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Abstract

Data centers’ electricity energy consumption accounts for 1% of global electricity
demand and 0.3% of all global CO, emissions. Energy reuse as a core of a net zero
carbon data center, as a macro goal benefiting to mankind, needs micro innovations
from thermal engineers to reclaim the distributed and low-grade thermal energy
from diversified electronic equipment. This article presents the attempt to combine
the advantages of high-density heat transferring technology by two-phase
microchannels and the agility of Additive Manufacturing (A.M.) technology into a
heat sink by which thermal energy can be collected in premium quantity and quality.
The heat sink prototype adopted the two-layer microchannel design by leveraging
the unique capability of A.M. technology to form complicated spatial geometric
features, such as the functional channel profiles with diverged cross-sections along
the flow direction, intermittent channels, and curved channels. It was fabricated at
one-time processing by AlSitoMg powder SLS/SLM, had an exterior base area of

25 cm?, and interior micro-fins with a minimal thickness of 0.2 mm and fin pitch of
0.38 mm. A test rig had been built to validate the thermal dynamic and hydraulic
performance of this microchannel heat exchanger working with HFE 7100 as the
coolant. The heat flux under certain wall superheat and pressure drop catches the
equivalent grade of microchannels made by conventional micro-cutting approaches
on copper or aluminum. The maximum inlet coolant temperature could be elevated
up to 60.0 °C with less than 9o0.0 °C CPU case temperature, which provides the
feasibility of high-grade heat recovery. The test results present the promising
prospects of this design and A.M. technology in the field of two-phase microchannel
heat exchanging, by which the electronic devices in megawatt hyperscale data center
can be changed from energy consumers to energy generators for the greenhouse,

district heating, and hot water system.

Keywords: heat transferring, two-phase boiling, microchannel, heat sink, additive

manufacturing, energy reuse
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1. Introduction

According to the International Energy Agency, data centers consume around 200
terawatt-hours (TWh) of electricity, which accounts for 1% of global electricity
demand and 0.3% of all global CO, emissions [1]. Data center operators and trade
associations are committed to the European Green Deal to make data centers climate
neutral by 2030 as an integral part of the ambitious goal of making Europe climate
neutral by 2050 [2]. Climate neutral data centers will be measured by Net Zero
results [3]. The concept of Net Zero data center includes not only the reduction of
data center energy consumption by location-based renewable energy, elevating
clean energy production and data center energy efficiency, no water use, pollution
reduction but also focusing more on the circular energy and economy system, i.e.,
the reuse of data center heat. District heating, evolving to the 4th generation, has
integrated more flexible and clean energy sources into the energy mix for the goal of
Net Zero Emission. The share of renewable and electricity energy in global district
heat supplies together will rise from 8% to nearly 35% by 2030 and the carbon
emission will be cut by more than one-third [4]. The heat from the data center can

work as a perfect source for the district heating system.

Although, industry leaders are realizing and urging the role transition of
electronic devices from pure energy consumers to energy generators, by reclaiming
the heat dissipated from processors [5], the energy reuse rate in electronic devices is
largely restricted by the energy quality, i.e., exergy, as the function of temperature
and pressure of the fluid. The higher the temperature of the outlet coolant, the easier
the energy transmission will be, and higher energy conservation efficiency could be
achieved. To elevate the outlet coolant temperature, on one side the electronic
engineers must lift the temperature limits of processors further; on the other side,
thermal engineers have to reduce the temperature differential between coolant
outlet temperature and case temperature of processors. As a main potential
application scenario, the 4th generation district heating system based on more
sustainable energy resources at the temperature ranging from 6o °C to 70 °C would
be the most common deployment of reclaimed heat from the data center [6].
Moreover, regarding the safe water temperature codes of building hot water systems,
60 °C is recommended by ANSI/ASHRAE Standard 188-2018 as a lower limit to
mitigate the legionellosis risk [7]. Therefore, 60 °C~70 °C would be the ideal lower
temperature limit for the prospective heat reuse technologies, which cannot be

delivered by most of the liquid cooling solutions and all air-cooled solutions [8].

Microchannel heat exchanging technologies have been now one of the most active
divisions of heat transfer enhancement, with innovative solutions emerging every
day to cater to the increasing demands from electronic cooling, by the adoption of

different channel geometrical sizes, materials, coolants, and so on. The holistic
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comparison studies of heat transferring performance of microchannel heat
exchangers [9-11] prove that two-phase flow in microchannels can create lower
thermal resistance under the conditions of increasing heat flux and decreasing
hydraulic diameter. As supportive evidence, the data in the experimental study [12]
indicated more uniform chip temperature gradients, 40.0-80.0 times lower pumping
power consumption, and more than 150.0 W/cm? heat flux can be realized. Similar
conclusions had been drawn by Karwa [13] that two-phase cooling could achieve
lower junction temperatures and more uniform cooling at a much lower flow rate.
Although most previous researchers acknowledged that this technical merit of
two-phase flow in a singular microchannel implies a brighter technical and
eventually commercial future [14, 15], there are many technical barriers to the
complete microchannel heat sink to be adopted by the electronic industry, from the
special characteristics of two-phase flow thermal performance and manufacturing
cost/methods, mostly resulting from the geometrical magnitude of the

microchannel, to be overcome.

Some pioneers have attempted to fabricate and investigate the complete
two-phase microchannel heat sinks. Recinella [16] designed two microchannel heat
exchangers (length 1 cm x width 1 cm, distilled water as working fluid) with radial
and diverged cross-sectional area microchannels and offset strip fins, with the intent
to attenuate the two-phase boiling instabilities. Testing results of radial
microchannels with an added gap present a maximum heat flux of 385.5 W/cm? at
42.7 °C wall superheat 140 kPa pressure drop, while the offset strip fin configuration
achieves much higher heat transfer performance with CHF values exceeding
900.0 W/cm? at 58.6 °C walls superheat and 190.0 kPa pressure drop. Song [17]
designed three microchannel heat exchangers (Novec 7000 as working fluid) with
radial and divergent cross-sectional microchannels. Under the operation conditions
of the heating load of 400.0 W and flow rate of 8.0 L/h, the maximum measured
wall-temperature, the calculated averaged heat transfer coefficient, and the pressure
drop were 104.0 °C, 0.009 kPa, and 65.4 kW/m?*‘K, respectively. This design intends
to mitigate the flow boiling instability by the concepts of diverged and segmented
microchannels. Qualitative explanations have been done with reference to the
diagram of Ledinegg and the pump curve. As the results of theoretical prediction,
the heat exchanger with cutting in its cold plate and without a gap in its cover has
the best performance in a two-phase flow cooling system. Its peak heat transfer
coefficient could reach about 550.0 kW/m?-K, under the condition of water flow
12.0 L/h and heat load 300.0 W. Regarding the data regression method, the heat flux
and relevant thermal parameters were overestimated by their calculation based on
the finned area (28.0 cm?) rather than the thermal affected area of the heat sink
(125.1 cm?). The corrected max. heat flux of this heat sink is 4.8 W/cm?. The
proximity of the profile design topology by Recinella [16] and Song [17] is high. The

common points in their conclusions are (1) the effects of diverged and segmented
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channels on the improvement of thermodynamic and fluid dynamic performance
could be observed; (2) high wall superheat is required, which makes them not
suitable to cool CPU regarding case temperature upper limits as 80.0 °C in most
cases. Joshi [18] tested a two-layer branching microchannel heat sink using
HFE-7100 as the coolant. The peak heat transfer coefficient of the heat sink is
28,700.0 W/m?-K at a heat flux value of 174.0 W/cm?, a flow rate of 450.0 ml/min,
and wall overheat 62.0 K. Under HFE-7100 liquid inlet temperature of 55.0 °C, the
case temperature of the heat source would be 117.0 °C, which is above the permitted
temperature of most processors. This design has been patented [19-21] by Toyota
Research Institute of North America, the potential applications of this design would
be battery cooling in EV. In this article, all thermal-related parameters are calculated
based on a 1.9 cm x 1.9 cm finned area rather than the heat sink base area of 7.0 cm x
7.0 cm. The aluminum manifold welded with the finned area can assist in dissipating
heat to the internal working fluid. Regarding the 13.6 times area difference between
base area and finned area, the corrected peak heat flux would be 12.8 W/cm?. Ali’s
experimental study [22] achieved base heat flux up to 335.3 kW/m? for a hot chip
area of 500 mm? at the case temperature of less than 8o °C, and a maximum
two-phase heat transfer coefficient of 12.7 kW/m?-K at a mass flux of 250.0 kg/m?'s
@ 15.0 K wall superheat by HFE7100 at the parallel straight microchannels.
Compared with Joshi’s testing data, the heat transfer coefficient in Ali’s study

(12.7 kW/m?K @ 15.0 K) is half of Joshi’s results (28.7 kW/m?*K @ 62.0 K).
Referring to its 15 K wall superheat and 54.6 °C inlet temperature, a wall temperature
of 69.6 °C makes it suitable to cool most electronic devices, i.e., CPU and GPU. The
peak heat flux 335.3 kW/m?> @ 17.0 K is calculated by the chip area as 500 mm?. The
inlet and outlet plenum area (314.0 mm?) machined as a part of the complete copper
heat sink has been ignored, in which heat transferring to working fluid happened
indeed. If this area correction is included, the peak heat flux would be reduced from
335.3 kW/m? to 20.6 W/cm?. In this testing, flow reversal was observed for all mass
fluxes due to the rapid bubble generation near the channel inlet and slug formation,

which is hard to be avoided in straight channels.

Subtractive machining micro-deformation, micro sawing, micro-milling, and
dicing have been conventionally used in microchannel fabrication [23]. These
fabrication approaches suffered from geometric restrictions of specific machining
tools. Complex design features such as three-dimensional curves or channels,
multilayers, integrated inlet/outlet ports, and internal chambers are extremely
difficult or impossible to be fabricated. The machining accuracy and surface quality
rely heavily on the design of the cutting tool. The majority of commercial
microtools [24] are scaled-down versions of conventional microtool designs, which
have the disadvantages of short life by wearing, cracking by mechanical stress,
fatigue fracture, and high cost. The accumulated wear and deformation of

microtools will deteriorate the clearance alignment between microchannels, and
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even between heat sinks. Besides the difficulties in getting suitable and reliable
machining tools, the mechanical cutting itself has disadvantages of long fabrication
time, risks to cause chipping/fracture of the substrate, and incapability to form the
internal chamber. Micro sawing [16-18] is the major method to be used at present,
which retains all drawbacks micro-mechanical cutting has. In addition, the curved
profile for sawing technology will be a time-consuming task and consequently a
poor cost-effective option. Secondary machining is usually required if the selection
of sawing steps cannot result in the expected wall smoothness. The compression
molding [18-21] is another approach to get the microchannel heat sink. However,
regarding the cost of mold development and accuracy of molding processing, it is
not an economic and precise, and is an option only when the production volume is
massive. For the internal chamber formation inside the heat sink, all previous
studies rely on an extra assembled cover on the top of the finned area, which will
create more failure modes, like seal leaking, tolerance mismatch, bonding/weld

deformation, and so on.

A practical microchannel heat exchanger aiming at extensive commercialization
for the thermal energy reclaim must own several critical elements, such as high
performance at low wall superheat, manufacturability, cost-effectiveness, and
flexibility/adaptability to variable applications. In order to catch the above elements,
efforts have been done to design a microchannel heat sink with a curved wall profile,

fabricate samples by A.M. technology, and validate their effectiveness by testing.

2. Microchannel heat sink design

The strategy of overfeeding pump refrigerant system [25, 26] has been used to
achieve stable and high-efficiency evaporation. Figure 1(a) is a cross-sectional
drawing of a microchannel heat sink sample, in which 1st, the 2nd layers, and all
components are printed at one time. The liquid from the Liquid in port into the heat
sink goes into the Liquid distribution plenum, in which the liquid velocity is reduced
due to its volume expansion for even flow distribution between microchannels.
Meanwhile, the liquid at its subcooling state impinged from the top to the bottom of
the plenum can cool the core of the heat source more effectively. Then liquid with
less subcooling will be driven into the channels formed by the micro-fins in Circle
one at both 1st and 2nd layers. The rectangular cross-section between micro fins
diverges along the direction of length in alignment with the expansion of liquid
volume due to the small fraction of bubbles. The curved micro-fins will create more
vortexes to improve the heat transfer coefficient in the stage of subcooled boiling.
The intermittent micro-fins between Circle one and Circle two will not only provide
the space for the rebalance and the mixture of liquid and vapor but also destroy the
developed boundary layer on the micro-fins at Circle one and make the thickness of

the initial boundary on the micro-fins at Circle two thinner than that on the
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Figure 1. (a) Cross-sectional drawing of microchannel heat sink; (b) schematic

diagram of flow in microchannel cold header.

continuous micro-fins. The strong turbulence and vortex by liquid/vapor flushing
on the tip of micro-fins at Circle two will booster heat transferring. The same
philosophy of channels in Circle two as that in Circle one has been adopted. The
larger flow area in Circle two formed by a longer arc length than that in Circle
matched the fact that more bubbling is contained downstream of boiling flow. The
liquid/vapor mixture out of the channel in Circle two will be collected in the Return

vapor chamber, and then flow out of the heat sink from Vapor out chamber.

3. Microchannel heat sink manufacturing

Overall, A.M. technologies can be divided into three main categories based on how
the material is formed into the object [27]: (1) Fused filament fabrication
(FFF)/fused deposition modeling (FDM); (2) Stereolithography (SLA); (3)
Selective laser sintering/melting (SLS/SLM). The first two AM methods (FFF/FDM
and SLA) are most suitable to print polymers, ceramic and compound materials
making them ideal for printing insulation components in an electrical machine.

SLS/SLM printing uses a laser to heat the raw material (metal powder), allowing a
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Table 1. Chemical composition of AlSitoMg, wt%.

Al Si Mg Fe Ti Mn Cu Ni (0]

Bal. 9-11 0.2-0.4 <055 <0.15 <0.45 <0.03 <0.04 Reported

significantly higher temperature to be achieved. This makes it suitable to print
different metals by complex spatial dimensions, which is critical for the fabrication
of microchannel heat exchange. Referring to the typical minimum features, sizes of
0.2-0.4 mm with the maximum part size of about 300.0-400.0 mm cover a range
suitable for most small/medium part size requirements [28]. Larger systems are now
becoming available using multiple laser sources for enhanced productivity and with
build volumes up to 500.0 x 280.0 x 850.0 mm. Even larger systems (>1.0 m) are
being developed but are not commercially available or widely accessible yet. Collins
et al. [29] used SLS/SLM in their work to produce both straight and manifold
microchannel designs with hydraulic diameters of 500 um in an aluminum alloy
(AlSitoMg). Thermal and hydraulic performance was characterized over a range of
mass fluxes from 500.0 kg/m?*s to 2000.0 kg/m?*‘s using water as the working fluid.
It can be found that the nominal geometries are reproduced accurately enough to
predict pressure drop based on conventional hydrodynamic theory albeit with the
roughness-induced early transition to turbulence, but the uncertainty of thermal
performance is existed due to the unknown properties of printed metal. Jain [30]
discussed the unique capabilities of A.M. in the field of thermal management, which
are (1) High precision liquid-cooled microchannels can be realized by the features
with as small as 20 um dimension and +2 um tolerances; (2) Increased surface area
to enhance convection; (3) Integrated composite structure with optimized material
pallet. A.M. used to fabricate the microchannel heat exchangers is not a

challenge [31, 32], the real challenge is how to design a microchannel heat exchanger
which can achieve good performance by virtue of the advantages of A.M., especially

in the application of the two-phase boiling.

Aluminum can be used to produce lightweight, geometrically complex parts due
to its advantages such as lightweight material with good alloying properties, high
corrosion resistance, easy post-processing (e.g., to machine, weld, and polish), high
strength-to-weight ratio, high-temperature resistance, and thermal and electrical
conductivity. AlSitoMg is a widely used alloy powder in SLS/SLM, that combines
lightweight and good mechanical properties. Specimens were manufactured from
gas atomized AlSitoMg powder of spherical shape with a size distribution between

20 and 63 um, its composition is shown in Table 1.

The microchannel heat exchanger sample was fabricated by a Laser Powder Bed
Fusion machine (LPBF). During specimen production, the O, concentration in the
LPBF chamber was maintained below 500.0 ppm and the base plate was maintained

at 80.0 °C [33]. After-manufacturing heat treatment and stress-relief had been done
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Figure 2. Cross-sectional view of microchannels fabricated by A.M.

to achieve good thermal and mechanical performance. It has been proved that
T6-like heat treatment can improve both mechanical and thermo-mechanical
performance [34]. With different manufacturing angles, the thermal conductivity
will vary from 165.0 W/m-K in vertical to 155.0 W/m-K in horizontal. The surface
roughness Ra (pm) will vary with the manufacturing angle from 8.0 pm on vertical
to 67.0 pm at a 30.0° angle on the horizontal. Acknowledged that surface
modification on metal parts has been validated as an effective approach to improve
the two-phase boil heat transfer [35], similar effects of the surface roughness on the
boiling heat transfer are expected to be achieved on the parts made by A.M. Refer to
figures 2(a) and (b), due to the limits of minimal wall thickness (0.2 mm), the
thickness of the micro-fin tip at Circle one is 0.20 mm and the corresponding width
between two micro-fins is 0.38 mm. The thickness of the micro-fin tip at Circle two
is 0.22 mm and the corresponding width between two micro-fins is 0.99 mm. The
diameter of the liquid distribution plenum is 10.0 mm and the gap between Circle
one and two is 2.0 mm. The thickness of the bottom plate is 2.0 mm at this moment
regarding the requirements of deformation control to achieve a certain flatness
coupling with heat sources. This design is an optimal option after trying different
configurations with the considerations of performance, manufacturing stability,

printing speed, heat treatment deformation, and cost.

4. Microchannel heat sink testing rig

A schematic diagram and the experimental facility itself are depicted in figures 3 and
4 respectively. This rig consisted of two main parts: the test loop and an auxiliary
cooling loop. The test loop included a liquid reservoir, DC permanent magnet
centrifugal pump (with an inverter for step-less speed control flow rate), flow
meters, and the microchannel heat sink test section. Silicon Controlled Rectifier
(SCR) was used to control the input power to cartridge heaters, imbed in the copper

block, then the heat flux for the microchannel heat sink could be adjusted and read
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Figure 3. Schematic diagram of the testing rig.

Figure 4. Testing rig of the microchannel heat sink.

through the power meter. The fluid flow rate during the experiments was
controlled/adjusted by this high-precision digital driver connected to the centrifugal
pump. This pump suctions the liquid from the bottom of the reservoir to make sure
there is no cavitation in the suction port. The working fluid HFE 7100 was circulated
by the pump, boiled in the microchannel heat sink, and then condensed by the
cooled water from the chiller in the reservoir. The spiral 9.5 mm copper tube in the
reservoir provides enough condensation area for HFE 7100 vapor, and the liquid
level of HFE 7100 was kept in half of the reservoir, in which the reverse flow
between cooled water (flow in from the bottom and flow out from the top) can
provide subcooled liquid at the bottom outlet port of reservoir. The system pressure
is supervised by the pressure probe on the top of the reservoir, by which the
saturated temperature and then subcooling temperature can be calculated.

Temperature sensors and pressure sensors are installed at the inlet and outlet of the

Green Energy and Environmental Technology — 9/19
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pump respectively for pumping head and piping pressure drop. The pressure and
temperature sensors before and after the microchannel heat sink can obtain the
pressure drop on it. The auxiliary cooling loop was a re-circulating chiller system
with a cooling capacity of 2.0 kW. Secondary coolant (water) will be circulated
through the copper coil in the liquid reservoir to absorb the condensing heat and
sub-cool the bottom liquid in the reservoir. The outlet water temperature can be
maintained automatically at the setpoint, and cooling capacity could be shown on
the screen on the control panel in the chiller by the calculation of mass flow and

temperature differential.

All the measuring instruments, pressure transducers, thermocouples, and flow
meters, were connected to the data logger. This logger was connected to a computer
with logging software to record and save all the measured data after the system

reached a steady state. Their specifications are shown in Table 2.

5. Data reduction

The test section utilizes a nickel-chromium resistive element heater (cartridge
heater, 10.0 mm x 65.0 mm, 300.0 W, max. temperature 450.0 °C) powered by an
SCR power supply. The input power is obtained directly from the power supply
through the power meter which is utilized to measure the electrical input
parameters of the heater including voltage, current, and power factor. The input heat
flux to the heat sink surface is then calculated as the difference between the total
power, Q o, and the predicted test section heat loss, Q). Over the bounding area of

the resistive heater, Aj,. Here,

q// = (Qtot — Quoss) An» (1)

where Q) is obtained using the heater temperature, T}, measured via the device
center thermocouple. The material around the heater is FR4 PCB glass fiber
laminates (contacting area = 32.0 cm?), which have a thermal conductivity of
0.25 W/m-K [36]. Rigid polyurethane (PU) flame-retardant foam with its thermal
conductivity as low as 0.022 W/m-K to 0.028 W/m-K [37] was used to insulate the

bottom of heaters (contacting area = 128.0 cm?).

Based on our experimental results, we estimated that <3.0% of heat generation

power was lost through conduction to ambient.
k
Qloss = 5 X A % (Th -Ty) (2)

s = material thickness (m), A = heat transfer area (m?), k = thermal conductivity of
material (W/m-K), Qj,¢ = heat transfer (W).

Utilizing the input heat flux, ¢ in equation (1), the effective heat transfer

Green Energy and Environmental Technology — 10/19
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Table 2. The specifications of main components.

Datalogger OHR-Hyoo0

Pump: OWP-
BL43-450T

Cartridge

heater

Power PMg8oo0

meter

Power RioRand
supply
Chiller ALH-2000

Flowmeter LW-
15Z1AWNSR-TG

Measurement accuracy: 0.2% FS +1 digit
Response time: <1 s

Temperature drift <0.01% FS/°C (typical
50 ppm/°C)

High-efficiency brushless DC motor
PWM signal speed controlling

220 VAC @: 300 Wt 10%
High-temperature nickel-chromium lead wire

up to 450 °C

Power range: 0.1 W-12 kW; power factor
range: 0.001-1.000

Calculation method: watt (W) =+ [voltage (V)
x current (A) = power factor (PF)

Frequency range: 40—-400 Hz

Basic accuracy: + (0.4% reading + 0.1% range)

Measurement speed: 3 times/s

Maximum power: 4000 W

Voltage adjustment range: AC 0—220 V

Cooling capacity: 2000 W (6824 BTU/h) with
25 °C liquid-ambient delta @ 8.8 LPM
Heating capacity: 1000 W

The temperature in °C/°F with a set-point
based on: liquid, or one of two optional

K-type thermocouples

DN15s, accuracy: £0.5% @ 8—50 L/min,

temperature range —40-120 °C

coefficient, %, can then be determined in equation (2) as a function of the measured

heater temperature, T}, and coolant fluid inlet temperature, Tj;,, as follows:

"

1 ()

T (T, -Tw)’

The pressure drop, AP, across the test section is measured directly using the

differential pressure transducer and is the difference in equation (3) between the

inlet pressure, Pj;,, and outlet pressure, Poyt, of the test section,

Green Energy and Environmental Technology
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Table 3. Experimental measurement accuracy.

Measured value Instrument Error/uncertainty range
Temperature sensors PTi00 +0.1°C

Copper heater RTD <0.04%

Pressure probes for Piezoresistive <+1.2%

HFE 7100 pressure transducer

Pressure probes for Piezoresistive <*¥2%

water pressure transducer

Mass flow rate Turbine flow meter <+0.5%

Power meter <+0.5%

Table 3 shows the accuracy of individual instruments. As a critical parameter, the
heat flux is directly read from the power meter with an error of less than +0.5%. The
rest of the parameters read directly from meter and sensors have their original
uncertainties as listed. The uncertainties of the heat transfer coefficient are
calculated by equation (1) has an uncertainty of 0.7% as the summary of the
uncertainty of heat flux and temperature differences. The presentation of the

experimental results omits uncertainty bars to improve the visualization of the data.

6. Experimental results

Figure 5 presents variations of CPU temperature and saturated temperature in the
liquid reservoir under different volumetric flows and at a constant heat load of

700 W. The saturated temperature of 3M HFE 7100 is calculated as the function of
logged pressure in the liquid reservoir by the regression equation from the
pressure-enthalpy chart. As a hermetic system, when the external flow rate
increases, the internal pressure in the reservoir can be maintained constantly. As a
result, the corresponding saturated evaporating temperature in microchannels won't
be changed by the fluctuation of the flow rate. However, it can be found that the
flow rate can impact the CPU temperature linearly. Increasing the flow rate can
clearly reduce the CPU temperature, which indicates an effective approach to avoid
overheating the CPU. In the experimental study, when the heat load was reduced
from 700 W to 600 W and kept at a constant flow rate of 6 L/min, the pressure in
the reservoir drops from 0.43 bar to 0.36 bar this observation indicates that the heat
load is the critical factor and has a positive correlation to system pressure will float
accordingly, which will impact the boiling parameters such as incipient boiling
point, critical heat flux, and so on. Similarly, it could be found that under constant
heat flux input of 10.28 W/cm? (600 W heat load), the saturated temperature has a
minor change of 0.78% with the volumetric flow increasing from 4.34 L/min to

5.58 L/min. In contrast, under the constant volumetric flow of 5.6 L/min, the
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Figure 5. Saturated pressure and CPU temperature variation with volume flow.
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Figure 6. Hydraulic performance of microchannel heat exchanger.

saturated temperature will vary from 63.9 °C to 67.8 °C (6.1%) with the heat flux
increasing from 2.1 W/cm? to 10.3 W/cm?. In conclusion, the flow rate is the main
influential factor in CPU temperature; the heat load is the main influential factor in
system pressure. These characteristics will be referred to in the control system

design for the optimal CPU operation conditions.

The results of the pressure drop as a function of the input heat flux volumetric
flow under different heat loads are presented in figure 6. Experimental results
indicate that the pressure drop through the microchannel channel heat exchanger
has an almost linear relationship with the volumetric flow regardless of the heat load
varying from 100 W to 300 W. During the testing, the inlet subcooling of HFE7100
was maintained constantly at about 15 K, by which the hydraulic characteristic of
two-phase fluid at its subcool boiling regime is similar to that of single-phase liquid,
due to the limited percentage and strength of bubbling in the flow. It can be
predicted that without inlet subcooling, the pressure drop under a higher heat load
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Figure 7. Thermal performance of microchannel heat exchanger.

must be higher than that under a low heat load because of the presence of more
bubbles. This characteristic provides a clue to achieving the stable flow of two-phase

boiling in microchannels.

Figure 7 is the thermal performance of the microchannel heat exchanger under
different volumetric flows. At the point of volumetric flow 5.3 L/min, heat flux
10.4 W/cm? and pressure drop 1.1 bar, the overheating of the copper heater under
the microchannel heat sink regarding the inlet liquid temperature is 29.2 K, and the
saturated temperature at this moment is 67.5 °C. The thermal resistance between the
bottom internal wall of the microchannel heat exchanger and the temperature probe
in the copper heater will create a total 3.3 K temperature differential, including 1.2 K
on 5.0 mm copper layer, 1.2 K on 0.08 mm thick grease, and 0.9 K on 2.1 mm
aluminum layer. Given that 82.1 °C is the reading of the temperature probe in the
copper heater, the surface temperature contacting HFE 7100 liquid is 78.8 °C, which
is above its saturated temperature. It implies that the boiling has been started locally
in the area in contact with the hot metal surface. The flow pattern is at the regime of
developed subcooling boiling [38, 39]. This judgment has been validated by the
onsite visual observation that there are microbubbles in the outlet transparent
flexible tube. The benefits of selecting the regime of developed subcooled boiling as
the working regimes are better reliability and comparatively higher heat transfer

coefficient driven by lower wall superheating.

Compared with Song’s [17] study, its max. wall temperature was 120.0 °C against
34.0 °C boiling point 1 atm of Novec 7000. 86.0 K overheating makes the fluid to be
boiled fully along the microchannels and consequently causes flow instability. The
maximum heat rejection on the area of 67.9 cm? is 600.0 W, thereof the real heat
flux is 8.8 W/cm?. The wall temperature higher than 100.0 °C in this study made this
design inapplicable for CPU cooling [40]. Joshi’s design [18] focuses on the EV.
battery cooling which can tolerate higher wall superheating. Even though the heat

transfer has been driven by up to 62.0 K superheat, the heat flux been corrected to
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the whole base area is 12.8 W/cm?. The equivalent heat flux shown in figure 7 can be
achieved by a much lower superheat. Regarding Ali’s results [22], the corrected heat
flux is 20.6 W/cm?, which is at a much higher level than the above reported. Two
reasons are (1) Ali’s heat sink was made of copper, which has higher heat
conductivity than aluminum and 3D printed aluminum; (2) its work regime located
at the full evaporating regime gained higher heat transferring efficiency at the
expense of flow instability. Mudawar’s study [38, 39] reported the testing results of a
straight microchannel heat exchanger based on HFE 7100 fluid. The flow regime for
indirect refrigeration cooling could range from single liquid forced convection to
single vapor forced convection. The recommenced region of the highest heat
transfer coefficient is the regime from the point of net vapor generation to the start
of slug flow. In practice, maximizing the thermal performance is not achievable
without sacrificing the superheating control and instability mitigation, which are

the critical factors to determine the reliability of electric devices.

In terms of the potential of energy reuse in this study, the outlet water
temperature with 600 W heat load and 5.5 L/min HFE7100 flow rate can be kept
stably at 52.8 °C, which is close to 60 °C—70 °C as the ideal temperature range for 4th
generation district heating 60.0 °C outlet water temperature can be obtained at
700 W heat load and 90 °C processor temperature. The improvement opportunities
to elevate the temperature further are (1) developing a two-phase fluid with higher
saturated temperature; (2) improving heat transferring in microchannel further; (3)
improving the thermal conductivity of metal fabricated by A.M; (4) define the best
working regime of two-phase fluid in the microchannel heat exchanger. Although,
there is still a long way to go, the electronic device with 60.0 °C hot water output can
supersede the heat pump as the primary heat source or work as the preheating stage

for the booster boiler.

7. Conclusions

The idea to reclaim the heat generated by the data center for district heating will
eliminate the environmental stresses for both industries. This study explores a
technical solution bridging these two scenarios by extracting higher-grade energy
from the data center. Max. 60.0 °C outlet temperature makes it qualified for the
sustainable heat resources of 4th general district heating. In addition, the
indisputable agility of A.M. technologies can alleviate the barriers of
manufacturability and cost for the extensive deployment of microchannel heat sink.
Test results have proved the feasibility of this 3D printed microchannel heat sink
sample to collect and transfer max. thermal energy 700 W from heat resources to
the secondary coolant at the temperature of 60.0 °C under the limits of max. 90.0 °C
processor case temperature. Due to the adoption of the geometric features of

diverged, intermittent, and curved channel profiles, the linear trend of the flow
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rate-pressure drop curve and flow rate-heat flux curve presents excellent
self-adaptive control characteristics for two phases of boiling instead of the complex
thermodynamic and hydronic instabilities of the previous microchannel heat
exchangers, which are critical to a singular or multiple heat sink systems in
avoidance of flow and thermal hunting. In addition, the details of A.M.
manufacturing processes, materials, and heat treatment have been summarized for
this sample, which presents unparalleled advantages over the conventional
machining methods. Moreover, it is suitable for the diversity of electronic devices.
Computer servers in the data center consumed 1% of global electricity. If this
portion of energy can be reused, 4.5% carbon emission reduction can be achieved by
the district heating industry. This exploration presents the undeniable benefits of

global environmental protection.
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Nomenclature

A area, m?

h heat transfer coefficient, W/m?-K
k thermal conductivity, W/m-K

P pressure, Pa

q heat flux, W/m?

Q heating power, W

s thickness, m

T temperature, K

Greek symbols

A differential
Subscripts

hi heating ambient
in inlet

loss loss

out outlet

tot total
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