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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 TI-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.

The thirty-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 TI
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 many titles 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-67/97°2 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 |. 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 |. Harvey Oliver HP-67/97/ 0il 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 TI-58/59 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-568/59 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
0il 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
0il 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

Oil Gas J., Vol. 80, Apr.

2

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
0il 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 T1-58/59
G. G. King T1-58/59
Kurt P. McCaslin TI1-58/59
Graeme G. King TI1-58/59
Lawrence K. Thummel HP-41C
Mike Hein Narrative, see
next item
Mike Hein HP-41C
Steven R. Moore and TI-58/59
Robert D. Huff
E. Holmberg TI-568/59
Insulation
S. L. Barritt HP-67/97
Calvin R. Brunner TI-58/59%
Frank S. Schroder HP-67/97"
J. G. Kloepfer and TI-58/59
S. Dykstra
Pumps
Mark Seaman TI-58/59
Mark Seaman TI-58/59
W. Wayne Blackwell TI-58/59%
A. Marks HP-67/97
John Beavers, others TI-68/59

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-568/59 &
HP-67/97

TI-568/59

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.

PWN=00® ® NOO AWN=

NN NN

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-68/59

TI-68/59

TI-58/59

TI-58/59
TI-58/59

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. Bryan and 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-568/59

HP-67/97 and
TI-58/59

HP-67/97
HP-67/97°
TI-58/59

TI-68/59
TI-68/59
TI-568/59
HP-67/97%
TI-568/59
TI-568/59
T1-58/69

TI-58/59°
TI-58/59

TI-58/59°%
TI-68/59

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
0il 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

0il 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;gat./P/ping/Air Cond., Vol. 53, 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 Author Calculator Reference
Program Predicts Pressure Drop for Steam Flow Calvin R. Brunner TI-58/59° Chem. Eng., Vol. 89, Feb. 22, 1982, pp. 97-99
Sizing Condensate-return Lines W. Wayne Blackwell TI-58/59 Chem. Eng., Vol. 89, July 12, 1982, pp. 105-108

Energy

Estimating Nuclear Fuel Cycle Cost Using a Hand-held 0. Wesley Taylor TI-58/59 Power Eng., Vol. 84, Feb. 1980, pp. 568-61
Programmable Calculator

Using a Programmable Calculator for Energy Analysis Gregory A. Specht TI-58/59 Plant. Eng., Vol. 34, Nov. 13, 1980, pp. 139-143
Estimate Solar Collector Size with a Programmable M. D. Syed, others TI-58/59 Heat. /Piping/Air Cond., Vol. 53, May 1981, pp. 81-
Calculator 85

Operations and maintenance

Finding Volume in Partially Filled Tanks Erminio Santi HP-67/97 Chem. Eng., Vol. 86, June 18, 1979, pp. 144-147

Program Calculates Volumes of Partly Filled Vessels W. Wayne Blackwell TI-568/59 Oil Gas J., Vol. 78, June 2, 1980, pp. 131-134

A Better Way to Balance Turbomachinery L. Fielding and R. E. TI-58/59 Hydrocarbon Process., Vol. 60, Jan. 1981, pp. 97-
Mondy 104

Economic/financial

Fuel Savings in the Lime Kiln S. Jagannath TI-58/59 Tappi, Vol. 61, June 1978, pp. 83-84

Performing Cost-effective Analysis for Alternative Karl E. Kienow and HP-67/97 Water Sewage Works, Vol. 125, Oct. 1978, pp. 43—

Interceptor Sewer Designs Kenneth K. Kienow 48

Steam Savings in Multiple Effect Evaporator Systems S. Jagannath TI-58/59 Tappi, Vol. 61, Nov. 1978, pp. 123-124

Economics of Boiler Feedwater Heating S. Jagannath TI-58/59 Tappi, Vol. 62, Feb. 1979, pp. 89-90

Calculating Boiler Efficiency and Economics Terry A. Stoa TI-58/59* Chem. Eng., Vol. 86, July 16, 1979, pp. 77-81

2alt:|ulqtor Program Speeds Up Project Financial David M. Kirkpatrick TI-68/59*° Chem. Eng., Vol. 86, Aug. 27, 1979, pp. 103-107
nalysis

Hand-held Calculator Programs for Frequently Used W. J. Turner HP-67/97 Pet. Eng. Int., Vol. 52, Apr. 1980, pp. 76-94

Formulas: Discounted Cash Flow Projection with Price
and Cost Escalation

Converting From Mechanical to Electrical Drives: The S. Jagannath TI-58/59 Tappi, Vol. 63, Nov. 1980, pp. 143-144

Looped Pointer Programming Method

Program Calculates Stock-Options Tax Ed Oxner HP-67/97 EDN, Vol. 26, Feb. 4, 1981, p. 87

Calculators Quickly Find Tier | Revenue, Volume, WPT Frank W. Lewis and T1-58/59 Oil Gas J., Vol. 79, March 16, 1981, pp. 80-84
Dipak K. Sinha

Calculator Program Finds Present Value and Rate of Rene Santos TI-58/59 Oil Gas J., Vol. 79, Dec. 21, 1981, pp. 62-68

Return on Investment Opportunities

Calculator Program Aids Well Cost Management Carey J. Doyle TI-58/59 Oil Gas J., Vol. 80, Jan. 18, 1982, pp. 111-116

Instrumentation and process control

Program Calculates Orifice Sizes for Gas Flow William H. Mink TI-568/59* Chem. Eng., Vol. 87, Aug. 25, 1980, pp. 91-94

TI-569 Program for Root Locus G. Franklin TI-58/59 Electron. Eng., Vol. 53, Feb. 1981, pp. 26-27

Orifice Gas Flow Calculated Without Tables Randy Freeman T1-58/59 Oil Gas J., Vol. 79, Mar. 9, 1981, pp. 156-161

Program Sizes Flange-top Orifice Plate John E. Hogsett TI-568/59 Oil Gas J., Vol. 79, Mar. 23, 1981, pp. 132-136

Program Computes Orifice-meter Flow Rate Jed R. Martin TI-568/569 Oil Gas J., Vol. 79, Oct. 12, 1981, pp. 130-131

gutoma(ic Stability Calculations for Feedback Control Mehmet T. Gokbudak HP-41C Control Eng., Vol. 29, June, 1982, pp. 80-82
ystems

Equipment engineering

Calculator Program Solves Cyclone Efficiency Equations Yatendra M. Shah and TI-58/59® Chem. Eng., Vol. 85, Aug. 28, 1978, pp. 99-102
Richard T. Price

Overall Efficiency of a Combustion Boiler S. Jagannath TI-58/59 Tappi, Vol. 62, Jan. 1979, pp. 87-88
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Equipment engineering (continued)

Title Author Calculator Reference
Calculator Program for Sour-water Stripper Design Norman H. Wild HP-67/972 Chem. Eng., Vol. 86, Feb. 12, 1979, pp. 103-113
Calculator Program Aids Quench-tower Design William H. Mink TI-58/592 Chem. Eng., Vol. 86, Dec. 3, 1979, pp. 95-98
Program Predicts Radiant Heat Flux in Direct Fired Tayseer A. Abdel- T1-68/592 Chem. Eng., Vol. 86, Dec. 17, 1979, pp. 87-91
Heaters Halim
Quick Calculation of Heat Exchanger Weight Mike Taylor HP-67/97 Process Eng., Vol. 61, Jan. 1980, pp. 56-59
Calculator Analyzes Compressor Performance élg\ Urick and Fred TI-58/59 Oil Gas J., Vol. 78, Jan. 14, 1980, pp. 60-65
om
Calculator Gives Compression Ratio for Compressors Chandra P. Verma TI-58/59 Oil Gas J.), Vol. 78, Feb. 25, 1980, pp. 128-130 (see
next item
Calculator Gives . . . Compressors—A Correction Chandra P. Verma TI-58/59 Oil Gas J., Vol. 78, Mar. 31, 1980, p. 129
Kinetics of Fixed-bed Sorption Processes Henry K. S. Tan HP-67/97% Chem. Eng., Vol. 87, Mar. 24, 1980, pp. 117-119
Calculator Program for Designing Packed Towers Vaclav |. Pancuska TI-58/59*° Chem. Eng., Vol. 87, May 5, 1980, pp. 113-114
Calculator Program Aids Design of Spouted Beds Domingo Mele and HP-67/97® Chem. Eng., Vol. 87, Oct. 20, 1980, pp. 137-139
Julian Martinez
Calculating Hole-area Distribution for Liquid Spargers William H. Mink TI-58/59*° Chem. Eng., Vol. 87, Nov. 17, 1980, pp. 277-281
(see next item)
Hole-area Distribution for Liquid Spargers—A William H. Mink TI-58/59% Chem. Eng., Vol. 88, Apr. 6, 1981, pp. 93-95
Correction
Expansion Tank Calculations M. D. Syed and D. G. TI-58/59 Heat. /Piping/Air Cond., Vol. 53, Jan. 1981, pp. 96-
Strang 99

Coating Dryer Calculations R. C. Walker HP-67/97 Tappi, Vol. 64, Feb. 1981, pp. 119-121
Calculator Program for a Steam Condenser Larry J. Haydu HP-67/97° Chem. Eng., Vol. 87, Feb. 9, 1981, pp. 99-102
:’Jsiglg a Programmable Calculator to Solve Fan Law Joseph J. Loeffler HP-67/97 Plant Eng., Vol. 35, Mar. 19, 1981, pp. 167-170

roblems
A New Way to Rate an Existing Heat Exchanger Rogerio G. Herkenhoff 21:’&6!’7/97/ Chem. Eng., Vol. 88, Mar. 23, 1981, pp. 213-215
Power Requirements of Pressurized Screens vs. Foil R. M. Bach TI-58/59 Tappi, Vol. 64, Aug. 1981, pp. 113-114
Frequency
Calculating the Corrected LMTD in Shell & Tube Heat W. Wayne Blackwell HP-67/97 & Chem. Eng., Vol. 88, Aug. 24, 1981, pp. 101-106
Exchangers TI-58/59°b
Program Calculates Hydrocyclone Efficiency Frank H. Merrill HP-41C® Chem. Eng., Vol. 88, Nov. 2, 1981, pp. 71-78
Letters & Reply—Hydrocyclone Efficiency R. L. Atwood Narrative® Chem. Eng., Vol. 89, June 14, 1982, p. 5
Thermosyphon Reboiler Piping Designed by Computer W. F. Abbott TI-58/59 /;lzgrocarbon Process., Vol. 61, Mar. 1982, pp. 127-
Program Calculates Flame Temperature Carl A. Vancini HP-67/97° Chem. Eng., Vol. 89, Mar. 22, 1982, pp. 133-136
Solving Problems of Varying Heat-transfer Areas in Maurizio Marzi HP-41C Chem. Eng., Vol. 89, May 17, 1982, pp. 101-107

Batch Processes

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

Multi- 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: 570-585 nm

Predicting Volumes of Saturated Liquid Mixtures
Calculator Gives Compressibility Factors
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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 TI-58/59 Tappi, Vol. 62, Sept. 1979, pp. 117-118

Ezéquiel Delgado
Heat Recovery in Counterflow Heat Exchangers Y. M. Mehta TI-58/59 Tappi, Vol. 62, Oct. 1979, pp. 137-138
Percent Isokinetic Variation Dayle C. Smith TI-568/59 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 T1-58/59 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 TI-58/592 Chem. Eng., Vol. 87, Feb. 11, 1980, pp. 97-100
Calculate Equation-of-state Variables James H. Weber T1-58/592 Chem. Eng., Vol. 87, Feb. 25, 1980, pp. 93-100
The Periodic Chart at Your Fingertips Using the TI-59 Bruce D. Marquardt TI-58/59 BYTE, Vol. 5, Mar. 1980, pp. 208-210
Black Liquor Properties—Part 2 S. Jagannath TI-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 TI-568/59 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-568/59 Tappi, Vol. 63, June 1980, pp. 123-124
Screen Fiber Balance: Some Fine Tuning R. M. Bach TI-568/59 Tappi, Vol. 63, Nov. 1980, pp. 161-162
Calculating Properties of Chemical Compounds Erminio Santi HP-67/972 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 2
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 ,;-Ig(irocarbon Process., Vol. 60, Jan. 1981, pp. 177-
Predict Thermal Conductivities of Pure Gases James H. Weber T1-568/592 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 l;lydrocarbon Process., Vol. 60, Mar. 1981, pp. 103-
Ink Removal Efficiency R. M. Bach TI-68/59 Tappi, Vol. 64, Mar. 1981, pp. 177-178
li'red'i(cj:t 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-58/59° 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 TI-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 Iélgtémcarbon Process., Vol. 60, Nov. 1981, pp. 295-
Program Solves Airstream Energy Balances Calvin R. Brunner TI-58/59° 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-58/59h 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 o and ¢/« 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 Kenneth K. Kienow HP-67/97 Water Sewage Works, Vol. 125, Sept. 1978, pp. 78—
and Karl E. Kienow 98
The Programmable Electronic Calculator in Richard L. Seifert HP-67/97 Mater. Perform., Vol. 19, June 1980, pp. 34-38
Underground Corrosion Related Activity (High Pressure
Pipe Lines)
The Programmable Electronic Calculator in Richard L. Seifert HP-67/97 Mater. Perform., Vol. 19, July 1980, pp. 26-33
Underground Corrosion Related Activity (Determination
of Safe Operating Pressure for a Corroded High
Pressure Gas Pipeline)
The Programmable Electronic Calculator in Richard L. Seifert HP-67/97 Mater. Perform., Vol. 19, Aug. 1980, pp. 21-30
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 Richard L. Seifert HP-67/97 Mater. Perform., Vol. 19, Sept. 1980, pp. 33-44
Underground Corrosion Related Activity. (Cathodic
Protection Rectifier Interference Calculations)
The Programmable Electronic Calculator in Richard L. Seifert HP-67/97 Mater. Perform., Vol. 19, Oct. 1980, pp. 29-32

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

M. M. Wright and
R. L. Seifert

Frank E. Hangs

HP-34/67/97

Mater. Perform., Vol. 20, Jan. 1981, pp. 50-52

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— Multfit, 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 |11
R. C. Walker

P. M. Overfield
Harry A. Guess

Kyong Park

TI-568/59
TI-568/59

HP-67/972
HP-67/97 °

HP-67/97°

HP-67/97*
HP-67/97°

HP-67/97®
TI-58/592
HP-67/97°

TI-568/59

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. 76-77
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 Delos F. DeTar HP-67/97 Comput. Chem., Vol. 2, No. 1., 1978, pp. 37-38
TI-59 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-569—Part Pierre Chancé TI-58/59 BYTE, Vol. 4, Dec. 1979, pp. 120-133
1
Analysis of Polynomial Functions with the TI-569—Part Pierre Chancé T1-58/59 BYTE, Vol. 5, Jan. 1980, pp. 130-136
2
TI-59 Solves Fifth-Order Differential Equations Andrzej Natalski and TI-58/59 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 TI-58/59
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-58/59 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-59’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. 156-20
MECONV, 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 T1-568/59 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 Y,
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
Delos F. DeTar
Delos F. DeTar

Delos 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

T1-58/59
TI-568/59
TI-568/59
HP-67/97

HP-67/97

TI-58/59

TI-58/59

TI-58/59

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. 263-265

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. 568-60
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 Water Sewage Works (R), Vol. 124R, Apr. 30, 1977,

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 Flow

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
Modification of Theis’ Equation

NOOBWN =

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-52
SR-52

SR-52
HP-25

SR-52
HP-29C
HP-25

HP-25

HP-19C

HP-33C
Narrative

Casio FX-502P

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. R62-55

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. 856-94
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. 1156-117
Fast Algorithm Performs Decimal-to-binary Conversion Allen G. Lloyd All calculators Electronics, Vol. 50, Mar. 5, 1977, pp. 115-117

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. 1562-153

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. 1561
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

David J. M. Park

John H. Buchanan

Peter M. Ronai and
Dennis L. Kirch

A. L. MacKay

H. W. West and D. L.
Cashman

HP-65

HP-25

HP-25

HP-65

HP-25

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 William |. Kaufman SR-56 Ind. Eng., Vol. 9, Apr. 1977, pp. 38-42

Calculator

Fit Data to a Learning Curve Using a Programmable Michael E. Richerson SR-52 Ind. Eng., Vol. 10, Jan. 1978, p. 23

Calculator

HP-25 Program Makes Fast Cost Estimates Joe Barocio HP-25 Electronics, Vol. 52, Aug. 2, 1979, p. 138
Manufacturing

Washer Efficiency Control by Use of the Displacement Celso Hartkopf Lopes HP-25 Tappi, Vol. 62, Sept. 1979, pp. 115-116

Ratio

Programmable Calculators Simplify Balancing of Stephen G. Scheneller HP-33E Power, Vol. 123, Dec. 1979, pp. 70-71

Rotating Equipment

Finding Pipe Intersections Thomas E. Andrako HP-19C Mach. Des., Vol. 52, Feb. 7, 1980, p. 113

Cutting Pipe Intersections Edward B. Becker HP-65 Mach. Des., Vol. 52, Apr. 10, 1980, pp. 133-134

Piping

Calculator Programs Solve Fluid Flow Problems

Using Programmable Engineering Calculators for Fluid-
Flow Problems

Analyzing Flashing Flow With a Programmable
Calculator

F. Caplan
S. L. Barritt

Eugenio M. Amorante

SR-52

SR-56

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 Author Calculator Reference
Using the TI-57 to Calculate the Friction Factor Mamerto A. Irasga TI-567% Chem. Eng., Vol. 87, Apr. 21, 1980, pp. 129-130
Calc Program Finds Effective Flow Area Uri Goldberg HP-33E/C Mach. Des., Vol. 52, Oct. 9, 1980, p. 216
Calc Program Finds Gas Pressure Drop (Pressure Drop Bruce M. Bailey HP-29 Mach. Des., Vol. 53, Jan. 8, 1981, pp. 162-164
and Pipe Length)
Estimate of Economic Pipe Size R. M. Samuels HP-34C 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 Instrum. Control Syst., Vol. 49, Mar. 1976, pp. 43-
47

W. G. Delinger HP-25 Solar Energy, Vol. 20, Apr. 1978, pp. 359-360

P. S. Buckley and HP-65 Instrum. Technol., Vol. 22, Feb. 1979, pp. 31-37

P. L. Mariam

Economic/financial

Program For Discounted Cash-flow Return on Norman H. Wild HP-25 Chem. Eng., Vol. 84, May 9, 1977, pp. 137-142
Investment
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 Tl versions of this program appear in the book, “Calculator Programs for Chemical Engineers.”
® Both HP and Tl 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 Key Code
quality inspector may record the range into which a - - B
measurement falls instead of recording the measured 861 *iBLH a1 li 3543 Rcf; " 31
value. This calculator program, written for the HP- 86z ‘;HB ”_‘E"; 425 = Y
67/97 (and 19/29) calculators, finds the mean, variance gg; cr:; 35-55 a1 826 - -45
and standard deviation of a distribution directly from @85 K2y 41 827  RCLI 3 ¢
the histogram. 66 X =35 8§8 ! 8i
@87 ST+2 35-55 82 353 - -Z;
g6 FCL@ oo éf = -
How the program works ggg e o 831 RS 5
The program uses the frequency of observations in a 0i8 ST+3 35-55 83 832 #LBLD 2i 14
cell () and the cell-midpoint values (x;) to calculate the 81l 1 ai 2::43 9;’2? o ‘j?
1ot) . é +4  35-55 84 b i -
statistical parameterst: gig g;L ‘ ‘ié N @35  ST-1 35-45 &1
Mean x = Zfix/Zf gi; g's - ?1 gé; ';y ::.15
*LELE i1z . 4
Variance s? = [Bfix} — (Ef)*/N)/N = 1) e16 KLz 36 G2 @38 ST-2 35-45 62
Standard deviation s = Vs? €17 RCLI 36 01 bss  KLLO = g(:
- alg ¢ -24 640 x =30
Number of observations N = Zf; 818 Rs3 51 641 ST-3 35-45 @3
) 620 ¥iBiC 2113 gz 1 8l
Data (f;, x;) are entered, and accumulated in the mem- 621 RCL3 3 83 g:: F;g e
ory registers. The program then calculates the statistical g2z RCLZ 3 b ' i
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
_ *LBL 1; replace *LBL B in step 015 with two steps
For tbe HP-67/97 calculators, enter the program as GTO 1 in *LBL 2; replace *LBL © in stop 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
fCL REG f REG
fSTK
3 Input data: cell frequency fi ENTER f; ENTER
cell midpoint Xj A Cell GTO 1 R/S
4 Repeat step 3 for each cell ;
5 Calculate the mean B x GTO2R/S
6 Calculate the variance c s2 GTO3R/S
7 Calculate the standard deviation Jx s Afdx
8 To remove an erroneous entry: : 0
input cell frequency fi ENTER i ENTER
input cell midpoint X D GTO4 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 II.)

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 of this distribution, using
the HP-67/97 calculator program.

Example data: Measured
rivet diameters

= 15

§ 15 0.140

- 0.139

2 0.139

2 0.139

2 0.139

210 0.139

& 0.140

X 0.138 6

o 5 5 5 0.138

w 0.138| 4 0.148

5 0.123]0.128/0.129 0. 0.139 3 |0147] 4

0.124/0.128/0.129 0.138/0.143 0.148

0.12410.12610.13010.
0.123(0.126{0.131
0.123(0.127{0.129

0.140]0.14210.14410.14910.150
0.1400.143]0.145/0.148/0.150
0.139]0.143{0.144|0.147]0.150
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 52, and take the square root te
find s. The results are:

s

Mean x = 0.1367 in.
Variance s2 = 0.0000476 in.2
Standard deviation s = 0.00690 in.

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.; s* = 0.0000479 in.2; s = 0.00692 in.
For TI users

A listing of the program for TI-58/59 is shown in
Table I11. User instructions are listed in Table 1V.

User instructions for Tl program

Program listing for Tl version

Table lli

Step Code Key

Step Code Key

Table IV

Step Instructions

Input

Key

Output

-

Load program
Input data: cell frequency
cell midpoint

Repeat step 2 for each cell
Calculate the mean
Calculate the variance
Calculate the standard deviation
To remove an erroneous entry:

cell frequency

cell midpoint

N

NO O LW

X;

X'

Feed side 1

x=t
A
B
c

Vx

x=t
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 is required.

Brian W. Clare, Murdoch Unwersity

[] 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 + 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 variables is 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 of trigonometric 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 = ac® (1)
Iny =Ina + bx (2)
(The dependent variable y 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;,y; that obey a relationship
9; = f(x;; a, B) + €, where a and 8 are parameters to be
determined and ¢; are random errors. Then, if «, B,
are first approximations to these parameters, better ones
are given by ay, 8,, where:

a; = oy — da
B1ZBO_SB

da and 8B are solutions to the linear equations:

SR+ S Sty 38 = S A

Zfzxfﬁ da + Ef% B = sz,a

and f, and fj are the partial derivatives of f with respect
to « and . In this program, the partial derivatives are
obtained numerically:

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

JSa

19
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Routine INPUT allocates storage registers, handles data input, and can store data on cards Table |
I ]
BIeLBL “INPUT" 67 #=Y? 133 SF &1 Set flag if 199 §75 85
B2 CLRG 68 DSE X 134 186 83 data card(s) 288 -
#3 OF &t 63 RCL 89 135¢LBL 82 recorded 201 +
#4 CF g2 7R INT 136 RCL 85 282 1 E3
#3 "PRIKT OR HALT 2= 7l¥ 137 STO @8 287 7
@k A0H 72 RCL 88 138 GT0 8@ 284 ST+ #@
A7 PROMPT 731+ 139¢1BL B 205¢LBL 78
88 ASTD X 74 1 EZ 148 “APPROX" Input starting 286 "
83 “HALT" 5/ 141 XEG 43 approximation 287 CF 29
18 ROFF 76 ST+ @@ 142¢LPL 11 263 FI¥ B
{1 ASTR Y 77 RCL A@ 143 =P~ 2R3 ARCL @h xi
12 ¥=¥? 78 STH @5 144 FI¥ @ 218 k("
13 SF @82 Set Flag 2 if no 791 145 ARCL @l 211 ARCL 11
14 FIX 8 printer attached /9 ST @32 146 °F = = 212 b= v <j>
15 =C1ZE - 2eLR BA 147 PROMPT 212 PROMPT
16 PRORPT 82 FI: 8 Input and 148 XEQ “FMT" 214 XEQ “FMT"
17 == - 23 -¢r store variable 149 5T0 IND A2 215 ARCL ¥
18 ARCL ¥ 24 CF 29 in form xi </> 158 ARCL ¥ 216 AVIEW Print or display
19 AVIEH g5 gecL g1 (nPud 151 AVIEH 217 ST0 IND 88 (corrected) X
78 1 E2 86 k" {52 1SG @2 218 1 variable
{7 87 ARCL B3 153eLRL 89 219 ST+ 86
22 ST 8% 88 k=" 154 156 @i 228 156G @@
23 "PARAMETERS 7 89 PROMPT 155 670 11 221 GT0 74
24 PROMPT 99 XEG “FNT® 156 ALY 222 RCL 1@
25 "= - 91 ST0 TKD Aw 157 =SOLYE" Prompt for 223 ST0 ae
26 ARCL X 92 ARLL ¥ Display or 158 PROMPT next program 224 ADY
27 AVIEW 93 &F 29 print data 159¢LBL E card 229 GTO 8
28 §TR 87 Store number 94 RYIEW 168 "END" Insert Flag E 226eLBL 42
29 *VRRIABLES 7=  of parameters 95 185 f@ 161 AYIEK to indicate 227 ROL A%
39 PROKFT 95 4LBL B9 162 CL¥ end of data 228 THT
H k= a7 1580 8! 163 "E" 229 1 £2
32 AREL X 35 LT0 28 164 RSTC IND @@ 228 s
33 AVIER 93 XEG 42 165 STOP FEI N
34 ST+ A9 Number of 194 ALY Store Flag N 166 GTG A5 232 +
35 “CONSTANTS 2  variables and igl =Ke indicating to 167¢LBL # Change point 237 ST0 A1
constants 182 ASTO IND @B record next {68 BCL BB 234 BTH
Calculate 183 15 @8 card 163 ST7 18 2354 BL 43
offset for 184¢LBL 89 176 PDN 235 RVIEH
SYMLIN 185 RCL oA 171 572 1 237 1!
166 INT i7z ¢ 238 ST0 82
187 RCL 8% 173 - 219 1
188 IHT 174 RCL 89 248 RCL @7
189 + 173 FRC 241 1 E3
118 ROL 83 176 1 E3 242 ¢
11t FRC 177 * 747 +
112 1 £3 172 RCL &z 244 ST A
112 * i79 - 245 RN
114 ¥3¥? 188 2 246¢LEL 41
115 670 &7 izt - 247 PCL @7
Offset for ith GTD @S Variable 182 Rt 89 243 RCL 87
SYMLIN {17¢LE 7 storage area 183 INT 249 1
118 DSE B ful 184 / 250 +
119¢LBL &9 185 IHT 251
i2@ 15C e3 ig6 MOD 252 2
1214LBL B9 187 RCL 89 253 7/
122 GT0 ae 188 IHT 254 RCL @7
127180 8BS Record data 139 = 299 +
174 DSE 94 card 19@ "CHAHGE POINT® 756 RCL @3
175¢LEL @1 191 AYIER 257 +
126 °RECORD: R/S" 192 ST0 B4 258 1
&1 BCL 89 PRORPT 193 ¥EQ 41 235 +
2 IKT ? RCL B2 194 + 268 RTN
63 7/ 29 RCL AS 195 570 88 261 .EHE,
64 ENTER? i FRC 196 RCL @9
65 ENTERT + 197 INT
6h INT 132 WOTEZ {98
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Routine SOLVE forms partial derivatives, sums squares and products, calls SYMLIN , and iterates
. ___________________________________________________________________________________________________________________________________________]

AtelBL ~SOLVE"

82 CF 09
@3eLBL 03
B84 FS? 81
a3 GTC 23
A6eLBL 31
87 XEQ 41
88 ST0 84
A9¢BL 24
18 11

11 RCL &7
12 +

13 ST0 85
14 RCL 89
15 INT

16 +

17 1

8 -

19 1 E3
28 /

21 ST+ 85
22¢LBL 21
23 RCL IND 24
24 STO IND 85
25 1S; 84
26¢LBL 89
27 ENTERt
28 “E"

29 ASTO X
38 ¥=¥?
31 GTo 24
32 CLX

33 =N

34 ASTO X
35 ¥=y?
36 GT0 23
37 1SG 85
38 670 21
39 GTC 22
49eLRL 23
41 XEQ 41
42 RCL 89
43 FRC
44 +

45 BEEF
46 RITAY
47 GT0 31
4041 BL 22
49 RCL &7
568 18

51 ¢+

52 1 E3
53 7

4 11

35 +

36 ST0 82
57 RCL 88
58 RCL 87
39 -

68 1

61 -

62 STO 83
63 YEQ “FUNC-
64 STO 18
654LBL 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 1.91

67 ST+ IND 82
68 XEQ “FUNC"
69 STO IND 83
7 1.8l

71 ST/ IND 82
72 RCL 1@

73 5T- IND &3
74 RCL IND 82
D 1E2

7% 7/

77 ST/ IND @3
78 156 83
79¢LBL €9

88 ISG 82

81 GT0 82

82 RCL 18

83 ST0 IND 83
84 RCL 08

85 STD @6

86 RCL 87

87 -

88 1

89 -

98 STO @2

91 RCL 88
921

93 -

94 1 E3

95 7

96 ST+ 82

97 RCL 82

98 STO 83
99¢LBL 84

168 RCL IND 82
181 RCL IND 82
182 *

183 ST+ IND @6
184 1SG 96
185¢LBL 89

1a6 ISG 83

187 GTD 04

188 1SG 82

189 GT0 67

119 GTO 24
111eLBL @7

112 RCL 82

113 510 83

114 070 84
115¢LBL 20

Increase parameter
by 1%

Recalculate residua
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

17 8

118 ST0 1@
119 RCL 88
128 ENTERt
121 ENTERt
122 RCL @7
123 +

124 1

125 -

126 1 E3
127 7

128 +

129 §T0 83
138 11

131 ST0 @82

132 0

133¢LBL 96

134 RCL IND @3

135 ST- IND 82 Update parameter
136 RCL IND @2
137 7

138 ABS

139 +

149 1SC 82
141¢LBL 89
142 1SC @3
143 GT0 @6
144 FIX 5
145 VIEK X
146 1 E-5
147 X>¥?

148 GTO @5
149 XED 41
158 2

151 -

152 1 E3

153 /

154 RCL 88
155 +

156 STO @85
157 @
158eLBL 25
159 ST IND 85 Clear summing
168 1SGC 85 registers
161 GT0 29
162 TONE 9
163 TONE 9
164 TONE 9
165 TONE 9
166 FC? 00
167 STOP
168 GT0 83
169¢LBL 41
178 RCL 87
171 RCL 87
172 1

173 +

174

175 2

176 7

177 RCL @7
178 +

179 RCL 98
188 +

181 1t

182 +

183 RTH
184¢LBL 85
185 =QUTPUT"
186 PRONPT
{87 RTM
138¢LBL R
189 SF @@
198 GTC @3
191 END.

Display and print
-3t
Stopif e <10—5

Tone: iteration
completed

Stop if manually
iterating

Finished; prompt for
output program card

Set Flag 00 for
automatic iteration

Table Il
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Routine SYMLIN, a program that solves symmetrical linear systems (up to 22x22 if used alone)

Table 111

A1eLRL “SYMLIN" 43 - 85 KEG 8€ Multiply 127 RCL 06

82 RCL 87 Transfer N 44 PCL @@ 2 1 column 128 ¥=87

@1 ST @@ andn 45 | 87 - by x; 129 670 D

@4 RCL A3 45 - 83 RCL 83 138 1

@5 ST0 @i 47 X277 89 - 121 ST+ A% Next column
B6¢LBL Gaussian 48 GT0 @i 9g STD 82 132 GTC R

@7 RCL 81 elimination 49 RCL 04 91 RCL &4 133¢BL D
88 STD &6 58 1 92 STx IND 83 134 RCL @8
89 1 51+ 93 DSE 82 135 570 82 Shift solution
1@ STO 82 52 ST+ 81 94 TN 83 136 RCL 81 to first row
{1eLBL 81 531 95 DSE @6 137 +

12 RCL 86 54 §T- 96 964LBL 83 138 1

13 §Th @3 i=1 S5 RCL 2 97 RCL @6 129 -

14 1SC 83 56 1 93 STD @2 148 ST0 84 Address of x
154L6L 89 No operation 57 X#Y? 99 XEQ 82 1414LBL 11

16 RCL IND #3 58 GTC € Start another 188 ST 83 142 XEQ 88

17 RCL IND 81 59 RCL #8 row Al | 143 1

18 7 68 STO 81 Back 182 ST+ @2 Prepare to 144 -

19 STG 83 61 RCL 87 substitution 183 XEQ 88 sum row 143 5§70 83

28 XEQ 88 62 STO @8R 194 2 146 PCL TND-R2 Transfer
21 STQ 84 63 STO @2 185 - 147 STC IND 84

221 a 6d 1 166 1 E2 148 DSE A4

23 ST+ 82 mig=22 65 - 167 / 149¢LBL 89

24 ¥EQ 88 n 66 STO A4 188 57+ @3 158 DSE @z

231 67 1 189 RCL IND @3 151 670 11

26 - 63 STQ 85 Columnx, x; 118 STO 84 152 RTN

27 1 E3 69 ¥ED 86 {111 153¢LBL 88 Calculate
28 / 701 112 ST+ 3 154 RCL A9 address of
29 ST+ @4 Multiply top - 1134LBL 85 155 1.5 ond of row
JA+LBL 0@ row by mjy 72 ST0 @3 114 RCL IND 83 156 +

31 RCL IND 83  and subtract 73 RCL IKD B2 b, 115 15C a3 157 RCL 82

32 RCL 85 from Row k. 74 DSE 63 116 670 87 Sumayx; 158 2

33 x 75 RCL IND 43 ay N 117 70 8% 159 ¢

34 ST- IND a4 7%/ 112¢1BL #7 168 -

35 IS6 83 77 156 €3 119 ST+ IND 83 161 RCL B2

3heLBL B9 784LBL 89 129 GTD 83 162 *

37 156 84 Row finished? 79 STO IND 83 121¢LBL 86 163 RCL 81

38 GT0 @@ 28 ST @4 xpin R 04 122 ST- IND 83 Subtract from 164 +

91 814LBL A 123 RCL 84 from b; {65 RTN

44 ST+ B8 82 RCL @6 124 ST/ IND 83 166 .END.

41 RCL 86 82 ST0 82 125 RCL IND 83

42 RCL 91 B4¢LBL 82 126 ST0 94

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

BLeLBL *QUTRUT® 186LBL 89 511

82 RV 19 156 81 36 RCL 87 Prepare R 05 for indirect
CEUR RN 28 GT0 12 Next parameter 7+ store of variables

@4 =SOLUTION: - 211 38 ST0 8%

835 XED 43 22 STO @6 39 RCL #9

B6eLBL 12 238 48 INT

a7 “p" 24 ST 18 41 +

65 FIX @ 25¢LBL "R" 42 1

89 ARCL @1 26 ADY 43 -

18 “F = - 27 "RESIDUALS" 44 1 E2

11 RCL IND @82 29 AVIEW 45 7/

12 XEQ “FHT- 29 FS? @1 46 ST+ 85

13 ARCL ¥ Print and display parameter 38 GT0 33 Read data card, if 474LBL 51

14 AVIEH IteLBL B cards used 43 RCL IND 84 Copy variables into

15 F8? 82 32 ¥EQ 41 49 STD IND 85 working area

16 STOP Stop and display parameter 33 ST 84 58 ISG 84

17 186 82 if printer not attached 34eLBL 54 S1eLBL A9

(Continued on next page)
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(Continued) Table IV
. ______________________________________________________________________________________________________________________________________________________|
52 ENTERt 88 R~ 1241 BL 42
53 “¢- 89 FIX @ 125 RCL 89
54 ASTO X 98 ARCL 86  Identification number 126 INT
55 X=Y?  Last residual? 91 *F: = of residual 127 1 E3
56 GT0 58 92 XEQ “FUNC" Calculate and format 128 7
57 CL% 93 XEQ -FNT- residual 129 1
58 =N- 94 ARCL X 138 +
39 ASTO X 95 AVIEW Print or display residual 131 570 81
68 ¥=Y?  Another card? 9 FS? 82 132 RTH
61 610 53 97 STOP Stop if printer not 133¢LBL 43
62 15G 83 98 Xt2 attached 134 AVIEM
63 GTC 51 Next variable 99 ST+ 18 Square and accumulate 135 11
64 GTO 52 188 1 residual 136 STO 82
65¢LBL 53 181 ST+ @86 Count points 137 1
66 XEQ 41 182 GT0 54 Next residual 138 RCL 67
67 RCL @9 183¢LBL 58 139 1 £3
68 FRC 184 RCL 18 Calculate standard 148 /
€9 + 185 RCL 86 deviation 141 +
78 BEEP 186 RCL 89 142 ST0 81
71 RDTAX  Read next data card 187 INT 143 RTH
72 GTO o1 188 - 144¢LBL 41
73¢LBL 52 189 1 145 RCL 87 Prepare for indirect
74 RCL @7 118 - 146 RCL @7 recall of variables from
75 10 1t s 147 1 point storage
76 + 112 S@RT 148 +
77 1 E3 113 ADY 149 *
78 7/ 114 =SDEY = * Print standard deviation 159 2
79 11 115 XEQ “FHT- 151 7
88 + 116 ARCL X 152 RCL #7
81 ST 82 117 AVIER 153 +
82 RCL 88 118 ADY 194 RCL 88
83 RCL @87 119 ADY 155 +
84 - 128 ADY 156 1
851 121 ADY 157 +
86 - 122 AV 158 RTR
87 ST0 83 123 STOP Finished 159 LENL.
Available chlorine deteriorates The program
after production Table V The program is semi-interactive and consists of six
. _____________________________________________________________________] par[s;
Length of 1. Routine INPUT (Table I), which allocates registers
time since Predicted for storage, and handles input of data into registers and,
produced, Available Y, using if necessary, storage of data on magnetic cards.
m)'(k’ ':hl‘;:'"e' % Average ¥, % the model 2. Routine SOLVE (Table II), which forms the par-
Y Y tial derivatives and their sums of squares and sums of
8 049,043 0430 0.490 products, calling SYMLIN to solve the linear equation
10 0.48,0.47,0.48, 0.47 0.475 0.472 . . .
12 046, 0.46. 0.45. 0.43 0.450 0457 system, implementing the corrections to the parameters,
" 04 '043'043' 0437 0.445 and returning for further iteration.
1% 0'43' 043,043 0433 0.435 3. Routine SYMLIN (Table III), a program that
18 046, 0.45 0.455 0.427 solves symmetrical linear systems (up to 22 X 22 if used
20 0.42,0.42, 0.43 0.423 0.420 alone). .
2 0.41.041,0.40 0.407 0.415 4. Routine FUNC, the user-written program that
2 0.42, 0.40, 0.40 0.407 0.410 evaluates the residuals whose sum of squares is to be
2 0.41, 0.40, 0.41 0.407 0.407 minimized. ,
28 0.41,0.40 0.405 0.404 5. Routine FMT, a short program that determines the
30 0.40, 0.40, 0.38 0.393 0.401 format of the output (see Table I).
32 0.41,0.40 0.405 0.399 6. Routine OUTPUT (Table IV), which prints out the
34 0.40 0.400 0.397 parameters, the residuals and the standard deviation.
36 0.41,0.38 0.395 0.396 The necessary requisites are the HP41C and at least
38 0.40, 0.40 0.400 0.395 one memory module. The cardreader is also needed
40 0.39 0.390 0.394 since running the program without it would be tedious
42 0.39 0.390 0.393 (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(11+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 and y
are labelled X1 and X2. The ith data point is labelled
X1(7), X2(2). 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 cards if 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
_________________________________________________________________________|

@leLBL "FUNC" 85 Bt 13 RCL 14
82 RCL 12 B9 PCL 16 b -

83 RCL 1S 1@ RCL 11 17 RTH

34 - 1 - 18¢LBL FHT"
63 RCL 12 12 » 13 FI% ¢

Bt * 13 RCL 11 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
[cTO] ... 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 € =

2 Ox;
P
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 € < 1075,

If € is large, divergence may be occurring and the
solution should be inspected ([RCL]11, [RCL]12,...) to
see whether it 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.)

and is a measure of the proximity of the solu-

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)
L______________________________________________________________________________]

SIZE 7= 236,

PARAMETERS 2= 2,
YARIABLES 2= 2,
CONSTRNTS 7= 2,

Xid1r= 20008
%2{1>= 8.4%8

%145)= 18,0004
¥2{5)= 68,4308

KA7>= 6. 4608

X1¢8>= 1Z,0063
X2(8>= B.4509

A= {2,.0060
£2(9>= 8.4506

21{18= 12,4890
X2(18>= 8.438¢

A1{11>= 14,6080
%2{11}= 8.4508

¥= 14,6008
= 8.43u0

2113k 14,0008
X2{i3d= 8.4300

21414>= 15, 696
820143= £, 4460

_____

X14215= 20,0998
22(213= §.4398

R1€22)= 22.0009
2(22)= B.4108

R1(23)>= 22.0068
R2(27)= 6.4100

%1(24>= 22.0000
X2(24>= 8,4008

X1425= 24,0000
X2(25%= 9.4208

X1{26>= 24,0800
X2{26:= @.4008

X1{27>= 24, goed
%2(27>= 8.40800

X14283= 26,0408
£2(28:= 0.4109

X1(29)= Z¢.0n00
%2(29)= 0.4004

¥1{38)= 2c. 8000
%2(3@}= B.4180

28, 0668
f.4100

28. 60@n
a8, 4008

30, 0008

x1¢343= 10,0000

%2{243>= 9.40690

36. 0088
#.3880

X14373= 3Z.6009
X2{37= 9. 4908

¥1(38>= J4.hnap
X2(38>= w.46a8

39%= 36. dned
= B.4198

Table VII

END

CHANGE POINT
%i{4@¥= Jo.0u00
%2{48>= 8.3868

APPREY

END

APPROY

Pl = 8.2588
P2 = @, 108k

8. 35584
8. 8n934
8.0zl
NCEEL
SOLUTION:
Pi = §.3981
P2 = #.1316
RESIDUALS
Ri:  6.0888
R2: 0,806
R3- -d.0834
R4:  B.R816
RS: -8.8834
P& B.BE1A
R?: -B.0834
Pg:  -B.8e34
RS 8.8656
Rif:  B.6266

Ril:  -0.885
Ri2:  @.8144
Ri3:  @.8144
Ri4:  -8.8836
RIS:  #.8844
Ri6:  B.0844
k17 -B.8337
Ri3: -8,8237

kiS5 -8.00864
R28:  -g.088d
R21:  -B.8184

R22:  B.6842
RZ3:  ©.0W42
R24:  8.08142
RZ3:  -8.8182
R26-  8.8832
RZ7:  G.0833

F38: -8.8828
R3i- -B.26863
gi2:  @.pe3Z

RI2:
Ri4:
735
R36:
R37:
R38:

F35:

R4t
242
R43:  B.e848
R4d:  @,e833
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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
half its original value on prolonged storage. A nonlinear
model, based on first-order kinetics, was postulated as
follows:

Y = a + (0.49 — a)e A8 ...3

where Y is the fraction of available chlorine X weeks
from manufacture.

The program FUNC, corresponding to Eq. 3, together
with program FMT, is shown in Table VI. A value of
0.25 was chosen for a, and by trial with several points, a
value of 0.1 for 8. Registers were allocated:

a (P1) in R11
B (P2) in R12
x (X1) in R13
3y (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 VIIl

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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(Continued) Table ViiI

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

User instructions for Tl version Table IX

The TI program requires the nonlinear function to be entered as subroutine E, starting at line 382. (The program listing in Table VIIl has the text function—Eq.
3—inthis location.) Because of size limitations, the nonlinear function may have only two variable parameters, a and g in the text. The calculated values of these
parameters are stored in registers 03 and 04 by the program. The first 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 nonlinear function 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, enter the 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 € 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 nonlinear function, first the value of « in register 03, and then the value of B 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 €
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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

[J 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 y 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;,9;) and represents it as an nth-degree polynomial:

]:a0+a1x+a2x2+ coe 4 oax”

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

S=2i(ay + ayx; + apx} + -+ + g} — p;)°

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:

S _S_S

8a, Oa, ba,

_5_

_8_a"_

0

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 (ay, a, - - - a,):

nay, + a.2x; + a2x2 + --- + a2} = Iy,
ay2x; + a;2x? 4+ a2k + -+ a2 = Sagy;
aZx? + 2%} + a2x} + - + a,2x72 = 2y,

agZx? + @S + g, 22 ...+ a,Zx2% = Sy,

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
coefficients 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 of regression coefficients, and calculation of the con-
ditional mean y 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

*Throughout this 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 |
[ _ I
“pPOLY"” 64 CHS 187 ISG 0@ 12 RCL 86
65 ST+ IND 82 125¢LBL B 188 GT0 07 13 ST0 83
BlelBL "POLY" 126 “DELETE" 189 ADY 14 ISG 83
82 CLRG 66¢LBL 09 127 AVIEM 198 ADY
a3 @ 67 1 128 SF @8 191 ADY 15¢LBL @9
04 STC 68 68 ST+ B3 129 GT0 05 192 ADY 16 RCL IND 83
85 "DEGKEE” 69 XEO 89 193 RTN 17 RCL IND 8
B6 FIX @ 70 STO 84 130eLBL 989 18 /
@7 CF 29 71 RCL 83 131 RCL @3 194¢LBL £ 19 570 89
88 PROMPT 72 RCL 07 132 RCL 97 195 ADY 26 XEG 88
89 ARCL X 732 133 - 196 %= * 21 STO0 04
1% AY1EK 74 134 2 197 PROMPT 22 1
i1 73 %=y? 133 + 198 XEQ “FMT- 23 ST+ 82
12 + 76 GTO vz 136 1 199 SF 29 24 YEQ 08
13 STC 87 77 RCL vw 137 X(=Y? 268 ARCL X 251
14 ApY 78 ST+ 85 138 XOY 261 AVIEM 26 -
151 139 RIN 282 ENTER? 27 1 E3
16 ST0 #e 79¢LBL 81 263 ENTERT 28 7/
28 RCL 83 140¢LBL 68 284 ENTERt 29 ST+ w4
17¢LBL 25 81 RCL 04 141 RCL #7 265 RCL @88
18 =% 82 2 142 2 206 RCL 97 30eLBL B0
{9 FI¥ & 81 s 143 * 2687 + 31 RCL IND 63
28 CF 29 24 - 144 4 288 RCL w8 32 RCL 85
21 -1 85 3 143 + 209 1 €2 33
22 RCL W6 86 + 146 RCL @4 218 7 34 ST- IND B4
23 FS7 we 87 X(=@? 147 - 211 + 35 ISG 83
24 + 83 GTO o@ 148 RCL 64 212 1
25 ARLL X 89 XEQ vg 149 | 213 - 36¢LBL 89
26 "= " 98 + 158 - 214 STO o9 37 1SGC 84
Z7 PROMFT 91 ST0 w2 151 * 215 CLX 38 GT0 @8
28 XER “FHT" 92 RTL 85 152 2 91
29 SF 29 92 FS7 o8 153 7 216¢LBL 86 46 ST+ 86
38 aRCL X 94 CHS 154 RCL @8 217 RCL IND @@ 4] RCL 66
31 AYIEW 95 ST+ IND 82 135 + 218 + 42 RCL 01
32 STD we 9% 1 156 1 219 » 43 -
33 -y 97 ST+ u4 137 - 228 DSE o8 44 RCL 96
34 Fix @ 38 GT0 81 158 RN 221 670 86 45 1
I5CF 29 222 RCL IND 68 46 -
I -1 99¢LBL 82 159¢1BL © 223 + 47 X2¢?
37 RCL @6 168 2 168 XEQ =SYMLIN" 224 “YBAR= " 48 GT0 81
38 FS7 40 181 ST0 w4 1e1 ALY 225 XEQ “FAT" 49 RCL 08
39+ 162 RCL 88 226 ARCL X 90 1
48 ARCL X 162¢LBL ¥3 163 RCL @7 227 AVIEM 31+
41 b= 182 XEQ 88 164 RCL @8 228 FC? 35 52 ST+ #1
42 PROMPT 184 STO 62 165 + 229 S10P 511
43 SF 29 185 RCL @1 166 1 238 GT0 E 54 ST- 08
44 XEQ “FAT- 186 FS? 08 167 - 231 END 55 RCL #8
43 ARCL X 187 CHS 168 1 &3 S6 1
45 AVIEW 188 5T+ IND @2 169 # 37 X2¢?
47 STO #; 189 1 17¢ + 58 GTC C
48 YEC H 118 ST+ 84 171 STO @@ 39 RCL v8
49 1 111 RCL 0@ 68 ST0 81
58 FS7 08 112 8T+ 81 1724LBL 7 “SYMLIN" 61 RCL 67
51 CHS 113 RCL @4 172 A" 62 STO 08
52 &1+ 06 114 RCL w7 174 FIZ 8 @1eLBL "SYMLIN® 63 STO 8z
33 CF 82 115 2 173 CF 29 82 RCL 97 b4 1
54 ADY 116 + 176 ARCL 86 83 STG ee 63 -
59 GID €5 117 ¥=Y7 177 =b= = 84 RCL @8 66 STO 8¢
118 GT0 B4 178 SF 29 45 ST0 &1 67 1
SE¢LBL H 119 GT0 #3 179 RCL IND 0@ 63 ST0 85
57 @ 188 XEQ “FAT" B6eLBL 69 XEQ 838
38 STC B3 120¢LBL a4 181 ARCL X 87 RCL @t 72 1
59 RCL w8 121 RCL 98 182 AYIEM a8 570 96 71 -
68 570 92 122 870 82 183 FC? 95 @9 i 72 ST0 83
(338 123 RCL IND @2 184 STOP 18 ST 82 73 RCL IND 82
62 5T0 &3 124 RTN 185 1 74 DSE @83

63 F5? 8¢ 186 Si+ 86 1ieLBL 81 73 RCL IND 3
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(Continued) Table |
A 1
76 / 168 ST0 83 125 RCL IND 83 150 DSE 62 87 RTN
77 156 @3 181 1 126 STO 64 151 GT0 11
162 ST+ 82 127 RCL 86 152 RTN @3¢LBL 88
78¢LBL 29 183 XEQ 88 128 ¥=8? 89 2
79 STC IND @3 104 2 129 GT0 D 153¢LBL 08 18 XY
88 STO A4 185 - 138 1 154 RCL 8@ 11 %3v?
186 1 E3 131 ST+ 89 199 1.5 12 GTC @1
81¢LBL A 167 7 132 GTO A 156 + 13 FIX 5
82 RCL ®6 108 ST+ 83 157 RCL 82 {4 RTN
83 ST0 62 189 RCL IND 03 133LBL D 158 2
116 STO w4 134 RCL 08 159 7 15¢LBL @1
84¢LBL 83 111 135 ST0 @2 168 - 16 FIX 3
85 XEQ 98 112 ST+ 83 136 RCL 81 161 RCL 82 17 PTN
86 1 137 + 162 * 18 .END.
87 - 113¢LBL 83 138 1 162 RCL 61
88 RCL 85 114 RCL IND @3 139 - 164 + Notes:
89 - 115 156 @3 140 STO 04 165 RIN “POLY" is 378 bytes.
98 STO B3 116 GT0 @7 166 END “SYMLIN" is 248 bytes.
91 RCL 84 117 GTG @86 1d41elBL 11 “FMT" is 17 bytes.
92 ST+ IND 83 142 YEQ 88 “FMT" sets the output
93 DSE #2 118¢LBL 87 143 1 “EMT” and display format.
94 GTO @3 119 ST+ IND @3 144 - The alternative. “FMT"
935 DSE @6 128 GT0 85 145 STO 83 PLeLBL “FAT" listed below~m|| dls?Iay
146 RCL IND 82 92 .1 all numbers in 5-decimal
96eLBL 89 1214LBL 86 147 STO IND 84 83 XOY scientific notation:
97 RCL 66 122 ST- IND @3 143 DSE w4 A4 XY7? P14LBL “FAT"
98 STO 82 123 RCL 94 85 GTO &9 4z SC1 5
99 XEQ 88 124 ST/ IND B3 149¢LBL 89 wh SCI 9 %3 LEND.

to fit the needs of a particular problem. Changing it to
the alternative form also listed in Table I will assure

that any number can be displayed without loss of preci- Table Il

User instructions for HP-41C program

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- 1. Allocate storage XEQ "sIZE” SIZE — — —
ters 00 and 01 hold the most recent x and y values; (No. of registers)
Registers 02, 07 and 08 are used; Registers from 09 on- 2. Set USER mode USER
ward hold the matrix. Since the matrix is symmetric,
only half is stored. 3. Load or read program
4. Enter degree (n) XEQ “POLY" DEGREE?
and (x,y) data (Degree) R/S X1=
Using the program (x,) RIS 1=
. . . fy,) RIS x2= (after execution delay)
Table II lists user instructions for the program. Sev- (x) RS Vo

eral points that should be noted are:

1. The program should be loaded and run in the 5. To delete a point* B DELETE _
USER mode. This enables one to press single keys during i RS ::I i(“’he'e Yj was last point entered)
;T‘zgsgg?rihza%lfe;};i?h egrlvtll‘r:;gn ))((EI‘LQQ (‘:‘(;r,r’l)mands (e.g, (y;') R/S X;'= (enter next or corrected point)
6. Calcula.te. regression
2. One must allocate registers to data storage. The coefficients s ::’f ;’0))
program requires a total of 95 registers. This means that RIS A2; (:‘ )
an HP-41C calculator equipped with m 64.1-register (etc. through a,) 2
memory modules has (64m — 32) registers available for .
allocation. The HP-41CV has 224 registers available. A 7. Calowats conditiona e

polynomial of degree n needs (0.572 + 2.5n + 11) regis-
ters, at a minimum.

3. The program requires that one decide the degree
(n) of polynomial. This should not be greater than (N
— 1), where N is the number of data points, nor less

8. To enter new data

(etc. through y )

(x) R/S
(x) R/S

Return to Step 4

*|f calculator is not in USER mode, press XEQ

YBAR =(y value for given x)
YBAR = (etc.)

8" (or "’C,” etc.) rather than the B key.




Example data: Specific heat of water Table 11
— _ ____]
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 7 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
coefficients are printed out.

Example results show good fit

of sixth-degree polynomial Table IV

Regression
coefficients

Values of y per regression equation

¥= 35,0098¢ %= 7@, 09068
YBAR= 8, 93821 YBAR= {.98891

X= 4%, BhaAl #= 75.56908
YBAR= ©,9932%  YROR= 1.88163
%= 43, daaed 4= 2@, uaged
YBAR= @,99845  YRAR= 1,882%5
A= 15, Paned %= 5@.2@006 %= 85,400
YBAR= £.99999 YBAR= 2.9987%  YBRR= i,B8352

A= 28 5= 59, 5aeas X= 98, 95408
YRAR= YEAR= B.399:7  YBAR= [,ARds!
¥= 25, Bupde X< £, BhdEd %= 95, Geaee
TBAR= €. 33EE YERR= #.99965  YRAR= |,88383
%= T8, CR096 A= 63.0@de8 %= 10E. Agaad
YEGR= 8.93982¢ YBAR= i.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 a,-a¢ are listed, and the re-
gression equation is therefore:

9 = 1.00760 — 8.79449 X 10~%x + 3.33998 X 107%x? —
6.87661 X 1077x3 + 8.31908 X 107%* —
5.29596 X 1071x> + 1.38922 X 1071346

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—leading 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 =(»; — »;)2/(N — n — 1) shows no further
significant decrease ( 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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Table V

Listing for Tl version—program 1

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

13 3 =
43 RCL O
o4 04 5
43 ROL
o2 oz
43 ROL

.

Listing for Tl version—program 2 Table VI

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

o |

DLy I = E_.J i

]

I R

o W

]
e e
D

A

T ]

g [

T

(-}




(Continued) Table VI

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

Step Code Key

oug [ D0
el gl el
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User instructions for the Tl version

POLYNOMIAL REGRESSION 35

Step

1. Load program 1
2. Enter degree (n)
3. Input data:

Repeat until all data are entered.
(To delete an erroneous pair of values:

4. When all data are entered

5. When calculation stops, load program 2
6. After loading program 2

7. Calculate regression coefficients*

8. Calculate conditional means

(Degree) (1 to 4)

Table VI
Key Output

A
x=t

A
x=t

B

(o Starts calculation

C Completes calculation

&n, @n-1, 8n-2, 6fC.
E ¥ (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,»® +

a,)C, the output is as, a,, ai, ao.

References

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

23, 1982, pp. 83-89.
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Curve fitting 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 this is 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=A4¢8T

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

y=ay+ ax + ax® + -+ + ax" (1)
we fit the equation:
» = boPy(x) + byPy(x) + ---
+ bzpz(x) + e+ ann(x) (2)

where P;(x) is an ith-degree polynomial in x, and Pj(x) is
a jth-degree polynomial in x.

These two polynomials are said to be orthogonal if
the sum:

> PPy
0

Originally published April 18, 1983.
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is zero when i # j, and is non-zero when : = j. 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 of fit is
discussed later.

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

The method of fitting 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, that is tested, we
obtain a set of coefficients, a, and a set of conditional
means, y 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
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(Continued) Table |

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 polynomial to be fitted. With one or
two more modules, a 37th- or 58th-degree polynomial
may be fitted.

No other accessory is 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:
p = a8 4+ 2% 4+ 21 4 3% 4 5x% + 10x + 40

Using the program of Ref. 2, and fitting a sixth-
degree polynomial (we could try higher), the following
values for the coeflicients 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)
a; = 0.9359 (cf. 1)
ag = 1.0014  (cf. 1)

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?”
Xy R/S “FINAL X?”
%, R/S “yQ =~
Yo R/S “y] =
I R/S “DEGREE?”
m(<n) R/S “A0 =7
R/S “Al =7
R/S “A2 =7
R/S “Am ="
To obtain y for any given x, use the following proce-

dure. The value obtained is called y bar (or}y), 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 ((X :’)
x R/S “Y BAR ="

Repeat as required.

To obtain a polynomial of different degree:
In USER mode: i

Key in Press Output
B “DEGREE?” |
m R/S “AO :n 1
R/S “Al =7 |
R/S “Am — b3 i

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 of as 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 Yy x v
1 62 8 305,080
2 232 9 606,334
3 1,330 10 1,123,640
4 5,984 1 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 of this 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 TI program is not a direct translation of the 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 limited to 29 v values. and while 1t
will determine the goodness of fit of anv degree ortho-
gonal polvnomial up to 10. the program will calculate
the regression coefficients for a maximum of a fifth-
degree equation.

Data are entered and the program calculates the
goodness of fit of successive-degree polvnomials. When
a satisfactory fit is obtained. the program calculates the
regression coefficients. the «, values. for the degree
polvnomial selected by the engineer:

2
Yy =ay+ ax + ax® + 0+ ax"

For instance, the following values are the results of
the equation:

y=4()+x+x“)+x3+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
1 0.79937 0.79937 0.89408 o ?ggggggm
2 0.18960 0.98898 0.99447 a2 : 01
3 0.01093 0.99991 0.99995 as  0.99999991
4 0.00009 1.00000 1.00000 ay  1.00000000
Listing for Tl version—program 1 Table Iil
Step Code Key Step Code Key Step Code Key Step Code Key Step Code Key
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(Continued) Table lil

Step Code Key

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

1T

il

L 3K B |
Bl P R
15 54
317 42
T d T =
Bl bt
19 01
a0 449
221 oo
z 4z
S 0g
4 22
25 43
25

Palt 1l I ke 0

Listing for Tl version—program 2

Table IV

Step Code Key

Step Code Key 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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User instructions for the Tl version Table V
Step Input Key Output
2. Input data X x=t

¥ A (for first y value only)

3. When all data are entered
4. Calculate output

5. Continue output calculations for next

degree R/S
6. Calculate regression coefficients n* c
7. Load program 2 c

R/S (for subsequent y values)
B

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

8, &, 8, efc. (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 fit calculated. If the number entered is higher than 5, or
greater than the maximum goodness of fit, 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.

1if a first- or second-degree equation is 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 Il
Physical Properties Correlation

Program predicts critical properties of organic compounds
Predict thermal conductivities of gas mixtures and liquids
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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 Uniersity of the Negev

Lydersen’s equations

When the chosen units are Kelvin for temperature,
atmospheres for pressure and dm3/mole for molar vol-
ume, the following formulas are used:

T, = T,/(0.567 + A, — (SAp)?) (1)
pe = M/(0.34 + SA )2 (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, z, is then
[/-3] for estimating critical properties of organic com- estimated by:
pounds is based on its simplicity and overall reliability. P 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 ideal gas constant.
Atomic and functional groups used in determining critical properties Table |
Group Printout? Group Code Printout?
-CHj -0- open-chain ether . 25 -0-i
-CHy~ open-chain -O- ring ether . 25 -0-F
-CHy- ring )C=0 open-chain ketone I FETH
)CH- open-chain )C=0 ring ketone . 2@ EETE
)CH- ring -CHO aldehyde 0. =25 CH=0
)CH- angular -COOH CO0OH
)C( open-chain ; -COOR ester i COOE
)C( ring i =0 other types O =g W
=CH, . = -NH, i -HHEZ
=CH- open-chain i = -NH- open-chain 1 FHHE
=C( open-chain (i = -NH- ring a 3 HHE
=C= open-chain b = )N- open-chain ] M-
=C ring, all types G = )N- ring g H-F
=CH O, = -C=N i -CH
=C- open-chain i = -NO, O -HOz
=C- ring = -SH -
-F o - -S- open-chain
-Cl - -S- ring o
-Br Cia - = O =3
-1 . - )Si(
-OH alcohol i -0Hf )B-
-OH phenol i -0OH

©Not included in the program; A;=0.03, Ap=0.54.
9dNot 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.
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TI1-59 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
nan LEL o1 01 1
oog: o oS oo
aoz SUN ns oo

T

oo ]
oo o
43 FRD
02

(]

[¥a 2}
T
D8 w )
P
—

[os e
T (T
oo e

Yu N}
L
PR W I |

T ] 1

i 4 1

44 5 191
oo 0z 03 oes 02 O 192 05 5 oo 0 i9 D
oos &1 GTO 0e7 &5 o« 122 03 3 oooo0 0s &
oos o oo oo nes 42 RCL 124 04 4 i? B* S9d +.0 -
ooe 11 11 o9 o1 o1 i%5 v B s 5 iz 1n*
Qo7 Te LBL ava 95 = 196 01 1 oy 7 ne g
gogs 1V B! a7i 44 SUM 127 19 I* T o4 4
oos 42 =70 oyz2 03 03 0s 05 i9s OF7 7 oo 0 oz o3
oo 03 03 a73 43 RCL 31 R<E 1939 0% 29 oo 0z oz
gii &9 OF 074 02 02 TE LEL o0 o9 o9 Sd 4 - ooooo
o122 21 21 075 59 INT ie A* 2ol o8 & i9 o’ oo oo
013 43 RLL ave 2z IHY 4+ - o2 o7 7 a2 o3 04 4
o014 01 0Ot 077 44 SuM 99 PRT 3 Oe & oz 2 oz 2
0is &5 L oye Qz o ooz Qg - ogs 2 oo oo i7 B
gle 323 . 79 55 =+ 71 SEBR 19 0°* oo oz 2
017 a0 0 os0 0 o1 i o000 &5 OF Sd - oo
ois o1 1 o8t a0 o0 ad 34 21 ch i2 Li® oz 2
g1 95 = ez o0 0 oz 2 oz 3 o3 32 o1 1
oz20 32 =i7T oss oooon 94 4= o1 i O & nz 2
0z2i 43 RCL osd4 &5 = 4% PRI i2 O* s 5 oz 3
gz2 03z 0z 085 43 RCL 145 01 01 o3 = ooooo ooooo
022 F& LBL o2e 01 01 143 &1 GTO nz =z ooooo oz 3
o244 18 C°F 027 9% = 150 o0 oo oo 12 I* i¥7 BF
025 &% 0OF 22 44 SUM 1921 47 47 oo oz 2 a5 o
n2e 04 04 o3 04 04 152 7& LEBEL i9 0° oz oz 0 &
027 22 Hi 090 43 RECL 1%z 10 E® &3 0OF nz oz 3
oz &% OF o3t oz 02 i34 25 CLE 21 21 o1 1 oy o1
029 06 Q& o9z 50 I=I iss O7 T oo oz 3 oz oz
030 32 ETH 093 &5 = 156 42 57O a9 2 ia o¢* oz =
n3i 7& LBL 0sd4 43 RCL 157 01 01 OO0 oz 2 T
o3z 11 H o5 a1 01 153 o1 1 o0 oooo o4 4
033 39 PRET 098 25 = 159 0% 5 i9 D* i9 I* T B
034 42 570 097 44 SUH ie 0z 2 s & oz 2 o1 1
023 000 oo 098 05 05 161 03 3 033 os 9 i9 0°*
036 59 IMT 099 32 RTH 162 00 0 a9 9 o9 o9 oz 3
037 2z IWY 100 48 ESC 163 04 4 o9 9 S oo
gz2 44 SUM 10t Qa0 oo 164 Q0 g4 4~ is o* o1
oz 00 00 ioz 2 HiT 165 Q0 0 i% o*® 291 o011 24 4+
o400 42 STO 1oz o1 1 iee 17 B oy 7 292 1% D°* iz n°*
o410t 0l 104 04 4 ie?¥ &3% 0OF oy 7 293 o0z 2 orod
o4z 01 1 105 &7 ER 163 31 21 o1 1 294 08 & i 1n°
o430 0000 10 01 01 169 08 & ns = 295 01 1 oz =z
o444 00 0 107 18 18 170 08 & oz z 296 0¥ 7 oo
045 49 PRED o o1 1 171 54 +-- oz = = oz 3 D S |
Od4e 00 QO 109 94 +.-- i7e i3 D¢ oo 0 = o7 7 s 5
047 73 RC# iig 42 FED 173 o1 1 oo z oz 3 oz 3
og42 000 o0 111 o 0o ivd 19 ©m° i7 B* 3 o4 4 o1 1
o043 4z =570 112 32 =97 iIvs o3 2 &9 0OF 3 17 B° ooooo
as0 oz 02 113 48 EXHC 1Fe GO0 0 a1 31 = A | oooo
051 5% INT 114 o0 0o 177 o1 1 oz oz 3 i% 0* iv B*
052 22 IHY iis &1 GTO 178 94 +-- 0e A Z04 011 o1
053 44 SUM 116 Q0 0o 179 i9 0° Oe & 05 05 5 oe &
n=4 02 oz 117 &0 &0 igo o1 1 g+ - a0e 0z oz oo
oS5 29 CF 112 o1 1 3] i9 o° i b°® 207 o3 3 o1
0Se 22 IHY 119 94 +.-- oz 3 &9 0OF 08 08 & oo
sy 7Y GE i2z0 49 PRI s 5 ICH RS | a09 04 4 oz 3
oz=a 01 o1 121 gz 02 is s o1 1 I3 N B N 0 ] i I*f
oz% oo oo izz &1 GTO 125 0% = iz ot 211 oz 2 o4 4
a0 550 % 123 o1 o i2 i% ot oz z 312 17 B® as 9
ol 011 i2¢ 12 12 s 5 oo 13 08 2 oo
oez Qo0 125 7& LEBEL iga O £ az  z 214 08 & o9 39
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with high accuracy and uses partitioning 5 Op 17 Table Il
Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key Location Code Key
(LI 405 73 REC# e oe 459 530 486 530 L 512 0% 0%
i9 Ie® 408 01 01 R SR 4o 43 RCL 437 93 . 514 55 =+
&5 0OF 407 &% 0OF Ve LEL 451 OZ 0 O3 488 03 3 515 o1 1
31 =21 4082 03 03 13 4562 75 - 4539 04 4 S1e 00 0
nz 2 409 59 42 =270 483 I3 KHE 430 25+ 517 54 2
0e & 410 21 e 0g 44 25+ 431 43 RCL S1a 0 22 HiT
O0s £ 4ii 73 32 RwiT 425 33 . 432 04 04 219 0% 4
S 4= 412 01 S CLE e 05 5 493 54 2 szZ0 oDz 2
i9 0* 41z &% oz 3 427 08 & 434 33 He S21 01t
o1 414 04 oo 4e2 07 7 435 54 % S U L -
i% 0°¢ 415 &9 442 04 4 463 540 2 498 Iz =T o2z
e & d1e 0O 443 03 3 470 S4 0 R N oo
04 4 17 97 444 18 [C° 471 2z HiT 495 03 3 nz 2
HICH. 413 00 145 91 RE-E 472 ] 499 01 1 0y 7
e & 419 04 445 F& LEBL 473 T 000 03 5 i ot
oooon 420 03 447 14 D 474 1 S0t oz 2 25 =
oo 0 421 31 42 25 CLE 475 b SO0z oo 0 22 =T
ooo0 422 Th 449 01 1 476 z STIIC I U N | 04 4
ooo 422 iz 450 02 2 477 X S04 02 3 e &
17 BT 424 42 451 23 . 478 z 05 18 Cf o1
a 425 07 452 0ot 1 473 ) S0e &5 = 0% 5
2 =70 4z28 32 453 0% % 420 cE 07 53 0 anoo0
oo a0 427 2% 454 55 = : S sS0E 0 330 . ooo0
&2 0F 428 03 455 53 o ; S09 0 00 0 oooo
a0 oo 429 07 456 43 RCL RCL S10 04 4 oo
&% 0OF 420 01 1 457 07 ov Qe il 2%+ ig CF
21 21 421 04 4 452 55+ 4385 + 212 43 RCL R
Note: For operation without printer, write x=t (code 32) in locations 479, 504, 526, 5637, 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.
Data registers used in running the program. Registers 08 to 48 must be punched in Table 111
Number Content Number Content Number Content
00 Used 17 11.15436 34 31.135637
01 Used 18 5.15336 35 24.09027
02 Used 19 18.22418 36 14.17042
03 AT 20 17.32049 37 7.13032
04 Z Ay 21 10.5007 38 60.3608
05 Z Ay 22 12.83095 39 55.42078
06 M 23 82.06018 40 15.27055
07 Tp 24 -31.02003 41 8.24045
08 20.22755 25 21.1602 42 3.24047
09 13.184445 26 14.12008 43 3464323317
10 12.21051 27 40.2906 44 3100152340
1 12.19246 28 33.2005 45 3564352431
12 64.19246 29 48.33073 46 2200000000
13 0.21041 30 85.4008 47 7764373524
14 -7.15431 31 47.4708 48 3327170014
15 18.19845 32 20.12011
16 0.19836 33 31.09528
Note: Use partition 50p 17
Lydersen’s method determines the critical properties article. The groups used in the program appear in
by adding up atomic and structural-group contribu- Table L.
tions. Such additions are carried out over all structural The summations are carried out over all the struc-
groups in a compound. The A values in Eq. 1-3 repre- tural groups in the formula of the compound.
sent those contributions. The values are taken from the For the purposes of the program, the functional

references listed here, and will not be repeated in this groups receive a numerical code, as shown in the table.
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User’s instructions and two examples; the results are compared with experimental data Table IV
Example: Estimate critical properties of c/s-
and trans- 1,2-dimethylcyclopentane Group Code n.xa2 Group _n Code n.x?
CH3—CH—CHj3 —_
&, CH3 2 2.08 —CH ring 2 A1 211
\CH'z—CH—CHg —CHz— ring 3 3.09
(both compounds)
Step Description Enter Press M M
1. Need a code listing? E’ Listing of codes
2.b Initiate cis estimate E 0. Paper advances
3. Enter T}, of cis (K) 3722 B 372.2 =2 TE
4, Enter M of cis 98.189 Cc 98.189
5. Enter groups of cis 2.09 A
3.09 A
2.1 A
6. (a) A wrong entry (2.09) was made in Step 5 2.09 A’
(b) Enter correct value 2.08 A
7.¢  Estimate critical properties D
2’ Initiate trans estimate (unnecessary)d
3. Enter T, of trans 365. B 365. Zeg. TE
4. Enter M of trans (unnecessary)d
5'.-6'. Enter groups of trans (unnecessary)d
7'.¢  Estimate critical properties D

Notes: 2Groups with the same X code may be combined by adding their n values.

b

®Does not affect stored values. Literature values [3] for cis and trans are, respectively:
T. =564.8,553.2 K; p, = 34.0, 34.0 atm; v, = 0.368, 0.362 dm3/mole; z,=0.27,0.27.
dThe functional groups and molecular weights of both compounds are the same.
If key E is pressed in Step 2’, then the n, x values have to be entered in Step 5'.

Does not affect stored 7, or M values.

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
R.. = 1,000|A A —r
38 000[Ap] + |4, + 100,000
When the value of a A is negative the register content is
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 7 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
@@l #ibLc 615 ¥LBLZ
Baz SFE d1e  STOI
683 kLBLA a1s INT
aa4 I# 818 5TOE
#as  ET03 @15 RCLI
ban g
a7 STO0
6as R
g3 SFi
@16 a :
@11 ST0A 3¢ i3
@1z STOB -4z
813 STGC 354
614 Fi e 45
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(Continued) Table V

Step Key Code Step  Key Code Step  Key Code Step  Key Code Step  Key Code
@z3 @57 885 GTOM 113 175 141 3 #&
36 @s& ase + 114 570D 142 2 [95
a3l 835 887 ET02 115 Kd 143 a 6
a3z 1] 838 kLBL1 116 RCLE 144 7 87
33 861 @89 - 117 . 145 < -24
#34 @62 898 x¥LBLZ 118 3 1496 FRia -4
833 63 631 SToc 115 4 147 SFC ig-11
436 854 a9z CF8 16 ZZ & 126 + 148 CF1 16 2% 81
637 a3 z as3 R-3 12 AT 149 5 b=
a3g 466 - -45 894 xLBLB 122 = 158 xLBLD =1 14
@35 G67 ¥LBLZ 695 Z 123 -i4 151 RCLA S8 1l
G448 #68  STOB 33 ic 99': 7 124 i 152 RCLE J& 12
841 @69  RCLs Jo 48 U‘J_’f_' 3 125 153 RCLC Je 13
842 8ra FKC ic 44 ‘?-"'b' . 126 154 k<5 S
643 arl i 81 U;f-‘-" 1 127 155 xLBLE SRS
844 ar2 EEX -zz 1ea b 128 156  5TaC N )
645 ar3 3 83 181 + 129 157 Ré -2l
d4e a4 X -3= 182  RCLA 136 138 STUE 258 12
a47 873 FRC ié 44 183 RCLA 131 = 135 K+ -3
a48 876 1 61 1_94 A 132 . 168  STGR 35 11
49 arv 6 a8 ”35{ - 133 4 161 2 8z
(ERT] @8 a Ge 1@6 . 134 4 162 & ag
@31 @79 -35 167 5 135 + 163 STOD 35 14
@52 @88  RCLE 3¢ 15 188 € ic 136 FRTA 164 RS 51
@53 881 -3 I sz 7 &7 137 RCLD
5 882  RCLC 36 13 l1e + -55 138 X
a53 883 X3 -41 11 1 * -4 139
85e 884 Faz ¢ 23 68 112 FRTX -i4 148 i &
User instructions for HP version Table VI
Step Procedure
1. Store first 10 constants from Table |ll, 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.
2. Store these data on a data card: Key WRITE DATA.
3. 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 |, with key A.
For example, for two —CHj; groups, enter 2.08, key A
for three —CH,—groups, enter 3.09, key A
|
for two —CH rings, enter 2.11, key A
l
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 out the firstdata, 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.)
Enter the 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 [/]:

— z ny‘t 1 (1)
=1 zylAij
j=1

For a binary mixture:

1M Johs
N R ST 2R P D% P
Lindsay and Bromley suggested [2]:

(1a)

m —

For the term A4

ij>

1 3/4T S 1/2y2T Ky
=gl ) wl ) o
4 N\ M, T+ S, T+ S

Here: S, = 15T, (3)

and: S1a = Sp1 = Cy(815,)? (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 entering #(°C), pressing A, and then en-
tering y, 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 enter ¢, (°C)
and press R7/S. In both cases, the normal boiling pomt
¢(°C), is printed, and T, and § 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:

n¢ = 4.610 TTO‘GIS — 2.04¢0449T,

1.94e74938T, 4 0.1 (5)

Values for 7, and 7, (in pP) 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 + cT? + 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 Llocation  Code Key

Calculate interaction 063 65 X 131 43  RCL 190 X 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 an 53
correlation 066 43  RCL 134 95 = 193 65 X 244 85 + 312 01 1
067 06 06 135 42 ST0 194 43 RCL 245 43 RCL 313 55 -
000 76 LBL 068 85 + 136 16 16 195 18 18 246 21 2 314 06 6
001 16 A 069 53 137 92 RIN 19 54 ) 247 9% = 315 54 )
002 93 . 070 43 RCL 197 54 ) 248 55 = 316 54 )
003 02 2 071 09 09 Calculate A, by 198 5 ) 249 43 RCL 317 55 =
004 05 5 072 65 X Wassiliewa correlation 199 95 = 250 22 22 318 53
005 65 X 073 X 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 4+ 076 65 X 138 76 LBL 203 48 48 254 . SBR 322 3 VX
009 5 077 43 RCL 139 1n A 204 9% = 255 38 SIN 323 5 )
010 53 078 08 08 140 99 PRT 205 99 PRT 256 55 =+ 324 65 X
011 43 RCL 079 54 ) 3] 85 + 206 91 R/S 257 8 325 53
012 02 02 080 3 VX 142 % 43 RCL 258 5 326 43 RCL
013 55 + 081 54 ) 143 21 21 Calculate 259 43 RCL 327 25 25
014 43 RCL 082 54 ) 144 95 = T,and § 260 2 2 328 45y
015 03 03 083 42 ST0 145 42 ST0 261 45  yx 329 53 |
016 54 ) 084 1414 146 06 06 Enter ¢, (°C) 262 53 330 02 2
017 4 STo 085 55+ 147 91 R/S ' 263 01 1 331 55+
018 1 n 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 85 + 267 54 ) 335 5 )
022 43 RCL 090 43 RCL 149 42 ST0 21 43 RCL 268 55  + 136 95 =
023 0 o 091 07 07 150 17 17 212 21 N 269 53 337 42 STO
024 55 =+ 092 54 ) 151 % = 213 95 = 270 X 338 03 03
025 43 RCL 093 54 ) 152 0 1 214 42 st0 271 43 RCL 339 99 PRT  —
026 00 00 094 95 = 153 95 = 215 04 04 272 00 00 340 91 R/S
027 54 ) 095 42 STO 154 9%  +/— 218 65 X 213 33 VX
028 45 yx 096 10 10 155 42 ST0 217 01 1 274 54 ) Subroutine
029 53 097 923 . 156 18 18 218 93 . 275 65 X
030 03 3 098 02 2 157 16 A 219 05 5 278 53 kLA 76 LBL
031 55  + 099 05 5 158 43 RCL 220 95 = 217 43 RCL 342 38 SIN
032 04 4 100 65 X 159 18 18 221 42 sT0 278 23 23 343 53
033 54 ) 101 53 160 65 X 222 07 07 219 45  yx 344 53
034 54 ) 102 0 1 161 43 RCL 223 91 R/S 280 53 345 43 RCL
035 42 STO 103 85 + 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 3
039 53 107 1 n 166 18 18 225 85 + 285 54 ) 350 45  Yx
040 43 RCL 108 3% 1/X 167 85 + 226 43 RCL 286 54 ) 351 53
041 06 06 109 54 ) 168 53 | 227 21 N 287 95 = 352 43 RCL
042 85 + 110 65 X 169 43 RCL 228 95 = 288 42 STO 353 21 27
043 43 RCL 1M 53 ( 170 16 16 229 42 ST0 289 02 02 354 54 )
044 07 07 112 43 RCL 171 65 X 230 05 05 290 99 PRT 355 54 )
045 54 ) 113 12 12 172 43 RCL 231 65 X 291 43 RCL 356 B -
04D 55 =+ 114 3/ /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 54 ) 234 05 5 294 43 RCL 359 30 30
049 06 06 117 53 176 85 + 235 95 = 295 21 2 360 65 X
050 85 + 118 43 RCL 177 53 236 42 STO 296 95 = 361 53
051 43 RCL 119 13 13 178 53 237 08 08 297 55 =+ 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 17 299 24 24 364 28 28
054 42 sT0 122 54 ) 181 65 X Calculate 300 95 = 365 65 X
055 15 15 123 34 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 55 + 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 4 14 188 17 1 239 76 LBL 307 53 372 54 )
062 33 X2 130 55 + 189 85 + 240 13 ¢ 308 43 RCL 373 85 +
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(Continued) Table |

Location Code Key Llocation Code Key Location Code Key Location Code Key Location Code Key Location  Code Key
374 53 398 53 427 19 19 456 54 ) 481 85 + 510 65 X
375 43  RCL 399 43 RCL 428 99 PRT 457 95 = 482 53 | 511 43  RCL
376 3 A 400 34 34 428 53 | 458 42 S§T0 483 43 RCL 512 06 06
n 65 X 401 % - 430 53 | 459 20 20 484 06 06 513 54 )
378 53 | 402 43  RCL 431 43 RCL 460 99 PRT 485 33 X2 514 85 +
379 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 C,, 488 42 42 517 06 06
382 65 X 406 43 RCL 435 % 36 Enter £(°C) 489 54 ) 518 3 X
383 43  RCL 407 37 3% 436 54 ) 490 85 + 519 65 X
384 32 32 408 8 + 437 65 X 462 76 LBL 491 53 | 520 43  RCL
385 54 ) 409 43 RCL 438 43 RCL 463 15 E 492 43 RCL 521 46 46
386 22 INV 410 38 38 439 37 37 464 99 PRT 493 06 06 522 54 )
387 23 LNX m 54 ) 440 85 + 465 8 + 494 45 yx 523 85 +
388 54 ) 412 65 X 41 43  RCL 466 43  RCL 495 03 3 524 53 |
389 54 ) 43 53 | 442 38 38 467 21 0 496 65 X 525 43 RCL
390 85 + 44 53 443 54 ) 468 9% = 497 43 RCL 526 06 06
391 3 . 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 54 ) 528 03 3
393 54 ) 417 65 X 446 53 | an 43 RCL 500 g5 = 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 85 + 502 34 34 531 47 47
Calculate 420 54 ) 449 85 X 474 53 503 9 PRT 532 54 )
A by Stiel-Thodos an 55 =+ 450 43 RCL 475 43 RCL 504 43 RCL 533 9% =
correlation 422 43 RCL 451 03 03 476 41 4 505 44 4 534 42 STO
423 00 00 452 54 ) 477 65 + 506 85 + 535 35 35
395 76 LBL 424 54 ) 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 91 R/S
397 53 ( 426 42 ST0 455 01 0 480 54 ) 509 45 45
Nomenclature
A Constant of Eq. (9) >y Vapor-phase mole fraction
A4y Interaction coefficient, defined by Eq. (2) zZ Compressibility factor
a l 5 TCUG/MVZPCZ/B
b Ul Viscosity, pP
c I 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 Eq. (4) Subscripts
M Molecular weight b Normal boiling point
N’ Number of atoms in molecule of a substance . Critical §P
P Pressure, atm .. Ref . .
R Gas law constant, 1.987 cal/(g-mol)(K) or 82.07 11:] Lie 3:2 to components in mixtures
(cm?3)(atm)(g-mol)(K) , Reqduced
S Constant, defined by Eq. (3), K ) Saturated
T Temperature, K 0 6°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, 3, 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 is 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 number of 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)/M1V/2 (8)
Riedel suggested the relationship [7,8]:
AL = A[l + (20/3)(1 — T,)%/9) (9)
Eq. (8) and (9) yield:

B [2.64 X 10~3][ 3 4+ 20(1 — T,)2/3] 0
L — M1/2 3 4+ 20(1 _ Trb)z/a ( )

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 11
w0 M % P,
0 Mi 6 461
gZ N 27 0618
3 —
M2 28 0.449 Constants of Eq. (5)
0“7t 29 —4.058
I A 0 208
PO 1 194
07 st 32 L orT.*
08 S,F 33 t°C
09 Ct u oot
0 A, B C,t
n n/n," 36  R=1987 cal/(gmol)(K)
12 (My/M,)4 oo, (o)
. + Constants of Eq.
13 (r+s1)/£r+sz) 38 404 | q.(
14 (THS) 39 0.000001
15 (T+5,) "
16 A, ?
2 I3 b | Constants of £, expression,
1 2 4
N 42 c Component 1
18 ¥,
43 d
19 At
20 Aot 44 a
2 45 b | Constants of £, expression,
21 273.16 4
46 c J Component 2
2 T, 43 4
23 Pc, 48 0.004134  Conversion factor
24 rc; 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 [9,70]:

84 X 1075 T,p,)"2C, -
AL, = MZN/4

(11)
In Eq. (11), A, is the thermal conductivity at 0°C.
Combining Eq. (11) with Eq. (9) gives:

NN { 3 4+ 20(1 — T,)¥3 ]
L= The|3 4201 — (273/T,)23

(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 108, cal/(cm)(s)(K)
(P=1atm) Ref. [5] Eq. (1).(2)"

4.44 48.8 428
31.73 54.2 50.3

nn 61.6 59.0

104.4 70.7 68.0

137.8 80.2 116

171 90.5 81.5

* Values for n and €, were calculated from empirical relationships.
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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 IV

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 0 10 24 3B 1/X 305 a2
Sato and 059 55 + 120 4 yx 185 92 RIN 242 54 ) 306 85 X
Riedel correlations 060 53 121 53 243 85 + 307 43 RCL
061 03 3 122 0 1 Calculate ideal gas 244 53 | 308 0 00
Enter £,(°C) 062 85 + 123 55 = phase £ (C 0 ) 245 43 RCL 309 54 )
1(°c) 063 02 2 124 04 4 246 03 03 310 55+
064 0 o0 125 54 ) Enter #°C) 247 85 X 311 43 ReL
000 76 LBL 065 85 x 126 54 ) 248 X 312 0 o1
001 noA 066 5 127 54 ) 186 76 LBL 249 43 RCL 313 54 )
002 71 SBR 067 01 128 42 ST0 187 18 ¢ 250 2 2 34 B85 X
003 48 EXC 068 B+ 129 no1n 188 93 PRT 251 85 + 315 5
004 5 069 53 | 130 99 PRT 189 85 + 252 53 316 43 RCL
005 43 RCL 070 43 ReL 131 55 <+ 190 43 RCL 253 43 RCL 317 % 26
006 08 08 on 06 06 132 43 RCL 190 07 07 256 23 23 318 45 ¥
007 85 X 072 55 - 133 9 29 192 95 = 255 85 X 319 5 |
008 43 RCL 073 43 RCL 134 9% = 193 85 X 256 53 | 320 0 1
009 09 09 o074 00 00 135 99 PRT 194 43 RCL 257 01 1 321 85 +
010 54 ) 075 54 ) 136 43 RCL 195 17 17 258 75 - 322 53 |
011 55 + 076 54 ) 137 06 06 196 85 + 250 43 RCL 323 01
012 43 RCL 077 45 y< 138 42 ST0 197 43 RCL 260 0 10 324 7B -
013 02 02 018 53 ( 139 15 15 198 6 16 261 54 ) 325 43 ROl
014 3 VX079 02 2 140 43 RCL 199 8 + 262 45 Y< 326 0 10
015 9% = 080 55+ 141 07 07 200 5 263 53 ( 327 54 )
016 42 ST0 081 03 3 142 42 sTO 201 43 RCL 264 01 328 4y
017 non 082 54 ) 143 06 06 202 07 07 265 55 + 329 53 |
018 99 PRT 083 54 ) 144 43 RCL 203 33 X2 266 03 3 330 02 2
019 55+ 084 54 ) 145 non 204 85 X 267 54 ) 331 55+
020 43 RCL 085 92 RIN 146 71 SBR 205 43 RCL 268 85 x 3% 07 7
021 29 29 147 38 SIN 206 18 18 269 43 RCL 333 54 )
022 9% = Calculate A, by 148 9% = 207 54 ) 270 0 10 334 5 )
023 99 PRT Missenard and 149 99 PRT 208 85 + m 3% 1/X 336 54 )
024 43 RoL Riedel correlations 150 55+ 209 53 ( 212 54 ) 336 9% =
025 non . 151 43 RCL 210 43 RCL 273 85 + 337 3 1/X
026 71 SBR Enter £,(°C) 152 29 29 2 07 01 274 53 338 42§70
027 38 SN e 153 9% = 212 4 Y 215 43 RCL 339 1313
028 9% = 086 76 LBL 154 99 PRT 213 03 3 276 4 4 340 99  PRT
029 99 PRT 087 17 8 155 4 sT0 214 85 x 217 85 x 341 91 R/S
030 55 - 088 71 SBR 156 28 28 215 43 RCL 278 53 | 342 76 LBL
031 43 RCL 089 48 EXC 157 43 RCL 216 19 19 279 0 1 343 19 0
032 29 29 090 76 BL 158 15 15 217 5 ) 280 75— 344 71 SBR
033 9% = 091 12 B 159 42 st0 28 9% = 281 43 RCL 345 58 FIX
034 99 PRT 092 5 160 06 06 219 99 PRT 282 0 10 346 % D
035 91 R/S 093 53 161 43 RCL 220 42 ST0 283 5 )
094 08 8 162 8 28 vy 2% 25 284 3B X Subroutine
Subroutine 095 04 4 163 91 R/S 222 91 R/S 285 54 )
096 65 X 286 54 ) 347 76 LBL
036 76 LBL 097 43 RCL Subroutine Calculate liquid 287 54 ) 348 58  FIX
037 38 SIN 098 12 1 phase C,(C,) 288 54 ) 349 99 PRT
038 65 X 099 85 X 164 76 LBL Enter £(°C) 289 85 X 350 85 +
039 53 | 100 53 | 165 48 EXC 290 43 RCL 351 43 RCL
040 83 101 43 RCL 166 99 PRT 223 76 LBL 291 04 04 352 0 07
041 03 3 102 06 06 167 85 + 224 13 ¢ 292 85 + 353 9%5 =
042 85+ 103 85 X 168 43 RCL 225 71 SBR 293 43 RCL 354 55+
043 02 2 104 43 RCL 169 0 07 226 58 FX 294 2% 25 355 43 Rol
044 00 0 105 1313 170 9% = 221 5 295 9% = 356 00 00
045 85 X 106 54 ) 7 42 sT0 228 43 RCL 296 99 PRT 357 95 =
046 53 ( 107 VX 2 06 06 229 20 20 297 42 ST0 358 42 sTO
047 01 108 65 X 173 9 R/S 230 85 + 298 1 14 359 10 10
048 B - 109 43 RCL 174 99 PRT 231 53 | 299 91 R/S 360 92 RIN
049 43 RCL 110 14 14 115 85+ 232 43 RCL Calculate
050 0 10 1 54 ) 176 43 RCL 233 271 2N liquid density
051 5 ) 12 55+ 177 07 01 23 65 X Enter £(°C)
052 4 Y 113 53 | 178 9% = 235 53 |
053 53 | 114 43 RCL 179 55 - 236 011 300 76 LBL
054 02 2 115 02 02 180 43 RCL 237 75— 301 4 0
055 55+ 116 M VX 18 0 00 238 43 RCL 302 5
056 03 3 17 65 X 182 95 = 239 0 10 303 53 |
057 54 ) 18 43 RCL 183 42 STO 240 54 ) 304 43 Rol
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Storage information for calculating conductivities
of liquids, heat capacities and liquid densities Table V

W T.K 5 7r
01 P. atm 16 a
2 M 17 l
03 " 18 . : Constants of Eq. (6)
04  R1987 19 dJ
L 20 256
06 7, . 21 0436
v 2316 (0°C) 22 291 \Constants of Eq. (12)
08 264 Constantof Eq.(8) 93 428
?3 ‘;-90‘ 24 029
r ot
oo %,
12 0.000001 6 Zy,
13 pf 21 R.8207
oot 8\,

* 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
444 0.08237 0.07412 0.06340
31.73 0.07247 0.06521 0.05531
AR 0.06152 0.05536 0.04819
104.4 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/p, = (RT;'/P(‘)ZRA[H—HAT'F/?] (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. If the 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 is calculated, but the effect of
pressure 1s negligible.)

Liquid heat capacity at 0°C may be calculated by
the Rowlinson relationship [/2] as modified by Bondi
[13]:

(C,, — CH)/R =256 + 0436(1 — 7,)" "' +
w[2.91 4+ 4.28(1 — T)H)V3T 1 4
0.296(1 — 7,)71] (14

If the gaseous heat-capacity datum is available, it
should be stored at Location 25. If the 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 C will
be stored at Location 14, displayed and prmted

The programs for calculating p, € and sz are given
in Table IV, and the storage mformatlon in Table V.

The programs for 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 TT 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 instructions in
I'able XI.

Listing for HP version—program A, part 1 (gas mixtures) Table VI
Step Key Code Step Code Key Code Step  Key Code
g8l #LBLs
ga: 2 £
863 7
Ga4 3 :
aas . ETC:

R 1 s

aary 5 3

é8s  STCE eT

HES t *LE

816 CSTCA KL

dl! R4

a1z STO=

613 (ns

ald :

a1s

éle

a7

Ei€ ]
613 3 : ==
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(Continued) Table VII

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

K

.y

N T S
[ R ]

A TN

=R s R R )

AR WA

Listing for HP version—program A, part 2 (gas mixtures) Table Vil

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

681 ¥LBLA 2l 11 811 FEILB 75 12 82l has 821 i 84!  RCL3
a8z 25 1€-51 @12 -5 B22  &SEi asz 3 84z RCLY
#63  RCLE € £ -33 833 + -55 833 4 a4z P25
Ga4 i ii 824 PRTY -i4 834 z 844  RCLS
aas + 823 CF@ (7 27 eg @35 PRTY 4 845 X
5] Ke B2¢ 25 iI-51 @3p 53 5. 846 +
887 4 azr . 837 #lBLi Zi a1 847 E
538 2 828 @ 838 RCLS 36 B5 @4 RTH
887 FCLE 623 g 839 RCLZ 3E 649 E-€
818  RCLA aza 4 948 X

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 1

Enter temperature, ‘C Key A

For each component enter:

1. Molecular weight Key R/S

2. Heat capacity, cal/(g-mol)('C), or Key R/S, or
Constants of Eq. 6. a ENTER 1, b ENTER 1,

c ENTER 1, d KeyE

3. Viscosity, wP, or Key R/S, or
Critical pressure, atm, and temperature, K, for calculation of Eq. 5. P. ENTER 1, T. Key C

4. Thermal conductivity of gas, cal/(cm)(s)(K), or Key R/S, or

No input and press for calculation of Eq. 7. Key D
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(Continued) Table IX

ENTER 1
Key R/S, or
Key B

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

(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 Register 0
Heat capacity Register 1
Viscosity Register 2
Thermal conductivity Register 3
Boiling point, 'C Register 4
S value (Eq. 3), K Register 5
Listing for HP version—program B (liquid mixtures) Table X
Step Key Code Step Key Code Step  Key Code Step Key Code Step Key Code
¥LELA 644 : -4 887  KCLe 138 173 3 e
: 843 - . 88§ STOD 131 174 + =58
Gds < 489 RCL7 13 175 F&s JE-5
i EiTt 89§  s5T06 133 176 RCL4 o €+
3 831  RCLS 134 iiv X =38
o @3z GSEi1 135 178 P2s 16-51
N DI 835 PRTX 136 179 RCLE & eé
il 3 &o @94 RCLA 137 &4 + =55
5 : 3 -Z4 138 181  PRTX -id
53 -14 138 182 STOC 35 13
54 : i 183 SFC le-il
ce iy -
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THERMAL CONDUCTIVITIES OF GAS MIXTURES AND LIQUIDS

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/cm?, 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 CoL 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, »
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-59,
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, University of Nebraska*

[ ] The thermal conductivities of binary liquid mix-
tures can be predicted with the Li correlation [/]:

Ap = ZZ o0\ (1)
Here: Ay =20+ A7 (2)
And: ¢ = x;V,/Zx;V; 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 IIL

Rather than mole fraction, the weight fraction, x,,, of
components is required for the Jordan correlation [2]:

Am
W = {exp[1380|>\2 - >\1| -

27w,

0.5(13.50)(A, + 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]:

AT = xwlkq + xw2)\’2 (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’. Values for 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 [45]:

A = AD/ Ay = Ay) = Cwaz + %, (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 IIL

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 |
S R
Location Code Key Location Code Key Location Code  Key Location Code Key Location Code Key

Li correlation

Enter x,

Filippov correlation

Jordan correlation Enter x,

Enter x,

Vredeveld correlation

Enter x,
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(Continued) Table |

ey

K

Code

Location

Key

Code

Location

ey

K

Code

Location

Key

Code

Location

Code Key

Location

Sato and Riedel

ions for

correlat

pure components

]

Enter ¢ (°C)

B

|

sl

——

Volume subrout

S @
- E [x]
e 3 o
=) =
s > -
=w S
£ET £
e g
S =

A subroutine

Enter t,,,(°C)
Enter t,,(°C)
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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

¢ Temperature, °C

V' Volume, cm?®/g-mol

x Mole fraction of component in liquid mixture
x,  Weight fraction of component in liquid mixture
Zps Modified critical compressibility factor for Rack-

ett relationship

Thermal conductivity, cal/(cm)(s)(K) or Btu/(ft)
(h)(°R)

¢ Volume fraction, Eq. (3)

>

Subscripts

b Normal boiling point r Reduced
c Ciritical s Saturated
L  Liquid

Comparison of calculated and experimental
values for the methanol-water system at 0°C Table 11l

———— A, Btu/(ft)(h)(°R) ————
Mol fraction water, x4 Eq. (1) Eq.(4) Eq.(5) Eq.(6) Ref.6

0.20 0.134 0137 0.128 0.162 0.134
0.40 0.153  0.159  0.138  0.206 0.154
0.60 0.184 0.130 0.155  0.252  0.188
0.80 0.235 0.240 0.191 0.295 0.239

Physical properties used in calculations

A, Btu/(h)(f)°R) 0.327 0.121
V, cm3/g-mol 18.0 37.8
Mol wt 18.015 32.042

Data sources: Ref. 1and 9

values for pure liquids have also been programmed:

Ay = (2.64 X 1073)/M /2 (7)

N (264X 107\ 3 4+ 20(1 — T,
L — ( M1/2 ) 3 4 20(1 _ Trb)2/3:| (8)

Storage information for thermal conductivity

and volume correlations Table 11
00 T¢ 19  ¢q*
01 peq 20 Mt
02  Zgpa1 21 At
03 T¢o 22 xp*
04 Py 23 xpo*
05 Zgao 24 138  Constant of Eq. (4)
06 x 25 0.72 Constant of Eq. (6)
07 xp* 26 273.16K
08 8207,R 21 T*
09 m 28
0 M 29 For storing physical property
1 Tro1 30 data of Component 1, when
. Aand V values of Component
12 T2 3 2 are calculated
13 264 } Constants 32
14 0.001 JofEq.(7) 33 0.004134 Factor for converting
. Avalues from cal/(cm)(s) (K)
15 Tr o
to Btu/(ft)(h)("R)
16 Vvt
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 4, 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, T, and T7,) 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]:

V, = (RT,/P)ZR 01" 9)

Although Eq. (9) provides saturated volumes, pres-
sure differences are not likely to alter volumes much.

Enter ¢ (°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 )\Lb, 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., T,, P,, T, 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

The listing 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

[ Y R OT I SR |

Col Bl Taf Cod tad

e
847
@48
858

T, "
LN

oy
n
a Ce) T ) CR) e

4]

oy
1
N

2]
" un

K]
[ LA
T

) E‘l .

User instructions for HP version

(Continued) Table V

Enter the following data:

Constant, 0.004134

Molecular weight of first component

Molecular weight of second component

Thermal conductivity, Btu/(ft)(h)(°R)

First component
Second component

STOE
STO 1
STO 2

STO 8
STO 9

(If thermal conductivities are not available, proceed as
follows and program will calculate the values using

Eq. (7) and (8)):

Boiling point, K, first component
Critical temp., K, first component

Boiling point, K, second component

Critical temp., K, second component

Test temperature, K

ENTER 1
key b

ENTER 1
ENTER 1
key R/S

(Program will print the two calculated values.)
Mol fraction of first component key ¢

(If mol fraction is not available, enter weight fraction of
first component and key d.)

Mol volume, cm®g-mol, first component ENTER 1
Mol volume, cm®g-mol, second component key A

Output will be the thermal conductivity of the mixture, firstin Btu/(ft)(h)(°R),
and then in cal/(cm)(s)(K), calculated by Eq. (1), (4), (5), and (6).

Note: Eq. (6) is only applicable if the thermal conductivity of the first
component is smaller than that of the second. The program will not
give the result from Eq. (6) when this condition does not hold.



Example for HP version

THERMAL CONDUCTIVITIES OF LIQUID MIXTURES 67

Table VI

x =020
x; = 0.40
x, = 0.60
x; = 0.80

E3 ¥ 3

¥
¥e ¥
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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,

Unuversity 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 a(T) 1)
V—b V(V 4+ b) + b(V — b)

The constants a and b are generalized as follows:
a(T) = a(T,) X o(Tw) )
b(T) = bT,) (3)

Here,

a(T,) = 0.45724(R?T?2/P,) 4)
b(T,) = 0.07780(RT,/P,) (5)

Originally published January 11, 1982.
68

al/2 =1+ k(1 — TY?
k = 0.37464 + 1.54226w — 0.26992w?

(6)
™

Thus, b is a function of T, and P,, and a(T') 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 |

g
g

Code Key Location Code Key Location Code Key Code Key

,.
8
2
s

Location Code Key Location Code Key
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(Continued) Table |
L _________________________________________________________
Code Key Code Key Location Code Key Location Code Key Location Code Key

,
8
s
-
2
g
g
&
b
H
-
]
g

385 52 ( 333 43 RCL 412 15 15 448 &5 = 431 1@ 12 514 43 RCL
356 42 RCL FBe 19 19 419 53 449 53 ¢ 482 34 T¥ s15  3F 37
357 2F 37 337 54 0 420 43 RCL 450 43 RCL 483 54 518 85+
38 FI o - 38 55 0+ 421 1% 18 451 37 37 484 85 + 517 43 RCL
359 43 RCL 289 53« 422 BS  ® 452 75 - 485 53 © 518 27 27
360 28 28 230 4% RCL 423 42 RCL 452 01 1 436 43 RCL 519 &5 =
361 8% X 321 06 06 424 00 00 454 54 0 437 12 12 520 43 RCL
ez 43 RCL 332 85 425 54 455 54 3 438 33 He 521 16 16
263 16 16 333 43 RCL 426 55+ 458 35 + 439 £S5 = S22 54 0
264 54 294 01 01 427 S3 (457 53 490 4% RCL 523 55 =+
365 54 293 54 O 423 43 RCL 458 53 ¢ 491 20 30 524 53 ¢
366 23 LHA 298 95 = 429 Q& 08 459 53« 492 B5  x 525 43 RCL
367 54 & 337 42 5TO 430 &5 460 43 RCL 433 43 RCL  s26 327 37
68 54 2 338 3F  3F 431 43 RCL 481 1E 2 434 1z 13 527 75 -
I/e9 95 = 293 53 L 432 01 01 482 94 +-- 495 54 523 43 RCL
A7T0 22 IHY 400 42 RCL 433 54 2 453 &5 436 D4 529 L 28
371 23 LHx 401 17 17 434 95 = 464 43 RCL 497 75 - 530 &5 x
3¥z2 9% PRT 402 &3 ¥ 435 42 STO 485 20 30 433 43 RCL 531 4% RCL
373 BS 403 42 RCL 436 186 16 486 £S5 = 499 17 17 532 1& 16
374 42 RCL 404 00 00 437 92 RTH 457 43 RCL 500 54 & 533 54 3
375 00 00 405 5S4 > ; 462 1% 13 501 58 < 534 54
3re 93 = 406 2z ¢ Clculats|(H—H", 463 34 TH S0 S3 ¢ 535 23 LHX
3¥F 9% PRT 407 53 O 470 54 3 SOz 0z oz 535 54
373 %1 RS540 42 RCL 433 F& LBL 471 75 - S04 &% ® 537 9% =
409 08 08 4392 14 D 472 53 s0S 0z 2 a2 65
Subroutine 410 33 HE 440 71 SBRE 473 43 RCL S06 34 TH 539 4% RCL
3411 &5 441 4% PRD 474 12 2 8507 A5 sS40 2z 22
373 7& LBL 31z 43 RCL 442 53 475 33 HE Z02 4% RCL O 541 95 =
320 4% PRD 413 01 01 443 43 RCL 478 &5 = 509 18 12 542 9% PRT
i 53 ¢ 414 33 xE 444 06 06 477 43 RCL Si0 54 3 543 921 R-S
382 43 RCL 415 54 445 £5 = 478 20020 511 &5 =
383 00 o0 4ic 9% = 446 4% RCL 479 &5 = 512 53 o«
224 £S = 417 42 570 447 01 01 430 43 RCL 513 5z

Storage for Peng-Robinson equation Table |1

Location Data Location Data

00 P,atmt 19 V

01 T, Kkt 20 V(V+b)+b(V-b)*
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) 2% -

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)
11 0.26992 30 alT)*

12 «* 31 -

13 7 2 -

14 a* 3 -

15 A" 34 273.16, (0°C)

16 B* 3% -

17 a* B -

18 »b* 37 z*

*Calculated and stored by program
tGiven or calculated, depending upon program used
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Programs for Benedict-Webb-Rubin equation of state

Table il

Location Code Key
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(Continued) Table lil

Key Location

)
g
F

2

Location Code Key Location Code Key

-
g
g.
S

Code Key Location Code Key

Location Code
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a7z .z 54 3 432 9 5583 75 - A0 f42 3T WE
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Y T

(Steps 200 through 202), but can be changed. Calcu-
lated results are again compared with data in Table V.

DO
o fea)
o e P e T

[ s DI Y | I

Larr
el

I < T o B 0
e

VT TP

L B PN RON ) B =N BN OOV

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 *)p, with pressure. These programs are based on
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RCL ._.._.; RCL Eq. (11) and (12) in Part 7 (pp. 98 and 99), and, with
3 540 oz minor changes, are the same as those listed in Table I of

::-=' RCL 541 WE Part 7.
3 S92 3 After having run LBL A or LBL B of Table I, press

the C key to have f/p and f (atm) calculated and
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Nomenclature
A P Pressure, atm
B R  Gas law constant, 0.0827 (L)(atm)/(g-mol)(K)
a Constants of Eq. (1) T Temperature, K
b t  Temperature, °C
A4, ¥V Volume, L/g-mol
B, a Defined by Eq. (6)
C, k  Defined by Eq. (7)
tzer’ .
Z | Constants of Eq. (8) w  Pitzer’s acentric factor
Subscripts
¢ ¢ Critical
a r  Reduced
} Fugacity, atm Superscript
b * .
H  Enthalpy (cal/g-mol) Refers to ideal gas state
Storage for Benedict-Webb-Rubin equation Table IV
N
Location Data Location Data
00 P, atm (in Newton method) 13V, L/gmol
(1] I 14 -
02 T7T,Kt 15  (dP/dT)* (in Newton method)
03 Patmt 16 -
04  0.08207, R,(L)atm)/(g-mol)(K) 17  f* atm
05 A, 18 -
06 B, 19 -
o7 c, 20 273.16(0°C)
08 a Constants of Eq. (8) 21 24.2179, cal/(L)(atm)
09 b
10 ¢
1M «
12 v )
*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 calculatedt (atm) t calculatedtt (°C) (H—H*) (cal/g-mol)
P,atm V,LUgmodl [3] Eq. (1) Eq. (8) Eq.(1)  Eq.(8) Ref. 3 Eq. (1)t Eq. (N1 Eq. (8)1 Eq. (8)T1
1 25.46 1.000 1.001 31.67 31.54 -1.799 —4.112 —4.113 -3.37% -3.3717
13.609 1.836 13.536 13.610 39.29 3ILn —45.43 —55.69 —55.52 —46.29 —46.29
40.83 0.5891 40.179 40.734 41.89 3831 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 4294 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

T K 191.04 B, 0.042600 c 2545

P, atm 46.06 Co 22570 a 0.000124359

w 0.008 a 0.049400 b 0.006

TUsing V and T from Ref. 3
HUsing V and P from Ref. 3




74  PHYSICAL PROPERTIES CORRELATION

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,/TH)V? +
(bRT — a)/V? + aa/V® +
(c/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 is 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

Listing for HP version—program A (Peng-Robinson equation), part 1

function of pressure 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 print f/p
and f(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 different starting 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 T1 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.

Table VI

Step Key Code Step  Key Code

(/2]

-3

(]
©

Code Step Key Code Step Key Code

LA -3
<
~4

i B

sd

£51

#52

a3z

254

g E55
ik (k1
a1 457
nig asg
ci 855
gid 135
15 E3i
. & g,
iv a=

éa Kt
- - =
N K -
1 &l
. TS
c a5
- N
4 F4
2 2
2 EN
5 as
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(Continued) Table VI

Step Key Code Step  Key Code

g
L -]
X
()
<
g
[
(/2]
=
o
°
A
e

Code Step  Key Code

135 : 6154 z 2 173 %8
13 ROLa i i 153 4 i 174 -5
137 I £5 i56 X i7E Tz
: - =45 137 cTe ITE -
z ECH 3T 158 RCLS 177 3¢
3 15¢ ! il 158 178 8
£ O 156 75 - -4
3 3 4z KE 1€ g wiLE
z 62 Q43 aT0s is2 iar s
A 3T 145 ROLE i€3
- -5 145 RCLI 164
. D146 1€3 T a3
3 147 1£€ . 3685 204
. 148 1€7 3 35 285
I78 - 148 : 165 7 iz
-3 & 158 . HE 7 e
13¢ ¥ 151 . i7e 5 3€ 67
13 + (32 3 17i -35
134 3T0B TS iz 153 7 172 3708 € @4

Listing for HP version—program A (Peng-Robinson equation), part 2 Table VI

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

Bl wiois i b1 BEF ETGZ 36 141
gez  RCLz 6 i% 828 RCLI Je 121
883 RCL4 36 B4 @28 53 1@
aa4 X -5 @3e Jé g lad
835  kiie 3z 85 @31 -35 14z
aae = -24 @32 Je ii 11E
aar L7 FE skt =35 11
aee 4 834 & 12 i1z
eas T o8r B33 36 gg 113
@16 Je 83 836 =35 114
é11 Je 15 @37 36 11 1i5
Biz =35 23 s i&
ai3 3o BE ] E 7
aiq =N i HE
é13 Z4 1 é
4z LS @
ey 47 g + e
é

(PO VLY Y

Y “ae¥

R ‘:x - EF'E e).' R E -
818 iTal a7l §Tas 35 s LA I
628 RCLE 872 RCLE I 86 898 75 4
821 RCLE @73 RCLT 3¢ 67 @93 ; 5
62z X 874 A 1a@ - 13
623 Filé 875  RCLI 181 RClS
624 : 76 i 1az -
825 RLLT . Py .
626 < 78 o« 184 :




User instructions for HP version—

program A (Peng-Robinson equation) Table Vil
1. Enter program card for part 1
2. Enter critical temperature, K, T, STO 1
3. Enter critical pressure, atm, P, STO 2
4. Enter acentric factor, STO 3
5. Enter volume V, L/g-mol ENTER 1
6. Enter pressure P, atm Key A
or
Temperature t, °C Key B
Output will be:

Pressure P, atm
Temperature t, °C

7. Enter program card for part 2 Key A

Output will be:

Fugacity coefficient, f/p

Fugacity f, atm

Enthalpy change (H — H*)y, cal/g-mol.

Note: To do another calculation, start from beginning.

Listing for HP version—program B (Benedict-Webb-Rubin equation), part 1 Table IX

Code Step Key Code

@
]
o

N R I A

RENENENEDY

A
e
CooMme e
[ 2 A Ty
P N NN

£
WCr X ) Oy G B Cal PO b 0T L 0

L oV iy S A G G CE G SO SR S S
P DU SN %

W T, o«

Lol P e

4
#5 i
B2 :
aze 23 ¢ -24
628 284
azs 263
836 ¥ Z6e
631 cbe
83z
633
634
636
837

oo P P Foe P P P T P P Taa Py P

76
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Listing for HP version—program B (Benedict-Webb-Rubin equation), part 2 Table X
Step Key Code
aai : -2
ad:s 3 RCLS Jo @5
a3 4 iz 57
#éq 5 = -4
15N ) RCLI JE 46
#ée 7 + -&5
oa7 2 &
B 153 4 84
Ba: 66 RCLC 3 i3 @7 . =52

: 61 - -45 878 Z (2
£ &g  RCLE 36§ ars 1 81
3 453 H -I3 88k 7 a7
15 z acd - -45 881 3 as
H : 855 RCLE & Be 882 X =35
Z + -55 #feb ¥ -35 883 FRTW -i4
xS ST0I 867 RCLA JE 11 684 SPC i6-11
4 i 858 xe 53 BEs R~E 51
User instructions for HP version—program B (Benedict-Webb-Rubin equation) Table XI
Enter program card for part 1
Enter gas constant, °R (0.08207) STO 0
Enter equation constants:
Ay STO 1
By STO 2
G STO 3
a STO 4
b STO 5
c STO 6
a STO 7
¥ STO 8
Switch storage registers Key f P=S
Enter temperature constant, 273.16 STO 0 (secondary register)
Key f P=2
Enter temperature t, °C ENTER 1
Volume V, L/g-mol. Key A
or
Enter pressure P, atm ENTER 1
Volume V, L/g-mol. Key B
Output will be:
Pressure, atm
Temperature, °C
Fugacity f, atm
Fugacity coefficient f/p
Enter program card for part 2 (side 1 only) Key A
Output will be:
Enthalpy change, (H— H*), cal/g-mol.
Note: To do another calculation, start from beginning.
References The author

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.

James H. Weber is Regent’s Professor of
Chemical Engineering at the University
of Nebraska-Lincoln (Lincoln, NE
68588), where he has been for the past 30
years, having previously been chairman
of the Dept. of Chemical Engineering for
13 years. He has also served as a
consultant to Gas Processors Assn., C. F.
Braun & Co., and Phillips Petroleum Co.
Holder of B.S., M.S. and Ph.D. degrees
in chemical engineering from the
University of Pittsburgh, he is a member
of AIChE and ACS, a registered engineer
in the State of Nebraska, and author or
coauthor of 60 articles published in
technical and scientific magazines.




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-39 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

Coefficients for mixtures of nonpolar gases may be
calculated by means of the basic relationship of Chap-
man and Cowling:

Dy, = (0.001858T3/2){[(M1 + Mz)/(Mle)]l’z} M

P02,
According to Neufeld, Janzen and Aziz [5]:

Qp =
A 9 E G
T*B + exp (DT*)  exp(FT*) = exp(HT?* )
T* = kT/ey 3)
€15 = (£489)"? (4)
012 = (01 + 05)/2 ©)

Eq. (1) through (5) have been programmed. The
pure component properties M, ¢ and o 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,)]V/?

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 IIL.
Calculated and experimental results for the ethane and
n-hexane system are compared in Table VI

Fuller-Schettler-Giddings correlation

Diffusion coefficients may also be calculated by
means of the Fuller-Schettler-Giddings relationship:

(U, + M) M
PEVT® + EVY°F

Dy, = <ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>