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The behavior of the film coefficient of heat transfer for the condensation of organic 
vapor mixtures was investigated experimentally to establish a satisfactory basis for applying 
the Nusselt equation to binary systems. Five ideal and nonideal pairs, all of which gave 
miscible condensates, were studied; the work was carried out under conditions of almost 
total condensation on a horizontal condensing surface designed to comply as rigidly as 
possible with the conditions for which Nusselt's equation is valid. 

The same behavior was observed for all systems and all concentrations studied: the 
experimental coefficients fell between those for the pure components and followed the 
behavior pattern for pure components when the temperature difference was taken as that 
between the bubble point of the condensate and the surface temperature, rather than 
between the dew point or the measured vapor temperature and the surface temperature. 
Correlation of the film coefficient showed it to vary approximately linearly with composition 
if the coefficients were compared at a constant value of the temperature dBerence, 
defined as  above. This permits determination of the coefficient for a mixture by inter- 
polation between the coefficients for the pure components, which are easily obtained, in 
preference to making the calculations with the properties of the mixture obtained by 

When results are interpreted in the light of the theories of Colburn and Drew, the presence 
of a vapor-phase resistance to heat and mass transfer, as postulated by them, is indicated. 

Figure 2. Coolant circulated through six 
%-in. holes drilled longitudinally through 
the cylinder, entering three Of the channels 
at one end and three a t  the other in accord- 

laborious and uncertain weighting of the corresponding properties of the pure components. R 

The Nusselt equation (8)  is the most 
widely used method for predicting the 
coefficient of heat transfer for condensing 
vapors. Its validity for pure 
has been established by many investiga- 
tors (9, 10, 13) and its concepts have 
been extended to apply to mixtures in 
which one component is noncondensable 
and to mixtures in which the condensate 
consists of two immiscible liquids ( I ,  2 ) .  
However, the condensation of mixtures 
which give a condensate with a single 

attention despite the frequency with 
which this situation occurs in industry. 
Colburn and Drew (3) analyzed the 
principles involved and developed theo- 
retical relations predicting the behavior 
of condensing mixtures; Wallace and 

Fig. 1. Test assembly. 

Fig. 2. Condensing 
surface. 

liquid phase has received a minimum of WATER WATER 

Davidson (18) reported data for the 
system ethanol-water which gave limited 
verification to the Colburn-Drew theories. 
Accordingly, this research was undertaken 
to provide additional data which would 
test the Colburn-Drew theory and to 
establish an accurate and practical 
method of applying it to design. 

APPARATUS AND PROCEDURE 

The test assembly, shown in Figure I, 
consisted of a boiler which generated the 
vapors, a horizontal primary condenser on 
which the test data were obtained, a 
secondary condenser into which a small 
amount of excess vapor was vented, and a 
water-coolant system. 

The primary condensing surface was a 
&in. copper cylinder 3 f t .  long, installed 
concentrically in a 6-in. insulated steel pipe 
whirh formed the vapor space as shown by 

3 .  13. Todd is now with the Kaiser Aluminum and 
Chemical Corporation, New Orleans, Louisiana. 

ance with the method first used by Othmer 
and White ( 1 1 )  to approach isothermal 
conditions. As shown by Figure 2, end 
effects were minimized by collecting the 
condensate from the center 28 in. and 
withdrawing this for weighing and analysis. 

Surface temperstures were measured by 
ten embedded thermocouples located at 
various circumferential and longitudinal 
positions as shown in Figure 3. Installation 
and additional mechanical details are given 
in the Appendix.* 

All work was carried out at atmospheric 
pressure plus the 1 or 2 in. of water pressure 
necessary to maintain the excess vapor flow 
to the secondary condenser. For each 
material and concentration a series of tests 
was made with the temperature difference 
across the condensate film as the primary 
variable. This could be controlled over the 

*The Appendix has been deposited as document 
5302 with the American Documentation Institute, 
Photoduplication Service, Library of Congress, 
Washington 25, D. C., and may he obtained for 
11.25 for photoprints or 35-mrn. microfilm. 

THERMOCOUPLE LOCATION 

& '  
I---------36"---------.( 

SECTION A - A  

Fig. 3. Thermocouple installation. 
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range of 7" to 50°F. by regulating the 
coolantrwater temperature and rate. During 
each test all thermocouple readings and 
condensation rates were observed -at fre- 
quent intervals and any tests showing a 
significant variation between start and 
finish were discarded. 

Seven organic materials and five binary 
mixtures of these were studied. To minimize 
the possibility of fouling of the surface with 
time, the general procedure followed was 
to  test two pure materials, then mixtures of 
these. The source and properties of the 
materials used are shown,below; because of 
the quantities required, technical grades 
were used in preference to reagent grade. 

Mate ri a 1 

Benzene 
Toluene 
Acetone 
Methanol 
Ethanol ' 
i-Propanol 
n-Butanol 

4001 

-THEORETICAL VALUE 
- 1950 DATA 

100 
10 15 20 30 40 5 0  

TEMPERATURE DROP ACROSS FILM - *F 

(4 1 

Physical Properties 
Density, g./cc. at 25°C. Refractive index N D * ~  

Source Literature As used Literature (12,15) As used 

Matheson Chem. Co. 0.879 0.8773 1.4980 1.4875 
General Chem. Co. 0.8623 0.8635 1.4941 1.497 
U. S. I. Chem. Co. 0.7920 a t  20" 0.7917 at 20" 1.3566 1.3555 
Allied Chem. & Dye 0.7866 0.7868 1.3267 1.3268 
U. S. I. Chem. Co. 0.7894 0.7897 1.3595 1.3588 
Allied Chem. & Dye 0.7812 0.7814 1.3758 1.3750 
Carbide & Carbon Chem. 0.8096 0.8091 1.3990 1.3966 

RESULTS 

General Observations 

As observed through sight glasses in 
the vapor jacket, the condensate formed 
a continuous film which drained from 
the bar in a smooth, uniform manner in 
most tests. Exceptions were noted in 
the case of methyl alcohol-benzene mix- 
tures, which gave an uneven drainage 
pattern a t  low condensation rates, and in 
many tests in which the temperature 
difference was about 40" to 50°F.; in the 
latter case the condensate could be seen 
to swirl and otherwise deviate from 
smooth flow. 

Vapor velocities in the annulus around 
the condensing surface were calculated 

TABLE 1. TYPICAL TEMPERATURE DISTRI- 
BUTION AND TEST DATA 

163.6"F. 
162.7 162.7 163.8 

162.5 162.5 163.2 
161.9 160.8 162.3 

(Note: temperatures shown above corre- 
spond to thermocouple locations shown in 
Figure 3) 

Condensing vapor Benzene 
Average surface tempera- 

ture 162.6"F. 
Observed vapor tempera- 

ture 176.7"F. 
At 14:I"F. 
Condensation rate 434 g./min. = 

Reynolds number (4l?'/p) 121.5 
Heat flow 9,750 B.t.u./hr. 

57.5 lb./hr. 

h, (experimental 289 B.t.u./ 
(hr.) (sq. ft./"F.) 

k, (calculated for same 266 B.t.u./ 
condensation rate) (hr.)(sq. ft./"F.) 

and found to have a maximum value less 
than 1 ft./sec.; the more usual value 
was about 0.5 ft./sec. at the inlet and 
must have fallen off rapidly as the vapors 
condensed. In  general, the vapor rate to 
the secondary condenser was adjusted to 
be approximately 10% of that on the 
primary surface to prevent the accumula- 
tion of any noncondensables evolved from 
the boiling liquid and also to provide a 
slight positive pressure to prevent the 
entry of air. Thus the velocity of the 
vapor leaving the primary condenser was 
about 0.05 ft./sec. 

The temperature distribution shown in 
Table 1 is typical of that found in the 
course of the work. In  ten tests, chosen 
at random, the highest difference between 
any two thermocouple readings was 
5f"F.; more commonly, the range was 
less than 3°F. between extremes, or 
approximately 18% of the average At, 
the standard deviation varying from 
0.5" to 3"F., or 3 to 17y0 of the average 
At. Further analysis of these tests was 
made to determine the mean deviation 
of each thermocouple position from the 
average of all ten embedded thermo- 
couple readings for that test; the results 
are summarized: 

Average 
deviation, 

Position "F. 

Top of cylinder (1 thermo- 

First horizontal row (3 thermo- 

Middle horizontal row (3 

Bottom horizontal row (3 

couple) $1.37 

couples) +O ,32 

thermocouples) +O .06 

thermocouples) -0.79 

0 - ACETONE 
A - TOLUENE 

I I I I 1  
15 20 30 40 50  

TEMPERATURE DROP ACROSS FILM - OF 

( 5 )  

Figs. 4, 5, 6. Variation of heat traasfer 
coefficient with temperature drop across 

acetone, (6) alcohols. 
film: (4) benzene, (5) toluene and 

6ool 

.-" 
10 15 20 30 40 50 

TEMPERATURE DROP ACROSS FILM - OF 

(6) 

This temperature pattern is explainable 
by the variation in the local coefficient 
with radial position around the bar. If, 
as Nusselt predicted, the coefficient is 
highest a t  the top, where the cumulative 
amount of condensate is a minimum, the 
total thermal resistance between the 
vapor and an isothermal plane within the 
copper bar is a minimum, and the local 
heat flux is a maximum. As the conden- 
sate runs down the face of the cylinder, 
it increases in thickness and thermal 
resistance, and the heat flux decreases; 
since the metal resistance is substantially 
the same a t  all radial positions, the 
temperature difference across i t  de- 
creases and the surface temperature is 
thus cooler, as indicated. 

Since the magnitudes of these devia- 
tions was generally small relative to the 
average temperature difference, and since 
average, rather than point, coefficients 
were desired, the arithmetic average of 
the ten embedded thermocouples was 
used as the surface temperature in 
determining the temperature difference 
for use in Newton's equation: 

h, = q / A A t  

PURE COMPONENTS 

Tests were made with pure components 
for two reasons: to compare the results 
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Material 

Benzene 
Toluene 
Methanol 
Ethanol 
i-Propanol 
n-Butanol 
Acetone 

TABLE 2. SUMMARY OF RESULTS-PURE COMPOUNDS 

Correlation of 
Rangc of values h,, B.t.u./ experimental 

At, "F. 4T ' iP  (hr.)(sq. ft./"F.) data 

7.0-29.5 105-203 251-480 h, = 289(At)-'.'*4 
21.9-53.6 146-377 186-239 h, = 477(At)-0.235 
8.3-18.8 42-75 409-517 h, = 1059(At)-0.336 

11.2-28.3 35-62 266-350 h, = 652(At)-OZ7' 
12.2-28.8 32-48 194-264 h, = 684(At)-0.372 
28.2-49.9 62-80 133-158 h, = 401(At)-0.27' 

9.7-26.0 102-208 282-362 h, = 659(A1)-0.275 

0.6 

Fig. 7. Generalized p 0.4- 
correlation of heat E - 
transfer coefficient 

with Reynolds 
number. 

0 - ACETONE 

A - ETHYL ALCOHOL 
0 - iso-PROPYL ALCOHOL 

10 50 100 200 1000 
0.1 

Reynolds number--4r'/p 

obtained with this apparatus with the 
theoretical values predicted by the 
Nusselt equation and to provide experi- 
mental values for the pure components 
against which their mixtures could be 
compared under the same conditions. 

Results are summarized in Table 2; 
typical test results are shown graphically 
for the various materials as Figures 4, 
5, and 6. Of primary interest is the agree- 
ment between the observed and the 
theoretical values, which can be seen 
visually in Figures 4 to 6 and is sum- 
marized statistically in Table 3.  

Figures 4 to 6 test the agreement of 
the data with one form of Nusselt's 
equation: 

h, = 0.725(k3p2gX/DpAt)o'25 (2) 

Since At was the controlled variable, for 
Equation (2) to be valid the logarithmic 
plot should show a linear variation of h 
with At and should have a slope approxi- 
mating -0.25. Deviation from 0.25 is 
to be expected since the physical prop- 
erties of the condensate vary with 
temperature; the propertics are evaluated 
a t  a film temperature, t, = t , ,  - 0.75 At, 
and would, therefore, vary with the 
value of At. 

As shown in Table 2, values of the 
slope in Figures 4 to 6 varied from 
-0.24 to -0.37. Although i t  was 
essentially parallel to the theoretical line 
in all cases, the best statistical line fell 
significantly above the theoretical for 
benzene and toluene and below the 
theoretical for ethanol, butanol and 
acetone. High values may be attributed 
to turbulence induced by the vapor 
velocity and low values to the fouling of 
the condenser surface; however, since 
both high and low results were obtained 
and the averages shown in Table 3 are in 
good quantitative agreement with the 
corresponding values reported in Mc- 
Adams (6),  it  is more probable that the 
difference represents a variance between 
the physical properties of the actual 
materials tested and the values reported 
for these in the literature and used in 
calculating the theoretical values of the 
coefficient. Whatever the cause of this 
discrepancy, the mutual consistency and 
reproducibility of the results lend con- 
fidence to their value and the use of the 
apparatus for the binary studies. 

Figure 7 represents the alternate, 
generalized form of Nusselt's equation: 

TABLE 3. STATISTICAL h N A L Y S I s  O F  RESUI,TS--PURE COMPOTJNDS 

Standard deviation in h, 
From experimental From theoretical 

Material correlation, value for same At, k :::::I a"* 

B.t.u./(hr.) (sq.ft.)("F.) B.t.u./(hr.) (sq.ft.)("F.) Experimental Literature (9) 

Benzene 
To 1 u e n e 
Methanol 
Ethanol 
i-Propanol 
n-Butanol 

17 .8  
21.3 
19.9 
11.7 
3.6 
5 . 3  

Acetone 10.8 
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66.2 
38.1 
24.5 
66.1 
15.8 
85.8 

1.27 
1.16 
1.00 
0.85 
0.95 
0.65 

0.84-1.22 
0.76-1 .04 

1.06 
1.02 

0.73-0.94 
0.85 

where 

4I"/p, is the Reynolds number for the 
drainage of the condensate film from a 
horizontal tube. I ts  critical value is 
generally accepted to be about 4,200, 
but it will be noted in Figure 7 that there 
is an indication that turbulence begins 
a t  a lower value, possibly as low as 200, 
and that a t  Reynolds numbers above this 
the Coefficient ~increases, rather than 
decreases, with increasing condensation 
rates; this behavior has been established 
for condensation on vertical tubes (7)  
and has been suggested for other transfer 
phenomena (14). Additional data a t  
higher condensation rates, not obtainable 
with this apparatus, are needed to 
establish this quantitatively. 

BINARY MIXTURES 

To apply Equation (1) and determine 
h, for the binary mixtures q was evalu- 
ated by multiplying the difference be- 
tween the enthalpies of a saturated vapor 
and a saturated liquid of the condensate 
composition by the weight rate a t  which 
the condensate was collected; the en- 
thalpy chart and the vapor-liquid equi- 
librium diagram for each system, needed 
for this purpose, were prepared from the 
best available equilibrium and thermal 
properties data (12, 15). Typical results 
are given in Table 4. 

As shown by Figure 8 and as considered 
speculatively by Colburn and Drew (3)  
and Wallace and Davidson (18), three 
choices cxist as to the correct temperature 
to be used with the surface temperature 
to establish At for use in Equation (1). 
These are t , ,  the vapor temperature, 
measured by a thermocouple in the line 
between the reboiler and the vapor jacket 
around the bar; tDP, the dew point of the 
vapor, read from the tempcrature- 
composition diagram for the system; and 
t B P ,  the bubble point of the condensate, 
also read from the temperature-com- 
position diagram. By definition thew give 

AtDr = t D r  - t svrrace  

AtBr = tgr - t s l c r f a c r  

(4b) 

( 4 ~ )  

Values of the film coefficient were 
calculated for each set of data, by use of 
each of these choices of At. The results 
obtained with 'n-butanol-benzene are 
typical and are shown in Figure 9. If 
the three lines obtained from the same 
experimental data are studied in relation 
to the corresponding lines for the pure 
components, i t  will be noted that the 
definition of At by Equation (4c) was 
the only one which gave a slope approx- 
mating that of the pure components. 
Further, the line based on AtBp is the 

17.6 0.97 only one to fall between the pure com- 
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Fig. 8. Delinitions of A t  for binary mixtures. 

ponents over the entire range of At's 
studied. 

The n-butanol-benzene system for 
which the data were plotted in Figure 9 
is nonazeotropic, if not ideal. When 
ideal mixtures are considered, the phys- 
ical properties of the mixture are the 
weighted average of those of the pure 
components and must fall between them; 
therefore, the heat transfer coefficient 
based on these should also fall between 
the limiting values established by the 
pure components a t  the same At. The 
conclusion follows that the correct At to 
use is that based on the bubble point of 
the condensate. 

Figure 10 shows the same results for 
ethanol-benzene, a nonideal mixture. 

System 

Methanol- 
benzene 

Ethanol- 
Benzene 

n-Butanol- 
benzene 

Methanol- 
acetone 

Methanol- 
isopropanol 

Fig. 9. Correlation of film coefficient with 
temperature difference for binary mixtures 

(n-butyl alcohol-benzene system). 

Again, the coefficient calculated with a 
At based on the bubble point was the 
only one to fall between the values for the 
pure components and the only one with 
a slope approximating -0.25. Although 
the physical properties of a nonideal 
mixture are not necessarily additive and 
the coefficient need not fall between 
those for the pure components, the slope 
should nevertheless be essentially - 0.25 

TABLE 4. TEST RESULTS* 

Condensate Avg. surface Observed vapor 
composition temperature, "F. temperature, "F 

0.0 mole % alcohol 
0 .0  
0.0 

17.7 
46.5 
61.2t  
83.0 

100.0 
100.0 
20.5 mole % alcohol 
44.8t 
57.5 
81.3 

100.0 
100.0 
20.9 mole % alcohol 
34.9 
58.5 
83.7 

100.0 
100.0 

0.0 mole '% alcohol 
0 .0  

17.7 
20.01 
42.7 
57.7 
82.5 
0.0moleOjo 
0.0 methanol 

27.5 
42.5 
62.8 
80.0 

158.0 
150.6 
140.5 
114.9 
115.6 
117.7 
129.1 
128.9 
136.8 
138.2 
140.8 
127.5 
141.2 
144.5 
155.2 
167.0 
160.4 
169.8 
200.6 
197.8 
210.0 
114.6 
123.4 
114.9 
115.7 
124.0 
108.2 
120.9 
158.3 
168.0 
161 .O 
140.3 
142.7 
144.5 

176.7 
176.8 
177.3 
165.8 
143.7 
136.7 
142.4 
147.3 
147.5 
167.9 
153.8 
158.6 
166.7 
172.9 
172.9 
195.2 
213.5 
228.0 
237.2 
243.2 
243.2 
132.6 
133.1 
165.8 
131.3 
133.5 
137.1 
143.4 
180.2 
180.2 
173.5 
169.9 
165.5 
159.6 

Bubble 
point, "F. 

175.3 
175.3 
175.3 
137.1 
136.0 
135.7 
136.9 
148.1 
148.1 
155.4 
153.8 
154.1 
158.3 
173.3 
173.3 
178.4 
181.3 
189.6 
210.0 
243.9 
243.9 
133.0 
133.0 
137.1 
131.3 
131.6 
132.6 
138.4 
180.5 
180.5 
167.8 
162.0 
156.2 
152.0 

~ 

*Typical resulta only. Complete data available in references 6, 8, 16, 17,  and/or research records, 
tAreotrope composition. 
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Fig. 10. Correlation of film coefficient with 
temperature difference for binary mixtures 

(benzene-ethanol system). 

since all tests were made with the same 
mixture and, within a few degrees, for the 
same film temperature. 

For each of the binary systems studied, 
the experimental coefficient was corre- 
lated with composition. This is shown in 
Figure 11, for the system ethanol- 
benzene; temperature difference is used 
as a parameter to put all mixtures on a 
comparable basis. The resulting plot 
approaches linearity, particularly at the 
higher values at At. Even a t  lower At's, 
where the plot deviated markedly from 
a straight line, 7% was the maximum 
difference found between the observed 

A h ,  
"F. 

17.3 
24.7 
34.8 
22.2 
20.4 
17.9 
13.3 
19.2 
11.3 
17.5 
13.0 
26.7 
17.5 
28.8 
18.1 
11.2 
21.0 
18.6 
8 .9  

46.1 
33.9 
18.4 
9 .6  

22.2 
15.6 
7.6 

24.4 
17.5 
22.2 
12.5 
6 .8  

21.7 
13.5 

7 . 5  

Condensate 
rate, lb./hr. 

77.1 
100.9 
125.2 
60.5 
46.1 
37.3 
18.6 
38.9 
26.4 
50.3 
34.6 
52.8 
30.9 
48.6 
33.6 
31.4 
42.7 
29.6 
14.6 
60.9 
47.5 
58.0 
37.8 
60.5 
45.9 
24.9 
46.3 
25.4 
40.1 
26.8 
21.1 
41.8 
34.9 
26.5 

Experimental 
coefficient, 

B.t.u./ 
(hr.)(sq. ft./"F.) 

293 
273 
242 
273 
3 10 
317 
436 
418 
487 
285 
289 
239 
250 
266 
284 
224 
179 
158 
179 
143 
153 
302 
362 
273 
348 
468 
307 
372 
220 
264 
408 
273 
399 
603 
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coefficient and the corresponding value 
predicted by linear interpolation between 
the values for the pure components a t  
the same At. 

In  both these regards-the correlation 
with AtBp and the linearity of h, with 
composition-all binary systems investi- 
gated behaved similarly. Since these 
included methanol-isopropanol (ideal), 
butanol-benzene (nonideal, but non- 
azeotropic) , methanol-benzene, acetone- 
methanol, and ethanol-benzene (minimum 
boiling azeotropes), the conclusions appear 
to apply to all types of mixtures. 

These experimental results can be 
considered in terms of the theoretical 
relations developed by Colburn and 
Drew (3) to predict interface concentra- 
tions and temperatures as the rate of 
condensation and the conductance of the 
gas and liquid films varied. 

First the fact that the bubble-point 
temperature exists a t  the liquid-vapor 
interface requires that there be a gas- 
phase resistance to account for the 
difference in the vapor temperature and 
the bubble point: were this resistance 
negligible, the vapor temperature or the 
dew point would determine the tempera- 
ture driving force across the condensate 
film; however, as shown, this did not 
correlate the results. 

h, CALCULATED AS WA.Atgp 

20 40 60 80 100 
MOL % ETHANOL 

Fig. 11. Variation of coefficient with com- 
position of binary mixtures (ethanol- 

benzene system). 

Colburn and Drew postulated that 
higher rates of condensation would tend 
to give total condensation (no fractiona- 
tion) and lower rates for the same system 
would tend to give equilibrium condensa- 
tion, with a corresponding variation in 
the interface temperature. No such 
variation was observed; in all tests the 
use of bubble point gave the most 
consistent results, with no obvious 
difference in the deviation from the best 
correlations a t  either high or low deltas, 
as would be expected if the use of the 
bubble point did not hold throughout 
the range studied. This, of course, does 
not repudiate the theory of Colburn and 
Drew but does indicate that, for the 

materials studied in this work, a wider 
range of temperature differences must 
be investigated to verify it. 

Kent and Pigford (4) extended the 
Colburn-Drew work in considering the 
fractionation effected in condensation. 
Specifically, they postulated that the 
interfacial concentration depended on the 
relative values of the gas- and liquid- 
phase mass transfer coefficients. The 
calculations made in the present work 
assumed that there was no difference in 
the composition of the condensate from 
the vapor-liquid interface to the wall. 
This may be taken as evidence that the 
gas film controlled in this system. Were 
there any significant change in com- 
position across the liquid film, the bubble 
point a t  the vapor-liquid interface would 
be different from that based on the 
average condensate composition; the 
temperature difference would vary ac- 
cordingly and would show in the correla- 
tions made, particularly a t  low values of 
the temperature difference. 

In  considering these observations, one 
must keep in mind that the research was 
carried out at almost total condensation. 
Since the primary interest was in the 
liquid film coefficient, the composition 
of the residual vapor was not ascertained 
as a routine; however, in the few cases 
where it was determined, i t  was con- 
sistently richer in the more volatile 
component than was the condensate 
obtained at the same time. This enrich- 
ment appeared to resemble that pre- 
dicted by the equilibrium diagram for the 
condensate composition, but additional 
study is needed to verify this and 
ascertain the limits under which it holds 
true. 
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NOTATION 

A = heat transfer area, aDL, sq. ft. 
D = outside diameter of condensing 

g = acceleration of gravity, ft./hr.2 
h, = average coefficient of heat transfer, 

k = thermal conductivity of condensate, 

L = length of condensing surface, ft. 
p = rate of heat transfer,-B.t.u./hr. 
t = temperature, O F .  

tBP= bubble point of mixture, as deter- 
mined by temperature-composition 
diagram 

surface, ft. 

B.t.u./(hr.)(sq. ft. O F . )  

13. t .u./ (hr.) (sq. f t .) (“F./ft .) 

tDp= dew point of mixture, as determined 
by temperature-composition dia- 
gram 

tr = temperature of condensate film 
t, = temperature of condensing surface 

as measured experimentally 
t,, = temperature of saturated vapor 
t ,  = temperature of vapor phase as 

measured experimentally 
W = rate of condensate formation, lb./ 

hr. 
At = temperature difference, O F .  

AtBp = t g p  - t, 
AtDp = t D p  - t, 

At, = t ,  - t. 
I” = rate of condensate drainage, W/L,  

lb./(hr.)(ft.), for horizontal sur- 
faces 

X = latent heat of vaporization, B.t.u./ 
lb. 

p = viscosity of condensate, lb.(ft.)(hr.) 
pf = viscosityof condensate, lb./(ft.) (hr.) 

p = density of condensate, lb./cu. ft. 
4 = physical property group, 

a t  tf 

(k3p2g/p2)1/3, B.t.u./(hr.) (sq. ft./”F.) 

LITERATURE CITED 

1. Baker, E. M., and A. C. Mueller, Ind. 
Eng. Chem., 29, 1065 (1937); Trans. 
Am. Inst. Chem. Engrs., 33, 531 (1937). 

2. Baker, E. M., and U. Tsao, Ind. Eng. 
Chem., 32, 1115 (1940); Trans. Am. 
Znst. Chem. Engrs., 36, 517 (1940). 

3. Colburn, A. B., and T. B. Drew, Trans. 
Am. Znst. Chem. Engrs., 33, 197 (1937). 

4. Kent, E. R., and R. L. Pigford, 
A.Z.Ch.E. Journal, 2, 363 (1956). 

5. Malone, J. A., M.S. thesis, Louisiana 
State Univ., Baton Rouge (1955). 

6. McAdams, W. H., “Heat Transmis- 
sion,” 3 ed., Chap. 13, McGraw-Hill 
Book Company, Inc., New York (1954). 

7. Monrad, C. C., and W. L. Badger, 
Trans. Am. Inst. Chem. Engrs., 24, 84 
(1930); Znd. Eng. Chem., 22, 1103 
(1930). 

8. Nusselt, W., Ver. Deut. Ing., 60, 569 
(1916). 

9. Othmer, Donald F., Znd. Eng. Chem., 
21, 576 (1920). 

10. ~ , and Saul Berman, Ind. Eng. 
Chem., 35, 1068 (1943). 

11. Othmer, D. F., and R .  E. White, 
Trans. Am. Inst. Chem. Engr., 37, 135 
(1941). 

12. Perry, J .  H., ed., “Chemical Engineers’ 
Handbook,” 3 ed., McGraw-Hill Book 
Company, Inc., New York (1950). 

13. Rhodes, F. H., and K. R. Younger, 
Znd. Eng. Chem., 27, 957 (1935). 

14. Stirba, Clifford, and D. M. Hurt, 
A.1.Ch.E. Journal, 1, 178 (1955). 

15. Timmermans, Jean, “Physico-Chemical 
Constants of Pure Organic Com- 
pounds,’’ Elsevier Publishing Co., New 
York (1950). 

16. Todd, James B., M.S. thesis (1950) and 
Ph.D. dissertation (1953), Louisiana 
State Univ., Baton Rouge. 

17. Trachtenberg, J. J., M.S. thesis, Louis- 
iana State Univ., Baton Rouge (1952). 

18. Wallace, J. L., and A. W. Davison, 
Ind. Eng. Chem., 30, 948 (1938). 

September, 1957 Page 352 A.1.Ch.E. Journal 


