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Micro pin fin heat sink (MPFHS) is widely employed for the heat transfer enhancement of
microchannel heat sinks (MCHS:s). In the current paper the effect of flow normalization on
the thermo-hydraulic performance of micro pin finned heat sinks (MPFHSSs) is studied
numerically. Two geometries of MPFHSs; conventional design micro pin fin heat sink (CD-
MPFHS) with uniform width micro pin fin and proposed design micro pin fin heat sink (PD-
MPFHS) with non-uniform width micro pin fin are studied. Flow distribution analysis in the
primary and secondary channels of MPFHSs is carried out. More flow resistance offered by
wider central micro pin fins diverts more flow towards side channels. As a result of which
better flow distribution in primary channels and higher flow across secondary channels is
noticed for PD-MPFHS as compared to CD-MPFHS. As a result of that maximum and
average base temperatures are reduced by 4.6 K and 2.2 K as compared to CD-MPFHS.
Nusselt number increased by 10.1% and better thermal-hydraulic performance index has

been offered by the PD-MPFHS for entire studied Reynolds number range.
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Ch = primary channel

Cp = specific heat (J/kg k)

CD = conventional design

Ch = primary channels

Dy, = hydraulic diameter of channel (m)
e = fin number

f = friction factor

H = height (m)

i = channel number

k = thermal conductivity (W/m K)

L = length (m)

m = mass flow rate (kg/s)

MFR = mass flow rate (kg/s)

N = pin fins rows along the flow length

NMFR = normalized mass flow rate (kg/ kg)

Nu = Nusselt number

NUsin = Nusselt number based on fin hydraulic diameter
AP = pressure drop (Pa)

PD = proposed design

MPFHS = micro pin fin heat sink

Pr = Prandtl number

q" = heat flux (W/m?)

Reavg = Reynolds number based average velocity through channel
Reéfin = Reynolds number based on fin hydraulic diameter
Rein = Reynolds number at the inlet of heat sink

Sec = Secondary channel

T = temperature (K)

V = velocity vector (m/s)
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Vf =

Greek Symbols
bes =

1 =

Subscripts
b =
avg =

ch =

HS =

max =
min =

ND =

Sec =

velocity (m/s)

volume of fluid in channels (m?)
width (m)

x-coordinate (transverse direction)

y-coordinate (longitudinal direction)

absolute percentage deviation
viscosity (kg/m s)

maldistribution factor
thermal-hydraulic performance index
density (kg/m®)

interface

base of microchannels projected area
average

primary channel
fluid

heat sink
channel number
iteration number
fin number
manifold
maximum
minimum

non dimensional
solid

secondary channel
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vavg = volumetric average

x1 = inlet of the secondary channel
X2 = outlet of the secondary channel
yl = inlet of the primary channel

y2 = outlet of the secondary channel

l. Introduction

EFFICIENT thermal management is accepted as the biggest hurdle, which may decelerate the future development

of high performance computers and data centers. The unadorned longings for high speed computing, better
functionality and size miniaturization have fired an extraordinary surge in the chip heat dissipation requirement.
Selection of appropriate cooling technique is mandatory for ensuring high reliability and avoiding premature failure
of microprocessor of the system. Air cooling methods are no longer adequate to satisfy the heat dissipation demands
of modern age CPUs, and in this regard, liquid cooling has become undisputed cooling option for high speed
computers and datacenters [1-3]. Among the liquid cooling — microchannel heat sink (MCHS) is the most efficient
way of dissipating large amount of heat from the tiny base area of high-end microprocessors. MCHS is basically a
cooling plate on whose surface full sized (inlet to outlet plenum) microfins are cut at regular intervals to form micro
sized channels between them. It offers extremely high heat transfer coefficient even at very low coolant flow rate.
MCHSs cooling technology had received increased attention since the pioneer work of Tuckerman and Pease [4].
And, at present it is one of most widely explored area of research in heat transfer. Apart of conventional heat
transfer applications such as microprocessor cooling [5], refrigeration and air-conditioning [6], gas turbine [7],
aerospace [8] and laser diode cooling [9], the microchannels are engrossed in other fields also including medical
[10], biology [11] and chemical reactors [12]. Two-phase flow boiling in microchannel enjoy manifold higher heat
transfer performance than the conforming single phase heat transfer, but due to various associated instabilities, it is
less preferable for applications demanding consistent performance of the heat sink. Qu and Mudawar [13] verified
the applicability of Navier-Stokes and energy balance equations for the single phase flow in microchannels by
validating their experimental observations with the numerical results and opened pathways for the dedicated
numerical studies. A lot of experimental and numerical studies had been carried out on the single phase flow in

microchannels in the past two decades [14-19]. Various active (vibrations [20], flow pulsations and synthetic jets
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[21, 22], etc.) and passive (extended surfaces [23, 24], double layered microchannels [25], ribs and cavities [26, 27],
wavy microchannels [28], microchambers [29], vortex generators [30], nanofluid and porous media [31, 32] heat
transfer enhancement techniques had been explored for boosting the performance of single phase heat transfer in
MCHS. The presence of a significant temperature non-uniformity across parallel channels and along the flow
direction are the two main limitations of the single phase flow in MCHS. The temperature variation in the flow
direction is the fundamental nature of single phase flow, temperature variation across the parallel microchannels
mainly arises due to maldistribution of flow as well as adiabatic/free convection side boundary conditions.
Normalization of the surface temperature non-uniformity is desirable to avoid hot-spots generation, which is the
major reason responsible for failure of ICs in microprocessor [33] and it is also expected to help in improving the
performance of heat transfer process.

Kishimotto and Sasaki [34] were the first to propose the concept of micro pin fin heat sink (diamond shaped) to
avoid the excessive heating of substrate temperature. Through their analytical study they claimed 25% reduction in
substrate temperature as compared to conventional channel design. Steinke and Kandlikar [35] suggested the
concept of secondary flow for fluid mixing between parallel channels of MCHS. They proposed two potential
methods to generate secondary flow between channels: through interconnecting oblique or venturi shaped secondary
channels. Experimental investigation on micro pin finned heat sink (MPFHS) was started by Peles group [36, 37],
alluding the miniaturization of regular macro scaled pin fin heat sink. Kosar et al. [36] experimentally investigated
pressure drop/friction factor for inline and staggered arrangement of micro pin fins of circular and diamond shape.
Highest pressure drop was noticed for diamond shaped staggered arrangement. They proposed new correlation
including end wall and fin density effect for accurate prediction of pressure drop for MPFHS. Peles et al. [37]
developed (through analytical results) simplified expression for the estimation of total thermal resistance of MPFHS
and validated it with pertinent experiments. They also concluded that thermal-hydraulic performance of the MPFHS

is superior to plain MCHS. Kosar and Peles [38] proposed correlations for the prediction of Nusselt number

c4
following conventional form of it (Nuayg = ¢1 RessgPr,,)) and correction factor (i:—::) for MPFHS (where,

cl, 2, c3 and c4 are constants). Furthermore, effect of different geometric parameters of micro pin fins (shape,
arrangement and spacing) had been systematically investigated by many authors including the pioneering efforts by
Peles group [39]. Qu and Shi-Ho [40] experimentally investigated staggered square MPFHS. They noticed that

existing micro pin fin correlation by [38] over predicted their experimental observation, they suggested new
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coefficients for constants: cl, c¢2 and c3 for accurate prediction of Nusselt number. Lee et al. [41] proposed the
concept of oblique fins by breaking continuous MCHS fins into oblique sections. Their numerical study showed that
significant enhancement in the local and global heat transfer coefficient (~80%) can be achieved by the oblique
MPFHS in comparison to conventional MCHS at negligible pressure drop penalty. John et al. [42] compared the
performance of inline circular and square MPFHS. They reported better performance for the circular micro pin fins
at low Reynolds number (Re < 300) and for the square micro fin pins at higher Reynolds number. Hasan [43]
numerically compared the heat transfer and pressure drop of different micro pin fin (square, circle and triangle) heat
sinks of staggered arrangement. They reported best heat transfer performance for circular pin fins and highest
pressure drop for square pin fins. Duangthongsuk and Wongwises [44] experimentally compared the thermal and
hydraulic performance of circular and square MPFHSs. They reported better heat transfer and lower pressure drop
for circular pin fin design. Mou et al. [45] numerically investigated the fluid flow distribution effect on the heat
transfer performance of oblique finned MCHS. They noticed non uniform fluid flow distribution and secondary flow
migration in oblique finned MCHS. They further reported that fluid flow migration did not influence significantly
the flow distribution in channels lying in the dimensionless width zone of range (0.2 < Wyp < 0.8). Mohammadi and
Kosar [46, 47] studied the thermal and hydraulic performance of circular MPFHS for inline [46] and staggered [47]
arrangements. They noticed higher pressure drop and Nusselt number for staggered arrangement of micro pin fins.
They also reported lower thermal-hydraulic performance index for staggered arranged of pin fins due to associated
higher pressure drops. Xu and Wu [48] performed an experimental study to examine the heat transfer and pressure
drop characteristics of micro pin fins of different shapes (circle, square, diamond and ellipse), arrangements
(inline/staggered) and design parameters. They noticed lowest average thermal resistance for staggered diamond
micro pin fins. Whereas, higher thermal-hydraulic performance is noticed for staggered elliptical micro pin fins due
to lower pressure drop as compared to staggered arrangements of other pin fin shapes. New correlations for Nusselt
number and friction factor are proposed for different shapes of micro pin fins.

It can be concluded from the above literature survey that most of the past studies on the MPFHS had been
carried out either for a single channel [41, 42] or for a complete heat sink by considering uniform flow distribution
[43, 45-47]. The above procedures are technically not correct as they cannot replicate the fluid flow behavior
through the secondary channels on account of significant flow non-uniformity at the inlet of micro pin fins. Few

advance configurations (staggered or oblique fins arrangements) facilitate in improving the thermal performance of
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the micro pin fin heat sink but at the cost of very high pressure drop penalty [47]. Hence, maturing the inline micro
pin fin arrangement is expected to bring more fruitful outcomes. In the current study the efforts had been made to
study the influence of fluid flow non-uniformity on the performance of MPFHS, it is well studied for the MCHS by
many past researchers [49-56]. But, no effort has been made yet to study the effect of flow non-uniformity in
MPFHS. Hence, the current numerical study is dedicated to investigate the effect of flow maldistribution in inline
MPFHS. Detailed analysis of fluid flow distribution in primary and secondary channels as well as heat transfer

analysis of MPFHS is carried out.
Il.  Problem Description and Numerical Model

A. Geometry Description

In the recent study of present authors [54], a new design MCHS (variable width parallel microchannels) had
been proposed for the mitigation of flow non-uniformity in parallel microchannels of the heat sink. The dimension
of individual parallel microchannels in the proposed design is calculated by Eq. (1), following an iterative procedure
given in detail by [54]. Figures 1(a) and 1(c) show the geometries of conventional design microchannel heat sink
(CD-MCHS) and proposed design microchannel heat sink (PD-MCHS) respectively. Due to the symmetry of current
design only half geometry is considered for the numerical analysis.

Wch,i|j+1_Wch,i|j

1 — NMFR, | = 1
ch,1|j Wch,i|]-+1 ( )
'.|.
Where, NMFR. .| = —
ere, Ch"'i Thavg

In the current study a conventional design micro pin finned heat sink (CD-MPFHS) is generated by creating
uniform secondary channels in geometry of the CD-MCHS as shown in Fig. 1(b). In order to access the benefits of
variable width approach in MPFHS; the geometry of PD-MCHS is converted to proposed design micro pin finned
heat sink (PD-MPFHS) in the similar manner (by creating uniform secondary channels) as shown in Fig. 1(d).
Dimensions of all designs are same as given in Table 1. Width of cut for secondary channels (Ws) is kept constant
as 0.26 mm for both designs of MPFHS (CD-MPFHS and PD-MPFHS). Thus, resulted design of CD-MPFHS and
PD-MPFHS consists of 25 primary channels and 19 secondary channels. In order to remove the non-uniformity

across the inlet and outlet manifold, micro pin fin of length 0.19 mm are provided at start and end of finned area (for
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N=1 and 20 in Fig. 1(d)). Width of individual primary channels (W) and fin width (Wy;,) for PD-MPFHS are given

in Table 2. Dimensions of the inlet/outlet manifolds are fixed for both designs.

B. Numerical Modeling

Generalized mass, momentum and energy equations are considered to capture the fluid flow and heat transfer
characteristics of single phase liquid flow in MCHS. Following assumptions are made for the current numerical
analysis:
1) Flow is assumed to be steady, laminar and Newtonian.
2) Effect of the body and surface tension forces is neglected.
3) Radiation and natural convectional effects are neglected.

Following above assumptions, the basic governing equations for the fluid part are Eqgs. (2)-(4).

V.(psV) =0 (2)
V.(pVV) = —=VP + V. u[(VV + VVY) — 2/3 V.V] (3)
V. (prc,VT) = —V. (kVT) 4)

Similarly, for the solid part the governing energy balance equation is Eq. (5).

k V2T = 0 (5)
The copper substrate is assumed to have constant thermo-physical properties (ks = 401 W/m K, ps = 8978

kg/m?, and Cps = 381 J/kg K) whereas, for the working media (water) variable thermo-physical properties are taken

(https://syeilendrapramuditya.wordpress.com/2011/08/20/water-thermodynamic-properties/).

Above governing equations are solved by assuming uniform velocity and temperature characteristics at the inlet
of MCHS. Velocity values are varied in the range of 1.35-2.69 m/s which correspond to inlet Reynolds number of
800-1600 and inlet temperature is set as 288.15 K. At the outlet of the MCHS constant atmospheric condition is

assumed. Solid and fluid surfaces are coupled at the interface by assuming: V =0 (No slip), T, = T¢, and

—ks (‘;ins) = —ks (z—;f). A fixed heat flux of 100 W/cm? is applied at the base of microchannels projected area (L%
Wys). To save the simulation time, only half part of heat sink is considered for the numerical analysis by adopting
the symmetry boundary condition at the center plane. All other outside walls are assumed to be adiabatic. For

solution of the governing equations (Egs. (2)-(5)) commercial CFD software, ANSYS Fluent 14.0 is used. SIMPLE

algorithm [57] is used for the pressure-velocity coupling and second order upwind scheme is selected for the spatial
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discretization of momentum and energy equations. The standard discretization technique is used for obtaining

pressure value.
C. Data Reduction

1. Calculation of Flow Maldistribution Factor
To estimate extend of flow distribution non-uniformity, flow maldistribution factor (¢) is calculated at each
row of primary channels. For that purpose mass flow rate across each primary channel is calculated at the center of

associated neighboring fins. Flow maldistribution factor for MPFHS is calculated as given below:

20 Mmax—"min
N=1" fnavg

¢ = 20

x (6)
Where, N (N =1, 2, 3...20) represents pin fin rows along the flow length.
2. Nusselt Number
The Nusselt number is defined as:

hDy

Nu =k_f (7)

And the heat transfer coefficient (h):

(le“l (8)

(TF,avg_Tf,vavg)

gr and Tr,, are the heat flux supplied and surface temperature at solid-fluid interface of pin finned region.

Ttvavg 1S VOlumetric average temperature of fluid. Tr 5, and Ty ayg are calculated as:

d
TF,avg = ff % 9)
Tf,vavg = fff Zd—‘;,ff (10)

3. Thermal-hydraulic performance index (1)

The thermal-hydraulic performance index is calculated as:
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N = (Nupn—MPFHS)/(APPD—MPFHS)1/3 (11)

Nucp-MPFHS APCD-MPFHS
I1l.  Grid Independence and Validation

Grid independence test is carried out at highest Re;, to insure the accuracy of current numerical results. Three
different grid schemes: course grid, fine grid and very fine grid schemes are adopted. Results of maximum
temperature and overall pressure drop are compared for CD-MPFHS as given in Table 3. It is noticed that absolute
percentage deviation (¢) between fine and very fine grid schemes is less than 1% for both parameters. Similar grid
independence procedure is performed for PD-MPFHS and ¢ is noticed to be less than 1% between fine and very fine

grid schemes.

Results of CD-MPFHS are validated for the Nusselt number with Liu et al. [58] and for the friction factor with
correlation of Cao et al. [59] as shown in Figs. 2(a) and 2(b) respectively. These correlations are given by Egs. (12)
and (13) respectively. It is noticed that application range of Reynolds number of both correlation lies within the
boundary conditions of present study. Mean absolute deviation of 3.2% and 10% are observed in prediction of the

Nusselt number and the friction factor respectively.

0.25
Nug, = 0.1245 Rel 8106 pr;36 (—P”’“g> (12)

Aave PTsavg
f = 76.02 Re; % (13)

Where, Regp, and Re,ygare Reynolds number based on fin hydraulic diameter and Reynolds number based average

velocity through channel as described in [58] and [59] respectively.
IV.  Results and Discussion

A Flow Distribution Analysis

Fluid flow inside the MPFHS can be classified in two types: Primary flow — the flow occurring between micro
pin fins (inside channels) in the longitudinal flow direction and Secondary flow- the flow occurring between micro

pin fins in the transverse to the primary flow direction [45].
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1. Flow Distribution in Primary Channels

Figures 3(a) and 3(b) show the fluid flow distribution pattern in the primary channels of the CD-MPFHS and
PD-MPFHS respectively. As reported by [54] that the formation of recirculation zones due to the sudden expansion
of fluid inside inlet manifold is responsible for the uneven distribution of fluid across channels. In comparison to the
CD-MCHS (¢ = 0.79), the flow non-uniformity problem is found more severe for the CD-MPFHS (¢ = 0.94). The
basic reason for the increase in maldistribution of CD-MPFHS is increase in mass flow rate of fluid flowing through
central channels of CD-MPFHS due to the presence of the secondary channels. Analogous to the PD-MCHS,
increase in width of the central micro pin fins for the PD-MPFHS (decrease in size of central channels) helps in
reducing the fluid flow through the central channels. Similarly, the reduction in the width of side micro pin fins
(increase in size of the side channels) increases the fluid amount flowing through them. The average non-uniformity
of flow across primary channels (¢) reduces to 0.6 for the PD-MPFHS. Figure 4 shows the velocity contour plots for
the CD-MPFHS and PD-MPFHS, it can be noticed that velocity non-uniformity across and along the channels is less

harsh for the PD-MPFHS.

2. Flow Distribution in Secondary Channels

The fluid flow in the secondary channels is equally important. It ensures the frequent mixing of the fluid
flowing in the primary channels. Frequent mixing of the fluid normalizes the fluid temperature across heat sink,
which ultimately helps in maintaining the uniform surface temperature of the heat sink. Figure 5 shows the fluid
flow distribution of the secondary channels for the CD-MPFHS and PD-MPFHS. Four types of secondary and
primary flow interactions have been observed as shown in Figs. 6(a)-6(d). Where, ri,,; and m,, represent secondary
flow entering and leaving a secondary channel, respectively. Similarly, m,; and m,, represent flow entering and
leaving a primary channel respectively. In Case 1 (Fig. 6(a)) — the fluid in the secondary channels have tendency to
flow from the central channels towards side channels. Whereas in Case 2 (Fig. 6(b)) — the fluid flow behavior in the
secondary channels reverses and the fluid starts flowing from the side channels towards central channels. As evident
from the Figs. 3(a) and 3(b) that in general the flow in the primary channels of the central micro pin fins (for both
designs) decreases initially then attains minima and subsequently starts increasing towards the exit end. However,
for the side micro pin fins — flow in the primary channel in general increase attains maxima then starts decreasing

towards the exit end. The dominance of Case 1 and Case 2 in the upstream and downstream half of flow field is
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primarily responsible for the observed behavior. Thus, direction of flow field in the neighboring secondary channels
also regulates the flow pattern of the primary channels in MPFHS. Case 3 (Fig. 6(c)) has been observed on the
interacting locations of Case 1 and Case 2. Similarly, Case 4 (Fig. 6(d)) has been observed in the central channel

only. It is evident from the Fig. 5 that the secondary flow is higher in the PD-MPFHS in comparison to CD-MPFHS.

B. Thermal Performance

1. Temperature Distribution

It is found by numerical results of the CD-MCHS and CD-MPFHS designs that micro pin fin arrangement offer
significant reduction in maximum temperature (T, max reduces by 6.0 K) and average temperature (T, a4 reduces by
7.2 K) in comparison to the CD-MCHS at design conditions (Re;;=1200). Intermixing of fluid flowing in the
primary channels (through secondary flow passages) and the redevelopment of thermal boundary layer due to flow
interruption are concurrently responsible for the above observation. Figure 7 compares the temperature contours of
the CD-MPFHS and the PD-MPFHS designs. It is evident that in comparison to CD-MPFHS — base surface
temperature non-uniformity problem is less severe for the PD-MPFHS. As CD-MPFHS suffers from high
unevenness of flow distribution with maximum cooling fluid flowing through the central channels and very less
fluid flows through the side channels. As a result, more heating of side channels occurs. PD-MPFHS on the other
hand offers better flow distribution across primary channels, permitting less flow through central primary channels
and more flow through side primary channels. Also, the secondary fluid flow in the PD-MPFHS is stronger than
CD-MPFHS promoting rigorous mixing of fluid flowing in primary channels. The total secondary flow for PD-
MPFHS is almost 36% higher than CD-MPFHS. Under the combined influence of normalized primary flow
distribution and the stronger secondary flow, maximum and average temperatures are reduced by 4.6 K and 2.2 K
for PD-MPFHS as compared to CD-MPFHS at design conditions. Base surface temperature non-uniformity (Ty max -
Thmin) also eases from 47 K to 42.5 K by the PD-MPFHS. Figure 8 compares maximum base temperature (Tp max),
average base temperature (Ty ) and base temperature fluctuation (Tp max = Tp,min) Of CD-MPFHS and PD-MPFHS at
different flow rates. It is noticed that PD-MPFHS provides more effective cooling and uniform base temperature
even at off-design conditions at different Re;,. However, further decreasing Rej, to 500 results in the reduction of
Tpavg benefit up to 0.7 K only, but maximum temperature improvement remains consistent (~5 K) for the PD-

MPFHS, which proves the potential of proposed design for the mitigation of hot spot problem. Furthermore, it is
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observed that the perks of PD-MPFHS escalate with an increase of heat flux and at the applied heat flux of 150
W/cm?; the maximum and average temperature reduces up to 6.2 K and 3.0 K, respectively for the PD-MPFHS as

compared to CD-MPFHS.

2. Heat Transfer Analysis

Heat transfer performance of the CD-MPFHS and the PD-MPFHS are compared by their Nusselt number
values. Figure 9 shows the comparison of Nusselt number for the CD-MPFHS and the PD-MPFHS at different
Reynolds numbers. It is noticed that PD-MPFHS offers 10.1% improvement in the Nusselt number at the reference
design condition. Although, its total heat transfer area is around 2.3% lower than CD-MPFHS. Improved
hydrodynamics of flowing fluid (uniform distribution of fluid in the primary channels and the enriched secondary
fluid flow) is responsible for heat transfer intensification provided by the PD-MPFHS. However, it is found that
pressure drop across PD-MPFHS is 5.7% higher than CD-MPFHS at design conditions. High fluid flow resistance
offered by the central channels (narrow for PD-MPFHS) of the PD-MPFHS is responsible for the observed behavior.

Figure 10 compares the overall pressure drop of MPFHSs at different Re;,.

Therefore, to identify the usefulness of the proposed design, thermal-hydraulic performance index is calculated
by using Eq. (11) at different Re;, as given in Table 4. It is noticed that average thermal-hydraulic performance
index for the PD-MPFHS is 7.5% higher for the studied range of Re;,, which indicates its superior heat transfer

characteristics

V. Conclusions

In current numerical study, the effect of flow normalization in micro pin finned heat sink has been carried out.
Two types of MPFHS: one with uniform width of pin fins (CD-MPFHS) and another with variable width of pin fins
(PD-MPFHS) are generated following the previous study [54] of the current authors. Three-dimensional numerical
analysis of both geometries is carried out to study the effect of flow maldistribution on pin finned heat sinks.

Following are the main findings of the current study:

1) Both MPFHSs showed higher liquid flow non-uniformity in comparison to their respective parent MCHS

design.
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2) Better liquid flow distribution is noticed for PD-MPFHS as compared to CD-MPFHS. Non-uniformity of mass
flow rate (maldistribution) reduces 36% for PD-MPHS as compared to CD-MPFHS in primary channels.
Uniformity of mass flow rate in the primary channels also facilitated in boosting the liquid flow rate through the
secondary channels. Secondary channels fluid flow ensures frequent mixing of fluid flowing in primary
channels. Total fluid flow rate across the secondary channels is around 36% higher for the PD-MPFHS.

3) Due to the better flow distribution of fluid among primary channels and the higher fluid flow across secondary
channels in PD-MPFHS — maximum and average base temperatures are reduced by 4.6 K and 2.2 K as
compared to CD-MPFHS.

4) Nusselt number increases by 10.1% for the PD-MPFHS. However, PD-MPFHS suffer from the pressure drop
penalty of 5.7 % in comparison to CD-MPFHS. PD-MPFHS gives better thermal-hydraulic performance index

for the entire studied Reynolds number range.
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Figure Captions List

Fig. 1 Geometric configuration of different designs (a) CD-MCHS, (b) CD-MPFHS, (C) PD-MCHS, (d) PD-
MPFHS, and (e) 3D view of full CD-MPFHS
Fig. 2 Comparison of numerical results with correlations (a) Nusselt number and (b) friction factor for CD-

MPFHS

Fig. 3 Mass flow rate distribution in primary channels of (a) CD-MPFHS and (b) PD-MPFHS at different

locations along the flow direction

Fig. 4 Velocity contour at the center plane of (a) CD-MPFHS and (b) PD-MPFHS

Fig. 5 Mass flow rate distribution in secondary channels (a) CD-MPFHS and (b) PD-MPFHS for all rows
along the flow length
Fig. 6 Types of primary and secondary flow interactions in MPFHSs (a) Case 1, (b) Case 2, (c) Case 3, and (d)

Case 4

Fig. 7 Temperature contours for (a) CD-MPFHS and (b) PD-MPFHS
Fig. 8 Effect of Reynolds number (Re;,) on (a) maximum base temperature, (b) average base temperature,

and (c) base temperature fluctuations at the applied heat flux of 100 W/cm?

Fig. 9 Comparison of Nusselt number at different Reynolds numbers (Re;,) and applied heat flux of 100

W/cm?

Fig. 10 Comparison of overall pressure drop at different Reynolds numbers (Re;,) and applied heat flux of

100 W/cm?
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Table 1 Dimension of MCHS and MPFHS designs

Parameter Lus Len Lm Whis W Hus

Hch

Value (mm) 18 10 36 1354 1274 05

0.4
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Table 2 Primary channel width and fin width (um) for PD-MPFHS

ife 1 2 3 4 5 6 7 8 9 10 11 12 13

Woen,i 332 343 346 347 343 333 302 261 234 216 205 200 199
Wrin,e 146 176 175 176.5 1825 201 2375 2725 2945 3085 317 3205 -

Note: Dimension of other half of channels (i=14-25) and fins (e=13-24) are assumed symmetric to reported channels (i=12-I) and fins (e=12-I) respectively.
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Table 3 Results of Grid independence analysis

Grid schemes No. of elements T, (K) P AP (Pa) A
Coarse grids 6182795 336.7 0.18 128683 364
Fine grids 19320680 337.3 0.03 133550 041
Very fine grids 37162786 337.2 13300.8
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Table 4 Thermal-hydraulic performance index (i) for different Re;,

Rein 800 1000 1200 1400 1600

n 1.06 1.07 1.08 1.09 1.08
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Fig. 1 Geometric configuration of different designs (a) CD-MCHS, (b) CD-MPFHS, (C) PD-MCHS, (d) PD-
MPFHS, and (e) 3D view of full CD-MPFHS
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Fig. 6 Types of primary and secondary flow interactions in MPFHSs (a) Case 1, (b) Case 2, (c) Case 3 and
(d) Case 4
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Fig. 9 Comparison of Nusselt number at different Reynolds numbers (Re;,) and applied heat flux of 100 W/cm?
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