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Abstract--An analysis is presented for stable, laminar, free-convection, film-boiling heat-transfer from an 
isothermal, horizontal, flat circular plate facing downward and submerged in a saturated liquid. 

The mathematical techniques of boundary-layer theory are used, and the continuity, momentum, and 
energy equations for the vapour phase are solved numerically using an explicit difference technique. 

Results are obtained for saturated water at atmospheric pressure and at plate temperatures at 
450-105WC and plate diameters up to 250mm 

NOMENCLATURE 

cp, specific heat at constant pressure; 
D, diameter; 
Gr, Grashof number:  
g, gravitational acceleration: 
H, reference length; 
h, heat-transfer coefficient: 
k, thermal conductivity; 
Nu, Nusselt number:  
Pr, Prandtl number; 
q", heat flux: 
R, dimensionless radial coordinate; 
Ro, dimensionless plate radius; 
r, radial coordinate; 
ro, plate radius: 
7", temperature: 
A~,  wall superheat, T ~ -  T~: 
t, time; 
U, dimensionless velocity component in the 

x-direction; 
u, velocity component in the x-direction; 
V, dimensionless radial velocity component; 
v, radial velocity component; 
X, dimensionless axial coordinate; 
x, axial coordinate. 

Greek symbols 

0{. 

6, 
2, 

O, 
p., 
p, 
T. 

thermal diffusivity; 
coefficient of volume expansion of vapour; 
vapour film thickness; 
latent heat of vaporization; 
modified latent heat of vaporization, 
;. + cpA T,/2. 
dimensionless temperature: 
viscosity: 
density; 
dimensionless time. 

Subscripts 

I, liquid; 
s, saturation; 
w, wall; 
,5, interface. 

Superscripts 

after a time step At; 
average value. 

I. INTRODUCTION 

SINCE Bromley's pioneering work in film boiling was 
published in 1948 [1], many studies were conducted in 
that area. Geometry of the heating surface was a key 
variable in these investigations. This ranged from 
horizontal wires, tubes, and flat plates; to vertical 
cylinders and plates; to spheres and hemispheres. 

One of the few geometries that remains practically 
uninvestigated is the flat horizontal plate facing down- 
wards. It is the purpose of the present work to analyse 
stable film boiling heat transfer from downward facing 
flat horizontal plated, when placed in a saturated liquid. 

Chang [2] presented a wave theory of film boiling 
heat transfer. He suggested that a certain similarity 
existed between small, vertical and downfacing, plates. 
Bromley [3] showed that for vertical plates, the Nusselt 
number for film boiling is given by 

Nu = 0.62[(Gr' Vr)(O.4+2/cpAT~)] 1:4. 11) 

lshigai et al. [4] conducted an experimental study 
of pool boiling from downward facing plates of different 
diameters to saturated water. They noticed that burn- 
out occurred at a much lower heat flux than that for 
plates facing upward. As the plate diameter increased 
the heat flux dropped appreciably in all regions of the 
boiling curve. 
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Githingl and Sabersky [5] investigated the effect of 
orientation of the heating surface on pool boiling of 
isopropyl alcohol up to burnout. The} concluded that 
the heat flux at the burnot, t point for the plate facing 
downward is several times lower than that facing 
upward. 

Anderson and Bova [6]. studied the effects of plate 
diamcter and ,,,,'all st, pcrhcat on pool boiling of 
Frcon-l l  up to burnout. They concluded that as the 
plate dianaeter increased (up to one foot), the average 
burnout heat flux decreased. 

2. A N A I , Y S I S  

It is assumed in the present analysis that the vapour 
tilm forms under the plate surface and flows from the 
center towards the plate edge and up around the 
periphery where it is discharged. No effort is made to 
include the effect of vapour discharge on the flow 
pattern near the edge. The flow induces a horizontal 
movement in the liquid at the liquid- vapour interface 
due to the viscous friction encountered between the 
two phases. 

Basic model and assuniption.~ 
Consider a horizontal circular plate at a uniform 

lower surface temperature T~,.. Fig. 1, immersed in a 
saturated liquid at "l~. The plate surface temperature 
is higher than the Leidenfrost temperature of the liquid, 
enough to sustain stable film boiling. 

LIDU[O- VAPDR -! SATURATEO LIOUIC S INTERFACE 

VAPOR 

SATURATED CIRCULAR 
LIOUID DISC 

T$ . 

F'K;. l. Proposed model for film boiling 
from a downward facing circular plate. 

Heat is transferred from the plate to the liquid- 
vapour interface by conduction, convection, and radi- 
ation through the vapour film. All the energy leaving 
the plate surface reaches the interface and is used 
totally to form vapour. The vapour flows radially 
toward the edge of the plate in the form of a thin 
vapour film and is eventually released. 

The following assumptions are made, 
1. The vapour film is thin and the flow of vapour 

beneath the plate is laminar and incompressible. 
2. End effects are not considered. 
3. The thin vapour film is treated as a laminar bound- 

ary layer. 

Governing equations 
The lime dependent continuity, momentum, and 

energy cquations in the x-direction are given in cylin- 
drical coordinates with the following simplifications, 
1. There is complete symmetry in the 0-direction. 
2. (2u.."dx2 and g(p. , - f i )  are neglected in comparison 

with other terms of the momentum equation. 

Continuity 

{~l" l" CU 
• + + -~  = 0 121 

¢'t r r ( .\" 

Momentum 

[?u du du ~ [?a u 
r ) = - f l p ~ g ( T -  

l,V} 
(3) 

Energy 

pep[ -- + r ..... + u - ] = k  + (4) 
[.?t Pr dx./ r g r \  ~Pr/ Px- I" 

Although the primary goal is to obtain the stead)' 
state solution of the problem for which ?u/& and ?T.:g't 
are both zero, one way such a solution may be achieved 
is by considering the unsteady state problem already 
formulated above. Successive steps in time may then 
be rcgarded as successive approximations toward the 
final steady state solution. The initial and boundary 
conditions are. 

f o r t = 0 :  u = t : = O .  T =  T, (5) 

fort  > 0 :  at r = O .  t ' = 0  

at x = 0.  u = ~' = O. T = T,~. 16) 

~'~T I 

a t x = 6 .  - k c x ,  .~o=P) '*u 's '  T =  E. 

We have a system of partial differential equations 
and associated boundary conditions. These are solved 
by an explicit difference method [7]. 

Dimensionless equations 
The following dimensionless forms of temperature. 

space coordinates, velocity, and time are used, 

T -  "L 

r 
R = -- (8) 

H 

/ B ) i 
x = \ # ~  .x 19) 

[,,H y 
c =  \ ~ }  ,, i101 

v=(-~'-Y \ B ~ t H /  r ( 1 II 

r = t (121 ~t,H / 
where: B = constant [ - q p . d T -  ~)[]], and H -- arbi- 
Irary reference length. 
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Substituting equationso(7)-(12) into equations (2)-(4), 
we get the following system of dimensionless partial 
differential equations, 

OU ~V V 
a x  ~ - g + g  = 0 (I3) 

8U ~U c?b' [82U 1 ?U \ ?~-+C~-~+V ~,R~C4~+~-~+CO) (14) 

O0 __gO+ O0 020 Ct 80 
- v - -  = + ( 1 5 )  
~?~ + U OX ~R 3X 2 R ?R "~. 

C = - - -  (16) 
. 

C1 = (17) ;.o, "*I I 1 4--"' , ,  
i 

p n  2 \otBJ 

where: 

Initial and boundary conditions, 

for ~=0,  U = V = O = O  

for z > 0 ,  at R=O,  V = 0  

at X = 0 ,  U = V = O , O = I  

at the interface, 

where: C5 - - -  

O0 x = O  -C5  ~-~ = U~, 0 = 0 

k(T,~- T~) 

pft*0~ 

(18) 

(19) 

(20) 

(21) 

lax 
9 .  

2(0) e(i,~) 

(,.o) (,',0 O.zJ 

Numerical solution 
The space of investigation is divided into m and n 

grid spacings in the X and R directions respectively 
as shown in Figs. 2(a, b). Let F '  denote the value of 
the variable F at the end of a time step AT, as shown 
in Fig. 3. An appropriate set of finite difference equa- 
tions corresponding to equations (13)-(15) is, 

V( i , j ) -V ( i , j - 1 )  U( i+ l , j ) -U( i , j )  V(i,j) 
+ A x  = 0 (22) AR 

U'(i , j)-  U(i,j) ~- U(i,j) U(i+ l , j ) -  U(i,j) 
At AX 

+ V(i,j) U( i , j ) -  U( i , j -  1) 
AR 

= C4 U(i,j+ 1)-2U(i , j )+ U( i , j -1)  
( A R )  2 

C4 V( i , j ) -  U ( i , j - l )  
+ CC40'(i,j) (23) 

R(j) AR 
O'(i,j)- Off, j) Off+ l , j)  - O(i,j) 

+ U(i,j) 
At AX 

O(i,j) - O(i,j - 1) 
+ V(i,j) 

AR 

O(i+ l , j ) -20( i , j )+O( i - l , j )  C10( i , j ) -O( i , j -1 )  

(AX) ~ R(j) AR 
(24) 

During any one time step Az the coefficients 
U(i,j), V(i,j), and R(j) are treated as constants. At the 
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2(c) 

FIG. 2(a). Vertical cross section in the plate, vapour film. 
and saturated liquid. 

Fro. 2(b). The space grid• 
FIG. 2(c). Linear temperature distribution near the plate 

axis. 

tt U 

 Vxc-]J 
FtG. 3. Time-step block diagram. 

end of any time step the new temperatures and velocity 
components 0', U', V' at all interior grid points may 
be obtained by successive application of equations 
(24), (23), (22) respectively. This process is repeated, 
and provided the time step is sufficiently small, U, V, 0 
should eventually converge to values which approxi- 
mate the steady state solution of equations (13)-(15). 

Temperature distribution along the plate axis 
Since the vapour film thickness beneath the plate 

centre is not zero, an approximation is introduced to 
evaluate the temperature along the axis. The tempera- 
ture distribution in the radial direction is assumed 
linear between the axis and the two nodal points in 
the same horizontal level next to the axis, Fig. 2(c), 
thus, O(i,O)= 200, 1)-0(i ,  2). 

Determination of the liquid-vapour interface 
The position of the interface can be located by satis- 

fying the boundary conditions at the interface which 
are, 

80 x=o = U,~, 0 = 0 .  - G a  ~ 
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F'IO. 4(b) .  Variation of upward veloci D component w i t h  
depth, T,. = 1050=C.  

Local/tear flux and heat-tran.~lbr coefficient 

~'T i q"(r) = - k 
.'~" x :- () 

hence ,  

¢'(RI:-kaT,( &'t 
\ p : z H  / "c:~X : o  

h(R) = q"(R):AZ = - / , ( ' - . - B - - ' I ~  ( 0  

At'eraqe heat flu.'( and heut-wan:;ler co~c~ciel,t 
1 fR,, 

q"(Ro)= RI~ o q"(R)dR 

h-(Ro) = Ro .  h(R)dR. 
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F't(;. 5(b). V a r i a t i o n  o f  radial  ve loc i ty  wi th  depth .  
7-. = 1050'C.  

The average heat flux and heat-transfer coefficient 
(25) 

for any plate of radius Ro is calculated by integrating 
equations (27), (28) using the trapezoidal rule [8]. 

126) 
3. RFS[!LTS AND DISCI. 'SSION 

T h e  boundary-layer equations (13) (15) are solved 
numerically for water at a range of wall temperatures 
of 450-1050°C and plate diameters up to 250mm. 

(27) Typical velocity and temperature profiles are shown on 
Figs. 4-.-7. The vapour film thickness distribution, and 

(28) local and average heat-transfer coefficient and heat flux 
are shown on Figs. 8- 12. 
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FIG. 8. Effect of surface temperature on film thickness distribution. 

i 

to 

The effect of thermal radiation is not included in 
these results. This effect is considered negligible at 
T,. = 450°C. As the wall temperature is increased, 
radiation should be taken into consideration. It is 
expected therefore that the presented results may 
underestimate the value of heat-transfer rates at higher 
surface temperatures. It is conceivable, however, that 
the increased vapour generation rate, due to radiation, 
may be offset by the reduction in heat conduction due 
to increased film resistance. 

At any depth X, the distribution of the vertical 
velocity component, Fig. 4, shows that U decreases 
with radial distance. Since U is directly related to the 
evaporation rate at the interface, it is to be expected 

that as the evaporation rate drops, the value of U 
decreases. It can be seen in Fig. 9 that the heat-transfer 
coefficient decreases with the radial distance, thus 
reducing the evaporation rate. 

When Fig. 4(a) and 4(b) are compared U is seen to 
increase with wall superheat, due to the increase of 
heat flux, hence evaporation rate as seen in Fig. 12. 

The radial velocity component V, Fig. 5(a, b) in- 
creases from zero at the wall to a maximum then 
drops to a low value at the interface. The velocity V 
increases with radial distance as the total vapour flow 
increases. The wall superheat has a similar effect on V 
due to increased vapour generation rate. 

The temperature distribution in the axial direction, 
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FIG. 13. Compar i son  with experimental  data on boil ing from downfacing 
plates. 



27~ M .  M. I".~,R'~H-',I a n d  I: E.  X' l .~t)ttol  I 

I$01 

-{ i 

*'~ -. 

',°! 

Q: r io  I 

00[ • 

so i 

fO  ( I ;  

i 

.~_ .__ ._ - .~ .~  
,, i . . • 

~ 0 0  g O 0  500 600 7 0 0  $ 0 0  900 ~000 

FIo. 14. Variation of average heal-transfer coefficient with 
plate dimension for vertical plates and horizontal plates 

facing downwards. 

160 - -  

o 

t g (  

• t 3 C  

ft #, - -  

¢c Lu 

~: aoi- 

i 
~ so 

30 

20  
2O 

\ . , .  // r w = ~50 *c 

. , ~  ~ " ~ .  . , /  l i - 1 0 5 0  

'----2 
~tOOtgO~,rAC SURF*aCE ; a . * N 6  DOWNWARD 

rw = toso °c 

, i , / ~  1.50 

i ! l I ' i I 
J0 to 50 r~ zo 80 9o t~  T~o t~0 IJO 14o 

RADIAL DISTANCE OR PLATE HEIGHt',ram 

I.tt;. 15. Comparison of the effect of wall super- 
heat on average heat-transfer coefficient for 50-mm, 
vertical plates and horizontal plates facing down- 

wards. 

Fig. 6, is nonlinear because of the convective effects. 
The dimensionless temperature decreases from its 
maximum value of 1.0 at the wall to its minimum 
value of zero at the interface. The temperature dis- 
tribution in the radial direction is given on Fig. 7, at 
several fixed depths. 

The film thickness distribution is shown on Fig. 8. 
The thickness increases rapidly near the plate axis then 
s l o w s  down further away. As the film thickness in- 
creases, resistance to heat transfer is increased. Con- 
sequently the rate of evaporation at the interface is 
reduced and the rate of thickness increase is diminished. 
This is reflected on the radial temperature distribution, 

Fig. 7. which tends to assume ail as.~mplotic x:ilt~c :it 
a given depth. 

The temperature gradtent at the wall J~, ~,cen from 
Fig. 6. to decrease with plate radiu.,,, hence Ihc heat 
flux and heat-transfer coefficients decrease m the radial 
direction as can be seen frorn Figs. 9 12. The I.',pical 
l i lm portions of the boiling cur,.e for a heated plate 
facing downwards are gi,.en in Figs. I1 and 12. 

Figure 13 shows the reported experimental data of 
boiling from down facing horizontal plates. ()nl.~ those 
data of lshigai et al. [ 4] ccmtain some data points in 
the lilm boiling region. These are higher than our 
calculated results. One of the possible reasom, i~ our 
neglect of radiation heat transl'cr. That doe,, not ,,eem. 
howe~er, to account for tile obser,,ed difference. The 
authors of [4] reported a ~,trong dependence c,f their 
results on the end effects. The\ used an unheated ring 
on the plate periphe D. to a~ Did that efteel. 

This decreased the burnout heal flux appreciably. A 
doubling of the ratio of outside diameter of the un- 
heated plate to that of the heated plate resulted in a 
decrcase of burnout heat flux of more than 50",,. In 
our analysis, end effects arc neglcctcd and this mav 
well explain the lowered ,, alue of our results, over those 
reported m [-4]. 

4. ( O N ( ' I , L  f ) I N ( :  R E M A R K S  

It is interesting to try to answer two important 
questions. (1) Does film boiling from ~ertical phites 
have any similarity to thai from downward facing 
plates? (2) Are heat-transfer coefficients for both 
geometries comparable for small size plates? 

There is a definite resemblance between the two 
geometries in film boiling. The ~apour tilm grows 
gradually from the lower part {verticalk or central part 
(horizontal) of the plate until it reaches the edge. and 
is released upwards to the bulk liquid. The temperature 
profile, and the distribution of tile velocity component 
parallel to the plate in both geometries behave similarl$.. 

The distribution of the velocit~ component normal 
to the plate surface is different in either case. While 
U decreases monotonically from the interfiicc to the 
plate wall in case of the ,,crtical plate, it peaks inside 
the ',apour film for the case of a downward tilting 
plate. Gravit~ plays an important role in that respect. 

Heat-transfer coefficients, however, are quite differ- 
ent. The results of Bromley's equation ( 11 are compared 
to the results of the present analysis for plates of 
similar dimensions immersed in ~,aturated ,aater, Fig. 
14. It is clear that for the same wall superheat, average 
heat-transfer coefficients R)r vertical plates are ~,e~eral 
times higher than those R~r phites fiicing downwards. 
It can also be seen from Fig. 15 that whereas heat- 
transfer c¢mfficients increase with wall superheat for 
plates facing downwards, they decrease slightly [or 
vertical plates. 

It may thus be concluded that ~elocity and tempera- 
ture profiles in film boiling from plates facing down- 
wards bear some similarity, to those from the xertical 
plate, but the heat-transfer coefficients arc quite 
differcnt. 
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TRANSFERT THERMIQUE AVEC EBULLITION STABLE EN FILM POUR UNE 
PLAQUE PLANE HORIZONTALE TOURNEE VERS LE BAS 

R ~ u m e - - O n  presente une analyse de la convection naturelle, stable, laminaire pour une ebullition en 
film contre unc plaque circulaire, isotherme, horizontale tourn6e vers le bas et submerg6e par un 
liquide satur6. 

On utilise les techniques math~matiques de la theorie de la couche limite et on resout num6riquement, 
par une methode de difference explicite, les ~quations de continuite, de quantit6 de mouvement et d'~nergie. 

Des r6sultats sont obtenus pour l'eau saturee ~ la pression atmosph6rique, des temp6ratures de paroi 
entre 450~C et 1050-C et pour des diam~tres de plaque allant jusqu",i 250 mm. 

W~,RMEOBERGANG BEI STABILEM FILMSIEDEN AN DER UNTERSEITE 
EINER EBENEN, HORIZONTALEN PLATTE 

Zusammenfassung--Es wird fiber eine Untersuchung des W',irmefibergangs bei stabilem, laminarem 
Filmsieden bei freier Konvektion an der Unterseite einer isothermen, ebenen, kreisf6rmigen, in ges~ittigte 
Flfissigkeit eingetauchten Platte berichtet. Es werden die mathematischen Methoden der Grenzschicht- 
theorie angewandt; unter Verwendung einer expliziten Differenzentechnik werden die Kontinuit~its-, 
Impuls- und Energiegleichung for die Dampfphase numerisch gel6st. Ffir ges~ittigtes Wasser unter 
atmosph~irem Druck werden Ergebnisse ffir Plattentemperaturen yon 450°C bis 1050~C und Platten- 

durchmesser bis zu 250 mm angegeben. 

TEH.rIOOBMEH H P H  OBTEKAHHH HYIOCKOITI FOPH3OHTAIIbHOiTI 
HJ IACTHHbl  B YCJIOBHSIX YCTOITIttHBOFO H J I E H O q H O F O  KHFIEHH~I 

AIIIIIOTalIII~- AHa.rlH3HpyeTcfl FIpOHeCC TerlnOO6MeHa OT H3oTepMHqeCKOI~, FOpH3OHTaJ'IbHO pacno- 
.rIOX~eHHOg Kpyr.rlo~ HJIaCTHHbl, rlorpyXeHHOi:i B XKHJIKOCTb rlpH .rlaMHHapHog CBO6OJIHOg KOHI~KHHH 
H ycrol:ItlHBOM FI,rIeHOtlHOM KHFIeHHH Ha rloBepXHOC'rH. I'lpH aHaJlid3e HCIlO.rlb3yeTCg MaTeMaTI4"tIeCKa$1 
MOEleJ1b TeOpHH FIOFpaHHtIHOFO CJIO$1 ; C noMollIblO $1BHOFO pa3HOCTHOFO MeToB.a qHCJIeHHO ~ILleHbl 
ypaBHeHH~l Hepa3pblBHOCTH, KO.rlHqeCTBa JIBHXeHH~I H coxpaHeHHg 3HepFHH JUI~I IlapoBol~ (~a3bl. 
l-lonytleHb! pe3ynbTaTbl jl.rl~I HacbimetmoR SO;lbl rips aTMOC0pepHOM ~aaneHttH, TeMnepaType nnac- 

THHbl OT 450 JlO 1050°C H ~HaMCTpOM ruIaCTHHbl AO 250 MM. 


