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Abstract

In the paper the wavelet analysis of heating surface temperature fluctuation at the artificial cavities in nucleate boiling has been carried
out. It has been shown that depending on distance between cavities the process of bubbles departure from twin cavity can synchronize
and create the unified conditions for heat transfer around the cavities. It has been found that synchronization of interacting cavities leads
to decrease in mean frequency of bubbles departure. The new concept of promotion or inhibition of interacting cavities has been defined
based on the wavelet analysis. Two-dimensional boiling field was approximated and modeled using CML method. Two mechanisms of
interaction between bubble columns have been considered: the thermal and hydrodynamic ones. The simulation shows that thermal
interaction between two cavities and bubble columns leads to deactivation of neighboring cavity whereas the hydrodynamic interaction
sustains the activity of neighboring cavity.
� 2006 Elsevier Ltd. All rights reserved.
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1. Introduction

Despite of the extensive study of boiling during the past
over 50 years, mechanisms of nucleate boiling are still far
from being fully understood due to the extreme complexity
of the phenomena. Among the sub-processes in nucleate
boiling phenomena, the most important one may be the
nucleation site problem [1].

Some researchers have already investigated the nucleate
boiling heat transfer characteristics, the bubble behaviors
and the surface temperature fluctuation [2,9,10,13,15].
The relations between the bubble behaviors and the cavity
spacing, S/D, have been studied experimentally by Cheka-
nov [3], Calka and Judd [4], Gjerkeš and Golobic [5]. Sev-
eral authors have studied the heat transfer characteristics
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of the artificial boiling surfaces with multiple cavities aim-
ing applications to the cooling of highly integrated elec-
tronic devices [6,7]. Recently, by employing twin cavities,
Zhang and Shoji [8] have investigated the mechanism of
nucleation sites interaction. Mosdorf and Shoji [12] apply
the nonlinear analysis to investigate the nucleation site
interaction.

During the neighboring cavities interaction the temper-
ature changes in time are very complicated because of com-
plex correlation between the different sub-processes
occurring in nucleation boiling such as: heat transfer (in
liquid and heating surface), phase changes, different kinds
of bubbles coalescence, contact behaviors and liquid flow
around the bubbles. The neighboring cavities interact
through the heat transfer in liquid and heating surface,
by liquid flow around the bubbles and different mecha-
nisms of coalescence [8]. All mechanisms of interaction
are characterized by different frequencies of temperature
changes. The frequency analysis of temperature changes
at neighboring cavities may allow us to better understand
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Nomenclature

a thermal diffusivity
C correlation coefficient
Cov covariation
D bubble departure diameter
F Fourier power spectrum
f frequency
N number of samples
q heat flux
s scaling parameter
S distance between the cavities
T temperature
t time, time index
t 0 time translation
W wavelet power spectrum
x coordinates

Greek symbols

r standard deviation
x frequency

g nondimensional time
W translated version of based wavelet Wo(g)

Subscripts

f frequency
cf phase change
k frequency number
n sample number
o for x = 0
t time index
t time

Superscripts

l left cavity
r right cavity

Fig. 1. Experimental apparatus.

R. Mosdorf, M. Shoji / International Journal of Heat and Mass Transfer 49 (2006) 3156–3166 3157
the mechanisms of interaction, including understanding the
role of process responsible for interaction.

In the paper the wavelet analysis of temperature fluctu-
ation of heating surface at the artificial neighboring cavities
has been carried out. The wavelet power spectrum has been
used to analyze the temperature fluctuation at single cavity
and at twin cavities for different distances between them.
The correlation coefficients of temperature changes and
wavelet spectrum at twin cavities have been calculated
and discussed.

In the present study, the two-dimensional boiling field
was approximated and modeled using CML method.
Two mechanisms of interaction between bubble col-
umns—the thermal and hydrodynamic ones—have been
discussed.

2. Experimental setup

A 15 mm · 15 mm and 200 lm thick silicon disk with
artificial nucleation sites was set as a test boiling surface
inside the chamber filled with distilled water. Schematic
view of the whole experimental setup is shown in Fig. 1.
In the experiment, vicinity of the manufactured cavity
was heated by Nd-YAG laser irradiation (wavelength:
1064 nm) from the bottom side of the test disk. The size
of laser spot was 12 mm in diameter. The bottom surface
of the disk was black oxide finished in order to improve
absorptivity of the input laser and emissivity from the sur-
face. Temperature fluctuation just under the artificial cav-
ity were recorded by radiation thermometer with spatial
resolution of 120 lm, temperature resolution of 0.08 K
and time resolution of 3.0 ms. The corresponding bubbling
status was recorded by high-speed video camera with the
rate of 1297 frames/s. In this way, it was possible to mea-
sure temperature time series of cavity vicinity without
any physical contact to the disk surface. The power of
Nd-YAG laser was controlled to vary the heat input to
the disk surface and was monitored by photo detector
throughout the experiment. Working fluid was distilled
water at atmospheric pressure under saturated pool boiling
condition. Acrylic fence was set inside the chamber to
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avoid effect of bubbling from auxiliary heater, which was
activated during the experiment to maintain saturated boil-
ing condition.

To investigate the nucleation sites interaction, the silicon
surface with twin cylindrical nucleation sites was used. The
nucleation sites of 10 lm in diameter and 80 lm in depth
was applied. The spacing, S, between two nucleation sites,
was changed from 1 to 8 mm. As the size of the departing
bubble without interference, D, was approximately 2.4 mm
in diameter, the spacing employed corresponds to the
spacing-to-bubble diameter ratio, S/D, from 0.4 to 3.3. In
the present paper the time series of temperature fluctua-
tion at twin cavity for q = 26.5 W/m2 has been analyzed
using the wavelet spectrum and correlation coefficient.
The results of analysis has been compared with analysis
of temperature fluctuation at single cavity for q =
34.4 W/m2.

3. Comments about the cavities interaction

The experimental data collected from artificial twin cav-
ities has been analysed in papers [8,12,16]. In the paper [8]
the average bubble departure frequency from two artificial
cavities for different dimensionless cavity spacing S/D has
been calculated. For S/D < 1.5 the frequency of bubble
departure reach up to 130 Hz for q = 26.5 kW/m2. In this
region, the frequency decreases together with increase of
dimensionless cavity spacing, S/D. The frequency reaches
the minimum of 50 Hz for S/D = 1.5. In the region,
2 < S/D < 3, the mean frequency reaches the next maxi-
mum equal to 80 Hz for S/D = 2.5. For maximum investi-
gated dimensionless cavity spacing S/D = 3.3 the mean
frequency reaches 40 Hz. The mean frequency of bubble
departure against spacing S/D has been shown in Fig. 6b.

Based on the comprehensive observation and analysis
[8], three significant effect factors of nucleation site interac-
tion have been found out: hydrodynamic interaction
between bubbles, thermal interaction between nucleation
sites, and horizontal and declining bubble coalescences.
The concept of promotion and inhibition of cavities based
on increase or decrease in mean frequency has been dis-
cussed in paper [8].

The nonlinear analyses carried out in the paper [12]
allow us to distinguish two mechanisms of interaction
between neighbouring nucleation sites: first of them of
hydrodynamic character, occurring over the heating sur-
face and the other one of thermal character, occurring
inside the heating surface. The interaction through the
liquid (coalescence and hydrodynamic interaction)
increases the frequency of bubble departure (promotes
the growing bubble to depart). It happens for bubbles spac-
ing, S/D = 0.63 and S/D = 2.5. In these cases the process
of bubbles departure becomes more predictable.

It has been found out [12] that the interaction between
nucleation sites through the liquid stabilizes the process
of bubble growth and its departure. The thermal interac-
tion destabilizes this process.
4. Methods of analysis of frequency of temperature changes

at cavity

The frequency of bubble departure from single cavity, as
well as from twin cavities is not constant and changes in
time. Two interacting cavities and departing bubbles play
the role of generators of thermal waves within liquid and
heating surface. It is well known that the amplitude of tem-
perature changes is dumped depending on the frequencies
of temperature changes and distance from cavity. The rate
of dumping of temperature oscillations in half infinity
body, when on the one side of body the temperature
changes with frequency, f, and amplitude, T0, can be esti-
mated by the following formula [18]:
T
T 0

¼ �e�
ffiffiffi
pf
a

p
x ð1Þ

For silicon and f = 30 Hz the amplitude, T0, decreases
100 times at distance of x = 4.3 mm. For f = 5 Hz this dis-
tance is equal to 10 mm. Therefore, it has been assumed
that temperature fluctuation with high frequencies, mea-
sured at cavity, are caused by dynamic of bubbles growth
at cavity, but temperature changes with low frequencies
are the consequence of changing the condition of heat
transfer around the cavities and departing bubbles.

The Fourier transformation allows us to represent time-
domain data in the frequency domain. The Fourier power
spectrum answers the question which frequencies contain
the signal power. The answer has the form of a distribution
of power values as a function of frequency. In the fre-
quency domain, this is the square of Fourier transforma-
tion magnitude. The power spectrum can be computed
for the entire signal at once or for segments of the time sig-
nal. For the measurement data in the form of discrete series
Tn the Fourier transformation has a following form:

F k ¼
XN�1

n¼0

T ne�j2p
N kl ð2Þ

In this case the power spectrum is defined as jFkj2.
In Fig. 2a it has been shown the example of Fourier power

spectrum of temperature fluctuation under the single cavity.
The Fourier power spectrum identifies two main frequencies
of temperature changes: 34 and 24 Hz. These frequencies
correspond to frequencies of bubbles departure. The Fourier
power spectrum do not allow us to identify the frequencies
changes in time. This problem can be analyzed using the
windowed Fourier transformation [11,14] but this is an inac-
curate method for localizing time–frequency. The wavelet
analysis is free from this inaccuracy, it is a tool for analyzing
the localized variations of power spectrum within the time
series Tn, with equal time spacing dt [11,14].

The continuous wavelet transformation of a discrete
sequence Tn is defined as the convolution of Tn with a
scaled wavelet W [11,14]:

W ðt; sÞ ¼
XN�1

t0¼0

T t0W �
ðt0 � tÞdt

s

� �
ð3Þ

where (*) indicates the complex conjugate.



Fig. 2. Example of data analysis under the single cavity. (a) The power spectrum of temperature fluctuation under the single cavity, (b) the temperature
fluctuation under the single cavity, (c) the wavelet power spectrum of temperature fluctuation under single cavity. q = 34.4 kW/m2. (Wavelet software was
provided by Torrence and Compo, and is available at URL: http://paos.colorado.edu/research/wavelets/, [11,14].)
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Because the wavelet function Wo(g) is in general com-
plex, the wavelet transformation W(t,s) is also com-
plex. The wavelet power spectrum is defined as: jW(t,s)j2
[11,14].

During the analysis the Morlet wavelet has been used as
the based wavelet. The Morlet wavelet has a form [11,14]

WoðgÞ ¼ p�1=4eixoge�g2=2 ð4Þ
where xo—nondimensional frequency, in the paper it is
equal to 6 [11,14].

In Eq. (3), the parameter s assigns the frequency whereas
the parameter t identifies the time around which the
assigned frequencies are investigated. The wavelet power
spectrum is presented in the form of three-dimensional
map, where the horizontal axis shows the values of para-
meter t, while the vertical axis shows the values of param-
eter s (frequency). The values of wavelet power spectrum
jW(t,s)j2 are presented as an altitude. The wavelet power
spectrum allows us to observe the changes in time of each
frequency power. In Fig. 2c, the contour plot of the wavelet
power spectrum for temperature fluctuation at the single
cavity has been presented. The areas containing the highest
value of jW(t,s)j2 are filled with a gray color. The investi-
gated temperature changes at single cavity have been
shown in Fig. 2b.

The changes of location of maximum values of jW(t,s)j2
identify the changes in time of the dominant frequency.
The Fourier power spectrum, shown in Fig. 2a, identifies
two dominant frequencies of temperature changes: 24
and 34 Hz. The wavelet power spectrum shows in what per-
iod of time of the temperature time series these frequencies
appear. We can notice that in time period from 0.7 to 1.3 s
the dominant frequency is equal to 24 Hz. In other time the
dominant frequency is equal to 34 Hz.

The existence of neighboring nucleation sites makes that
the temperature changes become more complex in compar-
ison with the temperature changes at the single nucleation
site. In Fig. 3, it has been shown the example of the temper-
ature changes at one nucleation site when in neighborhood
there is located another nucleation site. We can notice that
for temperature fluctuation shown in Fig. 3a,b,c,e, we can
distinguish at least two kinds of changes. The first one is a
temperature changes with high frequencies and low ampli-
tude. The other one is a change with low frequencies and
high amplitude. The examples of two kinds of temperature
changes have been denoted by numbers 1 and 2 in Fig. 3a.

http://paos.colorado.edu/research/wavelets/


Fig. 3. Temperature changes under the cavities for different distance between neighboring cavities (q = 26.5 kW/m2) for S/D equal to (a) 0.42, (b) 0.83, (c)
1.25, (d) 1.67, (e) 2.50, (f) 3.33 mm.
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The number 1 indicates the high amplitude and number
2—the low amplitude of temperature changes. The differ-
ent situations appear in cases shown in Fig. 3d,f for S/D
equal to 1.67 and 3.33. In these both situations the temper-
ature changes are rather similar to temperature changes at
the single cavity.

In Fig. 4, the examples of wavelet power spectrum from
the temperature changes at one of two neighboring cavities
has been presented. The gray area indicates the maximum
value of jW(t,s)j2. The location of gray area show the
changes of dominant frequencies of temperature fluctua-
tion. In all cases under consideration the wavelet power
spectrums are different from this one presented in Fig. 2c.
During the cavity interaction it is impossible to identify
the constant frequency of temperature changes at cavity.
The gray areas shown in Fig. 4 are fragmented and located
in place of low frequencies. As it has been mentioned
above, the temperature changes with low frequency are
connected with changes of conditions of heat transfer
around the departing bubbles. Therefore in case under con-
sideration the changes of location of gray area in Fig. 4
show the dynamic of conditions of heat transfer around
the departing bubbles. In Fig. 4, we can distinguish the four
types of wavelet power spectrums.

• The wavelet power spectrums shown in Fig. 4a,c,e for
cavities distance equal to S/D = 0.42, S/D = 1.25,
S/D = 2.50 characterize the relatively large fragmenta-
tion of the gray area. It means that the large temporary
change of conditions of heat transfer around the bubbles
emitted from twin cavities happens in these cases.

• In Fig. 4b for S/D = 0.83, the gray area is less frag-
mented than in Fig. 4a,c,e and located in the area of
low frequencies. It is impossible to identify the fre-
quency of bubbles departure. It means that in this case
the conditions of heat transfer around the bubbles
change less rapidly than in other cases.

• In Fig. 4d for S/D = 1.67, the gray area is fragmented
but the maximums of wavelet power spectrum are
located in the area of frequency about 30 Hz. In this
case the temperature changes under the cavity become
similar to temperature changes under the single cavity.

• The wavelet power spectrum shown in Fig. 4f is flat
compared with power spectrums shown in other figures.
It is impossible to identify the frequency of bubbles
departure. The wavelet power spectrum is still different
from this one shown in Fig. 2c under the single cavity.
It means that the bubbles still weakly interact.
5. Analysis of cavities interaction

In order to understand the mechanism of interaction
between cavities it is necessary to carry out the comparison
of temperature time series recorded in both cavities. The
correlation between time series can be calculated using
the correlation coefficient, which is defined as follows [17]:



Fig. 4. The wavelet power spectrum of temperature fluctuation at one of two neighboring cavities (q = 26.5 kW/m2), for S/D equal to (a) 0.42, (b) 0.83, (c)
1.25, (d) 1.67, (e) 2.50, (b) 3.33 mm. (Wavelet software was provided by Torrence and Compo, and is available at URL: http://paos.colorado.edu/
research/wavelets/ [11,14].)

Fig. 5. Coefficient Cf of correlation of time changes of wavelet power
spectrum for the given value of parameter s for different distance between
twin cavities. For S/D equal to 0.42, 0.83, 1.25, 1.67, 2.50, 3.33 mm.
q = 26.5 kW/m2.
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Ct ¼
Cov½T lðtÞ; T rðtÞ�

rT lrT r
ð5Þ

where T l and T r are time series of temperature measure-
ments at left and right nucleation sites; rl

T and rr
T are the

standard deviations of time series T l and T r respectively.
When jCtj is close to 1, time series T l and T r are corre-

lated. When the large values in both series appear at the
same time, then Ct > 0; but when large values in first series
meet low values in other series, then Ct < 0. When Ct is
close to zero, then the time series T l and T r are not corre-
lated. The changes of value of coefficient Ct against spacing
S/D is shown in Fig. 6.

Wavelet power spectrum allows us to observe changes in
time of the power of all frequencies. Therefore we can use
the wavelet power spectrum, prepared for data from inter-
acting cavities, to identify the time correlation between the
powers of frequencies of temperature fluctuation at neigh-
boring cavities. For that purpose the following coefficient
has been constructed:

Cf ðsÞ ¼
Cov½jW lðt; sÞj2; jW rðt; sÞj2�

rjW l j2rjW rj2
ð6Þ

where jWl(t,s)j2 and jWr(t,s)j2 are time series of wavelet
power for the given value of parameter s at left and right
cavities; rjW lj2 , rjW rj2 are the standard deviations of time
changes of wavelet power spectrum for the given value of
parameter s.

The coefficient of correlation of time changes of wavelet
power spectrum for the given frequency (value of parame-
ter s), Cf, is a measure of frequencies synchronization in
interacting cavities. When Cf is close to 1, then the consid-
ered frequency appears in both time series in the same
moment of time. When Cf is close to �1, then the consid-
ered frequency appears in one time series and disappears
in another time series in the same moment of time. In
Fig. 5, it has been shown the values of coefficient Cf against
frequencies for different distances between twin cavities.
The values of coefficient Cf calculated for all frequencies
of temperature changes (used for construction of wavelet

http://paos.colorado.edu/research/wavelets/
http://paos.colorado.edu/research/wavelets/


Fig. 6. Comparison of average values of coefficient Cf for different ranges
of frequencies with coefficient Ct against different distance between twin
cavities. For S/D equal to 0.42, 0.83, 1.25, 1.67, 2.50, 3.33 mm.
q = 26.5 kW/m2. (a) coefficient C15–150

f Hz, (b) coefficient C5–14
f Hz.
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power spectrum) have a large scatter for low frequencies.
The largest values of Cf and the largest fluctuation of Cf

appear for frequencies less than 14 Hz. The mean fre-
quency of bubble departure from twin cavities for q =
26.5 kW/m2 ranges from 25 to 60 Hz [16]. The large fre-
quency of bubble departure appears for distance equal to
2 mm while the small frequency appears for distance equal
to 8 mm.

Because of large oscillations of values of coefficient Cf it
is difficult to conduct the physical interpretation of
obtained results using the curves shown in Fig. 5. Therefore
the average values of coefficient Cf obtained for two ranges
of frequencies have been calculated. It has been assumed
that temperature changes with frequencies greater than
15 Hz are generated by processes of heat transfer directly
connected with dynamic of bubbles growth, while the tem-
perature changes with frequencies less than 15 Hz are gen-
erated by changes of heat transfer conditions around the
cavities and departing bubbles. Therefore two ranges of
frequencies have been considered: the first one from 5 to
14 Hz and the other one from 15 to 150 Hz.

The average coefficient of Cf calculates the average cor-
relation between two wavelet power spectrums for frequen-
cies from the given range. Another words we can say that
the average value of coefficient Cf is a measure of correla-
tion between the changes of average amplitude of frequen-
cies from the given range in two time series. When Cf > 0
(for the given range of frequencies) then we can conclude
that the increase of average amplitude of frequencies from
the given range in one time series is accompanied by
increase of average amplitude in another time series. When
the average coefficient Cf < 0 then we can conclude that the
increase of average amplitude of frequencies is accompa-
nied by decrease of average amplitude in another time ser-
ies. From this point of view we can conclude that the
average value of coefficient Cf identifies the way of syn-
chronization of frequencies from the range under
consideration.

In Fig. 6, the comparison between the averages values
of: coefficient Cf calculated for two ranges of frequencies
under consideration and coefficient Ct against distance
between twin cavities has been presented.

For S/D < 1.5 the values of coefficient Ct are greater
than zero. It means that the increase of temperature at
one cavity is connected with increase of temperature at
neighboring cavity. The maximum values of coefficient Ct

appear for S/D = 0.83. In this case the temperature
changes at twin cavities are strongly correlated. This pro-
cess is connected with formation of large bubble over the
twin cavities. In the range of 1.5 < S/D < 2.5 the values
of coefficient Ct is close to zero, it means that the values
of temperature changes are not correlated. For S/D > 2.5
the values of coefficient Ct is less than zero, it means that
the increase of the temperature at one cavity is accompa-
nied by decrease of temperature at the neighboring cavity.
The changes of correlation coefficient calculated for tem-
perature changes at different points on heating surface have
been discussed in the paper [16].

In Fig. 6a, it has been shown the comparison of values
of coefficient Ct and average values of coefficient C15–150

f

obtained for frequencies from the range 15 Hz < f <
150 < Hz. The values of coefficient C15–150

f identify the syn-
chronization of frequencies of temperature changes gener-
ated by processes appears directly over the neighboring
cavities. For S/D < 1.67 the value of coefficient C15–150

f is
greater then zero it mean then the increase of frequencies
of temperature changes at one cavity is accompanied by
increase of frequencies of temperature changes at the
neighboring cavity. From this point of view we can con-
clude that for S/D < 1.67 the increase of activity of one
cavity promote the activity of another cavity. Analysis of
video films shows that for S/D � 1.5 the coalescence pro-
cess disappears and the process of hydrodynamic interac-
tion between the departing bubbles begins. Therefore, we
can conclude that the process of synchronization of fre-
quencies of temperature changes at cavities is connected
with coalescent process. For S/D > 1.67 the values of
C15–150

f is negative, which means that increase of average
frequencies amplitude of temperature changes in one cavity
is correlated with decrease of average frequencies ampli-
tude of temperature changes in neighboring cavities. From



Fig. 7. Schematic drawing of lattice.
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this point of view we can conclude that for S/D > 1.67 the
activity of one cavity inhibits the activity of another cavity.

Fig. 6b presents the average value of coefficient C5–14
f cal-

culated for frequencies of temperature changes in range of
5 Hz < f < 14 Hz. The changes of coefficient C5–14

f shown in
Fig. 6b are characteristic for processes connected with
changes of condition of heat transfer around the twin cav-
ities and departing bubbles. The function C5–14

f has two
maximums. The first one for S/D = 0.83 are connected
with formation of large bubble over the twin cavities. This
process leads to unification of the condition of heat transfer
over the twin cavities and to synchronization of tempera-
ture changes at cavities. When coalescence disappears the
coefficient C5–14

f reaches the minimum value for S/D =
1.25. The disappearance of bubbles coalescence causes that
the condition of heat transfer over each cavity becomes
independent—frequencies of temperature changes at cavi-
ties become not synchronized. The increase of distance
between cavities causes the increase of value of coefficient
C5–14

f . The coefficient C5–14
f reaches the second local maxi-

mum for S/D = 1.67. For the same distance, the tempera-
ture changes occurring with high frequencies at
neighboring cavities become independent (Fig. 6a). In this
case the conditions of heat transfer around the cavities
become unified. We can expect that this process is a conse-
quence of hydrodynamic interaction between departing
bubbles, but because of relatively large distance between
cavities the thermal interaction is too small to synchronize
the bubble growth dynamic, therefore the coefficient C15–150

f

is close to zero.
6. Modeling

The temperature changes of heating surface recorded in
the experiment are created by heat transfer within the heat-
ing surface, liquid and vapor as well by liquid movement
and phase changes. The cavity interaction through the heat
transfer in heating surface has been investigated in the
paper [12]. In the present study, the slightly modified model
proposed by Yanagita [19,20] and Shoji [21] has been used
to study the behavior of cavities and departing bubbles
interaction.

The boiling on a thin and horizontal heating surface has
been considered. Two-dimensional boiling field was
approximated and modeled using CML method, where
dynamic processes are formulated as difference equations.
In the boiling models [19–21], it has been assumed that
boiling is governed by the following processes: thermal dif-
fusion, bubble rising and motion, thermal convection and
phase change.

In the present study, the two-dimensional boiling field
was divided into 21 · 19 rectangular lattices. Each lattice
was marked by horizontal and vertical indexes, j and i.
The lattices for j = 0 and j = �1 are located in the heating
surface and the lattices for j = 1–19 are located in the
liquid. On the heating surface two nucleation sites have
been located. The schematic drawing of lattice under con-
sideration has been shown in Fig. 7.

From the finite difference expression of heat conduction
equation, the following mapping for thermal diffusion in
the liquid, vapor and heating surface has been used [19,
20]:

T 0 ¼ T ij þ
e
4
ðT iþ1;j þ T i�1;j þ T i;jþ1 þ T i;j�1 � 4T ijÞ ð7Þ

where e is a parameter representing the thermal diffusion,
e = 4aDt/Dx2 [21], Dx is the size of the lattice and Dt is
the time increment corresponding to one step of mapping.

The bubble motion due to buoyancy and its effect on
temperature has been expressed by the following mapping
[21]:

T 00ij ¼ T 0ij þ
sij

2
ðqi;jþ1 � qi;j�1ÞT 0ij ð8Þ

where q = 1 for liquid and q = 0 for vapor and sij is a
parameter representing the velocity of bubble rising and
the thermal convection. sij ¼ ðDtÞ2

Dx g ðT1�T Þ
T sat

[21].

It has been assumed that the latent heat is consumed
when liquid evaporates and released when vapor con-
denses. This phase change process was formulated as fol-
lows [21]:

for liquid, when T 00ij P T cf ; T 00ij ¼ T 00ij � g

for vapor, when T 00ij < T cf ; T 00ij ¼ T 00ij þ g
ð9Þ

The simulation has been carried out for different spacing
between twin cavities. The initial conditions for each simu-
lation were the same. The liquid had the constant initial
temperature equal to 99, 95 �C. The temperature of heating
surface for j = �1 was equal to 101 �C + d, where d was a
random value from range (�0.1, 01). The temperature of
phase change was equal to 100 �C. During the calculation
procedure the subsequent values of temperatures was cal-
culated according to Eqs. (7)–(9).

For simulation of process of cavities interaction two
models have been considered.

• In the first model it has been assumed that bubbles can
be created in liquid only over the cavities. In this case
the condition (9) has a form
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for liquid over the cavity, when T 00ij P T cf ; T 00ij ¼ T 00ij � g;

for vapor over the cavity, when T 00ij < T cf ; T 00ij ¼ T 00i1 þ g;

for liquid not over the cavity T 00ij ¼ T 00ij.

ð10Þ

In this case the bubble departure from twin cavities inter-
acts only by heat conductivity between bubble columns.

• In the other model it has been assumed that in the first
liquid layer (for j = 1) the bubbles can be created only
over the cavities but for another liquid layers (for j > 1)
the vapor can be created both over the cavities and in
cells located between the cavities. The possibility of
vapor creation in liquid located between cavities simu-
lates the bubble motion and thermal convection between
bubble columns. In this case the bubbles departing from
cavities interact through thermal and hydrodynamic
way. In the considered case, the condition (9) has a
form:
Fig. 8. Temperature changes at twin cavities for S/D = 3. Calculation has been
surface was equal to 101 �C. (a) The bubbles can be created in liquid only ove
only over the cavities but for another liquid layers (for j > 1) vapor can be cr
for liquid over the cavity, when T 00ij P T cf ; T 00ij ¼ T 00ij � g

for vapor over the cavity, when T 00ij < T cf ; T 00ij ¼ T 00ij þ g

for liquid between the cavities for j > 1;

when T 00ij P T cf ; T 00ij ¼ T 00ij � g

for liquid between the cavities for j > 1;

when T 00ij < T cf ; T 00ij ¼ T 00ij þ g

for other cells containing liquid T 00ij ¼ T 00ij
ð11Þ

In both models, the temperature of heating surface for
j = 0 at the cavities has been recorded after first 2000 iter-
ations when stationary state has been obtained in the sys-
tem. It has been assumed that in the model under
consideration the diameter of departing bubble is equal
to Dx. The example of temperature changes at twin cavities
with spacing equal to S/D = 3 has been shown in Fig. 8.
The temperature changes are chaotic. The mechanism of
made for e = 0.4, Tcf = 100 �C, sij = 0.015, g = 1, temperature of heating
r the cavities, (b) in the first liquid layer (for j = 1) bubbles can be created
eated both over the cavities and in cells located between cavities.



Fig. 9. The example of temperature field in liquid in two considered models for S/D = 3. Calculation has been made for e = 0.4, Tcf = 100 �C, sij = 0.015,
g = 1, temperature of heating surface was equal to 101 �C. (a) The bubbles can be created in liquid only over the cavities, (b) in the first liquid layer (for
j = 1) bubbles can be created only over the cavities but for another liquid layers (for j > 1) vapor can be created both over the cavities and in cells located
between cavities.

R. Mosdorf, M. Shoji / International Journal of Heat and Mass Transfer 49 (2006) 3156–3166 3165
chaos appearance in system under consideration was dis-
cussed in the papers [19,20], therefore at present this prob-
lem was omitted. In Fig. 9, it has been shown the example
of temperature field in boiling liquid, obtained during the
simulation in both models under considerations. In
Fig. 9b, it is visible the modification of temperature field
by hydrodynamic interaction between bubble columns.

For different cavities spacing the correlation coefficient
between temperatures of heating surface at cavities has
been calculated. In Fig. 10, the comparison between the
experimental results and results obtained from the models
under consideration has been shown.

In case of first model (thermal interaction), when dis-
tance between the cavities is less than 1.5, the bubbles
depart from both cavities at the same time. The correlation
Fig. 10. Correlation coefficient between time series of heating surface
temperature at twin cavities against cavities spacing, e = 0.4, Tcf = 100 �C,
sij = 0.015, g = 1 for second model and g = 0.5 for first model, temper-
ature of heating surface equal to 101 �C.
coefficient decreases together with increase in the spacing
between the cavities. Generally, for 1.5 < S/D < 2.75, when
bubble is over the one cavity in the same time there is a
liquid over another cavity. In the spacing range of
2.75 < S/D < 5, the correlation between temperatures
changes is low, this means that the cavities become inde-
pendent. The qualitative accordance between the model
and experimental results has been obtained for S/D < 2.

The hydrodynamic interaction between two bubble col-
umns increases the correlation between temperature
changes at twin cavities. For S/D = 2 the correlation coef-
ficient reaches the minimum, but its value is negative. For
S/D = 3 the correlation coefficient reaches the positive
maximum and for S/D = 4 it becomes negative. The
obtained result is similar to results obtained from the
experiment.

7. Conclusion

The analysis of correlation between the wavelet spec-
trums of low frequencies of temperature changes under twin
cavities shows, that the process of bubbles departure can be
synchronized and create the unified condition for heat
transfer around the cavities for S/D = 0.83—in the coales-
cence process and for S/D = 1.67—in the hydrodynamic
interaction between departing bubbles. For the other dis-
tances the conditions of heat transfer around the cavities
are not unified. The coefficient C5–14

f identifies also the dis-
tance for which the coalescence becomes not intensive, it
happens for S/D = 1.25. Analysis of correlation between
the high frequencies of temperature changes at the twin cav-
ities allows us to define the distance between the cavities for
which the direct thermal interaction between the neighbor-
ing cavities disappears. It happens for S/D = 1.67.
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The wavelet power spectrum shows that even for the
large distance between the bubbles (equal to 8 mm) the
changes of temperature at neighboring cavities are different
from these ones obtained for single cavity. Therefore, we
can conclude that the process of bubbles growth is sensitive
to small changes of conditions of heat and mass transfer
around the bubbles. The discovery of the existence of max-
imum of coefficient C5–14

f for S/D = 1.67 confirms the exis-
tence of phenomenon of synchronization of bubbles
dynamic through liquid flow induced by departing bubbles.
The values of C15–150

f allows us to formulate the new answer
to the question of promotion and inhibition of interacting
nucleation sites. It has been found out that for S/D < 1.67
the increase of activity of one cavity promotes the activity
of another cavity, and for S/D > 1.67 the activity of one
cavity inhibit the activity of another cavity.

The carried out simulation shows that thermal interac-
tion between two cavities and bubble columns leads to
deactivation of neighboring cavity. The hydrodynamic
interaction sustains the activity of neighboring cavities
and for larger distance contradicts to effect of thermal cav-
ity deactivation process. After decrease of thermal interac-
tion (during the spacing increase) the hydrodynamic
interaction leads to cavity correlation for S/D = 3 in the
model (Fig. 10).
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