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Abstract—Rigorous theoretical models for pool film boiling of both subcooled and saturated liquids along

an isothermal vertical plate, taking into consideration all matching conditions including variable ther-

mophysical properties, are established. The governing partial equations for the film boiling and their

boundary conditions are conveniently transformed into corresponding dimensionless ordinary differential

equations, and are solved by a successively iterative procedure at different wall and ambient temperatures
for saturated/subcooled water.

1. INTRODUCTION

BROMLEY [1] first treated laminar film-boiling heat
transfer of saturated liquid around a horizontal cyl-
inder in a pool in 1950. Later, some researches [2-7]
were made to analyze pool film boiling on a vertical
plate, but only a few analyses [5, 7] took temperature-
dependence of the fluid’s thermophysical properties
into account. McFadden and Grosh [5] developed the
analysis of saturated film boiling in a pool where the
temperature-dependence of density and specific heat
were taken into account. Nishikawa et al. [7] made
an analysis of pool film boiling as a variable property
problem on the basis of the two-phase boundary layer
theory, but only the effect of variation of the vapor’s
thermophysical properties with temperature was
examined in the range of lower degree of subcooling
(T,— T, =0, 20, 40°C).

However, the temperature difference between heat-
ing surface and bulk liquid may be very large, and the
studies of the authors [8-10] and other scientists have
shown that the thermophysical property variations
of gas and liquid with temperature could have great
influences on their free convection, and therefore
affect the pool film boiling of liquid. The purpose of
the present work is to advance a general theory for
pool film boiling of both saturated and subcooled
liquids along a vertical flat plate, and to investigate
rigorously the characteristics of the velocity and tem-
perature fields.

2. THEORETICAL MODELS

2.1. Governing partial differential equations for the
pool film boiling of subcooled liquid

The analytical model and coordinating system used
in the research is shown in Fig. 1. The heated plate
with uniform temperature, 7, is submerged vertically
in a liquid pool whose temperature is lower than the
saturated temperature. We assume that the heating
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FiG. 1. Physical model and coordinate.
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Gr,.s local Grashof number for vapor film

Gr,. . local Grashof number for liquid
boundary layer

feg latent heat of vaporization [J kg™']

Aoy temperature exponent for specific heat
of vapor

n; temperature exponent for thermal

conductivity of vapor
n, temperature exponent for absolute
viscosity of vapor

NOMENCLATURE
Cp specific heat at constant pressure Pr Prandtl number, pc,/A
Dkg 'K Nu,,, local Nusselt number, «, x/4,
DT, (d6)/(dn)l, t temperature [°C]
a T absolute temperature [K]
DT, <M> |:hfgyv_s( Weos—4W,) W velocity component [ms~']
Pyw W dimensionless velocity component
X

Y coordinates.

Greek symbols

0, vapor film thickness [m}]

1, dimensionless coordinate variable for
vapor film

m dimensionless coordinate variable for
liquid film

0, dimensionless temperature for vapor
filkm, (T—TY/(T,—T,)

0, dimensionless temperature for liquid
boundary layer, (T—T.,.)/(T,—T.)

A thermal conductivity [Wm~'K ]

u absolute viscosity [kgm~'s™']

y kinematic viscosity [m*s ']

p density [kgm ).

Subscripts

1 liquid

] saturated state

v vapor

w at wall

o0 far from the wall surface.

plate surface is covered with continuous laminar
vapor film, which moves upwards along the vertical
plate and makes a layer of liquid near to the vapor
film move upwards together with the vapor. Thus a
two-phase boundary-layer is formed. Heat flux pro-
duced from the heating plate surface transfers through
the two-phase boundary layer to the bulk liquid.
Meanwhile, mass transfer is produced at the vapor—
liquid interface due to the film boiling of liquid.

The governing equations of mass, momentum, and
energy conservation for steady laminar free con-
vection in the vapor and liquid boundary layers can
be written as follow:

For vapor film,

é

' 0
ax (W) + o (pWp) =0

0w, + ow,,
Py Wy ax 4 v 5}_

(1)

_ V-t i w,, 2
- g(pl.x pv 6_V /’tV 6}' (
. ot o at _ o, ot 3
Py pv | Wy ox W}'V 6}«' - ay Ay 6},‘ ’ ( )
For liquid film.
é ¢
ax (pwa)+ 5)*, (ow,) =0 4

owy owa) é oy
P\ Wa 3" +wy P 9(Pr — o)+ a Hh By

(5)
' Q + g = i A g
PiCpl | Wy ox Wy ay = 8y ] 6y .

The boundary conditions will be

y=0,

(6)
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Woy = Os wyv = 0’ t= tw (7)
y =90,
Wivs Was 5 (8)
06 06
pv,s (va a W;v)S = Pis (wxl 6_; "Vyl>s 3 (9)
OWe | ow,
uvs< ay )s "”l,s( ay )7 (10)
or, 0
j'vs 6 s hfgpvs < xv 6 )S_'{I,s ay
1mn
t=1, (12)
y = w0,
wy—0, andz—z¢,. (13)

2.2. Governing partial differential equations for pool
film boiling of saturated liquid

For the vapor film of a saturated liquid, the govern-
ing equations are thoroughly the same as equa-
tions (1)—(3). For liquid films in the saturated state of
liquid, the temperature gradient is equal to zero, and
hence, equation (6) drops, and the thermophysical
properties of the liquid film are strictly constants,
the governing partial differential equations can be
simplified as follows:

a s
a(wxl)‘*'a (wy) =0 )

dwa O} Wy
Wy Ax Wy 6)} =V ayz .

The boundary conditions are the same as equa-
tions (7)-(13) except for 4,,(04/0y),.s, = 0 in equa-
tion (11).

(59

2.3. Similarity transformation of the governing partial
equations and the boundary conditions

In order to transform the above partial differential
equations (1)~(6) and the boundary conditions (7)—
(13) into a dimensionless system of equations, the
following dimensionless variables are set up :

For vapor film,

"=’ (Gr;,;) e "
0, ti"_’;s (16)

_ 1/2 —1
- [w(gx) (”1%) (.:erv,s)-‘“] Wi

W

(18)
For liquid film in the case of subcooled liquid,
m=x @72)“ (19)
Gre = LR 0)
0, = % (2))]
[ZJ (92) (” o= fhs )/] @)

[w(g )(”“”‘ "") ucrx.,x)-”“]_ Wy

(23)
For liquid film in the case of saturated liquid,
Y (Gra)"* ,
My (19)
g%’
Grym="75" (209
oo
= [2\/(gx)]" 'wa (22)
Wy =12J(@0)GG6raL)" 1 'wa. (23)

With the assumed equations for dimensionless vari-
ables (14)—(23) the governing partial equations (1)~
(6) are transformed into the following dimensionless
system of equations:

For vapor film,

dWw dWVV
2Ww_"v dnv +4 dﬂv
1 dp,
+— — 4w, W.,)=0 (24
an D=0 (24)
Vus w (aw dw,, +aw,, dw.,,
v LT T a, dn,
Vos Pvw Pl —Pv dexv 1 % dva
TV Py Pim—Puw  dAnd T op, dny dn,
25
de, 430 1 di, dé@
Wo+4W, ) = Y — v
XV+ }V) dnv dr’3 iv dnv dnv
(26)
For liquid film in the case of subcooled liquid,
dw, dw, 1 dp,
Wa=mg g L @W—n W) =0
o dm dn, p d ( l
27
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Vi daw, dw,
W [ W (2 Wa—mn Tm) +4W, dvn,}
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wodm dn (
Vi dé,
Pri—=—= (=g W +4W,)—
Vi M
d¥, 1 d4 dg,
= T35 4 T T . 29
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For liquid film in the case of saturated liquid,
2w 4y +44W"‘ =0 (27)
=M dn, dn,
dWYl) dWVI:| de\I
Wal2W,— +AW | = s
|: I ( i dn, : dny dni’
(28"

With equations (14)—(23) the physical boundary
conditions (7)—(13) for the subcooled liquid boiling
are transformed equivalently to the following ones
respectively :

e =0,
Wo=0. W,=0 6,=0 (30)
N =nsandn =0,
W., . = (pl,oo _pv.w>”2 (pl.c( —'pl.s> 1 W (31)
xls Do Dis .S
RN TS _ 14
W, = —025° (m) (”""‘V>
Prs V> Pvw
p __p — 14
X <wl'}~""—li> ( Wn‘srlvd '—4er‘,~.) (32)
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dwal e (pl.x —pv.w)”"‘ (ﬂu —m;) e
dmy fy-0 e\ Pus Prs
ne NEdW
% (‘LL) \84 (33)
Vis d?’]v no=1,
d6,
dm |y =0
_ /4
<M> I:hfg.uv.s( Wn,srlvh -4 va5)
[
a1y }
TEI A, e,
= ‘ (34)

_ /4 1;2
z..s(Ts—Ta(—” ve =P > (L>
pls vl.“f,

0, =1 (35)
0,=0 (36)

1 — o,
W.—0. 6 =0. (37)

With equations (14)—(18) or (19)-(23’), the
boundary conditions (7)—(13) for the saturated liquid
film boiling are transformed to the following ones
respectively :

7 =0,
va - 0! le - 0'- 0\/ = (30/)
p —p 2
v = N and m= Oa W\'Ls = <Ahp—li> Ww.s
(319

v 172 _ 14
Wais= —0.25&5<£.> <M>
Pis \Vi.x Puw

X ( W\'v.sr]vﬁ _4er‘s) (321)

dW\l
dn,

nm=0

_ [ﬂv.s (p,.I —BL_Y)M (VL Z)m aw.,
His Prw Vs dﬂy

] (33)
o=

, ds,
hfgluv‘s( W\'v.srlvﬁ —4va,s) +Av.s( Tw - Ts) d = 0
Mo lno=n.,
(34)
0,=0 (35
M — 90,
W, —0. 37)

3. TREATMENT OF VARIABLE
THERMOPHYSICAL PROPERTIES

For numerical calculation of the theoretical models,
the temperature-dependence of the thermophysical
properties of both vapor and liquid must be known.
From our previous work [§8], the temperature of vapor
medium in saturation, T, can be taken as the reference
temperature, and the thermophysical properties of
the vapor can be expressed by simple power law as
follows :
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(1)
2-(7) @)
(1)
=7
&)

According to the typical experimental values in ref.
[11], we obtain.the following equations of water with
the temperature range between 0 and 100°C [9]:

Sy = —8.01 x 10762 4+1.94%x 10731 4+0.56 (44)
and the absolute viscosity is quoted from ref. [12] as
U = 1072 exp (= 1.6 —1150/T+(690/T)*). (45)

By means of the definition of dimensionless vari-
ables n,, 6,, 1, and 8, in equations (14), (16), (19), and
(21), respectively, the corresponding thermophysical
property factors of the theoretical models are ex-
pressed as follows :

For vapor film,

P = —4.48 x 107312 4999.9 (43)

Sct initial values N, ;and W, |

g dn, - (TJT,—1)6,+1

Solve equations (24) — (26) with (30), (35)

and estimated values 0 5 and W, .

!

Calculate values Wois and W,,. .
With equations (31) and (32)

}

Solve equations (27) - (29) with (36), (37)
and calculated values le. . and W’I' .

:I Ny =Ny — AN, |

Iva, = va. s Ava, nl::

N/Both| (DW_-DW_) /DW, | <e\ N
and | (DT, - DT)) /DT, |<€?

Y

N/ BothDW,_ <DW,, Both DW,, >DW,_ \ N
and DT, > DT,? and DT, > DT,?

£ Yy

L] ns=nstAng |

|W =W_  + AW

xv, 8 xv, 3 xv, s

Print results

FiG. 2. The procedure chart of the calculation.
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1d o d
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de,
1 di nl(Tw/Ts_])dr,
Adn, T (T -6 +1 @)
N (TT= D041 (49)
For liquid film in the case of subcooled liquid,
1 dp, [ de.]
= | =2 x 448 x 10731 (r, —1,) —
pr dny ( “dn,
x(—4.48x107%7+999.9 "' (50)

1d 1150 _690° de
v"‘—(—T—z——z )(a—t»,‘)f' (51

ey day B T dn,

1 d4,
Ay dny

do
- [(_2>< 8.01x 10~/ +1.94 103’(’5*’*%7,1]
1

X (—8.01x107 %2 4+1.94x 1077t +0.562)"" (52)

where

= (t,—1,)0,+1,. (53)

4. NUMERICAL CALCULATION AND THE
RESULTS

4.1. Calculational procedure

The procedure chart of the calculation is shown in
Fig. 2. The values of n,; and W, of the vapor film at
the vapor-liquid interface are guessed first. These two
values combined with equations (30) and (36) are used
to solve the governing equations (24)—(26) in vapor
film, so as to obtain W, dW,,/dn,|, and df,/dy,|, at
the interface. With 5,5, W,,, and W,,,, values of W,
and W, can be calculated from equations (31) and
(32). Then, W, and W, together with the boundary
conditions (36) and (37) are used to solve the govern-
ing equations (27)—(29) to yield the values of
dW,/dn, and d6,/dn|, .. Equations (33) and (34)
are taken to adjudge convergence of the solutions for
the two-phase boundary governing equations, and the
calculation is successively iterated by changing the
values of W_,, and #,;.

The calculative procedure for the saturated liquid
pool film boiling is worked out in a similar way.

4.2. Numerical results with discussions

From ref. [8], the temperature parameters n,, n;
and n, of water vapor are 1.04, 1.185 and 0.003,
respectively. Such low values of n, makes it possible
to actually treat c, of vapor as a constant.

The numerical calculations have been carried out
at wall temperatures of 277, 477, 577, 727 and 827°C,
and ambient temperatures of 0, 10, 30, 50, 70, 90, and
100”C. The thermophysical properties needed in the
calculations at the above specified temperature for
both water and water vapor are taken from ref. [11]
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and summarized in Tables 1 and 2, respectively. Some
numerical results of velocity and temperature profiles
for the film boiling of subcooled saturated water are
shown in Figs. 3-6.

Figures 3 and 4 show the velocity profile at ambient
temperature 0, 70, 90 and 100°C, respectively. It is
clear that, boundary layer thickness and velocity com-
ponents of vapor film increase with increasing wall
superheated degree, (1,,—¢), or with decreasing sub-
cooled degree of bulk water, (1,—¢ ). The film thick-
ness and the velocity components in vapor film
increase more in the range of the low subcooled degree
(z,—t.)) than in the range of the high subcooled degree
(t.—t,.).

The temperature profiles at the same ambient tem-
perature as the velocity profiles are shown in Figs. 5
and 6, respectively. It is obviously known that for
a given subcooled degree the temperature gradient
do,/dn,|, -, decreases with the increase in the wall
superheated degree. It is necessary to emphasize that
the temperature profiles in the vapor film in this work
are quite different from those of other solutions with
constant thermophysical properties where the tem-
perature profile in the vapor film has the results
d%,/dy? > 0 [2, 6].

By comparison with the pool film boiling of sub-
cooled water, the vapor film thickness and velocity
component in the saturated water pool film boiling
increase greatly, because the heat transferred from
the flat plate is all used for the vaporization of the
saturated water.

The effects of the superheated degree on the surface
and subcooled degree of the liquid on the velocity and
temperature fields show that variable thermophysical
properties of both vapor and liquid film media have
great influence on the film boiling.

5. HEAT AND MASS TRANSFER

The heat transfer rate per unit area from the plate
to the vapor film for the pool laminar film boiling of
liquid can be expressed by Fourier’s law. Combining
equations (14) and (16), ¢, is expressed as

4,

q. = _’]w.w(tw - ls)(rltGr.\'vvs) l€’4x ’

n,=0

The local heat transfer coefficient on the surface will
be

do.

dn, (53)

o, = —j'v‘w(%er.s) IHX? :
n,—=0

The local Nusselt number, defined as Nu,, =
o.x/4, ., could be

do,

Nxv,w = - ( ,: Gr.\fv,s) i d"y

(56)

7,=0

This shows that the local heat transfer coefficient is in
direct proportion to dimensionless temperature gradi-
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Table 1. Density of water vapor at atmospherical pressure at different wall

temperature
t, (°C) 277 377 477 577 727 827
Puw (kgm™3) 0.338  0.2931 0.2579 0.2312 0.1996 0.1830

Table 2. Thermophysical properties values of water at different temperature

825

t, CC)
Pio (kgm™?)

v, (107°m2s™ 1Y)
A (10 WK Tm")

Pr,.

90.0
965.1
0.326
672.8
1.97

70.0
971.7
0414
659.5
2.57

30.0
995.8
0.798
615.1
5.42

50.0
988.1
0.554
640.5
3.57

0 10.0
999.8 999.8
1.792 1.308
562.0 582.0
13.44 9.42

100.0

958.4
0.296

677.3
1.76

xv

0.12
0.11
0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.03
0.02
0.01

ur g

2.5
0 0.5

n, m

1.0

F1G. 3. Velocity profiles for laminar film boiling of subcooled water. I-1I1: ¢, = 0, 70, and 90°C, respec-

tively; 1-5: 1, = 277, 377, 477, 577 and 727°C, respectively.

0.20 —
0.15 —
5
0.10 —
1
0.05 |~
o I I I I J
0 1 2 3 4
0 2 4
n, m

FiG. 4. Velocity profiles for laminar film boiling of saturated water. 1-5: ¢, = 277, 377, 577. 727 and 827°C,

respectively.
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n,

FiG. 5. Temperature profiles for laminar film boiling of subcooled water. I-11I: ¢, = 0, 70, and 90'C,
respectively ; 1-5: ¢, = 277, 377, 477, 577 and 727°C, respectively.

FiG. 6. Temperature profiles for laminar film boiling of
saturated water. 1-5: 1, =277, 377, 577, 727 and 827°C,
respectively.

ent —d6,/dn,|, - on the surface. The numerical solu-
tions for —d@,/dn,|, -, in both saturated and sub-
cooled conditions of water are described in Table 3
and plotted as Fig. 7. We get the following cor-
relation :

de,
d”v n=0

__exp [A+Bx107t,—1t)+Cx 10741, —1)%]
- 1,1, '
(57

For 0 < t,—t, < 30°C,
A =4.7356+7.407 x 10~ (1, — 1.,)
—74x107 %, —1. )

i
100
3 90
o 70
W
:>
— 2 b 50
> >
ol
1
-
i0
= le=0C \
3
0 | ] ] | |
0 200 400 600 800 1000
L, -1, [°C]

F1G. 7. Relation between —(d6,)/(dn,)l,, - and (£, —~1,).

B=10.1228—1.633x 10" %(¢,—¢,)
=271 x107%¢t,—1,)*
C =0.0086+1.092x 1073(t,—1t,))
—2.132x 1075(2,— 1, )™
For 30 < t,—t,. < 100°C,
A=355154301x1073(t,—1,.)—1.4x 1074+, — 1, )
B=—-01073-6.6x10"*,—1,)
+4.437x 107t~ 1, )*
C = 0.0069—7.812x1075(t,—1,)
—4.82x 1077 (t,— 1)

(58)

(59)

The calculated results by the correlation, equation
(57), compare very well with the corresponding rig-
orous numerical solutions.
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Table 3. Calculated results of —d#,/dn, |, - : (1) numerical solutions ; (2) from equation
(57) with equations (58) and (59)

=1, (OC)
t,—1,
0 0 10 30 50 70 9 100
217 (D) 0.5411 0.7733 14414 20672 2.6202 3.0810  3.2686
(2) 0.5410 0.7731 1.4410 2.0550 2.6540 3.1040 3.2344
377 (1) 04285 0.5621 09684 1.3734  1.7328  2.0381  2.1609
2) 04250 0.5612  0.9671 1.3639 1.7523  2.0512  2.1431
477 (1) 03531 04387 07054 09872 12416 14577 1.5472
(2) 03530 0.4383 0.7054 0.9819 1.2537 1.4690 1.5395
577 (1) 02997 03587 0.5438 0.7496  0.9384 1.0999 1.1686
(2) 03012 0.3586 0.5434 0.7456  0.9457 1.1088 1.1657
727 (1) 02433 02802 0.3954 0.5317 0.6607 0.7720  0.8211
(2) 02430 0.2800 0.3953  0.5293  0.6639 0.7785  0.8231
827 (1) 02158 0.2439  0.3313 04379 0.5412 0.6315  0.6688
(2) 0.2112  0.2435 0.3320 04364 0.5423  0.6367 0.6760
If G, is the mass flow rate of the liquid boiling 50 —
through an area 1 x X with unit width started from the
bottom of the plate on the vapor-liquid interface, the a0 -
mass flow rate through a unit area with unit width on -
the interface at the height x will be dG,/dx = ki
pv,s(Ww.s(dév/dx) - va.s)sa ie. ‘f 30
dG. 2(gx) | 2= —1 w9 = 0
= X — i
dx pV.S g pv.w XV,§ dx s ‘;
<
) 12 10
~2/(gx) (p"w —1> (3Gro )" “Wm] (60)
W 0
0 200 400 600 800 1000
where
t, -1, {°C}
5= 1 9 (P . 1- |/4x‘/“ ®1) FiG. 8. Relation between (1, W, ,—4W,, ) and (¢, —1,).
v v 4 v&.s pV W -
and
T-1/4 G,
dé" = 7‘] 5 l i pl~°° _1 7I‘x43/4 = %(%erv.s) lM('lvé va.s _4WVV.S)‘ (65)
de o L4 \pw /] Hos
The corresponding values are also plotted in Fig. 8.
da,
dx = fltnvé(‘llerv,s)— e, (62)
s 6. CONCLUSION
Hence equation (60) can be simplified as From the analysis and calculated results, the fol-
lowing points can be concluded.
daG, . . .
d 2 = (3Gl ) " (MesWes —4 W, )x ™' (63) 1. The dimensionless velocity components W, and
x W,, have been put forward in this work. As W and W,
The mass flow rate G, is the integral as follows: have definite physical meanings, the corresponding
’ solutions of the models can be understood easily.
* 4G 2. For the pool laminar film boiling of subcooled
G, =f d; dx. and saturated liquid, the vapor film thickness and
0 velocity components increase with increasing super-
Hence heated degree (¢, —1,) or with decreasing subcooled
! degree (z,—t,,) of bulk liquid. The increase of the
Ge =41 GGra) s W —4W,,.)  (64) velocity components and the thickness of the vapor

or in dimensionless form,

film become remarkably large when T reaches the
saturated temperature.
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3. The temperature gradient on the plate is steeper
with higher subcooled degree and/or with lower super-
heated degree (¢, —,) of the surface than that with
higher one.

4. The correlation, equation (57), will be useful for
prediction of wall heat transfer, Nu,, ,,, while equation
(65) is valuable to predict the mass transfer rate. Of
course, such prediction does not include the radiative
heat transfer across the vapor film, which needs to be
further investigated.
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