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Abstract

Laminar forced convection film boiling flow on a wedge 1s
analyzed considering the strecamwise pressure gradient imposed on
the flow and the streamwise buoyancy force important becausc of
the large density difference between the vapor and liquid) acting
on the vapor film. A two-phase boundary layer model is proposed,
and the local similanty concept is apphed to obtain an approxi-
mate solution of the governing equations. Parametric trends in this
analysis show that, for a water-steam system at atmospheric pres-
sure considered within this study, the density difference between
the vapor and liquid 1s large enough. As a result, both the stream-
wise pressure gradient and the buoyancy force exert strong influence
on the vapor flow dynamucs  Wall skin friction results display a
strong dependency on the streamwise buoyancy force dnving the
vapor film and the external pressure gradient. Previously observed
“skin friction bucket” type phenomena with increased heating of
the wedge are possible when the buoyancy force 15 small or neghgi-
ble. Adverse streamwise buoyancy force acting on the vapor film,
which 1s the case on the lower surface of a honizontally aligned
wadge, may caus vapor flow scparation. In contrast to wall skin
fricion dependency, the wall beat-transfer parameter shows a
secondary dopendence on the streamwise pressure gradient and the
buovancy force .

Nomenclature

C  Constant appeanng in Ue = € x™
Cyix  Local skan frction coefficient
Cp  Specific heat
f  Nondimensional stream function of liquid flow
Fr  Froude number (UUa Le ga)
& Nondimensional stream function of vapor flow
hy Local heat-transfer coefficient
hig  Latent heat of vaporization
Jap  Jakob number of liquid (Cot. ( Taar - T ) / hyy)
Jay  Jakob number of vapor (Cov ( Te - Tu ) / hyg)
k  Thermal conductivity of flud
Le  Characteristic length of the wedge
m  Pressure gradient parameter
m  Mass flow rate of vapor per unit area
Nux  Local Nusselt number
P Prewsure
Pr Prandt! number
Q'w  Local wall heat flux
R Nondimenstonal density-viscosity product ratio
(Pou i)
Rey  Local hguid Reynold's number (pr U 2 /i)

Regy  Vapor film Reynold's number (Pwu, 8, /)

* Post Doctoral Fellow, Member AIAA
* Associate  Professor
+ Suafl Member

T  Temperature
Tsat  Saturation temperature
Tw  Wall temperature
T~ Frec-stream liquid temperature
u  Stream-wise component of veloaity
u;  Interfacial (hiquid-vapor interface) velocity

Ue  Liquid free-stream velocity

Uo  Reference velocity

v Vertical component of velocity

x  Stream-wise coordinate

y  Normal coordinate

8, Vapor film thickness

N Nondimensional normal coordinate

M. M2 Nondimensional vapor film thickness
A Nondimensional stream-wise coordinate,
25 (- pv)/ Frps
f, Nondimensional strecam-wise coordinate,
(x/LJ""Am +1})

B Pressure gradiont parameter, 2m/(m+1}
" Absolute viscosity

p  Density

T Shcar stress

v Stream function

Subscripts
v Vapor
L Liquid
Superscripts

Differentiation with respect to mi.or v as applicable

Introduction

In the recent past, several investigations!-> have been inii-
ated to understand the influence of boiling on the drag of objects.
Such information is of interest in analyzing external two-phase
flow in many applications, including drag reduction!-2 and molten
fuel relocabon in postulated nuclear reactor mishap scenarios 4 In
this connection, subcooled forced convection film boiling is analy zed
for a wedge geometry. The choice of wedge geometry was moti vat-
ed by the fact that a streamwise pressure gradient can be im
on the flow, which is the case for a flow over any finite-thickness
bodies such as a circular cylinder and sphere. Additionally, the re
sults of the wedge flow serve as a guide in understanding film boil-
ing flow and heat transfer on cylindrical and spherical geometries,
und thesc results may be used to devise approximate solutions In
this paper, & coraprehensive two-phase boundary layer model, un-
like carlicr models 58 that takes the buoyancy force driving the
vapor filim and the stream-wise proessure gradient into account s
proposed and analyzed.

Flow film botling is analyzed by considering a subcooled hiy-
uid (T= < Tw) with a velocity Ue flowing towards an isothermal
wedge as shown in Fig 1. (Figure 1 shows a semi-infinite wedge in
vertical and honzontal onentations, the orientation is important
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Fig. 1. Film boiling flow over a wedge in vertical and
horizontal orientations.

with respect to the buoyancy effects on the flow as will be described
later.) If the temperature of the wedge 18 assumed o be sufficently
high to promote and maintain stable film boiling conditions, a thin
vapor film forms adjacent to the wedge surface. Subcooled liquid
flows on top of this vapor film. Past analytical efforts, including
the current one, desc ribe the vapor film and liqud flow by boundary
layer behavior. (The vapor film in forced convection film boiling 1s
thin and amenable to the boundary layer approach, and the viscos.
ity and temperature differential between the liquid free strean
and the liquid-vapor interface leads to thermal and momentum
boundary layer formation in the iquid low.) This approach,
called the two-phase boundary layer concept, onginally was pro-
posed by Cess and Sparrow 2

Walsh and Wilson® aralyzed the filin botling flow on a
wedge and obtained asymptotic expressions for two hmiting case
corresponding to small and large subcoolings of liquid  They con-
cluded that the stream-wise pressure gradient exerted on the vapor
flow dominates the vapor flow dynamucs and attributed this to the
amphincation of the pressure gradient effect on the vapor flow
caused by the large density difference between the liquid and va-
por Nakayama's recent analysis? considered the same wedge flow

geometry, neglecting inertial and convective terms in the vapor
flow momentum and energy equations  He concludes that the loca)
wall skin friction parameter exhibits a bucket-type behavior with
increased heating of the wedge, when the liquid subcooling 1s
small. Our subsequent cf(on§ retained these terms and examined
their significance; a simple couctte flow model was proposed to ex-
plain some of the physics of the results. For a water-steam system
at atmospheric pressure, the effect of including the convective en-
ergy terms within the vapor flow energy equation was found to be
neghigible, however, the inertial terms within the vapor flow mo-
mentum equation were found to exert consideradle influence on the
results at saturated liquid conditions.

None of the nnalysa.-s"”8 consider the influence of the stream-
wise buoyancy force on flow film botling. For example, at atmo-
sphenc pressure foi a water-stcam system, the density difference
between the vapor and hiquid s of the order of 1000, and the buoy-
ancy force dnving the vapor film over the wedge may be of the
same order of magnitude as the other terms in the vapor flow mo-
mentum equation. This may exert an equally dominating effect on
the vapor flow dynamucs as the stream-wise pressure gradient
Unless the wedge 15 "very thin” and Lies in honzontal onentation
(implying tiat the stream-wise gravitational force component in
the vapor flow momentum equation i1s negligible) or the Froude
number 15 very large. the buoyancy force may have to be considered
in the analysis  Consequently, the analyses®8 neglecting the efiect
of the budyancy force may be valid only for horizontal wedges with
a small included angle 8 As to be demonstrated in ths paper. sever-
al of the flow situations in forced convection film boiling may man.
date the consideration of the buoyancy force on the vapor flow,
which reveals several new features of flow physics.

This analysis, a continuation of our previous effort,? considers
the influence of the stream-wise buoyancy force and the pressurc
gradient on the vapor flow. Because of this consideration, exact
similanity conditions are not satisfied, complicating the analysis
By using a local similanty technique and a fourth-order Runge-
Kutta method, a numerical solution 1s obtained for the governing
equations Parametnic analysis fo- a water-steam system at atmo-
sphenc pressure is performed to undurstand the influence of boiling
on skin fnction drag and wall heat transfer.

The results of this analysis reveal that, unlike the horizon-
tal flat plate geometry, the skin friction on & wedge in a film boil:
ing Now may increase beyond the single-phase (all-liquid) flow
level This feature is attributed to the domination of the stream-
wise buoyancy force and the strcam-wise pressure gradient both
driving the vapor flow. A turn-sround behavior of the wall skin
fricion parameter with increased heating of the wedge (as demon.
strated by carlicr studies®®) is possible only when the buoyancy
lorce drniving the vapor film is "low.” On the lower surface of a
horizentally aligned wedge in a film boiling flow, the buoyancy
force on vapor film acts adversely to the flow direction. The current
*.udy demonstrates the possibility of flow separation under such

~ditions; a feature unnoticed until now. However, wall heal-
transfer predictions, as oppesed to skin friction predictions, do not
demonstrate a strong dependency on the buoyancy force.

Analysls

Consider the physical nx del shown in Fig. 1, wiere the sub-
cooled liquid (T=<Tw) with a velocity Ue flows towards an isother
mal wedge. As discussed in the introduction, in a stable film boiling
flow, a thin vapor film is assumed to form adjacent to Ine wedge
surface and hquid flows on top of the vapor film. Several invest)
gators have modeled the thin vapor film low and the liquid flow
assuming a boundary layer behavior.}-358 Sulsequently, the
boundary layer equations of bath liqu-d and vapor flow are coupled
at the liquid-vapor interface by the appropriate conservation
equations  This so called “twn-phase boundary layer” concept used
by all the previous investigators! 338 (including the present anal
ysis! incorporates the following assumptions, which are itemized
brie! |, below



1. Steady, two-dimensional, incompressible and laminar flow is
assumed in both phases.

2. Properties of both phases are estimated using the "film” tem-
peraturc method.

3. Radiation from the solid surface is negligible.

4. The liquid-vapor interfacy 1s assumed to be smooth and at con-
stani saturation temperature. Surface tension effects are ne-
glected.

S. The hquid free-stream velority is unaffected by the presence
of the vapor and hiquid bouadary layers.

The incompressibility assumption is best justified at low ve-
locities (U« < 15 {U5),) and the laminar flow assumption in the

vapor film requires Res, < 1008 For a water-steam system at atmo-
spheric pressure such as the one considered in this model, property

vaniations (Pv. By, kvo i) may be included, and such treatment re-
quires a variable fluid property analysis. Instead of such an
approach. fluid properties arc assumed constant, and the film
temperature method, as suggested earlier,’0 is used to eshmate the
fluid propertics. Radianon heat transfer from the surface may be
neglected as the calculations (assurming black surface and using the
expenimental data of Stevens and Witte!!) reveal that its contn-
bution to forced convection film boiling heat transfer under atmo-
sphenic condihons for a subcocled water-steam system is less than
1% Our recent analysis!2 shows that the theoretical wall heat-
transfer predictions made neglecting radiation show little differ-
ence under subcooled flow conditions. The smooth hiquid-vapor
interface assumption, although difficult to realize in practice, has
been reported at a high liquid subcooling 111 Away from the lead-
ing edge where the boundary laver equations arc applicable, the
curvaturc of the hiquid-vapor interface is less, and consequently the
surface tension effects may be uramportant

With the two-phase boundary layer concept that incorpo-
rates the above assumptions, governing equations can be derived for
each phasc and coupled at the hquid-vapor interface by the appro-
priate conservation cquanons,3 The goverming aquations {Eqs. (1)-
(16)] are summanazed below,
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BOUNDARY CONDITIONS (y = 0. y = o)

Aly=0iuv=vw=0T, =T, {15)

Asy - ooy oU, (x) = C 2™, Ty =Ta, where Cis a constant  (16)

In this analysis, the constant C 1s defined as Ug/ L™ where
Up 1s a suitable reference veloaity (say Up = Leg x=Lc) and Le s
the characterisuc length of the wedge The hiquid pressure gradi-
ent term in EqQ. (6) 1s determined on the basts of 1nvisad liquid flow
considerations using the external veloaity distnbution specified 1n
Eq. (16). By using the continuity of pressure requirement [Eq (12))
and the liquid pressure gradient, the pressure gradient term in the
vapor flow [Eq. ()] 1s determined as

._Jd!_.._(_’nl.pl U.i"_).l
x x &

For the vapor film and the liquid boundary lavers, following
Sparrow ct al 17 and Sparriw and Yu,!4 the following vanables are
introduced to analyze this nonsimilar two-phase boundary laver
flow (The nonsimilanty is a direct result of the consider non of
the buovancy force acting on the vapor film)
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As defined by Eq. (17), A can be interpreted os a nondimensional
stream-wise coordinate  An alternative physical interpretation of
A 13 that 1t s the buovancy foree parameter, dependent on the
Froude number as follows.

k-z—s(ﬂ-~l)whcrtFr-_-_UL {21)
Fr ‘P UoL. g4

N and Ny (Eq. 18) are the nondimensinnal transverse coordinates
(These become similarity coordinates if similanity conditions are
cxactly satisficd, as is the case for a horizontal flat plate? or a
wedge flow withoul considering the buoyancy effects )f The nond-

mensional stream function and the temperature of the vapor (g, 84)
and the hquid flow (f, &) are defined by Eq. (19) and Eg (20), re-
spectively 1t s to be noted that under hmiting conditions, the
above nondimensional variables reduce to the same nondimensional
variables defined by othees 28

Using the above nondimensional variables, Fqs (1)-{16) are
transformed irto Egs (22) (32) as follows
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The above transformed equations are partial differential
equations 1n 4, | soordinate system. Primes refer 1o differentiation
with respect to v T as applicable. To solve the above system of
equations, the "local similarity” method proposed by Sparrow ct
al.'} and Sparrow and Yu'4 is used in the curtent analysis. Under
this approximation, the derivatives with respect to A are postu-
lated to be small and drop out of the above governing equations
IEqs. (22)32)] when ) is large. Physically, a large valuc of A
means that the streamn-wisc buoyancy force acting on the vapor film
is dominant. As shown in Table 1, the parameter 2 &/ Fr [scc
Eq. (21)] can assumnc large values (in turn, A ) in most of the flow
film boiling situations. The calculations reported in Table 1 were
performed for a 90" included angle wedge (honzontal and vertical
directions) using the properties of water at stmosphenc pressure.
The characleristic length of the wedge varied from 1 em to 15cm,

and Ug@xulc is as5umed equal to Us,

With the “local similanty” approximation, Egs. (22)~32)
reduce to the following form.
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These equations [Eqs. (33)(43)] are solved (described later) for ve-

loaty and temperature profiles, and the results are displayed via
skin fricion cocfficient and Nusselt rumber, namely,
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Solution Methodology
Of the eight exriicitly prescribable parameters in the gav-
2

eming cquations [Eqs. (33)(45)] seven are Fr (buoyancy force

TABLE 1

2
MAGNITUDE OF THE PARAMETER F,

3

90° wedge, 1 cm < L < 13 cm, Vertical and Horizontal Orientations
_Ra Te = 20°C T ™ 6°C Too » 10°C
10 234 2 105 - 1.7 109 362 108 -26210° $353 103 - 4010
10¢ 234 x10% - 37% 107 268103 -261x 107 85210 - 40107
103 23210- 1710} 36321026108 5351210-401x10
104 23 10! - 17410} 363101 260! 55101 4.0 100
Sa 108 9x 103 . 06K 14 1 104 - 108 2.2 2 104 . 108
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parameter), m + 1 (pressure gradicnt parameter), o (density
R= BB

ratio parametcr), P KL (density-viscosity product ratio pa-
rameter), Pr. (vapor Prandtl number), Pr. (liquid Prandt! number)
and Ja_ (liquid subcooling parameter, namely, liquid Jakob number).
For the choice of the eighth parameter, it is to be noted that Th
(nondimensional vapor film thickness) and Ja, (wall superheat
parameter, namely, vapor Jakob number) are related implicitly to
each other by Eq. (41). One of these would suffice to obtain a solu-
tion to the above governing equations. As done earlier 815 tne
nondimensional vapor film thickness ™v is chosen to be the eighth
parameter, and the corresponding wall superheat parameter Ja, 15
calculated from Eq. (41) as a final step in the solution of the gov-
emning equations |Egs. (33)445)]. Such a procedure reduces the
number of iterations needed to obtain a solution as discussed in our
earher studv.8

A fourth-order Runge-Kutta method with a shooting tech-

nique [to find the missing wall shear, 8 (0) ! 1s used to solve the mo-
mentum equations of the vapor and hquid flow [Eqs. (33) and (35)
along with the conditions Eqs. (37)439), (42) and {43)} for the va-
por and hquid velccity profiles. This approach 15 basically an
extension of the soluton strategy used for single-phase boundary
layer equations,’® and its application to two-phase boundary layer
film boiling flow is described in detail in our earlier paper 8 Using
these velocity profiles, the energy equations [Egs. (34) and (36)
along with the conditions Eqs. (40) and (42)-{43)] of the vapor and
liquid phases are solved in an implicit finite-difference form. The
first- and second-order cross-stream derivatives in the encrgy equa-
tions were replaced by central difference approximations, which
resulted in a tn-diagonal matnix for each phase. These matrices
were solved Ly a simple Gaussian elimination scheme to yield the
temperature profiles.

Using the temperature profiles, the temperature gradient of

vaper at the wall, 840) and the temperature of the liquid at the

liquid-vapor interface 6{N«) was determined by a second-order,
forward finite-difference approximation. The temperaturc gradi-

ent of the vapor at the liquid-vapor interface, 84™8) is calculated
by a second-order backward difference approximation. The veloc-
ity and temperature profiles in combination with the gradients
then are used to evaluate nondimensional skin friction, heat-
trantfor and wall superheat parameters from Eqs. (44), (45), and
(41), respectively. The flow chart of the computer program 1s given
m Fig 2.

Duning this analysis, the effect of approximating infinity in
the iquid boundary layer by a finite distance, the tolerance limit
on satisfying the boundary conditions st the outer edge of the liquid
boundary layer, and the grid spacing in the vapor film and the liq-
uid layer were examined for various conditions. These tests and
random checking of the results during the course of computations
were used to assess the numerical uncertainty of the results. Accu-
racy was satisfied up to the third decimal place in most of these
calculations. Based on these tests, the free-stream boundary condi-

tions at infinity were satisfied at a finite dimension, Nima = 6,
with an accuracy of ¢ = 10*. The combination of gnd sizes used 1n
this study, as used carlier,8 is given in Table 2.

TABLE2
GRID SIZES
"' Any
0.001 - 0.00% 0.0001

0.005 - 0.5 0.001
05-1.0 0.605
1.0-5.0 0.01
anp = 0.0}

INPUT m, p ,Pr,Pr . R,
CKAT. - n;'ﬂt‘lll' €. Fr

"
SPICIFYn _,
AND an,

GUESS
9" (o)

y

SOLVE THE MOMENTUM EONS.
OF VAPOR AND LIQUID LAYERS

(1) coand |P-1)ck

OR

(1) »oand |F-1}<cE

SOLVE THE ENERGY EQUATIONS
OF LIQUID AND VAPOR LAYERS

Y

COMPUTE (€, JR, ) 72, Nu, (%: )/JRe,

(C"ATw) / h“

(510p)

Flow Char.

Fig. 2.

Because of the coupled nonlinearity of the governing differen:
tial equations, the fourth-order Runge Kutta method along with
the shooting technique used in the solution methodology art sensi-
tive to the starting input value nf 8'(0). Typically, the initia) input
value of 8 {0) at prescribed values of v and other parameters is

chosen by foliowing the previous patterns of changes of 8{0) with
™ Choosing a low value of v initially and increasing it steadily

would facilitate easier guessing of the starting input value of 80}
After the initial input valuc of 810) iy given to t*art the Runge-
Kutta procedure, convergence is obtained by using a hisection
method to refine the wall shear 8 (0). 1f the flow is acceleratad
strongly (i.e., at large parametric values of the buoyancy force pa-
24
rameter g, say 100), the tolerance limit of satisfying the free-
stream boundary condition was increased from 1074 10 103 or 102,
Refeising to the flow chart (Fig. 2), it is to be noted that
two convergence crileria are specified for the solution of vapor and
hquid momentum equations. The first nnc,(f “1)<0mndlr 1l < Cas
used when the vapor is flowing faster than the iquid and the sec-

ond cntenon, {1 -1)> 0 wnd]l - 1] < ¢, {5 used when the hquid 1s



flowing faster than the vapor. When the liquid-vapor interface is
nearly equal to the free stream veloaty, the hquid boundary layer
does not cxast, and computations with either condition produced
esscntially the same results.

Diacussion of Results

The current numerical procedure initially was verified by
reproducing the results of Ito and Nishikawa'S and Nckayama,’
which are the limit cases for the current analysis. Comparisons
with Nakayama's results are reported in our earlier study® and for
the sake of brevity, they are not repeated. A water-steam system
at atmospheric pressure with subcoolings from 20 to 100°C and en-
compassing wall superheats of 100 to 600°C is considered in this
study. Fluid properties were evaluated at the respective film tem-
peratures of the vapor and liquid. Because the vapor Prandtl num-
ber (= 1) varies negligibly in the above wall superheat range, a
constant value of unity was assigned. With the computed parame-
ters, calculations were performed by varying one parameter at a
time. Calculations typically were performed at the limiting val-
ues of each parameter.

Itis to be noted that on a vertical wedge with an upward flow
(Fig. 1), the stream-wise component of buoyancy force acting on the
vapor film always aids the vapor flow on both surfaces of the
wedge. However, on a horizontal wedge (Fig. 1), it is favorable to
the flow on the upper surface and opposes the flow on the lower sur-
face. Thus, the current analysis with a favorable stream-wise com-
ponent of buoyancy force is equally valid for the vertical wedge
with an upward flow and the upper surface of a horizonta! wedge

Figures 3-5 show the influence of the favorable iocal buoyan-

2%
¢y force parameter, Fr, on local skin friction and heat transfer. A
2
low value of the buoyancy force parameter, —F—rtl: implics that either
the nondimensional stream-wise length § is small or the local

Jo,=007S. p,/p, =~ 3400 melsd Pr =25

Pr,-10 Re02ivt0"

M\
E1Y 2%
:—1 f—’-o__l x ;;-IO -

[ o2 04 o on )
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Fig. 3. Effect of the stream-wise buoyancy force (favorable)
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Fig. 4. Eifecct of the stream-wise buoyancy force
(favorablc) parameter, 2§/Fr,

Froude number is large (meaning domination of velocity effects over
28
gravity effects). As Fp increases from 0.1 and 100 (which implies

a domination of the favorable buoyancy force driving the vapor
flow), Figs. 3 and 4 illustrate that the local skin friction parame-

Nu, U
ter, Cn YRea /2, and the local heat-transfer parameter, YRe, (“"
also increase. This trend is understandable because favorable buoy-
ancy force accelerates the vapor film flow, resulting in higher va-
por flow velocities (Fig. 5), which should cause an increase in local
wall skin friction and heat transfer.

25,011

At low values of the buoyancy force parameter, Fr ,

the skin fricion parameter, Cy, YRe, /2, initially decreases,
reaches a minimum, and starts increasing with increasing wall su-
perheat parameter Ja,. This type of "turn-arcund” behavior of the
local skin friction paramater with increased heating of the wedge
is the result of the domination of the streamwise pressure gradient
and the buoyancy force driving the vapor film (as to be demon-
strated later) at higher wall superheats. Additionally, it can be

observed that the local skin friction parameter, Ci, YRe, /2, at

_ 25210100
higher values of the buoyancy force parameter, Fr , does
not exhibit the bucket-type phenomenon with increased heating of
the wedge; rather, the trend is a monotonic increase with an in-
crease in the wall superheat parameter, Jay. Although the
"bucket” type of phenoinenon exhibited by the skin friction param-
eter has been observed carlier by Nakayama’ (whose anelysis does
not consider the effects of stream-wise buoyancy force on the vapor
flow), the latter trends exhibited by the local sk.n friction parame-
ter at higher values of the buoyancy force parameter cannot be real-
ized without considering the buoyancy effects.

The above trends exhibited by the skin friction parameter can

be ~xplained in a simple manner (on a first-order basis) by approxi-
matirg the vapor film flow locally as a "Couette flow." Such a
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Fig. 5. Velocity profiles showing the effects of stream-wise
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mr:del has been used by these authors to explain some of the trends
in forced convection film boiling on a wedge (without buoyancy ef-
fects).8 An integration of the Couette flow equations of the vapor
flow leads to a quadratic veloaty profile, and using this, the wall
shear on the wedge can be written as

du, oy U, & du’
Tw = My (—— Sy e 2 U= ¢ . 1 46
u(ay>’_o T Lk m m)g} (46)

In the nondimensional variables of the current analysis, the above
equation 1s rewntten as

g'(o)gl;.4'.1:!_2_m._ﬂ+ ME(E.]) (47)
e 2 m+1p 2 Fripv

In the above equation, 8 (0) comprises the viscous shear contn-
bution (without the effect cf pressure gradient, for example, a flat-
plate film boiling flow) of the vapor film [first term on the right
side of Eq. (47}, the influence of the external stream-wisc pressure
gradient on the flow (second term), and the effect of the local
strcam-wise component of buoyancy on the vapor film (third term).
When the buoyancy force driving the vapor film is low, the skin
friction characteristics are dominated by the first term at low wall
superheats and by the second term at higher wall supcrheats. Pre-
dictions in Table 3 (calculated by using numerically obtained valucs

2
of 8. Mv8) at low values of Fr (say , 0.1) illustrate this hypothesis
very clearly. Thus, the turn-around behavior of the local skin fric-
tion parameter with increased heating of the wedge (1., increas-
ing Jay) is a result of the domination of the stream-wise pressure
gradient and the buoyancy force driving the flow at higher wall
24

superheats. At a higher value of Fr (say i00), predictions in
Table 3 show that the skin friction behavior is dominated by the
buoyancy force term in Eq. (47). Thus, the increasing trend of the
local skin friction parameter with increased heating of the wedge
(as observed in Fig. 4) can be attributed to the overwhelming dom-
ination of the strearmnwise buoyancy force. Figures 3 and 4 also show
that the increase in the buoyancy force parameter causes the local

Mo ()
.7all heat-transfer parameter, YRe, "M/, 10 increase; however, the
increase is not as large as the skin friction parameter.

The influence of the pressure gradient parameter, B, on the lo-
cal skin friction and heat transfer is shown in Fig. 6. Figure 6 shows
that higher values of the pressure gradient parameter, B, improves
the local wall heat transfer and wall skin friction. An examination
of Eqs. (33) and (47) reveals that the pressure gradient parameter,
B, and the density ratio parameter, P, should qualitatively ex-
ert the same influence as the favorable buoyancy force parameter,
28
Fr , because an increasc in these parametric values signifies the ac-
celeration of the film boiling flow leading to increased wall skin
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Fig. 6. Influence of the pressure gredient parameter, m.



TABLE 3

CALCULATIONS ILLUSTRATING COUETTE
FLOW HYPOTHESIS

% .01
Fr,
Ia g0 The gl i ™ 2m_Pp M2 gy’
e 2 mel P 2 frlev
0.159 58.8 0.02 0.888 44.4 12 2.4
0.333 54.05 0.04 25.25 24 4.8
0.705 72 0.08 1.152 14.4 48 L 9.6
g-= 10.0
Fn
0.195 330.4 0.02 78.50 12 239.9
0.322 433.23 0.03 65.33 18 359.9
0.62 803.87 0.06 48.17 36 719.7

friction and heat transfer. To conserve space, figures illustrating
the effect of the density ratio parameter /P on local skin friction

and wall heat iransfer are not shown. The density ratio parameter,

PP\, varies from approximately 2000 to 2800 in the current analy-

Nu,_ (&)
sis. Although the wall heat-transfer parameter, YRe, W', shows
an increase as the density ratio parameter increases, this improve-
ment is marginal.

Figure 7 shows the influence of the liquid subcooling parame-
ter, JaL. JaL. = 0 represents saturated water, and Jap = 0.15 repre-
sents highly subcooled (say, 20°C ) water at atmospheric pressure.
With increased liquid subcooling, the local wall heat transfer pa-

Nu, (}_J:)
rameter, YRe, "W/, increases (signifying an increase in the local
wall heat-transfer coefficient). This is to be expected because
b = k./8, and subcooling the liquid will decrease the vapor film
thickness 8. This trend also can be conjectured from the interfacial
energy balance [Eq. (14)], which implies that as the liquid subcool-
ing increases, vapor generation at the liquid vapor interface de-
creases because less energy is available for vapor production.
Consequently, an increase in liquid subcooling results in less vapor
generation, leading to thinner vapor films. As shown in Fig. 7, sub-
cooling the liquid (at the parametric values shown in the figure)
decrcases the wall skin friction parameter. This trend is to be an-
ticipated on the basis of Eq. (47) derived from the Couctte flow hy-

5.
pothesis. For this buoyancy-dominated flow, | Fr

1

the trends as shown earlier for Fr : in Table 3, the buoyancy
force term in Eq. (47) domninates the characteristics of the v-all skin
friction, and the influence of the other two terms in Eq. (47) is mi-
nor. The contribution of the buoyancy furce term in Eq. (47) is lin-
early proportional to the vapor filmi thickness. Any decrease in
vapor film thickness as a result of increased liquid subcooling will
reducc the local wall skin friction as shown in Fig. 7.
The influence of the density-viscosity ratio parameter R and the
liquid Prandtl number Pry_ are not shown in order to conserve space.
For the water-steam system under consideration, the density-
viscosity ratio parameter R varies from 0.155 x 1074 10 0.272 x 104
and the liguid Prandti number varies from 1.75 to 3.0. The density-
viscosity ratio parameter affects the local wall heat-transfer
predictions marginally in the parametric range considered.

), similar to

An increase in the liquid Prandt] number translates the skin friction
and heat-transfer curves toward lower wall superheats.

As mentioned earlier, on the bottom surface of the horizontal
wedge, the stream-wise component of buoyancy force acting on the
vapor film is adverse (Fig. 1), i.e., it opposes the motion of vapor
film. In the current analysis, this effect is simulated by the nega-

2
tive values given to the buoyancy force parameter F? . Figures 8
and 9 show the influence of opposing buoyancy force on flow film
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Fig. 7. Influence of liquid subcooling parameter, Jag.
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boiling This opposing buoyancy force slows down the vapor film,
and the skin friction at the wall reduces. If the opposing buoyancy

2%

force 1s large enough (as signified by the larger value taken by Fr,
-1.0), the vapor film may stagnatc and separate. A typical veloc-
ity profile of the vapor film close to separation is illustrated in the
right panel of Fig. 9. Once again, the effect of the opposing buoy-
ancy force parameter is marginal in wall heat-transfer predictions
(Fig. 8).

Fry

20 |——
X
*
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Concluding Remarks

Laminar forced convection film boiling flow on a wedge is an-
alyzed  Because of its finute thickness, the wedge will imposc a
stream-wise pressure gradient on the flow, which 1s the case for the
flow over any finitely thick body. For a water-steam systemn at at-
mospheric pressure considered in this study, the density difference
betv:een the liquid and vapor is large enough to warrant considera-
tion of the buoyancy force on the film boiling flow. A two-phase
boundary layer model considering the above two effects for the first
time is proposed, and a numerical solution to the governing equa-
tions is obtained by using the concept of local similarity. Below are
our major observations.

1. Unlike the horizontal flat plate geometry, the skin friction on
a wedge in a film boiling flow may increase beyond the single-
phase (all liquid) flow level. This feature is attributed to the
domination of the stream-wise buoyancy force and the external
pressure gradient driving the vapor flow.

2. A turn-around behavior of the wall skin friction parameter
with increased heating of the wedge (as demonstrated by ear-
lier studies)6:8 is possible onty when the buoyancy force dnv-
ing the vapor film is "low "

3. On the lower surface of a horizontally aligned wedge in a film
boiling flow, the buoyancy force on vapor film acts adversely
to the flow direction. Under such conditions the current study
demonstirates vapor flow separation; a feature unnoticed untl
rnow.

4. Wall heat-transfer predictions, as opposed to skin friction
predictions, demonstrate a secondary dependence on the buoy-
ancy force parameter.

5. Subcooling of liquid increases the wall heat transfer coeffi-
cient and translates the local skin friction curves toward
higher wall superheats.
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