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ABSTRACT

In the paper flow boiling in minichannels covered with two types of mesh micromembranes
was examined. In order to study the stabilty of micromembrane enhanced boiling
the Composite Multiscale Entropy (CMSE) algorithm was applied.

The occurrence of both types micromembranes influenced the obtained heat flux. It has been
found that the occurrence of hydrophobic micromembrane helps to maintain the slug flow
in the minichannels and this way to stabilize and endure the flow boiling. Moreover, the highest
heat flux during the experiment was obtained also for the hydrophobic mesh micromembrane.
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1. INTRODUCTION

Many studies dealing with the boiling inside small diameter channels refer to two-phase flow
instabilities (Ruspini et al., 2014), critical heat flux (Das and Das, 2016), heat transfer coefficient
(Cheng, 2016; Piasecka and Maciejewska, 2015), and pressure drop (Sardeshpande et al., 2016).
During flow boiling instabilities, various flow patterns were observed: minibubbles, confined
bubbles, vapour slugs, bubbly, churn or annular (Magbool et al., 2013; Xie et al., 2009; Yin and Jia,
2016). Two-phase flow instabilities in mini-channels cause periodic or non-periodic oscillations
in the pressure drop.

Different experimental and theoretical approaches were made in order to enhance the work
of heat-exchangers with small diameter channels, i.e.: the fabrication of micro/
nanostructured surfaces (Deng et al., 2021; Kim et al., 2015), introducing ultrasound field (Zhou
etal.,, 2021), using nanofluids (Chehade et al., 2013) or micromembranes (Dai et al., 2013).
The aim of the paper is to examine the stability of micromembrane enhanced boiling
in minichannel. In order to study the stability of flow boiling, the signal of water inlet
pressure fluctuations and air—vapor mixture above the mesh. To examine the complexity of those
signals the Composite Multiscale Entropy (CMSE) was applied.

2. EXPERIMENTAL SETUP

In the paper the stability of flow boiling in minichannels system with micromembrane was analysed.
In the system the stainless steel woven meshes were applied as a micromembrane covered
the elven parallel minichannels. In the experiment the maximum heat flux was about 1 MW/m2.
Two types of micromembrane where analysed: mesh coated with aluminum nitride
AIN (hydrophobic) and mesh coated with silicon dioxide SiO, (hydrophilic). Inlet water
pressure fluctuations and air - vapor mixture over the mesh pressure fluctuations were registered.
A scheme of test section with microchannel heat exchanger is shown in Fig. 1a. Experimental
setup consists of a water loop (Fig. 1b) and an air loop (Fig. 1c). In the experimental setup
(Fig. 1b) the distilled water was pumped by means of a gear pump (Fig. 1 - 3) to the surge tank
(Fig. 1 - 4). The water flow rate was measured by the mass flow meter (5) (Bronkhorst mini
CORI-FLOW™ M13 with accuracy of £0.2% of rate), and the flow channel was heated by cartridge
heater (qsup)-
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In the experimental setup shown in Fig. 1c, the air flow was supplied by compressor from tank
to the test section. The air pressure was controlled by a proportional pressure regulator
(Metalwork Regtronic). The air flow rate was measured by the volume flow meter. Overall,
the heat exchanger consisted of 11 parallel rectangular minichannels, each 0.5 mm deep, 0.25
mm wide, and 32 mm long. The wall between channels was equal to 0.25 mm.
In the experiment, the microchannels were covered by a steel sheet and steel woven meshes
(Fig.2 - 2).

The liquid and air temperatures were measured using K-type thermocouples. The pressures
at the inlet, outlet, and over the mesh were measured using pressure sensors of the type
MPX5050DP, MPX5010DP, MPX5100DP.

During the experiment the electric power supplied to the experimental setup was constant.
The experiment was performed for following electric power values (ge): 71,4 W; 85, 1 W,
101,25 W; 118, 8 W; 136,3 W; 155,0 W; 176,55 W.

Figure 1: Experimental setup. a) Scheme of test section. b) Scheme of water supply system. c)
Scheme of air supply system. Test section (1), mass flow meter (2) (Bronkhorst mini CORI-FLOW™
M13), surge tank (3), gear pump (3), compressor (5), tank (6), proportional pressure regulator
(7) (Metalwork Regtronic), pressure sensor (8)

3. DATA CHARACTERISTICS

The examples of water droplet put onto two different types of meshes in shown
in Fig. 2a — hydrophobic mesh (coated with AIN and in Fig. 2b — hydrophilic mesh (coated

with SiO,). A microscope photo of the mesh is presented in Fig. 2c.

The examples of pressure fluctuations of air—vapor mixture above the mesh (p,) and inlet water
pressure fluctuations (p;,) are shown in Fig. 3.

According to the temperature registered with the K-type thermocouple, the heat flux of the heating
surface can be calculated as follows (Gautherie et al., 2012):

dT
e
1 cu (dx)

where kg, is the thermal conductivity of copper.

Then the temperature gradient (dT/dx) is obtained by quadratic approximation according to
(Gautherie et al., 2012):

Eq. (1)

ar - _ (37, —4T, +T,)/ 2Ax

dx Eq. (2)
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where: T; — temperature registered by the first thermocouple (in the upper part of copper
block), T, — temperature registered by the second thermocouple, T; — temperature registered by
the third thermocouple, x — the spacing between K-type thermocouples (1 mm) (Gautherie et al.,
2012). In Fig. 4 the heat flux (q) vs. electrical power (q.) for water mass flow rate G = 717 g/h
is shown. The values presented in the chart are the averaged values calculated using the data
recorded within 5 minutes.

Figure 2: The microscope photos of: a) water droplet on the hydrophobic mesh (AIN), b) water
droplet on the hydrophilic mesh (SiO,), ¢) the mesh openings and wire

Figure 3: The pressure fluctuations of: a) inlet water (p;,), b) air-vapor mixture above the mesh
(pm) for three different electric power cases: 71.4 W, 118.8 W, 176.55 W
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Figure 4: The heat flux (q) for two types of mesh micromembrane (AIN — hydrophobic mesh, SiO, —
hydrophilic mesh) vs. electrical power (q.)

4. METHOD OF DATA ANALYSIS

We performed multiscale analysis of pressure fluctuations of air—vapor mixture above the
mesh and inlet water pressure fluctuations. The Composite Multiscale Sample Entropy (CMSE)
algorithm was used. In order to classify the character of pressure fluctuation the Complexity Index
(Ch which is the integral of CMSE function has been applied.

The CMSE values for each of the considered time series of pressure fluctuations are calculated
according to the following formula:

CMSE (x,T,m,r) = %ZﬁzlSampEn (y,&r),m, r) Eq. (3)
where:

() _ 1 op*t+k-1 P 1< p <

N
Yip T rhi=(p-Dxt+k i = F = T

1<k <t Eq. (4)

where N - the length of each examined time series, P - examined time series, 7 - scale factor, k -
number of the coarse-grained series for each 7 and p - length of each coarse-grained time series.
The Complexity Index (Cl) which is the integral of the CMSE curve was calculated for each
averaged CMSE function. The C/ enables quantifying the integrated complexity of the data across
multiple scales.

5. RESULTS

The complexity indexes (ClI) for two different mesh types calculated based on the CMSE functions
of the pressure fluctuations are shown in Fig. 5. In the paper (Rafatko et al, 2020) it has been
shown that, the CMSE functions for minibubbles and dispersed bubbles flow have a hyperbolic
shape. In these cases the C/ value was high. The C/ values decreased for slug flow. Furthermore,
in the papers (Madanan et al., 2018; Rafatko et al., 2021) authors have stated the occurrence
of slug flow uniforms the flow distribution. In the paper the values of C/ are lower for the flow boiling
in minichannels covered with hydrophobic mesh (AIN) (Fig. 5a,b). Thus, we can assume that
the presence of the hydrophobic mesh helps to maintain the slug flow in minichannels.
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Figure 5: The Complexity Index (CI) for two types of mesh micromembrane calculated based
on the CMSE functions for a) water inlet pressure fluctuations, b) air-vapour pressure fluctuations
over the mesh

6. CONCLUSION

In the paper flow boiling in minichannels covered with two types of mesh micromembranes
was examined. Two types of micromembrane where analysed: mesh covered with aluminum
nitride AIN (hydrophobic) and mesh covered with silicon dioxide SiO, (hydrophilic). Inlet
water pressure fluctuations and air - vapor mixture over the mesh pressure fluctuations were
registered. In order to study the stability of micromembrane enhanced boiling the Composite
Multiscale Entropy (CMSE) algorithm was applied. The results show that the occurrence
of hydrophobic mesh micromembrane helps to maintain the slug flow in the minichannels
and to stabilize and endure the process of boiling. This fact enables a very efficient work

of the heat-exchanger which is proven by the highest values of heat flux presented in Fig. 4.
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NOMENCLATURE
ge electric power (W) Subscripts
p pressure (kPa) in  inlet
Special characters m  mesh

T scale factor (-)
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