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Abstract

A novel hybrid two-phase cooling system was developed that integrated a mechanically pumped two-
phase loop with a capillary-driven two-phase cooling device. The latter cooling mechanism was based on
evaporation/boiling from wick structures made by sintering copper particles on the interior surfaces of a
copper cold plate. The cold plate provided cooling to two surfaces and each of them included four heaters
in series. The novelty of the developed technology was preventing flooding of the evaporator wicks by
isolating the evaporation surface from the pumped liquid flow that fed them. This arrangement allowed
for a high liquid feed flow rate much greater than would be allowed by a capillary pumped system while
maintaining a low thermal resistance at the evaporation surface. Using this approach, the cooling system
removed over 850 W with a low pumping power below 1.0 W while using R245fa as the working fluid.
The equivalent heat fluxes exceeded 970 W/cm? over areas less than 0.12 cm?®. The measured thermal
resistance was as low as 0.09 K-cm*W. The presented thermal management solution enables an increase

in the power of high heat flux electronic devices beyond the state-of-the-art.
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Nomenclature
di — ds: Distances in the substrate and non-permeable barrier (m)
H.,L.,W,: Height, length, and width of the cold plate, respectively (m)

L, .t W, : Length, thickness, and width of the substrate, respectively (m)

sub *
dwick . Distance between two adjacent evaporator wicks (m)

L

‘wick ?

t

wick ?

W._... : Length, thickness, and width of the evaporator wick, respectively (m)

wick *
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dP . Center-to-center distance between two adjacent pedestals (m)
L,,t,,W,: Length, height, and width of the pedestal, respectively (m)
L

in

W, : Length and width of the interior space of the ring, respectively (m)
H, : Distance between top and bottom substrates inside the cold plate (m)
Lypg.in » Lyps o - Interior and exterior lengths of the non-permeable barrier, respectively (m)

Wipin » Waeso © Interior and exterior widths of the non-permeable barrier, respectively (m)
QEJ . Electrical heat input by the ith heater (W)

QE!T : Total electrical heat input to the cold plate (W)

chﬁ‘ . Effective heat (W)

m; : Liquid mass flow rate through the ith evaporator wick (kg/s)
¢, : Heat flux due to the ith heater (W/cm?)

@: Heat transfer ratio

T, : Source temperature subject to the ith heater (K)

T, : Reference temperature (K)

R : Thermal resistance of the ith evaporator wick (K-cm*/W)

T

inlet >

T, . : Inlet and outlet temperatures, respectively (K)
T . : Outlet vapor temperature (K)

out,V *

V : Volume flow rate (m*/s)

1 Introduction

The continuing miniaturization of electronics components along with increased performance and

functionality has led to heat fluxes exceeding 1000 W/cm? [1]. An efficient thermal management solution

for a miniaturized and high heat flux electronic device must (i) be compact, (ii) remove a large amount of

heat from the device, (iii) maintain the maximum temperature of the device below a design limit, (iv)

improve isothermality across the device, and, for an active cooling system, (v) operate with a low

pumping power to minimize the external power required. Because single-phase cooling technologies rely

on the sensible heat, they require relatively large flow rates and pumping power to reduce temperature

gradients in the direction of fluid flow [2, 3]. Compared with single-phase cooling systems, two-phase

cooling technologies achieve orders of magnitude heat transfer enhancement with excellent surface

temperature uniformities at a given pumping power due to using the coolant’s latent heat of vaporization
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[4]. However, due to monotonic and rapid increases in the heat-density of electronic devices, the
performance of the most commonly used two-phase cooling systems have faced limitations. Since vapor
chambers spread heat in a short distance between a fixed evaporator and condenser, they are not
appropriate cooling systems in applications where power is frequently switching between two substrates.
Although heat pipes transport heat in longer distances compared with vapor chambers, they have limited
heat flux capability, typically below 100 W/cm? over large surfaces. Despite significant heat removal at
low pumping power by two-phase microchannel heat sinks, they are prone to oscillations of flow and
system pressure, which lead to dryout and ultimately the device failure.

Therefore, improving the efficiencies of commonly used two-phase cooling technologies is essential in
order to respond to the need of today’s electronic packaging. As a solution, a hybrid two-phase cooling
system (HTPCS) was developed by Park et al. [5] and demonstrated the removal of up to 4 kW, which
was equivalent to a heat flux of 30W/cm? over the cooling surface area of 135 cm?®. On top of this, the
thermal resistance was as low as 0.16 K-cm*W. This system integrated a pumped two-phase loop with
capillary-driven two-phase cooling. The latter process took place inside a cold plate and from wick
structures made by sintering copper powders on the evaporator. The wick structure was continuously
supplied with liquid by the pumped two-phase loop.

The thermal performance of a cold plate is mostly dominated by the evaporator thermal resistance;
therefore, reducing the evaporator thermal resistance is the primary focus in designing an efficient cold
plate and ultimately a cooling system. Wick structures made by sintering high thermal conductivity
powders (e.g., copper) on an evaporator have been already identified as one of the most effective
techniques to passively reduce the thermal resistance and increase the critical heat flux (CHF) compared
with a plain surface. The reduced thermal resistance and increased CHF are due to the increased active
nucleation site density and more rewetting of the heating surface because of capillary forces generated by
wicks, respectively [6, 7]. However, a flooded evaporator wick, which can happen in the HTPCS in [5], is
a drawback that is resulted from existence of a thick layer of liquid over the evaporator wick, leading to
an increase in the thermal resistance and ultimately the device failure [8].

In the present study, a modified hybrid two-phase cooling system (MHTPCS) is developed that prevents
flooded evaporator wicks by isolating the boiling/evaporation zone from the flowing of liquid. The
thermal performance of this cooling system is demonstrated by conducting the experiments over a wide
range of heat fluxes. Results are compared with those obtained from a regular HTPCS and a pumped two-
phase cold plate (PTPCP) that includes a cold plate with plain substrates (without wick structures). The
developed MHTPCS is proposed for the first time and can be used as a highly efficient cooling

technology to further increase the power of future high-heat-density electronic devices.



2  Experiment

2.1 Components of MHTPCS

Fig. 1 illustrates the schematic of the developed MHTPCS in this study. The cooling system integrated
capillary-driven two-phase cooling with a mechanically pumped two-phase loop and consisted of a cold
plate, a reservoir, two heat exchangers, and a positive displacement pump. The components of the loop
were connected to each other through stainless steel tubes. The refrigerant R245fa was selected as the
working fluid. Temperatures and pressures at different locations in the loop such as at the inlet and outlet
manifolds were measured using T-type thermocouples and absolute pressure transducers, respectively. A
control valve was implemented after the pump to adjust the flow rate inside the cold plate. The refrigerant
passed through a 90 pm filter and a turbine flowmeter before entering the cold plate.

The major differences between the MHTPCS in this study and a regular pumped two-phase cooling loop
are the internal structure and cooling mechanism inside the cold plate. In a conventional pumped two-
phase loop, the cooling mechanism is based on boiling from the plain evaporator, as with two-phase
microchannel heat sinks. However, in the presented MHTPCS, the evaporators are wick structures and the
cooling mechanism is the capillary-driven evaporation/boiling from/within the wicks. The wicks are
continuously supplied with liquid by the pumped two-phase loop. The directions of arrays toward the
vapor zone in Fig. 1 indicate the transporting the liquid through the wicks. Also, the novelty and major
significance of the proposed MHTPCS is the vapor-liquid barrier that prevents flooded evaporators by
using a non-permeable barrier (NPB). In fact, the HTPCS developed in [5] that was prone to flooded
evaporators is modified in this study by separating the liquid over the boiling/evaporation zone.

Fig. 2 shows a detailed CAD model of the cold plate used in the MHTPCS in this study. The cold plate
was a hermetically sealed and compact enclosure consisting of three main parts: (i) two copper substrates,
(i1) a hollow copper ring, and (iii) a NPB. The substrates were thin copper plates including four heat
sources in series on one side and the evaporators on the opposite side. Each substrate included four
pedestals with almost the same footprint area as the source of the commercially available transistor
GS66502B (GaN Systems Inc.). A hole extended from the edge to the middle of the pedestal inside of
each pedestal. A T-type thermocouple was inserted inside this hole and the measured temperature
represented the source temperature corresponding to the highest temperature in the system. The space
between the thermocouple and the hole inside the pedestal was filled with a thermal grease. The electrical
heat load was applied to each pedestal by a resistive heater. Due to unavailability of off-the-shelf high-
power heaters with the same footprint size of the pedestals, converging copper pedestals were fabricated
such that their larger and smaller footprint areas were equal to the heaters’ footprint area and the
pedestal’s footprint area, respectively. Each converging pedestal was soldered on an individual pedestal,

and a resistive heater was soldered on the converging pedestal. An electrical control box that was



powered by a variable transformer was fabricated to provide current and voltage to each heater. A current
transducer and a volt meter were implemented inside the control box to measure the current and voltage
applied to each heater, respectively. To generate a given heat load, the same voltage was applied to all
heaters; however, due to small discrepancies in the electrical resistances of various heaters, the current
drawn by each heater was slightly different from the currents that were passed through other heaters.

The evaporator wicks were rectangular sintered copper powders located on the opposite side of the
pedestals. In the present cold plate design, an individual heater was cooled by its corresponding
evaporator and each heater was aligned with the center of its corresponding evaporator wick. The coolant
was wicked into each evaporator in a parallel fashion. Parallel flow is one of the benefits of the proposed
cold plate design because the heat removal from each heater is independent from other heaters, as such
more heat generation by other heaters (which is very common in power applications) does not affect the
cooling performances of the rest of heaters. For the sintering process, the corresponding mandrel for
preparing the wick structures was fabricated from stainless steel and poured with copper powders with the
particle size ranging from 74-149 um. Then, the particles were sintered in a hydrogen furnace.

The ring, shown in Fig. 3(a), was a support structure to hold the substrates. The features on the ring will
be described through explaining the entire components of the cold plate and operation of the MHTPCS.
Preventing flooded evaporator wicks by using a NPB is the major improvement of the proposed
MHTPCS. An appropriate barrier should (i) be non-permeable to prevent flowing the liquid over the
evaporator wicks, (ii) have a high-limit operating temperature to sustain at high temperatures, (iii) be
chemically compatible with refrigerants, and (iv) be sufficiently robust but flexible enough to fill the gaps
between the wicks and the plain surface of the substrate. High-temperature silicone rubber was identified
as an appropriate candidate material to fabricate the NPB in this study. Fig. 3(b) illustrates the location of
NPB inside the cold plate. The NPB was fabricated by inserting cuts on the lateral sides of a sheet of
silicon rubber through a water jet cutting technique, and extruding inside the rubber. The extruded section
formed the interior space of the NPB that must be sufficiently wide to cover the complete footprint area of
the heater on the opposite side of the evaporator. The accurate width of the extruded section of the NPB
depends on several parameters; therefore, the precise width should be determined by testing several NPBs
with different widths. To ensure that the gaps between the wicks and the plain surface of the substrate
were completely filled, the lateral cuts had the same depth as the wick thickness. To maintain the NPB
stationary in the designated location inside the cold plate, two small supports were machined inside the
two sides of the ring. In the present study, the ring and substrates were clamped together. To seal the
interface between the substrates and the ring, a groove was machined on each edge of the ring for an O-
ring gasket. The hermeticity of the cold plate was demonstrated by a helium mass spectrometer to

measure a leak rate of less than 9x107'° Std.cc/s [7, 8].



The top and bottom substrates were exactly the same. The pedestals on each substrate were located

equidistantly from each other and at the same distance from the longer edges of the substrate (d: in Fig.

2(a)). Because d, #d, in Fig. 2(a), the pedestals and, in turn, the wicks on the top and bottom substrates

were located with an offset respect to each other (Fig. 4). The order of heaters is specified in Fig. 4(b).

The geometrical information of the cold plate, evaporator wicks, and the NPB is provided in Table 1.

Table 1. Geometrical information of the cold plate, evaporator wicks, and NPB.

H.=1041 mm [ =83.82mm W, =5842 mm H, =6.35mm

L, =63.50 mm W, =38.1mm d, =10.90 mm L, =376 mm

1, =1.52mm W, =297 mm d .y =132 mm L, =30.48 mm
W, =958 mm tyg =2.03 mm L, =81.28mm t, =2.03 mm
W, =55.88 mm Ly, =45.72 mm Lpp o =58.42 mm Weppn =10.16 mm
Wppo =20.32 mm d, =2606 mm d, =24.97 mm d, =20.65 mm
d, =127 mm d; =17.35mm d, =21.67 mm

Three different cold plates were fabricated in this study. The first cold plate included the evaporator wicks
and the NPB. The second cold plate included evaporator wicks without the NPB, and the third cold plate
was fabricated by plain copper substrates. All the cold plates operated with the same pumped two-phase
loop. The cooling systems including the first, second, and the third cold plates represent MHTPCS,
HTPCS, and PTPCP, respectively. The PTPCP is the base of comparisons, and the MHTPCS is the new
cooling system developed in this study, which is the modified version of the HTPCS developed in [5].

2.2 Operation of MHTPCS

The mechanical pump continuously supplied liquid to the cold plate. A portion of the liquid was
transported through the evaporator wicks from the part of wick structures that were outside the NPB. This
liquid was used for evaporation/boiling inside the NPB. The remaining liquid was excess flow. The
generated heat by the heat sources was conducted via the substrates and was the latent heat source for
evaporation/boiling. The excess flow may be a two-phase mixture due to evaporation/boiling of liquid
from/within the wicks located outside the NPB and boiling on the plain substrates.

As shown in Fig. 3(b), the NPB allowed the excess flow to turn inside the cold plate (from the gap

between the NPB and the ring’s wall) and exit the cold plate from the same side of the inlet manifold.



Therefore, the evaporator wicks inside the NPB were completely separated from liquid throughout the
entire cooling process, which is essential to preventing flooding of the evaporators. Thus, the interior
space of the NPB was only vapor and the exterior space was a two-phase mixture (excess flow). As
shown in Fig. 1, vapor pressure inside the NPB drove vapor from the interior section of the NPB to the
condenser. To allow vapor to exit from inside the NPB, a hole concentric with the vapor outlet manifold
was created in the NPB as shown in Fig. 3(c). The excess flow returned directly to the liquid reservoir due
to its lower vapor quality compared with the vapor outlet line. If the heat load increased, the vapor quality
of the excess flow increased as well; therefore, to ensure that the inlet flow to the pump is single-phase
liquid to avoid cavitation in the pump, a condenser was implemented after the reservoir. The heat rejected
from the vapor and the two-phase mixture in the condensers was exchanged with a lower-temperature
coolant (water) provided by a chiller. Then, the subcooled liquid was pumped into the cold plate and the
loop was complete. Although the inlet and outlet manifolds in the cold plate in this study were located on
the same side, they can be located anywhere inside the cold plate as long as the vapor and liquid inside
the cold plate are separated from each other by a NPB and exit the cold plate from separate manifolds. In
the present study, all three types of cold plates had one inlet and two outlet manifolds. However, unlike
the MHTPCS, the vapor and liquid were mixed inside the cold plates of the HTPCS and PTPCP.

To avoid the dryout, the capillary pressure generated by the wicks must overcome the summation of the
pressure drop inside the cold plate and that due to the liquid transport through the wick. Due to very low
pressure drops inside the cold plate as a result of operation of the pumped two-phase loop with low flow

rates, the main pressure drop against the capillary pressure is the pressure drop through the wick [9, 10]:
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where APeap, T, and r,; are the capillary pressure, liquid surface tension, and effective pore radius,

are the pressure drop through the wick, effective

respectively. Also, AP, , Leﬂ. ,m, K,and A,
length, mass flow rate through the wick, permeability, and wick cross sectional area, respectively. Due to
the symmetry inside the cold plate, the same length of an individual wick structure was extended outside
the NPB in both inlet flow and excess flow sides; therefore, the liquid was drawn from both sides of the
NPB into the interior space of the NPB. This indicates that the effective length corresponding to an
individual evaporator wick is equal to half of the length of the evaporator wick, and a conservative

capillary limit for an individual evaporator wick can be obtained by assuming that all the mass flow rate

inside the wick is required for evaporation/boiling at a given heat flux [9]:
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where £, is the enthalpy of vaporization. Fabricating wicks by an appropriate range of powder sizes that

are properly packed in the mandrel provides sufficient capillary forces for the operation of the cold plate.

2.3 Experimental procedure

Prior to charging the pumped two-phase loop with the refrigerant, the entire system was checked for any
possible leaks. Because dryout typically occurs with low inlet subcoolings and low mass velocities [11],
the present experiments were conducted at high inlet subcoolings and a moderate flow rate at 1.0
liter/min. The test started by circulating the liquid throughout the loop and adjusting the pump speed to
feed the cold plate at the flow rate of 1.0 liter/min. The inlet temperature was maintained constant in a
narrow range of 13.0-13.3°C by adjusting the temperature of the chiller. The heat input to each heater was
increased by regulating the voltage of the variable transformer. At each heat input, the data was collected
when the system reached a steady state condition, when the changes in the temperatures measured by
thermocouples were below 0.5°C over a 10-minute period of operation. A Keithley 2700 data acquisition

system collected signals from the thermocouples, pressure transducers, flowmeter, and heaters.

2.4 Datareduction
The heat loss was calculated by adopting a widely-accepted approach in the literature, which describes the

ratio of the effective heat absorbed by the working fluid to the total electrical heat input, as follows [12]:
Qe_ff — pVCp (T;mr _T;'nlet) (4)

8 8
QE,T ZQEL = VZ [1
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The total electrical heat input was obtained by summation of multiplying the voltage and current applied

¢:

to an individual heater, where V is the same voltage for all eight heaters, and /; is the current passing

through the ith heater. A series of single-phase heat transfer experiments were conducted prior to the
boiling heat transfer tests. A range of heat transfer ratios was obtained and the mean value of 0.85 was
used to calculate the effective heat. In Eq (4), the outlet temperature was measured by the thermocouple at
either excess flow line or vapor line because these two temperatures were equal in single-phase heat

transfer experiments. ¢ was used to describe the ratio of heat absorbed by an individual heater; therefore,

the heat flux based on the electrical heat input to the footprint area of the ith pedestal (shown in Fig. 2(b))

is described as follows:
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The thermal performance of the cooling system was described by the thermal resistance of each heater:
T,.-T
Ri - S.i ref (6)
4
where the reference temperature is calculated as follows:

- T‘[nlet + T‘out,V
T,y =t )

The uncertainties of the T-type thermocouples, pressure transducers, dimensions, the variable

transformer, and the resistive heaters were +0.5°C, 0.25% of the full scale, +2.54 x 1072 mm , ¥2% of
the voltage, and +5% of the electrical resistance, respectively. The uncertainty of the property R that is a
function of variables X, X, ..., Xj, is calculated as follows [13]:

OR =[i(gdxij ] (8)

i=1 i
where 5 x, corresponds to the uncertainty of the ith measured value. The maximum uncertainties of heat

flux and thermal resistance were below 7.8% and 8.4%, respectively.

3 Results and discussion

The cold plates were tested horizontally; as such, the substrates formed the bottom and top surfaces of the
cold plate. The order of heaters located on the top and bottom substrates are shown in Fig. 4(b). Fig. 5
illustrates the thermal resistances as a function of heat fluxes for the PTPCP and HTPCS. For easier inter-
graph comparisons, the scale of the Y-axes is maintained unchanged between two graphs. The thermal
resistance monotonically decreases by increasing the heat load due to reduction of the thickness of the
liquid layer over the evaporator as a result of increase in the rate of evaporation/boiling. This trend
continues as long as there is sufficient liquid over the plain surface and inside the wicks in the PTPCP and
HTPCS, respectively. In the present experiments, CHF was specified when a source temperature
increased sharply. However, to avoid damaging the heaters, the experiments were stopped as soon as a
rapid increase in a source temperature was detected. Due to rewetting the evaporator wicks by capillary
actions of the wicks, the HTPCS operated up to heat fluxes at 970 W/cm? compared with heat fluxes up to
750 W/cm? by the PTPCP. Also, at a given heat flux, HTPCS resulted in lower thermal resistances
compared with the PTPCP because of significantly more active nucleation sites for bubble generation as a
result of wick structures [14]. Corresponding source temperatures in the PTPCP and HTPCS are shown in

Fig. 6.



The comparison between thermal resistances of the MHTPCS and HTPCS is illustrated in Fig. 7. For
more convenient inter-graph comparisons, the axis scales are maintained the same between two graphs.
The MHTPCS improved the thermal performance of the HTPCS due to preventing the flowing of liquid
over the evaporator wicks. The thermal resistances at the MHTPCS culminated in values around 0.09 K-
cm?/W at a heat flux of higher than 970 W/cm?. Although almost the same low thermal resistance at the
heat flux ~ 970 W/cm?* was obtained by the HTPCS, the MHTPCS achieved an excellent uniformity in the
thermal resistances of the cold plate compared with the HTPCS. Such an excellent uniformity of thermal
resistances in MHTPCS indicates that the heat removal process from each individual heater was
performed independently without being affected by other evaporators. In contrast, the non-uniformity and
arelatively large gap between the upper and lower bound thermal resistances in the HTPCS are indicative
of effects of other mechanisms such as interactions of liquid and vapor over the evaporator on the heat
removal from a given heat source. In addition, based on the trend of thermal resistances in the HTPCS in
Fig. 7(a), increasing the heat load beyond the maximum heat input in this study would most likely lead to
partial dryout in most evaporators of the HTPCS. The partial dryout is identified when the slope of the
curve of thermal resistance versus heat flux is changed. However, the thermal resistances of the MHTPCS
were monotonically decreasing by increasing the heat load, which indicates that the MHTPCS could still
operate in higher heat loads without approaching the partial dryout. Nevertheless, the experiments were
not continued at higher heat loads due to avoiding very hot temperatures of the resistive heaters.
Improvement in the thermal resistances achieved by the MHTPCS resulted in lower and much more
uniform source temperatures compared with HTPCS. Fig. 8 compares the source temperatures in HTPCS
and MHTPCS. The axis scales are maintained the same between two graphs for easier comparisons.
Excellent temperature uniformity across the sources is a significant achievement and is necessary to
reduce the thermal stress across the cold plate.

In a capillary-driven evaporation, heat is conducted through the saturated wicking structures and removed
at the liquid-vapor interface through liquid vaporization [15]. However, in high-heat-density electronic
devices, the large wall superheat typically induces nucleate boiling in the evaporator wicks [16]. With the
increase of heat flux and as a result of the transition from evaporation at the free surface of a liquid-wick
to the nucleate boiling at the substrate-wick interface, thermal resistance reduces sharply that corresponds

to an improvement in the overall thermal performance of the cold plate [9].
The degree of subcooling is described as 7., =7, in which T, is the saturation temperature at the

measured pressure, and 7 is the fluid temperature. Fig. 9 illustrates the degree of subcooling for the inlet
flow as well as vapor and excess flows. The inlet liquid was maintained at a high degree of subcooling to
avoid dryout. While the refrigerant inlet temperature was maintained constant at 13.0-13.3°C, the pressure

of the system increased due to an increase in the heat load that resulted in a larger inlet subcooling. The
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start-up of the cooling system corresponded to operation of the pump without applying a heat load. At this
time, the wick structures contained liquid due to transporting the liquid refrigerant inside the wicks.
Because of continuous pumping the liquid to the cold plate, the liquid exited from the vapor line. By
applying the heat load, the liquid evaporated. As long as the bulk temperature of the flow from the vapor
line was below the saturation temperature, flow is still subcooled. By increasing the heat load, the degree
of subcooling became smaller, and at higher heat loads, boiling took place within the wick structures that
led to a much higher vapor quality and a bulk temperature equal to saturation temperature. Then, the
degree of subcooling became zero and the outlet flow was a saturated two-phase mixture. The excess flow
was subcooled due to a relatively large flow rate as well as a highly subcooled inlet, which caused the

bulk liquid temperature to remain below the saturation temperature [11].
Pumping power is described as P, =V XAP,., where APC is the pressure drop through the entire system.

The pressure drop through the pumped two-phase loop can be minimized by using properly sized
transport lines. Doing so, the pressure drops in the pumped two-phase loop are negligible compared with

those in the cold plate. Therefore, in the present experiment, Ao p, was obtained by subtracting the

absolute pressure measured at the outlet from the inlet pressure, using their corresponding absolute
pressure transducers. The maximum pumping power was below 1.0 W, which signifies the merit of the
developed technology as a low thermal resistance cooling system that operates with a low pumping power

to remove significant heat from a high-heat-density device.

4  Conclusion

The developed MHTPCS combined the unique benefits of mechanically pumped two-phase cooling with
capillary-driven evaporation/boiling. The technology overcame the drawback of flooded evaporator wicks
inside the cold plate by using a NPB that prevented the flowing of liquid over the evaporator wicks. The
MHTPCS resulted in excellent uniformity in thermal resistances among all eight heaters and achieved low
values of 0.09 K-cm*W at heat fluxes greater than 970 W/cm? over source areas less than 0.12 cm® Due
to leveraging the pumped two-phase loop, the high thermal performance was obtained with a low
pumping power below 1.0 W. The excellent uniformity in thermal resistances correspond that the heat
removal process from each heat source was performed independent from other heat sources. The
developed technology can be used as a highly efficient thermal management solution in high-heat-density

miniaturized electronic devices.
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Fig. 1. Schematic of the developed MHTPCS in this study. F, P, and T stand for flowmeter, absolute

pressure transducer, and T-type thermocouple, respectively.
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Fig. 2. CAD model of (a) the cold plate, (b) pedestal, (c) the evaporator wicks on the substrate.
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Fig. 3. (a) The ring, (b) inside the cold plate without the top substrate, (c) non-permeable barrier.
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Fig. 4. (a) Locations of pedestals and evaporator wicks on the top and bottom substrates in the cold plate,

(b) schematic of the cold plate with converging pedestals, and order of heaters.
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Fig. 5. Thermal resistances: (a) PTPCP; (b) HTPCS.
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Fig. 6. Source temperatures: (a) PTPCP; (b) HTPCS.
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Fig. 7. Thermal resistances: (a) HTPCS; (b) MHTPCS.
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