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A B S T R A C T   

Active liquid cooling technique with great efficiency not only reduces power consumption but also effectively 
dissipates high heat flux. In this study, a manifold-microchannel heat sink (MMCHS) was monolithically fabri
cated by additive manufacturing, and the thermal and hydraulic performance was investigated in a closed loop. 
Utilizing AlSi10Mg powder, the laser powder bed fusion process was used to fabricate the complex heat sink 
structure by directly putting a 3D liquid routing manifold structure on a typical microchannel. The MMCHS, with 
an overall size of 30 × 15 × 9 mm3, can support a heated area of 10 × 10 mm2 and features a tapered structure to 
facilitate uniform coolant flow. This system contains microchannels with a width and height of 0.2 mm and 2 
mm, respectively, with an aspect ratio of AR = 21. Our results show that the MMCHS can dissipate effective heat 
flux up to 240 W/cm2 with a mass flow rate of 395 g/min with a considerably low-pressure drop of 1.7 kPa and 
low heated surface temperature of 100 ◦C. The corresponding total thermal resistance is as low as 0.21 K/W. In 
addition, numerical simulations showed detailed flow information as well as good agreement with experimental 
data. Finally, methods for structural improvement of the manifold microchannel were suggested based on the 
experimental and numerical results.   

1. Introduction 

With the rising demands and stringent consumer requirements in the 
fields of cloud computing, 5G/edge computing, power electronics, and 
RF communications, industry and research have moved towards the 
miniaturization of electronics, while simultaneously making them 
extremely powerful [1]. However, these technological advances 
encountered significant thermal management issues owing to high heat 
dissipation, extremely high heat fluxes at hotspot, and increased chip 
temperature, which leads to sub-optimal electrical performance [2,3]. 
Hence, efficient thermal management solutions, in the compact form are 
crucial for the stable and continuous performance of chips. Liquid 
cooling [4–6] is regarded as a superior cooling method owing to its 
enhanced heat transfer performance compared to conventional air 
cooling. Therefore, several studies have been conducted to improve the 

thermal performance of liquid cooling through different methods such 
as microchannel cooling [7–12], micro-pin fin cooling [13–19], jet 
impingement [20–27], spray cooling [28–34], and nanofluids [35–40]. 
However, these cooling schemes result in a substantially high pressure 
drop for the flow rate required in the relatively small flow area, and 
therefore lower energy efficiency. 

A manifold-microchannel heat sink (MMCHS) has been proposed to 
reduce pressure drop in the microchannel while maintaining or even 
enhancing heat transfer performance. This is achieved by adding a 
manifold layer on top of the existing microchannel heat sink, leading to 
an aflow path that is relatively shorter than that of a conventional 
microchannel [41]. Therefore, MMCHS can use considerably smaller 
microchannels than conventional heat sinks while operating at a 
reduced pressure drop and corresponding low pumping power. In 
addition, a reduced thermal boundary layer thickness and correspond
ing higher thermal performance can be achieved because of the vertical 
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impingement jet generated between the manifold structure and the 
microchannel. Thus, MMCHS design has been extensively studied in the 
last two decades [42–46]. Wang and Ding [42] fabricated a heat 
spreader by etching and electrodepositing a manifold and micro
channels with Wch = 100 μm and Hch = 20 μm using a silicon wafer as a 
substrate. They found that the thermal boundary layer developed in a 
transverse microchannel, and the increased heat transfer area yielded 
high local heat transfer efficiency, thus demonstrating a uniform tem
perature distribution. They achieved a thermal resistance of 1.83 K/W 
with a low flow rate of 6.79 mL/min and a maximum heat flux of 18.9 
W/cm2 in a heating area of 19.4 × 9.1 mm2. Escher et al. [43] fabricated 
a compact MMCHS through microfabrication using a silicon substrate 
and conducted an experimental parametric study of the shape and 
operating conditions. A novel tapered inlet and outlet ensured constant 
pressure gradients across the microchannel inside their heatsink, 
resulting in uniform fluid distribution and temperature uniformity. 
Using an optimal MMCHS design, a possibility to remove the heat flux of 
700 W/cm2, corresponding to the thermal resistance of 0.023 K/W, was 
demonstrated at a flow rate of 1.3 L/min using water as a working fluid 
in a footprint area of 20 × 20 mm2, to obtain a pressure drop of 22 kPa. 
They also suggested that the decoupling of flow distribution from the 
intrinsic heat transfer would help to optimize the design because the 
optimum design could be shifted by changing the working fluid. And
hare et al. [44] designed and fabricated a multi-pass man
ifold-microchannel heat exchanger with a large area of 280 × 57 mm2 

using nickel microchannels and PTFE manifolds. They utilized a coun
terflow to increase the efficiency of the heat exchanger and demon
strated the overall heat transfer coefficient of 20,000 W/m2K at a 
maximum flow rate of 1.2 L/min using water as a working fluid. Jung 
et al. [45] fabricated an embedded manifold microchannel using the 
bonding of two silicon substrates and demonstrated its thermal and 
hydraulic performance using single-phase water cooling. They intro
duced a tapered entrance to reduce the pressure drop caused by sudden 
contractions at the entrance of the plenum, resulting in a 60% pressure 
drop to approximately 2.6 kPa at a flow rate of 0.1 L/min, and obtained 
heat flux dissipation of 250 W/cm2. In addition, the numerical analysis 
demonstrated the possibility of removing 850 W/cm2 of heat flux in a 
single-phase, at the same flow rate. van Erp et al. [46] monolithically 
fabricated microchannels and manifolds on a single silicon substrate as 
an embedded cooling module using microfabrication. An ADC converter 
using GaN was fabricated in a footprint area of about 2.8 × 2.8 cm2 and 

approximately 1700 W/cm2 was dissipated, at a flow rate of 0.06 L/min, 
resulting in a pressure drop of 125 kPa. They experimentally demon
strated that the electrical-thermal co-design can achieve a cooling effect 
that exceeds a heat flux of 1 kW/cm2. The above researchers enhanced 
the thermal performance and reduced hydraulic loss on their methods, 
but MMCHS has certain disadvantages; it is still morphologically com
plex because of its 3D structure and is challenging to design and 
manufacture because of its numerous design parameters and high 
manufacturing level, especially in an electronics application. 

Additive manufacturing (AM) technology can easily help to manu
facture complex 3D structures of MMCHS using computer-aided design 
tools compared to conventional machining methods like milling, cast
ing, and forming [47–49]. In addition, it has the ability to create rough 
surfaces or porous media intentionally in order to enhance the perme
ability of the structures or improve the boiling heat transfer by adjusting 
the fill ratio and making the lattice structures [50–54]. Arie et al. [55] 
fabricated an air-to-water manifold-microchannel heat exchanger with 
Ti alloy through laser powder bed fusion (LPBF) AM technology. They 
experimentally obtained an airside pressure drop of less than 100 Pa and 
a Reynolds number range lower than 100 for heat exchange of up to 900 
W. Their results suggested that additive manufacturing could be a key 
role in complex designs which are difficult to fabricate with conven
tional technologies. Zhang et al. [56] fabricated a nitrogen-to-air man
ifold-microchannel heat exchanger made of Inconel 718 using the LPBF 
method. They demonstrated that additive manufacturing could well be 
utilized to produce compact and lightweight heat exchangers, providing 
benefits in situations where space and weight are limited. Thus, they 
improved the heat transfer density by 25% compared to that of con
ventional fin heat exchangers and achieved a heat exchange of up to 
2.78 kW. There were efforts to applicate to microfluidics for the thermal 
management of electronics as well. Collins et al. [57] designed the 
manifold microchannel including the straight microchannel using 
AlSi10Mg. They observed the early flow transition from laminar to 
turbulent behavior at the Reynolds number of 800 due to the high 
roughness of AM process. The incorporation of a manifold showed a 
reduced pressure drop by 90%. Moreover, Collins et al. [58] designed 
and fabricated a permeable membrane microchannel heat sink using 
LPBF with aluminum alloy (AlSi10Mg). In their experiment, the inten
tional porous walls acted both as conducting fins and allowed 
through-flow for efficient heat transfer, thus a significantly low-pressure 
drop of approximately 4 kPa was obtained for heat dissipation up to 200 

Nomenclature 

Cp specific heat 
COP coefficient of performance 
Dh hydraulic diameter 
g gravitational acceleration 
H height 
h convective heat transfer coefficient 
k thermal conductivity 
L total chip length 
ṁ mass flow rate 
Ppump pumping power 
ΔP pressure drop 
q heat dissipation rate 
q" heat flux 
R thermal resistance 
Re Reynold number 
T temperature 
t thickness 
u fluid velocity 
V̇ volumetric flow rate 

W width 

Greek symbols 
Г effective diffusivity 
μ dynamic viscosity 
ρ density 
ω specific dissipation rate 

Subscripts 
b bottom 
ch channel 
eff effective 
fin fin 
in inlet 
k turbulence kinetic energy 
m manifold 
max maximum 
out outlet 
p pump 
tot total 
w wall  

D. Kong et al.                                                                                                                                                                                                                                    



International Journal of Mechanical Sciences 248 (2023) 108228

3

W at a flow rate of 500 mL/min using water as the working fluid. They 
argued that the permeable design from additive manufacturing could 
produce complex geometries incorporating locally porous features, 
otherwise unobtainable through conventional manufacture. Kemper 
et al. [59] fabricated an impinged multijet heat sink using VALLOY-120 
and characterized the thermofluidic performances at a high heat flux of 
1000 W/cm2. Due to the superior single-phase heat transfer coefficient, 
they achieved a six-fold improvement over typical microchannel heat 
sinks, while concurrently requiring a pressure drop of up to 160 kPa. 

Despite the efforts of previous studies, since there is still a need to 
dissipate high power density consuming low pumping power, we expand 
the research field to additive manufacturing of microfluidic devices 
considering the energy-efficient thermal management solutions as well 
as the fabrication difficulty for the high-powered chip cooling [60]. The 
objective of this study is to manufacture a compact MMCHS with an area 
of 10 × 10 mm2 and a minimum wall thickness of 0.3 mm using AM 
technology and evaluate its thermal fluid performance using 
single-phase water cooling. This compact MMCHS was fabricated using 
LPBF technology, and the experiment was conducted by characterizing 
the flow rate in the range of ṁ = 100–400 g/min with a maximum heat 
flux of q" = 240 W/cm2 in order to exploit the contribution of flow rate 
and heat flux to thermal performance. Moreover, the internal stream
lines, flow distribution, and ratio of pressure drop were investigated 
through CFD simulation in order to discuss the hydraulic behavior of 
MMCHS. This study can contribute to research on the fabrication and 
performance analysis of AM-based microfluidic cooling devices. 

2. Experimental method 

The main focus of this study is to develope a compact and robust 
design of an efficient microcooler using AM technology, as well as its 

thermal capability. To explore the manufacturability through the LPBF 
method and to evaluate the single-phase heat transfer in MMCHS, the 
design of the overall test section, including the fabrication of the 
microcooler, the experimental loop system, and the detailed experi
mental procedure, is described as follows. In Section 2.1, we describe the 
configuration of MMCHS with geometric dimensions and a few AM 
techniques for preventing fabrication failure. In Section 2.2, the 
assembled test module and components of the flow loop system are 
introduced to control the operating conditions. In Section 2.3 and Sec
tion 2.4, we explain the measurement procedure, data reduction, and 
test uncertainty through MMCHS and loop system. 

2.1. Design and fabrication of 3D metal printed manifold-microchannel 
heat sink 

In this section, we describe the design considerations and fabrication 
details of the MMCHS microcooler test samples. First, we design a 
detailed manifold channel structure that can be additively manufactured 
with structural rigidity and flow uniformity. The overall dimension of 
the sample is 30 × 15 × 9 mm3 (L × W × H), making it relatively 
compact with an active heat transfer area of 10 × 10 mm2. The manifold 
consists of six inlet branches and seven outlet branches, as shown in 
Fig. 1(a). The liquid entering the manifold is distributed evenly to the 
microchannels by adopting a tapered shape for the manifold. The width 
of the manifold inlet and outlet is 0.45 mm and 1.25 mm, respectively 
having an inlet-to-outlet ratio of approximately three. This increases the 
heat transfer rate by increasing the speed of the fluid entering the 
channel [61]. The microchannel section comprises a total of 21 chan
nels, with a channel width (Wch) of 0.2 mm and a channel height (Hch) of 
2.0 mm. The thickness of the base from the bottom of the heat sink is 1.0 
mm, which is sufficient to eliminate leakage from the pores formed 

Fig. 1. Additively manufactured manifold microchannel microcooler configurations. (a) The manifold consists of six inlet conduits and seven outlet conduits, and the 
microchannel has a high aspect ratio with a channel width of 200 μm and height of 2 mm. (b) Support pillars and arch-shaped cover on the top surface are modeled to 
avoid overhang during the AM process. (c) An additively manufactured MMCHS using AlSi10Mg powders. 
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Fig. 2. Assembly of the thermal-fluid test module. (a) Schematic of the cross-section of the test module. (b) Image of the assembled test module. Insulation with a 
polycarbonate cover around the 3D-printed MMCHS prevents heat losses while providing the simultaneous sensing of fluid temperature and pressure drop. 

Fig. 3. Schematic overview of the experimental flow loop system. De-ionized water is used as a working fluid. A mass flow rate of 100–400 g/min transported by the 
micropump is applied to the test module at an inlet temperature of ~20 ◦C. Joule heating with a thin film heater is applied to the bottom surface of MMCHS, 
simultaneously observing the surface temperature using the IR camera. 
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during 3D printing [58]. Adopting a thin wall serves to reduce the 
pressure drop inside the MMCHS; thus, the channel fin and manifold 
wall are limited to a thickness of 0.3 mm, which is also the minimum 
feature size of the AM process [62]. Pillars are fabricated at the entrance 
and exit plenum of MMCHS as shown in Fig. 1(b) for supporting the 
structure and preventing overhang while manufacturing the heat sink. 
The top of the manifold possesses a stable arch design to eliminate 
structural failure during manufacture. Both top and bottom parts are 
monolithically fabricated by the LPBF (EOS M290) method using 
AlSi10Mg powder, which is one of the metal AM technologies. The 
MMCHS is subsequently heat-treated at 300 ◦C for 2 h to prevent fluid 
leakage by filling in pores and to improve overall thermal conductivity 
(k = 170 W/mK) [62]. 

2.2. Test module & facility of flow loop system 

A thermal-fluid test in which the thermal resistance, pressure drop, 
and coefficient of performance (COP) are measured is conducted to 
assess the thermal and hydraulic performance of the 3D-printed 
microcooler. Before the heat transfer evaluation, test rigs including 
the sample fixer, liquid route housing, and MMCHS heat sink for the test 
module are assembled. Fig. 2 illustrates each component of the MMCHS 
test module through the cross-sectional schematic and the image of the 
assembled test module. For compatibility with the flow loop, the inlet 
and outlet are fitted with Hy-Lok 3/16" ferrule fittings using silicone 
paste. A 3 mm hole is drilled into the inlet and outlet plenum to measure 
the pressure drop using perfluoroalkoxy (PFA) tubes connected to a 
differential manometer. The inlet and outlet fluid temperatures are 
measured simultaneously by inserting K-type thermocouples (OMEGA 
Eng., SCASS-010G-12) with a diameter of 0.01" into the PFA tubes. A 
thin metal heater (Ti/Au = 20 nm/100 nm) deposited on a silicon wafer 
through thermal evaporation is attached to the bottom surface of 
MMCHS using TIM (Thermal Grizzly Kryonaut, k = 12.5 W/mK) to 
create the thermal test vehicle. The 10 × 10 mm2 of the heated area is 
carefully aligned with the footprint area of MMCHS. In addition, the 
polycarbonate (PC) and polyether ether ketone (PEEK) blocks are 
machined to mount the thermal test vehicle and prevent parasitic heat 
loss during the experiment. Finally, the entire test setup is assembled by 
mutually aligning each component. Fig. 3 depicts the schematic of the 
apparatus of the flow loop system designed to investigate the heat 
transfer performance and pressure drop characteristics of MMCHS. A 
magnetically driven gear pump (Micropump GA-T23) is used to drive 
the working fluid through the test section. A Coriolis mass flow meter 
(Bronkhorst High-Tech BV, M14) is installed to measure the mass flow 
rate entering the inlet of the test section. A 50 μm-filter is installed at 
both ends of the test module to screen impurities during the test. A 
liquid-to-liquid heat exchanger and a chiller (JEIO TECH Co., Ltd., HH 
20) are connected downstream of the sample to remove the heat from 
the fluid coming out from the outlet. During the experiment, the tem
perature of the thin-film heater is measured with an IR camera (FLIR 
A655sc) with a resolution of 640 × 480 pixels. A coating of calibrated 
high-emissivity black paint (ELE EP-10) is conducted on the heater in 
order to ensure accurate temperature measurement. 

2.3. Operating conditions & experimental procedure 

Thermal-fluid testing of the MMCHS is conducted with water as the 
cooling fluid, operating at a mass flow range of 100–395 g/min, with an 
inlet absolute pressure in the range of 1.15–1.2 bar. The inlet temper
ature is maintained in the range of 17.2–20.1 ◦C. Before testing, water is 
boiled for 30 min using an immersion heater to degas the coolant and 
remove any non-condensable gases, which is subsequently cooled down 
to room temperature before pumping it into the test section. The water 
temperature at the inlet is controlled by a pre-heater (TECHNE, TE-10D) 
upstream of the test module. The thin metal heater on the Si wafer, 
attached to the MMCHS, is powered by a DC power supply (MKPOWER, 

MK-20015IS). Power is applied to the heater starting from 0 W and the 
current and voltage are increased by 20 W. To measure the current and 
voltage applied to the heater, a shunt resistor (Ohmite TGHGCR0500DE) 
and a voltage divider circuit with a resistance ratio of 40:1 are chosen, 
and the power is recorded by connecting it to a DAQ analog input 
module (NI 9220). The water heated from the test module is cooled 
down in the heat exchanger downstream and returned to the reservoir. 
When the change in the heater surface temperature remained within 
±0.5 ◦C for 1 min, it is regarded as a steady state and the temperature is 
recorded using an IR camera. Simultaneously, the fluid temperature of 
the inlet and outlet, absolute gauge pressure (Trafag AG, ECT 8472), and 
pressure drop (OMEGA Eng., PX2300-1D) are also logged using a DAQ 
module integrated into a Labview program. 

2.4. Data reduction and uncertainty 

The Joule heating, qtot, that powers the metal serpentine heater is 
computed by multiplying the voltage across the heater, V, by the current 
flowing through the heater, I. The heat flux is defined as the applied heat 
divided by the heater area. 

q′′
tot =

VI
Ah

=
q
Ah

(1) 

The bottom surface temperature of the MMCHS, Tb, is calculated 
using Eq. (2), which considers the temperature drop in the Si wafer and 
TIM. 

Tb = Th −

(
tsi

ksi
+

ttim

ktim

)

q′′
eff (2) 

Th is the average temperature of the heater surface on the back of Si 
wafer, and tsi and ksi are the thickness and thermal conductivity of the Si 
wafer, respectively, and ttim and ktim are corresponding values of the 
thermal interface material. The effective heat flux dissipated by the fluid 
flow in the manifold microchannel, q′ ′

eff, is calculated using Eq. (3) 
which accounts for the conductive heat loss from the total input heat 
flux. 

q′′
eff = q′′

tot − q′′
loss = ṁCp(Tout − Tin) (3) 

A major portion of heat loss includes lateral heat dissipation through 
highly conductive metallic side walls to the inlet and outlet plenums 
[64], and the remaining portion is transferred to the 
manifold-microchannel structures and is dissipated by single-phase 
liquid cooling. The detailed heat flow paths in the microcooler are ob
tained computationally and are included in Appendix A. Accordingly, 
the total thermal resistance for different effective heat at each mass flow 
rate of MMCHS is defined as follows, 

Rtot =
ΔT
qeff

=
Tb − Tin

qeff
(4) 

The coefficient of performance is determined to quantitatively 
analyze the heat transfer and pressure drop trend of MMCHS, which is 
defined as the ratio between the amount of heat dissipated and the 
pumping power required to transport the fluid. 

COP =
qeff

qpump
(5) 

Where qeff is calculated as effective heat flux times the heater area, 
and qpump is determined by the volumetric flow rate and pressure drop 
across the heat sink as follows, 

qpump = V̇ΔP (6) 

The accuracy of mass flow rate measurement at the inlet is 0.2%. In 
addition, the precision of the resistors that receive voltage and current 
via the voltage divider and shunt resistor is 1% and 0.5%, respectively. 
Thus, the uncertainty in the measurement of qtot is considered in Eq. (7) 
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Fig. 4. Computational model and grid independency results. (a) Computational domain for the additively manufactured manifold-microchannel microcooler. (b) The 
mesh independence test at Tin = 20 ◦C, ṁ =100 g/min, and q" = 100 W/cm2. The thermal resistance and pressure drop results are presented by adopting the number 
of elements from 107 to 4 × 107. 

Fig. 5. Comparison of the experimentally measured pressure drop with the numerical results. (a) Single-phase pressure drop in the MMCHS as a function of effective 
heat flux at ṁ = 100–400 g/min. (b) An averaged proportion of pressure drop to total pressure drop for each section of MMCHS. Based on the CFD results, 47.1% of 
the total pressure drop occurs in the converged manifold structure (ΔPcontra), and 36.6% of the total pressure drop is contributed to the microchannels (ΔPμ-ch). 
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and calculated to be ±1.4%. 
(

Uqtot

VI

)2

=

(
UV

V

)2

+

(
UI

I

)2

(7) 

The absolute gauge pressure and differential pressure transducer 
readings from inside the sample have respective precisions of 0.5 and 
0.25%. The accuracy of the inlet and outlet thermocouples is ±1.1◦C, 
and the temperature of the heated surface measured from the IR ther
mometer has an accuracy of ±2 ◦C. Moreover, the TIM thickness is 
measured by a micrometer, which has a 0.01 mm accuracy. Therefore, 
based on Eq. 8, the total thermal resistance in the MMCHS exhibits 
uncertainties of 2.1–17.9% [63]. 
(

URtot

Rtot

)2

=

(UTh,avg

ΔTlm

)2

+

(UTf ,in

ΔTlm

)2

+

(UTf ,out

ΔTlm

)2

+

(
Uq′′ tot

q′′
tot

)2

+

(
Uttim

ttim

)2

(8)  

3. Computational modeling 

Before experimentally evaluating the thermal and hydraulic perfor
mance of the MMCHS at a high heat flux, a 3D conjugate heat transfer is 
performed with a symmetric design. From a holistic standpoint, we 
address the impact of operational conditions on the relationship be
tween the detailed fluid flow and heat transfer performance inside the 
MMCHS. Therefore, the analysis of the total pressure drop and unifor
mity of the channel velocity in the MMCHS at four mass flow rates is 
summarized through numerical modeling. 

3.1. CFD simulation domains and governing equations 

In this section, the simulation domain and boundary conditions of 
the MMCHS are explained line-by-line. Furthermore, governing equa
tions with adequate discretization methods are used to solve the ther
mofluidic behavior. To compute the 3D computational domain used in 

Fig. 6. Streamline computations in the MMCHS. Cross-sectional streamlines at the center of the manifold inlet (a–d) and manifold outlet (e–h). At the high flow rate 
of 400 g/min in d, the flow separation is intensified inside the channel and makes the vortices. In addition, the sudden opening from the channel to the outlet 
manifold causes the vortices, resulting in a lower channel velocity, as shown in h. 
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the simulation of the MMCHS, we employ symmetric modeling that can 
reduce the CFD domain size, thereby minimizing the computational 
costs, as shown in Fig. 4(a). The solid domain in the model is monolithic 
and hence was made of a single material, Al alloy (k = 173 W/mK). The 
fluid domain is DI water with an inlet and outlet on either end of the CFD 
domain. Four mass flow rates in the range of 100–400 g/min, similar to 
those in the experiment, are applied at the inlet at a constant tempera
ture of 20 ◦C, and a pressure outlet boundary condition with a gauge 
pressure of 0 Pa is applied at the outlet. The constant heat flux boundary 
condition, identical to the experimental condition, is applied at the base 
of MMCHS. A convective heat transfer rate of 10 W/m2-K is applied to 
the outer walls of the CFD domain to simulate the experimental envi
ronment. The symmetric wall condition is applied to the sidewall of the 
MMCHS, and an insulation condition is applied to its remaining surfaces. 
Since the difference in the measured pressure drop values between the 
rough and smooth surfaces is within 4% as shown in Appendix B, a 
smooth surface is applied to the fluid-solid interface even if it has a 
roughness in the fabricated MMCHS. Pressure-velocity coupling is 
implemented using the Semi-Implicit Method for Pressure-Linked 
Equations (SIMPLE) algorithm, and the least squares cell-based 
scheme and second order scheme are adopted for gradient and 

pressure discretization, respectively. The second-order upwind scheme 
is applied to the momentum and energy terms. A shear stress transport 
(SST) k–ω turbulence model is applied to account for turbulence as the 
fluid moves in and out of the manifold and microchannel boundary 
[65–68]. It has been reported that k–ω turbulence model or the SST 
turbulence models perform better in such low Reynolds number flows as 
compared to the ε-equation based k–ε model that is designed typically 
for high Reynolds number flows [69,70]. A commercial code, ANSYS 
Fluent 19.2, is used for CFD simulation, and the governing equations 
used for continuity, momentum, energy, k, and ω used are as follows. 

Continuity equation: 

∂
∂xi

(ρui) = 0, (9) 

Momentum equation: 

∂
∂xj

(
ρuiuj

)
=

∂p
∂xi

+
∂

∂xj

(

μ ∂ui

∂xj
− ρu′

iu′

j

)

, (10) 

Energy equation: 

∂
∂xi

(ρuiT) =
∂

∂xi

(
μ
Pr

∂T
∂xi

)

, (11) 

k equation: 

∂
∂xi

(ρkui) =
∂

∂xj

(

Γk
∂k
∂xj

)

+ Gk − Yk, (12) 

ω equation: 

∂
∂xi

(ρωui) =
∂

∂xj

(

Γω
∂ω
∂xj

)

+ Gω − Yω, (13)  

where ui is the velocity vector in the x, y, and z directions, and ρ, μ, Cp, 
and k are the density, dynamic viscosity, specific heat, and thermal 
conductivity, respectively. Γk and Γω are the effective diffusion terms of 
k and ω, and G and Y are the generation and dissipation terms, respec
tively. The mesh comprises structured conformal hexahedral elements in 
all domains, and a mesh independence test is performed using the 
number of meshes, as shown in Fig. 4(b). At a mass flow rate of 100 g/ 
min, the pressure drop reaches an asymptotic line when the number of 
meshes used is 37 million, and its difference from the pressure drop 
corresponding to 25 million meshes is 0.18%. Although thermal resis
tance changes almost linearly with mesh size, it exhibits only a marginal 
difference of 0.25% between the finest mesh size and the preceding one. 
In this CFD simulation, all cases are calculated using the smallest mesh 

Fig. 7. Variations of the channel velocities at the center of the inlet manifold. 
The velocity at each channel has a uniform value in channels 1–12. The velocity 
in channels 13–21 gradually decreases due to the narrower manifold path and 
flow resistance. 

Fig. 8. Thermal performance evaluation of the MMCHS. The experimental results for (a) the averaged bottom surface temperature and (b) the corresponding total 
thermal resistance of MMCHS at a given heat flux and the mass flow rate of 100–400 g/min. The value of ΔTb/Δq" decreases from 0.60 to 0.37 and the total thermal 
resistance decreases from 0.35 to 0.21 K/W. 
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size. 

4. Results and discussion 

The following sections present the characterization of the heat 
transfer and hydraulic performance parameters of the MMCHS, such as 
heat fluxes and mass flow rates. In addition, the detailed flow field inside 
the MMCHS, which is difficult to obtain experimentally, is analyzed 
using CFD simulations and compared with the experimental results. In 
Section 4.1, an analysis of the pressure drop on the MMCHS is described 
using experimental and numerical data. Furthermore, numerical 

analysis of the partial pressure drop provides insight into the hydro
thermal enhancement through the geometrical effect. In Section 4.2, the 
heated surface temperature and total thermal resistance of the MMCHS 
are investigated in terms of the hydraulic characteristics described in 
Section 4.1. In Section 4.3, the pumping power and coefficient of per
formance of the MMCHS are assessed to determine its thermal efficiency 
and benchmarked with the conventional microchannel heat sink. 

4.1. Pressure drop and flow field results 

In a microfluidic cooling system, the pressure drop is indicated as a 

Fig. 9. Temperature rise on the heated surface obtained by an infrared camera. Infrared measurements of heated surface for two different mass flow rates of (a–c) 
200 g/min and (d–f) 400 g/min. At a heat flux of approximately 150 W/cm2 in c and f, the hot spot temperature is highlighted on the right side of the heater due to 
the reduced channel velocity. 

Fig. 10. Thermal-hydraulic analysis on MMCHS. (a) Trends of total thermal resistance (black) and pressure drop (red) at the mass flow rate of 100–400 g/min and 
the constant heat flux of q" = 100 W/cm2. (b) The coefficient of performance of MMCHS is 1.7–3.6 times higher than that of MCHS at all flow rates due to the shorter 
flow channel formed by the integration of the manifold structure to traditional MCHS, which reduces pumping power. 
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factor that impedes energy efficiency. Thus, the experimental pressure 
drop in the MMCHS is measured at the different mass flow rates and heat 
fluxes, and the numerical results validate the fluid flow in the MMCHS. 
The ratio of the total pressure drop for the design improvement of the 
MMCHS is also analyzed in detail in terms of efficient fluidic behavior. 

First, the mass flow rate is controlled in 100 g/min increments from 
100 to 400 g/min to characterize the pressure drop across the MMCHS. 
Fig. 5(a) depicts the experimentally determined pressure drop as a 
function of heat flux. As expected, the pressure drop for the same mass 
flow rate is almost constant or decreases monotonically with increasing 
heat flux since the fluid viscosity decreases with increasing temperature. 
As the mass flow rate increases from 100 to 400 g/min, the pressure drop 
increases significantly from a minimum of 0.15 kPa to a maximum of 
1.7 kPa. The pressure drop across the MMCHS, determined by the CFD 
simulation for the same geometric morphology and operating conditions 
as in the experiment, is represented by solid lines in Fig. 5(a). It can be 
observed that the numerically obtained total pressure drop agrees well 
with the experimental data as the overall mean absolute error is merely 
5.2%. Fig. 5(b) shows the proportion of pressure drop across each sec
tion as the fluid moves from the inlet of MMCHS through the plenum, 
manifold inlet, microchannel, and to the outlet through CFD analysis. 
ΔPcontra, which has the largest proportion of total pressure drop, ac
counts for 47.1% of the total pressure drop. This is the pressure drop in 
the region of the manifold inlet with a contraction between the manifold 
and microchannel. At 36.6%, the second largest is ΔPμ-ch, which is the 
pressure drop at the entrance of the microchannel and is because of the 
small hydraulic diameter of the microchannels. ΔPplenum,in, the pressure 
drop generated across the inlet plenum and up to the manifold is caused 
by the stagnation effect because of the manifold wall and the decrease in 
the cross-sectional area where the fluid enters, resulting in approxi
mately 13.3% of the total pressure drop. Finally, ΔPexpan is the pressure 
drop at the region between the microchannel and the outlet. The flow in 
this region is subjected to merely 3.1% of the total pressure drop owing 
to the wide hydraulic diameter of the diverged manifold outlet. In 
conclusion, in conventionally shaped MMCHSs pressure drop primarily 
occurs within the manifold inlet and the microchannel. In the future, 
finer 3D printing processes can be used to improve hydraulic perfor
mance by reducing pressure drop because of the sudden contractions 
within the manifold and microchannels. 

In order to figure out the fluidic behavior inside MMCHS, the 
streamlines at the inlet and outlet of MMCHS and the mean fluid velocity 
of each channel are investigated. Fig. 6 illustrates the cross-sectional 
streamlines at the central surface of the inlet and outlet manifolds. As 
shown in Fig. 6(a)–(d), vortices are generated within the microchannels 
near the outlet manifold when the fluid collides and bounces off the 
microchannel wall. This is exacerbated in the case of higher velocity 
fluid entering the microchannel from the manifold, resulting in less fluid 
being introduced into the channels located far from the inlet of the 
manifold. As shown in Fig. 6(e)–(h), a large flow circulation exists near 
the upper left corner of the manifold outlet because of the sudden 
changes in the flow direction. Furthermore, several small vortices are 
developed at the microchannel exit because of the sudden expansion 
when the fluid exits the microchannel into the manifold. Larger vortices 
are observed with increasing fluid velocities. Overall, the vortices 
generated in the microchannel and the space between the microchannel 
and the manifold increase the local pressure drop and decrease the flow 
rate, resulting in non-uniform flow distribution. 

The uniform distribution of channel velocity also helps to understand 
a uniform and stable chip temperature. Thus, we also investigate the 
average velocity of each microchannel in the central section of the 
manifold inlet from the CFD results as shown in Fig. 7. When fluid enters 
the channels, the flow velocity is relatively lower in the first channel 
because of vena contracta caused by a sudden contraction but flows at an 
almost constant velocity from the second to the middle channel. The 
flow velocity starts to decrease from the middle to the last channel 
because of the vortices generated inside and above the microchannels. 

Fig. 11. A benchmark comparison of the experimentally determined thermal- 
hydraulic performance of MMCHS with conventional microchannel. The 
black markers are experimental results of the microchannel heat sink from 
Ref. [9]. Both thermal resistance and pressure drop are reduced compared to 
the conventional microchannel due to the advantages of integration of the 
manifold structure with the microchannel. 

Fig. A.1. Analysis of the portion of dissipated heat on the MMCHS. (a) An 
averaged ratio of the dissipated heat amount in the AM MMCHS. Conductive 
base thickness and monolithic AM design dissipate ~40% of total heat. It is 
validated with (b) the experimental comparison of effective heat versus 
total heat. 
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More detailed streamlines and temperature contours along with the 
microchannel length are described in Appendix C. Thus, as described in 
Fig. 6, the strength of the vortices generated in the microchannel in
creases along with the mass flow rate. This cause augments the vortex 
generation area, thereby reducing the fluid flow into the channel. 

4.2. Temperature and thermal resistance results 

A report on the heated surface temperature and total thermal resis
tance is presented to assess the thermal performance of the MMCHS by 
measuring the bottom temperature and resulting thermal resistance. 
Based on the results of the pressure drop and distribution of the fluid 
velocity inside the channels in Section 4.1, the temperature distribution 
of the hotspot and the total thermal resistance can be inferred and 
evaluated in terms of effective heat transfer. The experimental values of 
the average temperature of the bottom surface of the MMCHS corre
sponding to various effective heat fluxes for each mass flow rate are 
shown in Fig. 8(a). For the same flow rate, the bottom surface temper
ature increases almost linearly as the heat flux increases. And as the flow 
rate increases from 100 to 400 g/min, the value of ΔTb/Δq" decreases 
from 0.60 to 0.37. In addition, the applied effective heat flux increases 
by 69.7% from a minimum of 132–224 W/cm2 when the bottom surface 
temperature reaches 100 ◦C. This enhancement is attributed to the in
crease in the flow rate in the microchannel and the increase in the 
convective heat transfer rate because of the mixing effect of the vortex in 
the channel, as shown in Fig. 6. Fig. 8(b) presents the experimentally 
calculated total thermal resistance for different effective heat fluxes at 
each mass flow rate of MMCHS. At a mass flow rate of 100 g/min, the 
total thermal resistance varies because of the large uncertainty in flow. 
However, the trend of the result can be expressed as almost constant. At 
the same flow rate, the total thermal resistance remains almost constant 
within the range of 0.21–0.35 K/W as the heat flux increases. Moreover, 
the thermal resistance decreases by 25.9% when the flow rate increases 
from 100 to 200 g/min because of the increase in convective heat 
transfer in the microchannel. However, since the conductive thermal 
resistance is almost constant while the convective thermal resistance 
proportionally decreases as the flow rate increases beyond 300 g/min, 
the total thermal resistance is reduced by approximately 10%. 

Similarly, the uniformity of the surface temperature is investigated 
based on the distribution of the fluid velocity at the microchannel, as 
discussed in Section 4.1. We may infer the temperature distribution of 

the heated surface indirectly by visually observing the IR thermal 
mapping at different heat fluxes, as shown in Fig. 9. The fluid flow at the 
inlet of the manifold proceeds from left to right, and the flow in the 
microchannel proceeds in a vertical direction. As the heat flux increases 
to approximately 50 W/cm2 for each flow rate, the heater temperature 
increases monotonically in single-phase cooling. Furthermore, the hot 
spot shifts marginally to the right of the center because of non-uniform 
flow velocity (i.e., because of the low flow at the manifold outlet side) in 
the microchannel. The temperature drop appears at the edge of the 
heater because of the lateral heat spreading of MMCHS. In addition, as 
the flow rate increases from 200 to 400 g/min, the average temperature 
and maximum temperature difference of the heater for the same heat 
flux decrease by 17.0–26.6 ◦C and 7.8–11.6 ◦C, respectively. 

4.3. Evaluation of thermal and hydraulic performance 

In this section, the thermal and hydraulic performances of the 
MMCHS are comprehensively analyzed to determine the suitable oper
ating conditions that maximize the heat transfer rate while minimizing 
the pressure drop. Furthermore, the coefficient of performance that 
determines the cooling efficiency of the MMCHS is compared with that 
of the microchannel (MCHS) as a reference index. First, the average total 
thermal resistance and pressure drop are characterized by the mass flow 
rate, as shown in Fig. 10(a). Total thermal resistance is drastically 
reduced, showing a decrease of 40% to 0.21 K/W at a mass flow rate of 
400 g/min, compared to 0.35 K/W at a mass flow rate of 100 g/min. In 
contrast, the relatively low-pressure drop of 0.15 kPa for the mass flow 
rate of 100 g/min exponentially increases to 1.7 kPa for the mass flow 
rate of 400 g/min, which is approximately an 11-fold increase. This 
clearly indicates a tradeoff between thermal and hydraulic performance 
in MMCHS. Fig. 10(b) presents the comparison of COPs between 
MMCHS and conventional microchannel heat sink as a function of mass 
flow rate for dissipating the same effective heat flux of 100 W/cm2. The 
geometry of the microchannel is dimensionally similar to the structure 
fabricated in this study with Wch = 0.21 mm, Wfin = 0.37 mm, and Hch =

2 mm. The COP is calculated for the same mass flow rates used in this 
study [9]. As the flow rate increases, the COP tends to decrease because 
of the increasing pressure drop for the same heat flux. MMCHS exhibits a 
COP that is 1.7–3.6 times that of MCHS at all flow rates. This is because 
the pumping power decreases owing to the shortened flow path created 
by adding the manifold structure. 

Fig. B.1. Numerical comparison of pressure drop depending on surface roughness. Confocal images of (a) manifold wall and (b) microchannel wall. (c) The mean 
absolute error for the pressure drop between a smooth wall and a rough wall with a flow rate of 100–400 g/min indicates ~4%, barely any different owing to 
low velocity. 
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We also benchmark the thermal performance of our additive- 
manufactured microcooler with the conventional microchannel to 
investigate the effort of manifold structure. Pure aluminum micro
channel is chosen as a baseline, and the total thermal resistance of each 
microcooler is expressed as a function of pressure drop for each flow rate 
as shown in Fig. 11. The measured data points show the average total 
thermal resistance and pressure drop obtained during the thermal test. 
The black symbols represent the results of the conventional micro
channel, and the experimental results for the same microchannel shape 
are specified for comparison with the experimental result of MMCHS 
[9]. For the same heat flux of 100 W/cm2, the pressure drop of MMCHS 
is at least 37.9% lower than that of MCHS, with the difference increasing 
to 70.2%. In addition, the total thermal resistance also decreases by at 
least 24.2% with the difference increasing to 44.0% compared to the 
microchannel heat sink, indicating improved heat transfer performance. 
This thermal fluid performance improvement can be attributed to 
various complex reasons as follows: 1) lowered pressure drop because of 
the short flow path inside the channel owing to the inclusion of the 
manifold structure, 2) heat spreading through an all-metallic AM heat 
sink as well as microfluidic performance, 3) reduced thermal boundary 

layer obtained using the jet impingement of the 3D manifold. 

5. Conclusions 

In this study, a manifold microchannel heat sink (MMCHS) with 
tapered manifold inlets and outlets is designed and fabricated using a 
metal additive manufacturing process called laser powder bed fusion 
(LPDF). AlSi10Mg powder is used to fabricate this aluminum-alloy- 
based heat sink, which is subsequently heat-treated to reduce porosity. 
This improves the thermal conductivity of the heat sink and reduces 
fluid leakage. Design considerations, including the use of an arch-shaped 
top cover and micropillars in the inlet and outlet plenums, are imple
mented to improve the manufacturability of the heat sink. 

Thermal-fluid characterization of the fabricated heat sink at various 
heat fluxes and water flow rates is conducted through a combination of 
3D conjugate heat transfer simulations and experimental testing. As 
observed experimentally and computationally, the pressure drop across 
the MMCHS increases from 0.15 to 1.7 kPa as the flow rate increases 
from 100 g/min to approximately 400 g/min. Up to 47.1% of the total 
pressure drop for all the flow rates is observed at the manifold inlet 

Fig. C.1. Streamline and temperature cross-sectional contours of MMCHS. (a) MMCHS modeling and the channel number of each contour. (b–e) streamlines for 
channel numbers 2, 7, 13, and 20, respectively, and (f–i) the corresponding temperature contours at a flow rate of 400 g/min and effective heat flux of 100 W/cm2. 
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region, where the flow changes direction to enter the microchannel and 
experiences a sudden contraction in the flow cross-section. The pressure 
drop across the microchannel section results in 36.6% of the total 
pressure drop. Hence, it is important to optimize these geometries to 
reduce the overall pressure drop of the heat sink. 

While the pressure drop increases with an increase in the mass flow 
rate, there is a 24.9% drop in the thermal resistance when the flow rate 
increases from 100 to 200 g/min. However, there is only a 10% drop 
when the flow rate increased from 200 to 300 g/min. This is due to the 
limitation of a fixed conductive resistance in the heat sink. A signifi
cantly lower thermal resistance of 0.21 K/W is observed for a mass flow 
rate of 400 g/min. This results in a dissipation of 224 W/cm2 for a heater 
average temperature of 100 ◦C compared to only 132 W/cm2 at 100 g/ 
min for the same heater temperature. 

IR imaging of the heat source on the back side of the heatsink shows a 
monotonic increase in the maximum temperature with heat flux for a 
particular mass flow rate. However, for a fixed heat flux, a higher flow 
rate shows a smaller average temperature, as noted previously, and also 
a spatially smaller temperature range. However, as the heat flux 
increased, the hotspot location shifted toward the outlet manifold. This 
is caused by the non-uniform flow in the microchannels. The CFD sim
ulations show significant vortex generation inside the microchannels 
owing to the jet-like impingement of the fluid inside the microchannel. 
This results in an uneven flow distribution in the microchannels as the 
flow velocity increases up to the second channel, and a constant velocity 
is maintained in the middle channels. After the velocity decreases, a 
reduction in fluid flow is observed in the latter microchannels. Hence, 
the hotspot shifts towards the manifold outlet. Significant vortex for
mation is also observed at the microchannel and manifold outlets. This 
formation intensifies with increasing flow rate. This vortex generation 
leads to an increased pressure drop in the heat sink and an uneven flow 
distribution. 

As described previously, the mass flow rate has an inverted rela
tionship with the thermal resistance and pressure drop. For an increased 
mass flow rate of 400 g/min, there is a 40% drop in thermal resistance to 
0.21 K/W from 0.35 K/W for 100 g/min. However, the pressure drop 
increases by 11 times for the same flow rate. Hence, an optimal oper
ating condition must be determined to achieve a high coefficient of 
performance. 

In summary, the thermal-hydraulic characteristics of a manifold heat 
sink are presented, and the effects of several geometric parameters are 
discussed to improve the performance. With the potential of metal ad
ditive manufacturing, complex structural shapes can be fabricated to 
prevent vortices and ensure an even flow distribution to dissipate high 
heat fluxes at low-pressure drops. In addition, the additive 
manufacturing process can be leveraged to create porous manifold- 
microchannel heat sinks to promote flow boiling and dissipate even 
higher heat fluxes. 
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Appendix A. Ratio of convective cooling compared to total heat 

In order to investigate the heat losses to the conductive side wall and 
fluid, the ratio of dissipated heat was calculated in terms of total heat as 
shown in Fig. A.1(a). CFD results were utilized to quantitatively analyze 
the heat amount due to the ease of separation of each section. Trans
ferred heat was separated into (i) convection in manifold microchannel, 
(ii) lateral conduction to AlSi10Mg, (iii) convection-conduction in the 
side plenums. As expected, most of the heat was mainly dissipated in the 
microchannels due to high fluid velocity and strong convection with 
60% of total heat. However, heat losses occupied 40% due to the 
conductive metal heating to the side substrate and convection at the 
inlet/outlet plenums. This heat loss was reflected in the experimental 
results as well. We compared the total heat (qtot = V×I) versus effective 
heat (qeff = ṁ×Cp×ΔT) in the microchannels at overall flow rates as 
shown in Fig. A.1(b). The mean absolute error of the results meant the 
average heat loss of total heat and showed a difference of 37.4% which is 
similar to the CFD analysis. This side heat dissipation in AM-based 
micro-cooler could be an incidental effect in the high heat flux cooling 
and should be treated carefully in calculating the thermal resistance or 
heat transfer coefficient in AM micro-coolers in the future. 

Appendix B. Roughness effect on hydraulic performance 

The AM fabricated manifold and microchannel walls were visually 
inspected to analyze the roughness as shown in Fig. B.1(a) and (b). Two 
surfaces were scanned by 3D confocal microscopy (OLS4100-SWF, 
Olympus Co., Ltd., Japan), and calculated the average surface rough
ness. In the microchannel, the surface showed a relatively smooth sur
face (Sa = 9.3 μm) compared to the manifold surface (Sa = 16.2 μm) 
since the base substrate of the microchannel was stable as a bulk 
AlSi10Mg. However, since the manifold was fabricated on the top sur
face of the microchannel, the manifold floated unstably and showed 
rough surfaces. Although two surfaces had a large roughness, it was not 
found the fluid permeable porous walls owing to the heat treatment. It 
closed the pores and prevented the leakages from penetrating the liquid 
through the walls. We also compared the CFD results about pressure 
drop on the smooth and rough surface in the MMCHS as shown in 
Fig. B.1(c). Averaged roughness height of 12.7 μm and a roughness 
constant of 0.5 was applied to the CFD calculation. Due to the roughness 
effect, the total pressure drop of rough surfaces showed slightly higher 
values than that of smooth surfaces, but the difference was 3.9%, which 
was not nearly changed in the laminar flow. 

Appendix C. Hydrothermal behavior of each channel 

To confirm the hydraulic phenomenon in the MMCHS, we further 
analyzed the streamlines and temperature contours along with the 
microchannel length as shown in Fig. C.1. The fluid velocity passing 
through the inlet manifold slightly increased by the surrounding vortices 
as shown in Fig. C.1(b)–(e). However, we could confirm that the 
enlarged vortices near the channel and the unstable velocity in the outlet 
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manifold interrupted the fluid motion from channel number 13 and 
suddenly started the fluid velocity decreasing in Fig. C.1(d), (e). Ac
cording to the velocity trends, Fig. C.1(f)–(i) showed the temperature of 
the base substrate of each channel number. In channel number 13 in 
Fig. C.1(h), the high base temperature was obtained since the fluid flow 
outcoming the manifold did not reach the bottom surface of the channel 
and weakened the convective heat transfer. Fig. C.1(i) showed that even 
though it has the lowest velocity in channel number 20, the base tem
perature was lower than channel number 13 due to the side wall con
duction effect at the outlet plenum as noted in Appendix A. 
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