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Abstract- An experimental investigation was conducted to measure the net rate of mass transfer (evapora- 
tion plus entrainment) from a thin liquid film to a proximate gas stream. Also determined experimentally 
was the maximum film temperature and the gross characteristics of the film surface structure. Gas stream 
temperatures of 40”F, 400°F and 600”F, pressures of 75 psia and 150 psia, gas velocities of 40 fps, 
a tihn cooled length of 10 in., and film coolants of methanol, water, butanol and RP-1 were studied. 

The data for mass transfer shows that the entrainment mass transfer was typically several times more 
important that that due to evaporation. In those cases where the evaporative mass transfer was relatively 
important, it is observed that the “effective” roughness of the tihn surface increased the evaporation by as 
much as 80 per cent over that predicted by the simple (or ideal) theory for mass transfer. The mass-transfer 
data is systematically correlated in terms of two relatively simple dimensional parameters, with one 
characterizing the phenomenon of entrainment and the other the phenomenon of film surface roughness. 
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blowing parameter ; 
mass concentration of vapor ; 
specific heat at constant pressure ; 
entrainment parameter ; 
= pgug, gas stream mass velocity ; 
specific enthalpy ; 
latent heat of vaporization ; 
dimensional constant ; 
lo-in. long film cooled length ; 
scale parameter for waves of film 
surface ; 
rate of coolant injection or withdrawal 
per unit width of wetted surface ; 
rate of mass transfer from liquid film 
per unit width of wetted surface ; 
local rate of mass transfer from liquid 
film per unit area ; 
molecular weight ; 

P, 
Pd? 
P,, 
pr, 
q”, 

2ex2, 
St, 

St’, 

T, 
u, 
We, 
5, 

static pressure ; 
= p& gas stream dynamic pressure ; 
partial pressure of vapor ; 
gas stream Prandtl number ; 
local rate of energy transfer per unit 
area due to conduction ; 
roughness parameter ; 
Reynolds number based on x2 ; 
Stanton number for convective heat 
transfer ; 
Stanton number for convective mass 
transfer ; 
static temperature ; 
velocity component in x direction ; 
Weber number ; 
distance measured from effective start- 
ing point of velocity boundary layer; 
dimensional entrainment group ; 
dimensional roughness group. 
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Greek symbols 

1(3 dynamic viscosity ; 

T dimensionless parameter defined in 
equation (18) ; 

P, density; 

0, surface tension ; 

49 energy balance parameter. 

Subscripts 
1, 

2, 

C, 

9, 
1, 
L, 

nr, 
s, 

W, 

evaluated at the plane of liquid injec- 
tion ; 
evaluated at the plane of liquid with- 
drawal ; 
critical ; 
main-stream gas or state ; 
liquid; 
evaluated at the gas-liquid interface 
in the liquid phase ; 
maximum ; 
simple; or evaluated at the gas-liquid 
interface in the gas phase ; 
wall. 

INTRODUCTION EXPERIMENTAL 

LIQUID-FILM cooling refers to the introduction 
of a liquid-film onto a surface to be insulated 
from a proximate gas stream. Interest continues 
in the application of liquid-film cooling to the 
internal cooling problems of combustion cham- 
bers and exhaust nozzles of high-energy pro- 
pulsive devices. Moreover, there is a potential 
application to the cooling problems ofhypersonic 
reentry bodies. 

A considerable amount of research has dealt 
with the basic phenomena that characterize the 
flow of a gas over a liquid film. For example, 
interfacial structure and instability [l, 21, 
entrainment [3, 41, wetting phenomena [5, 61, 
and pressure drop in annular, two-phase flow 
[7, 81 has been studied. However, this research 
has been generally characterized by experimental 
parameters that are significantly different from 
those that characterize the typical application 
of liquid-film cooling. It is doubtful, therefore, 
that the results of this research are applicable 

Apparatus. Figure 1 illustrates schematically 
the experimental apparatus employed in the 
investigation. The basic components of the 
apparatus were a hot gas generator, a two- 
dimensional experimental tunnel, and a variable 
area exhaust nozzle. The hot gas generator 
employed methyl alcohol and air as reactants. 
Because of the magnitude of diluent air added to 
the combustion gases before they entered the 
experimental tunnel, the properties of the gas 
stream were assumed to be the same as those 
for dry air. 

The nominal internal dimensions of the test 
section were 2 in. by 55 in. cross section by 
18 in. long. Mounted in each side wall of the 
test section were 6 circular Pyrex windows of 
l-in. o.d. A single oblong Pyrex window was 
mounted in the top wall of the test section. 
These windows permitted visual and photo- 
graphic observation of the liquid-film injected 
on the bottom wall of the test section. A 35 mm 

to the problem of liquid-film cooling, except 
in the most qualitative sense. 

Research concerned specifically with the 
problem of liquid-film cooling has been some- 
what more limited, but a number of investiga- 
tions have been reported [9-121. IJnfortunately, 
some of the principal conclusions of these 
experimental investigations have been contra- 
dictory with regard to the prediction of film 
cooling requirements [ 131. Furthermore, ade- 
quate theoretical analysis of this mass-transfer 
problem has been hindered by an incomplete 
understanding of (a) the “effective” roughness 
of the film surface, which should effect the 
convective transport, and (b) bulk entrainment 
of liquid caused by the breakdown of waves on 
the surface of the liquid-film. The research 
reported herein represents the first attempt to 
develop a meaningful mass-transfer correlation 
that explicitly accounts for the contributions 
that these interfacial phenomena make to the 
net rate of mass transfer. 
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FIG. 1. Schematic diagram of experimental apparatus. 

camera with a close-copy lens was employed in 
conjunction with a 3-1.15. strobe unit to photo- 
graph the film surface. 

The liquid coolant was introduced onto the 
test plate through a flush mounted, $ in. thick 
piece of “rigimesh” that was 3 in. long in the 
direction of gas flow and 2 in. wide. This injector 
design provided a uniform distribution of 
coolant and also kept the normal component of 
velocity for the liquid at the injector face to 
something less than one fi per s. The liquid film 
was confined to the central portion of the test 
plate by means of a trough machined into the 
plate. The trough was 2 in. wide and 0030 in. 
deep, and it extended from the point of liquid 
injection to a point 10 in. downstream. At that 
point the liquid film was mechanically termi- 
nated by means of a knife-edge capture slot. 
The projected area of the slot for the capture 
of the liquid film was 2.25 in. wide by 0060 in. 
high. In order to substantially reduce the lateral 
conduction of heat through the test plate to 
the liquid film, two insulating grooves (0.060 in. 
wide) were cut into the underside of the test 
plate. The grooves extended to within 0.035 in. 
of the surface wetted by the hot gas and were 
placed just outside of and parallel to the region 
wetted by the liquid film. 

Experimental model ana’ techniques. The experi- 
mental conditions were such that a turbulent 
velocity boundary layer was assumed to develop 
from the entrance of the experimental tunnel, 
x = 0, and the thermal boundary layer from the 
point of liquid injection, x = x1 = 40 in. The 
liquid film was mechanically terminated at 
X = .X2 = 50 in., thus forming a film cooled 
length of 10 in. which was maintained constant 
throughout the investigation. The thickness of 
the velocity boundary layer at x = x1 was on 
the order of 02-0.4 in. Calculations of dis- 
placement effects showed that the gas stream 
velocity generally increased by approximately 
five per cent in going from x = 0 to x = x1. 

The experimental technique of mechanically 
terminating the liquid film allowed the influence 
of the rate of liquid injection on the cooling 
process to be investigated independently of the 
other flow parameters. Moreover, it enabled the 
wetted surface area to be precisely determined so 
that the average rate of net mass transfer could 
be accurately evaluated. 

Prior to injection onto the test plate, the liquid 
was preheated to approximately the equilibrium 
film temperature so as to try to realize an iso- 
thermal liquid film. This technique greatly 
facilitated an accurate evaluation of the physical 
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Table 1. Average values of the nleasured and calculated parameters 
___~ 

Test 
P 

(psia) 
x, x 10-j x, 

(lb;+) (1b);ft) (lb;: ft) 

Hot flow tests 
37-w 590 
3x-w 590 
39-w 601 
41-w 588 
43-w 586 
44-w 594 
45-w 650 

112-M 424 
113-M 399 
114-M 402 
115-M 392 
116-M 401 
117-M 404 
118-M 609 
120-M 593 
122-M 597 
125-M 418 
126-M 404 
128-M 410 
201-B 402 
202-B 400 
203-B 400 
204-B 398 
205-B 408 
206-B 411 
207-B 400 
210-B 401 
211-B 402 
212-B 599 
213-B 595 
214-B 601 
300-R 403 
301-R 383 
302-R 400 
303-R 455 
304-R 431 
305-R 425 
306-R 642 
307-R 419 
308-R 554 

Cold flow tests 
47-w 20 
48-W 20 

102-M 42 
103-M 38 
104-M 40 
105-M 40 
109-M 26 
123-M 14 
124-M 14 
129-M 6 
215-B 10 

78 185 37 210 190 3-87 164 @00X 12 
79 239 49 361 195 5.07 21.4 O%IO9~7 
80 288 59 523 196 6.09 26.0 0.01174 

149 75 29 66 221 2.22 9.2 0.00584 
155 202 81 505 232 6.09 25.2 001300 
152 141 55 241 233 4.23 17.4 0.00973 
78 430 81 1087 206 8.87 37.8 0.01682 
75 119 27 100 129 8.16 11.1 0.01085 
73 167 38 199 125 11.45 15.5 0.01351 
75 247 58 445 135 17.24 23.2 001843 
76 89 21 59 130 624 8.4 000791 
73 196 45 272 134 13.59 18.1 0.01512 
74 287 66 594 138 19.79 26.8 002014 
75 221 42 286 153 1480 19.4 0.02427 
77 108 21 72 152 736 9.7 0.01340 
74 172 33 175 144 11.38 15.2 PO1957 

150 41 19 24 160 4.14 5.4 0.0069 1 
150 86 41 109 159 8.73 11.4 0.0123 1 
152 150 71 331 164 15.32 19.9 @01965 
77 135 32 135 190 9.33 12.6 0.01192 
74 176 41 224 190 11.97 16.2 001424 
75 52 12 20 184 3.50 4.8 0.00526 
75 110 26 89 184 7.45 10.2 000987 
76 165 39 201 190 11.23 15.4 0.01388 
77 233 56 403 196 16.04 21.8 0.01829 

151 56 26 45 210 5.48 7.3 0.00872 
151 80 38 94 208 7.86 10.4 001205 
151 106 50 165 206 10.54 13.8 001593 
77 172 34 179 215 11.52 15.2 002259 
75 126 24 94 210 8.31 11.0 0.01727 
76 251 49 379 220 1686 22.1 0.03054 
76 153 36 173 280 8.46 13.9 OQO851 
77 114 28 100 270 642 10.5 0.00636 
77 194 47 285 284 10.90 17.9 0.00933 
77 231 52 375 294 12.62 20.8 0.01489 

152 89 41 112 290 6.84 11.3 0.01073 
153 160 75 373 300 12.46 20.5 0.01531 
78 112 21 75 310 5.89 9.6 0.01573 

154 53 25 41 300 4.12 6.8 OQO615 
77 172 35 188 338 9.04 14.9 0.01456 

78 69 30 65 37 1.57 8.0 
78 213 93 616 32 4.85 24.6 
82 35 16 17 40 2.54 4.1 
78 154 66 317 34 10.90 17.6 
80 90 39 108 37 6.39 10.3 
77 129 53 213 34 9.00 14.5 
77 181 77 434 22 12.80 20.6 
75 32 13 13 28 2.17 3.5 
75 147 63 287 24 10.40 16.7 
73 84 36 93 32 5.86 9.4 
15 150 65 300 16 10.10 17.1 

The letter following the test number represents the liquid coolant employed: M-methanol; W-water: 
B-butanol; R -Rp-1. 



Scale: t 0.25 _I Direction of gas flow - 

FIG. 2. Photographs of surface structure for methanol films 
(a) Pd=16.8 lbf/ft2, 2’,=42”F, P=82 psia. 
(b) Pd=45.5 Ibf/ft2, T,=30”F, P=79 psia. 
(c) Pa=172 Ibf/ftz, T,=38”F, P=77 psia. 

facing page 1928 
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properties of the liquid film. In addition, it 
enabled the local energy balance at the gas- 
liquid interface (and not just a global energy 
balance) to be specified with reasonable accuracy 
because of the reduced variation in the sensible 
enthalpy of the liquid over the film cooled length. 

Experimental parameters. Table 1 lists the gas 
stream static temperature, T, static pressure, 
P, velocity, ug mass velocity, G = pBup and 
dynamic pressure, P, = p&, for the experi- 
mental tests of this report. (Tests concerned only 
with photographic data are not listed in Table 1.) 
The significance of the quantities & X, X, 
and nr: in Table 1 is explained later. The coolants 
employed in the tests were methanol, water, 
butanol and RP-1 (a hydrocarbon fuel that is 
essentially kerosene). These experimental para- 
meters resulted in the following variation in the 
pertinent physical properties for the liquid film : 
(a) liquid viscosity was varied by a factor of 
15 :l, (b) surface tension by 3 :l, and (c) heat of 
vaporization by 4 : 1. 

Photographic data for film surface structure. 
More than 200 photographs of the liquid film 
were studied to determine, in a qualitative sense, 
how the various gas stream and liquid film 
parameters influenced the gross film surface 
structure. These photographic data are studied 
at length in [ 131. The primary conclusion of that 
study that is pertinent to subsequent develop- 
ments herein is that the basic scale of the three- 
dimensional disturbance waves that develop on 
the film surface is principally characterized by 
the dynamic pressure for the gas stream, P,, 
(and not G or u,), with the scale of the waves 
decreasing with increasing P,. The surface 
tension, 0, and the liquid viscosity, pe were 
found to have, at most, a secondary influence on 
the film surface structure. 

Figure 2 presents three photographs of 
methanol films that illustrate first the general 
nature of the film surface structure and then 
the rather considerable extent to which the gas 
stream dynamic pressure influences the scale 
of the interfacial waves. These photographs view 
the film normally and correspond to a location 

approximately 3 in. downstream from the point 
of liquid injection. 

Data for muss transfer. Prior to making quanti- 
tative mass transfer measurements, it was necess- 
ary to insure that the liquid film was properly 
wetting the test surface (done visually) and that 
the capture slot was functioning so as to remove 
all of the liquid remaining on the test surface. 
Effective operation of the capture slot required 
that a certain amount of the gas phase be 
withdrawn with the liquid. The withdrawn 
two-phase mixture was separated by means of a 
cyclone separator with the gas phase being 
vented to the atmosphere and the liquid phase 
being collected for- measurement. -Figure 
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FIG 3. Variation of liquid withdrawal rate with separator 
vent flow rate. 

illustrates that the rate of liquid withdrawal 
was found to increase rapidly at first with 
increasing rate of vent flow from the separator 
and then reach a maximum, or plateau, such 
that a further increase in the vent flow rate did 
not appreciably affect the rate of liquid with- 
drawal. In all of the experimental tests reported 
herein, the vent flow rate was set equal to or 
greater than this limiting value. For the magni- 
tude of vent flow rate normally required, 



1930 R. A. GATER and M. R. L’ECUYER 

approximate calculations showed that the maxi- experimental tests, it was determined that the 
mum amount of mass transfer that could have mass transfer due to the interfacial phenomena 
occurred within the separator was negligible (surface roughness and entrainment)(a) increased 
in comparison to the total rate of mass transfer linearly with the rate of liquid injection, m, ; 
normally realized and was therefore ignored. (b) increased with decreasing values for the 

ml , rate of liquid injection, lb/s ft 

FIG. 4. Sample mass-transfer data 

Figure 4 illustrates the nature of the experi- 
mental data obtained for mass transfer. (Figure 4 
gives only about 10 per cent of the data reported 
herein, but it is representative of all of the data.) 
Plotted in Fig. 4 is the rate of liquid withdrawal, 
n12, as a function of the rate of liquid injection, 
m,, with the gas stream velocity, up as a para- 
meter. The solid curve labeled m’ = 0 represents 
the condition of no net mass transfer from the 
liquid film to the gas stream. The vertical 
distance between this solid curve and any one 
datum point gives the corresponding net rate of 
mass transfer for that datum point. 

A detailed study of the experimental data was 
made [13] to qualitatively determine the in- 
fluence of the pertinent liquid-film and gas- 
stream parameters on the net rate of mass 
transfer. First, the evaporative mass transfer 
predicted by the simple theory of mass transfer 
(as discussed below) was accounted for. Then, 
by simply comparing the data of all of the 

surface tension o; (c) was not a function of the 
viscosity of the liquid, ,LQ; and (d) was character- 
ized by the dynamic pressure for the gas stream, 
P,, (and not ug or G) with the rate of mass 
transfer increasing with increasing values of P,. 

Maximunr film temperature. In general, the 
temperature of the liquid at any point within 
the liquid film T, is less than T, the temperature 
at the surface of the liquid film, and is greater 
than T, the temperature at the surface of the 
wetted wall. However, if the wetted surface is 
adiabatic, the condition T, N q N T, is ob- 
tained when all of the energy transfer to the 
liquid film results in evaporation of liquid. 
The corresponding film temperature, which is 
essentially a wet-bulb temperature, is a maximum 
and is denoted here by 7;,,. 

The temperature IT;,, was determined experi- 
mentally by measuring IT;, 2, the temperature of 
the liquid at the point of withdrawal. These 
data are presented in Fig. 5 in terms of a plot 
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of the measured maximum liquid temperature 
vs. the boiling (or saturation) temperature for 
the liquid at the prevailing gas stream pressure. 
Figure 5 illustrates that the maximum film 
temperature can be substantially less than the 

net mass transfer. A substantial argument can, 
in fact, be presented to support this hypothesis 
[ 131. However, the primary justification pre- 
sented for it here is the resultant satisfactory 
correlation of the experimental data. 

600 

0 

Boiling temperature, T 

FIG. 5. Comparison of measured maximum film temperature 
and corresponding boiling temperature at gas stream static 

pressure. 

boiling temperature, with the largest difference 
of the present investigation being approximately 
355O F for RP-1 at a pressure of 150 psia and a 
gas stream temperature of 400 “F. 

CORRELATION OF THE MASS-TRANSFER DATA 

General discussion. The experimental data 
for mass transfer (e.g. Fig. 4) showed that, for 
fixed gas stream parameters, the rate of liquid 
withdrawal was essentially a linear function 
of the rate of liquid injection such that 
n12 = -A + Bm,. Since the quantity (ml - VI& 
is simply 1711, the net rate of mass transfer from 
the liquid film, we can write 

171’ = A + (1 - B)n1,. (1) 

The form of equation (1) suggests the simple 
hypothesis that the term A represents the evapor- 
ative contribution while the term (1 - B)nr, 
represents the entrainment contribution to the 

It is convenient to define a roughness para- 
meter, r, so as to separate the simple evaporative 
mass transfer, &, from that due to the effective 
film surface roughness : 

A = (1 + r) ml. (2) 

In addition, it is convenient to define an 
entrainment parameter, e,, (defined only for 
1 = 1, = 10 in.) such that 

e,=l-B. (3) 

Doing this, equation (1) can be rewritten 

nl’ = (1 + r)m(, + eOml. (4) 

The parameter e, was determined for each 
experimental test from the slope of a least- 
squares tit of the linear relationship of nr2 and rrrl 
(see Fig. 4). The value of r for each condition 
was determined from the corresponding inter- 
cept of the linear relationship. The problem of 
correlating the experimental data for m’ is thus 
reduced to that of calculating the simple mass- 
transfer rate $ and to the correlation of the 
parameters r and e, from the data. 

Calculation of m:. Neglecting radiation heat 
transfer, the local rates of simple mass transfer, 
??I;, and heat transfer, 4:1, are related by the 
interfacial energy balance 

q; = 4;: + m:‘H, (5) 

where qZ is that portion of the total heat transfer 
which results in an increase in the sensible 
enthalpy of the liquid and/or is transferred 
across the wetted surface to the surroundings. 
Since the wetted test surface was essentially 
adiabatic and the liquid was preheated before 
injection so as to minimize the rise in sensible 
enthalpy of the liquid the term q: is relatively 
small and is reasonably approximated by 

4;: = Mh,, 2 - h,, 1). (6) 
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Thus, combining equations (5) and (6), we 
obtain from the interfacial energy balance 

4: nr; = - 
4 

where 

(#J = HU + h,,, - h,, 1’ (8) 

The net rate of simple mass transfer per unit 
width. nr:, is related to the local rate of simple 
heat transfer q;, through equation (7): 

The integral term in equation (9) was evaluated 
following procedures outlined in Chapters 11, 
14 and 15 of the textbook by Kays [ 161. Taking 
into account the influence of the thermal 
entrance length region, the variable property 
effects due to temperature and concentration 
differences, and the effect of the mass transfer, 
the final form of equation (9) becomes [ 131: 

x In (1 + Bh) St,.,. (IO) 

The blowing parameter B,, can be related to 
the parameter 4 by 

(11) 

The reference Stanton number SC,., was cal- 
culated from 

St,., = 0.0295 Pr-0’4 Re-0’2 x2 . (12) 

The molecular weight, M, was determined from 

1 G -=- 
M, Mu 

+ (1 - C,) 
MB 

(13) 

where the interfacial vapor concentration, C,, 
was computed from the approximate expression 

48 c,=-. 
1 + B, 

(14) 

Correlation equation for e,. A direct trial-and- 
error analysis of the mass transfer data showed 
that the entrainment parameter e, could be 
satisfactorily correlated in terms of a dimensional 
entrainment group X, : 

(15) 

where the temperature ratio (T,/T,)* is included 
to correct for variable gas density. Figure 6 
presents (1 - eo) as a function of X, with 

I.O- 
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O.B- 
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i? 
I 
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butanal 
water 
RP-I 

FIG. 6. Entrainment parameter e, as a function of entrain- 
ment group X,. 

(1 - eo) determined for each experimental test. 
(Recall that 1 - e, is just the slope of a linear 
least-square fit of the mass-transfer data when 
presented in the form of Fig. 4.) The curve 
shown in Fig. 6 is given by the following corre- 
la tion equation : 

e, = 1.0 - exp [ - 5 x lo- ’ (X, - IOOO)] (16) 

where X, is substituted with the dimensions 
lb;*. Although some scatter in the experi- 
mental data is evident, a good correlation of e, 
over the wide range investigated was obtained 
in terms of the relatively simple parameter X, 
Perhaps most significant is the fact that the best 
correlation for e, showed no dependence on the 
liquid viscosity, pk This is contrary to previous 
proposals [ 1 I, 141 that the entrainment should 
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be a strong function of a Reynolds number for 
the film based on the liquid viscosity. [The data 
presented in Fig. 6 represent a variation in pl 
from 1.7 x 10m4 (lb,,,/ft s) for water at a tem- 
perature of 265°F to 30 x 10m4 (lb,/ft s) for 
butanol at a temperature of 40”F.l 

Equation (16) suggests a critical value for 
X, of 1000 lb;*, below which negligible en- 
trainment of liquid occurs. This result is con- 
sistent with the work of Steen and Wallis [17] 
who investigated in some detail the onset of 
entrainment from a thin liquid wall film to a 
proximate gas stream and suggested that a 
critical gas stream velocity could be defined by 

where 

x, = 2.5 x 10-4 (17) 

Since the data reported by Steen and Wallis 
were for cold air flow (T, = T,) with most of 
the data for water as the liquid phase, substitu- 
tion of representative values of puB and pI 
into equation (18) gives : 

X, N 3.8 x lO%(lbJ+). (19) 

Thus, equations (17) and (19) give a corre- 
sponding critical value for X, of 950 lb;*, 
which agrees closely with the value of 1000 lb;* 
suggested by equation (16). It must be em- 
phasized, however, that it was not possible 
to correlate the entrainment parameter e. 
in terms of rc because, unlike the investigation 
of [17], the gas stream viscosity, pup varied 
substantially in the present investigation. There- 
fore, although the parameter II is attractive 
in that it is dimensionless, the present data 
suggest that the parameter X, better characterizes 
the phenomenon of entrainment. 

Physical interpretation of the parameter X,. 
The dimensional form of the correlation para- 
meter X, obtained empirically in seeking the 
best correlation of the data leaves some un- 
certainty in assessing the physical significance 

of the relationship between the variables govern- 
ing the phenomenon of entrainment. However, 
it is reasonable to expect the entrainment to be 
largely influenced by aerodynamic drag and 
surface tension forces acting on the interfacial 
waves. If the scale of the interfacial waves is 
characterized by a dimension l, then the ratio 
of the aerodynamic drag and surface tension 
forces acting on a wave define a dimensionless 
Weber number, We: 

(20) 

l.Jpon comparing the defining equations for 
X, and We, [ignoring for the sake of argument 
,the term (T,/T,)*] it is seen that X, would be 
proportional to We if a dimensional constant K 
existed such that 

K = $ = l,a = constant. (21) 

There is, in fact, some support for the suggested 
inverse relationship between !, and P,. Recall that 
qualitative analysis of extensive photographic 
data showed that the dynamic pressure of the 
gas stream, P, (and not G or pUe or any parameter 
for the liquid phase) was the parameter that 
most characterized the scale of the interfacial 
waves. Moreover, the scale was found to decrease 
with increasing values of P,. Therefore, although 
the exponent of 4 in equation (21) cannot be 
substantiated there is some physical evidence 
to support the form of the equation. 

Another interesting observation can be made 
with reference to the statement of equation (21). 
Shattering (or atomization) of liquid drops 
suspended in a gas stream is known to be 
characterized by a critical Weber number of 
about 6, where the characteristic length is 
chosen as the radius of the drop [ 181. Drawing 
an analogy between the breakdown of such 
liquid drops and the breakdown of interfacial 
disturbance waves, an approximate calculation 
can be made for the suggested dimensional 
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constant K : 

0.006 Ibf. (22) 

tlsing this value for K, together with equation 
(21) and the data of Table 1 for P, we calculate 
a maximum and a minimum value of the scale 
I, for the data of the present report of 0.00135 ft 
and 000018 ft, respectively. While these cal- 
culations are obviously very approximate, the 
values obtained for the scale 1, are surprisingly 
similar to the dimensions that characterize 
the structure of a liquid film subjected to rela- 
tively large interfacial shear forces [l]. 

In summary, it would appear possible to 
recast the correlation equation (16) for the 
entrainment parameter e, in terms of a dimen- 
sionless Weber number. While this procedure 
has some inherent advantages, it tends to 
obscure the fact that the dynamic pressure, Pdr 
and the surface knsion, (T, alone were found to 
completely dominate the entrainment mass 
transfer. Hence, it is suggested that the corre- 
lation equation (16) be retained in its dimensional 
form. 

Correlation of r. As a first approximation, 
it is assumed that the extent to which the inter- 
facial structure intensified the convective trans- 
port is primarily a function of the scale parameter 
1, ; i.e. we assume 

r = r(l,). (23 

On the basis of the foregoing interpretation of 
the physical significance of X, it follows from 
equation (21) that 1, can be approximately 
related to the square root of the dynamic pressure 
of the gas stream. Consequently, introducing a 
correction for variable gas density, a dimensional 
roughness group X, is defined by 

(24) 

and equation (23) is rewritten in the form 

r = r(X,). (25) 

Figure 7 presents the parameter r as a function 
of X, for the data of the present report. (Note 
that (1 + r) ni is just the negative of the intercept 
on the abscissa of a linear fit of the data when 
presented in the form of Fig. 4.) Although the 
data in Fig. 7 exhibit considerable scatter, much 
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FIG. 7. Roughness parameter r as a function of -oughness 
group X,. 

of this scatter can be attributed to the fact that 
the determination of r was very sensitive to 
experimental error in the measurement of the 
net rate of mass transfer [ 131. However, some of 
the scatter in the data is no doubt due to the 
fact that the rather complex phenomenon of 
interfacial roughness cannot be characterized 
completely in terms of the relatively simple 
parameter X,. 

The curve shown in Fig. 7 is given by the 
expression 

3.0 
r=Fs 

r 
(26) 

where X, has dimensions of lb$/ft. While the 
experimental data in Fig. 7 are in general 
agreement with this expression, the final form 
of equation (26) was arrived at by a trial-and- 
error computational procedure considering (a) 
the correlation of the experimental data of this 
report, (b) the correlation of the mass transfer 
data reported by Kinney et al. [9], and (c) the 
correlation of the experimental data for mass 
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transfer reported by Emmons and Warner [ 101. 
It should be strongly emphasized however, 
that in the analysis of both the experimental data 
of the present report and that of the indicated 
references [9] and [lo], the contribution to 
the net mass transfer due to the effective film 
roughness was, with few exceptions, substantially 
less than the entrainment contribution. Thus, 
the degree of confidence in the correlation for 
the roughness parameter r has to be somewhat 
less than that for the entrainment parameter e,. 

Resultant correlation of the mass-transfer 
data. Figure 8 summarizes the results of the 
calculations for those experimental data where 
the gas stream was heated. The plots in Fig. 8 
compare both the calculated rate of simple 
mass transfer and the rate of mass transfer 
predicted from equations (4) (16) and (26) 
of the present theory with the experimental data. 

r 
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r, 94O’F 

p 275 

X Methanol 

0 water 

A Butonol 

Measured mte of moss tinsfer, Wsft 

FIG. 9. Comparison of present theory with data for mass 
transfer with an unheated gas stream. 

Figure 8 graphically demonstrates that, in 
general, the simple theory for mass transfer is a . 

FIG. 8. Comparison of simple theory and present theory with 
poor approximation to the complex phenomena 

data for mass transfer with a heated gas stream. (a) methanol, that characterize liquid-film cooling. The maxi- 
(b) butanol, (c) water, (d) RP-1. mum difference between the experimental data 
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and the result predicted from the simple theory 
is shown in Fig. 8(a) for methanol as the film 
coolant. For the measured mass-transfer rate 
of 0.154 (lbjsft), the corresponding calculated 
simple rate of mass transfer is 0.022 (lbjsft), 
a difference of 700 per cent. Similarly, the 
maximum difference between the result pre- 
dicted from the present theory and the data is 
shown in Fig. 8(d) for RP-1 as the film coolant. 
For a measured rate of mass transfer of 0.0944 
(lbisft), the corresponding rate of mass transfer 
predicted by the present theory is 0.0765 (lb/sft), 
a difference of about 20 per cent. 

Figure 9 presents the results of the computa- 
tions for the cold-flow tests, where the realized 
rates of mass transfer were assumed to be due to 
entrainment only. The maximum value com- 
puted for the entrainment parameter e, was 0.32, 
as compared to a maximum value of 0.63 for the 
hot-flow tests. The agreement between the 
measured and the predicted rates of mass transfer 
is quite satisfactory, particularly in view of the 
fact that the pertinent physical properties for 
both the liquid and gas phase differed substanti- 
ally between the hot-flow and cold-flow tests. 

CORRELATION OF THE DATA FOR 
MAXIMUM FILM TEMPERATURE 

The film temperature 7;,,, can be related to 
the thermodynamic parameters for the gas 
stream by specifying (a) an energy balance 
across the gas-liquid interface, and (b) an 
analogy between the rates of convective heat 
and mass transfer. For the case of an isothermal 
film on an adiabatic wall, the energy balance 
parameter C#I 5 q”/m” simplifies to 

4 = A,, = H,,, (27) 

where H,,, is the heat of vaporization for the 
liquid at the temperature T,,,. Moreover, the 
simplest analogy between convective heat and 
mass transfer is 

St = St’ (281 

where St’ is the Stanton number for evaporative 

vapor pressure P,, m : 

,,‘,!f(p-p,,,) 3 
G p,,, M” 

(29) 

(It is significant to note that the validity of this 
analogy, unlike an analogy between momentum 
and heat or mass transfer, should not be 
necessarily affected by substantial liquid en- 
trainment.) Combining equation (7) with equa- 
tions (27H29) we obtain 

(P - P,,,) M, _ fLn 
P M, 

(30) 
l!.tn c,,(T, - 7;.,) 

which relates the liquid temperature 7;,,, to 
the parameters P, Tg cm and M, for the gas 
stream. 

T ,,,,,, pm=mt thaw, OF 

FIG. 10. Comparison of predicted maximum film temperature 
with measured value. 

Figure 10 presents a comparison of the mea- 
sured and the predicted values of T,,, for the 
data of the present report. The agreement 
between the experimental and analytical results 
shown in Fig. 10 is generally quite satisfactory, 
with the only substantial difference occurring 
for some of the data for RP-1 as the film coolant. 

mass transfer defined in terms of the interfacial However, the results of Fig. 10 suggest that the 
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simple theory is sufficiently accurate for the 
purposes of most engineering calculations. 

CONCLUSIONS 

The following principal conclusions are drawn 
from the results of the present investigation. 

1. The scale of the interfacial disturbance 
waves is principally characterized by the dynamic 
pressure of the gas stream, P, with the scale 
decreasing with increasing values of P,. 

2. The net rate of mass transfer from a thin 
liquid film can be substantially greater (typically 
5-10 times greater) than that predicted by the 
simple theory for mass transfer, with entrainment 
normally accounting for the bulk of the mass 
transfer. 

3. The rate of entrainment is a function of 
the rate of liquid injection, nlII, the dynamic 
pressure, P, and the surface tension, 0, with the 
amount of liquid entrainment increasing with 
increasing values of m, and Pa and decreasing 
values of 0. 

4. The liquid viscosity apparently does not 
influence the rate of entrainment, thereby 
contradicting the suggestion of some observers 
that the liquid-film Reynolds number is a 
primary parameter characterizing this pheno- 
menon. 

5. The “effective” roughness of the liquid film 
can apparently result in an increase in the 
evaporative mass transfer of as much as 80 per 
cent or more over that predicted by the simple 
theory. 

6. The data for net mass transfer is satis- 
factorily correlated in terms of two dimensional 
parameters, with one characterizing the entrain- 
ment phenomenon and the other the pheno- 
menon of film surface roughness. The comparison 
of the experimental data with the present theory 
shows that the agreement is generally to within 
5-10 per cent. 

7. There is some physical evidence that the 
dimensional entrainment group X, is equivalent 
to a dimensionless Weber number if the 
characteristic length for the latter is taken as 
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the scale of the small disturbance waves on the 
surface of the liquid film. Moreover, there is 
some evidence that the phenomenon of entrain- 
ment of liquid from the surface of a thin liquid 
film is analogous to the phenomenon of atomi- 
zation of liquid drops suspended in a gas stream. 

8. A relatively simple theory (essentially the 
classical theory for predicting the wet-bulb 
temperature) is found to predict the maximum 
liquid temperature with sufficient accuracy for 
most engineering calculations. 
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ETUDE FoNDAMENTALE DES PHENOMENES QUI CARACTERISENT LE 
REFROIDISSEMENT DUN FILM LIQUIDE 

R&sumLUne etude expirimentale a Cte effect&z pour mesurer le flux de transfert de masse (evaporation 
plus entrainement) d’un mince film liquide a un courant de gaz contigu Sont aussi determinees la temptra- 
turn maximale du film et les caracteristiques globales de la structure superhcielle du film. On a considere 
dcs temperatures de courant gazeux de 40, 400 et 6OO”F, des pressions de 75 psia et 150 psia, des vitesses 
du gaz de 40-400 fps une longueur de film refroidi de 10 pouccs et comme refrigerants du film: methanol, 
eau, butanol et RP-1. Lcs rtsultats concernant le transfert de masse montrent que le transfert de masse par 
entrainement est souvent plus important que celui dQ a l’tvaporation. Des les cas ou le transfert de masse 
par evaporation est relativement important on observe que la rugosite effective de la surface du film 
augmente I’haporation de I’ordre de 80 pour cent au-dessus de ce qui avait tte predit par la theorie simple 
(ou idtale) du transfert de masse. Les resultats sont systematiquement unifies en fonction de deux para- 
mttres dimensionnels relativement simples, avcc I’un caracttrisant le phbnomtne d’entrainement et 

l’autre le phtnomtne de rugosite superficielle du film. 

EINE GRUNDSATZLICHE UNTERSUCHUNG DER CHARAKTERISTISCHEN 
PHANOMENE DER FLtiSSIG-FILM-KUHLUNG 

Zusammenfassung-Es wurden Versuche durchgeftihrt, urn den gesamten Stofftransport (Verdampfung 
und mitgerissene Tropfchen) von einem dtinnen Fltissigkeitsfilm an eincn Gasstrom N messen. Ausserdem 
wurden die maximalen Filmtemperaturen und die Charakteristika der Oberfllchenstruktur dcs Filmes 
experimentell bestimmt. 

Die Versuche wurden bei Gastemperaturen von 4°C 204°C und 315’C, Driicken von 5,18 bar und 
lo,36 bar, Gasgeschwindigkeiten von 122 bis 122 m/s durchgefiihrt. Die dem Gasstrom ausgesetzte 
Lange betrug 25,4 cm; als Fhissigkeitcn dienten Methanol, Wasser, Butanol und RP-1. 

Die Ergebnisse zeigen, dass der Stofftransport lurch mitgerissene Tropfen eine mehrfach griissere 
Bedeutung hatte als der durch Verdampfung. In Fallen, in denen der Stofftransport durch Verdampfung 
einen relativ grossen Anteil hatte, wurde beobachtet, dass die “effektive Rauhigkeit” der Filmoberflache 
die Verdampfung bis zu 80 Prozent iiber den Wert nach der einfachen (oder idealen) Theorie erhdhte. Die 
Versuchsergebnisse sind mit Hilfe zweier relativ einfacher Parameter systematisch zusammengefasst. 
Von den Parametem charakterisiert der eine das Mitreissen und der andere die “Oberflachenrauhigkeit” 

des Films. 
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He8 ra3OBOMy nOTOKy. TaK%e OnpeAeneHbI 3KCnep~iMelfTaJIbHO MaKCMMaJIbHaR TeMnepaTypa 

IlJIeHKM II o6uae XapaKTepIJCTIJKH CTpyKTypbI nOBepXKOCTCIIlJIeHK1~. MCCJIeROBaHl'IH npOBOa- 

EiJnicb npH cneayIouex napaMeTpax: TeMnepaType noToKa ra3a 40"F, 4OO"F, 6OO"F, 
AaBneKEln 75 nma II 150 nwa, CK~~OCTRX ra3a 40-400 c)gT/ceK., ~nme oxnamgalomefi 
nneKKa 10 AIO~~MOB. B KaqecTBe Oxna~MTeneB nneIiKH IIcnOJIb30BaJIIrCb MeTaHOJI, BOAa, 

6yTaHOJIH RP-1. 
AaHHbIe n0 MaCCOO6MeHy IIOKa3bIBaIOT, qT0 MaCCOO6MelI Ilpll YItOCe 06bIYHO B IleCKOJIbKo 

pa3 6onee BameK, YeM npn acnapeerw. B TCX cnysaKx, rtorfia TennooheIinpn mcnapeaakl 

WpaeT OTHOCATeJlbHO IIaHcHyIO pOJIb, Ha6JlIOAZlOCb, 'IT0 3~l~leKTlIBIIaJl IIIepOXOBaTOCTb 

nOBepXHOCTI% IIJIeKKLI yBeJI&lYHBaeT Krnaperrne Ha 8Oo/o no cpanKerwn0 c Ircnapea~iehf, 

npeACKa3aHHbIM npOCTOli (~I~eEUlbHO2i) TeOpllet MaCCOOhleHa. JaHHbIe n0 MaCCOO6MeHy 

cncTeMaTliqecKI4 0606~aloTcH c nOMOIqbI0 AB~X Fie3paaMepmJx napakfeTpon, xapaKTepn3- 

~MU[IZX mmewie yrroca II mepoxoBaTocTIf mewim. 


