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Abstract-To investigate in detail the effect of surface configuration on nucleate boiling heat transfer, the 
experiment of nucleate pool boiling of water at atmospheric pressure from a copper flat plate whose 
orientation is varied from 0” to 175” from the horizontal plane is performed. The effect of surface orientation is 
remarkable in the low heat flux region where the heat transfer coefficient increases as the inclination angle is 
increased. On the contrary there is no marked effect in the high heat flux region. To explain the observed effect 
of surface orientation for the surfaces facing downwards, two mechanisms of the sensible heat transport by 
compulsory removal of the thermal layer by the rising bubble and the latent heat transport by evaporation 
from thin liquid film underneath the rising bubble are proposed. The latter contribution becomes more 

predominant at large inclination angles. 

1. INTRODUCTION 

IN NUCLEATE boiling, the experimental data for heat 
transfer have usually been correlated according to the 
hypothesis that nucleate boiling is a localized process 
and the flow pattern near the heating surface has a 
dominant role in heat transfer. Furthermore, the heat 
transfer coefficient in nucleate boiling depends strongly 
on the condition ofthe heating surface. This fact makes 
it very difficult to correlate heat transfer in nucleate 

boiling. Therefore, such factors as shape, size, and 
configuration of the heating surface have been treated 
as secondary and their effects have been eliminated 
from the detailed considerations. It is partially due to 
the fact that there exists very limited information 
concerning these effects on nucleate boiling. As for the 
configuration of the heating surface, however, there 
seems to be observed considerable differences between 
the horizontal surface and the vertical surface in 
behavior such as the bubble generation, growth and 
detachment, the movement of bubbles and incidental 
liquid relative to the surface, the void fraction near the 
surface, and so on [l, 21. And it may give rise to 
significant differences in heat transfer for these two 
configurations in turn. Consequently it becomes 
important to investigate in detail the effect of the 
configuration of the heating surface for the purpose of 
not only its technological implications but also the 
clarification of the mechanism in nucleate boiling. 

The effects of surface orientation have been 
investigated under conditions of nucleate pool boiling 
by very few researchers. Jakob and Linke [3] 
performed the experiment of nucleate boiling of 
atmospheric water and carbon tetrachloride using two 
kinds ofheating surfaces, a horizontal circular flat plate 
and a vertical cylinder. They concluded that there is no 
marked difference between the heat transfer coefficients 

for both surface configurations in nucleate boiling. 

Githinji and Sabersky [4] studied the effects of surface 
orientation in the subcooled nucleate boiling of 
isopropyl alcohol. They found that the boiling curve 
shifted upwards as the surface was changed from a 
horizontal facing upwards to a vertical position. 
However, when the heating surface was faced 
downwards the boiling curve shifted downwards below 

that for a horizontal surface facing upwards. Marcus 
and Dropkin [S] reported that the heat transfer 
coefficient in the nucleate boiling of water increased as 
the surface orientation was changed from a horizontal 
facing upwards to a vertical position. They noted that 
the nucleation sites were substantially decreased as the 
angle of inclination from the horizontal was increased. 
Class et al. [6] investigated both the effects of 
orientation and surface conditions in the boiling of 
liquid hydrogen. An upwards shift of the boiling curve 
was observed as the surface was changed from a 
horizontal to a vertical position for a smooth surface. 
For a greased surface, the shift occurred in the same 
direction but was more pronounced. When the smooth 
surface was roughened with emery paper, however, the 
shift occurred in the opposite direction. Upward shifts 
with an increase ofinclination angle were observed also 
in the studies by Littles and Wallis [7] in the boiling of 
Freon 113, by Chen [8] in the boiling of Freon 11, by 
Vishnev et al. [9] in the boiling of Helium I and also by 
Jakob and Linke [3] in the boiling ofwater and carbon 
tetrachloride. 

The purpose of this work is to present experimental 
data for heat transfer and bubble behavior on the flat 
surface at various orientations from a horizontal 
upwards to an almost horizontal downwards and to 
gain further information on the effect of surface 
configuration on heat transfer in nucleate boiling. 
Furthermore, a simple model for heat transfer in 
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a thermal diffusivity Cm2 s- ‘1 t1 time period during which the heating 
E(t,) cumulative probability density function surface is in contact with the bulk liquid 

defined by equation (7) Csl 
e(tJ probability density function defined by s; average value oft, [s] 

equation (6) r” time period during which the heating 

f void fraction surface is covered with a bubble [s] 

4 heat flux [W m-‘1 ?; average value oft, [s] 

9C calculated heat flux by equation (8) x distance from the heating surface Cm]. 
[W m-‘1 

41 time-averaged heat flux due to sensible Greek symbols 
heat transport [W me21 Lx heat transfer coefficient [W m-* K ~ ‘3 

qM measured heat flux [W mm21 a1 heat transfer coefficient due to sensible 

4” time-averaged heat flux due to latent heat transport, qJAT,,, [W rn-’ K-‘1 
heat transport [W m-‘1 % heat transfer coefficient due to latent heat 

T temperature [K] transport, q,/A\T,,, [W mm2 K-l] 
T sat saturation temperature [K] 6 thickness of liquid film [m] 

L temperature of heating surface [K] 6 thickness of thermal boundary layer [m] 
AT,,, degree of superheat of heating surface 8 inclination angle of heating surface 

WI measured from the horizontal plane [deg.] 
t time [s] I thermal conductivity [W m-l K-l]. 

nucleate boiling from a heating surface facing 
downwards, where the effect of surface orientation is 
remarkable, is proposed and the mechanism of heat 
transfer is discussed quantitatively. 

2. EXPERIMENTAL APPARATUS AND 

PROCEDURE 

The experimental apparatus and the location of the 
heating surface are shown in Fig. l(a). The heating 
surface assembly @ is installed in the middle of the 
inner boiling vessel @ by horizontal supporting tubes 
@i, which pass throughout the inner and outer vessels. 
These supporting tubes can be rotated around the 
horizontal axis to position the heating surface in the 
desired orientation. They are also used to bring power 
leads and thermocouple leads to and from the inner 
vessel. By virtue of this supporting structure, the same 
heating surface can be tested in various orientations, 
keeping the other factors affecting nucleate boiling, 
especially surface conditions among them, constant. 
The inner vessel is surrounded by the outer vessel @ 
which serves to keep the system at saturation 
temperature. Both vessels are equipped with observ- 
ation windows at the four side walls. Auxiliary electric 
heaters @ and @ are equipped in both vessels. The 
former is used to maintain the liquid bulk temperature 
at its saturation temperature during experiments. But 
the latter is used to raise the test liquid to its saturation 
temperature and to degas the inner vessel before 
experiments, and it is switched off during experiments. 

The vapor generated in both vessels is condensed by 
condensers @ and 6. 

Details of the heating surface assembly are shown in 
Fig. l(b). The heating surface is a rectangular copper 
plate, 175 mm in length and 42 mm in width, 
surrounded by fins around its periphery so as to reduce 
heat losses. The fins and heating surface are cut out in 
unit body to prevent preferential bubble generation at 
the edge of the heating surface. Two guide plates @ are 
installed parallel to the longitudinal edges of the 
heating surface in order to realize one-dimensional 
(1-D) bubble flow and to neglect the edge effect. The 
heat flux across the heating surface is supplied by 
conduction through the copper block from the electric 
heaters @ in the slits at the opposite end of the block. 
Twenty-one thermocouples are embedded along the 
center line of the copper block at seven longitudinal 
locations at equal intervals of 25 mm, as shown in Fig. 
l(b). The small dots on the copper block @ indicate the 
positions of the thermocouples. Their depths from the 
heating surface at each location are 5, 13, and 21 mm, 
respectively. Three thermocouples are located in the 
inner vessel to measure the bulk liquid temperature at 
three different vertical positions. 

The heat flux is calculated by using the temperature 
gradient measured by the thermocouples. It agreed well 
with the heat flux obtained by correcting the power 
input for heat losses. The heating surface temperature is 
measured by extrapolating the measured temperature 
gradient to the surface. Averaged values for seven 
longitudinal locations are used as the representative 
values for the heat flux and the heating surface 
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FIG. 1. Experimental apparatus and details of the heating surface assembly. 

temperature. And the averaged value for three vertical 
locations in the liquid is used as the representative 
temperature of the boiling liquid. 

The experiments are performed under the conditions 
of saturated boiling of distilled water at atmospheric 
pressure. Before each test run, the heating surface is 
finished with No. O/lOemery paper and then rinsed well 
with ethyl alcohol in an attempt to keep the same 
surface conditions for all test runs. The heating surface 
orientation is changed without interrupting the boiling 
in a series of experiments. Ex~rimental inclination 
angles measured from the horizontal plane are 0” (a 
horizontal surface facing upwards), 90” (a vertical 
surface), 120”, 150”, 165”, and 175” (inclined surfaces 
facing downwards). Heat transfer measurements were 
carried out in both processes of increasing heat fluxes 
and decreasing heat fluxes. But there was no difference 
between them. 

3. EXPERIMENTAL RESULTS 

3.1. Boiling curves and bubble behavior 
The nucleate boiling curves, heat ffux g vs 

temperature difference AT,,, between the heating 
surface and the bulk liquid, are shown in Fig. Z(a) for 
water boiling on the inclined surfaces at atmospheric 

pressure, where the inclination angle 0 is measured 
from the horizontal plane. An interesting feature of the 
data presented in Fig. 2(a) is that at low heat fluxes the 
boiling curves shift upwards with an increase of 
inclination angle from facing upwards to facing 
downwards, which are consistent with the previous 
results by other investigators. However, it is also 
noteworthy that as heat fluxes are increased the curves 
seem to merge together into a common boiling curve, 
although a slight deviation is observed in the opposite 
direction to that at low heat fluxes. The observed 
change in the effect of the surface configuration in the 
range of nucleate boiling region is due to the change in 
characteristics of bubble behavior and probably also 
due to the change in the heat transfer mechanism. 

Here, with respect to the effect of the surface 
configuration the nucleate boiling region is subdivided 
into three regions for convenience of consideration, 
although at the present time it is not possible to specify 
the exact location ofeach region. The first one is the low 
heat flux region where the effect of orientation appears 
significantly at heat fluxes less than about 7 x lo4 W 
rnm2. The second is the high heat flux region where the 
effect of orientation disappears at heat fluxes higher 
than about 17 x lo4 W m-*. The third is the middle 
heat flux region where the effect of orientation 
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FIG. 2. Effect of surface configuration (experimental results). 
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disappears asymptotically at heat fluxes between 
7 x lo4 and 17 x lo4 W m-*. Many photographs of 
bubble behavior along the heating surface were taken 
from the side and typical results for three regions are 
shown in Fig. 3. Characteristics of bubble behavior in 
each region are as follows. 

In the low heat flux region, with an increase of 
inclination angle the population density of nucleation 
sites on the heating surface decreases and the bubble 
diameter increases on the contrary. The decrease in 
nucleation sites is confirmed from observation of the 
scale deposition at active nucleation sites in the boiling 
of water containing dissolved nickel salts. For an 
inclination angle of o”, bubble generation is almost 
periodical from the uniformly distributed nucleation 
sites and a bubble detaches the surface as an isolated 
bubble. These characteristics hold true up to an 
inclination angle of 120”. However, for an inclination 
angle larger than 150” a bubble grows rapidly at the 
nucleation site immediately after its generation and 
then the enlarged bubble rises up in the elongated form 
along the heating surface. As a result the isolated 
bubbles disappear gradually with an increase of 
inclination angle. As the heat Aux is increased the 
frequency of bubble generation is increased and 
enlarged bubbles rise up more periodically. 

In the middle heat flux region, even for an inclination 
angle less than 120” a coalesced bubble begins to appear 
locally on the heating surface although most of the 
surface is covered by isolated bubbles. For an 
inclination angle larger than 150” the clusters of small 
bubbles begin to be observed between the enlarged 
bubbles. Thus small bubbles are recognized to coexist 
together with large bubbles in this region. 

In the high heat flux region, bubble generation is so 
vigorous that coalesced bubbles prevail all over the 
heating surface for any inclination angle. Especially for 
an inclination angle larger than 1.50” a large elongated 
bubble is produced continuously and covers almost the 
whole heating surface. The surface of the elongated 
bubble pulsates irregularly, showing that the vigorous 
supply of vapor is from the base of the bubble. 

3.2. Efict of surface orientation 

The heat transfer coefficient cx is plotted against the 
inclination angle f? for selected heat fluxes in Fig. 2(b). 
As seen from the boiling curves in Fig. 2(a) and also 
evident from Fig. 2(b), with an increase of inclination 
angle in this range of the experiment the heat transfer 
coefficient increases at low heat fluxes, while it is almost 
constant at high heat fluxes independent of inclination 
angle. Provided that the inclination angle is further 
increased larger than 175”, the heat transfer coefficient 
will drop rapidly to a certain minimum value because 

bubble movement is then completely impeded. This 
characteristic has been observed also in refs. [4, 8,9]. 

The effect of surface configuration is not uniform 
over the whole region of nucleate boiling. This is 
perhaps caused by a change in heat transfer 
mechanisms between low heat fluxes and high heat 
fluxes, From visual observations of boiling behavior, 
the relationship between the effect of surface con- 
figuration and the heat transfer mechanisms in two 
regions of iow heat fluxes and high heat fluxes is in- 
ferred as follows. 

In the low heat flux region, for an inclination angle 
less than 120” heat transfer is mainly controlled by the 
stirring action of isolated bubbles. As a consequence, 
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FIG. 3. Photographs of bubble behavior along the surface. 
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the heat transfer coefficient becomes large when the 
population density ofthe nucleation sites is increased in 
so far as isolated bubbles prevail over the heating 
surface. However, for an inclination angle larger than 
150” heat transfer seems to be controlled by the 
following two mechanisms because of the appearance 
of large elongated bubbles and their movement. One is 
the sensible heat transport by the compulsory removal 
of the superheated thermal layer from the surface at the 
time when the elongated bubble rises up along the 
surface. The other is the latent heat transport by the 
evaporation of the liquid lilm underneath the bubble at 
the time when the surface is covered with the elongated 
bubble. Provided that these two mechanisms hold true, 
the heat transfer coefficient does not depend on the 
number of nucleation sites on the surface and also the 
nucleation characteristics of the surface. 

In the high heat flux region, the flow conditions in the 
vicinity of the heating surface become important for 
heat transfer and the generationand movement oflarge 
elongated bubbles do not play a role in heat transfer on 

L--$o 
ATsot K 

the contrary to the low heat flux region. Since 
nucleation in the liquid film under a coalesced bubble 
controls the flow conditions in the vicinity of the 
surface,nucleation characteristiesofthesurfaceseem to 
affect heat transfer in this high heat flux region 
inde~ndently of inclination angle. 

To confirm the above consideration, the effect of 
surface orientation is measured for a smooth surface 
finished with No. O/10 emery paper and a rough surface 
finished with No. 0 emery paper, which have diKerent 
nucleation characteristics. The boiling curves for two 
surfaces are shown in Fig. 4. For an inclination angle 
less than 120” the rough surface gives a higher heat 
transfer coefficient than the smooth one as known 
generally. On the contrary, for an inclination angle 
larger than 150” this holds true only in the high heat flux 
region and there is no difference in heat transfer in the 
low heat flux region, as expected from the above 
corsideration. These results are considered to support 
the above idea on the mechanisms in nucleate boiling 
from the inclined surface. 

- 0 : RO”6” SURFACE 

ATsot K 

FIG. 4. Effect of surface roughness on heat transfer. 
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4. HEAT TRANSFER MODEL FOR during which the heatingsurfaceis covered with arising 
SURFACE FACING DOWNWARDS bubble. 

The heat flux from a surface facing downwards in the 
low heat flux region is assumed to be transferred by two 
mechanisms of the sensible heat transport and the 
latent heat transport. In the subsequent analysis it is 
assumed that arising elongated bubble carries away the 
superheated thermal layer in front of it. The sensible 
heat removed in this manner is calculated based on 
transient heat conduction from the heating surface to 
the liquid during the liquid period t,, defined as the time 
interval during which the heating surface contacts with 
the bulk liquid. After the liquid period elapses the next 
bubble rises up and reaches the surface in question. 
When the bubble passes over the surface the thin liquid 
film underneath the bubble is evaporated. The latent 
heat removed in this manner is also calculated by 
transient heat conduction through the thin liquid film 
during the vapor period f,, defined as the time interval 

4.1.1. Sensible heat transport. Provided that after the 
thermal layer has been completely carried away by the 
rising bubble the bulk liquid at saturation temperature 
T,,, comes in contact with the heating surface with 
constant temperature T,, then as shown in Fig. 5(a) the 
boundary and initial conditions for 1-D heat con- 
duction from the surface to the bulk liquid are 

x=0: T= T, 

x=:: T=T SB, 

t=O: T = T, atx=O 

T= T,,, atx>O 

where x is the distance measured from the surface into 
the bulk liquid. Then the time-averaged heat flux q, and 
heat transfer coeflicient IX, during theliquid period E, are 

BULK LIQUID 

(a) liquid period 

(i) 6 < 6’ (ii) 6 > 6’ 

(b) vapor period 

FIG. 5. Change in temperature profile near the heating surface during the liquid and vapor period. 
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obtained as 

where L and a are the thermal conductivity and the 
thermal diffusivity of liquid, respectively, and AT,,, is 

the temperature difference between the heating surface 
and the bulk liquid. The change of temperature profile 
during the liquid period is outlined in Fig. 5(a). 

4.1.2. Latent heat transport. When the ascending 
bubble carries away the bulk liquid in contact with the 
surface, it is assumed that the thin liquid film remains 
underneath the bubble and that the temperature profile 

in this film becomes the initial conditions for 
conduction during the vapor period, which is 
approximated in a linear profile as shown in Fig. 5(b). 
Then the boundary and initial conditions areas follows. 

(1) When the liquid film is thinner than the thickness 
of the thermal layer formed at the end of the liquid 
period 

x=0: T=T, 

x=6: T=T sat 

t = 0: T = T,-AT,,,x/J(zat,). 

(2) When the liquid film is thicker than the thickness 

of the thermal layer formed at the end of the liquid 

period 

x=0: T = T, 

x=6: T = T,,, 

t=O: T = T,- AT,,,x/J(zat,) for x < 6’ 

T = T,,, for 6’ < x < 6 

where 6 is the liquid film thickness, and 6’ is the 
thickness of the thermal boundary layer defined in 

Fig. 5(b). Then the time-averaged heat flux qv and heat 
transfer coefficient a, during the vapor period are 

obtained as 

(3a) 

x(-&){=p(-Ft,)-I}] (W 

In order to evaluate heat fluxes q, due to sensible heat 
transport and qv due to latent heat transport, two 
periods oft, and t, and liquid film thickness underneath 
the elongated bubble are necessary. 

4.2. Liquid and vapor period 
Periods during which the heating surface is in contact 

with the bulk liquid or covered with a large bubble are 
measured 0.5 mm above the center of the heating 
surface using an electric probe which detects liquid 
phase and vapor phase. If the bubble and the liquid 
move at the same velocity in the vicinity of the heating 

surface, then the following time ratio ofmeasured vapor 
periods to total measured periods gives a void fraction 

j-=2!& 
Zt, + Ct, 

(5) 

Figure 6 shows the void fraction obtained in this way. It 
increases with an increase of inclination angle and heat 

flux. 
The measured periods t, and t, are distributed so 

widely that the data are treated statistically to find their 
distribution characteristics. All measured periods are 
grouped into mclass intervals and the number of data in 
the kth class is termed nk and the kth class midpoint is 
termed t,. Then the ratio of the sum of periods in the kth 
class to the total periods in all classes gives a frequency 

KEY : MEAN VALUE 
-: RANGE OF DATA 

6 

Q W/m2 

FIG. 6. Void fraction 0.5 mm above the surface. 



Effect of surface configuration on nucleate boiling heat transfer 1567 

t/ Ins (a) t, ms 

low heat flux region 
( q = 4.0 x lo+ W/m* ) 

t/ nl5 (b) t, nl* 

high heat flux region 
( q = 3.7 x lo5 W/m2 ) 

t! s 6 s 
IcI low heat flux region 

( 9 = 4.0 x lo4 W/m2 ) 



of the period in the kth class [lo] 

e(t,) = t,n, 5 (tini). 
i 
/ i=* 

Figures 7(a) and (b) show typical patterns of these 
distributions of t, and t,. And the corresponding 
cumulative frequency is 

E(tJ = i e(ti) = i (t~nj)~ f (tini). 
i=, i= 1 i=l 

(7) 

Figures 7(c) and (d) show examples of the cumulative 
distribution curves for t, and t, on the logarithmic 
probability papers. As the curves form the straight lines 
with the exception of C, at high heat flux, e(t,) and e(t,) 

obey a logarithmic normal distribution. In the low heat 
flux region, with an increase of inclination angle both 
periods t, and t, become longer and are distributed over 
a narrower range. This corresponds to when large 
bubbles rise up along the surface with a more regular 
period as the inclination angle is increased. In the high 
heat llux region, the distribution *curve for t, is 
composed of two straight lines, which indicates 
coexistence of large bubbles and small bubbles as 
confirmed in the photographs. 

The average periods cand care determined from 
Fig. 7 using a logarithmic normal distribution. In 
evaluating < in the high heat flux region the straight line 
through the data points with the longer period is used 
because the larger bubbles are contributing to heat 
transfer. Figure 8 shows the average periods cand q 

The rising frequency ofbubbles isgiven by theinverse 
of the sum of the liquid and vapor period. It is clear from 
Fig. 8 that the rising frequency decreases with an 
increase of inclination angle and it becomes extremely 

high in the high heat flux region, which indicates the 
occurrence of vigorous boiling. 
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As it is difficult to measure the liquid film thickness 
beneath the vapor bubble rising up along the heating 
surface, measurements are performed here for a liquid 
film formed between the non-heating surface and the air 
bubble rising along it. The results are assumed to be 
applicable to the case of a boiling bubble. 

A pair of electrodes 1 mm in diameter is embedded 
in an acrylic plate at a distance of 4 mm apart. The 
electric resistance between the electrodes is measured 
when the injected air bubble passes over them [l I J. 
Then the film thickness is determined from the 
calibration curve between the electric resistance and 
the film thickness. Figure 9 shows the calibration 
apparatus. Injected air bubbles have volumes of 2,4, 
and 8 cm3. And injection frequency is varied. But 
bubble size and frequency have no appreciable effect on 
the measured results. The measured film thickness is 
given in Table 1. 

4.4. results of dialysis 

Equations (l)-(4) are evaluated by substitution of 
measured data on the liquid period <the vapor period 
c, the film thickness 6, and the temperature difference 
AK,,. Figures 10(a) and (b) show the heat transfer 
coefficients a, when the heating surface is in contact with 
the bulk liquid, and M, when the heating surface is 
covered by large bubbles. As is evident from the figures, 
the effect of inclination angle is large in a,, while c(, is 
rather insensitive to the variation of inclination angle. 
Thus the observed effect of surface configuration on 
heat transfer is concluded to be mainly due to latent 

v 120” 
A 150 

- 0 165’ 
0 175’ 0 

FIG. 8. Average liquid period and average vapor period. 
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Table 1. Liquid film thickness formed beneath air bubble 

Inclination angle 
@ (deg.) 

120 
150 
165 
175 

Thickness of liquid film 
(pm) 

__ 
Max. Av. Min. 

473 401 273 
178 145 112 
101 78 53 
64 44 24 

Experimental conditions: electric conductivity of water, 
6200 N 49 600 Q cm; volume of air bubble, 2,4,8 ems. 

heat transport from the surface to the rising elongated 

bubble. 
As the heating surface is alternatively in contact with 

the bulk liquid and the rising bubble, the time-averaged 

heat flux q, can be expressed in terms of q,, qv andfas 
follows 

a, = (1 -Y)% +& (8) 

The first term on the RHS represents the contribution 
ofsensible heat transport and the second term to that of 
latent heat transport. Figure IO(c) shows the 
contribution of latent heat transport relative to the 

(~1 micrometer head 

(1) upper acrylic plate 

;Q side acrylic plate 

(4) bottom acrylic plate 

:s) spring 

@I electrode 

8 support plate for micrometers 

FIG. 9. Calibration apparatus for relation between electrical 
resistance and film thickness. 

105 6 

q W/m2 Q W/m* 

FIG. 10. Results of calculation based on proposed model for heat transfer. 



1570 KANEYAW NISHIKAWA, YASUNOBU FUJITA, SATOKU UCHIDA and HARUHIKO OHTA 

total heat transport. This contribution becomes more 
predominant at larger inclination angles. 

The calculated heat flux q, is compared with the 
measured one qhl in Fig. 10(d). Good agreement 
supports the present theoretical approach on the 
mechanism of heat transfer from the heating surface 
facing downwards. 

5. CONCLUSION 

In order to clarify the effect of the surface 
configuration on nucleate boiling heat transfer, the 

experiments were carried out for the saturated pool 
boiling of water at atmospheric pressure. The 

inclination angle of a rectangular heating surface was 
varied from 0” to 175”. The experimental results show 
that the effect of the surface configuration is remarkable 
at low heat fluxes and the heat transfer coefficient 
becomes large as the inclination angle is increased in 
this case, while no marked effect is observed at high heat 
fluxes. 

Two mechanisms are considered to concern heat 
transfer from the inclined surface facing downwards. 
One is the sensible heat transport due to compulsory 

removal of the thermal layer by the elongated bubble 

rising along the surface. The other is the latent heat 

transport due to evaporation of the thin liquid film 
beneath the elongated bubble. The analytical model of 

these mechanisms indicated that the heat transfer from 
the inclined surface facing downwards is controlled 

mainly by the latent heat transport. 
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EFFET DE LA CONFIGURATION DE LA SURFACE SUR LE TRANSFERT THERMIQUE 
PAR EBULLITION NUCLEEE 

R&umC-Pour itudier en d&tail I’effet de la configuration de la surface sur le transfert thermique par 
ibullition nuc&e, on etudie l’kbullition de l’eau en rkservoir, B la pression atmosphttrique, sur une plaque plane 
de cuivre dont l’orientation est variable entre 0” et 175” par rapport $ l’horizontale. L’effet de l’inclinaison est 
remarquable dans la region des faibles flux thermiques et il se traduit par l’augmentation du coefficient de 
transfert lorsque l’angle augmente. Au contraire il n’y a pas d’effet marq& dans la r&ion des grands flux. Pour 
expliquer I’effet observt sur des surfaces orientCes vers le bas, deux mkcanismes sont propos6s : le transfert de 
chaleur sensible par le d&placement de la couche thermique impost par l’ascension des bulles et par le transfert 
de chaleur latente dC1 B 1’8vaporation du film liquide mince sous la bulle qui monte. La demiZre contribution 

devient pridominante pour les grands angles d’inclinaison. 

DER EINFLUSS DER OBERFLACHENANORDNUNG AUF DEN WARMEtiBERGANG 
BE1 DER BLASENVERDAMPFUNG 

Znsammenfassung-Zur ausfiihrlichen Untersuchung des Einflusses der Oberflichenanordnung auf den 
Wlrmeiibergang bei der Blasenverdampfung wurde ein Experiment fiir das Behiiltersieden bei 
Atmosphirendruck an einer ebenen Kupferplatte durchgefiihrt, deren Neigung von 0” bis 175” aus der 

_Waagerechten variiert wurde. Der Einflu5 der Obertllchenneigung ist im Bereich niedriger 
HeizflLchenbelastungen bemerkenswert, dabei nimmt der Wirmeiibergang mit dem Neigungswinkel zu. 
Andererseits ist kein ausgeprlgter EinfluD im Bereich hiiherer HeizlXchenbelastungen festzustellen. Zur 
ErklLrungdes beobachteten Einflusses der OberfXichenneigung bei abwarts gerichteten Oberflichen wurden 
zwei Mechanismen, des fiihlbaren und des latenten Wgrmetransports vorgeschlagen : die durch aufsteigende 
Blasen erzwungene Entfernung der thermischen Grenzschicht und der Transport latenter Wlrme durch 
Verdampfung des diinnen Fliissigkeitsfilms unterhalb der aufsteigenden Blasen. Der letztere Beitrag wird bei 

groDen Neigungswinkeln dominierend. 



Effect of surface configuration on nucleate boiling heat transfer 

BJIMRHME HOJIO~EHMR rIOBEPXHOCTki HA TEnJIOnEPEHOC nPM nY3bIPbKOBOM 
KMnEHkiM 

Awwauna-&In neTanbHor0 uccnefloeaHkin ~nwwifl no.noTeHWn noBepxsocTu Ha -rennonepeHoc npu 

ny3bIpbKOBOM KRneHWH npOBeL,eHbi 3KCnepsMeHTbl n0 ny3bIpbKOBOMy KWneHWIO BOnbI B OTKpbIrOM 

o6beMe npe a-rrdoc+epnoM naaneHB5i Ha MenHoE nnocKoh nnac~wIe,noMe~aehdofi non pa3nssHbIwi 

yr,IaMB HaKJIOHa (OT 0' DO 175’) K rOpH30Hl'aJIbHOMy nO."O~eHWH). nOJIOxeHHe IIOBepXHOCTH OKa3bI- 

BaeTCyLQeCTBeHHOeDJlWIlHWeBo6nacTHHH3KUX 3Ha'IeHHfi TenJlOBOrO nO-rOKa, B KOTOPOii K03~@f~AeHT 

TennonepeHoca yBenawBae~cn c POCTOM yrna HaKnOHa. B o6nacm xe BbICOKIfX 3HaYeHHs TennOBOrO 

nOTOKa 3aMeTHOTO B,INIIH,,II He Ha6JIIOJJaeTCK. &In 06wIcHeHHK naHHOr0 3I$@eKTa Ha nOBepXHOC-UlX, 

O6pa~eHHbIXn~~eBo~~opoHoii~~W3,npe~o~eHo~BaMexaH~3Mane~HocaTenna:nepeHoc0T~0~0~ 

~ennoBorocno~no~~~~a~~~~Hc~ny3bIpbKa~~~nepenoccKpbI~o~~enno~b~ BcnapeHseM ~3 ~0nK0ii 

XHnKOCTHOii n,',eHKA non nOlJHNMaIO",WM,,CII ny3bIpbKaMH. npH 6onbmsx yr,,aX HaK,IOHa BK,,afl 

Bl'OpOrO MeXaHUJMa CTaHOBWTCIl L,OMHH1(pyIOLLW,M. 
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