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Abstract In the paper, flow boiling in three parallel minichannels with a common inlet and outlet area
was examined. The synchronization between flow distributions in minichannels was analyzed in local area
(image analysis) and as the process of the synchronization between inlet and outlet pressure fluctuations.
These processes were studied using cross recurrence plot. The analysis of pixel brightness changes inside
minichannels has been applied to identify the similarity of flow patterns changes inside minichannels. The
results have revealed that the processes of synchronization have a negative impact on water inlet and
outlet temperature and inlet and outlet pressure oscillations. During synchronization high amplitude of
oscillations of temperature and pressure occur. The mentioned behaviors are caused mainly by reverse
flow. In the paper it has been shown that recurrence analysis of inlet and outlet pressure oscillations can
be used for assessment of boiling synchronization in minichannels.

1 Introduction

In the systems with parallel minichannels dynamic
instabilities are accompanied by synchronization of pro-
cesses in neighboring minichannels: temperature fluc-
tuations [1], pressure oscillations [2] and changes of
two-phase flow patterns [3]. Two-phase flow instabili-
ties are related to periodic or non-periodic oscillations
of heat and mass transfer [4]. In heat-exchangers with
minichannels, a thinner gap between the channels and
a common inlet area induce the processes of synchro-
nization [5].

Recent advantages in technology have led to a
greater attention given to investigations of the per-
formance of mini/microchannel devices. Two-phase
flow in mini/microchannel is characterized with abil-
ity to remove large amount of heat in a limited space.
However, maldistribution during these processes is
observed, which reduces thermal and hydraulic perfor-
mance [6]. Research is still being carried out in order
to investigate and control the occurring maldistribu-
tion (e.g., non-uniform heating, flow maldistribution,
uneven pressure distribution) [7–9].

In the paper, flow boiling in three parallel minichan-
nels with a common inlet area was examined using
cross recurrence plot (CRP). A qualitative analysis of

a e-mail: rafalkogabriela@gmail.com (corresponding
author)

CRPs considering only diagonal lines was performed by
applying the diagonal cross-recurrence profile analysis
(DCRP) [10]. The synchronization between flow dis-
tributions in minichannels was analyzed in local area
(image analysis) and as the process of the synchroniza-
tion between inlet and outlet pressure fluctuations. An
asymmetry of synchronization between pairs of channel
was observed. Such asymmetry is a result of the heat-
exchanger construction based on two parts: one made
of copper, the second—out of Teflon. This geometry
was designed in such a way to avoid heating the water
in the common inlet plenum. In such construction the
axis of common inlet plenum cannot be equally posi-
tioned with the axis of the middle channel (because
of O-rings usage). The results have revealed that the
processes of synchronization have a negative impact on
water inlet and outlet temperature and inlet and out-
let pressure oscillations. The mentioned phenomena are
caused mainly by reverse flow. In the paper it has been
shown that recurrence analysis of inlet and outlet pres-
sure oscillations can be used for assessment of boiling
synchronization in minichannels.
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2 Experimental setup and data
characteristics

In Fig. 1, the experimental setup and an example
frame of the recorded video are presented. The heat-
exchanger with three parallel minichannels was heated
using electric power (Fig. 1a—qsup). The positioning of
the minichannel element was based on O-rings. A ver-
tical row of three K-type thermocouples was installed
under minichannels in the copper block (Fig. 1a—T 1,
T 2, T 3). The internal dimensions of minichannels
were equal to 0.25 mm (width) × 0.50 mm (depth)
and 32 mm (length) (the wall between the chan-
nels: 0.25 mm wide). The minichannels were covered
with a plexi cover which allowed observations of flow
boiling inside minichannels. The high speed camera
(Fig. 1a—8) was used to record flow patterns inside
minichannels. The videos were recorded at the speed
of 2000 fps. The working liquid was distilled water. A
gear pump (Fig. 1a—1) was used to pump the water to
the compressible volume tank (Fig. 1a—2). A Coriolis
mass flow meter (Fig. 1a—3) was used to measure the
water mass flow rate.

The thermocouples (Fig. 1a—T in, T out) were placed
in the water inlet and outlet common area. The pressure
sensors were used to measure the pressure in inlet and
outlet common area (Fig. 1a—4, 6). Two data acqui-
sition systems were used to record all signals with a
frequency of 1 kHz. The registration of signals and
films was synchronized. The system did not contain any
automatic systems to control the mass and heat flux,
therefore, the pressure oscillations generated during the

experiment were related to the studied phenomenon of
flow boiling.

During the experiment the electric power was con-
stant, but the water flow rate was changing in the range
of: ṁ = 175–570 g/h. The average heat flux (q) vs.
water flow rate (ṁ) is shown in Fig. 2, where a 3rd
degree polynomial was used to approximate the values
of the average heat flux. When the water flow rate was
low, the boiling was intense and the values of heat flux
were high. With the increase in water flow rate, the
decrease in heat flux was observed (the boiling was less
intense).

In Table 1, the examples of different flow patterns
observed near the inlet common area were presented.
When the water flow rate was low, the boiling was
intense and a higher content of vapor in the channels
was observed (ṁ = 175 g/h). We have also observed
vapor reverse flow in the inlet common area which cre-
ated vapor bubbles in this area (ṁ = 175 g/h, ṁ =
348 g/h). With the increase in water flow rate (ṁ =
383 g/h), the fragmentation of vapor slugs occurred
and the amount of liquid in minichannels was increas-
ing. Short slugs and vapor bubbles were filling the
minichannels near the inlet area (ṁ = 383 g/h). Dur-
ing less intense boiling the changes of flow patterns
occurred more rarely, a higher content of liquid phase
was observed in the channels (ṁ = 472 g/h).

An analysis of pixel brightness changes near the inlet
area based on the experimental data gathered in the
same experimental setup (Fig. 1) has been previously
performed [11]. The authors have observed that during
intense boiling reverse flow occurred which resulted in
a formation of vapour bubbles in the inlet area (which

Fig. 1 The experimental setup: a the test section, 1—gear pump (Tuthill model DGS.11), 2—compressible volume (vol-
ume: 222.8 cm3), qsup—heating power (qsup = 36.75 W), 3—Coriolis mass flow meter (Bronkhorst mini CORI-FLOW™
M13; accuracy of ± 0.2% of rate), T 1,T 2,T 3,T in,T out—thermocouples (type K, 1 mm diameter, accuracy: ± 2.5 °C), 4,
6—pressure sensors (MPX5010DP, time response: 1 ms), 5—three parallel minichannels (dimensions: 32.00 mm × 0.25 mm
× 0.50 mm), 7—outlet tank, 8—high speed camera (Phantom v1610); b the scheme of visual data analysis, S1, S2, S3—the
sum of pixel brightness in the analyzed parts of minichannels number 1, 2, 3, respectively
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Fig. 2 Mean values of heat
flux (q) vs. water flow rate
(ṁ) and the 3rd degree
polynomial approximation

Table 1 Flow
characteristics based on
visual observations

will be further called as ‘reverse flow bubbles’—RFB).
The creation and movement of the RFB influenced flow
patterns observed in minichannels near the inlet area.
During intense boiling, the RFB were created (oscil-
lated) almost periodically in the inlet area and pushed
back into minichannels. This caused the occurrence of
rather long vapour slugs in minichannels (Table 1, ṁ
= 175 g/h). During less intense boiling, the RFB were
created rather separately on each minichannel. Rarely,
vapour from RFB was pushed back into minichannels
and this way small vapour bubbles and short slugs were
filling the minichannels (Table 1, ṁ > 383 g/h).

2.1 Phase distribution during boiling flow

In order to analyze the changes of phase distribution
in minichannels, the pixel brightness in the middle part
of each minichannel was summed in the area (called
‘gates’) denoted in Fig. 1b with the letter S , located
16 mm away from the inlet area. When the vapor was
filling minichannel the pixel brightness was lower than
in case of liquid occurrence in the channel. However,
the front of vapor slugs was often represented by white
pixels (light reflection occurred).

The dimensions of the gates were following: 0.40 mm
× 0.25 mm. The width of the gate corresponded to the

width of minichannel while the length of the gate cor-
responded to the length of a short slug. The sum of
pixel brightness indicated the phase distribution (pres-
ence of vapor or water) at a particular time. In Fig. 3a
pixel brightness changes (sum) in two minichannels dur-
ing very intense boiling in function of time were pre-
sented. High oscillations of pixel brightness changes
correspond to the occurrence of short and long vapor
slugs which fronts reflect the light during the experi-
ment. Figure 3b shows pixel brightness changes in two
neighboring minichannels during less intense boiling. In
Fig. 3b a rather constant level of pixel brightness corre-
sponds to the occurrence of liquid flow in the analyzed
part of minichannel.

Due to small dimensions of the analyzed parts of
minichannels (0.4 mm × 0.25 mm) the calculated sum
of pixel brightness is directly related to the changes of
phase distribution in the gates. In order to quantita-
tively analyze the phase distribution changes and the
process of flow synchronization in the parts of neighbor-
ing minichannels, the Diagonal Cross-Recurrence Pro-
file (DCRP) Analysis was applied [12]. We have applied
the CRP algorithm to the recorded visual data in order
to benchmark the similarity of the states occurring in
parallel minichannels during flow boiling.
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Fig. 3 The pixel
brightness changes vs. time
in two parallel minichannels
(2, 3): a ṁ = 175 g/h, b ṁ
= 505 g/h

2.1.1 Diagonal cross-recurrence profile (DCRP) analysis

The cross recurrence plot (CRP) is a special variation
of the recurrence plot. Compared to a recurrence plot,
the CRP is used to describe the similarity between the
states of two dynamical systems x i and y j (i = 1,. . . ,N ;
j = 1,. . . ,M ) which are embedded in the same phase
space.

Cross recurrence plot is a matrix with dimensions N
× M and is described by the following relationship [13]:

CRPm
i,j = Θ(εi − xi − yj), i = 1, . . . , N, j = 1, . . . , M,

(1)

where Θ—Heaviside step function, ε—a diameter of the
sphere inside which the distance of two points is tested,
x i—a point of the trajectory (i = 1,. . . , N ), y j—a point
of the trajectory (j = 1,. . . , M ), —— ———the norm
in m-dimensional space.

The CRP shows all systems states in which points
on the trajectory of one dynamical system are close to
points on the trajectory of the other dynamical system.
If the distance between points x i and y j is less than
or equal to ε, then CRPi,j = 1, otherwise CRPi,j =
0. In Fig. 4 the examples of CRPs calculated based on
the pixel brightness changes (sum) in two neighboring
minichannels (1 and 2) are shown. For a higher water
flow rate (Fig. 4b), a higher density of CRP is observed.
In Fig. 4a, b the processes observed in both gates are

very dynamic, states with only liquid or only vapor
occur rarely in the gates. The recurrence in this case is
calculated between different phase distributions in the
gates. For water flow rate equal to 570 g/h (Fig. 4c) the
CRP is almost completely blackened. This is related to
a very high content of liquid inside minichannels. In this
case the recurrence is related to the occurrence of only
one phase in both gates, the dynamics of phase change
is low. Thus, further cross recurrence analysis of pixel
brightness will be performed for ṁ < 400 g/h. A quan-
titative evaluation of CRPs is performed using the cross
recurrence quantification analysis (CRQA) [12].

Diagonal cross recurrence profile (DCRP) [14] is a
type of CRQA analysis. This method is limited to the
analysis of diagonal lines visible on the CRP. The most
important coefficient used in DCRP analysis is the
recurrence rate (RR), calculated using the following for-
mula [12]:

RR(t) =
1

N − |t|
N−|t|∑

l=1

lPt(l), (2)

where t is the characteristic time shift defining the dis-
tance from the diagonal line (LOS), P t(l) is the his-
togram of the l -length continuous diagonal lines (t = 0
denotes the main diagonal line called also as the line of
synchronization—LOS).

Fig. 4 The example of CRPs of visual data registered during flow boiling for: a ṁ = 175 g/h (m = 6, τ = 84); b ṁ =
316 g/h (m = 7, τ = 32); c ṁ = 537 g/h (m = 6, τ = 7). The CRPs were performed using a CRP MATLAB Toolbox (ε
= 15%d)
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Fig. 5 The RR functions based on the CRPs of pixel brightness changes in neighboring minichannels: a S1, S2, b S2,S3,
c S1,S3 vs. water flow rate (ṁ) obtained for 4000 diagonal lines, k = {− 2000, 2000}

The RR coefficient is used to calculate the num-
ber of recurrence points on diagonal lines. The anal-
ysis carried out in this way allows to obtain a graph of
changes of the RR coefficient as a function of the lag, t ,
which has been called diagonal cross recurrence profile.
The highest synchronization between both time series
is observed for lag = 0 and for the highest RR.

Figure 5 presents RR functions vs. water flow rates
and k = 4000 diagonal lines (lags). The analysis of RR
function vs. water flow rates was performed for ṁ <
400 g/h. Figure 5a shows RR functions for minichan-
nels 1 and 2, Fig. 5b for minichannels 2 and 3 and
Fig. 5c for minichannels 1 and 3. The functions of
RR obtained for two pairs of minichannels: 1 and 2
and 1 and 3 are very similar (Fig. 5a, c). For water
flow rates in the range of 210–281 g/h the RR func-
tion increases—similar flow patterns and flow dynam-
ics are identified in minichannels. The maximum of RR
for both those pairs of minichannels (1 and 2, 1 and 3)
is observed for ṁ = 281 g/h and it indicates flow boil-
ing synchronization in the analyzed parts of minichan-
nels. In this case, very intense flow boiling with reverse
flow, long vapor slugs filling the minichannels and sev-
eral small bubbles were observed (Table 1). A high con-
tent of vapor was filling minichannels. When flow boil-
ing becomes less intense ṁ > 281 g/h, the RR func-
tions decreases. A lower value of RR corresponds to a
change of two-phase flow patterns and flow dynamics in
neighboring minichannels. Figure 5b represents an anal-
ysis of synchronization between minichannels 2 and 3.

During very intense boiling ṁ = 175–210 g/h the first
maximum of RR function is observed (ṁ = 175 g/h).
The second maximum of RR function is shifted towards
flows with slightly higher water flow rate (ṁ = 316 g/h)
than in the case of minichannels 1 and 2 and 1 and 3
(Fig. 5a, c). The maximum value of RR is also higher
than in Fig. 5a and c. This indicates that the highest
boiling synchronization is observed between minichan-
nels 2 and 3. We can suppose, that flow between those
minichannels may be influenced by an intense and peri-
odic movement of RFB which is described in Sect. 2.
The maximum values of RR in Fig. 5 occur mostly for
lag = 0, but also for different values of lags. This is
caused by the fact, that the highest synchronization was
observed in the gates when short slug flow occurred. If a
vapor slug was longer than the length of the gate, then
the maximum of RR was observed for different time
lags (not only for lag = 0). This is also visible based on
CRPs in Fig. 4 where the diagonal lines are not parallel
to the main diagonal line, so the analysis based on time
lags is not always clear.

The DCRP analysis of pixel brightness changes inside
minichannels has been applied to identify the similarity
of flow patterns changes inside minichannels. However,
we lack information considering flow synchronization
between inlet and outlet pressure fluctuations. More-
over, in the paper [15] authors have stated that the
analysis of pressure distribution can be a potentially
effective method for detecting flow maldistribution and
its intensity. Thus, we have performed a DCRP analysis
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Fig. 6 Pressure oscillations recorded at the inlet (black
color) and outlet (red color) of the minichannels: a ṁ =
316 g/h (σpin = 0.17, σpout = 0.16), b ṁ = 570 g/h (σpin

= 0.08, σpout = 0.01)

of pressure oscillations recorded at the inlet and outlet
common area.

2.2 Pressure analysis

In order to assess flow synchronisation between inlet
and outlet common area we analysed pressure oscilla-
tions recorded at the inlet and outlet of the minichan-
nels. The pressure oscillations registered at different
water flow rates were used for the DCRP analysis.
Each signal has been normalized before the analysis.
Then, the CRPs were created. Two examples of anal-
ysed pressure signals are shown in Fig. 6. Additionally,
a standard deviation of the inlet pressure (σpin) and
outlet pressure (σpout) was calculated and included in
Fig. 6 capture. The standard deviation of inlet and out-
let pressure oscillations is much higher during intense
boiling (Fig. 6a).

The parameters m, τ and ε for the CRP analysis were
determined for the pressure oscillation signal recorded
at the inlet to the minichannels. The value of ε was

equal to 15% of the maximum attractor diameter. The
m value was estimated using the false nearest neigh-
bors method [16]. The value of τ was determined using
the mutual information method [16]. All diagonal lines
appearing on the CRPs were quantified by the RR coef-
ficient which was calculated using DCRP function from
the CRP package in MATLAB.

Figure 7 shows RR coefficient for main diagonal line
(lag = 0) calculated based on image analysis (RR1-2,
RR2-3, RR1-3) and based on inlet and outlet pressure
fluctuations (RRp).

3 Conclusions

In Fig. 7, the RR coefficient changes for the main
diagonal line for analyzed water flow rates was pre-
sented. The greatest synchronization of pixel bright-
ness changes in two pairs of minichannels (1–2 and
1–3) was observed for water flow rates in the range
of 246–350 g/h. For minichannels 2–3 the amplitude
of RR is much higher and the peak is observed for
water flow rates in the range of 280–350 g/h. This
indicates the highest boiling synchronization observed
between minichannels 2 and 3. The asymmetry in this
case was observed in the geometry of the setup which
affected the movement of the ‘reverse flow bubble’ in
the inlet common plenum. The RR coefficient calcu-
lated between inlet and outlet pressure signal (RRp,
lag = 0) has its first peak for water flow rates in the
range of 280–350 g/h. This corresponds to the high boil-
ing synchronization observed for minichannels 2 and 3
which was influenced by RFB movement.

In order to assess the flow stability during high boil-
ing synchronization the standard deviation of inlet and
outlet temperature and pressure was calculated and
presented in Fig. 8.

The highest synchronization of phase distribution
during flow boiling was identified for water flow rates
from 280 g/h up to 350 g/h (Fig. 7). The beginning
of the synchronization is closely related to reverse flow

Fig. 7 The RR coefficient
(DCRP analysis) for main
diagonal line (lag = 0) for
pixel brightness changes in
minichannels (RR1-2,
RR2-3, RR1-3) and for inlet
and outlet pressure drop
signal (RRp) vs. water flow
rates (ṁ)
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Fig. 8 The standard deviation of boiling parameters registered at ṁ = 175 g/h, ṁ = 281 g/h, ṁ = 316 g/h, ṁ = 383 g/h,
ṁ = 570 g/h: a inlet and outlet temperature (SD(Tin), SD(Tout)), b inlet and outlet pressure (SD(pin), SD(pout))

and RFB movement as the standard deviation of inlet
temperature and pressure is the highest (Fig. 8). It can
be concluded that the processes of synchronization have
a negative impact on temperature and pressure oscilla-
tions. During synchronization processes an increase in
temperature and pressure oscillations is observed—heat
flux decreases, the heat exchange is not uniform [6,
8]. With the increase in water flow rate, reverse flow
occurs more rarely, the oscillations of water inlet tem-
perature decrease, the standard deviation of inlet pres-
sure decreases. The oscillations of the outlet tempera-
ture and outlet pressure decrease—the process of boil-
ing is becoming less intense, it is less likely to generate
reverse flow. The decrease in synchronization (lack of
synchronization) causes a decrease in the intensity of
reverse flows. The results show that recurrence analysis
of inlet and outlet pressure oscillations can be used for
assessment of boiling synchronization in minichannels.
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