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Abstract—Temperature patterns on the back of a thin stainless steel heated plate during pool nucleate

boiling of water have been measured with thermochromic liquid crystal. It is shown that spatial variations

which are large fractions of the mean wall superheat are to be expected in many experimental and industrial

applications of boiling. They can cause errors in the measurement of the mean wall superheat by some

conventional methods. Established mechanistic models which assume uniformity of wall superheat cannot

represent correctly the processes controlling the density and intermittent activity of bubble nucleation sites
on walls of finite thermal conductivity. The essential features of a realistic model are described.

1. INTRODUCTION

DEspPITE decades of research there is as yet no com-
prehensive theoretical model for nucleate boiling heat
transfer. Dhir [1] ended his recent exhaustive review
with a call for a return to basic experiments with new
techniques. This disappointing state of affairs may be
a measure of the complexity of the boiling process. It
may also indicate that some fundamental character-
istic of the process has been neglected. In this paper
it is argued that insufficient attention has been paid
to the large spatial variations in wall superheat that
may occur in the ‘isolated bubble’ regime.

Firstly, experimental evidence is presented to con-
firm that large spatial variations in wall superheat do
occur. The experimental conditions are typical of the
many simple pool boiling experiments from which the
current understanding of nucleate boiling has been
derived : water boiling at 100 kPa pressure on a thin
stainless steel plate at a heat flux of 100 kW m~2 The
wall superheat has a spatially-averaged value of 20 K
but the local values of superheat range from 4 to 30
K over distances of a few millimetres. The temperature
distributions are determined from photographs of
thermochromic liquid crystal spread on the rear sur-
face of the heated plate, a technique pioneered by
Raad and Myers [2] in 1971. Their liquid crystal had
a colour play range of only 2 K and could not reveal
spatial variations of the magnitude observed in the
present study using material with colour play over the
temperature span 104—-132°C.

The liquid crystal technique can only be used on a
thin boiling plate (in this case 0.13 mm thick), if the
temperature distribution on the rear adiabatic surface
is to be a good approximation to the temperature
distribution at the boiling fluid/solid interface. The
large spatial variations that are revealed might there-
fore be specific to experiments on thin, electrically-
heated plates of low thermal conductivity. This possi-
bility was investigated [3, 4] using a simple theoretical
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model for time-averaged conduction in a cylindrical
region of wall round a nucleation site removing heat
uniformly over an annular area of influence. It was
shown that significant spatial variations in wall super-
heat may be expected on thick plates of materials such
as stainless steel, their magnitude being sensitive to
the size of the area of influence relative to the spacing
between sites ; much smaller variations occur on thick
copper plates. The experimental observations show
that the time-averaged steady-conduction model is
oversimplified : the variations in wall superheat may
cause time-dependent interactions with cycles of
activity and quiescence at individual nucleation sites,
as discussed in ref. [4]. The observations also illustrate
the sensitivity of nucleate boiling to physico-chemical
influences : different methods of cleaning the boiling
surface, altering its wetting characteristics, caused
radical changes in the nature of the space-time pattern
of wall superheat going far beyond a simple change
in the number of active sites.

Having confirmed that variations in wall superheat
that are large fractions of the space-time average
value can occur in nucleate boiling, the implications
for experimental methods of measuring wall super-
heat and for theoretical models are discussed in the
remainder of the paper. It is shown that some con-
ventional experimental techniques can lead to sub-
stantial errors in the measurement of mean wall super-
heat in the presence of spatial variations. Long-
established theoretical models with a mechanistic
base, such as the Mikic and Rohsenow model [5],
which consider only mean wall superheat without taking
account of the spatial variations, do not correctly
represent important physical processes which control
the population of active nucleation sites on walls of
finite thermal conductivity. The non-uniformities in wall
superheat caused by any existing population of active
sites must distort the probability of activation of new
sites and influence the conditions for sites to remain
active, sometimes causing sites to operate intermittently.
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NOMENCLATURE
a non-dimensional inner radius of area of t local temperature [°C or K]
influence T  mean surface superheat [K]
b non-dimensional outer radius of area of T, activation superheat [K]
influence T. cessation superheat [K]
c dimensional constant, equation (1) T. equilibrium superheat [K]
d  non-dimensional wall thickness z non-dimensional axial
k  thermal conductivity [(Wm™'K™'] coordinate.
K  ratio of area of influence to bubble
projected area Greek symbols
m  exponent, equation (1) o thermal diffusivity [m*s~']
N active nucleation site density [sites m ™ 7] thermal coefficient of electrical resistivity
N’ potential nucleation site density [sites m 2] K1
¥ non-dimensional radial coordinate A surface superheat range [K]
r’ equivalent radius of nucleation site [m] ©®  characteristic temperature difference,
R maximum bubble radius [m] qS/k [K]
S radius of conduction domain, ¢  heat flow per site whilst active [W]
(rN)~ "2 [m] @  bubble frequency [rads™'].

2. EXPERIMENTS

2.1. Experimental methods

The boiling water was contained in a glass cell of
rectangular cross-section 46 x 103 mm, 100 mm high,
open to the atmosphere. The depth of the water was
maintained at 40 mm. The heated surface was a hori-
zontal stainless steel plate 0.13 mm thick, set into a
layer of silicone rubber covering the base of the cell.
Heavy brass electrodes soldered to the ends of the
plate were supplied with ripple-free d.c. electrical
power from a rotary generator. The heated area
measured 39.3 x 28.2 mm.

The bottom of the cell was cut away over a strip 20
mm wide to expose the rear surface of the heated plate
for the application of thermochromic liquid crystal,
which indicates temperature by selective reflection of
white light. The plate was coated with matt black
enamel, then baked at 120°C for 72 h to remove all
traces of solvent. A thin layer of liquid crystal was
applied by brushing (with the plate held at 90°C to
assist spreading), then covered with a layer of thin
melinex film. The film protects the liquid crystal and
promotes the formation of the colour-active Grand-
jean texture. Unencapsulated liquid crystal displays
brighter colours than encapsulated material, but is
more sensitive to the angles of illumination and view-
ing and to contamination. At present encapsulated
material is not readily available for operating tem-
peratures above 100°C, although no doubt this situ-
ation will change. Light from a narrow-beam (7°)
tungsten—halogen lamp was directed onto the liquid
crystal layer at an angle of 7° from the normal by a
beamsplitter plate. The colour play was photographed
through the beamsplitter with a 35 mm camera at a
shutter speed of 1/500 s on ISO 200/24° colour print
film. In order to calibrate colour against temperature,

a similar layer of liquid crystal was applied to the base
of a brass cylinder equipped with an electrical heater
and a thermocouple, which was put in the place of the
boiling plate in the same illumination. The colour was
recorded at intervals of 2 K over the range 100-134°C.

The response of the liquid crystal on the rear surface
of the boiling plate to the temperature signals gener-
ated at the front surface was governed in this case by
thermal diffusion through the stainless steel plate, with
an upper limit of about 20 Hz for negligible attenu-
ation and phase shift. Ireland and Jones [6] have
shown that an encapsulated liquid crystal layer 10 ym
thick responds to a step change in substrate tem-
perature within 3 ms. The response of an unen-
capsulated layer is similar, governed by thermal
diffusion through the layer provided the crystal is
within its colour play range [7]; for a crystal initially
outside this range the latent heat of phase change
would slow the response.

The stainless steel boiling plate, cut from hard-
rolled sheet, was not subjected to any special prep-
aration other than cleaning. The three tests reported
here all followed the same procedure except for the
method of cleaning. The cell was filled to a depth of
40 mm with cold demineralized water. The power was
turned on at 150 kW m~2. Small gas bubbles grew on
the heater and were eventually dislodged as boiling
developed. Vigorous saturated boiling was established
after 10 min. Some very small gas bubbles remained
suspended in the liquid circulating in the cell. After a
further 3 min the heat flux was reduced to 100 kW
m~? for which the bulk temperature was 98.3°C.
Photographs of the liquid crystal were taken at inter-
vals of 10 s providing random samples of the instan-
taneous temperature distributions on the rear surface
of the boiling plate. The liquid crystal was also
observed through the camera viewfinder. In the pre-



Figure 1. Test A’

Figure2. Test B
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Figure 3. TestC
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liminary tests described here no attempt was made to
obtain continuous records of the temperature vari-
ations or of the bubble motion.

2.2. Experimental observations

Test A was performed after prolonged periods of
boiling during the initial setting up of the system.
The cell was emptied and immediately refilled without
cleaning the boiling surface. Four representative
photographs of the liquid crystal layer on the rear of
the plate are shown in Fig. 1. Temperatures range
from cold (red) spots at 108°C to hot (green) patches
at 130°C. Common features are recognizable in the
four photographs but there are also significant differ-
ences, such as the large cold ring 5.7 mm in diameter
in Fig. 1(b). Visual observation gave the impression
of a fairly steady pattern on which were superimposed
momentary local splashes of red. Observing the boil-
ing process itself revealed a mixture of stable sites
producing continuous streams of bubbles 1-2 mm in
diameter and other sites producing much larger
(about 5 mm) single bubbles, or short bursts of a few
bubbles, at irregular intervals.

Test B was performed after the boiling surface had
been wiped with ‘Genklene’ (stabilized trichloro-
ethane), followed by rinsing in hot water and finally
demineralized water. This treatment left the surface
in a poorly-wetted condition. Many small bubbles
formed on the surface during the initial heating period
preceding boiling. The temperature patterns in the
four photographs in Fig. 2 are very similar. Visual
observation gave the impression of a very steady pat-
tern, with a slight flickering effect at some of the red
spots. The nucleation sites on the boiling surface all
appeared to be producing steady streams of small
bubbles at high frequency.

Test C was performed after the boiling surface had
been cleaned with ‘Decon 90” residue-free detergent,
followed by rinsing in hot water and demineralized
water. This treatment left the surface in a highly-
wetted condition so that it remained coated with a
thin film of water prior to refilling the boiling cell.
Very few gas bubbles appeared during the heating
period preceding boiling. The temperature pattern
during boiling fluctuated wildly so that the eight
photographs in Fig. 3 appear at first sight to have few
features in common. The cooler regions are mostly
large red or orange rings with hotter centres ; by exam-
ining 16 photographs it was established that the rings
reappeared at preferred sites. There are black regions
indicating heating of the liquid crystal beyond its
colour play limit of 132°C. Visual observation con-
firmed the unsteady nature of the temperature pat-
tern : short-lived flashes of red and orange and longer-
lived patches of black appeared on a green back-
ground. Only a few nucleation sites could be seen on
the boiling surface at any instant. They all produced
large bubbles irregularly, one or two at a time followed
by a period of quiescence.

2.3. Analysis

The objective of this preliminary work was to
demonstrate the general nature and order of mag-
nitude of the wall temperature variations so the con-
version of liquid crystal colour to temperature was
performed approximately by eye. The colour play
range was divided into five bands: 101-107 (brown—
red), 107-113 (red), 113-119 (orange), 119-125 (yel-
low), 125-131 (green). Dividing contours were traced
from the photographs in an area of 4 cm? excluding
the edges of the coated region. The areas cor-
responding to each band were measured, giving the
histograms shown in Fig. 4. Because of the large varia-
bility in Test C the measurements from four photo-
graphs were averaged. The mean wall superheats and
standard deviations were Test A 21 (5) K, Test B 20
(T K, Test C 23 (5) K.

The centres of cold spots and rings were assumed
to coincide with nucleation sites. In the area of 4 cm?
19 sites were identified in Test A, 24 in Test B and 22
in Test C. (In Test C one photograph would typically
show traces of only four or five sites so 16 photographs
were examined. Each site appeared in at least two
photographs.) Of the total of 45 sites only six were
active in all three tests, eight were active in two out of
three tests and 31 were active in one test only, Fig. 5.

3. DISCUSSION

3.1. Nucleate boiling on thin plates

The experiments have demonstrated that the local
wall superheat can range from 20 to 150% of the
spatial mean value. The temporal pattern of variation
was strongly influenced by the wettability of the
surface. When the surface was rendered poorly-wetted
a large population of sites was continuously active:
the temperature pattern was steady, with small super-
imposed fluctuations at the high frequency of bubble
production. When the same surface was well-wetted
few sites were active at any instant and individual sites
emitted much larger bubbles intermittently. Conse-
quently the temperature pattern was unsteady, with
low frequency variations of large amplitude. Repeated
sampling indicated that bubble activity was associated
with particular sites so it is unlikely that it was caused
by the random deposition on the surface of entrained
gas or vapour microbubbles as suggested by Myers
[8]. Although far fewer sites were active at any instant
when the surface was well-wetted in Test C than when
it was poorly-wetted in Test B, the total number of
sites participating over a long period was similar. This
is surprising, given the large effect of changes in con-
tact angle on the population of gas bubble nucleation
sites in supersaturated solutions of nitrogen in etha-
nol-water mixtures [9]. The sites active in Test C
might be expected to be a small sub-set of the sites
active in Tests A and B. In fact 10 of the 22 sites active
at some time during Test C were new sites, which had
not been activated in the preceding tests under what
should have been more favourable conditions. This
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FI1G. 5. Nucleation sites, Tests A—C.

suggests that it will be difficult to predict active site
densities from surface topography and contact angle
only [10]. It may be a consequence of the sensitivity
of individual sites to the precise manner in which they
are covered with liquid. In experiments on gas bubble

nucleation [9, 11, 12], reproducibility depended on
stringent precautions (complete initial drying, con-
trolled direction and rate of immersion) which are
not normally applied before boiling experiments and
cannot be applied during the generation of bubbles.
Also in Test C fully-wetted sites may have been acti-
vated by trapping vapour [12] from the large bubbles
growing at adjacent sites. Alternatively, cleaning with
detergent may not have caused the complete dis-
placement of gas and vapour from most of the sites,
but may have modified their conditions for activation.
In ref. [4] it was suggested that a site is triggered when
the local wall temperature exceeds a certain activation
superheat. Bubble production then causes gradual
local cooling on a timescale long compared to the
bubble period : if the local temperature falls below a
critical cessation superheat, bubble production stops
and is not resumed until the local temperature rises
again to the activation superheat. In the boiling exper-
iments with the surface in the poorly-wetted state,
sites may have had cessation superheats so low that
they were not reached even when sites produced
bubbles continuously ; when well-wetted, the activ-
ation and cessation superheats may have been so close
together that the requisite cooling for temporary cess-
ation was achieved in only one or two bubble cycles.

Despite the entirely different boiling processes
under different conditions of wetting at the same heat
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flux, the mean values of wall superheat are similar,
within the accuracy of the crude colour-temperature
scaling used in this study. The maximum temperature
is higher under the unstable boiling conditions of Test
C. Young and Hummel [13] reported an early example
of the dependence of wall temperature stability on
wettability . low-frequency temperature fluctuations
observed during the boiling of water on a well-cleaned,
thin stainless steel plate disappeared when the plate
was coated with non-wetted spots of PTFE. Extreme
forms of instability can occur during the boiling of
well-wetting alkali metals on stainless steel [14].

3.2. Temperature variations in thick plates

The spacing between active nucleation sites sets the
length scale for temperature variations at the boiling
surface. The same scale determines the penetration
of the time-averaged spatial variations into the solid
plate; temporal fluctuations are additionally atten-
uated on a scale (x/w) "% If the thickness of the plate
is much less than these length scales, the variations at
the boiling surface are transmitted to its rear surface
with little distortion. Thus in Test B the mean spacing
between sites is 4.6 mm and the stainless steel plate is
0.13 mm thick so the measurements with liquid crystal
should represent the temperature at the boiling sur-
face with a spatial resolution of about 0.2 mm and a
flat frequency response over the range 0-20 Hz.

In general the mean spacing between nucleation
sites depends on the surface, the fluid and the system
pressure. It could lie anywhere between say 0.5 and
10 mm so industrial and experimental boiling systems
may have heaters which are ‘thin’ or ‘thick’ on this
length scale. There is no experimental method of map-
ping the full range of temperature variations at the
boiling surface of a thick plate. Microthermometers
(resistance elements or thermocouples) measure local
temporal variations but it is impractical to use them
in large enough arrays to match the information pro-
vided by liquid crystal on thin plates. Instead we esti-
mate the magnitude of the variations on a thick plate
by extrapolation from the measurements on a thin
plate, assuming the same distribution of surface heat
flux. This assumption ignores the distinct possibility
of feedback between the temperature variations and
the nature of the boiling process.

First an idealized model is fitted to the steady tem-
perature distribution observed in Test B. Following
refs. [3, 4], we consider heat flow in a cylinder with
cross-sectional area equal to the mean area per
nucleation site, that is with radius S = (zN)~ Y2
Lengths are made non-dimensional with respect to
S. Heat is generated uniformly internally at a rate
equivalent to a mean surface heat flux ¢ and removed
by the action of bubbles over the annular region
a <r < b. The fraction of the boiling surface area
participating in heat transfer is (> —a?), over which
the uniform surface heat flux is g/(b> — a?). Heat trans-
fer by enhanced natural convection in the region
b < r < 1is neglected and the other boundaries of the

cylinder are adiabatic. For a thin plate with non-
dimensional thickness d « 1 the axial variations in
temperature can be neglected, leading to simple
expressions for the time-averaged radial distribution
of temperature (see Appendix). In Test B, S = 2.3 mm
so d =0.06 and the requirement d « 1 is satisfied.
Values of a and b are chosen to match the observed
temperature range A = (130-104)+1°C and spatial
mean temperature 7 = 120+1°C. There is not a
unique choice. Making the conventional assumption
of uniform heat removal over a circular area of influ-
ence (that is with a=0), the required value of
b? = 0.66. The corresponding radius S = 1.9 mm is
roughly equal to the estimated bubble departure
diameter, again in line with convention. The obser-
vations of cool rings (better seen under the large
bubbles in Tests A and C than in Test B) suggest that
a ‘cooled annulus’ might be a more realistic model
than a ‘cooled disc’. The test conditions can be
matched by values ranging from 5% = 0.4, a*> = 0.25to
b? = a* = 0.35, still suggesting that the heat transfer
occurs mainly in a region outside the periphery of
the bubbles. The radial temperature distributions for
b?=0.66,a> = 0and b* = 0.36, a®> = 0.30 both match
the range A and mean temperature 7" in Test B but
the corresponding distributions of temperature with
respect to area are in poor agreement with the mea-
sured distribution, Fig. 6. This may be because the
cylindrical-geometry model is a reasonable approxi-
mation for sites in a uniform triangular array but
is a poor representation of the more distant regions
between sites in an irregular array producing bubbles
of various sizes.

Whatever its shortcomings, the cylindrical model is
at present the only tool available to translate the data
for a thin plate to thick plates. Steady conduction in
a thick cylinder is solved by standard methods (see
Appendix) giving the solutions summarized graphi-
cally in refs. [3, 4], with characteristic temperature
differences ® = ¢S/k. For the heat flux and site den-
sity of Test B with ? = 0.66, a> =0 or b = 0.36,
a® = 0.30 the amplitude of surface temperature vari-
ation A on a plate of semi-infinite thickness is 0.48@
or 0.640, that is 7 or 9 K on a thick stainless stecl
plate. As amplitude is inversely proportional to ther-
mal conductivity, the corresponding ranges for copper
would be only 0.3 or 0.4 K. In circumstances cor-
responding to small values of b, the temperature vari-
ation at the surface of a thick copper plate could be
several degrees Kelvin [4].

3.3. Measurement of mean wall superheat

The most basic nucleate boiling data define the
relationship between heat flux and wall superheat, the
boiling curve ¢(T). The occurrence of temporal
variations in wall superheat has long been recog-
nized and, although spatial variations have been
disregarded, ¢ and T are implicitly time- and space-
averaged values. The demonstration that the spatial
variations may, in some circumstances, be large raises
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two questions: do experiments correctly measure the
averaged superheat, and is this quantity sufficient to
specify the boiling process?

Many boiling experiments, particularly in flow boil-
ing, use ohmic heating of a thin tube or plate with the
wall superheat deduced from temperature measure-
ments by thermocouples attached to the rear, non-
boiling surface. Making the plate of thin material of
low electrical (and therefore thermal) conductivity
reduces the requirement for heavy electrical current.
Therefore, the experimental conditions are similar to
those used in this paper. Figures 1-3 reveal the diffi-
culty of obtaining a representative value of wall tem-
perature from point-measurements, e.g. from directly-
welded thermocouples, even if many are used.
Cementing a thermocouple along the surface over an
insulating layer provides some averaging by con-
duction along the thermocouple if the spacing be-
tween nucleation sites is small [3]. Better averaging is
achieved by attaching a thermocouple to a plate of
good conductor large enough to cover several sites;
this plate must be electrically insulated from the boil-
ing plate so an outer layer of thermal insulation with
well-controlled guard heating is necessary. Alterna-
tively a resistance thermometer grid of fine wire can
be cemented to the boiling plate.

The electrical heater itself can be used as a resistance
thermometer, e.g. in experiments on boiling on fine
wires, which provide little quantitative information
applicable to geometries of practical interest. More
useful for fundamental studies are experiments in
which the electrical heater is a thin (typically 40 nm)
semi-transparent conducting film deposited on a
glass substrate [15], giving a boiling surface of well-
controlled but unusual properties. The relationship
between the temperature calculated from the resis-
tance of the heater and the true mean temperature
depends on the geometrical disposition of the hot and
cold areas. For the simple but extreme case of two
equal rectangular areas, one at T, and the other at
Tyso T=(T,+T,)/2and A =T,—T,, the apparent
temperature equals the mean temperature if the cur-
rent passes through the areas in series but is low by a
factor (1 —BA?/4T) if they are in parallel. Taking the
thermal coefficient of resistivity B = 4x 10> K~ ' for
gold and A =T =20 K, the error is —2% of the
mean superheat. In nucleate boiling the error might be
smaller, although difficult to quantify. More seriously,
the heater is too thin to contribute to lateral con-
duction which therefore occurs in the electrically-insu-
lating substrate of low thermal conductivity, causing
large spatial temperature variations. Although the
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conditions of heat input are different, the variations
will be the same as those discussed in Section 3.2, of
the order of ©/2. For the distribution of surface heat
flux in our representative experiment at 100 kW m 2,
the estimated surface temperature variation of 7K on
a thick stainless steel substrate would become 100 K
on a glass substrate! This impossibly high estimate
indicates that the spatial variations in wall superheat
would modify the heat flux distribution towards larger
values of b, e.g. by promoting additional nucleation
in regions of high superheat. Even organic fluids boil-
ing at low heat fluxes of the order of 10 kW m~2 on
thin-film heaters with glass substrates are likely to
cause substantial variations in surface temperature.
Data from this sort of experiment must be interpreted
with especial care.

Thick plates with indirect electrical heating on the
rear surface are used in pool boiling experiments.
The surface temperature and heat flux are calculated
from the temperature gradient normal to the boiling
surface, measured by embedded thermocouples. If
measured correctly, the extrapolation of the gradient
gives the mean surface temperature even if the surface
heat flux is not uniform (see Appendix) but thermo-
couples must be placed outside the disturbed region
extending a distance of the order of the nucleation
site spacing S from the surface. Care is required in
experiments designed to study bubble dynamics at
very low site densities on polished surfaces, when S
may be large.

3.4. Modelling nucleate boiling

Mikic and Rohsenow [5] introduced a model for
the isolated-bubble regime which has a well-defined
physical basis and which has gained wide acceptance.
The many variations on their model retain a common
structure : the bubble radius R and frequency w and
the density of active nucleation sites N are separately
defined by expressions which are then combined in an
idealized model for bubble-induced heat transfer. The
expressions may be correlations specific to one set of
experiments, more general correlations or they may
have a theoretical basis. The correlations are recog-
nized to provide averaged values of quantities that
vary widely, e.g. bubble size at individual sites and
from site to site; the wall superheat, when it appears
in a correlation, is given a value which is implicitly a
spatial and temporal average, although the existence
of large variations is not acknowledged explicitly.
Theoretical models, e.g. for bubble frequency [16],
may incorporate temporal variations and transient
conduction normal to the surface but lateral vari-
ations are not considered. The heat-transfer model
then uses, in various combinations, quantities which
have been averaged separately to calculate the sup-
posed average heat flow into the fluid at every active
nucleation site.

The original heat-transfer model, recognized from
the outset to be oversimplified [5], assumed spatially
uniform transient conduction to cold liquid over an

area of influence somewhat larger than the maximum
projected area of a bubble. The ratio of these areas K
is an empirical ‘constant’, the value of which actually
depends on experimental conditions if it is chosen to
optimize the agreement between theory and exper-
iment [17, 18]. The model can be elaborated, e.g. to
allow for overlap of areas of influence [19] and
additional modes of heat transfer such as microlayer
evaporation under bubbles [20]. Transient conduction
is usually the major contributor. However, there is an
unresolved conflict between the generally satisfactory
performance of this model, conventionally calculated
with K = 4 so that the radius of the area of influence
is about twice the maximum bubble radius, and
measurements of transient wall temperatures by small
arrays of microthermometers [21-23] which have
detected little disturbance beyond the radius of the
bubble. These experimental observations are sup-
ported by one of the few theoretical studies incor-
porating radial conduction in the wall during bubble
growth and detachment [24]. The cold rings in Figs. 1—
3 also indicate that heat transfer is more concentrated
than the transient-conduction model supposes. It is
most important to discover the true pattern of heat
removal because it has such a large effect on the cal-
culated magnitude of the spatial variations in wall
temperature. In turn, the reduction in wall superheat
round a continuously active site means that calcu-
lations based on the mean superheat overestimate the
heat flow to the fluid.

According to the heat transfer model, the mean
heat flux is proportional to the density of active
nucleation sites N. In a few experiments this infor-
mation is obtained by direct observation. More often
N must be deduced from a sub-model, such as that
proposed by Bergles and Rohsenow [25] and others
[26, 27], based on the following physical model.

The boiling surface has a population of potential
nucleation sites, each characterized by a single dimen-
sion (equivalent radius ') which can be converted to
an equilibrium superheat 7,(+). The surface is then
specified by the distribution function N’(r"), where N’
is the cumulative density of sites with radii exceeding
r'. A site is activated if the mean wall superheat T
(with a correction dependent on the mean heat flux ¢)
exceeds its equilibrium superheat 7,(r").

This model provides the required density of active
sites N(T) provided N’(+) is known. On limited
evidence [5] it has been assumed that N’(+') can be
represented by expressions like

N = Cipry ()

where m is of the order of 2-6. C and m depend on the
microgeometry and wettability of the surface. In the
absence of direct measurements of N’'(r’), their values
must be deduced by fitting the complete heat transfer
model to experimental measurements of the boiling
curve g(T). In effect the model becomes a scheme for
correlating boiling curves for a range of conditions by
an expression with at least two adjustable coefficients.
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The model can sometimes do this very successfully
[28]. However, there is some very limited evidence
from the direct measurement of N’(r) by gas bubble
diffusion on the inner surface of a drawn tube [29]
that the density of small sites does not increase with-
out limit as »" — 0, as implied by equation (1). Many
more determinations of N’(r") should be performed
on a wide variety of surfaces to establish a suitable
general form for the distribution function.

Despite the successes of the heat transfer model,
there is much evidence that the physical assumptions
behind the sub-model for active nucleation site den-
sity are grossly oversimplified.

(i) Boiling curve hysteresis. Hysteresis is generally
associated with well-wetting fluids, e.g. ref. [30]. The
site density model, with its simple criterion for acti-
vation, cannot distinguish between states reached by
increasing or decreasing the mean wall superheat and
heat flux. It might be argued that the model only
applies under the conditions of decreasing heat flux
often employed in laboratory experiments. This
would imply that the condition for site activity is
actually the condition for maintaining activity, and
that some different model is required to describe the
problems of initiating boiling, which can have impor-
tant consequences in industrial applications ranging
from cryogenic heat exchangers to cooling of elec-
tronic components.

(ii) Interaction between sites. The model requires
sites to be so far apart that they do not interact and
the wall superheat at each site to be equal to the mean
superheat, requirements which may conflict. If sites
are randomly distributed, some should be close together
even when the average spacing is large. Eddington
and Kenning [12] showed that in subcooled flow boil-
ing the random distribution was distorted by an in-
hibiting process within about two bubble radii of an
active site. Judd and co-workers [17, 31, 32] observed
inhibition and promotion near active sites in pool
boiling. This is indirect evidence for variations in wall
superheat large enough to influence nucleation,
although disturbances could be propagated through
the fluid rather than the wall.

(iii) Irregular behaviour of sites. In boiling at con-
stant heat flux the model supposes that all activated
sites remain active, producing bubbles continuously
at a steady frequency. Myers and co-workers {2, 8,
33] described the intermittent behaviour of nucleation
sites in pool boiling, also seen in Test A of this paper
and in an extreme form i Test C. Intermittency
reduces the number of sites contributing to heat trans-
fer at any instant under nominally steady conditions.
Following increases in heat flux and mean wall super-
heat the sites previously active should, according to
the model, all remain active and be reinforced by
additional sites in a regular and progressive manner.
The behaviour observed by del Valle and Kenning
[18] during successive increases in heat flux in
subcooled flow boiling was much more complex.

Although there was a net increase in the number of
active sites, some sites active at low heat flux were
inactive at higher flux. (In the light of current work,
it should be noted that the method of observation in
those experiments would not have detected a possible
influence of intermittency over long periods: sites
were detected by high-speed photography over a
sampling period of less than 0.5 s.)

This paper has provided experimental evidence
and theoretical arguments that spatial variations in
wall superheat occur in many boiling systems. These
variations provide qualitative explanations for the
phenomena listed above. They also invalidate the
physical modelling underpinning the model for active
site density N(T).

Consider the consequences of a small increase in
heat flux accompanied by a small increase in mean
wall superheat from 7 to T+dT. According to the
model, the density of active sites increases by an
amount dN proportional to dN/dT at the mean value
T, Fig. 7(a). The slope of the boiling curve dg/dT at
T'is also closely linked to d N/d T at T through the heat
transfer model. Actually the wall superheat ranges
about the mean value T by a relatively large amount
A. Supposing for the moment that N(T) applies if the
local superheat is used instead of the mean value,
dN might be expected to depend on dN/dT at the
maximum superheat, Fig. 7(b). This is an over-sim-
plification since the higher probability of activating
new sites in the regions of higher than average super-
heat must be weighted with the probability of there
being potential sites in those regions. In order to cal-
culate dN it is necessary to know the distribution
of superheat with respect to area, which depends on
N, ¢ and the properties of the wall.

Next consider the difficulties that arise even when
the model is applied on a local basis. Suppose that a
small increase in heat supply is just sufficient to acti-
vate a new nucleation site at a local superheat T,. If
the site produces bubbles at a finite rate the step
increase in cooling in the immediate vicinity of the site
causes a reduction in the local superheat, unless the
boiling plate has infinite thermal conductivity. The
new site must be able to survive this reduction if it is
to remain active. The specification of the site must be
expanded to include the superheat 7, at which it ceases
to produce bubbles. If the local superheat stabilizes
above T, the site remains continuously active. If the
superheat falls to 7T,, the site switches off: with its
cooling effect removed, the local superheat rises again
to T,, reactivating the site so that it becomes inter-
mittently active. The disturbances in the wall super-
heat pattern round the new site may also affect adja-
cent sites, causing inhibition, intermittency or even
promoting activity by the elimination of another site.

The simple model with uniform superheat presents
a picture of a population of active nucleation sites
which is static under steady-state conditions and
which changes in an orderly and regular manner as
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Fi1G. 7. Site density model (a) without and (b) with spatial variations in superheat.

the heat flux changes. This may approximate to the
behaviour of real systems with thick walls of high
conductivity, such as copper. Sultan and Judd [34]
reported regular increases in site density with increas-
ing heat flux for water boiling on copper, although it
should be noted that their method of detecting sites
by traversing a probe through the fluid would not
have detected long-period intermittency. The con-
ditions for near-uniform superheat (wall thickness
large compared to the site separation S and mean
superheat T > ¢S/k) are not satisfied in many exper-
imental and industrial boiling systems. Then a model
which is to represent the essential physics of nucleate
boiling with a mixture of steady and intermittent sites
must have the following features:

(a) consideration of local superheats to determine
the activity of sites and their contribution to heat
transfer;

(b) specification of sites by their conditions for acti-
vation and cessation;

(c) allowance for the effect of intermittency on the
overall (space- and time-averaged) heat flux.

Intermittency disrupts the simple proportionality
between mean heat flux ¢ and the total population of
active sites N. A simple extended model (sites specified
by activation superheat T, cessation superheat 7, and
constant heat flow whilst active ¢) was used in ref. [4]
to demonstrate that even idealized systems with only
two types of site can generate quite complex boiling
curves.

3.5. Do we need a better model?

If the simple (uniform superheat) model does not
have a sound mechanistic basis, its status is down-
graded to just another correlation scheme. As noted
in Section 3.4, it may be quite successful in that role
but it faces competition from other schemes, e.g. using
reduced properties [35]. All correlations face diffi-

culties in representing the influence of the condition
of the boiling surface. We may suspect, from the dis-
cussion in this paper, that the difficulties also hide
some influence of the bulk properties of the wall.
The price of realism is complexity: much more
input data are required, such as the size distributions
of sites with different ratios T,/T.. A criticism of the
existing model can be based, as here, on very limited
observations. Assembling sufficient data to construct
a better mechanistic model is a much bigger enterprise.
It may be difficult to fund in the present financial
climate if the final result is a prediction of the boiling
curve which is only marginally better than empirical
correlations. The payoff from better models may come
in systems where the variations in wall superheat have
important direct consequences: hysteresis which
limits the operability of fluid—fluid heat exchangers
designed to run at low temperature differences, effects
on corrosion and fouling, thermal stresses and the
reliability of devices cooled by nucleate boiling.

4. CONCLUSIONS

(i) Experimental and theoretical evidence has been
presented that large spatial variations in wall super-
heat are to be expected in nucleate boiling on thin-
walled tubes and plates and on thick plates made
of materials of moderate thermal conductivity, like
stainless steel.

(if) The variations can cause errors in the measure-
ment of mean wall superheat by some conventional
techniques.

(iti) Existing mechanistic models which assume uni-
formity of wall superheat are only valid in the limit
of boiling on thick plates of high conductivity, like
copper. They do not represent correctly the mech-
anisms controlling the density of active nucleation
sites in many experimental and industrial systems.
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(iv) A realistic model must incorporate the effects

of local wall superheat on bubble site activity, allow-
ing for the possibility of intermittency. Sites must be
described by two characteristic superheats, one for

ac

tivation and one for cessation.
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APPENDIX

Consider the temperature field in a cylindrical region of
radius S round a nucleation site, Fig. Al. Lengths are made
nondimensional with respect to S, temperatures with respect
to @ = ¢S/k. Time-dependent variations are assumed steady-
periodic so that the time-averaged temperature field is
described by the steady conduction equation. Heat is saup-
plied at a rate equivalent to a mean surface heat flux g by
one of the following methods: uniform internal generation,
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(%)

q
FiG. Al. Domain for steady-conduction model.

uniform supply over the rear face of the cylinder, uniform
supply over the front face of the cylinder (e.g. by an electrical
resistance heater of microscopic thickness). The heat flux
from the front face to the boiling fluid is the sum of the
mean flux ¢ and a perturbation f(r) which makes no net
contribution to the heat flow

1
J 2rrf(r)dr = 0. (Al)
0
The temperature field is the sum of the one-dimensional field
t,(z), which depends on ¢ and the method of heating and the
perturbation (r, z) due to f(r) with adiabatic conditions on
the other boundaries of the cylinder and no internal heat
generation. We note that the variations in surface tem-
perature do not depend on the method of supplying heat,
provided the supply is uniform.
We have chosen a model in which heat flow to the boiling
fluid is confined to the annular surface region a < r < b, s0

S =—q, O<r

1
=q|:(—bz—_72‘)—l:|, as<r<l.

<a and b<r<l1

(A2)

The perturbation temperature field must satisfy

o o P N
orr ' ror 8zt (A3)
at ot
r=1, 5=0, z=0, a—z=0 (A4)
ar

E__I’ 0<r<a b<r<li

1
= 1
(b*-a’)
Solving by standard methods, e.g. Chaps. 7 and 8 of ref. [36]
2 & cosh (a,d)[b],(a,b) —at (a,a)] Jo(o,7)

a<r<b. (AS5)

t=——5 S z
b*—a® ,Z‘, o2 sinh (o, d)[ Jo(2,0)]?
(A6)
where o, are the positive roots of J,(a,) = 0. Since
1
J rdo(a,r)dr=J,(2,) =0 (A7)
0

the perturbation field makes no contribution to the mean
temperature on the heat transfer surface z = d. Consequently
the one-dimensional corrections conventionally made in
boiling experiments to deduce the surface temperature from
remote measurements do give the mean value correctly.

When d<« | temperature variations in the direction
normal to the surface can be neglected and the surface tem-
perature relative to its mean value is given by

O0<r<a: 4U+Tyd= —r? (A8)
a<r<b: 4(+Tyd=
a’ r? s e r?
b<r<l: 4t+Tyyd=1-r?
SN Lt L TS
ey | A1
where

2lna?—52 2 a2 p2
4T0d=[a na blnb]~(1 a b). ALD

b*—a? 2

CONFIGURATION DE TEMPERATURE PARIETALE DANS I’EBULLITION NUCLEE

Résumé—Les configurations de température a I’arriére d’une mince plaque chauffée en acier inoxydable
pendant I’ébullition nuclée deau en réservoir sont mesurées avec un cristal liquide thermochrome. Il est
montré que les variations spatiales qui sont de larges fractions de la surchauffe moyenne de la paroi sont
rencontrées dans de nombreuses applications expérimentales et industrielles de I'ébullition. Elles causent
des erreurs dans la mesure de la surchauffe moyenne de la paroi par quelques méthodes conventionnelles.
Les modéles mécanistes établis qui supposent Puniformité de la surchauffe de la paroi ne peuvent représenter
correctement les mécanismes controlant la densité et I'activité intermittente des sites de nucléation des
bulles sur la paroi ayant une conductivité thermique finie. Les caractéres essentieles d’un modgle réaliste
sont décrits.

VERTEILUNG DER WANDTEMPERATUR BEIM BLASENSIEDEN

Zusammenfassung—Mit Hilfe thermochromer Flissigkristalle wird die Temperaturverteilung an der Riick-
seite einer diinnen, beheizten Platte aus rostfreiem Stahl gemessen, wenn an der Vorderseite Blasensieden
von Wasser stattfindet. Es wird gezeigt, daB bei vielen Versuchsanordnungen und industriellen Anwen-
dungen des Siedens starke rdumliche Temperaturunterschiede zu erwarten sind. Deren GroBenordnung
entspricht einem gréBen Bruchteil der mittleren Wandiiberhitzung. Diese Temperaturunterschiede kénnen
bei einigen herkémmlichen MeBverfahren zu Fehlern bei der Bestimmung der mittleren Wandiiberhitzung
fithren. In herkémmlichen mechanistischen Modellen wird von einer gleichférmigen Wandiiberhitzung
ausgegangen. Derartige Modelle sind auBerstande, die Vorginge richtig zu beschreiben, welche die Dichte
und die intermittierende Aktivitit von Blasenkeimstellen an einer Wand endlicher Wirmeleitfahigkeit
bestimmen. Die grundlegenden Charakteristika eines realistischen Modells werden beschrieben.



86

D. B. R. KENNING

MPOPUIU TEMITIEPATYP CTEHKH TTIPH ITY3BIPBKOBOM KHIIEHHUU

Annoramms—C HCIONB30BAHUEM TEPMOXPOMHOI'0 XHUAKOTO KPHCTAJlIa onpenesaioTcs npoduin remne-
paTyp Ha 3aaHed CTeHKe TOHKOH HarpeToil IUIaCTHHBI M3 HEPXaBEIOMICH CTaNM NpPH My3BIPBKOBOM
kuneHu Boapl B Gonbimom obbeme. ITokazaHo, YTO BO MHOTHX Cllydasix 3KCIHEPHMEHTANBLHOIO H MpO-
MBILIIEHHOTO IPUMEHEHHS KHIEHHS 0KMAeTC BO3ZHMKHOBEHHE NPOCTPAHCTBEHHBIX H3MEHEHHH B OIIpe-
J€JICHAH CPe/iHell BEeHYMHBI IEPErpeBa CTEHKH, YTO MOXET NPHUBECTH K NOTPEIIHOCTAM €r0 H3MepeHHi
obIIenpHHATHIMH MeToAaMH. Mogenn, pa3spaboTaHHble B NMPENNOIIOKEHHH OJAHOPOJHOCTH IIeperpeBa
CTEHKH, He MOTYT aJEKBATHO ONMCBIBATH MPOLECCHI, KOTOPBIE PErYJINPYIOT IVIOTHOCTb H HHTEHCHBHOCTD
00pa3oBaHUs Ny3bIPHKOB HAa CTEHKaX C KOHEYHOH TEmIONpOBOAHOCTBHIO. ONUCHIBAIOTCH OCHOBHBIE OCO-
OEHHOCTH TIpe/UTaraeMoi MOJEITH.



