
Int. J. Therm. Sci. (1999) 38, 384-397 
~) Elsevier, Paris 

Heat, mass and momentum transfer 
of a water film flowing down a tilted plate exposed 

to solar irradiation 

Baoyin Song, Hideo Inaba*, Akihiko Horibe, Koichi Ozaki 
Department of Mechanical Engineering, Faculty of Engineering, Okayama University, Tsushimanaka 3-1- I, 

Okayama 700-0082, Japan 

(Received 15 June ] 998, accepted after revision 28 October 1998) 

Abstract - -  This paper has investigated the heat, mass and momentum transfer of a water film falling over a tilted plate with solar 
radiant heating and water evaporation. A cluster of physical models which include conduction, convection with flow turbulence, 
diffusion, radiation and phase change was developed for predicting the characteristics of heat, mass and momentum transfer. A 
fully implicit control-volume finite-difference procedure was used to solve the coupling equations. The effects of various parameters 
on heat, mass and momentum transport were investigated. The results revealed that the gradients of temperature and the mass 
fraction of water vapor in the gas layer, and the wind velocity played a key role in the heat and mass transfer along the gas-water 
interface. The water film Reynolds number related to the film thickness and the plate ti lt angle markedly exerted an influence on 
the eddy viscosity and the turbulent Prandtl number of the water film. The ambient atmospheric temperature only dramatically 
affected the interfacial sensible heat transfer. The magnitude of solar incident flux had intense influence on the water film 
temperature but not on the interfacial heat and mass transfers. © Elsevier, Paris. 
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R~sumE - -  Transfert de chaleur, de masse et de quantit~ de mouvement Iors de rEcoulement d'un film d'eau sur une plaque 
inclin~e expos~e ~. I'irradiation solaire. Cet article traite des transferts de chaleur, de masse et de quantitE de mouvement Iors 
de I'Ecoulement d'un film d'eau sur une plaque inclinEe, soumise ~ un chauffage par rayonnement solaire et ~ une Evaporation. 
Un ensemble de modEles physiques tenant compte de la conduction, de la convection turbulente, de la diffusion, du rayonnement 
et du changement de phase ont ErE dEveloppEs dans le but de prEdire les caract&istiques des trois transferts en question. Une 
procedure volume de contr61e/diffErences finies totalement implicite a EtE utilisEe pour rEsoudre les Equations couplEes. On a 
analyse les effets de diff&ents paramEtres sur les transferts de chaleur, de masse et de quantitE de mouvement. Les rEsultats 
rEvElent que les gradients de temperature et de fraction massique de la vapeur d'eau dans la couche gazeuse, ainsi que la vitesse 
du vent jouent des r61es clEs dans les transferts de chaleur et de masse le long de I'interface gaz-eau. Le nombre de Reynolds 
du film d'eau reliE ~ I'Epaisseur du film et ~ I'angle d'inclinaison de la plaque exercent une influence marquee sur la viscositE 
turbulente et le nombre de Prandtl turbulent du film d'eau. La temperature ambiante n'affecte de fa~:on importante que le transfert 
interracial de chaleur sensible. La grandeur du flux solaire incident a un impact significatif sur la temperature du film d'eau, mais 
non sur les transferts interfaciaux de chaleur et de masse. ~) Elsevier, Paris. 

film d'eau / irradiation solaire / transfert de quantitE de mouvement / transferts de chaleur et de masse / analyse numErique 

Nomenclature 

A + d a m p i n g  cons tan t ,  25.1 
bn c o n s t a n t s  in Eq. (28) 

B + van Driest  p a r a m e t e r  defined by 
Eq. (28) 

c m a s s  fract ion of water  vapor  

* Cor re spondence  and  reprints .  
i naba@en2ews l .okayama-u . ac . j p  

cp specific hea t  . . . . . . . . . . . . . . . . . . . . . . .  

D m a s s  diffusivi ty . . . . . . . . . . . . . . . . . . . .  

f d a m p i n g  factor  in equa t ion  (24) 
F local r ad ia t ion  flux . . . . . . . . . . . . . . . . .  

F ° rad ia t ion  flux incident  on the  g a s -  
water  interface . . . . . . . . . . . . . . . . . . . .  

g g rav i ta t iona l  accelera t ion . . . . . . . . . . .  
h hea t  t ransfer  coefficient . . . . . . . . . . . .  

hfg la tent  hea t  of  vapor iza t ion  . . . . . . . . . .  

J . k g - l . K - 1  
m2.s  - 1  

W.m-2 

W . m - 2  

r e . s - 2  
W . m - 2 . K - I  

J .kg  - i 
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h~ interfacial latent heat transfer coeffi- 
cient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  

hm interfacial mass transfer coefficient.. 
h~ interfacial sensible heat transfer coef- 

ficient . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
h ,  overall interracial heat transfer coeffi- 

cient . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  
k molecular thermal conductivity . . . . .  
L reference length . . . . . . . . . . . . . . . . . . .  
rn interracial mass flux . . . . . . . . . . . . . . . .  
M~ molar mass of air . . . . . . . . . . . . . . . . . .  
M~ molar mass of vapor . . . . . . . . . . . . . . .  
Nu interracial Nussett number, h~x/k~ 
p ambient atmospheric pressure . . . . . . .  Pa 
Pr water film Prandtl  number 
Prt water film turbulent Prandtl  number 
pv,i partial pressure of water vapor at the 

gas water interface . . . . . . . . . . . . . . . .  Pa 
q~ interfacial latent heat flux in gas side W.m -2 
q~ interracial sensible heat flux in gas 

side . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  W.m -2 
q~ total interracial heat flux . . . . . . . . . . .  W . m -  u 
Re water film Reynolds number, 4F/#, 
RH atmospheric relative humidity 
Rm universal gas constant . . . . . . . . . . . . . .  J .kmol-~-K ~ 
Sh interracial Sherwood number 

(=  hm x /D)  
T temperature . . . . . . . . . . . . . . . . . . . . . . .  K 
u x-direction velocity . . . . . . . . . . . . . . . .  m .s -  1 
u ,  shear stress velocity (= rw/pl)~/~.., m.s -~ 
v y-direction velocity . . . . . . . . . . . . . . . .  m .s -  1 
x coordinate in the axial direction . . . .  m 
X dimensionless coordinate in the axial 

direction x /L  
y coordinate in the transverse direction m 
Y dimensionless coordinate in the trans- 

verse direction, y/6~ 
Yc the intersecting point of two eddy 

diffusivity models . . . . . . . . . . . . . . . . . .  m 
y+ dimensionless wall coordinate y u,/r, 

Greek 

OZ* 

Z 
7 

A 
A¢ 

P 
p* 

6~ 
6g 

Ill 

# 

W . m - 2 . K - 1  

re.s-1 

W . m - ~ . K - ~  

W.m -2 .K- 1 

W.m-~ .K-~  
m 

kg.s-1 .m--2 

kg.kmol - ~ 
kg-kmol- ~ 

symbols 

absorptivity of surface 
extinction coefficient . . . . . . . . . . . . . . .  m - ~ 
inter-reflection parameter defined by 
equation (23) 
wavelength . . . . . . . . . . . . . . . . . . . . . . . .  inn 
cutoff wavelength beyond which water 
is opaque to radiation . . . . . . . . . . . . . .  lira 
density . . . . . . . . . . . . . . . . . . . . . . . . . . .  kg.m-- 3 
reflectivity of surface 
water film thickness . . . . . . . . . . . . . . . .  m 
thickness of velocity boundary layer 
of gas . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  m 
water eddy diffusivity for momentuin m2.s --~ 
dynamic viscosity . . . . . . . . . . . . . . . . . .  kg .m- l . s  - ~ 

u kinematic viscosity . . . . . . . . . . . . . . . . .  
r shear stress . . . . . . . . . . . . . . . . . . . . . . .  
r* transmis;sivity of the gas-water inter- 

face 
F water mass flow rate per unit width.  
v) tilt angle of the absorbing plate . . . . .  

Subscripts 

a dry air 
av average 
g gas mixture of dry air and water vapor 
i condition at the gas--water interface 
1 liquid water 
max rnaximul n 
t turbulen ~, 
v vapor 
w condition at the absorbing surface 
A condition at the wavelength of A 
o inlet condition 
oo refers to atmosphere 

Superscripts 

+ refers to the forward direction 
- refers to the backward direction 

m 2 . s  - 1  

Pa 

kg-m- ~-s-  ~ 
o 

!. I N T R O D U C T I O N  

Liquid film flowing down a solid surface is encoun- 
tered everywhere. Sweat falling down the body skin, 
rain falling over roofs and liquid metal flowing down a 
solid surface ,~re just some examples. A gas-liquid flow 
s y s t e m  is widely  employed  in air condi t ion ing ,  film cool- 
ing, film hea t ing ,  gas abso rp t ion ,  humidi f ica t ion ,  solar 
energy  collect?on, solar r egenera t ion ,  etc. 

Hea t  a n d  mass  t r ans fe r  occurs  s imul t aneous ly  in g a s -  
l iquid flow sys tems ,  which  have been  s tud ied  by m a n y  
inves t iga tors  i1-9]. A m o n g  t h e m ,  Yan and  Soong [1] 
inves t iga ted  %reed convect ive  hea t  and  mass  t r ans fe r  
a long an incl ined h e a t e d  p la te  wi th  film evapora t ion ,  
and  G a n d h i d a s a n  [6] s t u d i ed  hea t  and  mass  t r ans fe r  in 
solar regenera tors .  The  t u rbu l ence  and  the  m o m e n t u m  
t r a n s p o r t  in t he  l iquid fihn were  inves t iga ted  by some 
researchers  13, 7, 9]. I t  is n o t e d  t h a t  a forced convect ive  
[1, 3, 6] or a s t a g n a n t  [2, 4, 7] gas layer in a l iquid 
gas flow sys tem is genera l ly  focused and  a l inear 
d i s t r i bu t i on  c>f t e m p e r a t u r e  (for l aminar  flow) or a 
negligible t e m p e r a t u r e  g rad ien t  across t he  liquid film 
has been  sugges ted  by some inves t iga tors  [6, 8]. The  
t r ans fe r  processes  b o t h  in gas phase  and  l iquid phase  
are i m p o r t a n t  bu t  n u m e r o u s  researchers  only  emphas i ze  
one of t h e m  and  neglec t  t he  o ther .  

An  o p e n - t y p e  f la t -p la te  solar  col lector  is a typical  
gas - l iqu id  sys tem,  in which the  meteorologica l  quant i -  
ties, t h e  t i l t  angle and  the  l iquid film th ickness  exer t  an 
inf luence on bea t ,  mass  and  m o m e n t u m  t ransfer .  This  
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has not been investigated sufficiently. The purpose of 
this study is to determine the momentum transfer in 
a falling water fihn, the heat and mass transfer from 
the water film to an accompanied gas flow, and to in- 
vestigate the effects of various parameters including tile 
magnitude of the solar radiation, the atmospheric tem- 
perature and hmnidity, the wind velocity, 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, mass and momentmn transfer 
was revealed through solving the equations numerically. 

2. ANALYSIS 

Tile physical model concerned in this study is 
illustrated in figure 1. The water flows down over a 
tilted plate as a thin film due to the action of gravity. By 
the actions of viscous and inertial forces, tile stagnant 
ambient atmosphere or tile co-current wind will flow 
along with the water film forming an accompanying gas 
boundary layer. The solar radiative flux incident upon 
the free surface of the water film is partly transmitted 
across the fihn and it is mainly absorbed by the water 
fihn and the absorbing plate which has been coated 
with black paint (a*,,a = 0.94) and is well insulated 
from behind. The heat absorbed by the plate then is 
transferred to the water film and across it partially to 
the gas layer. When evaporation occurs, mass transfer 
takes place simultaneously between the water fihn and 
the gas layer. 

2.1. Governing equations 

In general, liquid film flow over a solid surface is a 
wavy one except in the region near the start of flow or at 
a very small Reynolds numbers. Besides tile statistical 
approach, nearly all remaining major investigations on 
the turbulent fihn flow were based on tile constant fihn 

,,.~ /": i, dt~% 

cr ~ g 

Figure 1. Schematic diagram of the physical system. 
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thickness model for low rate of evaporation [9], which 
assumed that  film could be treated as smooth so that 
it could be represented by an average film thickness 
and that  some eddy diffusivity profiles, valid for single- 
phase flow, could be modified or directly applied to 
turbulent film flow. The wind velocity in tile present 
s tudy was limited to 5 rn.s -1. Therefore for a reference 
plate length of 1.5 m, the gas-phase Reynolds number, 
Res = lu~ - ud x/us ,  based on the gas velocity relative 
to the interfacial velocity is not over tile value of 3.10 5 
so that  the gas stream could be treated as laminar 
flow. In addition, the damped turbulence zone of the 
liquid film [9] and the laminar gas stream are matched 
at the gas-liquid interface. Although some researchers 
revealed that rippling or the small waves on the base film 
enhances tile mass transfer rate in the gas phase, the 
results obtained by Hikia et al. showed that  the effect of 
rippling on the gas-phase mass and heat transfer rates 
is negligible [9]. The inlet water velocity distribution 
was prescribed at a value for the fully developed flow 
without interracial shear. 

In "the constant fihn thickness model", assuming 
the boundary concept to be valid and neglecting 
the pressure gradient, buoyancy force and dissipated 
heat, the equations for a steady two-dimensional 
incomt)ressible turbulent flow of the water film are 

nlass 
Ou~ 0v~ 
0-x- + ~ y  = 0 (1) 

- momentum 

ZtI~-X + V l ~  = ~ (Pl+gm)~-~-yj @gsin~ (2) 

and energy 

8% 8T~ 
p~ c,.1 u~ 0--x + pl cp,1 Vl ~ y  

= Oy kl + Pr-----~ Oy J + ~y (F+ - F - )  (3) 

where e:m, Prt,  F + and F -  are the eddy diffusivity 
for momentum, the turbulent Prandtl  number and the 
radiative fluxes in the forward (+) and backward ( - )  
directions in the water film, respectively, and these 
properties will be modeled later. The second term on 
the right side of equation (3) represents energy transfer 
due to ~he film absorption of the solar radiation. The 
radiative flux gradient acts like a thermal source, which 
has been neglected in the analysis of Gandhidasan [6]. 

Neglecting the gas absorption of the solar radiation, 
then the equations of mass, momentum, energy and 
concentration in the laminar gas layer can be deduced 
as 

0(ps us) O(ps vs) a ~  + a ~  - 0 (4) 
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~ t g  C~'U,g 
pg u~ ~-x + p~ % 0y 

:gtDW) + g  (p~ -p~¢)  sing, (5) 

af~ OT~ 
p~ c>~ u~ ~ -x  + p~ cp,~ v~ Oy 

a ( a r ~ )  a~ ar~ 
: a-7 \ /%ay-y )  + P ~ D { c > " - c > ~ ) a y  ay 

and 

(6) 

chc Oc O ( Oc) 
p~ u. ~x + p~ v~ 0% -- Oy p~ D ~y (7) 

The second term on the right side of equation (6) rep- 
resents the transport  of energy due to the concentration 
gradient which has not been considered in the analysis 
of Yan and Soong [1]. Furthermore, it is assumed that  
the gas mixture exhibits ideal gas law behavior. Ne- 
glecting the instantaneous values, the thermal equation 
of state is written a~s: 

(8) 

and the specific heat for the biImry gas mixture becomes: 

Cp,g = Cp,a  - -  C (Cp,v  - -  Cp ,a )  (9) 

where Cp,~ and Cp# denote the specific heats for dry air 
and water vapor, respectively. 

2.2. Boundary  and inter fac ia l  cond i t ions  

The boundary conditions for the problem are 

X : 0 :  m = u ( y ) ,  r~ = To, u~ 

y = 0 : Ul = 0 ,  - -  ( k l  + - -  

and 

Tg= T~,  c = c ~  (10) 

pl  Cp,1 ~"m '~ 3T~ 
Prt ] Oy 

= ~,,,a F / ( 0 )  dA (11) 

y---~oc: Ug=U~,  T g = T ~ ,  c = c ~  (12) 

The term on the right side of equation (11) accounts 
for the absorption of the external radiation by the 
opaque plate. The external radiation in the semi- 
transparent part of the spectrum (0_< X < A~) incident 
on the gas water interface is partially transmitted 
across the water film, and it is mainly absorbed by 
the absorbing plate. 

At the gas-wa.ter interface (y = 60, the continuities of 
velocity, temperature and shear stress, and the energy t ~  
balance must be met, i.e. x_. 

ui = v, = ug (13) 

Ti = 71 = Tg (14) 

(.~-.-~m) a~,] ~, (15) 
g 

a n d  

/? * o ~i.a F~ dX -- 1 
c 

+ - -  
e~, ~-yj ,,, 

(16) 

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 he 
expressed as 

vi = - 1 ~ C  i , g  

and the mass flux from the water fihn to the gas layer, 

m = p i , g  vi  (18) 

Assuming the gas water interface at saturation pres- 
sure, p~.v, the interfacial mass fraction of water vapor 
can be evaluated by [10] 

":i =: pi,v (19) 
M~ 

(p - p~,v) ~ , ,  + V~,v 

where M~ and -~i, denote the molar mass of dry air 
and vapor, respectively. The partial pressure of the 
saturation water vapor at the gas-water interface is 
estimated from Antoine's correlation [11] 

( 3 8 1 6 . 4 4 )  (20) 
pi,v = 133.32exp 18.3036 Ti ~4~i-.13 

2.3. Rad ia t ive  t r a n s f e r  model  

Both gas and water are semi-transparent to radiation. 
They are transparent in the visible and infrared part of 
the spectrum, and scattering is negligible in comparison 
to absorption. To simplify tile inodel, it is assumed 
in the analysis that  the gas-water and the water- 
plate interfaces are smooth and the absorption of solar 
radiation in the gas layer is negligibly small, which 
is based on tlhe fact that  the mass fraction of water 
vapor in this study does not exceed 0.0156 and the 
total absorptivity of the gas layer is less than 0.001 [12]. 
If emission of radiation by the water is neglected in 
comparison to absorption, and the forward scattering 
approximation (i.e., radiation is scattered in the forward 
direction only) is used, the forward (+) and backward 

387 

m 

~ n  

E m  

O 

ill 

:~i~ ~ 2 I~i 



B. Song et al. 

( - )  directed radiative fluxes in the water film (figure 2) 
can be expressed as [13] 

/0 i F + = F+(y) dA = r:~ F~ e-~(~-Y)  ~ d)~ 

(21) 
and 

F -  = F~-(y) dA = p*,,xr~,F~e-~(~'+Y)~dA 

(22) 
respectively. In these equations 

% = [1 - p*.~ p~,~ exp(-2/3~ 6,)] - I  (23) 

is a parameter which accounts for inter-reflection of 
radiation between the gas-water interface and the 
absorbing plate surface. 

Gas-water 
i~!nterface 

p ) 

g 

i y ,  - ~ F F I  Water  f i l m  

Absorbing Plate surface 

y =  6" l 

y=O 

Figure 2. Schematic of the radiation model, 

2.4. Turbulence model 

A lot of turbulence models for determining the eddy 
diffusivity for the momentum of a falling film have 
been developed by many investigators [14-18]. In view 
of the theory of eddy diffusivity damping near the gas- 
liquid interface[9, 19-21], the modified van Driest model 
suggested by Yih and Liu [141 and the interface damping 
eddy diffusivity model deduced by Din [19] are adopted 
herein. Therefore the eddy diffusivity for momentmn is 
divided into three regions, for y/51 <_ 0.6, 

~rn  
- 0.5 ul 

+ 2 r  [ l _ e x p ( _ ~ + +  (~_~) ) ]  f2 +0.5 1 +0.64y 

(24) 

where f = exp(-1.66y+/5 +) is a damping factor. For 
0.6 < y/5l <_ y¢/S1, the eddy diffusivity is taken as 
constant and equal to its value at y/SL = 0.6, 

emu, - e,na yte~=0.6 (25) 
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and for y/8l > yc/51, 

e-~-~=l'17"lO-6(~-~l)]Re"44s(5'-Y)2u~ (26) 

where yc is the intersecting point at which the two eddy 
diffusivity models reach a same value. The effect of the 
interracial shear stress is considered in the model. It is 
noted that the directions of the interfacial shear stress 
under the condition of stagnant atmosphere are just 
opposite to those in the model analyzed by Yih and 
Liu [14]. 

There are some formulae provided by some investi- 
gators for estimating the turbulent Prandtl number [14, 
18, 22, 23]. In order to correspond to the eddy diffusivity 
model adopted, the van Driest style turbulent Prandtl 
nmnber modified by Yih and Liu [14] is used in this 
work. The turbulent Prandtl number is evaluated by 

Prt = 1 - exp[-y+(r/rw)½/A +] (27) 
- -  + 1 1 exp[-v (~/~w)~/B+] 

where B + is given by" Habib and Na [14] as 

5 

B + = Pr -½ E b ~  (logPr) ~-1 (28) 

where bl = 34.96, be = 28.97, ba = 33.95, b~ = 6.33, and 
b5 = -1.186. 

2.5. Thermodynamic, transport 
and radiation properties 

The variations of thermodynamic and transport 
properties with temperature and mixture composition 
in the present study are considered except that the 
water density is treated as constant. The transport 
properties for air [241 are used as follows: 

and 

14.58.10-r T~ 
"~- -  1 1 0 . 4  + T ( 2 9 )  

3 3 2.6482.10- T~ 
k~ - (30) 

T + 245.4 × 10--~ 

Cp,a = 917 + 0.258 T - 3.98.10 -8 T 2 (31) 

Other pure component data including the latent heat of 
vaporization of water are approximated by polynomials 
in terms of temperature and the mixture properties are 
calculated from the pure component data by means of 
the mixing rule, taken from Reid et al. [11]. 

Water is a selective absorber of radiation and its 
volumetric radiation property was taken from Brewster 
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[12]. The cutoff wavelength for water  is assumed to 
be A~ = 2.5 llm. The radia t ion surface propert ies  of 
water and the plate were taken from available l i terature  
sources [10, 12]. 

3. SOLUTION METHOD 

A control-volume finite-difference procedure [25] was 
used to solve the coupling equations. A fully implicit  
numerical scheme was employed. In order to obta in  an 
accurate solution, the convective term is approximated  
by a power-law form. Moreover, in view of the s tudy 
performed by Yan and Soong [1], a grid of 152 x 602 
points was used across the water  film and ~gas layer 
thickness for water  film thickness of 1.10 - ~  m and 
152 × 1 202 grid for 51 = 5"10 -4 m. Of the 602 or 1202 
axial grid lines, 51 were deployed on the water  side. 
The grids used in gas a~ld water phases are identical 
and uniform except for those next to the inlet, the plate  
surface and the gas-water interface, which were packed 
with only half the normal space. Solutions were found 
to be insensitive for the grid number over 100x40 across 
the water film. 

The system of algebraic discret izat ion equations 
obtained for water  and gas regions was solved through 
the line-by-line appl icat ion of the tr i -diagonal  mat r ix  
algorithm. It  is noted tha t  at the gas-water interface 
the matching discret izat ion equations were set up by 
making momentum and energy balances. To avoid 
the divergence of i terations,  the t ime interval in the 
discretization equations for uns teady problems was 
chosen as a specific under-relaxat ion factor together  
with another  normal  under-relaxat ion factor to solve 
the present s teady problem, which were changed from 
0.003 and 0.86 to 0.009 and 0.46 during the calculation 
process. 

The to ta l  radia t ion fluxes were evaluated numerically 
using a spect ra l -band model. A tota l  of only 21 
spectral  bands was used because a more detai led 
spectral  dis t r ibut ion of incident radia t ion flux was nc~ 
available [26]. 

4. R E S U L T S  A N D  D I S C U S S I O N  

The system parameters  or the boundary  coi}- 
ditions are impor tan t  to the system analysis. 
Considering the cl imate condit ion which changes 
with season, geographic position, solar t ime and 
etc. [27, 28], we chose the parameters  ranges i:a 
this s tudy as: 30°_<¢_<60 ° , 0 _ < F ° _ < l l 9 0 W . m  -~:, 
5'10 -4 _< 51 _< 1.5-10 -3 m, 288 _< To~ -< 298 K, 0.003 <_ c~ 
<0.014, 0<uo¢ -<5 m.s -~ and To = 293.15 K. The plate 
reference length L was selected as 1.5 m. 

Figure 3 shows the typical  t ransverse (y-direction) 
dis t r ibut ions of the water flow velocity, u[, and tern- 
perature,  Tl, at  X = 0.6567 for a s tagnant  a tmosphere 
(u~ = 0 m.s-1) .  The da t a  reveal the common char- 
acteristics of the velocity and t empera tu re  profiles for 
turbulent  water film flow. The heat  loss from the free 
surface of the water film causes an obvious drop in 
t empera tu re  near the interface. 
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Figure 3. Typical transverse 
velocity and temperature. 
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distributions of water flow 

The typical  t ransverse dis t r ibut ions of gm//2] and Prt 
for different film thickness, 5h are plot ted in figures 4a 
and 4b. The eddy diffusivity for momentum reaches 
its maximum a~; about  0.45 of the film thickness. The 
values of eddy diffusivity and the intersecting point of 
the two eddy diffusivity models increase with increasing 
film thickness. The water  film Reynolds numbers,  Re, 
are 1011, 4653, and 9739 corresponding to a water 
film thickness c~f 5.10 -4 m, 1.10 -3 Ill, and 1.5.10 -3 m, 
respectively. In contrast ,  the  turbulent  P rand t l  number 
decreases with an increase in the Reynolds number,  
and reaches its minimum at the posit ion around 0.75 
5~. For Re = 1 011. the eddy diffusivity for momentum 
is less than  one third of the kinematic  viscosity. The 
effects of different angles on the eddy diffusivity and 
the turbulent  P rand t l  number  are similar to those of 
different film thickness. 

Figure 5 presents the axial dis t r ibut ions of aver- 
age water  velocity for different wind velocities. Near 
the entrance region, the average water  velocity, uav, 
first rises or drops dramat ica l ly  from an initial  value 
of 1.1875 m.s -1 to its maximum or minimum accord- 
ing to whether  the wind velocity is greater  or smaller 
than the gas-w.~ter interracial velocity, then drops or 
rises at  vari&b]e rates. If the wind velocity is just  
modera te ly  larg;er than the interfacial velocity, the  av- 
erage velocity a.fter reaching its maximum may drop 
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Figure 4. a. Typical transverse distributions of Cm/~'i for 
different 61- b. Typical transverse distributions of Prt for 
different 6]. 

to a minimum at a certain posit ion (see the da t a  in 
figure 5 for u~  = 2 m.s-1) .  The velocity development 
tendencies for the same direction of the  interfacial 
shear stress e.g. with the condit ion of u~  = 0 and 
u~ = 1 m.s -~ or uo¢ = 2 m.s -~ and u~  = 5 m.s -~ are 
similar to each other. As the wind velocity is greater  
than the interracial velocity, the stronger plate surface 
shear stress (rw = p lg61s in¢  + T  i) and water  shear 
stress (at the posit ion of y, ~" = p,g(51 - y) s i n ¢ +  ~-i) 
will s tagnate  the water film flow after it  reaches its 
maximum by the action of interracial shear stress. On 
the other  hand, if the wind velocity is smaller than the 
interfacial velocity, the weaker plate  surface shear stress 
(Tw = pl g 51 sin ~ -- 7"i) and the water  shear stress (at the 
posit ion of y, ~- = pl g (51 - y) sin ¢ - Ti) cannot balance 
the gravi ta t ional  and inertial  forces so tha t  the water  
fihn flow after touching its bo t tom will be accelerated. 
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Figure 5, Typical axial distributions of Uav for different u~.  

The t empera tu re  and turbulence of the water  film 
also make some contr ibut ions to the variat ion in the 
average water  velocity due to the effective viscosity. 
The obtained results reveal an interesting phenomenon 
tha t  the higher wind velocity can get a lower average 
water  velocity than its initial value except for the 
entrance region, and tile lower wind velocity might 
reach a higher value of the average water  velocity in 
the  region developed later.  I t  should be noted tha t  the 
change in average water  velocity in the flow direction 
does not exceed 0.55 % of its initial value. 

Typical  transverse dis t r ibut ions of velocity and con- 
centrat ion at  two X positions for s tagnant  a tmosphere 
condit ion are shown in figure 6. Although the variat ion 
of the average water  velocity along the flow direction is 
presented in figure 5, the velocity profiles in the water 
film at  X = 0.0433 and X = 0.6567 overlap each other. 
This can be a t t r ibu ted  to the fact tha t  the scale of tile 
velocity coordinate  used in figure 6 is much larger than 
tha t  used figure 5 so tha t  the small relative difference 
(less than 0.5 %) in water velocity for different X can 
not be identified in figure 6. The profiles of velocity and 
concentrat ion in the gas boundary  layer are similar at 
the same X posit ion but  they differ to a great extent  
from each other  ibr different X positions. In the early de- 
veloping region of the  gas boundary  layer (X = 0.0433), 
both  velocity and the mass fraction of water  vapor vary 
sharply towards the atmospheric  parameters ,  while the 
changes in velocity and water vapor mass fraction in 
the developed gas boundary  layer region (X = 0.6567) 
are ra ther  moderate.  

Figure 7 provides the profiles of t empera tu re  and the 
mass fraction of water  vapor  at  two different X posi- 
tions, respectively. Though the velocity profiles across 
the water  film thickness are almost the same for dif- 
ferent X posit ions as shown in figure 6, the temper-  
a ture  profiles in the water  film at  different X posi- 
tions are different from each other. As X increases, 
the continuous solar heating brings about  a rise in 
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the water temperature. At the early developing region 
of the gas boundary layer (X = 0.0433), the high 
evaporation rate of water causes an obvious drop 
of water temperature near the gas-water interface. 
The energy transport  in the gas mixture is done 
by means of conduction, convection and diffusion. 
Under the conditions of moderate ambient humidity 
(RH = 70 %) and around the same value of the 
atmospheric temperature as the entrance temperature 
of the water film (T~ = 293 K, To = 293.15 K), the 
temperature profile in the gas layer reaches a maximum 
at certain positions (Y = 3 for X = 0.0433; Y = 4 for 
X = 0.6567). This can be explained by the fact that  
the water vapor carrying a lot of heat from the gas- 

water interface, releases heat whilst decreasing its mass 
fraction on the way outside, which causes the gas 
temperature to reach a maximum. The specific heat 
and density of gas is quite small as compared with those 
of water so that  the maximum gas temperature could 
be higher than the plate surface temperature. 

The effects of atmospheric humidity and temperature 
on the transw~rse distributions of temperature and 
the mass fraction of water vapor in the gas layer 
at two X positions are presented in figures 8a and 
8b, respectively. It is understood from figure 8a that  
the variation of temperature is similar to that  of 
the mass fraction of water vapor at the same X 
direction. Under the condition of high atmospheric 
humidity (c~ ::= 0.014, RH = 96 %), which means a 
small vapor concentration gradient ~c/ay, the energy 
transport  in the gas layer is so small that  it is 
not enough to reach a maxinmm temperature (see 
figure 8a). As tim atmospheric temperature of 288 K is 
about 5 K lower than the water entrance temperature, 
the energy traasferred by the concentration gradient 
is overshadowed in the larger temperature gradient 
and also can not raise a temperature maximum (see 
figure 8b ). 

The wind velocity dramatically influences the distri- 
bution of the mass fraction of water vapor in the gas 
boundary layer. The data  plotted in figure 9 show that  
the profile of water vapor mass fraction at the same X 
position for u~ = 5 m.s -1 has a flatter shape than that  
for u¢¢ = 0 m-s -~. It is obvious that  the higher intensity 
of the forced convection makes the gas boundary layer 
thinner which 51rther enhances the mass transfer. 

Figures lOa 1;o 1Of show the variations of the absorb- 
ing plate surface temperature, T~, and the gas-water 
interfacial temperature, T~, with dimensionless coor- 
dinate, X, under the various conditions of the solar 
incident flux, F °, the mass fraction of water vapor in 
the ambient atmosphere, c~, the atmospheric temper- 
ature, T~, the tilt angle, ¢, the water film thickness, 
51, and the wind velocity, u~,  respectively. As expected, 
continuous radiant heating raises both Tw and T~ along 
the flow direction except in the neighborhood of X = 0, 
in which the high evaporation rate brings about a drop 
in the interracial temperature to keep energy balance. 
The magnitude of the drop in Ti mainly depends on 
the ambient temperature, humidity and wind velocity. 
Either a decrease in co¢ or To¢, or an increase in uo¢ will 
lead to an increase in the magnitude of the drop in Ti, 
which has been shown in figures lob, 10c, and 1Of. This 
can be attribut~,~d to the decrease in c~ or T~, or the 
increase in Uo~ which obviously enhances the heat and 
mass transmission from the gas-water interface to the 
gas boundary layer. For F ° = 0, both Ti and T~ have no 
way of rising but dropping down along the flow direc- 
tion as the wat~r evaporation absorbs the energy from 
the water film. At the position near the inlet (X = 0), 
the plate surface temperature, Tw, rises dramaticMly 
to a certain value, which depends on the magnitude of 
solar incident flux (figure 10a), the thickness of water 
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Figure 8. a. Effects of high atmospheric humidity on the 
distributions of Tg and c at two X positions, b. Effects of 
lower atmospheric temperature on the distributions of Tg and 
c at two X positions. 

film (figure lOe) and the plate t i l t  angle (figure lOd), 
and then rises along the flow direction at  a lower 
rate  according to the ambient  conditions. In the la t ter  
developed region of the boundary  layer, the variations 
of Tw and T~ with X are almost linear. These results 
indicate tha t  the  magni tude of heat  and mass transfer 
remain nearly constant  in the developed region. An 
increase in the solar incident flux, F °, the mass 
fraction of water  vapor in ambient  atmosphere,  co¢, 
the atmospheric  temperature ,  T~¢, and /o r  a decrease 
in wind velocity, uo~, will result in the rise of the  gas- 
water  interface temperature ,  Ti, and the plate  surface 
temperature ,  T~. The ti l t  angle, ~, represents the 
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influence of the gravi ta t ional  force. The gravi ta t ional  
force with an increase in ~ plays a more impor tan t  role 
in the hydrodynamic  force, which increases the flow rate 
of the  water  film so tha t  the t ime spent by wafer flowing 
across the plate  length is shortened, and the magni tude  
of the t empera tu re  rise of the water film will be limited. 
The etfects of 51 on T~ and Tw are analysed in two ways; 
one is changing the thermal  capaci ty  of the water  film, 
and the other  the flow rate. Therefore an increase in 5, 
would reduce the rise in Ti and Tw along with X as seen 
in figure lOe. 

The variations of interracial mass fraction of water  
vapor, ci, with dimensionless coordinate,  X, for some 
til t  angles, ¢,  are p lot ted  in figure 11. Comparing these 
with the da ta  in figure lOd, it is clear tha t  the tendency 
of the axial d is t r ibut ion of ci is quite similar to tha t  of 
Ti, in view of the relation of ci = f(Ti).  

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 to ta l  
interracial heat  flux, q×, consists of two parts;  one is 
sensible heat  flux, qs, and the other is latent  heat  flux, 
q~. I t  can be expressed as 

( ~Tg ~ (32) 
q× = ql + qs = h f g ? 7 ~  - k g  o ~ y  / i ,  g 

The variations of interracial mass flux, m, with X 
for various parameters  ca ,  5[, and u~ are shown in 
figures 12a to 12c. The interfacial mass flux decreases 
sharply  in the  range of X < 0.2, and beyond X = 0.2, it 
reaches a certain value according to c~,  51, and Uo~. The 
value of m and its variat ion for each paramete r  would 
be mainly dependent  on the concentrat ion gradient  in 
the gas boundary  layer and the wind velocity. The lower 
a tmospheric  humidi ty  (c~¢ = 0.003, RH = 20 %) causes 
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a higher concentration gradient in the gas boundary 
layer so that  the value of m at the outlet of the water 
flow is still higher than 0.0416 g.m-2.s -z. However 
under the condition of ca  = 0.014 (RH = 96%), rn is 
only 0.00365 g.m-2.s -1 at the outlet (figure 12a). The 
increase in 61, or uo¢ raises the gas flow velocity so that  
the mass transfer is enhanced and rn can arrive at a 
higher value (see figure 12b and 12e ). It is noted that  
the change in the wind velocity directly affects the gas 
velocity so that its effect on mass flux is more obvious 
than those of the water film thickness and the plate tilt 
angle. The effects of F ° and T~ on rn are only dependent 
on the variation in the interfacial mass fraction of water 
vapor along the flow direction, which is not intensive in 
the open-type collector. Therefore their influences on rn 
are negligibly small. 

Based on the data in figures 5, and 12, it is concluded 
that  the change in the water film thickness along the 
plate due to the variation of the water flow velocity and 
the film evaporation is not more than 0.6 %. Therefore 
the constant film thickness model used in this study is 
reasonable. 

Figure 13 show the variations of dimensionless heat 
flux q~/F °, ql/F °, and qx/F ° with X for various values 
of c~, To~, u~ .  The tendency of the variation of ql/F ° 
or q×/F ° with X in figure 13a is associated with that  of 
m in figure 12a. This can be explained by the fact that  
ql or qx is a function of m. figure 13a reveals that  the 
ambient humidity exerts an influence on interfacia] heat 
flux, q× or q]. When the mass fraction of water vapor in 
the ambient atmosphere, c~¢, is 0.014 (RH = 96 %), the 
heat loss rate, qx/F °, from the water film is only about 
1.3 % of the incident radiative flux in the region of 
X > 0.2. However as c~ reduces to 0.003 (RH = 20 %), 
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q×/F ° reaches a very high value of around 12.7 % even 
at the outlet  of the water  flow. The da t a  also show tha t  
the latent  heat  flux could be higher than  the to ta l  heat  
flux in a wider region for a lower atmospheric  humidity. 
From the results of figure 13b, it  is noticed tha t  the 
ambient  tempera ture ,  T=, dramat ica l ly  affects the heat  
loss rate,  q , /F  °, but  its influence on ql /F ° is negligibly 
small. Under the condit ion of T= ~ To, q , /F  ° is very 
small, which keeps negative in the region of X < 0.7 
and reaches a value only around 0.08 % at  the outlet .  
However as T= of 288 K is about  5 K less than  To, 
q~/F ° can reach a value of around 1.78 % at the outlet.  
On the other  hand, if T= of 298 K is about  5 K higher 
than To, the  value of q~/F ° approaches about  -1 .68  % 
at the outlet ,  which means tha t  the sensible heat  is 
t ransferred from the gas layer to the water  film. Even 
though around a 5 K difference in entrance water and 
ambient  a tmosphere tempera tures  provides a higher 
value of sensible heat  flux, it  is still less than  one third 
of the value of latent  heat  flux in most of the flow region. 
The effect of wind velocity on the heat  loss of the water  
film is so intensive tha t  the to ta l  heat  fluxes from the 
water film to the gas layer at  X = 0.5 for u~  = 5 I n . s  - 1  

and u~ = 2 m.s -1 could be 1.73 and 1.32 t imes as 
high as tha t  for s tagnant  a tmosphere (u:¢ = 0 m.s-~) ,  
respectively (see figure 13c). 

The rate  of heat  and mass transfer can be also 
expressed with the heat  and mass transfer coefficients 
or Nusselt and Sherwood numbers as non-dimensional  
parameter .  We defined the interracial heat  transfer 
coefficients as corresponding to sensible, h~, latent,  hi, 
and overall, hx, heat  transfers, respectively, as follows: 

I q~ (33) h , =  

hi - ql }T~ - T:~ I (34) 

-- q= (35) hx IT, -T=I 

The interracial mass transfer coefficient, hm, is 
defined as 

m 

hm = IPi,g c i -  p ~  c~] (36) 

Figure 1~ presents the variations of h, and hi with X 
for different atmospheric  temperatures ,  T=. The da t a  
reveal tha t  h] is about  3 t imes greater  than h~. In the re- 
gion of 0 < X < 0.2, both  h] and h~ drop rapidly, and over 
X = 0.2, their  decreasing rates become smooth.  From 
figure 13b, it is noted tha t  the atmospheric  t empera tu re  
almost does not influence the latent heat  flux. However 
its effects on interfacial t empera tu re  causes the values of 
hi for T~ = 298 K and for T~ = 288 K to separa te  from 
each other along the flow direction. On the one hand, 

I I /  i i i p i 1 i I i r 

0.8 I F°=800 W/m2 - Too=293 K 
6 ~=10 -3 m 

0.6 ¢ =450 
uo~=0 m/s 

_ _  qx/F ° 
o" 0.4 . . . . . .  ql/F ° 

0.2 "~'~ c¢~=0.003 (RH=20%) 

~ , . ,~ . , . .0oo=0.010 ( R H = ] b % )  

0 -  Coo=0.014 (RH=96%) 
[ I I I I 1 I I I I I 
0 0.2 0.4 0.6 0.8 1 

X 

0.2 

0.1 

01 
o "  

-0.1 

-0. 

F• '  
, , , , , , i ~0.4 

F°=800 W/m 2 
qJF ° c==0.010 

....... o (31=10-3 m 
¢ =45 ° 0.3 
uoo=O m/s 

Too=288 K 0.2 
", T==293 K 

T==298 K 0.1 

288 K 0 
] ~ 293 K 

,] , , , Z, 2 9 8 K  
, , J , , , ~ , , , J -0.1 

0 0.2 0.4 0.6 0.8 
X 

O "  

0.6 l I , , ~ , , ~ , , , 

- I F ° = 8 0 0  W/m2 0.5 T==293  K 
c~=0.010 

=45 ° 
0.4 81=10 -3 rn 

\ 0.3 \ u =5 

0.2 

0.1 

l - I  i I i 
0 0 0.2 0:4 ' 0'.6 ' 018 ' 

X 

C 

Figure 13. a. Effects of coo on q l /F  ° and qx/F °. b. Effects 
of T ~  on qs/F ° and ql /P °. c. Effect of u ~  on qx/F °. 

3 9 5  

u0 

I 

C 
m l  

i m  
&., 

O 



B. Song et al. 

40 

3 O  

20 

-~ 10 

F°=800 W/m 2 
~l c o o = 0 , 0 1 0  hi 

51=10 -3 m hs 
=450 

uoo=0 m/s 

"-..~_.:~_Too=298 K To0=288 K 

T = -__--~-8~=1~ - . . . .  

I , i , J ~ h , i , I 
0 0 2 0.4 0.6 0 8 1 

X 

F i g u r e  14. Effects of T~ on h~ and hi. 

the par t ia l  action of the heat  t r anspor ted  due to the 
concentrat ion gradient  on sensible heat  transfer  makes 
the gas heat ing more powerful, and on the other  hand, 
the increase in interracial t empera tu re  along the flow 
direction enhances the sensible heat  transfer in the 
process of releasing heat  but  s tagnates  the  sensible heat  
transfer in the process of gaining heat. Therefore the 
difference of hs for Too = 298 K and Too = 288 K at the 
entrance region is greater  and gradual ly  reduces with 
an increase in X. 

The variations of Nu and h= with X for different 
t i l t  angle, ~b, are shown in figures 15. From the data ,  
it should be noted tha t  the Nusselt number and the 
heat  transfer coefficient increase with an increase in the 
ti l t  angle, ¢.  This could be explained by the fact tha t  
an increase in ~p results in an increase in flow velocity 
which enhances the heat  transfer. The interfacial heat  
and mass fluxes present the same developing tendency 
as the heat  transfer coefficient. From the da t a  shown 
in figure i5 and above analysis, it can be concluded 
tha t  the effects of the plate t i l t  angle on heat  and mass 
transfer is insignificant. 

The da ta  of Sh versus X for different wind velocities, 
u= ,  are plot ted in figure 16. From the result of figure 16, 
it is found that  an increase in u= enhances the  mass 
transfer. The investigation also indicates tha t  the effects 
of the solar incident flux on the mass transfer  coefficient 
and Sherwood number are negligibly small. 

5 .  C O N C L U S I O N S  

The heat,  mass and momentum transfers of a 
water  film flowing down a t i l ted plate with solar 
radiant  heating and water  evaporat ion have been 
s tudied numerically in this paper .  The effects of various 
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parameters  on them were investigated. From the results 
and discussion, the following conclusions can be drawn. 

It  was clear from numerical results tha t  among 
the influential factors of heat  and mass transfer,  the 
gradients  of water  vapor mass fraction and t empera tu re  
between the gas-water interface and the ambient  
a tmosphere  as well as the wind velocity played an 
impor tan t  role. The water evaporat ion dominated  the 
process of heat  and mass transfer from the water  film to 
the gas layer so tha t  the latent  heat  flux could be even 
a lit t le higher than the to ta l  heat  flux, for the  condit ion 
tha t  the  atmospheric  t empera ture  was about  the same 
as the inlet water film temperature .  This meant  tha t  
an maximum tempera tu re  might be formed from the 
heat  t r anspor ta t ion  due to the concentrat ion gradient  
at  a certain posit ion of the  gas boundary  layer, and 
the latent  heat  flux would be par t ia l ly  changed to the  
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negative sensible heat flux. Although the atmospheric 
temperature exerted little influence on the interfacial 
mass flux and the interfacial latent heat flux, it had an 
obvious effect on the interfacial sensible heat flux. 

The magnitude of solar radiative flux incident on the 
gas-water interface played an important role in changing 
water temperature but exerted an insignificant influence 
on interfacial heat and mass transfer. 

The water film thickness and the plate tilt angle 
dramatically influenced the momentum transfer in the 
water fihn -- the eddy diffusivity for momentum and the 
turbulent Pra~dtl number. However their influences on 
heat and mass transfer were not intensive even if they 
markedly affected the change in water temperature in 
the flow direction by means of changing the flow velocity 
and heat capacity. 
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