
Energy saving with using of
elliptic pillows in turbulent flow of
two-phase water-silver nanofluid

in a spiral heat exchanger
Erfan Khodabandeh

Department of Mechanical Engineering, Amirkabir University of Technology,
Tehran, Iran

Davood Toghraie
Department of Mechanical Engineering, Khomeinishahr Branch,

Islamic Azad University, Khomeinishahr, Iran

A. Chamkha
Department of Mechanical Engineering,

Prince Mohammad Bin Fahd University, Al-Khobar, Saudi Arabia

Ramin Mashayekhi and Omidali Akbari
Young Researchers and Elite Club, Khomeinishahr Branch,

Islamic Azad University, Khomeinishahr, Iran, and

Seyed Alireza Rozati
Department of Mechanical Engineering, Isfahan University of Technology,

Isfahan, Iran

Abstract
Purpose – Increasing heat transfer rate in spiral heat exchangers is possible by using conventional
methods such as increasing number of fluid passes and counter flowing. In addition, newer ideas such
as using pillows as baffles in the path of cold and hot fluids and using nanofluids can increase heat
transfer rate. The purpose of this study is to simulate turbulent flow and heat transfer of two-phase
water-silver nanofluid with 0-6 Vol.% nanoparticle concentration in a 180° path of spiral heat exchanger
with elliptic pillows.

Design/methodology/approach – In this simulation, the finite volume method and two-phase mixture
model are used. The walls are subjected to constant heat flux of q00 = 150,000 Wm�2. The inlet fluid enters
curves path of spiral heat exchanger with uniform temperature Tin = 300 K. After flowing past the pillows
and traversing the curved route, the working fluid exchanges heat with hot walls and then exits from the
section. In this study, the effect of radiation is disregarded because of low temperature range. Also,
temperature jump and velocity slipping are disregarded. The effects of thermophoresis and turbulent
diffusion on nanofluid heat transfer are disregarded. By using finite volume method and two-phase mixture
model, simulations are performed.

Findings – The results show that the flow and heat transfer characteristics are dependent on the
height of pillows, nanoparticle concentration and Reynolds number. Increasing Reynolds number,
nanoparticle concentration and pillow height causes an increase in Nusselt number, pressure drop and
pumping power.
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Originality/value – Turbulent flow and heat transfer of two-phase water-silver nanofluid of 0-6 per cent
volume fraction in a 180° path of spiral heat exchanger with elliptic pillows is simulated.

Keywords Nanofluid, Numerical simulation, Heat transfer, Pillow, Spiral heat exchanger,
Two-phase mixture method

Paper type Research paper

1. Introduction
Among heat exchangers, spiral heat exchangers have received high usage in different
industries because of having relatively simple and compressed geometry and high thermal
efficiency. Increasing heat transfer rate in spiral heat exchangers is possible by using
conventional methods such as increasing number of fluid passes and counter flowing.
Pillow-shape heat exchangers are characterized by the wavy “pillow-like” surface and are
alternative to conventional equipment. They have received increased attention in the
industry due to structural robustness, good performance and low production costs.
However, in contrast to conventional heat exchangers, no reliable design equations for
pillow-shape heat exchangers are available in the literature, and the literature on pillow-
shape heat exchangers is scarce (Mitrovic and Peterson, 2007; Mitrovic and Maletic, 2011;
Tran et al., 2015; Maletic, 2009). (Piper et al., 2014) studied turbulent single-phase flow and
heat transfer in pillow plates. Their results are successfully validated against experimental
measurements. Piper et al. (2015) analyzed the topology and dynamics of a falling liquid film
over the wavy surface of a vertical pillow plate. They observed that the film flowed down
the rows of vertically aligned welding spots, resulting in a faster moving and thicker film
in this region. Tran et al. (2015) investigated pillow-plate condensers for the application in
distillation column. They proposed the correlations for Nusselt number and Darcy friction
coefficients.

Piper et al. (2015) determined the geometric design parameters of pillow-plate heat
exchangers. They used the simulation results to develop simple expressions for the
geometric design parameters. Goedecke and Scholl (2015) used pillow plates for
thermosiphon reboilers. They concluded that pillow plates offer a very good heat transfer
with a low pressure drop. Piper et al. (2016) investigated turbulent forced convection heat
transfer in pillow plates. They performed a geometry based optimization study for
improving the efficiency of pillow plates. Zhang et al. (2016) studied heat transfer
enhancement in capsule-type plate heat exchangers. They obtained the correlations for
friction factor and Nusselt number in turbulent flow regime with Reynolds number from 500
to 12,470. Piper et al. (2017) proposed new design equations for turbulent forced convection
heat transfer and pressure loss in pillow-plate channels. These equations cover a wide range
of Reynolds numbers, Prandtl numbers and geometric parameters. Tran et al. (2017)
represent a first step toward investigation of a particular pillow-plate heat exchangers
operation mode and simultaneous cooling medium evaporation in the plates. They studied
the influence of vapor mass fraction, mass flux, heat flux and saturation vapor pressure on
the heat transfer performance.

Radia et al. (2016) investigated thermal-hydraulic characteristics of pillow-plate heat
exchangers by using computational fluid dynamics. The investigation of nanofluid flow to
increase heat transfer has been considered by many researchers (Chamkha and Rashad,
2012; Chamkha et al., 2017; Khodabandeh et al., 2018; Gorla and Chamkha, 2011; Rajesh
et al., 2017; Khodabandeh et al., (2019),Selimefendigil et al., 2018; Li et al., 2018; Gravndyan
et al., 2017; Akbari et al., 2016; Karimipour et al., 2016; Maddah et al., 2018; Rahmati et al.,
2018; Abu-Nada and Chamkha, 2014; Bahmani et al., 2018; Sarlak et al., 2017; Alsabery et al.,
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2017; Chamkha et al., 2015; Seifi et al., 2018). In this study, turbulent flow and heat transfer of
two-phase nanofluid of water-silver in volume fractions of 0-6 per cent in a 180° path of
spiral heat exchanger with elliptic pillows is simulated. By using finite volume method and
two-phase mixture model, simulations are performed. The flow field and heat transfer are
studied for different cases. The Reynolds numbers are 2,500, 5,000, 7,500 and 10,000. Also,
the geometry includes 180° path with the inner diameter of 100 mm and outer diameter of
115 mm, and elliptically shaped pillows are placed on inner and outer circumferences with
minor andmajor diameters of 6 and 3 mm, respectively.

2. Problem definition and mathematical method
2.1 Geometry
In Figure 1(a), a schematic diagram of a spiral heat exchanger with routes of hot water (red
paths) and routes of cold fluid (blue paths) is indicated. The routes of cold and hot fluids are
separated with a metallic layer, and the heat exchange is done via indirect contact. For
increasing thermal efficiency of heat exchanger, the inlet and outlet shapes are designed in a
special manner such that from inlet until outlet, each router has a 90° rotation.

In this study, to improve performance of spiral heat exchanger, we tried to use pillows in
the cold and hot fluid routes. In Figure 1(b), a 180° route of the fluid in presence of pillows is
presented. In this study, due to the fact the fluid is repeatedly circulating in the special

Figure1.
(a) Schematic of a

spiral heat exchanger
and (b)180° path of

fluid circulation with
presence of pillows
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geometry of spiral heat exchanger, the flow is dependent on factors such as fluid motion in
the bend, presence of solid walls and effects of centrifugal forces. The above factors cause a
rapid growth of thermal and velocity boundary layers and decrease heat transfer. Presence
of pillows in cold and hot fluid routes will disturb velocity and thermal boundary layer and
cause reformation of it. The better mixing in different fluid layers is accompanied by
increased heat transfer. Based on Figure 1(b), by movement of fluid in curved path and by
flowing over the pillows, the behavior of velocity and temperature fields change
considerably. Therefore, in the present study, a 180° route of the fluid is considered for
investigating the effect of pillows on behavior of turbulent flow. Based on Figure 2,
numerical simulation of turbulent water-silver nanofluid is done to investigate the effect of
pillows with similar geometric dimensions and different penetration depths in the walls of
fluid routes. Based on Table I, the fluid route has inner diameter of 100 mm and outer
diameter of 115 mm. Also, the pillows have elliptical shape with minor and major diameters
of 3 and 6 mm, respectively.

According to Figure 2, in Cases (1), (2) and (3), the penetration depth of pillow in solid
walls of fluid route is 50, 33 and 0 per cent, respectively. In this study, Reynolds numbers of
2,500, 5,000, 7,500 and 10,000 are studied numerically with finite volume method in two-
dimensional space. To use passive methods to improve heat transfer and thermal efficiency
of spiral heat exchanger, water/silver nanofluid is used with w = 0, 2, 4 and 6 per cent. In
this simulation, the finite volume method (Toghraie et al., 2018; Arani et al., 2017; Akbari
et al., 2016; Alrashed et al., 2018; Ahmadi et al., 2018; Pourfattah et al., 2017; Heydari et al.,
2017; Khodabandeh et al., 2017; Akbari et al., 2017; Rezaei et al., 2017; Akbari et al., 2017;
Behnampour et al., 2017; Shamsi et al., 2017; Arabpour et al., 2018; Akbari et al., 2016) and
two-phase mixture model (Mohammad et al., 2017) are used. The walls are subjected to
constant heat flux of q0 = 150,000 Wm�2. The inlet fluid enters curves path of spiral heat
exchanger with uniform temperature Tin = 300 K. After flowing past the pillows and

Figure 2.
Cases considered in
the present study

Table I.
Geometric
dimensions of the
present study

Parameter Unit Value

Inner diameter mm 100
Outer diameter mm 115
Semi major axis mm 6
Semi minor axis mm 3
A mm 112
B mm 113
C mm 115
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traversing the curved route, the working fluid exchanges heat with hot walls and then exists
from the section. In this study, the effect of radiation is disregarded because of low
temperature range. Also, temperature jump and velocity slipping are disregarded. The
effects of thermophoresis and turbulent diffusion on nanofluid heat transfer are disregarded.

2.2 Governing equations
2.2.1 Two-phase mixture model. In this study, the steady-state incompressible flow of
Newtonian nanofluid without considering dissipation function is considered. The governing
equations include continuity, momentum, energy and volume fraction of nanoparticle
equations for two-phase mixture model and can be expressed as follows (Mohammad et al.,
2017):

Continuity equation:
r: rmVmð Þ ¼ 0 (1)

Momentum equation:

r: r mVmVmð Þ ¼ �rPþr: mm r:Vm þr:VmTð Þ� �þr:
X

k
wkrkVdr;k Vdr;k

� �
(2)

Energy equation:

r � wk V
!

k r khk þ pð Þ
� �

¼ r: l eff rTþ Cp rm y t
� �

(3)

Equation for solid nanoparticle volume fraction:

r: wp rp Vm
� � ¼ �r: wp rp Vdr;p

� �
(4)

In the above equations, Vm is velocity component and wk and Vdr,k are volume fraction and
velocity of phase k, respectively. Subscripts f, p and m correspond to fluid, solid and
mixture, respectively. Density, viscosity, average mass velocity and velocity of
nanoparticles for the mixture can be defined as (Manninen et al., 1996):

rm ¼
X

k
wk rk (5)

mm ¼
X

k
wk mk (6)

Vm ¼
X

k
wk rk vk
rm

(7)

Vdr;k ¼ Vk � Vm ! Vdr;k ¼ Vpf �
Xn
k¼1

wk rk

rm
Vfk (8)

Relative velocity between solid nanoparticle and fluid can be expressed based on the
relationship proposed byMannian et al. (Schiller and Naumann, 1935):
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Vpf ¼ Vp � Vf ¼
rp d

2
p

18 m f fdrag

rp � rmð Þ
rp

g� Vm:rð ÞVmð Þ (9)

Here, drag function fdrag is expressed by Schiller and Naumann‘s correlation (Chon et al.,
2005):

fdrag ¼
1þ 0:15 Re0:687p Rep # 1000
0:0183 Rep Rep > 1000

� �
(10)

2.2.2 Turbulent modeling. In this study, the k -« turbulence method is used. The kinetic
energy (k ) and dissipation (« ) equations must be solved. These equations can be expressed
by:

div r V k
� �

¼ div
m þ m t

sk rk

� 	
þ Gk � r« (11)

div r V «
� �

¼ div m þ m t

s«

� 	
r«

� 	� �
C1«

«

k

� 	
Gk þ C2« r

« 2

k

� 	

C1« ¼ 1:44; C2« ¼ 1:92; s« ¼ 1:3; sk ¼ 1:0

(12)

Here,V is time-averaged fluid velocity, s« and sk express the effects of Prandtl number for
dissipation and kinetic energy, respectively, C1« and C2« are constants and m t is eddy
viscosity, which is defined by the following relationship:

m t ¼
r Cm k 2
� �

«
! Cm ¼ 0:09 (13)

2.2.3 Equations for determining the properties of nanofluid. For calculating thermal
conductivity of nanofluid, Chon‘s equation is used (Hosseinnezhad et al., 2019):

km
kf

¼ 1þ 64:7 f 0:746 df
dnp

 !0:369
knp
kf

 !0:7476

Pr0:9955 Re1:2321

Re5
r fkbT
3pm 2lf

; Pr5
m f

r faf
; m5A� 10

B
T� C

; C5140 Kð Þ;
B ¼ 247 Kð Þ; A ¼ 2:414� 10�5 Pa:sð Þ;T ¼ Tin

The specific heat capacity and density of nanofluid from the studies can be calculated from
following equations (Hosseinnezhad et al., 2019; Toghraie et al., 2019):

r cpð Þm ¼ 1� fð Þ r cpð Þf þ f r cpð Þnp (14)
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rm ¼ f rnp þ 1� fð Þr f (15)

The following equation is used for determining the dynamic viscosity (Palm et al., 2009;
Alipour et al., 2016; Akbari et al., 2016; Heydari et al., 2019):

mm ¼ 123f 2 þ 7:3f þ 1
� �

m f (16)

2.3 Boundary condition
The uniform temperature and velocity distributions at the inlet and zero gage pressure at
the outlet are considered. On the walls, the no slip boundary condition is used. The wide
Reynolds number range, volume fraction, heat flux and inlet temperature are addressed in
Table II. Moreover, Table III summarizes the thermophysical properties of silver
nanoparticles (Mashayekhi et al., 2017; Parsaiemehr et al., 2018).

2.4 Mesh study
The geometry is meshed by a structured grid that consists of quadrilateral control volumes
as shown by Figure 3. To ensure the grid independency, average outlet temperature is
calculated for the grids with different node numbers. Table IV presents the results of mesh

Table II.
The reynolds number

range, volume
fraction, heat flux

and inlet temperature

Parameters Units Values

Reynolds Number, Re – 2,500-5,000-7,500-10,000
Volume fraction, w – 0-2%-4%-6%
Heat flux, q// Wm�2 150,000
Inlet temperature, Tin K 300

Table III.
Properties of the

silver nanoparticles

Property Value

Density kg=m3
� �

10,500
Specific heat J=kgKð Þ 235
Thermal conductivity W=mKð Þ 429

Figure 3.
Meshing of studied

geometry
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study. As can be observed, no significant change is noticed in the average outlet
temperature for the grids with the nodes number higher than 66,674 and 64,786 for Cases 1
and 2, respectively. Therefore, these grids are selected for this study. Moreover, the grid is
stretched toward the wall to satisfy yþ = 1 at the first grid node above the wall.

2.5 Numerical method
In this study, the control volume method is used for discretizing the equations. Also, second-
order upwind for discretizing and the SIMPLE method for coupling the velocity and
pressure are considered. An implicit pressure-based steady-state condition is used. The
convergence criterion is considered as the relative residuals decrease to 10�6 (Parsaiemehr
et al., 2018; Gholami et al., 2018; Pourdel et al., 2019; Mashayekhi et al., 2018; Bakhshi et al.,
2018; Gheynani et al., 2018; Doshmanziari et al., 2017).

2.6 Validation
For validation of this study, the numerical results are compared with the experimental data
represented by Doshmanziari et al. (2017). The Nusselt number is considered in a spiral-coil
tube for different Re in range of 9,000-21,200. Water–Al2O3 nanofluid at w = 0 and w = 0.5
per cent, inlet diameter of 8 mm and length of 3.45 m for spiral coil tube was considered,
whereas the inlet temperature was 34°C. It is noticed that in Table V, the numerical
predictions are in acceptable agreement with experimental data work (Doshmanziari et al.,
2017 ) (maximum and average relative errors are 4.76 and 2.43 per cent, respectively). Hence,
the used two-phase method is valid and, therefore, is used to simulate the nanofluid behavior
in the current research.

Table V.
Numerical results in
comparison with
experimental data

Nui

Fluid Re
Experimental

(Doshmanziari et al., 2017) Numerical Error (%)

Water 9,758 31.3582 32.1421 2.43
Water 13,568 41.7518 42.8373 2.52
Water 17,394 53.7722 55.2240 2.63
Water 21,197 60.6727 62.4928 2.91
Al2O3 0.5% 9,575 841.7 36.2972 2.53
Al2O3 0.5% 13,289 35.3774 56.6602 3.38
Al2O3 0.5% 17,019 54.7442 76.5410 3.19
Al2O3 0.5% 20,659 74.0959 76.8876 4.76

Table IV.
The result of mesh
study

Case 1 Case 2
Nodes no. Ave. outlet temperature (K) Nodes no. Ave. outlet temperature (K)

14,956 307.841 11,496 319.024
37,169 310.863 34,928 321.743
54,128 313.941 52,539 323.647
66,674 315.558 64,786 325.188
96,729 315.613 88,169 325.201
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3. Result and discussion
In Figure 4, average Nusselt number on the inner bend of the 180° channel for w = 0, 2, 4 and
6 per cent for different cases is plotted. In this graph, the variations of average Nusselt
number for different values of pillow penetrations and different Reynolds numbers are
presented. Also, in each volume fraction for each Reynolds number, the increase in average
Nusselt number in Case (1) is more significant than Case (2). Presence of pillows with higher
penetration height will disturb velocity and thermal boundary layers, resulting in better
mixing of cooling fluid and increase in heat exchange with the hot wall. During impact of
fluid with pillows, the direction of fluid changes, and this behavior is accompanied by
generation and reinforcement of vortices and secondary flows. By increasing penetration
depth of pillows, the change in velocity components of the fluid and turbulent intensity
increase and Nusselt number and heat transfer increase.

Based on the behavior of average Nusselt number, average penetration depth of 50 per
cent for pillows in channel walls creates a distinctive behavior for average Nusselt number
for all volume fractions of nanoparticles in different Reynolds numbers, and this behavior is
more noticeable in higher Reynolds numbers compared with 33 per cent case. The average
Nusselt number is higher in 33 per cent penetration depth case compared with 50 per cent
penetration depth case. Therefore, the deficiency in Nusselt number of the 50 per cent
penetration depth case can be partially compensated by increasing volume fraction
of nanoparticles. If there is no possibility of having pillows with penetration depth of 50 per
cent, it is possible to reach ideal heat transfer by increasing nanoparticle volume fraction. In
Figure 5, the variations of average Nusselt number on the outer bend are presented for
different volume fraction of nanoparticles for Re = 2,500-10,000. Based on the reasons stated
for increased heat transfer in Figure 4, the variations of average Nusselt number for inner
and outer zones of the bend of the curved channel are different and the level of average
Nusselt number curves is somewhat increased for the outer bend. In addition, the reason for
this behavior is the movement of fluid on inner and outer bends, which create different
temperature distributions for cooling fluid. Because of special geometric shape of channel,

Figure 4.
Average Nusselt

number on the inner
bend of fluid path for

different wRe
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the movement of fluid on the curved path is affected by centrifugal force, and it
tends toward the outer wall. This behavior increases the contact between fluid and outer
bend and finally increases the heat transfer with that zone. In conclusion, the above factors
create distinction between average Nusselt number behavior in inner and outer bend zones.
Figure 6 shows pressure drop variations for w = 0-6 per cent in Cases 1, 2 and 3 for Re =
2,500, 5,000, 7,500 and 10,000. Placement pillows in the path of fluid and changes in velocity
components of fluid due to impact with pillows cause reduction in momentum and kinetic
energy of fluid. Dissipation of fluid kinetic energy causes an increase in pressure drop.
Increasing the penetration depth of pillows in the path of fluid and narrowing of the duct

Figure 5.
Average Nusselt
number on the outer
bend for w = 0 to 6
per cent Re

2,000 4,000 6,000 8,000 10,000

N
u 

(O
ut

er
)

4

6

8

10

12

14

16

18

50%-Water 0%
50%-Nano-Fluid 2%
50%-Nano-Fluid 4%
50%-Nano-Fluid 6%
33%-Water 0%
33%-Nano-Fluid 2%
33%-Nano-Fluid 4%
33%-Nano-Fluid 6%

Figure 6.
Variations of
pressure drop for
different volume
fractions of
nanoparticles
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increase the fluid velocity. In the wake region due to formation of strong vortex and
secondary flows, the kinetic energy loss of cooling fluid is significant. By decreasing pillow
height, the above factors have a weaker effect on variations of pressure drop and fluid
momentum dissipation. Based on behavior of curve in Figure 6, value of pressure drop for
Case (1) is more than the value for Case (2). Increasing volume concentration fractions of
nanoparticles due to increased fluid density and viscosity creates severe changes in pressure
drop. Thus, the fluid with higher density and viscosity has higher momentum dissipation to
move over the pillows. In Figure 6, in low Reynolds numbers, the variations of pillow
penetration height and increasing volume fraction of nanoparticles have lower effects on
distinguishing different curves for Cases (1) and (2). This behavior can be attributed to lower
fluid velocity and better compatibility of fluid with surface and lower fluid momentum loss.
Generally, the presence of pillows with higher penetration height in Re > 5,000 can
significantly increase pumping power.

In Figure 7, the behavior of performance evaluation criterion (PEC) for inner and outer
bends for Case (1) in Re = 2,500-10,000 and w = 0-6 per cent are compared. The presence of
pillows in the fluid route increases heat transfer and enhances fluid mixing and pressure
drop and friction factor. The main factor for comparing is cases with pillow – Cases (1) and
(2) –with case without pillow – Case (3). For each Reynolds number in each volume fraction,
the behaviors of average Nusselt number and friction factors are compared with Case (3). By
increasing Reynolds number, behavior of PEC in Figure 7 has a decreasing trend for inner
and outer bend regions. The main reason for this behavior is increase in pressure drop,
which is a direct factor for increasing friction coefficient. PEC, based on Figure 7(a), is the
highest by increasing w to 6 per cent at Re = 2,500. The reason for this behavior is optimum
proportion between increasing heat transfer and friction factor in Re = 500. By increasing
Reynolds number and volume fraction of nanoparticles, this factor decreases considerably.
In total, based on variations of PEC curve in Figure 7(b), in the inner bend regions because
PEC is smaller than one. Therefore, the level of PEC curves for outer curve increase
significantly and in many parts of the surface curves, it is more than 1. In these regions, the
increase in heat transfer rate is more noticeable compared with friction factor. In outer
regions of the curve due to centrifugal force and tendency of flow in that area, the contact
between fluids with hot surface is also affected by this force, which results in increased heat
transfer and increased friction factor. Similar to inner curve regions, the value of PEC in
Re = 2,500 and in w = 6 per cent is maximum. By increasing Reynolds number, the value of
this factor decreases similar to inner curve. In the region of the outer curve and in high
Reynolds numbers, only increasing volume fraction of nanoparticle is able to improve PEC.

In Figure 8, the variations in PEC for inner and outer bends for Case (2) are displayed. By
comparing the two diagrams, it can be said that for each of the inner and outer regions, the
trend of variations for PEC is similar but the slope of variations for PEC curves is decreased
significantly. Also, the level of the curves for this factor in Case (2) has increased
significantly. This represents decrease in friction factor and dominance of heat transfer
effects. The main reason of these changes is because of lower pillow height in Case (2). Thus,
by decreasing pillow height, the value of pressure loss and friction factor decrease
significantly, and finally, the improvement in PEC is obtained. Generally, concurrent usage
of pillows with higher height and higher volume fraction of nanoparticles results in
reduction in PEC in high Reynolds numbers.

In Figure 9, the variations of pumping power for different Reynolds numbers, volume
fractions and different cases – Cases (1) and (2) – are compared. These curves are drawn for
different Reynolds number to investigate the effect of pillow height and volume fraction of
nanoparticles on pumping power. In heat transfer systems, decreasing pumping power is

Energy saving

2035



Figure 7.
PEC behavior for
inner and outer bends
in Case (1)

0.72

0.74

0.76

0.78

0.80

0.82

0.84

3,000
4,000

5,000
6,000

7,000
8,000

9,000
10,000

1
2

3
4

5
6

PE
C

Re

Concentration

Inner for Case 1

0.72 
0.74 
0.76 
0.78 
0.80 
0.82 

0.7

0.8

0.9

1.0

1.1

1.2

3,000
4,000

5,000
6,000

7,000
8,000

9,000
10,000

1
2

3
4

5
6

PE
C

Re

Concentration

Outer for Case 1

0.7 
0.8 
0.9 
1.0 
1.1 
1.2 

(a)

(b)

Notes: (a) Inner curve [Case (1)]; (b) outer curve [Case (1)]

HFF
30,4

2036



Figure 8.
PEC behavior for for
inner and outer bends

in Case (2)
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considered as a fundamental economic advantage. In this geometry, the variations of
pumping power are the same as pressure drop variations. In low Reynolds numbers, the
effects of changing pillow heights and volume fraction of nanoparticles do not have a
significant effect on increasing pumping power. By increasing fluid velocity, due to change
in fluid movement components, increased pressure loss, momentum dissipation, turbulence
intensity and changes in centrifugal force, the flow field is strongly affected and the
movement of fluid in the curved path and between pillows requires more energy. Therefore,
by increasing fluid velocity, the pumping power curves for both Cases (1) and (2) are
significant. Presence of solid nanoparticles in base fluid changes the rheological properties
of cooling fluid (including density and dynamic viscosity), and by increasing volume
fraction of nanoparticles in the base fluid, pumping power increases, and this increase is
significant in high Reynolds numbers.

Figure 10 shows local temperature variation along flow centerline for Re = 2,500 for the
base fluid. This figure shows changes in local temperature for different Cases (1), (2) and (3).
During entrance of fluid into the curved channel, because of heat transfer between cold fluid
and hot surface (because of temperature gradients), thermal boundary layer begins to grow. By
progression of fluid, the penetration solid wall temperature increases and the more distance
layers of fluid from the surface are affected. The flow centerline region is the last region which
is affected by these temperature gradients. Based on the variations in flow centerline
temperature in Figure 10, the stability of temperature 300 K after fluid inlet zone for each of the
Cases (1), (2) and (3) was equal to 30, 45 and 75°, respectively. For constant Reynolds number,
when the level of flow centerline temperature rises, more mixing for fluid takes place in
different positions, and its effects have become apparent in the flow centerline. By increasing
penetration height of pillows, the fluid mixing becomes more complete. Based on behavior of
local temperature, the fluid is more exposed to temperature gradients from 90° position and
onwards (the second half of bend geometry). Also, the increase in flow centerline temperature in
Cases (1) and (2) comparedwith case without pillow [Case (3)] is significant.

In Figure 11, the transverse variations of local flow temperature in the exit section for
Re = 2,500 and for base fluid are presented. In the indicated temperature profiles, regions
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which are in contact with solid surface have the highest temperature because of presence of
heat flux at the wall. According to changes in local temperature in exit flow section, by
increasing pillow height, due to better fluid mixing and higher heat extraction from the
surface due to higher convective heat transfer coefficient, the capacity for heat extraction by
the cooling fluid is increased, and finally the outlet temperature rises. Among the considered
cases, Cases (1) and (2) and (3) have the highest static temperature absorption. A remarkable
point which can be seen in behavior of outlet section temperature is that by increasing
pillow height, temperature profile becomes more symmetrical. The most asymmetric case
for temperature profile belongs to Case (3), and the reason for this behavior is the lack of
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complete fluid mixing en route of curved channel. Placement of pillows in fluid route causes
complete mixing of different fluid regions, and this affects temperature distribution in all
regions of fluid route, and the temperature distribution becomes uniform. Therefore, in the
outlet section‘s temperature profile, symmetry is obtained, and by increasing penetration
height of pillow, this behavior is enhanced. In each of the Cases (1) and (2), there is a folds on
the right side of local temperature curve, which is because of the presence of part of the
pillow at the outlet section, and the folds in the curve are proportional with pillow height.

In Figure 12, local temperature variations are given along the flow centerline for different
Reynolds numbers for Case (1) and w = 4 per cent. By increasing fluid velocity, due to
increased convective heat transfer coefficient of cooling fluid, the heat extraction from hot
surfaces increase and temperature curve levels increase as well. Among the considered
Reynolds numbers, in Re = 10,000, the level of flow centerline temperature increases
significantly. Also, the temperature variations in areas close to inlet section of the channel
are different for different Reynolds numbers, such that by increasing fluid velocity, this
length decreases because of better mixing. As the fluid extracts heat from the solid wall and
because of constant heat flux, in all of the considered temperature curves for all Reynolds
numbers, the fluid flow never becomes thermally developed, and by further progression of
fluid toward the exit section, the levels of temperature curves continue to increase. In
Figure 13, the transversal variations of local flow temperature in outlet section of the flow
are compared for Case (1) in different Reynolds numbers for w = 4 per cent. This curve is
drawn to investigate the effect of velocity variations on temperature of outlet section. The
behavior of temperature profile in outlet section is affected by fluid velocity similar to other
flow areas such as flow centerline. By increasing fluid velocity, the heat extraction of walls
is increased and the temperature distribution in different areas of the flow becomes uniform
and significant. By decreasing fluid velocity, the peak of local temperature curves becomes
flat. The reason for this behavior is lack of fluid mixing and that the central regions of the
flow have not absorbed enough heat and exit at a temperature close to inlet temperature, and
this behavior decreases both heat extraction rate of the cooling fluid and the level of
temperature curves.
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Contours of Figure 14, show stability of 300 K temperature for Re = 2,500, for base fluid in
Cases (1), (2) and (3). In a constant Reynolds number, by increasing fluid mixing, uniform
distribution of heat in different regions of fluid increases, and in central regions of the fluid
which are dependent on other regions, heat penetration will be significant. Inlet fluid
temperature stability in channel Case (1) diminishes very quickly and fluid temperature
increases because of increased heat transfer with the warm surface. In Case (2), the value of
stability is a little higher than Case (1), but because of presence of pillows the stability of
300 K, the temperature is diminished with further progression of fluid, which is affected by
weaker mixing compared to Case (1). The highest value of inlet temperature stability is seen
for Case (3) due to lower fluidmixing and surface.

Isotherm contours for temperature 302 K for different Reynolds numbers are shown in
Figure 15 for Cases (1) and (2). These contours are drawn for investigating stability of
temperature 302 K for different fluid velocities and pillow penetration heights of 50 and 33
per cent, respectively. For both cases, increasing Reynolds number causes temperature
stability in 302 K in more distant positions from inlet section. By decreasing fluid velocity,
penetration of hot surface temperature to different areas of the fluid is increased. Also, the
mixing of fluid due to presence of pillows disturbed the thermal boundary layer and made
the temperature distribution uniform. For similar Reynolds number, by comparing
temperature curves, it can be said that in Case (1), due to better fluid mixing, growth of local
temperature to 302 K is possible by smaller progression of fluid along the route.
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In Figure 16, velocity magnitude contours for Re = 10,000 are shown for base fluid in Cases
(1), (2) and (3). By impact of fluid with pillows, the velocity decreases because of decreased
fluid momentum, and when fluid moves past pillows, due to contraction of channel section,
this factor increases. In the subsequent regions of flow route from the pillows, due to
turbulence of flow and high fluid velocity, a large portion of fluid energy is dissipated
because of flow separation and formation of vortex and secondary flows, and this behavior
is accompanied with decreased velocity. Based on behavior of velocity contours shown in
Figure 16, the wake zone is a thinner layer compared with inner zone. Also, the regions of
secondary flow formation behind pillows in Case (1) are more prominent compared to Case
(2) because of higher heights of pillows. In Case (3), the variations of velocity value before the
90° zone show no significant variations because the momentum is not yet dissipated and the
bend geometry has not showed its effect on the fluid yet. After passing the 90° area, due to
centrifugal force of solid walls, velocity gradients become important and the variations of
velocity in solid wall zones become significant.

Figure 17 displays static pressure contours in Re = 10,000 for base fluid in Cases (1) and
(2). By comparing pressure contours of Cases (1) and (2), the amount of pressure increases
because placement of pillows in Case (1) is significant. In fact, because of subsonic velocity
of fluid, in the regions above pillows because of local contraction of channel section, the
fluid velocity increases and the pressure loss is minimal in these areas. In the zones of
impact of fluid with pillow, due to reduced fluid velocity, the value of pressure increases.
Also, after the pillows, because of section expansion, the fluid velocity increases locally and
pressure increases.
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4. Conclusion
In this study, a numerical investigation of flow in a curved channel with 180° bend was
done. The results of this study are considered for all situations for pillow heights of 50,
30 and 0 per cent of the inner diameter of pillow. The results of this numerical study
show that by impact of fluid to pillows, the velocity components of fluid change, and
this behavior is accompanied by generation and reinforcement of vortices
and secondary flows. Also, by increasing pillow penetration depth, the fluid velocity
and turbulence intensity are increased and Nusselt number and heat transfer are
improved. Because of special shaped of the channel, the movement of fluid on the
curved path is affected by centrifugal force and tends to move toward outer wall; this
behavior increases contact surface of fluid with outer bend and results in a better heat
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transfer with this region. In regions of outer bend due to centrifugal force and
preference of flow in this region, the contact of fluid with hot surface is also affected by
this force, which increases heat transfer and results in higher friction coefficient. In
general, by increasing fluid velocity, increase in pressure loss, momentum dissipation,
turbulence intensity and variations of centrifugal forces become more prominent
influence factors for fluid flow field. By increasing pillow penetration height, higher
fluid mixing happened. The increase in flow centerline temperature is higher in Cases
(1) and (2) compared to Case (3) without pillow. The most asymmetric situation for
temperature profile belongs to Case (3), and the reason for this behavior is lack of
complete mixing in the fluid en route in the curved channel. By decreasing fluid
velocity, penetration of warm surface temperature to fluid regions increases. Also,
mixing the fluid in the presence of pillows disturbs thermal boundary layer and results
in a uniform heat distribution. Also, the regions of secondary flow formation behind the
pillows are higher in Case (1) compared to Case (2) because of higher pillow height. In
Case (3), the variations of velocity prior to 90° area do not show any difference because
of lack of momentum dissipation and because the bend geometry has not shown its
effect on the flow.

Figure 17.
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