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In this study, the effects of different numbers of sphere turbulators placed in a cir-
cular-shaped test pipe under turbulent flow conditions on heat transfer, friction
factor, thermal performance factor and entropy production were experimentally
investigated. Water was used as the working fluid in the experiments carried out
in the number range Re = 8379-16701. Initially, plain pipe and supported plain
pipe experiments were carried out by keeping the fluid inlet temperature and test
pipe surface temperature constant. Then, 1, 2, and 3 sphere turbulator experiments
were carried out under the same conditions, respectively. According to the find-
ings, the maximum Nusselt number increase compared to the supported plain pipe
was 83.34% for the test pipe with 3 sphere turbulators. The minimum and maxi-
mum Nu number increase rates of 3 sphere turbulators compared to 1 and 2 sphere
turbulators were obtained as 42.61%-46.93% and 13.99%-17.11%, respectively.
The increase rates of maximum friction factors of 1, 2, and 3 sphere turbulators
compared to the supported plain pipe were 174.42%, 226.70%, and 306.53%, re-
spectively. In addition, the maximum total entropy rate for sphere turbulators was
obtained as 0.058 W/mK for 1 sphere turbulator at Re = 8379. In terms of the sec-
ond law, the maximum entropy generation of sphere turbulators compared to the
supported plain pipe decreased by 79.39% for 3 sphere turbulators at Re = 8379.
As a result, it was concluded that the optimum number of sphere turbulators is 3
sphere turbulators with the lowest entropy production number and the highest ther-
mal performance factor value (1.28).
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Introduction

These days, heat exchange equipment is essential to many different sectors. Heat ex-
changers are equipment used to transfer thermal energy between two or more fluids separated
by solid matter. Improving heat exchangers' thermal efficiency is crucial for reducing energy
and material usage [1].
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Heat exchangers; it is used in industries to crystallize, concentrate, distill, fractionate,
pasteurize, sterilize and control a process fluid. It is also widely used in some heat exchangers,
cooling towers, evaporators, automobile radiators, air preheaters, condensers, shell and tube
exchangers [2, 3].

In heat exchangers, there are two ways to raise the intensity of the heat transfer rate:
passive and active. When using passive methods, heat transfer is increased without the usage
of external energy. The thermal boundary-layer is affected, for instance, by modifications to
tube geometry [4, 5], the use of nanofluids [6-8], or the positioning of turbulators in the heat
exchanger tube in different configurations to disrupt the flow [9].

Turbulators are commonly used in heat exchangers to improve heat transfer by alter-
ing fluid-flow and increasing forced convection. Turbulators come in different shapes and ge-
ometries that can be used in other applications for various flow regimes [10].

The impact of a three-blade vortex generator on the Second law performance of a tube
heat exchanger outfitted with the aforementioned accessories was documented by Bahuguna et
al. [11]. Their conclusion was that the entropy produced as a consequence of heat transfer is far
higher than the entropy produced as a result of the friction factor.

Maithani and Kumar [12] investigated the effects of a heat exchanger tube with dim-
pled ribs on its inner wall on pressure drop and heat transmission in their experimental investi-
gation. They looked into the effects of geometric characteristics, primarily the ratio of printing
diameter to dimple depth, the spacing in the span direction, and the spacing in the flow direc-
tion. The flow wise spacing (x/d4) and aperture spacing (y/dq4) of the heat exchanger tube are
both within the same range. Similarly, the Reynolds number runs from 5000 to 27000, and the
dimpled depth to printing diameter ratio (e/dq) is within the same range of 0.5-1.5. The testing
results showed that the thermal hydraulic performance and heat transfer increased by 2.53 times
and 4.19 times, respectively, using x/dq 15, y/dq4 15, and e/dq 1.0.

The performance of systems decreases as exergy destruction, which is a result of en-
tropy formation, increases [13]. Therefore, entropy analysis is vital. The study of innovative
turbulators together in terms of entropy generation and heat transfer has recently attracted the
attention of researchers.

Sepehr et al. [14] used numerical analysis to look at entropy production, pressure loss,
and heat transfer in shell and coiled tube heat exchangers. Consequently, they put out a few
correlations for calculating the friction factor, f, and the Nusselt number on the shell side. They
also obtained a relationship between NTU, entropy production rate and thermal efficiency.
They also obtained a relationship between NTU, entropy production rate and thermal effi-
ciency.

In their study, Gord et al. [15] aimed to find the optimum geometry and operating
conditions of spiral wound heat exchangers for both laminar and turbulent flows, based on the
second law of thermodynamics. As a result, taking into account the applied numerical simula-
tion results, optimum geometry and flow properties were determined that optimized the heat
exchanger's efficiency examined based on the lowest entropy production rate.

In addition to the aforementioned studies, many studies have recently been carried out
in the literature to increase heat transfer and thermal performance with new types of inserts
placed in the test pipe in channels and pipes with different geometric shapes [16-22].

The aim of this study is to determine the optimum number of sphere turbulators that
provide maximum thermal performance of a heat exchanger tube, taking into account the first
and Second laws of thermodynamics. For this reason, the effects of different numbers of sphere
turbulators placed in a circular shaped exchanger pipe on heat transfer, friction factor, thermal
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performance factor (TPF), heat and viscose-induced irreversibilities and entropy production
and total entropy production number in the 8379-16701 Reynolds number range were experi-
mentally investigated.

Material method

The experimental set-up

The picture view and schematic view of the experimental setup are given in figs. 1
and 2, respectively. Additionally, detailed information about the experimental set-up equipment
and the execution of the experiment is explained in reference [23]. Water was used as the work-
ing fluid. The test pipe's surface temperature was measured using eighteen T-type thermocou-

ples.
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Figure 1. Picture view of the experimental set-up
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Figure 2. Schematic view of the experimental set-up

The entrance temperature of the fluid to the test section was kept constant at 25 °C.
Thanks to the power supply, a constant and continuous 488.04 W (294 A and 1.66 V) heat was
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provided to the test pipe. Experiments v
were carried out at six different fluid-flow * 48

®

rates (1000 Lph, 900 Lph, 800 Lph, 700
Lph, 600 Lph, and 500 Lph) and in the _ ouety,
range Re = 8379-16701. e e

Turbulator and support element

A 0.002 m diameter straight wire
rod was positioned parallel to the axis of
the test tube's circular form. Sphere turbu-
lators are fixed on this wire rod at speci-

Test pipe
(section)

fled dIStanCGS and |n dlfferent I’lumbers (1, Sphere turbulators ==+ Q
2, and 3 pieces). In addition, support ele-
ments were positioned on the wire rod to Figure 3. The test section’s schematic view

ensure that the wire and sphere turbulators
remained in the pipe axis during the experiments. Support elements and sphere turbulators were
manufactured on a 3D printer. The test section is shown schematically in fig. 3.

A close-up of the spherical turbulators and support components installed in the test
pipe is shown in fig. 3. The diameter of the sphere turbulator is 0.0156 m, and a hole is drilled
in the middle for a wire rod with a diameter of 0.002 m. The height of the support elements is
equal to the inner diameter of the test pipe (0.02552 m) and the support elements are placed at
an equal distance from the sphere turbulators. At first, plain pipe experiments were conducted.
Later, studies with support equipment were conducted. Since the positions and numbers of sup-
port elements did not change in all sphere turbulator experiments, the pipe with support ele-
ments was accepted as an plain pipe. After the pipe experiments with 1 sphere turbulator, ex-
periments were carried out with 2 and 3 turbulators, respectively.

Data reduction

For the steady state of the convective heat transfer rate, the heat provided to the pipe
by the power source is assumed to be equal to the heat transferred from the pipe to the fluid and
is calculated with [24]:

Qw = Qconv (1)
Qw = me.w (To _Tl) (2)
Qconv = hA(Tm,avg _Tw,avg) (3)

where Qw [W] is the amount of heat supplied to the test pipe, Qconv [W] — the rate of heat
transfer by convection, iz [kg.sec™] — the mass-flow rate, Cpw [kJkg—*K-1] — the specific heat
at constant pressure, T, [K] — the exiting fluid temperature, Ti [K] — the entering fluid tem-
perature, h [Wm=2K1] — the heat transfer coefficient, A [m?] — the area, Tm,avg [K] — the average
temperature of the fluid, and Tw.avg [K] — the average temperature of the pipe wall.

The Tmavg [K] Was calculated by taking the average of the inlet and outlet temperature
of the fluid and using:

T+T,
Tm,avg = T (4)
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Using eq. (5), the average local surface temperatures of eighteen evenly spaced sites
from the test pipe's entrance to its exit were used to determine Tw,avg:
18
T
W,av( = _W (5)
94418
Losses occurring in a heat exchanger, it is caused by heat exchange due to finite tem-
perature difference, friction and heat exchange with the environment. Since the test pipe was
insulated, heat losses to the environment were neglected. Entropy production in a heat ex-
changer is calculated as [24]:

12 =3
b o9 samd (6)

S =g
e kT2Nu - 72 p?T,D?

gentotal — gen,ht

where S [WmK] is the total entropy production, S'gnx [WmK-1] — the entropy for-
mation related to heat transfer irreversibility, S'gns [W.m.K1] —the entropy formation related
to friction irreversibility, ' [Wm™] — the heat transfer per unit length, p [kgm2] — the fluid
density, k [Wm—K-1] — the heat conduction coefficient, and Dy [m] — the hydraulic diameter.
Equation (7) yields the dimensionless total entropy production number, Ns [25]:
S 'gen,total
N, ” ()

Equation (8) gives the expression for the experimental friction factor, f [26]:

f 2Ap2Dh (®)
puL
Equation (9) determines the dimensionless Reynolds number:
y7]

The fluid velocity is represented by u [ms] and the dynamic viscosity by u [kgms].
The Nusselt number was computed using:
Nu = hkﬂ (10)

The thermal performance of sphere turbulators was determined by comparing the tur-
bulator pipe with the supported empty pipe under equal pumping power. Equation (11) illus-
trates equal pumping power:

(Qap), =(Qap),, a

The pressure drop is shown here by Ap [Pa] and volumetric flow rate, Q [m3h-1]. The
connection between the f and Reynolds number is given by:

(fRe*) =(fRe®) (12)
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The TPF of sphere turbulators was found with:

Nu,

Nu,|  Nuy, (13)

- - 3
pp NUW‘ |pp L i
fvvt
The TPF was calculated at the same pumping power using the Nusselt number, Nu,,
and friction factor, f,, of the turbulated pipe and the Nusselt number, Nu,, and friction factor,

fo, of the supported empty pipe [26, 27].
The correctness of the results of the experiment was checked using the Kline [28]

approach:
M 2
AR = Z{STR AX J} (14)
i

i=1

TPE = b
h

wt

The uncertainty pertaining to the independent and dependent variables are denoted by
oXj and JR in eq. (14), where j is the specific parameter counter and M is the number of argu-
ments. The temperature readings of the fluid at the test pipe's entrance and exit, pressure read-
ings, and inlet velocity readings are the primary factors identified in the error analysis.

Uncertainties about the values found in the course of experimental research employ-
ing eq. (14). It was calculated as 4.86% for Nusselt number, 1.77% for Reynolds number, and
2.55% for friction factor. Additionally, the uncertainties of other parameters are given in tab. 1.

Table 1. Uncertainties in measured and calculated parameters

Parameter Uncertainty
Temperature, data logger +%0.5
Pressure transmitter, flowmeter +%0.1
Power source +%0.2

Results and discussion

Validation experiments

Before examining the effects of sphere turbulators, validation was done with valid
correlations in the literature. For this purpose, graphic curves were obtained by calculating the
experimentally obtained Nusselt number and friction factor values for the empty pipe. These
graphs are compared to the Petukhov correlation for heat transfer and the Blasius correlation
for friction. In the case of fully developed turbulent flow in an empty pipe, Petukhov and Blasius
correlations are given in eq. (15) [29] and eq. (16) [30, 31], respectively:

(8) RePr
Nu = G for 10* < Re <5x10° (15)
1.07 +12.7(j (Pr”“)
8

f =0.316Re °* for Re < 2x10° (16)
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Comparison of heat transfer and friction factor graphs obtained from empty pipe ex-
perimental results [32] with correlations in the literature is given in fig. 4.
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Figure 4. Comparison of Nu-Re and f-Re graphs of
the plain pipe with the literature

According to fig. 4, the experimental results of the Nusselt numbers and friction factor
of the empty pipe are in agreement with the study [33] and correlations found in the literature.
The maximum error between experimental data and Petukhov correlation was calculated as
7.78%. Since the Blasius correlation is valid for frictionless internal flows and the friction factor
of each pipe used in industry is different, it must be found by experimental methods. For in-
creasing Reynolds numbers, the Nusselt number values of the plain pipe increased, while the
friction factor values decreased. Since every pipe used in industry has a distinct friction factor
and the Blasius correlation only holds true for frictionless internal flows, it must be determined
by experimental methods [32].

Effects of sphere turbulators on heat transfer,
friction factor, and thermal performance factor

Since different numbers of sphere turbulators placed in the test pipe create obstacles
to the flow and increase the turbulence of the flow, their effects on heat transfer, friction factor
and their combination, the TPF, occur. Figure 5 shows the effects of different numbers of sphere
turbulators on heat transfer graphically.
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Figure 5. The Nu-Re graph of different numbers Figure 6. The f-Re graph of different numbers
of sphere turbulators of sphere turbulators
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According to fig. 5, as the number of sphere turbulators increases, Nusselt number
values also increase. Additionally, with the increase in Reynolds number, Nusselt number val-
ues increased. Nusselt number values for all sphere turbulators were obtained on the supported
empty pipe. The minimum and maximum increases in Nusselt numbers of 1, 2, and 3 sphere
turbulators compared to the supported empty pipe are 20.17%-25.39%, respectively, 51.52%-
56.55%, it was realized as 74.48%-83.34%. The Nusselt number increase rates of 3 sphere tur-
bulators compared to 1 and 2 sphere turbulators were 42.61%-46.93% and 13.99%-17.11%,
respectively. The increasing number of sphere turbulators in the test pipe increased the turbu-
lence of the fluid and enabled it to come into greater contact with the wall. Due to the increasing
number of turbulators, the residence time of the fluid in the test pipe was prolonged. For this
reason, Nusselt number values increased due to the increase in the fluid temperature difference
between the test pipe inlet and outlet.

Figure 6 shows the effects of different numbers of sphere turbulators on the friction
factor.

According to fig. 6, friction factor values for sphere turbulators were obtained on
the supported empty pipe in all cases. Additionally, the friction factor decreased with increasing
Reynolds number. In comparison to the supported empty pipe, the rise rates of the friction fac-
tors of the 1, 2, and 3 sphere turbulators were 111.49%-174.42%, 135.59%-226.70%, and
156.07%-306.53%, respectively. Increasing the number of sphere turbulators increased the fric-
tion factor due to the increase in the pressure drop between the inlet and outlet of the test pipe.

The effects of sphere turbulators on the TPF calculated with eq. (13) are given in fig. 7.
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Figure 7. The TPF-Re chart of sphere turbulators

According to fig. 7, the TPF of sphere turbulators compared to the supported empty
pipe are above 1 except for one sphere turbulator. This shows that for 1 sphere turbulator, the
friction factor is more dominant than heat transfer, and for 2 and 3 sphere turbulators, heat
transfer is effective from the f. According to the TPF values calculated from the test data, the
order from maximum TPF value to minimum TPF value is determined as TPF3; > TPF, > TPF;.
Lowest TPF value, while it was 0.89 in 1 sphere turbulator at Re = 10043, the highest TPF
value was obtained as 1.28 in 3 sphere turbulators for Re = 16701. It has been observed that
TPF values increase with increasing Reynolds number.

To evaluate the thermal performances of different numbers of sphere turbulators,
comparisons were made with the literature and are presented in tab. 2. Table 2 presents the
findings, which indicate that the thermal performances of various spherical turbulators studied
experimentally were often greater than those of comparable research in the literature.
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Table 2. Comparison of the current study with the literature in
terms of thermal performance

Author(s) Turbulator type Reynolds number | Maksimum TPF
Luo et al. [34] Special shape t\yisted tape and helical 5000-9000 131
coil wire turbulator
Hong et al. [35] Multiple twisted tapes 5800-19200 0.94
Kongkaitpaiboon et al. [36] Perforated conical-rings 4000-20000 0.92
Eiamsa-Ard et al. [37] Short length twisted tape 4000-20000 1.00
Present study Sphere turbulators 16701 1.28

Second law analysis

Different numbers of sphere turbulators were examined in terms of their thermal per-
formance as well as the Second law of thermodynamics. Entropy production rates associated
with heat transport and frictional irreversibilities were calculated for this purpose.

In the number range Re = 8379-16701, the entropy production associated with heat
transfer and friction irreversibilities induced by supported plain tube and spherical turbulators
is depicted in fig. 8.
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Figure 8. The S'genhi-Re and S'gen fi-Re graphs of supported empty pipe and sphere turbulators

According to fig. 8, as the Reynolds number increases due to increasing fluid-flow
rate, the entropy production rate due to heat transfer decreases, while the entropy production
rate due to viscous increases. Moreover, the temperature differential between the fluid and the
pipe inner wall decreased as a result of the rise in fluid-flow rate. These explanations explain
why, as fluid velocity increased, entropy production resulting from irreversible heat transfer
decreased [38]. The test pipe's employment of varying numbers of spherical turbulators in-
creased heat transfer by preventing the formation of the boundary-layer [39]. In comparison to
the turbulated pipes, the supported empty pipe has a larger heat entropy production rate, but a
lower friction entropy production rate.

Temperature-induced entropy production rate was reduced by expanding the quantity
of spherical turbulators. The supported hollow pipe's thermal entropy production rate was com-
puted to be between 0.072 and 0.041 W/mK. The greatest thermally induced entropy production
rate was discovered to be 0.058-0.034 W/mK for a single sphere turbulator, whilst the lowest
was determined to be in the range of 0.039-0.023 W/mK for three sphere turbulators. In com-
parison to the supported empty pipe, the thermally induced entropy generation rate of 1, 2, and
3 sphere turbulators decreased by a maximum of 24.38%, 57.21%, and 84.42%, respectively.

The rate of viscous-induced entropy formation was enhanced by increasing the num-
ber of sphere turbulators. It was discovered that the supported hollow pipe's viscous entropy



Karakus, T. R., et al.: Experimental Investigation of Thermal Performance and ...
126 THERMAL SCIENCE: Year 2025, Vol. 29, No. 1A, pp. 117-129

production rate ranged from 0.0003023 to 0.0013891 W/mK. The range of 0.0008331-
0.0029620 W/mK was shown to be the lowest viscous-induced entropy production rate for sin-
gle sphere turbulators, whereas 0.0012663-0.0036893 W/mK was the greatest rate for three
sphere turbulators in the turbulator pipe. When comparing the supported straight pipe to the
viscous-induced entropy generation rate of 1, 2, and 3 sphere turbulators, the largest increases
were 175.63%, 231.56%, and 318.95%, respectively.

According to the results obtained from experimental data, total entropy production
was calculated with eq. (6). The graphs obtained from these calculation s are given in fig. 9.
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Figure 9. The S'gen totai-Re chart of supported plain Figure 10. The Ns-Re graph of supported
tube and sphere turbulators plain pipe and sphere turbulators

According to fig. 9, total entropy production graphs were similar to thermal-induced
entropy production rate graphs. Thermal entropy production was more effective in total entropy
production than viscous entropy production. This situation has been interpreted as irreversibil-
ity in heat transfer is greater than in friction.

According to the results obtained from experimental data, the total entropy production
number was calculated with eq. (7). The graphs obtained from these calculations are shown in
fig. 10.

As seen in fig. 10, the total entropy production number decreased with increasing
number of sphere turbulators and Reynolds number. At low Reynolds numbers, the total en-
tropy production numbers of sphere turbulators were separated from one another, however, as
Reynolds numbers climbed, this difference diminished even more. When comparing the sup-
ported empty pipe to sphere turbulators, the largest increase in total entropy production number
was 1.79 times for three sphere turbulators at Re = 8379.

Conclusions

In this research, the effects of sphere turbulators placed in a circular test pipe were
experimentally examined in the number range Re = 8379-16701, taking into account the first
and second laws of thermodynamics. The results obtained are given as follows.
¢ In general, sphere turbulators placed in the test pipe increased the contact area of the fluid

with the wall. Thus, the heat exchange between the test pipe under constant heat flux and
the working fluid water increased.

e Asaresult of the increase in the number of sphere turbulators and the Reynolds number, the
turbulence of the fluid increased. With increasing number of sphere turbulators, Nusselt
number values, friction factor, TPF and friction-induced entropy production increased,
while heat transfer-induced entropy production, total entropy production and total entropy
production number decreased. Thermal entropy dominated the total entropy production.
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Compared to the supported empty pipe, the maximum Nusselt number increase was 83.34%
for the test pipe with 3 sphere turbulators. The minimum and maximum Nusselt number
increase rates of 3 sphere turbulators compared to 1 and 2 sphere turbulators were obtained
as 42.61%-46.93% and 13.99%-17.11%, respectively.
The increase rates of maximum friction factors of 1, 2, and 3 sphere turbulators compared
to the supported empty pipe were 174.42%, 226.70%, and 306.53%, respectively.
The maximum total entropy rate for sphere turbulators was obtained as 0.058 W/mK for 1
sphere turbulator at Re = 8379.
In terms of the Second law, the maximum entropy generation of sphere turbulators com-
pared to the supported empty pipe decreased by 79.39% for 3 sphere turbulators at
Re=8379.
Compared to sphere turbulators, the maximum increase in the total entropy production num-
ber of the supported empty pipe was 1.79 times for 3 sphere turbulators at Re = 8379.
Maximum Nusselt number, friction factor and TPF, respectively, it was determined as
231.28 for Re= 16701 and 3 sphere turbulators, as 0.440 for Re = 8379 and 3 sphere turbu-
lators, and as 1.28 for Re= 16701 and 3 sphere turbulators.
According to the results of this study, it was concluded that the optimum number of sphere
turbulators is 3 sphere turbulators with the lowest entropy production number and the high-
est TPF value.

In practice, it is recommended to use sphere turbulators in terms of ease of production

and installation, heat transfer enhancement and thermal performance. For better heat transfer
and lower friction factor, drilling holes on the sphere turbulators, creating different geometri-
cally shaped cavities, etc. The current study can be further tested and improved with applica-

tions.
Nomenclature
A —area, [m?]
Cp — specific heat at constant pressure, [kJkg- Greek symbols
K1 p — fluid density [kgm—]
D — diameter, [m] U — dynamic viscosity [kgm1s]
f — friction factor .
h — average heat transfer coefficient Subscripts
k — heat conduction coefficient, [Wm—K1] a — pipe with turbulator
] — mass-flow rate avg  —average
Nu — Nusselt number (= hD/k) conv  —convection
Ns — total entropy production number ff — friction factor
Re — Reynolds number (= puDnlu) ht — heat transfer
T — temperature, [K] i —inlet
u — average axial velocity, [ms] gen  —generation
Ap — pressure drop, [Pa] h — hydraulic
S — entropy production, [Wm—K-] 0 — outlet
Q — volumetric flow rate, [m3s1] wit — straight pipe without turbulator
w —wall
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