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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
(g. = 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 [1]
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 [6-12]. 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. [1]). Key assumptions
for this liquid film/gas—vapor flow system are listed
and justified in Table 1.
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NOMENCLATURE
A aspect ratio, H/S u longitudinal velocity
¢ reduced factor in computational domain, V dimensionless transversal velocity
c<1 v transversal velocity
D mass diffusivity W dimensionless vapor mass fraction
g gravitational acceleration constant X dimensionless longitudinal coordinate
Gry  Grashof number of thermal diffusion x longitudinal coordinate
Gr,, Grashof number of mass diffusion Y dimensionless transversal coordinate
H channel height y transversal coordinate.
i height-averaged heat transfer coefficient,
g. (T, —T) Greek symbols
Ay latent heat of evaporation o thermal diffusivity
k thermal conductivity B thermal expansion coefficient
M molecular weight B* expansion coefficient for concentration
Nu;  liquid film Nusselt number, variation
Avijg)' 3k, r film mass flow rate per unit perimeter
N—ug gas-phase Nusselt number, y dimensionless film thickness
GHT—T,-)(Slky) é liquid film thickness
P dimensionless dynamic pressure £ dimensionless interfacial shear stress
Pe  Peclet number n dimensionless coordinate, Y,—1/2
Pr Prandtl number, v/« 0 dimensionless temperature
P total absolute pressure K dynamic viscosity
P hydraulically dynamic pressure v kinematic viscosity
Py saturated vapor pressure at the interface & dimensionless coordinate, X, — A4/2
temperature p density
o, gas-phase volumetric flow rate T dimensionless time
. wall heat flux 1 interfacial shear stress
i total interfacial heat fluxes & pressure correction factor
g. sensible heat due to temperature gradient ¢no  relative humidity at ambient
qq latent heat due to vapor concentration condition
gradient ) mass fraction of vapor.
Rag  Rayleigh number based on channel
spacing Subscripts
Ra,; Rayleigh number based on channel 0 at ambient condition
height Lf  liguid (water)

Re  Reynolds number 2,g  gas {(air and water vapor)
Re;  liquid film Reynolds number a diffusion species
hY channel spacing b carrier fluid
Sc Schmidt number ¢ convection
T temperature d diffusion ; dynamic
T, ambient temperature i interface
T, inlet water temperature r at water inlet condition
T, heated wall temperature S channel spacing
t time v vapor
U dimensionless longitudinal velocity w wall.
2.1. Falling liquid film aT, T, ,
Since the interfacial shear stress 1; is very small, a i dx, % Ayl @
uasi-steady fully-developed liquid film velocity pro-
gle is assumed [9] T=T atx, = ()
bg [( 7 ) yq —k, o ¢. = constant aty, = (3b)
=2 5ty -2 (1) &,
V) pige 2
and
where § =d(x,) and ¢ = 1—(1/gp Ndp/ox)). Neglect-
ing axial heat conduction inside the thin falling film, ] ) _
thg quasi-steady heat equation reads —k, Gy, = 4 aty, =d(x). (9)
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FIG. 1. System schematics and computational domain.

In terms of the dimensionless variables U, = u,/u,
0! = (Tl— Tr)/(qwar/kl)9 Xl = X[/S and YI = yl/éra
equations (1)—(3) can be rewritten as

U, =2y—e) YI_Y% 4
a0, 1 [S\&%,
'5«7—}2(5,)5?% ©
and
0,(X,=0=0 (6a)
a0,
—— =—1 6b
AN (6b)
and
a01 qc qd
| ==+ 6
Y|y =y 4w 4w (69

Here’ Uref = plgal?/(zlu|)’ v= 6/5r and &= Ti/(plg(pér)'
The reference velocity, u..=u,(y,=4,; ¢=0), can

be used to calculate the film mass flow rate per
unit perimeter at the inlet (reference point r), namely

ar
rr=J; pluldyl =p|uref'6r(2/3_6) (7)
and hence the film Reynolds number

4T
Re; = #—r =4Re,(2/3~¢) ®)
1

where Re, = u.0,/v,.

2.2. Gas region

Assuming transient laminar, basically incom-
pressible two-dimensional air-water vapor flow, the
governing equations for the gas region are:

continuity

du,

v,
o, 0

o ©®)

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 [11] 10 < Rer < 200 e
No film break-up 620.1l mm [10] Smin = 0.07 mm  no initial dry spots as assumed in ref. [10]
No nucleate boiling ¢ <8kWm? 7 Gu < S5kWm™? —
Laminar gas flow Ray < 10° 2 Ra, < 107 —

Note : Properties of the liquid film are evaluated at 7 = 50°C.
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momentum

Ouz auz
pal =7 Fus— +v
ot 0x,

energy
oT, aT, o7, 0T, 8°T,
(12)
mass diffusion
N 22 2
é’(;wtz +u2-(;%2 +v260—c;23 = DZ(%% + %}?)
(13)
subject to the initial condition for t = 0
u,=v,=0, T,=T, and w, =w, (14)
and the boundary conditions for ¢ > 0
Uy, =u, Uy =1,
T,=T and w,=w; aty,=0 (15)
and
aT, Ow,
u, =v,=0 and %, = o =0 aty,=S.
(16)

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]

p2= poll =B(T2—Ty)
—B* (w2 —wo) + C(AT3, Aw3)]  (17)

where f = 1/T, and * = — (1 —M,/M,) so that with
P = pa+po—pogx, the pressure gradients in equations
(10) and (11) can be written as

dp  0Opq

oy, h 6’}’2‘

dp  Opa
ax, ax, P09 and

(18a,b)

At the gas-liquid interface, the liquid film equations
and the gas-phase equations are coupled via boundary
conditions (15). While the values for # and T; are
evaluated from equations (1) and (2), the interfacial
vapor concentration and blowing velocity can be cal-
culated after the temperature at the liquid—gas inter-
face is known, namely
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M,
W=t (19)
anv + Mb(p_p\)
b= - 220 (20)

1—aw; dv, pa=0

where p and p, are the local absolute pressure and
the vapor pressure at the interface, respectively. By
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
saturated pressure and latent heat at a specified satu-
rated temperature was developed by Irvine and Liley
[13]. The heat transfer at the liquid—gas interface can
be expressed as

oT,
L2
ay,

+PzUihrg (2n

$a=0

4 =qetda = —k

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

¥ _X oy Vs vt
2Ty T T
u,S v,S S?
= , Vo=—", P= -5
U Vs - Vs pd(mv;)
T,—T, W, — Wy
0 e W, = —i—- 22
T ~T, and T ow—wy 22

the gas-phase equations (9)~(13) subject to equations
(14)—(18) can be rewritten as

oU, oV,
2yiiiog 23
ox, Ty, (23)
6U2+U Uy |, U, 0P
o Yy, Tay, T Toax,
Pu, U
+<8X§ + aY%2>+GrT02+GrM W, (24)
vy Va0,
ar TYax, T ey, T
oP  [3°V, &V,
—_ T 25
2y, (ax§+a)’§ 23
o0 20 o0 1 (8%, &%
= 2—2+V2”"' =p. ‘*;'f‘ :’*33
o1 0X, Y, Pr,\0X3; 0Y;3
(26)
and
W, oW,
a 10X,

ow, 1 (82W2

OPW,
- .2
+7 Y, Sc,\ X} + ) @7

ay;3

Here, the Grashof number of thermal diffusion Gr;
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and the Grashof number of mass diffusion Gr,, are
defined as

— 3 * _ 3
- gﬂ(Trszo)S and Gry = 9B (wrvz wg)
2 2

(28a,b)

Gry

respectively. The initial conditions for the gas region

Uy=V,=0,=W,=0 1<0 (29)
The boundary conditions at the insulated wall are
o8, oW,
U,=V, =0, 67}’2= Y, =0
atY,=1 t>0. 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:

urct'S

Uy = Re, Uy, Rez=';““* (31a,b)
2
W, — Wy 1 3W2
P A 12
Va (l——wi)Scz(ﬁYz)i (32)
Oy = 2 g.+1 (33)
2i T.-_T() i
k, 5
and
Wy = Do (34)
W, — Wy

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

0, g

aYl B qw

90 _ 1 [, TTodls
Gw qw : S aYZ

p2D2hy o, —®q oW,
(l-w) § @Y,

} for Y, = 8/3,. (35)

Since the boundary conditions at the channel
entrance and channel exit are not known a prioni,
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 [1]
indicated that these infinite domains can be replaced
by reservoirs of finite size, i.e. 0.5 < ¢ € 1.0, 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 simple marching-type finite difference scheme.
The compatibility conditions for 7, T; and ¢; at the
interface couple iteratively the liquid film with the gas—
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F1G. 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. 5/S ~ Ras "'* from scale analysis), (i) have
finer meshes near the interface, along the walls 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 af. [2]

Nusselt number

Sparrow et al, Present
HiS Rag 2] work
15.24 9.14x 10° 3.38 3.46
15.24 4.26 x 10* 4.96 4.97
11.42 9.75 x 10* 6.55 6.63
11.42 4.57x10° 9.63 9.12

parisons with special case studies [I,2]. First the
transient, buoyancy-induced flow patterns in a finite
vertical channel with non-evaporating surfaces (cf.
ref. [1]) were exactly reproduced, and then fluid flow
reversal in a one-sided heated vertical channel, exper-
imentally observed by Sparrow et al. [2], was success-
fully simulated. A comparison of predicted vs mea-
sured Nusselt numbers is given in Table 2.

4.2. Transient flow 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 | 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 (t = 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

) @

=

|77/ -

7
{b) ()

Fias. 3(a)—(c). Transient development of stream functions
at ©=0.0022, 0.05 and 0.5 (Re;=30, g, =1 kW m~ 7,
7. = 35°C, § = 0.0l m).
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channel from the top reservoir and discharging it at
the bottom (cf. Fig. 3(b)). As time progresses, T = 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
7 = 1.0. 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 t ~ 0.4 a slight increase in V'
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, flow 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-state heat/mass transfer 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. ¢, in equa-
tion (21) or (35)) being the dominant mechanism

| l l { : . r r T 1
<« ]
ol ]
. W _ 2 4
of Re=30 q,=1kW/m ]

. r=0.0022

] T 1005

3 . _ =025
i =05 ]

; A
b :
L ;. .................. g
e ]
S ’ - - >, ST ’
[« ! L . I ; :
" -2 © z )

Fic. 4. Transient variation of interfacial blowing velocity
(Re; = 30, q, = LkWm™2, T, = 35°C, S = 0.01 m).
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TR which indicates a strong deviation from the classical
_(0) JEERERRREN .. ] Nusselt problem where ¢ = g,. At low Reynolds
’ B numbers, e.g. Re, & 10, the interfacial heat flux may
. . exceed the wall heat flux near the channel exit because
~ . T of the (convective) evaporation cooling effect (cf. Fig.
S 6(a)). This, in turn, affects the wall temperature very
~ positively (cf. Fig. 6(b)). At higher film Reynolds
e :j numbers, say Re;= 200, the drag-induced re-
circulation layer, which acts like a buffer zone between
Rc,-JO fm—d . . . . .
: the liquid film and the buoyant gas mixture, is quite
::8;82” 1 thick (x0.358) and shifted downwards into the bot-
biary o 1 tom reservoir. As a result, ¢, is rather uniform for
L] —5 < & < 3 and then increases sharply because of the
0.2 0.4 strong interfacial gradients near the top part of the
channel.
K The coupled momentum, heat and mass transfer in
L 3 1 ¥ M H 1 1 M 1] 1 i ¥
(D)
— -
~
~ .
~ .
~ .
~
_______ N
Re=30 §=0
— T=0.0022
- T=0.05
T=0.25
=05 .
| S ] e i o i i i Py i i 1 A 1
0.2 0.4 —4 -2 0 2 4
n ¢

FiG. 6(a). Variation of relative interfacial heat fluxes at
several film Reynolds numbers (Re; = 10, 30, 100 and 200,
g =1kWm™? T, =35°C, S = 0.01 m).

-04 =02 0 02 04 AP WS W S—

-4 -2 0 2 4
n
FiGs. 5(a)-(c). Transient variations of axial velocity profiles 3
near channel bottom (£ = —4), at channel center (¢( =0) Fig. 6(b). Variation of relative wall temperatures at several

and near channel exit (£ =4) (Re;=30, ¢, =1 kW m™%  film Reynolds numbers (Re; = 10, 30, 100 and 200, ¢, =
7, = 35°C, § = 0.0l m). TkWm™ 4 T, =35°C, S = 0.0l m).
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FiG. 7(a). Longitudinal velocity profiles at three different
channel locations, { = —4, 0 and 4 (Re; = 10, ¢, = | kW
m~% 7, =35C, §= 0.0l m).

QP
o [} Y L " ] 1 I3 A L 3

-04 02 0 0.2

Fi16. 7(b). Temperature profiles at three different channel
locations, £ = —4, 0 and 4 (Re;= 10, ¢, =1 kW m™ %,
T, =35C, S = 0.0 m).

1 A 1 A J A 1 I i

-04 -02 0 0.2

F1G. 7(c). Vapor concentration profiles at three different
channel locations, { = —4, 0 and 4 (Re; = 10, g, = 1 kW
m~2 T, = 35°C, § = 0.01 m).

H. CHIANG and C. KLEINSTREUER

the gas region is depicted in Figs. 7(a)-(c) for
Re; = 10. The axial velocity profile increases and shifts
due to changing buoyancy forces along 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 ,(#) and
W,(n) 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.

4.4. Averaged heat flux and Nusseli number dis-
tributions

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

1
Q,/v, = ﬁ U,dY,
(

100
4

40

20

F1G. 8(a). Dimensionless gas-phase volumetric flow rate as
a function of film Reynolds number for different wall heat
fluxes, liquid inlet temperatures and channel spacings.

ﬁ;/ Ay

Fic. 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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T, q S
2 @ 35 1 001 -
o 35 3 001
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* Nusselt's Prediction
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Rey

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

0.01
0.0t

80
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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 ¢ =0, as a function of film Reynolds
number are given in Fig. 8(a). As expected, higher
inlet water temperatures (T, = 50°C) 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 (g, = 3 kW
m~?) and wider spacing (S = 0.02 m) mainly because

Table 3. Input data sets

Pr, =3.47-4.87 S =0.01-0.03 m
Pr, = 0.7-0.71 H=0lm

Sc; = 0.67-0.68 T, = 35, 50°C
Grr = 1.83x 10°-4.96 x 10* Ty = 20°C

Gry,, =436 x 10%1.17 x 10* gy =1-5kWm-?
Re; = 10-200 bro = 100%

Note: Fluid properties are evaluated at the reference
temperature as follows: liquid film, 7, = 7, and gas flow,
T =T, 1J3(T,—T)).
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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 (7, = 35°C).
Figure 8(b) depicts the height-averaged interfacial
heat flux §; which consists of the latent heat for liquid
vaporization and the sensible heat for gas-phase heat-
ing. Thus, the difference (1 —§i/q,,) is utilized for liquid
film heating or cooling depending upon T,. For ex-
ample, a high water inlet temperature (7, = 50°C)
results in high interfacial heat fluxes, exceeding the
wall heat flux at low Reynoids numbers (Re; < 60). At
a higher wall heat flux (g,, =3 kW m~?) and a lower
T. (T. = 35°C), the heat flux ratio g/q,, 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, Nu(Re,), for different water
inlet temperatures and wall heat fluxes. For compari-
son, the classical Nusselt correlation assuming
¢; = 4., 1.e. conduction-dominated heat transfer, is
included. For T. = 35°C and ¢q,, = 1 kW m ™2, part of
the heat source, g,, is used to raise the liquid film
temperature and hence the actual Nu(Re; > 30) is
higher than Nusselt’s prediction. At T, = 50°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 §; because the
increase in buoyancy forces is not enough to offset
g, resulting in higher interfacial temperatures and
therefore larger AT = T,—T (y = S). In contrast,
wider channels (S = 0.02 m) exhibit a higher gas-
phase Nusselt number, ATug(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:

o 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.

® 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.

e While relatively high film flow rates, Re. > 100,
can reduce the wall temperature, passive cooling with
low film Reynolds numbers, Re; < 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.

e 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.

® As expected, larger wall heat fluxes not only
decrease the relative interfacial heat transfer but also
result in higher wall temperatures.

o 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.

H. CaianGg and C. KLEINSTREUER
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ANALYSE DU REFROIDISSEMENT PASSIF DANS UN CANAL VERTICAL FINI
UTILISANT UN FILM LIQUIDE TOMBANT ET UN ECOULEMENT GAZ-VAPEUR DE
CONVECTION NATURELLE

Résumé— Une étudie fondamentale des effets couplés d’un film liquide tombant, avec vaporisation partielle,
et d'un écoulement gaz-vapeur de convection naturelle dans un canal vertical chauffé sur une paroi est
présentée pour différents nombres de Reynolds de film, plusieurs températures d’entrée du liquide, plusieurs
flux thermiques pariétaux et espacements du canal. Les équations du transport variable (elliptique) de la
phase gazeuse sont résolues numériquement en relation avec les équations du film liquide laminaire
{parabolique). Le modéle de simulation numérique validé est utilisé pour dépeindre le développement
variable des lignes de courant, des parameéters de la phase gazeuse et des grandeurs interfaciales aussi bien
que les profils stationnaires de vitesse, de température et les distributions des nombres de Nusselt moyens.
La présente analyse peut contribuer a la résolution des problémes de refroidissement passif associés au
fonctionnement d’équipement électronique, aux processus de fabrication a la conception des centrales
nucléaires modernes et & de nombreux phénomeénes d’environnement.
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UNTERSUCHUNG DER PASSIVEN KUHLUNG IN EINEM SENKRECHTEN
ENDLICHEN KANAL MIT EINEM RIESELFILM UND EINER AUFTRIEBSGESTEUERTEN
GAS-DAMPF-STROMUNG

Zusammenfassung—Die gekoppelten Effekte eines teilweise verdampfenden Rieselfilms und einer auf-
triebsinduzierten Gas—Dampf-Stréomung in einem senkrechten einseitig beheizten Kanal wird grundlegend
untersucht. Folgende Parameter werden variiert: Reynolds-Zahl des Filmes, Eintrittstemperatur des Filmes,
Wirmestromdichte an der Wand und Weite des Kanals. Die transienten (elliptischen) Transportgleichungen
fiur die Gasphase werden in Verbindung mit den (parabolischen) Gleichungen fiir den laminaren Flis-
sigkeitsfilm numerisch geldst. Das validierte Simulationsmodell wird eingesetzt, um die transiente Entwick-
lung der Stromlinien, der Parameter fiir die Gasphase und der Schnittstellengrofen, wie auch stationére
Geschwindigkeitsprofile, Temperaturprofile und die Verteilung der gemittelten Nusselt-Zahl darzustellen.
Die vorliegende Untersuchung mag zur Losung von Problemen der passiven Kiihlung beim Betrieb
elektronischer Bauteile, bei Fertigungsvorgingen, bei der Auslegung moderner Kernkraftwerke und
zahlreichen Umweltproblemen beitragen.

AHAJIN3 MACCUBHOI'O OXJIAXJAEHUSA B BEPTUKAJIbHOM KAHAJIE KOHEYHON
JUIHBI TTPM MCTIOB30BAHUM CTEKAIOMEN XXKHUAKON TUIEHKU H
CBOBOJHOKOHBEKTUBHOTI'O TTOTOKA I[TAPOI'A30BON1 CMECH

Annoramus—OnuceiBaeTcs GpyHAaMEHTANBHOE HCCIEIOBAHHE B3aWMOCBA3AHHBIX 3(PPEKTOB CTexalomeR
4aCTHYHO MCTIAPAIOIIEHCS XMAKON TIEHKH H CBOOONHOKOHBEKTHBHOTO [IAPO-TA30BOTO MOTOKA B BEPTH-
KaJIbHOM KaHaJI€ C OJIHOCTOPOHHHM HarpeBoM IPH Pa3/IMMHBIX 4ucnax PeifHonbaca miieHky, TeMmneparTy-
pax JKMIKOH IUICHKH Ha BXOHE, TEIUIOBBIX NOTOKaX Ha CTEHKE ¥ MNapaMeTpoB kaHana. YMcleHHo
PEILAIOTCA CONPXEHHRIE HECTAIHOHAPHBIC YPaBHEHHA NIEPEHOCa B ra3006pa3Hoil dase u ypaBHeHHS 1,15
JIAMMHADPHOM XMAKOH IUIeHKH. AnpoGHpoBaHHas Mojieb pacueTa Ha IBM ucmonbayeres ans onmcanus
HECTAlMOHAPHBIX MIPOLIECCOB OOTEKAHHs M ONpE/ESICHHs IAPAMETPOB ra3080il Ga3bl ¥ BETHYMH HA MEX-
ta3Hoit rpanuLe, a TAKXKe YCTOHYMBLIX Mpoduneil ckopocTell, mpoduieil TeMnepaTyp M pacnpenesieHni
ycpensenubix 4ucen Hyccensra. TIpemnoxenusiii aHaIM3 MOXET YCMELIHO MPHMEHAThCS IUIS PELLICHHs
3afja4 MacCHBHOTO OXJIAXJCHHS, CBA3AHHBIX ¢ PabOTOH IMEKTPOHHOrO 0GOpPYAOBaHHSA, IPOU3BOACTBEH-
HBIMH MPOUECCAMH, COBPEMEHHBIMH KOHCTPYKIMAMHE ADC U pa3MvHBIMM SABJICHHAMH, HabmomaeMbIMK
B OKpyXaloweH cpee.
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