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Thermal and Manufacturing
Design Considerations for
Silicon-Based Embedded
Microchannel-Three-
Dimensional Manifold
Coolers—Part 2: Parametric
Study of EMMCs for High Heat
Flux (�1 kW/cm2) Power
Electronics Cooling
Thermal management of power electronics modules is one of the limiting factors in the
peak power capability of the traction inverter system and overall efficiency of the e-drive.
Liquid cooling using embedded microchannels with a three-dimensional (3D)-manifold
cooler (EMMC) is a promising technology capable of removing heat fluxes of >1 kW/cm2

at tens of kPa pressure drop. In this work, we utilize computational fluid dynamics (CFD)
simulations to conduct a parametric study of selected EMMC designs to improve the ther-
mofluidic performance for a 5 mm� 5 mm heated area with the applied heat flux of
800 W/cm2 using single-phase water as working fluid at inlet temperature of 25 �C. We
implemented strategies such as: (i) symmetric distribution of manifold inlet/outlet con-
duits, (ii) reducing the thickness of cold-plate (CP) substrate, and (iii) increasing
fluid–solid interfacial area in CP microchannels, which resulted in a reduction in thermal
resistance from 0.1 for baseline design to 0.04 cm2 K/W, while the pressure drop
increased from 8 to 37 kPa. [DOI: 10.1115/1.4047883]

Keywords: embedded microchannels, 3D-manifold, computational fluid dynamics (CFD),
single-phase water

1 Introduction

Early research efforts have explored the cooling performance of
various heat sink designs, including microchannels to remove heat
fluxes of �1 kW/cm2. For example, Tuckerman and Pease [1]
reported the excellent cooling capability of single-phase water
flowing through straight microchannel arrays by removing
�800 W/cm2 at the expense of a large pressure drop �100 kPa.

In order to alleviate the resulting large pressure drop in straight
microchannels, an additional fluid routing structure, a manifold,
has been proposed. For example, Cetegen [2] introduced the
forced-fed microchannel heat sink concept by alternating inlet and
outlet channels in the manifold structure, achieving maximum
removable heat flux of �1.2 kW/cm2 with pressure drop of
�60 kPa using two-phase R-245fa. Drummond et al. [3,4] utilized
HFE-7100 in an intrachip heat sink system with multilayer hier-
archical manifold structures, achieving heat fluxes of <1 kW/cm2

at 120 kPa. Jung et al. [5] conducted parametric studies using
experimental correlations for straight microchannels to design an
microchannel with a three-dimensional (3D)-manifold cooler
(EMMC) by introducing multiple inlets and outlets along the
embedded microchannels. In this design, the fluid only flows for
short distances inside the embedded microchannels, resulting in a
small total pressure drop of �2.4 kPa using water (0.1 l/min flow
rate) for total heat flux removal of 850 W/cm2 [6]. Jung et al. [7]
also reported cooling performance of an EMMC with single-phase
R-245fa coolant, where the experimental and the computational
fluid dynamics (CFD) simulation results agree well within the
uncertainty of parameters of interest.

However, design and optimization of the EMMCs, using
straight microchannel correlations, turned out to be very inaccu-
rate [5] due to the complexity of the flow patterns in the cold-
plate (CP) and the impact of the 3D-manifold conduits geometry
and form factor. Therefore, the CFD simulation is the preferred
approach and has been conducted both for a unit cell U-shape
cold-plate passage and for a full-scale analysis of the entire
EMMC. The unit cell analysis is cost-effective, but this method is
more accurate if the symmetry and periodicity conditions are sat-
isfied in the CFD domains [8–10]. Andhare et al. [11] performed
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single-unit cell simulations for a flat-plate, manifold microchannel
heat exchanger. Arie et al. [12] introduced a hybrid computational
method, a single manifold-microchannel model, for the same heat
exchanger used in Ref. [11]. The computational results from both
papers showed reasonably good agreement with the experimental
data with the reduced computational time and cost [11,12].

Many researchers also reported a porous-medium modeling to
understand the performance of various heat sink designs due to its
feasibility for entire heat sink analysis [13–16]. According to
these papers, the porous-medium approach is more suitable for
complex and realistic thermal management applications than a
unit-cell model which only takes into account for a single micro-
channel under assumptions of periodicity and symmetricity
[13–16]. Sarangi et al. [16] reported two computational methods,
a simple unit-cell model and a porous-medium model, to deter-
mine a manifold microchannel heat sink design to achieve optimal
heat transfer performance. Two most interesting outputs, heat
transfer coefficient and pressure drop, were validated by these
models in various test cases, and the porous medium model
showed good cost-effectiveness and desired reliability in system-
level geometry optimization [16].

Solovitz and Mainka [17] proposed an optimized power law
model for a manifold shape to avoid nonuniform distribution of
the fluid flow in their multichannel cooling system. The proposed
analytic model was validated by a series of full-scale CFD simula-
tions with fully developed, laminar flow conditions [17]. With the
varying Reynolds numbers from 5 to 500, the optimal manifold
design showed a standard deviation of less than 3% of the overall
mean channel speed [17].

The full-scale CFD analysis is less sensitive to periodicity and
symmetry conditions, and it is advantageous to analyze local and
global thermo-fluidic behavior of complicated structures such as
EMMCs. Despite its expensive computational cost, the full-scale,
conjugate CFD simulations for single-phase coolants in EMMCs
have been validated by experimental test results [6,7,18] with
good reliability. In a separate study, we have also conducted CFD
simulation on uniform heating of small (5 mm� 5 mm) and large
(20 mm� 20 mm) footprint microcoolers and compared it to unit
cell results. It is concluded that the error for small footprint micro-
cooler could be as large as 12%; therefore, we will proceed with
the full-scale chip CFD simulations for parametric study of differ-
ent EMMCs designs.

In this paper, we conducted full-scale CFD simulations of
quarter-cut EMMC devices with a 5 mm� 5 mm cold-plate foot-
print, applied heat flux of 800 W/cm2, and single-phase water as a
working fluid. We increased fluid–solid interfacial area in cold-
plate microchannels while optimizing the 3D-manifold conduits
geometry and form factor to reduce the thermal resistance of the
baseline EMMC design from 0.1 to 0.04 cm2 K/W with the
increased pressure drop from 8 to 37 kPa.

This paper is the second of trilogy [7,19] published at the
ASME Journal of Electronics packaging (JEP). The ultimate goal
of this series is to provide a more comprehensive picture and util-
ity of the embedded microchannels with 3D manifold as a cooling
solution for power electronics applications. The first paper experi-
mentally investigates thermo-fluidic performance of an Si-based
EMMC with single-phase R-245fa [7]. However, it became evi-
dent that the EMMCs designs can be optimized and further
improved. This motivated this study that explores the effect of
geometric changes in EMMCs on the thermo-fluidic performance
using CFD simulations. The third paper describes the manufactur-
ing challenges associated with removing residual debris after laser
micromachining in silicon substrates [19].

2 Description of Embedded Microchannel-Three-

Dimensional Manifold Cooler Design

The geometry of an EMMC, as shown in Fig. 1(a), consists of
two Si substrates, one for a CP with embedded microchannels,
and a 3D manifold for liquid delivery and extraction conduits.

The fluid is introduced through fluid inlets placed at both ends of
the manifold and flows through inlet plenums to multiple manifold
inlet conduits. Once reached the intersections between the mani-
fold inlet conduits and the CP microchannels, it is diverged, mak-
ing a 90 deg turn and flows toward the bottom of the heated
section of the CP microchannels. The fluid proceeds along the CP
microchannels, exchanging heat with the heated surfaces followed
by another 90 deg turn to exit through the adjacent manifold outlet
conduits. A parameter called a unit length of fluid flow path, Lflow,
is (Wmani;in þWmani;out)/2 þWmani;wall that is defined as the dis-
tance that the fluid has to flow from a manifold inlet conduit to an
adjacent manifold outlet conduit.

The dimensions of CP microchannels and manifold inlet/outlet
conduits are control parameters, Wmani,in, Wmani,out, Wmani,wall,
Hcp,sub, Wcp, and Wcp,fin, respectively. These parameters are writ-
ten in Fig. 1(b). The dimensions of different CP and manifold
designs are listed in Tables 1 and 2.

3 Description of Conjugate Computational Fluid

Dynamics Simulations

3.1 Governing Equations. In this paper, the single-phase
CFD simulations with conjugate heat transfer are performed to
investigate thermofluidic behavior of the different EMMC designs.
Steady-state, laminar, and incompressible flow conditions in three-
dimensional fluid domain are assumed, and the governing equa-
tions for the conjugate CFD simulations are given as follows [20]:
Continuity

@

@xi
quið Þ ¼ 0 (1)

Momentum

@

@xi
quiujð Þ ¼ �

@P

@xj
þ @

@xi
lf

@uj

@xi

� �
(2)

Energy equation for the fluid domain

@

@xi
quiCpTfð Þ ¼

@

@xi
kf
@Tf

@xi

� �
(3)

Energy equation for the solid domain

@

@xi
ks
@Ts

@xi

� �
¼ 0 (4)

3.2 Computational Domains and Boundary Conditions.
Since the device is symmetric in two directions, the solid and fluid
domains are dissected along the symmetry lines in Fig. 2. The
solid domain consists of two joined Si bodies and four discon-
nected Au metal bodies. The fluid domain consists of continuous
bodies, that fill the empty space inside the Si bodies, and two
extended bodies attached to the fluid inlet and outlet. The fluid is
divided into four discrete but continuous regions to investigate the
contribution of each region’s pressure drop to the total (Fig. 3).

A constant heat flux, 11,985,378 W/m2, is applied at the top sur-
face of the Au bodies to supply 800 W/cm2 on the 5� 5 mm2 hot
spot. All other solid outer walls are set to be adiabatic. No-slip
and coupled wall boundary conditions are held at the interfaces
between the solid domain and the fluid domain. Since the steady-
state conjugate heat transfer problems are solved in the solid and
fluid domains, a monolithic coupling method in the ANSYS FLUENT

v16.0 software is used to confirm the continuity of temperatures
and heat fluxes at the solid–fluid interfaces.

Temperature continuity: Ts;int ¼ Tf;int (5)
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Heat flux: ks

@Ts;int

@n

� �
¼ kf

@Tf;int

@n

� �
(6)

The cut surfaces along the symmetry lines in the solid and fluid
domains are set to be symmetric (Fig. 2). Zero gauge-pressure
condition is applied on the bottom surface of the fluid outlet, and
a constant mass flow rate of 8.3� 10�3 kg/s and a constant tem-
perature of 298.15 K are applied at the fluid inlet (Table 3). For
practical considerations, the heat flux of 800 W/cm2 and the flow
rate of 0.2 lit/min are chosen to ensure that there will be no two-
phase heat transfer, and that the overall pressure drop for the most
aggressive design, D8, will stay below 100 kPa.

Fig. 1 (a) Conceptual design of the EMMC and (b) key geometric parameters of cold-plate and mani-
fold in A–A0 and B–B0 cut views

Table 1 Geometry of different cold-plate designs

CP design Hcp (lm) Wcp (lm) Wcp,fin (lm) Hcp,sub (lm) Ncp

CP0 75 150 50 500 25
CP1 75 150 50 200 25
CP2 75 50 50 200 50
CP3 75 10 40 200 100
CP4 75 10 15 200 200

Table 2 Geometry of different manifold designs

Manifold design Wmani,in (lm) Wmani,out (lm) Wmani,wall (lm) Lflow (lm) Wmani,wall/Lflow (%) Nmani,in

M00 150 482 100 416 24.04 6
M3 217 215 200 416 48.08 6

Journal of Electronic Packaging SEPTEMBER 2020, Vol. 142 / 031118-3

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/electronicpackaging/article-pdf/142/3/031118/6558198/ep_142_03_031118.pdf by Stanford U

niversity user on 19 April 2021



The mesh independence study of the conjugate numerical simu-
lations is outlined in Appendix A. We have conducted the mesh
size dependence study with two different EMMC designs (D4,
D7) because the necessary number of mesh elements for the inde-
pendence highly relies on the size of small features such as the
hydraulic diameter of CP microchannels. The number of mesh
elements was increased until the change in Rtotal and DPtotal would
be less than 1%.

4 Results and Discussion

4.1 Characterization of Thermo-Fluidic Behavior of
Embedded Microchannels With a Three-Dimensional-
Manifold Coolers. In order to estimate the heat transfer and flu-
idic behavior of different EMMC designs, we investigated thermal
resistances and pressure drops of each EMMC design.

Fig. 2 Full-scale chip and quarter-cut solid and fluid domains
for conjugate CFD simulations

Fig. 3 The fluid domain used in CFD simulations is divided into four discrete regions. Zone 0: semicircular open
area where the fluid is introduced to the device, zone 1: regions right after the inlet plenum where the gradual con-
traction begins, zone 2: regions right before the active cooling area where the gradual contraction is ended, zone 3:
open-ends of the manifold outlet conduits that are connected to the exit plenum, and zone 4: square open area where
the fluid exits from the device.

Table 3 Simulation conditions

Conditions Value

Mass flow rate at zone 0 8.3� 10�3 kg/s or 0.2 l/min at 25 �C
Heat fluxes at the heated surfaces 800 W/cm2

Energy/viscous model On/laminar
Fluid inlet temperature 298.15 K
Au thermal conductivity 298 W/m K
Si thermal conductivity 130 W/m K
Water thermal conductivity Piecewise-linear, temperature dependent
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Constant heat fluxes are supplied to the serpentine heater,
q00supply, and the supplied heat is transferred to the solid Au heater,
to the solid Si body, and to the single-phase water. The transmit-
ted heat to the working fluid, qtrans, can be estimated by measuring
the change in sensible heat of the working fluid

qtrans ¼ _m �
ðTf;out

Tf;in

Cp;fðTÞdT (7)

Cp,f is the saturated specific heat of single-phase water that is
temperature-dependent. Since the outer walls of the solid domain
are adiabatic, an overall energy balance requires, qsupply� qtrans,
must approach zero as the CFD simulation solution converges. In
practice, we observed that while qtrans and DPtotal changes are less
than 1%, even with excessively large number of mesh generated
in the computational domain (see Appendix A); there is a residual
3% difference between qsupply and qtrans. Therefore, going forward
we will use qtrans that translates to less than 3% error in calcula-
tions of the Rtotal.

The overall cooling performance of the EMMC can be
described approximately by defining thermal resistances, Rtotal,
Rcond, Rconv, and Radv

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

q00trans

(8a)

Rcomp ¼ Rcond þ Rconv

¼ Theater;avg � Tcp;base;avg

q00trans

þ Tcp;base;avg � Tf;out

q00trans

(8b)

Radv ¼
Tf;out � Tf;in

q00trans

(8c)

where Rcond, Rconv, Radv are the conduction, convection, advection
thermal resistances, respectively, Rcomp is the composite thermal
resistance consists of Rcond and Rconv, q00trans is the transferred heat
to the single-phase water divided by the hotspot area, and Theater,avg,
Tcp,base,avg, Tf,in, Tf,out are average temperatures of heater surface,
CP microchannel base, inlet and outlet fluid, respectively. Here,
we use the average temperature of the chip for calculation of the
Rtotal, and alternatively maximum temperature of the chip can be
used to define the appropriate thermal resistance, which is more
reasonable for device level reliability considerations, or there are
a large number of small hot spots distributed in addition to the
uniform background power dissipation. The difference between
average and maximum temperatures for the cases studied here is
less than 10%, see Table 11 in Appendix B.

The total pressure drop, DPtotal, in the EMMC is expressed as

DPtotal ¼ DP1 þ DP2 þ DP3 þ DP4 (9a)

where DP1 is the pressure drop from the semicircular inlet open-
ing (zone 0) and the end of the inlet plenum (zone 1), DP2 is the
gradual contraction pressure loss from the end of inlet plenum
(zone 1) to the beginning of the manifold inlet conduits (zone 2),
DP3 is the pressure drop from the beginning of inlet conduits
(zone 2) to the open ends of the manifold outlet conduits (zone 3),
and DP4 is the expansion pressure loss from the open ends of the
manifold outlet conduits (zone 3) to the square outlet opening
(zone 4). In general, DP1 and DP4 are almost constant despite the
geometric changes of the control parameters significantly impact
DP2 and DP3. Therefore, the change of DPtotal between different
EMMC designs, D(DPtotal)Dx!Dy, is highly dependent on the
change of DP2 and DP3, D(DP2)Dx!Dy, and D(DP3)Dx!Dy:

D DPtotalð ÞDx!Dy ffi D DP2ð ÞDx!Dy þ D DP3ð ÞDx!Dy (9b)

4.2 General Guidelines for the embedded Microchannels
With a Three-Dimensional-Manifold Cooler Design Improve-
ment. The goal of the design improvement is to find EMMC
designs that achieve the lowest thermal resistance with a moderate
system pressure drop, i.e., less than 10’s of kPa, for the single-
phase cooling applications.

In the baseline EMMC design, the Rtotal� 0.097 cm2 K/W con-
sists of advection (Radv), conduction (Rcond), and convection
(Rconv) thermal resistances. For a given heat flux, the advection
thermal resistance is fixed and represents �18% of the total ther-
mal resistance. However, there is room to reduce conduction and
convection thermal resistances that represent about 82% of the
total thermal resistance, see Fig. 4. Therefore, reducing total ther-
mal resistance by changing EMMC’s geometries is the main focus
in this paper. At the same time, the expected system pressure drop
after that each improvement step is also analyzed where we
attempted to manage it by optimizing the 3D-manifold geometry
and form factor.

4.3 A Summary of the Parametric Study of Microchannels
With a Three-Dimensional-Manifold Coolers. Figure 5 repre-
sent a summary of the parametric study of EMMCs performance,
thermal resistance versus total pressure drop, using CFD simula-
tions for single-phase water. The chosen starting point or the base-
line is design D4 since we have already fabricated, conducted
tests, and conducted extensive CFD simulations. The CFD results
agree well with the experimental data. Before getting into the
detailed analysis of the CFD results that will be presented in
Sec. 4.4, we would like to take the opportunity and summarize the
overall trend in thermal resistances and associated pressure drops
for successive design improvement attempts. We iterate that this
is not a systematic approach rather examining the impact of vari-
ous geometry dimensions, while seeking successive design
improvements from D4 to D9.

The baseline designs D4, Rtotal¼ 0.10 cm2 K/W and
DPtotal¼ 8 kPa, was originally optimized for two-phase applica-
tion with inlet to outlet channel dimension ratio of 1 to 3. It is
well established that for a single-phase cooling, a symmetric inlet
to outlet widths reduce the flow bypass, represented by design D5,
and will both improve the thermal resistance, Rtotal¼ 0.095 cm2

K/W, and pressure drop� 5 kPa. In design D6, the silicon chip

Fig. 4 Composition of each thermal resistance component in
the baseline EMMC design, D4
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thickness was reduced from 500 to 200 lm that resulted in a
reduction in thermal resistance to 0.075 cm2 K/W, and pressure
drop is slightly increased but that could be due to temperature-
dependent thermophysical properties of the working fluid. In order
to achieve even lower thermal resistances, we further reduced the
l-channel width from 150 lm (D6) to 50 lm (D7) and 10 lm (D8)
at the expense of larger pressure drops up to 80 kPa. In the next
step, we attempted to reduce the large pressure drop in design
while maintaining the same thermal performance by modifying
the 3D manifold channel geometries to arrive at design D9.
Clearly, we achieved nearly a factor of 2 improvement in pressure
drop, from 80 kPa (D8) to 35 kPa (D9), and about 7% reduction
in thermal resistance from Rtotal¼ 0.044 cm2 K/W (D8) to
Rtotal¼ 0.041 cm2 K/W (D9).

Additional information regarding the temperature uniformity
and distribution as well as inlet and outlet fluid temperatures,
hydraulic diameter and Re numbers for designs D4 to D9, are out-
lined in Appendix B.

4.4 More Detailed Analyses of the Parametric Study of the
Microchannels With a Three-Dimensional-Manifold Coolers

4.4.1 Improvement From Design D4 to D5: Modifying the
Inlet/Outlet Conduits. The baseline EMMC design D4, Jung et al.
[5], was originally intended for two-phase heat transfer. As such
the outlet conduits are three times wider than inlet conduits to
accommodate the sudden expansion of vapor volume. When the
inlet/outlet conduits are symmetrically placed in the EMMC, the
DPtotal for D5 design is reduced by 38.0% from baseline design
D4 (Fig. 6(a), Table 4). The reduction in DPtotal is mainly attrib-
uted to the reduction in DP2 rather than DP3, where DP2 contrib-
utes to 96% of reduction in DPtotal (Table 5). This is because DP2

is greatly impacted by the size of Wmani,in while DP3 is linked to
the average fluid velocity in zone 2, v2. For even more extensive
analysis and details, see Appendix C.

The total thermal resistance, Rtotal,D5 decreases from Rtotal,D4 by
5.5%, see Fig. 6(b), and Table 5. The changed Rtotal is almost
identical to the changed Rcomp. Lflow is defined by Nmani,in and

remains constant, so Wmani,wall is the parameter that determines
the amount of bypassed fluid between the manifold inlet/outlet
conduits. As Wmani,wall/Lflow in D5 is doubled from D4, the
amount of bypassed fluid is reduced. Therefore, improvement in
Rtotal in D5 is expected due to reduced Rcomp. As expected, the

Fig. 5 A summarized conjugate CFD simulation results to show the design improvement process by plotting data in
average surface temperatures and corresponding thermal resistances versus DPtotal. Effect of symmetric distribution of
manifold inlet/outlet conduits (1), effect of CP thickness (2), and effect of fluid–solid interfacial area in cold-plate micro-
channels (3–5) are studied in Secs. 4.4.1–4.4.3. Also see Appendix B, Table 11 for more details for designs D4 to D9.

Fig. 6 Pressure drop and thermal resistance versus Wmani,wall/
Lflow results (D4/D5)
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advection thermal resistance remains the same from design D4
to D5.

4.4.2 Improvement From Design D5 to D6: Effect of Cold
Plate Substrate Thickness. The most practical way to improve the
cooling performance of EMMC is to minimize the conduction
thermal resistance by reducing conduction heat transfer pathway.
In this section, the effect of CP substrate thickness on the thermo-
fluidic performance of the EMMC is analyzed by comparing D5
and D6. The substrate thickness of CP, Hcp,sub, is reduced by
300 lm from D5 to D6, but other geometric dimensions are main-
tained. The absolute value of changed DPtotal between D5 and D6
is 0.09 kPa, that is only 1.83% of DPtotal,D5, 5.11 kPa (Table 6).
We estimate the error in CFD simulation of the pressure drop to
be �0.5%, and the remaining percentage difference is attributed
to temperature-dependent thermophysical properties of water
between 70 �C and 74 �C. The thermal resistance, Rtotal,D6, is
reduced by �17% from Rtotal,D5 (Fig. 7, Table 6), and it is mainly
due to the reduction in Rcond

D Rcondð Þest ¼
D Hcp;subð ÞD5!D6

kSi

ffi 0:0231 cm� 2 Kð Þ=W
� �

D Rcondð ÞCFD ¼ Rcond;D5 � Rcond;D6 ffi 0:0195 ððcm� 2 KÞ=WÞ

where D(Rcond)est is the estimate of reduced Rcond when Hcp,sub

decreases by 300 lm. D(Rcond)CFD accounts for two-dimensional
heat spreading. There is a slight increase in estimation of Rconv

from D5 design to D6, very likely due to two-dimensional heat
spreading versus one-dimensional conduction.

4.4.3 Improvement From Design D6 to D7, D8, and D9:
Increasing the Effective Cold Plate Microchannels Area. There
are two ways to increase the effective area for heat exchange
between the fluid and the CP microchannels, namely, by reducing
Wcp and Wcp,fin, see Fig. 1(b) and Table 7.

We first start with reducing Wcp, from 150 lm to 50 lm to
10 lm, for D6, D7, and D8 designs, respectively. In Fig. 8(a), the
Rtotal is plotted as a function of the number of CP microchannels,
Ncp. As the Ncp is doubled from D6 to D7, and from D7 to D8, the
Rtotal linearly decreases by 13.0% and 33.8%, respectively.

In the second step, in order to manage the excessive pressure
drop (�80 kPa) for design D8, we further reduce Wcp,fin from 40
to 15 lm. This results in further reduction in Rtotal by 6.8% from
D8 to D9 with doubling Ncp. This happens because the contribu-
tion of the Rconv to the Rtotal diminishes.

Table 5 Key CFD results (D4/D5)

Design
Resulting parameters D4 D5

DPtotal (kPa) 8.1 5.0
DP2 5.4 2.4
Rtotal (cm2 K/W) .0970 .0917
Rcomp (¼ RcondþRconv) .0788 .0732

Table 6 Key CFD results (D5/D6)

Design
Resulting parameters D5 D6

DPtotal (kPa) 5.0 5.1
Rtotal (cm2 K/W) 0.0917 0.0758
Rcomp (¼ RcondþRconv) (cm2 K/W) 0.0732 0.0576

Table 4 Key geometries (D4/D5)

Geometry D4 D5

Nmani 6 6
hcone (deg) 25.8 23.3
Wmani,in (lm) 150 217
Wmani,wall/LFlow (%) 24.04 48.08

Fig. 7 Thermal resistance versus Hcp,subresults (D5/D6)

Table 7 Key geometries (D6–D9)

Geometry D6 D7 D8 D9

Ncp 25 50 100 200
Dh,cp (lm) 100 60 17.65 17.65
Wcp,fin (lm) 50 50 40 15
Awet (10�5 m2) 5.625 6.25 8.5 17

Fig. 8 (a) Thermal resistance and (b) pressure drop versus Ncp

results (D6/D7, D8/D9)
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Table 8 shows thermal resistance components for the EMMCs
designs D6 to D9 as the effective CP microchannels area is suc-
cessively increasing. Clearly, the Rconv is the only parameter that
decreases with increasing number of Ncp, while Rcond and Radv

remain constant (lower limit of 0.034 cm2 K/W). As shown in
Fig. 8(b), the pressure drop is increased with reducing Wcp, from
150 lm to 50 lm to 10 lm, for D6, D7, and D8 designs, respec-
tively. Reducing Wcp,fin from 40 to 15 lm accommodates more
microchannels in the cold-plate such that the average mass flow
rate/cooling channel, and therefore pressure is reduced from
design D8 and D9. For a more detailed analysis of the pressure
drop components to the total pressure drop, consult with
Appendix D.

5 Conclusions

The thermofluidic performance of various EMMC designs has
been investigated using a conjugate fluid and heat transfer CFD
simulations. The ultimate goal of the EMMC geometric design
improvement is to lower the hotspot surface temperature as well
as the system pressure drop for a given heat flux and flow rate.
For a detailed summary of the results, we refer the reader to the
discussions related to Fig. 5.

In general, three strategies are proposed to improve the EMMCs
thermofluidic performance: (1) symmetric placement of manifold
inlet/outlet conduits for single-phase increases the flow path length,
resulting in 38% and 5.5% reduction in pressure drop and thermal
resistance from the baseline EMMC design, respectively. (2)
Reduction in the thickness of the cold-plate substrate from 500 to
200 lm, nearly archives the lower bond of silicon substrate conduc-
tion thermal resistance of 0.03 cm2 K/W. (3) The cold-plate micro-
channels fluid–solid effective surface area increase can be
increased wither by reducing the microchannel’s width, Wcp (D8),
or fin width, Wcp,fin (D9). However, the pressure drop increases in
the first approach, but the trend is reversed in the second approach
due to the reduced mass flux (velocity) within CP’s microchannels.

While these results are not surprising results, it provides general
guidelines and establishes an overall design strategy. A systematic
approach requires an automated design and optimization process,
possibly making use of a unit cell microchannel with 3D manifold
for fast and efficient computing. In addition, a more detailed study
of the flow distribution within a unit cell CP microchannel will be
helpful to further optimize the flow bypass that largely impacts
the pressure drop and to lesser extent convective heat transfer
coefficient.

While the full-chip or unit cell CFD simulations provide a great
deal of details, however, it is not the most efficient way for rapid
protype development. Therefore, development of analytical corre-
lations based on the CFD simulations results would be an impor-
tant accomplishment. However, this is a difficult task since both
the CP and 3D manifold channel geometries must be considered,
in particular, when the pressure drops within the manifold and
microchannels are comparable.
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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))
I ¼ current (A)
k ¼ thermal conductivity (W/(m K))

Kgc ¼ coefficient of gradual contraction resistance
L ¼ length of microchannel (lm)
_m ¼ mass flow rate (kg/s)
n ¼ number of temperature intervals between Tf,in and

Tf,out

Ncp ¼ number of microchannels in CP
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
h ¼ angle (deg)

gfin ¼ individual fin efficiency
g0 ¼ overall fin efficiency
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

heater ¼ heater or heated area in 5� 5 mm2

in ¼ inlet
out ¼ outlet
sat ¼ saturated

Table 8 Key CFD results (D6–D9)

Design
Resulting values D6 D7 D8 D9

DPtotal (kPa) 5.1 8.0 79.3 36.9
DP3 (kPa) 2.2 5.0 76.6 34.2
Rtotal (cm2 K/W) 0.0758 0.0660 0.0437 0.0408
Rconstant (¼ RcondþRadv)
(cm2 K/W)

0.0336 0.0336 0.0340 0.0340

Rconv (cm2 K/W) 0.0423 0.0324 0.0098 0.0068
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Appendix A: Mesh Independence Study of the Conjugate Numerical Simulations

A mesh size independence study is conducted in multiple EMMC designs with various number of mesh elements, and the relevant
results are listed in Table 9. The number of mesh elements keeps increasing until the change in Rtotal and DPtotal is less than 1%. We
would like to emphasize that qtrans was used in calculation of the Rtotal, see Eq. (8a), and while the changes in this parameter was less
than 1%, an overall energy balance (qsupply� qtrans) between qsupply (supplied by heater as B.C.) and qtrans (transferred to liquid) calcu-
lated form Eq. (7), is less than 3% of qsupply. This could be due to error associated with integration in Eq. (7). In any case, we take the
relative stability of Rtotal and DPtotal values at 1% as the convergence criteria and accept 3% error in calculation error of qtrans and there-
fore Rtotal.

We have conducted the mesh size dependence study with three different EMMC designs (D4, D7) because the necessary number of
mesh elements for the independence highly relies on the size of small features such as the hydraulic diameter of CP microchannels.

There are less than 0.16–0.36% change in the total thermal resistance and 0.34–0.64% change in the total pressure drop if the number
of mesh element is higher than 24.3� 106, 23.1� 106 in D4, D7, respectively. Table 10 describes the important meshing input parame-
ters to mesh D4 and D7. For the integrity of this paper’s subject, the results of mesh independence study with another EMMC designs
are not included in this paper. However, the EMMC designs similar to or more complicated than D8 and D9 have gone through the
mesh independence study, and the results revealed that more than 50� 106 of mesh elements for D8 and D9 should be sufficient for the
convergence of the CFD simulations. We have used 50.0� 106 and 69.2� 106 mesh elements for the CFD simulations with D8 and D9,
respectively.

Appendix B: Additional Information on Designs D4 to D9

Here are key CFD results related to Fig. 5, see Table 11.
The hydraulic diameters of designs D4 to D9 ranges from 100 to 20 lm, which is comparable to values from literature: 100 lm [9],

72 lm [11], 33.3–113 lm [12], and 36.4–114 lm [16], but much larger than those reported 9.40–14.0 lm in Ref. [4].
Figure 9 depicts the temperature distributions at the top surface of the microcoolers designs D4 and D9. The inner square shows the

heated section where the serpentine patterns reflect the heat flux boundary condition imposed by a serpentine heater. The hottest location
is at the center of the chip while the temperature drops sharply outside of the heated square section. Temperature inside the heated
square is influenced by the heat transfer coefficient and lateral conduction in the silicon chip, while outside only heat is transferred by
conduction in silicon substrate.

Table 9 Mesh independence study for different EMMC designs (D4, D7)

Design
D4 D7

Parameters q00supply¼ 800 W/cm2 q00supply¼ 800 W/cm2

Full-scale mesh elements 14.3� 106 18.9� 106 24.3� 106 33.5� 106 14.9� 106 19.0� 106 23.1� 106 26.8� 106

Theater,avg (� C) 102.9 102.9 102.6 102.4 78.0 77.8 77.7 77.6
Rtotal (cm2 K/W) 0.0974 0.0974 0.0970 0.0968 0.0663 0.0660 .0659 .0658
DPtotal (kPa) 7.8 7.9 8.1 8.2 7.9 8.0 8.0 8.0

Table 10 Important input/output parameters for meshing

Design
Input parameters D4 D7

Sizing growth rate 1.075 1.06 1.05 1.04 1.07 1.058 1.05 1.04

Sizing max size 1.024� 10�3 m 1.024� 10�3 m
Curvature min size 4� 10�6 m 4� 10�6 m
Proximity min size 4� 10�6 m 4� 10�6 m
Proximity size function sources Edges Edges
Assembly meshing method CutCell CutCell
Inflation option Smooth transition Smooth tansition
Inflation transition ratio 0.272 0.272
Inflation max layers 5 5
Inflation growth rate 1.2 1.2 1.15 1.15 1.12 1.09 1.08 1.07
Output parameters
Mesh element quality min 1.49� 10�1 1.46� 10�1 1.49� 10�1 1.49� 10�1 1.48� 10�1 1.48� 10�1 1.02� 10�1 1.22� 10�1

Mesh element quality max 1 1 1 1 1 1 1 1
Mesh element quality avg 9.81� 10�1 9.85� 10�1 9.87� 10�1 9.89� 10�1 9.79� 10�1 9.81� 10�1 9.83� 10�1 9.84� 10�1

Mesh element quality
standard deviation

5.48� 10�2 4.86� 10�2 4.46� 10�2 4.04� 10�2 5.07� 10�2 4.80� 10�2 4.50� 10�2 4.34� 10�2

Number of mesh elements 14.3� 106 18.9� 106 24.3� 106 33.5� 106 14.9� 106 19.0� 106 23.1� 106 26.8� 106
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Appendix C: Discussion of Thermo-Fluidic Behavior

in D5 and D6

To further examine the problem, we introduce the general form
of energy equation for steady, incompressible flow [21]:

P1

qg
þ a

v2
1

2g
¼ P2

qg
þ a

v2
2

2g
þ hgc (C1a)

DP2 ¼ P1 � P2 ¼ a
q v2

2 � v2
1

� �
2

þ qg � hgc (C1b)

where a is the kinetic energy correction factor for the general
form of the energy equation, q is the density of the fluid (constant
before active cooling region), hgc is the head loss due to the grad-
ual contraction between zone 1 and zone 2, v1 and v2 are average
fluid velocity at zone 1 and 2, respectively. Since the contribution
of qg � hgc is less than 5% to the DP2, the difference between v2

squared and v1 squared is the main contributor to the DP2. No geo-
metric change is made to the inlet opening and the inlet plenum of
D4 and D5, therefore, v1 remains constant and v2 is the only
parameter that affects DP2 in Eq. (C1b).

If we assume that the fluid is uniformly distributed to every
manifold inlet conduit, a rough estimation of v2 is given by

Qmani;in ¼
Qtotal

2 � Nmani;in
(C2a)

v2 ¼
Qmani;in

Wmani;in � Hmani;in
¼ Qtotal

2 � Nmani;in �Wmani;in � Hmani;in
(C2b)

where Qtotal is the total mass flow rate in the EMMC, Qmani,in is
the mass flow rate per manifold inlet conduit, Nmani,in, Wmani,in,
and Hmani,in are the number of manifold inlet conduits, the width

of manifold inlet conduit, and the height of manifold inlet conduit,
respectively. If the Wmani,in is the only variable and other parame-
ters are constant in Eq. (C2b), v2 should decrease as Wmani,in

increases. From D4 to D5, Wmani,in increases from 150 to 217 lm,
and therefore, v2 of D5 decreases from v2 of D4.

As a result, the decreased DP2 in D5 is attributed to the
increased Wmani,in based on Eqs. (C1)–(C2). In order to test the
validity of Eq. (C2), the ratio between v2,D4 and v2,D5 are calcu-
lated and they are given as below:

v2;D5

v2;D4

� �
est

¼
Wmani;inð ÞD4

Wmani;inð ÞD5

ffi 0:69

that is very close to the CFD simulation result

v2;D5

v2;D4

� �
CFD

¼ 1:84 m=s

2:65 m=s
ffi 0:69

This means that the assumption for Eq. (C2), the uniform distribu-
tion of the fluid across the manifold inlet conduits is valid.

In order to complete the discussion regarding the change in DP2

affected by the change of Wmani,in, we rewrite the Eq. (C1b) to cal-
culate the ratio of DP2 in D4 and D5

DP2;D5

DP2;D4

� �
CFD

¼ 2409:58 Pa

5357:95 Pa
ffi 0:45;

DP2;D5

DP2;D4

� �
est

ffi
v2

2 � v2
1

� �
D5

v2
2 � v2

1

� �
D4

" #
est

¼ 1:832 � 0:492

2:652 � 0:492
ffi 0:46

which shows that the estimated and CFD simulation results for the
ratio of DP2 are close; therefore, one can conclude that the change
in Wmani,in affects the change in DP2.

Fig. 9 Temperature distributions at the top of the microcooler (quarter) designs D4 and D9

Table 11 Key CFD results (D4–D9)

Design
Theater,avg

(�C)
Rtotal

(cm2 K/W)
Theater,max

(�C)
Rtotal,max

(cm2 K/W)
Tf,in

(�C)
Tf,out

(�C)
Hydraulic diameter

(lm)
Renumber
(l-channel)

D4 102.6 0.097 112.8 0.11 25 39.6 100 170
D5 98.3 0.092 107.7 0.10 25 39.7 100 150
D6 85.7 0.076 91.5 0.083 25 39.6 100 150
D7 77.8 0.066 82.9 0.072 25 39.6 60 130
D8 60.0 0.044 62.5 0.047 25 39.2 17.6 92
D9 57.6 0.041 59.9 0.044 25 39.2 17.6 46
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In addition to the decreased v2 in D4 and D5, the wall thickness
between the manifold inlet/outlet conduits, Wmani,wall, is doubled
in D4 and D5. Since the frictional pressure drop is linearly propor-
tional to the fluid travel length, and proportional to the average
fluid velocity squared, the combined effects reduce the pressure
drop, DP3, within the active cooling region, by 3.5% for D5 to D4
design (Fig. 6(a)).

The changed Rtotal is nearly identical to the changed Rcomp, and
it means that the average surface temperature of the heater
decreases while the average exit fluid temperature is maintained
(Eq. 8(b)). Lflow is defined by Nmani,in and remains constant, so
Wmani,wall is the parameter that determines the amount of bypassed
fluid between the manifold inlet/outlet conduits. As Wmani,wall/
Lflow in D5 is doubled from D4, the amount of bypassed fluid is
reduced. Therefore, improvement in Rtotal in D5 is expected due
to reduce Rcomp.

Appendix D: Further Discussion of Frictional Pressure

Drop in Cold Plate Microchannels (D6–D9)

According to the general frictional pressure drop equation for
straight channels [20], DPfriction across the CP microchannels is
inversely proportional to Dh,cp, and proportional to friction factor,
ff, and mass flux squared, G2

cp. If we assume constant fluid ther-
mophysical property and uniform flow distribution in microchan-
nel, then

DPfriction;D7

DPfriction;D6

� �
est

�
Dh;cp;D6 � ff;D7 � G2

cp;D7

Dh;cp;D7 � ff;D6 � G2
cp;D6

ffi 5:91

DPfriction;D8

DPfriction;D7

� �
est

�
Dh;cp;D7 � ff;D8 � G2

cp;D8

Dh;cp;D8 � ff;D7 � G2
cp;D7

ffi 40:08

DPfriction;D9

DPfriction;D8

� �
est

�
Dh;cp;D8 � ff;D9 � G2

cp;D9

Dh;cp;D9 � ff;D8 � G2
cp;D8

ffi 0:5

(D1)

Compared to the CFD simulations results

DP3;D7

DP3;D6

� �
CFD

ffi 2:28

DP3;D8

DP3;D7

� �
CFD

ffi 15:22

DP3;D9

DP3;D8

� �
CFD

ffi 0:45

(D2)

While the estimated values from Eq. (D1) are different form the
CFD simulation results (Eq. (D2)), the trend is consistent with the
results in Fig. 8. Since the motion of the fluid within the CP
microchannel is complicated, a more careful investigation is
required to characterize the effect of CP microchannel’s shape
factor on the DP3. The efforts presented in Eq. (D1) give us a gen-
eral idea of changing trends in DP3 as the Ncp changes.
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