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a b s t r a c t 

Three-dimensional stacked electronics have substantially improved the electrical performance of inte- 

grated circuits. However, given the geometrical complexity and high pressure drop they entail, thermal 

management difficulties and energy requirements are exacerbated owing to the inapplicability of thermal 

management schemes. In this study, the thermal and hydrodynamic characteristics of various micro-pin 

fin arrays were investigated to maximize heat dissipation while minimizing the energy consumption. 

Specifically, a 10 × 10 mm 

2 micro-pin fin array was fabricated on an eight-inch silicon wafer via mi- 

crofabrication. A Pyrex cover was bonded anodically with the top side of the micro-pin fins to prevent 

leakage, and a titanium/gold thin film serpentine heater was used to supply uniform heat flux on the 

backside of the micro-pin fin array. Subsequently, the heat transfer and pressure drop in the micro-pin 

fin heat sinks were obtained experimentally with various micro-pin fin geometries having pin diameter 

D f = 38–100 μm, transverse pin spacing S T = 74–301 μm, longitudinal pin spacing S L = 74–301 μm and 

pin height H f = 90–207 μm. Thereafter, the geometrical and operational effects on heat transfer and pres- 

sure drop were investigated based on a consolidated database cumulated from the literature. Altogether, 

256 data points from 21 geometrical combinations were explored from existing relevant studies to obtain 

optimized geometric and operating conditions in the micro-pin fin arrays over a wide range of geometri- 

cal and operating conditions: Reynolds number Re = 35–491.3, heat flux q" = 0–114 W/cm 

2 , pin diameter 

D f = 38–559 μm, pin spacing S = 74–800 μm, and pin height H f = 90–845 μm. Subsequently, new em- 

pirical correlations based on the consolidated database were formulated to describe the Nusselt number 

and fanning friction factor in the micro-pin fin arrays. These correlations provide suitable predictions in 

comparison with those based on extant correlations. 

© 2021 Elsevier Ltd. All rights reserved. 
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. Introduction 

The number of datacenters worldwide has increased substan- 

ially over the past two decades to handle the large amount of 

nformation and data available. This has led to a corresponding 

ncrease in annual electricity consumption. Recent energy statis- 

ics indicate that the electricity consumption of a datacenter in the 
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nited States is expected to exceed approximately 73 billion kWh 

n 2020, and the energy demand for datacenters is expected to fur- 

her accelerate owing to the emergence of new technologies, such 

s machine learning, blockchain, 5G, and virtual reality, and video 

treaming and cloud gaming services [1-3] . 

In a standard datacenter, approximately half of the overall elec- 

ricity consumed is used for cooling and supplying power [ 4 , 5 ]. The

rimary components that require cooling are transistors—for which 

he integration technology is approaching its limits [6] , thereby 

ransitioning towards three-dimensional (3D) integrated circuit (IC) 

tacked chips in datacenters. Specifically, 3D ICs are stacked verti- 

ally to integrate multiple memory types and storage devices, mak- 
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Nomenclature 

A h heated area 

A f surface area of pin fin 

A min minimum transverse area of pin fin array 

C p specific heat 

D f pin fin diameter 

D w 

transversal diameter of pin fin 

f friction factor 

h heat transfer coefficient 

H f pin fin height 

I current 

k thermal conductivity 

N tot total number of pin fins 

N L total number of micro-pin fin rows 

m fin constant 

ṁ mass flow rate 

ƞf fin efficiency 

Nu Nusselt number 

�P pressure drop 

P f cross-section perimeter of pin fin 

Pr Prandtl number 

q" heat flux 

Q volumetric flow rate 

R tot total thermal resistance 

Re Reynolds number 

S T transverse spacing 

T b micro-pin fin base temperature 

T f fluid temperature 

TPI thermal–hydraulic performance index 

u in inlet fluid velocity 

u max maximum fluid velocity 

V voltage 

Greek symbols 

Ɛ porosity 

ηf fin efficiency 

Ʌ pumping power 

μ viscosity 

ρ density 

� viscosity loss 

Subscripts 

avg average 

b base 

CFD computational fluid dynamics 

Exp experimental 

eff effective 

f fluid 

h heater 

loss system losses variable 

min minimum 

max maximum 

tot total 

ng it easier to develop heterogeneous computer architectures [7] . 

n addition, using through-silicon via technology, the length of the 

ires connecting the chips can be reduced, improving power ef- 

ciency [8–10] . However, stacking makes it difficult to dissipate 

eat using conventional thermal management techniques, resulting 

n excessive thermal management costs and low cooling efficiency, 

imiting the commercialization of these high-performance 3D ICs. 

Over the past few decades, thermal engineers have attempted 

o minimize the electrical stability and electrical performance is- 

ues in devices caused by overheating resulting from the exponen- 
2 
ial increase in the thermal dissipation requirements of ICs [11] . 

lassical single-side indirect cooling methods to extract heat from 

he backside of the silicon die using microchannels [12-14] , jet 

mpingement [15] , and 3D manifold microchannels [ 16 , 17 ] have 

een proposed. However, their performances are still limited by 

he high thermal resistance of thermal interface materials. Conse- 

uently, several recent studies have focused on embedded cooling, 

hich involves the direct integration of cooling structures between 

tacked chips [18-22] . 

Traditional rectangular microchannels have also been applied to 

ool 3D ICs [23] . However, implementation of this design proved 

nsuccessful due to high pressure drops caused by narrow gaps 

etween the 3D stacks [24] . The micro-pin fin array exhibits po- 

ential for heat transfer while offering a relatively low pressure 

rop compared to that of traditional microchannels [25] . Kosar and 

eles investigated the heat transfer and pressure drop characteris- 

ics of micro-pin fins fabricated on silicon structures for cooling 

lectronics in the early 20 0 0s. In a series of studies, they investi- 

ated the heat transfer performance and pressure drop for micro- 

in fins of various shapes with pin diameters D f = 99.5–500 μm, 

in heights H f = 243–400 μm, and water and R123 as working flu- 

ds [25-30] . Moores and Joshi presented Nusselt number and fric- 

ion factor correlations for staggered pin fin array using micro- 

in fin with D f = 3.67–3.84 mm, H f = 2–4 mm, and water as 

he working fluid [31] . Prasher et al. [32] investigated the thermal 

nd hydraulic performance in staggered micro-pin fin arrays with 

 f = 55–153 μm and H f = 155–310 μm using water as the working 

uid. Moreover, they presented possible correlations between the 

usselt number and friction factor. Qu and Siu-ho experimentally 

nvestigated single-phase and boiling heat transfer using water as 

 working fluid in a square staggered pin fin array made of copper 

ith D f = 200 μm and H f = 670 μm [33-37] . Liu et al. [38] pre-

ented a Nusselt number and friction factor correlation for a stag- 

ered pin fin array using a copper-based pin fin with D f = 445–

59 μm, H f = 3 mm, and water as the working fluid. Experimental 

emonstrations of temperature distributions for uniform heating 

 39 , 40 ] and nonuniform heating [ 41 , 42 ] in circular and airfoil pin

ns using different micro-pin fin geometries have been reported. 

ater and R245fa were used as working fluids to investigate the 

eat transfer and pressure drop characteristics of the pin fin with 

 f = 30–150 μm and H f = 150–200 μm. Izci et al . [43] studied the

hermal and hydraulic performances with various shapes using wa- 

er as the working fluid. They experimentally measured the Nusselt 

umber and pressure drop across seven different micro-pin fin ge- 

metries. Rasouli et al. [44] reported the heat transfer and pressure 

rop characteristics with D f = 257–573 μm and H f = 193–1250 μm 

nd a diamond fin shape using PF5060 as the working fluid. 

While significant effort s have been made to comprehend the 

hermal and hydraulic performances of micro-pin fin heat sinks, 

he effect of geometrical and operational variations on their energy 

fficiencies in thermal management (due to high fabrication costs 

nd experimental difficulties) have not been investigated. More- 

ver, most studies utilizing micro-pin fins used water as the work- 

ng fluid owing to its wide availability and superior thermophysical 

roperties; however, water is not suitable in embedded cooling so- 

utions due to its high electrical conductivity (refer Appendix A in 

upplementary Material for a summary of relevant studies). 

In this study, the thermal and hydraulic performances in differ- 

nt micro-pin fin heat sinks using various working fluids and geo- 

etrical and operating conditions were experimentally and com- 

utationally examined. The experimental results were compared 

ith a consolidated database developed based on previous stud- 

es; the database consisted of heat transfer and pressure drop data 

btained using various working fluids and a wide range of oper- 

ting conditions and geometries. The cooling efficiency of each of 

he data points in the consolidated database was compared us- 
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Fig. 2. (a) Test sample after the microfabrication process, (b, c) top-view, and (d) 

side-view scanning electron microscopy images of micro-pin fin array. 

2

c

r

s

ng the thermal–hydraulic performance index to provide energy- 

fficient micro-pin fin heat sink designs and operating conditions. 

dditionally, a new predictive tool for the Nusselt number and fan- 

ing friction factor in micro-pin fin arrays based on the consol- 

dated database was developed. The results obtained with the re- 

ression model can provide a holistic view for energy management 

n thermal management systems. 

. Experimental methods 

.1. Experimental apparatus 

.1.1. Microfabrication process of micro-pin fin array 

The micro-pin fin arrays were fabricated on an eight-inch sili- 

on wafer. Fig. 1 shows the detailed fabrication steps. First, a stag- 

ered micro-pin fin array, with two pressure ports for pressure 

easurement, and an inlet orifice on the silicon wafer using a 

eep reactive ion etching process were fabricated. Then, a silicon 

ioxide (SiO 2 ) layer with a thickness of 500 nm was developed 

n the opposite side of the silicon substrate and coated with a ti- 

anium/gold (10/200 nm) thin-film resistive heater. The top side 

f the micro-pin fin array was covered with a Pyrex plate to en- 

lose the fluid channel while providing an optical view for flow 

isualization during the experiments. The Pyrex cover and silicon 

afer were anodically bonded by sequentially applying voltages of 

0 0 and 60 0 V at a temperature of 40 0 °C. Altogether, four differ-

nt geometric combinations were designed on an eight-inch silicon 

afer. Figs. 2 (a) and (b–d) show a photograph and scanning elec- 

ron microscopy (S-3400N Hitachi, Japan) images of the fabricated 

icro-pin fin sample, respectively. 
Fig. 1. Overall microfabrication process of embedded micro-pin fin arrays. 
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3 
.1.2. Test module and flow loop facility 

Figs. 3 (a) and (b) demonstrate the test module assembly and 

ross-sectional view of the test module, respectively. The microfab- 

icated test sample was installed on the test module, which con- 

isted of polycarbonate (Lexan) and polyether ether ketone (PEEK) 

labs for easy connection of the fittings and electrical wiring, while 

roviding sufficient compression strength to avoid bursting during 

igh-pressure tests. Two 1/4" Swagelok fittings served as fluid in- 

et and fluid outlet, and two 1/16" and two 1/8" fittings served as 

emperature and pressure measurement ports, respectively. 

Fig. 4 shows a schematic of the experimental flow loop used for 

hermal and hydraulic measurements. The working fluid was circu- 

ated using a magnetically driven gear pump (Micropump GA-T23) 

fter passing through a 50-μm filter (FT-4N). The volumetric flow 

ate was measured at the pump outlet using a flow meter (KIF510). 

he temperature of the working fluid was adjusted using an elec- 

rically powered pre-heater (TECHNE TE-10D) before introducing 

he fluid into the test module. The surface temperature of the film 

eater was measured using a thermal-infrared camera (FLIR E75) 

ith a resolution of 320 × 240 pixels. A black spray paint (ELE 

P-10) was applied to the surface of the thin-film heater, and the 

urface emissivity was calibrated before the temperature measure- 

ent. The heated fluid was cooled to the ambient temperature us- 

ng a plate heat exchanger connected to a liquid circulation chiller 

Jeiotech HH20). The temperature changes of the test module were 

easured using two K-type thermocouples located in the inlet and 

utlet plenums. The pressure drop was measured using an absolute 

ressure transducer (TRAFAG EPI8287) at the inlet and a differen- 

ial pressure transducer (Omega PX409) connected to the inlet and 

utlet of the micro-pin fin array. 

.1.3. Test procedure, operating conditions, and uncertainty 

Power was supplied to the thin-film resistive heater using a 

C power supply (Keysight 6030A). The supplied power was mea- 

ured with a voltage divider circuit consisting of two resistors with 

esistances of 47 k � ± 0.1% and 3 k � ± 0.1% and a 0.05 � ±
.5% shunt resistor. The experiments were conducted by setting 

he desired fluid flow rate on the pump. The heater power was 

upplied in the thin-film heater. The heated surface temperature 

nd fluid temperatures and pressures at the inlet and outlet of the 
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Fig. 3. (a) Photograph of the assembled test module; (b) Schematic of the cross-section of the test module. 

Fig. 4. Schematic of the experimental flow loop. 
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est module were monitored until the steady state was reached. 

nce the steady state was reached ( < ±0.3 °C for 5 min), temper-

ture and pressure measurements were performed for 60 s. Then, 

he heater input power and flow rate were increased at 20 W/cm 

2 

nd 10 mL/min intervals, respectively, and the procedure was 

epeated. 

NI Compact DAQ and LabVIEW were used to record the flow 

ate, fluid temperatures and pressures, and input power to the 

eater. The heated surface temperature was recorded using an 

R camera with an accuracy of ±2%. Uncertainties for the mea- 

urements were calculated using a method proposed by Taylor 

nd Kuyatt [45] . K-type thermocouples with an accuracy of ±0.4% 

ere used to measure the temperatures. The pressure drop along 

he micro-pin fin array was measured with a differential pressure 

ransducer (Omega PX409) and an absolute pressure transducer 

Trafag EPI-8287), both with accuracies of ±0.5%. The DC power 

upply for the heater had an accuracy of ±0.3 W. Consequently, the 

eat transfer coefficient ( HTC ) and pressure drop had mean uncer- 

ainties of 7.1% and 8.6%, respectively. 

The operating conditions were as follows: fluid inlet pressure 

 in of 161.6–227.7 kPa; fluid inlet temperature T in of 21.5–25.2 °C 

; 

olumetric flow rate Q of 41.2–82.4 mL/min; heat flux q" of 0–55.4 

/cm 

2 . Table 1 summarizes the operating conditions of the exper- 

ment and geometrical parameters of the micro-pin fin. 
4 
.2. Computational modeling 

Computational simulations were performed using ANSYS FLU- 

NT 19.2 to validate the experimental results. The constitutive 

quations are as follows: continuity equation 

 · u = 0 , (1) 

onservation of momentum 

(u · ∇u ) = −∇P + μ∇ 

2 u + ρg, (2) 

onservation of energy 

C p (u · ∇T ) = ∇(k ∇T ) + μ�, (3) 

here u is the velocity vector, ρ is the density, P is the static pres- 

ure, μ is the dynamic viscosity, and k is the thermal conductiv- 

ty of the working fluid; g is the acceleration due to gravity, � is 

he viscosity loss, C p is the specific heat, and T is the tempera- 

ure. Single-phase steady state simulations were conducted using 

he mass-flow inlet and pressure-outlet boundary conditions. The 

ressure and velocity were coupled using semi-implicit method 

or pressure-linked equations (SIMPLE) algorithm, and the gradi- 

nt was discretized using least squares cell-based method. Pressure 

iscretization was set to second-order, while second-order upwind 

as used for momentum and energy discretization. The effects of 

urbulence due to the micro-pin fins were considered using the 

hear stress transport k –ω turbulence model. The convergence cri- 

eria of the solutions were set to a residual of less than 10 −6 for

ontinuity, velocities, k , and ω along with a residual of less than 

0 −12 for energy. An adiabatic boundary condition was set on the 

op surface of the Pyrex cover, while a constant heat flux was set 

n the heated bottom surface. 

Fig. 5 shows a schematic of the computational domain with ap- 

ropriate boundary conditions. Temperature-dependent properties 

ere adopted for the fluid and solids. Mesh independence was ver- 

fied using over 7.9 million hexahedral elements, and a case of 4.9 

illion cells was finally adopted for the results. The detailed re- 

ults of the mesh dependency test are provided in Table 2 . 

In addition to simulating the two geometrical structures used in 

he experiment, we numerically evaluated three additional micro- 

in fin configurations with various pin fin spacings to investigate 

heir effect on both heat transfer and pressure drop in micro-pin 

n heat sinks. The added geometries are as follows: (1) S T = 100 

m, S L = 300 μm, (2) S T = 300 μm, S L = 200 μm, (3) S T = 300

m, S L = 100 μm; they all have the same fin diameter and height 

s the structures used in the experiment. The operating conditions 

ere analyzed by setting five flow rates ( Q = 40–80 mL/min) and 

hree heat fluxes ( q" = 17–55 W/cm 

2 ). A total of 36 cases were

nalyzed. 
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Table 1 

Operating conditions and micro-pin fin geometrical parameters. 

Case D f [μm] H f [μm] S L [μm] S T [μm] Arrangement Shape N Row N Column T in [ °C] P in [kPa] Q[mL/min] q"[W/cm 

2 ] 

1 38.1 90.9 301 301 Staggered Circular 34 34 21.5 – 23.5 164.7 – 208.9 41.2 – 81.1 17.1 – 54.4 

2 38.1 90.9 302 198 Staggered Circular 50 34 24.2 – 25.2 161.6 – 227.7 41.9 – 82.4 17.7 – 55.4 

Table 2 

Mesh independency test results. 

Number of 

elements �P [kPa] 

Outlet 

temperature [K] 

Average heater 

temperature [K] 

1,464,008 29.6 321.1 366.9 

2,493,866 28.3 321.2 368.1 

3,161,592 27.5 321.9 371.0 

4,938,930 27.7 322.1 372.0 

7,944,248 27.5 322.1 371.4 
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.3. Data reduction 

The effective heat flux q ′′ 
e f f 

of the heater to the micro-pin fin 

rray is determined by subtracting heat loss to the surroundings 

rom the power input to the thin-film heater as follows: 

 

′′ 
e f f = q ′′ − q ′′ loss , (5) 

 

′′ = V · I / A h , (6) 

here q" is the total power input to the thin-film heater, and q ′′ 
loss 

s the heat loss to the ambient. As represented in Eq. (6) , where

 is the voltage supplied to the heater and I is the current, q" can

e determined from dividing the power input to the heater by the 

eated area A h . The heat loss to the ambient was determined by 

he energy balance between the heater input power and the sensi- 

le heat increase of the fluid during the single-phase heat transfer 

xperiment. The average heat transfer coefficient is determined as 

ollows: 

 = 

q ′′ e f f A h [ (
A h − N tot 

πD f 
2 

4 

)
+ 

(
πD f H f N tot η f 

)] 
( T b − T f ) 

(7) 

Here, D f and H f are the pin fin diameter and pin fin height, 

espectively; T b is the average temperature at the base of the 

ow pin fin array, which was estimated using the one-dimensional 
Fig. 5. Computational domain of a unit cell of the micro-pin fin channels. 
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5 
eat conduction from the thin-film heater through the silicon sub- 

trate considering the temperature-dependent thermal conductiv- 

ty of silicon; T f is the bulk fluid temperature along the micro-pin 

n array; N tot is the total number of pin fins; ƞf is the fin efficiency, 

hich can be determined by 

f = 

tanh (m H f ) 

m H f 

(8) 

here m is the fin constant defined as 

 = 

√ 

h P f 

k s A f 

(9) 

In Eq. (9) , h is the convective heat transfer coefficient, k s is the

hermal conductivity of the silicon structure, and P f and A f are the 

erimeter and cross-sectional area of the fin, respectively. The av- 

rage heat transfer coefficient was calculated by solving Eqs. (7) –

9) with the fzero function in MATLAB. Therefore, using the aver- 

ge heat transfer coefficient of the fluid in the micro-pin fin array, 

he Nusselt number Nu can be determined as follows: 

u = 

h D f 

k f 
. (10) 

The experimentally determined fanning friction factor is defined 

s 

 = 

�P 

2 ρu 

2 
max N L 

(11) 

In Eq. (11) , �P is the pressure drop along the micro-pin fin ar- 

ay, N L is the number of pin fins in the longitudinal direction of 

he fluid flow, and u max is the maximum fluid velocity, which can 

e determined as follows with the equations below. 

nline : u max = 

S T 
S T − D f 

u in (12a) 

taggered : u max = max 

( 

S T 
S T − D f 

u in , 
S T 

2 

(
S D − D f 

)u in 

) 

. (12b) 

In the above equations, u in is the inlet fluid velocity of the 

hannel. 

The thermal and hydraulic performances of the micro-pin fin 

eat sink were compared using the thermal–hydraulic performance 

ndex ( TPI ). The TPI , which was proposed by Gee and Webb, rep-

esents the heat transfer performance per unit pressure drop to 

onsider both thermal and hydrodynamic performances. [46] It has 

een widely used as a measure to compare performances in stud- 

es on pin fin configuration [47-50] . It can be calculated as follows: 

 P I = 

(Nu/N u o ) 

( f/ f o ) 
1 / 3 

, (13) 

here Nu o and f o are the reference Nusselt number and fanning 

riction factor, respectively. Here, Nu o = 5.385 is used from the 

ully developed laminar flow in the microchannel, while f o is de- 

ermined under the same conditions using the following relation 

 51 , 52 ]: 

f o = 

1 

Re 
·
[ 

24 + 

0 . 674 Re · D h 

4 L 

] 
. (14) 
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Fig. 6. Pressure drop results with different geometries: (a) and (b) pressure drop versus heat flux in Cases 1 and 2, respectively; (c) friction factor as a function of the 

Reynolds number. 
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The Reynolds number Re is calculated based on the hydraulic 

iameter of the micro-pin fin as 

e = 

˙ m D f 

μA min 

, (15) 

here ˙ m is the mass flow rate, and μ is the dynamic viscosity of 

he fluid. 

. Results and discussion 

.1. Pressure drop and friction factor 

Adiabatic and single-phase hydraulic experiments were con- 

ucted to evaluate the pressure drop and friction factor in the 

icro-pin fin array. The fanning friction factor was calculated us- 

ng Eq. (11) for the measured pressure drop data using a dielectric 

M Fluorinert FC-72 as the working fluid. Fig. 6 (a) and (b) demon- 

trate the pressure drop in the micro-pin fin array according to the 

ow rate and heat flux. Two different geometries (Case 1: D f = 38.1 

m, H f = 90.9 μm, S L = 301 μm, and S T = 301 μm; Case 2: D f =
8.1 μm, H f = 90.9 μm, S L = 302 μm, and S T = 198 μm) were com-

ared at volumetric flow rate Q and heat flux q" ranges of 41.2–

2.4 mL/min and 0–55.4 W/cm 

2 , respectively. 

From Fig. 6 , it can be observed that the pressure drop increases 

ith the flow rate, and Case 2 shows a higher pressure drop than 

ase 1 owing to the geometric effect under all flow rate condi- 

ions. The pressure drop in Case 1 is 12.8–30.5 kPa, while that in 

ase 2 is approximately 40% higher (18.4–48.3 kPa) owing to the 

maller pin spacing. For both samples, the pressure drop slightly 

ecreases as the heat flux increases because the dynamic viscosity 

f the fluid decreases with increasing fluid temperature under the 

ame flow rate. Fig. 6 (c) shows the friction factor f as a function

f Re . In Case 1, the range of f is 0.08–0.17 with Re = 84.4–193.1,

nd in Case 2, the range of f is 0.12–0.19 with Re = 95.4–210. Be-
ig. 7. Experimental and simulated (a) pressure drop as a function of the Reynolds numb

he heat flux. 

6 
ause of the geometrical effect with different spacing between the 

in fins, Case 2 with a high pressure drop under similar operat- 

ng condition has a relatively high f of 34.1% than Case 1. In the 

ame flow range, the f is slightly decreased with the heat flux ow- 

ng to the lower viscosity as the fluid temperature increases. Fur- 

hermore, f decreases as Re increases in all cases. In the small- Re 

ange ( Re < 100), f decreases sharply owing to the laminar flow. 

s Re increases because of the increased flow rate, f decreases rel- 

tively slowly owing to the vortex generated behind the micro-pin 

n and the increased pressure drop. 

.2. Computational modeling results 

Computational modeling was used to validate the thermal and 

ydraulic performances determined from the experiments, sug- 

est possible improvements, and determine the optimal design. 

ig. 7 compares the experimentally obtained pressure drop and 

veraged heater and fluid temperatures with those obtained from 

he simulations. The maximum errors of the total pressure drop 

nd heater temperature obtained were 3.6% and 1.3%, respectively, 

hich are within the measurement accuracy range of the pressure 

ransducer used in the experiment. Fig. 8 compares the analyti- 

al and experimental values of f and Nu considering the MAE. The 

omputational results were consistent with the experimental data. 

n Cases 1 and 2, the MAE of f was 4.6% and 3.6%, respectively, 

hat of Nu was 3.2% and 3.8%, respectively, and the overall MAE 

as 3.5%. 

Fig. 9 shows the computational results obtained from all five 

icro-pin fin configurations: two experimental geometries and 

hree additional configurations having various pin fin spacings. 

ig. 9 (a) shows the TPI according to the Re . This figure clearly indi-

ates that a smaller longitudinal spacing ( S L ), such as in the case of

 T = 300 μm and S L = 100 μm and S T = 300 μm and S L = 200 μm,

rovides a relatively higher TPI compared to the case of S T = 300 
er and (b) average heater temperature and fluid inlet temperature as a function of 
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Fig. 8. Simulated and experimental (a) friction factor and (b) Nusselt number. 

Fig. 9. (a) Simulated thermal performance index as a function of Reynolds number, (b) velocity contour of S T = 300 μm, S L = 100 μm and (c) S T = 100 μm, S L = 300 μm. 
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Fig. 10. IR images of temperature distributions on heater surface with increase in 

power input by 20 W/cm 

2 , operating at a fixed mass flow rate of 120 g/min. 

t

b

t

fi

m and S L = 300 μm within the ranges of Q = 40–80 mL/min and

" = 17–55 W/cm 

2 . It is also evident that a smaller transversal 

pacing ( S T ) leads to a higher TPI . Fig. 9 (b) and (c) show the ve-

ocity contour and normalized vector with the selected two cases 

f S T = 300 μm, S L = 100 μm and S T = 100 μm, S L = 300 μm at a

ass flow rate of 60 mL/min and heat flux of 36 W/cm 

2 . As shown

n Fig. 9 (b) and (c), the wake flow behind the pin appears remark- 

bly for S T = 300 μm, S L = 100 μm, and corresponds to an im-

rovement in the thermal performance. In contrast, a lower wake 

ow is observed for a smaller S T , which result in a relatively lower

mount of heat transfer. 

.3. Heat transfer performance 

The Nusselt number Nu and total thermal resistance R tot were 

etermined to investigate the thermal performance of the micro- 

in fin heat sinks. Fig. 10 shows the temperature distributions of 

he heated surface from the selected case, which were obtained 

rom the IR thermal images. The fluid temperature increases as the 

uid flows from the left to the right. It appears that the highest 

emperature is in the direction skewed to the right, and not the 

ar right because heat spreads to the substrate at the edges. In the 

ange of q’ ’ = 40–100 W/cm 

2 , as the heat flux value increases by

0 W/cm 

2 , the temperature steadily increases as expected. The de- 

iation in temperature increases as the heat flux increases. Fig. 11 

hows the area-averaged Nu obtained by Eq. (10) . The figure illus- 
7 
rates that in Cases 1 and 2, Nu varies between 3.90 and 5.69 and 

etween 5.36 and 7.56, respectively. At the same flow rate, Nu is up 

o 37.5% higher in Case 2 compared to Case 1 because the denser 

n spacing increases the higher maximum fluid velocity u max and 
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Fig. 11. Average Nusselt number as a function of the heat flux in micro-pin fin arrays for (a) Case 1 and (b) Case 2. 

Fig. 12. Experimentally determined thermal resistance at different heat fluxes. 
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Fig. 13. Total thermal resistance and portions of different thermal resistance com- 

ponents. 
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e. Nu increases slightly with increasing heat flux at the same flow 

ate because the higher fluid temperature results in lower fluid vis- 

osity. 

Fig. 12 shows a plot of R tot as a function of the heat flux and

ow rate obtained under different experimental conditions [ 53 , 54 ]. 

ere, R tot is the sum of the conduction thermal resistance R cond 

hrough the silicon substrate, convection thermal resistance R conv 

etween the channel base and fluid, and advection thermal resis- 

ance R adv caused by the increase in the sensible heat of the fluid 

long the channel. Mathematically, R tot can be expressed as fol- 

ows: 

 tot = R cond + R con v + R adv = 

T h − T f,in 

q ′′ e f f A h 

, (16) 

here 

 cond = 

t si 

k s A h 

, (17a) 

 con v = 

1 

h A h 

, (17b) 

 adv = 

T f − T f,in 

q ′′ e f f A h 

. (17c) 

In the equations above, T h is the surface temperature of the 

eater, and t si is the thickness of the silicon substrate. As can be 

een in Fig. 12 , R tot decreases with increasing flow rate in most 
8 
ases; this is because of the increasing HTC . For the same work- 

ng fluid, a smaller spacing leads to lower R tot owing to the higher 

onvective heat transfer from denser pin fins. As expected, R tot de- 

reases with increasing flow rate but remains approximately con- 

tant with the applied heat flux because of the characteristics of 

ingle-phase convective heat transfer. Lower R tot are obtained with 

enser pin fins (Cases 2, 4, and 5) than with relatively sparsely 

acked pin fins (Cases 1 and 3). It can be inferred that R cond and

 adv are similar under similar operating conditions; however, rela- 

ively large changes are observed in R conv with different geometries 

nd operating conditions. 

Fig. 13 depicts the portions of each thermal resistance compo- 

ent. The two samples show a similar thermal resistance trend, 

nd R and R have relatively small variations. However, R conv 
cond adv 
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Fig. 14. Experimentally determined thermal resistance as a function of the required 

pumping power. 

d

8

R

i

3

t

f

m

c

m

d

	

f

t

r

a

m

t

t

t

A

h

t

t

r

f

w

Ʌ
o

a

3

p

r

a

p

v

i

a

a

p

7

T  

r

a

P

v

p  

d

h

b

e

i

t

a  

D

d

t

 

2

N

i

a

fi

m  

p

s

h

 

u

h

s

p

t

H

t  

v

h

a

o

p

t

e

2  

C

o

T

m

a

w

a

r

3

t

t

t

s

o

epends on the geometry and contributes majorly to R tot (68.6–

1.2%). The portion of R cond is 1.9–3.7%, which is the smallest, and 

 adv has a contribution of 16.9–27.7% and decreases as the flow rate 

ncreases owing to the decreasing difference between T f and T f,in . 

.4. Thermal–hydraulic performance of micro-pin fin 

The heat transfer performance is vital for cooling; however, 

he hydraulic performance should be considered simultaneously 

or the energy efficiency of thermal management because it deter- 

ines the power consumption of the cooling system. The required 

ooling energy is related to the pumping power Ʌ , which is deter- 

ined from the pressure drop along the micro-pin fin array and 

esired flow rate Q as follows: 

= �P · Q . (18) 

In conventional internal cooling systems, the heat transfer per- 

ormance increases with the flow rate, and a higher Ʌ is required 

o supply more coolant into the heat sink. Therefore, the thermal 

esistance and required cooling energy are inversely proportional, 

nd it is necessary to optimize the thermal and hydraulic perfor- 

ances simultaneously. Fig. 14 shows a plot of R tot as a function of 

he pumping power required for supplying fluid into the test sec- 

ion for the same data points used in Fig. 12 The figure indicates 

hat higher flow rates result in a large required pumping power. 

t the given pumping power, denser pin fins (Cases 2, 4, and 5) 

ave smaller R tot owing to the higher HTC from the larger effec- 

ive heat transfer area. However, the difference in R tot among the 

hree cases decreases as the flow rate increases, while Ʌ increases 

apidly owing to the sharp increase in the pressure drop. There- 

ore, sparsely packed pin fins are more energy efficient at low Ʌ , 
hereas densely packed pin fins are more energy efficient at high 

 . These results indicate that the optimal operating geometric and 

perating conditions can be determined based on the target R tot 

nd Ʌ . 

.5. Consolidated micro-pin fin database 

The database listed in Table 3 was built using previous ex- 

erimental studies on micro-pin fin arrays with various geomet- 

ical and operational conditions. Using the database, the thermal 

nd hydraulic performances of micro-pin fin arrays were com- 

ared with various geometrical and operational conditions to pro- 

ide guidance for the design of thermal management systems us- 

ng micro-pin fin heat sinks. The data used for the dataset were 
9 
massed from previous studies performed in our laboratory [ 53 , 54 ] 

nd by other researchers [55-59] . Altogether, 256 Nu and f data 

oints were collected from seven sources. Water, R245fa, and FC- 

2 were used as working fluids with 21 geometric combinations. 

he porosity Ɛ, which is defined as Ɛ = V f / V tot , was used to rep-

esent the pin fin density. 

Fig. 15 shows plots of the experimentally determined f and Nu 

s functions of Re for the 21 geometries obtained from the dataset. 

redictably, high-pressure drops are associated with large Re , high 

iscosity of working fluid, low porosity, and square and diamond 

in fin shapes. As shown in Fig. 15 (a) , at low Re ( Re < 100), f

ecreases rapidly with increasing Re , while it decreases slowly at 

igh Re ( Re > 100); this can be attributed to the increasing mixing 

ehind the fins, as observed in [54] . At the given Re ranges, water 

xhibits a higher pressure drop than other working fluids at sim- 

lar geometric and operating conditions; this can be attributed to 

he relatively high viscosity of water compared to that of R245fa 

nd FC-72. A large H f and low porosity due to the high S T , S L , or

 f result in a high pressure drop. Under the given operating con- 

itions, square and diamond pin fins exhibit higher pressure drops 

han circular and ellipse pin fins. 

Fig. 15 (b) shows a plot of Nu as a function of Re with the

1 different micro-pin fin array geometries. The figure shows that 

u tends to increase with Re . This is attributed to the decrease 

n the thermal boundary layer thickness with increasing velocity 

nd the increase in the maximum fluid velocity between the pin 

ns, which provides active flow mixing and secondary flow in the 

icro-pin fin array [ 54 , 60-62 ]. At Re < 100, Nu significantly de-

ends on the geometry rather than the operating conditions (a 

mall porosity leads to high Nu ). However, the operating conditions 

ave a substantial effect on Nu than the geometry at Re > 100. 

Fig. 16 shows a plot of the TPI as a function of Re . This fig-

re enables a clear visualization of the variations in thermal and 

ydraulic performances with different Re ranges. A high TPI corre- 

ponds to a relatively high heat transfer performance with a low 

ressure drop and thus, an energy-efficient thermal design. Al- 

hough convection cooling using water (Cases 8–21) has a higher 

TC than other refrigerants owing to the superior thermal proper- 

ies of water [63] , it leads to a relatively low TPI because a high

iscosity induces a relatively high pressure drop. R245fa leads to a 

igher TPI than water because it induces a lower pressure drop. In 

ddition, the TPI may vary for the same working fluid depending 

n the operating conditions and geometries. For example, a small 

orosity provides a high TPI in the low Re region owing to its bet- 

er thermal performance; however, the large pressure drop exac- 

rbates the increase in TPI with Re (Cases 5–7 and Cases 20 and 

1). In Case 6 ( ε = 0.804), the TPI at Re < 400 is higher than in

ase 5 ( ε = 0.931); however, the trend is reversed at Re > 400 

wing to the rapid increase in the pressure drop as Re increases. 

he elliptical pin fin shape (Cases 14 and 17) exhibits a better ther- 

al performance and lower pressure drop than the square and di- 

mond shapes; with the elliptical pin fin shape, the TPI increases 

ith Re . In contrast, the square and diamond shapes lead to a rel- 

tively high pressure drop compared to the thermal performance, 

esulting in a relatively low TPI . 

.6. Proposed correlations 

In this section, the potential predictive correlations for the fric- 

ion factor and Nusselt number based on the constructed dataset 

o cover a wide range of geometrical and operational variations in 

he micro-pin fin heat sink are described. Based on Fig. 15 , which 

hows that f and Nu depend on the spacing, diameter, height, and 

perating conditions, the following equation was derived: 

f pred = f 
(
S L, S T , D W 

, H, D f , Re 
)
, (19) 
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Table 3 

Porosity and working fluid of micro-pin fin array. 

Case Workingfluid Geometry Operating conditions Authors 

D f [μm] H f [μm] S L [μm] S T [μm] Ɛ Arrangement Shape 

#1 FC-72 38.1 90.9 301 301 0.987 Staggered Circular Re = 84.4 – 210.1 

ṁ = 41.2 – 82.4 mL/min 

T in = 21.5 – 25.2 °C 
P in = 161.6 – 227.7 kPa 

q" = 17.1 – 55.4 W/cm 

2 

Present study 

#2 198 0.981 

#3 FC-72 193 193 388 783 0.849 Staggered Diamond Re = 8 – 1189 

q" = 0 - 234 W/m 

2 

Bulk fluid temperature 

increased 5 o C 

Rasouli et al. (2018) 

#4 200 845 276 552 0.776 

#5 R245fa 90 208 298 298 0.931 Staggered Circular Re = 35.5 – 432.1 

ṁ = 14.7 – 181.6 g/min 

T in = 22.2–25.3 °C 
P in = 205.6–351.6 kPa 

q" = 2.5 – 48.7 W/cm 

2 

Kong et al. (2019) 

#6 100 200 200 200 0.804 

#7 45 207 74 74 0.671 

#8 Water 46.5 110 100 100 0.831 Staggered Circular Re = 22.8 – 135 

ṁ = 15.1 – 64.1 g/min 

T in = 24.3 – 25.6 °C 
P in = 144.4 – 340.1 kPa 

q" = 24 - 141.4 W/cm 

2 

Kharangate et al. (2018) 

#9 Water 100 110 300 400 0.935 Staggered Circular Re = 22.8 – 491.3 

ṁ = 3.5 – 42.3 mL/min 

T in = 30 °C 

Xu et al. (2018) 

#10 300 0.913 

#11 0.913 Inline 

#12 0.889 Staggered Square 

#13 0.889 Inline 

#14 152 0.826 Staggered Ellipse 

#15 Water 400 500 1200 800 0.879 Staggered Circular Re = 108.6 – 970.2 

ṁ = 3 - 182.1 mL/min 

Q = 50 – 150 W 

Liu et al. (2015) 

#16 447 0.846 Diamond 

#17 559 155 0.819 Ellipse 

#18 Water 55 155 200 200 0.938 Staggered Circular Re = 23.2 – 428.5 

ṁ = 15 - 200 mL/min 

T in = 50 °C 
P in = 101 - 273 kPa 

Prasher et al. (2006) 

#19 125 310 303 303 0.859 

#20 Water 100 243 350 150 0.85 Staggered Circular Re = 13.1 – 198.1 

ṁ = 18 – 145 mL / min 

Voltage applied 0.5V 

increments 

Kosar et al. (2007) 

#21 150 0.64 

Fig. 15. (a) Friction factor and (b) Nusselt number as a function of the Reynolds number for different geometries. 

10 



D. Jung, H. Lee, D. Kong et al. International Journal of Heat and Mass Transfer 175 (2021) 121192 

Fig. 16. Thermal performance index as a function of the Reynolds number consid- 

ering various geometries. 
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here D w 

is the transversal diameter of the pin fin, which af- 

ects the fluid flow. This is considered because different pin fin 

hapes with the same hydraulic diameter, such as squares and di- 

monds, result in different pressure drops. To deduce a predictive 

orrelation, a generalized reduced gradient (GRG) nonlinear regres- 

ion was performed using a descent algorithm, which is known 

o be effective in deriving correlations for numerous components 

 64 , 65 ]. With the consolidated database, the correlation was pre- 

icted through a GRG nonlinear regression analysis, which aims at 

inimizing the mean absolute error ( MAE ), as follows: 

f pred = 8 . 321 

(
H f 

D f 

)−3 . 940 (
S L − D f 

D f 

)3 . 596 (
S T − D f 

D f 

)−0 . 203 

(
D W 

D f 

)0 . 227 

Re −0 . 854 
, (20) 

 u pred = 2 . 380 

(
H f 

D f 

)−1 . 065 (
S L − D f 

D f 

)−0 . 248 (
S T − D f 

D f 

)−0 . 099 

(
D W 

D f 

)0 . 167 1 

/ 3 

Pr Re 0 . 293 
. (21) 
Fig. 17. Comparison of experimental and predicted result

11 
The MAE was calculated as follows: 

AE = 

1 

n 

∑ 

n 

∣∣X Exp − X Pred 

∣∣
X Exp 

× 100(%) , (22) 

here X exp and X pred are the experimental and predicted data, and 

 is the total number of data. Fig. 17 presents comparisons of the 

redicted and experimental friction factors and Nusselt numbers 

ith the experimentally determined values. The friction factor pre- 

icted with the proposed model has a large MAE of 41.7%. How- 

ver, this MAE is significantly lower than that of the friction factor 

btained with existing correlations; it is approximately 20% lower 

han that of the friction factor predicted by the Kharangate cor- 

elation [53] , which provides the best prediction among the other 

orrelations proposed in previous studies ( MAE = 62.9%). Cases 2, 

3, and 15 exhibit optimum results, with MAEs of 5.4%, 3.0%, and 

.6%, respectively; meanwhile, Cases 4, 7, and 21 show the high- 

st MAEs of 100%, 100%, and 99.9%, respectively. The low MAE s of 

ases 13 and 15 can be attributed to the ratio of the spacing length 

o the diameter because their geometric term is close to the me- 

ian value of the database. In Cases 2, 13, and 15, the Re range is

imilar to that observed in the other cases, which indicates that 

ur predicted correlation is appropriate in that range. In Cases 4, 

, and 21, the porosity is significantly lower ( ε = 0.64, 0.671, and 

.776, respectively) than in the other cases, which may have led to 

he relatively low accuracy. To achieve better prediction accuracy, a 

arger number of experimentally determined data points with var- 

ous operating and geometric conditions is essential. The details 

f the MAE obtained in each case are presented in Appendix C of 

upplementary Material . 

Similar to the friction factor correlation, the Nusselt number 

as obtained based on the collected data using the GRG nonlinear 

egression method. The Nusselt number depends on the Prandtl 

umber Pr , which is related to the thermal boundary layer thick- 

ess of the fluid, Re , and the geometrical conditions and can be 

xpressed as follows: 

 u pred = f 
(
S L, S T , D W 

, H, D f , Pr , Re 
)
. (23) 

Fig. 17 (b) compares the Nu derived from the GRG nonlinear 

egression method in this study with the values obtained from 

he literature. The Nu values obtained in adiabatic experimen- 

al conditions [56-58] , values reported with insufficient informa- 

ion [55] and the point of the temperature of the bottom surface 

 56 , 57 ] were intentionally excluded from this study. As shown in 
s of the (a) friction factor and (b) Nusselt number. 
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ig. 17 (b), the proposed Nu correlation leads to suitable predictions 

ith MAE = 22.5% for the consolidated dataset. The range variation 

s small compared to that of the friction factor correlation because 

t was developed with less data. In Cases 1 and 2 (present study) 

nd Cases 9–13 (Xu et al. [58] ), fairly linear distributions with a 

lope of approximately 1 are obtained, while the distributions ob- 

ained in Cases 5, 7, 8, and 14 have a slope slightly deviating from 

. In Case 5, the experiment was conducted at relatively large Re , 

hereas in Cases 7 and 8, the experiment was conducted at rel- 

tively small Re . Notably, the predictions made within a limited 

e range are biased. In Case 14, only an elliptical shape is consid- 

red, causing low accuracy. In addition, overprediction of Nu can 

e observed in Cases 1 and 2 compared with Case 7 for Nu = 5–

0. This difference can be attributed to the relatively large devia- 

ions in the thermo-physical properties of FC-72 compared to those 

f other working fluids. It appears that the predictions of both f 

nd Nu significantly depend on variations in geometries, operat- 

ng conditions, and the working fluids, which cannot be precisely 

aptured with the current form of the proposed model. Therefore, 

espite the superiority of the correlations proposed in this paper 

ver previously proposed correlations, further research is required 

o provide a comprehensive view of the thermal and hydraulic 

erformances in the highly variable conditions of micro-pin fin 

esigns. 

. Conclusions 

In this study, the energy-efficient thermal design and manage- 

ent of micro-pin fin heat sinks were investigated. The thermo- 

ydraulic performance of silicon-based micro-pin fins was ana- 

yzed with different geometrical and operating conditions. Exper- 

ments were performed with two different geometries (Case 1: 

 f = 38.1 μm, H f = 90.9 μm, S L = 301 μm, and S T = 301 μm;

ase 2: D f = 38.1 μm, H f = 90.9 μm, S L = 302 μm, and S T =
98 μm) using dielectric fluid FC-72. The pressure drop range �P 

as measured to be 12.8–30.5 kPa with Re = 84.4–193.1 in Case 

 and 18.4–48.3 kPa with Re = 95.4–210 in Case 2. As the heat 

ux increased, the pressure drop tended to decrease slightly ow- 

ng to the decrease in the dynamic viscosity of the fluid. The Nu 

ange was determined to be 3.90–5.69 in Case 1 and over 37.5% 

igher (5.36–7.56) in Case 2. At the same flow rate, Nu increased 

lightly as the heat flux increased owing to the increase in Re in- 

uced by the increase in the fluid temperature. The total thermal 

esistance of the micro-pin fin, which comprised three types of re- 

istances, decreased as the flow rate increased and was established 

rimarily in the form of convective thermal resistance. Therefore, 

n Case 2, where the fin spacings were denser, the thermal resis- 

ance was lower than in Case 1 owing to the higher convection 

eat transfer. The experimental values were verified via CFD simu- 

ations. The turbulence model was used to account for the conges- 

ion of the flow due to the micro-pin fin array. The maximum error 

f the pressure drop and heater temperature were 3.6% and 1.3%, 

espectively, and the MAE of the experimental and simulation data 

f f and Nu were 4.1% and 3.5%, respectively. For the parametric 

tudy of the micro-pin fin, the thermo–hydraulic performance was 

ompared by adding experimental data with similar operating con- 

itions. The TPI was evaluated as a function of Re to determine the 

hermal and hydraulic performances with various parameters. At a 

ow Re , the thermal performance was low ( TPI < 1) owing to the

eak convective heat transfer effect; however, the TPI increased as 

e increased. The thermal performance was relatively high with 

mall porosity; however, the TPI was low owing to the high- 

ressure drop induced by the increase in Re . In future research, the 

hermo–hydraulic performance of micro-pin fin heat sinks should 

e investigated with a wider range of operating conditions and 

eometries. 
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