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Abstract—A numerical method for analyzing liquid film cooling along an inclined plate in a turbulent
stream of air is presented. Heat and mass transfer characteristics in an air-water system are mainly
considered. A marching procedure is employed for solutions of the equations of mass, momentum, energy
and concentration in the system. The effects of the inclined angle ¢, free-stream temperature T, free-
stream velocity u,,, and inlet film thickness ¢ on the heat and mass transfer along the gas-liquid interface
are examined in detail. Results show that an increase in free-stream temperature or velocity may cause a
reduction in interfacial temperature, while an increase in inclined angle or inlet film thickness results in an
increase in interfacial temperature. Additionally, a reduction in inclined angle ¢ causes an increase in
interfacial temperature, which in turn leads to a larger latent heat flux and mass evaporation rate.

1. INTRODUCTION

LiQuiD-FILM cooling refers to the introduction of a
thin continuous liquid film onto a given surface for
the purpose of protecting that wetted surface from
thermal damage by a proximate hot gas stream. This
technique provides a means of protecting, for
example, the internal surfaces of a rocket motor from
injurious effects of the hot gases. In the present study,
attention is concentrated on the phenomena that
characterize the convective exchange of heat and mass
between a hot gas stream and a thin liquid film.

The study of the nature of the gas stream over
a thin liquid film includes the investigation of such
fundamental phenomena as interfacial structure and
film instability [1, 2], and pressure drop in annular,
two-phase flow [3]. The applications of the liquid-film
cooling are generally related to high rates of heat and
mass transfer between the gas stream and the liquid
film and have been considered in refs. [4, 5]. Their
predictions have not taken into account the details of
transport processes in the boundary layer.

There has been renewed interest in the related sub-
jects of two-phase flow pertaining to evaporation. The
laminar and turbulent forced convection boundary
layer type air-vapor flows over a vaporizing liquid
film on a flat plate were numerically studied by
Schroppel and Thiele [6]. Similar studies were con-
ducted by Chow and his coworkers [7-9] for laminar
and turbulent air flows of various humidity and super-
heated steam over a liquid water. Flow over a wedge

with film evaporation was studied by Wu et al. [10].
Recently, Lin ez al. [11] and Yan [12] investigated
the influences of the wetted wall on laminar mixed
convection heat transfer in vertical ducts. In their
studies, the liquid film on the wetted wall was assumed
to be extremely thin so that it was regarded as a
boundary condition for heat and mass transfer only.
Due to the complicated couplings between momen:=
tum, heat and mass transfer in gas stream and momen-
tum and heat transfer in the liquid film through their
common interface, the studies [6-8, 10-12] just
reviewed above all focused their attention on heat and
mass transfer in the gas stream with the neglect of the
liquid film thickness. The results thus produced are
only good for the system with extremely thin film. In
practical situations, however, the liquid film along the
wall is of finite thickness and, therefore, the effects of
the momentum and energy transports in the liquid
film on the heat and mass transfer in the gas flow
should be considered in the analysis [13]. The forced
convection heat and mass transfer in gas stream has
been treated in some studies [14-16]. In these studies
the Nusselt type approximation was adopted to sim-
plify the treatment about the transports in liquid film.
Instead of employing the Nusselt type approximation,
Yan [17] performed detailed analyses, including the
transport processes in the gas flow and liquid film,
to investigate the natural convection heat and mass
transfer in a vertical pipe. It was found that as the Re,
increases, the Nusselt type approximation adopted
by [14-16] becomes more questionable. Recently, the
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/. /. functions appearing in turbulent k—
cquations

g mass transfer coefficient

k turbulent kinetic energy [m®s ]

{ reference length, 1.5 m

m}  interfacial mass flux [kgs 'm 7]

M,  molar mass of air [kg K 'mol "]

M,  molar mass of vapor (kg K=" mol ]

Nu,  interfacial Nusselt number for latent heat
transport, equation (16)

Nu, interfacial Nusselt number for sensible
heat transport, equation (15)

Nu,  overall Nusselt number, Nu, + Nu,,
equation (13)

2 partial pressure of water vapor at the
gas-liquid interface [kPa]

Pr, turbulent Prandtl number

I» mixture pressure at the free stream {kPa]

qv total interfacial energy flux in gas side
(Wm 7]

dn interfacial latent heat flux in gas side (or
net enthalpy flux), #2* by, [Wm 7]

g5 interfacial sensible heat flux in gas side
fWm 7

gu wall heat flux [Wm' ]

I dimensionless wall coordinate, y* us /v

Re,  liquid film Reynolds number, {§ u dy/v

\ turbulent Reynolds number, k%/(ve)

Sh interfacial Sherwood number, equation
(17

T temperature {K, C]

T inlet liquid film temperature [K. C]

T gas-liquid interface temperature [K, C]

T, free stream temperature [K, “C}]

A7 damping-length constant u axial velocity [ms ™ ']
C,.C,, C, constants appearing in turbulent u, free stream velocity [ms ']
k-& equations Us shear stress velocity, (z,/0)' "
<, specific heat [Jkg 'K '] v transverse velocity [ms ']
Cpa specific heat for air {Jkg 'K ™'} W mass fraction of water vapor
Cpn specific heat for water vapor [J kg™ ' K '] wy mass fraction of vapor at gas—liquid
D mass diffusivity [m*s '] interface
g gravitational acceleration [ms -] X coordinate in the flow direction [m]
hy, latent heat of vaporization [Jkg '] X dimensionless coordinate in the flow

I
!
NOMENCLATURE |
|

direction, x//
¥ coordinate in the transverse direction {m]
dimensionless wall coordinate.
(3—08,) Usiv.

Greek symbols

é inlet liquid film thickness [m]

Oy local liquid film thickness [m]

£ the rate of dissipation of turbulent kinetic
cnergy [m’s

A molecular thermal conductivity
Wm'"C ]

Ay turbulent eddy conductivity
Wm™""C""]

T, shear force at the gas-liquid interfacc
[k Pa]

T, wall shear stress [kPa]}

i molecular dynamic viscosity [Nsm ™}

i turbulent eddy viscosity [Nsm 7}

o density [kgm %]

¢ inclined angle of the plate ;

' turbulent Prandtl number for &

g, turbulent Prandt] number for &.

Subscripts

a of air

I condition at the gas-liquid interface

g of mixture (air+water vapor)

1 of liquid

t turbulent

v of vapor

w condition at wall

condition at the inlet or free stream.

&

liquid film cooling along an inclined plate in a laminar
gas stream was investigated by Yan and Soong [13].
Still, the liquid film cooling in a turbulent gas stream
has not received sufficient attention. This motivates
the present study to examine the liquid film cooling
along an inclined plate in a turbulent gas stream.

2. ANALYSIS

A schematic diagram of the physical system under
consideration, as shown in Fig. 1, is an inclined plate

with inclined angle ¢. The surface is exposed to a hot
turbulent gas stream at free stream temperature 7',
and velocity u.,, and is protected by a thin water film.
The liquid film is fed at inlet temperature 7, with film
thickness 6. Heat is transferred from the hot gas to
the liquid film, and the simultaneous mass transfer
from the liquid film to the gas occurs as the liquid
film vaporizes. The liquid film thins down along the
inclined surface due to the evaporation of liquid into
the hot gas stream as well as the shearing action of
the hot gas stream. Note that the gas—liquid interfacial
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F1G. 1. Schematic diagram of the physical system.

heat and mass transfer is determined by the coupled
transport processes in the gas stream and liquid film.
The transport processes in the liquid film are affected
by the interfacial shearing effect and vaporization at
the interface. In this study, a detailed numerical analy-
sis is performed by simultaneously solving the con-
servation equations for various transport processes in
the liquid film and turbulent gas flow with the inter-
facial matching conditions treated.

2.1. Basic equations for the liquid film

In this work, consideration is given to a system
having a sufficiently high liquid mass flow rate for
which the liquid film may flow turbulently. As shown
in Dukler [18], the surface waves on a falling liquid
film at Re, > 20 normally appear except in regions
near the start of the flow. The waves have the three-
dimensional and unsteady characters. Due to the com-
plexity of the wavy motion, an assumption of the time-
wise steady film thickness, which has also been used
in numerous investigations [19-21], is adopted in the
present study. This steady film thickness can be inter-
preted as the temporal average of the large amplitude
waves on the surface of the actual film [20]. Addition-
ally, to facilitate the analysis, the inertial terms in
the liquid-film momentum equation are neglected as
compared with the diffusion term [14-16]. In this cir-
cumstance, the boundary-layer flow in the liquid film
is governed by the following conservation equations:

axial-momentum equation

Ol + )0 [0y]/0y + prg “sing = 0 1
energy equation

picuudTi[0x = O[(A + 4 )ET 0y} /0y 2)
where i, and A, are the turbulent viscosity and tur-

bulent conductivity.

2.2. Basic equations for the gas stream

Turbulent forced convection heat and mass transfer
in the gas flow can be explored by the following equa-
tions of boundary-layer type:

continuity equation
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0(pgg)/0x+0(pgty) /0y = 0 €)
axial-momentum equation
POy [0x+ o, 0u, [0y = O[(ty+ g ) Ou, [OY] /Oy
)
energy equation
PeCpgtty 0T [0X + pop, 0, 0T, [0y
= 0[(4;+ A) 0T Joy1/oy  (5)
concentration equation of water vapor

Pt OW[OX + pov,0w/By = 8[p (D + D,)Ow/dy]/0y.
6

Note that the p,,, 4, and D, are the turbulent viscosity,
conductivity and mass diffusivity of the binary gas
mixture, respectively. These will be modeled in Section
3.

2.3. Boundary and interfacial marching conditions

The two sets of governing equations, equations (1),
(2) and (3)—(6), are subjected to the following bound-
ary conditions: no-slip and adiabatic conditions are
imposed at the wall, and the boundary conditions
at inlet and free strecam are the uniform free-stream
velocity u,,, temperature T, and concentration w,.

The matching conditions at the gas-liquid interface,
y = §,, are given as:

1. continuity of velocity and temperature
wm(x) =uy =uy, T(x)=T, =T, N
2. continuity of shear stress
(%) = [(u+p)0uf0y]e, = [+ u)du/oyl; (¥
3. vaporizing flux of vapor into the gas flow
my = —[p(D+Dy/(1—w)]ow/dy ©)
4. energy balance at the gas-liquid interface

[=(A+2)0T /0yl = [— (A+2)OT /Oyl + 1t~ hyg.
(10)
At the gas-liquid interface, the liquid film equations
and the gas-phase equations are coupled via boundary
conditions (7)—(10). While the interfacial vapor con-
centration and evaporating velocity can be calculated
after the interfacial temperature is known [22].

wp = M,p/[My(p—p1) + M, p]
vy = —[(D+D,)/(1—w)]ow/dy

(1D
(12)

where p; is the partial pressure of the water vapor at
the gas-liquid interface. M, and M, are, respectively,
the molar masses of vapor and air. By assuming that
the interface is in thermodynamic equilibrium, the
relation between the interfacial temperature 7, and
partial pressure p; is obtained from ref. [23].

It is worth noting that the first and second terms
on the right-hand side of equation (10) represent the
interfacial heat flux from the interface to the gas
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stream, ¢4¢;, and the net enthalpy due to the latent heat
transfer (film vaporization), gjj, respectively. The term
on the LHS stands for the interfacial heat flux in the
liquid side and is regarded as the total interfacial heat
flux ¢i(=q% +4qi).

The local Nusselt number at the interface, defined as

Nu, = hexik, = ¢;" XA (T =T}, (13)

can be written as
Nu, = Nu,+ Nuy, (14)

where Nu, and Ny, denote, respectively, the local Nus-
selt numbers for sensible and latent heat transfer, and
are defined as

Nu, = xq4{[2,(T,—T,)] (15)
and
Nuy = x(m1)* hy)/[A4,(T, =T, )]. (16)
Similarly, the local Sherwood number is defined as
Sh = hyx/D = x(—éw/éy) /(w;—w, ). (17)

Note that the variations of the thermophysical
properties with temperature and mixture composition
are important for the gas mixture and liquid film, and
are accounted for in the computations. The complete
details on the evaluation of these properties are avail-
able in Fujii er «/. [23].

3. TURBULENCE MODELING

3.1. Liguid film

A note on the turbulence model for the turbulent
liquid film is in order here. We have used a modified
Van Driest model that was proposed by Yih and Liu
[21]. The turbulent eddy viscosity is

‘;‘l‘ = —0.5+0.5{1+0.64r>(¢/1,)
[T —exp (—p(t/z,) /AN 72
for ¥/, < 0.6 (18)
where
A =251, f=exp[—1.66(1—1/1,)].
F= yusjv. (19)

For 0.6 < y/d, < 1.0, the turbulent eddy viscosity for
the liquid film was taken as constant and equal to its
value at y/d,, which may be readily obtained from
equation (18). The turbulent conductivity, A, can
then be obtained by introducing the turbulent Prandtl
number Pr,.

Lo = Mll(.pI/Prl (20)

where the turbulent Prandtl number Pr, is evaluated
from Cebeci and Smith [24].

It should be mentioned here that the turbulence
model used takes into account the effects of interfacial
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shear and wave {21]. Similar turbulence models were
also used to simulate the heat transfer across a tur-
bulent falling film by Hubbard er «/. [19] and Scban
and Faghri [20]. In their studies, the time-wise steady
film thickness was assumed and the predicted results
agreed well with the experimental results. This leads
to the validity of the time-wise steady film thickness
assumption in the analysis of this class of liquid-film
flows.

3.2. Gus flow

The turbulent viscosity for the gas stream g, 1s com-
puted in accordance with the k—¢ turbulence model.
Hence the transport equations for the turbulent kin-
etic energy and its dissipation must be included in the
analysis. To procure more reliable results, a modified
low-Reynolds number k—&¢ model developed by
Myong et al. [25, 26] is adopted to eliminate the usage
of wall functions in the computations and thus to
permit direct integration of the transport equations
to the gas-liquid interface.

Turbulent kinetic energy equation is
pulkjOx + prok/oy = O[(u+ /0 )CkiCy)Idy

+u(Bufey)r —pe  (21)

and the rate of dissipation of turbulent kinetic energy
1s determined from the equation

pude/éx+ prde/dy = O[(u+w,jo,)Ceicy]/Cy

+ C e/l (Qujey)’ —pCy fre’ ik (22)
where
o= pC, ke (23)
fr=11=2/9-exp[—(R/6)’}} [ —exp (—»" /9]
(24)
f, = (143.45./R)-[1—exp (—r/70)]  (25)
R o=k j(ve), »y" = (y—38)usiv. ux=(1,/p)' >

(26)

The other empirical constants take the following
values [25, 26],

o, =14, o, =13,

: C, =14, C, =18,

C, = 0.09. 27)

4. SOLUTION METHOD

The governing equations (1)-(6), (21) and (22) are
solved by the finite-difference numerical method. The
matching conditions imposed at the gas-liquid inter-
face, equations (8) and (10), are approximated by
using backward difference for (¢y/dy), and forward
difference for (dy/dy), with \ denoting u or T. There-
fore, the governing equations in the gas flow and
liquid film can be solved simultaneously. Because the
flow under consideration is a boundary-layer type, the
solution for equations (1)~(6), (21) and (22) can be
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marched in the downstream direction. A fully implicit
numerical scheme in which the axial convective term is
approximated by upwind difference and the transverse
convection and diffusion terms by central difference
is employed to transform the governing equations into
the finite-difference equations. Each system of finite
difference equations forms a tridiagonal set which can
be efficiently solved by the Thomas algorithm [27].

It is noted that the thickness of the liquid film
decreases with x due to the film evaporation. There-
fore, during the downstream marching at each iter-
ation, the finite-difference computational grid must
comply with the variations of the liquid and gas com-
putational domains with x. Considering the large
gradient of the variables at the entrance and near gas—
liquid interface, a non-uniform grid system, in both
axial and transverse directions, is employed to accom-
modate the drastic variations of , T and w. The grid
lines are clustered together in the regions near the inlet
and the gas-liquid interface. The transverse dis-
tribution of grid nodes is arranged by locating the first
five nodes in the gas side within the viscous sublayer
adjacent to the gas-liquid interface and expanding the
rest of the grid points to the free stream using a factor
of 1.04. To produce grid-independent results, several
arrangements of grid points in the x and y directions
were tested. It was found that the difference in the
local Nusselt number Nu, from computations using
either 201 x 321 or 101 x 161 grids are always less than
1%. Accordingly, the computations involving a
101 x 161 grid are considered to be sufficiently accur-
ate to describe the heat and mass transfer in the wetted
wall systems. All the results presented in the next
section were composed using the latter grid. To fur-
ther check the numerical scheme, the results of the
limiting cases of forced convection heat and mass
transfer in laminar and turbulent gas stream over a
wetted flat plate were examined. The present pre-
dictions agreed well with those in refs. [6, 7).

5. RESULTS AND DISCUSSION

A number of physical parameters, namely, the inlet
liquid temperature Ty, inclined angle ¢, free-stream
temperature T, inlet film thickness § and free-stream
velocity u.,, appear in the present study. In view of
the large number of parameters and of the extreme
demands of the computational task, a full parametric
exploration is unrealistic. Rather, the parameters were
varied systematically in order to examine the key
trends in the results. In what follows, the results are
particularly presented for water film evaporation. The
ranges of these parameters are: ¢ ranging from 0 to
90°, T, from 100 to 500°C, & from Sx10~* to
10 x 107* m, u,, from 20 to 60 m s~' with T} fixed at
20°C. Particular attention is paid to the effects of ¢,
T,, ¢ and u,, on the heat and mass transfer in the film
cooling problem.
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Shownin Fig. 2 are the effects of various parameters
on the axial distributions of the wall and interfacial
temperatures. Note that the dimensionless axial coor-
dinate X is defined as X = x/I, where the reference
length [ is selected to be 1.5 m. The results indicate
that the wall and interfacial temperatures, 7,, and
T, increase monotonically in the flow direction. This
feature is due to the fact that the water film absorbs
sensible heat from the hot gas stream as the liquid film
falls down along the inclined plate. Therefore, T,, and
T, increase as the flow goes downstream. Moreover,
the curves of T, and T; almost coincide with each
other. This implies that the temperature drop across
the liquid film is negligible.

As expected, the effectiveness of protecting the wet-
ted plate from damage by a proximate hot gas stream
is relatively poor for systems with a small inclined
angle ¢ or inlet liquid film thickness 8. Therefore, the
higher T, and T; are experienced by systems with a
smaller ¢ or ¢ as shown in Figs. 2(a) and (¢). In Fig.
2(b), the higher T, and T, result for a higher 7. This
is apparently due to the larger amount of sensible heat
from the hot gas stream to the water film for systems
having a higher 7. Itis interesting to note in Fig. 2(b)
that, even for a free-stream temperature 7., = 300°C,
wall temperature is well below the boiling point of
the liquid water (100°C). The change in free-stream
velocity u,, causes noticeable effects on the variations
of T, and T, which increase with increasing u.., as
shown in Fig. 2(d).

Plotted in Fig. 3 are the distributions of interfacial
mass fraction of water vapor along the gas-liquid
interface. As shown in Figs. 2(a) and (b), the inter-
facial temperature T, is higher for a smaller inclined
angle ¢ or a higher free-stream temperature T,.
Therefore, the corresponding mass fraction of water
vapor is larger for systems having a smaller ¢ or a
higher T,.

To study the relative contributions of heat transfer
through the sensible and latent heat fluxes, both the
interfacial sensible heat flux ¢5, and latent heat flux ¢j
in the gas side are shown in Figs. 4(a) and (b). The
negative values of g5 represent that the direction of
heat transfer is from the hot gas stream to the inter-
face. It is of interest to notice that the magnitude of
g5, decreases in the flow direction X. The result is
a direct consequence of the gradual increase in the
interfacial temperature as the water film goes down-
stream so that the sensible heat flux decreases in the
flow direction. Moreover, the change in inclined angle
¢ has a slight influence on the axial distributions of
the sensible heat flux gg;.

Next we examine the distributions of the interfacial
latent heat flux in the gas side g¢j;. Apparently, the
values of g are all positive, and this demonstrates
that the direction of the latent heat flux is from the
interface to the gas stream. This can be realized by
noting that the concentration of water vapor at the
interface is higher than that in the free stream. Hence,
mass diffusion of water vapor takes place and liquid
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water evaporates at the interface. This evaporation
process absorbs a significant amount of energy
(1] * hy,) through the latent heat transport. It is clearly
seen in Fig. 4(b) that a system with a smaller ¢ pro-
duces a larger ¢j;. This is attributed to the fact that
the interfacial temperature is higher when the inclined
angle is smaller, which in turn causes a larger latent
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6 = 7.5 x10m g
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0.03
w1
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0.0 —+———+—"F—+—"F——4—
¢ =45° [2)]
| 6=7.5x10"m
Uea =40mis S
0.03
wy
0.02
0.01 ) | . | ! | L | ,
0 0.2 0.4 0.6 0.8 1
X

Fi16. 3. Axial distributions of interfacial mass fraction.

heat transport connected with greater film vapor-
ization for a higher T,. Figure 4(c) shows the dis-
tributions of the total interfacial heat flux
gi{(=g5+40).

To improve the understanding of the interfacial
heat transfer, the longitudinal variations of the local

——
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-30p-
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FI1G. 4. Axial distributions of interfacial heat flux : (a) sensible
heat flux ; (b) latent heat flux; (¢) overall heat flux.



Numerical study of liquid film cooling in a turbulent gas stream

4000, T T T T T T T T T
F o T =300C . (@)
6=7.5x10"m -
3000T ues =40 mis a2
ol
Nug 2000 N
1000t n
0

-500

Nuyg
-1000,
-1500)
2000

Nuy

1000

F1G. 5. Axial distributions of interfacial Nusselt number:
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Nusselt numbers for the sensible and latent heat trans-
fer are presented in Fig. S for various ¢. The negative
values for Ny, in Fig. 5(b) are resulted directly from
its definition, equation (16), which is negative when
T, > T,. In other words, negative Nu, simply indi-
cates that the direction of latent heat exchange is
opposed to that of sensible heat exchange. This can
be understood by recognizing that Nu,, defined in
equation (15), is always positive. Regarding Nuc-
curves, the curves of Nu, for various ¢ coincide with
each other. In Fig. 5(c), the total Nusselt number Nu,
(= Nu,+ Nu,) is presented. It is clear that the system
with a larger ¢ shows a larger Nu,. This can be made
plausible by noting that with fixed J, the inlet liquid
mass flow rate is larger for a larger ¢. Accordingly,
better heat transfer performance along the gas-liquid
interface results for a system having a larger incli-
nation.

It is interesting to investigate the influences of the
inlet film thickness § and free stream velocity u,, on
the interfacial Nusselt number Nu,. A larger Nu, is
noted in Fig. 6 for the systems having larger § and
u,,, which is caused by the larger liquid flow rate or
higher gas velocity near the interface.

The distributions of the interfacial mass evap-
oration rate and Sherwood number are presented in
Fig. 7 for various ¢ to illustrate the mass transfer
characteristics. A reduction in inclined angle ¢ causes
a greater film evaporation due to the higher interface
temperature at a smaller ¢, as shown in Fig. 2(a). The
result in Fig. 7(b) reveals that the inclined angle ¢
has only slight influence on the Sherwood number
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variations. The effects of the free-stream temperature
and velocity on the mass transfer coefficient are of
interest. Figure 8 shows that the influences of T, and
u,, on the Sh are significant.

6. CONCLUSION

A numerical analysis has been carried out to explore
the detailed heat and mass transfer characteristics of
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Fic. 7. Axial distributions of local mass evaporating rate
and Sherwood number.
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the film cooling along an inclined plate by solving the
respective governing equations for the liquid film and
the gas stream coupled through the interfacial mat-
ching conditions. The influences of the inclined angle
¢, free stream temperature T, inlet liquid film thick-
ness 6 and free stream velocity »,, on the momentum,
heat and mass transfer in the flow are investigated in
great detail. What follows is a brief summary of the
major results:

1. The interfacial temperature and water vapor
concentration increase with the increasing free stream
temperature 7., and velocity u,,., but with decreasing
inclined angle ¢ and inlet film thickness ¢.

2. A reduction in inclined angle ¢ causes an
increase in interfacial temperature 7,, which in turn
leads to a larger latent heat flux ¢j;, and mass evap-
oration rate #1.

3. Larger local Nusselt number Nu, are experienced
by systems having larger ¢, é and v, .

4. The effects of ¢ on the local mass transfer
coefficient Sk are insignificant, while the effects of T',
and u, on the Sh are considerable.
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