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Abstract

This study explores the cooling performance associated with single-phase hybrid micro-channel/micro-jet-impingement cooling meth-
od. A parametric study on the geometrical and operating parameters of hybrid cooling is numerically investigated. Appreciable tempera-
ture drop on the bottom surface of the micro-channel is achieved as a result of the strong impingement effects caused by reduced diame-
ter of jet inlets, while the temperature on the bottom surface of the micro-channel increases with increasing the number of jet inlets due to
weak impingement effects. The results also show that mean convective heat transfer coefficient of bottom wall can be achieved up to

11152 W/m’K using five jet inlets with diameter of 0.19 mm each.
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1. Introduction

Removal of high-heat-flux dissipated by electronic compo-
nents is necessitated by micro-miniaturization of electronic
and power devices, thus increased circuit density. Therefore,
innovative thermal designs are becoming more important in
the development of such devices. Not only eliminating high-
heat-flux from device but also maintaining low device tem-
perature is a primary concern in thermal design of high
performance devices, because the low temperature with which
the electronic devices operate could improve the electrical
performances [1, 2]. To meet these cooling requirements, the
micro-channel heat sinks as well as the micro-jet-
impingement have been developed as a cooling solution of
today’s high-end devices [3].

The merits of micro-channel heat sinks are the ability to
produce high heat transfer coefficients and to reduce coolant
inventory [4-6]. However, disadvantages of micro-channel
heat sink are its large pressure drop and temperature rise [6].
Jet impingement heat transfer has been investigated numeri-
cally [7-10] and experimentally [11-13]. These studies show
single jet impingement heat transfer achieves high heat trans-
fer coefficient in the impingement zone, while sudden increase
in surface temperature away from impingement zone can oc-
cur due to the abrupt decrease of heat transfer coefficient. To
solve these problems, multiple jets are used to dampen such a
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large variation of temperature by distributing the impingement
zones along the impingement surface [14,15]. However, also
shown in using multiple jets is the disadvantage, which
associates with the flow blockage due to the liquid interfer-
ence between neighboring jets subsequent its impingement
onto the surface [16].

Among thermal design endeavors for capitalizing upon the
advantages of both micro-channel heat sinks and micro-jet
impingement, Sung and Mudawar [17] proposed hybrid mi-
cro-channel/micro-jet-impingement cooling method. They
found that using this method the temperature can be uniform
across the heated surface while dissipating large amounts of
heat. Sung and Mudawar [18] showed that both the surface
temperature and temperature gradient along the channel de-
creased with decreasing channel width, and that the surface
temperature decreased with decreasing channel height for high
jet velocity, while opposite trend was shown for low jet veloc-
ity. Sung and Mudawar [19] examined the cooling perform-
ance of three micro-jet patterns including decreasing-jet-size,
equal-jet-size, and increasing-jet-size. They found that the
decreasing-jet-size pattern provided the highest heat transfer
coefficient among three patterns.

In this study, the effects of the number of jets and the size of
jet diameter on the cooling performance of hybrid micro-
channel/micro-jet-impingement heat sink are numerically
investigated through examination of hydrodynamic and ther-
mal characteristics of heat sink.
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Table 1. Design parameter used in the present study.

N 5,7,10
Dy, [mm] 0.19, 0.39, 0.59
q"sor [W/en’] 10, 50, 100, 150
m [g/s] 2,5,8
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Fig. 1. Schematic of computational domain of hybrid micro-

channel/micro-jet-impingement heat sink showing a single row of
micro-channel: (a) Top view; (b) isometric view.

2. Numerical method

Fig. 1(a) shows schematics of single row of micro-jets and
single micro-channel using HFE 7100 as working fluid. As
shown in Fig. 1(b), the computational domain includes one
quarter of the flow channel and the surrounding copper due to
symmetry planes at x = 0 and y = 0. The velocity inlet and
pressure outlet boundary conditions are applied to the inlets of
micro-jets and outlet of the micro-channel, respectively. Uni-
form heat flux is applied to the bottom wall. Three surfaces of
solid at x = L/2, y = W/2, and z = H,, + H,,, respectively, are
assumed adiabatic. Different micro-jet geometries, shown in
Fig. 2, are used to investigate the parametric effects associated
with geometrical parameters. For grid independence test, three

grid systems, with 595625, 756228 and 963238 cells, are used.

756228 cells are then selected since the discrepancy between
756228 and 963238 cells for the mean temperature of micro-
channel’s bottom wall is less than 1 %. The realizable k-¢
turbulent model [20] is used for solving Reynolds stress tensor
in Reynolds averaged Navier-Stokes equation. Semi-implicit
method for pressure-linked equations-consistent (SIMPLEC)
algorithm [21] is used to solve the discretized governing dif-
ferential equations by using ANSYS FLUENT [22]. Table 1
summarizes the geometrical and operating parameters used
in this study. The ranges of jet Reynolds number, Re;
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Fig. 2. Different micro-jet geometries.

(=4m/muD,,N,), and channel Reynolds number, Re

(=4m/ pu(W, +H,)), used in the present study are 480
11913 and 1111-4444, respectively.

The flow and heat transfer characteristics of the heat sink
were examined numerically by solving the conjugate heat
transfer problem. For the fluid region, the governing equation
for steady, incompressible and turbulent flow can be ex-

pressed, respectively, as
Mass conservation:
Ou,
a—“l 0. (1)
X,

Momentum conservation:

P 0 [au,.] . (ﬁ) 2
“ox,  ox, T o, | ox, ox N
Energy conservation:
or 0 AL s
prey L [k,. +,,_]_} . G
m ox, ij|: Pr, )ox,

By using Boussinesq hypothesis, Reynolds stress tensor
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(=p,u, u ) can be expressed as

- ou, Ou,
—pu Ly —L | -Zpks, . 4
pu, M[ o, ax‘.] 3P Q)

Realizable k-¢ turbulent equations are used to calculate eddy
viscosity, x4, Turbulent kinetic energy equation and turbulent
dissipation rate equation can be expressed as

Turbulent kinetic energy equation:

0 0 ok
—ku, ) =—| | u+ +G, 5
Pi 6x/.( u/) ox, [[ﬂ Uk]ax } —PE ©)

J

Turbulent dissipation rate equation:

0 0 ) os
- ) =— 4| 2=
Pr o, (gu’) ox; H,u o, jax,}

+p,CSe—p,C,

k+\/E (©6)

For the solid regions, a constant heat flux is applied to the
bottom of copper block.

or
—k—=q",- @)
oz

3. Results and discussion

To assess the validity of the numerical model used in this
study, computed temperature distributions along 0 <x < L/2 at
y =0 and z = -2.54 mm are compared with previous experi-
mental data by Sung and Mudawar [18] for N, = 7 and D;,, =
0.39 mm with two different sets of boundary conditions. Fig. 3
shows excellent agreement between computed temperature
distributions and experimental data, and verifies the predictive
capability of present numerical model. Therefore, all of the
subsequent numerical simulations with different geometrical
and operating parameters are based on the present numerical
model.

Fig. 4 shows streamline plots along the x-z plane at y =
0 mm, and convection heat transfer coefficient distributions of
the micro-channel’s bottom wall for different N, and Dy, at
q"v0: =50 W/em® with m =5 g/s. The local heat transfer coef-
ficient is defined by dividing the local heat flux at the micro-
channel’s bottom wall by the difference between the local
temperature at the micro-channel’s bottom wall and HFE
7100 temperature at the jet inlet. In Fig. 4(a), for N, = 5 with
D;,,=0.19 mm, the HFE 7100 from all jets reaches the micro-
channel’s bottom wall and forms the impingement zones due
to the strong impingement effects. As a result, high heat trans-
fer coefficient is achieved over the entire micro-channel’s
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Fig. 3. Comparison of present computed temperature distributions with
previous experimental data by Sung and Mudawar [18] along
0<x<L/2aty=0andz=-2.54 mm.

bottom wall. Especially for N, = 10 with D, = 0.19 mm (see
Fig. 4(b)) and N, = 5 with D, = 0.59 mm (see Fig. 4(c)),
sharp variation in heat transfer coefficient occurs in the im-
pingement zone formed by the first jet. This is because the
HFE 7100 from the first jet reaches the micro-channel’s bot-
tom wall and forms the impingement zone, while the HFE
7100 from the other downstream jets are difficult to reach the
micro-channel’s bottom wall and do not form the impinge-
ment zones since the jet’s momentum from downstream jets
appears to be not enough to penetrate the micro-channel flow
accumulated gradually from the upstream jets. For N,, = 10
with Dy, = 0.59 mm (see Fig. 4(d)), the HFE 7100 from the
first jet reaches the micro-channel’s bottom wall, and forms
the impingement zone. The heat transfer coefficient, however,
is very small over the entire micro-channel’s bottom wall due
to the low momentum of the jet.

The relationship between momentum of the HFE 7100 and
thermal boundary layer is examined in Fig. 5. Shown in Fig.
5(a) is the temperature distribution in cross-section on the y-z
plane at the first jet (x = 1 mm) for N,, = 5 with Dy,
= 0.19 mm where the jet impingement effect is dominant. Fig.
5(b) illustrates the temperature distributions in cross-section
on the y-z plane at the first jet (x = 0.5 mm) for N, = 10 with

D;,= 0.59 mm where the micro-channel flow is dominant. For
Ny = 5 with D;,, = 0.19 mm, streamlines show stronger jet’s
momentum interaction on the bottom wall of micro-channel.
As a result, the thermal boundary layer on the bottom wall of
micro-channel, shown in the enlarged view of the temperature
distribution, is thinner for N, = 5 with D, = 0.19 mm than
that for N, = 10 with D;,,= 0.59 mm. This is why the convec-
tion heat transfer coefficient for N, = 5 with D,,, = 0.19 mm is
much higher than that for N, = 10 with D;,,= 0.59 mm.

Fig. 6 represents the wall temperature distributions, aver-
aged over the y-axis of the micro-channel’s bottom wall, for
different jet diameters and number of jet inlets with ¢"j,, =
100 W/cm®. The temperature distributions are quite uniform
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Fig. 4. Streamline plots along the x-z plane at y = 0 mm, and convection heat transfer coefficient distributions of the micro-channel’s bottom wall at
q"sor =50 W/em? and m =5 g/s for (a) Njee = 5 and Djer = 0.19 mmy; (b) Nier = 10 and Dje, = 0.19 mm; (c) Niee = 5 and Djer = 0.59 mm; (d) Nyer = 10

and Dj., = 0.59 mm.

along the x direction for all cases shown in Fig. 6.

Fig. 7 shows variations of mean temperature of the micro-
channel’s bottom wall for all parametric cases in this study.
Note that the cases where the local HFE 7100 temperature
reached is higher than its boiling temperature, which is
60.3 °C at 1 bar, are excluded because the phase change is not
considered in this study. In Fig. 7(a), at low heat flux, the bot-
tom wall temperatures are maintained at quite low tempera-
tures below 11 °C for all cases, and the effects of jet diameter,
mass flow rate and number of jet inlets on the bottom wall
temperature are relatively small. At higher heat flux, shown in

Figs. 7(b) and (c), the mean temperature of the micro-
channel’s bottom wall decreases with decreasing jet diameter
and increasing mass flow rate due to the increased impinge-
ment effects. However, the effects of number of jet inlets on
the bottom wall temperature are relatively small compared to
the effects of jet diameter and mass flow rate. For both D,,, =
0.19 mm and D, = 0.39 mm, the bottom wall temperature
decreases with decreasing the number of jet inlets, while for
Dj; = 0.59 mm (see Figs. 7(a)-(c)), the bottom wall tempera-
ture appears not to be related to the number of jet inlets. This
is due to the fact that for large jet diameter, the micro-channel
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Fig. 5. Streamlines and temperature distributions in the heat sink’s cross section at the first jet when ¢",,, = 50 W/em® with 72 = 8 g/s for (a) Nju = 5

and Dj,, = 0.19 mm; (b) N, = 10 and D, = 0.59 mm.
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Fig. 6. Temperature distributions of the micro-channel’s bottom wall
for different diameters of jet inlet and number of jet inlets.

flow is dominant due to the weak impingement effects, thus
the effects of number of jet inlets are insignificant. It should be
noted that for Dy, = 0.19 mm with m = 8 g/s (see Fig. 7(d)),
the heat dissipation of 150 W/cm® can be achieved using sin-
gle-phase heat transfer (i.e., without phase change heat trans-
fer) when both the number of jet inlets’ values of N, = 5 and
Nig=T.

Figs. 8(a)-(d) represent the variation of mean convection
heat transfer coefficients of micro-channel’s bottom wall with

different heat flux values of ¢",, = 10, 50, 100, 150 W/em?,
respectively. The convection heat transfer coefficient generally
increases with decreasing jet diameter and increasing mass
flow rate due to the increased jet impingement effect. How-
ever, for low mass flow rate (i.e., m =2 g/s) with the number
of jet inlets of N, = 10 and N,,, = 7, no appreciable changes in
the heat transfer coefficient with different jet are shown. The
maximum heat transfer coefficient value of 11152 W/m’K can
be achieved using N, = 5 with Dy, = 0.19 mm at n = 8 gJs,
when dissipating 150 W/cm”. However, further increase in the
heat flux can result in evaporation of HFE 7100, which pre-
cludes the use of single-phase hybrid heat sink, requiring the
use of two-phase hybrid heat sink instead. For all heat flux
values, mean heat transfer coefficient can be achieved above
10000 W/m’K using N, = 5 with D, = 0.19 mm at m =8 g/s
due to strong jet impingement effect.

4. Conclusions

This study explores the cooling performance associated
with single-phase hybrid micro-channel/micro-jet-impinge-
ment cooling method. The parametric study on the number of
jet inlets, jet diameters, mass flow rate, and bottom wall heat
flux is numerically investigated. Key findings are as follows:

(1) With decreasing jet diameter, decreasing number of jet
inlets and increasing mass flow rate, heat transfer coefficient
of the micro-channel’s bottom wall increases since the jet
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Fig. 7. Variations of mean temperature of the micro-channel’s bottom wall with different jet diameters for (a) ¢"y= 10 W/em?; ®) q"poc =
50 W/em?; (€) ¢"por = 100 W/em?; (d) ¢"po = 150 W/em?.
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Fig. 8. Variations of mean convection heat transfer coefficient of the micro-channel’s bottom wall with jet diameters for (a) ¢"sr= 10 W/em?%
(b) ¢"bor = 50 W/em?; (€) ¢ "o = 100 W/em?; (d) g "sor = 150 W/em?.



S. H. Kim et al. / Journal of Mechanical Science and Technology 33 (7) (2019) 3555~3562 3561

impingement effect is dominant.

(2) The temperature distributions are quite uniform along
the micro-channel’s bottom wall.

(3) For low heat fluxes, the effects of jet diameters, mass
flow rate and number of jet inlets on the micro-channel’s bot-
tom wall temperature are not significant, while for higher heat
fluxes, the mean temperature of the micro-channel’s bottom
wall decreases with decreasing jet diameter and increasing
mass flow rate. Note that for D,,, = 0.59 mm, the largest di-
ameter in this study, the micro-channel’s bottom wall tem-
perature appears not to be related to the number of jet inlets
since the micro-channel flow is dominant.

(4) The maximum heat transfer coefficient value of
11152 W/m’K can be achieved without phase change by using
Ny, = 5 with Dy, = 0.19 mm at = 8 g/s, when dissipating
150 W/em®. For all heat flux values, the mean heat transfer
coefficients can be achieved above 10000 W/m’K by using
Ny =5 with D;,,=0.19 mmat m =8 gfs.

J!
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Nomenclature

Ci, C, : Empirical constants

¢ : Specific heat at constant pressure

Dy, : Diameter of micro-jet

Gy : Production of turbulent energy

H,, : Height of micro-channel

H, : Height of micro-jet

H, : Height from unit cell bottom boundary to test surface
h : Convective heat transfer coefficient

kr : Thermal conductivity of fluid

kg : Thermal conductivity of solid

k : Turbulent kinetic energy

L : Length of unit cell

L, : Jet pitch

m : Total mass flow rate

Niet : Number of micro-jets per one quarter of unit cell
P : Pressure

Pr, : Turbulent Prandtl number

q"»:  : Heat flux applied to the bottom of copper block
Re.,  :Channel Reynolds number

Rej,  :Jet Reynolds number

S : Modulus of mean rate-of-strain tensor

T : Temperature

T, : Fluid inlet temperature

u, : Cartesian components of velocity

u'; : Cartesian components of fluctuating velocity
w : Width of unit cell

W, : Width of micro-channel

X : Cartesian coordinate

y : Cartesian coordinate

z : Cartesian coordinate

Greek symbols

2 : Kronecker delta

£ : Turbulent dissipation rate

U : Dynamic viscosity

W : Eddy viscosity

v : Kinematic viscosity

P : Density

O : Empirical constant in £ transport equation
o, : Empirical constant in ¢ transport equation
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