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ABSTRACT

Theidea of using the compact device with higher heat transfer potential has encouraged researchers
to use microchannels. Creating sinusoidal walls is a technique leading to better effectiveness and
smaller size. In this study, the effects of discrete heat sources location on heat transfer and pressure
drop are investigated, using graphene nanoplatelets/water inside a sinusoidal microchannel. For
this, discrete heat sources are installed in a smooth microchannel (layout A) and compared with two
sinusoidal-wall microchannels. In layouts B and C, the heating sources are installed above the conver-
gent/diverging sections, respectively. Since the velocity and temperature gradients are higher in the
converging region, the heat exchange and pressure drop for layout B are greater than other ones. In
other words, installing heating sources in these regions with high-temperature gradient has a more
obvious positive efficacy on heat exchange. For the best layout (B), although the heat exchange com-
pared to the base layout (A) is 37.5% higher, the pressure drop and entropy generation are higher
by 79% and 35.2%, respectively. By introducing a new figure of merit (FOM), it is found that layout B
is in the desirable zone.
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1. Introduction to the V-shape rib. Min et al. (2020) optimized the rib

Focusing on heat exchange has been one of the most
significant topics in various researches as well as indus-
tries. There are several ways to improve heat transfer
(Bakthavatchalam et al., 2020). Material science and nan-
otechnology result in remarkable advancement in heat
transfer (Abedi et al., 2016; Kuskov et al., 2021). Higher
heat exchange potential along with the compact design
are unique properties of microchannels (Akbari et al,
2016; Gravndyan et al., 2017). A very effective solution in
modern science is to utilize microchannels. Microchan-
nels have a wide range of applicants in microfluidic
devices (D. Bahrami et al., 2020). Many researchers inves-
tigated the microchannel effectiveness (Heydari et al,
2017; Shamsi et al., 2017). Ravi et al. (2017) investigated
heat exchange within a channel using four rib configu-
rations and showed that the highest heat exchange, as
well as the highest pressure drop (AP), were attributed

geometric profile within a rectangular channel to achieve
the maximum heat exchange and simultaneously min-
imum AP. They proved that the adopted profile had
higher heat exchange and less AP than the rectangular
one. Al Kumait et al. (2019) investigated the effects of
rib angle (installed inside the tube) on nanofluid heat
exchange numerically and experimentally. They found
that increasing the nanoparticles volume fraction (¢np)
and Reynolds number intensified heat exchange. They
also reported that the performance of the spiral tube
was 2% higher compared with that of the simple tube.
Other researchers used porous media (Xu et al., 2019)
to improve heat exchange. Shen et al. (2017) studied the
effects of metal foam porosity on heat exchange and AP
inside the microchannel. They used different metal foam
arrangements and revealed that installing metal foam had
a greater effect on AP than heat exchange.
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A discrete heating source has been considered by
researchers in many studies. Ren et al. (2019) studied the
natural heat exchange from the solar chimney equipped
with discrete heating sources. The results showed that
the adopted solar chimney had a better performance
than the conventional one. Babajani et al. (2017) numer-
ically investigated mixed convection heat exchange of
nanofluid flow inside a two-dimensional channel with
four discrete heat sources. They reported that increasing
@np intensifies heat exchange and the intensity of temper-
ature gradient near the heating sources. Sankar and Do
(2010) studied convection heat exchange inside a vertical
cylinder with two discrete heat sources on the wall. Using
finite element, it was reported that heat exchange was
directly related to the radial ratio and inversely related
to the aspect ratio. Shiriny et al. (2019) investigated the
effect of heating source installation on heat exchange in a
microchannel equipped with triangular ribs. By installing
heating sources in the flow direction, it was found that
if the slip coeflicient increased, the heat exchange would
improve. By installing heating sources behind triangu-
lar ribs, heat exchange was reduced with an increasing
slip coefficient. Toghraie et al. (2019) investigated the
effectiveness of a double pipe heat exchanger in two sce-
narios. In the first scenario, the heat flux was applied
continuously and in the second one, the heat exchange
was applied discontinuously. The results showed that
the heat exchanger effectiveness in the second scenario
was higher. A. Bahrami et al. (2020) investigated heat
exchange inside a microchannel equipped with a discrete
heating source. Considering laminar flow, they used sev-
eral nanofluids and revealed that if the heat sources were
installed opposite the top and bottom of the microchan-
nel, the temperature of the nanofluid in the middle of the
microchannel is maximized. They reported that at Re =
30, the rate of heat exchange in the opposite array was 6%
more than face to face array.

Dinarvand et al. (2021) considered the effect of mag-
netic field on the thermal and hydrodynamic boundary
layer. They claimed that increasing magnetic strength
resulted in a lower thermal and hydrodynamic bound-
ary thickness and subsequently improvement of heat
exchange. Using heat exchange improvement techniques
also affected entropy generation Sgen. In general, Sgen Was
divided into a viscous term as well as a thermal one.
The former was generated due to frictional force and
the latter was attributed to heat exchange (Chen et al.,
2019; Huminic & Huminic, 2020). Esfahani et al. (2017)
investigated Sgen in a sinusoidal plate heat exchanger.
They reported that $g, was zero at the center and
approaches of the heat exchanger and that its maximum
value was at the lateral wall. Karimipour et al. (2020)
investigated the effect of injection on entropy generation

in a microchannel. Their result alleged that injection
brought out both thermal and viscous entropy genera-
tions. Leong et al. (2012) studied heat exchange and sgen
inside a helical heat exchanger. They found that the low-
est Sgenoccurred at an angle of 50° and the highest heat
exchange occurred at 25°. Nguyen et al. (2020) stud-
ied a double pipe sinusoidal-wavy wall heat exchanger
from the first law as well as the second law of thermo-
dynamics. They applied magnetic field in the presence
of FMWCNT/water. Under the best conditions, using
sinusoidal-wavy wall could increase heat exchange by
19% while $ge, was intensified by 8%. Dormohammadi
et al. (2018) studied Sge, inside a wavy-wall channel
with nanofluid. They reported that the lowest thermal
entropy as well as viscous entropy generation occurred at
a certain amplitude, and increasing ¢, diminished sgep.
Akbarzadeh et al. (2019) studied nanofluid flow inside a
wavy-wall heat exchanger containing porous media from
the first and second laws. They revealed that in the diver-
gent section of the sinusoidal duct, the temperature of the
nanofluid was higher than that in the convergent section.
On the other hand, thermal entropy generation in the
divergent section was greater than that in the convergent
section (Table 1).

Literature review revealed that several studies were
performed on microchannel. However, no study has been
conducted on the effects of installation layout of dis-
crete heating sources in a sinusoidal-wall microchannel.
Therefore, in this study, three discrete heating sources
are installed in a sinusoidal-wall microchannel equipped
with nanofluid. By changing the heating source installa-
tion location from the converging section to the diverging
one, heat exchange is examined in order to obtain a suit-
able layout. Eventually, from the second law of thermo-
dynamics, the effects of installation location on $geqare
evaluated.

2. Problem description

The problem geometry is illustrated in Figure 1. The
microchannel length and width are 40,000 and 1000 pm,
respectively. The parameters of 1, I, I3 and I4 are consid-
ered to be 10,000, 400, 400 and 10,000 um. As shown in
Figure 1, the bottom and upper walls are obtained from
S(X) = £0.5sin (%) where X varies in the range 10-30.

Lo
(Xt 2,.3,. 4
{ <h+h+h+h)}

Laminar flow of nanofluid enters the microchan-
nel with an initial temperature of 293 K and leaves the
microchannel after heat transferring with discrete heat-
ing sources at T, = 313K. Table 2 reports thermophysical
properties of nanofluids.
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Table 1. Studies focusing on heat exchange and $gep,.

Authors Problem Effect of funding
Bahiraei et al. (2019) Tube e Twisted tape inserts e Decreasing the twisted ratio from
e Loading nanofluid 3.5 to 2.5 led to 10% decrement in

thermal entropy generation
e Adding nanoparticle led to 14%
decrease in thermal entropy gener-

ation
Liet al. (2020) Sinusoidal hairpin heat Using hybrid nanofluid By growing ¢, at Re = 1000 and Re
exchanger = 1500 entropy generation reduced,
whileatRe = 100and Re = 500, it was
increased
Vatanparast et al. (2020) Rectangular channel Staggered semi-porous fins e At higher Darcy number, less total

entropy generation
e 44% increment in Sg, due to
increasing Re from 50 to 1000
Kurnia et al. (2016) Helical and straight tube Various cross section e Square tube has more Sg, as com-
pared to ellipse and circular cross-
section
Rashidi et al. (2017) Eccentricity tube Screw tape insert e 42% growth in viscous entropy gen-
eration for eccentricity in the range
of 0-3.5
e 237% intensification for eccentricity
in the range of 0-3.5
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Figure 1. Different layouts of discrete heating sources.
3. Governing equations is considered steady, incompressible, and laminar at sin-
Numerical method is applied to solve continuity gle phase (Mazaheri etal, 2019):
(Equation (1)), momentum (Equations (2) and (3)) and du  ov
energy (Equation (4)) equations, in which the nanofluid Ix + a_y =0 (1)

Table 2. Properties of graphene nanoplatelet/water nanofluids (Mazaheri et al., 2019).

Viscosity Specific heat Thermal conductivity Density
¢ (%) (Pa-s) (J/kg - K) (W/m - K) (kg/m?)
0 3.08212404044923 x 10'3 x 766681 0.12T 4 4065.8 0.0020338T — 0.0057 1085.05 — 0.29689T
0.06 7.04657066469 x 107 x T—4366 42481 —0.77771T 0.0029T — 0.2336 1085.1 — 0.2943T

0.1 3.5197010825669 x 108 x 7463845 1.02T + 3492.5 0.00327 — 0.2646 1086.5 — 0.2979T
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Figure 2. Validation by comparing the results of Wang and Chen
(2002) with the present numerical method.
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In the continuity and momentum equations, x and y
denote horizontal and vertical distances, respectively, and
u and v are horizontal and vertical velocity (%), respec-
tively. In the momentum equations, piyf is the viscosity
of nanofluid (Pa-s) and p is pressure (Pa). For the energy

knt Jefines
PnfC, ¢

the thermal diffusivity (%), in which kyf, pnf, and Cp¢

equation, T is the temperature (K), apf =

are the thermal conductivity (%), density (%), and

heat capacity of nanofluid (ké_K)’ respectively.
To write continuity, momentum and energy equa-

tions in dimensionless form, the following parameters are
utilized:

x=fy-Yyu-ty_ru_h,_b

= T T T T e T
T—T 5 h 9

9: C’ — pz’Re:uL’Pr:_nf
T — T, Pnflc Unf Olnf

Non-dimensionless continuity, momentum in x and y
directions and energy equations are written in Equations
(6)-(10), respectively:

U oV

xtTay=° (6)
pU p AU _ 9P | <32U+32U) (7)
ox "9y T T ax " oRe \ X2 972

A% oV AP V. [0V 3V
Us+ Vo = ——% (8)
90X = 0Y  9Y  ¥pRe \9X2  0Y2
p98 | 080 _ o 9%0 N 9%0 ©)
X = 9Y  afRe-Pr\oXx*> 0Y?

It should be mentioned that all equations are obtained
according to the following boundary conditions:

out flow =0, =0V=0P=0atX=L0<Y<1
downwall 6=0U=0V=0atY=00<X<L
6=1U=0Vv=0ay=1(-(}+2+5+%))
up wall ; ; ; i
6=0U=0V=0ay="1,(}+2+5+%)
inflow =0,U=1V=0atx=0,0<Y <1

Since some parts of the up wall are insulated and other
parts are at constant temperature, it is divided into two
parts.

Nusselt number is presented to show heat exchange
with the following equations:

knt (30
Nu, = ——“f<a—> (10)

_ 1L
Nu = — [ Nu,dX (11)
Lo

To simultaneously investigate heat exchange and AP,
a performance evaluation criterion (PEC) parameter is
introduced as follows (Yang et al., 2020):

—( NE‘:‘“ ) (12)

1
(%)
APpase

Pumping power, depending on AP, is determined
with the following equations (Ebrahimi et al., 2015):

PEC =

Pumping power = volumetric flow x AP(W)  (13)

Sgenincludes thermal and viscous terms, which are
computed from Equations (14) and (15) (Akar et al,

Figure 3. Distribution of computational meshes.

Table 3. Grid study.

Model Grid number NUave Error%
A 1220 5.0768 -

B 3840 5.59 10.1
C 22,000 5.79 3.577
D 44,000 5.76 0.518
E 65,000 5.77 0.173
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2018):

=S [+ ()] () o
=t o[ () () ] (e 2y

domain of fluid:

Sgencan be rewritten in dimensionless form as
follows:

( w ) (15)
3. I 2
m? - K =3 (17)
kr
Integrating from Equations (14) and (15) can spec- N = l IR -dA (18)
ify global entropy generation per unit depth in the entire A
Re=25 , Re=25 ‘
Re=100 C Re=lwo
—— I
Re=200 . Re=200 ”
Layout A
Re=25 Re=25

2F
Re=100 g g Re=100 l ' .

— v Y
—

Re=100

s f
04
Re=200 Nl

Re=20{ I I I

Layout C

Figure 4. Streamlines and isotherm lines in various layouts.
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Figure 5. Variation in Nu,, at Re = 100.

4. Numerical approaches and validation

In this study, finite volume method with second-order
discretization is implemented for continuity, momentum
and energy equations. Moreover, the SIMPLE algorithm
is used to couple pressure and velocity. For validation, the
results obtained for a sinusoidal-wall microchannel are
used (Wang & Chen, 2002). The variations of local Nus-
selt numbers are compared for validation and it is found
that the present numerical approach can well simulate
microchannel heat exchange (Figure 2).

To reduce the running time and boosting accuracy,
structured meshes are used within the microchannel. As
illustrated in Figure 3, finer meshes are applied to the
heating source regions where the temperature gradient
is higher. According to Table 3, five networks (A, B, C,
D, and E) are used to examine the independence of the
solution. As the number of computational cells increases,
the sensitivity of Nuyye to the number of meshes drops.
By increasing the number of cells from 44,000 to 65,000,
Nugye experiences a decrease of 0.173%, which can be
ignored, and therefore network D is used for performing
the rest of simulations.

5. Results and discussion

As mentioned, the main purpose of this study is to exam-
ine the effects of using different heat source layouts (as
shown in Figure 1) on heat exchange so that the highest
heat exchange rate occurs between the nanofluid and the
sinusoidal-wall microchannel.

5.1. Streamlines distribution

Figure 4 shows streamlines as well as isotherm lines in
layouts A, B, and C. As can be seen, in lower Reynolds

number, vortex is not formed and the nanofluid is moving
directly. As the Reynolds number increases, vortex forms
just behind the peaks in layout B and C, while no vortex
is formed in layout A.

5.2. Local Nusselt number

Figure 5 presents local Nusselt number variations. As
it is shown, in adiabatic regions, the local Nusselt is
zero. Upon entering regions where heating sources are
installed, the local Nusselt has a sudden increase and then
decreases. It can be seen the local Nusselt for layout B is
more than that for others. It is because the temperature
gradient for this layout is higher (as shown in Figure 4).

5.3. Average Nusselt number

Figure 6 shows the variation of Nu, at 0, 0.06 and
0.1vol.%. As it is depicted, increasingRe results in ris-
ing of the average Nusselt number for all layouts. Note
that increasing Re increases the thickness of the thermal
boundary layer as well as temperature gradient, which
consequently enhances heat exchange. At 0, 0.06, and
0.1vol.%, the performance of layout B is better than that
of others. It is because, in layout B, the streamlines inten-
sity in the region close to heating source (as shown in
Figure 4) is higher. More streamlines intensity implies
a higher temperature gradient and consequently better
heat exchange.

Figure 6 shows that layout B has better heat exchange
than base layout (A). In other words, by installing heat-
ing source in the converging section of a sinusoidal-wall,
heat exchange can be improved by 37.5%. However, by
installing heating sources in the diverging section, it
cannot be expected that heat exchange will always be
improved. With increasing Re up to 150, layout A per-
forms better than layout C, while with further increase of
Re, the behavior is quite the opposite. Undoubtedly, this
can be attributed to the presence of vortex. As mentioned
in Figure 4, at low Re, vortex does not form. In this case,
the intensity of streamlines in layout A is higher than that
in layout C and consequently heat exchange in the for-
mer is higher than that in the latter. With the increase of
Re, vortexes form and their strength intensify and direct
streamlines upwards (close to heating sources). In other
words, they increase the streamline intensity, and there-
fore it can be claimed that the temperature gradient in
layout C becomes greater than that in layout A, which
consequently intensifies heat exchange. Under the best
conditions, by installing heating source in the diverg-
ing section of a sinusoidal-wall, heat exchange can be
improved by 3.7%.
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Figure 6. Variation in Nup, at 0, 0.06 and 0.1 vol.%.

5.4. Nanoparticles volume fraction efficacy on heat
exchange

In the previous section, it is observed that layout B per-
forms better than others. In this section, the nanopar-
ticle loading efficacy on the performance of layout B is
examined. For this, Nu (average Nusselt number) is com-
puted in two scenarios. In the first scenario, the base
fluid (¢ = 0%) is used and (m(p:o%)is computed while
in the second scenario, the same computations are per-
formed for nanofluids at 0.06 and 0.1 vol.% to obtain Nu.

Variations in Nusselt number ratio —*— are shown in

Nu(p:o%

Figure 7.

The results show that in all Reynolds numbers, the
presence of nanoparticles intensifies heat exchange. At
0.06 and 0.1 vol.%, heat exchanges are improved up to
10.8% and 18%, respectively.

5.5. Pumping power

Figure 7 reveals that the increases in Re and ¢ enhance
heat exchange. AP is also dependent on these param-
eters. In Figure 8, the variation in pumping power is
investigated. Increasing Re and ¢ exacerbate the required
pumping power. Any rise in Re intensifies the shear stress
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Figure 7. Effects of the presence of nanofluids in layout B.

and consequently AP. On the other hand, the presence
of nanoparticles increases the viscosity and amplifies the
shear stress and AP. But the presence of nanoparticles has
another effect. The nanoparticle density is higher than
that of the base fluid and therefore it increases the den-
sity and consequently the mass flow rate, which raises the
pumping power (Equation (13)).

In Figure 8, the pumping power in layouts A, B,
and C are compared. Pumping power in layout A is
less than those in layouts B and C. It is because in the
sinusoidal-wall layouts, the formation of vortexes inten-
sifies AP and consequently increases the pumping power.
Of course, another reason is the higher contact surface in
the sinusoidal-wall than the smooth one.

Referring to Figure 4, it can be seen that the intensity
of vortexes in layout B is higher than that in layout C,
and therefore it seems logical that the pumping power of
layout B should be the highest.

Figure 8 shows that sinusoidal-wall layouts (B and C)
have a higher pumping power than the base one. Com-
pared to the base one (A), the pressure drops in layouts B
and C are intensified by 117% and 79%, respectively.

5.6. Figure of merit

In this section, the effects of utilizing sinusoidal-walls are
examined through evaluating the figure of merit (FOM).
The computations are performed in such a way that mak-
ing sinusoidal wall efficacy on heat exchange and AP
can be evaluated. Figures 6 and 8 show that layout B
(sinusoidal-wall) provides more heat exchange and, at the
same time, more AP. By evaluating FOM, we can exam-
ine the heat exchange variation relative to AP. As can be
seen, FOM value for layout B is greater than one, while
for layout C, it is less than one.

Layout C is not acceptable for two reasons. By refer-
ring to Figure 6, it can be seen that heat exchange, up to Re
= 150, is less than that of layout A. AP is also greater, and
therefore FOM parameter is always less than one (Figure
9).

5.7. Entropy generation

Entropy generation is attributed to the non-ideality of the
process so that the smaller is its value, the smaller is its
deviation from the ideal conditions. $genconsists of ther-
mal as well as viscous terms. The thermal term Ny, is
highly dependent on the temperature gradient and the
viscous term Nf depends on the velocity gradient. In gen-
eral, increasing velocity or temperature gradients lead to
intensification in Nf and Ny,.

Figure 6 shows that the average Nusselt for layout B
is higher than that for the other two layouts. Better heat
exchange may be attributed to:

(1) Higher temperature gradient (according to Figure 4,
the temperature gradient in layout B is higher than
that in others)

(2) More heat transfer area.

In general, it can be claimed that the reason for the
superiority of heat transfer in layout B over layout C is
attributed to temperature gradient. Also, the reason for
the superiority of heat exchange in layout B over layout A
is attributed to temperature gradient as well as the larger
heat exchange area. However, because the temperature
gradient of layout B is higher than that of others, it is
expected that the thermal entropy generation in layout B
will be higher than that of others as shown in Figure 10.

The trend of thermal entropy changes is in accor-
dance with Figure 6. It is seen that, up to Reynolds 150,
heat exchange of layout A is better than that of layout C.
As explained in the previous section, the reason for the
higher heat exchange in layout A than that in layout C
is attributed to the higher temperature gradient. In other
words, it can be claimed that up to Re = 150, the thermal
entropy generation in layout A is higher than that in lay-
out C (owing to higher temperature gradient). However,
at Re = 200, the maximum thermal entropy generation
occurs. For layouts B and C, the thermal entropy gener-
ation is higher than that of the base (A) up to 35.2% and
4%, respectively.

The trend of viscous entropy generation variations is
similar to Figure 8. Because the viscous entropy gener-
ation depends on the velocity gradient. In the previous
section, it is mentioned (Figure 4) that the velocity gradi-
ent in layout B is higher than that of others. On the other
hand, vortex formation intensifies the irreversibility of
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the system and increases the entropy generation inten-
sity. Therefore, it is expected that layout A (due to the
lower velocity gradient and lack of vortex) has the lowest
viscous entropy as shown in Figure 11.

The distribution of viscous and thermal entropy gen-
eration is shown in Figure 12. It has been mentioned
that layout A has a lower velocity gradient (Figure 4) and
besides, no vortex is formed in this layout and therefore
has the lowest viscous entropy generation. Figure 12 con-
firms this claim. Besides, by comparing Figures 4 and 12,
it can be seen that in regions where the velocity gradient
is high or the vortex is formed, there is the highest viscous
entropy generation rate.

Certainly, in regions close to heating source, the tem-
perature gradient has the highest value, and therefore
the thermal entropy generation is maximum. The total
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entropy generation is obtained by summing Figures 11
and 12. On the other hand, thermal entropy generation
is much higher than the viscous one (approximately 1000
times) so that the variations in total entropy generation
can be considered similar to the thermal one. There-
fore, it can be claimed that the total entropy generation
in layouts A and B has the lowest and highest values,
respectively.

6. Conclusions

Reducing the size of heat exchange units while intensify-
ing the intensity of heat exchange is an aim that can be

150 200

achieved in sinusoidal wall microchannels. In this study,
the effect of heater location on the thermal and fluid
performance of a microchannel with sinusoidal walls
is evaluated. For this, heat exchange and AP of three
microchannels equipped with discrete heat sources are
investigated. In layout A (base), a simple microchan-
nel with discrete heating sources is studied. In layout
B, heating sources are installed in front of the converg-
ing section while in layout C, they are installed in front
of the diverging section. By implementing finite volume
method, heat exchange between graphene nanoplatelet
/water nanofluid (0.06 and 0.1 vol.%) flow and discrete
heating source is investigated at Reynolds numbers of
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25-100. Besides, pumping power and irreversibility are
compared in three layouts. The main results are:

6.1. Heat transfer

e Comparison showed that both layouts B and C are
superior to layout A. The heat transfer for Layouts B
and C was 1.375 and 1.037 times that of the base layout
(A), respectively.

e The comparison between layout B and layout C
revealed that the former layout had higher tempera-
ture gradients which consequently led to higher heat
transfer potential.

e Itisrecommended that for sinusoidal-wall microchan-
nel, discrete heating source should be installed in the
converging section (like layout B).

e The results showed that the presence of nanoparti-
cles intensified eat transfer. Using nanoplatelets/water
nanofluid led to improvement in heat transfer by
10.8% (at 0.06 vol.%) and 18% (at 0.1 vol.%).

6.2. Pressure drop

e Although sinusoidal-wall microchannel provides
more heat exchange, they also intensify pressure drop.
The pressure drops in sinusoidal layouts B and C are
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117% and 79% higher than that in layout A, respec-
tively.

6.3. Entropy generation

e Inall Reynolds numbers, layout B has the highest heat
exchange rate as well as pumping power. Therefore,
the viscous and thermal entropy generation in this
layout is more than those of others. Total entropy gen-
eration in layout B is reported to be up to 35.2% higher
than the base one.
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Nomenclature

G Specific heat (kg]—K>

h Microchannel height(um)

H Dimensionless microchannel

/ Microchannel length (um)

I, I, 13, 1a Length of insulation parts(um)

L Dimensionless microchannel

N¢ Dimensionless frictional entropy
generation

N Dimensionless thermal entropy
generation

Nu Nusselt number

Pr Prandtl number

p Pressure(Pa)

P Dimensionless pressure

FOM Figure of merit

q Heat flux ( %)

Re Reynolds number

St Frictional entropy generation (m‘;\.’K)

Sth Thermal entropy generation ( meK>

S¢ Frictional entropy generation per depth

w
. (k)
Sth Thermal entropy generation depth
w

(k)

T Temperature(K)

Tc Inlet temperature of the cold fluid
stream (K)

u Horizontal velocity (mT)

Uc Inlet nanofluid velocity ( mT)

V) Dimensionless horizontal velocity

v Vertical velocity (mT)

4 Dimensionless vertical velocity

X Horizontal axis

X Dimensionless horizontal axis

y Vertical axis

Y Dimensionless vertical axis

Greek symbols

10 Volume fraction of nanoparticles(%)

U Dynamic viscosity(Pa - s)

0 Dimensionless temperature

0 Density (%)

v Kinematic viscosity %

o Thermal diffusivity (%)

Super and subscripts

ave Average

c Cold

f Fluid

h Hot

nf Nanofluid

s Solid
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