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ABSTRACT

Double pipe heat exchangers are widely used across various industries. Enhancing their performance not only
benefits these industries but also contributes to reduced fossil fuel consumption and pollution. This study em-
ploys the passive method with a combination turbulator insertion and nanofluid technique to enhance the heat
transfer rate and improve the double tube heat exchanger performance. The novelty of this study lies in the use of
new turbulator insertions and various nanofluids to investigate the heat transfer and fluid flow characteristics
under laminar and counter flow configuration. The study examined four types of turbulator insertions, including
triangular, rectangular, trapezoidal, and oval, in conjunction with CuO, SiO,, Al,03 water-based nanofluids in a
single-phase model. The findings revealed that the trapezoidal ribs exhibited higher Nusselt number and friction
factor than the other rib shapes. Conversely, the oval ribs demonstrated a better performance evaluation criteria
than the other rib shapes. Furthermore, the study explored different geometrical parameters such as rib width,
height, and spacing, determining that rib height has the most significant impact on enhancing the heat transfer.
The study achieved maximum performance evaluation criteria of 1.2 and 1.9 for SiO2 nanofluid without tur-
bulator insertion and with turbulator insertion, respectively.

1. Introduction

The demand for energy has been on the rise due to urbanization and
the expanding global population. The use of gas, oil, coal, and other
fossil fuels has adverse effects on the environment, contributing to the
escalation of global warming. Therefore, adopting energy-saving mea-
sures and harnessing renewable energy sources represent effective so-
lutions to mitigate this issue (Hosseinzadeh et al., 2020). One of the most
commonly employed and crucial devices in both industrial and com-
mercial settings is the double tube heat exchangers (DTHE). Therefore,
creating an efficient thermal system within DTHEs can lead to cost
reduction and substantial energy savings (Hussain and Sheremet, 2023;
Venkatesh, 2023). DTHE represents the simplest form of a heat
exchanger, wherein hot and cold fluids circulate in either parallel or
counterflow configurations (Rao and Sankar, 2019). The utilization of
DTHE:s finds extensive application across various industries, including
but not limited to chemical, food, oil, gas, pharmaceutical, solar energy,
waste heat recovery, geothermal, combustion, latent heat energy stor-
age, and air conditioning (Omidi et al., 2017; Li, 2022; Louis et al.,
2022). Improving the heat transfer efficiency of heat exchangers
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presents a notable challenge (Liu and Sakr, 2013; Rohsenow et al.,
1998). Improving heat exchanger’s performance can be categorized into
three broad approaches: active, passive, and combined methods (Cancan
et al., 2014). Active methods involve the application of external power
to augment heat transfer through means such as vibration, electric
fields, mechanical aids, or magnetic fields (Jadhav et al., 2016; Maleki
et al.,, 2023). On the other hand, passive methods rely on extended
surfaces and elements instead of external power (Hangi et al., 2022;
Lalegani et al., 2018). Combined methods encompass the synergistic
utilization of active and passive methods (Alam and Kim, 2018).
Tavousi, et al. (Tavousi et al., 2023) systematically classified passive
methods into five main categories: turbulator insertion (Pourahmad and
Pesteei, 2016), extended surface area (fins) (El Maakoul et al., 2020),
geometry changes (Luo and Song, 2021), using nanofluids (Tavousi
et al., 2023), and combinations of these techniques (Singh and Sarkar,
2021). A statistical investigation of more than 100 studies was con-
ducted on the passive methods. The statistical investigation showed that
the combined techniques of turbulator insertion and nanofluid have the
maximum increase in heat transfer rate. A diverse range of turbulator
insertions and nanofluids can be employed to enhance the performance
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of DTHESs. Each combination of turbulator and nanofluid has a distinct
impact on the heat transfer rate and the friction factor. For instance, the
introduction of spiral springs, in the presence of TiO; and CuO nano-
particles dispersed in water as nanofluids, demonstrated notable en-
hancements in the Nusselt number. Specifically, it led to a substantial
increase of up to 117.39 % and 312 % for TiO2 and CuO nanofluids,
respectively, in comparison to pure water without turbulator insertion
(Gnanavel et al., 2020). The utilization of a cone-shaped insertion within
a turbulent flow containing Al;O3 and CuO nanofluids with a volume
concentration of 1 % resulted in a remarkable augmentation of the
Nusselt number and friction factor by 65 % and 50 %, respectively, for
the Al;03 nanofluid (Karuppasamy et al., 2020). The employment of a
tapered wire coil as a turbulator insertion with the hybrid nanofluid
Al;03 and MgO under turbulent flow conditions with a volume fraction
of 0.1 % yielded an enhancement up to 84 % in the Nusselt number and a
68 % increase in the friction factor (Singh and Sarkar, 2020).
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Incorporating twisted tape insert and Al,O3 nanofluid at 0.01 % and
0.03 % volume fractions resulted in a low increase in the Nusselt number
and friction factor. The most notable enhancement observed was a
31.28 % increase in the Nusselt number, accompanied by a 23 % rise in
the friction factor (Prasad and Gupta, 2016). The utilization of longi-
tudinal strip inserts in conjunction with Fe3O4 as a nanofluid under
turbulent flow conditions yielded a maximum enhancement of 41.29 %
in the Nusselt number, alongside a 36.7 % increase in the friction factor
(Kumar et al., 2017). Furthermore, the integration of a rectangular rib
turbulator in the presence of Al,O3 nanofluid under laminar flow con-
ditions demonstrated an increase in the Nusselt number by up to 50 %,
ultimately resulting in the attainment of a maximum performance
evaluation criteria (PEC) of 1.05 (Tavousi et al., 2023).

As Tavousi, et al. (Tavousi, et al., 2023) showed, the combination of
turbulator insertion and nanofluid techniques has the greatest increase
in heat transfer rate. However, limited studies have employed the
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Fig. 1. Schematic of the analyzed DTHE, both with and without turbulator insertions.
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insertion of turbulators in combination with nanofluids. This presents an
opportunity for further augmentation of heat transfer rates in DTHEs.
The current study follows this approach by incorporating newly
designed turbulator inserts with distinct rib shapes (triangular, rectan-
gular, trapezoidal, and oval) along with three different nanofluids:
Aly03, CuO, and SiOs. The primary objective of this study was to eval-
uate the effect of these rib shapes and nanofluids on heat transfer and
fluid flow within a DTHE. Additionally, various aspect ratios of rib ge-
ometries were investigated to understand their influence on the laminar
flow hydrothermal properties. The limitations of this study include the
assumption of nanofluid homogeneity, the use of empirical correlations
to determine nanofluid properties, and the omission of nanoparticle
agglomeration and sedimentation effects.

2. Numerical setup

Fig. 1 illustrates the schematic of the analyzed DTHE, both with and
without turbulator insertions. The inner tube has a diameter of 0.014 m,
while the outer tube has a diameter of 0.08 m, with a total length of 1.8
m. Tube sizes (1/2 and 3 in.) were chosen based on their availability in
the marketplace for practical and industrial relevance. The inner tube
material is copper, with a thickness of 0.001 m. This study investigated
four different turbulator insertions with varying rib shapes (triangular,
rectangular, trapezoidal, and oval). Three key parameters were consid-
ered: the distances between the ribs (s), the height of the ribs (h), and the
width of the ribs (w) as shown in Fig. 1. The turbulator insertion had a
diameter of 0.002 m; in all cases, the first rib was located 0.01 m from
the inlet of the DTHE. The flow within the DTHE is assumed to be
axisymmetric along the longitudinal axis. The inner tube contains cold
nanofluids with a constant inlet temperature of 295 K, while the outer
tube is filled with pure hot water at a constant inlet temperature of 335
K. These temperatures were selected to align with common industrial
practices to provide results that are more applicable to real-world sce-
narios (Eiamsa-ard et al.,, 2008; Lakew and Bolland, 2010; Padma-
nabhan et al., 2021). As some published work concluded that the single-
phase approach and constant thermophysical properties of fluids agree
with the experimental results, these two approaches were selected for
the numerical investigation (Eshgarf et al., 2023; Albojamal and Vafai,
2017). The assumption of constant thermophysical properties of nano-
fluid was considered in this study. The results of the constant thermo-
physical properties compared to dependent thermophysical properties
showed less than 2 % deviation. Laminar flow conditions were consid-
ered for the inner and outer tubes, with a Reynolds number of 800
maintained for the outer tube and a range of Reynolds numbers between
400 and 2000, in increments of 400, for the inner tube. The working
fluid in the inner tube consisted of three nanofluids, CuO, SiO,, and
Aly,03 each with a volume fraction of 0.05. Detailed thermophysical
properties of the used materials in this study are provided in Table 1.

3. Governing equations

This research investigates the heat transfer properties and fluid dy-
namics of laminar flow in a DTHE. The governing equations for solving
flows in the DTHE, including continuity, momentum and energy for
laminar flow in steady states, are as follows (Iwaniszyn, 2021).

In the case of steady and incompressible flow, the continuity equa-

Table 1
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tion is expressed as follows:
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For incompressible flow with constant viscosity, the momentum equa-
tion can be expressed as follows:

V.(pVV) = — VP+ V.(uVV) 2

For incompressible flow where the thermal conductivity remains con-
stant, the energy conservation equation can be expressed as follows:

V.(pVC,T) = V.(kVT) 3

Where p, C,, and k represent density, specific heat, and thermal con-
ductivity, respectively.

Present study employed Al,O3, CuO, and SiO, water-based nano-
fluids as incompressible working fluids with constant thermophysical
properties. These nanofluids’ density and specific heat capacity are
determined based on the nanoparticle volume fraction (Akbari et al.,
2017; Kamyar et al., 2012; Bergman, 2009). The thermal conductivity
and viscosity of the nanofluids are calculated using equations proposed
by Vajjha (Vajjha and Das, 2009) and Sharma (Sharma et al., 2012),
respectively. Notably, in these equations, thermal conductivity and
viscosity depend on temperature, nanoparticle size, and volume frac-
tion. These considerations lead to the results being closely aligned with
experimental data. The properties of the nanofluids were derived from
the following equations.

Prg = (1= @)py + 9p, (€]
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The subscripts p, nf, and b denote particles, nanofluid, and base fluid,
respectively.

The equations below can be used to determine the overall convection
heat transfer coefficients, as well as the Nusselt number for nanofluids
flowing inside a tube with an inner radius of Rj, (Lin et al., 2022; Ahmed
et al., 2016).

L
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Thermophysical properties of used materials at 300 K and 40 nm for nanoparticles in this research.

Thermophysical Water (Incropera et al., Al,03 (Mohammed et al., CuO (Mohammed et al., Si0, (Mohammed et al., Copper (Tian et al.,
properties 1996) 2013) 2013) 2013) 2020)

p (kg/m%) 997 3600 6500 2200 8978

Cp (J/kg K) 4179 765 535.6 703 381

k (W/m K) 0.613 36 20 1.2 387.6

u (N s/m?) 0.000855 -
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The subscript b denotes a bulk or average value, while L represents the
length of the tube.

The Nusselt number’s empirical relationship for both inner and outer
tubes in laminar flow conditions is described as follows (Sieder and Tate,
1936):

0.33
Nu=1.86 <RePri> an

Where Re stands for the Reynolds number, Pr represents the Prandtl
number, d is the tube diameter, and L denotes the length of DTHE.
The pressure drop along a tube of length L can be determined using
the following equation (White, 1979).
_fLpV?

AP = od, 12)

Where f, L, p, and d;, are the friction factor, length of DTHE, density the
hydraulic diameter of the tube cross-section, respectively.

The PEC (thermal efficiency) of DTHE can be obtained from the
following equation (Noorbakhsh et al., 2022).

(E)

Nugy

PEC = — <5
fo

Where the subscribe 0 indicates the base fluid without nanoparticles.
The relative error e, can be calculated as follows.

13
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In which ¢ represents the target parameter, and € represents the corre-
sponding target parameter in the highest mesh element numbers.

To define the dimensionless key parameters for s, w, and h, the
following expressions were used.

S= R (15)

Where R; is the radius of the inner tube.
4. Data production
4.1. Numerical method

Ansys Workbench 2022 was used to simulate the governing equa-
tions. The finite volume method was employed to discretize the gov-
erning equations under laminar forced convection, including continuity,
momentum, and energy. A coupled approach was established for the
velocity—pressure interactions, and a second-order upwind scheme was
employed to solve the momentum and energy equations. For the
convergence of numerical calculation, the residuals were set at 10" for
all variables. The values of the three dimensionless key parameters (S,
W, and H), as derived from Equation (15), with the selected dimensions
for s, w, and h, are presented in Table 2.

Table 2
The value of dimensionless key parameters.

s [m] S w [m] w h [m] H
0.02 2.86 0.001 0.14 0.001 0.14
0.04 5.71 0.002 0.29 0.002 0.29
0.06 8.57 0.003 0.43 0.003 0.43
0.08 11.43 0.004 0.57 0.004 0.57
0.10 14.29 0.005 0.71 0.005 0.71
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4.2. Grid independence

The influence of varying mesh densities on heat transfer and hy-
drodynamic parameters was examined to ensure the adequacy of mesh
refinement and independence in the computational simulations. Three
parameters were considered to check the mesh independence test,
including outlet temperature, pressure drop, and average Nusselt num-
ber of the inner tube. Fig. 2. shows that the optimal mesh is approxi-
mately 107 k elements and that the maximum error compared to the
highest mesh density was less than 2.2 %. Also, it was concluded that the
Nusselt number was more sensitive to the number of elements compared
to the other parameters. Fig. 3. displays a structured mesh of the rect-
angular rib featuring a finer mesh closer to the wall and the turbulator.
The boundary conditions were defined as follows: velocity inlets for the
inlets of both inner and outer tubes, pressure outlets for the outlets of
both inner and outer tubes, no-slip conditions for the tube walls, and
adiabatic for the outer wall of the outer tube.

4.3. Validation

In order to validate the results obtained from numerical simulations,
a comparison was undertaken with both experimental data and the re-
sults of the simulation derived from the two-phase approach simulation.
Fig. 4. displays the average Nusselt number results against Reynolds
number obtained using the empirical correlations presented by Seider
and Tate (Sieder and Tate, 1936) (eq. (11), Shah and London (Shah and
London, 2014), Gnielinski (Gnielinski, 1976), and Hausen (Hausen,
1959) for laminar flow with pure water. In this case, the inlet temper-
atures for the inner and outer tubes were set at 280 K and 350 K,
respectively. The Reynolds number for the outer tube was held constant
at 800. The results of present study revealed a maximum deviation of
5.64 % when compared to the findings reported by Seider and Tate
(Sieder and Tate, 1936) results. Additionally, another validation was
carried out for the Al,O3 nanofluid, aiming to compare the results of the
average Nusselt number ratio for the inner tube with numerical data
from the two-phase model conducted by Shirvan, et al. (Shirvan et al.,
2017) and experimental data from Heyhat, et al. (Heyhat et al., 2013).
The DTHE dimensions used in this case were 0.005 m diameter for the
copper inner tube with a thickness of 0.0005 m and a length of 2 m. The
outer tube was utilized as a steam bath to maintain a constant temper-
ature within the system, and the inlet temperature was 333.15 K for the
inner tube. Fig. 5. illustrates the validation results of the ratio of the
average Nusselt number for the nanofluid compared to pure water
against various Reynolds numbers. The maximum deviation observed in
the current study with the single-phase model, compared to the exper-
imental results, was less than 5.42 %, while the maximum deviation of

100
80
R 60 —— Outlet temperture
&
40 —@— Pressure drop
—@— Average Nusselt
20 number
0 @
50 100 150 200 250 300

Thousands
Number of mesh elements

Fig. 2. Relative error of the selected parameters for different number of
mesh elements.
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Fig. 3. The structured mesh of rectangular ribs.
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Fig. 5. Results of present study with numerical two-phase model and experi-
mental results for Al,O3 nanofluid at ¢ = 0.01.

the two-phase model was less than 9.83 %.

5. Results and discussion

Fig. 6 illustrates the average nusselt number of the inner tube against
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Fig. 6. The average Nusselt number against Reynolds numbers for various rib
shapes, CuO nanofluid ¢ = 0.05, S = 5.71, W = 0.29, and H = 0.29.

reynolds numbers for various rib shapes and cuo nanofluid. the data
indicates that the utilization of nanofluid leads to a notable increase in
the nusselt number compared to using pure water, and this effect is
further enhanced when turbulator insertion is employed. specifically,
the trapezoidal and triangular turbulators exhibit the higher nusselt
numbers, with trapezoidal ribs yielding the superior results compared to
other rib shapes. On the other hand, the rectangular ribs showed the
least increase in Nusselt number among all the different rib shapes. The
observed rise in the Nusselt number can be attributed to two main fac-
tors. Firstly, the incorporation of nanoparticles enhances the thermal
properties of the working fluid. Secondly, the insertion of turbulator
induces additional mixing and secondary flow, which reduces the
thermal boundary layer close to the wall. The Nusselt number increases
with the increase of the Reynolds number due to an increase in mo-
mentum and mixing flow. These combined effects of nanoparticles and
turbulator insertion lead to improved heat transfer performance of the
DTHE.

Fig. 7 depicts the inner tube’s pressure drop and friction factor-
against Reynolds numbers for various rib shapes and CuO nanofluid. The
addition of nanoparticles to the working fluid increases the pressure
drop compared to pure water, and this increase becomes more pro-
nounced when a turbulator is inserted into the DTHE. The pressure drop
and friction factor are critical parameters that affect the performance of
DTHEs. The figures reveal that the triangular rib shape exhibits the
highest pressure drop and friction factor, whereas the oval turbulator
demonstrates the lowest values. The triangular rib shape, by virtue of its
shape, is likely to present a more abrupt obstruction to the flow, leading
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Fig. 7. A) the pressure drop and b) friction factor against reynolds numbers for various rib shapes, cuo nanofluid ¢ = 0.05, S = 5.71, W = 0.29, and H = 0.29.

to increased flow separation and consequently higher energy losses. This
phenomenon is further compounded by the formation of a more pro-
nounced recirculation zone behind the rib, which contributes to an in-
crease in the system’s overall resistance to flow, reflected in the
heightened pressure drop. Comparatively, the trapezoidal rib, while still
inducing a significant pressure drop, might offer a slightly less aggres-
sive interruption to the flow due to their sloped faces. The gradient
provided by the trapezoidal shape potentially allows for a more gradual
deviation of the flow, which in turn might result in a somewhat reduced
pressure drop relative to triangular ribs. Due to its longer length at the
top of the shape, the rectangular rib induces a lower pressure drop.
Conversely, the oval rib, characterized by a smoother surface, di-
minishes the friction between the flow and the turbulator. This results in
a reduced pressure drop and friction factor compared to other shapes.
Fig. 8 illustrates the recirculation lengths associated with different
rib geometries in a flow with a reynolds number of 1200, using cuo
nanofluid at a volume fraction ¢ = 0.05. The recirculation zones, a key
factor in the enhancement of heat transfer, are initiated at the flow
separation points, locations proximate to the top of the ribs, and extend
downstream to the points of flow reattachment on the turbulator wall. In
a descending order of length, the trapezoidal rib induces the longest
recirculation zone, followed by the triangular rib, then the oval, and
finally the rectangular rib, which generates the shortest length. The
length of the recirculation zone is crucial, as it directly influences the
intensity of fluid mixing and the generation of secondary flow patterns
within the flow field. The secondary flow is instrumental in disrupting
thermal boundary layers and augmenting convective heat transfer, as
quantified by the Nusselt number. Hence, the data imply that the ribs
with trapezoidal and triangular shapes are more effective in enhancing
the heat transfer rate compared to those with oval and rectangular
shapes. This phenomenon is attributable to the more pronounced fluid
dynamic activities within the recirculation zones created by the

trapezoidal and triangular rib configurations.

Fig. 9 presents the average nusselt number of the inner tube plotted
against reynolds numbers for different ratios of the height of the trap-
ezoidal rib to the radius of the inner tube (h) in the presence of sios
nanofluid. The graph demonstrates that as the H increases, the Nusselt
number shows an upward trend. This phenomenon can be attributed to
the enhanced mixing and secondary flow resulting from the increased
obstruction in the flow caused by the trapezoidal rib. As a result, the
thermal boundary layer decreases, leading to an overall increase in heat
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Fig. 9. The average Nusselt number and heat transfer coefficient of inner tube
against Reynolds numbers for different H, SiO, nanofluid ¢ = 0.05, S = 5.71,
and W = 0.29.
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Fig. 8. Recirculation length of a) triangular, b) trapozidal, c) rectangular, and d) oval ribs for Reynolds number of 1200, CuO nanofluid ¢ = 0.05, S =5.71, W = 0.29,
and H = 0.29.
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transfer. Furthermore, a noticeable enhancement occurs at H = 0.57,
where the average Nusselt number of the DTHE exceeds 40. These re-
sults indicate a significant improvement in the average Nusselt number
at this specific H value compared to the other H values. The Nusselt
number of all cases shows an increasing trend with the rise in the Rey-
nolds number.

Fig. 10 the inner tube’s pressure drop and friction factor are depicted
against reynolds numbers for different ratios of the height of the trap-
ezoidal rib to the radius of the inner tube (h) in the presence of sios
nanofluid. The graph clearly illustrates that both the pressure drop and
friction factor increase as the value of H increases. This is attributed to
the greater obstruction in the flow resulting from the increased rib
height. Notably, the impact of this increase is significant for H = 0.71,
where the flow experiences maximum obstruction.

Figs. 11 and 12. present the inner tube’s average Nusselt number,
pressure drop, and friction factor against Reynolds numbers. These fig-
ures illustrate the impact of rectangular ribs and varying ratios of the
distances between the ribs to the inner tube radius (S) when Al,O3
nanofluid is used. The findings indicate a significant improvement in the
average Nusselt number, pressure drop, and friction factor when a tur-
bulator is utilized, compared to where no turbulator is employed or
when nanofluid is used alone. When the distances between ribs exceed a
value of S = 5.71, there is only a minor influence on the average Nusselt
number, pressure drop, and friction factor. However, as the distances
between the ribs decrease, the number of ribs increases, leading to in-
teractions between the flow and the rib obstacles at closer distances.
Consequently, this generates enhanced secondary flow and increased
mixing within the fluid stream. Furthermore, it can be deduced that the
parameter S exerts a greater effect on the heat transfer and fluid flow
characteristics than the parameter W. However, its effect is less signif-
icant than parameter H.

Figs. 13 and 14. represent the average Nusselt number, pressure
drop, and friction factor of the inner tube against Reynolds numbers for
different ratios of the rectangular rib width to the inner tube radius (W)
in the presence of SiO2 nanofluid. The findings reveal a substantial
enhancement in the average Nusselt number, pressure drop, and friction
factor when employing a turbulator and nanofluid compared to cases
with no turbulator and nanofluid alone. These figures demonstrate that
changes in the parameter W have a limited impact on the average
Nusselt number, pressure drop, and friction factor. For example, the
change in the average Nusselt number for Re = 1200 between values of
W = 0.43 and 0.57 is 0.26 %. However, the corresponding percentage
changes for Re = 1200 for S = 8.57 and 5.71 and H = 0.43 and 0.57 are
observed to be 2.36 % and 33.85 %, respectively. So, variations in W
exhibit a minimal influence on generating secondary flow and mixing
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Fig. 11. The average Nusselt number of inner tube against Reynolds numbers
for different S, Al,O3 nanofluid ¢ = 0.05, W = 0.29, and H = 0.29.

within the fluid stream. For all cases, it is observed that the average
Nusselt number and pressure drop increased with an increase in Rey-
nolds number, while the friction factor decreases with increasing Rey-
nolds number.

Fig. 15 presents colour plots illustrating the a) normalized temper-
ature, b) normalized velocity magnitude, c) normalized radial velocity,
and d) pressure coefficient for various shapes, including triangular,
trapezoidal, rectangular, and oval, using the CuO nanofluid with a ¢ =
0.05. The results show that the trapezoidal, triangular, and oval shapes
exhibit a more uniform normalized temperature distribution than the
rectangular shape. This suggests that the mixing and secondary flow
contribute to a more evenly distributed temperature in the flow.
Furthermore, the triangular shape experiences the highest intensity of
pressure coefficient, while the oval shape exhibits the lowest. This
phenomenon is attributed to the creation of smoother obstacles in the
path of the flow, leading to variations in pressure distribution. The
normalized velocity magnitude and normalized radial velocity plots
provide insights into the flow patterns around the different shapes and
describe the formation of vortices behind each rib. It can be seen that the
change in normalized magnitude velocity and normalized radial velocity
is more pronounced in triangular and trapezoidal shapes when
compared to rectangular and oval shapes.

Fig. 16 presents color plots that visually represent the a) normalized
temperature and b) normalized velocity magnitude at various heights of
trapezoidal ribs using a siop nanofluid with ¢ = 0.05. The findings
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Fig. 10. A) the pressure drop and b) friction factor of inner tube against reynolds numbers for different h, sio, nanofluid ¢ = 0.05, S = 5.71, and W = 0.29.
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Fig. 12. A) the pressure drop and b) friction factor of inner tube against reynolds numbers for different s, al,O3 nanofluid ¢ = 0.05, W = 0.29, and H = 0.29.
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Fig. 13. The average Nusselt number of inner tube against Reynolds numbers
for different W, SiO nanofluid ¢ = 0.05, S = 5.71, and H = 0.29.

indicate that when the height of the ribs is increased, the temperature

distribution within the flow becomes more uniform. This uniformity is
attributed to enhanced mixing and the development of secondary flow
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patterns caused by the presence of taller obstacles in the flow path. As a
result of these effects, the thermal boundary layer is disrupted after
passing each rib, reducing its thickness. This reduction contributes to an
improved heat transfer rate within the system. However, as the height of
the ribs increases, the velocity magnitude reveals the formation of
vortices and a corresponding decrease in flow velocity. This phenome-
non results in an increase in pressure drop across the system.

Fig. 17 illustrates the percentage enhancement of a) the average
nusselt number and b) pressure drop of the three nanofluids without
turbulator insertion and with re = 2000 and a volume fraction ¢ = 0.05,
compared to water and without turbulator insertion. The findings
indicated that the SiOy nanofluid exhibits the highest Nusselt number
and pressure drop rise when compared to CuO and Al,O3 nanofluids.
This difference can be attributed to SiO2's lower thermal conductivity
and density compared to the other nanoparticles. As a result, at the same
Reynolds number, SiO, achieves a higher average velocity. This
increased fluid velocity significantly impacts the heat transfer coeffi-
cient and forced convection.

Fig 18 illustrates the ratio of the average nusselt number and friction
factor for SiO, and various dimensionless parameters, W, S, and H, to the
average Nusselt number and friction factor of water without turbulator
insertion. This figure indicates that the height of the ribs exerts the most
significant influence on enhancing the heat transfer rate while also
resulting in the highest friction factor. Conversely, the width of the ribs
has the least impact on both heat transfer rate and friction factor. This

—&— no turbulator, ¢ = 0

0.30 —#- W=0.14,9 = 0.05
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Fig. 14. A) the pressure drop and b) friction factor of inner tube against reynolds numbers for different w, sio, nanofluid ¢ = 0.05, S = 5.71, and H = 0.29.



E. Tavousi et al. International Journal of Heat and Fluid Flow 107 (2024) 109427
a)

S L& R IR T T N S O R R JRC N
& & SN A L AR S I SRR SR U
S EFEEFF T EEF P T E

w" ‘i“t“‘

Normalized Temperature

b)
© G O PR R > A2 oV Pk
W ov A . e . X > L, .
OSSN SRS IR OO
Pressure Coefficient
)

SRR DD WSSO LIS SO PP RS

SR PHFNLLE LIS Ee PP
> ‘ ‘ L L

Normalized Velocity Magnitude

D AV P D PO O
Q Qt\ Qr} Q"" Q{]' QP? 0(.'5 Q'b‘ Q?P‘

Normalized Radial Velocity
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Fig. 16. Colour plots of a) normalized temperature and b) normalized velocity magnitude for different height, utilizing SiO, nanofluid at Re = 1200, ¢ = 0.05, S =

5.71, and W = 0.29.

occurs because taller ribs induce more mixing and secondary flow,
which reduces the thermal boundary layer. The spacing between the ribs
ranks as the second most influential parameter. Decreasing the distance
between the ribs increases the number of ribs, leading to higher heat
transfer rates and friction factors. The comparative analysis of the re-
sults, emphasizing the increased heat transfer, alongside the statistical
investigation by Tavousi, et al. (Tavousi et al., 2023) (Fig. 19.) regarding
enhanced heat transfer through the combination turbulator insertion
and nanofluid techniques, indicates that the improvement in heat
transfer rate observed in the current study exceeds the average outcomes
previously reported. In their study, the average heat transfer rate
enhancement was approximately 125%, while the maximum increase of
the average Nusselt number reached about 470%.

Fig. 20 shows the PEC for different shapes of ribs and Fig. 21. shows
the maximum PEC for all cases studied including using nanofluid alone
with no turbulator and using turbulator insertion and SiOy nanofluid.
PEC is a significant parameter that relates the useful criteria (Nusselt

10

number) to the penalty criteria (friction factor) and provides valuable
insights into the performance of heat exchangers. It can be observed that
the trapezoidal turbulator exhibits the highest Nusselt number and heat
transfer coefficient. However, the oval turbulator shows the highest PEC
due to its lower friction factor when compared to the other turbulator
shapes. The rectangular turbulator had the worst PEC, as it exhibited the
lowest improvement in Nusselt number and heat transfer coefficient
while having a high friction factor. The triangular ribs had the highest
friction factor among the four turbulators, resulting in a low PEC. It was
concluded that all the turbulators, the PEC was more than 1. The highest
PEC was 1.91 for H=0.71, and the lowest PEC was 1.08 for W =0.71, as
shown in Fig. 21. The results demonstrated that the change in the width
of the ribs produced the lowest PEC. The change in rib width decreased
the PEC of DTHE compared to using nanofluids without turbulator
insertion. This decrease is attributed to the increase in the friction factor,
which outweighs the increase in the Nusselt number.
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Fig. 17. Percentage enhancement of a) the average Nusselt number and b) pressure drop of the three nanofluids without turbulator insertion and with Re = 2000 and
a volume fraction ¢ = 0.05, compared to water and without turbulator insertion.
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Fig. 18. The ratio of average Nusselt number and friction factor for SiO, and
various dimensionless parameters, W, S, and H, to the average Nusselt number
and friction factor of water without turbulator insertion.

6. Conclusions

In this numerical research, a single-phase model of different nano-
fluids was employed to investigate the effects of different shapes and
geometrical parameters of turbulator insertion on the laminar heat
transfer and fluid flow characteristics in a DTHE with counter flow
configuration. The hydrothermal characteristics of four different shapes,
including triangular, rectangular, trapezoidal and oval, with changing
the width, height and distances between the ribs were presented. The
results were compared to the case without turbulator insertion in pure
water. The key findings of the research are outlined below.

e The trapezoidal and triangular ribs respectively showed the highest
average Nusselt number and friction factor compared to other ribs.

e The change in the height of the ribs had the most impact on the
average Nusselt number and friction factor compared to the change
in width and distance between the ribs.

e The SiO, nanofluid showed a better heat transfer rate enhancement
than Al,O3 and CuO.

e The maximum PEC achieved was 1.2 and 1.9 respectively for the

nanofluid without turbulator insertion and nanofluid with turbulator

insertion.

The trapezoidal ribs had the highest heat transfer, but the oval shape

had a better PEC because it had a lower friction factor.

11
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Fig. 19. Statistical investigation presented by Tavousi, et al. (E. Tavousi, N.
Perera, D. Flynn, and R. Hasan, “Heat transfer and fluid flow characteristics of
the passive method in double tube heat exchangers: a critical review,” Inter-
national Journal of Thermofluids, p., 2023) a) increase in heat transfer and
friction factor and b) increase in heat transfer of different techniques (box and
whisker plot).
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