SCIENCE PRESS







ENERGY ANALYSIS
WITH A
POCKET CALCULATOR

BY
G.A. PATTERSON

BASIC SCIENCE PRESS
Palos Verdes Estates, California 90274



Copyright © 1978, 1981 by G. A. Patterson
All Rights Reserved
Library of Congress Card Number 81-65027
ISBN 0-917410-04-1
Second Edition



“Success of the individuzl in the whieremernt of it immediate zims
depends on his comscious insight it ol connertions.”” — New
Studies in Philosophy, ¥. A. Hayek

N e it e related
— Serence and Sanity, Ceovnt Alfred Lorryone

FOREWORD

There is yreat current interest, prompfed by warlerating oosts, 10
devise improved energy systema. Withersn grrempping v rationalize
specific proposals, we should be giuided by twe viewpgint:

Is it feasible?
Is it econornic?

By feasible, we mean, simphy, can it be done under practical condi-
tions? For example, solar energy for night uaage nesds 2 storage
systerm . Solar energy for transportstion nesfis zivy 2 Vorage sysem
which must be portable. Conts of the storzge vyver, ity usable life,
and its weight, can render the conergs unfegsizie.

By economic, we mean, is this the best mzy, o ow wont wzy? In a
completely free maker the low conr vyver will prevzil. The test iy
often related to inherent efficiency of the presrss. For exzmple, the
reciprocating stears engine is less efficient thzs the diese] engine and
has disappeared from use 23 z railrosd or sy engine.

The economic balance can be shifted t the less eificient process by
subsidy of government grants or bry use of “waare”” procucs. For ex-
ample, a lumber mill may use wood chign w0 power 2 viezm boller.
Wood chips are themselves valuable, homever | for mzking composi-
tion lumhber and their use for fuel mzy be uneconomic.

The guide posts of feasibility and econamics can onky e judged by
current technology. There are many promising 200 intriguing con-
cepts for future use. Among these zre fusion power from the ztom,
clectrohydromagnetic processes, znd meons exosie oF Zll, energy
released by combustion of commen ezrts

To a considerable degres, the teses of feanitnliny 2o economics de-
pend upon proper application of the lzmy of nzzure v the sk The
intent of this book is to identify these lzms 23 they zpply w0 energy z2nd
to show how they are related and muse be wesd
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‘‘Progress in thinking is progress toward simplicity.”’
— Siegmund George Warburg,
Merchant-Banker

INTRODUCTION

What are the sources of energy and how do they compare on an
economic basis?

What are the forms of energy and how are they controlled and used?

The answers to these questions form the basis for this book and
give us the guides we need to select the most economical fuel and to
use it most efficiently.

The analysis of energy is based upon easily understood effects:

Energy flows always from hot to cold unless acted upon
by external forces.

Energy flows only by
Conduction - through an unmoving substance
Convection - through a fluid (a liquid or gas)
Boiling - a combined conduction/convection process
with formation of bubbles
Radiation - through space by electromagnetic waves

This book describes the various natural laws which govern these ef-
fects, tells how they are related, and gives examples and step-by-step
solutions to each problem. The programmable pocket calculator is us-
ed to provide rapid solutions as well as to identify the exact data and
methods to be used.

Energy analysis is basic to the design of efficient structures and
machines. By learning to control the flow of energy we can add to our
comfort, reduce our expenditures, and take satisfaction in having
enlarged our understanding of the universe.



BASIC CONCEPTS OF ENERGY ANALYSIS

FOURIER'S PRINCIPLE: ENERGY FLOWS FROM HOT TO COLD.
THE RATE OF ENERGY FLOW IS INVERSELY PROPOR-
TIONAL TO THE RESISTANCE OF THE MEDIUM.

Baron Jean Baptiste Joseph Fourier (1768 - 1830), a French
mathematician and physicist, established this principle in 1822.

MAXWELL'’S EQUATIONS: ENERGY CAN BE PROPAGATED AND
ABSORBED IN THE APPARENT ABSENCE OF A MEDIUM
BY ELECTROMAGNETIC WAVES CHARACTERIZED BY
AMPLITUDE AND FREQUENCY.

James Clerk Maxwell (1831 - 1879), a Scottish physicist, related
etheric phenomena (light, radiation energy, heat, magnetism, radio
and cosmic waves) by laws which he devised in 1864.

DIMENSIONLESS NUMBERS: THE UNITS AND QUANTITIES OF
A MATHEMATICAL OPERATION ARE DETERMINED BY
THE UNITS AND QUANTITIES USED IN THE OPERA-
TION. UNITS WHICH COMRINE TO PRODUCE NON-
DIMENSIONAL NUMBERS CAN BE USED TO
GENERALIZE NATURAL PHENOMENA. CONVERSELY,
EQUATIONS WHICH ARE NOT NON-DIMENSIONAL
ARE NON-GENERAL.

Osborne Reynolds devised the first well known dimensionless
number in 1882 to describe fluid flow phenomena. Lord Raleigh
and E. Buckingham independently in 1915 devised rules for such
analysis. A pioneer work was given in 1922 by P.W. Bridgman of
Yale University.

THE COBURN FACTOR: THERE IS AN ANALOGY, A RELATION,
IN FLUID FLOW BETWEEN THE FRICTIONAL
RESISTANCE AND THE TRANSFER OF ENERGY BE-
TWEEN TWO FLUIDS OF DIFFERENT TEMPERATURE.

This relation was noted by A.P. Colburn and T. H. Chilton in a
chemistry work published in 1934.

BOUNDARY LAYER: A BODY IMMERSED IN A FLOWING FLUID
IS BOUNDED BY A FILM OR BOUNDARY LAYER. THE
VELOCITY AND THICKNESS OF THE FILM IS ZERO AT
THE LEADING EDGE ‘“‘STAGNATION POINT”’. THE
THICKNESS AND VELOCITY INCREASES WITH IN-
CREASING DISTANCE AFT AND OUTWARD OF THE
STAGNATION POINT UNTIL IT RESUMES FREE
STREAM VELOCITY.

Ludwig Prandtl developed the boundary layer theory in 1909 dur-
ing experimental investigations of airfoils at Gottingen, Germany.
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CONCISE DEFINITIONS

HEAT — Energy in transit from a particular body.

BTU — BRITISH THERMAL UNIT, the energy needed to raise
the temperature of a one pound body by one degree Fahrenheit at
60 deg. F.

CONDUCTIVITY — The rate at which energy will flow from a par-
ticular body expressed as BT U/sec-ft-deg F.

R VALUE — The inverse of conductivity for a particular thickness
and unit area, sec-deg. F/BTU.

LAMINAR FLOW — Fluid flow in streamlines with gradual change
of direction.

TURBULENT FLOW — Fluid flow in chaotic patterns with vor-

tices.

FREE CONVECTION — Fluid flow induced by density variations
caused by temperature differences.

FORCED CONVECTION — Fluid flow induced by pressure differ-

€nces.

NUCLEATE BOILING — The periodic formation and escape of
vapor bubbles with transfer of energy.

FILM BOILING — The formation of a vapor film between a liquid
and a heated surface at very high energy transfer rates.

BURN OUT — An unstable intermediatary condition between nu-

cleate boiling and film boiling with low energy transfer rates. At
such a condition the wall may be vaporized or weakened.
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ENERGY ANALYSIS ELEMENTS

The Temperature Scale

The invention of the thermometer is credited to Galileo in
1592 and was improved in 1700 by Gabriel Fahrenheit who used
mercury as the fluid and devised the scale given his name. On
the Fahrenheit scale fresh water at sea level freezes at 32
degrees and boils at 212 degrees.

The Centigrade (cent, one hundreth), or Celsius, scale was
proposed in 1742 by Anders Celsius. On this scale water freezes
at O degrees and boils at 100 degrees.

In comparing the two scales, it can be seen that for the
Fahrenheit scale the range of degrees for freezing to boiling
is 180 degrees, while for the Celsius scale it is 100 degrees.
This is a ratio of 1.8 degrees C for each degree F. There is
also a base change of 32 degrees between the two systems.

Deg C = (deg F-32)/(1.8 deg F/deg C)

or, for example,(100 °F -32)/1.8 = 37.8 ¢
Deg F = deg C x (1.8 deg F/deg C) + 32

or, for example,(37.8 °C x 1.8) + 32 = 100. °F

The effect of temperature change on gas volume was noted
in 1805 by two French chemists, Gay-ILussac and Charles. They
found the volume change was proportional to the temperature
plus a constant. In effect, they discovered the absolute zero
reference value.

Gas volume at constant temperature is directly proportional
to pressure, as found by Robert Boyle in 1700.

Rankine and Kelvin in 1900 did experimental work at very
low temperatures and developed scales given their names:

Deg R = deg F + L6O.

Deg K = deg C + 273.

Vapor Pressure and Boiling Point

Vapor pressure is the aggregate result of molecular motion
measured at the gas interface. It increases with temperature
and persists at all temperatures above absolute zero.

Vapor pressure is related to molecular weight; the smaller
and lighter molecules have higher wvapor pressure. Substances
composed of several types of molecules, such as petroleum fuels,
have a vapor pressure which can be calculated by special methods.



Vapor pressure determines the boiling point, or the temp-
erature at which a fluid boils.

Water boils at 212 °F at sea level.
That is to say, the vapar pressure of water
at 212 OF is equal to 1.7 psi, sea level pressure

Saturated temperature is the temperature at which the
substance boils at a specified pressure. For water at sea level
pressure, the saturated temperature is 212 deg F.

Reid Vapor Pressure is a measure of the vapor pressure of
the more volatile fuels. The sample is heated to 100 deg F in a
container one-fourth full of liquid. The true vapor pressure is
approximately 3 percent higher because of the partial evapor-
ation of the fuel.

Surface Finish

Energy transfer is significantly affected by surface
effects, such as oxide coatings, olly films, chemical scale and
deposits. Surface texture and reflectivity play an important
part.

An oil film can greatly increase the temperature at which
boiling begins. Light oil is sometimes added to open water res-
ervoirs to reduce the loss by evaporation.

Boiling depends on the existance of gas or wapor bubbles
found in crevices at the solid-liquid interface. Small surface
scratches are nearly always present and can increase the rate
of boiling. Very smooth, deaerated surfaces delay the onset of
boiling. It is in fact possible to exert negative pressure of
several thousand psi without boiling under laboratory condit-
ions.

These factors contribute to the difficulty of precise def-
inition of heat transfer phenomena. Conditions are idealized
and simplified for laboratory experiment in order to improve
the repeatibility of results. For example, gases may be re-
moved from the liquids, surfaces may be chemically cleaned and
ground smooth and polished. Such results may not be the same
as for field tests.

The States of Matter

Matter is composed of molecules which can be arranged
rigidly in the case of the solid, semirigidly for the liquid,
and freely for the gas. Solids have a specific crystalline
arrangement peculiar to the type of substance. There are a
certain number of molecules to each crystal. Various crystalline
arrangements are possible. for the same substance. At higher
pressures the crystals condense to smeller volume. At the other
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extreme, gases can become very diffuse at low pressures, becom-
ing ionized to enter a plasma state with new electrical values.

The triple point identifies the melting/freezing point. At
this temperature the substance can exist as a liquid, solid, or
gas. Below the triple point the substance can sublime directly
from a solid to a gas. Above the triple point, the substance
can change from a liquid to a gas or the opposite, and a mix-
ture of liquid and gas can be present. A mixture of gas and
liquid is defined by quality, where zero quality is pure liquid
and 100 percent is pure gas. The change of state is determined
by the environment pressure and the addition or subtraction of
energy.

The critical point identifies the highest temperature at
which the liquid state can exist. There is a corresponding
minimum pressure known as the critical pressure. The two are
known as the critical points.

Change of state can be gradual, as in the warming of
water, or precipitious, as in the formation of ice or steam.
Heat transfer experiments have determined the quantity of energy
needed to change the temperature of a pound of a substance, or
to melt, freeze or vaporize it. Data for various substances are
given in Appendix ITI.

Phase Change

Melting and freezing are reverse processes which occur at
the freezing point with the addition or subtraction of the
heat of fusion.

Freezing of a liquid proceeds by excluding the impurities,
that is, the pure substance freezes first, excluding in the
process the dissolved materials. This effect is of great use
for purification processes, such as the preparation of fresh
water from sea water.

Similarly, melting of pure and impure substances proceeds
at different rates. The meliing of an ice cube is an example.
During freezing, the outer layer of water is cooled first and
freezes the purest water:. Inner layers of water freeze last and
contain the most dissolved substances. This can be observed by
the clarity of outer ice and the opaquity of inner ice. 0ld ice
tends to be entirely opaque because of the condensation and
absorption of gases from the environment.

The preferential freezing of the pure substance is used in
the metallurgical process of zone melting. A bar of the substance
is heated along its length by induction heating in a progressive
fashion. Impurities are driven to the far end of the bar. The
impurities are then removed by cutting off the end of the bar.

Evaporation and condensation are reverse processes of the
change from the gas to the liquid state. The change proceeds at
constant temperature with energy addéd for evaporation and sub-
tracted for condensation.




Evaporation proceeds from the liquid-gas interface. It is
encouraged by increasing the area of the liquid-gas interface,
either by greater surface area or by agitation of the liquid.
Evaporation of the liquid proceeds until the partial pressure
of the evaporated gas equals the partial pressure of the liquid
(its wapor pressure) or until the liquid is exhausted.

The Sources of Energy

Energy is produced by changes in the composition or arrange-
ment of matter.

Solar energy is the result of thermonuclear processes. The
very great mass of the sun produces high pressures at its center,
crushing together the atoms of which all matter is composed. This
rearrangement causes high temperatures and the energy evolved is
transmitted to us by electromagnetic waves, or radiation, a
portion of which we percieve as light.

Thermal energy can be generated by friction, compression,
radiation and chemical processes. The latter include room temp-
erature oxidation in which the heat produced may be unnoticed.
If the oxidation occurs sufficiently rapidly and in a concen-
trated form, then combustion results. See Engine Thermodynamics,
Ref. 1).

Energy analysis is concerned primarily with the conservat-
ion of energy or with its dissipation. Conservation would apply
to the insulation of a machine or structure to preserve the
required tempertture with the least expenditure of fuel.
Dissipation of energy would apply to maintaining a desired
temperature under a condition in which waste heat was produced,
as for example, use of a radiator to avoid excessive cylinder
and bearing temperatures. Accordingly, energy analysis is
concerned primarily with insulators and radiators.

Heating Value

The unit of energy is the British Thermal Unit (BTU). It is
defined as the energy needed to change the temperature of one
pound of water by one degree Fahrenheit.

An alternate unit of energy is the Gram-Calorie. It is the
energy needed to change the temperature of one gram of water by
one degree Celsius. Also in use is the Kilogram-Calorie. If no
units are giwven, the Calorie refers to the gram-calorie.

There are L5 grams per pound and 1.8 degrees F per degree
C. The BTU is equal to 252 Gram-Calories.

There is an equivalence beteeen thermal processes amd mech-
anical processes, such as friction and gas compression as
compared to combustion processes. This was investigated by
Benjamin Thompson {Count Rumford) during the American Revolution
and later by James Joule in 1845. The equivalence, called the
Joule, is 778.16 foot-pounds/BTU.
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Heating value is found by burning the fuel in a container
submerged in water and insulated, with a measurement made of the
temperature rise. Water is formed in this process by the products
of combustion. The heating value is known as the "higher heating
value" if the vapor is not condensed, and as the "lower heating
value" if the water is condensed.

Heating value of a fuel can be estimated if the hydrogen/
carbon ratio of the substance is known, since these are usually
the principal constituents of common fuels. Approximate values
are 53,000 BTU/1b for hydrogen, and 14,000 BTU/1b for carbon.

Intermal Erergy

Energy analysis is concerned with the change of internal
energy of a substance for a phase change from gas to liquid or
liquid to solid. These changes occur at constant temperature.

The change in internal energy is the amount needed to rearrange
the molecules into the new form of greater or lesser mobility.
It is a precipitious change as compared to the gradual process
of warming or cooling a solid, liquid or gas. There is a quantum
of energy, measured by units of BTU/1b, to produce the phase
change for a particular substance. Phase change is described by

various common names:

Less Mobility Phase Change More Mobility
Solid-Vapor Heat of Sublimation
Heat of Fusion Solid-ILiquid Heat of Melting

Heat of Condensation Iiquid-Gas Latent Heat, Heat
of Evaporation

The temperature at which phase change occurs is controlled
by the pressure. Above the critical temperature of the substance
no phase change occurs and the substance is a gas.

At a temperature not equal to the phase change temperature
the energy which is added or subtracted from the substance causes
a change in the temperature of the substance. The extent of the

change in temperature is determined by the amount of energy
and the specific heat of the substance, see below.

Specific Heat

A change in temperature ean occur at censtant pressure or
at constant volume. The energy needed to produce this change in
temperature is known as specific heat, measured in BTU/1b-"F. It
has the notation c,, for constant pressure and c. for constant
volume. The ratio of these specific heats is given the notation
k, equal to ¢ /Cv'

Specific heat varies slightly with temperature and is nearly
constant with pressure. An exception is near the critical point
at which the specific heat varies widly.
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Thermal Conductivity

Thermal conductivity is a measure of the ability of a body
to conduct heat within itself from a higher temperature source
to a lower temperature sink. The body may be of a uniform sub-
stance or a composite of several materials. It may be a uniform
mixtures or made of layers of fifferent substances. It may be
solid or there may be vold spaces.

The thermal conductivity factor, k, is determined by test
and is expressed in units of

BIU-ft/sec-ft°-deg F = BIU/sec-ft-deg F

Atmospheric Properties and Ram Effects

Atmospheric pressure is greatest at sea lewvel and decreases
exponentially with altitude. Atmospheric temperature similarly
decreases with altitude but remains constant for a considerable
height above 35,000 feet up to 80,000 feet. For a particular
altitude there is wide variation in specific temperature caused
by local weather conditions. Standards have been established for
general usage. The Standard Day has a sea level temperature of
59 deg F, the Cold Day -65 deg F, and the Hot Day 100 deg F. The
actual atmosphere can contain "temperature inversion layers" in
which the temperature increases, rather than decreases, with
altitude.

A gas becomes heated when compressed and cooled when it is
expanded. An object passing through the air compresses the air
ahead of it causing an increase in temperature and pressure.
These are known as "ram effects".



ENERGY ANAIYSIS METHODOLOGY

The Modes of Erergy Transfer

It is the first law of scientific reasoning that nature can
not act at a distance; there must be a continuity of the process
throughout its action. .

This continuity is most apparent in the cas of energy trans-
fer by conduction. As Fourier showed in 1822, there is an ex-
ponential dimunition of temperature along a solid conductor
from the source of energy to the energy sink.

Energy transfer by convection deals with a fluid (gas or
liquid) medium rather than a scuid one. The energy imparted to
the fluid reduces its density causing it to move within itself.
This creates currents which modify the energy transfer process.
If these currents are natural (produced only by gravity) the
process is called natural convection. If the currents are caused
by external forces (such as a pump) the process is called forced
convection.

Energy transfer by boiling is commonly used without appreci-
ation of the complexity of the process involved. The intensity of
boiling is controlled by the temperature difference of the boil-
ing fluid and the fluid container at the location where the heat
is applied. At low temperature differences, there is convective
heat transfer. At somewhat higher temperature differences, the
onset of nucleate boiling, with small bubbles, occurs. At increas-
ing temperature :difference bubbles become larger. At very high
temperature differences, there comes an abrupt transition to
film boiling. Boiling bubbles are no longer formed but the entire
heating surface becomes an undulating wave of gas film.

Energy transfer by radiation does, to our incomplete per-
ception and understanding, appear to be action at a distance.

It does, however, follow the immutable laws of nature discovered
by James Clerk Maxwell in 186l. (His work led to the discovery of
radio waves.) Radiation transfers energy through a vacuum by what
is, in fact, the interchange of energy and matter. The study of
radiation has shown us the cosmic scope of energy relations: the
exponentially increasing energy of specific vibrations and wave
lengths which we recognize as heat, iight, radio waves and cosmic
waves.

Heat Exchangers

Heat exchangers facilitate the flow of energy. In specific
application they are known as coolers or heaters. By locatiomm,
we may hear of an intercooler, as between two compressors.

The heat exchanger allows the transfer of energy between a
hot fluid and a cold fluid. Eithe r or both fluids can be liguid
or gas. Important design parameters are cost, size, weight, flow
rates, fluid pressure drop and temperature differences.
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Insulation

Insulation controls the flow of energy. It increases the
time to reach an equilibrium temperature. Insulation achieves its
purpose by use of materials and methods of construction which
reduce the rate of energy flow. Insulation used between two
bodies at nearly room temperature is concerned principally with
conduction and convection.

Conduction insulation is obtained by use of materials with
low conductivity, as for example, wood in place of steel, and
by reducing the area of conduction. A hollow wood door has less
area of contact between the two sides and provides better in-
sulation. Conduction can be reduced if a solid material is com-
posed of layers which are slightly separated. Separation can
consist merely of oxidation or powder.

Conduction insulation for high temperatures includes
graphite and bricks made of fire clay or alumina. Lower temp-
eratures use asbestos.

Space reentry vehicles are subject to very high heat loads
at the leading edge by compression of the air. Evaporating or
ablative materials may be used for these applications.

Convection insulation is obtained by reducing the mobility
of the environmental fluid, usually air. Principal convective
insulators are glass wool, fiberboard and foamed polyurethane.
It is essential that void spaces be present; if compressed too
tightly the materials become more conductive.

At high vacuum conditions the principal mode of energy
transfer is by radiation. Sir James Dewar, a Scottish chemist,
invented the storage bottle used to store low temperature
liquidified gases such as helium and hydrogen. The dewar, as it
is called, consists of two glass or metal bottles between which
is drawn a high vacuum. (The familiar Thermos bottle.) Multiple
radiation surfaces are sometimes used to further reduce energy
transfer.

Iow temperature insulation is known as cryogenic insulation
from the Greek kyros, icy cold. Foamed materials are very useful
for such applications, especially if the temperatures are such
that the gasses in the bubbles becone condensed to form a vacuum.
Polyurethane foam is formed by mixing liquids to produce a gas
and foaming bubbles. The mixture dries to leave foam skeletons
encapsulating the gas. The size and density of the foam can be
controlled by regulating the pressure during the formation.

Cryogenic insulation is subject to "cryopumping" in which
the surrounding atmosphere and its contaminants, especially
water, can be condensed. This can build up deposits between the
insulation and the insulated surface causing the insulation to
spall off and the conductivity to increase. Moisture seals are
required to prevent this occurance.



The Energy;Balance

The energy of a body or system is evidenced by

1. Its temperature

2. Its molecular arrangement (liquid, solid or gas)
3. Its chemical arrangement (oxidized or ionized)
L. Its physical state (compressed or distended)

Two bedies brought into contact tend to reach a level of
equal energy as limited by time and the degree of contact. Basic
energy transfer study is concerned primarily with steady-state
relations. That is to say, ones for which the rate of energy
transfer is constant. The true processes can be approximated by
a series of steady state solutions at progressively converging
temperatures and for suitable time intervals.

Energy cannot be created of destroyed (omitting nuclear
processes) but can become unavailable, as when useful energy is
lost as useless friction. Heat can be transmitted by radiati on
which includes light and radio waves.

Energy added to a body without changing its structure or
temperature must be transferred to a third body. This is the
principle of entropy, the conversion of energy to work, as an
example. The empty kettle can no longer transfer energy to the
water and must add energy to the kettle itself. The empty kettle
burns up. The energy balance can be expressed by the equation:

Heat loss = Heat Gain

Analysis Processes

Energy analysis processes are a synthesis of experiment
and reasoning. The investigator observes the process of boiling:

"Aha! Boiling deals with the formation of bubbles!"

He sets up a formula relating the geometry and the
materials to the environment. He measures the temp-
erature difference and the heat flux to obtain a set

of data points. He now compares the results of his

test with the prediction of his equation to test its
validity, range of acceptability, and its suitability
for other fluids and materials. Usually, he will add

an experimental constant to account for unknown effects.

All energy analysis calculations are necessarily incomplete
and approximate. There are many methods which can be employed to
obtain a satisfactory answer to a particular problem.

Energy analysis is facilitated by ignoring effects known
to be minor from preliminary calculations, experience or intuition.
For example, radiation between two bodies at room temperature
can be ignored in most practical cases.
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Energy analysis, as well as most analysis, is best ap-
proached by determining the proper order of magnitude of the
answer. For instance, is the true rate of energy transfer close
to 1 BTU/second, 10 BTU/second, or 1000 BTU/second? Once the
problem has been approximated to this extent it can either be
refined to the necessary accuracy or disregarded as trivial. The
uncertainty of the data should be cansidered in regard to the
validity of the answer.

The key to successful energy analysis is the simplification
of the problem and the isolation of the effect to be studied
from the rest of the universe. In the Roman maxim: Divide and
Conquer. Narrow the scope of the investigation to obtain a first
order approximation. Avoid complex solutions. The simplest
answer is the most to be trusted.

Dimensionless Numbers

Energy analysis makes extensive use of dimensionless num-
bers. These are simply combinations of measurements which form
a ratio. For example, we might speak of the fineness of a needle,
F, measured by the length, L, and the width, W. Then, F= L/W.
Measuring both length and width in the same units, as inches or
feet, we see that the units cancel so that the fineness ratio, F,
is a pure number. That is, it has no units.

One of the earliest and most useful dimensionless numbers
was devised by Osborne Reynolds in 1882 for the study of fluids.
The Reynolds Number relates length, velocity, density and vis-
cosity. He found that his criterion wuuld identify whether the
flow would be laminar (streamlines) or turbulent. The transition
for flow in a tube, based on the tube di ameter, occurs at a RN
of 3,000. The transition for flow past an aircraft wing, based
on the chord of the wing, occurs at a RN of 500,000.

Buckingham and Raleigh in 1915 independently derived rules
for formulating dimensionless numbers. These laws form the basis
for theoretical analysis and provide insight into natural pro-
cesses. For example, consider the relation between mass and
energy.

Mass, M

Weight/Gravity = W/g = 1b/( £t/sec?)
1b-sec</ft
Erergy, E = ft-1b

To relate these, we can divide Epergy by Mass: 5
Number = (ft-1b)/(1b-sec</ft) =(ft/sec)

We recognize this as the Einstein Equation, E = Mc2

where ¢ represents the speed of light.

Equations in which the product of the input units do not
match the output units are dimensionsally invalid. Equations
should be dimensionally analyzed before use.
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The Prandtl Number was devised by Ludwig Prandtl while
investigating aerodynamics in Gottingen, Germeny in 1905. He
also developed the concept of the boundary layer surrounded by
the ideal gas.

The Nusselt Number was devised by W. Nusselt, Germany,
1909. It is the basis for correlations of convective energy
flow.

The Grashof Number is used in convective energy flow where
needed for gravity and bouyancy effects. The number can be ex-
pressed in terms of the mass density of the liquid and vapor.

REYNOLDS NUMBER
Rn = DV

where D = Diameter of tube, feet
V = Velocity of fluid, ft/se

p

Mass Density, (1b/ft3)/(32.2 ft/sec?)
or slugs/cu.ft.

/%= Viscosity, lb-sec/ft2
PRANDT . NUMBER
Pr = ¢ cp,ﬁ/k
where g = Gravity constant, 32.2 ft/sec2
cp” Specific heat at constant pressure, BIU/lb-deg F
/= Viscosity, lb—sec/ft2
k = Thermal Conductivity, BTU/sec-ft-deg F
NUSSELT NUMBER
Nu = h L/k

where k is thermal conductivity as above and

1}

L = Length, ft

h

Heat transfer coefficient, BIU/sec-ft°-deg F
GRASHOF NUMBER
Gr = g /A3 (dT) L3f2¢*2

where /? Coefficient of volume expansion, ft3/ft3—deg F

1]

dT = Temperature difference, deg F

11



ENERGY ANAIYSIS PROCESSES AND EXAMPLES
CONDUCTION

Conduction is the direct transfer of energy from one body
to another through a conducting medium. The rate of conduction
was experimentally observed by Joseph Fourier in 1822. His eq-
uation both defines the experimental value of conductivity for
the material and predicts the rate of energy conduction for
specific conditions.

Conduction is limited to solid bodies and to liquids at
low heat flux rates. This is because heat addition to a gas or
a liquid causes convective currents.

Conduction frequently occurs across a wall bounded by a
liquid or gas subject to convection. The heat transfer rates will
depend upon the film coefficients at the wall surfaces as well as
the conduction.

CONDUCTION FORMUIAE

HEAT FLUX
Q=UAAd
where Q = Heat flux, BTU/sec
U = Overall transfer coefficient,
BTU/sec-ftz—%eg F
A = Heat transfer area, ft
dT = Temperature difference, deg F

HEAT TRANSFER COEFFICIENT
U = k/dL

where k = Thermal conductivity, BTU/sec-ft-deg F
dL = Iength of heat transfer thruugh body, ft

FOURTER EQUATION
Q = -k A (dT/dL)
HEAT TRANSFER COEFFICIENT IN COMPOSITE MATERIAILS
1/0 = d.T_,.]/k1 + dL2/k2 + dL3/k3 Foieeen
ADJUSTMENT FOR UNEQUAL AREAS OF COMPOSITES
U, = (fraction of area occupied) x (kx/ de)

12



PROCEDURE FOR CONDUCTION
See
APPENDIX I. Program 1. Wall Component Conduction, Single Element
Program 2. Wall Average Conduction, Multiple Element

1. Find heat transfer coefficient for each component,'Ux
U = (A./A) x (k
= (A/8) x (k /dL)

2. Find composite heat transfer coefficient, U
U = inverse of (1/U)
3. Find heat transfer rate, Q

Q=UAddT

Example 1. CONDUCTION, SANDWICH STRUCTURE

DATA

: Material Conductivity, k Length, dL Area2 A
BTU/sec-ft-deg F ft ft
Asbestos 2.0 x 10—5 0.025 1.0
Steel 7.2 x 107 0.13 0.0L
Aluminum 3.2 x 1072 0.02 1.0
Q Q

U <

M
+
o~
&

——

| 1
Q Q
Example 1. ILLUSTRATION OF SANDWICH STRUCTURE
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PROCEDURE: See Program 1. COMPONENT CONDUCTION, SINGLE ELEMENT
Program 2. COMPONENT CONDUCTION, MULTTIPLE EIEMENT

(1/1) x (2.0 x 107°)/(0.025)

U =
1 ) .
= 8.0 x 10 © BFU/sec-ft -deg F
-3
U, = (0.04/1) x (7.2 x 10 )/(0.13)
- 2
= 2.2 x10 3 BIU/sec-ft -deg F
Uy - (1/1) = (3.2 x 1072)/(0.02)
= 1.62 BTU/sec—ftz-deg F
10 = 1/(8.0 x 107y + 1/(2.2 x 1072 + 1/1.62
= 1250. + L455. + 0.62
= 1705.
U - 5.86 x 1074 BIU/sec-ftP-deg F
TABUIATED RESULTS:
dr Q
0.0 deg F 0.0 BTU/sec
200. 0.12
1,00. 0.23
600. 0.35
800. 0.47
Q F] O 05 -
Example 1. i
BTU/sec CONDUCTION OF SANDWICH STRUCT
o4l
03F
0.2[
0.1
O i 1 1 l
0 200 100 600 800

dly, deg F

1L



CONVECTION

Convection heat transfer is a modified conduction process
with fluid in motion. Free convection is gravity induced flow;
forced convection is fluid motion induced by forces other than
gravity. Gravity force acts on the fluid to make it move as a
result of the lowered density of the heated portion.

Convection can result in either laminar or turbulent flow.
Convective currents can be observed in still air by the smoke
rising from a cigarette. The smoke rises initially undisturbed
as a laminar jet; at some inches above the tip the smoke becomes
turbulent and the smoke particles diffuse. Convective currents
can also be observed by diffraction of light in clear water
heated from below.

The rate of energy transfer in convective films can be
correlated by use of the Grashof Number, Gr, and the Prandtl
Number, Pr. The transition from laminar to turbulent flow occurs
at a value of the product of the Grashof Number and the Prandtl
Number equal to 1 x 109.

FREE CONVECTION FORMULAE

PRANDTTL NUMBER

=g cp/~/k
where g = Gravity constant, 32.2 ft/sec2
c. = Specific Heat at constant pressure,
p BTU/1lb-deg F
/¢ = Viscosity, lb-sec/ft

k = Thermal conductivity, BTU/sec-ft-deg F

GRASHOF CONSTANTS
= efPe/I*

where /3=:Coeff101 nt og thermal expansion,
/(ft degRB7 5
/9 = Mass dens1ty, (1b/ft°)/(32.2 ft/sec”)

3
cC = L
37 6

where L= Length of wvertical plate, ft
GRASHOF NUMBER

Gr = 03 dar

where dT = Temperature difference between wall
and fluid, deg F

5



TEST FOR TURBULENCE
If Gr Pr is more than 1 x 109 flow is turbulent

If Gr Pr is less than 1 x 107 flow is laminar

LAMINAR FLOV, FREE CONVECTIN, VERTICAL FLAT PLATE

1. Test for Equation Validity
Gr Pr must exceed 1 x 10h
2. Find aveiage Nusselt Number, Nu
Nu = 0.508 prO+> gp°-25 /(0,952 + P:r')o’25
3. Find heat transfer coefficient, h
h = Nu/(L/k)
L. Find heat flux, Q/A, BTU/sec-.‘f't2
Q/A = h dT

TURBULENT FLOW, FREE CONVECTION, VERTICAL FLAT PLATE
1. Find heat transfer coefficient, h
. 0.
h - 0.23 k0" 2 p 0 03

2. Find heat flux, Q/A, BTU/sec-ft°

16



Example 2. FREE CONVECTION, VERTICAL FLAT PLATE

LAMINAR
DATA:
L =1.0ft
dT = 5.0 deg F .
k = 9.4l x 107> BIU/sec-ft-deg F 7 2
£ =0.08 x 107 (1/deg R) ::::>
P = €20 /32.2 = 1.9 slugs/ft> T
Fo=2.34 x 107 Tb-sec/£t° ::£:>Q -
{

I

¢ = 1.0 BIU/lb-deg F \
p / ¢ \\\_g {

CAICUIATION RESULTS:

See Program 3. Free Convectiq?, Vertical, ILaminar
Pr = 32.2 x 1.0 x (2.34 x 1072)/(9.4 x 10°°)

= 7.98
- -3 2 -5.2
Ch = 32,2 x (0.08 x 10™2) x (1.94) /(2.34 x 107°)
= 1.77 x 107
c =(0(1.77 x 107) X (1.0)3 = 1.77 X 107

Gr = (1.77 x 10') x (5.0) = 8.85 x 107
Gr Pr = (8.85 x 107) x 7.98 = 7.06 x 10°
Nu = 0.508 (7.98) /2 (8.85 x 107)1/4 /(0.952 + 7.98) /"
= 80.29
h = 80.29 x (9.4, x 10'5)/1.0
- 0.0076 BTU/sec-ft°-deg F

Q/A = 0.0076 x 5.0 = 0.0379 BTU/SeC-ft2

17



TABULATED RESULTS:
Example 2 Free Convection, Vertical Flat Plate,

Laminar
dar Q/A Gr Pr
deg F BITU/ sec-ft2
8. —— 1.12 x 107
7. 0.0577 9.79 x 108
6. 0.0L76 8.39 x 10
5. 0.0379 7.08 x 108
L. 0.0287
3. 0.0200
2. 0.0121
1. 0.0051
QA 5
BTU/sec-ft
Example 2.
0.06 FREE CONVECTION,
VERTICAL FLAT PLATE
L LAMINAR
O-Oh -
0.02 b
r-
0 1 J 1 1 1 1 1 3
0 2 L 6 8



Example 3. FREE CONVECTION, VERTICAL FLAT PLATE, TURBULENT
DATA:

Length of plate, L = 4.0 ft

Temperature of air, Toip = 80. deg F

Temperature of plate, Tplate = 0., deg F

Air film properties:

Pr = 0.72 = 3.5 x 1077 1b-sec/t?
¢, = 0.239 BIU/Ib-deg F
kX = 3.77 x 1076 BTU/sec-ft-deg F

/(460 + avg. temp.)

1/500. = 2.0 x 10 deg F

Y

P/(gRT)

(14.7 x 141)/(32.2 x 53.3 x 500) = 0.0025 slugs/ft>

p

CAICULATION RESULTS: See Program li. Free Convection, Vertical

C), = 32.2 x (2.0 x 1073) x 0.0025)2/(3.15 x 10-7)°

- 3.38 x 100

C. =(3.38 x 106) X (h.O)3 =2.16 x 108

0

Gr = (2.16 x 108) x (80 - 0) =1.73 x 101

1.2} x 1010

1
Gr Pr = (1.73 x 10 O) x 0.72
(turbulent flow; 9
( exceeds transition value of 1 x 107)

0.33 Pr0.33

=
|

- 0.23 k (G, d1)

0.23 x (3.77 x 10'6) x (3.38 x 106)0’33
0.33

]

x (80-0)0+33 x 0.72

L.72 x 1071 BTU/sec-rt°-deg F

2
Q/A = (4.72 x 107%) x (80-0) = 0.0378 BTU/sec-ft

19



TABULATED RESULTS:

(Example 3 Free Convection, Vertical Flat

Plate, Turbulent)

dt VA 5 Gr Pr
deg F BTU/sec-ft
10. 0.00237 1.56 x 109
20. 0.0060 3.11 x 107
30. 0.0102
L0. 0.0150
50. 0.0202
60. 0.0257
80. 0.0377
Q/A, BTU/sec-ft2
0.04 }
Example 3.
FREE CONVECTION,
L VERTICAL FLAT PLATE,
TURBULENT
0.03
0.02 |
0001 -t
O I 1 1 1 ] 1 M )
0 20 Lo 60 80
dr, deg F



FORCED CONVECTION IN ROUND TUBES

Forced convection in round tubes can be separated into
laminar and turbulent cases. For the laminar case at a transition
Reynolds Number of 3000, based on the tube diameter, the Nusselt
Number is equal to 4.36 for round tubes with uniform heat flux.
For the turbulent case, Rn above 3000, the Nusselt Number is a
function of the Reynolds and Prandtl Numbers, see Ref. 2.

The complete solution of heat transfer in tubes must in-
clude coefficients for the wall itself and for exterior film
coefficients.

Fluid pressure drop is an important consideration in the
desi gn of heat transfer equipment. Pressure drop can be calc-
ulated by the methods of Ref. 3, Basic Fluid System Analysis.

The fluid properties which cause pressure drop, that is, friction
losses, likewise cause heat transfer, There is an analogy between
friction and heat transfer, known as the "j factor", and has
been investigated by Colburn, Ref. Lj. The j factor is approx-
imately one-eight the f factor used in computing friction loss.

CORRELATION OF FORCED CONVECTION IN ROUND TUBES

LAMINAR FLOW, Rn less than 3000.

Nu = 4.36 = h D/k f = 64/Rn

where h = Heat transfer coefficient, BTU/sec—ftz—deg F
D = Tube flow diameter, ft
k = Thermal conductivity, BTU/sec-ft-deg F

TURBULENT FLOW, Rn more than 3000.

Nu = 0.023 RnC+8 prO-k £ = 0.184 Rn 020

where Nu = h D/k Pr=gcp/*//< Rn =D V/A2M

21



FORCED CONVECTION, FLAT PLATE, LAMINAR

This condition applies for a Reynolds Number of less than
500,000 and a Prandtl Number of greater than 0.5. It is the
boundary layer value that is determinant rather than the free
stream, The condition is encountered even at very high speed
flight since the leading edge has a "stagnation point" of zero
velocity. The velocity in the boundary layer increases with the
distance downstream until it reaches a turbulent value and is
eventually reaches the free stream condition. Experimental data
show that the heat flux can be correlated in terms of the Prandtl
Number and the Reynolds Number, see Ref. 1.

CORRELATION OF FORCED CONVECTION, FLAT PLATE, LAMINAR

Nu = 0.66 Pr/3 Bn'/?

where Nu = Nusselt Number, h (L/k)

Pr

1]

Prandtl Number, g cp /o/k
Rn = Reynolds Number, L Vf//u
PROCEDURE FOR PROBLEM SOLUTION
1. Test for Equation Validity
la. Reynolds Number must be less than 500,000.
1b. Prandtl Number must be more than 0.50
2. Find Nusselt Number by use of Rn and Pr as above.
3. Find heat transfer coefficient, h
h = Nu/(L/k)
L. Find heat flux, Q/A

Q/A = h dT

22



Example L. FORCED CONVECTION, IAMINAR, FLAT PIATE

DATA: L = 1.5 ft
k = 9.4 x 107> BIU/sec-ft-deg F
V = 4.0 ft/sec X q
£ = 1.9L slugs/ft3 — A Ry Twe11
F = 2.3L x 10 Tb-sec/ft2 L .
dT = 100. deg F F b —=
cy = 1.0 BTU/1b-deg F

CALCULATION RESULTS: See Program 5. FORCED CONVECTION,
LAMINAR, FIAT PIATES

Rn = 1.5 x 4.0 x 1.94/(2.34 x 1077)
= }.97 x 105
Pr = 32.2 x 1.0 x (2.3 x 10‘5)/(9.Lm x 10‘5)
= 7.98
1/2
Nu = 0.66k x (7.98)"3 x (L.97 x 10°)"/
= 935.
p TABULATED RESULTS:
h = 935./(1.5/(9.LL x 1072)) v /A
ft/sec ]5'1‘U/Sec_ft2
- 0.0588 BIU/sec-ft2-deg F L.0 T .88
3'26 5030
Q/A = 0.0588 x 100. 2.66 L.79
> 2.17 L.32
= 5.88 BI'U/sec-ft 1.77 3.90
1.30  3.35
/A,
BTU/sec 6.}
_ft2
Lot Example
FORCED CONVECTION, FLAT PLATE,
) LAMINAR
T Fluid Velocity, ft/sec
00 ' 1 2 3 L



PRESSURE DROP IN SMOOTH, ROUND TUBES

(£ (/D) + K)x (1/2) PV

dp =
where dP = Pressure drop, lb/ft2
L = Length of pipe, ft
D = Diameter (inside) of pipe, ft
K = Fitting loss factors
= Mass density, (1b/ft3)/(32.2 ft/secz)
V = Velocity of fluid, ft/sec
COLBURN j FACTOR
j=5St Pr2/3

St

Stanton Number, = Nu/(Rn Pr) = h,/(cp G)
where G = Specific flow rate, (1b/sec )/ £t°
also, by experiment it is found that, approximately
j = 0.023 Rn 020
therefore by comparison to the friction factor
f x (0.023/0.18L)

£/8

J

J

2l



PROCEDURE FOR FORCED CONVECTION IN ROUND TUBES
See

APPENDIX I. Program 6. Forced Convection, Round Tubes,
Laminar and Turbulent
1. Find Reynolds Number, Rn
Rn =D V/9¢*
dw/(25.25 D g~ )

Flow rate, 1b/sec

where dw

2. Test for laminar/turbulent flow
If Bn less than 3000, flow is laminar, go to Step 3.
If Rn more than 3000, flow is turbulent, go to Step L.
3. Find heat transfer coefficient, h, laminar flow
Nu = 4.36 = h D/k f = 64/Rn
h = .36 x (k/D)
(Go to Step 5)

L. Find heat transfer coefficient, h, turbulent flow

-0.20
Pr =g cp/w/k f =0.184 Rn 0
.02
Nu = 0.023 Rn’*0%> pr0-L
h = Nu x (k/D)

5. Find pressure drop
aw/(0.785L )

G =
v=06/(gp)
q-(1/2) PV

where q = dynamic pressure, 1b/ft
apP = (f (I/D) + X) q
6. Find Colburn j factor

/(e G)

St Pr2/ 3 25

St

J



EXAMPLE 5. FORCED CONVECTION IN ROUND TUBES
DATA:
D = 0.025) ft

J~ = 0.00008 1b-sec/ft2

= 3.6 x 10-5 BTU/sec-ft-deg F _?
cp = 0.855 BTU/1b-deg F @ v — 7
dWw = 0.30 1b/sec
gp = 8.0 1o/ £t° ( — __@
L =100. ft —__—_4-1
K = 3.0 (fitting loss factor)
CAICATATION: See Program 6. FORCED CONVECTION, ROUND TUBES

ENERGY TRANSFER
= 32.2 x 0.855 x (0.00008)/(3.6 x 10‘5) = 61.18
Rn  0.30/(25.25 x 0.254 x 0.00008) = 5847.
Flow is turbulent

0.023 x (581;7)0'8 x (61.18)0'1‘

Nu =
= 123.
h = 123. x (3.6 x 107)/0.025)
= 0.17) BIU/sec-ft2-deg F
PRESSURE DROP
G = 0.30/(0.785L x (0.025L)°)
- 592, 1b/sec-ft°
Vv = 592./,,8.0
= 12.33 ft/sec
£ = 0.18 x (58L7) %

0.0325 »



(1/2) x (4L8.0/32.2) x (12.33)2

2
113.31 1b/ft

Q
"

(0.0325 x (100./0.025,) + 3.0) x 113.31

&

2
14509. 1b/ft° or 100. 1b/in®

COLBURN j FACTOR
0.174/(0.855 x 592.
0.000343

(0.000343) x (61.18)2/3

St

] 1l

.
1

0.00532

TABULATED RESULTS

dw h 5 dP
lb/sec  BTU/sec-ft -degF psi

0.30 0.174 100.

1.0 0.457

2.0 0.795

4.0 1.385

h, B'I‘U/sec-sz—deg F

2.0 -
Exagple 5
1.6 | FORCED CONVECTION IN ROUND TUBES
102 -
0.8
Oul |
0 A 1 1 1
O 1 L[] 20 L] [ ]
dw, 1b/sec



FORCED CONVECTION, FLAT PLATE, HIGH VELOCITY
This condition applies especially to aerodynamic heating of

aircraft and missiles during supersonic flight at high altitude. For
that purpose equations are given below for computing the ambient
temperature and pressure at altitude.

Energy transfer in a high velocity flow must consider the
kinetic energy of the fluid. This is done by computing the theoretical
"stagnation temperature" that would result by bringing the fluid slowly
and frictionlessly to rest, then reducing the temperature to account
for losses.

The temperature which would result at the plate with no transfer
of energy by the plate is known as the "adiabatic temperature" and is
computed as above but with the addition of a recovery factor, r.

The temperature of the fluid at the boundary layer should be
used to evaluate the fluid properties. This requires a knowledge of
the actual wall temperature which is usually unknown. It may, therefore,
be necessary to estimate the wall temperature, compute the temperature,’
and repeat the calculation with improved fluid values. The equation
for computing boundary layer temperature is given by Ref. 5.

FORMULAE FOR FORCED CONVECTION, FLAT PLATE,
HIGH VELOCITY
AMBTENT TEMPERATURE AND PRESSURE

T - 519,69 ¢~0-007888 H

0
Py - 2116, ¢ 0-OMILH

|

where TO = Temperature, deg R
PO = Pressure, 1b/ft2
H = Altitude, 1000. ft

RAM TEMPERATURE AND RAM PRESSURE

Ty = TO (1 + (¥ -1)/2) an) where Y = cp/cV
=By (14 ((7 -1)/2) mad) /1) - 1.} for air
where Ts = Stagnation temperature, deg R
P, = Stagnation pressure, 1b/ft2
Mn = Mach Number = V/Vc
where Vc = Velocity of sound in fluid, ft/sec
- (rer1)"?
0
R = Gas constant,(53.3 for air)
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RECOVERY FACTCR, r
LAMINAR BOUNDARY, Rn less thai 500,000, Pr of 0.5 to 5.0
r = Prl/2 (where Pr = g cp/x—/k s Rn = dv /041*)
TURBULENT BOUNDARY, Rn more than 500,000, Pr of 0.5 to 2.0

ADTABATIC WALL TEMPERATURE

Hi

Taw = T, (1 + 2((7 -1)/2 Mn®)

where Taw = Adiabatic wall temperature, deg R

BOUNDARY LAYER TEMPERATURE

Tbl

where Tbl = Temperature of boundary layer, degR

T

fs Temperature of free stream, deg R

T a11 = Temperature of wall, deg R
NUSSELT NUMBER

LAMINAR BOUNDARY

Nu = 0.332 Rn/? pr'/3

TURBULENT BOUNDARY
:
Nu = 0.029 Rn ©0-8 pr /3

where Nu = h D/k

PROCEDURE FOR FORCED CONVECTION, FLAT PLATE,
HIGH VELOCITY
Program 7. Ambient Temperature and Compressible Temp
Program 8. Ambient Pressure and Compressible Pressure
Program 9. Forced Convectim, Flat Plate, High Velocity
(Parts 1 tc ))

1, Find altitude temperature and pressure and air density

29



-0.007888 H

T, = 519.69
P, = 2116. e'o'Ohm i
(’ = P/(gRT)

Find stagnation temperature and velocity of sound

2

r,s 1, (72w Y, - (kerTy”

Find Prandtl Number and Reynolds Number

g Cp/*/k Rn = DV, /’4h‘

Find recovery factor

Pr

For laminar flow (Rn less then 500,000)
1/2

r = Pr

For turbulent flow (Rn more than 500,000)

r = Pr1/3

Find adiabatic wall temperature

2

T = To (1 + 1 ((7 -1)/2) Mn

aw

Find boundary layer temperature

T1 T 0.50 (Tya11 - Ty) + 0.22 (Taw - Tg)

Find Nusselt Number
For laminar flow
Nu - 0.332 Ra'/? pr'/3
For turbulent flow
Nu = 0.029Rn®*8 pr1/3

Find heat transfer coefficient and heat flux

h = Nu/(L/k) VA =h (T -T )

Repeat calculations as needed with improved values for Pr
and Rn
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EXAMPLE 6. FORCED CONVECTION, FLAT PLATE, HIGH VELOCITY

DATA: H = (35,000 ft/1000) = 35.

Mn = 1.5
L =10. ft e Q Q
¢, " 0.2l41 BIU/1b-deg F " = g ¥ 45]
k = 6.9 x 1078 BIU/1b-ft-deg F - L.
poo=3.97 x 1077 lb-sec/ft2 —_—"*+
7Y =1.4
R =53.3
CALCULATION RESULTS: (T a7 = LOO. deg R )
1, - 519.69 &7C-OCTBO0 () - 39, qeg B
P, = 2116. ¢-0-011L(3E) - 1,96. 1b/£t
gp - 196./(53.3 x39) = 0.0236 1b/ft’
- 0.0236/32.2 - 7.33 x 107 slugs/st

T =39 (1 + ((1.4-1)/2 (1.5)%)) = 571. deg R

S
Pr = 32.2 x 0.241 x(3.97 x 1077)/(6.94 x 107°) = 0.l

= (1.4, x 32.2 x53.3 x 39&)1/2 = 973. ft/sec

Ve -
Rn = 10. x 973. x (7.33 x 10)/(3.97 x 10°7T) = 1.80 x 107
Flow is turbulent

r= (0.3 - o0.76

T, = 3% (1+0.76 ((1.L - 1)/2 (1.5)2)) = 529. deg R

Ty = 39). + 0.50 ( LOO. - 39L.) + 0.22 (529. - 39L4) = L30.

Nu =.0 29 (1.80 x 101)°*8 (013 = 1.4 x 10 deg R
n o= (1.41 x 1oh)/(1o/6.9u x 10"6) - 0.0098 BIU/sec-ft°-deg F

WA - 0.0098 x (529. - L00.) = 1.26 BIU/sec-ft°
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TABULATED VALUES:

Twall A

deg R BTU/ sec-ft°

L,00. 1.26

1)0. 0.869

L60. 0.673

500. 0.283

520. 0.088
Q/A, BTU/sec-ft?
Tt

\; Example 6.
FORCED CONVECTION, FLAT PLATE,
1.2} HIGH VELOCITY
1 .O 8
008 o X
0.6} 3
O}
0.2¢%
T
S
0 ) 1 i ] | l ¢
300 1,00 500 ‘ 600
T

aw
Wall Temperature, deg F

32



BOILING
NUCLEATE BOILING

Nucleate boiling is characterized by the appearance of small
gas bubbles which pervade the liquid. The bubbles originate from
surface imperfections, cracks, crevices and tool marks which are
not wetted by the liquid because of surface tension.

Nucleate boiling is initiated at wall temperature which is
0 to 10 degrees F above the liquid saturation temperature. The
bubbles at the liquid-wall interface grow by absorbing vaporized
gas. These bubbles become detached from the wall when sufficient-
ly large because of surface tension and rise to the surface by
gravity. The residual. gas in the crevice becames the source for
the new bubble. The bubble rises to the surface with the heat
transmitted by the wall for its formation.

The Rohsenow equation for nucleate boiling is widely used.
It requires experimental determination of a liquid-surface coef-
ficient, see Ref. 6 and 7. Impurities of the surface and liquid,
surface finish and other irregularities can change these values.

At a sufficiently high temperature of the wall above the
liquid saturation temperature (the driving temperature differ-
ence) the bubbles formed at the wall become so numerous that a
cantinuous vapor film is formed. Nucleate boiling proceeds in
this way through a transition to film boiling. The transition is
accompanied by a low heat flux with possible wall overheat, or
burnout. Peak nucleate heat flux can be found by Noyes' equation,
see Ref. 8 and 9, which accounts for gravity effects.

ROHSENOW HEAT FIUX BQUATION:
1.7..3
VA - (CP (Tyan1 - Tsat)/(hfg ®st Pr );2 gIu'liq hfg
1
((/8,)(8P 11q = 8P vap/0 )
Heat flux, BTU/sec-ft°

where Q/A =

c. = Heat capacity of liquid, BIU/lb-deg F

T p -T = Temperature difference between saturated
wall sat liquid and wall, deg F

he, = latent heat of evaporation, BTU/1b

csi - Surface coefficient, 0.003 to 0.015

Pr = Prandtl Number of liquid = gtp_ M/k

/- = Viscosity of liq1ﬁ£d, il..biisec/cil‘v2 that

. = Densi o iquid minus a

€P 1iq 7 BCvap of vaer , 1b/cu ft

G© = Surface tension, 1b/fi

k = Thermal conductivity, BITU/sec-ft-deg F
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NOYES PEAK NUCLEATE HEAT FLUX:

1/2
(Q/A)max = O"”J-h hfg (gpvap)

1
((Cep 11q - 80 Yop110) 88, )"

where (Q/A)max Max heat flux of nucleate boiling, BTU/sec-ft2

Local gravity to standard gravity ratio

a/g

go Conversion factor; mass to force, 32.2 ft/sec2

FIGURE 12. CHARACTERISTIC BOILING PLOT

Q/A ~—Max, Nucleate

\

\
\1,4,,/”’//////
Min, Film
Min. Boil

Twall - Tsat
PROCEDURE FCR NUCLEATE BOILING

See APPENDIX I. Program 10. Nucleate Pool Boiling
Program 11, Peak Nucleate Heat Flux

1. Find Prandtl Number of liquid
Pr=g cp/J/k
2. Find constant C1

1/2
0 = ((e/eg) (Cgp 134 8P vap)/07)) /
3. Find Q/A
12743
WA = (o (Tuaqy - Tgue)/(np o B ™) gy b 0

L. Find peak heat flux
o1 1/2
(Q/A)max = 0.0k hfg (gf'vap) ... etc.,as above
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EXAMPLE 7 :NUCLEATE POOL BOILING

DATA: Tﬁ§§: =(212 deg F + 160 deg F) = 672 deg R
Tyall = (672 deg R + 20 deg F) = 692 deg R
hgy = 970. BIU/1b
cp = 1.0 BTU/1b-deg F
cgr = 0.013
o =6.38 x 1070 1b-sec/£t2

J = 0.004 1b/ft
g = 32.2 ft/sec2
&P vap = 0-037 b/t
gp 11q - 62.L 1b/1t’

k 1.09 x 1o'h BTU/ft-sec-deg F

CALCULATION RESULTS:
Pr = 32.2 x 1.0 x (6.38 x 1070)/(1.09 x 1074y = 1.88

((32.2/32.2)((62.4-0.037)/0.00)) /2 = 12,

WA = (1.0 x (692-672)/(970. x 0.013 x 1.887-7)) >

Cq

x 32.2 x (6.38 x 10'6) x 970. x 12).
2
= 3.9k BTU/sec-ft

1
(Vn), /2

2
0.14L x 970. x (0.037) x((62.4 - 0.037) /62.4

x 32.2 x 32.2 x o.ooh)m‘ x 1.88'0'2115 (1.o)ml
2

li

92,29 BTU/sec-ft
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TABULATED RESULTS:

1000, |

100,

10.

Te

Oe1

Twall B Tsat Q/A
deg F BTU/sec-ft
10. 0.47
20. 3.73
30 12.58
L0 29.81
50 58.22
60 100.60 (Q/A)ma.x = 92, BIU/sec-ft
Tsat
LIQUID T
wall
g WALL S
.

¥ aQ

Example 7. NUCLEATE POOL BOILING

Q/A, BTU/sec-ft2

] -

NUCLEATE POOL BOILING

[}

Max. Nucleate

2



FILM BOILING

Film boiling is characterized by the complete separation
of the liquid from the heated surface by the vapor. The rate of
heat transfer does not depend on the surface characteristics.

The temperature at which film boiling is attained can be
correlated by the Leidenfrost temperature according to the exper-
iments of Baumeister and Simon, Ref. 10. The Leidenfrost point
is found by measuring the time for evaporation of a drop of liquid
at increasing plate temperatures and occurs at the maximum time
following the burnout point. See telow.

A generalized correlation of film boiling was made by
Clements and Colver, Ref. 11, based on data for water, oxygen,
nitrogen and pure mixed hydrocarbons.

CHARACTERISTIC LEIDENFROST POINT

T} eidenfrost

0 Twall - Tsat

FORMULAE FOR FILM BOILING
See Appendix I. Program 12. Minimum Film Boiling Temp.
ISOTHERMAL LEIDENFROST POINT ESTIMATE

(1-e7™)

TLeid

1.51 Tcrit
where Tpoiq = Leidenfrost point, deg R

= Critical temperature of fluid, deg R
9

Terit

m 0.99 (6"1V)—1/3 (spgr/molwt)b/

where (G, = Surface tension, 1b/ft

I

spgr Specific gravity of wall

1}

molwt = Molecular weight of wall
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FILM BOILING EQUATION
See APPENDIX I. Program 13. Film Boiling Heat Flux

=21
Nu = 0.9, (Ra @ Pr 2) z
where Nu = Nusselt Number, h D/kvap

Ra = Rayleigh Number = Gr Pr

Gr = Grashof Numb ( )D3/ 2

= er, o
e o Grastor Muer P8 ([ 1iq - Prap ) DUp
Pr = Prandtl Number, c /k
’ & pvap /Lvap vap

Tr = Temperature ratio = Tsat/Tcrit

® = Clement and Colver Number , hfg/(c ar)
DPvap

h, = Latent heat of evaporation, BTU/1b

fg
dT

Driving temperature, T ., - T_ .

PROCEDURE FCR FILM BOILING

See APPENDIX I. Program 12. Minimum Filia Boi” ‘ag Temperature
Program 13  Film Boiling Hzat Flux

1. Find minimum temperature for film m~il-s-~

(1-e™
TLeid = 1.51 Tcri‘a )

2. Find Nusselt Number
2. 1/k
Nu = 0.9} (Ra® Pr 2)
3. Find heat flux
h =Nuk /D
v
Q/A = h 4T
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EXAMPLE 8. FILM BOILING

DATA: Tsat =(212 deg F) 672 deg R
TCI‘it = 1165 deg R

Twall

spgr;wall = 2,71

molwt, 17 = 26.9

= 860 deg R

g 1iq = 0.004 1b/ft
hfg = 700. BTU/1b
Prvap = 0.9}
cpvap = 0.47 BTU/1lb-deg F

A vap = 3.9 x 10_7 1b-sec/ft2
P liq = 1.86 SlugS/ftB

8.01 x 1074 s1ugs/£t>

vap ~
D =0.10 ft
-k
kvap=9°o x 10 ~ BTU/sec-ft-deg F

CALCULATION RESULTS:
-1
0.99 (0.00L) /3 (2.71/26.9)b/9 = 2.25
1.51 (1165)(1'6—2'25)
TLeid :

TABULATED RELULTS:

m

= 836. deg R (376 deg F)

8
Ra = 2.96 x 10

Twall ) Nu h , Q/A 2
deg R -— - BTU/sec-ft -deg F BTU/sec-ft
836. 9.08 282. 2.5 L 15.
890. 6.83 262. 2.36 515,
900. 6.53 259, 2.3 532.
950. 5.36 2L6. 2.22 617.
1000. L.5L 236. 2.13 670.
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Vapor

Wall
Example 8. FIIM BOILING
700 +
FIIM BOILING
600 -
500 L
hoo L s 3 :
800 900 1000

Tyall - Tsat 5 degrees F
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RADIATION

The existence of magnetic fields was demonstrated in
1850 by Michael Faraday using iron filings on a paper above a
permanent magnet. When the paper is gently tapped the filings
arrange themselves along the lines of force between the two
magnetic poles.

A moving magnetic field produces a flow of electricity
in a conductor; a flow of electricity in a conductor produces a
magnetic field. The two are related according to laws discovered
by James Clerk Maxwell, a Scottish physicist in 186l . Electro-
magnetic waves are characterized by a frequency and a wave length.

In order of increasing frequency we find radio waves, infrared,
visible light, ultraviolet, X-rays, gamma rays and cosmic rays.
Thermal radiation occurs within the infrared to ultraviolet bands.

Thermal emission is a function only of the fourth power
of the absolute temperature. A body emits thermal radiation in
all directions. The radiation intensity of a given radius can be
considered to pass through a sphere of that radius and is accordingly
diminished by the square of the radius ratio.

The average solar radiation at the earth's surface at 5
noon on a clear day facing the sun is approximately 0.089 BTU/sec-ft°.
The amount absorbed will be reduced by the surface absorptivity
factor. By camparison a pound of petroleum fuel with a typical
energy content of 18,000 BTU/1b would provide the energy of
59. square feet of solar panels for one hour.

FORMULAE FOR RADTATION AND PROCEDURE
See APPENDIX I. Program 1. Radiation Gain

STEFAN-BOLTZMANN LAW Program 15. Radiation Ioss
e = G’Th
. 2
where e = Emissive.. power, BTU/sec-ft
- 2
0 = Stefan-Boltzmann constant, 4.758 x 10 13 BTU/sec-ft -deg Rl*
T = Surface temperature, deg R

RADIATION HEAT LOSS

OJeb Ab (Tbl1 - Teh)

I

Qloss

where Qoo = Heat loss, BTU/sec
ep = Emissivity of body, 0.0 to 1.0

Ay

T, = Temperature of body, deg R

2
Area of radiating body, ft

1]

Temperature of background, deg R

e T

-3
1



RADIATION HEAT GAIN

Qain

where anin

)]

I

1]

G oy a (ri/rp)° Ay (1% - T

Heat gain, BTU/sec

Emissivity of source, 0.0 to 1.0
Absorptivity of body, 0.0 to 1.0

Radius of source, feet

Radius from center of source to body, feet
Area of body exposed to radiation, feet2

Temperature of source, deg R

EXAMPLE 9. RADIATION

DATA:
SOURCE SPACE BODY
ENERGY ENERGY
GAIN LOSS

Emissivity, e 1.0 0.8
Absorptivity, a 0.9
Surface Temperature,deg R 5000. L60. 500. 500.
Surface Area, ft2 10. 100.
Radius , ft 0.5 10.

CALCULATION RESULTS:

Q

gain

Qloss

0]

1]

3y x 1.0 x 0.9 x (0.5/10.)2 x 10.

x (5000.% - 500.k)

(L4.758 x 1o'1

6.69 BTU/sec
(L.758 x 10'13) x 0.8 x 100. x (Soo.h - uéo.h)
0.67 BTU/sec

L2



TABULATED RESULTS:

Body temperature Heat gain
deg R BTU/sec
Léo.
500. 6.69
600. 6.69
700. 6.69
3000. 5.82

0.

0.67
3.23
7.L43

F::::::::ﬂ
Source
=9 |
"r1 9 0.5 ft
ry, 10. £t 1
Example 9. RADTATION
HegtLFlux, BTU/sec Q loss
Q gain
6 |
RADIATION
L
2 -l
O 4 L L .
400 " 500 600 700 800

Object Surface Tem&gfature, deg R

Heat Loss
BTU/sec

Object

(r1/r2) 2
=2.5x 1073



HEAT EXCHANGER COMPARISON

Heat exchangers transfer energy from one fluid to another.
The fluids can be both liquids, both gas or one of each. There my
by a simple change of temperature or there may be a change of phase
with condensation or evaporation. The fluids may both flow in the
same direction (parallel flow) or in opposite directions (counterflow).

The counterflow heat exchanger is preferable if the aim is to
heat the cooler fluid. The parallel flow heat exchanger is preferable
if the aim is to cool the hotter fluid. The counterflow design is the
most efficient.

The fluid may flow through tubes or across fins or plates.

The design objective is to obtain the required surface area for
each fluid at minimum cost, size and weight. For example, in a water-
to-air heat exchanger the air side area will govern the design.

The heat exchanger may contain baffles to obtain several
passes of the fluid in a tube-and-shell design. Tubes may contain
internal fins or external fins to increase the surface area and to
promote turbulence.

Heat exchanger surfaces may be coated with scale from deposits
of liquid impurities or from liquid decomposition. Metal oxides can
be present. These coatings reduce the heat transfer rate.

The design of heat exchangers is simplified by the NTU (Number
of Transfer Units) concept devised by Kays and London, Reference 12.
A transfer unit is the product of the heat transfer area and the
heat transfer coefficient divided by the flow rate and the specific
heat of the fluid least able to absorb the heat, Cpine. The fluid
most able to absorb the heat, by virtue of the greater product of
fl16w rate and specific heat, is known as Cpgx. Efficiency can be
determined from values for NTU and the ratio Gmln/C <*

Efficiency refers to the ratio of the heat transferred
compared to the amount of heat that could be transferred in a
copnter flow heat exchanger of infinite area. At NTU values above 3
the efficiency increases very slowly.

FORMULAE FOR HEAT EXCHANGERS

NTU VALUE
Ntu

where Ntu = Number of transfer units

=AU/ .

A Heat transfer area, ft2

U Heat transfer coefficient, BTU/sec-ftz-deg F

Cmin = Minimum product of hot or cold fluid flow rate
x specific heat, BTU/sec-deg F

LL



COUNTERFLOW EFFICIENCY
1 - o Weu (1-(Cpyp/Cmax)))
eff, =

1 = ((Cpin/Cyay) o0 b0 (1=(Cnin/Cray))

PARALLEL, EFFICIENCY

1 - e(-Ntu (1 + (Cmin/cmax)))

eff, =

T (Cmin/cmax)

HEAT TRANSFERRED BY FLUID Cpin

Q=effexCp X (Th1 -Tc1)

wehre Q

Thi

Heat transfer rate, BTU/sec

Temperature of hot fluid at inlet, deg F

Temperature of cold fluid at inlet, deg F

=
Q
—_
I

PROCEDURE FOR HEAT EXCHANGER ANALYSIS
See APPENDIX I. Program 16,
Heat Exchanger Effic,,

and ratio C_._/C
Parts 1-3.

max

Q
|

= dw, c
h h Py
dw c

c

Q
]

Pc.

where dw, Hot fluid flow rate, 1b/sec

Cold fluid flow rate, lb/sec

&

Specific heat of hot fluid, BTU/lb-deg F

o
It

c Specific heat of cold fluid, BTU/Yb-deg F

Pc

If Cy is less then Cc: Cmin = Ch and Cm:Lu/Cmax = Ch/cc

If Cc is less than Ch: Cmin Cc and Cmin/cmax = Cc/Ch

2. Find nunber of transfer units, N, (see above)

L5



3. Find efficiency (see above)
L. Find heat transfer rate (see above)
Se Find temperature change for each fluid.
= dw
dry = /(W o )
= daw
a, = /i <, )

EXAMPLE of HEAT EXCHANGER PERFORMANCE

DATA: dwe = 2.5 1b/sec
dwh = 1,5 1b/sec
g
cp = 0499 BTU/1b-deg F $C1 gcz
c h1 — hp
op, = 110 BTU/1b-deg F Parallel Flow
A = 20,0 ft2
_ o 2 $c1 %Cz
U = 0.25 BTU/sec-ft-deg F hy - hy
CALCULATION RESULTS: Counter flow
c, = (1.5) x 1.10 = 1.65 BTU/sec-deg F
c_ - 2.5 x 0,99 = 2.48 BTU/sec-deg F
Coin = Cp = 1465 Cpi /oo = 1.65/2.U8 = 0.67

N, = (20 £62) x (0.25 BIU/sec-ft2-deg F) / ( 1.65) = 3.03

Counterflow efficiency: Example 10
1 - o(-3:03 x (1 - 0.67)))
eff. = = 0.8]

1 - ((0.67) x (=303 x (1 - 0.67)))

Q = 0.8, x 1.65 x 10. deg F = 5.63 BTU/sec

dTy, = (5.63 BTU/sec)/((1.5 1b/sec) x (1.10 BTU/1b.
-deg F))
3.41 deg F

B

(5.63 BIU/sec)/((2.5 1b/sec) x (0.99 BTU/1b
-deg F))

2.27 deg F
L6



Parallel flow efficiency: Example 11
(-3-03 X (1 + 0.67)

1 ~-e

eff.

1 +

= 0.60

0067

Q = 0.60 x 1.65 x 10, deg F = .02 BTU/sec

(4 .02 BTU/sec)/((1.5 1b/sec) x (1.10 BTU/1b

-deg F))

= (4.02 Bru/sec)/((2.5 1b/sec) x (0.99 BTU/1b

-deg F))

Parallel Flow Q

BTU/sec

dTh =
= 2.y deg F
dT =
c
= 1,62 deg F
TABULATED DATA:
Th1 - Tc1 Counterflow Q
deg F BTU/sec
10. 5.63
20. 11.26
LO. 22,51
100. 56.28

4.02
8.04
16.08
L0.20

Examples 10 and 171. HEAT EXCHANGER PERFORMANCE

Q, BTU/sec
60 |

HEAT EXCHANGER

Lo

20

Counter flow




ENERGY COSTS

The principal sources of energy for stationary uses are
fuel o0il, natural gas and coal. Natural gas is the preferred fuel
because of a lack of residue or deposits and burning cleanliness.

Prior to the OPEC (Organization of Petroleum Exporting
Countries) embargo on oil shipments to the United States in 1975,
fuel o0il sold for approximately 2 to 5 dollars a barrel (L2 gal).
Natural gas was sold under twenty year contract for as low as
10 to 20 cents per million BTU, as limited by Federal regulation.

Spring 1981 fuel oil is priced at approximately one
dollar per gallon with crude petroleum approximately forty dollars
per barrel. Natural gas, which is still contmwlled in price by
Federal regulstion, has been allowed to sell for approximately
two dollars per million BIU, with efforts being made by procucers
to raise the price to six dollars to bring it into equality on a
BTU basis with fuel oil.

Natural gas is used to heat over half of all American
homes. It is also used extensively for industrial applicatiams.
Wellhead petroleum usually contains a large amount of natural
gas and if a pipeline is mot available the gas is burned or
"flared" to dispose of it. Overseas natural gas is made available
by shipping as a liquid in refrigerated vessels at temperatures
on the order of -200 deg F.

Crude petroleum ordinarily contains sulfur as an un-
desirable element. Those oils with little sulfur are called
"sweet" and those with much sulfur "sour". The latter have a
distinctive rotten egg smell. High sulfur compounds are restricted
from burning in many localities and sell at a lower marked price.

Coal is the product of a succession of organic processes
and is found in various compositinns ad conditions. Most primitive
and least decomposed is peat or lignite. The intermediate grade,
which comprises most coal, is soft, bituminous or steam coal. The
cleanest and highest energy coal is hard, anthracite or metall-
urgical coal. It is preferred that coal by washed and dried before
burning. Coal can be transported by pipeline by mixing with water.
Coal can be used and burned as a fluid by grinding and mixing
with air under pressure.

The state of the art of solar energy devices is indicated
by a press release of January 1981 by Energy Conversion Devices
Inc. They report tests of a direct camversion silicon cell with an
efficiency of 6.6 percent. The Department of Energy has a goal
to develop by 1986 a solar cell with a cost of $2.20 per peak watt.
A peak watt is defined as one produced by a solar cell exposed
to the sun at the equator at high noon normal to its rays at sea
level on a clear day.

L8
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HOME HEATING ENERGY LOSSES, Example 12

Energy analysis methods can be applied to estimate home
heating energy costs and the benefits to be expected by use of
insulation. A typical home has been defined for illustration:

Floor and attic area 2000. ftg
Outer wall area 1450. ft,
Window area (single pane) L32. ft2
Outer door area (solid wood, 1") 65. ft 5
Chimmey minimum flow area 1.5 ft
Chimmey height 12. ft2
Water heater area 39. ft 5
Heating duct area 0.6 ft
Duct length 100. ft

The cost of energy has been assumed at 2.00 dollars per mill-
ion BTU. This includes a furnace efficiency of approximately 75

percent. 6
Heating duration, 3 months 7.78 x 10° se
Heating duct flow at 10 percent of time = 1.30 x 10%sec
Inside temperature 80. deg F
Outside temperature O. deg F
Attic temperature O. deg F
Subfloor temperature LO. deg F

On this basis the energy costs would be as follows:

SUMMARY OF HOME HEATING ENERGY COSTS

Locatim Construction Energy Cost
Uninsulated Insulated
Ceiling Plaster on Wood lath $ 2300. $ LS.
2.1y" thickness (+ 4" glass wool)
Floor Wood, 1-1/4" 754. 23.
(+ 4" glass wool)
wall Brick, L' + 1/2" plaster 566. 115,
(+ 1" fiberboard)
Wood Frame, board & plaster 103. 20.
(+ L" foam)
Window Single pane 104. 19.
(double pane)
Chimey Damper open 305. _—
(closed)
Water Heater 26. 2.
Door Wood, solid 3.
Heating Duct 2.
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CEILING ENERGY LOSS

UNINSULATED CEILING,
Plaster on wood lath, 3/l inch thick

(=
[

= 0.0625 ft

= 5.79 x 10_5 BTU/sec-ft-deg F

~
—_
|

U = k/L; =(5.79 x 10-5)/0.0625 - 9.26 x 10™% BIU/sec-ft
-Sec

Q =UAdT dt
= (9.26 x 10_h) x (2000. ft2) x (80. deg F) x (7.78 x 106
sec)
- 1.15 x 10° BIU

Energy cost = (1.15 x 109 BIU) = (2.00 $/mm BTU) = $2300.

INSULATED CEILING
Ly inch glass wool batt added

L, = 0.33 ft
kp = 6.11 x 10'6 BIU/sec-ft-deg F
1/U = Li/k, + Lo/k,
= 0.0625/(5.79 x 10'5) + 0.33/(6.11 x 10“6) = 55088.
U-1.82 2100 BTU/sec-ft°-deg F
Q=UAGJd dt

(1.82 x 10_5) x (2000.) x (80. deg F) x (7.78 x 106 sec)

2.27 x 107 BTU

Energy cost = (2.27 x 107 BTU) x (2.00 $/mm BTU) = $L5.
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FLOOR ENERGY LOSS

UNINSULATED FLOOR
Wood, 1-1/4" thick

= 0.104 ft

_‘L"‘
|

5

<3
[

= 6.39 x 10 ° BTU/sec-ft-deg F

U =1k/L, = (6.39 x 10‘5)/0.1ou = 6.1 x 107k BTU/sec-ft°
-deg F

U A 4T dt

O
1]

(6.1h x 1o'h) x (2000. £t%) x (LO. deg F) x (7.78 x 106

sec)

- 3.82 x 108 BIU

8

Energy cost = (3.82 x 10° BTU) x (2.00 $/mm BTU) = $ 75L.

INSULATED FLOOR
L" glass wool batt added

L, = 0.33 ft
ky = 6.11 x 1076 BrU/sec-rt-deg F
1/0 = Li/k, + Ly/ky
= 0.104/(6.39 x 10'5) + 0.33/(6.11 x 10'6) = 55637.
U=1.80 x 10'5 BTU/sec—ftz—deg F
Q =UAdT dt

(1.80 x 107°) x (2000. £t°) x (LO. deg F) x (7.78 x 10°

sec
1.12 x 107 BTU )

]

7

Energy cost = (1.12 x 10° BTU) x (2.00 $/mm BTU) = $ 23.
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BRICK WALL ENERGY LOSS

UNINSULATED BRICK WALL
1.Common brick, 4" thick
2.Plaster, gypsum-sand, 1/2" thick

L, = 0.33 ft

k1 =1.,16 x 10')4 BTU/sec-ft-deg F
L2 = 0.0417 ft

k, = 1.29 x 10'“ BTU/sec-ft-deg F

1/U = L./k; + Lo/k,
0.33/(1.16 x 107%) + 6.0417/(1.29 x 107Y) = 3167.

3.16 x TO'h BTU/sec-ftz-deg F

(o=
]

U A dT dt

o
]

8

2.83 x 10° BTU
Energy cost = (2.83 x 108) x (2.00 $/mm BTU) = $ 566.

INSULATED BRICK WAEL
3. Cellulose fiberboard, 1" thick

Ly = 0.0833 ft
k3 = 6.67 x 10'6 BTU/sec-ft-deg F

1/U0 = L-'/k.] + L2/k2 + L3/k3
3167. + 0.0833/(6.67 x 10°°) = 15656.

6.39 x 1075 BTU/sec-ft-deg F

(e=]
1]

U A dT dt

O
]

1]

2
(6.39 x 1075) x (L0 £t°) x (B0. deg F) x (7.78 x 10°
7 sec)
= 5.73 x 10 BTU

Energy Cost = (5.73 x 107 BTU) x (2.00 $/mm BTU) = $ 115.
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WOOD FRAME WALL ENERGY LOSS

UNINSULATED WOOD FRAME WALL
1. Inside panel, Plaster on wood lath, 3/4" thick
2" x )| studs between panels
2. Outside panel, Wood siding, 2" thick

INSIDE PANEL

I
|

= 0.0625 ft

, = 5.19 x 107 BI'U/sec-ft-deg F

<
"

air film h = 2.98 x ’IO_)"L BTU/sec-deg F-ft?
(from example of "Flat Plate, vertical,
turbulent")
/U = 1/h + Ly/kq + 1/h
_ 1/(2.98 x 101+ 0.0625/(5.79 x 10) + 1/(2.98 x 107L)
= T7790.
U=1.28 x 10'h BTU/sec—ft2-deg F
OUTSIDE PANEL
L2 = 0.167 ft
k, = 6.39 x 10> BIU/sec-ft-deg F
1/U = 1/h + L2/k2 + 1/h
= 1/(2.98 x 10'h) + 0.167/(6.39 x 10'5) + 1/(2.98 x 1044)
= 9325.

U =1.07 x 10—&

BTU/sec—fé{deg F
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Heat flux, Q/A = U dT for inside panel must equal that for

outside panel with inside temperature of 80. deg F and O. deg F

outside.
Intermediate Q/A Inside Q/A Outside
Temperature Panel Panel >
deg F BIUZSGC-ﬁ§2 BlU/sec-ft
0. 10.2 x 1073 0.
20. 7.68 x 10'3 2.1, x 1073
10. 5.12 x 10 1.28 x 10
60. 2.56 x 1072 6.2 x 1073
80. 0. 8.56 x 10
Q/A
12 x 10™ WALL TEMPERATURE
inside panel
8 outside
e ui]ibo
panel
L
0 . L s :
0 20 Lo 60 80
Tintermed. » 9¢8 F

The above plot indicates an intermediate temperature of
approximetely L5 degrees F and a wall heat flux of 0.0046 BTU'/sec—ft2
Q =(U dT) x A x dt
= (0.0046 BTU/sec-ft2) x (1440 ft2) x (7.78 x 106 sec)
= 5,15 x 107 BTU

Energy cost = (5.15 x 107 BTU) x (2.00 $/mm BTU) = $ 103.
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INSULATED WOOD FRAME WALL
3. Polyurethane foam between panels, 4" thick

L3 = 0.33 ft
k3 = 3.9, x ‘IO_6 BTU/sec-ft-deg F
1/U = 1/h + L1/k1 + L3/k3 + L2/k2 + 1/h

1/(2.98 x 10°4) + 0.0625/(5.79 x 107) + 0.33/(3.9 x10-6)
+ 0.167/(6.39 x 1072) + 1/(2.98 x 1071

90805.
= 1.10 x 1075 BIU/sec-ft°-deg F

U A dT dt

O
1

(1.10 x 10-5) x (1440. ft2) x (80. deg F) x (7.78 x 108 sec)
- 9.86 x 10° BTV

Energy cost = (9.86 x 106) x (2.00 $/mm BTU) = $ 20.
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WINDON ENERGY LOSS

UNINSULATED WINDOW

Single thickness glass, 1/8" thick

L; = 0.010) ft

k; = 1.22 x 10" BIU/sec-rt-deg F
See "Free Convection, Vertical Plate"

Grashof constant, Ch = 3.38 x 106

|

Grashof constant, 03 = Ch L3 =(3.38 x 106) x (6.0 f‘t)3

= 7.30 x 108
Grashof Number = C, dT = (7.30 x 108) x 80. deg F
- 5.8, x 10'°

L

Flow is turbulent, h = .65 x 10~ BTU/sec-ftz-deg F

1/U = 1/h + Ly/k, + 1/h
= 1/(L.65 x 1078 + 0.010L/(1.22 x 1075) + 1/(4.65 x 107%)
= 515).

U = 1.94 x 10~ BrU/sec-ft2-deg F

Q=UAdT db

(1.94 x 1o'h) x 132, ftz) x (80. deg F) x (7.78 x 10° sec)

£.22 x 10! BIU

Energy cost = (5.22 x 107 BIU) x (2.00 $/mm BTU) = $ 10L.
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INSULATED WINDOW
Double pane

2. Air space, 1" thick

L, = 0.0833 ft
ky = 3.77 x 10-6 BI'U/sec-ft-deg F
1/0 = 1/h + L/ky + Lp/k, + L/k + 1/h

C1/(L.65 x 107%) + 0.0104/(1.22 x 10™°) + 0.0833/(3.77

-5 x 10~ )
+ 0.10L/(1.22 x 107°) + 1/(L.65 x 10-4)

- 28101.
U = 3.56 x 107 BIU/sec-ft-deg F
Q = UA dT dt

6

(3.56 x 10'5) x (L432. ftz) x (80. deg F) x (7.78 x 10~ sec)

9.57 x 108 BIU

6

Energy cost = (9.57 x 10° BTU) x (2.00 $/mm BTU) = $ 19.
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CHIMNEY HEAT LOSS, DAMPER OPEN
Specific weight of outside air
8P out - I/ (RT)
= (1.7 1b/in® x 1U4)/(53.3 x (4EO. + 0.))
= 0.0863.1b/ft3
8Py - (4.7 1/in® x 144)/(53.3 x (k60 + 80.))
= 0.0735 1b/ft
Head of air causing flow in chimmey

H

Height x (g v - &P in)/gfin
(12. ft) x (0.0863 - 0.0735)/0.0735

2.09 ft

Air flowrate, volume

2

1
aQ = oy 4 (2g B)”

(0.8) x(1.5 ft2) x (2 x 32.2 f’c,/sec2 x 2.09 f’o)v2

13.9 £t3/sec

Air flowrate, weight
dw = dQ x gp ip
~(13.9 £t3/sec) x (0.0735 18/’
= 1,02 1b/sec
Energy loss
E=(det)xcpxd.‘1‘

(1.02 1b/sec) x (7.78 x 106 sec) x (0.2} BTU/lb-deg F)

x (80 deg F)

1.52 x 108 BTU

8

Energy cost = (1.52 x 10° BIU) x (2.00 $/mm BTU) = $ 305.
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DOOR ENERGY LOSS
UNINSULATED OUTSIDE DOORS
Four doors, solid wood, 1" thick

L, = 0.0833 ft)

6.39 x 10_5 BTU/sec-ft-deg F

air film h = 2.98 x 1o'h BTU/sec-ft2deg F
(from example of "Flat Plate, Vertical, Turbulent")

k9

1/U = 1/h + L,/k, + 1/h
= 1/(2.98 x 10-LL ) + 0.0833/(6.39 x 10™°) + 1/(2.98 x 1o'b)
- 31581,

U = 3.17 x 10™° BIU/sec-fto-deg F

Q = UA dT dt

(3.17 x 107) x (65. £2) x (80. deg F) x (7.78 x 105

1.28 x 106 BTU

sec)

1

Energy cost = (1.28 x 106 BTU) x (2.00 $/mm BTU) = $ 3.
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WATER HEATER ENERGY LOSS
UNINSULATED WATER HEATER

1. Glass liner, 1/10"
2. Steel case, 0.06"

=
|

1= 0.0083 ft

1.22 x ‘IO'5 BTU/sec-ft-deg F

=
1

e
|

k, = 7.18 107 BTU/sec-ft-deg F

air £ilm h = .65 x 1074 BIU/sec-ft-deg F
(See example, "Flat Plate, Vertical, Turbulent")

1/0 = 1/h + Lo/ky + L /%y
= 1/(L.65 x 1o‘h) + 0.0050/(7.18 x 10'3) + 0.0083/(1.22
x 10-5)
= 2832.
U = 3.53 x 107 BTU/sec-ft2-deg F
Q=UAd& 3

2 x 120 deg F x (7.78 x 108 sec)

= (3.53 x 1071y x 39, £t
= 1.29 x 10/ BIU
Energy cost = (1.29 x 10 BrU) x (2.00 $/mm BTU) = $ 26.

INSULATED WATER HEATER
3. Glass wool batt, 2"

L, = 0.167 ft
) 6
ky = 6.11 x 10~ BTU/sec=ft-deg F
1/U = 1/h + L3/k3 + L2/k2 + L1/k1
= 2832, + 0.167/(6.11 x 10‘6) = 3016L.
U= 3.32 x 10'5 BIU/sec—t°-deg F
Q= UA AT ab = (3.32 x 107°) x 39. x 120. x 7.78 x 100

6
1.21 x 10 BTU

Energy cost = (1.21 x ‘IO6 BTU) x (2.00 $/mm BIU) = $ 2.
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HEATING DUCT ENERGY LOSS
UNINSULATED HEATING DUCT

Duct energy loss results from convective air film;
Find Grashof Constants and Grashof Number

3.38 x 106 (See Example of Free Convection)

Grashof Ch

Grashof C3 = C) 12 = (3.38 x 10°) x (0.5 ££)> = .23 x 100

Grashof Number

03 dT
7

(4.23 x 105) x (80. deg F) = 3.38 x 10

Flow is laminar. See "Free Convection, Vertical Plate, Laminar®

Use Program 3. air properties: Pr = 0.72
L =0.5"ft
k =3.77 x 10'6 BTU/sec-ft
-deg F

L/k = 1.33 x 10S

2
0.0002 BTU/sec-ft -deg F

b =
Q/A = 0.017L BTU/sec-£tZ (for 80 degrees F diff.)
Energy loss = (Q/A) x A x dt
= (0.017) BTU/sec-£t2) x (50. £t2) x (1.30 x 10° sec)
- 1.13 x 10° BIU
Energy cost = (1.13 x 106 BIU) x (2.00 $/mm BTU) = $ 2.
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HOME COOLING ENERGY LOSSES, Example 13

Home cooling energy losses can be developed from the material
generated by the study of home heating in the above examples. Only the
insulated case is considered. Temperatures and time have been adjusted
for the change from winter to summer conditions.

Cooling duration, 6 months 1.56 x 107 sec
Ingide temperature 70. deg F
Outside temperature 95. deg F
Attic temperature 110. deg F
Subfloor temperature 90. deg F

Refrigeration power, electric
Energy rate 2.0 ¢/kwh = 6.00 $/mm BTU
Mechanical efficiency = 50. percent

On this basis the cooling costs would be as follows:

LOCATION ENERGY COST
CEILING $ 272.
FLOOR 134.
WOOD FRAME WALLS 75.
WINDOWS 197.
TOTAL $678.
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INSULATED CEILING COOLING ENERGY

Q =U A dT dt

(1.82 x 10-5 BrU/sec-ft?-deg F) x (2000. ft2)
x (30. deg F) x (1.56 x 107 sec)

2.27 x 107 BTU

7 BrU) x (6.00 $/mm BTU)/(0.5 effic.)

Energy cost = (2.27 x 10
= ¢ 272.

INSULATED FLOOR COOLING ENERGY

Q =UAdT dt
= (1.80 x 10‘5) x (2000. ft2) x(20. deg F) x (1.56 x 107 sec)
=1.12 x 10 ! BrU
Energy cost = (1.12 x 107 BrU) x (6.00 $/mm BTU)/(0.5 effic.)
= $ 13L.
INSULATED WOOD FRAME WALLS COOLING ENERGY
Q= U AT dt

(1.10 x 10™) x (1140. £t2) x (25. deg F) x (1.56 x 107

sec
6.22 x 106 BTU )

1]

Energy cost = (6.22 x 106

= $75.
INSULATED WINDOWS COOLING ENERGY
Q

BTU) x (6.00 $/mm BTU)/(0.5 effic.)

U A dT dt

(9.70 x 10_5) x (L32. ft2) x(25. deg F) x (1.56 x 'IO7 sec)
= 1.64 x 107 BTU
Energy cost = (1.64 x 107 BTU) x (6.00 $/mm BTU)/(0.5 effic.)

= $ 197.
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ENVIRONMENTAL CONTROL

WATER VAPOR PRESSURE

Selected values for water vapor pressure as listed by the
Handbook of Chemistry and Physics, 48th Edition are listed belows

Vapor Pressure

Temperature
deg C deg F psia
% 32. 0.0886
10 50. 0.1780
20 68. 0.3386
Lo 104. 1.0661
70 158. L.516

These values can be plotted to form a straight line on
ordinates of log pressure versus the reciprocal of the temperature

ratio, based on the critical point of 1165 deg R.

10.00 L‘Pressure
psia

Water Vapor Pressure

{ 4 L s

0.01, =33 2.1 1.9 1.7
(/)

The plot can be expréssed by a linear equation of the
form:
log P = C; + Gy (1/(T/Tc))
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The coefficients can be found by setting values for two

cases and solving simultaneously:

Case 1: log 0.2471 = C, + Cy (2.245) at 59 deg F
Case 2: log lj.516 = C, + G, (1.885) at 158 deg F

Solve Case 1 for C1

C, = log 0.2471 - C, (2.2L5)

Insert C1 expression in Case 2
log L.516 = log 0.2471 - C, (2.2L5) + c, (1.885)
Solve for 02
02 = (log 0.2471 - log L4.516)/(2.245 - 1.885)
= -3.505
Solve for C

1

C, = log 0.2471 - (-3.505) (2.245) = 7.262

State final equation
P = log” (7.262 - 3.505 (1/(1/1)))

For convenience, the equation can be solved by use of

Program 17 in the Appendix.
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HUMIDLITY

Buddty iz a measure of the water vapor content in the
atmozphere. The amount iz controlled by the temperature and the
availatdlity of water.

Humididy iz usually measured by a sling psychrometer which
congiztes of tWwo thermoreters mounted together on an axis and
rotated by hand in the air. One bulb is dry; the other is wet.
The wet ulb iz covered with a damp cloth. At saturation, 100
percent muddity, both bulbs give the same reading. At less than
gaturation, the wet bulb gives a lower reading.

The principal of the psychrometer (psychro, Gr., cold) is
that the temperature is reduced by an amount equivalent of the
energy needed to saturate the originally umsaturated air.

The ratio of water vapor to dry air at the wet bulb is
governed Yy Dalton's Law of Partial Pressures: The constituents
occupy the zame volume in proportion to their molecular weights
and partial preszsures.

The total prezsure of the atmosphere at sea level is 14.69
peia at zea level. The partial pressure of the atmosphere at
sea level iz thiz value minus the partial pressure of the water
vapor.

DAITON'S LAW: W =(M/Ma)(P/Pa)

Huwd dity Ratio, water vapor to air weight
Molecular weight of vapor, 18.0
Molecular weight of air, 28.96

Pressure of vapor

Pressure of air

where

o

oo

mwgvgzégis

The wet. ulb of the psychrometer accomplishes an adiabatic,
that iz, a constant energy process. The total energy of the in-
coming air is partially converted to evaporation of additional
water with a reduction in temperature.

The encrgy of the system is expressed by the function of
enthalpy, which is a measure of energy based on temperature and
preceure. We can make an energy balance, where the energy of the
entering air and vapor plus the energy of the added water equals
the energy of the leaving air and water.

H +Hy+H -Hp+H

al ve

where H_; = Enthalpy of entering air, BTU/1b
HV1 = Enthalpy of entering vapor, BTU/1b
H, = Enthalpy of added water, BTU/1b
H,o = Enthalpy of leaving air, BTU/1b

Enthalpy of leaving vapor, BTU/1lb

Hyp
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Change of enthalpy for a gas or vapor can be found by the
simple expression

daT

&

Ik

e}
o]

Change of enthalpy, BTU/1b

Change of temperature, Deg F

D Specific heat at constant pressure,
0.2y for air, BTU/1lb-deg F

0.4); for water vapor, BTU/lb-deg F

&

Enthalpy change for the added water vapor is found by values
for the energy change with change of state from a liquid to a

vapor.
The enthalpy of saturated water can be found by the equation:

Hy = 925. - 9.8 (1166. - )07

Enthalpy of liquid, BTU/1b

where Hl
Temperature, deg R

T

The enthalpy of saturated water vapor is:

Hg = 1202. - 0.3 (860. - T)
where H

, Enthalpy of vapor, BIU/1b
T

Temperature, deg R

The energy balance for the adiabatic process of the psychro-
meter can now be expressed as:

Cpa (T1—T2) * Cpy (T1—T2) W, o= (W2 - W1)(H g—}&)
solving for Wy (See Program 17)

The partial pressure of the entering air water vapor can
now be found:

Pv1 = W1 Pa‘l (Ma/Mv)

The humidity of the undisturbed air is then simply the
ratio of the actual entering vapor pressure to the saturated
vapor pressure.

p=p_. /P

vl 1-sat
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EXAMPLE 14 DETERMINE HUMIDITY FROM PSYCHROMETER READINGS

DATA: Dry bulb temperature, 80. deg F
Wet bulb temperature, 6. deg F

PROCEDURE:

1. Find water vapor pressure at 6l and 80 deg F.
(Use Program 17).

P = 0.2947 psi at 6L deg F and 0.5015 at 80 deg F
2. Find humidity ratio of leaving air.(Program 19)
W, = (MV/Ma)(PV/Pa)

(18.0/28.96)(0.2947/(1L4.69-0.2947) )
0.012); 1b water vapor/lb diy air

3. Find enthalpy of saturated liquid water at 6L deg F

(Program 20)
Hy = 925 - 9.8(1166- (h60+6h)) = 20.3 BTU/1b

L. Find enthalpy of saturated water vapor at 6l deg F
(Program 20)
H, = 1202 - 0.3(860 - (460 + 64))= 1101.2 BTU/1b

g
5. Find humidity ratio at dry bulb temperature.
(Use Program 18.)
Wy = 0.0088 1b vapor/lb dry air

6. Find water vapor partial pressure at dry bulb condition.
(Program 21)
P (M_/M )
a v

Pv1
0.0088 x (14.69- P 1) x (28.96/18)
v

0.2080 - 0.0142 P

"

vl
0.2080/(1 + 0.0142) = 0.2051 psi

P
vl

7. Find relative humidity, @, of undisturbed air.
(Program 21)
g =" /P
V1" v1osat

0.2051/0.5015

0.409 or 41. percent
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HEATING OF MOIST AIR

When moist air is heated without the addition of moisture
the humidity is reduced. If it is desired to increase the moist-
ure this can be done by passing the air through a humidifier,
such as a water spray.

Calculations of the energy required for heating air are
based on the weight of air to be processed. The basic require-
ment for heating air is usually that the volume of the space to
be heated be supplied with a change of air at the rate of perhaps
one-half to three times per hour. This rate may be specified by
law in the case of public buildings.

The volume flow rate can be converted to weight flow rate
by determining the specific weight of the air and water vapor
using the perfect gas law.

PERFECT GAS ILAW: gp = P/(RT)
where @ = Specific weight, Ib/cuft
Pressure, 1lb/sqft
Temperature, deg R
Gas Constant, 85.78 for water
53.3 for air

g 3 Hdog
(TR

The water content may be expressed as grains, with 7000
grains per pound.

EXAMPIE 15. HEATING OF MOIST AIR

DATA: The space to be heated is 5,000 sqft by 9 ft high.
The air is to be changed 2 times per hour.
The entering air is 60 deg F at 90 percent humidity.
The air is to be heated to 120 deg F without adding
moisture.

PROCEDURE:

1. Find volume to be heated.
Vol. = 9 x 5000 = L5,000. cuft

2. Find volume flow rate at 120 deg F.
dv/dt120 = 45,000. x 2 = 90,000. cuft/hr

3. Find vapor pressure of water at 60 deg F and 120 deg F.
(Use Program 17.)

At 60 deg F, P_ = 0.2567 psi
At 120 deg R, ¥§ = 1.666l psi
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L. Find specific weight of water vapor at 60 deg F
per pound of air.
gp $ P/RT
0.90 x (0.2567 x 14))/(85.78 x (L60O + 60))
0.000746 1b/cuft

5. Find humidity at 120 deg F.
¢12O = (0.90 x 0.2567)/1.666l = 0.138 or 1l percent
6. Find specific weight of air at 60 deg F and 120 deg F.

glgo =( 1h.69 - (0.90 x 0.2567)) x Thh/(53.3 x(L460+60))
0.0751 1b/cuft

(14.69 -(0.138 x 1.666L)) x 144/(53.3 x(L60+120))
0.067L 1b/cuft

g{’1 20
7. Find humidity ratio, R, of water vapor at 60 deg F.

R = 0.000746/0.0751 = 0.0099 1b water/lb air

60
8. Find volume flow rate of air at 60 deg F.

dv/dtgy = 90,000 cuft/hr x (0.0674/0.0751)

80,772. cuft/hr

9. Find weight flow rate of air.

aw/dt = 80,772 cuft/hr x (0.0751 + 0.000746)1b/cuft

6126. 1b/hr

10. Find change of enthalpy of dry air.

0.2l x (120-60) x 6126

dH =w c_ dT
a P 88,21,. BIU/hr

11. Find change of enthalpy of water vapor.

dH_ = w c_ df = 0.4l x (120-60) x 0.0099 x 6126
P~ 1601. BrU/hr

12. Find total change of enthalpy (and energy for heating).
dh/dt = 88,214. + 1601. = 89,815, BIU/hr
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COOLING AND DEHUMIDIFYING MOIST AIR

When moist air is cooled the humidity increases. At the sat-
uration point the humidity becomes 100 percent and subsequent
cooling requires that the excess moisture be removed by conden-
sation. An appreciable quantity of heat is extracted in the
condensation process.

Cooling of moist air without condensation is referred to as
removal of "sensible heat", the heat that can be sensed or felt.
Condensation heat is known as "latent heat". The ratio of the
sensible heat to the total heat (sensible plus latent) is known
as the Sensible Heat Factor, SHF.

Cooling capacity is measured by the Standard Ton of Refrig-
eration. A Ton of cooling is equivalent to the rate of melting
one ton of ice at 32 deg F in one day. The heat of melting is
1l); BTU/1b. The Ton is therefore 1l); BTU/1b x 2000 1b/ 24 hr =
12,000 BTU/hr.

The value of the latent heat is a function of temperature
and the ratio of temperature to the critical temperabure. For
water, the equation becames:

Hp, - 421166 -1)1/2

ILatent heat, BTU/1b

where Hfg
Temperature, deg R

T

EXAMPIE 16.COOLING AND DEHUM DI FYING MOIST AIR

DATA: Air at 80 deg F and 55 percent humidity at 2000 cfm is
cooled to 58 deg F and 80 percent humidity. Find the
required cooling capacity in Tons.

PROCEDURE:

1. Find vapor pressure at the two temperatures. (Use Program 17)
P,_80 = 0.5015 psi
Pv-58 = 0.239]; psi

2. Find Humidity Ratio at initial temperature.

80 = ﬁ (Pv/(Patm _Pv))(l‘%/Ma)

0.55 x 0.5015/(14.69-(0.55 x 0.5015))(0.6215)
0.0119 1b/1b

R

3. Find dry air specific weight at initial temperature

1hL(14.69-(0.55 x 0.5015))/(53.3 x (460+80))

gp = P/RT
0.0721 1b/cuft
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10.

Find dry air specific weight at final temperature.
gp = 1hL(14.69-(0.80 x 0.0.239))/(53.3 x (L460+58)

0.0756 1b/cuft
Find Humidity Ratio at final temperature.

nwon

0.80 x 0.239L/(14.69-(0.80 x 0.239)))(0.6215)

R
58 0.0082 1v/1b

Find weight flow rate at initial temperature.

Air: dw/dt 2000 cuft/min x 0.0721 1b/cuft

4.2 1b/min

80-a

Vapar ¢ dw/dtSO_v 0.0119 x 144.2 = 1.72 1b/min

Find enthalpy change of moist air, the sensible heat.

Air: dH/dta = ¢p dr (dw/dt)
= 0.2, x (80-58) (144.2) = 761.L4 BTU/min
Vapor: dH/dtv = 0.4 x (80-58) (1.72 = 16.6 BTU/min

Total sensible heat = 761.4 + 16.6 = 778.0 BTU/min
or x 60 = }6,681. BTU/hr

Find enthalpy change for condansing water, latent heat.
Hpy = 142(1166-(L60+58))1/2 = 1069. BIU/1b
dH/dt

o 1069 BTU/1b x 144.2 1b/min x (0.0119-0.0082)

570.35 BTU/min
or x 60 = 34,221 BTU/hr

Find Sensible Heat Ratio, SHR.
SHR = L6,681/(L46,681 + 34,221) = 0.58 or 58 percent
Find cooling capacity in Tons.

c = (L6,681 + 31,221)/12,000

6.7l Tons
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APPENITX T.
CAICULATOR PROGRAMS FOR ENERGY ANALYSIS

Wall Component Conduction, Single Element

Wall Average Conduction, Multiple Element

Free Convection, Vertical Flat Plate, Laminar
Free Convection, Vertical Flat Plate, Turbulent
Forced Convection, Flat Plate, Laminar

Forced Convection, Round Tubes

Ambient Temperature and Compressible Temperature
Ambient Pressure and Compressible Pressure
Forced Convection, Flat Plate, High Velocity

10 Nucleate Pool Boiling

11 Peak Nucleate Pool Boiling

12 Minimum Film Boiling Wall Temperature

13 Film Boiling Heat Flux

1), Radiation Heat Gain

15 Radiation Heat Loss

16 Heat Exchanger Efficiency

1T Water Vapor Pressure

18 Humidity Ratio at Dry Bulb Temperature

19 Humidity Ratio at Wet Bulb Temperature

20 Enthalpy of Air or Water Vapor

21 Vapor Pressure at Dry Bulb Temperature and Humidity

O o~ oN\VnEw N -

Programs are in duplicate for Algebraic
and Reverse Polish Notation (RPN)

Algebraic logic is our conventional approach to equation
solution with sets of brackets to indicate the order of execution.
For example: ((3 x 7) DIVIDE L4)= , produces 3 x 7 = 21, 21 IIVIDE
Ly = 5.25. This method is used by Texas Instruments in the SR-56
and the TI-57 and by Sharp in the Sharp 5100. Most other makers
of calculators use this system.

RPN logic makes use of several calculation registers so
that several values can be keyed in at one time to be followed
by instructions which will be executed one at a time on the current
visible register and the preceeding hidden register. For example:
7, ENTER, 3, X, produces 21. Then, L4, DIVIDE produces 5.25.
This method is used by Hewlett-Packard in
the HP-25 and subsequent models.
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RPN PROGRAM 1.
WALL COMPONENT CONDUCTIN, SINGLE ELEMENT

Loc. Name Val ue Dimension
0 Ay/A 1.0 -5 --- (Area ratio)
1 ky 3.6 x 10 BTU/sec-ft-deg F
2 Ly 0.1 feet
00 -
01 RCL 1
02 RCL O
03 X
o4 RCL 2
05 DIVIDE L \ 5
06  STOP Uy , 3.6 x 1077 BTU/sec-ft"-deg F

RPN PROGRAM 2.,
WALL AVERAGE CONDUCTION, MULTIPLE ELEMENT

Loc. Name Value Dimension
0 U 3.6 x 10_h BTU/sec—ftz-deg F
1 U% O.ho ] n n "
2 U 1.26 x 107> v o om
3 Uﬁ 10.0 n noon n

00 —_——

01 RCL O

02 1/x

03 STO 7

o4 RCL 1

o5 1/x

06 STO + 7

07 RCL 2 (GOTO 13 if Loc. 2 and 3 are zero)

o8 1/x

09 STO + 7

10 RCL 3 (GOT0 13 if Loc 3 is zero)

11 1/x

12 STO + 7

13 RCL 7

1 1/x

- 2
15 STOP U, 2.79 x 10 L BIU/sec-ft -deg F
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RPN PROGRAM 3.

FREE CONVECTION, VERTICAL FLAT PLATE, LAMINAR

Loc. Name Value Dimension

0 Cq 0.508 -

1 C, 0.952 7 _—

2 03 1.77 x 10 see note

3 ar 5. deg. F

L P 7.9 -—

5 L/ 10593. £t/(BTU/sec-ft-deg F)

6 _———

7 scratch -

_ 2 :3,,2
Note: C3 = gpP" L /P~
Gp P41 x 107

-— 22 1
RCL L 23 ENTER
RCL 1 2, 2
+ 25 DIVIDE
1 26 YX
ENTER 27 STO X 7
N 28 RCL O
DIVIDE 29 STO X 7
T* 30 RCL 7 N,, 80.29
STO 7 31 RCL S i’
RCL 2 32 DIVIDE h, 7.6 x 10'2
RCL 3 33 RCL 3 BTU/sec-ft
X 3, X -deg F
1 35  STOP Q/A, 0.0379 5
ENTER BTU/sec-ft
L
DIVIDE
YX
RCL 7
DIVIDE
STO 7
RCL L

7



RPN PROGRAM L
FREE CONVECTION, VERTICAL FLAT PLATE, TURBULENT

Loc. Name Value Dimension
0 C 0.23 - Note: ) - gpp/ P
1 02 0033 - 3
2 Ch 3.38 x 10° see note G, = Ch 17 ar
3 ar 20. deg F 9
L P 0.72 o G, P_>1x10
5 e 3.72 x 10 "BIU/sec-ft-deg F r
6 scratch ---
T scratch —_—
00 --—- 09 X
01 RCL O 10 RCL 1
02 RCL 5 11 ¥¥
03 X 12 STO X 6
oL STO 6 13  RCL 6
05 RCL 2 1, sroP h, 2.98 x 1051l
06 RCL L 15 RCL 3 BTU/sec-ft
07 X 16 X -deg F
08 RCL 3 17  STOP Q/A, 0.0060
BTU/sec-f%
RPN PROGRAM 5
FORCED CONVECTION, FLAT PLATE, LAMINAR
Loc. Name Value Dimension
0 P 7.9 —
1 r 1.5 ft
2 K 9.1l x 10>  BTU/sec-ft-deg F
3 v 4.0 ft/sec 3
L p 1.91 g olugs/fw = (1b/£t3)/32.2 2
5 M 2.34 x 10~ 1b-sec/ft /sec
6 dar.c 100.66L deg Fo ---
7 scratch _—
00 —-- 16 ¥X
01 RCL 1 17 STO X 7
02 RCL 3 18 RCL 6
03 X 19 FRAC
oy RCL L 20 STO X7
05 X 21  RCL 1
06 RCL 5 22 RCL 2
07 DIVIDE 23  DIVIDE
08  STOP Rn, L97,L35. 2, RCL 7 N
09  SQRT (Must be less 25 INVERT u
10 STO 7 than 500,000) 26  DIVIDE h, 0.0587
11 RCL O 27 RCL 6 BIU/sec-ft°
12 1 28 INTEGER -deg F
13  ENTER 29 X
1, 3 30 STOP QA, 5.87
15 DIVIDE BTU/sec-ft
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RPN PROGRAM 6.
FCRCED CONVECTION, ROUND TUBES, LAMINAR AND TURBULENT

9

Loc. Name Value Dimension

0 Dia. 0.025]; feet

1 C1 25.25 - 5

2 K 0.00008 1b-sec/ft
3 C2.03 3000.023 —_——
b» Ch Ll036 5 -
5 k 3.6 x 107 BTU/sec-ft-deg F
6 scratch —

7 P, 1.9 _—

INPUT dWw 0.01 laminar 17 .

RCL 1 0.30 turb. 18 8X

DIVIDE 1b/sec 19 Y

RCL O 20 STO 6

DIVIDE 21 RCL 7

RCL 2 22 .

DIVIDE 23 L,

RCL 3 R , 195. laminar?l, Y

IF (x<y) N°cg)7. turb. 25 RCL 6

GO TO 16 26 X

RCL 5 27 RCL 3

RCL L 28 FRAC

X 29 X

RCL O 30 RCL 5

DIVIDE h, laminar 31 X

GO TO 34 0.0062 32 RCL O

ROLL BIU/sec-ft°-deg F DIVIDE h, turb.,,0.0l3

33 STOP BTU/sec-ft"-deg F
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RPN PROGRAM 7.
AMBIENT TEMPERATURE AND COMPRESSIBLE TEMPERATURE

Loc. Name Value Dimension
0 T 1 519.69 deg R.
1 Height 25, 1000 feet
2 C1 -0.007888 -
3 Co L60. conversion
L c /e, 1.4 ——
5 2.0 —
6 scratch  ---
7 scratch —_—
_— 1 STO 7
RCL 2 15  RCL 5
RCL 1 16 SQUARE
}Sc 17 STO X 7
e 18 1
RCL O 19 STO + 7
X 20 RCL 7
STO 6 21 RCL 6
STOP TO’ 126 deg. R 22 X
?.CL N gi S£OP3 Tgs 768. deg R
RCL
- 25 -
12) E 26 STOP Ts’ 308. deg. F
IVI
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RPN PROGRAM 8
AMBIENT PRESSURE AND COMPRESSIBLE PRESSURE

2
P_, 1750. 1b/ft

Loc. Name Value Dimension
0 c 2116. 10/ £t
1 Co -0.041k -
2 Height 20. 1000 feet
3 c /c 1.4 —
N p»/'rn" 1.0 —
5 scratch  ---
[ scratch  ---
7 03 14). canversion
- 17+
RCL 1 18 S0 6
RCL 2 19 RCL 3
X 20 1
X 21 -
RCL O 5 22 RCL 3
X P, 92,. 1b/ft 23 INVERT
STO 5 ° 2, DIVIDE
RCL 3 25 RCL 6
1 26  INVERT
- 27 Y¥
2 28 RCL 5
DIVIDE 29 X
RCL 4 30 STOP
SQUARE 31 RCL 7
X 32 DIVIDE
1 33  STOP P,
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RPN PROGRAM 9, Part 1 of )
FORCED CONVECTION, FLAT PLATE, HIGH VELOCITY

Loc. Name Value Dimension
0 TO 1,00. deg R
1 C1 0. 207 -——
2 1.5 ——
3 gn 32,2 ft/sec2
L c 0.241 -7 BTU/lb-de% F
5 M 3.97 x 107% 1b-sec/ft
6 k 6.9, x 10~ BTU/sec-ft-deg F
7 scratch -
_—— 1 RCL 5
RCL 2 15 X
SQUARE 16 RCL 6
RCL 1 17 DIVIDE
X 18  STOP P., 0.l
STO 7 19 SQRT
1 20  STOP r, 0.666
+ 21 RCL 7
RCL O 22 X
X 23 1
STOP T, , 586. deg R 2, +
RCL 3 25 RCL O
RCL L 26 X
X 27  STOP Taw 5 524 deg R
RPN PROGRAM 9, Part 2 of |
Loc. Name Value Dimension
0 T, 1,00, deg R
1 Tone 52);. deg R
2 Tall 150. deg R
3 C1 0.22 -—
h C 2)-1020 kgR = 1.}4 X 3202
7 scratch S x (15L44/53.3)
-— 11 DIVIDE
RCL 1 12 RCL 7
RCL O 13 +
- 1, RCL O
RCL 3 15 +
X 16  STOP Typ » LS2. deg R
STO 7 17 RCL )
RCL 2 18 RCL O
RCL O 19 X
- 20  SQRT
2 21  STOP Vc , 980. ft/sec

82



00
01
02
03

05

00
01
02
03
o
05
06
07
08
09

11
12

RPN PROGRAM 9, Part 3 of L
FORCED CONVECTION, FLAT PLATE, HIGH VELOCITY

Loc. Name Value Dimension.
0 L 10. ft
1 M 1.5 —
2 V' 980. " ft/sec 3
3 P 7.37 x 10° slugs/ft° = (1b/1t3)/32.2
L 3.97 x 1077 1b-sec/ft
-— 06 RCL 3
RCL O o7 X
RCL 1 08 RCL L
X 09 DIVIDE .
RCL 2 10  STOP R, 2.729 x 10
X

RPN PROGRAM 9, Part L of L

Loc., Name Value Dimension
0 P o4l _—
1 R, 2.73 x 100 -
2 C, 0.029 (turbulent) -—
0.332 (laminar)
3 C2 0.80 (turbulent) _—
O SO (1a.g1nar)
L G Ll x 10 (1/K) = 10./(6,9L
5  Tuw, 52}4 deg R x 107°)
6 T .. 523. deg R
7 Wal"‘scratch -
-— 13 RCL 2
RCL O 1, X
1 15 RCL L
ENTER 16  DIVIDE h, 0.0136
3 17 RCL S BIrU/sec-ft
DIVIDE 18 RCL 6 -deg F
v 19 -
STO 7 20 X
RCL 1 21 STOP Q/A, 0.0136
R(}’JCL 3
y
RCL 7
X

g3
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RPN PROGRAM 10
NUCLEATE POOL BOILING

loc. Name Value Dimension
0 T _17-T 20 deg F
all . g
; h‘ifg sat o790, BIU/1Db
P 1.9 _—
3 e’ 1.0 BTU/1b-deg F
h Cls)f 0.013 ")-J- -
5 g 1iq 2,05 x 10 1b/sec-ft
6 Cq 12l (see note)
1/2
Note: C, = ((&/g,) ((g01iq - /o
] &g, g0 1iq - 8 P vap) ))
—— 11 7
RCL 3 12 %
RCL O 13 DIVIDE
fzc 1 1? Ox
L 1 Yy
DIVIlliE 16 RCL 5
RCL 17 X
DIVIDE 18  RCL 1
RCL 2 19 X
1 20 RCL 6
o 21 X
22  STOP Q/A,

8L
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RCL 5
RCL U

RCL 3

SQRT
SQRT
STO 6
RCL 2

VIE N

RPN PROGRAM 1

PEAK NUCLEATE HEAT FLUX

1

Loc. Name Value Dimension
0 ¢ 26.87 -—- (see note)
1 a}g 1.0 —

2 P. 1.88 _—
3 a 0,004 1b/ft >
L g g, 1036.8 (£t/sgc?)
5 Co 62.33 1b/ft¢ (see note)
6 scratch S
Note: C, = 0.4 hfg (8F Vap)1/2
2
C2 - (gfliq - g()vap) /8 1iq
14,  CHG SGN
15 y*
16 STO X 6
17 RCL 1
18 .
19 2
20 5
21
22 STO X 6
23 RCL O
2L STO X 6
25 RCL 6
26  STOP Q/A,
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RPN PROGRAM 12
MINIMUM FIILM BOILING WALL TEMPERATURE

86

Loc. Name Value Dimension

0 Sp.Gr. 2.71 Specific Gravity of wall

1 A 26.9 Atomic weight of wall

2 G 1v 0.C0L Liquid surface tension, 1b/ft

3 Ty 118Y. Liquid, deg R

6 Zre . -

scratch ===
——— 1, STr0 X6
RCL O 15 RCL 6
RCL 1 16 STOP m, 2.25
DIVIDE 17 CHG SGN
RCL L 18 &
yx 19 CHG SGN
STO g 20 1
RCL 21 +
STO X 6 22 RCL 3
RCL 2 23 INVERT x,y
3 2, y*
1/x 25 1
CHG SGN 26
yx 27 S
28 X
29 STOP T 5 830. deg R
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RPN PROGRAM 13, Part 1of 2
FILM BOILING
Loc. Name Value Dimension
0 Pr 0.9 -=-,Vapor
1 hfg T00. BTU/1b
2 c 0.47 vapor, BTU/lb-deg F
3 Par 200. - deg ',
L Hvap 3.9 x 10 lb-sec/ft
5 D 0,10 £t
6  [1iq 1.86 L (1b/£t3/(32.2 ft/sec?)
7 8,01 x 10 " n
(? vap
—— 1); RCL 7
RCL 1 1 -
RCL 2 16 X
DIVIDE ’l'g RCL 7
RCL 3 1 X
DIVIDE 19 3
sgop5 O, 7.45 g? 2
RCL .
RCL 22 2
DIVIDE 23 X 8
SQUARE 2, STOP G, 3.15 x 10
RCL 5 25 RCL O r
X 26 X 8
RCL 6 27  STOP R, 5 2.96 x 10
RPN PROGRAM 13, Part 2 of 2
Loc. Name Value Dimension
O 70115 8 ==
1 Ry 2.96 x 10 —-
2 D 0.10 ) feet
3 kvap 9.0 x 10 BTU/sec-ft-deg F
L ¢ 0.94 ---
5 T, 1165, deg R
6 Teat 672, deg R
7 T a1l 860. deg R
_—— 12 X
RCL 0O 13 STOP N, , 268.
RCL 6 1% RCL 3
RCL 5 1 X
DIVIDE 16  RCL 2
SQUARE 17 DIVIDE
DIVIDE 18  STOP h, 2.41 )
RCL 1 19 RCL 7 BTU/sec--ft
X 20 RCL 6 -deg F
SQRT 21 -
SQRT 22 X 453 2
RCL L 87 23 srop Q/A , BTU/sec-ft
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RCL 1

STO 6
RCL O

RCL 6

RCL 1

STO 6
RCL O

RCL 6

RPN PROGRAM 1)
RADIATION HEAT GAIN

Loc. Name Value Dimension
0 T 5000. deg R
1 Ts°ur°e 500. P deg R L
2 PO comst. L.758 x 10713 BTg/ft -sec-deg R
3 Areazobgect 10,
L Relative rad. 2.5 x 1073 = (r1/r2)
5 ey X a.g 0.9 -
6 scnate _——
10 RCL 2
11 X
12 RCL 3
13 X
1, RCL L
15 X
16 RCL 5
17 X
18  STOP Q, 6.69 BTU/sec
RPN PROGRAM 15
RADIATION HEAT LOSS
Locs Name Value Dimension
0 body 500, deg R
1 ba LL60¢ 1 deg R 2
2 ﬁ cons L.758 x 107 3 BTU/sec-ft“-deg
3 Area object 100, £t°
L —
5 e 0.8 —
6 sBratch _—
09 -
10 RCL 2
11 X
12 RCL 3
13 X
14, RCL 5
15 X
16  STOP Q, 0,67 BTU/sec
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RPN PROGRAM 16, Part 1 of 3

HEAT EXCHANGER EFFICIENCY

Loc. Name Value Dimension
0 aw 2.5 1b/sec
1 dwlfl 1.5 1b/sec
2 Cph_c 0499 cold, BIU/lb-deg F
3 Co-h 1410 hoE, BTU/1b-deg F
L A 20.0 't
5 U 0.25 BTU/sec-ft°-deg F
6 scratch -
7 scratch -
—— 1, DIVIDE
RCL O 15 GO TO 19
RCL 2 16 STO 7
X 17  INVERT, X,y
STOP ¢, (2.148) 18  DIVIDE
STO 6 ¢ 19 STO 6
RCL 1 20  STOP C i rf/C max
RCL 3 21 RCL L (0 67)
X 22 RCL 5 ’
STO 7 23 X
STOP Cp s (1.65) = x 2, RCL 7 Chin
RCL 6 =y 25  DIVIDE
IF(x less than y) 26 STO 7
GO TO 16 27  STOP LI (3.03)
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RPN PROGRAM 16, Part 2 of 3
COUNTERFLOW HEAT EXCHANGER EFFICIENCY

Loc. Name Value Dimension
6 c.. /C 0.67 —-——
7T Npg OF 3.03 -
1 38 1
RCL 6 39 INVERT x,y
- ho -
RCL 7 L1 STO 6
CHG SGN L2 RCL 7
X L3 1
e* Ly INVERT x,y
STO 7 L5 -
RCL 6 L6 RCL 6
X L7 DIVIDE
L8 SroPp eff. , 0.8]

RPN PROGRAM 16, Part 3 of 3
PARALLEL FLOW HEAT EXCHANGER EFFICIENCY

Loc. Name Value Dimension
6 G . /Co.. 0.67 -
T N 0 3.03 -
1 35 1
RCL 6 36 INVERT x,y
+ 37 -
RCL 7 38 STO 7
X 39 RCL 6
CHG SGN L0 1
eX L1+
42 RCL 7
L3  INVERT x.y
L)y DIVIDE
L5  STOP eff., 0,60
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RPN PROGRAM 17
WATER VAPOR PRESSURE

Loc. Name Value Dimension
0 Temp. Const. 460 Deg. R.
1 Cq 7.262 _—
2 02 -3.505 -
3 Crit. Temp. 1165. Deg R.
L Scratch _— _—
P = log™' (C; +Cp (1/(T/T.)))
Enter Value, 32. deg F 06 RCL 2
RCL O o7 X
+ 08 RCL 1
RCL 3 09 +
I VIDE 10 10¥
1/X 11 STOP P =0.0917 psi
RPN PROGRAM 18
HUMIDITY RATTIO AT DRY BUILB TEMPERATURE
Loc. Name Value Dimension
0 W, ratio 0.012; Ib water/lb dry air
1 Ty dry bulb 80. Deg F
2 T2 wet bulb 6. Deg. F
3 cia 0.2} BTU/1lb-deg F, specific heat
)4 Cp O-M-l n " n
5 B 1101.  BIU/lb, heat of evaporiz.
6 I 20.3 BTU/1b, heat of sat. liquid
W1 = W2 - ((T‘] - Tz)(cpa + va))/(Hg - Hl)
—_—— 09 X
RCL O 10 RCL S
RCL U 1 RCL 6
X 12 -
RCL 3 13 DIVIDE
N 1,  CHG SGN
RCL 1 15 RCL O
RCL 2 16+
- 17 ST OP W—' = 0.0088 1b/1b
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RPN PROGRAM 19
HUMIDITY RATIO AT WET BULB TEMPERATURE

Ioc. Name Value Dimension

0 MV/M 0.6215 -

1 Pg 0.2947 psi, vapor pressure
2 Potm 1.69 Atmosp. Press, psia

W, = (/M) P/(Py - P)

v
- 05  INVERT
RCL 2 06 DIVIDE
RCL 1 07 RCLO
- 08 X
RCL 1 09  STOP Wy = 0.0127 1b/1b

RPN PROGRAM 20
ENTHALPY OF AIR OR WATER VAPOR

Loc. Name Value Dimension
Air Water
0 C‘I 1202. 925.
1 C2 0.3 9.8
2 03 860. 1166.
3 Ch L60 L60. Reference, deg R
L n 1.0 0.7

H =0, - Cp (Cy - (L60 + T

Enter T, 6l deg F o7 v*

RCL 3 08 RCL 1

+ 09 X

CHG SGN 10  CHG SGN

RCL 2 11 RCL O

+ 12+

RCL L 13 STOP H= 20.31 water
H= 1101.2 air

BTU/1b
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RPN PROGRAM 21
VAPOR PRESSURE AT DRY BULB TEMPERATURE
AND REIATIVE HUMIDITY

Ioc. Name Value Dimension
0 W1 0.0088 Humiaity ratio, 1b/1b
1 Py 1.69 psia
> MR 1.6088
3 P _sat 0.5015 pai
Pyq = Wy Pagm (Y /M)/(1 + (/M) Wy)
g Pv1/Pv-sat
- 08 I VIDE
RCL O 09 RCL 1
RCL 2 10 X
X 11 RCIO
1 12 X
+ 13 STOP Pv1 = 0.2051 psi
RCL 2 1, RCL 3
INVERT 15 IDIVIDE
16 STOP g = 0.409 or 41 %
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ALGEBRATC PROGRAM NUMBER 1
WALL COMPONENT CONDUCTION, SINGLE ELEMENT

Loc. Name Value Dimension
0 A /A 1.0 5 -—- (Area ratio)
1 k 3.6 x 10 BTU/sec-ft-deg F
2 Ly 0.1 feet
05 DIVIDE
06 RCL 2
07  EQUAL
08 R/S U, 3.6 x 1071
LRN X" BIU/sec-ft°
-deg F
ALGEBRAIC PROGRAM NUMBER 2
WALL COMPONENT CONDUCTION, MUITIPLE ELEMENT
Loc. Name Value Dimension
o T 3.6 x 1074 BIU/sec-rt?-deg F
1 U 0.40 "
2 U 1.26 x 1073 "
3 U 10.0 "
7 sératch —_—
08 SER 1
09 RCL 3
10 SBR 1
11 RCL 7
12 1/x
13 R/S U, 2.79 x 1074
1,  2nd Lbl 1 BTU/sec-ft
15 1/x -deg F
16 SUM 7
17  INV SBR
LRN

ok



ALGEBRAIC PROGRAM 3
FREE CONVECTION, VERTICAL FLAT PLATE, LAMINAR

Loc. Name Value Dimension
0 dr.C, 5.508 deg F.--- (double storage)
1 Cy 0.952 _—
2 c 1.77 x 10! See note
3 P 7.9 -
N L/k 10593, £t/ (BTU/sec-ft-deg F)
6 scratch ---
Note: C3 =g (> 12 F2//"2
23  EQUAL
_— 2, STO 6
RCL 3 25 RCL 3
+ 26
RCL 1 27 .
EQUAL 28 &5
29  EQUAL
. 30 2nd Prd 6
2 31 RCL O
5 32 Inv 2nd Int
BQUAL 33 2nd Prd 6
STO 6 3, RCL 6 Nu
RCL O 35 DIVIDE
2nd Int 36 RCL L
X 37 EQUAL h, 0.00758
RCL 2 38 R/S BTU/sec-ft
BQUAL G, , 8.85 x 107 39 ST06 -deg F
LO RCL O
. L1 2nd Int
2 L2 X
5 43 RCL 6
EQUAL Ly  EQUAL
DIVIDE L5 R/S Q/A, 0.0379
RCL 6 LRN BTU/sec-ft
8

r
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AIGEBRAIC PROGRAM L
FREE CONVECTION, VERTICAL FLAT PLATE, TURBULENT

Loc. Name Value Dimension
0 C1 0.23 -—
1 Co 0.33 6 -
2 Ch 3.38 x 10 see note
3 dar 20. deg F
) Pr 0.72 —_—
5K 3.72 x 10°®  BIU/sec-ft-deg F
6 scratch _— -
T L L.0 ft
Note: C), = g(;(»z/,uz ¢, = C, 13 ar
G. P must exceed 1 x 109
rr
17 2nd Prd 6
--- 18 RCL 6 L
( 19 R/S h, 2,95 x 10 5
RCL O 20 ( BTU/sec-f't
X 21 RCL 7 -deg F
RCL 5 22
) 23 3
STO 6 2,  EQUAL
( 25 X
RCL 2 26 RCL 2
X 27 X
RCL L 28 RCL 3
X 29 X
RCL 3 30 RCL 4
) 31 )
7= 32 R/S Gy Ppy 3.1 x 107
RCL 1 LRN
EQUAL
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ALGEBRAIC PROGRAM 5
FORCED CONVECTIN, FLAT PLATE, LAMINAR

£t/ secz)

h’ 006587
BZTU/sec
-ft“-deg F

Q/A, 5.869
B‘]?U/2 sec

Loc. Name Value Dimension
0 P 79 -
1 Lr 1.5 ft
2 X 9.1 x 10>  BIU/sec-ft-deg F
3 v 4.0, £t/ secy
L P 1.94 -5 (1v/ft )/&32.2
5 Vs 2.3L x 10 1b-sec/ft
6 ar.c 100.66) deg Fo-m-
7 scratch -
18 2nd Prd 7
- 19 RCL 6
( 20 1INV 2nd Int
RCL 1 21 2nd Prd 7
X 22
RCL 3 23 RCL 7
X 2, X
RCL 4 25 RCL 2
DIVIDE 26 DIVIDE
RCL 5 27 RCL 1
) 26 )
R/S Ry » LST,L35. 29 R/S
SQRT 30 X
STO 7 31 RCL 6
RCL O 32 2nd Int
yX 33 EQUAL
3 34 R/S
1/x LRN
EQUAL



AIGEBRAIC PROGRAM 6

FORCED CONVECTION, ROUND TUBES, LAMINAR AND TURBULENT

Loc. Name Value Dimension
0 Dia. 0.025) feet
1 c 25.29 —_—
2 ci.c 3000.023 — 0
3 P 2 0.00008 1b-sec/ft
L ¢ L.36 5 _—
5 e 3.6 x 10 BIU/sec-ft-deg F
6 P, 1.9 ---
7 scratch, t ----
25 GO TO 2
Enter aWw 0,01 Laminar 26  2nd Lbl 1
?IVIDE 0.30 Turb., 1b/sec T*
28 .
RCL 1 29 8
X 30 EQUAL
RCL O 31 STO 7
X 32 6
RCL 3 33 ?gL
) 3 .
EQUAL 3% 4
R/S R, 195, laminar 36  EQUAL
STO 7 5838. turb. 37 2nd Prd 7
RCL 2 38 RCL 2
2nd Int 39 INV 2nd Int
x%t L0 2nd Prd 7
2nd x>t Lo (
SBR 1 L2 RCL 7
13 X
RCL L L RCL 5
X L5  DIVIDE
RCL 5 46 RCL O
DIVIDE W7 )
RCL O L8 R/S
) LEN
R/S h, laminar, 0.0062

BTU/sec-ft“-deg F

98

h, turb.zo.OLﬁb
BTU/sec-ft“-deg F
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AIGEBRAIC PROGRAM 7

AMBTENT TEMPERATURE AND COMPRESSIBLE TEMPERATURE

Loc. Name Value Dimension
0 T 519.69 deg R (temp. @ sea level)
1 netght 25", 1000 feet
2 C1 -0,007888 —
3 02 L60. conversion factor
é; I‘?lp/cv T Ratio of specific heats
2.0 —-——
6 sBratch -
7 scratch -
16 2
— 17 EQUAL
RCL 2 18 STO 7
X 19 RCL 5
RCL 1 20 SQUARE
EQUAL 21 2nd Prd 7
INV In x 22 1
X 23 SUM 7
RCL O 2, RCL 7
EQUAL 25 X
STO 6 26 RCL 6
R/S Tps L26. deg R 27  EQUAL
RCL L 28 R/S T » 768. deg R
- 29 -
1 30 RCL 3
EQUAL 31  EQUAL
DIVIDE 32 R/S T, » 308. deg R
LRN
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AIGEBRAIC PROGRAM 8
AMBIENT PRESSURE AND COMPRESSIBLE PRESSURE

Loc. Name Value Dimension
0 c 2116. lb/f'l:2 (press. @ sea level)
1 ¢ -0.0l1L —
2 Height 2011 1000. ft
3 c. /c 1. -
L P 1.0 —
5 scratch -—
6 scratch _—
7 scratch ——
25  EQUAL
— 26 STO 6
RCL 1 27 RCL 3
X 28 -
RCL 2 29 1
EQUAL 30 EQUAL
INV In x 31 DIVIDE
X 32 RCL 3
RCL O 2 33 EQUAL
FQUAL Py, 924 1b/ft 3L 1/x
STO 5 35 STO 7
RCL 3 36 RCL 6
- 37 ¥*
1 38 RCL 7
EQUAL 39 EUAL
DIVIDE Lo X
2 L1 RCL 5
EQUAL L2  EQUAL 5
STO 6 L3 R/S P, , 1750. 1b/ft
RCL L L}y DIVIDE
SQUARE L5 1
X L6 L
RCL 6 LT L
EQUAL L8  EQUAL
: L9 R/S P_ , 12,15 1b/in®
LEN
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RCL O
RCL 2
SQUARE

RCL 1

RCL 3
RCL L
RCL 5

DIVIDE
RCL 6

ALGEBRAIC PROGRAM 9, Part 1 of L
FORCED CONVECTION, FLAT PLATE, HIGH VELOCITY

Loc. Name Value Dimension
0 Ty 1,00. deg R
1 C,l 0.207 (7 -1)/2
2 M 1.5 —
3 g 32.2 ft/sec
L c 0.2441 BTU/1b-de§ F
5 uP 3.97 x 1077 1b-sec/ft
6 K 6.94 x 106 BTU/sec-ft-deg F
7 acratch ---
21 )
22 R/S P, O.lh2
23 SQRT
2, R/S r, 0.66L
25 X
26 RCL 2
27 SQUARE
28 EQUAL
29 X
30 RCL 1
31 EQUAL
32+
33 1
T, 586. deg R 34  EQUAL
3% X
36 RCL O
37 EQUAL
38 R/S T, » 523+ deg R
IRN
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AIGEBRAIC PROGRAM 9, Part 2 of L
FORCED CONVECTION, FLAT PLATE, HIGH VELOCITY

Loc. Name Value Dimensi on
0 T'O L00. deg R
1 T 523, deg R
2 Taall 150, deg R
3 01 0022 -
L C 2402, g R =1. x32.2 x 53.3
5 scratch —
17 -
— 18 RCL O
( 19 )
RCL 3 20 )
X 21 SUM 5
( 22 RCL O
RCL 1 23 SUM 5
- 2, RCL S
ng 0 gg l(z/s Tops 452. degR
) 27 RCL L
STO 5 28 X
( 29 RCL O
. 30 )
5 31  SQRT
}(( 32 lfés Vc , 980. ft/sec
RCL 2
ALGEBRAIC PROGRAM 9, Part 3 of L
Loc. Name Value Dimension
0 L 10,0 ft
1 M 1 05 ——
2 V‘é 980. L ft/sec 5
3 p 7.37 x 10 (1b/ft3)/£32.2 ft/sec®)
L o 3.97 x 10-7T  1b-sec/ft
07 X
—— 08 RCL 3
( 09 DIVIDE
RCL O 10 RCL L
X 11 )
RCL 1 12 R/S Ry 5 2.729 x 107
X LEN
RCL 2
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LRN
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ALGEBRAIC PROGRAM 9, Part L of L
FORCED CONVECTION, FIAT PLATE, HIGH VELOCITY

Loc. Name Value Dimension
0 P 0.LL o
1 RY 3.00 x 1o§ laminar (example)
2073 X 106 turbul. n é
2 L/k 1. x 10 10. £t/(6.94 x 107°)
_z Tow ggg, geg R.
T ° eg R.
5 sg%&%ch _—
6 C1 0.332 laminar -——
0,029 turbulent
1, 2nd Prd 5
—_— 15 RCL 5
RCL O 16 DIVIDE
yX 17 RCL 2
3 18 BFQUAL 5
1/x 19 R/S h, 9.6 x 10°° laminar
EQUAL 20 X 0.,0136 turpbulent
STO 5 21 ( BTU/sec-ft“-deg F
RCL 1 22 RCL 3
7 23 -
. 2, RCL L
5 (laminar), 8 (turbulent) 25 )
EQUAL 26  FQUAL
2nd Prd 5 21 R/S /A, 9.6 x 10~> laminar
RCL 6 LRN 0.0136 turhulent

103
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ALGEBRAIC PROGRAM 10
NUCLEATE POOL BOILING

Ioc. Name Value
? iwall’Tsat 938-
2 pi8 1.9
3 Cp 1.0
L Csg 0.013 _
5 gp 2.05 x 10
6 C 12l
7 scratch -——

RCL 3
RCL O

STO 7

Note: C1 = ((g/go) ((gf’]_j_q - gfvap)/())

18
19
20
21
22

104

Dimension

deg F
BTU/1b

BTU/1b-deg F

1b/sec-ft

see note

)

1/x

2nd Prd 7
RCL 7

3
BEQUAL
X

(

RCL 5
X
RCL 1
X
?CL 6
EQUAL
R/S
IRN

1/2

Q/A, 3.726 BTU/
sec-ft



ALGEBRAIC PROGRAM 11
PEAK NUCLEATE HEAT FLUX

Loc. Name Value Dimension
0 Cq 26.87 see note
1 a/g 1.0 —
2 P, 1.88 _—
3 & 0.00L 1b/ £t 0 2
L g g 1036. (32.2 ft/sec”)
5 Co 62 .33 see note
6 scratch -—
Note: Cq = O.7Lk hfg (g() V)2
2
Gy = (ep1-¢gpy) /e
16 2
17 L
18 5
19 CHG SGN
20 BQUAL
21 2nd Prd 6
22 RCL 1
23 y*
2, L
25  1/x
26  EQUAL
27 2nd Prd 6
28 RCL O
29 2nd Prd 6
30 RCL 6
31 R/S Q/A, 92.3 5
IRN BTU/sec-ft
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ALGEBRAIC PROGRAM 12

MINIMUM FILM BOILING WALL TEMPERATURE

Specific gravity of wall

Liquid surface tension, 1lb/ft

Loc. Name Value Dimension

0 Sp. Gr. 2.71

1 A 26.9 Atomic number of wall

2 o’l 0.00L

3 Topit 116k Liquid, deg R

L C.l 0.4l -

5 Cc 0.99 —

6 sératch ---

18 RCL 6
-_— 19 R/S
RCL O 20 CHG SGN
DIVIDE 21 INV 1n x
RCL 1 22 STO 6
EQUAL 23 1
X 2l -
RCL L 25 RCL 6
FQUAL 26  EQUAL
STO 6 27 STO 6
RCL 2 28 RCL 3
Y 29 ¥¥
3 30 RCL 6
/% 31  EQUAL
CHG SGN 32 X
EQUAL 33 1
2nd Prd 6 3L .
RCL 5 3% 5
2nd Prd 6 36 EQUAL
37 R/S

106

T; . 830. deg R
Leid.?
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ALGEBRAIC PROGRAM 13, Part 1 of 2

FILM BOILING
Loc. Name Value Dimension
0 Pr., 0.94 _—
1 heg 700, BI'U/1b
2 Cpy 0.47 BTU/1b-deg F
3 ar 200. deg F
L M~ 3.9 x 1077 1b-sec/ft2
5 D"V 0.10 £t
6 1.86 y  (/ee%)/(32.2 £t/sec?)
7 Py 8.01 x 10~ " n
19  y*
_— 20 2
RCL 1 21 )
DIVIDE 22 X
( 23 (
RCL 2 2], RCL 6
X 25 -
RCL 3 26 RCL 7
) 27 )
EQUAL 28 X
R/S O, T.45 29 3
( 30 2
( 31 .
RCL 5 32 2
yx 33 X
3 3, RCL 7
) 35 )
DIVIDE 36 R/S Gps 3415 x 10
( 37 X
RCL L 38 RCL O
39 EQUAL
L0 R/S Ry, 2.96 x 10

107
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AIGEBRAIC PROGRAM 13 Part 2 of 2

FILM BOILING
Loc. Name Value Dimension
0 e 701-15 8 ===
1 R, 2.96 x 10 ——
2 D 0.10 ft
3 K, 9.0 x 104 BTU/sec-ft-deg F
L C, 0.9L -—-
[ T 1165, deg R
6 TSat 672. deg R
7 Twall 860. deg R
21 X
— 22  RCL L
( 23  EQUAL
}(ICL 6 Sé i/ ° s 260
DIVIDE 26 (
RCL 5 27 RCL 3
EQUAL 28 DIVIIE
Ve 29 gﬂCL 2
2 30
CHG SGN 31 EQUAL h, 2.41
EQUAL 32 X BTU/sec—i‘t2
X 33 -deg F
RCL O 3% RCL 7
X 3 -
I;LCL 1 36 I;CL 6
37
Ve 38  EQUAL
L 39 R/S Q/A, L453.
;}é%c% LRN BTU/sec-ft2
)
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AIGEBRAIG PROGRAM 14
RADIATION HEAT GAIN

Loc. Name Value Dimension
0 Tsource Sgoo. deg R
1 T 00. deg R
2 S:ggy 1,758 x 1013 BTg/sec—ftz—deg o
3 Area®body  10. ft
L (I‘b/r,;)2 2,5 x 1073 square of relative
5 e X ay, 0.9 _— radius
11 (
—— 12 RCL 2
( 13 X
RCL O 1, RCL 3
X 15 X
L 16 RCL L
- 17 X
RCL 1 18 RCL 5
Va 19 )
L 20  EQUAL
) 21 R/S Q, 6.69 BTU/sec
X LRN
AIGEBRAIC PROGRAM 15
RADTATION HEAT LOSS
Lot.. Name Value Dimension
R AT Ge &
. eg
2 sgégkgroundh.?SB x 10713 B‘I‘B/sec-ft2—deg R
3 Area body 100, ft
L eb 0.8
10 X
— 11 (
( 12 RCL 2
RCL O 13 X
N 1, RCL 3
L 15 X
- 16  RCL L
RCL 1 17 )
yx 18 EQUAL
L 19 R/S Q, 0.67 BTU/sec
)
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AIGEBRAIC PROGRAM 16, Part 1 of 3
HEAT EXCHANGER EFFICIENCY

Loc. Name Value Dimension
2. 1. terchange for check, 1lb/sec
o o Ot 55 BTU/1b-deg F
p-c

3 ey 1.10 ) "

L APea 20.0 £t 0

5 U 0.25 BTU/sec-ft

6 scratch ---

7 scratch -

23 RCL 5
-—— 2l DIVIDE
RCL O a5 RCL 7
X 26 )
RCL 2 27 R/S Niy» 3.03
EQUAL 28 GO TO 2
STO 6 29 2nd Lbl 1
R/S Coolds 2-L57 30 DIVIDE
x%t (1.485) 31 RCL 6
RCL 1 BIU/sec-deg F 32 FQUAL
R 5w ( )
RCL 3 3L R/S C . /C ),
BQUAL 35 ( o
R/S 36 RCL L °
2nd x>t 37 X
SBR 1 38 RCL 5
STO 7 39 DIVIDE
DIVIDE L0 RCL 6
RCL 6 L)
BQUAL L2 R/S (N, , 3.37)
1(2/3 Cpir/Caxs 067 ﬁ ;I/ld Lbl 2 tu
S

RCL L LEN
X
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AIGEBRAIC PROGRAM 16, Part 2 of 3
HEAT EXCHANGER EFFICIENCY, COUNTERFLOW

Loc. Name Value
0] N 3.37
tu

1 cos /C 0.67

2 cm?n/ max .68

3 Th. 160.

L o 80.

5 sEFitch  ---

6 xcratch  ---
21
— 22
( 23
1 2l
- 25
RCL 1 26
) 27
X 28
RCL O 29
EQUAL 30
CHG SGN 31
INV 1n x 32
STO 6 33
CHG SGN 3l
+ 35
1 36
EQUAL 37
STO 5 38
RCL 6 39
X Lo
RCL 1 L1

BEQUAL

111

Dimension

BTU/sec-deg F
deg F
deg F

R/S eff., 0.86

R/S Q, 113. BIU/sec
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AIGEBRAIC PROGRAM 16, Part 3 of 3
HEAT EXCHANGER EFFICIENCY, PARALLEL FLOW

Loc. Name
0 N
tu
1 Gmax/Cmin
2 Crrin
3 Iy
L Toi
5 scratch
6 scratch
(
1
+
RCL 1
)
X
RCL O
EQUAL
CHG SGN
INV 1In x
CHG SGN
+
1
EQUAL
STO 5

eff., 0.596

Value Dimension
337 -—-
O ° 67 ——
1465 BTU/sec-deg F
160, deg F
80 ° deg F

18 RCL 1

19  EQUAL

20 DIVIDE

21 RCL 5

22  EQUAL

23 1/x

2, R/S

25

26 (

27 RCL 2

28

29

30 RCL 3

31 -

32 RCL L

33

3L

35 EQUAL

36 R/S

112
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ALGEBRAIC PROGRAM 17
WATER VAPOR PRESSURE

Loc. Name Value
O Temp. Const. L60.
1 G4 7.262
2 Co -3.505
3 Crit. Temp. 1165.
L,  Scratch -

ENTER VALUE, 32. deg F
+

RCL O

FQUAL

IL VIDE

RCL 3

FQUAL

1/X

X

Dimension
Deg R.
Deg R.
09 RCL 2
10  EQUAL
11 STO L
12 RCL 1
13 SUM L
1, RCL L
15 INV 2nd log
16  STOP p = 0.0917 psi
IRN

P = log™! (Cqy + Cy (1/(T/Tc)))

AIGEBRAIC PROGRAM 18
HUMIDITY RATTIO AT DRY BULB TEMPERATURE

Loc. Name Value Dimension
0 Wo 0.012}; "Ib water/Ib dry air
1 T, dry bulb 80. Deg F
2 T, wet bulb 6. Deg F
3 Cpa 0.24 BTU/1b-deg F, specific
h CDV O-)-l)-l n n
5 1101.  BTU/1lb, heat of evaporiz.
& H 20.3 BTU/1b, heat of sat. liquid.
1
7 Scratch —_——
Wy =Wy - ((T,-T,)(cp, + W, cpv))/(Hg -Hy)

RCL O

RCL L

RCL 3
EQUAL
X

RCL 1

113

13 RCL 2
L)

15 FQUAL
16 DIVIDE
17 (

18 RCL 5
19 -

20 RCL 6
21 )

22  FQUAL
23 CHG SGN
2L, +

25 RCL O
26  FQUAL
27 STOP W

1

heat

n

= 0,0088 1b/1b



00
01
02
03

05
06

00
01
02
03
Ol
05
06
o7
08

AIGEGRAIC PROGRAM 19
HUMIDITY RATTIO AT WET BUIB TEMPERATURE

psi, vapor pressure

Loc. Name Value Dimension
0 M /M a 0.6215
1 va 0.2947

Wy = (M /M) P /(Pypn - B

psia, Atmo. Press.

-— o7 X
( 08 RCL 1
RCL 2 09 EQUAL
- 10 X
RCL 1 11 RCL O
) 12  EQUAL
1/x 13 STOP w2 = 0.0127 1b/1b
IRN
AIGEBRAIC PROGRAM 20
ENTHALPY OF ATIR OR WATER VAPOR
ILoc. Name Value Dimension
Air Water
0 C1 1202. 925,
1 G2 0.3 9.8
2 C 860. 1166.
3 ¢ L60. L60. Reference, deg R
L nk 1.0 0.7
H=Cq -0, (03 - (460 + T)B
Enter T, 6l deg F 09 RCL L
+ 10  EQUAL
RCL 3 11 X
EQUAL 12 RCL 1
CHG SGN 13  EQUAL
+ 1,  CHG SGN
RCL 2 15+
EQUAL 16 RCLO
yx 17  EQUAL
18 STOP H = 20.31 water
IRN H=1101.2 air
BTU/1b
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RCL O

RCL 2

EQUAL
1/x

AIGEBRAIC PROGRAM 21

VAPOR PRESSURE AT DRY BULB TEMPERATURE

AND RELATIVE HUMIDITY

ILoc. Name Value Dimension
0 W, 0.0088 Humidity ratio, 1b/1b
1 P, 14.69 psia
2 Ma}"ﬂv 1.6088
3 P 1 _sat 0.5015 psi
Pv1 =W, Pim (Ma/Mv)/(Ma/Mv) w1)
g - Pv’l/Pv_sat
12 RCL 2
13 X
1, RCL 1
15 )
16  EQUAL
17 X
18 RCL O
19  EQUAL
20 STOP P, = 0.2051 psi
21 IIVIDE v
22 RCL 3
23  EQUAL
2), STOP g = 0.409 or 41 %
LRN
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FOREWORD

The energy analyst has a frequent need to estimate the
properties of materials for which he is unable to discover
values in the literature. Fortunately, there is a good deal of
order in the universe.

One valuable tool in this search is the Principle of
Corresponding States. This principle tells us that if the
molecules are nearly the same and if their state is the same
(1iquid, gas or solid) then their properties should be proport-
ional to the ratio of the temperature to the critical temper-
ature.

For example, consider the elements nitrogen, with a molecular
weight of 1.0 and oxygen with a molecular weight of 16.0. The
critical temperature of nitrogen is 228 deg R and for oxygen is
279 deg R. Assume that we are given the thermal conductivity,
k, of nitrogen at 182 deg R as 1.66 x 10~° BTU/sec-ft-deg R.
What might we expect for the value of oxygen?

1. The critical temperature ratio for nitrogen is
By = 182/228 = 0.80

2. The temperature of oxygen at 0.80 critical is
TO = 0.80 x 279 = 223 deg R

3. Compare the actual value for k to that predicted by
the principle of corresponding states (PCS).

1]

By PCS, k = 1.66 x 10_5 BTU/sec-ft-deg R

Actual, k = 1.72 x 107> n "

The critical point itself is a valuable aid to organizing
thermal and physical data. Surface tension and heat of vapor-
ization vanish at the critical point. Specific weight of the
gas and of the liquid are identical at the critical point.

Vapor pressure, as shown previously, is found to vary as the
logarithm of the inverse temperature ratio. Critical points

and normal boiling points (boiling temperature at one atmosphere
pressure) are usually found from tables in chemical handbooks,
see Engine Thermodynamics, Ref. 1).
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TABLE 1. CONDUCTIVITY AND SPECIFIC WEIGHT, GASES

MATERTAL TEMP, SPECIFIC CONDUCT I VITY
(@ 14.7 PSI) WEIGHT
deg F 1b/£t3 BTU/sec-ft-deg F
Air, Nitrogen 32, 0,080 3.77 x 10 -6
212, 1.88 x 10‘2
Hydrogen 32, 0.00561 2.62 x 5
212, 333 x
Ethane 32. 0.0817 2.92 x '6
Chlorine 32, 04201 1.23 "
Carbon Dioxide 32, 0.123 2.2 n
212, 3,07 "
Ammonia 32, 0.048 3,26 0
212, L7 v
Water Vapor 212, 0.,0372 11,03 n
Freon 12 70 0.0338
TABLE 2, CONDUCTIVITY AND SPECIFIC WEIGHT, LIQUIDS
MATERTAL TEMP. SPECIFIC CONDUCT IVITY
WEIGHT
deg F 1b/ft3 BTU/sec-ft-deg F
Water 32, 62, 8491 x 10-5
140, 1.05 x 10
270, 6.25 x 10 g
Kerosene 68, L8, 2.43 x 10
Ammonia 32, 0.0 (62, PSIA) 8.66 x 1072
Freon 12 32. 87. (LS. PSIA) 1.16 x 107>
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TABLE L.

CONDUCTIVITY AND SPECIFIC WEIGHT , METALS

MATERIAL  TEMP. SPECIFIC CONDUCT IVITY
WEIGHT
deg F 1b/£t3 BIU/sec~ft-deg F
Aluminum 32, 168. 3.1 x 10'2
Brass 68. 528. 1.78 x 10-2
Copper 32, 557. 6.20 x 10-2
Gold 32, 120);. L.79 x 10~
Iron 6. 491, 1.08 x 10~2
Steel 32, 1,90, 7.18 x 1072
Nickel 32, coo, 9. x 1073
Platinum 32, 1338. 1.12 x 1072
Silver 32, 655. 6.50 x 10™2
Sodium 32, 60, 2,19 x 1072
Zine 32, L5, 1.79 x 102

TABIE 5. VISCOSITY, SPECIFIC HEAT AND EXPANSION OF LIQUIDS

MATERTAI, TEMP,  VISCOSITY EXPANSION  SPECIFIC
» G§E§$§CIENT HEAT
deg F lb-sec/ft ft°/ft°-deg F BTU/1b-deg F
Water 32, 3.73 x 107 -0.5 x 10 L 1.01
140, 1411 n 2.5 n 1,00
270. £.18 x 1076 L5 M 1.00
Kerosene -50. 1625 x 10"h
60. 1.39 x 10~ 5,0 m 0.50
200, 1oLy n 6
Ammonia 32, 5,00 x 10” 1.2 x 103 1.11
Freon 12 32, 6.21 " Te7 " 0.223
TABLE 6. VISCOSITY, SPECIFIC HEAT AND EXPANSION OF GASES
MATERIAL  TEMP. VISCOSITY EXPANSION SPECIFIC
» GOEFFICIENT HEAT
deg F 1b-sec/ft £t°/ft°-deg F  BTU/1lb-deg F
Water Vapor 212. 2.71 x 1077 2.18 x 1073 0.L5
500. 1.97 o 0.7
1000. 3.48 " 0.51
2000. 6.55 ", _3 0.60
Hydrogen 59. 1.84 x 107 2.0 x 10 3.39
392. i 3.6
Ammonia 32. 1.92 x 10
59. 0.52
212, 2,69
Air 0. 3.5 x 107 2.0 x 1073 0.239
100. 3.96 0.2l
200, L8 n 0.2}42
500, 5.86 " 5o 0.248
1500. 9.1l n 0.277




TABLE 7. RATIO OF SPECIFIC HEATS, MOLECULAR WEIGHT
AND GAS CONSTANT

MATERTAL cp/cv GAS CONSTANT, R MOLECULAR WEIGH
Hydrogen 1.40 767« 2.0
Ammonia 1431 89.5 17 .0
Water Vapor 1632 85.78 18,0

TABLE 8, HEAT OF EVAPQRATION AND FUSION
MATERTAL HEAT OF EVAPORATION HEAT OF FUSION

@ one atmosphere
BTU/1b BTU/1b
Water 970. (212, deg F) 143.
1076. ( 32. deg F)

Ammonia 588. 194,
Hydrogen 192, 25,
Oxygen 92. 6.
Nitrogen 86. 11,

TABLE 9. RADIATION SURFACE TEMPERATURES
SURFACE TEMPERATURE

deg R

Incandescence

Red, Visible in
Red, Visible in
Yellow
Blue-White

Sun

Molten Metal
Lead
Sulfur
Copper, Gold
Silicon
Iron
Platinum

dark 1200-1300
sunlight 1500
2200-2300
3400
10800

1080

706
24,0
3050
3240
3651
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