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ABSTRACT

In this study, the laminar nanofluid flow in the microchannel with a discontinuous-boundary condi-
tion was investigated. Considering the slip condition, heat transfer and entropy generation were
studied. Different layouts with the discontinuous-boundary condition (i.e. layouts A, B and C)
were introduced and compared with the basic microchannel (microchannel with the continuous-
boundary condition). Reynolds number and non-slip coefficient parameters on the effect of using
discontinuous-boundary condition were discussed. The results revealed that the application of
discontinuous-boundary condition affects the heat transfer as well as entropy generation so that
the effects are more pronounced at higher Reynold number. By applying discontinuous-boundary
condition, the heat transfer through the layouts of A, B and C was 34, 45 and 53% higher than the
base microchannel. Simultaneously, the entropy generation through the layouts of A, Band Cinten-
sified by 31, 39 and 46%, respectively. The results proved that the applying slip condition has two
positive effects as well as a negative effect. It enhanced the heat transfer and diminished the viscose
entropy generation, but on the other hand, it intensified the thermal entropy generation.
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1. Intr ion . .
troductio et al., 2021). However, most methods result in a consid-

The investigations on the micro-scale devices (Xu
et al., 2022) is fundamental in many industries such as
aerospace (Weifs et al., 2019), electronics systems (Abo-
Zahhad et al,, 2019; Ma et al., 2019; Vajdi et al., 2020),
photovoltaic-thermal systems (Ahmed & Radwan, 2017;
Radwan et al., 2016), concentrator solar cells (Abo-
Zahhad et al., 2020), etc. For the enhancement of the heat
transfer on the micro-scale the microchannels are essen-
tial. Microchannels have a wide range of applications
from microfluidics devices (Lai & Wong, 2021) to elec-
tronic devices for the quality of a better heat exchange.
There are various methods to enhance the heat trans-
fer including active methods such as magnetohydrody-
namic (Jarray et al., 2020; Mehrez et al., 2015) and passive
methods like adding nanoparticles to the base fluid (Li
et al., 2021; Mehrez & El Cafsi, 2017, 2021a, 2021b; Sun

erable pressure loss. Applying discontinuous-boundary
conditions has been widely used in heat transfer cases
(Bahrami et al., 2019; Ma et al., 2019; M. Mansour et al.,
2018; Toghraie et al., 2019). Microchannels have a high
surface-to-volume ratio and can be valuable in the cool-
ing issue. The knowledge of material science has a vital
role in industries(Kuskov et al., 2021; Torosyan et al.,
2020) and shows by improving the thermal properties
of the working fluid, the microchannels thermal perfor-
mance can be enhanced (Huminic & Huminic, 2020).
The thermal conductivity of nanoparticles is very high
and many researchers have proven that adding nanopar-
ticles to base fluids improves the thermal conductivity
(Zahmatkesh et al., 2021).

By examining the second law of thermodynamic sys-
tems, the degree of deviation from the ideal state will
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be determined. The second law is examined from two
perspectives of entropy (Chamkha et al., 2017; Mansour
et al, 2019; Mehrez et al., 2015; Rashad et al., 2018;
Rashad et al., 2019; Zamzari et al., 2015) or exergy bal-
ance equations (Tian et al., 2020). The entropy generation
(Sgen) is concerned with the entropy balance equation
(Mansour et al., 2019; Rashad et al., 2018; Rashad et al.,
2019) while the exergy loss is obtained through solving
the exergy balance equation (Abo-Zahhad et al., 2019;
Abo-Zahhad et al., 2020) . Huminic and Huminic (2020)
presented a valuable study on the entropy-based second
law analysis in which the viscous entropy generation (Sf)
as well as thermal entropy generation (S;), are discussed
comprehensively. Many studies have identified the effect
of nanofluids on entropy production (Ishak et al., 2019;
Shashikumar et al.,, 2018; Tayebi & Chamkha, 2019).
Singh et al. (2010) theoretically studied the entropy gen-
eration through the microchannel in the presence of
Al O3 — water nanofluid (one of the first work in this
field). The flow regime was considered laminar and tur-
bulent. They established the correlations by which the
ratio of entropy generation in the presence of nanoflu-
ids to the entropy generation in the presence of base fluid

(Sg{n / Sg{n) can be determined. They proved that under
the turbulent flow, incorporation of AL O3 into water
diminished Sge,,. Ebrahimi et al. (2016) investigated Sgen
through a rectangular cavity (with a 20 kW boundary
condition at the left surface) to determine the effect of
the presence of Al; O3 and CuO nanoparticles. The results
showed that the presence of both nanofluids reduced Sgen.
However, the decremental effect of adding CuO on Sg;,
is greater than the decremental effect of the incorpora-
tion of Al,O3 nanoparticles. In another study conducted
by Heshmatian and Bahiraei (2017), the effects of the
presence of TiO, nanoparticles in water have been inves-
tigated. The authors focused on the particle migration
to determine S; and §; considering the Brownian diffu-
sion using ANN. They found that as the nanoparticles
size decreased, Sgen intensified. By solving the energy
and momentum equations, Yang et al. (2015) determined
the temperature as well as the velocity inside a trape-
zoidal cavity (nanofluid impregnated). They calculated
the thermal and Sf considering the temperature gradi-
ents as well as the velocity gradients and found that S;
contribution to the viscous entropy production was about
three times. Also, they observed that the zones with large
S; was located at the bottom side of the cavity. According
to the results, as the Reynolds number (Re) decreased, Sf
diminished while S; amplified. The second law of analysis
of a counter flow micro-heat exchanger was examined by
Mohammadian et al. (2014). The hot fluid (water) flows
into the inner tube and the cold fluid (Al O3 /water) flows

through the annular space. It was found that with increase
in nanoparticle size and decrease in volume fraction, Sf
diminished. In contrast, the thermal entropy generation
intensified. As the thermal entropy generation contri-
bution has a higher value than the viscous one, so Sgen
intensified with increase in particle size and decrease in
volume fraction. The effect of hybrid nanofluid presence
with non-Newtonian behavior on the thermal perfor-
mance of a microchannel heat sink was investigated by
Al-Rashed et al. (2019). They examined the effects of
adding CNT/Fe3Oy4 to the water on Sgen. The simulation
results revealed that by rising Re to the critical number
(Re = 300), Sg_e,, diminished. As Re increases upon the
critical value, Sge, Will rise. In the meantime, the use of
numerical methods has been widely considered.

In this study, the laminar nanofluid flow in the
microchannel with a discontinuous boundary condi-
tion was investigated. The major aim of this study
is to boost the heat transfer without increasing pres-
sure loss in the microchannel. To this goal, this study
answers the question of whether heat transfer can be
improved by applying discontinuous-boundary condi-
tions? For this, we introduced three layouts to exam-
ine the effects of discontinuous-boundary conditions
on heat transfer. Then, by examining the second law,
the question is answered: what effect does the appli-
cation of discontinuous-boundary conditions have on
the entropy generation? It seems that owing to the
presence of an adiabatic zone between the hot zones,
the temperature gradients in hot zones intensify and
therefore the heat transfer increases. The question then
is answered that whether the heat transfer improve-
ment made by applying discontinuous-boundary con-
ditions is accompanied by more entropy generation or
less?

2. Problem description

In this study, as shown in Figure 1, the microchannel
walls were divided into two equal parts, with 25% of the
walls subjected at constant temperature and the remain-
ing 75% is adiabatic. The ratio of length to the height of
the microchannel was considered 40. The main purpose
of this study is to examine the hot-walls arrangement
on HT as well as Sgen. Figure 1 illustrates the different
arrangements of the hot walls. Given the slip condi-
tions, the Al,O3-water nanofluid enters the microchan-
nel at a temperature of T, = 300K. The nanofluid flow
is assumed to be laminar and simulated within Re
of 5-100. Hot-wall temperatures are Ty = 310K. The
thermophysical properties of nanofluid are reported in
Table 1.
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Figure 1. Different layout.

Table 1. Thermophysical properties of Al,Oz-water (Jalali &
Karimipour, 2019).

¢%)  porkgm™)  ppr(Pas)  kye(WmT'KTY  Cp(ikgT KT
0 997.1 891x10~* 0.613 4179
2 1056.6 9.37x10~% 0.6691 3922

3. Governing equations

In many studies, researchers have used numerical meth-
ods to describe physical phenomena (Dinarvand et al.,
2021; Huang et al., 2022; Mahdavi et al., 2021; Moradi
et al., 2020; Razavi et al., 2019; Wang et al., 2021). In this
paper, single-phase model is used for the nanofluid. The
basic non-dimension equations for continuity, momen-
tum and energy equation, in stationary and incompress-
ible flow, can be written as follows(Dinarvand et al., 2021;
Mahdavi et al., 2021; Razavi et al., 2019; Tayebi et al.,
2021):

oU oV _ o W
X Y

pdU  OU _ 9P Dy 82U+82U @)
X Y 09X  9Re \ X2  9Y?
V.V P Oy [(0°V 02V

U—4+V—o=—-— 3)
X aY dY = OgRe \ 0X> = 9Y?
30 30 anr (%0 3%0
—+V—_—= —+ 4
ax T oy afRe.Pr <3X2 Ty )

The dimensionless slip velocity is (Veera Krishna &
Chamkha, 2021):

At )
= Y Jy=01

where B* is dimensionless slip coefficient. Also, the
dimensionless parameters involved in Equations (1-4)
are:
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W w T ul T
h l B
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The local and average Nusselt numbers are (Jalali &
Karimipour, 2019):

ke \9Y Jy—o1
1 L
Nu,, = —/ Nu,dX 9)
LJo

Entropy generation shows the value of irreversibility that
is usually attributed to heat transfer and friction. Gener-
ally, in this study, the local entropy generation includes
frictional and thermal that obtained as follows (Esfahani
et al,, 2017; Kefayati, 2015):

eme ) )] (e
foor ax dy dy  Ox ’
$ = / / / §f'dv (10)
S///_ k”f aT 2 aT 2
w6 )
S =/// S'dv (11)
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and the dimensionless form of local entropy generations:

. S///hz
Ni=— (12)
f
Q11,2
kr

The normalized dimensionless entropy generations
rate per unit depth are:

N; = / N:dV (14)

Ny = / NgdVv (15)

It is worth mentioning that to obtain nanofluid prop-
erties, the following equations are used. To solve the den-
sity, the specific heat capacity viscosity, and effective ther-
mal conductivity(Brinkman, 1952; Jalali & Karimipour,
2019; Patel et al., 2006):

puf = (1 = @) pf + dps (16)
ke

= ﬁ (17)

(pcp)uf = (1 — @) (pcp)r + P(pcp)s (18)
Ky

B = g "

keﬁ' ksAs As

E = (1 + kaf + Ckspe%) (20)

In Equation (20), ¢ is an experimental constant and its
value is 15000. K¢ and Kj are the thermal conductivity
of fluid and nanoparticles that are 0.613 and 40 W/mK,
respectively.

The molecular area’s ratio of the base-liquid and that
of solid nanoparticles is as follows where Pe, 2—; and j are

defined as follows:

A df ¢
S (L 2 21
, ( e 1)
P. is a constant parameter and describes as follows:
jd
P =15 (22)
of

In Equation (22), j is associated with the impact of
the Brownian motion and is obtained as follows: where
Kb = 1.3807 x 10723 J/K (the Boltzmann constant) and
the molecular diameter of water and solid nanoparticles
is df = 2 A®and ds = 40 nm, respectively

2K, T

e (23)

j=

4. Grid study and validation

The finite volume method (FVM) with second-order dis-
cretization (to have more accurate) is utilized for con-
tinuity, momentum, and energy equations. In addition,
coupling of the pressure and velocity is implemented by
the SIMPLE algorithm. Grid study is performed using
four networks with different grid numbers (Table 2).
The mean Nusselt number was used to examine the grid
study. According to Table 2, for Network A, with the grid
number of 7000, Ny, is 1.63. By doubling the number of
meshes (Network B), Nug,, is increased by 17.79%. This
figure for networks of C and D is 3.12% and 1%. Since
the difference between the results of C and D networks is
acceptable, hence network C is selected and utilized.

For validation, the results of Raisi et al. (2011). In
their study, the nanofluid flow in a microchannel with a
constant temperature boundary was investigated by con-
sidering the slip condition. The comparison between the
present study and Raisi et al. (2011) is shown in Figures
2 and 3. In Figure 2, local Nusselt number is depicted
along the microchannel walls and in Figure 3 dimension-
less slip velocity (as a function of vertical direction) at
the microchannel outlet. As can be seen, the results are in
good agreement with those of Raisi et al. (2011). There-
fore, the methods of solving the conservation equations
are reliable.

Table 2. Grid study.

Model Grid number NUuave Error (%)
A 7000 1.63 -

B 14000 1.92 17.79
C 28000 1.98 3.12
D 56000 2 1

9.0

|

Present study|
© Raisi etal.

30 40 50 60 70

Figure 2. Comparative illustration of the Local Nusselt variations
in the two studies.
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Figure 3. Comparative illustration of the dimensionless slip
velocity profiles in the two studies.

5. Results

In the base microchannel, the constant temperature loca-
tion on the wall remains constant. Whereas in other
microchannels, constant temperature locations become
smaller and smaller. It should be noted that in all
microchannels, half of the upper wall is subjected to a
constant temperature boundary condition (Ty = 310K).

15

The other half of the wall is adiabatic. First, heat trans-
fer through these microchannels investigate and then the
thermal, viscose and Sg,, will analyze considering the slip
condition and non-slip condition.

5.1. Nusselt number

Figure 4 shows Nu, along the upper microchannel wall
in four different layouts. Simulations were performed
at 8* = 0.05, and 0.02 vol.%. as well as Re of 5, 20, 60
and 100. In all microchannels, the highest Nu, occurs
at the entrance of the zones which is subjected to con-
stant temperature boundary conditions and then, gradu-
ally decreases along the microchannel. In insulated zones
where the temperature gradient is zero, Nu, is also zero.
For layout b, the two discontinuity created in the local
Nusselt diagram corresponds to the two zones with a
constant temperature boundary condition. The constant
temperature locations are well illustrated in Figure 1.
In other layouts, there is discontinuity caused by the
presence of high-temperature locations.

If the calculation of Nu,, = % fOL Nu,dX is per-
formed, the mean value of Nu is obtained. The area under
the curve for layout A is larger than that of the base case.
This means that Nu, for layout A is higher which is

= * * Re=100
Re=60

Base 3
|
2 —Re=20

1 «+seRe=5

12

15

Layout A

[~ -+ Re=100]
Re=60

Re=20

«.+<Re=5

12 |

[ - Re=100
Re=60
Re=20
-« +Re=5

15

Layout C

T
i
12 f 4

[~ - < Re=100
Re=60
Re=20
-« +Re=5

Figure 4. The effects of the presence of the zones with a constant temperature on Nuy in various Re.
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equivalent to more heat transfer in layout A than that of
the base one.

From a physical point of view, in layout A, after the
fluid passes through the first hot zone, the temperature
of the fluid in the area close to the wall, increases. For
the adiabatic zone, no extra thermal energy is added
to the fluid molecules. Therefore, hot molecules have
the opportunity to transfer energy to colder molecules
through molecular collisions along with molecular dif-
fusion. Therefore, in the adiabatic zones, the tempera-
ture distribution becomes more uniform and therefore
the molecules near the upper wall become cooled. As
the fluid approaches the second hot zone, these cold
molecules can receive more heat from the hot wall
because they have cooled in the previous zone (which
was adiabatic). Therefore, as the number of hot zones
increases, more heat is expected to transfer between the
wall and the fluid.

Figure 5 shows Nug,, for four layouts at §* = 0.05,
and 0.02 vol.%. As the Re rises, the temperature gradient
decreases and hence HT improves. On the other hand,

2.00
(—&—Layout C
A~ Layout B! P *
1.75 | [~®—LayoutA g . A
B * Base s
1.50 -
2 125
8
=
z
1.00
0.75 |-
0.50 -
0'25 1 1 1 1 1 1
0 20 40 60 80 100
Re

since Nugy is better for layout C, it can be concluded that
applying a discontinuous-constant temperature bound-
ary condition is better than the continuous one. The
more the number of intermittent boundary conditions,
the greater the impact on HT.

Figure 6 shows Nuy,, of different layouts relative to the
base microchannel. In this case, the base microchannel
has a continuous-constant temperature boundary condi-
tion at 8* = 0.

Based on the results, at 8* = 0, Nugy, of layouts of
A, B and C is improved by 10, 19 and 26% compared to
the base microchannel. Therefore, applying a discontin-
uous boundary condition can improve HT up to 26%.
This figure at §* = 0.1 is 53%. The heat transfer in
the microchannel with slip condition is higher than the
non-slip microchannel. Because applying the slip condi-
tion reduces the temperature gradient along the wall and
hence enhances HT.

The temperature distribution for the four layouts is
shown in Figure 7. It is observed that at higher the
Reynolds (b), a smaller percentage of the fluid molecules
have undergone a temperature gradient, or, at higher
Reynolds (state B), the temperature variations in the fluid
are concentrated in the vicinity of the wall.

5.2. Entropy generation

In this section, the effects of Re, B* and the most
important parameter of this study, namely applying
discontinues-boundary conditions. As noted, Sge,, is
caused by the velocity and temperature gradients. The
velocity gradient is responsible for Sf while the temper-
ature gradient leads to the thermal entropy generation.
First, Sf is examined. Figure 8 shows Sf for the four lay-
outs. According to the results, Sy increases with increas-
ing Re. Any rise in Re results in an increase in the velocity
gradient in the microchannel which consequently raises

Figure 5. Efficacy of Re at each layout at 0.02vol%  the viscous entropy generation. More focus on Figure 8
* __ . . . e
and g* = 0.05. reveals that the using discontinuous-boundary condition
1.6 - 1.6
[ Re=100 B'=0 [Re=100 ‘ B'=0.1
[_IRe=60 [_IRe=60 =
15k Il Re-20 ] 15k Il Re-20 ]
> [ [CJRe=5 [ [CIRe=5
14 F p 14F ]
= =
Z13f 1 213 ]
= =
z 4
12 . 12 1
11f E 11f b
1.0 1.0
Array A Array B Array C Array A Array B Array C

Figure 6. Average Nusselt number in each layout with respect to the base microchannel.
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Figure 8. Effects of applying discontinuous-boundary condition
on the viscous entropy generation.

(i.e. layouts of A, B and C) has no considerable effect on
viscous entropy generation. Because Sf depends only on
the velocity gradient. Changing the layout has no partic-
ular effect on the velocity gradient. As shown in Figure 8,
applying discontinuous-boundary conditions only affects
the temperature gradient.

Figure 9 shows Sf in terms of B*. According to this
figure, it can be seen that at 8* = 0 (microchannel with
the non-slip condition) Sf is the highest. As B* rises,
the viscous entropy diminished. Because as 8* rises, the
velocity gradient diminishes. Decreasing the velocity gra-
dient results in a reduction in the viscosity-generation
entropy term.

x10712
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<l « Re=5
16 | %
".
12 | .
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4
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8
.\. b
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O @ .. = =" =:° ¢ el i [ —UI i 7'y
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Figure 9. Effect of 8* on N¢ (base layout).

Figure 10 shows the effect of the layouts on the thermal
entropy generation. As shown in Figure 10, it is observed
that the effect of applying discontinuous-boundary con-
ditions at the higher Re is more noticeable. As Rerises, the
thermal boundary layer growth decreases. As the effect
of applying discontinuous-boundary condition is more
pronounced at higher Re, it is therefore predicted that at
higher Re, the difference between the layouts of A, B and
C are more.

It can be seen in Figure 10 that

e With increasing Re, S; amplify owing to the growth in
the temperature gradients
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Figure 10. N; at different layouts.

e Any growth in 8* improves HT (Figure 6). Higher HT
means a higher temperature gradient, which subse-
quently intensifies the thermal entropy generation.

e Applying discontinuous-boundary conditions leads to
HT improvement (Figure 6). The more HT is due to
the higher temperature gradient. On the other hand,
a higher temperature gradient means a higher rate of
thermal entropy generation.

Figure 5 showed that the heat transfer for layouts A,
B and C was higher than for the base case. Because the
presence of adiabatic leads to the opportunity for warm
molecules near the wall to transfer their energy to colder
molecules. Therefore, the temperature in the adiabatic
zone becomes uniform. This means that the tempera-
ture of the molecules close to the wall decreases. Thus,
molecules close to the wall enter the next hot zones
at lower temperatures. As the temperature difference in
these areas increases, heat transfer intensifies. Although
from the first law viewpoint, increasing the tempera-
ture difference is desirable (because it increases the heat
transfer), but from the point of view of the second law,

increasing the temperature difference is not very desir-
able. In other words, although the greater the temperature
difference, the higher the heat transfer, but it should be
noted that this heat transfer is accomplished with more
irreversibility, which is not very desirable from the sec-
ond law viewpoint. Therefore, in layouts A, B and C,
heat transfer and entropy generation are higher than the
base microchannel. Based on Figure 10, the microchan-
nel with the continuous-boundary condition, if g* is
increased from 0 to 0.1, S; will increase up to 13%. The
same is true in the layouts of A, B and C. Increasing §*
from 0 to 0.1 leads to an increase in S; up to 31% (for
layout A), 39% (for layout B) and 46% (for layout C).
The distribution of S; for each layout is shown in
Figure 11. In the regions where the constant temperature
boundary condition is applied, the concentration of S;
(zones marked in red) is high. Because in these zones, the
temperature gradient is higher than in the other regions.
On the other hand, at constant Re (e.g. 200), it is observed
that in the layout of C, where the most discontinuity in
the boundary condition is present, there is a greater ther-
mal entropy generation. Therefore, the arrangement of
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Figure 11. Thermal entropy generation at Re = 20 and Re = 100.

Figure 12. The effects of 8* on the thermal entropy generation
atRe = 20and Re = 100 (layout B).

using discontinuity-boundary conditions can affect the
thermal entropy generation.

Figure 12 compares the distribution of S, at f* = 0
and B8* = 0.1. Note that the comparison is performed for
layout B. In both Reynolds numbers, applying the slip
condition causes the increase in a temperature gradient,
hence S; intensified. However, the effect of slip condition
at higher Re is more pronounced. On the other hand,
the effect of f* on ; is illustrated in Figure 13. The
results prove that there is the highest distribution of S
along the microchannel walls, and as the Re increases, S¢

Array C

\ B*=0.1
4

Figure 13. The effects of 8* on Nf at Re = 20 and Re = 100
(layout B).

increases. Also, as B* increases, the distribution of Sy in
the microchannel center decreases.

6. Conclusion

In the current research four types of the microchannel
with continuous-boundary conditions with equal heat
sources’ area were examined using the finite volume
method. Moreover, the microchannels were analyzed by
the impacts of various parameters such as Re number,



ENGINEERING APPLICATIONS OF COMPUTATIONAL FLUID MECHANICS e 961

slip velocity on heat transfer, and entropy generation.
The numerical results confirmed that the continuous-
boundary conditions are highly beneficial to increas-
ing the heat transfer which in comparison to the base
microchannel HT boosted by 26%. Applying the slip con-
dition changed the sensitivity of HT to the arrangement.
At B* = 0.1, using discontinuous boundary conditions
improved HT by 34, 45, and 53% for layouts A, B, and
C, respectively. Based on the second law analysis main,
It was found that applying discontinuous boundary con-
ditions, did not affect the viscous entropy generation
significantly although viscous entropy generation inten-
sified with increasing Re while it reduced as B increased.
As for thermal entropy generations, since continuous-
boundary conditions played a vital role in increasing the
temperature gradient, it increased the thermal entropy
generation as a result of the higher gradient. Further-
more, if 8% increased from 0 to 0.1, St intensified up to
13%. This figure was 31% (for layout A), 39% (for layout
B), and 46% (for layout C).

Nomenclature

A Area (m?)

C experimental constant
Cp Specific heat <k;_1<)

d Diameter (m)

h Microchannel height (mm)

H Dimensionless microchannel

HT  Heat transfer (W)

j impact of the Brownian motion(mT)

Ky Boltzmann constant J/K

L Dimensionless microchannel

N¢ Dimensionless frictional entropy generation
N; Dimensionless thermal entropy generation

Nu Nusselt number
P Pressure (Pa)
P Dimensionless pressure

Pe constant parameter

Pr Prandtl number

Re Reynolds number

St Frictional entropy generation (%)

S{"  Frictional entropy generation per volume (%)
Sgen Entropy generation (%)

S Thermal entropy generation (%)

S Thermal entropy generation per volume (%)

T Temperature (K)

u Horizontal velocity (%)

U Dimensionless horizontal velocity
ug Slip velocity (2-)

Us Dimensionless slip velocity

v Vertical velocity (2-)
\4 Dimensionless vertical velocity
X,Y Dimensionless horizontal /vertival coordinates

Greek letters

B* Dimensionless slip coefficient
B Slip coefficient (mm)

¢  Volume fraction of nanoparticles (%)
g Dynamic viscosity Ijn—g
6  Dimensionless temperature
. ki

p  Density (m—%>
¥ Kinematic viscosity %

. P mZ
«  Thermal diffusivity (T)
Super and subscripts

ave average

c cold

f fluid

h  hot

nf nanofluid
s solid
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