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Abstract— A numerical analysis is carried out to investigate the effects of latent heat transfer, in association

with the evaporation of a finite liquid film on the channel wall, on the natural convection heat and mass

transfer. Results for heat and mass transfer rates are specifically presented for the systems with ethanol

film evaporation and water film evaporation. The predicted results with the transport in the liquid film

treated are contrasted with those with the transport in the liquid film untreated and show that the

assumption of an extremely thin film is only valid for a system with small liquid mass flow rate. But for a
system with a large liquid mass flow rate, the assumption becomes inappropriate.

1. INTRODUCTION

LATENT heat transfer associated with liquid film evap-
oration in natural convection flows driven by the com-
bined buoyancy forces of heat and mass transfer
resulting from the simultaneous presence of differ-
ences in temperature and variations in concentration
are important in natural environments and engin-
eering applications. Outstanding examples include
double-diffusive convection in ocean flows, the sim-
ultaneous diffusion of metabolic heat and perspiration
in controlling our body temperature especially on hot
summer days, the cooling of a high temperature sur-
face by coating it with phase-change material, and the
evaporative cooling process for waste heat disposal.

Natural convection heat transfer in vertical open
channel flows induced by the buoyancy of thermal
diffusion alone has been examined in great detail [1-
5]. The effects of mass diffusion on natural convection
heat transfer have been widely studied for external
flows [6-8] and internal flows [9-11]. As far as mixed
convection flows are concerned, the influence of the
wetted wall on the laminar mixed convection heat
transfer in a vertical pipe is investigated in ref. [12].
While for forced convection heat and mass transfer,
studies have been carried out for flows over a flat
surface [13, 14] and a wedge [15].

The studies [10-15] just reviewed above all focus on
the heat and mass transfer in the gas stream and
neglect the liquid film thickness on the wall. The
results thus produced are only good for a system with
an extremely thin film. But in practical situations, the
liquid film on the wall is finite in thickness. and thereby
the influences of the momentum and energy transport
in the liquid film on the heat and mass transfer in
the gas flow should be considered in the analysis.
Recently, Suzuki er a/. [16], Baumann and Thiele [17],
and Shembharkar and Pai [18] examined, respectively,

529

the effects of finite film thickness on the heat and mass
transfer in forced convection flows.

Despite the fact that the combined heat and mass
transfer in natural convection between vertical par-
allel plates with finite film thickness is relatively
important in engineering applications, it has not
received much attention. The main objective of the
present study is twofold: to check the suitability of
the assumption of negligible film thickness in refs.
[10,11] and to investigate the momentum and heat
transfer in the finite liquid film on the heat and mass
transfer in natural convection flows.

2. ANALYSIS

The geometry of the system to be examined, as
schematically shown in Fig. 1, is the vertical paralle!
plates with length ¢ and half channel width 5. The
channel walls are wetted by the thin liquid film with an
inlet liquid temperature T,;. The walls are kept at the
same constant and uniform temperature, 7, . The air
in the ambient is drawn into the channel by the result-
ant forces of thermal buoyancy, solutal buoyancy,
and shearing force exerted by the falling film. As men-
tioned in refs. {10, 11], the induced flow in the channel
may move upwards or downwards, depending on the
direction of the resultant force (thermal buoyancy
By, solutal buoyancy By, and shear force 1,). If the
medium of the liquid film is water, the directions of
these forces at different thermal conditions can be
illustrated as follows.

A T,>T,
By (thermal buoyancy) : upward

By (solutal buoyancy) : upward

7, (shear force) : downward. n
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B liquid mass flow rate per unit periphery
length at the inlet
b half channel width

Cp specific heat

Cpa specific heat for air

O specific heat for vapour

D mass diffusivity

D wave mass diffusivity

d, damping function in gas side
d. damping function in liquid side
¥a wave frequency

Gry  Grashof number (mass transfer),
g(M M 1) (w,—wo)b*/{ v

Grr  Grashof number (heat transfer),
g(Tu— To)b*((viTy)

g gravitational acceleration
fig, latent heat of vaporization
/ channel length

niy interfacial mass flux

M,  molecular weight of air

dimensionless accumulated evaporation

rate

M,  molecular weight of vapour

Nu, local Nusselt number (latent heat),
equation (15)

Nu, local Nusselt number (sensible heat),
) equation (15)
Nu, average sensible heat Nusselt number,

[ Nu, dxi?
Nu, interfacial local Nusselt number,

Nu,+ Nu,

p mixture pressure

D partial pressure of vapour at gas-liquid
mterface

P motion pressure (dynamic pressure).,
P—Po

Pr Prandt]l number of the mixture

Pr,  Prandt]l number of the liquid film

gy total interfacial energy flux in gas side

qn interfacial latent heat flux in gas side (or
net enthalpy flux), mjhy,

¢,  interfacial sensible heat flux in gas side,
[+ DeTier],

4 heat transfer rate at channel wall

NOMENCLATURE

Greek symbols

r dimensionless surface tension parameter,
equation (32a)

o local liquid film thickness

& average wave amplitude

/. molecular thermal conductivity

; wave thermal conductivity

u molecular dynamic viscosity

it wave dynamic viscosity

p density

7 shear force at the gas-liquid interface.

Subscripts

a air

g mixture (air +ethanol vapour or
air 4+ water vapour)

1 condition at the gas-liquid interface

4 liquid film

v vapour

w condition of wall

0 at ambient condition or inlet condition.

Ra  modified Rayleigh number.
PriGri+Gry)

Re,  liqud film Reynolds number. equation
(32b)

Se Schmidt number

Sh interfacial local Sherwood number

T temperature

T, gas-liquid interface temperature

T, inlet liquid film temperature

T, wall temperature

u axial velocity

u gas-liquid interface velocity

U inlet axial velocity

v transverse velocity

W mass fraction of vapour

w, saturated mass fraction of vapour at T,
and p,

W mass fraction of vapour at gas—liquid
interface

We  Weber number. equation (31)

X coordinate in the flow direction

A coordinate in the transverse direction.

In this condition, we do not know the direction of
the induced gas flow without the help of the exper-
iment. Therefore. under this condition, we need to
solve the full Navier-Stokes equations including the
inlet and outlet effects. It seems that this type of com-
putation is quitc complex and will be considered in
the near future.

(B) T, < T,

By (thermal buoyancy) : downward

B, (solutal buoyancy) : upward

1, {(shear force) : downward. 2)

Due to the shearing action of the falling film on the
gas stream. the gas flow near the gas-liquid interface
would move downwards. Therefore, if we can show
that the gas flow induced by the buoyancy forces only
(i.e. neglecting the effect of shear force 7,) would move
downwards. then the gas stream induced by the result-
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FiG. 1. Schematic diagram of the physical system.

ant forces would undoubtedly move downwards. As
mentioned in refs. [10, 11], when the shear force 1, on
the gas stream is ignored, the direction of the induced
gas flow can be approximately determined as follows

(3a)
(3b)

Therefore, if (Gry+ Gry) <0, both the gas stream
and falling film would move downwards. Otherwise,
the flow reversal would occur in the gas stream.

If the liquid ethanol is considered for the film, the
directions of thermal buoyancy, solutal buoyancy and
interfacial shear force at different thermal conditions
can also be summarized as follows.

C) T.>T,

upward flow as (Gry +Gry) >0

downward flow as (Gr: +Gry) < 0.

By :upward

By, : downward

7, : downward. 4)
This condition is similar to that of case (B), equa-

tion (2).

D) T,<T,

B;: downward

By, : downward

7, : downward. (5)

Clearly, the resultant force acts downwards. Thus
the induced gas flow would move downwards.

To make the problem tractable by the boundary
layer analysis, only the cases in which the induced
gas flow is in the downward direction are chosen to
examine the effects of the transport processes in the
finite liquid film on the film evaporation in the natural
convection flows. With this selection, the buoyancy
induced heat and mass transfer in a vertical channel

can then be solved by the boundary layer type govern-
ing equations.

2.1. Governing equations

(A) Liquid film. As a preliminary study con-
sideration is given to a system with low liquid mass
flow rate and hence the liquid film is assumed to flow
laminarly. To facilitate the analysis. the inertia term
in the momentum equation for the liquid film is
neglected [17, 18], as compared to the diffusional term
(viscous term). Therefore, the two-dimensional
boundary layer flow in the liquid film is governed by
the following conservation equations :

axial-momentum equation

0= I:(Il/ +4,) ]+ prg (6)

0
é; [(A/

where ji, and 7, are the wave viscosity and wave
conductivity due to the interfacial wave effects which
will be modelled in Section 3.

(B) Gas flow. The steady natural convection flows
resulting from the combined buoyancy effects of ther-
mal and mass diffusion can be described by the basic
equations as:

energy equation

oT,

~ 0T,
PrCprly Fie Ar) 5)’/] @)

continuity equation
0 ]
a—y’(Pu)+ 5([’0) =0 (8)

axial-momentum equation

ou ou dp, @ . Ou
U P = —+a—y[(u+#)5;]+g(p—po)
&)
energy equation
T 8T @ T
Pcp"a +pc/'05 = a_y' [U""DE]
~ oT 8
+0D+D)ep—cn) g, 5 (10)

concentration equation

ow ow 0 ~ Ow
puz_+pv o Fr [p(D+D)%;] (11
where f, 1, and D are the wave viscosity, wave con-
ductivity and wave mass diffusivity, respectively,
which account for the effects of the interfacial waves
on the transport processes in the gas flow. Notice that
in the present study the thermophysical properties are
taken to be variable. The detailed evaluation of them
is given in refs. [21, 22]. It is worth noting that as the
liquid film is regarded as extremely thin, the natural
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convection heat and mass transfer in a vertical channel
can be formulated in dimensionless form, as shown in
our early investigations [10,11]. The dimensionless
temperature and interfacial Nusselt and Sherwood
numbers are defined as [10, 11]

0 =(T-T)/(T,—T,) (12)

Nu, = ¢{(4b)/[(T.. — T)k] (13)

Sh = mi(4b)/[p(w; —w,)D]. (14)

According to the definition of the local Nusselt num-
ber in refs. [10, 11], the interfacial local Nusselt num-
ber can be expressed as

Nu, = Nu,+ Nu,
= ¢i(40)/[(T,, — T )k] + g1 (4b) /(T — To)k].
(15)

Obviously, as the wall temperature T, equals the
ambient temperature T,, equations (12) and (15)
become infinite. This occurs for some cases in the
present study. Therefore, in this study the dimensional
quantities are presented to illustrate the natural con-
vection heat and mass transfer characteristics in the
flow. But results for the Nusselt and Sherwood num-
bers, which are of value to thermal system design, will
be presented for the cases with T, # T,.

2.2. Boundary conditions
At the inlet the flow is in the x-direction with uni-
form velocity, temperature, and mass fraction profiles

x=0:u=u,, T=Ty w=wy, py= —pug/2.

(16)
The condition at the centerline of the channel is
r=0: %:0, %T=0 %:0. (17
The conditions at the gas-liquid interface are
y=b-086(x): u=wu(x), T=T(x), w=wn(x).
(18)
The conditions at the channel wall are
y=b: u =0, T,=T,. (19)

2.3, Interfacial balances

To make the problem tractable, the interface is
assumed to be smooth. But the effects of the interfacial
wave motion are accounted for by introducing the
wave properties, fi, 4, and D into the boundary con-
ditions and differential equations. The interfacial bal-
ances are described as follows:

velocity

(20)

= (u),, = (u)gJ

temperature

Tl=(T)/|=(T)g| (21)

shear stress
T = [(u+ @ (cwscn)ly = [+ apcu i), (22)
mass balance

nity = [p(D+ D) (1 —w))(éw ér), (23)

energy balance
[+ DETIEN, = [+ NCT VYo 1ty
(24)

It is noted that in equation (24) the terms on the
right-hand side represent the interfacial sensible heat
flux from the interface to the gas stream ¢;) and the
net enthalpy flux to the interface due to latent heat
transfer (film vaporization) ¢;. respectively. While
the term on the left-hand side of equation (24)
stands for the interfacial heat flux in the liquid side
and is regarded as the total interfacial heat flux. ¢;
(= ga+47). .

The interfacial mass fraction is obtained by
assuming the gas-liquid interface to be in thermo-
dynamic equilibrium {11}

W = M\pl/[Mn(/’_pl)+M\pl] (25)

3. WAVE MODEL

When the falling liquid film is disturbed so that
the fluid particles are displaced from their original
streamlines, two kinds of resulting forces—gravity
and surface tension-—can be called into play. The
motion of the fluid brought by these restoring forces
will not cease when the fluid particle has reached its
original position of dynamic equilibrium but will over-
shoot the mark and requires the action of the restoring
forces again. Thus wave motion is generated.

The surface waves on a falling liquid film normally
appear at Re, > 20 except for regions near the start
of the flow. The waves appearing at the line of wave
inception have a two-dimensional character with
roughly sinusoidal-like wave fronts moving down the
surface. These sinusoidal-like waves persist for a short
distance but soon begin to distort. In the region of
flow immediately following the sinusoidal-like wave,
there are significant spatial vanations in wavelength
and dispersion characteristics [19].

Due to the complexity of the characteristics of wave
motion, very few works have directly considered the
influence of the interfacial waves on the transfer pro-
cesses. To account for the effects of wave motion on
the heat and mass transfer, a simple wave model for
fi in parallel with the Prandtl-Kolmogorof hypothesis
[16] is used. The wave viscosity for the liquid film is

expressed as [16]
i =cp077fd, (26)

where & is the wave amplitude and f the wave fre-
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quency. Since the wave-induced motion is damped
out near the channel wall, a damping function d, is
used to set j, to zero near the channel wall.

The wave-induced motion is also expected to affect
the gas flow near the interface. The effects are taken
into account by introducing a wave viscosity ji,
defined as

A, = 872 f 4 @7

where the values for ¢, and ¢, are carefully adjusted
in the numerical computation. They are respectively
chosen as 0.1 and 10 so as to make the magnitudes
of the wave viscosities for the liquid and gas phases
approximately equal to 10% of the corresponding
molecular viscosity for each phase and to make the
predicted results confirm the general perception that
the existence of the interfacial wave can augment the
heat and mass transfer rates by 10-20%. Similarly, a
damping function 4, is also employed. In the present
study the damping functions, d, and d,, are optimized
via a number of experimentally computational runs.
The detailed description is available in ref. [20]. The
damping functions 4, and 4, are

d, = 1—exp[—(b-y)/9] (28a)

and

d, = exp[—5(b—6—y)/d]. (28b)

During the experimentally computational runs, it is
found that as the constants ¢, and ¢, are chosen to be
zero (i.e. the effects of the wavy interface on the trans-
ports in the gas and liquid phases are neglected
entirely), the predicted heat transfer rates in the gas
stream are underpredicted by about 10-20%.

Since no systematical study of the wave parameters
for the ethanol falling film exists in literature, the
theoretical data of the wave parameters obtained by
Hirshburg and Florschuetz [21] for the water falling
film are used. Empirical relations for the wave fre-
quency f and wave amplitude 4’ fitting their theor-
etical results are

f=86TWe 7 (s,
if We < 0.0264443
=T1.79 We31%413 (571,
if We > 0.0264443 29)
and
&' = 4.1236 x 10~ *We"*%%% (m),
if We < 0.038357
= 1.5340 x 10~ *We®2472 (m),
if We > 0.038357 (30)
where the Weber number, We, is defined as
We = (Re,[4)°T. 31

Here the surface tension parameter I" and liquid film
Reynolds number Re, are defined as

I' = 0.673621%(a/p,v} ) (32a)

and

Re, = 4BJy,. (32b)

In the above equations B is the liquid mass flow rate
per unit periphery length at the inlet and ¢ the surface
tension of the liquid film. The temperature depen-
dencies of surface tension for water and ethanol are
available in refs. [22, 23].

It should be emphasized that in the present study
the Weber number has been assumed to be the govern-
ing dimensionless group for the falling film waves.
Therefore, the wave parameters of the ethanol falling
film can be approximately estimated from those of the
water falling film. This assumption was verified by the
theoretical results of Massot et al. [24] and Gollan
and Sideman [25]. They found that the Weber number
We is the determining dimensionless group for falling
film waves.

Notice that the wave properties 4 and D, are esti-
mated by introducing the wave Prandtl number Pr
and wave Schmidt number Sc. In the present study.
both Pr and Sc are taken to be 1. This means that
the effects of interfacial waves on the heat and mass
transfer are identical to the momentum transfer.

4. SOLUTION METHOD

In view of the impossibility of obtaining an analytic
solution as indicated in the literature survey. the con-
jugated problem defined by the governing equations,
equations (6)—(11), is solved by the finite-difference
numerical method. In the present study the matching
conditions imposed at the gas-liquid interface, equa-
tions (22) and (24), to ensure the continuities of shear
stress and heat flux are cast in backward difference
for (0¢/dy), and forward difference for (6¢p/0y), with
¢ denoting u or T. Therefore, the governing equa-
tions in the gas flow and liquid film can be solved
simultaneously.

Because the flow under consideration is a boun-
dary-layer type, the solution for equations (6)—(11)
can be marched in the downward direction. A fully
implicit numerical scheme in which the axial con-
vection is approximated by the upstream difference
and the transverse convection and diffusion terms by
the central difference is employed to transform the
governing equations into finite-difference equations.
Each system of the finite-difference equations forms a
tridiagonal matrix equation which can be efficiently
solved by the Thomas algorithm [26]. For a given
condition, a brief outline of the solution procedures
is described as follows.

(1) Guess an inlet velocity u,.

(2) For any axial location, guess the values of
(dpn/dx), my, and &, and solve the finite-difference
forms of equations (6)—(11) for u, 0, and w.

(3) Integrating the continuity equation of the gas
stream numerically to find v
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1 ¢
r= — fJ pudy. (33)
pCxX Lo

(4) Check the satisfaction of the overall con-
servation of mass in the gas flow and liquid film. If
the following criteria

bh—0o N
J pudy— |:pu0(b—<50) +J rh;’dx]
0 0

pugb < 10~

{

/

/

(34a)

and

bh X
’B— |:J (pudy), +J my dx:|
h— & 1]

are met, then test the convergence of the velocity,
temperature, and concentration fields. If the maxi-
mum relative errors for u, T, and w between two con-
secutive iterations satisfy the criteria

/B <1074

(34b)

max |u], —ul; !
maxlul, —u; | _ g~ (35a)
max |u];
max |7, —T;;' —a
max |77 ] < 10 (35b)
max [w},;—wn;
b =il -4 (35¢)
max |w}|

the solution for the current axial location is complete.
Now if equations (35) are not simultaneously met,
repeatedly solve the finite-difference equations for u,
7. and w in the gas stream and the liquid film and use
equation (33) to get ¢ until the condition specified in
equations (35) is fulfilled. If equations (34) are not
satisfied, adjust dp,/dx. m], and é and repeat pro-
cedures (2)—(4) for the current axial location.

(5) Procedures (2)-(4) are successively applied to
every axial location from the channel entrance to the
exit.

(6) Check whether the exit pressure p, is zero. If
not, guess a new inlet velocity u, by the Newton-
Raphson method and repeat procedures (2)—(6). If
yes, the solution is complete.

It is noted that the thickness of the liquid film
decreases with x due to the film evaporation. There-
fore, during the downward marching at each iteration
the numerical grid is rearranged to ensure that one of
the grid points is located at the gas-liquid interface.

To obtain enhanced accuracy in the numerical
computations, grids are chosen to be nonuniform in
the streamwise direction and in the transverse direc-
tion to account for the drastic variations of u, T, and
w in the regions near the inlet and gas—liquid interface.
Several grid sizes are tested and a comparison of the
results among the computations for a typical case is

W. M. YaN and T. F. LiN

given in Table 1. It is noted that the difference in the
local interfacial heat flux ¢/, for the computation by
using the 101 x81 x 21 and 201 x 161 x 41 grids are
always less than 2%. Accordingly. the computation
by the 101 x 81 x 21 grid is sufficient to understand
the heat and mass transfer characteristics in the gas
flow and liquid film. To further check the adequacy
of the numerical scheme. the results for the limiting
case of natural convection in a vertical channel with-
out the film evaporation are obtained. Excellent agree-
ment between the present predictions and those of
Aung er al. [2] was found.

5. RESULTS AND DISCUSSION

In order to investigate the effects of the liquid flow
rate and thermal conditions on the characteristics of
heat and mass transfer, ten cases given in Table 2 are
selected for the computation. All the above cases are
based on a vertical channel of width 3 cm. It is appar-
ent in Table 2 that both ethanol film and water film
are considered in the present study. But for most cases
the ethanol film is considered. Moreover, the heat and
mass transfer Grashof numbers. Gr; and Gry,, for all
cases satisfy the condition

Gri+Gry < 0. (36)

This means that the combined buoyancy due to ther-
mal and mass diffusion is in the downward direction,
and both the gas flows and falling liquid film would
then undoubtedly move downwards. Therefore, with
the boundary layer approximations adopted the cases
listed in Table 2 can then be solved by the boundary-
layer equations. It should be emphasized that not all
the values. for the non-dimensional groups, e.g. Pr,
Sc, Gry, etc., can be arbitrarily assigned. In fact, they
are interdependent for a given mixture under certain
specific conditions. In light of practical situations, T,
T, T,. B, and / are selected as the independent
physical parameters. All the non-dimensional par-
ameters can then be evaluated (Table 2). As indicated
in Table 2. the liquid Prandtl number is of the order
of 10. As expected, the liquid Prandtl number would
be of the order of 1 as the liquid film temperature is
relatively high.

To check the suitability of the assumption of the
liquid film being extremely thin in refs. [10, 11], the
developments of the velocity, temperature, and mass
fraction for a typical case predicted with finite liquid
film thickness and zero film thickness are contrasted
in Figs. 24, respectively. For clear illustration the
velocity and temperature profiles near the interface
are specifically plotted in the insets in Figs. 2 and 3.
An overall inspection of these figures reveals that the
distributions of u, T, and w for zero film thickness
resemble those for finite film thickness. Careful obser-
vation, however, discloses that the differences between
these two treatments (i.e. considering finite film thick-
ness and neglecting film thickness) are substantial,
especially in the region close to the gas-liquid inter-
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Table 1. Comparison of local interfacial heat flux g; for various grid arrangements for case IV

IxJxL
x/f 201 x 161 x41 101 x 161 x 21 101 x 81 x 21 SEx81x11 51x41x11
0.047 470.60 470.20 473.95 492.81 497.55
0.1026 333.02 334.73 337.24 339.97 338.92
0.2005 248.0 250.25 252.30 246.78 247.22
0.4086 182.17 182.09 185.70 182.12 184.78
0.6521 147.81 147.72 149.16 146.23 149.61
09117 125.63 125.24 126.66 123.81 127.20
1, total number of grid points in the x-direction.
J. total number of grid points placed in the y-direction in the gas side.
L, total number of grid points placed in the y-direction in the liquid side.
Table 2. Values of major parameters for various cases
Case T. T, T, B Gry Gry Pr Sc Pr,
Ethanol film
1 40 40 20 0.005 148.82 —205.83 0.710 1.311 12.27
11 40 40 20 0.01 148.82 —205.83 0.710 1.311 12.27
111 40 40 20 0.02 148.82 —205.83 0.710 1.311 12.27
v 20 20 20 0.005 0.0 —71.65 0.710 1.311 16.22
\Y 20 20 20 0.01 0.0 —71.65 0.710 1.311 16.22
VI 20 20 20 0.02 0.0 —71.65 0.710 1.311 16.22
VI 20 20 40 0.01 —110.45 —56.71 0.706 1.304 16.22
VIII 20 20 40 0.02 —110.45 —56.71 0.706 1.304 16.22
Water film
X 20 20 40 0.005 —110.45 15.19 0.706 0.509 6.97
X 20 20 40 0.04 —110.45 15.19 0.706 0.597 6.97

Units for parameters: Tin °C; Binkgm™'s~".

In the present study the channel length / is 1 m while the channel width b is 0.03 m.

face. Because the characteristics of heat and mass
transfer are particularly important at the interface, as
expected, the differences in these two predictions in
the local interfacial heat and mass transfer rates would
be important.

It is clearly seen in Fig. 2(a) that the velocity of
the gas stream at the channel entrance is relatively
uniform. But as the flow goes downstream, the profile

becomes distorted with the maximum velocity away
from the channel centre. This feature can be made
plausible by noting the fact that because the combined
buoyancy forces near the interface acts in the flow
direction of the liquid film, the effect of the thermal
and solutal buoyancy is then to increase the vel-
ocity near the interface, and meanwhile to reduce the
velocity at the centre to maintain the overall mass

0'60 T I T | T ] T ] 1 L{ I T ] 1 | ] I 1
Case VII
048 0.468 7] n
0187
L 00339 - 018 -
(a) Finite Film Thickness 0.468
036 Tw=20°C,To =40°C - 093
B-002kg ml s~ (b) Zero Film Thick
u Q24 " erc Film Thickness
msy [ L0039 N L20%, To =40°C
I .
024} 093 ; Ethenol Film
012 I' .
L Wi L
o, 2
ol &2 1
0 |
0967 1.0
| v/ 41
ol 4t o 1 1 T U W R Y S N
0 G2 04 06 08 ¢ Q2 04 06 Q8
y/b y/b

Fi1G. 2. Developments of axial velocity profiles.
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Tw=20'C,Tg=40"C
3018 =002 kg m's!
Finite Fitm Thickness

IaN\N
N

1

(*C) - 2 - 4
x/4=0039 (b) Zero Film Thickness
25| e - Tw=20°C,75-10°C —
\ X083 Ethanol Film
L 205 W—
liquid
20 : -
N~
| g5l 9% 1 B
0967 /b 1.0
1Y IV TR S W Y I T W S N T N U
0 02 04 06 08 0 02 04 06 08 1
y/b y/b
FiG. 3. Developments of axial temperature profiles

balance. Moreover, comparing the corresponding
curves between Figs. 2(a) and (b) shows that the
induced velocity in the gas stream is slightly under-
predicted when the transport in the liguid film is
neglected in the analysis. This is due to the neglect of
the positive shearing effect of the falling film on the
gas flow as the film is untreated. it is aiso worth noting
in the inset in Fig. 2(a) that the flow velocity in the
liquid film is nearly parabolic.

Figure 3 shows the axial developments of tem-
perature in the gas stream and liquid film. As men-

tioned above, the differences in the corresponding
fiongd above, neren ne Sp!

ere onding
curves between those predicted with transport in the
film considered (Fig. 3(a)) and those without (Fig.
3(b)) are small in the core region of the gas flow. This
implies that the existence of the falling film does not
affect the temperature distributions of the gas stream
away from the film so much. But near the gas-liquid
interface, the deviations between them are rather sig-

a) Tt g
Jydj. st iS

nificant, as indicated in the inset in Fig.
apparent from the inset that in the gas side the gas
temperature monotonically decreases with y down to
the gas-liquid interface. This indicates that the direc-
tion of sensible heat transfer in the gas side is from
the gas flow to the interface. But in the liquid side the
temperature increases with y, indicating that the heat
transfer in the liquid is from the liquid to the interface

tho ancihlae haat
ine seénsivie ncal

although 7, > 7,. Apparently,
transfer in the gas flow and liquid film all goes to the
interface and is absorbed by the film vaporization, a
latent heat transfer process. The energy absorption by
the film vaporization is so effective that the gas and
liquid near the interface arc below the wall tem-
perature 20°C. It is also noted in the inset that the
liquid temperature varies almost linearly with y. This
result is in line with the assumption made in the Nus-
selt type analysis, that is, the liquid film temperature
varies linearly with y due to the small thickness of the

liquid film.

Consistent with the vaporization of the ethanol
film, the mass fraction of the ethanol vapour shown
in Fig. 4 increases gradually as the gas moves down-
stream. Careful scrutiny of Figs. 4(a) and (b) indicates
that the concentration boundary layers predicted with
the assumption of zero film thickness develop a little
more rapidily than those for finite fiim thickness.

In the study of combined heat and mass transfer
over a falling film, the wall heat transfer rate is one of
the most important quantities. Depicted in Fig. S are
the local wall heat flux distributions ¢;,. For com-

the nae_hnn:ﬂ interfacial heat flux

naricon pUrnoses
Ppurpo aiwidviar ficar

parison ses, the ga
gy is also included in this ﬁgure. Comparison of the
solid line for case VII with that for case V1II indicates
that the larger the liquid flow rate, the larger the wall
heat flux. This confirms the general perception that in
the falling film the heat transfer between the liquid
and heated wall is more effective in the flow with a
larger liquid mass flow rate [27]. In addition, it is also
interesting to compare the distributions of the wall
heat flux ¢ with the total interfacial heat flux ¢
(= g¢a+g¢)). Comparison shows that near the
entrance (i.e. small x/7) the difference between them is
relatively large, indicating the significant longitudinal
convection energy transfer in the liquid film at small
x/¢. As the liquid moves further downstream the
difference becomes small, especially for the case with

a all l-n-ud This result
a smai agquia 1his result

”

flow rate Iema case \/Il\
oy

suggests that downstream thc axial convection is neg-
ligible and the temperature field is fully developed, as
evident from the inset in Fig. 3(a). Thus heat input
from the wall completely transfers to the interface
across the film. If we define the region between the
inlet and the location where the interfacial heat flux
is 95% of the wall heat flux to be the thermal entrance
region, we can then draw the conclusion from Fig. 5
that the shorter thermal entrance length is experienced
for the cases with a smaller liquid mass flow rate. This

PR TR e ot

also implies that for large liquid mass flow rate the
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Fi1G. 4. Developments of axial mass-fraction profiles.

assumption of heat transfer being thermally fully
developed in the whole liquid film is not appropriate.
It is also worth noting in Fig. 5 that the larger the
liquid mass flow rate, the larger the total interfacial
heat flux (by comparing cases VII and VIII).

To study the relative contributions of heat transfer
through the sensible and latent heat exchanges
between the liquid film and gas flow, both the inter-
facial sensible heat flux ¢, and latent heat flux g7,
in the gas side are presented in Figs. 6(a) and (b).
Regarding ¢, curves, substantial deviations exist
among various cases. The positive values of g3 for
case II means that the direction of heat transfer is
from the interface to the gas stream, vice versa for the
case with negative ¢;, for case VII. The reason for the
outcome of the positive or negative ¢; can be readily
realized if we check Table 2. For case II T, is larger
than T, which in turn results in a positive ¢j.
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FiG. 5. Comparisons of local wall and total interfacial heat
transfer rates.

Similarly, for case VII (T, < T,) g4 is negative. As
for case V, because T, is identical to T, as expected,
g% is rather small.

Attention is now turned to the distributions of g/,
(Fig. 6(b)). According to the results in Fig, 6(b), the
system with a higher wall temperature shows a higher
value for ¢/, (by comparing cases IT and V or cases 11
and VII). This is brought about by the larger latent
heat transport in connection with the larger liquid
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(@) Ethanol Film
50} ll .
P 0}- Case V-
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(Wm?)
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FiG. 6. Distributions of local heat transfer rates in the gas

side along the channel: (a) interfacial sensible heat transfer ;

(b) interfacial latent heat transfer; (c) total interfacial heat
transfer.
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FiG. 7. Local Nusselt number distributions for ethanol film
evaporation: (a) sensible heat; (b) latent heat; (c) overall
Nusselt numbers.

film evaporation for a higher T,. By comparing the
ordinate scales of Figs. 6(a) and (b), it is apparent
that the magnitude of ¢/, is much larger than that of
g4, indicating that heat transfer resulting from latent
heat exchange is much more effective. Also clearly
seen in Fig. 6(b) is the influence of the ambient tem-
perature T, on the variation of ¢/;. Shown in Fig. 6(c)
are the local distributions of the total interfacial heat
flux g7 (= g5 +4¢7,). It is distinctly observed in Fig. 6
that qj for case VII is always positive, while the values
of ¢:; for the same case are negative. This means that
the direction of interfacial heat transfer ¢ is in oppo-
sition to that of sensible heat transfer ¢ in the gas
side. This also illustrates the superiority of film cooling
in which the liquid film is used as a heat barrier to
protect the channel wall from the hot air stream.

In Fig. 7. the local Nusselt numbers are presented
for some cases with T, # T,. Regarding the sensible
heat Nusselt number in Fig. 7(a), only slight differ-
ences exist among various cases. While for the latent
heat Nusselt number (in Fig. 7(b)), the deviations
among cases are rather substantial. The negative
values of Nu, for case VII result directly from the
definition of Nu,, equation (15). For T,, < T, in case
VII. Nu, is negative since gy, is positive. In other
words. a negative Nu, simply indicates that the direc-
tion of the latent heat exchange is opposed to that of
the sensible heat exchange. These results suggest that
for T,, > T, both Nu, and Nu, increase with the liquid
flow rate.
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F1G. 8. Comparisons of total interfacial heat transfer rates
between finite liquid film thickness and zero film thickness.

Comparisons are made in Fig. 8 to check the suit-
ability of the assumption of an extremely thin film in
the analysis by examining the axial distributions of
the total interfacial heat flux predicted by including
the transport in the finite liquid film and by ignoring
it for the cases with T,, = 30 and 20°C at different liquid
mass flow rates B. It is apparent that gi calculated
with zero film thickness is smaller than that calculated
with finite film thickness. Besides, the differences
between them increase with the liquid mass flow rate
B. This is to say that the assumption of an extremely
thin film is a limiting case and is valid for the system
with a small B. As the liquid mass flow rate is large,
especially for a system with a turbulent falling liquid
film, the assumption becomes inappropriate.

It is interesting to investigate the influences of the
thermal conditions and liquid mass flow rate on the
interfacial mass evaporation rate. The predicted mass
evaporation rate i} is presented in Fig. 9. In congru-
ence with the discussion mentioned above, the inter-
facial mass evaporation rate is larger for the case with
a higher T,. Comparing cases II and 111 shows that
the larger the liquid mass flow rate, the larger the mass
evaporation rate.

The vanations of local Sherwood number Sh,
shown in Fig. 10, resembles that of Nu, because Pr
and Sc are of the order of 1 (Pr = 0.7 and Sc = 1.3).
It is found in Fig. 10 that a higher Sk results for the
system with lower T, and higher T,. This is due to
the larger combined buoyancy forces (i.e. larger Gry
+Gry).

The amount of ethanol vapour added to the gas
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Fic. 9. Local interfacial mass evaporation rate along the
channel.

stream due to film vaporization is important in
improving our understanding on the mass transfer
rate. To this end, a non-dimensional accumulated
mass evaporation rate is introduced

gvaporating mass flow rate
* 7 inet liquid mass flow rate

= j i dx/B. 37

[

The distributions of M, for various cases are presented
in Fig, 11. Again larger film vaporization is observed
for a system with a higher T,,. It is also worth noting
that the largest dimensionless accumulated mass evap-
oration rate at x/ = 1 is less than 6%. This implies
that the variations of the film thickness along the
channel are small. The dryout of the liquid film does
not occur in the present study.

A close inspection on the gy distributions for etha-
nol film in Fig. 8 indicates that a 400% increase in the
film flow rate results in about a 20-25% increase in
gi. This also holds true in the results for the water film
in Fig. 12. Therefore, the interfacial heat flux is not
very sensitive to the film flow rate.

After examining heat and mass transfer with the
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FiG. 10. Local Sherwood number distributions along the
channel.
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Fic. 11. Distributions of the dimensionless accumulated
evaporation rate.

ethanol film evaporation, attention is turned to the
effects of the water film on the beat and mass transfer
in a vertical channel. Shown in Fig. 12 are the axial
distributions of the total interfacial heat flux in the
gas side. For comparison purposes, both the predicted
results with the transports in the finite film treated
and those with the transport untreated are plotted
together. It is clearly seen that neglecting momentum
and heat transfer in the film underpredicts the inter-
facial heat flux. Additionally, the deviations in g7
become large as the liquid mass flow rate increases.
This trend is similar to that of an ethanol film (see
Fig. 8).

In Fig. 13, the average sensible heat Nusselt number
is plotted against a modified Rayleigh number which
accounts for the combined buoyancy forces of thermal
and mass. Meanwhile, the liquid mass flow rate effect
is incorporated into the average sensible heat Nusselt
number. The corresponding correlation is given as

Nu/,/(1+ B/0.05) = —0.0007635Ra’
+0.1683Ra—0.4276 (38)
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Fic. 12, Comparisons of total interfacial heat transfer rates
between finite Hquid film and zero film thickness.
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where the modified Rayleigh number is defined as

Ra = Pr(Gri +Gry). (39)

6. CONCLUSION

The nature of laminar natural convection heat and
mass transfer in a vertical plate channel with film
evaporation has been numerically studied with
momentum and heat transfer in the liquid film treated.
The influences of the system temperature and liquid
flow rate on the momentum, heat, and mass transfer
in both the liquid film and the gas stream are inves-
tigated in great detail. A brief summary of the major
results is given below.

(1) Heat transfer between the interface and gas
flow is dominated by the transport of latent heat in
association with the vaporization of the liquid film.

(2) The existence of the falling film on the axial
developments of the velocity, temperature and con-
centration in the core region of the gas stream is small.
But near the gas-liquid interface, the influence of the
falling film on the gas flow is rather substantial.

(3) The assumption of an extremely thin film thick-
ness is a limiting condition and is only valid for the
system with a small liquid mass flow rate. As the
liquid mass flow rate is large, the assumption becomes
inappropriate.

It is recognized herein that the results presented
above are good for laminar wavy films, i.e. Re, < 1600
[19,27]. While as the liquid Reynolds number exceeds
1600, the predicted results by the present mathe-
matical model become inappropriate because the film
flow is turbulent [19, 27].

To the best knowledge of the authors, there does not
exist a related experimental work on natural con-
vection heat and mass transfer with film evaporation
in the open literature. Due to its importance in engin-
eering applications, the present authors are currently
conducting an experimental study about the natural
convection heat and mass transfer with film evap-
oration [28]. In ref. [28], the most pressing question
encountered in the experimental run is to maintain
the symmetrical and uniform film thickness on the
walls. These experimental results will be reported later.
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TRANSFERT DE CHALEUR ET DE MASSE EN CONVECTION NATURELLE ENTRE
PLAQUES PARALLELES VERTICALES AVEC EVAPORATION EN FILM

Résumé—On conduit une analyse numérique pour étudier ies effets du transfert de chaleur latente, en
association avec I’évaporation d’un film liquide sur la paroi du canal, sur le transfert de chaleur et de masse
en convection naturelle. Des résu]tats sont présentés pour des systémes avcc évaporation de film d’éthanol
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seulement pour un systéme avec un faible débit-masse de liquide. Mais pour un systéme avec un grand
débit-masse de liquide, ’hypothése n’est pas appropriée.

PPELTEK WARME- UND STOFFUBERGANG BEI F'L
RLICHER KONVEKTION ZWISCHEN SENKRECH

iVERDAMPFUNG IN
ANGEORDNETEN

PARALLELEN PLATTEN

Zusammenfassung—Es wird der EinfluB der Phaseninderung auf den Wirme- und Stoffiibergang bei
natiirlicher Konvektion fiir den Fall numerisch untersucht, daB an der Kanalwand ein Fliissigkeitsfilm
endlicher Dicke verdampft. Ergebnisse werden fiir die Verdampfung von Ethanol und Wasser angegeben.

Die Rechenergebnisse m1t und ohne Beriicksichtigung von Transportvorgangen im Film werden einander

gegeniibergestellt. Der Vergleich zeigt, daB die Annahme eines sehr dinnen Films nur fir kleine

Fliissigkeitsmassenstrome gerechtfertigt ist. Fir Systeme mit groBen Fliissigkeitsmassenstromen ist die
Annahme ungeeignet.

CJIOXHBIA TEMNJIO- H MACCONEPEHOC NPH ECTECTBEHHOA KOHBEKLIUM MEXQY
BEPTUKAJIbLHBIMH TMAPAJIIENbHBIMH IVIACTHHAMM C TIEHOUYHBIM
UCTNIAPEHHEM

AmsoTams—UHCICHHO aHANH3APYETCH BAHSHHE (a30BOro NEPEXOAA BCACACTBAC HCTIADCHHA XHIKOM
IJICHKH KOHEYHOH TONIMHB! HA CTCHKC KRHaJA HAa CBOGONHOKOHBEXTHBMBIN TEIJIO- M MaCCONCPEHOC.
TpeacTaBieHB JaHHbIE IO CKOPOCTH TEILIO- H MACCONCPCHOCA NPH HCTIONLIOBAHHE 3THIIOBOTO CIHPTA,
a Taxxe Boakl. [1poseneno conocrannenue PE3Y/ILTATOB PACHCTA MEPCHOCA C YICTOM H Gea yuera Terio-

NCPEHOCA B XMAOKHX IUICHKAX, W NOKA3&HO, 9TO upuwlnlcnuc TORKON TLICHKH Cripasc/IMBO JIRUIL NS
CHCTEMBI C MAJIBIM MacCOBLIM PACXONOM XHIOKOCTH. B CJIydae XK€ CHCTEMB ¢ GOJTHIINM MacCOBRIM pac-
XOAOM XHIKOCTH YIIOMSHYTOE NpROmxeHue HENMPHMEHHMO,



