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Abstract-A fundamental study of the coupled effects of a falling, partially vaporizing liquid film and 
buoyancy-induced gas-vapor flow in a vertical one-sided heated channel is presented for different film 
Reynolds numbers, liquid film inlet temperatures, wall heat fluxes and channel spacings. The transient 
(elliptic) gas-phase transport equations are solved numerically in conjunction with the laminar (parabolic) 
liquid film equations. The validated computer simulation model is used to depict transient developments 
of streamlines, gas-phase parameters and interfacial quantities as well as steady-state velocity profiles, 
temperature profiles and averaged Nusselt number distributions. The present analysis may contribute to 
the solution of passive cooling problems associated with electronic equipment operations, manufacturing 

processes, modern nuclear power plant designs and numerous environmental phenomena. 

1. INTRODUCTION 

PASSIVE cooling, utilizing the combined heat/mass 

transfer process of a falling liquid film, liquid heating 
and evaporation, and buoyant gas-vapor flow, is a 
reliable way to prevent excessive temperature build- 
up in many engineering and natural systems. Of inter- 
est in this paper is transient two-dimensional laminar 
convection of an air-vapor mixture interacting with a 
steady smooth water film in a vertical channel of finite 
length (cf. Fig. 1). One channel side is heated 
(qw = const.) and the other side is insulated. The film 
temperature increases with time and varies in space 
due to the constant wall heat flux and the changing 
interfacial heat/mass transfer. The heat and mass 
diffusions between the liquid and the gas generate 
density variations in the gas region which induce 
natural convection. If the buoyancy forces are strong 
enough to overcome the drag force of the falling film, 
a counter-current gas-vapor flow is formed, resulting 
in a reliable mode of passive cooling. Applications of 
such natural cooling systems can be found in elec- 
tronic equipment operations, manufacturing pro- 
cesses, modern nuclear power plant designs and in 
numerous environmental phenomena. 

Previous studies focused on single aspects of the 
present analysis. For example, Chang and Lin [l] 
investigated numerically transient natural convection 
in a symmetrically heated vertical channel of finite 
height. They observed the temporal evolution of mul- 
tiple cells in the channel which are highly dependent 
upon the channel exit effects. Natural convection 
inside a one-sided heated vertical channel was exper- 
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imentally and theoretically analyzed by Sparrow et al. 

[2]. They [2,3] developed Nusselt number correlations 

for a practical range of Rayleigh numbers and inter- 
plate spacings. The combined buoyancy effects due to 
temperature differences and concentration differences 
were investigated by Chang et al. [4] for a vertical 
wetted tube and by Gebhart and Pera [5] for a vertical 
flat plate. Their results indicate that the two inde- 
pendent but additive buoyancy forces enhance natural 
convection and, in case of air-water vapor mixtures, 
may improve the overall cooling effect significantly. 
Experimental and a few numerical studies of falling 
liquid films under various operational conditions have 

been conducted by numerous investigators [612]. For 
example, Cerza and Sernas [7] considered falling film 
cooling of a nuclear reactor and Gorla and Maloney 
[8] analyzed falling film cooling of a fin surface. In 
these previous works mass diffusion was neglected 
assuming that the liquid film was surrounded by its 

own stagnant vapor with the saturation temperature 
at the liquid-gas interface. Thus, the present paper 
illustrates the combined effects of mass diffusion and 
natural convection on passive cooling using a falling 
film. 

2. ANALYSIS 

Figure 1 depicts the system schematics with appro- 
priate coordinates as well as the computational 
domain. Two large reservoirs are included in order to 
simulate channel exit effects and to provide simple 
gas inflow and outflow conditions for the elliptic-type 
differential equations (cf. ref. [l]). Key assumptions 
for this liquid film/gas-vapor flow system are listed 
and justified in Table 1. 
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A aspect ratio, H/S u longitudinal velocity 
c reduced factor in computational domain, V dimensionless transversal velocity 

c< 1 e: transversal velocity 
D mass diffusivity W dimensionless vapor mass fraction 

9 gravitational acceleration constant x dimensionless longitudinal coordinate 
GrT Grashof number of thermal diffusion X longitudinal coordinate 

GrM Grashof number of mass diffusion Y dimensionless transversal coordinate 
H channel height Y transversal coordinate. 
6 height-averaged heat transfer coefficient, 

q,i( Fw - i”,, Greek symbols 
h B latent heat of evaporation 
k thermal conductivity ; 

thermal diffusivity 
thermal expansion coefficient 

M molecular weight P” expansion coefficient for concentration 
Nu, liquid film Nusselt number, variation 

L(v(v:/g)‘:3/k, l- film mass flow rate per unit perimeter - 
N% gas-phase Nusselt number, dimensionless film thickness 

MT- ~J.=S)(W2) : liquid film thickness 
P dimensionless dynamic pressure & dimensionless interfacial shear stress 
Pe Peclet number 

; 
dimensionless coordinate, Y2 - l/2 

Pr Prandtl number, v/r dimensionless temperature 

P total absolute pressure ii dynamic viscosity 

Pd hydraulically dynamic pressure s kinematic viscosity 

PV saturated vapor pressure at the interface 5 dimensionless coordinate, X2 - d/2 
temperature iI density 

QP gas-phase volumetric flow rate 5 dimensionless time 

4W wall heat flux T5, interfacial shear stress 

qi total interfacial beat fluxes 4 pressure correction factor 

4c sensible heat due to temperature gradient (PHO relative humidity at ambient 

qd latent heat due to vapor concentration condition 
gradient (0 mass fraction of vapor. 

Ra, Rayleigh number based on channel 
spacing Subscripts 

Ra, Rayleigh number based on channel 0 at ambient condition 
height 1,f liquid (water) 

Re Reynolds number 2, g gas (air and water vapor) 
Re,. liquid film Reynolds number 

“b 
diffusion species 

s channel spacing carrier fluid 
SC Schmidt number c convection 
T temperature d diffusion ; dynamic 

T0 ambient temperature i interface 

T, inlet water temperature at water inlet condition 

TW heated wall temperature ; channel spacing 
t time V vapor 
I/ dimensionless longitudinal velocity W wall. 

2.1. Failing piqued, film 
Since the interfacial shear stress zi is very small, a 

quasi-steady fully-developed liquid film velocity pro- 
file is assumed ]9] T= T, atx, = 0 (34 

sty, =O (3b) 

where 6 = 6(x,) and Cp = 1 -(l/gp ,)(8p/8xl). Neglect- 
and 

ing axial heat conduction inside the thin falling film, 
the quasi-steady heat equation reads 

-k, fz = qi(x,) 
8Yl 

sty, =6(x,). (3~) 
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FIG. 1. System schematics and computational domain. 
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In terms of the dimensionless variables U, = u,/u,,~, be used to calculate the film mass flow rate per 

0, = VI- ~,)l(y,&P,), X, = x,/S and Yr = Y,/&, unit perimeter at the inlet (reference point r), namely 

equations (l)-(3) can be rewritten as 

s 

6. 

u, = 2(y-E) Y, - Y: (4) 
1-, = P+, dv, = ~,~,,,k(2/3-d (7) 

0 

and 

and 

ae, 1 s a%, 

“rax,=Pe, s, ar: 0 
(5) 

and hence the film Reynolds number 

Rer = 2 =4&,(2,3--s) (8) 

0,(X, =O)=O 

ah 
ay = 

-1 
I Y,=O 

64 where Re , = u,,~S~IV, 

(6b) 2.2. Gas region 
Assuming transient laminar, basically incom- 

pressible two-dimensional air-water vapor flow, the 
governing equations for the gas region are : 

(6~) 
continuity 

Here, IA,,,- = P , g@/(&, 1, Y = a/h and E = ?/(P d@,). 
The reference velocity, ZL,~~= u,(y , = 6,; E = 0), can 

Table 1. Critical parameter values for gravity film and buoyancy-induced gas flow assumptions 

Assumptions Critical values [refs.] Data used Comments 

Laminar liquid film Re, < 1500 U 11 lO<Re,<200 - 

No film break-up 6 > 0.1 mm DO1 6,,, = 0.07 mm no initial dry spots as assumed in ref. [IO] 
No nucleate boiling q,<8kWm-* 171 q,<5kWm-’ 
Laminar gas flow Ra, < 10’ PI RaH < IO’ 

Note : Properties of the liquid film are evaluated at T = 50°C. 



ar2 i3V, au2 
the vapor pressure at the interface, respectively. By 

P2 t+u2z+f2.V2 ( ) 

= 
assuming that the interface is in thermodynamic equi- 

librium, the relation between the saturated tem- 
perature and saturated pressure is described by the 
Clausius-Clapeyron equation. A convenient set of 
correlations programmed here for calculating the 

energy saturated pressure and latent heat at a specified satu- 

rated temperature was developed by Irvine and Liley 
[ 131. The heat transfer at the liquid-gas interface can 

be expressed as 

mass diffusion 

(12) : 
yx = q,+q, = -k2L~s +pzt’,h,, (21) 

ay, ,,.=,I 

and computed after solving the gas-phase equations. 
Using the following dimensionless variables : 

(13) 

subject to the initial condition for t = 0 

u2 = u2 = 0, T2 = To and w2 = w0 (14) 

and the boundary conditions for t > 0 

u2 = 4, 2’2 = c,, 

T,=T, and w?=(r), aty2=0 (IS) the gas-phase equations (9)-( 13) subject to equations 

and 
(14)-( 18) can be rewritten as 

aT2 am2 
u2=v2=0 and -=-=0 aty2=S. 

ay2 ay2 

(16) 

(23) 

The Boussinesq approximation can be applied to 
express the buoyancy effects due to small gas density 
variations caused by thermal expansion and vapor 
diffusion. Thus following the experimental results 

given by Gebhart and Pera [5] 

~2 = POP -B(T2 - ToI 

-/l*(~2-~0)+6’(AT;,Aw:)] (17) 

where b = l/T, and fl* = - (1 - MJM,) so that with 

p = pd +p,, - p,,gx, the pressure gradients in equations 
(10) and (11) can be written as 

ZP _. = dp” _pog and ;$ = !& 
dXZ ax, 111’2 

(1% b) 
(26) 

. 2 and 

At the gas-liquid interface, the liquid film equations 

and the gas-phase equations are coupled via boundary 
conditions (15). While the values for ui and T, are 
evaluated from equations (I) and (2), the interfacial aw, i Pw, azw, 
vapor concentration and blowing velocity can be cal- +V2,Y21i?G ax: +m (- > 

(27) 

culated after the temperature at the liquid-gas inter- 
face is known, namely Here, the Grashof number of thermal diffusion Gr, 
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(19) 

where p and pV are the local absolute pressure and 

+(Tz + s)+G.r,-O,+(ir,r W2 (24) 
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and the Grashof number of mass diffusion Gr, are 
defined as 

(2% b) 

respectively. The initial conditions for the gas region 
are 

uz=Y*=uZ=WZ=o r<o. (29) 

The boundary conditions at the insulated wall are 

a6, aw2 
-z-----=0 uz=vz=o, ay, ay2 

at Y, = 1, t>o. (30) 

The boundary conditions at the liquid-gas interface 
(Y, = 0) have to match the solution of the liquid 
region, and they have the following forms : 

U,i = Re, U,,, 
%C,S 

Re, = ;;- @Ia, b) 

w--o0 1 3 
y21 = -(1-wi)sc2 c > w i 

(32) 

and 

Wi--Wg 
wzi = -. 

u,--00 

(33) 

Now, the compatibility condition (21) can be ex- 
pressed as 

Since the boundary conditions at the channel 
entrance and channel exit are not known a priori, 
two large reservoirs are attached (cf. Fig. 1) with the 
conditions of zero normal velocity gradients and zero 
tangential velocity components on the control sur- 
faces of these reservoirs. Numerical experiments [I] 
indicated that these infinite domains can be replaced 
by reservoirs of finite size, i.e. 0.5 < c ,< 1 .O, assuming 
a narrow channel and fully-developed flow boundary 
conditions. 

3. NUMERICAL ANALYSIS 

Since the liquid film velocity profile is known, the 
parabolic energy equation (5) can be directly solved 
with a simpie marching-type finite difference scheme. 
The compatibility conditions for z,, 1”, and qi at the 
interface couple iteratively the liquid film with the gas- 

c 
Solve the gas-phase 

equations 

&T 

CXcuiate qi& pi 

& 
Solve liquid-phase 

equations 

1 

calculalc. ti q~ti~s~ 
Ui* Vi, Bi, wj 

for next iteration 

t 

11 stop 

FIG. 2. Computational flow chart. 

vapor region. An elliptic equation solver ‘SIMPLE 
described by Patankar [14] is employed to solve the 
transient two-dimensional gas-phase equations (23)- 
(27). The control volume formulation of this algo- 
rithm ensures conservation of momentum, mass and 
energy and its interface integral feature provides a 
better convergence capability in dealing with non- 
linear boundary or compatibility conditions. A two- 
dimensional mesh of varying density was developed 
via trial and error in order to : (i) resolve the boundary 
layer (cf. S/S N Rap ‘I4 from scale analysis), (ii) have 
finer meshes near the interface, along the walIs and in 
the channel inlet/exit areas, and (iii) achieve mesh- 
independent results as well as a computationally 
efficient code. The numerical solution procedure is 
depicted in Fig. 2. 

4. RESULTS AND DISCUSSION 

4.1. Model validation 
Because of the absence of experimental data for 

unsteady flow of a liquid falling film evaporating into 
an unsaturated buoyant gas stream, the present com- 
puter simulation model has been validated by com- 
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Table 2. Comparison of model predictions with measured 
Nusselt numbers given by Sparrow et al. [2] 

____..__ _.. 

Nusselt number 
Sparrow el ul. Present 

HIS Ra, [21 work 

IS.24 9.14 x 10’ 3.38 3.46 
15.24 4.26 x IO4 4.96 4.91 
11.42 9.75 X lo4 6.55 6.63 
11.42 4.57 X 1oi 9.63 9.12 

parisons with special case studies [1.2]. First the 
transient, buoyancy-indu~d flow patterns in a finite 

vertical channel with non-evaporating surfaces (cf. 
ref. [I]) were exactly reproduced, and then fluid flow 
reversal in a one-sided heated vertical channel, exper- 
imentally observed by Sparrow c”t al. [2], was success- 

fully simulated. A comparison of predicted vs mea- 
sured Nusselt numbers is given in Table 2. 

4.2. Trunsient fk)w results 
Typical input data sets for Figs. 3-9 are summarized 

in Table 3. With the given operational parameters, the 
transient period of this problem lasts about I min. The 
temporal gas flow developments for a film Reynolds 

number of Re, = 30 are depicted in terms of stream 
function contours in Figs. 3(a)-(c) ; only portions of 
the inlet/outlet reservoirs are shown. In the incipient 
moment (Z = 0.0022), the interactions of film drag- 
induced gas flow, blowing due to water evaporation 

and free convection of the air-vapor mixture generate 
two flow regions, one upward and one downward (cf. 
Fig. 3(a)). At T = 0.05, the interfacial drag has set up 
a distinct recirculation zone, pulling ‘cold’ air into the 

(a) 

\i/ 

(b) 

FIGS, 3(a)--(c). Transient development of stream functions 
at 5 = 0.0022, 0.05 and 0.5 (Rc, = 30, qw = I kW mm ‘, 

r, = 35°C. S = 0.01 m). 

channel from the top reservoir and discharging it at 
the bottom (cf. Fig. 3(b)}. As time progresses, 5 = 0.5. 
the air-vapor mixture heats up and the buoyancy 
forces dominate over the drag force, causing a very 
thin recirculation zone along the gas-liquid interface 
and rather uniform natural convection elsewhere in 
the channel (cf. Fig. 3(c)). It has to be noted that the 
recirculation zone is too thin to show up on Fig. 3(c) : 
however, Figs. 5(a)-(c) indicate that a thin rc- 
circulation layer exists along the wall. Inside the top 

reservoir. the strong gas flow generates two vortices 
which vanish when steady state is reached. i.e. at 
5 z I .O. One can conclude from the transient flow field 
developments that there is a higher heat transfer rate 

at the early stage when the liquid film is contacting 
the cold air and the interfacial (blowing) velocity is 
high (cf. Fig. 4). After x c 0.4 a slight increase in VL, 
can be observed because of the increase in natural 

gas convection, reducing the gas-phase water vapor 
concentration. The thin long recirculation zone near 

the interface may block cold air off the falling film 
and subsequently decreases the heat transfer. 

The sequence of axial velocity profiles. Figs. 5(a) - 
(c), is complementary to the streamline contours 
shown in Figs. 3(a)-(c). Initially 7 = 0.0022, ffow in 
the entire region of interest is downwards in the lower 

part of the channel (cf. Fig. 5(a)) and upwards, except 
the film and a gas layer at the interface, in the upper 
part of the channel (cf. Fig. 5(c)). The thickness of the 
drag-induced gas layer at the interface first increases 

and is then reduced due to the increasing buoyancy 
effects. 

4.3. Steady-stute heat/muss trun&r results 

Figures 6(a) and (b) show the interfacial heat flux 
and the wall temperature profiles, respectively, for 
various film Reynolds numbers. The heat flux is 

caused by both temperature and vapor concentration 
gradients with the latent heat transfer (cf. y, in equa- 
tion (21) or (35)) being the dominant mechanism 

i;i 
‘k-4 

d 
i 

- r=0.0022 
_ 7=0.05 
_ r=0.25 

T=o.* 
7=10 i 
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.“,.-.--__-____,_._ 
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..-.,,. --- ----_._._._._ _._ i 

-. ‘-i .Y>.._. 
- - - _ y- ._ 

.yy, z.7 - - - -- - 
. ..-. ..- r ~ 

F 

FIG. 4. Transient variation of interfacial blowing velocity 
(Ref = 30, q,” = 1 kW m-*, r, = 35”C, S = 0.01 m). 
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FIGS. S(a)-(c). Transient variations of axial velocity profiles 
near channel bottom (5 = -4), at channel center (5 = 0) 
and near channel exit (l = 4) (Reef = 30, (lw = 1 kW me2, 

T, = 35”C, S = 0.01 m). 

which indicates a strong deviation from the classical 
Nusselt problem where yi = q,,,. At low Reynolds 
numbers, e.g. Ref x 10, the interfacial heat flux may 
exceed the wall heat flux near the channel exit because 
of the (convective) evaporation cooling effect (cf. Fig. 
6(a)). This, in turn, affects the wall temperature very 
positively (cf. Fig. 6(b)). At higher film Reynolds 
numbers, say Re, = 200, the drag-indu~d re- 
circulation layer, which acts like a buffer zone between 
the liquid film and the buoyant gas mixture, is quite 
thick (~0.3%) and shifted downwards into the bot- 
tom reservoir. As a result, q, is rather uniform for 
- 5 ,< 5 < 3 and then increases sharply because of the 
strong interfacial gradients near the top part of the 
channel. 

The coupled momentum, heat and mass transfer in 

e 
FIG. 6(a). Variation of relative interfacial heat fluxes at 
several film Reynolds numbers (Ret = 10, 30, 100 and 200, 

qw = 1 kW m-*, T, =35”C, S = 0.01 m). 

Fro. 6(b). Variation of relative wall temperatures at several 
film Reynolds numbers (Rer = 10. 30, 100 and 200, qw = 

I kW rne2, 7’, =35”C, S = 0.01 m). 
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the gas region is depicted in Figs. 7(a)---(c) For 
Rer = 10. The axial velocity profile increases and shifts 
due to changing buoyancy forces atong the channel 
length (cf. Figs. 7(a) and 6(a)). The thermal and 
vapor-concentration boundary layer thicknesses (or 
penetration depths) can be deduced from Figs. 7(b) 
and (c), respectively. The rather flat profiles Q,(q) and 
W,(q) in the upper portion of the channel indicate 
that the effects of interfacial heat and mass transfer 
rates have diminished and the exit gas-vapor mixture 
is more uniform. 

ta. 1 *I * I. Ii 
-0.4 -0.2 0 0.2 0.4 

v 

FIG. 7(a). Longitudinal velocity profiles at three different 
channel locations, 5 = -4, 0 and 4 (Rr, = 10. y,+ = 1 kW 

mm’, r, = 35’C, S 7 0.01 m). 

l-fi.~.‘*~.fi 
-0.4 -0.2 0 0.2 0.4 

0 
FIG. 7(b). Temperature profiles at three different channel 
locations. c = -4. 0 and 4 (I&,= 10, q_ = I kW mm>, 

T, = 35’C. S = 0.01 mf. 

Y 

9 0 

0 

Figures 8(a), (b) and 9(a), (b) show the effects of 
different system parameters on channel width-aver- 
aged or height-averaged gas-phase and liquid-phase 
quantities. Dimensionless net gas flow rates 

k? I. * * 1.. . Il ” “1 * 1’ II 
50 100 1.50 200 

FIG. 8(a). dimensionless gas-phase volunletric flow rate as 
a function of film Reynolds number for different wall heat 

fluxes, liquid inlet temperatures and channel spacings. 

Re,-10 

- t--r 

F”““““““““i 
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-. i-s - - 
‘\ 

- .I 
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-0.4 -0.2 0 0.2 0.4 

0 
FIG. 7(c). Vapor concentration profiles at three different 
channel locations, t = -4, 0 and 4 (Rq = 10, qw = 1 kW 

mm’, T, = 35°C 5’ = 0.01 m). 

FIG. 8(b). Averaged relative interfacial heat flux as a function 
of film Reynolds number for different wall heat fluxes, liquid 

inlet temperatures and channel spacings. 
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50 100 150 200 

R=t 

FIG. 9(a). Film Nusselt number variations as a function of 
Reynolds number for different wall heat fluxes and liquid 

inlet temperatures. 

a 50 100 150 200 

Re, 

FIG. 9(b). Gas phase Nusselt number variations as a function 
of film Reynolds number for different wall heat fluxes, liquid 

inlet temperatures and channel spacings. 

evaluated at 5 = 0, as a function of film Reynolds 
number are given in Fig. 8(a). As expected, higher 
inlet water temperatures (T, = SOC) induce larger 
interfacial temperature and concentration gradients 
and hence stronger buoyancy-driven gas flows weakly 
dependent upon the film Reynolds number. Similar 
trends are apparent for a lower film temperature 
(T, = 35°C) but a larger wall heat flux (qw = 3 kW 
m-‘) and wider spacing (S = 0.02 m) mainly because 

Table 3. Input data sets 

Pr, = 344.81 
Pr, = 0.74.71 
SC, = 0.674.68 
Gr, = 1.83 x IO3496 x IO4 
Gr, = 4.36 x 102P1.17 x IO4 
Ret = lo- 200 

S = O.OlLO.03 m 
H=O.l m 

r, = 3550°C 
r, = 20°C 
qw= lLSkWm_* 
dHO = 100% 

Note: Fluid properties are evaluated at the reference 
temperature as follows: liquid film, T,, = T, and gas flow, 
T,,, = r,- 1/3(T,- To). 

of the higher interfacial temperature and the reduced 
frictional effect of the falling film. The dependence of 
the buoyant gas flow on the film Reynolds number is 
stronger for small channel spacings (S = 0.01 m) and 
relatively low water film temperatures (T, = 35°C). 
Figure 8(b) depicts the height-averaged interfacial 
heat flux qi which consists of the latent heat for liquid 
vaporization and the sensible heat for gas-phase heat- 
ing. Thus, the difference (1 - (Jii/qw) is utilized for liquid 
film heating or cooling depending upon T,. For ex- 
ample, a high water inlet temperature (Tr = 50°C) 
results in high interfacial heat fluxes, exceeding the 
wall heat flux at low Reynolds numbers (Rer< 60). At 
a higher wall heat flux (qw = 3 kW m-‘) and a lower 
T, (Tr = 35”C), the heat flux ratio tji/qw is basically 
independent of the channel width because larger 
spacings generate smaller gas velocities but also larger 
recirculation zones which diminish the cooling effect. 

Figure 9(a) shows the height-averaged film Nusselt 
number distributions, %r(Re,), for different water 
inlet temperatures and wall heat fluxes. For compari- 
son, the classical Nusselt correlation assuming 

4i = 4w> i.e. conduction-dominated heat transfer, is 
included. For T, = 35°C and qw = 1 kW mm*, part of 
the heat source, qw, is used to raise the liquid film 
temperature and hence the actual ?%r(Rer > 30) is 
higher than Nusselt’s prediction. At T, = 5O”C, 

stronger interfacial blowing and increased gas flow 
rates result in significant gas phase cooling (cf. Fig. 
9(b)) and therefore lower film Nusselt numbers. The 
gas-phase Nusselt number hardly increases with 
higher wall heat fluxes and hence rji because the 
increase in buoyancy forces is not enough to offset 
qw resulting in higher interfacial temperatures and 
therefore larger AT = Fi- T (y = S). In contrast, 
wider channels (S = 0.02 m) exhibit a higher gas- 
phase Nusselt number, G,(S), because of the larger 
characteristic length used. 

5. CONCLUSIONS 

Transient and steady-state interactions of a falling 
liquid film, liquid evaporation and buoyancy-induced 
gas-vapor flow in a vertical finite channel with one 
heated wall have been analyzed for different film 
Reynolds numbers, wall heat fluxes, liquid inlet tem- 
peratures and channel aspect ratios. The following 
observations can be made and conclusions drawn 
from this study : 

l The time-dependent developments of the gas- 
vapor flow field, due to drag-induced motion by the 
steady evaporating gravity film and natural con- 
vection caused by temperature gradients and con- 
centration gradients, include in chronological order : 
simultaneous upward flow (upper channel half) and 
downward flow (lower channel half), vapor blowing 
at the interface, formation of a distinct recirculation 
zone along the gas-liquid interface, strong, steady 
drawdown of cool air by the falling film, as well as 
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the establishment of a buoyancy-driven gas-vapor 
flow and a (thin) recirculation layer along the inter- 
face. 
l Mass diffusion due to vapor concentration gradi- 

ents has a significant effect on the interfacial heat 
transfer. Specifically, such buoyancy-induced convec- 
tion effects help to prevent high wall temperatures 
especially in the lower channel section, 

o While relatively high film flow rates, Rer > 100, 

can reduce the wall temperature, passive cooling with 
low film Reynolds numbers, Res < 50, can more effec- 
tively utilize film evaporation heat transfer. In general, 
the interfacial heat flux is predominantly determined 
by latent heat transfer rather than sensible heat 
transfer. 
l Raising the water inlet temperature increases the 

buoyancy forces and the interfacial heat transfer caus- 
ing only a moderate wall temperature increase over 
the film inlet temperature. 
l As expected, larger wall heat fluxes not only 

decrease the relative interfacial heat transfer but also 
result in higher wall temperatures. 
l Smaller channel widths cause larger buoyant gas 

flows which increase the heat transfer in the lower 
channel sections. However, the rapid increase in bulk 
temperature and vapor concentration decrease the 
interfacial heat transfer in the upper channel portion 
and hence may offset any gain. 

In summary, the present study of combined falling 
liquid film and free gas convection heat/mass transfer 
in a vertical one-sided heated channel is a starting 
point for analysis and design applications in passive 
cooling of electronic equipment, manufacturing pro- 
cesses, (nuclear) reactors and natural phenomena. 
Future work should concentrate on the effects of 
liquid film wavy motions, turbulence and nucleate 
boiling as they apply to passive cooling systems. 
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UTILISANT UN FILM LIQUIDE TOMBANT ET UN ECOULEMENT GAZPVAPEUR DE 
CONVECTION NATURELLE 

R&sum&-Une etudie fondamentale des effets couples d’un film liquide tombant, avec vaporisation partielle, 
et d’un ecoulement gaz-vapeur de convection naturelle dans un canal vertical chauffi sur une paroi est 
present&e pour differents nombres de Reynolds de film, plusieurs temperatures d’entree du liquide, plusieurs 
flux thermiques parittaux et espacements du canal. Les equations du transport variable (elliptique) de la 
phase gazeuse sent resolues num~riquement en relation avec les equations du fiim liquide laminaire 
(parabolique). Le modele de simuiation numirique valid& est utilisb pour depeindre Ie dtveloppement 
variable des lignes de courant, des parameters de la phase gazeuse et des grandeurs interfaciales aussi bien 
que les profils stntionnaires de vitesse, de temperature et les distributions des nombres de Nusselt moyens. 
La presente analyse peut contribuer a la resolution des probltmes de refroidissement passif associts au 
fonctionnement d’equipement Clectronique, aux processus de fabrication a la conception des centrales 

nucltaires modernes et a de nombreux phenomtnes d’environnement. 
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UNTERSUCHUNG DER PASSIVEN KiiHLUNG IN EINEM SENKRECHTEN 
ENDLICHEN KANAL MIT EINEM RIESELFILM UND EINER AUFTRIEBSGESTEUERTEN 

GASPDAMPF-STROMUNG 

Zusammenfassung-Die gekoppelten Effekte eines teilweise verdampfenden Rieselfilms und einer auf- 
triebsinduzierten Gas-Dampf-StrBmung in einem senkrcchten einseitig beheizten Kanal wird grundlegend 
untersucht. Folgende Parameter werden variiert: Reynolds-Zahl des Filmes, Eintrittstemperatur des Fiimes, 
WBrmestromdichte an der Wand und Weite des Kanals. Die transienten (elliptischen) Transportgleichungen 
fiir die Gasphase werden in Verbindung mit den (parabolischen) Gleichungen fiir den laminaren Fliis- 
sigkeitsfilm numerisch gel&t. Das validierte Simulationsmodell wird eingesetzt, urn die transiente Entwick- 
lung der Stromlinien. der Parameter fiir die Gasphase und der SchnittstellengrdRen, wie such stationgre 
Geschwindigkeitsprofile, Temperaturprofile und die Verteilung der gemittelten Nusselt-Zahl darzustellen. 
Die vorliegende Untersuchung mag zur LBsung von Problemen der passiven Kiihlung beim Betrieb 
elektronischer Bauteile, bei Fertigungsvorgangen, bei der Auslegung moderner Kernkraftwerke und 

zahlreichen Umweltproblemen beitragen. 

AHAJW3 fIACCMBHOI-0 OXJIAmflEHMR B BEPTMKAJIbHOM KAHAJIE KOHEYHOR 
,QJIMbI fIPB MCfIOJ-Ib30BAHkUi CTEKAKlaEfl W,ljJKOti IlJIEHKki M 

CBO6O~HOKOHBEKTkiBHOTO I-IOTOKA IIAPOI-A30BOti CMECH 

hIHOTaUIISI~IIEiCbIBaeTCx $yHAahfeHTanbHoe wcneAoBaHHe B3akiMocBn3aHHbtx ~@@ICTOB creKaloqeir 

'iaCTW'iH0 HCnapIlIO4ehl XWiAK0L-i ItJIeHKA W CB060AHOKOHBeKTHBHOr0 nap+m3OBOrO nOTOKa B BepN- 

KaJtbHOM KaHUCC OAHOCTOPOHHHM HW~BOM IIpH pa3nW‘HbIX YHC,,aXPefiHO,,bACa N,eHKH,TeMr‘epa-ry- 

pax X0IAKOk nJIeHKB Ha BXOAe, TenJIOBblX nOTOKaX Ha CTeHKe H IlapaM‘ZTpOB KaHE%,,a. %C,,eHHO 

~maIOTCKCO~pK~eHHbleHeCTaUHOHapHbleypaBHeHHKIle~HOCa B ra3oo6pa3Hoti @a3eH ypaBHeHHSQn,, 

naMliHapHoii XHnKOfi meHKn. Anpo6kipoeamian htoAenbpacrelaHa 3BM wnonbsyeTcnA.nnormcamia 

HecrawoHapHbrx npoueccoB 06TeKaHHs w onpenenemia napaMeTpoB rasoeoii +asbI u BenwmH Ha Me;K- 
$a3Hok rpaawe, a TaKme ycroiiwisbrx npo+enefi cxopocrel, npo@ineir TebmepaTyp H pacnpe.neneHHfi 
YC~AHeHHbIX 411ClYl HyCCWIbTa. npeAJIO,KeHHbIfi aHUUi3 htOW(eI yCllemH0 l,pHMeHSTbCR AJUI peUleHA$l 

3aAaS naCCWBHOr0 OXnaWleHWII,CBII3aHHblX C pa6oTofi 3AeKTpOHHOrO 06OpyAOBaH&iS,npO&i3BOACTBeH- 

HblMW IlpOIWCaMU,COB~MeHHbIMU KOHCTpyKqUUMU A3C U pa3JWiHbIMki IIB,,eHWRMU,Ha6AloAaeMb,MU 

BoKpymammekcpeAe. 


