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Abstract

The creation of bubbles is a fundamental process in boiling heat transfer. There must be a correlation between heat transfer and bu
In order to find out more about it a number of tubes of different materials, diameters and surface finish were investigated and their he
coefficients were determined. Besides the overall heat transfer coefficient, local heat transfer coefficients on the circumference of a stael
tube were obtained. A comparison of measurements made in Stuttgart with those made in Paderborn (one of our partners in a joi
financed by the Deutsche Forschungsgemeinschaft) showed very good agreement.

In order to count nucleation sites and determine nucleation site densities, observations were made over periods of 15 to 30 minutes
observations) and for periods of 1/60 second (short term observations). The results were called accordingly long term- or short term nu
site densities.

Results for either observation time are given in diagrams. Clear differences appear for different tube materials, different surface
long—or short term observations.

Emery ground Cu-tubes show distinctly a different nucleation behaviour from gold-plated, sandblasted Cu-tubes.
The heat flow from a single active site was determined and it was tried to correlate this with the average bubble spacing. So far, such a

is best acceptable for spacings larger than 1 mm, i.e. for only a very small nucleation site density.
 2005 Elsevier SAS. All rights reserved.
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1. Introduction

Observation of boiling phenomena shows bubbles emer
irregularly from single spots on a heated surface. A microsc
survey of such surfaces reveals tiny scratches or cavities i
material where bubbles are formed. These cavities are c
nuclei, the whole process nucleation and the regime nuc
boiling or nucleation.

Clearly the number of such nuclei sites must be an impor
parameter in nucleate boiling. Investigations have been
formed since many years. Jakob and Fritz [1] and Jakob
Linke [2] counted already in 1931 visually the number of act
nucleation sites and measured heat transfer coefficients.
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In later years a number of investigations have been
formed to count active (bubble producing) sites, both by di
observation and by still or high speed photography [1–22].

These counts were restricted to small site numbers per
(= nucleation site density)N/A < 100 cm−2 and consequentl
to low heat fluxes. At high heat fluxes with largerN/A a great
number of bubbles float in the liquid and obscure the view
the heated surface.

New methods have been developed to overcome this p
lem.

Gaertner and Westwater [23] studied nucleate boiling on
electroplated surface and identified up to 175 sites·cm−2.

Semeria [24] observed more than 1000 bubb
columns·cm−2 on a thin wire.

Kirby and Westwater [25] found up to 630 sites·cm−2 on a
heated glass plate. Pictures were taken with a high speed ca
from underneath the plate.
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Nomenclature

A area on heated surface . . . . . . . . . . . . . . . . . . . . . cm2

c′ specific heat capacity of saturated
liquid . . . . . . . . . . . . . . . . . . . . . . . . . . . . kJ·kg−1·K−1

DB bubble departure diameter . . . . . . . . . . . . . . . . . . mm
h heat transfer coefficient . . . . . . . . . . . . W·m−2·K−1

�hv heat of evaporation . . . . . . . . . . . . . . . . . . . . kJ·kg−1

Ja = (ρ′ · c′ · �ϑ)/(ρ′′ · �hv) Jakob-number
N number of active nucleation sites
N/A nucleation site density . . . . . . . . . . . . . . . . . . . . cm−2

P heat flow per nucleation site . . . . . . . . . . . . . . . . mW
p pressure . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . bar
�p pressure difference. . . . . . . . . . . . . . . . . . . . . . . . . . Pa

p∗ = p/pc reduced pressure
q heat flux . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . W·m−2

rc critical radius . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . µm
s average bubble spacing . . . . . . . . . . . . . . . . . . . . mm
Ts saturation temperature . . . . . . . . . . . . . . . . . . . . . . . K
t time . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . sec
�ϑ = ϑwall − ϑliquid excess temperature . . . . . . . . . . . K
�ϑloc = ϑwall,loc − ϑliquid local excess temperature . . . K
ρ′ liquid density . . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

ρ′′ vapour density . . . . . . . . . . . . . . . . . . . . . . . . . kg·m−3

σ surface tension . . . . . . . . . . . . . . . . . . . . . . . . . N·m−1
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Iida and Kobayasi [26] applied a miniature void-detect
probe to operate within a small distance above the heated
face. They encountered up to 150 sites·cm−2.

Meyers and co-workers [27,28] worked with an electrica
heated stainless steel sheet with a liquid crystal coating or
a high speed infrared camera, to identify the active sites on
upper surface.

Barthau [29] was able to count up to 8000 sites·cm−2on the
vertical flank of a horizontal tube, using an optical method.

Pinto [30] succeeded in measuring up to 40000 sites·cm−2,
also on the vertical flank of a horizontal tube with his high sp
video camera.

For the investigation here, the optical method as prese
in [29] was improved so that 14000 sites·cm−2 could be
counted on the vertical flank of a horizontal copper tube [31

2. Experimental set up and measuring method

Tests were performed on horizontal copper-tubes of 8
and 15 mm in diameter and on a stainless steel tube (15 m
These tubes were either emery ground, sandblasted or
plated. They had a length of 150 mm and 200 mm (8 mm di
eter) and were heated electrically.

Our results have been compared with results from our p
ner (WKT, Institut für Energie- und Verfahrenstechnik, Univ
sität Paderborn, Germany).

In Table 1 a list is given of the various test specifications
Details and the measuring method are described in [29

33].
For the counts of the nuclei, the tube was viewed by a vi

camera through a telescope. Depending on the nucleation
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density, different sizes of the observed areas, i.e. different m
nifications (maximum 420 times), had to be selected. When
tube surface is observed in directly reflected light, the nu
ation sites with their adhering bubbles appear as dark s
These are marked on a transparent foil placed on the v
screen.

3. Results for heat transfer coefficients

Heat transfer coefficients h were measured in a pres
range of 4.1 bar to 28.4 bar (i.e. 0.1 � p∗ � 0.7) for R134a
and 1.5 bar to 2.47 bar (0.05� p∗ � 0.074) for R114. Results
are shown in Fig. 1 forp∗ = 0.1,0.5, and 0.7. The gold-plated
(sandblasted) tube gives the biggest heat transfer coeffic
for a p∗ = 0.5. These exceed the emery ground tube (15
diameter) by 20 to 30%. Forp∗ = 0.1 there is only little differ-
ence between the gold-plated tube and the emery ground
therefore this cannot be distinguished in Fig. 1.

The stainless steel tube renders the smallest heat tra
coefficients. Compared to gold-plated-tube data for small
fluxes, the heat transfer coefficients for the sandblasted stai
steel tube are below by about 30%, for high heat fluxes by 1

The heat transfer coefficients for the 8 mm tube and R
are about 20% below those of the emery ground 15 mm tub
R134a.

For the stainless steel tube a special arrangement of
mocouples had to be made in order to obtain reliable the
conductivity data for the steel material. Inside the tube, on
and bottom and either side, 2 thermocouples were position
different radii 0.9 mm and 2.8 mm below the heating surfac
Table 1
Test specifications

Place Material d [mm] Surface finish Ra [µm] Fluid Reference

Stuttgart Copper 8 emery ground 0.52 R114 29
Stuttgart Copper 15 emery ground 0.40 R134a 31
Stuttgart Copper, gold-plated 15 sandblasted 0.30 R134a 32
Stuttgart Stainless Steel 15 sandblasted 0.18 R134a 33
Paderborn Copper–Nickel 24 sandblasted 0.21 R134a priv.com.
Paderborn Copper 25.4 sandblasted 0.25 R134a priv.com.
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Fig. 1. Heat transfer coefficienth vs. heat fluxq for different configurations and
pressures. em—emery ground; sbl—sandblasted.

Fig. 2. Ratio of the local heat fluxqloc to the average heat fluxq vs. heat fluxq
for two reduced pressuresp∗. Open symbols: single phase natural convectio

This arrangement also allowed for the measurement of l
heat fluxes and local heat transfer coefficients. The resul
these circumferential distributions are shown in Figs. 2 and

In Fig. 2 the ratio of the local heat fluxqloc to the average
heat fluxq (obtained from the electrical input) is plotted v
the average heat flux. Due to symmetry the local heat flu
l
of

s

Fig. 3. Ratio of the local heat transfer coefficienthloc to the average heat tran
fer h vs. heat fluxq for two reduced pressuresp∗. Open symbols: single phas
natural convection.

on either side should be the same. The deviations in the
heat flux range (q � 103 W·m−2) are thought to be cause
rather by different nucleation site distributions than by m
surement errors. This can be deduced from the behaviou
the corresponding data for natural convection (open symb
which show nearly perfect agreement. At highest heat flu
q ≈ 105 W·m−2, all local deviations nearly disappear. The a
curacy of these data is given mainly by the accuracy of
position of the individual thermocouple junctions and is e
mated to be±5%.

The ratio of the local heat transfer coefficienthloc =
qloc/�ϑloc to the average heat transfer coefficienth = q/(�ϑ)av

is plotted vs. the heat flux in Fig. 3 for the pressure ra
p∗ = 0.1 and 0.5. Forp∗ = 0.1 it can be seen that the loc
heat transfer coefficient for single phase natural convectio
independent of heat flux. The same is true forp∗ = 0.3; 0.15
and 0.03 which is not shown here. The heat transfer coeffic
is highest at the bottom and lowest at the top of the tube.

In the boiling regionhloc is highest at the bottom for all pre
sures and heat fluxesq > 104 W·m−2.

In this joint program we were able to compare our meas
ment data of the emery ground 15 mm Cu-tube to those f
Paderborn with a sandblasted 24 mm CuNi-tube and 25.4
Cu-tube. Amazingly the results of either laboratory agree m
or less with each other despite of differences in tube-mate
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Fig. 4. Comparison of heat transfer results on different tubes with diffe
surface finish.

-diameter and surface finish with different roughness para
ters, Fig. 4.

4. Results for nucleation

Of the many potential bubble sites on a heated surface
those are counted here which produce bubbles—continuo
or intermittently, i.e. are active, permanently or with inactive
termissions. Long term and short term observation have sh
that quite different results are obtained for the nucleation
density in either case. There are various names given in
ature to this phenomenon: here we want to clearly specify
conditions which have led to the observations: long term
cleation site densities are observed for the length of som
minutes, short term nucleation site densities for fractions of
onds.

This does not mean, however, that the long term sites m
be active over the entire period of observation; often they
not.

Judd and Merte [34] were, as far as we know, the firs
distinguish between an “average population density” i.e.
number of bubbles per unit area at a given instant (short te
and “active site density” i.e. the total number of active s
per unit area (long term). To make it more evident we pre
to speak of short- and long-term events. Judd and Merte fo
that the short-term population density is approximately one
of the long-term population density for the same levels of h
flux. The same observation was made by Barthau [29].

5. Long term nucleation

Here observations were performed for 15 to 30 minutes
Fig. 5 long term nucleation site densities are shown vs.
flux. On the right-hand side of the diagram the visualised
easAvis are indicated. For high population densities only sm
areas (0.5 to 1 mm2) could be chosen.

In this diagram long term site densities are shown, for th
different pressuresp∗ = 0.1; 0.5; 0.7 and for the different te
tubes listed in the insert.
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Fig. 5. Long term nucleation site density(N/A)lt vs. heat fluxq for different
tubes with different surface finish.

Fig. 6. Relation between heat flux divided by the Jakob-numberq/Ja and long
term nucleation site density(N/A)lt .

The site density increases with heat flux and pressure.
increase of site density with heat flux(�(N/A)/�q)p is larger
than 1. It is interesting to notice thatN/A can increase by al
most 1000 times when the pressure is increased only 5 ti
e.g. fromp∗ = 0.1 top∗ = 0.5.

For p∗ = 0.5 the sandblasted tubes exhibit a higher den
than the emery ground tube and even the emery ground tub
p∗ = 0.7.

In these studies it was observed that the sites are perman
active only at very low heat fluxes, i.e. at low nucleation s
densities. They become intermittently active when the heat
is increased.

In an attempt to correlate these different curves we plo
the heat flux divided by the Jakob-number vs. the long t
nucleation site density, Fig. 6. The Jakob-number, which c
acterizes the ratio of the sensible heat to the latent heat
given fluid volume is often used to describe bubble dynam
The various curves do come together, but a satisfactory cor
tion is best only at smallN/A < 100 cm−2 .

The interrelation of the nucleation site density with the
eraged heat transfer coefficient h is shown in Fig. 7. Res
for the emery ground Cu-tube and the sandblasted Cu–Au
stainless steel tubes are compared. It seems logic that the
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Fig. 7. Heat transfer coefficienth vs. long term nucleation site density(N/A)lt
for different tubes.

transfer coefficient increases, when the site density incre
But not in all cases the increase inN/A is accompanied by a
equivalent increase inh: e.g.�(N/A) can be larger or smalle
than�h.

For the same pressure, the same number of sites brings
the highest heat transfer coefficient on an emery ground
tube, followed by the sandblasted Cu–Au-tube and the stain
steel tube.

For the same nucleation site density an increase in pres
causes a decrease for the heat transfer coefficient. This m
be due to smaller bubbles at higher pressures.

The performance of a nucleus depends on its critical rad
This is a property defined by

rc = 2 · σ/�p = (2 · σ · Ts)/(�hv · ρ′′ · �ϑ) (1)

with σ surface tension,Ts saturation temperature,�hv heat of
evaporation,ρ′′ vapour density and�ϑ = ϑwall − ϑliquid the
excess temperature.

In Fig. 8 a plot is presented of a cumulative number
active nucleation sites vs. the critical radius. This(N/A)cum

has to be introduced since—different from the common us
diagrams, the number here does not result fromone rc e.g.
(N/A)cum = 102 cm−2 for rc ≈ 0.4 µm, but it is the accu
mulated number of active sites with critical radii� rc. The
large nucleation sites become active already at small�ϑ (or q),
more and more sites become active as the wall temperatu
creases until the respectiverc for the condition given in Eq. (1
is reached, e.g.rc ≈ 0.4 µm in the aforementioned example.

It is well known that more and more sites become ac
when the heat flux, i.e. the excess temperature is increa
which causes the critical radius to decrease. This is verifie
Fig. 8.

Data for different tubes and fluids are presented in this
ure: pressure ratios ofp∗ = 0.1–0.7 were obtained on an eme
ground Cu-tube, 15 mm diameter in R134a, the dashed lin
dicates data from Luke et al. [35] for a sandblasted 25.4
Cu-tube in propane. The curve on the right boundary repres
s.
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Fig. 8. Cumulative nucleation site density(N/A)cum vs. critical radiusrc for
different reduced pressures.

data for an emery ground 8 mm Cu-tube in R114 [29]. Th
latter were obtained forp∗ ≈ 0.1.

6. Short term nucleation

These observations were performed with a camera; ou
sults are based on an exposure time of 1/60 sec.

In Fig. 9 the ratio of short term to long term nucleation s
density is presented vs. heat flux. This result is obtained on
emery ground 15 mm Cu-tube [31].

It shows that the number of sites counted in short term
servations is almost always smaller than that for long term
servations. In some cases only about half.

This is even more pronounced for the sandblasted
Au-tube [32], as is shown in Fig. 10. Again, the short te
data are smaller than the long term data, but when the
(N/A)st/(N/A)lt is considered, we may obtain ratios of an
der of magnitude smaller than in Fig. 9, e.g. forp∗ = 0.5 at
q = 2000 W·m−2. In any case(N/A)st/(N/A)lt is now below
0.5 while in Fig. 9 it used to be in the range of 0.5 to 1.0.

A big difference is obvious when the bubble production
the surface is directly observed: On emery ground surface
nucleation appears in the longitudinal direction of grinding
grooves along the tube bubbles appear like pearls on a strin
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Fig. 9. Ratio of short term to long term nucleation site density dependin
heat flux.

Fig. 10. Long term and short term nucleation site density depending on
flux.

small fluxes these sites appear very stably: they produce bu
for hours continuously. At high heat fluxes such stable sites
scarce. Sites come and go and produce bubbles irregularly

For our sandblasted tubes a very uniform surface—fee
sort of rough—had been obtained. It seems that on this
more equally sized sites exist than on the emery ground tu
The sites here, however, appear short-lived and jumping f
one place to another; permanently new sites appear in
places. In this case it seems impossible to find a correlation
tween the bubbles and the sites as one could have the impre
that the active sites migrate to the heat and not the heat t
site as is assumed for the stable sites. On emery ground su
the stability of active sites, i.e. a continuous bubble product
seems to last longer than on sandblasted surfaces.

The temporal changes in nucleation site density are show
Fig. 11 for the sandblasted gold covered Cu tubes. The re
are presented for two different heat fluxes. The frames w
obtained from a film projected on a TV-screen and analy
frame by frame. The exposure time was 1/60 sec. It can be see
that the number of active sites changes around 9 cm−2 ± 20%
for q = 2000 W·m−2; for 20 000 W·m−2 it is around 280
cm−2 ± 20%.
n
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Fig. 11. Short term nucleation site density vs. time of consecutive exposur
two heat fluxes.

For comparison, the number of sites obtained in long t
observation is 60 cm−2 for an observed area of 137.8 mm2 and
880 cm−2 for 7.72 mm2.

From these observations the lower values of short term
compared to long term sites might find an explanation in
above mentioned intermittent activity of nucleation sites:
short term observation fewer sites may become apparent
in long term observations, due to the high instability of site
combination with a much smaller exposure time.

7. Heat flow from individual sites

From the experiments with the emery ground tube [31]
heat flow delivered by one single nucleation site was evalua
The results for various pressures are presented in Fig. 12
individual heat flow per nucleus is largest for the smallest p
sure. This, of course can be deduced clearly from Fig. 5:
same heat flux, e.g.q = 103 W·m−2, requires forp∗ = 0.7 a
number of nucleation sites which is more than 3 orders of m
nitude larger than forp∗ = 0.1. Consequently, in Fig. 12 th
heat flow forp∗ = 0.7 is smaller by more than 3 orders of ma
nitude. The heat flow decreases for increasing heat fluxes.
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Fig. 12. Heat flowP per nucleation site depending on heat flux.

Fig. 13. Heat flowP per nucleation site depending on average bubble spacis;
s = 1/(N/A)0.5.

Zuber [36] proposed a theoretical distance between bub
this he called “average bubble spacing” and defined it as

s = (N/A)−0.5 (2)

bubbles would touch each other whens = DB , i.e. when the
bubble distance reaches the bubble departure diameter.

A plot, heat flowP per nucleation site vs. average bu
ble spacings, is given in Fig. 13. This shows that few bu
bles with consequently large spacing give a large heat
per bubble and its pro-rata surrounding surface. But more
bles, with small spacing, altogether release more heat.
p∗ = 0.1, e.g., 1 bubble·cm−2 with a spacing of 10 mm give
100 mW while 4 bubbles·cm−2 with a spacing of 5 mm give
50 mW each, altogether 200 mW. If we try to bring the va
ous curves together the Jakob-numberJa again appears help
ful.

A plot of P/Ja vs.s is shown in Fig. 14. For the lower pre
sure rangep∗ � 0.3 and a small number of nucleation sites
fit seems satisfactory, but fors � 1 mm, i.e. 100 sites·cm−2 or
more, deviations of±50% can be observed.

A plot of q/Ja vs. s as shown in Fig. 15, indicates the sam
behaviour as Fig. 14: satisfactory agreement for small num
of nucleation sites but too big deviations for large numbers
s;

-
or

rs

Fig. 14. Heat flow per nucleation site divided by Jakob-number vs. ave
bubble spacing, based on long term observation.

Fig. 15. Heat flux divided by Jakob-number vs. average bubble spacing, b
on long term observation.

8. Conclusions

Roughly speaking there is not too much difference in
heat transfer coefficients of

• Cu-, Cu–Ni-, Cu gold-plated-, or stainless steel tubes;
• Emery ground or sandblasted;
• 8, 15, 24 or 25.4 mm diameter;
• Ra measured from 0.18 to 0.40 µm;
• Measured at Paderborn or Stuttgart.

The scatter is within 30%.
Looking more closely, however, there are of course dif

ences within this uncertainty range:
Gold-plated and sandblasted Cu-tubes have higher

transfer coefficients than emery ground (unplated) tubes
p∗ = 0.5, not so however forp∗ = 0.1.

In any case the stainless steel tube has lower heat tra
coefficients forq � 30 000 W·m−2 than any of the other tubes

For materials with low thermal conductivity (e.g. stainle
steel) one has to be aware that local heat fluxes around a
zontal tube are far from being uniform. Deviations in heat fl
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and heat transfer coefficients between bottom and top or
and top may amount to 100%.

In the determination of nucleation site densities the dif
ences in long term and short term observations have to be
sidered. This difference for emery ground tubes can come u
a factor of two, for sandblasted tubes, however, to almost
orders of magnitude.

So far a correlation between heat flux, respectively h
transfer and nucleation site density seems yet quite unce
or applicable only to few data.
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