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A B S T R A C T   

Heat flux dissipation from electronic devices has increased with their miniaturization owing to the increasing 
performance demands and development of microfabrication technologies. Improving the heat transfer perfor
mance is crucial for enhancing heat dissipation. However, this often leads to an increase in pressure drop, which 
reduces energy efficiency. Microgap heat sink is a promising approach in this regard owing to its geometrical 
simplicity and facile fabrication while providing heat transfer performance comparable to that of microchannel 
heat sinks with substantially lower pressure drops. In this study, we develop a manifold microgap heat sink 
integrated with a porous copper surface that effectively enhances heat transfer while using significantly low 
pumping power. A three-dimensional liquid routing manifold is used to achieve better flow distribution and 
alleviate temperature non-uniformity while providing improved heat transfer by enabling jet impingement and 
mixing of the thermal boundary layer on the microgap surface with minimal additional pressure drop. Moreover, 
a microscale inverse opal structure is used to facilitate nucleate boiling on the microgap surface, which improves 
heat transfer while maintaining a relatively low flow resistance. A maximum heat flux of 322.8 W/cm2 was 
achieved at the mass flux of 472 kg/m2 s, and the corresponding pressure drop and maximum heater temperature 
were 0.6 kPa and 140 ℃, respectively. The coefficient of performance (COP) achieved herein was significantly 
higher than those reported in previous relevant studies, indicating that the proposed cooling technique can 
potentially be used for energy-efficient thermal management in electronics devices.   

1. Introduction 

Wide bandgap semiconductors such as gallium nitride on silicon 
(GaN-on-Si) have attracted considerable attention because of their 
favorable properties and advantages over traditional semiconductors, 
such as higher breakdown voltage, higher operating temperature, higher 
electron mobility, and higher radiation tolerance [1,2], making them a 
promising candidate for advanced electronic applications. However, 
these advantages lead to extremely high heat fluxes near the junction, 
resulting in increased temperature non-uniformity and, consequently, 
compromised electrical performance [3]. Local hotspots cause the 
incipience of dryout and flow instability, which affect the durability and 
robustness of electronic devices [4,5]. Furthermore, the dissipation of 

excessive heat flux necessitates a larger quantity of coolant to maintain 
optimal operating conditions. This increased coolant requirement leads 
to a substantial rise in pressure drop within the cooling system, resulting 
in a significant escalation of energy consumption and associated elec
tricity expenses [6]. Moreover, it can cause critical issues in the long- 
term operation of electronic devices, including increased vibration and 
potential malfunctions [7]. To address sustainable and cost-effective 
thermal management in high-heat-flux electronics, it is crucial to ach
ieve enhanced thermal performance with minimal pumping power [8]. 

Researchers have investigated various active cooling schemes for 
high-heat-flux electronics such as microchannels [9–11], jet impinge
ments [12–14], and pin fins [15–17]. A two-phase heat sink that uses a 
mini/microgap is a promising thermal management strategy because it 
is relatively simple to fabricate [18] while providing adequate cooling 
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performance with a relatively small pressure drop [19,20]. Yang and 
Fujita [21] investigated the heat transfer performance and flow patterns 
of a minigap with gap heights of 0.2, 0.5, 1, and 2 mm. They observed 
relatively high heat transfer coefficients for the channels with lower gap 
heights (0.2 mm and 0.5 mm) in the lower-quality regions while similar 
heat transfer coefficient trends as those observed for minigaps of con
ventional heights were observed for the channels with higher gap 
heights (1 mm and 2 mm). Kim et al. [22] investigated the two-phase 
heat transfer characteristics of FC-72 in a microgap heat sink. They re
ported that a higher microgap height of 500 μm yielded a higher area- 
averaged heat transfer coefficient of 15.5 kW/m2 K compared to that 
yielded by a lower microgap height of 110 μm. Sheehan and Bar-Cohen 
[23] examined a 210-μm-high microgap heat sink with FC-72 as the 
working fluid. They analyzed wall temperature fluctuations under 
varying vapor qualities and heat fluxes, revealing independent varia
tions linked to flow thermodynamic quality and wall heat flux. The 
author attributed these fluctuations to a complex interplay of channel 
and local instabilities, periodically involving dryout and re-wetting. 
Alam et al. [24] identified the effects of variations in microgap height 
and claimed that heat sinks with smaller microgap heights provide su
perior heat transfer characteristics. Moreover, they demonstrated that 
smaller microgap heights increase the pressure drop as the heat flux 
increases while larger microgap heights ensure that the pressure drop 
remains relatively uniform. In another study [19], the heat transfer 
performances of microgap and microchannel heat sinks were studied by 
comparing a 12.7 × 12.7 mm2 heat sink with a 190 μm height gap to a 
microchannel heat sink with a height of 385.7 μm and width of 208.28 
μm. In terms of thermal management performance, the microchannel 
heat sink outperformed the microgap heat sink at low heat fluxes owing 
to earlier formations of slug and annular flows. However, at high heat 
fluxes, the heat transfer performance of the microgap heat sink 
improved owing to the delayed dryout phase. Furthermore, the micro
gap heat sink provided better temperature uniformity and had a smaller 
temperature gradient on its heater surface under all the experimental 
conditions. 

Several investigations have been conducted to enhance thermo- 
hydraulic performance by using heat sinks with modifications such as 
increased effective heat transfer area [25–27]; structures for stabilizing 
fluid flow [18,28,29]; or surface treatments such as roughened surface 
[30], nanowires [31], and woven mesh coating [32]. Han et al. [25] 
examined subcooled flow boiling in a microgap heat sink with staggered 
circular micro pin-fins. They observed a declining trend in the two-phase 
heat transfer coefficient with increasing heat flux, particularly less 

prominent at higher levels. Notably, instead of conventional bubbly or 
slug flow patterns, they noted the formation of triangular-shaped vapor 
wakes at bubble nucleation sites. Mathew et al. [26] developed a hybrid 
heat sink design that combined microchannels in the upstream with a 
microgap in the downstream. In terms of thermal performance, the 
hybrid design outperformed the microgap, but its pressure drop was 
higher. Moreover, although the thermal performance of the aforemen
tioned hybrid design was inferior to that of a microchannel, its pressure 
drop was lower, and it provided more stable boiling conditions. Yin et al. 
[27] proposed a modified microgap design that featured shortened 
micro pin fins in the downstream area. This modified design augmented 
boiling heat transfer, exhibiting a higher heat transfer coefficient than 
that of a smooth-surfaced region. However, the authors noted that their 
design induced a higher pressure drop than the smooth microgap 
because of the increased frictional pressure drop in the micro pin fins 
area. Tamanna and Lee [18,28] studied the thermo-hydraulic charac
teristics of an expanded silicon microgap heat sink. Their findings 
indicated that the expanded microgap retained a more uniform wall 
temperature, reduced flow instability, and delayed dryout, compared to 
a straight microgap heat sink. Klugmann et al. [29] assessed the heat 
transfer performance of a minigap and mini-channel. They demon
strated that the mini-channel had a higher heat transfer coefficient than 
that of the minigap with the same cross-sectional area. They proposed 
modified microgap heat sinks with dimples and cross-nuts on the surface 
and demonstrated that the microgap with cross-nuts had reduced flow 
resistance because it reduced fluid maldistribution. Alam et al. [30] 
identified the effects of surface roughness on the thermal and hydraulic 
performance of a microgap heat sink. Three different surface roughness, 
Ra = 0.6 μm, 1.0 μm and 1.6 μm were used to examine the effect of 
surface finish. They claimed that surface roughness increased the 
nucleate site density and boiling heat transfer. Although an increase in 
roughness affected the instability of inlet pressure, it had no significant 
adverse effect on the tested microgap heat sinks. Morshed et al. [31] 
studied the thermal performance of a copper nanowire surface microgap 
with a height of 360 μm and compared the results to those of bare sur
faces. The copper nanowire surfaces reduced the superheat needed for 
the onset of boiling (ONB) and enhanced the single- and two-phase heat 
transfer performance by approximately ~25% and ~56%, respectively. 
The pressure drop in the single-phase regime increased by up to 20%, 
but it did not change significantly in the fully developed two-phase 
regime. Dai et al. [32] developed a flow separation structure in a 
woven copper-mesh-coated microgap. This flow separation structure 
inhibited boundary layer growth in the single-phase flow, thereby 

Nomenclature 

A area 
COP coefficient of performance 
G mass flux 
h heat transfer coefficient 
H height 
k thermal conductivity 
L length 
ΔP pressure drop 
P pressure 
Ppump pumping power 
q“ heat flux 
Q heat 
R thermal resistance 
Re Reynolds number 
t thickness 
T temperature 
W width 

Greek symbols 
ε emissivity 
ρ density 

Subscripts 
adv advection 
avg average 
cond conduction 
conv convection 
eff effective 
f fluid 
h heater 
in inlet 
max maximum 
out outlet 
s silicon 
tot total 
w wall  
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reducing the temperature change in the direction of flow, and sup
pressed the expansion of bubbles in the two-phase flow. During 
convective boiling, the average wall temperature decreased by 2.9 ± 0.6 
℃ when the mass flux was 83 kg/m2 s, and the pressure drop decreased 
by 60.4%. The pressure drop decreased when the flow area in the 
auxiliary channel was increased and the rate of bubble expansion was 
regulated. In the aforementioned studies, diverse techniques were used 
to enhance the heat transfer performance of microgaps, but most of 
these methods resulted in a substantial pressure drop increase as the 
heat transfer efficiency improved, which seems to be an inevitable 

outcome [32]. 
Herein, we develop a manifold microgap heat sink that features a 

microporous copper coating, which effectively enhances the heat 
transfer performance with relatively minimal additional pressure drop. 
A three-dimensional (3D) liquid routing manifold to the microgap heat 
sink results in a well-distributed flow supply that alleviates temperature 
non-uniformity over the heated area. Moreover, this configuration im
proves heat transfer through superior mixing of the thermal boundary 
layer and jet impingement. Furthermore, copper inverse opal (CIO) 
coating on the microgap provides a large effective heat transfer area 

Fig. 1. Schematic illustration of copper inverse opal synthesis. Step 1: The 5 mm × 5 mm chromium/gold electrode on the silicon wafer was prepared as the 
substrate. Step 2: 70 μL of 1.5% weight/volume PS/water suspension was dispensed on the gold electrode of the silicon wafer by using the drop casting method. 
Polystyrene (PS) spheres measuring 4.8 μm in diameter were deposited on the silicon wafer to create a sacrificial template, and the substrate was heated to 55 ℃ on a 
hot plate. Step 3: After all the water evaporated, the PS spheres were sintered in an oven at 103 ℃ for 80 min to form ~1.65-μm necks. Step 4: Potentiostatic 
electrodeposition was performed at a constant current density of 10 mA/cm2 for 20 min to achieve 2–2.5 layers of copper inverse opal (CIO) surface. Step 5: After 
deposition of the copper layer, the silicon wafer was immersed in tetrahydrofuran (THF) for 24 h to dissolve the PS sphere template from the CIO surface. 

Fig. 2. Representative images of 2–2.5 CIO layers with different neck sizes. (a) CIOs subjected to different sintering times of 20–100 min. (b) Mean diameter of 
CIO depending on sintering time. (c) Galvanostatic electrodeposition characteristic of 2–2.5 layers of electrodeposited CIO. Field emission scanning electron mi
croscopy (FE-SEM) images of CIO showing. (d) Top view. (e) Cross-sectional view. 
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with a relatively low flow resistance [33]. We perform a thermo- 
hydraulic analysis to demonstrate that the proposed manifold micro
gap heat sink with a porous surface can provide outstanding thermal 
management capabilities with superior temperature distribution and 
low pressure drop. 

2. Methods 

2.1. Porous copper inverse opal synthesis 

We utilized a manifold microgap heat sink coated with CIO. CIO 
offers several benefits over other porous copper surfaces in terms of 
thermal management of high-heat-flux electronic devices. The CIO 
fabrication process does not require high-temperature metal sintering, 
which may damage electronic devices. Therefore, CIO can be easily 
deposited directly on the substrates of electronic devices. 

We fabricated a porous inverse opal structure on a microgap surface 
by electrodepositing copper, as illustrated in Fig. 1. First, 70 μL of 1.5% 
weight/volume polystyrene (PS)/water suspension was dispensed on 
the 5 mm × 5 mm gold electrode of a silicon wafer by using the drop 
casting method. PS particles measuring 4.8 μm in diameter were used in 
the sacrificial template. Then, the silicon wafer was heated to 55 ℃ on a 
hot plate. After all the water evaporated, the PS spheres were sintered in 
an oven at 103 ℃ for 80 min to create ~1.65 μm necks between the 
contact surfaces of the PS spheres. After the wafer was cooled to ambient 
temperature, 5 μL of ethanol was dropped on the PS template before it 
was immersed in an aqueous 0.5 M CuSO4 + 0.2 M H2SO4 electrolyte 
solution. Potentiostatic electrodeposition (BioLogic SP-300) was per
formed under a constant current density of 10 mA/cm2 for 20 min to 
form 2–2.5 layers of the CIO surface (~10 μm height). After the CIO 

layer was deposited, the silicon wafer was immersed in tetrahydrofuran 
(THF) for 24 h to dissolve the PS sphere template from the CIO. Fig. 2 
shows representative images of CIO structures with different sintering 
times ranging from 20 to 100 min. The neck sizes varied depending on 
the sintering time, ranging from 700 nm post 20 min sintering to 2000 
nm post 100 min sintering. The oscillations indicated that the electro
chemically accessible surface area changed as copper was filled in 
around the curved surfaces of the densely packed spheres on each opal 
layer [34]. Therefore, 2–2.5 layers of inverse opal structures were 
deposited during the electrodeposition process. 

2.2. Design and fabrication of manifold microgap cooling 

Fig. 3 shows the detailed schematic configurations and a photograph 
of the test module assembly. Polycarbonate (PC) was fabricated to create 
fluid route and holes for measuring temperature and pressure. A mani
fold microgap structure was fabricated using silicone (SORTA-Clear 40). 
A mold of the manifold microgap structure was fabricated by processing 
an acrylic plate by using a CNC machine (Boardtech & David, TOOLI- 
34P). Silicone was poured on the acrylic mold, and internal air was 
degassed. After the internal air was completely degassed, the silicone 
was cured at room temperature for more than 24 h. 

Fluid flows in through the inlet plenum and is introduced to the 
microgap through two manifold inlets. The inlet and outlet plenums 
feature relatively large pin fins, approximately 300 μm in diameter, 
which provide an evenly distributed flow into the manifold inlets while 
providing structural support. A reducing conduit, measuring 1800 μm in 
length, is placed near the inlet and outlet of the manifold. Its purpose is 
to minimize pressure losses caused by abrupt changes in area and to 
obstruct direct fluid flow from the microgap to the outlet. The fluid 

Fig. 3. Schematic configurations of test module. (a) Schematic of manifold microgap test module assembly and detailed manifold microgap geometry repre
senting the length L, width W, and height H. (b) Cross-sectional image of assembled test module showing the coolant path through the test section. (c) Cross-sectional 
image of manifold microgap with CIO including the coolant path in the test section (axis X-X′ in Fig. 3(b)). (d) Photograph of manifold microgap heat sink made 
of silicone. 

Table 1 
Dimensions of manifold microgap structure.  

Geometry Wmanifold wall Wmanifold inlet Wmanifold outlet Hmanifold Wconduit Lrconduit Wmicrogap Hmicrogap Lmigrogap 

Dimension (μm) 300 1550–600 600–1550 800 1800 1800 5500 1150 5000  
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introduced into the microgap cools a 5 × 5 mm2 heater and exits from 
the outlet plenum through three manifold outlets. Each manifold wall 
has a uniform wall thickness of 300 μm and height of 800 μm. The 
manifold walls are tapered, and their width decreases linearly from 
1550 μm to 600 μm to improve flow distribution in the microgap. The 
microgap is maintained at a height of 350 μm. Table 1 summarizes the 
detailed geometrical parameters of the manifold microgap used in this 
study. 

The silicon wafer test section was located on a polyether ether ketone 
(PEEK). The silicone manifold microgap and PC were placed in that 
order on the PEEK and bolted for fittings and wiring connections; 
moreover, they provided soft compressive strength to prevent fluid 
leakage without changing the microgap height. 

2.3. Flow loop for thermo-hydraulic evaluation 

The thermo-hydraulic characteristics of the manifold microgap were 
evaluated using the flow loop setup shown in Fig. 4(a). We employed 
deionized water as the working fluid in the experiment and removed any 
dissolved gases by boiling it vigorously for approximately 30 min in a 
reservoir before the test. The working fluid was circulated through the 
flow loop by using a magnetically driven gear pump (Micropump GA- 
T23). A Coriolis mass flow meter (Bronkhorst KIF510) was used to 
measure the flow rate of the working fluid. A preheater (TECHNE TE- 
10D) was installed to set the fluid inlet temperature to a fixed value. 
We monitored the heater temperature in our setup using a thermal- 
infrared camera (FLIR A655sc) and captured images of boiling bubbles 
with a high-speed camera (Photron FASTCAM Mini UX100). The gold 
thin-film serpentine shaped heater was coated with black spray paint, 
and we calibrated its surface emissivity (ε = 0.93) in a prior experiment. 
Its surface emissivity (ε = 0.93) was calibrated in our previous experi
ment [35]. A plate heat exchanger was used in combination with a liquid 
circulation chiller (Jeiotech HH-20) to cool the DI water passing through 
the test section. The fluid temperature values at the inlet and outlet were 
measured using K-type thermocouples. An absolute pressure transducer 
(TRAFAG ECT1.0A) was installed at the test section outlet to measure 
the outlet pressure, and differential pressure transducers (OMEGA 
PX409) were installed at the inlet and outlet of the test section to 
measure the pressure drop. Fig. 4(b) presents a photograph of the 
experimental apparatus. 

2.4. Test procedure, operating conditions, and uncertainty 

Some of the heat supplied was dissipated through the test section 
assembly and heater surface through conduction, natural convection, 

and radiation heat transfer. To calculate this heat loss, the test section 
was heated in increments without any fluid flowing, and average heater 
temperature was measured in the steady state. This procedure was 
repeated until the maximum heater temperature exceeded 140℃. The 
experimentally calibrated Qloss with respect to the heater temperature 
can be expressed as follows: 

Qloss = 0.04 × Th,avg − 0.56 (1) 

The thermo-hydraulic evaluation was started by setting the coolant 
mass flux by adjusting the speed (rpm) of the micropump. Simulta
neously, the outlet pressure was set to the desired value by using the 
control valve. Then, the coolant was preheated using a preheater to a 
temperature of around 20 ℃ before it was supplied to the test section. A 
power supply unit (HP 6030A) was used to provide heat to the gold thin- 
film heater. The voltage divider circuit, which included two resistors 
with resistances of 39 kΩ ± 5% and 1 kΩ ± 1%, as well as a 0.1 Ω ± 1% 
shunt resistor, was used to measure the total heat input. Once the steady 
state was reached, the coolant pressure and temperature were measured 
using an NI Compact DAQ system connected to LabVIEW software. 
Meanwhile, the heater temperature and boiling bubble images were 
recorded using the infrared camera and high-speed camera, respec
tively. After data acquisition, the heat flux was increased in increments 
of 2.5 W (10 W/cm2) until the maximum heater temperature reached 
around 140 ℃ to prevent damage to the heater. After the test for one 
mass flow rate was completed, the flow rate was adjusted, and the above 
sequence was repeated. The operating conditions used in this study were 
as follows: heat flux q“ = 10.3–322.8 W/cm2, mass flux G = 156–472 
kg/m2 s, Reynolds number Re = 183.9–582.6, and pressure drop dP =
0.18–0.6 kPa. Here, the mass fluxes were determined based on the cross- 
sectional area of the microgap. The inlet temperature and outlet pressure 
were maintained at Tin = 20.1–21.9 ℃ and Pout = 106.7–108.5 kPa, 
respectively. 

The accuracy of the K-type thermocouples used herein was ±0.4%. 
The accuracy of the calibrated IR measurement was ±2% of the reading. 
The Coriolis mass flow meter used herein had an accuracy of ±0.1%. 
The accuracies of the differential pressure transducer and absolute 
pressure transducer were ±0.08% and ±0.5%, respectively. The data 
points for which the uncertainty of the heat transfer coefficient exceeded 
10% were excluded. Consequently, the mean uncertainties in the pres
sure drop and heat transfer coefficient, as calculated using the method 
proposed by Taylor and Kuyatt [36], were ±8.9% and ±6.2%, 
respectively. 

Fig. 4. Experimental setup for thermo-hydraulic performance evaluation. (a) Schematic overview of flow loop. (b) Photograph of experimental apparatus.  
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2.5. Data reduction 

The effective heat Qeff was determined by subtracting the heat lost 
from the heater to the surroundings from the power supplied. 

Qeff = Q − Qloss (2)  

where Q is the power to the test section from the power supply, and it is 
determined as the product of the voltage and current supplied to the film 
heater. The effective heat flux q“eff is determined as the ratio of effective 
heat to the surface area of the test section, A = L × W, where L and W 
denote the length and width of the test section, respectively. 

q″
eff =

Qeff

A
(3)  

The heat transfer coefficient is determined as follows: 

h =
q″

eff

Tw,avg − Tf ,in
(4)  

where Tf,in is the inlet temperature of coolant, and Tw,avg is the average 
wall temperature determined from the averaged heater temperature Th, 

avg by subtracting conduction loss through the silicon substrate. 

Tw,avg = Th,avg −
q″

eff ts

ks
(5)  

where ts denotes thickness, and ks denotes the thermal conductivity of 
the silicon substrate. 

The thermal and hydraulic performances were characterized by 
calculating the total thermal resistance, pressure drop, and the corre
sponding coefficient of performance (COP). The total thermal resistance 
can be calculated as follows: 

Rtot = Radv +Rcond +Rconv =
Th,avg − Tf ,in

Qeff
(6)  

where Radv, Rcond, and Rconv denote the advection thermal resistance, 
conduction thermal resistance and convection thermal resistance, 
respectively. 

Radv =
Tf ,out − Tf ,in

Qeff
(7a)  

Rcond =
Th,avg − Tw,avg

Qeff
(7b)  

Rconv =
Tw,avg − Tf ,out

Qeff
(7c) 

Pumping power is calculated as follows: 

Ppump =
GAΔP

ρ (8) 

Here, G is the mass flux, and A is the cross-sectional area of the 
microgap. ΔP is the pressure drop, and ρ is the averaged coolant density. 

COP represents the ratio of heat flux to the pumping power essential 
to sustain a specific level of heater temperature rise. Consequently, a 
higher COP implies a reduced cost in maintaining the desired thermal 
performance. In this study, we establish a temperature rise of 25 ± 5 ℃ 
(up to the maximum heater temperature) for the purpose of comparing 
COP. 

COP =
q″

25◦C

Ppump
(9)  

where q“25℃ denotes the required heat flux to raise the heater temper
ature by 25 ± 5 ℃, ultimately reaching the maximum heater 
temperature. 

3. Results and discussion 

3.1. Thermo-hydraulic performance characteristics 

We first evaluated the heat transfer performance of the manifold 
microgap heat sink coated with CIO for four different mass fluxes G =
156, 236, 312, and 472 kg/m2 s, as shown in Fig. 5. Here, q“ denotes the 
wall heat flux measured using the voltage divider, and Tw,avg is the 
averaged wall temperature. Owing to the increase in convective heat 
transfer, the slope increased slightly as the mass flux increased before 
reaching the ONB. As the mass flux increased, the ONB occurred at 
higher wall superheats, as reported in many microgap and microchannel 
studies [26,37,38]. After the incipience of boiling, the slopes of the 
curve were almost similar for different mass fluxes because nucleate 
boiling became a dominant heat transfer mechanism. The maximum 
heat fluxes of 263.6, 292.9, 304.1, and 322.8 W/cm2 were dissipated by 
mass fluxes of 156, 236, 312, and 472 kg/m2 s, respectively. 

Fig. 5(b) shows the changes in the heat transfer coefficient in relation 
to the heat flux. As the mass flux increased, the heat transfer coefficient 
in the single-phase region increased marginally. As boiling occurred 
because of the increase in heat flux, the heat transfer coefficient 
increased significantly. At this stage, the effect of mass flux was 

Fig. 5. Heat transfer performance of manifold microgap heat sink. (a) Boiling curves: heat flux versus wall temperature for four different mass fluxes. (b) Heat 
transfer coefficient curves as a function of heat flux. 
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negligible because the nucleate boiling heat transfer was dominant. 
When the mass flux was 156 kg/m2 s, the heat transfer coefficient was 
16.1 kW/m2 K just before ONB, and it increased to up to 27.9 kW/m2 K 
when the heat flux was 263.6 W/cm2. The highest mass flux of 472 kg/ 
m2 s led to a heat transfer coefficient of 26.5 kW/m2 K just before the 
ONB, and it increased to up to 33.6 kW/m2 K when the heat flux was set 
to 322.8 W/cm2. 

Fig. 6 shows the heater temperatures at five different streamwise 

locations for three representative heat fluxes of ~70, 150, and 225 W/ 
cm2 for each mass flux. The heater area is divided into five regions along 
the streamline, and the average heater temperature in each region was 
determined from IR thermal images. The maximum heater temperatures 
were observed consistently near the center, unlike the case in conven
tional microgap heat sinks [32,39], where the maximum temperature 
occurred near the exit for single-phase flow. At low heat fluxes, there 
was no significant temperature difference within the heated area (~5 ℃ 

Fig. 6. Averaged heater temperature at five different streamwise locations. The heated area is divided into five regions along the flow direction, and the area- 
averaged temperatures of each region are compared under three representative heat fluxes. 

Fig. 7. Temperature non-uniformity of heated surface. (a) Difference between the maximum and average temperatures of the heater with respect to heat flux. (b) 
Flow visualization images and corresponding thermal images of heater surface at heat flux of q“ ~ 205 W/cm2. The interior of the manifold wall is transparent, and 
the boundary is indicated by a dashed white line. 
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at 70 W/cm2 under all four mass fluxes). However, the temperature 
difference increased considerably as the heat flux increased, and it was 
especially higher for higher mass fluxes. G = 156 kg/m2 s yielded a 
temperature difference of 7.1 ℃ at q“ = 224.2 W/cm2, while G = 472 
kg/m2 s yielded a temperature difference of 20.3 ℃ at a similar heat flux 
of q” = 226.1 W/cm2. The higher mass flux yielded a higher temperature 
difference owing to the non-uniform flow supply through the manifold, 
but this difference decreased once boiling occurred. This trend can be 
observed more clearly in Fig. 7(a), which illustrates ΔTh with respect to 
the heat flux, where ΔTh was obtained by subtracting the maximum 
temperature from the average temperature of the heated area. The 
maximum heater temperature was obtained from the maximum tem
perature points captured in the thermal images, while the average 
heater temperature was calculated by averaging the temperature value 
over the entire heater area. In the single-phase region with low heat flux, 
ΔTh decreased slightly as the mass flux increased. After the ONB, ΔTh 
decreased sharply. As shown in Fig. 7(a), ΔTh was 20.8 ℃ before the 
ONB (q“ = 234.7 W/cm2), but it decreased to ~15 ℃ after boiling (q” =
246.6 W/cm2) for the mass flux of 472 kg/m2 s. A large fluctuation in 
ΔTh was recorded at the mass flux of 156 kg/m2 s with a relatively high 
heat flux range. The main cause of this fluctuation in ΔTh with heat flux 
was the presence of trapped bubbles within the manifold. At low mass 
fluxes, insufficient momentum was unable to efficiently remove these 
bubbles, resulting in their accumulation, which caused a localized 

increase in the maximum temperature. (Fig. 7(b)). When the power 
input was around 205 W/cm2 for higher mass fluxes, there were no 
bubbles trapped at the end of the manifold inlet, and the maximum 
heater temperature was observed in the middle of the heated area. This 
trend continued even under vigorous boiling, and more bubbles were 
nucleated at higher heat fluxes. 

Fig. 8(a) shows the change in the thermal resistance component in 
relation to the mass flux for the heat fluxes of 50 W/cm2 and 250 W/cm2. 
When the heat flux is low at 50 W/cm2, Rtot decreased significantly with 
increasing mass flux. Unlike Rcond, which remained relatively constant 
regardless of the mass flux, Radv and Rconv decreased as the mass flux 
increased. In particular, Rconv decreased rapidly as the mass flux 
increased. However, for a heat flux of 250 W/cm2, as the mass flux 
increased, Rconv increased marginally. Under high heat flux conditions, 
Rconv was lower when the mass flux was low because boiling occurred 
more frequently compared to that under a high mass flux, leading to a 
decrease in the wall temperature. Fig. 8(b) presents the breakdown of 
each thermal resistance component for the mass fluxes of 156 and 472 
kg/m2 s accompanied by an approximate increase of 50 W/cm2 in the 
heat flux. At the mass flux of 156 kg/m2 s, Rconv decreased remarkably 
after the ONB (after 107 W/cm2), and it was 0.60 cm2 K/W at 50 W/cm2 

and 0.29 cm2 K/W at 250 W/cm2. At the mass flux of 472 kg/m2 s, Rconv 
was almost constant in the single-phase heat transfer region, and it 
decreased slightly after the ONB (after 234.7 W/cm2). As a result, at the 

Fig. 8. Thermal resistance analysis. (a) Thermal resistance versus mass flux for heat fluxes of 50 W/cm2 and 250 W/cm2. (b) Breakdown of contributions of 
thermal resistance component under mass fluxes of 156 kg/m2 s and 472 kg/m2 s. 
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high mass flux of 472 kg/m2 s, Rconv was 0.39 cm2 K/W at 50 W/cm2 and 
0.32 cm2 K/W at 250 W/cm2. 

In Fig. 9, the relationship between pressure drop in the manifold 
microgap and the influence of heat and mass fluxes is illustrated. The 
changes in pressure drop observed within the single-phase region 
remained nearly uniform within the measurement uncertainty range. 
For a fixed heat flux, the pressure drop increased as the mass flux 
increased. After boiling occurred, the pressure drop increased owing to 
the incipience of nucleate bubble. Under low mass fluxes, the ONB 
occurred at low heat fluxes, and relatively vigorous subcooled boiling 
occurred, resulting in a greater increase in pressure drop than that at 
higher mass fluxes. Overall, despite handling a relatively high heat flux 
over 300 W/cm2, the test section exhibited an impressively low pressure 
drop, measuring approximately 600 Pa. 

3.2. Overall efficiency comparison with previous microgap studies 

We conducted a comprehensive study to evaluate the established 
performance benchmarks of microgaps in the existing literature. Table 2 

summarizes the operational parameters and geometrical data gleaned 
from prior microgap investigations. In Fig. 10(a,b), we illustrate the 
variations in thermal resistance in relation to pressure drop and 
pumping power. The data depicted in these figures was obtained from an 
experiment in which water was used as the working fluid. The Rtot, ΔP, 
and Ppump values corresponding to each mass flux were calculated under 
the maximum heat flux. As shown in this figure, the device developed 
herein exhibited the lowest pressure drop among all the compared de
vices while maintaining a decently low thermal resistance. Only Alam 
et al. [24] and Tamanna and Lee [18] reported similar ΔP values, but 
their Rtot values were higher than that reported herein. Dai et al. [32], 
Mathew et al. [26], and Yin et al. [27] reported lower Rtot values than 
that in the present study for some results. However, the pressure drops 
across their microgap heat sinks were one or two magnitudes higher 
than that observed in our study. For example, in the data of Dai et al. 
[32], where Rtot was similar to that reported in our study, the pressure 
drop was 48-fold greater than that recorded herein. Similar observations 
were made regarding the pumping power. In our study, Rtot was sub
stantially lower than the values presented by Alam et al. [24], Dai et al. 

Fig. 9. Pressure drop curve with error bars as a function of heat flux. The changes in pressure drop observed within the single-phase region remained nearly 
uniform, but it starts increase in the high heat flux condition with boiling. 

Table 2 
Summary of operating conditions and geometric information from previous microgap studies.  

Author Year Working 
Fluid 

Inlet 
Temperature 

Substrate Width Length Gap Height Mass Flux Modification 

Presentstudy 2023 DI Water 21 ℃ Silicon 5 mm 5 mm 350 μm 156–472 kg/m2 

s 
Manifold 
Copper inverse opal 

Alam et al. 2012 DI Water 86 ℃ Silicon 12.7 
mm 

12.7 
mm 

190 μm 
285 μm 
381 μm 

420–970 kg/m2 

s 
– 

Dai et al. 2013 DI Water Room 
temperature 

Copper 5.5 mm 26 mm 340 μm 83–373.5 kg/m2 

s 
Flow separation 
Copper woven mesh 

Tamanna and 
Lee 

2014 DI Water 91 ℃ Silicon 12.7 
mm 

12.7 
mm 

200 μm 
200–300 
μm 
200–460 
μm 

400–1000 kg/ 
m2 s 

Expanding microgap 

Mathew et al. 2019 DI Water 85.5 ℃ Copper 25 mm 25 mm 568 μm 100–399 kg/m2 

s 
Microchannel in the upstream region 

Yin et al. 2020 DI Water 65 ℃ Silicon 4 mm 24 mm 250 μm 261–1861 kg/ 
m2 s 

Shortened micro pin–fin in the 
downstream region  
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[32], Tamanna and Lee [28], and Yin et al. [27] for similar pumping 
power. Fig. 10(c) illustrates the COP versus heat flux plots of other 
microgap studies and that of the present study. The data in this figure are 
identical to those in Fig. 10(a,b), except for the data pertaining to heater 
temperature rise below 20 ℃. As shown in this figure, the COP reported 
herein is considerably higher than those reported in the other microgap 
studies for similar heat fluxes. The data from the present study show that 
the mass flux of 156 kg/m2 s had the highest COP among all the data 

(including other studies) with relatively high heat flux. Only Dai et al. 
[32] and Yin et al. [27] reported heat flux values higher than that of the 
present study, but they reported lower COP values than those reported 
herein. The manifold wall and CIO surface effectively intensified 
convective heat transfer and nucleate boiling. Therefore, even with a 
smaller pumping power than those used in other studies, our manifold 
microgap heat sink provided significantly superior heat transfer 
performance. 

4. Conclusion 

Herein, we developed a manifold microgap heat sink coated with CIO 
that effectively enhanced the heat transfer efficiency while reducing the 
pressure drop significantly. Subcooled flow boiling of DI water with an 
inlet temperature of around 21℃ and four different mass fluxes of 
156–472 kg/m2 s was tested by adjusting the heat flux in the range of 
10.3–322.8 W/cm2. The hydraulic and thermal performances of the 
designed manifold microgap heat sink were examined under different 
heat and mass fluxes. The special temperature distribution of the 
microgap surface was captured using an IR camera. Bubble formation 
during subcooled flow boiling was visualized using high-speed images. 
The main results of this study are as follows:  

1. Maximum heat fluxes were 263.6, 292.9, 304.1, and 322.8 W/cm2 

under the mass fluxes of 156, 236, 312, and 472 kg/m2 s, respec
tively. Before the ONB, the wall temperature decreased with 
increasing mass flux at the same heat flux, and ONB was observed at 
higher wall superheats with an increase in the mass flux. After the 
ONB was reached, nucleate boiling was the predominant heat 
transfer mechanism, and the slopes of the boiling curve were almost 
comparable for various mass fluxes.  

2. In the single-phase region, temperature non-uniformity decreased 
slightly as the mass flux increased. After the incipience of boiling, 
temperature non-uniformity decreased sharply. Large fluctuation in 
the temperature difference between the maximum and average 
heating temperature occurred at low mass fluxes owing to the pres
ence of trapped bubbles within the manifold.  

3. With rising heat flux, there was a marginal reduction in pressure 
drop within the single-phase region. This can be attributed to the 
decrease in water viscosity accompanying the temperature increase. 
Conversely, when heat flux remained steady, an upswing in mass flux 
resulted in heightened pressure drop. Following the onset of boiling, 
pressure drop surged in tandem with increasing heat flux. Despite 
handling a relatively high heat flux over 300 W/cm2, the test section 
exhibited an impressively low pressure drop, measuring approxi
mately 600 Pa.  

4. Compared to previous relevant studies, proposed concept exhibited 
superior energy efficiency with a 13-fold increase in the coefficient of 
performance (COP), indicating that it can be a promising cooling 
solution for energy-efficient thermal management in electronics de
vices with high heat dissipation. 
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