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Abstract This paper investigates the enhanced cooling performance of a hybrid
microchannel heat sink, consists of the microchannel, nozzle and pillars, in terms of various
hydrothermal characteristic parameters. Geometric and flow variables such as jet inclination
angle (30°-90°), Reynolds number (200-600) and nozzle diameter (in increasing/decreasing
order) are considered for the analysis. Parameters related to both the first and second laws of
thermodynamics are computed numerically using commercial software ANSYS FLUENT. The
decreasing nozzle diameter layout provided the lowest value of the maximum wall temperature
as well as a moderate hike in the pressure drop with respect to other cases. Similarly, a smaller
nozzle angle is more suitable for better cooling than the larger nozzle angles.

1. Introduction

The electronic cooling problem is becoming more complex with time due to non-linearly esca-
lating power density every year. Unrestrained heat dissipation in electronic circuits extended
the heat flux value beyond 1000 W/cm? due to the integration of large-scale tiny components
over micro-scaled chips. Electronic devices thermal characteristics reached critical value owing
to a huge amount of heat flux generation in the micro-sized appliances. Reported studies re-
vealed several conventional techniques developed and tested to design consistent and ade-
quate cooling system. These traditional methods such as finned cold plate/heat sink, micro-
channel heat sink, etc., are predominantly based on conduction and air-induced free or forced
convection heat transfer modes. The liquid-cooled microchannel heat sink was a remarkable
discovery in the cooling applications proposed by Tuckerman and Pease [1] in 1981 using wa-
ter as coolant for VLSI circuit having heat flux density up to 790 W/cm? But, these heat mitiga-
tion solutions become inadequate for the current high cooling requirement due to the small
surface area available and laminar flow in the microchannel. Thus, the thermal management
system needs evolution where new techniques must be capable of reducing thermal resistance
by diminishing thermal boundary layer, enhancing fluid mixing, or causing turbulence locally in
the flow. Later on, several modifications in channel geometry [2, 3] and in designs were incor-
porated with various active and passive techniques to enhance conduction and convection heat
transfer or to minimise thermal resistance, pressure drop and boundary layer thickness [4-11].
Among these methods, the jet impingement cooling technique found highly effective in main-
taining device temperature below the threshold limit because of the ability to disturb and pene-
trate the thick laminar flow bed.

Jet impingement is a process to achieve a high amount of heat transfer in a short time by pro-
jecting the fluid vertically over the surface at high velocity [12]. A high local heat transfer
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coefficient obtained on the target surface commonly elevates
the convective heat transfer rate. This is attributed to a reduc-
tion of hydrodynamic and thermal boundary layer thickness on
the surface wall jet region and subsequently creating chaos in
the surrounding fluid by high momentum flow [13]. Numerous
research studies have been performed with a single jet and an
array of jets striking on an application-oriented designed target
surface. Terekhov et al. [14] and Chang and Liou [15] experi-
mentally investigated the flow and heat transfer characteristics
of jet impingement on the surface having a spherical cavity and
concave/convex dimples, respectively. The local heat transfer
reported for the case with a cavity on the surface was found to
be lower than the flat plate/convex dimple due to the formation
of vortex in the cavity. The created vortex resulted in recircula-
tion of the heated up fluid, driving it back towards the cavity that
retards the requisite heat exchange. The effusion holes were
created to manage spent fluid before mixing with the fresh fluid
to overcome recirculation [15-17]. Reported literature studies
revealed that strength of the impinging jet and obtained hydro-
thermal characteristics are significantly influenced by various
parameters like jet Reynolds number, jet-to-plate separation
distance, physical geometry of nozzle, jet orientation, jet-to-jet
distance, impinging fluid properties, target surface substrate
material and geometric design [12, 18].

Interaction between neighbouring jets and jet fluid cross-flow
is an intricate process that significantly influences the intensity
of heat transfer and the uniformity of thermal load on the target
surface. Lee et al. [19] performed an experimental analysis to
evaluate the difference in heat dissipation due to varying noz-
Zle diameter. As the nozzle diameter increased, the potential
core length increases; thus, the local Nusselt number aug-
mented at the stagnation point indicates the amplification of jet
momentum and turbulence intensity. Several research studies
were conducted to determine the influence of nozzle inclination
angle on the cooling characteristic of the impinging jet. Heo et
al. [20] optimised the heat transfer performance of single elliptic
nozzle jet impingement with cross-flow in terms of Nusselt
number for two design variables such as aspect ratio and incli-
nation angle and found that inclination angle causes more in-
fluence on the elliptic jet nozzle performance than aspect ratio.
Ingole and Sundaram [21] investigated heat transfer character-
istic for 15° to 75° inclined jet nozzle impingement on target
plate and obtained the least average Nusselt number for 15°
inclined nozzles due to the detachment of flow from the target
surface while 45° and 60° inclinations showed better cooling
performance. Choo et al. [22] experimentally determined the
effect of inclined slot jet on heat transfer performance. Parame-
ters were compared for inclination angle varied from 0° to 40°
and for a jet to plate distance less than or greater than the noz-
Zle diameter. For the fixed flow rate condition, at a small sepa-
ration distance between nozzle and target plate, the average
Nusselt number increased with the elevation in inclination an-
gle, but it decreased for large separation distance due to mo-
mentum loss. While for fixed pumping power condition, aver-
age Nusselt number noticed consistent with increased inclina-

tion angle at both small and large separation distance.

Hybrid heat sink design employs two or more cooling strate-
gies together in a common heat sink structure such as jet im-
pingement, microchannel flows, secondary flows, flow obstruc-
tions, nanofluids etc., to enhance heat transfer or to improve
performance at low cost. Tran et al. [23] reported that reducing
the channel length of multi-nozzle microchannel heat sink from
10 mm to 1 mm can aid to achieve more uniform temperature
distribution and reduced thermal resistance. Moreover, pres-
sure drop was also decreased by almost 12 times and thus
improved the thermodynamic performance index. The optimum
case of this novel design could handle heat flux up to 1300
W/cm? while keeping the temperature rise below 77.5 °C. Miry
et al. [24] proposed a microchannel heat sink with an elliptical
cross-section where Al,Os-water nanofluid jet was impinged
tangentially and found that thermal resistance was reduced
more than 15 % and consecutively heat transfer raised by
16 %. Naphon et al. [25] conducted an experiment for the
hydrothermal performance of a heat sink impinged with a jet of
TiO, nanofluid. They found a significant influence of nanoparti-
cle concentration on convective heat transfer. Results revealed
that convection heat transfer coefficient rises and pressure
drop falls with increasing nozzle diameter and decreasing jet to
plate distance. Lo and Liu [26] carried out an experimental
study for thermal characteristics of multiple jet impingement
over half-rough, half smooth surface where rough surface con-
sisted of parallel or transverse grooves aligned with the jet. It
was observed that the cooling performance of the half rough
surface is better than the fully rough surface. However, heat
transfer was more near the groove edge, and it diminished
inside the grooves. Considering three different orientation of
exit flow that is parallel, reverse and both side-flows showed
that different cross-flow patterns have a significant role in en-
hancing heat transfer and flow exiting from both sides proved
better than other cross-flow patterns.

Wu et al. [27] proposed a characteristic comparison of a mi-
cro-nozzle jet impingement hybrid body cooling device with a
traditional surface cooling device. It was shown that the body
cooling method performed more efficiently than only surface
cooling technique as it provides cooling of top surface as well
as side surfaces. Sung and Mudawar [28] presented a report
on the hydrothermal performance of a hybrid heat sink with a
row of jet impinging in a microchannel where nozzle diameter
was varied in three different patterns, i.e., increasing, decreas-
ing and equal size jet. The highest heat transfer coefficient and
the lowest wall temperature were obtained for a decreasing jet
diameter pattern, but the wall temperature was distributed
more uniformly for equal size jet nozzle. However, when the jet
size increased, spent fluid was restricted at the outlet yielding a
complex flow pattern and the highest wall temperature. Husain
and group did several studies considering a combination of jet
impingement with microchannel heat sink [29] comprising of
effusion holes [16, 17] to treat spent fluid or pillar to obstruct
the fluid flow along the microchannel path [30].

Limited research studies have explored the effect of varying
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Fig. 1. Schematic of micro-jet impingement microchannel heat sink design
and its proposed nozzle geometric modifications. The diameters are gradu-
ally decreased in case #A, increased in case #B and kept constant in #C
along the channel length.

nozzle geometry on the performance of hybrid microchannel
heat sink comprising of impinging jet and obstacle in the flow
domain similar to the study reported by Husain et al. [30].
Comparative study is done for nozzle jet impinging angle var-
ied from 30°-90° as well as for jet nozzle diameter in-
creased/decreased along the downstream. To analyse its influ-
ence on the micro-jet impingement microchannel heat sink
(MJI-MCHS) hydrothermal performance, characteristic pa-
rameters related to flow dynamics, first law of thermodynamics
and second law of thermodynamics are observed.

2. Numerical modeling and analysis

Fig. 1 shows the schematic of the 24x21 mm? hybrid micro-

Fo
Fluid dnm:\nn i3

A
Outlet | &

A

Fig. 2. Computational domain of MJI-MCHS.

channel heat sink design comprising of jet impingement and
micro-pillars in the flow path. It consists of parallel microchan-
nel rows containing inline and equally-spaced npillars in the
middle of the channel flow domain and an equally-spaced noz-
Zle located in between the pillars at the top cover over the heat
sink. The jet of fluid strikes vertically on the heat sink bottom
surface and gets deflected towards the channel outlets. Jet
impingement is characterised by the high momentum impact of
fluid on the target surface resulted in the thinning of the bound-
ary layer and generation of chaos in the flow, while the inclu-
sion of pillars bifurcates the fluid flow and enhances flow mixing.
The collective effect of the characteristics of jet impingement
technique and passive enhancement technique in the form of
pillars resulted in enhanced heat transfer coefficient.

A 0.7x0.6 mm? copper single microchannel model was de-
signed for the numerical analysis and the symmetric computa-
tional domain, as shown in Fig. 2. Channel width, channel
height, substrate thickness and cover plate thickness were
taken as 500 um, 400 pym, 200 um and 400 pm, respectively.
Jet nozzle base diameter (D,) and height (H,) was considered
equal to micro-pillar diameter (D,) and height (Hp), i.e., 200 pm
and 400 pm, respectively. Distance between the two pillars
was kept 2.4 mm and a nozzle was drilled in between the two
pillars (at 1.2 mm). The analysis is done to understand the role
of different nozzle inclination angles (6) 30°, 45°, 60° and 90°
opposite to the fluid flow on the heat sink performance.

In addition, the effect of gradually increasing and decreasing
the nozzle jet diameter towards the channel outlet is also stud-
ied. In the case of #A, the diameter was decreased gradually in
four increments of 30 ym each towards the channel outlet from
its base value of 200 um. In the case of #B, the reverse is hap-
pening, and the jet diameter was increased gradually in four
increments of 30 ym each towards the channel outlet to its
base value of 200 pm. In other words, the jet diameter at the
channel outlet is 80 ym in #A and 200 pm in #B. For a com-
parison, case #C is also studied wherein all the jet diameters
were maintained at their base values of 200 um.

DI water was taken as coolant, and all the modified designs
were compared at Reynolds number ( Re = pV, D, / 1) in the
range 200-600. DI water was injected at constant flow rate and
temperature through multiple jets normal to the heated surface
and was directed to flow along the channel length towards both
the outlet directions. The outlets were maintained at the at-
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Table 1. Thermo-physical properties of the fluid and solid substrate.

Property DI water Copper
Thermal conductivity, k (W/mZK) 0.6 387.6
Specific heat capacity, C, (J/kgK) 4182 381
Density, p (kg/ms) 998.2 8978
Viscosity, u (kg/ms) 0.001 -

mospheric conditions. The fluid and solid substrate properties
are listed in Table 1.

Finite volume analysis software Ansys FLUENT was used to
simulate a full three dimensional physical model of the hybrid
microchannel heat sink. A pressure-based solver (SIMPLE)
was implemented to compute the flow and heat transfer char-
acteristic variables. Residuals assumed in the governing equa-
tions were reduced by 10 for continuity and momentum and
10 for energy to assume converged solutions. The fundamen-
tal equations entailed to compute the characteristic hydrother-
mal parameters to analyse the flow behaviour and temperature
distribution within the heat sink are continuity, Navier-Stokes,
and energy. Equations are defined for both solid and fluid do-
main as well as simplified for the steady, incompressible and
laminar flow condition. Furthermore, the heat generation due to
viscous dissipation, radiation heat transfer, and gravity effects
are neglected in this study.

Fluid domain:

Continuity equation,

V.(pV)=0. (1

Momentum equation,

VN(pV)==Vp+V.(uVV). 2)
Energy equation,

VNV(pCT)=V.(kVT). 3)
Solid domain:

Energy equation,

0=V.(kVT). (4)

In the numerical analysis, a constant heat flux (g") of
100 W/cm? was supplied from the bottom surface of the MCHS

and no-slip flow condition was assumed at all the channel walls.

Fluid and solid properties were considered temperature inde-
pendent, and thermal contact resistance was neglected. The
remaining walls except the bottom were supposed to be adia-
batic, which means heat loss to the ambient was neglected.
Boundary conditions imposed on the computational fluid do-
main is illustrated in Fig. 2 and explained below in mathemati-

cal terms.
Jetinlet: u=0,v=V,, w=0, T=T,, =300 K.

oT,
Channel outlet: P = P, and a—’ =0.
n

The interface between fluid and solid:

u=v=w=0, —kvﬂz—k/ai, T.=T.
on on
Wall of the domain:
At bottom surface:
k. g—)T( — ' =100 Wiem?, u = v =w = 0 (no slip).
Other walls and symmetrical interfaces:
T

= 0 (adiabatic), u = v =w =0 (no slip).
n

The heat sink performance was also evaluated and dis-
cussed from both the first and the second laws of thermody-
namics from the hydrodynamic point of view. Characteristic
parameters such as maximum wall temperature at the bottom
surface (Tymax), pressure-drop (AP), average heat transfer
coefficient (h,,g), maximum thermal resistance (Ry), pumping
power (Pg), thermal entropy generation rate (S,5), and frictional
entropy generation rate (Sy) were observed. Thermal resis-
tance acts as an obstruction in achieving the cooling objective
which is defined as the ratio of the maximum temperature rise
(AT, =T, __ —T )and the total heat supplied, given as:

max w,max in

R, =AT

th w,max

/q 4, ()

where T, is the fluid inlet temperature and A, is wall surface
area. Similarly, the average heat transfer coefficient determines
the amount of convection heat transfer taking place within the
system and it is expressed as:

=0 /(T —T,) (6)

where, T, is the average temperature at the bottom surface
of the channel, and T, is the inlet temperature of the fluid.
Pumping power is the external energy required to provide the
required volumetric flow rate () to the fluid and is defined as
P, =VAP , where, AP is pressure drop across the channel.

The entropy generation rate defines the increase in the en-
tropy of the system in an irreversible process. In the heat sink
system, exchange of heat and exchange of momentum both
are responsible for augmenting the entropy, collectively called
the total entropy generation, S;. Local thermal entropy genera-
tion, S, and local frictional entropy generation, S, expressed
mathematically as [31, 32];

R CARRES E
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And, global entropy generation is calculated by integrating
the local terms in the whole volume

Su=[Sudv . S, =[S,dv, s =[sav.

A mesh independence test was conducted, shown in Fig. 3,
to substantiate that the characteristic parameters remain in-
variant with the change in the grid size within a specific range.
Accordingly, element size was varied to get nodes between 0.7
million and 2.0 million. Negligible difference between the char-
acteristic variables such as pressure drop and maximum tem-
perature was obtained for the node values between 1.2-1.4
million. The final grid size was considered in such a way that
the most accurate results can be obtained within a short com-
putation time.

3. Results and discussion

Validation studies were performed to ascertain the appropri-
ateness of the numerical models and the solution procedure
adopted in this study. Fig. 4 shows the comparison between
the present numerical analysis results and experimental works
of Tuckerman and Pease [1] for fluid flow in a microchannel
and Wang et al. [33] for jet-impingement. A 50 ym wide and
300 pm deep single microchannel [1] was selected for laminar
flow in parallel channels validation. The heat flux and boundary
conditions were kept the same as provided in the references.
Further, validation of the current numerical model was carried
out by reproducing the experimental results of Wang et al. [33].
A design with 9 staggered jets of 50 um diameter was selected
for validation under the same operating conditions at a flow

0.20 Exp (1)
Numerical

0.15

0.10

0.05

Maximum thermal resistance (°C/W)

0.00

T T T T
0 5 10 15 20
Water flow rate (cm®/s)

(@)

[y
(=]
=]

o
o
1

—=— Exp. [33]
—®— Numerical

)

Temperature rise (K

=N w & U1 O N
© © © © © © © o©o
1 1 1 1 1 1 1

o

10 20 30 40 50
Power (W)

(b)

Fig. 4. The numerical and experimental results are compared to validate
the numerical model for (a) microchannel heat sink; (b) jet impingement
techniques.

rate of 8 ml/min [33] with experimental results. Results ob-
tained through numerical simulation are in reasonable agree-
ment with the experimental results and therefore attest to the
veracity of the numerical procedure adopted here. The slight
difference in experimental and numerical results can be attrib-
uted to the ideal symmetric and adiabatic conditions applied in
the reduced numerical model; however, the experiments were
performed for the full-scale model with realistic experimental
conditions, which introduced some uncertainties in the results.
High flow rate resulting from high Reynolds number helped
impinging jet impact at the bottom surface with more energy
and thus enhanced the local turbulence in the flowing fluid and
reduced wall temperature. It can be observed from the velocity
and temperature distribution as shown in Fig. 5 at the mid-
plane along the axial channel length. An increase in Re from
200 to 600 reduced the T, by about 5.5 % for 30° nozzle
and 7 % for 90° nozzle. The effect of jet nozzle angles on the
maximum wall temperature and pressure drop is shown in Fig.
6. Lower wall temperature indicates better substrate cooling
and heat sink performance. Wall temperatures were found to
reduce at high Re values as well as at lower jet angles. It indi-
cates that with decreasing the nozzle angle from 90°, sweeping
effects are generated and become dominant at higher Re. It
significantly reduced the boundary layer thickness and there-
fore improved the mixing between the fluid layers. Contrary to
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Fig. 5. Velocity and temperature contours in y-z plane for different Reynolds
number.
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Fig. 6. Variation of maximum wall temperature and pressure drop with Re
for different nozzle inclination angles.

Tumax ehaviour, pressure drop increased with increase in Re
decrease in jet angles. Larger flow disturbances for nozzle
angle less than 90° caused relatively higher pressure drops
due to backflow imposed by the fluid jets injected against the
main channel flow.

Figs. 7 and 8 show velocity and temperature contours within
the jet impingement MCHS for different nozzle angles along
the y-z (mid-plane along the length) and x-y (at z = 7.8 mm
normal to the channel length) planes, respectively. It can be
seen in the figure that vortices are formed near the jet stagna-
tion point and create local mixing in the overall laminar flow in
all the cases; however, mixing intensity varies with the change
in nozzle angles. The nozzle was inclined such that the jet is
penetrating against the channel flow, as a result, a backward
flow velocity is enforced in the unidirectional channel flow. Ad-
ditionally, in the case of the smaller nozzle angle, the jet trav-
elled a longer path against the bulk flow and disturbed larger

’
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Fig. 7. Velocity and temperature contours in y-z plane for different nozzle
inclinations.
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Fig. 8. Velocity and temperature contours in x-y plane (normal to the chan-
nel length) for different nozzle inclinations at z = 7.8 mm.
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fluid volume before striking at the base of the channel.

Therefore, as the nozzle angle decreased, more back flow
was imposed on the fluid due to higher intrusion path that
caused more chaos in the bulk flow. Hence, higher intensity
vortices were produced, resulting in an increase in recirculation
in the sweeping flow with a decrease in jet angle. This results
in lowering bottom surface temperatures as well as elevating
temperature uniformity at the bottom surface. Based on the
result shown in Figs. 5-8, it can be concluded that 30° is the
most suitable nozzle angle for enhancing the heat sink cooling
performance.

The average heat transfer coefficient variation with the Rey-
nolds number for different nozzle angles is shown in Fig. 9.
Increasing Re from 200 to 600 nearly doubled the h,,, values,
with the most improvement seen in 30° case. This can be at-
tributed to the increase in the convection heat transfer with the
increase in the flow velocity. For a given Re, the h,,4 increased
by 25-27 %, decreasing the nozzle angle from 90° to 30°. As a
longer intrusion path was available in the case of the 30° noz-
Zle angle, the higher mixing was observed as a consequence
of the enhancement in local turbulence with a thin boundary
layer and better fluid mixing. All these factors induce chaotic
advection and thus facilitate escalating the convection heat
transfer coefficient.

Fig. 10 shows the thermal resistance with respect to pump-
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—e— S,,(45°) —e— S, (45°)
—4—$,,(60°) —a— S, (60°
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=
A
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- 0.00000

Fig. 11. Variation in thermal and frictional entropies generated for different
nozzle inclinations.

ing power required. Thermal resistance describes the quantity
of resistance present within a system during the heat exchange
process. As the flow rate was increased, the thermal boundary
layer in the sweeping flow was reduced that assisted in lower-
ing the corresponding Ry,. However, higher Ry, was noted for
smaller jet angles under the constant pumping power. This
happened because of the chaos induced in the larger volume
of the fluid by the small nozzle angle that resulted in higher AP
with respect to the larger nozzle angle for the same flow rate.
As pumping power is directly related to the AP and flow rate, a
higher P, was required to induce equivalent Ry, for the low
nozzle angle at the same flow rate.

Fig. 11 presents the variation of thermal and frictional entropy
generation rates with the Reynolds number for different nozzle
angles. According to the second law of thermodynamics, en-
tropy generation rate determines work output loss due to irre-
versibility within the system. It was observed that the Sy, dimin-
ishes by almost 54-56 % in all the cases, with increasing the
Re from 200 to 600. It means that at larger Re, available work-
loss was less owing to higher utilisation of the fluid for the cool-
ing purpose. Fig. 11 also shows friction entropy generation rate,
which defines the loss of work because of the friction between
fluid layers as well as the resistance offered on the fluid by the
solid surface. Irrespective of the nozzle angle, an increase in
the S, was found with increasing Re. As fluid velocity is higher
at high Re and friction loss is a direct function of the flow veloc-
ity. Therefore, there would be more frictional losses at higher
Re. This is also validated through thermodynamics second law
that there are higher frictional losses at high Re. At a fixed Re,
higher Sy was obtained at 30° nozzle angle that further de-
creases as the nozzle angle increased. That is with varying the
nozzle angle from 30° to 90°, invariant of the Re, Sy-was dimin-
ished by approximately 3 times. As the contact between the
fluid jet and the surrounding fluid increases with decreasing the
nozzle angle, higher resistance was offered. This has induced
more irreversibility within the heat sink system and hence Sy
was escalated.

Fig. 12 shows the effects of the nozzle jet diameter layouts
on the maximum wall temperature and pressure drop for differ-
ent Re values. Reynolds number was calculated with the base
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Fig. 12. Variation of maximum wall temperature and pressure drop with Re
for different jet diameter sequences.

value of jet diameter (D, = 200 um) at a constant mass flow
rate for all layouts. The #A shows the best temperature results,
whereas #C shows the best results for pressure drop. In other
words, using equal jet diameters is the best design for achiev-
ing low pressure drops. To better explain this behaviour, con-
tour plots of velocity and temperature are presented next.

Figs. 13 and 14 show the velocity and temperature distribu-
tion contours for different jet diameter patterns in y-z (mid-
plane) and x-y plane (at z = 7.8 mm for velocity, and z =
7.8 mm for temperature), respectively. Velocity contours dem-
onstrate that vortices form near the stagnation point and its
size and intensity grow at the next stagnation point down-
stream towards the outlet. The #A showed larger vortices, and
#B showed the smallest size vortices. Vortices formation within
the channel indicates recirculation and transverse flow due to
the induction of local turbulence. The larger diameter jets im-
pinged in the upstream region carried away a significant
amount of heat from the heated surface with a larger area of
wall jet as exhibited in #A and was followed by #C. The flow
rate was increased due to downstream impingements as the
fluid moved towards the outlet. The downstream movement of
flow was accompanied by higher bulk flow mixing, resulting in a
continuous decrease in surface temperature in the flow direc-
tion, as evident in Fig. 13. However, a higher pressure drop
was exhibited in #A as compared to #C due to higher pressure
drop exerted by small diameter jets.

The smaller diameter jets lead to shorter wall jet region and
low flow rate which results in a significantly low rate of heat
removal in the upstream region in #B. As a result, a higher
surface temperature was observed near the upstream region.
The impingements with higher jet diameter increased wall jet
region and channel bulk flow as the flow moved downstream.
As a result, thermal resistance was reduced, which lead to a
decrease in surface temperature. The larger diameter down-
stream jets created a significant blockage in the bulk channel
flow that resulted in a significant increase in pressure drop in
#B.

The most uniform surface temperature was observed in case
A and while case C exhibited the least uniform surface tem-
perature. Lower surface temperatures were observed towards
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Fig. 13. Velocity and temperature contours in y-z plane for different jet

diameter sequences.
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Fig. 15. Variation of ha,4 with the Re for decreasing/increasing/equal nozzle
diameter.

the upstream in #A, and #C, which is conventional for the par-
allel channel flows; however, an opposite trend was observed
in #B. For cases #A and #C, it occurred mainly because of the
temperature difference between fluid and solid surface dimin-
ished along the length and thus the rate of heat transfer was
also subdued. It can be noted in Figs. 13 and 14 that there is
no definite pattern in the mixing of spent fluid with the fresh
fluid in downstream that results in the rising of the average fluid
temperature. Also, the impact of the impinging jet lowered to-
wards the outlet as the boundary layer of the sweeping fluid
thickens along the channel flow path that obstructed the effec-
tive heat transfer between the fluid and the solid surface. How-
ever, a reverse pattern of temperature distribution was ob-
served in #B. The upstream flow rate was relatively smaller
due to smaller diameter jets resulting in higher convective
thermal resistance, which enhanced the surface temperature in
the upstream zone in #B. The jet diameter increases in the
downstream direction, resulting in higher flow rate, conse-
quently reducing the convective thermal resistance. As a result,
the surface temperature is reduced in the downstream zone in
case B.

Fig. 15 compares the average heat transfer coefficient for the
three different patterns of varying nozzle diameter at different
Reynolds numbers. As the Re directly depends upon the flow
rate, increasing the Re from 200-600 increased the convection
heat transfer. The maximum h,,, was obtained in #A followed
by #C and #B. At Re 200, #A provided an almost 30 % rise in
hag while #B showed a slight reduction compared with #C.
However, at Re 600, the h,,, Was raised by about 26 % for #A
and lowered by 5 % for #B with respect to #C. The escalation
of the heat transfer in #A relative to #C was due to the larger
wall jet region created by larger diameter jets at the upstream
and smaller diameter jets downstream to effectively disrupt the
parallel flow. Whereas, lowering of heat transfer in #B relative
to #C was due to the ineffectiveness of small diameter up-
stream jets to lower the wall temperature as well as flow ob-
struction by the larger diameter downstream jets which caused
thick boundary layer formation. Based on the results, it can be
concluded that #A is the best layout for increasing h,,, as well
as decreasing wall temperature.
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Fig. 16. Variation of Pp with Ry, for decreasing/increasing/equal order noz-
Zle diameters along the channel length.
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Fig. 17. Variation in thermal and frictional entropies generated for decreas-
ing/increasing/equal nozzle diameter.

Thermal resistance offered in #A, #B and #C at various
pumping powers are shown in Fig. 16. It was noticed that
higher pumping power produces lower thermal resistance and
vice versa because of the thinning of the boundary layer. For
the same Ry, the highest Pr was used by the #B due to the
highest obstructions in fluid flow caused by the jets in the form
of large stagnation zones, see Fig. 13. Therefore, in order to
decrease the equivalent Ry, Pr demand increased in #B than
in other cases. However, Py required in #A case is slightly less
than the #C case owing to higher flow velocity for the same
volume flow rate. Thus, we can conclude that increasing nozzle
diameter towards flow can cost remarkably more while de-
creasing diameter can cut cost with respect to equal diameter
case to maintain the equivalent thermal resistance within the
heat sink.

Fig. 17 presents the variation of thermal and frictional entropy
generation at different Reynolds number. It can be seen that
Sy decrease by about two times with the increase of Re in all
the cases. It is because of the occurrence of greater heat trans-
fer and smaller work losses at higher Re that further diminish
the system’s irreversibility, thus resulting in lowering system
entropy. Minimum S, was obtained for the #A while #B and #C
showed an almost equivalent value of the Sg,. At Re 200, Sy,
for #A was almost 27 % lower than #C, while at Re 600, it was
nearly 22 % lower. This is validated through second law analy-
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sis that minimum heat exchange losses occur in the #A and
thus, it produced lower irreversibility within the system.

Friction entropy generation results show a significant in-
crease in Sywith Re. The minimum value of the Sy was found
in #C, while the maximum value was in #A. It simply means
that system irreversibility has increased considerably due to the
larger resistance offered against the fluid flow. Higher chaos of
the fluid in #A resulted in higher frictional losses in comparison
to #C. Similar to #A, higher values of the Sy in #B imply that
frictional losses are more due to the higher average velocity
and more disturbance within the system. However, higher flow
obstruction in the downstream in #B case lessened the velocity
gradient along the length and thus, reduced the S¢ with respect
to #A case.

4. Conclusions

The present study focused on the improvement of the hybrid
heat sink flow and thermal characteristics using several geo-
metric and flow variables. Jet impingement nozzle and pillars
were integrated with the microchannel heat sink to utilise the
synergetic effects in elevating cooling performance. Geometric
variables included nozzle inclination angle varied from 30° to
90° and nozzle diameter increased/decreased equally along
with the channel flow while flow variable included Reynolds
number varied from 200 to 600. Pressure drop and pumping
power were evaluated to analyse the hydraulic performance,
and thermal and frictional entropy generation rate were com-
puted to investigate thermal performance on the second law of
thermodynamics basis. Likewise, thermal resistance, maximum
wall temperature and average heat transfer coefficient were
evaluated to explore the thermal performance on the first law of
thermodynamics basis. It was observed that T, . increases
with increasing the nozzle angle from 30° to 90°. Similarly, Sy,
was augmented by 25-30 % with an increase in the nozzle
impingement angle from 30° to 90°. However, an extreme rise
in the AP and Sy was seen with decreasing the nozzle angle.
Due to the longer jet travel path available at a lower angle,
higher chaotic advection occurred that increased the heat
transfer as well as frictional losses within the heat sink. De-
creasing nozzle diameter (#A) along the channel length pro-
vided the lowest T, m.x and Sy, among all other varying diame-
ter patterns considered. Moreover, higher heat transfer coeffi-
cient and more uniform temperature distribution were obtained
for #A. On the other hand, AP and S, showed significant eleva-
tion in #B and #A with respect to the #C case. For every geo-
metric variation, T, m. decreases and h,,4 increases with in-
creasing the Re. However, increasing Re also resulted in a
pressure drop hike for all the geometric variations. While con-
sidering all the cases in the present study, it can be concluded
that an improvement in thermal performance is always associ-
ated with the rise in pressure drop. Therefore, it is necessary to
optimise the geometric design of the jet impingement micro-
channel heat sink based on the relative significance of the per-
formance parameters.

Acknowledgments

This work was supported by IlITDM Jabalpur, India.

Nomenclature

Aw : Wall surface area (mz)
C : Specific heat capacity (J/kg-K)
D : Diameter (m)
Dn : Hydraulic diameter (m)
H : Height (m)
h : Heat transfer coefficient (W/mz-K)
k : Thermal conductivity (W/m'K)
L : Length (m)
n : Normal direction (m)
Nu : Nusselt number
AP : Pressure drop across MCHS (Pa)
P : Pressure (Pa)
Pe : Pumping power (W)
q" : Heat flux (W/cmz)
R : Thermal resistance (K/W)
Re : Reynolds number
S : Entropy generation (W/K)
T : Temperature (K)
u : Velocity in x-direction (m/s)
% : Velocity (m/s)
v : Volume (m3)
v : Volumetric flow rate (m3/s)
v : Velocity in y-direction (m/s)
w : Width (m)
w : Velocity in z-direction (m/s)
X : X-coordinate (m)
y : Y-coordinate (m)
z : Z-coordinate (m)
Greek symbols
u : Viscosity (kg/m-s)
P : Density (kg/m3)
6 : Nozzle inclination angle
Subscripts
avg  :Average

: Base

: Channel
f : Fluid
gh : Thermal
of : Frictional
in - Inlet
J : Nozzle jet
max  :Maximum
out : Outlet
p : Pillar
s : Solid
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t : Total
w :Wall
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