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Forcea flow film boiling heat tronsfer coefficients from = vertvi.cal surfi-
ace have been expressed in terms of the interincial shear or the so culled
“z1ip" at the liquid vapor interface. The heut transfer coefficient i1s ox-
Pressed as a function of the Froude number and the shear factor. The shear fac-
tors are determined from an exact analysis wiich zccounts for the coupling ce-
tween the vapor and liquid momentum &t the interface. The correlating egua-

tion may be useful to the designer interested in a simple correlatin; technigue

valid over a wide range of Froude Numbers.

Film boiling heat transfer plays an important .role in energy transfer in
cryogenic systems. In this paper film boilir: Trom a verticsl surface will be

studied. In particular, we will study how the Froude mniber and vanor oo

liquid properties effect the interfacicl shear or "s.lvp” =i the boiling intor-
face. A knowledge of the interfacial shear i:c imjirtgat Tor high pressvre cry
gens wspecially in the vicinity of the thermodynamic eritlcal poiant.

The earliest heat transfer analysis of
\ .
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surface was by Bromley (ref. 1). Later, Hsa snd Weouvwoter (ref. 2) c-tende

o

Bromley's analysis for both laminar and turbul.nt vapsr 7Tio.. Bromley con-




sidered the equations of motion in the hot vapor film wiﬁh the Lounawry con-
ditions at the wall egual to

y=0 u=020 (1)
Unfortunately, the boundary condition at the ligquid vapor interface, b,<shown
in Ficure 1 case (a), was an unknown. Bromley, however, considered two limit-
ing possibilities on the veloecity at the liquid vapor interface. The first was

that (fig. 1(v))

¥y = &g u=20 (2)
that 1s, the vapor does not drag.any liquid along. The second possibility.
considered was (fig. 1(c))

y=28; =0 (3)

oy

that is, the shear between the liquid and vapor is zero. Bromley cerived =
simple expression for the heat transfer coerficient for each of these two
assessed boundary conditions. These expressions bracketed the unknown heat
transfer coefficient.b Bromley then suggested that a heat transfer coefficient
which is the average of these two extremes be used as a correlating ezuation.

Koh (refs. 3 and 4) extended Bromley's analysis by considering the momentum
transfer between the liquid and the vapor. Xoh's ?esults are expressed nu-
merically in terms of the important parameters such as Prandtl number and the

density viscosity ratios. From his analysis, Koh showed that for
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“boundary condition (eq. (2)) is a good choice. EBquation (4) generally ho.ds
for low pressure boiling. A notable excepticn to cquation (4) is [iim boiling
near the thermodynamic critical point.

Later forcea flow past a vertical surface in film boiling was studied




(figs. 1(d) and (e)). Rankin considered the equations of motion in the Viif T
and at the liquid vapor interface, he assumed

y=20 U = Uy (%)
that is, the interface moves at the free stream velocity. For high liqﬁid
velocities this is a reasonable assumption if pp >> py (see ref. 6). Tor a
low liquid velocity or near the critical point, however, this is only an
approximation as seen from the flow profile shown in Figure 1(d).

Recently Jacobs and Boehm (ref. 6) extended the theory for the case of
film poiling from vertical surfaées with flow. They coupled the governing
equations of motion and energy in both the wvapor film and surrounding liguid.
In this case, the numerical solutions of the heat transfer coefficients are
correlated as a function of Froude number as well as other system parameters
included in Koh's (refs. 3 and 4) pool boiling analysis. The numerical resﬁlts
in reference 6, however, are limited to a single curve at one density-
viscosity ratio.

The purpose of the present paper is to présent a relatively simple heat
transfer correlation for flow film boiling past a vertical surface. TFirst, =
shear parameter K is defined; then, the equations of motion and energy in thé
hot vapor are solved with the factor K treated as -an unknown parameter.
Finally, by a comparison with the exact numerical results in reference é the
actual K 1is specified. The simple heat transfer correlation which results
may be of practical use to the design engineer.

LIST OF SYMBOLS

Cp specific heat at constant vapor pressure
Fr Froude Number uZ2/gx
Gr Grashof Number pV(OL - QV)BXS/H%

coefficient of gravity
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HL

Hv

The Tollowing analysis for laminar film boiling along a vertical surface

gravitational constant
heat transfer coefficient
dimensionless h defined by equation (12)
shear factor, equation (10)

thermal conductivity of vapor

Nusselt number hx/kV

pressure

Prandtl number _Cp/ky

defined by CPAT/xér

wall temperature

saturation temperature

(TW.' Ts)

velocity parallel to surface

free stream liquid velocity

see equation (ll)

mass flow rate per unit length
distance along plate from leading edge
distance normal to surface

vapor gap thickness

vapor gap thickness for complete slip (K = 0)

vapor gap thickness for no slip (X = 1)
latent heat of vaporization

viscosity of liquid

viscosity of vapor

surface tension

Theory




assumes a smooth leminar film, constant pressure gradient, constant vapor prop-
erties which are evaluated at the film temperature, and negligible fluid inertia.
In the energy analysis, heat is assumed to be transferred oniy by molecular con-
duction. The liguid is aésumed to be at its saturation temperature. Consec-
quently, the governing momentum and energy eéuations for the vapor film shown

in Figure 1 are as follows:

§_2B-§E§_P.=o (s)
dy° MV ox '
k
o)
o)
W=/ oyu Ay (7)
0

Equation (5) is the momentum equation; equation (6) is the energy equation;
and équafion (7) accounts for the increased mass vapor flow due to vaporization.
The boundary conditions on the energy equation are simply
y=0 T=T;y=58 T=Tgy | (8)
The boundary condition on the momentum equation at the wall is given by equa-
tion (1). The boundary condition at the liquid vapor interface, however,

needs special consideration, and it is here that we introduce the slip ratio.

Shear Factor K

For pool boilihg, the no shear boundary condition, equation (3), leads to
a predicted vapor velocity which is the maximum possible obtainable &t the
ligquid vapor interface, umax,fool' However, in flow boiling at high Froude
nﬁmbers the free stream velocity U, controls the interfacial velocity. Con-
sequently, because of interfacial shear, the actual interfacial vapor velocity

is within the range

0 <u(d) <u, +u

[€¢]
—

max, pool (




For high Fr numbers, u, dominates while at low Fr numbers or pool bolling
‘ . . . . o ; I
Unax, pool dominates. From these considerations, the choice of a boundary

condition at the liquid vapor interface would be

y=23 u = K(u, + umax,pool) (10)
. where X is a shear factor which depends on the magnitude of vy, fluid prop-

erties, and position x. It can be readily shown (ref. 1) that

(3) (pL - Dv)g 'kvémxuv 1/2
A &

Ymax, pool =

(11)

Wy ovlor, - oy)

Solution for the Heat Transfer Coefficient

The solution of equations (5), (6), and (7) subject to boundary conditions
(8), (1), and (10) yields the following expression for the film boiling heat

transfer coefficient written in terms of Froude number and the factor X

1/2 N1/
T 1/2)? . S EVASE
?_K21+;2_[___ﬁvf___] 1 -3k 1.,..2_[ Py ] sl
S S

16 5 (DL - pv)

Because of paper length restrictions, the derivation is not given ﬁere. How~
ever, the integrations are simple and the integration steps follow in a simi-
lar manner to that given in reference 5 for the no slip case.

In the limiting case of ﬁbol boiling (u, = O gr Fr = 0), for maximum
shear (K = 0) h* = 0.5, while for no shear (K = 1) h* = 0.707. These results
agree with the earlier work of Bromley.

Solving equation (12) for the factor K yields




( 1/2
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DISCUSSION

In reference 6 .a §ingle curve is presented for a dimensionless heat Triis-
fer coefficient as a function of Fr number for S = 6xlo‘4, pL/pV = 100 nd
HL/@V = 25. A plot of the factor K for this curve is sﬁgwn in Figure 2
as function of Froﬁde numﬁer. As seen in Figure 2, for Froude numbers Less
than 0.001 the KX parameter approaches a constant value of 0.59, while for
Froude number greater than 100, K reaches a value near 0.75.

Near a Fr number of 0.0l a minimum in X is seen. This dip could be due to
the.manner in which K is defined in the low velocity region, whers u and

[2¥)

umax,pool are of the same order.

The asymptotic va;ue of X at large Froude numbers for this case was 0.75,
because of the small value of 8 assumed in reference 6. In general, however,
K 'will approach an asymptotic value of 1 for large Froude numbers whenever the
inequality given by equation (1) hold true, as shown in Figure 2.

At the present time more exact numerical solutions are required to map X
over a large range of density and viscosity ratios‘especially near the thermo-
dynamic critical point where the density-viscosity ratio approaches one. Next,
a proper set of dimensional groups should be derived such that all the curves

could be reduced to a single curve.
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CASE A; REALITY ¥ CASE B; MAX SHEAR CASE C; NO SHEAR
(K = 0) (K=1

POOL BOILING

LOW VELOCITY FLOW  HIGH VELOCITY
FLOW BOILING

Figure 1. - Boundary conditions in pool film boiling.

Lor— /‘—‘_‘
USUAL LIMIT WHEN
MY g s
O Py
8
I
6
5
' I | | l I
107 1074 1072 1 102 104

Fr

Figure 2. - Slip factor K as a function of Froude number
for S=6x1074 W fuy = 25and py /py = 100.

NASA-Lewis—Com'i




