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Abstract: The influences of V-shaped delta-wing baffles on the thermohydraulic performance charac-
teristics in a round tube were experimentally tested. The V-shaped delta-wing baffles having a set
number of wings (N = 4, 6, and 8) were comparatively tested. The V-shaped delta-wing baffles with
various pitch ratios of P/D = 2.0, 2.5, and 3.0 were thoroughly fitted inside a tube. In the present
work, the baffles were responsible for both the recirculation/reverse flow behind the solid baffle and
the longitudinal vortex flow behind the V-shaped wing. The V-shaped winged baffles with N = 8
produced high heat transfer rates by promoting the development of reverse and vortex flows. These
currents aid in fluid mixing between the two streams. Experimental results suggested that utilizing
V-shaped delta-wing baffles having N = 4, 6, and 8 led to Nusselt number enhancement of up to
97–105.6%, 105.8–127.8% and 114.8–138.9%, respectively. When N was 8, the V-shaped wings baffles
created additional multi vortex flows, which resulted in some fluid mixing between the vortex and
the reverse flow. It was discovered that a greater turbulent intensity is imparted to the flow that
was occurring between the V-shaped delta-wing baffles, which led to an increase in the rate of heat
transfer when the pitch ratio was decreased. The increase in Nusselt number was up to 118.26–151.3%
more than it was in a tube with the lowest pitch ratio (P/D = 2.0). It was also found that the baffles
with N = 8 wings and P/D = 3.0 offered a maximum aerothermal performance factor (APF) of 1.01.
Furthermore, the V-shaped delta-wing baffles have the potential for energy savings at low Re ≤ 6000,
indicated by the APF beyond unity.

Keywords: aerothermal performance; heat transfer; turbulator; V-shaped winged-baffle

1. Introduction

Heat exchangers are essential parts of the thermal systems of several industries. Heat
transfer enhancement techniques have been widely applied for energy savings in differ-
ent systems such as refrigeration, automobiles, the process sector, and solar air heaters.
Several investigations [1–8] have been carried out to minimize heat exchangers’ energy
consumption and operating expenses. In the field of heat transfer engineering, turbula-
tors, also known as vortex/reverse flow devices, are extensively utilized. Heat transfer
coefficients and momentum transfer are improved by the presence of vortex flow and
boundary dissipation. Vortex flow with intensive turbulent flow can enhance convection at

Energies 2023, 16, 5237. https://doi.org/10.3390/en16135237 https://www.mdpi.com/journal/energies

https://doi.org/10.3390/en16135237
https://doi.org/10.3390/en16135237
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/energies
https://www.mdpi.com
https://orcid.org/0000-0003-3529-9199
https://doi.org/10.3390/en16135237
https://www.mdpi.com/journal/energies
https://www.mdpi.com/article/10.3390/en16135237?type=check_update&version=3


Energies 2023, 16, 5237 2 of 23

a tube’s surface by decreasing the cross-sectional flow area and raising the velocity and
temperature difference.

Conical-ring turbulators, utilized inside a tube by Yakut and Sahin, and Yakut et al. [9,10],
generated turbulent flow in each ring module. As a result, the tube wall’s heat transfer rate
was improved. Yaningsih et al. [11] investigated the effect of louvered strips with various
louver angles on heat transfer enhancement. The results proved that the installation
of louvered strips boosted heat transfer by 77% and pressure drop by 335%. The heat
transfer performance characteristics of a tube mounted with circular rings with meshes
were examined by Bartwal et al. [12]. The Nusselt number was promoted as the pitch
length fell and the grade of metal wire net rose. Yadav and Sahu [13] evaluated the effect of
helical surface discs on the heat transfer rate with various diameter ratios and helix angles.
It was discovered that the heat exchanger with a diameter ratio of 0.42 had the highest
heat transfer rate. It is notable that all aerothermal performance factors of the enhanced
devices were beyond unity. Ibrahim et al. [14] computed the heat transfer of conical inserts
with various configurations, diameter ratios, and pitch ratios. They discovered that the
Nusselt number and friction factor rose when the diameter and pitch ratios were decreased.
The average Nusselt number achieved with divergent-conical rings was found to be 765%
over that of a plain tube. The diverging ring with diameter and pitch ratios of 0.4 and
2.0, respectively, yielded the highest aerothermal performance factor of 1.29. Nalavade
et al. [15] evaluated the thermal enhancement factor (TEF) in a round tube with dividers
at three different pitch ratios. It was pointed out that when the pitch ratio decreased,
the heat transfer, pressure loss and TEF increased. The Nusselt number increased by up
to 1.46 times and 1.6 times for 45◦ and 30◦ twists, respectively. Mohammed et al. [16]
described the influences of forced mechanical vibration on transfer rate in a tube installed
zigzag-shaped turbulators and varying acceleration (amplitudes), frequencies, and signal
types on heat transfer rates. It was found that the maximum heat transfer augmentation
was 116%, while the maximum friction factor enhancement was around 95%. Mousavi
and Alavi [17] carried out the heat transfer and fluid flow in a tube with NACA airfoils.
The NACA airfoils were utilized in a heat exchanger to decrease pressure losses due to
their low vortex formation. The findings showed that the thermal performance factors
were more promising at lower Reynolds numbers. A decrease in pitch ratio led to an
increased pressure loss, heat transfer rate and TEF. Under the conditions of Re = 6000
and a pitch ratio 1.11, the greatest TEF of 1.91 was attained. Hassan and Hameed [18]
examined the effect of a cut square turbulator tape inserted on TEF. Decreasing the width
of the turbulator strip fins had a substantial effect on the enhanced heat transfer and
pressure loss. Compared with a plain tube alone, the 0.25 cm wide square cut turbulator
caused a higher heat transfer of up to 271.7%. Fang et al. [19] examined the influence
of semicircular and teardrop-shaped turbulators on heat transfer characteristics. It was
observed that both semicircular and teardrop-shaped turbulators had a significant influence
on enhanced heat transfer. Lamlerd et al. [20] determined the heat transfer rate of a steam
generator using circular-ring turbulators with four length ratios and four pitch ratios. Their
data revealed that the turbulator installs provided an increased vapor quality (x) of up
to 0.92 times, heat transfer of up to 1.55 times, and thermal performance of up to 0.64.
Azmi et al. [21] investigated the heat transfer and thermal performance of tubes inserted
with wire coil turbulators using nanofluids composed of TiO2 and SiO2 as the working
fluid. It was disclosed that at a pitch ratio of 0.83, the optimal thermal performance factor
surpassed 1.72. Oflaz et al. [22] examined the heat transfer of a tube containing conical
wire turbulators placed at various distances. The conical wire inserts with a pitch ratio of
0.0 gave the highest heat transfer rate and the greatest thermal performance of 1.75. The
influence of spindle-shaped turbulators on the heat transfer enhancement and pressure
loss was investigated numerically by Izadi et al. [23]. The results indicated that spindle-
shaped turbulators increased the coefficient of heat transfer by 11.5%. Wang et al. [24]
investigated numerically the influence of a perforated teardrop-shaped turbulator with
varying pore areas on the heat transfer characteristics. The results demonstrated that the
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greatest thermal enhancement factor corresponded to 1.39 while heat transfer improved
by 310% compared to the plain tube. Zhao et al. [25] investigated the enhancement of
heat transfer in a tube fitted with a wavy strip turbulator at different turbulator angles.
According to their findings, the utilization of turbulators increased heat transfer by up to
17%. Chen et al. [26] investigated the improved performance of a flat tube with a conical
turbulator. It was figured out that the flat tube mounted with a conical turbulator exhibited
up to 33% greater heat transfer and exergy loss than the plain tube. In addition, applying
the conical turbulator resulted in a 26% increase in performance.

The above review shows that the various turbulator designs (Figure 1) can alter fluid
flow (related to the pressure loss) and enhanced heat transfer behaviors. In general, the
presence of spaces on a turbulator helps in suppressing pressure losses and thus promotes
thermal performance. The current work adopts this idea of improving thermal performance.
The tests were carried out at inlet conditions, varying Re from 6000 to 20,000. The influence
of the number of wings on the enhanced heat transfer rate was also examined.
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Figure 1. Turbulators for heat transfer augmentation used in the previous studies. (a) circular ring–
metal wire net [12], (b) helical surface disc [13], (c) horizontal perforated teardrop-shaped [24], (d) 
conical rings [14], (e) flow-divider-type turbulator [15], (f) conical turbulator [26], (g) zigzag-shaped 
turbulators [16], (h) digit NACA airfoil turbulator [17], (i) cut square turbulator [18], (j) semicircular-

Figure 1. Turbulators for heat transfer augmentation used in the previous studies. (a) circular
ring–metal wire net [12], (b) helical surface disc [13], (c) horizontal perforated teardrop-shaped [24],
(d) conical rings [14], (e) flow-divider-type turbulator [15], (f) conical turbulator [26], (g) zigzag-
shaped turbulators [16], (h) digit NACA airfoil turbulator [17], (i) cut square turbulator [18],
(j) semicircular-shaped turbulator [19], (k) wire coil turbulator [21], (l) wire coil turbulator [22],
(m) circular-ring tabulators [20], (n) wavy strip turbulator [25], (o) spindle-shaped turbulators [23].
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2. Experimental Setup and Numerical Details
2.1. Configuration of V-Shaped Delta-Wing Baffles

The V-shaped delta-wing baffles utilized in this research are illustrated in Figure 2.
Each baffle was formed from a 0.8 mm thick (t) aluminum sheet with an inside diameter of
40 mm. These V-shaped winged baffles were fabricated with 3 numbers of wings (N = 4, 6,
and 8) and periodically installed with a 10◦ attack angle (θ). In experiments, the V-shaped
delta-wing baffles were thoroughly inserted inside a circular tube with various pitch ratios
of P/D = 2.0, 2.5, and 3.0. The baffles were expected to generate recirculation/reverse
flow behind the solid portion of the baffles and a longitudinal vortex flow behind the
V-shaped wings.
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2.2. Test Section and Apparatus

As shown in Figure 3, the tests were conducted in an open-loop experimental setup.
The loop included a high pressure air blower, a control valve, an inverter, a digital pressure
gauge, a data logger, an orifice-type flow meter, thermocouples, an AC power supply, and
a test section. The total tube length was 3400 mm, which was subdivided into a 0.3 m long
exit tube, a 1.6 m long calming section, and a 1.5 mm long testing tube (L). The system
comprised a blower for providing room-temperature air at approximately 25 ◦C to the
test section, which was connected to an orifice-type flow meter located adjacent to the
test section. The speed of the high-pressure air blower motor was regulated as necessary
using an inverter. According to Figure 2, the test section had a length of L = 1.5 m, an inner
diameter of 62 mm, an outer diameter of 64 mm, and a thickness of 2.0 mm. To establish a
constant wall heat flux, the test tube was heated by wrapping it with a flexible electrical
heating wire. The exterior surface of the heating tube was adequately insulated to limit
heat loss to the environment. The inlet and outlet temperatures were monitored at various
locations using a data logger and T-type thermocouples. After 15 T-type thermocouples
were attached to the tube’s surface and placed around it, the circumferential temperature
variation was determined to be negligible. The thermocouples were calibrated using a
thermostat and were found to have a precision of 0.1 ◦C. All temperature sensor signals
generated by the system were captured utilizing a data logger. The pressure loss in the tube
under tested section was recorded with a digital manometer, having a precision of 0.35%.
During each test, the tests were carried out for 6000 ≤ Re ≤ 20,000. All fluid parameters
were evaluated at their bulk air temperature.

Energies 2023, 16, x FOR PEER REVIEW 5 of 23 
 

 

2.2. Test Section and Apparatus 
As shown in Figure 3, the tests were conducted in an open-loop experimental setup. 

The loop included a high pressure air blower, a control valve, an inverter, a digital pres-
sure gauge, a data logger, an orifice-type flow meter, thermocouples, an AC power sup-
ply, and a test section. The total tube length was 3400 mm, which was subdivided into a 
0.3 m long exit tube, a 1.6 m long calming section, and a 1.5 mm long testing tube (L). The 
system comprised a blower for providing room-temperature air at approximately 25 °C 
to the test section, which was connected to an orifice-type flow meter located adjacent to 
the test section. The speed of the high-pressure air blower motor was regulated as neces-
sary using an inverter. According to Figure 2, the test section had a length of L = 1.5 m, an 
inner diameter of 62 mm, an outer diameter of 64 mm, and a thickness of 2.0 mm. To 
establish a constant wall heat flux, the test tube was heated by wrapping it with a flexible 
electrical heating wire. The exterior surface of the heating tube was adequately insulated 
to limit heat loss to the environment. The inlet and outlet temperatures were monitored 
at various locations using a data logger and T-type thermocouples. After 15 T-type ther-
mocouples were attached to the tube’s surface and placed around it, the circumferential 
temperature variation was determined to be negligible. The thermocouples were cali-
brated using a thermostat and were found to have a precision of 0.1 °C. All temperature 
sensor signals generated by the system were captured utilizing a data logger. The pressure 
loss in the tube under tested section was recorded with a digital manometer, having a 
precision of 0.35%. During each test, the tests were carried out for 6000 ≤ Re ≤ 20,000. All 
fluid parameters were evaluated at their bulk air temperature. 

 
Figure 3. Schematic diagram of experimental heat transfer setup. 

2.3. Experimental Uncertainty 
Reduced experimental data were examined to assess measurement uncertainties. The 

data uncertainty calculations were based on ref. [27]. The highest uncertainties of dimen-
sionless Re, Nu and f were ±5.5%, ±8.6%, and ±8.1%, respectively, while the uncertainties 

Figure 3. Schematic diagram of experimental heat transfer setup.

2.3. Experimental Uncertainty

Reduced experimental data were examined to assess measurement uncertainties. The
data uncertainty calculations were based on ref. [27]. The highest uncertainties of dimen-
sionless Re, Nu and f were ±5.5%, ±8.6%, and ±8.1%, respectively, while the uncertainties
of the pressure, axial air velocity, and wall temperature measurements were approximately
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±6.8%, ±5.2%, and ±0.5%, respectively. Within these error margins, the results of the
experiments were repeatable.

2.4. Experimental Uncertainty

Numerically, a three-dimensional turbulent investigation into the flow field and heat
transfer behaviors in a round tube with V-shaped delta-wing baffles was performed. The
numerical assessment was conducted based on the following assumptions: (1) the fluid is
Newtonian, incompressible, continuous, and has constant physical properties; (2) V-shaped
delta-wing baffles are rigid (the deformation and vibration of the insert are ignored) and the
inserts were served as the insulator; and (3) thermal radiation, viscous heating, and gravity
are not taken into consideration. It is presumed that the current numerical simulation of
the flow structure and heat transfer behaviors is three-dimensional, turbulent, and steady.
In the numerical method, at the entrance and exit of the flow domains, periodic boundaries
were employed. The velocity profiles at the inlet and exit were similar. It is presumed that
the physical characteristics of air remain constant at the average bulk temperature. On the
surfaces of V-shaped delta-wing baffles and tube walls, an impermeable boundary and
nonslip wall conditions were set up. It should be noted that the dimensionless temperatures
at the entrance and exit were identical. The test section was supplied with air at a constant
entrance temperature of 300 K and Reynolds number of 10,000. The conduit wall was
subjected to an uniform heat flux of 600 W/m2.

3. Data Analysis

The major parameters determined in the current work are Nu, f, and the aerothermal
performance factor (APF). Air is continually delivered into a testing section with constant
heat flux. It is presumed that the heat absorbed by the air flow (Qair) and the convection of
heat from the section being tested (Qconv) are identical.

Qair = Qconv (1)

where
Qair =

.
mCp,a(To − Ti) = VI (2)

The convective heat transfer can be expressed as

Qconv = hA
(

T̃w − Tb

)
(3)

where
Tb = (To + Ti)/2 (4)

and
T̃w = ∑ Tw/15 (5)

where Tw represents the local surface temperature of the outer tube wall. The average
surface temperatures are evaluated at 15 sites located equidistant between the testing tube’s
entrance and exit. The mean Nu and mean convective coefficient (h) are

h =
.

mCp,a(To − Ti)/A
(

T̃w − Tb

)
(6)

Nu = hD/k (7)

The Reynolds number corresponds to

Re = UD/ν (8)
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The friction factor, or f, corresponds to

f =
∆P(

L
D

)(
ρ U2

2

) (9)

where U, L and ∆P represent the mean velocity, the length of the testing tube, and the pres-
sure drop, respectively. All air parameters were computed using the bulk air temperature
provided by Equation (4).

The aerothermal performance factor (APF) is a suitable tool utilized to analyze the
overall aero performance of an enhanced device. It is discussed in refs. [28,29] and is
determined by the following balance between enhanced heat transfer ratio and friction
factor ratio:

APF = (Nu/Nu0)/(f/f 0)1/3 (10)

where which the subscript “0” indicates a plain tube.

4. Experimental Results and Discussion
4.1. Validation Test

Prior to experiments using the testing tube with V-shaped delta-wing baffle turbulators
installed, experiments employing a plain tube were performed to develop benchmark
results with the correlations of Dittus–Boelter [30]. This was performed to assess the
reliability of the equipment and methodology.

Equation of Dittus and Boelter (1930),

Nu = 0.023Re4/5Pr0.4 for Re > 1 × 104 (11)

Equation of Petukhov (1970),

f = (0.790lnRe − 1.64)−2 for 3000 ≤ Re ≤ 5 × 106 (12)

The comparisons are demonstrated in Figures 4 and 5. The experimental data agreed
well with the equation of Petukhov and the equation of Dittus and Boelter, with errors
within ±5.43% and ±5.19%, respectively.
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4.2. Heat Transfer Enhancement Results

Figure 6a,b depict the experimental findings obtained under turbulent flow conditions
for three different wing numbers of V-shaped winged baffles placed in a tube. In this figure,
the Nusselt numbers are displayed as a function of the Reynolds number, with preliminary
estimates utilizing the mass-averaged velocity. For comparison, the axial flow (plain tube)
data are also provided. Due to the induction of a strong longitudinal vortex flow, the
installed V-shaped winged baffles promoted heat transfer rates as compared to a plain
tube for all Reynolds numbers. The best heat transfer rate was achieved at N = 8. With
N = 8 (wings), the increased heat transfer rate over a plain tube alone ranged from 114.8%
to 138.9% for Reynolds numbers between 6000 and 20,000. The increases were found to be
roughly 97% to 120.4% for N = 4 and 105.8% to 127.8% for N = 6, although a similar trend
was observed for V-shaped winged baffles with N = 8. The improvement was 7.1–9.3%
more than those with N = 4 and 2.4–5.7% greater than those with N = 6.

The plot of the mean Nusselt number and Nusselt number ratio versus Reynolds
number at various pitch ratios (P/D) is displayed in Figure 7a,b. Obviously, heat transfer
enhancement was more pronounced at a smaller pitch ratio (P/D). For P/D = 2.0, 2.5
and 3.0, the heat transfer rates, respectively, varied ranging from 118.3 to 151.3%, 114.8
to 138.9% and 94.5 to 127.5% compared to those of the plain tube. In other words, the
heat transfer rates by the baffles having P/D = 2.0 were greater than those by the ones
with P/D = 2.5 and P/D = 3.0 by 1.6–7.5% and 9.0–17.2%, respectively. With the aid of
the results in Figure 8, it can be simply explained that as the pitch ratio decreases, the
turbulence caused by secondary flows is more consistent throughout the enhanced tube
since the adjacent baffles become closer. Consequently, the mixing of the fluid between
the middle and the tube surface parts is more pronounced. On the other hand, the vortex
becomes weakened before reaching the next baffle at a large pitch ratio, resulting in poorer
heat transfer. The flow structure, temperature field and Nusselt number distribution in
Figure 8a–c revealed that both recirculation/reverse and longitudinal vortex flows were
created by the baffles. The former occurred behind the solid baffle area and the latter was
observed behind the V-shaped wing. With more wings, the intensities of the reverse and
vortex flows tended to increase and the fluid mixing between the two types of flows was
subsequently enhanced, especially in the case of N = 8. The results can be attributed to the
effect of an extra multi-vortex along the circumference of the baffles.
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4.3. Friction Factor Results

Figure 9a,b depict the variation of the pressure losses in terms of friction factor over
the test section as a function of the Reynolds number for three distinct numbers of wings
(N). The presence of the turbulators resulted in an increased friction factor since circulation
and longitudinal vortex flow were introduced. Additionally, pressure dissipation can be
caused by the interplay of pressure and inertial forces in the boundary layer. Although
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the baffles with more wings generated more vortex flows, the friction factor decreased as
the number of wings increased since the baffles possessed larger spaces. The open spaces
allow fluid to flow more freely. Quantitative comparisons showed that the use of the baffles
having N = 4 resulted in higher friction factors than the use of those having N = 6 and 8
by 12.2–25.6% and 39.4–50.9%, respectively. Additionally, the friction factors caused by
V-shaped winged baffles with N = 4, 6 and 8 are, respectively, 29.6–31.9, 24.1–28.5 and
10.2–22.9 times that of a plain tube alone.
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Figure 10a,b depict the variation of the friction factor with respect to the Reynolds
number for the tube that was equipped with the V-shaped delta-wing baffles with various
pitch ratios (P/D = 2.0, 2.5, and 3.0). As the Reynolds number and pitch ratio values
increased, there was a general trend toward a reduction in the friction factor. Friction
factors caused by the baffles having P/D = 3.0 dropped by 55.8–60.5% and 36.8–40.3%
compared to those caused by the ones having P/D = 2.0 and 2.5, respectively. The results
relate to the less consistent turbulence by the baffles with a larger pitch ratio, which are
shown in Figure 8.
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4.4. Aerothermal Performance Factor Results

The benefit of using the V-shaped winged baffles can be assessed at equal pumping
power since energy consumption is crucial to the cost of operation. For constant pumping
power [7,11,12,14,17,28,29],

(
.

V∆P)0 = (
.

V∆P)t (13)

Equation (13) can be derived and presented as the relationship between friction and
the Reynolds number, as shown below.

( f Re3)0 = ( f Re3)t (14)

With constant pumping power, the aerothermal performance factor (APF) is the ratio
of the convective heat transfer coefficient of the tube with V-shaped delta-wing baffle
turbulators to that of the plain tube as follows:

APF =
ht

h0

∣∣∣∣
pp

(15)

According to Figure 11, the aerothermal performance factor (APF) grew as the number
of wings (N) increased and the Reynolds number decreased. The results suggest that
saving energy using V-shaped delta-wing baffle turbulators is more practical at lower
Reynolds numbers (Re ≤ 6000 for the current work). For the baffles with N = 4, 6, and 8,
the aerothermal performance factor (APF) ranged between 0.68 and 0.7, 0.75 and 0.78, as
well as 0.84 and 0.87, respectively. The high aerothermal performance factors yielded by
the baffles with N = 8 were attributed to the low friction factor due to the reasons stated in
Section 4.3, apart from their efficient heat transfer enhancement. Therefore, both excellent
heat transfer and low friction factors must be taken into account for designing turbulators.
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Figure 12 displays the variation of the aerothermal performance factor (APF) relative to
the Reynolds number for the tube that was fitted with the V-shaped delta-wing baffles in a
variety of pitch ratios (P/D = 2.0, 2.5, and 3.0). At an identical Reynolds number, the baffles
with a larger pitch ratio yielded greater aerothermal performance factors. Despite the
baffles with a larger pitch ratio showing poorer heat transfer enhancement, their dominant
effect on lower friction factors led to superior aerothermal performance factors.
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4.5. Empirical Correlations

The empirical correlations developed from the experimental data of the tube with
V-shaped delta-wing baffle turbulators between different numbers of wings (N) and the
Nusselt number, friction factor and aerothermal performance factor (APF) are shown in
Equations (16)–(18). All empirical correlations can be applied for the V-shaped delta-wing
baffle turbulators for 2.0 ≤ P/D ≤ 3.0, 4.0 ≤ N ≤ 8.0, air as the working fluid with Pr = 0.71
and the flow with 6000 ≤ Re ≤ 20,000.

Nu = 0.123Re0.708Pr0.4N0.090(P/D)−0.283 (16)

f = 68.631Re−0.160N−0.632(P/D)−2.136 (17)

APF = 0.554Re−0.063N0.304(P/D)0.424 (18)

The correlations predict the Nusselt number (Nu) within ±6.54%, friction factor (f )
within ±11.15%, and aerothermal performance factor (APF) within ±4.71%, as shown in
Figure 13a–c.



Energies 2023, 16, 5237 18 of 23

Energies 2023, 16, x FOR PEER REVIEW 18 of 23 
 

 

4.5. Empirical Correlations 
The empirical correlations developed from the experimental data of the tube with V-

shaped delta-wing baffle turbulators between different numbers of wings (N) and the 
Nusselt number, friction factor and aerothermal performance factor (APF) are shown in 
Equations (16)–(18). All empirical correlations can be applied for the V-shaped delta-wing 
baffle turbulators for 2.0 ≤ P/D ≤ 3.0, 4.0 ≤ N ≤ 8.0, air as the working fluid with Pr = 0.71 
and the flow with 6000 ≤ Re ≤ 20,000. 𝑁𝑢 = 0.123𝑅𝑒଴.଻଴଼𝑃𝑟଴.ସ𝑁଴.଴ଽ଴(𝑃/𝐷)ି଴.ଶ଼ଷ (16)𝑓 = 68.631𝑅𝑒ି଴.ଵ଺଴𝑁ି଴.଺ଷଶ(𝑃/𝐷)ିଶ.ଵଷ଺ (17)𝐴𝑃𝐹 = 0.554𝑅𝑒ି଴.଴଺ଷ𝑁଴.ଷ଴ସ(𝑃/𝐷)଴.ସଶସ (18)

The correlations predict the Nusselt number (Nu) within ±6.54%, friction factor (f) 
within ±11.15%, and aerothermal performance factor (APF) within ±4.71%, as shown in 
Figure 13a–c. 

Nu (Experimental)
0 20 40 60 80 100 120 140

Nu
 (P

re
di

ct
ed

)

0

20

40

60

80

100

120

140

+6.6%

−6.6%

 
(a) Nu 

Energies 2023, 16, x FOR PEER REVIEW 19 of 23 
 

 

f (Experimental)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

f  (
Pr

ed
ic

te
d)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

+11.2%

−11.2%

 
(b) f 

APE (Experimental)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

AP
F  

(P
re

di
ct

ed
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

+4.7%

−4.7%

 
(c) APF 

Figure 13. Comparison of experimental and predicted (a) Nu, (b) f, and (c) APF. 

4.6. Comparison with Previous Works 
Figure 14a–c show the comparison of the Nusselt number (Nu), friction factor (f), and 

aerothermal performance factor (APF) which were associated by the V-shaped delta-wing 
baffle turbulators with P/D = 3.0 and N = 8 to those of the wavy strip turbulator [25], conical 
turbulator [26], serrated twisted tape [31], twisted tape [32], wire coil [33], and conical-
nozzle [34]. All of the turbulators were compared at comparable Reynolds numbers (Re) 
and Prandtl numbers (Pr). The heat transfer rate and friction factor of the conical nozzle 

Figure 13. Cont.



Energies 2023, 16, 5237 19 of 23

Energies 2023, 16, x FOR PEER REVIEW 19 of 23 
 

 

f (Experimental)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

f  (
Pr

ed
ic

te
d)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

+11.2%

−11.2%

 
(b) f 

APE (Experimental)
0.0 0.2 0.4 0.6 0.8 1.0 1.2

AP
F  

(P
re

di
ct

ed
)

0.0

0.2

0.4

0.6

0.8

1.0

1.2

+4.7%

−4.7%

 
(c) APF 

Figure 13. Comparison of experimental and predicted (a) Nu, (b) f, and (c) APF. 

4.6. Comparison with Previous Works 
Figure 14a–c show the comparison of the Nusselt number (Nu), friction factor (f), and 

aerothermal performance factor (APF) which were associated by the V-shaped delta-wing 
baffle turbulators with P/D = 3.0 and N = 8 to those of the wavy strip turbulator [25], conical 
turbulator [26], serrated twisted tape [31], twisted tape [32], wire coil [33], and conical-
nozzle [34]. All of the turbulators were compared at comparable Reynolds numbers (Re) 
and Prandtl numbers (Pr). The heat transfer rate and friction factor of the conical nozzle 

Figure 13. Comparison of experimental and predicted (a) Nu, (b) f, and (c) APF.

4.6. Comparison with Previous Works

Figure 14a–c show the comparison of the Nusselt number (Nu), friction factor (f ), and
aerothermal performance factor (APF) which were associated by the V-shaped delta-wing
baffle turbulators with P/D = 3.0 and N = 8 to those of the wavy strip turbulator [25],
conical turbulator [26], serrated twisted tape [31], twisted tape [32], wire coil [33], and
conical-nozzle [34]. All of the turbulators were compared at comparable Reynolds numbers
(Re) and Prandtl numbers (Pr). The heat transfer rate and friction factor of the conical
nozzle [34] were greater than those of the other turbulators. However, the conical nozzle
yielded the lowest aerothermal performance factor (APF) due to its foremost effect of
high friction loss. It can also be observed that most modified turbulators yielded a higher
aerothermal performance factor (APF) than the conventional ones. The high APF offered
by the V-shaped delta-wing baffle turbulators utilized in the current research was primarily
influenced by the low flow block or pressure drop.
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5. Conclusions

The effects of V-shaped delta-wing baffle turbulators with different numbers of wings
on heat transfer, friction, and the aerothermal performance factor (APF) were experimen-
tally studied. The following is an overview of the findings of the current research.

# Heat transfer can be enhanced by increasing fluid mixing between the core and the
tube’s surface. This can be achieved by creating longitudinal vortex flow that mixes
with the reverse flow along the baffles. Using V-shaped winged baffles with N = 4, 6,
and 8 increased the mean heat transfer rates by 105.6%, 114.4%, and 122.6%, respec-
tively, over that of a plain tube.

# The heat transfer rates were around 2.4% to 9.3% higher for N = 8 compared to N = 4
and N = 6, while N = 4 caused the maximum friction factor that was, respectively,
12.2–25.6% and 39.4–50.9% higher for N = 6 and 8.

# The baffles with a larger pitch ratio were less efficient in heat transfer augmentation,
caused lower friction and yielded greater APF.

# For the baffles with N = 4, 6, and 8, the aerothermal performance factor (APF) ranged
between 0.68 and 0.71, 0.75 and 0.78, and 0.84 and 0.87, respectively. Adoption of
V-shaped wing baffles resulted in aerothermal performance factors (APFs) beyond
unity in the low Reynolds number range (Re ≤ 6000).
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