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Abstract

In the digital age, fins are often used as effective elements for heat transfer enhancement, extending the life and efficiency of
devices while achieving superior thermal management and high performance. Understanding forced convection through fins
provides valuable insights for optimizing heat management in many industries such as aviation, heat exchangers, electronic
equipment, IC engines, and underground mine ventilation system applications. The current research focuses on the flow and
heat transfer characteristics of Pin-Fin using CFD and theoretical approach. A pin fin model for forced convection has been
designed and held horizontally inside the rectangular duct in this investigation. The pin fin is made of Brass and measures
1.2 cm in diameter and 12 cm in length. The Fin is enclosed by a 15cm x 10cm x 100cm rectangular duct. The objective of this
research work is to make a comparison of the heat transfer coefficient, fin efficiency, and efficacy at various Reynolds numbers
to analytical values. ANSYS Geometry is used to create the three-dimensional model, which is then meshed by ANSYS Mesh. The
CFEX solver is used to obtain CFD results. The outcome of the CFD simulation is in good agreement with analytical approach.
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1.0 Introduction

Thermal management is becoming an increasingly
significant feature of electronic product design as heat
dissipation from microelectronics devices increase'.
Excess heat from the device must be transmitted to the
environment in order to attain the desired component
temperature. Heat transfer can be improved in a variety
of different ways, including through the use of active,
passive, and compound augmentation approaches. For
active methods, some kind of power from outside the
system is needed, usually from the fluid moving through
the heat exchanger to the wall. If the power comes
from the flow of the fluid itself, it is possible to use the
instability of the flow to make the heat transfer coefficient
higher. Passive enhancements do not need any external
power to function. Passive enhancing methods include
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treated, rough, extended, displaced, swirl flow, coiled
tubes, surface tension, and fluid additives. Compound
enhancement is when two or more of these approaches
are used together to improve heat transfer more than
when used individually’. Numerous studies have already
established that fins are a thermal management method
that increases the available surface area and hence the
total heat dissipation.

Pin-fins fitted on a heat exchanger surface can increase
the heat transfer surface area and induce turbulent
flow mixing, enhancing heat transfer performance and
prolonging the life of the device® . Finned surfaces are
used to cool electronic components, thermal power
plant components, cooling towers, IC engines, and
R&AC evaporators and condensers’. Finned pins
improve heat transfer by 85% and effectiveness by 61%?®.
Steady-state heat transfer from pin-fin arrays has been
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experimentally studied for staggered and in-line layouts.
The Nusselt number’s (in both directions) dependences
on the Reynolds number and pin-fin pitch have been
computed®. A finned surface is fitted to a rectangular duct
that uses air as the working fluid at 45 °C. Depending on
the hydraulic diameter, the Reynolds number (3700 to
30000) was chosen as the variables. With the staggered
array, a 33 percent increase in heat transfer at constant
pumping power was accomplished’. A transitional
airflow in a rectangular channel with staggered arrays
of short pin fins was investigated experimentally.
Researchers calculate transitional flow friction factors,
average Nusselt numbers, and thermal performance.
Pin fins enhance heat transfer'. The researcher found an
experimental model for forced convection pin fin heat
sinks. CFD simulations validated empirical data and
correlations for thermal resistance and heat transfer in
circular pin fin arrays. CFD analyses design parameters
including height diameter and pin-fin spacing!. The Pin
fins, according to the author, are useful for enhancing
heat transmission while retaining a reasonable level of
performance’.
One-dimensional heat transfer problems that
can be approached using several techniques were
discussed. The approximate solution was verified using
an analytical approach based on direct solutions of
differential equations. The insulated fin tip was used in
this investigation'?. Computerized numerical analysis of
air flow and heat transfer in a lightweight vehicle engine
with three pin fin morphologies is presented'. Shape,
spacing, height, base thickness, material type, and surface
fins affect fin selection. Heat transfer and pressure drop
channels with circular extended surface have been studied
extensively. Heat transfer rises with airflow. The heat
transfer coeflicient increases as the velocity of air increases
because the fin spends less time in contact with the air,
resulting in reduced real heat transfer and fin efficiency in
forced convection'. The study examines the heat transfer
performance of a heat sink at 308K, 323K, 338K, 353K,
and 368K. Thermal resistance was affected by porosity
between 0.524 and 0.960. The heat transfer coefficient
rises when the heat sink and ambient temperatures differ'.
Chamoli S. et al. used Computational Fluid Dynamics
to study heat transfer and friction loss in a horizontal
rectangular channel with circular profile fins 5cm height
and 2cm diameter attached to one heated surface. The
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Reynolds number ranged from 5000 to 30,000 based on
the flow averaged inlet velocity and hydraulic diameter
are considered. The Reynolds number, fin arrangement,
and fin pitch are numerical parameters for the
analysis'®.

Experiments were conducted to verify the fluid flow
and heat transfer properties of a fin array with lateral
circular holes and its outside dimensionally equivalent
solid fin arrays. The purpose of these experiments
was to find a solution to a problem involving natural
convection. ANSYS 12.0 fluid flow (CFX) has been
used". This research investigates pin fin convective heat
transfer in natural and forced modes. The cylindrical
pin fin was used in the pin fin apparatus experiment.
During both forms of convective heat transfer, the
fluctuations in several parameters were observed. This
research aided in the comparison of natural and forced
convective heat transfer through pin fins'®. PhD Thesis
of Andrew Gordon Watson has demonstrated the nature
and magnitude of the contribution of conveyed coal to
the total underground heat load. Heat transfer through
broken coal is examined and this article describes a duct-
based conveyor model for the underground mines®.
Computational fluid dynamics is one of the major tools
used to study the air-flow distribution required for
adequate ventilation of underground mining*?'. The
convective heat transfer coefficient of ventilation air in
a potash mine is evaluated in the article by de Felipe*.
Sources of heat linked to mining operations are discussed
by Wagner®. Underground mines often have ventilation
systems to provide fresh air and remove pollutants. This
existing airflow can be leveraged for forced convection
cooling. Understanding forced convection through
fins provides valuable insights for optimizing heat
management in underground mining applications. We
observed that heat dissipation and thermal management
approaches are continually in demand in industries such
as aviation, heat exchangers, electronic equipment, IC
engines, underground mining and so on, after completing
a thorough literature review. Numerous research has
shown that extended surfaces or fins can be used effectively
and widely in a variety of scenarios. The coefficients of
convective heat transfer, the temperature of the system
and the working fluid, wetted surface area of the extended
surfaces are factors that have an impact on the rate of heat
transfer.
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This study investigates flowing fluid convective
heat transfer coeflicients using 3D steady RANS CFD
simulations of forced convective heat transfer for a 1.2
cm-diameter, 12-cm-long brass fin held horizontally
inside a 15cmX10cmX100cm rectangular duct.

2.0 Methodology

In this research work we have carried out both analytical
and CFD approach to analyse the Pin Fin heat transfer
performance under forced convection heat transfer.

2.1 Analytical Approach

A straight circular fin protrudes from a wall surface shown
in Figure 1. Let the wall surface be at temperature T,
which is higher than the surrounding air temperatureT .
The fin is cooled along its surface by the ambient air at
a temperatureT . The fin has a uniform cross-sectional
area A, perimeter P, length L and thickness 2,. Spin
with circular profile has diameter d. The heat transfer
coeflicient between the surface of the fin and the fluid is h.

For the analysis of heat flow through the fin the
following assumptions are made:

(a) The fin material is homogeneous and isotropic;
hence the thermal conductivity of the fin material is
uniform.

(b) The temperature at any cross-section of the fin
is uniform i.e. T= T (x) only. In other words, the heat
conduction is one- dimensional.

(c) The heat transfer coefficient h is uniform over the
entire surface.

(d) There is no heat generation.

Pin Fin Profile*.

Figure 1.
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(e) Contact thermal resistance is negligible.

(f) Radiation is negligible.

(g) The heat conduction is steady state.

An infinitesimal fin or spine element of length dx at

x from the wall base. Under steady state conditions, heat
flow into and out of the element is equal. In other words,

Heat conducted at x = Heat conducted at (x + dx)
+Heat convected between x and (x + dx)

Or 4x = qx+dax T deonv (1)
Heat conducted at x = g, = —kA Z_T
Heat conducted at
vl = kA S+ (A T
‘dx  dx dx

Heat convected from length
dx = qeony= MAs(T—Ts). = h.Pdx(T — Ty)
where P perimeter of the element,

A Surface area = P, dx
Putting the value of qx,qx+dx and q_into the equation

(1), we get
WA de
‘dx . Peux Tdx cdx ) ¥

+h. Pdx(T — T,,)
Ordi(—kA d—T) dx + hP dx(T —T,,) = 0
d
Ord—( kA —) +hP(T =Ty) =0
Or = mZ(T Ts) (2)

Where m = / = constant

The constant “ has the physical significance

1
That L= h.P :[ Surface conductance ]2
kAc/ linternal conductance

The equation (2) is the second order linear differential
equation. Its solution may he found by assuming
temperature excess as 0= (T-T )
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d%0
— =m?0

Hence, the equation (2) becomes
dx?

The general solution is

0= (T - Too) = Clemx + Cze_mx

3)

The constants C, andC, may be obtained by using
the suitable boundary conditions. Several boundary
conditions are considered here as follows that will depend
upon the nature of the problems.

Insulated End: The temperature gradient is zero at
the end of a finite-length fin with insulation. Hence, the
boundaries for this situation are

(l) X =0, T =Ts > i.e-, 0= 95‘) and (”) Atx = L’ Z_e =0

Using these two boundary conditions to equation (3),
we get

8, =T, —Too = C; + C,
And C;e™ — C,e™™ =0

Solving the above two equations, we get
0
C, = and C, = :

1+e-2mL

1+e ZmL

Substituting the constants C; andC, into equation (3),
we get

6 _T—Too B e™ N e mx
O, T,—Te 1+e2ml 14 e-2mL
Or i __ coshm(L—x)

05 ~ coshmL

The rate heat flow from the fin is obtained as
do
dfin = —kAc(a)Fo: kA,m8, tan h mL
Grin =+ (hPkA.)6s tanh mL
2.2 CFD Approach

The ANSYS CFX tool was used to improve forced
convection heat transfer and reduce friction factor. It uses
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the SST model to solve the three-dimensional Navier-
Stokes equations for steady-state turbulent flow and
to improve wall treatment. At fully developed velocity
and temperature, the numerical analysis was provided.
Continuity, Navier-Stokes, and thermal energy are the
governing equations for flow and heat transfer, as written
below?.

Continuity equation:

9 9 9
ax P+ 50 (P) + 57 (p12) = 0

Momentum equation:

d
(pVV)+ (p )+5(pvzvx)=
BP + d av,
6 BV
0
(pV %) +5. (pV ) +5, (V1) =
aP 6 av, 6 avy
P9y = ay T ax (e ax 6y ¢ dy
6 v, T,
Taz\leaz )"
a d d
ax P + 50 (PRV:) + 5 (01 1:) =
6P+ d av, 4 3} av,
6 av,
a UE a + TZ
Energy equation:

] ] ]
a(pVCT)+ (pVCT)+ (pVCT)

0 K6T +6 K@T +6 KBT
T ox\ ox dy\ dy dz\ 0z

This study uses SST turbulence model. SST turbulence
model combines k- and k- w characteristics.
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2.3 Computational Domain with Boundary investigation. The pin fin is made of Brass and measures
Conditions 1.2 cm in diameter and 12 cm in length. The Fin is

enclosed by a rectangular duct measuring 15 cm X 10
cm X 100 cm. The Figures 2-5 shows the computational
domain employed for modelling of duct and fin surface in

A pin fin model for forced convection has been designed
and held horizontally inside the rectangular duct in this

| |

A e 1500 MM !

120mm —————

.24
100 mm

Figure 2. Schematic display of duct-fin assembly. Figure 4. Meshing of fin.

A

P

Figure 3. 3D model of duct-fin assembly. Figure 5. Meshing of duct.

Table 1. CFD setup and boundary conditions

Analysis type Steady state
Domains Duct and fin
Inlet Outlet
ot Tzfsggri;zliieoi.szr?g/”s C Mass flow rate is 0.003393 kg/s

Base temperature is 105°C

Fin Tip is insulated
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steady flow condition. ANSYS Geometry is used to create
the three-dimensional model, which is then meshed by
ANSYS Mesh.

The CFD setup and boundary condition is given as
shown in the Table 1. An air is chosen as a working fluid
flowing through the duct. The pin fin is made of Brass
having thermal conductivity of 110.48 W/mK is selected
for the simulation. Heat source with base temperature of
105°C is given at the bottom of the fin. The CFX solver is
used to obtain CFD results.

3.0 Results and Discussion

The current investigation includes both analytical and
CFD approach to evaluate the performance of Pin Fin
held horizontally inside the duct for a forced convection
heat transfer. The analytical results have been evaluated,
and the work has been simulated using CFD.

3.1 CFD Simulation Results

We have carried out the CFD simulation for various cases
by varying the velocity of working fluid.

This Figure 6 shows temperature variation in Pin Fin
as fin base has higher temperature of 378 Kelvin. Figure
6 illustrates the decrease in temperature from the base
to the tip of the fin. The air temperature passing over
the fin at a velocity of 0.1 m/s is 312 Kelvin. Convection
causes the temperature of the fin to decrease as the

Temperature
378,144
.
R \ o
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S
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T e R RN M,
- o L
365 160 - S
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i £
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= e

Figure 6. Pin fin temperature distribution with 0.1m/s air
velocity (Case-1).
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Figure 7. Pin fin temperature profile at 0.2m/s air velocity
(Case-2).

Temperature
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Figure 8. Temperature profile of pin fin at 0.3m/s air
velocity (Case-3).

rate of heat transfer increases when air passes over its
surface.

The temperature distribution in the Pin Fin is
illustrated in Figure 7, where the fin base has a higher
temperature of 378 Kelvin. Figure 7 illustrates the
decrease in temperature from the base to the tip of
the fin. The air velocity passing over the fin is 0.2
m/s, and the corresponding air temperature is 312
Kelvin. Convection enhances heat transfer rate and
reduces the fin temperature when air passes across its
surface.

The Figure 8 plot illustrates the temperature
distribution of Pin Fin, where the fin base exhibits a
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Figure 9. Nusselt number and convection heat transfer
coeflicient vs Reynolds number.
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Figure 10. Fin efficiency and effectiveness vs Reynolds
number.

higher temperature of 378 Kelvin. Figure 8 illustrates the
decrease in temperature from the base to the tip of the fin.
The air velocity travelling over the fin is 0.3 m/s, and the
corresponding air temperature is 312 Kelvin. Convection
enhances heat transfer and causes the temperature of the
fin to decrease as air passes over its surface.

The temperature distribution across the fin for three
different cases shows that with increase in flowing fluid
(air) velocity (0.1 m/s, 0.2 m/s, 0.3m/s) the temperature
in three cases at various equivalent locations in the fin
decreases.
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The Reynolds numbers for Case 1, Case 2, and Case 3,
as determined by CFD simulation, are 599.4, 1198.8, and
1798.20, respectively. Figure 9 illustrates the relationship
between the Nusselt number, which represents the
convective heat transfer, and the Reynolds number in the
Pin Fin. The Figure illustrates that the Nusselt number
rises in correlation with the Reynolds number, indicating
an enhanced heat transmission capability in the pin fin.
This enhancement is further amplified by an increase in
the convection coefficient (h).

The thermal performance of the fin diminishes as
the Reynolds number (Figure 10) increases. As the fluid
velocity increases, the duration of contact between the fin
and the air reduces, leading to a decrease in the overall
thermal efficiency of the fin in forced convection.

3.2 Analytical Results

We conducted theoretical calculations for different
scenarios by altering the velocity of the working fluid.
The Reynolds numbers for Case 1, Case 2, and Case 3,
as determined by an analytical approach, are 632.58,
1265.16, and 1897.73, respectively.

The Nusselt number and convection heat transfer
coeflicient in the Pin Fin have been plotted as functions
of the Reynolds number in Figure 11. The Nusselt
number increases with the Reynolds number, and the
heat transmission capability in the pin fin increases as

22 60
=—=hu

-
20 / 50

e
R4
J

12 10

10 0
6312.58 1265.16 1897.73

Reynolds Number

Figure 11. Nusselt number and convection heat transfer
coefficient vs Reynolds number.
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Figure 12. Fin Efficiency and Effectiveness Vs Reynolds
Number

the convection coefficient (h) increases, as depicted in
Figure 11.

The duration of contact between the fin and
the air decreases as the velocity of the flowing fluid
increases, leading to a decline in the overall thermal

efficiency of the fin in forced convection, as depicted in
Figure 12.

3.3 Comparison and Validation of CFD
Results with Analytical Results

We have taken base temperature from CFD to calculate
the temperature distribution at different locations
of the fin for Theoretical analysis. Tables 2-4 shows
the comparison of temperature distribution at 0.1
m/s (Case 1), 0.2 m/s (Case 2) and 0.3m/s (Case 3),
respectively.

Table 2 shows that at 0.1 m/s velocity, the error values
of T2, T3, T4, and T5 for theoretical and CFD findings are
8.5 per cent, 8.5 per cent, 13.5 per cent, and 19.1 per cent,
respectively.

Table 3 shows that at 0.2 m/s velocity, the error values
of T2, T3, T4, and T5 for theoretical and CFD findings are
5.75 per cent, 12.4 per cent, 15.45 per cent, and 15.5 per
cent, respectively.

Table 4 shows that at 0.3 m/s velocity, the error values
of T2, T3, T4, and T5 for theoretical and CFD findings are

Table 2. Comparison of temperature distribution at 0.1 m/s

Temperature (°C) T1 T2 T3 T4 T5
Theoretical 105 104.86 104.71 104.61 104.55
CFD 105 100.80 96.50 92.16 87.83
Table 3. Comparison of temperature distribution at 0.2 m/s
Temperature ("C) T1 T2 T3 T4 T5
Theoretical 105 94.25 84.37 77.78 74.1
CFD 105 100 96.4 92.00 87.7
Table 4. Comparison of temperature distribution at 0.3 m/s
Temperature (°C) T1 T2 T3 T4 T5
Theoretical 105 94.13 84.15 77.51 73.71
CFD 105 100.1 95.07 90.04 85.00
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Table 5. Comparison of CFD results with theoretical for a Case 1

Results h (W/m’K) Nu n (%) €
Theoretical 29.98 12.42 71.74 28.19
CFD 38.97 15.77 66.61 26.17

Table 6. Comparison of CFD results with theoretical for a Case 2

Results h (W/m?K) Nu n (%) €
Theoretical 41.41 17.16 65.38 25.69
CFD 38.98 15.78 66.61 26.17

Table 7. Comparison of CFD results with theoretical for a Case 3

Results h (W/m?K) Nu n (%) €
Theoretical 50.02 20.73 61.45 24.15
CFD 39.64 16.03 66.27 26.03

5.79 per cent, 11.48 per cent, 13.91 per cent, and 13.28 per
cent, respectively.

Tables 5-7 shows the results of a comparison based
on CFD and theoretical results for various cases using
convective heat transfer coefficient, Nusselt number,
Fin efliciency, and Fin effectiveness as performance
parameters.

Table 5 shows that at 0.1 m/s velocity, the error values
of h, Nu, ) (%), and ¢ for theoretical and CFD findings are
23 per cent, 21.2 per cent, 7.5 per cent, and 7.71 per cent,
respectively.

Table 6 shows that at 0.2 m/s velocity, the error values
of h, Nu, 1 (%), and ¢ for theoretical and CFD findings are
6.2 per cent, 8.7 per cent, 1.8 per cent, and 1.8 per cent,
respectively.

Table 7 shows that at 0.3 m/s velocity, the error values
of h, Nu, n (%), and ¢ for theoretical and CFD findings
are 26.1 per cent, 29.3 per cent, 7.27 per cent, and 7.2 per
cent, respectively.
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4.0 Conclusion

The current research focused on the flow and heat
transfer characteristics evaluation of Pin-Fin using CFD
and theoretical technique. The pin fin is made of brass
and measures 1.2 cm in diameter and 12 cm in length.
The Fin is enclosed by a rectangular duct measuring 15
cm X 10 cm X 100 cm. The primary purpose of this study
is to compare the heat transfer coeflicient, fin efficiency,
and effectiveness at different Reynolds numbers with
analytical analysis and CFD results. The temperature
distribution across the fin for three separate cases
indicates that as the flow fluid (air) velocity increases (0.1
m/s, 0.2 m/s, and 0.3 m/s), the temperature at various
equivalent locations in the fin reduces in all three cases.
When air flows over the surface of a fin, convection
enhances the heat transfer rate and lowers the fin’s surface
temperature.

In three different cases, we established the theoretical
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values of convective heat transfer coeflicient, Fin
efficiency, and Fin effectiveness as:
Case 1: 29.98 W/m’K, 71.74% and 28.19, respectively.
Case 2: 41.41W/m?’K, 65.38% and 25.69, respectively.
Case 3: 50.02W/m’K, 61.45% and 24.15, respectively.
In three different cases, CFD simulations provide the
value of convective heat transfer coefficient, Fin efficiency,
and Fin effectiveness as:
Case 1: 38.97W/m’K, 66.61% and 26.17, respectively.
Case 2: 38.98W/m’K, 66.61% and 26.17, respectively.
Case 3: 39.64W/m’K, 66.27% and 26.03, respectively.
The outcome of the CFD simulation agrees well
with the results of the analytical approach. The relative
errors between the theoretical and CFD results for Case
2 are less than 9%, so the solution for this case is better
compared.
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