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Abstract-An experimental investigation of heat transfer from a flat plate to horizontal cocurrent air- 
water flow has been carried out to assess the effects of the different flow regimes on the effectiveness of the 
heat transfer. The results for smooth liquid film flow and two-dimensional wavy flow of the liquid phase 
are shown to agree with the theoretical analysis of heat transfer to smooth films. Three-dimensional waves 
and roll waves are shown to increase the Nusselt number (compared with smooth films) by more than 100 
per cent. By using a surfaceractive agent to stabilize the flow direct comparison between wavy flow heat 
transfer and smooth flow heat transfer is obtained. At sufficiently low gas phase Reynolds numbers and at 

sufficiently high wall heat fluxes Rayleigh-like instability due to buoyant forces is shown to occur. 

NOMENCLATURE T, temperature [OK]; 
Roman letters T,, mixed mean liquid film temperature 

A”, eigenconstants in equation (6); c”K]; 
4 Gr/ReLi ratio of the Grashoff and To, inlet temperature [“K] ; 

Reynolds numbers: T wall temperature [“K] ; 

97 gravitational acceleration constant U: velocity [cm/s] ; 
[cm/s’] ; ui, velocity for pure Poiseuille film flow 

Gr, S3pig/l(Tw - Tb)/& Grashoff num- [cm/s] ; 
ber [dimensionless] ; ui, velocity for pure Couette flow [cm/s] : 

h, average heat transfer coefficient W, 
[J/m2soK]; 

tunnel width [cm]; 

X, axial coordinate; 
J&z), J_+(z), Bessel functions; Y, transverse coordinate. 
k, thermal conductivity [J/ms”K] ; 

K,, K,, integration constants; Greek letters 
Nu, q,S/k(T, - T&, Nusselt number [di- a, 

mensionless] ; 
thermal diffusivity [cm2/s]; 

A coefficient of thermal expansion 
Pe, SU,/a, PeckAt number [dimension- [‘K-*1; 

less] ; 4 
PO, - tjb2/2p Vi,, Poiseuille number c, 

liquid film thickness [cm] ; 
dimensionless transverse coordinate: 

[dimensionless]; 4 (T - T,)/(q,Gjk), dimensionless tem- 
Q? volumetric flow rate [cm3/s]; perature; 
Reo, QC/WvG, Reynolds number [dimen- 8,, 

sionless] ; 
asymptotic dimensionless tempera- 
ture distribution; 

Re,, QJWvL, liquid phase Reynolds num- A,, eigenvalues; 
ber [dimensionless]; L 

Re,,, S Ui/vL, liquid phase Reynolds number 
viscosity [g/ems] ; 

V, 

[dimensionless] ; 
kinematic viscosity [cm2/s]; 

; $1 dimensionless axial coordinate; 
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density [g/cm”] : 
surface tension [dynes/cm] : 
interfacial shear stress [dyne/cm’] : 
pressure gradient [dynejcm.3]; 
eigenfunction. 

Subscripts 

G, refers to the gas phase: 

2, 
refers to the gas-liquid interface; 
refers to the liquid phase: 

0, refers to the inlet: 
if. refers to the wall. 

INTRODUCTION 

Wrtmr a gas and a liquid flow concurrently in a 
channel or conduit the fluid mechanics is 
complicated by the variety of flow patterns that 
can occur. The flow patterns depend not only on 
the Reynolds numbers of the two phases but 

also on the interfacial tension and other para- 
meters that are not usually significant for single 
phase flow. Since the flow field greatly affects 

heat and mass transfer rates it is to be expected 
that heat andjor mass transfer to two-phase 
flows depend upon the flow regimes encountered. 

IHorizontal flow of gas-liquid mixtures in a 
duct of large aspect ratio (width to height) has 
been widely studied to elucidate some of the 
characteristics of two-phase flow. Hanratty and 
Engen [I] identified the flow regimes that are 
observed for a fixed liquid flow rate as the gas 
flow rate is increased. They are: (I) smooth 
interface, (2) two-dimensional waves, (3) three- 

dimensional waves, (4) roll waves and (5) 
atomization, i.e. dispersion in the gas phase of 
liquid droplets torn from the film. Ellis and 

Gay [2], van Rossum [3], Smith and Tait [4] 
and Davis [S] also observed and studied these 
wave regimes. 

[6] reported the effects of a surfactant, sodium 
lauryl sulfate, on the transition to two- and 
three-dimensional waves for air-water flow. 
They found that even the roll wave transition is 
shifted to higher gas phase Reynolds numbers 
when the liquid film is contaminated. Davis and 

Cooper [7] used a soluble surfactant to stabilize 
the liquid film in their study of heat transfer to 
horizontal airwater flow with a smooth inter- 
face, and Craik [8] and Smith and Craik [9] 

theoretically and experimentally examined the 

stability of a liquid film containing a soluble 
surfactant when an air stream flows over the 
film. The latter investigators found that at large 

liquid Reynolds numbers the stability is en- 
hanced due to increased viscous dissipation in 
the viscous layer just within the liquid surface. 
and at small liquid Reynolds numbers surface 
elasticity may be destabilizing. Recently 
Narasimhan and Davis [IO, I I] studied the 
effects of surfactants on the interfacial structure 
in horizontal air-water flow, hnding that the 
two- and three-dimensional wave regimes are 

frequently replaced by a flow regime involsinp 
wave patches on an otherwise smooth film. The 
wave patch regime occurs over a fairly wide 
range of gas and liquid flow rates. 

It is the purpose of the present paper to report 

the results of heat transfer measurements associ- 
ated with the various flow regimes discussed 
above. Although Davis and Cooper provided 
some data on heat transfer to horizontal wavy 
film flow, their results were largely confined to 
smooth film flow. The present work extends and 
amplifies the study of Davis and Cooper. 

RELATED MASS AND HEAT TRANSFER STUDIES 

Although the interfacial structures reported 
by the above investigators are reproducible and 
well defined the addition of even trace amounts 
of surface-active agents substantially changes 
the interfacial profiles and the transitions from 

one regime to another. Hanratty and Hershman L- ._l . 1 1 . 

Since the 1954 study of Emmert and Pigford 
[ 121 on the absorption of gases by both rippling 
and smooth falling liquid films there has been 
considerable interest shown in mass transfer to 
liquid film flow [IX-%]. But most of these 
studies are concern& with the enhancement of 
mass transfer at the gas-liquid or liquid--1iqu~d 
f261 interface due to rinnles or standing waves 
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ENHANCEMENT OF HEAT TRANSFER 1539 

[20, 271. It is generally agreed that interfacial 
mass transfer is greatly enhanced by wave 
motion. 

Mass transfer at the solid-liquid boundary is 
another matter. Using an inclined plate, part 
ofwhich was benzoic acid, Kramers and Kreyger 
[16] studied mass transfer at the wall for short 
surfaces. Their results are consistent with 
laminar boundary layer theory, indicating that 
the wave motion did not penetrate to the wall. 
Stirba and Hurt [15] used a longer soluble 
surface in a similar study of vertically falling 
films. The increased mass transfer rates (com- 
pared with smooth films) were considered to 
be due to wave induced turbulence in the film. 
lribarne et al. [24] and Wragg et al. [34] used 
electrochemical techniques to study mass trans- 
fer at a wall with film flow. They found their 
results to be in agreement with the Leveque 
solution for laminar flow, which suggests that 
for short sections the wave motion has no effect 
on the flow field at the wall. Oliver and Atherinos 
[35] drew the same conclusions from their 
study of mass transfer from an inclined soluble 
wall to a liquid film. The latter researchers made 
dye tracer studies which showed that the surface 
ripples had no effect on the flow of liquid 
adjacent to the solid surface. 

In a theoretical analysis of heat transfer 
between a solid wall and a wave O’Brien [42] 
used a Gerstner wave model of the flow field to 
predict, at most, a 100 per cent increase in heat 
transfer compared with smooth films. 

ANALYSIS 

The temperature field in a smooth horizontal 
liquid film flowing under the influence of a 
pressure gradient and the shear of a con- 
currently flowing gas phase is described by the 
convective diffusion equation 

The coordinates and a schematic diagram of the 
system are shown in Fig. 1. The velocity distri- 
bution in the liquid film is a function of the 
pressure gradient $ in the conduit as well as the 
interfacial shear zi exerted by the turbulent gas 
phase on the liquid, i.e. 

* 
l4 = -((y2 _ 244 + y 

2P 
(2) 

P 

where b is the liquid film thickness. 

Relatively little work on heat transfer specific- 
ally to wavy film flow has been carried out. 
Bays and McAdams [37], Williams et al. [38] 
and Chand and Rosson [39] studied heat 
transfer to wavy vertical film flow, reporting 
that ripples enhance heat transfer from the wall 
by only Z&30 per cent. Fedotkin and Firisyuk 
[40] reported enhancements of 20-l 30 per cent 
in their study using an inclined heated plate, 
but they provided no information about the 
wave characteristics. Inducing surface waves by 
means of an electric field Choi [4] found that 
the vertical condensation heat transfer coeffi- 
cient was increased by as much as 100 per cent 
over smooth film values. Davis and Cooper [7] 
also measured substantial enhancement of heat 
transfer by wave motion in horizontal two-phase 
flow. 

If Ui is the interfacial velocity for pure 
Couette flow (II/ = 0) of the liquid film and ui 
is the interfacial velocity for pure Poiseuille 
flow (zi = 0) then the velocity distribution may 
be written 

(3) 

If the pressure gradient is sufficiently small 
compared with the interfacial shear, i.e. if 
uiiUi < I, Equation (3) reduces to a linear 
velocity profle. This is generally the case for the 
experiments discussed below. The parameter 
u~,/U~ can be recognized as the Poiseuille 
number, PO s - $S2/2~Ui. 

Introducing dimensionless variables 
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FIG. 1, The system and coordinates under consideration 

where Pe = SUijol, and incorporating equation 
(3) in equation (1) we obtain 

The dimensionless temperature is normalized 
by the factor q,S/k because the experiments 
were made at constant wall heat flux q,,,. 

The solution of equation (4) has been discussed 
in considerable detail by Davis [43] elsewhere. 
For Pe > 100 the axial conduction term can be 
neglected, and when PO 4 1 also, equation (4) 
reduces to 

which was discussed by Davis and Cooper. They 
presented the solution of equation (5) for several 
sets of boundary conditions at the wall and at 
the interface. 

The solution of equation (5) is 

where 8, is the asymptotic temperature distri- 
bution, and the eigenfunctions are given by 

Y”(C) = K ,ii; ~‘~J.&IL,~~) 

+ K,I1,; ,‘<J_, (+&,[4,. (7) 

The coefficients K ,, K, and the eigenvalues i”,, 
are obtained by applying the boundary condi- 
tions, and the A, in equation (6) are obtained 
from the entry condition using the usuai 
orthogonaIity properties of ty,(C_) and u/,(0 

EXPERlMENTS 

The experimental equipment used in this 
work is essentially the same as that described 
in [7], however, the heat transfer test section 
was redesigned to eliminate axial conduction 
in the wall [44). Air, supplied by a turbo- 
compressor, was cooled and saturated in a 
spray chamber, passed through a plenum 
chamber and through a section containing tubes 
to straighten the flow, then flowed through a 
converging section which served as a venturi to 
measure the flow rate. The test section, a 6.1 m 
long plexiglas wind tunnel 25 cm in width by 
261 cm in height, was connected to the venturi 
by means of a flexible rubber section to minimize 
vibration. A metered (by rotameters~ stream of 
water‘ was introduced through perforations in 
the tunnel bottom near the air inlet. 

The heat transfer section consisted of a 
60.1 cm copper block inserted flush with the 
tunnel bottom and extending the width of 
the tunnel. The upstream edge of the block 
was 4.9 m from the air inlet. The copper block 
was cut into 6 sections as indicated in Fig. 2, and 
the sections were insulated from each other by 
16 mm thick Teflon sheets. As will be shown. 
the axial conductjon in the block produced by 
variations in the surface temperature of the 
block due to heat transfer to the liquid film was 
effectively eliminated by cutting and insulating 
the block. Since axial conduction would be 
most pronounced near the upstream edge of the 
block, the sections were shortest near the leading 
edge, increasing in length as one proceeds 
downstream. Electrical strip heaters were in- 
stalled beneath the copper biock, each set of 
heaters being controlled by separate variable 
transformers. The eiectrical power supplied to 
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‘%TRlP HEATERS L NICHROME BACKUP 
HEATER 

FIG. 2. The heat transfer test section. 

each section was measured using calibrated 
voltmeters and ammeters. With this arrange- 
ment either constant and uniform wall tempera- 
tures or constant uniform heat flux boundary 
conditions could be maintained. For all of the 
data reported below the constant flux boundary 
condition was used. 

The energy supplied to the film was generally 

kept at a low enough level to prevent a large 
increase in the mixed mean fluid temperature 
across the heat transfer test section. This had 
two desired effects (1) to keep the transverse 
temperature gradients in the film smafl enough 
to prevent instabiliti~ due to buoyant forces 
and (2) to eliminate the effects of variable physical 
properties on the heat transfer. When the liquid 

ROLL WAVES 

TRANSITION, THREE DIMENSIONAL TO ROLL WMES 

THREE DIMENSIONAL WAVES 

TWO DIMENSIONAL WAVES 

FIG. 3. Oscillograph tracings of wave characteristics. 
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flow rate was very low, however, the first effect 
could not always be avoided because the heat 
flux required was too low to measure accurately. 

At very low heat fluxes (q,,, < 9000 J/m2s) the 
error in the energy balance (power input com- 
pared with the enthalpy increase of the liquid 
film) on the liquid film was unacceptably high 

(error > 10 per cent). 
The film thicknesses were measured by means 

of the micrometer probe and the conductance 
cells (platinum electrodes mounted flush with 
the tunnel bottom) described in [5] and [7]. 

Typical oscillograph tracings of the cell output 
are shown in Fig. 3. Other measurements and 
details are discussed in a thesis by Frisk [45]. 

To directly determine the differences in heat 

transfer characteristics between smooth film 
and wavy film conditions experiments were 
carried out as follows: Gas and liquid flow rates 

were set such that some desired flow regime was 

attained. The power to the heaters was turned 
on, adjusted to constant wall heat flux condi- 

tions, and the system was permitted to reach 
steady state. The temperature distribution in 
the copper block and the various fluid mechanics 
and thermal parameters were then measured. 
When the measurements were complete the 
system was maintained at exactly the same flow 

rates and power levels and surfactant was 

added to the liquid phase collecting tank at the 

wind tunnel exit. The recirculation of the liquid 

phase led to thorough mixing of the soluble 

surfactant (Kodak Photo Flow-200), and within 
a few minutes the wave motion in the test 

section was usually completely suppressed. 

RESULTS 

For tap water uncontaminated with sur- 
factant the flow regimes described above were 
observed. Figure 4 is a flow map for uncon- 

THREE DIMENSIONAL WAVES 

WAVES 

SMOOTH FILMS 

I I I I I I 
100 200 300 400 500 600 

Re,_, LIQUID PHASE REYNOLDS NUMBER 

FIG. 4. Flow regimes for uncontaminated water. 
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I I I I I I I I I 

3 
g 0.6- SYMBOL RUN NO. THEORY 

/ 3 0 IS 
& 20 
0 21 
0 22 

0 23 
l 24 

0.0 I I I I . 30 
I I I 

0.0 0.02 0.04 0.06 a08 0.10 0.12 0.14 0.16 0.18 

I, DMNSKMLESS AXIAL DISTANCE 

FIG. 5. A comparison between experimental and theoretical 
wall temperature profiles for smooth liquid film flow. 

taminated water showing the transitions to adding surfactant to the liquid it was always 
two- and three-dimensional waves and to roll possible to suppress two- and three-dimensional 
waves as functions of the gas and liquid Reynolds waves, but the roll wave transition is only 
numbers. The two-dimensional regime is seen slightly affected by surface-active agents, so it 
to exist over a rather small region of gas and was necessary to operate only slightly above the 
liquid flow rates, but the three-dimensional roll wave transition line of Fig. 4 if roll waves 
structure occurs over a much wider range. By were to be stabilized. 

I I I I I I I I 

SYMBOL RUN NO. THEORY -I 

0 IO 
0 II 

- 9i'O 

0 IS 
---=To _ 

I I I I I I I I I I 
0.0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 

c, DMENSONLESS AXIAL DlSTANCE 

FIG. 6. A comparison between experimental and theoretical 
Nusselt numbers for smooth liquid film flow. 

OJ8 
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The heat transfer results for the smooth film 
runs are in excellent agreement with the analysis 
of Davis and Cooper as seen in Figs. 5 and 6. 
Figure 5 is a plot of the dimensionless wall 
temperature versus dimensionless axial position. 
The theoretical results for an adiabatic interface 
(no heat transfer to the gas phase) and for a 
constant interfacial temperature are both 
plotted. Figure 6 is a similar comparison between 
the theoretical and experimental Nusselt num- 
bers as a function of the dimensionless axial 
position. The Nusselt number is defined by 

where q,,, and d are the measured local heat 
flux and measured film thickness, respectively. 
The local wall temperature 7;1, was measured by 
extrapolating the temperature profiles in the 
copper block to the solid surface and the focal 

mixed mean liquid temperature Tb was calculated 
knowing the liquid flow rate, inlet temperature 
and heat capacity and the power input up to the 
axial position in question. 

The experimental results summarized in 
Figs. 5 and 6 generally fall within the thermal 
entry region where the temperature distribu- 
tions are not fully developed. A measure of the 
thermal entry length is the point at which the 
theoretical solutions for constant interfacial 
temperature and for an adiabatic interface 
begin to diverge. For ? < 0.08 the wall tempera- 
ture axial profiles and the Nussett number pro- 
files are independent of the interfacial boundary 
condition, for the thermal boundary layer is still 
thinner than the liquid film. The Nusselt 
number results for < < O-08 suggest that a 
constant interfacial temperature is the proper 
boundary condition here. 

The flow parameters and other information 

Run No. Fi!m RQ.: RG. R% 

7 
8 
9 

10 
I! 
12 
13 
14 
IS 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 

Smooth 156 104 
Smooth 154 106 
Smooth 139 102 
Smooth 368 242 
Smooth 417 248 
Roll waves 367 243 
Roll waves 410 243 
3D-patches 341 244 
3D waves 328 246 
Roll waves 370 262 
2D waves 371 257 
Smooth 374 259 
Smooth 358 239 
Smooth 345 242 
Smooth 383 240 
Smooth 338 239 
Smooth 333 235 
Smooth 369 234 
Roll waves 375 235 
Roll waves 333 235 
3D-RW tram 342 241 
3D waves 376 238 
3D waves 421 228 
Smooth 430 230 
2D-3D trans 455 225 
Smooth 455 225 
Roll waves 334 248 

2540 7.8 
2800 7.8 
2840 7.4 

15540 44.5 
14720 44.5 
15370 44.5 
14700 44.5 
13060 36.9 
10960 32.1 
18540 69.5 

2810 12.4 
2780 12.4 

12450 369 
to550 32-l 
15770 49.8 
14690 42-8 
13720 40.6 
11230 32.5 
15740 49.8 
14600 42.8 
13520 40.6 
11040 32.5 

8540 26.8 
8690 26.8 
4190 16.9 
4190 16.9 

17220 59.5 

is 
(cm) 

0,213 
0.206 
0,203 
0.094 
0.104 
0.094 
0.104 
O-104 
0.114 
0.056 
O-320 
*320 
0.104 
0.114 
0.084 
0,086 
0.09 I 
0.127 PO43 5@72 0.21 
0.084 0032 --_ 
0.086 
0.09 1 
0.127 
0,183 
@183 
0,312 
O-312 
0.058 

PO43 
0.043 
0.032 
0,036 
0,062 
0,047 
0.044 
0,045 
OGlh 
0.069 
@068 
0.031 
0,034 
0.024 
0.025 
0,026 

49.00 
49.00 

55.51 
5668 
56.68 
46.77 
46.77 
50.72 

I.25 
1.15 
1.23 
0.07 
0.09 

3.68 
0.12 
0.18 
0.05 
O-07 
0.07 

0033 - 
0,034 - 
0,057 - 
0087 - 
0072 59.74 0.36 
0.091 -- 
0.093 59.74 1.84 
0.017 - 

‘iw h 
(J:m’s) (Jjm%‘K) 

9150 870 
9110 880 
9 130 800 

21 170 1130 
21300 1220 
?I 030 2580 
20610 2 300 
20920 2120 
20 830 1910 
21210 ?2SO 
18820 890 
18640 900 
18940 1090 
18280 990 
20920 1250 
21010 1 IKO 
IX 580 1100 

19000 990 
21220 2540 
21130 2440 
18710 1300 
18640 1990 

9450 1310 
9180 770 
9260 650 
9310 630 

20 940 2120 
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I I I I I I I I 

z 
2 

SYMBOL RUN NO. 

al.O- O 12 

? 0 0 13 14 
I A 
FOB- rJ 

15 
25 

z! A 26 
s 

SYMBOL RUN NO. THEORY 
V 27 - Qj’O 
v 28 --- Tie To 
0 29 

_ - 

0.0 I I I I I I I I I I 
0.0 0.02 0.04 0.06 0.06 0.10 0.12 0.14 0.16 0.16 

5, DlMENStONLESS AXIAL DISTANCE 

FIG. 7. The effects of wavy liquid flow on the wall temperature profile. 

for the experimental runs are summarized in 
Table 1. The data shown in Figs. 5 and 6 
represent a fairly wide range of smooth film 
conditions. 

The Nusselt number results of Fig. 6 are in 
much better agreement with theory than the 
results of Davis and Cooper because the effects 
of axial conduction in the wall have been 

eliminated here. Axial conduction in the wall 
tends to increase the wall temperature in the 
upstream region of the block, thereby, reducing 
the calculated Nusselt number. 

The effects of three-dimensional waves and 
roll waves on the heat transfer characteristics 
are shown in Figs. 7 and 8. The local Nusselt 
numbers and the dimensionless distances C; 

I I I I I I I I I I ( 
SYMBOL RUN NO. SYMBOL RUN NO. THEORY 

$, DIMENSJONLESS AXIAL MSTANCE 

FIG. 8. The effects of wavy liquid flow on the local Nusselt numbers. 
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I I I I I I I I 

6- SYMBOL RUN NO. FILM THEORY 
B 0 20 SMOOTH - qi’ 0 
!z Cl 15 30 --- Ti= To 

z5 

3 

I I I I I I I I I 
0.0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 

$,, DIMENSIONLESS AXIAL DISTANCt 

FIG. 9. A comparison between heat transfer results for 
smooth film flow and three-dimensional wave flow. 

calculated for these runs are based on the 
properties of the corresponding smooth film 
runs for which the flow was stabilized using a 
surface-active agent. In this way the results can 

be directly compared with the theory for smooth 
film flow. Figure 7 shows that the wall tempera- 
tures are considerably lower than those pre- 

dicted for smooth film flow. Furthermore, the 
wall temperature is nearly linear in C; for these 
data, suggesting that the fully developed tem- 
perature profiles are reached within a short 
distance from the leading edge. 

The local Nusselt numbers are generally 

much higher than those predicted for smooth 
films. For most of the runs shown the heat 
transfer enhancement is nearly 100 per cent. 

A sharper contrast between smooth and wavy 
flow data is obtained by comparing the run 
pairs for which the only difference in conditions 
is the presence of surfactant in the liquid for one 
of the runs. Figure 9 is a comparison between the 
Nusselt numbers for run 20, which involved a 
smooth contaminated film, and run 15, which 
involved a three-dimensional wave structure, 
at otherwise identical conditions. Figure 10 is a 

similar comparison between a smooth film flow 
and roll waves. 

The nearly step-like decrease in the Nusselt 
number for 0.01 < t < 0.02 shown in Fig. 10 
suggests that the thermal entry length is very 
short for roll waves. The turbulent eddies that 

precede the wave crests apparently penetrate 
nearly to the wall. It is rather interesting to 
note that although roll waves appear to be more 
turbulent than three-dimensional waves the 
heat transfer enhancement associated with roll 
waves is not significantly greater than for 

three-dimensional waves. 
When only trace amounts of surfactants are 

used two- and three-dimensional wave regimes 
may be replaced by wave patches, which involve 
patches of three-dimensional waves scattered 
over an otherwise smooth surface. The surface 
may even alternate between three-dimensional 
waves and wave patches in a very irregular 
manner. Figure 11 shows a comparison between 
Nusselt numbers for such an irregular flow and 
for the corresponding smooth flow. As in the 
case of roll waves and regular three-dimensional 
waves the Nusselt number is increased by a 
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6 

I I I I I I I I I 

SYMBOL RUNNO. FILM TitEORY 
0 IO SMOOTH - qi=O 
0 12 RW -- Ti=T, 

0 

0 0 cl 
0 Cl 0 

“-- 0 -- 
I I I I I I I I I I 1 

0.0 0.02 0.04 0.06 0.06 0.10 0.12 0.14 0.16 0.16 

5, DIMENSlONLESS AXIAL DISTANCE 

FIG. 10. A comparison between heat transfer results for 
smooth film flow and roll waves. 

factor of about 2 compared with smooth films. shows these results for some smooth film data. 
Two-dimensional waves exist only at relatively In the upstream portion of the heated film the 

low gas and liquid Reynolds numbers, and the Nusselt numbers follow the theoretical pre- 
heat transfer data taken at low Reynolds num- dictions, but at some point down-stream from 
bers show some unexpected results. Figure 12 the leading edge of the heated wall (which de- 

I I I I I I I I I 

6- 
SYWOL RUNNO. FILM THEORY 

0 IS .sMooTH - qj=o 

cl 

I I I I I I I I I 
0.0 0.02 OL14 0.06 0.06 0.10 0.12 0.14 016 0.18 

<.DfMNWWSS AXIAL DISTANCE 

FIG. 11. A comparison between heat transfer results for 
smooth film flow and waves in the transition from three- 

dimensional waves to wave patches. 
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0 SWVlBOL RUN NO. B=Gr/RaLi 

0 7 
IO 

1.25 
n 8 1.1 5 
a 9 1.23 
0 I8 3.66 
l 32 1.84 

I I I I I I I I 
0.0 0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 

I, DIMENSIONLESS AXIAL DISTANCE 

FIG. 12. Nusselt numbers for two-dimensional wave flow. 

pends on the heat flux as well as the flow rates) hoff to Reynolds numbers for all of the runs 
a minimum Nusselt number is attained followed taken (see Table 1) it becomes clear that the 
by a sudden increase in Ntr. Since the apparent sudden increase in Nu is due to the onset of 
transition is affected by the heat flux as well as the natural con\ ection. Defining the relevant Gras- 
flow rate a Rayleigh-like instability is hoff number as Gr E ii”p&p(~,, - T*)jk$ and 
suggested. If we examine the ratio of the Gras- the Reynolds number based on the interfacial 
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FOG. 13. A comparison between heat transth results for 
smooth film flow and the corresponding two-dimensional 

waves. 
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velocity as ReLt s c5UiJvL, the ratio B E Gr/ReLv 
is given on Fig. 12 and in Table 1. For the great 
majority of the experimental runs B $ I, but for 
all of the runs exhibiting a minimum Nu we 
have B > 1. For runs 17 and IS, which show the 
most pronounced effects of natural convection 
B = 363, the highest value of B attained. As B 
decreases the Nusselt numbers approach those 
predicted for smooth films. 

Although the two-dimensional runs exhibited 
a minimum Nu, comparisons can be made 
between results for smooth films and two- 
dimensional wavy films. The results are shown 
on Fig. 13. There are no significant differences 
between runs 17 and 18 and between 31 and 32. 
Although natural convection effects could mask 
any differences between runs 17 and 18 due to 
waves, the data for the upstream region of the 
heater for runs 31 and 32 are signi~cant. There 
is no measurable difference between runs 31 and 
32, which were taken precisely at the same flow 
conditions. Before and after the surfactant was 
added during the course of these runs no wall 
temperature changes nor any other thermal 
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effects were observed. The only effect was damp- 
ing of the two-dimensional ripples after 
surfactant was added. 

As indicated in Table 1 the Poiseuille number 
for all runs was sufficiently low (PO < 0,093) 
that the liquid phase velocity profile may be 
considered to be linear. The static surface ten- 
sions, measured after each run, are reported for 
those runs involving surface-active agent. For 
the other runs G = 74.4 dyne/cm, which is 
usual for uncontaminated water. 

One further comparison among the heat 
transfer results can be made that is very in- 
formative. We can compare the average heat 
transfer coefficient h for all of the runs measured 
at a particular liquid flow rate (or volumetric 
Reynolds number). We shall define h as the heat 
transfer coefficient averaged over the heat 
transfer surface between the first and last 
thermocouple stations, i.e. 

X8 
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h dx. 
xa - XI 
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FIG. 14. Average heat transfer coefficients as a function of the 
flow regime and the gas phase Reynolds number. 
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The results for Re, = 240 i_ 9 per cent are 
shown in Fig. 14 as I; vs. Re,. The data for smooth 
films and the two-dimensional waves data 
(calculated by assuming that the points beyond 
the onset of natural convection lie on the smooth 
film curve of Fig. 13) lie on a single straight line, 
and the other wavy film data lie on a second 
straight line of greater slope than that for the 
smooth data. By using the method of least 
squares nearly the same upper line is obtained 
whether one uses only the three-dimensional 
wave data or only the roll wave data. This is 
somewhat surprising because of the markedly 
different appearance of the two regimes. The 
three-dimensional waves appear to be merely 
surface waves that do not penetrate to the solid 
wall whereas the roll waves, though there are 
three-dimensional waves on their surfaces, 
appear to be quite turbulent just downstream 
of the crests. The surging, unsteady nature of the 
roll waves does not show up in the heat transfer 
measurements because of the large thermal 
capacity of the copper bIock, so it is possible 
that any change in the heat transfer characteris- 
tics associated with the roll wave transition is 
masked by the heat capacity of the block. 

CONCLUSIONS 

(1) Experimental Nusselt numbers and wall 
temperatures for heat transfer to smooth hori- 
zontal liquid films are in good agreement with 
theoretical predictions. 

(2) Two-dimensional ripples have no effect 
on heat transfer at the wall in the thermal entry 
region. 

(3) Three-dimensional and roll waves can 
increase the Nusselt numbers by more than 
100 per cent compared with smooth film flow. 

(4) For Gr/Re,# > 1 the thin liquid films are 
unstable with respect to buoyant forces due to 
density gradients in the film. Natural convection 
in the Mm was found to occur in the downstream 
portion of the test section for Gr/ReLz > 1. 

The authors are grateful to the National Science Founda- 
tion for Grant GK 10269. The present work was carried out 
under that grant. The authors also wish to acknowledge 
the assistance of T. V. Narasimhan who helped construct 
the equipment and collect the data. 
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L’AUGMENTATION DU TRANSFERT THERMIQUE PAR DES ONDES DANS 
L’ECOULEMENT STATIFIE GAZ-LIQUIDE 

R&n&-Une recherche experimentale sur le transfert thermique d’une plaque plane a un Ccoulement 
horizontal air-eau cocourant a tte realiste pour Cvaluer les effets de regimes d’boulement differents sur 
I’efftcacitt du transfert thermique. Les result&s pour l’ecoulement d’un film liquide l&se et pour un 
ecoulement de la phase liquide avec ondes bidimensionnelles sont en accord ava- l’analyse theorique du 
transfert thermique relatif a des films l&es. Des ondes t~dimensionnell~ et des rouleaux accroissent 
de plus de 100~ le nombre de Nusselt (compare aux films lisses). En utilisant un agent tensio-actif pour 
stabiliser I’boulement on obtient une comparaison directe entre Ie transfert thermique avec Ccoulement 
rid6 et le transfer? thermique aver boulement lisse. I1 se produit une instabilitt de type Rayleigh due aux 
forces d’Archimede pour des valeurs suffisamment basses du nombre de Reynolds de la phase gazeuse et 

des tlux thermiques a la paroi sufflsamment Be&s. 
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DIE ERH(5HUNG DER WARMEUBERTRAGUNG DURCH WELLEN IN GESCHICHTETER 
GAS-FLUSSIGKEITS-STRiJMUNG. 

Zusammenfassung-Die Warmetibertragung von einer ebenen Platte auf eine horizontale, gleichgerichtete 
Luft-Wasser-Striimung wurde experimentell untersucht, urn die Auswirkungen verschiedener Stromungs- 
bedingungen auf die Effektivitat der Warmetibertragung abzuschltzen. Es wird gezeigt, dass die Ergebnisse 
fur glatten Fliissigkeitsfilm und fiir zweidimensionale, wellige Striimung der fliissigen Phase mit der 
theoretischen Analyse der Wlrmetibertragung fur glatten Fliissigkeitsfilm iibereinstimmen. Dreidimen- 
sionale Wellen und Rollwellen bewirken eine Erhiihung der Nusselt-Zahl (im Vergleich zum glatten 
Fliissigkeitslilm) von tiber 100%. Durch Verwendung oberflachenaktiver Mittel zur Stabilisierung der 
Stromung kann ein direkter Vergleich zwischen der Warmeiibertragung bei welliger und glatter Stromung 
erzielt werden. Es wird gezeigt, dass bei geniigend kleiner Reynolds-Zahl der fliissigen Phase und aus- 
reichend hohem Warmefluss durch die Wand Rayleigh-Lhnliche Instabilitaten infolge von Auftriebs- 

krlften auftreten. 

BHTEHCM@BKAHHH TEIIjIOOEMEHh BOflHXMH II 
CTPhTM@MHHPOBAHHOM I’h30-?XH~HOCTHOM IIOTOKE 

AHaoTaqHJI--;& JIFI TOI‘0 ‘ITO6bI OIIpeAeuIHTb I3~IiIIIKIIC ~Ei:l~HYHhlX [‘eHcIIMOl3 Te~leIIIlII Hil 

3@leKTAUHOCTb TeIIJIOOfiMeHa, II~~OLIO~H~Ocb eKCIle~~Il~leBT~;lbHOe IICCJIe~OIiaHIIe IlepeHOC2 

TeIIJIa OT IIJIOcKOti IIJIaCTIZHbI 1-t rOpIi:3OHTaJIbHOMS BO:3;~j’IlIHO-BOfiHIIOM)’ IIOTOtiy. IlWl:3aHO, 

‘IT0 peL3yJIbTaTbI eKClIepIIMeHTaJIbHOr0 McCJIe~OBaHkIFl IIJIaBHOI’O Te’ieHIqR FKtfcl;[liOfi lI;lellKll I1 

RBJ’MepHOrO BOJIHOBOI.0 TeqeHLlR COrJIaCJ’IOTCFI C pe:Q’~bTaTaMH TeO~)eTIVICCKOI’O aElaJIIl:la 

nepeKoca Tenna npn nna8HoM TeveHm. FIoKasarIo TaKifFe, ‘iT0 110 CpaI3Ht’HWO C IIJI8BIIhIM 

Te’IeHBeM TpeXMepHbIe BOZHhI II :laK~‘?‘YeHHbIe HOJHbI IIOBbIlIIaIOT ‘IMCZIO HycCenbTa ciO.?ee, 

4eM Ha lOOo& 
kiCIIOJIbZJ’R IIOBepXHOCTHO-aKTBBHOe BeII(eCTBO &IR CTafiIUIH:3aI&I4~1 TeYeHKH, IIpOl3enf!HO 

CpaBHeHMe TeIIJIOO6MeHa IIpI’I ISOJIHOBOM TeqeHMM C TeIIJIOO%MeHOM IIpLf II&HON Te’IeHLIIZ. 

nOKaZaH0, ‘IT0 IIpll ROCTaTOqHO HkI3KMX :maqennnx cruc23a PetinonbRca raaoootl @aabr M 
XOBOJIbHO BbICOKEIX TeIIJIOBbIX IIOTOKaX Ha CTeKICe MMeeT MeCTO HeJ’CTOfiWIBOCTh TliIIa PeJIeH, 

RbI:3BaHHaH AetiCTBLieM [lO~‘bt’MHblX CHJI. 


