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Abstract: This work is an evaluative study of heat transfer in the helical-type heat exchanger. The fluid used is non-Newtonian in nature
and is defined by Oswald’s model. The work was performed numerically by solving each of the Navier-Stokes equations and the energy
equation using the package ANSYS-CFX. Following are the aspects that have been dealt with in this paper: the effects of thermal buoyan-
cy, fluid nature and the tube shape on the heat transfer, and the fluid comportment. The interpretation of the obtained results was done by
analyzing the isotherms and the streamlines. The mean values of the Nusselt number were also obtained in terms of the studied parame-
ters. The results of this research enabled us to arrive at the following conclusion: the intensity of thermal buoyancy and the nature of the
fluid affect the heat transfer distribution but keep the overall rate of heat transfer the same.
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1. INTRODUCTION

The helical shape of tubes is one of the techniques used in
many industrial applications, primarily heat exchangers. It is also
used in the production of industrial food stuffs such as jam,
chocolates and others. Because of the importance of this type of
tubes, many researchers have devoted a set of works showing the
behaviour of the fluid inside the tube and the effect of this
behaviouron the quality of heat transfer.

[1] demonstrated the possibility of improving heat transfer
within a spiral tube by creating columns within the inner walls of
the tube. The fluid investigated in this research is of the non-
Newtonian type mixed with Al20s nanoparticles. [2] numerically
simulated the passage of nanofluids and studied the heat transfer
within aspiral tube,which contained ribs. The study showed that
the presence of ribs enhances heat transfer by 12%. [3] exploited
the finite volume method to compute the heat transfer in a helical
tube. The geometrical dimensions of the tube were designed for a
micro-system. The work mainly examined the effect of velocity
and the length of the helix's pitch on the thermal behaviour.
Through this work, it was concluded that the helical length of the
tube has an effect on the thermal activity. [4] presented an entire
experimental work on the behaviour of a two-phase stream in a
helical tube. The use of this type of two-phase stream increases
the heat transfer coefficient by up to 20%. [5] worked on a
multiple-row helical tube, with the purpose of deriving the
correlation that shows the changes in heat transfer in terms of the
elements acting on it. [6] studied the effect of an external current
around a helical tube,which was used for heat transfer. It has
been found that this type of tube reduced the dead zone in the
back. [7] determined the correlation between the Nusselt number

and the friction factor for helical tubes. The thermal transfer was
forced convection. [8] submitted a detailed report on a study
conducted on helical tubes specially used in the heat pump. This
work explained in detail the thickness of the resulting ice in terms
of the conditions used. [9] did experimental research on helical
tubes, where in they compared the geometry of the tubes. The
new proposed shape included a group of corrugates on the tube.
The obtained results were compared with those from smooth-
walled tubes, and an increase in heat transfer was observed. [10]
used the analytical method to study the flow within a helical tube
of circular cross-section. The point studied in this work was the
shape of the bend. [11] replaced the circular cross-section of the
tube with a square one. Their work also included a study on the
heat transfer of the forced convection type. [12] proposed an
optimal design of a helical exchanger that can beused for
absorption processes. The research was performed numerically
using the commercial code ANSYS-Fluent. [13] presented a work
on helical pipes for the measurement of frictional pressure losses.
The results of this work were obtained experimentally and
numerically as well. [14] further presented experimental results on
the use of helical tubes for measuring the rheological properties of
a complex fluid.Various researchers [15-17] also performed
experiments on the curved tube, which showed an unusual
disturbance of the flow.

In addition, the helical shape has a very important streamline
compared to direct barriers, and this has been confirmed by most
recent studies [18-21]. It is used in the structure of the heat
exchangers to enhance the cooling process.

[22] made geometrical changes to the cross-section of the
helical tube, from a simple circular shape to an organised circular
shape of internal protuberances. In addition to this, a nanofluid
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was used. Al20s nanoparticles were added to the basic fluid
(water). There was an enhancement of heat transfer when the
volume fraction reached 0.5%. [23] studied the turbulent regime of
a flow in helical heat exchangers. The K-epsilon model was used
for the mobilisation of the regime. The cross-section of the tube
was semicircular. The results showed that this type of cross-
section is highly recommended. Further, [24] performed numerical
research on the turbulent flow in a sector-by-sector type helical
tube . It was concluded that the semicircular form of the cross-
section is more efficient for application in heat exchangers. [25]
conducted studies on a double-cooling thermal exchanger,which
is used in advanced aero-engine. This work aimed to find the best
design of the tube that increases the effectiveness of cooling of
the air that passes around the tube. [26] also introduced a
numerical study on the helical tube, where the external and
internal impacts of thermal transition are based on conjugate
thermal boundary layers. [27] numerically compared a new type of
helical tube with a single U-tube for application in heat
exchangers. It was found that the helical type is more efficient
than the U-tube. [28] used SiOz/water and Al.Os/water nanofluids
in the helical tube of a thermal exchanger.The research examined
the concentration of the nanoparticles and a few geometrical
configurations of the tube. The results of the work were given in
the form of a correlation that relates the Nusselt number to the
parameters considered in the study.

Because this type of tube is very important in thermal
applications, several new works have been published on this topic
to explain the scientific view on it [29-35]. In general, the main
objective of these studies is to research the geometrical shape
that increases the value of heat transfer.

[36] conducted an analytical study on double-helical tubes to
achieve the most effective heat transfer. The studied elements
were the taper angle and the cross-section. [37] simulated the
flow of AlzOs/water nanofluids in a helical tube to increase the
thermal transfer. The results proved that the presence of
nanoparticles enhances thermal transfer. [38] performed a
numerical simulation of the flow around a helical tube. The tube
contained fins of various geometric shapes.The results showed
that the presence of these fins increases thermal transfer.

Through our observation of these previous works, it becomes
clear to us that these types of tubes have efficiency in increasing
heat transfer, completely different from that of straight tubes.
Moreover, most studies focused on forced heat transfer only.
Further, the fluids used either had simple behaviour or were
nanofluids. There is a lack of work that combines helical tubes
and the non-Newtonian behaviour of a fluid in the presence of
thermal buoyancy,which produces mixed heat transfer. Therefore,
our work is a three-dimensional numerical simulation of a complex
fluid inside a helical tube, with thermal buoyancy acting in the
opposite direction of the fluid movement. The items considered
here are as follows: the flow velocity at the inlet of the tube, the
power law index that determines the rheological nature of the
fluid, the intensity of thermal buoyancy and the pitch between the
loops of the helical tube.

2. DESCRIPTION OF STUDIED DOMAIN

The tube under consideration is shown in Fig. 1. The tube has
a helical shape containing three rings. The gap (the pitch)
between the rings is constant and is given by (B). The inner
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diameter of the tube is given by the index (d),while the diameter of
the tube ring is given by (D). These geometrical values are given
in the form of ratios represented in Tab. 1. The studied fluid enters
the tube at a constant velocity and low temperature (Tin). The
wallls of the tube have a high and constant temperature value (Tw).
The difference in temperature between the fluid and the walls of
the tube leads to heat transfer between the hot side and the cold
side. The fluid velocity is given by the Reynolds number. The
thermal buoyancy force acts in the direction (2). Its intensity is
described by the value of the Richardson number (Ri).

a)
Inlet, T

N

Fig. 1. Geometrical characteristics of the studied tube:
(a) first view; (b) second view (B, the pitch between the rings;
d, inner diameter of the tube; D, diameter of the tube ring)

Tab. 1. Geometric rational values of the tube

Ratio d/D B/D
Value 0.1 0.2;,04

3. MATHEMATICAL FORMULATIONS

In this section, we present the basic equations that must be
solved numerically to obtain the numerical simulation of the
desired study. These equations are as follows:
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The dimensionless quantities of the variable in the above
equations are given as follows:

x,v,2) =22 (,v,w) = &2, P=-L-0=
(T-Tin) "
(Tw=Tin) (6)
T
T = — 7
m(Cmyn Y

The dimensionless numbers Re, Ri and Pr are given by the
following expressions:

. \2-nan
Re = P(umzn a (8)
— mcp
P gy ©
. _ Gr _ gprard®
RI= 2 = (10
Gr = gBrATd3[2 (Fy1-m]? (11)

Through the Ostwald model, the viscosity is defined as fol-
lows:

w=m@ 0 (12
where Iz is given by the following expression:
=202 +205 )2+2( )2+ (2 + —+—)2 (13)

Generally, the fluid transfers heat in conductive and
convective forms at the same time. The ratio between these two
methods is determined by the Nusselt number, Nu. There is a
local Nu number specific to each point in the analysed area, and
there is an average value. These values of the Nusselt number
are given respectively by the following two expressions:

Nup, = ( )wau (14)
u= Zf Nu,dA (15)

where nsis the vector normal to the surface and dA is the
elementary surface.

For every numerical work, a set of initial boundary conditions
must be set for the simulation to occur. These boundary
conditions are given as follows:

— At the inlet of the helical tube: cold temperature with uniform
velocity:

U=0V=1W=060=0 (16)
— On the tube walls: no-slip condition and hot temperature:
U=0,V=0W=00=1 (17)
— Atthe outlet tube: Neumann boundary condition is applied:

au av ow a0

5=05,=05-=0-"=0 (18)

4. NUMERICAL STEPS AND VALIDATION TEST

To achieve this simulation, several stages must be passed,
which are arranged as follows: creating the grid for the studied
domain, checking the effectiveness of this grid and checking the
numerical methodology used for solving the mean equations.
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The grid was created using Gambit. The grid cells were
selected in quadratic form, as shown in Fig. 2. The grid contains
115.8000 elements. The effectiveness of the grid in finding the
exact calculation depends mainly on the number of cells forming
the entire grid. Three grids with different number of cells were
created to calculate the Nu number for each case, so that the
number doubles each time. The values of the elements together
with the results of the calculation are shown in Tab. 2. The results
are calculated for n=1, Re =100, Pr =50 and Ri = 0. It is noted
from Tab. 2 that there is stability for the Nu number when the
number of grid elements exceeds the value 115.8000. Therefore,
it can be concluded that the second grid G2 is suitable for this
research.

Fig. 2. The structural grid of the studied geometry

Tab. 2.Grid independency test

Grid Elements Nu Difference %
G1 579000 1.478521 2.95
G2 115.8000 1.523521 0.79
G3 2316000 1.511453 -

Nu, Nusselt number

The numerical calculation was done using the finite volume
method. This method transforms the differential equations into a
matrix system and then solves them using numerical methods.
The SIMPLEC algorithm was used for coupling pressure and
velocity. However, the high-resolution discretisation scheme was
used for solving the convective term.

V* o 2
1.0
Y*
0.5
——Bara et al., 1992
—— Present
40 &0 80 100 120 140 160 180 200

Angular position (°)

Fig. 3. Comparison of the results of this study
with the experimental work of [39]

In addition to this, the accuracy of the results of this method
has been proven by comparing the results of this method with the
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results of previous works obtained under the same conditions.
The first comparison was made with an experiment of the flow
inside a curved tube at an angle of 180°. The work was previously
done by [39]. Both results are represented in Fig. 3. A very
noticeable agreement is found between the results of the
experimental and the numerical works. The second comparison
was made with the work carried out by [40]. It is a numerical
simulation of a fluid in a 180° bent channel of square cross-
section. The results of this comparison are represented in Fig. 4.
Good agreement is found between the results. Through the
results of the comparison study, it is possible to ascertain the
effectiveness of this code in arriving at very accurate values.

Outer wall
-
Helin et al.
2009
§1
Inner wall
- 4 v | N, @ ‘
Present | |
results \ |
S W
De=125 De =137 De =150

Fig. 4. Comparison of the results of this study
with the numerical work of [40]

5. RESULTS AND DISCUSSION

We performed a set of numerical simulations to study a set of
factors affecting the behaviour of a complex fluid inside a helical
tube. The relevant parameters studied are as follows: the index
(n),which changes the rheological properties of fluids, takes three
values, viz., 0.6, 1 and 1.6; the value of the fluid’s velocity
determined by the Reynolds number, which varies in the range of
10-600; the intensity of the thermal buoyancy, which is
determined by the Richardson number (Ri), which takes the
values 0 and 1; and finally, the length of the step between the
loops. Accordingly, two values have been tested.

It is worth noting that the analysis of the thermal and dynamic
behaviour of the fluid is done by analysing and interpreting the
streamlines and the isotherms.Moreover, the mean Nusselt values
are presented in the form of curves in terms of the studied
pertinent parameters.

5.1. Effect of the Re and Ri numbers

In Figs. 5, 6 and 7, the effects of Ri and Re on the dynamic
behaviour of the fluid and its effect on the thermal pattern at n =1
(Newtonian fluid) are presented.

Before we proceed to present the results, we note that the
streamlines and isotherms are presented in cross-sections of the
angles 90° and -90° together, and the angles 180° and -180°
together.

Fig. 5 shows the behaviour of the fluid in the cross-section of
angles 90° and -90° for all rings. The behaviour of the fluid is
presented in terms of the Re and Ri numbers. It is noticed that
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when Ri = 0,0n increasing the value of the Reynolds number, the
flow becomes less stable and the flow is deflected towards the
external tube wall. This, of course, is due to the effectof centrifugal
force on the flow. The higher the value of Re, the higher is the
velocity of the fluid, and this increases the deflection of the flow of
the fluid due to the centrifugal force. On the other hand, in the
presence of thermal buoyancy force (Ri=1) effect, two steady
vortices appear in this cross-section for Re = 10, but they quickly
disappear by raising the value of Re. This phenomenon can be
explained as follows: the presence of thermal buoyancy in the
opposite direction to the movement of the fluid makes the
diameter of the tube smaller, and this raises the seed of the flow
in this position (angle 90° and -90°), and accordingly Dean
vortices appear.

Re=10

Re=100

Re=400
Ri=0 Ri=1

Fig. 5. Streamlines in the cross-sections of the angles 90° and —90°
in terms of Re and Ri at n = 1 (Re, Reynolds number;
Ri, Richardson number)

Fig. 6 shows the same phenomenon, but at the angles 180°
and -180°. In this position and in the absence of thermal
buoyancy (Ri = 0), the fluid flow is less stable than in the previous
positions (angles 90° and -90°), and this is indicated by the
presence of Dean vortices in all rings with these angles. It is also
noted that the size of these vortices increases with the increase in
the value of fluid velocity. In the presence of thermal buoyancy
effect (Ri = 1), a slight rotation is observed at the location of the
vortices at these angles. This is a result of the transfer of heated
particles of the fluid upwards under the influence of thermal
buoyancy force.

Fig. 7 shows the isotherms in terms of the studied parameters
(Re and Ri) for the angles 90° and —90°. It is noted that the
isotherm distribution is not uniform and this is due to the effect of
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the centrifugal force on the flow, and from this, it can be deduced
that the local heat transfer is different from one point to another. In
the first case, i.e. without the effect of thermal buoyancy, it turns
out that the outer wall transfers heat with fluid more than the
remaining parts of the tube. In the second case, in the presence of
thermal buoyancy, it becomes clear that the flow deviates a little
to the bottom of the cross-section, making the bottom side more
efficient in heat transfer compared to the other sides.

" O
P
-

o

Re=10
Re =100
- ®
Re =400
Ri=0 Ri=1

Fig. 6. Streamlines in cross-sections of the angles 180° and -180°
in terms of Re and Ri at n = 1 (Re, Reynolds number;
Ri, Richardson number)
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Fig. 7. Isotherms in cross-sections of the angles 90° and —90° in terms

of Re and Ri at n = 1 (Re, Reynolds number;
Ri, Richardson number)
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It can be concluded that the dynamic behaviour of the fluid is
affected significantly by the fluid velocity and the intensity of
thermal buoyancy.

5.2. Effect of power law index

Through the law of Ostwald, the index n determines the
rheological nature of the fluid; therefore, if the value is <1, this
means that the fluid is of the shear-thinning type, i.e. a higher fluid
velocity leads to a decrease in the viscosity of the fluid. Whereas,
if the value of n =1, the fluid is of the Newtonian type, meaning
that the viscosity does not change with the velocity. Whereas, for
values of n >1, the viscosity increases its value with velocity and
here it is called shear-thickeningfluid. Some examples: blood is a
shear-thinning fluid of n is <1; water is a Newtonian fluid of n = 1;
chocolate is a shear-thickening fluid of n >1.

Fig.8 shows the distribution of the dimensionless velocity of
the flow in the middle of the section of 90° angle in terms of the
index n and Ri for Re =100 and B/D = 0.1. It is noted from Fig. 4
that near the bottom, where the shear stress is very important, the
higher the value of the index n, the lower is the fluid velocity, and
this is clearly due to the rheological nature of the fluid. On the
other hand, it is noted that the thermal effect actually can change
the trajectory of the fluid flow.

These curves comprise only a sample, showing the presence
of an effect of index n and the number Ri on the behaviour and
velocity of fluid flow inside the tube. But this effect changes from
one point to another inside the studied tube.
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Fig. 8. Distribution of dimensionless velocity along the middle
of the cross-section of 90° in terms of n and Ri at Re = 100
Ri, Richardson number.
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5.3. Effect of distance between rings 179 (a)Ri=0,BD =02
16 a ——n .
Fig. 9 shows the behaviour of the fluid at the cross-section of 154 - —&—n=0.
angles 180° and —180°for different values of the ratio B/D and Re e ——n=1

at Ri=1 and n=1. Fig.9 shows the appearance of steady i

vortices in this section. The shape and size of the vortices are
almost not affected by the change of the B/D ratio, while there is a 124
noticeable development of these vortices in terms of Re in both 11 ]
cases of the B/D ratio.
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Fig. 9. Streamlines in cross-sections of the angles 180° and —180° 1‘4_
in terms of B/D and Re at n = 1 and Ri =1 (B, the pitch between
the rings; D, diameter of the tube ring. Re, Reynolds number) 1.3
2 12]
5.4. The average Nusselt number 114
1.0 I;’:
The main objective of all these studies is to derive the mean ool 4
values of the Nusselt number in terms of all studied parameters,
and accordingly, Fig. 10 explains the changes in the Nu values o8 6 100 200 00 400 50 600
with n, Ri, B/D and Re. Through Fig. 10, it is shown that the Re
Reynolds number positively affects the values of Nu for all values g __ ~
of n, Ri and B/D. While the changes in the remaining @Ri=1,B/D=04
pertinentparameters slightly affect the value of Nu, these changes e g i
can be neglected. Finally, it can be concluded that the values of 15 "
the index n and the number Ri affect the positional distribution of )
the Nu number, but the average remains approximately the same.
In addition to this, the obtained results can be exploited to design 37
helical tube heat exchangers. 2 12]
1.14
1.04
094 ,,
08 T T T T T T T T T T T T T
0 100 200 300 400 500 600
Re

Fig.10. Average Nusselt number (Nu) versus Re, n, Ri
and B/D for Pr=50

116



§ sciendo

DOI 10.2478/ama-2022-0014

6.

CONCLUSION

In this work, we studied the dynamic behaviour of a fluid

inside a spiral tube and its effect on heat transfer. The fluid used
in this research is defined by the Ostwald model. The work was
performed numerically in a steady regime. Moreover, the relevant
parameters considered are as follows: the Re number (=10-600),
the power law index (=0.6, 1 and 1.4), Ri number (=0 and 1) and
the pitch ratio (= 0.2 and 0.5). The most important results obtained
are summarised as follows:

The appearance of constant vortices in the cross-section of
angles 180° and -180° for all rings and for Ri = 0; the size of
the vortices is mainly related to the values of Re.

For Ri =1, early vortices appear in the sections for angles 90°
and -90°.

The values of the power law index and Ri affect only the local
values of Nu; the mean rate remains approximately the same.
Raising the values of the flow velocity increases the heat
transfer.

There is no effect of the B/D ratio on the behaviour of the flow
and on the heat transfer for the considered values (0.2 and
0.4).
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