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The Effect of Radiation on Film Boiling Heat Transfer*

(2nd Report, Horizontal Cylinder and Sphere

Perpendicular to Upward Vertical Flow)

By Tohru SHIGECHI*¥*, Takehiro ITO¥¥*¥

and Kaneyasu NISHIKAWA¥¢

The effect of radiation on forced convective film boiling heat transfer
from a horizontal cylinder and sphere to a subcooled liquid is analyzed by means
of the integral method of boundary-layer. Numerical solutions are determined for
water under the atmospheric pressure. The effect of radiation on the location of
separation and heat transfer is discussed using a new parameter for radiative
contribution, and the method proposed by Bromley et al. to estimate the radia-
tion effect on total heat transfer for a horizontal cylinder is also examined.
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1. Introduction

In the previous report®, the effect
of radiation on forced convective film
boiling heat transfer from a vertical
plane to a subcooled liquid (water under
the atmospheric pressure) was analyzed by
the integral method of boundary-layer.
The effect of radiation was discussed
using the known parameters wused in the
conventional analyses of film boiling and
a new parameter for radiative contri-
bution, and the method proposed by Bromley
for saturated pool film boiling was
examined.

In this report, the previous analy-
sis® for the vertical plane is extended
to those for a horizontal cylinder and
sphere perpendicular to wupward vertical
flow. Numerical solutions are determined
for water under the standard atmospheric
pressure and the effect of radiation is
discussed in the same .manner as in the
first report. The method proposed by
Bromley et al.® for saturated forced
convective film boiling from a horizontal
cylinder is also examined.

2. Nomenclature

a: absorptivity of liquid

cs: specific heat at constant pressure
D: diameter of cylinder or sphere

F;: Froude number, Eq.(15)
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g : acceleration due to gravity
: total heat transfer coefficient
h-: radiation heat transfer coefficient
K : density ratio, Eq.(16)
: latent heat of vaporization
M : dimensionless parameter for
radiative contribution, Eq.(20)
: Prandtl number
gr: local heat flux by radiation
: local heat flux .
do: average heat flux
¢ oz ratio, Eq.(17)
r: radius of cylinder or sphere
. Sc: dimensionless subcooling, Eq.(19)
Sp: dimensionless superheating, Eq.(18)
T : absolute temperature
Tsae ¢ saturation temperature’
T, : temperature of heating surface
T»: bulk temperature of liquid
Tw— Ten ¢ degree of superheating
Teu—T= : degree of subcooling
u: tangential component of dimension-
less velocity .
U.: approaching velocity of liquid
y: dimensionless co-ordinate normal to
the heating surface
z: dimensionless co-~ordinate normal to
the vapor-liquid interface
¢ : dimensionless thickness of vapor
film
4: dimensionless thickness of liquid
boundary-layer
€: emissivity of heating surface
¢: angular position measured from the
forward stagnation point
Ps : separation point
A: thermal conductivity
#: viscosity
v: kinematic viscosity
o: density
o: Stefan-Boltzmann constant

Subscripts
1: with physical dimension
L: liquid
V : vapor
§ : vapor-liquid interface
0: no radiative contribution
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3. Analysis

3.1 Horizontal cylinder

The film boiling heat transfer from a
horizontal cylinder with uniform surface
temperature 7, suspended in an upward
stream of liquid (Fig.l) is analyzed. The
gravitational force ¢ acts in a direction
entirely opposite to the approaching
velocity of liquid Us. It is assumed that
the potential flow prevails outside the
liquid boundary-layer. The liquid is uni-
formly subcooled by (Tw—7.) below the
saturation temperature Ti.. corresponding
to the system pressure. The fundamental

equations are formulated using the same -

assumptions as those employed in the
previous report® . They are to be solved
by means of the integral method of
boundary-layer.

The fundamental equations governing
the vapor film thickness &, and the liquid
boundary-layer thickness 4, are given by

ATy
Ay 81/1 “+Qr
=g " - _a_T._L.! .........
—lpvr a9 %o uv‘dyl Ac 21 1o (1)

4y
CPLPL‘%:‘%'/; u(To— Tw)dz,

&
+ o Toac— Tn)pv%-f;;/; Uv,di

Equation (1) describes energy balance at

the  vapor-liquid interface, while
equation (2) is an integrated form of the
energy equation for the liquid

boundary-layer. The second term on the
left-hand side of Eq.(1l) is heat flux due
to radiation ¢-. Here ¢ is defined by

Gr=Nr(Tw— Tear) =rrerrrssecennsarannennnnnn (3)
hr={o/ (1/e+1/a—1)}
X{(Tu',— T;a:)/(Tw“Tsut)} ............... (4)

Fig.1 Physical model and co-ordinate system
(horizontal cylinder and sphere)

First of all, we must prescribe
distribution forms of velocity and
temperature to determine & and 4 in
Eqs.(1) and (2).

3.1.1 Distributions of velocities uw
and temperatures 7» in vapor
film

Taking into account the pressure

gradient transmitted through liquid bound-
ary-layer from the free stream (potential
flow) and dropping the inertia term, we
can reduce the momentum equation to
(PL—'PvaL),

3 uv, R £
#v—#+gpx.sm ¢+2p1_(£ sin 29 =0

Integrating the above equation under the
conditions uv=0 at =0 and wuvw=us at
n=8 , we obtain

U, = u:,(y;/éx)
+ 0% gor/ 2uv)(1+4(UZ/gr Ycoso)sing
X {(21/81) = (2/81)7} woerremesenesneenennens (6)

while integrating the energy equation with
neglected convection term

Ty _
oyt

under the conditions 7v=7T., (constant) at
n=0 and Tv=Ts at ®»n=6 , we arrive at

Tv=Tuo—(Tu— Teac (y1/81) wwre-seveereens (8)

3.1.2 Distributions of velocities wuw
and temperatures 7. in liquid
boundary-layer

Assuming quadratic functions of =z

for w., and 7., and then determining the
coefficients of these polynomials in
compliance with the conditions u;=wus; at
z:=0 and % =2U sin g, (dur/9z1) s =0 at
z2i=4, for wu,, an T.=T.. 8t z1=0and

TL:Teu, (aTr./aZl)n:O at =4, for TL: we
establish

%, =2Uxsin ¢—(2Ux sin ¢ — us,)

X{l—(z;/ﬁ;)z} .............................. (9)
TL= Tm—(Tm—' Tsnt){l—(zl/dl)z} """"" (10)
From the compatibility condition for

shearing stress at the
interface,

vapor-liquid

a’uv,

n=6un _ Ouy,
ayx

h_#L 0z,

o

a functional relation among ., § and
4, 1is deduced

{614, (gor/ 20v){1+4(U2/g7 cose}
+4(u/pv) Us)sing
(/o) +2(p/uv)

Us =
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Substituting wuv, Tv, u, and 7: into forward-integration scheme with the
Egs.(1) and (2) and eliminating wus by conditions of (d8/de)=0 and (4dd/dp)=0 at
Eq.(12), and introducing dimensionless =0 does not work there. To overcome
variables and parameters defined by this difficulty, we expand & and 4 such
Eqs.(13) through (20), we finally arrive that §=go+a9* and d=b+be* in the
at the * following simultaneous ordinary neighborhood of ¢=0. The coefficients
differential equations, Egs.(21) and (22) ao, Gz, bo and b are determined by

substituting these expressions for § and
4 into Egs.(21) and (22). These polyno-

G=01(g/Vhr)H o mial solutions were employed up to ¢ of
= . 0.1 or 0.2 rad. Starting therefrom
Ad=4 I LT (71 77 S OR ’
_ x(zg/vw) (enfiee) Eqs.(21) and (22) are integrated numeri-
Fr=SUZ/D vsrsssssssssssssssssssssssesses cally by Runge-Kutta-Gill method up to the
K=p:fpv - separation point of boundary-layer. When

R=(0vitvfprptr )M sesesesercsscerrenesssrennans the boundary-layer separates, the mecha-
So=Cp,(To— Tout)/Pr.1 nism of heat transfer in the entire down-

Y ' stream region of the separation point is
Se=cou( Tone— T=)/Pr, 1 assumed to be due to radiation only. For
M=(Re/Av)(Whr/g )4 this situation, equation (24) reduces to

824(5+ A){K(1+8Fcose)8 (5 +4) qp=%{£"(1/a)d¢+xM}
+4(2F,)"} sin ¢%+—é~534 (K1 XA GBI Tm Tae) +oereressenscenees (25)

+8F-cosp)d*—4(2F;)"2) sinqu—d .
dp where ¢s is the location of separation

={(1+M5)4S,~28S }(26 + 4) point.

—834(26+A){%K(cos<p+8Frc052¢) 3.2 Sphere
" ' For spheres, a similar analysis to
X8(8+24)+2(2F )" 3059"} """""" 2D that for a horizontal cylinder was
3 performed on a physical model like Fig.l.

+8F,

S4MK(1+8Fr cosp)d(8+4) In the analysis, the geometrical symmetry,
+4(2F,)1/2}3m¢_‘;i potential flow for general flow
? (3/2) Uwsing and so forth were taken into
+iBA{K(l+8Fr 059 )824(48 +4) consideration. Dimensionless variables
2 and parameteres for the sphere are the
8 e N same as those defined by Eq.(13) through
+3(2F’)/(1052+4M+A Nlsing dp (20), if » and D are the radius and

1 : diameter of the sphere, respectively.
=~—2—63A3(28+A)K(cos¢+81"rcoqu:)

4 4. Results and Discussion
—3643(26+A)(58+A)(2Fr)”zcos¢
Numerical calculations were carried

+5(R*/ P, ){2(1+Sc Py, )8 out for water under the standard atmo-
{ ¢ spheric pressure (0.1013 MPa). The ranges
—(1+ME)VASpPr H2E+ AV weveeveerens (22) of calculations for dimensionless param—

eters are as follows

K=1600, R=0.0051, Pr=1.76
Solving the equations (21) and (22) Sp=0.25, 0.5, 1.0
for a prescribed set of parameters, Froude Se=0, 0.005, 0.01, 0.02. 0.04
number F, density ratio K, radiation _ ’ ' ’ ’
parameter M (note that M is different from M=0.5, 1.0, 2.0, 4.0, 8.0
N defined for the vertical plate in the

previous report ¥ ), liquid Prandtl number In addition, the magnitude of
Pr,, pp ratio R, dimensionless subcooling radiation parameter M is shown in Table 1
S. and dimensionless superheating S,, for water at the atmospheric pressure.

local heat flux ¢, and average heat flux
go can be calculated as follows.

do=—4 aagv 1 To= Tona) Sp | Tw-Tsat M(1/e+l/a-1)
1 1o
=(1/8+M)A(0/v%r( Tu= Tu) (23) [(x) P [am]
x 5 10
q02%f qedo 20
° 0.25 280 0,772 0.918 1.09
l T
:{710‘ (1/5+M)d¢} 0.50 560 | 1,75 | 2.08 2.48
XAv(G/Ubr Y T~ Tang) swevreereseencnc (24) 1.0 1120 | 5.87 6.98 8.30
Since the simultaneous differential Table 1 The magnitude of radiation param-
equations, Eqs.(21) and (22), have a eter M for water at the atmo-
singular point at =0 , the spheric pressure
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4.1 Separation point

Since the flow outside the liquid
boundary-layer is assymed to Dbe a
potential one in the present analysis, the
vapor flow shall separate (i) when F,>1/8
for the horizontal cylinder and (ii)
when F,>2/9 for the sphere. The effects
of approaching velocity U. and the degree
of subcooling (Tsu—7.) on the location of
separation were already discussed in the
previous reports ®* , So, the effect of
radiation only will be examined.

The relation between the location of
separation ¢+ and Froude number F, is
shown in Figs.2(a) and (b) with dimension-
less subcooling S. as a parameter. In
these figures, dashed curves indicate
purely convective heat transfer without
radiation (M=0 ). From these figures, the
location of separation ¢ seems to be
practically independent of radiation pa-
rameter M in the range of S.=0~0.01 for
the horizontal cylinder and sphere. For

.=0.02 and 0.04 , the effect of S, on ¢
is appreciable and the point of separation
s moves toward the forward stagnation
point when M increases. That is, when
there exists a substantial radiative heat
transfer, the separation occurs at smaller
¢ , unlike that for purely convective

55? T Ty R
E \\ Horizontal cylinder 5
20 N =
' K =1600 R=0.0051
Pr_=176 Sp=0.5 1
1.9 p
g ' \\ — M=4 1
= : - M =0
1.8+ -
L ! ]
<
o T 1Sc=004
' —
2]
[T
1.6 .
/2 b TEss—————— Sc=0.02
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1.5 ' L ) N
0.1 1 10 100
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<
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<
=
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16~ 002
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1.5 -+ I L I
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Fre (UL/gD)
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Fig.2 The effect of radiation parameter M
on separation point

heat transfer without radiation. This is
due to the increasing thickness of the
vapor film. This effect is more remarkable
with larger subcooling, i.e., for thinner
vapor film, However, the effect is rela-
tively small in the range of parameters in
this report.

4.2 Heat transfer

The effect of radiation on film boil-
ing heat transfer will be discussed in
terms of (h—ho)/h ( h :total heat transfer
coefficient, ho tpurely convective heat
transfer coefficient without radiation) in
the same manner as for the vertical plane
in the previous report® . (h—ho)/h- at the
forward stagnation point (¢=0) is

local value:

{(h—Ra)/ hr}emo= (1/8pma+M—1/80p=0)/M
=(1/ @0+ M —1/@o swus) [ M =wereremsessessess (26)

for the horizontal cylinder and sphere.
The average values between ¢=0 and ¢=7 are
for horizontal cylinder:

((h= oYk m=—{ [ "o

and for sphere:

{(h—ho)/hr}m=ﬁ{’/;"% sin @ dp

+2M_-/D-'“.§; Sintpdq:} ..................... (28)

where @0 w0y G0 and ¢s are the pure
convection counterparts of a4, § and s,
respectively.

In addition, the asymptotic value of
(h—ho)/he as M -0 , i.e., }}I_no{(h_ho)/hr}
can be evaluated only for the case of
local value by taking the 1limit on the
right-hand side of Eq.(26).

The heat transfer results for the
horizontal cylinder are shown in Figs.3
(a) and (b), where {{(h—ho)/ hrle=o or
{(h—=ho)/r}m is taken as the ordinate and
square root of F.(=Ui/yD) as the abscissa.
In these figures, the region of larger
values of F,'" on the abscissa corresponds
to the situation where the forced convec-
tion predominates, whereas the region of
smaller values of F,'* does to that where
the body force predominates (natural con-
vection). The values of  (h—ho)/hr for
F,**=¢, i.e., for the case of pure natural
convection, are indicated by horizontal
line segments on the left-hand end in
Fig.3. 1In Fig.3 (a), M- 0 indicates the
values of above mentioned lim{(h—ho)/hrle=o .
It is seen that (k—hd/hr at the torward
stagnation point  becomes small for
(i) large F. , (ii) large S. , and (iii)
small M with the other parameters fixed
constant. This means that the effect of
radiation is small for thin vapor film.
Furthermore, {(h—ho)/hrle=o , i.e., the
effect of radiation is small in the region
of predominating forced convection when
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degree of subcooling S. is large. Inciden-
tally, the ordinate approaches a constant
value in the limit of M-0 (see Fig.3)
when S.=¢ and F,=0. It is exactly 3/4.

For the average value  {(h—ho)/he}= ,
it is seen from Fig.3(b) that the curves
do not monotonously decrease with F, and
that they behave abnormally near F,=1/8
(V/F-=0.35) . This is because the convective
contribution was neglected in the region
downstream of the separation point in
calculating the average values of heat
transfer coefficient. When the average
values are compared with the local one
(at the forward stagnation point), the
former is always larger than the latter.
Numerical values of the average heat
transfer coefficients for §,=0.25 and
S,=1.0 are shown in Figs.4 (a) and (b).

The results for a sphere are similar
to those for a horizontal cylinder.
Numerical values of the average heat
transfer coefficients are shown in Figs.5
(a), (b) and (c).

Bromley et al.® calculated the total
heat transfer coefficient » for forced
convective film boiling from a horizontal
cylinder to a saturated 1liquid in the
following manner. Heat transfer coeffi-
cients in the region between forward stag-
nation point (¢=0) and separation point
( ¢=9s) are given by Bromley's procedure
for saturated pool film boiling ®

horizontal cylinder [VI S
water (0.1013 MPa )
K=1800 R=0.005! 1 -
;_ " Pri=176 Sp=05

{th-ra) /hely o

100
Fristuignyt 0

(a) local value(at the stagnation point)

1.0 ——— — —— .

horizontal cylinder

{(h=ne)/he)m

[ water (0.1013 MPa) 2

0.1F K=1600 R=0.0051 4  ——
Pr=1.76 Sp=0.5

b
%

o ‘F#"-u:,qur’

(b) average value

Fig.3 The effects of Froude number F, ,
dimensionless subcooling S. and
radiation parameter M (horizontal
cylinder)
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R=ho+(3/4) Ry sreeverercrniimmanincnccansens (29)

and in the region downstream of the sepa-
ration point only by radiation. Thus, they
proposed the following expression

R=Ro+(1—@g/ AT YRy +reeersrensoraenconnans (30)

Since Eq.(30) was obtained for the average
value, then, Eq.(30) is rewritten

{(R=Ro)/ hr}m=1—@sf 41r--ssramsesmesanrances (31)

Figure 6 shows the comparison between the
values calculated by Eq.(31) and those
obtained in the present analysis for the
horizontal cylinder. Since Eq.(31) was
derived using Eq.(29), it should be
applied to the case of small M. Figure 6
is for M=0.5 and the 1locations of
separation in Eq.(31) are those obtained
in the present analysis for S.=0~0.04 .

i T T T
horizontal cylinder

{¢h~ha)/hrim

0.2F  water(01013MPa) 2 —— 7
K=1600 R=0.0081 P
01F Pn=176 Sp=025 E
. P | 1
L [X] 1 1 100
F=(uigD 1*
(a) Sp=0.25
.1 1
1.0 °| 10 100

horizontal cylinder

[t h=bho)/Neim

0.2 water(0.1013 MPa) M=05 3
K=1600 R=00051 1 meeeee
f Pr=176 Sp=10

0 01 ! é z(ul ot 10 100

(b) Sp=1.0

Fig.4 The effects of Froude number F,,
dimensionless subcooling S, and
radiation parameter M (horizontal
cylinder, average value)
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Fig.5 The effects of Froude number F, ,
dimensionless subcooling S and
radiation parameter M (sphere,
average value)
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N
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K=1600 - R=0.005!
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M =05

e
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(-]

IFr"‘I(I.I'.QI?!i'i 1 100

Fig.6 The comparison between present analy-
sis and method of Bromley et al.
(horizontal cylinder)

For S.=0 the ordinate calculated by the
method of Bromley et al.[(Eq.(31)] is
smaller a little than that obtained in the
present analysis. Both results show
qualitatively a similar tendency. With an
increasing S., the ordinate by the present
analysis becomes smaller than those for
Sc.=0, whereas those by Bromley et al. are
insensitive to S.. This is caused by the
fact that the location of separation e
in Eq.(31) varies only a little with S. as
seen from Fig.2 (a). This means that the
method proposed by Bromley et al.
overestimates the effect of radiation for
subcooled liquids.

5. Conclusions

The effect of radiation on forced
convective film boiling heat transfer from
a horizontal cylinder and sphere to a
subcooled 1liquid was analyzed and the
validity of the method [Eq.(31)] proposed
by Bromley et al. for saturated forced
convective film boiling from a horizontal
cylinder was tested.
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carried out this work as their graduation
theses in Nagasaki University.
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