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ABSTRACT

In this study, numerical calculations by the
mixture model of turbulent Al,Os/water nanofluids
forced convection in a three-dimensional twisted
elliptical tube with constant wall temperature are
investigated. Flow resistance and heat transfer
characteristics of nanofluids in the twisted elliptical
tube are studied with the parameters including
Reynolds number, nanoparticle volume concentration,
and the twist pitch. Effects of the parameters on the
performance of the twisted elliptical tubes are
analyzed and the overall thermal-hydraulic
performance is evaluated in this study. The results
show that the rotational motions are produced in the
flowing nanofluid and could enhance the heat transfer
performance in the twisted elliptical tubes compared
with an oval tube. The average Nusselt number and the
pressure drop both increase with the increasing of
Reynolds number and nanoparticle  volume
concentration, but both decrease with the increasing of
the twist pitch.

INTRODUCTION
Tube heat exchangers are widely used in
engineering applications. The efficient of the tube heat
exchanger can be promoted by enhancing the heat
transfer in the tube. In this study, two methods are
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concerned to improve the thermal performance of tube
heat exchangers, i.e., changing the shape of the cross
section and the properties of the working fluid. The
twist elliptical tube is one of the heat transfer
enhancement tube, and it only has been studied by a
few researchers (Asmantas et al., 1985; Meng et al.,
2005; Tan et al., 2013; Yang et al., 2011; Tan et al.,
2012; Zhang et al., 2012). Asmantas et al. (1985)
presented the experimental results of the heat transfer
and flow resistance characteristics of turbulent air
flowing through twisted elliptical tubes with different
twisted pitches (d). The results showed the average
Nusselt number and the flow resistant increased as d
decreased. The heat transfer was augmented by 40%
when L/d =6.2, and the average hydraulic drag also
increased by 70% on the average.

Other researches were carried out with different
geometrics, working fluids and Reynolds numbers. Si
and Xia (1995) used turbulent diesel fuel as working
fluid and indicated that it was the vortex in the twisted
elliptical tubes promoting heat transfer. Zhang et al.
(2007) studied the flow in different aspect ratio and
demonstrated that the heat transfer coefficient and the
friction factor increased as the aspect ratio increased.
Yang and Li (2003) studied the heat transfer of fluid
with different Prandtl number in laminar flow region.
And the results showed that the thermal-hydraulic
performance was better when the Prandtl number was
greater. Yang et al. (2011) conducted a research on the
heat transfer and flow characteristics of water flow in
the twisted elliptical tubes in laminar, transition and
turbulent regions. Correlations of the average Nusselt
number and the friction factor were derived. It was
discovered that the heat transfer performance was
better in the laminar flow region.

As for changing the properties of the working
fluid, nanofluids have attracted the interests of many
researchers because of the marked enhancement in the
thermal transport properties. Nanofluids are composed
of basic fluid and nanoparticles. The high thermal
conductivity coefficient of the solid particles improves
the heat transfer ability of the basic fluid. Nanofluid
was proposed by Choi (1995) firstly in 1995,



indicating that the heat transfer of nanofluid was
greater than that of the basic fluid. Lee et al. (1999)
used the nanoparticles of Al,O3 and CuO and chose
water and ethylene glycol as the basic fluids. The
results demonstrated that Cuo/EG nanofluid had the
greatest heat transfer performance, and the increase
was around 20% when the volumetric concentration
was 4%. Keblinski et al. (2002) pointed out the
explanations for the anomalous increase in heat
transfer including Brownian motion of the particles,
molecular-level layering of the liquid at the
liquid/particle interface, the nature of heat transport in
the nanoparticles, and the effects of nanoparticle
clustering. Due to the relative velocity between basic
fluid and nanoparticles, multi-phase model is more
accurate than single-phase model. Akbari et al. (2011)
compared the thermal characteristics and flow field
with single-phase model and two-phase models. It was
found that single-phase and two-phase models
predicted almost identical flow fields but very
different in thermal characteristics. The results of two-
phase models were more consistent with experimental
results. Therefore, in the present study, we focus on
multi-phase approach.

Furthermore, we have conducted the research on
the numerical simulation of turbulent flow forced
convection in a twisted elliptical tube in the previous
study (Wu et al.,, 2018). In this study, numerical
calculations by the mixture model of turbulent
Al,Os/water nanofluids forced convection in a three-
dimensional twisted elliptical tube with constant wall
temperature are investigated. The steady-state, three-
dimensional governing equations for forced
convection of Al,Os/water nanofluids are solved
numerically using the finite volume approach. Flow
resistance and heat transfer characteristics of
nanofluids in the twisted elliptical tube are studied
with the parameters including Reynolds number
( 10000 <Re<15000 ), nanoparticle volume
concentration ( 0% < ¢ <4% ), and the twist pitch

(96 mm <d <192 mm).

NUMERICAL SCHEME

Physical model

The main geometrical parameters of the twisted
elliptical tubes are as follows: the major axis (a=11.18
mm), the minor axis (b = 5.2 mm) of the cross section,
the tube length (L = 768 mm), and the twist pitch (d).
Besides, the dimension of the cross section and the
tube length are fixed in the present study. And the
range of 360° twist pitches of the twisted elliptical
tubes investigated in the study is from 96 mm to 192
mm. The physical model is as shown in Figure 1. The
flow is described in a coordinate system (X, y, z) in
which the flow direction is z-direction.
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Figure 1. Physical model of a twisted elliptical tube
with constant wall temperature in this study

Physical properties
The physical properties, density p, and
specific heat capacity Cp, of Al:Os/water

nanofluids are calculated using mixing theory,
presented as:

Pri :(1_¢)pbf +¢pp 1)
Cpy :(1_¢)Cpbf +4Cp, (2)

The effective thermal conductivity coefficient
A and viscosity g, of Al,Os/water nanofluids are

given by Maiga et al. (2004), presented as follows:
A =(4.97¢° +2.72¢ + 1)K, 3)

Hoy = (123¢° +7.3¢ +1) 1y (4)

The material properties of Al,Os; nanoparticles
are set to be constant and as shown in Table 1.

Table 1 Material properties for Al,0, nanoparticles

py(kg/m*)  Cp, (I/kg-K) w,(kg-m/s) 4, W/m-K)

AlbO; 3880 773 - 36

Governing equations
The three-dimensional governing equations of

the flow for the mixture model are presented with the

following basic assumptions:

(1) The flow is considered to be steady state,
continuous, and turbulent flow.

(2) The nanofluids are incompressible dilute
mixtures with constant properties.

(3) Viscous dissipation and radiation effect are
negligible.

(4) Nanoparticles are spherical and uniform in size.

Therefore, the resulting governing equations are
shown as follows:

Continuity equation:
V-pV, =0 (5)

-592-



C.-C. Wu et al.: Numerical Simulation of Forced Convection of Turbulent Nanofluids.

Momentum equation:
V- (pmeVm) = _me
+V - (U YV, + (L= 4) py Ve Vg + 0,V V,) 6

+V- I:(l_ ¢)pbfvdr,bfvdr,bf + ¢ppvdr,pvdr,p ]

Energy equation:
V-A(gVoh)=V-(4,VT) )
\Volume concentration equation:

vx%mo=—vxm@f?vw) (®)

m
where p., V., , and A, are the mixture
density, velocity, viscosity and thermal conductivity

coefficient of nanofluids respectively, and that can be
defined as:

P = D hePi ©)
k=1
l n

Vi = _Z A (10)
pm k=1

Fin = D Bkl (11)
k=1

ﬂ“m = z¢kﬂ”k (12)
k=1

The drift velocity Vy , V,,, aredefinedasthe

velocity of the phase (fluid, solid) relative to the
mixture:

Vdr'p =Vp -V, (13)
Virst =Ver =V (14)
The relative velocity V, is defined as the
velocity of the secondary phase (solid, p) relative to
the primary phase (fluid, f):
Vi =V, =V, (15)
The calculations of the relative velocity V and
the drag function f,,, are given by Manninen et al.
(1996) and Shiller and Naumann (1935):

r.d? -
4,7 (o, /om)a

f = (16)
’ 18,uf fdrag pp
1+0.15Re%% Re <1000
drag = P P a7
0.0183Re, Re, >1000

where d, is the diameter of the nanoparticles. The
particle relaxation time z, and the acceleration of

the secondary phase particle a is defined as:

2
r =P (18)
P 18y,

In the calculation of the Reynolds number of
nanoparticles Re,, the viscosity of nanoparticles is

given by Miller and Gidaspow (1992):
H, = —0.188+537.42¢ (20)

Turbulent model

An appropriate turbulent model is required to
solve the closure problem, and the standard k-
model proposed by Wilcox (2008) is applied in this
study and it has been modified to confirm the presence
of nanoparticles.

The standard k- model can be expressed
with two equations, one for turbulent kinetic energy,
k , and the other for the specific dissipation rate, .
The equations are defined as follows:

Iut,m

V(o VoK) =V [(1 , +—=) VK]
0y (21)
+ :ut,mvvm ' (va + VVnT ) - pmka)
V-(0,V,0) = V({1 + A1)V 0]
0, (22)

+Coop, ,VV,, - (VV, + VYV, ") -C,p ke’
where o, and o, represent the turbulent Prandtl

number for turbulent kinetic energy and specific
dissipation rate, respectively. The turbulent viscosity
4y, 1s defined as:

k
/Jt,m = Cy f/zpm g (23)
where f, is the damping function for turbulence
model:

-3.4
f, =exp[

(1+Re,/ 50)°
The local turbulent Reynolds number Re, can

be obtained by:

Re, = NS (25)

Hy @
The model constants in the study are shown as
below:

C,=0.09, C,=0511, C,=0.833
o,=20,0,=20

] (24)

(26)

Boundary conditions
The problem under consideration is turbulent
flow in a twisted elliptical tube. The flow direction is
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z-direction, and the fluid enters with a uniform inlet
velocity w, , which varies according to Reynolds
number and the concentration of the nanoparticles.
The inlet temperature is constant, T,, =330 K . In the

test section, i.e. the twisted elliptical tube, no-slip
condition and constant temperature, T, =300 K, are

imposed on the wall. In the entrance section and the
exit section, i.e. the oval tube, no-slip and adiabatic
conditions are imposed on the wall. Moreover,
turbulent kinetic energy and the specific dissipation
rate are set to be zero in correspondence of the wall.
At the outlet, the flow is fully developed, and the
pressure is set equal to 1 atm.

RESULTS AND DISCUSSION
Grid independence and validation

This study is to simulate the fluid flow and heat
transfer in the twisted elliptical tubes by using the
commercial computational fluid dynamics (CFD)
software ANSYS FLUENT v.15 and the SIMPLE
algorithm is used to solve the Navier-Stokes equations.
The calculations of data are all according to the chosen
calculations in Yang et al. (2011).

Grid independent and validation are done to
ensure the accuracy of the numerical results. Three
different grid numbers have been constructed and
tested with the twist pitch d=192mm , the
concentration of nanoparticles ¢=2% and

Reynolds number Re=12000 to identify an
appropriate  mesh number to achieve grid
independence. The result of the grid independent test
is shown in Table 2. One can see that the difference
between the averaged Nusselt numbers obtained from
the medium mesh and the finest mesh is less than 1 %,
indicating that the medium mesh with the grid number
= 993470 is fine enough to ensure a grid independent
solution.

Table 2. The results of the grid independent test

Grid number Nu difference
1404400 197.3 -
993470 196.5 0.4%
755398 194.0 1.7%

Due to the lack of investigations into nanofluids
flowing through a twisted elliptical tube, the averaged
Nusselt number obtained from the present study is
compared with the experimental results of Yang et al.
(2011) with the pure water and Reynolds number
ranging from 5000 to 27000. The geometrical
parameters are the same values that are used by Yang
et al. (2011). Among the validation, the maximum
derivation of the averaged Nusselt number is less than
4%, demonstrating that the present calculations are in
good agreement with the experimental results. Also,
the exit length is tested to ensure that the flow is fully
developed at the outlet in corresponding to the
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boundary condition.

Flow field characteristics

Figure 2 shows the distributions of velocity and
streamlines in twisted elliptical tubes. In the oval tube,
the streamlines are like the straight circular tube in
axis-direction, and the velocity at the center of the tube
is larger than the velocity near the wall because of the
wall shear stress. In contrast, because the flow
direction is affected by the twisted tube wall, the
streamlines are spiral near the tube wall in the twisted
elliptical tubes. Besides, the presence of the secondary
flow result from rotational motions that is mixing the
nanofluids and destroying the boundary layer. The
intensity of the second flow increases with decrease in
the twist pitch, d.

FREERERIISE

Figure 2. The velocity and streamlines distributions
with ¢=2% and Re=12000, when (a) oval tube; (b)
d=192mm; (C) d=128mm; (d) d=96 mm

The local velocity distributions at the center of
twisted elliptical tubes with different twist pitches is as
shown in Figure 3. The velocity of the tube increases
with decrease in the pitch length at the center. In the
cross sections, the dramatic variation in velocity
causes the enhancement of the pressure drop. For the
concentration, ¢ =2% , the average pressure drop
increase of the twisted elliptical tube with
d =96 mm remains around 60% compared with the

oval tube for Re numbers ranging from 10000 to
15000.

(a) Oval tube (b) d= 192 mm (c) d= 128 mm (d) d= 96 mm

y.
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Figure 3. The local velocity contours at cross sections
with ¢=2% and Re=12000, when (a) oval tube; (b)
d=192mm; (C) d=128mm; (d) d=96 mm
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In addition, nanofluids also enhance the pressure
drop because of the higher viscosity. In comparison
with water, for d =128 mm , the average pressure
drop increase with ¢ =4% and remain around 70%

for Re numbers ranging from 10000 to 15000. In
conclusion, the pressure drop increase with the
decrease of the twist pitch and increase in the
volumetric concentration of nanoparticles.

Heat transfer characteristics

Figure 4 demonstrates the local temperature
distributions of twisted elliptical tubes with different
twist pitches at the center. Secondary flow caused by
the twisted wall brings the hot flow at the center to the
low-temperature wall, promoting in heat transfer. The
results show that the temperature distributions are
similar to its velocity distributions. Besides, the
temperature decreases in the cross section of the tube
and the average Nusselt number increases as the pitch
length decreases. For ¢ =2%, the average Nusselt

number ( Nu ) increases in the twisted elliptical tube
with  d =128 mm and remains around 28%
compared with the oval tube for Re numbers ranging
from 10000 to 15000.

(a) 6= 0% (b)o=1%

(©) d=2%

(d) ¢= 4%

Temperature ]

PP 0002 B P P
Figure 4. The local temperature contours and velocity
vectors at cross sections with ¢=2% and Re=12000,
when (a) oval tube; (b) d=192mm; (C) d =128 mm ; (d)
d =96 mm

Figure 5 illustrates the local temperature
distributions at the center of twisted elliptical tubes
with different concentrations. As the concentration of
nanoparticles rises, the local temperature decreases
dramatically because the higher thermal conductivity
coefficient promotes the heat transfer ability of the
fluid. The impact of the concentration exceeds that of
the twist pitch. For d =128 mm, the average Nusselt
number increases with ¢ =4% and remains around

200% compared with pure water for Re numbers
ranging from 10000 to 15000. To sum up, the impact
of concentration on the heat transfer is greater than that
of the twist pitch.

(a) Oval tube

(b) d= 192 mm (c) d= 128 mm (d) d- 96 mm

Temperature K

Figure 5. The local temperature contours and velocity
vectors at cross sections with d=128mm and
Re=12000, When (a) ¢=0%; (b) ¢=1%; (C) ¢=2%;
(d) ¢=4%

The overall thermal-hydraulic performances,
E, and E_, , are calculated in this study. Despite of the

high pressure drop, E, increases with the decrease of
the twist pitch. For ¢=2% , E, of the twisted

elliptical tube with d =128 mm remains around
1.07 for Re numbers ranging from 10000 to 15000. For
d=128mm, E, with ¢=4% remains around

2.5 for Re numbers ranging from 10000 to 15000.

CONCLUSIONS
In this research, a numerical approach has been
investigated for obtaining the pressure drop and heat
transfer characteristics of the twist elliptical tube. The
effects of the parameters including geometrical
parameter, d, and physical property of the fluid, ¢, are

investigated based on the results. The major findings

are summarized as follows:

(1) The twist elliptical tubes bring on the pressure
drop because of the twisted wall. But the twist

elliptical tubes can enhance heat transfer. Nu
with d =96 mm increases 16% - 26%
compared with the oval tube. E, increases

with the decrease of d and an increase of ¢.

(2) The pressure drop increase with the higher
concentration because of the high viscosity of
Al,O3 nanoparticles. Despite this, the high
thermal conductivity coefficient of
nanoparticles promotes the heat transfer ability

of the fluid. Nu with ¢=4% increases

182% — 205% compared with the results of
water. E_ increases with the decrease of d

pw
and an increase of ¢.

(3) Both the twist pitch and the concentration of
nanofluid can promote thermal-hydraulic
performances, and the results show that the
concentration of nanofluid have more influence
than the twist pitch. Moreover, the increase of

E_, increases as d decreases, indicating

pw

that nanofluids are more effective in the twisted
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elliptical tubes than in the oval tube.
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NOMENCLATURE
Major axis of the elliptical tubes
Minor axis of the elliptical tubes
p Specific heat capacity
Dh  Hydraulic diameter of the elliptical tubes
d 360° Twist pitch of the twisted elliptical tubes
E, The overall thermal-hydraulic performance with

respect to the oval tube

S — 1
(E, =(Nu/Nuo)(Ap/ap, ) #)

E_, The overall thermal-hydraulic performance with
respect to water

S — 1
(E,, = (Nu/NuW)(Ap/ApW) 3)
Convective heat transfer coefficient

h
k Turbulence kinetic energy
L Length of the twisted elliptical tubes

Nu The average Nusselt number (Nu =hD, /1)
Pressure

Re  Reynolds number

T  Temperature

u,v,w Velocity components

V  Velocity vector

z Axial coordinate

0o ™

©

Greek symbols

p  Density

4 Viscosity

¢  Volumetric concentration of nanoparticles
A Thermal conduction coefficient

®  Specific dissipation rate

Subscripts

bf  Basic fluid

f  Fluid

M Mixture

nf  Nanofluid

p  Nanoparticle
pw Pure water

t Turbulent
w  Wall
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