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Abstract
Water-cooled heat sinks now gained the popularity due to increased heat generation inside the microprocessor. The generated 
high heat flux should be removed timely and uniformly for durability of microprocessor. In this work, the thermal performance 
of mini-channel heat sinks for fin spacing of 0.2 mm, 0.5 mm, 1 mm and 1.5 mm is numerically investigated with various 
dual flow arrangements. A uniform temperature distribution is observed for all dual flow arrangements discussed in this study 
which was not possible using single flow inlet/outlet. A direct influence of dual flow arrangements on base temperature and 
pressure drop of heat sink is evaluated. The results are then compared with the conventional single flow arrangement having 
same dimensioned heat sink available in the literature for water as well as for  Al2O3–H2O nano-fluids. The maximum drop 
in base temperature was noted for rectangular inlet–circular outlet duct (no gap) flow arrangement as 14.3%, 15.4%, 16.06% 
and 15.6% for 0.2 mm, 0.5 mm, 1 mm and 1.5 mm fin spacing, respectively, as compared to the conventional single flow 
arrangement using water as a cooling fluid. Rectangular inlet–circular outlet duct (no gap) was found to be the best dual flow 
arrangement for all fin spacing investigated. The rectangular collector was then replaced by isosceles triangular collector for 
the best dual flow arrangement. The maximum reduction in net mass was noted as 12.0%, using isosceles triangular collector 
as compared to rectangular collector with same thermal performance. Dual rectangular inlet–circular outlet (no gap) flow 
arrangement highlights palpable improvement in hydrothermal performance compared to the conventional single circular 
inlet/outlet flow arrangement along with temperature uniformity.
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List of symbols
A  Width of finned section (mm)
Asf  Surface area  (mm2)
Ac  Cross-sectional area of channel (mm)
B  Un-finned length (mm)
Cd  Circular duct diameter (mm)
Ch  Circular duct height (mm)
Cp  Specific heat capacity of water (J °C−1 kg−1)
dh  Hydraulic diameter (mm)

Fp  Flow partition thickness (mm)
Ft  Flow thickness (mm)
g  Gap thickness (mm)
h  Height of fins (mm)
hc  Convective heat transfer coefficient 

(W °C−1 m−2)
l  Length of fins (mm)
k  Thermal conductivity of fluid (W m−1 °C−1)
LMTD  Log of Mean Temperature Difference (°C)
ṁ  Mass flow rate (kg s−1)
P  Wetted perimeter (m)
Pr  Prandtl number of the fluid
ΔP  Pressure difference (Pa)
pt  Partition thickness (mm)
q  Heat flux (W/cm2)
Q̇  Heat transfer rate (W)
Rw  Rectangular duct width (mm)
Rh  Rectangular duct height (mm)
Rth  Thermal resistance (°C W−1)
Re  Reynolds number of fluid
s  Fin spacing (mm)
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Tb  Base temperature of heat sink (°C)
To  Fluid outlet temperature (°C)
Ti  Fluid inlet temperature (°C)
t  Thickness of fins (mm)
tb  Thickness of heat sink base plate (mm)
Uin  Inlet velocity (m s−1)
u, v, w  Velocity in x, y, z, respectively (m s−1)
V̇   Volumetric flow rate  (m3 s−1)

Greek symbols
λ  Thermal conductivity (W m−1 °C−1)
µ  Dynamic viscosity (kg m−1 s−1)
ρ  Density of fluid (kg m−3)

Abbreviations
DCIRO  Dual circular duct inlet–rectangular duct 

outlet
DRICO  Dual rectangular duct inlet–circular duct 

outlet
DTRISRO  Dual top rectangular duct inlet–side rectan-

gular duct outlet
DSRITRO  Dual side rectangular duct inlet–top rectan-

gular duct outlet
ITC  Isosceles triangular collector
LPM  Litres per minute
MCHS  Mini-channel heat sink
SCICO  Single circular duct inlet–circular duct outlet
RC  Rectangular collector

Introduction

The performance of computers/microelectronic devices 
is increasing at a greater rate to meet the technological 
demands of today. As a consequence of this increased per-
formance, these devices have higher heat dissipation rates. 
Therefore, these higher heat dissipation rates demand effi-
cient cooling system to keep computers/microelectronic 
devices within safe operating temperature limits. An effi-
cient and effective cooling system is necessary to improve 
the durability of these compact devices. Many contributions 
have been made by researchers till date aiming to develop 
efficient miniature heat sinks. This includes by increasing 
the surface area density, heat pipes, flow arrangement and/
or and using the working fluid having better thermophysical 
properties. Xie et al. [1] numerically investigated the mini-
channel heat sink using water in micro-, mini- and normal 
channel with single inlet/outlet flow. They found hydrother-
mal performance of mini-channel as the best. Jajja et al. [2] 
experimentally investigated the performance of mini-chan-
nel heat sink with different fin spacing including 0.2 mm, 
0.5 mm, 1 mm and 1.5 mm with the conventional single 
inlet/outlet flow. They achieved the minimum base tempera-
ture of 40.5 °C for 0.2 mm fin spacing.

Nowadays, nano-fluids have emerged to enhance the ther-
mal conductivity of base fluids. Ho et al. [3] experimen-
tally investigated  Al2O3–H2O nano-fluids in micro-channel 
heat sink and found significant heat transfer enhancement 
as compared to water. Single inlet/outlet flow arrangement 
was used in their investigation. Manay and Sahin [4] inves-
tigated the thermal performance of micro-channel heat sink 
and found higher heat transfer for  TiO2–H2O nano-fluids as 
compared to water with single inlet/outlet flow arrangement. 
Roshani et al. [5] investigated the thermal performance of 
pin finned heat sink using nano-fluids. They found 16% and 
14% increase in heat transfer coefficients for  Al2O3–H2O and 
 TiO2–H2O nano-fluids, respectively, at volumetric concen-
tration of 2% with the conventional single inlet/outlet flow 
arrangement. Tariq et al. evaluated the thermal performance 
of cellular structure using air [6], water [7],  Al2O3–H2O and 
CuO–H2O nano-fluids [8] as a coolant. They found the least 
base temperature for  Al2O3–H2O followed by CuO–H2O, 
water and air. The conventional single inlet/outlet flow 
arrangement was used in their investigation. Rafati et al. [9] 
experimentally investigated the silica, alumina and titania 
nanoparticles in base fluids for thermal management of the 
mini-channels. They found the highest drop of processor 
temperature from 49.4 to 43.9 using 1% volumetric con-
centration alumina nano-fluids. Saeed et al. evaluated the 
thermal hydraulic performance of mini-channel heat sinks 
using water [10] and  Al2O3–H2O nano-fluids [11]. The 
geometry under their investigation was integral finned heat 
sink (fin spacing of 0.2 mm, 0.5 mm, 1 mm and 1.5 mm) 
with the conventional single inlet/outlet flow arrangement. 
They found significant drop in base temperature using nano-
fluids as compared to water. Anwar et al. [12] numerically 
investigated the thermal performance of mini-channel heat 
sinks using CuO–H2O nano-fluids. A significant thermal 
performance as compared to water was found with the 
conventional single inlet/outlet flow arrangement. Various 
studies reported the hydrothermal performance of minia-
ture heat sinks with the conventional single inlet/outlet flow 
arrangement [13–15]. Neyestani et al. [16] investigated 
inline, staggered and porous heat sinks where porous leads 
to significant thermal enhancement. Wang et al. [17] numeri-
cally investigated the interrupted heat sink with different 
rib shapes (rectangle, triangle and trapezoid). They found 
best overall heat transfer performance for trapezoid ribs. 
Arasteh et al. [18] enhanced the hydrothermal performance 
of porous double-layer sinusoidal heat sink. Sajid et al. [19] 
investigated the thermal performance of wavy channel heat 
sink using TiO2 water-based nano-fluids as a coolant with 
the conventional single inlet/outlet flow. Soudagar et al. [20] 
presented various studies on thermal analysis of mini-chan-
nel heat sink. A lot of recent studies showed the potential of 
using nano-fluids due to increased thermophysical proper-
ties [21–25]. Recent progressions of magnetic nanoparticles 
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have attained the attention of many researchers due to their 
attractive properties. Various studies were performed to 
analyse magneto-hydrodynamic Jeffrey nano-material fluid 
flow induced by curved stretchable sheet to examine heat 
transfer characteristics [26, 27]. Different studies investigate 
the Darcy–Forchheimer nano-liquid flow with Arrhenius 
activation energy [28–30]. Bhatti et al. [31] and Prakash 
et al. [32] investigated the effects of heat and mass transfer 
on magnetized suspended nanoparticles. Prakash et al. [33] 
investigated the nano-fluids flow in tapered porous channel.

One of the important features of good thermal manage-
ment miniature devices is flow distribution inside these 
devices. Various flow arrangements have been investigated 
by researchers for effective cooling. Chein and Chen [34] 
numerically investigated the performance of heat sinks using 
various single inlet/outlet flow arrangements including I 
type, N type, S type, D type, U type and V type. They con-
cluded the performance of V-type flow arrangement to be the 
best among all the investigated arrangements on the basis of 
overall heat transfer coefficient, thermal resistance and pres-
sure drop. Kumar and Singh [35] proposed numerical study 
for non-uniform temperature distribution at the base of mini-
channel heat sink. They investigated four different channel 
arrangements including I type, Z type, C type and N type 
with single inlet/outlet flow. Uniform flow was found for C 
type in mini-channel, while better temperature uniformity 
was found for I-type arrangement. Mu et al. [36] performed 
numerical study to improve the temperature uniformity of 
heat sink. They investigated three types of channel head con-
figuration including U-type, Z-type and circular turning and 
found circular turning to be the best one. Kumaran et al. [37] 
performed experimental and numerical study to investigate 
the effects of flow distribution in inlet/outlet configuration 
and header design. They found best flow distribution for 
C-type arrangement as compared to I type, V type, Z type 
and U type. They also found that triangle-shaped header 
provides better flow distributions as compared to trapezoi-
dal and rectangular one. Sehgal et al. [38] experimentally 
investigated the effect of U-type, P-type and S-type flow 
arrangements to evaluate the performance of micro-channel 
heat sink. They found the minimum friction factor for P-type 
and maximum Nusselt number for U-type flow arrangement. 
Toghraie et al. [39] numerically investigated the effect of 
flow and heat transfer in smooth, sinusoidal and zigzag-
shaped micro-channel. They found zigzag-shaped chan-
nel as the best one among the others. Hadipour et al. [40] 
investigated the effect of micro-pin on flow and heat transfer 
of a circular impinging jet. They found increase in Nusselt 
number and heat transfer for a row of micro-pin around the 
impingement point on the target plate. Hosseinalipour et al. 
[41] numerically investigated the thermal performance of 
steady and pulsating impinging jet in porous block. Zunaid 
et al. [42] performed numerical study on rectangular and 

semi-cylindrical micro-channel heat sink with single inlet/
outlet flow and found semi-cylindrical heat sink to be the 
best as compared to rectangular heat sink. Effat et al. [43] 
numerically investigated the effect of single-, double- and 
triple-layer micro-channel heat sink along the parallel and 
counter flow arrangements on thermal performance. They 
found better surface uniformity for counter flow as compared 
to parallel flow. Moreover, increasing number of layer results 
in the reduction in the base surface temperature. Shen et al. 
[44] numerically investigated the straight and staggered dou-
ble layer with parallel and counter flow arrangements. They 
found the thermal performance of staggered double-layer 
micro-channel with counter flow to be the best. Hao et al. 
[45] numerically investigated the flow uniformity and heat 
transfer capacity of a U-shaped heat sink based on orthogo-
nal experiment design with single inlet/outlet flow. Miry 
et al. [46] investigated the thermal performance of miniature 
tangential heat sink with circular channel. They found heat 
transfer coefficient of water in tangential flow arrangement to 
be 131% more as compared to the conventional flow arrange-
ment heat sink. Dharaiya et al. [47] performed numerical 
study to investigate uniform flow distribution in plate fin 
heat exchanger. They found a uniform flow through chan-
nels for tapered header as compared to circular. Gan et al. 
[48] investigated the micro-channel with impinging jets and 
side outlets. They found better heat transfer and fluid flow 
with the addition of side outlets. Akbari et al. [49] investi-
gated the horizontal and straight fluid passage to examine the 
effect on flow and heat transfer. They found performance of 
straight passage better than that of horizontal passage. Tran 
et al. [50] numerically investigated five different channel 
shapes, i.e. circle, square, trapezium, two concave surfaces 
and two convex surfaces. The thermal performance of circu-
lar channel was found to be the best as compared to others. 
They also performed a test with multi-nozzle and concluded 
that multi-nozzle micro-channel could considerably reduce 
the thermal resistance.

A lot of contributions have been made by researchers 
including flow arrangements for effective thermal manage-
ment in miniature devices. It is evident from the literature 
survey that flow distribution inside miniature devices plays a 
vital role in thermal management. In this study, the conven-
tional single circular duct inlet–circular duct outlet (SCICO) 
is replaced by novel dual flow arrangements. A uniform 
temperature distribution was achieved at the base by all 
dual flow arrangements discussed in this study. None of the 
above studies has addressed the integral finned mini-channel 
channel heat sink (MCHS) with dual flow arrangements to 
achieve temperature uniformity of heat sink which is the 
prime focus of present work. MCHS was divided into two 
equal portions each with a separate flow arrangement. The 
results evaluated were then compared with the conventional 
SCICO having same heat sinks dimensions at same heating 
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power of 325 W present in the literature. Furthermore, the 
hydrothermal performance of the best flow arrangement with 
rectangular collector (RC) was compared with isosceles tri-
angular collector (ITC).

Numerical model

ANSYS 16.0 commercial software was used to solve con-
servation equations from (1–5). Pressure-based solver with 
absolute velocity formulation was used. Transport equation 
for Realizable k-ε model was used for the present study. 
Pressure and velocity coupling was controlled by Semi-
Implicit Method for Pressure-Linked Equations (SIMPLE). 
A second-order spatial discretization scheme was used for 
the pressure, while for the discretization of momentum, tur-
bulent kinetic energy and turbulent dissipation rate second-
order upwind scheme was used. Outlet was considered at 0 
gauge pressure. A constant heat of 325 W was supplied at 
the bottom chip of heat sink. The velocities in solid region 
were zero everywhere ensured by a numerical solution algo-
rithm for the conjugated problem [51, 52]. The following 
assumptions [1, 8, 11] were made during the modelling of 
the numerical solutions.

1. Flow is considered steady and incompressible.
2. No heat generation inside the heat sink and no viscous 

heating.
3. Radiation heat transfer is neglected.
4. Thermal properties are considered to be constant 

throughout the flow.

Governing Eqs. (1 to 5) [1] on the basis of above assump-
tions were as follows for conservation of mass, momentum, 
energy, turbulence kinetic energy and turbulence dissipation 
rate:

Conservation of mass

Conservation of momentum
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Conservation of turbulence dissipation rate (ε)

where Gk is generation of turbulence kinetic energy which 
can be defined as

µt is turbulent viscosity and is defined as

Cµ is defined as

As is defined as

where C2 = 1.9, σk = 1, σε = 1.2, Ao = 4.04 are constants.
The following boundary conditions were imposed for 

this study as:

1. No-slip velocity boundary condition at the solid walls.
2. The uniform inlet velocity entering in the heat sink is 

shown in Eq. (10).

3. Inside the solid region, the velocity is considered to be 
zero everywhere as shown in Eq. (11).

4. Heat flux is supplied at the bottom of the heat sink as 
shown in Eq. (12).

5. The right, left and top surfaces of the heat sink are con-
sidered to be adiabatic as shown from Eqs. (13–15).
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Mesh sensitivity analysis

To ensure independency of solution from the mesh, a mesh 
study was performed on a selective dual rectangular duct 
inlet–circular duct outlet (DRICO) with 0.5 mm spacing. 
Five cases with different numbers of elements ranging from 
2 million to 4 million were analysed. The solution was con-
sidered to be independent of the mesh when the relative 
temperature difference (Tb − Ti) found less than 0.5%. It was 
observed that after 3.5 million numbers of elements, influ-
ence of mesh on the solution was less than 0.5% as shown 
in Fig. 1. Based on this comparison, the number of elements 
with case 4 was selected for the whole study to save compu-
tational time and memory. The iteration is considered con-
verged when the relative deviation between two consecutive 
iterations is found less than the specified small value �

∅
 , 

which was set  10−7 in present investigation [1]. ∅ represent 
variables u, v, w, k and ε.

To validate the numerical results, Nusselt number com-
puted numerically was compared with Colburn correlation 
given in Eq. (17) [53] for the best flow arrangement DRICO 
(no gap). Numerically computed Nusselt number and Nus-
selt number calculated from correlation with volumetric flow 
rate were found very close to each as shown in Fig. 2. Both 
the curves were in good agreement with a maximum differ-
ence of not more than 8%.
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Data reduction

To evaluate the data, the following procedure was adopted. 
Heat transfer rate is calculated from Eq. (18) [14]

LMTD is calculated from Eq. (19) [14]

Convective heat transfer coefficient is calculated from 
Eq. (20) [14]

Thermal resistance is calculated from Eq. (21) [2]

Hydraulic diameter can be calculated from Eq. (22) [14]

Nusselt number can be calculated from Eq. (23) [14]

Reynolds number can be calculated from Eq. (24) [14]
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Fig. 1  Mesh sensitivity analysis

6

N
u

5

4

3

2

1

0.50 0.75 1.00

0.2 mm (num)
0.5 mm (num)
1.0 mm (num)
1.5 mm (num)
0.2 mm (Correlation)
0.5 mm (Correlation)
1.0 mm (Correlation)
1.5 mm (Correlation)

V/LPM
.

Fig. 2  Nusselt number with volumetric flow rate



2016 H. A. Tariq et al.

1 3

Heat sink description

Heat sinks were modelled on ANSYS design modu-
lar to desire dimensions as shown in Table 1. Four dif-
ferent integral fin spacing (0.2 mm, 0.5 mm, 1 mm and 
1.5 mm) heat sinks were used for present investigation. 
All the other parameters of MCHS were kept constant. 
Heat sinks were parted in two equal parts. A square chip 
of 28.7 mm * 28.7 mm with 0.5 mm thickness was placed 
exactly at the centre of MCHS to provide a constant heat flux 
at the base. Physical description of the investigated MCHS 
is shown in Fig. 3.

Flow description

Heat sink was divided in two equal portions. Each por-
tion was provided a separate flow passage. Four differ-
ent dual flow passages were investigated on four dif-
ferent integral fin spacing (0.2 mm, 0.5 mm, 1 mm and 
1.5 mm) MCHSs. The details of flow arrangements and 
cases solved are given in Table 2. Pictorial view of all 
flow arrangements discussed in this study is shown in 
Fig. 4. All flow arrangements were solved with respec-
tive gap and no gap cases. In gap arrangement, flow will 

Table 1  Dimensions of MCHS

l A B h t tb pt g Ch Cd Rh

22 55 10 3 1 3 1 0.5 7 7 7

Ft s Rw Fp

3 (no gap) 3.5 (gap) 0.2 0.5 1 1.5 2 1

Fig. 3  Physical model of heat sink

Table 2  Details of flow arrangement and numerical cases solved

Flow arrangement Description Case Fin spacing

DCIRO Dual circular duct inlet–rectangular duct outlet Gap 0.2 mm, 0.5 mm, 1 mm, 1.5 mm
No gap 0.2 mm, 0.5 mm, 1 mm, 1.5 mm

DRICO Dual rectangular duct inlet–circular duct outlet Gap 0.2 mm, 0.5 mm, 1 mm, 1.5 mm
No gap 0.2 mm, 0.5 mm, 1 mm, 1.5 mm

DTRISRO Dual top rectangular duct inlet–side rectangular duct outlet Gap 0.2 mm, 0.5 mm, 1 mm, 1.5 mm
No gap 0.2 mm, 0.5 mm, 1 mm, 1.5 mm

DSRITRO Dual side rectangular duct inlet–top rectangular duct outlet Gap 0.2 mm, 0.5 mm, 1 mm, 1.5 mm
No gap 0.2 mm, 0.5 mm, 1 mm, 1.5 mm

ITC DRICO Isosceles triangular collector dual rectangular duct inlet–circular 
duct outlet

No gap 0.2 mm, 0.5 mm, 1 mm, 1.5 mm
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be present between the fins as well as on the upper sur-
face of fins, whereas in no gap case the flow will remain 
between the fins only. A detailed comparison of dual 
flow arrangements with the conventional flow arrange-
ment SCICO is provided in “Results and discussion” 
section.

Results and discussion

Performance of MCHS with 0.2 mm, 0.5 mm, 1 mm and 
1.5 mm integral fin spacing using dual flow configuration 
for each case is discussed in detail in this section. A com-
prehensive comparison is provided with the conventional 

Fig. 4  Flow arrangements: a DCIRO (gap), b DCIRO (no gap), c DRICO (gap), d DRICO (no gap), e DTRISRO (gap), f DTRISRO (no gap), g 
DSRITRO (gap), h DSRITRO (no gap), i ITC DRICO (no gap) and j SCICO [10–12]
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single flow configuration reported in the literature for same 
dimensioned MCHS. Results are also compared with the 
water-based  Al2O3 nano-fluids present in the literature for 
same dimensioned MCHS. The best flow arrangement is 
further investigated with the ITC and the hydrothermal 
performance is compared.

2 mm fin spacing MCHS

Base temperature

Base temperature noted at the chip (placed at the bottom) for 
all flow arrangements with overall volumetric flow rate for 
0.2 mm fin spacing is shown in Fig. 5. It was observed that 
base temperature of gap arrangement was high for 0.2 mm 
fin spacing MCHS. Gap above the fins provides a void pas-
sage to flow which was not suitable in small fin spacing like 

0.2 mm. Base temperature decreases with increasing flow 
rate for all flow arrangements. The reason of this decrease is 
due to the increase in the mass flow rate by increasing volu-
metric flow rate which results in increased heat transfer. The 
minimum base temperature was noted for DRICO (no gap) 
and DTRISRO (no gap) flow arrangement as 38.2 °C and 
38.3 °C, respectively, at 1 LPM. the base temperature noted 
at 1 LPM was 44.6 °C using the conventional SCICO flow 
arrangement [10]. The reason of least recorded base tem-
perature value for DRICO (no gap) and DTRISRO (no gap) 
as compared to all other flow arrangements was the better 
flow dispersion inside the heat sink. Flow enters from the top 
rectangular duct and provides a better flow passage between 
the integral fins. Base temperature noted for DRICO (no 
gap), DTRISRO (no gap) and DCIRO (no gap) was below 
than that of the conventional SCICO at all flow rates.

Percentage difference in base temperature for dual flow 
arrangements compared to the conventional SCICO flow 
arrangement [10] is shown in Fig. 6. The values above 0 
show percentage increment, while the values below 0 show 
decrement as compared to SCICO. DRICO (no gap) flow 
arrangement was found to be the best one for 0.2 mm fin 
spacing at all flow rates. The percentage reduction in base 
temperature noted for DRICO (no gap) was 8.42%, 13.75% 
and 14.31% at 0.5 LPM, 0.75 LPM and 1 LPM, respectively, 
as compared to SCICO.

Pressure drop

Pressure drop with volumetric flow rate across the MCHS is 
presented in Fig. 7. Pressure drop increases with increasing 
volumetric flow rate. At higher volumetric flow rates, mass 
flow of fluid inside the channel increases which results in 
higher pressure drop. Pressure drop for all flow arrangement 

60

55

T
b /

°C 50

45

40

35

s = 0.2 mm

0.50 0.75
.
V/LPM

1.00

SCICO H
2
O [10]

DCIRO (gap)

DRICO (gap)

DTRISRO (gap)
DTRISRO (no gap)

DSRITRO (gap)

DSRITRO (no gap)

DCIRO (no gap)

DRICO (no gap)

Fig. 5  Base temperature with volumetric flow rate

Fig. 6  Base temperature 
percentage difference with 
volumetric flow rate

20

15

0.5 0.75

V/LPM

DCIRO (gap)

DRICO (gap)

DRICO (no gap)

DTRISRO (gap)

DSRITRO (gap)

DSRITRO (no gap)

DTRISRO (no gap)

DCIRO (no gap)
s = 0.2 mm

1

.

10

5

0

– 5

T
b p

er
ce

nt
ag

e 
di

ffe
re

nc
e/

%

– 10

– 15

– 20

– 25

– 30

– 35



2019Effect of dual flow arrangements on the performance of mini-channel heat sink: numerical study  

1 3

cases was found lower than that of the reported conventional 
[10] SCICO values at all flow rates. Pressure drop noted 
for DRICO (no gap), DCIRO (no gap) and DTRISRO (no 
gap) was approximately close to each other. Lowest pressure 
drop was noted for DSRITRO (gap) 124.5 Pa, 198.6 Pa and 
274.8 Pa at 0.5 LPM, 0.75 LPM and 1 LPM, respectively. 
The reason was the easy passage flow of lowest pressure 
drop. Highest pressure drop was noted for DRICO (no gap) 
as 1436.6 Pa, 2262.6 Pa and 3147.4 Pa at 0.5 LPM, 0.75 
LPM and 1 LPM, respectively. Flow outlet from a small 
cylindrical duct results in higher pressure drop. A signifi-
cant difference was observed for all flow arrangements with 
respective gap and no gap cases in small fin spacing like 
0.2 mm. Whole fluid passed through small fin spacing in no 
gap cases which was the reason of the increase in pressure 
drop for no gap cases.

0.5 mm fin spacing MCHS

Base temperature

Base temperature noted for all flow arrangements with over-
all volumetric flow rate for 0.5 mm fin spacing is shown in 
Fig. 8. A significant base temperature reduction was found 
for all flow arrangements as compared to the conventional 
SCICO [10] except DSRITRO (gap) and DSRITRO (no gap) 
at all flow rates. The minimum base temperature was noted 
for DRICO (no gap) and DTRISRO (no gap) flow arrange-
ment at all flow rates as compared to other flow arrange-
ments. Flow enters from the top rectangular duct and pro-
vides a better flow passage between the integral fins which 
is the reason of least recorded values of base temperature 
for DRICO (no gap) and DTRISRO (no gap). The minimum 
temperature noted for DRICO (no gap) and DTRISRO (no 
gap) was 40.1 °C and 40.3 °C, respectively, at 1 LPM. It 
was also noted that the base temperature of gap and no gap 
cases with respective flow arrangement was close to each 

other; however, no gap was recommended. Gap above the 
fins provides a void passage to flow which did not affect 
significantly in small fin spacing like 0.5 mm. The base tem-
perature for DRICO (no gap) and DTRISRO (no gap) was 
found close to water-based  Al2O3 nano-fluids with 1% volu-
metric concentration [11]. At all flow rates, base temperature 
using  Al2O3 nano-fluids was found the least as compared to 
all flow arrangements.

Percentage difference in base temperature for dual flow 
arrangements compared to the conventional single flow 
arrangement [10] is shown in Fig. 9. DRICO (no gap) was 
found to be the best flow arrangement for 0.5 mm fin spac-
ing. The reduction in base temperature percentage difference 
noted for DRICO (no gap) was 14.01%, 15.43% and 14.95% 
at 0.5 LPM, 0.75 LPM and 1 LPM, respectively, as com-
pared to SCICO. A very small percentage base temperature 
difference was observed for the gap and no gap cases for all 
flow arrangements except DSRITRO. The results were also 
compared with the water-based  Al2O3 nano-fluids [11] hav-
ing volumetric concentration of 1% and 2.5%. There was a 
significant difference found for nano-fluids at all flow rates.

Pressure drop

Pressure drop with volumetric flow rate across the MCHS is 
presented in Fig. 10. Pressure drop increases with increasing 
volumetric flow rate. Pressure drop for all flow arrangement 
cases was found lower than that of the reported conventional 
SCICO [10] values at all flow rates. A significant difference 
was observed for all flow arrangements with respective gap 
and no gap cases except DSRITRO. The lowest pressured 
drop was noted for DSRITRO (gap) as 50.6 Pa, 80.1 Pa and 
111.5 Pa at 0.5 LPM, 0.75 LPM and 1 LPM, respectively, 
due to easy passage flow. The highest pressure drop was 
noted for DRICO (no gap) 230.74 Pa, 390.2 Pa and 575.7 Pa 
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at 0.5 LPM, 0.75 LPM and 1 LPM, respectively, due to flow 
outlet from a small cylindrical duct.

1 mm fin spacing MCHS

Base temperature

Base temperature noted for all flow arrangements with over-
all volumetric flow rate for 1 mm fin spacing is shown in 
Fig. 11. A significant drop in base temperature was noted 
for all flow arrangements as compared to the conventional 
SCICO [10] except DSRITRO (no gap) and DSRITRO 
(gap). It was observed that gap and no gap cases for respec-
tive flow arrangements did not significantly affect the results 
except DSRITRO (no gap) and DSRITRO (gap). Gap above 
the fins provides a void passage to flow which favours sig-
nificantly in comparatively large fin spacing like 1 mm in 
DSRITRO. As the fin spacing was large enough for fluid to 

flow, the gap above the fins goes in favour of large fin spac-
ing. The minimum base temperature was found for DRICO 
(no gap) as 43.8 °C at 1 LPM. Flow enters from the top 
rectangular duct and provides a better flow passage between 
the integral fins which is the reason of least recorded values 
of base temperature for DRICO (no gap). It was observed 
that base temperature reduces using DRICO and DTRISRO 
with both gap and no gap cases when compared with water-
based  Al2O3 nano-fluids with 1% volumetric concentration 
[11] at 0.5 LPM and 0.75 LPM. The base temperature noted 
at 1 LPM was very close to each other. Base temperature was 
found very close at 0.5 LPM for DTRISRO (gap and no gap) 
and DRICO (gap and no gap) as compared to water-based 
 Al2O3 nano-fluids [11] with 2.5% volumetric concentration.

Percentage difference in base temperature for dual flow 
arrangements compared to the conventional single flow 
arrangement [10] is shown in Fig. 12. DRICO (no gap) 
was found to be the best flow arrangement for 1 mm fin 

Fig. 9  Base temperature 
percentage difference with 
volumetric flow rate
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spacing. The reduction in base temperature percentage dif-
ference noted for DRICO (no gap) was 16.06%, 15.20% and 
13.77% at 0.5 LPM, 0.75 LPM and 1 LPM, respectively, as 
compared to SCICO. DRICO (no gap) outclassed the water-
based  Al2O3 nano-fluids with 1% concentration [11] at all 
flow rates. At lower flow rates, DRICO (no gap) base tem-
perature was found equally to water-based  Al2O3 nano-fluids 
with 2.5% concentration [11], while a small difference was 
noticed at higher flow rates.

Pressure drop

Pressure drop with volumetric flow rate across the MCHS is 
presented in Fig. 13. Pressure drop increases with increas-
ing volumetric flow rate. It was noted that at lower flow 
rates, pressure drop variation among all cases was low as 
compared to variations at higher flow rate. The maximum 
pressure drop was noted 81.7 Pa, 150.3 Pa and 241.5 Pa at 

0.5 LPM, 0.75 LPM and 1 LPM, respectively, for DRICO 
(no gap) due to flow outlet from a small cylindrical duct. 
The minimum pressure drop was noted 17.4 Pa, 27.8 Pa and 
39.7 Pa at 0.5 LPM, 0.75 LPM and 1 LPM, respectively, for 
DSRITRO (gap) due to easy flow passage. Pressure drop 
noted for DCIRO (no gap) and DRICO (gap) was approxi-
mately found close to each other. The noted value of pressure 
drop for DCIRO (gap), DTRISRO (gap) and DSRITRO (gap 
and no gap) was found below than that of the conventional 
SCICO [10]. Pressure drop noted for DTRISRO (no gap) 
was almost same compared to the conventional SCICO. A 
significant difference was observed for flow arrangements 
with respective gap and no gap cases except DSRITRO.

1.5 mm fin spacing MCHS

Base temperature

Base temperature noted for all flow arrangements with over-
all volumetric flow rate for 1.5 mm fin spacing is shown in 
Fig. 14. A significant drop in base temperature was noted 
for all flow arrangements as compared to the conventional 
SCICO except DSRITRO (no gap) and DSRITRO (gap). It 
was observed that gap and no gap cases for DSRITRO and 
DTRISRO flow arrangements significantly affect the results, 
while DCIRO and DRICO were not affected by this. Gap 
above the fins provides a void passage to flow which favours 
significantly in comparatively large fin spacing like 1.5 mm 
in DSRITRO and DTRISRO. As the fin spacing was large 
enough for fluid to flow, the gap above the fins goes in favour 
of large fin spacing. The minimum base temperature was 
noted for DRICO (gap) and DRICO (no gap) as 45.5 °C and 
45.7 °C, respectively. Flow enters from the top rectangular 
duct and provides a better flow passage between the integral 

Fig. 12  Base temperature 
percentage difference with 
volumetric flow rate
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fins which is the reason of least recorded values of base tem-
perature for DRICO. The base temperature noted for DRICO 
(gap and no gap) completely outclasses water-based  Al2O3 
nano-fluids [11] with volumetric concentrations of 2.5% at 
all flow rates.

Percentage difference in base temperature for dual flow 
arrangements compared to the conventional single flow 
arrangement [10] is shown in Fig. 15. DRICO (gap) and 
DRICO (no gap) were found to be the best flow arrangement 
for 1.5 mm fin spacing. The reduction in base temperature 
percentage difference noted for DRICO (gap) was 15.46%, 
14.84% and 13.77% and for DRICO (no gap) was 15.63%, 
14.66% and 13.39% at 0.5 LPM, 0.75 LPM and 1 LPM, 
respectively, as compared to SCICO. DRICO (gap) and 
DRICO (no gap) completely outclass the base temperature 
of water-based  Al2O3 nano-fluids with 1% and 2.5% concen-
tration at all flow rates.

Pressure drop

Pressure drop with volumetric flow rate across the MCHS 
is presented in Fig.  16. Pressure drop increases with 
increasing volumetric flow rate. Pressure drop for DCIRO 
(gap) and DTRISRO (gap and no gap) was found approxi-
mately equal to the conventional SCICO [10] at all flow 
rates. The highest pressure drop was noted for DRICO 
(no gap) as 58.6 Pa, 115.2 Pa and 191.2 Pa at 0.5 LPM, 
0.75 LPM and 1 LPM, respectively, due to flow outlet 
from a small cylindrical duct. Difference in pressure drop 
for all flow arrangement was observed between respec-
tive gap and no gap cases except DSRITRO. For large fin 
spacing like 1.5 mm, no significant difference in pressure 
drop was observed. Lowest pressure drop was observed 
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for DSRITRO (gap) as 9.6 Pa, 17.7 Pa and 23.9 Pa at 0.5 
LPM, 0.75 LPM and 1 LPM, respectively, due to easy 
passage flow.

Temperature Uniformity

Temperature uniformity in electronic devices is essential for 
durability and longer operation. All the flow arrangements 
investigated in this study are able to achieve uniform tem-
perature distribution inside the heat sink. Base temperature 
contour at base of MCHS for dual flow arrangements with 
fin spacing of 0.5 mm is shown in Fig. 17. This temperature 
uniformity was not possible using conventionally SCICO 
arrangement as shown in Fig. 17j.

Isosceles triangular collector

The best of all flow arrangements was DRICO (no gap) 
among all integral fin spacing as discussed in “Results 
and discussion” section. The rectangular collector (RC) 
was used for all of these flow arrangements. The rectangu-
lar collector was then replaced by the isosceles triangular 

collector (ITC) for DRICO (no gap) flow arrangement, and 
the results were then compared.

Base temperature

Base temperature noted values for ITC and RC were found 
very close to each other as shown in Fig. 18. The base 
temperature percentage reduction noted for ITC as com-
pared RC was found not more than 1% for all integral 
fin spacing cases at all flow rates. However, a significant 
reduction in base temperature can be seen as compared to 
noted values in the literature with the conventional SCICO 
flow arrangement with respective fin spacing as shown in 
Fig. 18. It is evident from the results that base temperature 
was found minimum for small fin spacing as compared 
to higher fin spacing. Small fin spacing provides higher 
surface area which results in higher heat transfer rate. The 
least base temperature was observed for 0.2 mm fin spac-
ing due to higher surface area as compared to others.

Fig. 17  Temperature distribution at base: a DCIRO (gap), b DCIRO (no gap), c DRICO (gap), d DRICO (no gap), e DSRITRO (gap), f DSRI-
TRO (no gap), g DTRISRO (gap), h DTRISRO (no gap), i ITC DRICO (no gap) and j SCICO [12]
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Thermal resistance

Thermal resistance of DRICO (no gap) flow arrangement 
with volumetric flow rate is shown in Fig. 19. Thermal 
resistance is inversely related to heat transfer rate. Lower 
thermal resistance value depicts the greater amount of heat 
transfer, while higher value depicts lower heat transfer. 
Lower thermal resistance value ensures the minimum resist-
ance for heat to transfer. Thermal resistance of 0.2 mm fin 
spacing was noted as the least followed by 0.5 mm, 1 mm 
and 1.5 mm fin spacing as shown in Fig. 19. The minimum 
thermal resistance was noted as 0.033 °C/W for 0.2 mm fin 
spacing at 1 LPM with ITC. The maximum thermal resist-
ance was noted as 0.076 °C/W for 1.5 mm fin spacing at 0.5 
LPM with ITC. A minute difference was found between RC 
and ITC. The percentage difference between the RC and ITC 
was estimated not more than 2.3% for any fin spacing. The 
percentage reduction in thermal resistance for DRICO (no 

gap) flow arrangement with ITC as compared to reported 
value for the conventional SCICO with RC is given in detail 
in Table 3.

Convective heat transfer coefficient

Convective heat transfer coefficient with volumetric flow 
rate is shown in Fig. 20. Maximum value of convective 
heat transfer coefficient was noted for 0.2 mm fin spacing as 
1691.6 W/0C  m2. The values noted for 0.2 mm fin spacing 
were the highest followed by 0.5 mm, 1 mm and 1.5 mm 
fin spacing. The values computed for DRICO (no gap) flow 
arrangement with RC and ITC for their respective fin spac-
ing cases were found very close to each other. Percentage 
difference between DRICO (no gap) RC and ITC was noted 
not more than 6.1% among all fin spacing.

Pressure drop

Pressure drop of DRICO (no gap) with ITC and RC arrange-
ment is shown in Fig. 21. Pressure drop increases with 
increasing volumetric flow rate. It was noted that RC and 
ITC values were found very close to each other. The maxi-
mum difference of less than 15% was noted between RC 
and ITC. Maximum pressure drop was noted for 0.2 mm 
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Table 3  Percentage difference in Rth for DRICO (no gap) ITC and 
SCICO RC

s = 0.2 mm/% s = 0.5 mm/% s = 1 mm/% s = 1.5 mm/%

0.5 LPM 2.0 9.0 6.3 8.9
0.75 LPM 1.0 8.9 5.2 7.3
0.5 LPM 1.2 8.0 4.0 8.5
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fin spacing (ITC) as 3180 Pa, while the minimum pressure 
drop was noted for 1.5 mm fin spacing (RC) as 58.6 Pa. 
It is evident from results that pressure drop increases with 
decreasing fin spacing. The reason is that the frontal block-
age area increases for small fin spacing due to the addition 
of a number of fins per unit area as compared to larger fin 
spacing which results in higher pressure drop.

Net mass reduction

It is discussed in detail in Sect. 3.6 that hydrothermal perfor-
mance of DRICO (no gap) flow arrangement with ITC and 
RC arrangement was found very close to each other. How-
ever, net mass was reduced as 16.8 g, 16.5 g, 16.5 g and 
16.4 g for 1.5 mm, 1 mm, 0.5 mm and 0.2 mm fin spacing, 
respectively. Net mass reduction (mass fluid + mass solid) 
noted for DRICO (no gap) flow arrangement with ITC as 
compared to RC is given in Fig. 22. The percentage reduction 
in net mass was noted as 12.0%, 11.5%, 10.8% and 10.1% for 
1.5 mm, 1 mm, 0.5 mm and 0.2 mm fin spacing, respectively.

Conclusions

The hydrothermal performance of mini-channel heat 
sinks with various dual flow arrangements having integral 
fin spacing of 0.2 mm, 0.5 mm, 1 mm and 1.5 mm was 
numerically investigated. The core findings of the present 
investigation are:

• For 0.2 mm and 0.5 mm fin spacing, the minimum 
base temperature was noted for DTRISRO (no gap) 
and DRICO (no gap) flow arrangements. For 1 mm fin 
spacing, the base temperature for DRICO (gap and no 
gap) and DTRISRO (gap and no gap) flow arrange-
ments was the minimum. For 1.5 mm fin spacing, the 
minimum base temperature was noted for DRICO (gap 
and no gap) flow arrangements.

• For 0.2 mm fin spacing, it was observed that base tem-
perature was high, while pressure drop was low for 
gap arrangement as compared to no gap arrangement 
using. For 0.5 mm fin spacing, a minute difference in 
base temperature was observed between gap and no 
gap arrangements; however, pressure drop was high for 
no gap as compared to gap arrangement. For 1 mm fin 
spacing, no significant difference was found in tem-
perature drop for gap and no gap arrangement, while 
pressure drop was observed higher for no gap as com-
pared to gap arrangement. For 1.5 mm fin spacing, no 
significant difference in base temperature was found 
for gap and no gap arrangement except for DTRISRO. 
Pressure drop of no gap arrangement was observed 
high as compared to gap arrangement except DSRI-
TRO.

• For 0.2 mm, 0.5 mm and 1 mm fin spacing, minimum 
pressure drop was noted for DSRITRO (gap) flow 
arrangement. For 1.5 mm fin spacing, the minimum 
pressure drop was noted for DSRITRO (gap and no 
gap) flow arrangement.

• A uniform temperature distribution was observed for all 
dual flow arrangements discussed in the present inves-
tigation.

• For 1 mm fin spacing, at lower flow rates, base tem-
perature for DRICO (no gap) flow arrangement was 
found equal to water-based  Al2O3 nano-fluids with 
2.5% concentration, while a small difference was 
noticed at higher flow rates. The base temperature 
was found lower for DRICO (no gap) flow arrange-
ment compared to 1% concentration of water-based 
 Al2O3 nano-fluids. For 1.5 mm fin spacing, DRICO 
(gap) and DRICO (no gap) flow arrangements com-
pletely outclass the base temperature of water-based 
 Al2O3 nano-fluids with 1% and 2.5% concentration at 
all flow rates.
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Fig. 21  Pressure drop of DRICO (no gap) flow arrangement
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• DRICO (no gap) flow arrangement highlights palpable 
improvement compared to the conventional SCICO flow 
arrangement.

• The collector of best flow arrangement was then replaced 
by isosceles triangular collector. The maximum per-
centage reduction in net mass of DRICO (no gap) flow 
arrangement was noted as 12.0%, using isosceles trian-
gular collector as compared to rectangular collector with 
same thermal hydrothermal performance.
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