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ABSTRACT

This paper presents the theoretical study of the heat transfer
and friction characteristics in the natural-convection film boiling on
an inclined surface and a sphere, the forced-convection film boiling over
a horizontal plate and the stagnation-flow film boiling when radiation
1s appreciable. The boiling liquid is either at the saturation tempera-
ture or subcooled. The two-phase flow and heat transfer problems have
been formulated exactly within the framework of boundary-layer theory
with the consideration of the shear stress and vapor velocity at the
liquid-vapor interface. Through the use of the similarity transforma-
tion expressions are obtained to determine the vapor-film thickness,
skin friction, and heat transfer rate. It is disclosed that the pre-
sence of surface radiation results in an increase in the heat transfer

rate and a decrease in the skin friction.
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NOMENCLATURE

constant defined as Uy, = ax for stagnation flow
physical parameter, Equation (15-f)

physical parameter, Equation (7-g)

physical parameter, Equation (15-f)

specific heat

physical parameter, Equation (13-c)

physical parameter, defined as hg, Pr/Cp(Tw—TS)

temperature variable, Equations (9-c) and (18-d) for natural-
convection film boiling and Equations (25-c) and (28-b) for
forced-convection film boiling

velocity variable, Equations (9-b) and (18-c) for natural
convection film boiling and Equations (25-b) for the forced-
convection film boiling

gravitational acceleration

local heat transfer coefficient, q/Tw—TS

latent heat of evaporation

thermal conductivity

Nusselt number

Prandtl number

Reynolds number

pressure

local heat flux from wall to vapor

radius of sphere

temperature: T,, = wall temperature; Ty = saturated tempera-

ture; T, = free stream temperature

free-stream velocity

velocity component of vapor in x-direction
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velocity component of vapor in y-direction

coordinate measuring distance along the plate from leading
edge

coordinate normal to plate

thermal diffusivity

absorption coefficient of vapor

coefficient of thermal expansion

thickness of vapor film, Equations (8) and (18-a) for
natural-convection film boiling and Equation (24) for forced-
convection film boiling

emissivity

similarity variable, Equation (9-a) and (18-b) for natural-
convection film boiling and Equations (25-a) and (28-a) for

forced-convection film boiling

dimensionless vapor film thickness
T-T

dimensionless temperature defined as
Ty -T
TL_TOO w 8
for liguid layer.

for vapor film

and
TS— o
kinematic viscosity
density
refractivity

Stefan-Boltzmann constant

angle of inclination or x/R

stream function, Equations’(9-b) and (18-c) for natural-
convection film boiling and Equations (25-b) and (28-b) for
forced-convection film boiling

Subscripts

Unsubscripted quantities--vapor phase

L

liquid phase
radiation

vi



S at saturated state
W wall surface

0 free stream

Superscript

', ', " differentiation with respect to 1
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INTRODUCTION

Film boiling is characterized by a vapor blanketing the entire
heated surface. It freguently occurs when the operation of jets or
rockets involves the contact of a boiling liquid with high temperature
surfaces or in the boiling of mercury especially at high heat fluxes.
Film boiling may occur also if cryogenic fluids are used to cool hot
surfaces. Since at high temperature differences, the film boiling is
the normal type of heat transfer between the heated surface and the
liguid, it is therefore of a definite scientific and practical interest.

In stable film boiling regime heat is transferred from a heat-
ing surface by conduction through the vapor film and by boiling convec-
tion from the surface of the film to the surrounding liquid. Superimposed
on this heat-flow path is the contribution of radiation to the total
heat transfer. There are a few empirical equations being proposed to
estimate the total surface conductance for film boiling when radiation
1s appreciable. IHowever thege equations are poor in accuracy and limited
in application. This motivates the study of heat transfer and skin fric-
tion characterictics in both natural- and forced-convection film boiling
through the application of the boundary-layer theory. Natural-convection
film boiling over a vertical plate and forced-convection film boiling
over a horizontal plate are investigated in Reference 1. This paper is
the extension of Reference 1 to include more two-dimensional and axisym-
metrical flows and to demonstrate the generality of the method of analysis

for solving laminar film boiling problems.
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Previous studies of film boiling have been concerned
with the situation where all motions are induced by gravity forces and
where forced convection is absent. Such a process is usually called

(2)

the natural-convection film boiling. Bromley and Ellion(g) analyzed
laminar film boiling on a vertical plate under the assumption of negligibly
small inertia forces and convective effects. Hsu and Westwater<u> studied
analytically and experimentally the film boiling in both laminar and
turbulent regions. McFadden and Grosh(5) solved the boundary-layer
equation for the vapor film and Cess,<6) by means of the integral tech-
nigue, solved the vapor and liquid boundary-layer equations simultaneous-
ly. One feature common to prior analytical work is the assumption of

zero interfacial velocity. Koh(7> analyzed the two-phase flow problem
with the consideration of the shear stress and vapor velocity at the
ligquid-vapor interface. The results showed that for water, the effects

of the interfacial velocity is small over a wide range of practical
interest. Under the assumption of the constancy of vapor properties,

the analysis was extended by Sparrow and Cess(8> to include the effects

(9)

of subcooling and then by Koh and Nilson for the effects of simul-
taneous action of radiation in saturated film boiling. It is rather
unfortunate that the similarity transzrmation of the conservation
equations and the appropriate boundary conditions failed, because the
new and old variables coexist in one of the resulting boundary condi-
tions, Equation (26) in Reference 9. In part of the present study, it
1s attempted to reexamine the problem treated in Reference 9 by intro-

ducing a different transformation. Furthermore, consideration is given

to the temperature variation of the vapor density.
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(10,11) : . :
Cess and Sparrow analyzed the film boiling in forced-

convection boundary-layer flows for the situation in which the liquid
is at the saturation temperature or subcooled. Relative to the case
of liquid flow, the skin friction is reduced owing to film boiling.
The heat transfer is found to increase as (AE)l/E .

In the present work, attention is focused on the natural-
convection film boiling on an inclined plate and a sphere, the forced-
convection film boiling over a hcrizontal plate, and the stagnation-
flow film boiling. Consideration is given to the convective and
radiational exchanges and the associated fluid motions in the vapor
film and liquid layer. This is equivalent to solving a two-phase
boundary-layer problem. In addition, calculation is carried out for

the case of saturated film boiling.



ANALYSTS

Natural-Convection Film Boiling

The physical model and coordinate system selected for natural-
convection film boiling is shown in Figure 1l-a. It consists of an iso-
thermal inclined plate immersed in a large volume of liquid. It is as-
sumed that the vapor forms a stable film over the surface. The liquid
has a bulk temperature T = which is lower than the saturation temperature
Ty prevailing at the liquid-vapor interface y = & . The temperature
of the plate surface is prescribed as T, and T, >Tq >T, .

It is assumed that under a stable film-boiling condition there
exists a laminar layer‘of vapor film adjacent to the plate surface. Since
the temperature of the plate and the vapor is relatively high, heat trans-
fer takes place by convection as well as radiation.

With the assumption, the application of the conservation laws

for mass, momentum, and energy to the vapor film produces the following

boundary-layer eguations for a gravity-induced flow over the surface.

B Y
g‘i + 9.\.,. =0 (l)
ox oy
du cu 3?u oL~
U=+ V= =vg + g cos0 (2)
ox oy oy o
~ ~ \‘2 d
oT oT o T 1 Ay
U—+ V== 0T+ — (3)
ox oy Byg oCp dy

where dqr/dy may be determined as follows.

2o
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(B) NATURAL-CONVECTION FILM BOILING OVER A SPHERE

FIGURE 1. PHYSICAL MODELS AND COORDINATES FOK
NATURAL-CONVECTION FILM BOILING.,
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The vapor is assumed to be in thermodynamic equilibrium and
behaves like a gray gas. If the radiation heat transfer between the vapor
and the plate surface and liquid-vapor interface is assumed equivalent
to that of a slab of gray gas bounded by two parallel black boundaries,

then the local radiation flux(9 may be expressed as

Tg T
o =2 o T Eo(t-1T)dt - 2f ¢ i Eo(T-t)dt
T ¢]

L L
+ 20 Tg E3(T2-T) - 20 Ty E3(T)

For an optically thin vapor for which To , the product of the
absorption coefficient dr of the vapor and the thickness & of the
vapor film, is much less than unity, the functions Eo and E3 may be
approximated by 1-0(t) and 0.5-t+0(t2) respectively. If the temperature
fradient of the vapor in y-direction is much larger than that in x-direc-

tion, then the net radiation to unit volume of gas becomes

dagr

b
o - 2 ap o(Ty, + Tg - 2 ™)

Equation (3) may, then, be rewritten as

s w P R TR R TR
5—;-}-\/ E = W ACXI,O' TS [(T ) E ‘é‘ (TS> ]

u

The mass and momentum conservation Equations (2) and (3) also
apply to the liquid layer, but now a subscript I is employed to identaty
the physical quantities of the liquid layer. Under assumption that the

radiation from the plate surface and vapor to the liquid is completely



absorbed at the interface, the energy equation takes the form

o, 1y 3%
ur < — —
L& * LSy 4 oy2 ()

The appropriate boundary conditions are

y =0 : u=v=0, T =T, (6-a)
y - oo up, =0, (6-p)
Ty = Te (for subcooled boiling only)

At the liquid-vapor interface, it is required that the con-
tinuity of the tangential velocity, the tangential shear, the temperature,
the mass-flow crossing interface, and the heat-flow crossing interface

be preserved:

UL = Uu ( _a)
(p -53) - p o (7-b)

oy L Sy
TL = TS (7_C>
T o= T (7-4)

18 as
pp(w - v)p=olu 7~ - v) (7-¢)

oT oT 5 ) a 20
(ké—b;-)L—kgg\+B+2arcéTdy:phfga-;fo u dy (7-1)
where
L
B - o(Ty - Tsu)

(p/e)L + 1 + (p/e)w
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is the net radiation flux between the surface and liquid-vapor interface.
Equation (7-f) is an energy balance at the interface which states that
the sum of the local heat conduction and net radiation gained at the in-

terface is balanced by the heat of vaporization. The expression
®

od [ udy
dx ©
indicates the rate of vaporization per unit area. The contribution of
the vapor radiation is included as the fourth term on the left-hand
side of Equation (7-f".

Now, effects may be directed toward finding solutions. It

is assumed that the film thickness 8(x) takes the form

o(x) ~ Xl/u(l + ; am xm/h) (8)

m=1
where a = are the coefficients to be determined. The similarity
variable is defined as
o0
n = cy/xl/u (L+ Z ay xm/h) (9-a)

m=1
where

for subcooled liquid

g cos ¢ °L - p:f/u
Lv2 0
C= < 1/
RT
Eg cos ¢ L S] for saturated liquid
_ Ly? P

when the constancy of vapor properties is assumed. The continuity equa-

tion can be satisfied by introducing a stream function such that u = o/ Sy

and v = - Oy/Sx . We introduce the new variables

W) = hey B 3/

4 ® ,
n=0 (+ mgl ém xm/h) fa(n) (9-b)

a(n) =I5 = mg(n) + %% my(n) + %2 ma(n) + 3 Ey(n) + ... (9-c)
Ty-Tq
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From this and the expansion of

® m/h
/(1 + mgl ay X / )

in a power series according to the binomial theorem, it follows

N VA= RV V RIS V- T
u = . = Lefy x (fy + x / £, + x / fo + x3/ fg + cel)
(10-a)
S *® 1/h (mn-1 r
V:—%:—MCV by Zamx/<m+n %%fn—qfn%
n=0 m=o0
(L + ay xl/u + (2a, - ai) xl/2 + (3a3 - 3ajap + ai) XB/& +o..00]
(10-b)

where the primes represent differentiation with respect to the variable 7 .
Owing to the employment of the binomial theorem in Equation (10-b), the

restriction o

l m§]_ am Xm/ul <1

has been imposed on the solution.

The transformations, Equations (8), (9) and (10), also may be

applied to the liquid layer provided that Cy, and Oy are defined as

1/L
g Ts-T.
Cr, == for subcooled liguid
MVL Teo
1/h
g PL~° -
=|—= for saturated liguid
v, o
Ty - T
o - X (11)
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With the introduction of the transformations into the conserva-
tion Equations (1) to (5), followed by collecting similar forms in x ,
one gets the following sets of simultaneous ordinary differential equations

for both the vapor film and liquid layer.

For the vapor film:

e 1 1 2 TW —TS ’
£+ 3ffs - 2(fo) + 1 + 5 Fo = 0 (12-a)
S
e 1" t o ‘n i TW— T2 AL "
£+ 30y = 5ETy + W Ty + . F1 = ayfy - a1l (12-p)
S
11y " ro n Tw— T2 " "
fo + 30 f, - 6f fp + 5L Ty + - Fo = a1fy) - (af g+ bfy)fy

S

t2 1 2 et , 2 1
+ 3(fl') - ayf fy - (3a) - 2ap)f, + (a] - 2a5)f f (12-c)

The underlined terms which result from the buoyancy-force term in the
momentum equation contribute to the coupling of the energy and momentum
equations, i.e., the coupling of the f and F functions. The terms
having the coefficient (T,-T.)/T, are absent if the constancy of fluid
properties is assumed in the vapor film., For the liquid layer, the under-
lined terms in Equations (12-a), (12-b) and (12-c) must be replaced by

Fy , Fp and Fs , respectively.

"

1 ! ’
l:—); Fo+3 fF, =0 (13-a)
1 " ! ' 2&1 1" 1
N—P— P+ 3fgF - £ F = N—P— F, - Fo(alfo - L) (13-b)
r r
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1 ' : B T R
NP F2 + 3f0F2 - 2fOF2 - D[(l + T EO) - 5% <T—S-> ]
T
1 (a.f +LE)F 4 £.F -2 (365 - 20 )"
" ¥ Fl - (af+ l)Fl + lFl-ﬁ.P_-(ga1 - ag)P
T T
2 1
- (5f, + a1ty + 2apf - aJf )F (13-c)
where

T
D = bao S

’ (TW—TS)pva02
The underlined terms which result from the radiation term in the energy
equation are for the vapor film only,

The boundary and matching conditions also may be rephrased in
terms of the new variables. It must be noted that since the thickness
8(x) of the vapor film is small, one may take N, = O at the liguid-
vapor interface for convenience, With the application of the trans-

formations, there results:

Plate surface:

1 !

fp(0) = £,(0) =05 F(0) =1 and #,(0) = O (14)
for all n other than zero

Liquid-vapor interface:

1 1

fn(ng) = an(o) (15-a)



[sz(O)

1" W /2
ng) = 22 2 (o)

1 1 p,LpL 1/2 1 1t
fl(na) = alfo(na) = L?:——] [le(O) = alfLo (O>]

P

] " 2 1" 0 1 2 Hi

fg(né) - a-lf]_(n6> - <a]_ - ag)fo(ng) = ["UL_'I: /
- ayf;,(0) + (af-a2)5; (0)]

(15-b)

(15-d)

(15-e)

FLO(O) =1 and FLn(O) =0 for all n other than zero (15-c)

Fn(ﬁ@) =0

P
£alng) = [EESEJ £1n(0)
3E £ _(ng) F'(n6) + AFLO(O)
WE[Ey (ny) + 2yt (1g)] = = [Fy(ng) = a1Fo(Tg)]
+ AlF1(0) - ag ¥y (0)] + B)

5E[f2(ﬂb> + alf1<ﬂ5) + agfo(ﬂg)J = - [Fg(ﬂé) - alF,(ﬂ5>

where

e T.-T
L5 = 2} for subcooled boiling
< kC TW-TS

|

A =

0 for saturated boiling

1
~
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= B/k(T, - Tg) C

od
=
!

E = o hy v/k (T,-Tg) = heg NPr/Cp (T,~Tg)

For subcooled liquid the functions f; (0) , f! (0) and f" (0) are
In In Ln

replaced by

1/k
S x an(O)J

and

o] Te=T 3/1" 1
L s = £10(0) respectively.

oo T

o0

In case the vapor density is assumed constant, OL(Ts'Tw)/(DL‘Q)Tw

in the matching conditions must be replaced by unity.

Free stream:

£ =0 nd

1ol a

fin(w) =0 for all n other than zero;
F_(®) =0
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Figure 1(b) shows the physical model for natural-convection film
boiling over a sphere with radius R . The governing equations and the
boundary and matching conditions are identical with those of the previous

case except that the continuity equation now reads

and ¢ is defined as x/R .

Now, the film thickness and the similarity variable are defined

as
® 2m
8(x)=1+ I ag, J (18-a)
m=1
and
> 2
n=Cy/(lL+ = apy ¢, (18-b)
m=1

respectively, where

pr-0 _1/h

g L
—_— for vapor
r [§;§ 5 ] P

PP q1/k o
= g L
C < [ﬁ_z = ] for saturated 1liquid

v
L p
Pr =P :
& L .1/k L
(5,2 . 177" for subcooled liquid
- L

The continuity equation may be satisfied by introducing

®  ® ‘ 2m + 2n + 1
¥(n) =cv = I apy fopu (18-c)
' m=0 nz=0
where ay =1, such that u = = éi and v = - L éﬂ . The dimensionless
r Oy r ox
temperature is defined as
0o
2n
o(n) = = Fop(n) ¢7 . (18-d)

n=0
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When the transformations are introduced into the conservation

Equations (2), (3) and (4), there results

n 1N
2

fi -2f £, -H-f, =0 (19-a)
u . 1 " | 1"y
flf -2flf3 Lf f3+ (3 - 2ap)f)fy + 2a f1+ J-f3 = 0
= = (19-b)
12 1" 1" 1" l " " 1"
303 -bfafy + L £y + Lofifar b5 f1f1- K -2apfyf3-2apf)fs
3 3
" 2 1" 1" 2 1 "
+ 2a2f3 + 2af - bay £+ (28),- 3a5)f- 6f5fl
6f.f. - of f S -0
+ - = 19-
175 = #hts 7 5 (19-¢)
vhere  treee
1 1 .
H=1, J = Z K=o——... for vapor film
120
H=0,Jd=0, K=0 ... Tor saturated liquid
F J=F Ly
H=TFryy d=Fp-zF5,
K= Fp - % Flp + L F, for subcooled liquid
120
/ T =T T
’ ! D[( WT a Fg +l)l+ - % - % (—E)u]... for vapor
__1_F+2fF = ° s (20-a)
Npp \ -a

0 for liquid

L Y - Of ok OF1Fp + UfaFi- LrF'a 2 L o) B 4 2 af T
T 2 112 12 30”3 1t = a2 aglits
Pr 3 NPI‘ C
T -T T -T T T -T
( W TS 3 W s w\3 W S
| D=L Fo o+ 1) ———— + 2(=) bsr] ... for vapor
=, Ts 70 Ts Ts Ts 2
.0 ... for liquid

(20-b)
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1 '

1 f T ? l 1 ]_ .
LE F)+ 2fqF) - 2f3Fp+ Uhf3Fp- T f1Fo+ 6f5Fo- ( 3 - 2ap)f3F,

— T

1" 2 "

1 2 ! 1 2
( 5 - La) + 2a5)f1Fq- ﬁ;;(Eau-3a2)Fo - Tor asFo

~ T -t T -T

_D[u(TW_TS F + 1)3 T Ts F), + 6(2LE2 Fy + 1)2( w_S F),)" ]
g Tq Tg - Tyg
= ﬂ ... for vapor
L 0 ... for liquid
(20-c)

-------

The boundary and matching conditions are

— — 1 — ! — -
f2n+l(o) ",fL(2n+1)(O) - f2n+l(o) - fL(2n+l)(O) 0 (21-a)
F(0) = Frp(0) = 1, Fo(0) =0, Fyu(0) =0,
FL(Em)(O> =0 for all m other than zero (21-b)
Fop(ng) = O (22-a)
C \2 v
" — ()T Lo 22-a
L(en+1) ) <CL> VI, (2n+1) <n6> ’ ( )
where » 1 ... for saturated liquid
( 0)2 X _
'— - T
C v pPr-p 001/2
L - [—E—— ] ... for subcooled liquid

8] Ts-Tw

£ (0) = G £'(ny)

=
N
O
N
I

agf]"_',]_(o) + G[fg(ﬂg) - agf'i(ng)]

2
£.(0) = ayt],(0) + (- 2)25(0) + 685(ng) - aaf3(n)
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K[_EE_]I/E

for saturated liquid
HLAL

where G = <

/2 PP T i
[ Sfe) ] / L 2 ]3/ ... for subcooled liquid
HLQL P TS_Tm

T -T
D n _—
Ay (0) - T(ng) + By + S Wpy [ (1 + —58) dn = Bf;(np)

ALFLE(O%agFLO(O)J -Fi(ng) + aF!(ng)

na TW'TS 3 TW-TS
+ 2Dy, g (1 + T Fo) T Fody
= SE[agfl(ﬂ5> + f3(ﬂ5)]
FL(Qm)(m> =0, fL(2m>(w) =0 <23)

It is important to restate that the analysis may be applied to both the
saturated and subcooled film boiling. For the latter case, the functions
FLn and parameter A Dbecome identically zero because the liquid temperature
is constant and equal to the saturation temperature, i.e., TL(nL) = Ty
= Tgat, -

Each set of differential equations for 'f, , fin > ¥y > and
Fin requires ten of eleven boundary and matching conditions. The

extra one as expressed by BEquation (15-f) may be used for the evalua-

tion of the thickness Ng and the coefficients a, .
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Now, it is desirable to inspect the physical parameters governing
the natural-convection film boiling, There is a total of nine: Np, , NP?L’
To/Ts 5 D, [(pu)L/pqu 2, (o1/0p=0)(Ts-To/T) , &, By and E . Of
these, the first four arise in connection with the differential equations
(13) for the vapor film and liquid vapor, while the last six enter through
the interface matching conditions. The parameter which appears only in
the natural-convection but not in the forced-convection film boiling is
(pL/pL—p)(TS-Tw/Tw) . This results from the consideration given to the
temperature dependency of the vapor density. In the absence of the vapor
and wall radiation, the governing parameters reduce to five: NPr , HPrL ;

[on) /ol /2, & and ® .

Forced-Convection Film Boiling

The physical model and coordinate system are shown in Figure
2(A). The situation is, the laminar boundary-layer flow of a liquid with
velocity U, over a flat plate. The liquid has a free-stream temperature
Tw which is lower than she saturation temperature Tg . The plate is main-
tained at the temperature Ty , sufficiently higher than Tg that film
boiling occurs on the plate.

With the same assumption as made in the previous case, the
application of the conservation laws for mass, momentum, and energy
to both vapor and liquid produces the boundary-layer equations which
are identical with Equations (1), (2) with g = 0, (4), and (5). Equation
(5) is needed only for the subcooled film boiling since the liquid tempera-
ture is essentially constant for the saturated film boiling.

The boundary conditions at the surface of the plate (y = 0) and
the matching conditions at the liquid-vapor interface (y = 8) are identical

with Equations (6-a) and (7) respectively. However, far from the plate,
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in the bulk of the liquid, the velocity approaches U, and the temperature
approaches its bulk temperature T, . Therefore, Equation (6-b) may be
used as the boundary conditions provided that up 1s equated to Uy .
Utilizing prior experience with the free-convection film boil-
ing in the previous section, the new dependent and independent variables

for flow over a plate are defined:

5(x) v (14 % o /2 (2h)
m=1
1/2 %
1= Lo /e =y (25-2)
¥(q) = 2cy ; x<n+l)/2 (1 + ; a Xm/2>fn(n) (25-b)
n=0 m+1
s(n) - = Pry () (25-c)
n=0

where C is defined as (1/2) [Uoo/v]l/2 .

From this it follows that

A e, MRt 32
u = S " 2cy[f + x f1+ xfo+ x £y + el (26-2a)
Vv = zw =-2cv & I x / {Qgﬂ fn-nfy (5
X m=0 n=0
1 /
1/2 12 /
+ 5 arx/= + (ag- = al)x + (3d3 3ald2+ al)x .)}
(26-b)
Again, the restriction
m/2
‘ Loap X [ 1

m=1
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has been imposed on the solution owing to the application of the
binomial theorem in Equation (26-b), When the transformations de-
fined by Equations (25) and (26) are introduced into the conserva-

tion Equations (1), (2), (4) and (5) it yields

et 1t

fo + fofp = O (26-a)
T I P 6
1 ol o o 1l 3 o al 00 (26-b)
1" 1" lfl " ”"e "
fot £ fo- of T+ 3f fo= 2af, - (2fl+ alfo)fl
1 2 1" 2 1M1 2 n
+ (fl) - a)f f1+ (2ap-3a1)f + (5 al-ag)fofo (26-c)
l 1" [
T Foo+ fFg =0 (27-a)
l "n ] 1 2 1"t [
= P+ £ F - £ F) :ﬁ__.alFo - (alfo- 2fl)FO (27-b)
Pr
Pr
T -T N T
S 1 1 w.ob
1 . v oe o . DI(1 + i - =-= (4]
N——E2+fr-21}- ( TS O) 2 2 (Tq)
Pr i -
l 2 . i 1 1 l 1
L ;ET._alFl- (ayft+ 2f)F + f1Fp+ T (2a5-3ap )k,
Npp VPr Pr
2 1
- [3f, + ayf) + (2ay + a])f JF, (27-c)

With the introduction of the transformations, the appropriate
boundary and matching conditions become identical with Equations (13),
(14) and (15) provided that the‘coefficients 3E, LE, 5E,... of the left-
side terms of Equation (14-f) are replaced by 1E, 2E, 3E respectively.
The physical model fof stagnation film boiling in two-

dimensional flow is shown in Figure 2(B). The free stream velocity

Us can be expressed as ax , where a 1is a constant.
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With the introduction of

i

o(n)

X
oY

o=

v

the momentum and energy equations,

differential equations for both the

frg £y
L oom+rer =2 [(1
- 5
where
C

The boundary and matching condition

Plate surface:

22-

cy (28-a)
vext(n) (28-b)

T-T

= (28-c)
Ty=Ts
- L U, f' and
2

= - cf (29)

one obtains the following ordinary

vapor film and liquid layer..

2

b -(£')¢ =0 (30)
Pl gy L L1 (2h (g
S 2 2 'Tg
= [a/2v] 42 .
S are:
£1(0) =0 ; 6(0) =1, (32)

] 1 n H ]_/2 1"
£ (ng) = £0) 5 ¢ (ng) - [T e0) , 0y(0) = 1, 8(ng) = 0
£(ng) = [uper/ueler(0)
Ef(ng) = - 6(ng) + A 0!(0) + By

Free stream:
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The stagnation film boiling in three-dimensional flow was analyzed
in an analogous manner. In the interest of brevity the results are not

presented here.
It is important to examine the physical parameters which govern

the transport phenomena, There is a total of eight in the forced-convection

(DU)LJI/2 , A

PH
By and E . Of these, Np, and NPrL arise in connection with the dif-

film boiling process. They are: Npp , NPTL s TW/Ts , Dol s
ferential Equation (27) for the vapor film and liquid layer respectively.
The next two arise in connection with the differential Equation (27) for
the vapor film induced by the vapor radiation. The last four enter through
the matching conditions at the liquid-vapor interface. Among the four, Bj
is related to the surface radiation processes and A 1is connected to the
subcooling of the free stream.

In the absence of subcooling, NPrL and A cease to be the
governing parameters. When the vapor radiation can be neglected, D
must be excluded from consideration as a parameter., When both the vapor
and surface radiation can be neglected, TW/TS , D, and By must be
excluded. This leaves five parameters to govern the transport phenomena.

The dimensionless vapor film thickness and the coefficients

L3
a, are not considered as independent parameters because there is a

uniqgue relation among Ny » am > A, B ,D, and E as written by

Equation (15-f).



RESULTS

Heat Transfer

The local heat flux contributed by both radiation and convec-

tion at the plate surface is

o, © b
q=-k () ~-20p [ T dy + B
- o}

When the Reynolds and Nusselt numbers, defined as Nge = Umx/v and
Ny = hx/k (N, = hR/k for sphere) respectively, are introduced and the
heat flux is rephased into the variables of the analysis, there follows:

For natural-convection film boiling one gets

N 1 1 ) . l/)—jr '
Nu _ _ _ _ ) i
3/ Fo(0) - [F(0) - &)F (0) - B Jx " "~[F,(0)
CXD/
' 2 ' T -T
=1F1(0)4(81-82)F0(0) + 7 D Mgy [10(1 2 1) anel/Zs
@]

(39)

for an inclined surface and

oL L 2
— = - Fo(0) + Bl-% DlNp,. é [Bo+ (Boap+t uBiBg)g +... ldn

(36)

for a sphere, where

Bo = (Ty -Ts)Fo + Tg, Bp = (T, -Ts)Fo
For forced-convection film boiling on a horizontal surface

N ! 1 ' 1/2 '
U oL 0) - L m(0) —a1re(0)-B Ix /21 [7(0)

no

T =T
(1+ WT S Fo)dnlx  (37)
S

! 2 7l
-alFl(o) + (al—ag)EO(O) + D Np, é

o) I
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For stagnation film boiling in two-dimensional flow

NV
M~ g'(0) + By (38)
cx
where - ©'(0) and B, represent the heat transferred by conduction
1

through the vapor film and by radiation from the surface, respectively.
The leading terms of Equations (35) and (37) represent the corresponding
heat transfer results in the absence of radiation exchange process. The
second terms are the key terms in determining the effects of radiation
exchange, since the contribution of the other terms is generally of
secondary importance.

An investigation of Equations (35) and (37) reveals that their
second terms consist of F!(0), F{(0), a; , and By in which Fi(O)
and ajy are inter-related to the parameter By for the surface radia-
tion by Equations (13-b) and (27-b) and the second expression of Equation
(15-f). Since the contribution due to the vapor radiation as represented
by the parameter D and its associated quantities ap and Fé(O) first
appears in the third terms of Equations (35) and (37), the radiation

effects on heat transfer is contributed mainly by the surface radiation,

and the vapor radiation plays a rather unimportant role.

Skin Friction

The shear stress exerted by the flowing fluid on the surface may
be calculated by Newton's shearing formula T, = - p(éu/@y)yzo . A
dimensionless representation of the wall shear may be achieved by utilizing

) 1
a friction coefficient defined as TW/E o0 U, . When this is evaluated in
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terms of the variables of the analysis, there results

T NRel/Q . 1/
-E;;;;;g— =2 1£1(0) + [£2(0) -a,£7(0)] x
2 (o8]
+ [£5(0) -a £7(0) + (a%—ag)fg(O)] X+ oo } (39-a)

for forced-convection film boiling over a horizontal plate.

1
J2

for stagnation film boiling in two-dimensional flow.

£1(0) (39-b)

The leading term in Equation (39-a) represents the skin friction
in the absence of radiation exchange process. The second term is the most
important one in determining the radiation effects.

Based on the similar arguments for heat transfer, the radiation
effects on the skin friction are found to be caused mainly by the surface

radiation. The vapor radiation exerts a negligible or secondary effect.



NUMERICAL ILLUSTRATIONS

Equations (12) and (13) for natural-convection film boiling
over an inclined plate, Equations (26) and (27) for force-convection
film boiling over a horizontal plate and Equations (30) and (31) for
stagnation film boiling in two-dimensional flow were numerically inte-
grated (Runge-Kutta method) in conjunction with their appropriate
boundary conditions by means of an IBM 7090 digital computer. The first
step is to prescribe the dimensionless vapor film thickness Mg The
calculation is carried out for the saturated boiling of water under one
atmospheric pressure with the neglect of gas radiation in the vapor film.
This is Justified as long as the vapor film is thin and the vapor pres-
sure 1s not high. In other words, all radiation terms in the energy equa-
tions are neglected. Only the effects of radiation between the pléte
surface and the fluid interface, which appear in the boundary conditions,
are taken into consideration. The range of the surface temperatures was
from 280 to 3225 F (corresponding to Ny from 0.6 to 1.6) and from 291
to 996 F (corresponding to g from 0.2 to 0.6) respectively, for the
natural and forced-convection film boiling. The emissivities of the
wall and liquid-vapor interface are taken to be unity. The typical
velocity and temperature profiles are shown in Figures 3 - 6.

Figures 3 and 4 show the vapor velocity énd temperature profiles
in the natural-convection film boiling for the special case of constant
vapor property. The terms fé and Fé correspond to the velocity and
temperature profiles respectively in the absence of radiation exchange.
Since the magnitudes of f! and F, are rather of secondary importance

2

in comparison with those of fi and Fqi, it is observed from Figures 3

-07-
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and 4 that the presence of radiation is to increase the velocity profile
and decrease the temperature profile. The effects are greater for higher
wall temperature or thicker vapor film.

For the forced-convection film boiling case, Figure 5 illustrates
that the velocity profile fé in the vapor film is practically linear
in thé absence of radiation. The presence of radiation is to increase the
flow velocities in both vapor film and liquid boundary layer, and hence
the skin friction is decreased at the plate surface. An increase in the
wall temperature (or the vapor film thickness) or a decrease in the free-
stream velocity results in an increase in the radiation effect.

Figure 6 shows that the temperature distribution Fo in the
vapor film is practically linear in the absence of radiation process.
A simultaneous action of radiation is to decrease the vapor temperature,
and hence the heat conduction is increased at the wall surface. As shown
in Figure 6, the radiation effects on the temperature profile are larger
for thick vapor film (or higher wall temperature) or for lower free-
stream velocity.

Figure ' shows the heat transfer and skin friction characteristics
for the stagnation film boiling in two-dimensional flow of water at a
velocity of U, = 10 x ft/sec under atmospheric pressure. It is seen in
the figurethat as the surface temperature increases from 212°F, both
skin friction f"(0) and conduction through the vapor film - 9'(0) decrease,
while surface radiation B, increases. When the surface temperature
exceeds 1000°R, B, 1is larger than - 6'(0) indicating that surface

1

radiation becomes more important than conduction through the vapor film.
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Tables 1 to 3 furnish important results for radiation effect
on heat transfer performance and shear stress at the wall surface and
liquid-vapor interface. For the natural-convection film boiling over
a vertical plate, Table 1 indicates that the presence of radiation is
to increase the heat transfer from the wall to the vapor and from the
vapor to the interface. The radiation effects become greater for
higher wall temperature or thicker vapor film. Tables 2 and 3 show
that for forced-convection film boiling over a horizontal plate,
radiation increases the local Nusselt numbers and decreases the shear
stresses at the wall surface and ligquid-vapor interface, An increase
in the wall temperature or vapor film thickness or a decrease in the
free-stream velocity may contribute to an increase in the radiation

effects.



CONCLUDING REMARKS

To replace the existing empirical equations which have been
used for estimating the total surface conductance in film boiling ex-
pressions are now obtained for the determination of the heat transfer
rate and skin friction in the natural-convection film boiling over an
inclined surface and a sphere, the forced-convection film boiling over
a horizontal plate, and the stagnation-flow film boiling when radia-
tion is appreciable. The problems have been formulated exactly within
the framework of boundary-layer theory with the consideration of the
shear stress and vapor velocity at the liquid-vapor interface. The
method of analysis may be extended to the natural- and forced-convection
film boiling over other surfaces of different geometry. The problems
of film boiling on a surface having space-dependent temperature may
also be solved by the present method by expanding the surface tempera-
ture into an infinite series with respect to the depending space vari-

able.

_35_
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1. For Stagnation Film Boiling in Two-Dimensional Flow

$COMPILE MAD, EXECUTE, PRINT OBJECT, DUMP, PUNCH OBJECT
PRINT COFWENT SFILM BOTLING, STAGNATION FLOWS
PRINT CUMMENT $UNIT IN FT, HOUR, DEGREE R, LBM, BTUs
CPIMENSTION Y137, F(37), O(37,P(100), FG(100), FGP(1007V,
LFGPP(100), FGPPP(100), PL(100), FL{100)yFLP(100),FLPP(100),
ZFLPPP(TIO0),T{I0Y, GUIO), TR(I0V, G(I0YV, TWG(IO),
3LP(100), R{100)4RP(100),RPP(100), GR{10)
VECTUR VALUES RESULT = $IH ,5FI8.6%%
VECTOR VALUES OBTAIN = $1H ,4F18.6%%
TNTEGER Jy GJMAX, T, N, Z
START READ AND PRINT DATA
T=U
S3 J=0
EXECUTE SETRRDL (3, Y{IT,F{I1,0,X5STEP)
X=0.
YUIT=0.
Y(2)=0.
YU{3TEFGPPTIT
SAVE J=J+1
PTIT=X
FG(J)=Y(1)
FGPTJIT=Y(Z)
FGPP(J)=Y(3)
FGPPPIIVEFT3)
H=(J=1.)/DALJ
7=TJ=1770ALJ
WHENEVER HJ.E. Z
PRINT FORMAT RESULT, P(IVFCTIN FGP (I FGPP I FGPPPJY
END OF CUNDITIONAL
WHENEVER J . E. GJMAX; TRANSFER TO §S
CALL S=RKDEO.(0)
WHENEVER S5 .F. 1.0
F(l)=Y(2)
Fiz2y=Y3
FI3)==FG(J)*XFGPP(J)=4.+FGP(J)*FGP(J)
TRANSFER TO CALL
END OF CONMDITIONAL
TRANSFER TU SAVE
SS J=0 -
EXECUTE SETRKD«(34Y(1)yF(1)404XyLSTEP)
X=0,
Y1) =L*U%FG(GJMAXY
Y(2)=FGP(GJHMAX)
Y{(3)= L*¥FGPP{GJMAX)
LSAVE J=J+1
PLEJ) =X
FL(J)=Y(1)
FLP{Y =Y (27
FLPP(J)=Y(3)
FLPPP(JI=F(3)
H=(J-1.)/DALJ

WHENEVER H +E. Z
PRINT FORFAT RESULTy PL(J)yFLIJ)9FLP(J)+FLPP(J)FLPPP(J)
END OF CONDITIONAL
GG=FLP(JT-2.
WHENEVER <ABS. FLPP(J) <G. EPFLPP, TRANSFER TO SSS
WHENEVER .ABS. GG .L. EPFLP, TRANSFER TO S8
SSS WHENEVER J .E. LJMAX, TRANSFER TO S4
LCALL S=RKDE0.(0)




Lo

WHENEVER S oEe loU
F(1)=Y(2)
F(2)=Y(3)
F(3)==FLUJVHRFLPP (I =4 +FLP (J)*FLP (JY
TRAMSFER TU LCALL
FRD OF COWoITTIUNAL
TRARSFER TU LSAVE

S& I=1+1
WHERNEVER 1 oFe 10y TRANSFER TO START
T(1)Y=FGPP{L)
G(IY=6G
PRIRT RESULTS T(I), GUTY
WHEREVER T oLe 29 TRAWSFER TU S5
DAL==G(1)=0AL/ (GITY=-G(I=-1))

S5 FGPP(1)=FGPP(L1)+DAL
TRAMSFER™TO S37 777

S8 WHEMEVER J «FEe LJMAX, TRAMSFER T0O S9
NENESE

LPOJ)=LP(J=1)+LSTEP
FLOJY=Y (L) +FLP (J)RLSTEP
FLP(J)=Y(2)

FLPPUIY=0.

FLPPP(J)=0.

TRAWSFER TU S§

S9Y PRINT COMMERNT $XeFGeFGP s FGPPFFGPPRS
THROUGH LAST, FUR =141 406G eGJMAX
LLAST PRIMT FURMAT RESULTy P(N)sFG{M)yFGP(N) 3y FGPP(N)yFGPPP(N)

PRINT COMMERT s$XLU, FU, FLPy FLPP, FLPPPS
THROUGH LLAST, FUR M=1y1yMeGalJHAX

LLAST PRINT FURMAT RESUUT, LCHTNTYFLIN) yFLPNY s FLPP (M) L FLPPPTR)
EXECUTE SETRKD.(2,Y(1)4F(1)y09X,STEP)
1=0

523 J=0
X=0.
Y(l)=1.
YT2)=RP(1)

GET J=J+1
PLJ)=X
R(JI=Y(1)
RPTIN=Y(2)
RPP(J)=F(2)
H=(J=1.) /DALY
7=(J=1)/DALJ
WHENEVER H oo Z
PRINT FURMAT URTAINy P(J)sR(J)4RP(J)4RPP(J)
END UF CONDTTTONAL ~
WHENEVER J oE. GJMAX, TRANSFER TO SSSS

CONTI S=RKDEO.(0)
WHENEVER S oE. 1.0
F(l)=vy(2)
F(2)==PR¥FG(J)*RP(J)
TRANSFER TO CONTT
END OF CONDITIONAL
TRARSFER TO GET ™

$SSS WHEMEVER +ABS. R(J) L. EPR, TRANSFER TO $29
T=1+1

GR{I)=R(J)

TRIIY=RP(T)

PRIMT RESULTS GR(I), TR(I)
WHENEVER T .L. 2, TRAMSFER TO S25
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RDAL==GR{I)*RDAL/(GR(I)=GR(I=-1))

$Z5 RP(1)=RP(1)+RDAL
TRANSFER T S§23

$29 TPRINT CUMMENT $X, Ry RP, RPPS™
THROUGH RLAST, FOR N=1ly41yN.GeGJMAX

RLAST PRINT FORMAT ORTAIN, P(NYR(NY,RR{NY,RPP(N)
1=0

TWS3 I=1+1

E=ROWHANURHFG/K/ (Tu=TS)
TBTESTGMAR (THITS )k (ThkTW+TSH¥TS) /T (REFLL/ERITL
L+l +REFLW/EMITH) % K)%(24%NU/A) 4Pe045
TTHGTIT=EXFG(GIMAX) +RP (GIMAX ) =BT
PRINT RESULTS TWG(I), Thy Bl, E
TWHENEVER T .E. 10, TRANSFER TO START
WHENEVER JABS. TWG(I) «L. EPTW, TRANSFER TU START
WHENEVER T L, 2, TRANSFER TO TWS5
TUDAL==THG (I )*TWDAL/ (THG(I)=TWG(I-1))
TWS5 TWETWHTWDAL
TRANSFER TO THS3
END UF PRUGRAM

$DATA

DAL=10., LUSTEP=0.1, EPR=0.001y RP{1)=0e5y HFG=970e3y 15=672.9
SIGMA=0,172E-08, REFLL=041y EMITL=049y REFLW=0ey EMITW=1ley
EPTW=0.1, RDOAL=0.01, TWDAL=10., L=0.00515,

GJMAX=21, DALJ=5, LJMAX=21, EPFLPP=0.01, EPFLP=0.1,

LIJMAX=16, PR=e9%, L=;005167 A=36000., i

TW=850ey STEP=.022, FGPP(1)=5.33y RUW=.0328, NU=1.09, K=40171%
TW=1050., STEP=,035, FGPP(1)=4.,106, ROW=.0288,y NU=1.42, K=.02%
TW=1450., STEP=,065, FGPP(1)=3.592, ROW=,0233, NU=2.2y K=.0257%

TW=1800., STEP=.11J FGPP(1)=3.542, RUOW=,0196, NU=3.08, K=,0321%
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2; For Forced-Convection Film Boiling Over a Horizontal FPlate

$COMPILE MAD, EXECUTE, PRINT OBJECT, DUMP, PUNCH OBJECT
PRINT COMMENT $FILM BOTLING, HORTZONTALS$
DIMENSION Y{(3),F(3),0(3), P{(100),
1 Y1(300,WA),Y2(300,WB),Y3(300,WC),F3(300,WD),
2R{ 3004 WE) yRR{3004WF)yRRR{300,WG) T30 oWH)»G(30 osWI)y
3LY1{300,WJT,LY2(300,WK),LY3(300,WL)y LF3(300,WM),
4LR(300,4WN)y LRR(300,WP),LRRR(3004WQ)y LP(100),.
SAT30,4,WR},H(30,WS})
VECTOR VALUES WA =2,1,100
TTVECTOR-VALUES #WB =2,1,100
VECTOR VALUES WC =2,1,100
VECTOR VALUES™ WO =2,1,100
VECTOR VALUES WE =2,1,100
VECTOR VALUES WF =2,1,100
VECTOR VALUES WG =2,1,100
VECTOR VALUES WH =2,1,10
VECTOR VALUES WI =2,1,10
“VECTOR VALUES WJ =2,1,100
VECTOR VALUES WK =2,1,100
VECTOR VALUES WL =2,1,100
VECTOR VALUES WM =2,1,100
VECTOR VALUES  WN =2,1,100
VECTOR VALUES WP =2,1,100
VECTOR VALUES WQ =2,1,100
VECTOR VALUES WR =2,1,10
VECTOR VATUES WS =2,41,10 .
VECTOR VALUES RESULT = $1H ,5F18.6%$%
INTEGER T1,J,N,U,M
START READ AND PRINT DATA
_M=0_
S1 1=0 B
M=M+1
WHENEVER MeE42
U=0
A1=B1/(2%E%xY1(1,JMAX) —RR{1,JMAX))
END OF CONDITIONAL
WHENEVER MJ.Ee3
U=0
A2=(A1*RR (24 JMAX)=AL1%ALKXRR( 1y JMAX)=3%EXALHY1(24,JMAX))/
T(3%ERY1 (1, JMAX)-RR{14JMAX))
END OF CONDITIONAL
J=0
EXECUTE SETRKD4(3,Y(1)sF(1),Q4X,STEP)
X=0
Y{1)=0.
Y{2Y=0.
Y(3)=Y3(M,1)
SAVE J=J+1 -
P(J)=X
YITW,JT=Y (1)
Y2{Myd)=Y(2)
Y3(M,J1=Y(3)
F3{MyJ)=F(3)
WHENEVER JL.E.JMAX, TRANSFER TO SSS
CALL S=RKDEQ. (0)
WHENEVER S.E.1.0
F(1)=Y(2)
TFUZ2Y=Y(3)
WHENEVER M.E.1
FU37= =YTITRY(3Y
END OF CONDITIONAL
WHENEVER M.E.Z
F(3)== YI1(1,J)%Y(3)+ Y2(1,J)%Y(2)=2%Y3(1l,J)*Y(1)+2
TFATRF3(L,JV-ALRYI(1,J7*Y3(1,J)
END OF CONDITIONAL
TWHENEVER M.E.3

%]
W




=45«

FU3)==Y1(1,J)*Y(3)42%Y2(1yJ)*Y(2)=3%Y3(1,J)*Y(1)+A1%2%F3(2,J)
T=TALRYIT L, JV+2FYI( 2, JVVFY3( 2, JT+ Y2(2,J7%xY2(2,J1-A1*Y1(2,4J)
2%Y3(19Jd)=(3%AL%AL-2%A2}%F3 (1, J)+(05%A1*A1-A2) %
BYITT,,Ir=Y30(L,J)

END OF CONDITIONAL

TRANSFER TU TALL

END OF CONDITIONAL

TRANSFER 1O SAVE

SSS J=0

‘EXECUTE SETRRD.13,Y(1),F{IT,0,X,LSTEP)

X=0e '

Y{17)=0.

Y(2)=Y2{My IJMAX)

WHENEVER M.E.TI

Y(3)=L*Y3(1,JMAX)

ENDTOF CONDTTTONAL™

WHENEVER MeEe2

YU3V=ATRLY3 (1, 11+0%  (Y3(2, JMAX)=AL*Y3{T1,JMAX))

END OF CONDITIUNAL

WHENEVER M.E.3

Y(3)=A1%LY3(2,1)-(AL%AL-A2)%LY3(1,41)

TFLH (Y33 JMAXT=ATEY3 (2, JHAX Y= (AL*AL-A2) *Y3 (14 IMAX))

END OF COWNDITIONAL

LSAVE IVENES S

LP(JY=Xx""""" "

CYT{H, JT=YT1)

LY2(Myd)=Y(2)

TY3H, ) =Y137

LF3(ryJ)=F{(3)

TWHENEVER M.E.1

GG=Y(2)-2.

UTHERWISE

GG=Y(2)

TEND OF CONDITIOWAL

WHENEVER oABS.Y{(3).G.EPSIH, TRANSFER TO SS

TWHENEVER WABS.GG LL.EPSII, TRANSFER TO S8

SS WHENEVER JoEoJLJMAX, TRANSFER TO S4
CCALL S=RKDE0.TO)

WHENEVER S.Eela0

FT1T=Y{2)

F{21=Y(3)

WHENEVER FileFel
F(3)==Y(1)xY(3)
ERD OF CUNDITIOWAL
WHENEVER lMeEo42
”FK3)=—LY1(l,J)*Y(3)+LY2(1,J)*Y(2)—2*LY3(1,J)*Y(l)+2*
1ALMLF3(L1yd)= ALRLYL(1,Jd)%LY3(1,J)
TEWND OF CONDITTONAL i T
HWHENEVER MeEl3
F(5)=-LY1(1,J)*Y(3)+2*LY2(1,J)*Y(2)—3*LY3(1,J)*Y(1)+2*A1*
1LF3(2,J)—(Al*LY}(1,U)+2*LY1(2,J))*LYB(Z;J)+LY2(2,J)*
CENDTOF T CUONDITIONAL
TRANSFER TU LCALL
TENDTOF CONDITIONAL
TRANSFER TO LSAVE
54 T=T+1
T(MyI)=Y3(iy1)
GlM,y T)=06GG6 .
PRINT RESULTS GlrMygT)y T(MyI)
WHENEVER T.L.2, TRANSFER TO S5
WHENEVER G(MyI)eGe0y TRANSFER TO S6
WHENEVER G{MyI-1).G.0ey TRANSFER TO S7Y
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TRANSFER TO S15
“DAL=DALTA

Y3{ry1)=Y3 (i, 1)+DAL
- TRANSFER T S3

Sé WHENEVER G(iMyI=1)ela0ey TRANSFER TO ST
TRAMSFER T S15
ST DAL==G (i, T)*DAL/(GlMy I)=G (1, I-1))

Y31, 17=Y3 (i, LV +DAL
TRANSFER TU S3
S15 BAL==G (M, Ty DAL/ (GTH, Iy -Glr,1-17)
Y3(ie1)=Y3 (g1 y+DAL
TRAMSFER TU $3
S8 WHEREVER JeEoLJMAX, TRANSFER TO S9
J= J+1L
LP(J)=LP(J=1)+LSTEP
CLYI(R, I =YY
LY2(¥yd)=Y(2)
TLY3(#ied) =0,
LF3(#,J)=0.
TRANSFER TO S8

$9 PRINT RESULTS M
THROUGH LASTY FUR N=lvleN.G.JMAX S —
LAST PRINT FORMAT RESULTyP (M) YL(MyN) 2 Y2 (MyN)pY3(MyN) o F3(MyN)
THRUUGH LLASTy FOR N=1,1yNeGaLJHAX
LLAST PRINT FORMAT RESULToLP (N)yLYL(HyN)oLY2(MyN)gLY3(HyN)9LF3(MyN)
“EXECUTE SETRRD. (2, (1) 5F(1)40,X,STEP)
1=0
523 J=0
X=0
WHENEVER Mebel
Y(1)=1.0
TUTHERWISE
Y(1)=0.

“ENDUF CONDITTUNAL
Y(2)=RR{#,y1)
GET J=Jd+1
P(J)=X
TR{WYITEY(TY
RR(Myd)=Y12)
CRRRUFM,IVEF(27
WHENEVER JeEoJidAXy TRANSFER TU SSSS
CONTI S=RKDEQ < (0)
WHENEVER SeEe1.0
TFUIYEY(2Y
WHENEVER MeEl1
END OF CONDITIONAL
WHENEVER MeEe2
F(2)=PR*(—Y1(1,J)*Y(2)+Y2(l,J)*Y(1)+(2/PR)*A1*RRR(1,J)—(
TERTRYTITL, JT=2%Y1(2,J) T¥RR{ )
END OF CONDITIONAL
“TWHENEVER #M.E.3
,F(2)=PR*(—Y1(l,J)*Y(2)+2*Y2(l,J)*Y(1)+(2/PR)*A1*RRR(2,J)
1-(A1*Y1(1,J)-2*Y1(2,J))*RR(2,J)-Y2(2,J)*R(2,J)+(1/PR)*
2(2*A2—3*A1*A1)*RRR(1,J)-(Y2(3,J)+6*Y1(3,J)+A1*
IYT(Z, JYF(2®AZ2~ AixATTHEY1I(1,J) ) *RR{19J))
END OF CONDITIUNAL
“TRANSFER™TO TUNTT
END OF COMDITIUNAL
TRANSFER 1U Gkl
$SSS WHENEVER <ABSe Y(1)eL.EPSID, TRANSFER TO $29
“TRANSFER TO S24 -
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S24 I=1+1
Gy 1)=Y(1Y
T(HgI)=RR(M,y1) ,
PRINT RESULIS G(MyaI), T(M¥,I)
WHENEVER T.L.2, TRANSFER TO S25
WHENEVER GTH, T1.G. 0y TRANSFER TO S26
WHEWEVER G(MyI-1)4sGa0sy TRANSFER TO S27
TRANSFER TO S35

$25 DAL =DALTA
RR{my1)=RR (i1y L) +UAL
TRANSFER Ti) S23

526 WHEREVER G (i, I=10 L0000, TRANSFER TO S27
TRANSFER TO S35 -
S27 NDAL==G{H, TTEDAL/ (G(MyT)=G(M,1-1))

RR (g1 )=RR {1y 1)+DAL .
TRANSFER TU §23
S35 DAL==G{My T)RDAL/(G(ry IT)=G{M,I=-1))
RR{My LY=RR (1, IY+DAL
TRAMSFER TU S23
$29 WHENEVER MoELT
E==RR(14JdMAX)/ Y1(1,JHMAX)
T =RUWGRHRFGRNE/ (KAKE)+TS
Bl=STGMAR(TH+TS)IR(TWxTW+TSHTS)/((REFL/ EMITL
TFTFREUWTEMTITHWYRKARTUTINF ¢ PeDe D) k2% NUP e b
THRUUGH AAA, FOR MN=lylyMeGod
ZUYZU 2, IV =RIREY T2,y JVRLY3 (T J) = 35 a1xAL=2%A2) %LF3{1sJ)+ (AL
3 k0G5 %A1=A2)LYL (1 J)RLY3(1,J)
TRA PRINTE RESULES PUin) gR{MgN) gRR{MgN) g RRR{MyM)
PRINT RESULTS EyTw,81
TRANSFER™TD S1
EnD OF CORMDITIUNMAL
WHENEVER ®M.EL2
AMAL=(RB1=RR(2,JMAX)=2%ExRYL(2yJMAX ) )/ (2%ExXYL(]1,JMAX)
L=KK{LyJdMAX)) ’
FHENMEVER +ABS.(Al1-AAL) L EPSTA,TRANSFER TO S50
U=t+1
H{mgll)=AAL-Al
AF,U0)=A1
PRIMT RESULTS H{FgaU)Yy AlMgelU)yAl
WHENEVER UeLe2y TRANSFER TO S65
WHENEVER H({MgU)eGaley TRANSFER TU S66
WHENEVER R{#M,U~1)eGosUey TRANSFER TU S67
TRANSFER T S7b )
$65 DA =DALIAA,
AlL=A1+DA
FRANSFER T S3
S66 WHEMEVER H{MglU=1)eleUey TRANSFER TU S67
TRANSFER TO S75
S67 DA ==H(MyU)=DA /(H(MyU)=H(MyU=1))
AT=R1+DA
TRANSFER TO S3
S75 DA ==H(MyU)RDA /(H(MU)=H(MyU=-1))
Al=A1+DA
TRANSFER TU, S3
END OF CUNDITIONAL
WHENEVER FieEe3
AA2=(—=RR (34 JMAX)+ALHRR( 2y IJMAX)~BLRALRRR (14 JMAX)
1=3%E%Y1 (3 9JMAX) =3%ERALRYL(24JMAX) )/ (3%EXRYL(1,yIMAX)
2=RR{1gJMAX))
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WHENEVER oABS.(A2-AA2) ¢LaEPSIR, TRANSFER TU S51
U=U+1

HMU)=AR2=32

Alkigl))=A2

PRINT RESULTS H(FyU)y AlHaU) 4 A2

WHEWEVER UsLe2, TRANSFER TO S85
WHENEVER H (i, UV 6.0, TRANSFER TU S86
WHENEVER H(riyU=1)eGoelay TRANSFER TU 587
TRANSFER TO S95 7

S85 DA =DALTAA
AZ=pA2+DA
TRAMSFER TO S3

SB6 WHENEVER HTF,U-1V.L.0.y TRANSFER TO S87
TRANSFER TU S95

SHT DA ==H (A, UTEDA T/ (FT, ) =R (R, 0=107
A2=h2+UA
TRANSFER TU $3

S95 DA ==H{ryU)xDA /(H(MyU)=H(M,U=1))

A2=A2+DA
TRANSFER TU $3
END TUOF CURDITTIONAL

S50 PRINT RESULTS Al
THROUGH ASS,y FUR H=ly1lyhaeGed

ASS PRINT RESULTS PN)yR(251) 4 RRE25M) yRRR(3,1)
TRANSFER TO S1

S$51 PRINT RESULTS AZ
THROUGH ASSS, FUR N=1l,1,N.Ged

ASSS PRINT RESULTS P(n)gR(348)yRRE341M) 3 RRR{341N)

TRANSFER TU STARI
END OF PROGRAW

FOATA
¥5(1y1)=0.5,Y3(2,1)=0.5,Y3(3,1120.5,RR(1,1)=0.5,RR(2,1)20.5,RR(3,1)=0.5,
BALTA=U .2, PR=0.9,EPSTA=0,001,EPSIB=0.01, | EFST020.001,

REFL=0e1sEMITL=049,sRELW=04EMITH=10y
LPSIH=0.01,EPSTI=0.001,LJMAX=40,1=0,00556,DALTAA==1004,LSTEP=0.1,
RONG=0.02 4 HFG=9T04 3 NU=34 605 KA=04035,TS=672,S16MA=04172E-8,
“JWAXE10T,

UINF=36000,STEP=0.006%

UINF=36000,STEP=0,004%

UINF=18000,STEP=0.004%
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3. TFor Natural-Convection Film Boiling Over a Vertical (or Inclined) Plate

$CUMPILE MADy EXECUTE, PRINT OBJECT, DUwmP, PUNCH NBJECT

START

S1

$3

SAVE

CALL

SSS

PRINT COmMMENT $FILM BOILING, VERTICAL $
TDIMENSTON Y(3),F{3),0(3Y, — P(200),
1 YL(A0UsWA) g Y2(6004WB)sY3(60UyWC) ¢F3(6004k1)),
ZRUBOU,WEY yRRTUBCU,WF) yRRR{BV0, WGy T(A0 4uHT G600 9wI),
3O 60 W) gHI 60y WK)

VELIUR VALUES WA =2,41,200

VECTUR VALUES wB =2,1,200
VECTOR™VAUUES (T =2,1,200"

VECTUR VALUES WD  =241,200
VECTOR VALUES™ "WE =241,200

VECTUR VALUES WF =2,1,200

VECIUR VALUES WG =2, 14200

VECTUR VALUES WH =2,1,20
VECTOR VALUES w1 "=2,1,20°

VECTUR VALUES wd =241,20

VECTUR VALUES WK =2,1,20

VECTUR VALUES RESULT = $1H 45F18.6%%

INTEGER TaJyNygUyin

READ AND PRINT DATA

= U ’

=0

TEMFT

WHENMEVER tieEe2

=0

AL=B1/(4%ExYL{1lyJmAX) —=RR(1yJMAX))
TENDTOFTCONDTTTUNAL

WHENEVER #MeEe3
U=0

A2=(AL#RR{24 JMAX)=ALRALRRR (14 JMAX) =b%ExALRY1{2yIMAX) )/
TUosbERYL{LgJHAX)=RR {1y Jr1AX))

Enl OF CURDITIONAL

J=0

EXECUTE SETRKDW(34Y(1)yF(1),0,4X,STEP)

A=0 .

Y(1)=0.

Y{(Z)=0.

Y{3)=Y3(m,1)

J=Jd+1 )

P{J)=X

Yi(yed)=Y(1)

Y2 (lyd)=Y(2)

Y3(Mgd)=Y(3)

F3(kyJ)=F(3)

WHENEVER JTELJiHAX, TRAVSFER™TU SSS

S=RKDEQ.(0)

TWHENEVER SLELT.0 -

Fl1)=Y(2)

F(2)=Y(3)

WHENEVER #eEol
(3= YOIVRY (3% 25%Y(2)%Y(2) -1

EnD OF CONDITIUNAL
TWHEWEVER MJELZ

F(3)==3%Y1 {1y J) Y (3d+5%Y2(1yJ)*Y{(2)=4%Y3(1,J)%Y (1)
1T+ALHF3(1yJ)=ALRY1(1,4J)%Y3(1yJ)

ENMD UF CONDITIGINAL
TWHENEVER M.E.3

F(3)==3%Y1{1ad)®Y(3)+6%Y2(1yJ)*Y(2)=5%Y3(1,J)*Y(1)+AL1%F3(2,J)

T=(ATEY T TSIV +4%Y T (2, JVTRY312, IV F3%Y2({ 2,y J)*V212,J) =AT*Y1(2,J)
Z*YB(1,J)—(3*A1*Al—2*ﬁ2)$F3(l,J)+(A1*Al—2*A2)*Y1(1yJ)*Y3(1,J)
END UF CONDITIUNAL
TRANSFER TO CALL
TENDTOF CUONDTTTUMAL
TRAMSFER TU SAVE
TWHENEVER JARS.Y(2V L EPSTC, TRAN
TRANSFER Tu S4
=1+1
T(ryI)=Y3(Myel)
G, Y=Y (2)
PRINT RESULTS GliyI)y Tliy1)
TWHENEVER "T.L.2, TRANSFER TU S5
WHENEVER G(Myl)eGa0Oy TRAMSFER TU S6
WHENEVER G{imgI-1)eGeley TRANSFER T S7
TRANSFER TO S15
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S5 DAL=DALTA
Y3(i,1)=Y3(M,1)+DAL
TRANSFER TO S3~ 777

S6 WHEWEVER G(MyI=1)sL.04y TRANSFER TO S7
TRANSFER T0 515
s7 DAL==G(Fy1)*DAL/ (G(MyI)=G(MyI-1))

Y3(W,1Y=Y3TH, LV+DAL
TRANSFER TU S3
S15 DALE=GH, TYRUDAL/ (G Uy I =6{My T=-1))
Y3(Myl)=Y3(Mye1)+DAL
TRANSFER T0) S3
S9 PRINT RESULTS m™
THROUGH TAST, FUR N=1,1yNeGaed
LAST PRIWT FURMAT RESULToPIN) g YL (MyN)9gY2(MyN)yY3(MgN)yF3(iMyN)
EXECUTE SETRKDG(Z,YIT) s F(1)404X,STEPY
1=0
$23 J=0
X=0
WHENEVER wmoE.T
Y(1)=1.0
OTHERWT SE
Y(l)=U.
ENDTOF CONDTTTONAL
Y{2)=RR{My1)
GET J=d+1
PJ)=X
R{kyJ)=Y(1)
RR(FyJ)=Y(2)
RRR My Jd)=F(2)
WHENEVER JeFeJiMAXy TRANSFER TO SSSS
CONTTI S=RKDEO. ()Y
WHENEVER S.El1.0
F{Oi=vy(2)
WHENEVER MeEL1
F(2) ==PRIZXYI(L,JT%Y(2)
END OF CONDITIOMAL
WHEWNEVER M.E.2
F(2) =PR®=(=3%Y1(1yJ)*Y(2)4Y2(1yJ)%Y(1)+2%A1*RRR(1yJ)/PR
T=ATSYI{T,, JV*RRUT, JT=4%Y112, JI*RR{1,J})
END OF CONDITIONAL
WHENEVER F.E.3
Fl2) =PR*(=3%Y1{1lyJ)%Y(2)+2%Y2(1,J)*Y(L)+2%A1*RRR(29J)/PR
T= ATV I (T, V4RV I (23 IV VHRRUZ, JY+Y 212, JYFR{ 2, IV -13%AT*A1-2%A2)
2%RRR(13J)/PR=(5%Y1(343J)+AL%YL(2,J)+2%A2%Y1(1sJ)=ALl*AL
IXFYITIL IV VFRRTILITY
END OF CONMDITIONAL
TRANSFER TU CTONTI
END OF CONDITIUNAL

TRANSFER™TO GET

SS§SS WHENEVER JABS.Y(1).L.EPSID , TRANSFER TO $29
TRANSFER 70 S24

S24 I=1+1
GIM,Ti=v(L)

TiMyI)=RR(M,y1)
PRINT RESULTS GUM, 1V, TTW, TV
WHENEVER T.L.2y TRANSFER TO S25
WHENEVER GI{M, 174 G.0., TRANSFER TU S2¢
WHENEVER G(MyI-1).G.0sy TRANSFER TO S27
TRANSFER TO S35
S25 DAL =DALTA
RRTUM, IV=RR (W, 1 Y+DAT
TRANSFER TU S23
$26 WHENEVER GI{W,1-1).L. 0.y TRANSFER TUO S27
TRANSFER TU S35
S2T DAL==GIM, [ JXDAL7{G(M, IT-G(M,I-11)
RR(Myl)=RR(M,y1)+DAL
TRANSFERTTO S23
S35 DAL==G(My 1 )*DAL/(G(My1)~G(MyI=-1))
RRUMy IY=RRTM, IT+DAL
TRANSFER TO S23
S7Z9 WHENEVER WM.E.T
E==RR{1yJMAX)/({3%Y1(1,JMAX))
TW=ROWGH*HFGXNU/TKAXEY+TS
Bl=SIGMA*(TW+TS)*{TWxTW+TS*TS)/((REFL/ EMITL
THF1+RELW/EFMITW )Y =KA*C)
THROUGH AAAy FOR N=1y19NeGod
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¥.Y.Y: PRINT RESULTS PINTyR{MyN) 4RRTMyN} 4RRR{M,N}
PRINT RESULTS E,TW,B1
TTRANSFER TO ST
END OF CONDITIONAL
CWHENEVER M.EL2
AAL=(BL=RR(2yJMAX)=4*ExY1 (2, JMAX ) )/ (4%EXY1(1yJMAX)
T-RRTTI,JMAXT)
WHENEVER «ABS.(A1-AAl).L.EPSIA,TRANSFER TO S50
I e e LS ndl
H{My,U)=AAL1-AL
TRMGUYEAY T
PRINT RESULTS H{MyU)y A(MyU), AL
WHENEVER U.L.2, TRARNSFER 10 S65
WHENEVER H(MyU)eGeOey TRANSFER TO S66
"WHENEVER H{M,U-1).6.0., TRANSFER TO S6&7
TRANSFER TO S75
565 DA =DALTAA T
Al=A1+DA
TRANSFER TO 53
S66 WHENEVER H(MyU-1)eLe0Osy TRANSFER TO S67
TTRAWSFER™TU SYS
$67 DA ==H{MyU)%DA /(H(MyU)-H{M,U=-1))
CATEALFDE. " e e RS R D
TRANSFER TU S3
575 DR ==HI(M,UT*0A J(H({#M,UT=A{®,0=177
Al=A1+DA
TTRANSFER™TU S3777
END OF CUNDITIUMAL
TWHENEVER W.E.3 7
AA2=(=~RR(3y JMAX)+ALKRR(2y JMAX ) =AL%ALHRRR( 1y JMAX )
T=-5XEXVIT3y JFAX T =X ExALRYI{ 2y JRAX T )/ {GREXYI( Ly JNAX)
2=RR{1yJrAX)) .
TWHENEVER JABST(A2-AAZ2) L EPSIB, TRANSFER T0O S51
U=U+1
H{W, 0 =kA2-A2
Alya))=h2
PRINT RESULTS F(M,UT, A{FyU) A2
WHENEVER UslLe2y TRANSFER TU S$85
WHENEVER H{f,U) o600y TRANSFER TO S®E6
WHENEVER H(MylU=1)aGeUsy TRANSFER TU S87
TRENSFER TU S95 T
$85 DA =DALTAA
AZ2=AZ+DA
TRANSFER TUO S3
S86 WHENEVER H{M,U=-1Y.L.0., TRANSFER TO SB7
TRANSFER TU S95
S87 DR ==HM,UYX0A /JTHM, UY=A{™M,U=1))
A2=A2+DA
TRANSFER 10 53
S95 DA ==H(MaU)*DA /(H{MsU)=H(MyU=1))
TRZEAZADN T T
TRANSFER TO S3
"ENTD OF CTONDITIONAL

S50 PRINT RESULTS Al
THROUGH ASS, FUR N=1,1,N.G.J

ASS PRINT RESULTS*P(N)yR(2yN)9sRR{29N)yRRR(34N)
TTRANSFER TO 51

S51 PRINT RESULTS A2 - .
"THROUGH 'ASSS, FOR N=1,1,N.G.J

ASSS PRINT RESULTS PIN)yR(3y4N)yRR{34N)yRRR{34N)

TRANSFER TO START
END UF PROGRAM

$OATA T
¥Y3(1y1)=0459Y3(2511=0e5,Y3(341)=0.5yRR{191)=0e59yRR(241)=0e459RR(3,1)=045y
DALTA=0.2, EPSTA=0.001,EPSIB=0,001,EPSIC=0.001,EPSID=0.001,

HFG=970.3, © TS=672ySIGMA=0.172E-8yDALTAA=-100.9
REFL=0.1,EMITL=0.9,RELW=0.,EMITW=1.,
STEP=04014PR=0.4914yROWG040169,NU=4.1704yKA=0.0388,C=1444IMAX=141%

STEP=0,014PR=0.87,ROWG=0.0120,NU=7.710,KA=0.06104C=1064 JMAX=161% .
T T 659 LINES PRINTED.

001626 = 02-12-68 001626 02-12-68 001626 02-12-68 001626 Qg:{g:



