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As electronic devices become smaller, they need modern and efficient heat removal solutions. One such solution
is microchannel arrays, where the flow around the pin-fins improves heat transfer. However, there is still no
consensus on the best array configuration. This numerical study, therefore, focuses on the effect of pin-fins
geometry, spacing, and arrangement on performance. Pressure drop and flow characteristics were investigated
for 20 different inline and staggered layouts with circular or elliptical pin-fins. The results show that the diameter

of the pins has an influence on the strength of the vortices. Larger diameters lead to flow stabilisation and lower
pressure drop, while smaller diameters lead to stronger vortex shedding and higher pressure drop. In addition,
the flow is more stable when the pin-fins are staggered and closely spaced. This behaviour can be attributed to
the greater influence of the cross-sectional area than the meandering of the flow. Finally, the optimum perfor-
mance was attained using the S-Dx100-Dy40-Px200-Py120 case.

1. Introduction

The electronics industry growth continues with the improvement in
manufacturing techniques which provide a significant reduction in the
size of the components. Nevertheless, as nanoelectronics manufacturing
reaches new limits, the underlying problem of heat dissipation is
becoming more and more challenging. Operating temperature affects
the reliability of electronics, thus temperature related failures like
overheating, non-uniform temperature distribution, and hotspots are the
leading cause of the shortened life span of electronic chips and their
permanent damage [1,2].

In-chip interlayer cooling using microchannels has a compact
structure, is lightweight, can dissipate heat from hot spots preventing
local damage , making it an attractive thermal management method for
electronic chips [3]. Pin or plate finned microchannel heat sinks
enhance heat transfer even more compared to the plane microchannels
[2,4]. Obstructed geometry promotes boundary layer disruption,
moreover, it induces flow disturbances and vortex formation, which
enhance fluid mixing [3]. Furthermore, the increased surface-to-volume
ratio provides a larger heat transfer area. Williamson [5] and Zukauskas
[6] show, that flow around a cylinder is laminar and has a two-vortex
recirculation region till Re < 49. At 49 < Re < 140-194 the flow be-
comes unstable, mainly due to von Karman vortices. The vortex shed-
ding causes fluctuations in the aerodynamic and pressure field around
the obstacle and the heat transfer rate also fluctuates. An even higher Re
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number leads to a wake-transition regime and turbulence, which en-
hances heat transfer and also increases the pressure drop. The previous
studies have been complimented by Alfieri et al. [7], which investigated
the flow over the single row of pins. In general, more obstacles create
more possibilities for the flow to become unstable. In addition, some
experimental studies have concluded that flow in pin-finned micro-
channel experiences faster and more intense flow disturbances, de-
tachments, and vortices than flow in a circular pipe [8,9]. However,
while the Re number is well suited for comparing flows, it is not a clear
indicator of localised turbulence, which is actually caused not by inertial
forces, but by shear forces due to the flow’s interaction with the surfaces
that bound it [10].

Optimization of the microchannel heat sink performance can be done
with respect to the structural materials, flow conditions, coolants,
channel geometries. A number of numerical and experimental studies
have been conducted in order to optimize and enhance the removal of
heat from electronic devices as well as to reduce pressure drop. Several
researchers have attempted to improve the thermohydraulic character-
istics by changing pin—fin shape. Ambreen et al. [11] analysed the fin
shape impact on the heat transfer at the range of Reynolds number (Re)
250 < Re < 550 and used nano-fluids and water as a coolant. Their re-
sults showed that the configuration of circular cross-section fins gives
the highest thermal performance, while the hexagon and square fins
have lower thermal performance due to the earlier flow separation. In
another work, Ambreen et al. [12,13], again numerically found that
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Fig. 1. Physical model and computational domain.
Table 1
Specification of cases.
Layout Pin diameter, D, Longitudinal spacing, S, Transverse spacing, St, Number of pins in the longitudinal
[pm] [pm] [pm] direction
Circular  1-D100-Px200- Inline 100 200 200 50
Py200
1-D90-Px200-Py200 Inline 90 200 200 50
1-D110-Px200- Inline 110 200 200 50
Py200
1-D100-Px400- Inline 100 400 200 25
Py200
1-D100-Px200- Inline 100 200 300 50
Py300
S-D100-Px200- Staggered 100 200 200 50
Py200
S-D90-Px200- Staggered 90 200 200 50
Py200
S-D110-Px200- Staggered 110 200 200 50
Py200
S-D100-Px400- Staggered 100 400 200 25
Py200
S-D100-Px200- Staggered 100 200 300 50
Py300
Layout Pin diameter (x Pin diameter (y Longitudinal spacing, Transverse spacing, Number of pins in the
axis), D, [pm] axis), D, [pm] Sp, [pm] St, [pm] longitudinal direction
Elliptical ~ I-Dx100-Dy80- Inline 100 80 200 160 50
Px200-Py160
1-Dx100-Dy60- Inline 100 60 200 140 50
Px200-Py140
1-Dx100-Dy40- Inline 100 40 200 120 50
Px200-Py120
1-Dx100-Dy40- Inline 100 40 200 60 50
Px200-Py60
1-Dx80-Dy100- Inline 80 100 200 200 50
Px200-Py200
S-Dx100-Dy80- Staggered 100 80 200 160 50
Px200-Py160
S-Dx100-Dy60- Staggered 100 60 200 140 50
Px200-Py140
S-Dx100-Dy40- Staggered 100 40 200 120 50
Px200-Py120
S-Dx100-Dy40- Staggered 100 40 200 60 50
Px200-Py60
S-Dx80-Dy100- Staggered 80 100 200 200 50

Px200-Py200
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Table 2

Perimeter of pins to fluid area.
Case Relative surface area
D100-Px400-Py200 0.181
D100-Px200-Py300 0.263
Dx80-Dy100-Px200-Py200 0.312
D90-Px200-Py200 0.384
Dx100-Dy80-Px200-Py160 0.410
Dx100-Dy60-Px200-Py140 0.412
Dx100-Dy40-Px200-Py120 0.425
D100-Px200-Py200 0.479
D110-Px200-Py200 0.610
Dx100-Dy40-Px200-Py60 1

Table 3

Inlet velocity values for I-D100-Px200-
Py200 and S-D100-Px200-Py200

configurations.
Req Uinler [m/s]
15 0.08
30 0.17
45 0.25
60 0.33
75 0.42
920 0.5
105 0.58
120 0.67
135 0.75
150 0.83
165 0.90
180 1
195 1.08
210 1.17
225 1.25
240 1.33
255 1.41
270 1.5
285 1.58
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Fig. 2. Grid independence study (D100-Px200-Py200 case).

streamlined fins have the highest thermal performance as well as the
lowest pressure drop. The sharp-cornered pin—fin results in a wide wake,
which reduces convective heat transfer, while the streamlined pin-fin
diminishes wake width, thus enhancing heat transfer because of intense
mixing in the wake. Bahiraei et al. [14] carried out numerical research
on the effect of circular, triangular, and drop-shaped pin fins on heat
transfer. Results showed that the array with the circular fins has lower
thermal resistance as well as better efficiency than that with the trian-
gular or drop-shaped fins.

Different research groups have comprehensively explored circular
and square pin-fin arrays along with diamond [15,16,17,8,18], ellipse
[17,19,20], triangular [17,21,18], hexagon [21], pentagon [21], drop-
shape [20,8,18], NACA [20] cross-section shape of the pin-fins. The
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Fig. 3. Comparison of experimental data and numerical results.

sharp edge of the pin fin promotes heat transfer by the flow detachment
and induction of more intense turbulence and mixing, while the
streamlined pin-fins are aligned up with the flow and are anticipated to
have delayed boundary layer separation as well as reduced heat transfer.
Nonetheless, Sahiti et al. [20], Yang et al. [19], Izci et al. [18] and Wang
et al. [8] examined several significantly different pin—fin shapes, and
they all independently agreed that the streamlined pin—fin, whether it
may be elliptical, circular or drop-shaped in cross-section, has the best
performance compared with the sharp-edged pin-fin. Detailed studies
by Mohamed et al. [22] and Wang et al. [23] using different drop-shaped
pin—fin dimensions and having Reynolds numbers of 100,000 and
10,000, respectively, reported that variation in pin elongation affected
pressure drop more than heat transfer. Sakanova et al. [24] examined
streamlined pin-fin shapes like circular, cone, and hydrofoil with the
inlet velocity ranging from 0.01 m/s to 8 m/s. They concluded that the
highest heat transfer coefficient is achieved by the cone pin-fin array,
however, the lowest pressure drop can be achieved by the hydrofoil
because there is no flow separation.

Heat transfer and pressure drop characteristics depend not only on
the pin-fin shape but also on the layout. The array configuration
generally can be sorted into two types — inline and staggered. Moreover,
the longitudinal and transverse pin-fin spacing can vary. Xu et al. [25]
performed an experimental investigation that estimates the flow tran-
sition and hydraulic characteristics of various pin—fin shapes and layouts
in the range of Reynolds number of 5 < Re < 1010. They found that the
staggered pin-fin microchannels already have wavy flow even before
the transition to turbulence, therefore an abrupt pressure drop change
was not observed while increasing Re, regardless of the shape of the
pin—fin. On the contrary, the flow transition can be clearly identified by
the sharp change in the pressure drop slope for the inline pin-fin layout.
The same trends as in [25], but with respect to the heat transfer per-
formance, were reported by Qiu et al. [9]. As the Reynolds number in-
creases from 79.2 to almost 882.3, a transition point in the increase of
Nusselt (Nu) number occurs in the case of an inline layout. This is the
consequence of a thinner boundary layer and an evolving unsteady
Karman vortex street, which was not observed in the staggered array.
Reports made by Choudhary et al. [26], Yang et al. [19], Mohammadi
et al. [27] indicated that the staggered layout of pin-fin array shows
greater heat transfer performance along with higher pressure drop due
to frictional losses. However, in all these cases [19,27,26], longitudinal
and transverse pin spacing was the same, therefore the flow behind the
pin has twice as much space compared to the inline layout.

Furthermore, it was found that the magnitude of the flow velocity
fluctuations grows with increasing streamwise spacing as reported by
Ostanek et al. [28] considering Reynolds number between 3000 < Re <
20,000. Further research was conducted by Lawson et al. [29] deter-
mining the effect of pin spacing on thermohydraulic characteristics. The
ratio of spanwise spacing to diameter (S/D) varied from 2 to 4, while the
ratio of streamwise spacing to diameter (X/D) varied from 1.73 to 3.46.
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Fig. 4. Pressure drop for different circular pin-fin array configurations: (a) inline, (b) staggered.
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Fig. 5. Pressure drop for different elliptical pin-fin array configurations: (a) inline, (b) staggered.
Table 4 Table 5
Onset of flow instability in microchannels with circular pin-fins. Description of microchannel sections.

Uinter, [M/5] 0.17 0.33 0.5 0.67 0.83 1 1.17 1.33 1.5 Pin-fins (if 50 in total) Distance, mm

1-D100- - - - - 11 m I I I I - Beginning 1to 10 0.001 to 0.003
Px200- 1I - Middle 1 11 to 25 0.003 to 0.006
Py200 11 - Middle 2 26 to 40 0.006 to 0.009

1-D90- - - - I 11 o I I i IV - End 41 to 50 0.009 to 0.011
Px200-

Py200

1-D110- - - - - - v v 11 11 greater flow blockage. Some other researches confirm and complement

Exigg' previous studies. Jin et al. [30] numerically studied the impact of
y. . — . .

1-D100- B - I I I . I I I different shape staggered p.1n—ﬁn.s, such as circular, elhptl.c, oblon.g,
Px400- teardrop, and NACA, and investigated the effects of spacing, while
Py200 Reynolds number varied from 5000 to 30,000. The ratio X/D varied

1-D100- - - - 1 B 1 I I from 2.5 to 5, while the ratio S/D varied from 2 to 4. They concluded
Px200- that teardrop and NACA fins with X/D = 2.5 and S/D = 3 were the most
Py300 . . - - .

S-D100- B B B B v mom T I efficient. Kirsch et al. [31] experimentally investigated the staggered
Px200- layout of oblong pins having X/D ratio from 2.16 to 3.13 and S/D ratio
Py200 from 3 to 4.5 with Reynolds number either 40,000 or 60,000. Reduced

S'];gg(')o - - - 1t I LA 1 I streamwise spacings promote heat transfer, but in the staggered layout,
P;ZOO_ the flow characteristics may be altered as it would be suppressed and

S-D110- _ _ _ _ _ _ v I I wakes stabilized.

Px200- Prior experimental and numerical studies have documented the ef-
Py200 fect of pin—fin shape and array configuration on heat transfer at limited

S'];igg(') - - m I ! ! ! ! ! geometries, mostly drastically changing pin-fin shape. However, a
Py200 careful study of the streamlined fins effect on the flow structure and

S-D100- - - - I 11 I I I I hydraulic characteristics is missing. Furthermore, the unfading research
Px200- interest in pin array configuration suggests that both layout and spacing
Py300 may have a significant effect on performance. Although lesser stream-

wise spacing is more beneficial, most of the studies in the staggered
layout have investigated cases with equal or lower spanwise spacings. In
general, there are several key factors that determine the efficiency of
microchannels: the shape of the pin-fins, the layout, and the spacing. We
assume that circular and elliptical pin-fins are the most effective. The
effect of layout is ambiguous, but a larger longitudinal distance is more

They found that heat transfer was more dependent on streamwise than
on spanwise spacing. Additionally, the thermal performance increases
with decreasing spacings. However, the pressure drop increases simul-
taneously with a stronger dependence on spanwise spacing due to the
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likely to be advantageous than a transverse distance. This work dem-
onstrates a fairly comprehensive, but computationally time-efficient,
investigation and comparison of the hydraulic characteristics of 20
different flow cases. Unless the hydraulics is thoroughly investigated,
the heat transfer and transport, which depend mainly on it, cannot be
well understood. Hence, this paper presents a computational study of the
pressure drop and flow structure of microchannels, where the influence
of the shape and layout of the pin-fins is examined in depth.

2. Methodology
2.1. Physical model and computational domain

The considered physical model of a square microchannel is a 50x50
array of pin-fins (see Fig. 1), as in an experimental case investigated by
Renfer et al. [32]. The layout of the pin-fins was both inline and stag-
gered. The computational domain was simplified up to 2-rows of the pin-
fins in the streamwise direction implying a cyclic condition that reduces
computational time and saves computer resources. This paper assumes
that the effect on pressure drop of obstacles not included in the model is

negligibly small. This assumption does not preclude the demonstration
of a cost-effective methodology for comparing the performance of
micro-channel configurations, allowing for a more informed practical
decision. The pin—fin diameter (D), transverse spacing (St) and longi-
tudinal spacing (Sp), are 100 pm, 200 pm and 200 pm, respectively. The
height of the microchannel was 200 pm, but the considered computa-
tional domain is 2D, therefore the effect of the upper and lower walls is
not taken into account.

Several modified configurations with different longitudinal/trans-
verse spacing and pin diameter were considered in this paper. There are
two different categories of pin—fin geometrical shapes: circular and
elliptical. Each case is labelled, and the relative area ratio (perimeter of
pins over flow area) is calculated accordingly (see Table 1 and Table 2).

2.2. Governing equations, boundary conditions and numerical models

Simulations were performed in OpenFOAM software, using the un-
steady RANS (U-RANS) method. The flow inside the microchannel is
described by solving continuity and conservation of momentum
equations:
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Table 6
The onset of instability in a flow through microchannel with elliptical pin-fins.

Uinters [M/S] 0.17 033 05 067 083 1 1.17 133 15

1-Dx100- - - - - v m I I I
Dy80-
Px200-
Pyl60

1-Dx100- - - - - - m 1 I I
Dy60-
Px200-
Py140

1-Dx100- - - - - - - v v I
Dy40-
Px200-
Py120

I-Dx100- - - - - - - I I I
Dy40-
Px200-
Py60

1-Dx80- - - v 11 I I I I I
Dy100-
Px200-
Py200

S-Dx100- - - - - - - 1II 111 I
Dy80-
Px200-
Pyl60

S-Dx100- - - - - - - - 111 I
Dy60-
Px200-
Py140

S-Dx100- - - - - - - - - -
Dy40-
Px200-
Py120

S-Dx100- - - - - - - - - -
Dy40-
Px200-
Py60

S-Dx80- - - v 11 I I I I I
Dy100-
Px200-
Py200

ot
i 1
o 0 (€Y

§m+a% (75 + pu ) = ‘;;/ f% %+'ﬂ )
where: u- velocity, t — time, p — pressure,r — shear-rate tensor, f; —
external forces.

The k- SST turbulence model [33] was used to simulate the flow in a
pin—fin array as it has been validated as a proper model for complex
flows similar to our case [34,35,36,37,38,39,40], as the main focus and
objective of turbulence models is to give a “closure” to the RANS
equations. Fluid was assumed to be incompressible, isothermal, New-
tonian with constant physical properties. Velocity and pressure coupling
between momentum and continuity equations was governed by PIMPLE
algorithm. The second order linearUpwind scheme is used for the mo-
mentum discretization, and limitedLinear scheme is used for the tur-
bulence model equations. The Euler scheme was selected for temporal
discretization. The time step was automatically adjusted to maintain
Courant-Friedrichs-Lewy (CFL) number at an approximately constant
value of one. The 10> convergence criterion has been applied to the
computing all governing equations. Computing a single case at 160
GFLOPS (12 processors), depending on the number of Re, took about an
hour to half a day at most.

In the present numerical work as shown in Fig. 1, water at constant
temperature (289.15 K) enters the domain at a uniform inlet velocity,
which was determined by the Reynolds number to be consistent with
each experiment (relation of Req and ujn: can be seen in Table 3):
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u,D

Re; = o 3

where: v — kinematic viscosity, u, — mean velocity of the fluid between
pin-fins, which can be calculated as:
14

T H(S—D)N, “)

Uy,

where: H — channel height, S — pin spacing, N, — number of pins in a
cross-section normal to the flow direction.

All walls were treated as adiabatic with the no-slip condition, except
periodic boundaries. The outlet pressure was set to atmospheric
pressure.

2.3. Model validation and grid independence

In this study, a structured grid system with hexahedron elements was
employed to fulfil the complex microchannel configurations. Initial
simulations were performed to determine the grid resolution needed for
mesh-independence. y" values of <1 are achieved at all walls of the
microchannel in order to meet the requirements for wall approximation
and to resolve the flow up to the wall, for example, when Req = 195
average valueof the y™ was 0.58 and at Reg = 195 y" it reached 0.826.

Grid independence study was tested for I-D100-Px200-Py200 and S-
D100-Px200-Py200 cases, having Req = 45 and 150, respectively.
Several different grids (with an average cell size of 13-107% m, 10-107°
m, 810 °m, 6:10°m, 5-107® m and 4-10~° m) were used to determine
the dependence of the solution on the grid resolution, with 24620,
43060, 66900, 123912, 172,400 and 267,600 cells in a inline layout and
with 23180, 40814, 69600, 124252, 172,880 and 268,300 cells in a
staggered layout, respectively. Fig. 2 shows the convergence results in
terms of pressure drop. It can be seen that grid of 5107 m cells is
sufficient to obtain accurate and invariant pressure drop values, as there
is no significant change as with increasing grid. For example, the dif-
ference between 5-107® m and 4-107 m is <1 % and 0.24 % for stag-
gered layout with Reg = 150 and inline layout with Reg = 45. Therefore,
meshes with an average cell size of 5-10~® m were used for further
investigation.

A comparison of the experimental and simulated pressure drop re-
sults represents the validation for the accuracy of the modelled flow. The
pressure was probed along the fluid path before the first pin and after the
last, pressure ports were located in the cavity, so there may be some
pressure deviations as it is modelled differently than measured. The
results of I-D100-Px200-Py200 and S-D100-Px200-Py200 configurations
were compared with the experimental data of Renfer et al. [32]. Fig. 3
shows the evolution of the dependence of the pressure drop on Reg. The
agreement between the experimental data and the modelling results is
confirmed to be acceptable. The main difference comes from the
exclusion of the upper and lower walls, which resulted in a faster tran-
sition to turbulence, whereas in the experiment these walls stabilised the
flow. Furthermore, in contrast to the experiment, the pressure drop in
the staggered layout is higher than in the inline layout. This result can
also be explained by the 2D model. Taller channel results in a higher
pressure drop as well as increased wake shedding [41]. The deviation of
the inline array simulation results from experimental results has larger
than that of the staggered array; in the region 15 < Reg < 150, the de-
viations are 13 % and 7 %, respectively. In the further region (150 < Reyq
< 270 for inline and 150 < Rey < 285 for staggered), the deviations are
23 % and 10 %. The average deviation of pressure drop is a little bit
higher than 10 %. Consequently, the error between the experimental
and modelled data is considered acceptable, which means that the nu-
merical model of the present study is reliable. Also, further modelling of
different configurations will be represented by means of inlet velocity.
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Fig. 9. Streamlines of flow through Dy40-Py120 microchannels with the inline and staggered layout.

3. Results and discussion

This study evaluates the effect of pin diameter, transverse/longitu-
dinal spacing in arrays with different layouts, including circular and
elliptical fins, on hydraulic features. The results of pressure drop and
instability onset are presented to illustrate the influence of differences in
pin-fin arrays. Furthermore, the streamlines are shown to elaborate flow
characteristics.

3.1. Hydrodynamic characteristics

Fig. 4 and Fig. 5 show the pressure drops in microchannels with an
inline and staggered layout and with circle and ellipse shape pin-fins,
respectively. All cases presented show an increasing trend in pressure
drop with increasing inlet velocity value. Nonetheless, D100-Px200-
Py300 has the lowest pressure drop gradient, which can be associated
with the highest transverse spacing and one of the lowest heat dissipa-
tion area. Thus, the flow at larger transversal than the longitudinal
spacings becomes more like flow between two plates, where pressure
drop is lower. It can be noted that D100-Px400-Py200 also has a low
pressure drop, however, this is only the case when the layout is stag-
gered. In the case of inline layout, the drop is similar to the other cases.
Such behaviour can be associated with one of the fastest transitions to
turbulence.

Despite the fact that pin-fins with streamlined shape are considered
to be the most effective, the cases studied in this work show that ellip-
tical pin-fins are not always the most effective. Moderately narrower

transverse spacing between the pins results in a huge pressure drop (see
Fig. 5 Py60), which is lower even when the shape is non-streamlined
(Dx80-Dy100). For example, the pressure drop of Dx100-Dy40 with
Py60 is 10 times higher than Py120, whereas the surface area to volume
ratio of Py60 case is only 2.35 times higher. A notable reduction of
pressure drop can be attributed to a more stable flow, which reduces the
overall interaction between the fluid and pin-fins, which is also dimin-
ished by staggered layout.

The lowest pressure drops were achieved in elliptical Dx100-Dy40-
Py200-Py120 and circular D100-Px200-Py300 pin-fin configurations.
The former has an average pressure drop of 1.6 times that of the latter,
but also surface area-to-volume ratio of 1.68 times.

3.2. Occurrence of flow transition

This section highlights the fluid flow characteristics that depend on
the shape of the pin—fin, in terms of streamlines, velocity contours and
the onset of instability.

3.2.1. Effects of circular pin fins

Table 4 outlines the onset of flow instability. Roman numerals denote
sections of the channel (see Table 5), the region after all pins does not
count. In general, the onset of instability indicates whether or not the
recirculation zone is stagnant, in other words, whether or not vortex
shedding has started between the pins. As the flow becomes unsteady,
vortex shedding starts, which improves mixing but also increases the
pressure drop. A steady pair of vortices behind the pins indicates that the
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flow is laminar, but as the u;y, increases the flow loses stability. A vortex
street is formed when the Re reaches a critical value [42]. Therefore,
alternating symmetric vortex shedding occurs, which is a natural
instability in the transition from laminar to turbulent flow. An example
of region identification at ujpr = 0.83 m/s is shown in Fig. 6 and the
yellow lines indicate the location in the channel where vortex shedding
starts.

The diameter, spacing and layout of the array of the pins affected the
flow transition. It is related to vortex shedding, which causes transverse
velocity fluctuations. Larger diameter pins lead to a more stable flow, as
can be seen in Table 4. The widest, but also the shortest, double vortices
formed behind the pin fins in D110 case (See Fig. 7). The most relevant
research focuses on changing the spacing while keeping the diameter the
same, but in that case, the width of the wake remains the same and only
the length of double vortices changes [43]. Therefore, the slope of the
pressure drop is almost the same for different longitudinal spacing
[29,44].

D110 array has one of the highest effective heat transfer areas (see
Table 2) with larger vortices as the flow becomes unstable. Also, this
case has the lowest slope Ap, i.e., at low Red the pressure drop is highest,
but as ujyer increases, the pressure drop becomes lower than in other
cases. John et al. [45] concluded that an increase in cylinder diameter in
an inline array results in the increase of pressure drop. On the other
hand, their simulation results shows the same pressure trend in the
entire Re range studied (50 < Re < 500), which was conducted at steady-
state, while our results show a changing trend after the flow undergoes
vortex shedding. For example, for D90 case the pressure drop values
were lowest up to uiyer ~ 0.83 m/s, but after that the slope increased and
then for D110 case the pressure drop was the lowest. Even though
recirculation regions in Fig. 7 occupy a very similar area (only 2 %

5-Dx100-Dy80-P200-PY!
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10. Pressure drop dependence on ujy,: and configuration.

difference), the wider vortices downstream of the pin-fins are more
resistant to deflection towards the main flow, thereby causing a delayed
vortex shedding.

Both the wider transverse and longitudinal spacing between the pins
lead to an earlier transition to turbulence. Despite this, the pressure drop
is also lower, for example, in the cases with Py300 the pressure drop is
the lowest independently of the layout, while for Px400 is only lower in
the cases with the staggered layout. Additionally, all staggered layouts
require longer or at least the same path for transition to turbulence, as
well as lower pressure drop, compared to the corresponding inline lay-
outs. Consequently, more densely spaced and staggered arrays are more
effective.

Also, it can be stated that large periodic changes in the cross-
sectional area of the flow have a greater influence on the flow regime
than the meandering of the flow path. Thus, in inline layouts, the flow is
more unstable, while in staggered layouts entrainment of recirculation
zones in the main flow prevents the formation of stagnant vortices and
moderates pressure drops. For example, the onset of instability for D110
starts in section IV (see Table 4). Nonetheless, as can be seen in Fig. 8,
the flow becomes unstable at the 11-th row of pin-fins from the channel
end in the inline layout and only at the 6-th row in staggered. It may be
attributed to the greater acceleration of the fluid between adjacent pin-
fins in the inline layout, which promotes turbulence.

3.2.2. Effects of elliptical pin fins
Table 6 presents the onset of flow instability in an array of elliptical
pin-fins. A comparison of the transition to turbulence in circular and
elliptical pin—fin configurations (see Table 4 and Table 6), as expected,
confirms that the streamlined obstacles result in a more stable flow.
Fig. 9 clearly shows that in Dy40-Py120 case, vortices stay attached
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up to a relatively high inlet velocity value. As the ujy is further
increased, there is no obvious flow separation in the staggered layout up
tO Ujnter = 1 m/s, when very small vortices start to form. While the double
vortex wake forms closer to the inlet in the inline layout, where the
vortex shedding occurs at ujyer = 1.17 m/s. In contrast, vortex shedding
in the staggered layout does not occur over the entire range of e
investigated. This result confirms that changes in the cross-sectional
area of the flow promote turbulence, while changes in the direction of
the flow of the same cross-sectional area reduce the tendency for wakes
to be drawn into the main flow.

The least stable flow is in Dx80 case, it can be explained by the non-
streamlined shape, which causes separation effects and leads to better
mixing. It is not surprising that pressure drop, in this case, is one of the
highest, but Dx100-Dy40-Px200-Py60 surpasses it not only by a higher
pressure drop in both layouts but also by a more stable flow. Such high
pressure drop and flow stability in the case of Dx100-Dy40-Px200-Py60
are due to confined flow conditions, where local transverse pressure
gradients are weak compared to longitudinal ones. Therefore, the main
flow does not entrain stagnant vortices, persisting behind the pin-fins.
This confirms that the flow path has a great effect on the occurrence
of instabilities in microchannels.

3.3. Overall performance

The previous sections pressure drop and flow regime in different
microchannel configurations were discussed. Because both are impor-
tant for the performance of hypothesized microchannel, their proper
balance is a design optimization problem for the pin—fin array. Not every
elliptical pin—fin configuration was more efficient than the standard
circular pin-fin geometry due to the excessive pressure drop.

Fig. 10 illustrates the dependence of the pressure drop on uje for
every configuration considered. Cases are lined up by the effective
surface area to volume ratio, starting with the smallest from the left (I-
Dy40-Py60 is not shown because of the enormous pressure drop).
Comparing pairs of configurations with the different layouts shows that
the staggered layout generally has lower pressure drop as well as better
stability. It can be seen that the S-Dx100-Dy40-Px200-Py120 configu-
ration is the most efficient of those tested due to its stable flow and one
of the lowest pressure drops.

4. Conclusions

In this numerical research, the flow in the microchannel was
modelled. The hydrodynamic performance of 20 different inline and
staggered layouts with circular or elliptical pin-fins was examined and
compared. Pin-fin array parameters, such as transverse and longitudinal
spacing, diameter and arrangement, affected the flow regime and
pressure drop. The findings of this study can be summarized as follows:

o The diameter of the pin-fins affects the strength of vortices formed
behind them. The larger diameter results in wider and more stable
wakes, reducing the slope of Ap at higher ;. Smaller diameter pins
create long and narrow vortex pairs which get stronger shedding and
the flow is less stable.

e A shorter spacing generally results in a higher pressure drop.

Nonetheless, a narrower transverse spacing should be considered,

because, besides a larger surface area to volume ratio, it stabilizes the

flow.

Flow is less stable in arrays with an inline layout. This is attributed to

changes in the cross-sectional area, which has a greater influence

than flow diversions.

e Of all the configurations investigated, the S-Dx100-Dy40-Px200-
Py120 case was discovered as the best set of parameters for the
microchannels. Its vorticity is very low and the pressure drop is one
of the lowest.
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