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Abstract - One of the primary objectives associated with the double tube heat exchanger is to enhance the heat transfer rate and improve
the overall system performance. A promising approach to achieve these improvements involves combining turbulator insertion and
nanofluid techniques. This study presents a numerical investigation that examines the impact of Al,Os-water nanofluid within the inner
tube, along with turbulator insertion in the form of square-shaped ribs, on the heat transfer and fluid flow characteristics of the double
tube heat exchanger. The findings indicate that an increase in the volume fraction of nanofluid leads to an enhanced heat transfer rate.
Additionally, reducing the spacing between the turbulator ribs in the double tube heat exchanger results in an increase of up to 50% in
the Nusselt number compared to a heat exchanger without turbulator insertion. The maximum performance evaluation criterion achieved
in this study is 1.05.
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1. Introduction

A heat exchanger is a device used to transfer thermal energy between two or more fluids separated by solid material.
One of the common heat exchangers is the double tube heat exchanger (DTHE). DTHESs are used to transfer heat between
the cold and hot regions. These are used widely in industries and engineering applications such as refrigeration, air-
conditioning, power plant, solar water heater, and the process industry [1-3]. One of the important challenges with heat
exchangers is improving heat transfer capability [4-7].

Karimi [8] evaluated numerically the effect of twisted tape insertion and Al.Os-water nanofluid for the Reynolds number
250 to 2250 and 3000 to 9000 in a counter flow DTHE. The nanoparticle volume fractions were 1, 2, and 3%, and the cold
nanofluid and superheat steam flowed in the inner and outer tubes, respectively. The results of the study demonstrated that
the Nusselt number experienced a 22% increase as a result of twisted tape insertion alone and a 30% increase when a
combination of twisted tape and nanofluid were employed, in comparison to the plain tube (without turbulator) and pure
water conditions. Also, they concluded that using twisted tapes at high Reynolds numbers is more economical than low
Reynolds numbers. Gnanavel [9] numerically studied the effect of heat transfer and fluid flow characteristics of spiral spring
insertion and different nanofluids, including TiO,, BeO, ZnO, and CuO, in a DTHE. In the conducted study, the Reynolds
number range employed was from 1000 to 10000. The working fluids utilized were hot nanofluid and cold water, which
were directed through the inner and outer tubes, respectively. The Nusselt number enhancements were obtained up to 117.39,
63.09, 56.63, and 47.62% for TiO,, BeO, Zn0O, and CuO, respectively. The maximum fiction factor increment was obtained
for CuO with a value of 312%. The thermal performance factor decreased with the rise of the Reynolds number for all cases.
Karuppasamy [10] investigated numerically the effect of cone shape insertion and Al,Osz-water and CuO-water nanofluid on
the performance of a DTHE. The volume fraction and range of Reynolds number were 1% and 2000 to 10000, respectively.
The results showed that Al,Os-water gives a higher heat transfer rate than CuO-water, with the amount of 65% and 56%,
respectively. The friction factor augmentation for Al,Os-water and CuO-water nanofluid were 50% and 47%.
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In this study, the heat transfer characteristics and fluid flow behaviour of Al.Os-water nanofluid are investigated in a
DTHE. Also, a turbulator insertion is implemented in the inner tube to investigate the effect of different distance of ribs on
the performance of DTHE.

2. Governing equations

The governing equations of laminar flow in steady states for the single-phase model of nanofluid are continuity,
momentum, and energy equations which define as follows [11].

For incompressible and steady flow, the continuity equation can be written as:
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The momentum equation for incompressible flow and constant viscosity, the equation can be written as:

V.(pVV) = =VP + V. (uvV) (2)
The conservation of energy for incompressible flow with constant thermal conductivity can be written as follow:

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

Where p, k, and C, represents density, thermal conductivity, and specific heat, respectively.

This study uses water-Al,O3 nanofluid as incompressible working fluid with constant physical characteristics. The
physical properties of nanofluid are obtained based on nanoparticle volume fraction. The density and specific heat capacity
[12-14], viscosity [15], and thermal conductivity of nanofluid [16] are calculated by the following equations [17]:
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Where the subscripts of nf, b, and p refer to nanofluid, base fluid, and particles, respectively.
The local and average convection heat transfer coefficient in an internal flow with a radius of Ri, can be obtained from
the following equations [18].
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Where the subscript of b refers to bulk or mean quantity, and L is the tube length.
The local and average Nusselt number of nanofluid can be calculated from the following equations [19].
hnf (ZRin)
Nu, = e (10)
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The Nusselt number empirical correlation for inner and outer tube based on laminar flow is defined as the following
[20]:
0.33
Nu = 1.86 (RePr Z) (12)

Where the Re, Pr, d and L are the Reynolds, Prandtl number, tube diameter and length of DTHE, respectively.
The pressure drop in a tube with the length of L can be calculated from the following equation [21].
fLpV?
AP =
2dp
Where the dy is the hydraulic diameter of the duct cross-section.
The PEC (Performance Evaluation Criteria) of DTHE can be obtained from the following equation [22].

(13)
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Where the subscribe 0 refers to base fluid without nanoparticles.

3. Numerical method

The finite volume method was used to discretize the continuity, momentum, and energy equations for laminar forced
convection in simulations. A coupled approach was used for velocity-pressure coupling, and a second-order upwind scheme
was implemented for solving momentum and energy equations. Constant thermophysical properties are used for the single-
phase Al,O3 nanofluid model.

Fig. 1 shows the schematic of a counter flow DTHE with turbulator insertion inside the inner tube. In this case, the
length, inner, and outer tube diameter of the DTHE are 1.8 m, 0.014 m, and 0.08 m, respectively. A rod with a diameter of
0.002 m and 0.1 m for the first rib distance from the inlet was used to investigate the heat transfer rate and performance of
the DTHE. The width (w) and height (h) of ribs are kept constant at 0.002 m, but the distance between ribs varies with the
values 10, 8, 6, 4, and 2 cm. The cold Al,O; nanofluid flows in the inner tube with a temperature of 283 k and Reynolds
numbers 400 to 2000. The pure water with a temperature of 353 k and Reynolds number 800 as hot fluid flows in the outer
tube. The outer tube wall was set as an adiabatic condition. The Al,Os-water nanofluid volume fractions are ¢ = 0, 0.025,
0.05, 0.075, and 0.1. The inner and outer tubes are considered cold nanofluid and hot water with velocity inlet boundary
conditions at the inlet and pressure outlet at the end of the tube, respectively. The thermophysical properties of the working
fluid, nanoparticles, and the material of the inner tube are given in Table 1.

PEC = (14)

Table 1: Thermophysical properties of used materials in this research.

Thermophysical | Water Al;Os Copper
properties [23] [24] [25]
p (Ikg K) 997.1 3970 | 8978
Cp (kg/m?d) 4179 765 381
k (W/m K) 0.613 40 387.6
1 (N s/m?) 0.000891 - -
‘ Outer Tube '
Copper Wall
q M & Inner Tube q
. 10 cm !_! s "_| 'h |_‘
;0.1 em Turbulator

Axis of symmetry
Figure 1 Schematic of the DTHE with turbulator insertion

4. Results and discussion
4.1. Grid independence and validation
In order to obtain a suitable number of meshes and mesh independence for simulations, the effect of meshes numbers
on the heat transfer and hydrodynamic parameters was considered. The outlet temperature, average velocity, and pressure of
the outlet for both the inner tube and outer tube were investigated for four different mesh densities (60k, 70k, 86k, and 158k).
The results showed that the maximum change in temperature, velocity, and pressure values for other mesh densities compared
to 60k number of cells is under 1%. Hence, the 60k number of cells was selected for all simulations to save time and cost.
The first validation was performed for the current study with an empirical correlation, which Seider and Tate [20] have
proposed for the laminar flow and pure water (eq. 12). The results of the average Nusselt number in a counter flow
configuration obtained from the equation eq. 12 were compared to the simulation results with Reynolds 400, 800, 1200,
1600, and 2000 for the inner side and constant Reynolds number 800 for the outer tube, with a constant 280 K and 350 K
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inlet temperatures. In this case, the length, inner, and outer tube diameter of the DTHE are 1.8 m, 0.014 m, and 0.08 m,
respectively.

Table. 2 shows the results for the first validation with the empirical results from Seider and Tate eq. 12 [20]. The
deviation of results between the current study against empirical correlation was under 6%.

Table 2: Numerical vs empirical correlation results for Nusselt number in counter flow and different Reynolds number

Nu Nu
Re (Numerical) | (Experimental) Error %
400 5.30 5.01 5.64
800 6.26 6.17 1.58
1200 7.06 7.05 0.16
1600 7.75 7.75 0.05
2000 8.36 8.34 0.22

For the second validation, the results of nanofluid simulations were compared to Bahmani, M.H. published work [26].
The average Nusselt number in a counter flow configuration for Reynolds numbers 100, 200, 500, 100, and 1500 for the
inner tube with a constant Reynolds number 500 for the outer tube and with a constant 283 K and 353 K inlet temperatures
were compared to the current simulations. In this case, the length, inner, and outer tube diameter of the DTHE are 2 m, 0.026
m, and 0.05 m, respectively.

Fig. 2 shows the results for the second validation with Bahmani, M.H. published work [26]. The deviation of results
between the current study against Bahmani, M.H. was under 12%.

—&— Bahmani, M.H. (2019)
—— Curment Study

Nu

200 400 600 800 1000 1200 1400
Re

Figure 2 validation of present study with numerical results of Bahmani, M.H. [26] for counter flow

The successful validation of the simulation results using both experimental and numerical methods ensure the reliability
and accuracy of the simulations for other cases.
4.2. Effect of turbulator insertion and nanoparticle volume fraction on DTHE

Fig. 3 shows the results of the average Nusselt number against the Reynolds number for different nanoparticle volume
fractions. It is observed that the average Nusselt number increases with an increase in the nanoparticles volume fractions and
Reynolds number. Furthermore, it is evident that the inclusion of turbulators in the inner tube leads to an increase in the
Nusselt number. This augmentation can be attributed to the enhanced thermophysical properties of the nanofluid, as well as
the generation of secondary flow and mixing flow resulting from the presence of the turbulators.
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Figure 3 Nusselt number against Reynolds number for a) no turbulator insertion b) s=10 cm

Fig. 4 illustrates the effect of various nanoparticle volume fractions and Reynolds number for the pressure drop of the
inlet and outlet of the inner tube. It can be concluded that increasing nanoparticle volume fraction and Reynolds number
increases pressure drop. Also, by adding turbulator insertion, the pressure drop increase along the inner tube. The increase
in the pressure drop is due to the higher surface area of ribs and reverse flow that creates the dissipation of dynamic pressure

in the fluid. The increase of nanofluid viscosity due to adding nanoparticles in the base fluid is another reason for the increase
in the pressure drop.
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Figure 4 Pressure drop against Reynolds number a) no turbulator insertion b) s=10 cm

Fig. 5 represents the average Nusselt number against different distances between the ribs for different Reynolds numbers
and Reynolds numbers. The results show that decreasing the distance between ribs increases the Nusselt number. There is a
significant enhancement between s=2 cm and s=4,6,8,10 cm, which shows the effective distance between ribs due to the flow
separation. Additionally, decreasing the distance between the ribs increases the number of ribs, which leads to an increase in
the mixing of flow and subsequently an increase in the Nusselt number.
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Figure 5 Nusselt number against different distances between the ribs a) =0 b) ¢=0.025

Fig. 6 shows the PEC of DTHE against the Reynolds number for varying nanoparticle volume fractions and different
distances between the ribs. The findings reveal an increase in the nanoparticle volume fraction and the distance between the
ribs leads to higher values of the PEC. Reducing the distances between the ribs and increasing their quantity has a more
significant impact on the friction factor increment than the observed rise in the Nusselt number.
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Figure 6 PEC against Reynolds number a) s=10 cm b) ¢=0.025

Fig. 7 shows the colour plots of static pressure, velocity magnitude, static temperature, and streamline of the inner and
outer tubes in the DTHE. The Reynolds number, nanofluid volume fraction, and distance between ribs are 800, 0.1, and s=2
cm, respectively. The velocity magnitude and streamline graph indicate how ribs make obstacles and deviate in the flow.
These effects induce turbulence and secondary flow that reduce the thermal boundary layer and increase the heat transfer
rate in the DTHE.

Fressure Coefficlent

142 14.19 29.81 4543 61,06 76.66 92.28 107.89 12351 139.12 154.74

] L
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Figure 7 colour plots of a) static pressure b) velocity c) static temperature d) streamline for Re=800, ¢=0.1, and s=2 cm

Fig. 8 represents the maximum enhancement of the average Nusselt number and friction factor for the combination of
nanofluid and the distance between the ribs of the turbulator insertion compared to the pure water. The maximum average
Nusselt number enhancement and friction factor increment occur in the s=2 cm, 0.1 nanoparticle volume fraction, and highest
Reynolds number with values of about 50% and 300%, respectively. This can be attributed to the presence of a larger number
of ribs, which promote higher levels of turbulence and mixing in the flow, as well as the increased viscosity of the nanofluid.
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Figure 8 Maximum a) Nusselt number enhancement b) friction factor increment

5. Conclusion
The important results of the study can be summarized as follows:

e The Nusselt number, and pressure drop increased proportionally to an increase in the volume fraction and Reynolds
number.

¢ With the turbulator insertion, the Nusselt number and pressure drop increased with a decrease in the distance between
ribs.

e The highest PEC achieved for the combination of turbulator insertion and nanofluid was 1.05 at s=10 cm.

e The highest average Nusselt number enhancement of 53.43% was observed in the combination of turbulator insertion
and nanofluid.
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