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Abstract: Flow boiling in microchannels is a promising technique for cooling high
power-density electronic devices. In this study, a microchannel heat sink using ammonia as
working fluid is developed, and its cooling efficiency is experimentally investigated under
nonuniform high-density heat flux, which well simulates a practical heat dissipation scenario
for microthermal systems. Diamond with high thermal conductivity of 1500 W/m-K is selected
as the microchannel heat sink material. A total of 37 parallel triangular microchannels with
aspect ratio of 5, channel length of 45 mm and hydraulic diameter of 280 pm are uniformly
engineered on the diamond film by laser ablation processing. The significance of diamond
substrate as a heat spreader to minimize the nonuniformity of heat flux imposed by a central
hotspot is verified. The influences of heat flux and mass flux on the cooling efficiency are
experimentally investigated. An optimal range of outlet vapor quality from 0.10 to 0.13 is
found, within which the minimum heat source temperature can be achieved. Notably, the
microchannel heat sink is capable of managing a central hotspot with heat flux of 267 W/cm?
while maintaining the heat source temperature at 53.3 °C for a mass flux of 320kg/m?s.

Keywords: microchannel; flow boiling; ammonia; diamond; hotspot; cooling
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1 Introduction

Currently, the miniaturization and integration of electronic devices pose new challenges
in thermal management. Hotspots have become a critical thermal characteristic of current high
power-density electronics, such as central processing units, laser dioxides and insulated gate
bipolar transistors, in which the hotspot heat flux can reach 1000 W/cm? or higher. Deficient
heat dissipation under such a high heat flux will cause excessively high temperature increases,
which degrades the device performance and accelerates device failure [1-3]. For high-flux heat
dissipation, single/two-phase flow in microchannels, jet impingement, and spray cooling are
the most efficient cooling strategies [4]. Agostini et al. [5] performed an extensive literature
review comparing various cooling technologies and referred microchannel flow boiling as the
most promising technology for high-flux heat dissipation at the moment.

Heat transfer characteristics of flow boiling in microchannels have been studied widely,
however there are limited studies conducted under nonuniform heating methods. A theoretical
model was developed by Thome and Revellin [6, 7] for the critical heat flux (CHF) of flow
boiling in microchannels under nonuniform heating conditions. The effects of various
parameters on the maximum dissipation rates were investigated numerically. The authors
pointed out that a lower number and smaller size of hotspots and a shorter distance between
each hotspot are beneficial to heat dissipation under nonuniform heating conditions. Alam and
Lee [8] experimentally studied the flow boiling characteristics in a microgap evaporator using
a nonuniform heating method. They found that, compared with microchannel heat sink, the

utilization of microgap can potentially mitigate local hotspots and achieve better temperature
2



uniformity over the heated surface. Ritchey and Garimella [9, 10] carried out experiments on

the effects of nonuniform heat distribution in a microchannel heat sink mounted directly on an

electronic device. The effect of the heating profile on the CHF is found significant in

experiments. Placing the hotspot near the outlet can effectively reduce the CHF. In addition,

some experimental efforts have explored the flow boiling instabilities [11], flow

maldistribution [12, 13], transient behavior of heat transfer [14, 15] under nonuniform

microchannel heating. These studies provide a basis for understanding the physical mechanism

of heat transfer in microchannels under nonuniform heating conditions. However, experiments

with nonuniform high heat fluxes are insufficient in these studies.

Table 1
Summary of experimental studies on flow boiling in microchannels.

Author Microchannel Heat  sink Refrigerant  Heat Mass Heat transfer characteristics
configuration, material flux, flux,
pm wicm?  kg/m?s
Yinetal. [16] Rectangular Copper Deionized 63.1- 261- Five different flow patterns were observed in turn with increasing
dn: 571 water 98.7 961 Bo. The HTC mainly depended on heat flux, indicating the dominant
role of nucleate boiling mechanism. The enhancement of heat
transfer by bubble confinement did not work in microchannels with
a large aspect ratio.
Markal et al. Rectangular Silicon Deionized 7.1~ 151- The wall superheat increased with heat flux, especially for large
[17] dn: 100 water 13.1 324 aspect ratio microchannels. The HTC increased with increasing AR
until AR=3.54, and then the trend reversed.
Hong et al. Rectangular, Copper Degassed 0.42— 0.3-12.2 Compared with the normal rectangular configuration, the
[18] parallelogram acetone 2.09 parallelogram configuration accelerated the outflow of two-phase
dn: 1000 flow, reduced the reverse flow, mitigated the flow instability and
enhanced the heat transfer performance by 8-12%.
Yenetal. [19] Circular, square  Pyrex glass HCFC123 2.53- 100-800 Corners are effective active nucleation sites and play an important
dn: 210, 214 3.92 role in heat transfer characteristics, which is why the square
microchannel acted better than the circular microtube.
Daniel et al. Circular, square Stainless R134a 1.5-85  200-800 For low heat flux, the HTC in circular microchannel was higher,
[20] and triangular steel while for high heat flux, the HTC in triangular microchannel was
dn: 835-1100 higher than that of conventional circular and square microchannels.
Korniliou et Rectangular Polydimethy  FC-72 1.36- 7.37- The profile of HTC at the microchannel cross section was
al. [21] dn: 192 Isiloxane 17.92 298 nonuniform. The location of maximum HTC moved from the center

to a corner owing to the transition of flow pattern.



Krishnan et
al. [22]
Fayyadh et al.
[23]

Dalkilig et al.
[24]

Thiangtham
et al. [25]

U-shaped Copper Deionized 44.1- 50-150  The orientation of heating area, especially the vertical with

width: 305 water 99.3 ml/min  downflow (VDF) orientation, had a significant influence on the

depth: 290 cooling capacity of microchannel heat sink. While the effect
decreased with increasing mass flux.

Rectangular Copper R134a 1.15- 50-300  Bubbly, slug and wavy-annular flow patterns were observed under

dn: 420 40.3 different experimental conditions. The HTC rose with heat flux and
was independent of mass flux.

Rectangular Copper R134a 5-46 800- The HTC mainly depended on heat flux at low quality region. While

dn: 421 1200 for high quality region, convective boiling began to take control of
the heat transfer, resulting to the increasing HTC with mass flux and
vapor quality until dryout.

Rectangular Copper R134a 0.3- 150-600 Bubbly flow and slug flow were found at low heat flux region, where

dn: 421 12.7 the HTC increased with heat flux. While for high heat flux, wavy-

annular and annular flow were found in microchannels, and the HTC

rose with mass flux.

Table 1 presents some recent experimental investigations on heat transfer characteristics

of flow boiling in microchannels. Microchannels with various types of materials, such as

copper, aluminum, stainless steel, silicon and polymer, have been widely studied. Due to the

intrinsic thermal conductivity and surface characteristics of different materials, the heat sink

material has a certain impact on the heat transfer performance. In addition, previous

experiments have revealed that heat transfer characteristics vary drastically with different

microchannel configurations. For example, the flow boiling experiments in microchannels

performed by Yin et al. [16] disclosed that the enhancement of heat transfer by bubble

confinement did not occur in microchannels with a large aspect ratio (AR), which is not the

same result as that found in small/medium aspect ratio microchannels. Markal et al. [17]

conducted experimental research on the impact of AR on saturated flow boiling in parallel

rectangular microchannels. Obtained from the experiments, the wall superheat rose with heat

flux, especially for microchannels with a large value of AR. Meanwhile, the heat transfer

coefficient (HTC) rose with increasing AR until AR=3.54, and then the trend reversed. Hong



et al. [18] compared the rectangular configuration and the parallelogram configuration of

microchannels in flow boiling experiments. Experimental results showed that the

parallelogram configuration accelerated the outflow rate for two-phase flow, and

simultaneously reduced the reverse flow, mitigated the flow instability and enhanced the heat

transfer performance by 8-12%. Yen et al. [19] carried out flow boiling experiments in

microchannels with different cross-sectional geometries but similar hydraulic diameters.

Visualization results showed that corners were effective active nucleation sites and played an

important role in heat transfer characteristics, contributing to the better performance of square

microchannel than that of circular microtube. Daniel et al. [20] conducted flow boiling

experiments in circular, square and triangular microchannels with the same perimeter. For high

heat flux, the HTC in the triangular microchannel is higher than that of conventional circular

and square microchannels. However, flow boiling in triangular microchannels has been rarely

studied experimentally. According to a literature review by Tibirica et al. [26], only

approximately 9% of studies concerning multi-microchannels were performed for triangular

Cross sections.

Due to the potential risk of CHF to the safe operation of a heat sink and electronic device,

the issue of CHF is an important direction in the study of flow boiling in multi-microchannels.

Several experiments were conducted on the triggering mechanism and influencing factors of

CHF using different refrigerants. Kosar and Peles [27] performed CHF tests for flow boiling

in rectangular multi-microchannels with R123 as the refrigerant. The experimental results

showed that CHF increased with mass flux, and there existed an optimum saturation pressure

to maximize CHF. From visualization results, dryout was identified as the leading triggering



mechanism of CHF. Bowers and Mudawar [28] measured CHF of R113 in circular multi-

microchannels. The results showed that inlet subcooling had a negligible effect on CHF within

their experimental conditions, which is consistent with the results of Qu and Mudawar [29],

who used water as a refrigerant in rectangular multi-microchannels. Agostini et al. [30] studied

the CHF of R236fa in rectangular multi-microchannels, which revealed that the inlet saturation

temperature and inlet subcooling had little effect on CHF. Chen and Garimella [31] conducted

experiments on the CHF of FC-77 for flow boiling in rectangular multi-microchannels, and the

results were compared with those of other refrigerants (water, R113). The comparison results

implied that the CHF values were closely related to the latent heat of the refrigerant. Park and

Thome [32] measured the CHF values of different refrigerants (R134a, R236fa, and R245fa)

for flow boiling in rectangular multi-microchannels. At a given mass flux, the CHF of R134a

was found to be the largest and that of R236fa was found to be the smallest, which was

consistent with the order of the latent heat of these refrigerants. This research indicates the

significant influence of the latent heat of refrigerants on flow boiling CHF. Therefore, to avoid

the abrupt temperature rise and system failure caused by CHF, refrigerants with larger latent

heats are better for cooling high-power-density electronic devices.

Ebadian [4] also pointed out the significant influence of refrigerants on the cooling

efficiency of a heat sink. Currently, the refrigerants applied in the microchannel flow boiling

research can be roughly sorted into two categories: (1) water [16, 17, 22] and (2) fluorides,

such as R134a [20, 23-25], FC-72 [21, 33, 34], HCFC123 [19], HFE-7100 [35, 36], and R246fa

[37, 38]. Water is an ideal refrigerant with a large latent heat, but it is restricted by a narrow

operating temperature range. Compared with conventional refrigerants such as fluorides,



ammonia is known for its high latent heat inferior only to that of water and can operate at

cryogenic temperatures, which make ammonia an ideal and efficient refrigerant. However, only

a few published researches have studied flow boiling of ammonia in microchannels. Field et

al. [39] conducted experiments on pressure drop of two phase flow in a rectangular

microchannel (dv=148 pm) utilizing ammonia as working fluid. They found that previous

models for pressure drop developed with other refrigerants were unable to accurately predict

ammonia flow boiling behavior due to the vastly different fluid properties. Kuang et al. [40]

conducted both visualization and measurement studies in which the heat transfer characteristics

of ammonia flow boiling were not involved to study the flow boiling instabilities and flow

patterns in microchannels (dy=1050 pm). In 2015, Wang and Fang [41] compiled an extensive

database of ammonia flow boiling containing 1157 data points to evaluate 37 available

correlations. The results showed that the best correlation had a mean deviation of 40.9%,

indicating the lack of experimental data and accurate correlations. Accordingly, it is necessary

to carry out relevant experimental work to supplement the scarce experimental data for

ammonia and understand the internal thermophysical mechanism.

The review above shows that the thermal performance of flow boiling in microchannels

depends on many aspects, such as heat sink material, microchannel configuration, refrigerant

and heat flux. In this paper, a microchannel heat sink with high cooling performance is

developed to manage the high heat load which is generally encountered in electronic devices.

The heat sink with parallel triangular microchannels is made of diamond with a high thermal

conductivity of 1500 W/m-K. Ammonia is used as the refrigerant. Experiments are performed

at a saturation temperature of 26 °C, and the mass flux and heat flux are varied between 164—



1208 kg/m?s and 71-267 W/cm?, respectively. The experimental details and the cooling
capacity of the heat sink are reported.
2 Experimental Setup

2.1 Flow Loop

Saturated flow boiling experiments using ammonia as refrigerant are conducted in the
closed loop shown in Fig. 1. The main components consist of a reservoir, a centrifugal pump,
a plate heat exchanger as a regenerator, a preheater, the test section, a condenser with a water
chiller, two sight glasses and two 40 pm filters. The reservoir is used to store the working fluid
and control system pressure by regulating the ammonia reservoir temperature through a
polyimide film heater and a semiconductor chilling plate arranged around the reservoir. Due to
the high operating pressure of the ammonia flow boiling experimental system, a safety valve
is installed above the reservoir to ensure the operation safety. Downstream of the reservoir, the
centrifugal pump is used to circulate the working fluid and regulate the mass flux. To improve
the system energy efficiency, the working fluid is first pumped into the plate heat exchanger,
where it is preheated by the high temperature fluid from the test section. Then, the working
fluid continues to be preheated by the preheater until the desired inlet temperature is reached.
Afterwards, the working fluid enters the test section where heat exchange takes place in
microchannels. The working fluid finally returns to the reservoir after being cooled by the plate
heat exchanger and the condenser. Two sight glasses are separately installed downstream of
the test section and condenser to observe the flow condition of the working fluid. The pipes
employed in this experiment are all made of stainless steel. In addition, to avoid the impact of

the ambient environment on the experiments, the test facility is insulated with high foaming



polyethylene. A high-speed camera (Phantom V640, Vision Research Inc.) with 1400 f/s at a

full resolution of 2560x1600 pixels together with a high-magnification lens (EF 24-70mm

/2.8L 11 USM, Canon Co.) are utilized for flow visualization.

For the data acquisition system, several absolute/differential pressure transducers

(WP262-8S1BN-A/0-35 bar, ShangRun Co.) and several PT1000 temperature sensors are

placed along the test loop, including two plug-in temperature sensors inserted in the reservoir.

Their positions are marked in Fig. 1. An ultrasonic flowmeter (FLUXUS F601, FLEXIM

Americas Co.) is placed downstream of the pump to monitor the flow rate. The signals from

the transducers and controllers are transmitted by a main control unit (FPXC38ATPLC,

Panasonic Inc.) combined with a 2 kW DC switching power supply and several solid-state

relays. MCGS monitoring software is employed to monitor and record the measured

parameters in real time.
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Fig. 1. Schematic diagram of the flow boiling test loop.
2.2 Test Section

Fig. 2 shows the configuration of the test section, wherein the microchannel heat sink is
placed. The evaporator designed in this study consists of a diamond microchannel heat sink
(d), Mo-Nb alloy shell (b, €) and transparent sapphire window (c), all of which are welded
together by vacuum brazing technology to strictly seal the high-pressure ammonia,
consequently the leakage rate is determined to be less than 3.0x100 Pa-m3/s as detected by
helium mass spectrometry. The heat load is fed by the copper block. If more than 25 W/cm?
heat flux is directly supplied by ceramic heaters, the high heat source temperature may damage
the heaters. For this consideration, we design a copper block (g) as a medium for transferring
heat from the heaters to the heat sink which has a large bottom area (80x80 mm?) but a small

upper surface area (25x6 mm?), namely, the directly heated area. Four 40x20 mm? ceramic
10



heaters (h) are bonded to the bottom of the copper block using silicone rubber (GD414) to fix
their positions, and Ga-In alloy liquid metal (K-ZOON TG-2 type) is used as the interfacial
filler to minimize the thermal contact resistance. The heaters are powered by a DC power
supply (Agilent 6675A DC, Agilent Technologies Inc.) with adjustable voltage of 0-120 V and
current of 0-18 A. As the heat conduction area decreases along the direction of heat flow, the
heat conducted from the ceramic heaters to the heat sink becomes more and more intense along
the heat flow direction and finally gathers on the upper surface. The upper surface of the copper
block is directly attached to the base surface of the heat sink (45x22.5 mm?), which well
mimics the practical heat dissipation scenario with nonuniform high heat flux. The interface is
also filled with Ga-In alloy liquid metal. With the special design of the copper block, this study
can obtain high-density heat flux up to 267 W/cm? on the directly heated area without
damaging the ceramic heaters. The evaporator, copper block and ceramic heaters are assembled
together and placed in a thermal insulated box (i) to prevent heat loss to the ambient. The
thermal conductivity of the high foaming polyethylene wrapped around the box is less than
0.034 W/m-K. Quartz glass (a) covers the top of the test section to give a window for
visualization. The high-speed camera is then placed in front of the window to record the flow

pattern during evaporation.
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Fig. 2. Configuration of the test section.

(b)

Fig. 3. Shape of the microchannels from (a) top view and (b) cross-section view.

The heat sink is fabricated on a polycrystalline diamond film that is obtained by the DC
arc plasma jet chemical vapor deposition method (DC PJ CVD). Due to the extremely high
rigidity and abrasion resistance of diamond, it is difficult to process microchannels on diamond
films by common mechanical machining methods. However, as a noncontact and efficient

machining method, laser machining can achieve high machining precision without breaking
12



the fragile material and is proven to be very suitable for processing microchannels on diamond

films. Thus the laser ablation processing method is used in this study to manufacture triangular

microchannels on diamond films. The microchannel configuration is presented on the right

side of Fig. 2. As shown, 37 parallel triangular microchannels are uniformly shaped on the

diamond film with overall dimensions of 45 mm length, 22.5 mm width and 3 mm thickness.

Each triangular microchannel has a depth of 1500 um and a width of 300 pm (dyn=280 um).

The real shape of the microchannels is shown in Fig. 3. Table 2 lists the physical properties of

the diamond heat sink. Notably, the thermal conductivity of diamond is not less than 1500

W/m-K. The surface roughness is an important parameter for characterizing flow boiling,

particularly for the microchannels. Prior to the experiment, the inner wall of the microchannels

is observed with a ZEISS EVO18 scanning electron microscope (500x), and the observed

image is shown in Fig. (a). The surface roughness (Ra) of the microchannel inner wall is 2027

nm as measured by a DEKTAK150 surface profiler, and the distribution results are depicted in

Fig. (b).

Table 2
Physical properties of the diamond heat sink.

Parameter Diamond heat sink
Friction coefficient 0.1

Thermal expansion coefficient (x106/°C) 2.0

Thermal conductivity (W/m-K) >1500

Specific heat (J/g-K) 0.540

Electrical resistivity (Q-cm) 1012

13
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As shown in Fig. (a), two pairs of holes are drilled into the copper block with an interval

of 7 mm between the two holes on the same side. Four copper-constantan T-type thermocouples

(T3-Te) are separately installed in these holes to accurately obtain the temperature gradient as

well as the upper surface temperature of the copper block, which is referred to as the heat

source temperature Th. Two thermocouples (Tin, Tout) are placed separately at the inlet/outlet

stainless steel tubes of the evaporator to measure the fluid temperature. As marked in Fig. (b),

two thermocouples (T1, T2) are placed adjacent to the directly heated area, and the coordinates

of their locations are z=-13.5 mm (T1) and z=+13.5 mm (T). The Z-axis is aligned with the

flow direction, and the coordinate origin is set at the midpoint of the direction heating area. All

the thermocouples mentioned above are connected to a data acquisition unit (Agilent 34970A,

Agilent Technologies Inc.). Agilent BenchLink Data Logger 3 software is employed to monitor

and record the measured temperature data in real time.
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Fig. 5. Schematic diagram of the heat transfer direction and thermocouple distribution.

3 Data Reduction and Uncertainty Analysis

3.1 Data Reduction

The heat power supplied by the DC power source to the ceramic heaters, Q, can be simply

obtained by electrical current multiplied by voltage,

screen of power source.

Q =UI

and these values are displayed by the

(1)

Considering the high temperature of the copper block when transferring heat from heater

to heat sink, the heat loss to the ambient needs to be evaluated. The heat power delivered to the

working fluid is experimentally evaluated in single-phase experiments and is approximately

equal to the effective heat power, Q.y, calculated from the measured temperature gradient by

Egs. (3) and (4). The heat loss to the ambient, Q;,ss,
15

is determined to be approximately 6%



under the experimental conditions.

Q= Qeff + Quoss (2)
Qeff = kCuACui_ZCw (3)
AT = [(Ty+Tg) — (T5+Ts)]/2 (4)

where A, is the upper surface area of the copper block, i.e. the directly heated area, k¢, IS
the thermal conductivity of copper, AT is the temperature gradient, T;~T, are the measured
temperatures at different locations as shown in Fig. (a), and Ax is the vertical interval between
the locations of Tz and T4 as well as Ts and Te.

The imposed heat flux referred to the directly heated area, q, is written as:

Qe
q=" (5)

For saturated flow boiling experiments, the outlet vapor quality x, can be obtained based
on the energy balance:

_ Qerr=Cprm(Tout—Tin)
ym

Xe

(6)

where m, ¢,; and y represent the mass flow rate, specific heat capacity and latent heat of
ammonia, respectively.

Along the heat conduction direction, T, and T, can be obtained by Egs. (7) and (8) on
the basis of the one-dimensional heat conduction. The heat source temperature, Tj,, refers to
the temperature of the upper surface of the copper block. T, denotes the temperature at the

midpoint of the directly heated area on the heat sink base surface.

T3+T: l
Th — 3+Ts _ Qeff t (7)
2 kcuAcu
_ 7 _ Yerr
Ty =Tn hoAcy (8)

where Ty, and T,,; are the temperatures of the working fluid at the inlet and outlet of the

heat sink, respectively, h, is the equivalent contact HTC of the liquid metal and its value is

determined as 214700 W/m2K based on the measurement results of the thermal resistance

measuring instrument, [, is the normal distance between the thermocouples (T3, Ts) and the

16



upper surface of the copper block and k. is the thermal conductivity of diamond.
3.2 Uncertainty Analysis

A brief uncertainty analysis is conducted for both the primary and calculated parameters
listed in Table 3. For all the measured variables, the uncertainties are obtained from the
specifications of instruments. For the calculated parameters, the uncertainties are estimated
using the error propagation method proposed by Moffat [42]. Basically, given R is the indirect
calculated parameter that can be calculated from several independent directly measured
parameters x;, as represented by:

R = f(xq,%5, 0, Xy ) (9)

Then, the propagated error & as determined by the measurement accuracy of each

independent primary parameter &y; can be expressed by a root-sum-square method:

aR 2)1/2
Op = {211\] (&5&') } (10)
Table 3
Uncertainty of measured and calculated parameters.
Measured parameter Uncertainty Calculated parameter Uncertainty
Channel width W, pm +5 pm Hydraulic diameter, dj, pm +5 pm
Channel height, H, pm +20 pum Mass flux, G, kg/m?s +2.35%
Volume flow rate, V, L/h +1% Effective heat power, Q.rr, W +2.69%
Temperature, T, K +0.3 K Heat flux, g, W/cm? +1.66%
Pressure, P, kPa +0.1% Outlet vapor quality, x, +2.9%
Differential pressure, AP, kPa +0.1% Cooling efficiency, n. +3.1%

4 Results and Discussion

4.1 The role of diamond wall conduction

In this section, we use a finite-volume based numerical method to assess the heat

spreading effect of the diamond wall. A full-scale three-dimensional solid heat conduction

17



model of the present heat sink, is built up in the ANSYS FLUENT 18.2 solver. The geometry
of the numerical prototype is identical to what being experimentally tested. According to the
experimental condition, a localized high-density heat flux of g,,,,,=267 W/cm?, is imposed on
the bottom of heat sink, acting as the heat sources. The trickiest part is the definition of the
thermal boundary condition at the V-channel walls. In reality, complex flow evaporation may
occur in the channels, so that the heat transfer coefficient along the channel wall may differ
from one region to another. Therefore, it is impossible to map the real heat transfer coefficient
profile to the channel walls. For the convenience of our tests, we assume the heat transfer
coefficient at everywhere of the channel walls is a constant. This assumption, of course,
disrespect to the true physical condition of flow boiling. However, it enables us easily evaluate
the heat conduction effect of the diamond walls in subject to different cooling condition. We
shall hence assign a Neumann boundary condition to the channel walls, which is written as
qw = h(T,, — Tsq:), Where q,, is the heat flux at the wall, h is the convective heat transfer
coefficient, T, is the wall temperature. This boundary condition roughly represents the
cooling effects due to the fluid flow in the channel. The rest of the solid boundaries of the
domain are adiabatic. With the given boundary conditions above, the three-dimensional steady
heat conduction equation V(KVT) = 0 can be solved.

For flow evaporation in microchannels, the heat transfer coefficient h is usually at the
magnitude of 10* to 10° W/m?K. We hence prescribe two different heat transfer coefficients of
10* and 10° W/m?K, respectively, to see how the heat transfer in the diamond substrate is
influenced. The steady solutions are shown in Fig. . Fig. (a) and (b) suggest the substrate can
be cooled more effectively with increasing the heat transfer coefficient. The peak temperature
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always appears at the middle regions where the heat load is directly imposed. The ratio of the
wall heat flux at the channel surface relative to the maximum imposed heat flux underneath
the heat sink, are presented in Fig. (c) and (d). It can be seen that the heat flux is remarkably
redistributed when it is conducted to the surface of channel-walls due to the transverse wall
conduction. Owning to this redistribution effect, the heat flux on the channel wall is greatly
reduced down to less than 14% of the maximum imposed heat flux g4, It is this significant
heat flux redistribution effect that leads to dramatic reduction of peak temperature in the solid.
With increase of the heat transfer coefficient, the redistribution effect would be less significant
because of the decrease of the convective heat resistance. Fig. shows qualitatively the heat
flux percentage within the directly heated zone (white wireframe in Fig. (c-d)) as the heat
transfer coefficient is increased. It is shown that the percentage of the heat flux concentrated in
the directly heated zone, is increased with heat transfer coefficient when h<10° W/m?K,
whereas, above 10° W/m?K, the heat flux percentage is no longer increased and remain
constant at 73.36%. This is because the convective heat resistance is approximate to zero when
heat transfer coefficient is infinite large. In this case, the heat redistribution purely depends on
the conductive heat resistances in longitudinal and transversal directions, and the wall
temperature could not be further cooled down as shown in Fig. . This is attributed to the
inherently existence of conductive heat resistance in the diamond substrate. This means the
heat sink has a maximum cooling capacity that could control the mean temperature where is
on the base of directly heated region as low as T,, and it is impossible to approach the
saturation temperature of the refrigerant T,,.. Therefore, T. corresponds to the maximum
cooling capacity the system could achieve. For this reason, we define the cooling efficiency of
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the current system as:

— Te=Tsat
c=sT———
Tp—Tsat

(11)
The theoretical minimum base temperature T for different experimental conditions can

be obtained using the following equation.
TC = RC xXqX 73.36% + Tsat (12)

where g and Ty, represent the imposed heat flux that refers to the directly heated area and
the fluid temperature (saturation state), both of which are obtained from experimental data, R,
is the normal conductive heat resistance of the diamond substrate, which is determined to be
1.2494*10° m2K/W; and the constant value of 73.36% is the theoretical maximum percentage
of the heat flux concentrated in the directly heated zone. Both the value of conductive heat
resistance and the heat flux concentrated percentage are obtained from numerical calculations.
Regarding the experimental research under nonuniform heat flux, the wall temperature
T,, cannot be simply calculated based on the one-dimensional heat conduction equation, so the
heat transfer coefficient cannot be obtained. Therefore, most of the previous studies that are
relevant to the present work [11, 13, 14] directly presented the measured wall temperature as
the indicator of the cooling performance of heat sinks at given conditions. The wall temperature,
however, reflects the conjugated effects of both fluid convection and wall conduction on the
cooling performance. In this study, the cooling efficiency is defined to represent the effect of
fluid evaporation on the cooling performance while isolating the wall conduction effect. A
larger value of n. indicates a higher heat transfer coefficient. Therefore, using this
dimensionless parameter is more reasonable than simply presenting the measured wall
temperature. We will use this parameter to represent the cooling performance of the system.

Recalling Fig. , we shall also see that the percentage of heat flux concentration, in the
20



range of 10%<h<10° W/m?K, is only 24-50%, which means a large portion of the heat flux
spreads out of the directly heated region, and should be carried away by the fluid convection
in the rest region of the channel. This then reflects the contribution of the wall conduction to

the cooling performance of the heat sink.
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Fig. 6. The influence of wall conduction on the heat flux redistribution. The white wireframe indicates
the region, underneath of which the heat load is imposed. (a) and (b) show the temperature distribution
in the diamond substrate. (c) and (d) show the heat flux over the surface of the channel walls.
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4.2 The influence of heat flux

In our experiments, the saturation temperature is always maintained around 26 °C by
controlling the reservoir pressure. For all experimental conditions in the present work, inlet
subcooling is kept within 1.3 °C, which can be regarded as an approximate saturated inlet
condition. As shown in Fig. , for example, the fluid temperature at the inlet and outlet of
microchannel heat sink are maintained at 26 °C for heat flux of 267W/cm? and mass flux of
320kg/m?s. Moreover, all measured parameters are time-averaged to rule out the influence of

the data fluctuation in steady-state maintained about 15 minutes.
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Fig. 10. Temperature distribution on the base surface of the heat sink.

Along the flow direction, T1 and T, represent the temperatures adjacent to the front and
rear of the directly heated area on the heat sink base surface, respectively. Ty is the temperature
at the midpoint of directly heated area on the heat sink base surface. Fig. shows the
temperature distribution at a constant mass flux of 320 kg/m?s. The central hotspot imposes
high heat flux on the location of Ty, resulting to a higher value of Ty, than T1 and T,. Moreover,
a high degree of superheat is required for the onset of nucleate boiling at the entrance region
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of the heat sink, and the heat transfer performance in this region is inferior to that of the
saturated boiling region, which consequently makes Ti higher than T.. As the heat flux

increases from 71 to 267 W/cm?, the temperatures on the heat sink base surface increase for

about 12 °C.
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Fig. 4. Variation of cooling efficiency with heat flux at various mass fluxes.

Fig. 4 presents the variation of cooling efficiency with increasing heat flux under various
mass fluxes. The cooling efficiency varies between 0.11 and 0.18 under various experimental
conditions, and the four curves under various mass fluxes ranging from 320 to 729 kg/m?s all
present a similar M-shaped variation with heat flux. The cooling efficiency increase with heat
flux until an inflection point at a heat flux of 105 W/cm?, then fall toward a plateau-like region
between 183 and 267 W/cm?, within which the fluctuation of cooling efficiency tends to
decrease.

The variation characteristics of the cooling efficiency is indicative of the inherent complex
flow boiling thermodynamics in microchannels under a central hotspot. At low values of heat
flux, the nucleate boiling mechanism is probably dominant, thus the increase of heat flux
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accelerates the nucleation of bubbles and enhances heat transfer remarkably. While as heat flux
rises further, bubbles expand along the microchannel, merge together and finally evolve into
elongated bubbles due to the limitation of the microchannel geometry. The appearance of
elongated bubbles deteriorates the heat transfer performance, which may contribute to the
decrease of the cooling efficiency after the first inflection point of the M-shaped curve. With
the further increase of heat flux, the chaotic churn flow and severe maldistribution of mass flux
in microchannels may occur before stable annular flow is reached, resulting to unstable heat
transfer performance.

Particularly, for the lowest mass flux of 209 kg/m?s, the cooling efficiency shows a
different trend, decreasing continuously with heat flux after the inflection point, which can be

tentatively explained by detrimental impact of partial dryout.

hnds ¢

Bubbles

(b)

Fig. 5. Visualization results of flow boiling in microchannels (G=582 kg/m?s),
(a) =105 W/cm?; (b) q=144 W/cm?.

The visualization results of flow boiling in microchannels under a central hotspot are
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shown in Fig. 5. It should be noted that the images only capture the view of direct heated
microchannels. Fig. 5(a) shows that numerous bubbles nucleate on the wall of microchannels
at a heat flux of 105 W/cm? and mass flux of 582 kg/m?s. In Fig. 5(b), elongated bubbles are
found in several microchannels at a higher heat flux of 144 W/cm?. The transition from bubbly
flow to partial elongated bubble flow occurred may contribute to variation of the cooling
efficiency in the direct heated microchannels.

4.3 The influence of mass flux
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Fig. 6. Variation of cooling efficiency with mass flux at various heat fluxes.

The influence of mass flux on the cooling efficiency of the heat sink for various heat
fluxes is illustrated in Fig. 6. The three curves under different heat fluxes show a similar trend.
The cooling efficiency rise steeply with increasing mass flux until a peak cooling efficiency of
0.174, 0.150, and 0.145 for a heat flux of 105, 183, and 267 W/cm?, respectively. The existence
of the peak cooling efficiency may be due to the nucleate boiling being most profound at the
corresponding mass flux. Before the peak point, the low cooling efficiency is likely indicative
of the appearance of elongated bubble flow and partial dryout in microchannels. After the peak
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point, the cooling efficiency decreases with increasing mass flux toward a relatively flat region.
Although this phenomenon seems contrary to the principle of convective heat transfer, it is
however plausible for two-phase flow boiling because of the combined effects of convective
heat transfer and nucleate boiling. For a higher mass flux, the nucleate boiling seems to be
suppressed, which outweighs the increase in the convective heat transfer. As a result, the total

heat transfer decreases as the mass flux increasing, acting in a similar way reported by Agostini

44

et al. [43].
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Fig. 7. Variation in the heat source temperature with the outlet vapor quality at various heat fluxes.

Apart from cooling efficiency, the cooling performance of the heat sink can also be
directly quantified by the heat source temperature, which is an important indicator concerned
in practical application. Fig. 7 depicts the variation in the heat source temperature with the
outlet vapor quality for a high heat flux of 183, 225, and 267 W/cm? and saturation temperature
of 26 °C. Obviously, the heat source temperature increases with the heat flux, while for a heat
flux up to 267 W/cm?, the heat source temperature remains below 58 °C, which indicates the
prominent cooling performance of the heat sink. According to the three sets of experiments
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under nonuniform high heat flux, an optimal range of outlet vapor quality from 0.10 to 0.13 is
found, within which the minimum heat source temperature can be achieved. For example, for
a heat flux of 267 W/cm?, the heat source temperature can be maintained at 53.3 °C when the
outlet vapor quality is set at 0.124, and this temperature can be further decreased with a lower
saturation temperature.
5 Conclusions
In this paper, we experimentally measured the cooling performance of a diamond made
heat sink, with the saturated ammonia boiling undergoes in the V-shape channels. In subject to
localized heat flux as high as 267 W/cm?, favorable cooling performance is achieved. The high
efficiency is attribute to two aspects of the design. Firstly, the diamond substrate could spread
the heat flux transversely, and consequently, the heat flux at the channel wall is dramatically
relaxed to a very low level. Secondly, the convective boiling of the ammonia has a relative high
heat transfer coefficient at the microchannel walls, enabling the heat flux removed effectively.
These combined effects promote the cooling capacity of the heat sink dramatically, which are
promising to manage even higher heat load.
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Nomenclature

Ay, Upper surface area of copper block, cm?
cp,1» Specific heat capacity, ]/(Kg - K)

dp, hydraulic diameter, pm

G, mass flux, kg/(m?s)

H, channel height, pm

h, convective heat transfer coefficient, W/(m?K)
h, equivalent heat transfer coefficient of liquid metal, W/(m?K)
I, current, A

k, thermal conductivity, W/(m - K)

L, channel length, mm

[, normal distance between the thermocouple and the upper surface of copper block, mm
m, mass flow rate, kg/s

P, pressure, kPa

AP, differential pressure, kPa

Q, electric heat power, W

Qcrf. effective heat power, W

Q0ss, heat loss, W

q, heat flux, W/cm?

T, temperature, °C

T, base temperature, °C

T,, theoretical minimum base temperature, °C
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Tsat, Saturation temperature, °C

T.,, wall temperature, °C

AT, temperature gradient, °C

U, voltage, V

V, volume flow rate, L/h

W, channel width, um

X,, outlet vapor quality

Ax, vertical interval of thermocouples, mm

z, axial coordinate along the microchannel, mm

Greek symbols
0, thickness of the diamond substrate, mm
y, latent heat, kJ/kg

1¢, cooling efficiency

Subscripts

1~6, thermocouple labels at different locations
b, base surface of the heat sink

in, inlet

out or e, outlet

sat, saturation

w, inner wall
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Table captions

Table 1 Summary of experimental studies on flow boiling in microchannels.

Table 2 Physical properties of the diamond heat sink.

Table 3 Uncertainty of measured and calculated parameters.
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Figure captions

Fig. 1 Schematic diagram of the flow boiling test loop.

Fig. 2 Configuration of the test section.

Fig. 3. Shape of the microchannels from (a) top view and (b) cross-section view.

Fig. 4 Surface roughness of the microchannel inner wall, (&) microscope morphology of
the surface and (b) the qualitative measurement of the surface roughness.

Fig. 5 Schematic diagram of the heat transfer direction and thermocouple distribution.

Fig. 6 The influence of wall conduction on the heat flux redistribution.

Fig. 7 The dependence of heat flux concentration in the directly heated region on the
heat transfer coefficient over the channel walls.

Fig. 8 The dependence of base temperature in the directly heated region on the heat
transfer coefficient.

Fig. 9 Fluid temperatures at the inlet and outlet of the heat sink.

Fig. 10 Temperature distribution on the base surface of the heat sink.

Fig. 11 Variation of cooling efficiency with heat flux at various mass fluxes.

Fig. 12 Visualization results of flow boiling in microchannels (G=582 kg/m?s),

(a) g=105 W/cm?; (b) g=144 W/cm?,
Fig. 13 Variation of cooling efficiency with mass flux at various heat fluxes.
Fig. 14 Variation in the heat source temperature with the outlet vapor quality at various

heat fluxes.
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