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Heat and mass transfer of a water film falling down a tilted plate
with radiant heating and evaporation

B. Song, H. Inaba, A. Horibe, K. Ozaki

Abstract This paper has concerned the heat and mass
transfer of a water film falling down a tilted plate with
radiant heating and water evaporation. A cluster of phys-
ical models was developed for evaluating the properties of
heat and mass transfer. A fully implicit control-volume
finite-difference procedure was used to solve the coupling
equations. The effects of various parameters on heat and
mass transfer were investigated. The results showed that
the mass fraction of water vapor in ambient atmosphere
and the flow turbulence played key roles in the heat and
mass transfer. The ambient atmospheric temperature
dramatically affected the sensible heat flux. However its
effect on the latent heat flux is negligibly small. The
magnitude of solar incident flux had an intense influence
on the water film temperature.

List of symbols
c mass fraction of water vapor

[ specific heat

D mass diffusivity

F local radiation flux

o solar radiation flux incident on the gas-water in-
terface

g gravitational acceleration

by latent heat of vaporization

- interfacial mass transfer coefficient,
1/ (Pgi€1 — PocCoc)

hy overall interfacial heat transfer coefficient,
qx/ (Tl - Tx)

k molecular thermal conductivity

] interfacial mass flux, pgv;

L plate reference length

Nu interfacial Nusselt number, h.x/k,

P pressure
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Pr, turbulent Prandtl number
q interfacial latent heat flux in gas side, hgit
qs interfacial sensible heat flux in gas side,
Pytptng\ OT,
_[(kx - I T )T;‘]Ig
qx total interfacial heat flux, g, + q
Re water film Reynolds number, 41/,
RH atmospheric relative humidity
Sc, turbulent Schmidt number
Sh interfacial Sherwood number, h,,x/D

T temperature

u, v x-direction and y-direction velocities

u, shear stress velocity, (1,,/p;)"

x.y  coordinates in axial and transverse directions

X dimensionless coordinate in the axial direction,
x/L

yt dimensionless wall coordinate, yu, /v

Yum  the value of y at u reaching the maximum

Greek symbols

2 thermal diffusivity or absorptivity of surface
extinction coefficient
A wavelength

Ac cutoff wavelength beyond which water is opaque
to radiation

P density or reflectivity of surface

o water film thickness

oy thickness of velocity boundary layer of gas

M eddy diffusivity for momentum

7 dynamic viscosity

v kinematic viscosity

T shear stress or transmissivity of the gas-water
surface

r water mass flow rate per unit width

W tilt angle of the absorbing plate

Subscripts

dry air

gas mixture of dry air and water vapour
condition at the gas-water interface
liquid water

vapor

condition at the absorbing surface
condition at the wavelength of /

refers to atmosphere

x.\n€<“"“"oﬂh

Superscript
* refers to surface radiation property
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Introduction

Heat and mass transfer occurs simultaneously in gas- liquid
flow systems, which has been studied by numerous in-
vestigators [1-6]. Among them, Yan and Soong [1] inves-
tigated forced convective heat and mass transfer along an
inclined heated plate with film evaporation, and Gandhi-
dasan [4] studied heat and mass transfer in solar regenera-
tors. It is noted that a forced convective [1, 3] or a stagnant
[2, 5] gas layer in a gas-liquid flow system is generally
focused and a linear distribution of temperature (for lami-
nar flow) or neglecting temperature gradient across liquid
film has been suggested by some investigators (4, 6].

The purpose of this study is to determine the heat and
mass transfers from a falling water film to an accompanied
gas flow, which typically occurs in an open-type flat-plate
solar collector, and to investigate the effects of various
parameters including the magnitude of the solar radiation,
the atmospheric temperature and humidity, the absorbing
plate tilt angle and the water film thickness on them. A
cluster of physical models had been developed and the
characteristics of heat and mass transfer were revealed
through solving the related equations numerically.

2
Analysis
The problem concerned in this study is illustrated in Fig. 1.
The water falls down a tilted plate as a thin film due to the
action of gravity. By the actions of viscous and inertial
forces, the ambient gas flows along with the water film
forming an accompanying boundary layer. The solar radi-
ative flux incident upon the free surface of the water film is
partly transmitted across the film and mainly absorbed by
the water film and the absorbing plate which has a high selar
absorptivity of surface and is well insulated from back. The
heat absorbed by the plate then is transferred to the water
film and across it partly to the surrounding gas layer. When
evaporation occurs, mass transfer will take place simulta-
neously between the water film and the gas layer.

Based on “the constant film thickness model” theory
[7], assuming a steady two-dimensional turbulent flow and
neglecting the gas absorption of the solar radiation, the

Fig. 1. Schematic diagram of the physical system

energy conservation equations for the incompressible
water and the accompanying gas, and the concentration
equation for gas only reduce to

aT, CT] 6 (3771 aT, o (FT—F"
U— + v a2 e
ox ay ay Pry) Oy ay PiCpl
(1)
oT, oT,
Pelig 3;3 + PgVy E‘—;
2
0 (k aT, ) @ [pngD(cpv - Cpa)(lc] (2)
Py 8 Oy 6)' Cpg ay
and
dc dc 0 I’fog) dc
Pelie gy T Pe's 3y oy [(pg Sce ) oy (3)
where
= [(Boya= [ gEetona @
0 Jo
and

e Je
F :/ F; (y)d). =/ P:,.;T],I‘?e%‘(““y’;vidl (5)
0 0

are the radiative fluxes in the forward (+) and backward
(—) directions across the water film thickness (Fig. 2),
respectively. In Egs. (4) and (5)

vi=[- /)I.,,lpiAEXP(—Zﬂ;_éz)]" (6)
is a parameter which accounts for inter-reflection of ra-
diation between the gas-water interface and the absorbing
plate surface. ey is the water eddy diffusivity for mo-
mentum. For y/yu, < 0.6, it is evaluated by [8]

M 05+ O.S{I +0.64y" =

w
+ i i
P ieg 2
1=
where 7/7, = 1—y*/y’ and f = exp(—1.66y" [y, ) is
a damping factor. For 0.6 < y/yum < 1, the eddy diffus-
ivity is taken as constant and equal to its value at

Y[Yum = 0.6. eyg is the eddy diffusivity for momentum of

(7)

Fe
Gas-water '.
interface
4 y=35
4_F
Y Water film
r_s= ™
y=0

N

Fig. 2. Schematic of the radiation model

Absorbing plate surface
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gas, and can be calculated from the mixing length law
found by Foerthmann [9]. Pry = 0.9,Pry, = 0.7 and

water and the radiation surface properties of water and the
plate were taken from available literature sources [12, 13].

Sc, = 0.7 are the turbulent Prandt]l number for water, the The cutoff wavelength for water is assumed to be

turbulent Prandtl number for gas and the turbulent

e = 2.5um.

Schmidt number for gas, respectively. The second term on
the right side of Eq. (1) represents the energy transfer due 3

to the film absorption of the solar radiation, which has
been neglected in the analysis of Gandhidasan [4]. The
second term on the right side of Eq. (2) represents the
transport of energy due to the concentration gradient

which has not been considered in the analysis of Yan and

Soong [1]. The mass and momentum equations for tur-
bulent water and gas flows are normal boundary layer
equations, and would not be listed herein.

The boundary conditions for the problem are

x=0:im=ul), I="T,, g =0, Ty = Tee, €= €5
(8)

e
y=0:u=0, 7k,?3=/ oy, Fi(0)dA (9)
oy 0
and
yo ooty =0, Tp=7Tu, ¢=cCx (10)

At the gas-water interface (y = &), the continuities of
velocity, temperature and shear stress, and the energy
balance must be met, e.g.

Up = U= Uy (11)

=T=T; (12)
O] Oy

[(#1+ﬂlfm) ayJ“— [(#g + Pgtmy) o)1 (13)

and

00
[ arai- Kk; + —""P"“’) @]
Ae Pry a,V 1l

= g — [(kg + _”8“’8"“8) ﬂ]
Pry, dy g

By considering the solubility of air in the water film to be

negligibly small, the transverse velocity of the air-vapor
mixture in the gas-water interface can be

£y

r+§a

=5
=

7, i

Assuming the gas-water interface at saturation pressure

pvi. the interfacial mass fraction of water vapor can be
evaluated by [3]

Pvi
(,Pg = Pvl)gf <+ Pvl

(15)

= (16)

T(K)

Solution method

A control-volume finite-difference procedure [14] was
used to solve the coupling equations. A fully implicit nu-
merical scheme was employed. The canvective term was
approximated by power-law form, and a total of

151 x 1202 grids was used across the water film and gas
layer thickness. The system of algebraic discretization
equations obtained for water and gas regions was solved
through the line-by-line application of the tri-diagonal
matrix algorithm. It is noted that at the gas-water interface
the matching discretization equations were set up by
making momentum and energy balances. To avoid the
divergence of iterations, the time interval in the discreti-
zation equations for unsteady problems was chosen as a
specific under-relaxation factor to solve our steady prob-
lem. The total radiation fluxes were evaluated numerically
using a spectral-band model, and a total of 21 spectral
bands was used.

4
Results and discussion
The system paramelers are important to the system
analysis. Considering the climate condition which changes
with season, geographic position, solar time and etc [15],
we chose the parameters ranges in this study as:
30° < ¢ < 60°,0 < F° < 1190 W/m?,5 x 107* <
G <15 x 107 m, 288 < T, < 298K.0.003 < ¢y <
0.014 and L = 1.5 m. The inlet water temperature, T,, was
set on 293.15 K.

Figures 3 to 6 show the variations of the absorbing plate
surface temperature, T,,, and the gas-water interfacial

293.6

293.4

2932

The variations of thermodynamic and transport properties
with temperature and mixture composition in this study
are considered. The transport properties for air used in the
present study were taken from Zhong et al. [10]. Other
pure property data and the mixture properties were gained
from Reid et al. [11]. The volumetric radiation property of Fig. 3. Effects of F* on T, and T;

293.0
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Fig. 4. Effects of ¢.. on 7,, and T;

2935 = T T T T T T T T
Fe=800Wm* eeeees Tw
[ €.=0.010 T ]

293.4
< 2033
=

293.2

293.1

Fig, 5. Effects of T, on T,, and T}

temperature, T;, with dimensionless coordinate, X. under
the various conditions of the solar incident flux, F°, the
mass fraction of water vapour in the ambient atmosphere,
€., the atmospheric temperature, T... and the tilt angle, 1,
respectively. As expected, continuous radiant heating
raises both T,, and T; along the flow direction except in the
neighborhood of X = 0. in which the high evaporation
rate and heat transfer coefficient bring about a drop of the
interfacial temperature. The tendency of the drop in T;
depends on the ambient temperature and humidity as well
as the water flow turbulence. Any decrease of ¢ or Ts,
will lead to increase the magnitude of the drop in T, which
has been shown in Figs. 4 and 5. This should be attributed
to that the decrease of ¢, or T enhances the heat

Fig. 6. Effects of y on Ty, and T}

transmission from the gas-water interface to the gas
boundary layer. For F® = 0, T; and T,, have no way of
rising but dropping down along the flow direction as the
evaporation, and the sensible heat transfer between the
water film and the gas layer transport the energy from the
water film. At the position near the inlet (X = 0), the plate
surface temperature, T, rises dramatically to a specific
value, which depends on the magnitude of solar incident
flux (Fig. 3), and the plate tilt angle (Fig. 6), and then rises
along the flow direction at a lower rate. But if the heat
transfer is high enough, T, after reaching the specific value
will slightly drop for a while, and then gradually rise
somewhat, which is evidenced in Fig. 4 for ¢,. = 0.003. In
latter developed region of the boundary layer the varia-
tions of T,, and T, with X are almost linear. This indicates
that the magnitude of heat and mass transfer remains
constant in the developed region. An increase in F°, ¢, or
T will certainly result in the rise of T) and T,. The tilt
angle, |/, represents the influence of the gravitational force.
With the increase of i, the gravitational force plays more
roles in fluid dynamics, which increases flow velocity and
the heat capacity of the film flow so that the heat and mass
transfer would be enhanced and the magnitude of the
temperature rise of the water film would be limited.
Figure 7 demonstrates the axial distributions of the
mean x-direction velocity and mean temperature of the
water film, u,, and T,,, the plate surface temperature, T,
and the gas-water interfacial temperature, Ty. u,, first
dramatically drops from a initial value of 1.186 m/s to its
lowest value of 1.182 m/s by the action of interfacial vis-
cous frictional force, and then rises at variable rates by the
actions of the gravitational and inertial forces. In the re-
gion near the inlet, the water flow needs to spend some of
its momentum to bring about the stagnant atmosphere
flowing with it, which reduces the water flow velocity. With
the development of the gas boundary layer the interfacial
shear stress is gradually reduced so that the velocity of the
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Fig. 7. Axial distributions of #,,, Ty, T, and T; on specific con-
ditions

14.85

14.80

1475

¢ (x10%)

14,70

146501 ! 1 1 1 1 1 1 R 1

Fig. 8. Effect of { on ¢

water flow could be recovered as much as 78.7% of its lost
at the outlet of water flow. T,, is more closed to T}, which
indicates the temperature in the water film with turbulent
flow (Re = 4702) approximates to a uniform value except
its linear distribution in the viscous sublayer near the plate
surface, which is evidenced in our investigation.

The variations of interfacial mass fraction of water va-
por, ¢, with dimensionless coordinate, X, for some tilt
angles, i, are plotted in Fig. 8. Comparing these with the
data in Fig. 6, it is clear that the tendency of the axial
distribution of ¢; is quite similar to that of Ty, in view of
the relation of ¢; = f(Ty).

The mass and heat fluxes at the gas-water interface are
the most dominant parameters for mass and heat transfer
from the water film to the gas layer. The total interfacial

1.0 T T T T T T T T T T
F° = 800 W/m® i
r T,.=293K
5=10"m i
08 |- = 45°
~06 b
Nw
E L -
El
‘E 04 ( -
Ce = 0,003 (RH =21 %)
02 . ( )
= €. =0.010 (RH =71 %) i
N G, = 0.014 (RH = 96 %)
¥ _l 1 T 1 1 L 1 L | 1
0 02 0.4 06 0.8 1.0
X
Fig. 9. Effect of ¢, on m
04 F T T T T T T T T T T
F° = 800 W/m?
" Te=203K g
¢, =0.010
03t yeis .
% 02 ~
£
L 4
§=15x10"m
01+ -
5=10%m
5=5x10"m
ol 1 I W R N | I 1 1 L
0 0.2 0.4 0.6 08 1.0
X

Fig. 10. Effect of d; on m

heat flux, g, consists of two parts that one is sensible heat
flux, g5, and the other is latent heat flux, g;. The variations
of interfacial mass flux, m, with X for various parameters
of ¢, and J; are shown in Figs. 9 and 10. The interfacial
mass flux decreases sharply in the range of X < 0.2, and
beyond X = 0.2, it approaches to a certain value ac-
cording to ¢, and d;. The absolute value of m and its
variation for each parameter would be mainly dependent
on the concentration gradient in the gas boundary layer
and the flow turbulence. The lower atmospheric humidity
(cs = 0.003,RH = 21%) causes a higher concentration
gradient in the gas boundary layer so that #1 in the region
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of X > 0.2 could reach as high as 0.203 g/(m’s). However
under the condition of ¢.. = 0.014 (RH = 96%), m is
only about 0.015 g/(mzs) (Fig. 9). The increase in 0, raises
the interfacial velocity so that the mass transfer is en-
hanced and 1 can arrive at a higher value (see Fig. 10).
Figures 11 to 13 present the variations of dimensionless
heat flux g,/F°, q;/F°, and g,/F° with X for various pa-
rameters of ¢y, Ty.. and . The tendency of the variation
of q;/F° or q./F° with X in Fig. 11 is associated with that
of m in Fig. 9, since g; or g, is a function of . Figure 11
reveals that the ambient humidity exerts an intense in-
fluence on interfacial heat flux, g, or q;. When the mass
fraction of water vapor in the ambient atmosphere, c.., is
0.014 (RH = 96%), the heat loss rate, g./F°, from the
water film is only about 6% of the incident radiative flux in
the region of X > 0.2, However as c.. reduces to 0.003

(RH = 21%), q./F° reaches a very high value of around
66% . From the results of Fig. 12, it is noticed that the
ambient temperature, T, dramatically affects the heat
loss rate g,/F” although its influence on q;/F° is very
small. Under the condition of T = T,, 4./F° is only
about 2% in the developed region. However as T, is at
288 K which is about 5 K less than T,, g,/F° can reach a
value of around 12% . On the other hand, if T, is at 208 K
which is about 5 K higher that T, the value of g,/F’ ap-
proaches to about —8%, which means that the sensible
heat is transferred from the gas layer to the water film. The
value of g,/F° in Fig, 13 first drops dramatically to a
minimum at about X = 0.1, and then rises gradually
along the flow direction except the data for ¥ = 60°,
which is attributed to the changes in the interfacial tem-
perature and heat transfer coefficient due to radiant
heating and the axial distribution of the water flow
velocity. The value of q,/F° for § = 60° reaches a local
maximum at about X = 0.25. The behavior could be
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explained by the fact that the dragged water flow velocity
grows at the highest rate near X = 0.25 (reference to
Fig. 7), which causes an obviously local maximum of the
interfacial heat transfer coefficient. The data reveal that
qi is about 13 times greater than g..

The rate of heat and mass transfer can be also expressed
with the heat and mass transfer coefficients or Nusselt and
Sherwood numbers. The variations of Nu and k., as well as
Sh and h,, with X for different c.. and , are shown in
Figs. 14 and 15, respectively. From the result of Fig. 14, it is
obvious that the decreasing of ¢., enhances not only the
mass transfer but also the heat transfer. Figure 15 indicates
that Sherwood number increases with an increase in the
tilt angle, . This effect of ¥ could be explained by the fact
that an increasing of i results in the increases in flow
velocity and flow turbulent intensity. The values of Nu and
Sh remain about constant in the neighborhood of X = 0.1
in Figs. 14 and 15, which would be attributed that the
dragged flow velocity make the heat and mass transfer
coefficients drop markedly, and means that the first de-
rivatives of Nu and Sh with respect to X might equal to
zero around X = 0.1.

5
Conclusions
The heat and mass transfers of a water film falling down a
tilted plate with radiant heating and water evaporation
have been studied numerically in this paper. The effects of
various parameters on them were investigated. From the
results and discussion, the following conclusions can be
drawn.

It was clarified in numerical quantities that among the
influential factors of heat and mass transfer, the gradients
of mass fraction of water vapor and temperature between

the gas-water interface and the ambient atmosphere as well
as the water flow turbulence played an important role. The
latent heat flux and heat transfer coefficient could be 10 to
15 times larger than the sensible heat flux and heat transfer
coefficient, respectively. Although the atmospheric tem-
perature exerted few influences on the interfacial latent
heat flux, it had an obvious effect on the interfacial sen-
sible heat flux. The magnitude of solar radiative flux in-
cident on the gas-water interface played an important role
in the change of water temperature.
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