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Abstract

Recently, four unstable boiling cases with different fluctuating amplitudes were observed in parallel silicon microchan-
nels having a hydraulic diameter of 186 lm. These were: the liquid/two-phase alternating flow (LTAF) at two different
heat fluxes, the continuous two-phase flow (CTF) at medium heat flux and medium mass flux, and the liquid/two-
phase/vapor alternating flow (LTVAF) at high heat flux and low mass flux. In this paper, data of these unstable boiling
cases are analyzed using the following methods: correlation coefficient, attractor reconstruction, correlation dimension
and largest Lyapunov exponent. The processes responsible for appearance of chaotic oscillations in microchannels, such
as nucleation, stability of bubbly flow, vapour core stability and vapour-phase flow stability, are discussed. It is shown that
under certain conditions, the microchannels system works as a thermal oscillator. It was found that heat supplied to the
microchannels increases the heating surface temperature while the appearance of the two-phase flow inside the channels
decreases the heating surface temperature. The mechanism involving an increase in heating surface temperature is sup-
ported by phenomena of blocking the liquid flow in microchannels by the two-phase flow.
� 2005 Elsevier Ltd. All rights reserved.
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1. Introduction

It is well known that boiling instabilities occur in
macrosystems, and many mechanisms can lead to such
unstable behaviors. Depending on the mechanism, vari-
ous types of static and dynamic instabilities (such as
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nucleation instabilities, flow pattern instabilities, Ledin-
egg instabilities, thermal oscillations, density-wave type
oscillations, pressure-drop type oscillations) may arise
[1–6]. Early works on boiling in microchannels and mini-
channels, however, were focused on the stable mode of
boiling heat transfer process [7–10]. Recently, some
investigators [11–13] observed boiling instability in smal-
ler silicon microchannels. Most recently, Wu and Cheng
[14–18] reported large-amplitude oscillations of temper-
ature and pressures in silicon microchannels when the
wall heat flux was increased beyond the incipient boiling
point. They also observed that two-phase flow and sin-
gle-phase liquid flow appeared alternatively with time
in the microchannel under certain conditions.
ed.

mailto:mosdorf@ii.pb.bialystok.pl
mailto:pingcheng@sjtu.edu.cn
mailto:whysrj@sjtu.edu.cn
mailto:shoji.m@aist.go.jp


Nomenclature

Cov covariation function
C correlation coefficient
D correlation dimension
d distance in phase space
L 0 distance between the trajectories
L largest Lyapunov coefficient, bit/s
m mass flux, g/cm2 s
N number of samples
p pressure, Pa
P probability
q heat flux, W/cm2

T temperature, �C
t time, s

Greek symbols

k largest Lyapunov exponent, bit/s
s time interval
r standard deviation
H Heaviside�s step function

Subscripts

i, j sample number
in inlet
o outlet
wi heating surface
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In this paper, nonlinear analysis methods, such as the
attractor reconstruction, correlation dimension and
largest Lyapunov exponent, are used to study the beha-
viour of unstable boiling cases in microchannels as
observed by Wu and Cheng [18]. The results of this anal-
ysis show that the appearance of two-phase flow in
microchannel controls the mass flux and decrease of
heating surface temperature. The processes of nucle-
ation, stability of bubbly flow, vapour core stability
and vapour-phase flow stability, which are responsible
for the appearance of chaotic oscillations in microchan-
nels, are discussed.
2. Wu and Cheng’s experimental data

As discussed by Wu and Cheng [14,18], the experi-
mental setup consisted of a constant-pressure tank, a
valve regulator, a filter, a flow meter, a test section,
and a collecting container. The deionized and degassed
water in the pressure tank, being pushed by the com-
pressed nitrogen gas, flowed successively through a
valve, a filter, a flow meter, and then to the test section
which was heated by a film heater. After the water was
heated in the test section, it was collected in a container
with a small hole vented to the atmosphere. The con-
tainer was placed on a precision electronic balance,
and the average mass flux of water was determined by
calculating the mass increment per unit time. The test
section, consisting of the eight parallel silicon micro-
channels (having identical trapezoidal cross-section with
a hydraulic diameter of 186 lm and a length of 30 mm)
etched on a h100i silicon wafer, is shown in Fig. 1a. The
microchannels were sealed from the top by a thin pyrex
glass plate which allowed visualization of the boiling
phenomena occurring inside the microchannels. A
microscope and a high-speed video recording system, lo-
cated above the microchannels, were used for the visual-
ization study. Two type-T thermocouples, having a
diameter of 0.25 mm and a response time of 0.2 s, were
used to measure water temperatures at the inlet and out-
let of the microchannels (Tin,To). The wall temperatures
(Tw1,Tw2,Tw3,Tw4,Tw5) were measured by five type-T
thermocouples, having a diameter of 0.1 mm and a re-
sponse time of 0.1 s. The longitudinal locations of these
thermocouples are shown in Fig. 1b.

As pointed out in the previous paper [18], when the
heat flux was at a relatively low level and the flow every-
where in the microchannels was still in single phase, all
of temperature, pressure, and mass flux data remained
constant with time. However, as the heat flux was gra-
dually increased (with corresponding decrease in mass
flux while all other conditions remained unchanged)
and the water temperature near the outlet of the micro-
channel reached the saturated condition, some bubbles
began to appear near channel�s outlets, and this state
is usually referred to as the incipient boiling. At the
incipient boiling condition, small temporal variations
of temperatures, pressures, and mass flux were observed.
As the heat flux was increased further, while other
conditions in the experimental system remained un-
changed, boiling occurred rapidly everywhere in all eight
microchannels, and four unstable boiling modes were
observed. These unstable boiling modes were: liquid/
two-phase alternating flow (Cases 1a and 1b), continu-
ous two-phase flow (Case 2), and liquid/two-phase/
vapor alternating flow (Case 3). Simultaneously, oscilla-
tions of wall and water temperatures, pressures, and
mass flux, were measured.

Fig. 2 shows the temporal changes of inlet and outlet
fluid temperatures (Tin,To), and heating surface temper-
atures (Tw1,Tw5) as well as inlet liquid pressure (pin) at
different heat and mass fluxes. Fig. 2a shows the tempo-
ral variations of temperatures and inlet pressure for the



Fig. 1. Test section.

Fig. 2. Temporal variations of temperatures and pressure at different heat flux and mass flux. (a) Liquid/two-phase alternating flow:
q = 13.5 W/cm2 and m = 14.6 g/cm2 s (Case 1a), (b) liquid/two-phase alternating flow: q = 16.6 W/cm2 and m = 12.7 g/cm2 s (Case
1b), (c) continuous two-phase flow: q = 18.8 W/cm2 and m = 11.9 g/cm2 s (Case 2) and (d) liquid/two-phase/vapor alternating flow:
q = 22.6 W/cm2 and m = 11.2 g/cm2 s (Case 3).
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liquid/two-phase alternating flow (Case 1a) in the micro-
channel when the heat flux was increased to 13.5 W/cm2

and the corresponding mass flux was 14.6 g/cm2 s. In
this mode with a period of 15.4 s, it began with a single
phase that lasted for 5.4 s, and it changed to bubbly flow
for 10 s before it suddenly changed back to the liquid
phase again. As the experiment continued, this alterna-
tion from single-phase liquid flow to two-phase flow re-
peated itself. The visualization study also showed that
bubbly flow was the dominant flow pattern during the
two-phase flow period at this heat flux and mass flux.

Fig. 2b shows the temporal variations of tempera-
tures and inlet pressure for Case 1b when the heat flux
was increased to 16.6 W/cm2 and the corresponding
average mass flux was decreased to 12.7 g/cm2 s. The
boiling flow pattern is similar to Case 1a, i.e., liquid/
two-phase alternating flow in which liquid phase and
bubbly flow appear. The period of Case 1b is much long-
er than Case 1a. During a cycle, about 97.5% of time
was occupied by the two-phase flow period whereas only
2.5% time was occupied by the single-phase liquid flow
period.

When the heat flux was further increased to 18.8
W/cm2 and the corresponding average mass flux was
decreased to 11.9 g/cm2 s (Case 2), the liquid-phase
period disappeared completely, and a new boiling mode:
the continuous two-phase flow was observed in the
parallel microchannels (Fig. 2c). For this case, many
bubbles generated from the bottom corners of the
microchannels, and there appeared a vapor core (due
to the coalescence of large bubbles) moving in the
middle of microchannels.

As the heat flux was further increased to 22.6 W/cm2

and the corresponding mass flux was decreased to
11.2 g/cm2 s (Case 3), another new boiling instability
mode: liquid/two-phase/vapor alternating flow, was ob-
served inside the parallel microchannels (Fig. 2d). This
unstable boiling mode, observed at the mid-length of
the microchannels, can be described as follows: after a
4 s liquid-phase period, it changed to the two-phase flow
that lasted about 10 s, and then it further changed to a
superheated vapor flow. The superheated vapor flow
lasted about 23 s, and was followed by another two-
phase flow period that lasted about 16 s. At the end of
this two-phase flow period, a new cycle starting from
liquid-phase flow began. The total period was appro-
ximately 53 s.
3. Data analysis

3.1. Correlation coefficients

In this section, we will study the correlation between
temperatures of heating surface as well as the tempera-
ture and pressure of the fluid measured by Wu and
Cheng [18] under different heat fluxes and mass fluxes
conditions. The results of the present analysis can
provide information about dynamic behaviors of flow
boiling in microchannels under these conditions. The
temperature measurements at points Tw1, Tw2, Tw3,
Tw4, Tw5 show the dynamics of local heat transfer pro-
cesses between boiling liquid and heating surface. The
temperatures of Tin, and To, measure an average result
of heat and mass transfer inside the microchannels.
Identification of correlation between the time series
can be calculated using the correlation coefficient, which
is calculated as follows [19]:

C ¼ CovðT i; T jÞ
rT irT j

ð1Þ

where Ti and Tj are time series of temperatures measured
at different points; rT i and rT j are the standard devia-
tions. Note that when jCj is close to 1, time series Ti

and Tj are correlated. When the large and low values
in both series appear at the same time, then C > 0; but
when large values in first series meet low values in other
series, then C < 0. When C is close to zero, then the time
series Ti and Tj are not correlated.

As discussed in the previous paragraph, Wu and
Cheng [18] have observed the following flow patterns
in microchannels under different conditions: liquid-
phase flow, bubbly flow, vapor core flow and vapor-
phase flow. Each flow pattern in microchannel system
existed at some ranges of parameters such as heating
surface temperature, inlet liquid pressure, heat and mass
fluxes. When any of parameters exceeds the range of
flow pattern occurrence, then the flow pattern in micro-
channels changes. The existing flow pattern disappears
and a new one appears. We will say that the existing flow
pattern becomes unstable and the new structure becomes
stable. When we observe in microchannels the process in
which the subsequent changes of flow pattern appears,
this means that all observed flow patterns become alter-
nately stable and unstable during the process. The stabi-
lity of flow pattern depends on temporal variations of
such parameters as: temperatures of heating surface
and liquid, mass and heat fluxes and liquid pressure.
The temporal variations of liquid and wall temperature
in Fig. 2 illustrate that temporal changes of outlet liquid
temperature was relatively low in comparison with other
temperature changes. In fact, the amplitude and data
resolution of outlet liquid temperature is too small for
carrying out dynamic analysis. For this reason, only
the temperatures of inlet liquid and heating surface, as
well as inlet pressure will be analyzed in this paper.

The values of correlation coefficient between the time
series of temperature Tw1 and Tw2, Tw3, Tw4, Tw5, for
four cases under consideration are presented in Fig. 3
where the horizontal axis indicates measurement points.
For example, the point �1–3� on the horizontal axis
means that the correlation coefficient between Tw1 and



Fig. 3. Correlation coefficient between the different tempera-
ture series at different heat and mass fluxes.

Fig. 4. Correlation coefficient between inlet liquid temperature
and heating surface temperature at different heat and mass
fluxes. (a) Liquid/two-phase alternating flow: q = 13.5 W/cm2

and m = 14.6 g/cm2 s (Case 1a), (b) liquid/two-phase alternat-
ing flow: q = 16.6 W/cm2 and m = 12.7 g/cm2 s (Case 1b), (c)
continuous two-phase flow: q = 18.8 W/cm2 and m = 11.9 g/
cm2 s (Case 2) and (d) liquid/two-phase/vapor alternating flow:
q = 22.6 W/cm2 and m = 11.2 g/cm2 s (Case 3).
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Tw3 was calculated. The correlation coefficient between
inlet liquid temperatures Tin and wall temperatures
Tw1, Tw2, Tw3, Tw4, Tw5, are presented in Fig. 4 where
the horizontal axis indicates measurement points. For
example, �3� means that the correlation between the
Tin, and Tw3 was calculated. As mentioned earlier, posi-
tive values of correlation coefficients in Figs. 3 and 4
mean that the two temperature time series under consid-
eration are correlated in such a way that maximums of
temperatures in both series appear at the same time.
Negative values of correlation coefficients mean that
the two temperature time series under consideration
are correlated in such a way that the minimum value
of temperature occurs in the first series and at the same
time the maximum value occurs in the second series.
When values of correlation coefficient approach to zero,
then the two time series under consideration are not cor-
related. This occurs in Cases 1a, 1b near the end of the
microchannels.

Fig. 3 shows that surface temperature changes at the
entrance region, i.e., Tw1, Tw2, Tw3 for Cases 1a and 1b
are correlated in the same way. However, near the outlet
of the microchannels, i.e., Tw5, the value of the correla-
tion coefficient is negative, i.e., Tw5 is not correlated with
Tw1 in the same way. On the other hand, for Cases 2 and
3, all of the surface temperatures are correlated in the
same way.

Similarly, Fig. 4 shows the correlation coefficient be-
tween the inlet water temperature and the surface tem-
peratures. All of the surfaces temperatures in Cases 2
and 3 are correlated in the same way with the inlet water
temperature. However, although surfaces temperatures
at measurement points Tw1, Tw2, Tw3 in Cases 1a and
1b are correlated in the same way, qualitative differences
between temperature change characteristics occurred
near the end of the microchannel in these cases.

3.2. Attractor reconstruction

Behaviors of a chaotic system can also be analyzed
based on the trajectories of the system in the phase space
[19,21,22]. The analysis begins with reconstruction of the
attractor. This reconstruction in certain embedding
dimension can be carried out using the stroboscope
coordination [19]. In this method, co-ordinates of attrac-
tor points are calculated based on the subsequent sam-
ples between which the distance is equal to time delay
s [19]. The image of the attractor in D-dimensional space
depends on the magnitude s. An example of attractor
reconstruction for different delay-time s is shown in
Fig. 5. When the delay-time is too small, the attractor
gets flattened (as shown in Fig. 5a) which makes the fur-
ther analysis of its structure impossible. When the delay-
time s is too large (Fig. 5c), the attractor becomes too
complex, and further analysis would give wrong in-
formation about the dynamic properties of the system
under consideration [19]. Therefore, the selection of
delay-time value is of great significance in the analysis
of the attractor properties. However, the selection of
delay-time cannot be done automatically and must be
checked after each calculation manually. In this study,
we chose the proper value of s using the special software
[21] that allows us to observe the animation of 3D
attractor rotation. This software enabled us to choose
manually the proper value of time delay. For the cases
under consideration, when we increase the time-delay,
the trajectories of attractor start to fill the torus, as
shown in Fig. 5d. When the delay-time is increased fur-
ther, the torus caves in, as is shown in Fig. 5c. The prop-
er value of s is chosen for which the torus diameter
would reach the maximum value. The trajectories of
system reconstructed in state-space (pin,Tin,Tw) are
also located inside some torus, as will be shown in



Fig. 5. 3D attractor reconstruction from temperature Tw1 in continuous two-phase flow: q = 18.8 W/cm2 and m = 11.9 g/cm2 s (Case
2) for different time delay s. (a) s = 1 samples, (b) s = 17 samples, (c) s = 31 samples and (d) schematic drawing of torus containing
trajectories for s = 17 samples.
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the subsequent part of the paper. This proves that
the method of choosing delay-time in the paper is
appropriate.

The attractors reconstruction from temperature Tw1

for different heat fluxes are shown in Fig. 6 while the
attractors reconstruction from inlet pressure fluctuation
at different heat and mass fluxes are shown in Fig. 7.
Coordinates of points of attractors are created from sin-
gle time series (Tw1 or pin) using the delay-time method.
Therefore, the coordinates of attractor points in embed-
ding space are Ti, Ti+1s, Ti+2s, and pi, pi+1s, pi+2s

respectively. Black lines in Figs. 6 and 7 connect the sub-
sequent points of attractors. Reconstruction of attrac-
tors from shorter time series can be used to identify
which parts of attractors and measured data are ade-
quate. When we know which processes are responsible
for creation the parts of measured data, then we
can identify parts of attractors corresponding to these
processes. In Figs. 6 and 7, some areas of attractors cor-
responding to certain processes are marked approxi-
mately with grey circular shapes. This is because the
shape of attractor is complex (such as those in Fig. 6c
and Fig. 7c for Case 2), and the identification of points
of attractor created by these processes is difficult. Note
that coordinates of attractors have no physical meaning,
but they can be used to reconstruct the multidimensional
system dynamic from the single time series (for example
from temperature measurement at a single measurement
point). According to the Takens theorem [19], however,
the topological properties of attractors reconstructed in
this artificial space correspond to topological properties
of attractors created in the physical state-space, where
its coordinates correspond to physical parameters such
as: temperature, pressure, heat flux, mass flux, etc. Val-
ues on each axis in Figs. 6 and 7 represent the minimum
and maximum values of investigated time series. It can
be seen that amplitudes of temperature and pressure
changes are different in the four cases under consider-
ation. The largest amplitude of temperature and pres-
sure changes appears in Case 2 (Figs. 6c and 7c) and
the minimum amplitude of temperature changes appears
in Case 3 (Fig. 6d), but the minimum amplitude of inlet
pressure changes appears in Case 3 (Fig. 7d). The high-
est temperature of Tw1 was reached in Case 3, which was



Fig. 6. Attractor reconstruction from Tw1 at different heat and mass fluxes. (a) Liquid/two-phase alternating flow: q = 13.5 W/cm2 and
m = 14.6 g/cm2 s, s = 5.9 s (Case 1a), 1—part of embedding space containing the points created by temperature changes during the
nucleation disappearance, 2—part of embedding space containing the points created during the beginning of boiling, 3—part of
embedding space containing the points created from temperature changes during the two-phase flow, (b) liquid/two-phase alternating
flow: q = 16.6 W/cm2 and m = 12.7 g/cm2 s, s = 5.9 s (Case 1b), 1—part of embedding space containing the points created by
temperature changes during the nucleation disappearance, 2—part of embedding space containing the points created during the
beginning of boiling, 3—part of embedding space containing the points created from temperature changes during the two-phase flow,
(c) continuous two-phase flow: q = 18.8 W/cm2 and m = 11.9 g/cm2 s, s = 12.9 s (Case 2) and (d) liquid/two-phase/vapor alternating
flow: q = 22.6 W/cm2 and m = 11.2 g/cm2 s, s = 5.6 s (Case 3), 1—part of embedding space containing the points created by
temperature changes during the nucleation disappearance, 2—part of embedding space containing the points created during the
beginning of boiling.
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equal to 148.5 �C (Fig. 6d). The maximum temperature
of heating surface was the lowest in Case 1a, which
was equal to 110.8 �C (Fig. 6a). The minimum value of
heating surface temperature was reached in Cases 1a
and 1b, which was equal to 75.7 �C (Fig. 6a and b). Min-
imum temperature of heating surface was the highest in
Case 3 which was equal to 81.9 �C (Fig. 6d). The lowest
inlet pressure was observed in Fig. 7a and b for Cases 1a
and 1b, which was equal to 103 kPa.

Note that the shape of the attractor shows complex-
ity of the system. In general, the trajectories of attractors
are located inside the torus in 3D space for all cases un-
der consideration. The system is more predictable when
the trajectories lie close to each other such as in Case 3
(Figs. 6d and 7d) and more chaotic when locations of
trajectories vary, such as in Case 2 (Figs. 6c and 7c).
The points on attractor can be placed evenly in all parts
of attractor (such as in Case 3, Fig. 6d) or unevenly,
such as in Case 1b, where a large number of
points are located in the area assigned by number �3�
in Fig. 6b.

Because the three system parameters (temperature
and pressure of liquid and heating surface temperature),
were measured in Wu and Cheng�s experiment, there-
fore, we can reconstruct the trajectory of the system in
the state-space (Tin,pin,Tw) where Tw is an average tem-
perature of heating surface. The trajectories are pre-
sented in Fig. 8 where the arrows indicate the direction
of changes in time. These directions are the same in all
four cases under consideration. The trajectories are lo-
cated inside the torus like trajectories obtained using
the delay time method. The trajectories reconstructed
in Fig. 8 can be used to explain the appearance of oscil-
lations in the four cases under consideration as follows:

Cycles start from point ‘‘1’’ (Fig. 8) when heat was
supplied to the system, where the temperature of the
heating surface began to increase and two-phase flow be-
gan to appear in the microchannel. The appearance of



Fig. 7. Attractor reconstruction from pi at different heat and mass fluxes. (a) Liquid/two-phase alternating flow: q = 13.5 W/cm2 and
m = 14.6 g/cm2 s, s = 5.9 s (Case 1a), 1—part of embedding space containing the points created by pressure fluctuation during the two-
phase flow period, (b) liquid/two-phase alternating flow: q = 16.6 W/cm2 and m = 12.7 g/cm2 s, s = 5.9 s (Case 1b), 1—part of
embedding space containing the points created by pressure fluctuation during the two-phase flow period, (c) continuous two-phase
flow: q = 18.8 W/cm2 and m = 11.9 g/cm2 s, s = 12.9 s (Case 2) and (d) liquid/two-phase/vapor alternating flow: q = 22.6 W/cm2 and
m = 11.2 g/cm2 s, s = 5.6 s (Case 3).
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the two-phase flow inside the microchannels blocked
water flowing into the microchannel, and therefore the
mass flux decreased. As a result, water was heated up
in the inlet of the microchannels. During the boiling in-
side the microchanels the inlet water pressure increases
and the process reached the point ‘‘2’’ (Fig. 8). The boil-
ing inside the microchannels led to a decrease in the
heating surface temperature, and consequently the bub-
bles stopped blocking the microchannel and inlet pres-
sure decreased. The process reached again the point
‘‘1’’ (Fig. 8) and the cycle repeated itself.
3.3. Correlation dimensions

The trajectories of the chaotic system in the phase
space do not form any single geometrical object such
as circle or torus, but form objects called the strange
attractors [19] of the structure resembling a fractal.
One of the essential characteristics of fractals is their
dimension. For experimental data, the correlation
dimension D is defined by the following expression
[19,20]:

D ¼ lim
d!0

1

ln d
ln
X
i

P i ð2aÞ
where

X
i

P i � lim
N!1

1

N 2

X
i;j

Hðd � jT i � T jjÞ ð2bÞ

with H being the Heaviside�s step function that deter-
mines the number of attractor�s point pairs of the dis-
tance shorter than d. Correlation dimension of the
attractors created by the dynamic system can be used
to identify the number of the system freedom degrees.
The number of independent variables controlling the
behaviours of the system is a lowest integer number
greater than correlation dimension. Correlation dimen-
sions for pin, Tin, Twi can be calculated based on Eq.
(2) and these values are listed in Table 1.

When the values of correlation dimension obtained
from Tin and pin are close to each other (such as in Cases
1a, 1b, 3, see Table 1), then we can conclude that
changes of Tin and pin are controlled by the same set
of physical parameters. In Case 2 the correlation dimen-
sion obtained from the Tin and pin differ, which means
that the sets of independent physical parameters describ-
ing the changes of Tin and pin differ as well.

In Case 3 (Fig. 8d) trajectories in subsequent periods
lie close with each other. In this case, only the process
duration time, measured from the beginning of the cycle,



Fig. 8. Trajectories of oscillations in space (pi,Tw2,Tin) at different heat and mass fluxes (arrows indicate the direction of time). (a)
liquid/two-phase alternating flow: q = 13.5 W/cm2 and m = 14.6 g/cm2 s (Case 1a), (b) liquid/two-phase alternating flow: q = 16.6
W/cm2 and m = 12.7 g/cm2 s (Case 1b), (c) continuous two-phase flow: q = 18.8 W/cm2 and m = 11.9 g/cm2 s (Case 2), (d) liquid/two-
phase/vapor alternating flow: q = 22.6 W/cm2 and m = 11.2 g/cm2 s (Case 3).

Table 1
Results of nonlinear analysis and experimental data for four boiling cases under consideration

Case 1a Case 1b Case 2 Case 3

Heat flux, q 13.5 W/cm2 16.6 W/cm2 18.8 W/cm2 22.6 W/cm2

Mass flux, m 14.6 g/cm2 s 12.7 g/cm2 s 11.9 g/cm2 s 11.2 g/cm2 s
Oscillation period 15.4 s 202 s 32 s 53 s
Liquid period 5.4 s 5 s 0 4 s
Two-phase period 10.0 s 197 s 32 s 10 s/16 s
Vapour-phase period 0 0 0 23 s
Average temperature of heating surface 111 �C 120.9 �C 126.2 �C 212.3 �C
Average correlation dimension
from heating surface temperature

1.99þ0.26
�0.18 4.64þ0.86

�0.54 4.2þ0.49
�0.7 1.3þ0.09

�0.09

Correlation dimension from pin 2.25 5.5 4.2 1
Correlation dimension from Tin 2.25 5.2 6 1.1
Average Lyapunov exponent from
the heating surface temperature [bit/s]

0.254þ0.036
�0.024 0.046þ0.036

�0.016 0.126þ0.064
�0.046 0.054þ0.076

�0.034

Lyapunov exponent from pin [bit/s] 0.26 0.08 0.2 0.09
Lyapunov exponent from Tin [bit/s] 0.3 0.06 0.36 0.09
Average time of loss of stability 3.9 s 1/4 cycle 21.6 s 1/9 cycle 7.9 s 1/4 cycle 18.5 s 1/3 cycle
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Fig. 9. Temporal variations of temperatures and pressure in
liquid/two-phase alternating flow for Case 1a: q = 13.5 W/cm2

and m = 14.6 g/cm2 s, 1—The increase in the heating surface
temperature during the liquid flow at the end of microchannels,
2—the increase in the heating surface temperature during the
bubbly flow at the beginning of microchannels, 3—the increase
in inlet liquid pressure during the bubbly flow, 4—inlet liquid
temperature oscillations during the bubbly flow (increase of
amplitude of oscillations), 5—the decrease in the heating
surface temperature during the beginning stage of bubbly flow,
6—the slow decrease in the heating surface temperature during
the bubbly flow, 7—the decrease in inlet pressure at the
beginning of liquid-phase flow, 8—the minimum value of inlet
liquid temperature.
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is necessary to describe the state of system, i.e., only one
parameter is necessary to describe the system behavior.
Therefore, the correlation dimension of the system in
Case 3 is close to 1, and the system behaviour can be
identified as close to periodical. In the other cases, the
location of trajectories are more complicated, therefore
the system behaviour can be identified as chaotic.

3.4. Lyapunov exponents

One of the quantities determining whether the beha-
viour of the dynamic system is chaotic is Lyapunov
exponents [19]. From the measured data, it is possible
to determine the value of the largest Lyapunov expo-
nent. A positive value of the largest Lyapunov exponent
indicates that deterministic chaos appear in the system
under consideration. In this case, on the attractor
immersed in D dimensional space two points situated
at a distance of at least one orbiting period one from
another, have been selected. The distance between these
points is L(tj). The distance of the selected points after
the passage of some evolution time has been calculated
and defined as L 0(tj+1). A computer algorithm for calcu-
lation of the largest Lyapunov exponent has been pro-
posed by Wolf [20], who gave the following formula to
calculate the largest Lyapunov exponent

k ¼ 1

t

Xm
j¼1

log2
L0ðtjþ1Þ
LðtjÞ

� �
ð3Þ

where L is the distance between two points of attractor,
m is number of tested point pairs, and t is the time of
evolution. The long time memory can be calculated as
1/k. This time corresponds with average time in which
the process of stability loss occurs. The largest Lyapu-
nov exponent can be calculated for pin, Tin, Twi based
on Eq. (3) and these values are listed in Table 1.

The appearance of deterministic chaos in cases under
consideration is confirmed by positive value of largest
Lyapunov exponent (see Table 1). The value of the lar-
gest Lyapunov exponent determines the rate of exponen-
tial divergence of the trajectory, and in the same way it
determines the average time of stability loss in the sys-
tem. Note that the average liquid velocity inside the
microchannels in the four cases under consideration
were: 15.2 cm/s, 13.3 cm/s, 12.4 cm/s, 11.7 cm/s in Cases
1a, 1b, 2 and 3 respectively. These average liquid velo-
cities were calculated from mass flux measurements.
This means that an average time of a small single bubble
passing through the microchannel was within about
0.2 s. Values of largest Lyapunov exponent shown in
Table 1 are many times larger than average time of
one bubble passage through microchannel. This suggests
that process of stability loss does not only depend on the
loss of two-phase flow stability inside the microchannel.
Rather, it was connected with the behaviour of entire
system, consisting of water supply system and micro-
channels. Changes of behaviours of entire system (Table
1) occur in time duration larger than changes occurring
in two-phase flow inside the microchannel which was
about 0.2 s.

In Fig. 8, the part of trajectories whose length corre-
sponds to time of loss of stability of the system is
marked by continuous bold lines. These lines contain
such a number of points which is adequate to number
of samples occurring in the time of stability loss of the
system. In the last row of Table 1, the ratio of time of
stability loss to time duration of entire cycle is listed.
Note that Case 3 is the most stable boiling mode while
Case 1b is the most unstable boiling mode. This is the
reason why we can conclude that the system behaviour
of Case 3 is close to periodic.
4. Discussion on mechanisms of oscillations

In this section, we will discuss the mechanisms on the
appearance of oscillation phenomena in flow boiling in
heated microchannels. It should be pointed out that heat
flux supplied to the microchannels was constant but heat
flux absorbed by boiling liquid qboil might change during
the flow boiling process. These changes in the absorbed



Fig. 11. Temporal variations of temperatures and pressure in
continuous two-phase flow for Case 2: q = 18.8 W/cm2 and
m = 11.9 g/cm2 s. 1—The increase in the heating surface
temperature during the unstable vapour core flow at the end
of microchannels, 2—the increase in inlet liquid pressure during
the unstable vapour core flow, 3—inlet liquid temperature
oscillations (increase in amplitude of oscillations), 4—the
decrease in the heating surface temperature (decrease in
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heat flux resulted in the changes of temperature along
the heating surface as shown in Fig. 2. For flow boiling
in microchannels, the relation between mass flux m(t)
and heat flux qboil determines the behaviors of the two-
phase flow inside the channels.

In the following, we will discuss in detail the pro-
cesses occurring during the oscillations for the four cases
under consideration. In order to carry out a detailed
analysis of temperature and pressure changes in the four
cases under consideration, the enlarged part of data pre-
sented in Fig. 2 are shown in Figs. 9–12 respectively.

4.1. Case 1a

When the water flowed through the heated micro-
channels, the temperature of heated surface Tw5 gradu-
ally increased (Fig. 9 ‘‘1’’) in time and in the flow
direction. The highest surface temperature, Tw5 occurred
near the end of microchannel. In this time period, the
temperature Tw1 was constant because this part of
heating surface was in contact with the cold inlet water.
Boiling began at the end of the channel where the tem-
perature reached the maximum value. The bubble
growth at the end of the microchannel blocked the
Fig. 10. Temporal variations of temperatures and pressure in
liquid/two-phase alternating flow for Case 1b: q = 16.6 W/cm2

and m = 12.7 g/cm2 s. 1—The increase in the heating surface
temperature during the liquid flow at the end of microchannels,
2—the increase in the heating surface temperature during the
bubbly flow at the beginning of microchannels, 3—the increase
in inlet liquid pressure during the bubbly flow, 4—inlet liquid
temperature oscillations during the bubbly flow (increase of
amplitude of oscillations), 5—the decrease in the heating
surface temperature during the beginning stage of bubbly flow
(decrease in amplitude of oscillations), 6—the slow decrease in
the heating surface temperature during the bubbly flow, 7—the
decrease in inlet pressure at the beginning of liquid flow, 8—the
minimum value of inlet liquid temperature.

amplitude of oscillations), 5—the slow decrease in the heating
surface temperature during the stable vapour core flow, 7—the
minimum value of inlet liquid temperature.

Fig. 12. Temporal variations of temperatures and pressure in
liquid/two-phase/vapor alternating flow for Case 3:
q = 22.6 W/cm2 and m = 11.2 g/cm2 s. 1—The increase in the
heating surface temperature during the liquid flow, 2—the
increase in inlet liquid temperature during the bubbly flow, 3—
the increase in the heating surface temperature during the two-
phase flow, 4—the decrease in the heating surface temperature
during the vapour-phase flow, 5—decrease in the heating
surface temperature during the two-phase flow, 6—the increase
in inlet liquid pressure during the two-phase flow.
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incoming flow, so temperature in the rest of the channel
increased rapidly (Fig. 9 ‘‘2’’). This resulted in spreading
boiling to the entire channel and two-phase flow ap-
peared in the channel. At the same time the temperature
at the end of microchannels decreased rapidly (Fig. 9
‘‘5’’).

During two-phase flow period, the growing bubbles
blocked the channel and the inlet pressure pin gradually
increased (Fig. 9 ‘‘3’’). This was accompanied by an in-
crease in amplitude of inlet liquid temperature fluctua-
tion (Fig. 9 ‘‘4’’). The mechanism of increase in the
amplitude of inlet liquid temperature fluctuation can
be explained as follows: the generation of bubbles in-
side the microchannel blocked the flow of inlet water.
This led to a decrease in mass flux, causing an increase
in the inlet liquid temperature. But the process of
blocking channel by bubbles also caused an increase
in the inlet liquid pressure (Fig. 9 ‘‘3’’) and finally the
mass flux increased—the blocking bubbles were par-
tially removed from microchannel and the inlet liquid
temperature decreased. When the level of mass flux
(depending on the level of inlet pressure) was not large
enough to decrease the heating surface temperature,
then the temperature of heating surface at the channel
began to increase slightly, causing the increase in boil-
ing intensity. The bubbles started blocking the micro-
channel again. The process repeated itself until the
level of inlet pressure was large enough to stop boiling
inside the microchannel. This happened when inlet
pressure reached the maximum value. The higher pres-
sure caused the higher mass flux, therefore the mini-
mum value of temperature of inlet liquid in
subsequent cycles decreased, leading to an increase in
the amplitude of oscillations (Fig. 9 ‘‘4’’).

During the oscillations of inlet liquid temperature,
the temperature of heating surface at the end of channel
gradually decreased (Fig. 9 ‘‘6’’). This caused the de-
crease of boiling intensity in this part of channel as well.
The bubbles stopped blocking the flow in the micro-
channel outlet, therefore bubbles from the rest of micro-
channel could move easier to downstream, and cold
water could flow easier into the microchannel. Finally,
boiling at the entire length of microchannel disappeared.
Boiling in the microchannel stopped because tempera-
ture of heating surface decreased and because the inlet
liquid temperature during the oscillation reached the
minimum value (Fig. 9 ‘‘8’’). This process resulted in
the decrease of inlet pressure pin (Fig. 9 ‘‘7’’). When li-
quid flow appeared in the microchannel, the temperature
of heating surface at the end of channel started to in-
crease gradually and the process repeated itself.

The temperature at the end of microchannels Tw5 de-
creased (Fig. 9 ‘‘5’’) when the temperature at the begin-
ning sections of microchannels Tw1 and inlet liquid
temperature Tin increased (Fig. 9 ‘‘2’’). Therefore, the
correlation coefficients for pairs of time series (Tin,Tw5)
and (Tw1,Tw5), as shown in Figs. 3 and 4 respectively,
have a negative values. It reached zero value near mea-
surement point 4. In this case, the changes in wall tem-
perature were independent of the inlet liquid
temperature. From the physical point of view, this
means that the changes in wall temperature generated
by nucleation process were independent of the inlet
liquid temperature changes for the case under
consideration.

Trajectories on attractors shown in Figs. 6a, 7a, and
8a in recurrent cycles do not lie on the same path.
These changes occur because of inrecurrent time peri-
ods between subsequent cycles of oscillations. One of
the reasons for appearance of these time periods
changes is a stochastic characteristics of nucleation pro-
cess. Points of attractor in the area 1 in Fig. 6a are cre-
ated by temperature changes during the nucleation
disappearance. The area 2 in Fig. 6a contains points
created during the beginning of boiling, and the area
3 in Fig. 6a contains points created from temperature
changes during the two-phase flow. Inrecurrent loca-
tions of trajectories in subsequent cycles are also visible
in Fig. 7a. The points of attractor in area 1 in Fig. 7a is
created by pressure fluctuation during the two-phase
flow period.

A low correlation dimension of attractor (2.25) for
Case 1a obtained from temperature fluctuation (see
Table 1) shows that the thermal interaction between
the heating surface and liquid flow can be described by
a low dimensional model with 2 degree of freedom e.g.
m(t) and qboil(t). The correlation dimension of attractor
from the pressure fluctuation has the similar dimension.
Thus, we can conclude that the process in Case 1a has
the deterministic chaos characteristics.

4.2. Case 1b

The mechanism of appearance of the oscillations in
Case 1b seems to be similar to that observed in Case
1a. Boiling began not at the end of the channel but in-
side the microchannel, because temperatures Tw3 and
Tw4 reached the maximum values [18] during the recur-
rent cycles. Since the correlation coefficients between
Tin, Tw1 and Tw5 are close to zero (Figs. 3 and 4), there-
fore, the changes of temperature Tw5 are independent of
temperatures Tin, Tw1 changes in this case.

When water flowed through the heated microchan-
nels, the temperature of heated surface Tw1, Tw5 gradu-
ally increased (Fig. 10 ‘‘1’’) in time. The highest surface
temperature occurred near the end of microchannel, Tw4

[18]. In this time period the temperature Tw1 increased
slowly. The bubbles growth in the microchannel blocked
the incoming flow, so temperature in the rest of the
channel increased rapidly (Fig. 10 ‘‘2’’). This resulted
in spreading the boiling to the entire channel and two-
phase flow appeared in the channel.
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During two-phase flow period, when the growing
bubbles blocked the channel, the inlet pressure pin gra-
dually increased (Fig. 10 ‘‘3’’). It was accompanied by
an increase in amplitude of inlet liquid temperature fluc-
tuation (Fig. 10 ‘‘4’’). The mechanism of increase in the
amplitude of fluctuation seems to be the same like in
Case 1a. But because the heat flux was larger than in
Case 1a, therefore the time of decrease in the inlet tem-
perature up to the temperature of boiling disappearance
was larger than in Case 1a.

During the boiling process, temperatures of the heat-
ing surface gradually decreased (Fig. 10 ‘‘6’’). At the
same time, the inlet pressure gradually increased
(Fig. 2b ‘‘3’’) which resulted in the increase of mass flux.
The inlet liquid temperature oscillated and its value
slowly decreased (Fig. 2b ‘‘4’’). The boiling in channel
stopped because temperature of heating surface de-
creased and because the inlet liquid temperature during
the oscillation reached the minimum value (Fig. 10 ‘‘8’’).

The area 1 in Fig. 6b contains the points created by
process of nucleation disappearance, the area 2 in
Fig. 6b contains points created during the beginning of
the boiling and the area 3 in Fig. 6b contains points cre-
ated from temperature changes during the two-phase
flow. This area is more dense in comparison with the
Case 1a, because the time period of two-phase flow exist-
ing in the Case 1b is longer than in Case 1a. This kind of
attractor structure causes that the correlation dimension
of attractor from temperature Tw1 is 5.2 (Table 1). The
correlation dimension of attractor reconstructed from
inlet pressure is 5.5. The area 1 in Fig. 7b is created by
pressure fluctuation during the two-phase flow. We can
conclude that the process has the deterministic chaos
characteristics.

4.3. Case 2

For Case 2 the correlation between the wall temper-
ature oscillation is constant and is equal to 0.8 (see
Fig. 3). This means that, the wall temperatures changes
with time in the same way. This happened because heat
flux was large enough to sustain the boiling on the entire
length of channels. The correlation coefficients between
the inlet liquid temperature and wall temperatures at
the beginning part of microchannels are lower than
those in Cases 1a and 1b (Fig. 4). This implies that the
dynamics of inlet liquid temperature changes is some-
what different from dynamics of the wall temperature
changes. This also results in the difference of correlation
dimension of attractors from Tin (D = 6) and pin
(D = 4.2). These differences are caused by intensive
nucleation processes occurring in the entire length of
microchannels.

When the inlet liquid temperature reached the mini-
mum value (Fig. 11 ‘‘7’’), the wall temperature and pres-
sure reached the minimum value as well. In this case, the
volume of vapour core inside the microchannel de-
creased. Because the mass flux is low, the temperature
of the heating surface started to increase (Fig. 11 ‘‘1’’),
causing the increase of the evaporation intensity. The
volume of vapour inside the microchannel increased
and vapour core started to block the microchannel and
decreased the mass flux, causing an increase in the heat-
ing surface temperature (Fig. 11 ‘‘1’’) and inlet pressure
(Fig. 11 ‘‘2’’). During this process the heating surface
temperature oscillated at the channel outlet (Fig. 11
‘‘4’’). Finally, the increase in inlet pressure (Fig. 11
‘‘2’’) led to an increase in mass flux. Because the heat
flux supplied to the heating surface was not large enough
to increase the heating surface temperature at high mass
flux, the temperature of heating surface decreases
(Fig. 11 ‘‘5’’). This caused the intensity of evaporation
to decrease as well, that led to decreasing the volume
of vapour inside the microchannel. The pressure
(Fig. 11 ‘‘6’’), surface temperatures (Fig. 11 ‘‘5’’), as well
as the mean inlet liquid temperature (Fig. 11 ‘‘3’’) de-
creased. During the pressure decrease (Fig. 11 ‘‘6’’) the
oscillations of the inlet liquid temperature appeared
(Fig. 11 ‘‘3’’). When the temperature of heating surface
(Fig. 11 ‘‘7’’) and pressure reached the minimum values,
the vapour core stabilised and the process repeated itself.

The mechanism of appearance of heating surface
temperature fluctuation during the increase in inlet pres-
sure can be explained as follows: During the inlet pres-
sure increase (Fig. 11 ‘‘2’’) the mass flux increased as
well, causing decrease of evaporation intensity and the
decrease in heating surface temperature. Due to inten-
sive evaporation the volume of vapour core inside the
microchannel increased and blocked the flow of inlet
water. Consequently, mass flux decreased. The intensity
of evaporation increased and temperature of heating
surface increased. Because the moving vapor core
blocked the microchannel the inlet pressure increases
causing the increase of mass flux. As a result the heating
surface temperature decreased and the process repeated
itself, at the higher level of pressure (pressure fluctuation
in Fig. 11 ‘‘2’’). This kind of fluctuation disappeared
when the mass flux was large enough to stop the process
of increase in the heating surface temperature.

The mechanism of inlet liquid temperature fluctua-
tion during the decrease in inlet pressure can be ex-
plained as follows: During the inlet pressure decreased
(Fig. 11 ‘‘6’’) the mass flux decreased as well, causing
the increase of evaporation intensity. The volume of va-
pour core inside the microchannel increased and blocked
the flow of inlet water. But the process of blocking the
channel by the moving vapor core caused also a slight
increase in the inlet liquid pressure (pressure fluctuation
in Fig. 11 ‘‘6’’) and finally, the mass flux increases—the
intensity of boiling decreased and the vapor core stabi-
lized causing further decrease in inlet pressure and the
process repeated itself.
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It should be noted that changes of location of attrac-
tor trajectories visible in Figs. 6 and 7 are caused by
changes of dynamics of two-phase flow in the micro-
channels. The process has the deterministic chaos
characteristics.

4.4. Case 3

For this case, the correlation between the measure-
ments of heating surface temperature at different points
is high as seen from Fig. 3. This means that temperatures
at different parts of heating surface changed in the same
way. As shown in Fig. 4, the correlation between the in-
let liquid temperature and heating surface temperatures
Fig. 13. Map of appearance of boiling modes in the space of pin, Tin, T
state-space (pin,Tin,Tw), and (b) map of boiling modes in 2D state-sp
reached the minimum value at the measurement point
Tw3, but the level of correlation was still high.

When the liquid flow appeared in the channel, the inlet
liquid temperature and heating surface temperature de-
creased. The outlet liquid temperature started to increase
(Fig. 12 ‘‘1’’). The highest temperature of heating surface
occurred at the end of the channel. When boiling started
at the end of channel, it spreaded rapidly to the entire
channel. Because the heat flux was high in Case 3, a va-
pour core was formed inside the channel. Two-phase flow
at the beginning of the microchannel blocked the inlet
flow of water. The temperature of inlet water rapidly in-
creased (Fig. 12 ‘‘2’’). Due to high heat flux, the heating
surface temperature still increased, causing the appear-
w. (a) Schematic drawing of microchannels system cycles in 3D
ace of Tin, Tw.
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ance of the vapour-phase flow inside the microchannel
(Fig. 12 ‘‘3’’). In this flow pattern, the temperature of
heating surface at the beginning of microchannels started
to drop because of intensive liquid evaporation (Fig. 12
‘‘4’’). Because the heat supplied to the beginning part of
microchannels was insufficient to sustain the intensive
evaporation, the temperature Tw2 and vapour-phase flow
disappeared and two-phase flow appeared (Fig. 12 ‘‘5’’).
Because of the high inlet pressure, the mass flux was also
high. Therefore, the temperature of heating surface de-
creased, causing the disappearance of boiling. This re-
sulted in the decrease in inlet pressure pin (Fig. 12 ‘‘6’’).
The temperature of heating surface started to increase
and a new cycle began again.

The correlation dimension of attractor from the heat-
ing surface temperature is about 1.1 while the correla-
tion dimension of attractor from inlet pressure
fluctuations is about 1. Points of attractor in the area
1 in Fig. 6d are created by temperature changes during
the nucleation disappearance. The area 2 in Fig. 6d con-
tains points created during the beginning of boiling.

The above discussion can be summarized in Fig. 13.
Fig. 13a shows the schematic drawing of microchannels
system trajectories in state-space variables pin, Tin, Tw

for the four cases under consideration. Grey points
and lines in the graph represent the real location of sys-
tem trajectories. Black lines schematically show the aver-
age changes of (pin,Tin,Tw) during the cyclic changes of
system. It is noted that the dynamics of oscillations and
location of each cycle depends on the value of heat flux
supplied to the system (each cycle in Fig. 13 has been
created for different heat flux). But mechanism of
appearance of cycles seems to be the same for all four
cases under consideration. During the liquid flow peri-
od, the average temperature of the heating surface Tw in-
creases and boiling begins at the end parts of channels
where the temperature is the highest. The two-phase
flow in microchannel controls the mass flux and works
as a negative feedback for the process of increasing wall
temperature. Because of intensive boiling inside the
microchannel, the heating surface temperature starts to
decrease and finally the boiling process stops.

Fig. 13b shows the map of appearance of four kinds
of flow in microchannels system in state-space (Tin,Tw).
On the right side of the graph, the ranges of average wall
temperature Tw where the different kinds of flow appear
in microchannels are indicated. In Table 1 the average
wall temperature characteristics for the four cases under
consideration are also presented. Depending on the
heating surface and liquid temperature, the following
four kinds of flow patterns may occur in a microchannel:
liquid-phase flow, bubbly flow, vapour core flow and va-
pour-phase flow. The liquid-phase flow is characterised
by the lowest average heating surface temperature while
the vapour-phase flow is characterised by the highest
heating surface temperature. When the heat flux sup-
plied to the microchannel is large enough to increase
the temperature of heating surface to an appropriate le-
vel, one of the boiling modes as shown in Fig. 13b, will
appear in the microchannel. The vapour core flow at two
different liquid pressures are depicted in Fig. 13a. In
Case 3 during the decrease in the heating surface temper-
ature it has been observed: the vapour-phase flow, va-
pour core flow and liquid-phase flow. The bubbly flow
was not observed. This happened because during the
destabilization of vapour core the mass flux was large
enough to decrease the heating surface temperature to
the value which is characteristic for liquid-phase flow.

It should be noted that the map of occurrence of four
boiling modes, presented in Fig. 13, is by no means com-
plete because we have no knowledge about (i) the tran-
sition between the considered modes, and (ii) the
sensitivity of considered boiling modes to the changes
of heat and mass fluxes supplied to the system. There-
fore, further experimental investigations are necessary
to better understand the dynamics of heat and mass
transfer in flow boiling in a microchannel.
5. Concluding remarks

In this paper, we have carried out non-linear analyses
for the four unstable boiling modes in microchannels ob-
served by Wu and Cheng [18]. The results of these ana-
lyses show that oscillations of temperature and pressure
occurring in flow boiling in microchannel have deter-
ministic chaos characteristics. The following conclusions
are obtained:

1. The appearance of deterministic chaos in cases under
consideration is confirmed by positive values of larg-
est Lyapunov exponent. The system is more predict-
able in Case 3 and more chaotic in Cases 2 and 1b. In
Case 1b the large number of points of attractor is
located in area ‘‘3’’ (Fig. 6b). This area is created
by temperature fluctuation in bubbly flow, therefore
the level of chaos obtained in this case is connected
rather with the bubbly flow than with oscillations
of the entire system.

2. The reconstruction of attractors from temperature
and pressure indicates that, the trajectories of attrac-
tors are located inside the torus in 3D space for all
cases under consideration. The reconstruction of
the system trajectory in the state-space (Tin,pin,Tw)
shows that the trajectories are located also inside
the torus like trajectories obtained using the delay
time method. This suggests that parameters (Tin,
pin,Tw) are crucial to describing the system behaviors
in microchannel system.

3. It has been found that when the heat flux is increased,
the number of independent variables controlling the
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behavior of system increases as well. For a low heat
flux equal to 13.5 W/cm2 (Case 1a), the number of
independent variables is equal to 3. While the heat
flux is increased to 18.8 W/cm2 (Case 2), then the
number of independent variables reaches value equal
to 6, which is characteristic for a vapor core flow.
Finally, the number of independent variables describ-
ing the system decreases to value equal to 1, when the
heat flux reaches 22.6 W/cm2 (Case 3). The calcula-
tion of correlation dimension also shows that in
Cases 1a, 1b, 3 the changes of Tin and pin are con-
trolled by the same set of physical parameters. In
Case 2 the sets of independent physical parameters
describing the changes of Tin and pin are different.

4. Values of the largest Lyapunov exponent shown in
Table 1 are many times larger than average time of
one bubble passage through microchannel. This sug-
gests that process of stability loss is connected with
the behavior of entire system, consisting of water
supply system and microchannels.

5. For all cases under consideration the temperature
changes of the heating surface at measurement points
Tw1, Tw2, Tw3 are correlated in the same way. The
qualitative differences between temperature change
characteristics occurring near the end of the micro-
channel in Cases 1a, 1b and the temperature changes
in Cases 2, 3 have been identified.

6. A detailed analysis of temperature and pressure
changes show that for flow boiling in microchannels,
the relation between the mass flux m(t) and heat flux
qboil determines the behaviors of the two-phase flow
inside the channels. In general the mechanism of
oscillations in boiling in microchannels is as follows:
cycles start when the temperature of the heating sur-
face begins to increase and the boiling begins to
appear in the microchannel. The appearance of vapor
inside the microchannels blocks the liquid flowing
into the microchannel. Therefore, the inlet liquid
pressure increases and mass flux increases as well.
When the heat flux qboil is not large enough the boil-
ing inside the microchannels with high mass flux
leads to decreasing in the heating surface tempera-
ture, and consequently to the decrease of boiling
intensity (Case 2) or boiling disappearance (Cases
1a, 1b, 3). The bubbles stop blocking the microchan-
nel and inlet pressure decreases, where upon the cycle
repeats itself.
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