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ABSTRACT

The purpose of this paper is to study how coffee husk oil and methyl alcohol
flow and transfer heat in mini channel pin fins of different thicknesses. TOPSIS
method is used to find the best configuration based on different weightages
assigned for the Nusselt number and pumping power for multiple objectives.
The present research work also determines the most effective configuration of
mini-channel with varying pin-fin thickness in order to improve the thermo-
hydraulic characteristics in compact mini-channels. Coffee husk oil and methyl
alcohol are used as feedstock in a continuous flow mini-channel reactor to
produce biodiesel fuel. Numerical simulations are conducted to evaluate the
pressure drop, Nusselt number, temperature distribution, and pumping power for
varying Reynolds number. Considering the conjugate heat transfer problem, the
parameters involved are the enhancement factor, friction factor, and thermo-
hydraulic performance parameter. The Reynolds number ranges from 100 to 600
for coffee husk oil and 100 to 660 for methyl alcohol. TOPSIS is applied to each
case based on the numerical simulations to determine the optimal results. Upon
evaluating the performance score using TOPSIS for all the scenarios, it is
evident that the mini-channel with a pin thickness of 2.3 mm outperforms other
mini-channel pin fin designs in most cases, for both coffee husk oil and methyl
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1. INTRODUCTION

Oil, coal, and gas are being supplanted by more
sustainable alternatives in developing countries as a result
of increasing prices and diminishing supplies. Due to its
renewable source, biodegradability, low effect, and
environmentally beneficial qualities biodiesel has been
increasingly popular in the last few decades. The
conventional method of producing biodiesel involves
transesterification of triglycerides to provide biodiesel and
glycerol (Meher et al., 2006). The investigation of
biodiesel production from waste oil has been motivated by
the need for environmentally friendly fuels. Industrial
waste oils and by-products can be utilized for biodiesel
production (Hajjari et al., 2017). Biodiesel can be
produced from coffee waste stems from the abundant
availability of coffee by-products and has great potential
as viable fuel sources that promote sustainability. Oil,
husks, and coffee grinds that are no longer useful are all
produced as a result of coffee processing (Pina et al.,

2019). These leftovers are often thrown away, which
makes them attractive choices for biodiesel feedstocks
(Sime et al., 2017). Biodiesel can be synthesized through
the process of transesterification using the triglycerides
present in coffee husks. The utilization of coffee waste for
the production of biodiesel enables the transformation of
a discarded by-product while concurrently mitigating its
adverse environmental impacts. Emma et al. (2022)
performed a comprehensive study on biodiesel produced
from coffee husk oil and showed that it can be blended
with regular conventional diesel. Also, they demonstrated
a production of 700ml of biodiesel from 1000ml of coffee
husk oil.

Micro and mini-channel reactors have become
increasingly popular because they can effectively transfer
heat and mass in highly reactive chemical processes,
resulting in greater yields compared to conventional
reactors, thanks to their advantageous surface area-to-
volume ratio (Madhawan et al., 2018). Micro-chemical
reactors utilize micro/mill reactors, micromixers, and
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NOMENCLATURE

Anin flow surface area of mini channel Pout pressure outlet

Aneat heat source area Ap pressure drop

Asotal total area Apo pressure drop of empty channel
Co specific heat capacity Qv volume flow rate

Dn hydraulic diameter of mini channel Re Reynolds number

f friction factor THPP  Thermo Hydraulic Performance Parameter
H height of mini channel T temperature of fluid

haverage ~ average heat transfer coefficient Traverage  average temperature of fluid

ks thermal conductivity of fluid To temperature of Fluid at outlet
Ks thermal conductivity of solid Tsaverage  average temperature of solid

L length of the mini channel Vv velocity of the fluid

Nu Nusselt Number Vin velocity inlet

Nuo Nusselt Number of empty channel Vin velocity outlet

Nugr  enhancement factor W width of mini channel

Pmin perimeter of channel n efficiency

Pu pumping power pi density of fluid

Pin pressure inlet U dynamic viscosity

micro-heat exchangers. Biodiesel is produced using
mixers and reaction loops composed of several
components when produced from miniature micro-
chemical reactors (Bordbar et al., 2020). Santana et al.
(2016) was able to produce biodiesel by utilizing a
reaction that used sunflower oil and ethanol, with sodium
hydroxide serving as a catalyst. The synthesis was carried
out with the utilization of both batch reactor and micro-
reactor configurations, which resulted in the production of
biodiesel at rates of 44.6 percent and 95.80 percent,
respectively. Verma and Ghosh (2021) constructed
serpentine channel microreactors to produce biodiesel
using sunflower oil and ethanol to understand the flow
regimes during the reaction. Santana et al. (2015)
employed T-Channels to model the process of biodiesel
synthesis in microchannels including circular obstacles.
The researchers assessed the effectiveness of mixing at
different Reynolds values, spanning from 1 to 160, and
reaction residence periods, ranging from 0.20 to 100s. The
T-channel configuration including alternating circular
barriers achieved a significantly high level of mixing,
reaching a maximum value of 0.99. Santacesaria et al.
(2012) showed that a tubular reactor, using stainless steel
ribbon wool, may obtain very high conversions quickly, at
a temperature of 60°C, using a methanol/oil ratio. The
observed results were in line with previous findings in the
literature, which showed that the performance of static
mixers or microreactors is equivalent to a value of 6.
Intense local micro mixing greatly speeds up the
transesterification reaction rates. Moreover, the inclusion
of circular fins improved the transformation of species.
Costa Junior et al. (2020) developed a micro-reactor that
used micro-heat exchanger tubes and pins, which achieved
a biodiesel conversion rate exceeding 90%. The maximum
yield achieved a value of 99.6% when the temperature was
setat 51.2 °C and the duration lasted for 0.58 min. Abdulla
Yusuf et al. (2022) assessed the effectiveness of various
microreactors, including four T-shaped reactors, one Y-
shaped reactor, and one Tesla-shaped reactor, for
continuous biodiesel synthesis which showed that the
transesterification process successfully converts a molar
ratio of 9:1 of methanol to oil at a temperature of 60 °C.
Tiwari et al. (2018) conducted a comprehensive analysis

of the latest developments in microchannel reactor designs
and modifications within the domains of mechanical and
chemical engineering. Their research focused on
examining microstructures of various shapes, such as
cylindrical fins, square fins, serpentine channels, zigzag
microchannels, and T-type mixers, within a continuous
tube reactor.

Pin-fins are frequently employed in diverse
engineering applications to augment fluid flow, heat
transfer, and micro-mixing. Maji and Choubey (2020)
reviewed and analyzed numerous shapes, sizes, and
configurations of pin-fins and addressed the varied
applications of these different types of fins. Sarafraz and
Christo (2021) designed and manufactured a 3D printed
pin-fin micro-reactor and conducted numerical combined
experimental studies. They developed correlations for
HTC and found that the presence of pin fins in the micro-
channels improved the thermal performance of the micro-
reactor. Zhao et al. (2016) conducted numerical studies on
several micro pin-fin architectures and angular
orientations which showed that the presence of pin fins or
rotating pin fins can significantly improve thermal
performance. There is a paucity of literature in which
researchers have thoroughly examined the thermo-
hydraulic characteristics of oil and alcohol in mini
channels. Wang et al. (2004) tested the frictional
characteristics of mini channels with lubricating oil and
water as the working fluids in both circular and
rectangular channels. Ismail et al. (2013) conducted
studies on viscous fluids within a mini-channel heat
exchanger. Experiments were conducted to evaluate the
thermo-hydraulic characteristics of deionized water, 50%
ethylene glycol, motor oil, and automatic transmission
fluid, the findings showed that deionized water has the
highest heat transfer coefficient while Engine oil exhibited
the lowest heat transfer coefficient.

This introductory section takes a look at the heat
transfer and fluid flow characteristics of micro channel
efficient heat exchangers used in the chemical process
industries. The use of microreactors in the
transesterification process for biodiesel generation is also
investigated. It goes on to show that waste oil is important
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Fig. 1 Schematic of mini channel with Pin fins

and that there is a possibility to make biodiesel from coffee
husk oil, which is a byproduct of the coffee production
process. It is essential to consider the temperature of the
reactor and fluid flow when constructing a mini-channel
reactor with continuous flow. Due to the important nature
of the reaction temperature in transesterification, it is
essential to conduct fluid flow and heat transfer analyses
on each reactant before the reaction. As mentioned before
by modifying the flow structure and aspect ratio, pin-fin
mini-channels improve fluid flow and heat transfer
characteristics. They also function as static micromixers.
In this study, coffee husk oil and methyl alcohol are the
two fluids used in this study to examine the performance
of different mini-channel pin fin arrays with different pin
fin thicknesses. To find the optimal thermal and hydraulic
parameters for a realistic mini-channel pin-finned reactor
under various operating conditions, a numerical
parametric study is carried out. Following the numerical
study, the Technique for Order Performance by Similarity
to Ideal Solution (TOPSIS) technigue is used with various
weights assigned to get more insights into the fluid flow
and heat transfer characteristics of methyl alcohol and
coffee husk oil in mini-channel pin fins. This study aims
to develop a mini-channel pin finned biodiesel reactor by
studying the thermohydraulic properties of coffee husk oil
and methyl alcohol before transesterification. The results
will provide extensive insights into selecting the
appropriate pin fin structure and orientation in mini
channel pin fin reactors along with pump selection for the
two different fluids used for transesterification.

2. NUMERICAL METHODOLOGY

2.1 Geometry Description

A mini-channel pin fin array with dimensions of
75mmx30mmx4mm is considered. This mini channel
incorporates fins with a staggered arrangement of 45 °
oriented square pin-fins. This is inspired by (Pandit et al.,
2014) of different fin thicknesses, as well as a version
without any fins. Figure 1 shows the schematic of the pin-
fin array, which has been altered by adding triangular fins
at the end of the existing fins. This study involves altering
the fin thickness by modifying the edge length of fins
throughout the range of 1mm to 3mm. The position of the

Constant Heat Flux

Fig. 2 Computational domain

Table 1 Design parameters

Ssinmm | A1 & Azinmm | Sginmm | Ssin mm
1 4,59
1.4 4
2 3.17 3 6
2.3 2.83
3 1.75

fins remains constant. Subsequently, we determine the
most optimal pin fin array design by evaluating the
thermohydraulic performance (THPP) by conducting a
parametric analysis on the variation of fin thickness
ranging from 1mm to 3mm and finally using the
Technique for Order Performance by Similarity to Ideal
Solution (TOPSIS) technique to get the best performance
score.

The values of Sy, Sy, Sz, Ss and Ssand Apand A; are
given in Table 1 and from geometry S;= S;=A1=Az and S3
and S, are constant throughout, which can also be seen in
Table 1. The mini-channel pin fin model comprises of 108
fins and the fin thickness or edge length Ss is increased to
find an optimum fin size for the mini-channel. The
computational domain of the mini-pin fin channel is
shown in Fig. 2.

The focus is now on the specific fluid flow and heat
transfer properties of Coffee husk oil and Methyl Alcohol,
which are the reactants involved in the transesterification
reaction. This investigation necessitates the selection of a
micro-reactor pump and heater prior to the reaction. The
properties of Coffee Husk Oil (Hanif et al., 2019) and
Methyl Alcohol (Gonzélez et al., 2007) are given in Table
1. Reynolds numbers from 100 to 600 for Coffee husk oil
and from 100 to 660 for Methyl alcohol is used to
investigate the behavior of these two fluids. The Reynolds
number is determined using the velocities of the two
fluids, which range from 0.636 to 3.83 m/s for coffee husk
oil and from 0.01 to 0.06 m/s for methyl alcohol. The
selected velocity ranges ensure a comparable Reynolds
number range of 100-600 for both fluids. Numerical
simulations were performed using ANSYS FLUENT 22,
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Table 2 Properties of Methyl Alcohol and Coffee husk oil

Property Methyl alcohol | Coffee husk oil
Density (kg/m®) 784 890
Thermal Conductivity (W/mK) 0.199 0.06
Specific Heat Capacity (J/kgK) 2546 1670
Viscosity (kg/ms) 0.0005 0.04

considering variation of fin spacing and one case without
fins.

2.2 Boundary Conditions and Governing Equations

The boundary conditions for the numerical simulation
are pressure exit and velocity entry. Additionally, the
lower surface maintains a 10 W/cm? steady heat flow, and
a 1 mm thick solid substrate connects the fluid and solid
surfaces. Except for the surfaces specified above, all
remaining surfaces are governed by adiabatic wall
boundary conditions. The solid domain is composed of
copper, with a density of 8850 kg/m3 a thermal
conductivity of 398 W/mK, and a specific heat capacity of
390 J/kgK. The Mini-Pin Fin Array employs Coffee husk
oil and Methyl Alcohol as the liquids for studying their
thermal and flow properties before transesterification. The
characteristics of these liquids are presented in Table 2.

The boundary conditions for the problem are as
follows:

Inlet conditions for the purpose of simulations:
V=Vinle= constant, Ts=Ti,= constant 1)

In regard to the calculation model’s lateral walls:

u_ow_ o 4 0TS _
=T av=0,450=0 @)

In regard to the calculation model’s base walls:

u_ow_ o 4 0TS _
=T av=0,450=0 @3)

In regard to the other walls of the calculation model:

ar _ aT _ aT
u=v=w=0, a=£=£— (4)

The velocity components are represented by u, v, and w,
and the coordinates are given by x, y, and z. Two variables,
q (heat flux across the bottom wall) and ks (thermal
conductivity), represent these ideas, respectively. The
Reynolds number range examined in this study is 100 to 600
for coffee husk oil and 100 to 660 for methyl alcohol. Thus,
the laminar flow calculation model is utilized. Furthermore,
the convergence thresholds for the continuity criteria and
energy criteria in ANSYS FLUENT are 10* and 10%,
respectively. The fluid dynamics and heat transfer in a mini
channel pin-fin reactor utilized for transesterification present
a challenging three-dimensional coupled conjugate heat
transfer problem that includes chemical reactions.

In order to streamline the calculation procedure, several
assumptions are made as a result of the intricate nature of
theproblem:

1. The impact of volumetric forces, surface tension, and
radiative heat transfer is not considered.

2. The fluid is characterized as incompressible,

exhibiting a consistent and smooth flow.

3. Itis assumed that the viscosity and temperature of the
fluid stay consistent throughout the phenomenon of fluid
flow.

4. There is no vapourization of methyl alcohol and coffee
husk oil taking place.

The governing equations of the computational domain
are as follows :

Continuity equation:

du v ow

=15 =0 ()

— =
X-momentum equation:

ou ou ou 10dp (
U—+v—+w—=——"-+YV
6x+ 6y+ 0z p6x+

0%u | 0%u 62u)
0x2  9y? = 0z2

(6)

Y-momentum equation:
Dy B L0 (2 O )
ux+v +Waz— pay+v 6x2+6y2+622 @)

Z-momentum equation:

ow ow ow 1dp (Bzw 02w Bzw)
u—+v—+w—=———+v( 5+ 5+—-) @8
ax + oy + az p 0z + 0x2 + ay? + 0z2 ( )

Energy equation of the fluid:

aT aT aT 3°T  9%T | a’T
v rw=a (G in+ ) ©)
Energy equation of the solid:

2 2 2
o L O LT (10)

ax2  9y?  0z2

In this study the hydraulic diameter and Reynolds
number are defined as:

D, = Zmin (12)
Pmin
Where Prin and Amin are the minimum perimeter and flow
area of the channel, respectively.

vprD
Re = 221°h

- (12

Where viiow, pr, and us are the free stream velocity,
density and, dynamic viscosity.

The average heat transfer coefficient (Naverage), friction
factor (f), THPP (1), enhancement factor (Nugr), average
Nusselt number (Nuag) and, pumping power (Pu) are
defined as:

A

h = qwAheat 13

average Agotal (Ts, average — 1 f, average ) ( )

h D
NUaverage = %geh o
f
__ 2ApDp

= om (15)
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Nu/Nu,y

"= GrjarTE (16)
_ Nu

Nugr = . 17

Pu =ApQ (18)

Qw, Aneat, Avotal, Ts,average, Traverage, and K represent the heat
transfer of the surface of the heat source (which is equal to
10 W/cm?), heat source area, total area, average temperature
of surface, average temperature of fluid, and thermal
conductivity of fluid, respectively. f represents the friction
factor. 4p is the pressure drop across the mini-channel
considered in the present research work

Nuer represents the enhancement factor. It is the ratio of
the Nusselt number of the specific pin fin channel to the
Nusselt number of the empty channel with no fins. #
represents the THPP which is the Thermal Hydraulic
Performance parameter. It is the ratio of the Enhancement
factor to the ratio of the friction factor of the modified flow
conditions to the friction factor of the empty channel with no
fins raised to the power of 1/3. The Thermo Hydraulic
Performance Parameter evaluates the combined effect of
heat transfer enhancement and the associated pressure drop
or pumping power penalty in a heat transfer system. When a
heat transfer enhancement is introduced in pin fins it often
increases heat transfer but also increases the pressure drop in
the system, which requires more pumping power.

» Ifthe thermo-hydraulic performance parameter is greater
than 1, it signifies that the use of pin fins improves the
thermo-hydraulic performance compared to an empty
channel.

*  If the thermo-hydraulic performance parameter is lower
than 1, it signifies that the use of pin fins degrades the
thermo-hydraulic performance compared to an empty
channel.

2.3 Grid Independent Study

The different mini channel Pin fin arrays with edge
lengths of 1mm, 1.4mm, 2mm, 2.3mm and 3mm are
meshed using ANSYS FLUENT Mesher with Polyhedral
cells with each having a minimum cell size of 0.2mm and
maximum of 0.5mm cells. The grid independence study of
mini channel with 1mm fin thickness is shown using
coffee husk oil at Re 600 for cells having 2542365,
3756821, 4756823, 5489652 and 6032656. The pressure
drop is calculated for the mini channel with 1mm fin
thickness at Re 600 and shown in Table 3. As is evident,
the computed grid number of 5489652 cells show a
deviation of less than 0.1% for a cell dimension of 0.2mm.
So the grid size with 5489652 cells is chosen for the
numerical study and a cell dimension of 0.2mm is used
throughout the numerical study for meshing the geometry.
Table 3 shows the grid independent study performed for
the case of mini channel with Imm edge pin fins for Re
600 with coffee husk oil.

2.4 Numerical Method Validation

To validate the numerical method used in this present
study, the D-MPF (Diamond micro-pin fin) geometry is
exactly modelled from the studies of (Xia et al., 2017)
which are exactly similar to the 45 ° oriented square pin
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Table 3 Grid Independent study of 1mm edge pin
Fins at Re 600 for Coffee husk oil

Number of Pressure drop in | Relative error
Cells Pa %
2542365 99263.48 0.98
3756821 99642 0.58
4756823 99978.45 0.245
5489652 100123.776 0.1
6032656 100224 -

fins used in the mini channel in this study. The pressure
drop and Nusselt number are taken as the input parameters
for Re 50-300 which is a common range of flow for this
present work and the study performed by (Xia et al.,
2017). Their study focused on using de-ionized water in
place of methyl alcohol and coffee husk oil which are the
fluids used in this study. According to the principle of
dynamic similarity, the mini-channel 45 ° oriented square
pin fins is comparable to the micro-channel heat sink used
by (Xia et al., 2017). The results suggested a deviation of
less than 2% from the original study, which can be seen in
Fig. 3 and Fig. 4.

100 -
—=— G. Xia et al. D-MPHS
—e— Present study

80 -

60 +

40

Pressure drop in kPa

20 +

T T T T
0 50 100 150 200 250 300
Reynolds number

Fig. 3 Pressure drop validation

—=— G. Xia et al. D-MPHS
204 |—e—Present study

Nusselt number

T T T T
0 50 100 150 200 250 300
Reynolds number

Fig. 4 Nusselt number validation
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2.5 Performance Score Calculation Using TOPSIS

After computing the thermo-hydraulic characteristics
of the mini channel pins fins, the Technique for order
performance by similarity to ideal solution (TOPSIS)
method is utilized to calculate the performance score for
each and every case for both coffee husk oil and methyl
alcohol for every geometry.

The method is formulated as follows:

1. There are n goals and m possible solutions laid out
in a matrix. The value of the i option for the j™ objective
is represented by each element a;;, where i ranges from 1
to m and j ranges from 1 to n. This matrix can also be
written as (&ij)msxn.

2. It follows that we construct a normalized matrix
with the following formula: foralli=1,2,.., mandall j =
1, 2,.., n where

al-j

Ay = T
L=1 Aj

3. A weighted normalized decision matrix is then
generated by assigning relative importance to each
objective parameter chosen for the problem. It is important
to determine the weights such that 7., w; =1.
Following these steps, a weighted normalized matrix is
formulated which is calculated as follows:

(19)

awn;j = an;;j.w; (20)

wherei=1,2,... mandj=1,2,...,n.

4. We find the optimal positive solution (I;*) and the
worst negative solution (Iy) in relation to the goals. This
allows us to determine the positive ideal solutions (di*)
and negative ideal solutions (di), which can be represented
as follows:

I+

; (21)

)2
d; =\/Z}‘=1 (awni]- —1]-')2

The next step is to determine how close the answer is
to the ideal positive solution by:

df = \[Z;-lzl (awn;; —

(21)

- at
dj +d]

Di*

(22)

5. Finally the performance score is assigned based on
values of D;* and is ranked accordingly. In this present
study the results obtained from the numerical parametric
study is used to formulate the matrix containing data of
Nusselt number (NUaverage) and Pumping power (Pu). In
this specific problem the NUaverage and Pu is chosen as the
objectives with maximizing NUaverage and minimizing Pufor
the mini-channel with pin-fins with variation of thickness.
Previously this method has successfully been applied to
pin fins with Phase Change materials to optimize melting
time and solidification time based on pin fin positioning
and height (Nedumaran et al., 2024). While (Jadhav et al.,
2022) computed performance scores by TOPSIS in
optimization study flow through metal foams for forced
convection heat transfer applications. This method
facilitates the allocation of varying weights to the capacity
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TOPSIS
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case to find out the best optimum
solution for the problem

Fig. 5 Methodology of the present work

to optimize the preferred result and the capacity to
mitigate the unfavorable result. Consequently, it facilitates
a more profound comprehension of the effects of many
variable conditions. The methodology for this work is
illustrated in Fig. 5 shown below.

3. RESULTS AND DISCUSSION

3.1 Variation of Hydraulic Characteristics

The hydraulic properties of coffee husk oil and methyl
alcohol are depicted in Figs 6, 7, 8, 9, 10, 11, 12, 13, 14,
and 15. These figures give an illustration of the flow
characteristics. Figures 6 and 7 illustrate the differences in
pressure drop that occur as a result of the combination of
coffee husk oil and methyl alcohol. As the velocity of the
fluid increases, there is a proportional rise in pressure drop
for both methyl alcohol and coffee husk oil. Both coffee
husk oil and methyl alcohol show very similar trends in
pressure drop and friction factor. Coffee husk oil shows a
very high pressure drop compared to methyl alcohol which
can be attributed to it being more viscous and having more
density than methyl alcohol. However, there is very little
difference in the friction factor plots shown in Fig. 8 and
Fig. 9 as friction is dimensionless and is independent of
fluid properties. It can also be seen that there is an inverse
correlation between friction factor f and Reynolds number
Re. Figure 10 and Fig.11 shows the pumping power
requirement of coffee husk oil and methyl alcohol over the
various mini channel pin fin configurations. It is evident
that as pressure drop increases with increase in fluid
velocity it leads to an increased demand for pumping
power and as it can be seen from Fig.6, 7, 10 and 11,
Coffee husk oil has higher pumping power requirement
compared to methyl alcohol.
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The coffee husk oil exhibited a peak pressure drop of
680,749.2241 Pa at a velocity of 3.83 m/s, corresponding
to a Reynolds number of 600 in the mini channel with a 3
mm pin fin thickness. In contrast, methyl alcohol
demonstrated a maximum pressure drop of 150.5 Pa at a
velocity of 0.06 m/s, corresponding to a Reynolds number
of 664 in the same mini channel configuration. This
suggests that when using coffee husk oil and methyl
alcohol simultaneously for a continuous tubular
micro/mini reactor two separate pumping devices are
required for the two fluids which are the feedstock for
transesterification. These results and data can be used to
determine the pump ratings when selecting oil pump for
oil and micro syringe pump for methyl alcohol for a mini
channel transport device as depicted in this problem.

According to this parametric study on pin fin thickness
for coffee husk oil and methyl alcohol, Figs 12-15
illustrate the pressure contours and velocity contours of
coffee husk oil and methyl alcohol for a Reynolds number
of 200 and 600 respectively, for a pin fin thickness ranging

from 1mm to 3mm. These contours apply to both the
pressure and velocity of the mini-channels. There is a low-
pressure recirculation zone that is generated behind fins,
which leads to the production of eddies and vortices,
which can be seen clearly in Figs 14 and 15. This can be
observed from the various pressure and velocity contours
that have been created. In addition, the streamlines and the
flow recirculation zone that are located behind the pin fins
are depicted in Fig. 16. These eddies and vortices are
present in both coffee husk oil and methyl alcohol, and
they are responsible for the localized turbulence that
occurs as a result of the pin fin structures creating
obstructions to the flow. Increasing the thickness of the
pin fin causes the volume contained within the mini-
channel to shrink, which in turn leads to a reduction in the
amount of space that exists between the fins. It has been
observed that increasing the thickness of the pin fins
results in a reduction in the occurrence of eddy formation
behind the fins. This is primarily explained by the fact that
there is a limited space between the pin fins. One of the
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Fig. 16 Eddy formation behind fins

most significant aspects of fluid dynamics in systems with
pin fins is brought to light by this observation. The
production of eddies is effectively restricted when the
thickness of the fins is increased because this results in a
reduction in the amount of space that is available for flow
between neighboring fins. It is quite probable that the
disruption of the low-pressure zones behind the fins,
which are generally responsible for the production of
eddies, is the cause of this decrease in the formation of that
phenomenon. The flow is more streamlined, which
minimizes the amount of turbulence that occurs in the
wake of the fins, which could ultimately lead to a flow
pattern that is more predictable and uniform.

3.2 Thermal Characteristics

Figures 17-22 illustrates the thermal characteristics of
coffee husk oil and methyl alcohol in the mini channel pin
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fins. Figure 17 and Fig. 18 shows the relationship of
Average heat transfer coefficient and Fig. 19 and Fig. 20
shows the average Nusselt number for both coffee husk oil
and methyl alcohol as a function of velocity of fluid.
Figure 21 and Fig. 22 shows the temperature profile across
the various mini-channel pin fin configurations for Re 200
and Re 600 for both coffee husk oil and methyl alcohol.
There is a significant difference in temperature profiles for
coffee husk oil and methyl alcohol in the mini channel pin
fins as the highest temperature recorded in the mini-
channel fins is 354 K for mini channel with cylindrical pin
fins for coffee husk oil while for methyl alcohol the
highest recorded temperature is 446.789 at Re 200.
Similarly in Fig. 22 for Re 600 same trends has been
observed as the highest temperature recorded is 335.83 K
for mini channel with cylindrical pin fins for coffee
husk oil while for methyl alcohol a temperature of 382.128
K is recorded which is due to the fact that heat transfer
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Fig. 19. Variation of Average Nusselt number with
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Fig. 20 Variation of Average Nusselt number with
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happening between the mini-channel pin fins and coffee
husk oil is more compared to methyl alcohol. The average
heat transfer coefficient and average Nusselt number for
coffee husk oil are considerably greater than those for
methyl alcohol in all configurations of the mini channels,
including the whole transport phenomena. Ismail et al.
(2013) reports similar trends and results for Engine Qil
and reported that deionized water had the highest heat
transfer rate and heat transfer coefficient. In contrast,
engine oil showed the lowest heat transfer rate and heat
transfer coefficient along with the highest pressure drop.
The reason for this is that oil has a higher density and
viscosity compared to methyl alcohol. A consequence of
this is that it is able to transmit heat from the base substrate
of the mini channel pin fins in an effective manner. Due to
this, the base temperature is reduced, which ultimately
results in an increase in the average Nusselt number
originating from the solid-fluid interface region.
Ultimately, this leads to a larger heat transfer coefficient
that is determined from the base substrate of the mini
channel pin fins as it can be seen from the physics of this
conjugate heat transfer problem.
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Furthermore, it is evident that the heat transfer rate
rises as the pin fin thickness increases. Specifically, the
pin fin with a thickness of 3mm exhibits the highest
average heat transfer coefficient and Nusselt number. This
increase in heat transmission is also accompanied by an
increase in pressure drop. As heat transfer increases, there
will be a corresponding rise in pressure loss.

Thicker pin fins offer an expanded surface area for
heat transfer, hence improving thermal performance. A
thickness of 3 mm attains the maximum average heat
transfer coefficient and Nusselt number, signifying an
ideal shape for enhancing heat transmission. Although
thicker fins improve heat transmission, the resultant rise in
pressure drop may counteract thermal performance
benefits if energy consumption escalates excessively. The
system's efficiency must reconcile heat transfer increase
with the energy expenditure of pumping, as discussed in
section 3.3.

3.3 Effect of Enhancement Factor and THPP

To assess the efficiency of the mini-channel consisting
of pin fins. The Enhancement factor and Thermo-
hydraulic performance parameter (THPP) are computed
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using equations 16 and 17, as mentioned previously. The
parameters are computed for every case in the numerical
analysis to analyze the thermo-hydraulic efficiency of
each mini channel with varying pin fin thickness. Figure
23 and Fig. 24 depicts the Enhancement factor of coffee
husk oil and methyl alcohol, while Fig. 25 and Fig. 26
display the Thermo-hydraulic performance parameter
(THPP) of both Coffee husk oil and Methyl alcohol in
numerical simulations done at various fluid velocities and
different mini-channel pin fin thicknesses. The heat
transfer enhancement factor » compares the thermal
performance of a particular case with an empty channel.
Fig. 23 demonstrates that the Enhancement factor of
Coffee husk oil increases as the velocity of fluid increases
for all mini channel configurations. However, from Fig.
24 it can be seen for methyl alcohol for mini channels with
fin thickness other than 3mm the increasing curve flattens
from 0.02-0.05m/s for methyl alcohol. The mini-channel,
designed 3mm thickness pin fins, exhibits the highest
Thermal Hydraulic Performance Parameter (THPP). The
maximum value of THPP for coffee husk oil is seen at a
fluid velocity of 2.5m/s with a value of 5.5. For methyl
alcohol the highest THPP is seen at 0.06m/s at Reynolds
number of 664 corresponding to it, with a value of 4.25.
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The mini channel with 2.3mm fin thickness shows the
second highest THPP followed by the mini channel with
2mm, 1.4mm and 1mm fin thickness. The empty channel
without pin fins shows the lowest THPP.

These results emphasize the importance of balancing
heat transfer and pressure drop to optimize the thermal-
hydraulic performance of mini channels. While thicker
fins enhance heat transfer, they also increase the system's
energy demands, making intermediate thicknesses like 2.3
mm a practical choice for many applications. In the
present work, the values for enhancement factor and
Thermo-hydraulic performance parameter are greater than
1 for all the considered cases except for the empty channel,
indicating the improvement in the thermal and thermo-
hydraulic performance of the thermal systems compared
to the empty configuration.

3.4 Performance Score Optimization using TOPSIS

The objective is often to optimize heat transfer while
minimizing pumping power. Regrettably, these two objectives
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are in direct opposition to one another. If one attempts to
augment the velocity in order to enhance the heat transfer
coefficient and therefore boost heat transfer, the pressure
drop and pumping power will concurrently escalate. As a
result, an optimization technique would generally produce
numerous answers known as Pareto-optimal solutions,
rather than just one solution. This means that if we attempt
to enhance one aim, it will automatically lead to a
deterioration in the other objective. To be more precise,
there is no distinct optimal solution. One way solving this
kind of multi-objective problem is by assigning different
weightages or preferences to the objectives. In this
specific problem the objectives are heat transfer and
pumping power as mentioned earlier. So, the Technique
for Order of Preference by Similarity to Ideal Solution
(TOPSIS) can used in this problem.

Based on the numerical results obtained for mini
channel pin fins with varying thickness for both Coffee
husk oil and Methyl alcohol TOPSIS can be applied. The
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objective here would be to maximize Nusselt number (Nu)
and minimize Pumping power (Pu). So based on these two
objectives we assign different weightages for Nusselt
number (Nu) and Pumping Power (Pu). For this specific
problem 4 weights are considered for Nu: Pu which are
0.5: 0.5, 0.65: 0.35, 0.75:0.25 and 1:0. For each different
weightage criteria there will be different performance
scores for each and every case separately for coffee husk
oil and methyl alcohol. This performance score
investigation based on TOPSIS method is carried for all
the mini channel designs comprising of varying pin fin
thickness as well as for the empty channel for all the cases.
Sections 3.1, 3.2, and 3.3 utilize the fluid velocity of both
coffee husk oil and methyl alcohol to analyze their thermal
and hydraulic characteristics. The velocity ranges are
0.636-3.83 m/s for coffee husk oil and 0.01-0.06 m/s for
methyl alcohol, corresponding to Reynolds numbers from
Re 100 to Re 600 for coffee husk oil and Re 100 to Re 660
for methyl alcohol, establishing a common Reynolds
number regime for this analysis. This paper uses Reynolds
number (Re) as a benchmark to compare methyl alcohol
and coffee husk oil under similar laminar flow conditions
in the mini channels filled with pin fins similar to the
studies conducted by (Salman, 2019) and (Basha et al.,
2024) where they used Reynolds number as a benchmark
to compare different nanofluids in various channel
configurations. TOPSIS method is applied for a detailed
comparative analysis with a Reynolds number range from
100-600 for both coffee husk oil and methyl alcohol which
focuses on two objectives: the Nusselt number (Nu),
which is contingent upon heat transfer, and the pumping
power (Pu), which is influenced by the system's pressure
drop. The ascribed weights for Nu: Pu are 0.5:0.5
0.65:0.35, 0.75:0.25, and 1:0. Greater emphasis is placed
on the Nusselt number in relation to heat transfer, as
optimizing heat transfer is the primary focus in this issue,
given that the pumping power demand is minimal for a
mini-channel of the specified dimensions. In practical
applications involving smaller mini channel heat
exchangers, heat transmission is prioritized over pumping
power, necessitating the use of small-sized pumps.
Comparable research involving weight assignments has
been conducted by (Jadhav et al., 2022) for a channel
containing a metal foam heat exchanger, while (Ning et

al., 2016) employed TOPSIS with weights to optimize the
supply vane angle in an air conditioning system
concerning energy efficiency and thermal comfort in
buildings.

The objective of employing TOPSIS is to meticulously
analyze the thermo-hydraulic characteristics of coffee
husk oil and alcohol, utilizing Reynolds number as a
benchmark for the two distinct fluids, with a focus on heat
transfer rather than pumping power.

3.4.1 Criteria — I ( NUmax : Pumin = 0.5 :0.5)

In this condition equal weightage is given to both
Nusselt number and Pumping power. The results for this
condition and performance score with variation in Re 100
to Re 600 for coffee husk oil and for Re 100 to Re 660 for
methyl alcohol can be seen in Fig. 27. For equal weightage
given Nusselt number and Pumping power, the mini
channel with 1.4mm thickness shows the highest
performance score from Re 100 to Re 400 followed by
Imm thickness and 2.3mm thickness pin finned mini
channels for the case of coffee husk oil. In case of methyl
alcohol except for Re 600, mini channel with 1.4 mm pin
fins shows the highest performance score followed by
1mm and 2.3mm mini channel pin fins. The mini channel
with 3mm pin fin thickness shows the lowest performance
score for methyl alcohol. For Coffee husk oil the mini
channel with 3mm pin fin thickness has the lowest
performance scores at Re 100, Re 200 but ranks second
from the bottom at Re 400 and Re 600 with the mini
channel configuration with 2mm thickness having the
lowest performance score at Re 400 and Re 600.

342 Criteria — 11 ( Numax : Pumin = 0.65 :0.35)

In this condition slightly higher weightage is given to
Nusselt number over Pumping power resulting in 65%
weightage given to Nusselt number and remaining 35% to
Pumping power. The results for this condition and
performance score with variation in Re 100 to Re 600 for
coffee husk oil and for Re 100 to Re 660 for methyl alcohol
can be seen in Fig. 28. In this criterion, the mini channel
with 2.3mm pin fin thickness shows the highest
performance score from Re 100 to Re 600 followed by
3mm thickness, 2mm thickness,1.4mm thickness and 1
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mm thickness pin finned mini channels for the case of
coffee husk oil. In case of methyl alcohol also, the mini
channel with 2.3 mm pin fins shows the highest
performance score. However, in case of methyl alcohol in
the range Re 100 to Re 500, the mini channel with 2mm
pin fin thickness has the second highest performance score
followed by 3mm mini channel pin fins and at Re 660
3mm mini channel pins has higher performance score than
2mm mini channel pin fins and achieves a performance
score almost equivalent to mini channel with 2.3mm pin
fins. The empty channel shows the lowest performance
score for both coffee husk oil and methyl alcohol followed
by the mini channel with Imm pin fin thickness.

3.43  Criteria— Il ( NUmax : Pumin = 0.75 :0.25)

In this scenario, Nusselt number is assigned a much
higher level of importance compared to Pumping power,
with 75% weightage given to Nusselt number and the
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remaining 25% allocated to Pumping power. The results
for these criteria and performance score with variation in
Re 100 to Re 600 for coffee husk oil and for Re 100 to Re
660 for methyl alcohol can be seen in Fig. 29. In this
criterion, the mini channel with 2.3mm pin fin thickness
shows the highest performance score from Re 100 to Re
400 followed by 3mm thickness, 2mm thickness, 1.4mm
thickness and 1mm thickness pin finned mini channels for
the case of coffee husk oil. After Re 400 to Re 600 the mini
channel with 3mm pin fin thickness shows the highest
performance score while other pin fin mini channel
configurations do not show any change in the trend. In the
case of methyl alcohol also, the mini channel with 2.3 mm
pin fins shows the highest performance score alcohol in
the range Re 100 to Re 500, the mini channel with 2mm
pin fin thickness has the second highest performance score
at Re 100 followed by followed by 3mm mini channel pin
fins. Beyond Re 500 3mm mini channel pins has higher
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performance score than 2.3mm mini channel pin fins
which ranks second. 2mm mini channel pin ranks third.
The empty channel shows the lowest performance score
for both coffee husk oil and methyl alcohol. The mini
channel with Imm pin fin thickness and 1.4mm pin
thickness ranks the second lowest and third lowest in
terms of performance score as per the criteria for both
coffee husk oil and methyl alcohol.

3.4.4  Criteria— IV ( Numax: Pumin = 1:0)

In this scenario, the Nusselt number is just considered,
while the pumping power is not taken into account. The
results for this condition and performance score with
variation in Re 100 to Re 600 for coffee husk oil and for
Re 100 to Re 660 for methyl alcohol can be seen in Fig.
30. For entire weightage given to Nusselt number, the mini
channel with 3mm pin fin thickness shows the highest
performance score from Re 100 to Re 600 followed by the
mini channels with 2.3mm pin fin thickness, 2mm pin fin
thickness, 1.4mm pin fin thickness, 1mm pin fin thickness
and the empty channel for both coffee husk oil and methyl
alcohol. It is very well understood by now that increasing
pin fin thickness increases the heat transfer which in turn
increases the Nusselt number. Also increasing pin fin
thickness results in increase of pumping power and since
no weightage is given for pumping power the performance
scores in this condition are following a very usual trend as
per general intuition for both the fluids.

4. CONCLUSIONS

The aim of this present paper is to obtain better
thermal and hydraulic insights for mini channels with
varying pin fin thickness using coffee husk oil and methyl
alcohol as fluids prior to a chemical reaction refereed as
transesterification. In order to perform the chemical
process with optimal productiveness, numerical
simulations for 48 cases were performed in ANSYS
FLUENT 22. The mini channel with pin fins of varying
thickness were developed for this study. The pin fin

thickness was varied from 1mm to 3mm. This study uses
coffee husk oil as an alternative to conventional edible oils
and methyl alcohol as the fluids for the mini channel with
pin fins. These fluids are the feed stocks for the chemical
process of transesterification which is the chemical
production of biodiesel. This study focuses on the thermo
hydraulic characteristics of coffee husk oil and methyl
alcohol in a mini channel filled with pin fins for the
development of a miniature pin finned reactor for
biodiesel synthesis. Prior to transesterification in mini
channel pin finned reactors individual thermo hydraulic
characteristics of the fluids need to be studied which is the
purpose of this work. The multi-objective optimization
utilized a dependable TOPSIS algorithm. The work
focused on two objective functions: decreasing pumping
power and maximizing the Nusselt number. Four criteria
were chosen based on the assigned weightage in relation
to the objective function. Performance ratings were
plotted for different pin fin thicknesses in the micro
channel, based on each criterion. After the investigation
was finished, the following observations were made.

eThe pressure drop is lowest for the empty mini
channel, however it is significantly higher when
employing 3mm pin fins. Furthermore, there is a
substantial disparity in the pumping power between
the two fluids. Coffee husk oil necessitates
approximately 300 W at a Reynolds number of 600,
but methyl alcohol only requires a micro-syringe
pump with less than 1 W. Therefore, it is essential to
choose distinct pump ratings in a certain sequence to
effectively pump both fluids in the mini-channel pin
fin array system.

e The heat transfer characteristics of coffee husk oil are
superior to those of Methyl alcohol, resulting in a
larger heat transfer coefficient and Nusselt number
variation with Reynolds number. It is due to Coffee
husk oil having higher density and higher viscosity
over methyl alcohol for which it can absorb more heat
from the base substrate of the mini channel resulting
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higher heat transfer for a comparable Reynolds
number range.

eBased on the multi objective optimization study
performed on Nusselt number and pumping power for
criteria - 1 1.4mm pin thickness has the highest
performance score followed by 2.3mm fin thickness
and 1mm fin thickness. In criteria - 11 and criteria I
the mini channel with 2.3mm thickness has the
highest performance score and for the final criteria IV
3mm pin fin thickness shows the highest with 2.3mm
pin thickness showing the second best. From an
average of all the performance scores of all cases for
both the fluids the 2.3mm pin fin thickness has the
highest average performance score and is the most
optimum design for this study.

This study possesses certain limitations. The flow is
presumed to be laminar throughout all cases and mini-
channel designs; nevertheless, increased pin fin thickness
results in greater eddies and turbulence, as illustrated in
Fig. 16. To accurately numerically describe the transport
phenomena, a transition turbulence model can be used
which has been not been used in this kind of a problem
validated with experimental data. Also, this problem
assumes that the viscosity and temperature remain
constant, which might not hold in real-life scenarios
involving biodiesel reactors that use compact mini-
channels as examined in this present study. An
experimental study using optical methods like Particle
Image Velocimetry (PIV) can address these constraints,
yielding more precise results and facilitating the
comparison of numerical outcomes to assess their
accuracy without relying on the aforementioned
assumptions.

Finally, it has been assumed that no vaporization of
alcohol occurs throughout the investigation. In actual
biodiesel reactors utilizing compact mini channel devices,
vaporization of alcohol invariably occurs during the
process, given that the boiling point of alcohol is 64.7 °C.
In practical applications, maintaining a constant
temperature boundary condition is unfeasible; thus, with a
heat flux supply of 10 W/cmz?, it is impossible to sustain a
temperature below the boiling point of alcohol, resulting
in the vaporization of a portion of methyl alcohol, which
is not addressed in this study. To address this shortcoming,
the CFD Multiphase model should be employed and tested
against experimental data to achieve a more precise
solution. These deficiencies may be further examined
subsequent to this investigation.
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