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Abstract
This paper presents the computational analysis of
convective heat transfer characteristics, pressure drop,
and entropy generation characteristics of Al2O3/water
nanofluids in a noncircular duct (triangular) using a
single phase approach under a turbulent flow regime.
The thermal and pressure drop characteristics of
different concentrations of Al2O3 nanoparticles (NPs)
and the analysis were carried out in Fluent software
using a k‐ε approach under constant wall heat flux
around the boundary. The results show that there is an
increase in pressure drop and thereby an increase
in friction by 20% for the smooth condition. The total
pressure drop between the entry and exit section of the
duct is increased to approximately 84.2% and 85.6% for a
higher Reynolds number (Re = 10 000) compared with
that of base fluid. Similarly, the entropy generation of
water is increased by 40% as compared with 0.05% and
0.1% Al2O3 NPs. There is also a decrease in entropy
generation identified while there is an increase in the
Reynolds number. The convective heat transfer of 0.05%
and 0.1% nanofluid has a similar trend with increased
Reynolds number. The maximum performance is
observed at the Reynolds number (Re = 4000) and found
to be 1.29 for 0.1% concentration, whereas, the fluid
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at 0.05% is observed to be at 1.23. At a higher Reynolds
number (Re = 10 000) the performance index decreased
to approximately 1.19 and 1.25 for 0.05% and 0.1%,
respectively.
KEYWORDS
entropy generation, friction factor, heat transfer characteristics,
nanofluid, nanoparticle, thermal performance
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INTRODUCTION

In the last few decades, various noncircular ducts have been used for enhancing the heat transfer
characteristics and performance of compact heat exchangers. In enormous applications, such as
heat exchangers, solar collectors, and several heat transfer applications, triangular ducts have
been used due to their lower pressure drop across the entire length and lower maintenance.1-7
Ahmed et al8 carried out numerical and experimental investigations on triangular ducts
using Al2O3 and SiO2 nanofluids and a turbulator in a laminar flow regime. It was concluded
that the effect of turbulators and nanoparticles (NPs) in the fluid increased the performance
index as the pressure drop increased. The increase in the concentration of the nanopowder with
base fluid (bf) increased the pressure drop with increase in the flow rate of the fluid and thereby
decreased the friction factor at a higher flow rate of fluid. Furthermore, the decrease in the
friction factor has only a marginal increase in the performance index while the maximum
performance with the use of SiO2 nanofluids is higher as compared with the Al2O3 nanofluid.
Kumar and Kumar9 conducted a detailed review on the use of the triangular duct based on
the characteristics of the fluid and thermal behavior. On the basis of their review, the triangular
duct produces a lesser friction factor. It was concluded that the increase in the surface
roughness of the plane surface of the triangle increases the pressure drop and friction
characteristics. Similarly, the flow of fluid on the narrow apex (edges) provided a laminar flow.
Also, it was concluded that the friction factor and heat transfer characteristics plays a
significant role in the change of geometry dimensions, such as the apex angle and smooth edge
curvature around the corner.
Ahmed et al10 numerically enhanced the performance of the triangular duct using the vortex
generator and a nanofluid. Three different NPs, namely Al2O3, CuO, and SiO2, were mixed with
EG for varied concentrations (ϕ= 1%‐6%) and they used the finite volume method while the
assumptions were based on the thermal boundary conditions on the upper and lower wall
surfaces. In their study, it was concluded that the Nusselt number was enhanced upto 50%
at a higher Reynolds number (Re = 800) than a lower Reynolds number (Re = 100) using the
SiO2‐EG nanofluid with a concentration of 6%.
Ahmed and Yusoff11 studied the thermal and hydraulic performances of using a Al2O3
nanofluid in a triangular duct with a delta‐winglet pair of vortex generator on a steady state
laminar flow. In their study, the effect of attack angle on heat transfer characteristics was
studied with the concentration of NPs varied from 1% to 4% with an average particle size
diameter of 25‐85 nm. There were three different attack angles namely 7°, 30°, and 45°, while
there was no significant improvement in heat transfer characteristics with increased attack
angle from 30° to 45°. It was also concluded that there is a significant increase in the wall shear
stress with increase in NP concentration, attack angle, and Reynolds number.
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Aghanajafi et al12 performed a numerical analysis on a triangular duct using CuO NPs with
water under the laminar flow condition with the concentration of NP varied from 1%, 2%, and
4%. Three different conditions were examined namely (a) constant heat flux on the entire
boundary, (b) constant heat flux in two plates, and (c) constant heat flux on one side of the plate
alone. For validating (b) and (c), the approach of constant heat flux on all sides of the plates was
used. Their study revealed that there is no significant improvement in heat transfer
characteristics based on particle size diameter, rather there is a significant improvement in
the fluid properties on heat transfer characteristics with the addition of NPs. However, the
pressure loss through the channel is higher with CuO NPs and the pressure loss increases with
increase in concentration of CuO NPs.
Ahmed et al13 enhanced the heat transfer characteristics of a triangular duct using Al2O3 and
CuO NPs in water. Even though the triangular duct produces a lower pressure drop, several
methods such as delta‐winglet pairs and suitable NPs were introduced to increase the pressure
drop for enhanced performance as compared with circular tubes and other noncircular ducts.
Their study used a different approach of the two phase model with varied properties
of nanofluids while the properties of the NPs were constant. Their study revealed that the use of
Al2O3 nanofluids enhanced the performance by 45.7% with a maximum concentration of 3%
(Re = 16 000). Similarly, the heat transfer characteristics was enhanced with simultaneous use
of the nanofluids and vortex generator.
Wijayanta et al14 used punched delta winglets as inserts in a circular tube for enhancement,
where it was concluded that the increase in attack angle increased the heat transfer
characteristics, while the heat transfer was enhanced by 110, 157, and 218 for 30°, 50°, and 70°
of attack angle respectively. Similarly, the performance indices are higher as compared with the
plain tube at a lower Reynolds number, and it was more than 1, while the performance indices
are less than 1 for the longitudinal strip. The maximum performance indices occurred with a
larger attack angle of 70° (η = 1.22).
Heris et al15 numerically investigated the heat transfer characteristics of Al2O3 nanofluids
inside a triangular duct for different diameters of NPs. The diameter of NPs was varied from 10
to 50 nm and the flow was considered to be laminar flow. The results showed that increased
concentration and reduced size of NPs increased the heat transfer characteristics.16
Nassan et al17 presented an experimental study on the effect of NP concentration (Al2O3 and
CuO) in a square duct on heat transfer characteristics under a laminar flow regime. The volume
concentration of Al2O3 NPs was limited to 2.5%, whereas the volume concentration of CuO NPs
with bf was limited to 1.5% with the bf as the fluid density increases and the ability for fluid flow
characteristics decreases at a higher density. Results revealed that increased volume
concentration of NPs increased the convective heat transfer coefficient and it was higher than
that of the bf. The convective heat transfer coefficient of Al2O3 (ϕ = 2.0%) exhibited
almost similar results to those of the CuO nanofluid (ϕ = 1.5%). Also, it was concluded that
the convective heat transfer characteristics of the CuO nanofluid augmented as compared with
that of the Al2O3 nanofluid for the same volume concentration (ϕ = 1.5%).18
Heris19 numerically studied the effect of particle size diameter of Al2O3 and CuO NPs added
to pure water on heat transfer enhancement for different volume concentrations of particles in a
square duct under a laminar flow regime. Results indicated that the increase in the flow rate of
nanofluid inside the duct increased the Nusselt number with simultaneous increase in the
volume fraction of NPs. The Nusselt number was improved in the case of the CuO NP with an
optimized particle size diameter of 10 nm mixed with the fluid with enhanced thermal carrier
behavior and osmophoretic motion of the NP within the fluid. It was also suggested that the use
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of NPs in engineering applications need intense study on the sedimentation and stability
behavior.
Edalati et al20 studied the convective heat transfer characteristics of a CuO/H2O nanofluid in
a noncircular duct under laminar flow and constant heat flux and compared this with
theoretical correlations. The concentration volume fraction of the NP was limited to 0.5% as
agglomeration and sedimentation was observed with 0.8% volume concentration of the CuO/
H2O nanofluid after testing. Results showed that the increased flow characteristics and
concentration volume fraction exhibited a higher pressure drop in the test section. There was an
enhancement of approximately 15%‐22% with 0.05% volume concentration with increased
Peclet number, whereas the enhancement was found to be 30% to 40% for 0.5% volume
concentration of CuO NPs compared with that of bf (water).
Bahiraei et al21 studied the effect of a hybrid nanofluid (graphene‐platinum) in an circular
tube fitted with double twisted tape inserts on frictional and total entropy generation at
different concentration and twist ratios. The twist ratio (y/w) and concentration of NPs with
water was varied from 2.5 to 3.5 and 0% to 0.1%, respectively. Results revealed that the increase
in concentration of NPs reduced the thermal entropy generation rate and there was an increase
in thermal entropy generation for double co‐twisted tape inserts as compared to double counter
twisted tape inserts. However, with an increased ratio of twist (y/w), the thermal entropy
generation rate increases as the temperature gradient between the solids increases. Similarly,
the rate of frictional entropy increases at an increased concentration of NPs. The effect of
double counter twisted tape inserts increased the frictional characteristics (swirl) at a lower
twist ratio, which was the main phenomenon for obtaining an increased frictional entropy
generation ratio. It was concluded that the total entropy generation was augmented by using
lower twisted tape inserts, which was mainly influenced by increased frictional and reduced
thermal entropy generation rates.
Bahiraei and Mazaheri22 performed a numerical analysis on enhancing the flow and thermal
characteristics of a mini channel with chaotic twisted perturbations with graphene‐platinum
nanofluids. Results showed that the increase in concentration and Dean number leads to
decrease in the Bejan number and thermal entropy generation, whereas the frictional entropy
increases. It was also concluded that the Bejan number differs for different wall heat flux at
higher concentrations.
Bahiraei and Heshmatian23 simulated a heat sink for electronics processor cooling and studied
the thermal and entropy behavior using biological nanofluids containing silver (Ag) NPs. The
results of thermal behavior revealed that the temperature of the processor surface decreases with
increased concentrations of NPs. Moreover, the results also revealed that the temperature of CPU
(Tcpu,m) reduced by 41°C at a higher Reynolds number with respect to the minimum Reynolds
number. The thermal entropy generation rate is higher at the inlet and outlet. The increase in the
thermal entropy generation rate was completely due to a higher temperature gradient between
the channel and heated surface. The frictional entropy generation rate is higher at the adjacent
sides from the exit of the channel where the nanofluid converges to the outlet section and there is
no uniform flow of nanofluids at the entry of the channel.
Bahiraei and Heshmatian24 simulated a novel liquid block for CPU cooling using a bf
containing nano graphene platelets decorated with silver NPs. The conventional liquid block
was modified and the flow was made into a serpentine, parallel, and distributed type. Results
revealed that the dissipation of heat from the heat source is uniform at constant Reynolds
number, whereas the pumping power required is higher. The average temperature of CPU
decreased with increased pumping power. However, the temperature of CPU is minimized with
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distributed flow (NF) rather than parallel flow with a nanofluid and distributed flow using
water as a cooling medium at an increased pumping power. Similarly, there is only a marginal
increase in the total entropy generation rate at a higher pumping power for distributor flow
with NF, distributor flow with water and parallel flow with a NF. Also, the total entropy
generation was lower for distributor flow with a nanofluid.
A numerical simulation of a micro heat exchanger with a hybrid nanofluid containing the
particles of graphene and silver under viscous dissipation for exergy destruction and entropy
generation was carried out by Bahiraei et al.25 A micro double pipe heat exchanger was
simulated and results of the simulation revealed that the rate of total entropy generation
increased with increase in the volume concentration of NPs. An increase in frictional and
thermal entropy generation rate was exhibited at a higher Reynolds number and volume
concentration on the tube side, whereas there is only a marginal increase in frictional and
thermal entropy generation rate on the annulus side when water was used as working medium.
From all of the above literature, it is identified that there are only few studies carried out on a
triangular duct in a turbulent flow regime. The present study deals with numerical investigations
on the effect of Al2O3 NPs on the bf under varied concentrations of particles on heat transfer,
friction, and entropy generation using commercial fluent software under a turbulent flow regime.

2
2.1

|

C OM PU T A T I ON A L ME T H OD

|

Governing equation

Figure 1 shows the geometry of the triangular duct and the mesh is generated. The following
assumptions were assumed for both nanofluids and water as they are used as the working
medium in the triangular duct and are as follows:‐
• Single phase approach is used.
• The fluid is Newtonian and incompressible.

FIGURE 1

Geometry of the triangular duct [Color figure can be viewed atwileyonlinelibrary.com]
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T A B L E 1 Governing equation used
S. no.

Parameter

Equation (equation no)

1

Energy equation

∇ (ρui T ) = ∇ ((Γ − Γ)
t ∇T )

(1)

2

Continuity eqution

∇ (ρui ) = 0

(2)

3

Momentum equation

∇ (ρui uj ) = ∇p + ∇ (μ •∇u)

(3)

• Convection and thermal radiations are neglected.
• The used NPs are dispersed homogeneously in nature.
• And foremost, a steady state exists throughout the entire length of the duct.
On the basis of the above assumptions, governing equations were established to determine
the fluid flow and heat transfer characteristics. The corresponding equations for energy,
continuity, and momentum are provided in Table 1, while Table 2 is used for estimating the
thermophysical properties of nanofluids.
In the present study, the RNG k‐Ɛ turbulence model is used. Two additional parameters
namely, kinetic energy (k) and dissipation rate (Ɛ) were used in the governing differential
equations. The corresponding turbulent kinetic energy is expressed as,
⎛
∂ ⎞
∇ (ρui k ) = ∇ ⎜μeff αk
⎟ + Gk − ρε
⎝
∂x i ⎠

(1)

While the rate of dissipation is expressed as,
⎛
C2 ρε 2
ε
∂ ⎞
− Re
∇ (ρui ε ) = ∇ ⎜μeff αε
⎟ + C1 Gk −
⎝
k
k
∂x i ⎠

(2)

α is the inverse Prandtl number for the corresponding turbulent kinetic energy (k) and the
rate of dissipation (Ɛ). C1 and C2 are constant.
Mathematically, effective viscosity is expressed as,

μeff = μ + μf
μf =

μCμ k 2
ε

2.2

|

Thermophysical properties of nanofluids

2.3

|

Boundary conditions and grid independency results

(3)

(4)

The volume concentration of Al2O3 NPs is limited to 0.1% (0.05% and 0.1%) with bf and the
properties of the fluid were provided in the fluid section of the FLUENT software. Similarly,
water fluid is used for comparing the results with that of the nanofluid. On all the three faces of
the triangular duct, a constant heat flux of 1500 W/m2 is applied. The detailed boundary
condition for the present study is given in Table 3. Table 4 shows the results of grid

Thermal conductivity

Viscosity

Specific heat capacity

Density

1

2

3

4

=

μ nf
μbf

ρnf = (1 − φ) ρ bf + φρnp

(1 − φ) ρ bf + φρnp

(1 − φ) ρnf Cp,bf + φρnp Cp,np

1
2.5
(1 − φnp)

knp + 2k bf − φ (knp − k bf )

knp + 2k bf + 2φ (knp − k bf )

Cp,nf =

=

knf
k bf

Equation

…

Pak and Cho28

Xuan and Roetzel26

…

26

Brinkman27

Xuan and Roetzel

Reference

Spherical particle

Based nanofluids
(Maxwell)

Remarks

Abbreviations: ϕ, volume concentration (%); µ, viscosity (N·s/m2); ρ, density (kg/m3); C, specific heat capacity (J/kg·K).

Property

S.
no.

T A B L E 2 Thermophysical properties of nanoparticles and nanofluid

(11)

(10)

(9)

(8)

Equation no
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T A B L E 3 Boundary condition details
Parameter

Boundary condition

Temperature (inlet)

299K

Heat applied on the wall surfaces, Q

1500 W/m2

Fluid wall interface

Conjugate heat transfer

Thermal radiation, W/m2

Neglected

Wall surface roughness

Smooth condition

Wall material

Copper

Number of grids

460 356

Dimensional

3‐Dimensional

Turbulence Model

RNG k‐Ɛ turbulent

T A B L E 4 Results of grid independency
Number of grid cells

Nusselt number

134 907

53.125

231 876

52.987

270 783

52.543

367 543

52.349

323 834

51.673

458 890

51.232

460 356

51.220

FIGURE 2

Comparison of Nusselt number for different volume concentrations of nanoparticles with base
fluid under a turbulent flow regime [Color figure can be viewed atwileyonlinelibrary.com]
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F I G U R E 3 Variation in improvement of Nusselt number in comparison with Nusselt number of base fluid
[Color figure can be viewed atwileyonlinelibrary.com]

independency of the current computational study. The number of grids were varied from 0.13 to
0.46 million cells and the average Nusselt number is found. Results revealed that the Nusselt
number converges at 0.46 million cells and no significant decrease in Nusselt number is found
between 0.48 and 0.46 million cells with increasing the mesh more finer, and for the present
computational study, the optimum number of grid cells were found to be 0.46 million cells.

3

|

R E S U L T S AN D D I S C U S S I O N

The variations in the heat transfer (Nusselt number) with respect to the varied flow rate and
volume concentration of NP concentration are shown in Figure 2. It can be observed that the
Nusselt number increases with increase in Reynolds number. A possible increase in the
effective heat transferability of the nanofluid with the surface area increases the convective heat
transfer coefficient. The doping of NPs with the fluid enhances the ability towards the
improvement in thermal conductivity, which improves the heat transfer characteristics.
Moreover, the variation in Nusselt number had a marginal increase at 0.1% volume
concentration as compared with 0.05% concentration. Similarly, the improvement in Nusselt
number with respect to bf is shown in Figure 3. The ratio of the Nusselt number revealed that
the use of Al2O3 NPs enhanced the Nusselt number up to 16.6% and 17.8% for 0.05% and 0.1%
volume concentration of NPs, respectively, with bf as compared with that of water as the
working medium inside the duct.
The variation in pressure drop across the test section (triangular duct) for different volume
concentrations of Al2O3 NPs in bf is shown in Figure 4. It can be observed that the increased
flow rate of fluid increased the pressure drop, and the pressure drop increase is higher at
increased concentrations of NPs. However, several research studies have provided insights
about the use of the triangular duct and its smooth section with reduced friction on the edge
corners of the triangular duct, which is enhanced by incorporation of NPs in an turbulent flow
regime at a higher concentration for increased pressure drop. The total pressure drop between
the entry and exit section of the duct is increased to approximately 84.2% and 85.6% for a higher
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FIGURE 4

Difference in pressure drop between inlet and outlet of test section under different volume
concentrations of nanoparticles with base fluid under a turbulent flow regime [Color figure can be viewed
atwileyonlinelibrary.com]

Reynolds number (Re= 10 000) compared with that of bf. The velocity contours revealed that at
the apex corners of the triangle there is zero velocity gradually propagated towards the mid‐
section of the duct (Figure 5). Similarly, there is a gradual increase in the pressure drop between
the inlet and outlet cross section throughout the entire length of the duct and it is shown in
Figure 6. It can also be observed that the pressure drop linearly increase from the inlet to the
exit condition and there is a small pressure rise in the inlet section of the duct. The constant

FIGURE 5

Velocity contour of triangular duct at Re = 5000 [Color figure can be viewed
atwileyonlinelibrary.com]
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Static pressure (Pascal)
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FIGURE 6

Variation of static pressure at Re = 5000 over the entire length of duct [Color figure can be
viewed atwileyonlinelibrary.com]

slope in the duct is mentioned to be a fully developed turbulent flow. Similarly, the pressure
contours (Figure 7) revealed that the pressure drop is higher in the exit rather than the entry
condition as the flow from the entry plenum in the circular cross section diverges to the
triangular duct, which exhibits a lower pressure developed in the inlet.
Figure 8 shows the difference in the friction occurring in the test section of the triangular
duct for different volume concentrations of NPs with bf and compared with that of bf and the
Blasius model. It is observed that the increase in the viscous force in nanofluid increased the
friction to approximately 20% and 25% for 0.05% and 0.1%, respectively, compared with that of
bf. There is a marginal deviation between the Blasius model and pure water of the present study
of approximately 10%. On comparison with the friction factor at a higher Reynolds number, it is
observed that there is a drop in friction to approximately 80% and 85% for 0.05% and 0.1%,
respectively, as compared with bf. Similarly, the variation in improvement of friction factor in
comparison with the friction factor of bf is shown in Figure 9.

FIGURE 7

Pressure across the entire length of duct at Re = 5000 [Color figure can be viewed
atwileyonlinelibrary.com]
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FIGURE 8

Comparison of the friction factor for different volume concentrations of nanoparticles with base
fluid under a turbulent flow regime [Color figure can be viewed atwileyonlinelibrary.com]

The thermal performance index (η) is the overall thermal efficiency of the system based on
a nondimensional parameter such as the Nusselt number and the friction based on improvement based on the same parameter with respect to bf. The overall thermal performance index
improves with increase in concentration of NP with bf, which simultaneously increases the
pressure drop (Δp). The thermal performance of the duct is estimated using the mathematical
correlation29 (Equation (5)) and as below: ‐

η=

(Nunf /Nubf )
1
(fnf / fbf ) 3

(5)

The variation in the thermal performance index of the triangular duct is shown in Figure 10.
It can be seen that the thermal performance index of the duct decreases with increasing velocity

FIGURE 9

Variation in improvement of friction factor in comparison with friction factor of base fluid
[Color figure can be viewed atwileyonlinelibrary.com]
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F I G U R E 1 0 Variation in performance index of nanofluid inside the triangular duct compared to base fluid
[Color figure can be viewed atwileyonlinelibrary.com]

of flow by the nanofluid and increases with increasing concentration of NPs with bf. The
maximum performance is observed at a Reynolds number (Re = 4000) to be 1.29 for 0.1%
concentration whereas, the fluid at 0.05% is observed to be at 1.23. At a higher Reynolds
number (Re = 10 000) the performance index decreased to approximately 1.19 and 1.25 for
0.05% and 0.1%, respectively. This clearly indicates that the thermal performance index has a
direct impact towards the pressure drop, and it is also noted that the performance is over unity
and this indicates that the heat transfer thermal performance is higher as compared with bf.
On the basis of the energy (thermal) and friction characteristics, the entropy is developed
and the hydraulic diameter depends on the cross section (triangle, square, and rectangle). The
entropy generation of the system is mathematically expressed as30:‐

sgen

⎛
To ⎞
8fm3L ⎜ ln Ti ⎟
q2PDh L
=
+ 2 2 5⎜
⎟
NuπkTi To
ρ π Dh ⎜ To − Ti ⎟
⎝
⎠

where,
sgen‐ entropy generation (J/kg·K)
q‐ heat flux (W/m2)
P‐ perimeter (m)
Dh‐ hydraulic diameter (m)
L‐ length of duct (m)
f‐ friction factor
m‐ mass flow rate (kg/s)
To‐ outlet temperature (K)
Ti‐ inlet temperature (K)
Nu‐ Nusselt number
k‐ thermal conductivity (W/m·K)

()

(6)
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FIGURE 11

Comparison of entropy for different volume concentrations of nanoparticles with base fluid
under a turbulent flow regime [Color figure can be viewed atwileyonlinelibrary.com]

The comparison of entropy generated through the triangular duct using two
concentrations of the Al2O3 NPs and base water is shown in Figure 11. It can be seen
that the entropy generated for the two nanofluids is minimum with increased mass flow rate
inside the duct as compared with the water fluid. It is also found that the increase in NPs in
the fluid decreases the total entropy generation and increased the performance index, which
is completely based on the second law of thermodynamics. The relative increase in the
entropy generation for the Reynolds number of 4000 and 10 000 were found to be 74.74%
and 50%, respectively. From the entropy generation results plotted in Figure 11, it can be
concluded that the use of NPs decreases the total entropy generation rate and increases the
thermal performance index.

4

|

C ON C LU S I O N S

From the above computational analysis, the following conclusions are made:‐
• The friction characteristics is improved by 20% at a higher concentration of NPs with bf.
• The total pressure drop between the entry and exit section of the duct is increased to approximately
84.2% and 85.6% for a higher Reynolds number (Re = 10 000) compared with that of bf.
• The maximum performance is observed at the Reynolds number (Re = 4000) to be 1.29 for
0.1% concentration, whereas the fluid at 0.05% is observed to be at 1.23. At a higher Reynolds
number (Re = 10 000) the performance index decreased to approximately 1.19 and 1.25 for
0.05% and 0.1%, respectively.
• The entropy generated by bf water is 40% higher as compared with nanofluids and the entropy
generation is almost equal with increase in concentration of NPs with bf.
NOMEN C LAT U RE
u velocity of fluid (m/s)
k turbulent kinetic energy
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C specific heat capacity (kJ/kg·K)
T temperature (°C)
G R EE K SY MB O L S
ϕ
α
ɛ
ρ
µ

concentration (%)
coefficient of thermal expansion
rate of dissipation
density (kg/m3)
viscosity (N·s/m2)
N ONDIMENSIONAL NUMBER

f
friction factor
Nu Nusselt number
Re Reynolds number
S U B SC R I PT
NP
bf
f
eff

nanoparticle
base fluid
fluid
effective
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