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ABSTRACT 

Experimental measurements of the rate of condensation of water 

in the presence of air, carbon dioxide and hydrogen and of carbon 

tetrachloride in the presence of hydrogen were made for various 

viscous flow rates up a vertical condenser. The results were 

satisfactorily correlated in terms of the Schmidt number and the 

Reynolds number as based on an analogy to laminar forced convection 

heat transfer. 



CONDENSATION OF A VAPOR IN THE PRESENCE OF A NON-CONDENSING 
GAS IN LAMINAR FLOW DP A VERTICAL CONDENSER 

Introduction 

The condensation of vapors was first described mathematically 

by Nusselt^"'^ in 1916, He derived the following expression for 

condensation of a pure vapor in a vertical condensers 

h 
Nu - 

(1) 

Some basic assumptions ares 

1, Laminar flow of condensate and film condensation, 

2. Only latent heat transported through liquid film on 

cooling surface, 

3. The shear stress between vapor-liquid is negligible, 

4. Linear temperature gradient through condensate film, 

5, Curvature of film is negligible, 

6, Uniform condensing surface temperature. 

Equation (1) has been verified experimentally and accurately describes 

the heat transfer resistance when all the assumptions are valid. 

Condensing heat transfer coefficients are greatly reduced if only 

a small percentage of a non-condensing gas is present in the vapor. 

This reduction in heat transfer occurs because of the resistance to mass 

transfer through the gas film that forms next to the cool liquid film 
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on the condenser surface. This gas film results from the selective 

condensation of vapor next to the liquid film, leaving a vapor-gas 

mixture next to the liquid film rich in the non-condensing component,, 

Equation (1) can be used to calculate the effective condensing 

heat transfer coefficient for a vapor-gas mixture if the surface 

temperature of the liquid film is known. For condensing pure vapors, 

the liquid-vapor interface temperature is essentially the same as the 

vapor temperature. In the presence of a non-condensing gas, the 

vapor-liquid interface temperature would be the saturation temperature 

of the gas-vapor mixture present at the interface. 

(6) 
Colburn and Hougen ' developed the standard procedure used for 

calculating overall heat transfer coefficients when condensing vapors 

from vapor-gas mixtures. Heat transferred through the liquid film 

is equated to the heat transported through the gas film as latent 

and sensible heat. The standard equation iss 

U Alovo*aJJ ~ ^ ^ (2) 

If the heat transfer is considered as a series phenomena as 

suggested by Colburn and Hougen^ and if Kg and h0 can be determined, 

the problem is resolved although it may require a tedious trial and 

error solution. Since the liquid film resistance is usually small in 

relation to the gas film resistance, the evaluation of h0 is not 

critical and may be estimated or calculated by Equation (1). 

In order to estimage Kg, Colburn and Chilton^ extended Reynolds 
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analogy between momentum and heat transfer to include mass transfer. 

For systems involving turbulent flow, this analogy has proven to be 

valid at low mass transfer rates. Crawford^ showed that a similar 

relationship existed for mass transfer and heat transfer by free 

convection. 

Several investigations have been made on heat transfer to fluids 

in viscous flow. 

Sieder and Tate®^ proposed the following standard equation for 

heat transfer in laminar regions 

N. = 1.86 Cfe (3) 

Colburn showed that Equation (3) does not accotint for free con¬ 

vection effects. He tentatively proposed a modified equation 

including a correction factor, <J> , for free convection effects s 

Nu = I.6S (Re R» cj? 

cj) = (7 t '°I5 Gr ^0 
(4) 

Since free convection is less important at high Reynolds numbers 5) 

the correction factor <J> should not be a constant multiplier as 

pointed out by Martinelli „ Martinelli presents an analysis of 

heat transfer when both forced and free convection are importante 

For the case of heating a fluid flowing up a vertical tube^ his 
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semitheoretical expression iss 

Nu = 1.75*7^ ■ "~'-7S + , ■>722 F, (Sr* prE)4 

(5) 

( 
Boelterw/ shows that this same equation will describe the data of 

Gilliland and Sherwood for mass transfer in the viscous region. 

More data on mass transfer in the viscous region is required 

before the validity of using heat transfer data to predict mass 

transfer can be firmly established. The effect of free convection 

seems to be most uncertain. 

The more recent work of Stewart^ points out that mass transfer 

and heat transfer are not completely analogous at high mass transfer 

rates. 
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Experimental Apparatus and Procedures 

The apparatus used for this investigation was originally constructed 

(g \ (Y/S 
by Grosser' and Rosson'A' and was modified to a vertical condenser. 

The major components were a vapor generator, a vertical condenser and 

the necessary auxiliary equipment to provide electric power, cooling 

water, temperature measurements and flow measurements. A flow diagram 

is shown as Figure 10 

The vapor generator was constructed from a four foot length of 

Schedule 80 four inch pipe mounted vertically. A 5 kw„ Ghromalux 

immersion heater was inserted through the flanged bottom. The system 

held about three and one-half gallons of liquid. The vertical condenser 

consisted of a 5/8™ copper tube inserted in a one foot cylindrical brass 

bar. The brass bar was threaded with 3/8n copper tubing wound into the 

threads. With cooling water passing through the 3/8™ copper tubing, the 

high conductivity of the brass bar insured a nearly uniform condenser 

surface temperature over the entire one foot condenser section. At 

seven points down the length of the condenser, holes were drilled between 

the threads down to the 5/8w copper tube. Thermocouple junctions were 

placed in each of these holes. 

The entire system was well insulated. The condenser section was 

insulated with six inches of magnesia. 

The non-condensing gas flow rate was measured with a rotameter and 

then the gas was introduced into the vapor generator through the flanged 

bottom. The gas passed vertically up through four feet of liquid 

maintained at a constant temperature with the Ghromalux immersion heater. 
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The gas left the vapor generator section,, saturated with vapor,, and 

passed directly into the vertical two foot length copper tube that 

carried the saturated gas-vapor mixture into the condenser. This 

insured a developed laminar velocity profile. The vapor was only 

partially condensed in the condenser in order to maintain a nearly 

constant bulk composition. Ordinarily the vapor-gas mixture left 

the condenser 0,2°F to 8.0°F cooler than it entered the condenser. 

A temperature drop had to be taken to yield a measurable heat flux. 

The exit temperature was controlled by the cooling water temperature. 

Temperatures throughout the system were measured by an electronic 

multipoint recording potentiometer and also by a non-recording potentio¬ 

meter using an icebath reference. Temperatures measured were? 

1. Liquid temperature in vapor generator. 

2. Inlet cooling water temperature. 

3. Inlet vapor-gas temperature to condenser. 

4. Exit vapor-gas temperature from condenser. 

5. Non-condensing gas temperature (before rotameter). 

The pressure of the system (atmospheric) was indicated by a cali¬ 

brated gauge reading in ounces. 

The vertical condenser had a series of differential thermocouple 

elements down its length for determination of the condenser wall 

temperature. There were also two differential thermocouple elements 

located one inch from either end of the condenser to measure end 

effects. The hot junction for all these elements was located in the 

saturated vapor-gas mixture entering the condenser. Voltages generated 
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by all the differential thermocouples were measured by an electronic 

po tentiometer . 

The cooling water to the condenser could be operated as either 

an open or closed system. The temperature level of the cooling water 

was maintained by electric heaters in the system. The cooling water 

temperature rise was measured by differential thermocouple elements 

inserted in the entrance and exit water streams. A uniform condenser 

surface temperature was possible with only a moderate cooling water 

rate because of the condenser design. 

Composition of the vapor-gas mixture was varied by changing the 

vapor generator temperature. Velocity effects were observed by holding 

the composition constant and varying the inlet non-condensing gas rate. 

The apparatus was checked by condensing pure water and carbon 

tetrachloride. The experimental condensing coefficients cheeked closely 

with Nusselfs^' predictions. This justified later calculations of the 

liquid film resistance using Nusselt#s relationship., Equation (1), 

Before each series of runs, pure vapor was condensed in the apparatus 

to check operation of all instruments and the indicated temperatures. 

The average vapor-gas temperature in the condenser was taken as the 

average of inlet and outlet gas temperatures. The condenser average 

surface temperature was taken as the average of all the temperatures 

indicated along the surface which usually were nearly always the same. 

Although the thermocouples were in contact with the outside of the 5/8" 

copper condenser tube instead of the inside,, the indicated temperatures 

were essentially equal to the inside surface temperatures at the low heat 
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fluxes encountered. The heat flux was calculated from the known cooling 

water rate and temperature rise. The overall heat transfer coefficient 

then wass 

The composition of the bulk vapor-gas mixture in the condenser was 

known from the calculated average temperature since the mixture was 

assumed to be saturated at all times. The velocity and Reynolds number 

of the vapor-gas mixture were then calculated from the known composi¬ 

tion and non-condensing gas inlet rate. 

The average temperature of the surface of the liquid film was 

calculated by assuming Equation (1) applied. The composition of the 

vapor-gas mixture at the interface was determined from this surface 

temperature by assuming the mixture must be at its dew point. 

The sensible heat transfer to the condensing surface was calculated 

by the method recommended by McAdamsand found to be negligible in 

all cases. The sensible heat transferred in cooling the condensed 

liquid to the film temperature was also found to be negligible. The 

heat transfer to the copper tubing at each end of the one foot condenser 

was found to be negligible also. 
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Results 

Water was condensed in the presence of three non-condensing gases, 

air, carbon dioxide and hydrogen at several different compositions, 

ranging from 20% to 40/6 non-condensing gas. Carbon tetrachloride was 

condensed in presence of Hg at 145°F. Velocity effects were studied 

by varying Reynolds numbers from 50 to 3000. 

Typical curves showing the effect of velocity on the heat transfer 

coefficient are shown in Figure 2. 
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Discussion 

Both free convection and forced convection may play important roles 

in heat transfer through fluids in viscous flow. 'x<s/ Similarly one 

would expect free convection and forced convection to be equally impor¬ 

tant in mass transfer. The effect of free convection can best be under¬ 

stood by considering how free convection currents distort the usual 

parabolic velocity profile of a fluid in viscous flow. 

In heat transfer, free convection currents distort the velocity 

profile differently according to whether the fluid is being heated or 

cooled. Consider a fluid in viscous flow up a vertical tube being heated. 

The fluid next to the tube wall is naturally warmer than the fluid near 

the tube center. Consequently buoyant forces are set up by the density 

gradient resulting from the temperature difference. These forces increase 

the upward velocity of the fluid next to the tube wall. The modified 

velocity profile tends to be flat or blunt with a very high velocity 

gradient near the tube wall. If this same fluid were being cooled, then 

free convection currents would oppose the impressed velocity at the tube 

wall, giving'a pointed velocity profile. These statements are illustrated 

in Figure (4). 

Similarly, free convection currents distort the velocity profile 

when condensing a vapor in the presence of a gas. The buoyant forces 

result primarily from the density gradients caused by the composition 

changes across the tube and not from density differences caused by a 

temperature gradient. In order for there to be a driving force for mass 

transfer, the vapor-gas mixture must become increasingly rich in gas as 



FIGURE 4 

EFFECT OF FREE CONVECTION 
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the liquid film on the condenser surface is approached. The magnitude 

of the vapor-gas density variation across the condenser tube depends 

on the relative densities of the pure components. 

For example, consider a CCI4 - Hg mixture in viscous flow up a 

vertical condenser. The "heavy” vapor, CCI4, is being condensed from 

the "light" gas, H2. The vapor-gas density is least next to the con¬ 

denser surface because of the greater concentration of Hg. Conse¬ 

quently, the velocity is increased next to the condenser wall due to 

upward free convection currents or buoyant forces. This gives a 

modified velocity profile with a blunt appearance as pointed out by 

Boelter.^) This modified profile is similar to the velocity profile 

of a fluid being heated. If a "light" vapdr, H2O, is condensed from 

a "heavy" gas, CO2, then the vapor-gas density is greatest next to the 

condenser surface. The distorted velocity profile for this case is 

more pointed and elongated. All the above statements are illustrated 

in Figure (4). 

The basic equations describing mass transfer, heat transfer, and 

momentum transfer are well known. If constant physical properties are 

assumed, then the equations can be written in the following dimension¬ 

less forms for a binary system. ^ 

Continuity V* ® v* = 0 (6) 

Motion Dv* -1.0^ - y*p* + Gri (7) 
Dt# "Re Rer 

DT» _ 1 

Dt* “ Re Pr 

Energy (8) 



12 

Continuity of A Dx#^ 1 V (g) 

Dts "" Re Sc 

The dimensionless group, Gr^/Re^, is included to account for free con- 

vection effects. 

Because of the complexity of the equations, they have been solved 

for only a few special cases, Usually the normal velocity component 

to the condenser surface is neglected in mass transfer, 

Martinelli et al^-^ presented an approximate solution of the heat 

transfer and hydrodynamic equations for the case of combined forced 

and free convection in a vertical tube with an uniform wall temperature. 

For heating a fluid in upward flow or cooling a fluid in downward flow, 

the analysis yielded? 

Nu r.. 1.75 Fx N^Gam+ „0722F2 (Gr Pr D/L)
n (10) 

Fl5’ F2 = f C^NU/GZ) 

n = .75 for laminar free convection 

n = 1,0 for turbulent free convection 

A linear variation of density with temperature was assumed by Martinelli 

in the analysis. 

(3) 
Boelter represented the mass transfer data of Gilliland and 

(oN 
Sherwood' ' with a mass transfer equation analogous to Equation (10), 

For mass transfer, Boelter rewrites Equation (10) ass 

NUj,, =1.75 + 0.0722 F2 (G^ Sc D/L)
n (11) 

Equation (11) is valid only for the eases where the free convection 
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currents increase the velocity near the wall giving a flat velocity 

('•a') 
profile according to Boelter„w' This was the basis of Martinellilfs 

derivation. McAdams states that Equation (10) can be used when 

free convection forces oppose the impressed velocity at the tube wall, 

giving a pointed velocity profile, if the constant + 0.0722 is changed 

to =0.0722. No proof or any data is given to show this except that 

it is a logical assumption. 

The data obtained in this investigation cannot be represented by 

Equation (11). The constants, Fg, tend to go to zero if taken 

from Martinelli"s plot. However, Equation (ll) appears to be a useful 

form for an emperical fit of data. Free convection in this investiga= 

tion was not as important as indicated by the constant +■ .0722 in 

Equation (11). 

For design and engineering calculations, It would be very helpful 

if a criteria could be established to predict when free convection 

effects become important in mass transfer or heat transfer, Sehlichting^^ 

states that free convection effects are of the same order of magnitude 

as forced convection effects if 

Gr^ Re2 (12) 

(1) 
Acrivos presents a theoretical treatment of combined laminar free~and= 

forced convection heat transfer in external flows past a vertical flat 

plate. His analysis shows that 

Nu = f (Re, Pr, Gr/Re2) (13) 

Acrivos^ gives approximate solutions of the flow and energy equations 
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for his system. He is able to show the validity of his solutions in 

the limiting cases of either free convection or forced convection. 

For viscous flow past a vertical flat plate, Acrivos concludes that 

free convection forces are negligible if 

^ A 

Gr/Re2 <C .002 for all Prandtl numbers (14) 

Gr/Re2 < 2 for Pr = .73 (15) 

In this investigation, Gr/Re2 varied from three at low Reynolds 

numbers to zero at high Reynolds numbers. For most runs, Gr/Re2 was 

much less than one. If Acrivos^ prediction for a flat vertical 

plate can be extended to viscous flow in a vertical tube, then one would 

expect free convection to be relatively unimportant in correlating the 

data of this experiment. This is shown to be true by the final corre-= 

lation. It is concluded tentatively that free convection effects are 

negligible whenever Gjj/Re2 ^ 2 for viscous flow up a vertical tube. 

This statement assumes that the order of magnitude of the Schmidt number 

is one. 

If similar boundary conditions exist for mass transfer and heat 

transfer and the rate of mass transfer is small, then one would expect 

identical solutions of equations (7), (8) and (9).(2) Also, no new 

(2) 
variables would be expected in the solutions except position and time.' ' 

The equations are considerably simplified if free convection is neglected. 

Reynolds originally pointed out this analogy between mass, momentum 

and heat transfer. Colburn and Chilton later improved Reynolds 
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analogy by adding the dimensionless groups suggested by Equations (7), (8) 

and (9). The experimental data of Sherwood ahd Gill Hand/Cairns, 

and Smith and Robson are in close agreement with the mass transfer 

results predicted by analogy from heat transfer data for the case of 

turbulent flow. Crawford^ showed that there is a similarity between 

mass transfer and heat transfer for the case of a free convection mech= 

anism. The higher values of mass transfer than predicted by direct 

analogy to heat transfer, reported by Crawford, can be partially explained 

if the mass transfer correction factor of Stewart^) ig applied, Stewart^ 

reports that the film theory may underestimate actual mass transfer several 

hundred per cent at high mass transfer rates. The effect of the normal 

velocity component due to mass transfer becomes increasingly important as 

the velocity parallel to the condenser surface becomes less as for the case 

of free convection. This movement of mass toward the cooling surface 

(2) 
distorts the parabolic velocity profile. According to Stewart^' ' analysis, 

the normal velocity component increases the mass transfer rate in the conden¬ 

sation process and decreases the mass transfer rate if evaporation is 

occurring. 

In this investigation, a vapor was condensed from a vapor-gas mixture 

in viscous flow up a vertical condenser. Since the. mass transfer rate was 

low relative to the main stream velocity, it was expected that an expression 

correlating the data could be predicted from the analogous heat transfer 

(o) 
problem, in the manner shown by Bird.'*'' 

For heating a fluid in laminar flow inside a tube, McAdams recom¬ 

mends the following equation where free convection effects are not 
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important 

Nu = 1.86 (Re Pr D/L)1/3 (ju b/jii w) ,14 (16) 

or for this investigation 

Nu1 = 13.0 (Re Pr)1/3 (17) 

Then by analogy to heat transfer and by consideration of the 

dimensionless groups in Equations (7)9 (8) and (9)s one would expect an 

expression of the following form for mass transfer 

NUjn =. C (Re Sc)1/3 (18) 

where 

NUm s SgJTL P^ 
& P 

as is suggested from the film theory. 

The data obtained in this investigation can be represented by the 

equation 

Nu,,, = 18.8 (Re Sc)1/3 (19) 

or 

Nu,,, - 2.69 (Re Sc D/L)1/3 (20) 

Equation (19) represents the data with a i 20% accuracy. The spread in 

data can be partially contributed to experimental error because of the 
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difficulty of maintaining a steady state condition with a measurable 

temperature difference. 

It is not surprising that the constants of Equations (17) and (19) 

for heat transfer and mass transfer are not identical. There is disa¬ 

greement in the literature of the proper value of the constant in 

Equation (17), probably because of the uncertain effect of free con¬ 

vection in heat transfer. Also since there is some finite mass move¬ 

ment toward the condenser surface for this case of mass transfer and 

not in the similar heat transfer case, a higher value of the constant 

in Equation (19) would be predicted according to data of Stewart.(2) 

If his data for laminar flow past a flat plate can be extended to flow 

inside a small tube, then for the present case, the mass transfer rate 

should be 10-25$ above what would be predicted from the film theory and 

direct analogy to heat transfer. 

The Reynolds numbers were calculated relative to the stationary 

condenser surface and not relative to the downward moving liquid film 

surface. Since the average liquid film surface velocity was less than 

0.1 ft/sec, this difference is unimportant except at low Reynolds 

numbers. 

The extent to which the correlating dimensionless groups were 

varied is shown in Table A. 

TABLE A 

RANGE OF VARIABLES 

Range Nujn Sc Re Glm ScRe % Gas 

Maximum Value 250 .73 3000 -V4xl09 2200 40 

Minimum Value 30 .07 30 -4xl07 18 22 
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In the experimental runs, the bulk vapor-gas mixture composition 

varied over a very small range (0 to 10/6) while passing through the con¬ 

denser. In commercial units, the vapor-gas composition may vary from 

near 100$ vapor to near 100$ gas. It is not likely that in this extreme 

case that use of some average or log mean composition, temperature and 

velocity will describe the mass transfer in a simple relationship like 

presented in this investigation. For this case, point to point, trial 

and error calculations should be made using properties averaged over 

only a small length of the condenser. 

It has been shown experimentally in this investigation that mass 

transfer rates can be predicted from data for the analogous heat trans¬ 

fer problem, but not without qualification. Careful attention should 

be given to possible effects of free convection and high mass transfer 

rates. 
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Conclusions 

1. The overall rate of condensation of a vapor in the presence 

of a non-condensing gas can be represented as a series phenomena in 

which the resistance offered by the liquid film to heat transfer is 

expressed by the Nusselt^ equation and the mass transfer coefficient 

can be expressed by 

KgDRT Pbm_ 2.69 (Re Sc D/L)1/3 (2l) 

P 

for the case of viscous flow of the vapor—gas mixture up a vertical 

tube. 

2, No effect of free convection was detected although the Grashof 

number (based on tube length) varied from -4x10^ to + 4x10^. 
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Nomenclature 

A - Area (ft2) 

C - Arbitrary constant 

D - Diameter (ft) 

$ - Diffusivity (ft2/hr) 

Fi^Fg- Constants 

Gr ~ Grashof number 

Grm ~ Modified Grashof number 

Gr* - Grashof number based on tube diameter D3 /3 ^0 
/Ja 

Gr^ - Modified Grashof number based on tube diameter 

Mz 

g - Acceleration of gravity (ft/hr2) 

GZJU - Graetz modulus G Cp/k L 

Gz^ - Graetz modulus for mass transfer Re Sc L/D TT/4 

h - Condensing heat transfer coefficient (BTU/hr ft2 °p) 

h^ju “ Condensing heat transfer coefficient as predicted by Equation (l) 

hov “ Overall heat transfer coefficient 

hs - Sensible heat transfer coefficient (BTU/hr ft2 °F) 

k - Thermal conductivity (BTU/hr ft °F) 

Kg - Mass transfer coefficient (# mol/hr ft2 atm) 

L - Length of condenser surface 

M - Molecular weight (#/# mol) 

- Mean molecular weight 

Nu - Nusselt number (hB/k) 
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Nu? - Nusselt number based on tube length (hL/k) 

Num - Nusselt number (mass transfer) KgLRT Pfom 

& P 

Nu^ - Nusselt number (mass transfer) based on diameter KgDRT P^m 

P ~ Pressure (atm) 

P^ - Partial pressure of non-condensing component (atm) 

^bm ~ Log mean partial pressure of gas component (atm) 

Pr - Prandtl number (Cp^/k) 

pv - Partial pressure of vapor in bulk stream (atm) 

ps - Partial pressure of vapor at liquid surface (atm) 

Q - Rate of heat transfer (BTU/hr) 

q - Heat flux (BTU/hr ft2) 

R - Gas constant (ft^ atm/# mol °R) 

Re - Reynolds number DH 
/O 

Sc - Schmidt number ^ 

/°<8 
T “ Temperature (°R) 

Tc - Condenser surface temperature (°F) 

Tfo - Average temperature of bulk stream (°F) 

T-y(ave)“ Average temperature of bulk stream (°F) 

Tgfytg - Liquid surface temperature (°F) 

ty - Vapor-liquid temperature (°F) 

ATc=y - Temperature difference between condenser surface and bulk 

gas stream 

A Tc_s - Temperature difference across liquid film 

- Mole fraction component A 



> - Latent heat (BTU/#) 

AX - Viscosity (# mass/ft hr) 

)Jb - Viscosity of bulk stream 

- Viscosity at condenser surface 

/Jp - Viscosity of liquid film 

“ Velocity (ft/sec) 

P - Density (#/ft3) 

fOv - Vapor density 

- Liquid density 
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APPENDIX A . 



A - 2 

Code: 

Run 

S-l 
S-2 

S-3 
S-4 

C-l 
C-2 

EXPERIMENTAL DATA 

TABLE I 

(Pure Components) 

= Steam 
r CC14 

Q 

BTP 
hr 

lvap ^cond h hNu 

Op Op BTU 
hr ft^ °F 

2182 212 206.43 2275 2270 

4018 212 197.90 1666 1660 

4408 212 194.90 1506 1556 

4095 212 198.30 1746 1674 

377 170.4 161.89 259 243 

369 170.4 161.74 249 245 



TABLE II a 

Code: GH =• CC1/ - H2 
SH - Steam - H2 
SA = Steam - Air 
SC — Steam ~ C02 

Run q 

BTU 

1*0 (ave) 

°F 

^sf(ave) 

°F 

^b(ave) 

°F 

TULy 

ft 
sec hr ft2 

1-SH- 1 1380 187.4 187.7 189.8 10.70 
2 1290 185.6 185.9 189.0 3.99 
3 1180 187.2 187.5 189.9 3.85 
4 1370 186.2 186.5 189.6 3.71 
5 1280 185.5 185.8 189.1 3.40 
6 1350 186.0 186.3 189.4 2.96 
7 1250 185.2 185.5 189.1 2.62 
8 1340 185.4 185.8 189.8 2.13 
9 1270 185.6 185.9 189.7 2.13 

10 1210 186.0 186.3 190.4 1.56 
11 987 184.6 184.9 189.6 1.04 
12 894 183.5 183.7 189.0 .82 

1-SA- 1 1100 183.7 183.9 187.8 8,54 
2 1060 183.5 183.8 187.7 7.99 
3 1030 185.4 185.6 189.3 7.41 
4 975 184.3 184.5 188,2 6.23 
5 1030 184.6 184.8 189.1 5.44 
6 917 184.4 184.6 189.0 4.50 
7 742 185.4 185.6 188,9 2.95 
8 619 185.4 185.5 189.2 2.08 
9 1060 183.3 183.5 190.7 1.36 

10 969 182.9 183.2 190.1 1.18 
11 1090 183.4 183.7 191.0 1.15 
12 1040 183.4 183.7 190.9 1.05 
13 934 183.6 183.8 191.3 .93 
14 806 183.2 183.3 190.5 .70 
15 654 183.1 183.2 189.3 .54 
16 479 181.4 181.5 189.0 .40 
17 671 182.3 182.5 190.7 .41 
18 524 182.9 183.0 190.7 .25 
19 339 182.4 182.5 189.6 .19 
20 357 181.5 181.6 189.7 .13 



A - 4 

TABLE II a (Continued) 

Run q 

BTU 
hr ft^ 

Tc(ave) 

°F 

Tsf(ave) 

Op1 

^b(ave) 

Op 

uv 

ft 
sec 

2-SA- 1 1370 197.1 197.4 199.2 7-34 
2 1200 197.3 197.6 199.3 5.49 
3 1370 197.1 197.4 199.9 3.84 
4 683 197.7 197.8 199.4 1.73 
5 701 198.1 198.2 199.7 1.52 
6 864 198.9 199.1 200.8 1.26 
7 952 198.9 199.1 201.1 1.32 
8 1230 197.8 197.9 200.8 .99 
9 1070 197.4 197.5 200.3 .74 

10 637 197.1 197.2 199.8 .46 

1-SC- 1 1080 191.8 192.1 194.5 9.78 
2 907 190.8 191.0 193.7 6.94 
3 772 191.1 191.3 193.8 5.29 
4 $34 191.1 191.3 194.4 4.36 
5 . 608 192.4 192.5 195.0 2.99 
6 696 190.8 190.9 194.4 1.71 
7 1440 188.7 189.1 196.9 1.16 
8 1290 187.6 187.9 196.4 .95 
9 1030 187.6 187.9 195.3 .64 

10 907 188.1 188.3 195.4 .51 
11 690 188.6 188.7 195.7 .31 
12 543 189.5 189.6 195.3 .25 
13 500 189.4 189.5 195.2 .23 

1-CH- 1 993 135.5 138.5 145.8 1.47 
2 1030 135.9 139.1 146.4 1.42 
3 655 137.6 139.3 144.8 1.29 
4 450 139.1 140.2 144.7 1.06 
5 494 139.0 140.2 145.3 .92 
6 1020 137.0 140.1 147.6 .78 
7 725 135.5 137.5 145.7 .53 
8 725 135.9 137.9 145.6 .42 
9 725 135.0 137,0 145.6 .29 

10 742 136.1 138.2 146.3 .30 



A - 5 

TABLE II b 

Run hoy 

BTU 
hr ft2 °F 

^ulk 

% 

Num Sc Re Gr Sc 

3d0“6 

1-SH- 1 577 36.7 121.0 499 2.8 
2 380 37.5 74.7 186 4.8 
3 437 36,6 90.7 180 3.3 
4 402 36.7 83.7 173 4.7 
5 356 37.7 76.7 158 4.7 
6 397 37,3 84.0 138 3.8 
7 320 37.7 68.7 122 5.1 
8 304 36.7 64.6 99 5.8 
9 309 36.9 63.9 99 5.4 

10 275 35.9 55.4 73 5.0 
11 198 37.0 41.5 51 6.9 
12 163 37.5 33.4 38 7.9 

1-SA-l 269 39.4 188 1220 -11 
2 253 39.5 184 1140 “12 
3 265 37.4 174 1060 =12 
4 250 38.9 173 896 “11 
5 229 37.7 153 774 -14 
6 199 37.8 134 641 “14 
7 211 37,9 142 421 “11 
8 163 37*5 105 297 “12 
9 143 36*2 92 194 “19 

10 135 36,3 90 167 “19 
11 143 35*1 93 164 =21 
12 139 35.2 90 150 =12 
13 121 34.3 76 133 =21 
14 111 35.7 67 98 =24 
15 91 36.0 70 77 =21 
16 63 37.8 44 57 =21 
17 80 35.5 53 58 =24 
18 67 35.5 43 35 =22 
19 47 37.0 32 27 =20 
20 44 36.9 30 18 =22 



A - 6 

TABLE II b (Continued) 

Run ^ov 

BTU 
hr ft* °F 

^ulk 

$ 

N% Sc Re 

2-SA- 1 655 22.8 236 1050 
2 601 22.7 215 762 
3 497 21.8 164 551 
4 402 22.6 129 24 8 
5 440 22.1 137 218 
6 454 20.3 136 181 
7 433 19.8 126 190 
8 411 20.3 119 142 
9 370 21.1 112 106 

10 236 21.9 75 66 

1-SC- 1 398 29.4 252 2200 
2 312 31.2 242 1560 
i 286 31.1 219 1180 
4 254 30.2 189 979 
5 234 29.3 160 672 
6 193 30.2 141 384 
7 174 26.5 127 260 
8 147 27.3 110 213 
9 134 28.9 105 145 

10 132 28.8 95 U5 
11 97 28.3 71 70 
12 94 28.9 68 55 
13 86 29.0 63 52 

1-CH- 1 96.4 34.1 98.8 178 
2 98*2 33.3 97.3 173 
3 91.2 35.3 86.9 157 
4 80.7 35.4 71.3 129 
5 78.5 34.7 68.1 112 
6 95.9 31.8 89.4 95 
7 71.3 34.1 67.2 65 
8 74.7 34.4 70.6 51 
9 68.4 34.4 65.4 36 

10 72.4 33.4 66.3 37 

Gr Sc 

xlCT6 

- 7.1 
“ 6.5 
- 8.9 
- 5.9 
- 6.5 
- 1.2 
- 7.7 
=10.6 
-11.2 
- 6.5 

- 32 
- 33 
- 41 
- 33 
- 45 
~ 92 
-100 
- 87 
- 84 
- 82 
= 67 
- 70 
- 70 

288 
295 
207 
172 
198 
183 
324 
295 
328 
327 



APPENDIX B 



SAMPLE CALCULATIONS 

Rim 2-SA-2 

1. Cooling water rate =• 42.3 #/hr 

o 
2. Cooling water temperature rise z: 4.86 F 

3. Heat removed, Q - (4.86)(42.3) - 206 BTU/hr 

4. Condenser surface temperature, tc = 197.3°F 

5. Temperature vapor-gas in - 200.3°F 
Temperature vapor-gas out - 198.2°F 

Average temperature - 199.3°F 

6. Overall heat transfer coefficient 

hov - 206BTU/hr - 602 BTU/hr-ft2-°F 
2.0UF .171 ft* 

7. Heat transfer coefficient of liquid film 

ts - te -}- ( VT) - 197.3 4 (602/4.340) (2) - 197.6°F 

9. PH2Q at 1^(199.3^) = 11.362 psi 

10. Gas composition - 11.362/14.71 -77.256 HgO 

- 4,340 BTU/hr ft2 °F 

8. Liquid film surface temperature 

hNu 

11. Air inlet rate = 0.145 ft3/min at 86°F, 1 atm. 



B - 3 

12. Gas velocity in condenser 

u _ .145 ft
3 1 min 1 659.3°R 1 

“ min 60 sec 22.856 546°R .002331 ft* 

= 5.49 ft/sec 

13. Bulk vapor-gas molecular wt. 

.228 x 29 “ 6.612 

.782 x 18 = 14.076 
Mol. wt.- 20.688 

14. Vapor-gas density 

P #/ft3_ 20.688 x 520 - .04306 

379 659.3 

15. Gas viscosity at bulk vapor composition and temperature 

jk mix — A4, 

1 <K« 

+ 
, 0 
A 

From Reid and Sherwood,^ ^p. 200, then 

.0225 , .0121 ^ mix -1+vzh2) a) + rnanu 
(22.8) (77.2) 

.0145 op. 

16. Reynolds number 

Re - Du P „ *0545 ft hr ft 5.49 ft 3600 sec .0431# 
""■jj “ (.0145)(2.42) # sec hr ft3 

-1323 

17. Diffusion Coefficient 

- 0.260 (659.3°R)3/2 

( 526°R ) 
.365 cm2 

sec0 



B - 4 

18. Schmidt number 

(.0145)2.42# ft3 (30.5)2 hr 
hr ft .0431# (.36^(3600) ft2 

19. Re Sc s (.576)(1323) r 762 

20. Partial pressure of air 

Bulk stream 3.338 psi 
Liquid surface 3.730 psi 

AP ■». 0.392 psi = .0267 atm. 

21. Calculate KeLRT „ QLRT 
<0 “ AP 

« 206BTP 659°R hr (30.5)2 cm2 .73 ft3 atm # #m 
" .171 hr ft2 (.365) 3600 sec ft* cm2 #m ”R 978 BTU 18? .0267 atm 

- 894.0 

op p p 
* ‘ bm ^ rave _ 3.338 3.730 _ .240 

P P “ 2(14.71) 

23. Calculate N% 

N% . KgLRT P^ _ (.240) (894)-2^ 
P 



APPENDIX C 



PROPERTY VALUES 

Thermal Conductivity 

Substance Temp. (°F) k(BTU/hr ft °F) Ref 

H20 - liquid 200 .392 11 

H20 - liquid 32 .319 11 

CC14 - liquid 149 .0558 19 

CC14 - liquid 104 .0567 19 

Viscosity 

Substance Temp. (°F) (Centipoise) Ref 

CC14 - liquid 140 0.585 10 

CC14 - liquid 158 0.524 10 

H20 - liquid 194 .317 10 

H20 - liquid 176 .357 10 

H20 - liquid 158 .406 10 

C02 - gas 210 .0186 10 

C02 - gas 104 .0157 10 

CC14 - gas 200 .0156 19 

CC14 - gas 125 .0133 19 

H20 - gas 212 .0126 10 

Air - gas 104 .0190 10 

Air - gas 126 .0195 10 

Air - gas 165 .0210 10 

Air - gas 264 .0263 10 

H2 - gas 75 .00892 10 

H2 - gas 264 .01086 10 



C - 3 

Substance Temp. (°F) (#/ft3) Ref 

H20 - liquid 200 60.11 11 

H20 - liquid 100 61.99 11 

CCl^ - liquid 32 102.0 10 

CC14 - liquid 68 99.6 10 

Heat of Vaporization 

Substance Temp. (°F) (BTU/#1 Ref 

CC14 32 93.8 16 

cci4 170 83.5 16 

H2O 200 977.9 11 

H2O 190 984.1 11 

H2O 180 990.2 11 

Yapor Pressure 

Substance Temp. (°F) vp (mm He) Ref 

H2O —- 11 

CC14 104.0 215.8 10 

CC14 113.0 262.5 10 

CC14 122.0 317.1 10 

CC14 131.0 397.3 10 

CC14 140.0 450.8 10 

CC14 149.0 530.9 10 

CC14 158.0 622.3 10 

CC14 170.4 760.0 10 



C - 4 

Diffusivity 

Substance 

H20 - air 

H20 - C02 

H2° " H2 

GCI4 - H2 

Temp. (°F) (cm^/sec) 

66 .260 

66 .164 

59 

63 

.850 

Ref. 

19 

19 

19 

.345 19 
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D - 2 

DETAILS OF EXPERIMENTAL APPARATUS 

Vapor Generator 

The vapor generator was constructed from a four foot length of 

Schedule 80 four inch pipe mounted vertically. A 5 kw. Chromalux 

immersion heater was inserted through the flanged bottom. The 

generator was equipped with a gauge glass for detection of the 

liquid level. The generator was insulated with two inches of 

magnesia. 

Condenser 

The condenser was mounted vertically approximately three feet 

above the vapor generator. The one foot length condenser consisted 

of a 5/8” copper tube inserted in a cylindrical brass bar. The brass 

bar was threaded with 3/8" copper tubing wound into the threads. 

Seven thermocouple junctions were mounted flush against the central 

5/8" copper tube through holes drilled in the outer sleeves. Two 

additional thermocouples were soldered to the copper tube one inch 

from each end of the condenser. Construction and other details are 

Thermocouples 

All differential thermocouple elements were made from Leeds and 

Northup 30 gauge copper-constantan duplex. All temperature measuring 

couples used in conjunction with the Brown multipoint recorder were 

Leeds and Northup 30 gauge iron-constantan duplex. 



D - 3 

Temperature Measuring Instruments 

All emfs generated were read by use of a Brown Electronix 

Potentiometer, Model No. Y 156X15(VH)-X-(V), which read millivolts 

in 0,002 millivolt subdivisions. Direct temperature measurements 

were also recorded by a Brown Multipoint Recorder, Model No. 

153x62P12-X=»l6, which read directly in °F from 100°F to 300°F in 

1°F subdivisions. 

Cooling Water 

Cooling water was supplied to the condenser at a constant 

temperature maintained by electric heaters. The flow rate was 

given by two calibrated Fischer and Porter rotameters. Cooling 

water circulation was attained by two centrifugal pumps placed in 

parallel. Copper thermocouple wells were located in the inlet and 

outlet cooling water streams to measure the temperature rise. 


