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In this work, we demonstrate a two-phase capillary-fed boiling micro-cooler that consists of a ~ 25-ym-thick
copper inverse opal (CIO) porous wicking structure for high-heat-flux boiling and a silicon 3D-manifold for
distributed liquid delivery and vapor extraction across a 0.5 cm x 0.5 cm heated area. At low inlet water mass
flow rates of 1.5 to 1.9 g(min) !, the micro-cooler displays nearly two-phase boiling with exit vapor quality ~ 1
and a high critical heat flux (CHF) of 253 to 320 W cm 2 with low superheat of ~ 10 °C resulting in a thermal
resistance of boiling ~ 0.025 cm? °C W™ or heat transfer coefficient of 0.4 MW m™~2 °C~!. For higher flow rates
of 5, 10, and 15 g(min) %, the micro-cooler exhibits a hybrid single-phase and two-phase cooling regime where
the contribution of the sensible heat (single-phase) cooling is linearly added to that of the two-phase cooling. For
the highest flow rate of 15 g(min) !, the CHF is increased to ~ 500 W cm ™2 resulting in an overall thermal
resistance of &~ 0.18 em? °C W™ L. However, the two-phase heat transfer effectiveness, which estimates the uti-
lization level of the inlet mass flow rate for two-phase boiling, is reduced to ~ 0.11. To achieve the best cooling
system performances, the micro-cooler must operate entirely within the two-phase boiling regime (exit vapor
quality or two-phase heat transfer effectiveness ~ 1). Ideally, the “coolant” should be delivered near its satu-
ration temperature (= 100 °C for water), which provides significant advantages for the energy-efficient operation
of data centers and power electronics. We present detailed analysis with Infrared and high speed camera images
at various inlet flow rates and heat fluxes to understand complex heat transfer in the micro-cooler. Furthermore,
a conjugate thermofluidic simulation model, which incorporates the physics of capillary-fed boiling in a porous
copper layer, agrees well with the experimental data.

solutions have been developed to efficiently dissipate heat while main-
taining operation temperature within acceptable limits. Tuckerman and

1. Introduction

The worldwide electricity consumption of microelectronics is rapidly
increasing due to the growing demand for data processing [1] and power
conversion [2]. The continued miniaturization of electronic components
has led to a significant increase in power density, reaching heat fluxes as
high as 1000 Wem ™2 [3]. Such high-power density results in higher
junction temperatures, negatively affecting the performance and reli-
ability [3,4]. To mitigate these thermal challenges, a variety of cooling

Pease [5] pioneered the development of silicon microchannel single-
phase liquid cooling by removing ~800 W cm™2 over a 1 cm x 1 cm
heated area but also reported considerable pressure drop (>100 kPa).
The thermal resistance between the junction temperature and inlet
coolant for data center and power electronics cooling applications is
large, which requires inlet coolants to be in the range of ~10-20 °C. This
in turn requires a refrigeration facility to reduce the inlet coolant tem-
perature, resulting in an overall increase in the energy required to
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Nomenclature

A Heated area, cm?

(N Specific heat capacity, J kg~* K™

d Thickness, m

h Height, m

Ry, Latent heat of vaporization, J kg™

I Electrical current, A

k Thermal conductivity, W m * K*

l Length, m

m Mass flow rate, g(min)

q’ Average heat flux across heated area, W cm 2
R” Mean thermal resistance cm? °C W™}

T Average temperature across the heated area, °C
T Temperature, °C

Vv Voltage, V

w Width, m

Xe Exit quality ()

Greek symbol

a Heat conduction loss constant, Wem ™2 °C ™!
n Two-phase heat transfer effectiveness (—)

p Water density, kgm >

@ Phase of water

Subscript

0 Inlet water temperature

1-¢ Sensible heat transfer contribution

2-¢ Boiling heat transfer contribution

base,CIO Temperature at the base of CIO wick

capillary Capillary length

ch Channel in silicon microchannel manifold

chf Critical heat flux

cond Conduction heat transfer contribution

drain Properties at drain

gap Gap size between bottom of manifold channel and top
surface of CIO wick

heater  Heater

in Inlet

max Maximum value

min Minimum value

NB Nucleate boiling

overall Thermal resistance with respect to inlet temperature of
liquid

period  Channel period of silicon microchannel manifold

sat Saturated condition

Si Silicon substrate below the base of CIO

total Total heat flux applied to heater

wall Channel wall in silicon microchannel manifold

operate the cooling system [6,7]. Therefore, it is more desirable to uti-
lize a two-phase cooling technology that has higher convective hear
transfer coefficient and can operate with higher inlet coolant tempera-
tures ~60-70 °C but with smaller flow rates [8]. In the past few decades,
different types of two-phase cooling schemes have been explored that
include but are not limited to flow boiling in microchannels [9-11], two-
phase jet impingement cooling [12,13], evaporative spray cooling
[14-16], and manifold microchannel heat sinks [17]. Passive two-phase
cooling devices (e.g. heat pipe and vapor chamber) utilize porous sin-
tered copper [18] or nanowires [19] or metal dendrite [20] or wire mesh
[21,22] or silicon micro-pin array [23] wicks to passively feed liquid
into a heated area. The high thermal conductivity porous structures
significantly enhance boiling performances owing to numerous nucle-
ation sites and high capillary force for efficient liquid supply within the
wick structure [24-26].

Recent works by Zhang and Palko, et al. [24,27] demonstrated
feasibility of ultra-high-heat-flux heat removal exceeding 1000 W cm 2
with low superheat ~ 10 °C from narrow (200 to 1000 pm)-bridge
copper inverse opal (CIO) wick heaters. Such outstanding thermal per-
formance is due to the capillary-fed liquid flow from both sides of the
microbridge and two-phase boiling within the high-thermal-
conductivity-and-permeability CIO wick, leading to the complete
liquid and vapor phase separation over the width of the bridge. The
optimum width of the bridge is twice the capillary wicking length, which
is the characteristic length scale where the maximum critical heat flux
(CHF) [27] occurs. It is shown that the CHF depends on the effective
liquid-vapor permeability within the wicking structure of CIO and de-
pends on the pore and connecting neck diameters as well as the wetta-
bility [27].

A large number of researchers have focused on improving the
capillary wicking length to enhance boiling performance over larger
areas by using hierarchical wicking structures [22,27] or by changing
surface wettability [28,29]. In the present work, the area scaling over a
0.5 cm x 0.5 cm microprocessor footprint is achieved by design and
microfabrication of a unique silicon (open) microchannel 3D manifold
for efficient liquid delivery and vapor extraction to achieve complete
vapor-liquid phase separation or vapor exit quality ~ 1. The specialized
3D silicon manifold basically replicates the narrow microbridge wick

structure to cover the much larger area by drawing liquid from the side
reservoir using capillary force in open silicon microchannels.

2. Two-phase micro-cooler design

The proposed micro-cooler consists of a 3D silicon (Si) microchannel
manifold, and a silicon chip integrated with CIO wick for efficient
capillary-fed two-phase boiling, which are brought in contact by simply
placing the 3D-manifold on the CIO wick, as shown in Fig. 1(a) and 1(b).
The permanent bonding between the microchannels of the manifold and
the silicon chip is not required. Two liquid inlet ports are bonded on the
Si microchannel manifold to deliver coolant via plastic tubing, as
depicted in Fig. 1(a). The microchannels within the manifold are open at
the bottom to uniformly distribute liquid over the large-area CIO wick,
where the gap between the silicon microchannels and CIO are bridged
(filled) by liquid menisci. The wide openings between adjacent micro-
channels serve as conduits for vapor escape and as pathways to extract
excess subcooled liquid from the CIO. Silicon micropillar arrays are
fabricated within the 3D manifold plenums to ensure consistent flow
distribution across all microchannels of the manifold [30], as displayed
in Fig. 1(b). The cold plate includes ~ 25-pm-thick CIO wick with 0.5 cm
x 0.5 cm footprint area, and the aligned heater of matching dimensions
is fabricated on the other side of the silicon chip, as shown in Fig. 1(a)
and 1(b). Four electrical contact pads are placed for four-probe electrical
measurement to accurately estimate the power dissipation rate occur-
ring over the heater. The complete cooler unit is realized by bonding the
perimeter of the 3D manifold to the cold plate, thus enclosing the wick
within the microchannel array. A more detailed view of the micro-cooler
is shown in Fig. 1(c) and 1(d), highlighting key dimensions of the
manifold channels and the paths for coolant and vapor flow. The applied
heat flux by the heater initiates boiling within the CIO layer and both the
vaporized water and any subcooled liquid can exit through the gap be-
tween the microchannels of the manifold.

3. Fabrication

The microfabrication process for the CIO cold plate (Steps i to vi) is
presented in Fig. 2(a). First, a ~ 390-um-thick silicon wafer is prepared,
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Fig. 1. Illustration of a capillary-assisted micro-cooler that consists of an integrated silicon microchannel manifold and a silicon chip. (a,b) Silicon microchannel
manifold and cold plate in two different isometric front and backside views. One side of the silicon chip is coated with CIO microstructures for improved thermal
performance, while a heater is micropatterned on the other side. (¢) An enlarged view to illustrate flow paths within the micro-cooler. The supplied liquid is delivered
along each channel (blue color arrows), and then is uniformly distributed over the CIO wick. Vaporized water exits vertically (red color arrows), while any excess
liquid flows sideways and then to the drains (blue/red color arrows). (d) The schematic and accompanying table detail the dimensions of the silicon manifold and the
pathways for liquid and vapor. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

and a ~ 270-nm-thick silicon dioxide (SiO3) layer is grown on both sides
of the silicon wafer at 1050 °C in the furnace for 19 min (Step i). The
photoresist is spin-coated, and a 0.5 cm x 0.5 cm square area is
patterned. The exposed SiO, layer is completely etched using a reactive-
ion plasma etcher. The remaining photoresist mask is removed by using
acetone. A second layer of photoresist is spin-coated on the same side of
the wafer and the micro-pin array is patterned over the same 0.5 cm X
0.5 cm area with accurate alignment. The exposed silicon surface
through the photoresist is etched to a depth of approximately 3 pm using
deep reactive-ion etching (DRIE) process, creating the thin Si micro-pin
array (Step ii). This micro-pin array provides support for a sacrificial

latex bead template, preventing its delamination from the silicon surface
during copper electroplating for the CIO layer. The photoresist residues
are completely removed by immersing the wafer in Piranha solution for
20 min at 120 °C. We perform the additional 25-pym etching of the
exposed silicon surface to ensure the top surface of the CIO layer aligns
with the silicon wafer surface (Step iii). For the opposite side of the
wafer, we pattern the aligned heater using the conventional lift-off
process (Step iv) with ~ 100-nm-thick platinum and ~ 10-nm-thick ti-
tanium adhesion layers deposited by using an electron beam evaporator.
The integrated heater applies heat flux to the wick area at the other side.
An =~ 100-nm gold layer atop a 10-nm titanium adhesion layer is
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Fig. 2. Fabrication details and final devices of the silicon chip cold plate and silicon 3D manifold. (a) Fabrication process of the cold plate. (b) Optical images of the
back and front sides of the cold plate, showing mesh heater dimensions and SEM images of the CIO. (c) Fabrication process of the 3D manifold. (d) Optical images of
the front and back sides of the manifold. The SEM image of the manifold’s backside reveals the pillar array, open liquid delivery, and vapor exit microchannels. Note
that the 3D manifold is glued (red shade) to the periphery of the cold plate, while the open channels are simply pressed against the CIO cold plate, where a liquid
meniscus is bridged between the microchannel and the CIO cold plate. (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.)

sputtered on the thin silicon pin array to create a conformal electrode
layer (Step v), on which the CIO layer is electroplated. Both sides of the
fabricated cold plate are shown in Fig. 2(b). A mesh-type heater design
allows for uniform heat flux distribution over the active area compared
to the serpentine configuration [31] and the resulting electrical resis-
tance of the heater is measured to be =~ 20 Q. For the wick side of the
cold plate, we performed electroplating to create ~ 25-pm-thick CIO
layer. We use a commercial sulfate latex bead solution with a mean
sphere diameter ~ 5.2 pm for a sacrificial template for electroplating
porous copper. This bead solution is applied over thin pillar array
structures coated with a sputtered gold layer and is left to completely
evaporate. Once the solution evaporates, the beads form a settled layer,
which is sintered at 107 °C for an hour in the oven. The sintered bead
layer acts as the sacrificial layer for the electroplating of copper. During
the electroplating process, the electrical current density is maintained at
~ 20 mA(cm) 2 Following the electroplating, the sacrificial latex layer
is dissolved in tetrahydrofuran solvent for an hour, resulting in a
permeable porous copper layer. As shown in Fig. 2(b), the scanning
electron microscopy (SEM) images of the porous copper are clearly
visible, and the pore-to-neck diameter ratio is characterized as ~ 0.5.
The fabrication process of a 3D silicon microchannel manifold (Step i
to v) is displayed in Fig. 2(c). a ~ 650-pm-thick silicon wafer is used for
the substrate. We pattern the microchannels using photolithography and
etch them to a depth of ~ 300 pm using DRIE (Step i and ii). Any residual

photoresist is completely removed by immersing the wafer in Piranha
solution. For the rear side, the aligned microchannels and apertures with
the microchannels on the front side are patterned with photolithog-
raphy, followed by DRIE. The etching continues until the etchings on the
front side are accessible from the backside of the wafer (Step iii and iv).
Finally, any remaining photoresist is thoroughly removed by soaking the
sample in Piranha solution for 20 min at 120 °C (Step v). The tubing
inserts are carefully bonded to the two holes located at the sides of the
manifold using EPO-TEK 353ND epoxy. The optical images of both sides
of the fabricated manifold, and the SEM image of the backside are shown
in Fig. 2(d). The SEM image reveals the micropillar array in the plenum
area, the open microchannels, and the phase separation apertures. The
prepared 3D manifold and cold plate are bonded at the perimeter of the
manifold using a cyanoacrylate-based adhesive.

4. Experiment setup

To facilitate the thermofluidic experiment, as shown in Fig. 3(a), a
3D-printed resin polymer sample holder is fabricated to accommodate
the micro-cooler chip while providing the necessary support for the chip,
the fluidic delivery, the drainage lines, as well as the electrical and
optical access from the backside of the cold plate. The manifold and cold
plate combination is carefully secured on the sample holder using sili-
cone grease to prevent coolant leakage. The proposed capillary-fed
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Fig. 3. Experiment details. (a) Illustration of the micro-cooler with a 3D-printed sample holder used in the experiment. (b) Cross-sectional image (A-A) showing the
experimental apparatus, highlighting the pathways for liquid delivery and vapor extraction, as well as the excess liquid bypass to the drainage slots. (c) Optical image

of the micro-cooler placed on the sample holder.

micro-cooler does not require a pump for flow delivery in two-phase
heat transfer operation (exit vapor quality ~ 1). However, to thor-
oughly examine both the single-phase and two-phase heat transfer re-
gimes, we use a syringe pump to finely control the liquid supply into
both inlet ports of the 3D microchannel manifold. The cross-sectional
view (A-A) of the micro-cooler integrated with the sample holder,
along with a detailed experimental setup, is illustrated in Fig. 3(b). An
electrical current along the mesh heater at the base of the cold plate is
applied using a power supply and the voltage drop is measured with a
multimeter. An electrical current is measured from the voltage drop
across a 0.1 Q shunt resistor, which is connected to the heater in series.
The total power generation of the heater is deduced by the multiplica-
tion of the measured voltage drop across the mesh heater and the
measured electrical current. By tracking the temporal fluctuation of the
electrical resistance, when the electrical resistance surge occurs near the
dry-out, the power supply is promptly deactivated to prevent any
thermal-induced damage on the micro-cooler. A critical heat flux is
identified by a rapid increase in the electrical resistance of the heater. If
the CHF is not observed, we elevate the voltage of the power supply.
During each iteration, the system is closely monitored for any rapid
surge in the electrical resistance that would imply the onset of CHF.
Along with the electrical measurements, the temperature map of the 0.5
cm x 0.5 cm heater is recorded with the infrared (IR) camera (Teledyne
FLIR, A600), which is situated below the sample. To minimize the
emissivity variation, black paint is sprayed over the heater, setting the
emissivity value at 0.95. We calibrate the measured temperature using
the IR camera with the temperature reading from the thermocouple,
which shows an error in temperature measurement that falls within 2 °C
for the wide temperature range spanning from ambient temperature to

200 °C. It is noted that the sensitivity of the IR measurement is better
than 0.1 °C, and hence we can monitor the shift in superheat for different
mass flow rates. Additionally, to closely monitor the boiling dynamics
over the CIO wick, a high-speed camera is used (IX Cameras, i-SPEED 7
series). Multiple mirrors direct the field view of the wick toward the
camera. For higher flowrates, we provide an oversupply of water. A
portion of the water changes its phase from liquid to vapor, while the
remaining excess water flows over the 3D microchannel manifold to-
ward both sides, as seen in Fig. 3(b). This excess water is collected
through the drain pans and holes integrated in the 3D-printed sample
holder, as shown in Fig. 3(c). The amount of liquid passing through the
drain is accurately measured using a digital scale. The total amount of
fluid discharged over a set duration is calculated to derive the mass flow
rate of drained water. The container for the drained water is connected
to a gentle vacuum system to efficiently extract the unevaporated water.

5. Data reduction and uncertainty

The total power is determined by the product of the applied electrical
current (I) and the voltage drop across the heater (Vheater). To obtain the
total heat flux, this total power is normalized by the area of the heater
(A):

— v
q total = % 1)

The average temperature of the CIO base is estimated by accounting
for the temperature drop across the thickness of the silicon substrate
(dsi) between the heater and the base of CIO wick. This is calculated by
subtracting the temperature drop from the measured average
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temperature of the heater using IR camera over 0.5 cm x 0.5 cm area as
the following equation:

— _ d. i—
Thase.cto = Theater — k—Slq total (2)
S

i

The mass flow rate that undergoes boiling (two-phase heat transfer)
is determined by subtracting the flow rate measured at the drain (fgrain)
from the inlet mass flow rate (rijy):

Tflsz = min - mdrain (3)

To estimate the individual heat flux contributions in the cooler, the
total heat flux is divided into three distinct heat flux contributions:
sensible or single-phase heat transfer to the water, phase change or two-
phase heat transfer, and heat conduction loss through the cooler,
respectively:

?total = ?l—q; + ?Z—qu + ?cond (4)

In addition, the heat flux due to single-phase heat transfer (¢ _,) can
be divided into two components. The one (¢”1_, 1, ) represents the heat
flux required to raise the temperature of the mass flow rate that un-
dergoes the phase change from Ti, to Tgy:

o e Tsa - Tl
L w ®

The other (?1,([,_Tdmn) represents the heat flux required to raise the

temperature of the mass flow to the drain (Mgrain) from T, to Tdrain:

?kw.Tdmm = mdraincp(’l;;irain - ) (6)

Hence, the heat flux due to single-phase heat transfer can be repre-
sented by summing these two components:

— o mZ—(pCp(Tsat =T ) mdraincp(Tdrain =T )

Q1= 10T + 91Ty = A A
@)

To estimate single-phase heat transfer rate in the micro-cooler sys-
tem, it is essential to determine the temperature at the drain. However,
the cooler is operated at a relatively low inlet flow rate, well below 20 g
(min)~}, resulting in a highly intermittent flow at the drain, which
renders the measurement of Tg.i, inaccurate. In cases where the flow
rate at the drain is negligible, implying that all supplied liquid is utilized
in the boiling process, the heat flux due to single-phase heat transfer can
be simplified as follows:

q o oCp(Tsat — T
9" 1- g igran=0 = % ®

However, if the mass flow rate at the drain is non-zero, the contri-
bution of single-phase heat transfer can be inferred by a linear fit to the
experimental data between the total heater heat flux (g i) and
Thasecro, for temperatures below Ts,. Once the water reaches its satu-
ration temperature, the two-phase heat transfer is primarily driven by
boiling, [21,24,32,33], and thus the heat flux associated with boiling
can be calculated using the latent heat of vaporization.

Ty = el ©)

There is also heat conduction loss through the silicon substrate. To
quantify the “upper limit” of this heat conduction loss, we measure the
mean temperature increase of the heater against the applied heat flux.
This measurement is conducted on the dry sample to ensure that the
temperature rise is exclusively due to the heat conduction through the
silicon substrate. The applied heat flux is found to be linearly propor-
tional to the mean temperature rise of the heater from room temperature
(To) with a proportionality constant, @ = 0.1446 W cm 2 °C™:

?Cond = a(Theater - TO) (10)
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The mean thermal resistance over the heated area for the two-phase
heat transfer during boiling can be represented as the following
equation:

— T -T
R”Z—(p _ base,CIO sat (ll)

?249

To evaluate the overall thermal performance, we define the thermal

resistance of the micro-cooler with respect to the inlet liquid
temperature.

o7 Theater — Tin

R’ overall = ——= 12)
q total

For mass flow rates >1.9 g(min)’l, excess liquid that does not un-
dergo a phase change process sloshes around the micro-cooler. In this
scenario, a combination of capillary wicking and boiling within the CIO
and single-phase forced flow over the CIO (in between manifold chan-
nels) prevails. To assess how efficiently the cooler utilizes the inlet mass
flow rate for boiling, we introduce a metric called the two-phase heat
transfer effectiveness (7):

_ Tflz—q\hfg _ ATZ*(P _ A(?total - ?cond - ?l—q))
minhfg minhfg minhfg

13

It is important to note that in cases where there is no flow rate at the
drain, the two-phase heat transfer effectiveness becomes equivalent to
the vapor exit quality as = 1, 7, _o = Xem,-0 ~ 1, because all sup-
plied heat is utilized to raise the temperature of the liquid flow from
room temperature to the saturation temperature, and nearly all the
saturated liquid is turned to vapor. This indicates that in the absence of
drain flow, the micro-cooler achieves maximum effectiveness in two-
phase heat transfer with an exit vapor quality ~ 1. In Supplementary
Information, the detailed derivations of the two-phase heat transfer
effectiveness and the exit vapor quality are provided. The measurement
uncertainties are detailed in Table 1. We calculated the propagated er-
rors for the derived parameters based on these measurement un-
certainties as outlined in [34]. Table 2 presents the calculated error
ranges for the derived parameters along with their sources to the cor-
responding errors.

6. Results and discussion

Fig. 4(a) presents the measured total heat flux (q” 1) as a function
of the average temperature of CIO wick base (Tpase c10) at mass flow rates
of 1.5, 1.7, and 1.9 g(min)’l. Thase.cio is extracted from the measured
average temperature of the heater according to Eq. (2). We recall that
the power supply is turned off to protect the sample whenever a sudden
temperature rise is observed due to the appearance of local hot spots.
Therefore, we denote the heat flux just prior to the complete dry-out of
the cooler as the heat flux of nucleate boiling (q"*ita1 np), Where no hot
spots are observed. Increasing the heat flux by 10 to 20 W cm ™2 above
" totalng leads to the formation of hot spots that eventually grow in size
across the entire cooler area, resulting in dry-out. Therefore, the critical

Table 1
Uncertainties associated with measurement instruments.
Measurement Instrument Uncertainty
Heater voltage Digital multimeter +0.0015 %
Heater current Shunt resistor and digital +0.1 %
multimeter
Liquid inlet temperature K-type thermocouple +1°C
Heater temperature IR camera +2°C
Inlet flow rate Syringe diameter and syringe +2 %
pump
Mass of collected liquid at Digital scale +0.1g
drain
Silicon substrate thickness Caliper +15 pm
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Table 2
Summary of uncertainty ranges of the derived parameters and the corresponding
sources of uncertainties.

Derived Source of uncertainty Maximum
parameter uncertainty
Min Syringe diameter, Syringe pump 2%
Mdrain Digital Scale 5%
my_g Min, Mdrain 16 %
q7s " my o 16 %
q total Shunt resistor and digital multimeter 0.1 %

n ?lotal’ TZ—xp 15%

Xe q"total> 429 42 %
Theater IR camera 2°C
Thaseclo Theater> 4 total> dsis ksi (= 5%) 2°C
R3¢ Thase.c10> 4 2¢ 34 %
R overall Theaters Tos ¢ total 4%

heat flux (q” cur) where the complete dry-out occurs is comparable to
@ toralng Within a 10% difference. The experimental boiling data of
q” tora1 clearly shows a non-linear relationship with Tpage cio Owing to the
onset of boiling (ONB) near the water saturation temperature. A range of
(small) flow rates is selected to ensure the flow rate at the drainages is
near zero. This is to investigate the characteristics of the capillary-fed
two-phase micro-cooler at two-phase heat transfer effectiveness and
exit vapor quality ~ 1. The schematic in Fig. 4(b) depicts the condition
where sufficient fluid is supplied to exactly balance the two-phase heat
transfer within the CIO wick, and there is no excess fluid to flood or
cover the CIO wick, resulting in very small superheat and extraordi-
narily low mean two-phase thermal resistance (R"2_, ~ 0.02 em? °C
W or heat transfer coefficient ~ 0.5 MW m~2 °C™1), as observed in
previous studies of capillary-fed heat transfer using a similar CIO to the
one used in this study [24,27,35]. Increasing the flow rate from 1.5 to
1.7 g(min)’1 raises q” toralng DY ~ 30 Wem ™2, but the electronic scale at
the drainage shows no increase in mass at g’ np. This observation
suggests that the sensible heat transfer is solely attributed to the increase

(a)

iy Marain | g | @votar B Thase.cio 2-p
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in water temperature from room temperature to the saturation tem-
perature. The measured increase in heat flux is comparable to the
calculated value ~ 35.6 W cm ™2, which represents the combined sen-
sible and boiling heat transfer at a liquid flow rate ~ 0.2 g(min)’l.
Increasing the inlet flow rate to 1.9 g(min)‘1 results in a small flow rate
at the drain ~ 0.12 g(min)*. This implies that the optimum inlet flow
rate to achieve an exit vapor quality ~ 1 is between 1.7 and 1.9 g
(min) ™.

To investigate the impact of excess liquid supply on the thermal
performance of the micro-cooler, the inlet flow rate (= 21 °C) is
increased to 5, 10, and 15 g(min)’l, as depicted in Fig. 5(a). The com-
parison of boiling curves reveals that increasing the inlet flow rate from
1.9 g(rnin)’1 to 15 g(min)’1 leads to a significant enhancement in
?wtaLNB up to ~ 500 W cm 2. The additional 250 W em ™2 is mainly due
to the sensible heat contribution from the excess liquid supplied. At high
flow rates of 10 and 15 g(min) %, despite the abundance of excess liquid
leading to overflow, there is no notable increase in superheat. This
observation differs from results seen in previous studies on pool boiling
on the similar CIO layer [31], where superheat typically increases
monotonically as the input heat flux increases, due to the formation of
large bubbles. We postulate that a shallow liquid pool, as illustrated in
Fig. 5(b), does not significantly affect superheat, as opposed to a thicker
pool. Furthermore, the flow leaking from the gap between the CIO and
the microchannel helps to sweep away bubbles emerging from the wick,
facilitating efficient bubble removal. This contrasts with the growth of
large bubbles in pool boiling conditions, where bubbles can grow to sizes
comparable to the heating element.

To obtain further insights into the contribution of the single-phase
and two-phase heat transfer, we subtract the estimated total heat loss
due to single-phase and heat conduction loss, which correspond to black
dashed lines in Fig. 5(a). As depicted in Fig. 5(c), the two-phase heat
transfer components of heat flux for all flow rates are similar, suggesting
that the data in Fig. 5(a) for the total heat flux represents a superposition
of single-phase and two-phase heat transfer components over the entire
temperature range. We leverage this finding to develop a physics-based
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Fig. 4. Operation of the capillary-based micro-cooler in a two-phase boiling regime. (a) For the low flow rates of 1.5, 1.7 and 1.9 g(min) %, boiling curves are plotted
as a function of the mean base temperature of the CIO wick. Note that a vapor exit quality x. ~ 1 indicates the best performance (low thermal resistance and su-
perheat). Measured heat losses due to heat conduction are also plotted for reference. (b) A cross-section schematic of a micro-cooler where the exact amount of
coolant is delivered and vaporized without excess liquid drainage. Under these conditions, the capillary pressure of the CIO is enough to overcome the liquid pressure
drop in the silicon microchannel, allowing a mixture of liquid and vapor within the CIO. Note that the liquid channels are not bonded to the CIO, creating a liquid

meniscus bridge across the ~ 10 ym gap.
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Fig. 5. (a) Boiling data (represented by markers) at different inlet flow rates of 1.5, 1.7, 1.9, 5, 10, and 15 g(min)’l. The total heat flux applied to the heater is
plotted as a function of the average base temperature of the CIO derived from the IR image over the heater using Eq. (2). For each flow rate, the corresponding
modeling prediction curve is plotted in solid curves with the same color. For detailed information on the modeling, see Supplementary Information. The black dashed
lines represent the contribution of single-phase heat transfer, as well as a small contribution from heat conduction loss. (b) The cross-sectional schematic of a micro-
cooler with flow rates >1.9 g(min) %, where plenty of excess fluid is sloshing around due to vapor pressure, and then is drawn into the drainages (see Fig. 3). Residual
liquid results in a “shallow” pool boiling condition that is expected to slightly increase superheat. (c) In this plot, we subtract the contribution of single-phase heat
transfer, corresponding to black dashed lines in (a), from each data set for a given flow rate. Clearly, all the data collapse, indicating that the two-phase boiling

contribution nearly remains the same, regardless of the flow rate.

model for the operation of the micro-cooler, which consists of convec-
tive single-phase and capillary-fed boiling heat transfer components as
shown by the solid curves in Fig. 5(a). The modeling is further detailed
in Ref. [36], and summarized in the Supplementary Information. The
modeling results agree well with the data depicted in Fig. 5(a).

Table 3 provides additional information on the contribution of
single-phase and two-phase heat transfer rates, as well as the exit vapor
quality for any given flow rates just prior to the CHF. For the flow rates
<1.9 g(min)_l, the two-phase heat transfer effectiveness and the exit
vapor quality are ~ 1, because a negligible flow rate is measured at the
drain. This highlights the best overall thermal performance and opera-
tional scenario for the micro-cooler, where achieving high two-phase
heat transfer effectiveness and exit vapor quality represents the best

Table 3
Thermal performance at near CHF for different flow rates.

use of the capabilities of the capillary-based micro-cooler. For higher
flow rates, ?meNB increases, while the two-phase heat transfer effec-
tiveness sharply decreases as the contribution of the single-phase cool-
ing increases. This is attributed to the fact that the contribution from
two-phase heat transfer remains nearly constant. The overall thermal
resistance of the micro-cooler is dramatically reduced to 0.18 cm? °C
W™, owing to the increased contribution by sensible heat transfer at
higher flow rate.

Fig. 6 depicts the temperature profiles of the CIO wall for different
inlet flow rates at the heat flux levels of q” ot g and q” cur. The CIO wall
temperature profiles are derived from the IR data over the 0.5 cm x 0.5
cm heater area by subtracting the temperature drop across the silicon
substrate at each pixel. At the heat flux level of " ;o1 ng (just below the
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Fig. 6. 2D temperature profiles of the base (CIO side) that is derived from the measured IR images of the heater using Eq. (2). The profiles are presented at the
maximum heat flux just before dry-out and at the heat flux where local hot spots begin to form, for different inlet flow rates used in the experiment. Note that the 2D
temperature profiles of two-phase boiling are very similar, regardless of the flow rates, further confirming the results depicted in Fig. 5(c).

CHF), as the inlet flow rate is increased from 1.5 g(min)’1 tol5 g
(min)~%, no significant increase in temperature is observed, despite the
approximately two-fold increase in the total heat flux. This suggests that
capillary-fed boiling is happening over the entire area of the CIO layer,
which is not significantly impacted by the flow rate. In terms of the
temperature distribution, the following features are noted: (a) the colder
regions at the top and bottom of the image correspond to the availability
of excess cold inlet liquid near the inlet plenums, (b) two (relatively)
symmetric hot spot regions appear on the center-left and center-right of
the chip. These could be attributed to variations in the gap spacing be-
tween the CIO wick and the silicon microchannels (dgap ~ 10 pm), as
depicted in Fig. 4(b) and 5(b), which could result in non-uniform supply
of water due to a complex balance of capillary-fed liquid within the CIO
wick and the microchannels. It is noted that the 3D manifold is secured
but not directly bonded onto the CIO wick, which provides a great
advantage in terms of the mechanical reliability of the micro-cooler. The
temperature profiles in the second row show the representative snap-
shots of the local hot-spots (dark red color) just before the dry-out
condition happens. These hot spots propagate rapidly across the heat-
ed area before the power supply is automatically turned off. The 2D
temperature profiles at the stages of complete dry-out are presented in
Fig. S1 in the Supplementary Information.

To gain further insight into the two-phase capillary-fed boiling and
dry-out process, as well as flow patterns and bubble dynamics, we use
the high-speed camera to capture a series of snapshot images at different
flow rates and heat flux levels, as shown in Fig. 7. We present images at
various CIO temperature levels: (1) prior to saturation temperature, (2)
after saturation temperature, (3) half-way between saturation and dry-
out temperatures, and (4) at the dry-out temperature. For each flow
rate tested, ranging from 1.5 g(rnin)’1 to 15 g(min)’l, the data does not
exhibit significant boiling prior to reaching the saturation temperature,
which corresponds to the first column of images in the figure. Never-
theless, the incipience of bubble formation is observed, which is due to
the degassing of liquid water. Beyond the saturation temperature,
particularly at lower flow rates ranging from 1.5 to 5 g(min) !, turbu-
lent mixing of the supplied liquid becomes evident due to vigorous
boiling. However, at higher flow rate ranging from 10 to 15 g(min) !,
this turbulent mixing is absent. It is inferred that at elevated flow rates,
the large momentum of the liquid flow is not significantly affected by the
vapor at low heat flux. Furthermore, small bubbles escaping from the
wick are observed through the liquid film, compared to the cases at the
heat fluxes before and after the saturation temperature. For low inlet
flow rates ranging from 1.5 to 5 g(min) "}, and at higher heat flux levels
up to the CHF (3rd and 4th columns of the image set in Fig. 7), no excess
liquid is observed in the open channels, which confirms the exit vapor
quality is nearly one, and capillary-fed boiling prevails within the wick.

For high flow rates ranging from 10 to 15 g(min) !, a large volume of
vapor interacts with a large volume of excess liquid, resulting in the
breakup and swift removal of the thick excess liquid film from the sur-
face of the wick. We designate the term “shallow liquid film boiling”
regime to represent a hybrid single/two-phase boiling with very small
superheat (< 10 °C), in contrast with the large bubble formation
observed in typical pool boiling tests, which often lead to large super-
heat (> 10 °C) [25,31]. We also captured snapshots of the near-dry-out
phase where a complete liquid depletion in the CIO wick is observed for
low flow rates. However, for high flow rates, there is plenty of subcooled
liquid present even under dry-out conditions. The 2D temperature pro-
files corresponding to the high-speed camera snapshot images in Fig. 7
are depicted in Fig. S3.

To better understand the underlying mechanisms of heat and mass
transfer within the cooler, we present cross-sectional illustrations that
qualitatively show the liquid flow and boiling dynamics, as seen in Fig. 7
(b-d). The color code for each illustration corresponds to the flow and
heat transfer regimes depicted in the high-speed camera images. At low
heat flux level, just before the onset of nucleate boiling (ONB) and near
saturation temperature, the single-phase liquid coolants approximately
follow distinct flow paths depicted by yellow arrows, removing heat
from the CIOs, and eventually being moved sideways into drainage areas
in the sample holder. Previous studies on single-phase liquid micro-
coolers utilizing microchannel manifolds have demonstrated that an
increase in flow rate leads to reduced thermal resistance of convective
heat transfer [30,37]. This observation is attributed to the high flow
velocity over the CIO surface, which in turn reduces the thermal
boundary layer thickness and improves the heat transfer coefficient.
These are consistent with our experimental results that show an increase
in heat flux from 78 W cm ™2 to 235 W em ™2 in the first column of Fig. 7
(a). At small inlet flow rates in combination with high heat flux levels,
most of the supplied liquid is vaporized within the wick, as illustrated in
Fig. 7(c). The inlet liquid flow rate is balanced with the vaporization rate
of water within the CIO wick (vapor quality ~1). This is visually verified
by the high-speed camera snapshots in Fig. 7(a), color-coded in
magenta. When the flow rate exceeds the wicking capacity of the CIO
layer, an interesting heat and mass transfer scenario occurs where a
shallow liquid pool boiling regime prevails, as depicted in Fig. 7(d). It is
postulated that the excess liquid flow is ejected through the gap between
the CIO and the microchannel, indicated by yellow-colored arrows. The
resulting shallow pool is expected to negligibly affect nucleate boiling
within the CIO. This has been visually verified through high-speed
camera images that capture the shallow pools splashed by vapor. It
should be noted that the vaporization rate of water remains consistent
across varying flow rates, as detailed in Table 3. At heat flux levels near
the CHF point, corresponding to the fourth column of the high-speed
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Fig. 7. (a) Representative snapshot images captured using high-speed camera for different heat fluxes and inlet flow rates. For each flow rate, the heat flux value is
chosen (Tbase,CIO = 99-100 °C) prior to and (Tbase,CIO = 101-102 °C) after the water saturation temperature at the CIO base, in the middle of boiling (Tbase,CIO =
105-107 °C), near q” oraing, and finally during dry-out. The key hydrodynamic characteristics observed in the images are as follows: First column, there is no
significant boiling; second column, turbulent mixing of liquid due to vigorous boiling at low flow rates, while, at higher flow rates, the turbulent mixing is absent and
small bubbles escaping from the wick are observed through the liquid film; Third and Fourth columns, the negligible excess liquid exits out of the gap between the
neighboring microchannels of the 3D manifold at low flow rates. At high flow rates, flow instability and shallow pool boiling prevails, while the CIO is not fully
covered by the thick liquid film due to vapor escaping from the wick. Fifth column images show the liquid depletion over the entire heated area during the dry-out
process. (b-e) Illustrations that show the scenarios of heat and mass transfer corresponding to the high-speed camera images in (a). The color codes - blue, magenta,
red, and gray from (b) to (e) - correspond to single-phase heat transfer, capillary-fed boiling, boiling with a shallow pool, and dry-out, respectively. These color codes
represent the heat and mass transfer scenarios observed in the speed-camera images, which are color-coded in the same way in (a). (For interpretation of the ref-
erences to color in this figure legend, the reader is referred to the web version of this article.)
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camera images in Fig. 7(a), this consistency also suggests that boiling
within the CIO wick is independent of the inlet liquid flow rate and the
total heat transfer rate is the sum of sensible and latent (boiling) heat
transfers. Lastly, Fig. 7(e) describes the dry-out condition of the wick,
where the large volume of vapor within the wick impedes the re-wetting
process. This leads to a complete dry-out of the CIO wick. Such mech-
anisms have been confirmed by several previous studies [38-41].
Moreover, the high speed camera images in the last column in Fig. 7(a)
capture clear indications of extensive dry areas. The IR images presented
in Fig. S3 further depict the rapid spread of local hot spots.

7. Conclusions

In summary, a capillary-assisted two-phase microfluidic cooler is
demonstrated by combining a 3D silicon microchannel manifold and a
porous copper wick structure. We use microfabrication techniques to
fabricate the silicon-based microchannel manifold and cold plate with
the 0.5 cm x 0.5 cm integrated heater at the backside of the chip. The
microporous CIO wick structure having the same area as the heater is
fabricated on the cold plate chip. The thermal performance of our micro-
cooler is experimentally characterized. To understand the operation
mechanism of the micro-cooler, we performed a detailed analysis of heat
and mass transfer and boiling dynamics by using high-resolution IR
camera and high-speed camera imaging. The experimental results are
corroborated by a novel finite element model, which captures the
intricate heat and mass transfer involving phase change in porous media
along with single-phase liquid flow.

The optimal overall (pumpless) performance was achieved at the low
flow rate of 1.7 g(min)’l, where the heat transfer coefficient ~ 0.33 MW
m2°Cc! (corresponding to Fz,(p ~0.03 cm?°C W™!) was achieved at
the two-phase component of total heat flux ~ 250 W cm 2, and the two-
phase heat transfer effectiveness or vapor exit quality ~ 1, signifying
complete vaporization of water across the wick. In capillary-enhanced
two-phase cooling systems, the “coolant” should be delivered as close
as possible to its saturation temperature (100 °C for water), which al-
lows for energy-efficient operations in data centers by reducing the
energy needed to chill the coolant. A higher CHF reaching 485 W cm ™2 is
demonstrated by increasing the inlet mass flow rate to 15 g(min) L. This
increase in CHF is attributed entirely to the additional contribution of
single-phase heat transfer to the contribution of two-phase heat transfer,
which decreases two-phase heat transfer effectiveness to ~ 0.13.

The findings presented in this study are important for the reliable
operation of high-heat-flux electronics with high cooling efficacy while
minimizing associated costs for the electronics cooling. Furthermore,
they offer key insights into the design and optimization of capillary-
enhanced two-phase cooling technologies. Future research focuses on
enhancing the boiling heat transfer coefficient by engineering the wick
structure and by area scaling of the microcooler to 1 to 9 cm?, without
diminishing the overall cooling performance.
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