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Abstract-Pool boiling curves for inclinations of 0 (downward facing). 5’. 10 , IT’, 3@‘, 45”‘ and 9fY are 
obtained by quenching a 12.8”mm thick copper disk having a diameter of 50.8 mm in a pool of saturated 
water. Results show that nucleate boiling heat Bux decreases as the angle of inclination is increased. 
However, the decrease in nucleate boiling heat flux with inclination is more pronounced at lower wall 
superheats. Conversely, the transition boiling heat flux and both qcHF and q_,,., as well as the corresponding 
wall superheat, increase with surface jnc~jnation. The quenching time of a downward facing surface having 
an initial wall superheat of 160 K is about six times that for a 5” inclination and 23 times that for a 90” 
inclination. For all inciinations, quenching always begins at the lowermost position and propagates upward. 
The average quenching velocity of about 2.4 cm s-- ‘, is almost constant for fl > 45’, but increases rapidly 

with the decrease in surface inciinati(~I3 reaching appro~imatei~ 6.3 cm s- ’ at 0“. 

POW BOILING from the underside of Aat, downward 
facing and inclined surfaces is of interest in many 
engineering fields. An example in the chemical indus- 
try is the handling of hazardous fluids, such as 
propane, butadiene, ammonja. ethylene, and vinyl 
chleride, during a fire involving railroad tankers or 
storage tanks [;I. Another example is in the safety 
of Pressurized Water Reactors (PWRs), following 
a hypothetical cotnplete Ioss-of-cooIant accident, 
coupled with a failure of the emergency core cooling 
system. The process invo?ves a large quantity of 
molten core mixture (corium) which relocates to the 
bottom head of the pressure vessel. In such an 
accident, a safety concern is that the molten core 
corium could melt through the vessel head, and is 
discharged under high pressure steam on top, into the 
reactor cavity, below the vessel. One strategy currently 
being investigated to prevent thermal failure of the 
vessel bottom head is to flood the reactor cavity with 
water, which would serve as a heat sink. In this case, 
heat is conducted through the vessel’s stainless-steel 
wall and dissipated into the water. At low heat flux, 
heat is removed by natural convection, and as the heat 
flrux increases. pool boiling occurs at the outer surface 
of the vessel wall. However, the boiling heat transfer 
coeficicnt will depend on the angle of inclination and 
the curvature of the wall. Therefore, it ic important 
to determine the transient boiling heat transfer 
coctficicnt and critical heat fiux values for water as a 
function of angular position on the outer surface of 
the reactor vessel bottom head wail. 

Several pool boiling data for R-l 1, liquid nitrogen, 
liquid helium, and water have been reported in the 
nucleate and film boiling regimes for inclined and 

downward facing surfaces [f-10]; however, only few 
critical heat flux, qenr, and minimum fiIm boiling heat 
flux, q,:,, values and no transient boiling heat transfer 
data are available. It is worth noting that all the pool 
boiling data reported [l-lo] are for steady-state heat- 
ing ; hence, they might not be applicable to transient 
boiling conditions. 

For saturated water at atmospheric pressure, Mar- 
cus and Dropkin [8] have investigated the e&ct of 
inclination from 0 ’ (downward facing) to 90” (vertical) 
on the nucleate boiling heat transfer coefficient. More 
recently, the effect of surface orientation on nucleate 
boiling heat transfer has been extensively srudied by 
Nishikawa et ul. [9]. Their data for pool boiling of 
water from a flat copper plate orientated from 0” 
(upward facing) to 175” (inclined facing downward) 
showed that the nucleate boiling heat transfer 
coefficient at lower wall superheat increased with 
increasing jnc~ination angle, which is in agreement 
with the results of Marcus and Dropkin [8]. Nishi- 
kawa er al. [9] reported that there was no marked 
effect of surface orientation on the nucleate boiling 
heat transfer coefficient at high heat flux ; no data for 
the downward facing position were reported. 

The only qcxp and qrnie data available for water are 
those reported by Ishigai it nf. [lo], who in~~es~i~a~ed 
pool boiling from the underside of a downward facing 
flat surface in a saturated water pool at atmospheric 
pressure. They reported one data point each for qCHF 
and q,in for disk diameters of 25 and 50 mm, respec- 
tively. 

Because these experj~~ents [s--l@] have used the 
gradual, steady-state heating method to determine the 
boiling heat transfer coeficient in the nucIeate boiling 
and film boiling regimes for saturated water, no tran- 
sition boiling data were obtained. In addition to the 
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NOMENCLATURE 

specific heat [J kg ‘1 
diameter of the copper disk [m] 
energy stored in disk [J K ‘1 
thickness of the copper disk [m] 
average wall heat Aux [W m ‘] 
critical heat flux [W m ‘1 
heat flux at minimum filtn boiling 

T temper-~~turc fK] 

T, wait temperature [K] 

TV*, saturation temperature of liquid [K] 
t time [s]. 

Greek symbol 

P density of disk material [kg m ‘1. 

jack of transition boiling data, the rcsults of thcsc 

experiments. as indicated earlier, might not be appli- 
cable to the transient boiling condition, which is of 
interest to many ~n~in~erin~ applications and is the 

focus of this research. 
In the gradual heating tnethod the electric power 

to the heater is increased incrementally. After each 
increase, the input power to the heater is kept constant 
while its temperature continues to rise with time. 
eventually reaching steady-state. Depending on the 
size and material of the hcatcr it can take a long time 
(up to tens of minutcsf for the heater to reach steady- 
state. When steady-state is achieved, the surface heat 
flux is calculated from the measured temperature 
gradient in the heater near the surface, assuming a 
linear temperature profile and ncgligiblc cdgc losses 
from the sides of the heater. Whiic the former assump- 
tion is only true at steady-state, the latter could be 
realized when the sides of the heater are adequately 
insulated. Therefore, the gradual heating method is 
unsuitable for transient boiling experiments because 
the temperature profile in the heater near the surface 
will bc nonlinear and the thermal inertia of the heater 
will be difficult to accurately account for. resulting in 
error when deterrninil~~ the actual surface heat flux. 
Furthertnorc, because in the gradual heating method 
the input power is varied independently of the surface 
temperature. the transition boiling regime cannot be 

detected. 
Conversely. in the quenching method the thermal 

inertia of the surface is taken into account when dctcr- 
tnining the surface heat fl LIX. This is done by placing 
thcrnio~~)lfpics in the test section and close to the heat 
transfer surface lo detcf-mine the mean tefnperaturc 
of the heated disk. The disk is initially hcatcd up to a 
high temperature. then qucnchcd in a large pool of 
the boiling fluid. which is lil~~intained either at satu- 
ration or at a subcooled condition. Then the surf:dcc 
heat flux is determined from tl~c rate of change of the 
energy stored in the disk with time. Bccausc in the 
quenching method the surface heat flux is dependent 
ofi the surface teiilpcr~Iltire the transition boiling 
rcgimc is easily mcasurcd. 

In the present study the quenching method is used 
to determine the eftcct of surfaoc inclination on heat 
transfer in the various pool boiling regimes for satu- 
rated water at near atmospheric pressure (-0.086 
MPa in Albuquerque. NM). In the experiments the 

inclination angle is varied from 0 (horizontal facing 
downward) to 90 (vertical). 

EXPERIMENTAL SET-UP 

A schematic diagram of the experimental apparatus 
is shown in Fig. I. A Pyrex beaker. 25 cm high and 
I5 cm in diamctcr. is used to contain the s~tu~dted 
water. The beaker is insulated on the outside with a 
iibcr glass sheet wrapped in aluminum foil. A Corning 
PC100 electric hcatcr with a flat surface is used to heat 
the water in the beaker and the test section. Details of 
the test section are given in Fig. 2. 

The test s&ion is made of a copper disk 12.8 mm 
thick and 50.8 mm in diameter. The copper disk is 
cncascd in a water scaled Marinite C mold. Hccause 
of its low specific hcrzt and thermal conductivity, 
Marinite is used to insulate the copper disk on the 
sides and at the back surface. The mold is housed in 
a Bakelite skull for additional insulation. Five K-type 

t~~er~~oco~~ples arc used to measure the tcmperaturcs 
of the copper disk at several locations. Three ther- 
mocouples arc placed in the copper disk. I mm frotn 
the boiling surface, and the other two are placed in 
the disk. 3 mm from the insulated back surface (see 
Fig. 3). The orientation of the boiling surface is 
adjusted to the desired angle with the aid of an alu- 
minum support frame (see Fig. I). The test section is 
mounted to and disnlo~int~d from the support frame 
readily with a slide-and-lock mechanism. A high speed 
data acquisition and control system controlled with 
an 80486 personal computer is used for temperature 
lnonitorin~ and data acquisition. 

EXPERIMENTAL PROCEDURE 

The distilled water in the Pyrex beaker is degassed 
by keeping it boiling for about 15 min prior to per- 
forming the cxperimcnts. The procedures for the 
quenching tests are as follows. 

(I) Prior to each test. the heat transfer surfidce of 
the copper disk is polished using No. 1200 silicon 
carbide sand paper and then clcancd with acetone. 

(2) The test section is mounted onto the support 
frame and the heat transfer surface is oricntcd to the 
desired angte with respect to the water surface before 
the test section is heated up. In all experiments ther- 
mocouplc 3 is kept at the uppermost position and 
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Test Section 
\ 

Heater 0 
- . ) I_ -++_ _I * t (I *I - = 

Copper disk for 

Test section heating up 

Data acquisition 
system 

Fm. I. A schematic diagram of the experimental set-up 

thermocouple 1 is kept at the lowermost position (see 
Fig. 2). In this arrangement it is possible to determine 
the average velocity of the quenching front on the 
heat transfer surface from the thermocouple signals, 
as will be shown later. 

(3) The water level in the pool is adjusted such that 
the center of the heat transfer surface is initially at the 
same depth (57 mm) below the water level in the 

beaker after the test section is fully submerged in the 
pool. This depth changes slightly during quenching 
due to water evaporation. 

(4) The water pool is brought to full boiling by 
setting the Pyrex beaker on the surface of the electric 

, ‘, Thermocouples 

All Dimensions I” mm 

FIG. 2. A schematic of the instrumented test section. 

heater before submerging the test section into the 
pool. 

(5) To heat up the test section, a copper disk of the 
same diameter as the copper disk in the test section is 
placed on top of the heater surface. When the copper 
disk is heated up, the test section is placed on top of 
it and heated by conduction. This method is chosen 
to avoid burning the Bakelite skull of the test section 
by direct contact with the heater surface. The 
maximum temperature of the copper disk in the test 
section is limited to 533.-539 K before quenching to 
avoid surface oxidation in the air. 

(6) The heater is turned off and the data acquisition 
program is activated. Then the test section is lowered 
into the saturated water pool as a signal is given by 
the computer and quenching starts. Subsequently, all 
thermocouples, including those measuring the pool 
and the insulation temperatures (see Fig. 2). are 
scanned simultaneously once every 100 ms. 

RESULTS AND DISCUSSION 

The energy storage in the copper disk of the test 
section can be estimated from the measured mean 
temperature of the disk. In the experiment the mean 
temperature of the copper disk, T, Sr is calculated as 
the average of the five thermocouple readings in the 
disk. At a wall superheat of 160 K the maximum 
temperature difference among all thermocouples was 
about 2.2 K; it decreased to a minimum of about 
0.16 K at the minimum film boiling heat flux for 0 

inclination. The largest temperature difference among 
all thermocouples occurred at the critical heat flux; 
it reaches as much as 30 K at 90- inclination but 
decreases as the surface inclination is decreased. 

The energy storage in the copper disk is then deter- 
mined as 
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Since only one side of the copper disk is transferring 
heat to the water pool, the average surface heat flux 
at any instant can be calculated from the rate of 
change of the energy storage in the disk as : 

Experimental uncertainties in temperature measure- 

ments and inclination angles are about _t 0.15 K and 
* 0.5”, respectively. 

After quenching the test section in the saturated 
water pool a wavy, but stable, vapor film covers the 
entire heat transfer surface at high wall superheat. The 
vapor is seen escaping in large slugs from the edge of 
the disk (see Fig. 3). However, the release frequency 
of the vapor slugs from the edge of the disk, the 
quenching behavior, and the duration of stable film 
boiling varied with surface inclination. 

In all experiments, following vapor film desta- 
bilization and collapse, nucleate boiling always began 
at the lowermost position, as detected by ther- 
mocouple (TC) I. then propagated upward, as indi- 
cated by TCs 2 and 3. However, the time it took to 
quench the whole surface increased as the inclination 
decreased. These results will be discussed further later 

in the paper. 

Tme. t (s) 

(a) Inclined position 

FIG. 4. Effect of surface inclination on wall superheat during 
quenching. 

In Fig. 4, the wall superheat, AT,,,, is the difference 
between the mean wall temperature and the water 
saturation temperature in the pool. The mean wall 

temperature, Tw, is taken equal to the average readings 
of the three thermocouples placed close to the boiling 
surface (see Fig. 2). As shown in Fig. 4, the time 
needed to quench a downward facing surface having 
an initial wall superheat of 160 K (about 1300 s) is six 
times that for a 5’ inclination and 23 times that for a 
90” inclination. For comparison purposes the yuen- 
c’hing time is defined herein as the time it takes the 
fully suhmeyed boiling swfi2ce 10 reach the criticul 
heat ,flu.\- (CHF) or,f;w IdT/dtl to reach its peak value 
(see Figs. 5 and IO). As Fig. 4 shows, the quenching 
time increases moderately, from about 60 s to 105 s. 
as the inclination decreases from 90 to 30”, then it 
increases rapidly as the inclination angle is decreased 
below 30 However, the quenching time is more than 
doubled, from about 105 s to 230 s, as the inclination 
angle is decreased from 30 to 5 The steepest rise in 
quenching time (more than 600%, from approxi- 
mately 230 s to 1390 s) occurs as the surface inclination 
is decreased from 5 to the downward facing position. 
This dramatic increase in quenching time with 

(b) Downward Facing Position 

FIG. 3. An illustration of boiling behavior on an inclined 
surface. 

10’ 

m l 

Wall Superheat. AT,, (K) 

FIG. 5(a). Saturated water pool boiling data for a downward 
facing surface and comparison with the results of Ishigdi C[ 
ui. [IO] for a downward facing surface having a diameter of 

50 mm. 
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FIG. S(b). Saturated water pool boiling data for 10 incli- 
nation 

FIG. 6. A comparison of saturated water pool boiling data 
for all inclination angles. 

Id “““’ “““’ ““’ 
100 

-I 

WaU Superheat, AT,,(K) 

FIG. 5(c). Saturated water pool boiling data for 45 incli- 
nation. 

10’ 

Wall Superheat. AT,, (K) 

FIG. S(d). Saturated water pool boiling data for 90’ incli- 
nation. 

decreased inclination is reflective of the behavior of 
film boiling and affects not only qCHF and qmln, but 
also transition and nucleate boiling heat transfer, as 
discussed later. 

Figure 4 also shows that the difference in wall super- 
heat between minimum film boiling and CHF 
decreases as the inclination is decreased. These results 
reflect the fact that decreasing inclination prolongs 

film boiling, causing the wall superheat, and hence the 
energy stored in the disk, at the time of minimum film 
boiling to be lower. Subsequently, the wall superheat 
at CHF and the value of CHF is lower (see Figs. 5 
and 6). 

Eflect qf inclination on behacior ~$!f:film boiling 

Visual observations at an inclination of 90 show 
that a wavy, but stable, vapor film covers the whole 
heat transfer surface at high wall superheat. Vapor is 
seen to escape from the upper edge of the disk (see 
Fig. 3). As the wall superheat decreases, approaching 
the minimum film boiling temperature, the surface of 
the vapor film becomes less wavy. Below the minimum 
film boiling temperature, however, the surface of the 

vapor film becomes unstable. Eventually, the vapor 
film collapses locally, generating large vapor volumes 
over the heat transfer surface. Similar observations 
are made with other inclined surfaces. However, as 
the inclination angle is decreased, the duration in film 
boiling increases and the transition boiling becomes 
less violent. 

For a downward facing surface (0 = 0“) the 
behavior of vapor film is quite different from that at 
other inclinations. At high wall superheat a thick, 
wavy but stable vapor film forms on the heat transfer 
surface with vapor escaping from the edges of the test 
section. As the wall temperature drops, the vapor film 
becomes more stable and the frequency at which the 
vapor escapes from the vapor film decreases. When 
minimum film boiling is approached, the vapor film 
becomes so stable that the film surface is like a mirror. 

At this stage vapor no longer escapes from the vapor 
film and the surface temperature of the copper disk 
decreases slowly with time. After a long stand-still 
period (several minutes), the vapor film begins to swell 
and shrink periodically while the surface of the vapor 
film stays relatively flat. Eventually, the vapor film 
collapses as the wall superheat becomes too low to 
sustain a stable film boiling (see Fig. 3). 

Eflkct of inclination on boiling heat tran?fer 

The complete boiling curves for the downward fac- 
ing position (0’) and for inclination angles of lo’, 45 , 
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and 90 ‘, are presented in Figs. 5(a))(d), respectively. 
A close examination of these curves reveals the strong 
ctfect of the inclination on pool boiling heat transfer 
in all boiling regimes. For comparison the boiling 
curves for all seven inclination angles (0 . 5 , IO’, 15 . 
30 , 45-, and 90”) are plotted in a single graph in 
Fig. 6. Figure 5(a) compares the present experimental 
results with those of Ishigai er ul. [IO], for a downward 
facing copper disk having a diameter of 50 mm, in the 
film boiling and nucleate boiling regimes. Note that 
while thcrc is a reasonable agrccmcnt in these boiling 
regimes. the present results of (I~,,, and qln,,, arc lower 
than those of lshigai pt ~1. [IO]. This difference could 
bc directly related to the difference in the heating 

method used in the experiments. In the gradual heat- 
ing method used by Ishigai elf crl. [IO]. the steady- 
state values of both q<,,,, and q,,,, arc higher than the 
transient values obtained herein using the quenching 
method. 

The data presented in Fig. 6 show that the transition 
boiling heat flux and both q, ,,b and y,,,,,,. as well as the 
corresponding wall superheat, increase with surface 
inclination. Note that for a downward facing surface 
these heat fluxes are about an order of magnitude 
lower than those for the nearest inclination of 5’ This 
is because the former sustains stable vapor film for a 
significantly longer period than the latter (see Fig. 4). 
resulting in a lower minimum lilm boiling tempera- 
ture, which is indicative of the lower energy storage 
in the disk. As stated carlicr. such low energy storage 
at the time of destabilization and collapse of film 
boiling results in a lower transition film boiling and 
lower q,,,,. Conversely, the disk cools off rapidly in 
the nucleate boiling regime. resulting in the highest 
nucleate boiling heat Rux (see Fig. 6). 

As delineated in Fig. 6. while the critical heat flux 
decreases with decreased inclination, the angle of incli- 
nation has an opposite effect on nucleate boiling heat 
transfer. At the same wall superheat the nucleate boil- 
ing heat flux decreases with inclination angle, while 
the decrease is more pronounced at lower wall super- 
heats The effect of inclination angle on nucleate boil- 
ing heat flux at several wall superheats is shown in 
Fig. 7. Also plotted in this figure are the results of 
Nishikawa et ul. [9] from their boiling experiments for 
saturated water. Despite the difference in the heating 
method used. Fig. 7 shows a reasonable agreement 
between the nucleate boiling data of Nishikawa et trl. 
[9] and the present data at low wall superheat. At 
higher wall superheats (wall superheat of I4 K and 
18 K in Fig. 7) Nishikawa et ul. [9] reported no 
marked effect of surface orientation. However, the 
present data show a slight decrease in nucleate boiling 
heat flux with an increase in surface inclination. 

The effects of surface inclination on yc ,,,. and y ,,,,,, 
and the corresponding wall superheat are delineated 
in Figs. 8 and 9. In Fig. 8. the critical heat tlux and 
minimum film boiling heat flux arc plotted as func- 
tions of inclination angle. As this figure shows, both 
heat fluxes decrease gradually with the decrease in 

lncllnatton Angle, e (") 

FIG. 7. A comparison of nuclcatc pool boiling data wth that 
of Nishikawa cr 01. [9] as a function of inclination and wall 

superheat 

FG. 8. Etrcct of inclination angle on both q,.,,, and q,,,,,. 

FIG. 9. Effect of inclination angle on wall superheat cor- 
responding to qCIIb and y ,,,,“. 

inclination down to about 30 , below which a faster 
decrease in both critical heat flux and minimum film 
boiling heat flux occurs as the inclination is reduced 
to 5 ‘. Note the precipitous drop in these heat fluxes as 
the inclination is decreased from 5’ to the downward 
facing position. Figure 8 also shows that for Q > 5”, 
while both qcHk and qmln increase with inclination, the 
former increases at about twice the rate of the latter. 



Saturated pool boiling from downward facing and inclined surfaces 2115 

Plotted in Fig. 9 are the wall superheats cor- 

responding to the critical heat flux and minimum film 
boiling heat flux as functions of the inclination. Simi- 
lar to the heat flux, the wall superheats at both heat 
fluxes increase with increasing inclination, but at 
different rates. Note that the difference between the 
wall superheats at critical heat flux and at the mini- 
mum film boiling also increases with inclination. 

t@ect ~J’inclination on quenching front 

As indicated earlier, in the experiments the copper 
disk is submerged in the saturated water pool while 
TC 3 is kept at the uppermost location and TC 1 is 
kept at the lowermost positions (see Figs. 1 and 2). 
Therefore, a comparison of the temperature-time his- 
tory recorded by these thermocouples and that of TC 
2, located at the center of the disk, qualitatively shows 
the effect of inclination angle on the progression of 
the quenching process of the disk. Figures IO(a)-(c) 
present the time derivation of temperatures recorded 
by all three thermocouples for inclinations of 0”. 45”, 
and 90’, respectively. In all inclined surfaces, quench- 
ing begins at the lowermost location and propagates 
upward. These figures demonstrate that the wall 
superheat corresponding to the peak values of IdT/dt 1 
are slightly lower at 45’ than at 90’ inclination, but 

10 100 

Wall Superheat. ATat (K) 

FIG. 10(a). Cooling rate recorded by the surface thermo- 
couples as a function of wall superheat for 0’ inclination. 

Wall Superheat. AT,, (K) 

FIG. IO(b). Cooling rate recorded by the surface thermo- 
couples as a function of wall superheat for 45” inclination. 

Wall Superheat. AT,, (K) 

FIG. 10(c). Cooling rate recorded by the surface thermo- 
couples as a function of wall superheat for 90’ inclination. 

FIG. 11. Wall superheat at time of quenching as measured 
by surface thermocouples. 

are significantly lower at 0”. These peak values of 

IdT/dtl correspond to the critical heat flux, qCHF, at 
the respective TC locations at the boiling surface (see 
Figs. 10 and 11). Also, because of the very long period 
of stable film boiling for the latter, quenching begins at 
wall superheats that are about an order of magnitude 
lower than those for the former. 

Figure 11 plots the measured wall superheat at the 

time of quenching at the respective thermocouple 
locations vs the inclination angles of the boiling 
surface. As this figure shows, quenching always begins 
at TC 1 (lowermost), where wall superheat is the high- 
est, then it propagates upward to TC 2, then TC 3, at 
a progressively lower wall superheat. Figure I I also 
shows that the difference in the wall superheat at 
quenching between locations 1 and 2 and between 
locations 2 and 3 is almost the same, but decreases 
with reduced inclination and becomes insignificant for 
the downward facing position. The average quenching 
velocity, defined as the distance between the ther- 
mocouple locations I and 3 divided by the difference 
in quenching time, is plotted in Fig. 12 vs the inchna- 
tion angle. As this figure shows for 0 2 45”, the aver- 
age quenching velocity is almost constant at about 2.3 
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lnclhmtlon Angle. e (“) 

FIG. 12. Average quenching velocity as a function of incli- 
nation angle. 

cm s- ‘. At lower inclinations the average quenching 
velocity increases rapidly with decreasing inclination, 
reaching about 6.2 cm s-’ for the downward facing 
position (0“). 

SUMMARY AND CONCLUSIONS 

The effects of surface inclination on heat transfer 
in the different boiling regimes are studied exper- 
imentally by quenching a 12.8 mm copper disk having 
a diameter of 50.8 mm in a pool of saturated water at 
near atmospheric pressure. The following conclusions 
can be drawn from the experimental results. 

(1) Critical heat flux and minimum film boiling 
heat flux, as well as the corresponding wall superheat, 
increase with increasing angle of inclination. 

(2) In the nucleate boiling region, increasing sur- 
face inclination results in a decrease in heat transfer 

rate at lower wall superheats. At higher wall super- 
heats the nucleate boiling heat transfer coefficient 
decreases slightly with the inclination angle. 

(3) The critical heat flux and minimum film boil- 
ing heat flux for the downward facing position are 
significantly lower than those for other inclination 
angles. 

(4) Quenching time depends strongly on the angle 
of inclination. The quenching time for the downward 
facing surface is about six times that for 5’ inclination 
and 23 times that for 90’ inclination. 

(5) For all inclinations, quenching of the boiling 
surface always begins at the lowermost position and 
propagates upward. The average quenching velocity 
of about 2.3 cm s- ‘, is almost constant for 0 3 45 
but increases rapidly with the decrease in surface incli- 
nation. reaching approximately 6.2 cm s- ’ at zero 

inclination. 

REFERENCES 

I. D. S. Jung, J. E. S. Venart and A. C. M. Sousa, Effects 
ofenhanced surfaces and surface orientation on nucleate 
and film boiling heat transfer in R-l 1. Int. J. Hruf Maw 

2. 

3 

4. 

5. 

6. 

7. 

8. 

9. 

IO. 

Transfer 30, 2627-2639 (I 987). 
1. P. Vishnev, 1. A. Filatov. Ya. G. Vinokur. V. V. 
Gorokhov and G. G. Svalov, Study of heat transfer in 
boiling of helium on surfaces with various orientations, 
Heut Tramfer Re.s.-SW. Res. 8(4), 104- 108 (1976). 
L. T. Chen. Heat transfer to pool boiling Freon from 
inclined heating plate, Left. HCUI Mass Transfer 5, I I I 
120 (1978). 
C. Beduz. R. G. Scurlock and A. J. Sousa, Angular 
dependence of boiling heat transfer mechanisms in liquid 
nitrogen. In Advances in Cryogenic Erzginwring (Edited 
by R. W. Fast), Vol. 33, pp. 363-370. Plenum Press, New 
York (1988). 
P. M. Githinji and R. H. Sabersky, Some effects on the 
orientation of the heating surface in nucleate boiling. J. 
Heat Transfkr 85, 379 (1963). 
R. P. Anderson and L. Bova, The role of downfacing 
burnout in post-accident heat removal, Trans. Am. Nucl. 
Sot. 14,2944304 (I 97 I). 
N. Seki, S. Fukusako and K. Torikoshi, Experimental 
study on the effect of orientation of heating circular plate 
on film boiling heat transfer for fluorocarbon refrigerant 
R- I I, J. Heat Trunsfer 100, 624-628 (I 978). 
B. D. Marcus and D. Dropkin, The effecl of surface 
configuration on nucleate boiling heat transfer, Int. J. 
Heat Mass Tran.+r 6, 863-867 (I 963). 
K. Nishikawa, Y. Fujita, S. Uchida and H. Ohta. Effect 
of heating surface orientation on nucleate boiling heat 
transfer. ASME-JSME Thcrmcrl En,qn,y. Joint Conf. 1, 
1299136 (1983). 
S. Ishigai, K. Inoue, Z. Kiwaki and T. Inai. Boiling heat 
transfer from a flat surface facing downward, hr. Heat 
Transfkr Corzf:. Paper No. 26, 29 August-l September 
(1961). 

ETUDE EXPERIMENTALE DE L’EBULLITION EN RESERVOIR POUR DES SURFACES 
TOURNEES VERS LE BAS OU INCLINEES 

R&sum&Des courbes d’ebullition en reservoir pour des inclinaisons de 0” (face vers le bas), 5”. IO”, 15”, 
30”, 45’ et 90” sont obtenues en trempant un disque de cuivre de 12,8 mm d’epaisseur ayant un diamttre 
de 50,8 mm dans une eau saturtte en reservoir. Les resultats montrent que le flux thermique diminue quand 
Tangle d’inclinaison augmente. Niranmoins cette diminution est plus prononcte aux surchauffes de la paroi 
inferieure. Inversement, le flux thermique de transition en m&me temps qCHF et q,,,,” aussi bien que la 
surchauffe de la paroi augmentent avec l’inclinaison de la surface. Le temps de trempe d’une surface tour&e 
vers le bas, ayant une surchauffe initiale de 160 K, est environ six fois celui pour une inclinaison de 5” et 
23 fois celui pour 90”. Pour tomes les inclinaisons, la trempe commence toujours a la position inferieure 
et se propage vers le haut. La vitesse moyenne de trempe, de 2,6 cm s- ’ environ, est a peu pres constdnte 

pour Q > 45” mais elle augmente rapidement quand I’inclinaison de la surface decroit, pour atteindre 
approximativement 6,3 cm s-’ a 0”. 
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EINE EXPERIMENTELLE UNTERSUCHUNG DES GESATTIGTEN BEHALTERSIEDENS 
AN ABWARTSGERICHTETEN UND GENEIGTEN OBERFLACHEN 

Zusammenfaasung-Dutch Abkiihlen einer 12,8 mm dicken Kupferscheibe mit einem Durchmesser von 
SO,8 mm in einem mit gesattigtem Wasser gefiillten Behllter ergeben sich Siedekurven fur folgende 
Neigungswinkel: 0” (nach unten gerichtet), 5”, IO”, 15”, 30”, 45” und 90”. Die Ergebnisse zeigen, da8 
die Warmestromdichte beim Blasensieden mit steigendem Neigungswinkel abnimmt. Die Abnahme der 
WIrmestromdichte mit zunehmendem Winkel ist bei kleineren Warmestromdichten ausgeprlgter. Dagegen 
steigt die W~rmestromdichte beim ~bergangssieden, wie such die maximale und die minimale Warme- 
stromdichte und die zugehiirige ~dnd~~rhitzung, mit dem Neigungswinkel an. Die Abkiihlzeit einer 
nach unten gerichteten Oberfhiche mit einer an~nglichen Wand~~rhitzung von 160 K betrggt unge~hr 
das 6-fache der urn 5” geneigten und das 23-fache der urn 90” geneigten F&he. Bei allen Winkeln 
beginnt die Abkiihhmg immer an der untersten Stelle und schreitet nach oben hin fort. Die mittlere 
Abktihlgeschwindigkeit von ungefahrt 2.6 cm s-’ ist fur Winkel f? 2 45” nahezu konstant; sie wlchst 

jedoch fiir kleinere Neigungswinkel stark an und erreicht schli&lich 6,3 cm s- ’ bei 0”. 

3KCI-IEPMMEHTAJIbHOEHCCJIE~OBAHHEOB~EMHOI?OKHIIEHHd B 
HACbIIIIEHHOH mMAKOCTU HA OBPAIIIEHHbIX BHM3 HAKJIOHHbIX 

IIOBEPXHOCTIIX 

AiutoTarum-IIpn 3aKanKe MenHoro DucKa ~ojlm~~ofi 12,8 MM n nriaMe’rpoM 50,8 MM B 6onbIuoM 

o6iaenne ~ac~eHHo~ sonb~ nonysetrr;r KpKpesbxe KnneHBK arm yrnoe naKnona, c~aan~mux 0 
(n~,~e~yeMaa no~pxH~Tb 06panrena Bw3), 5”, lo”, IS”, 30”, 45” u 90”. Pe3yabrarbi noaa3bxaa~T, YTO 
TCEInOBOii I‘OTOK npir ny3~pbKOBOM KHneHEH yMeHbDIaeTCK C POCTOM Lydia Ha~~OHa,~nqeM 3Ta TeH- 

Ae?iUilri 6onee BbIpaxeHa lIpI% MZiJIbIX TerUIOBbIX IIOTOKBX. He~a~~oHapH~~ x(e TelUIOBOii IIOTOK, a 
TBK%Ze qurn. qMHH A COOTBeTCTByto,.UHii Epei-per, CTeHKB BO3paCTaNJT C yBW‘WK?HHeM HaXnOHa E,OBepX- 

HOCTA. BpeMn 3aKElXKA o6pameunoii BHH3 IIOBepXHOCTH C HaYanbHbiM lIepfXpt%OM CXHKH, paBHblM 160 

K, nOYTn B WecTb pa3 6onbure,ueM npw yrne HaKnOHa,COCTaBnKMx.ueM 5",)1: II 23 pa3a 6onbme,qeM 
npa yrne naxnona 9w.,Qm ncex yrnoe IiaKnoHa npouecc 3aKanKB HawHaeTcn cHn3y B pacnpocrpae- 

IleTCIl BBCPX. CpCnHKX CKOpOCTh 3aKtlJlKEI, COCTaBJlKlOlUaR OKOJ’IO 2,6 CM * C-l, tIOYTU IIOCTORHHa r~p&i 

@B45", HO 6bICTpO nOBbIILIaeTCK c yMeHbIlleHueM HaKJIOHa noBepxeocTH, JlocTuraR npuMepH0 6,3 
CM c-l npu 0”. 


