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Abstract: Microchannel based heat sinks have proven to be an effective technique for cooling high energy density
devices such as microprocessors. Two-phase systems provide high heat transfer coefficients for low mass fluxes values
and a uniform surface temperature distribution. The present study experimentally evaluates the performance of a
microchannel-based heat sink for convective boiling of HFE7100. The heat sink consists of 33 parallel rectangular
channels of 10 mm in length, 200 um in width, and 500 um in height for each microchannel. Experimental data for heat
transfer coefficient (HTC) and pressure drop are obtained under single-phase and two-phase flow conditions, for
different mass fluxes values. It is observed an increase in HTC as the inlet subcooling and mass flux decrease;
moreover, the pressure drop increases with an increase in mass flux and a decrease in the inlet subcooling. The
correlations by Li and Wu (2010) and Kim and Mudawar (2012) are able to predict the two-phase HTC and pressure
drop results with an absolute mean error of 16.14% and 79.37%, respectively.
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1. INTRODUCTION

The size reduction of electronic devices leads to an increase in the dissipated heat flux. The use of microchannel-
based heat exchangers (a commonly used name for channels with hydraulic diameters less than 3 mm) seems to be an
alternative to keep the operating temperature of the device below its maximum temperature. According to Qu and
Mudawa (2003) and Ribatski et al. (2007), a decrease in the channel diameter through which the fluid flows causes an
increase in the surface contact area, which helps to reduce coolant inventory for the entire cooling system.

Due to the direct contact of the heated component with the working fluid, dielectric fluids such as fluorocarbons
(FC-72, FC-87) and hydrofluoroethers (HFE7000, HFE7100, HFE7300) are considered a suitable choice for electronics
cooling applications. These fluids have excellent qualities as low saturation temperatures (Leong, Ho, and Wong, 2017)
and chemical properties compatible with the heated surface and other components. Additionally, HFE fluids present
zero ozone depletion potential (ODP) and low global warming potential (GWP) (Misale, Guglielmini and Priarone,
2009).

Since the pioneering study on the microchannel heat sink by Tuckerman and Pease (1981), most of the micro heat
exchangers have been designed by trial and error due to the lack of efficient prediction methods for the heat transfer
coefficient. Most studies address different configurations of microchannels and working fluids, in order to understand
the physical mechanisms responsible for the high HTC, the critical heat flux and the pressure drop. For example, Kim
and Mudawar (2017) analyzed the convective boiling of HFE7100, R134a and water flowing in a multi-microchannel
with the height ranged from 0.4 to 0.8 mm and width from 0.04 to 1 mm. The authors observed the behavior of the
pressure drop, the average microchannel temperature and the critical heat flux for different operating conditions; as the
width of the microchannels increased, the pressure drop decreased and the temperature of the heat exchanger increased.
Dang et al. (2020) studied the HTC and the pressure drop behavior of HFE7000 convective boiling for different
conditions in a multi-microchannel heat sink with 2 mm wide and 1 mm high; it was observed that an increase in the
heat flux resulted in a pressure drop augmentation and a reduction in the pressure fluctuations at higher mass fluxes.

Al-Zaidi, Mahmoud and Karayiannis (2019) performed an analysis of HFE7100 convective boiling in a multi-
microchannel heat sink (0.7 mm wide and 0.35 mm high) for five mass fluxes (ranging from 50 to 250 kg/m?s). Flow
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visualization and local heat transfer were obtained along the channels. The authors observed four flow patterns during
the experiments: bubbly, slug, churn and annular flow. Moreover, the local two-phase heat transfer coefficient increased
with a heat flux increase. Due to the rapid bubble generation near the channel inlet, flow reversal was observed for all
mass fluxes; however, according to Al-Zaidi, Mahmoud and Karayiannis (2019), it did not affect the flow boiling heat
transfer results.

In this context, we developed an experimental analysis on the performance of a heat sink based on muti-
microchannels for convective boiling of HFE7100. Besides, we analyzed the pressure drop and surface temperature
behavior as a function of the mass flux (392, 634 and 875 kg/m2s) and the inlet subcooling (5 and 10 °C).

2. MATERIALS AND METHODS
2.1 Test Bench

The test section (Figure 1) consisted of a copper microchannel heat sink with 33 horizontal parallel rectangular
microchannels. The copper block has overall dimensions of 10 mm in width (W) and 10 mm in length (L). The nominal
dimensions of the microchannel (Figure 1 and Table 1) are 200 um in width (W), 500 um in height (Hc), and 100 pm
channel wall thickness (W) for each microchannel. The tests were performed using HFE7100 as working fluid
(saturation temperature equal to 61 °C at local atmospheric pressure, pam = 98 kPa). A polycarbonate plate (2 mm
thickness) covers the heat sink to allow flow visualization.

The microchannels were etched on a plain copper surface through micro-milling process by using CNC precision
machining (located at Laboratory of Machines and Tools, LAMAFE - S&o Carlos School of Engineering - USP) with an
uncertainty of £ 5 pm.
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Figure 1. Microchannel heat sink scheme.

Table 1. Geometric parameters and dimensions of microchannels.

Heating perimeter (m) 0.0012 Footprint Area (m?) 0.0001
Number of microchannels [-] 33 Hydraulic diameter, Dy, (m) 0.000286

Length of microchannels, L (m) 0.01 Microchannel width, W, (m) 0.0002

Plenum surface area (m?) 0.00015 | Microchannel Height, H,, (m)  0.0005

Figures 2 and 3 show an exploded view of the test section and a scheme of the experimental circuit, respectively.
The working fluid was pumped from a liquid reservoir (Figure 3) to the flow loop; the HFE7100 flow rate was set by a
rotameter (a pre-calibrated OMEGA model rotameter, with operating range from 10 to 500 ml/min) installed just
upstream the pre-heater (consisted of a horizontal copper tube heated by an electrical tape resistance). There is a bypass
line used for the test facility maintenance. The pressure drop between inlet and outlet plenums was measured by two
pressure transducers (OMEGA PX309 model), assuming the pressure transducer uncertainty equal to that given by the
manufacturer, 0.4 kPa. The flow temperature was measured using previously calibrated K-type thermocouples in the
inlet and outlet plenums (both in contact with the fluid). The working fluid was cooled by a condenser and then returned
to the reservoir.

Three K-type thermocouples were fixed within the heat sink wall to measure the wall temperature. The heat flux
was generated by a cartridge-type electrical resistance (250 W/220 V), powered by a power source (Tectrol, Model
TCA 300), into the bottom surface of the heat sink.
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Figure 2. Test section assembly. Figure 3. Schematic view of the experimental setup.

The thermal insulation of the entire test section (Figure 2) was made with polytetrafluoroethylene. The acquisition
of the temperature and pressure values was performed by an Agilent data acquisition system 34970A.

2.2 Experimental Procedure

The validation aims to verify the coherence of the results obtained experimentally; thus, it was performed in a
single-phase regime in order to compare the experimental results with well-established correlations from literature.
Moreover, numerical analysis for the single-phase flow of HFE7100 was carried out and compared with experimental
data and analytical results obtained from correlations found in the literature.

The mass, momentum and energy conservation equations with the second-order upwind schemes, and the flow
steady-state, incompressible and laminar, were solved adopting the Finite-Volume Method implemented in ANSYS
Fluent V15; the SST k- model was used for modeling the turbulence. As a reference pressure, atmospheric pressure
was defined; by considering the characteristics of a low-pressure system, the outlet pressure was set up as zero. No-slip
condition was considered on the surfaces. Inlet velocity was calculated as a function of the microchannels number, mass
flux (from the experimental approach), and dimensions of the microchannel cross-section. The heat flux was distributed
through the microchannel sides except for the top side (the heat sink was thermally insulated by a polycarbonate piece,
Figure 2); for the inlet and outlet plenums, adiabatic wall conditions were considered.

The convergence occurred for meshes with 99873 elements; the finer mesh was achieved when residuals were less
than 10 for continuity equation and 10 for momentum and energy equations. The simulations used the segregated
algorithm with SIMPLE algorithm for pressure-velocity coupling.

After the validation, two-phase flow tests were performed for two different subcooling values, 5 °C and 10 °C; mass
fluxes of 392, 634 and 875 kg/m2s; and, for different footprint heat fluxes from 55 to 677 kW/m2. The fluid flow rate
was set by adjusting the pump speed and rotameter, the preheater was adjusted until its outlet temperature was equal to
the desired subcooling, of 5 °C or 10 °C. A data acquisition system (Agilent 34970A) recorded the data every 10
seconds after the system attained a steady-state regime. The same procedure was adopted for all experimental tests.

3. METHODOLOGY

The footprint area-based heat flux (q'oy,,,.n,) 18 given by,

-_° )

q footprint Afootprint
where the effective power (Q) is equal to the total heat rate supplied to the microchannel heat sink, corresponding to the
electrical power subtracted from the heat losses (to the environment and also to the fluid at the inlet and outlet plenums,
Q1.ss). It is worth mentioning that all analyses take into account the real heat flux (the heat flux dissipated through the
microchannels).

The footprint heat transfer coefficient is given by Newton's cooling law, as shown in equations (2) and (3):

T _ 9" footprint
hfootprmt - AT (2)

AT =Ty — T; ©)
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where Ty, is the average temperature of the microchannels given by three K-type thermocouples fixed within the heat
sink wall, and the average temperature of the fluid (T) is given by the same procedure as Le&o, Nascimento and

Ribastki (2014).

Pressure transducers (at inlet and outlet plenums, P; and P,, respectively) were utilized to measure the pressure drop
in the region between the inlet and outlet plenums; and the pressure drop through the microchannels (AP,;crochannet)
[Pa] is given as follows:

APreasurea = Pi— Fe 4)
APmicrochannel = APmeasured - APcom:raction - APexpansion (5)

where the pressure drops due to contraction and expansion (APcontraction @Nd APexpansion, respectively) are obtained
by the method described in Chalfi and Ghiaasiaan (2008).

3.1 Uncertainty Analysis

The uncertainty relating to the geometric parameters of the heat sink, such as height (H), width (W) and length (L)
of the microchannel is given from its manufacturing process. For the power supply voltage and the resistance, the
uncertainty is obtained from the uncertainty of measurement instruments. The pressure transducer uncertainty is
assumed to equal to that given by the manufacturer. To calculate the remaining uncertainties, the Abernethy and
Thompson (1983) method and the Kline and McClintock method (described in Figliola and Beasley (2006)) are used.
Table 2 presents the uncertainties for all dimensional parameters.

Table 2. Uncertainty of dimensional parameters.

Parameter Uncertainty Parameter Uncertainty Parameter Uncertainty
H [mm] 0.005 P [kPa] 0.4 9 fotprne [KW/m] 1% 6%
W [mm] 0.005 TIC] 0.3 L C [k?(’V”\}/S]ZK Zroa o
L [mm] 0.005 Flow rate [ml/min] 2.77 f°°“’2’g[[kpa5n ] °0a5 0

Voltage [V] 0.1 Resistance [Q] 1 '

AT [°C] 0.4

4. RESULTS AND DISCUSSION
4.1 Consistency Analysis

For consistency analysis of the apparatus and the experimental procedure, single-phase validation was first carried
out before conducting two-phase flow tests. Figure 4a shows the numerically and experimentally determined pressure
drop for different mass fluxes compared with the correlations given by Shah and London (1978), which were proposed
for laminar developing and fully developed flow in horizontal non-circular channels.
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Figure 4. Consistency analysis for a footprint area-based heat flux of 60 kW/ma2. (a) Pressure drop and (b) Nusselt
number.
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There was a good agreement between the experimental results and the correlation for fully developed flow with a

mean absolute error (MAE = %ZQ’M % 100% ) of 11.6%; the same behavior was found for both laminar and
exp

turbulent numerical simulation with MAE of 18.7% and 14.4%, respectively.

The average Nusselt number versus mass flux was compared with numerical simulation and three existing
correlations Shah and London (1978), Stephan and Preuber (1979) and Copeland (2000) as shown in (Figure 4b). The
experimental data were predicted well by the turbulent numerical simulation (MAE = 6.9%); this good performance
comes from the appearance of a turbulent viscosity when the turbulent modeling is implemented, which leads to a better
agreement of the computational results with the experimental results, being an indication that turbulence may arise,
even for the Reynolds number range considered. The single-phase results described demonstrate that the measurement
system and calibration can provide accurate results for the flow boiling experiments.

4.2 Boiling Curves

Figures 5a and 5b show the effect of different inlet subcooling temperatures (5 and 10 °C) and different mass fluxes
(392, 634 and 875 kg/m2s) on the boiling curves of HFE7100, respectively. An increase in the subcooling shift the
boiling curve to the right, a behavior similar to that found by Le&o, Nascimento and Ribatski (2014); according to them,
this is due to the lower fluid temperature at the microchannel inlet, which causes a decrease in the portion of the
microchannels under the effects of convective boiling. Thus, there is a larger region of the channels under forced
convection effects in which the heat transfer coefficient is lower compared to the convective boiling.

For high heat fluxes, the curves for the same mass flux are consistent with the results obtained by Park and Thome
(2010). The portion of the fluid in the single-phase flow presented in the heat sink tends to be smaller and this effect
becomes more pronounced at lower mass fluxes, i.e., the single-phase region becomes negligible compared to the two-
phase flow length and no influence of inlet subcooling temperature is observed. Moreover, a negligible temperature
overshoot is observed (in the present work, the temperature overshoot was only observed for mass fluxes of
392 kg/m? s). As mentioned by Park and Thome (2010), a high-pressure drop at high mass flux conditions favors the
flashing effect, which had advantages to reduce the wall-temperature overshoot at the onset of boiling.
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Figure 5. Boiling curve for HFE7100. (a) Effect of inlet subcooling temperatures for G = 875 kg/m?s and (b) Mass flux
effect for ATy, =5 °C.

The behavior presented in Figure 5b can also be explained by the portion of the heat sink under the effect of
convective boiling. As the mass flux increases the heat supply needed to initiate bubble nucleation also increases, i.e.,
for the same heat flux value, the single-phase region is larger reducing the HTC and, consequently, shifting the boiling
curve to the right. At high heat fluxes, according to Harirchian and Garimella (2008), convective boiling is predominant
and the influence of mass flux on the boiling curve becomes negligible (Figure 5b and ¢ “tootprint > 500 KW/m?).

4.3 Heat Transfer Coefficient

In the single-phase region and at the same mass flux, the HTC values are constant regardless of inlet subcooling and
footprint area-based heat flux (Figure 6a). At the point where the onset of nucleate boiling occurs the HTC sharply
increases and the curve is characterized by an almost linear variation of the HTC with the heat flux, as also found by
Dent et al. (2015).
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Figure 6. HTC curve. (a) Effect of inlet subcooling temperatures for G = 392 kg/m?s and (b) Mass flux effect for

ATqp=5°C.

Figure 6b shows the effect of wall heat and mass fluxes on the HTC for an inlet subcooling of 5 °C; the experimental
results indicate an insignificant mass flux effect with a strong heat flux effect on HTC.

4.4 Pressure Drop Curves

Figures 7a and 7b show the variation of the total pressure drop with base heat flux for different inlet subcooling and
mass fluxes, respectively. In the two-phase flow region, the pressure drop increases rapidly with the heat flux as the rate
of vapor generation becomes pronounced. Moreover, as the inlet subcooling decreases the pressure drop becomes
larger, at the same heat flux value (a lower inlet subcooling temperature of the fluid results in a higher vapor quality
along the microchannels, leading to a larger pressure drop as also observed by Sempértegui-Tapia and Ribatski, 2017).
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Figure 7. Pressure drop curve. (a) Effect of inlet subcooling temperatures for G = 392 kg/m?s and (b) Mass flux effect
for ATg, =5 °C.

Figure 7b shows that the pressure drop increases with increasing heat flux and with increasing mass flux.
4.5 Evaluation of Heat Transfer Correlations

The results obtained experimentally for HTC were compared with the well-known correlations from the literature.

Five existing two-phase heat transfer correlations were selected and compared with the experimental results for the two-
phase flow region (Table 3).

Table 3. Comparison between the experimental data and the flow boiling predictive correlations.
Mean Absolute Error Percentage predicted within

Correlation

(MAE) +30% of data
Li and Wu (2010) 16.1 % 90.9 %
Kim and Mudawar (2013) 17.3% 84.1 %
Liu and Winterton (1991) 34.6 % 36.4 %
Mahmoud and Karayiannis (2013) 42.6 % 2.3%
Chen (1966) 71.2% 0.0%
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The correlations of Li and Wu (2010) and Kim and Mudawar (2013) predicted the data very well, predicting 90.9%
and 84.1% of the data within the £30% error band and with mean absolute error (MAE) of 16.1% and 17.3%,
respectively. These correlations were developed based on an extensive database (4228 and 10805 data, respectively) for
different working fluids.

The Liu and Winterton (1991) correlation predicted correctly 36.4% of the database. This correlation includes micro
and mini-channel data with hydraulic diameters ranging from 2.95 to 32 mm (values much larger than the hydraulic
diameter used in the present study, Dy, = 0.28 mm). Mahmoud and Karayiannis (2013) proposed an empirical correlation
for flow boiling of R134a in vertical stainless steel microtubes ranging from 0.52 to 4.26 mm. This correlation predicted
only 2.3% of the data within the +£30% error band with a MAE of 42.6%.

4.6 Evaluation of Pressure Drop Correlations

The experimental flow boiling pressure drop data were compared to different two-phase pressure drop correlations
available in the literature (Table 4).

Table 4. MAE and the percentage predicted data within £ 30% error bands for flow boiling pressure drop
correlations.

Correlation Mean Absolute Error Percentage predicted within
(MAE) +30% of data

Li and Wu (2010) 117.7% 33.3%
Zhang, Hibiki and Mishima (2010) 76.5 % 58.3 %
Cicchitti et al. (1960) 84.9 % 4.1%
Miller-Steinhagen and Heck (1986) 70.7 % 4.1%
Sempertegui-Tapia and Ribatski (2017) 334.8% 8.3%
Kim and Mudawar (2012) 79.3% 58.3 %
Lockhart and Martinelli (1949) 133.1% 16.6 %

According to Table 4, the best two predictive methods were Kim and Mudawar (2012) and Zhang, Hibiki and
Mishima (2010), both predicting 58.3% of the experimental data within the + 30% error band.

The correlations of Sempertegui-Tapia and Ribatski (2017), Lockhart and Martinelli (1949) and Miller-Steinhagen
and Heck (1986) predicted only 8.3%, 16.6% and 4.1% of experimental data within + 30% error bands. The poor
predictability of these correlations may be related to the effects of flow reversal and boiling instability, very common in
multi-microchannel configurations.

Li and Wu (2010) correlation reasonably predicted the experimental data with 33.3% in the + 30% error bands. The
performance of the Cicchitti et al. (1960) correlation may be due to the liquid and vapor phases being treated as one
homogenous phase flow, i.e., both phases are modeled as one continuous phase and the slip velocity between the phases
is assumed to be negligible.

5. CONCLUSIONS

In this experimental study, single-phase and flow boiling heat transfer and pressure drop were investigated in a
multi-microchannels heat sink with a hydraulic diameter of 0.28 mm using HFE-7100 as the working fluid.

The tests were performed with three different mass fluxes (392, 634 and 875 kg/m?s) and two inlet subcooling
temperatures (5 and 10 °C). The key findings that can be drawn from this study are:

v" The consistency analysis showed satisfactory results, with experimentally values for pressure drop and the
Nusselt number close to those predicted by well-established correlations from literature. Moreover, numerical analysis
for the single-phase flow of HFE7100 was carried out, showing good agreement with the experimental results.

v" An increase in the subcooling shift the boiling curve to the right, due to the lower fluid temperature at the
microchannel inlet leads to a larger region of the channels under forced convection effects in which the heat transfer
coefficient is lower as compared to the convective boiling.

v A negligible temperature overshoot is observed for mass fluxes higher than 392 kg/m?. A high-pressure drop
at high mass flux conditions favors the flashing effect, which had advantages to reduce the wall-temperature overshoot
at the onset of boiling.

v As the mass flux increases the heat supply needed to initiate bubble nucleation also increases, and
consequently, the boiling curve is shifted to the right. At high heat fluxes, the influence of mass flux on the boiling
curve becomes negligible.

v' At the onset of nucleate boiling the HTC sharply increases and the curve is characterized by an almost linear
variation of the HTC with the heat flux; moreover, it is observed an insignificant mass flux effect with a strong heat flux
effect on HTC.
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v"In the two-phase flow region, the pressure drop increases rapidly as heat flux and mass flux increase regardless
of the inlet subcooling temperature.

v/ The correlations proposed by Li and Wu (2010) and Kim and Mudawar (2013) predicted the experimental data
very well, with 90.9% and 84.1% of the data within the £30% error band.

v' The flow boiling pressure drop correlations of Kim and Mudawar (2012) and Zhang, Hibiki and Mishima
(2010) reasonably predicted the experimental flow boiling pressure drop results, with 58.33% of the values in the +
30% error bands.
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