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Nanofluid materials play an important role in the industry nowadays, which has drawn
the attention of researchers to enhance the characteristics of the heat transfer of the fluids
in the coiled shape heat exchangers. The effect of using Al203/water Nano fluid on the

characteristic of the heat transfer rate inside the helically coiled pipe was numerically
studied at different Reynolds numbers. Moreover, fluid flow analyses were investigated
numerically in terms of pressure and velocity profile. The heat transfer enhancement
using this Nano fluid has been studied and then compared to pure water at Reynolds

Keywords:Nanofluid, pure water, Heat
transfer rate, Helically coiled pipe, CFD

number values of 200, 600, and 1500 respectively. The results showed that a reduction
in the temperature of the outer wall pipe when AlI203/water Nano fluid was applied

model particularly at a low Reynolds number compared to pure water. Generally speaking, it
has been seen that the reduction in the temperature profile is much better than the high

Reynolds number.

1. Introduction

The energy crisis is considered one of the
most important problems facing the world due
to the large and continuous increase in
consumption rates and the increasing shortage
of traditional energy resources and high prices.
Therefore, researchers are deliberately aimed to
increase the efficiency of heat exchange systems
by reducing pressure loss and minimizes their
energy consumption rates.

A variety of types of heat exchangers are
available. Every form has its advantages and
disadvantages. Active and passive methods are
widely used to improve the coefficient of heat
transfer [1]. In a heat exchanger, heat transfer
generally includes convection in each fluid and
conduction through a wall which separates the
two fluids.
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Helically coiled tube is one of the most
common forms of passive technology that
produces comparatively more compact heat
exchangers used in a wide variety of heat
transfer applications, such as food processing,
refrigeration and air conditioning systems, and
hydrocarbon processing,[12] due to high
efficiency and compact size compared with
straight tubes.

The curved duct problem was first proposed
mathematically by Dean (1927) [11] under
clearly described flow conditions. For the fully
developed flow within a curved circular tube,
the presence of a pair of counter-rotating
vortices as a secondary flow in the curved tube
was confirmed [7]. Due to the presence of
imbalance centrifugal forces, these two vortices
have developed a secondary flow called Dean
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vortices (Reynolds number xv*™) as shown in
y

Dcoil
Figure 1 [6]. Besides, the rate of heat transfer
increases compared to the straight pipe caused
by the increased mixing of flow generated by the
secondary flow.

Fig 1. Dean vortices [8]

The variations in the local Nusselt number
along the length and diameter of the helical
pipes were observed and analyzed [16]. In
addition to the effect of varying geometrical
parameters on the rate of heat transfer,
numerical simulation analysis of the fluid flows
was also conducted by changing these
parameters. Such parameters are the diameter of
the pitch circle (curvature ratio), pitch, and
diameter of the pipe. Three different coils have
been tested while maintaining pitch and pipe
diameter constant [19]. The pitch circle
diameter of the coiled pipe was found to have a
strong effect on the flow structure. Moreover,
regarding the pitch size, zero pitch size means
no secondary flow and consequently, the
Nusselt number is approximately identical [16].
However, as the pitch increases, this allows
triggering of the secondary flow which plays a
vital role in enhancing the heat transfer rate.

A correlation between the Reynold numbers,
the Nusselt number, and the Prandtl number
used to test the heat transfer rate at different
coiled pipe cross-sections were determined
using experimental analysis [5]. While several
studies had previously been carried out [21] [23]
[20] for the same purpose as stated above, a
study that would cover a wide range of helically
coiled pipes to acquire a deeper understanding

of the local heat transfer properties in all
directions was still required.

(Nw)(Pr—04) = 0.0456 (Re"®) (%)0'21 €Y

This equation was compared to several other
equations to demonstrate an increase in the
estimation of the average coefficient of heat
transfer. It was suggested that as the number of
Reynolds increases, the turbulent boundary
layer becomes less dense and this, in effect,
decreases the secondary flow's contribution to
enhancing the heat transfer efficiency. Besides,
the average heat transfer coefficient profile on
the pipe's circumferential cross-section is
approximately symmetric.

Due to their high thermal conductivity,
porous media and Nano fluid have been used to
increase the heat transfer rate concerning the
impact of base fluid such as water. Improvement
in heat transfer due to the use of CuO/water
Nano fluid in terms of heat transfer rate was
stated [24].

It has been also shown that Al203 Nano
fluid had a better thermal conductivity and
diffusivity as its volume of fraction increased. In
addition to the enhancement of the thermal
conductivity, a volume of a fraction of 2.5%
(nanoparticle/base fluid) can also lead to
improving convective heat transfer coefficient
at a high flow rate [2] [13-15]. Therefore, many
numerical and experimental studies have
reported that wusing a base fluid with
nanoparticles increased the thermal
performance compared to a conventional fluid
and this enhancement increase as the
concentration of the particles increased [4].
However, a recent numerical study [10] showed
that the nanoparticle size has no major impact
on the properties of the heat transfer.

However, despite the huge number of
studies concerning the helically coiled pipes at
various parameters, there is a lack of relation
between the working fluid and heat transfer rate
at constant heat flux [11]. Experimental studies
of the flows within the helically coiled pipe are
complicated and, particularly for small
diameters, may also be expensive. This allows
the researcher to use the CFD to study and
evaluate the flow structure of both laminar and
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turbulent flow inside the coiled tubing.
Therefore, the current paper will Evaluate and
validate the flow structure inside the coiled pipe
compare to other similar numerical work done
by Anwer [11]. Moreover, once the numerical
simulation was validated, the effect of using
Al203 Nano fluid on the heat trader rate
compared to pure water at constant heat flux was
performed.

2. Numerical modelling methodology

In the current study, two models were built.
The first one has used for the validation of the
predicted results in terms of fluid flow which
was the isothermal base model. While the
second one has been developed to predict the
fluid flow behavior and thermal performance of
the Nanofluid that being utilized which is
essentially a thermal base model. Here, a
commercially CFD code has been used to
simulate a three-dimensional model of the fluid
flow behavior in the helical tube. ANSYS
Workbench 18.1 was used for computational
modeling, which includes drawing geometry
and build the mesh then after was used to run the
case via FLUENT. CFD post was utilized to

extract the result and plot some graphs and
contours.

3. Geometry and mesh

Three-dimensional models are created by
using ANSYS Workbench R2018 as shown in
Figure 2. The dimensions of the geometry are
pipe diameter 5 mm, coil diameter 40 mm, and
pitch diameter of 10 mm. The total length of the
helical tube is 252 mm. The discretization
process is one of the important steps in
numerical modeling, which essentially depends
on the mesh that needs to be created for the
domain [1]. Appropriated mesh has been
generated by using meshing software in ANSYS
Workbench R2018. The model used a total
number of hexahedral cells of 944228, and a
maximum Aspect Ratio of 4.38143. It is worth
to mention that the selection of mesh was based
on the recommendation of the study has been
done by Anwar [11]. This kind of mesh has been
shown a good result as it can be seen later in the
next section. Indeed, good quality of mesh has
the capability of captures many important
features that need to be investigated.

ANSYS
Ri8.0

outle

— —
25000 7500

Fig 2. Models geometry with its mesh that has been used

4. Boundary conditions and numerical
solution

It is well known that the CFD code since it
has been invented before four decades showed a
significant advantage in terms of fluid flow
problems. The main governing equations are

normally solved based on the finite volume
method (FVM). These equations are continuity,
momentum, and energy equations which are
combined in one form that is solved in CFD
code in a general formula called Navier-Stokes
equations, further details of these equations can
be found elsewhere [13].
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Two materials have been considered the
first one was water and the second one was
Nano fluid and a single-phase base model was

used for both fluid cases; the details of the fluid
materials are presented in Table 1.

Table 1. Physical properties of the fluid being considered

Materials Thermal conductivity Specific heat Density Dynamic viscosity
(W/m.K) (J/kg.K) (kg/m3) (kgm.sec)
Copper (Tube) 387.6 381 9878 -
Water 0.607 4180 998.2 0.001003
Nano fluid 0.6113 4149.40 1004.7 0.00102
AlOsz/water

It is worth to mention that the density and
viscosity values of the Nano fluid have been
calculated according to the formula, which is
listed below in this section. The effective
density (pnf), heat capacitance (pCp) nf, thermal
conductivity (Knf) and dynamic viscosity (unf)
of the Nano fluid for two different Nano fluids
that are applied in this study, such as Al203-
H20 are presented by the following equations
[26]:

pnr = (1= ®)ps + Bpup (2
(PCpIng = (1 = D)(PCp)r + B(PCp)np ®3)
knf = Kstatic T Kprowain (4)

kStatic - kf I3 +2kf)+qj(kf_k ) ) (5)
np np

kBrowu’nan = 5X 104ﬂ @ ﬁ}” Cpf \/p:ip f(T; Q) (6)

£(T,0) = (2.8217 x 10-2 @ + 3.917 x 10-3) (;) +

(—3.0669 x 1020 — 3.91123 x 10-3) @)
bnf _ L 8)
uf 1-34.87 ("22)~03 ¢1.03

df

The boundary conditions play an important
role in any numerical model which is set to
represent the physical situation of any fluid case,
to capture the fluid behavior (Hasan, Bennett,
and Shipway 2015). In the current study the
main boundary conditions were:

Fluid inlet with four Reynolds number (Re)
that used to set velocity value for each case as
shown in Table 2, it is important to highlight that
for the validation model and heat model there
was a slight difference in Re value for both types
of fluid being considered but both cases were
under laminar behavior. This was due to the
available data for this Nano fluid being
considered. In the case of validation, the Re
number values that have been considered have
ranged from 500 to 2000 as can be seen in Table
2. In contrast, with case two the study used 200,

600, and 1500 Re values. Outlet pressure was
set for the outlet side and the wall side with no-
slip boundary conditions was set for the pipe
side, this was for the validation model. On the
other hand, in the heat model, the pipe thickness
was taken into account in the solution.

For the second model, the energy equation
was activated to predict the temperature
distribution on the domain. A constant heat flux
value was used with a 6000 W/m2 which has
been applied at the outer wall of the helical tube.
Semi-Implicit Method (SIMPLE) has been used
to satisfy the continuity equation for the

RIRESUIG AKES N 6iRRPNISRFRROP Lo
considered for both momentum and energy
equations.

Table 2. Velocity inlet and Re number for the laminar

flow
Inlet velocity (m/sec) Reynolds Number
0.100481 500
0.150721 750
0.200962 1000
0.251202 1250
0.301443 1500
0.351683 1750
0.401923 2000

5. Results and discussion

The validation process is considered one of
the most important steps in any numerical
simulation, it can provide a kind of certainty and
reliability of any model that can be utilized in
any parametric study that needs to be conducted
in the future (Mahdi et al. 2019). Therefore, in
the current study, the variation of the Reynolds
number versus the wall shear stress without
Nano fluid was validated against [12] as shown
in Figure3. Indeed, further work is a need in
terms of thermal model validation, however, the
authors will tend to do this stuff in the future.
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To do this important step, two surface
planes have been created in the helical coil pipe,
typically they were a cross-section plane. Which
were located in the fluid domain where the fully
developed zone, essentially, the first one in the
mid-region of the coil, and the second one was
before the outlet as recommended by the works
of [3]. The outcome of this plane was to

—— Exp. Anwer work

[ [ N N w

Wall Shear Stress ( Pa)

o

0 500 1000
Re

determine the pressure differences in order to
compute the wall shear stress, further details for
this calculation can be found elsewhere [3]. The
current numerical results were found to be
following the results published by Anwer [11]
with less than average differences of 7% (error
margin).

Predicated
1500 2000 2500

Fig 3. Predicted and experimental values of wall shear stress against Re no.

The Figure shows the temperature
distribution of the outlet surface when
Al203/water Nano fluid was applied. Figure 4
clearly showed the data were extracted from a
line that was created at the outlet surface from
the outer edge of the pipe to the pipe centre
(essentially, they have measured from 37 to 40
mm respectively). The results showed that
utilizing Nano fluid increases heat transfer by
decreasing the temperature of the outer surface
compared to pure water. In comparison to pure
water, nanofluid reduce the temperature from
728 K to 722 K. Moreover, Figure 5 shows the
temperature, velocity, and pressure contours at
the specified plane. The figure clearly showed
that the temperature is lower when the Nano
fluid used which more likely due to the higher
thermal conductivity of the nanoparticles
compared to pure water.

It can Dbe noticed that there is an
improvement in the case of using Nano fluid, it
can be argued this because the secondary flow
that produced from better thermal conductivity
obtained when Nanofluid being used. The
secondary flow plots are shown in Figure 10,
this figure can provide more insight which can
provide a better understating for the velocity
effect in such cases. Another key point that has
been gained from the figure of the pressure
contour is Nano fluid increases the heat transfer
coefficient due to the relationship between Nano
fluid viscosity with temperature. In which
previously has been documented by Kumar and
Chandrasekar [17] when their study showed that
using Nano fluid causes more pressure drop than
in the case of using pure water.
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Fig 5. Temperature, velocity, and pressure contours at Re = 200 using Nano fluid and pure water

As can be seen in Figures 6 and 7, increasing
the Re number from 200 to 600, reduces the
differences in temperature between Nano fluid
and pure water. This is due to that increasing
the Re number leads to higher mixing between
water and nanoparticles which leads to lower
thermal conductivity.

Increasing Reynold's number to Re = 600
reduces the discrepancies between Nano fluid
and pure water on the temperature compared to

the lower Reynolds number. However, as
Reynolds number increased to Re = 600 a
significant thermal performance enhancement
(by about 40%) was achieved in comparison to
Re = 200. This is more likely due to the higher
velocity which keeps it the same and is seen in
Figure 7 which reduces the surface friction and
hence increasing the heat transfer rate.

In the case of increasing the Re value, the
fluid velocity increased, and therefore the heat
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transfer will be improved. It can be argued that
the flow path in the domain would increase the
disturbance which causes increasing friction
among the coil wall and the fluid. These factors
ultimately lead to drops in the pressure value in
the coil.

Therefore, with the same number of
Reynolds (Re= 600), in contrast with pure
water, the application of Nano fluid also has a
lower temperature such that a significant
reduction in the temperature distribution is seen
as the application of Al203/water Nano fluid.
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Fig 6. Temperature distribution versus surface outlet pipe at Re = 600
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Fig 7. Temperature, velocity, and pressure contours at Re = 600 using Nano fluid and pure water

Again, Figures 8 and 9 clearly show how the
surface temperature reduced linearly as the
Reynolds number increased to Re = 1500. In
general, this temperature reduction is relatively
large at Re = 200 then becomes smaller when
there is a further increase in Reynolds number to

600 and 1500 respectively. For the same
concentration, the Reynolds number increases
as the temperature increases, and thus the heat
transfer reduction range is enlarged.

In summary, compared to the three
Reynolds numbers used, the use of AI203/water
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Nano fluid gives lower surface pipe
temperatures owing to its higher thermal
conductivity. Moreover, it was observed, by
using Al203/water Nano fluid at Re = 1500,
lower surface temperature (433 K) is recorded
when comparing it to other two Reynolds
number having the same Nano fluid (e.g. at Re
=600 T = 346 K; Re = 200, T = 722
respectively). Consequently, as the secondary
flow due to the centrifugal forces of circular
flow with Al203/water Nano fluid from 200,
600, and 1500 respectively, the velocity of the

flow increased (see velocity contour Figures).
Such increment of the Reynolds number
produces secondary flow resulting in lower
surface friction and lower temperature. this
secondary flow is seen in Figure 9 with double
vortices that are symmetrical about the top and
bottom halves of the pipe cross-section.

In Figure 11 the relationship between the
Reynolds number and heat transfer coefficient
can clearly summarize the enhancement of using
Nano fluid and further confirmed the results.
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Fig 8. Temperature distribution versus surface outlet pipe at Re = 1500
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Fig 9. Temperature, velocity, and pressure contours at Re = 1500 using Nano fluid
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6. Conclusion

Two types of familiar cooling liquid (pure
water and AIl203/water Nano fluid) were
applied in this research to assess the thermal
performance in the helically coiled pipe at
different Reynolds numbers.  Numerical
simulation was used to solve continuity,
momentum, and energy equations using CFD
code. The results showed that both liquids with
low Reynolds number (Re = 200) result in a
good thermal performance. However, at a high
Reynolds number (Re = 600), the temperature
distribution is reduced by lower enhancement
when AlI203/water Nano fluid is applied. At the
same Reynolds number (Re = 600), no huge
effect of the Nano fluid on the temperature
distribution is seen. The study suggested include
a user define functions for Nano fluid properties,

such as density and viscosity which need to be
temperature-dependent as future work.
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