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Abstract: Improving the thermal efficiency in plate fin heat sinks (PFHS) results in a reduction in the weight, volume,
and cost of the heat sink. This also ensures the long life and reliable operation of the cooled equipment. In this study, the
performances of triangular ribbed PFHSs, which are formed by placing a staggered array of triangular ribs between plate fins,
were numerically investigated. Pressure drop, base plate temperature, and entropy generation are used for performance
comparisons. Numerical heat transfer and flow analysis were performed in three-dimensional models with the help of the
Ansys Fluent program, which uses the finite volume method with incompressible, turbulent flow and conjugate heat transfer
assumptions. The design parameters were determined as inlet velocity between 3 m/s and 9 m/s, the number of plate fins
9, 12 and |5, plate fin heights 10 mm and 30 mm, and triangular rib heights 0. mm and 0.3 mm. As a result, the heat sink
base plate temperature decreases with the increase of velocity, fin height, number of plate fins and triangular rib height, lower
pressure drop values were obtained in the case of H,;, = 0.1 mm as compared to the unribbed case. If the design with the
least entropy generation is desired as the optimum design, there is a 10.64% increase in the base plate temperature and a
significant decrease in the pressure drop (220.88 Pa to 7.512 Pa). In this case, since the fin length is H = 30 mm, the volume
and weight of the heat sink also increase.

Keywords: heat sink, plate fin, triangular rib, entropy generation, base plate temperature, pressure drop, thermal resistance.

...................................................................................................................................................................................................

1. Introduction

Efficient heat removal in heat sinks is very important for
compact design, effective energy use, safe operation, and
long operating life of the cooled equipment. In heat sinks,
the thermal efficiency can be increased in two ways as
active and passive methods. The passive method is fre-
quently used because it improves thermal efficiency with-
out the need for additional energy. The thermal hydraulic
efficiency of heat sinks depends on the heat transfer and
pressure drop, and many different methods are used to
compare the thermal hydraulic efficiency. The entropy
generation minimization method proposed by Bejan [1]
is one of the most popular methods for comparing the
efficiency of heat sinks. Thus, heat transfer and pressure
drop are evaluated together.

Plate finned heat sinks are frequently preferred in cool-
ing applications due to their simple structure and easy
production. Since PFHSs cause laminar flow, they do not
provide the desired improvement in heat transfer and are
insufficient in applications where low volume cooling is
required [2]. Therefore, different geometries, design con-

ditions, and dimensions have been studied by research-
ers to increase thermal hydraulic efficiency in PFHSs. Yu
et al. [3] added pin fins between the plate fins in their
PFHS and obtained approximately 30% less thermal re-
sistance with the new type heat sink at the same velocity
compared to the PFHS. In addition, Yuan et al. [4], Yamag
and Koca [5] improved heat transfer by using plate fin
and pin fin together in heat sinks.

Ayli et al. [6] investigated the heat transfer characteris-
tics numerically and experimentally by placing the plate
fin structure perpendicular to the flow in the square
section channel. Inci and Bayer [7] numerically investi-
gated the effect of using plate fins, square and circular
pin fins on heat transfer in heat sinks. Gupta et al. [8]
investigated the heat transfer and flow characteristics
by pitting the plate fin surfaces in PFHSs. The study was
carried out for cases where the Reynolds number varies
between 6800 and 15200. As a result, they found that the
dimpled PFHSs have higher heat transfer, friction factor,
and fin efficiency than the PFHSs. Shaeri and Yaghoubi
[9] increased the thermal efficiency of PFHSs by drilling
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square holes in the direction of flow. The Reynolds num-
ber ranges from 100 to 350. The number of square holes
varied from 1 to 8. As a result, they found that the heat
transfer was improved with the use of square holes, the
weight of the heat sink was reduced, and the 8-hole PFHS
had 35% fin effectiveness for the Reynolds number of 350.

Ahmed and Ahmed [10] numerically investigated the
heat transfer characteristics of microchannel heat sinks
with triangular, trapezoidal, and rectangular grooves
and determined the optimum thermal design parame-
ters. As a result, they found that the trapezoidal groove
provided 51.59% improvement in Nusselt number and
2.35% increase in friction factor. Ahmed [11] numerical-
ly investigated the optimization of the thermal design of
ribbed plate fin heat sinks. It was determined that the
thermal efficiency with the use of ribs was 1.55 times
higher than that of the flat plate fin, and it was stated
that this improvement decreased as the number of ribs
increased. The use of rib at the same thermal efficiency
resulted in a 69.65% reduction in pumping power. Khud-
hur et al. [12] investigated the heat transfer characteris-
tics by experimental and numerical methods by applying
the process of adding and removing protrusions in plate
fin heat sinks. The Reynolds number ranges from 6300 to
35120. It was stated that the heat sinks with protrusion
insertion and subtraction are more effective in dissipat-
ing heat than the flat plate finned heat sinks.

Li et al. [13] used delta fin vortex generators to improve
heat transfer in a plate fin heat sink. The experimental
and numerical work is modeled for the cross-flow state
in the channel. The distance between the trailing edges
of the vortex generators, the distance between each vor-
tex generator and the heat sink, the angle of attack of the
vortex generators, and the height and arrangement of the
vortex generators are considered as design parameters.
In order to optimize the thermal resistance and pressure
difference, the angle of attack of the vortex generator is
30°. As a result, it has been determined that the improve-
ment in heat transfer is greater and the increase in pres-
sure drop is less with the use of a vortex generator at low
Reynolds numbers. Huang and Tung [14] investigated the
optimum design of the deformed wave heat sink numer-
ically and experimentally. In optimization problems, the
objective function is the minimization of the heat sink
base plate temperature and constant volume is assumed
as a constraint. As a result, the deformed wavy heat sinks
with the optimization studies were compared with the
flat plate fin heat sinks, and a reduction in the base plate
temperature of the heat sink between 8.78% and 1.35%
was obtained. Experimental studies were carried out to
verify the numerical results obtained. Bouchenafa and
Mohammed [15] numerically investigated the thermal
hydraulic efficiency of wavy plate fin heat sinks. The
wave numbers and the amplitude of the waves were de-
termined as the operating parameters and the obtained
results were compared with the plate fin heat sinks. The
lowest thermal resistance was obtained at the highest
values of wave number and amplitude (5 mm and 4 mm,
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respectively).

In this study, the performances of the triangular ribbed
PFHSs created by placing the triangular ribs with a stag-
gered arrangement between the PFHSs were numerically
investigated. Pressure drop, base plate temperature, and
entropy generation are used for performance compari-
sons. Numerical heat transfer and flow analysis were per-
formed with the help of the Ansys Fluent program using
the finite volume method. The studied design parame-
ters and ranges were inlet velocity (from 3 m/s to 9 m/s),
number of plate fins (9, 12 and 15), plate fin height (10
mm and 30 mm), and triangular rib height (0.1 mm and
0.3 mm).

2. Material and Method

Schematic diagrams of PFHS and triangular ribbed PFHS
are shown in Figure 1. For the triangular ribbed PFHS,
4 equilateral triangle type rib with a staggered arrange-
ment is placed on plate fins in the flow direction.

The solution domain and geometric dimensions for
PFHS and triangular ribbed PFHS are shown in Figure 2.
In order to save computation time, the solution domain
is defined where the number of plate fin is N¢;, = 1. The
geometric and operating parameters of the heat sinks are
listed in Table 1. Air is used as the working fluid and it

(b)

Figure 1. Schematic diagram of (a) PFHS (b) triangular ribbed PFHS
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approaches the heat sink at an inlet velocity of V;;,. The
material of the heat sinks is aluminum. The solution do-
main consists of two zones (solid and fluid), fluid zone
consists of three sections, namely inlet, test and exit.
Temperature and pressure drop measurements are done
at the entrance and exit of the test zone. The test zone is
100 mm long and centered on the heat sink. The Carte-
sian coordinate system was used to describe heat and flu-
id flow. The thermo-physical properties of air and alumi-
num were assumed to be constant and were taken from
Incropera [16].

2.1. Conservation Equations:

Continuity, momentum, energy and turbulence equa-
tions are the governing equations in numerical heat and
flow calculations. Heat and flow studies were performed
using three-dimensional models, assuming incompress-
ible, turbulent flow and conjugate heat transfer. Continu-
ity, momentum and energy equations in Cartesian coor-
dinates are given below ([17], [18])

Continuity Equation:

a—Xi(ui) =0 1)

Momentum Equation:

du; ap N a et 1) du;
Pair 1 dx;  0x;  0x; i 0x; 2)
Energy Equation:
aT a ( u N ,ut) a7
Pair Uj dx;  0x; |\Pr  Pr,) 0x; 3)

Renormalization Group (RNG) k-e¢ turbulence model
with enhanced wall treatment is used in this study, de-

1

rib

Fp_‘ J_I'ﬁn /2

_”6.4 13.2 4 13.2 #' 13.2 4‘6.6#

Outlet

H fin

Inlct//

Figure 2. Solution domain and dimensions of (a) PFHS (b) triangular
ribbed PFHS (all dimensions are in millimeters)
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tailed formulations are given in [19].

2.2. Data Analysis
The thermal resistance R,, of the heat sink is calculated

by the formula:
R AT
th =
¢ 4)

Q is the heat transfer. AT is the temperature difference,
it is defined as the difference between the heat sink base
plate temperature and the inlet temperature:

AT = (Tyase — Tin) (5)

Reynolds number is defined as:
Vin dh

Red_h =

(6)

v is the kinematic viscosity of air. d}, is the hydraulic di-
ameter of the wind tunnel and

2CHCB
" CH+CB @)
Inlet velocity is
V_'flow Vi”
Vin = A—
channel (8)
v}low is the volumetric flow rate, Acpannet is the cross-sec-

tional area of the wind tunnel, Afron¢ is the frontal area
of the fins
Achannet = CH CB

Afront =NH tfin

)

(10)
AP is the difference between the pressure values mea-
sured at the inlet and outlet of the heat sink. The entropy
generation rate in heat sinks is calculated using the Be-
jan’s [1] formula as follows:

Table 1. Geometric and operating parameters of the heat sink in this
study

Parameter Symbol  Unit Range/Value
Fin length L mm 52.8
Fin height Hrin mm 10and 30
Fin width B mm 52.8
Number of fins N - 9,12and 15
Pitch between plate fins E mm 4.913,3.164 and

P 2.164

Fin thickness trin mm 15
Base plate thickness of heat s mm 15
sink
Rib height H,p mm 0.1and 0.3
Height of channel CH mm 10and 30
Width of channel CB mm 52.8
Heat load Q W 10
Inlet velocity Vi m/s 3,5,7,9
Inlet temperature 1n °C 213
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5: _ QZ Rth AP Vﬂaw

gen — 2
Tin Tin

(11)
2.3. Numerical Method and Boundary Conditions:
Ansys Workbench program is used to create the three-di-
mensional geometric models and mesh of heat sinks and
to perform their numerical analysis. Geometric models
are created with Ansys Design Modeler, geometric mod-
els are meshed with Ansys Mesher and numerical analy-
sis are done with Ansys Fluent which uses the finite vol-
ume method. The second-order upwind scheme is used
in the numerical analysis of the conservation and turbu-
lence equations. The COUPLED algorithm was chosen
for velocity and pressure coupling because of its fast con-
vergence. The convergence criterion is set to be less than
107° for the continuity, momentum, and turbulence
equations and less than 10~? for the energy equation.

For the mesh structure, hexahedral elements were used
in the entrance, exit and wall sections, and tetrahedral
elements were used in the test section. In addition, the
mesh structure near the wall surface has been tightened
so that the y+ value is kept between 1 and 5. The mesh of
the triangular ribbed PFHS is shown in Figure 3.

The boundary surfaces of PFHS and triangular ribbed
PFHS are marked in Figure 4, and the boundary condi-
tions are summarized in Table 2 with mathematical ex-
pressions.

2.4. Mesh Independency

For the accuracy of the numerical results obtained, the
mesh of the numerical models should be checked. In
addition, a sufficient number of elements should be se-
lected in terms of computation time and cost. For this
reason, the mesh independence study for 4 different ele-
ment numbers on the numerical model of PFHS used in
the validation studies was performed for Reg, = 14006
. The variation of thermal resistance and pressure drop
with the number of elements is shown in Figure 5. For the
mesh with the last two element numbers, the deviations

Ollﬂy(

Adiabatic Wall

Periodic Flow

Periodic Wall

Heated Base Plate

hllet/(

\ Periodic Flow

Figure 4. Boundary conditions for triangular ribbed PFHS
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are around 0.95% for the thermal resistance and 0.98%
for the pressure drop. In order to save computation time,
the third mesh with the number of elements 2.09E+6 is
used in this study.

2.5. Validation Study

Experimental data obtained in terms of thermal resis-
tance and pressure drop in Jonsson and Moshfegh’s [20]
PFHSs work were used to validate the numerical studies.
Comparison results are shown in Figure 6 for thermal re-
sistance (R¢p,) vs. Reynolds number (Reg, ), in Figure 7
for pressure drop (AP) vs. Reynolds number (Reg, ). As
can be seen from the results, the current numerical study
results agree with the experimental data, there is a devia-
tion between 6.66% and 12.46% in the thermal resistance
and between 0.39% and 12.4% in the pressure drop, ac-
cording to the experimental data.

3. Results and Discussions

In this study, performance comparisons are done for
PFHS and triangular ribbed PFHS where the inlet veloc-
ity varies between 3 m/s and 9 m/s, the number of plate
fins is 9, 12 and 15 (the pitch between plate fins corre-
sponds to 4.913 mm / 3.164 mm / 2.164 mm), the height
of the fin is 10 mm and 30 mm, the height of the rib is
0.1 mm and 0.3 mm. The pressure drop, base plate tem-
perature and entropy generation values between the test
zone inlet and outlet of the heat sink were selected for
performance comparisons.

3.1. The effect of the studied parameters on the pres-
sure drop (AP):

The variation of pressure drop (AP) with inlet velocity (V;;,
)isshown in Figure 8 for the studied parameters. For PFHS
and triangular ribbed PFHS, the pressure drop increases
with the increasing inlet velocity. The pressure drop de-
creases with the increasing fin pitch between fins (F,) (or
decreasing the number of fins). Rib height is important,
as ribs disturb thermal boundary layer development, re-
sulting in improved heat transfer. At the same values of
Fp, regardless of H = 10 mm or H = 30 mm, if the rib
height is H,;;, = 0.1 mm, the pressure drop is lower as
compared to PFHS. However, the highest pressure drop
value is reached at the same F, when H,;, = 0.3 mm.
The maximum pressure drop value was obtained when

H =10 mm,F, = 2.164 mm,N = 15, H,;;, = 0.3 mm. It

Figure 3. Mesh of the triangular ribbed PFHS (shown around the test
section)
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Table 2. Boundary Conditions

Body / Surface Boundary Condition Type Explanation Mathematical Expression
- The velocity and temperature distributions are Uu=Vp,v=0w=0
Inlet velocity-inlet :
uniform and constant. Ty, = 21.3°C
The outlet pressure is equal to the atmospheric P = Papm
Outlet pressure-outlet pressure, the velocity and temperature gra- u_ov_ow _ 9T _
dients in the x direction are equal to zero. ax  dx  dx  ax
Uz=Fp) = U(z=0)
Itis assumed that fluid velocities and tempera- V(z=pp) = VY(z=0)
Periodic flow periodic
tures atthe z=0and z=F, surfaces are equal. Wiz=p,) = Wz=0)
Tz=r,) = T(z=0)
Non-slip boundary condition and constant —0v=0w=0
Heated Base | heat flux are applied. Heat flux is obtained by u=ov= ’WV;
wa .
Plate dividing @ = 10 W by the base surface area of q" = 3587 po
the heat sink (52.8 mm x 52.8 mm).
Non-slip boundary condition is applied, it is u=0v=0w=0
Adiabatic wall wall assumed that the wind tunnel is well insulated 6_’1‘ _ 6_T_ 6_T -0
and there is no heat loss to the outside. ax Ay 9z
Itis assumed that wall temperatures at the u=0v=0w=0
Periodic wall periodic T -7
z =0andz = F, surfaces are equal. wall(z=F,) = lwall,(z=0)
i i i 0Ty aT;
PEHS colpled Conjugate heat traqsfer is apphgd between the k.. oair _ X hs
heat sink and the air. ar - an S on

Table 3. Geometric and operating parameters of the heat sink in the validation study

Parameter Symbol Unit Range/Value
Fin length L mm 52.8
Fin height Hpip mm 10
Fin width B mm 52.8
Number of fins N - 9
Pitch between plate fins E, mm 5
Fin thickness trin mm 15
Height of channel CH mm 10
Width of channel CB mm 63
Frontal area Afront cm? 1.4
Heat load Q W 10
Reynolds number Reg, 2699, 5544, 7518, 11465, 14006
Inlet velocity Vin m/s 3.76,5.10,7.78,9.51
Inlet temperature I € 213

is seen that the pressure drop decreases with the increase
in the fin height.

3.2. The effect of the studied parameters on the base
plate temperature of the heat sink (Tpqge)

In Figure 9, heat sink base plate temperature (Tpg50) VS.
inlet velocity (V};,) variation is given for the studied pa-
rameters. As the inlet velocity increases, the heat sink

European Mechanical Science (2023), 7(2): 99-108

base plate temperature decreases. As the fin height (/) in-
creases from 10 mm to 30 mm, T}, <, generally decreases,
and T} 450 decreases by 34% at F, = 4.913 mm,N =9
for PFHS. The highest base plate temperatures were
obtained for the same F, and V;;, values in the PFHSs.
Thase decreases as the fin height and the number of

https://doi.org/10.26701/ems.1276575 @
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Figure 5. Element number vs. (a) thermal resistance, R;,;, (b) pressure drop, AP
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Figure 6. A validation study, thermal resistance (R¢j,) vs. Reynolds

number (Redn)

fins increase. For F, = 2.164 mm and N = 15, increas-
ing the rib height decreases Tpase slightly. In addition,
increasing the fin height provides a decrease between
5% and 15% in Ty,s for the studied Vin values where
E, =2.164mmveN = 15,

3.3. The effect of the studied parameters on the entro-
py generation (S .,,) :

The variation of entropy generation (s'gen) with in-
let velocity (v;,) is illustrated for the studied pa-
rameters in Figure 10. In order to obtain meaning-
ful graphics on the figures, the cases are discussed
at the same values of F,and N- In general, Sy, in-
creases as the velocity increases. The lowest base plate
temperature is obtained as T, ., =22.053°C when
H=30mm,FE, =2164mm,N = 15, H,; = 03mm,V,;, =9m/s.

@ European Mechanical Science (2023), 7(2): 99-108
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Figure 7. A validation study, pressure drop (AP) vs. Reynolds number
(Redh)

In this case, the pressure drop value is AP = 220.88 Pa
and the entropy generation value reached the high-
est value (S;., =0,01078 W/K). The lowest entro-
py generation is obtained as Sgen = 0,000479 W/K at
H =30mm,F, =4913mm,N = 9,H,y = 0.1 mm,V;;, =3 m/s, In
this case, the base plate temperature is Tpase = 24.401 °C
and the pressure drop is AP = 7.512 Pa. This value leads
to 10.64% increase in the base plate temperature com-
pared to the design at the lowest base plate temperature.
However, the pressure drop values decreases significant-
ly from 220.88 Pa to 7.512 Pa, which significantly reduces
the pressure drop effects in entropy generation. If a slight
increase in base plate temperature is acceptable for the
design with the least entropy generation, there will be
a significant reduction in pressure drop and hence fan
power.
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0

(a)

AP [Pa]
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(%]
n
-1
o
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Fp=2.164,N =15, Hrib=10.3

—-Fp=2.164,N = 15, PFHS
130 =< Fp=2.164,N =15, Hrib=0.1
~-Fp = 3.164,N = 12, Hrib = 0.3
0o Fp =3.164,N = 12, PFIS
=< Fp=3.164,N=12, Hrib=0.1
~-Fp=4.913,N =9, Hrib=0.3
50 ~~Fp =4.913, N =9, PFHS
3 /// =< Fp=4.913,N=9, Hrib=0.1

(b)

AP [Pa]

Fas

Figure 8. Pressure drop (AP) vs. inlet velocity (Vin) (a) H = 10 mm () H = 30 mm

4. Conclusions o The pressure drop value decreases when
H,, = 0.1mm as  compared to  PFHS.
Performance comparisons for various parameters (inlet The pressure drop value is maximum for
velocity, number of plate fins/pitch between fins, plate fin H =10 mm, F, = 2.164 mm,N = 15, H,, = 0.3 mm.
height, rib height) in PFHSs and triangular ribbed PFHSs
were made in terms of pressure drop, base plate tempera- + As the inlet velocity increases, the heat sink base
ture and entropy generation values. The following results plate temperature decreases as expected. The high-
were obtained: est heat sink base plate temperature is obtained
in the PFHSs. The heat sink base plate tempera-
o It has been determined that the pressure drop de- ture has the lowest value as Thqse = 22,053 °C where
creases with the increase in the pitch between plate H =30 mm, F, = 2.164 mm,N = 15,H,;;, = 0.3 mm,V;,, = 9m/s
fins (F;) (or the decrease in the number of fins) and . In this case, pressure drop and entropy generation
the pressure drop increases with the increase in the values reach the maximum values as AP = 220.88 Pa
inlet velocity. and Sye, = 0.01078 W/K, respectively.
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Figure 9. Heat sink base plate temperature (T},,5,) Vs. inlet velocity (v,,) (@) H = 10 mm (b) H = 30 mm

o The lowest value of entropy genera- AP Pressure drop Pa
tion is  Sgen = 0,000479W/K, in this case . '
H =30mm,E, = 4913 mm,N = 9,H,y, = 0.1 mm,V,, =3m/s 5, Pitch between plate fins mm
Al.so, Thase = 24,401 °C and AP = 7,‘512 Pa are.ob— Hyy Rib height m
tained. The base plate temperature is 10.64% high-
er than the lowest possible base plate temperature Hei Fin height mm
value. However, there is a significant decrease in AP . hermal conductivit WK
uctavr -
(from 220.88 Pa to 7.512 Pa). Y
L Fin length mm
If the design with the least entropy generation is accept-
. . . . . N Number of fins -
ed as the optimum design, there will be a slight increase
in the base plate temperature while there is a significant Ren Thermal resistance W /K
decrease in the pressure drop and hence the fan power.
As a disadvantage, since the fin height is H = 30 mm, the Sgen Entropy generation W /K
volume and weight of the heat sink increase.
Lys Heat sink base plate thickness mm
SymbO'.S Lrin Fin thickness mm
A Area cm?
Tin Inlet temperature °C
B Fin width mm
CB Width of channel mm Vin Inlet velocity m/s
CcH Height of channel mm Vflow Volumetric flow rate m?/s
d Hydraulic di t
" yarattic dlameter i Pr Prandtl number -
AT Temperature difference K Q Heat load W
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Figure 10. Entropy generation (Sgen) with inlet velocity (V;,,) (@) F, = 2.164 mm, N = 15 (b) E, = 3.164 mm,N = 12 (c)
F,=4913mm,N =9

European Mechanical Science (2023), 7(2): 99-108 https://doi.org/10.26701/ems.1276575 @



The effect of the triangular rib usage in the plate fin heat sinks on the pressure drop, base plate temperature, and entropy generation

q a Heat flux W/m?
Regy, Reynolds number -
y + Dimensionless wall distance -
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