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ABSTRACT
A comprehensive study was conducted on how different nano-
fluids affect the heat transfer characteristics of a conical spiral
duct with a square section. Metallic, non-metallic and Carbon
nanotube (CNT) nanoparticles were assumed to be added to
water as coolant in the spiral side of heat exchangers. The
combined effects of nanoparticle dispersion and path curvature
on heat transfer enhancement under two different thermal
boundary conditions were investigated. The effects of the flow
regime on heat transfer in such a configuration were tested. The
flow and energy equations were solved numerically using
available commercial software ANSYS FLUENT® Academic
Research, Release 16.2. The numerical procedures were verified
with available data, and correlation and maximum error were
determined to be less than 13%. It was found that compared to
the non- curved duct with the same length; heat transfer would
increase by about 15%. The addition of metallic nanoparticles
also enhanced the heat transfer by 5%. In low Reynolds
numbers, crossflow affects temperature distribution and
thermal characteristics but in the turbulent regime, the
temperature distribution is less sensitive to generated crossflow.

Keywords: Nanofluids, Heat Exchangers, Conical Spiral Ducts, Numerical Heat Transfer.

1. Introduction

Compound techniques of heat
enhancement have attracted lots

of heat

transfer fluid stirring, fluid vibration, surface vibration,

electromagnetic fields, suction and injection,

transfer engineers due to their potential to
increase the heat transfer rate more than any
individual method[1]. Currently, researchers
are exploring the potential for different
combinations of surfaces and the surrounding
fluid. The combinations presented so far could
be from amongst different methods such as the
active methods (requiring external power to
conserve the enhancement mechanism) like
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etc., and the passive methods (not requiring
external power to uphold the enhancement
characteristics) like: treated surfaces, rough
surfaces, extended surfaces, displaced
enhancement devices, swirl flow devices,
coiled tubes, surface tension devices, additives
for fluids, etc.[2].

The combinations which have been studied
include Helical-ribbed tube with double
twisted tape inserts[3], combined non-uniform
wire coil and twisted tape inserts[4], dimpled
tube with twisted tape inserts [5], integral type
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wall roughness with wavy strip inserts[6],
nanofluid with twisted tape insert [7], and
helical screw tape coupled with rib tabulators
[8]. According to literature data, the use of
conical spiral ducts rather than straight ones
remarkably improves the heat transfer rate [9-
11]. In an experimental study, Pramod et al.
[12]investigated conical coils with various
cone angles and tube diameters. Hashemian et
al. [13] executed a numerical study on multi-
criteria analyses in a conical double pipe heat
exchanger. Heat transfer characteristics when
conical rings were inserted in a round tube
were investigated by Anvari et al. [14]. On the
other hand, compared with the base fluid flow;
nanofluid flows showed an improvement in
convective heat transfer rate in various heat
transfer systems [15-17]. Muhammad et al.
[18]reviewed the use of nanofluid in enhancing
the thermal performance of stationary solar
collectors. Sun et al. [19] examined the heat
transfer characteristics of nanofluids in plate
form. An overall analysis of nanofluid flowing
through  microchannel heat sinks was
conducted by Xia et al. [20]. Abbassi et al. [21-
22] also studied the effects of using nanofluid
in heat removal from a dummy nuclear fuel
rod, experimentally and numerically. Finally, it
was suggested that when the two enhancing
methods are used simultaneously the efficiency
of heat transfer gets considerably higher.[23-
24]. In this paper, heat transfer enhancements
of three different nanofluid flow inside conical
ducts were studied numerically under
isothermal and constant heat flux boundary
conditions. The 3-D simulations with single-
phase model for nanofluid flow were run using
ANSYS FLUENT® Academic Research,
Release 16.2 [25-27].

In these simulations, the effects of a wide
range of different parameters such as nanofluid
type (nanofluid made by Cu, CuO, and CNT
nanoparticles which have good thermal
properties), nanofluid volume concentrations
(0.5%, 1%, 2% and 4%), flow regime and
Reynolds number at different boundary
conditions, in a spiral duct were studied. To
investigate the effects of fluid type on heat
transfer, pure water and nanofluid with volume

concentrations of 0.5%, 1%, 2% and 4%, were
tested as the working fluid. The
thermophysical properties of the working fluid
were predicted using available information
from previous studies. The conical spiral duct
with a square cross-section is used in
condensers and evaporators.

Nomenclature

C, Specific heat [J/kg K]

d, Hydraulic diameter [m]

h Heat transfer coefficient [W/m’K]
K Thermal conductivity [W/mK]
[ Test section length [m]

Nu  Nusselt number

P Power [W]

q" Heat flux [W/m’]

q Generated heat [W]

Tin Inner tube radius [mm]

Re Reynolds number

T Temperature [K]

Greek Symbols

u1 Viscosity [kg/s.m]
p Density [kg/m’]
¢ nanoparticles concentration [%]

Indices

f Base Fluid
nf nanofluid
p nanoparticles

2. Methodology
2. 1. Model Geometry

The geometry of a typical conical spiral duct
with an attack angle of 70° in association with
its dimension is illustrated in Fig. 1. The
geometry is based on Sasmito et al. [24] study.
They selected the geometry as a microchannel
T-junction. There are 3 spiral rounds with a
pitch of 60 mm, a larger radius of 250 mm, and
a smaller radius of 125 mm. The square cross-
section of the model with an edge size of 8mm.
The different edges used in this paper are also
highlighted.
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Fig. 1. Schematic diagram under consideration geometry (conical spiral duct with an attack angle of 70°)

2.2. Governing Equations

Single-phase approach was used to model
nanoparticle dispersion in the current study.
Using modified thermal properties of
nanofluids according to the base fluid and
nanoparticle characteristics has two
advantages: a) The computational cost would
be much lesser, and b) the semiempirical
correlations are based on experimental data and
make lesser uncertainty. Due to the general
shape of the spiral cone, the spherical
coordinate system was chosen. The two-phase
equations for continuity, momentum, and
energy in spherical coordinates are given as
continuity:

ouloz+1/r(vr)+1/r ow/ 6p=0 )
Conservation of momentum:

2
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where @ represents the heat dissipation term
which is calculated by
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The general thermal-hydraulic features of
water nanoparticle solution are functions of the
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base fluid and nanoparticle concentration. The
density of the solution is calculated by [22]

pnf =(1_¢)pbf +(¢)pnp (6)

In this equation br and np correspond to
water and nanoparticle thermal properties, and
¢ is the volumetric concentration. The specific
heat of the solution is given by[22]

(Cp) , _ (1_¢)(pbfcp,bf )+(¢)<pnpcp,np)
i (1_¢)pbf +(¢)pnp
The effective dynamic viscosity of the
nanofluid is given by [28]
panBdnzp
72Co
where § and Vg denote the particle's distance

and the nanoparticles' Brownian speed, which
are, respectively, calculated using[28]

1 [18k,T

Ve = ©)
dnp ”pnpdnp

(7

/unf = :unf + (8)

and

5/6—’;d (10)

where kg is Boltzmann constant and a,f is
related to the thermal diffusivity of the water.
dprand dy,, stand for molecule size of the base
fluid and nanoparticles diameter, respectively,
and C is calculated using

c =ﬂi[(1133dm +2771E*)+(90d,, +3.93E )} (11)
bf

One should note that the unit of particle size
(i.e. dyp)is min all equations.

The model used for thermal conductivity
was a temperature-dependent one, in which the
Brownian motion is also taken into
consideration [29] Thus

nf =1+ 64.7(p0.7466

f

=~
=4
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where [ is the mean free path of the base
fluid, and is 0.17 (nm) for water.

2.3. Heat Transfer Analysis

Due to the small size of the nanoparticles and
the thermal equilibrium condition, it is assumed
that the nanoparticles are easily dispersed in the
base fluid, and thus the nanofluid assumed a
single-phase homogeneous fluid with physical
properties based on the concentration of the two
components.

Therefore, the basic equations can be
generalized to the nanofluid, except that the
effective properties of the nanofluid should be
replaced by the base fluid properties.

Two different thermal boundary conditions
are applied on the surface of the conical spiral
duct, namely the constant heat flux boundary
condition (g" = 10000 [W /m?]) and isotherm
boundary condition (Ty = 308 [K]). The
mean temperature of the fluid entering the duct
is given as T; =298.15[%]. The mean
temperature in any cross-section normal to the
flow 1is calculated according to a mass-
weighted average base as

- _[AcpcpTudA
J‘Atpcpudﬂ

where A, is the cross-section area, T is the
temperature distribution in the cross-section, u
is the velocity normal to the Ac, pis the density
and Cp is the specific heat of fluid. These two
parameters are assumed to be constant in the
cross-section. The local convection heat
transfer coefficient is calculated as

(13)

_fﬂ)
h= on J (]4)
Ts _Tm

In this equation T, 1is the surface
temperature, T is the temperature distribution,
and n represents the vertical distance from the
wall surface. The local Nusselt number is also
calculated as

hD
Nu =Th (15)

where k represents the thermal conductivity of
fluid and D, are the hydraulic diameter of the
duct and is calculated as
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D,=4A1p (16)

where p is the perimeter of A..The convection
heat transfer coefficient in the isothermal
surface boundary condition can be calculated
as

Q=rhc, (T.-T)=hA (T,-T,),, =PAAT, (17

In this equation h is the average value of
heat transfer coefficient in duct surface, and Ag
which is calculated by Computational fluid
dynamics (CFD). The mean logarithm
temperature in this equation is calculated by

Ti _Te
Ao ST T (T a8

where T; and T, are the inlet and outlet mean
temperatures, respectively. In constant heat
flux boundary conditions, the rate of heat
transfer is known and the duct surface
temperature has to be calculated. Using the
numerical method, the average heat transfer
coefficient and duct surface temperature can be
calculated as

Q:ﬁ&(Ts_Tm) (19)

Because the mass flow and cross-section are
constant along the fluid flow, the Reynolds

number is constant for each case. For this study
Re is about 1000 [34].

2.4. Pressure Drop

Pressure drop in the conical spiral is
determined by calculating the average pressure
in the outlet and inlet. The head pressure drop
is obtained from the following equation:
_AR _LVa
p9  D2g
Where V4 is the average velocity in A, cross-
section. Due to vortices and radial motion of
the fluid, a localized pressure drop occurs. But
in this study, numerical methods were used to
obtain pressure drop.

h, (20)

3. Results and Discussion

Structured hexahedral cells are used for the
grid. The inflation is applied at the wall
boundaries to capture adequate y-plus (Fig. 2).
The Quick method, SIMPLE algorithm, and &-
¢ model were manipulated. The value of y+ is
greater than 30 and lesser than 100, and hence
the standard wall function could be applied.

Table 1. nanoparticle properties

nanoparticle Density (kg/m’) Specific heat (J/K) Thermal conductivity (W/m’K)
CuO 6510 18
Cu 8933 401
CNT 2600 3000
Table 2. Comparison of literature and experimental results [33-34]
f-Re . Nu . Nu .
Geometry Re = 400 > q' = constant > Ts = Constant >
. S = =
and cross References This = References This S References This S
section & = = & 5
. study . study . study
equations equations equations
Straight pipe 16.0 16.3 1.8% 4.364 485 10.0% 3.66 4.00 8.5%
Straight duct 14.2 146 2.7% 4.1 11.5% 2.89 3.32  13.0%
CO”';";‘;):F’"""' 217 228 48% 1144 129 113% 1032 1148 10.1%
Conical spiral Not Not
duct mentioned 191 i mentioned 102 mentioned  &0? i
(Re=4000, CNT, @ = 0.5%, q"' = constant)
%%?IZ :?&Eil References & equations This study
55.2 56.8

(CNT)
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In order to wverify the computational
procedure, the simulation was done for straight
rectangular ducts and pipes in addition to
conical spiral ducts and pipes [33] and cone
helical coiled tubes [34]. Obtained Nusselt
numbers and pressure drop values were
compared to literature values and the results
are tabulated in Table 2. Due to the error
values presented in Table 2, the errors in the
results of this research are the same. The
Nusselt number for straight pipes and ducts in
fully developed and developing regions exists
in most standard heat transfer textbooks [30-
31]. In the case of conical spiral pipes, the
results of this numerical solution were
compared to the empirical equation developed
by Manlapaz-Churchill [32-33] for helical
coils. The Manlapaz-Churchill equation for
constant heat flux condition is given as

@i

3 3
2

4.364 De

Nu, =||4.364+———— | +1.816 21
i L, 1382 Y 1,115
De?Pr Pr

The corresponding equation for the

isothermal boundary condition is given as

1

3 3

o lw

4,343 De
NUT =1|3.657 +ﬁ +1. W (22)
1+ +——=
[ DeZPrj Pr
The pressure drop is calculated as
¢ 1 De <30
—£={ 0419De’*  30<De<300 (23)
s 0.1125De” De <300

Fig. 2. Grid Representation

6.00

Mansour Talebi et al./ Energy Equip. Sys. / Vol. 10/No. 3/Sep. 2022

In these equations,Pr is the Prandtl number of
coolant, Nuyis the Nusselt number for constant
heat flux boundary condition, Nuy is the Nusselt
number for constant temperature boundary
conditions, f, is the friction factor for curved
pipe, fs is the friction factor for straight pipe, and
De is the Dean number, which represents the
curvature of the path and is defined as

1

De=Re & ’
2R

where Re is the Reynolds number, Dy is the
hydraulic diameter of the duct cross-section
and R is the radius of curvature. The values of
Dy, equal to ain Fig. 1.

For numerical simulation, the second-order
upwind scheme decoupling with the SIMPLEC
algorithm is used, and governing equations are
solved by a finite volume method.

In order to study the dependency of mesh,
various element size was examined. The effect
of the number of grids on the Nusselt number
is depicted in Fig. 3. Eventually, the grid with
1.5E6 cells was selected. The x, y and sweep
divisions are 50 and 60 respectively. The ratio
between the smallest cell to the largest one in
the x and y direction is 10 to ensure the desired
y+. It can be seen that under the worst
conditions, the error does not exceed 13%. The
Nusselt number and friction factor in squared
ducts are smaller than the values in circular
tubes. According to the definition of the
Nusselt number, this will result in a smaller
heat transfer coefficient, but because there is a
larger heat transfer area in squared ducts, the
total heat transfer would be higher in equal
conditions.

24)

- &
e >

1
0.00 0.25 050 075 .00
Mes%num

Pk 1

Fig. 3. Mesh Independency Criteria

2.00



Mansour Talebi et al./ Energy Equip. Sys. / Vol. 10/No. 3/Sep. 2022 293

3.1. Effects of curvature on temperature
distribution

The difference between curved ducts and
straight ducts is the formation of secondary
flow (crossflow). The strength and shape of the
cross-flow may affect the heat transfer rate and
temperature distribution. Fig. 4, illustrates the
cross-flow vectors, velocity contours, and
temperature distribution contours for the
isothermal boundary condition and the constant
heat flux boundary condition. The cross-
section location in the duct is highlighted in
Fig. 1.

In order to make a comparison, the contours
are presented for a conical spiral duct (Figure
1) and a straight duct with equal length. The
cross-section of contours in the straight duct is
placed at the same length as that of the conical
spiral duct in Fig. 1. Since there is no
crossflow in a fully developed flow in a
straight duct, the cross-flow vectors and
contours are not presented in Fig. 4. In both
turbulent and laminar flow in the straight duct,
there is a region in the middle of the section
which represents a high velocity and high-
temperature region.

These regions have similar circular shapes
and coincide with each other. In addition to
crossflow, velocity contours vary in
comparison to the straight pipe. This is
mostly because of centrifugal forces which
deviate from the high-velocity region to be in
the same proximity as the top edge of the
section. In turbulent flow, the temperature
distribution  approximately follows the
velocity contours, and the cold region
coincides with the high-velocity region and
has the same shape.

This is not the case in laminar flow, as the
cold region (in both boundary conditions) and
the high-velocity region do not coincide and do
not have the same shape. In fact, there are 2
cold regions in laminar flow. By taking a look
at the crossflow contours, it seems that the two
cold regions coincide with the region in which
the crossflow vectors are a maximum. In other
words, the crossflow has an impact on
temperature distribution in laminar flow but it
is less effective in a turbulent flow.

In the isothermal condition, the area of the
cold region in the curved pipe is smaller than
that in the straight pipe. This happens in both
laminar and turbulent regimes. One could
conclude that the curvature of the duct could
improve the heat transfer rate. In laminar
flow, it could be observed that the
temperature gradient increased on the top,
right and left edges but decreased on the
bottom edges. The convection heat transfer
coefficient in the bottom edges is lower than
that on the other edges. These phenomena are
more obvious in laminar flow than in
turbulent flow regime.

On the other hand, in constant heat flux
condition, the wall averaged temperature in the
curved duct is obviously lower than that of the
straight duct. As the other boundary condition,
in the constant heat flux condition, the
curvature has a more brilliant effect in laminar
flow in comparison with turbulent flow.

3.2. Effect of nanofluid on temperature
distribution (Qualitative Results)

In this section, the effect of different
nanoparticles and their concentration on
temperature distribution in laminar and
turbulent flow regimes for the isothermal
and constant heat flux boundary conditions
are presented. in Figs. 5-8. The right column
represents flow with CNT nanoparticles, the
middle column is related to Cu
nanoparticles and the left column represents
CuO nanoparticle dispersion. The figures
illustrate the temperature contour related to
the section highlighted in Fig. 1. As
mentioned in the previous section, the
temperature distribution profile is dependent
on the flow regime.

Fig. 5, illustrates the effects of three different
nanofluid concentrations on temperature
distribution in Re=400 and the isothermal
boundary condition. An increase in nanoparticle
concentration in each nanofluid results in a
decrease in the cold region area; this implies
that the total temperature of the section has
increased. The increment for CuO/Water
nanofluid is more intense than others.
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A

X] [ -
Re=400, laminar, R=400, laminar,
conical spiral duct straight duct

A

Re=3600, turbulent,

[

R=3600, turbulent,

conical spiral duct straight duct

Fig. 4. Comparison between crossflow, velocity contours, and temperature distribution (constant heat flux
condition and isothermal condition) in laminar and turbulent regimes

Figure 7, illustrates the effects of three
different  nanofluid  concentrations on
temperature distribution in Re=3600 and the
isothermal boundary condition. An increase in
nanoparticle concentration in each nanofluid
results in a decrease in the cold region area.
This implies that the total temperature of the
section has increased. The increment for
Cu/Water nanofluid is more intense than
others.

Figure 8, illustrates the effects of three
different nanofluids on temperature distribution
in Re=3600 and constant heat flux boundary
condition. By the addition of nanoparticles in
each nanofluid, the area of the cold region
would be developed, which results in
enhancement of the averaged section
temperature. The increment for Cu/Water
nanofluid is more intense than others.

- . Crossflow vectors
Isothermal condition Velocity contour

Constant heat flux
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Fig. 5. Effect of different nanoparticle concentrations on temperature distribution in Re=400 and isothermal
boundary condition
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Fig. 6. Effect of different nanoparticle concentrations on temperature distribution in Re=400 and constant heat
flux boundary condition
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Fig. 7. Effect of different nanoparticle concentrations on temperature distribution in Re=3600 and isothermal

boundary condition
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Fig. 8. Effect of different nanoparticle concentrations on temperature distribution in Re=3600 and constant heat
flux boundary condition
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3.3. Quantitative Results

In the following sections, the effects of
different parameters such as flow rate,
nanoparticle concentration, etc. would be
considered according to the averaged results.
Appropriate charts illustrating the effects of
different parameters on heat transfer quantities
are presented. Some charts present the
improvement percentage of nanofluid (with
different concentrations) relative to water in
the conical spiral duct. The improvement
percentage for quantity x is calculated as
Xy — Xy
X

W

improvement =100 x

(25)

where n represents nanoparticles and w
represents water.

The diagrams illustrate the averaged
convective heat transfer coefficient and
averaged heat addition rate in the isothermal
boundary condition; the averaged convective
heat transfer coefficient and averaged wall
temperature in constant heat flux condition,
and pressure drop per unit of length in the
geometry under consideration.

3.3.1. Convection heat transfer and heat
transfer rate in an isothermal boundary
condition

Figure 9.a, illustrates the effect of nanoparticle
concentration on heat transfer coefficients for
three different nanofluids in the isothermal
boundary condition. It could be observed that
the addition of nanoparticles would enhance
the convective heat transfer coefficient in all
three nanofluids.

The increment slope is higher in higher
concentrations. However, the increment is
more severe in turbulent flows than in the
laminar regime. Fig. 9.b, reveals the
improvement  percentage for  different
concentrations in comparison to water which is
calculated according to equation 24. It could be
stated that for all nanofluids, enhancing

nanoparticle concentration would increase the
heat transfer coefficient. This improvement in
heat transfer is more intense for Cu/Water
nanofluid. The nanoparticle would perform
better in laminar flow in the isothermal
boundary condition and would increase the
heat transfer coefficient more than turbulent
flow. It could be observed that by increment in
nanoparticle concentration up to 4%, the heat
transfer coefficient would increase by 10%,
14%, and 8% for CuO/water, Cu/Water, and
CNT water, respectively. The improvement
percent is less sensitive to Reynolds number in
CuOf/water nanofluid and very sensitive to
Reynolds number for Cu/Water nanofluid.

Figure 10.a, illustrates the effect of
nanoparticle concentration on rate of heat
transfer from wall for CuO/water, Cu/Water
and CNT/water nanofluid in the isothermal
boundary condition. It could be detected that
when nanoparticles are added, the rate of heat
transfer but it is very low in comparison to the
amount of heat transfer. In other words,
according to Fig. 10.b, the improvement
percentage for different concentrations in
comparison to water which is calculated
according to equation (24), is less than 5%. It
could be inferred that for all nanofluid,
enhancing nanoparticle concentration would
result in increment of heat transfer rate.

This improvement in heat transfer is more
intense for Cuw/Water nanofluid. The
nanoparticle would perform better in laminar
flow in the isothermal boundary condition and
would increase the heat transfer rate more than
in turbulent flow. It could be observed that by
increment in nanoparticle concentration up to
4%, the heat transfer rate would increase by
4%, 5.5%, and 1.8% for three different
nanofluids, respectively. The improvement
percent is less sensitive to Reynolds number in
CNT/water nanofluid and very sensitive to
Reynolds number for CuO/Water and
Cu/Water nanofluid.
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3.3.2. Convection heat transfer and surface
temperature in constant heat flux condition

Figure 11.a, shows the effect of nanoparticle
concentration on heat transfer coefficient for
CuO/water, Cu/Water and  CNT/water
nanofluid in the constant heat flux boundary
condition. It could be observed that the
addition of nanoparticles would enhance the
convective heat transfer coefficient in all three
nanofluids. The increment slope is higher in
higher concentrations. However, the increment
is more severe in turbulent flows than in the
laminar regime. Fig. 11.b, reveals the
improvement percent for different
concentrations in comparison to water which is
calculated according to equation (24). It could
be announced that for all nanofluids, enhancing
nanoparticle concentration would increase the
heat transfer coefficient. This improvement in
heat transfer is approximately similar in all the
three nanofluids considered. The nanoparticle
would perform better in laminar flow in the
constant heat flux boundary condition and
would increase the heat transfer coefficient
more than that in a turbulent flow. It could be
observed that by increment in nanoparticle
concentration up to 4%, the heat transfer
coefficient would increase by 14%, 18%, and
15.5% for CuO/water, Cu/Water, and CNT
water, respectively. The  improvement
percentage is less sensitive to Reynolds
number in Cu/water nanofluid and very
sensitive to Reynolds number in CNT/Water
nanofluid.

Figure 12.a, illustrates the effect of
nanoparticle concentration on the temperature
of the conical spiral wall for CuO/water,
Cu/Water and CNT/water nanofluid in the
constant heat flux boundary condition. It could
be observed that the addition of nanoparticles
would reduce the temperature of the wall in all
three nanofluids. The reduction slope is higher
in higher concentrations. However, the
reduction is more severe in turbulent flows
than in the laminar regime. Fig. 12.b, reveals
the improvement percentage for different
concentrations in comparison to water which is
calculated according to equation (24). It could
be announced that for all nanofluids under

consideration, enhancing nanoparticle
concentration would result in a reduction in the
wall temperature. This improvement in heat
transfer is more severe in Cu/Water and
CuO/water  nanofluid  compared  with
CNT/Water nanofluid. The nanoparticle would
perform better in laminar flow in the constant
heat flux boundary condition and would
decrease the wall temperature more than that in
a turbulent flow. It could be observed that by
increment in nanoparticle concentration up to
4%, the wall temperature decreases by7.5%,
8%, and 3.5% for CuO/water, Cu/Water, and
CNT water, respectively. The improvement
percentage is less sensitive to Reynolds
number in CNT/water nanofluid and very
sensitive to Reynolds number for CuO/Water
nanofluid.

3.3.3. Pressure drop

Figure 13.a, illustrates the effect of
nanoparticle concentration on pressure drop
per unit length in the conical spiral wall for
CuO/water, Cu/Water and CNT/water
nanofluid. It could be observed that the
addition of nanoparticles would increase
pressure drop. The reduction slope is higher in
higher concentrations. However, the reduction
is more severe in turbulent flows than in the
laminar regime.

Figure 13.b, reveals the improvement
percent for different concentrations in
comparison to water which is calculated
according to equation 24. It could be
announced that for all three nanofluids,
enhancing nanoparticle concentration would
increase the pressure drop. This enhancement
in pressure drop has a similar trend in
Cu/Water, CNT, and CuO/water nanofluid.

The nanoparticle would cause more
pressure drop in turbulent flow than in laminar
flow. It could be observed that by increment in
nanoparticle concentration up to 4%, pressure
drop would increase by 17%, 24%, and 10%
for CuO/water, Cu/Water, and CNT water,
respectively. In the low Reynolds numbers, the
pressure drop is less sensitive to the
nanoparticle concentration.
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Fig 12 Effect of CuO, Cu, and CNT nanoparticle concentration and flow velocity on the temperature of the
conical spiral wall in constant heat flux boundary condition; a) effect of nanofluid concentration; b)
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4. Conclusion

The thermal-hydraulic characteristics of a
typical conical spiral duct (attacking angle of
70°) under different boundary conditions, with
different nanofluids as coolants are presented
in this paper.

Combined effects of path curvature and
essence of nanoparticles as two passive methods
of heat transfer enhancement were analyzed
numerically. The study concludes that:

e In the constant heat flux boundary
condition and Re=400, if a straight
squared duct is placed with a conical
spiral one with the same length and
cross-section, the Nusselt number would
be increased by 150%. On the other
hand, the pressure drop would increase
by 30%. For a circular cross-section with
a similar condition, the increase in
Nusselt number and pressure drop is
162% and 35%, respectively.

e For the isothermal boundary condition
and Re=400, if a straight squared duct is
replaced with a conical spiral one with
the same length and cross-section, the
Nusselt number would increase by
140%. For a circular cross-section with
similar conditions, the increase in
Nusselt number is 180%.

e The Nusselt number is highly dependent
on the Reynolds number and thermal
boundary condition. This is in contrast
with the straight duct case in which in a
fully developed region the Nusselt
number is a constant.

e In constant the heat flux boundary
condition, a 100-unit increase in
Reynolds number in laminar and
turbulent regime would result in a 0.9-
unit increase in the Nusselt number. In
the isothermal boundary condition, a
100-unit increase in Reynolds number in
laminar and turbulent regime would
result in a 0.65-unit increase in Nusselt
number.

o The crossflow effect has an impact on
temperature distribution in laminar flow
but it has almost no effect in a turbulent
flow.

e The use of nanofluid would enhance the
average temperature of each section.

Heat could be more diffused to the
center of the pipe when nanoparticles are
added to the coolant.

e In the isothermal boundary condition,
the addition of nanoparticles up to 4%
(weight fraction), would cause the heat
transfer rate to increase by 4%, 5.5%,
and 1.8% for CuO/water, Cu/Water, and
CNT water, respectively.

e In the constant heat flux boundary
condition, the addition of nanoparticles
up to 4% (weight fraction), would cause
wall temperature to decrease by 7.5%,
8.0%, and 3.5% for CuO/water,
Cu/Water, and CNT water, respectively.

e The addition of nanoparticles up to 4%
(weight fraction), would cause wall
pressure drop to increase by 17%, 24%,
and 10% for CuO/water, Cu/Water, and
CNT water, respectively.
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