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ABSTRACT 

 
In this study, a numerical simulation is used to 

analyze heat-exchange behaviors of a double tube heat 
exchanger with a staggered oval cross-section pipe as 
the inner pipe. In addition, non-Newtonian nanofluid 
and water are considered to be the working fluid, 
respectively flowing in the inner tube and outer tube. 
The non-Newtonian nanofluid is composed of non-
Newtonian base fluid and nanoparticle. Besides, a 
single-phase fluid model was adopted. The purpose of 
this study is to investigate the heat exchange behavior 
of non-Newtonian nanofluid concerning different flow 
behavior index, the inlet velocity and nanoparticle 
volume fraction. Therefore, the velocity distribution, 
isotherms contours, synergy angle distribution, the 
Nusselt number, pressure drop and performance 
evaluation criterion (PEC) had been studied and 
calculated. It can be discovered that the heat transfer 
performance becomes better when the flow behavior 
index decreases; the inlet velocity of the inner pipe 
decreases; the inlet velocity of the outer pipe increases 
and nanoparticle volume fraction decreases. 
 

INTRODUCTION 
Due to a rapid improvement of technology, 

problems of the energy crisis and environmental 
awareness come out recently. Those problems cause 
energy cost rising and urge many countries to 

constitute laws to limit CO2 emissions. Therefore, 
engineers start to seek methods to maintain production 
capacity and reduce cost at the same time, which can 
maximize production efficiency. Using heat 
exchangers is one of the common ways to solve the 
problems stated above in industry concerning thermal-
fluid science. To further enhance the efficiency of heat 
exchangers, two major groups have been exploited, 
named active and passive techniques. Comparing with 
active techniques, passive techniques can keep the cost 
down without additional energy sources. For example, 
passive techniques include increasing the surface area, 
adding metal or metal oxide nanoparticles, installing 
vortex generators and changing the tube structure.  

This study is related to the passive techniques and 
using the staggered oval tube (SOT, also known as 
alternating elliptical axis tube) as the inner pipe 
proposed by Guo (2003). Guo indicated that this kind 
of tube can generate flow vortices, which break the 
boundary layer, then subsequently, decrease the angle 
between the temperature gradient and velocity. As a 
result, the heat transfer performance is promoted with 
a significant heat transfer raise by comparing with a 
circular pipe at a comparative small pressure drop for 
the turbulent flow.  

Meng et al. (2005) carried out an experiment and 
found that the heat transfer of the SOT can be greatly 
augmented with less increment of flow resistance for 
Re < 5×104. Besides, they mentioned that both the 
Nusselt number and friction factor of SOT can be 
correlated with one expression for Re ranging from 
500 to 5×104. Li et al. (2006) made an experimental 
study on friction factor and the numerical simulation 
on flow and heat transfer. It revealed that the transition 
from laminar to turbulent flow occurs at Re = 1×104, 
and the Nusselt number of the SOT is about 84-134% 
higher than circular tube. Research works also 
investigated both situations of the SOT in laminar 
(Chen and Fang, 2004) and turbulent (Chen et al. 2004) 
flow by numerical simulation. Chen indicated that the 
axial separation bubbles in the transition section are 
responsible for the rise of the level of pressure drop. 
Based on this observation, Chen et al. performed 
another parametric study (Chen et al., 2006) to search 
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better combinations of geometry parameters, 
including aspect ratio, length of a section unit and 
transition section. However, Chen did not find an 
optimum design to fit all magnitude of Reynolds 
number. Najafi Khaboshaa and Nazif (2018, 2019) 
conducted two entropy generation analyses of the SOT 
in turbulent flow. One is related to the SOT with 
different angles of pitches, and the other is about using 
Al2O3-water nanofluid with various nanoparticle 
volume fraction and diameters. The first study showed 
that the SOT has the best performance at the lowest 
Reynolds number for the SOT 90°. The other 
illustrated that the heat transfer of the SOT can be 
enhanced by using nanofluid. On the other hand, to 
study the heat transfer performance under a realistic 
situation, Chen conducted further studies concerning 
the pipe’s performance not only in a cross-flow heat 
exchanger (Chen, 2007) but also in a parallel or 
counter flow heat exchanger (Chen and Dung, 2008). 
In addition, Vaezi et al. (2017) investigated a double 
tube heat exchanger concerning aspect ratio and 
Reynolds number in laminar flow. Their works also 
compared the rate of heat transfer and pressure drop 
with the circular type, and illustrated a diagram of 
enhancement ratio (ER) function. In the area of ER > 
1, the heat transfer enhancement can be improved with 
reasonable rise of the pressure drop. 

The study concerning the non-Newtonian 
nanofluid can be divided into two categories. One is 
discussed the nanofluid with characteristics of non-
Newtonian fluid (Kang et al., 2006; Xie et al., 2008). 
The other is adding nanoparticles into non-Newtonian 
fluid. Hojatt et al. (2010, 2011) carried out an 
experimental study to investigate the heat transfer 
behavior of non-Newtonian nanofluid flowing through 
a horizontal circular tube with constant wall heat flux 
in laminar flow. The fluids are made by dispersing γ- 
Al2O3, CuO and TiO2 nanoparticles in a non-
Newtonian fluid (0.5% wt. CMC solution). Hojatt 
showed that the heat transfer coefficient of non-
Newtonian nanofluids are larger than that of the base 
fluid. Also, the enhancement of the heat transfer 
coefficient and Nusselt number increase by increasing 
the nanoparticle volume fraction. Baheri et al. (2014) 
used CuO and 0.5% wt. CMC non-Newtonian 
nanofluid as the working fluid, then numerically 
investigated heat and flow characteristics in 2-D 
parallel plate microchannel with and without 
micromixers. The work demonstrated that increasing 
Reynolds number and nanoparticle volume fraction 
increase not only the heat transfer but also friction 
coefficients of non-Newtonian nanofluid. Although 
nanoparticles enhance the Nusselt number in non-
Newtonian base fluid, but this increasing is higher for 
Newtonian fluid. 

In this paper, the main purpose is to study the heat 
and fluid characteristics of a double tube heat 
exchanger with a staggered oval cross-section pipe as 
the inner pipe. Meanwhile, the working fluid of the 

inner pipe is non-Newtonian nanofluid, which is 
chosen to compare with the water. This study will 
discuss three different parameters, including flow 
behavior index, inlet velocity, and nanoparticle 
volume fraction. Therefore, streamlines, isotherms 
contours, pressure drop, Nusselt number and field 
synergy angle are used to analyze numerical results. 
Finally, the performance evaluation criterion (PEC) 
has been adopted to describe the heat transfer 
efficiency. 
 

MATHEMATICAL FORMULATION 
 
Physical model 

A two-dimensional (2-D) geometry of a double 
tube heat exchanger with a staggered oval cross-
section pipe as the inner pipe is represented in Figure 
1a. The diameter of the outer circular pipe, D, is 33 
mm. The inner pipe is composed of two parts, circular 
and oval sections. The diameters of the circular part at 
entrance and exit (d) are both 16.5 mm. On the other 
hand, the long (d1) and short (d2) diameter of the oval 
part are 20 mm and 13 mm, respectively. In addition, 
the length of circular sections (L) and oval sections (A) 
are 30 mm and 34 mm, respectively. It should be noted 
that there are several transition sections between each 
section, whose length (B) is 6 mm. Also, the thickness 
(t) is 0.5 mm for both pipes considered. The number of 
double tube sections is 11, and total length is 506 mm. 
A three-dimensional (3-D) isometric view which is 
properly cut off is shown in Fig. 1b. As shown, for a 
counter flow heat exchanger, the flow direction is 
positive z-direction for the inner pipe, and negative for 
the outer pipe. To ensure the flow reaching fully 
developed, the outlet section length has been tested. 
Both of pipes are made of iron, whose density, specific 
heat capacity and heat conductivity are 8030 kg m-3, 
502.48 J kg-1 K-1 and 77 Wm-1 K-1, respectively. 

Fig. 1. Geometries of a double tube heat exchanger 
with a staggered oval cross-section pipe as the 
inner pipe: (a) 2-D geometrical dimensions 
and (b) 3-D isometric view. 

(a) 

(b) 
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Working fluid 
The fluid inside the outer pipe is water. However, 

the fluid used in the inner pipe is a mixture of non-
Newtonian fluid and nanosized Al2O3 particles at 
nanoparticle volume fraction being 0%, 3% and 5%. 
By assuming that the nanoparticles are well dispersed 
within the base fluid, the effective physical properties 
of the mixture can be evaluated by using some 
classical single-phase formulas (Lamraoui et al., 2019). 
To compute density, specific heat capacity, viscosity 
and thermal conductivity, a couple of equations from 
(1) to (4) have been applied (Mahian et al., 2013). The 
physical and thermal properties of the considered 
working fluid are listed in Table 1. 

nf bf p(1 )ρ φ ρ φρ= − + ,  (1) 

bf bf p p
nf

nf

(1 ) C C
C

φ ρ φρ

ρ

− +
= ,  (2) 

nf
2.5

bf

1

(1 )

µ

µ φ
=

−
,  (3) 

2nf

bf

4.97 2.72 1
k

k
φ φ= + + .  (4) 

 
Table 1. The value of Physical and thermal properties 

of nanofluid used. 
ϕ 

(%) 

nfρ  

(kg m-3) 

nfµ  

(kg m-1 s-1) 

nfC  

(J kg-1 K-1) 

nfk  

(W m-1 K-1) 

0 998.2 0.001003 4182 0.6 

3 1087.65 0.0010824 3827.748 0.65164 

5 1147.29 0.0011402 3622.270 0.68906 

 
Governing equations 

In this research, due to a condition of turbulent 
flow, 3-D Reynolds-averaged Navier-Stokes (RANS) 
equations are adopted. Also, to solve the closure 
problem of turbulence, the SST k-ω turbulence model 
mentioned by Menter (1994) was applied to 
complement insufficient equations. Combing these 
two parts, under assumptions of steady state, 
incompressible flow and constant material properties, 
the governing equations can be written as follows. 

Continuity equation: 

0i i

i i

u u

x x

′∂ ∂
= =

∂ ∂
 

 
(5) 

Momentum equation: 

nf nf( ),i
j ij i j

j i j

u P
u u u

x x x
ρ τ ρ

∂ ∂ ∂
′ ′⋅ = − + −

∂ ∂ ∂
 (6) 

For non-Newtonian nanofluid, it should be noted 
that  

nf

-1 1
nf

( )

K K( )

ji
ij

j j i

jn ni

j i

uu

x x x

uu

x x

τ µ

µ γ −

∂∂∂
= +

∂ ∂ ∂

∂∂
= = +

∂ ∂


, 

 

(7) 

where viscosity of the non-Newtonian nanofluid ( nfµ ) 
will change along with rate of shear strain ( γ ). In Eq. 
(7), K represents a flow consistency index, and n is 
flow behavior index. 

On the other hand, the equations are written in a 
form of Einstein notation with lower indices “ i ” or 
“ j ”. Both range over a set {1, 2, 3}, which is 
equivalent to coordinate axes {x, y, z} in the following 
equations. 

Energy equation: 
For fluid, 

nf nf nf nf nfC ( C )j j i ij

j j j

T T
u k u T u

x x x
ρ ρ τ

∂ ∂ ∂
′ ′⋅ = − +

∂ ∂ ∂
, (8) 

For solid: 
2

s 0
j j

T
k

x x

∂
=

∂ ∂
. 

 
(9) 

Turbulent kinetic energy k (m2 s-2) transport 
equation: 

( ) *
k

k

k
k kt

i
i j j

u G
x x x

µ
ρ µ ρβ ω

σ

∂ ∂ ∂
= + + −

∂ ∂ ∂

  
  
  

 . (10) 

Specific dissipation rate ω (s-1) transport equation: 

( ) 2

1 ,2
1 k

                    2(1 )

t
i

i j j

j j

u G
x x x

F
x x

ω
ω

ω

µ ω
ρ ω µ ρβω

σ

ω
ρσ

ω

∂ ∂ ∂
= + + −

∂ ∂ ∂

∂ ∂
+ −

∂ ∂

  
  
    . (11) 

In Eq. (10) and (11), the left-hand side are related 
to the transport of k or ω by convection respectively. 
On the other side, according to the order, the three 
terms denote the transport of k or ω by diffusion, the 
generation of k or ω and the dissipation of k or ω. 
Unlike Eq. (10), the last term in Eq. (11) represents the 
cross-diffusion, which is caused by a transformation of 
a ε equation into an ω equation.  

Further details about the SST k-ω turbulence 
model and all related functions and constants in Eq. 
(10) and (11) can refer to the work by Menter (1993). 

 
Boundary conditions 

To simplify the calculation process, the model is 
symmetrically cut into four parts. One of them is set to 
be the zone of simulation. Meanwhile, symmetry 
boundary conditions are applied to the XZ and YZ 
plane of it. Those are 
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0 , 0
T V

n n

∂ ∂
= =

∂ ∂
, 

 
(12) 

where n represents the direction normal to the XZ and 
YZ plane.  

On the fluid/solid interfaces, in order to maintain 
continuity, the boundary conditions are: 

s f
s f s f ,   ,  0 

T T
T T k k V

n n

∂ ∂
= = =

∂ ∂
, 

 
(13) 

where the subscripts “ s ” and “ f ” denote solid and 
fluid, respectively. Besides, a no-slip boundary 
condition is applied. 

For the inner pipe, the boundary conditions are as 
follows. 

At inlet: 

i i293K ,   ,  0T T w w u v= = = = = .  (14) 
At outlet: 

atm0 ,  0 ,  
T u v w

P P
z z z z

∂ ∂ ∂ ∂
= = = = =

∂ ∂ ∂ ∂
. 

 
(15) 

The temperature and velocity gradient in flow 
direction is zero, and the pressure is also assumed 
equal to 1 atm (atmospheric pressure). Moreover, these 
conditions are the same as the boundary conditions at 
the outlet of the outer pipe. 

Boundary conditions for the outer pipe are 
described as the following. 

At inlet: 

o o363K ,   ,  0T T w w u v= = = = = .  (16) 
At outlet: 

atm0 ,  0 ,  
T u v w

P P
z z z z

∂ ∂ ∂ ∂
= = = = =

∂ ∂ ∂ ∂
. 

 
(17) 

For the outer pipe wall, due to an adiabatic 
condition is applied to it, temperature gradient in the 
wall normal direction should be zero. 

0
T

n

∂
=

∂
. 

 
(18) 

 
Data processing 

Because the working fluid flowing in the inner 
pipe is different from the outer one, the relationship 
between Reynolds number and inlet velocity is listed 
below. 

Inner pipe: 
2

nf i
nf

nf

n nw d
Re

ρ

µ

−

= . 
 

(19) 

Outer pipe: 

o hw D
Re

ρ

µ
= . 

 
(20) 

In order to calculate the diameter of an annulus 
(entrance shape of the outer pipe), a hydraulic 
diameter is adopted. In the Eq. (20), Dh represents the 
hydraulic diameter, which is defined as 

4A

PhD = , 
 

(21) 

where A is the cross-section inlet area of the outer pipe, 
and P is the wetted perimeter of the cross-section of 
the outer pipe. To calculate the Nusselt number, which 
is defined as 

Lh
Nu

k
= . 

 
(22) 

 For the averaged Nusselt number of the heat 
exchanger, it can be evaluated by 

avg
L w h

m

q D
Nu h

k T k

′′
= =

∆
, 

 
(23) 

where ΔTm is a so-called logarithmic mean 
temperature difference (LMTD). Under the situation 
of counter flow, it is defined by the logarithmic mean 
as follows: 

hi co ho ci1 2

1 hi co

2 ho ci

( ) ( )

ln(  ) ln(  )
m

T T T TT T
T

T T T

T T T

− − −∆ − ∆
∆ = =

∆ −

∆ −

. 
(24) 

To assess heat transfer performance, the 
performance evaluation criterion (PEC), which was 
developed by Webb and Kim (2005) is used in this 
paper. The PEC can be evaluated by the following 
function. 

0
1 3

0

PEC
( )

Nu Nu

f f
= , 

 
(25) 

where 0Nu  and f0 are acquired by using water as the 
working fluid with same inlet velocity and temperature. 
 

GRID INDEPENDENCE AND  
MODEL VALIDATION 

 
In this simulation, the grids are generated by the 

sweep method. To ensure that the numerical results 
will not be affected by the number of grids, a grid 
independent test has been done. The inlet velocity of 
the inner pipe is set at 0.23814 m/s based on the 
parameters of ϕ = 3%, n = 0.5 and Renf = 15000. For 
the outer pipe, it is set at 0.97239 m/s corresponding 
to Re = 15000. To achieve an appropriate grid number, 
friction factor is tested with four different 3-D grid 
number. From Table 2, it can be seen that the 
difference of friction factor between grid number 
1,599,455 and 2,388,946 is only 0.00027, which is 
small enough and means that grid number of 1,599,455 
is sufficient to achieve grid independence, therefore, it 
will be applied for the following numerical study. 

In order to validate reliability of the numerical 
simulation results, friction factor of the inner pipe was 
selected to test. However, there are no experimental or 
numerical data about the heat exchange of staggered 
oval pipe by considering non-Newtonian nanofluid as 
the working fluid. Therefore, the validated part in this  
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study is conducted by comparison with the 
experimental and numerical results given by Meng et 
al. (2005) and Chen et al. (2004), respectively, for a 
case of water as the working fluid. Experimental 
results of Meng et al. (2005) revealed that friction 
factor can be correlated by one expression with 
Reynolds number ranging from 500 to 50000. The 
correlation is 

0.321.54f Re−= .  (26) 
On the other hand, for the present study and 

numerical results given by Chen et al. (2004), friction 
factor can be calculated by Darcy-Weisbach equation 

2
avg t

D
1 U L2

P
f

ρ

∆
= , 

 
(27) 

where ΔP is the pressure drop over the inlet and outlet 
along the pipe, Uavg is the average velocity inside the 
pipe, Lt is the total length of the pipe and D is the 
diameter of the inlet. As shown in Figure 2, comparing 
with the other two data, the maximum errors of friction 
factor are less than 5%, which represents that the 
present calculation is in good agreement with the 
experimental fitted curve and the numerical results.  
 

 

RESULT AND DISCUSSION 
 

In this section, the iwnvestigation is focus on 
three parameters about non-Newtonian nanofluid as 
the working fluid. Those are flow behavior index (n), 
the inlet velocity of the inner and outer pipe ( iw  and 

ow ), and nanoparticle volume fraction (ϕ). In every 
section, flow field and heat transfer characteristics will 
be discussed. Furthermore, performance evaluation 
criterion and synergy angle distribution contours will 
be used to assess the performance. 

 
Effect of flow behavior index (n) 

To investigate the influences caused by n, the 
value of ϕ, iw  and ow  are fixed at 3%, 0.23814 m/s 
(Renf = 15000) and 0.97239 m/s (Re = 15000), 
respectively, for the value of n = 0.5, 0.7, 1, 1.3 and 
1.5. Figure 3 displays the surface streamlines of the 
double pipe heat exchanger at 0.373 m under different 
n. It can be observed that those streamlines form into 
several axial vortices not only in the inner pipe but also 
in the outer pipe. These vortices are also known as 
secondary flow, which intensifies fluid mixing and 
destroys the boundary layer. As can be observed, there 
are eight vortices when n = 0.5, 0.7 and 1. Also, the 
streamlines are centralized with the decreasing of n. In 
addition, the number of vortices will become four 
while n > 1.  

Figure 4 shows the velocity distribution and 3-D 
streamlines in the inner pipe from 0.313 m to 0.373 m 
under different n. It can be found that the velocity 
distribution in every section display a “X” shape when 
n ≤ 1. However, when n > 1, the shape of velocity 
distribution will gradually become “concentric circles” 
form. In addition, for n = 1.5, the streamlines almost 
concentrate at the center comparing to other value of 
n. Also, it can be noticed that the center velocity is 
getting larger with a rising of n. 

The isotherms in Figure 5 present the temperature 
distribution at 0.373 m under different n. Due to the 
effects of secondary flow, the flow with high 

Fig. 2. Validation test by comparing results of 
friction factor in present study with 
numerical results by Chen et al. (2004) 
and an experimental fitted curve by Meng. 
(2005) 

Fig. 3. Surface streamlines at 0.373 m under different 
flow behavior index. 

Table 2. Grid independence test in terms of 
friction factor. 
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temperature can be taken to the inner pipe wall and 
promotes heat transfer. Therefore, the temperature has 
a remarkable decrease along both axes of the oval 
section. Comparing to Fig. 3 and Fig. 4, the 
temperature distribution is similar to the velocity 
distribution, and the main region for heat transfer is 
corresponding to the space between vortices.  

Figure 6 is the results about the synergy angle 
distribution at 0.373 m under different n. In the 
synergy angle analysis, the primary target is to 
improve the synergy between the velocity and 
temperature gradient for enhancing heat transfer. 
Namely, heat transfer can be enhanced when synergy 
angle closes to 0° or 180°. In the following discussion, 
if the value of synergy angle is greater than 90°, its 
complementary angle will be taken. As shown in Fig. 

6, for the outer pipe, it is obvious that many places of 
synergy angle are almost or exactly 90°. The synergy 
angle is diversified and has a remarkable change with 
the increasing of n for inner pipe. The main reason is 
that the secondary flow influences the angle between 
velocity direction and temperature gradient. For n > 1, 
the values of synergy angle are in general closer to 90° 
than those of n < 1. In other words, a smaller value of 
n can lead to a better heat transfer efficiency. 

Figure 7 gives the average Nusselt number ( Nu ) 
of the double tube heat exchanger with different n and 

iw . On one hand, an increasing of iw  will lead to a 

larger Nu . On the other hand, a decreasing of n can 
also raise Nu . The difference between them is that 
changing the value of n is much more helpful for 
improving heat transfer than increasing iw . Figure 8 
illustrates the average Nusselt number ratio of non-
Newtonian nanofluid to water versus iw  under 
different flow behavior index. Although n = 0.5 can 
mostly enhance Nu , the increasing level of it will 
gradually decrease if iw  increases. Nu  for non-

Newtonian nanofluid with iw  = 0.11449 m/s, 
0.18173 m/s and 0.23814 m/s are 1.94, 1.69 and 1.56 
times the value of water, respectively. 

Figure 9 shows the pressure drop (ΔP) of the 
inner pipe with different n and iw . It shows that ΔP is 

Fig. 4.  3-D streamlines and velocity distribution 
from 0.313 m to 0.373 m under different 
flow behavior index. 

Fig. 5. Temperature distribution at 0.373 m under 
different flow behavior index. 

Fig. 6. Synergy angle distribution at 0.373 m under 
different flow behavior index. 



C.-H. Lin et al.: Thermal Analysis on Non-Newtonian Nanofluid in Double Tube Heat Exchanger. 

-705- 
 

rising as iw  increases. Also, the increasing level of 
ΔP becomes larger as n gets larger. Comparing the 
case of non-Newtonian nanofluid as the working fluid 
to water at the same iw  shown in Figure 10, the ΔP 
ratio of non-Newtonian nanofluid to water may exceed 
one, for n ≥ 1, which means that it needs more power 
to force non-Newtonian nanofluid than water. 
Nevertheless, for n < 1, the ratio will fall below one. 
Besides, the ratio slightly decreases with the 
increasing of iw  for the cases of n = 0.5, 1.3 and 1.5. 
For n = 0.5, the ΔP ratio is 0.61, 0.55 and 0.52 with 

iw  = 0.11449 m/s, 0.18173 m/s and 0.23814 m/s, 
respectively. 

In Figure 11, the variation of the PEC with 
different n and iw  is presented. For n = 0.5, 0.7 and 

1.5, the PEC decreases with the decreasing of iw . 

Also, they have the maximum value of the PEC at iw  
= 0.11449 m/s. On the other hand, the PEC does not 
vary significantly with respect to iw  for n = 1 and 1.3. 
The highest value of the PEC (2.29) will be found at n 
= 0.5 and iw  = 0.11449 m/s, which demonstrates that 
using non-Newtonian nanofluid with a small value of 
n will have significant advantages than using water as 
the working fluid. 

 
Effect of the inlet velocity ( iw  and ow ) 

To study the influences of the inlet velocity of the 
outer pipe ( ow ), the value of n, ϕ and iw  are 
respectively fixed to 0.5, 3% and 0.23814 m/s (Renf = 
15000). Meanwhile, the value of ow  will be 
discussed at 0.32413 m/s, 0.64826 m/s and 0.97239 

Fig. 8. Distribution of average Nusselt number versus 
 under different flow behavior index. 

 
 

Fig. 7. Average Nusselt number ratio of non-
Newtonian nanofluid to water versus
under different flow behavior index. 

Fig. 9. Distribution of pressure drop versus under 
different flow behavior index. 

 

Fig. 10. Pressure drop ratio of non-Newtonian 
nanofluid to water versus  under 
different flow behavior index. 
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m/s, corresponding to Re = 5000, 10000 and 15000, 
respectively. Figure 12 shows the surface streamlines 
at 0.373 m under a change of ow . The main difference 
between these figures is the location of vortices in the 
inner pipe. For ow  = 0.32413 m/s and 0.64826 m/s, 
the vortices appear near the upper and lower middle. 
Then, the vortices not only move to their left-hand or 
right-hand side but also become larger at ow  = 

0.97239 m/s. In addition, because iw  does not change, 
the surface streamlines in the section of the inner pipe 
almost remains the same with an increasing of ow . 

Figure 13 displays the velocity distribution and 
3-D streamlines in the outer pipe from 0.313 m to 
0.373 m with different ow . With the increasing of 

ow , the maximum velocity of the outer pipe increases 

proportionally to ow . Besides, the velocity 

distribution around the section of the inner pipe at ow  
= 0.97239 m/s is different from the others. Such as the 
section at 0.373 m, its variation of velocity at the upper 
and lower middle is more concentrated on the middle 
than that of ow  = 0.32413 m/s and 0.64826 m/s. 

Figure 14 presents the isotherms contours of 
temperature distribution at 0.373 m under different 

ow . Because the location of vortices in the outer pipe 

are different from each ow , the velocity gradient 
around the inner pipe will be changed and lead to the 
variation of temperature distribution as shown in Fig. 
14. At ow  = 0.97239 m/s, not only does the number 
of isotherms decrease, but the isotherm representing 
the lowest temperature also concentrates on the middle, 
which is similar to the velocity distribution at 0.373 m 
in Fig. 12. It reveals that the secondary flow plays an 
important role in heat transfer.  

The synergy angle distribution at 0.373 m under 
different ow  is shown in Figure 15. According to the 

figure, raising the value of ow  can improve most of 
synergy angles in the outer pipe. However, decreasing 
the value of ow  can lower the synergy angle around 
the inner pipe, especially at the place near upper and 
lower middle. 

Figure 16 illustrates the change of average 
Nusselt number ( Nu ) of the double tube heat 
exchanger under different ow  and iw . It can be 

Fig. 11. The Performance evaluation criterion as a 
function of  under different flow 
behavior index. 

 

Fig. 12. Surface streamlines at 0.373 m under different 
. 

 

Fig. 13. 3-D streamlines and velocity distribution from 
0.313 m to 0.373 m under different . 

Fig. 14. Temperature distribution at 0.373 m under 
different . 
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noticed that Nu  raises with the increasing of iw . 

Besides, as iw  increases, Nu  can be further 

enhanced when ow  becomes larger. To compare the 
results with water as the working fluid under the same 

ow  and iw , the Nu  ratio of using non-Newtonian 
nanofluid to water is shown in Figure 17. It can be 
found that a better Nu  can be obtained for iw  = 
0.11449 m/s. 

For iw  = 0.11449 m/s, Nu  obtained using 
non-Newtonian nanofluid is 1.69, 1.86 and 1.94 times 
of those using water with ow  = 0.32413 m/s, 0.64826 
m/s and 0.97239 m/s, respectively. On the other hand, 
at ow  = 0.97239 m/s, Nu  will increase 1.94, 1.69 

and 1.56 times of those using water with iw  = 
0.11449 m/s, 0.18173 m/s and 0.23814 m/s, 
respectively. 

Figure 18 illustrates the relation of PEC to ow  

and iw . Because the pressure drop in the inner pipe 
does not change, the curves of the PEC are similar to 
the result in Fig. 17. Fig. 18 shows that the PEC in all 

cases are larger than one due to the effect of using non-
Newtonian nanofluid. However, the PEC will decrease 
with the decreasing of ow . The largest PEC value of 

2.29 can be observed with ow  = 0.97239 m/s and iw  
= 0.11449 m/s. It shows that the heat transfer 
performance of non-Newtonian nanofluid (n = 0.5) 
can be improved by raising ow . 
 
Effect of nanoparticle volume fraction (ϕ) 

In this section, the influences of nanoparticle 
volume fraction (ϕ) was studied. Therefore, the value 
of n, iw  and ow  are respectively fixed at 0.5, 
0.23814 m/s (Renf = 15000) and 0.97239 m/s (Re = 
15000). The effect of ϕ is investigated at the value of 
0%, 3% and 5%. Figure 19 to Figure 22 display the 
surface streamlines, velocity distribution, 3-D 
streamlines, temperature distribution and synergy 

Fig. 15.  Average Nusselt number ratio of non-
Newtonian nanofluid to water versus  

under different . 

Fig. 18. The Performance evaluation criterion as a 
function of  under different . 

Fig. 17. Distribution of average Nusselt number versus 
 with different . 

Fig. 16. Synergy angle distribution at 0.373 m under 
different . 
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angle distribution at same cross section location which 
have been discussed above. Though there is no 
significant difference due to a change of ϕ, the 
variation can still be found by Nu  and ΔP as follows. 

Figure 23 shows the average Nusselt number 
( Nu ) of the double tube heat exchanger with different 
ϕ and iw . It reveals that Nu  increases with the 

increasing of iw  owing to the velocity enhancement. 

Also, Nu can be enhanced by increasing the value of 
ϕ. This is because adding nanoparticles can enhance 
the thermal conductivity, and improve heat transfer 
consequently. Figure 24 presents the Nu  ratio of 
using non-Newtonian nanofluid to water as the 
working fluid. According to the result, Nu will 
increase in general at ϕ = 5%, however, comparing 
with the other two values of ϕ, increasing ϕ does not 
result a significant change of Nu .  

Figure 25 illustrates the pressure drop (ΔP) of the 
inner pipe with different ϕ and iw . ΔP increases with 

the increasing of iw  and ϕ. As iw  increasing, ΔP 
would be raised with a higher value of ϕ. Figure 26 
shows the ΔP ratio of using non-Newtonian nanofluid 
to water. In general, adding nanoparticles into the 
working fluid will lead to an increase of ΔP. However, 

the increase ΔP due to a higher iw  will slightly 
reduce for using non-Newtonian nanofluid than water. 

Figure 27 shows the variation of the PEC with 
different ϕ and iw . It can be found that all the values 
of the PEC are higher than one, but no significant 
differences in. On the other hand, the PEC reaches its 
maximum value of 2.29 at ϕ = 0% and iw  = 0.11449 
m/s, which indicates that higher ϕ would not 
necessarily enhance the PEC. 

Fig. 21.  3-D streamlines and velocity distribution 
from 0.313 m to 0.373 m with different 
nanoparticle volume fraction. 

Fig. 22. Temperature distribution at 0.373 m with 
different nanoparticle volume fraction. 

Fig. 23. Synergy angle distribution at 0.373 m with 
different nanoparticle volume fraction. 

Fig. 20. Distribution of average Nusselt number versus 
 under different nanoparticle volume 

fraction. 

Fig. 19. Surface streamlines at 0.373 m with different 
nanoparticle volume fraction. 
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CONCLUSIONS 

 
In this paper, a numerical study was performed to 

investigate the flow and heat transfer characteristics of 
the turbulent flow of non-Newtonian nanofluid in a 
double tube heat exchanger with a staggered oval 
cross-section pipe as the inner pipe. The influences of 
the flow behavior index (n), the inlet velocity of the 
outer and inner pipe ( ow  and iw ) and the 
nanoparticle volume fraction (ϕ) were discussed in this 
paper. The conclusion remarks are summarized as 
follows: 

1. Due to a staggered oval-cross-section pipe as 
the inner pipe, several vortices which enhance 
the heat transfer are generated in the inner and 

outer pipe. Comparing with water, when non-
Newtonian nanofluid (n = 0.5, ϕ = 3%, ow = 
0.97239 m/s) is used as the working fluid in the 
inner pipe, it can be found that the pressure 
drop will reduce 39-48% from iw  = 0.11449 
m/s to 0.23814 m/s. However, the heat transfer 
will improve 56-94% when iw  decreases 
from 0.23814 m/s to 0.11449 m/s. Furthermore, 
the pressure drop increases and the average 
Nusselt number decreases with the increasing 
of n. In this group, the performance evaluation 
criterion (PEC) shows that n = 0.5 has better 
performance among the others. 

2. Varying the magnitude of ow  and iw  also 

Fig. 25. Average Nusselt number ratio of non-
Newtonian nanofluid to water versus  
under different nanoparticle volume 
fraction. 

Fig. 26. Distribution of pressure drop versus  
under different nanoparticle volume fraction. 

Fig. 27. Pressure drop ratio of non-Newtonian 
nanofluid to water versus  under 
different nanoparticle volume fraction. 

Fig. 24. The Performance evaluation criterion as a 
function of  under different nanoparticle 
volume fraction. 
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affect heat transfer. Moreover, it can be found 
that heat transfer will be enhanced by 
increasing o w or decreasing i w . Consequently, 
the maximum heat transfer can be obtained at 

ow = 0.97239 m/s and iw = 0.11449 m/s 
according to the PEC based on the cases 
considered.  

3. Although using non-Newtonian nanofluid as 
the working fluid may raise the pressure drop, 
the value of pressure drop is still less than the 
case of using water or Newtonian nanofluid as 
the working fluid. Besides, non-Newtonian 
nanofluid will achieve comparatively better 
heat transfer performance. In this paper, 
comparing with water, using non-Newtonian 
nanofluid (n = 0.5, ϕ = 5%, ow = 0.97239 m/s) 
as the working fluid can lead to a heat transfer 
enhancement of 58-97% when iw  decreases 
from 0.23814 m/s to 0.11449 m/s. Also, the 
pressure drop reduces 36-45% from iw = 
0.11449 m/s to 0.23814 m/s. Despite the fact 
that ϕ = 5% results better Nu , ϕ = 0% 
provides best performance in view of the PEC. 
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NOMENCLATURE 
 
A  length of oval sections (mm) 
A cross-section inlet area of the outer pipe 

(mm2) 
B  length of transition sections (mm) 
C  specific heat capacity (J kg-1 K-1) 
d diameter of the inner pipe circular sections 

(mm) 
d1, d2 long and short diameter of the inner pipe 

oval sections (mm) 
D  diameter of the outer circular pipe (mm) 
D  diameter (mm) 
Dh  hydraulic diameter (mm) 

0,  f f   friction factor 
F1  blending function 

kG   generation of k equation (kg m-1 s-3) 

Gω   generation of ω equation (kg m-1 s-3) 
h  convective heat transfer coefficient 

(W m-2 K-1) 
k  thermal conductivity (W m-1 K-1) 
k  turbulent kinetic energy (m2 s-2) 
K  flow consistency index (kg m-1 s-1) 
L  length of circular sections (mm) 

L  length (mm) 
n  normal direction 

0Nu, Nu  average Nusselt number 

P   mean pressure (kg m-1 s-2) 
P  pressure (kg m-1 s-2) 
P wetted perimeter of the cross-section of 

the outer pipe (mm) 
Re  Reynolds number 
t  thickness of the pipe walls (mm) 
T  temperature (K) 
T   mean temperature (K) 
u, v, w velocity components (m s-1) 

iu , ju  mean velocity in Einstein notation (m s-1) 

iu′ , ju′  turbulent velocity fluctuations in Einstein 
notation (m s-1) 

Uavg  average velocity  
V  velocity vector (m s-1) 

ix , jx  Cartesian coordinate in Einstein notation 
(m) 

z  flow direction 
 
Greek symbols 

kσ   turbulent Prandtl number of k equation 

ωσ   turbulent Prandtl number of ω equation 

,2ωσ   turbulent modeling constant 
*β   turbulent modeling constant  

β   turbulent modeling constant 
γ   rate of shear strain (s-1) 
ΔTm logarithmic mean temperature difference 

(LMTD) 
µ   laminar dynamic viscosity (kg m-1 s-1) 

tµ   laminar dynamic viscosity (kg m-1 s-1) 
ρ   density (kg m-3) 

ijτ   stress tensor (kg m-1 s-2) 
φ   nanoparticle volume fraction 
ω   specific dissipation rate (s-1) 
 
Superscripts 
n  flow behavior index 
 
Subscripts 
atm  atmospheric pressure 
avg  average 
bf  base fluid 
ci  inlet of the cold pipe 
co  outlet of the cold pipe 
f  fluid 
hi  inlet of the hot pipe 
ho  outlet of the hot pipe 
i  inlet of the inner pipe (hot pipe) 
nf  non-Newtonian nanofluid 
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o  inlet of the outer pipe (cold pipe) 
p  nanoparticle 
s  solid 
t  total 
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本研究藉數值模擬的方法，研究分別以非牛頓

奈米流體與水作為交叉橢圓管套管內管及外管部

分的工作流體時，所發生的熱交換行為。非牛頓奈

米流體係以非牛頓流體為基液，摻入金屬或金屬氧

化物的奈米粒子而成。本篇研究假設非牛頓奈米流

體為單相流液體，探討在不同的流動特性指數、內

管和外管入口初速、奈米體積分率時的熱交換行為

。故此，文中計算並分析了溫度場、流場、壓降、

場協同角、平均紐賽數及 PEC。結果顯示，若要提

升熱傳效果，可藉由降低流動特性指數、降低內管

初速、增加外管初速及減少奈米體積分率來達成。 


