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Thermal and Manufacturing
Design Considerations for
Silicon-Based Embedded
Microchannel-3D Manifold
Coolers (EMMCs): Part 1—
Experimental Study of
Single-Phase Cooling
Performance With R-245fa
High performance and economically viable cooling solutions must be developed to reduce
weight and volume, allowing for a wide-spread utilization of hybrid electric vehicles. The
traditional embedded microchannel cooling heat sinks suffer from high pressure drop due
to small channel dimensions and long flow paths in two-dimensional (2D) plane. Utilizing
direct “embedded cooling” strategy in combination with top access three-dimensional
(3D) manifold strategy reduces the pressure drop by nearly an order of magnitude. In
addition, it provides more temperature uniformity across large area chips and it is less
prone to flow instability in two-phase boiling heat transfer. This study presents the experi-
mental results for single-phase thermofluidic performance of an embedded silicon micro-
channel cold plate (CP) bonded to a 3D manifold for heat fluxes up to 300 W/cm2 using
single-phase R-245fa. The heat exchanger consists of a 5� 5 mm2 heated area with 25
parallel 75� 150 lm2 microchannels, where the fluid is distributed by a 3D-manifold with
four microconduits of 700� 250 lm2. Heat is applied to the silicon heat sink using electri-
cal Joule-heating in a metal serpentine bridge and the heated surface temperature is
monitored in real-time by infrared (IR) camera and electrical resistance thermometry.
The maximum and average temperatures of the chip, pressure drop, thermal resistance,
and average heat transfer coefficient (HTC) are reported for flow rates of 0.1, 0.2. 0.3,
and 0.37 L/min and heat fluxes from 25 to 300 W/cm2. The proposed embedded
microchannels-3D manifold cooler, or EMMC, device is capable of removing 300 W/cm2

at maximum temperature 80 �C with pressure drop of less than 30 kPa, where the flow
rate, inlet temperature, and pressures are 0.37 L/min, 25 �C and 350 kPa, respectively.
The experimental uncertainties of the test results are estimated, and the uncertainties are
the highest for heat fluxes< 50 W/cm2 due to difficulty in precisely measuring the fluid
temperature at the inlet and outlet of the microcooler. [DOI: 10.1115/1.4047846]

Keywords: embedded microchannels, 3D-manifold, single-phase R-245fa, infrared (IR)
measurement

1 Introduction

Effective liquid thermal management solutions are required as
the power densities for modern power electronics have increased
considerably over the past decades. Tuckerman and Pease [1]
reported a microscale, straight channel heat exchanger that could
remove �800 W/cm2 with hydraulic diameter of �90 lm; how-
ever, there were excessive pressure drop, ranging from 100 to
215 kPa.

A combination of microchannels with three-dimensional (3D)
manifold routing (vertical liquid delivery and distribution scheme)

has been proposed to overcome the large pressure drop in conven-
tional lateral liquid feeding approach [2–9]. This approach is pre-
ferred because the smaller hydraulic diameter yields improved
thermal performance; however, the out-of-plane liquid delivery to
each channel results in shorter paths for liquid, thus reducing the
pressure drop compared to the conventional microchannel heat
exchangers. Drummond et al. [2,3] developed and tested a micro-
channel heat exchanger with multilayer hierarchical manifolds
using R-245fa that removed heat flux up to �1 kW/cm2 with ther-
mal resistance of 0.07 cm2-K/W, and pressure drop from 50 to
120 kPa [3] for two-phase heat transfer. Cetegen [4] also utilized a
similar heat exchanger architecture, called forced-fed microchan-
nel heat sink (FFMHS), using R-245fa as the working fluid. The
cooling performance of the optimized FFMHS was 72% and
306% more effective than traditional microchannel heat sinks, and
jet impingement heat sinks, respectively. The maximum heat flux
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removable from the module was �1.2 kW/cm2 with the thermal
resistance of 0.06 cm2-K/W. The reported pressure drop ranged
from a few kPas to 60 kPa for two-phase cooling. Cooligy, a Stan-
ford Startup Company developed and commercialized a heat sink
that uniformly distributes the working fluid to normal direction of
a microfluidic heat exchange part [5]. The design of the microflui-
dic heat exchange part is flexible by having either microchannels,
micropin-fins, or microporous foams [6]. Zhou et al. [8] from
Toyota Research Institute of North America tested two chip-scale
cooling devices, a straight microchannel cooler and a unit cell
microchannel with jet impingement cooler, in single-phase water.
The unit cell microchannel device removed the maximum heat
flux of 1.02 kW/cm2 with a measured pressure drop of 41.2 kPa,
which showed superior thermal-fluidic performance to the straight
microchannel device [10].

This paper, the first of trilogy published at the ASME Journal
of Electronic Packaging, reports an experimental investigation of
cooling performance in an embedded microchannel-3D manifold
cooler (EMMC), using single-phase R-245fa. The second paper
provides a parametric study of cooling performance of the
EMMCs using computational fluid dynamics (CFD) modeling
[11], and the last volume addresses the manufacturing challenges
using laser ablation process [12].

In this study, four different flow rates are tested from 0.1 to
0.37 L/min with the inlet fluid temperature of 25 �C and heat
fluxes up to 300 W/cm2. The parameters of interest to describe
the thermofluidic performance are heated surface temperature,
inlet/outlet fluid temperatures, thermal resistances, heat transfer
coefficients (HTCs) at the cold-plate (CP) microchannel walls,
and pressure drops. In Sec. 4, and Appendices A2 and A3, these

parameters are carefully described, then experimental data and
uncertainties are reported. The temperature distribution over the
5 mm� 5 mm heated area is measured using a high spatial resolu-
tion infrared (IR) camera, the maximum and average temperatures
are reported. The experimental uncertainties of the test results are
calculated, and the uncertainties are the highest for heat fluxes
<50 W/cm2 due to difficulty in precisely measuring the fluid tem-
perature at the inlet and outlet of the microcooler.

2 Experimental Method

2.1 Design of Embedded Microchannel-3D Manifold
Cooler. The EMMC consists of two parts: a CP and a fluid mani-
fold substrate. Anisotropically etched microchannels are defined
on one side of the CP, and a serpentine Au/Ti heater is deposited
on the other side of the CP. Likewise, inlet openings, inlet ple-
nums, and inlet/outlet conduits are anisotropically etched into the
manifold substrate from both sides.

Figure 1(a) describes the working principle of the EMMC. The
fluid is supplied through the fluid inlet openings (1) from the
backside of the manifold substrate and it is uniformly distributed
within the inlet plenums (2). The distributed fluid passes the grad-
ual contraction region (between 2 and 3) and keeps flowing
through the inlet conduits (3) until it reaches to the intersections
between the manifold inlet conduits and the CP microchannels
(between 3 and 4). At the intersection, the fluid is diverged and
the partial fluid moves toward the CP microchannels’ heated sec-
tion by making a 90 deg-turn. The diverged fluid proceeds along
the CP microchannels and heat is transferred from the CP

Fig. 1 Conceptual design of an embedded microchannel-3D manifold (EMMC); (a) rep-
resentation of the fluid flow pattern inside the EMMC and (b) a SEM image of cross-
sectional view of the actual EMMC device
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microchannels’ surface to the fluid until it exits through the adja-
cent manifold outlet conduits (4) by making another 90 deg turn.
The nondiverged fluid at the intersection keeps flowing along the
manifold inlet conduits until it reaches to the next intersection and
the same flow pattern as described earlier is repeated. Figure 1(b)
is SEM images of a fabricated test sample that show the place-
ment of CP microchannel, manifold inlet/outlet conduits and
depicts how the 90 deg-turns are made inside of the device with
3D arrows.

Important geometric parameters are introduced in Fig. 2.
The key dimensions to describe the geometry of a Ti/Au
serpentine heater (20 and 500 nm of thickness, respectively), CP

microchannels, and microstructures in the manifold are listed in
Table 1.

2.2 Calibration of Infrared Measurement. A FLIR A-
655sc IR camera is used to measure the heated surface tempera-
ture in real-time. The hotspot area is coated with black spray paint
and the emissivity of the painted surface is determined by compar-
ing the surface temperature measured by IR camera to the surface
temperature measured by electrical resistance thermometry
method.

Figure 3(a) shows the schematic of the IR measurement setup
and calibration process. The fluid is heated up by the preheater
installed before the test section, where the working fluid is
pumped at high flow rates. The inlet and outlet fluid temperatures
are measured by two calibrated K-type thermocouples, the aver-
age of the inlet and outlet temperatures, Theater,avg, were used as
reference point for IR thermometry calibration. The electrical
resistance of the heater is also calibrated independently in an
oven, and along with the average reference temperature (in agree-
ment within 1 �C) are used to estimate the emissivity (�0.95) of
the chip surface (see Fig. 3(b)). Figure 3(c) shows typical IR
images for the maximum removable heat flux, 298 W/cm2 at the
flow rate of 0.37 L/min. In this paper, the average heater surface
temperature is measured by both electrical resistance thermometry
and compared with the average IR temperature.

3 Theoretical Analysis

3.1 Data Reduction. The metal serpentine heater is powered
by Joule heating, qheater, and it is calculated by multiplying the
voltage drop across the heater, DVheater, and the current flowing
through the heater, Iheater

Fig. 2 Geometric parameters of microfeatures in (a) serpentine heater, (b) cold plate, and
(c) 3D-manifold

Table 1 Dimensions of structures in the cold plate and the
manifold

Substrate Structures Parameters Dimensions

Cold plate Microchannel Hcp 75 lm
Wcp 150 lm

Wcp,fin 50 lm

Serpentine heater Wheater 250 lm
Wheater,gap 125 lm

Manifold Inlet conduit Hmani,in 700 lm
Wmani,in 250 lm

Wmani,wall 85 lm

Outlet conduit Hmani,out 1000 lm
Wmani,out 830 lm

Inlet plenum Wgc,in 1.24 mm
Lgc 1.45 mm

hcone 37.70 deg
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qsupply ¼ DVheater � Iheater (1)

The supplied heat is transferred from the metal layer to the bulk
Si, to the R-245fa dielectric working fluid. The net heat trans-
ferred to the fluid, qtrans, is estimated by observing the sensible
heat change of the fluid

qtrans ¼ qsupply � qloss ¼ _m �
ðTf;out

Tf;in

Cp Tð ÞdT ¼
Xn

i¼1

dqtrans;i (2a)

dqtrans;i ¼ _m � Cp;i þ Cp;iþ1

2
� Tf ;out � Tf ;in

n
; n ¼ Tf;out � Tf;in

dT

(2b)

where Cp is the saturated specific heat of single-phase R-245fa and
it is temperature-dependent. If we define the finite interval of tem-
perature, dT, as 0.1 �C, the number of intervals between Tf,out and
Tf,in, n, is determined and the finite qtrans at ith interval, dqtrans,i, can
be calculated. The numerical integration of dqtrans,i is the overall
transmitted heat to the working fluid. Since the heater is made of
pure metal layers, Ti and Au, the resistance of the heater, Zheater, is
linearly changed as the heater temperature is changed

Theater;avg ¼ T0 þ
Zheater � Z0

a � Z0

(3a)

Zheater ¼
DVheater

Iheater

(3b)

where T0 is the room temperature, Z0 is the heater resistance at the
room temperature, and a is the temperature coefficient of resist-
ance (TCR) of the heater.

The cooling performance of the EMMC can be described by the
total thermal resistance, Rtotal, and it consists of multiple terms

Rtotal ¼ Rcond þ Rconv þ Radv ¼
Theater;avg � Tf;in

q00trans

(4a)

Rcond ¼
Theater;avg � Tcp;base;avg

q00trans

(4b)

Rconv ¼
Tcp;base;avg � Tf;ref

q00trans

(4c)

Radv ¼
Tf;ref � Tf;in

q00trans

(4d)

where Rcond is the conduction thermal resistance in solid sub-
strates, Rconv is the convection thermal resistance between the CP
microchannel wall and the working fluid, and Radv is the advection
thermal resistance that indicates the increase in the average tem-
perature of the fluid.

The HTC is defined as a convective heat transfer rate at the CP
microchannel walls and it is expressed as

HTC ¼ qtrans

go � Tcp;base;avg � Tf;refð Þ � Awet

(5)

where go is the overall fin efficiency, Tcp,base,avg is the average
temperature of the CP channel base that is calculated by conduc-
tion resistance across the metal/Si layers, Tf,ref is the average fluid
temperature between inlet and outlet, and Awet is the wetted area
of the CP microchannels

Fig. 3 Description of the IR calibration procedure: (a) conceptual image of the IR measurement setup, (b)
determination of the emissivity of the black body, emissivity of 0.95 performs best among others, and (c) typi-
cal IR images showing surface temperature distribution of the heated surface from perspective and top views
for 298 W/cm2, single-phase R-245fa at flow rate of 0.37 L/min, the maximum and average heat temperatures
are 80.5 �C and 69.5 �C, respectively

031117-4 / Vol. 142, SEPTEMBER 2020 Transactions of the ASME

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/142/3/031117/6558209/ep_142_03_031117.pdf by C

hung-Ang U
niversity user on 05 M

arch 2021



Tcp;base;avg ¼ Theater;avg � q00trans �
X

i

di

ki
(6a)

Tf;ref ¼
Tf;in þ Tf;out

2
(6b)

go ¼ 1� Ncp � Afin

Awet

� 1� gfinð Þ (6c)

where Ncp is the number of CP microchannels and gfin is the fin
efficiency defined as

gfin ¼
tanhðm � HcpÞ

m � Hcp

; m ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2 � HTC

kSi �Wcp;fin

s
(6d)

The HTC is first calculated by assuming the fin efficiency of unity
in Eq. (6c). After then, the fin efficiency is iterated until the HTC
is converged. In this paper, the calculated go for all flow rates and
heat fluxes is �99%.

The total pressure drop in the EMMC, DPtotal, is described as
follows:

DPtotal ¼ DP1 þ DP2 þ DP3 þ DP4 ffi DP2 þ DP3 (7)

where DP1 is the pressure drop from the inlet openings to the inlet
plenums, DP2 is the pressure drop within the gradual contraction
regions, from the end of the inlet plenums to the beginning of the
active cooling region, DP3 is the pressure drop where the convec-
tive heat transfer occurs, DP4 is the expansion pressure drop after
the fluid exits through the manifold outlet conduits. According to
the CFD simulations by Jung et al. [7], the fluid across the mani-
fold inlet conduits is uniformly distributed. In addition, it was
concluded that the sum of DP1 and DP4 contributes to less than
5% of DPtotal based on conjugate CFD simulation results. A rough
estimation of the DP2 and DP3 values is outlined in Appendix A2.

3.2 Uncertainty Study. Seven important parameters to inves-
tigate the thermofluidic performance of the EMMC are expressed
by Eqs. (1)–(7). In order to estimate the uncertainties of these
parameters, sources of measurement uncertainties are needed and
they are listed in Table 2. The detailed expression of each parame-
ter’s uncertainty is described in Appendices A2 and A3.

4 Results and Discussion

4.1 Surface Temperature. Figure 4 describes the behavior
of average heated surface temperature as the flow rate and the sup-
plied heat are changed. The average surface temperatures, Theater,-

avg, versus total pressure drops, DPtotal, for supplied heat fluxes,
qheater, from 25 to 300 W/cm2 are depicted in Fig. 4(a). As
expected, the average temperature increases with the increased
qheater, and decreases with the increased flow rates. In addition,
the onset of nucleate boiling (ONB) is delayed as the flow rate
increases. Figure 4(b) depicts the measured Theater,max, Theater,avg,

Tf,out at a constant flow rate of 0.3 L/min, and they all increase lin-
early with the increase heat flux as expected for single-phase flow.
The measured average temperature of the heater using IR and
electrical resistance thermometry method agrees well with each
other.

In addition, the inlet pressure is changing as the flow rate
increases from 0.1 to 0.37 L/min; therefore, the saturated fluid
temperature at the outlet (see Table 3) also increases due to a
combination of the total pressure drop and the inlet pressure shift.
In Appendix A1, we take the pressure shift into account for the
analytic estimation of the ONB points.

4.2 Thermal Resistances. Figure 5 shows that for a given
heat flux, the total thermal resistance, Rtotal, decreases with the
increased flow rate. More specifically, both the convection and the

Table 2 Sources of measurement uncertainties for data analysis

Components Affected parameters Accuracy

Thermocouple (K-type) T0, Tf,in, Tf,out 60.1 �C
HP34401A multimeter DVheater, Iheater 60.1%
Temperature coefficient of resistance, Aua a 60.1%
Micro motion CMFS010 Coriolis mass flow meter Qtotal 60.10% of rate (liquid)
Omega PX2300-5DI DPtotal 60.25% root sum square full scale (full scale: 0–5 psi)

aTemperature coefficient of resistance, or TCR, of Au is the material’s property, but it can be differed by deposition conditions. The measured TCR of
Au heater is 0.0033/� C, which is close to the reported TCR of Au bulk [13].

Fig. 4 Experimental results, (a) Theater,avg versus DPtotal, the
supplied heat and the fluid flow rate are up to 300 W/cm2 and
0.37 L/min, respectively and (b) measured temperatures versus
supplied heat flux at a given flow rate of 0.3 L/min, open marker
represents the ONB or two-phase regime (see Appendix A1 for
details)
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advection thermal resistances, Rconv, Radv, are decreasing because
of the reduced microchannel base temperature, Tcp,base,avg, and the
reduced fluid temperature, Tf,ref, respectively (Eqs. (4a)–4(d)). At
higher flow rate, the rate of reduction in the total resistance Rtotal

decreases since the Rconv�Re�1/2, and as we approach the con-
duction resistance limit of Rcond� 0.04 cm2-K/W (due to 400 lm
thick silicon substrate). Therefore, further reduction in Rtotal by
increasing the flow rate higher than 0.37 L/min should not be
expected.

The Rtotal at a given flow rate increases as the supplied heat flux
increases, which is somewhat counterintuitive and unexpected.
The uncertainty bars for the 25 W/cm2 are large because the error
associated with the temperature difference between the inlet fluid
and average chip temperature (�3–5 �C). At higher heat fluxes
50–200 W/cm2, the thermal resistance data are closer and small
differences can be partially attributed to the temperature-
dependent thermophysical properties of R-245fa. More details are
presented and discussed in Fig. 6. In general, CFD modeling at
low heat fluxes and high flow rates is recommended due to large
uncertainty in the experimental results. There seems to be a sys-
tematic error in calculation of the net heat transferred to the fluid,
qtrans, at low heat fluxes of 25–50 W/cm2. For the microchannel
with 3D-manifold, it is extremely hard to get access to the inlet
and outlet plenums in order to insert thermocouples for measuring
the inlet and outlet temperatures. As a result, the thermocouples
are located at some distance away in the sample holder, and there-
fore susceptible to error associated with the heat loss from the
fluid at the exit and heat gain at the entrance. Therefore, it is
expected to see larger (and possibly systematic) error in calcula-
tion of qtrans, at the low heat fluxes. We have decided to share the
thermal resistance results in order to demonstrate low fidelity
results to be expected at low heat fluxes.

In Fig. 6, the total thermal resistance, Rtotal, and contributing
components are plotted as a function of applied heat flux at the
fixed flow rate of 0.3 L/min. As expected, Rcond and Radv are
nearly constant as the supplied heat flux increases. Such large
increase in Rconv (and thus Rtotal) with heat flux is not expected
but could be partially attributed to the temperature-dependent

thermophysical properties of R-245fa, see Table 4. Both Pr and kf

decrease as the supplied heat flux increases; therefore, increasing
trend in the thermal resistance would be expected but cannot
explain the large variation in HTC between 50 and 250 W/cm2.
As we discussed, this is due to larger uncertainty in measurement
of inlet and outlet fluid temperatures that are used in calculation
of net heat transferred to fluid, qtrans.

The size of Rtotal and Rconv uncertainty bars decreases as the
supplied heat flux increases because the main sources of Rtotal and
Rconv uncertainties are (UTheater;avg

=q00transÞ, ðUTcp;base;avg
=q00transÞ, respec-

tively (refer to Eqs. (A11) and (A12) in Appendix A3); therefore,
both of the uncertainties decrease as the q00trans increases. Detailed
description regarding the uncertainty calculation of the thermal
resistances is discussed in Appendix A3.

4.3 Heat Transfer Coefficients. Heat transfer coefficients of
the tested sample, HTCs, are estimated by Eq. (5), and plotted in
Fig. 7. In Fig. 7, HTC increases with the increased Qtotal. In single
phase, HTC increases with the increased fluid flow rate. The
uncertainty bars for the 25 W/cm2 are large but at higher
heat fluxes 50–200 W/cm2, the HTC data are closer and small dif-
ferences can be partially attributed to the temperature-dependent

Table 3 Gradual increase in the saturated fluid outlet
temperature

Flow rate
(L/min)

Range of
Pin (kPa)

Range of
Pout (kPa)

Saturated fluid outlet
temperature (�C)

0.1 219–224 216–221 35.9–36.6
0.2 235–241 225–230 38.1–38.7
0.3 254–267 233–247 40.4–41.9
0.37 332–358 303–329 48.8–51.2

Fig. 5 Behavior of total thermal resistance as the flow rate
changes and the supplied heat flux changes is presented by
Rtotal versus Qtotal. Numbers next to the markers are Theater,avg.

Fig. 6 Thermal resistances versus supplied heat flux at 0.3 L/
min flow rates; open marker represents the ONB or two-phase
regime

Table 4 Prandtl and Reynolds numbers, and thermal conduc-
tivity of R-245fa at given heat fluxes with 0.3 L/min flow rate

q00heater (W/cm2) Pr Re kf (W/m-K)

51 6.00 739 0.0898
73 5.98 741 0.0897
100 5.97 743 0.0896
153 5.94 750 0.0894
201 5.91 756 0.0892

Fig. 7 The measured HTC at the cold-plate microchannel walls
versus flow rate, the overall fin efficiency is from 98.4 to 99.4%
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thermophysical properties of R-245fa. The size of the HTC uncer-
tainty, UHTC, increases with the increased fluid flow rate, Qtotal, at
constant q00heater because the temperature difference between the
microchannel base, Tcp,base,avg, and the average fluid temperature,
Tf,ref, decreases with the increased Qtotal (refer to Eq. (A13) in
Appendix A3).

4.4 System Pressure Drop. Some general descriptions
regarding the changing trends of the pressure drop can be stated as:

(i) The total pressure drop increases with the increased flow
rate,

(ii) the total pressure drop decreases as the supplied heat flux
increases because the dynamic viscosity of the coolant
decreases with the increased fluid temperature.

In Fig. 8(a), the resulting plot shows that the change in DPtotal,
DP2,est, and DP3,est at a supplied heat flux of 100 W/cm2. The
experimental pressure drop results are compared with the CFD
simulation results. As we discussed in the Sec. 3.1 part, DP1 and
DP4 are less than 5% of DPtotal and the estimation of DP2 and
DP3, DP2,est, and DP3,est, respectively, can be obtained using
the Bernoulli equation with kinetic energy correction factors (see
Eqs. (A1)–(A3) in Appendix A2). By checking DP2 and DP3 val-
ues from the CFD results, we are able to calculate the kinetic
energy correction factors in the Bernoulli equation, and these esti-
mated kinetic energy correction factors are used to calculate
DP2,est and DP3,est of the experimental results.

The values of the DP2,est, DP3,est and other important fluidic
conditions for the estimation are listed in Table 5. The pressure
drop results from the CFD simulations are within the uncertainty
of the experimental pressure drop results (Figs. 8(a) and 8(b)).
Since the flow regime of interest in this paper is single-phase, the
DPtotal only changes less than 4% before it changes to two-phase
(Fig. 8(b)). Finally, the size of uncertainty bars in DP2,est, and
DP3,est increases as the flow rate increases. The details regarding
calculation of DP2,est, and DP3,est and their uncertainties are
described in Appendix A2.

Figure 9 shows the change of measured total pressure drop at
the flow rate of 0.3 L/min. As the supplied heat increases, the total
pressure drop slowly decreases because the dynamic viscosity of
the coolant decreases with the increased fluid temperature. After
the onset of nucleate boiling is visually observed at the heat flux
of 254.0 W/cm2, the gradual decrease in the total pressure drop is
levels off and DPtotal starts to increase as the heat flux increases.
As the heat flux increases after the ONB event, the amount of gen-
erated vapor keeps increasing and this phenomenon leads to the
drastic increase in the total pressure drop.

5 Conclusions

In this paper, we reported experimental results for the thermo-
fluidic performance of the embedded microchannel-3D manifold
cooler using R-245fa as the working fluid. The EMMC is capable
of removing up to 300 W/cm2 with pressure drop �28.7 kPa, total
thermal resistance of �0.15 cm2-K/W using single-phase R-245fa

Fig. 8 Pressure drop results from the experiments are compared with the conjugate CFD simulation results.
The total pressure drops from the CFD simulations are within the error of the total pressure drops from the
experiments. (a) Pressure drops versus flow rate at a constant heat flux of 100 W/cm2. (b) The total pressure
drop results are plotted as a function of supplied heat flux. Since the tested fluidic flow is single-phase, change
in the total pressure drop is less than 4%.

Table 5 Rough estimation of fluid velocities and Reynolds numbers within the gradual contraction region at the constant heat
flux of 100 W/cm2

Flow rate (L/min) v1 (m/s) v2 (m/s) Re1 Re2 DP2,est (kPa) DP3,est (kPa)

0.2 4.78� 10�1 2.37� 10 1.41� 103 2.88� 103 4.60� 10 5.25� 10
0.3 7.19� 10�1 3.57� 10 2.13� 103 4.34� 103 1.01� 101 9.84� 10
0.37 8.88� 10�1 4.41� 10 2.63� 103 5.36� 103 1.51� 101 1.24� 101

Fig. 9 Total pressure drop versus supplied heat flux. The void
markers indicate that the flow regime is changed to two-phase.
Inlet pressure is between 254 and 283 kPa.
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at the flow rate 0.37 L/min. The average HTC at the highest heat
flux is �50,000 W/m2-K. As the fluid flow rate increases, the total
thermal resistance is reduced due to improved convective heat
transfer rate and reduced advection thermal resistance, while the
conduction thermal resistance remains constant because it is lim-
ited by substrate’s thickness and thermal conductivity.

The Rtotal at a given flow rate increases as the supplied heat flux
increases, which is somewhat counterintuitive and unexpected.
The uncertainty bars for the 25 W/cm2 are large because the error
associated with the temperature difference between the inlet fluid
and average chip temperature (�3–5 �C). At higher heat fluxes
50–200 W/cm2, the thermal resistance data are closer and small
differences can be partially attributed to the temperature-
dependent thermophysical properties of R-245fa. In general, CFD
modeling at low heat fluxes and flow rates is recommended due to
large uncertainty in the experimental results. There seems to be a
systematic error in calculation of the net heat transferred to the
fluid, qtrans, at the lowest heat flux of 25 W/cm2.

The experimentally measured pressure drop results are com-
pared with the conjugate CFD simulation results. The pressure
drop results show the general changing trends: (i) the total pres-
sure drop increases with the increased flow rate and (ii) the total
pressure drop decreases as the supplied heat flux increases due to
reduction in the dynamic viscosity of the coolant. Despite we do
not have any visual access inside of the EMMC, the pressure drop
in different zones of the EMMC can be estimated by the Bernoulli
equation. The kinetic energy correction factors from the CFD sim-
ulation results are implemented to the Bernoulli equation to esti-
mate experimental pressure drop in each EMMC zone. After all,
the pressure drop results from the CFD simulations that are within
the uncertainty of the pressure drop results from the experiments.

The 3D-manifold heat sink design makes access to the inlet and
outlet plenum with thermocouples extremely difficult for meas-
uring the inlet and outlet temperatures. As a result, the thermocou-
ples are located at some distance away and susceptible to error
associated with the heat loss from the fluid at the exit and heat
gain at the entrance. Therefore, it is expected to see larger (and
possibly systematic) error in calculation of qtrans, at the low heat
fluxes. We have decided to share the thermal resistance results in
order to demonstrate low fidelity results to be expected at low
heat fluxes. In order to improve the accuracy of the inlet and outlet
fluid temperature, we recommend IR thermometry at the inlet and
outlet plenum regions from the cold-plate/heater side.
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Nomenclature

Cp ¼ saturated specific heat (J/(kg-K))
g ¼ gravitational acceleration (m/s2)
h ¼ head loss in microchannel (m)
H ¼ height of microchannel (lm)

HTC ¼ heat transfer coefficient (W/(m2-K))
k ¼ thermal conductivity (W/(m-K))

Kgc ¼ coefficient of gradual contraction resistance
I ¼ current (A)
L ¼ length of microchannel (lm)
_m ¼ mass flow rate (kg/s)

Ncp ¼ number of microchannels in CP
n ¼ number of temperature intervals between Tf,in and

Tf,out

P ¼ pressure (kPa)

Q ¼ volume flow rate (L/min)
qheater ¼ supplied heat through the heater (W)

qloss ¼ heat loss during the heat transfer (W)
qtrans ¼ transferred heat to increase sensible heat of the

coolant (W)
q00 ¼ heat flux (W/cm2)
R ¼ thermal resistance ((cm2-K)/W)

Re ¼ Reynolds number
Tcp,base,avg ¼ average temperature of microchannel base in

CP (�C)
Theater,avg ¼ average heater surface temperature (�C)
Theater,max ¼ maximum heater surface temperature (�C)

U ¼ uncertainty
v ¼ fluid velocity (m/s)
V ¼ voltage (V)
W ¼ width of microchannel or fin(lm)

Zheater ¼ electric resistance of heater (X)
Z0 ¼ electric resistance of heater at room temperature (X)

Greek Symbols

a ¼ temperature coefficient of resistance
c ¼ kinetic energy correction factor

dT ¼ minute temperature interval to calculate sensible
heat of fluid (�C)

D ¼ difference
gfin ¼ individual fin efficiency
g0 ¼ overall fin efficiency
h ¼ angle (deg)
q ¼ fluid density (kg/m3)
/ ¼ contribution of DP2 and DP3 to DPtotal

Subscripts

adv ¼ advection
cond ¼ conduction
conv ¼ convection

cp ¼ cold-plate microchannel
est ¼ estimation

f ¼ fluid
fin ¼ fin between cold-plate microchannels

gap ¼ spacing between adjacent features
gc ¼ gradual contraction

out ¼ outlet
sat ¼ saturated

Appendix

A.1 Determination of Single-Phase Flow Condition by
Onset of Nucleate Boiling Correlation. We have calculated the
onset of nucleate boiling at each test condition by using the ONB
correlation from Ref. [14]. The shift in the inlet pressure with the
changed flow rate is taken into account for the estimation. The
estimated ONB points show good agreement with the visual
inspection points in Fig. 10. The uncertainty bar size is mainly
attributed to the uncertainty of average heated surface tempera-
ture. The measured maximum surface temperature is not used in
the ONB estimation because they are local hotspots at the center
and the heat is spread through thick Si bulk layer, 425 lm, that
has isometric thermal conductivity of 130 W/m-K. The estimation
matches well with the visually inspected ONB points.

A.2 Estimation of Pressure Drop and Its Uncertainty in
the Embedded Microchannel-3D Manifold Coolers. Jung et al.
[9] used a conjugate CFD simulation tool to predict the fluid pat-
tern inside the test system, and they reported that the experimental
results agreed well with the CFD simulation results within the
allowable uncertainty of the pressure drop. If we assume that the
working fluid is uniformly distributed across the manifold inlet
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conduits, we can calculate the fluid velocity at the beginning and
end of the gradual contraction region, v1, and v2, respectively
(Table 5),

P1

qing
þ c � v2

1

2g
¼ P2

qing
þ c � v

2
2

2g
þ hgc; hgc ¼ Kgc �

v2
2

2g
(A1)

DP2;est ¼ P1 � P2 ¼ c � qin v2
2 � v2

1

� �
2

þ qing � hgc (A2)

DP3;est ffi / � DPtotal � DP2; / ¼ 0:95 (A3)

where qin is the fluid density at the inlet fluid temperature, c is the
kinetic energy correction factor, 1.15–1.22, hgc is the hydraulic
head loss due to the gradual contraction, Kgc is the coefficient of
gradual contraction resistance, 5.5� 10�2 [15], v1, P1, are the
fluid velocity and pressure at the beginning of the gradual contrac-
tion region, v2, P2 are the fluid velocity and pressure at beginning
of the active cooling region. / is introduced in Eq. (A3), repre-
senting the contribution of DP2,est and DP3,est to DPtotal, which is
assumed as 95%. The kinetic energy correction factor, c, is 2
if the flow is fully developed, and laminar. If the flow is fully
developed, and turbulent, c is close to 1 [16]. By utilizing
Eqs. (A1)–(A3), we can roughly estimate the pressure drop within
the gradual contraction regions, DP2,est, and the pressure drop
within the active cooling region, DP3,est (Fig. 8). In Fig. 8, DP2,est

changes linearly, but DP3,est parabolically changes as the flow rate
increases. The estimated fluid velocities, the Reynolds numbers,
and the pressure drop information are given in Table 5

UDP2;est

� �2 ¼ q2
in �

c � v1 � Uv1ð Þ2 þ cþ Kgcð Þ � v2 � Uv2

� �2

þ v2
2

2
� UKgc

� �2

þ v2
2 � v2

1

2
� Uc

� �2

2
64

3
75
(A4)

UDP3;est

� �2 ¼
DPtotal � U/ð Þ2

þ / � UDPtotalð Þ2 þ UDP2;est

� �2

2
4

3
5 (A5)

where the sources of the uncertainty calculation in Eqs. (A4) and
(A5) are given in Table 6.

A.3 Detailed Description of Uncertainties. As qheater is cal-
culated by two measured values, DVheater, and Iheater, in Eq. (1),
the measurement error is considered to calculate the uncertainty
of qheater

Uqheaterð Þ2 ¼
Iheater � UDVheaterð Þ2

þ DVheater � UIheaterð Þ2

2
4

3
5 (A6)

the measurement errors, (UDVheater
=DVheaterÞ; ðUIheater

=IheaterÞ, are-
60.1% and the uncertainty of qheater is calculated to be 60.14%.
The uncertainty of the transferred heat, qtrans, is sum of the uncer-
tainty of dqtrans,i

Udqtrans;i

� �2 ¼ _m � Cp;i þ Cp;iþ1

2

� �2

�
dT �

U _m

_m

� �2

þ
UTf;in

n

� �2

þ
UTf;out

n

� �2

þ dT �
Un

n

� �2

2
666664

3
777775

(A7)

Uqtrans
¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiXn

i¼1

Udqtrans;i

� �2

s
(A8)

the uncertainty of the saturated specific heat of the fluid is not con-
sidered in Eqs. (A7) and (A8). As noted, the uncertainty of dqtrans,i

is proportional to mass flow rate in Eq. (A7).
The uncertainties of Theater,avg, Zheater are given by

UTheater;avg

� �2 ¼
UT0ð Þ2 þ

Zheater

a � Z0

� UZ0

Z0

� �2

þ UZheater

a � Z0

� �2

þ Zheater � Z0

a � Z0

� Ua

a

� �2

2
66664

3
77775 (A9)

UZheaterð Þ2 ¼
UDVheater

Iheater

� �2

þ Zheater �
UIheater

Iheater

� �2

(A10)

Based on Eq. (A9) and Table 5, the error in Theater,avg is less than
0.8 �C.

Fig. 10 Estimation of onset-of-nucleate boiling points for each
test case, ONB estimation versus supplied heat flux at given
flow rates. The dashed line indicates the threshold for ONB by
the correlation [14] and the open markers designate the empiri-
cally captured ONB moments.

Table 6 Sources to estimate the uncertainties of DP2,est, DP3,est

Components Affected parameters Accuracy

Kinetic energy correction factor, c DP2,est 65%
Gradual contraction resistance coefficient, Kgc DP2,est 65%
Proportion of (DP2þDP3) to DPtotal, / DP3,est 65%
Fluid velocities, v1, v2 DP2,est, DP3,est 65%
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The uncertainties of Rtotal and Rconv are expressed as

URtotalð Þ2 ¼

UTheater;avg

q00trans

� �2

þ
UTf;in

q00trans

� �2

þ Rtotal �
Uq00trans

q00trans

� �2

2
6664

3
7775 (A11)

URconvð Þ2 ¼

UTcp;base;avg

q00trans

� �2

þ
UTf;ref

q00trans

� �2

þ Rconv �
Uq00trans

q00trans

 !2

2
66664

3
77775 (A12)

As the supplied heat flux increases, the size of denominators on
the right side of Eqs. (A11) and (A12) increases. As a result, the
uncertainty of Rtotal and Rconv decrease with the increased heat
flux.

The uncertainty of HTC is given by

UHTC

HTC

� �2

¼

Uqtrans

qtrans

� �2

þ UAwet

Awet

� �2

þ
UTcp;base;avg

Tcp;base;avg � Tf;ref

 !2

þ
UTf;ref

Tcp;base;avg � Tf;ref

� �2

2
66664

3
77775

(A13)

With a constant heat flux condition, Tf,ref in the denominator of
the third and fourth terms in Eq. (A13) is constant and Tcp,base,avg

decreases as the flow rate increases. Therefore, Tcp,base,avg – Tf,ref

should decrease as the flow increases at a constant heat flux. As a
result, the size of HTC uncertainty bar increases as the flow rate
increases. In addition, the size of HTC uncertainty bar also
increases as the supplied heat flux decreases. The uncertainty of
qtrans calculated by Eqs. (A7) and (A8) is a function of n, which is
the number of intervals between Tf,out and Tf,in. The n is reduced
as the heat flux decreases because the size of temperature interval
is fixed but Tf,out – Tf,in decreases. In Eq. (A7), the (Un/n) is one of
the terms to attribute to the uncertainty of dqtrans,i; therefore, the
reduced n leads to the increased uncertainty of dqtrans,i.

A.4 Mesh Independence Study of Conjugate Computa-
tional Fluid Dynamics Simulations. The experimental results
are validated by conjugate numerical simulations, ANSYS FLUENT

18.1 (Canonsburg, PA), for the exact EMMC geometry (Table 1).
The thermofluidic and the solver conditions for the mesh inde-
pendence study are listed in Table 7.

The number of mesh elements varies from 5 to 32� 106, and
the results are plotted in Fig. 11. There are less than 0.6% change
in the average and maximum heater temperature, and the total
pressure drop if the number of mesh elements is more than
25� 106. In addition, the experimentally measured temperature
and pressure drop values are superimposed in Fig. 11 and the CFD
simulation results are well matched to the experimental results.
Therefore, we have used 25� 106 of mesh elements in this study.
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Table 7 Thermofluidic and solver conditions for mesh inde-
pendence study

Parameter Unit Value

Supplied heat flux W/m2 4.464� 106

Mass flow rate kg/s 8.263� 10�3

Inlet temperature K 2.981� 102

Solver model – SST k-omega (turbulent)

Fig. 11 Summarized heater temperatures and pressure drop
results for the mesh independence study. The results are plot-
ted as a function of the mesh elements. The results with more
than 25 3 106 of mesh elements show good simulation conver-
gence, <0.6%.
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