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NOMENCLATURE

This table contains the definitions of the symbols used through-

It does not contain symbols defined and used locally

within the body of this work. Dimensional variables are primed to

distinguish them from dimensionless variables.

Symbol

Definition
area, ft.2
heat capacity, BTU/1b.-°F.
tube inner diameter, ft.
diffusion coefficient, ft.2/sec.
enthalpy, BTU/1b.
Eekert nunber, 5'2/%(% -1').
Fénning friction factor of vapor phase.
dummy function.
Froude number, G'Z/g'D’.
length Froude number, E'z/g'z'.

acceleration due tg gravity in the z direction,
32.174 ft./sec.

average value of mass velocity of vapor, l.b./sec.-ft.2
radial step size, Ri+l-Ri'
average heat transfer coefficient, BTU/sec.-ft.e-oF.

average heat transfer coefficient derived bg Nusselt,
defined by equation (I-10), BTU/sec.-ft.“-°F.
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Symbol Definition
h ratio ratio of h;; to h’
u
h! 2
loc local heat transfer coefficient, BTU/sec.-ft. -,
i local heat transfer coefficient derived byENusselt,
Ciu defined by equation (I-9), BTU/sec.-ft. -°F.
! . - I !
hloc ratio ratio of hloc to hlocNu.
hw radial step size, Ri—Ri_l.
3 unit vector in the z direction.
i unit vector in the r direction.
Kk’ thermal conductivity, BTU/sec.-ft.- F.
n’ mass flux, lb./sec.—ft.2
E’ mass flux vector, defined by equation (A-80).
n normal vector, defined by equation (A-79).
P dimensionless pressure drop, (p‘—pé)/g’ﬁ'g.
p’ pressure, psia.
Pr Prandtl number, u'C;/k’.
g’ heat flow, BTU/sec.
R dimensionless radius, 2r’/D’.
AR radial step size, defined locally,
T radial direction.
et radius, ft.
! . . . . / !
Ar dimensional radial step size, rq+l-rq.
Re Reynolds number, p'D'u’/u’.
' ‘ . . . . 2 ,2. 4
As dimensional grid arc size, (Ar'~ + Az'7)Z2.
Sc Schmidt number, w’ /p’D;b.

P dimensionless temperature, (T’-T;)/(T;~T;).
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Symbol Definition
I o)
T temperature, F.
] ’ ’ Q.
ﬂT TO-T'W, F-
t tangent vector, defined by equation (A-7h).
U dimensionless axial velocity, v;/ ur
E' velocity vector, defined by equation (A-75).
u’ average entrance velocity, ft./sec.
v dimensionless radial velocity, v;/ .
v; radial velocity, ft./sec.
v'z axial velocity, ft./sec.
W weight fraction. .
x' distance from wall, ft.
Z dimensionless tube length, 2z’/D’.
AZ axial step size, Zj+lwz,j'
*
Z dimensionless tube length, z'/D'Re.
Z axial direction.
z' tube length, ft. |
! - . . . I L4
Az dimensional axial step size, zj+l-zj'
*
A value of Z used as starting position in computer

program.

Greek Symbols

’

r liquid film flow rate per unit width of wall,
1b, /sec.-ft.

8’ liquid film thickness, ft.

A latent heat of condensation, BTU/1b.

H viscosity, 1b./sec.-ft.




Subscripts
a
b

bp

dp

Definition
density, lb./ft.3
interfacial shear stress, lb./ft.-sec.2

dimensionless interfacial stress, defined by
equation (A-131).

physical property group, defined by equation
(I1I-1), BTU/sec.-ft.2-CF,

condensable vapor.
noncondensable gas.

bubble point of entering wvapor.
condensable vapor.

dew point of entering vapor.
vapor phase value.

radial grid coordinate.

axial grid coordinate.

liquid phase value.

normal to the interface.

wall grid coordinate.

entrance value.

interface value or interface grid coordinate.
radial direction.

tangent to the interface.

wall value.

axial direction,

value at the first axial step.



xxi

SUMMARY

Numerical solutions to the laminar boundary layer equations of
motion, continuity, energy, and diffusion for pure vapor, gas-vapor,
and binary vapor condensation in the entrance region of vertical tubes
are presented in this work. Three pure vapors: water, ethanol, and
trichloroethylene; two gas-vapor mixtures; air-water, and air-ethanol;
and two binary vapor mixtures: ethanol-water, and benzene-toluene are
considered. For each system local and average heat transfer coeffi-
cients, pressure drop, average liquid concentrations, liquid film thick-
nesses, interfacial temperatures, and interfacial shear are reported for

a variety of entrance velocities, tube lengths, tube diameters and tem-

perature drops. In addition, the development of velocity, temperature,

and concentration profiles in both phases is presented for each system

as a function of length and radial position. These solutions are com-
pared to experimental data where available and to existing design
procedures.

Calculations using the laminar model were made for diameter
Reynolds numbers of the entering vapor as high as 488,000. No claim
is advanced that the flow is laminar at such Reynolds numbers, but
there are reasons to suspect that transition to turbulent flow may
occur at diameter Reynolds numbers far greater than 2100 and that the
point of transition in the entrance region of a tulbe may be more

dependent on the length Reynolds number than the diameter Reynolds
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number. The length necessary for the development of turbulence may be
an appreciable portion of condenser length. The effect of the liquid
film on the transition of the vapor to turbulent flow is unknown. The
film may induce turbulence in the vapor phase, but on the other hand,
condensation may provide a stabilizing suction near the wall, thus
delaying the formation of turbulence. Numerical solutions at high
diameter Reynolds numbers provide insight into experimental results and
agree with experimental data for diameter Reynolds numbers of the enter-
ing vapor below 30,000. More experimental data are necessary to deter-
mine the exact range of applicability of the laminar models.

The solutions to the equations and related boundary conditions
were determined numerically by an implicit finite difference "marching"
procedure with the aid of a high speed digital computer. The finite
difference grid extended from the center of the tube to the wall and
covered both phases. The step sizes varied in both the radial and the
axial directions. At each axial step one of the grid points fell on
the vapor-liquid interface. The axial step size was adjusted for each
axial step until the normal heat flux into the liquid at the interface
was properly balanced by the normal mass flux across the interface.
Systems of equations similar to those used in this work have been
shown to be stable and convergent by earlier workers, The results
showed good agreement.with the laminar, nc interfacial shear model of
Nusselt (2) when the interfacial shear was small. The numerical
solutions also agreed with experimental data for diameter Reynolds

numbers of the entering vapor less than 30,000.
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A large number of boundary conditions were used with the equa-
tions. Some of these were continuity of tangential shear, tangential
velocity, temperature, normal mass flux, and normal component flux
across the interface. Others were various constant wall temperatures
and "flat" velocity, temperature and concentration profiles at the
entrance. Vapor-liquid equilibrium was assumed at the interface. The
numerical scheme used to solve the equations and boundary conditions
could be easily adapted to other condensation problems such as the
condensation of superheated vapor, or the variation of wall temperature
with length, or the use of parabolic velocity profiles at the entrance.

In pure vapor condensation the constant property equation of
motion was applied to both phases separately, the constant property
continuity equation was applied to both phases separately, and the
constant property energy equation was applied tc the liquid phase. A
range of entrance velocities, temperature drops, and tube diameters
was considered for the condensation of ethanol, water, and trichloro-
ethylene vapors, The numerical results were compared to the experi-
mentai data of Carpenter and Colburn (1). The few points available at
low vapor velocities (entering Reynolds numbers less than 30,000)
appear to agree within 10 percent. At higher Reynclds numbers turbu-
lence apparently exists causing the heat transfer to be much greater
than that predicted by this study. However, the numerical solutions
of this study qualitatively predict the dependence of the high velocity
data on entrance velocity, tube diameter, tube length, temperature drop,

and physical properties.
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The numerical results for the average heat transfer coefficient
for pure vapor condensation were correlated by a least squares
procedure. For length Froude numbers below 10 the results may be

adequately described by the Nusselt model, where

p' - average Nusselt heat _ , o, Kuz & Py )”
My transfer coefficient LZ AT
and
-2
u
FrL = length Froude number = ETET

For length Froude numbers between 10 and 1000 the average heat transfer
coefficient hé is given by

hf
m
7 = 0.7h7 (FI'L)

"Nu

This equation represented the numerical results with an average error

0.130

of + 3.8 percent. For length Froude numbers above 1000 the average

heat transfer coefficient is given by

hf
H‘EL- = 0.188 (Fr

"Nu

)0-335
L
with an average error of + 7.2 percent. These correlations are felt
to be good for a wide range of substances because of the use of the
Nusselt model in the équations.

In the design of pure vapor condensers the method of Rohsenow,
Webber, and Ling (5) appears to be good for both high and low vapor

velocities.




XXv

In the gas-vapor condensation, density was allowed to vary with
concentration. The equation of motion was applied to both phases
separately, the energy equation was applied to both phases separately,
the variable density equation of continuity was applied to the gas-
vapor phase, and the constant density equation of continuity was applied
to the liquid phase. The constant property diffusion equation was
applied to the gas-vapor phase. Neglecting the variable density terms
in the diffusion equation caused the overall mass balance to vary with
length. Only those solutions were considered valid where the mass
balance varied less than three percent. This compares favorably with
an accuracy of five percent reported in the only other theoretical
study of laminar gas-vapor condensation in a tube, which was done by
Baasel and Smith (25).

A range of entrance velocities, wall temperatures, tube dia-
meters and concentrations were considered for the condensation of water
vapor from air-water vapor mixtures and ethanol vapor from air-ethancl
vapor mixtures. The entrance composition ranged from 0.1 to 5 weight
percent air. The concentration of air was higher at the interface
than at the centerline. The presence of air at the interface caused
the interface temperature to be lower than the entrance temperature
because of the lower partial pressure of condensable vapor at the
interface. The interface temperature varied with length as the con-~
centration profile developed. This caused a significant decrease in
heat transfer. While no data could be found in the entrance region of

vertical tubes for the concentration range studied, the numerical
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results qualitatively agreed with the experimental results of Othmer
(20) on the dependence of heat transfer on air concentration. 1In
addition, the numerical solutions approached those of pure vapor con-
densation as the air concentration became small.

The available methods of design for gas-vapor condensers do
not include the effect of interfacial shear, which can be quite
important for low noncondensable concentrations. The design method
of Colburn and Hougen (21) for gas-vapor condensers predicts areas

which are substantially smaller than the results of this study for

the entering Reynolds numbers considered. Experimental studies should
be undertaken to determine the range of applicability of these methods
and a new design procedure, which includes the effect of entrance
region interfacial shear, should be developed.

In binary vapor condensation the vapor density was allowed to
vary with concentration. The equation of motion was applied to both
phases separately, the equation of energy was applied to both phases
separately, the variable density continuity equation was applied to
the vapor phase, the constant density continuity equation was applied
to the liquid phase, and the constant property diffusion equation was
applied to both phases separately. Neglecting the variable density
terms in the diffusion equation caused the overall mass balance to
vary a maximum of five percent while the component balances varie& a
maximum of ten percent. Most runs were well below these maximums.

A number of entrance velocities, wall temperatures, tube dia-

meters, and concentrations were considered for the condensation of
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ethanol-water and benzene-toluene mixtures. Ethanol and water form a
minimum boiling azeotrope while benzene and toluene form an almost
ideal mixture. Vapor-liquid equilibrium was assumed at the interface.
The interface temperature ranged between the bubble point and the dew
point of the entering mixture and decreased with increasing tube length.
The average concentrations in both phases varied widely with length.
Diffusional resistances in the liguid were quite small,

There are apparently nc data on binary condensation in the
entrance region of a vertical pipe to compare with. Available data
for other geometries indicate that the heat transfer coefficients for
mixtures fall between results for the pure vapors. This behavior was
also observed in the numerical solutions of this study. The results
of this study indicate that the relative position of the heat transfer
coefficient between the pure vapors as a function of concentration is
expressed by the Nusselt equation given above when the proper mixture
properties are used.

The available methods of design for binary vapor mixtﬁres do
not include the effect of shear, which can be quite important. The
design method of Kern (29) for binary vapor condensers predicts areas
which are smaller than the results of this study for the entering Rey-
nolds numbers considered. Experimental studies should be undertaken
to determine the range of applicability of these methods and a new
design procedure, which includes the effect of entrance region shear,

should be developed.

i ey




CHAPTER I

INTRODUCTION

Experimental studies (1) of condensation of a pure vapor in the
entrance region of a vertical tube indicate that heat transfer can be
much greater than predicted by the Nusselt model (2). Some investiga-
tors (3,4,5) have tried to explain these results by including the
effect of shear at the vapor-liquid interface by evaluating shear from
fully developed, one or two phase turbulent flow expressions and
neglecting the fact that shear is much higher in the entrance region
than in fully developed flow. Some of these investigators allowed
shear to vary with length or used an average value of shear for the
entire tube. There are apparently no solutions for gas-vapor or binary
vapor condensation which include the effect of interfacial shear and
developing profiles in the entrance region of vertical tubes.

This study was undertaken to provide solutions for the condensa-
tion of pure vapors, gas-vapor mixtures, and binary vapor mixtures in
the entrance region of vertical tubes. These solutions consider how
the velocity, temperature, concentration, and shear profiles develop
in both phases. The laminar equations of continuity, motion, energy,
and diffusion were used in the mathematical model, but calculations were
made for diameter Reynolds numbers of the entering vapor as high as

L488,000. It is not postulated that the flow is laminar at such diameter




Reynolds numbers, but the transition to turbulent flow may occur at dia-
meter Reynolds numbers far greater than 2100. In addition, the point

of transition in the entrance region of a tube may not be dependent on
the diameter Reynolds nunmber alone. Shapiro (6) has likened the flow
near the entrance of a tube to that over a flat plate, where transition
occurs at a length Reynolds number of about 5 x 105. During condensa-
tion,as tube length increases, the length Reynolds number of the vapor
increases, reaches a maximum and then decreases. The diameter Reynolds
nunber of the vapor decreases with increasing length., The length neces-
sary for the development of turbulence may be an appreciable portion of
the entrance length. The liquid film on the wall may possibly induce
turbulence in the vapor, or condensation may possibly delay the forma-
tion of turbulence by providing a stabilizing suction near the wall.
Numerical solutions at high diameter Reynolds numbers provide insight
into experimental results and agree with experimental data for diameter

Reynolds numbers of the entering vapor less than 30,000. More experi- ‘

mental data are necessary to determine the exact range of applicability

of the laminar models.
The following literature survey will review the work of other
investigators on liguid film behavior and condensation. A similar

review was given by Cronauer (7).

Liquid Film
In film condensation the behavior of the liquid film is very
important in determining heat transfer. Less heat transfer occurs

through laminar films than through turbulent films of the same thick-



ness. There is some question, however, as to where the transition from
laminar to turbulent film flow occurs. A number of investigators have
considered the problem.

A simple laminar flow model of liquid flowing down a vertical
wall with no shear at the vapor-liguid interface and no end or side
effects (8) predicts that the velocity at the interface should be one
and one half times the average velocity. Friedman and Miller (9) have
shown that the surface velocity is considerably greater than this for
film Reynolds numbers greater than 25. For Reynolds numbers greater
than 25 they found that ripples were present in the film, By means of
dye injection they discovered turbulence at the free interface down to
a film Reynolds number of 200.

Measurements made by Stirba and Hurt (10) on mass transfer into
liquid films from both the gas and the solid sides strongly indicate
that the liquid film was not in laminar flow even for Reynolds numbers
as low as 300.

Ripples can be eliminated by wetting agents and the film can
remain apparently laminar up to a Reynolds number of approximately
3000. In such cases Emmert and Pigford (11) have found that mass trans-
fer rates then check laminar theory.

It has been postulated by Carpenter and Colburn (1) that the
condensate layer becomes turbulent at a much lower value of film Rey-
nolds number if there is significant vapor velocity at the interface.
They state, "... the hydrodynamics of a free flowing layer and one with

a large frictional force are gquite different." This vapor induced tur-




bulence was postulated for film Reynolds numbers as low as 240. They
used this reasoning in trying to explain heat transfer data for high
vapor velocity condensation.

Cooper, Drew, and McAdams (12) observed that liquid film holdup
checks with the simple laminar model up to a Reynolds number of 1800 to
2000, This is the film Reynolds number normally considered as the onset
of turbulence in the liquid. Average film thickness checks with theory
also although at any one instant the thickness may deviate because of
ripples on the surface.

In the absence of high vapor shear the Nusselt model of conden-
sation (2) which includes simple laminar liquid flow provides accurate
prediction of heat transfer results for film Reynolds numbers less than
2100. In practical application of the theory the predicted results are
multiplied by a small correction factor to include the effect of rip-

pling. Such a procedure is advocated by McCabe and Smith (13).

Pure Vapor Condensation

The classical approach to the condensation of pure vapor on a
vertical wall was given by Nusselt (2) in 1916. He assumed:
1) Steady-state, laminar, non rippling
liquid f£ilm.
2) Resistance to heat transfer exists
in the liquid film only.
3) Heat is transferred by conduction in

the x direction only.



L) The interface and wall temperatures
are constant and the temperature
varies linearly between them,

5) Only latent heat is transferred,
Sensible heat transfer is neglected,

6) Constant physical properties.

7) The acceleration of fluid elements

Vapor in the film may be neglected in

comparison with gravitational and
viscous forces.

The equation of motion is

d2 '
I VZ r 4
ol P& (z-1)

where primes denote dimensional variables and the subscript "A" denotes
a liquid value, This may be integrated twice and the boundary conditions
of no shear at the interface and no velocity at the wall may be used to

solve for the constants of integration. The result is

Tz (1-2)

The average velocity of the liquid film is

8 ple’ .2
A T P )
< L e % Vé dx’ = Eznh-jg" (1-3)

The flow rate per unit width of wall, I'’, is
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Other investigators have added refinements to the Nusselt theory
over the years. Rohsenow (1L4) considered the noﬁlinear temperature
- distribution and the cooling of the ligquid film, but neglected the
acceieration terms and interfacial shear. Sparrow and Gregg (15) ex-
tended the analysis to include the acceleration terms by using boundary
layer theory. Koﬁ; Sparrow, and Hartnett (16) ex£ended this analysis
to inelude the inteffacial vapor drag of a stagnant vapor phase. These
added refinements are usually important only under extreme conditions,
such as large values of C;LAT’XR' or physical properties in the range
of liquid metals.

For condensation inside vertical tubes the high interfacial
shear can be quite important, causing the liquid film thicknéss to
deviate considerably from that predicted by the Nusselt model.

The condensation of high velocity pure vapors in a vertical tUbé
was investigated experimentally by Carpenter and Colburn (1). The
vapor entered a Sméll chamber above the condenser and flowed downward
with velocities varying up to almost 600 feet per second. No attempt
was made to insure a "flat" entrance profile. The resulting heat
transfer was much greater than predicted by equation (I-11) of the
Nusselt model. They presented a correlation of their results and
" postulated that the high vapor shear causes the liquid film to become
turbulent at film Reynolds numbers as low as 240,

. Several investigators have theoretically attacked condensation
in }ertical tubes with downward vapor flow. Jakob (3) reported on the

earlier attempts by Nusselt (1) to include vapor shear at the inter-




face. Hé did not allow the vapor velocity to vary with tube length,
and evaluated the interfacial shear by using a fully developed, one
phase; turpulentfflow, friction factor expression. Hartmann (h) per-
formed a similar analysis, but allowed the vapor velocity and shear

to vary with tuﬁe length. He also used a fully developed, one phase,
turbulent flow, ffiction factor expression to evaluate shear. He
presehted his heat transfer results graphically and with a correlating
eguation. He also presented an equation which correlates the results
reported.by Jakob.

Rohsenow, Webber, and Ling (5) considered the interfacial shear
to have a constan£ value over the length of the condenser. They
allowed the liguid film to change from laminar flow to turbulent flow
as postﬁlated by Carpenter and Colburn. This transition is a function
of the interfacial shear and fluid properties. They presented their
results in graphical form. To use their results an average value of
shear is estimated from fully developed, one phase, turbulent flow
friction factor expréssions or from experimental cocurrent gas-liguid

flow data.

Gas-Vapor Condensation

There appear to be no data available on the condensation of a
vapor and nonqondenéable gas mixture in the entrance of a tube. Some
data are reported (17,18,19) for gas-vapor mixtures iﬁ tubes, but the
noncondensable concentration was much larger than covered in this
study and a long calming section was used before the condéﬁser. Such

data and the data of Othmer (20) for the condensation of steam from




steam-air mixtures on a horizontal cylinder indicate that heat transfer
decreases markedly as the amount of noncondensable increases.

The classical approach to the desigh of condensers for turbu-
lent gas-vapor mixtures was given by Colburn and Hougen (21). They
postulated that ﬁhﬂ.major resistance to heat transfer is diffusion of
the condensable component to the interface and not the liquid layer as
in pure vapor condensation. The presence of noncondensable gas at the
interface reduces the partial pressure of the condensable component
thus reducing the interface temperature. Colburn and HO'I.ZgGI:I recommend
using a point tofpoint method for calculating the necessary heat trans-
fer area. A condensing curve is constructed and from this curve the
amount condensed and the heat transferred in each section may be
calculated. With an equation summing up the resistances to condensa-
tion over a section, the heat transfer cocefficient and the interface
temperature in that section may be calculated. From these the area of
that sectibn is célculated. The Colburn and Hougen method does not
include the effects of interfacial shear on the liquid phase. It
applies to situations where the vapor phase is controlling. 1In these
situations the effect of interfacial shear is relatively unimportant.

-Smifh (22) extended the Colburn and Hougen method to include
cooling of the condensate layer. This can become important for
organic vapors where the latent heat of vaporization is small. For
crganic vapors the Colburn and Hougen method estimates areas which are
slightly too large.

Other stepwise methods have been proposed which offer slight
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improvement over the Colburn and Hougen method. Mizushina, Nakajima,
and Oshima (17) compare their graphical step by step method and the
methods of Hulden (23) and Colburn and Hougen with experimental mea-
surements. For a water-air run with an entering Reynolds number of
about 21,000 the method of Mizushina, et al., estimates an area 3.1
percent too large. Colburn and Hougen's method estimates an area
4.6 percent too large while Hulden's method estimates an area 1.5
percent too small. For a benzene-air mixture the three methods esti-
mate areas 3.9 percent too large, 10.8 percent too large, and 3.1 per-
cent too small, respectively. These methods appear to work fairly
well for large concentrations of noncondensable gas where the liquid
film is not controlling.

Sparrow and Lin (24) and Baasel and Smith (25) have provided
mathematical solutions for the condensation of gas-vapor mixtures where
the flow was laminar. Sparrow and Lin investigated condensation cn a
vertical wall immersed in a large body of gas-vapor mixture. Concentra-
tions of up to five weight percent noncondensable were investigated.
They did not include interfacial shear effects or allow the interfacial
concentration to change with length. The results are presented graphi-
cally. Baasel and Smith investigated condensation inside vertical
tubes. They assumed parabolic entrance flow and did not consider the
flow of liéuid in their model. Only the equations ﬁf diffusion and
continuity in the gas-vapor phase were considered. They did not allow
interfacial concentration to vary with length, and considered vapor

Reynolds numbers less than 2100. One must know the concentration of
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noncondensable'@t the interface to use the results of their work.

Binary Vapor Condensation

In considering binary vapor condensation, Colburn and Drew (26)
postulated equilibrium at the vapor-liquid interface and assumed there
was resistance to condensation in both_phases. They showed that the
interface temperature varied betweén the dew point and the bubble
point of the vapor depending on the various resistances. Their approach
is useful in understanding the mechanism of binary condensation, but
actually only predicts the composition: of the first drop of condensate
at the entrance of a condenser.

For making calculations on tﬁe total condensation of binary mix-
tures in a vertical tube where the coolant inlet temperature is below
the boiling point of the most volatile components Colburn (27) suggests
using the bubble point temperature of the entering vapor as the inter-
face temperature at the top of the condenser and the Boiling point af
the most volatile component (or azeotrope, if formed) at the bottom of
the condenser. This approach is unrealistic when the component balance
down the tﬁbe is considered.

van Es and Heertjes (28) tried to extend the Colburn and Drew
theory ta practical calculations flor a condenser of finite length.
Their relations are restricted to cases where the compositions of.the
liquid and the vapor do not change with length. This method cannot
apply to cbmplet; or nearly complete condensation.

Kern (29) recommends using differential condensation to make

practical condenser calculations. This approcach neglects thé presence
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of a vaﬁof film and the effects of interfacial shear on the ligquid
iayer, Thé heat transfer coefficient is calculated by the substitu-
tidn of liquid mi%ture properties into the Nusselt equation, equation
(T=18):-

McAdams (30) recommends using the bubble point temperature of
@hé entering vapor as the interface temperature for the entire length
of condenser.

Haselden and Platt (31) have reviewed the existing methods of
calculating heat transfer for condensing binary vapors. They find that
at large temperature differences, Tétp_Tm; > 50° F, the predictions of
McAdams, Colburn, and Kern agree. At lowerftemperature differences
they feel that Kern's method is fictitious and that the predictions of
McAdams and Colburn are "too conservative for a well designed conden-
Ser." The Colburn method is more conservative than the McAdams method.
They state thaf there is no satisfactory design method for low tem-
perature drops.

A number of investigators have made experimental studies of
binary vapor condensation to test the Colburn and Drew theory. Ncne
of these étudies were made in the entrance region of a vertical tube.
However, these studies are valuablé.in determining the interfacial
température and concentration dependence of heat transfer coefficients.

Wallace énd Davison (32) investigated the condensation of
ethénol-water mixtures on a horizontal cylinder. Total condénsation
was achieved in most cases. This provided limited verification of

the Colburn and Drew theory. They reported "extreme difficulty" in
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maintaining constant inlet composition as the ﬁolal percent of water
in ﬁhe vapor increased to about 50. The composition of the Gépor was
allowed to vary of its own accord or by dilutiﬁn.

Pressburg ané Todd (33) investigated the condensation of five
ideal and nonideél pairs of vapors which gave miscible condensates,
The vapors condensed on a horizontal cylinder. Almoét total -condensa~
tion was achieved. Their data indicated that the bubble point of the
condensate (the same as the entering vapor) was the proper choice for
the interface temﬁerature and that heat transfer coefficients when
calculated on this basis fell between the results of the pure vapors
and showed an approximately linear dependence on mglar concentration.

Mirkovich and Missen (3&) performed experiments similar to those
of Prgssburg and Todd. They investigated binary systems which gave
both filmwise and nonfilmwise condensation. The nonfilmwise conden-
sation (streaks) occurred for low temperature drops and certain compo-
sitions of two of the four solutions investigated. The nonfilmwise
condensation caused heat transfer'coefficiénts to be higher than for
filmwiéé condensation. They did not observe linear dependence of heat
transfer coefficients with composition, but did conclude that the
interface temperature is the bubble point of the entering vapor.

Finally, Cronauer (7) investigated the condensation of three
systems of binary vapors. Vapor was condensed on the inside of a
vertical tube, but reflux was provided at the top of the tube to pro-
vide a wide variation of film Reynolds numbers. There was a calming

tube for vapor located above the place of reflux addition and a
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cooled calming section below the place where reflux was added. Below
this calming section were several two in;h test sections. No data on
vapor flow rates were given but the vapor rate was usually adjusted
~until all condensed inl the apparatus. The data from this experiment
are not félt to be applicable to binary condensation in the entrance
region of a tube, "The addition of reflux and the calming section pre-
vented the determination of the true effects of fractionation, length,
varying vapor friction, etc, However, Cronauer did observe approxi-
mately linear dependence of heat transfer coefficients on composition

for two of the systems but not for the third.




CHAPTER II
MATHEMATTICAL DESCRIPTION OF THE PROBLEMS

Three casés of condensation in the entrance length of a vertical
tube will be considéred: pure vapor, vapor and noncondensable gas; and
binary vapors. A diagram of the pﬁysical problem is shown in Fig. 1,
and all terms and symbols used in this work are defined in the Nomen-
clature. The vapor phase is assumed to have uniform velocity, tempera-
ture, and cdncentration profiles at the entrance of the tube. Vapor
condenses in a film on'fhe cold inside tube wall, and both phases
flow downward undgr the influence of pressure, gravity, and shear
forces.

These problems may be described mathematically. Thé general,
laminar equations of motion, continuity, energy, and diffusion are
given 5y Bird, Stewart, and Lightféﬁt (8). The following assumptions
will be made for each of the three cases of condensation under con-
gideration:

1. Laminar flow exists in both the gas and the liquig phases,

2. The eguation of motion in the radial direction may be
neglected.

3. No angular veloqity or angular dependence of any value exist.,
L, Steady-state exists.

5. Momentum transfer by viscous action in‘the axial direc-
tion is negligible,

6. Heat conduction in the axial direction is negligible.
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7. Diffusion of mass in the axial direction is negligible,

8. Velocity, concentration, and temperature profiles are
uniform at the tube entrance.

Assﬁﬁptions 2, 5, 6 and 7 may be justified by an orﬁer analysis similar
to that pérformed by Lee (35). 1In applying Lee's analysis to the pro-
blem of condensation in the entrance length of a tube, it is assumed
that fhe radial velocity is still an order of magnitude smaller than
the axial velocity.

Assumption 1 might preclude the application of these equations
to many cases of practical interesf where vapdr velocities are more
than likely in the turbulent region. However, calculations using the
laminar model were made for Reynolds numbers of the entering Qapor as
high as 488,000. No claim is advanced that the flow is laminar at such
Reynolds pumbers, but the calculations were made nevertheless for the
following reasons: 1. There are reasons to suspect that transition
to turbulent flow may occur at diameter Reynolds numbers far greater
than QlOOiand that the point of transition in the entrance region of
a tube may not be dependent on the diameter Reynolds number alone.
Shapiro (6) states that one phase flow "near the inlet of a tube,
where the boundary-layer thickness is small compared with the pipe
radius, is more like the flow $ver a flat plate than like the flow in
a pipe." 1f'the fluid enters the tube Fith little turbulence "the
boundary layer may be expected to remain laminar, irrespective of the
value of [symbol omitted] diameter Reynolds number; uﬁ to values cf
[symbol omitted]! length Reynolds number of about 106, the latter

representing the Reynolds number of transition for a flat plate.”
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 During condensation, as tube length increases, the length Reynolds
number of the vapor increases, passes through a maximum and decreases
as total condensation is reached. The diameter Reynolds number of the
vapor decreases with increasing length. The length necessary for the
development of turbulence may be an appreciable portion of the con-
denser length. 1In additién, it is not known what effect the conden-
sate film has on transition. The presence of such a film on the wall
may serve to induce turbulence in the vapor or condensation may pro-
vide a stabilizingusuction near the wali. 2. According to Carpénter
and Colbunn's hypotﬁesis, the liquid fiim does not have vapor induced
turbulence until it reaches a film Reynolds number of about 2Lo. At
the tempe%ature drops investigated in this work a number of feet of
tube length is sometimes necessary before the liquid film reaches this
flow rate. Therefore, the liquid film, which is a major resistance to
heat transfer, may be laminar for a good portion of the entrance length.
3. Numerical solutions at these high vapor velocities utilizing assump-
tion 1 do provide insight into the experimental results gf Carpenter
and Colburn (1) for pure vapors. L, These solutions will provide
iﬁportaht limiting cases and determine which variables are of impor-
tance in correlating experimental data. Calculations using the laminar
mﬁdel could be used with future experimental data to determine where
transition occurs.
The equations andlboundary conditionsfor the condensation of a
binary vépor are given below. These equations and the boundary con-

ditions will be represented by finite difference approximations and
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~implicit finite difference "marching" procedures will be used to solve
them. A description of these approximations and procedures is given
in Appendix A. Brief outlines of the computer programs are given in

Appendix B, and the complete computer programs are given in Appendix C.

Condensation of a Pure Vapor

The condensation of a pure vapor may be described by the axial
component of the constant property equation of motion applied toc both
phases separately, the constant dens%ty continuity equation applied to
both phases separately and the‘constant property equation of energy

applied to the liquid phase, These equations are: the axial component

of the equation of motion,

4 * 2 ;
v’ v’ ’ - ol v
' Z ’ z _ 1 3 " ( r 1 z) '
¥, agT ot ¥y 2= ST +-BT 5;75 trer)te (11-1)
the equation of continuity,
B(r'vé) a(r’v;)
azr + arl = 0 (II—E)
and the equation of energy
2 s ’ | ’ ’ BV}. -
; dT’ A _ k' 3T k JT '/ z)
v - + v T T T + T~ 7 r + T 7 7 (11"3)
z 0z rdr p;CP ar’2 P Cpr or P Cp Kar

The order analysis performed by Lee (35) indicates that all viscous
dissipation terms and expansion effect terms are sm;ll compared to

other ferms in the equation of energy. However the largest of the
viscous dissipation term has been retained in the energy equation

above. .The physical properties in these equations are evaluated accord-

ing to the phase the equation is describing.
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These equations may be put into dimensionless form for convenience.

The equation of motion becomes
1

2
B AR, B B Y o,
Yt R T wm TR 2 TR® T (=)
The equation of continuity becomes
3(RU) N 3(RV) _

37 I (T1-5)

Finally, the equation of energy becomes

2 2
aT of 2 1 3T 2. A 2 (BU) ;
UsZ* V3R " R RePr oF T RePr P * Rek \3R - (11-6)
The dimensionless variables are defined as:
] ’ V! V"
% wiEl, Ro=tr U==-=2, ¥ om ol
D D — —
u u
' i/ ! !
R G —,2 P -P
Re =.&P_’P..., Przh-._,.:g, Fr =...|.'...J'.1,.._r, P:_____,O__,
1) k g D —2
’ ’ pg
T - Tw .3;2
e B =gty
o W po w

The primes indicate dimensional quantities, the subscript "w" indicates
~wall conditions, the subscript "o" indicates entrancelconditions, figent
the gas phase, and "u’" is the average entrance velocity.

In the vapor phase 'the equation of motion is equation (II-L4).

In the liquid phase it is necessary to write the pressure term in this

equation as
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The boundary conditions are

(A) At Z =0 and &ll R, ; P=V=0
| T=U=1
(B) At R =1 and all Z, T=U=V=0
(@) At the gas-liquid interface for all Z, Ug =U,
t t
'T’ — "\"Ir
gy A
! NJ
(W)_ = ()
() = -k (2
&n dn’ 4
2, = Ty =1
(D) At R = 0 and all Z, v_%g=0
‘ 1
(B) At all Z, _[:p’URdRisa
o constant,

The subscript "g" stands for "gas"; the subscript "4" indicates
"liguid"; the subscript "t" stands for "tangetial to the interface“;

the subscript "n" means "normal to the interface". "T'"

stands for
shear stress and "N’'" for mass flux. The velocity and shear conditions "

at the interface have been reduced to
and T =T

where "z" stands for the axial direction. These assumptions are

discussed further in Appendix A.
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Condensation of a Vapor from a Noncondensable Gas-Vapor Mixture

The condensation of a vapor from a vapor and noncondensable gas
mixture may be described by the axial component of the equation of
motion applied to both phases separately, %he constant density equation
of continuity applied to the liquid phase, the variable density equa-
tion 6f continuity apﬁlied to the vapor phase, the constant property
equation of energy applied to both phases separatély; and the‘cogstant
property diffusion equation applied to the vapor phase. All proper-
ties in these equations are evaluated according to the phase the equa-
tions are describing.

The equation of motion for constant viscosity and constant den-
sity has been given in equation (II-1). The equation of motion for

constant viscosity and variable density would be the same equation

with the addition of £
L2
3 3 ST

to the right hand side of the equation. These terms may be neglected
compared to the others in the equation. Equation (II-1) is used as the
equation of motion for both phases. The dénsity is allowed to véfy in
the gas as a function of composition and is assumed constant in the
liquid.

The variable density equation of continuity, applicable in the

gas is

527 (p’r’v;) + 527 (p‘r'v;) =0 (11-8)
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Equation (II-2), the constant density equation of continuity, is used
"for the liquid phase.
The equation of energy for both phases is given by equation
(II-6). Using this equation assumes that the'energy'carriediby inter-
.diffusion of species is small compared to the latent heat of vaporiza-
tion. . .

The constant property equation of diffusion is

W, W, . oW, N
KR e S g (L9}

where w& is mass fraction of component a.

The variable density diffusion equation would include

,bWa 30’
Do [k’é?) —P_’) i k'SE"')KEE’)J
on the right hand side of the above equation: These :terms were qeglectéd
by Sparrow and Lin (24) and Sparrow.and Eckert (36) for vertiéalf;all
condensation, and by Baasel and Smith (25) for condensation iﬁ a verti-
cal tube. Sparrow .and Eckert did not allow density to vary in their
other equations. They reported poor agreement with experimental data

and attributed this difference to free convection which was present in

the experiment. Sparrow and Lin showed that by allowing density to
vary as a function of concentration in other equations quite satisfac- I

tory agreement was achieved with experimental data.

These equations may be made dimensionless using the definitions
of the dimensionless variables as given in equation (II-7).

The equation of motion is given by equation (II-4). Using
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variable density necessitates the use of radial and axial pressure
correction terms similar to the one mentioned iﬁ the previous section.
These two correction terms are included in the finite difference fepre—
sentation of the equation of motion given in Appendix A.
The equation of ‘continuity for the liquid is given by equation
(II-5). For the gas the equation of continuity becomes
5 (P'RU) 5 (p'RV) -

3z * 3R =0 (11-10)

*with dimensional density regained for convenience in computation.
| The equation of energy is given by equation (II—G). -

The equation of diffusion, equation (FI-9), becomes
%W W

a 1 'a
¥ F =)
R2 . R oR

ané . “awa _ 2 (
V2 "3R ScRe

(II-11)
where Sc = u'/p'D;b.

The boundary conditions for this problem are

(A) At Z = 0 and all R, PeV=0
T=U=1
Wé = Wﬁ
0.
Wb = Hb
Y 0\1
(B) At R = 1 and all Z, T=U=V=0
(C) At the gas-liquid interface for.all 2, Ug = U£
. e : & t
(] !
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g n
/ !
v ) = ()« (32
gn an ‘4 & ‘an'’g
T =Ty
!
Wbl'(mb) =0
gn
oW AW
= Sl el w B m SE
(D) At R =0 and all Z, vV = S8 -3 - R 3R 0
1
(B} At all 2, J p’ UR dR is a constant
(0]
2
J p; U R dR is a constant,
o

In addition, vapor-liquid equilibrium exists at the interface.
"b" refers to the noncondensable gas, As before, the interfacial shear

and velocity conditions have been changed to
U = UL and T = TL
The assumptions are discussed further in Appéndix A.

Condensation of a Binary Vapor Mixture

The condensation of a binary vepor mixture may be described by
the axial component of the equation of motion, equation (II-1), applied
to both phases separately, the constant density equation of continuity,
equation (II-2), applied to the liquid phase, the variable density

equation of continuity, equation (II-8), applied to the vapor phase
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with density a function of concentration, the constant property energy

equation, equation (II-3), applied to both.bhaées separately, and the

constant property diffusion .equation, equation (II-9), applied to both

phases separately. The physical properties in these equations are

evaluated according to the phase the equation 1s describing.

The dimensionless equations and the discussion of these equa-

tions are the same as in the previous section.

The boundary conditions for the conderisation of binary vapor

mixtures are

(A) At Z2 = 0 and all R,

(B) At R =1 and all Z,

(C) At the gas-liquid interface
for all Z,

o=l = 1
W =W
a a
Q
W =W
& 2
@]
_ _ Y / —
Pom Y =V = (Na) = (Nc) =0
1 i

B A
Tgt = Tﬂt
(v, )_= (v )
g n 4L n
(! )_ = ()
gn 4n
r ! ) r BTI
(' +n°) (e'-e)) = -k, (—)
ag cg =" B L .£ &
+ 1)
& an’




27

Tg=T£
(D) At R =0 and all Z, v=%§=z—;§=—g;5=§=o
1
(E) A% &2L3, J p’ UR dR is a constant,
O
1
j p; UR GR is a constant.
O

In addition, vapor-liquid equilibrium exists at the interface, Sub-
scripts "a" and "c¢" refer to the two condensable vapors, and subscript

"p" refers to the radial direction.

The interfacial shear and velocity conditions will be changed

as in the previous section.
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CHAPTER IIT
CONDENSATION OF A PURE VAPOR

Numerical solutions to equations (11-4), (II-5), and (11-6),
and the boundary conditions for pure vapor condensation given in
Chapter II are presented in this chapter. Details of the numerical
solutions and discussion of their validity may be found in Appendix A.
An outline of the computer program used to solve the equations is given
in Appendix B, and the complete computer program is given in Appendix C.
The physical properties used in these calculations are presented in
Appendix D, and the numerical results are presented in tabular form in
Appendix E.

Three pure fluids were considered: water, ethanol, and tri-
chloroethylene, A wide range of conditions was covered. Entrance
velocity was allowed to vary from two and one—halflfeet per second to
four hundred feet per second. The Reyﬁolds number of the entering gas )
varied from 846 to 488,854, Five, ten, and twenty degree Fahrenheit
temperature drops through the liquid film were considered. Tube dia-
meters of 0.459 inchesland 2.0 inches were investigated, and tube
lengths were as long as twenty fieet. P:Qperties used in the model are
those of the liquid and vapo; at the boil;pg point.

Axial and radial velocity profiles, liquid film thickness,
pressure drop, interfacial sheaf, heat transfer results, comparison

with experimental data, correlation of heat transfer results, and
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comparison with correlations available in the literature are discussed

below. "Run" refers to a numerical solution unless otherwise designated.

Velocity Profiles

No attempt was made to generalize the v§1ocity-profiles which
varied quite a bit with the conditions of eacih run. Complete radial
and axial velocity profiles are presented graphically below for two
typical runs. In the first, water vapor enters ‘a 0.03825 foot diameter
tube at 10 feet per second. This is equivalent to a diameter Reynolds
number of 1692 in the entering vapor. The temperature drop through
the liquid film is five degrees Fahrenheit. In the second, trichloro-
ethylene vapor enters a 0.03825 foot diameter tube at 100.%eet per
second. The diameter Reynolds number of the entering vapor is 122,213.
A10°F temperature drop through the liguid film is considered. These
and other runs are presentéd in Tafles 22, 23, 2k, 25, 26, 27, and 28
of Appendix E.

The axial velocity profiles in the vapor phase for the water
run are presented in Fig. 2. The entering vapor is almost completely
condensed in the first foot of condenser length. The point of total
condensation is predicted when zero axial velocities are reached.

In one phase laminar flow in the entrance of a tube the
centerline velocity inecreases sharply near the entrance and eventually
reaches twice the entrance value. When condensation occurs the center-
line velocity is a function of the temperature.drop through the liquid
film. This may be seen in Fig. 3. Thg Reynolds humber of the entering

vapor is 1692 in each case. The entering vapor is condensed in a
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shorter distance as the temperature drop is increased.

The radial velocity profiles in the vapor for this run are pre-
sented in Fig. 4. Close to the entrance the radial velocity is negative
over most of the distance between the wall and the center of the tube.
Over most of this region there is a linear dependence on radius as
there is in one phase entrance flow (37). However, near the vapor-
liguid interface the radial velocity becomes positive. The radial
velocity of the vapor at the interface is initially high and positive,
This interfacial velocity decreases with increasing z’. After a small
distance into the tube the radial velocity becomes positive at all
radial values. It reméins positive for the rest of the tube. Thé
behavior of radial velocity for larger values of z’ is reported in
Table 24.

A more detailed look at the axiél and radial velocity profiles
in and about the vapor-liquid interface is shown in Fig. 5. The posi-
tion of the interface as a function of lengfh is marked on this figure.
The vapor phase is above fhe interface line and the liguid phase is
below it. Lines of constant axial and radial velocity are shown on
the graph.

The axial velocity is continuous aé%oss the interface. This
results from the assumption that continuity of veloecity tangential to
the interface may be approximated by continuity of axial velocity at
the interface. This assumption is discussed in Appendix A.

An assumption made in the development of the mathematical model

is that v; << v;. It may be seen in Fig. 5 that this is not the case
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in the vapor near the interface and near the entrance. This sort of
behavior was observed in all runs where the Reynolds number was less
than 2100. It was also observed to some degree in runs with an enter-
ing velocity of 25 feet per second, particularly for ten and twenty
degree temperature drops. It was not observed in runs with higher
entering velocities.

The fact that v; is of tﬁe order of v; in the low vglocity runs
means that the equation of motion in the ?adial direction should have
been included in the mathematical model for these runs. Not including
it causes the model to predict slightly higher rates of condensation
than it should, but the error shouid be small because of the small
region where the assumption does not hold and the fact that the main
resistance to condensation is the liquid film.

The shape of the axial velocity profile in the liquid as a
function of length may be seen in Fig. 6. If the interfacial shear
was gquite large compared to gravity and the pressure gradient, the
velocity of the liquid would be a straight linel(l). Oon the.other
hand, if there was no shear at the vapor-liquid interface, no pressure
gradient, the acceleration terms were negligible, an& the fluid was
flowing down the wall under the influence of gravity alone, the
velocity profile would be parabolic as predicted by the Nusselt model
(2).

The pressure gradient is quite small over the entire condenser
and should have a negligiblé-effect on the shape of the liquid velocity

profile. DNear the entrance the shear force at the vapor-liguid inter-
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face is very large. The liquid velocity profile is therefore almost a
straight line. The interfacial sﬁear for this nﬁmerical solu£ion
decreases quickly as the length increases. The profiles approach that
of the Nusselt model as the length increases. Near the end of the
condenser the profiles become slightly more curved than the Nusselt
model. This is caused by the acceleration terms, which were included
in this study but not included in the Nusselt model.

In the second run trichloroethylene enters the tube at 100 feet
per second, equivalent to an entering diameter Reynolds number of
122,213 for the vapor. The axial velocity profiles in the vapor are
shown in Fig. 7. The vapor is not completely condensed in seven feet
of condenser length. As in the previous case theré is a core of vapor
in the center of the tube where axial velocity is independent of
radius. In all cases the size of this core decreases with increasing
length. The centerline velocity reaches a maximum near the entrance
and then decreases slowly with increasing length. Thus, after a very
short distance into the tube, condensation is more than offsetting the
increase in velocity inherent in one phase entrance flow.

The radial velocity profiles in the vapor phase are presented
in Fig. 8 for this case. The shapes of these curves are similar te
those of the previous case, The radial velocity becomes positive from
the center to the interface after a short distance into the tube, but
it is quite small in magnitude.

Except for a small length very near the'qntrance, the inter-
facial radial velocity of the vapor is positive and decreases with

increasing length. The first few steps into the tube may have negative
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radial velocities of the vapor at the interface. It is felt that this
is a result of some of the more gross approximations that had to be made
at the first step to get the numerical procedure running. This effect
quickly disappears after the first few steps.

The axial and radial velocity profiles in and about the vapor-
-liguid interface are shown in Fig. 9. The position of the interface
as a function of length is marked as before with the vapor being above
this line and the liquid being below it,

It is readily apparent from this graph that v; << v;. This
assumption seems to be justified for high entering velocities. The
radial velocity in the liquid film is seen to be negative in the
first half of the tube and positive in the second half. There were
negative values in the previous run but only at very small z.

The axial velocity is continuous across the interface as in all
runs. Lines of constant axial velocity in the liquid were not extended
into the vapor because of lack of space on the figure,

The shape of the axial velocity profile in the liguid as a
function of length is presented in Fig.'lO. The interfacial shear
does not decrease as quickly as in the previous‘run and is still guite

important for distances more. than six feet into the tube.

Liquid Temperature Profiles

Liquid temperature profiles for these two runs are presented
in Tables 23 and 25 of Appendix E. These profiles appear to be almost

linear with radius.
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Liquid Film Thickness

The effect of wvapor velocity on liguid film thickness 8’ is
shown in Fig. 11. Trichloroethylene vapor is being condensed in a
0.03825 foot diameter tube with a temperature drop through the liguid
film of ten degrees Fahrenheit. Entering vapor velocity varies from
25 ft./sec. to 40O ft./sec.

It can be seen from Fig. 11 that the greater the entrance vapor
velocity, the thinner the liquid film. This is so despite the fact
that at any given length the higher the velocity, the greater the flow
rate in the liquid film. The greater liquid throughput at higher
velocities is caused by higher interfacial shear forces at those
velocities.

In Fig. 11 all film thicknesses are less than that predicted
by the Nusselt model (2). However, different behavior was observed
in other cases, as may be seen in Fig. 12. 1In this run the inter-
facial shear is quite high near the entrance, the film is thinner than
the Nusselt prediction, and the amount condensed is greater than the
Nusselt model predicts., When the interfacial shear drops to the peoint
where gravity predominates, the film gradually becomes thicker than
the Nusselt prediction because the amount condensed is greater than

the Nusselt prediction,

Pressure Drop

The mathematical model predicts an interesting pressure effect,
which is shown in Fig. 13. Initially the pressure decreases with

increasing length. A minimum pressure is ultimately reached, and then
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the pressure starts increasing with increasing length. The pressure
eventually becomes greater than the entrance pressure.

This behavior is probably caused by two effects: the high fres-
sure drop normally associated with the entrance region of tubes; and a
Bernoulli effect, converting kinetic energy into pressure. The first
effect is apparently gradually overcome by the second. The second
effect is caused by high velocity vapor with high kinetic energy being
condensed into slowly moving liquid with lower kinetic energy.

The pressure presented in Fig. 13 and in the tables of Appendix
E is a dimensionless pressure drop, (p’—pé)/pé(ﬁ')e. The pressure
drop, when expressed in psi, is usually small. The pressure drops
reported in Appendix E are much less than those reported by Carpenter
and Colburn (1). This difference may be attributed to possible tur-

bulence and to downstream conditions present in their experiments.

Interfacial Shear

1

T*, the dimensionless shear stress at the vapor-liquid interface
reported in Appendix E, is defined in equation (A-131). This is the
same dimensionless shear stress used by Rohsenow, Webber, and Ling (5)
in their model of condensation. Their model is based on constant shear
stress at the interface, and they report heat transfer results for
stresses ranging between O and 50. In results summarized in Appendix
E this same stress ranges between 0.00l and 53.41 with most points
falling below 5. However, in this work the interfacial shear is not
held constant. It varies quite strongly with distance into the tube,

as well as with entering velocity, temperature drop, tube diameter,
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and physical properties. As reported in Appendix E it is quite high
near the entrance and decreases sharply with increasing tube length.
For a given length of condenser it increases with increasing entrance
velocity. Near the entrance there seems to be little or no effect of
tube diameter, and the shear stress increases with increasing tem-
perature. Farther into the tube it increases with increasing diameter
and decreases with increasing temperature drop.

The interfacial shear may be correlated to some degree. Such a
correlation is shown in Fig. 14. The dimensionless shear stress divided
by the Reynolds number seems to be a function of a dimensionless length,
Z*, for any given diameter, material, and temperature drop. No attempt

was made to obtain a more generalized correlation.

Heat Transfer Results

Heat transfer results are presented in Appendix E. The ratio of
the local heat transfer coefficient predicted by the mathematical model

to the local heat transfer coefficient predicted by equation (I-9) of

/

ratio." The ratio of the
loc

the Nusselt model is reported as "h
average heat transfer coefficient predicted by the mathematical model
to the average heat transfer coefficient predicted by equation (I-10)

of the Nusselt model is reported as "h; ratio. The average heat trans-
fer coefficient divided by 3’, the condensation number, is also reported.

¥’ is defined as

g = (A—) (I11-1)
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The local and average heat transfer coefficients decrease with
increasing length just as the Nusselt model predicts,

The local and average heat transfer ratios for a typical case
are presented in Fig. 15. The average heat transfer coefficient is
high near the entrance of the tube where the shear is the greatest. It
asymptotically approaches the average heat transfer coefficient pre-
dicted by the Nusselt model. The average heat transfer coefficients
reported in Appendix E are always greater than the Nusselt model would
predict them to be and always approach the Nusselt prediction asympto-
tically. The local heat transfer coefficient is also high near the
entrance but less than the average heat transfer coefficient at a given
length. The local coefficient becomes lower than the Nusselt model pre-
diction when the liguid film thickness becomes greater than that predict-
ed by Nusselt. The film thickness for this run has been presented in
Fig. 12. The film thickness becomes thicker than the Nusselt model at
about the same place in the tube.that hioc falls below the Nusselt
prediction.

For an entering Reynolds number of 76,000 and a temperature drop
of h8.50 F for the condensation of steam in the entrance region of a
vertical tube, Jakob (38) has observed that the local heat transfer
coefficient can fall below that predicted by his model in which the
vapor velocity varied with length but the friction factor at the inter-
face remained constant. He postulates that this may be caused by possi-
ble dropwise condensation near the entrance. The greater amount of

fluid condensed by dropwise condensation increases the film thickness,
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. !
thus lowering hloc'

While it may be possible that this is occurring, the behavior of

’

loc

shear to vary with increasing length as has been done in this study.

h may also be explained by allowing the entrance region interfacial

Initially the shear is quite high, causing more vapor to be condensed.

Farther into the tube it becomes much lower; the film becomes thicker

/

lo

This may be observed in Figures 12 and 15.

than the Nusselt model prediction; and h " becomes less than predicted.

Jakob also observed that the total amount of heat transferred
through the wall was always greater than that predicted by theory.

This is equivalent to saying that the average heat transfer coefficient
was always greater than that predicted by theory. The numerical results
of this study agree with this observation.

The effects of entering velocity and-tube.length on the average
heat transfer coefficient are shown in Fig. 16 for water condensing in
a 0.03825 foot diameter tube with a ten degree Fahrenheit temperature
drop. As tube length increases hé decreases and all runs approach the
Nusselt prediction. The individual numerical solutions approach the
Nusselt curve at greater angles than do the models of Rohsenow, Webber,
and Ling (5) and Hartmann (4). Rohsenow, Webber and Ling do not con-
sider interfacial shear to be a function of length but their results
indicate that if shear were a function of length the hé/@' curve would
approach the Nusselt prediction at a greater angle. Hartmann does con-
sider variation of shear with length, but his shear is estimated frem

friction factors for fully developed one phase flow. His results
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approach the Nusselt curve at greater angles than do the results of
Rohsenow, Webber, and Ling, but at smaller angles than the results of
this study.

Lines corresponding to different lengths of cqn&enser are pre-
sented on Fig. 16, Average heat transfer coefficients for a two foot
condenser will lie along the two foot line. The positions of the con-
stant length lines are not significantly affected by a change in tube
diameter. However, the positions of these lines do depend on tempera-
ture drop through the liquid film. Lines of coﬁstant z'AT" for tri-
chloroethylene are shown in Fig. 17.

Heat transfer coefficient data from a condenser of fixed length

run under various conditions should appear to depart from the Nusselt
curve at a film Reynolds number less than that normally associated with
the onset of turbulence in the liquid film (1800-2100). The slope of i

the data should be somewhat similar to the slope of the data in the

turbulent film region reported by Colburn (27). However, the depar-
ture of the heat transfer data of a fixed length condenser from the
Wusselt curve does not necessarily indicate turbulence or that turbu-
lence begins at the point of departure.

Although available experimental data for a condenser of fixed
length do not meet the requirement of constant temperature drop through
the liquid film, they do indeed seem to exhibit this type of departure
from the Nusselt curve. The data of Carpenter (39) are compared with
the numerical results of this study in Fig. 18. The experimental data

for water, ethanol and trichloroethylene were obtained in a 0.03825
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foot diameter tube which was 8.3 feet long. Entrance velocity varied
from 88.5 to 572 ft./sec. The temperature drop through the liquid film
varied quite a bit with length. An average temperature drop could be
found for each experimental run, and these averages varied from 6.48

to 36.?O F. The heat transfer results predicted by this study for a
condenser of the same size are shown in Fig. 18. The line along which
the heat transfer results should lie is presented for each vapor. The
temperature drop through the liquid film used in the numerical studies
was constant at 20° F.

The ethanol data points in Fig. 18 would lie about an extension
of the ethanol line predicted by this study. The same holds true for
the water and trichloroethylene data. Apparently, turbulence is pre-
sent in the liquid, or the vapor, or both. Turbulence would cause the
heat transfer coefficients to be higher than those predicted by this
study.

While the mathematical model does not include turbulence, the
gualitative effects of certain variables, such as those illustrated in
Figures 16 and 17, should remain the same if turbulence was present.
The examination of the data points in more detail offers a good illus-
tration of this hypothesis.

In Fig. 19 the average temperature drop and the entering velocity
are denoted for each data point of water. The numerical solutions for
temperature drops of five, ten, and twenty degrees for a condenser of
identical size are presented also. The data clearly illustrate the

qualitative effects of physical properties, entrance velocity, length,
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and temperature drop as shown in Figures 16 and 17. The data for ethanol
and trichlorcethylene also show this behavior. For instance, the average
temperature drops for the three trichloroethylene points shown in Fig. 18

are 9.6, 22.1, and 29.3O F reading from left to right.

Correlation of Heat Transfer Results

The heat transfer results of this study may be expressed by an

equation of the form

b Lo bl (c;zam’)d P . .
—— = K(Fr,) (;i) (;f) ——) G (er)" (Re)®  (111-2)

u
where h’' is the average heat transfer coefficient given by equation
(1-10) ofuthe Nusselt model. Use is made of the Nusselt model because
it accurately expresses the dependence of the heat transfer coefficient
on éertain variables for the limiting case of no shear. The physical
properties used in this equation are measured at the boiling peoint tem-
perature.

The average heat transfer ratios reported in Appendix E may be
fitted to equation (III-2) or various parts of it by the method of least
squares. For this purpose the eguation was expressed in logarithmic
form and a computer program developed to find the least squares fit to
the resulting linear equation. The results of a number of correlatien
attempts are summarized in Table 1.

No correlation was obtained which was satisfactory over the
entire range of numerical results. Adequate representation was achieved
by dividing the results into three main groups: those with length

Froude numbers below 10, those with length Froude numbers between 10




Average| Max. | Max,
Unknowns in Equation (III-2) % Pos. | Neg.
Error % %
Limitations K a b e a e £ g Error | Brron
10 < Fr; < 1000 1.13 |0.126 [0.0405 ]0.0438 [0.0008 |-0.003 |0.0022 [0,0042 [+ 3.1 |11.0 |[-1h4.7
10 < Prp < 1000 1,13 |0,128 [0,0287 (0,0459 + 3.2 [11.7 [-1hk.2
10 < Fry < 1000 0.747]0.130 + 3.8 |1k.7 [-15.0
Fr, > 1000 0.475(0.328 |0.0300 [0.134 | -0.057|0.01k42 [0.0564 | -0.023|+ 3.5 | 7.7 [-15.3
Fry > 1000 0.166/0.316 [-0.210 |0.0685 + 4.7 |12.6 |-15.5
Frp > 1000 0.188]0.335 + 7.2 |22.0 [-17.7
Table 1. Correlation of Heat Transfer Results: Condensation of Pure Vapors
(o)
o
SR —" — T — e —— s e e
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and 1000, and those with length Froude numbers above 1000. The length

Froude number is defined as

Fr. = ((—,E—Lﬁ) (I11-3)

L g z

The importance of the length Froude number in correlating heat
transfer results is shown in Table 1 and Fig. 20. h /h ~ may be
correlated adeguately by a constant times the length Frouge number
raised to a power.

When the length Froude number is less than 10 the Nusselt model
can be used to estimate heat transfer coefficients. When the length

Froude number is between 10 and 1000 the heat transfer coefficient can

be represented by

!

h
2 = 0.747 (Fr )0t (11I-1)
"
where h’  is given by eguation (I-10). For length Froude numbers

u
greater than 1000 the heat transfer coefficients may be represented by

hé‘

%—"r‘—— = 0.188 (FrL)O'335 (111-5)
Nu
where h’ is also given by equation (I-10). The larger error reported

{v
in Table 1 for this equation is probably caused by the effect of the

starting procedure used in the numerical solutions. Large Froude num-
bers occur near the entrance of the tube where these effects are the
greatest.

The correlating equations above are based on numerical results

for water, ethanol, and trichloroethylene. These equations should be
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for a much larger range of physical properties than these three fluids
encompass because the effect of physical property variation on the heat
transfer coefficient has been taken into account adequately by the
Nusselt model which is a part of the correlating equation.

The data of Carpenter (39) may be correlated by equation (III-2).
The results are shown in Table 2. The length Froude number does not
appear to be as important for correlating the experimental data as it
does for correlating the numerical results of this study. The Reynolds
number of the entering gas appears to be more important. However, none
of the correlating equations has a distinct advantage over the others.
At best they appear to correlate the data as well as the relationship
suggested by Carpenter and Colburn (1):

ST
0.065 (euﬁp 1 = (1T1-6)

h! =
m

Other investigators have correlated the results of their numeri-

cal studies. Hartmann (4) reports that his model may be correlated by

n’D’ . Pr 0.335 0.6 ,(1))%p!\1/3
) %
"%T‘ = 0.36 k“g*“cgﬁT*) (Reg) ( % 2 ,> (II1-7)

over much of the range of physical properties considered. He also

reports that the numerical results of Jakob (3) may be correlated by

f ' 2 '
h'D ;o (') TpyPr 1/3. ,0.583
—or = 0,709 (——5—= Zz ééaw') eg) (111-8)
4 (“ﬂ) Pe (fpﬁ =T

Rohsenow, Webber, and Ling (L4) report their results in graphical form.



Average| Max, Max.
Unknowns in Equation (III-2) Pos. | Neg.
% % %
Error | Error Error
Limitations K a b c d e T g
None 0.115 [0.233 | 0.128 | 0.217 | -0.264|-0.485| 0.467 |0.465 | + 12.6] u49.1 | -27.1
None L,20 |0.379 [-0.518 | 0.581 + 14.6] 67.9 | -L5.4
None 1.35 |0.190 +36.9] 186 | -52.4
None 0.0183(0.0459 0.450 | + 20.8] 79.1 | -57.6
None 0.0132{0.135 0.311 |0.406 + 13.3] 575 -56.4
None 0.0123 -0.1050.153 [0.536 + 20.9] 57.0 -46.0
Table 2, Correlation of Carpenter Results (39): Condensation of Pure Vapors

19
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The results of these investigators and the results of this study
are compared with the experimental data of Carpenter in Teble 3. Three
experimental runs at different conditions are covered in the table.
Apparently, entering velocity is the most important variable in
determining how well the correlating equations agree with the data.

As expected, the Nusselt model predicts heat transfer coefficients
below the observed cnes because the effect of interfacial shear is not
included in the analysis. Jakob's results predict values which are

higher than the experimental data. These results were derived for a

model with constant interfacial shear with the shear being evaluated at
the Reynolds number of the entering gas. Such a procedure overestimates
the effect of interfacial shear on heat transfer.

The three experimental runs listed in Table 3 are outside of the
range over which Hartmann's correlation is reported valid. However, the

graphical results reported by Hartmann indicate that his equation may be

used for these runs.

Hartmann attempted to allow for the variation of interfacial
shear with length. He estimated the shear caused by decreasing vapor
flow by using friction expressions for fully developed one phase flow.
The liquid was always assumed to be laminar. The predictions appear low
for the experimental run with the highest velocity, about right for the
medium velocity run, and high for a low velocity run. The high velocity
prediction may be low because it does not include entrance effects on
the shear. The shear in entrance regions is higher than for fully

developed flow. The low velocity prediction probably overestimates




Average Heat Transfex
Coefficients in This Work Carpenter|Rohsenow,
BTU/sec.~ Observed Equations and Webber
£, % by Nusselt | (III-4), Jakob [Hartmann Colburn and
Carpenter | Equation and Equation [Equation Equation Ling
Run Particulars (39) (1-10) | (3111-5) (111-8) | (I11-7) (111-6) (5)
H,0, W' = 572 f£t./sec.
z' = 8.3 ft. D' = 0.03825ft 1.367 0.233k 0.428 1.65 1..0L 1.28 13
AT’ = 23.3° F, Re_ = 96,400
H,0, u’ = 320 ft./sec.;
z'= 3.6 ft. D’ =0.03825 ft4 0.711 0.2L26 0.438 1.237 0.752 04T25 0.69
AT’ = 46.1° F, Reg = 54,300
H,0, u’ = 88.5 ft./sec.,
z’ = 8,3 ft. D’ = 0.03825/) 0.382 0.3215 0.373 0.853 0.507 0.274 0.41
AT’ = 6.48° F, Re_= 14,980
Table 3. Comparison of Experimental Data with
Predicted Results: Condensation of
Pure Vapors
(O
o
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the shear and, therefore, predicts a high coefficient, It may over-
estimate the shear because the flow may not be fully turbulent or

even turbulent at all. The Reynolds number of the entering vapor is
14,980. If there was no condensation the flow would slowly change
into fully developed turbulent flow as length increases. With con-
densation providing a suction near the wall turbulence may not develop.

The correlating equations of this study appear to give poor
results at high vapor Reynolds numbers. This was apparently caused
by the fact that the flow was turbulent. The very few data available
for low vapor velocities indicate that the results of this study appear
good to within ten percent for vapor Reynolds numbers less than 30,000.
Too few data exist to determine the exact range over which the results
of this study apply.

Rohsenow, Webber, and Ling try to encompass high and low velo-
city runs in their model by assuming that the laminar liquid film
becomes turbulent when it satisfies certain conditions. The transition
from one kind of film to another is assumed to be a function of inter-
facial shear. The interfacial shear is assumed to be a constant in
their numerical studies. In using their graphs to estimate heat
transfer results, an average value of interfacial shear for the run
is estimated from fully developed one phase flow friction factor expres-
sions. Their predictions give the best overall results for the three
points in Table 3. According to their results the film of the low
velocity experimental run remains laminar while the films of the other

runs have become turbulent.
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Carpenter's data appear to have been taken over a transition
region, Under certain conditions the results of this study provide
adequate correlating equations. Other relationships may be necessary
under other conditions. Correlation of the experimental heat transfer
results with a single equation is difficult as can be seen in Table 2
and Table 3. These equations provide little insight into the real
importance of the various dimensionless groups. Table 3 and a graph
presented by Carpenter and Colburn seem to indicate that their correla-
tion equation is subject to smaller error at high inlet velocities than
at low inlet velocities.

Much more experimental data similar to Carpenter's should be
taken, The data should cover thoroughly a large range of entrance
velocities, tube lengths, temperature drops, and tube diameters. Such
data would illuminate the apparent transition from one controlling
mechanism to another and provide better correlations of heat transfer

results.
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CHAPTER IV
CONDENSATION OF A VAPOR AND NONCONDENSABLE GAS MIXTURE

Numerical solutions to equations (II-4), (II-5), (II-6), (II-10),
and (II-11) and the related boundary conditions given in Chapter II are
presented below., Details of the method of solution and discussion of
its validity are included in Appendix A. An ocutline of the computer
program used to solve the equations is given in Appendix B, and the
complete computer program is given in Appendix C. The physical proper-
ties used in these calculations are presented in Appendix D, and the
numerical results are presented in tabular form in Appendix F.

Two vapor-gas mixtures were considered: ethanol vapor and air,and
water vapor and air. Entrance veloéities varied from two and one-half
feet per second to two hundred feet per second. The Reynolds numbers
of the entering gas varied from 1843 to 360,793. Three values of the
temperature of the entering mixture minus the wall temperature were
considered: five, ten, and twenty degrees Fahrenheit. The concentra-
tion of air in the entering stream varied from 0.1 weight percent to
5 weight percent., Schmidt numbers of 0.5 and 0.6 were investigated
in the condensation of water-air mixtures. Most numerical solutions
were in a 2.0 inch diameter tube, although some results are presented
for an 0.459 inch diameter tube. Tube lengths were as long as twenty
feet. With the exception of density the physical properties used in

the model are those of the liquid and pure vapor at the boiling point.
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The density was allowed to vary as a function of concentration.
Velocity, temperature, and concentration profiles, liquid film
thickness, pressure drop, interfacial shear, heat transfer results,
correlation of heat transfer results, and comparison with other methods
of calculation are discussed below. '"Run" refers to a numerical solu-

tion unless otherwise designated.

Velocity Profiles

Typical radial and axial velocity profiles in the vapor phase
are presented in Tables 41, 42, 43, 45, 46 and 47. Typical radial and

axial velocity profiles in the liquid phase are presented in Tables Ll

and U48.

The velocity profiles were observed to vary quite a bit with
the conditions of each run. No attempt was made to generalize them.
They exhibit the same general dependence on radius, length, entrance

velocity, and temperature drop as the profiles presented in Chapter

IIT for pure vapors.

The effect of noncondensable concentration on the centerline

velocity is shown in Fig. 21. The greater the amount of noncondensable,
the greater the length of tube necessary to condense a given amount.
The presence of noncondensable gas at the interface reduces the inter-
face temperature. Because of this, less heat is transferred and,
consequently, less mass is condensed. The effect is similar to that
shown in Fig. 3.

As in the pure vapor case the assumption that v; > > v; does

not appear to be true for low velocity runs near the interface and near
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the entrance. This is the case for all runs with entrance velocities
of 2.5 feet per second and some with entrance velocities of 25 feszt
per second. Making the assumption should have only a small effect

on these low velocity sclutions because the region where the assump-

tion does not hold is small.

Concentration Profiles

Concentration profiles in the vapor phase are presented in
Tables 41, 42, 43, L5, L6, and 47 of Appendix F., 1In addition the
concentration of noncondensable at the interface is presented as a
function of condenser length for each case in the Summary of Results
Tables in Appendix F.

The vapor phase concentration profile for a typical case is
shown in Fig., 22. The concentration of the noncondensable is greater
at the interface than at the center of the tube or at the entrance.
This effect is predicted by the Colburn and Drew (26) analysis. As the
vapor is condensed out the concentration of noncondensable gas gradual-
ly increases.

In Fig. 23 the interfacial concentration of noncondensable is
shown to decrease with increasing velocity. It is less dependent on
length at higher velocities. Also, the lower the entering velocity,
the greater the rate at which vapor is condensed compared to the rate
at which it enters the tube.

In Fig. 2L the concentration of noncondensable at the interface
is shown to increase with increasing available temperature drop, T;—T;.

This effect is predicted by the Colburn and Drew analysis.
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Temperature Profiles

Typical temperature profiles in the vapor phase are reported
in Tables 41, 42, 43, 45, L6, and 47 and in the liquid phase in Tables
Lt and 48 of Appendix F. 1In addition, interfacial concentrations are
reported for each case in the Summary of Results Tables in Appendix F.
Interface temperature may be calculated from these concentrations,

Noncondensables reduce the interface temperature by reducing
the partial pressure of the condensable vapor at the interface., The
greater the concentration of noncondensable gas, the less the inter-
face temperature. The smaller the interface temperature, the smaller
the temperature gradient between the interface and the wall, and there-
fore the smaller the amount condensed.

The interface temperature decreases with increasing length as
is shown in Fig. 25. 1In this figure less than half of the available
temperature drop occurs over the liguid film. As the concentration of
noncondensable in the entering mixture decreases the percentage of the
temperature drop occurring over the liquid film increases.

?he temperature in the liquid varies almost linearly with radius.

This was also cbserved in Chapter III for pure vapor condensation.

Liquid Film Thickness

The effect of noncondenssble concentration in the entering
mixture on liguid film thickness &’ is shown in Fig. 26, Near the
entrance the effect is quite small. However, as tube length increases
the liguid film becomes thinner as the concentration of noncondensable

increases, This is so in spite of the fact that interfacial shear
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increases with decreasing noncondensable concentration,

Pressure Drop

The pressure drop-length relationship for condensation of vapor
from a vapor-air mixture is similar tc that for a pure vapor. Ini-
tially, the pressure decreases with increasing length. It reaches a
minimum value, and then starts increasing. It can become greater than
the entrance pressure., As suggested in Chapter IIT this behavior is
probably caused by two effects: the high pressure drop normally asso-~
ciated with the entrance region of tubes; and a Bernoulli effect, con-
verting kinetic energy into pressure.

Since the presence of noncondensables reduces the amount of
vapor condensed it reduces the amount of kinetic energy converted into
pressure. The pressure at a given tube length is always less when
there are noncondensables present than when the vapor is pure. This
may be seen in Fig. 27. For this combination of condensation conditions
the pressure is less than the entrance pressure only in a very small
region near the inlet. The actual pressure increase when expressed in

psi 1s quite small.

Interfacial Shear

The dimensionless interfacial shear stress for the condensation
of vapor-noncondensable gas mixtures behaves in a manner similar to
that exhibited by pure vapor condensation.

In the first part of the tube the interfacial shear decreases

with increasing noncondensable concentration. Greater condensation
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rates cause high speed vapor to be pulled near the interface. This
causes increased shear at the interface. The same effect was achieved
in pure vapor condensation by increasing the temperature drop and
thereby increasing the rate of condensation. As the tube length in-
creases, the interfacial shear decreases. It decreases at a greater
rate and becomes negligible faster for lower concentrations of non-

condensable,

Heat Transfer Results

Heat transfer results similar to those described in Chapter III
are presented in Appendix F for vapor-noncondensable gas mixtures.
These heat transfer coefficients are all based upon the available
tm@mamwednm,T&T%

| The effect of noncondensable concentration on the average heat
transfer coefficient is shown in Fig. 28, The coefficients are higher
near the inlet where the interfacial shear is the greatest and the
noncondensable concentration the lowest. In addition, hé decreases
with increasing noncondensable concentration. The results reported
in Appendix F are always less than the corresponding pure vapor case,
The average coefficients can fall far below the Nusselt prediction for
pure vapors,

The local heat transfer coefficients for the same cases are pre-~
sented in Fig. 29. The local heat transfer coefficients exhibit the
same general dependence on length and concentration as the average
coefficients, The average heat transfer coefficient for a run is
always greater than the local heat transfer coefficient at a given

length.
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The local heat transfer coefficient is dependent on film thick-
ness and interface temperature. Several axial steps into the tube are
necessary in numerical solutions of this type before the values of
various variables, such as film thickness, smooth out. Because of this
the local heat transfer coefficient may be slightly in error near the
entrance. This is why the pure vapor curve intersects the 0.001
curve in Fig. 29, The latter run was started at a point much farther
into the tube than the pure case,

Since diffusion of the condensable vapor to the interface is
important to heat transfer the diffusion coefficient is important also.
The effect of the diffusion coefficient is shown in Fig. 30, All other
properties being the same the smaller the diffusion coefficient (the
larger the Schmidt number), the less the heat transfer. This effect
is also predicted by Sparrow and Lin (2k).

The effects of entering velocity and tube length on the average
heat transfer coefficient are illustrated in Fig. 31. The dependence
of heat transfer on these variables is similar to that shown in Fig. 16
for pure vapor condensation, Of course, when a noncondensable gas is
present the heat transfer may be less than that predicted by Nusselt
(2).

The lines along which heat transfer results will lie for a con-
stant length condenser appear independent of noncondensable concentra-
tion and tube diameter. The constant z’AT’ lines are exactly the same
as for the pure vapor case except that when noncondensables are present

the lines may extend below the Nusselt prediction. The greater the




1.b
1.2
1.0
/
hm
o
Tavu
0.8
0.6
0.4

85

_\\\\\\H Pure Vapor

"\\

S = 0.500
\\ cg 5

——
_\_\‘- —-—-.-_-_-_--‘_-
\ ——-\__‘5-—‘-
-\-\-——4
Se_ = 0.600 ]
g
0 1 2 3 L 5
z’ in ft.

Fig. 30. Effect of Schmidt Number on Average Heat Transfer
Coefficients: Water Vapor and Air, D’ = 0.16667
Phy B = B5 PE. /888, Re, = 18435, Té =212°F,

7/ =202° F, W ., = 0.020.
w &11‘0




mﬂgnl

2.0

l.o

Q.5

002

0.1

86

L] iR SR Gl s e L] T B R AR i S

10 20 50 100 200 500 1000
Lr’
L S
Mg

Fig. 3l.

Effect of Condenser Length and Entering Velocity
on Heat Transfer: Ethanol Vapor and Air, D' =
0.16667 ft., T; = 173.3° F, T; = 163.3° F,

W . = 0.0l.
air




87

concentration of noncondensable, the lower the heat transfer coeffi-
cient.

The temperature dependence of the constant length line is shown
in Fig. 32. This dependence appears to be similar to that shown for
pure vapor. In considering the temperature dependence of these lines
it must be remembered that the heat transfer coefficients plotted are
based on Té-T;, not on T&—T&.

There appear to be no data available on the condensation of
vapor-noncondensable mixtures in tubes in the range of the results of
this study. The available data are for much higher weight percentages
of noncondensable, and the equipment usually had calming sections to
allow the vapor to reach fully developed flow before entering the tube.
Such data (17,18,19) indicate that the amount of heat transferred is

significantly less than if there were no noncondensable present.

Correlation of Heat Transfer Results

The heat transfer results for water-air mixtures reported in
Appendix F were correlated by the least squares procedure described
in Chapter III. The data were divided into two sections: those with
length Froude numbers between 0.047 and 10, and those with length
Froude numbers between 10 and 532. The first section is correlated by
=

m_ 0.122 20.k4 dp w\O 905 54
77— = 0.882 (Fr;) ‘1-Sc oW, ) (T (Iv-1)

N

with an average error of + 5.4 percent, For length Froude numbers

greater than 10 the results may be represented by
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W 4.2 o/
m 0.106 dp~"w
i 0.76k (FI‘L) (l—-SC wair ) (—T'r—_-f'r—) (1v-2)

mNu o o W

with an average error of + 2.7 percent.

These equations are felt to be good for predicting heat transfer
only over the range of concentrations covered in Appendix F. When the
entering concentration of air is zero and T; = T&p, these equations do
not predict the results for pure vapor condensation very well, but

they do correlate the water-air results reported in Appendix F accur-

ately.

Comparison of Calculation Methods

In Fig. 33 four different methods of calculating condensation
results for gas-vapor mixtures are compared. The differential conden-
sation model includes no diffusional resistances or interfacial shear
effects. It does take into account the gradual lowering of the inter-
face temperature as vapor is condensed out. The Colburn and Hougen
caleculation method (21) does include turbulent diffusional resistances
and the resulting éffect on interface temperature, It does not take
into account the effects of interfacial shear. The model of Sparrow
and Lin (24) describes film condensation on a vertical surface immersed
in a large body of vapor which contains a noncondensable gas. The
laminar equations of motion (in the direction of liquid flow), diffu-
sion, energy, and continuity are used in this study. No shear is

considered at the interface.

Other investigators (17,22,23) have considered the problem of
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calculating condensation from gas-vapor mixtures. These methods appear
to agree with the Colburn and Hougen method and so were not included
here.

As expected, the Colburn and Hougen model predicts lower rates
of condensation than the differential condensation method. The differ-
ence is caused by the diffusional resistances included in the Colburn
and Hougen method. In using the Colburn and Hougen method, the partial
pressure of the noncondensable gas was allowed to change with length.

Near the entrance of the tube the interfacial shear is quite
high., Principally for this reason the mathematical model of this work,
which includes shear effects, predicts more heat transfer near the inlet
than the Colburn and Hougen method which as mentioned does not include
shear effects. At higher velocities it may also predict more heat
transfer near the entrance than differential condensation, which does
not include shear effects either, However, the interfacial shear
decreases rapidly with tube length., As the shear effects become small
the laminar diffusional resistances of this work cause the heat transfer
to be less than either of those methods.

The laminar diffusion model of Sparrow and Lin was not intended
for condensation inside a vertical tube. It does not include shear
effects or allow the interfacial concentration to change with length.
Because the model of this study includes these effects it predicts
much greater heat transfer.

The problem of condensation inside vertical tubes with laminar

gas-vapor flow was considered by Baasel and Smith (25). They assumed
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parabolic entrance and exit flow of the vapor and did not consider the
flow of the liguid in their model. They considered only the constant
property equations of continuity and diffusion in the vapor., They did
not allow the interfacial concentration to vary with length. Their
mass balance varied about five percent over the length of condenser,
while the results in Appendix F vary about three percent at most. One
must know the correct average interfacial concentration to use their
results.

Various low velocity solutions in Appendix F were compared to
their work by using average values of the interfacial concentration
reported in Appendix F. Their model predicted less heat transfer than
shown in Appendix F, generally around half as much.

In Fig. 33 it may be seen that at a diameter Reynolds number of
18,435 and an air concentration of five weight percent, the Colburn
and Hougen method predicts condenser areas which are substantially
smaller than the results of this study. An extensive set of experi-
mental data similar to that of Carpenter (39) should be.taken for low
concentrations of noncondensable gas to determine the exact range of
applicability of these methods. Such data could also be used in the
development of approximete design procedures which include the effect

of interfacial shear.
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CHAPTER V
CONDENSATTON OF A BINARY VAPOR MIXTURE

Numerical solutions to equations (II-4), (II-5), (II-6), (II-10),
and (II-11) and the boundary conditions for binary condensation given in
Chapter II are presented below. Details of the method of solution and
discussion of its validity are included in Appendix A. An outline of
the computer program used in solving the equations is given in Appendix
B, and the complete computer program is given in Appendix C. The physi-
cal properties used in these calculations are presented in Appendix D,
and numerical results are presented in tabular form in Appendix G. As
in the previous cases, "run" refers to a numerical solution unless other-
wisge designated.

Two binary vapor mixtures are considered: ethanol and water,
and benzene and toluene. Ethanol-water mixtures form a minimum boiling
azeotrope, and benzene-toluene mixtures approach an ideal mixture,
Entrance velocity varied from two feet per second to two hundred feet
per second. The Reynclds number of the entering vapor ranged from
2270 to 231,734, Values ranging from 5.0 to 34.25 degrees Fahrenheit
were considered for entering mixture temperature minus the wall tempera-
ture. Concentrations of 25, 50, and 75 weight percent were investigated.
Vapor entered at its dew point. Most solutions were fér an 0.459 inch
diameter tube, although some results are presented for a 2.0 inch dia-

meter tube. Tube lengths as long as twenty feet are reported.
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The vapor and liquid properties of binary mixtures vary strongly
with concentration. Several different entering concentrations were
considered and the concentrations of both phases changed with length,
radius, and other variables., The physical properties should vary as
a consequence of concentration changes. However, with the exception
of vapor density the computer program was developed to handle constant
property mixtures. Only one set of physical properties was used for
ethanol-water and one for benzene-toluene. The physical properties
that were used were estimated from the only mixture data available
which were for the most part at much lower temperatures. They roughly
correspond to a 50 weight percent solution at the average boiling point
of the mixture. Some variables, such as vapor density, vapor-liquid
equilibrium, and latent heat of condensation were allowed to change
with concentration.

In the cases reported in Appendix G i1t was not possible to
cbtain perfect mass and component balances over the length of the con-
denser due to the neglect of small terms in the diffusion equation.

The mass balance varied a maximum of about five percent with length and
the component balances varied a maximum of about ten percent with length.
Most solutions were well below these maximums.

Velocity, temperature, and concentration profiles, liquid film

thickness, pressure drop, heat transfer results and comparison with

other methods of calculation are discussed below.

Velocity Profiles

Typical axial and radial velocity profiles are presented in
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Tables 59, 60, 61, and 62,

The velocity profiles were observed to vary quite a bit with the
conditions of each run. No attempt was made to generalize them. They
exhibit the same general dependence on radius, length, entrance velo-
city, and temperature drop as the profiles presented in Chapter III for
pure vapors.,

As in the pure vapor and gas-vapor cases the assumption that
v; - v; does not appear to be true for low velocity runs near the
interface and near the entrance. As was discussed in the previous
cases, making this assumption does not cause much error because of the

small region where the assumption does not hold.

Concentration Profiles

Typical concentration profiles in both phases are presented in
Tables 59, 60, 61, and 62, 1In addition, the interface temperature as
a function of length is reported in Appendix G for each run. From the
temperature values the interfacial concentrations may be calculated.
The concentration profiles in the vapor are presented in Fig. 34 for a
typical run. The liguid concentration profiles for this run are pre-
sented in Fig. 35.

The diffusional resistance in the vapor phase causes a buildup
of the more volatile component at the interface. The composition at
the interface varies between the dew point and bubble point concentra-
tions and approaches the latter with increasing length.

In the liquid the difference between the wall concentration and

the interface concentration is not very large for either benzene-toluene
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or ethanol-water. The ligquid phase could be adequately represented in

condensation calculations by considering it to be well mixed.

Temperature Profiles

Typical temperature profiles in both phases are presented in
Tables 59, 60, 61, and 62. The interface temperature is reported as a
function of length for each run in the Summary of Results Tables in
Appendix G.

The temperature profile in the vapor phase develops gradually
with increasing length. A core whose size decreases with length re-
mains at the entrance temperature, Té. The interface temperature is
less than the entrance temperature and decreases with increasing length.
In all cases it lies between the dew point and bubble point of the
entering mixture. The temperature drop through the liquid film is
almost linear with radius.

The effect of wall temperature on the interface temperature is
shown in Fig. 36. The colder the wall temperature, the lower the
interface temperature.

The effect of entering velocity on the interface temperature
is shown in Fig. 37. The higher the entering velocity, theé higher the
interface temperature.

There are no actual measurements of interface temperature to com-
pare with. The work of Pressburg and Todd (33) and Mirkovich and
Missen (34) on the outside of a horizontal cylinder indicate that for
total condensation the correct interface temperature is the bubble

point of the entering vapor. In condensation in the entrance length of
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a vertical tube total condensation is not approached until near the end
of the tube or at high temperature drops. The interface temperature in

such cases does approach the bubble point temperature.

Liquid Film Thickness, Pressure Drop, and Interfacial Shear

Liquid film thickness, pressure drop, and interfacial shear show
the same general dependence on condensation = conditions as reported in
Chapters III and IV. The film thickness is less than for either pure
component at the same available temperature drop because of the lowering
of the interface temperature., This causes less mass to be condensed. A
similar effect was noted in Chapter IV. The effect of the lowered inter-
face temperature on the pressure drop and the interfacial shear is

similar to that discussed in Chapter IV.

Heat Transfer Results

The heat transfer coefficients reported in Appendix G are based
on T;-T;, the entering vapor temperature minus the wall temperature.
The entering vapor 1s always at its dew point temperature. The heat
transfer coefficients may be converted to other temperature bases by
multiplying by (Té—T;) divided by the new temperature difference. A

plot of average heat transfer coefficients based on T! —T; and T’ -T;

dp bp
is presented in Fig. 38. The heat transfer results based on the bubble

point temperature difference always lie above the Nusselt line, equa-

F

tion (I-11). Since the interface temperature is less than po the heat

transfer coefficients based on Tép-T; may cross the Nusselt line as

they do in the gas-vapor case discussed in Chapter IV.
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The average and local heat transfer coefficients show the same
general dependence on length and entering velocity as shown in Figures
15, 16, and 31 for the pure vapor and gas-vapor cases. In both of
these cases the usefulness of the Nusselt model in predicting dependence
on length, temperature drop, and physical properties was noted. For
a given vapor the heat transfer results fall along lines of constant
z'AT' as predicted by the Nusselt model.

The Nusselt model appears to be useful for binary condensation
also. In Fig. 39 heat transfer coefficients based on Té—T; are shown
for a z’AT’ product of 40, The results for binary mixtures fall between
the extensions of the pure lines. The concentration dependence, however,
appears to be opposite to that expected, and the lines for constant z AT’
are not straight lines. Both of these incongruities may be explained
with the ald of the Nusselt model and knowledge of the physical proper-
ties used in the computer program.

The physical properties of a binary liquid may vary quite a bit
with concentration, This is particularly true for an ethanol-water
mixture. Because of the variations of the concentration with length
and other variables, and the difficulty in estimating some of the pro-
perties, only one set of physical properties was used for ethanol-water.
The only properties which were allowed to vary with concentration were
the latent heat of vaporization, the vapor density and vapor-liquid
equilibrium.

The Nusselt model expression for the average heat transfer

coefficient is
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This relation predicts heat transfer coefficients which lie
along the Nusselt line in Fig. 39. Mixture properties may be used in
this expression to predict where the various concentration lines will
cross the Nusselt line. The latent heat of vaporization has an effect
on this expression. The latent heat of vaporization changes with length,
temperature drop, velocity, and diameter because the interfacial compo-
sition changes with these variables. For a given entrance concentration
and a given z'AT' the effective average value of A’ may vary slightly
depending on the condensation conditions. This is why the lines of
constant z’AT’ are not straight for binary mixtures, and, in fact, are
not lines but really small bands.

The variation of the latent heat of vaporization with concentra-
tion also explains the relative position of the various concentration
lines in Fig. 39. M\’ decreases with increasing ethanol concentration,
Equation (I-10) predicts that as the concentration of ethanol in the
entering mixture increases the lines or bands of constant z’AT' Cross
the Nusselt line at lower values of the heat transfer coefficient. The
positions the constant composition lines cross the Nusselt line should
be proportional to the latent heat of vaporization to the one fourth
power., The heat of vaporization may be estimated for each concentration
line by using the average interfacial concentration for the run nearest

the Nusselt line. These concentrations are then used in the heat of
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vaporization expression in Appendix D to estimate average values of \’.
According to these average values the 25 weight percent line should
cross the Nusselt line at a heat transfer coefficient 1.059 times
higher than the 75 weight percent line and 1.041 times higher than the
50 weight percent line. 1In Fig. 39 these values are 1.058 and 1,041,
respectively for these lines or their extensions.

It appears that equation (I-10) can be useful in determining the
concentration dependence of heat transfer coefficients for binary mix-
tures if the variation of liquid properties with concentration is well
known. When the proper physical properties are used in equation (I-10)
the variation of the heat transfer coefficient with composition may or
may nct be linear depending on how the properties for the particular
mixture vary. Pressburg and Todd (33) report approximately linear
variation with molar composition for a number of systems, while Mirko-
vich and Missen (34) did not observe linear dependence with other sys-
tems. Cronauer (7) observed linear variation with composition for two
binary systems, but not for a third,

Fig. 40 shows the type of plot used by Mirkovich and Missen and
by Pressburg and Todd for determining heat transfer dependence on con-
centration and for determining the correct interface temperature. They
discovered that only the heat transfer coefficients based on Tép—Té
seemed to have the proper slope (-0.25) and were between the results of
the pure components. From this they concluded that the correct inter-

face temperature was the bubble point of the condensed phase which was

essentially the same composition as the entering vapor in their
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apparatus. In Fig. 40 the heat transfer coefficients based on T;P—T;
do appear to be approaching the proper slope for large temperature
differences. Those coefficients based on the dew point temperature

do not have the proper slope. The general position and slope of the
dew point coefficients on this figure appear to agree qualitatively
with those of Pressburg and Todd and Mirkovich and Missen for other
systems. As the temperature difference decreases the bubble point

heat transfer coefficients in Fig. 40 appear to rise because the inter-
face temperature is rising also. Pressburg and Todd did not observe
such a rise. Their bubble point temperature was calculated as the
bubble point of the condensed phase. This would take into account the
possible variation of interface temperature. Mirkovich and Missen did
not observe such a rise for film condensation either, although they
investigated values of T£p~Té as low as two degrees Fahrenheit and
apparently used the bubble point of the entering vapor as the bubble
point temperature. However, neither of these experiments was conducted
in the entrance of a vertical tube where some length is necessary for
the buildup of a vapor film,

Fig. 39 is better than Fig. 40 in vertical pipe condensation for
determining whether the binary results fall between those of the pure
components. In Fig. 40 interface temperature effects can cause the
heat transfer coefficients to fall outside of the pure component results
for wall temperatures slightly below the bubble point temperature. 1In
addition, Fig. 40O is not very useful when the wall temperature is greater

than the bubble point. In Fig. 39, however, the variation of inter-
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face temperature only causes the heat transfer coefficient to be a
little lower; it still lies between the pure results even for wall
temperatures greater than the bubble point.

Unfortunately, there appear to be no data available on the con-
densation of binary vapors in a vertical tube similar to those of

Carpenter (39) for pure vapors.

Comparison of Calculation Methods

Two different calculation procedures will be compared to the
results of this study. Kern (29) recommends using differential con-
densation. This approach disregards the presence of the vapor film
and does not include the effect of interfacial shear on the liquid
film. McAdams (30) recommends using the bubble point temperature of
the entering vapor as the interface temperature. This method does not
include the effect of interfacial shear on the liquid film either.

These methods are compared to the results of this study in Fig.
41, When the wall temperature is only slightly below the bubble point
temperature as it is for this comparison, McAdams' method gives a con-
servative estimate of the amount condensed because of the unrealistic
interface temperature. Near the entrance the interfacial shear is
quite high and the vapor film is not fully developed. This causes the
mathematical model of this study to predict condensation rates as high
as the Kern method in this region. Since the interface temperature for
this study is quite a bit less than that predicted by Kern, the princi-
ple reason for the high coefficients of this study is the interfacial

shear, Farther into the tube the shear effects become much smaller and
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the vapor film becomes more developed. The condensation rates of this
study are then lower than the Kern method which does not include the

presence of the vapor film.

’

The average heat transfer coefficients based on po

—T; are pre-
sented in Fig. 42. At large temperature drops the Kern and McAdams
methods have been shown to agree (31). At low temperature drops they
diverge quite a bit. When the wall temperature is greater than the
bubble point temperature the McAdams method cannot be used. Kern's
method gives results which are higher than the results of this study
because of the higher interface temperature.

After a few feet into the tube the Kern method predicts condenser
areas which are smaller than the results of this study for a diameter
Reynolds number of 19,763. An extensive set of experimental data simi-
lar to that of Carpenter (39) should be taken for binary mixtures to
determine the exact range of applicability of these methods. Such data

could also be used in the development of approximate design procedures

which include the effect of interfacial shear.
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CHAPTER VI

CONCLUSIONS AND RECOMMENDATIONS

Based on the results of this work, the following conclusions are
reached:

1. The computer solutions presented in this work for pure vapor
condensation check with experimental data for diameter Reynolds numbers
of the entering vapor less than 30,000. For entering diameter Reynolds
numbers greater than 30,000 the results of this work do not check with
experimental data but qualitatively predict heat transfer dependence
on entrance velocity, diameter, temperature drop, length, and physical
properties.

2. In the design of pure vapor condensers the method of Rohsenow,
Webber and Ling (5) appears to be good for both high and low vapor
velocities,

3. Entrance region interfacial shear effects are important in
the design of pure vapor and binary vapor condensers and in the design
of gas-vapor condensers where the concentration of noncondensable is
low.

L. The design methods of Colburn and Hougen (21) for gas-vapor
condensers and Kern (29) for binary vapor condensers predict areas
which are smaller than the results of this work for all entering Rey-
nolds numbers considered. No data are available to determine the range

of applicability of these methods or this study.
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Recommendations for extensions of this work are:

1. The use of the numerical scheme presented here for other
condensation problems such as the variation of wall temperature with
length, the use of parabolic entrance profiles, and the condensation
of a superheated vapor.

2. Experimental studies on the condensation of pure vapors,
gas-vapor mixtures, and binary vapors in the entrance region of verti-
cal tubes similar to the study made by Carpenter and Colburn (l) for
pure vapors. Such studies would determine the range of validity of
these results, and shed light on the transition of one or both phases
to turbulent flow, as well as extend the pure vapor data and provide
data for the other cases where no data exist.

3. The development of new design procedures for gas-vapor
mixtures with low noncondensable concentrations which include the
effect of interfacial shear.

L. The development of new design procedures for binary vapor
mixtures which include the effect of interfacial shear.

5. Experimental and semi-theoretical studies (computer simula-
tion) on the development of turbulence in the entrance region of porous

and nonporous vertical tubes for one and two phase flow.
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APPENDIX A

THE NUMERICAL SOLUTION OF THE MATHEMATICAL MODELS

The mathematical models in Chapter II describing the three cases
of condensation in the entrance region of a vertical tube may be solved
with the aid of a high speed digital computer by using finite difference
approximations to the equations and boundary conditions, The approach
is similar to that of Hornbeck, Rouleau, and Osterle (40) for one phase
flow inthe entrance region of a porous tube. An implicit finite differ~
ence "marching" procedure is used to give point values of velocity, pres-
sure, concentration, and temperature for succeeding axial steps.

In the condensation of a pure vapor the finite difference repre-
sentations of the equations of motion and continuity are solved in
matrix form to yileld the pressure and point values of axial and radial
velocities for the next axial step down the tube. The finite difference
representation of the equation of energy using the latest values of
velocity is then solved in matrix form for point values of temperature.
Because of the non-linearity of the problem it is necessary to change
the axial step size and repeat the above steps until the normal heat
flux into the liquid at the interface is properly balanced by the normal
mass flux across the interface,

The other two cases considered involve the diffusion equation in
addition to the equations of motion, continuity, and energy. In both

cases the representations of the equations of motion and continuity are
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solved as for the pure vapor case. The finite difference representa-
tion of the diffusion equation using the latest values of velocity is
then solved in matrix form to yield point values of concentration.
Values of gas density may be calculated from the concentration values.
The same final results are obtained with substantially less computer
time if the velocity and concentration matrices for this axial step
are resolved using the latest density and velocity values. The finite
difference representation of the energy equation is then solved as in
the pure vapor case to yield temperature values. As in the pure vapor
case it is necessary to iterate the whole procedure until the normal
heat flux into the liguid at the interface is properly balanced by the
normal mass flux across the interface.

Detailed outlines of these procedures are given in Appendix B,
and the complete computer programs are given in Appendix C.

An attempt was made to solve the equations by performing a
similarity transformation like that of Dorrance (L4l). This approach
involved transforming the equations into ordinary differential equa-
tions and solving these by Runge-Kutta methods (42) on a digital com-
puter, The results obtained from numerical studies showed that this
approach was unsatisfactory and the method was dropped.

Detailed discussions follow of the finite difference grid sys-
tem, finite difference representations of partial derivatives, finite
difference representations of the equations and boundary conditions,
the velocity and pressure matrix, the concentration matrix, the tem-
perature matrix, derived results, the first step into the tube, and

stability and convergence considerations.
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Finite Difference Grid System

The finite difference grid system used for all three cases of
condensation considered is a two dimensional mesh in the r and z
directions. The grid extends from the center of the tube to the wall
in the radial direction and from the entrance of the tube to any desired
length., There are grid points in both phases. At each step in the axial
direction one of the grid points falls exactly on the gas-liquid inter-
face. Concentration, radial velocity, and the physical properties may
take two values at this point.

This grid system is shown in Fig. 43. The center of the tube
is at 1 = 0, the tube wall at i = n+l, and the entrance of the tube
at j = 0. The extra steps at the interface in the first axial step
are used in a starting procedure. For binary vapor condensation four
extra grid points were used; for the other cases nine extra grid
points were used. Values of the various funetions at the extra points
and the starting procedure are discussed later.

The small thickness of the liquid film requires that the radial
step sizes vary from large at the center (where values change slowly)
to quite small in the liquid and adjacent vapor (where values change
more rapidly). If a constant radial step size were used the number of
radial steps would be prohibitive. Each time the radial interval size
is changed an extra row is added to the matrix describing the equation
of motion and the equation of continuity. Therefore, the radial step
size was allowed to vary by stages. This kept the total number of

radial steps to a minimum and kept the resulting matrix from being too
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unwieldy. The number of radial steps varied between 80 and 140 for the
problems under consideration.

The radial grid positions near the wall were fixed by simple
model estimations of film thickness discussed later., A constant value
of radial step size was used in the liquid film and adjacent vapor.
After a small number of steps in the axial direction this interval size
was doubled in order to save computer time.

The axial step size varied, but not in stages. It was adjusted
automatically until the heat being transferred at the gas-liquid inter-
face in this axial step was matched by an eguivalent amount of condens-
ing mass. The number of axial steps used varied from about ten to
forty-seven for the problems under consideration.

An implicit finite difference "marching" procedure was used to
solve the equations. The velocities, temperatures, concentrations, and
pressure were assumed known for any value of i at the axial position j
and all axial positions upstream of j. They were unknown at the j+l1
axial step.

In the equations of motion, energy, and diffusion the i-1, i,
sl A4l VEIHES ot the FH1 ARlAl NLSp Were UeSEFINEd 1A LeRHE of the 170
value of the j axial step and the finite difference equations. This is
illustrated in Fig. 44.

In the equation of continuity the i and i+l values at the Jj+1
axial step were described in terms of the i1 and i+l values at the j

axial step and the finite difference equation. This is shown in Fig.

b5,
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A diagram of the grid system in the vicinity of the gas-liquid
interface is shown in Fig. 46, The motion, energy, and diffusion equa-
tions were applied to the g-1 radial point and the g+l radial pcint but
not the q radial point. Values of the variables at the j+1 axial step
and the q radial step were required because of the difference schemes
involved, Physical properties, radial velocity, and concentration had
a liguid value and a gas value at this point. The gas values were used
in the equations applied to the g-1 grid point, and the liﬁuid values
were used in the equation applied to the g+l grid point. The continu-
ity equation was applied between the g-1 and g radial points and be-
tween the g and g+l radial point. The gas values of radial velocity
and density were used for the first step and liquid values for the
second,

The implicit method described above resulted in matrices which
were solved by standard methods to give all values at the j+1 axial
step. One matrix solved the equation of motion and the equation of
continuity to give velocities and pressure; one or two matrices solved
the equation of diffusion to give the concentrations; one or two

matrices solved the equation of energy to give temperatures.

Finite Difference Representations of Partial Derivatives

The finite difference representations of partial derivatives may
be derived by Taylor series expansions about each grid point (37).
The forward difference first derivative of a function f(R,Z) in

the axial direction is
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-
(%% _Qi}i%r_ii_ + 0(a2) (A-1)
J+1,1
where AZ = Zj+l = Zj' The subscripts are as shown on Fig. 43, When f

is replaced by pressure this expression becomes
P‘+l - Py
( ) = *j——zg——i + 0(AZ) (A-2)
3+l,i

The forward difference first derivative in the radial direction

is
ot Tie1,141 ~ Tya1,1
(= = 2 =2~ + O(he) (A-3)
AR" . s he
J¥l, 1
where he = Ri+l - Ri' This type of first derivative in the radial

direction is used exclusively in all boundary conditions except those
at the center of the tube. In the equations of change the central
difference first derivative in the radial direction is used. For varia-

ble radial distances this may be shown to be

L) i Tl (hw'he)f3+1,i kel
3R 41,4 he(hw+he) hw he hw( hw+he )
+ O(he hw) (A-L)
where he = R, ~ R, and hw = R, - R. .. Obvious simplifications
i+l i i i-1

result if he = hw. The central difference second derivative in the

radial direction is

2 £ . £f... . f
af _ [ J¥l, i+l J+l,1 j+l,i-1 .
(aRz) = 2| Te(tm+he) ~ he tw  Tw(mwihe)d T O(he-hw) (A-5)

Jrlsi

If he = hw then the truncation term is the order of he2.
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Finite Difference Representations of the Equations

In the following development the finite difference forms of each
equation will have the unknown values, i,e., velocities, pressure,
temperatures, concentrations, and their coefficients at the j+l axial
step on the left hand side of the equation and all known terms, i.e.,
velocities, pressure, temperatures, concentrations, and their coeffi-
cients at the j axial step and boundary conditions on the right hand
side of the equation.

Terms invelving density are found in the equation of motion,
the variable density continuity equation, and various boundary
conditions. In the cases where density is allowed to vary as a func-

tion of concentration it may be evaluated as

W.

p’(l + bj+l,i)
a 85+1,1
P = — (A-6)
dll o W
(l P . j+l=i)
I
Po aj+l,i

where p; and pé are the densities of the pure components,

The Equation of Motion

The axial component of the equation of moticn is

2
U  OU _ 3,2 3U 130)_ _1
" S e L2 "% BR) * oFr (11-4)

oR
Bubstituting the finite difference representations into this equation,
making the density corrections to the pressure term mentioned in

Chapter II and rearranging one obtains
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Usen,i-1% ¥ Ugan,aBs * V5050 FynaBi = (A-7)
where
heV, .
PR e ER 5 e B (a-8)
i hw(hw+he) ~ Re hw(hw+he) R, Re hw(hw+he)
5 = UjJi ) lei(hw—he)+ L % 2(hw-he) (A-9)
i AZ hw he Re he hw Ri Re hw he
hw V., .
o I 5 - 2 hw (A-10)
i ~ he(hw+he) ~ Re he(hw+he) R; Re he (hw+he)
pf pa" _ p!
E. = _J-L]'J—O—— [1 + j+l}3:'_ vj)i:l (A-ll)
Lo Py 302 3+1,1i
and
" 2
p. . (U, L)
L J,0 ] Js1 ¥
By St pj Y # ik (A-12)
2

The density ratios in this equation become unity and the density differ-
ence becomes zero when density is constant in the gas. The density
ratio is not unity in the liquid phase, although the density difference
is zero., If the gas density is allowed to vary as a function of con-
centration it may be evaluated by equation (A-6).

At the center of the tube the equation of motion becomes

2
U, 3k _ Lk U 1
U2 "3 T Re aﬁé * 5 Fr (A-13)

A
after application of L'Hopital's rule to the necessary terms as R goes
to zero and the use of the boundary condition that the radial velocity
is zero at the center. Substituting the finite difference representa-

tions into this equation, making the density correction to the pressure
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term mentioned in Chapter II, and using the boundary condition of no

shear at the center, one obtains

Ui n * W b, ¥ P8 @F (a-14)
where
B = I "450 (A-15)
o Re he he AZ =13
N 8
Co "~ 7 Re he he 5]
' /!
1 Py41,0 7 Py0
E = — 4 ,,p = (A-l‘?)
¢ &g pj+l,o Az
and
2
P, + (U, )
_ 1 J Js©0
Fs=zwm * A7 (8-18)

Again, the density difference becomes zero if the density is constant,
In the above equations the Reynolds number, Re, is defined as
p’u’'D’/u’. 1In the liquid phase this term is pEﬁ'D’/ué. It is evalua-
ted as p’u’dD’/u’ for a constant density gas and p’ T'D'/u. for a
g g . . g
J+Ly i
variable density gas.

The Variable Density Equation of Continuity

The variable density equation of continuity is

3(p'RU), 3(p'RV)_
S i g 0 (I1-10)

When the finite difference representations are substituted into this

equation the result is
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Density may be evaluated by equation (A-6). The variable density

equation of continuity at the center becomes

Eﬂfigl + 2 ApVv =0 (A-20)

oz 3R

A
when L'Hopital's rule is applied to the necessary terms as R goes to
zero, Upon substitution of the finite difference representations and

the use of the condition that V = 0 at the center this becomes

/ !/ !
: : 2V, A
U. ]—El.tj.:d.l] + U pJ+l>0:| + J+l,1 pJ+l:l
J+1,1 L 24Z J+l,0 L 24Z he
o SR = -
ooodald " Jal J»0 J,0 (A-21)

207

The radial step size varies in stages from the center to the
wall. From the center to the first change in step size, step s, the
following equation applies. It results from adding equation (A-21) to

the summation of equation (A-19) from i = 1 to i = s-1.
s-1

Ut o * Vypp gt * ). Vs 485 ™ Uiy Gy
i=2

+ V.,

J+l,SKl B Fn+l (A-22)
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where

Rl pf+l 0

0, = “iyighes 2
3R, p.
1 +1,1

¢, = —tphld (821

Ry Pias
oy = gt w2

/

5 o B Pie1,s
s 207 (A-26)

Rs p34»1 S
T =27

and
‘U, R p’ U.. SThw ool U, .
F _ lpJJO l;0+3lpJ:l le+2‘ lpng Jsl
n+l LAZ, L4AZ, AZ
j=P
Rs p‘zs Jss

* gaz G

AR is the radial step size in this section of the tube,
For other sections of the tube over which the radial interval
size does not change, i.e., from some step, s, to some step, t, equa-

tion (A-19) may be summed from i = s to i = t-1 to yield

t-1
Uspi,s7s * Toga 5P ¥ Vo o ¥ VauadPea ¥ Vyan,sfan
i=s+1
= Fn+d+l (A-29)
where
R pl
gy =5 J+l;s (A-30)

s 207
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{ Piiq s .
Hi = _E_E%__AE (A-31)
R, p.
t +1,t
f, &p (A-32)
Rs pé+lgs
Koa = T m (a-33)
R, p.
_ & Ti+l,t
Koot = iR (A-34)
and
4 t"'l ! /
SR e LTS B FE T AP Pl Ve
n+d+1 2AZ AZ 2072
i=s+1

AR is the radial step size in this region of the tube and "d" is the
number of times the radial interval size has been changed between this
region and the center of the tube., The value of d is increased by two
if the interface is between this region and the center of the tube.

The Constant Density Equation of Continuity

The constant density equation of continuity is

a(gg) N a(gg) 20 (II-5)

Upon substitution of the finite difference representations this equa-

tion becomes

Used, 1418441 ¥ Usen, iR . Vie, 141841 * Va1, iR
2AZ he
U, . R...+7U, R,
_ i+l Jod g (A-36)

2AZ

This is an obvious simplification of equation (A-19).
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When L‘Hapital‘s rule is used on the appropriate terms at the

center of the tube the constant density equation of continuity becomes

U dV
2tT2®|*

0 (A-37)
Substituting the finite difference representations into this equation
and using the condition that radial velocity is zero at the center
gives

’ + U, 2 ¥V, Us & ¥ Uy
J+l,1 J+1,0 % J+i,1 _ J,1 Jso (A-38)
247 he 20Z

U

As previously mentioned, the radial step size varies in stages
from the center to the wall. From the center to the first change
in step size, step s, equation (A-38) may be added to the summation

of equation (A-36) from i = 1 to i = s-1 to yield

s-1
Usingote ¥ Unig 2t 2; Ygen 4% * Vgug o8
Tm2
Va8 = B (8-39)
where
R
i
GO = Taz (A-LO)
3R.
_ g )
Gl = Taz (A-L1)
R.
My .
G, =77 (A-k2)
R
— S —
G = 353 (A-43)
R
_ 8 .
K, = 5 (A-L)
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and
R.U 3R.U s-l gy R U
F - _1J,0 W Jil - E, N L 5 3,8 (A-15)
n+1 4AZ, LAz AZ 207
=2

AR is the radial step size in this region of the tube.
For other sections of the tube over which the radial interval
size does not change, i.e., from some step, s, to some step, t, equa-

tion (A-36) may be summed from i = s to 1 = t-1 to yield

-1
Usp,ss * 2; Usar, 1B * Usin ¢% + Vie1,s%04
i=s+1
* Vi1, 65001 = Trean (B-546)
where

RS
HS = EE—'Z (A—-h—?)

.
Hi = A7 (A-48)

Ry
B = 2z (et

RS
K " " W (A-50)
Ry
Koar1l " IR (A-51)
and
£a1
F - s 4.8 + E, e 1 + R (A-52)
n+d+1 207 AZ 207
i=s+1

AR is the radial step size in this region of the tube and "d" is the
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number of times the radial interval size has been changed between this
region and the center of the tube., The value of d 1s increased by two
if the interface is between this region and the center of the tube.
Another representation of the constant density continuity equa-
tion is used at the interface for the first step into the ligquid film

in the radial direction. This representation is
Uj+l,q+qu+l 3 vj+l,q+qu+l _ (vﬁ+l,q)£Rq - QQJq+qu+l (A-53)
AZ AR AR AZ

where "q"' indicates the interface position at the j+1 axial step,
"4" denotes a liquid value of a variable at a point which may have both

a liquid and a vapor value of that variable, and AR = Rq+l_Rq”
Equation (A-46) is used as the continuity equation for all other
steps in the liquid film.

The Equation of Energy

The equation of energy is

2 2
3T T_ 2 (13T, dT 2 (3
Vg + V%ﬁ "Repr RaR T aRé) ¥ Remk BR) (11-6)

When the finite difference representations are substituted into this

equation and the equation rearranged the result is

Bl getn ¥ Do 4B ® g o8y =Wy (A-54)
where
he V. X
- Jtl,i " 2he _ b (A-55)
i hw(hw+he) = Re R, Pr hw(hw+he) =~ Re Pr hw(hw+he)
V, . (hw-he) U, ;
B P s 7 Y 2(hw-he) in (A-56)

i I e t Tz Re Pr R, hwhe * Re Pr v he




134

hoVid 2 hw L

C, = - - (A-5T)

i = he(hw+he) ~ Re Pr R, Re Pr he (hw+he)
and
- Ty,1%1,1 .2 M Uga1, 41 Usyp, (Tw-he)
L AZ Re EX Lhe(hw+he) hw he

i . .he. 2

__g+l,i-1 ] (A-58)
hw( hw+he

At the center of the tube the equation of energy becomes

2 . 2
AT 4 377 2 Jau
b e 2t e §§) (A-59)

dR
with the aid of L‘Hapital‘s rule and the condition that radial velocity
is zero at this point. With the use of the finite difference representa-
tions, the boundary condition of zero temperature gradient, and rearrange-

ment this becomes

+ ¢C = _
Tj+l,oBo Tj+l,l o] Fo (4-60)
where
0]
8 j+l,0
Bo = Re Pr he ne | AZ (A-61)
8
b, Re Pr he he (A-62)
and
T, ,
- _ds9 J+l,0 -
Fo AZ (A 63)

The Reynolds, Prandtl, and Eckert numbers above are evaluated

according to the phase the equation is describing.
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The Equation of Diffusion

The equation of diffusion for component a is

W, . azwa LW
V=g * U3z =5 Ee \ 2" ﬁ"§") (T1-11)

When the finite difference representations are substituted into this

equation and the equation rearranged the result is

W Ay + W B, + W, Gy = By (A-6L)
J+l,i-1 j+l,1 J+1,1i+1
where
he V. :
P J+l,i L & 2 he (A-65)
i hw(hw+he) = Sc Re hw(hw+he) R, Sc Re hw (hw+he )
5 Visp, 3 bwshe) . Ysia 1 . by
5 hw he AZ Sc Re hw he
2(hw-he)
* R, Sc Re hw he (A-66)
6 o Va1 ) 4 ) 2 hw (A-67)
i ~ he(hwthe) ~ Sc Re he(hwthe) R, Sc Re he (hw+he) -
and
aj lUj+l,i
POR LS | & oo M =
E, V2 (A-68)

At the center of the tube the equation of diffusion with
A
L'Hopital's rule applied to the necessary terms and the use of the
condition that radial velocity 1s zero at the center becomes

oW " W

5 3 a
U352 “ScRe _2 (A-69)

oR
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Upon substitution of the finite difference representations, the boundary
condition of zero concentration gradient at the center, and a slight

rearrangement the equation becomes

W B + W ¢ =F (A-70)
841,02 By @ ©
where
U.
~ 8 j+l,0
Bo ~ 3¢ Re he he | A7, (A-71)
8
Co ~ 7 Sc Re he he (a-72)
and
waj OUj+l,0
ey o8O o =
. A7 (A-73)

The Schmidt and Reynolds numbers above are evaluated according

to the phase the eguation is describing.

The Boundary Conditions

Boundary conditions which involve a known value of a variable
at a given point are easily handled. In such a case the value of this
variable is known at the boundary grid point of the j+1 axial step.
Terms in the above finite difference equations which involve this
boundary value may be switched to the right hand sides of these equa-
tions and treated as known terms. Boundary conditions of this type
will be covered further under the descriptions of the various matrices.

All boundary conditions at the center of the tube have been

taken into account in the finite difference equations. Also, the
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boundary conditions at the entrance of the tube are all handled as
known values at the first step into the tube.

In the following discussion boundary conditions at the gas-liquid
interface are considered for the three cases of condensation covered in
this work. In addition, flux conditions at the wall are considered for
binary condensation.

Interface Velocity

The velocity tangent to the gas-liquid interface should be a

continuous function across the interface. The tangent vector is

(102" - gor')

b= (A-74)
1
where Az’ = zé+l—zé, Ar' = ré+l = ré, and As’ = (&TIQ - az’2)2.

i and j are unit vectors in the z' and r’ directions respectively., The

velocity vector is

U=iv, +3v, (A-75)

The tangential velocity is given by the dot product of the velocity and
tangent vectors and is

/ i / /
vzﬁz - vrar

As’

(U'-t) = (A-76)

Equating the tangential velocity in the gas with the tangential velo-

city in the ligquid gives

’ o b = ' 1 ]
¥, Az -V, Ar' = L Az - Vo Ar (A=-TT)
g g 4 £

Making the boundary layer assumptions that vé is of the order of 1
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where v; is of the order ¢ and that Az’ > > Ar’ then

W T g (A-78)

As a result of these approximations the axial velocity at each
interface grid point will have one value for both the gas and liquid
phases. This relation will be applied to all three cases of conden-
sation considered. The radial velocity will have two values at each
interface grid point; one for the liquid radial velocity and one for
the gas radial velocity. The relationship between the two radial
velocity values is different for each of the three cases of condensa-
tion, and these relationships are discussed in the next subsection.

Interface Mass Transfer

The mass transfer normal to the gas-liquid interface is continu-

ous across the interface. The vector normal to the interface is

(Eﬁr' + jaz’)
As’ (A-79)

n =

Pure Vapor. The mass flux vector for the condensation of a pure

vapor 1is
' i £ fa / . '
N =p'(i v+ 4 vr) (A-80)

The dot product of the mass flux vector with the normal vector gives
the normal mass flux at the interface

’ ' ! i !
P (vzar + v Az )

Ty (A-81)

(N''n) =

Equating the normal mass flux in the gas with the normal mass flux
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in the ligquid gives
P ’ tot b / Focdh i ,
pgvzg&r + pgvrgaz = pzvzgﬁr + pﬂvrzﬁz (A-82)

Expressing this in dimensionless finite difference form, using equation
(A-78), and solving for the liquid radial velocity at the interface

gives
( ) ’
\' =

P

o AR
ety (90,0 @@ * (v5+1,q)g] “Ui,ol) 83

£

where q denotes the interface grid point at the j+l1 axial step, AR =
- = - d_ =

Rq+l Rq Rq Rq-l’ and AZ Zj+l

with the equation of continuity for the first step into the liquid,

- Zj' Combining this expression

equation (A-53), and rearranging gives

Usii are ¥ Maun gertaug ¥ (Vﬁ+1,q)gK2d
* Vie1,q+1%2a41 = Theasl (a-84)
where
R !
g g
I =~ (=%-1) (A-85)
A
Rgr1
Tg41 = 72z (A-86)
p’ R
Ksg =7 sizﬁﬂ (A-87)
Ror1
Koas1 = AR (A-88)

and


Vi.iV

1Lo

Ys,qr1iqe1
Fn+d+l - A7 (A-89)

In this equation "d" is the number of times plus one that the radial
interval size has been changed between this region and the center
of the tube.

Vapor and Noncondensable Gas. The mass flux vector for the

condensable vapor is

¥ s awa
Eag BRI A S
oW
_ J D 7 a)
4 abg'ﬁr’ (A-90)

The dot product of this vector with the normal vector gives the

normal mass flux of component a at the interface
!

, P,(Véar’ 4 v;ﬂz') P Dab ’ awa , BWa
(_I‘!a E}_) = Y - —3—5'1—8 (61' e + Az E;‘-r) (A—9l)
g

This expression will apply to the gas phase. The liquid is pure com-
ponent a and equation (A-81) gives the mass flux into the ligquid.

Eguating the two expressions gives

. OW
’ ’ ] i ! ’ [ ’ a ’
pg'wa L Ar” + p W v Az - p Dabg (EET) Ar

g g g ag rg %
7 ’ i aw& ’ ¢ ’ ¢ ’ '
— ( ]
~Pg Dabg Kar')g bz" = p, szar t Y, (A-92)

Expressing this equation in forward finite difference form, using equa-
tion (A-78), solving for the liquid radial velocity at the interface,

and combining with equation (A-53) gives
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Usrr,atq ¥ Ul aeneel * Wina,a)a%en
¥ Vie1,qe1%2a41 T Tneaan (r-93)
where
R ! 1-Wy .
I =.-4 F(pa+l,q)gf b3+l,q),_l]
q AZ | Py (A-9k)
Rgr1
Taxl " AE (A-95)
!
: R (1-Wy.
T om e (pa+l,q)g_ g Moy o) (A-96)
2d ;
Py AR
R
Koar1 = AR (4-97)
2RB. (§ ) (W -W )AR
R b b
F __*%% % 1 P41, %ig
n+d+1 D'T’AR 0 }; AZAZ
(W -W. )
b, ¥, U, R
4y —d*l,a g+l,g-1  j+l.gtl g (A-98)
AR AZ
where AR = R - R =R - R_.. In the above eguation "d" is the number

q+l q q g-1

of times plus one that the radial interval size has been changed between
this region and the center of the tube. This equation will be used in
the matrix describing the equations of motion and continuity,

The condition that there be no normal mass flux of component b
at the interface is used in the matrix describing the equation of

diffusion of component b. The expression for no normal mass flux of b
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across the interface is

aw
Py W v br’ + Pe W v Az p ab (SET) ar
g g g g g
BW
g 2 (g;T) Az' =0 (8-99)
g g

Expressing this equation in forward finite difference form and combining
with the equation of diffusion, equation (A-64), written for component

b instead of component a one obtains

W

b, + W B =F (A-100)
3+l,q-2Aq—l bj+l,q—l g-1 g-1
where
he V
B owm gtl,g-1 h 4 2 be (A-101)
q-1 hw (hw+he ) Sc Re hw(hw+he) ' R _, Sc Re hw(hw+he)
B = - v3+lsq‘l(hw-he) Uj+l:Q*l h 5 2(hw-he)
g-1 hw he AZ Sc Re he hw Rq—l Sc Re hw he
2Dab  AZ
_I: abg :[.
' he AZ,
u'he(U, +l,q + (v3+l,q)gaz)-2henabg (‘,_\Z + he)
hw V,
[ dtla=l 4 - c B (A-102)
L he(hw+he) Sc Re he(hw+he) Rq—l Sc Re he(hw+he)
_ 2Dap . AZ
S g ].
g-1 L ‘ AZ
D'u’az(u, 41 qhe 3 (Vj+l,q) AZ) 2D, AZ (AZ he)
g g
W Vie1,q-1 4 ) 2 hw
_ he(hw+he) Sc Re he(hw+he) Rq-l Sc Re he(hw+he)
Wy . U.
o —9,9-1 Jg+l,9-1 (A-103)

AZ
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Binary Vapor. It is required that the fluxes of the two compon-

ents, a and ¢, be continuous across the interface. For component a this

means
oW
péWé v, Ar’ + p’wa v; Az’ - péD;c (553) ar'
g g
oW
B pé ;c (S?a) bz’
g
=p'W_ v ar’ + p'Ww_ v’ Az’ - p'D’ (Efi) Ar’
£ a, 2z, £ a, ry £ ac, oz 4
oW
- PPac, &) A (a-104)

A similar expression may be written for component ¢. Adding the above
expression for component a and the similar expression for component ¢

and solving for the radial velocity in the liquid, one finds

¢

p / !
P + Ar ¢ ) _ + AOr _
Vr’@ = ?‘e ("\-"’Zg “Er + Vr VZE "é‘—z"?‘ (A 1.05)

Expressing this in finite difference form, using equation (A-78), and
combining with the equation of continuity for the first step into the

liguid gives

Usii,ata ¥ Ysen,g01fqen * (Vj+l,q)gK2d * Vg, gen®oan

SE (A-106)
where
R (p. )
- _ .4 J+1 _ g B
I, 55 [——msziﬂ-ﬁ 1 (A-107)
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5 +1
Tt F —%2— (A-108)
(piqy ), R
+1
' (209
+1 1
Koas1l = AR (4-210)
U, R
=M o
Fn+d+l A7, (A-111)
Here AR = R ~-R .. In the above equation "d" is the number

-R_ =R
q+l q a g-1

of times plus one that the radial interval size has been changed between
this region and the center of the tube. This eguation will be used in
the matrix describing the equations of motion and continuity.

The condition of continuous mass flux of both components across
the interface will be satisfied in the diffusion equation by a trial and
error procedure. The equation of diffusion in the gas is solved using
a trial value of concentration in the gas at the interface, A trial
value of concentration in the liquid which is in equilibrium with the
trial value in the gas is found by using the Van Laar relationships
(43). This procedure also gives the interface temperature. The matrix
describing the equation of diffusion in the liquid is solved using the
above value of concentration in the liquid at the interface. The flux
of component ¢ from the gas is then calculated using the gas concentra-

tions found above and

oW
& ] t i ' ¥ I Tyt c 7
N, = pgwc v, or’ + pgwc L Az" - pgDac (gz?) Ar
g £ g g g g g
‘D’ (BWC‘ Az’ (A-112)
- pg ac_ “ar/ -
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The flux of component ¢ into the ligquid is given by

G
N’ = p'W v or' + o'W v Az’ - o'D!  (=%) Ar’
£ Lc 4 2y 4 Cy Ty 47ac, oz 2
o '
& pﬁ ac, ( ) &z (A-113)

These two expressions will be equal only if the trial concentrations

at the interface have the proper values. Newton's method (L42) is used
to make the difference between the two expressions go the zero by vary-
ing the trial concentrations at the interface,

The two matrices involve trial values of concentration at the
interface. The terms involving these values may be treated as known
terms, At the center of the tube the boundary conditions have been
taken into account in the finite difference equations. At the wall the

boundary conditions of no radial flux of either component reduce to

awa awc
('5?)’6 = (g;'*)z =0 (A-114)

Substitution of the forward finite difference representations into
this equation and combination with the equation of diffusion, equation

(A-64), gives

W A +W B =TF (A-115)

where

& e V,j+l,n _ b " 2 he
n hw (hwthe) = Sc Re hw(hw+he) R, Sc Re hw (hw+he )

(A-116)




146

0 s bw vj+l,n _ L _ 2 hw } Vj+l,n(hw—he)
n ~ he(hw+he) Sc Re he(hw+he) R Sc Re he(hw+he) hw he

. Uj+l,n . i n 2(hw-he) (A-117)

AZ Sc Re he hw Rrl Sc Re hw he =
and
Wc'j nt+l,n

— 2 -

B A7 (A-118)

Interfacial Shear

The tangential shear stress at the gas-liquid interface should
be a continuous function across the interface. The shear stress vector
for constant property, Newtonian fluids is

av; av; av; av;
do a7 =
Lo=28 (Br Y ) T e (Br Y ) (4-119)
The dot product of the stress vector with the tangent vector, equation
(A-7h4), gives the tangential shear stress.

i I av; av; i Il avZ r
el gl = AT e o)

(r'-t) = (A-120)

As’

If the boundary layer assumption that v; is of the order of 1 and
v,
v; and 553 are of order ¢ and the assumption that Az’ > > Ar’ are made

then

. M’ﬁz; avz
(17:1) = i (A-121)
Equating the tangential shear in the gas phase with the tangen-

tial shear in the liquid phase gives
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!

w59 - ) (-122)
g L

Substitution of the dimensionless forward finite difference representa-
)

tions into this equation and the use of equation (A-78) results in

U, A + U, B + U, C =0 A-12;
J+1,9-1¢ J+l,q7q J+l,a+rl q ( 3)
where
e h
By v g (A-12h)
VR T
- -
Bq = IR (A~125)
and
i
Ly ¢
Cq ks (A-126)
Here AR = R -R and q denotes the interface grid point at

-R =R
g+l q q q-1
the j+1 axial step. This relation will be applied at the g radial step

instead of the equation of motion for each of the three cases of con-
densation considered.

Interface Temperature

Pure Vapor. The dimensionless temperature at the interface,
(TéuT;)/(T;_T;), always has the value of one. When the wall tempera-
ture is constant this means that there is a constant temperature drop
through the liquid film for the entire length of condenser,

Vapor and Noncondensable Gas. The interface temperature, e

is assumed to be a function of the partial pressure of the condensable
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component at the interface. The dimensionless temperature at the inter-

face is always less than one.

Binary Vapor. The conditions of eqguilibrium at the interface,

continuity of the mass flux of each component across the interface,
and heat released by the condensing mass equaling the heat transferred
through the film determine the interface temperature by a procedure

described previously.

Pressure and Velocity Profile

A system of simultaneous linear equations describing the equa-
tions of motion and continuity has been constructed in the previous
sections of this appendix. The finite difference representations of
the equation of motion and the equation of continuity in matrix form
may be solved by standard Gauss elimination of the lower left hand
triangle and back substitution of the remaining terms (42) to give the
axial velocity profile and the pressure at the j+1 axial step. The
radial velocity profile may be obtained from the axial velocity pro-
file by use of the equation of continuity, equations (A-19) or (A-36).

A diagram of the matrix above is shown in Fig. 47. Only one
radial step size change is shown (step s) instead of the six which were
used in actual practice. A description of the various terms in the
matrix is given for each of the three cases of condensation considered.
Pure Vapor

In the matrix shown in Fig. 47 B, is defined by equation (A-15).

C, is defined by equation (A-16), E_ is defined by equation (A-17) and
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A B C 0 . - 0
qQ q J+l,q
A B O Bl {Use1,n F_
Gy Gy G - Ogaby 050 0} Vs Fral
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Fig. 47, Pressure and Velocity Matrix.
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/8 is defined by equation (A-18). Aq is defined by equation (A-12k4),
Bq by equation (A-125), and Cq by equation (A-126). Eq and Fq are

zero. All other Ai, Bi’ Gy Ei’ and.Fi terms, from i = 1 tc n, may be

i

given by general formulas representing the various coefficients in

equation (A-7). Ai is given by equation (A-8), Bi by equation (A-9),

C, by equation (A-10), E, by equation (A-11), and F. by equation (A-12).
G, is defined by equation (A-40), G, by equation (A-41), G, by

equation (A-43), and all G, terms, from i = 2 to s-1, are defined by

equation (A-42). K, is defined by equation (A-L4) and F .

1 by equa-

1
tion (A-45).

The radial step size changes at the s radial value. Here
another continuity equation is used, and another line is added to the
matrix. Each time the radial step size changes this is necessary.

The constant density continuity equation applying between radial inter-
val size changes is equation (A-L46). H, is defined by equation (A-k7),
Hq is defined by equation (A-49) with g replacing t. All H, terms,

for i = s+l to g-1, are defined by equation (A-48). K, is defined by

equation (A-50), K, by equation (A-51) with g replacing t, and F

3
is defined by equation (A-52) with q replacing t.

The gas-liquid interface is at radial step q. Although radial
step size is not allowed to change at the interface, it is necessary to
add two extra lines to the matrix when the interface is encounﬁered.

Iq is defined by equation (A-85), Iqul
by equation (A-88), and Fn+

by equation (A-86), K, by equa-

tion (A-87), X by equation (A-89).

> 3

The bottom line in the matrix represents equation (A-L6). Jq+l
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is defined by equation (A-L7) with g+l replacing s and J replacing H,
and other J, terms, for i = q+2 to n, are given by equation (A-L8)
with J replacing H. K6 is defined by equation (A-50) with g+l replac-
ing s, and F_ ) is defined by equation (A-52) with @+l replacing s and
n+l replacing t©.

Vapor and Noncondensable Gas

All,Ai, B; Ci’ Ei’ and Fi terms shown in Fig. 47 for i = 0 to
n are defined exactly the same as for the condensation of a pure vapor.
Also, Fn+h"K€’ and all Ji terms are defined as for the pure vapor
case, The remaining terms are defined differently.

G, is given by equation (A-23), G, by equation (A-24), G, by
equation (A-26), and all G; terms, from i = 2 to s-1, are defined by
equation (A-25). K, is defined by equation (A-27), and F . is
defined by equation (A-28).

The radial step size changes at the s radial value. The variable
density continuity equation applying between radial interval size
changes is equation (A-29). H  is given by equation (A-30), Hq by
equation (A-32) with q replacing t. All H, terms, for i = s+l to g-1,
are defined by equation (A-31). K, is defined by equation (A-33), K

2 3

by equation (A-34) with g replacing t, and F .o DY equation (A-35) with

2
g replacing t.

The gas-liguid interface is at radial step q. Iq is defined by

equation (A-9k4), Iq+l by equation (A-95), K), by equation (A-96), K_ by

5

equation (A-97), and F ., by equation (A-98).

3
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Binary Vapor

All terms in Fig. 47 are exactly the same as for the condensa-
tion of a vapor from a vapor and noncondensable gas mixture except the

Iq’ Iq-l’ Ky, » K5, and Fn+3 terms. Iq is defined by equation (A-107),

T . by equation (A-108), K, by equation (A-109), K

g+l by equation

5

(A-110), and F .o by equation (A-111).

3

Concentration Profile

A system of simultaneous linear equations describing the equa-
tion of diffusion has been constructed in previous sections of this
appendix. The finite difference representations of the equation of
diffusion may be written in matrix form and the resulting tridiagonal
matrix or matrices solved by Gauss elimination and back substitution
(42) to give the concentration profile at the j+1 axial step.

A diagram of the tridiagonal matrix in the gas phase is shown
in Fig. 48 and a diagram of the tridiagonal matrix in the liquid phase
is shown in Fig. 49. A description of each of the various terms in
these matrices is given below for the noncondensable and binary cases.

Vapor and Noncondensable Gas

The diffusion equation and resulting matrix apply to the gas
phase only. This matrix is shown in Fig. 48.
B_ is defined by equation (A-71), C_ by equation (A-72), and

B by equation (A-73) with component b replacing component a. Aq i

is given by equation (A-101), B by equation (A-102), and Fq L by

g-1
equation (A-103). All other Ai, Bi’ Ci’ and Fi terms, for 1 = 1 to

g-2, are given by general formulas representing the various coeffi-
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Fig. 49. Diffusion Equation for Component c¢ in the Liquid Phase.
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cients in equation (A-64) written for component b. A; is given by
equation (A-65), B, by equation (A-66), C, by equation (A-67), and
Fi by equation (A—68) with component b replacing component a.

Binary Vapor

Two tridiageonal matrices are necessary for this case. One
describes the diffusion equation in the gas; the other describes the
equation of diffusion in the liquid. These matrices are shown in

Fig. 48 and Fig. 49.

Gas. In the matrix describing the gas, all Ai’ Bi’ Ci’ and F.l
terms, for i = 0 to g-2, are exactly the same as for the noncondensable
case except that they are written for component ¢ instead of component

b. and B

= are given by the general formulas for Ai and Bi’

ﬂq—l

equations (A-65) and (A-66), respectively. Fq 1 is given by equation

(A-68) with component ¢ replacing component a minus the product of

(wcj+l,q)g with Cq—l’ where C is given by equation (A-67).

g-1
Liquid. In the matrix describing the liguid all Ai’ Bi’ C

i’

and Fi terms, for i = g+2 to n-1, are given by the various coeffi-
cients of equation (A-6L) written for component ¢ instead of component
a. A, is given by equation (A-65), B, by equation (A-66), C, by equa-
tion (A-67), and Fy by equation (A-68) with component ¢ replacing com-
ponent a. A is given by equation (A-116), B by equation (A-117),

is given by equation (A-66), C

and By by equation (A-118). B by

g+l g+l

equation (A-67), and Fq+ by equation (A-68) with component c¢ replacing

i

component a minus the product of (Wc with.AQ+l, where A " is

J‘+l,q)z q+1l

defined by equation (A-65).
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Temperature Profile

A system of simultaneous linear equations describing the equa-
tion of energy has been developed in previous sections of this
appendix, The finite difference representations of the eguation of
energy may be written in tridiagonal matrix form, and the resulting
matrix or matrices solved by Gauss elimination and back substitution
(42) to give the temperature profile at the j+l axial step.

Diagrams of tridiagonal matrices in the gas and liquid phases
are shown in Fig. 48 and 49 with the concentration terms replaced by
temperature terms. A description of each of the various terms in these
matrices is given below for all three cases of condensation.

Pure Vapor

The energy equation is applied to the liguid phase only. The
resulting matrix is shown in Fig. 49 with the concentration terms
replaced by temperature terms.

A1l Ai, Bi’ and Ci terms, for i = g+l to n, may be defined by
general formulas from equation (A-54). A, is given by equation (A-55),
B, by equation (A-56), and C, by equation (A-57). The F. terms, for
i = g+2 to n, are given by equation (A-58). F is given by equation

g+l

where A
+

g+l is defined by

(A-58) minus the product of Lo

with A
J+l,9 o5

g+l,
equation (A-55).

Vapor and Noncondensable Gas

The energy equation is applied to both phases. The resulting
matrices are shown in Fig. 48 and Fig. 49 with the concentration terms

replaced by temperature terms.
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Gas. B_ is given by equation (A-61), C_ by equation (A-62),
and Fo by equation (A-63). The Ai, Bi’ and C, terms, for i = 1 to
g-1, are given by the various coefficients in eguation (A-5u4). A, is
defined by equation (A-55), By by equation (A-56), and Ci by equation
(A-57). The Es terms, for i = 1 to g-2, are given by equation (A-58).
F is given by equation (A-58) minus the product of T, with

g-1 J+l,q

C ,» where C

- is defined by equation (A-57).

g-1
Liquid. The description of this matrix is exactly the same as
that for the condensation of a pure vapor.

Binary Vapor

The equation of energy is applied to both phases. The descrip-
tions of the two resulting tridiagonal matrices are exactly the same
as those for the condensation of a vapor from a vapor and a nonconden-

sable gas mixture.

Derived Results

The following results are derived from the velocity and tempera-
ture profiles obtained by numerical solution of the mathematical models,

Heat Transfer Coefficients

Pure Vapor. The local heat transfer coefficients were defined

by
/ I ! '
W _ Ky ar! _ kn(Tj+1,n”Tj+1,n+1) (A-127)
160 (T0-T0) 7| rga11 Tpa1 ) (g L)

using notation similar to the finite difference grid system,
FPor the first step into the tube the average heat transfer

coefficient is defined as
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Iyt
Flh

/
hml = W (A-128)

For all other steps down the tube h; is defined as

o, hf ’
z' loc.

+
loc . 7
n'  =n’ (24—} + J+l d N1 - i (A-129)
m m,\z 2 z
J+1 J i+l J+1

/

using notation similar to the grid system. A check of the results
calculated by this equation is provided by
I—.f }t.’

i j+1
n = —(—J—)—r— (A-130)
m. T —Tw zj+l

Jj+l o

This equation always agreed with equation (A-129) to within a tenth of
one percent,

Vapor and Noncondensable Gas. The heat transfer coefficients

are defined in the same way as the pure vapor case.

Binary Vapor. As mentioned in Chapter V two choices exist as to

the correct temperature difference to use in definitions of heat trans-

fer coefficients. Equations (A-127), (A-128), and (A-129) based on

Té—T; or Tép-T; form one set of definitions, and the same equations

with Tgp—Té form the second set.

Liquid Film Flow Rate

A simple numerical integration scheme was used with liquid velo-
city profile results at a given point down the tube to yield the flow
rate of the ligquid film past the given point.

Shear Stress at the Interface

The dimensionless shear stress defined by Rohsenow, Webber, and
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Ling (15) may be derived from velocity profile results. It may be

defined as
Il /!

V. =V PN
x ug( Zq Zq_l) ((pﬂ) g’ )1/3

T = ~r 7 T 7 T
(rq—rq_l)g (93-957 )2

(A-131)
(g

First Step Into Tube

The first step into the tube involves the use of extra grid
points on the gas-liquid interface between the entrance and the first
step as shown in Fig. 43. These extra points require velocity, tem-
perature, and concentration values. It is necessary to estimate such
values from simple models.

The liquid film thickness at the first step must be estimated
also. A trial first step into the tube is chosen and the thickness of
the liquid film estimated from this length by simple models. Radial
grid positions near the wall are then fixed, and the computer program
adjusts the length of the first step until the heat transferred through
the film equals the heat released by the condensing mass.

. Detailed descriptions of these estimations and the effect of
starting position are given below.

Liquid Film Thickness

A trial position of the first step is used to estimate the
ligquid film thickness in the following equation from simple Nusselt

theory as modified by Rohsenow (14).

POy S L ) 0.25

o = ( Hzde (T T oy )

1 I Y RN s (T
8'p(pp-p A (1 + iag{fg—ﬂ)

(A-132)
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From this thickness the grid positions near the wall are determined.
After the computer has solved the mathematical model for
values of velocity, temperature, and concentration satisfying all
boundary conditions at the first step into the tube the shear stress
at the interface is evaluated from these results and used to make a
better estimation of film thickness. A simple model (5) using con-

stant shear stress at the interface gives

a1t ! ! 4
hz!x (TO-Tw)u£

(714
b S
gfpz(pz"pg)h (l o _‘P—BT’—)
li-( V; \ __.‘_fé )1 &t 0.25

v
-1'""g "1 )
+ ——(—l%—r—g‘ﬂ—r*—'r')—‘r (A-l33)
IO

This equation is sclved by trial and error to give Gi. . The grid
positions are re-evaluated using this value, and the first step into
the tube is resolved,

These equations are used for estimating film thicknesses for all
three cases of condensation considered.

Effect of Starting Position

The trial first step into the tube from which film thickness
is estimated has important effects on the numerical sclutions. Solu-
tions having different starting positions have slightly different
numerical results. In the binary and noncondensable cases the starting
position can affect the numerical solution of the equation of diffu-

sion. In addition, under certain combinations of fluid properties,
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temperature difference, entering velocity and starting position no
numerical solutions were achieved. In these cases the heat transfer
would not balance with the mass transfer to sufficient accuracy after
10 or 15 tries, or negative axial velocities were encountered, or z;+l
was less than 23. Attempts at correlating the certain combinations
which gave no solution proved unsuccessful. However, solutions were
achieved by changing the starting position.

Typical examples of the effect of starting position on numeri-
cal results may be seen in Fig., 50 and Fig., 51. Heat transfer coeffi-
cients, interface temperature, interfacial concentration, interfacial
shear, and film thickness values require several steps into the tube
to smooth oyt. The numerical results for different starting positions
agree well after several steps.

Solutions reported in Appendix E usually represent the smoothest
of two or sometimes three solutions with different starting positions.

. The smoothest solutions were determined by plotting h;/h' versus Z*

i
for different starting positions and temperature drops.

- = *
7 4o 1072 vheve T is

Trial first steps varied from ZX = 10
defined as z'/D'Re.

Velocity Values

The velocity values of the extra grid points on the interface
are determined by estimating their values from the Nusselt theory as
modified by Rohsenow (1k). A first guess for the axial velocity values

on the interface is given by
fp b 4 ne

(U (A-134)

1,k

el

£ 2;1.;’ u
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Fig., 50. Effect of Starting Position on Heat Transfer Results: Ethanol,

AT’ = 20° F, U’ = 200 ft./sec., D’ = 0.019125 ft.
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Fig. 51. Effect of Starting Position on Interfacial Shear:
Ethanol, AT’ = 20° F, u’ = 200 ft./sec., D’ =
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and the radial values are estimated by
2
g’ (pyp ) (87)
1,1 z hnf ———

4 k! (T’-T’) W 0.25
o 3”@ o) (8-135)
(21)%" py(pg-paIr’ (1 + —Eg)

After the computer has solved the mathematical model for values
of velocity, temperature, and concentration satisfying all boundary
conditions at the first step into the tube the shear stress at the
interface ig evaluated from these results and used to make better
estimations of the radial and axial velocities at these extra points.

A simple model using constant shear stress at the interface gives

8 “(py- e )(8 ) u’(vg -Vé 5) 8

2 2 ’
by T LY
and
Kl (mmh)
= £ Yoy
(Vl:i)z i §' 7 2\’ (1 :5(%(11'6"1'1})) (A-137)
92 5 u + __B..X.,._._...

The first step into the tube is resolved using these more accurate
estimations.

These equations are used for estimating the extra grid point
velocities for all three cases of condensation considered.

Temperature Values

For pure vapor condensation the temperature values of the extra

grid points are assumed to be Té, the entering vapor temperature.
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In vapor and noncondensable gas condensation the temperature values
of the extra grid points are assumed to be a linear function of dis-

tance into the tube, varying from T; at the entrance to Ti " at the
2

first step. For binary condensation the temperatures at the extra

/

grid points are all assumed to be equal to Tl .
3

5, the equilibrium inter-
face temperature at the first step.

Concentration Values

Concentration values of the extra grid points at the interface
are not required. In the binary case the equation of diffusion in the
liguid is never considered for the first step into the tube, although
it is considered for all other axial steps. For the first step into
the tube concentration in the liguid is assumed independent of radial
position and equal to the ratio of the flux through the gas of the
particular component to the total flux, as derived by Colburn and Drew
(26); This and the boundary conditions at the interface determine the
concentrations in the liquid phase for the first step, thus bypassing

the need to know concentration values at the extra grid point.

Stability and Convergence

Systems of equations similar to those used in this work have
been found to be apparently stable and convergent for a wide variety
of problems in entrance flow. With these equations Bodoia (L4l) has
investigated entrance flow between parallel plates, Hornbeck, Rouleau,
and Osterle (L0) investigated one phase flow in the entrance of pipes
with injection or suction at the wall, Wilkins (37) investigated varia-

ble property heat transfer in the entrance of vertical tubes, and
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Whatley (45) studied heat and mass transfer accompanying a reacting
non-Newtonign fluid in the entrance region of a tube. All these
investigato¥s report excellent agreement with experimental data.

Wilkins (37) reviewed stability and convergence considerations
for systems of equations. He found that it was quite difficult, if
not impossible, to prove the stability and convergence of finite
difference representations of systems of nonlinear partial differential
equations with variable coefficients. However, he implied the stabil-
ity of such a system by the arguments of Lax (L46) and Richtmyer (L7).
Shohet (L8) performed a similar énalysis for flow in an annulus,

The equations used in this work appear to be stable and conver-
gent over the range of study. The results agree with experimental
data where available. Gas-vapor condensation results approach those
of pure vapor condensation as gas concentration becomes low. Binary
condensation results range between results for pure vapors. In addi-
tion, the pure vapor results approach those of the laminar, no inter-

facial shear model of Nusselt (2) when interfacial shear is low.
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APPENDIX B

OUTLINES OF THE COMPUTER PROGRAMS

A brief outline of each of the three computer programs is given
below. The program for the condensation of a pure vapor forms the
major part of the program for the condensation of a vapor from a vapor
and noncondensable gas mixture. The noncondensable program forms the
bulk of the program for the condensation of a binary vapor mixture. Of
course, there are minor differences in the similar portions of these
programs resulting from slightly different equations and different
boundary conditions, but all the programs follow the same general
outline.

The complete program for each case 1is given in Appendix C.

Condensation of a Pure Vapor

The following steps form an outline of the computer program for
the condensation of a pure vapor in the entrance of a vertical tube.

(1) Physical properties, most radial interval sizes, tube
diameter, temperature difference, entering velocity, and starting posi-
tion in the tube are read in from data cards.

(2) Various terms used throughout the program are calculated
from the data of step (1).

(3) If this is the first attempt at the very first step down

the tube, film thickness is estimated by the Nusselt model, equation
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(A-132). All radial positions are set. Radial and axial velocities
for steps at the gas-liquid interface between the entrance and the
first step are calculated using equations (A-135) and(A-134).

(4) If this is the second attempt at the very first step down
the tube, the shear at the gas-liquid interface is calculated from the
previous attempt, and this value is used in equation (A-133) in esti-
mating the film thickness. Radial positions are set for the rest of
the program. Radial and axial velocities for steps at the gas-liquid
interface between the entrance and the first step down the tube are
calculated using equations (A-137) and (A-136).

(5) A trial value of axial step size is chosen.

(6) The components of the velocity and pressure matrix are cal-
culated using the known values of velocity and pressure of the previous
step and the boundary conditions. The equation of motion and equation
of overall continuity are used in this matrix. The boundary conditions
are those of zero shear and zero radial velocity at the center, and
continuity of shear, normal mass flux, and axial velocity at the gas-
ligquid interface. Zero axial velocity is used at the wall. The fact
that the radial velocity must be zero at the wall is used as a check of
the solution of the matrix.

(7) The matrix in step (6) is solved by Gauss elimination and
back substitution. Axial velocities in both phases and pressure are
given for this step down the tube.

(8) Radial velocities are calculated from the overall continuity

eguation using the above values of axial velocity and the known values
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of axial and radial velocities of the previous step.

(9) Components of the matrix describing the equation of energy
in the liquid are calculated using the known temperatures of the pre-
vious step, known velocities of this step down the tube from steps (7)
and (8), and the boundary conditions. The boundary conditions used are
those of known temperature at the gas-liquid interface and known tem-
perature at the wall,

(10) The energy matrix is solved by Gauss elimination and back
substitution. The temperature profile in the liquid is found for this
step down the tube,

(11) The mass rate of flow for the liquid film is calculated by
numerical integration using the velocity profile obtained in step (7).
The mass rate of flow in the liquid film at the previous step is sub-
tracted from this., The remainder is the increase in mass during this
step in the axial direction.

(12) The amount of heat transferred by conduction into the liquid
film at the gas-liquid interface is evaluated from the temperature pro-
file using Fourier's law of heat conduction, This heat, when divided
by the latent heat of condensation, is equivalent to a mass flow from
the vapor into the liquid film.

(13) The increase in the mass of the liguid film, calculated in
step (11), is compared with the mass equivalent to the heat conducted
in at the interface, as found in step (12). The difference between
these two values is taken.

(14) It is desired to make the difference found in step (13)
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negligible. This is accomplished by the following iterative procedure:

(A) A new trial velue of axial step size is chosen.

(B) Steps (6) through (13) are then repeated.

(C) A new trial value of axial step size is estimated
using the latest two values of the difference found
in step (13) and Newton's method (42) to predict what
axial step size will make the difference go to zero.

(D) Steps (B) and (C) are repeated until the difference
is five hundredths of one percent of the mass flow
found in step (12) or it is apparent that for various
reasons the scheme is not converging to a value for
axial step size.

If the former is the case the last values of
axial and radial velocities, pressure and temperatures
are assumed good. If this was the first attempt at
the very first step down the tube return to step (4),
take a better approximation, and run through steps
(5) through (14) again, otherwise return to step (5)
and go through steps (5) through (14) for the next
step down the tube. Continue until the desired number
of steps down the tube have been completed, then go to
step (15).

If the scheme is not converging go to step (15).

(15) Print out a summary of all relevant data and results foxz

this particular run. End of program.
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Condensation of a Vapor from a Vapor and a
Noncondensable Gas Mixture

The format for this program is basically that of the previous
program. The following steps fit into the previous program in the
marked places.

(6) The boundary conditions in step (6) are changed to zero
shear and zero radial velocity at the center, and continuity of shear,
normal mass flux of the condensable vapor, and the axial velocity at
the gas-liquid interface. Zero axial velocity is used at the wall.

The densities in the variable density gas continuity equation are cal-
culated usipg the latest values of concentration.

(8a) (Follows step (8) and comes before step (9)) Components
of the matrix describing the equation of diffusion of the noncondensable
gas are calculated using the known values of concentration from the pre-
vious step, the latest values of velocity, and the boundary conditions
of zero normal mass flux of this component at the gas-liquid interface
and zero concentration gradient at the center.

(8o) The concentration matrix is solved by Gauss elimination and
back substitution. A concentration profile in the gas is found for
this step down the tube. If the computer gives negative values of con-
centration at the interface, go to step (2) and use a different starting
position to start the program. This will often eliminate the problem,

(8¢) 1If this is the first attempt at the very first step down
the tube, go to step (3) and run through steps (3) to (8c) once using
the latest values of concentration.

If this is the second attempt at the very first step down the
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tube, return to step (4) and do the steps (4) to (8c) once using the
latest values of concentration.

For all other steps down the tube return to step (5) and go
through steps (5) to (8c) once using the latest values of concentration.

(8d) The temperature of the gas-liquid interface is determined
from the concentration of the condensable component at the interface
and the condition of equilibrium at the interface.

(8e) Components of the matrix describing the equation of energy
in the gas are calculated using the known temperatures of the previous
step down the tube, known velocities of this step down the tube from
steps (7) and (8), and the boundary conditions. The boundary conditions
used are those of zero temperature gradient at the center and known
interface temperature.

.(8f) The energy matrix is solved by Gauss elimination and back
substitution. The temperature profile in the gas is found for this
step down the tube. Now proceed to step (9).

All other steps are the same as in the previous program. In the
D section of (14) if the heat crossing the interface matches the mass
crossing the interface then the latest values of concentration as well

as the latest values of velocity, etc., are assumed good.

Condensation of a Binary Vapor Mixture

The format for this program is basically that of the program
for condensation of a vapor from a vapor and noncondensable gas mixture.
The following steps fit into that program in the marked places.

(6) The boundary conditions in step (6) are changed to zero
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shear and zerc radial velocity at the center, and continuity of shear,
normal mass flux of both vapors, and the axial velocity at the gas-
liguid interface. Zero axial velocity is used at the wall.

(8a) The boundary conditions in step (8a) are changed to zero
concentration gradient at the center and a trial value of vapor concen-
tration at the gas-liquid interface,

(8b1l) (Follows (8b) and comes before (8c).) The trial concen-
trations of the two components in the gas at the gas-liquid interface
are used to find trial values of the liquid concentrations and the
interface temperature using the condition of equilibrium at the inter-
face.

(8v2) If this is the first step into the tube, then concentration
in the liquid is assumed to be independent of radial position. What
the liquid concentration should be according to Colburn and Drew (26)
is calculated and the difference between this concentration and that
found in step (8bl) is taken., This difference is made to go to zero
by using Newtcen's method and by changing the trial value of vapor con-
centration. When the difference is less than five hundredths of a
percent of one of the concentrations, then skip to step (8c).

If this is not the first step into the tube, then components of
the matrix describing the equation of diffusion of one of the components
in the liquid are calculated using the known values of concentration
from the previous step, the latest values of velocity, and the boundary
conditions of a trial concentration in the liquid at the gas-ligquid

interface and no radial mass flux of either component at the wall.
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Continue to step (8b3).

(8b3) The matrix above is solved by Gauss elimination and back
substitution (42). Values of liquid concentration for this step down
the tube are given.

(8bLk) The normal mass flux of one of the components across the
gas-liquid interface is calculated two ways. First, it is calculated
in the gas using values of vapor concentrations and velocities, then
it is calculated in the liquid using values of liquid concentrations
and velocities. These two results are compared and a difference taken.

(8b5) It is desired to make the above difference negligible.
This is accomplished by the following steps:

(A) A new trial value of vapor concentration at the
interface is chosen,

. (B) sSteps (8a) through (8bLk) are repeated.

(C) A new trial value of axial step size is estimated
using the latest two values of the difference found
in step (Bbk) and Newton's method (42) to predict
what value of interface vapor concentration will make
the difference go to zero.

(D) Steps (B) and (C) are repeated until the difference
is five hundredths of one percent of the mass flow
into the liquid as found in step (8bLk). When this
oceurs go to step (8c).

The other steps in the binary vapor program are the same as the

noncondensable gas program with one minor exception: delete step (8d)
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as the value of interface temperature has been determined already in

step (8bl).
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APPENDIX C
COMPUTER PROGRAMS

The calculations were made on a Burroughs B-5500 Information
Processing System operated by the Rich Electronic Computer Center at
the Georgia Institute of Technology. The programming language was
Extended Algol 60 described by Naur (49), McCracken (50), and the
Burroughs Corporation (51).

Complete computer programs for the three cases of condensation
considered and a general computer program nomenclature of the more
important terms are included below. The positions covered in the

outlines in Appendix B are marked in each program.

Computer Program Nomenclature

AA = Factor used in setting CQGAL ] = Trial interface
radial positions gas concentra-
tion
AZ = Van Laar Constant
D « Df
cl ] = Wy, ., .o0rWe. . .
J*+l,i JrLat DABG = D orbl
CAQG = Van Laar prediction g g
! i’
of (”aj+1,q)g DABL = Dab£ or Dac£
cle = (Wcj+l,q)g DELTA[ ] = 28'/D’
- J"_ !
col ] = Wb;,i or wcj,i i DT = To TW
DT w G i
CQG = (Wp. r dp w
Q (Wos,1 q)g © 5 p
DT, = é -7
We. W
( CJ""l,q)g P
pz[ ] = Byt




Bl ]
EKG
EKL
FKREL

ENTC

F[ ]

FRE[ ]
cl,]

GRAV

HL ]

HFLUX

HFG

HLOC

HLOCL

HLOC5

HLOC6

HM5

]

I}

A.
i

—i4 2 ! m/ :
(u’) /cPg (T-T)
'—;2 7 ¥ /
(u’) /qu (T,-T.)
2/Ek jRe ,
Entering concentration

of a or b, weight
fraction

F,
i

Fr

T

he

Heat transferred across
interface
}l!

HIOCA = h/

loc?
Equation (A-127)

- hloc’

Equation (I-9)

/
hloc based on DTS

h!  based on DT6
loc

HMA = hé, Equation
(A-129)

HMIA = hé, Equation
(I-10)

hé based on DT5

M6

HPHI[ ]

JT-1

k{ 7,nl ]

LIM

MASSTR

MEQLH

MUG

MWA

NBL

NTG

orl ]

]

]

I
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hé based on DT6
' !

hm/@

hw

Number of extra
grid points at
first step

Factors used in
setting radial
positions

Number of times
first step
repeated

Mass Transferred
across interface

Mass equivalent to
heat transferred
across interface

Molecular weight
of compound a

Molecular weight
of compound b

n
Mass flux of b

from the gas
phase

Mass flux of b into

the liquid phase

Total mass flux
across the inter-
face

T. .
dsl




P[]
PHI
PRG
PRL

PRREL

R[ ]
RADIUS

REG

REL
REPRG
REPRL
ROG
ROL
RONL ]
roo[ ]
SCREG
SCREL
SPHIG
SPHTT.
T[ ]

Tl

&
éf
! ! i/
W C /k
¢ o
v k
4 P, £
Przﬂez
q
R,
i
r."

b ! !
u" D for pure
Py /b P
vapor condensation

iy oy A /
JERE D /ug for other
cases
0y T D" /g
Pr Re
g B8

Prl Rez

Tj+l,i
Boiling temperature of
compound a

T2

TAUV[ ]

- ICG

TS

ul ]
UBAR
vol ]
vl ]
vol ]

VPl

VP2

wl ]
x[ ]
X0
AR
ZI

1}

1

I

LI}

I
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Boiling temperature
of compound b or ¢

Vj+l,i

J,i
Vapor pressure of
compound a

Vapor pressure of
compound b or c

(Vopo )

Jj+l,a'g

Trial starting
position




CONDENSATION OF A PURE VAPOR

BEGIN REAL RADIUSsDsREG,RELsROG,ROLsMUGSMUL,UBAR»TSsTW,TCsDT»ZLsGRAVSHFG
5 SPHTLsTERMs X0sAA>PRLIEKL>PRG2EKG2RENSHE s HW» SUM» OLDSUM, MASSTRoHFLUX, OLDH
FLUXsAVEHFLUXsMEQLH» ZSTAR»SLOPEsTAGsHLOC,AVEHLOC>OLDHLOC,HTRW> HSUM»OLDHS
UMsHMsVZGoVRG#ZI>0HQsHZsHXsHY s HVs HUsHT s RET>RESs WG SUMT»TOTT»EKREL 2 PRREL »
HSsDTA»DTB,DTDZ1sDTDZ2sLMTsNU1»NU2,NU3sNUsTCGs SPHTGsPHIFRsFRTsPTsPTFRT,
MMMsMM2, OMEQLH,OMASSTRs0Z»SLOPEB» SLOPEAsMMs TERM2s TERM35 TAU,0OLDX0sPCDIF X
25X3sHLOC1»HLOC2sHM1 s HM2, HM3» IM» TOTAL» TOTAL1,MTR3 INTEGER BsI2AsN2Q2Y5S558S
S5S5S2JsRTsBBsLIM>JJUsBBBsBTTsBT»JTIREAL ARRAY Z,PL0t801sMsL,K[13101,0T,V
WsCOsCaVrToUsR,UD»ZDsVO[022003sXDZ,0L0DZ5s0IF»DZ01220156L02200»,0:2015,2ZS5»H
MAs>HM1A,HM2As HM3AsHLOCA,HLOC1AsHLOC2AsRWLZsFREsNUASNULASHNFPHs HMH» HMNUC s
HLOCNUC, TOT,HNPHI sHRPHI ;DELTAsNU2A,NU3A,HPHI ,TAUVL 08803, W,sF,XsE,HI=18220
13FILE ODUT FL 6(2s15)3FILE IN DAC2,10)3LABEL FLUSHsGOD;LIST LSST(ZS(BI1,Z
[BIXRADIUS»FRE[BIsHPHILBI/HNFPHIBI,HNFPH{BI1,HPHI(BI»UBARXURAR/(GRAVXZIR]
xRADIUS))3FORMAT OUT FRM(™RATIOS BELOW ARE BASED ON FILM RE NOT DISTANCE
"5//5X55LSTAR" 2 X105%Z IN FT"oX7o"FILM RE™» X85 "HM/HMNF "5 X8, "HMNF /PHI"» X7

s"HM/PHI®e X6s"LENGTH FR NUo",//)3LTST LISCROGsROL MUGSsMULsHFGsSPHTL»TC,T

100
200
300
400
500
600
700
800
900
1000
1100
1200
1300
1400
1500

1600

QLT



SsTWsRADIUS,UBARSLL11KI11aLT215KI2)oLE3)sKE31,LTI4]sKI4),AA»JT»BTosLIMs2Z1
J2FORMAT OUT FMTOCRUDL™»I3,") = "sp10 o72X10,"y0L"sI32"] = 5512 ,102X10
s"ID = weE16 o7»/)FLIST LST9(BsUOIRI»B»VOIBIsZDIBI/RADIUS);FORMAT DUT FM
FCTUBAR = ",E16 o7s" FT/SEC"»/,"VISCOSITY GAS = "9*39E16 oTs™ LBM/FTXSEC
",/»o"VISCOSITY LIQUID = MsE16 oTs™ LBM/FTXSEC "o//»"DENSITY GAS = "oF16
ofs™ LBM/FTxFTxFT",/»"DENSITY LIQUID = "sF16 7»" LBM/FTXFTxFT"»//s"THE
RMAL CONDUCTIVITY GAS = "»X3,E16 «T7»"BTU/SECXFTXF",/,"THERMAL CONDUCTIVI
TY LIQUID = "sE16 o7»"BTU/SECXFTXFn",//»"HEAT CAPACITY GAS = ":X3+F16 7>
" BTU/LBMXF",/,"HEAT CAPACITY LIQUID = ":F16 .7»" BTU/LBMXF"s//»"HFGs EN
THALPYs CHANGE OF PHASE = ",F16 «7y" BTU/LBM"»//»"TEMPERATURE DIFFERENCE
= ";F16 o7»"™ DEG F "»//»"DIAMETER OF VERTICAL PIPE = ",F16 «9," FT OR"
3F16 095% INCHES®./)3LIST LSTF(UBAR»MUGsMUL>ROGsROLsTCG»TC»SPHTGsSPHTLsH
FGsDTsD»sDx12)FORMAT OUT FMG(X7»"Z"sX11,"ZSTAR">X8s"DELTA R/R"» XBs"HN/PH
I®s X9s"HR/PHI™s X11o"NU", X12,"NUNY5//)3FORMAT DUT FMHC(7CEL4 .5sx1)s/7)3L1S
T LSTH(Z[B1»,ZS[Bl>sDELTALBIsHNPHIIBI»HRPHITIBIsNUALBI,NULALB])3FORMAT 0UT
FMTIC"ROG/ROL = "2E14 5sX10,"MUG/MUL = "»E14 ,5,X10,"TCG/TCL = "sE14 .5
s/s"CPG/CPL = "sE14 5,X10,"REG/REL = "sE14 S,»X10,"REG/FR = ",E14 .5,/
/s"CPLXDT/HFG = "sE14 o5,//)3LIST L STICROG/ROL,MUG/MUL,TCG/TC»SPHTG/SPHT

LsREG/RELSREG/FR,SPHTLXDT/HFGIJFORMAT OUT FMB(X7>"Z"sX165s"ZSTAR">X145"F1

1700
1800
1900
2000
2100
2200
2300
2400
2500
2600
2700
2800
2900
3000
3100
3200
3300
3400

3500

6LT




LM RETsX15,"H/PHIM»X155"TAUST"»X12,"RoWol» ZST"»//)3FORMAT QUT FMCC(6CELS
03»X6)5/)5LIST LSTCCZIBI»ZSIBI»FRELIBISHPHIIBI,TAUVIBI,RWLZLB1)SFORMAT O

UT FML(X62"ZSTAR»>X8s"ZSTAR/REG"s X7 s "HM/HMN® 5 X9, "HM/HMR™, X85 "HM/HMNUC™, X
65"HLUC/HLOCN", X45"HLOC/HLOCNUC"sX5»"FILM RE™»//)3LIST LSTXCZSCBI»ZS[B1/
REG»HMA[BI/HM1ALBI»HMALBI/HM2ALBl»HMALBI/HMNUCEBI»HLOCALIBI/HLOC1ALBI»HLD
CA(BI/HLOCNUCIBI,FRELBI)IFORMAT OUT FMY(X4-"Z IN FT"sX9,"ZSTARM",X7»"SCRI
PT P"sX8s"™P = GRAVT™,X6s"Ps BF/INXIN"sX4s"TAUST/REG"sX4,"LB/SEC IN TUBE",
//7)3L1IST LSTW(ZIBIXRADIUS»ZS[B1»P[B1sPIBI=Z[BIXFRT»P[BIXUBARXUBARXROG/ (1
U4XGRAV)+14,696,TAUVIBI/REG>TOTIB])YILIST LSTC(REGsREL»PRLsEKLsFR)3FORMAT
OUT FMT("REG = "sF10 o3,X5s"REL = "sF12 ,3,X5,"PRL = ",F10 .5»X5»"EKL =
"SE14 «S5sX5,"FR = ",E14 <5,//)3FORMAT OUT FMDAC"™HEAT TRANSFER COEF. BELD
W ARE IN BTU/HRXFTXFTXFo"s////)3FORMAT QUT FMOCX7s"Z"sX11s"ZSTARYsX115"
HM™5 X135 "HLOC"» X115 "HMN™ s X115 "HLOCN™ > X115 "HMR"» X112 "HMH"»//) 3 FORMAT OUT
FME(BCELL o5sX1)»/)3LIST LSTE(ZL[BI,ZSIBIsHMALBI»HLOCALBIsHM1ALBIsHLOCTAT
B1»HM2A[BI,HMH[B1)FORMAT OyT FMT1("MASS TRANSFERRED = ";E16 o7,X2»"LBS/
SECo"»X55"MASS EQUIVALENT TO HEAT = "sElg o7sX2s"LBS/SECo"»/s"DIF[",12,"
1] = "sE16 +75X5,"TOUTAL MASS TRANSFERRED = ",E16 o7s/»"P["s1I2,"] = ",FE16
«72X10,"Z("5J2,™] = "sE16 o75X5s"ZSTAR = "yp16 oT2////7)3LIST LST1(MASSTR

sMEQLH» Yo DIFCY1»SUMs 1P TIJoIsZL13>2STAR)SIFORMAT OUT FMT2(X1,"B"»X11,"R",

3600
3700

3800
3900
4000
4100
4200
4300
4400
4500
4600
4700
4800
4900
5000
5100
5200
5300

5400
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X19,"UMS X199,V X190, "VNM s X195 T"sX19,"C", //)3FORMAT OUT FMT3(I3,X75F10 ,
BsS5(X4sF16 ,10)»/)5L1IST LST3(FOR JeOSTEP 3UNTIL Q=3,Q=2STEP 1UNTIL N+iDO
[JsRIJIPULJISVEJIsVHWELI,TIJILCEJITIFFORMAT DUT FMTA4C™HLOC = "»E16 +7X5,"
HM = PrE16 (7sX10»"INTERFACE POSITION = "sF10 ,82X5,"Q = ",135/)3LIST LS
T4(HLOC»HMsRLQ)»Q)IJFORMAT QUT FMTS5("PROCESS TIME = %"sF10 o4s//)3F0ORMAT D
UT FMT6C"IN/OUT TIME = "sF10 o4»//)3FORMAT OUT FMA("HM FOR VERTICAL TUBE
Ss BSL 13¢6=84 = "pE16 7s/)3X2¢TIMEC2)3X3¢TIME(3)}

(1)

TAGe¢7«03READCDA»/5LIS)H

3CLOSECDA»RELEASE)}

(2)

| BBB«03GND 8RB
B¢BBB+13D¢*2xRADIUSIREG¢ROGXDXUBAR/MUGZREL¢ROL_XDXUBAR/MU 3IMe(3,14159265)
x(RADIUS*2)xROGXUBARFRI0I¢0,05Z[11eZIXREGX23PL0l¢Z[0]¢0.03FOR B&¢QSTEP 1U
NTIL 20000 BEGIN UD[BJ+1.0)VD£B]¢0;030T[BI+1.03T[B]#1,0iEND}DTﬁTS'TNIZLﬁ
Z[11xD/23GRAV€32. 1743 TERMe4xTCxDTXMUL/(GRAVXROLXC(ROL=ROGIXHFGX(1+3xSPHTL
xDT/(HFGx8)))3FReUBARXUBAR/(GRAVXD)JFRTe1/(2xFR)IPRL¢MULXSPHTL/TCIEKL«UB
ARXUBAR/(CSPHTLX(TS=TW))3SUMT¢ROLX(3.14159265)x(RADIUS*2)xUBAR/23TOTT¢ROG

x(3,14159265)x(RADIUS*2)XUBAR/2IEKREL*2/(EKLXREL)SPRRELePRLXRELSPHI«TCx(

5500
5600
5700
5800
5900
6000

6100

6200
6300
6400
6500
6600
6700
6600
6900

T8T




(ROLXROLXGRAV/C(MULXMUL))I*0,33333)3JJ¢03RT¢031¢03FO0R BBe«1STEP 1UNTIL BT D
0D BEGIN REAL QQQ@QQ@3LABEL HELL»SLEEP}I€I+13IF RT<LIM THEN Iet}
€3) AND (4)
IF RT=0THEN
X0¢*SQRT(SART(TERMXZ)) S IF RT<LIM AND RT>OTHEN BEGIN
TERM2¢4xTAU/(3x(ROL=ROGIXGRAV)IFOR A€1STEP {UNTIL 2000 BEGIN OLDXO0eX031
F TERMXZL+TERM2X(XO*3)SOTHEN X0€X0/2.0ELSE X0¢SQRT(SQRT(TERMXZL+TERM2xX(X
0%3)))3PCOIFe(X0=0LDX0)X100/X03ENDSEND3 JeJTIIF I=L1THEN BEGIN IF 1=4xAAxX
0/(RADIUSXJIS2xK[1ITHEN GO TO FLUSHIIF L[4121=4%AAXX0/(RADIUSXJITHEN BEG
IN FOR BeISTEP I1UNTIL 39600 IF LL4121=4xAAXX0/(RADIUSXJITHEN LI4JeLL&1=K
[41ELSE B*3973END3IF L{312LI4ITHEN BEGIN FOR B«1STEP 1UNTIL 80p0 IF L[3]
2LI41THEN LI3)elLU31=KI31ELSE BeB813K[4JeL[41=LI3IJENDIIF LI212LL3ITHEN BE
GIN FUR B¢{STEP 1UNTIL 80D0 IF L{2)12LL3ITHEN L{2]¢L[2)=K[2]ELSE B¢813K[3
1¢L{31=LL2]3END3IF LC112LI2)THEN BEGIN FOR B¢1STEP 1UNTIL 8000 IF LC132L
[21THEN LL171€LC11=K[1JELSE B¢81;K[21€Ll2]1=LL1I3ENDSLLISI¢1=4xAAXX0/C(RADIU
SXJ)SKIS51eL[{SI=LL4]3LI6]e1=AAXX0/(RADIUSXJ)IIK[61€2XX0/CRADIUSXJIILLT e,
0013KI71¢X0/(RADIUSXJ)3A€13FOR B¢1STEP {UNTIL 20000 BEGIN IF R[B=11>(0.9
999)xLIAITHEN BEGIN RIBJ€R{B=11+K[A+1]3M[AJe¢B=13A*A+13END ELSE R(Bl¢RI[B~

1I+KLAJIIF RIB1>0.999999THEN BEGIN Ne¢B=13U[BJ¢UO(B1¢0.03G0 TO SLEEPZEND}

7000

7100
7200
7300
7400

7500

7600

7700
7800
7900
8000
8100
8200
8300
8400
8500

8600
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ENDJSLEEPIENDSIF I=J THEN OHQ€(OTLQ+11=0TC(Q1)/CRIQ+11=RIQIISIF I=J THEN
BEGIN A€(l+N=M[61)/23F0R B«0OSTEP 1yNTIL A DO BEGIN RIM[61+BI«RIMI6]+2x%B]
JUOCML614B1eU0[MI6]14+2%BISVOIML61+BI¢VOIM[6142%xB130TIMI6I+BI0TIMI6]14+2%8)
JENDSULMLIG6]I+Ale0.03NeMIGT+(N=ML61=1)/230J¢J/24(1=2)/23ENDIQeN=T=J+24JJ}1
F I#J THEN OHQe(OTLQ+21=0T[Q+1))/C(RIQ+21=R{Q+11)3IF RT=0THEN BEGIN FOR B
«Q+1STEP 1UNTIL N DO BEGIN UCLBI«GRAVX(ROL=ROG)IX(((1=RLBIIXRADIUS)I*2)/ (2
xMULXUBAR)ZDIBI«(((1=RIBIIXRADIUS)*4)/TERM3VOLBI«(GRAVX(ROL=ROGIx(((L=R
[BI)XRADIUS)I*2)/(4XMUL))IX(SQRTCSQRTC(TERM/(ZD[B1*3))))/UBARSWRITECFL,FMT9
sLSTQ)JIENDSENDSIF RT<LIM AND RT>OTHEN BEGIN TERM3¢ROLXTAUXHFGX({+3XSPHTL
XDT/C(HFGX8))/(3XMULXTCXDT)I3FOR Be¢Q+1STEP 1UNTIL N DO BEGIN UOLBJI¢GRAVX(R
OL=ROGIX(((1=R[{BIIXRADIUSI*2)/(2XMULXUBAR)=TAUx(1=R[BI1)XRADIUS/(MULXUBAR
Y3Z0[Ble((C1=RIBIIXRADIUSI*4) /TERM=((C1=RIBIIXRADIUSI*3)IXTERM3SVOLBI¢TCx
DT/CROLX(1=RIB]IXRADIUSXHFGX(1+3XSPHTLXDT/ (HFGx8))XUBAR)SWRITE(FLoFMTO,L
ST9)IENDIENDS
(5)

YeO3IF I=1THEN Z[O1¢ZIXREGX2JIF RT>O0AND RT<LIM THEN Z[OJl€(1
22)%ZD[Q+11/RADIUSIMM€2 ,53IF I=2THEN MMe0,043IF I=3THEN MMe¢0,053IF I=4TH
EN MM€0,1031F 1=10R I=2THEN MMMe(14+MM/J)ELSE MMMeZ[I=11/Z[1=2]3FOR Z[I1le

MMMxZTI=11,MM2xZ(1=1100 BEGIN

8700
8800
8900
9000
9100
9200
2300
2400
9500
9600
9700
9800
9900

10000

10100
10200
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e —————

(6)
HELL1Y¢Y+13IF I=1THEN Z[0Je€0.030Z[Y1¢Z[I]~

ZUI=113ZSTAR€ZI11/(2%XREG)?HE¢RI1]=RI0IJH[O01¢B/(REGXHEXHE)+UDL01/DZL Y15 XC
11¢=8/(REGXHEXHE) WG¢1/DZIY];FOR Be¢OSTEP 1UNTIL Q@ DO BEGIN WIBJIe¢WGSF[BJe
(UOCBI*2+P[I=11)/DZLYI+FRTFEND}WG¢¢ROG/ROL) /DZrYIIPT¢ROGXP[I~11/CROLXDZC
YI1)SPTFRT¢PT+FRT3FOR B¢Q+1STEP JUNTIL N DO BEGIN IF I=i{THEN XDZ{YleZ[I)=
ZDIBI/RADIUSSIF I>ITHEN XDZLYJe¢DZIYI3WIBI¢WGIFLBI¢(UOQLBI*2)/XDZLYI+PTFRT
JENDIW[Q)¢F(Ql¢0,05FOR BeOSTEP {UNTIL N DO FOR JeOSTEP 1UNTIL 1200 G{B,J
1€0,03F0R JeN+1STEP {UNTIL N+1300 BEGIN WIJIeF[JIeX[JI€0,0;ENDSEINI€0.0}
GLO,0)¢RL11/¢4xDZLY]1)36GL1501¢3xRI17/C4XDZIY])S0L00ZIY1€DZLY13S5¢SS¢03REN«
REGIHE¢R[11=RIQ13HZ¢2/(REGXHEXHE)3HX¢1/(REGXHEXRIBI)SHY¢1/(2XHE)SA+13FOR
Be¢1STEP 1UNTIL N=1p0 BEGIN REAL QQQ@3LABEL GIRL»SCHOOLIF B=Q THEN RENeR
ELSIF I=1AND B2Q THEN DZCY1¢Z[I11=ZD(B1/RADIUS3IF B=Q OR B=M[AITHEN BEGIN
HE¢R{B+1)J=RIB)IHN¢RIBI=RIB=113A¢A+13HVEHWX(HH+HE ) SHUSHEXCHW+HE ) SHT€(HW=
HE) /(HWXHE)JRET¢4/RENIRES¢2/(RENXREBI)JEL[B=1]e¢=VO[BIXHE=RET+HEXRES) /HV}
H{Bl¢UO[BI/DZLY1=VO[BIXHT+RET/C(HWXHE)+RESXHTIX[B+11¢(VO[BIxHN=RET=RESXHHW
Y/HUSHZ€2/(RENXHEXHE)3HY€1/(2XHE)3HX¢1/(RENXHE)YSEND ELSE BEGIN HS¢VDIBIx
HY*HX/R{BIJE[B=11¢=HS="HZ3HIBI*UOLB1/DZLYI*2XHZ; X[B+11¢HS=HZSENDIF QSML6

ITHEN M[6)¢03IF B>1THEN BEGIN FOR J€1STEP I1UNTIL TAG DO IF B=M[{JITHEN BE

10300
10400
10500
10600
10700
10800
10900
11000
11100
11200
11300
11400
11500
11600
11700
11800
11900

12000
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GIN S¢S+15G0 TO GIRLJEND3IF B=Q THEN BEGIN §S¢13G0 TO GIRLJEND3IIF B=Q@+1rT
HEN BEGIN SS¢23G0 TO GIRLJENDIGL[B»SS+SI¢RIBI/DZLYISFIN+S+1+SSIeFIN+S+1+8
SI+RIBIxUOLB1/DZIY1}GO TO SCHOOLJGIRL:GIB2S=1+SSI*RIBI/(2xDZLY1)’GI[B»S5+S
S1€¢G(BsS=1+SSISFIN+S+SSI€RIBIXUDIBI/(2XDZLIY1)+FIN+*S+SSIIFIN+S+1+4S551¢R[B]
xUDCBJI/(2%XDZLY1)3IF S=1THEN FIN+S)e¢FIN+SI+UOC1I%3%XRL11/C4xDZLY1)+UOL0IXR
[11/C4%XDZIYI)IHIN+S+S5S1¢RIBI/(RIB)I=RIB=11)}EIN+S+5S]1¢~R[(B1/(R[B+11=R[B])
3IF SS=1THEN BEGIN IF I=1THEN DZ{Y]€Z(T1=-ZD[Q+11/RADIUSIFIN+S+55+11¢0,0;
ELN+S+8S]1¢=(R(QI/HE)XROG/ROL3GIB»S+SS)e¢=(RIQI/HEIX(RDG/ROL=1)x(HE/DZLY1)
JENDJIF SS=2THEN BEGIN FIN+S+SS1¢RrQ+11IxyOlQ+11/0ZL[Y13G(B»S+SS=11¢RI[Q+1)
/DZLYISHIN+S+SS1¢R[Q+1]1/HESENDI SCHOOLSENDJENDSIF I={THEN DZ[YleZ[I1=ZD[N
1/RADIUSSELN=11¢=VOINIXHE/ (CHNX(HNSHE} 2 =4/ (RENXHWX(HE+HW) )+2xHE/(RENXRIN)
XHWXCHW+HE) )3 HINI®UDIN]/DZLY]=VOINIXCHW=HE) /(HWXHE)+4 /(RENXHWXHE ) 4+2x(Hy=
HE) /(RENXRNIXHWXHE)?E[(Q=1]¢=MUG/(R[QI=R[Q=11)3H[QI«MUG/(RIQI=RrQ=11)+MU
L/CRIQ+11=RIQII3XLQ+1)e=MUL/(RLQ+11=RIQ1I)IFGINsS+SSI¢RINI/DZLYISFIN+S+14+S
SIFIN+S+1+SSI+RINIXUOLBI/DZLY]S
(7)

DZpY1eOLDDZrY13S¢035585«03F0R Be¢OSTEP 1UN
TIL N=1DO BEGIN FIBle¢F{BI/HIBI3WI(BI¢WIBI1/HIBI;X[B+11¢X[B+11/HIBIJF[B+1]¢
FIB+11=F[BIXE[BIWIB+1]¢WlB+11=WIBIXE[B)3HIB+1 1¢HIB+11=X[B+11XEIBIJIF AB

e
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SCG[B»S+11)>0THEN BEGIN S¢S5+175SS¢SSS+13ENDSFOR J¢O0STEP 1UNTIL SSS pO BE
GIN FIN#1+J]€FIN+1+JI=F[BIXGIBsJIIWIN+1+JI¢WIN+1+J]I=WIBIXG[BsJI3GIB+15J]
€GIB+15J1°X[B+1 IXGIB,JIJENDIENDSFINI€FINI/HINIIWINIeNIN]I/HINISFOR S€O0STE
P 1UNTIL SSS DO BEGIN FLN+1+SJeFIN41+S]I=FINIXGINsSI3WIN+1+SIeWIN+1+SI=NWT
NIXGEN»SIPENDIFOR BeN+1STEP 1UNTIL SSS+N 00 BEGIN FIBleF(BI1/HIBIINLBI¢NWT
BI/HIBISFLIB+1]¢FIB+11=FIBIXE(BIIWIB+1]e¢W[B+1]=WIBIXELBIJEND;PIII€FIN+1+g
SSI/WIN+1+SSSIJUINI€FINI=WINIXP[II3FOR BeN={STEP=1UNTIL ODD U[LBI¢F[BI=W[
BIXPLI1=X(B+11xU[B+113VZGeU[QI}
(8)

DZ(yleZ[I1°Z[1=11}HE€RI1I=RIO0OISVI1Ie=HEX(
UC1J+UL01=U0[11=UDLO1)/(4XDZ[YI);FOR Be2STEP fUNTIL N+1D0 BEGIN REAL XXX
3IF BsSQ@ THEN VIB1¢(VIB=1]1xRI(B=~1)/(RI[B]I=R[B=11)=(RIB=1]Ix(ULB=11~UO[B=1])+
R{BIx(ULBI=UOLB1))/(2%xDZLY1))x(RIB1=R(B=11)/RIBIZIF B=Q+1THEN BEGIN XDzt
YI¢DZLYI3IF I={THEN DZ[Y)¢Z(1l=ZDIBI/RADIUSIVRGeVIQIIV[QleULQIXx(ROG/ROL=
13x(RIQ+11I=R[Q1)/DZLYI+VIQIXROG/ROLIVIQ+1I¢(RIQ+1IxUQLQ+1]/0ZLY]I=UL[Q+1]1x
R{Q+11/DZLY)+VIQIXRIQ1/(RIQ+1)=R[Q1IIX(RLA+1]J=RIQII/RLQ+1IJENDIIF B>Q+1T
HEN BEGIN XDZLY1eDZ[YIJIF I=1THEN DZLY]eZ(I1=ZDI[BI/RADIUS3VI(Ble(VIB=11xR
(8=11/(R[BI=R(B=11)~R[B=11x(U[(B=1]=U0CB=112/(2xXDZCY])=R{BIx(UrBI=UOLB])

/(2%DZIY1)IX(RIBI™R(B=1])/RIBIZENDIEND;

13800
13900

14000
14100
14200
14300

14400

14500
14600
14700
14800
14900
15000
15100
15200
15300

98T



(9)
DZLY1¢0LDDZIY1?HE€R[Q+21=RIQ+113H

WeR[Q+1 J=RLQISOTIN+11€0,03TIN+11¢0,03IF I=1THEN DZ[Y1¢Z[I1=Z0O[Q+11/RADIU
SIHIQ+1le=v[Q+1 I%CHW=HE) /(HWXHE)+U[Q+11/DZLY]1+2%X(HW=HE) /(PRLXRELXHWXHExXR
[0+11)+4/(RELXPRLXHEXHW)IX[Q+21€VIQ+1 IXHW/CHEXCHW+HE) J=2xHW/(RELXPRLXR @
+1IXHEX(HW+HE) ) =4/ (RELXPRLXHEX(HW+HE)IJF(Q+11¢ULQ+11x0TLQ+11/DZLYI+(2/(R
ELXEKL) IXCCHWXULQ+2 ) /CHEXCHNHHE) )=CHW=HE)XULQ+1 J/(HWXHE)=HEXULQ1/(HWX(HW
+HE) ) *2)=(=V[Q+1 IXHE/(HWX(HW+HE) ) +2XHE/(RELXPRLXR[Q+1 IXHWX(HW+HE} ) =4/ (R
ELXPRLXHWX(HW+HEJ)))3FOR B¢Q+2STEP {UNTIL N DO BEGIN IF I={THEN DZLYl¢Z[1}
1=ZD[BI/RADIUSIHIBl«UIB]/DZLYI+4/(PRRELXHWXHE)} X[B+11€¢V[BIxHY=1/(PRRELXR
[BIXHE)=4/(PRRELXHU)SE[B=1]¢=VIBIXHY+1/(PRRELXRIBIXHE)=4/(PRRELxHV);3FI[B]
«UCBIXOT[(BI/DZIYI+EKRELX(CU[B+1)IXHY=ULB=11XHY)*«2)JEND?
(10)
FOR B¢Q+1STEP 1UNT
IL N=1D0 BEGIN FIBleF[BI/HIBI3IX[B+1)eX[B+1]1/HIBI3F{B+11¢F(B+11=FI[BIxE(B]
SHIB+1]eHIB+11=XIB+1IXE[LBIJENDSTINI€FIN]I/HINISFOR BeN=1STEP=1UNTIL Q+1D0
TIBI¢F[BI=X[B+11xT(B+113DZLY]l«0LODZLY]}
(11)
IF 1=1THEN OLDOSUM«0,03SUM«0,03F0
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R B¢N STEP={UNTIL Q@ DO SUMeSUM+SUMTX(R[B+11%2=R[BI%2)x(ULB+11+ULBJ)3MASS
TReSUM=0LDSUM)

(12)

IF I={THEN BEGIN HFLUX€(=TCIXDTX(3.14159265)%((REN+1I*2=RT
NI*2)X(RADIUS*2)X(T(NI=OTINI)/CCZLTI=ZDINJ/RADIUS+DZIYIIXRADIUS/2)+(ZDN
1/RADIUS)X(RADIUS*2)x(RINI+RIN+1J)x(=1)/(¢(2=RIN+11=RIN])IxXRADIUS/2))}3FOR
BeN=1STEP=1UNTIL 9+1D0 HFLUX€HFLUX+(=TCI)xDTx(3,14159265)x((R[B+1)*2=R[B]
*2)X(RADIUS*2)x((TIBI=0TIB1)/(CZII1=ZDIBI/RADIUSIX2xRADIUS)+(T[B+11=0T[B
+11)/CCZ011=ZD[B+1]1/RADIUS)X2XRADIUS) I+(ZDIB1/RADIUS=ZD[B+1I/RADIUS)IX(RA
DIUS*2)X(RL[BI*RIB+11)x(=1)/((2=R[B+11=RI[BIIXRADIUS/2)I3HFLUX€HFLUX+(=TC)
xDTx(3414159265)x((RIA+11%#2=RIQI*2)x(RADIUS*2)x(TIQ+1J1=0T[Q+11)/(CZ[I1]~Z
0[Q+1]1/RADTUSIXRADIUS)+(ZL11=ZD[Q+1]/RADTUSIX(RADIUS*2)X(RLQI+R[Q+11)xeT
[Q+11=T[QI)/(CRIQ+1]1=RIQIIXRADIUS)ISENDSIF I>I1THEN HFLUX¢(3,14159265)%RA
DIUSXC=TCIXDTXC(RIQ+1I+RIQIIXDZIYIx(C(TLQ+11=T[QJ)I/(R(Q+11=R[Q1)I+0HQ)IX(1/
2)+(R{Q+1I*2=RrQI*2)X(TrQ+1)=0T[Q+11)/DZ¢Y1);MEQLH¢HFLUX/HFG3IF I=1THEN
MEQLH€MEQLH/C1+3XSPHTLXDT/(BXHFG) )}

(13)
DIFLYI¢MASSTR=MEQLH3 TAUeMUGXCULQ]I=ULQ

=11)xXUBAR/((RIQI=RIQ=11)XRADIUSI}IF Y=2THEN BEGIN SLOPEB¢(MEQLH=OMEQLH)/
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(Z[0I1=0Z)3 SLOPEA¢(MASSTR=OMASSTR) /(Z[I1=0Z)FENDSOMEQLHe¢MEQLH3OMASSTR¢MAS
STRI0ZeZI11]3
(14)

IF Y=1AND I23THEN MM2¢¢Z[IJ+DIF[11/C(SLOPEB~SLOPEA))/Z[I=1131
F Y=1AND IS2THEN MM2¢(1+(0.80)xMM/JT)?IF Y22THEN BEGIN REAL XXXXJIF Y=15
OR ABS(DIF[YI/MEQLH)<0,0005THEN BEGIN TOTAL«0.03F0OR Be¢1STEP 1UNTIL @ DO
TOTAL€TOTAL+TOTTX(R{BI*2=R[B=11%2)x(ULBI+U[B=11)3TOTALL1¢TOTAL+SUMSMTReSU
MTX(RI[Q+11%2=R[Q1I*2)x(UCQI+UDLQ+11)+TOTTx(RLQI+RIQ+11IxDZLYIXC(V[QI+yOl[Q+
11)3HLOC1«SQRT¢SAQRT((TC%4)/(TERMXZLIIXRADIUS)) )3 HM1¢(0.943)%x(SQRT(SQRT (¢
TC*4)x4/(TERMXZLIIXRADIUS)))IIHLOCETCXTINI/CCRIN+11="RINI)IXRADIUS)IZIF I=1
THEN BEGIN QLDHLOC®HLOC30LDHSUM€0-0JENDSAVEHLOC«COLDHLOC+HLOC)/23HMHLIge
SUMXHFGX(1+3xSPHTLXDT/(B8XHFG))Ix3600/((3,14159245)%XDxZII1xRADIUSXDTIZIF I
=1 THEN AVEHLOCeHMH[11/36003 HTRWEAVEHLOCX(ZLTI=Z{I=11)XRADIUSI HSUM«DOLDHSU
M+HTRWIHMe€HSUM/(ZLTIxRADIVUS)JIIF I MOD 3=1THEN BEGIN WRITECFLIPAGEI)ZWRIT
ECFLoFMAHMI )3 WRITECFLOFMTA,LST4) 3 WRITECFLAFMTLILSTI)SWRITECFL,FMT2)3 WRI
TECFL2FMT3,.ST3)JENDIFOR B«OSTEP {UNTIL N DO BEGIN UOLBJleULBI3VOI[BIleVIBI]
JEND3JFOR B«Q+1STEP IUNTIL N DO OTIBl¢T[{B]30LDHSUMéHSUM3;OLDHLOCeHLOC;0LDS
UMeSUMIRT#RT+13IF RT<LIM THEN BEGIN ZLeZ[I1xD/2,03F0R B¢OSTEP 1UNTIL 200

DO BEGIN TCB1«UO[BI«OTI(B1¢1405VO[B1¢0.0FENDIENDIHM2¢HMIXSQRTC(SQRTCC1+ (0,

18300

18400
18500
18600
18700
18800
18900
19000
19100
19200
19300
19400
19500
19600
19700
19800

19900

69T




—— e =

68)XSPHTLXDT/HFG)/(1+3XSPHTLXDT/(B8xHFG))) )3 HPHILIJ¢HM/PHISHNPHICI J€HML/P
HISHRPHILI1¢HM2/PHI;RNLZII1€4XZ{ I IxRADIUSXDTXSPHTLX( CGRAVXROLXROL /¢ MULxXM

UL))*0,33333)/(¢PRLXHFGX(1+3xXSPHTLXnT/(8xHFG))x(1=ROG/ROL))IFDELTALIlel1"=RI
QI3NUALTI¢HMXRADIUSXZIII/TCINULALIIe¢HMIXRADTUSXZIII/TCIHM2ALI)eHM2Xx3600;
HMALI 1¢HMX36003HLUCALI 1¢HLOCX36005HMIALT J¢HM1x36003HLOCIALT 1¢HLOC1X36003
ZSII)¢ZSTARIFRELTIJI€4xSUM/(MULX(3,14159265)XD)SHNFPHII el 86%XCC(FRELTI])*(=
0,333333))3TAUVLIJe~TAU/(GRAVX(RUL=ROGIx((MULXMUL/(ROLXROLXGRAV))I*0,3333
3))3TOTLI)«TOTALI3HLOCNUCLIJ«HLOCIALIIx(SQRT(SQRT(8XxHFG/(BXHFG+3XSPKHTLxXD
TI)))SIHMNUCLIJ«HMIALIIX(SQRT(SQRT(8XHFG/(BXHFG+3xSPHTLXDT)I)))IIF Y=15THE
N GO TO FLUSH Y€153BTT«I3IF ULO]I<0,0THEN GO TO FLUSH3IF ZI[I1<Z{(I=11THEN
GO TO FLUSH3IF ABS(U[L0]1)>10,0THEN GO TO FLUSHZIF(TIME(2)=X2)/60>860,0THE
N GO TO FLUSHZENDJIF Y<ISTHEN BEGIN SLOPE€C(DIFCYI=DIFLY=113y/(DZLY1=pZ[Y~
11)3DZ0Y+11e=DIFCY)/SLOPE+DZIY13ZIY1¢Z[I=11+DZrY+113G0 TO HELLJENDJEND3I
F I=1THEN Z2[01¢ZIXREGX23IF RT>pAND RT<LIM THEN ZL[0J]¢(1.2)xzDIQ@+11/RADIUS
JJEJTJENDFEND?
(15)

FLUSHIWRITECFLIPAGE]YIWRITECFLsFMTSLST)ZWRITECFLSFMF2LSTF)

JHRITECFLsFMTILLSTI)SWRITECFLIPAGE))IWRITECFL,FMG)3FOR Be{STEP {UNTIL BT

T DO WRITECFLsFMHsLSTH)3WRITECFLIPAGEI)SWRITECFLsFMB)IFOR B«1STEP 1UNTIL
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BTT OO WRITECFLsFMCoLSTCIFWRITECFLIPAGE])}WRITECFL,FMDA)SWRITECFLSFMD);
FOR B¢1STEP 1UNTIL BTT DO WRITE(FL-FMEsLSTE)3WRITE(FLLPAGE])/WRITECFLsFM
Y)3FOR Be€1STEP 1UNTIL BTT DO WRITE(FLsFMHsLSTW)3NWRITECFLIPAGEI)SWRITECFL
sFMZ)3FOR B«1STEP LUNTIL BTT DO WRITECFLoFME,LSTXIIWRITECFLIPAGEI)SWRITE
(FLsFRM)3FOR Be¢1STEP 1UNTIL BTT DO WRITECFLsFMHsLSST)3WRITECFLsFMTS,(TIM
E(2)=X2)/60)3WNRITECFL2FMTO6,(TIME(3)=X3)/60)31IF BBBS3THEN BEGIN IF(TIME(2
)=X2)/60<3000R(TIME(2)~X2)/60<600THEN BEGIN WRITECFLIPAGE1);WRITECFLIPAG

E1)3UBAR€¢2xUBAR3 GO TO GODJENDSEND ELSE BBB¢BBBSEND,
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Data Read Into the Pure Vapor Program

A typical set of data in the order it is read into the pure

vapor program is given below.

0.03731 ROG, 59.802 ROL, 0.00000843k MUG, 0.0001907 MUL, 970.3 HFG,
1.007 SPHTL, 0.0001073 TC, 212 TS, 202 TW, 0.083333 RADIUS, 25 UBAR,
0.6 L[1], 0.03 K[1], 0.75 L[2], 0.015 K[2], 0.95 L[3], 0.01 K[3],

0.995 L[4], 0.0025 K[4], 24 AA, 10 JT, 48 BT, 2 LIM, 0.00001 ZI,




CONDENSATION OF A VAPOR AND A NONCONDENSABLE GAS MIXTURE

BEGIN REAL RADIUS»DsREGsRELsROG»ROL2MUGsMUL»UBARS>TSsTH,TCoDT»ZLsGRAVSHF G
»SPHTLSTERM» X0, AA>PRLSEKL2PRGSEKGSsRENsHE s HW» SUM» OLOSUM, MASSTRsHFLUX,»0LDH
FLUXsAVEHFLUX»MEQLH»ZSTAR»SLOPE»TAGsHLOCSAVEHLOCsOLDHLOCSsHTRH>HSUM»OLDHS
UMsHMs VZGs VRG»ZIsUHQsHZ s HXs HY sHVs HUs HTsRETSRES» WGs SUMT, TOTT,EKREL»PRREL »
HS»>NU1»NU2sNU3sNU»TCGsSPHTGsPHISENTCsREPRGsREPRL>FRsFRTSPT,PTFRT2SCREGSD
ABG»CTERMsROGA,ROGB,PRESsBC»CCsDCoMWNAsMWB S TEMP , MMM, MM2 , OMEQLH»OMASSTR,02Z
»SLOPEB, SLOPEA,MMs TERM2, TERM3» TAU»OLDX0sPCDIF-X25sX3sHLOC]1sHLOC2,HMY,HM2,
HM35 IM» TOTALs TOTALL,MTR; INTEGER BsT2AsNsQ2Y55,55555S»J,RTsBB2LIMIJI,YY, R
TT5,2QZs8BB,BT,JTSREAL ARRAY Z»PL03801,M,LsK[13101,0T,VN,C0,C,V,T»U,R,V0,
ZDs»R0O0>V0O(L(Q12001sXDZ,0LDDZsDIF,D2Z013201,GL0:20050%201,RONL02200)2TML 135,
184157T10088015ZSsHMA> HM1A» HM2A, HM3A» HLOCA»HLOC1AsHLOC2A,RWLZsFREsNUASNUY
AsHNFPH» ICG2 AMB2» HMHs HMNUC» HLOCNUCs TOT s HNPHI» HRPHISDELTAs NUZA» NU3ASHPHI, T
AUVC{O0t801sABPLO150]sWsF»XsEsHI=1322013FILE OUT FL 6(2,15)3FILE IN DAC2,1
0)3LABEL FLUSHsGOODsTECH3FORMAT FTB¢"™TRY NO, ",12:X10s™ ZI = ™5E15 +65//)
3FORMAT OUT FME2("PRES = "»F10 o5»X10s"TEMP = ",F10 o84,/)3LIST LST62(PRE

SsTEMP)ILIST LSST(ZS[BI,ZIBIXRADIUS»FREIBI»HPHILBI/HNFPHIB1,HNFPHIB1,HPH
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P

I{Bl,»UBARXUBAR/(GRAVXZ[BIXRADIUS))3FORMAT OUT FRM("RATIOS BELOW ARE BASE
D ON FILM RE NOT DISTANCE"»//»>X5s"ZSTAR"»X105"Z IN FT"»X7s"FILM RE",»X8,"
HM/HMNF ™5 X85 "HMNF /PHI™s X7 > "HM/PHI", X6>"LENGTH FR NO "»//)3LIST LISCROG,R
OLsMUGS»MULSHFGs»SPHTLsTC»TS» TW>ENTC,DABG»RADTUSsUBARLLLL1-KE15L02]5K[2],
LI31sK[312L[41sKL41,AAsJT»BT»LIM,ZT)SFORMAT QUT FMTOC UDL"»1I35"] = "sF10
o7 X10,MVO["»I35"] = ",F12 ,10,X10o"Z0 = ",E16 «7»/)3LIST LST9(BsUOLBI,
B>VO[BI1,ZUO(BI/RADIUS)IFORMAT OUT FMF(MUBAR = ",E16 7o™ FT/SEC",/,"VISCO
SITY GAS = ",X3,E16 o7s" LBM/FTXSEC "»/5"VISCOSITY LIQUID = ™»E16 7»" L
BM/FTXSEC "»//»"DENSITY GAS = "sF16 of»"™ LBM/FTXFTXFT",/»"DENSITY LIQUID
= ",F16 o7s" LBM/FTXFTXFT",//>"THERMAL CONDUCTIVITY GAS = "™»X3,E16 o7,"
BTU/SECXFTXF"s /s "THERMAL CONDUCTIVITY LIQUID = "sE16 7»"BTU/SECXFTxF",/
/»"HEAT CAPACITY GAS = "sX3,F16 «7," BTU/LBMxF",»/»"HEAT CAPACITY LIQUID

"

= "sF16 7™ BTU/LBMXF®*,//s"INITIAL CONCENTRATION OF NON=CONDENSABLE

sE16 72" Ws WT CONC%W»//s"SCHMIDT NUMBER UF GAS = "»E14 .5,/"DAB GAS

2E16 o7»"™ FTXFT/SEC "s»//»"HFG» ENTHALPY», CHANGE OF PHASE = "sF16 o7," BT
U/LBM™»//»TEMPERATURE DIFFERENCE = "sF16 o«7s"™ DEG F "™s//»wDIAMETER OF V
ERTICAL PIPE = M"»,F16 o9,™ FT OR"»F16 95" INCHES"»/)2LIST LSTF(UBAR»MUG
sMUL>ROGsROL»TCG»TCsSPHTGs SPHTLSENTC»MUG/(ROGXDABG)»DABGsHFG»DT»D»Dx12)3
FORMAT QUT FMGCX7»mZ"sX11>"ZSTAR">X8>"DELTA R/RM™sX8s"HN/PHI">X9»"HR/PHI"
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sX11o"NUMX12-"NUN™, //)3FURMAT FM35(X3»"FR LENGTH"»XS5-,"Z IN FT"»,X6s"HM R
ATIOM» X6 "HM/PHI™» X4, "HLOC RATIO"s X4, "2xDELTA/D" s X6s"FILM RE™2X62"TAUSTA
R7sX10sM"P"5//),FM36(9CEL3 o5)»sX3)2 IST LST36CUBARXUBAR/(GRAVXZ[BIXRADIUS
)»Z[BIXRADIUS»HMALBI/HM1ALBIsHPHIIBI»HLOCAIBI/HLOCIALBI,DELTALBI»FRELB],
TAUVIBI,PIBIISFORMAT FMH(TC(EL1S4 o55X1)2X15)3F0ORMAT FFZ(X7»"Z IN FT"sX14,"
ZSTAR™» XB»"INTERFACE CONCT™sX6s"INTERFACE TEMPM",X8s"AMOUNT OF B*sX15,"HMD
/K" //7)3LIST LLZC(RADIUSXZ(B]»ZSIBI,ICGIB]»TILB)sAMBIBI,NU3ALCBI)ILIST LST
H(Z[BJ)»ZSIB1sDELTALBI»HNPHI[{BI»HRPHI[BIsNUA[CBIsNULA[BI)}FORMAT DUT FMTI¢
"ROG/ROL = ",E14 o5,X10,"MUG/MUL = "sE14 o55X10,"TCG/TCL = "»E14 oSs/s"C
PG/CPL = "™,E14 .5,X10»"REG/REL = ",E14 .55X10,"REG/FR = ",E14 .5,//,"CP
LXOT/HFG = ",E14 o5»//)5LIST LSTIC(ROG/ROL>MUG/MUL2TCG/TC»SPHTG/SPHTL»REG
/RELSREG/FR,SPHTLXDT/HFG)I FORMAT OUT FMB(XTs"Z"sX16»"ZSTAR"»X14,"FILM R
"o X15s"H/PHIMo X15os"TAUST">X12s"RoWN,Ls ZST"s//)3FORMAT FMCC(6CEL4 «55X6))3
LIST LSTCCZIB1,ZSIB),FRE[BIsHPHILB]I»TAUVIBI,RWLZIBI)IFORMAT OUT FMZ(X6,"
ZSTARTs XBo"ZSTAR/REG® o X7 "HM/HMN" s XSG o "HM/HMRM, X85 "HM/HMNUC"™, X6, "HLOC /HLO
CN"»X4>"HLOC/HLOCNUC" > X5 "FILM RE™»//)3LIST LSTX(ZS[BIsZSIBI/REG»HMALB)/
HM1ALBI1,HMA(B]/HM2A(B1sHMALBI1/HMNUCIBI,HLOCALBI/HLOC1ALIB],HLOCALIB]I/HLOCN
UCLBI»FRELBI)SFORMAT OUT FMY(X4o"Z IN FT"2X9,"ZSTAR"» X7s"SCRIPT P",X8-"P

- GR#V“:16:"P:LBF/INXIN“RX#p“TAUST}REG“»XQp"LB/SEC IN TUBE™»//)3LIST LS
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TW(CZIBIXRADIUS»ZSIB1sPIBlsPIBI=ZIBIXFRT,ABPIBI,TAUVLIBI/REG,TOTIBI)SLIST
LST(REG,REL»PRLSEKL,FRIZFORMAT OUT FMT("REG = ™»F10 3,X5-"REL = "sF12 ,
32X55"PRL = "sF10 o5sX5,"EKL = "sE14 o5,X5»"FR = ",E14 ,5,//)3F0RMAT OUT
FMDAC"HEAT TRANSFER CODEF. BELOW ARE IN BTU/HRXFTXFTXF.%»////)3FORMAT O
UT FMDOXT7o"Z%o X112 ZSTARMs X11o"HM ", X13,"HLOC" s X11o"HMN", X 11, "HLOCN" X111,
"HMR" s X11s"HMH"»//);FORMAT FME(BC(E14 oS5»X1))3LIST LSTECZLBI»ZS[BI»HMALB]
»HLOCALB)»HMIA[B)»HLOCL1ALBI,HM2ALIBI1,HMHI(BI)3FORMAT OUT FMT1("MASS TRANSF
ERRED = "rE16 72X2,"LBS/SEC"»X5,"MASS EQUIVALENT TO HEAT = "™,E16 .7»,X2
sMLBS/SECo™s/s"DIFI",12,") = ",E16 7¢XS,"TOTAL MASS TRANSFERRED = ",E16
oTs/3MPL"a12s"] = "oEL6 oTsX10s™ZL">2125"] = "H,E16 (T7sX5,"ZSTAR = ",E16
oT72/7///7)3LIST LSTLC(MASSTRoMEQLH»Y»DIFLY]sSUM,I1sPLI)sI1»20(11,ZSTAR)IFORMAT
OUT FMT2(X1s" B2 X115 "R™eX19sMUMs X195 MV MaX19, YN X19o"T"5X195"C"5//)3F0
RMAT FMT3CI35X7sF10 .855(X4,F16 10))3LIST LST3CFOR J¢OSTEP 3UNTIL M[4]=
2>MI4ISTEP GUNTIL Q=2,Q=1,0,Q+1,Q+2STEP 4UNTIL N=1,N,N+1DOCJ,RLJILULJI,V
(JIsVNTJI»TLJISCIVI1)IFORMAT OUT FMTAC"HLOC = ",EL16 +7X5s"HM = "sE16 o7»
X10s"INTERFACE POSITION = ",F10 +8,X5-"Q = ",13,/)3LIST LST4(HLOCsHM»RQ
1,Q)3FORMAT OUT FMTS("PROCESS TIME = ",F10 ,4,//)iFORMAT OUT FMT6(™IN/QU
T TIME = ",F10 «4,//)3FORMAT OUT FMA(C™HM FOR VERTICAL TUBES, BSL 13.6=4

= "sE16 (Ts/)3X2¢TIMEC2)3X3€TIME(3))
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(1)
TAGe¢7<03READCDA,/»LIS)3CLOSECDA,RELE

ASE) 3
€2)

B8B¢03GOD1BBB¢BBB+13ZQZ¢03 TECHID«2xRADIUS;REG¢ROGXDXUBAR/MUS3 REL€RD
LXDXUBAR/MULITCG¢0,000004073SPHTG¢0.4545R0GA«0,0373135R0GB«0.,05903R0G¢R0O
GAIMWA€18.02; MWNB€28,973 IM¢(3,14159265)x(RADIUS*2)XROGXUBARIRL0)¢0.03Z[1
€ZIXREGX2JPL0)¢Z[01«0.0JFOR B¢0STEP I1UNTIL 20000 BEGIN UOLBI¢1.05VO[Bleg
w030T[Bl¢1,03T[Bl¢1,03CO[BleC[BICENTCSENDIRONLOI€C1/C1+ROGAXCLOI/(ROGBX
1=CL01))))IxROGAXC1+C[01/(1=C(01))3FOR B¢OSTEP {UNTIL 20000 RON[B1€ROOLB]
¢RONLOISDTeTS=TW3ZLeZ[11xD/23GRAV*32,174;3 TERM«4xTCxDTXMUL/CGRAYXROLXCROL
=ROGIXHFGX(1+3xSPHTLXDT/C(HFGXB8)))3FR¢UBARXUBAR/CGRAVXD)3FRT¢1/(2XFR);PRL
¢MULXSPHTL/TCIEKL®UBARXUBAR/(SPHTLx(TS=TW) )3 SUMT«ROLX(3,14159265)%x(RADIU
S*2)xUBAR/23TOTT¢ROGX(3,14159265)x(RADIUS*2)xUBAR/2JEKREL«2/(EKLXREL)SPR
REL¢PRLXRE(JPHI€TCX((ROLXROLXGRAV/(MULXMUL))*0,33333)3SCREG-UBARXD/DABGS
PRG&MUGXSPHTG/TCG3EKG¢UBARXUBAR/ (SPHTGXDT)3 JJeOSRT«031¢05FOR BBe1STEP U
NTIL BT DU BEGIN REAL QQQQQ3LABEL HELLsSLEEP-TOWN3I€I+13IF RT<LIM THEN I
€1}

(3) AND (4)
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IF RT=0THEN XO0€¢SQRT(SQRT(TERMXZ| ))?IF RT<IM AND RT>OTHEN BEGIN TERM?
€4xXTAU/(3%X(ROL=ROGIXGRAV)IZFOR A€1STEP 1UNTIL 2000 BEGIN OLDXO¢X0JIF TERM
XZL+TERM2*{XO*3)SOTHEN X0¢X0/2.0ELSE X0¢SQRT(SQRT(TERMXZ[+TERM2x(X0%*3)))
JPCDIF«(X0~0LDX0)X100/X0SENDSEND} JeJTIIF I={THEN BEGIN IF 1=4xAAXX0/(RAD
IUSXJ)IS2xKL1JTHEN GO TO FLUSHIIF LL4121=4xAAxX0/(RADIUSXJ)THEN BEGIN FOR

Bel1STEP 1UNTIL 39600 IF LI{4121=4XAAXX0/C(RADIUSXJITHEN L[4)elLla)=KL4IELS
E Be3973;ENDJIF LI312LI4ITHEN BEGIN FOR Be«lSTEP 1UNTIL 80D0 IF LC3)2LL41T
HEN LI31€L[3)=K[3]ELSE BeB1)KI41eLr4]1=LI31JENDSIF LI212LI3ITHEN BEGIN FO
R B€1STEP 1UNTIL 8000 IF LL212LI3]ITHEN L{2)€L[2]=K[2]ELSE B¢813K[3]eL[3]
= [{217END’IF L[LI2L[2ITHEN BEGIN FOR B€¢1STEP 1UNTIL 8000 IF LI[1)2LL2]1THE
N L[1J€L[1]=K[11ELSE BeB1JK[2]¢LL21=LI1ISENDSLISI«1=4XAAXX0/CRADIUSXY)IK
[51€L{S5)=L[a)3LL6)¢1=AAXX0/(RADIUSXJ)IIKL[6)€2xX0/(RADIUSXJILI7]1el,0013KTL
71eX0/(CRADIUSXJ)?A€13FOR Be¢{STEP (UNTIL 20000 BEGIN IF R[B=11>(0,99993x%L
[AJTHEN BEGIN RIBI¢RIB=11+K[A+{IIM[AI¢B=13A¢A+13END ELSE RIBI«R[B=11+K([A
13IF RIB1I>0,999999THEN BEGIN Ne¢B=13U[Bl«UO[B1¢«0,03G0 TO SLEEPSENDIENDZSL
EEPSENDZIF I=J THEN OHQe(OT[Q+1]1=0TL(QI)/(RIQ+11~RLQII3IF I=JU THEN BEGIN
Ae(1+N=M[6]1)/23FOR B«OSTEP (UNTIL A DO BEGIN R{M[61+Ble«R[M[6]+2xBI3UDIMT
61+BI*UDIML61+2XxBIVOIMI6]+B)¢VOIMLI6]+2XxBI30TIMI6I+BI€OTIMI6]1+2xB)ICOLMT

61+B1¢COCML61+2XBISEND3YLMI6I+A]¢0 O3NeM[ 6]+ (N=M[6])=1)/23J0J¢J/2+(]=2)/2}
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ENDIQéN=I"J+2+JJIFOR B¢Q+1STEP 1UNTIL N+1D0 cOCBI¢C[Bl«0.031F I#J THEN O
HQe(OTLQ+2)=0T[Q+1]1)/(R[Q+23=RLQ+13))3IF RT=OTHEN BEGIN FOR B¢Q@+{STEP 1UN
TIL N DD BEGIN UO[CB]€GRAVX(ROL=ROG)x(((1=RIBIIXRADIUS)I*2)/(2xMULXUBAR)}Z
DIBI€(C(1=RIBIIXRADIUS)*4)/TERMIVO[(BI«(GRAVXC(ROL=ROGIX((C1~R[B])XRADIUS)
*2)/(4xXMUL)IX(SQRT(SQRTC(TERM/(ZDIB1*3))))/UBARSENDJENDIIF RT<LIM AND RY>
OTHEN BEGIN TERM3€ROLXTAUXHFGX(1+3xSPHTLXDT/(HFGX8))/(3XMULXTCxDT);FOR B
€Q+1STEP 1UNTIL N DO BEGIN UOLBI¢GRAVX(ROL=ROG)X(C(1=R[BJIXRADIUS)I#*2)/¢(2
XMULXUBAR)I=TAUX(1=R[BI1IXRADIUS/ (MU XUBAR)FZDIBI¢(((1=RIBI)XRADIUS)I*4)/TE
RM=C(C1=RIBIIXRADIUS)I*3)XTERM33VOIBleTCXDT/(ROLXC1=RIBIIXRADIUSXHFGX(1+3
XSPHTLXDT/(HFGxB))IXUBAR)IJENDIENDS
(5)
Ye03IF I=1THEN Z[0)€ZIXREGX23IF RT>0AND
RT<LIM THEN Z[0le(1.2)xZD[Q+11/RADIUSIMMe14.63IF I=10R I=2THEN MMMe(14+M
M/J)ELSE MMMe¢ZrI=11/Z(I=2)3FOR Z[I)€MMMXZ(I=11,MM2XZ[I=11D0 BEGIN
(6)
HELL Y
€Y+13IF I=I1THEN Z[O)}e0,03YYeO3TOWNIYYeYY4+13DZ[Y)eZ[1)=Z[1=115ZSTAReZ[I]/
(2XREG)FHE«RC11=RI0I3FOR B¢0STEP 1UNTIL Q@ Dp RONIB1¢C1/(1+ROGAXCLBI/CRDG

Bx(1=C(BJ]J))))XROGAx(1+C{B1/(1=C[B]))}FOR BeQ+ISTEP {UNTIL N DO ROOLBI€RO
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N{Bl«ROL3REN«RON[O]IxUBARXD/MUGS;HL[O01¢8/(RENXHEXHE)+UOCLO01/pZrYIsX[1le=8/(R
ENXHEXHE) 3 WwGel/0ZLYI3FOR BeOSTEP 1yNTIL @ DD BEGIN WIBJ«(RONLO]/RONCB])X
(1+(RON[BI=ROO0OCBII/RONIBII/DZLYI}FrBI«((uOlBI*2)+(ROOLOI/RODIBIIXPLI=11])
/DZIY)+FRTZENDJIWG€(ROG/ROL)/DZLY)3PT€eROGXPLI=11/(ROLXDZLY1)3PTFRT«PT+FRT
JFOR Be€Q+1STEP IUNTIL N DO BEGIN IF I=1THEN XDZI[Y1¢Z[I]1=ZDCB1/RADIUS;IF

I>ITHEN XDZ[YJ«DZLYI3W(BI€C(RONCOI/ROL)/DZLY]3FCBI€(UOLRI*2)/XDZIY)+(ROODTL
01/ROLIXPLI=1)/DZLY]I+FRTIENDSWLQIeF[Ql«Q0 ,05FDOR Be0OSTEP {UNTIL N DO FOR 4
«0STEP {UNTIL 12D0 GCBsJ1€0.03FOR JeN+1STEP JUNTIL N+13D0 BEGIN WILJ)e€F[J
16X[JI«0,03ENDJEIN]€0.03GL0,0]«RC1IXRON[OI/(4xDZIY]IIIGL1,0)¢3XRI1IXRONLY
1/C04x0ZLY))30L0DZLIY]€DZLY13S€¢SS€03HE«RI{1"RIQISHNECHEJHVEHEXHEX(240)3HUEH
V3HT«0,03HZ¢HE/HViHYeHZ}A¢13BEGIN REAL QQQ3FDOR B¢1STEP {UNTIL N=1DO0 BEGI
N LABEL GIRL,SCHOOL3IF B<Q THEN REN¢RONCBIXDxUBAR/MUGZ}IF B=Q THEN REN¢RE
L3IF I=1AND B>Q@ THEN DZ[YleZ[I]1=ZDrBI1/RADIUS;IF B=Q OR B=M[AITHEN BEGIN

AcA+ 13 HER[B+1]1=RIBIIHWeRIBI=RIB=113HVeHWX(HN+HE) I HUCHEX(HW+HE) 3 HT &6 (HW=H
E)/(HWXHE) JHZ¢HE/HV3HY € HN/HUSETIB"1]¢=HZXxVO[BI=4/CRENXHV)+2xHZ/(RENXRIB])
JHIBl*UDCB1/DZLY1=HTXVO[Bl+4/(RENXHWXHE)+2XHT/(RENXRLB1)3X[IB+1]eHYXYOI[RB]
4 /(RENXHU)=2XHY/(RENXRIB])jHWeHE) HV¢HUe2XHEXHEJHZeHY¢1 /(2XxXHE)JEND ELSE

BEGIN E[B™1]1e=HZxVO[BI=4/(RENXHVI+2XHZ/(RENXRIBI)/HIBI1«UQLR]/DZIY1+8/(RE
NXHV)3X[B+11¢HYXVOLB]=4/(RENXHV)=2xHY/(RENXR[BJ)JIENDIIF QSMIG6ITHEN M[61¢
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0;IF B>1THEN BEGIN FOR J€1STEP 1UNTIL TAG DO IF B=M[{JITHEN BEGIN S¢S+136G
0 TO GIRL’END3IF B=Q THEN BEGIN SS¢17G0 TO GIRLJENDJIF B=Q+1THEN BEGIN §
S¢23G0 TO GIRL3END?GIBs»SS+S1¢R[BIXRONIBI/DZLYISFIN+S+1+SSI1¢FIN+S+1+SS1+R
[BI1xUOLCBIXROO[LBI/DZ[Y13G0 TO SCHOOLJGIRLIG[B,S=1+SS]1¢R[BIXRONIBJI/(2xDZCY
1)3G[BsS+S5S5)1¢GrBsrS=1+SSIIFIN+S+5S)«R[BIxROOCIBIXUALBI/(2XDZLYI)+F[N+S+88)]
SFIN+S+145S1¢R[BIXRODIBIXVOLBI/(2XxDZLY1)3IF S=1THEN FIN+SIe¢FIN+SI+UOL1Ix
RODC11Ix3xR[11/C4xDZLY1)+UOLOIXRC1IxRO0DL0]/C4xDZLYI)IHIN+S+SSI«RONCBIXRIB
1/CRIBI=REB=1))3EIN+S+SS]¢=RONIBIXRIBI/(RIB+11=RIBI)IIF SS=1THEN BEGIN I
F I=1THEN DZ[Y)eZ[1])=ZD[Q+11/RADIVUSIFIN+S+55+11€0,0JEIN+S+SSIe~(R[QA)/HE)
Xx(RONLQI/ROLIX(1=CLQIIIGIBsS+5S]¢=(RIQI/HE)Xx(C(CRON[QI/ROLIX(1=C[Q])=1)xH
E/DZLUY1)3END3IIF $S=2THEN BEGIN FIN+S+SSI¢RIQ+11xUOLQ+11/DZLYI+(RIQI/HE) X
(DABGX(RON[QI/ROLIX((CLQI=COLQIIXHE/(DZLYI*2)+¢C[RI=C[Q=11)/HE)IX(1/CUBA
RxRADIUS))3GIB,S+SS=11¢RIQ+11/DZLY I HIN+S+SS]¢R[Q+1)/HESEND?SCHOOLIENDSE
NDJENDIBEGIN REAL XXX3IF I={THEN DZ[YJleZ[I1])=ZDINJ/RADIUSZELCN=1]¢=VO[NIxXH
E/ZCHNXCHWH+HE) =4/ (RENXHWX(HE+HW) ) +2XHE/(RENXRINIXHWXCHW+HE) )SHINI«UDIN]/
DZLYI=VOLINIX(HWN=HE) /CHWNXHE) +4/(RENXHWXHE) +2x (HW=HE) /CRENXRINIXHWXHE)JELQ
=11¢=MUG/(RIQI=RIQ=11I3HIQIeMUG/(RLQI=RIQ=11)+MUL/(RLQ+1]1=R[Q1)IIX[Q41]e=~
MUL/C(RIQ+1]1~RIQIIFGIN»S+SSI¢RINIXRONINI/DZIYIIFIN+S+1+SSI€F[N+S+145S]1+R(

NIxUOCNIxROOCN1I/DZLY]1S
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(7)
DZLY1¢0LODZ[Y13S¢035SS¢03FOR BeOSTEP 1UNTIL N=iDO

BEGIN F[BleF[BI/HIBI;NIBI¢W[BI/HIBI3XIB+11e¢X[B+1]/HIBIF[B+11¢F[B+11"F(B
IXE[LBIJWIB+1]¢W[B+1)=WIBIXELBI3HIB+1]¢HI[B+11=X[B+1]IxE[BI3IF ABS(G[B,S+11
J>O0THEN BEGIN S¢S+13S5SS€¢SSS+13ENDSFOR JeOSTEP {UNTIL SSS DO BEGIN FIN+1+
JI1€FIN+1+J]I=F[RIXGIBsJISWINSL1+JIEeWN+1+JI="WIBIXGI[BsJI}GIB+1sJ]eGIBe15J]=
X[B+1]IxG(Bs» JIIENDSENDIFINI€FINI/HINISWINI¢WINI/HIN]IIFOR S€OSTEP 1UNTIL S
SS DO BEGIN FIN+1+S]eFIN+1+SI=FINIXGINsSI WIN+1+STIeWIN+1+S)I=WINIXGIN»S]}
END3FOR B+N+1STE? 1UNTIL SSS+N DO BEGIN F[BleFrBIl/HIBIIW[BI«W[BI/H[BI}F[
B+11eF[(B+11=F(BIXELBI/W[B+1]1eN[B+1]1="WIBIXELBIZENDIPLIJeF[N+1+SSSI/NIN+t+
SSSIJUINI€FIN]I=WINIXPLIJJFOR BeN=1STEP=1UNTIL ODD ULBleF[BI=WIBIXPLII=XC
B+11XU[B+1]13VZGeULQ]}
(8)

DZrY1€ZLI)=Z(1=113HE*RL11=RI0I3 VI )e=HEX(RONLL IXULY
J+RONLOIxUL01=ROOCL IxU0C11=RO0CLOIXYDLOI)/(4XDZLYIXRONL11)3FOR B€2STEP 11U
NTIL N+1DO BEGIN IF BSQ THEN V[Bl¢¢(=R[BIX(RONCBIXU[BI=ROOrBIxUO[B1)=RB
=1 Ix(RON[B=11xU{B=1]=RO0IB=11xUQCB=11))/¢(2xDZLY]1)+RONIB=11xV[B=11xR[B"1]
/(RIBI=RI[B=11))X(RIBI=RCB=11)/CRONCBIXRIBI)JIF B=@+1THEN BEGIN xDZ[(Yl¢DZ

[YI3IF I=1THEN DZUY]le¢Z[I11=ZDIB1/RADIUSIVRGeV[QIIVIQI«(RONLQI/ROLIX(CL=CT
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Q1IxULQIX(RC{Q+11=RIQI)/DZ2LYI+C(1=CLQIIXV[QI+DABGX(C[QI=COLQ)IX(RIQ+1]1=RLQ
1)/CUBARXRADIUSXDZLYIXDZLY]1)+DABGx(C[Q@1=C(Q=1]))/C((RIQ+11=RLQIIxUBARXRADI
US))=UCQIX(RIQ+11=R[QI)/DZLYIIVIQ+1]e(RIQ+1IxUOLQ+11/DZLY]=U[Q+1]IXR[Q+1]
/DZLYI+VIQIxRIQI/(R{Q+1]1=R[Q1)Ix(RrQ+11=RIQ1)/RIQ+1IJENDIIF B>Q+1THEN BE
GIN XDZ[YJleDZLYI3IF I={THEN DZCY)¢Z[11=ZDI{BI/RADIUSIVIBleC(V[B=11XR[B~1]/
(R[B]'R[B‘i])'R(B'IJK{U[B'i]-UOEB-1])/(2xXDZ[Y])'R[B]KtU[B]-UU[B])/(2*DZ
[Y1))X(RIBI=R[B=11)/RIBIJENDJIENDIEND3

(8A)

BEGIN REAL XXXXX2DZLY]«OLDDZIY]JHEe
R[l]-Rt0]§HH+HEiHV@HEKHEx(2.OJIHU+HviHT«O.O}HZ+HE/HV5HY+HZ}A¢1JHEOJ+-8/(
SCREG!HExHE)-U[O]/DZfY]iX[1]ﬁa/cscREGxHExHE)1Ft0]+-U£03xc0[01/oZ£YJJCTER
M*RADIstUBARx(VZGX(R[Q+1J-RtQ])+VRGxDZ[YJ)-DnBGX((R[Q+1]-R{Q1);DZ[Y]+DZ
[YJ/(R[Q+1]-R[Q]))JFdR Bel1STEP {UNTIL Q=100 BEGIN IF B=Q OR B=M[AITHEN B
EGIN A€A+13HE€RIB+1]1=RIBIIHW¢RIBI"RIB=1IJHVeHNx(HN+HE) JHUCHEX(HW+HE)3HT e
(HW=HE)/(HWXHE)SHZ¢HE/HY}HY¢HN/HUJELB=11¢=HZxV[BI=4/(SCREGXHV)+2%HZ/(SCR
EGxR[B]J}H[B]*U[Bl/DZ[Y]'HTxV[B]+4r(SCREGxHExHW)+2XHT/(SCREG#R[B])ixtB+1
1¢HYXVIBI=4/(SCREGXHU)I=2XHY/(SCREGXRIBI)HWe¢HESHVEHU€2XHEXHEI HZ¢HY#1/(2x
HE)3END ELSE BEGIN EL[B=1)¢=HZxV[B]=4/(SCREGXHV)+2XHZ/(SCREGXRIBJ)IH[BleU

[B1/DZLY)+8/(SCREGXHV)3X[B+11¢HYXVIBI=4/(SCREGXHU)=2XHY/(SCREGxRIBI)IEND
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JFIBI€COCBIXULBI/DZLYIZENDIF[O=1)eF[Q=11=X[QIx(~DABGXCOLQIx(RLQ+1I~RIQ))
/CCTERMXDZ(Y1)) HIQ=11¢HIQ=11+X[QIx(=DABGXDZIY]/((R[Q+11=RLQIIXCTERM))}
(8B)

F

OR B¢OSTEP fUNTIL Q=200 BEGIN FI[Bl«FIBI/HLBI3XIB+11eX[B+11/HIB13FIB+11eF

[B+11=FIBIXE[BIIHIB+1]eH[B+1]1=X[B+ IXELBIJEND3CIQ=1]e¢F[Q=1]/H[Q=113FOR B
¢Q=2STEP=1UNTIL 0D0 CU(BI¢F(BI=X[B+11xC[B+113C{Ql¢=DABGXCOLQIX(RL[A+1]1=R[Q
1)/C(CTERMXDZIY]1)=DABGXCL[Q@=11xDZLY1/C((R(Q+1]=RIQIIXCTERMIZENDSIF C[Q1<0,0
THEN BEGIN ZQZeZQZ+13Z1«ZIx33IF ZQZ<10THEN BEGIN WRITE(FL,FTB»ZQZ»21)31IF
I<STHEN GO TO TECHJEND ELSE GO TO FLUSH3ENDS
(8c)
IF YY<2THEN BEGIN GO TO TOW
N3ENDJ
(8D)

BEGIN REAL QQQ3PRES*((1=C[Q1)/MWA)IX14,696/((1=CLQI)/MWA+CLQ]/MNWB)}

TICIle€1/(CC1/(TS+460))X+LNC14.696/PRES)/ (HFGXMWA/1:986))3TILIle(TILI]I=460=

TW)/DT3TLQleTILITS
(8E)
HE€RLIIJ=RIQISHWCHESHV¢2XHEXHESHUCHVIHT« 0, 03 HZeHYCHE/HY
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JA€1IRENERONLOIXDXUBAR/MUG3 H[O0)1¢B/(RENXPRGXHEXHE)+ULO01/DZLY)3X[11¢=8/(RE
NxPRGXHEXHE)IF[O0leU[O0IxOTLO1/DZLY)30TIN+1J€0,03TIN+11€0.,03FOR B«1STEP 11U
NTIL @=1D0 BEGIN RENeRON[BIxXDXUBAR/MUGIREPRG&RENXPRGSIF B=Q OR B=M[AITHE
N BEGIN A¢A+1IHE€R[B+1]1=RIBIJHWERIBI=RIB=1I3HVeHNX(HW+HE)SHU*HEX(HW+HE) ;
HT€(HW=HE) /(HWXHE)JHZE€HE/HVIHYCHW/HUSE(B=1le=HZxXVIB1+2xHZ/(REPRGXRI[B]) =4
/(REPRGXHV)3H[BI€U(BI1/DZLY1=HTxV[B1+2XHT/(REPRGXRIBI)+4/(REPRGXHEXHW)3 X[
B+11eHYxVIBI=2xHY/(REPRGXRIB1)=4/(REPRGXHU)IFIBI«UIBIXOTIB1/DZLYI+(2/(RE
NXEKG))x((HYxUtB+1]-HTXU[B]-HZXU[B-l])*2)iHH*HEJHV#HU*Z*HExHE!HZ*HY*l/{Z
XHE)JEND ELSE BEGIN EEB-1]&-HZxV[B]+2KHZ/(REPRGxR(B])'QItREPRG!HV)!H[B]+
UCBI/DZ{Y1+8/CREPRGXHV)3X[B+11eHYXy[BI=2xHY/(REPRGXR{B])=4/(REPRGXHU)IFT
BleULBIXxOTIBI/DZIY1+(2/(RENXEKG)IX(CHYXU[B+1 J=HZXU[B=17)*2)3ENDJENDIF[Q=
11eFlQ=11=X[(QIxT[Q];
(8F)

FOR B€OSTEP 1UNTIL @=2D0 BEGIN F{BI¢FIBI/H[BI3X[B+1]
€X(B+11/HIBIIF(B+1]eF(B+11=FI(BIXEL(RISHIB+11¢HIB+1]I=XIB+1IXEIBIZEND3TIQ=1
1¢F[Q@=1]/H[O=113FUR B¢Q=2STEP={UNTIL ODO TI[BleF[BI=X[B4+11xT[B+11}

(9)
IF I=1T
HEN BEGIN FOR B¢Q+{STEP (UNTIL N DO OT(Bl¢1=CZDIBI/RADIUSIX(C1=T[Q1)/DZLY
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J3ENDSENDSDZLY1¢0LDDZIY 13 HE€RIQ+21=RIQ+1 J3HWeRI Q+11=RIQ I3 HU«HVe2XHEXHE 3 H
ZeHYHE/HV3 REPRLERELXPRLIHT«2/CRELXEKLISOTIN+11¢0603 TEN+11¢0403FOR B¢Q+1
STEP IUNTIL N DO BEGIN IF I=1THEN DZLY1¢Z[I1=ZDIBI/RADIUSIELB=1)€¢=HIXV[R
14+2XHZ/ (REPRLXRIB1) =4/ (REPRLXHV)3HLBI1€ULBI/DZLY1+8/(REPRLXHVI3X[B+11¢HYx
VIB1=2XHY/(REPRLXRIBI)=4/(REPRLXHU)YSFIBI¢ULBIXOTIBI/DZIYI+HTXCCHYXULB+1]
~HZXU[B=11)#%2)JENDIFLQ+11¢F[Q+1]=EQIXTLQ]}

(10)

FOR B¢Q+1STEP 1UNTIL N=1DO BE

GIN F(BJeF[BI/H[BIIX[B+11eX[B+11/H[BIIF[B+1]eFB+11=F[BIXE[BIIH[B+1]¢H B
+11=X(B+1IxECBIFENDSTINI€FCNI/HINI3FOR BeN=1STEP=1UNTIL Q+1Dp0 T[BI«F(B)=
X[B+11XT[(B+11BEGIN REAL XXXX3DZ([Y1€¢0LDDZLY1}

(11)

IF I=1THEN OLDSUM€0403SUMeO
<0JFOR BeN STEP=1UNTIL Q@ 00 SUMe¢SUM+SUMTX(REB+1J%2=R{B1*2)x(ULB+11+ULB1)
JMASSTReSUM=0LDSUMS

€12)
IF I=1THEN BEGIN HFLUX¢(=TC)XDTx(3:14159265)x( (RIN+1]
#2=RINI*2)X(RADIUS*2)XCTINI=OTENI) /CCZII1=ZDIN]/RADIUS+DZLY])XRADIUS/2)+

(ZDOINJ/RADIUS)X(RADIUS*2)X(R[INI+RIN+11)X(=0OT[NI)/CC2="RrN+11=RINIIXRADIUS
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/2))+TCGxDTx(3,14159265)%X((RIN+11*2=RIN1*2)x(RADIUS*2)x(OTINI=1)/CZDIN]/
2)+(ZDINI/RADIUSIX(CRADIUS*2)X(RINI+RIN+11IXCCZDINI/RADIUS)I/DZLY)Ix(T(Q])=
TCO=11)/C((RCQI=R{A=1]JIXRADIUS))ISFOR BeN={STEP=1UNTIL @+1D0 HFLUX®HFLUX#(
-TC)xDTx(S.14159265)#((R[B+1]*2-R[B]*2)x(RADIUS*2)X((T[B]-DT{BJ)/((ZtI]-
ZDIBI1/RADIUS)IX2xRADIUS)I+(TI[B+11=0TrB+11),(C2ZCI1=2D[(B+11/RADIUS)IX2XRADIUS
))+(ZDIB1/RADIUS=ZD[B+11/RADIUSIX(RADIUS*2)X(RIBI+R[B+11)x((¢=0T(BI=0TI(B+
11)/72)/((2=RIB+11"R[(BIIXRADIUS/2))+TCGXDTX(3,14159265)%((R[B+1]%2=R[B]*2
)x(RADIUS*2)x((OT(B+11+0T[BI=2)/2),C(ZD(B+11+2ZD(B1)/2)+(ZD[BI1=2DIB+11)xR
ADIUSX(R[B+11+R[{B1IX(ZD[BI/(RADIUSXDZLY1)IX(TLQI=T[(Q@=1]))/(CCR[QI=R[QA=1]1)x
RADIUS) ISHFLUX€eHFLUX+(=TCIxDTX(3,18159265)%((RLQ+11*2"R(QI%2)x(RADIUS*2)
Xx(T(Q+1)=0TLQ+11)/CC2[11=20CQ+11/RADIUS)IXRADIUSI+(Z[I11=2D0LQ+1]1/RADIUS) x(
RADIUS*2)X(RLQI+RIQ+11)Ix¢TLQ+11=TLQ))/((RLA+11=RIQ]IXRADIUS)I+TCGXDTX (3.,
14159265)X((RIQ+11#2=RIQI*2)x(RADIUS*2)x((0T[Q+11+T[QI=2)/2)/CccZDLQ+1]/
RADIUS+DZIY1)/2)xRADIVUS)+(DZLY]1=Z0cQ+1]1/RADIUS)IX(RADIUS*2)x(R[QI+RIQ+1])
x((CZDLQ+1]/RADIUS) /DZlY]I+1)/2)x(TLQI=TLQ=13)/CC(RIQI=RLQ=11)XRADIUS))IIEN
D3IF I>ITHEN HFLUX€(3,14159265)XRADIUSX(=TCIXDTX(CRIQ+1J+RrQIIxpZLYIX((T
(Q+11=T[Q1)/C(RLQ+11=RIQ]II+0HQIX(1/2)+(RLQ+1]*2=R[QI*2)IX(TLQ+11=0T[Q+1])/
DZLYI)+TCGXDTX(3,14159265)%C (RLQ+11*2=R[QI*2)x(RADIUS*2)x(T(QI=DTIQ]I) /(D

ZIYIXRADIUS)+DZIYIX(RADIUS*2)X(RIQI+RIQ+11Ix¢(¢(T[Q)I=T[QO=11+0TL[Q+11=0T[Q])
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/2)/C(R[QI=RIQ=11)XRADIUS) IS MEQLH¢HFLUX/HFGSIF I=1THEN MEQLH€MEQLH/(1+3Xx
SPHTLXDT/(8XHFG))3
€13)

DIFLY)¢MASSTR=MEQLHS TAU€MUGXCULQI=ULQ=11)xUBAR/((RLQ]=
RC{Q=11)XRADIUS)IENDSIF Y=2THEN BEGIN SLOPEB¢(MEQLH=OMEQLH)/CZ[I1=0Z)3SL0
PEA€(MASSTR=OMASSTR) /(Z[11=0Z)3END3JOMEQLH¢MEQLHIOMASSTReMASSTR30Z€Z[1]3

(14)

1
F Y=1AND I23THEN MM2¢(Z[IJ+DIFC11/(¢SLOPEB=SLOPEA))/ZLI=1151F Y=1AND IS2T
HEN MM2€(1+4(0.80)XMM/JT)3IF Y22THEN BEGIN REAL XXXX3IF Y=150R ABSC(DIFLY)
/MEQLH)<0¢.0005THEN BEGIN TOTAL¢0.03FOR Be¢l1STEP {UNTIL @ DO TOTAL€TOTAL+T
OTTX(R{BI*2=R[B=12%2)X(UCBI+U[B=1])TOTALL1¢TOTAL+SUMIMTReSUMTX(RLQ+1]1%2~
RIQI*2)X(ULQI+UOCQ+11)+TOTTXC(RIQI+RIQ+11)XDZLYIX(VIQI+VO[Q+1])3HLOC1€SQR
TCSQRTCCTC*4)/CTERMXZLI IXRADIUS)))3HML1€(0:943)xCSARTCSQRT((TC*4)X4/(TERM
xZLI1XRADIUS))))IHLOC®TCXTINI/C(RIN+1I=RINI)XRADIUS)ZIF I={THEN BEGIN OL
DHLOC¢HLOC;0LDHSUM«0.,03ENDSAVEHLOC«{OLDHLOC+HLOC) /23 HMHI I J€SUMXHFGX(1+3x
SPHTLXDT/(8xHFG))I*X3600/((3,14159265)xDxZLIIxRADIUSXDTIZIF I=1THEN AVEHLO
CeHMHI11/3600HTRN€AVEHLOCX(ZLI1=ZrI=11)xRADIUSIHSUMCDOLDHSUM+HTRHIHMEHSU

M/CZLIIXRADIUS)INUSA[IIe¢HMXD/TCcIIF I MOD 4={THEN BEGIN WRITECFLLPAGEI)I} W
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RITECFLoFMASHML ) 3WRITECFLAFMTASLSTE)INRITECFLSFMTLILLSTL)IWRITECFLL,FMT2))
WRITECFLsFMT3>LST3)3ENDIFOR B¢OSTEP 1UNTIL N DO BEGIN UOCBle«ULBI13VO[Blev

(B130TCB1¢T[B13COLB)«C{BIIRO0IBI*RONIBIZEND}IOLDHSUMEHSUM; OLDHLOCEHLOCOL
DSUMeSUMRTeRT+13IF RT<LIM THEN BEGIN ZL¢Z[I1xD/2.03FOR B¢OSTEP 1UNTIL 2
0000 BEGIN T(B1e¢UO[BI«OT[Blel1,03COrBI¢ENTC3VO[BI€0,03ENDSENDIHM2¢HM1XSAR
TCSQRTC(1+(0:68)XSPHTLXDT/HFG)/CL+3XSPHTLXDT/(B8XHFG))))ISHPHILIJ«HM/PHIH
NPHILIJ¢HM1/PHIJHRPHILI J¢HM2/PHIZABPLI1«P[IIxUBARXUBARXRONLOI/(144XGRAY)
+14,696JRNLZLT1e4xZ[ I IXRADIUSXDTXSPHTLX(C(GRAVXROLXROL/(MULXMUL))*0,33333
)/ (PRLXHFGX(143%xSPHTLXDT/(BXHFG)IX¢1=ROG/ROL));DELTALI]e1=RIQISNUALTI¢HM
XxRADIUSXZLIJ/TCINULIALTI JeHMIXRADIUSXZLITI1/TCIHM2ALTI 1¢HM2Xx36003HMALI J¢HMX36
00JHLUCA[I J¢HLOCx36003HMIALT 1¢HMIX36003 HLOCIALT J¢HLOCIx36003ICGLIY¢CLQ]}
AMBLI1¢0,03FDR Be¢1STEP JUNTIL Q@ DO AMBLIJl¢(3,.148159265)xRADIUSXRADIUSX(R
Bl*2=R[B=1]1#2)x(RONLBI+RONIB=11)Ix(1/8)x(CIBI+C[B=11)x(ULBI+ULB=1])xUBAR+
AMBIIJ3ZS[I1¢ZSTARIFRE[T1€4xSUM/(MULX(3,14159265)%D)IHNFPHII]¢1,46%X((FRE
(I13*(=0,333333)))TAUVLIJe~TAU/(GRAVX(ROL=ROG)Ix(¢(MULXMUL/(ROLXROLXGRAV))
#0,33333))3TOTCLIJeTQTALLSHLOCNUCTII«HLOCLIALTIIx(SQRT(SQRT(B8xHFG/(B8xHFG+3x
SPHTLXDT))))3HMNUCTI I J¢HMIALTI IX(SART(SART(8XHFG/CBXHFG+*3XSPHTLX0TI)) IS IF

Y=15THEN GO TO FLUSH3Y«15)BTTeI3IF U[O]cd-OTHEN GO TO FLUSH3IF Z[Il<Z[1=

IJTHEN GO TO FLUSH3IF ABSCUL01)>10,0THEN GO TO FLUSHIIFC(TIME(2)=X2)/60>8
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00<OTHEN GO TO FLUSHJENDSIF Y<1ISTHEN BEGIN SLOPE®(DIFLY]=DIFCLY=11)/CDZLY
1=DZrY=11)30ZLY+1Je=pIFLY)/SLOPE+DZLYI}Z[1)eZ[1~13+DZ(Y+113G60 TO HELL3IEN
D3ENDJIF I=1THEN ZIQ]¢ZIXREGX23IF RT>0AND RT<LIM THEN Z[O01le¢(1.2)XZD[Q+1]
/RADIVUS; J¢JTIENDSENDS

(15)

FLUSHIWRITECFL»FMG)IFOR B¢1STEP 1UNTI{ BTT DO WRITE
(FLpFMH,LSTHISWRITECFLoFMB)3FOR B€{STEP 1UNTIL BTT DO WRITECFL,FMCsLSTC)
SWRITECFL>FMDA)SWRITECFLsFMD)PFOR B€1STEP 1UNTIL BTT DO WRITECFLsFME»LST
E)SWRITE(FL»FMZ)SFOR B«1STEP {UNTIL BTT DU WRITECFLsFMEsLSTX)SWRITECFLsF
MY)3FOR B¢1STEP LUNTIL BTT DO WRITECFLsFMHs STW)IWRITECFLFFZ)SFBR Be¢l1ST
EP {UNTIL BTT DO WRITECFL»FMCsLLZ)IWRITECFLsFRM)SFOR Be¢{STEP {UNTIL BTT
DO WRITECFLsFMHsLSST)SWRITE(FLsFM35)3FOR B¢1STEP IUNTIL BTT DD WRITECFL»
FM365LST36)IWNRITECFLIPAGE])IWRITECFLsFMTALST)SWRITECFLoFMF>LSTFIINRITECF
LsFMTI,LSTIISWRITECFLoFMTS, (TIMEC2)=X2)/60)3WRITECFLsFMT6,(TIMEC3)=X3)/6
0);IF BBBSSTHEN BEGIN IF I=7000THEN BEGIN WRITE(FLIPAGEI)3WRITECFLIPAGE)

JiUBARe2xUBARJGO TO GODJENDFEND ELSE BBBe¢BBB3END,
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2ll

Data Read Into the Gas-Vapor Program

A typical set of data in the order it is read into the gas-vapor

program is given below.

0.03731 ROG, 59.802 ROL, 0.00000843 MUG, 0.0001907 MUL, 970.3 HFG,
1.007 SPHTL, 0.0001073 TC, 212 TS, 207 TW, 0.05 ENTC, 0.000452 DABG,
0.019125 RADIUS, 25 UBAR, 0.6 L [1], 0.03 ¥ [1], 0.75 L [2], 0.015

K [2], 0.95 L [3], 0.01 X [3], 0.995 L [4], 0.0025 K [4], 24 AA, 10 JT,

48 BT, 2 LIM, 0.000001 ZI,




CONDENSATION OF A BINARY VAPOR

BEGIN REAL RADIUS»DsREGsREL»ROGsROLsMUGsMULsUBAR>TS»THsTC»DT»ZLsGRAVSHFG
» SPHTL»TERM»X0» AAsPRL#EKL#PRG#EKGsRENsHEsHW,» SUM» OLDSUMs MASSTRsHFLUX,»OLDH
FLUX>AVEHFLUX»MEQLH,ZSTAR»SLOPE,»TAG»HLOC,AVEHLOCsOLDHLOCsHTRW>HSUMs0OLDHS
UMsHM»VZG2VRG»ZIs0HQAsHZsHXsHYsHVsHUSHT>RETSRESsWG2SUMT,NBGsNBL» SCREL» SCL
»YBsYAsVP1,P1sT15P2,T2,HFG15RS2>DABLIMMMX2CCCoBPTEMsDPTEMsCLASNTGHF G2,V
P2,0VRG,DT5,DT6,0LDHSUM5 > 0LDHSUM6 » HSUMS ,HSUM6 , AVEHLOCS5 ,AVEHLOC6 ,HTRWSSHT
RW6»OLDHLUCSsULOHLOCEsHMSs HME o HM55, HM66sHLOCS,HLOCE,HLOCS5,HLOC665CQGSLS
25XAsXBsAZsBZsCAQGsSLoTOTTSEKRELSPRRELSHS2NULsNU22NU3sNUsTcGs SPHTGSPHISE
NTC»REPRG>REPRLsFRsFRT>PTsPTFRT»SCREGsDABG»CTERM>ROGA»ROGBs PRESsBC»CC»DC
sMNASMWB, TEMP s MMM>MM2 s OMEQLH,OMASSTR,0Z,SLOPEB,SLOPEASMM,s TERM2, TERM3, TAU
»O0LDOX0sPCDIFsX2sX3sHLOC) »HLOC2sHML s HM2, HM3, IM, TOTAL, TOTALIsMTRIINTEGER B
212AsN»>QsY5S»S5sS5S5SsJsRT»BBsLIMIJJ, YY2BTT2YYYSsYYB2YYA»ZQZsBBB»BT»JTIREAL
ARRAY Z,P[{02B01-MsLsK[18103,0T,VW,C0»CsVsT>U,R»UD,ZD»R00,V0C022001,XD2Z,
OLDDZ»DIF»DZ20112015GL08200,0820)5AVGLB,AVGGB,PCCON,ABPL0250]sCQGAsTEMs XX
B»OLR»>DFCABsDFLUXL02201,HM6A» HMSA» HPHIS s HPHI6sHRATSs HRAT6sHLRATSs HLRATA
0t50)>RONL0O3200)»TM[125,188),TICO0380)»ZSsHMAsHMIA>HM2A, HM3A, HLOCA»HLOCT A
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s HLOC2A,RNLZ,FRESNUAsNU1As HNFPH» IC s AMB 5 HMH» HMNUC s HLOCNUC » TOT s HNPHI » HRPH
I>DELTAsNUZAsNU3ASHPHISTAUVIO2801sWsFoXsEsHL=1322013FILE OUT FL 6€2515)3
FILE IN DAC2,10)3LABEL FLUSH,GODs TECH3FORMAT FTB(™TRY NO. ",12,X10," Z%

= ",E15,62//)3FORMAT OQUT FM62("PRES = "sF10,5sX10s"TEMP = ",F10,45/)3LIS
T LST62(PRES>TEMP)ILIST LSST(ZS[BI,Z[BIXRADIUSsFRE[BI+HPHIIBI/HNFPHIBIsH
NFPHIBI,HPHIIB)sUBARXUBAR/(GRAVXZIBIxRADIUS))}FORMAT OUT FRM("RATIOS BEL
OW ARE BASED ON FILM RE NOT DISTANCE™»//sX5s"ZSTAR",X10s"Z IN FT"sX7»"F1I
LM RE™sX8s"HM/HMNF ™, X8> "HMNF/PHI"s X7 s "HM/PHI",X65"LENGTH FR NO,"»//)3L1S
T LISCROGSROLsMUG2MUL*HFG2SPHTL»TCoTSsTH,RADIUS,UBARsLL1IsKEL1IsLL2],KI2]
sLI31sKI3),LL41,KI4]1,AAJTsBTsLIM»ZIsDABGSDABLSAZsBZ,TCGs»SPHTG,P1,T15P2,
T2»CCCo»BPTEM»DPTEMsHFG2,ROGA»ROGBsMWAsMWBSENTC)JFORMAT OQUT FMT9(™UOL"™»13
s"1 = ",F10,72X102"VOIM,I35"] 3 "sF12.10,X10,"Z0 = "sE16,475/)3LIST LSTOC
BsUO[B1,B»VO[B1,Z0LB1/RADIUS)ZFORMAT OUT FMF(T"UBAR = ",E16.,7s" FT/SEC",/
»/2"DABG = "o X3sEL14 (55" FT=FT/SEC "sX10s"DABL = "sX3sE14 S5s"FTXFT/SEC"
p//75"VAN LAAR A = "»F7 ,4sX10o"VAN LAAR B = ",F7 .4»//»"SCHMIDT NO. GAS

= ",X3,E18 ,5,X10,"SCHMIDT NO» LIQ = ",X35E14 ,5,//,"VISCOSITY GAS = ",X
35E1647," LBM/FTXSEC "»/»"VISCOSITY LIQUID = ",E16.7s"™ LBM/FTXSEC "»//,"
DENSITY GAS = "sF16,7»" LBMYFTXFTXFT"»/,"DENSITY LIQUID = ",F16,Z5" LBM/
FIXFTXFT™s//s"THERMAL CONDUCTIVITY GAS = ™sX3,E16.7»"BTU/SECXFTXF"s/»"TH
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ERMAL CONDUCTIVITY LIQUID = "sE16,7»"BTU/SECXFTXF",//>"HEAT CAPACITY GAS
= "yX3sF16.75™ BTU/LBMXF™,/5"HEAT CAPACITY LIQUID = ",F16,7»" BTU/LBMxF
"y//s"INITIAL CONCENTRATION OF B COMPONENT = ",E14 55" Wo WT CONC",//5"
HFG» ENTHALPYs CHANGE OF PHASE = ™,F16.7,™ BTU/LBM"s//,"TEMPERATURE DIFF
ERENCE = ",F16,7s" DEG F "»//s"DIAMETER OF VERTICAL PIPE = "»F1649s" FT

OR"sF1649," INCHES®",/)3LIST LSTFCUBARsDABG>DABL»AZ»BZ»MUG/C(ROGXDABG)sMU
L/CROLXDABL)»MUGsMUL»ROGs>ROL>TCGoTC»SPHTG2SPHTLAENTCsHFGsDT»D»0%x12)3FORM
AT OUT FMGCX7»"Z"»X115"ZSTAR"»XBs"DELTA R/R"»XB8s"HN/PHI™» X9, "HR/PHI"»X11
sTNUMs X122 "NUN"5//)3FORMAT FMB2C™YYY = ™, 13,X5,"YYA = ",]3,X5,"YYB = ",
3sX5,"CQG = "HE14 5,//)3L1IST LS90CDFCABLYYBI-DLRLYYAJ,TEMLYYBI,CLQ],CAQ
GsVP1sVP2sSLYSLIST LSB2CYYY»YYA»YYRsCQG)FFORMAT FMH(7CE14 +55X1)#X15)3FD
RMAT FFZ(X7,"Z IN FT"sX14s"ZSTAR™sX8s"INTERFACE CONC"»X6»"INTERFACE TEMP
"sX8,"TAMOUNT OF B"sX15,"HMD/K"»//)3LIST LLZ(RADIUSXZ[B1,ZSCB1»ICGIBI,TIT
Bl»AMBIBI»NU3ALBI)ILIST LSTHC(Z[BI»ZS{BI,DELTALBIsHNPHILBI,HRPHI[BIsNUALB
1,NUIALBI)JFORMAT OUT FMTI("ROG/ROL = ",F14,55X102"MUG/MUL = "5E14.52X10
sMTCG/TCL = "sE1445,/2"CPG/CPL = ",E14,5,X10,"REG/REL = "»E14,.5,X10,"REG
JFR = ",E18,55//s"CPLXDT/HFG = "sE1445,//)3LIST LSTICROG/ROLsMUG/MULSTC
G/TC»SPHTG/SPHTLsREG/REL>REG/FRsSPHTLXDT/HFG)JFORMAT FMB(/»X5»"Z IN FT",

X11>"HT % COND"™»X9»"AV KT % B GAS"aX7»"AV WT % B LIQ"»X12»"TAUST"»X12,"R
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sWsL ZST"»/)3FORMAT FMC(6CEL14 «52X6))3LIST LSTC(ZIBIXRADIUS,PCCONIBIsAVG
GBCBI1sAVGLBL(BI»TAUV[BIsRNLZIBI)IFORMAT OUT FMZ(X6+"ZSTAR">XB8»"ZSTAR/REG"
s X7 s "HM/HMN"™ 5 X9 s "HM/HMR™ 5 X8 5 "HM/HMNUC ™5 X6 » "HLOC/HLOCN™, X4 ,"HLOC/HLOCNUC™
»XS>"FILM RE™5//)3LIST LSTX(ZS[B1»ZS[BI/REG,HMALBI/HMIALBI,HMALBI]/HM2ALB
15HMALBI/HMNUCIBI»HLOCALBI/HLOC1ALBI»HLOCAIBI/HLOCNUCIBI,FRELBI)3FORMAT
OUT FMY(X4,"Z IN FT",X9,"ZSTAR",X7,"SCRIPT P",X8,"P = GRAV",X6,"P,LBF/IN
XIN"; X4, TAUST/REG",X45>"LB/SEC IN TUBE",//)3FORMAT FM35(X3,"FR LENGTH",X
Sp™Z IN FT",X6s"HM RATIOM™»X6s"HM/PHIM» X4, "HLOC RATIO™sX4,"2%xDELTA/D"sX6,
"FILM RE™2X6»"TAUSTAR™»X105"P"s//)>FM38(//s" Z IN FT"sX35"DP HM/PHI™
s XS5 "BP HM/PHIM,X3,"DP HM/HMN™,X4,"BP HM/HMN",X4,"DP HLOC RAT™,X2,"BP HL
OC RAT",X3,"FILM RE™sXS5,"INT TEMP F"s/)sFM36(C9CEL3 (5)»X3)3LIST LST38(Z
BIXRADIUSsHPHISIBIsHPHIGIBIsHRATSIBI»HRAT6[BI>HLRATSIBI»HLRAT6LBISFRELB]
sTIIBIXDT+TWISLIST LST36(UBARXUBAR/(GRAVXZIBIXRADIUS)»ZIBIXRADIUS,HMALB]
/HM1ALB)»HPHILB)sHLOCALB)/HLOC{ALBI»DELTALBI,FRELBI,TAUVIBI1,PIBI)3LIST L
STWCZIBIXRADIUS»ZS[BI»P[BI>P[BI=Z[BIXFRT,»ABPLB)»TAUVIBI/REG»TOTIBI)LIST
LSTCREGSREL,PRLSEKL,FR)IFORMAT OUT FMT("REG = "»,F10.3,XS,"REL = ",F12,3
»XS5>"PRL = ",F10.52X52"EKL = ">E14,55X5,"FR = "»EL14,5,//)3F0ORMAT OUT FMD
AC"HEAT TRANSFER COEF. BELOW ARE IN BTU/HRXFTxFTXF,"s////)3FORMAT OUT F
MDCX72"Z"»X11»"ZSTAR® > X112 ™HM > X13,"HLOC"» X1 1> "HMN"» X11»"HLOCN™» X115 "HMR
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"sX112"HMH™,//)3FORMAT FMECBCE14 .S»X1))3LIST LSTE(Z[B1,ZStBlsHMALBI,HLO
CALBI»HMIALIBI,HLOCIALBI,HM2ALBI»HMHIBI)3FORMAT OUT FMT1("MASS TRANSFERRE
D = "sE1667sX2,"LBS/SEC,"sX55"MASS EQUIVALENT TO HEAT = "»E16.75X2»"LBS/
SECe"™s»/s"DIFL[™,125™] = "sE16.72XS»"TOTAL MASS TRANSFERRED = "sE16e75/5"P
["s12s™] = M",E1672X105"Z["512s™] =2 "sE1647sX5s"ZSTAR = "sE16,75////)3L1
ST LST1(MASSTR,MEQLH,Y»DIFLY1»SUM»I,PLI3,1,2011,ZSTAR)IIFORMAT OUT FMT2(X
1sM™B"sX112"R™> X195 UM X192V X195 VN s X 19T, X195"C",//)3FORMAT FMT3(I
35X75F10 «B8,5(X4sF16 «10))3LIST LST3(FOR JeOSTEP 3UNTIL M[41=2,ML[4ISTEP
6UNTIL Q<2,Q=1,Q STEP I1UNTIL N+1D0fJsRLJIoULYIVIJIsVHNLUILTLUIsCLUIYISFD
RMAT OUT FMTGC(HHLOC = ",E1647X5»,"HM = ",E16,7,X10,"INTERFACE PDSITION =
"yF10.8sX5,"@ = "5135/)3LIST LST4(HLOC,HM»R[Q1,Q)IIFORMAT OUT FMTS¢"PROCE
SS TIME = "sF10.,42//)3FORMAT QUT FMT6C"IN/QUT TIME = ",F10,4s//)3FORMAT
OUT FMA("HM FOR VERTICAL TUBES, BSL 1346=8 = ",E16,7,/)3X2¢TIME(2)3 X3¢ V]
MEC3))

(1)

TAG¢7.03READCDAS/,LIS)3CLOSECDASRELEASE)}
(2)

BBB«03GOD:BBB¢BBB+137ZQZ«0
JTECH3D¢2xXRADIUSIREL«ROLXOxUBAR/MULIDTS¢«DPTEM=TWIDT6¢BPTEM=TWICQG«ENTCSI
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Me(3.14159265)x(RADJUS*2)XROGXUBARSR[O01«¢0,05P[0]1¢Z[0]1¢0,05FOR B«OSTEP ¢U
NTIL 20000 BEGIN UO[Bl¢1,03V0[(B1¢0,030T(Bl1¢1,03T[(Bl¢1.03CO[BI€CIBI€ENTC}
END3RON[OJe(1/(1+ROGAXCIO)/C(ROGBXx(1=CL{0]))))xROGAX(1+CC0]/C1=CLO01));FOR
B¢OSTEP {UNTIL 20000 RON[CB]1¢ROO[Bl«RON{0O]’ROG¢RO0O[0IIREG¢ROGXDXxUBAR/MUG}
Zl1)€ZIXREGX2)DT€TS=TW3ZL*Z[11XD/23GRAV€32,17T43TERMe4XTCxDTXMUL/(GRAVXRO
LXCROL=ROG)XHFGX(1+3XSPHTLXDT/(HFGxB8)))3FR¢UBARXUBAR/(GRAVXD)JFRTe1/(2xF
R)}PRL*MULXSPHTL/TCJgKL*UBARXUBAR/(SPHTLX(Ts-THJJISUMTﬁﬂﬂLK(3.&4159265)N
CRADIUS*2)XUBAR/21TUTT#RUGK(3n14159265}X(RADIUs*2}XUBARIZJEKRELGZ/(EKL!R
EL)JPRREL*PRLXRELJPHI€TCXx((ROLXROLXGRAV/(MULXMUL)I*0433333)5SCREG¢UBARXD
/DnBGiSCEEL$UBARKO/DABLJPRG*MUGXSPHTG/TCGJEKG*UBARKUBAR/(SPHTGxDT)ldJ*OI
RTe€071«03F0OR BR¢1STEP IUNTIL BT DO BEGIN REAL QQ@QQJLABEL BURNS,ESSO»TEX
ASsHELL»SLEEPsTOWNII¢I+13IF RT<LIM THEN Ie¢1;
(3) AND (4)
IF RT=0THEN X0¢SQRT(SQRT(TER
MxZL))JIF RT<LIM AND RT>OTHEN BEGIN TERM2¢4xTAU/(3x(ROL=ROG)XGRAV)3IFOR A
€¢1STEP {UNTIL 2000 BEGIN OLDXO0¢X03IF TERMXZL+TERM2X(XO*3)SOTHEN X0¢X0/2,
OELSE X0¢SQRTCSQRT(TERMXZL+TERM2X(X0*3)))5PCOIF«(X0=0LDX0)X100/X03ENDSEN
D3JeJTIIF I=1THEN BEGIN IF 1=8xAAxx0/(RADIUSxJ)S2xKI1]ITHEN GO TO FLUSH3B
EGIN REAL XXXXX3IF LCL8121=4xAAxXX0/(RADIUSXJ)THEN BEGIN FOR B¢1STEP 1UNTI

8900
9000
9100
9200
9300
9400
9500
9600
9700
9800
9900

10000
10100
10200
10300
10400
10500

LT2



L 39600 IF LCL4121"4xAAXXO0/(RADIUSXJITHEN LIalel[4]=K(GIELSE B¢39TIENDSIF
LL3J2LI4ITHEN BEGIN FOR B¢1STEP 1UNTIL 80D0 IF LL312LC4ITHEN L[3)€L[3]1~-

K[I3IELSE BeB13K[AI¢LIAI=LI3IJENDIIF LL2)2LI3ITHEN BEGIN FOR B¢1STEP 1UNT
IL 8000 IF LC212LC3]THEN L[2]1¢L[2)=K[2]ELSE B¢813K[31¢L[3]1=L[2)JENDJIF L
(1J2LL2)THEN BEGIN FOR B¢1STEP 1UNTIL 80D0 IF LC1J2LI2]ITHEN LI{1)€L[1]=K!
1JELSE Be813K[2)e¢LI2])=LLT1I3ENDILLIS1€¢1=4xAAXX0/CRADIUSXJ)IIKISIeLIDI=LA4]3
L[6)el=AAXXO/CRADIUSXJIZKL6]¢2xX0/¢RADIUSXJ)SLLTI®1,0013KL7]1eX0/CRADTUSX
J)SA€13ENDIFOR B¢1STEP {UNTIL 20000 BEGIN IF RCB=11>(0,9999)xL{AITHEN BE
GIN RIB]eR(B=1]1+K[A+1]13M[A)eB=13A¢A+1JEND ELSE RI[Bl¢R(B=11+K[AJSIF RC(B]>
0.999999THEN BEGIN NeB=13U[Bl¢UO[BI«0<03G0 TO SLEEPJENDIEND3SLEEPIENDIBE
GIN REAL XXXXX3IF: I=sJ THEN OHQe(OTrQ4+11=0TCQ1)/CR[Q+11=RCQAIY3IF I=J THEN
BEGIN A+(1+N-M[5])/21FUR B¢OSTEP 1UNTIL A DO BEGIN RIMI[61+BI¢*RIM[61+2xB
J3UDCMIg1+BI«UOIMI6]1+2XB13VOIMIgI+BIe«VOIMI6142xBIS0TIMI1+BI¢*0OTIMIS]I+2xXB
13COCMC6I+BI«COCMI6]+2XBIJENDIULMIBI+AT€0c0INeMIBI+(N=M[61=1)/23JJeJ/24¢
I=2)/23END3QéN=I=J#2+4JJJIF I#J THEN OHQe(OTLQ+21=0T[Q+11)/(RIQ+2]1=RLQ+1)
J3IF RT=0THEN BEGIN FOR B¢Q+1STEP {UNTIL N DO BEGIN UDCB]*GRAVK(RUL-RUGJ
X(CCL1=R[BIIXRADIUSI*2)/(2XMULXUBAR)Y}ZD(Ble(((1=R[BIIXRADIUS)*4)/TERMI VO
Ble(GRAVX(ROL=ROGIX((C(1=RIBI)XRADIUS)*2)/(4xMUL)IX(SQRT(SQRT(TERM/(ZD(B]

*3))))/UBARJENDJIENDIIF: RT<LIM AND RT>OTHEN BEGIN TERM3¢ROLXTAUXHFGX(1+3x

L = el
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SPHTLXDT/(HFGx8)3/(3xMULXTCxDT)JFOR B¢«Q+1STEP {UNTIL N DO BEGIN UOLBI¢GR

AVX(ROL=ROG)x(C(C(1=RI[BIIXRADIUS)*2)7(2xXMULXUBAR)=TAUx(1=R[BJ)XRADIUS/CMUL

xUBAR)JIZDIB]«(((1=R[BIIXRADIUS)*4) /TERM=(((1=R[BIIXRADIUS)I*3)XTERM33VOLB
JeTCxDT/(ROLX(1=REBIIXRADIUSXHFGX (1 +3XSPHTLXDT/(HFGX8)IXUBAR) JENDJENDJEN
D;IF I=1THEN OVRGe¢VOC[Q+1]3
(5)
Y€0J1F I=1THEN Z[01¢ZIXREGX23IF RT>0AND RT<LIM
THEN Z[0J¢(1.2)xZD[Q+1]1/RADIUSIMMe60:03IF I=2THEN MM¢6.,031F I=10R I=2TH
EN MMMée{1+MM/J)ELSE MMMeZ[I=11/Z[I=2]3FOR Z[I]eMMMxZ[I=1]1,MM2x2[I=11D0 B
EGIN
(6)

HELL3YeY+131IF I=1THEN ZEO]*O.OiYYGOJTDNNSYY*YY;liYYY*OJDZ[Y]¢Z£I]'Z
[1=113ZSTAR¢Z[11/(2%XREG)JHE«RI{11I*Rt0J3FOR B¢OSTEP IUNTIL @ DO RON[Ble(1/
(1+ROGAXCIB1/(ROGBx(1=C[B1))))xROGAX(1+C[B1/(1=C{(B1))IRONLQI«(1/(1+4ROGAX
CQG/(ROGBX(1=CQG)))IXRDGAX(1+CQG/(1=CQGIIIFOR B«Q+1STEP 1UNTIL N DO ROOL
B1¢RONIBI€ROLIRENCRONIOIXUBARXD/MUGIHIO]¢B/(RENXHEXHE)+UO[01/DZLY1IX[1]e¢
=8/ (RENXHEXHE)SWG€1/DZIY1I3FOR B¢OSTEP IUNTIL @ DO BEGIN WIBI¢(RON[O1/RON
[B1)x(1+(RONCBI~ROO[BI)I/RONCBII/DZrYIIF[BI€((UOIBI*2)+(RODC0O]I/RODIBIIXPE
I=11)/0ZLYI+FRTIEND3 WG¢(ROG/ROL)/DZLYIIPT¢ROGXPLI=11/C(ROLXDZLY))IIPTFRT¢P
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T4FRT3FOR B«Q+1STEP {UNTIL N DO BEGIN IF I={THEN XDZ[Y]e¢Z[{]1~ZD(B1/RADIU

S3IF I>ITHEN XDZLY1e¢DZLYIZWLBI«(RON[OI/ROL)/DZtYI}FIBle(UOLBI*2)/X0ZIV1s

(ROOLO1I/ROLIXPrI=11/DZLYI+FRTJENDIWIQIeF(Q]«0,03FOR BeoSTEP 1UNTIL N DO
FOR J¢OSTEP {UNTIL 1200 GIBs»J1¢0.03FOR JeN+1STEP 1UNTIL N+13D0 BEGIN WrJ
1¢F{JI1€X[JI1¢0,0JENDIELN]€O.03GL0»01€RL1IXRONLOI/(4XDZLY])2GI150]€3XRI1]X
RONL11/(¢4XDZCY1)30LDDZLYI«DZLY13S¢5S¢03HE*R[11=RI0O]ISHWeHEZHV¢HEXHEX(2:0)
JHUCHVIHT*0,03HZ¢HE/HVIHY¢HZ3A«1JBEGIN REAL QQQ3FOR B¢1STEP 1UNTIL N=1DO
BEGIN LABEL GIRL»SCHOOLSIF B<Q@ THEN REN¢RON[CBIXDXUBAR/MUGJIF B=Q THEN R
EN¢RELJIF I=1AND B>Q@ THEN 0Z[Y1€Z[1)=ZDIB]/RADIUSJIF B=@ OR B=MLAJITHEN B
EGIN A€A+13HE®R[B+11=RIBIHW¢RIBI"RIB=1 I3 HVeHNX(HN+HEI S HUCHEX(HN+HE) 3 HT ¢
(HW"HE)/(HWNXHE)SHZ¢HE/HVIHY ¢HW/HUBE(B=1]e"HZxVO[BI=4/(RENXHV)+2xHZ/ (RENX
R{BI)IIHIBI«yUOIBI/DZIYI=HTXVO[B)+4/(RENXHWXHE)+2XHT/(RENXRIB ]I X[B+1 J¢HYx
VOrBl=4/(RENXHU)=2XHY/(RENXR{BI)IHWe¢HES HVeHUe2XHEXHESHZeHYe 1/ (2XHE)IEND
ELSE BEGIN E[B=1J]¢=HZxVO[B1=4/(RENxHV)+2xHZ/(RENXRIB1)JHIBI«UO[BI/DZLY]+
8/(RENXHYV)I X[B+1]¢HYXVO[B]=4/(RENXHV)=2XHY/(RENXRLB])JENDIIF QSML6ITHEN
M[61¢03IF B>y THEN BEGIN FOR J¢(STEP {UNTIL TAG DO IF B=M[J)THEN BEGIN Se

S+13G0 TO GIRLJENDIIF B=Q THEN BEGIN SS¢13GO0 TO GIRLJIEND3IF B=Q+1THEN BE

GIN S5¢23G0 TO GIRLJENDJGIB,SS+S1¢RIBIXRONIBI/DZLYIIFIN+S+1+55]¢FIN+5+1+

SS)+RIBIxVUD[BIxRO0O[B1I/DZLY13GO TO SCHOOLSGIRL3$GIBsS~1+SS]¢RI[BIxRONLBI/(2

T ———— s T S e e S R T
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xDZLY1)3GIBsS+SSI¢GIRsS=1+SSIIFIN+S+SS1¢RIBIXROOIBIXUCIBI/(2XDZLYI)+FIN+
S+SS1JFIN+S+1+5S1¢RIBIXRO0OIBI*XUOCBI/(2XDZLY1)SIF S=1THEN FIN+S1€FIN+S)+U
0r1IXROOCLIX3XRI11/(4XDZLY1)+UOLOIXRI1IXROOL0]/C4XDZLY])IHEN+5+581¢RONEB
IXR[BI/(RIBI=R[B=11)SEIN+S+5S1¢=RONIBIXRIBI/(R[B+1]1=RIBIIIIF SS=1THEN BE
GIN IF Is1THEN DZLY]eZII11=ZDIQ+11/RADIUS3FIN+S+SS*1]1¢0 03ECN+S+5S1¢=(RON
[Q1/ROLIXRLQI/(RIQ+11=RIQIIIGIB,S+551¢=(((RONLQI/ROLI=1)xRLQI/DZLYIIIEND
3IF SS=2THEN BEGIN FIN+S+SS1«¢U0[Q+1IxR{Q+11/DZrYI3GIB»S+SS=11¢R[Q+11/DZC
YIJHIN+S+SSJ¢R{Q¢11/HESEND3SCHOOLSENDZENDSENDZBEGIN REAL XXXJIF I=1THEN
DZLY)€Z[I1)=ZDIN]/RADIUSIEIN=1]e=VOLNIXHE/CHWXCHW+HE) ) =4 /CRENXHNXCHE+HN))
+2XHE/ CRENXRENIXHNX CHW+HE) I3 HINI€UDINI/ZDZIY)=VOLNIXCHN=HE) / CHNXHE) 4/ (RE
NXHWXHE )+2x(HWN=HE)/(RENXRIN JXHWXHE YJEL Q=1 J¢=MUG/C(RLQI=RLQ=11)IHLQI¢MUG/
REQI=RIQ=11)+MUL/CRIQ+11=RIQIIIX[Q+1I¢=MUL/CRIQ+1]1=RLQIIIGENsS+#SSI¢RINIx
RONCNI/DZIYISFIN+S+1+4SSI€F[N+S+1+58)+RINIXUDCNIXROOLIN]I/DZLY ]}
(7)

DZCLY1eOLDDZ
[Y1}S¢03SSS€0JFOR BeOSTEP 1UNTIL N=1DO BEGIN FrBI¢F[BIl/H[BISN[BI€¢N{BI/HT
BIIX[B+11¢X[B+11/HIBISF(B+11¢FLB+11=FIBIxELBIINIB+11¢NIB+1I=HIBIXECBIIHE
B+11eH(B+1]1=XIB+1IXEL[BI3IF ABSC(G(B,S+1)1)>0THEN BEGIN S«S4+13SSSeSSS+13END

JFOR J&QSTEP 1UNTIL SSS DO BEGIN FEN+1+J)¢FIN+1+JI=FIBIXGIB,JIININ+1+J]e¢
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e

WIN+14J]=WLBIXGLBsJI3GIB+15J1¢GIB+1sJ1=X[B+11IxGIB2sJIJENDSENDSFINI€FINI/H
[NIJWINI¢WINI/HINIJFOR S¢OSTEP 1UNTIL SSS DO BEGIN FIN+14S1¢FIN+1+S1=F[N
IXGIN2SIIWIN+L14SICWIN+1+STI=WENIXGIN2SI?END?FOR BeN+1STEP {UNTIL SSS+N noO
BEGIN FIBJe¢F[BI/HIBISW[Ble¢WN[BI/HIBIIFIB+11eF[B+11=FIBIXEIBIIW[B+1]eN[B+
11=WIBIXELBIJENDIPIII¢FIN+14+SSSI/WLN+1+SSSIJULNI€FINI=WNINIXPLIJ3FOR BeN=
1STEP=1UNTIL ODO UCBI¢F[BI=W[BIXP{1)=X[B+1IxU[B+11IVZGeULQ]}
(8)

DZLYleZ[Il=Z
[I=11JHE«RL11=RI0IIVI1]e=HEXCRONC11%XUL11+RONLOIXULO0]=RO0L11I%UOL13=ROOLCO)
xUO[01)/C4xpZLYIXRONC11)3FOR Be2STEP LUNTIL N+1DO BEGIN IF B<@ THEN VIR)
¢«((=RI[BIx(RONCBIXULB1=RO0OLBIXUQCB]1)=RIB=1 ]X(RONCB=1]1xULB=11=RO0[B=11xUQC
B=11))/(2XDZLY))+RON[B=13%V[B=1]XR[B=1]/(R{BI=RIB=11))Ix(R{BI=RLB=11)/(RO
N[BIXRLBIJ)}IF B=Q+1THEN BEGIN XDZIY)€DZ[YI3IF 1=1THEN DZ[Y]e¢Z[11=ZD{BI/R
ADIUSIVRG*VLQI3VIQleCULQIXC(RLQ+11=R(QI)I/DZLYI)xCCRONCQI/ROL)=1)+VRGXC(RON

[QI/ROLIIVIQ+11¢(RIQ+1IxUOCQ+1]/DZLYI=UlQ+1IxRCQ+1]1/DZLYI+VIQIXRIA]/(REQ

+11=RIQ)IIX(RIQ+1I=RC{QII/RLQ+11IENDS IF B>Q+1THEN BEGIN XDZrYI€DZLYIJIF 1
={THEN DZLY)«¢Z[I1=ZDIB1/RADIUSIVIBI¢(VIB=1]IxRIB=11/(RIBI=RCB=1]1)=RIB=1]x
(UlB=1]=y0(B=11)/(2xXDZLY1)=RIBIXCYLBI=U0(B))/(2xDZ[Y1)IXC(R[BI=RI[B=11)/R

[BIJEND3ENDJIENDS
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(8A)
IF. T=1THEN MMMX«¢CCCXENTC?IF I>{THEN MMMXe¢CQGJIBURNSIYYYeY

YY¢13IF YYY=1THEN CQGA[L1]1¢MMMXJIF YYY=2THEN CQGA[2)¢1.1XMMMXIC[QIeCRG¢CR
GALYYY13DZCLY1¢OLDDZLYISHE*RIL1I=REOIIHNCHEPHVEHEXHEXC2,0) 3 HUCHVIHT€0,03HZ
CHE/HV3HY*HZ3Ael13HIQ1¢=8/(SCREGXHEXHE)=UL01/DZCY13X[11leg/(SCREGXHEXHE)}F
[0)e=ULQIXCOL01/DZLYISFOR B¢1STEP JUNTIL Q@=4D0 BEGIN IF B=@ OR B=M[AITHF
N BEGIN A¢A+1 HE«RIB+11=RIBIJHW¢RIBI=RIB=1I3HVeHNWX(HW+HE )3 HU¢HEXx(HW+HE)}
HT€(HW=HE) /CHHXHE)3HZ¢HE/HVIHY¢HN/HUJELB=1]e=HZxVIB1=4/(SCREGXHV)+2xHZ /(
SCREGXR[BJI)IH[BI«VU[B1/DZ(YI=HTXV[BI+4/(SCREGXHEXHW)+2XHT/(SCREGXR{B1I3X¢
B+1]eHYxVIBI=4/(SCREGXHU)=2xHY/(SCREGXRIBI)JHWeHEIHVeHU€2XHEXHEJHZ¢HY¢1/
(2xHEJ)JEND ELSE BEGIN E(B=11¢=HZxXV(B]1=4/(SCREGXHV)+2xHZ/(SCREGxRIB])IHIB
1¢UCBI/DZIY]+8/(CSCREGXHV)IX[B+{]¢HYXVIB]=4/(SCREGXHU)=nXHY/(SCREGXR[B])}
END3F(B)eCO[BIxULBI/DZLYIJENDIF(Q=1]eFlQ=1]=CLQIxXX[Q]}
| (8B)

FOR B¢OSTER 1UNTIL
@~2p0 BEGIN F[BI¢F{BI/HIBIJXIB+1]leX[B+11/H{B13F(B+1]eF[(B+11=F(BIXECBI}H
[B+1]¢H[B+11=X[B+11IxEL{BIJENDIC{Q@~11¢F[Q=1]/HLQ=1)JFOR B¢Q=2STEP=1UNTIL 0O
DO CIBl¢F[Bl=X[B+11xC{B+11}

(881)
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YB¢(CQG/MWB)/(CQG/MWB+(1=CQG)/MWNA)SYACL=YB}YY
B«OJFOR TEM[YYB+1leTS»T8=DT/300 BEGIN TEXASIYYBeYYB+13VP1e¢P1X((2:,71828)+
CC=HFGXMWA/(1.986))xC1/C¢CTEMIYYBI+459,69)=1/T1)))3VP2¢P2x((2,71828)*%((~HF
G2XMWB/(1:986))XC1/(TEMLYYB1+459.69)=1/T2)))3RS2¢(14,696)XYB/VP2IYYA€O}F
OR CLRI®ENTC»(0:.9)XENTC DO BEGIN ESSOSYYA®YYA+13XXBLYYAJeXBe(CLQI/MWB) /(
CLQI/MWB+(1=CLQII/MWA)IXA®1=XBILS2eXBX((10.0)*CAZXXAXXA/((AZXXB/BZ+XA)*2
)J))IDLRLYYAJ€LS2=RS23IF YYA22THEN [F ABS(DPLR[YYAJ/RS2)>0,0005AND YYA<20T
HEN BEGIN SL«(DLRIYYAJ=DLRLYYA=11)/(XXBLYYAl=XXBLYYA=11)3XXBL{YYA+1le=DLR
[YYAI/SL4XXBLYYAIZC[QIeXXBLYYA+LIXMNB/CXXBLYYA+1IXMNB+C1=XXBLYYA+11)XMHA
1360 TO ESSQSENDIENDSCAQG®(10,0)*(BZxXBxXB/((XB+BZxXA/AZ)*2))3CAQG¢CAQGX
VPLIXXA/1446963CAQGE(CAQGXMHA) /(CAQGXMNA+(1~CAQGIXMWB)IDFCABLYYBI¢CAQG=1+
CQGSIF YYB22THEN IF ABS(¢(DFCAB[YYB1,/CQG)>0,0005AND YYB<i{OTHEN BEGIN SLe¢¢D
FCABCYYBI=DFCABLYYB=11)/C(TEMIYYBI=TEMIYYB=11)3TEMLYYB+1)e=DFCAB[YYB1/SL+
TEMLYYB13GOD TO TEXASIENDJEND)

(8B2)s (8B3)s AND (8B4&)

IF I={THEN FOR Be¢Q+#1STEP {UNTIL N DO CO[Ble

ClQI3CLQeCTQI3IF I>ITHEN BEGIN HE«RI[Q+1]1=R[Q)J}FOR B¢Q+1STEP 1UNTIL N DO
BEGIN IF I=si{THEN DZ[Y1l€Z[11=ZD[B]/RADIUSSEIB=11e¢=VI[B1/(2xHE)=4/(SCRELX(2

o 0)IXHEXHE) +1/(SCRELXRIBIXHE)3HIBI1¢«UIBI/DZIYI+4/(SCRELXHEXHE)IX[B*1Je+V (R
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1/7(2xHE) =8 /(SCRELX(2,0)xHEXHE)=1/(SCRELXRIBIXHE)IFIBI¢CcOCBIxXULBI/DZIYISE

NOIFLQ+1]1¢F[Q+1)=CIQIXELQIJHINI+«HINI+XIN+31IJFOR B¢Q+1STEP {UNTIL N=1DO0 B

EGIN FIBI¢FIBI/HIBI;XIB+1)eX[B+11/HIBI3FIB+1]erF[B+1)=F[BIXE[BIJNIB+11eNT
B+11=X[B+1]IxETBISENDSCINI¢FINI/HINIJFOR B¢N=1STEP=1UNTIL Q+1D00 C[Ble¢F(B]

“X[B+11xCIB+113CIN+1]eCINIJENDIBEGIN REAL XXXXXXX’NTG*RON[QIX(3.14159265

)XRADIUSXRADIUSxUBARX(ULQIx(RIA+11«2=RIQAI*2)+VRGXCRIQA+11+RIQIIXDZIYI)IIF

I=1THEN DZ[Y]¢Z[I1=ZDLQ+11/RADIUSINBG¢RONLQIX(314159265)x((RLQ+1])#2=(
R[QI)*2)XCQGXULQIXRADIUSXUBARXRADIYS+RONCQIX(3,14159265)x(R[Q+11+RLQIIXD
ZLYIXCRGXVRGXRADIUSXRADIUSXUBAR=RONLQIX(3414159265)XRADIUSX((REA¥11)Iw2=¢
REQ1I*2)x(CQG=COLQ])XDABG/OLDDZLY 1=RONCQIXC3,14159265)xRADIUSXCRL @+ J+R(
QIIXDZLYIX(CAG=CLQ=11)xDABG/(R{Q+11=RIQJ)INBL#ROLX(3,18159265)x¢(RlQ+11)
*2=(R[Q])*2)XC[QIXU[QIXRADIUSXRADIUSXUBAR+ROLX¢3,14159265)x(RrQ+11+R[Q])
XxDZLYIXCLQIxVIQIXRADIUSXRADIUSXUBAR=ROLX(3,14159265)x(CREQ411)*2=(REQI)
2)XRADIUSXCCLQ+11=CO[Q+11IxDABL/DZr YI=ROLX(3,14159265)XRADTUSXCRLQ+1 J+RE
QIIXDZLYIX(CLA4+11°C[QIIXDABL/(RLQ+11=RLQIIIDZLYI«OLDDZLYISENDSIF I=1THEN

BEGIN CLQI¢NBG/NTG}FOR B€Q@+1STEP {UNTIL N+1DQ CCBI¢CLQI3DFLUXIYYYleCLQ]
<CLQJIF YYY=1THEN GO TO BURNSINBLECLQIEND ELSE

(8B%)

BEGIN DFLUXLYYY1«NBG=NBL}

..
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IF YYY=1THEN GO TO BURNSZENDJIF YYY={2THEN BEGIN WRITECFL»FMT2)3WRITE(FL
sFMT3sLST3)32ZQZ¢ZQZ+13Z1¢ZIx331F ZQZ<SAND I<4THEN BEGIN WRITEC(FL»FTB»ZQZ
»Z1)3G0 TO TECHSEND ELSE GO TO FLUSHJENDSIF ABSCOFLUXCLYYY1/NBL)>0,0005AN
D YYY<1IS5THEN BEGIN SL€(DFLUX[YYYI=DFLUXLYYY=11)/CCQGALYYYI=CQGALYYY=11)}
CAGACYYY+1]e=DFLUXLYYY]1/SL+CQGALYYYI3IF CQGACLYYY+11<0.0THEN CQGALYYY+1lle
CQGALYYY1/33IF CQGALYYY+11>1,0THEN CQGALYYY+11«CQGALYYYJI+(1=CQGALYYY1)/2
3G0 TO BURNSJENDJIF CIN+#11<0.0THEN BEGIN ZQZ¢ZQZ+13ZI1€ZIx33IF ZQZ<SAND I
<4THEN BEGIN WRITE(FL»FTBs»ZQZsZI)SWRITE(FLsFMT2)3NRITE(FLsFMT3,LST3)3G0
TO TECH3END ELSE GO TO FLUSH3IENDJ

(8C)

IF YY<2THEN BEGIN GO TO TOWNJEND}
(8E)
BEGIN

REAL QQQ3T[QI*TILIJ«(TEMLYYBI=TW)/DTIHE«RIII=R{QJIHW¢HEIHVe2XHEXHEJHU®HY
JHT€0003HZe¢HY¢HE/HVIA¢13REN€RONCOIXDXUBAR/MUGIHLOJeB/ (RENXPRGXHEXHE) +ULO
1/DZCY)3X[1)e=8/CRENXPRGXHEXHE)JFLO0leULOIXOTLOI/DZIYIS0OTIN+11¢0,03TIN+1]
«0+03FOR Be1STEP L1UNTIL. @=1D0 BEGIN REN¢RON[BJIXDXUBAR/MUGSREPRG¢RENXPRG}
IF B=Q OR B=M[AITHEN BEGIN A¢A+{}HE¢R[B+1]=R{BIJHW¢R[BI=R[B=11JHVEHNWX(HMW

+HE)SHU€HEX(HW+HE)3HT¢(HW=HE)/(HWXHE)3HZ¢HE/HVIHY*HN/HUSE(B=1]e=HZxVIB1+
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2xHZ/(REPRGXRIBI)=4/(REPRGXHV)JHIBIe«UIB]/DZLIYI=HTXVI[BI+2xHT/(REPRGXRI[B])
+4/(REPRGXHEXHW) 3 XIB+11eHYxVIBI=2xHY/(REPRGXRIBI)=4/(REPRGxHUIIFIBI«ULB]
xOTCB1/DZIY]+(2/(RENXEKG) IX((HYXULB+11=HTXUIB]=HZXULB=1])*2)}HWeHEJHVeHU
€2XHEXHESHZeHY¢1/(2xHE)JEND ELSE BEGIN E[B=1]e=HZXVIBIl+2xHZ/(REPRGXRIB])
=4/(REPRGXHV)ZHIBI«ULBI/DZ[{Y)+8/(REPRGXHVIIXIB+1]¢HYXV[BI=2xHY/(REPRGXR[
B1)=4/(REPRGXHU)3FIB1¢ULBIxOTIBI/DZIYI+(2/(RENXEKG))X((HYXU[B+11=HIxULB=
11)%2)3ENDIEND3FIQ=1]¢F[Q=1]=X[QIXTL[Q))
(8F)

FOR B«OSTEP {UNTIL Q=2D0 BEGIN FI
BI¢FIBI/HIBIIXIB+1JeXIB+11/HIBIIFIB+11¢F[B+11=FIBIXE(BISJHIB+1]eH{B+1I=X[
B¢1IXELBIJENDITIQ=1]¢FLQ=1]/H[Q=113FOR Be¢@=2STEP=1UNTIL ODO TCBI¢FLBI=X[
B+1IxTIB+113END}

(9)

IF- I=1THEN FOR Be¢Q@4#{STEP IUNTIL N DO OT(BleTI[IISDZIY]eD
LDDZLYI3HE«R[Q+2]1="R[Q+1]13HWN¢R[Q+1]=RIQI3HU¢HVe2XHEXHESHZ¢HY«HE/HV3IREPRL ¢
RELXPRL3HT¢2/(RELXEKL)SOTIN+1)¢0<03TIN+11¢0,03FOR B¢Q+1STEP 1UNTIL N DO
BEGIN IF I={THEN DZ[Y1e€Z[I1=ZD[(BI/RADIUSIE{B=1]¢=HZxVIB1+2xXHZ/(REPRLXRLB
1)=4/CREPRLXHV)JIHIBI«ULB1/DZLY1+8/(REPRLXHV)IX[B+11¢HYXV[BI=2XHY/(REPRLX
RIBJ1)=4/(REPRLXHU)3F[BIeULBIXOTIBI/DZLY J+HTx((HYXULB+1 1=HZXU[B=11)*2)3EN
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DIFCQ+1]eF[Q+11=ELQIXTL[QI}
(10)

FOR B€«Q+{STEP fUNTIL N=1DD BEGIN FI{Bl¢F[B1/HIB
1;X[B+1]1eX[(B+11/HIBI13F[(B+11¢F[B4+1]1=F(BIXE[BI3H[{B+1]¢H[B+11=X[B+1IXE[BIJE
NDITINI¢FINI/HINIJFOR BeN=1STEP=1UNTIL Q+1D0 TCBI¢F[Bl=X[B+11xT[B+11BEG
IN REAL XXXX3DZCYleOLDDZL[YI13

(11)
IF I=1THEN OLDSUMe0,035UM&0,03FOR BeN STEP=1
UNTIL Q@ DO SUMeSUM+SUMTX(RI[B+11%*2=R[B1*2)X(ULB+11+ULB))JMASSTReSUM=0LDSU
M3
(12)

IF I={THEN BEGIN HFLUX€(eTC)IxDTXx(3,14159265)x((RIN+11%2=R[NJ*2)x(RADIU
S*2)X(TINI=0OTIN]1)/CCZLII=ZDINI/RADIUS*DZLY]1)XRADIUS/2)+(ZDINI/RADIUSIX(R
ADIUS*2)X(RINI4RIN+112%x¢=0TEN1)/CC2"R[N+11=RENJIXRADIUS/2))+TCqxDTX(3.14
159265)x((RIN+11*#2=RINI*#2)x(RADIUS#*2)X(OTINI=1)/(ZDINI/2)+(ZDINI/RADIUS)
X(RADIUS*2)X(RINI+RIN+11)%CCZDINI/RADIUS)/DZLY1IX(T[QI=T[Q=1])/CCRLQI=RT
Q=1 1)XRADIUS)ISFOR BeN=1STEP=IUNTIL Q+1D0 HFLUXeHFLUX+(=TCO)XDTx(3,141592
65)x((R[B+11%2=RIBI*2)X(RADIUS#2)x¢(TIBI=0TCB1)Y/(CZ[I1=ZDIBI/RADIUS)X2xR
ADIUS)+(TIB+1J1=0TIB+11)/C(Z[11=ZDIB+11/RADIUS)Ix2xRADIUS))+(ZDIBI/RADIUS=
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ZpLB+11/RADIUS)X(RADIUS*2)X(RIBI+RB+11)xC(=0T(RBI=OTIB+11)/2)/((2=R[B+1]
=RIB1IXRADIUS/2))+TCGXDTX(3,14159265)X((RIB+11#2=RIBI*2)x(RADIUS*2)x((OT
[B+1)+0T[B1=2)/2)/((ZDIB+11+2ZDCB1)/2)+(ZD(B1=2D[B+11)XRADIUSX(RLB+{]1+RB
1)%X(ZDLB1/(RADIUSXDZLY1)IX(TLQI=TIQ=11)/(C(REQI=RLA=1IIXRADIUSIIIHFLUX®HF
LUX#(=TCIXDTx(3,14159265)%X((RIQ+1I#2=R{QI*2)x(RADIUS*2)x(TLQ+11=0T[Q+11)
/CCZLI1=ZDCQ+11/RADIUSIXRADIUS)+CZrI1=ZD[Q+1]1/RADIUSIX(RADIUS*2)R(RIQI+R
[Q+11)X(TLQ+11=T[QI)/C((RLQ+11=RLQIIXRADIUS)II+TCGXDTX(3,14159265)%X((R[Q+1
1#2=RIQI*2)x(RADIUS*2)x(COTLQ+11+TrQ1=2)/2)/CCCZ0lQ+1I/RADIUS+DZLIY])/2)x
RADIUS)+(DZLY1=ZDIQ+1)/RADIUSIX(RADIUS*2)X(RLQI+RIQ+11)x(((ZDLQ+1]1/RADIU
S)/DZLY1+1)/2)x(TLQI=TLQ=11)/C(RLQI=REQ=11)IxRADIUS))SENDIIF I>yTHEN HFRU
X€(3,16159265)xRADIUSXC=TCIXDTx(CRLQ+3I+RIQIIXDZLYIXCCTIQ+1I=TLQ1I)/C(RIQ+
11=RIQ1I*0HQIX(1/2)+(RLQ+11%#2=RIQI*2)%(TLQ+11=0T(Q+11)/DZLY))+TCGXDTx(3,
14159265)%X((RIQ+11*2=R{QI*2)x(RADIUS*2)x(TLQ1=0TLQ1)/(DZLYIXRADIUS)+DZLY
IXCRADIUS*2)X(RLQI+RLQ+11)x((TCLQI=T{Q=11+0TrQ+11=0TCLQJ)I/2)/((RLQI=RLA=1)
YXRADIUS) ) IMEQLHeHF LUX/(985=690XxCQG+85.0xC{Q1)IIF I=1THEN MEQLHeMEQLH/ (1
+3XSPHTLXDT/(8xHFG) )}
(13)

DIFCY]¢MASSTR=MEQLHS TAUeMUGX(ULQI=ULQ=11)xUBAR/C(CRL

Q1=R{Q=1])XRADIUS)IIENDIIF Y=2THEN BEGIN SLOPEB«{MEQLH=OMEQLH)/(Z[11=0Z)3
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SLOPEA¢(MASSTR=OMASSTR)/(Z[I11=0Z)3END3OMEQLHeMEQLHIOMASSTR¢MASSTRIOZ¢Z 1
13

(14)

IF Y=1AND I23THEN MM2e¢(Z[IJ+DIF{11/(SLOPEB=SLOPEA))/Z[I=1131IF Y=1AND I
S2THEN MM2€(1+(0.80)xMM/JT)31IF Y22THEN BEGIN REAL XXXXJIF I=1THEN CTERMe
0.002ELSE CTERM€0:.00053IF Y=200R ABS(DIF[YI/MEQLHI<CTERM THEN BEGIN TOTA
L¢0,0/FOR B¢1STEP I{UNTIL @ DO TOTAL¢TOTAL+RADIUSXRADIUSXUBARX(3,.14159265
IX(CRIB]*2=R[{B=1]#2)x(RON[BIXULBI+RON[B=1]1%XU[B=11)/23TOTAL1e¢TOTAL*SUMIPCC
ONLI1¢100XSUM/TOTALLISMTReSUMTX(RIQ+1]*2=R{Q1*2)x(UCQI+UDCA+1))+TOTTX(RLQ
14+R[Q+11IXDZLYIX(VIQI+VO[Q411)JHLOC1«SART(SQRT(CTC*4)/(TERMXZ[1IXRADIUS)
))FHM1€(0:943)x(SQRTC(SQRTCCTC*4) x4/ (TERMXZLTIxRADIUS)))ISHLOC¢TCXTINI/C(C
RIN+1J=RIN]I)XRADIUS)IHLOCSeDTXTCXTINI/CCRIN+11=RINIIXRADIUSXDTS5)IHLOC6«D
TXTCXTINI/Z((RIN+11=RINIIXRADIUSXDTg)I3IF I=1THEN BEGIN OLDHLOC«HLOC}OLDHS
UM€0.030LDHSUMS5¢0LDHSUME€0,030LDHLOCS«HLOCS530LDHLOC6€HLOC63ENDSAVEHLOCe(
ULDHLUC+HLDC)/21AVEHLUC5*(ULDHL005+HLUCS)/2}AVEHL006+(OLDHL066¢HLUCG)/21
HMHL I 1€ SUMXHFGXx(1+3xSPHTLXDT/(B8XHFGQ))IX3600/((3,14159265)xDxZ[IIxRADIUSXD
TY3IF I=1THEN AVEHLOC®€HMHI[11/360031F I=1THEN AVEHLUCS*HMHti]*DT/(DT5X360
0)31F I=1THEN AVEHLOC6¢HMHL11XDT/(DT6X3600)3HTRWCAVEHLOCXx(Z[I1=Z[I=1]1)xR

ADIUSPHTRWS«AVEHLOCSxCZLII=Z[I=1])xRADIUSSHTRW6*AVEHLOC6X(Z[TI=ZLI=1])xR
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ADIUS3HSUM¢OLDHSUM+HTRW3HSUMS 0L DHSUMS+HTRWNS s HSUM6€OLDHSUM6+HTRWG6 S HM¢HSU

M/CZIIIXRADIUS)IHMS5€HSUMS5/(ZIIIXRADIUS)IHM6¢HSUM6/(ZIIIXRADIUS)SNU3ALI )¢

HMXD/TCIWRITECFL>FMEsLSQ0)SWRITECFL»FMB2,LSB2)SWRITECFLsFMT1sLST1)3WRITE
(FLrFMT2)IWRITECFLoFMT3:sLST3)2FOR B¢OSTEP 1UNTIL N DO BEGIN UOCBIleULBIBV
0[Ble¢VIB1/0TIB1¢«TIB]3COCBl«CIBI}RONIBI«RONIBIJENDSIOLOHSUM¢HSUM3OLDHLOC*H
LOC30LDSUMeSUM3 OLDHLOCS5¢HLOCS520L0OHLOC6¢HLOC630LDHSUMS5¢HSUMS30LDHSUMSEHSU
M63RT«RT+13IF RT<LIM THEN BEGIN ZL«Z[I1xD/2,03FOR B¢OSTEP fUNTIL 20000 B
EGIN T[B]*UD[B]*UT[B]*i.Olvﬁ[BlﬁﬁoOJCﬁ[B]*ENTCJENDJENDJHH2LHH1KSDRT(SQRT
(C14(0468)xSPHTLXDT/HFG)/C1+3XSPHTLXDT/(8XHFG))))IIHPHILI J¢HM/PHIJIHPHISL]
16HMS/PHI?HPHIGL I 1¢HM6/PHIZ HRATS LI J€HMS/ (HMIX((DT/DT5I*0,25) )3 HRAT6L 1) eH
M6/(HM1Ix((DT/DT6)#%0.25))3HLRATSIIJ«HLOCS5/CHLOCIX((DT/DT5)*0,25))3HLRATSC
I1¢HLOC6/CHLDCIX((DT/DT6)*0,235))3HNPHILI J¢HML /PHIZHRPHI[I 1¢HM2/PHI3RWLZE
11€4xZ[T1XRADIUSXDTXSPHTLX((GRAVXROLXROL/C(MULXMUL))I*0,33333)/(PRLXHFGX(1
+3XSPHTLxDT/(8xHFG))x(1=ROG/ROLJIIIABPII]ePlIIxUBARXUBARXRONLO]/(184xGRAV
)+14969630ELTAII]*1-R[0]1NU&[I]tHMxRADIUS“Z[I]/T05NU1A[I]*HMI*RADIUSXZ[I
J/ZTC3HM2A[I1eHM2x36002HMALT }¢HMX36003 HLOCALI 1¢HLOCX36005HMIALI 1e¢HM1X3600
3OVRG¢VRGJHLOCIALIleHLOCIX36003ICGLII«CLQI3AMBLIII®0,03FOR Be1STEP 1UNTIL
Q@ DO AMBLI]«#(3,18159265)%RADIUSXRADIUSX(RIB]I*2=RIB=1]#2)xXx({RON{BI+RON(B~

133*(1/8)*(C[B]+C[B-1])x{U[BJ+U[B'1])xUBhﬂﬁﬂﬁBtI]JAVGGB{IJOEﬁB{I]/TDTﬁLJ
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MTRe¢AMB[II3FOR B¢Q+1STEP L1UNTIL N+1DD AMBLI1€(3.14159265)xRADIUSXRADIUSX

(R[B]#*2=R[B=11%#2)%ROLX(1/8)x(CIBI+C{B=11)x(UIBI+U(B=11)xUBAR+AMBLII3AVGL

BLIl¢(AMBLI1I=MTR)/SUMIZSII]1«ZSTARJFRE[IJe4XSUM/(MULX(3,14159265)XD)IHNFP
HIIJelo846XC(FRELIII*(=0,333333))2TAUVII)e~TAU/CGRAVX(ROL=ROGIXCCMULXMUL/
(ROLXROLxXGRAV))*0033333))3TOTC(I1«TOTALI3HLOCNUCITI)¢HLOCIALTI IX(SQRTC(SARTC
BXHF G/ (B8XHFG+3xSPHTLXDT))) )3 HMNUCT I J«HMIALTI IX(SQRT(SQART(BXHF G/ (BXHFG+3xS
PHTLXDT))))3IF Y=20THEN GO TO FLUSH3Y€203IF ULO)<O0,0THEN GO TO FLUSHIIF

ZLT1<ZLI=11THEN GO TO FLUSH3IF ABS(U[O])>10.0THEN GO TO FLUSHIBTTeIJIFCT
IMEC2)=X2)/60>86000THEN GO TO FLUSHJIF Z[IIxRADIUS>20.0THEN GO TO FLUSH}
ENDJIF Y<20THEN BEGIN SLOPE€(DIFLYI=DIFLY=11)/¢DZIYI=DZLY=11)3DZIY+1]¢=p
IFCY)/SLOPE+DZLYI13Z(I1)¢z[I=11+DZLY+113G0 TO HELLZENDJEND3IF I={THEN 2001
€ZIXREGX25IF RT>0AND RT<LIM THEN Z[0]¢(1,2)xZDLQ+11/RADIUSSI J*UTIENDIEND}

(15)

FLUSHSWRITE(FLEPAGE])SWRITECFL»FMG)SFOR B¢1STEP 1UNTIL BTT DO WRITE(FLsF
MHsLSTH)3WRITECFL»>FMBI3FOR Bel1STEP 1UNTIL BTT DO WRITECFL»FMCsLSTCIJIWRIT
ECFL>FMDA)IWRITECFL,FMD)3FOR Be1STgP LUNTIL BTT DO WRITECFLsFME»LSTE)?WR
ITECFLAFMZ)SFOR B€1STEP 1UNTIL BTT DO WRITECFLsFMEsLSTX)IWRITECFLoFMY)SF
OR B¢1STEP I1UNTIL BTT DO WRITE(FL»FMHsLSTW)IWRITECFL-FFZ)3FOR B¢1STEP 11U

NTIL BTT DO WRITECFLsFMCoLLZ)}WRITECFLsFRM)3FDOR B¢1STEP {UNTIL BTT DO WR
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ITECFLoFMH,LSST)IWRITECFL>FM38)2FOR B¢1STEP 1UNTIL BTT DO WRITECFLsFM36,
LST38)INWRITE(FLsFM35)3F0OR Be1STEP. qUNTIL BTT DD WRITE(FLoFM36-LST36)3NWRT
TECFLIPAGE] ) IWRITEC(FLsFMToLSTISWRITECFLoFMFoLSTFISWRITE(FLsFMTILLSTI)SNWR
ITECFLoFMTS,(TIMEC2)=X2)/60)WRITECFLoFMTO-(TIME(3)=X3)/60)3IF BBBSSTHEN
BEGIN IF I=7000THEN BEGIN WRITECFLIPAGE])3WRITE(FLIPAGE])3JUBAR¢2XUBAR}G
0 TO GODSENDJEND ELSE BBB¢BBBJEND.
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234

Data Read Into the Binary Vapor Program

A typical set of data in the order it is read into the binary

vapor program is given below.

0.0544 ROG, 53.6 ROL, 0.00000851 MUG, 0.000268 MUL, 970.3 HFG, 0.932
SPHTL, 0.0000599 TC, 206.25 TS, 177 TW, 0.019125 RADIUS, 100 UBAR, 0.6
L [1], 0.03 x [1], 0.75 n[2], ¢.015 K [2], 0.95 L [3], 0.01 k [3],
0.995 L [4], 0.0025 K [4], 12 AA, 5 JT, 24 BT, 2 LIM, 0.00001 ZI,
0.0002087 DABG, 0.00000001814 DABL, O.T74 AZ, 0.3795 BZ, 0.000003608
TCG, O.45h4 SPHTG, 14,696 P1, 671.69 T1, 1L.696 P2, 632.63 T2, 2.5

ccC (Use 1.2 for 50 and 1.05 for 75 weight percent), 186.5 BPTEM,
206.25 DPTEM, 368 HFG2, 0.03731 ROGA, 0.0946 ROGB, 18.02 Mwn;

46.07 MWB, 0.25 ENTC,
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APPENDIX D

PHYSICAL PROPERTIES

The physical properties of the various materials investigated

were taken or extrapolated principally from data in the International

Critical Tables (52), the Chemicel Engineers' Handbook (53), and the

Handbook of Chemistry and Physics (54). When it was necessary to esti-

mate a property the estimation techniques described in Properties of

Gases and Liquids (55) were used. Other sources are noted where used.

The integrated form of the Clausius-Clapeyron equation was used
in binary and gas-vapor mixtures for determining the temperature
dependence of vapor pressure.

The VanlLaar model fits ethanol-water data to within five
percent.

The equation for the vapor-liquid enthalpy difference for

ethanol-water is (56).

= 985-690 wEtOH + 85 WEtOH

. g £

eé—ei

For benzene-toluene the expression is (57)

! ’ == i
eg-e£ = 174,0-25 WT01£
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Table 4.  Physical Properties of Pure Vapors and Air-Vapor Mixtures
Trichloro-
Property Units Water Ethanol ethylene
pé 1b. feu.ft. 0.03731 0.0946 0.262
pé 1bs /e £s 59.802 47.0 84.05(39)
“é 1b. /ft.-sec. 0.00000843k4 | 0.0000087k {0.0000082
By 1b. /ft.-sec. 0.0001907  |0.000306 [0.00023k
K, BTU/sec.-ft.-°F 0.00000407 |0.00000315 —
K, BTU/sec.-ft.-°F 0.0001073  |0.0000259 [0.00001745
cﬁg BTU/1b.-°F 0.L5k 0.k454 ——-
Cﬁz BTU/1b.-°F 1.007 0.680 0.243
A’ BTU/1b. 970.3 368 103.1
D, for ft.2/sec. 0.000452 and|0.0001721 —--
air-vapor 0.0003768
Mvapor molecular weight 18.02 L6.07 s
L molecular weight 28.97 28.97 -
Boil. Pt. °F 21p 173.3 194(39)




Table 5.

Physical Properties of Binary Vapor Mixtures

Property Units Ethanol-Water Benzene-Taoluene

pé 1b fenfh. varies with conec. varies with conc,

pé 1b; fou. PE; 53.6 Lo 45

pé 1b. /ft.-sec. 0.00000851 0.000005955

u; 1b./f@.-sec. 0.000268 0.00020

ké;. BTU/sec.-ft.-°F |0.000003608 0.0000025k4

k, BTU/sec.-ft.- F [0.0000599 0.00002296

¢! BTU/1b.-°F 0.45k4 0.352

%i BTU/1b. - F 0.932 0.472
Eoil. Pts. °F E =173.3, W = 212 |B = 176.2, T = 231.1
Fvapor Molecular weight[E = 46.07, W = 18.02B = 78.11, T = 92.13
Van Laar |[Dimensionless 0.74, 0.3795 | = -

Dy ft.z/sec. 0.0002087 0.0000532

D;b£ ft.z/sec. 0.00000001814 0.00000046

A BTU/1b. E =368, W = 970.3 |B = 169.8, T = 155.8
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-APPENDIX E

PURE VAPOR CONDENSATION. RESULTS

This appendix contains the numerical results described in

Chapter III for the condensation of pure vapors.
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Table 6. Condensation of Water Vapor ”
Summary of Results: D' = 0.03825 Ft., AT’ = 5 F,
Pry, = 1.79,.C, ‘AT’ /A’ = 0.00519

A
u’ Re Fr z' h’ n’ ! 26 Film *
g L m m loc —r T P
It Tt ratio 3 ratio D Re
BeC.
5 846  66.13 0.0117 1.208 1.356 1.059 0.00399 2.7 0.370 +0.0093
21.72 0.0358 1,109 0.942 1.016 0.00549 5.7 0.220 +0.0845
8.87 0.0876 1.059 0.719 0.998 0.00699 10.7 0.128 +0.2L45
4,23 0.184% 1,031 0.581 0.989 0.00849 18.1 0.061 +0.5121
2,04 0.380 1.012 0.476 0.983 0.01024k 30.7 0.001L +0.9508
10 1692 28.25 0.110 1.127 0.723 1.018 0.00725 13.5 0.333 +0.0663
13.80 0.225 1,078 0.578 1.000 0.00883 22.1 0.211 +0.1782
8.38 0.371 1.052 0.498 0.990 0.0101  31.4 0.134 +0.3120
4,83 0.644t 1.030 0.425 0.982 0.0117 46.4 0.054 +0.5340
3.25 0.957 1.017 0.380 0.978 0.0129 61.7 0.001 +0.7411
25 4231 176.87 0.110 1.375 0.882 1.116 0.00661 16.5 1.213 -0.0310
71.33 0.273 1.228 0.628 1.050 0.00882 29.0 0.789 -0.0063
36.84 0.527 1.151 0.499 1.019 0.0107 Lk.7 0.546 +0.04k46
18.93 1.026 1.094 0.402 0.997 0.0129 70.0 0.332 +0.1497
11.48 1.693 1.062 0.344% 0.984 0.0148 98.8 0.184 +0.2831
50 8462 2576.4 0.0302 2,256 2.000 1.590 0.00337 10.2 5.132 -0.0350
eiz.6 0,320 1,448 0.711 1.145 0.00842 38.7 1.979 -0.0482
69.8 1.113 1.224 0.440 1.040 0.0126 83.2 1.058 -0.0129
31.4 2,477 1.131 0.333 1.001 0.0160 140.0 0.606 +0.0771
14,7 5.275 1.068 0.260 0.976 0.0198 233.2 0.233 +0.2608
100 16923 1553.9 0.200 2.047 1,131 1.505 0.00570 38.4 6.505 -0.0L434
743.3 0.418 1.772 0.814 1.321 0.00780 57.8 4.651 -0.05L43
438.6 0.709 1.607 0.647 1.223 0.00961 77.9 3.656 -0.0610
275.4 1.128 1.483°0.532 1.156 0.0114 101.9 2.942 -0.0641
158.8 1.957 1.361 0.425 1.095 0.0138 141.3 2.239 -0.0603
200 33846 2482.5 0.501 2.224 0.976 1.656 0.00652 83.1 11.27 -0.064k4
836.5 1.486 1.806 0.604 1.356 0.010k 152.5 7.17 -0.0840
299.0 L4.159 1.504 0.389 1.166 0.0156 274.6 L4.45 -0.0980
133.2 9.333 1.324 0.280 1.068 0.0209 M4h43.4 2.85 -0.0861
67.7 18.358 1.209 0.216 1.009 0.0261 672.3 1.72 -0.0333
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Table 7. Condensation of Water Vapor

Summary of Results: D’ = 0.03825 Ft., AT’ = 10° 7,
Pr, = 1.79, c’aT’ /A’ = 0.010k
P
u’ Re Fr z’ n' ' n' 26'  Film - 7* P
g L m m loc _—
£t. % retic & ratio O Re
sec
5 846 68.51 0.0113 1.237 1.178 1.072 0.00465 4.5 0,511 +0.0787
32,75 0.0237 1.157 0.916 1.031 0.00581 7.4 0.351 +0.1534
14,89 0.0522 1,094 0.711 1.004% 0,00726 12.6 0.210 +0.2984
8.63 0.0900 1.062 0.602 0.991 0.00843 18.4 0.12L4 +0.L4553
5.32 0.1460 1.039 0.522 0.983 0.00959 25.8 0.050 +0.6367
10 1692 286.L 0.0109 1.462 1.L07 1.221 0.00Lkok 5.2 1.327 +0.0226
83.5 0.0372 1.262 0.892 1.074k 0.00624 11.3 0.739 +0.0852
26.7 0.116 1.131 0.602 1.011 0.00881 23.8 0.371 +0.2362
12.0 0.259 1.071 0.L467 0.986 0.0110 40.9 0.162 +0.4ko7
6.1 0.509 1.034 0.380 0.972 0.0132 65.6 0.001 +0.6688
25 L231 931.0 0.0209 1.731 1.418 1.452 0.00399 10.0 3.285 -0.0001
285.5 0.0680 1.478 0.901 1.200 0.00648 20.6 2,004 +0.0340
62.7 0.310 1.214 0.507 1.033 0.0110 52.8 0.847 +0.1589
28.0 0.693 1.121 0.383 0.991 0.0140 89.2 o.L41k +0.3161
14,1 1.378 1.064 0.306 0.968 0.0170 141.7 0.088 +0.5134
50 8462 1261.0 0.0616 1.844 1.150 1.517 0.00501 24,0 5.223 -0.0040
bok.2 0.192 1.562 0,733 1.239 0.00815 L47.8 3,190 +0.0296
148.9 0.522 1.343 0.L491 1.086 0.0119 86.8 1.818 +0.0919
45.0 1.727 1.156 0.313 0.991 0.0175 183.3 0.674 +0.2803
23.6 3.290 1.085 0.249 0.961 0.0213 282.4 0.152 +0.L4579
100 16923 1975.6 0.157 2.01k 0.994 1.632 0.00589 53 8.74hk -0.0123
678.8 0.458 1.708 0.645 1.330 0.00942 100 5.610 +0.0179
221.0 1.406 1.416 0.4O4 1.109 0.0149 193 2.934 +0.0802
101.6 3.058 1.258 0.296 1.021 0.0196 306 1.627 +0.1779
38.5 8.077 1.11h4 0.205 0.954 0.0267 562 0.289 +0.4020
200 33846 U51.1 2.756 1.535 0.370 1.221 0.0160 346 5.964 +0.0381
251.8 L4.938 1.401 0.292 1.107 0.0204% L4B9 L,077 +0.0905
151.7 8.193 1.296 0.238 1.033 0.0248 661 2.657 +0.1595
96.2 12.922 1.212 0.199 0.981 0.0292 869 1.519 +0.2487
63.3 19.633 1.145 0.169 0.945 0.0335 1123 0.565 +0.3537
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Table 8. Condensation of Water Vapor
Summary of Results: D’ = 0.03825 Ft., AT’ = 20° F,
Pr, = 1.79, c’aT' /A" = 0.0208
) P
e Reg Fry z b My B %g_ F;lm. T* P
It Bk ratio @& ratio ¢
BEC
5 846 70.80 0.0110 1.291 1.044 1.087 0.00541 7.7 0.728 +0.1724
41,71 0.0186 1.217 0.862 1.04Lk 0.00642 10.8 0.530 +0.2475
22,27 0.0349 1.145 0.693 1.009 0.00778 16.3 0.325 +0.3722
12,81 0.0607 1.095 0.577 0.987 0.00913 23.6 0.160 +0.5136
7.83 0.0992 1.059 0.493 0.972 0.01048 33.0 0.018 +0.6k426
10 1692 219,8 0.0141 1.484 1,125 1.222 0.00512 10.8 1.725 +0.1051
87.7 0.0354% 1.313 0.792 1.084 0.00726 18.9 1.012 +0.1970
39.9 Q.0778 1.194 0.591 1.019 0.00939 31.1 0.570 +0.3287
23.0 0.135 1.130 0.488 0.988 0.0111 Lk.L4 0.304 +0.4531
12.6 0.248 1.073 0.398 0.964 0.0132 66.5 0.029 +0.5938
25 L4231 518.1 0.0375 1.742 1.036 1.342 0.00595 26.2 3.697 +0.088L
197.2 0.0985 1.472 0.687 1.138 0.00893 L45.7 2.089 +0.1660
79.6 0.244 1.276 0.475 1.032 0.0123 78.2 1.087 +0.2966
40.5  0.479 1.168 0.367 0.982 0.0153 118.8 0.486 +0.4365
22.4 0,868 1.095 0.297 0.953 0.0183 173.9 0.015 +0.5550
50 8L62 698.0 0.111 1.833 0.830 1.381 0.00759 62.4 5.635 +0.0987
248.8 0,312 1.509 0.528 1.135 0.0119 111.3 2.923 +0.1897
131.3 0.592 1.347 0.402 1.045 0.0152 160.5 1.776 +0.2827
68.4 1.136 1.216 0.308 0.982 0.0190 236.3 0.814 +0.4109
38.3 2,030 1.126 0.247 0,944 0.0228 338.0 0.075 +0.5265
100 16923 1001.8 0.310 1.959 0.686 1.439 0.0094 143.9 8.855 +0.1064
423.6 0.73% 1.641 0.46L4 1.187 0.01L41 229.8 4,990 +0.1800
210.7 1.475 1.426 0.338 1.058 0.0188 337.1 2.839 +0.2750
115.2 2.697 1.276 0.260 0.982 0.0235 Lk7L.3 1.359 +0.3878
62.1 5.002 1.156 0.202 0.930 0.0289 682.7 0.088 +0.5091
200 33846 1380.9 0.900 1.983 0.532 1.537 0.0115 324 13.94% +0.1115
629.7 1.974 1.709 0.377 1.243 0.0172 503 8.05 +0.1830
302.1 4,116 1.468 0.270 1.064 0.024k1 749 L.19 +0.2838
161.9 7.681 1.296 0.204 0.964 0.0310 1055 1.69 +0.4017
100.7 12.344 1.188 0.166 0.912 0.0367 1380 0.11 +0.4948
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Table 9. Condensation of Water Vapor,
Summary of Results: D’ = 0.16667 Ft., AT’ =5 F,
Pr, = 1.79, q;am’/x’ = 0.00519

£
o’ Re Fr, 2’ n' h' by 28 Film ™ P
% £ ratio & ratio b Re
2.5 1843 18.56 0.0105 1.078 1.245 1.025 0.00092 2.2 0.165 +0.0607
6.73 0.0289 1.046 0.937 1.010 0.00121 4.6 0.120 +0.1802
1.82 0.107 1.017 0.657 0.993 0.00170 11.9 0.076 +0.6630
0.75 0.258 1.006 0.521 0.994% 0.00213 22.8 0.045 +1.5618
0.36  0.535 1.003 0.433 0.999 0.00255 39.1 0.021 +3.1326
25 18435 1920.0 0.0101 2.030 2.365 1.463 0.00064 L 2,821 -0.0068
242.6 0.0801 1.427 0.991 1.155 0.00136 13 1.382 -0.0047
62.8 0.309 1.214 0.601 1.058 0.00208 32 0.802 +0,0125
19.6 0.991 1.110 0.411 1.022 0.00288 69 0.500 +0.0725
7.18 2.706 1.058 0.305 1.006 0.00376 1L4O 0.312 +0.2224
50 36869 3113.8 0.0250 2.289 2,127 1.649 0.00071 9 5.386 -0.0062
559.8 0.139 1.637 0.990 1.266 0.00142 23 2.765 -0.0097
90.5 0.859 1.262 0.484 1.075 0.00264 71 1.302 +0.0021
29.2 2.658 1.139 0.329 1.029 0.00366 149 0.811 +0.0469
10.9 7.131 1.075 0.243 1,008 0.00478 294 0.504 +0.1625
100 73739 3365.4 0.0923 2,388 1.600 1.603 0.00102 25 7.337 -0.0097
heh.0 0.670 1.596 0.652 1.232 0.00217 74 3.615 -0.01L43
110.6 2.810 1.293 0.369 1.085 0.00352 176 1.988 -0.0056
44,8 6.939 1.177 0.268 1.039 0.00460 316 1.3U4 +0.0234
16,3 19,108 1.095 0.193 1.011 0.00609 628 0,814 +0.1182
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Table 10. Condensation of Water Vapor, ”
Summary of Results: D’ = 0.16667 Ft., AT’ = 10 F,

Pr, = 1.79, c;aT’/x’ = 0.010k4
T’ Re Fr z'  n’ h’  n’ 26’  Film T P
g L m m loc =
.ﬁ"_‘ £E ratio @' ratio Re
sec

25 18435 1463.1  0.0133 1.973 1.806 1.592 0.00075 8 4,268 +0.0004
324.5  0.0599 1.561 0.906 1.228 0.00141 20 2.23L +0.0094
73.6 0.264 1.271 0.551 1.080 0.00233 L49 1.206 +0.0433
28.3 0.687 1.160 0.396 1.037 0.00308 92 0.812 +0.1061
11.6 1.638 1.095 0.301 1.014 0.00391 167 0.537 +0.2297
100 73739 382.0 0.814 1.558 0.510 1.269 0.00263 141 4.842 +0.0128
126.7 2.4s2 1.341 0.333 1.11Lk 0.00394 277 2.929 +0.0L31
58.5 5.313 1.227 0.251 1.057 0.00503 452 2,049 +0,0908
30.0 10.365 1.153 0.200 1.026 0.00613 701 1.445 +0.1658
16.7 18.591 1.104 0.165 1.007 0.007221041 0.991 +0.2723
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Table 11. Condensation of Water Vapor, o
Summary of Results: D’ = 0.16667 Ft., AT’ = 20" F,

Pr, = 1.79, qpam /A 0.0208
W Re Fry oz’ m' W by 28 Film TP
-ié‘-z-'—é T ratio & ratio A Re

25 18435 182.5 0,106 1.486 0.681 1.234 0.00193 49 2.913 +0.0498
L6.5 0.417 1.256 0.4%09 1.074 0.00312 115 1.526 +0.1346
13.9 1.398 1.126 0.271 1.017 0.00k46 256 0.790 +0.3237
6.52 2,977 1.074 0.21k 0.995 0.00550 430 0.398 +0.5413
3.75 5.185 1.045 0.181 0.983 0.00639 634 0.116 +0.7551
50 36869 394.5 0.197 1.659 0.651 1.348 0.00206 87 5.277 +0.0376
109.3 0.711 1.387 0.395 1.135 0.00337 190 2.970 +0.0958
30.7 2.528 1.195 0.248 1.038 0.00506 L423 1.557 +0.2361
11.4  6.842 1.100 0.178 0.998 0.00675 822 0.704 +0.4580
6.0 13.002 1.057 0.146 0.980 0.00806 1278 0.188 +0.6552
100 73739 825.6 0.376 1.861 0.621 1.540 0.00212 158 10.08 +0.0307
215.3 1.4h44 1,525 0.364 1.212 0.00377 355 5.45 +0.0802
89.0 3.491 1.340 0.256 1.098 0.00519 605 3.49 +0.1480
33.5 9.275 1.192 0.179 1.027 0.00707 1119 1.94% +0.2877
16.4 18.923 1.116 0.140 0.994 0.00872 1789 0.98 +0.4486
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Table 12. Condensation of Ethancl Vapor,

Summary of Results: D’ = 0.03825 Ft., AT’ = 5° F,
Pr, = 8.03, CéﬂT’/h’ = 0.0092k
u’ Re Fr z’ h' h' n! 26! Film T P
£t. g & £t P Re
e ratio @ ratio

5 2070 73.15 0.0106 1.276 2.083 1.070 0.00437 0.93 0.316 -0.0469
18.85 0.0412 1,125 1.309 1.022 0.00641 2.26 0.188 -0.0426
5.84 0.133 1.059 0.919 1.004 0,00875 5.11 0.118 +0.0430
2.33 0.333 1.029 0.710 0.996 0.0111 9.88 0.077 +0.2906
1.01 0.766 1.012 0.567 0.991 0.0137 18.15 0.046 +0.8855
25 10350 1571.0 0.0124 2.395 3.76L 1.667 0.00292 1.95 3.393 -0.0250
277.9 0.0699 1.609 1.641 1,198 0.00625 L4.79 1.335 -0.0743
38.2 0.508 1.212 0.752 1.051 0.0117 15.98 0.634 -0,14kL2
14,1 1.377 1.117 0.540 1.019 0.0154 31.11 0.L434 -0.1692
5.77 3.362 1.064 0.412 1.000 0.0196 57.86 0.296 -0.1334
50 20701 6249.8 0.012k L.291 6.737 1.638 0.00297 3.50 6.143 -0.0364
1055.1 0.0736 2.233 2.247 1.404 0.00540 6.91 3.292 -0.0681
339.4 0.229 1.70k 1.291 1.241 0.0081 12.36 2.184 -0.1030
170.3  0.456 1.499 0.956 1.163 0.0103 18.25 1.693 -0.133kL
88.1 0.882 1.356 0.733 1.107 0.0127 27.04 1.332 -0.1697
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Table 13. Condensation of Ethancl Vapor, o
Summary of Results: D’ = 0.03825 Ft., AT’ = 10 F,
Pr, = 8.03, céaT’/k’ = 0.0185

2’ Re Fr 2’ h' h'’ h! 28’ Film T P
L m m loc —
fr. € £t ratio ¥T ratio B he
sec
5 2070 25.9 0.0299 1.135 1.204 1.028 0.00701 3.00 0.2L45 -0.0089
12,1 0.0642 1,084 0.950 1.010 0.00863 5.08 0.179 +0.0388
5.42 0.143 1.047 0.751 0.987 0.0108 8.96 0.127 +0.1726
1.93 0.403 1.015 0.562 0.983 0.0140 18.82 0.067 +0.6300
0.85 0.915 1.001 0.451 0.981 0.0173 34.27 0.020 +1.4896
25 10350 1784.4 0.0109 2.294% 3.134 1.663 0.00337 2.84 3.701 -0.0211
249.8 0.0778 1.536 1.283 1.187 0.00769 8.31 1.472 -0.0582
55.6 0.350 1.245 0,714 1.061 0,0125 20.80 0.806 -0.0800
17.9 1.088 1.124 0.485 1.016 0.0173 143.99 0.492 -0.0570
6.68 2.910 1.060 0.358 0.992 0.0226 86.78 0.281 +0.0738
50 20701 215k.2 0.0361 2.448 2.478 1.729 0.00437 7.4 5.841 -0.027h
372.7 0.208 1.669 1.090 1.249 0.00936 18.9 2.544 -0.0724
73.1  1.063 1.294% 0.562 1.079 0.0162 49.8 1.332 -0.1161
22.1 3.510 1.14k4 0,369 1.018 0.0231 107.8 0.787 -0.1167
9.35  8.308 1.077 0.280 0.991 0.0293 193.6 0.475 -0.0348
100 41kol L349.5 0.0715 3.257 2.779 1.848 0.00484 16.5 9.939 -0.0690
1041.6 0.298 2.111 1.260 1.420 0.00900 31.3 5.409 -0.12Lk
165.7 1.876 1.47h 0.556 1.165 0.0173 86.8 2.889 -0.1874
54,1 5,747 1.264 0.360 1.066 0.0249 172.4 1.8k9 -0.2382
22,2 13.993 1.153 0.263 1.016 0.0325 306.6 1.216 -0.2518
200 82802 5428.6 0.229 3.516 2.242 1.957 0.00612 L2.8 16.82 -0.0726
1595.4  0.779 2.401 1.127 1.548 0.0105 73.2 9.84 -0.1260
L09.7 3.03% 1.763 0.589 1.300 0.0175 149.0 6.15 -0.183L
132.1  9.412 1.L45 0.364 1.145 0.0262 285.3 4,01 -0.2580
64.6 19.235 1.305 0.275 1.077 0.0332 440,3 3.00 -0.3115
Loo165604 6884.0 0.722 3.804 1.820 2.085 0.00765 110 27.78 -0.0942
32890 1.512 R.977 1.185 1.754 B.0109 149 19.39 -0.1387
946.1 5.256 2.145 0.625 1.492 0.0175 27k 12,91 -0.1949
k69,1 10.602 1.846 0.451 1.351 0.0229 399 10,06 -0.2436
266.1 18.688 1.656 0.351 1.254 0.,0284 Shk7 8,18 -0.2941
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Table 14. Condensation of Ethancl Vapor, o
Summary of Results: D’ = 0,03825 Ft., AT’ =20 F
Pr, = 8.03, cﬁam'/x’ = 0.0370

o’ z' / i O 26’  Film T P
£r. e L £t hm. T
== ratio @ ratio
5 2070 25.5 0.0304 1.118 0.995 1.038 0.00829 5.00 0.306 +0,0463
12.1 0.0643 1.079 0.797 1.017 0.0102 8.46 0.227 +0.1341
5.52 0.141 1.048 0.636 0.990 0.0127 14.75 0.150 +0.3202
2.72 0.285 1.024 0.521 0.986 0.0153 24.45 0.086 +0.6477
1.50 0.520 1.011 0.L443 0.986 0.0178 37.74 0.027 +1.1089
50 20701 778.5 0.0998 1.883 1.245 1.413 0.00818 20.6 L.213 -0.0328
163.7 0.475 1.44o 0.6L45 1.1L44 0.0149 50.6 2.168 -0.0393
52.4 1.484 1.235 0.416 1.046 0.0216 102.1 1.268 -0.0087
23.0 3.374 1.137 0.312 1.003 0.0275 173.9 0.777 +0.0749
9,83 7.901L 1.066 0.236 0.974 0.0350 308.6 0.331 +0.2809
100 41401 946.1 0.329 1.916 0.94%0 1.470 0.0106 51.1 6.410 -0.0453
272.2 1.142 1,552 0.558 1.215 0.0174 105.4 3.909 -0.0558
75.2 L4.,135 1.284 0.335 1.062 0.0274 228.8 2,124 -0,0392
31.0 10,037 1.159 0.2h42 1.001 0.0361 Loil.4 1.219 +0.040k4
16.3 19.050 1.092 0.19% 0.970 0.0436 611.5 0.637 +0.1760
200 82802 6295.4 0.197 3.417 1.905 1.923 0.00713 62.3 16.34 -0.0897
1080.2 1.151 2.080 0.746 1.490 0.0143 1k42.2 10.13 -0.1358
302.0 L4.116 1.627 0.425 1.241 0.0234 289.2 6.26 -0.1524
123.4 10.07k 1.401 0.292 1.111 0.0326 U87.2 L,14 -0.1556
6L.2 19.368 1.274 0.226 1.042 0.0kO7 722.8 2.89 -0.1313
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Table 15, Condensation of Ethanol Vapor,
Summary of Results: D’ = 0.16667 Ft., AT’ =5 F,
Pr, = 8.03, q;AT’/x’ = 0.0092k

4’ Re Fr z’ h' n’ n! 26’  Film T¥ P
ft. 24 L £t m ) M_TE 10(.3 = i
b ratio & ratio
sec
25 45099 110.07 0.176 1.33k 1.079 1.085 0.00200 8 0.774 -0.0181
17.15 1.133 1.113 0.566 1.020 0.00338 27 0.378 +0.0081
L.62 k4,202 1.048 0.38L4 1.004 0.00477 67 0.225 +0.1493
2.08 9.319 1.027 0.308 0.999 0.00585 120 0.161 +0.4118
0.98 19.804 1.014% 0.252 0.995 0.00708 209 0,111 +0.9711
100180397 1319.4 0.236 2.292 1.725 1.287 0.0018L 17 3.611 -0.0326
188.9 1.645 1.453 0.673 1.141 0.00332 L6 2.017 -0.0L77
77.% 4,013 1.284% 0.476 1.081 0.00438 80 1.L460 -0.056k
33.5 9.267 1.179 0.354 1.04k 0.00559 137 1.060 -0.0604
16.5 18.831 1,119 0.281 1.024 0.00679 222 0.806 -0.0509
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Table 16. Condensation of Ethanol Vapor,
Summary of Results: D’ = 0.16667 Ft., AT’ = 10° F,
Pr, = 8.03, CﬁAT'/l' = 0.0185 "
u’ Re PFr 2’ n’ n 26’  Film T 2
£5. 8 = £t m m lee g Tag
S0 ratio & ratio

25 45099 981.16 0.0198 2.005 2.359 1.318 0.00113 3.9 2.069 -0.0100
461.22 0.0k21 1.685 1.641 1.237 0.00146 5.8 1.636 -0.0108
230.77 0.0842 1.489 1.219 1.168 0.00184 8.6 1.296 -0.0109
140.67 0.138 1.382 1.000 1.124 0.00216 11.5 1.071 -0.010L
84,26 0.231 1.293 0.823 1.087 0.00254 15.8 0.871 -0.0083
100180397 1830.0 0.170 2.325 1.598 1.582 0.00162 23 6.677 -0.0104
Lo8.2 0.624 1.726 0.857 1.262 0.00280 45 3.596 -0.0210
105.6 2.943 1.335 0.450 1.099 0.00LT74 110 1.956 -0.0285
37.3 8.342 1.189 0,309 1.045 0.006L6 215 1.293 -0.0215
15.9 19.572 1.114 0.234 1.020 0.00819 381 0.910 +0.0123
200 360793 1225.5 1.014 2.070 0.910 1.494 0.00267 77 7.977 -0.0181
645.0 1.928 1.808 0.677 1.316 0.00356 109 5.764 -0.0273
255.7 4.862 1.52L4 0.453 1,183 0.00499 183 4.022 -0.0366
120.3 10.331 1.359 0.335 1.110 0.00641 288 2.989 -0.0433
62.9 19.759 1.254 0.262 1.068 0.00784% L32 2,309 -0.0456
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Table 17. Condensation of Ethanol Vapon ”
Summary of Results: D’ = 0.16667 Ft., AT’ = 20 F,
Pr, = 8.03, céam’/x’ = 0,0370

'  Re Fr 2’ h’ n’  n! 26" Film 1% P
£t. 8 Lo moo_Bm lee e e
—_— ratio @& ratio
sSec
25 45099 2Lo.64 0.0807 1.461 1.019 1.209 0.00209 1L 1.736 -0.0035
32,28 0.602 1.179 0.498 1.050 0.00397 50 0.812 +0.0322
6.88 2.822 1.073 0.308 1.011 0.00606 1Lk 0.432 +0.1959
2.71 7.178 1.039 0.236 1.000 0.00773 280 0.268 +0.5042
1.07 18.236 1.017 0.183 0.994 0.00982 552 0.127 +1.2341
100180397 2011.3 0.155 2.247 1.332 1.612 0.0018% 34 7.798 -0.0078
345.5 0.900 1.613 0.615 1.251 0.00368 92 4.111 -0.0107
88.5 3.513 1.318 0.358 1.098 0.00589 208 2.343 -0.0021
37.9 8.210 1.201 0.26L4 1.050 0.00761 358 1.655 +0.0228
16.8 18.532 1.125 0.201 1.022 0.00957 618 1.157 +0.0833
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Table 18. Condensation of Trichloroethylene Vapor,
Summary of Results: D’ = 0.03825 Ft., AT’ = 5 F,
= 3.56, céaT’/x’ = 0.0118

u’ Re FrL z’ hé hé hioc 28’ Film G- P
ft, g £t e 5P Re
il ratio” @& ratio
sec
25 30553 1182.9 0.0164 2,188 2.089 1.704k 0.00267 7.9 5.318 -0.0123
218.0 0.0891 1.566 0.979 1.206 0.00575 20.1 2.1Lk4 -0.0333
L1.7 0.466 1.242 0.513 1.062 0.0099 55.4 1.106 -0.0354
11,0 1.763 1,108 0.329 1.013 0.0144 134%.0 0.623 +0.0336
3.7 5.317 1.047 0.236 0.991 0.0193 289.8 0.333 +0.2826
50 61107 1376.9 0.0564 2,313 1.621 1.675 0.00369 21.2 7.397 -0.0189
21k 0.184 1.789 0.933 1.312 0.00633 39.8 L.067 -0.0395
86.6 0.897 1.367 0.480 1.111 0.0111 99.6 2.160 -0.0597
19.3 L4.026 1.156 0.279 1.025 0.0174 259.7 1.1L48 -0.0388
5.3 14.606 1.061 0.186 0.990 0.0248 626.7 0.560 +0.1510
100 1222131870.4 0.166 2,503 1.340 1,798 0.00450 51.5 12,36 -0.023L
487.6 0.637 1.859 0.711 1.353 0.0083 104.9 6.36 -0.0529
133.0 2.337 1.468 0.406 1.156 0.0135 219.3 3.77 -0.0807
49.3 6.308 1.277 0.275 1,070 0.0187 L0l1.7 2.51 -0.0960
16.6 18.728 1.1k3 0.188 1.015 0.0257 813.0 1.53 -0.0693
200 2Lbhh27 8240.3  0.151 L4.367 2.362 2.221 0.00356 82.5 30.17 -0.0367
1863.4 0.667 2.571 0.972 1.609 0.0071 150.1 14.36 -0.0781
432,55 2.875 1.832 0.481 1.3L49 0.0122 319.8 9.05 -0.1062
144.3  8.618 1.504 0.300 1.179 0.0183 598.0 5.94 -0.1418
65.6 18.964 1.338 0.219 1.097 0.0239 961.0 L4.32 -0.1686
Loo 48885k 12076 0.412 L.676 1.99% 2.469 0.00412 190 53.41 -0.0400

.8L0 0.00764 326 27.92 -0.,0794
.578 0.01176 564 19,40 -0.1038
.386 0.01646 884 14.17 -0.1338
.277 0.02058 1218 11.35 -0.1606

1
3277 1,517 2.992 0.921
1072 k4,639 2.257 0.525
465 10.701 1.890 0.357
262 19.01k 1.692 0.277

oD

Y

/
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Table 19. Condensation of Trichloroethylene Vapor,
Summary of Results: D’ = 0.03825 Ft., AT’ = 10" F,
= 3.26, c;aw’/k’ = 0.0236

u’ Re, Frp z' h'  h' h o 28’ Film 1% P
—i:-t—' e ratio & ratio e
sec
25 30553 1682.5 0.0115 2.284 2.005 1.225 0.00404 10.7 2.6L4L4 -0.0883
337.6 0.0575 1.51k 0.889 1,189 0.00621 23.6 2.067 -0.0748
93.1 0.208 1.296 0.51k 1.130 0.00901 53.0 1.720 -0.0455
L2.3 0.459 1.209 0.h422 1.077 0.01149 89.3 1.344 -0.0137
18.9 1.025 1.138 0.325 1.035 0.01460 153.7 0.962 +0.0517
50 61107 5315.8 0.0146 3.511 2.904 1.912 0.00277 19.6 10.72 -0.0247
955.0 0.0814 1.990 1.072 1.368 0.00589 L0.2 5.08 -0.0586
247.2 0.314% 1.559 0.599 1.249 0.00903 86.8 .3.93 -0.0476
73.5 1.058 1.323 0.375 1.109 0.0137 183.9 2.h48 -0.0289
28.7 2.705 1.194 0.268 1.042 0.0185 333.8 1.62 +0.0220
100 1222136927.7 0.04kg 3.837 2.398 2.174 0.00319 L9.6 20.53 -0.0297
2022.5 0.153 2.465 1,132 1.476 0.006L40 80.2 9.2L4 -0.0710
300.5 1.034  1.643 0.469 1.284 0.0118 223.4 6.28 -0.0618
106.2 2.926 1.402 0,308 1.139 0.0172 415.7  4.15 -0.0523
43.5 7.139 1.250 0.220 1.057 0.0231 T723.3 2.73 -0.0169
200 2ukL27 11920 0.104 L4.450 2.252 2.309 0.00372 108 31.23 -0.036k
3060 0.406 2.705 0.975 1.617 0.007kk 183 16.23 -0.0831
586 2.122 1.870 0.hku6 1.422 0.0127 436 11.90 -0.0776
207 6.003 1.565 0.288 1.226 0.0191 796 7.97 -0.0785
10012.461  1.398 0.214 1.124 0.0249 1228 5.75 -0.070L
Loo 488854 14320 0.347  L4,794 1.796 2.140 0.00540 287 37.53 -0.0745
Lh69 1,113  3.059 0.857 1.636 0.00945 439 2L4.32 -0.1409
1264 3.934 2.172 0.L44h4 1.567 0.0135 8ok 21.25 -0.1340
507 9.800 1.830 0.297 1.403 0.0189 1343 16.65 -0.1320
25019.883 1.622 0.221 1.263 0.0250 2024 12.73 -0.1335
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Table 20. Condensation of Trichlorocethylene Vapor,

Summary of Results: D’ = 0.03825 Ft., AT’ = 20° F,
Pr, = 3.26, cﬁaT’/x’ = 0.0471
T’ Re, Frp z . n' B’ n/ 28’ Film T P
1%, e ratio @' Fatis Be

sec

.971 0.0029% 26.5 9.694 -0.0271
.295 0.00673 51.7 4.885 -0.0911
.2h2 0.0114 159.3 4,449 -0.0238
.145 0.0151 271.3 3.409 +0.0257
.067 0.0198 L52.6 2.357 +0.1048

9 0.0106 3.613 2.727
A 0.0558 2.031 1.013
200.6 0.387 1.465 0.450
3 0.890 1.336 0.334
5 1.967 1.231 0.252

e

100 122213 9455.7 0.0329 3.935 2.240 2.095 0.00368 67.3 15.49 -0.0349
2687.0 0.116 2.482 1.032 1.L422 0.0074 109.1 9.L49 -0.102L

341.0 0.916 1.624 0.403 1.330 0.0131 335.6 8.01 -0.0390

137.9 2.253 1.440 0.285 1.188 0.0184 586.8 5.84 +0.0080

60.7 5.120 1.296 0.209 1.083 0.0247 977.2 3.89 +0.0813

200 2hhlh27 12716 0.0978 4.282 1.856 2.258 0.00448 166 25.36 -0.0451
2669 0.466 2.487 0.729 1.541 0.00960 311 16.51 -0.1075
Lo2 3.091 1.723 0.315 1.368 0.0173 890 12.89 -0.0412
183 6.800 1.526 0.229 1.212 0,0237 1424 9.27 -0.0234

0812.698 1.388 0.178 1.112 0.0301L 2067 6.67 +0.0517

O OH
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Table 21. C(ondensation of Eir'lcl'ﬂ_groeth{lene Vapor, , 5
Summary of Results: 6667 Ft., AT’ =10 F,
Pr, = 2.26, qpaT ‘/A = 0.0236
W R, Fr; oz’ n n hl . 28 Filn o P
-i-'g-c- re ratio @ ratio D Re

25 133130 1541.8 0.0126 2,267 1.946 1.627 0.00071
220.5 0.0881 1.588 0.838 1.240 0.00152
46,5 0.418 1.276 0.457 1.083 0.00257

15.6 1.242 1.153 0.314 1.038 0.0035 1

6.473.002 1.092 0.239 1.018 0.0045 3

1
3
8
7
2

L3 S
4.0 2.
T8 L
9.8 0.
9.9 0.

576 -0,00194
809 +0.00064
497 +0.01991
988 +0.07291
702 +0.18641




Table 22. Radial and Axial Velocity Profiles in the Vapor Phase:
Trichloroethylene, D’ = 0.03825 ft., AT’ = 10° F., u’ =
100 ft./sec., Reg = 122213, Pr, = 3.26, céaT’/x’ = 0.0236.
R = 0.0 R = 0.45 Bo= 075 R = 0.90 R = 0.9
z' in ft. U v U v U v U v U v
0.0453 1.031 0.00000 1.031 -5, 01634 1..031 -0,02723 1,031 -0.03268 1.028 -0.0347h4
0.201 1.069 0.00000 1.069 0.00005 1.069 0.00009 1.056 0.00012 0.743 0.00030
0.5u47 1.06L  0,00000 1.064 0.00003  1.06L4 0.00005 1.035 0.00008 0.666 0.00024
0.923 1.064 0.00000 1.064 0.00000  1.064 0.00000 1.010 0.00004k  0.579 0.00021
1.894 1.063 0.00000 1.063 0.00001 1.063 0.00001 0.929 0.00007 0.430 0.00019
3.17h4 1.059 0.00000 1.059 0.00001  1.057 0.00003 0.831 0.00010 0.326 0.00018
5.027 1.051 0.00000 1.051 0.00002 1.040 0.00004 0,722 0.00012 0.24h 0.00016
6.668 1.042  0.00000 1.0h2 0.00002 1.018 0.00005 0.650 0.00012 0.199 0.00015

(19



Table 23. Velocity and Temperature Profiles in the Liquid Phase: Trichloroethylene,
D’ = 0.03825 Ft., AT = 10° F., 0’ = 100 ft./sec., Re_ = 122213,
Pr, = 3.26, C'AT' /A’ = 0.0236 g
L p
z’ = 0.0453 Ft. z' = 0.201 Ft. z’ = 0,547 Ft. z' =0.923 Ft.

R Ux10° vx10” T Ux10°  Vx10° T Ux10° wxlo® T Ux10°  Vx107 T
1,000000 0 0 0.000 0 0  0.000 0 0 0.000 0 0 0.000
0.999508 161 -2453 0.143 73 -1 0.071 69 -1 0,053 66 O 0.043
0.999016 317 -9855 c.286 145 -6 0,143 138 -2 0.105 131 -1 0.087
0.99852k4 L68 -22238 0.429 216 =12 0,214 205 -5 0.158 195 -3 0.130
0.998032 612 -39543 0.572 286 -22  0.286 272 -9 0.210 258 -6 0.174
0.997540 750 -61576  0.715 355  -34 0.357 337 -1% 0.263 320 -9 0.217
0.99704T 879 -87961 0.857 423 -48  o0.k2g ko2 -20  0.315 381 -13  0.260
0.996555 998 ~117712 1.000 Lg1 -65 0.500 L66 -27 0.368 Lu4o -18 0.304
0.996063 eme mmeseme eeawe 557 -85 0.572 528 -35 0.k2o 500 -23  0.347
0.995571 === mmmme-= meme- 622 -107 0.643 590  -45 o.k73 558  -29 0.391
0.995079 mmm mememee e 686 -131 0.715 650 -56  0.526 615 -36  0.k3L
0.994587  -==  memeeen ceees 749 -158 0.786 710  -67 0.578 671  -43  0.477
0.994095 === mmmmmen aeee- 8l2 -187 0.857 769 -80 0.632 726 -52  0.521
0.993603 === mmmmmem —eee- 873 -218 0.929 826 9% 0.684 780  -61 0.565
0.993111 ——— mmmemes meee- 933 -250 1.000 883 -110 0.737 - 833 -71 0.608
0.992619  --=  mmmcmen meeee mmm mmme meee- 939 -126 0.790 886 -81  0.652
0.992127 === cmmemme meee- et 993 -1kk 0.842 937  -92 0.696
0.99163k e m—— emem amees 1047  -162 0.895 987 -104  0.739
0.9911k42 ce= mmmeaes eesas cms ememe cmees 1100 -182 0.947 1036 -117 0.783
0.990650 —u=  emmma== me=aa cms mRee emea- 1152 -203 1.000 1084 -130 0.826
0.990158 === mmmmeen em-a- m—m mmem mmeee -—-- . 1131 -14h  0.870
0.989666 ——m mmmmmee e T m—m= mmes msea 1177 -159 0.913
0.98917h  —em cememee eeeee m—= mmmm e R 1222  -175 0.957-
0.988682 L T TSI —— L R ap—— e 1266 -191  1.000

. R TR MR TR SS N N e R M e e e S e e e R e R A SR e A A R e R e e e AR M R e R A A e R e A e R e S e R e e e e e = e e e

(continued)
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Table (concluded)

2’ = 1.894 Ft. z' = 3.174 Ft, z' =5.027 Ft. z’ = 6.668 Ft.

R Ux105 V%107 T Ux10°  Vx10® T Ux10°  Vx107 T Ux10°  Vx10° T
1.000000 0 0 0.000 0 0 0.000 0 0 0.000 0 0 0.000
0.999016 12 -0 0.066 12 0 0.055 12 0 0.0k47 13 0 0.043
0.998032 2L ], 0.133 2L 0 0.110 24 1 0.095 25 1 0.086
0.997047 36 -3 0.199 36 0 0.166 36 1 0.1k4k2 37 1 0.129
0.996063 L7 -5 0.266 L7 0 0.221 L7 2 0.189 L8 2 0.173
0.995079 58 -8 0.332 57 0 D277 58 3 0.237 59 3 0.216
0.994095 68 -12 0.399 68 0 0.332 69 L 0.284 70 5 0.259
0.993111 78 -16 0.466 78 A 0.388 79 6 0.332 80 7 0.303
0.992127 88 <21 0.533 87 1 0.443 88 8 0.379 90 9 0.346
0.9911k42 97 =27 0.599 96 1 0.499 98 10 o0.%27 100 11 0.389
0.990158 106 =33 0.666 105 1 0.554 107 12 0.4k75 109 14 0.433
0.989174 115 -40 0.733 113 1 0.610 115 14 0.522 118 17 0.476
0.988189 123 T 0.799 121 2 0.666 123 17 0.570 126 20 0.520
0.987206 130 -55 0.866 129 2 0.721 131 20 0.618 134 23 0.564
0.986221 T3 -64 0.933 136 2 0.777 138 23 0.665 141 27 0.607
0.985237 1hh Wil 1.000 1he 2 0.833 145 27 0.713 148 31 0.651
0.984253 s s N 1h9 3 0.889 151 30 0.761 155 35 0.694
0.983269 —— ——— mmame 155 3 0.94L 158 34 0.809 161 Lo 0.738
0.982285 - o e 160 L 1.000 163 39 0.857 167 L5 0.782
0.981300 g i e S w e 169 43 0.904 173 50 0.825
0.980316 i G . SO - 173 48 0.952 178 55 0.869
0.979332 --- e -—- - mm—e- 178 53 1.000 183 61 0.913
0.978348 ——- See meem- -——- - me—-- - -— mmee- 187 67 0.956
0.97736%  --=  —on —eee- - - mmee- --- - e=ee- 91 T3 1.000

n
N
=3




Table 24. Radial and Axial Velocity Profiles in the Vapor Phase: Water,
D’ = 0.03825 Ft., AT’ = 5° F., u’ = 10 ft./sec., Re_ = 1692,
Pr, = 1.79, C/AT'/A’= 0.00519 &
R = 0.0 R = 0.45 R=075 R = 0.90 R = 0.96

z' in ft. U v U v U v U v U v
0.00599 1.026 0.00000 1.026 -0.00066 1.026 0.00111 1.021 -0.00089 0.810 0.01198
0.0212 1.022 0.00000 1.022 0.00143  1.021 0.00239  0.960 0.00545 0.588 0.014k45
0.0674 0.997 0.00000 0.997 0.00265 0.990 0.00462  0.765 0.00923 0.375 0.01241
0.128 0.957 0.00000 0.956 0.00293 0.921 0.00552 0.612 0.00932 0.275 0.01072
0.291 0.843 0.00000 0.839 0.00308 0.716 0.00623 0.392 0.00838 0.163 0.00872
0.466 0.719 0.00000 0.700 0.00323 0.523 0.00635 0.257 0.00766 0.106 0.00771
0.713 0.539 0.00000 0.487 0.00353 0.298 ..0.00630 0.132 0.00700 0.060  0.00690
0.957 0.339 0.00000 0,264 0.00391  0.117 0.00625 0.00657 0.032 0.00639

0.0k47

8%¢e



Table 25,

D’ = 0.03825 Ft., AT’ =5° F., u

.PJ:"z =

-

1.79,.@5AT‘/A' = 0.00519

Velocity and Temperature Profiles in the Liquid Phase:

Water,

= 10 ft./sec., Reg = 1692,

z' = 0.00599 Ft. z' = 0.0212 Ft. z' = 0,067k Ft. z' = 0.128 Ft.

R Ux10°  Vx107 T Ux10°  Vx10? T Ux10°  Vx10® T Ux10°  Vx10? T
1.000000 0 0 0.000 0 0 0.000 0 0 0.000 0 0 0.000
0.999685 78 -30 0.111 TF 5 0.071 87 6 0.050 96 L 0.0l2
0.999369 152 -122 0.222 153 19 0.143 170 23 0.100 189 17 0.083
0.999054 223 ~273 0.333 221 43 o0.21k 250 52  0.150 278 37 0.125
0.998739 290 -485 0.h4hk 288 77  0.285 326 92  0.200 364 67 0.166
0.998l423 353 =757 0.555 391 120 0.357 399 145  0.250 RIS 104 0.208
0.998108 413 -1089 0.667 Lio 173  0.428 Le7 208 0.300 52k 150 0.249
0.997793 Leg -1481 0.778 Le6 236  0.500 533 283 0.349 599 20k 0.291
0.997477 522 -1933 0.889 518 308 0.571 594 370 0.399 670 266  0.333
0.997162 570 -2k436 1.000 566 390 0.643 652 469  0.4ko 737 337 0.37h
0.9968L7 — SRR - 611 482  ©0.71k 706 579  0.h499 801 L16 0.416
0.996531 e e — 652 583 0.786 757 700  0.549 861 50k 0.458
0.996216 —e= e 689 694 0.857 8ok 834  0.600 917 599 0.499
0.995901 —ae S 723 815 0.929 87 979 0.650 970 0L 0.541
0.995585 — ——— e 753 941 1.000 887 1135 0.700 1019 816 0.583
0.995270 —— cmmm meee- -— o mmm—— 923 1303 0.750 1065 937 0.624
0.994955 —— I S — - 955 1483 0.800 1107 1066 0.666
0.994639 — s —— e 984 1675 0.850 1145 1204 0.708
0.99432k . e memee - m_—— e 1009 1878 0,900 1179 1350 0.750
0.994009 s ERwn s ——- “es ameas 1030 2093 0.950 1210 1505 0.791
0.993694 P e e LS e 1048 2314  1.000 1238 1668 0.833
0.993378 — ———— memen m—— m— e ———e mmme e 1261 1839 0.875
0.993063 s - ——— ——— m———— come mem= me-== 1281 - 2019 0.916
0.992748  --- S - e seme e memen 1297 2207  0.958
0.992432 s s - O . 1310 2399 1.000

(continued)
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Table (concluded)

z' = 0,291 Ft. z' = 0.466 Ft. z' = 0.713 Ft. z’ = 0.957 Ft.

R U107 Vx10” T Ux10” VX109 & Ux105 VKlOg i Ux10° Vx10? T
1.00000 0 0 0.000 0 0 0.000 0 0 0.000 0 0 0.000
0.999369 221 10 0.066 2L45 7 0.059 269 5 0.052 288 4 0.0kg
0.998739 L2g 39 0.133 LT76 29 0.117 52k 21 .0.105 561 17 0.097
0.998108 622 89 0.199 692 64  0.176 764 48 0.157 820 39 0.1L6
0.997477 800 158 0.266 893 114 0.23k4 989 85 0.210 1064 69 0.194
0.9968L7 96k 2h7 0.332 1078 179 0.293 1200 133 0.262 1293 108  0.243
0.996216 1113 356 0.399 1252 257 0.352 1397 191 0.315 1509 156  0.292
0.995585 1247 - L48L 0.466  1h10 350 0.411 1579 260 0.367 1709 212 0.340
0.994955 1367 633 0.532 1554 458  0.469 1746 340 0.k420 1895 277 0.389
0.994324 1473 801 0.599 1682 579 0.528 1899 L3o0 o.hk72 2067 351 0.438
0.993694 1563 989 0.666 1796 715  0.587 2038 531 0.525 222k k33  0.L486
0.993063 1640 1197 0.733 1896 866  0.646 2162 643 0.578 2367 52k 0.535
0.992432 1701 1425 0.799 1981 1031 0.705 2271 766 0.630 2hgly 624  0.58L
0.991802 1748 1674 0.866 2051 1210 0O.764 2365 899 0.683 2608 733 0.633
0.991171 1781 1942 0.933 2107 1ko4 0.823 24hs 1042 0.736 2706 850 0.682
0.990540 1799 2227 1.000 2148 1613 0.882 2511 1198 0.789 2791 976  0.731
0.989910  -=w- . 2175 1836 0.941 2562 1363 0,841 2860 1111 0.780
0.989279  ---- e — 2187 2071  1.000 2598 1539 0.894 2915 1255 0.829
0.9886L8  ---- Smms e mEEL sesE eeewe 2620 1726 0.947 2955 1ho7 0.878
0.988018 ---- e . e 2626 1923 1.000 2981 1568 0.926
0.987387  ---- —mm— meme- mmmm mmem emeen e 2992 1738 0.975
0.987072  ---- R — e mmmm e —mmm meme mse—- 2992 1826  1.000

09¢e




Table 26. Radial and Axial Velocity Profiles in the Vapor Phase: Water,
D’ = 0.16667 Ft., AT =5° F., W' = 100 ft./sec., Re, = 73,739,

Pr£ =179, CpaT /A" = 0.00519

R = 0.0 R = 0.U45 . R.=0,75 R = 0.90 R =0.96
z’ in ft. U v U v U v U v U v
0.105 1.012 0.00000 1,012 -0.00264 1,012 -0.004k0 1.012 -0.00528 1.010 -0.00561
0.390 1.015 0.00000 1.015 -0.00010 1.015 -0.00016 1.015 -0.00019 0.978 -0.00008
1.080 1.017 0.00000 1.017 -0.00002 1.017 -0.00004 1.016 -0.00004 0.858 0.00023
2.478 1.015 0.00000 1.015 0.00004 1.015 0.00007 0.998 0.00011 0.700 0.00037
5,041 1.007 0.00000 1.007 0.00007  1.007 0.00012 0.934 0.00021 0.559 0.00037
9.361 0.988 0.00000 ©0.988 0.00009 0.987 0.00014 0.831 0.00025 O.hih  0.00034
16.153 0.956 0.00000 0.956 0.00009 0.946 0.00016 0.711 0.00026 0.350 0.00031

9z



Table 27.

2y

=159 Cé&T'/h’ = 0,00519

Radial and Axial Velocity Profii§s in the Vapor Phase:
. D' = 0.03825 Ft., AT’ = 5° F., u’ = 100 ft./sec., Re, = 16,923,

Water,

R = 0.0 R = 0,45 Bi=0.79 . ..._.. . . R=0,90 R = 0.9

z' in ft. U v U v U v U v U v

0.200 1.043 0.00000 1.043 -0.00033 1.043 -0.00055 0.965 -0.00028 0.544 0.00087
0.280 1.048 0.00000 1.048 -0.00025 1.048 -0.00041 0.917 0.00001 0.472 0.00088
0.380 1.053 0.00000 1.053 -0,00018 1,051 -0.00029 0.861 0.00021 0.412 0.00086
0.503 1.057 0.00000 1.057 -0.00013 1.053 -0.00020 0.803 0.00034 0.362 0.00082
0.652 1.060 0.00000 1.060 -0.00009 1.049 -0.00011 O.7h4 0.0004%2 0.319 0.00077
0.832 1.063 0.00000 1.063 -0.00006 1,040  -0.00003 0.688  0.00047 0.281 0.00073
1.30k4 1.066 0.00000 1.066 -0.00001 1.002 0.00010 0.583 0.00051 0.220 0.00064
1.957 1.065 0.00000 1.064 0.00002 0.00021 0.491 0.00050 0.173 0.00057

0.936
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Table 28.

Pr, = 8.02,.c§aT“/k’ = 0.0185

Radial and Axial Velocity Profikgs in the Vapor Phase:
D’ = 0.03825 Ft., AT’ = 10° F., u’ = 200 ft./sec., Reg = 82,802,

Ethanol,

R = 0.0 R = 0.45 . R=075_ ... . .R=0.9 R = 0.96

25 9% PR W v U v U Vv U v U v
0.277 1.091  0.00000 1.091 -0.00134 1.091 -0.00224 1.069 -0.00256 0.980 -0.00215
0.968 1.127 0.00000 1.127 -0.0001% 1.127 -0.00024 0.951 -0.0001% 0.749 -0.00002
2.646 1.166 0.00000 1.166 -0.00008 1.150 -0,00012 0.759 0.00001 0.541  0.00006
5.585 1.206 0.00000 1.206 -0.00005 1.120 -0.00005 0.593 0.00005 0.394%  0.00007
10.366 1.246 0.00000 1.243 -0.00003 1.03L 0.00000 0.L463 0.00006 0.290 0.00007
17.706 1.282 0.00000 1l.262 ~0.00001 0.917 0.00003 0.361 0.00006 0.213 0.00006

£9e
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APPENDIX F

GAS-VAPOR CONDENSATION RESULTS

This appendix contains the numerical results described in

Chapter IV for the condensation of vapors from gas-vapor mixtures.
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Table 29. Condensation of Water Vapor From a Water Vapor and
Air Mixture, Summary of Results: D’ = 0.16667 ft.,

u’'= 100 ft./sec., Re_ = 73739, Pr, = 1.79, Sc_ =

0.500 g g

Wi AT’ Fr z’ hé hé ioc 26’ Film TV -

e op £t e . D Re q
ratio & ratio

0.001L 10 63.69 L4.880 1.148 0.240 1.057 0.00481 397 2.082 0.00722
39.66 7.836 1.117 0.208 1.030 0.00555 551 1.726 0.00738
31.99 9.717 1.104 0.194% 1.019 0.00592 6LO 1.548 0.00757
26.05 11.932 1.091 0.182 1.008 0.00629 738 1.379 0.00785
21.39 1k.528 1.079 0.172 0,999 0.00666 846 1.220 0.00823
0.010 5 72.39 4,293 1.085 0.279 0.910 0.00389 203 1.522 0.02535
41.65 7.463 1.021 0.228 0.882 0.00Lk54 289 1.207 0.02730
25.25 12.310 0.975 0.192 0.862 0.00519 402 0.981 0,02911
20.05 15.502 0.956 0.178 0.852 0.00552 468 0.883 0.03015
16.10 19.304 0.940 0,166 0.841 0.00584 543 0.792 0.03131
0.010 10 69.26 4,488 1.054 0.225 0.920 0.00462 342 1.880 0.05072
39.85 7.799.1.005 0.187 0.896 0.00539 Lol 1.582 0.05322
24,79 12.537 0.968 0.160 0.869 0.00616 679 1.263 0.05689
19.91 15.608 0.952 0.149 0.854 0.00654 787 1.112 0.05949
16.14 19.258 0.937 0.139 0.838 0.00693 907 0.969 0.06270
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Table 30. Condensation of Water Vapor From a Water Vapor and
Air Mixture, Summary of Results: D' = 0.16667 ft.,

u' = 25 ft./sec., Re = 18u435, Pr, = 1.79,
S¢_ = 0.500 &
g
7 7 /] ’ ’ ’ . *
wair AEF FI‘L ?t hm hm hloc %6-—- Féi'm T w,za.i]:'
2 ratio ratio q

0.001L 10 203.18 0.0956 1.285 0.718 1.168 0.00164 23 1.634 0.00503
96.00 0.202 1.219 0.565 1.106 0.00209 39 1.355 0.00512
51.81 0.375 1.169 0.46Lk 1.062 0.00254 59 1.087 0.00526
16.07 1.209 1.085 0.322 1.003 0.00359 132 0.702 0.00665
7.10 2.737 1.042 0.252 0.976 0.00448 233 0,434 0.00899
0.005 10 184,82 0.105 1.237 0.675 1.094 0.00169 24 1.518 0.02235
85.43 0.227 1.160 0.522 1.038 0.00216 4O 1.240 0.02340
26.67 0.728 1.066 0.359 0.960 0.00308 89 0.814 0.02687
10.11 1.922 1.001 0.264 0.916 0.0040O1 172 0.532 0.03397
L.sh 4,282 0.951 0.205 0.863 0.00493 298 0.299 0.04762
0.010 10 131.18 0.148 1.158 0.580 0.992 0.00190 29 1.261 0.04100
48.42 0.401 1.058 0.413 0.94k4 0.00254 56 0.977 0.0L440O
15.97 1.217 0.971 0.287 0.871 0.00348 118 0.647 0.05359
6.31 3.078 0.905 0.212 0.806 0.00443 221 0.382 0.06911
3.65 5.322 0.862 0.176 0.744 0.00506 318 0.243 0.08650
0.020 10 112.81 0.172 1.07h 0.518 0.876 0.00197 30 1.100 0.0703h
39.20 0.496 0.952 0.353 0.829 0.00263 59 0.830 0.07720
12,19 1.594 0.853 0.236 0.741 0.00362 127 0.529 0.09411
4,52 4,295 0.770 0.166 0.646 0.00460 242 0.287 0.11895
2.47 7.873 0.708 0.131 0.548 0.00526 350 0.165 0.1kkLs52
0.050 10 75.05 0.259 0.881 0.384 0.627 0.00215 34 0.796 0.13221
22,10 0.879 0.708 0.227 0.567 0.00287 68 0.534 0.14766
8.92 2,178 0.621 0.159 0.484 0.00359 117 0.363 0.16586
3.77 5.150 0.539 0.111 0.408 0.00430 193 0.231 0.18420
1.7011.455 0.458 0.077 0.308 0.00502 299 0.125 0.20625




Table 31.
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Condensation of Water Vapor From a Water Vapor and
é%r Mixture, Summary of Results:
u

Sc
g

D’ = 0.16667 ft.,
= 25 ft./sec., Re = 18435, Pr, = 1.79,
= 0.500 &

air

3 '
hloc

ratio

28’

——

D

Film
Re

T W

air

q

0.010 5 532.03
26.0k4
6.72
2,61

1.4k

58.61
15.3k4
5.68
2.29
1.02

0.050 5

0.0365
0.746
2.892
7.447
13.526

0.331
1.266

3.417
8.472

19.079

.805 0.
.594 0.
.502 0.
429 0.
.366 0.

188 1.112 0.
.395 0.889 0.
.256 0.826 0.
.190 0.760 0.
.155 0.685 0.

392 0,512 0.
207 0.4k6 0,
136 0.381 0.
093 0.324 0.
065 0.257 0.

00101
00257
00365
00k59
00527

00191
00255
00319
00382
ooLkL6

T i
50 0.
126 0.
240 0.
/355 0.

22 0.
L o,
T9'Q,
133 0.
209 0,

617 0.
538 0,
286 0.
156. ©.
089 0.

561 O.
312 0.
213 0.
143 o.
091 0.

0196
0259
0331
ol31
0547

0835
0937
1021
1098
1179
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Table 32. Condensation of Water Vapor From a Water Vapor and
Air Mixture, Summary of Results: D’ = 0.16667 ft.,
u’ = 2.5 ft. /sec., Reg = 1843, Pr, = 1.79,

ch 0.500
W . AT’ Fr z’ h’ h’  n’ 26’ Film % W .
air L m m loc — air
°© _ o ratio &  ratio . = 4

0.010 5 17.686 0.0110 0.953 1.087 0.864 0.00090 2.0 0.148 0.0292
3.643 00,0533 0.866 0.666 0.800 0.00135 6.0 0.088 0.0371L
1.091 0.1780 0.807 0.459 0.734 0.00179 13.8 0.049 0.0480
0.512 0.3794% 0.761 0.358 0.666 0.00213 23.0 0.029 0.0592
0.321 0.6043 0.724 0.303 0.606 0.00235 30.9 0.020 0.0688

0.020 5 17.237 0.0113 0.845 0.958 0.729 0.00087 1.8 0.129 0.0512
3.639 0.0534 0.738 0.567 0.652 0.00128 5.1 0.078 0.0620
0.925 ©.2100 0.653 0.356 0.561 0.00175 12.7 0.040 0.0763
0.390 0.,L986 0.588 0.259 0.475 0.00210 21.7 0.023 0.0891
0.227 0.8560 0.539 0.207 0.408 0.00233 29.8 0.015 0.0986

0.050 5 19.210 0.0101 0.621 0.72L 0.454 0.00077 1.2 0.100 0.0922
2.154 0.0902 0.438 0.295 0.350 0.0012% L4.5 0.0L46 0.1070
0.273 0.7112 0.312 0.125 0.231 0.00185 15.0 0.016 0.1220
0.113 1.7164 0.259 0.08k 0.179 0.00216 23.8 0.010 0.1280
0.063 3.0669 0.225 0.063 0,143 0.00237 31.3 0.007 0.1320

0.010 10 14.039 0.0138 0.977 0.885 0.887 0.00113 k.1 0.226 0.0508
. 224 00,0460 0.906 0.608 0.830 0.00154 9.4 0.136 0.0646
1.596 0.1217 0.851 0.448 0.770 0.00195 18.3 0.080 0.0836
0.845 0.2300 0.809 0.363 0.711 0.00226 27.9 0.049 0.1029 }
0.567 0.3427 0.777 0.316 0.659 0.00247 36.0 0.033 0.1194 t
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Table 33. Condensation of Water Vapor From a Water Vapor and
Air Mixture, Summary of Results: D’ = 0,16667 ft.,
u' =25 ft./sec., Re_ = 18435, Pr, = 1.79,
Sc_ = 0.600 .
g
W AT' Fr z' h' h! n’ 28’ Film * W,
air L m m loc —F T air
© OF £t ratio @ ratio D Re a
0.005 10 138.29 0.140 1.191 0.604 1.040 0.00187 29 1.329 0.0290
52,25 0.372 1.100 0.438 0.992 0,00249 55 1.038 0.0297
17.63 1.102 1.020 0.309 0.927 0,00343 116 0.697 0.0353
7.13 2.723 0.963 0.233 0.877 0.00437 215 0.424 0,0u455
.21 L.,612 0.928 0.197 0.832 0.00499 307 0.280 0.0577
0.010 10 50.70 0.383 0.996 0.39% 0.871 0.00250 51 0.846 0.0637
21.95 0.885 0.935 0.299 0.852 0.00312 90 0.681 0.0656
13.83 1.405 0.907 0.259 0.830 0.00354 123 0.556 0.0691
7.76 2.504 0.873 0.216 0.774 0.00416 183 0.419 0.0801
3.63 5.346 0.815 0.167 0.697 0.00499 302 0.257 0.1015
0.020 10 41.57 0.467 0.901 0.339 0.743 0.00259 54 0.713 0.0991
17.02 1.141 0.819 0.246 0.718 0.00323 95 0.553 0.1051
10.39 1.869 0.783 0.208 0.690 0.00366 132 0.4h2 0.1147
5.60 3.470 0.737 0.168 0.614 0.00431 197 0.320 0.1285
2.42 8.024 0.655 0.121 0.501 0.00517 328 0.177 0.1578
0.050 10 23.63 0.822 0.686 0.224 0.481 0.00282 62 0.470 0.1660
11.33 1.714 0.594 0.161 0.455 0.00329 94 0.361 0.1742
6.08 3.195 0.536 0.125 0.419 0.00376 135 0.272 0.1832
3.47 5.599 0.488 0.099 0.374 0.00423 187 0.197 0.1935
2.15 9.035 0.4kl 0.079 0.296 0.00470 243 0.149 0.2089
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Table 34. Condensation of Water Vapor From a Water Vapor and
Air Mixture, Summary of Results: D’ = 0,16667 ft.,

u' = 2.5 ft./sec., Re_ = 1843, Pr, = 1.79,
Se = 0.600 €
g
/ ’ / ’ / 7 n *

F ratio @ ratio 4

0.010 5 16.853 0.0115 0.931 1.050 0.841 0.00090 2.1 0.142 0.0330
3.428 0.0567 0.842 0,637 0.772 0.00135 6.1 0.08L 0.0L419

1.013 0.1918 0.778 0.434 0.697 0.00181 1k.1 0.046 0.0541

0.468 0.4147 0.726 0.33L4 0.622 0.00214 23.4 0.027 0.0662

0,290 0.6687 0.685 0.280 0.558 0.00237 31.5 0.018 0.0763

0.020 5 15.909 0.0122 0.814% 0.904 0.695 0.00088 1.9 0.122 0.0566
3.284% 0.0592 0.703 0.526 0.613 0.,00129 5.3 0.073 0.0682

0.814 0.2387 0.612 0.323 0.515 0.00177 13.1 0.036 0.0833

0.335 0.5802 0.542 0,229 0.426 0.00212 22.4 0.020 0.0962

0.191 1.0151 0.491 0,181 0.360 0.00235 30.7 0.013 0.1053

0.050 5 16.616 0.0117 0.581 0.652.0:416 -0.00079- 1.3.0-09L 0097k
1.763 0.1102 0.396 0.254 0.310 0.00126 4.7 0.041 0.1121

0.403 0.4817 0.309 0.137 0.232 0.00168 11.1 0.020 0.1218

0.115 1.684% 0.240 0.078 0.167 0.00210 21.7 0.010 0.1293

0.047 L4.1399 0.192 0.050 0.121 0.00241 33.1 0.006 0.134k

0.010 10 18.936 0.0103 0.974 0.951 0.875 0.00104 3.3 0.238 0.0562
5.136 0.0378 0.894 0.630 0.815 0.00146 8.0 0.147 0.070L

2.328 0.0834 0.848 0.490 0.767 0.00177 13.8 0.098 0.0846

1.454 0.1336 0.819 0.421 0.732 0.00198 18.9 0.074 0.0958

0.938 0.2072 0.789 0.363 0.691 0.00219 25.2 0.053 0.1088
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Table 35. Condensation of Water Vapor From a Water Vapor and
Air Mixture, Summary of Results: D’ = 0.03825 ft.,
=25 ft./sec.,.Reg = 4231, Pr, = 1.79,

ch = 0.500
Z 7 ’ ’ ’ ¥ . *
Wt-:tirg AE FrL ?’t hm hrn hloc E_]%T F;i_m T Wair
F ratio ®  ratio q
0.050 10 55.87 0.348 0.815 0.330 0.570 0.0101 38.8 0.704 0.145
Lo.ok 0.485 0.758 0.282 0.540 0.0109 L46.3 0.593 0.152
29.23 0.665 0.709 0.24k 0.510 0.0117 54.9 0.492 0.159
21.60 0.899 0.666 0.212 0.476 0.0126 64.7 0.403 0.167
16.06 1.210 0.624 0.185 0.436 0.0134 75.7 0.32k 0.176
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Table 36. Condensation of Ethanol Vapor From an Ethanol Vapor
and Air Mixture, Summary of Results: .D’ = 0.16667 ft.,
u’ = 200 ft./sec., Reg-= 360793, Pr, = 8.03, ch =

W, AT Fr 2’ h' h'  n! 28’  Film 1% W
a:.ro L £t m m loc i Re air
OF ratio ® ratio q

0.010 10 371.05 3.351 1.422 0.Lk6k 1.250 0,00382 130 5.8L41 0.0152
255,84 4,859 1.35L4 0,402 1.086 0.00477 163 3.906 0,0164

183.23 6.785 1.289 0.352 1.037 0.00540 199 3.308 0.0168

113.93 10.912 1.207 0.293 0.988 0.00636 266 2.758 0.0174

83.22 14,940 1.159 0.260 0.967 0.00699 323 2.469 0.0178
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Table 37. Condensation of Ethanol Vapor From an Ethanol Vapor
and Air Mixture, Summary of Results: D’ = 16667 ft.,
u’ = 100 ft./sec., Reg = 180397, Pr, = 8.03,

ng = 0,537
wair AT’ FI‘L z' hr; hr; h]‘.oc E;r Film T* Wair
© 0F £t ratio @ ratio o Re 4

0.001 10 51.10 6.083 1.189 0.334 1.068 0.00575 169 1.733 0.00211
40.87 7.604% 1.168 0.310 1.034 0.00628 197 1.368 0.00218
31.39 9.901 1.143 0.28L4 1.019 0.00680 234 1,180 0.00226
24,11 12.890 1.120 0.261 1.010 0.00732 280 1.053 0.00232
18.72 16.599 1.101 0.24%1 1.003.0.00785 333-0.95L €238
0.010 10 438.35 0.709 1.477 0.710 1.285 0.00252 L2 L. 466 0.01486
229,04 1.357 1.338 0.547 1.052 0.00358 62 2.461 0.01648
59.69 5.207 1.115 0.326 0.949 0.00547 141 1.499 0.01811
28.71 10.824 1.037 0.252 0.916 0.00673 227 1.126 0.01927
18.63 16.682 1.002 0.219 0.899 0.00757 303 0.944 0.02067
0.010 20 83.30 3.731 1.180 0.315 0.999 0.00590 195 2.082 0.02769
50.06 6.209 1.116 0.263 0.963 0.00688 270 1.687 0.02973
31.07 10.005 1.067 0.223 0.943 0.00786 369 1.430 0.03130
oh.,olk 12,461 1.048 0.207 0.934 0.00835 427 1.316 0.03215
20.24% 15.353 1.031 0.194 0.925 0.00884 491 1.209 0.03309
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Table 38. Condensation of Ethanol Vapor From an Ethanol Vapor
and Air Mixture, Summary of Results: D’ = 0.16667
Pty wl = 25 P, [5eg. , Reg = 45099, Pr, = 8.03,

ch 0537
1 ! ’ 7 ’ ’ . *
wairo AEI ™ Et ’n Eﬁ "Loc %ﬁ_ ngm' h W.airq
F ratio & ratio

0.001 10 32.97 0.589 1.14k4 0.576 1.023 0.00335 28 0.600 0.00225
11.48 1.692 1.069 0.413 0.996 0.00447 58 0.388 0.00251
5.09 3.820 1.033 0.326 0.974 0.00558 104 0.290 0.00285
2.46 7.898 1.009 0.265 0.970 0.,00670 174 0.217 0.00331
1.33 14.591 0.99% 0.224k 0.964 0.00782 272 0.154 0.00395
0.005 10 30.32 0.641 1.097 0.541 0.964 0.00340 29 0.564 0.01077
13.23 1.468 1.029 0.412 0.940 0.00425 50 0.39% 0.01184
6.50 2.990 0.990 0.332 0.928 0.00509 83 0.304 0.01283
3,06 6.358 0.957 0.266 0.901 0.00623 141 0,231 0.01489
1.55 12.526 0.932 0.219 0.823 0.00736 228 0.165 0.017hk4
0.010 10 27.26 0.713 1.042 0.500 0.894% 0.00346 30 0.523 0.02064
11.58 1.677 0.948 0.374 0.869 0.00432 52 0.361 0.02283
5.60 3.471 0.922 0.298 0.852 0.00518 86 0.276 0.02479
2,59 T7.507 0.883 0.235 0.815 0.00633 147 0.207 0.02871
1.29 15.078 0.850 0.190 0.783 0.00749 238 0.14k 0.03348
0.020 10 21.82 0.890 0.941 0.427 0.767 0.00358 32 0.451 0.03858
8.76 2.217 0.846 0.306 0.736 0.00447 56 0.302 0.04282
5.19 3.741 0.808 0.256 0.720 0.00507 80 0.248 0,0L4523
2,76 7.035 0.769 0.208 0.678 0.00596 122 0.194% 0.04996
1.24% 15.675 0.718 0.159 0.630 0.00716 207 0.135 0.05710
0.050 10 26.37 0.737 0.768 0.366 0.503 0.00317 22 0.435 0.07546
9.21 2.110 0.608 0.223 0.457 0.00396 39 0.257 0.08259
5,08 3.824 0.550 0.17h4 0.437 0.00486 55 0.205 0.08583
2.51 7.746 0.496 0.131 0.391 0.00528 84 0.160 0.09123
1.03 18.899 0.434 0.092 0.34L4 0.00633 143 0.112 0.09756
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Table 39. Condensation of Ethanol Vapor From an Ethanol Vapor
and Air Mixture, Summary of Results: D’ = 0.16667
ft., u’ = 25 ft./sec., Reg = 45099, e, = 8.03,

ch 0.537
W_. AT'  Fr z’ h!  n’ n! 28’  Film T* W_,
air L m m loc - air

© Op _ e ratioc 3’ ratio B q
0.010 5 53,67 0.362 1.119 0.757 0.870 0.00237 11 0.651 0.0138
19.16 1.014 0.967 0.505 0.821 0.00315 21 0.348 0.0153

5.49 3,539 0.869 0.332 0.789 0.00434% 49 0.228 0.0170

2.03 9.573 0.821 0.245 0.765 0.00552 98 0.154 0.0188

1.16 16.684 0.799 0.207 0.745 0.00631 1k4 0.120 0.0203

0.010 20 66.32 0.293 1.147 0.579 0.981 0.00317 28 0.930 0.0288
30.10 ©0.645 1.063 0.441 0,944 0,00396 47 0.710 0.0316

15.30 1.270 1.012 0.354 0.922 0.00475 T4 0.565 0.0340

5.21 3.727 0.946 0.253 0.871 0.00633 155 0.383 0.0427

2.81 6.907 0.913 0.209 0.840 0.00739 238 0.276 0.0506
0.050 5 12.55 1.548 0.453 0.213 0.201 0.00275 13.7 0.264 0.0567
L.59 4,237 0.315 0.115 0.185 0.00321 20.2 0.163 0.0583
2.10 9.258 0.255 0.077 0.175 0.00367 29.3 0.123 0.0592
1.50 12.922 0.237 0.066 0.169 0.00390 3L4.9 0.111 0.0596
1.11 17.547 0.223 0.057 0.164 0.00413 41.2 0.102 0.0599
0.050 20 13.39 1.k50 0.7hk 0.252 0.559 0.00454 60 0.390 0.13h47
6.55 2.965 0.661 0.187 0.525 0.00530 91 0.295 0.1450
L.77 L.076 0.631 0.165 0.509 0.00567 110 0.258 0.1497
3.54 5.491 0.605 0.147 0.491 0.00605 132 0.226 0.1546
2.67 T7.277 0.582 0.132 0.472 0.00643 157 0.197 0.1598
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Table 4O. Condensation of Ethanol Vapor from an Ethanol Vapor
and Air Mixture, Summary of Results: D’ = 0.03825
ft., u’ = 25 ft./sec., Re_ = 10350, Pr, = 8.03,
Se = 0.537 &
g
W . AT Pr z’ h’ n’ 5 28’ Film % W,
air & L Pt m __13 loc': Sl Re air
e F ratio @ ratio
0.010 5 268.86 0.0723 1.345 1.360 1.143 0.00534 L.1 1.760 0.0128
109.59 0.177 1.172 0.947 0.935 0.00802 7.0 0.907 0.0137
19.21 1.011 0.954 0.499 0.841 0,01336 21.0 0.486 0.0152
3.72 5.220 0.847 0.294 0.774 0.02049 64.0 0.255 0.0183
1.94 10.004 0.810 0.239 0.726 0.02405 99.6 0.184 0.0213




Table 41.

Velocity, Concentration and Temperature Profiles in the Vapor

Phase: Water Vapor and Air, D’ = 0.16667 Ft., u'= 25 ft./sec.,
Reg = 18435, Prz = 1.79, T_ = 212° F, Tw = 2029 7, wairo = 0.05,
Se = 0.600,
g
R = 0.0 _R=0,45 . R = 0.75
z' in ft. U v 7 C U v Gy C U v T ¢
0.409 1.014 0.00000 1.000 0.0500 1.014 -0,00063 1.000 0.0500 1,014 -0.00105 1.000 0.0501
1.714 0.990 0.00000 1.000 0.0500 0.990 0.00054 1.000 0.0500 0.989 0.00091L 0.999 0.0509
5.599 0.906 0.00000 1.000 0.0500 0.906 0.00035 1.000 0.0502 "0.887 0.00060 0.983 0.0612
P - R = 0.90 R = 0.96 Tnterface
Pi+l.00 2 U v T g U v T g R U T C
0.0073 0.999 -0.00119 0.984 0.0562 0.821 -0.00046 0.857 0.0867 0.99765 0.012 0.44g 0.1553
0.0980 0.879 0.00126 07931 0.0757 0.528 0.00160 O.704 0.1232 0.99671 0.017 0.373 0.17k2
0.3789 0.655 0.00089 0.795 0.1119 0.335 0.00102 0.539 0.1575 0.99577 0.026 0.294 0.1935

Lie



Table 42. Velocity, Concentration and Temperature Profiles in the Vapor
Phase: Water Vapor and Air, D’ = 0,03825 Ft., u’ = 25 ft./sec.,

Re = 4231, Pr, =1.79, T/ =212 F, T' = 2020 F., W,... = 0.05,
sc8 = 0,500, * © L e
g
R = 0.0 _R=0.b5 . R = 0.75
z' in ft. U v i ¢ U v T £ U v T C

0.204 1.049 0.00000 1.000 0.0500 1.048 -0.00103 0.999 0.0508 1.
0.665 1.017 0,00000 1.000 0.0507 1.008 0.00064 0.999 0.0557 O.
2.217 0.840 0.00000 1.000 0.0757 0.753 0.00052 0.999 0.0986 O.

011 -0.00149 0.971 0.0613
837 0.00154 0.905 0.0855
L6k  0.00107 0.732 0.1u6h4

/
i N
’ —,2 R =0.90 R = 0.93

Ps+1,0% T v T C U v T c

Interface

R U T C

-0,0385 0.755 -0.00024 0.832 0.0907 0.606 0.00064 0.763 0.1021
0.0190 0.441 0.00231 0.686 0.1255 0.314% 0.00241 0.613 0.1360
0.2397 0.199 0,00123 0.457 0.1805 0.137 0.00123 0.391 0.1879

0.99162 0.010 0.533 0.1338
0.98827 0.012 0.436 0.1587
0.98492 0.017 0.260 0.2017

gle



Table 43. Velocity, Concentration and Temperature Profiles in the Vapor
! et

Phase: Water Vapor and Air, D' = 0.16667 Ft., u’ = 2.5 ft./sec.,

= = ! = o 4 = o =
222 - é?ééa;Prﬂ 1.79, T_ = 212° F, T = 207° F, wairo 0.01,
R = 0.0 R EOLAS. o R = 0.75
z'. in ft, U v i C U v i3 C U v T e
0.00238 1.00k 0.00000 1,000 0.0100 1.004 -0.03183 1.000 0.0100 1.004 -0.05305 1.000 0,0100
'0.00681 1.004 0.00000 1.000 0.0100 1.004 0.01571 1.000 0.0100 1.004 0.02619 1.000 0.0100
0.0183 0.993 0.00000 1.000 0.0100 0.993 0.01724 1.000 0.0100 0.993 0.02874 1.000 0.0100
0.0791 0,942 0:00000 ~1.000 0.0100 0.842 0.01418 1.000 0.0100 0.942 "0.02364 ~1.000 030100
0.251 0.839 0.00000 1.000 0.0100 0.839 0.01018 1.000 0.0100 0.839 0.01697 1.000 0.0102
0.669 0.660 0.00000 1.000 0.0100 0.660 0.00714 1.000 0.0101L 0.654 0.0119% 0.995 0.0136
p'-p.
/ E:2 R = 0.9 R = 0.9 Interface
Pi41,0 i) i T C T v T C R T T c
0.0082 1,004 -0.06367 1.000 0,0100 1.003 -0.06773 1.000 0.0102 0.99944 0.008 0.814 0.0286
0.0308 1,004 0.03143 1.000 0.0100 0.994 0.03504% 0.999 :0.0107 0.99921 0.011 0.795 0.0315
0.101 0.993 0.0344k9 1.000 0.0100 0.952 0.03951L 0.997 0.0126 0.99898 0.016 0.774 0.0346
0.464k  0.937 0.02854 0.999 0.0111 0.785 0.03351 0.969 0.0206 0.99853 0.030 0.707 0.0LL6
1.hh 0.793 0.02102 0,983 0.0173 0.554 o.o024o4k 0.885 0.0343 0.99808 0.050 0.617 0.0578
3.73 0.547 0.01487 0.909 0.0329 0.341 0.01594% 0©0.733 0.0548 0.99763 0.076 0.488 0.0763

6.2
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Table L., Velocity and Temperature Profiles in the L:Lquld
Phase Water Vapor and Air, D’ = 0.16667 ft.
u’ =2, 5.t ./sec., Re 1843, Pr, = 1.79,
1’ = 2127F., 1/ = 20%0 F, Sc_ = " 0.600
W . =0.01
alir
o]
2’ in feet R Ux10” Vx10° m
0.00238 0.9999k4 126 The 0.082
0.99977h LL48 9513 0.326
0.999549 751 25615 0.651
0.999492 805 28141 0.733
0.999436 849 29816 0.814
0.00681 0.9999kk 137 97 0.057
0.99977h4 496 155k 0.227
0.999549 849 6217 0.k45h
0.999323 1059 13992 0.681
0.999210 1111 18948 0.795
0.0183 0.9999k4k 167 Lo 0.043
0.999774 615 776 0.172
0.9995L9 1088 3103 0.3k
0.999323 1418 6982 0.516
0.998984 1646 15664 0.774
0.0791 0.999887 L6 69 0.054
0.999661 1232 616 0.163
0.999210 2377 3356 0.381
0.998759 2951 8289 0.599
0.998533 3024 11510 0.707
0.251 0.999887 580 27 0.036
0.999661 1633 ol 0.1093
0.999210 3313 1328 0.2546
0.998759 Lhyoo 3281 0.399%
0.998081 5017 7811 0.6169
0.669 0.999887 valks) 12 0.02k4
0.999661 2044 104 0.071
0.998759 5929 1393 0.257
0.998307 7017 2590 0.349
0.997630 7579 5067 0.488




Table 45. Velocity, Concentration and Temperature Prefiles in the Vapor
Phase: Ethanol Vapor and Air, D’ = 0.16667 Ft., u’ = 25 ft./sec.,

Re = 45099, Pr, = 8.08, T =173.3°F, T’ =153.3° F, W.._ = 0.05,
ch = 0.537 A o W a:.r0
g
R = 0.0 Ra 0.8 . .o _ R = 0.75
z' in £t. U v T C U v T C U v T 3]

0.750 1.017 0.00000 1.000 0.0500 1.017 -0.00044 1.000 0.0500 1.017 -0.00073 1.000 0.0500
2,965 1.028 0.,00000 1.000 0.0500 1.028 0.00007 1.000 0.0500 1,027 0.00013 1.000 0.0505
9.521 0.997 0.00000 1.000 0.0500 0.997 0.00008 1.000 0.0500 0.979 0.00015 0.996 0.0571

‘ ﬁ;E R.=0.90 R = 0.9525 Interface
PitLs™ D v T c U v T C R U T C

0.0212 1.008 -0.00085 0.993 0.0539 0.897 -0.00065 0.929 0.0701L 0.99622 0.014% 0.533 0.1232
0.1248 0.909 0.00032 0.961 0.0690 0.596 0.00058 0.812 0.1002 0.99470 0.021 0.449 0.1450
0.4936 0.711 0.0003% 0.870 0.0979 0.403 0.00043 0.666 0.1310 0.99318 0.032 0,370 0.1652

T8e




Table 46,

Velocity, Concentration and Temperature Profiles in the Vapor

Phase: Ethanol Vapor and Air, D' = 0.16667 Ft., u’ = 100 ft./sec.,

= = = o £ o o —
Re = 180397, Pr, = 8.03, T =173.3°F, T' =153.3° F, W, = 0.0L,
sc® = 0.537
g
R =0.0 B QubiS oo g, R = 0.75
z' in ft. U v T C U v T 3] U v T C
2,645 1,013 0.00000 1.000 0.0100 1.013 -0.00009 1.000 0.0100 1.013 -0.00016 1.000 0.0100
6.209 1.020 0.00000 1.000 0.0100 1.020 0.00002 1.000 0.0100 1.020 0.00004 1.000 0.0100
15.353 0.997 0.00000 1.000 0.0100 0.997 0.00005 1.000 0.0100 0.997 0.00008 1.000 0.0102
>"-5; - - |
;o2 R = 0.90 R =0.9525 Interface

Pi+1,0 U v T . C ] ki T C R T T G

-0.00k62 1.006 -0.00018 0.999 0.0107 0.907 -0.
0.00019 0.981 0.00007 0.997 0.0121 0.718 O.
0.00523 0.885 0.00012 0.992 0.0152 0.564 0.

00013 0.987 0.014k 0.99509 0.011 0.897 0.0275
00017 0.974 0.0184 0.99312 0.013 0.889 0.0297
00017 0.956 0.0231 0.99116 0.017 0.876 0.0331

cge

il
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Table 48, Velocity and Temperature Profiles in the Liguid
Phase: Ethanol Vapor and Air, D’ = 0.16667 ft.,
u’ =25 ft./sec., Re, = 45099, Pr, = 8.03,
T = 173.3° %, T = 163.3° F, Sc = 0.537,
W . =0.05
alr
Q
z' in feet R Ux10 Vx10” T
0.464 0.999736 133 18 0.0u46
0.998945 475 219 0.185
0.997889 79T 526 0.368
0.997625 85L 534 0.413
0.997361 901 510 0.458
1.51k4 0.999736 138 2 0.028
0.998945 Lol o @.238
0.997889 837 108 0.224
0.996834 1026 2h2 0.336
0.996570 1050 285 0.364
0.996306 1064 329 0.392
5.000 0.999736 171 % 0.019
0.9989k45 625 13 0.076
0.997889 1099 51 0.152
0.996834 1420 116 0,228
0.995778 1589 206 0.303
0.99551k4 1607 232 0.322
0.995250 1616 259 0.341
28.152 0.999472 L6s 1 0.018
0.998417 1282 7 0.055
0.996306 2hs59 L2 0.128
0.994195 3028 104 0.202
0.993667 3075 124 0.220
0.993139 3084 145 0.239
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APPENDIX G

BINARY VAPOR CONDENSATION RESULTS

This appendix contains the numerical results described in

Chapter V for the condensation of binary vapors.
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Table 49. Condensation of Ethanol-Water Vapors,

Summary of Results: D’ = 0.03825 ft., u’ = 25
ft./sec., Reg = Lol Bry, = k.17, ch = 0927,

- il - o} ' - O
Sc, 276, po 206.25° F, Top 186.5" F,
a = Ethanol

AT’ Fr

W
o °F b

a

Z!

ft

h!
m
?

28’

D

Film
Re

T* T;

wt.

%

cond. in ligqg.

Av,

z.wt.,

% a

0.25 1h.25 3547
4.0

21.6

10.4

5.0

0.0548
0.263
0.900
1.870
3.883

O, E,
0.347
0.199
0.1k2
0.098

0.00633
0.01012
0.01392
0.01645
0.01898

71
172
359
548
801

1.307
0.702
0.382
0.235
0.126
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Table 50. Condensation of Ethanol-Water Vapors, Summary
of Results: D’ =0.03825 ft., u’ = 50 ft./sec.,

Reg = 9882, Pr, ; Lo¥T, scg = 0,927, SCL = 276,
P 0 ‘o O -
po = 206.25 F, T%P = 186.5° F, a = Ethanol.
, Ave.,wt.
’ ! ’ / . k3 T wt %&‘
iy 8§ Twon omo #Zomm TG g
é cond. 1liq.
0.25 1k.,25 273.8 0.284 0.476 0.00958 23 1.783 198.1 7.1 8.6
91.9 0.846 0.272 0.01341 b3 1.130 197.5 13.k 9.2
36.5 2.127 0.176 0.01724 73 0.711 196.8 23.1 9.8
15.8 4,923 0.118 0.02107 117 0.%13 195.7 37.5 10.8
5 1L 7

875 0.073 0.02450 180 0.195 193.9 58.3 12.
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Table 51. Condensation of Ethanol-Water Vapors,
Summary of Results: D’ = 0.03825 ft., u’ = 100 ft./sec.,
Reg = 19763, Prﬁ = 4. 17, ch = 0,927 Scz 276,

[ o] ¥ - o] o
po = 206.25" F, pr = 186.5° F, a = Ethanol

nou

' ’ 7 ] = * ] Ave,wt
W AT Fr Z h 26" Film T T wt. % "a
& OF L ft Tpﬁ T’ Re d % 15
cond 130

0.25 10.0 341.4 0.910 0.416 0.0108 L41.8 2,806 200.6 6.5 6.6

185.7 1.674 0.301 0.0135 59.3 2.220 200.1 9.2 7.0

58.9 5.278 0.167 0.0189 112.2 1.373 199.5 17.6 7.5

35.1 8.859 0.129 0.0216 149.5 1.085 199.2 23.5 7.8

21.3 1k.627 0.100 0.0243 195.6 0.848 198.7 31.0 8.2

0.25 1k.25 691.4 0.450 0.556 0.0095 39.2 3.840 199.0 6.1 7.8

230.7 1.347 0.307 0.0142 72.7 2.483 198.1 11.3 8.6

92.3 3.367 0.193 0.0190 122.0 1.620 197.5 19.1 9.1

41.0 7.582 0.130 0.0237 193.3 1.035 196.7 30.4 9.9

18.9 16.402 0.088 0.0285 292.2 0.595 195.5 L6.4 11.0

0.25 24,25 782.8 0.397 0.531 0.0109 61.7 4.879 194.7 9.6 11.7

223.4 1.391 0.277 0.0174 127.3 2.833 194.4 19,9 12.3

117.9 2.637 0.203 0.0217 184.9 1.900 193.7 28.9 12.8

66.0 4,708 0.155 0.0261 259.1 1,191 192.8 L0.7 13.7

38.2 8.135 0.119 0.0304 354.8 0.629 191.6 56.1 15.0

0.25 29.25 833.2 0.373 0.541 0.,0110 73.1 5.838 193.4 11.5 13.2

357.7 0.869 0.350 0.0154 120.1 4.112 193.4 18.8 13.5

192.4 1.616 0.258 0.0198 172.6 2.74%0 193.0 27.0 13.8

109.6 2.837 0.197 0.02k2 239.2 1.775 192.3 37.5 1h.h

6.9 L.787 0.154 0.0286 323.9 1.034% 191.3 51.0 15.h4

0.25 3h.,251k21,7 0.219 o0.724 0.0088 64,0 8.411 192.9 10.1 1k.2

557.6 0.557 O.4ilh 00,0133 112.8 5.908 192.,7 17.7 1k.h

298.4 1.041 0.325 0.0178 162.4 3.888 192.7 25.5 1kh.k

172.7 1.799 0.248 0.0222 221.8 2.535 192.0 34.7 1k.9

102.9 3.021 0.193 0.0267 297.8 1.582 191.2 L46.7 15.6
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Table 52. Condensation of Ethanol-Water Vapors,
Summary of Results: D’ = 0,03825 ft., B, = BBy
a = Ethanol, Wa = 0.50, ch = 0,762, Sc, 7= 276,
4 = o] ’ = Q ’_ o]
po = 197:2° B, T%P = 179.9° F, AT = 25.,2° F,
_, ; ) 5 ; Ave.wt
u Re Fry z h 28’ Film 7 T wt. % a
i & ft. 37 D Re op % in
sec. cond, lig.
50 12027 210.7 0.369 0.321 0.0120 Lk 2,156 182.2 11.7 38.4
93.5 0.831 0.219 0.0159 73 1.419 181.9 19.7 39.1
46.1 1.685 0.160 0.0199 115 0.883 181.6 31.0 Lo.3
ok, 4k 3,182 0.123 0.0239 172 0.480 181.1 L46.9 k2.0
13.6 5.699 0.097 0.0279 249 0.164 180.5 68.6 Lh.L
100 2bosk 529.7 0.587 0.353 0.0118 70 L.hhkg 182.3 9.3 38.0
232.4 1.337 0.232 0.0166 118 3.036 182.2 15.8 38.2
116.7 2.664 0.167 0.0213 181 2.034 182.0 24,3 38.8
63.1 4.929 0.126 0.0261 264 1.295 181.6 35.6 Lo.o
35.9 8,651 0.099 0.0308 374 0.717 181.2 50.8 k1.7
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Table 53. Condensation of Ethanol-Water Vapors, _
Summary of Results: D’ = 0.03825 ft., u’ = 100 ft./sec.,
Re = 30,726, Pr, = L.17, Sc_ = 0.596, Sc, = 276,
g 2’ g 4

’ _ Q - o g
po = 180.9 F, T%P = 175.5° F, a = Ethanol

W AT'  Fr z' n’ 2 Film T pe  Wb. Ave.vt.
8 o - £ s M Re d b %a
F % 0F cond. %n

0.75 5.9 654.0 0.475 0.672 0.00702 22,0 kW.,250 177.4 2.3 63.9

275.5 1.128 0.410 0.01053 38.8 2.783 177.3 k4.0 6h4.5

121.9 2.549 0.266 o0.o01kok 64.0 2.033 177.3 6.7 64.9

59.2 5,266 0.187 0.01755 100.2 1.570 177.2 10.4 65.4

31.1 10.008 0.141 0.02106 1h9.5 1.2k0 177.1 15.6 66.0

0.75 15.9 L421.7 0.737 0.552 0.01348 96.0 LkU,s504 176.2 10.0 70.9

148.4% 2,095 0.323 0.02022 182.0 2.732 176.2 19.1 7T1.3

63.4  L4.,904 0.218 0.02696 307.7 1.581 176.0 32.4 71.9

38.6 8.056 0.177 0.03146 L21.1 1.008 175.9 4hk.5 72.6

2k.5 12.665 0.147 0.03595 563.2 0.526 175.8 59.9 73.1
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Table 54. Condensation of Benzene-Toluene Vapors s

Summary of Results: D’ = 0.03825 ft., u’ = 2 ft./sec.,

Reg = 2270, Pr, = 4,00, ch CH Sc, = 8.79,

’ _ 8] ’ - O g
po = 193.1" F, pr = 184.7° F, a = Toluene
Ave, wt
s / ¥ ! = * T’ th % a

i cond. lig.
0.25 10.0 8.353 0.0149 0.617 0.00541 3.1 0.145 188.2 4.6 33.6
3.654 0.0340 0.466 0.00676 5.3 0.113 188.0 7.9 33.1
1.6k 0.0756 0.360 0.00811 9.0 0.08 187.8 13.6 32.6
0.843 0.1475 0.293 0.00945 14.2 0.060 187.5 21.7 32.0
0.467 0.2662 0.244 0.01081 21.1 0.037 187.2 32.7 31.3




Table 55. Condensation of Benzene-Toluene V&pors,
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Summary of Results: D’ = 0. 03825 fouy W = 25 Ftafeec:;
Reg = 28378, Pr, = .11, Be = 0.633, Sc, = 8.79,
Tép = 193.1° 7 Tép = 184.7° ¥, a = Toluene
o R oy L n’ 28/ Film  x pl g, AVE.WE
a L — D Re od % % a
o} ft @ F oong, in lig
0.25 5.0 91.52 0.212 0.423 o0.00794 15.2 1.027 190.2 1.8 38.2
14.63 1.327 0.191 0.01270 L43.2 0.530 189.8 5.1 37.h
5.51 3.526 0.129 0.01588 77.4 0.383 189.6 9.3 36.8
2.37 8.200 0.091 0.01906 127.8 0.285 189.3 15.4 36.3
1.10 17.643 0.066 0.02223 197.5 0.213 189.1 23.9 35.7
0.25 10.0 72.09 0.269 0.364 0.01057 33.1 1.133 188.5 3.9 3Lk.2
15.83 1.227 0.204% 0.01586 84.5 0.674 188.1 10.1 33.3
5.03 3.863 0.136 0.02115 177.8 0.394 187.6 21.5 32.2
1.96 9.910 0.098 0.02643 326.7 0.195 187.1 39.9 30.9
1.12 17.335 0.079 0.02996 L6L.3 0.095 186.7 57.3 29.9
0.25 20.0 54.12 0.359 0.329 0.01377 78.7 1.747 186.8 9.4 30.2
2k,02 0.809 0.246 0.01771 132.6 1.202 186.6 15.9 29.8
11.98 1.621 0.194% 0.02164 209.2 0.801 186.4 25.3 29.3
6.50 2.989 0.158 0.02558 31k.7 0.496 186.2 38.3 28.6
3.77 5.149 0.132 0.02951 L45k.5 ©.248 185.9 55.9 28.0
0.25 30.0 14k.61 0.134 0.481 0.01053 63.9 3.708 186.3 7.6 28.9
41.89 0.6k 0.305 0.01685 139.7 1.984 186.0 16.8 28.3
15.13 1.284 0.210 0.02316 266.7 1.051 185.8 32,3 27.8
8.4y 2,302 0.172 0.02737 391.3 0.618 185.7 47.8 27.4
5.03 3.865 0.145 0.03159 553.7 0.253 185.5 68.3 26.9
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Table 56. Condensation of Benzene-Toluene Vapors,
Summary of Results: D’ = 0.16667 ft., u’ = 25 ft./sec.,
Reg = 123650, PP, = 4,11, Se_ = 0,633, Sc, = 8.79,
Ty = 193.1°F, T, = 184.7°F, a = Toluene
; T A%e.wt.
; ’ h / Film * q wh. a
W T F 26
% ‘¢ L g 3 o R ¥ 4
cond. ligqg.
0.25 10.0 19.10 1.017 0.231 0.00358 79 0.676 188.8 2.1 35.0
10.4% 1.858 0.188 0.00418 118 0.537 188.4 3.2 34.0
5.95 3.266 0.155 0.00478 170 0.459 188.1 4.7 33.3
2,59 7.487 0.117 0.00597 296 0.359 187.9 8.1 32.
1.17 16.660 0.090 0.00716 509 0.273 187.7 1k.1 32.3




294

Table 57. Condensation of Benzene-Toluene Vapors,
Summary of Results: D’ = 0.03825 ft., Prz = 14,11,
= Toluene, wao = 0,50, Sc = 0.621, SC 8.79,
4 o LA
po = 207.3° 7, pr = 195.8° F, AT’ = 27, 3 F.

e Re FrL ' hé 26’ Film ¥ 7/ wt. Ave.wt

£t g £, 37 D7 Re Og % % a
sec., cond. in 1iqg
25 28967 142.0 0.137 0.451 0.0105 58 3.197 199.0 6.7 56.4
37.5 ©.518 0.274 0.0168 132 1.779 198.7 15.5 55.9

13.2 1.4k72 0.187 0.0231 257 0.934 198.4 30.5 55.3

7.2 2.683 0.152 0.0273 382 0.547 198.1 L45.7 54.7

4.2 4,581 0.127 0.0315 545 0.227 197.6 66.0 53.9

100 115867 L459.1 0.677 0.365 0.0134 226 9.386 199.0 6.6 56.6
114.7 2,710 0.207 0.0234 519 5.293 198.5 15.2 55.5

57.4 5.4k 0.156 0.0300 784 3.549 198.3 23.0 55.2

30.9 10.043 0.122 0.0367 11k1 2.347 198.1 33.6 54.8

17.8 17.451 0.099 o0.043k 1610 1.406 197.9 47.7 54.3

200 231734 621.5 2.000 0.297 0.0168 543 14.86 199.0 7.9 56.5
239.7 5.187 0.198 0.0252 948 10.10 198.5 13.9 55.5

116.6 10.667 0.145 0.0336 1434 6.86 "198.2 21.0 55.0

84,9 14,645 0.127 0.0377 1722 5.66 198.2 25.2 54.8

2.9 19.755 0.112 0.0419 2050 L4.66 198.1 30.0 5L.7
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Table 58. Condensation of Benzene-Toluene Vapors,
Summary of Results: D’ = 0.03825 ft., u’ =25 ft./sec.,
Reg = 29581, Pr, = h.11, Sc_ = 0.608,'Scz 8.79,

! = 0 W = % =
po 219.9% B, pr 210.5¥ F, a = Toluene

W,ooar Fr B 2%7 F;im * Eq i Av;':t'
o F ft 3 B cond.in lig.
0.75 10.0 22.43 0.866 0.256 0.0153 80 0.824 216.5 9.2 83.6
10.98 1.768 0.207 0.0187 133 0.638 216.4 15.4 83.4
7.98 2.434 0,188 0.0204 167 0.545 216.3 19.3 83.2
5.90 3.291 0.171 0.0221 206 0.457 216.1 23.9 83.0
b .43 L.385 0.156 0.0238.250 0.375 215.9 29.1 82.8
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Table 59. Velocity, Temperature, and Concentration Profiles in
the Ligquid Phase: Ethanol-Water, D' = 0.03825 ft.,
u’ = 100 ft./sec., Re_ = 19763, Pr = 4,17, W =
- i B

0.25, T = po = 206.25" F, T, = 182°F, ch = 0.927,

Sc, = 276, C = Weight fraction ethanol, q = interface.
z' in feet R Ux10° vx107° T

0.397 0.997829 163 -225 0.105 0.11386
0.995658 314 -897 0.210 0.11416
0.993487 456 -2012 0.315 0.11516
0.991316 586 -3563 0.419 0.11747
0.989115q 706 -5337 0.524 0.12122
1.391 0.997829 1hk -18 0.063 0.12147
0.993487 Lol -166 0.191 0.12169
0.991316 514 -296 0.254 0.12201
0.986974 707 -671 0.382 0.12316
o.982632q 857 -1181 0.510 0.12503
2.637 0.997829 143 il 0.048 0.12579
0.991316 510 16 0.193 0.12623
0.98697k4 700 36 0.200  0.12729
0.982632 847 63 0.387 0.12926
o.978290q 951 95 0.484 0.13232
4,708 0.997829 148 5 0.037 0.13268
0.991316 527 79 0.148 0.13312
0.986974 7o 178 0.223 0.13418
0.982632 883 317 0.297 0.1361k4
o.9739h8q 1065 709 0.4k7 0.14338
8.135 0.997829 156 5 0.028 0.14360
0.991316 560 T 0.112 0.14406
0.982632 98 308 0.225 0.1471k4
0.973948 1162 695 0.338 0.15465
0 1204 9L3 0.395 0.16035

,969606q




Teble 60. Velocity, Concentration §nd Temperature Profiles in the Vapor
Phase: Ethanol-Water, D' = 0.03825 ft., u = 100 ft./sec.,

Re, = 19,763, Pr, = H Ty Té = 206.25° F, T; = 182° F,

Worog = 0-25 ch = 0.927, Se¢, = 276, C = weight fraction
Q
ethanol.
R = 0.0 R=0.4 R = 0.75
z' inft.U v T C U v 2 C U v T C
0.397 1.032 0.00000 1.000 0.250 1.032 0.00007 1.000 0.250 1.029 0.00013 0.999 0.251
1.391 0.975 0.00000 1.000 0.250 0.975 0.00023 1.000 0.250 0.935 0.00041 0.984 0.266
2.637 0.918 0.00000 1.000 0.250 0.915 0.00020 1.000 0.251 0.812 0.00038 0.951 0.294
4,708 0.830 0.00000 1.000 0.251 0.814 0.00019 1.800 0.259 0.631 0.00037 0.895 0.339
8.135 0.692 0.00000 1.000 0.258 0.640 0.00018 1.000 0.286 0.411 0.00032 0.828 0.400
p'-p.
? — R = 0.84 R = 0.93 Interface
Pis1 o0 U v T 2 U v T 7 R U T
-0.0312 0.993 0.00023 0.986 0.263 0.692 0.00083 0.862 0.355 0.98915 0.0071 0.524
0.0296 0.813 0.00053 0.928 0.310 0.4hk0 0.00068 0.739 0.432 0.98263 0.0086 0.510
0.0892 0.643 0.00048 0.861 0.357 0.296 0.00055 0.661 0.476 0.97829 0.0095 0.484
0.1735 0.456 o0.00042 0.781 0.410 0.184% o0.0004k 0,584 0.517 0.97395 0.0106 O0.Lh7
0.395

0.2851 0.272 0.00035 0.69% 0.470 0.098 0.00034 0.502 0.559 0.96961 0.0120

n
\0
3
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Table 61. Velocity, Temperature, and Concentration Profiles in
the Liquid Phase: Benzene-Toluene, D’ = 0.03825
ft., u' = 25 ft./sec., Re_ = 28967, Pr, = LAz,
— s ¢ 5 ] o
wTolO =0.50, T) =Ty = £07.3° F, T/ 2 180° F,
ch = 0,621, Sc£ = 8.79, C = Weight fraction
toluene, q = Interface
z' in feet R Ux10° vxlolo i a
0.137 0.997902 521 -843 0.139 0.56390
0.995805 995 ~3381 0.279 0.56387
0.993707 1418 -7627 0.419 0.56380
0.991610 1792  -13599 Q55T 0.56365
o.989512q 2117  -20h455 0.695 0.56343
0.518 0.995805 1008 389 0.172 0.55963
0.991610 1817 1553 0.344 0.55958
0.989512 2148 2h22 0.430 0.55953
0.985317 2659 4733 0.601 0.55935
O.983219q 28Lko 6083 0.687 0.55923
1.472 0.995805 1137 517 0.122 0.55291
0.989512 2L70 3240 0.306 0.55285
0.985317 3110 6363 0.428 0.55275
0.983219 3355 8318 0.490 0.55268
0.976926q 3790 15641 0.673 0.55235
2.683 0.997902 654 ol 0051 0.54689
0.991610 2320 1503 0.203 0.54686
0.983219 3845 6035 0.407 0.54669
0.976926 L6k 11440 0.560 0.54640
0.972731q L62s 15913 0.661 0.54611
4.580 0.995805 1395 266 0.086 0.53944
0.989512 3117 1666 0.215 0.53940
0.976926 5215 8108 0.47h 0.53901
0.972731 5513 11345 0.560 0.53875
0.968536q 5610 15066 0.646 0.53843




Table 62. Velocity, Concentration and Temperature Profiles in the Vapor

Phase: Benzene-Toluene, D' = 0.03825 ft., u’ = 25 £t [sec.,

Re, = 28967, Pr, = k.11, T' = 207.3° F., T’ = 180° F,

Woor = 0.50, ch = 0.621, Sc, = 8.79, C = Weight fraction

tolugne.

R = 0.0 R=045 .. . R = 0.75
z’ in ft. U v T ¢ U v T C U v T G
0.137 0.976 0.00000 1.000 0.500 0.976 0.00101 1.000 0.500 0.976 0.00169 1.000 0.500
0.518 0.911 0.00000 1.000 0.500 0.911 0.00066 1.000 0.500 0.911 0.00110 1.000 0.500
1.472 0.778 0.00000 1.000 0©0.500 0.778 0.00058 1.000 0.500 0.775 0.00097 0.997 0.496
2.683 0.626 0.00000 1.000 0.500 0.626 0.00053 1.000 0.500 0.613 0.00089 0.988 0.L487
L.580 0.407 0.00000 1.000 0.500 0.406 0.00049 1.000 0.497 0.379 0.00083 0.971 0.472
p'-p.
p 'af2 R = 0.84 R = 0.935 Interface

Pi+l,00 T v T C ] v T C R U T
0.0307 0.976 0.00189 1.000 0.500 0.947 0.00220 0.986 0.488 0.98951 0.0212 0.695
0.1128 0.908 0.0012k 0.997 0.496 0.757 0.00159 0©0.925 O0.449 0.98322 0.0284 0.687
0.2771 0.746 0.00112 0.978 0.480 0.476 0.00137 0.849 0.411 0.97693 0.0379 0.673
0.4521 0.561 0.00103 0.952 0.462 0.306 0.00118 0.803 0.390 0.97273 0.0463 0.661
0.6748 0.324 o0.00094 0.918 O0.441 0.162 0.00102 0.758 0.369 0.96854 0.0561 0.646

662
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