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Abstract-In an experimental investigation of subcooled flow nucleate boiling of water at atmospheric 
pressure on stainless steel it was found that the heat transfer coefficient increased with increasing subcooling 
and also with increasing wall thickness over the range 0.08-0.20 mm. Bubble size, frequency and the 
distribution of nucleation sites were measured at 1.7 m s-l inlet velocity, 84 K subcooling, 0.08-mm wall 
thickness and heat fluxes 70-95x of the critical flux. The observations were consistent with a model for heat 
transfer primarily by surface quenching at the bubble frequency, supplemented by single-phase convection 
and a small contribution from microlayer evaporation. Although the total population of nucleation sites 
increased with increasing wall superheat, the startup of new sites deactivated many of the sites active at lower 

superheat. 

1. INTRODUCTION 

THE CLEAR view of the surface which can be obtained in 
subcooled flow boiling, even at high heat flux, offers 
someexperimental advantages over pool boiling for the 
examination of unresolved questions concerning 
the mechanism of heat transfer in nucleate boiling. The 
reputed insensitivity of the heat transfer coefficients in 
nucleate boiling to flow and subcooling gives reason to 
hope that conclusions drawn from subcooled boiling 
may be of more general application. 

The observations reported in this paper were taken 
incidentally to a study of the effect of wall thickness on 
the critical heat flux in subcooled flow boiling of water 
at atmospheric pressure [l]. Boiling curves were 
measured at fixed flow rate and inlet subcooling with 
gradual increases in heat flux until destruction of the 
test surface occurred. Consequently hysteresis and 
boiling with decreasing flux were not examined. The 
test surfaces were stainless-steel plates, heated by direct 
electrical current over an area 150 x 10 mm, set into one 
side of a vertical flow channel of rectangular cross- 
section 12 x 5 mm. Three wall thicknesses (nominal 
values 0.08, 0.13 and 0.20 mm), three values of inlet 
velocity (0.8,1.7 and 2.0 m s- ‘) and three values of inlet 
subcooling (24, 54 and 84 K) were employed. Boiling 
curves were measured for all combinations of these 
variables and tine films were taken at 10,000 f.p.s. 
through a window opposite the test surface to 
determine the flow regimes. For one set of conditions 
(0.08-mm wall thickness, 1.7 m s-l, 84 K subcooling) 
the films taken at heat fluxes of 70,80,90 and 95% ofthe 
critical flux (4.92 MW m-‘) were analysed in detail to 
obtain the bubble size, frequency and lifetime and the 
positions of all active nucleation sites in an area 10 mm 
square. The large time required for film analysis has so 
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far prevented the examination of other conditions in 
similar detail. 

In boiling experiments it is convenient to use thin- 
walled test sections heated by the direct passage of 
electrical current. However, it is known that the 
thickness of the wall affects the critical heat flux in pool 
[Z] and flow [3-51 boiling. Examinations oftheeffect of 
wall thickness on the nucleate boiling curve have been 
confined to pool boiling C&S]. The disagreement about 
whether heat transfer coefficients are bigger or smaller 
on thin walls [S] may in part be due to experimental 
difficulties. The problems of measuring and interpret- 
ing the temperatures of thin walls are discussed in [9]. 
Another problem is the effect of variations in surface 
conditions: for our flow boiling experiments the surface 
conditions of wall materials of different thickness were 
shown to be similar by conventional measurements of 
roughness and by experiments on the isothermal 
nucleation of gas bubbles from supersaturated 
solutions. By comparing various combinations of 
conditions we have been able to identify the separate 
effects of flow rate, subcooling and wall thickness on 
nucleate boiling heat transfer. 

The development of design formulae for nucleate 
boiling heat transfer may involve semi-empirical 
correlations (which cannot readily incorporate the 
effects of surface conditions), or mechanistic models 
which at present have to use experimental data or 
empirical correlations for nucleation site densities and 
bubble growth parameters. Our detailed analysis of 
four tine films is intended to contribute to the 
mechanistic approach. A previous study [lo] suggested 
that the nucleation site density did not depend simply 
on the size distribution of cavities present on the 
surface. We have looked particularly for evidence of 
interference between adjacent sites which would 
modify the active site density. The measurements of site 
densities and bubble behaviour have been fed into a 
simple heat transfer model of a type used by other 
workers e.g. [l l] : an area of influence round each 
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NOMENCLATURE 

Ja u,“~ 
specific heat 
nR;n 
Jacob number, p,c,AT,,,/p,I 
thermal conductivity 
ratio area of influence to projected area 
nucleation site density 
probability density 
Prandtl number, vJcr, 
radius 

maximum bubble radius 
nearest-neighbour distance 
time 

time during bubble growth 
to(r2/b6p; 
delay time, microlayer evaporation 
evaporation time, microlayer 
evaporation 
bubble lifetime 

bubble period 
quench time 
temperature difference 

AT,,, wall superheat 

AT,,, liquid subcooling 
X ratio true to nominal boiling area 

Greek symbols 
thermal diffusivity 
wall thickness 
microlayer thickness 
initial microlayer thickness 
decrease in microlayer thickness 
during tD 
latent heat of evaporation 
kinematic viscosity 
density 
surface tension 
heat flux 

convective heat flux 
nucleate boiling heat flux 
nucleate boiling heat flux at inception / 
mean quenching heat flux. 

Subscripts 
1 liquid 
V vapour. 

nucleation site is repeatedly quenched at the bubble 

frequency by liquid at the bulk temperature ; heat 
transfer under the bubbles is modified by microlayer 
evaporation and the wall between areas of influence is 
cooled by single-phase convection. We have removed 
some anomalies in the divisions between the three 
modes of heat transfer and we have incorporated an 
allowance for overlapping areas of influence, discussed 
in [12]. 

As noted above, detailed analysis has been 
performed only for one combination of flow rate and 
subcooling on the thinnest wall. It has been suggested 
that bubble growth is modified on very thin walls in 
pool boiling [6] so our data may not be applicable to 

other conditions. 

2. EXPERIMENTAL PROCEDURES 

2.1. Flow boiling rig and test section 
The boiling heat transfer rig delivered double- 

distilled, degassed water to the test section at controlled 
conditions of flow rate, temperature and pressure. The 
rig was pressurised by a vessel containing boiling water 
vented to the atmosphere, situated 1.6 m above the test 
section. The saturation temperature at the test section 

was 104.O”C. (The wall superheats in [l] based on a 
saturation temperature of 100°C have been corrected 
here for the additional hydrostatic head.) The rig and 
the general construction of the test section have been 
described elsewhere [ 1,131. The test surface was heated 
by direct current from a three-phase full-wave rectifier. 

2.2. Test surfaces 
The test surfaces were cut from sheets of hard-rolled 

semi-polished stainless steel (BS1449 ENSSA) from the 
same manufacturer. They were not subjected to any 
treatment other than cleaning with acetone followed by 
detergent in hot water and a final rinse in double- 
distilled water. Samples from each sheet had the 
following values of CLA surface roughness measured 
by Talysurf: 0.08 mm, 0.152 pm; 0.13 mm, 0.152 ym: 
0.20 mm, 0.112 pm. Surface roughness may be a poor 
guide to bubble nucleation characteristics so the 
densities of stable nucleation sites on samples of each 
material were determined by observations of gas 
bubble nucleation following sudden depressurisation 
with the surfaces immersed in water saturated with 
nitrogen at 25°C. The technique is described fullyin [ 13, 
141. The measurements suggest that the three surfaces 
have similar nucleation characteristics and respond in a 
similar way to prepressurisation, which simulates 
subcooling prior to superheating, Fig. 1. 

2.3. Wall temperature measurement 
Wall temperatures were measured by five copper- 

constantan thermocouples individually calibrated to 
f 0.1 K. The thermocouples were glued to the adiabatic 
rear surface of the heated wall with a thin film of epoxy 
cement, then covered with a 3-mm-thick layer of silicone 
rubber backed by a 6-mm-thick strip of asbestos-based 
insulating board. Electrical guard heaters were 
adjusted to maintain the rear surface of this strip at the 
same temperature as the wall thermocouples so that 
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FIG. 1. Gas bubble nucleation characteristics of the three 
surfaces. 

there was no temperature gradient across the epoxy 
layer which insulated the thermocouples electrically 
from the wall. 

The measurements were corrected in the usual way 
for the temperature difference across the wall, by 
subtracting 

The thermal conductivity of the stainless steel was 
measured as 16 W m-’ K-’ f5% [14]. The wall 
thicknesses weremeasured by micrometer, the accurate 
values being 0.076,0.127 and 0.203 mm, all + 0.003 mm. 
Between the minimum and maximum thicknesses, the 
greatest difference in the wall superheat attributable to 
these uncertainties is 1 K at a heat flux of 5 x lo6 
W m-*, being proportional to the heat flux. 

During nucleate boiling on a very thin wall, it is likely 
that the temperature of the rear adiabatic surface will 
vary with time at the bubble frequency (about 500 Hz in 
this study) and on a length scale equal to the distance 
between active nucleation sites (about 0.5 mm). The 
measuring system averages out the fluctuating 
component and, as discussed in [9], the method of 
attaching the thermocouples averages out the spatial 
variations to some extent. However, there remains a 
possibility that the temperature recorded by a wall 
thermocouple might depend on its precise position 
relative to an active nucleation site. The circumstantial 
evidence that this was not a problem in this study is : 

(i) agreement to &-OS K between the two upper 
thermocouples on each test surface; 

(ii) the smooth increase in wall temperature as the 
heat flux is increased in small steps ; 

(iii) agreement between boiling curves to + 0.5 K when 

some runs were repeated to or three times with 
fresh test surfaces. 

Therefore it is assumed that the measurements of the 
wall rear adiabatic temperature represent mean values 
with respect to both time and position. 

3. BOILING CURVES 

3.1. Experimental data 
The 27 boiling curves are presented in Fig. 2. For any 

given conditions of liquid Aow rate and temperature, 
the boiling curve for the 0.08-mm wall lies 3-5 K to the 
right of the curve for the 0.20-mm wall. The difference 
does not increase in proportion to the heat flux and 
exceeds the difference which could be caused by the 
uncertainties in wall thickness and conductivity 
(Section 2.3). It might be caused by differences in surface 
finish on the three sheets of stainless steel from which 
the test surfaces were cut: this cannot be ruled out 
conclusively but it has been shown that the sheets had 
similar roughness and bubble nucleation charac- 
teristics (Section 2.2). Thus it is likely that variations of 
10-25x in wall superheat can be attributed to the 
influence of wall thickness. 

Superimposed on each set of boiling curves is the 
extrapolation of the measured single-phase forced 
convection curve. The measurements agreed to + 7% 
with the correlation of James et al. [15] for 
asymmetrically heated rectangular ducts, whereas 
conventional correlations for round tubes over- 
estimated the heat transfer rate by l&25% [16]. 

3.2. The nucleate boiling curve 
Many flow boiling correlations employ super- 

position of a convective heat flux & and a nucleate 
boiling flux &a, e.g. Bjorge et al. [17] propose for 
subcooled boiling 

4 = C4f+~4NB-hJ11’2 (2) 

where dc is obtained from a correlation for single-phase 
convection, &a is given by a ‘fully-developed nucleate 
boiling curve’, supposed to be insensitive to the cavity 
size distribution on the surface, and dNB1 is the flux on 
that curve at a predicted superheat for the inception of 
nucleation (which does depend on the available cavity 
sizes). This correlation overpredicts the wall superheats 
measured in this study by a large margin (Fig. 2), 
throwing doubt on the assumption that the nucleate 
flow boiling flux is insensitive to the distribution of 
nucleation sites. Further experimental investigation of 
this question is required. Meanwhile the importance 
of comparing the nucleation characteristics of test 
surfaces of different thicknesses, when attempting to 
isolate any effect of thickness on nucleate boiling, is 
underlined. 

The general principle of superposition may be 
satisfactory despite the difficulty of specifying the right 
nucleate boiling curve. Here we test the principle by 
deducing nucleate boiling curves bNB (AT,,,) from the 
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FIG. 2. Subcooled flow boiling curves for water at 116.7 kPa 



Subcooled flow boiling at high heat flux 1911 

simplest possible superposition scheme 

4 = &+L (3) 

where $J is the measured total flux and the convective 
flux & is calculated from the measured single-phase 
heat transfer coefficient multipled by the temperature 
difference [local AT,,, + local AL&J. 

For given conditions of wall thickness and inlet 
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subcooling the data points for the three flow rates do 
indeed collapse onto a single nucleate boiling curve 
within +1 K for the most part, Fig. 3. The scatter 
increases at very low flux when q&, < 4c. At high heat 
fluxes only the data for the combination of lowest flow 
rate and thinnest wall (0.8 m s-l, 0.08 mm) deviate 
towards wall superheats lying up to 2.5 K above the 
general curve. 

All runs at 84 K subcooling remained in the bubbly 
flow regime up to burnout, Fig. 4(a), the bubbles 
retaining their identities except for occasional 
coalescences leading to small, short-lived vapour 
patches. All runs at 24 K subcooling underwent 
transition from bubbly to slug flow before burn- 
out, Figs. 4(b, c), with indications of nucleation con- 
tinuing on the wall under the large, moving vapour 
patches. The change of flow regime does not affect 
the shape of the boiling curves : for the 0.0%mm wall, 
the data points for dNB in slug flow at 1.7 m s- 1 and in 
bubbly flow at 2.0 m s-l coincide over the range 
106-1.5 x lo6 W m-‘. Nor does the transition explain 
the small deviation of the (0.8 m s-l 0.08 mm) data 
which occurs entirely in bubbly flow at 84 K subcool- 
ing and commences below the transition at 24 K 
subcooling. 

This simpJe superposition scheme appears to 
account for the influence of flow rate but it leads to 
separate nucleate boiling curves for each combination 
of wall thickness and inlet subcooling, summarised in 
Fig. 5, instead of a single curve dependent only on 
pressure and, probably, surface conditions. Over the 
range of conditions in this study the effects of 
subcooling and wall thickness are similar in 
magnitude: in combination they change the wall 
superheat from 14 to 22 K at a nucleate boiling flux of 
lo6 W m - ‘. These significant effects must be considered 
in any general correlation of subcooled flow boiling 
data from different sources. 

Transition Slug 
(b) (cl 

FIG. 3. Nucleate boiling curves. FIG. 4. Flow regimes. 
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FIG. 5. Nucleate boiling curves : summary. 

4. PHOTOGRAPHIC STUDY 

4.1. General conditions 
High speed tine films were taken at increasing 

heat fluxes of 70, 80, 90 and 95% of the critical flux 

(4.92 MW m-‘) on the same 0.08-mm-thick test sec- 
tion at 1.7 m S-I and 84 K inlet subcooling. These 

conditions were chosen for detailed study because 
the flow regime remained in bubbly flow, giving a 
clear view of the surface even at the maximum flux. 
The films were taken at the maximum camera speed 
of lo4 frames s- 1 with the camera directed normal to 
a lo-mm square of the surface 20 mm from the down- 
stream electrode. Printed enlargements of 40 consecu- 
tive frames from each film were analysed. The posi- 
tions of all active nucleation sites within the 10 mm 
square were recorded. The bubble frequency, waiting 
time and growth-collapse curves were measured for 
bubbles from 30 sites chosen at random on each film. 

4.2. Bubble growth 
Even at the maximum camera speed, individual 

bubbles appeared in only 3-5 frames. Bubble growth- 
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I;IG. 6. Bubble growth curves 

collapse appeared to be approximately symmetrical in 
time, Fig. 6. The visible lifetimes were recorded so the 

true lifetimes were understimated by about 0.1 ms. The 
poor accuracy of measurement precluded detailed 
statistical analysis but the frequency of occurrence of 
short-lived bubbles increased with increasing heat flux, 
Fig. 7. 

The waiting times between successive bubbles lay in 
the range 0.9-2.9 ms so the camera framing speed 
introduced less uncertainty than in bubble lifetimes. 
The measurements were consistent with a normal 
distribution (according to x2 tests at 5% level of 
significance), Fig. 8. The mean waiting time decreased 
with increasing heat flux. The total bubble periods 
(lifetime + waiting time) were not consistent with either 
a normal or a Poisson distribution Cl] 

Bubble size was measured as the mean of the axial 

“lo CHF 
t 

Bubble lifetime, ms 

FIG. 7. Bubble lifetime. 
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FIG. 8. Waiting times between bubbles. 

and transverse dimensions; all bubbles were nearly 
circular in plan. The maximum diameters were 
normally distributed (class interval 0.1 mm) with a 
mean value of 0.4 mm f 5% independent of heat flux, 
Fig. 9. Tolubinsky and Kostanchuk [lS] also found the 
bubble size to be independent of heat flux in subcooled 
flow boiling. 
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FIG. 10. Mean bubble parameters : variation with heat flux. 

The variation of the mean growth parameters with 
heat flux is summarised in Fig. 10. 

4.3. Distribution of active nucleation sites 
The position of every active site within the 10 x 10 

mm square was plotted at the four heat flux levels, Fig. 
11. The activation of sites did not proceed in a regular 
manner with increasing heat flux. Many sites active at a 
low heat flux became inactive when the heat flux was 
increased, some becoming active again at a still higher 
heat flux, Table 1. Of the total of 256 recorded sites, only 
152 were active at the highest heat flux. Indications of 
this behaviour have been noted previously in subcooled 
flow boiling [lo] but studies of pool boiling [19, 201 
have suggested that the population of active sites 
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FIG. 11. Spatial distributions of active nucleation sites. (For 
definition of symbols see Table 1.) 
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Table 1. Nucleation site activation histories. AT,,,,, 84 K, 
V,, 1.7 m s-l. 6 0.08 mm, CHF 4.92 MW tt-’ 
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increases with increasing heat flux by straightforward 
addition of new sites, without deactivation. It is 
important to understand the conditions for deactiva- 
tion, which may invalidate the customary assumption 

that the population of active sites depends only on the 
surface roughness and the wall superheat. 

Some deactivation might be expected through 
processes generated by the nucleation site itself, e.g. 

chance penetration ofliquid further than usual after the 
departure of a bubble, either filling the site entirely with 
liquid or leaving the liquid-vapour interface in a 

position requiring a higher superheat for reactivation. 
A site would be particularly vulnerable if it had been 
activated at an unusually low superheat by chance 
coverage by vapour from another site: a very small 

number of bubbles sliding along the surface were 
observed in this study but the vast majority of bubbles 
grew and collapsed at their own nucleation sites. 

P(s, s + ds) = 2nn . s. e “‘G ds. 14j 

The measurements of s in this study deviate quite 
markedly from equation (4), Fig. 13. Very few sites lie 
within 0.35 mm of another active site, whereas a 
random distribution should have a large population of 
sites in the range 0 d s d 0.35 mm. The cut-off in s 
occurs at about twice the maximum bubble radius and 
in [12] we referred to the inhibition of nucleation within 
the area of influence of an active site. Although this 
terminology describes the end result correctly, it masks 
the complexity of the processes involved. Examination 
of the placing of sites newly activated by an increase in 
heat flux shows that nucleation is promoted in the close 
vicinity of already-active sites but many of the old sites 
are then deactivated. This exchange of activity between 
adjacent sites produces the net increase in population 
with increasing heat flux summarised in Table 1. 

Alternatively, deactivation may be caused by 
adjacent active sites creating less favourable conditions 
for sustained nucleation: a decrease in wall tem- 
perature or an increase in the temperature gradient in 
the liquid. Such interference between sites should alter 
the spatial distribution of active sites. In the pool 
boiling studies [ 19, 201 the distribution was shown to 
be random by comparing the distribution of 
populations in subdivisions of the surface with the 
prediction for a Poisson distribution. According to this 
test the distributions in the present study are also 
random, although the agreement with the Poisson 
distribution depends on the subdivision, Fig. 12. 
However it has been noted in a previous paper [12] 
that the distribution of nearest-neighbour distances s 
provides a more sensitive test of randomness. For a 
Poisson distribution with a mean density n sites per unit 

FIG. 13. Distribution of nearest-neighbour distances between 
active nucleation sites. 
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The evidence for promotion of new nucleation near 
old sites during the three flux increases (a) 70-SO%, (b) 
S&90% and (c) 90-95x CHF comes from comparison 
of the distributions of nearest distances (i) between all 
sites active at the lower flux (as in Fig. 13) and (ii) 
between the new sites at the higher flux and all the sites 
active at the lower flux. If there is an inhibition 
mechanism only, the distributions should be similar. 
For the first increase(a) the distribution for new sites is 
biassed slightly towards smaller s, Fig. 14(a). For 
increases (b) and (c) at higher site densities the 
differences between the distributions are much greater: 
there is a high probability that new sites lie within 0.15- 
0.35 mm of a previously-active site, Figs. 14(b, c). 

The evidence for suppression comes from the fraction 
of sites active at the lower flux which survive the 
increase. The survival probability depends on the 
distance from a newly-activated site, ranging from zero 
for s < 0.25 mm to about 0.7 for s > 0.5 mm. The value 
0.7 at large s represents the probability of a site 
surviving self-deactivation and deactivation by sites 
coexisting at the lower flux (Fig. 15). 

This analysis of nearest-neighbour distances cannot 
tell the whole story. Some sites must fall under the 
simultaneous influence of several neighbours : this was 
characteristic of a considerable number of the sites 
which were deactivated at a lower heat flux only to 
become active again at a higher flux. The analysis is 
based on a small time sample at each level of heat flux : 
observations over a long period at constant heat flux 
might also reveal exchanges of activity between 
adjacent sites. It has been assumed that the nucleation 
characteristics of the boiling surface did not change 
over the duration of the experiments at four different 
heat fluxes. Corrosion+rosion of the stainless-steel 
surface is not expected under these conditions but 
Aounallah [22] found that the nucleation charac- 
teristics of a new surface were modified by the 
deposition of a very thin layer of silica from the low 
concentration dissolved in the water. A substantial 

0.6 - 

0.L - (a) 
70-80'/.CHF 

80-90n/.CHF 

0 0.8 1.2 I.6 
S,mm 

I I,, 
0 2 L 6 8 

SIR, 

FIG. 14. Distribution of nearest distances between (i) all sites 
active at lower flux ; and (ii) new sites at higher flux and all sites 

at lower flux. 

I s,mm 

w 0 

s/R, 

FIG. 15. Probability of site surviving an increase in heat flux, 
relative to distances from nearest newly active site. (Combined 

data for two 10% increases and one 5% increase.) 

reduction in contact angle was produced by less than 
5 min of boiling. Prolonged boiling over several days 
produced thin patches ofsilica within the projected area 
ofbubbles [14]. In the present experiments the heat flux 
was increased at 15-min intervals, during which time 
the wall temperatures settled to constant values. 
Experiments on a similar timescale by Eddington [lo, 
141 showed that 90% ofthe nucleation sites deactivated 
by an increase in heat flux were reactivated when the 
heat flux was reduced again. Therefore changes in 
surface conditions should have little effect on the 
present observations. 

It has been shown that an active nucleation site 
influences other sites over a distance of 2-2.5 times the 
maximum bubble radius. Conditions in the immediate 
vicinity of an active site favour the initiation of 
nucleation at other sites but the simultaneous activity 
ofsites within 1.5-2 bubbleradiiofeachothercannot be 
sustained. Consequently the net increase in the 
population of active sites with increasing heat flux 
involves the deactivation of some of the sites active at 
low flux and their replacement by a somewhat larger 
number of new sites. Any calculation utilizing the size 
distribution of surface cavities without allowance for 
interference will overpredict the population of active 
nucleation sites at large wall superheats. 

HEAT TRANSFER MODEL 

5.1. Heat transfer zones 
The heated wall is divided into four zones, Fig. 16, 

with different mechanisms of heat transfer : 

Maximum bubble projected area-microlayer evapor- 
ation and transient conduction. 
Surrounding areas of influence-transient conduction. 
Overlapping areas of influence-enhanced transient 
conduction. 
Non-boiling area-single-phase forced convection. 

The total heat flux is obtained by summing the 
contributions of the four zones, calculated by the 
methods outlined in the following sections. 
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Maximum bubble prolected area 

Surrounding area of influence 

Overlapping oreas of Influence 

L-l Non-boiling area 

Fro. 16. Heat transfer zones. 

5.2. Maximum bubble projected area 
The fraction F of the surface covered by the maxi- 

mum bubble projected areas is caiculat~ from the 
measured density of active nucleation sites n and the 
mean measured maximum bubble radius R,, assumed 
to be the same for all sites, 

F = nR;n. (3 

Overlap of the projected areas is discounted in the light 
of the observed inhibition of site activity at spacings less 
than 2R,, which also implies negligible bubble 
coalescence. 

All bubbles are assumed to grow and collapse as 
hemispheres in contact with the wall, with the mean 
measured values of lifetime t, and period t,. For 
convenience of calculation the growth curves of Fig. 6 
are approximated by the expression 

rp_=4(;)(&!;) 
m 

(6) 

corres~n~ng to s~metrical growth-collapse with 
respect to time. The assumption of hemispheric~ 
growth is supported by the generalised shape history 
developed by Cooper et al. [23] for bubble growth on a 
wall in uniformly superheated liquid, which predicts 
hemispherical growth for t+ < 10W2, where 

r,o= 
t’ =- 

b6p:’ 
b = Jaaf”. 

In this photographic study the growth times to 
maximum radius corresponded to t+ < 10m3. Again 
following [23], over this time range the initial thickness 
of the liquid microlayer formed under the bubble is 
given approximately by 

&o = 0.8(v,t,)“2. (8) 

The microlayer is initially at the wall temperature but 
the liquid-vapour interface falls immediately to the 

saturation temperature. Evaporation proceeds due to 
the wall superheat AT,,,. (assumed constant and 
uniform), either until the microlayer evaporates to 
dryness or until bubble collapse restores contact 
between the wall and the bulk liquid. Any period during 
which the wall is in direct contact with vapour is 
assumed to be adiabatic. The assumption that the 
hemispherical shape is maintained during collapse 
probably leads to an overestimate of the delay before 
the return of bulk liquid : Cooper and Chandralilleke 
[24] have shown that bubbles growing into subcooled 
Iiquid round off during collapse. 

Heat transfer across the microlayer is approximated 
by a two-stage calculation. Initially the microlayer 
evaporates as if it were semi-infinite and no effect 
reaches the wall until after a delay time t, given by 

fl> -- = 0.384 Pr. 
to 

Subsequently heat transfer is calculated for a linear 
temperature gradient across the microlayer 

The value 0.6 for the constant in equation (9) was 
chosen by equating the approximate calculation with 
the analytical solution for transient conduction across 
a slab of constant thickness [l]. The microlaycr 
thickness decreases due to evaporation. During the first 
stage the decrease i: is negligible for the conditions of 
these experiments : 

z2 0.05. (131 

During the second stage 

(14) 

and evaporation to dryness occurs after a time t, given 

by 

(15) 

ilhf 

An annular element of wall area R to R +dR is 
subjected to a cycle of heat transfer, Fig. 17, which 
depends on the value of t,, given by equation (6) : 

(A) If t,-tt, < t,-22r,: 

(i) conduction across the microlayer for time 1, ; 
(ii) no heat transfer for t,-2&,--~~--_~; 
(iii) quenching by semi-infinite bulk liquid, initially at 

TB, for lo = t, - f, + 2t, f t,. 
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t0 ,b, tE 
I I 

FIG. 17. Heat transfer sequences on bubble projected areas. 

(B) If tn+f, > t,-22t,: 

(i) conduction across the microlayer for t, - 2t, - to ; 
(ii) quenching by bulk liquid for tq = t, - tL + 2t, + f,. 

(C) If tI, > t,-22t,: 

(i) quenching by bulk liquid for to = t,. 

Heat transfer across the microlayer is calculated 
from equations (11) and (14). The mean heat flux during 
quenching is 

9o = 
2WT,,+AT,u,) 

(xcr,tQy . 
(17) 

The heat transfer is calculated over a bubble period 
and then integrated over the circular area 0 < R -z R, 
Details of the calculation are given in [l]. 

5.3. Areas of influence 
In the simplest quenching heat transfer model an 

area K times the maximum bubble projected area is 
subjected uniformly to the heat flux given by equation 
(17) with tQ equal to the bubble period t,. 
Conventionally K is expected to have a value ofabout 4. 
The nominal boiling fraction of the wall area is KF ; 
single-phase heat transfer occurs over the fraction 
1 - KF. The areas of influence as defined in this paper 
would occupy a fraction (K- l)F. 

However, this takes no account of the significant 
degree of overlap of areas of influence at high site 
densities if K is indeed about 4. The true boiling area is 
only a fraction X of the nominal area and the fraction of 
the surface associated with single-phase convection is 
increased to 1 - XKF. The reduction in boiling area is 
offset by the enhanced heat flux on the overlapping 
areas, caused by the increased frequency of quenching 
by two or more sites [1, 12). In [12] we attempted to 
calculate the overlap for different degrees of 
interference between sites. Here the true boiling area is 
measured directly by drawing circles corresponding to 
different values of K round the known positions of 
active nucleation sites, e.g. Fig. 18, since the appropriate 

0 True bohg area 90% CHF 

q Non-boihg area K.L.8 

FIG. 18. Determination of true boiling area. 

value of K is not known a priori. Fortunately X depends 
primarily on KF with little dependence on K alone, Fig. 
19, so this graph can be used for intermediate values of 
K. 

The overlapping areas of influence occupy a fraction 
(1 -X)KF of the wall area. For simplicity only binary 
overlap is assumed: the simultaneous interaction of 
three or more sites is neglected. For quenching by two 
sites having the same frequency but independent timing 
for the start of bubble growth the mean heat flux is 
increased to 4/3 times the flux given by equation (17) 
with to = tp [1, 12). 

The areas of influence without overlap (and 
excluding the area under the bubbles) occupy a fraction 
(2X - 1)KF - F of the wall area. The mean heat flux is 
given by equation (17). 

5.4. Non-boiling area 
The single-phase convective flux on the fraction 

1 -XKF of the wall area is calculated from the James 
et al. correlation [ 151. 

70 -95% CHF 

FIG. 19. Dependence of ratio X of true to nominal boiling area 
on nominal boiling area KF. 
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6. HEAT TRANSFER CALCULATIONS 

6.1. Calculations by the Section 5 model 
The components of the wall heat flux were calculated 

for the conditions of the four tine films, using the 
measured wall temperatures, bubble growth para- 
meters and nucleation site densities described in 
Section 4. The bulk liquid temperature was taken to be 

the value at inlet. The only unspecified quantity in the 
theoretical expressions was the factor K determining 

the ratio of the area ofinfluence to the maximum bubble 
projected area. K was adjusted to make the total 
calculated heat flux equal to the measured flux: the 
required value varied from 7.5 at the lower fluxes to 5.8 
at the highest flux, Table 2. 

The contribution to the total heat flux from 
microlayer evaporation was only 2-3:/,. Single-phase 

convection accounted for 10% decreasing to 5S< as the 
boiling area increased at higher fluxes. By far the most 
important mechanism of heat transfer was the transient 

conduction on the combined bubble projected area and 
surrounding area of influence. 

6.2. The transient conduction heatjlux 
The use of transient conduction to a semi-infinite 

medium to model the periods when the wall is in direct 
contact with the bulk liquid leads to values of K which 
are much larger than the conventional value 4 used in 
pool boiling calculations. The corresponding nominal 

boiling areas (K x bubble projected area x number of 
sites) actually exceed the surface area at the higher heat 
fluxes, Table 2. However, the non-uniform distribution 
of nucleation sites causes a large degree ofoverlap ofthe 
areas of influence so that the true boiling area only 
covers about three-quarters of the surface. Without the 
allowance for the increased frequency of transient 
conduction on overlapping areas the deduced values of 
K would be even higher. 

The examination of interference between nucleation 
sites in Section 4.3 suggests that the influence of an 
active site declines gradually over a distance of about 
2.5 R, (K 2 6.25). We do not yet understand the link 

between interference and the heat transfer processes 
round a site but this limited evidence suggests that it 
may be physically unrealistic to assume that the 
quenching heat flux is uniformly distributed over areas 
as large as K > 6. ff so, the intensity of the heat flux 
closer to the nucleation sites must be increased in 

compensation. There is no reason to expect the 
transient conduction model, equation (17), to 
uccurately represent the quenching process : if bubble- 
induced convection is sufficiently strong to produce the 
instantaneous replacement of liquid which the mode) 
requires, it is likely to increase the subsequent rate of 
heat transfer. Improvement of the theoretical model 

must await detailed investigations of the wal! 
temperature variations near groups of active nuclca- 
tion sites, discussed in 191. 

This part of the investigation has been limited in the 
range of conditions studied and in the accuracy of 
measurement of some of the bubble parameters. 
Average values have been substituted into the 
theoretical expressions without investigation of 
possible correlations, e.g. between bubble size and 
frequency, which might affect the average values of 
products. Within these limitations, the transienr- 

conduction model has been shown to give the right 
magnitude for the dominant mechanism of heat 
transfer. The model cannot be used for accurate 
calculations without additional information about the 
effective size of the area ofinfluence. since the value of K 
is not constant. 

6.3. Microlayer evaporation 
Under the conditions of this study microlayer 

evaporation makes’a negligible direct contribution to 
the wall heat flux. However it plays a vital role in the 

bubble motion which drives the quenching heat flux. At 
each of the four heat fluxes the rate of vapour 

generation by microlayer evaporation is six times the 
generation rate given by the product of bubble 
frequency and maximum volume : bubble growth and 
collapse must depend on a delicate imbalance between 
simultaneous evaporation from the microlayer and 
condensation on the bubble cap. 

6.4. Single-phase convection 
In the nucleate boiling dominated conditions of this 

study accuracy in calculating the convective contri- 
bution is not important. In that they are based on fully- 
developed turbulent flow in a smooth-walled channel. 
neither the calculations for the correlation scheme in 
Section 3.2 nor those for the mechanistic model in 
Section 5.4 can be physically realistic for small areas of 
wall surrounded by highly active nucleation sites. A 

Table 2. Calculated heat flux components (MW m-‘) 

Quenching Quenching, 
CHF Microlayer under area Q, & 
V’,) K KF’ KFX evaporation bubble of inf. Convection Total Experimental 

70 7.5 0.94 0.67 0.06 0.49 2.64 0.28 3.47 3.44 
80 7.3 1.08 0.73 0.08 0.62 3.03 0.23 3.96 3.94 
90 6.7 1.19 0.74 0.10 0.80 3.29 0.23 4.42 4.43 
95 5.8 l.tO 0.73 0.13 0.93 3.38 0.24 4.68 4.67 

____~_ 
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better model is required for the interaction of 
convective and nucleate boiling heat fluxes of similar 
magnitude. 

7. CONCLUSIONS 

The following conclusions are based on the 
conditions of this particular study and do not 
necessarily apply to all conditions of subcooled flow 
boiling. 

1. 

2. 

3. 

4. 

5. 

6. 

The rate of nucleate boiling heat transfer at a given 
wall superheat increases with increasing wall 
thickness and with increasing subcooling. 
The influence of flow rate is represented satis- 
factorily by a simple superposition model C$ = 
&+&, provided & > &. The heat transfer 
rate is not sensitive to a change of flow regime from 
bubbly to slug flow. 
Further investigation is required of the effect of 
surface conditions on subcooled flow boiling. 
The probability of activation of new bubble 
nucleation sites is increased within 1.25-l .75 bubble 
radii of already-active sites. 
The activation of new sites tends to deactivate the 
old sites, the influence declining over a distance of 
2.5 bubble radii. 
As consequences of conclusions 4 and 5, many sites 
active at lower wall superheats become inactive at 
higher superheats and the spatial distribution of 
sites is not random. An understanding of the 
interactions between sites is necessary for the 
predictionoftheactivesitedistributionasafunction 
of wall superheat and the size distribution of 
potential sites. 
Heat transfer occurs primarily by bubble-induced 
quenching of the wall by cold liquid. Microlayer 
evaporation makes a negligible direct contribution 
to the heat flux but it may exert an important 
indirect influence through its effect on bubble 
dynamics. 
The quenching flux may be modelled by repeated 
transient conduction to semi-infinite liquid over an 
area of influence 5.8-7.5 times the bubble projected 
area, with allowance for the large reduction in 
boiling area due to overlap of areas of influence and 
the increased frequency of quenching on the 
overlapping areas. However, conclusion 5 suggests 
that it may be unrealistic to assume uniform 
quenching right up to the edge of an area ofinfluence 
as large as seven times the bubble area. 
The predictive capability of the theoretical model is 
impaired by the apparent variation in the size of the 
area of influence. Further investigation is required 
of the processes of heat transfer near groups of active 
nucleation sites. 
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EBULLITION A HAUT FLUX THERMIQUE DUN ECOULEMENT SOUS-REFROIDI 

R&sum&-Dans une recherche experimentale de l’ibullition nucleee dun ecoulement sous-refroidi d’eau a la 
pression atmospherique sur l’acier inoxydable, il est trouve que le coefficient de transfert thermique croit avec 
I’augmentation du sous-refroidissement et aussi avecl’accroissement del’bpaisseur de la paroi dans ledomaine 
0,084,20 mm. La taille de bulle, la frequence et la distribution des sites de nucleation sont mesurees a une 
vitesse &entree 1,7 m s-’ , $84 K de sous-refroidissement, pour une bpaisseur de paroi de 0,OS mm et des flux 
thermiques a 7&95x du flux critique. Les observations s’accordent avec un modele de transfert thermique 
principalement dQ a une trempe de la surface a la frequence des bulles et augment6 par une convection 
monophasique et par une petite contribution de l’evaporation de micro-couche. Bien que la population totale 
de sites de nucleation augmente avec la surchauffe de la paroi, le dimarrage de nouveaux sites d&active 

beaucoup de sites actifs a de plus faibles surchauffes. 

UNTERKUHLTES STRC)MUNGSSIEDEN BEI HOHEN WARMESTROMDICHTEN 

Zusammenfassung-Bei experimentellen Untersuchungen des unterkiihlten Stromungssiedens von Wasser 
bei Atrnosphiirendrtick an rostfreiem Stahl wurde festgestellt,daB der Wlrmeiibergangskoeffizient mit griil3er 
werdender Unterktihlung zunimmt und ebenso mit steigender Wandstarke im Bereich von 0,08 bis 0,20 mm. 
Gemessen wurden BlasengroBe, Frequenz und Verteilung der Siedekeime bei einer Eintrittsgeschwindigkeit 
von 1,7 m s- t, einer Unterkiihlung von 84 K, einer Wandstlrke von 0,OS mm und bei Wiirmestromdichten, die 
70 bis 95% der kritischen Wiirmestromdichte betragen. Die Beobachtungen stimmten mit einem 
Winneiibertragungsmodell &rein, welches in erster Linie die Oberflbhenwiederbenetzung mit der 
Blasenfrequenz beschreibt, tiberlagert durch einphasige Konvektion und einen kleinen Anteil ‘microlayer’ --- 
Verdampfung. Obwohl die Gesamtzahl der Siedekeime mit grijrjer werdender Wandtiberhitzung zunimmt, 

deaktiviert der Start neuer Keimstellen viele bei geringerer Uberhitzung aktive Keimstellen. 

KMHEHME HEAOl-PETOFO HOTOKA HPM MHTEHCHBHOH HOAAHE TEHJIA 

AHUOTWWI---B pe3yAbTaTe 3KCnepHMeHTaAbHOrO UCCJIeAOBaHnK npOneCCa ny3bIpbKOBOrO KLineHEiR 
HeAOrpeTOrO nOTOKa BOAbI npu aTMOC$epHOM AaBAeHHH Ha HepZKaBeIOmefi CTaAH HaiiAeHO, ST0 K03t$- 
f$nqueHT TennonepeHoca ysenanuBaeTca c POCTOM Henorpeaa, a TaKxre c yBeJnireHaeM TOAmRHbl 

CTeHKB B AHaIIa3OHe 0,08-0,20 MM. Pa3Mep ny3bIpbKa, ‘iaCTOTa 3apOAbnlIeO6pa30BaHHX II pacnpenene- 
Hne MeCT 06pa30BaHnn ny3blpbKOB 83MepRAnCb npn CKOpOCTEi Ha BXOA‘Z 1,7 M C-I, HeAOrpeBe 84 K, 
TOAmIIHe CTeHKU 0,08 MM B npn TenAOBbIX nOTOKaX, COCTaBAaloLWX 7&95% OT KpHTnWCKOrO “OTOKa. 
3KCnepnMeHTbI CornacymTcn c MoAeAbEO TennonepeHoca, B nepaym O’iepeAb, 38 CYCT pe3roro oxnaxcne- 
Hn,, nOBepXHOCTH C ‘IaCTOTOfi 3apOxAeHua ny3blpbKOB, AOIIOJIHKeM0i-i OAHO+a3HOii KOHBeKAHeii A ue6o- 
AbmnM BKAaAOM HCnapeHna MnKpOCAOs. HeCMOTps Ha TO, STO nonHoe nncno 30~ 3apoxcAeHnn 

ny3blpbKOB paCTeT C yBeJlH‘IeHneM neperpeBa CTeHKn, B03HEiKHOBeHne HOBbIX 30H Ae3aKTHBnpyeT MHO- 
XeCTBO paHee aKTnBHbIX npn He6OAbmOM IIepeI’peBe. 


