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Abstract--Film boiling from a downward-facing curved surface in saturated and 5 K, 10 K, and 14 K 
subcooled water was investigated experimentally. Local and surface average Nusselt number correlations 
developed for both saturation and subcooled conditions were within + 10% of data. Surface rewetting in 
saturation boiling was hydrodynamically driven, but thermally driven in subcooled boiling. Consequently, 
surface rewetting in the former occurred earlier at higher qmin ; the critical film thickness prior to rewetting, 
however, was higher than that at 10 K and 14 K subcooling, but lower than at 5 K subcooling. Surface 
rewetting occurred first at lowermost position, 0 = 0 °, then sequentially at higher inclinations. For satu- 
ration boiling, the critical film thickness was ~ 85 #m and 180 pm at 0 = 0 ° and 8.26 °, respectively. For 
subcooled boiling at 0 = 0 °, the critical film thickness (~ 50 #m) was smaller ; it increased, however, with 

increased inclination and decreased subcooling, reaching ~ 175 #m at 0 = 8.26 ° and 5 K subcooling. 

INTRODUCTION 

Film boiling heat transfer from inclined, downward- 
facing flat surfaces [1-8] and on the inside or outside 
of curved surfaces is of interest in many fields. For 
example, film boiling on the inside of curved surfaces 
is important in thermal management of cryogenic 
liquids in ground storage tanks and for handling of 
storage tanks of hazardous and liquid chemicals dur- 
ing a fire. In these applications, it is desirable to 
achieve film boiling at low wall heat flux in order to 
avoid pressurization and explosive rupture of the 
tanks. Other applications include cooling of electric 
cables by pool boiling of liquid helium in supercon- 
ductivity research and the telecommunication industry 
and passive cooling of the lower head of an ad- 
vanced light water reactor pressure vessel by boiling in 
an underlying water pool following a core meltdown 
accident [9-11]. In these applications, knowledge of 
the maximum heat flux and the minimum film boiling 
surface heat flux (qmin), and corresponding wall super- 
heats as well as of film boiling heat transfer is impor- 
tant for design purposes and for establishing oper- 
ation and safety margins. 

Film boiling from curved surfaces has not received 
much attention ; only little work has been reported for 
inclined and downward-facing flat surfaces. Ishigai et 

aL [1] pioneered the work on film boiling from flat 
downward-facing fiat circular copper plates, 25 and 
50 mm in diameter, in saturated water. Jung et al. 

[2] and Seki et al. [3] investigated film boiling from 
upward-facing and downward-facing flat surfaces in 
saturated R-11 ; Seki et al. [3] for saturated R-11 at 2 
bar. Seki et al. [3] reported that qmin for the downward- 
facing position was much lower than that for the 

upward-facing position, The film boiling heat flux 
values for R-11, however, were consistently lower than 
those for water, which Jung et al. attributed to the 
difference in physical properties of the two liquids. 
Neither Ishigai et al. nor Jung et al, reported values 
for qmin or corresponding wall superheats, (mTsat )mi  n ; 
only one value each was reported by Jung et al. [2] 
showed film boiling heat flux to increase with 
increased inclination angle from 0 = 0 ° (downward- 
facing) to 0 = 180 ° (upward-facing). The vapor film 
for downward-facing surfaces was much more stable 
than for inclined and upward-facing surfaces, delaying 
rewetting and resulting in much lower film boiling 
heat flux [2, 4, 5]. These investigations of film boiling 
from downward-facing and inclined flat surfaces [1-3] 
used steady-state heating and were only for saturation 
condition; few data is available for fiat and inclined 
surfaces in subcooled water [4, 5]. 

Guo and EI-Genk [4, 5] and EI-Genk and Guo [6] 
performed quenching experiments using a flat inclined 
surface, 50.8 mm in diameter and 12.8 mm thick, in 
saturated and subcooled water (5, 10, 15 and 20 K 
subcooling) at 0 of 0, 5, 10, 15, 30, 45 and 90 ° (ver- 
tical). The film boiling results agreed qualitatively with 
those in refs. [1-3]. The values of qmin and (AT~at)mi n 
increased as liquid subcooling increased. These results 
as well as those of other investigators [1-3] are, 
however, not applicable to pool boiling from down- 
ward-facing curved surfaces, for which, to the best of 
the authors knowledge, there is very little experimental 
data available [7, 8]. 

Recently, E1-Genk et al. [7] and E1-Genk and Gle- 
bov [8] performed quenching experiments, which 
employed three copper sections of the same diameter 
(50.8 mm) and surface radius (148 mm), but of differ- 
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NOMENCLATURE 

exponents, equations (3) and (10) A T~ub 
surface area [m 2] e 
coefficients, equations (2) and (29) 0 
specific heat [kJ kg- i  K J] v 
diameter of test section [m] p 
frequency of vapor release [s-~] a 
acceleration of gravity [9.81 m s 2] 
heat transfer coefficient [W m-2K ~] r 
latent heat of vaporization [kJ kg- ]] 
modified latent heat of vaporization, 
{hfg+O.5C,,,.AT~t} [kJ kg '1 
Jacob number, Cp,.AT~,/h~g 
thermal conductivity [W m-~K t] c 
Nusselt number, {q. D/(k~. AT~a,} or ev 
(h ' O/k 0 fB, f 
surface heat flux [MW m 2] 1 
radial coordinate min 
Rayleigh number, NC 
{g D3[{pt-  Pv},/Pvl/V~Xv} o 
radius [m] p 
time [s] few 
temperature [K] R 
volume [m3]. s 

Sat 
Sub 
v 

W 

Greek symbols 
ct thermal diffusivity [m 2 s i] 
6 vapor film thickness [m] 
A6 amplitude of vapor film oscillations 

[m] 
AT~,t wall superheat [Tw- T~at] [K] 

water subcooling (Tsa t - -  T p )  [K] 
emissivity 
local inclination [~] 
kinematic viscosity [m 2 s 1] 
density [kg m-  3] 
Stefan-Boltzmann constant 
[5.669 x 10 8 W m-ZK 4] 
dimensionless time, ( t -  to)/(trew-- tO). 

Subscripts 
B released vapor from edge of boiling 

surface 
critical 
evaporation at l iqui~vapor  interface 
film boiling, liquid 
liquid 
minimum film boiling 
natural convection 
initial or at the beginning of quenching 
water pool 
rewetting 
radiation 
curved surface 
saturation 
subcooled 
vapor 
boiling surface, wall. 

Superscripts 
surface average. 

ent thicknesses (12.8, 20 and 30 mm). Local and aver- 
age pool boiling curves were obtained for saturation 
and 5, 10 and 14 K water subcooling. The maximum 
and minimum film boiling heat fluxes, which increased 
with increased subcooling, were independent of wall 
thickness > 19 mm and Biot number >0.8 and 0.008, 
respectively, indicating that boiling curves for the 20 
and 30 mm thick sections were representative of quasi 
steady-state, but not those for the 12.8 mm thick 
section. 

The objective of this work was to investigate film 
boiling heat transfer in the experiments of E1-Genk 
and Glebov [8], using the data of the 20 mm thick 
section. Experimental data and video images of boil- 
ing surface were analyzed to determine: (a) the 
quenching mechanism of film boiling in saturation 
and subcooled boiling, (b) the effect of water sub- 
cooling on local film boiling heat flux, vapor film 
thickness, and rewetting time, and (c) qmi,, (mTsat)min 
and the critical film thickness, prior to surface rewet- 
ting, as functions of local inclination on the surface 
and water subcooling. The local and surface average 
Nusselt numbers were also correlated in terms of Ray- 
leigh and Jacob numbers, for both saturation and 
subcooling conditions. 

EXPERIMENTAL SETUP AND PROCEDURES 

The experimental setup and procedures detailed in 
[7, 8], are only summarized herein. The copper section 
[Fig. l(a)] had eight, K-type thermocouples (TC1- 
TCS) placed ~0.5 mm from the boiling surface, to 
provide temperature data for subsequent deter- 
mination of the local and average pool boiling heat 
fluxes and surface temperatures in the various boiling 
regimes, and three thermocouples placed ~5  mm 
from the top surface (TC9-TC 11). The copper section 
mounted in a water sealed Marinite C insulation mold 
was housed in a cylindrical Bakelite skull for 
additional insulation and handling. The Marinite 
mold and the Bakelite skull were machined at the 
surface to the same curvature as the boiling surface in 
order to avoid edge effects influencing the release of 
vapor [Fig. 1 (a)]. 

The quenching tank had large glass windows on 
four sides for visual observation. To observe the entire 
boiling surface during quenching, a water sealed mir- 
ror was mounted at a 45 ° angle at the bottom of the 
tank. Prior to each test, distilled water in the tank was 
mixed thoroughly and degassed by boiling for about 
15 min. Also, the surface of the copper section was 
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Fig. l. (a) Cross-sectional view of instrumented test section. (b) Measured temperature distribution near 

the boiling surface during quenching. 

polished using No. 1200 Silicon Carbide sand paper 
then cleaned with acetone. To avoid surface oxi- 
dization before quenching, the surface was wrapped 
in aluminum foil while being heated on a hot plate to 
about 510 K. The test section was then submerged 
into the water pool, ~ 40 mm below the surface. When 
the depth of water varied below 40 mm, the effect was 
negligible; larger depths were not considered, 
however, because of the small tank size. 

During quenching, all thermocouples were scanned 
sequentially once every 100 ms and their recording 
time adjusted for the interval ( ~  9 ms) between read- 
ings to obtain simultaneous temperature measure- 
ments. The raw temperature measurements had high 
frequency, random oscillations, due to electric equip- 
ment. In order to remove these oscillations without 
unduly degrading the underlying information, 
numerical filtering (or smoothing) of the raw tem- 
perature data was performed [8] using a method simi- 
lar to that described in [12]. After numerical filtering, 
the measured temperatures near the boiling surface 

were used, in conjunction with a two-dimensional 
(r, z) transient solution of heat conduction in the cop- 
per section during quenching, to determine the local 
and average pool boiling heat fluxes and surface tem- 
peratures [7, 8]. 

Determination of pool boiling heat flux 
The two-dimensional, transient heat conduction 

equation in the copper section was solved numerically 
using, as a boundary condition, the recorded tem- 
peratures near the boiling surface (TCI-TC8) during 
quenching [Fig. 1 (b)], to derive the local surface heat 
fluxes and surface temperatures [7, 8]. The times listed 
in Fig. l(b) are measured from the beginning of 
quenching in the saturation boiling experiments, start- 
ing at a wall superheat of 135 K. The numerical solu- 
tion employed a fully implicit alternating direction, 
finite control volume (CV) method, (20 x 20) cal- 
culation grid, and a convergence coefficient of 10 -6. 
When a (30 x 30) grid and/or a smaller convergence 
coefficient were used, computation time increased sig- 
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nificantly with negligible changes in the calculated 
values of the pool boiling heat flux and surface tem- 
perature. 

The temperatures within the copper section were 
calculated at the center and the heat flux at the boun- 
daries of the control volumes. The local heat flow 
at the boiling surface was determined from the heat 
balance in the control volumes (CVs) bounded by the 
boiling surface. The local pool boiling heat flux was 
then determined by dividing the calculated heat flow 
by the corresponding surface area of the control 
volume. The local surface temperatures were deter- 
mined from the parabolic extrapolation of the cal- 
culated temperatures at centers of CVs in the three 
rows near the boiling surface. The surface average 
pool boiling heat flux was determined by dividing the 
calculated total heat flow from the boiling surface by 
the total surface area. The average wall temperature 
was determined from the integral of the local wall 
temperatures over the entire boiling surface. The error 
in numerical calculations, determined from the overall 
energy balance after each time interval, was less than 
1.0%, and the difference between calculated and mea- 
sured temperatures by TC9-TCI 1 was about -t-0.5 K. 
The overall uncertainties in the local and average film 
boiling heat flux, determined using the method out- 
lined in [13], were _+ 9% and _+ 4%, respectively. More 
details on the numerical solution are given in [14]. 

RESULTS AND DISCUSSION 

Experimental results presented in this section show 
the effects of water subcooling on both local and sur- 
face average film boiling curves and the critical film 
thicknesses prior to surface rewetting. The local film 
boiling curves presented are the average of two sep- 
arate tests performed at the same conditions to con- 
firm the reproducibility of experimental results [7, 8] ; 
results were reproducible to within _+ 5%. 

Visual obser~ations 
Visual observations and video images of film boiling 

revealed that the surface was covered initially by a 
stable vapor film [Figs. 2(a), 3(a) and 4(a)]. The desta- 
bilization and collapse of film boiling, resulting in 
surface rewetting, were hydrodynamically driven in 
saturation boiling [Figs. 2(b), 4(c) and 4(d)], but ther- 
mally driven in subcooled boiling [Fig. 3(b)]. In satu- 
ration boiling, all the heat released from the surface 
was consumed in vapor generation. The vapor flow 
under the effect of tangential gravity component 
caused the film to be thinnest at the lowermost posi- 
tion and thickest near the edge [Fig. 4(a)]. At high 
wall superheat, intermittent releases of vapor from the 
periphery of the swelled film caused the vapor-liquid 
interface to oscillate repetitively [Figs. 2(b), 4(b) and 
4(c)], then fully stabilize as excess vapor in the film 
was released [Figs. 2(a) and 4(a)]. The average volume 
of released vapor increased, but the release frequency 
decreased as the surface temperature decreased with 

~11) ~ 4 ~  F ~  ~ i n g  ( 5 I'~al- 120 K) 

b) l~ilm ~ (N1~45  k ) 

~i ̧ ~ 

Fig. 2. Photographs showing the destabilization and collapse 
of saturation film boiling. 

time in film boiling. Eventually, film oscillations, fol- 
lowing the release of vapor, destabilized film boiling, 
forcing surface rewetting [Figs. 2(c) and 4(d)]. 

In subcooled boiling, however~ only a fraction of 
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Fig. 3. Photographs showing the destabilization and collapse 

of subcooled film boiling. 

the heat released from the surface was consumed in 
vapor generation ; the largest fraction was conducted 
through the vapor film to the underlying water pool 
to be removed by natural convection. Vapor generated 
at the lower positions on the surface accumulated at 

(a) Stable Vapor Film 
Vapor 
Slug 

(b) Vapor Release from 
Edge of Vapor Film 

Boiling 

(c) Oscillating Vapor Film 

Surface -x Oscillating 
Rewetting Vapor Film 

(d) Surface Rewetting 
Fig. 4. Illustration of saturation film boiling on a downward- 

facing curved surface. 

higher locations, increasing the film thickness. At 10 
and 14 K water subcooling, no vapor was seen released 
from the periphery of the vapor film. At 5 K subcool- 
ing, however, vapor release from the edge of vapor 
film only occurred at high wall superheat [Figs. 3(a) 
and 4(a)]. As the surface temperature dropped, less 
vapor was generated and the film thickness continued 
to decrease due to condensation. Eventually, the 
vapor film in the inner portion of the surface, where 
it is thinnest, collapsed locally [Fig. 3(b)], then surface 
rewetting propagated radially outward. 

As indicated later, the rewetting time (or duration 
of film boiling) of ~ 273 s in saturation boiling was 
much shorter than in subcooled boiling (415 s-678 s). 
In subcooled boiling, the decrease in rewetting time 
with increased water subcooling, resulted in smaller 
film thickness prior to rewetting, but higher minimum 
film boiling heat flux. In transition boiling, vapor 
nucleation in the inner portion of the surface was 
more coarse [Fig. 2(c)] than in subcooled boiling [Fig. 
3(c)]. Also, transition boiling was accompanied by 
frequent vapor release from the edge of the copper 
surface [Fig. 2(c)]. In subcooled boiling no vapor 
release was observed at the beginning of transition 
boiling at high wall superheat [Fig. 3(c)]. 
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M i n i m u m  p o o l  boi l in9  

Figures 5(a) and (b) show that qm~n and (AT~a0m,, 
both increased with increased subcooling; higher 
water subcooling caused film boiling to quench earlier. 
The minimum film boiling heat flux also increased 
with decreased inclination, 0. The values (ATsat)mi,,, 
however, were independent of 0 because the high ther- 
mal conductivity of the copper stimulated lateral con- 
duction near the surface, resulting in a uniform surface 
temperature [Fig. 5(b)]. In saturation boiling, the 
minimum film boiling heat flux was significantly 
higher than that at 5 and 10 K subcooling, but only 
slightly lower than that at 14 K subcooling. As indi- 
cated earlier, because film boiling destabilization in 
saturation boiling was hydrodynamically driven, sur- 
face rewetting occurred earlier, at both higher heat 
flux and wall superheat. 

Fi lm boi l in  9 co r re la t i ons  

The local film boiling Nusselt number was cor- 
related in terms of the Rayleigh number and Jacob 
numbers as : 

N u  = C ( R a / J a )  ~. ( 1 ) 

This correlation is similar to that obtained for laminar 
film boiling on an isothermal sphere using integral 
boundary layer analysis [15], except that the 
coefficient "C" and the exponent "a" are functions of 
0 as follows : 

C = exp (C] • 0+  C2), (2) 

and, 

a = al • O + a 2 .  (3) 

For saturation boiling, these coefficient are: C~ = 
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0.806, C2 = -2 .882 ,  al = -0 .0366  and a2 = 0.366. 
For  water subcooling, 5 K ~< ATsub ~< 14 K, these 
coefficients were correlated as follows : 

C~ --- 0 . 9 8 4 -  1.02 x 10 -6 exp (0.954ATsub) (4) 

C2 = - 8 . 0 -  1.74 × 10 -2 exp (0.31AT~ub) (5) 

al -- - 0 . 0 4 5  +8.75 × 10 -7 exp (0.74ATsub) (6) 

a2 = - 0 . 5 7 5 + 8 . 8 6 5  × 10 -4 exp (0.30ATsub). (7) 

As shown in Figs. 6(a) and (b) the coefficient " C "  
[equation (2)] increased with increased inclination 
angle, but  decreased with increased subcooling [Fig. 
6(a)]. Conversely, the exponent " a "  in equat ion (1) 
decreased with increased inclination, but increased 
with increased water subcooling [Fig. 6(b)]. Figure 
7(a) shows that the correlation for the local Nusselt  
number,  equation (1), is within + 10% of  the data. 
Note  that the validity of  equat ion (1) is limited to the 
present data for which AT~ub < 14 K. 

Similarly, the surface average Nusselt number for 
saturation and subcooled boiling (ATsub < 14 K) was 
correlated as 

Nu = B(Ra/Ja)  b (8) 

where, B = 4.8 and b = 0.162 for saturation film boil- 
ing. For  subcooled boiling, the coefficient B and the 
exponent b are 

B = 6.53 x 10 -2 - 3 . 9 3  x 10 -3 exp (0.20ATsub) (9) 

b = 0 .34+ 1.66 x 1 0 - '  exp (0.506ATs~b). (10) 

As shown in Fig. 7(b), the correlation of  the average 
film boiling Nusselt number [equation (8)] is in agree- 
ment with experimental data to within + 5%. 

Rewett ing time 

As shown in Figs. 5 and 8, there is a direct cor- 
relation between the values of  both qmi, and (A Tsat)mi n 

and the rewetting time. Figure 5(a) and the insert in 
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Fig. 7. (a) Nusselt number correlation for local film boiling heat transfer. (b) Nusselt number correlation 
for surface average film boiling heat transfer. 

Fig. 8(a) show that in subcooled boiling lower qm,, 
and (AT~a0mm were always associated with longer 
rewetting time. Unlike q,,~,,, the rewetting time 
increased as the local inclination on the boiling 
surface, 0, increased or water subcooling decreased. 
The insert in Fig. 8(a) compares the rewetting time 
measured for the lowermost position (0 = O) at satu- 
ration and at different water subcooling. The smallest 
rewetting time of 273 s was for saturation film boiling, 
followed by that for 14 K subcooling (415 s), then 
increased to 506 s and 678 s at 10 K and 5 K subcool- 
ing, respectively. These times were measured in exper- 
iments starting at a wall superheat of 135 K. 

In order to examine the progression of rewetting on 
the surface, the rewetting time is normalized to that 
at the lowermost position and results plotted in Fig. 
8(a). The slowest progression of surface rewetting 
occurred at saturation and the fastest at 14 K subcool- 
ing. For example, in saturation film boiling surface 

rewetting at 0 = 8.26 occurred about 285 ms after 
the lowermost position (0 = 0"). At 14 K subcooling, 
however, surface rewetting at the same location 
occurred only about 115 ms after the lowermost 
position. 

Determination oJfilm thickness and volume o[released 
vapor 

During film boiling, thermal energy is transferred 
from the metal section surface to the liquid-vapor 
interface by conduction and radiation; convection is 
negligible due to the low vapor flow relative to the 
surface. Because the initial surface temperature at 
quenching (~513 K) and the emissivity of copper 
(0. t) are relatively low, the radiation contribution was 
small compared to that by conduction. Therefore, the 
average vapor film thickness in film boiling can be 
expressed as [17]: 
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where, 

and, 

3re(t) = kv/[hfa-O.75/~R] (11) 

hra = ( .~u ' kv /D)  (12) 

--4 4 /~R = e~r(Tw - -  Tsat) /A~sat  (13) 

e = {l/e++ l/e,-- 1}- ' .  (14) 

In equation (14), the water emissivity, eL, was taken 
equal to 0.95. The local film thickness can also be 
expressed in terms of the local heat transfer 
coefficients as 

6ra(O, t) = kv/(hrB--O.75hR) (15) 

where, hr, and ha are the local film boiling and radi- 
ation heat transfer coefficients, respectively. Equation 
(15) applies between releases of vapor from the edge 

of the boiling surface. The average volume of released 
vapor, VB(t), is determined from the mass balance 

VBfpv = (qevA/h'fg)+pvA(d6m/dt).  (16) 

Since the average film thickness changes slowly with 
time, the second term on the right hand side of equa- 
tion (16) is negligible compared to the first term, thus 

VB(t) = [(glevA)/(fpvh'fg)] (17) 

where, 

qo+ = ~ma L~,-hNca Lub. ( 1 8 )  

The natural convection heat transfer coefficient from 
the vapor-liquid interface to the underlying subcooled 
liquid pool is determined from the following cor- 
relation for a heated, downward-facing fiat surface 
[181 
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hNc = 0.27(kf/D)[([lgALubD3)/Vr~r] °25. (19) 

Equation (17) is rearranged to give the following gen- 
eral expression for VB 

VB(t) = BJa(Ra/Ja)b[A~/(Df)]  

- [hycAA T~obi'(./~ovh'rg)]. (20) 

In saturation boiling, the second term on the right 
hand side of equation (20) drops out, thus : 

VB~,,(t) = BJa(Ra/Ja)b[Ac~,./(D[')]. (21) 

In equations (20) and (21), the vapor release fre- 
quency is determined from the video images of the 
boiling surface during quenching. The video recording 
speed was about 60 field s ~, thus the reported fre- 
quencies in Fig. 8(b) are accurate to within 0.016 Hz. 
As indicated earlier and shown in Fig. 8(b), at 5 K 
subcooling, intermittent release of vapor from the 
edge of the vapor film was only observed at high 
wall superheat (AT~a, > 105 K). In saturation boiling, 
however, vapor release continued until surface rewet- 
ting occurred. The insert in Fig. 8(b) presents esti- 
mates of vapor release volume for saturation and 5 
K subcooling. At 5 K subcooling, while the average 
volume of released vapor was larger, the release fre- 
quency was lower than at saturation. The vapor 
release frequency for 5 K subcooled boiling was sig- 
nificantly lower than that for saturation film boiling. 
In saturation film boiling, the vapor release frequency 
decreased from ~ 2.9 Hz at the beginning of film boil- 
ing (at wall superheat of 135 K) to about 0.8 Hz prior 
to rewetting at AT~,t ~ 80 K [Fig. 8(b)]. The vapor 
release frequency at 5 K subcooling decreased from 
an initial value of ~ 1.2 Hz to zero at z = 0.4; a 
dimensionless time, r, of unity corresponds to surface 
rewetting. 

Film boiling curves 
Figures 9(a)-(d) compare the experimental values 

of local (at three locations) and surface average film 
boiling curves for saturation and 5, 10 and 14 K sub- 
cooling. The minimum film boiling heat flux at 14 
K subcooling was higher than at saturation, while 
(ATsat )mi  n for saturation boiling was higher than at 14 
K subcooling. For lower subcooling, the values of qm~, 
and (AT~,0mm as well as of the film boiling heat flux 
were much lower and increased with increased water 
subcooling. The values of qmi, also increased with 
decreased inclination on the surface, (ATs,t)mi,, 
however, were independent of local inclination (Figs. 
5 and 9). The film boiling heat flux also increased 
with decreased inclination due to the reduction in film 
thickness. 

Vapor f i lm thickness 
Figures 10(a)-(d) show the dependence of film 

thickness, calculated from equation (15), on wall 
superheat at four different locations on the surface, at 
saturation and 5, 10 and 14 K subcooling. The film 

thickness all along the surface decreased with 
increased water subcooling, but increased with 
increased inclination due to vapor accumulation. For 
example, at ATsa, = 100 K, the vapor film thickness 
for 14 K subcooling increased from ~ 90 #m at 0 = 0 
to ~ 160/~m at 0 = 8.26". At lower subcooling, the 
rate of heat removal by natural convection from the 
vapor film decreased, causing the film thickness to 
initially increase. At 5 and 10 K subcooling, the film 
swelled significantly at higher locations due to the 
accumulation of vapor generated at lower positions. 
The film thickness increased with decreased wall 
superheat, reaching a maximum when the rate of heat 
release from the surface became equal to that removed 
by natural convection from the vapor-liquid interface. 
Beyond this point, film thickness decreased, as the 
wall superheat decreased, due to condensation. Figures 
10(a)-(d) show that at 0 = 8.26 ~ and 5 K subcooling, 
the maximum film thickness of ~ 280/~m occurred at 
a wall superheat of 75 K. At higher subcooling of 10 
K, this film thickness decreased to ~240 ~tm and 
occurred at a higher wall superheat of ~90 K [Fig. 
10(d)]. At 14 K subcooling, no swelling of the vapor 
film occurred because of the relatively higher rate of 
heat removal from the film by natural convection in 
the water pool. Eventually, surface rewetting occurred 
when the film thickness reached a critical value, which 
was dependent on water subcooling and local incli- 
nation on the boiling surface. Because of the inter- 
mittent vapor release in saturation film boiling, the 
swelling of the vapor film was negligible compared to 
that which occurred at 5 and 10 K subcooling [Figs. 
10(a)-(d)]. 

Figures l l(a)-(g) show the vapor film thickness 
profiles, calculated from equation (15) for 5, 10 and 
14 K subcooling, at wall superheats of 130, 115, 100, 
85, 70, 60 and 50 K and at the minimum film boiling 
(or surface rewetting), respectively. For all wall super- 
heats and water subcoolings, the vapor film thickness 
was lowest at the lowermost position on the surface 
and increased in the direction of vapor flow toward 
the edge of the copper surface. At ATsa, = 130 K, 
the film thickness for all values of water subcooling 
investigated was almost the same at the lowermost 
position, but increased with decreased subcooling at 
higher inclination on the surface. As ATsa, decreased 
to 70 K, the difference in film thickness due to water 
subcooling increased. Further decrease in A T~a, caused 
the values of the vapor film thickness for 5, 10 and 14 
K subcooling to decrease and become closer. 

Critical vapor f i lm thickness 
As indicated in Figs. 10(a)-(d), in saturation 

boiling at the lowermost position on the surface 
(0 = 0°), the critical film thickness prior to rewetting, 
6c, is ~ 50+5/~m, and almost independent of water 
subcooling. This film thickness, however, increased 
with increased inclination on the surface, but with 
decreased water subcooling. For instance, at 
0 = 8.26 °, 6c increased to ~ 104, t40 and 175 pm at 
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water subcooling of 14, 10 and 5 K, respectively [Figs. 
11 (h) and 12]. 

As delineated in Figs. 8(a), 10-12, in saturation 

boiling rewetting at the respective locations on the 
surface occurred at high wall superheats, tic, however, 
was higher than those for 5, 10 and 14 K subcooling. 
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For saturation and subcooled boiling, 6c increased 
with increased inclination on the surface. For ex- 
ample, 6c for saturation boiling increased from ~ 85 
/ma at 0 = 0" to as much as 180 pm at 0 = 8.26'. 
At 0 = 8.26', 6c for 14, 10 and 5 K subcooling was 

104, 140 and 175 pm, respectively. Figure 12 also 
shows that the difference between c5~ values at various 
inclinations on the surface decreased with increased 
subcooling. The present results confirm the critical 
vapor film thickness concept [16, 19, 20] for rewetting 
in pool boiling from downward-facing surfaces. Fig- 
ure 12 shows that the values of 6c for 0 < 4.94 ° at 
saturation to 0 < 6.6 ° at 14 K subcooling, lie between 
the predictions of the wave theory of Chang [20] 

and the hydrodynamic instability theory of Berenson 
[18] for film boiling on a flat plate facing upward. 
At higher surface inclinations, the present values of 
6~ are higher than that predicted by the hydro- 
dynamic theory [19]. The lower the inclination angle, 
however, the closer are the present values of the 
critical film thickness to the predictions based on 
the wave theory [20]. 

SUMMARY AND CONCLUSIONS 

Film boiling heat transfer from a downward-facing 
curved surface in saturated and 5, 10 and 14 K sub- 
cooled water was investigated. The local and surface 
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average Nusselt  numbers were correlated in terms of  
the Rayleigh and Jacob numbers, for both saturation 
and subcooling condit ions;  the correlations were in 
good agreement with the data to within _ 10% and 
_ 5%, respectively. 

In saturation film boiling, the rewetting time ( ~ 273 
s) was much shorter than in subcooled boiling (415 s-  
678 s). The decrease in rewetting time with increased 
water subcooling, resulted in a smaller critical film 
thickness and, hence, higher minimum film boiling 
heat flux and corresponding wall superheat. Results 
demonstrated a direct correlation between the values 
of  both qmin and (ATsat)mi n and rewetting time. Lower 
qmm and (A Tsat)mi . were always associated with longer 
rewetting time and larger 6c. The rewetting time and 6c 
increased as either the local inclination on the boiling 
surface, 0, increased or water subcooling decreased. 
The values of  qmin and (ATsat)min both increased with 
increased subcooling. The film boiling heat flux also 
increased with decreased inclination, while (ATsat)mi n 
was independent of  surface inclination. 

The shortest film boiling durat ion in saturation 
boiling was caused by early collapse of  vapor  film and 
rewetting of  the surface, triggered by the oscillations 
(or hydrodynamic instability) induced by vapor  
release from the edge of  the film. In subcooled boiling, 
however, the collapse of  the vapor  film and rewetting 
of  the surface were thermally driven. Surface rewetting 
occurred first at the lowermost  position, 0 = 0 °, then 
sequentially at higher inclination positions. For  satu- 
ration boiling, 6c was 85 #m at 0 = 0 °, increasing to 
180 pm at 0 = 8.26 °. For  subcooled boiling at 0 = 0 °, 
the critical film thickness ( ~  50 pm) was smaller and 
weakly dependent on subcooling;  it increased, 
however, with increased inclination and decreased 
subcooling, reaching ~ 175/~m at 0 = 8.26 ° and 5 K 
subcooling. 

The critical film thickness for 0 < 4.94 ° at satu- 
ration to 0 < 6.6 ° at 14 K subcooling, fell between 

the predictions of  the wave and the hydrodynamic 
instability theories for film boiling on a flat plate fac- 
ing upward. The critical film thickness at higher sur- 
face inclinations were larger than predicted by the 
hydrodynamic theory. At lower inclination, however, 
the critical film thickness were closer to the predictions 
of  the wave theory. 
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