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Thermal-Hydraulic Performance Analysis by Means of
Rectangular Winglet Vortex Generators in a Channel:
An Experimental Study

Oktarina Heriyani, Moh Djaeni, and Syaiful

Abstract — Vortex generators (VGs) are one of the effective
passive models used to increase the heat transfer rate in heat
exchangers. In this experiment, heat transfer from six cylinders
heated to the airflow was improved by attaching rectangular
winglet vortex generators (RWVGS) to a plate in a rectangular
channel. The installation aimed to increase the value of the
thermal-hydraulic performance evaluation criteria in the line.
This experimental study was carried out by varying the fluid
flow velocity from 0.4 m/s to 2 m/s with an interval of 0.2 m/s in
the channel. Three pairs of VGs were arranged in both in-line
and staggered configurations. The experimental results show
that the thermal-hydraulic performance evaluation criteria for
three pairs of vortex generators in the staggered configuration
was 15.17% higher than the baseline, while the thermal-
hydraulic performance of the in-line arrangement was 1.54%
higher than the staggered one.

Index Terms — performance, thermal, rectangular winglet,
vortex, in-line, staggered.

I. INTRODUCTION

The use of household and industrial air conditioning is
increasing.  Therefore, improving thermal-hydraulic
performance of air conditioning components is of concern to
researchers. The passive method (using a vortex generator) is
an effective way to improve the hydraulic thermal
performance of heat exchangers. Samadifar et al. studied the
numerical effects of VGs on thermal hydraulic performance
in plate fin heat exchangers [1] and found that using
rectangular VGs on the fin plate resulted in maximum
thermal-hydraulic performance. According to a study by Z.
Han et al. the shapes of VGs, such as modified rectangular
winglet vortex generators (RWVGS), also influence thermal-
hydraulic performance [2]. H. Ling Liu et al. modified the
heights of the RWVGs [3], while H. Naik et al. used modified
RWVGs with concave shapes to improve thermal-hydraulic
performance [4].

Concave RWVGs’ surfaces, according to the findings of
Y. Wang et al. give rise to longitudinal vortices [5] which
impact thermal-hydraulic performance. Investigations by Liu
et al. [6] concluded that this new vortex generator (VG)
geometry can improve thermal-hydraulic performance.
Likewise, the findings of Modi et al. show that wavy up and
wavy down winglet VGs with a common flow down (CFD)
configuration can improve thermal-hydraulic performance
[7]. The results of a study by C. Zhai et al. showed that the
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thermal-hydraulic performance of the delta winglet vortex
generator (DWVG) pair with a CFD configuration is better
than common flow up (CFU) [8] because the vortices formed
from a pair of winglets create a downwash flow toward the
wall between the vortex and the two upwash flows in the
outer region of the vortex in the CFD configuration.

The optimal VG configuration for improved thermal-
hydraulic performance was explored by J. Xie and Lee at a
height ratio of 0.8 and a radius ratio of 1.55, with the obtained
performance evaluation criterion (PEC) ranging from 1.3 to
1.5 times [9]. The increase in PEC can reach 34% based on
the results of the study of A. Gupta et al. [10]. Their results
were achieved using the RWVG perforated and CFU
configuration at the upstream location. The thermal-hydraulic
performance of the heat exchanger is also influenced by the
placement and arrangement of VGs, which was demonstrated
in research conducted by H. Naik et al. [11]. Their findings
show that RWVG pairs in a staggered arrangement improved
thermal-hydraulic performance better than those in an in-line
arrangement. H. Naik et al. analyzed the thermodynamic
performance of a fin tube heat exchanger arranged in-line by
adding three pairs of RWVGs [12]. The results of their
analysis show that the location of the RWVGs’ paired
arrangement affects thermal-hydraulic performance.

Given the findings discussed above, the experiments
carried out in this study investigated the effects on thermal-
hydraulic performance of three pairs of RWVGs arranged in-
line and staggered on the plate in the channel based on the
ratio of the Colburn factor (j) to the friction factor (f).

Il. METHODOLOGY

This research was conducted experimentally in the
thermofluid laboratory of the Department of Mechanical
Engineering, Diponegoro University. This experiment used a
rectangular air duct with dimensions of 370x18x8 cm. The
channel was made of glass, equipped with a blower, hot wire
anemometer, pitot tube, straightener, micromanometer
(fluke), heater, watt meter, type K thermocouple, heating
plate, data acquisition, and regulator, as shown in Fig. 1
below.
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Fig. 1. Specimens of the test equipment.

Tests in this experiment varied the intake air velocity from
0.4 m/s to 2 m/s with an interval of 0.2 m/s. Then, the air
flowed through six cylindrical tubes, each with a diameter of
19.05 mm and a height of 65.8 mm. Six rows of cylinders
were installed in-line, each with a diameter of 19.05 mm and
a length of 65.8 mm. The distance between the cylinders was
60 mm, with a fixed angle of attack of 15°. The results of Lu
and Zhai's observations showed that the best thermal-
hydraulic performance was at an angle of attack of 15° [6].

The RWVGs used in this experiment had dimensions of
30x30 mm. The RWVGs were mounted on aluminum plates,
which were 500 mm long, 155 mm wide, and 1 mm thick.
The RWVGs were installed on the plates, both in-line and
staggered (Fig. 2a, b, c, and d).
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(d)
Fig 2. Test specimens:

(a) Top plane of RWVGs arranged in three in-line rows;
(b) Top plane of RWVGs arranged in three staggered rows;
(c) Side plane of RWVGs arranged in three in-line rows;
(d) Side plane of RWVGs arranged in three in-line rows.

The data obtained from the experiment were calculated
based on the ratio of the Colburn factor (j) to the friction
factor (f) to obtain the thermal-hydraulic performance (PEC)
with the following formulas:

Nu

j= I 1)
Re-Pr3

where j is the Colburn factor, and

_ ZApDh
f - puinl (2)
where f is the friction factor. Therefore,

I
PEC = Lo 3)

Wk

)

I11. RESULTS AND DISCUSSION

The effects of the RWWVGs on thermal-hydraulic
performance were studied by comparing the baseline PEC to
the PEC when arranged in-line and staggered, with the
addition of three pairs of RWVGs in a rectangular channel
passing through six heated cylinders. The discussion of PEC
is based on the JF factor, which is the ratio between the
Colburn factor and the friction factor, which is formulated in
(3).

Fig 3 shows the effects of the aforementioned
arrangements on the Colburn factor. According to Modi et al.,
a decrease in the Colburn factor entails an increase in the
Reynolds (Re) number [7].

Vol 6 | Issue 3 | April 2021
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Fig. 3 shows a decrease in the Colburn factor (j) and an
increase in the Re number in the RWVGs with in-line and
staggered arrangements. The highest Colburn factor (j) value
(0.13) at a low Re number was found in staggered RWVG
arrangements. The lowest Colburn factor value (0.0618) was
found in in-line RWVGs arrangements. This is due to the
influence of the main vortices induced by the fluid flow
downstream of the RWVGs. Therefore, based on
experimental data, the arrangements of paired VGs’ row
configurations affect the resulting Colburn factor (j) values
[13].

The determination of the PEC is influenced not only by the
Colburn factor, but also by the friction factor (f). The friction
factor decreases as the Re number increases, according to the
findings of Modi et al [7]. However, a higher variation of the
Re number is found to be nearly constant in their f value
according to their analysis. This is due to reducing the
coefficient of resistance.
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Fig. 4. Graph of f values versus Re.

Fig. 4 shows that the value of the friction factor (f) was
higher in the staggered arrangement than in the in-line
arrangement [14]. The highest value of friction factor (f) was
in the staggered arrangements (0.392), and for the three in-
line row arrangements, it was 0.381. The number of rows
affects the value of the friction factor (f); the more rows there
are, the greater the value of the friction factor (f) [4].
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The variation in the PEC value generated with Re, as
shown in Fig 5, explains the effect of the JF factor ratio and
the friction factor on the increase in the PEC value, which is
in line with the increase in Re [10]. The resulting PEC values
were larger in RWVGs with staggered arrangements than in
those with in-line arrangements. The number of rows also
affects PEC values; the more RWVG rows there are, the
greater the resulting PEC value, which is caused by flow
resistance [2]. The PEC as a performance evaluation scale in
this experiment gave the best indication by the ratio between
the number of rows of in-line and staggered installations of
RWVGs. The largest PEC value (1.27) was in the staggered
RWVG arrangement with three pairs.

IV. CONCLUSION

The effects of RWVGs on the performance evaluation
criterion in heat exchanger tubes were determined by
comparing the results of in-line and staggered arrangements.
Overall performance was based on the JF factor by
calculating the ratio of the Colburn factor (ji/jo) to the friction
factor (fi/fo)3. The effect of thermal characteristics and
pressure drop can be seen from the JF factor obtained.

The staggered arrangement showed an increase in the PEC
value proportional to the increase in the Colburn factor for the
increase in Re number and inlet velocity by 15.17%
compared to the baseline and 1.54% lower than the in-line
arrangement with three rows. Therefore, the staggered
arrangement of RWVGs and a greater number of rows
increase the PEC value.
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Abstract — %‘lex generators (VGs) are one of the effective
passive models used to increase the heat transfer rate in heat
exchangers. In this experiment, heat transfer from six cylinders
heated mle airflow was improved by attaching rectangular
winglet vortex generators (RWVGs) to a plat rectangular
channel. The installation aimed to increase the value of the
ther@lydrau]jc performance evaluation criteria in the line.
This experi tal study was carried out by varying the fluid
flow velocity[Elhm 0.4 m/s to 2 m/s with an interval of 0.2 m/s in
the channel. Three pairs of VGs were arranged i th in-line
and staggered configurations. The experimental results show
that lElerma]-hydrau]ic performance evaluation criteria for
three pairs of vortex generators in the staggered configuration
was 15.17% higher thanflhe baseline, while the thermal-
hydraulic performance of the in-line arrangement was 1.54%
higher than the staggered one.

Index Terms — performance, thermal, rectangular winglet,
vortex, in-line, staggered.

I. INTRODUCTION

The use of household and industrial air conditioning is
increasing.  Therefore, improving  thermal-hydraulic
perf()rmemc air conditioning components is of concern to
researchers. The passive method (using a vortex generator) is
an effective way to improve the hydrelul thermal
performance of heat exchangers. Samadifar et al. studied the
numerical effects of VGs on thermal hydraulic performance
in plate fin heat exchangers [1] and found that using
rectangular VGs on the fin plate resulted in maximum
thermal-hydraulic performance. According to a study by Z.
Han et al. the shapes of VGs, such as modified rectangular
winglet vortex generators (RWVGs), also influence thermal-
hydraulic performance [2]. H. Ling Liu et al. modified the
heights of the RWVGs [3], while H. Naik et al. used modified
RWVGs with concave shapes to improve thermal-hydraulic
performance [4].

Concave RWVGs’ surfaces, according to the findings of
Y. Wang et al. give rise to longitudinal vortices [5] which
impact thermal-hydraulic performance. Investigations by Liu
et al. [6] concluded that this new vortex generator (VG)
geometry can improve thermal-hydraulic performance.
Likewise, llmldiugs of Modi et al. show that wavy up and
wavy down winglet VGs with a common flow down (CFD)
configuration can a}mvc thermal-hydraulic performance
[7]. The results of a study by C. Zhai et al. showed that the
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5
thermal-hydraulic performance of the glta winglet vortex
generator (DWVG) pair with a CFD configuration is better
than common flow up ((aj ) [8] because the vortices formed
from a pair of winglets create a downwash flow toward the
wall between the vortex and the two upwash flows in the
outer Ie of the vortex in the CFD configuration.

The optimal VG configuration for improved thermal-
draulic performance was explored by J. Xie and Lee at a
heightratio of 0.8 and a radius ratio of 1.55, with the obtained
performance evaluation criterion (PEC) ranging from 1.3 to
aS times [9]. The increase in PEC can reach 34% based on
the results of the study of A. Gupta et al. [10]. Their results
were achieved using the RWVG Bl’f’()mlcd and CFU
configuration at the upstream location. The thermal-hydraulic
performance of the heat exchanger is also influenced by the
placement and arrangement of VGs, which was demonstrated
in research conducted by H. Naik et al. [11]. Their findings
show that RWVG pairs in a staggered eu‘remgem@npnwed
thermal-hydraulic performance better than those in an in-line
mmgemem. H. Naik et al. analyzed the thermodynamic
performance of a fin tube heat exchanger arranged in-line by
adding three pairs of RWVGs [12]. The results of their
analysis show that the location of the RWVGs' paired
arrangement affects thermal-hydraulic performance.

Given the findings discussed ilb()\"Em]C experiments
carried out in this study investigated the effects on thermal-
hydraulic performance of three pairs of RWVGs iu’l’amgcd-
line and staggered on the plate in the channel based on the
ratio of the Colburn factor (j) to the friction factor (f).

II. METHODOLOGY

This research was conducted experimentally in the
thermofluid laboratory of the Department of Mechanical
Engineering, Diponegoro University. This experiment used a
rectangular air duct with dimensions of 370x18=8 cm. The
channel was made of glass, equipped with a blower, hot wire
anemometer, pitot tube, straightener, micromanometer
(fluke), heater, watt meter, type K thermocouple, heating
plate, data acquisition, and regulator, as shown in Fig. 1
below.
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Fig. 1. Specimens of the test equipment.
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Tests in this experiment varied the intake air vclocitygom
04 m/s to 2 m/s with an interval of 0.2 s. Then, the air
flowed through six cylindrical tubes, each with a diameter of
1905 mm and a height ofE.S mm. Six rows of cylinders
were installed in-line, each with a diameter of 19.05 mm and
alength of ()a mm. The distance between the cylinders was
60 mm, with a fixed angle {BJttack of 15°. The results of Lu
and Zhai's observations showed that the best thermal-
hydraulic performance was at an angle of attack of 15° [6].

The RWVGs used in this experiment had dimensions of
30%30 mm. The RWVGs were mounted on aluminum plates,
which were 500 mm long, 155 mm wide, and 1 mm thick.
The RWVGs were installed on the plates, both in-line and
staggered (Fig.2a,b, ¢, and d).
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Fig 2. Test specimens:

(a) Top plane of RWVGs amanged in three in-line rows;
(b) Top plane of RWVGs arranged in three staggered rows;
(c) Side plane of RWVGs armanged in three in-line rows;
(d) Side plane of RWVGs arranged in three in-line rows.

The daaobtaiucd from the experiment were calculated
based on the raticnf the Colburn factor (j) to the friction
factor (f) to obtain the thermal-hydraulic performance (PEC)
with the following formulas:

j=—t (1

Re'Pr3

where j is the Colburn factor, and

28pDp,

= 2
f gl (2)
where 1 is the friction factor. Therefore,

i
PEC = 1, (3

o

RESULTS AND DISCUSSION

II.

ﬁe effects of the RWVGs on thermal-hydraulic
performance were studied lncomparing the baseline PEC to
the PEC when arranged in-line and staggered, with the
addition of three pairs of RWVGs in a rectangular channel
passing lhl"()la] six heated cylinders. The discussion of PEC
is based on the JF factor, which is the ratio between the
Colburn factor and the friction factor, which is formulated in
(3).

Fig 3 shows the effects of the aforementioned
aralgements on the Colburn factor. According to Modi etal.,
a decrease in the Colburn factor entails an increase in the
Reynolds (Re) number [7].
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Fig. 3 shows a decrease in the Colburn factor (j) and an
increase in the Re number in the RmGs with in-line and
stag gered arrangements. The highest Colburn factor (j) value
(0.13) at a low Re number was found in staggered RWVG
arrangements. The lowest Colburn factor value (0.0618) was
found in in-line RWVGs arrangements. This is due to the
influence of the main vortices induced by the fluid flow
downstream of the RWVGs. Therefore, based on
experimental data, the arrangements of paired VGs' row
configurations affect the resulting Colburn factor (j) values
[13].

The determination of the PEC is influenced not only by the
EMIburn factor, but also by the friction factor (f). The friction
factor decreases as the Re number increases, according to the
findings of Modi et al [7]. However, a higher variation of the
Re number is found to be nearly constant in their f value
according to their analysis. This is due to reducing the
coefficient of resistance.

045
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0 4000 6000 8000
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10000 12000
Fig. 4. Graph of fvalues versus Re

Fig. 4 shows that the value of the friction factor (f) was
higher in the stdfff#red arrangement than in the in-line
arrangement [14]. The highest value of friction factor () was
in the staggered arrangements (U.392)a1d for the three in-
line row arrangements, it was 0.381. The number of rows
affects the vellu the friction factor (f); the more rows there
are, the greater the value of the friction factor (f) [4].
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mhc variation in the PEC value generated with Re, as
shown in Fig 5, explains the effect of the JF factor ratio and
the friction factor on the increase in the PEC value, which is
in line with the increase in Re [10]. The resulting PEC values
were larger in RWVGs with staggered arrangements than in
those with in-line arrangements. The number of rows also
affects PEC values; the more RWVG rows there are, the
greater the resulting PEC value, which is caused by flow
resistance [2]. The PEC as a performance evaluation scale in
this experiment gave the best indication by the ratio between
the number of rows of in-line and staggered installations of
RWVGs. The largest PEC value (1.27) was in the staggered
RWVG arrangement with three pairs.

IV. CONCLUSION

The effects of RWVGs on the performance evaluation
criterion in heat exchanger tubes were determined by
comparing the results of in-line and staggered arrangements.
Overall p@'memce was based on the JF factor by
calculating the ratio om Colburn factor (ji/jo) to the friction
factor (f)/fy)">. The effect of thermal characteristics and
pressure drop can be seen from the JF factor obtained.

The staggered eu‘re&ment showed an increase in the PEC
value proportional to % increase in the Colburn factor for the
increase in Re number and inlet velocity by 15.17%
compared to the baseline and 1.54% lower than the in-line
arrangement with three rows. Therefore, the staggered
arrangement of RWVGs and a greater number of rows
increase the PEC value.
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