 2 2,850 2nd B’

Inlet temperature, Stream 2 2,450 2nd C’

Exit temperature, Stream 1 2,400 D

2nd D’

Table IV shows the resulting printout, under the head-
ing HEAT TRANSFER. The outlet temperature of
Stream 2 in this case is 1,484°F.

If the streams were to be mixed instead, the exit-

temperature entry would have been unnecessary. Press-
ing E (instead of 2nd D’) would get the program to run,
and the printout would be as shown under COMBINED
AIR FLOW in Table IV. In this case, the temperature of
the mixed stream would be 1,824°F, as shown in Table

IV.

For HP-67/97 users
The HP version closely follows the TI program.

Table VI offers the HP program listing, and Table VII

provides user instructions. Printouts for the examples
are contained in Table VIII.
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Program listing for HP version Table Vi

 

 

  

   
 

  

 

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code

G61 wiln 28 RLLE I ol 657 FLLA Ic g ess - 45 113 1 g
aez 370 838 GSEC I 8> asd + -5T @86 aBS 153 114 . -E:
@Ez  Ri 831 RCLS 61 SF% ATCE T 1T 8T : -6z 1S : £l
Rad  ST0I 83z : -7 @68 *LSLE Zi Jf aes i 3 116 5 i
6as Fs 833 :T+7 33-35 @7 @61 RCL 36 !5 eI XY ie-Fe T € 4
gac  ITO0f 834 PCLI 3707 862 RILD JT 14 g9 LTI 2p 87 1 & &
6ar  Ps§ £35 &fhe 27 & @F3 GSB2 32 831 RCLI I 45 118 ¥ il
808 ¥LBLJ = €3¢ RCLi i5 &1 864  RCLS JE ¢T @32 STOD T 14 128 . -cZ
985 fF1 1 a7 R -IT 85t > -5 833 GTOf iz oee 121 d '
€16 SLELD Il 14 @36 ST+s 3555 B @6s - -4T B34 alBLT 11 oeF i g be
81y 5TCT I3 TI B39 RCLT 36 BT BET . -£ 695 RCL! 3548 1S & ae
Gz S§TOD 75 4 B4R RCLE 35 BT W6 é 38 @3 FRTA -15 1ed 5 &=
813 R -2l B4l - a5 @69 5 ¢¢ BI7  RCLE 3¢ 1l 133 . T
814 ST ST BT @4z ETOA i 878 8 36 @93 i i RTK I3
§15 R TI 847 ROLG £ 6q @71 5 85 853 (27 wlpi: oD EZ
Gle 5705 3T B3 @44 GSEL I3 Gl @7z PLLe 35 66 1a@ 128 = ac
8i7 R 71845 RCLs 3¢ 85 673 : -35 18] i3 5 €3
giE 3TDE I3 85 @4g % -35 674 z -3 @2 138 ¢ o
gig  ®CLZ 5¢ 62 847  GT(S T 35 875 1 61 183 izl ¥ -3s
#2¢  E5E! 3Bl @ds  ROL4 IT 64 676 . -l 1Ag 132 3 ér
82!  PCLS It 8% @49 @She I8z @77 i o118 133 < 23
622« 3T @5€  RCLS 36 FT @75 5 65 186 Si4 : &7
827 5707 3T 87 85: i -3° @73 a a6 187 135 . ~6i
éz4  ROL3 Ze B2 @52 5T+9 35-55 €7 658 6 E5 153 178 & cé
@25 GSBI I 6l @53 FIT (IOl BB1 1K 510169 i - o
B2c  RiLE 65 ps4 CTo9 Iz a4 @32 VK 71olie 138 RN Zi
gz7 X -’% @55 #LEL3 Zi 63 @33  5TGI 5 45 i i3e R-5 gl
azg  3Tas I 87 @56 ROLH 6 1 884 RCLLD 3014 11z

Printouts for heat-exchange and mixing Table Viil
User instructions for HP version Table VII examples—HP version

Air flow, Ib/h, stream 1 ENTER 1 Heat-exchange

Moisture flow, Ib/h, stream 1 ENTER 1 example Mixing example
Inlet temperature, °F, stream 1 Key A

Air flow, Ib/h, stream 2 ENTER 1

Moisture flow, Ib/h, stream 2 ENTER 1

Inlet temperature, °F, stream 2 ENTER 1

Exit temperature, °F, stream 1 Key D for heat exchange case

   

 

Key d for mixture case

With key D, answer is stream 2 outlet temperature, °F.

With key d, answer is mixture outlet temperature, °F.

 

£
S
l
W
D
o

L
y

T
y

 

 

-114@RI78, 22 1

Second numberin both cases is heat transfered, Btu/h.

Note: HP answers for text example differ slightly from the text Ti The author

answers. The Tl program uses 1.15 for the exponent constant in

Eq. (2), but the HP program uses 1.1506 as shown in the equa-

tion. Also, the Tl program uses two different values for the con-

stant 937.814 of Eq. (3), 937.814 in one case—lines 024 to

030—and 938—1lines 160 to 162—in the other). The HP program

uses 937.814 in both cases.

Calvin R. Brunner, P.E., is Chief
Mechanical Engineer of Malcolm Pirnie,
Inc., Consulting Environmental
Engineers, Two Corporate Park Dr.,
White Plains, NY 10602. He is
responsible for design, construction and
operation of waste-incineration systems,
as well as other combustion processes.
Mr. Brunner holds a master’s degree
from Pennsylvania State University, and
a bachelor’s degree from City College of
New York, both in mechanical
engineering. He is licensed as a
professional engineer in five states, and
has written two texts on incineration,
plus many technical articles.

 



Calculating heat loss or
gain by an insulated pipe
This program for the HP-97 can be used to quickly
calculate the insulation surface temperature and heat loss
or gain by a pipe, while all other factors are varied.

 

Frank S. Schroder, 3M Co.
 

[[] Determining the most economicalinsulation system
for hot or cold pipes has long been difficult to pin down
without the aid of a computer because of the interde-
pendence of the three modes of heat transfer. Charts
and tables are available, but permit the evaluation of a
limited range of only a few variables.

The accompanying program (figure) is developed for
use with the Hewlett-Packard HP-67 or HP-97 pro-
grammable calculator, and is intended as a tool to help
the engineer evaluate the parameters of: fluid tempera-
ture; ambient air temperature; thermal conductivity of
the insulating material; pipe diameter; insulation thick-
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Set Flags 1, 2

 

l 
Approximate T,
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Display T,   
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Calculate Q.
 

C

No @ Yes
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Go to Subroutine C
 

 
 

|

 
Calculate Q. Calculate Q.

  

   Calculate deviation    

 Y

  
AQ =

0.1% Qgp

 

 

   

insulation bare pipe

Calculate Qg Calculate Qg ‘
insulation bare pipe
  

 

v  

Y   
Calculate

adjustment to 7,
Review data

 
Store bare

pipe data
   

 

Display AT,

| ]  

  

|

End program Clear Flag 1     

 

Display T,    ]  r
  Flowsheet of pipe insulation program

 

Originally published January 25, 1982.
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Program listing Table |

 

Step Key Code

Initialize registers

and flags

Bel  #LELR Zidd

a6z ] gL

eeZ  Ziid x5 dE

B64 SFi ie CIEd

g63 SF2 16 i oae
#e . -5e
ghs i g

qac STUE 3313

] F2x ie-5i

aig ! 8i
#11 570l o
g12 CEX -2d
413 3 é3

a14  LTOE 33 EC
d15 Fes HES

First estimate of 7,

416  RCLI Kt
é17  RCL3 36 BS
g18 - -43
15 X7 is-43

#2a SF& g 2i as
b2 Fas ic 23 ke

a2 CHS -Zs

Bz . -6&
a4 3 g3
823 3 és
B2s ¥ 31
b7 Fe? 1& 23 @8
628 CHS =g
628 RCL3 e @z
636+ -55
a3l sT02 Ja 8k

g3z FSE ie 31
B33 *LBLE gi iz

Count iterations

A}

834 ISZ1 16 z6 4or

Calculate heat conducted

through insulation

835 RCLI oo 81

836 RCLZ € @z

@37 - -45

a3& Z gz

g3s X -35

g48 Fi ie-24

g4 X -35

842  RCL@ 36 @da

843 X -3

844  RCLS St 85
845  EKCL4 36 a4

45 z -24

847 LN 3z

848 z 2%

A48 FE? I8 23 6B

@51 STG7 35 67

852  BSEC 23 13

Step Key Code

Calculate AQ (error);

if less than 0.1% Q.q,

terminate program

853 RCL? 36 a7
854 wev -41
B35 - =45
636  ST0A 25 11
S7 FSE 16 51

638 RLL7 6 B
a5% . -62
aeh 1 41
bel 4 53
#62 AES Ie 3i
€63  Kkils 36 11
dcd AEBS le 31
Bed XYY i6-33
ge6 GTOD e 14

Calculate adjustment

in T,

@57  RCLA Je 11
G658 RCL7 o @7
69 < -Z4
are  RCL4 Je 84
671 RCLE Je IS
a2 y* 31
83  RCLS 36 @3
b4 = -4
875 X -3&
#76  RLLi Jo @i
@77  RCLE Je ac
as8 -43
87’3 Fe? le 23 a@
6ea CHS -2
#81  PRCL
682 Y 31
@83 Fa? 16 &: @e
884 CHS -2&
@35 X =33

Calculate adjustment

factor F to T, based

on convergence rate

856 F2s is-
457  RCLé Je
&8s K&y
485 STo@ ] o

n

P
e

0
D
e
T
N

T
be
a
O
3
b

#9a KV -4i
A1 % =24
#92 ST+l 35-55 4l

Calculate new 75,

633  KCLI 3t @i
624  RCLG 36 8e
é35 =33
836 &8 ie-51
697 FSE le 31
#98  ST+2 35-35 6c
893  RCL2 36 8z
1066 FSE 1s 51

Step Key Code

Limit adjustment to 7,

to less than (75 — T5)

141 RCLZ o 83
18z -
183 Fa? 1& 22 @@

CH164 "HS -2z
185 Xra? 16-44

186 GTOE gz i

lav 1 al

188 FB? 1o 23 d@

18s CHS -2z

118  RCL3 35 82

i1l + -85

112 sToz 35 82

13 FSE is &

If overcorrection

has occurred, reduce

correction exponent £

114 RCLE 36 15

115 . -6

lig 1 a1

117 - -45

118  STOE 35 15

Start recalculation

118 CGT08

Termination of program
Review data

')
'

'.
J'
l
P
l
e1286 »LBELD

12 {Fa 16 &
128 RCLZ
123 FSE
124 RCLV
125 FREE
126 RTH
127 xLBLT

r
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SR
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%
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t
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f
S
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f
P
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y
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y

1
|
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N

O
R
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e

C
a
d
K
u

C
o
f

=
o
f
e

P
l

o
l
L

Calculate heat
exchanged at surface

by convection

128 Fz? e 23 &2
128 GSBe 23 16 13
138 RCL2 Je 8z
131 RCL3 Jt @3
132 - =43

b e
y133 FB% 1€ 23 @6

134 CHS -2
135 RCLS 36 @5
136 1 éi
137 2 az
138 -24
133 ¢ -24
146 -62
141
142
143y .
144 F@° 1€ :3 @
145 CHS -2

-
k
o

= o

Iz 1z
el

Step Key Code

14e |
o

O
L
R
g

P
P
l
L
R
P
P

148

L £a
.
o

I

é

é

3
g !

151 kCLZ 36 &

152  RCL3 36 @
153 - -3
15 ¥ -3

155 Fa? 16 z2 @
156 AES is 31
157 &8TG8 35 8%

Calculate heat

exchanged at surface

by radiation

138 RCLZ Je Bz
159  ESEe 23 le 1i
le@ RCL3 Je @z

M
o
o — <
y

— —i1 BSBe
152 -45
163 RCLC 36 13
164 & -35
165 6SBb 23 16 12
166 . -62
167 1 8;
168 7 67
169 3 az
e x -35
171 F&% 16 27 66
172 BBS 16 3
173 5TO5

Total heat exchanged

at surface

Irea  FRCLS J6 @&
17§ + -55

176 Fi7 15 23 a!
177 E&TCE 2z I8

Return to main

program B

178 kTN Z4

Sub-routine a to calculate

(TX+460)4
100

178 #*LBLa 21 l& 11
iga 4 g4
igi & Ge
182 @ dé
183 t =38
1584 1 a1
i85 é aa
186 a g
187 T =2

e o o

»
ba

P
g
e

P
e

f
u
L
T

158 ETN £

Step Key Code

Sub-routine b

(7702/1 2)

151 *LlBLb 21 ie 12

19  RCLS 36 85
133 Fi 16-24

134 X -35
195 i &
198 2 az
197 ¢ -24
158 X -35
199 RTH 24

Sub-routine ¢

interchanges 7, and 7,

D4 and D5, e, and ¢;

for purpose of

calculating heat exchanged

by uninsulated pipe,

on first iteration

288 xiBLc Z1 i€ 13

281 KCLI 2& Bi

282  RCLZ 36 8:

283 STdd 25 al

2a4 &Y -4i
285 STO0Z 35 a:z
2ée  RCL4 Je by
287 RCLS 36 B3
288 STO4 35 84
269 et -41
216  STGS o @5
211 RCLE Je 1Z
2iz  RCLC e 13
213 STGE 33 12
2i4 &y -41
15 ST0C a5 13
le ETN 24

Sub-routine E
resets registers after

calculating value for

uninsulated pipe

217 #LBL &1 13
218 ST0e 35 e
219 6SBc 23 le id
228 CF1 16 zZ 61
221 ET0C ce 13
222 kS ai

  



 

Typical values of thermal conductivity

of insulations, Btu/(h) (ft2) ("F/ft) Table 11

Temperature, _F

0 100 200 300 400 500

Fiberglass 0.010 0.011 0.020 0.023 0.031 0.043

Fiberglass - 850" 0.036 0.017 0.022 0.028 0.037 -

Magnesia (85%) - 0.039 0.041 0.043 0.046 0.049

Phenolic foam?2:3 - - - 0.018 - -
Mineral wool3 - — - 0.034 - -

Urethane foam - 0.023 0.032 - - -

1CertainTeed

2Accotherm

3Limits not specified  
 

ness; and emissivity of the insulation’s surface. In addi-
tion, the loss or gain of a bare, uninsulated pipe is calcu-
lated for use as a reference.

The program
This program (Table I) is based on the premise that

the heat conducted through the insulation, Q.;, must
balance the heat exchanged at the outer surface of the
insulation by convection, Q., and radiation, Q,. For
simplicity,it is assumed that the temperature of the in-
side of the insulation is equal to the temperature of the
material inside the pipe.
The external surface temperature of the insulation is

the unknown dependent variable. An estimate of this
temperature is made, and the heat transferred by each
of the three modes is calculated. The magnitude of the  
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Typical values of emissivity Table 111

Material Temperature range, °F Emissivity (e)

Black body — 1.000

Aluminum—highly polished 440-1,070 0.039-0.057

—oxidized 390-1,110 0.110-0.190

Copper—polished 242 0.023

—heat-treated at 1,110 °F 390-1,110 0.570

Cast iron—heat-treated at 1,100 °F 390-1,110 0.640-0.780

Steel, oxidized at 1,100 °F 390-1,110 0.790

Nickel—polished 74 0.045

Paints—black lacquer 16 0.875

—white lacquer 100-200 0.800-0.950

—oil paints (16 colors) 212 0.920-0.960

—10%Al, 22% lacquer 212 0.520

—26%Al, 27% lacquer 212 0.300

Paper 66 0.924 
 

difference between Q., and Q. + Q, is determined,
and is used to adjust the estimated surface temperature.
This process is repeated until the figure for the heat
transferred through the insulation by conduction agrees
within 0.1% with the figure for the heat exchanged by
convection and radiation outside the insulation.

This usually takes from three to five iterations for hot

pipes, and a little more for cold ones. One of these itera-
tionsis used to calculate the heat flux of the bare, unin-
sulated pipe. Theoretically, requiring agreement to less
than 0.1% is unwarranted, as the input data are seldom
known with that degree of accuracy, and constants in
the equations indicate a somewhat lower degree of pre-
cision. It is justified only in that it ensures that the cal-
culator routine is not the limiting factor in the calcula-
tion.

 

 

 

User instructions for pipe insulation program Table IV

Input Output

Step ___Instruction _Data_ Keys Data
1. Clear program f CL PRGM

2. Clearall storage registers fCL REG
3. Enter program, either by key or by card

4. Store input data in primary registers:

Thermal conductivity, Btu/(h) (ft2) (°F) (ft) K, STO0 0

Temperature inside pipe, °F T. STO 1

Temperature ofair, °F 7-; STO 3

Diameter of pipe, in. D, STO 4

Diameterof insulation, in. D, STO 5
Emissivity of pipe (0.79 for steel) e STO B
Emissivity of insulation e,-’ STO C

5. Run program ' A

6. Intermediate displays—While program is running,

the following information will be displayed:

a) Estimated surface temp.of insulationF T,

b) AQ, disagreement between Q. and Q,, + Q,, Btu/ft AQ

¢) Correction to surface temp., °F AT,
a, b, and c will be repeated with each iteration

until AQ<N0.1% Q.4
1. At the conclusion of the program, all primary

storage registers are reviewed (or printed with

HP-97) to display all input and calculated data.

8. The calculator comes to rest with Q,;, heat of

conduction, in Btu/(h) (ft) in the display.  
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K,, Mean thermal conductivity of insulation, Btu/(h)

(ft?)(°F)(ft) (see Table II)
T, Temperature of material inside pipe, °F
T, Temperature of outside surface of insulation (to be

calculated by program), °F
T;  Temperature of ambient air, °F

D, Outside diameter of pipe, in.
D, Outside diameter of insulation, in.

e Emissivity (see Table III)

¢p Emissivity of bare pipe

N
-

Emissivity of outside surface of insulation

Nomenclature

Q.. Heat conducted through insulation, per hour, per

foot of length, Btu/(h)(ft)

Q., Heat exchanged at surface of insulation by con-
vection, per hour, per foot of length, Btu/(h)(ft)

Q, Heat exchanged at surface of insulation by radia-

tion, per hour, per foot of length, Btu/(h)(ft)

E Exponent used in re-estimating 7,

F Correction factor used in re-estimating 7,

n Number ofiterations (including one to calculate

values for uninsulated pipe) required to balance

Q.q against Q. + Q,, within 0.1%.  
 

 

List of storage registers Table V
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At the conclusion of the program, all primary storage
registers may be displayed or printed out, showing the
input and calculated data.

This program has been used successfully to determine
the effectiveness of various insulation systems under a
variety of conditions, including both high and low tem-
peratures. Results agree with published data.

If conditions are found for which the program does
not readily converge, check successive intermediate dis-
plays of 75, AQ and AT,, to check the convergence. It is
also possible to print out or display n, the number of
iterations, to see if this is excessive.
The equations used in this program are:

_ 27Ky(T, = Ty)
Qea = In(D,/D;)

B T, — T\ % (7D,

0 =021(372) ()T - 7
Q, = 0.173e(7D,/12) X

[( T, + 460)4 (T3 + 460)4]

100 100

The definitions of terms and units are shown above.

Typical values for conductivity and emissivity are listed
in Tables II and IIL

Steam line example
A 3-in. (3.500-in. O.D.) steel-pipe steam line carries

150 psig steam at 366°F, and is insulated with 1 in. of
fiberglass insulation having a conductivity of 0.028
Btu/(h)(ft?)(°F)(ft), and a cloth cover, painted with flat
paint, having an emissivity of 0.94. The steel pipe has
an emissivity of 0.79. The temperature of the surround-
ing air is 80°F.

Following the procedures as outlined in Table IVit is
determined that the heat loss will be 97.63 Btu/(h)(ft),
and the surface temperature will be 115.2°F.

If the surface is painted with 26% aluminum paint
with an emissivity of 0.30, instead of the flat paint, the
heat loss will be 91.55 Btu/(h)(ft) and the surface tem-
perature will be 130.8°F. Compare this to a heat loss of
872.4 Btu/(h)(ft) for the bare, uninsulated pipe. These
calculations require four and five iterations respectively,
and take less than 2 min each. Table V lists registers.

It is left for the user to determine the relative benefits
of each pipe insulation system, which will depend on
the prevailing economics in the local area.

For TI-58/59 users
The TI version of the program appears in Table VI.

User instructions, along with data and results for the
first example, are found in Table VII. Running the TI

version is similar to running the HP version, but dif-
ferent registers are used.

In entering the data, be careful to use the diameter of
the insulation (D), notits thickness. In the first exam-
ple, the insulation is 1 in. thick, and the pipe O.D.is 3.5
in. Therefore,Dsis 3.5+ 1 + 1 = 5.5in. Donot use 1 in.
or 4.5 in.—these certainly are incorrect!

Program listing for Tl version Table VI
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(Continued) Table VI
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(Continued) Table VI

 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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User instructions and example for Tl version Table VIi

Step Instruction Input data Example Key Output

1. Enter program by key or card

2. Store input data:

Thermal conductivity, Kn 0.028 STO 00

Btu/(h)(?)(°F)(ft)
Temperature inside pipe, °F T; 366 STO 01

Temperature of air, °F T3 80 STO 03

Diameterof pipe,in. D, 3.5 STO 04

Diameterof insulation,in. D, 5.5 STO 05

Emissivity of pipe 6 0.79 STO 21

Emissivity of insulation 6 0.94 STO 22

Calculation factor —_ 0.7 STO 24

3. Run program A

4. Intermediate printed output is surface-temperature estimates T,

5. Final printout is:

Final surface temperature, °F T> 115.2

Heatloss, Btu/(h)(ft) Q 97.63

The output tape for the above example is:
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Program calculates
flame temperature

Written for the HP-67 or HP-97, “FLAMTE” estimates

the average temperature of a flame, and accounts
for dissociation at higher temperatures.

 

Carl A. Vancini, Peabody Process Systems, Inc.
 

[] Calculating the flame temperature—for a boiler,
furnace or other combustor—can be a tedious trial-
and-error procedure. The nature and composition of
the combustion products change as the flame tempera-
ture changes. Hence, one must assume a temperature
and a corresponding composition and determine
whether the two match. The value finally arrived atis
an average of the true temperatures that are distributed
locally in a flame.

Here, a simple heat balance serves as the basis for
calculating the flame temperature. The increase in en-
thalpy between the unburned and burned mixtures is
set equal to the heat produced by the combustion.
Up to a flame temperature of about 2,500°F, the

burned mixture generally includes such ordinary gases
as CO,, N,, SO,, H,O and residual O, (from excessair).
At higher temperatures, CO, appreciably dissociates to
CO and O,; H,0 to O, and OH™; O, to O7%; H, to
H*; N, to N73; and NO (produced by N, and O,) to
N3 and O72 These dissociation reactions absorb an
enormous amount of energy (heat), substantially lower-
ing the flame temperature being calculated.

Heat balance

The heat balanceis calculated as follows: At constant
pressure, the heat, O, required to bring the temperature
of one pound of gas from temperature O to temperature
tis:

t
Q:fcpdt (1)

0

The variation of¢, with temperature can be approxi-
mated by a polynomial, having the obvious advantage
of being integrated easily. Using a third-degree polyno-
mial, we can write ¢p as:

¢, =a+ bt + ct? + dt? (2)

where a, b, ¢ and d are constants that depend on the

nature of the gas. Eq. (1) thus becomes:

t

Q= f (a+ bt + ct? + dt3) dt (3)
0

Originally published March 22, 1982.

Integrating:

b ¢ .92 d 3)
= —t =t —t° )t 4Q (a +ot+ S+ 4)

It is customary to call the parenthetic term in Eq. (4)
the mean specific heat:

b d ;3¢
cpm:a+§t+§t2+:1— (5)

So Eq. 4 can be written as:

b ¢ dQ= comt = at + 12+ 213+ 1 (6)

By taking mean specific heats instead of the true ones,
we can dispense with integration of Eq. (1). Tabulations
are available of ¢, and ¢, for many gases (not consider-
ing dissociation) [/,2,3].
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Dissociation

High-temperature dissociation of gases is a reaction
that reaches equilibrium. Equilibrium depends on com-
position, total pressure and temperature. The degree of

approach to equilibrium is also time-dependent. Tabu-
lations of equilibrium constants for common dissocia-
tion reactions are available [4,5].
Hand calculation of the effect of dissociation on the

flame temperature is extremely tedious, owing to the
large number of reactions involved. For example,in the
combustion of acetylene with air, one must solve a set of
ten equations for ten unknown partial pressures. Here,
polynomial expressions for equilibrium constants can
be used [6], although with much difficulty.

Justi [7] gives values of the ratio nU/t (see nomen-
clature) for several dissociation reactions at various
temperatures at 1 atm. Assuming a linear variation of
the dissociation effects on temperature with the partial
pressure of each dissociating gas, the ratio nU/t can be
used to modify the mean specific heat of gases.
The figure illustrates the variation of ¢,,, with tem-

perature, for several gases. This variation takes into ac-
count the above approach, which includes the effect of
dissociation. The profiles of ¢, in this figure are some-
what different from those calculated by applying the
modifiers of Justi. Those in the figure use more-recent
thermal data and better values of calculated flame tem-
peratures [8].

Limiting the maximum temperature to 5,000°F, a
third-degree polynomial can be fitted to the curves of
¢pm 10 the figure for CO,, H,O and O,. For N,, which
dissociates appreciably only above 5,000°F, a second-
degree polynomial is satisfactory. The coefficients are

shown in Table II.
For transferring heat at constant pressure:

b0=ty —t) + 25—+
¢ d@@+sa—| o)

where Q is the heat produced by the fuel, M the amount
of flue gas produced per pound of fuel, and ¢, and ¢, the
initial and final temperatures, respectively.
M is also equal to the weight of fuel plus comburent

(the substance that supports combustion—e.g., air or
oxygen). The initial temperature, ¢,, is that of the fuel
and comburent mixture.

The use of Eq. (7) allows calculation of the flame
temperature, ¢,, by iteration via a programmable calcu-
lator. The result is not, however, to be taken at face
value, but rather for comparison. This is because the
actual flame temperature is always lower than the cal-
culated one (by any method), for several reasons:

1. There is radiation and conduction to the walls of
the chamber in which combustion takes place. Highly
turbulent flames usually suffer an appreciable heat loss.

2. Not all of the fuel is burned. Some part may re-
main with the ash (as is the case for solid fuels) or escape
combustion in other ways.

3. The combustion space may be of such volume or
geometry that there is not enough time for all reactions
of combustion and dissociation to reach equilibrium.  

Nomenclature

¢,  True specific heat—Btu/Ib-mol, °F; or Btu/Ib, °F

¢ym Mean specific heat—Btu/lb-mol, °F; or Btu/Ib, °F

n Fraction of gas dissociated

M  Flue gas produced by one pound of fuel, Ib/lb
Q  Heat evolved by fuel during combustion, Btu/lb

t Temperature, °F
t, Initial temperature of mixture fuel plus com-

burent, °F

t,  Temperature (average) of flame, °F

U Heat absorbed by dissociation reaction, Btu/lb-

mol

In practice, the foregoing factors are usually compen-
sated for by using an empirical coefficient. It is multi-
plied by the heat of combustion that is determined in
the laboratory. Values of this coefficient are only esti-
mates; this is why the flame temperature calculated
with any method can only approximate actual values.

The program FLAMTE
A program called FLAMTEis written to solve Eq. (7)

for t, (see Table I). This program is for use on the
Hewlett-Packard 67 or 97. FLAMTE assumes that the
flue gas contains four components: CO, and SO,; O,;
H,O; and N,. These are determined by stoichiometry,
or by an Orsat analysis for existing installations. Nitro-
gen is atmospheric nitrogen, and includes the argon of
the air.

First, the molecular weight (wet) of the flue gas is
calculated (steps 001 to 032). Then the coefficients of
the mean specific heat—Eq. (5)—are calculated (coeffi-
cient a in steps 033 to 063; b/2, steps 064 to 091; ¢/3,

steps 092 to 124; and d/4, steps 125 to 148). Coeflicients
are determined by multiplying the mole fraction by the
coefficients in Table II.

The main calculation—Eq. (7)—is performed in
steps 149 to 216, using the available higher combustion
heat—higher heating value (HHV)—of the fuel. A sim-
ple method ofiteration is used: For an initial arbitrary
t, (the program first selects ¢; to be this), the calculator
solves the right-hand side of Eq. (7) and finds the heat
necessary to reach this 4,If this heat is not equal to Q
(the heat released by the fuel), ¢, is corrected accord-
ingly and a new calculation is performed. The program
iterates in this way between steps 149 and 216 until the
difference between left- and right-hand sides of Eq. (7)
is small enough (10°F equivalent). At this point, the
value ¢, (average flame temperature) is printed (steps
217 to 222).

Running and checking the program
Table III contains the user’s instructions to run

FLAMTE. After entering the data and initializing by
entering the preheating temperature of fuel plus
comburent, Press A to start the program. In one or two
minutes, the (average) flame temperature will be
printed.
To run with another preheating temperature, just

initialize with this new temperature and Press A. When
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Written for the HP-67 or HP-97, FLAMTE quickly calculates the flame temperature Table |
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gi; i a6 gg? ELL} * t,; ;:: coa e g‘ Empirical coefficients used in Eq. (5).
@17 ! 81 632 1 ! 47 z -24 Values account for dissociation Table Il
@18 X -35 863 =23 i48 STOO 39 14

919 ST+ 35-55 66 884 ST-9 35-45 €3 149 wLBL: 21 8l Gas a b/2 c3 a4
828 RCL3 Jé 83 883 EEX 27 158 RCLE JE €3

621 3 83 ag¢e 7 8r 151 RCLS ob &5f Carbon dioxide 8.83 1.79 X 103 —-2.63 X 107 1.19 X 1010
a2z 2 B2 @37 875 3I5-24 89 |52 - -48 Oxygen 7.04 1.0 X 103 —4.33 X107 7.8 X 1011

82s X 35 @88 RCLR 36 85 1S3 RCLA 36 L) Water vapor  8.14 —3.1 X104 43X 107 6.7 X 1011
agd ST+b 35-33 60 665 RCE 36 80 154 X -3 Nitrogen 689 33X104 -30Xx109 -
825 RCLS 36 B¢ @gse : -2< 155 3709 35 as o
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829 ST+8 35-55 68 a9%4 3 83 159 a2 &3
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a3 e éc €36 LHS -z 16! RLLE 3 12 User’s instructions for FLAMTE Table 111
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234 6 a6 839 2 g5 164 RIS Jo BS Step Instructions Key

83s & S 186 & o 165 2 P

636 g 4; 161 . te 166 ~ U Step 1 Load sides 1 and 2 of magnetic card and clear all
33}’ C:ng -35 lgg xd E"; 15; kLS 3 3‘9 primary registers
38 8§ 3Z @85 lb . -3J 6 3 a3 .. .

539 RCLZ 36 G2 184 ST-9 75-45 63 ‘g9 yx 3 Step 2 St;re composition of flue gas (%, vol.): sTo 1

848 g B8 185 RCOL3 36 87 i7a - -45 2
41 8 6e ies 4 84 i71  ROLC I i3 CO, and SO, $TO 2
a4z 3 a3 107 3 43 72 X =33 0O, STO 3
f43 A -35 168 . -62 73 5T+5 35-35 @8 H,0 STO 4

#44  ST+9 3F5-55 @5 189 3 83 174 ROLS 36 85 (Note: Total components shall add to 100. If one

#45  RCLd Je &3 118 X -3 175 4 a4 component i; absent, store zero)
g4§ 7 g7 111 57-9 3h-4d E‘q 176 q’: _9 Step 3 Store the other data:
S:é g a‘, i:; PC": 2 g'; e RLLS o @": = Pounds of (wet) flue gas produced by 1 Ib
- ) oroae . o ge 4 it of fuel (as burned) STO 6
a49 ¥ -35 114 3 42 179 yX 3i . o
@58 ST+ 35-55 @S ;! X -35 188 _ -45 s Portion of heat (%) lost by radiation and

851 RCL4 76 @4 116 ST+ 35-55 @3 181 RCLD 36 i< unaccounted loss STO7
452 5 e 147 EEX -3 132 x -33 (Note: Typical figures of loss are 1—2% for gas

053 1 81 118 1 Bl 183 3T+9 33-35 &S and oil, 2—4% for coal)
54 4 B4 1i9 a G6 134 RCLS 35 8% = Higher heating value of 1 |b of fuel (as burned)

855 % -35 128 5T=9 35-24 63 135 ROLE 3588 (Btu/Ib) STOE
@56  ST+S5 35-55 @5 iZ1 RCLS JE BS jBE X -35 Step 4 Initialize with the preheating temperature of

asr EEX =23 122 R(LA JE EE &7 EEX =22 comburent plus fuel (°F)

as8 4 a4 123 < -24 168 Z éaz Step 5 Run the program A

@53  8T=9 25-24 @5 12¢ STOC 33 13 189 RCLT J& &7 At the end of calculation time, the (average)
68 RCL3 & 65 125 RLLZ 36 Bz 9@ - -43 temperature of flame will be printed
461 FRCL@ S€ & iEf 1 bl 191 RCLE 3o {§ Step 6 Retrieve additional information:

663‘2 . t _,_.-:",j‘f 1‘?" ! di ‘5‘_5. ,.)_C , -'.’i (optional)  Coeff. a of Com RCL A

863 ST0R 25 11 128 7 ¢3 153 EEX "2 Coeff. b/2 Eq. (5) of flue gas RCL B
#84  RCLI e al 123 X -3c 194 z & °
as5 3 53 136 STO09 35 83 195 s Y Coeff. c/3 (Btu/Ib°F) RCLC

Coeff. d/4 RCLD

Molecular weight (wet) of flue gas RCL O

Useful higher heat value of fuel (Btu/lb) RCL9

Step 7 To run with a different preheating temperature,

initialize the new temperature and go to Step 5   
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Calculated and FLAMTE flame temperatures agree well for several different mixtures Table IV

Higher heating Flue-gas composition, Flame

Fuel and value, Flue gas, %, volume Flame temperature temperature Machine

comburent Btu/lb Ib/1b fuel N, CO, H,0 (calculated), °F from FLAMTE, °F time,s

C (graphite)
+ air 14,140 12.52 79.10 2090 - 3,820 [9] 3,589 64

H, + air 61,100 35.60 65.43 — 3457 3,960 [9],3,887 [17], 3,825 [8] 3,822 49

CO + air 4,368 3.47 65.43 3457 — 3,960 [9], 3,850 [17] 3,711 84

CO + %0, 4,368 1.57 — 100.00 - 4,892 [8] 4877 84

CH, + air 23,879 18.31 71.62 9.46 18.92 3,640 [9], 3,540 [8],3,484 [11] 3,543* 47

CH4 + 20, 23,879 5.00 — 33.33 66.67 5,150 [77], 4,959 [8] 4,982 47

C,Hg + air 22,320 17.16 72.60 10.96 16.44 3,710 [9], 3,540 [77] 3,595% 55

C,H, +air 21,344 14.31 75.93 16.05 8.02 4,250 [9], 4,082 [8] 4,108 64

CoH, +2% 0, 21,344 4.08 — 66.67 33.33 5,630 [77] 5,687 58

CegHg (vapor) +
air 18,447 14.31 75.93 16.05 8.02 3,840 [9], 3,79818] 3,750 63

*Observed, 3,416°F [10]; 1Observed, 3,443°F [10].

Temperatures corrected for dissociation. Air or oxygen as comburent, no heat loss, initial temperatures of 60° F, stoichiometric reactions.  
 

only the comburentis preheated to ¢, (and the fuelis at
room temperature), and the specific heat of fuel and
comburent are approximately the same on a pound-
by-pound basis, initialize with ¢, multiplied by the ratio
of the weight of comburent to the sum of the weights of
comburent and fuel.
To verify FLAMTE, only a limited amount of flame

temperature values are available from the literature
(experimental values are always lower than calculated,
and thus give only a first approximation). From “Gas
Engineers’ Handbook™ [9], we have taken hand-calcu-
lated flame temperatures (corrected for dissociation) of
a few compounds burned with stoichiometric air at
60°F (Table IV) and have compared them with those
temperatures calculated by FLAMTE. The same has
been done with flame data from Ref. [8] and Ref. [//].

Also, some observed temperatures are given for compar-
ison. However, many old calculated values of flame
temperature were based on thermal data now outdated,
and are questionable.

Example
Natural gas is burned with 15% excess air.

HHV = 20,614 Btu/lb; flue gas = 17.65 1b/Ib of fuel,
volume composition of flue gas: N, = 72.24%,
CO, = 8.45%, O, = 2.50%, H,O = 16.81%. Initial
temperature = 70°F; unaccounted heat loss = 2%.

Following user’s instructions (Table III), we intro-
duce the following numbers:

72.24 in Reg. 1

8.45 in Reg. 2

2.50 in Reg. 3

16.81 in Reg. 4

We initialize 70 and Press A. After 57 seconds of

machine time, we obtain the flame temperature
3,326°F.
We can retrieve additional information:

From Reg. A: 0.261 = coefficient a of Eq. (5)
From Reg. B: 1.30 X 1075 = /2

17.65 in Reg. 6

2 in Reg. 7

20,614 in Reg. E

Step Code Key

 

From Reg. C: 1.33 X 1072 = ¢/3
From Reg. D: 8.34 X 10713 = d/4
From Reg. O: 27.887 = molecular weight (wet) of

flue gas
From Reg. 9: 20,202 Btu/Ib = useful HHV of fuel

Using these coefficients for ¢,,, the variation of the
mean specific heat (corrected for dissociation) versus
temperature for the flue gas can be plotted (see the bro-
ken line on the figure).

For TI-58/59 users

The program listing for the TI appears in Table V.
User’s instructions are in Table VI—these instructions
are similar as those for the HP. The example given in
the HP version is repeated for the TI in Table VI.
The program will calculate and display the flame

temperature. To obtain values of registers 10—13,first
Press EE. After these values are displayed, Press INV
EE. Otherwise, if registers 10-13 are not in the EE

mode, the values displayed will be zero.

Program listing for Tl version Table V
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 (Continued) Table V
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User’s instructions and example for Tl version Table VI

Step Instructions Key

1 Enter program manually or from both sides of a magnetic card and clear registers. CMs

2 Key in composition of flue gas (%, vol):

N2 STO 01

CO, and SO, STO 02

0O, STO 03

H0 STO 04

3 Store the other data:

Pounds of (wet) flue gas produced by 1 Ib of fuel (as burned) STO 06

Portion of heat (%) lost by radiation and unaccounted loss STO 07

Higher heating value of 1 Ib of fuel (as burned) (Btu/lb) STO 15

4 Key in preheating temperature of the comburent plus fuel (°F)

5 Press A to run the program. At the end of calculation time the (average) temperature of flame will be printed. A

6 Retrieve additional information (optional):

Coeff. a of G RCL 10
Coeff. b/2 From Eq. (5), (Btu/lb °F) EE RCL 11

Coeff. ¢/3 RCL 12

Coeff. d/4 RCL 13

Molecular weight (wet) of flue gas INV EE RCL 00

Useful higher heat value of fuel (Btu/Ib) RCL 23

7 To rerun with a different preheating temperature, key in the new value and go to step 4. A

Example:

Natural gas is burned with 15% excess air. HHV = 20,614 Btu/Ib; flue gas = 17.65Ib/Ib of fuel. Volume composition of flue gas: N, = 72.24% CO, = 8.45%,;
0, = 2.50%; H,O = 16.81%. Initial temperature = 70°F; unaccounted heat loss = 2%.

Following user’s instructions:

72.24 STO O1 17.65 STO 06

8.45 STO 02 2 STO 07

25 STO 03 20,614 STO 15

16.81 STO 04

Initialize 70 and press A. After 72 s of machine time, the flame temperature is calculated to be 3,326 °F.

To retrieve additional information:

RCL 10: 0.261 = coefficient a of Eq. (5)

EE RCL 11:1.30x1075 = b/2

RCL 12: 1.33x107° = ¢/3

RCL 13:8.34x10° "3 = g4

INV EE RCL 00: 27.887 = molecular weight (wet) of flue gas

RCL 23: 20,201.72 = useful HHVof fuel
 

The author
Carl A. Vancini is with Peabody Process
Systems, Inc., 835 Hope St., Stamford,
CT 06907. Tel: (203) 327-7000. He has
been with the company since 1970,
working mainly on acid-gas removal
and sulfur recovery. Previously, he was
with Italy’s Montecatini in
petrochemical, coal-gasification and
ammonia-from-coal project design. He
holds a Ph.D. degree in engineering
science from the University of Bologna.
He has written books on high-pressure
synthesis and holds patents on gas
purification.
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Calculator design of
multistage evaporators

A simple mathematical model is developed by making four
modest assumptions about how multistage evaporators work. The

resulting Hewlett-Packard program can be used to calculate
the heat-exchange area and the other significant variables.

 

S. Esplugas andJ. Mata, University of Barcelona
 

[] To design multistage evaporators, we generally use
iterative calculations. However, if we make the follow-
ing assumptions, it is possible to achieve an analytical
solution: the feed is at its boiling point; all heating sur-
faces are equal; sensible heats are negligible when com-
pared with latent heats; boiling-point rise is negligible.
With these simplifications, we have developed a

mathematical model and the program to solve it. The
program (Table I) was run on a Hewlett-Packard 67, but
it can be applied to any other HP calculator with the
same type of magnetic card. The general applicability of
the assumptionsis discussed later on.

Mathematical model

Once the steady state is achieved, the mathematical
model is composed of the following equations (see

 

 

   

figure):
Material balance around Effect ::

L,=Li+V, (1)

L,,x;,_y = L;x; = Lgx, = constant (2)

Next effect,

vr,

Li—1

Steam Vica T4 Feed
—— .

L. liquor
i—1 /

T

Condensate

  Flows and temperatures for Effect /   
Originally published February 7, 1983.

Heat balance around Effect i:

Qi =Visdhiy 3)

Q;, =UA(T,_, — T) 4)

Qi=VA — L1C(Tiy — T) = VN (9)

Hence:

Qi =ViA; = ViAo = VoAp = Q = constant  (6)

and then:

N

zl/Ui =Ly — Ly O]
i=1

N

ZV,- = VoA

i=1

which expresses the overall mass-balance condition.
From Eq. (4) and (6):

Ti——l_T'_TO_TN
- N

S/Y
i=1

1/U,

T — T, 1
Ty =T, —[+—F <7> 9)

S 1/ )
i=1

Knowing the temperatures,it is possible to evaluate the
latent heat of steam, A,.

Applying Regnault’s formula:

Q/4 = (8)

Thus:

A; = 606.5 — 0.695 T; (10)

where T} is in °C, and A, is in kcal/kg.

Or: A, = 1,114 — 0.695 T, (10a)

if T, is in °F and A, is in Btu/Ib.
From the independent variables—7;, Ty, L, xo, xy

and U;—are calculated the dependent variables, which
are displayed or printed by the calculator.
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Program can be used to calculate dependent variables for multistage evaporators

 

Step

84l
a8z

@83
284
885
a8s
867

883

aa9

a1a
811
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a13
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a1z
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821

8z2
623
824
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az27
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@31

a3z

833
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835
836
a7z

Key Step Code Key Step Code Key

-1, 838 GSke 23 86 675 1-X 2
-63 82 @839 RCLi Jo 45 @76 ST+l 35-55 Al
16-35 48 Pes le-31 677 Pes le-31
1e-31 841 ST+@ 35-55 86 678 RCLI Jo 46
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16 22 88 643 6GT0B 22 12 866 - -43
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How to use the program
With the calculator switch in RUN position, enter the

magnetic card. Then follow the instructions given
below, in the same order.

1. Initialize the calculator

Press GTO. 000
Press R/S; in the display appears 1.00

2. Enter general data
Key in L, then press ENTER
Key in 7, then press ENTER
Key in x,

Press R/S; in the display appears L,
Key in Ty, then press ENTER
Display xy
Press R/S; in the display appears Ly

3. Enter heat-transfer coefficients
Key in Uj, then press A; display 1/U,
Key in U,, then press A; display 1/U,

Key in Uy, then press A; display 1/Uy

4. Calculate effect temperatures
Press B; in the display appear (flashing)

1, T,,....,Ty
(The temperatures are still in registers

1,2,...,N, too)

5. Calculate steam consumption (1st effect)
Press C; in the display appears. . . Y

6. Calculate the heating surface
Press D; in the display appears . . A

7. Calculate the heat load
Press E; in the display appears. . . Q

8. Calculate the steam flow in each effect
Press f a; in the display appear (flashing)

VisVoseois Vi
(The steam flows are still in registers 1,2,...,N)

9. Calculate the liquid flows in each effect
Press f b; in the display appear (flashing)

Ly,L,,....Ly
(The liquid flows are still in registers 1,2,...,N)

10. Calculate the ratio r (steam produced/

steam consumed)
Press f c; in the display appears r

11. Calculate liquor concentrations
Press f d; in the display appear (flashing)

X1yXoeeesXy
(Liquor concentrations are still in registers

1,2,...,N, too)  
 



The program is initially devised for operating in
metric units (see Nomenclature). If you wish to work in
English wunits, then press f e; that converts the
Regnault formula into these last units. This must be
done at the beginning (i.e., before Key A is pressed).

Assumptions
The assumptions made for the mathematical analysis

have the following limits:
The feed is at its boiling point—This is not really a

limiting condition. It is only a general basis on which to
compare results. If the feed is not at its boiling point
(bp), the extra steam consumption to heat it to.the boil-
ing point can be estimated easily by hand calculations.
Generally, in industrial situations, the condensed steam
is used to preheat the feed in another heat exchanger, so
the feed usually reaches its bp.

All the heating surfaces are equal—This is quite nor-
mal, especially in the design of industrial evaporators,
due to economic considerations.

Sensible heats are negligible when compared with
latent heats—This is true in the majority of the cases
when the boiling-point rise (bpr) is negligible. The
maximum possible error is about 20%—when the solu-
tions are very concentrated and the bpr cannot be over-
looked (see next point).

Boiling-pointrise is negligible—This is the most lim-
iting condition. It is true when the solution’s molal con-
centration is not too high (according to Raoult’s law),
or when we deal with solutions of organic compounds of
high molecular weights. On the other hand, when we
deal with electrolytic compounds, and when the range
of concentration is also very wide, the error of the esti-
mated area can be as high as 25 to 35%.

This can be easily computed by adding the bpr of
each stage (AT,) and comparing this value with the
thermic potential, A7, of the evaporator (AT =
to — ty). If 2(AT,), is 30 or 40% of AT, then we
can expect a high level of error (35%). This error can be
40% when the number ofstages is very high (7 or more).

Nevertheless, this is not a serious problem because
this program is only designed to find the approximate
value of the evaporation area, the most important pa-
rameter in design considerations. It is also possible to
correct the area as follows:

AT
A computed(ATa=4correcte

Example
Find the value ofthe variables for a three-effect evap-

orator system.
Data:

L, = 1,000 kg/h; T, = 100°C; x, = 0.1;
Ty = 60°C; xy = 0.2
U, = 200 kcal/h m? °C
U2 = 400

U; = 800

Results:

Ly = 500 kg/h;
T, =711 °C; T, = 65.7 °C; T; = 60.0 °C;
Vo = 173.6 kg/h;
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Nomenclature
Heating surface, m? or ft2
Feed flowrate, kg/h or lIb/h

Liquor flowrate (Effect ?), kg/h or 1b/h
Product flowrate, kg/h or lb/h
Number of effects
Heat load, kcal/h or Btu/h

Ratio between steam produced and steam con-
sumed (dimensionless)
Steam temperature (first effect, condensation
chamber), °C or °F
Liquor temperature (Effect z), °C or °F
Product temperature, °C or °F
Overall heat-transfer coefficient (Effect ), kcal/h
m?2 °C or Btu/h ft2 °F
Steam flow (first effect, condensation chamber),

kg/h or Ib/h
Steam flow (Effect ¢), kg/h or lb/h
Feed-liquor concentration (solids mass fraction),
dimensionless
Liquor concentration (Effect ¢), dimensionless
Product concentration, dimensionless

T
R
Z
S
E
E
A

3
S
N
N

N
S
N

X  
 

 

20.4 m?
93,243 kcal/h
168.6 kg/h; V, = 166.3 kg/h; V3 = 165.1 kg/h;
831.3 kg/h; L, = 665.1 kg/h; Ly = 500.0 kg/h;
2.88

xy = 0.12; x, = 0.15; x5 = 0.20

t
h
H
‘
{
Q
Q
A

P

For TI-58/59 users

The TI version of the program appears in Table II.
Userinstructions are found in Table III, and the exam-
ple is run in Table IV.

Program listing for Tl version Table Il
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 (Continued) Table Il
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User instructions for Tl version Table 1l

Step Key Output

1. Clearregisters Press CMs

Enter data:

Feed flowrate, L, Press A Lo

Steam temperature, T, Press R/S To

Feed-liquor concentration, x, Press R/S Xo

Product temperature, Ty Press R/S v

Product concentration, xy Press R/S 2

3. Enter heat-transfer coefficients for each unit:

U, Press B 1/U,

U, Press B 1/U,

Output will be:

Product flowrate Ly

Liquor temperature for each effect Ti(i=1ton)

Steam flowrate Vo

Heating surface A

Heat load Q

Steam flowrate for each effect Vi(i=1ton)

Liquor flowrate to each effect L(i=1ton)

Ratio of steam produced/consumed r

Liquor concentration for each effect X (i=1ton)
 

 

 

   

Example for Tl version Table IV

Enter Display Output

Data:

1000 A 1000
100 R/S 100

0.1 R/S 0.1

60 R/S 60
02R/S 2 (Note: 2 is displayed, not 0.2)

200 B 0.005
400 B 0.0025
800 B 0.00125

Run program:
Cc Ly S, O

Ty
T2
Ts

Vo R

A SLE A

Q TS S

Vi
Vz
Vs

L
L,
Ls

r e Hi

X

X2

 

X3
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Program for evaluation
ofshell-and-tube

heat exchangers
With this program,1t 1s possible to vary the design
values for all the mechanical specifications and find
out quickly 1if the designed exchanger will do the job.

 

Roger Crane and Robert Gregg, University of South Florida
 

[] The program described here has been developed to
perform the thermal and hydraulic design of standard
shell-and-tube heat exchangers. Its applicability is limited
to sensible heat exchange in units with normal seg-
mented baffles [I]. Within these constraints, the pro-
gram 1s quite general, accommodating a wide variety of
shell and tube pass configurations.
The program (Table I) is written for the Hewlett-

Packard HP-97 programmable calculator. It is designed
to permit the rapid evaluation of a known heat-
exchanger configuration, or to permit the rapid iteration
of the design so as to obtain the optimum configuration.
The user may vary the pass arrangement, tube array
configurations and mechanical design parameters, and
determine the effect of each on the relative thermal re-
sistance and hydraulic performance.

Development
A suitable heat exchanger for a specific service will

provide a sufficient overall heat-exchange coefficient, U,
and area, A, such that the process heat load, Q,is trans-

ferred. Thus:

UA AT,= (1)

where: AT, = F;(LMTD)

] 1 D, In(D,/D,) 1— =————R+YR—Now T =wipy TRt T, TRt
[from 2, p. 86]

A rearrangement of these termsleads to the equation:

1
— X

F;(LMTD) A

D, In(D,/D;) 1
or, Rt ho]SI )

The five terms on the left side of the equation may be
viewed as fractional thermal resistances, each one corre-

 by
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sponding to one ofthe five resistances to heat transfer
(Table II). In a well-sized unit, the sum of these frac-
tional resistances approaches, butis less than, 1.

The heat-transfer correlations used in the program
are taken from Kern [2, p. 103, 107]:

hD _ (4_"1) M(fizfi) Y 014- 002l =) ¢ 3)

0.55 1/3
ho}?f — ().36( jl\/ige> ( Cgk:u') ¢().l4 (4)

Introducing Eq. 3 and 4 into Eq. 2, the individualfrac-
tional resistances may be obtained as shown in Table II.
Here, the viscosity ratio, ¢, is omitted from the tubeside

and shellside convective terms. For more-viscous fluids,

this term should be reintroduced priorto final sizing for
greater accuracy.
Once the thermal design is optimized, the pressure

drops on the shellside and tubeside are checked to en-
sure that they are not excessive. The equations used for
calculating pressure drops are shown below [2, pp. 836,
839]. Both equationsincludefrictional losses through the
bundle. The tubeside term also includes typical turning
losses [2, p. 148].

e 121 >
2

fsG.v Ds( B Ns 1

5.22 x 10'°D,S, ¢°'*

1,G2nL . nV2

5.22 X lOlODl'Si ¢()'14 Szg

 AP, = ()

 AP, = (6)

In the turbulent-flow region, the friction factors may
be approximated (as in Ref. 2):

f, = 0.0128Ng,/1%
(straight-line portion of correlation p. 839);

f,=10.0014 + 0.125Ng?>* (p. 53).

These correlations are incorporated in the program.
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Program

There are three parts to the program, which may be
loaded onto three separate cards (Table ). Program1
calculates the log mean temperature difference (LMTD)
and the correction factor, F;, for either a one-shell

pass/two-tube pass (1-2), or a 2—4 pass arrangement. For
other than a 1-2 or 2—4 pass heat exchanger, the prod-
uct Fr X (LMTD) may be stored in the I register for use
with Program 2.

If Fr 1o <0.75, or an error message is displayed, the
temperature cross 1s too great and the 1-2 pass arrange-
ment is not appropriate. (Temperature cross is the dif-
ference between the outlet temperature of the cold fluid
and the outlet temperature of the hot fluid, when the
first is higher than the second.)
Program 2 evaluates the fractional temperature drops

in Table II. Each product may be printed out prior to
summation. This feature is highly useful in indicating
areas where design improvements can be made. Design
modifications will be most beneficial in the areas where
fractional resistances are relatively large.
Program 3 calculates pressure drops on the shellside

and tubeside, using Eq. 5 and 6 with turbulent friction
factors. The program pauses to permit incorporation of
the viscosity ratio effect.

Example 1

Evaluate a 2-6 heat exchanger that uses water on the
tubeside to cool 33.5° API oil. (From [2], Example 8.1.)

Process conditions:

Oil inlet temp. = 358°F

Oil outlet temp. = 100°F

Waterinlet temp. = 90°F

Water outlet temp. = 120°F
Oll flowrate 49,600 1b/h

Waterflowrate = 233,000 Ib/h

Combined fouling factor = 0.004

Allowable AP = 10 psi

Heat-exchanger parameters:

Shell 1.D. = 35 1in.

Baffle spacing =7 in.
Shell passes =2

No. oftubes = 454

Length of tubes =12 ft

Size oftubes =1 1n. O.D., BWG, on

1Y4-in. square pitch

No. oftube passes =6

The combined fouling factor is referenced to the out-
side of the tube and therefore is calculated in the Ry,

term. In this case, the inside fouling factor is equal to

zero. The calculated value for F;5_4 may be used for

Fro_¢ with very little error.

Procedure

1. Load both sides of Card 1. Routine A calculates the

LMTD. Routines B and C determine the LMTD correc-

tion factor, Fy, for 1-2 and 2—4 pass arrangements.

a. Store T, Ty, t, to In registers b, ¢, d and e.

b. Push A to calculate the LMTD (71.93°F).
c. Push B to find F;,_s; an error is displayed, indi-

cating conditions will not permit the use of a 1-2 unit.

d. Push CLX, then push C to find Fro4 (0.92).
Push R/S to store F; (LMTD) = 66.49°F in Register I.

2. Load both sides of Card 2.

a. Store the appropriate variables in Registers Ry,
R,1, Ry—Ry, Rg—Ry, R, (see Table I11). In Rg, store the
value for Np,;.

b. Review the stack for proper values. Ensure that
Ry3 1s set to 0. Then set the primary registers to active
status.

 

Nomenclature

Area for heat transfer, ft?

Baffle spacing,in.

Tube clearance, in.

Specific heat, Btu/(Ib)(°F)

Dia., in.

Friction factor

Correction factor for LMTD, depending

on type of flow in the heat exchanger,
dimensionless

Gravity acceleration, fus®
Weight flowrate per unit area, Ib/(h)(ft%)
Convective heat-transfer coefficient,
Btu/(h)(ft)(°F)

k Thermal conductivity, Btu/(h)(ft)(°F)

L Length of tubes for heat transfer, ft

Log mean temperature difference for
counter flow, °F

m Weight flowrate, cold fluid, Ib/h
M Weight flowrate, hot fluid, Ib/h

n Number oftube passes

o
>

>
=
T
S
O
O

~
>
0

  
Np, Prandtl number, dimensionless

Nk, Reynolds number, dimensionless

N, Number of shell passes

N, Number of tubes per pass
P Pressure drop, psi
P, Tube pitch, in.

Q Quantity of heat transferred, Btu/h

R4,Rp,Rc,Rp,R Fractional temperature drops,
dimensionless

Ry Fouling factor, (h)(ft*)(°F)/Btu

S Specific gravity, dimensionless

t Cold-fluid temperature, °F

T Hot-fluid temperature, °F

T, Effective temperature difference, °F

U Overall heat-exchanger conductance,
Btu/(h)(ft3)(°F)

Vv Fluid velocity, fts

¢ Ratio of viscosity measured at bulk tem-
perature to that at wall temperature

M Viscosity, cP

Subscripts

1 Inlet conditions

2 Outlet conditions
t Inside the tube

0 Outside the tube
s Shellside properties

e Equivalent thermal or hydraulic
diameter
Material properties of the tubewall
Tubeside properties
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Vary the design specifications and find out quickly if the designed exchanger will do the job Table |

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code

Program 1 876 R/S 31 152 1 al 847 8 as 123 RCLS 3o 85§ 193  RCL8 36 88
@81 xLBLA sl 1 @77 RCLS 36 €5 153 + -95 848 5SB2 23 6 124 X -39 286 . -6&
882  GSE! & € 678 X =33 154 RTN 24 849 X -35 125 RCL7 3o 67 281 b a&
@883 £ -Zs a79  ST01 33 46 155 xLBL4 21 o4 858 FeS 16-31 126 s -24 20z 7 &7
684 STOI 35 4p a8a RTN 24 156 Xe 53 851 RCLS Je 8& 127 RCLE 36 iS 283 yx 31
885 5ol S3 6881 xLBLC 21 13 157 1 61 a52 < -24 128 < -od 264 RCLI e 4o
886 - -45 a8z 2 82 158 + -53 853 pas 16-51 125 . -6c 285 2 -24
ear  RCLI o 46 883 6SB3 23 83 159 X 54 854 6SBI 23 a1l 138 S a5 286 RCLE Je 15
888 LN 3 684 : -Z4 168 RTN 24 895 RCL2 Jo 82 131 3 ‘@5 287  RCLD 36 14
aas £ -z4 883 1 el 161 »LBL3 21 83 856 RCL1 36 @1 132 yx i 288 - -45
@18 ST0S 35 &5 886 - -45 162 RCLE 3o 15 857 £ -24 133 X =35 289 X -33
611 RTN 4 88r 6582 23 6 163  RCLD 3& 14 858 LN 3z 134  BSBI &3 ai 218 RTN &4
81z xLBLI 21 i 688 - -45 164 - -45 859 X -33 135 6S5B3 23 a2 211 xLBL3 2l 83
613 RCLB 36 ic 889 ST01 35 4o 165 RCLB 3o 12 868 65B3 23 83 136 RTN &4 212 FRTX -i4
614 RCLE e 15 898 6SBS 23 @5 166 RCLD 36 14 861 RTN 24 137 xLBL9 2l 89 213 285 le-31
815 - =43 891 ESBe 23 &g 167 - -45 662 »LBLD 21 14 138 3 83 214 RCL3 36 83
616 RCLC 3o 13 892 X -35 168 s -24 863 1 a1 139 . -bc 215 + -35
817  RCLD 36 14 693 X 34 169 RTN 4 664 . -6 140 4 a4 216 STO3 3& 83
618 - -45 694 2 a2 176 »LBL2 2l 8z 865 5 as 141 4 64 217 P2s 1e-31
819 RTH 24 895 X -35 171  RCLB e 12 656 8 8s 142 RCL7 36 87 218 RTN 24
628 xLBLB 21 12 896 6SB3 Z3 83 172 RCLC Jo 13 867 6SB2 23 8 143 Xe 83 219 R-S gi
821 65B2 &3 &2 @97 : -24 173 - -45 068 X =35 144 X =35
822 65B4 23 b4 898 RCLI 36 46 174  RCLE 3e 15 869 P&S 16-31 145 Pi i6-24 Program 3
823 1 61 899 + -55 175 RCLD 36 14 878 RCLS 3o 89 146 RCL2 3t 8c 681 xLBLA gl 11
824 + -35 168  ST01 35 61 176 - -45 ez1 X =35 147 Xe 37 862 &SBZ PN
825 6582 23 82 181  GSB2 23 82 177 £ -24 672 S 16-51 148 X -3 883 ST08 35 88
826 + -55 182 65B4 23 64 178 RTN 24 873 RCL2 3o 82 149 - -45 884  GSRS i3 85
827 6583 23 83 183 §T02 35 8z 179 R/S a1 874 + -24 156 Pi le-24 865 RCL& 3o 68
828 X -35 184 RCL1 36 81 675 6581 23 61 151 : -24 686 X -38
829 CHS -2 165 + =55 Program2 876 ESB3 23 83 152 RCLZ Jo 86s <5 ig-51
636 2 62 166  RCL1 36 61 881 xiBLA 21 11 er? RTN 24 153 + -39 868 RCLS 36 85
631 + -85 167 RCL2 36 8z 662 P2§ ie-51 878 =xLBLE 21 15 154 RTN 4 889 P&S 1e-51
6832 ST01 35 46 188 - -45 683 RiLo 3o d¢ 879 R/S 31 155 =»LBLS 2l @e eie 3 -4
833 65B2 23 82 189 s -24 884 RCL4 3o B4 688  X=8? 16-43 136 Pi le-c4 a1l . -6
834 65B4 23 64 110 LN 2 885 : -&4 681  6TO7 22 67 157 RCLZ 30 82 812 8 ai
835 CHS =22 111 17X 52 @8e &5 lo-5 882 6T06 22 86 158 Xe a3 813 3 83
836 1 81 112 ST01 35 46 eer . -6z 683 «xLBL7 21 67 159 X -35 814 4 R4
837 + =55 113 65B6 23 86 868 2 2 684 GSBI 23 85 166 4 a4 815 4 84
638 6SB2 z3 82 114  STO1 35 61 689 ¥ )| 885 6TOS 2z 85 161 s -4 b1e X -35
839 + -85 115 6SBS 23 85 é1e 1 &l 886 xLBL6é z1 86 162 CHS -2 817 . -6
848  6SB3 23 83 116 17X 52 811 . -6z 687 6SBE 23 88 163 RCL?7 3o &7 018 1 a1
841 X -35 117 RCL1 36 81 a12 1 61 888 xLBLS 21 85 164 Xe 53 819 9 89
842 CHS -&e 118 X -35 813 2 6z 689 -62 165 + =& 828 6 ag
843 Z 82 119 LN 3c 614 X =35 896 4 84 166 4 a4 821 4 04
844 + =33 126  ST01 35 81 815 G5Bd cd 6o 891 3 as 167 X -35 822 CHS -22
645 RCLI 36 46 121  €SB2 23 8 616 X =35 892 Y 31 168 Fi 16-24 823 Y 31
846 2 -24 122 GSB4 23 64 817 6581 23 61 893 . -6& 169 s -24 824 . -6&
847 LN 32 123 RCL1 36 81 818 RCL1 Jo 81 6894 1 al 178  RCL2 Jo 82 825 8 ae
648 ST0I 35 46 124 X =35 819 RCL6 36 86 895 9 as 171 : -24 826 1 a1
849 65B2 23 82 125 2 8z 28 X -35 6896 2 e 172 RTN 24 827 2 &e
858 1 61 126 z -24 821 . -6z 897 X -35 173 #LBL2 21 82 828 8 88
851 - -45 127 STO1 35 a1 822 8 1 898 P&S 16-51 174 P&S le-51 829 X -35
852 RCLI 36 46 128  65B2 23 62 823 yx 31 6899 RCLI 3o 61 175 RCL8 36 8@ 838 65BS 23 85
853 X =35 129 1 a1 824 X =33 168 RCLS 3¢ 65 176 RCL4 36 84 831 Xe 53
854 17X 3 138 - -45 825 6583 23 83 181 s -24 177 z -4 832 X -35
855 8101 35 46 131 17X 5 626 RTN 24 182 . -6l 178 RCLé 36 Bé 633 RCLY Jo 84
856 65B2 23 6z 132 RCL1 Jo 61 627 xLBLB sl 12 183 4 64 179 X =35 834 X -39
857 65B4 23 64 133 X =35 828 1 a1 164 S a3 186 28 1e-31 835 RCLE Jo 13
858 RCLI 36 46 134 RCLI 36 46 829 . -&& 185 Y 31 181 RCLS Jc 88 836 X -35
859 X =35 135 X -35 838 5 63 166 X -35 182 X -33 837 RCL8 Jo BE
86e STOI 35 46 136 R/S 51 831 8 8s 167 P&S 16-51 183 RCLE 3o 13 838 s -24
861 6SB2 23 82 137 RCLS 36 85 832 55BZ &3 6c 168  RCL® Jo 83 184 RCLD 36 14 639 RCL3 36 63
862 65B3 23 63 138 X -35 633 X -35 168 . -6Z 183 - -45 848 X -33
863 X -35 139  STOI 35 46 634 RCLA 36 11 11@ 6 86 186 X -35 641 3 N
864 CHS =22 148 RTN 24 835 X -39 111 7 67 187 RCLI 36 46 842 . -6l
865 1 81 141 xLBL6 21 86 836 RCL1 36 a1 112 Yx 31 188 € =24 043 Z 2
866 + -59 142 G6SB3 23 83 637 : -24 113 X =33 189 RTN 4 844 2 2
867 17X 82 143 CHS =22 638 6SBI 23 a1 114 RCLB 3o 1 196 xLBL1 21 81 845 EEA -&3
868 65B3 23 63 144 1 61 6839 G5B3 23 a3 115 RCLC 36 13 191  RCL4 36 64 846 1 ai
869 CHS =22 145 + -95 640 RTN 24 116 - -45 192 : =24 847 e 6
eze 1 a1 146 RTN 24 641 xLBLC 21 13 117 X -39 193  RCLS 36 @5 048 £ -4
671 + =55 147 *LBLS 2l 85 642 . -62 118 RCLI 36 4¢ 194 £ -24 849 RCL8 36 88
@72 X -35 148 6SB2 23 6z 843 6 8a 119 € -24 195 RCLe 36 B¢ ase 1 e1
873 LN 32 149  6SB3 23 83 844 6 a8 128 RCLO 36 ad 196 z -24 851 2 2
674 RCLI 3o 46 156 X -35 845 6 85 121 RCL3 36 @3 197 RTN 24 852 : -24
875 X =33 151 CHS -z2 846 6 as 122 X =35 198 «xLBL8 21 Ae 633 : -24     
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Key Code Step Key Code Step Key Code Step Key Code Step Key Code Step Key

F25 ie-5! 8583 «xLBL1 21 81 112 4 a4 141 =35 178 . -6 185 F&s

RCLZ 36 82 884 ESBI 23 835 113 RCL7 Jo 87 142 Z az 171 & aé 288  RCLzZ

F2s ie-51 @35 GTOo8 22 a8 114 Xz =3 143 -6 172 Z 8z 261 ‘5

s =24 886 xLBL4 2l a4 115 X =35 144 4 g4 173 & g3 28z z

RTH S5 887 GSB8 23 88 116 Fi 16-24 145 Z az [ 74 Z &2 283 4

¥LBLS 21 85 886 «xLBL® 21 oa 117 RCL2 36 8c 146 < =24 79 =35 264 .

F2S io-31 883 RTN 24 118 X2 K 147 i él 176 RCL8 3o a8 285 4

RCL1 36 61 498 xLBLS 21 8€ 119 X =35 148 2 a2 177 a2 a3 266 3

=S 16-3! 8391 Pi 16-24 128 - -45 149 < =24 178 ' -3 287 EEX

RCL?V 36 67 892 RCLZ2 3c a2 121 Pi 16-24 158 P25 16-5: 179  RCL4 Jb &84 288 &

X =35 893 Xe 53 122 : -24 151 RCL4 36 84 igae 3 =33 285 CHS

RCLE 36 15 894 x -35 123 RCL2 3o 82 152 P2s 16-51 181 RCLS It 8% 2la ¥

X -33 895 4 64 124 < =24 153 = =24 182 =35 211 X2

1 ai 896 < -24 125 RTN 24 154 . -62 183 5 ac 212 .

4 o4 897 CHS s 126 &LBLC 21 13 155 3 a3 184 . -oc 213 a

4 a4 898 RCL7 Jo 87 127 =5 16-51 156 Z az 185 Z &e 214 2

X =33 899 ne 33 128 RCLé 36 B8 157 yX 31 186 Z z 215 7

RCLS 36 63 166 + -55 129 P2s 16-51 158 173 5 187 EEX -23 216 X

= -24 181 4 a4 138 1 al 159 . -5 188 1 al 217 RCLS

RCL9 Je 85 182 X -35 131 8 & 168 i i1 185 8 gd 218 X

< =24 183 Pi l6-24 132 3 a3 161 2 az 196 z -2 219 F3S

RCL& 36 &8 184 s -24 133 X =33 162 5 a5 191 RCL1 36 B! 22 RCLZ

< =24 185 RCLZ 36 8z 134 RCL Je 6l 163 X =33 192 1 el z21 F&§

RTN o 186 £ -24 139 Xe 33 164 . -6 193 2 6z 222 s

¥LBLZ Zi 8z 187 RTN 24 136 < -24 1585 8 ga 194 z =24 223 +

R~8 &1 188 ¥LBLS 2l 85 137 RCLé 36 88 166 o ae 183 < -4 224 RTN

X=8% 15-43 189 3 as 138 s =24 167 1 ai 196 P =l

6701 z2 al 110 . -b& 139 ST08 35 83 168 4 a4 197 < -24

ET04 2Z 84 111 4 a4 146 RCL1 Jo 81 169 + -85 i98  RCLS 3E 88  
c. Push A, B, C and then D in order, allowing time

for the calculation to complete for each routine. Each
fractional AT shown in Table II is printed outif the cal-
culator is in the NORM position. R4 = 0.0853, Rg = 0,
Rc = 0.0034, R, = 0.2955. The sum ofthese productsis

accumulated and displayed.
d. Store the number ofshell passes (2) in R.. Store

Np,, in Rg. Push E. Calculation will stop. Enter 0 for tri-
angular tube array or 1 for square array. Push R/S.
Ry = 0.5393 is printed out. The last number displayed is
the sum of the products, 2R = 0.9235.
This number may be used to calculate wall tempera-

tures. The proportion of the temperature drop on the
tubeside is 0.0853. The average tubeside temperature is

 

 
Calculate thermal performance of each of the five regimes to see where resistance is highest

  
(90 + 120)/2 = 105°F. The tubeside wall temperature
will be higher than this by an amount (0.0853/0.9235)
FA(LMTD) = 6°F, i.e.,, T,, = 111°F. The tubeside viscos-
ity ratio is, therefore ¢, = w;105°5/ti 111°F- This is approxi-
mately equal to 1.
The shellside viscosity ratio, to the fouling layer, is ob-

tained from the average temperature of the oil—
(358 + 100)/2 = 229°F—and the temperature drop
across the convective layer—66.49(0.5393/0.9235) =

39°F. Hence ¢, = w,220/(190)-
These values of ¢ are calculated, and R, and Rare

each divided by the relevant ratio raised to the 0.14
power (Eq. 3,4).
The correction on the water side is negligible, but the
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Contents of registers for Example 1 Table 111
 

 

  
  

  

Primary

  

storage Numerical storage Numerical
register  Variable value register Variable value

Rso m; 233,000 Ib/h Ro B 7in.

Rs1 mg 49,600 Ib/h R, D; 0.76 in.

Reo S; 1.0 R, D, 1.0in.

Rsa So 0.82 R3 Dy 35 in.
Rsq Mi 0.73 cP R4 L 12 ft

Rss Mo 1.12¢cP Rg n 6

Res ki 0.37Btu/(h)(f)(°F) 454 _
Rs7 ko  0.076 Btu/(h)(f)(°F) Re Ne 5o
Reg kw 25 Btu/(h) (ft) (°F) R, P, 1.25 in,
Rso Rt o 0.004 (squarearray)

Rg Ney, {Np, o) 4.78(18.22)

Rg c 0.25in.

Register Variable Value_
Rq Rt i 0

Ry T 358°F
Re T, 100°F
Ryg t 90°F
Re ta, (Ng) 120°F, (2)

I Ft(LmTD) Calculated
by

   

   
   

  
    
  
    

 

  
  
   
  
  

  

 
program  

viscosity of 33.5° API oil is found to be 1.95 cP at 190°F.
Therefore, R = 0.5393/(1.12/1.95)*!* = 0.5393/
0.9253 = 0.5828. The revised sum of products is 0.967,
which is still less than 1, and hence the thermal design is
fine.

If 2 products < 1.0, continue to Step 3. Otherwise,the
heat-exchanger design must be modified to obtain suffi-
cient thermal performance.

3. Load both sides of Program 3.
a. Store §; in Ry, store §, in Rgs. Return to primary

registers.
b. Push A. When calculation stops, enter O for trian-

gular array or 1 for square array. Push R/S to continue.
AP, = 6.21 psi is displayed. AP, < 10.0 psi, which is ac-
ceptable. Divide by ¢{'*. AP, = 6.71, still acceptable.

c. Push C. When the program stops,enter ¢;"'* and
push R/S. AP, < 10.0 psi, which is satisfactory.

Example 2
As a further example of the design procedure, again

use the data of Example 1, but design for a fouling factor
of Ry=0.003 instead of 0.004. Any-size unit may be
tried for the initial estimate. For convenience,start with
the same unit used in Example 1.

1. The Fr and LMTD values remain unchanged;
FT,?—-4 = 092, LMTD = 71.93°F.

2. The uncorrected fractional temperature dropsare:
R4 = 0.0853, Rg =0, R, = 0.0034, R, = 0.2216, Ry =
0.5393, 2R = 0.8496.

a. The unit is oversized by about 15%. Size may be
decreased by using a smaller-diameter shell or a shorter
tube bundle. If the pressure drop permits, the smaller

shell size will generally result in the lower-cost unit.
b. For the next iteration, try a 31-in. shell. Tube-

counttables /2] suggest that up to 368 tubes may be in-  

cluded in this size of shell.
Adjust the registers so that R = 31 in. and R = 368/6

(61.33). Repeating the calculations on Card 2, we find
the following unadjusted fractional temperature drops:
R, =0.0890, Ry = 0, Rc = 0.0042, R, = 0.2734, Ry =
0.6224 and 2R = 0.9890. Theshellside wall temperature
may be calculated at 187°F, for a wall viscosity of 2 cP.
The corrected 2R = 1.038.
The unit is now thermally too small. The major resist-

ance is still on the shellside. Decreasing the baffle spacing
would improve heat transfer by increasing turbulence.
The minimum baffle spacing permitted by TEMAis 20%
of the small diameter, or 6.2 in.

c. Set Ry = 6.2, then rerun. Now R, = 0.0890, Rp
=0, Rc = 0.0042, R;, = 0.2734, Rp = 0.5822. After ap-
plying the correction factor on viscosity, Rr = 0.6314
and 2R = 0.9980. The unit is of adequate size.

3. Check the pressure drop on the new unit. AP, =
10.39, AP, = 9.55 psi. The shellside is slightly high but
probably within the acceptable range.

For TI-58/59 users
The TI version closely follows the HP program.

There are 3 TI programs (see listings in Tables IV, V
and VI, respectively); and user instruction are offered

in Table VII. A printout of the first example can be seen
in Table VIII.

Listing for Tl version—program A Table IV

 

Step Code Key Step Code Key Step Code Key
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(Continued) Table IV

 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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Listing for Tl version—program B Table V

 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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(Continued) Table V

 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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Listing for Tl version—program C Table VI

 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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(Continued) Table VI

 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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User instructions for Tl version Table Vi

 

The Tl version is in three parts, and must be run in order. However, all the data may be stored before any one of the parts is run, but not all the parts use all the
data. The following tabulation shows the data storage areas and the data used by the separate programs.

(Note: The HP version calls for entering data between operation of the different parts of the program. This is because some of the HP storage areas are used for

more than one value. The Tl calculator has more storage capacity than the HP, so that all of the data may be entered before the start of program A, inasmuch as
none of the storage areas are used for more than one value.)

Data Register Program Use

A B C
* *Baffle spacing, in. 00

Tube 1.D., in. 01 * *
Tube O.D,,in. 02 * *
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(Continued) Table Vii

Shell diameter,in. 03 * *

Tube length,in. 04 * *

No. of tube passes 05 * *

No. tubes per pass 05 * *

Tube pitch,in. 07 * *

Prandtl number,inside 08 *

Prandtl number, outside 38 *

Tube clearance 09 * *

Weight flowrate, cold fluid, Ib/h 10 * *

Weight flowrate, hot fiuid, Ib/h 11 * *

Specific gravity, cold fluid 12 *

Specific gravity, hot fluid 13 *

Viscosity, cold fluid, cP 14 * *

Viscosity, hot fluid, cP 15 * *

Thermal conductivity, cold 16 *

Thermal conductivity, hot 17

Thermal conductivity, tube 18 *

Fouling factor, outside 19 *

Fouling factor, inside 20 *

Temperatures, °F

Hotfluid, inlet 21 * *

Hot fiuid, outlet 22 * *

Cold fluid, inlet 23 * *

Cold fluid, outlet 24 * *

Number of passes 37 * *

Programs are run as follows:

Part A: Key A gives LMTD.

Key B gives Fr1., (if result is flashing, it indicates a temperature cross and inoperable condition. Use key CLR.)

Key C gives Fro.4.

Key R/S gives corrected Lm1D for Fr.

Part B: Keys A, B, C, D, E give fractional temperature drops indicated in Table II.

After key D, program prints both the D fraction (Rp) and the sum.

Before key E, enter “0” for triangular tube array or “1” or square tube array.

After key E, programs prints both the E fraction and the sum.

Part C: Enter “0” for triangular tube array or “1” for square tube array.

Press key A

Output will be shell-side pressure drop, psi.

Press key C

When program stops, enter ¢ + 0.14 and key R/S.

Output will be tube-side pressure drop, psi.

Printout for first example—TI Version Table VI References

1. Standards of Tubular Exchanger Manufacturers Assn. (TEMA), Sixth ed., New
York, 1978.

Program A
2. Kern, D. Q., “Process Heat Transfer,” McGraw-Hill Book Co., New York, 1950.

3. Gilmour, C. H., “Shortcut to heat exchanger design—1,” Chem. Eng., Oct. 1952,

The authors
Roger A. Crane is associate professor in
the Dept. of Chemical and Mechanical
Engineering at the University of South
Florida, Tampa, FL 33620, tel: 813-974-
2581. He received B.S. and M.S. degrees at
the University of Missouri at Rolla and a
Ph.D. at Auburn University. He was a
senior engineer with Babcock and Wilcox
and is a licensed professional engineer in
Florida.
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SEHFR Fea
Robert Gregg is an instructor in
mechanical engineering and machine
design at the University of South Florida.
He received B.S. and M.S. degrees there
and has gained industrial experience as

  

      

  

  

 BEES464421

Program C project design engineer for the
construction and operation of plants

= SR TS T })roducing cement andphosphate
eLTSRS ertilizers. Gregg is a registered

professional engineer in Florida.

 

 



Section VI
Mass Transfer

Shortcut program for multicomponent distillation

Program aids cryogenic solubility calculations

Program calculates hydrocyclone efficiency

Program performs vapor-liquid equilibrium calculations

Evaluating separation processes

Optimizing reactor agitation in heat-transfer-limited situations





Shortcut program for
multicomponent distillation
This TI-539 program calculates the minimum reflux,
minimum number of stages, and number of theoretical
stages for a multicomponent distillation column.

 

Mark Kesler, Kesler Engineering, Inc.
 

[] A rough distillation-column design speeds up scop-
ing studies, preliminary cost estimates, and parametric
evaluations of operating variables. When great accu-
racy is not needed, the shortcut method is preferred to
rigorous design procedures because it saves time and
money.
The most widely accepted shortcut method for multi-

component distillation columns uses the Underwood
equations for minimum reflux, the Fenske equations for
minimum stages, and the Gilliland correlations for the
number ofstages for a given reflux. With these results in
hand, the engineer then determines tray hydraulics and
efficiencies, and sizes the column.

Because even the shortcut is time-consuming when
calculated by hand, it pays to use this TI-59 program.
The program calculates the minimum reflux, minimum
number of stages, and number of theoretical stages for
any one-feed column distilling eight or fewer compo-
nents. The required inputs are feed, overhead and bot-
toms compositions; feed condition; and relative volatili-
ties for all components.

Key assumptions
The shortcut method and the calculator program are

based on several assumptions:
B There is only one feed stream, with eight or fewer

components.
B There is only one heavy key component.
B The feed enters the column at the optimal stage.
B The correlation assumes constant molar overflows.

Developing the inputs
Column design usually begins with the following in-

formation: feed composition, feed temperature, and
desired separation. Before using the program, one must
collect more data and perform a few calculations:

1. Calculate the material balance for the column.
The feed, overhead and bottoms compositions (mole
fractions) are inputs to the program.

2. Set the relative volatility (a) for the heavy key
component equal to 1. Then determine the a values for

Originally published May 4, 1981.

the other components relative to the heavy key. The «
values can be based on the feed temperature, but aver-
age a values (for feed, overhead and bottoms tempera-
tures) are more accurate:

— . . 1/3

a; = (aoverhead afeed abottoms)i

Note: The program will not work if « for the heavy key
is not equal to 1.

3. Determine the liquid mole fraction (¢) of the feed.
A bubble-point feed has ¢ = 1.0; a dewpoint feed has
q=0.

4. Rank the components in order of decreasing rela-
tive volatility (a). Thus, component 1 will be the most
volatile component. List all of the inputs in a table.

Example: Table I shows the input data required to
calculate R,;, and N,;, for a simplified debutanizer
column. Note that -C; is the heavy key component
(with @ = 1) and that all of the components are ar-

ranged in order of decreasing a.

How the program works
After all of the input data are stored in the memories,

the program first finds the heavy key component. The
program looks for a; = 1, then designates component :
as the heavy key and component : — 1 as the light key.

 

 
Inputs for debutanizer example;

 

 

i-Cg is the heavy key Table |

Component / Feed Overhead Bottoms Relative

(F)) (D) (Bj))  volatility (o))

C3 1 0.05 0.102 0.000 4.99
i—Cq 2 0.15 0.301 0.004 2.62
n-Cg 3 0.25 0.473 0.033 2.02
i-Cg 4 0.20 0.069 0.327 1.00
n-Cg 5 0.35 0.055 0.636 0.86
 

1.00 1.000 1.000

g=1.0 (bubble-point feed)    
193



 Jro
ssd

e
foe

set
e

 
 

o ]
2
1
7
7
0

12
10
57

3
0

7
0

...
..1
s

Calculate 0

N,R, len.

Subroutine to calculate

ssing one of

minCalculate R

minCalculate N,

e
foe

esd
e

fe
en
et

fo
e
e
t

L

oer
ele

 fo
ene

l
¥

Fi nd heavy key

 

Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key

 Program listing for T1-59 calculator Table 11
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Table Il (continued)

 

   
    

      

 

    

   

     

   

Nomenclature

B; Mole fraction of component : in bottoms
Location Code Key Location Code Key D;  Mole fraction of component i in overhead
Z2= 43 m F; Mole fraction of component : in feed
o = k Number of components in feed (£ < 8)
TET 1 HY N Number of theoretical stages

TEE Ei N,.;n Minimum number of theoretical stages
I q Liquid mole fraction in feed (0.0 for dewpoint;
SER 1.0 for bubble point)
Liils R Reflux ratio

R,;, Minimum reflux ratio

a; Relative volatility of component i, based on

heavy key (a = 1 for heavy key component)

0 Variable in Underwood correlation

Again,it is essential that the components be arranged in

order of decreasing a, and that the heavy key compo-
nent have a = 1.
The program then uses the Underwood correlation

[/] to find the minimum reflux ratio (R,,;, ). The equa-
tion is:

k
a;D;

Rmin:(;ai_e)_l

where £ is the number of components, and # is deter-
mined by trial and error, using the following equation:

k o,F;
l—qzzl"—a—i—_—a

The Underwood correlation requires that the overhead
composition be consistent with minimum reflux condi-
tions. But this program uses actual overhead composi-
tions: this is simpler, and nearly as accurate.

After finding R,;,, the program calculates the mini-
mum number of stages (N,;,), using the Fenske
equation [2]:

1
N,,, =log DB (*l)

Dy By 0g ay

where the subscripts 4k and /k denote the heavy and
light key components.
The user then determines the desired reflux ratio (R)

T based on R,,;,. With this additional input, the program
- will calculate the number of theoretical stages (N),

using the Gilliland correlation [3] as expressed by

Eduljee [4]:

N—N,.
=2 =0.75 — 0.75(

N+ 1

T
T

CR
UR
Y I S
R   

Fe
te
1
1
o

|
o

!

R — Rmin)o.5668

R+ 1

Alternatively, the user can input the desired value of N,
and the program can find R, using the equation above.

How to use the program
Prepare all of the required input data as shown in

Table I. Load the program, listed in Table 11, into the

calculator. Then follow the user instructions in Table
I11. The Master Library Module must be in place for the   program to work.
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User instructions Table 111

Step Description Enter Press Display

1 Input feed composition (up to eight Fqi, Fo... STO 11,STO 12.. Fq, Fo ...

components) in order of decreasing volatility

2 Input relative volatility (e must be 1.0 aq, Q9. .. STO 21,STO 22.. aq,a9 ...
for heavy key)

3 Input bottoms composition B1,Boy... STO 41,STO42... B1,Bp...

4 Input overhead composition D4, Dop. STO51,STO652... D4, Do...

5 Input number of components (k < 8) k STO 40 k

6 Input feed condition (g=0 for dew point; q STO 50 q
g=1 for bubble point)

7 Calculate minimum reflux ratio (run time 2nd B’ Rmin
3-5 min)

8 Calculate minimum number of stages 2nd C’ Nmin

9 Input desired reflux ratio (R>Rmn) R STO 2 R

10 Calculate number of stages 2nd D’ N

Notes:

To calculate Rpjp and Nfor new conditions, change the inputs as needed and return to step 7.

Given any three of the four variables R, Nmijn, R and N in memory, pressing 2nd D’ will calculate the fourth. 
 

 

Data registers used in program Table IV

 

00 Not used 20 Number of 40 Number of

components (k) components (k)

01 Rmin 21 «j values 41 Bj values
02 R 22 " 42 "

03 Nmin 23 ” 43 "

04 24 " 44 "

05 Used 25 " 45 "

o6 26 " 46 "

o7 - 27 ' 47 "

o8 - 28 " 48 "

09 29 Rmin 49 Npmin

100 30 Used 50 Feed

condition (q)
11 Fj values 31 Loop counter 51 D; values
12 32 Used 52 “

13 33 Dy 53 "

14 " 34 1-q 54 "

15 35 Used 55 "

16 " 36 Loop counter 56 !

17 " 37 Used 57 '

18 ” 38 Loop counter 58 "

19 Number of 39 " 59 Not used

components (k)   
In the program listing in Table 11, several of the listed

keystrokes are not keystrokes at all, but instead are
display conventions used by the TI-59 calculator.
To be able to key in the program, make the following

changes:
1. Wherever RC* appears, substitute RCL 2nd Ind.
2. Wherever RTN appears, substitute INV SBR.
RC* appearsin steps 029, 042, 085, 088, 092, 177,

180, 184, 230, 261, 264, 267 and 270. RTN appears in
steps 125, 344, and 436.

The displays RC* and RTN will appear again when
the program is listed. The “Personal Programming”
book explains these displays.

Note that the program includes a subroutine labeled
D’ that can calculate one of the values N, N,,;,, R or
R,.., when the other three values are stored in the
proper registers. Table IV shows the contents of the
data registers used in the program.
Example: Find R,;, and N,;, for the data given in

Table I. First, key in the data as shown in the user in-
structions. To find R,,;,, press B’, wait 3-5 min, and
read the value of R,;, when it appears in the display:

R, = 9351686744

Then press C’ to find N,,;, (instant):

N,in = 5999795796

Enter the actual value of R desired. For instance, to
specify a reflux ratio 25% greater than the minimum,
multiply R,;. by 1.25 to get R:

R = 1.168960843

Store R in register 2, and press D’ to find NV:

N = 14.14481751

Thus, the number of theoretical stages is about 14 for a
reflux ratio 25% greater than the minimum, compared
to six stages for minimum reflux ratio.

For HP-67/97 users

The HP version closely follows the TI program.
Table V is a listing of the HP program, and userinstruc-
tions are presented in Table VI.

 



The calculation of O, the variable in the Underwood
equation, takes about 4 minutes. This variable is not
printed; it is only displayed. Also, values calculated by
the HP will differ slightly from those calculated by the
TI. This difference is probably because the TI calcu-
lates O to an error of 0.005 and the HP calculates it to an
error of 0.0001. The difference in calculated values is
not significant to two decimals. An example of such a
difference is the calculation of R,,;,. The TI value is
0.935168 . . . and the HP value is 0.937266. . . .

 

 

 

Program listing for HP version Table V

Step Step Key Code

ela @65 ¥LlELV Zi 87
611 #66  RCLA J€ 11
é1z B67 1 a1
613 868  RCLC 36 iZ
814 BES + =533

815 676 : ey
ale @71 STGA a3 1
a17 672  RCLC J€ i3
@18 673 i &i
815 ér g a&
aze 675 : -24
821 a6  STOC 35 i3
az: @77 GTOS le @%
623 675 *LBLE £l #c
24 aze SF6 e :z: @é

825 age  RCL3 b 8%
826 881  STOB 35 ic
az7 882 »iBL3 2l @3
628 483  RCLA Je 11
625 884 1 €l
83 685 RCLC 3€ 132
831 a8e + =53
63 agr X =33
é33 888  STOA 35 il
834 633 # ae
635 a5 5T03 33 85
630 a31 &8 1e-35:
637 852 ET0a 22 16 11
@838 833 ¥LBLZ Zi BZ
839 a4 F&s 15-51
846 435 k5 o1
841 636 1 di
842 as7  STUI 35 46
843 @98 ¥LBLbL 21 Ib I
844 #99  RCLs 36 45
845  xXY? 16-34 168 &8 16-31
84c¢ GTG2 8 bz ie1  RCLi 36 43
a47 Feé? le 3 BE 18z X -33
648 GiGS 28 g3 183 1 a1
649 ET06 22 @6 184  RCLi Je 43
856 *LBLS 2l a5 185  X#Y? le-32
831 e ag l1a6  ET0Z iZ ez
852 RCLS 36 @5 187  RCLI Jc 46
833  X:V7 ie-34 188  STOE 33 1&
834 &TOS s 8s 189 R4 -3l
@35 Rd -3i 116 *LELZ 21 B2
@56 RCLB 36 Iz 111 Ry -3i
837 XY? i6-34 112 Ré =31
a5  GTC7 28 6r 113 KiLia o 43
859 BT06 &8 BE 114 RCLA e 1i
acd  ¥LBLS £i E5 115 - -45
b6l ki -3i 116 £ -4
#6Z  RCLE Je 12 117 5 le-5i
@63  B:VY le-3+ 118 ST+9 35-35 &5
864 ET06 28 8e 118 ISZ1 16 :Ze 4d8
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(Continued) Table V

Step Key Code Step Key Code

126 RCLé St 86 172 i 3i
121 RCLI &t 4o 173 . -ad
122 ¥x7% 16-34 174 7 E7
123 ETOZ ZE Be irs 3 &
124 ETOb 25 i6 i 176 fi -35
125 *LBLZ 21 B 177 CHS il
126 1 a1 178 . -6
127 8T-9 35-45 @8 178 7 &7
1268 RCLE & 1& 166 5 #s
129 5701 33 4o 181 + =55
136 RCL: 36 45 182  ST0D 35 I4
131 DSZI 1e &5 4¢ 183  RCLE Je 12
132 RCLi Jt 45 184  STGC 35 12
133 X&Y -41 185 ¥LBLE Zi 18
134 : -24 186  KCLC & QZ
135  STOC 35 13 187  KCLD & 14
136 RS Si 188 + =53
137 RCL1t Jo 45 188 i a1
138 ISZ1 1é :o 46 186  RCLD 3e 14
139 RCLi 36 45 1581 - -43
148 aeyY -41 192 < -z
141 £ -4 133 PRTX -i4
142  RCLC 36 13 194 k-8 3
143 X -35 i95 »¥LBLd Zi io 14
144 LN 3z 196  STOR 35 il
145 P25 16-5 137  RCLE 36 1
146 DSZI 16 25 46 193¢ - -45
147  RCLi J& 45 195  RCLA 36 il
148 LN 3 2ed 1 éi
145 < -24 281 + =55
158  STOB 35 1& ez % -Z4
131 25 le-5i 283 . -t
132 RCLS 3o @9 284 7 g7
153  FRTX -14 285 5 5
154 RCLB 3o ic 286 - -45
135 FRTX -14 287 . -6
156 CFe 1 :if &8 268 r 67
157 SPC le-11 289 5 83
158 R-S 3. Z2le CHS 2
155 =xLBLD Zi 14 211 £ -4
led  STOA 35 i 21z . -62
161 RCLS 36 85 213 3 85
le2 - -45 214 & BE
163  RCLA 36 11 215 & GE
led i ai 216 & é&
165 t S5 217 143 S
len z -2 218 ¥+ 31
167 . -6 219  STOC i 4
ieg 3 g2 228 RCLS 36 83
ieg b e 221 8T0C 35 iZ
178 & B 222 6GTOE P]
i71 & g& 223 R-S 51
 

User instructions for HP version Table VI
 

Store the following data:

Number of components, k (maximum 8)

Fraction of component in feed, F;

Switch storage areas

Fraction liquid in feed, q

Relative volatilities, «;

Switch storage areas

STO 0

STO 1to k

keyP=S§

STO 0
STO1tok

keyP=8§
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(Continued) Table VI

 

Key A

Program then calculates ©, variable in Underwood

correlation. Calculation may take a few minutes.

Then, store overhead data, D; STO1tok

Key R/S

Then, store bottoms data, B, STO1tok

Key R/S

Output will be: Minimum reflux, Rmin

Minimum theoretical stages, Nnin

Input actual reflux R key D

Output will be actual number of stages, N

Input actual number of stages N, key d

Output will be actual reflux ratio, R
 

Note: Data cannot all be stored before the program is started, as in the Tl

version, because the HP-67/97 has limited storage capacity.

References
1. Underwood, A. J. V., Chem. Eng. Prog., Vol. 44, p. 603 (1948).

. Fenske, M. R., Ind. Eng. Chem., Vol. 24, p. 482 (1932).

. Gilliland, E. R., Ind Eng. Chem., Vol. 32, p. 1101 (1940).

. Eduljee, H. E., Hydro. Proc., September 1975, pp. 120-122.
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Program aids cryogenic
solubility calculations
Here is a program that will quickly estimate and correlate the
solubility of a solid in a solvent at cryogenic temperatures.

 

Patrice Lebrun, Chemical Engineer
 

[] In the design of cryogenic processes,it is frequently
necessary to check the solubility of solids in liquids at
low temperatures. The interest in predicting such be-
havior is justified because precipitation ofsolids such as
carbon dioxide and hydrocarbons creates solid coatings
on heat exchangers and fouling in process equipment.

This blocking effect can be prevented by appropriate
design and a good knowledge of solubility. Unfortu-
nately, two factors limit our precise information on sol-

ubility:
1. Solubility exhibits a very broad range of varia-

tion; for example, from 1072 to 1073 for light alkanes in
nitrogen, to 10710 for ammonia in nitrogen at 77 K.

2. In experimental investigations, there are some-
times great discrepancies between the findings of differ-
ent authors (for example, as much as a factor of 60 for
the system propylene-nitrogen).

Reliable experimental studies of solubility are not
plentiful, and therefore it is desirable to have correla-
tions that are sufficiently accurate for most design pur-
poses. One of the best known of these correlations is that
of Preston and Prausnitz [/], and that is the one used
here.
The program presented in this article is intended to

provide a quick estimate of solubility. It is written for
the Hewlett-Packard HP 67/97 and features a rapidly
converging iterative procedure. The program circum-
vents the use of tedious charts and laborious hand-cal-

culations.

The Preston/Prausnitz method
These authors worked out a method of calculating

the molar solubility, X,, of a solid in cryogenic liquids,
based on the Scatchard-Hildebrand concept for regular
solutions [2].

In the solid-liquid equilibrium, where the solid phase
is pure solute and the liquid phase is a saturated solu-
tion of the solute in the solvent, the equation of equi-

librium is:

S5 = VX,f% (1)

In v,X, = ASpe/R(1 — Ty,/T) (2)

Some substances undergo solid-phase transitions
from one crystal structure to another at a specific tem-
perature, Tp. If the solute of interest undergoes such a

Originally published July 13, 1981.

 

transition, and if 7 is less than 7p,, another term must

be added to Eq. (2):

In v,X,

= (ASpo/R)(1 — Typo/ T) + (ASpp/R)(1 — Tpp/T) (3)

The activity coefficient for conditions not near the
critical temperature of the solvent is calculated by the
relationship:

Iny, = (Vo$3/RT)[(8, — 55)* + 24,56:8,] (4)

where

¢, = XN/(X+ XoVs) )
The solubility X, of solute 2 in solvent 1 is deter-

mined by combining Eq. (2) or (3) with Eq. (4) and (5).

Since X, and ¢, are unknown, the calculation is done
by trial and error.
An essentialstep in calculating solid solubility is find-

ing the solubility parameter, §, and the subcooled lig-
uid volume, V, for solute and solvent. These properties
are functions of the reduced properties 7., P, and of the
acentricfactor w [/]. The relationships were determined
via data-correlating programs, and the results are
shown in Table I.

1,0 is a constant characteristic of the solute-solvent
pair and it cannot be estimated from pure component
data (see Table II). Hence:

1. When possible, £,, should be determined empiri-
cally from some experimental equilibrium (see Exam-
ple 3).

2. If no solid-phase information is available, we can
turn to gas-phase data. It is known that for mixtures in
the gas phase, the binary parameter,£,,, characterizes

(Tekt continues on p. 202)

 

Curve fitting of Ref. [7] Table |

 

For T, <0.7

5/Pc% ={ w[3.339w-2.04] -0.6312 } T2
+1.2165 +w [1.82 - 1.3450)]

V/Vc ={0.1452 + w[0.196 - 0.169w] } T2
+0.339-0.15w   
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Pure component properties Table ||

Substance Pc Tc Ve w TF ASF/R TTR ASTR/R

Nitrogen N, 33.5 126.2 90 0.040 63.2 1.37 35.5 0.78

Methane CHg 458 191.1 99 0.013 90.7 1.25 20.4 0.45

Ethane CyHg 48.3 305.6 148 0.105 89.9 3.82

Propane C3Hg 42.0 370.0 200 0.152 85.5 4.96

Butane CaHjo 37.5 425.2 255 0.201 134.8 4.16 107.6 2.31

Isobutane CgHjo 36.0 408.1 263 0.192 113.7 4.80

2-Methylbutane

(Isopentane) CsHya 329 461.0 308 0.206 113.2 5.47

Pentane CsHja 33.3 469.8 311 0.252 1434 7.04

2.2-Dimethylpro-

pane (Neopentane) CsHy2 31.6 433.8 303 0.195 456.6 1.53

Hexane Ce¢Hia 299 507.9 368 0.290 177.8 8.81

Heptane C7Hy6 27.0 540.3 426 0.352 182.5 9.24
Octane CsH;g 24.6 568.6 486 0.408 216.4 11.53
Nonane CoHjg 226 596.2 543 0.441 219.6 8.47 217.2 3.48
Decane CioH22 208 617.6 602 0.486 2435 14.18
Ethylene CyHy 50.5 283.1 124 0.087 104.0 3.88
Propene

(Propylene) C3Hg 454 365.1 181 0.143 879 411

Butene-1

(Butylene) C4Hg 38.7 419.5 241 0.203 87.8 5.27
2-Methylpropane

(Isobutene) C4qHg 39.5 417.8 240 0.201 132.8 5.36
Pentene-1 CsHjo 404 4755 309 0.238 107.8 5.50
Pentene-2 (cis) CsHjo 344 4731 300 0.280 94 .1 9.09
Hexene-1 CeHi2 31.1 504.0 356 0.283 133.3 8.43

Heptene-1 C7Hia 27.4 537.2 418 0.326 154.1 9.87
Acetylene CoHy 61.7 308.7 113 0.186 1924 2.55
Benzene Ce¢He 48.6 562.6 260 0.215 278.7 4.25
Toluene C7Hg 40.0 594.0 320 0.233 178.2 447
p-Xylene CgHjo 33.9 618.8 378 0.293 286.4 7.19
Cyclohexane CeH12 40.0 553.2 308 0.211 279.7 1.15 186.1 4.36

Methylcyclohexane CqH 4 343 572.1 344 0.237 146.6 5.54
Hydrogen sulfide H,S 88.9 373.6 97.7 0.100 187.6 1.52 103.5 1.79

126.2 0.48
Sulfur dioxide SO, 77.7 430.7 122 0.246 197.7 4.50
Ammonia NH3 1115 405.6 72.5 0.250 195.4 3.48
Argon A 48.0 150.7 75.2 —0.002 83.8 1.69
Methanol CH30OH 78.5 513.2 118.0 0.556 1754 2.17

Source: Ref. 3   
Nomenclature

S Fugacity of pure component atm. Y Activity coefficient —
k, » Binary parameter in gas phase — w  Pitzer’s acentric factor —
1,2 Solute/solvent interaction Superscripts

parameter — L  Liquid state
P Pressure atm. S Solid state
P, Reduced pressure — n Iteration number
R Gas constant 1.987 cal/mole K Subscripts

AS  Molar entropy change cal/mole K p
. 1 Solvent

t Temperature C
2 SoluteT  Temperature K .
F  FusionT, Reduced temperature — M Normal meltin

¥V  Liquid molar volume cm3/mole point 8
? ISVI(])IT) -f;:;ta.ctlon In liq:ld phase (cal/;n3)2 TR Transition point

olubilty paf‘ame € C Critical

¢ Volume fraction —
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Program listing and comments

Step Key
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a31
62z
877
Fatet

Routine A:

Code

Handles data input

   

for the solvent

¥LELA

§70s

Sv
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ks

ST04

K &

5Ta 33 &
F o x:

Ee -3
£TG3 Tz
KT 4

Routine B:

Handles data input

for the solute

*LELE 2l s
c -t

Routine C:

Stores 21'2

Routine D

Routine E:

1
e
n

1
y

e id
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The main calculation.
It derives the solubility

by an iterative method
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b and e for calculation
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Routine 1:

Establishes the

iterative loop in

Routine E
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Step Key Code

88y + -55
8% 2 52
231 KCL8 3¢ AS
632 x -3
@33 1% 52
894 P23 €S
@95 RCLA 3¢ 11
5% x -33
@97 CHS -2z
@98 RilE 36 12
835+ -55
1ee & 33
181 §701 35 4
182 RCLE 3¢ i
183 : -24
184 ! !
105 - -43
186 ABS £ 3
187 : -62
168 & 4
169 i &
18 AYE 16-34
1y gT02 2 A
12 ROl 36 46

Subroutine 3:
Takes account of

the transition effect
ifT <Ty

{14 MBI Il &S
115 ! 81
116 RCLE 3
17 RLD 3
1g = -24
s - -45
128 b Bé
121 Kéyr  15-3E
122 RN 24
122 Xy -4
124 RCLS 36 &3
125 x -25
126 RIN 24

Routine 2:

Displays solubility X5

127 %LBLZ 2 é:z

128 RCLI JE 3¢

128 KTH 28

Subroutine b:

Completes the calculation

of 5 for solvent

and solute

1368 xiBLk Zi i85 1IZ

131 RCL4 S0 84

Step Key Code

132 3 83
133 . -62
134 3 &3
135 3 &z
13 g iz
137 X -3%
138 2 6z
139 . -6z

143 RCL4 36 84
144 x -25
145 : -62
148 6 BE
147 3 23
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153 ¢ -24
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171 ! £i
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173 z gz
iI74 i gi
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ire I g3

ii7 + =55
1768 RCLI I 8.

178 ¥i 54

158 X =35

161 STG7 ic &v

1532 RTN 24

Subroutinee:

Provides the calculation

of V for solvent and

solute
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155 . -t&s

1 1 8:

b
t

b
t

b
t
b
b
e
b
B

D
O
O
M
D
D

M
O

O
O

©
)
O

n
'

A
£

Co
g
o
l
a
3

L
0
O

<
)

e

Table 11l

5
3

CrS

{

&

+

FCLd ot

1
‘.;

s

RCLE €
kRCL@ 35

.
T
v

3

e
C
a
p

C
o
g

@

RCLE o 82

£T08 3T et

 



 

 

   
 

 

 

 

 

 

 

 

202 MASS TRANSFER

(Continued from p. 199)
. Storage registers Table V

the deviation from the assumed geometric mean of the
critical temperature, such that: Storage Storage

T01,2 = (Ty, * Tcz)l/z(l _ k1,2) (6) regl(s)ter V;I;e regsics)ter V;Ict;e

The two binary parameters k;, and £,, do notreflect P1 Pcy S1 Pca
the same kind of interactions, but for molecules of simi- P2 Ve S2 Voo

lar size we can use {,, = k;, as an approximation. P3 TF1 s3 TEo
3. If no specific informat_ion is avai.lable_ at all, ta1.<e P4 1 sa wo

1,0 =2005 :?md increase t.hIS value with dl.fi'ere'nces in PS5 ASFoR S5 ASFo/R
molecular size and chemical structure. Likewise, de-

.. en . . P6 Not used S6 TR
crease it if there are specific interactions (such as hydro-
gen bonds) between molecules of solute and solvent (see P7 %1 S7 %2
Examples 1 and 2). P8 V1 S8 V2

P9 Not used S9 ASTR/R

The program A Intermediate value D T
The program listing shown in Table III should be B Intermediate value E X5"

keyed into the calculator and stored on a magnetic C 29,2 I X" *1
card.

User'’s instructions for general case Table 1V

Step Value Unit Key

Store data for solvent Critical pressure atm Pcr 1t

Critical temperature K Tcr !

Critical volume cm3/mole Ver !
Acentric factor — w1 A

Melting point K TFy ?

Molar entropy of fusion - ASgq/R RJS

Store data for source Critical pressure atm Pco 1

Critical temperature K Teo

Critical volume cm3/mole Veo

Acentric factor - w2 B

Melting point K TFp 1t
Molar entropy of fusion — ASFp/R RIS

Store 21,2 Interaction parameter - 22C

Solid-phase transition Transition temperature K Trp *

Molar entropy of transition - ASTR/R D

Begin computation Temperature °C E = X, Display

Solubilities of solid hydrocarbons in liquid nitrogen Table VI

Solvent: Solute

Nitrogen Methane Ethane Propane Isobutane  Ethylene Propylene Butene Acetylene

Pe 3351 458 1 4831 4201 36.01 5051 454 1 38.71% 61.7 1

Tc 126.2 1 19111 3056 1 37001 408.1 1 283.1 1 365.1 1 41951 308.7 t

Ve 90 1 99 t 148 1 200 1 263 1 124 1 1811 241 1 1131

w 0.04 A 0.013 B 0.105 B 0.152 B 0.1928B 0.087 B 0.143 B 0.203 B 0.186 B

Te 63.2 1t 90.7 t 8991 8551 113.7 1 104.0 t 8791 8781 1924 1

ASg 1.37 R/S 1.25R/S 3.82R/S 496 R/S 480R/S 3.88R/S. 411 R/S 5.27 R/S 255 R/S

29,2 0.05C 0.05C 005C 0.05C 0.05C 0.05C 0.05C 0.05C

t —196 E —-196 E —196 E —196 E —-196 E —196 E —196 E —-196 E

X (Display) 0627 234%X103 609x 10% 495X 10752.79%x 10~ 498x 104 1.08%x 1072 3.83%x10°°
X, (Experimental)* 063  7.76X 103 1.0x 1073 10x 107 202x 103 773x10™% 10x 104 46x10°°
*Source: Ref. 4  
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Solubility of solid hydrogen sulfide in liquid methane Table VI

Step 1 Step 2 Step 3 Step 4 Step 5

Solvent: CH, Source: H,0 Interaction Transition Computation

Pc 45.8 1 889 t 2y, 0.06 C TrrR 12621 t=-154°C E
Tc 191.1 1 37361 ASTR/R 0.48D

Ve 99 1t 97.7 t X2 (Display) = 0.00128

w 0.013 A 0.100 B X9 (Exp.) = 0.0012*

Te 90.7 1 187.6 1
ASp/R 1.25R/S 152 R/S

(Clear Flag 1 by h CF 1 after each solute example) *Source: Ref. 5.

 

 

 

*Source: Ref. 6. 
 

Solubility of solid benzene in propane Table VIII

Step 1 Step 2 Step 3
Solvent: Solute: o
Propane Benzene Try 245 to fit experimental data at —75.3°C

Pc 421 486 1 =005 C t =-753°C E —> X, = 0.00139 Low

Tc 370 1 562.6 1 =001 C t=-753"C E = X, = 0.05798 High

Ve 200 t 260 1 =002 C t = -753°C E > X, = 0.04074 O.K.
w 0.152 A 0.2158B

Tr 85.5 1 278.15 1 Step 4

-142.5°C E — X, (Display) = 0.00111
X, (Exper.)* = 0.00113

I   
Key I is used for storage of physical data for the

pure solvent. Key [ is used the same way for the pure
solute. Key is used for the solute-solvent interaction
factor (if available) or 0.05 as standard. Key B] may be
used for a solid-phase transition in the solute structure.

After the temperature has been entered, Key @ will
produce molar solubility as output.

Table IV summarizes the user’s instructions. Table V
shows the registers after running the program.

Examples
1. Estimating solubility (without transition of

phase)—Let us determine the orders of magnitude of
the solubilities of solidified methane, ethane, propane,
isobutane, ethylene, propylene, butene and acetylene in
liquid nitrogen at 77 K (—196°C).

Before running the program, it is necessary to select
from Table II the values P, Ty, Vi, w, Ty, ASpp for
solute and solvent.
The results are shown in Table VI and, in the absence

of specific data, a value of 0.05 is used for 1,,.
2. Estimating solubility with transition of phase—

Estimate the solubility of solid hydrogen sulfide in lig-

uid methane at —154°C.
From Table II, it appears that H,S undergoes a

solid-phase transition at t = —147°C.
Due to the chemical difference in solvent and solute,

we can assume a higher value for £,,, for example,
1,, = 0.06.

Results are shown in Table VII.
3. Correlating data with one known point—What is

the solubility of solid benzene in propane at —142.5°C
if the solubility is X, = 0.0398 at —75.3°C?

 

First, we determine by trial and error the [,, that
gives the best fit with the experimental point. This iter-
ative procedure is easily done, using the program. We
find that £,, = 0.02.

Results are shown in Table VIIIL

Comment*
Sir: The article, “Program aids cryogenic solubility

calculations,” in yourJuly 13, 1981 issue (pp. 127-131),
has astep “+” (Code -55) missing between Steps 202 and
203. This invalidates the coding for V/V¢ (Table I, p.

127) and changes the answers for all except the text
example, “... X, =0.0398 at-75.3°C?”, on p. 131. While

the examples give approximate answers, the published
program does not reflect the published formulation.

ELMER B. CLAUSEN
Buffalo, N.Y.

Author replies
There is a discrepancy between the formulation and

the listing. For optimal computation, the final expres-
sion selected for V/Vc¢ (Table I) was

V/V, = 0.1452T2 + 0.339 — 0.15w

Accordingly, Lines 184 to 197 in Label e may be deleted
(in fact, they are not used when LBL e is executed).
The text and the examples are unchanged.

PATRICE LABRUN
Panris, France

*Letter originally published January 11, 1982.
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For TI-58/59 users
The TI-58/59 version of the program appears in

Table IX. Storage registersfor the TI version are found
in Table X, and user instructions are in Table XI. The

program is run in a similar manner to the HP-67/97
version, but with some variation in the use of the keys.
The same order of entering data is followed for the

TI-58/59 version as for the HP-67/97 program. There-

Program listing for Tl version

fore, the examples will not be repeated. However, to
show the outputs for the TI1-58/59 version, Table XII
shows some of the results (the TI-58/59 yields many
more significant figures than are shown in Tables VI-
VII). Outputs are given for methane and ethane in
Example 1 (in Table VI), and for Example 2 (in Table
VII) and Example 3 (Table VIII).

Table IX

 

Step Code Key Step Code Key
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(Continued) Table IX
 

Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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R

i
I
I      

=

=
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4
4

T
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=R
5i
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      t i

B
E
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E
E

   S    
 

 

 

 

Data storage locations: Solvent Solute

Critical pressure 01 11

Critical temperature 00 10

Critical volume 02 12

Acentric factor 04 14

Fusion temperature 03 13

Molal entropy change 05 15

Interaction 23

Transition temperature 16

Transition entropy 19

Temperature 24

User instructions for the Tl version Table X

Step Value Unit Key

Enter program

Store data for solvent Critical pressure atm A

Critical temperature K R/S

Critical volume cm®mole R/S
Acentric factor — R/S

Melting point K R/S

Molar entropy change — R/S

Store data for solute Critical prassure atm B

Critical temperature K R/S

Critical volume cm3¥mole R/S
Acentric factor — R/S

Melting point K R/S

Molar entropy change — R/S
Store /,, Interaction parameter — (o]

Solid-phase transition If so, store:

Transition temperature K D

Molar entropy of transition — R/S

Begin computation Temperature °C E
 

Note: Data for solvent and solute are retained by the program, and solubilities at other temperatures or interactions may be made by entering only the data that
need to be changed.
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Table XI References
 

 

 

 

 

Storage registers for Tl version
1.

Storage Storage 2
Register Value Register  Value

3
01 Tc1 11 Tc2 4.

00 Pc, 10 Pca

02 Ve 12 Ve 5.
03 Tr 13 Te 6.

04 w4 14 w2

05 ASk/R 15 ASk/R

23 I 16 Trr

19 AS/R 24 t

Examples for Tl version Table XIi

Example 1

Solute Xz

Methane 6265615084

Ethane .0023427487

Example 2

X, = .0012806334

Example 3

h X2
0.05 .0139246261

0.01 .0579814921

0.02 0407416724

t=-1425C, x, = 0.001105652
 

 

Preston, G. T., and Prausnitz, J. M., Ind. Eng. Chem., Process. Des. Develop.,
Vol. 9, No. 2, 1970.

. Hildebrand, J. H., and Scott, R. L., “Solubility of Nonelectrolytes,” Dover,
New York, 1964.

. Chueh, P. L., Prausnitz, J. M., Ind. Eng. Chem. Fund., Vol. 6, No. 492, 1967.

Szczepaniec, C. E., Dabrowska, B., Lagan, J. M., Wojtaszek, Z., Cryogenics,
Oct. 1978, p. 592, Nov. 1977, p. 627, Nov. 1979, p. 651, Jan. 1980, p. 50.

Cheung, H., Zander, E. H., AIChE, Symposium Series No. 88, Vol. 64, p. 37.

Neumann, A., Mann, R., Szalghary, W. D., Kaltetechnik-Klimatisierung, 24,
1972, pp. 145-149.

The author
Patrice Lebrun was formerly a process
engineer with L’Air Liquide. His work
involved the application of cryogenics to
gas purification, liquefaction of natural
gas, and refrigerated absorbers.
Previously, he was a process engineer
with Litwin (France), where he was
involved in bulk polymerization of
polystyrene. He received a B.S. degree in
organic chemistry from the University of
Lyon and an M.S. in chemical
engineering from Toulouse University.



Program calculates
hydrocyclone efficiency
This HP-41C program determines the circulating load, efficiency of
separation for defined size fractions, and the sharpness of separation.

 

Frank H. Merrill, Aguirre Engineers, Inc.
 

[] The hydrocyclone, a widely used classification de-
vice for performing size separations on mineral and
chemical slurries, operates on a centrifugal principal.
The slurry is fed under pressure through a tangential
inlet in the cylindrical section (see Fig. 1), setting up a
rotational motion, and forming a primary vortex along
the inside surface wall that is aimed at the apex of the
conical section. Inside this primary vortex, an upward-
moving secondary vortex forms in line with the vortex
finder. This secondary vortex carries most of the liquid
out the overflow.
As the slurry is fed to the hydrocyclone, the induced

rotation sets up a centrifugal force that causes the
coarse particles to settle against the wall and be carried
toward the apex for discharge in the underflow. The
less-coarse particles pass into the secondary vortex near
the apex. In the secondary vortex, higher circumferen-
tial velocities cause a substantial increase in the centrif-
ugal force to which the solids are subjected. This results
in another settling out of particles, which pass back into
the primary vortex for discharge. The residual fine ma-
terial moves up the secondary vortex and passes out of
the hydrocyclone through the overflow outlet [/].
One of the great advantages of the hydrocyclone is

that the composition of the two products, the overflow
and the underflow, can be varied with relative ease.
Depending on the requirements of the system, a hydro-
cyclone can be operated to produce either a coarse/fine
separation or a solid/liquid separation [3].

Mineral processing applications
The most common use of the hydrocyclone in min-

eral processing is to control the size of the final product
from a grinding circuit. All mineral separations require
liberation of the valuable mineral from the gangue, or
worthless material in the ore. Depending on the specific
ore, complete liberation may be accomplished at
35 mesh (425 pm), or it may require grinding to as fine
as 400 mesh (37 um).

For all but the very coarsest of grinds, the usual
method is to use ball or rod mills. The most common
configuration is a single mill closed by a hydrocyclone
system (see Fig. 2). In this system, the coarse ore is fed to
the mill, and the mill discharge is pumped through the

Originally published November 2, 1981.

 

hydrocyclone. The hydrocyclone is set to operate so that
material fine enough to be completely liberated passes
out through the overflow and on to further processing.
The oversize material exits through the underflow and
is returned to the mill for further grinding.
Another frequently encountered configuration is an

open rod mill followed by a closed ball mill system (see
Fig. 3). In this system, coarse ore is fed to the rod mill
for a first stage of grinding, the discharge from which is
then pumped to the hydrocyclone for sizing. The over-
flow from the hydrocyclone passes on to further process-
ing, while the underflow is sent to the ball mill for fur-

 

 
Hydrocyclone construction and flow pattern Fig. 1   

207
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Nomenclature

a  Solids content of hydrocyclone feed, tons solids/ton

slurry

b  Solids content of hydrocyclone overflow, tons

solids/ton slurry

C Hydrocyclone underflow (circulating load), tons

solids/h

¢ Solids content in hydrocyclone underflow, tons

solids/ton slurry
d  Particle size, microns

d, Screen aperture size, microns.

dy  Particle size for which Tromp values are calculated,

microns.

d,s Particle size for which hydrocyclone efficiency

equals 25%, microns.

ds, Particle size for which hydrocyclone efficiency

equals 50%, microns.

d;; Particle size for which hydrocyclone efficiency

equals 75%, microns.
E  Hydrocyclone efficiency for a given particle size,

percent

F  Hydrocyclone feed, tons solids/h

I  Imperfection (sharpness of cut).

P Hydrocyclone overflow, tons solids/h

R, Weight fraction of overflow solids retained by any

given screen, from screen analysis of hydrocyclone

overflow, grams retained/gram composite screen

sample

Weight fraction of underflow solids retained by any

given screen, from screen analysis of hydrocyclone

underflow, grams retained/gram composite screen

sample

T Differential mass recovery for a given size fraction

(Tromp value)
W  Weight of solids retained by any given screen,

grams
Y  Specific gravity of solid material

6  Overall mass recovery

Subscripts

¢t  Component :

ther grinding. The ball mill discharge then joins the rod
mill discharge and is pumped to the hydrocyclone.
A less frequently encountered use of hydrocyclones in

the mineral processing industry is the actual concentra-
tion of the valuable mineral. This application is seen
most frequently in the nonmetallic minerals industry
and is especially prevalent in the preparation of kaolin
and other clay materials [/].

In the closed-circuit grinding of ores, a universally
encountered operating parameter is the circulating load.
The circulating load, defined as the material returned
to the grinding mill from the classifier, is expressed as a
percentage of the coarse ore feed [2]. In general, mill
operators try to keep the circulating load in the range of
150%-300%, though exceptions are common [4].

Increasing the circulating load has the effects of low-
ering the sharpness of the classifier separation, and pro-
ducing a coarser grind in the mill [4]. As the circulating

 

  
    

 

      

  
 

 

 

   
  
   

    
   

 

 

   
 
  

 

Overflow

Coarse Grinding

mill feed A mill discharge

Hydrocyclone

Y
Underflow (circulating load)

Simple closed mill system Fig. 2
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load continues to increase, the mill finally overloads.
When this occurs, coarse feed to the mill must be cut off

until the mill can grind through the overload. Con-
versely, if the circulating load decreases, a finer grind
and sharper classifier separation will result, but the
coarse feedrate will be lowered. Thus the regulation of
the circulating load becomes a matter of balancing the
requirements for mill throughput, fineness of grind, and
sharpness of separation.

Hydrocyclone efficiency
Hydrocyclone efficiency is almost universally defined

in terms of the underflow for each size fraction. Thus a
hydrocyclone will have a series ofefficiency values rang-
ing from close to 1.0 at coarse sizes to approaching 0.0
at very fine sizes.
The split point (dy,) for a hydrocyclone is the particle

size at which 50% of the material is overflow, and 50% is



underflow. This point depends on hydrocyclone dimen-
sions,solids content of the feed slurry, and feed pressure
[1,6]. The hydrocycloneefficiency at the split point is by
definition 50%. Two other sizes, d,; and d,, are the par-
ticle sizes at which 75% and 25%, respectively, report to
the underflow.
Any consideration of hydrocyclone operation must

begin with a mass balance. If a simple closed-circuit
system is considered, with the solids contents of the
three streams and the coarse ore feedrate known, it is
possible to determine the hydrocyclone feedrate and the
circulating load. This is done by evaluating the solids
mass balance and the overall mass balance.

It must first be remembered that the grinding mill-
hydrocyclone system will be operating in a steady-state
condition. Thus,if the coarse ore feedrate is known, the
hydrocyclone overflow is also known.
The solids mass balance relates the tons of solids/h in

the three streams:

F=P+C (1)

Note that the underflow is the circulating load for this
system.
The overall mass balance relates the tons ofslurry/h:

F_P + ¢ (2)
a b ¢

By solving Eq. (1) and (2) simultaneously, the two un-
known solids flowrates can be determined.

Determining the efficiencies is a multistep process.
The first step is to determine the overall mass recovery
for the hydrocyclone. The mass recovery can be deter-
mined from the solids contents of the three streams, and
the specific gravity of the solids [/]:

_f(a—=0b\.[y—c¢(=) G=) o
This gives the fraction of the total solids in the feed that
report to the underflow. Once the overall mass recovery
has been determined, if screen analyses of the overflow
and underflow solids are available, it is possible to cal-
culate the differential mass recovery or Tromp value. The
Tromp value is the mass recovery for a given size frac-
tion of the solid material in the feed, and is calculated
thus [/]:

OR
T = G 4

SRIT (=0 Ry] ®)
 

The Tromp curve is a semilogarithmic plot of the
Tromp values (7;) versus the median particle size for
each size fraction (see Fig. 4). From the Tromp curve,
the split point (d5,) can be determined by locating the
particle size for which 7; = 0.50. If the screen data are
satisfactory, it is also possible to determine d,5 and d;5
from the curve (see Fig. 5).
TheTromp curve presents a visual indication of how

effectively the hydrocyclone is doing its job. Ideally, the
curve would show a vertical drop at the desired separa-
tion size, as shown in Fig. 6. A curve showing a nearly
horizontal line would indicate that the hydrocyclone is
doing almost nothing in the way of size classification
(see Fig. 7) [2]. If only general results or trends are re-
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quired, the Tromp curve can serve asa fully satisfactory
indicator of hydrocyclone efficiency.
The equation put forth by G.I. Bennett, shown

below, provides excellent results for the conditions of
operation likely to be encountered in a mineral process-
ing operation [6,7]:

E = 100[1.0 — exp(—[(d/ds, — 0.115]3)] (5)

One immediate advantage of Bennett’s equation over
the Tromp curve is that only one piece of information
from the Tromp curve is required: the value of d;,. This
advantage is multiplied when it is remembered that the
ds, value comes from the steepest, and most accurate,
section of the Tromp curve. With Bennett’s equation,
once ds, is known, the hydrocyclone efficiency at any
other size can be found with no difficulty. Additionally,
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in situations where an accurate value of dy; or dy5 is
required, the equation can readily be solved for particle

size, d:

d= (V—=In[l — (E/100)] + 0.115)d;, (6)

A final indicator of hydrocyclone performanceis the
sharpness of separation or the imperfection, I. The imper-
fection is a measure of how accurately sized the hydro-  
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cyclone products will be. The imperfection depends on

dzs, dso, and ds [1]:

dys — dys 0

24,

From Eq. (7) and Fig. (6), it can be seen that if a
hydrocyclone were to operate under ideal conditions,
the value ofI would be zero. In general, the steeper the
Tromp curve, the lower the value of I. And the lower
the imperfection, the more accurately sized the over-

flow and underflow solids will be.

I =

The calculator program
The program is designed to run on the HP-41C or the

HP-41CV calculator. If the HP-41C is used, either two
HP-82106A Memory Modules or one HP-82170A
Quad Memory are necessary. The HP-82104A Mag-
netic Card Reader, while not essential to program exe-
cution, will greatly speed up the process of entering the
program.

Information required by the program includes the
specific gravity of the solid material; the solids contents
of the feed, overflow and underflow; the tons/h for one
of the three streams; the number of size fractions; and
the screen analyses for overflow and underflow. These

analyses must include the size of the screens (in mi-
crons), and the weight in grams of each size fraction.
Using the data on solids flow and specific gravity, the

program first calculates the tons/h for the other two
streams, using Eq. (1) and (2). The overall mass recov-
ery is then calculated via Eq. (3). The information from
the screen analysis is entered at this point. The next step
is the calculation of the Tromp valuesfor each size frac-
tion, using Eq. (4).
The calculator then outputs the mean size for each

size fraction, followed by the Tromp value for that size
fraction. This information should be copied down asit
is presented. Upon completion ofthis series of outputs,
the calculator will signal PLOT CURVE. At this point, it
is necessary to plot the Tromp Curve and determine the

(Text continues on p. 214)
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Calculator program for hydrocyclone circulating load, efficiencies, and sharpness of separation

 

 

AieLBL “CYLLOWE" 68 - 135 7 282 STD 47
#2eLBL A &9 RCL 81 136 RCL 86 203¢LBL 18
#3 CLRG 78 174 137 RCL @@ 284 ISC 45
#4 FIn 71 RCL 0@ 138 - 285 610 1
A5 "EMTER C. c. P" 72 17% 139 RCL 85 286 GT0 12
A6 PROMPT 73 - 148 RCL 61 2A74LEL 11
#7 ST0 85 74 ; 141 - 282 RCL IND 47
A% YA? 79 RCL 83 142 7/ 209 RCL 44
A9 SF gw 76 % 143 * 219 7
14 RDN 77 STD bd 144 ST) @7 211 STO IND 46
11 ST 66 78 RCL 85 145 FIX 4 212 1
12 RIH 79 - 146 CLA 213 ST+ 4o
13 ST0 832 88 STO 82 147 “THETR= * 214 ST+ 47
14 X287 21 CLA 148 ARCL @7 215 G70 1@
15 SF @i g2 =f=v 149 AVIEW 216eLBL 12
16 “ENTER b, F. 23" 83 ARCL 83 158 PSE 217 FC? 82
17 PROMPT 24 AVIEM {51 PSE 218 GT0 13
18 S70 A1 85 PSE 152 PSE 219 RCL 48
19 RIN 8 PSE 153 SF @2 228 STO 45
2@ ST A4 87 PSE 154¢LEL 94 221 “ENTER UNDERFLOW"
21 RMH 88 CLA 159 LA 222 AVIEN
22 §10 @2 89 “F=- 156 =HOK MANY SIZE F- 223 PSE
23 “ENTER GAMMA" 99 ARCL o4 157 “FRACTIONS?" 224 CF @2
24 PROMPT 91 AVIEW 158 PROMPT 2295 @
25 STN &6 92 PSE 139 1094 226 ST 44
26 FS2C @4 93 PSE 168 7 227 8
27 GT0 &1 94 PSE 161 STO 48 228 STO 46
23 FS2C 4 95 G&2 162 ST 45 229 2@
29 GT0 @2 96eLBL 82 163 8 238 ST 47
3e prL oo 97 RCL 8@ 164 ST 46 231 GT0 83
31y R 1/ 165 2@ 2372¢LBL 13
32 RCL 96 a9 RCL 9 166 STO 47 233 RCL 4€
317 188 1% 167 “ENTER OVERFLOW® 234 .pa}
3 - 18l - 163 AVIEW 239 -
35 RCL 82 182 RCL 81 169 PSE 236 STO 45
3K 1Y 183 1% 1784 PSE 237 2
37 RCL we 184 RLi &2 171eLBL 65 238 ST( 47
Y 185 178 172 15G 45 239 13
9 - 1a6 - 173 GTO 86 248 570 44

48 / 187 / 174 610 87 241 ¢
41 PRI a4 185 RCL 83 175¢LBL 86 242 STo 52
42 % 189 » 176 CLR 243¢LBL 14
43 ST2 85 119 ST) 85 177 “ENTER dS, K* 244 156G 43
44 THE 111 RCL @2 178 PROMPT 245 GT0 15
45 RCL ¥4 112 + 179 ST+ 44 248 70 16
4 + 113 5T) #4 188 ST IND 47 2474LBL 15
47 ST0 82 114 CLA 18{ RIK 243 RCL @7
43 CLA 115 "F=" 182 ST0 IHD 4» 249 RCL IND 47
49 (=" 116 ARCL &4 183 1 254 *

54 ApCL A3 117 AVIEK 184 ST+ 45 251 1
51 AVIEW 113 PSE 185 ST+ 47 252 B@7
52 PSE 119 PSF 186 70 BS 253 -
597 PSE 128 PSE AR7eLBL w7 254 RCL IND 4%

54 PSE 121 CLR 188 RCL 48 259 =

33 CLA 122 =p=" 189 STO 45 296 RCL W7
3% "p=" 123 ARCL @5 194 FS? B2 257 RCL IHD 47
57 ARCL @S 124 AYIEW 191 470 82 259

28 AVIEK 125 PSE 192 GTO 49 254 +
39 PSE 126 PSE 197¢LBL 8% 24 /

£ PSE 127 PSE 194 28 261 ST0 5!

61 Pt 128¢LBL 63 195 $T0 47 262 RCL IND 52
62 GTQ 83 129 RCL 81 196 32 263 870 53
63¢LBL A 139 RCL 82 197 ST0 4o 264 |
f4 RCL @2 131 - 198 GT9 18 263 §T+ 32
65 1% 132 RCL @@ 199¢LBL 89 266 RCL IND 52
66 PCL 88 133 RCL 82 26m 29 267 RCL 53

67 1% 134 - 281 STO 4% £8 +
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Table |

 

269
274
271
272
273
274
273
276
277
278
279
288

2

ST IND 47

570 53
“d7= -

ARCL 53

AYVIEMW

PSE

PSE

PSE
-!’=-

ARCL 51

336
337

PSE
RTH

338eLRL 17
339
344
341

IS 45
GTO 18
670 19

J42¢LPL 18
43
W4
s
46
47

RCL INE 47
ST 91
YED E
RCL IND 46
570 51

281 AVIEM
282 psE
287 PSE
284 PSE
2895 1
286 5T+ 45
287 ST+ 47
288 GT0 14
209¢LBL 14
299 “PLOT CURVE"
291 PROMPTY
292 CLA
293 “ENTER dSe-
294 PROMPT
295 ST49
29 9
297 ST4 44
298 2!
299 STD 47
388 RCL 48
38t .eei
182 -
383 ST0 45
Ia4 RCL A&
385 570 51
386 XEQ E
187 470 17
JAgeLBL E
389 RCL 49

s s
LS
2 -
N33

14 YH¥
315 CHZ
316 Bt
317 CHE
3t
39 +
328 lea
321 =
322 570 53
323 CLe
324 "g=-
325 ARCL 31
izt AVIEW
327 PSE
328 PSE
329 PSE
138 CLA
231 “E="
332 ARCL 53
333 aviEM
334 PSE
335 PSE

343 XEQ E
349 1
158 5T+ 46
51 ST+ 47
352 GTO 17
253eLBL 19
154 25
355 &0 51
356 XEG F
357 ST0 54
358 =d2%= -
359 ARCL o4
368 AVIEM
351 PSE
362 PSE
353 PSE
364 75
365 STO 51
366 XER F
367 STR 51
368 ~d75= -
369 ARCL 51
378 AVIEM
371 PSE
372 PSE
373 PSE
374 RCL 51
375 RCL 54
376 -
377 2
178 RLL 49
379 «

188
381 8T 52
382 =1= -
383 ARCL 53
384 PRONPT
I85eLRL F
386 RCL S
387 1ea
188 -/
389 K%
39 1
39t 4+

392 LN
393 THE
394 3372
395 Y4

396 . 115
397 +

398 RCL 49
399 »
489 RTH
4a1 EHLL

HP-41C memory map for

 

 

 

   
 

 

 

hydrocyclone program Table 11

Register Contents

00 c

01 a

02 b

03 c
04 F

05 P

06 Y

07 ®

08— 19 4 i=1-12
20 - 31 (MW, i=1-12

(2) Ry, i=1-12
(3)d7-‘.,i= 1-12

32-43 Re,i=1-12
44 w

45 ISG index

46 Indirect address #1

47 Indirect address #2

48 Total number of size fractions/1000

49 dso
50 T;

51 Used

52 Indirect address #3

53 (e

(2) 1

54 dos

Data for sample problem Table 111

100 gram screen analysis

Screen size Weights solids retained on

(microns) each screen (grams)

ds w

Overflow Underflow

250 0.0 5.0
200 0.0 10.0
150 5.0 20.0
100 55.0 40.0

50 15.0 10.0
0 25.0 15.0

P = 60.0 tons/h o

b = 0.45 ton solids/ton slurryr
 

  F=?

a = 0.60 tonsolids/ton slurry

   
Y= 2.65

C=?
¢ =0.75 ton solids/ton slurry
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Entering the data for sample problem Table IV

 

1. Clear memory.

2. Execute the calculator SIZE function for 55 registers.

3. Load the program into the calculator.

To begin execution, set the calculator to use R mode, and press the “A” button.

Execution will proceed as follows. (Note: Underlined items indicate calculator

output, and non-numerical operations are indicated in parentheses.)

Enter C,c, P

0 (Enter) 0.75

(Enter) 60 (R/S)

[Note: For C, F,.and P,

enter the value for the one

known. 0 is entered for the

two unknown values.]

Enter b, F,a

0.45 (Enter) 0

(Enter) 0.60 (R/S)
Enter y

2.65 (R/S)

C=100.0

F=160.0
© =0.4634

How many size fractions?

6 (R/S)
Enter overflow

Enter ds,W
250 (Enter) 0.0 (R/S)

Enter ds, W

200 (Enter) 0.0 (R/S)

Enter ds, W

150 (Enter) 5.0 (R/S)

Enter ds, W

100 (Enter) 55.0 (R/S)
Enter ds, W

50 (Enter) 15.0 (R/S)
Enter ds, W

0 (Enter) 25.0 (R/S)

Enter underflow

 

 

  

Enter ds, W

250 (Enter) 5.0 (R/S)

Enter ds, W

200 (Enter) 10.0 (R/S)

Enter ds, W

150 (Enter) 20.0 (R/S)

Enter ds, W

100 (Enter) 40.0 (R/S)

Enter ds, W

50 (Enter) 10.0 (R/S)

Enter ds, W

0 (Enter) 15.0 (R/S)

dT=225.0

dT=175.0

7=0.7755

dT=125.0

7=0.3858

d7=75.0

7=0.3654

dT=25.0

7=0.3413
Plot curve
 

[Note: At this time it is

necessary to plot the

Tromp curve and determine

dgg (see Fig. 9). When this

is done, proceed with the
remainder of the program.

For this example, d5g

was determined to be

approximately 152 microns.]

Enter d 50

152.0 (R/S)
d =250.0

£=91.2117
d=225.0

E =92.1509

d =200.0

E =82.2966

d=175.0

£=67.1412
d=150.0

E =48.4540

d=125.0

E =29.8087

 

 

 

 

 

 

 

d 25=117.8258
d 75=186.9622

/=0.2274

[Note: This is the final
outputiin the execution

of the program.]   
ds, value. When this is accomplished, restart the pro-

gram, and enter the dy, value. The calculator will now
output the efficiencies for each screen size, as well as the
mean size for each size fraction, using Eq. (5). Next,it
will output d,; and d,; values, using Eq. (6), and then
with these values will determine the imperfection num-
ber by means of Eq. (7). This number is output, and
program execution ends. The flowchart for this pro-
gram is shown in Fig. 8. The program listing is in
Table I, and the memory map is shown in Table II, on
p.- 77.

Sample problem
Table III defines a situation that might be encoun-

tered in a mineral processing operation. The tonnage in
the hydrocyclone overflow is known, along with the sol-
ids contents of the three slurries and the specific gravity
of the solid material. The operator wishes to determine
how efficiently the system is operating over the range of
particle sizes involved. To do this, screen tests have been
run on 100-gram samples of the solid material in the
overflow and underflow, with the results shown below
the diagram. The use of the program is demonstrated in
Table IV.  

Limitations of the program
From the example problem, it will be noticed that,

althoughsix sets ofsize fraction data were entered, only
five Tromp values were generated. The Tromp value for
the +250-micron material cannot be generated with
this program unless a set of “dummy” data is entered
first. Such a data set for the example just given would
require a particle size greater than 250 microns, and a
very small, yet finite weight. This dummy set would be
treated as the first size fraction to be entered, and the
total number ofsize fractions would be increased from
six to seven. In the example above, if the dummy set

were used, the calculator would be told that there are
seven size fractions to be entered, and the dummy data
would be thefirst data set entered for both the overflow
and the underflow. In this example, a data set of d;, =
300.0, W = 0.001 would result in the Tromp value for
the +250-micron size fraction being generated and dis-
played. At the same time, the dummy data will have no
effect on the accuracies of the numbers calculated for
the true data subsequently entered.
Another limitation concerns the total number ofsize

fractions the program can handle. As written, the pro-
gram is limited to twelve sets of size fraction data for
each of the overflow and the underflow. Should it be
desired to work with more data sets, the program can be
reworked to accommodate additional sets within the
limits of available calculator memory. The modifica-
tion involves increasing the number of registers allo-
cated to memory in the calculator, repositioning the
information contained in registers 44 through 54, and
expanding the number ofregisters contained in each of
the three sets of registers 8 — 19,20 — 31, and 32 — 43.
The program can also be modified to print out all re-
sults on the HP-82143A printer.

Comments*
Sir: There are a couple of points in your article “Pro-
gram calculates hydrocyclone efficiency” that require
some comment. The overall mass recovery by the cy-
clone has been computed by the use of percent solids in
the cyclone feed. I submit that while this would be
acceptable,it is an almost impossible number to obtain
directly. A sample taken upstream of the pump feeding
the cyclone does not account for water maintaining the
sump level or gland water. Personal experience has
shown that reliable samples are impossible to get from
the feed line. Therefore, one is forced to rely on screen
data to compute the Tromp value. The equation is:

F, "P,-c P,
where 0 is some averaged value for the mass recovery
and the other symbols are as defined in the article.
Now note that as the dssize is approached, P; and C;

are going to become approximately equal. The reliabil-
ity of the data is very shaky because the equation re-
quires division by the difference between two large (re-
lative) numbers.

if the 0 value is used, the data are smeared through-

*Letter originally published June 14, 1982.



out the rest ofthe curve and distort the two knees, which
are the most valuable area of the curves. It is better to
plot the data and then interpolate to the ds, value.
One further point: for the Tromp curves shown,the

finestail does not approach the lower axis as one would
expect. Thisis because a fraction of the ore is notclassi-
fied in the cyclone but passes from the inlet directly out
the apex (underflow). This fraction is equal to the frac-
tion of water that exits the underflow. If it is important
to remove these fines from the underflow, there are
corrective actions that can be taken.

R. L. Arwoob

Chief Metallurgust
Foote Mineral Co.

Authorreplies
Dr. Atwood is quite correct when he states that the
percent solids in the cyclone feed is almost an impossible
number to obtain directly. Early in my work with cy-
clones, I found that the best method to obtain a good
estimate of this value was to calculate it from the
volumetric feed rate to the cyclone and the solids con-
tents of the overflow and underflow streams.
The procedure for doing this is to use a Doppler-type

flowmeter to take flowrates from the cyclone feed line.
Samples of both the overflow and underflow are taken
and weighed in a Marcy pulp scale. This provides the

Program listing for Tl version

HYDROCYCLONE EFFICIENCY 215

solids contents and the specific gravities of the overflow
and underflow. From this information, along with the

solids feed rate to the system (weight solids in the over-
flow), the percent solids in the cyclone feed stream can

be calculated.
Should a flowmeter not be available for determining

the feed flowrate, Dr. Atwood’s procedure, however,is
the only available method for calculating T; without the
necessity of going to great lengths.

I appreciate Dr. Atwood’s bringing this matter to my
attention. This problem was not addressed in the paper,
and definitely should have been.

FrRANK H. MERRILL
Aguirre Engineers, Inc.

Englewood, Colo.

For TI-58/59 users

The version of the program for TI users appears in
Table V. For the Texas Instruments calculators, the
memory of the device alone is large enough to
accommodate the program, data storage and calcula-

tions. User instructions appear in Table VI. The data
input and the output tape for the sample problem are
presented in Table VII, to ensure that the user instruc-

tions are clearto the reader. The same problem that was
used for the HP version is run—see Table III.

Table V

 

Step Code Key

 

 

 



  
 Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key

 (Continued) Table V
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User instructions for Tl version Table VI

Step Value Key or output

1. Enter one of three flowrates in tons solids/h:

Hydrocyclone feed F Press A

or hydrocyclone underflow c Press B

or hydrocyclone overflow P Press C

2. Enter all of the following solids contents in tons solids/ton slurry:

Solids content of feed a Press D

Solids content of underflow c Press R/S

Solids content of overflow b Press R/S

3. Program will calculate and print:
Feed, tons solids/h F
Underflow, tons solids/h (o]
Overflow, tons solids/h P

4, Enter specific gravity of solids Y Press R/S

5. Program will calculate and print:

Overall mass recovery 0

6. Enter screening data:

Number of screens, n n Press R/S
For each screen:

Screen size, um ds Press R/S

Overflow, wt.% retained on screen Wover Press R/S

Underflow, wt.% retained on screen Wonder Press R/S
(Program will display “27” after each of the above entries.)

7. When all screen data are entered, program calculates data for Tromp curve:

Midpoint between screen sizes, pm dar

Tromp value T

8. Plot these data; T vs. size, and locate the ds, value, the size for T = 0.50

Enter the size for T = 0.50, um dso Press R/S

9. Machine will calculate and print:

Particle size, pm d
Hydrocyclone efficiency for that size E

This will be done for each screen and for the midpoint between screen sizes.

The zero size with negative efficiency will not be included in this output.

The 25% and 75% efficiency sizes 0.25

dos
0.75

drs
Imperfection value /

Example for the Tl version Table VI

Step Value Key or output

1. Enter hydrocyclone underflow 60 Press A

2. Enter solids contents:
Feed 0.60 Press D

Underflow 0.75 Press R/S

Overflow 0.45 Press R/S

3. Program calculates and prints:

Feed 160.

Underflow 100.

Overflow 60.

4. Enter specific gravity of solids 2.64 Press R/S

5. Program calculates and prints:
Overall mass recovery 4632352941
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(Continued) Table Vil

6. Enter screening data:
Number of screens Press R/S
Screen size, overflow, underfiow for each screen: 250 R/S OR/S 5R/S

200R/S OR/S 10 R/S

150 R/S 5 R/S 20 R/S
100 R/S 55 R/S 40 R/S
50 R/S 15 R/S 10 R/S
OR/S 25 R/S 15 R/S

7. Program calculates and prints:

Midpoint between screen sizes. 225.

Tromp value 1.

8. Plot data. The size is 152. Enterit: Press R/S

9. Program calculates and prints:
Particle size 175.

Hydrocyclone efficiency for that size .7753846154

Particle size 125.

Hydrocyclone efficiency for that size .3856159143

Particle size 75.

Hydrocyclone efficiency for that size .3652173913

Particle size 25.

Hydrocyclone efficiency for that size .3411552347

Particle size 250.

Hydrocyclone efficiency for that size 97.21167531

Particle size 225.

Hydrocyclone efficiency for that size 92.15091621

Particle size 200.

Hydrocyclone efficiency for that size 82.29658754

Particle size 175.

Hydrocyclone efficiency for that size 67.14123878

Particle size 150.

Hydrocyclone efficiency for that size 48.45395661

Particle size 125.

Hydrocyclone efficiency for that size 29.80871273

Particle size 100.
Hydrocyclone efficiency for that size 14.78646599

Particle size 75.

Hydrocyclone efficiency for that size 5.274868246

Particle size 50.

Hydrocyclone efficiency for that size 9745318435

Particle size 25.

Hydrocyclone efficiency for that size .0121086707

The 25 and 75% efficiency sizes 0.25

117.8216383

0.75

186.9640136

Imperfection value 2274420242
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Program performs vapor-liquid

cq brium calculations

The dewpoint, bubble point and equilibrium flash are
easily obtainable with this program, written for the
HP-41CV, or 41C with a quad memory module.

 

Victor L. Rice, Oklahoma State University
 

] Here we will present a program for the Hewlett-
Packard HP-41CV or 41C calculators that solves basic
vapor-liquid equilibrium problems—calculation of the
dewpoint, bubble point, and equilibrium flash. The
algorithm employed uses a method for predicting
ideal-solution K-values developed by Edmister [/]. To
better understand this method, a brief review of some
vapor-liquid equilibrium fundamentals is presented.
Following this, a description of the calculator program
and an example will be given.

Vapor-liquid equilibrium
To perform the three vapor-liquid equilibrium calcu-

lations one must determine the K-value for each com-
ponent. The accuracy in estimating this quantity will
establish the accuracy of the final result. The K-value

can be defined as follows:
L=2 oX ®i /\Yi/

The vapor-phase functions (¢},yY) can be obtained
from any applicable equation ofstate via the following:

1 pP RT
vV _ vVinof = 77 (¥ —-)ar (2)

1 pP/=
Vo v _ pr)qp 3iny! 7 (7r )4 3)

Eq. (2) and (3) are general and could also apply to
the liquid phase. But for this to be true, the equation of
state for the vapor phase should also be able to predict
liquid volumetric properties.
Although equations of state generally will not ade-

quately predict liquid properties, a few (e.g., those of
Soave-Redlich-Kwong, and Peng-Robinson) allow
fairly accurate prediction. Unfortunately,their applica-
bility is restricted to systems of “normal fluids,” such as
the rare gases, nitrogen, oxygen, carbon monoxide and
hydrocarbons [2]. Also included are carbon' dioxide,
hydrogen, hydrogen sulfide, and, with certain limita-
tions, some slightly polar substances. For more-complex
systems, the liquid activity-coefficient model approach

Originally published June 28, 1982.

 

must be used. This method requires experimental equi-
librium data.

Developing K,
Eq. (2) can be manipulated so as to allow the predic-

tion of ¢ from existing equations of state. When inte-
grating Eq. (2) (for the liquid phase) one must account
for the phase change from vapor to liquid. Due to the
discontinuity of the molal volume at the phase transi-
tion, the integration has to be done in three steps (all at
constant temperature):

Step 1: 0 — p? Vapor
Step 2: At p? Vapor to liquid
Step 3: p¥ — P Liquid

Since Step 1 is for the vapor phase, Eq. (2) cah be
used with an equation of state to predict the volume
term. The upper integration limit would be p?. The
change in ¢F for Step 2 is zero. The change in ¢¥ for
Step 3 is:

1 pP RT
In ¢t = — Lo =
n o RTfp?(Z P)dp

1 P 0e[trarsl
p;

Thus, the sum of the three steps yields:

1 P RT
L _ _ 742

In o7 = RTfo (Z’ P )dP+
P po

‘k——T OZf‘dP-{'-ln(-F:-) (5)

pi

Eq. (1) becomes:

K ={(=%)— — VEdP; (P vr) P RTS, VA%
1 o RT
_ Vv]

CXP[RTfP (Z' P ) dP] ©)
The last term in Eq. (6) results from the combination

of the first term in Eq. (5) with Eq. (2) for ¢!. Eq. (6) is
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Source: Ref. [4]. ©1963 McGraw-Hill. Used with permission of publisher.

K values are closer to ideal ones for
smaller molecules at lower pressures Fig. 1

Constants used in Eq. (7) through (14) Table |

ForKg <1.0

Constant Pr <1.0 1.0<P.<10.0 P,— >10.0

ao +0.72354688 +0.71613974 +0.93322546

aj —0.11955262 —0.11010362 —0.29838149

ar —0.019175521 —0.009820518 +0.036108945

as —0.00079043357 +0.00085139636 —-0.0018123488

as —0.092938874 —0.031743583 —-1.4698873

as —0.089253134 —-0.077912651 +1.5375645

ag —0.02120992 —0.012739586 —0.71906421

az —0.0011023254 —0.035998746 +0.089098628

ag +0.83485814 +3.4719935 —0.33924284

ag —1.7510463 —-2.4128931 +1.3802654

aio —1.7882516 +0.74548583 —0.64746142

a —0.20255145 —0.13713069 +0.074000484

For Kg > 1.0

a2 +0.55823912 +0.56319800 +0.3986012

a3 —0.22417339 —0.20762898 —0.1933524

aiq —0.026665354 —0.001581164 +0.02388513

ais —0.0046116207 —0.0001901561 +0.17430118

aie +0.035372461 +0.023954299 —0.082957315

a7 +0.0067313403 —0.00380481 +0.010571085

aig —0.00060208161 —0.0017300384 —0.032969708

aig —0.002218345 —0.0022414988 +0.021278044

axo —0.0004783554 +0.0013698449 —0.0032276668

Source: Edmister [7].

 

 

   
 

rigorous and is based on the First Law and Second Law.
0

The first term in Eq. (6), p—;), is known as Raoult’s Law

K-value (Ky), which is valid only for completely ideal
systems. Thus, K, as given in Eq. (6) can be viewed as
Raoult’s Law K-value with four corrections:

1. Effect of molecular interactions in the liquid

phase, vF.
2. Effect of molecular interactions in the vapor

phase, y/.
3. Pure-component nonideality in the liquid phase,

the third term.
4. Pure-component nonideality in the vapor phase,

the fourth term.
Several assumptions can be made regarding Eq. (6)

that simplify, to varying degrees, the calculation of K.
Of course, these assumptions limit the applicability of
the equation. Fair and Bolles [5] list such assumptions

and show how they limit applicability.
In developing his correlation for ideal-solution K-

values, Edmister assumed ideal liquid and vaporsolu-
tions, and that the liquid is incompressible. The ideal-
solution model is a very good approximation for close-
boiling homologs, but is not for other systems [3]. The
applicability of assuming an ideal solution depends
upon the degree of accuracy desired, as well as the mo-

lecular structure of the components.
Fig. 1 illustrates the deviation from reality of the

ideal-solution model. The actual components shown in
Fig. 1 are not as important asis their behaviorin regard
to K;. As molecules become more complex, the devia-

tion of the ideal-solution K-values from the experimen-
tal ones becomes significant at lower pressures.

Fig. 1 is for hydrocarbon mixtures, as well as for pure
hydrocarbons. The lowerlines in the figure are for boil-
ing-point fractions. Mixtures A and B are hydrocarbon
mixtures. The higher-boiling-point mixtures are made
up of a large range of molecular-weight materials. Such
a range is a factor in K’s deviation from ideality.

This figure illustrates the need for judgment in ap-
plying this model. Assuming that the liquid is incom-
pressible is generally true at normal pressures. Thus,
this assumption does not introduce any significant

error.
Edmister’s book should be consulted for how he de-

veloped his correlation. His K-values are the ones used
in the program. The end-result is:

For K, < 1.0:

Y= 4X + A[(1 + 4,002 —1] (D)
Ay = ay + a,Z + a,Z% + a;Z3 (8)

A, =a, + aZ + agZ? + a,Z3 9)

Ay = ag + agZ + a,Z% + ay,2° (10)

For K > 1.0:

Y =A4,X + A,X% + A.X3 (11)

Az = ayy + a3Z + a,,27 (12)

Ay = ay5 + aygZ + ay,2* (13)

A5 = ajg + ay9Z + ayeZ* (14)

where Y =Ink, (15)

(Text continues on p. 224)



VAPOR-LIQUID EQUILIBRIUM CALCULATIONS 221

 

 

 

 

  

  

  
   

  

     

       

Input:

and w; for all

Input: Total

moles, no. of

components
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Calculate K;
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Have
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Display

“ABOVE DP"”
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Display
TWO-PHASE
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Display
BP, DP, OR
FLASH

 

 
End

 

Here the program determines and displays certain basic information Fig. 2

 

~N
E
R
N
N
N
A
R
T
A
R

T
S

A see Eq. (7) to (14)
see Eq. (7) to (14)
feedrate, Ib-mol/h

feedrate of component 7, 1b-mol/h

equilibrium distribution coefficient

Nomenclature

>
Z

z

vapor mole fraction

as defined in Eq. (17)
feed mole fraction

Greek letters

. . Y activity coefficient
ideal-solution K-value, Eq. (15) ¢ fugacity coefficient
Raoult’s Law K-value ©  acentric factor
rate of component i in liquid product, lb-mol/h )
number of components in feed Subscr?p.ts
pure-component vapor pressure, psia : 2;l;i:;lnle);(t)piet;r};perty or quantity
pressure, psia ) : .
gas constant k  counter of trial-and-error loop in flash calculation

convergence function r  reduced property
temperature, °F (or R) bp bubble' point
rate of component i in vapor product, lb-mol/h dp  dewpoint
total vapor rate, Ib-mol/h Superscripts
partial molal volume, ft3/1b-mol Letters: Numbers:

3 : :

molal volur.ne, ft/Ib-mol V  vapor property 0 for a pure component
as defined in Eq. (16) L  liquid property
liquid mole fraction

as defined in Eq. (15)
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Program performs vapor-liquid equilibrium calculations for the HP-41C calculator

 

@1e¢LBL “VLE"

Component

data input

82 AV
83 "VAPOR-LIQUID E@-
84 “HUILIBRIUN-
85 F5? 21
86 PRA
87 ADY
@8 “TOT MOLES=?"
89 PROMPT
18 ST0 78
{1 =Nz
12 PROMPT
13 ST0 09
14 *TC UNITS=?"
15 AON
16 PRONPT
17 ASTO Y
18 ROFF
{9 “F*
28 ASTO X
21 =Y
22 SF 87
23 CLA
24 XEQ 15
25¢LBL 86
26 RCL 81
27 FIX @
28 CF 29
29 ARCL X
39 ASTO 83
31 459.67
32 5F 29
33 -TC
34 ARCL 93
35 "b=2-
36 PRONPT
37 FS? 97
38 +
39 RND
49 “F
41 ARCL 83
42 p=2°
43 PRONPT
44 RCL 78
45 /
4 +
47 RCL 81
48 99
49 +
58 XY
51 STO IND Y

22 “PC"
33 ARCL 83
4 "F=2"
29 PROMPT
36 RND
97 "OMEGA"
98 ARCL 83
39 "k=2"
68 PRONPT
61 +
62 RCL 81
63 109
64 +
R XY
66 STO IND Y
67 CLA
68 FIX 3
69 1SG 81
78 GTO @6

Input

TandP

71¢lBL E
72 ADY
73 “%x"
74 FS? 21
73 PRA
76 8
77 510 77
78 T=?, DEG F-
79 PROMPT
88 459.67
81 +
82 STO 84
83 =p=2-
84 PROMPT
85 570 85
86 XEQ 13

Calculate and

display K;.

If Kj>1.0,

add z; to

(V/F)4

87+LBL A0
88 XEQ -KvAL"
29 RCL 81
9% FIX @
91 CF 29
92 K-
93 ARCL X
94 =p="
95 RDN
96 FIX 4

97 SF 29
98 ARCL X
99 AVIENW
188 RCL 81
191 118
182 +
183 XOY
184 STO IND Y
185 1
186 X3Y?
187 GT0 a5
188 XED 16
189 FRC
118 ST+ 77

Determines

system

phase

111¢LBL 85

112 ISG 81

113 GTD @8

114 @

115 870 76

116 ST) 82

117 SF @85

118 CF @6

119 ¥EQ 82

128 RCL 82

121 ST0 98

122 =**{1BOVE DP*x-

123 1

124 ¥)Y?

125 AVIEM

126 %>Y?

127 SF 18

128 8

129 ST 82

138 SF A6

131 CF @5

132 XED @82

133 RCL 82

134 STD 88

135 =*«BELOW BP**-

136 1

137 X>Y?

138 AYIEW

139 XHY?

148 SF 18

141 PSE
142 =*TWD PHASEx"

143 FC2C 18

144 AVIEN

145 STOP

146¢LBL 82

147 XE@ 15

Calculates

zz;K;

or Zz;/K;

148+LBL d
149 XED 16
158 FRC
151 XEQ 14
132 FS? 85
153 7
134 FS? 86
139 %
156 5T+ 82
157 1SG 81
158 GTO d
139 CF @5
168 CF @6
161 RTH

First flash

trial

162¢LBL C
163 XEB 15
164 CLX
165 XEQ 13
166 STD 79
167 X(@?
168 SF 82
169 RCL 77
178 570 76
171 .45
172 FSC 82
173 CHS
174 5T+ 77

Checks for

convergence

175¢LBL 83
176 XEQ 13
177 CLX
178 Xe@ 13
179 570 8@
188 =§="
181 ARCL ¥
182 AYIEW
183 PSE
184 CLD
185 ABS
186 1 E-85
187 X>¥?
188 GT0 92
189 RCL 76

198 CHS
191 RCL 77
192 8T0 76
193 +
194 RCL 88
195 RCL 79
19-
197 7
198 RCL 88
199 *
288 CHS
281 RCL 77
262 +
203 ST0 77
284 RCL 89
285 STO 79
206 GT0 83

Summarizes

output

287+LBL 82
208 -CONYERGED SOLUT*
289 “FHION"
218 AVIEW
211 ADY
212 “YsF= -~
213 ARCL 77
214 AVIEM
215 RCL 77
216 RCL 78
217 =
218 STD 84
219 =y="
228 ARCL X
221 AVIEM
222 RCL 78
223 XY
224 -
225 §T0 79
226 "L="
227 ARCL X
228 AVIEW
229 RCL 89
238 RCL 79
231 7
232 ST0 79
233 =ysL="
234 ARCL X
235 AVIEM
236 ADY
237 “DETRILS ?7,R/S5"
232 PROMPT
239 XER 15
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Table 11

248 SCI 4 291 ¥EQ 88 348 * 398 -3 444 X(=Y? 488 YX
241 - - 292 * 341 + 391 YX 445 SF 84 489 156 82

242 ASTO 83 293 ARCL 86 342 156 81 392 446 GTD 10 498 RCL IND 82

243 -~ - 294 ARCL X 343 G0 13 393 - 447+BL @9 491 =
244 ASTO 8¢ 295 ARCL 86 344 RTH 394 .1824 448 SF 82 492 +
245 ARCL 83 29 "k - 345¢LBL ¢ 395 RCL 79 493 ISG 82
246 "F FLOWS- 297 CF &7 346 STO 83 396 -4 494 STO IND 82
247 PRA 298 XEQ 88 347 1 397 Y1¥ oot 495 156 82
248 CLA 299 RCL 8a 348 - 398 * set of 496 GT0 21

249 XEO 18 308 * 349 RCL 77 399 + constants 497 RCL 76

298 XE@ 15 381 SF a8 350 * 408 XEQ J 498 *
Details 382 XEQ 08 3/ 48] * 449+BL 18 499 1
output 383 / 352 + 482 G0 82 458 F5? @1 508 +

3084 ARCL X 353 / 403¢LBL 81 451 GTO 1t 581 RCL 76

231¢LBL 84 385 PRA 334 RTH 494 5.179 452 FS?C 82 982 2

232 SF o7 386 ISG 81 485 ENTERt 453 1.014 503 /
253 SF a8 387 GTO 20 K-value 486 5.133 454 FS?C 83 984 EtX
254 ¥EQ 16 388 RTN ;z;::?yz: 407 RCL 79 455 15.028 505 *
255 FRC 309¢LBL 08 408 1/% 456 FS?C 84 506 1
256 RCL 78 318 FS? 88 355¢LBL "KVAL" 489 * 457 29.042 987 -
237 * 311 XEQ 14 356 RCL 84 418 - 458 GT0 12 588 RCL 82
238 ST0 24 312 FC? &7 357 XE@ 16 411 04566 459¢LBL 11 989 6
299 XEO 88 313 172 358 7/ 412 RCL 79 468 FS?C 82 318 -
268 7 314 RCL 79 359 ST0 79 413 -2 461 43.0853 5t1 RCL IND X
26 - " 315 FC? @7 368 1 414 Y1X 462 FS?C 83 512 XOY
262 ARCL X 36 1% 361 X¢(=Y? 415 * 463 54.064 313 RDN
263 ARCL 86 317 FS? 88 362 SF 99 416 - 464 FS?C 04 314 *

264 CF @7 318 * 363 RCL 85 417 XEQ J 463 65.875 913 RCL 76
265 RCL 8@ 319 1 364 RCL 81 418 = 466¢LBL 12 516 RCL 82
266 XEQ 08 328 + 365 108 419¢LBL 82 467STO 82 517 1
267 7 321 RTN 366 + 428 1 468 RCL 88 318 -
268 ARCL X 322¢LBL 18 367 RCL IND X 421 RCL 79 469 LN 919 RCL IND X
269 PRA 323 ARCL 86 168 XOY 422 1/% 478 STO 89 328 XOY

278 15G 81 324 -HLIQUID" 369 RDN 423 - 471 FS?C @1 921 RN

271 GTO 84 325 ARCL 83 378 INT 424 5.366 472 GTO @7 522 *
272 ADY 326 "FYAPOR" N s 425 * 323 +
273 ¥E@ 15 327 PRA 372 STO 80 426 + Calculates K/ 524 EtX
274 CLA 328 RTH 373 FS?C 08 427 EX for Kg <1.0 525 RTH
275 ARCL 83 374 GTO 81 428 RCL 88
276 “F - 375 2.415 429 / 473eL8L 21
277 *HMOL FRAC® Calculates 376 ENTERY 438 1 474 RCL IND 82 calclatesKI

convergence R .
278 PRA function 377 716 431 X(=Y? 475 1SC 82
279 CLA 378 RCL 79 432 SF o1 476 RCL IND 82 S26¢LBL @7
288 XEQ 18 329¢LBL 13 379 17¥ 433 RDN 477 RCL 80 527 RCL IND 82

281 FIX 5 338 XEQ 16 380 * 434 LN 478 * 528 1SG 82

282¢LBL 20 331 FRC 381 - 435 ST0 76 479 + 529 RCL IND 82
283 CLA 332 ¥EQ 14 382 1.179 436 RCL 88 490 RCL 88 538 RCL 86
284 XE@ 16 333 Rt 383 RCL 79 437 1 481 Xt2 531 #
285 FRC 334 CLX 384 -2 438 X>Y? 482 156 82 532 +
286 STO 88 335 RN 385 Y1¥ 439 GTO 89 483 RCL IND 82 533 RCL 86

287 SF @7 336 XEQ c 386 * 448 RDN 484 934 X2

288 XEQ @8 337 1 387 - 441 18 485 + 3335 ISG 82
289 / 338 RCL 83 388 .7872 442 X>Y? 486 RCL 80
298 CF @8 339 - 389 RCL 79 443 SF 83 487 3 (Continues next page)
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Program performs vapor-liquid equilibrium

calculations for the HP-41C calculator Table 1l (cont‘d)
 

336 RCL IND 82
237
238 +
339 1SG 82
248 STO IND 82
241 ISG 82
942 GT0 @7
543 RCL 76
944 3
247 Y
M6 *
947 RCL 76
248 Xt2
549 RCL 82
998 5
M1 -
992 RCL IND X
393 XOY
954 RDN
399 *
296 +
597 RCL 76
998 RCL 82
9 9
968 -
961 RCL IND X
362 XOY
263 RDN
364 *
963 +
266 ETX
367 RTN

Subroutine

resets
counter

968¢LBL 13
369 RCL @8
578 1068
Al 7/
a2 1
973 +
574 STO 81
373 RTN

Retrieves w

a76¢LBL J
377 RCL 81
278 100
79 +
988 RCL IND X
381 XOHY
982 RDN

383 FRC
984 RTN

Sets flag for
BP calculation

585¢LBL B
586 SF @6
587 CF @5
588 G10 e

Sets flag for DP
calculation

989¢LBL D
298 CF @6
391 SF @5
392¢LBL e
293 8
394 570 89
395 F§? 85
596 RCL 90
597 F5? 86
798 RCL 88
99 1
668 X>Y?
681 SF 83
682 RCL 84
683 STO 83
684 104
683 FS?C 83
686 CHS
687 FS? 85
688 +
689 F5? 86
018 -
611 STO 84
612 RCL 2
613 LN
614 STO 87
615 XEQ 15

BP or DP
interpolation

bloeLBL 19
617 XEQ “KvAL"
618 XEQ 16
619 FRC
628 XOY
621 FS? 85
622 /
623 FS? 86
624 %

623 ST+ 89
626 1SG 81
627 GTO 19

628 RCL 89

629 LN

638 RCL 87

631 XOY

632 -

633 RCL 87

634 XOY

635 7/

636 RCL 84

637 1/¥

638 RCL 83

639 17X

h48 -

£41 %

642 RCL 83

643 1/¥

6dd +

645 1/7%

646 459.67

647 -

648 FS?2C 85

649 =DP="

658 FS?C 86

651 =BP="

652 ARCL ¥

653 °F F*

654 RCL 83

633 STO 84

656 TONE 5

657 AVIEW

638 RTN

Subroutine
retrieves z;

639¢LBL 16
668 RCL 81
661 98
662 +
663 RCL IND X
664 XOOY
665 RDN
666 RTHN

Subroutine

retrieves K

667¢LBL 14
668 RCL 81
669 1180
678 +
671 RCL IND X
672 XOY
673 RDN
674 RTH
675 .END.   
 

(Continued from p. 220)

PX=InkK,= 1n(P—") (16)
r

Z=InP, (17)

The values of the 21 regression coefficients (ay-a,,) are
given in Table I for three ranges of reduced pressure.
To evaluate Ky, a correlation of the reduced vapor

pressure developed by Pitzer et al. [6] was used. This
vapor pressure relationship is:

 

 

0 In p?
In #° = (In $°)° ( T) 18

where (In p2)° = 5.366(1 — T:1) (19)

For 7, < 1.0:

0 ln p0
2)..=2. — 0.7116(T-1) —( - )T 2415 0.7116(T-1)

1.179(77%) — 0.7072(T;3) + 0.1824(7:*) (20)

For 7. > 1.0:

(8 In p?
 ) =5.179 — 5.133(71) — 0.04566( 7,2) (21)
ow /T

Calculator program
The program was written using the algorithms de-

scribed in Fig. 2, 3 and 4. If run on an HP-41C, a quad
memory module is needed. The program listing is pre-
sented in Table II. The initial phase of the program is
described in Fig. 2. After the total moles and number of
components are entered, a loop is begun that inserts the
component properties needed by “KVAL” (the subrou-
tine that predicts the K-values) and also computes 2,
(the component mole fraction in the feed).

After the pure-component properties are entered, the
system temperature and pressure are punched in. These
and all previous inputs are called up in the display,
using the calculator’s alphanumeric capacity. This pre-
vents losing track of input status during interruptions.
Next, the K;s are calculated via KVAL. As each K; is
calculated, it is displayed, and the corresponding z; is
added to the (V/F), registerif the K; is greater than 1.0.
This will provide the initial guess for the flash calcula-
tion. Following the K-value predictions, a check is made
on the phase of the system. The following equations are
used for this purpose:

2z,/K; < 1.0 (the system is all vapor) (22)

22z;K, < 1.0 (the system is all liquid) (23)

These checks result in a display indicating the phase
of the system. This will prevent a flash calculation from
being performed on a one-phase system. A computation
of this type would not converge, or would converge to a
meaningless result.

Fig. 3 describes the equilibrium flash algorithm used.
This is a trial-and-error calculation on (V/F). A Newto-
nian convergence technique is used on the following
function [7]:

S, = g_zfiL (24)

(V/E)(K; — 1) + 1



 

  
Calculate convergence

function, S;, Eq. (24)

   

 

   

 

 

   
 

(V/F)2=

(V/F), +0.05
  

 

  

  
 

   

  

   

 

 

(V/F), =
| <0.0?(V/F), —0.05 $$,<0

Y

Calculate

> convergence
function, Sx

Calculate N

(V/F), via 2
Eq. (25)

Yes

- Calculate
o l;and v,

   

  
Display

/;and v;

Have
No ~all /;and v, been

calculated?

 
Display
FINISH 

 

 

This is the method the program uses to

perform equilibrium flash calculations Fig. 3    
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( Start ,

Set BP
or

DP flag

 

  
Retrieve initial

BP or DP
summation

   

   
   

   

   
   

s
mixture

two-phase at

To?
   

   
BP or DP

calculation?

  

BP or DP
calculation?

 

T,=To+

100°F 100°F       

=To—

100°F   

   

BP = bubble point

DP = dewpoint

    

 

 

100°F   

  

Y  
Calculate

K; and BP or DP
summation at 7,   

 Y 
Calculate

BP or DP,

using Eq. (30)   

 Y
Display
BP or DP

 Y
End

 

Dewpoints and bubble points are found

and then displayed by the program Fig. 4
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User’s instructions for running the program Table 111 ::;;:2:';:zs;;rt::t::l,c:::tzfr'fsliis\;sand Table IV |

Data registers

Step Instructions Input Function DISPLAY 00 No. of components m

01

1. Load program Ki

Regression .

2. Setsize and load data XEQ SIZE 121 coefficients 120

75
3. Set user mode 76 (V/F)g, inP,

77 (VF )41 .Kg
4, Start XEQ VLE TOTAL MOLES =? 78  Total moles

19 S.T
5. Enter moles R/S N=? 80  Sk+1.Pr

81 Counter

6. Enter no. of components R/S To UNITS =2 82  Counter

83 K

1. Enter units to be used for 7, °ForR R/S Te1="? 84 T

. 8 P

8. Enter component properties : 86

as asked for: T=?7?DEGF 87 In(z*) * gither:

88 x (z,'K,') Z,‘K,' or Zj/K,'

9, Enter system temperature °F R/S P=? 89 (z*),

90 (zz/Kj)4

10.  Enter system pressure psia R/S Kq= 9
Component K-values displayed :

: l Tcizi

K, = 100

ABOVE DP 101

System phase displayed { BELOW BP

TWO-PHASE Pejwi

11. At this pgoint, one of

four options exists: 110

{. Bubble point B BP = .

I1. Dewpoint D DP= - Flags _F::‘:i'::”iw
111, Flash—for detailed c Sk = ‘ . ——enon 29

product information, press : #_ S/ Setindicates VLE A
L . 00 C 7.>10

R/S. This will yield CONVERGED 01 C Ko > 1.0 BP B

component flows and mole V/F = 02 c PR> 1 0 Flash C

fractions for Vand L. v= - DP D
03 c 1.0<P,<10.0

L= 4 € P>100 Change E
VIL= 05 ¢ D’P \culation VLE = vapor-liquid equilibrium
DETAILS ? R/S POcaicuratio )

calculation S = set

IV. Change 7'and P E 10 C one-phase system C =clear

Register configuration for data cards Table V

-

R88- 6.0000880068 Ri6= -06.110183620 R32= 9.0836108945 R48= 0.0835372461 Ré4= 0.001369845

R81= 8,723546880 R17= -8.009828518 R33= 1.900608000 R49= 9.006731340 R6S5= 0.398601200
RO2= -8, 119552628 R18= 0.88085139% R34= -1,469887300 RS8= -9.846876005 R66= -8. 193352400

RE3= -0.819175521 R19= 1.008000000 R35= 1.537564500 R51= -0.008682882 R67= 0.623885130
RB4= -0.0068798434 R26= -9.831743583 R36= -0.7190864218 R52= -0,802218345 R68= 1.000000000

RB5= 8.936718767 R21= -0.877912651 R37= 9,9890898628 R53= -0.800478355 R69= 0.174301889

RB6= -0,092938874 R22= -0.012739586 R38= 1.0000006000 R54= 0.563196000 R70= -0.082957315
RB7= -9.089253134 R23= -0.035998746 R39= -0.339242840 RS5= -0.207628980 R71= 0.01685710885

RE8= -9.821218992 R24= 1,000000060 R40= 1,380265400 R56= -0.801581164 R72= 1.000000000

R89= -9.901182325 R25= 3.471993580 Rél= -0.647461420 R57= 1.000000800 R73= -0.0832969708
Rif= 0.018910644 R26= -2.412893160 R42= 0.0740008484 R58= -0.000190156 R74= 0.0821278044

Ril= 0.834858140 R27= 0.745485838 R43= 9.358239126 R59= 0.823954299 R75= -0.803227667

R12= -1.751046300 R28= -8.1371368690 Réd4= -0,.224173398 R60= -0.003804810 R76= 0.008000000
R13= -1.788251660 R29= 8,933225468 R45= -0.02666534 R6l= 1.000060800

Ri4= -0.202551450 R38= -8,298381490 R46= 1.015808088 R62= -9.001730838

R15= 8.716139748 R31= 9.0836108945 R47- -0.004611621 R63= -0.002241499

 
 



With this function, convergence to 1079 is usually at-
tained in four to five trials. New guesses for (V/F), are
calculated by:

(V/E) — (V/F)(V/Fen = (V/F), = [ =5 ]Sk (25)

As described earlier, (V/F), was obtained assuming
that all components with K; > 1.0 were totally vapor.
Fig. 3 describes how (V/F), is determined. §; is dis-
played after each trial, which allows for monitoring of
the convergence. After convergence is attained, the /;  

VAPOR-LIQUID EQUILIBRIUM CALCULATIONS

and u; values are calculated and will be displayed.
Fig. 4 describes the bubble-point and dewpoint cal-

culations. The algorithm used for the calculation is a
simplified technique that eliminates the usual trial-
and-error procedure. The conventional calculation
would use the following equations in order to determine
the dewpoint and bubble point:

f(T) = 2z;/K; — 1.0 = 0.0 (dewpoint)  (26)

f(T) = 2z;,K; — 1.0 = 0.0 (bubble point) (27)

A temperature would be guessed, and K-values deter-
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5=2, 7h78E-T

CONVERGED SOLUTION 

 

 

above the dewpoint.

Output of the printer for the example Table VI

Input*

¥AFOR-LIBUTER ESMILIBR UM EL2=7 TS=?

398,84 RUY 1,112, KUK
TOT MOZ5=7 INEGRZ=7 F5=7

21,350, Wit 2318 LN 2,098, KUK

N=7 T03=? PL3=?
k. Riiw 1,138, Xiin 439, 9% RUN

T4 OUNITR=Y F3=? NMEGRS="
i RUN 3,298, KiJs . 3862 RiN

TLi=? PL3=7 TCh="

1,812.7 KN 929,94 KU 1,135.87 RN

Fiz7 OMERAZ=" Fhz?
4, 30¥%, fhir 2979 ki 698. ®yn

Pri=? T(4=? PLh=?
714,27 Kk 1.114.5 RN 453.4 Wik

(MEGA! =T F4=7 OMEGRA=Y
215 Ry 1,300, Rt . 335 RiIN

Tz=? F(4=?

1.869,2 e a9, 3% K o } o

Fe=? IMEGR4=" 4 stjll;';:‘::s‘;:tif :‘I:'?notedwilt!nl rtr)\gnual
9,198, Rifk ,21pd R mode.

Output

¥ V/F= R.3285 MOL FRAC sch F

T=7, DEG F VY=h,B847,9320 LIgUIn YAPOK

23R, gnn (L L=t4.SR7.08680 A, 14546 A,34323 xx

p=7? Vri=0,4717 B.41778  B,4443n OB F
18,880 RUN A, 13232 B.ag11! 280, BrABy RUN

Pur  DETATLS 7,R/S B.105¢5  B.0PS36Y p=?

K1=2,4008 WUN B.11855 A, B57ve 18, an@an KUN

K2=1.2677 FLIDKS A.63831  @.81377 K1=3,4442
K3=@.4449 LIOUID YAPCK XtQ € K2=1,0247

K4=4,585! 2. 118383 2.3R97E3 BP=241,725@82 F K3=@, 6316

K5=8,5233 £.B597E3  3.9483E2 XEY b Kd=R, 75843
Ke&=8,159; 2.6449E3  3,5585E2 DP=264,27314 F £S=R, 0042

TR PHRSEX 1.532783 3.6733E2 K6=R, S474

XEQ 1 ER35E 3.9622E; **(ROYC DPix

S=n,125% 5.9%74E2  9.4256E1

S=0, 88049
S=-f, Rl Notice that this new case is
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mined at each temperature until the above functions
equaled O, within a given tolerance. A Newtonian con-
vergence technique could be used to accelerate the con-
vergence. However, a faster method is used here by
making modifications to Eq. (26) or (27) to yield a more
nearly linear function on which to apply the conver-
gence technique. Since K| is related to vapor pressure
(see Eq. (6)), one improvement would be:

g(T) = In 2z;/K;(or z,K;) = 0.0 (28)

Since the vapor pressure is related to 77!, a further
improvement would be:

g(T™1) = In 2z;/K,(or z,K;) = 0.0 (29)

In most cases encountered with the program, Eq. (29)
results in a plot that is very nearly a straight line. Thus,
the bubble point or dewpoint can be obtained from a
linear interpolation of Eq. (29) between 7, and T;.
Here, T is the program’s first guess for 7, and 7; is its
second guess.

 
1 ( 1 ) 1 +
—(or = —
pr po TO

1 1 1/T,

I T,/ g(1/1y) — g(1/Ty)

Fig. 4 describes how 7] is obtained.
Table III lists the instructions for using the program.

Table IV describes the storage register setup, use of
flags, and assignment of the calculator’s keys.
To produce the data cards required for this program,

the register contents should be set up as shown in

Table V. Then, the WDTA function can be used to pro-
duce the data cards.

Example
The feed to the benzene tower of an aromatics extrac-

tion unit is as follows:

Ib-mol/h
Benzene 4,500

Toluene 9,100
o-xylene 3,200

m-xylene 1,900
p-xylene 2,000
i-propylbenzene 650

21,350

The feed is at 18 psia and 250°F. Determine the vapor-
liquid split and the equilibrium compositions. Also, de-
termine the bubble point and dewpoint to help set the
feed-preheater operating limits.
The ideal-vapor-solution assumption should be valid

(ie., P < 20 atm). Also, the ideal-liquid-solution as-
sumption should be valid,since it applies to a system of
reasonably-close-boiling homologs at pressures below
10 atm. This system could be considered a borderline
case for the ideal-liquid-solution assumption, and
should give some indication of the accuracy of this pro-
gram near the limit of its applicability.

First, the input data must be obtained. The best data  

to use with this program are the pure-component prop-
erties contained in Edmister’s book [/]. Since these data
were used in developing the K-value correlation, they
will yield the most accurate results. For components not
included in Edmister’s compilation, any other available
source can be used. An excellent one is Reid, et al. [8].

Results

Following the input procedure outlined in Fig. 2,
these results were obtained, and are compared with
those determined by using the Soave-Redlich-Kwong
(SRK) method on a process simulator:

 

Liquid Vapor

HP-41C SRK HP-41C SRK

Benzene 2,110 2,151 2,390 2,349
Toluene 6,060 6,079 3,040 3,021
o-xylene 2,645 2,673 555 527

m-xylene 1,533 1,547 367 353
p-xylene 1,604 1,620 396 380
i-propylbenzene 356 560 94 91

14,508 14,630 6,842 6,721

SRK: T,, = 241°F, T,, = 266°F
HP-41C: T,, = 240°F, T, = 265°F

With no modifications, this program can be used
with the HP-41C printer. The results generated are
shown in Table VI. This printout includes verification
of the inputs, plus the values generated by the program.
The SRK equation-of-state provided predictions of

the liquid volumetric properties needed to calculate ¢¥
and yF. Thus, the SRK computer simulation assumed
neither ideal-vapor nor ideal-liquid solutions. As can be
seen, the difference between these two methodsis negli-
gible for the dew-point and bubble-point calculations,
and small for the flash calculation.

Program comments
1. The register configuration as shown in Table V is

correct. Some confusion has arisen from the fact that
although registers 1-75 are given values, only 63 con-
stants are listed in Table I. This discrepancy is due to the
fact that interspersed among these 75 registers are 12
“scratch” registers (5, 10, 19, 24, 33, 38, 46, 50, 57, 61,

68, 72). The content of these registers will not affect the
program results.

2. A common mistake involving program lines 39 and
56 should be mentioned. These lines execute the
“round” function designated by RND, not the more
often used “roll down” function designated by RDN.

3. Due to storage limitations of the TI calculators,
there is no TI version of this program.
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Evaluating separation processes
This calculator program uses stream-composition data to
determine the best-fit mass balance for a working separator.

 
RaymondM. Ingels, California Avwr Resources Board
 

[] Mass balances for separation processes are easily cal-
culated from measurements of flowrate and stream com-
position. But such balances usually do not close—i.e., do
not account for 100% of each component—because of
errors in flow measurement and chemical analysis.
This program, written for the HP-97 programmable

calculator, closes the overall mass balance perfectly. It
also determines the best-fit (i.e., least-squared-error)
mass balance for each component, up to a maximum of
eight.
The method of the program applies to any separation

process, but the program itself applies specifically to sep-
aration units that split one feedstream into two
streams—e.g., distillation columns, absorbers, scrubbers,

adsorption units. The program uses only composition
data, which tend to be more accurate than flow data.

The key result is an accurate estimate ofthe fraction of
each componentleaving in each of the two streams. This
can be a measure of separation efficiency. The results
may also be used to check the consistency of flowrate and
chemical-composition measurements.

The one-component case
Anderson [/ ] showed how to use chemical composi-

tion data to calculate the split of a single component be-
tween two discharge streams. For a generalized separa-
tor, as in the figure, the overall and component mass

balances are:

F=E+R (1)

Fx; = Ex, + Rx, (2)

where F, E and R are the mass flowrates of the feed and

product streams, and x, x, and x, are the mass fractions
of the component in those streams. Solving the two equa-
tions simultaneously yields Z,, the fraction of the compo-
nent that leaves in Stream E (extract or overhead):

Z, = Ex,/Fx; = x,(xy — x,)/(x, — x,)%¢ 3)

Eq. 3 closes both the overall mass balance (Eq. 1) and
the component one (Eq. 2) perfectly, despite experimen-
tal error, because it uses only one set of compositions.

How the program works
Because of experimental error in the chemical analy-

ses, it is impossible to get the overall and component

mass balances to close perfectly when there are several

Originally published May 30, 1983.
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components. Thatis, Eq. 1 and Eq. 2 will yield a different
estimate of the split (E/F and R/F) for each set of compo-
nent data.

Finding the best estimate of the split requires a least-
squared-error analysis. In the program, the analysis is an
extension of that in [2]. The sum ofthe squared errors in
the component mass balances is minimized, subjectto the
constraint that the overall mass balance closes perfectly:
The overall mass balance is:

W,+ W, =E/F +RIF=1 4)

where W, and W, are the mass fractions of the feed-
stream leaving in Streams E and R, respectively. The
mass balance for each of the n components is:

where:

Z,; = (xalxp)W,
= Fraction of component: leaving in Stream E

Z,;= (xn'/xfi)Wr
= Fraction of component : leaving in Stream R

If we let a; = (x./x5), and b; = (x,/x5), then the compo-
nent mass balance for component : may be rewritten as:

a;, W, +b; W, =1 (6)

Since g; and b; are based on chemical analyses, the Eq. 6
balances will not close perfectly. In other words, there
will be a residual, v;, for each mass balance:

v,-=a,-We+b,~W,—l (7)

Now, the objective is to minimize the sum of the
squared residuals for the n components. Formally: Mini-
mize [ = (v;° + vo® + ... 1v,%), subject to the constraint
that ¥ =W,+ W, —-1=0.
The Lagrangian multiplier procedure for minimizing

a function subject to an equality constraint [3] requires
simultaneous solution of the following equations:

 

 

df S
+ =

sw, haw, =0 ®)

df 3 _
sA= O 9)

W,+W,—1=0 (10)



 

 

 

    
where \ is a multiplier whose numerical value is of no
particular interest.
Performing the differentiations, and collecting terms,

we obtain the three equations that the program has to
solve simultaneously:

QWeEaiZ‘FQW, Eaibi*22ai+)\=0 (11)

2 W[Eai bi + 2 W,Eb,—Q - QEbl +A=0 (12)

W,+W,—1=0 (13)  
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Program listing for HP-97 calculator (can be modified for HP-67) Table |
]

Step Key Code Step Key Code Step Key Code

681 xLBLA 2i 1 a3e k&Y' 16-35 as8 RCL2 36 €&
esz  CLRG i6-53 431  &T03 P X fdeod - =43
a3 5 ie-5&1 832 1 €] 851 + -24
gd8s  CLRG le-33 833 + -85 86z SToa 35 ea
885 Fes 16-31 834 ST0I 35 46 663 CHS =22
B@e Z ac 635 RCLi 36 43 664 ENTT =21
g7 4 a4 a3é AZ 83 6635 1 al
gea  STO! 35 46 @37 ST+4 35-55 64 o6 + -95
a8s 1 éi 838 RCLi 3t 45 867  PRTX -i4
aie RTH 24 839 DSZ1 ie 25 46 @68 STO1 35 al
@611 *LBLB &i g 648 RCLi 36 45 869 RCL@ 36 be
@1z Ry -3i 841 X =33 878 PRTX -14
gi3 Aei -4 842 ST+3 35-55 63 6:1 SPC 16-11
814 z -4 843 DSZI 16 25 4b er2 SPC 1e-11
ais ST I5 4% 844 RTN 24 673 SPC io-11
@16 ST+6 35-55 & 845 #LBLC 21 13 674 2 2
817 DSE1 1e 25 46 846 RCL3 36 83 ars 4 a4
818 L57X 16-62 847  RCL4 36 84 676 STOI 39 46
als Kt 1&-31 @48 - -45 877 xLBLI 21 81
aza K& -41 @49  RCLS 3¢ 85 ar8 CLY -5i
a1 < =24 ase - -45 @79 ENT? =21
22 STUa 35 45 851 RCLE & 86 ese RCLLi 36 45
822 ST+5 35-55 @5 as2 + -85 681  X=Y? 16-35
824 Ac 53 833 Z 6z 88z 6102 22 a2
@825  5T+2 35-55 é: @34  ENT?t -21 883 RCL1 3o &l
826 RCLI 36 46 835 RCL3 3¢ 83 884 X -35
e2r ENT? -2l as6 X =35 885 PRTX -14
8z8 7 ar 857 RCL4 36 d4 886 DSZI 16 25 46
a29 »eV -41 @58 - -45 887 RCLi 36 45

User instructions Table 1l

T One feedstream=g Two discharge streams
Step/description Enter Press  Display Printout

1. Initialize registers [A]  1.0000

2. Enter Component 1 data xgqt xgi' x,q [B] Stream E

3. Repeat Step 2 for

Components 2—n xs1 xeft x,i (B
4. Calculate results [c] EF Stream F o

RIF o
Component 1 results Zg1 Stream R

Zn

(ze1 +Zp)

Components 2—n results Zgo,etc.

Note: Limit is eight components. |If more are entered, the program

will produce an overflow display. Program applies to such separation processes   
The program solves these equations, yielding values of

W, and W, (E/F and R/F), and calculates Z,; and Z,; for
each component. The Z values describe the performance
of the separation unit; the E/F and R/F values can be
compared with those calculated from flowmeter data to
show whether the flow data are consistent with the chem-
ical analyses. The program also sums the Z,; and Z,; val-
ues, indicating the degree of closure for each compo-
nent—a sum of 1 is perfect, but the typical sum will be
higher or lower than 1.
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(Continued) Table |

 

Step Key Code

886 RCL8 Jo 8@

ag9 X -33

8%6  PRTX -14

831 + -33

832 PRTX -14

693 SFC 16-11
894 DSZI le 25 46
@35 ETo1 e dl
696 xLBLZ i ez
897 RS 51
898 ¥LBL3 21 83
899 CLX =51
168 17X a2
181 R#S 51

Note: To modify the program for the HP-67 calculator:

Substitute ““R/S” for “PRTX" at locations 067, 070, 085,

090 and 092; and delete ‘“SPC" at locations 071, 072,

073 and 093.   
How to use the program
Table I is the program listing for the HP-97 calculator.

To use the program on an HP-67, make the modifica-
tions listed in the notes. Table II lists instructions for
using the program.
The program applies only to processes that take one

feedstream and split it into two streams, and it has a limit

of eight components. If more are entered, an error mes-
sage will result.

Example
Table III lists chemical-analysis data for four compo-

nents in each of the three streamsin a separation unit. If
we calculated E/F or R/F based on these data, we would

have four different estimates.
Using the program, we first initialize the registers,

then enter the data in order—x;,x,, x,—for each compo-

nent. Once all the data are entered, the program calcu-
lates E/F and R/F, plus Z,, Z, and (Z, + Z,) for each ofthe
four decimal places by the calculator, for the example.
Note that E/F (0.3112) and R/F (0.6888) add up to 1, so
the overall mass balance closes.

Interpreting the results
The program’s primary results are the recoveries of

the components; thatis, the fraction of each component

 
Program listing for Tl version

 

Example data and results Table 11l

6

 

 

Data:
Mass fraction in stream

Component F E R

1 0.2125 0.2043 0.2154

2 0.2926 0.1243 0.4047

3 0.1124 0.2452 0.0517

4 0.1724 0.2903 0.1456

Results:

E/F (overall fraction in Stream E)  8.31ic #¥#

R/F (overall fraction in Stream R) 8. 6358  ¥¥»

Zg (fraction in Stream E) 8.2952  w¥x
Z,4 (fraction in Stream R) §.69EZ  wxx

(Zg1 + Zy1) (= 1if perfect closure) 8.58574  k¥n

P 8.1322 *xxk
Zp 8.9537 xkkxk
(Ze2+z,2) 1-@845 4¥4

Ze3 8.6755 ¥y
Z3 6.3165 xax
(Zo3 + Z,3) 8.5957  xxa

Zoa 8.52456  xxx
Zy4 8.58158 ¥xkx
(Z,4+ Zra) 1.16857 k¥   

leaving in each stream. These may be used to calculate
the separation efficiency.
A byproduct result is the closure data. By sampling,

analyzing and calculating closure a number of times,it is
possible to determine whether the closure errors are ran-
dom (i.e., the measurements are consistent) and whether
there are calibration errors in the instruments that ana-
lyze composition. (Thestatistics are beyond the scope of
this article.) Likewise, comparing the program’s E/F and
R/F result with that calculated from flowmeter data can
identify inconsistencies in the flowmeters.

For TI users

The program for TI users is found in Table IV. User
instructions are in Table V, and the example with a

printout of the results is in Table VI. The TI version is
run the same way as the HP version, and yields the

results in the same order.

Table IV

 

Step Code Key Step Code Key Step Code Key
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(Continued) Table IV

 

Step Code Key Step Code Key Step Code Key
 

 
 

 

 

Userinstructions for Tl version Table V

Step/description Enter Press Display Print

1. Load program
2. Clear registers and set counter for data A 24,

3. Enter data for each component Xn B X1
Xo1 R/S Xo1
Xr R/S 1.

4. Repeat step 3 for the remaining components, up to eight components

5. Start calculations C

6. Program will calculate and print:
E/F

RIF

Zo1
Zn
(Zo1 + 2
Zgz, etc.
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Example for Tl version Table VI

 

Load program and Press A to clearregisters and set the counter for data.

Data:

Mass fraction in stream

Component F E R

1 02125 B 0.2043 R/S 0.2154 R/S

2 02926 B 0.1243 R/S 0.4047 R/S

3 0.1124 B 0.2452 R/S 0.0517 R/S

4 01724 B 0.2903 R/S 0.1456 R/S

Press C:

Results:

E/F (overall fraction in stream E)

R/F (overall fraction in stream R)

Z,(fraction in stream E)

Z, (fraction in stream R)

(Zo1 + Z4) (= 1 if perfect closure)

Zz2
Z>

(Ze2 + Z2)

Zes
Zs

(Zes + Za)

Zoa
Z
(Zos + Z4)
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Optimizing reactor agitation
in heat-transfer-limited situations
The optimum agitator design for a reactor can be determined from
heat-transfer considerations. This program for the TI-59 performs
the tedious calculations involved in evaluating heat-transfer and

agitator-power-consumption relationships.

 
Michael E. Bowsher and David F. Hooley, Mobay Chemical Corp.
 

[J The chemical engineer is often faced with trying to
increase the productivity of existing or proposed reactor
systems in which heat transfer is limiting in at least one of
the processing steps. Reactor agitator design can have a
significant effect on reactor productivity, but many times
is not thoroughly investigated. The engineer can usually
determine an agitator configuration that would yield a
reasonably high level of productivity via improved heat
transfer. However, constantly changing viscosities,
multi-product reactor situations, and heating and/or
cooling requirements must be taken into account, and all

of these can grossly affect the configuration of the “best”
agitator design. Because of time constraints, the engineer
is seldom able to determine a truly optimum design for
all variations.

It is not uncommon to find that the agitator designs of
recently installed reactor systems miss the optimum
design point by as much as 30% or more. Considering
the multimillion-dollar cost per unit for new sophisti-
cated reactor installations,the resulting loss in productiv-
ity can have a major adverse effect on both production
costs and total project capital costs.

[For a more complete treatment of mixing in vessels,
including a section on heat transfer, see the report
entitled “Fluid mixing technology and practice,” that
appeared in CE’s June 13 issue, beginning on p. 82. For
additional information specifically on evaluating heat
transfer in agitated vessels, see “Heat transfer in agitated

vessels,” beginning on p. 62 of the April 4, 1983,
issue.—FEd.]

The agitator optimization study
The authors’ need to expand production capabilities

prompted an agitator optimization study to identify a
way of reducing total capital costs by reducing the num-
ber of new reactor units to be installed. Agitator optimi-
zation to reduce cycle times was one of several alterna-
tives evaluated.
The agitation study attempted to: (1) optimize agitator

configuration to maximize heat transfer; (2) design a

Originally published June 27, 1983.
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Power number as a function of Reynolds number  for a 6-blade agitator Fig. 1
 

 

system capable of handling materials over a viscosity
range of 1 to 50,000 cP; (3) utilize the lowest rotational
speed possible to extend agitator seal life; and (4) mini-
mize the required agitator motorsize, and attempt to use
a single-speed motor.

Large-diameter so-called “modified axial paddle” agi-
tator blades were judged, based on the reference by Uhl
and Gray, to be the best type of blade to etficiently han-
dle materials in the viscosity range under consideration.
General equations, which are included under “Calcu-
lated Terms” in the Nomenclature box, were developed
for this type of blade to describe turbine power con-
sumption (as shown in Fig. 1) and heat transfer.
The TI-59 calculator program presented in Table 1

was developed based on those equations. The results can
be used to evaluate which configuration would be the
optimum for the situation at hand. Once this has been
determined, it is easy to generate additional data to
evaluate the effects of:
B Changes in the density of the liquid on agitator

horsepower requirements.
® Changes in the specific heat of the liquid on heat

transfer.
® Cooling media temperature on the effective heat-

transfer rate.
® Thermal conductivity on heat transfer.
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Using the program
The program listed in Table I, and the data, can be

stored on four sides of magnetic cards. All ten data-input
keys are used to place variable information into the data
memory. Once a new set of input data is placed into
memory, it may be retained for future calculations by
rerecording card side 4,if that should be desired.

To perform the calculations, follow the input steps as
outlined in Table II, “User instructions.” The initial
data—impeller diameter, impeller speed, density, viscos-
ity (bulk and wall), heat capacity, thermal conductivity,
etc.—are entered. The program calculates the effective
heat-transfer rate, Qgrr, the agitator power consump-
tion, P, and the total heat transferred, Q;, at the chosen
agitator speed. To calculate Qggr at various values of N,
repeat Steps 3a-3i as required to modify the input data,
and Step 4 to initiate the calculation. The results of such
a set ofsingle runs, for the example to be discussed later,

are plotted as one of the solid lines in Fig. 2.
For a chain calculation, enter the initial and final agita-

tor speeds, Ny and Ny, and the number oftrials, n. A new

set of Qprr vs. N values is generated, which can be plot-

ted. This continues until a family of curves at a given
viscosity has been plotted, as shown by the series of solid
lines in Fig. 2. This can be repeated for as many viscosi-
ties as needed.

Different agitation systems
The program results have been compared only with

data on baffled agitation systems that employ pitched-
blade turbines with D/T ratios of between 0.3 and 0.8,
and with turbine spacings equal to or greater than D.
Reynolds numbers were in the range of about 10 to
30,000.
However, this program may also be used to analyze

quite different agitation systems, without major revisions
to the program, by doing the following:

1. Run the program, and compare the calculated
horsepower with that actually determined from motor
amperage measurements. Remember that motor ineffi-
ciencies and gear-box and seal frictional losses have to  

Nomenclature

A Heat-transfer area, ft?
C, Specific heat, Btu/(Ib)(°F)

D Agitator impeller dia., ft

h,  Outside film coefficient, Btu/(h)(ft>)(°F)
Outside fouling factor, Btu/(h)(ft*)(°F)

hy  Inside fouling factor, Btu/(h)(ft®)(°F)

N Agitator speed, rpm; N, = initial value for N to be

used in chain calculation; Ny = final value for N to

be used in chain calculation

n Number ofagitator speed trials to be used in chain

calculation

k Thermal conductivity, Btu/(h)(ft)(°F)

T Vessel dia., ft

At Log mean temperature difference, °F

B Number of turbines

p  Liquid density, Ib/ft®
M Bulk-liquid viscosity, cP

Wall viscosity, cP

Calculated terms:

h; Inside film coefficient, Btu/(h)(ft?)(°F);
h; = 0.44(kIT)N"Np,"33(u/p,)24

Coefficient for heat transfer (except for the inside
film coefficient’s contribution), Btu/(h)(ft?)(°F);

H, = 1/(1/h, + 1/hg + 1/hg,)

Power number (for a 4-bladed impeller):

Np = 0.97605 for Ng, > 600

= 0.723exp(1.6907 — 0.21788InNg,) for

100 < Ng, < 600

= 0.723exp(2.7373 — 0.4424InNp,) for

10 < Ng, < 100

Np, Prandtl number; Np, = 2.4C,u/k

Ng. Reynolds number; N, = 24.8D’Npl/u

P Agitator-shaft power consumption, hp;
P = Qume/2,550

Effective heat removal, Btu/h; Qprr = Qur — Oume

Heat transferred, Btu/h; Qyr = UAAt

Mechanical heat of agitation, Btu/h;

Que = 6.67 X 107"BNpD°N3p
U Overall heat-transfer coefficient, Btu/(h)(ft?)(°F);

U= 1/(1/h; + 1/H,)

H,

Np

Q,EFF

Qnue
Qwme

be deducted so that only actual turbine-related horse-
power quantities are compared.

2. If a significant difference is found, adjust B by:

B, = B[P(delermined)/P(calculated)]

3. Rerun the program, substituting B’ for 8. Within
reasonable limits, the power number and, hence, the

calculated horsepower, should be corrected for the agi-
tation system under consideration, and it should be
possible to vary the other power-related parameters as
well.

Realizing that dissimilar agitation systems can have
markedly different heat-transfer characteristics, an in-
volved programming modification may be avoidable by
using the following approach.

4. First, adjust B, as outlined above. Run the program
to calculate Qgrr. Compare this value with a value for
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Program for T1-59 evaluates heat-transfer and power requirements for numerous reactor-agitator configurations Table |
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Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code

 Program for T1-59 evaluates heat-transfer and power requirements for numerous reactor-agitator configurations
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Step Key Code Step Key Code Step Key Code

f44 19 1E 742 ¥ LBl T2 44 Sip
745 25 = T4y 85 4 TEI 04 04
Y4 42 ST0 oy a3 FiL road 43 ECL

74712 1% FSL 12 18 TS5 15 (5

Notes: See Table Il, “User instructions,” for further explanations. (1) Enter impeller

diameter, D. (2) Enter agitator speed, N, or initial agitator speed to be used in chain

calculation, V;. (3) Enter final agitator speed to be used in chain calculation, Ns.

(4) Enter number of agitator speeds to be used in chain calculation, n. (5) Enter density,
p. (6) Enter bulk-liquid viscosity, i (7) Enter wall viscosity, ty,. (8) Enter specific heat,

Co. (9) Enter thermal conductivity, k. (10) Enter heat-transfer coefficient, Hj.

(11) Enter vessel diameter, 7. (12) Enter heat-transfer area, A. (13) Enter number of
turbines, 8. (14) Enter log mean temperature difference, At. (16) Recall and print At, D,

(continued) Table |

Step Key Code Step Key Code
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N, 1, and p,, then calculate and print Ng,. (16) Recall and print Cp and k,then calcul-

ate and print Np,. (17) Calculate (wp,)0-24, Ngo0.687 and k/T, then calculate and
print ;. (18) Calculate 1/h; and 1/H,, then calculate and print U. (19) Calculate and

print Qpg. (20) Calculate and print Ap. (21) Calculate and print Qug.then convert it
to P, in units of horsepower, and print P. (22) Calculate and print Qggf. (23) In a chain
calculation, calculate the next speed to be used and repeat Steps 100-719 for the new

speed; continue for a total of n iterations; stop program when appropriate.

 

 

 

User instructions for reactor-agitator optimization program Table Il

-~
Step Procedure Press Display Step Procedure Press Display

1 Partition memory-storage CLR 2 799.19 3h Enter heat-transfer area, A c Ais displayed

area into 20 data 2nd OP 17 and printed

registers and 800 Enter no. of turbines, 3 D' Bis displayed
program locations and printed

2 Ef‘“" program aslisted Enter log mean temperature E' At is displayed

in Table |, orread difference, &¢, (+) if and printed
program from cards if cooling,(—) if heating

previously recorded Calculations

3 Enter data, in any order, proceed

if different from what Data and results

is stored in memory: are printed in

3a Enter impeller dia., D A Value entered for D the following

is displayed order:

and printed 1.D

3bq Enteragitator speed, N, or B Nor N, 2N

initial agitator speed to be is displayed 3. p

used in chain calculation, N and printed 4.

3by* Enterfinal agitator speed R/S N; is displayed : ;\‘Iw

to be used in chain and printed 7' kR°

calculation, N, 8. T

3bs* Enter no.of agitator R/S nis displayed 9: h;

speeds to be used in and printed 10. U

chain calculation, n 1. A

3c Enter density, p C pis displayed 12. &

and printed 13. Que

3dy Enterbulk-liquid D wisdisplayed 14. Np
viscosity, u and printed 15. B

3d,t  Enter wall viscosity, R/S My is displayed 16. Que

My, if different from u and printed :; g

3e Enterspecific heat, C, E Cp is displayed . . - VEFF
and printed If new data inputis CLR4 4

. Lo desired to be maintained 2nd WRITE
3f4 Enter thermal conductivity, A’ k is displayed in memory, record on

and printed card side 4'
* g . .

3f2 Enter I‘m.at transfe.r RIS Ho is dlfplayed * These steps are required only for chain calculations.

coefficient, Hp,if o and printed T 1 wall viscosity is not entered, the value for the bulk-liquid
not 100 Btu/(h)(ft2)(°F) viscosity is automatically used.

3g Entervessel dia., T B T is displayed % If no value for H, is entered, it.is assumed to be 100 Btu/(h)(ft2)(°F),

and printed and is reset to that value each time a new thermal conductivity, &,is entered.
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Qgrr determined from actual measurements. If a signifi-
cant difference is found, correct the area, A, as follows:

A= A[QEFF(determined)/QEFFi(calculated)]

5. Rerun the program, using A’ for A. Within reason-

able limits, the heat-transfer calculation should now be
more accurate, as the parameters have been varied

If the above approaches do not yield acceptable accu-
racies in a given application, regrettably it’s back to the
basics. (See the reference given below.)

Example: optimizing agitator design
Suppose we want to determine the agitator design for

a 7,500-gal reactor that will optimally cool a wide range
of viscous materials. The system properties are: T = 8.5
ft; A = 420 ft%; B = 4; At = +45°F; p = 75.2488 Ib/ft*; C,
= 0.4095 Btuw/(Ib)(°F); and k& = 0.099 Btu/(h)(ft*)(°F). The
following viscosities are expected to be encountered:

Bulk viscosity, cP Wall viscosity, cP
1 1.3

10 15

150 300

3,000 5,000

50,000 75,000

The program was run for impeller diameters of 3, 3.5,

4,45, 5, 5.5, and 6 ft, and for viscosities of 1, 10, 150,
3,000, and 50,000 cP. Families of curves, one for each

viscosity level, showing Qgrr vs. N for various agitator
impeller diameters (the solid lines in Fig. 2, for u = 10
cP), were plotted. Inspection of the plots reveals that a
5-ft impeller operating at 40 rpm represents an operat-
ing point within about 5% of optimum for all viscosities
from 1 to 3,000 cP.

In Fig. 2, Qgrr 1s represented by the solid lines and is
read from the scale on the left side ofthe plot. The bend-
ing of each curve through a maximum is caused by the
mechanical energy input from agitation. For compari-
son, Qug is shown by the dashed lines, and its value is

found on the right-hand scale. In addition, Qg is trans-
lated into power consumption, in horsepower, by using
the scale to the right of the Q,scale.

After the optimum speed has been selected, Qgrr vs. p
can be plotted for different diameters, as was done in
Fig. 3. This figure indicates that viscosities of up to about

20,000 cP could be processed with a 5-ft-dia. agitator
configuration while at least the total mechanical heat of
agitation could still be removed.

If one were to choose the 6-ft impeller, only a marginal

improvement in heat transfer at low viscosities would
result (perhaps 5%), while a 20% heat-transfer penalty
would result at 3,000 cP. In addition, the upper viscosity
limit would be reduced to only about 7,000 cP.
On the other hand, if the 4-ft impeller were chosen,

higher-viscosity materials could be processed (up to
about 40,000 cP) at a heat-transfer penalty of 10-30% in
the low-viscosity region.

Final comments
This mathematical treatment of agitation power con-

sumption rather closely predicts the actual measured
agitator-power requirements after appropriate adjust-
ments are made for motorefficiencies and gear-box and
agitator-seal frictional losses. Generally, a £15% agree-
mentis found, except for cases where gas or vapor bub-
bles exist.
The reactor sizes evaluated include 2,000, 3,000,

5,000 and 20,000 gal. The viscosities encountered dur-
ing the data-gathering trials ranged from 10 to 40,000
cP. However, because the reference for the relationships

on which this program is based covered viscosities up to
100,000 cP, this program, too, should be valid to

100,000 cP.
There have been fewer opportunities to evaluate the

heat-transfer portion of the program. In one case, how-
ever, a 20,000-gal reactor was investigated, and the cal-

culated agitator power and amount of heat transferred
both agreed to within 5% of the measured values.

For HP users
A listing for the HP version of the program is shown

in Table III. User instructions are listed in Table IV.
Operation is similar to the TI version.

Program listing for HP version Table Il
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User instructions for the HP version Table IV
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Enter impeller diameter D, ft

Enter agitator N, rpm

Enter liquid density p, Ib/ft®
Enter viscosity p, cP

Enter specific heat C,, Btu/(Ib)(°F)

Enter thermal conductivity K, Btu/(h)(ft)(°F)

Enter vessel diameter T, ft

Enter heat transfer area A, ft?
Enter number of turbines B

Enter log mean temperature At, °F

Printed output will be as follows (this is in the same order as the Tl

output):

D, Impeller diameter, ft

N, Impeller speed, rpm

p, Liquid density, Ib/ft®
w, Liquid viscosity, cP

uw, Wall viscosity, cP

Nre, Reynolds number

k, Thermal conductivity, Btu/(h)(ft)(°F)

T, Vessel diameter, ft

h;, Inside film coefficient, Btu/(h)(ft?)(°F)

U, Overall heat transfer coefficient, Btu/(h)(ft)(°F)

. A, Heattransfer area, ft?

. A, Log mean temperature difference, °F

. Que, Heat transferred, Btu/h

. Np, Power number

. B, Numberof turbines

. Que, Mechanical heat of agitation, Btu/h

. P, Agitator power consumption, hp
18. Qgrr, Effective heat removal, Btu/h
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Reference
Uhl, V. W. and Gray, J. B., “Mixing—Theory and Practice,” Vol. 1, Academic
Press, New York, 1966, Chapters 3 and 5.

 

The authors
Michael E. Bowsher is Production
Managerfor the Inorganic Chemicals
Div. of Mobay Chemical Corp.at the
firm’s New Martinsville, W. Va., plant.
Over the past 22 years, he has held
various production, engineering and
staff positions for Mobay in New
Martinsville, and in Pittsburgh, and at
the parent company, Bayer AG, in
West Germany. He received his B.S.
degree in chemical engineering from
Ohio University.

David F. Hooley is a Process Engineer
for Mobay Chemical Corp. at the New
Martinsville, W. Va., plant. He
previously worked for the Fabrics and
Finishes Dept. of Du Pont at its Old
Hickory, Tenn., plant. He graduated
from Northeastern University with a
B.S. in chemical engineering in 1965.
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Section VII
Engineering Economics

Estimating cash flows for construction projects

Discounted-cash-flow rates of return for varying cash flow

Calculating net present value for varying cash flows





Estimating cash flows for
construction projects
 

Estimates of monthly cash-flow require-
 

ments for a construction project can be
 

valuable to both client and contractor.
 

These can be calculated rapidly by
 

means of this TI-59 program.

George F. Poland, Aberthaw Construction Co.
 

[[] During the course of a construction project, it is
important for the owner and contractor to be able to
predict cash demands. The owner wishes to know when
the money has to be spent, and the contractor needs to
know how much cash has to be invested in the project.
A program for the TI-59 calculator and printer is

presented that will project on a monthly basis the total
cost to date of a job, the payments from the owner, the
contractor’s investment (which depends on the time
lapse between billings and payments), and the interest
costs for the contractor’s investment.

S-curve basis for the program
The program is based on the S-curve approach to

project planning. The work of most projects can be di-
vided into three major periods: the first, increasing man-
power requirements; the second, constant requirements;
the third, declining requirements. Plots of work-com-
pletion-percentage vs. time-lapse-percentage come out
as the familiar S-curve. The shape of the manpower
curve is a trapezoid.
A mathematical explanation of the S-curve by Gates

and Scarpa* can be summarized by the diagram:

 

 

Z

|
0% t t 100%

1

   
Here, Z = maximum rate of manpower; {; = end of
accelerating manpower period, %; and ¢; = beginning
of declining manpower period, %. Because the trape-
zoid area equals 100%, Z = 200/[100 + (¢; — ¢;)].

*Gates, M., and Scarpa, A., Conceptual RMC/Time Synthesis, J. of the Con-
struction Div., American Soc. of Construction Engineers, Vol. 102, No. CO2,
Proc. Paper 12181, June 1976, pp. 307-323.

Originally published August 9, 1982.

 

Values of 50% for ¢; and 75% for t; “seem to fit” most
construction projects. Therefore, Z = 1.6, which means
that the maximum crew size is equal to 1.6 times the
average crew size.
These values plotted in the S-curve will show that

only 40% of the work will be completed after a 50%
time lapse, but that 80% will be finished at the 75% time
mark. Thereafter, the rate of work completion deceler-
ates to arrive at 100% completion at 100% of the sched-
uled construction period.

How the program works
As an example, assume that a $1-million project is to

be completed within 10 months, and that 95% of the
incurred costs will be paid to the contractor, with a
two-month delay between billings and payments. The
short-term borrowing cost for the contractor is 21% in-
terest. The contractor expects that the size of the work-
ing crew will increase until the 50% point in time, then
begin to decline at the 75% mark.
With the program listed in Table I in the calculator,

enter 75 (¢;) and press the A key. Enter 50 (¢;) and press
R/S. Enter 10 (number of scheduled construction

months) and press R/S again. Enter 1,000,000 (the cost
of the project) and press B. Enter 95 (% paid) and press
R/S. Enter 2 (number of months delay in payments)
and press R/S again. Enter 21 (% interest) and press C.
Finally, press D (start) and E (clear).
The program will list the input data and print out on

a month-to-month basis the following:
Month number, MO.
The estimated percentage of work completed, %C.
Costs to date at the end of the month, COT.
The total paid to the contractor, TP.
The total investment of the contractor, INV.
The interest cost per month for the contractor’s in-

vestment, INT.
The total of all interest costs to date, 2 INT.
The printout for this example is listed per month in

Table II.

Other possibilities can be simulated
Variations in the project can be readily examined by

means of the program. For example, if the time delay
between billings and payments were shortened by one
month, the amount the contractor would need to invest
would fall from $340,000 to $188,000, and interest costs
would decline from $39,375 to $21,875. If 10% of the
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On monthly basis, program calculates project costs, total paid to contractor,
contractor’s investment, and interest cost of investment
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Output for example case gives monthly breakdown of costs Table 1l
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cost ofthe project ($100,000) represents the contractor’s
profit, the shortening of the payment-lapse time to one
month would increase the contractor’s return on invest-
ment to 53% from 27%.
Another useful simulation would be to determine

how much of the work ought to be completed at the end
of each month. If the S curve for the actual work com-
pleted and the S curve for the work that should have
been accomplished do not agree reasonably well, this  

will be a signal that decisive action needs to be taken to
really control costs.

For HP-67/97 users
The HP version closely follows the TI program.

Table I1I offers the HP program listing, and Table 1V
contains user instructions and the example for the HP
version.
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Program listing for HP version Table Ill (Continued) Table il

 

Step Key Code Step Key Code Step Key Code @ ] Key Code
 

 

 

@1 #LEBLA 862 xLBLS 21 a5 136 STCS 35 6% é Fzs i
ez CLEe 678 RCLa Jb @& 137 GTOS 22 @3 KCLS
a3 25 671  PRTX -14 138 xLBL4 Si a4 - 3
B84  CLKG 872  RCLé 6 8g 139 3 65 ST0% 35 8s

  
eas 5707 873  PRTX -14 148 RCLA 36 11 FRTY 4
aas Fi 674  GTO4 I B4 141 - -45 RCLC 36 13
aa;  STO3 875 ¥LBLI Iioal 142 1 a1 ¥=g7 ic-43
Aas F -3i 67¢  RCL4 35 as 143 é a6 GTa0E i oes
gy STG2 38l 677 RCLS 36 a5 144 ot -55 RCLE 36 &&
a1a Fi -3i 878 Xz 3z 145 ST01 3% 4€ RCLLC 36 i
ary 5101 35 64 B#rs Z Bz 146 25 16-51 i

81z RS =2 ése = -i4 147 RCLI 36 61 RCLE 5o iS
g1z §TOC 3z 1z 881  RCLZ 36 B2 148 STO6 35 @6 £ -Z4
814 R -31 88z = 724 149 RCLZ 36 62
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O
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815 STOA 35 11 883 X -35 158 STOI 35 @] RCLE e i:

éle Ei =21 834  STGhe 35 BE i51 RCL3 36 6z + oo
617 5T08 33 @3 685  GTGS s B3 152 STOZ 35 Bz i STCE 33 ic
815  RCLI 3& i 886 xLEL: ciés 153 RCL4 Je &4 1 PRTX -i4
#15  PRTA -14 687  RCL4 3o G4 1594 ST03 33 82 1 SFC ie-ii
828 RCLZ J& 62 688  RCL3 J& 83 155 RCL5 36 8% i RCLE SE BE
821  PRTX -14 888 RCLZ Je @g 156 ST04 35 a4 2 ¥=@7 i6-43

22 RCL3 Je @3 836 2 [ 157 &8 i6-5i zal R-5 ol
623  FRTX -iv 831 3 -&4 156 RCLe € & 282 #LBLE i B
624 RCL¢ Je 87 89z - -4% 159 RCL7 283 1 &1
25 PRTA -i4 853 X -33 166 2@d  ST+8  35-35 Gé
826  ECLS it 8% 834  S5T0e 33 ég 161  RCLE 285 G163 cooEs

 

27 PRTX -14 6353  ET03 &8 @5 les : 266 PRTX i4
628  KCLA Je 11 #3¢ *LEBL3 i és 163 &5 287  RCLE 36 1z
629 PRTX -14 837  RCL3 Je €3 164  PRTH a8 + =35
38 RCLC st 13 838  RCL@ 36 6 165  ETGS 288 STOB 33 1z
831  PRTX -i4 #38 x=y? le-32 166 F2s 218  FRTX -14
83z SFLC le-1i 188 GToe gz Be 167  RCL® 211 RCOL® o €8
833 1 61 181 wxY? ie-34 168 1 212 FCLC e il
634 é be 182  ET0e iz e 165 X=¥¢ 213 % -33
B35 é aé 183 FECLE Jo IS 176 GTOE 214 i 61
@36  STOE 35 13 184  RCLS & €3 171 RCLi 213 J éa
837  RCLI 36 81 183 - -45 172 RCL® Zle é be
838 + =53 166 XE 3 172 X 217 H=E7 ie=4z
839 RCLE KL 167  KCLE 3o IS 174 RCLE 218 5 Si
a48 - -4Z 188 RCLI ob 8 173 £ 219 xLBLS 1 @é
a41 1-4 & 185 - -43 176 5ias 228 1 Gi
842 2 gz 11@ * —i4 177 FRTX Z21  ST+6 35-35 @6
643 é ad 111 FRCL4 o b4 178 F2s 222 G109 o 65
a44 é be 112 Z g 179 RCLS 223 k-3 5i
 845 x -35 13 = -4

846 ST04 35 @4 114 x -35
847 RCL 3€ 13 115 5 izC HE

848 1 1 Il ERCLE st i&

2 bz 117 +

a54 < -4 118 S8Tde 35 Ge

as51 5TGC 35 iZ 115 ETGS s 8s

asz 1 61 128 xLBLe Zi 86
853 S10@ 35 ae 121 RCLE 36 15 User instructions and example for
854 xLBLS 21 &3 122 5TGé 35 @e HP version Table IV
@55 KCLe 36 Ga 23 FRCLZ It 83

856 RCL3 36 83 124  RCLA J6 il

857 z -z4 125 + -55 Instruction Key
858 RCLE 35 15 125 1 61 Enter t,-Beginning of “declining manpower” period ENTER 1

859 X -3 Az + cc Enter t,-End of “accelerating manpower” period ENTER 1

 

2 e nn o o o Enter number of scheduled construction months ENTER
866 TGS 33 e 125 RCLE 46 b Enter construction cost, $ A !
@6l FCLZ 36 82 129 ¥=Y? j€-33 ’

862  X>Y? 11 f:.?-Cj'-‘l 136 GTO7 22 @7 Enter % paid ENTER 1
863 €701 cc i 131 &7 “3':4 Enter number of months delay in payment ENTER 1

' Enter interest rate, % R/S

eéfi ,s_( i’: 1‘:w4 " 134 *LBL7 1 oar Output is the same as indicated in the original article.
#67  GT0Z <o Be 135 KRCLE Je 15 Program stops when contractor has been paid in total.
868  ET03 2283
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(Continued) Table IV
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Nomenclature follows that of the original article.
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Rensselaer Polytechnic Institute with a
Master’s in Management, he is a
member of American Soc. of
Construction Engineers, American Soc.
of Cost Engineers, American Soc. of
Professional Estimators, and a registered
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Discounted-cash-flow rates of
return for varying cash flows
 

Basing an economic analysis on a wide
 

range of eventualities will enhance its
 

reliability. Calculator programs make
 

such a comprehensive analysis possible.

Gordon W. Neal, Pacific Energy Consultants, Inc.*
 

[[] Uncertainty in economic evaluations can be re-
duced by examining alternative projects under many
likely conditions. This was discussed in the article
“Evaluating uncertainty in capital cost projections,”

Chem. Eng., Sept. 6, 1982, p. 131.
There are two generally accepted bases for judging

the economic attractiveness of projects: How much
money will be generated, and how efficiently will the
committed capital be used? A measure ofthe first is net
present value (NPV), and of the second is discounted-
cash-flow rate of return (DCFRR).
A TI-59 program for determining the NPV of an ini-

tial investment that is followed by a series of increasing
or decreasing annual cash flows was presented in a Nov.
1, 1982 article. In the present article, two programs for
the TI-59 are provided that calculate DCFRR for an ini-
tial investment that also is followed by a series of an-
nual cash flows consisting of several components, each
increasing or decreasing at a constant annual rate.
One program is designed for discrete compounding

(Table I), the other for continuous compounding (Table
IT). Both include an option for after-tax or before-tax
(e.g., government funded) modes. The after-tax modes
are based on sum-of-years-digits (SOYD) depreciation.
The programs arrive at solutions via trial-and-error

iteration, with successive calculations of NPV made with
converging values of discount rate until the resulting
value of NPV is nearly zero. When this pointis reached,
the corresponding discount rate—the DCFRR—Is
printed and displayed.

Program formulas
The general formula used in the programs is:

NPV = (CiD;y + CoDy + - - - + CyDy) + (1)
IR.D — C,

Here, NPV = net present value, in any monetary unit;
C,, C, ... Cy = first-year cash flow components, in
(positive) or out (negative); D, D, . . . Dy = discount
factor corresponding to cash-flow component having
same subscript; / = total initial investment; R, = in-

*To meet the author, see p. 258.

Originally published December 27, 1982.
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come tax rate; D = depreciation discount factor; and
C, = net initial investment.

Cash-flow-component discount factors for continu-
ous and discrete compounding are, respectively:

Do = (1 —e™)/r 2)
Dp=[1—(1+r)")/r (3)

Here, n = economic life, yr, and r = effective discount
rate.

Expressions for effective discount rates with continu-
ous and discrete compounding are, respectively:

re=R—i (4)

rp= (R —1)/(1 +1) )

Here, R = selected discount rate, and : = annual rate
at which cash flow component increases (positive) or
decreases (negative).
The depreciation discount factor (based on continu-

ous compounding and SOYD depreciation) is:

D =2 (RT + ¢BT — 1)/(RT")? (6)

Here, T’ = T + Y%, and T = depreciablelife, yr.

Preparing and entering data
User instructions are given in Table III. The differ-

ences between the input data printed and the values
displayed arise because common values in the display
are combined to eliminate the need for repetitive calcu-
lations in the iterations. Note that the sequence for en-
tering data is altered by the tax mode selected.

In the after-tax mode, the initial investment, C,,
should be adjusted to reflect such items as investment
tax credit and energy tax credit. In the before-tax mode,
the full initial investment is used.

In the after-tax mode, first-year cash flow compo-
nents, C,, C,, etc., are multiplied by (1 — R;) to arrive
at input values. No adjustments are made with the be-
fore-tax mode. Components of cash flow into the proj-
ect (sales, reduced costs, etc.) have positive signs, and
those flowing out (expenses, higher costs, etc.) have neg-
ative signs.

Depreciation is applied to only the after-tax mode.
The expression I Ry consists of the full initial invest-
ment (without credits) multiplied by the tax rate.

Program features
In each program, Flag 1 is set by the user when the

before-tax mode is desired. When no flags are set, the
program follows the after-tax mode.
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DCFRR program with continuous compounding

Step

   

z
a
n
o

P
L
I
F

Step

 
L

W

ut..
._
._

_
h
mt

oeu
t.

-
1
_

:

1
A
l
.
3e

T
T

 

i
o

T
O

             
e

o

Key Code

'

F

 

P
T
T
T

o
k
e

fo
en
rk

f
e

-
m
T
L
B

T _4
.

..
_.

.
_J
.

 
 

L
N
g
£

   

i
r
o
o
m

)
.

L
eme

d
0
0
—
O
2
0
P

e
=
L

0T
0

o
o

R
C
l
o
n
e

e
e

Key Code Step

 

 

Table 11

Key Code

  

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code

 Pragram calculates discounted-cash-flow rate of return with discrete compounding Table |
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User instructions for DCFRR programs Table Il

Display

Step Enter Press. c* D* Print
1 Co. Netinitial investment A o Co Co

2 n, Economiclife RS  Cyln n n

3 N, No. cash-flow componentst R/S 2V 2N N

4 IRy, Investment X taxrate**  R/S  2/Ryn 2/Ry IRy

5 T, Depreciable life R/S T+05 T7T+05 T

6 i,, First cost-escalation rate+ RS i, i i

7 C,. First cash-flow component R/S  C, C G

8 i,, Second cost-escalation rate+ R/S  /, ip iy

9 C,. Second cash-flow

component RS C, C, C,
2N+4 iy, Final cost-escalation rate+ RIS iy in iy

25 Cp, Final cash-flow

component R/S - - Cn

2V+6  Calculates DCFRR in percent - DCFRR DCFRR DCFRR

Notes:

* C: Continuous program; D: Discrete program
T Maximum N=22
** Omit steps 4 and 5 with Flag 1 set (before-tax mode)
# Enter j values as decimals (use zeros as applicable)    

The number of pairs of cash flow components and
corresponding escalation rates is limited to 22 by the
availability of storage registers. However, this quantity
should be ample for almost any analysis.
The first trial in the program uses a 25% discount

rate. The program is limited to DCFRR values between
0% and 50%. If the calculation seems to be taking too
long (i.e., 3 or 4 min), the DCFRR may be beyond these
limits. This can be checked by stopping the program
and exchanging the display with the contents of Regis-
ter 35 (which contains the current discount rate). If the
value is high (above 0.499) or low (below 0.001), the
limits may have been exceeded. This can be further
checked by again exchanging the display and Register
35, then the display and Register 49. An absolute value
in Register 49 substantially above 0.1 gives stronger evi-
dence that the DCFRR limits have been exceeded.
To extend the DCFRR limits of the continuous pro-

gram, apply the following instructions (corresponding
instructions for the discrete program appear in paren-
theses), after the direction of extension (higher or lower)
has been indicated by the checking procedure.
To raise the DCFRR limit, enter the program at Loca-

tion 061 (056), and replace the value of 0.5 that is stored
in Register 54 with the desired higher limit (0.7, for
example). Although it is unlikely that a negative
DCFRR would be acceptable, the zero limit can also be
extended by entering the program at Location 061
(056) and inserting the desired negative limit (—0.2, for
example), then the instruction “Store 56.”” After extend-
ing the limits, rerun the entire program.
Note that the comparison basis for testing whether

the DCFRR has been reached (NPV close to zero) is the
value of 0.1 in locations 157 and 158 (161 and 162).
This has been found sufficiently precise for the one deci-
mal place (0.1%) to which DCFRR is carried out in the
program. If this precision is greater than needed, the 0.1
test limit can be raised to shorten calculation time.
Continuous compounding is used for the deprecia-

tion discount factor in both the continuous and discrete
programs. Discrete compounding for depreciation
would require a loop that would add about 40 program
steps and lengthen calculation time 15 s/iteration. This
could add as much as 4 min to the discrete program,
which already takes more time than the continuous one.
The NPV difference between continuous and discrete
compounding for depreciation is about 1%,% ofinitial
investment, which is ordinarily more precise than war-
ranted by input data.
Although both programs are based on SOYD depreci-

ation, they can be used without appreciable error for
twice-straight-line depreciation. The NPV difference
is usually less than 1% of the initial investment.
The programs do not include a provision for salvage

value. It should be recalled that a cash flow from sal-
vage does not occur until the property is disposed of at
the end of its economic life, when the discount factor is
usually quite low.

For HP-67/97 users
The HP version of the program has two parts, pro-

gram A and program B; forlistings, see Tables IV and
V. Tables VI and VII contain user instructions for these
programs.
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Listing for HP version—program A for discrete compounding Table IV
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Userinstructions for HP version—program A for discrete compounding Table VI

Key

For before-tax mode, set flag 1 (STF 1) before entering any data.

For after-tax mode, run without any flags.

Enter C,, net initial investment ENTER 1

Enter n, economic life, yr ENTER 1

Enter N, number of cash flow components (maximum, 16) key A

For after-tax mode (no flags set), enter the following data

(for before-tax mode (flag 1 set), omit these data):

Enter IRy, Investment x tax rate ENTER 1

Enter T, depreciable life, yr key R/S

For both tax modes:

Enter cash flow components:

Cost escalation rate i, decimal ENTER 1

Cost C, only dollars (no cents) key R/S
(Enter N pairs of these items)

When all data have been entered, program will automatically start calculating and output will be the discounted cash flow rate of return (ocrrn), in percent.
 

 

 

User instructions for HP version—program B for continuous compounding Table VIl

Key

For before-tax mode, set flag 1 (STF 1) before entering any data.

For after-tax mode, run without any flags.

Enter C,, net initial investment ENTER 1

Enter n, economic life, yr ENTER 1

Enter N, number of cash flow components (maximum, 16) key A

For after-tax mode (no flags set), enter the following data

(for before-tax mode (flag 1 set), omit these data):

Enter IRy, Investment x tax rate ENTER 1

Enter T, depreciable life, yr key R/S

For both tax modes:

Enter cash flow components:

Cost escalation rate i, decimal ENTER 1

Cost C, only dollars (no cents) key R/S

(Enter N pairs of these items)

When all data have been entered, program will automatically start calculating and output will be the discounted cash flow rate of return (DcrFRrR), in percent.
 



Calculating net present value
for varying cash flows

 

Knowing how project economics may
 

change with varying underlying conditions
 

can improve investment decisions.
 

This program provides a tool for making
 

analyses covering a range of possibilities.

Gordon W. Neal, Pacific Energy Consultants, Inc.
 

] Uncertainty in economic evaluations can be reduced
by examining alternative projects under many likely
conditions. This was shown in the article “Evaluating
uncertainty in capital cost projections,” Chem. Eng., Sept.
6, 1982, p. 131.

Such comprehensive analyses are possible because of
the availability of the programmable calculator and the
computer. With the calculator, for instance, many scenar-
ios can be investigated, rather than having an evaluation
limited to only one set of conditions.
As was also discussed in the earlier article, there are

two generally accepted bases for judging the economic
attractiveness of projects: How much money will be gen-
erated, and how efficiently will the committed capital be
used? A measure of the first is net present value (NPV),
and of the second is discounted-cash-flow rate of return
(DCFRR).
The program of Table I (for the TI-59 calculator)

determines the NPV of an initial investment that is
followed by a series of annual cash flows consisting of
several components, each increasing or decreasing at a
constant annual rate. It includes options for continuous or
discrete compounding, and for after-tax or before-tax
(e.g., government-funded) modes. The after-tax mode is
based on sum-of-years-digits (SOYD) depreciation.

Originally published November 1, 1982.
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Program calculates investment NPV for increasing or decreasing cash flows Table |
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User instructions for NPV program Table 11

 

Set desired flags:

Flag 1 — Before-tax mode

Flag 2 — Discrete compounding

Step Enter

1 Co. net initial investment

n, Economic life

N, Numberof cash-flow components*

R, Discount ratet

/Ry, Investment x tax rate¥
T, Depreciable life¥

i,, First cost-escalation ratet

C,, First cash-flow component

9 i, Second cost-escalation ratet

10 C,., Second cash-flow component

2N+5

2N+6

2N+1

 

O
~
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W
N

ipy, Final cost-escalation ratet
Cp. Final cash-flow component

Calculates NPV

*Maximum NV = 25

Press

R/S
R/S
R/S
R/S
R/S
R/S
R/S
R/S
R/S

R/S
R/S

tEnter R and / values as decimals (using zeros as applicable).

#Omit steps 5 and 6 with Flag 1 set (before-tax mode).
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Calculated NPV values at

 

Input
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NPV

 

50% tax rate and credits of 20% Table 111

Output

Example 1 — Example 2 — Example 3 —

continuous compounding,

after-tax mode

(no flags)

discrete compounding, continuous compounding,

before-tax mode

(Flag 1)

after-tax mode

(Flag 2)

   

    

o

  

 
 

Program formulas
The general formula used in the program is:

NPV = (ClDl + CQDQ + . e . + CNDN) + IRTD - CO (1)

Here, NPV = net present value, in any monetary unit; C),
C, . . . Cy = first-year cash-flow components; D,, D,

. Dy = discount factor corresponding to cash-flow
component with the same subscript; / = total investment;
R; = income tax rate; D = depreciation discount factor;
and C, = net initial investment.

Equations for cash-flow-component discount factors
are:

D. =0 —e")/r (2)

Dy=[1—-0+nN"F (3)
Here, D,., D, = discount factors for, respectively, contin-
uous and discrete compounding; » = effective discount
rate; and n = project’s economic life, yr.

Expressions for, respectively, continuous and discrete
effective discount rates are:

r.=R —1 (4)

= (R — /(1 + 1) (5)

Here, R = selected discount rate, and : = annual rate at
which cash-flow component increases (use negative sign

for decreasing rate).
The equation for the depreciation discountfactor, based

on continuous compounding and SOYD depreciation is:

D =2 (RT + e*" — 1)/(RT")? (6)

Here, 7" = T + /2, and T = depreciable life, yr.  
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Preparing and entering data

User instructions are in Table II. Note that the data-
entering sequence 1s altered by the tax mode selected.

In the after-tax mode, the initial investment (C,) should
be adjusted to reflect any such items as investment and
energy tax credits. Also, first-year cash-flow components,
C,, C,, etc., are multiplied by (1 — R;) to arrive at the
input values. In the before-tax mode, the full initial

investment is used, and the first-year cash-flow compo-
nents are not adjusted.

Depreciation is used only in the after-tax mode. The
term (I Ry) represents the full initial investment without
credits multiplied by the tax rate.

Components of cash flow into the project (receipts,
reduced costs) have positive signs, and those flowing out
(expenses, increased costs) have negative signs.

Program features

Flags are set by the user to determine the compounding
method and tax mode. When no flags are set, the program
uses continuous compounding and the after-tax mode.
Setting Flag 1 places the program in the before-tax mode.
Setting Flag 2 prepares the program for discrete com-
pounding. With both flags set, the program operatesin the
after-tax mode with discrete compounding.
The number of pairs of cash-flow components and

corresponding escalation rates is limited to 25 by the
availability of storage registers. This should be ample for
almost any case.

Continuous compounding is used for the depreciation
discount factor under both the continuous and discrete
options. Although program steps could be added to accom-
plish discrete compounding for depreciation, this would
require another loop of about 70 additional steps. The
NPV difference between continuous and discrete com-
pounding is normally about 1'/2% of the initial invest-
ment. Greater precision is usually not warranted by the
input data.

Although the program is based on SOYD depreciation,it
can be used for twice-straight-line depreciation without
appreciable error. The NPV difference between the two
methodsis ordinarily something less than 1% ofthe initial
investment.

Also, the program does not provide for salvage value.
This can be accounted for by adding to NPV the product of
the salvage value and the discount factor for the last year
of economic life.

Calculation time varies with the number of cash-flow
components. It runs about two seconds plus three seconds
per cash-flow component (i.e., 11 s for three components,
14 s for four). Changes in compounding method or tax
mode do not appreciably affect calculation time.

Examples of printouts are shown in Table III. Note
that all of the examples are based on the same data, with
an income tax rate of 50%and a combined investment and
energy tax credit of 20%.

For HP-67/97 users

A listing of the HP version is shown in Table I'V. User
instructions are listed in Table V.



258 ENGINEERING ECONOMICS

Program listing for HP version Table IV

 

  

Step Key Code Step Key Code Step Key Code Step Key Code Step Key Code
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User Instructions for HP version

 

Case 1. For continuous compounding, after-tax mode. No flags.

Case 2. For discrete compounding, after-tax mode. Set Flag 0

Case 3. For condinuous compounding, before-tax mode. Set Flag 1

All cases:

Enter Gy, net initial investment

Enter n, economic life, yr

Enter N, number of cash flow components (maximum, 18)

Enter R, discount rate, in decimal form

For cases 1 and 2 (Omit this input with case 3):

Enter /Ry, investment X tax rate

Enter T, depreciable life, yr

Forall cases:

Enter cash flow components:

Cost escalation rate i, decimal

Cost C, dollars only (no cents)
(Enter N pairs of these items.)

ENTER 1

ENTER 1

ENTER 1

key A

ENTER ¢

key R/S

ENTER 1

key R/S

When all data have been entered, program will automatically start calculating and output will be the net present value (NPv).
 

The author
Gordon W. Neal founded Pacific Energy
Consultants, Inc. (1000 Quail St., Suite
290, Newport Beach, CA 92660;
telephone 714-955-0493), which deals
with all stages of project development,
with emphasis on energy conservation.
The projects cover technical and
economic feasibility analyses, design and

 

canstruction coordination in the fields of
cogeneration, heating, air conditioning,
ventilation and refrigeration. A
registered engineer in 11 states and a
member of numerous professional
associations, he holds a B.Sc. in
mechanical engineering from the
University of Nebraska.
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