Jurnal

Full Paper

Teknologi
A NUMERICAL STUDY OF HEAT TRANSFER TO TURBULENT A"iclgzc'gm
SEPARATION NANOFLUID FLOW IN AN ANNULAR 20 July 2015

Received in revised form
23 September 2015
Accepted

22 October 2015

PASSAGE

Omer A. Alawi, Nor Azwadi Che Sidik’, Wah Yen Tey

Faculty of Mechanical Engineering, Universiti Teknologi Malaysia,
81310 UTM Johor Bahru, Johor, Malaysia

*Corresponding author
azwadi@fkm.utm.my

Graphical abstract Abstract

The separation and the reattachment of nanofluid flow through a sudden expansion in an
annular passage have been studied. ANSYS FLUENT was deployed to simulate the effect of
R T —— separation of nanofluid flow on the local and average convection heat transfer in an
— annular passage. The outer tube was made of aluminium with internal diameter of 83 mm
l:: Ouit and horizontal length of 600 mm, subjected to a constant wall heat flux. The investigation
0 féeomem was performed with varying Reynolds number ranging from 5000 to 25000, heat flux from
' 4}4* 719 W/m?2 to 2098 W/m2, and the enhancement of step heights expanding from 0 mm
(d/D=1) to 18.5 mm (d/D=1.8). The increase of flow velocity results in the sudden drop of

the surface temperature in proximity to the pipe enfrance, followed by gradual increment

of surface temperature along the pipe. The minimum surface temperature could be

obtained at flow reattachment point. The position of the minimum temperature point is
independent on the inlet flow velocity. In general, the average Nusselt number increases

Reattachment point

with the increase of Reynolds number.
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1.0 INTRODUCTION

Turbulent flow separation is an omnipresent natural
phenomenon, formed when pressure gradient
franspires as a result of alteration of geometries and
boundary conditions. Such separations along with
recirculation flows will give rise to pressure losses and
intensification of turbulence, mass and heat transfer
rates. Despite the lack of knowledge in the separation
of fluid flow, it is applied in wide-ranging engineering
industries and fluid machineries [1, 2]. When the fluid
flows away from a finite boundary surface, then flow
divergence and separation is developed [3]. The
separation of fluid flow is well demonstrated in viscous
flow. This can be ascribed to the fact that viscosity
induces boundary layer separation, which is an
instance of flow separation.

Flow separation, recirculation and reattachment
can be easily formed during backward facing step
flow, and its fundamental physics was explained by
Togun et al. [4] and Wang et al. [5]. The parameters

which impact on the separation process were studied,
in the light of the engineering needs to make the
process under control. Terekhov and Pahomov [6] and
Kurtbas [7] had further conducted the general study
on separation flow as well by observing and analysing
the effects on flow field subjected to different
Reynolds numbers.

Specifically in annular passage, Kays and Leung [8]
have studied the convective heat fransfer in a
concentric circular fube when either the inner tube or
outer tube was heated with a constant heat flux. They
developed numerical solution (Fundamental Solutfions
of the Second Kind) to determine the relationship
between Reynolds number and Nusselt number. Their
findings with different radius ratio, Reynolds numbers
and Prandtl numbers, were validated experimentally.

Barbosa et al [?] studied flow through annular ducts
with pin fins in a double-pipe heat exchanger. 560 pins
were attached to the annular inner wall with air
flowing in. They presented their results in dimensionless
form and computed the average Nusselt numbers and

77:8 (2015) 75-82 | www.jurnalteknologi.utm.my | elSSN 2180-3722 |



76 Omer A. Alawi, Nor Azwadi Che Sidik & Wah Yen Tey / Jurnal Teknologi (Sciences & Engineering) 77:8 (2015) 75-82

friction factors as a function of the Reynolds number.
They compared those findings with the case in which
those fins were removed. The results of their work were
used in present study for comparison purposes.

Filetti and Kays [10] conducted experiments to
determine the local heat transfer rates of air flow near
the entrance to a flat duct. Abrupt air flow cross
sectional area enlargement can be observed with the
enlargement area ratios (ratio of fluid flow cross
sectional area after aperture to fluid flow cross
sectional area before aperture) of 2.125 and 3.1, with
Reynolds number based on the duct hydraulic
diameter expanding from 70,000 to 205,000. This flow
was characterized by a long stall on one side and a
short stall on the other. For both cases, maximum heat
transfer can be observed at reattachment point,
followed by decreasing trend upon the formation of
fully developed flow. It was found that boundary layer
reattachment occurred at different distances in the
upper and lower walls of the duct and these distances
are independent of Reynolds numbers. In all the
separation, reattachment and redevelopment region,
the Nusselt number along downstream of the inner
tube of annular passage exhibit the similar behavior.
Davletshin et al. [11] considered a pulsating,
superimposing free stream in his experimental study of
heat tfransfer of turbulent separation flow field at the
wake of an obstacle, and pronounced heat fransfer
intensification was found right in the separation region
of the pulsating flow.

Numerical study on flow separation in a diverging
conical duct is the theme of research reported by
Sparraw et al. [12], investigating the effects of
Reynolds number and divergence angle on the flow
field along the duct. In their case, fully developed flow
was assumed in the inlet of conical diffuser and the
fluid was discharged fo a long circular pipe. They used
a universal flow-regime model for laminarization
process of transitional and turbulent flow. The result
showed that at the low Reynolds number regime
(Re<2000), the flow separation appeared when the
diffuser expanded with angle of 5°. This finding nullified
a previous perception that separation happen with a
divergence angle of 7°. Their experiments were run
with the divergence angle spanning from 10° to 30°,
and separation occurred at all the invesfigated
Reynolds numbers. The relafively more elongated
pattern of the separatfion was observed at the lower
Reynolds numbers.

Cylindrical surface in annular passage is commonly
used in industries namely turbine blade cooling,
combustion chambers and duct connection. Despite
sophisticated industrial design, an annulus space
between two concentric-shape surfaces appears to
be the simplest representation of such passage [13].
The advancement in computational techniques and
insfrumentations promote the investigations of fluid
mechanics of complex three dimensional flow
recirculation. The works were further extended to
vertical, horizontal and inclined cases for different
fluids, geometrical shapes and boundary
conditions [14-17]. In a rectangular duct over inclined

backward-facing step, the convection flow was
studied considering constant heat flux approach [18].

Chen et al. [19] studied a laminar conjugate heat
transfer by natural convection and conduction with
the heat source from an inner heat generating solid
circular cylinder. Assumption was made such that the
two sealed ends of the tube are adiabatic. Using the
finite volume SIMPLE algorithm on the collocated
arrangement, results were reported for temperature
distributions and Nusself numbers on different cross
sectional planes and longitudinal sections, for Rayleigh
number ranging from 10° to 108, solid volume fraction
of 0 < ¢ £0.05 and different inclination angles.

Although most works have reported the flow
reattachment on duct and circular pipe flow, the
study on heat transfer and flow phenomena in annular
passage retains room for further research. Such
knowledge is notably critical for optimizing the
performance in both the parallel and counter flow
heat exchangers. Thus, the challenge of the current
work is to collect new information on the influence of
the turbulent flow on the recirculation region,
especially on its spatial extension, comprising the heat
fransfer rate and the effect of flow separation due to
sudden enlargement in the flow passage.

2.0 NUMERICAL PROCEDURE
2.1 Physical Model

The schematic drawing of the annular sudden
expansion pipe flow is presented in Figure 1. The inner
or outer surface temperature of the annular pipe with
sudden expansion can be influenced by many
parameters, such as flow velocity, surface heat flux,
and the step heights. The fluid utilized to conduct heat
fransfer in this experiment is air. The inlet and outlet
diameters of the pipe are 46 and 83 mm respectively
and the inner tube diameter of the annular pipe is
22 mm. In the simulafions, 2 different cases (d/D = 1
and 1.8) were considered over an annular passage.
The surface heat flux of the annular pipe is selected
within the range of 719 W/m?2 < g £ 2098 W/m?2 with the
variable Reynolds Number between 5000 to 25000. The
numerical simulation parameters are summarized in
Table 1.

. ) Reattachment point
Recirculation flow

X=60cm  Heated part, q = constant

- < Outlet
) —sflow ! “—>
D= vunnbll —>flow ¥ ———1 |d=constant
= Di%co{slam / N
>V _y inner pipe ! <“—>
utheated Entrance pipe
V'

Test pipe

Figure 1 Schematic diagram of the annular sudden
expansion in annular pipe flow
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Table 1 Dimensions of the numerical model

Outer tube at Outer tube at test

Inner tube N .
entrance section section

Di=22 mm d =46 mm and 83 mm D=83mm

L=110cm L=50cm L=60cm

2.2 Governing Equations

Fluid flow in a physical domain is governed by the laws
of conservation of mass and momentum. These
conservation laws, for steady flows in a two-
dimensional domain can be stated by Equations. (1) to
(6).

E+E=0 (1)
p(uz—i+vz—;) =-Z—§+u (g+%) (2)p(u%+v3—‘y’)

=2 u L+ 2)
p(ug—1+vg—;)=a(g+g) (3)
p(uZ—I+vZ—D=a(%+Z%)

(04) a ak

- (Pkp) =5([(“+§f)0_y ) + Gy — pe

(5)

0 =9 Be) 22 e —C0E
T-(pe) = - [ (1 E) 5] HCuc E (Guc+ Caelin) = Coep S
(6)

o, and g, are the turbulent Pr numbers for k and ¢
respectively, where by Pr can be defined as vCpl/k. The
model constants are 1.44, 1.92, 0.09, 1.0 and 1.3 for Cis,
Ca¢, Cy, 0, and g, respectively.

Flow solver was used to formulate mass, momentum
and energy equations in partial differential form along
with the two-dimensional Navier-Stokes equations. The
finite volume method was selected to discrefize
Navier-Stokes  equations with  cels in  the
computational domain. With all above frameworks,
the step in backward-facing cases is perpendicular to
the stepped wall. In this geometry, there is sudden
expansion or confraction in the flowing fluid passage.
Numerical solution of the governing equations for
turbulent flow was performed by using SIMPLE
Algorithm for the pressure calculations.

2.3 Boundary Conditions

The current numerical simulation in this project aimed
to investigate the Nusselt number and the flow
phenomena at the sudden expansion in annular pipe.
The diagram of the concentric pipe was drawn and
meshed by using Gambit software generating 11,000
cells, in which the result was validated with the findings
from Al-aswadi et al. [14]. As the geometry of the
annular pipe is symmetrical, only the lower half was
drawn and simulated. Finite volume-based CFD solver
FLUENT 6.3 was used for this investigation. The iteration

of the standard K-epsilon viscous model is based on
energy and Reynolds averaged Navier-Stokes
equations. The viscous model also provides good
solutions for steady, near wall treatment, axisymmetric,
incompressible and turbulent flow. The first-order
upwind scheme was used to solve the field variables
while steady assumption was selected for all the cases
where convergence can be obtained. Simulations
were performed until the residual values were less than
1 x 1074 for such convergence purpose. Five different
Reynolds numbers were tested in the simulation,
Re = 5000, 10000, 15000 and 20000 and 25000 to
produce fully developed turbulent steady nanofluid
flow, where the heat flux applied to the inner tubes
were varied from g =719 W/m?2 to 2098 W/m2. Pressure-
based solver with second-order implicit steady
formulation, with standard k-epsilon equation [20], was
applied in defining the model. Second-order upwind
scheme is applied in solving the momentum, furbulent
kinetic energy and furbulent dissipation rate and
energy discretizations [21]. The boundary condition of
the inlet is defined as velocity inlet, whereas for outlet it
is pressure outlet with turbulent intensity of 7% and
turbulent length scale 0.02 m. The Reynolds number
(Req) can be obtained by the following Equation (7):

Reg = 2228 (7)

where p is the density of the fluid, U is the velocity of
the fluid, Dn the hydraulic diameter of the annular pipe
and u is the dynamic viscosity of the fluid. The local
heat transfer coefficient is calculated using
convection heat flux as shown by Equation (8):

hx —de (8)

(Tsx— Tbx)

where qgc is the convection heat flux, T« is the local
surface temperature and Tex is the local bulk fluid
temperature. The local Nusselt number (Nu) can be
evaluated by Equation (9):

Nu = 22 9)

where d is the diameter of the pipe and K is the
thermal conductivity.

2.4 Code Validation

The process of numerical validation method consists of
running the numerical code under specific conditions
for selected benchmark [14] and then comparing the
results with the experimental or theoretical numerical
datain the literature.

The case simulated for validation purpose was the
forced convective nanofluids flow over a horizontal
backward facing step placed in a duct [14]. For this
validation the Reynolds numbers chosen are in the
laminar regime (Re = 50 and 175). Figure 2 to 4 show
the results of the comparison with Al-aswadi et al. [14]
for different nanofluids.
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The velocity distributions for various X/s in the
recirculation region along the duct are shown in
Figures 2 to 3. The recirculation region clearly appears
and the size of the recirculation region decreases as
the distance between the step and the stepped wall
increases until the flow reaches the reattachment
point where the flow exhibits almost zero velocity, as
shown in Figures 2 (a - d) and 3 (a - d). Figure 2 (a - c)
and Figure 3 (a - c) show that there is a recirculation
region developed downstream of the step.
Downstream of this point the flow starts to become
fully developed flow as the fluid flows fowards the duct
exit as shown in Figures 2(d) and 3(d).
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Figure 2 Comparison of velocity distribution with the results of
Al-aswadi et al. [14] in the recirculation region for S = 4.8 mm,
and ER = 2 at Re =175 for AlO3 at different X/s, (a) 1.04, (b)
1.92, (c) 2.6, (d) 32.8
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Figure 3 Comparison of velocity distribution with the results of
Al-aswadi et al. [14] in the recirculation region for S = 4.8 mm,
and ER = 2 at Re =175 for CuO at different X/s, (a) 1.04, (b)
1.92, (c) 2.6, (d) 32.8

Figure 4 shows the skin friction coefficient at the
boftom wall downstream of the step. The skin friction
coefficient initially increases abruptly as the distance
downstream from the step increases. It then decreases
monotonically until it reaches its minimum peak. Then
the minimum peak formed a shattering fluctuation.
Anyhow it keeps increasing in a general frend, until it
reaches a point where the skin friction coefficient
remains constant along the rest of the bottom wall. This
shows that the skin friction coefficient is approaching
asymptotically the fully developed channel flow.
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Figure 4 Nanofluids for Different Reynolds Numbers (a) Re =
50 and (b) Re = 175 at the Bottom Wall Downstream the Step

2.5 Thermal Physical Properties of Nanofluids

In order to carry out simulations for nanofluids, the
effective thermophysical properties of nanofluids must
be calculated first. In this case, the nanoparticle being
used is SiO2. Basically the required properties for the
simulations are effective thermal conductivity (ker),
effective dynamic viscosity (uett), effective mass
density  (peff), effective coefficient of thermal
expansion (Beff) and effective specific heat capacity
(Cpefi).

The effective properties of mass density, specific
heat and coefficient of thermal expansion are actually
calculated according to the mixing theory.

By using Brownian motion of nanoparticles in
backward facing step having a baffle, the effective
thermal conductivity can be obtained following mean
empirical correlation [22]:

keff = kStatic + kBrownian “ O)
Static Thermal Conductivity:

ke = [k“p+zkbf— 2(kpe— k“p)w] (1)
Static bf Knp+2kp+ (Kpf— knp)®

Brownian Thermal Conductivity:

Kprownian = 5X10*BBpycCypr [-——. (T, ) (12)

20npRap

where Boltzmann constant:

k = 1.3807x10723] /K
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while the rest of the value of K can be referred in
Table 2 which  manifested the thermophysical
properties of pure water and various types of
nanufluids modeling function, g [23]:

B = 0.0137(1000)°822%forg < 1%
B =0.0011(1000)%7272forg > 1%

Modeling function,

T

f(T, ) = (2.8217x10720) + 3.917x1073) (T_)
0

+(—3.0699x107%¢ — 3.91123x107%)

Table 2 Thermophysical properties of pure water and various
types of nanofluids

Thermophysical

H Water Al203 CuO InO $i02
Properties

Density,

: 998.203 3970 6500 5600 2200
plkg/m?)

Dynamic
Viscosity,
w(Ns/m?)
Thermal

Conductivity, 0.613 40 20 13 1.2
k (W/mK)

Specific Heat,

cp (J/kgK) 4182.2 765 535.6 4952 703

2.01x103

Coefficient of
Thermal
Expansion,

B (1/K)

2.06x104 5.8x10¢ 4.3x10¢ 4.3x10¢ 5.5x10¢

By using Brownian motion of nanoparficles the
effective viscosity can be obtained by using the
following empirical correlation [24]:

Viscosity:

Heff _ 1
uf 1—34.87(1—1))_0.3(2)1-03 “ 3)
f

Equivalent diameter of base fluid molecule:

de =[] (14)

NTppy.

The density of the nanofluidp,, can be calculated
using [22]:

pne = (1 — @)ps + ®pnp (15)

Whereby p; and p,,, are the mass densities of the base
fluid and the solid nanoparticles, respectively.

The effective heat capacity at constant pressure of
the nanofluid(pc,),r can be calculated using [22]:

(pcpdnf = 1- Q)(pcp)f + B(pcplnp (16)

as (cp)pand(cy)npare the effective heat capacities of
base fluid and nanoparticles, respectively.

The effective coefficient of thermal expansion of
nanofluid (pB)nf can be calculated using [22]:

(PBnt = (1 = D) (PP)s + P(PB)np (17)

as (B)rand (B)npare thermal expansion coefficients of
base fluid and nanoparticles, respectively.

3.0 RESULTS AND DISCUSSIONS
3.1 The Effect of Nanofluids Parameters

Different type of nanoparticles which are Al.Os, CuO,
SiO2 and ZnO and pure water as the base fluid were
used. In order to see the effects of different nanofluids
on the heat ftransfer enhancement all other
parameters were fixed, ¢ = 0.04, and dp = 25 nm, at Re
= 5000, g = 719 W/m2 and a step height equal to
18.5nm, i.e. (d/D=1.8) along the downstream wall.
Figure 5 shows the variations of the surface
temperature along the heated wall. All the nanofluids
demonstrated similar frend that the temperature
increases steadily along the downstream of flow.

©
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o
=
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% 9000 — _a— — Nanofluid CuO/Water
| — —— - Nanofluid SiO,/Water
8000 — —@— - Nanofluid ZnO/Water
|
PRI ERREIN ETETETIN BRI RV ST
70000 0.1 0.2 0.3 0.4 0.5 0.6
Distance (m)

Figure 5 Surface temperatures distributions for different
nanofluids with ¢= 4%, dp =25 nm for Re = 5000, d/D = 1.8 and
g=>517W/m2,

The local heat fransfer coefficient keeps decreasing
along the heated wall after an abrupt rise at the
proximity of the enfrance, as shown in Figure 6. This is
due to the temperature difference when the reversed
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Figure 6 Heat transfer distributions for different nanofluids with
¢ = 4%, dp =25 nm for Re = 5000, d/D = 1.8 and g = 517 W/m?
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flow attached with the main separated flow which has
a lower temperature. It is found in this figure that the
base fluid with SiO2 nanofluid has the highest maximum
peak in Nusselt number followed by Al.Os, CuO, and
ZnO. This is because inside the recirculation zone the

nanofluid exhibited lower density and thermal
conductivity.

3.2 The Effect of Different Heat Fluxes

Figure 7 shows the variation of the surface

temperature along the heated wall for different heat
fluxes with a specific SiO2, o= 4%, dp =25 nm, Re = 5000
and a step height equal to (18.5), i.e. (d/D = 1.8). The
general shape shows a reduction of surface
temperature at the test section inlet directly behind
the step. The minimum magnitude of temperature was
obtained at a specific axial position where the flow
reattachment fook place after the separation region
due to tfurbulence augmented heat transfer. Then the
temperature gradually increased to reach a maximum
value, with decreasing heat fransfer coefficient
approaching the test tube exit under the influence of
end loss. From Figure 8, it can be seen that the effect
of different heat fluxes on the distributions of heat
transfer coefficient was insignificant. It is inferred that
the imposition of the experimented heat flux will not
frigger the change of internal composition of
nanofluids, which in return will possibly influence their
heat transfer coefficients.
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Figure 7 Surface temperatures distributions for different heat
wall fluxes with SiO2, ¢= 4%, dp =25 nmfor Re = 5000, d/D = 1.8.
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Figure 8 Heat transfer coefficient distributions for different
heat wall fluxes withSiO2, 9= 4%, dp =25 nm for Re = 5000, d/D
=138.

3.3 The Effect of Different Reynolds Number

The effect of variation of Reynolds numbers on the
outer surface wall temperature and the surface of
heat transfer coefficient) is shown in Figures 9 and 10
respectively, with the similar condition in which the
nanoparticle is SiO2, 9= 4%, dp =25 nm, g = 719 W/m?
and s = (18.5), i.e. d/D = 1.8. Figure 9 shows that the
surface temperature variation decreases as the
Reynolds number increases for the same heat flux and
step height. Generally the temperature change is
insignificant, and this further indicates the stability of
thermal characteristics of nanofluids. The results also
show the increment of surface temperature along the
pipe. The maximum temperature was obtained at
zero distance. The temperature profile shows a sharp
drop with a gradually increment along the pipe. The
distribution of the local heat transfer coefficient at
(18.6) step height and the constant heat flux of g =719
W/m2 for different Reynolds numbers are plotted in
Figure 10. It shows the effect of the different Reynolds
number on the heat transfer coefficient. This is in
accordance with the increasing trend of temperature
along the downstream field as illustrated in Figure 9.
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Figure 9 Surface temperatures distributions for different
Reynolds numbers with SiO2, ¢= 4%, dp =25 nm for =517
W/m2, d/D =1.8.
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Figure 10 Heat transfer coefficient distributions for different
Reynolds numbers with SiO2, ¢= 4%, dp =25 nm for =517
W/m2,d/D=1.8.

3.4 The Effect of Different Step Heights

In Figure 11, the results represent increase of Nusselt
number following the presence of the step heights. By
increasing the Reynolds number, higher value of
average Nusselt number was obtained. Also, the
presence of backward-facing step induces turbulent
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flow and hence increases the average Nusself
number.
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21000; —
F _ ————
g18000 | ///"” -~
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10000 15000 20000 25000
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Figure 11 Average Nusselt Number distributions for different
step heights with SiO2, = 4%, dp =25 nm for =517 W/m2, d/D
=18

5000

4.0 CONCLUSION

Numerical simulation of turbulent mixed convection
heat fransfer of nanofluids flow over an annular
passage was carried out. The emphasis is given on the
heat transfer enhancement resulting from various
parameters, which include the different type of
nanofluids, different Reynolds numbers, different heat
wall fluxes and different step heights. The governing
equations were solved utilizing finite volume method
with the SIMPLE algorithm. The following conclusions
can be drawn from this study:

1. In step annular flow surface temperature in the
separation zone shows a notable reduction in
magnitude for the same Re and heat flux and the
reduction magnitude increases with the increase
of step height.

2. Increase of inlet flow velocity and step height will
reduce the surface temperature to a lowest
temperature, and then increase along the test
section. This lowest temperature occurs at the flow
reattachment point.

3. The local heat transfer coefficient (hx) increases as
the Reynolds number increases for all cases with or
without  step. In  the separafion region
(recirculation zone) the local heat transfer
coefficient keeps increasing unfil it reaches a
maximum value at the reattachment point.

4. With the increase of Reynolds number, the
reattachment point moves toward downstream
from the step. The location of maximum heat
fransfer (reaftachment point) is presumed to be at
the end of the separated flow region, moves
downstream as the step height increases.
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Nomenclature

Roman Symbols

u Horizontal velocity, mm/s
v Vertical velocity, mm/s
X Horizontal distance, mm
y Vertical distance, mm
T Temperature, K
d Inner diameter of outer tube, mm
Dn Hydraulic diameter of inner fube, mm
Di Outer diameter of annular passage, mm
K Thermal conductivity, W/m K
Red Reynolds number at hydraulic diameter
Al2O3 Aluminum Oxide
Cop Specific heat, KJ/kg.K
dp Diameter of nanofluid particles, nm
K Thermal conductivity, W/m.K
SiO2 Silicon Oxide
dh Hydraulic diameter of outer fube, mm
D Inner diameter of inner tube, mMm
h Heat fransfer coefficient, W/m2.K
L Length of the annular passage, mm
Nug Nusselt number at hydraulic diameter
CFD Computational Fluid Dynamic
CuO Copper Oxide
ER Expansion ratio = H/(H-S)
q Wall heat flux, W/m?
ZnO Zinc Oxide
S Step height
X Downstream length, mm
Greek Symbols
€ Turbulent dissipation rate, m2/s2
a Thermal diffusivity of the fluid, m2/s
Mk Turbulent viscosity
o) Density, kg/m3
S Volumetric coefficient of thermal expansion,
1/K
V] Dynamic viscosity, N.m/s
V) Kinematic viscosity, m2/s
® Nanoparticles volume fraction (%)
Subscripts
bf Base fluid
nf Nanofluid
S Solid
f Fluid
p Particles
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