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In recent years, the magnetic turbulator, which employs an electromagnetic vibration (EMV) technique, has
gained popularity for its effectiveness in enhancing heat transfer within heat exchangers. This study introduces a
novel approach by using solid strips instead of traditional flexible strips to construct solid magnetic strip tur-
bulators (SMST) for the first time. Additionally, a helical coiled wire turbulator (HCWT) was combined with the
SMST to investigate the synergistic effects of active and passive methods. Tests were conducted on SMST with
various strip widths ranging from 5 to 7 mm and at different flow rates ranging 0.5 to 4 1/min, extensively
analyzing the thermal-frictional parameters. The results revealed that the oscillating motion of the SMST induced
higher turbulence near the tube wall compared to traditional turbulators. Moreover, an increase in strip width
led to higher heat transfer coefficient and friction factor levels. When SMST and HCWT were used independently,
heat transfer increased by up to 311 % and 201 %, respectively. When used together, heat transfer coefficient and
friction factor increased by up to 6.55 and 3.85 times those of a plain tube, respectively. In an optimal scenario,
the thermal efficiency factor increased to 4.18.

1. Introduction Enhancing the heat transfer in heat exchangers can be achieved through

three primary methods: passive, passive, or compound. The objective of

A heat exchanger is an apparatus that allows for the transfer of
thermal energy (enthalpy) between multiple fluids, separated by a solid
medium. These devices are integral to numerous industrial applications,
where they are employed for processes such as crystallization, concen-
tration, distillation, fractionation, pasteurization, sterilization, and the
control of process fluids. These applications span power plants, elec-
tronics, chemical and food industries, cooling towers, waste heat re-
covery, air-conditioning systems, condensers, automobile radiators, and
space-related applications [1]. Among the various types of heat ex-
changers available, one of the most commonly used heat exchangers that
exhibit low design, installation, and maintenance costs is the double
tube heat exchanger (DTHE) [2]. Improving the performance of heat
exchangers and increasing heat transfer rates can lead to enhanced ef-
ficiency and higher productivity in all the aforementioned industries.
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passive methods is to improve the heat transfer rate independently of
any external energy influences. These methods involve incorporating
various techniques to induce turbulence in the flow, such as inserting
fins, coiled wires, inducing swirl flow, and introducing wall roughness
[3-6]. Enhancing heat transfer techniques through passive methods is
crucial not only in heat exchangers but also in heat sinks, which are
essential devices for heat dissipation [7-11]. Conversely, the active
method employs external energy to enhance the rate of heat transfer
[12-14]. The compound method refers to the combined utilization of
passive and active methods to enhance the heat transfer rate and overall
performance of the heat exchangers [15,16]. In a broad sense, active
methods can be classified into four distinct sections: mechanical aid,
electrohydrodynamic (EHD), magnetohydrodynamic (MHD), and pul-
sating flow. To augment the heat transfer rate through the application of
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mechanical aid techniques, it is imperative to disrupt the thermal
boundary layer adjacent to the heated surface. This objective can be
accomplished by inducing flow motion or agitation through the utili-
zation of mechanical power [17]. EHD methods utilize electric fields to
enhance heat transfer by inducing motion in dielectric fluid. By applying
low current and high voltage, the electric energy is converted into ki-
netic energy, increasing fluid motion and disrupting the boundary layer,
resulting in improved heat transfer [18-20]. MHD is a method that
utilizes magnetic fields to influence the behavior of magnetic fluids,
known as ferrofluids, which are colloidal solutions containing magnetic
nanoparticles. By applying a magnetic field, the flow of ferrofluids,
made up of nano-sized particles such as magnetite and carrier fluids like
water or oils, can be easily controlled and manipulated [21-23]. Pul-
sating flow is a technique similar to mechanical assistance that entails
the application of oscillating motion to the heat transfer fluid. This
motion serves to disrupt the thermal boundary layer and enhance heat
transfer. Extensive research has been conducted on pulsating flow,
confirming its effectiveness in improving heat transfer by facilitating the
exchange of vortexes with the main flow [24-26].

Maleki, et al. [27] experimentally conducted a novel active method
to evaluate the heat transfer rate in a heated tube. A string was coaxially
inserted inside the heated tube that induced vibration at its natural
frequency using an AC magnetic field. They called it the electromagnetic
vibration method (EMV). By varying both the diameter of the vibrating
string and the location of the excitation along the tube, they investigated
the impact on radial and turbulence flow effects. The results indicated
that positioning the stimulation point at a distance of one-third from the
outlet of the heated tube notably increased the heat transfer, ultimately
reaching the optimal level. They also found that increasing the diameter
of the vibrating string contributed to a significant rise in the heat
transfer rate, particularly at lower mass flow rate conditions. Maleki,
et al. [28] assessed the heat transfer characteristics of a horizontal tube
with the inclusion of vibrating oscillator turbulators through experi-
mental and numerical investigations. The research investigation
centered on examining the effects of varying vibrational frequencies on
heat transfer coefficients in two distinct geometries: vibrating string and
strip. The findings clarified that the vibrating string oscillator exhibited
a notable enhancement of 110 % in the heat transfer coefficient, while
the vibrating strip oscillator demonstrated a substantial increase of
150.3 % in the Nusselt number. Additionally, it has been noted that
increasing the vibration frequency improves the thermal performance.
Khedher, et al. [29] introduced a vibrating woven wire turbulator to
improve the thermal efficiency of DTHEs. Experiments in laminar and
turbulent flows (Re = 1000-8500) showed a 236 % increase in heat
transfer with minimal pressure drop. Combining it with a helical coiled
wire turbulator (HCWT) improved heat transfer by 545 %, achieving a
thermal enhancement factor (TEF) of 3.13. Yao, et al. [30] evaluated the
effect of using magnetic and HCW turbulators, both individually and
together, in a DTHE. Results showed that the simultaneous use of both
turbulators improves heat transfer by up to 5.9 times, achieving a TEF of
3.78. The optimal pitch ratio for HCW was found to be 5. Pan, et al. [31]
investigated the use of perforated magnetic turbulators in DTHEs to
enhance heat transfer. Various perforation diameters, pitch, and flow
rates were evaluated. Results showed that simple and perforated tur-
bulators increased heat transfer by 156 % and 150 %, respectively, with
a maximum TEF of 2.06 for a turbulator with a 2 mm diameter and 12
mm pitch. Abed, et al. [32] evaluated the combined effect of bubble
injection and a magnetic turbulator on the thermal efficiency of a DTHE.
Experiments showed heat transfer improvements of 150.3 % with bub-
ble injection, 328.8 % with the turbulator, and 586.2 % when both are
used together. The optimal configuration achieved a TEF of 3.45, with
increased friction factors observed in all cases.

Zohir, et al. [33] conducted an experimental study to investigate the
effect of helically coiled wire insertion within the outer tube of a DTHE.
The Reynolds number ranged from 4000 to 14,000, with hot water at
65 °C flowing through the inner tube and cold water at 25 °C circulating
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in the outer tube. The findings indicated a substantial rise in heat
transfer efficiency, with increases of up to 450 % and 400 % for coun-
terflow and parallel flow configurations, respectively. It was also
concluded that the Nusselt number increased with higher Reynolds
numbers and lower pitch ratios. Akpinar [34] Executed an experimental
analysis to determine the influence of HCWT on thermal-frictional
characteristics within a DTHE. The Reynolds number ranged from
6500 to 13,000, with hot air and cold water employed as the working
fluids in the inner and outer tubes, respectively. The results revealed
significant improvements in the Nusselt number and friction factor, with
increases of up to 164 % and 174 %, respectively, in comparison to a
plain DTHE. Padmanabhan, et al. [35] carried out a numerical analysis
focusing on the insertion of HCWT in a DTHE to investigate its effects on
hydrothermal properties. They utilized cold water at 28 °C within the
inner tube and hot water at 90 °C within the outer tube. The outcomes of
this numerical investigation demonstrated an enhancment of up to
63.91 % in the Nusselt number and an increase in heat flux by reducing
the pitch ratio of the coiled wire.

Several studies have investigated different parameters concerning
the EMV method, including the oscillator’s geometry, perforation
impact, and frequency [36]. Typically, a flexible wire or strip has been
commonly used as the oscillator throughout these investigations.
However, in the present investigation, a solid oscillator is utilized for the
first time in the EMV method, allowing for an evaluation of its impact on
the hydrothermal properties. By substituting a flexible oscillator with a
solid one, the effectiveness of the EMV technique is expected to be
enhanced. This is attributed to the solid oscillator’s ability to direct a
larger quantity of fluid toward the tube wall during specific geometric
and vibrational movements. In contrast, the flexible strip turbulator only
achieves maximum amplitude of vibration in a small portion of the strip,
while the entire solid strip turbulator geometry vibrates at maximum
amplitude within the tube. In addition, for the first time, a HCWT was
also added to the tube to investigate the simultaneous effect of an active
and passive method. By incorporating the wire into the pipe, the
boundary layer near the wall is disrupted, while the central currents are
propelled toward the pipe with the assistance of the magnetic turbula-
tor. In investigating the thermal-frictional behavior, various parameters
were considered, including the width of the oscillator, the flow rate of
the inner tube, and the simultaneous use of an HCWT and SMST.
Through a comprehensive analysis of different scenarios, the optimal
combination was identified using the TEF. Subsequently, the findings of
this investigation were compared to previously published literature.

2. Definition of the experimental setup

Fig. 1 illustrates a diagram of the experimental test rig, which in-
cludes multiple components, including a test section, a centrifugal
pump, hot and cold water tanks, control valves, two flow meters, ther-
mocouples, pressure gauges, and a data logger. The test section was a
double-tube heat exchanger featuring an inner and outer tube made of
copper. The inner and outer tube diameters were 16 mm and 25.4 mm
respectively, with a length of 750 mm and 1 mm thickness. Insulation
using glass wool and foam was applied around the outer tube to mini-
mize heat losses. In this experimental setup, the working fluid was cold
water flowing through the outer tube, while hot water was circulated
through the inner tube concurrently. Four K-type thermocouples were
used for temperature measurements to maintain constant inlet temper-
atures for hot and cold fluids. In the hot loop, a 100 W centrifugal pump
and a 2 kW heater were employed to control the inlet temperature of the
hot fluid at a constant temperature of 50 °C. Also, the temperature of the
cold water was fixed at 20 °C. The hot water fluid entered the inner tube
at a flow rate ranging from 0.5 to 4 1/min, corresponding to the Reynolds
numbers 1050-8430, while the cold fluid was circulated through the
annular space between the two tubes with a constant flow rate of 5 1/
min. The flow rates of both hot and cold fluids were measured using a
turbine and a pulse meter (Autonics M5P8w). All measurement devices
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Fig. 1. (a) 2D illustration of the experimental setup (b) inside of the inner tube (c) dimensions of the solid strip and helical coiled turbulators.

were calibrated, and the experiment was conducted under steady-state
conditions with a data acquisition system used to record the test data.
This investigation examined two types of turbulator insertions to
enhance heat transfer within the inner tube. The first method involved
utilizing a helical coiled wire turbulator (HCWT) as a passive method,
characterized by dimensions of 1 mm diameter and 2.5 mm pitch ratio.
The second, an active method utilized a solid magnetic strip turbulators
(SMST) option as an electromagnetic vibrator. This SMST has a length of
700 mm and a width ranging from 5 to 7 mm. Specifications of the test
section, conditions, and turbulators are presented in Table 1. Also, Fig. 2
illustrates the distinction between an SMST and a traditional flexible
strip. By employing the SMST, the solid strip undergoes simultaneous
upward and downward movements, perfectly aligning with the hori-
zontal plane. This action disrupts the fluid flow along the entire path.
However, in the traditional flexible strip, the oscillation amplitude of the
strip is variable. Near the ends of the tube, the amplitude of the oscil-
lation decreases significantly, approaching zero, whereas it peaks at the
center of the tube. The flexible strip’s central section most significantly
influences the flow patterns, contrasting with the solid strip’s consistent
impact throughout the tube. Therefore, it is expected that the effect of
the SMST on heat transfer will be greater than the traditional flexible
strip.

3. Data processing

The unprocessed data collected from the experiments encompasses

the temperature readings from both the inlet and outlet, as well as the
measurements of pressure drop within the test section. To convert these
data to the heat transfer coefficient, friction coefficient, and finally, the
TEF, the following process is carried out for all cases.

3.1. Inner tube heat transfer coefficient

To determine the heat transfer rate for both the inner and outer tubes
(Qp and Q) Egs. (1) and (2) are employed.

Q= n:thpAw(Th?i - Thfo) (€]

Qc = mccp,w(Tc,u - Tc,i) (2)

In this context, m represents the mass flow rate, while C, denotes the
specific heat capacity of the working fluid. The designations i, o, h, and ¢
correspond to the inlet, outlet, hot, and cold variables, respectively. It
should be mentioned that the Q; and Qc have a slightly different value,
which could be due to the escape of energy from the insulation surface.
The difference recorded in all tests was less than 3 %. To enhance the
overall heat transfer accuracy and mitigate the error, the average of
these two values was established according to Eq. (3). [37].

Qm:Q;erQh

= UAAT 3

Where U is the overall heat transfer coefficient, A is the inner tube
surface area, and ATyygp is the logarithmic temperature difference. The



N.M. Maleki et al.

Table 1

Specifications of the test section, conditions, and turbulators.

Technical details of the test section

Inner tube diameter (d) 16 mm
Outer tube diameter (D) 25.4 mm
Heat exchanger effective length (L) 750 mm
Tubes material Copper
Tubes thickness 1 mm

Insulation material and thickness
Heater capacity

Technical details of SMST and HCWT

glass wool, 20 mm
2 kW

Width of SMST 5-7 mm
Thickness of SMST 0.5 mm
Pitch ratio of HCWT (p/d) 2.5

SMST Material Polycarbonate
Turbulator length 700 mm
HCWT wire diameter 1 mm

AC power supply and Electro-magnet specification

Output Power 40 W

Input power 220 V-AC
Frequency range 10-600 HZ
Copper wire turns around the U-shape core 2500

Test condition

Flow rate in the inner tube (hot water) 0.5to41/m
Flow rate in the outer tube (cold water) 51/m

Hot water inlet temperature 50 °C

Cold water inlet temperature 20 °C
Ambient Temperature 25°C

inner tube surface can be evaluated by A = nd;,L. Also, the logarithmic
mean temperature difference ATy is calculated using below Eq. (4)

[37].

AT = (Th.i - Tc,o) - (Th,o - Tc.i)
Ln

=
(Th.o’Tci)

To ascertain the inner surface heat transfer coefficient (h;) of the

4

inner tube, one may utilize the equation provided below [37].

l l _ A,-ln(dou — di ) +l
h U 27kL h,

)

Considering that the flow in the outer tube is turbulent (Re =
12,975), The evaluation of the heat transfer coefficient for the outer
surface of the inner tube is conducted using the Dittus-Bolter Eq. (hy).
The Dittus-Boelter Eq. for heating flow is defined as follows [37]:

hou = 0.023Re,,*8Pr,,°* (6)

The equations listed below serve as a means to calculate the Reynolds

Maximum oscillation

amplitude
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and Prandtl numbers relevant to the outer tube.

_ ﬂm, VouDh,ou

Reoy )
MOU
Cpoutt
Pr., = 'P,0urou 8
ou Ko ( )

The variables Cp,ou, Houws Pous Kow Vou, and Dy o, represent the specific
heat capacity, viscosity, density, thermal conductivity, velocity, and
hydraulic diameter (D,-Diy), of the outer fluid. It’s important to
emphasize that the K,, is calculated using the average of the inlet and
outlet temperatures. In addition, the Reynolds number for the inner tube
can be determined with the equation shown below [37].

— Pin VmD h.in
Hin

Re €)]

The inner fluid’s dynamic viscosity, indicated by pjy, is measured at
the average temperature corresponding to the inlet and outlet. The
friction factor coefficient (f) can be easily derived from the pressure drop
data, as illustrated in the subsequent Eq. [37].

2Dy AP

f= LpV?

10

For a standard comparison of the examined scenarios (SMST, HCWT,
and a combination of SMST and HCWT), the Thermal Enhancement
Factor (TEF) was used. This variable concurrently evaluates variations
in heat transfer and pressure drop, concerning baseline data from a
standard tube. Thus, the TEF is instrumental in ascertaining an
economically viable and optimal solution. The TEF can be calculated
through the following equation. [38,39].

h
TEF = Pentanced (1 1 )

13
f
Fenhanced

4. Uncertainty of measurement

Errors and uncertainties are inherent in experimental procedures and
measurements, stemming from factors such as instrument accuracy and
measurement processes. An evaluation of the uncertainty in indepen-
dent parameters (X1, X2, ..., Xn), which encompasses temperatures and
flow rates, was conducted by taking into account the precision of the
utilized instruments. In addition, the uncertainties related to the mea-
surement parameters (W3), specifically the heat transfer coefficient (h)
and heat flux (q"), were analyzed. The following equation was used to
calculate the uncertainties in the measurement parameters using the
Moffat method [40,41]:

v
4 i L L L T

(a)

Minimum oscillation . o
Maximum oscillation

._l

Minimum oscillation
amplitude

1

amplitude .
|

amplitude \ _

1
I mlE L L T T T T T T T T T T T T I e |

(b)

—r N

Fig. 2. Difference between traditional flexible strip and solid SMST motion (a) SMST (b) traditional flexible strip.
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1

SRT \?  [(6R" \? SRT\?1?
—W W w, 12
(6X1 1) i (5X2 2) e <5Xn > 12
Where Wy and W, are dependent and independent variables of un-
certainty, respectively. The resulting uncertainty in the heat transfer
coefficient, friction factor, and Reynolds number were determined to be
less than 5 %, 7 %, and 3 %, respectively, which are within an acceptable
range. Table 2 presents the accuracy of the instruments used in the
experiment. In addition, a demonstration of the calculation of uncer-

tainty pertaining to the Reynolds number is outlined below.

Wy =

Re = PVDu 13)
B
12
W = (R ) & (R ) o (Rey, ) o (%Re, ) /
Re — 6/) p SV v 5Dy Dy 5[«! B
a4
By derivation we will have.

SRe VDy oRe pDy oRe pV 6Re pVDy as)

Sp w8V p Dy plow  p?

Finally, by substituting relation 15 into relation 14, it can be written.

_ _ _ 1,2
VD 2 D, 2 1% 2 VD, 2
WRe - (pr) * <p7HWV> * <p7WDH> * <p ZHW“)
p p p p

(16)

5. Results and discussion
5.1. Validation

The heat transfer coefficient of a plain DTHE was compared to the
empirical correlation proposed by Dittus-Boelter and Sieder-Tate
[37,42]. Similarly, the friction factor of a plain DTHE was compared
to the friction factors obtained from correlations provided by Petukhov
[43]. Figs. 3 and 4 illustrate these comparisons for a range of mass flow
rates against heat transfer coefficient and friction factor. The average
deviations of the results from the correlations for the heat transfer co-
efficient and friction factor were below 6 % and 9 %, respectively.

5.2. Altering the oscillator width

In this study, for the first time, a solid strip was used to construct the
solid magnetic strip turbulator (SMST). The thermal-frictional parame-
ters were assessed by placing the SMST inside the inner tube of a heat
exchanger. Experiments were performed for different SMST widths be-
tween C = 5 and C = 7 mm in the Reynolds number range of 1050 to
8430. The changes in the heat transfer coefficient (h;) and the friction
factor ratio (f/fp) for the SMST with different widths are shown in Figs. 5
and 6, respectively. According to the results, the presence of the SMST
with a width of 7 mm increased the h; by 287 % to 61 % compared to the
plain DTHE at Reynolds number ranging 1052 to 8430, respectively. By

Table 2
Accuracy of the instruments.

Parameters to be Measurement apparatus Accuracy range in the

measured catalog
Working fluid flow rate AUTONICS Mp5 + puls +2 %
meter
Pressure drop PAKKENS +4 %
Temperature (data TES 1384 +0.5 %
logger)
Temperature K-type thermocouple +0.5 %

(thermocouple)
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placing the SMST inside the tube, it reduced the tube space causing a
reduction in the hydraulic diameter. This reduction in the hydraulic
diameter caused an increase in the fluid velocity. Furthermore, the
SMST causes vibrations inside the tube, leading to radial flows that
enhance the collision of fluid particles with the tube wall, thus
improving heat transfer. This distortion and weakening of the boundary
layer significantly boost heat transfer compared to a plain DTHE. Fig. 6
also demonstrates that heat transfer rises with an increase in the width of
the SMST. For instance, a C = 7 mm SMST at Reynolds number of 1054
can result in up to 33 % higher heat transfer compared to a C = 5 mm
SMST. Wider SMST obviously increases the contact surface area with the
fluid, hence affecting the flow path and intensifying radial flows, ulti-
mately enhancing heat transfer.

Furthermore, the turbulator introduces a force in the opposite di-
rection to the flow’s path, resulting in an increase in the friction factor.
The results show that the maximum pressure drop is observed for the
SMST C = 7 mm width. The friction factor with the SMST C = 7 mm
changes from 1.85 to 1.22 while for a C = 5 mm the friction factor
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changes in the range of 1.6 to 1.15 at Reynolds number ranging 1052 to
8430, respectively. The SMST positively affects the heat transfer and
negatively affects the pressure drop. The changes in TEF with the Rey-
nolds number for SMST with different widths are shown in Fig. 7. As
shown, the TEF value exceeds one for all SMST widths ranging from 5
mm to 7 mm, indicating satisfactory performance. Also, according to the
results, TEF increases with an increase in the SMST width. The
maximum TEF value, 3.16, is noted for an SMST C = 7 mm at a Reynolds
number of 1050. Consequently, this width is identified as the optimal
width.

5.3. SMST with a helical coil wire insert

After investigating the effect of SMST width on the heat transfer and
pressure drop, a width of 7 mm was chosen as the optimal width. In
order to enhance heat transfer further, a HCWT was placed inside the
inner tube. The results of the SMST with optimal width and HCWT were
compared with the tube equipped with only the SMST and HCWT
separately. The results shown in Fig. 8 demonstrate that using both
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SMST and HCWT turbulators together increases heat transfer by 95 % to
590 %. Using only HCWT, the increase in heat transfer ranges from 33 %
to 198 %. In contrast, using the SMST with a width of 7 mm results in a
heat transfer increase of 61 % to 287 % compared to a plain DTHE. These
findings apply to Reynolds numbers between 8430 and1052,
respectively.

Similar to the mechanisms that enhance heat transfer with the in-
dependent use of SMST, the augmentation of heat transfer through the
concurrent implementation of SMST and HCWT involves decreasing the
hydraulic diameter and as a result increasing the fluid velocity, creating
radial flows and increasing the collision of fluid particles with the tube
wall and finally weakening the thermal boundary layer. While SMST
mainly affects the tube’s central region, HCWT has a significant impact
on the areas adjacent to the tube wall. Moreover, the findings suggest
that combining SMST C = 7 mm and HCWT is most efficient at lower
flow rates within the laminar flow range. For example, utilizing these
two turbulators at a Reynolds number of 1052 resulted in a 590 %
enhancement in heat transfer, while at a Reynolds number of 8430, the
improvement observed was 95 %.
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Fig. 8. h; against Reynolds number for a tube fitted with a SMST and
HCWT turbulator.
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In addition to enhancing heat transfer, incorporating two types of
turbulators intensifies the resistance to flow both in the tube’s central
area and near the tube wall. This results in a notable increase in both the
pressure drop and the friction factor within the system. The ratio of
friction factors f/fp against Reynolds number for a DTHE fitted with a
SMST and HCWT turbulator is presented in Fig. 9. The increase was
observed to be 3.85 to 3.15 times that of the plain DTHE configuration,
1.18 to 1.09 times that of the HCWT-equipped configuration, and 2.08 to
2.58 times that of the SMST-equipped configuration.

Given that the simultaneous use of the SMST and HCWT increased
both pressure drop and heat transfer, the TEF, a dimensionless factor,
was employed to determine the optimal option. The TEF at different
Reynolds numbers is shown in Fig. 10. The simultaneous use of the SMST
and HCWT demonstrated a synergistic effect on the thermal-frictional
performance of the DTHE. A higher TEF value was observed with the
combined use of SMST C = 7 mm and HCWT at Reynolds numbers below
7372. Conversely, at Reynolds numbers above 7372, a higher TEF value
was observed in a heat exchanger equipped with SMST. Therefore, it is
recommended to use the SMST and HCWT together for Reynolds
numbers below 7372 and to use the SMST alone for Reynolds numbers
above 7372. The highest TEF observed in this study reached 4.18 and
was obtained when the SMST and HCWT used simultaneously at a
Reynolds number of 1050.

6. Comparison against previous studies

In this investigation, the heat transfer performance was improved by
changing the type of turbulator, geometry and its application. To
enhance the heat transfer and TEF, HCWT was utilized alongside the
SMST. The TEF at various Reynolds numbers for different heat transfer
enhancement methods is shown in Fig. 11. The TEF for the SMST is 6.5 %
higher than that of the magnetic turbulator with a flexible oscillator, as
reported in reference [44], for the same Reynolds number. Moreover,
the combination of the SMST and HCWT resulted in a significant
enhancement of the TEF, with an impressive value of 4.18. The out-
comes of employing HCWT alone as a passive method revealed an in-
crease of approximately 200 % in heat transfer compared to plain DTHE,
exceeding the average increase of heat transfer documented in published
works from 1998 to 2022, as referenced in [3]. Additionally, compari-
sons have been made with other studies on passive and active methods,
such as Setareh et al. [45] for the ultrasonic method, Amani et al. [46]

5
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Fig. 9. f/fo against Reynolds number for a tube fitted with a SMST and
HCWT turbulator.
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Fig. 10. TEF against Reynolds number for a tube fitted with a SMST and
HCWT turbulator.
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Fig. 11. Comparison of TEF against Reynolds numbers for various active and
passive methods in the present study and previous research, including Setareh
et al. [45], Amani et al. [46], Sun et al. [47], and Nakhchi et al. [48].

for the MHD method, Sun et al. [47] for the EMV with multiplied
vibrator, and Nakhchi et al. [48] for perforated turbulator.

This study introduces an innovative assessment of two design tech-
niques: SMST and HCWT. The greatest effect of the SMST, the HCWT,
and their combined application on heat transfer, pressure drop, and the
TEF are presented in Fig. 12. The comparison reveals that, while the
combined use of two turbulators does raise the pressure drop, it sub-
stantially enhances heat transfer compared to when each turbulator is
used separately. Moreover, achieving a TEF of 4.18 indicates that uti-
lizing both an active and a passive method together can effectively
improve the hydro-thermal performance of the heat exchanger.

7. Conclusions

The present investigation assessed the effect of the combined use of



N.M. Maleki et al.
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Fig. 12. The greatest effect of the SMST, the HCWT, and their combined
application on (a) heat transfer, (b) pressure drop, and (c) the TEF.
SMST and HCWT on the thermal-frictional parameters of a DTHE. The

examination was conducted with different SMST widths, ranging from 5
to 7 mm. The main findings of this study are:

e The use of SMST and HCWT separately increased the heat transfer by
51-311 % and 33-201 %, respectively.

e The pressure drop when using the SMST was up to 1.85 times greater
than that of the plain DTHE. Similarly, with HCWT, the pressure drop
increased up to 3.25 times more than the plain DTHE.

International Communications in Heat and Mass Transfer 161 (2025) 108406

The combined use of SMST and HCWT increased the heat transfer
and pressure drop up to 6.55 times and 3.85 times, respectively,
compared to those of the plain DTHE.

The results showed that among the different strip widths examined, a
width of 7 mm had a higher TEF due to its larger contact area and
greater impact on the flow.

The highest TEF recorded was 4.18, achieved using SMST and HCWT
simultaneously.

The present results suggest using the SMST on its own for Reynolds
numbers higher than 7372, while for Reynolds numbers below 7372,
the combined use of SMST and HCWT is recommended.

For future studies, it is suggested to evaluate the effects of the EMV
method not only on heat transfer and pressure drop but also on energy
consumption. This assessment should include the energy usage of both
the pump and the magnetic field generator, requiring the use of variable-
speed pumps to accurately measure energy consumption. Additionally,
investigating various vibration frequencies and exploring different ge-
ometries for the oscillator could provide valuable insights for future
research directions. It is also suggested that future studies incorporate
statistical analysis to offer new insights into the EMV method and the
magnetic turbulator.

Nomenclature
Symbols
A Area, m?
L Tube length, m
Cp Heat capacity, J/kg K
h Convective heat transfer coefficient, W/m? K
k Thermal conductivity, W/m K
m Working fluid flow rate, kg/s
f Friction factor
P Pressure, Pa
pPr Prandtl number
Q Heat transfer rate, J
T Temperature, K
U Overall heat transfer coefficient
\Y Velocity, m/s
Wr Independent variables uncertainty
Wr+ Dependent variables uncertainty
Subscripts
Ave Average
c Cold water
Hot water
o Outlet
i Inlet
ou Outer
in Inner
w Water

Greek letters

A Difference

" Dynamic viscosity, N s/m?>

p Density, kg/m>

Abbreviations

DTHE  Double tube heat exchanger

HCWT  Helically coiled wire

LMTD  Logarithmic mean temperature difference

TEF Thermal efficiency factor
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SMST

Solid magnetic strip turbulator
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