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Abstract-When film boiling occurs on a moving superheated surface, the vapor layer which forms between 
the surface and liquid reduces the drag force and heat transfer. In this study, heat transfer associated with 
subcooled turbulent film boiling on a moving isothermal surface is investigated using both local similarity 
and integral methods. Using a two-phase boundary-layer model and assuming power-law profiles for the 
velocity and temperature distributions, integral forms of the mass, momentum and energy-conservation 
equations, together with compatibility conditions at the vapor-liquid interface, were solved for both the 
vapor and liquid layers. In order to assess the merit of this analytical procedure, a local similarity solution 
to the same problem was obtained using the modified Cebeci-Smith eddy-viscosity model with the Cebeci- 
Bradshaw algorithm for turbulent boundary-layer flow. Numerical results reveal the effects of relevant 

parameters such as plate velocity, the ratio of plate-to-free-stream velocity, and liquid subcooling. 

INTRODUCTION 

WHEN film boiling occurs on a moving superheated 
surface, as is often the case in many engineering appli- 
cations, the vapor layer which forms between the sur- 
face and liquid reduces the drag force and heat trans- 
fer, thereby acting as both a lubricant and insulator. 
In such applications, knowledge of forced film boiling 
flow and heat transfer is essential to the design and 
evaluation of related devices and processes. Rep- 
resentative applications include quenching in high- 
temperature materials prosessing [ 11, nuclear reactor 
safety [2] and drag reduction [3,4]. Depending on the 
specific application, forced film boiling is achieved 
by effecting liquid flow over a stationary or moving 
superheated surface, or by moving a superheated sur- 
face relative to a liquid stream. In steel quenching 
processes, for example, moving strips or plates are 
cooled by liquid jets which impinge on the surface and 
divide into two streams, one of which moves in the 
same direction as the plate and the other in the 
opposite direction. Due to very high surface tem- 
peratures, both laminar and turbulent film boiling 
may occur. 

The first studies of heat transfer in forced film boil- 
ing concerned circular cylinders [5, 61. In subsequent 
studies, a two-phase boundary-layer model was used 
to compute laminar film boiling for flow over a hori- 
zontal plate under saturated [7] and subcooled [8] 
conditions. The results were confirmed by Ito and 
Nishikawa [9] and Nakayama and Koyama [lo] who 
used numerical and integral methods, respectively, to 
solve the vapor and liquid boundary-layer equations. 

-___~~_ ..~~ 
t Author to whom correspondence should be addressed. 

The method proposed by Chappidi et al. [ 1 l] was an 
attempt to circumvent solving the full set of boundary- 
layer equations. Applying an analogy between con- 
ditions at the vapor-liquid interface and a surface 
moving in a single-phase fluid and using previously 
developed expressions for single-phase flow over a 
moving surface, they obtained good agreement 
between their approximate solution and numerical 
results based on solving the full set of governing equa- 
tions for subcooled film boiling. However, agreement 
was restricted to film boiling under saturated 
conditions. 

Zumbrunnen et al. [ 121 applied an integral method 
to obtain heat transfer results for laminar film boiling 
from a moving surface. They found that surface 
motion significantly increased heat transfer for sub- 
cooled, as well as saturated, liquids. Filipovic et al. 

[ 131 modified the model of Zumbrunnen et al. [ 121 
to include conditions for which the surface moves 
through a quiescent fluid. In addition, numerical 
results obtained using a similarity solution for laminar 
film boiling over a moving surface were in excellent 
agreement with those Of Zumbrunnen et al. [ 121. 

In contrast to the numerous studies of laminar film 
boiling on a horizontal surface, little has been done to 
treat the problem of turbulent film boiling. The first 
such attempt [4] assumed the vapor layer to be a 
thin viscous sublayer in turbulent liquid flow, and an 
integral method was used to obtain skin friction and 
heat transfer results. Linear and l/7-th power-law pro- 
files were assumed for the vapor and liquid layers, 
respectively, and the empirical Blasius friction for- 
mula was applied at the vapor--liquid interface. The 
interfacial velocity was assumed to be independent of 
the x coordinate. 
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NOMENCLATURE 

constant in equation (35) 

Archimedes number defined by 
equation (57) 
Mm+ 1) 
constant in equation (46) 
l+s,+ 
constant defined by equation (35) 
(1 -m)/(m+ 1) 
specific heat at constant pressure 
[J kg-r K-‘1 
(2Q + n,a,) 
(212, + n,ll,) 
ll(m+ 1) 
dimensionless stream function defined 
by equation (11) 
gravitational acceleration [m s-*1 
heat transfer coefficient [w m -* K-‘1 
convective heat transfer coefficient in 
the presence of radiation across vapor 
layer 
convective heat transfer coefficient 
without radiation 
radiation heat transfer coefficient 
total heat transfer coefficient, h,+ hR 
size of the first Aq step 
latent heat of vaporization [J kgg’] 
quantity defined by equation (37) 
Jakob number, cpV( T, - T,)/h,, 
the ratio of successive Aq steps 
thermal conductivity [W m-’ K-l] 
critical wavelength of two-dimensional 
instability [m] 
constant defined by equation (36) 
local Nusselt number, hx/k, 
exponent in equations (28), (29), (30) 
and (31) 
Prandtl number, pep/k 
turbulent Prandtl number, a,,,/~,, 
exponent in equations (40) and (41) 
heat flux [W m-*1 
l/Pr+.z,+/Pr, 
local Reynolds number, u,x/v, 
Reynolds number of the vapor film, 
&VVV 
temperature [K] 
Iu, - ~$1 [m se’1 
Ik--upI b ~~‘1 
WU, 
WY 
components of velocity in x and y 
directions [m s-r] 
the largest velocity in the system (if 
u,~v,,~~=u,;ifv,>u,,u,=v,) 
[m s-‘1 
x component of the interfacial velocity 
[m ss’] 
free-stream velocity [m ss’] 

us 

U* 

% 

% 
ws 
x, Y 

Yl 

z 

dimensionless x component of the 
interfacial velocity, u,/u, 
dimensionless free-stream velocity, 
um/"i 

plate velocity [m s-‘1 
dimensionless plate velocity, v,/ui 
mass flow per unit area [kg m ~’ s ‘1 
streamwise and vertical coordinates 
[ml 
vertical position above vapor layer, 
y-6, [ml 
density-viscosity product ratio, 
WI/P&. 

Greek symbols 
h+ l)(n,+2) 
subcooling parameter, 
Pr,c,r(T - T,)/Pr&Tp - T,) 
ratio of boundary-layer thicknesses, 
&I6 
thermal boundary-layer thickness in 
liquid [m] 
velocity boundary-layer thickness in 
liquid [m] 
vapor-layer thickness [m] 
eddy diffusivity of momentum and 
heat, respectively [m’ s-r] 
plate and interface emissivities 
dimensionless eddy diffusivity of 
momentum, a,f = E& 
similarity variable defined by equation 
(10) 
dimensionless liquid temperature, 
0, = (r,- T,)I(T,- 7-m) 
dimensionless vapor temperature, 
‘% = (TV- T,)/(T,- T,) 
constant defined as (Ok + n,ii,)/(nV + 1) 
dynamic viscosity [kg m-’ s-r] 
kinematic viscosity [m’ s- ‘1 
mass density [kg m ‘1 
Stefan-Boltzman constant, 
5.67 x lo-* W mm2 Km4 
shear stress [N mm’] 
parameter defined by equation (44) 
stream function defined by equation 
(11) 
parameter defined by equation (38). 

Subscripts 
av average 
j for vapor layer j = v and for liquid 

layer j = 1 
1 liquid 
P plate 
S vapor-liquid interface 
V vapor 
cc liquid free stream. 

1 
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Wang and Shi [14] developed a semi-empirical 
model to analyze forced flow turbulent film boiling of 
subcooled liquid along a horizontal stationary plate. 
Assuming a uniform velocity distribution and an 
expression for the eddy diffusivity of heat (.+,) in the 
liquid layer (for Pr, x 1, Q, = E,), they solved a sim- 
plified form of the energy equation. The flow in the 
vapor layer was assumed to be the same as that of 
single-phase turbulent flow over a flat plate. Using the 
analogy between momentum and heat transfer and 
neglecting radiation and evaporative heat transfer, the 
wall heat flux and heat flux absorbed by the subcooled 
liquid were equated. Heat transfer results were pre- 
sented in terms of a local Nusselt number based on 
the degree of subcooling and the liquid thermal con- 
ductivity. In most of the other studies, Nu, was based 
on the plate superheat and the vapor thermal con- 
ductivity. The model constants appearing in the 
expression for the eddy diffusivity of momentum were 
determined from experimental measurements. 

In contrast to the work of Wang and Shi [14], 
Abdallah [ 151 assumed that velocity gradients exist in 
the liquid, not in the vapor, layer. Assuming highly 
subcooled liquid and a large liquid velocity, existence 
of the vapor layer was neglected, rendering the inter- 
facial velocity zero, and heat was transferred by single- 
phase convection. For a prescribed momentum eddy 
diffusivity model and power-law profiles for the liquid 
velocity and temperature, the integral forms of the 
momentum and energy equations were solved and 
local Nusselt numbers were calculated. 

The review paper by Wang et al. [16] deals with 
both external and internal flow film boiling, including 
geometries such as a flat plate, circular tube, and rec- 
tangular duct. Both laminar and turbulent film boiling 
are considered. Also, a theory for high velocity flow 
film boiling heat transfer, which considers effects of 
subcooling and liquid velocity, is proposed. 

From the foregoing survey, it is evident that most 
of the existing literature deals with either laminar film 
boiling or turbulent film boiling under highly sub- 
cooled conditions. Also, all of the turbulent film boil- 
ing studies are for flow over a stationary plate. Hence, 
objectives of this study are : (i) to obtain a local simi- 
larity solution for turbulent film boiling over a plate 

which is concurrently moving faster or slower than 
the free stream, (ii) to obtain an integral solution of 
the same problem, (iii) to determine the accuracy of 
the integral method by comparing results from the 
two solutions, and (iv) to obtain an improved under- 
standing of related physical phenomena. 

THEORETICAL ANALYSIS 

Physical model und assumptions 
The physical system under consideration is illus- 

trated in Fig.1. An x-y coordinate system is fixed at 
the exit of a die slot, and a continuous surface at 
uniform temperature TP moves with a constant vel- 
ocity up in parallel flow relative to a liquid stream. 
If the time elapsed from the moment of start-up is 
sufficiently long, the problem can be considered as 
steady with respect to the fixed coordinate system. It 
is assumed that (i) the plate temperature T, is high 
enough for film boiling to occur and a stable vapor 
layer to form between the plate and a stable liquid 
layer ; (ii) the liquid layer and plate move concurrently 
at different velocities ; (iii) the liquid-vapor interface 
is smooth ; (iv) the interfacial velocity is constant ; (v) 
thermophysical properties are constant and evaluated 
at the film temperature, Tfv = (Tp+ T,)/2 and 
TR = (T,+ T,)/2 ; (vi) vapor formation and the liquid 
boundary layer start at x = 0; (vii) the surface is 
impermeable and smooth ; (viii) the body force is neg- 
ligible compared to viscous and inertial forces, and 
(ix) the effect of radiation on vapor-layer formation 
is negligible. 

Although the criterion for transition from a smooth 
to a rough-wavy vapor-liquid interface is unknown, 
certain characteristics of the interface are understood. 
For example, because the vapor-liquid interface is 
unsteady (wavy), vaporization occurs in a region of 
finite thickness [17], where vapor bubbles and liquid 
coexist. The thickness of this region depends on the 
subcooling and the free-stream velocity of the liquid. 
Under subcooled, forced convection conditions, 
vapor bubbles formed in this region are very quickly 
condensed by the subcooled liquid stream, con- 
tributing to a reduction in the thickness of the mixing 
region, a decrease in the magnitude of the oscillations, 

- 
- 
- 
- 

Extrusion 
Slot srvl 

Continuobs Surface Wind-Up Roll 

FIG. I. Schematic of the physical model and coordinate system 
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and hence a smoother interface. The net effect is 
to inhibit vapor-layer growth. With increased sub- 
cooling, the thickness of this region approaches zero 
and a smooth vapor-liquid interface is achieved. 

High-speed motion pictures [3] of forced laminar 
film boiling along a hemispherically capped cylinder 
are consistent with the foregoing behavior. Large rates 
of vapor generation for a nearly saturated liquid 
induced intense mixing in the vapor-liquid region. As 
described by the authors of ref. [3], the interface was 
significantly disrupted by large rates of vapor gen- 
eration and the tendency for the vapor to “escape” 
from the interface. For moderate liquid subcooling 
(1 l--28”(Z), the interface was relatively stable and free 
of the disruptions characteristic of temperatures near 
saturation. However, if the subcooling was increased 
further, interface instabilities were again observed and 
were attributed to a thinning of the vapor layer rela- 
tive to the mean surface roughness. Generally, if the 
heater surface is smooth, any increase in the level of 
subcooling produces a more stable interface. 

It is therefore concluded that the assumption of a 
smooth vapor-liquid interface is justified for sub- 
cooled conditions. However, because of the effect that 
surface roughness has on promoting interface dis- 
turbances for a thinning vapor layer [3], this assump- 
tion is tied to that of a smooth plate surface. 

The current analysis employs a well-established 
two-phase boundary-layer approach for a subcooled 
liquid flow and a smooth interface moving at a con- 
stant velocity [4, 7-l I]. Under these circumstances an 
analogy may be drawn between liquid flow over the 
vapor-liquid interface and single-phase flow over a 
moving surface. An eddy viscosity model associated 
with single-phase flow is therefore used in the present 
model. 

For turbulent, incompressible, two-dimensional 
turbulent flow with no pressure gradient, the bound- 
ary-layer equations are 

where j = v and j = 1 for the vapor layer and the liquid 
layers, respectively. 

Solutions to the conservation equations are subject 
to boundary conditions at the plate surface, the 
vapor--liquid interface and at the edges of the liquid 
velocity and thermal boundary layers. The boundary 
conditions are given by 

u, = VP, c,, = 0, TV = T, at y = 0 (4) 

u, = u, = u,, T, = c = T, at y = 6, (5) 

and 

u,=u,, T,=T, asy-+co. (6) 

Mass, force and energy balances at the vapor-liquid 
interface 0, = 6,) complete the description of the 
problem. Conservation of mass at the interface is 
expressed as 

and force balance is given by 

r,,iv = 0, = r,,1,, = 0. (8) 

The interfacial energy balance can be written as 

q:‘;, =6, + 4;; = q.;rr, =” + Mi,h&. (9) 

The left-hand side of equation (9) represents the total 
heat flux arriving at the vapor-liquid interface, where 
the first term represents the conduction heat flux on 
the vapor side of the interface and second term rep- 
resents the radiation heat flux (neglected in the analy- 
sis). The first term on the right-hand side of the equa- 
tion represents heat transfer by conduction into the 
subcooled liquid, and the second term denotes the 
evaporative heat flux. 

Local similarity solution 
A solution of the model equations can be obtained 

using a similarity transformation. We introduce simi- 
larity and dimensionless variables which simplify the 
set of partial-differential equations. The similarity 
variables for the vapor and liquid layers are defined 
as 

9” =Y- and rll = (v-&)& (10) 

where, for u, > tlP, u, = u,, and, for up > u,, u, = up. 
In terms of the dimensionless stream function, ,L, 

,f;(% V,) = y,/& (11) 

the velocity components u, and v, can be expressed as 

u, = u,fXx, V,) 

and 

u, = 1/2(u,v,/.\-)“*(~,J‘;-f;)-(u,v,i) 1 2 3 
clx’ (12) 

Introducing the similarity and dimensionless variables 
into the model equations (l)-(3), we obtain 

(h,.fI’)‘+$f;f[‘= Y ( .f;$-.f;g 1 (13) 

(r,U;)‘+t_Af;o; = x _f;z -O;z 
i ) 

(14) 

The boundary conditions given by equations (4) (5) 
and (6) now become 

,fl(O) = rP/u,, h(O) = 0, 0,(O) = 1 at qV = 0 

(15) 

.f;(rl”)S = .fi(O) = u&1, R(V,), = 0 



Subcooled turbulent film boiling 2665 

O,(O) = 1 at q, = 0 (16) 

f;(a) = U,,/Ui, Q,(a) = 0 as q, + co. (17) 

Similarly, assuming that (~3, z constant, the inter- 
face (y = 6,) compatibility conditions, equations (7), 
(8) and (9), become, respectively, 

@+2x$ = Z-“$+2x$), (18) 

(f;‘), = (1 +&)Z-“*ms (19) 

P(e~,),z”‘-(e:), = P+-2x~)~/2Ja. (20) 

The local skin friction coefficient is expressed a5 

c,,, = z,., ,.,,= ,/(1/2p,uZ) = 22’ ?If’:)(O)/Rr, ’ 2. (21) 

The local Nusselt number based on the plate superheat 
and vapor thermal conductivity is given by 

Local similarity characterizes turbulent Aow con- 
ditions such that the transformed equations are not 
ordinary differential equations in q, but also depend 
on x. Hence, the local similarity method [18] is 
believed to be the most appropriate way to obtain the 
solution of the boundary-layer equations. 

The transformed governing equations (13) and (14) 
were solved numerically using the Cebeci and Brad- 
shaw [18] algorithm, which was modified to accom- 
modate the two-phase boundary layer and to account 
for surface motion. Velocities were non-dimen- 
sionalized by the larger velocity (u, or u,), with the 
Reynolds number based on the larger velocity. 
Treating the turbulent boundary layer as a composite of 
inner and outer regions [ 191, analytic expressions for 
eddy diffusivities of momentum have been inferred 
from experimental data for each region. Continuity 
of the eddy viscosity in the boundary layer was used 
to estimate the point of transition from one region to 
another. That is, the expression for the eddy viscosity 
in the inner region was applied from the surface 
outward, until its value matched that for the outer 
region. The complete formulation, with all constants 
and factors, is presented by Cebeci and Smith [19]. 

The numerical method used to solve the foregoing 
equations was originally developed by Keller [20] and 
provides second-order accuracy with an arbitrary 
mesh size and large x-variations. As summarized by 
Cebeci and Bradshaw [18], the solution is effected by 
first reducing the equations to a first-order system 
and then using central differences to obtain algebraic 
equations which are linearized and may be written 
in matrix form. The solution of the linear system is 
obtained using the block-tridiagonal-elimination 
method. 

By prescribing the dimensionless interface velocity, 
a,, and vapor-layer thickness, (Q, together with the 
parameters Pr,, Pr,, Ja and Z, the governing equations 
were solved subject to the prescribed boundary and 
interface conditions. The q-direction mesh used in the 
calculations was finer in the region of larger gradients 
(h, = 0.001 and K = 1.226), with the requirement that 
the ratio of any adjacent Aq intervals be constant. 
Applying the local similarity method to laminar film 
boiling, the calculation procedure and the computer 
program were validated through comparison of the 
predictions with published results [13]. The Nusselt 
number was determined from the wall temperature 
gradients, and the subcooling parameter /I was cal- 
culated from equation (20). 

integral solution 
Conservation equations of mass, momentum and 

energy for both vapor and liquid, together with com- 
patibility conditions at the vapor-liquid interface, 
were also solved using the integral method. In integral 
form, governing equations for vapor phase are of the 
form 

(23) 

&c,\u,(T,-T,)dy = G=o-q; /,.= s,. (25) 

The momentum and energy balances for the liquid 
layer are 

~,q,,udT - T,) d.v, 

+c,,(T,--T,)w, = q:&,=o. (27) 

Velocity and temperature profiles in the vapor layer 
are approximated by 

(28) 

and in the liquid layer by 

a, - a, 1’1 
I >n, 

~= _ 
_ - ux -us 0 6 

i’nl 8, = 

(30) 

The use of different values of n in the vapor (n,,) and 
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liquid (n,) layers allows for prescription of different 
velocity and temperature profiles. To account for the 
development of velocity and temperature profiles with 
increasing Reynolds number, the analysis is developed 
in terms of an arbitrary value of the exponent n, 
although n = 7 is widely used for turbulent flow [21]. 
Solution of equation (23) yields 

d& 
w, = uipylz - 

dx 

where Ui = u, for u, > up and ui = up for up > u,. 
To solve equations (24) and (26), expressions are 

needed for the shear stress at the plate surface and the 
vapor-liquid interface. Assuming applicability of the 
Blasius formula [22] for turbulent flow, which is modi- 
fied for the effect of plate motion, the shear stress at 
the wall 0, = 0) becomes 

tyriv = 0 = c,p,uf (cy y ( > -mv 
(33) 

Similarly, the shear stress at the vapor-liquid interface 
(r, = 0) is 

u,s ---I 
?XlY, = 0 = c,p,u,2(~,)* T . ( > (34) 

In equations (33) and (34) the constants C and m are 
given by 

and 

C, = A,-“$: (35) 

m, = 2/(n, + 1). (36) 

The constant A is provided in tabular form for differ- 
ent values of II [22]. 

Integrating equation (24) and employing the 
expression for w,, from equation (32) we obtain 

where 

(u = (2% + WG) (0, -a,) 
(n,+lI)(n,+2) 

= Z($-11,). (38) 

Substituting equations (33), (34) and (37) into the 
force balance at the interface, equation (8), yields 

(39) 

Applying the Reynolds analogy (modified to account 
for the effect of surface motion), the following 
expressions are obtained for the heat flux at the plate 
surface and vapor-liquid interface 

Pry”\ (40) 

-T q;,y,=o = p,c,,(T -T,)u,oC s I I Pr;PI. (41) 

The exponent p depends on specific physical con- 
ditions and will subsequently be determined on the 
basis of obtaining a best fit to local similarity results. 

Substituting equations (32), (40) and (41) into 
equation (9), it follows that 

(42) 

Combining equations (39) and (42), it then follows 
that 

where 

w Pr: w-P, + Pr, 

cp= (9 
ofi Pr: 3 f Pr, 

From equation (26), we also obtain 

I D2 dd 

=-+az P&4 
(45) 

The above expressions are valid for both the fully 
turbulent vapor layer and the viscous sublayer. The 
maximum vapor-layer thickness for which the linear 
velocity and temperature profiles remain valid may be 
determined from the following criterion : 

Red” = &U,/v, < A,B("+ ‘)‘” (46) 

where values of B = 10 and B = 12 have been sug- 
gested by Hsu and Westwater [23] and Fung and 
Groeneveld [24], respectively. The dependence of the 
vapor-layer Reynolds number on the local liquid-layer 
Reynolds number is included through the parameter 
n. 

If the thickness of the vapor layer, which is mainly 
influenced by the degree of subcooling, is larger than 
the thickness of the viscous sublayer, it is assumed 
that turbulent flow conditions exist in both the 
liquid and vapor layers (n, = n, = n, m, = m, = m, 
C, = C, = C and py = p, = p). Also, the ratio y = S,jS 
is constant. For this condition, the boundary-layer 
thickness of the liquid layer (for turbulent conditions 
6 x A) is found to be 

;5 / (l+m)C \ 
” = VJlqo, + & Ly I Re;” (47) 
X 

\” PI ‘I 
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and the ratio of the vapor-layer thickness to the liquid 
boundary-layer thickness is 

$$ (!?)($~‘-“‘“(~~)““‘_ (48) 

The dimensionless interfacial velocity can be expre- 
ssed as 

The local skin friction coefficient reduces to 

and the local Nusselt number based on the plate super- 
heat and vapor thermal conductivity is 

If the liquid is highly subcooled, the vapor layer 
coincides with the viscous sublayer, and the vapor 
velocity and temperature profiles are nearly linear 
(n, = 1, m, = 1, C, = 1 and pv = 1). Since the shear 
stress at the plate equals the shear stress at the inter- 
face for a linear velocity profile, equation (37) yields 
I = 0. The foregoing expressions then become 

f = (o,)‘[ (1 +m)C$jdRe,” (52) 

6, = &($)2(JJ)m($:-%P (53) 

ii, = 
9, + /!I&) ’ -“Q, 

1+ B(Pr,) ’ --p 
(54) 

Re;“. (55) 

The local Nusselt number based on the plate superheat 
and vapor thermal conductivity is given by 

= Cd(l+m)-“/3(~,)‘; (56) 

When the difference between the free-stream and 
plate velocities is close to zero, as, for example, when 

the plate moves very slowly through a quiescent liquid 
or when a low-velocity liquid stream flows over a 
stationary plate, the foregoing model would predict 
vanishingly small heat transfer and skin friction 
(equations (50) and (51)). However, in practice, these 
quantities do not vanish. According to Klimenko [25], 
heat is transferred from the plate to the interface 
across a vapor stream which results from hydrostatic 
pressure differences generated by the bubble release 
process. Vapor flow induced in this way may be lami- 
nar or turbulent, and from experimental data for nine 
different liquids, including water, Klimenko [25] pro- 
posed the following criterion to estimate transition 
from laminar to turbulent flow : 

ArLcr = WfJv%h -P~YP,I > 10’. (57) 

The Archimedes number Ar represents the ratio of the 
product of inertia and hydrostatic pressure forces to 
the square of the viscous force. The effect of surface 
forces is considered through the critical wavelength 
for a two-dimensional instability, L,,. Expressions for 
the Nusselt number under laminar and turbulent flow 
conditions, together with the expression for L,,, are 
provided by Klimenko [25]. 

The effects of radiation 
In applications involving large plate temperatures, 

heat transfer may be significantly underpredicted if 
radiation is neglected. In film boiling radiation pro- 
vides an alternative path for heat transfer from the 
plate to the vapor-liquid interface, and, by increasing 
the thickness of the vapor layer, it reduces convective 
heat transfer [26]. Since a change in convective heat 
transfer affects the temperature distribution, and 
hence radiation in the vapor layer, there is clearly 
coupling between convective and radiative heat trans- 
fer in film boiling. Bromley [27] performed a first- 
order analysis to assess the contribution of radiation 
in laminar film boiling, while Sparrow [28] improved 
the analysis by considering emission and absorption 
in the vapor layer. Sparrow concluded that, for low 
to moderate pressure systems, the radiative properties 
of the vapor had little effect on heat transfer and 
a radiatively non-participating vapor layer could be 
assumed. 

To estimate the contribution of radiation in tur- 
bulent film boiling, a procedure used by Zumbrunnen 
et al. [12] for saturated laminar film boiling was 
adopted. Saturated film boiling provides conditions 
for which the relative effect of radiation is the most 
pronounced. The average total heat transfer co- 
efficient across the vapor is defined as (h,),, = (h,+ 
Maw where 

L 
h,, = 

U ) 
hdx !L. 

0 I 

and L is the total length of plate. The quantity (h,),, 
represents the convective heat transfer coefficient in 
the presence of radiation across the vapor layer. For 
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a turbulent (power-law) temperature profile in the 
vapor, equation (40) yields (h,),, cc 6;“. For satu- 
rated conditions, all of the heat is used for vapor 
generation, and it follows that 

q&j,+q: = %h, = &)av(Tp- T,). (58) 

Hence, since the vapor mass flow w,is proportional 
to the vaporization rate w,, equation (58) yields the 
proportionality, w, cc (hr),,,. Moreover, since w, cc S,, 
it follows that (h,),, cc [(h,),J”. Using this result and 
noting that (h,),, = (II,,),, when ha = 0, where (h,,),, 
is the convective heat transfer coefficient without radi- 
ation, it follows that 

(h,,),, (h,),, + (h&v m p= 
(h,),, ( (h,,),, > 

(59) 

or rearranging 

[&Awl I+“, = (k),v[(hc)av + @&lm (60) 

For m = 1 (a linear temperature profile in the vapor), 
this expression reduces to that obtained by Zum- 
brunnen et al. [12] for laminar film boiling. 

Assuming a radiatively non-participating vapor 
layer, radiant energy exchange between the opaque, 
diffuse-gray plate and the liquid-vapor interface may 
be modeled as exchange between two parallel planes, 
in which case the radiation heat transfer coefficient is 
given by 

hR = 
l,Rs + :,,, - 1) (“(;I:)). (61) 

This approximation is justified because the vapor film 
in forced-convection film boiling is generally very thin 
and exhibits a weak dependence on the streamwise 
coordinate measured from the leading edge. 

RESULTS AND DISCUSSION 

Results for the vapor-layer thickness, dimensionless 
interfacial velocity and local Nusselt number have 
been computed and are reported for fixed values of 
Pr, = 2.1, Pr, = 1, Ja = 0.44, pJp, = 0.0005 and 
~JP, = 0.05. These parameters are characteristic of 
quenching processes with water as the coolant [l]. The 
results are obtained for wide ranges of the subcooling 
parameter and plate velocity, for both u, > L),, and 
I’P > 24,. 

Vapor-luyer thickness 

is shown in Fig. 2. For small b the vapor-layer thick- 
ness 6, decreases rapidly with increasing /?, while, for 
larger values of B, 6, decreases more gradually, 
approaching zero (single-phase flow) as B + co. 
Besides the well-known fact that both skin friction 
and heat transfer are inversely proportional to 6,, it 
is important to stress that the vapor-layer thickness 
strongly influences the flow field. Under saturated 
conditions the vapor layer is sufficiently thick to 
encompass fully turbulent conditions. However, 
under subcooled conditions, this may not be the case, 
since the vapor layer is very thin. Even if the Reynolds 
number based on the streamwise coordinate and the 
kinematic viscosity of vapor suggests the existence of 
turbulent flow, the velocity and temperature are linear 
functions of distance from the wall. In other words, 
as also assumed by Gay [4], the vapor layer coincides 
with the viscous sublayer. In this case, even with a 
turbulent liquid layer, it is possible for the vapor layer 
to remain laminar. 

In film boiling the vapor layer acts as both a lubri- For Re, = IO7 the variation of vapor-layer Reynolds 
cant and an insulator. Momentum and heat transfer number with ,8 is given in Fig. 3, and the trend cor- 
characteristics are directly influenced by the thickness responds to that associated with dependence of the 
of the vapor layer, which, in turn, is a function of vapor-layer thickness on /?. From equation (46) (with 
the degree of subcooling and the plate velocity. For B = 12), it follows that, for Re,” > 160, turbulent con- 
Re, = lo’, the variation of the vapor-layer thickness ditions prevail in the vapor layer. From the results 
with the subcooling parameter and the plate velocity used to generate Fig. 3, such conditions would occur 
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FIG. 7. Vapor-layer thickness for Rr, - 10’ 
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FIG. 3. Vapor-layer Reynolds number variation with /I for 
Re, = 107. 
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FIG. 4. Variation uf the dirnerkmles~ intct-facial velocity Trc;. 6. Comparison of predicted local heat transfer 
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FIG. 5. Variation of the dimensionless interfacial velocity 
with p for up > u,. 

for 0 < /I < 0.005. This narrow b range, cor- 
responding to near-saturation conditions, indicates 
that, in most quenching applications for which the 
liquid is highly subcooled [(T, z 20°C T, > 600°C) 
0.05 < /I < 0.21, the vapor-layer thickness is of the 
same order as the thickness of the viscous sublayer. 

Dimensionless interfacial velocity 
The variation of the dimensionless interfacial vel- 

ocity a, with /I is shown in Figs. 4 and 5 for u, > up 
and up > u,, respectively. Similar trends have been 
obtained for laminar flow [ 131. For u,, > cP, the inter- 
facial velocity decreases with increasing subcooling 
parameter and decreasing plate velocity, whereas for 
up > u, it increases with increasing /I and a,. With 
increasing subcooling and u,, > up, the thickness of 
the vapor layer is reduced, bringing the interface closer 
to the plate. The corresponding increase in the drag 
force imposed by the plate decreases the interfacial 
velocity. If the plate velocity is increased, this effect 
becomes less severe and the interface velocity 
increases. The effect of increasing j3 on the vapor-layer 
thickness remains the same when up > u,. However, 
with increasing 8, the interface is further removed 
from the free stream, thereby decreasing its restraining 
influence on ~7,. Consistent with equation (54), the 
effect of increasing free-stream velocity on the inter- 
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z 
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facial velocity is similar to that of increasing plate 
velocity for z4, > up. 

Heat transfer results 
To assess the accuracy of the local similarity and 

integral methods, calculated results were compared 
with the experimental results of Otomo et al. 1291, who 
measured local heat transfer on a stationary steel strip 
cooled by a planar water jet. Although the strip was 
stationary, the experiment was prototypic of situ- 
ations for which the present film boiling model is 
applicable. The water bifurcated at the strip surface, 
dividing into two streams which moved along the strip 
until they collided with streams issuing from neigh- 
boring jets. Surface-cooling regimes included an 
impingement zone (using an expression given in [l], 
the zone width was estimated to be 10 mm), a film- 
boiling zone in parallel flow, and an interaction zone 
for neighboring jets. Jet momentum suppressed 
vapor-film formation in the impingement zone, but 
for large strip temperatures (- 800°C) a vapor film 
formed at the end of the impingement zone. Flow 
conditions in this region were turbulent, and a com- 
parison of integral method predictions with the mea- 
sured local convection heat transfer coefficient is made 
in Fig. 6. Since the half-width of the impingement 
zone (Z 5 mm) is small compared with the location 
of the measurement (400 mm from the stagnation 
line), differences in upstream conditions at x = 0 
(impinging jet in the measurements and 6 = 6, = 0 in 
the calculation) have a negligible effect on the com- 
parison. The measurements were made in a transient 
experiment for which T, = 30°C and u, = 5.3 m s ‘, 
and there is generally good agreement between the 
results. The largest discrepancy (about 30%) exists at 
the lowest plate temperature and may be due to the 
increased probability of liquid-plate contact, which 
would increase convective heat transfer coefficients 
relative to calculations based on the assumption of a 
continuous vapor blanket. 

In order to improve agreement between Nusselt 
numbers predicted by the local similarity and integral 
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methods (Figs. 7- l2), the value of the exponent n was 
changed from 7 (Re, = 5x 10’) to 8 (Re, = 1 x 10’) 
and 10 (Re, = 1 x 10’). These values were used for 
both u, > up and zip > u,. Although it was possible 
to achieve slightly better agreement by choosing a 
decimal value for the exponent n, restriction to 
integers was deemed to be appropriate for the pur- 
poses of this study. The best agreement between 
results associated with the local similarity and integral 
methods was obtained by using a value of p = l/3 in 
equations (40) and (41). Hence the Prandtl number 
exponent (1 -p) appearing in the expression for the 
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local Nusselt number, equation (Sl), equals 2/3, which 
is close to the value (0.6) suggested for single-phase 
turbulent flow over a flat plate [21]. 

Using the exponent n to account for development of 
the velocity and temperature profiles with increasing 
Reynolds number, good agreement was achieved 
between results for the local similarity and integral 
methods (Figs. 7-12). Due to the reduction in vapor- 
layer thickness with increased subcooling (Fig. 2), 
the local Nusselt number increases with increasing 
subcooling. In contrast to laminar film boiling over 
a moving surface, where the local Nusselt number 
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increases with increasing surface velocity [12, 131, the 
local Nusselt number decreases with increasing up in 
turbulent film boiling (Figs. 7, 8 and 9). Under 
subcooled, forced-flow conditions, heat is transferred 
mainly by convection at the vapor-liquid interface 
which, as already explained, may be viewed as a 
smooth surface moving at a constant velocity (u,) 
through a liquid stream. As for laminar film boiling 
[12, 131, the interfacial velocity increases with increas- 
ing plate velocity up for u, > up (Fig. 4) and also 
increases with increasing free-stream velocity for 
up > u, (Fig. 5). Moreover, any reduction in the 
difference between free-stream and surface velocities 
(in the present case n,) leads to a reduction in both 
the velocity and thermal boundary-layer thicknesses 
of the liquid. For laminar flow, these reductions 
enhance skin friction and heat transfer. However, in 
turbulent flow, skin friction and heat transfer do not 
depend solely on the velocity and thermal liquid 
boundary-layer thicknesses, respectively, but through 
the turbulent viscosity and thermal conductivity, also 
depend on the difference between the free-stream and 
surface velocities [22]. Since this difference decreases 
with increasing surface velocity (IS,), there is a 
reduction in the eddy transport coefficients and the 
effect exceeds that associated with the reduction in 
liquid boundary-layer thicknesses, causing the skin 
friction and heat transfer to decrease with increasing 
up. Mathematically, this behavior is represented by 
equations (50) and (Sl), where U, denotes the differ- 
ence between the free-stream and surface velocities 
and D,/a is the ratio of the liquid-layer-momentum (or 
enthalpy) thickness to the boundary-layer thickness. 

Results obtained for Nu, using the integral method 
(with n = 7) are in very good agreement with those of 

Gay 141, who assumed that under subcooled 
conditions, the vapor layer behaves as a thin viscous 
sublayer in a liquid flow (linear velocity and tem- 
perature profiles). Gay [4] also assumed p = 2/3. 
Based on results obtained using the local similarity 
method, it can be concluded that this assumption was 
quite realistic. In contrast to good agreement with the 
predictions of 141, Nu, results obtained by Wang and 
Shi [14] and Abdallah [ 151 (in both cases very high 
subcooling was assumed) were larger than those of 
this study. Discrepancies are believed to be due to 
simplifications and inconsistencies associated with the 
previous studies [14, 1.51. Wang and Shi [14] assumed 
the liquid-layer velocity profile to be uniform, and the 
interfacial velocity was taken to be equal to the free- 
stream velocity. As evident from Fig. 4, however, at 
large subcoolings the interfacial velocity is well below 
the free-stream velocity, but clearly does not vanish, 
as was assumed by Abdallah [ 151. Moreover, the tur- 
bulent velocity distribution assumed for the vapor 
layer [14] is more likely to develop under saturated 
and not subcooled conditions. Namely, under highly 
subcooled conditions the vapor layer is suppressed 
and its thickness may be smaller than the thickness 
of the viscous sublayer, making development of a 
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Fro. 13. Effect of radiation across the vapor layer on the 
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FIG. 14. Effect of radiation across the vapor layer on the 
average total heat transfer coefficient for water with ~TI = 0, 

L = 0.5 m, U, = 5 m s- I, ap = 0.85 and E, = 1 .O. 

turbulent boundary layer impossible. Hence, the 
existence of a turbulent vapor velocity profile is incon- 
sistent with some of the simplifications (negligible 
vaporization rate) related to the assumption of high 
subcooling. 

Radiation effects 
Results obtained for the ratios (h,/h,),, and 

(hT/h,,),, are given in Figs. 13 and 14. Figure 13 reveals 
that the value of h, is less than that of h,,, and the ratio 
(II,/&,),, decreases with increasing plate temperature. 
Also, because the reduction in h, with increasing plate 
velocity is more pronounced than that of h,,, the ratio 
decreases with increasing up. Figure 13 shows that, for 
a stationary plate with TP = lOOO”C, the convective 
heat transfer coefficient is overpredicted by approxi- 
mately 20% if radiation is neglected. However, the 
predictions of Zumbrunnen et al. [12] for laminar, 
saturated film boiling over a stationary plate at 
1000°C reveal an over-prediction of about 80%. The 
smaller overprediction for turbulent flow is attributed 
to the associated increase in convective heat transfer 
relative to radiative heat transfer. The foregoing com- 
parison is only made for a stationary plate, since plate 
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motion has opposing effects on convective heat trans- Acknowledgement-This work was supported by the 
fer in laminar and turbulent film boiling. National Science Foundation under Grant CTS-9307232. 

Figure 14 shows an increase in (h,/h,,),, with 
increasing plate temperature. This behavior, which 
reveals an increased contribution of radiation to the 
total heat transfer, represents the net effect of both 
increased radiation heat transfer and reduced con- 
vective heat transfer. Figure 14 reveals that, for a 
stationary plate with TP = lOOO”C, the total heat 
transfer coefficient is underpredicted by a factor of 
2.5, if radiation is neglected. Laminar film boiling 
results [12] show that, for the same conditions, the 
underprediction is approximately seven-fold. Again, 
this difference for laminar and turbulent flows is at- 
tributed to the associated increase in turbulent con- 
vective heat transfer relative to radiative heat transfer. 
As already noted. since the plate motion reduces con- 
vective heat transfer in turbulent film boiling, the ratio 
(h,,/h,,),, increases with an increase in up. From Figs. 
13 and 14 we note that radiation plays an important 
role when the surface superheat is high and the degree 
of liquid subcooling is small. In such cases, radiation 
heat transfer should be included in determining a total 
heat transfer coefficient. 
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