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Abstract-Evaporative heat transfer coefficients for water with various concentrations of a surfactant 
were measured in vertical downward film flow over a flat plate, over a range of flow rates and temperature 
differences typical of those employed in desalination evaporators. The coeffkients were found to be 
insensitive to flow rate, but strongly dependent upon temperature difference and surfactant concentration. 
The temperature dependence varied with the presence or absence of significant nucleate boiling. The 
dependence on surfactant concentration could not be correlated with surface tension, but was apparently 

due to foaming and could be explained in light of a theory of foam stability. 

NOMENCLATURE 

Where two sets of units are given the first are 
English and the second are SI. 

A, 
a, 

B, 

b, 
C, 
C, 

CO, 

E, 
h b’ 

k b’ 

M”, 

m, 

area of the heating surface [ft’], [m2] ; 
constant in equation (6) [molecules/ 
ft”], [molecules/m31 ; 
constant defined by equation (5) 
[molecules/ft3], [molecules/m31 ; 
constant in equation (6) [dynes/cm] ; 
bulk surfactant concentration [ppm] : 
concentration of surfactant in the film 
liquid [molecules/ft3], [molecules/ 
m3] ; 
optimum value of c for maximum 
elasticity of foam film [molecules/ft3], 
[molecules/m31 ; 
elasticity of foam film [dynes/cm] ; 
boiling side heat transfer coefficient 
[Btu/hft’“F], [W/(m’“K)] ; 
Boltzmann’s constant [ergs/molecule- 
“K]; 
volumetric flow rate of liquid in 
equation (11) [ft3/h], [m”/s] : 
exponent of surface tension in equa- 
tion (1) [dimensionless] ; 

mm 

Q> 
R, 
S F? 

S 
A% 

AT, 

V F’ 

V L’ 

fi’, 

X, 

parts per million by weight [dimen- 
sionless] ; 
rate of heat flow [Btu/h], [W] ; 
gas constant [ergs/mole”K] ; 
surface area of foam film [ft”], [m’] : 
surface are of liquid phase [ft2], [m2] : 
overall temperature difference [OF], 
[OK]; 
temperature drop over the liquid film 
used in equation (10) [“F], [“K] ; 
volume of liquid in foam phase [ft”], 
[m3]; 
volume of liquid phase [ft”], [m”] ; 
width of heating surface [ft], [m] ; 
foam film thickness [ft], [ml. 

Dimensionless groups 
N R@ Reynolds number for the liquid film 

4MJwv. 

Greek letters 
r, concentration of surfactant at the 

interface [molecules/area] ; 
r L’ value of T for liquid surface; 
r 0’ value of r for foam surface: 
r my value of r corresponding to complete 
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monomolecular layer at the interface 
[molecules /area]; 

A, (T,,-- CJ : surface tension depression of 
solution relative to pure solvent 
[dynes/cm] ; 

A 0, surface tension depression for solu- 
tion of concentration co [dynes/cm] : 

V, kinematic viscosity [ft’/h], [m’/s] ; 
0, surface tension of solution [dynes/ 

cm] ; 

GO> surface tension of pure water 
[dynes/cm]. 

INTRODUCTION 

RELATIVELY small amounts of certain substances 
in solution have been known to significantly 
alter the rate of boiling heat transfer relative to 
that predicted by existing correlations [l-6]. 
These additives were mostly surface-active with 
respect to water, and caused a depression in 
surface tension of the boiling solution. Since 
surface tension is an important theoretical 
parameter affecting nucleation in a boiling 
liquid [7], a study was initiated to investigate 
the influence of surfactant additives on evapora- 
tive heat transfer in convected boiling in a vertical 
liquid film. 

A number of studies have been made in the 
past to establish a quantitative relationship 
between the depression in surface tension of a 
solution and the increase in the heat transfer 
coefficient in the nucleate bailing region. These 
attempts, which were mostly limited to pool 
boiling studies, resulted in widely varying 
results. If the heat transfer coefficient in the 
nucleate boiling region is related to its surface 
tension by an equation ofthe form 

h, 2 (constant) orn (1) 

the value of m has been found to vary from 
-2.5 to 1.275, as illustrated in Table 1. With 
organic liquids, however, Lowery and West- 
water [13] and Dunskus and Westwater [14] 
found no change in surface tension but an in- 
crease in heat flux upon the addition of water- 
active surfactants. It is evident that the influence 

Table 1. Exponent of surface tension in boiling 
correlations 

Reference WI 

Jakob and Linke [7] - 2.50 
Stroebe et al. [3] - 240 
Cryder and Gilliland [7] - I ,65 
Insinger and Bliss [7] - I.60 
Levy [S], Chang and Snyder [9] - 1QO 
Rohsenow [lo]. Forster and Zuber [7] -0.50 
Averin and Kruzhillin [l l] - 0.33 
Nishikawa and Yamagata [12] -0.33 
Kutateladze [7] +0.25 
Nakagawa and Yoshida [7] + I.275 
_ .~ ~~~~~~~~~~~~~ 

of surfactant additives on boiling heat transfer 
is neither simple nor direct. While these additives 
generally depress surface tension, the primary 
effect may well be due to other factors which 
may be independent of, or at best only indirectly 
related to, changes in surface tension. Such 
factors may include changes in contact angle 
[14] or the rate of nucleation [13]. 

In recent studies made by the Office of 
Saline Water [15, 161, an increase in the heat 
transfer coefficient due to addition of traces of 
surfactant in water has been attributed to foam- 
ing produced in the liquid film by the surfactant, 
and not to a decrease in surface tension as 
previously thought [ 1, 51. The addition of an 
antifoaming agent to the boiling feed resulted 
in a reduction in the evaporative coefficient 
[16]. However no mechanism was postulated 
which would explain the observed effects and 
how they relate to surfactant concentration, 
foam stability, and surface tension. A considera- 
tion of these effects is presented below. 

FOAM STABILITY THEORY 

It is logical to expect enhanced evaporative 
heat transfer performance when foaming occurs, 
because of the tremendous increase in liquid 
surface area generated by the foam phase. In 
such cases, a direct correlation of the heat 
transfer coefficient with surface tension of the 
base liquid would not be expected since foaming 
is only indirectly related to surface tension, 
although they are both a function of surfactant 
concentration. 
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According to Freundlich [17], for a large 
development of vapor-liquid interface (as during 
foaming) the surface tension must be small. Now 
pure liquids with low surface tension and high 
vapor pressure are never far removed from their 
boiling points. The lamellae of liquid in foam 
films, therefore, evaporate very quickly when 
formed. However, pure liquids with a suffi- 
ciently small vapor pressure generally have too 
large a surface tension to produce a stable foam. 
Thus only capillary-active solutions unite both 
properties, and as matter of fact all solutions of 
capillary-active organic substances in water 
foam more or less strongly. However, all surface- 
active agents do not promote foam formation 
to the same extent and their effectiveness may 
be assessed by means of a so-called ‘foam 
stability’ criterion, as discussed below. 

The subject offoam stability has been reviewed 
by Ewers and Sutherland [18], Bikerman [19] 
and later by Sheludko [20]. According to 
Gibbs [18, 201 stability of foam films is due to 
the ‘elasticity’ of such films. If a certain section 
of the film is stretched so that its surface S, 
increases at constant volume its thickness X 
is decreased then, since the total content of the 
surface-active component per unit volume re- 
mains constant, the concentration per unit area 
or surface will decrease and the surface tension 
will be increased. The increased tension of the 
stretched section as compared with the adjacent 
unstretched lilms will then give rise to a force 
along the film, which will tend to compress the 
stretched section and restore uniform thickness 
throughout the entire film. This force, related 
to a unit increase of the film surface, was called 
the ‘film elasticity’ by Gibbs and is represented 
as: 

da 
E = 2-d+. 

For the region of medium rate deformations, 
the function E can be calculated by making use 
of the conditions that the deformed section 
preserves a constant volume. Thus it can be 
shown 1201 that 

E= 
4RTl$c 

2BT, + X(c + By’ (3) 

Equation (3) shows that E increases with 
decreasing X. The variation of E with surfactant 
concentration in the film c passes through a 
maximum at 

cc, = B (4) 

which can be obtained by differentiating equa- 
tion (3) and setting the result equal to zero. For 
X > 10m6 cm, the second term under the root 
sign in equation (4) can be neglected, so that 

CO 
2 B (5) 

where co is the surfactant concentration in the 
film liquid corresponding to the maximum 
value of E, for maximum stability of the foam 
film. 

An empirical equation relating the decrease 
in surface tension of solutions of lower fatty 
acids (C, to C,) in water to the bulk concentra- 
tion of the surface-active component within the 
solution has been given by Szyszkowski [21] 

d=bln C+l. 
( > a 

(f-5) 

Although Szyszkowski’s equation is accur- 
ately obeyed by relatively few systems it has 
been theoretically interpreted, and it can be 
shown [20] that 

a = B, and b = T,k,T 

where l/I,, the area per molecule of the 
adsorbed substance, usually lies in the range 
20-40 A2 [21]. Equation (6) can thus be written 
as 

A=r,k,Tln ;+I . 
[ 1 (7) 

Eliminating B from equations (5) and (7) gives 

A = (r,k,T)ln r 1 z + 1 . (8) 
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If the bulk concentration of the surfactant is 
equal to cc,, then equation (8) reduces to 

d, = @692(r,k,T) (9) 

where d 0 is the surface tension depression for a 
solution of bulk concentration c,,, i.e. the 
concentration in the film at which foam stability 
is maximum. Using a typical value of 30 A2 for 
l/r, (the area occupied by an adsorbed molecule 
at the interface) equation (9) predicts d, = 13.6 
dyne/cm at 73°F (296°K). That is, a bulk 
surfactant concentration which produces a 
surface tension depression of about 13.6 dyne/cm 
should be the concentration which produces the 
most stable foam. 

The objective of this investigation was to 
determine the influence of the addition of small 
amounts of surfactant upon the heat transfer 
coefficient for water in forced convection film 
evaporation under conditions approximating 
those encountered in desalination evaporators, 

and to test the compatibility of the results with 
the above concepts relating surface tension to 
foam stability. 

EXPERIMENTAL 

Apparatus 

The experimental apparatus was designed to 
measure the evaporating heat transfer coefficient 
along a 12 in x 6 in. x $ in. (30.5 cm x 15.2 
cm x 0.3 cm) smooth-vertical copper plate with 
a falling film of boiling liquid on one side and 
condensing steam on the other. Coppe-con- 
stantan thermocouples were used to measure 
the temperatures inside the boiling and con- 
densing chambers as well as at several points 
along the boiling and condensing surfaces. A 
schematic diagram of the experimental set-up 
is given in Fig. 1. Details of the equipment 
construction and operating procedures are 
given in [ 221. 

The boiling surface was smoothed and polished 
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FIG. 1. Schematic diagram of the flow loop 
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and, after imbedding of thermocouples, was 
stabilized by oxidation [15]. Arrangement of 
the imbedded thermocouples in the plate is 
shown in Figs. 2 and 3. 

I- 

IIn. 

T 
4in 

t 
4in 
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L 
I in 

7- 

0 0 0 
5 I 6 

0 0 0 
7 2 8 

0 0 0 
9 3 IO 

00 
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surface tension 69.7 dyr@m at 73°F (296°K)) 
in the reservoir tank was recycled through the 
water heater until its temperature rose to 
215°F (375°K). This hot water (at its boiling 
point corresponding to the pressure in the 
system) was then circulated through the entire 
loop to ensure that the surface tension had 

Thermocouples number l-4 measure the condensing surface 
temperature and those from 5 to 11 measure the boiling 

surface temperature. 

FIG. 2. Position of the imbedded thermocouples along the 
test plate surfaces. 

The test plate was vertically secured through 
neoprene gaskets between two halves of a 
predesigned mild steel box which comprised the 
boiling and condensing chambers. The box had 
two Pyrex glass windows, one on each side, to 
provide an internal view of the boilingcon- 
densing chambers. The bulk temperatures in 
the boiling and condensing chambers were 
measured by two additional copper-constantan 
thermocouples, one in each chamber. All ther- 
mocouples were calibrated using saturated 
steam and recording the pressure (and hence 
its temperature) with a mercury manometer. 

Procedure 
Fifty gallons of distilled water (equilibrium 

FIG. 3. Sectional view ofthe test plate showing two imbedded 
thermocouples. 

CPP--copper plug press fitted into test plate 
SFS-space filled with soft solder 
TCB-thermocouple for boiling surface temperature 
TCC-thermocouple for condensing surface temperature 

stabilized after picking up any contamination 
in the loop. After sufficient recirculation, the 
equilibrium surface tension was measured at 
73°F (296°K) using a precalibrated du Notiy 
tensiometer. The surface tension had dropped 
from 69.7 dynes/cm to 63.5 dynes/cm and 
remained essentially constant at this value 
throughout the work with pure water. 

The water at 215 k 0~1°F (375 f 0.0 6°K) was 
then passed through a calibrated rotameter 
onto the top of the boiling chamber, where it 
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was evenly distributed along the top edge of the 
boiling surface. Saturated steam at a controlled 
pressure was introduced into the condensing 
chamber, and the steam condensate was allowed 
to flow under pressure into a calibrated con- 
densate collector. The uncondensed steam was 

TI 

DP 

-MS 

-0W 
‘SW -so 

L”D 

FIG. 4. Sectional view of the boiling-condensing chamber 
showing test plate assembly. 

BC-boiling chamber 
CC-condensing chamber 
D-water distributor 
DP-water distributor pin 
I-neoprene insulation 
MS-measuring scale 
OW-outlet for vapor condensed along walls 
SI-steam inlet 
SO--outlet for steam condensed along condensing surface 

of the test plate 
SW+xrtlet for steam condensate formed along walls 
TD- -outlet for vapor formed in the boiling chamber 
TP-test plate 
UD-outlet for unboiled water 
WI-water inlet 

throttled through a needle valve and vented to 
the drain. Any steam condensing on the inner 
walls of the chamber was collected separately 
in a trough in the bottom and routed to the 
drain. The water vapor from the boiling 
chamber was passed through a water-cooled 
condenser and collected for measurement. The 
unboiled water collected at the base of the 

boiling surface was allowed to flow into an 
insulated collector from where it \cas con- 
tinuously recycled to the main reservoir. 

The flow rate of water to the boiling surface 
was initially fixed at 1.025 gpm (647 x 1O-5 
m3/s) and the steam pressure in the condensing 
chamber was adjusted to give an overall 
temperature driving force of 10°F (56°K). Under 
steady state conditions, the rate of water 
boiled off and the corresponding steam con- 
densate rate were measured. The heat flux 
calculated from each of these values provided 
a check on the heat balance. At the same time 
all the thermocouple readings were recorded. 
A duplicate run ws then made under identical 
conditions, and only those runs for which the 
heat balance was close to unity were recorded. 
The procedure was repeated for temperature 
driving forces of 15” and 20°F (8.3 and 11°K). 

Keeping the water temperature fixed at 215°F 
(375°K) similar procedures were followed for 
water flow rates of 1.275 and 1.55 gpm (8.05 x 
lop5 and 9.78 x lo-‘m3/s). During these runs 
the surface tension of the water was checked 
periodically, and no significant change was 
noticed. 

To study the effect of surfactant concentration 
on the boiling coefficients, a measured amount 
of a commercial surfactant (Procter and Gamble 
‘Joy,’ which contains 3: 1 ammonium lauryl 
sulphate and C,, - C,, diethanolamine) was 
injected into 50 gallons (18.9 x lo-‘m3) of 
water in the reservoir tank to produce solutions 
corresponding to 15, 30 and 50 ppm of sur- 
factant. Data for these solutions were obtained 
for the same temperature differences and flow 
rates as above. The evaporated water, after 
condensing and weighing, was immediately 
recycled through a peristaltic tubing pump (to 
avoid contamination) to the main reservoir to 
maintain the solution at constant concentration. 
The evaporated water was continuously re- 
cycled when no measurements were being made. 
During these runs, small amounts ofthe solution 
were taken out at random times and equilibrium 
surface tensions were measured at 73°F (296°K). 
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Heat balance 
A heat balance was obtained by comparing 

the rate of heat output in the evaporated water 
to heat input from condensation of steam. The 
mean heat balance, expressed as a ratio of these 
two values, for a total of 68 consecutive experi- 
ments in this work was 0.984 with a standard 
deviation of + 0.12. 

Temperature measurements 
The liquid was introduced along the top edge 

of the boiling surface at a temperature of 
215 + 01°F (275 + Q06”K). The average bulk 
temperature in the boiling chamber was con- 
trolled at 215 + 0.3”F (375 f 0.2”K) and that in 
the condensing chamber was controlled to 
within +02”F ( fOaloK). The average tem- 
perature of the boiling surface as indicated by 
the imbedded thermocouples was found to be 
higher than the average temperature of the 
condensing surface. The mean excess in the 
boiling surface temperature over that for the 
condensing surface was 0*6”F (03°K) with a 
standard deviation of + 0.38”F (i- 0*21”K). 
This discrepancy in the thermocouple readings 
was found to be due to the thermocouple 
arrangement (Fig. 3) and the accompanying 
fin effect [23]. The beads of the thermocouples 
which measure the condensing surface tem- 
perature lie in the condensing surface while the 
thermocouple wires are mainly in the boiling 
chamber which is at a temperature of 8’F 
(4WKk18”F (10°K) lower than that of the 
condensing surface. Some heat is conducted 
away (from the thermocouple beads) along the 
thermocouple wires due to this temperature 
gradient. Thus the indicated condensing tem- 
perature is lower than the true temperature of 
the surface. For the boiling surface, the thermo- 
couple beads lie in the boiling surface while 
the thermocouple wires lie in the condensing 
chamber where the temperature is from 4°F 
(2.2”K) to 15°F (8.3”K) higher than that at the 
boiling surface. Thus the fin effect results in a 
higher indicated temperature. Thermocouple 
corrections for this tin effect were calculated 

and true surface temperatures were obtained 
by a method outlined in [22]. This correction 
ranged from 040 to 1*5”F (02-08”K). 

The temperature was also found to vary from 
point to point along the boiling and condensing 
surfaces, with a typical maximum variation 
being from 3” to 4°F (1.7-2.2”K). At any par- 
ticular location along the test plate, the tem- 
perature was found to fluctuate rapidly with 
time. However, the fluctuations were usually 
limited to within kDl”F (+0*06”K). Arithmetic 
averages of the mean readings for the thermo- 
couples in each surface were taken as the 
temperature of that surface. 

Estimate of error 
A consideration of the cumulative effects of 

all sources of error from the measurement of 
temperatures, flow ,rates, time, condensate 
volumes, etc. showed that the overriding source 
of error was that due to measurement of the 
boiling side surface temperature. For the most 
extreme case (d Tb of 5” or 2.8”K) the cumulative 
error in the resulting evaporative coefficient 
was estimated to be k 16 per cent, so that all 
calculated values should be accurate to within 
this limit. 

Appearance of the boiling surface 
For pure water, the liquid film fell uniformly 

along the heating surface. At a AT of 10°F 
(5@K), very few nucleation sites were visible 
on the surface. However, at a AT of 15°F 
(8*3”K), the number of nucleation sites was 
significantly increased, and vigorous nucleate 
boiling was observed at a A T of 20°F (11°K). 
Streaks of bubbles issuing from the nucleation 
sites were visible, which were swept away by 
the flowing liquid. However for the surfactant 
solutions, the falling liquid films were swollen 
into bubbly two phase layers. Except for a small 
section extending about two inches below the 
top edge of the boiling surface, the rest of the 
surface was entirely hidden by the foamy 
layer. Along the top section of the surface, 
nucleation sites were observed to increase 
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with an increase in the overall temperature 
difference, as was observed in the case of pure 
water. 

The mode of condensation along the condens- 
ing surface was observed to be dropwise 
throughout this work. 

RESULTS 

Heat transfer coefficients 
Evaporative heat transfer coefficients were 

calculated from the measured heat flux and 
temperature difference: 

h =!&?! 
b AT,' 

(10) 

Where Q/A is the heat flux based on the steam 
condensate rate and A Tb is the mean temperature 
drop across the liquid layer based on the average 
corrected plate temperature and the bulk vapor 
temperature in the boiling chamber. 

Effect of liquidflow rate 
The Reynolds number in the liquid film was 

calculated as follows: 

(11) 

I I 

5 6 7 8 9 

Reynolds no in the folllng film x 10m3 

FIG. 5. Dependence of evaporative coefficient on Reynolds 
number. 
1 _ AT = 20’F (ll,l”C), A - AT = 15°F (8.3’C). 13 - 

AT = 10°F (5.6’C) 

The values of the Reynolds number at 215°F 
(374°K) for l-025, 1.275 and 1.55 gpm (6.47 x 
10v5, 8.05 x 10e5 and 9.78 x 10m5) flow rates 
are 5825, 7246, 8809, respectively. Thus the 
flow in the liquid film was in the turbulent 
region for all flow rates. Figure 5 shows that, 
within experimental scatter, the evaporative 
coefficients are independent of the liquid flow 
rate over the range indicated. 

Effect of liquid film AT 

to induce more foaming in the liquid film due 
to the increase in the rate of vapor bubbles 
issuing from the heating surface and agitation 
of the liquid film. The resultant heat transfer 
coefficients thus obtained reflect the combined 
effects of nucleate boiling and foaming. The top 
point on the 50 ppm curve of Fig. 6 is probably 
in error, since for this run the liquid film was 
not continuous over the entire plate, dry spots 
being observed on the bottom portion of the 
plate due to the rapid evaporation rate. 

In Figs. 6-8 the evaporative coefficients are Visually, it was observed that a significant 
plotted as functions of ATb with concentration rate of vapor bubble generation due to nucleate 
as the parameter, for each of the three flow boiling occurred only for an overall AT of 
rates. For any concentration of surfactant and 15°F (8.3°K) or greater. Therefore, the convec- 
flow rate, the heat transfer coefficients are tive mechanism in this range was assumed to 
observed to increase as the temperature differ- be due to a combination of stirring from the 
ence across the liquid film is increased. For bubbles and forced flow, whereas for lower AT’s 
surfactant solutions, an increase in AT, appeared the nucleation effects were not significant. The 
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FIG. 6. Evaporative coefficient as a function of temperature FIG. 7. tvaporative coefficient as a function of temperature 
drop over the liquid film (liquid flow rate of 1.025 gpm or drop over the liquid film (liquid flow rate of 1.275gpm or 

6.47 x 10-5m3/s). 8.05 x 10m5 m3/s). 

degree of foaming in the surfactant solutions 
also increased markedly at the higher AT’s. 
For this reason, the data in Figs. 6-8 are 
separated into two distinct regions represented 
by the two straight line segments, rather than 
drawing a smooth curve through all of the data 
points. At low AT’s foaming was due to mechani- 
cal agitation, while at the higher AT’s the 
additional agitation due to vapor bubble nuclea- 
tion considerably increased the degree of foam- 
ing. The existence of nucleation was determined 
by visual observation of the flow over the top 
2 in. (5.1 cm) of the plate, the remainder of the 
plate being obscured by the foam except for 
pure water for which no nucleation was observed 
at 10”F(5.6”K)AT. 

concentrations of surfactant as the parameter, 
for each of the three flow rates. At a given heat 
flux the evaporative coefficient increases as 
surfactant concentration is increased. Figure 11 
includes a comparison with the results reported 
by OSW [16j. The OSW data are for water 
at 210°F (372°K) in a vertical 2 in. (5.1 cm) o.d. 
8 ft (2.4 m) long aluminum brass tube at a flow 
rate of 1.5 gpm (9.5 x 10m5m3/s) with various 
concentrations of P & G No. 128 surfactant, 
and condensing steam outside the tube. Besides 
the apparent differences in geometry and sur- 
factant (no surface tension data were reported 
by OSW for comparison), the OSW coefficients 
were based on measurements of overall AT and 
an estimated value of condensing coefficient 
using the modified Nusselt theory. 

Effect of heatflux 
In Figs. 9-11 the evaporative coefficients are Efict of surfactant concentration 

plotted as a function of heat flux for different Figures 12-14 show the variation of evapora- 

nr,, “K 

3 4 5 676 
I I I I 1 I s 

/ 

50 wm 

0 

A 

/ 

301m 

A 

x' 
15 mm 

A 
/ 

/ 

Owm ' 

x 
0 

/ 
0 

- IO 

-9 

-0 

-7 

-6 

D 



1 X98 BASIT H. SHAH and RON DARBY 

J 
50wm 

0 

0 0 

A X)rm 

A J 15 PPm 
A 
x 

J/ 

0 mm 
x 

2@l 

J 

I I, IIIIIII 

I 

1 

6 

5 6 78 9 IO 16 

AT,, “F 

FIG. 8. Evaporative coefficient as a function of temperature 
drop over the liquid film (liquid flow rate of 1.55gpm or 

9.78 x 10m5 m3/s). 
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FIG. 10. Evaporative coefficient as function of heat flux 
(liquid flow rate of 1.275 or 8.05 x 10e5 m3/sl. 
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FIG. 11. Evaporative coefficient as function of heat flux 
(liquid flow rate of 1.55 gpm or 9.78 x 10e5 m3/s). 
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FIG. 12. Evaporative coefficient as function of surfactant 
concentration (overall temwrature difference of 10°F or 
56°K). 
c’ = 1.025 gpm (6.47 x 10m5 m3/s, A = 1.275 gpm (8.05 x 

10-s m’/s), 0 = 1.55gpm (9.78 x 10-s m’/s) 
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FIG. 13. Evaporative coefficient as function of surfactant 
concentration (overall temperature difference 15°F or 8.3”K). 
cl = 1.025gpm (6.47 x 10-s m3/s), A = 1.275gpm (8.05 x 
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FIG. 14. Evaporative coefficient as function of surfactant 
concentration (overall temperature difference of 20°F or 
lI.l”K). 
r-8 =l.O25gpm (6.47 x 10-s m3/s, A = 1.275gpm (8.05 x -. 

10m5 m3/s, q = 1.55 gpm (9.78 x lo-‘.m3/s 

tive coefficients with surfactant concentration 
for each of the overall AT’s. It is apparent from 
these plots that for a fixed overall AT the 
average evaporative coefficients increase as the 
surfactant concentration is increased, with no 
significant dependence on flow rate. As these 
plots are all on a log-log scale, the average 
coefficient for pure water (no surfactant) is 
indicated by the arrow on the vertical axis. 

Correlation 
It was found that all of the data could be 

correlated by an empirical equation of the form 

h, = (a, + a,C”‘)AT;’ (12) 

if two sets of constants were used, one for the 
range of AT < 15°F (8.3°K) and another for 
AT 2 15°F (8-3°K). The division at AT = 15°F 
(8.3°K) corresponds to the point at which 
nucleate boiling was visually observed to be 
definitely significant. The resulting values of 

lo-’ m3/s), 0 = 1.55 gpm (9.78 x 10e5 m3/s) the empirical constants are given in Table 2. 
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Although values of the constants were deter- 
mined statistically from the data, with a resulting 
correlation coefficient of 0.999 indicating an 
excellent fit, the limited amount and the rela- 
tively small range of the data would not justify 

Table 2. Empirical constants,for equation (12) 
_ 

AT < 15”F(8,3”K) (8.3”K) 15’F $ AT 

a,, (English units) 
a, (SI units) 
a, (English units) 
a, (SI units) 
az 
a3 

= ~~~ 

900 372 
1113 938 

18 4.8 
36 12 

1.12 1.25 
0.20 0.62 

confidence in the use of the correlation for 
extrapolation significantly beyond this range. 

Surface tension 
Curve A of Fig. 15 shows the surface tension 

of freshly-made solutions of the surfactant 
(Joy) as a function of concentration. These 
solutions were made using fresh water which 
had been circulated in the test loop until its 
surface tension had stabilized (to a value of 
63.5 dynes/cm at 73°F or 296°K). Curve B 

70 1 I I I , 

Curve A- Fresh solution 
- Curve B- Circulotlng solution - 

0 IO 20 30 40 50 

Surfactont concentration. ppm 

FIG. 15. Variation of surface tension with surfactant con- 
centration. 

Curve A-fresh solution 
Curve B-circulated solution 

shows the surface tension of the test liquids used 
in the study as a function of the bulk concentra- 
tion. The latter are measured values from 
samples which had been withdrawn from the 
system after recirculation for a time sufficiently 
long for the surface tension to stabilize. All 
values were determined on samples cooled to 
73°F (296°K). While the surface tension of the 
fresh solutions decreased uniformly with in- 
creasing surfactant concentration, that of the 
recirculated solutions leveled off in the vicinity 
of 30 ppm surfactant, and actually increased 
slightly at 50 ppm. Although h, could be 
correlated reasonably well with surfactant con- 
centration, there was no apparent correlation 
with solution surface tension. It therefore 
appears that the effect of surfactant on heat 
transfer is more complex than a simple modilica- 
tion of surface tension. 

DISCUSSION 

Although the heat transfer coefficient could 
not be simply related to solution surface tension, 
a simple correlation indicated an almost linear 
dependence on surfactant concentration. Also, 
it was visually observed that the degree of 
foaming increased in proportion to the amount 
of surfactant added. It is reasonable that the 
evaporative heat transfer rate should increase 
with foaming intensity because of the 
tremendous surface area in the foam available 
for evaporation. 

Now surface tension, surfactant concentra- 
tion, and foam stability are all interrelated, as 
previously discussed. That this theory is con- 
sistent with present observations, in particular 
the surface tension curves of Fig. 15, may be 
seen as follows. Equation (9) gives the pre- 
dicted surface tension depression for a solution 
in which the bulk surfactant concentration c0 
is the same as that in a foam of maximum 
stability. This, of course, does not imply that 
foaming could not occur in a solution of lower 
concentration. Since the surfactant, by nature. 
adsorbs at the gas-liquid interface, its concen- 
tration there will be greater than the bulk 
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concentration. Thus even for solutions less 
concentrated than c,,, the surface concentration 
may well be large enough to produce a stable 
foam if agitated. The only criterion is that the 
surfactant concentration in the foam phase 
should be cO. 

Thus, if a solution of bulk concentration C, 
is agitated to produce a foam, the resulting 
distribution of surfactant between the liquid 
phase, concentration C,, and the foam phase, 
concentration cO, follows from a surfactant 
balance. Accounting for both volumetric and 
surface concentrations in both phases, the 
balance is : 

c,v, = CJV, - V,)+ rLSL + c,& + l-(p,. 

(13) 

Since the liquid volume in the foam is much less 
than that in the bulk liquid and the surface area 
of the foam is much greater, equation (13) 
reduces to 

C,V, A C,V- + r,s,. (14) 

Now the surface concentration in the foam film 
is given by the Langmuir isotherm: 

since B = co, a consequence of the foam 
stability criterion. Thus equation 

r&G c, G c, - - 
2VL . 

The concentration of the liquid 

(14) becomes 

(16) 

phase of an 
agitated (foamy solution, C,, is therefore always 
less than the overall bulk concentration, C,, 
which would be the actual liquid concentration 
of the same solution if it were not agitated to 
produce foam. The difference is proportional 
to the ratio of foam surface to liquid volume. 

(15) 

It is proposed that these conditions corres- 
pond to Curves A and B of Fig. 15. The data 
of Curve A were obtained from non-agitated 
surfactant solutions, for which C, = C,. Curve 
B represents solutions of the same overall bulk 

concentration which had been agitated by 
circulation through the system, for which the 
actual liquid phase concentration C, is now 
less than C, by equation (16). Thus Curves A 
and B arc both equivalent, Curve B being 
actually c vs C, and Curve A being G vs C, 
for the same solution after agitation. Thus at a 
given value of c, the difference between the two 
curves represents C, - C,, which, by equation 
(16), is proportional to the amount of foam 
generated. 

It is seen that Curve B levels off at a value of 
(T slightly less than 50 dynes/cm. It should be 
noted that possible effects due to contamination 
were accounted for by using fresh water which 
had stabilized after circulation in the system to 
make up the surfactant solutions. Thus any 
contamination should have an equal effect on 
both Curves A and B. Now the result of the 
foam stability criterion, equation (9), predicted 
that a surface tension depression of 13.6 dynes/ 
cm would occur for a solution of concentration 
equal to that in a foam of maximum stability. 
This corresponds to just under 50 dynes/cm, 
which in turn corresponds to a liquid concentra- 
tion of about 15 ppm. It thus follows that c0 
is approximately 15 ppm, the surfactant con- 
centration in a stable foam film. The significance 
of Curve B leveling off at this point is simply 
that essentially all of the surfactant added to 
solution in excess of that corresponding to 
C, = 15 ppm goes into the foam phase, produc- 
ing foam in direct proportion to the amount of 
surfactant added. This, therefore, supports the 
contention that the enhanced heat transfer 
coefficient is primarily a consequence of foaming, 
since both are essentially proportional to sur- 
factant concentration in excess of 15 ppm. 

CONCLUSIONS 

The evaporating heat transfer coefficient for 
vertical film flow over a flat plate was found to 
be essentially independent of flow rate but 
markedly dependent upon temperature drop 
and surfactant concentration, over a range of 
temperatures and flow rates typical of those 
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employed in desalination evaporators. The 
temperature dependence was significantly 
greater at higher temperature differences where 
nucleate boiling prevailed than at lower tem- 
perature differences. The dependence upon 
surfactant concentration was essentially linear, 
but could not be correlated with corresponding 
changes in surface tension. The effect of sur- 
factant addition was attributed to foaming, and 
could be explained in terms of a foam stability 
criterion relating surface tension depression to 
surfactant concentration at which foam stability 
is a maximum. Surface tension versus concentra- 
tion data for agitated and non-agitated solutions 
were consistent with the derived criterion, and 
indicated that the degree of foaming should be 
proportional to the amount of surfactant added, 
in agreement with the observed dependence of 
the heat transfer coeffkient upon surfactant 
concentration. 
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EFFET D’UN AGENT TENSIO-ACTIF SUR LE TRANSFERT THERMIQUE PAR 
EVAPORATION DANS UN FILM TOMBANT 

R&urn&Des coefficients de transfert thermique par evaporation pour de l’eau avec diverses concentra- 
tions d’un agent tensio-actif ont ttt mesurCs dans 1’8coulement d’un film tombant sur une plaque plane 
verticale pour un domaine de dkbit et de difF&ence de temperature correspondant au cas des kvaporateurs 
de dtsalination. On a trouvt que les coefficients &aient insensibles au d&bit mais fortement d&pendants 
de la diff&nce de tempkrature et de la concentration de tensio-actif. La dtpendance vis-B-vis de la tem- 
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perature varie selon la presence ou I’absence d’bbullition nucleee significative. La dependance vis-a-vis 
de la concentration de tensio-actif ne pouvait &tre reli&e a la tension superficielle mais ttait apparemment 

due a la production de mousse et pouvait &tre expliquQ a la lumiere dune thtorie de stabilitt. 

DER EFFEKT EINES SCHAUMBILDNERS AUF DEN WARMEUBERGANG BE1 
VERDAMPFUNG IN EINEM SENKRECHT ABSTROMENDEN FILM 

Zusammenfassung-Es wurden die Wlrmetibergangszahlen fur Wasser bei Verdampfung in einem senkrecht 
iiber eine Platte abstrijmenden Film fur verschiedene Konzentrationen eines Schaumbildners gemessen, 
mit unterschiedlichen Massenstrijmen und Temperaturdifferenzen in einem fur Entsalzungsanlagen 
typischen Bereich. Die Koefhzienten zeigten sich unemptindlich gegen Anderungen des Massenstromes, 
jedoch stark abhlngig von der Temperaturdifferenz und der Konzentration des Schaumbildners. Die 
Temperaturabhangikeit variiert mit dem Vorhandensein oder Nicht-Vorhandensein von deutlichem 
Blasensieden. Die Abhlngigkeit von der Schaumbildner-Konzentration konnte mit der 0berflLche.n 
spannung nicht korreliert werden, stand jedoch offensichtlich in Zusammenhang mit der Schaumbildung 

und liess sich auf Grund einer Schumstabilitatstheorie erkllren. 

BJIBHHHE IIOBEPXHOCTHO-AKTHBHOPO BEIIJCTBA HA HPOHECC 
TEHJIOOBMEHA HP&I BEPTBKAJIbHOM TE4EHRM HJIEHKH 

kIHOTa~tiJI-~~3MepmfCb K03~$,MIJHeHTbI TeIUIOO6MeHa npll HCnapeHlIll CTeHaIoWei n0 

BepTHKaJIbHOti nJIOCKO$i IIJIaCTklHe nJIeHKIl BOJJbI B 3aBlfCHMOCTPI OT KOHI(eHTpaqHIl I3 Hefi 

AO6aBKn nOBepXHOCTHO-aKTHBHOr0 BeIqeCTBa. M3MepeHLIR npOBO~AJIHCb B UIMpOKOM ALlana- 

3oHe H3MeHeHliR IIJIOTHOCTei OpOIIIeHAFi II pa3HOCTeti TeMnepaTyp, XapaKTepHbIX HJIH 

0npecanTeneti. HatineHo, qT0 CKOpOCTb TeYeHI?H He BJIHReT Ha BeJIWIHHbI KO3+#4~AeHTOB 

Tennoo6MeHa; nOCJIeHHIle CllJIbHO 3aBHCfIT OT pa3HOCTI4 TeMnepaTyp II KOHqeHTpaqHA 

noBepXHOCTHO-aKTHBHOI'0 BeqeCTBa. BJIMHHI~P TeMnepaTypbI 3aBACIiT OT HamYm mll 

OTcyTcTBHH ny3bIpbKOBOrO KIlneHHR M eI.0 MHTeHCLlBHOCTIl. BnwIHHe KOHQeHTpaIJnH nOBepX- 

HOCTHO-aKTBBHOr0 BeJ.I(eCTBa HeJIb3R CBR3aTb C nOBepXHOCTHbIM HaTHlKeHHeM. CKOpee BCerO 

OH0 CBFIBaHO C neHOO6pa30BaHLleM 14 MOHteT 6bITb 06'bHCHeHO C 11OMOWbIO TeOpllH yCTOt& 

WIBOCTH neHb1. 


