Deskripsi Artikel

- Judul Jurnal : Result in Engineering

- Volume Jurnal :Vol. 16, December 2022.

- Judul Artikel : Perforated Concave Rectangular Winglet Pair Vortex Generators Enhance The
Heat Transfer Of Air Flowing Through Heated Tubes Inside A Channel.

- Penulis : Oktarina Heriyani, Mohammad Djaeni, Syaiful , Aldila Kurnia Putri.

- Status Penulis : Kontributor

- Peringkat Q1



(}

"Results in

.r.
R
Na
el
;
.
.
)
.
R
: Fare
o
S
R




Properties Q1
https://www.scimagojr.com/journalsearch.php?9=21100198926&tip=sid&clean=0

B Results in Engineering

= @

[ AllBoskmarks

Results in Engineering 3 .

COUNTRY ‘SUBJECT AREA AND CATEGORY PUBLISHER 4R 2024

Engineering 1 1 71
Engineering (miscellaneous) -
H-NDEX
m T —
. 56
PUBLICATION TYPE 15m COVERAGE INFORMATION
Joumnals 25501230 20192025

Results in Engineering (RINENG) is a gold open access journal offering authors the opportunity to publish in all fundamental and interdisciplinary
areas of engineering. Results in Engineering accepts papers that are scientifically sound, technically correct and provide valuable new knowledge to
the engineering community. Subject coverage includes all aspects of Engineering (Aerospace, Bioenginesring, Chemical, Civil and Environmental,
Electrical, Energy, Industrial and Manufacturing, Mechanical) Results in Engineering welcomes two types of papers: 1.Full research papers 2.Micro-
articles: very short papers, no longer than twa pages. They may consist of a single, but well-described piece of information, such as: -Data and/or a
plot plus a description -Description of a new method or instrumentation -Negative results -Concept or design study. This article type will allow the
engineering community e publish snippets of research that have not matured inta a complete study and that have not found 2 publication home yet.

H P Tpereerosrn gty

scimagojr.com,

YouTube & Maps ) All Bookmarks

®sm i : Total Documents. i :‘ Total Ces @ Self-Cites i vr-..wu per document ﬁ
fmqm Citea per Doc @ Ctes per Doc ﬁ i  Intemation! Collsborstion ﬁ‘ "J‘Cwube thnz;u ® Nonc w':lﬂtdc;tmer:z bl | 4
-1

o G sCimago Graphica

“ 120

= -



https://www.scimagojr.com/journalsearch.php?q=21100198926&tip=sid&clean=0

Link Jurnal
https://www.sciencedirect.com/journal/results-in-engineering

| ScienceDirect Journals & Books @ Help Q seorch 2 Myoccount  f} Signin

Results in Engineering

Opan access Impact Factor

Articles & Issues About v Publish Q. Search in this journal orticle » Guide for authors

About the journal Article publishing option

Resules in isageld journal the opp: 1o publish in all fundamental and Open Access
interdisciplinary areas of engineering.

Results in Engineering accepts papers that are scientil sound, technically valuable new knowledge to Article Publishing Charge [APC): USD 1,810
the (excluding taxes).

This journal is taking part in the GPOA pilot. 2

View full aims & scope Review this journel's open access policy.

ew all insights
Time to first decision Review time Submission to occeptance Acceptanee to publication

12 days © 61 days © 74 days @ 8 days @ |

arntiva Fditare - Rinmadiral Frainsarinn and Rinanainaarina Annliratinne

P Type here to search ﬂ

Link Editorial Board
https://www.sciencedirect.com/journal/results-in-engineering/about/editorial-board

Results in Engineering 58 60

Open access Citescore Impact Factor

Articles & Issues »»  About v Publish Q  Search in this journal Submit your article »  Guide for authors

Editorial board Executive Editors

Biomedical Engineering and Bioengineering Applications

Professor Stavros Kassinos
University of Cyprus Department of Mechanical & Manufacturing Engineering, Lefkosio, Cyprus

Gender diversity of editors and al fl

editorial board members ot
> View full biography

Chemical & Environmental
q Professor Suresh C. Pillai

Atlantic Technological University - Sligo, Sligo, Ireland
inology, Energy Matet [3 YCits Phy ataly Electronis

od Functional Mate

® 6% mon

View full bi hy
B o > View full biogrophy

® 1% non-binary or gender dverse
Civil, Structural and Materials

® 1% prefer not to disclose

n P Type here to search



https://www.sciencedirect.com/journal/results-in-engineering
https://www.sciencedirect.com/journal/results-in-engineering/about/editorial-board

Link Daftar isi

https://www.sciencedirect.com/journal/results-in-engineering/vol/16/suppl/C?page=2

o Engineering | Journs X

Results in Engineering [Vol 16, X +

%5 sciencedirect.com;

* YouTube ¥ Maps

Articles &Issues v About v

Publish v Q

Search in this journal

Submit your article »

) All Bookmarks.

Guide for authors

Volume 16

December 2022

Actions for selected articles

Select all/

Download PDFs

@D showall article previews

Contents

Reviews

Regular papers
Short communication
Micro-orticle

Speciol issue on Multi-Materiol
Printed Electronic Components and
Devices: Edited by Basu Thomos,
Dimitrios Lamprou, Dermot
Brabazon, Sithara Sreenilayam

Pavithran

Speciol issue on RINENG Young
Investigator Award-2022: Edited by

L Type here to search

Link Artikel

< Previo

Receive an update when the latest issues In this journal are published
L\ Sign in to set up olerts
Regular papers

[] Researcharticle ® Open access

Perforated concave rectangular winglet pair vortex generators enhance the heat transfer of air flowing

through heated tubes inside a channel
Oktarina Heriyani, Mohammad Djaen, Syaiful, Aldila Kurnia Putri
Acticle 100705

T View PDF  Article preview

Research article ® Open occess

Heating energy implications of utilizing gas-phase air cleaners in b

units
Behrouz Nourozi, Sture Holmberg, Christophe Duwig, Alireza Afshari,
Article 100619

Sasan Sadrizadeh

Article preview v/

[ esearch ont

Open occess

Numerical modelling of the poto-poto by coupling of finite elements and boundary elements for acoustic

characterization

gs' centralized air

3 FEEDBACK

https://www.sciencedirect.com/science/article/pii/S2590123022003759

Perforated concave rectanguls X+

sciencedirect.com,

* YouTube ¥ Maps

) All Bookmarks

scienceDirect Journals & Books Help  Q Search 2 Myaccount  fR Signin ]
Outline Recommended articles ~
Results in Engineering
Highligh ume 16, December 2022, 100705 Numerical investigation towards

tatement

f competing inte

Cited by (14)

Figures (10)

L Type here to search

Perforated concave rectangular winglet pair
vortex generators enhance the heat transfer
of air flowing through heated tubes inside a
channel

Oktarina Heriyani ®® & &, Mohommad Djaeni °, Syaiful ° & &, Aldila Kurnio Putri ®

Show more v

+ Add to Mendeley

o Share 99 Cite

Under o Creative Commons license ® Open acce

Highlights

Perforated vortex generators installed to increase heat transfer and
reduce pressure drop through six heated tubes to the air stream.

Perforated concave rectangular winglets compared with perforated
rectangular winglet pairs vortex generator mounted on rectangular
plates were investigated experimentally.

Perforated concave rectangular winglets improve thermal

implementation of punched winglet as...

Arvind Gupta, ... Munish Gupta

Heat transfer and flow characteristics in a
circular tube fitted with rectangular wing.
Huan-ling Liu, ., Zeng-t00 Chen
CFD analysis on the spatial effect of vortex
generators in concentric tube heat.

Rima Aridi, .. Mahmoud Khaled

TE) View POF

Show 3 more articles

Article Metrics »n

Citations

n Indexes 4

Coptures

(O FEEDBACK


https://www.sciencedirect.com/journal/results-in-engineering/vol/16/suppl/C?page=2
https://www.sciencedirect.com/science/article/pii/S2590123022003759

Results in Engineering 16 (2022) 100705

Contents lists available at ScienceDirect

Results in

Engine

Results in Engineering

journal homepage: www.sciencedirect.com/journal/results-in-engineering

ELSEVIER

t.)

Check for

Perforated concave rectangular winglet pair vortex generators enhance the [%&s
heat transfer of air flowing through heated tubes inside a channel

Oktarina Heriyani »"", Mohammad Djaeni?, Syaiful® ", Aldila Kurnia Putri®

@ Mechanical Engineering Department, Engineering Faculty, University of Diponegoro, Semarang, Indonesia
Y Mechanical Engineering Program, Engineering Faculty, University of Muhammadiyah Prof. DR. HAMKA, Jakarta, Indonesia

ARTICLE INFO ABSTRACT

Keywords: A significant increase in the rate heat transfer in a heat exchanger system is made possible by increasing the

Perforated ) convection heat-transfer coefficient using a passive method. The addition of vortex generators (VGs) to the fins

}éecmng“lar winglet and tubes of a heat exchanger is currently the most effective passive method. However, the increase in heat was
oncave

accompanied by an increase in pressure drop. Therefore, in this study, we installed perforated concave rectan-
gular winglet pair vortex generators (PCRWP VGs) on plates in rectangular ducts to increase the heat transfer
through the six heated tubes to the air stream by lowering the enhancement in the pressure drop. We attempted
to determine the best cost-benefit ratio (CBR) with a fluid flow velocity difference of 0.4-2 m/s at intervals of 0.2
m/s (Reynolds number (Re) of 2143 to 11,763) in the channel. The PCRWP VGs were composed of in-line and
staggered configurations. The results showed a lower CBR (3.56) for the in-line configuration than for the
staggered configuration. Moreover, the lowest CBR was accompanied by an increase in thermal performance

Pressure drop

Vortex generator
Heat transfer
Thermal performance

(TEF) of 1.29.

1. Introduction

The global energy demand is expected to triple over the next few
years. According to a statement by the International Energy Agency
(IEA), the main driver is the increasing use of air conditioning (AC)
machines [1]. Thus, promoting energy efficiency in air conditioners is
important and requires maximising their thermal performance, which
involves increasing the rate of heat transfer in its main component, i.e.,
the condenser. A condenser, commonly used in air conditioners, com-
prises a fin and a tube and functions as a refrigerant cooling medium.
However, the high thermal resistance (75%) of the fin air side of the
condenser lowers the heat-transfer rate in the heat exchanger [2]. Thus,
the thermal resistance must be lowered to enhance the heat transfer rate.

A commonly used active methods to increase the rate of heat transfer
involves adding vortex generators (VGs), which, according to the
research results obtained by Mugisidi et al., increases the performance of
a condenser [3]. The added VGs cause longitudinal vortices (LVs),
damage the primary flow, make the second flow as large as the first and
increase air mixing in the area [4,5]. The size of the LVs, shape of the
flow, and mixing are influenced by the shape, geometry and position of

the VGs added to the fins and tubes of the heat exchanger [6].
Samidifat et al. showed that simple rectangular vortex generators
(RVGs) can increase the heat transfer rate by 7%; however, this causes a
pressure drop in the heat exchanger system [7]. Meanwhile, modified
RVGs with a concave shape on the front and rear surfaces decreased the
heat transfer performance of the heat exchanger tube. A better option is
to use RVGs with a double convex front surface and a single concave
back surface, which can strengthen the primary vortex, increasing the
rate of heat transfer from the plate to the fluid, as demonstrated in a
study by Kashyap et al. [8]. Further research conducted by Kashyap et al.
in the same year concluded that modifying the surface shape of rect-
angular winglet vortex generators (RWVGs) can create longitudinal
eddies that interact with the boundary layer, thereby increasing the rate
of convection heat transfer [9]. Based on their research, the increase in
the optimal heat transfer rate was 14.4. The optimal heat transfer per-
formance was also obtained from the results of experiments conducted
by Adnan et al. on rectangular ducts by adding delta and rectangular
winglet VGs [10]. Concave curved delta winglet VGs were compared
with convex curved delta winglet VGs by Song et al. to observe changes
in the heat transfer rate [11].The results showed that the concave VGs
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improved the heat transfer better than the convex VGs. The differences
in the shape of the VGs affects the change in the heat transfer rate and
the change in the geometry of the VG, such as a new rib geometry in the
cylinder channel [12].

Zeeshan et al. showed that increasing the angle of attack increased
the rate of heat transfer (to 37.01-64.54%) if a pair of RWVGs were
placed at the back of the tube even though this did not reduce the
pressure drop [13]. A decrease in the value of the pressure drop also did
not occur significantly, even though there was an increase in heat of
260% in heat, as per the results of the research conducted by Linardo
et al. using the batched heat and channelled pipe (BHCP) approach [14].
The increase in heat transfer performance is influenced by the number of
RWVG pairs based on the research results of Heriyani et al., where there
is an increase in the hydraulic thermal performance evaluation criteria
by 15.17% for three pairs of RWVG compared with the baseline [15].
Wang et al. found that the more pairs of VGs placed in the crossflow, the
higher the increase in the heat transfer coefficient [16]. Sun et al. further
discovered that increasing the number of RWVGs in the heat exchanger
tube increased the heat transfer, with a maximum thermal enhancement
factor (TEF) of 1.27 [17]. The TEF value of a V-delta winglet VG reached
1.82-3% higher than that of a V-rectangular winglet VG, as revealed by
Promvonge et al. [18]. These results were obtained with an optimal
blockage ratio (BR) of 0.15 and pitch ratio (PR) 1.0. Skullong et al.
modified the shapes of RWVGs with optimal BRs and PRs to achieve an
optimum heat transfer performance and reduced pressure drop; their
shape modification involved perforating RWVGs [19].

The positions of the holes in the RWVGs did not significantly affect
the increase in heat transfer; however, they significantly affected the
flow resistance of the VGs. The heat-transfer rate increased as the height
(vertical position) of the hole increased. Widthwise, although there is an
initial increase, the heat transfer rate decreased with increasing lateral
distance [20]. An increase in the number of holes in the RWVGs in-
dicates an increase in fluid flow, which forces the fluid to flow behind
the RWVGs, thereby increasing heat transfer [4]. The heat transfer rate
increased during laminar flow when the Reynolds number (Re)
increased and then decreased with an increase in Re during turbulent
flow [20]. Positioning the tube in-line with a pair of RWVGs in a com-
mon flow-down configuration provides better performance than the
common flow-up configuration. However, a staggered tube position is
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superior, resulting in a 25.85% higher heat-transfer performance than
when a pair of RWVGs is not used [21].

In the existing studies, no detailed analyses of heat transfer were
conducted on from the surfaces of several cylinders heated and arranged
in-line when using a perforated vortex generator. Therefore, the focus
herein is on investigating the advantages of using perforated concave
rectangular winglet pair vortex generators (PCRWP VGs) to increase the
heat transfer of the airflow through heated tubes arranged in-line in the
ducts.

2. Experimental approach
2.1. Experimental setup

This research was conducted experimentally with a test equipment
scheme comprising a rectangular channel sized 370 x 18 x 8 cm. The
duct was made of 1 cm thick glass, as shown in Fig. 1.

Based on Fig. 1, the rectangular channel is equipped with a blower
(50 Hz, Wipro with a rated voltage of 220 V), an inverter (Mitsubishi
Electric type FR-D700 with an accuracy of 0.01), straightener, hot wire
anemometer (Lutron type AM-4204 with an accuracy of 0.1), wattmeter
(Lutron DW-6060 with an accuracy + 1.0), central processing unit
(CPU), micromanometer, thermocouple (K type with a temperature in-
terval of -200 -1250 °C and an accuracy =+ 0.5) where one thermocouple
was placed in the air inlet area, six thermocouples on the back surface of
the tubes and 15 on the outlet side of the wire, data acquisition
(Advantech USB-4718 type with an accuracy of 0.001) and heater
regulator. The heater was connected to six tubes with a diameter of
19.05 mm and height of 65.8 mm, with each tube having the same
power. Total heating power of 40 W was applied to the six tubes using a
regulator. The heating air flowing through the tubes occurs via con-
vection. Thus, the air at the outlet side becomes hotter than that at the
inlet side.

A pressure micromanometer (Fluke type 922, with an accuracy of
+0.05) was used to monitor the flow pressure drop. Two pitot tubes,
each set 26 cm ahead of the inlet of the test specimen and 2.5 cm behind
it, were connected to a micromanometer to measure the pressure drop.
The pressure drop measurements were recorded 30 times for 5 sekon at
each speed variation. Furthermore, flow visualisation was performed by

Pressure Micromanometer

Wire

Termocouple

Pitot Static Tube

3?pno

Wiremesh Straighten ey .
Heat Regulator ; R
r i so00 CPU Monitor Inverter
Wattmeter
I

Keyboard

Fig. 1. Experimental tool schematic.
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directing the smoke from vaporised fluid in the fluid vaporator into the
mainflow.

The VGs used as test specimens were perforated rectangular winglet
pair (PRWP) and perforated concave rectangular winglet pair (PCRWP)
vortex generators (VGs). Perforated is a term for holes in the VGs, as
shown in Fig. 2. The VGs have dimensions of the same length and width
of 30 mm, with 36 holes. The bore diameter on the VGs was 2.5 mm. The
distance between the holes was 5 mm from the center.

The VGs are placed on an aluminium plate measuring 500 x 165 x 1
mm. The geometry and the pitch between VGs for both in-line and
staggered configurations are shown in Fig. 3, with an angle of attack (o)
of 150 [2]. The distance between the cylinders is 120 mm, with a cyl-
inder diameter of 19.05 mm.

The VGs configurations were arranged in-line and staggered on the
plate. The perforated rectangular winglet (PRW) and perforated concave
rectangular winglet (PCRW) VGs in-line configurations with one, two
and three pairs are shown in Fig. 4. For each pair, the VGs were placed

Perforated RWP

Results in Engineering 16 (2022) 100705

on the left and right sides of the first row of tubes. VGs were placed in the
first- and third-row tubes for two pairs. For the three pairs, VGs were
placed on the first-, third-, and fifth-row tubes.

The PRW and PCRW VGs staggered configurations with one, two,
and three pairs are shown in Fig. 5. For one pair, the VGs are placed on
the right side of the first-row tube and on the left side of the second. The
VGs are placed on the right side of the first and third row tubes and on
the left side of the second and fourth tubes for two pairs. For the three
pairs, the VGs are placed on the right side of the first, third and fifth rows
of the tubes and on the left side of the second, fourth and sixth tubes.

2.2. Parameter definitions

The parameters in this study were derived from the equation used by
Oneissi et al. to obtain the thermal enhancement factor (TEF) [22].

|
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Fig. 2. Geometry of the VGs.
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The Nusselt number dan friction factor for the baseline conditions
are symbolised as (Nu,) and (fy), and (Nu) and (f) based on the research
of Zeeshan et al. [23]

q Dy
Ny=——-"——— 2)
Aluhe AT‘LMTD k
q
h=— 1 3)
Atuhe AT‘LMTD
g=11¢y (Tour — Tin) ©)]

where Dy, Agpe, ATimrp, M, Cp, Towe and Tiy, are hydraulic diameter, tube
surface area, log mean temperature difference, mass flow rate, specific
heat, outlet temperature, and inlet temperature, respectively

4A. 4ab 2ab

= ()

D,=—t= =
"Tp " 2(a+b) a+b

(T!ube - Tou!) - (Tmbz - Tin)

= = — — 6
ln[(Tmbe - T{)m) - (Ttube - Tin)] ( )

ATLMTD =

where A, dan Ty, are channel surface area and tube temperature,
respectively.
The result of Dy, is used to calculate Re with the formula

inD
Re = PHinton ()
U

and friction factor (f) was determined to evalute the performance of
hydro dynamic using

where p, V,and L are the air density, inlet airflow velocity and length of
the test specimen, respectively.

The equation required to determine the cost-benefit ratio (CBR),
defined as the ratio of pressure drop per variation in Nu number, as
formulated by Tian et al. [25], is as follows:

)]

This concept investigates whether the method used to enhance the
heat-transfer rate is economically efficient. In the hydrodynamic test,
the pressure drop (AP) is measured by the pressure difference on the
sides of Pjjer and Pyyer Of the test specimen in the tested part using
equation (10):

AP =Pinier — Pouties (10)

2.3. Validation

The current study is a follow-up investigation to the work of Yafid
et al. [24], and the experimental setup was similar to that of Yafid et al.
The difference between the current study and the experiment of Yafid
et al. is a test object in which the current study uses concave rectangular
winglet (CRW) VGs; in Yafid et al.‘s experiment concave delta winglet
(CDW) VGs are used. Whitaker et al. [25] studied the heat transfer
characteristics of airflow through a single cylinder in a rectangular duct.
The results of Yafid et al. were valid, and the same experimental set-up
was determined. The Nu value from the experiment of Yafid et al. were
comparable with the Nu values from the experiments of Whitaker et al.
in the Reynolds number (Re) range of 2143 to 11,763.
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Three pairs PCRW in-line

Three pairs PRW in-line

Fig. 4. VGs pairs in-line configurations.

3. Results and discussion
3.1. Flow visualisation

A flow visualisation test was performed to observe the longitudinal
vortices (LV) formed after the flow passed through the VGs in the rect-
angular channel. This test was conducted under low-light conditions to
clarify the LV. The laser beam was refracted by a cylindrical glass
(diameter 5 mm), which produced a cross-sectional area perpendicular
to the direction of the flow. Smoke formed from the evaporation of the
liquid was used to visualise the LV in the flow. The VGs used in this
visualisation test were PRWP and PCRWP with an in-line arrangement,
as shown in Fig. 6.

In Fig. 6 (c) and (d), the PCRWP VGs appear to produce longitudinal
vortices (LV) in a wide flow area compared with the PRWP VGs in Fig. 6
(a) and (b) downstream. The back region of the PCRWP VGs had a wider
frontal surface area than the PRWP VGs. Consequently, mixing the near-
fluid the channel walls with the fluid in the mainstream is better,
meaning that the heat transfer rate is increased [26]. Downstream, the

LV compression in the wake area increases the fluid flow velocity
passing through the cylindrical structure, thereby increasing the heat
transfer rate from the channel surface to the fluid flow in the wake re-
gion [27]. The increase in heat transfer produced when using PCRWP
VGs was better than that with PRWP VGs.

3.2. Perforated vortex generators effect on heat transfer

The increase in the convection heat transfer was due to the mixing of
fluids caused by the strong longitudinal vortices (LVs) [28]. The strength
of the LVs is caused by the amount of VGs sets; increasing the amount of
VGs pairs in the test specimen can increase the coefficient of the con-
vection heat transfer [29], as shown in Fig. 7.

In Fig. 7, we can see the convective heat transfer coefficient with
respect to the Reynolds number (Re), analysed after installing the
PCRWP and PRWP with pairs ranging from one, two and three, arranged
in-line or staggered. Based on Fig. 7, the convective heat transfer coef-
ficient increased with a rise in Re due to an increase in flow vortices and
high turbulence intensity in the channel [30], alongside a reduction in
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Three pairs PCRW staggered

Two pairs PRW staggered

o

Three pairs PRW staggered

Fig. 5. VGs pairs staggered configurations.

the wage region and stagnation area for each increase in flow velocity
[31]. The improve in heat transfer for the staggered was better than that
for the PCRW VGs with any number of pairs at the highest Re (11,000).
The results in Fig. 7 show that the PCRWP VGs worked better than the
PRWP VGs, and the staggered arrangement of the former, with three
pairs, gave the highest yield (153.5 W/m? e K), as shown in Fig. 7(c).
Two PCRW pairs (137.33 W/m? e K, Fig. 7(b)) were better than one
(132.25 W/m?  K) (Fi g. 7(a)) because the VGs with a concave surface
destabilise the force of centrifugal of the fluid flow, strengthening the
flow vortices and making the mixing of the hot fluid near the wall with
the cold fluid of the main flow more robust [32]. In Fig. 7(a), the con-
vection heat-transfer coefficient for the case of the in-line PRW VGs has
the same value as that of the in-line or staggered PCRW VGs in a pair of
VGs. In one pair of VGs, a longitudinal vortex is generated after the flow
hits and weakens the VGs [29]. This result contrasts with the cases with
two and three pairs of VGs, where the longitudinal vortex produced after
striking the first VGs is amplified again when the flow strikes the second

VGs and so on. Therefore, the value of the heat transfer coefficient in the
case of a pair of PRW VGs is the same value as that of PCRW VGs at
Reynolds numbers above 8000.

3.3. Effect of perforated vortex generators on pressure drop

Using VGs can affect the increase in heat transfer, but there is often
an accompanying increase in pressure drop, as shown in Fig. 8, where an
increase in pressure drop can be seen along with the increases in Re and
pair numbers for both the VG types PCRW and PRW. In general, the
highest pressure drop was observed using the PCRWP VGs with a stag-
gered configuration for all Re, except for one pair of VGs. The highest
pressure drop was found in the PRWP VGs with an in-line configuration
at Re greater than 8000. The pressure drop on the staggered VGs was
found to be higher than that on the in-line configuration because of the
shorter distance between the VGs of the staggered configuration than
that of the in-line [29], caused by the resistance of fluid flow against the
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Fig. 6. Visualisation of LV generated by (a) in-line PRWP, (b) staggered PRWP,
(c) in-line PCRWP and (d) staggered PCRWP.

walls of the VGs and the expansion of the frontal zone of the VGs in the
next-pair arrangement [33]. The pressure drop in the staggered
arrangement was lower than that in the in-line arrangement, whereas
the PRW VGs type created a lower pressure drop than the PCRW VGs
because the latter reduced the frontal area hit by the airflow, resulting in
a decrease in drag [34]. In addition, the jet flow from the VG hole can
reduce the stagnation flow, which can reduce the pressure drop [35]. A
significant decrease in the pressure drop was due to the VG perforation
[36]. The best pressure drop value for one pair with a staggered
arrangement was 4.58 Pa (see Fig. 4(a)), whereas two pairs (5 Pa, Fig. 4
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(b)) were better than three (5.4 Pa, Fig. 4(c)).
3.4. Effect of perforated VGs on thermal enhancement factor

TEF exhibited the hydraulic thermal performance while using VGs,
which played a role in restructuring the incoming fluid flow pattern. The
increase in the TEF was due to the influence of complex overlapping
structures, which meant that the flow developed into a turbulent
structure, significantly affecting the heat transfer increase [37]. The
experimental TEF values are shown in Fig. 9.

The TEF is the thermal-hydraulic performance which is the ratio of
the increase in heat transfer to the pressure drop ratio. In general, the
highest TEF was observed when the PCRWP VGs were used with a
staggered configuration, as depicted in Fig. 9. The PCRW creates wider
flow vortices that can reduce the wake area behind the cylinder.
Reducing the wake area can reduce the recirculation zone, affecting the
heat transfer from the back of the cylinder to the stream [26]. A
large-radius, high-intensity anterior-posterior vortex can reduce the
wake area. A lessening within the wake zone increased the flow velocity
behind the tube and reduced the recirculation area, resulting in
increased heat transfer in this area [27,38]. As shown in Fig. 9, there was
an increase in the TEF with greater pairs of VGs used for both the PCRW
and PRW VG because the PCRW produced wider flow vortices, which
reduced the wake region behind the cylinder, thereby reducing the
recirculation zone and impacting the heat transfer increment from the
rear cylinder surface to the stream [39]. In this process, a large number
of longitudinal vortices with high intensities can reduce the wake area,
which increases the flow velocity downstream of the tube and reduces
the recirculation region, leading to an increased heat-ransfer rate in the
region [40,41]. Based on Fig. 9, the best TEF increase occurred at Re
between 8000 and 9000. The best TEF values, with one, two and three
pairs occurred in the staggered arrangement with PCRW VGs, at 1.18,
1.20 and 1.29, respectively (see Fig. 9).

3.5. Effects of perforated VGs on the cost-benefit ratio

Economic evaluation cannot be conducted based only on the TEF and
the net profit from the heat load of the transferred unit [26]. Instead, it
must be determined by evaluating the economic value of the
heat-transfer improvement by calculating the cost benefit ratio (CBR), as
shown in Fig. 10.

Fig. 10 show the result of the CBR calculation to compare the per-
centage increase in the pressure drop with the percentage increase in the
Nusselt number when using VGs. These results indicate that a lower CBR
improves thermal performance, which is greater than the drag force
[25]. The greatest increase in CBR occurred with the PRW VGs, with an
in-line arrangement, totalling 4.57, 4.95 and 3.56 for one, two and three
pairs, respectively. The lowest CBR was measured when three sets of
PCRW vortex generators with a staggered arrangement were used. The
lowest CBR were obtained with the three pairs of staggered-type VGs
PCRW. The three VG pairs showed a lower CBR than the one and two
pairs because they resulted in the greatest increase in the Nusselt
number, accompanied by a lower pressure drop increase, which lowered
the CBR. These results show that a lower CBR improves thermal per-
formance relative to resistivity [26]. A low value CBR inicates a more
economical value using VGs. In general, using PCRWP VGs with a
staggered configuration is the best.

3.6. Heat loss analysis

Heat loss analysis was performed by considering the convection heat
transfer from the six tubes to the surrounding fluid flow. The heat
transfer rate was calculated for laminar and turbulent flows.

The heat loss in this experiment was calculated by calculating the
difference between the induced electric power and total heat through
convection from the surface of the tubes to the fluid. In this experiment,
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Fig. 7. Graphs of convective heat-transfer coefficient against Reynolds number: (a) one, (b) two and (c) three pairs.

six tubes in a wind tunnel were heated using a heater at a power of 40 W;
the velocity of the inlet fluid is varied from 0.4 to 2 m/s at intervals of
0.2 m/s or in the Reynolds number range from 2143 to 11,763. Based on
the Reynolds number range, two types of flows were determined;
laminar and turbulent. Therefore, the heat loss was determined from the
correlation between laminar at 0.4 m/s and turbulent for other veloc-
ities. The experimental data for the hydraulic diameter Dy, tube surface
area Appe, channel surface area A. and air specific heat ¢, are 0.09223 m,
0.02338908 m?, 0.01056 m? and 1.007 J/kgK, respectively. Table 1 is a
baseline for calculating heat loss

From Table 1, the greater the velocity with an increase in the Re, the
lower the heat loss. It can be observed that the heat flow from the heater
not only spreads into the tube, but convection also occurs outside the

tube. The heat output increased with Re, i.e, the higher the flow velocity,
the greater the turbulence through the cylinder and the higher the tur-
bulence intensity. An increase in the turbulence intensity between a cold
airflow and hot cylinder with a constant surface temperature is caused
by the airflow velocity [26]. In row-tube arrays, this recirculation area
increased for the second and subsequent columns. A lower air velocity in
the circulation region indicated less airflow in the region participating in
the local heating process [37]. The heat loss under all conditions in this
experiment is listed in Table 2.

Table 2 shows that the lowest heat loss occurs when three sets of
PCRWPs are staggered. The placement of the VGs can increase heat
transfer in square ducts as the VGs create longitudinal vortices, which in
turn increase vortex strength in the wake region downstream of the tube.
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Longitudinal vortices make the overall temperature field more uniform,
improve heat mixing and boundary layer modification, and improve
heat transfer performance. A higher number of vortex generators creates
more longitudinal vortices and significantly increases heat transfer [26,
29].
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Fig. 8. Graph of pressure drop against Reynolds number: (a) one, (b) two and (c) three pairs.

3.7. Uncertainty analysis

In this section, uncertainty analysis calculation data will be shown
for the temperature at base-line conditions with a velocity of 0.4 m/s as
shown in Table 3.

From these data, it is found that T, can be calculated by the
equation as
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Truvet + Truser + Trubes + Truses + Trubes + Trubes

6 =49.56°C (11)

Trupe =

Then, the average standard deviation is obtained by the following
formula.

=0.029
NN-1)

(12)

Stube =

Therefore, the average Ty can be written as 49.5 £ 0.029 °C. Ty
calculation results obtained 32.95 °C. The average standard deviation
was calculated using the following equation:

Zi‘vzl (Tout'i - Taut)z

N =) =0,051 a3)

STout =

Furthermore, the average value of T,, can be written as 32.95 +

(c)

Fig. 9. Graph of thermal enhancement factor against Reynolds number: (a) one, (b) two and (c) three pairs.

10

0.051 °C. Using the same equation, the standard deviation of T;, was
found to be 0.033. Thus, the average T;, value was 29.75 + 0.016 °C.

The value of g at a speed of 0.4 m/s was found to be 19.48 W. To
determine of the standard deviation of g, the following equation was
used:

dq z dgq 2
RSS, = (s(ATM>—aTM) +<S(Ann)aﬁ)

14

oq 0(mocpoT0M, fmocpoTM)

o 0T, Tmeesr

oq a(mocpoTou, fmocpoTi,,)

o, o, = (mecep)

where s(ATy,) = 0.051°C and s(AT;,) = 0.033°C, ensuring, that RSS; =
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+ 0.290 W. Therefore, the heat transfer rate ¢ becomes 19.48 + 0.290 AT a) 3(”’“”‘] Trupe=Tou
mic

Tour) = (Tuabe=Tin)

)

" TubeTin
W. The value of ATy, at a speed of 0.4 m/s was found to be 18.56 °C. To 0T 0T e
determine the value of the standard deviation of AT,y we used the
following equation:

AT\ (AT i)\ AT a)\?
= (50720 ) 2200) (s, 28T (g, 287
tube out in

(15)

a( )=
A rube —Tout
a( Timia ) I e

1ube —Tout

(Tube =Tou) = (True =Tin)

)

P ((IW T )—(Tm—m)
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Table 1

Heat loss baseline.

q loss

w)

q input

w)

q conv

w)

h (W/
mK)

Nu

AT (T tube - T

inlet)

AT

T tube
©

T outlet
©
33

T inlet
(@]
29
28
28
28
28
28
27
27
27

Dynamics viscous

(kg/ms)

Density (kg/

m%)

Mass flow rate

(kg/s)

Re

v (m/

s)

LMTD

20.52
21.02

20.81

40

19.48
18.98
19.19

45

155
174
192
214
228
247
263
296

21

19
16
15
14
14
12
12
12
11

50
46
44
43
43
41

0.73
0.73
0.03
0.73
0.73
0.73
0.73
0.73
0.73

0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

1.9.E-05

1.13
1.13
1.14
1.14
1.14
1.15
1.15
1.15
1.15

0.004757
0.00719

2165
3291

0.4

baseline

50
50

18
16
15
15
13
13
12
11

31

1.9.E-05

0.6

40
40

30
30
29
29
29
28
28

1.9.E-05

0.009618
0.012056
0.014477
0.016958
0.019407
0.021863
0.024341

4413

0.8
1

20.16

19.84
21.15
20.30
21.03
22.54

24.17

55
61

1.9.E-05

5545
6661

18.85
19.70
18.97
17.46
15.83

1.9.E-05

1.2
1.4
1.6

40
40
40
40

70

1.9.E-05

7826
8965

75

40
39
38

1.9.E-05

84
97

1.9.E-05

10,110
11,272

342

1.9.E-05

2

12

Results in Engineering 16 (2022) 100705

Table 2

Calculation of heat loss for the whole case.
type VGs q conv (W) q input (W) q loss (W)
Baseline 20.74 40 19.26
PCRWPI1 25.15 40 14.85
PCRWPI2 27.55 40 12.45
PCRWPI3 27.61 40 12.39
PCRWPS1 26.43 40 13.57
PCRWPS2 26.43 40 13.57
PCRWPS3 27.94 40 12.06
PRWPI1 24.09 40 15.91
PRWPI2 27.25 40 12.75
PRWPI3 28.82 40 11.18
PRWPS1 23.94 40 16.06
PRWPS2 26.37 40 13.63
PRWPS3 28.12 40 11.88

Table 3

Base-line test temperature data at a speed of 0.4 m/s.
T (Tube;) T (Tubey) T (Tubes) T (Tubey) T (Tubes) T (Tubeg)
49.19093 51.21368 48.32313 49.76915 47.80219 51.27142
49.1834 51.17728 48.3156 49.79053 47.7657 51.2639
49.14545 51.16826 48.30655 49.7526 47.7856 51.25489
49.12105 51.17277 48.28214 49.72821 47.76118 51.2594
49.15297 51.20465 48.28515 49.73122 47.73524 51.2624
49.09966 51.15141 48.28967 49.73573 47.76871 51.26691
49.09815 51.14991 48.23029 49.73423 47.73826 51.29428
49.08912 51.14089 48.25019 49.66739 47.72922 51.22751

where s(ATyp.) =0,029°C, s(AToy) = 0,051°C and s(ATin) =0,033°C;
we get RSSat,,, of £0.043, ensuring, that the obtained ATy is 8.56 =
0.043.

The value of Nu at a speed of 0.4 m/s was found to be 155.31. The
standard deviation of Nu was obtained using following equation

oNu\* N
RSSy, = \/(S(q) TQM> + S(ATImtd> 0A7T,ud (16)
mic

ONu 0(qe Dy Ar' e AT, ek™) D,

% 3 (A1) (AT ja ) (k)

ONu a(q eD,0At ' e AT;”]M.](’]) _ q.Dy,

N OAT g

(At)(ATlmld)2 (k)

With the values of s(q) = 0.290 W and s(ATjnq) = 0.043, the ob-
tained RSSy, was +2.889 WAm>C). Therefore, the value of RSSy, is
155.31 + 2.889 Wm>C.

The value of h at a speed of 0.4 m/s was found to be 44.86. To
determine the standard deviation of Nu the following equation is used

2
RSS;, = <s(Nu) %) a7

on  O(h.Dyk')  k

ONu oh D,

Furthermore, the value of D, is 0.092 m and k at Ty = 40.24 is 0.026. So
the value of h at a speed of 0.4 m/s is:

2
RSS, = (S(Nu) %) =0,83
u

Thus, the number h at a speed of 0.4 m/s is 44.86 + 0.83. So, the
error h for the baseline at a speed of 0.4 m/s is

RSS,

Error = x 100 as)
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Table 4
Baseline pressure drop data at a speed of 2.0 m/s.
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Table 6
Overall error TEF.

AP (Pa) Variasi Vortex Generator Overall Error TEF (Berlubang)
Data to 2.0 m/s Data to 2.0 m/s 1 RWP in-line 0.47%
o Ti 0

1 0.013 16 0.012 2 RWP in-line 0-47%

3 RWP in-line 0.43%
2 0.013 17 0.013
3 0.013 18 0.012 1 RWP staggered 0.47%
2 0'013 19 0'012 2 RWP staggered 0.47%

. . 3 RWP staggered 0.43%

5 0.012 20 0.013 Lo

1 CRWP in-line 0.45%
6 0.013 21 0.013 L.

2 CRWP in-line 0.45%
7 0.013 22 0.012 -

3 CRWP in-line 0.42%
8 0.012 23 0.013

1 CRWP staggered 0.45%
9 0.013 24 0.012 o
10 0.013 25 0.013 2 CRWP staggered 0.45%

: . 3 CRWP staggered 0.41%
11 0.013 26 0.013
12 0.013 27 0.013
13 0.012 28 0.013
14 0.012 29 0.012 m 2
15 0.013 30 0.012 |3 (TEF, — TEF)"
s=y /==L 2 .07 (22)
NN —1)
Therefore, the TEF value was 1.12 &+ 1.07. Then, the error in the form
Error = 1436 < 100 = 1.51% of percentage can be calculated using the following equation:

From the test in the baseline case with a speed of 2.0 m/s, the results
of the pressure drop are listed in Table 4, which show that the average P
can be calculated as follows:

5 _APLH AP+ APy + .. + APy
B 30

=3.51Pa (19)

The average standard deviation of the pressure drop can then be
calculated using the equation

N Ap\2
— Z[:l(APi AP) —89 x 10—5

NIV =) (20)

©

Baseline case for the pressure drop value at a speed of 2.0 m/s is
3.51 + 8.9 x 107°Pa. Then, the error in the form of percentage can be
calculated using the following equation:

8.9 x 107°

351 x 100 = 0.71

The equal calculation approach changed into used for all data.
Therefore, the overall error outputs for the pressure-drop vortex
generator with placement variations (in-line and staggered), Re and
amount of VG sets (one, two and three) are listed in Table 5.

The average TEF results from the experimental results can be
calculated as follows.

TEF =

TEF| + TEF, + TEF; + ... + TEF, _
12 o

1.12 21

Then, the average standard deviation of the TEF can be calculated
with the equation

Table 5
Overall pressure drop (AP).

1.07
—— x 100 = 0.94
1.12>< 00 = 0.94%

The overall error results for the TEF vortex generator with placement
variations (in-line and staggered), Re and amount of VG sets (one, two
and three) are listed in Table 6.

First, find the average CBR of the experimental results with the
following formula.

CBR:CBRI + CBR, + CBR; + ... + CBR,, _

2.14
12

(23)

The average standard deviation of the pressure drop CBR can then be
calculated using the following equation:

CBR; — CBR)?
s— |2 (CBR — CBRY_

NN -1) 24)

The CBR value is 2.14 + 1.60. Then the error in the form of per-
centage can be calculated using thefollowing equation:
1.60

14 x 100 = 0.63%

The overall error results for the CBR vortex generator with placement
variations (in-line and staggered), Re and amount of VG sets (one, two
and three) are listed in Table 7.

4. Conclusion
Based on the experimental results for perforated concave rectangular

winglet pair vortex generators (PCRWP VGs) used to increase the heat
transfer of airflow through heated tubes arranged in-line in the duct, we

Table 7
Overall error CBR.

Vortex Generator Variations Overall Error P (perforated)

Variasi Vortex Generator Overall Error CBR (Berlubang)

1 PRWP in-line 2.94%
2 PRWP in-line 2.87%
3 PRWP in-line 1.98%
1 PRWP staggered 2.88%
2 PRWP staggered 2.34%
3 PRWP staggered 1.36%
1 PCRWP in-line 2.72%
2 PCRWP in-line 1.80%
3 PCRWP in-line 1.80%
1 PCRWP staggered 2.43%
2 PCRWP staggered 1.91%
3 PCRWP staggered 0.97%

1 RWP in-line 0.32%
2 RWP in-line 0.29%
3 RWP in-line 0.45%
1 RWP staggered 0.32%
2 RWP staggered 0.31%
3 RWP staggered 0.45%
1 CRWP in-line 0.4%

2 CRWP in-line 0.42%
3 CRWP in-line 0.56%
1 CRWP staggered 0.43%
2 CRWP staggered 0.42%
3 CRWP staggered 0.66%

13
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conclude that using PCRWP VGs affects the convection heat transfer
coefficient, pressure drop in achieving hydraulic thermal performance
and cost-benefit ratio. In our investigation, the best heat-transfer con-
vection coefficient was 153.5 W/m? e K for the three pairs of PCRW VGs,
in a staggered manner. The greatest improvement in the pressure drop
value (4.58 Pa), occurred for one pair of PCRW VGs arranged in a
staggered manner, whereas the hydraulic thermal performance was the
best (1.29) in this experiment with the three pairs of PCRW VGs ar-
ranged in a staggered manner. Finally, the best CBR (3.56) was recorded
for the three pairs of PCRW VGs composed in a staggered manner.
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A significant increase in the rate heat transfer in a heat exchanger system is made possible by increasing the
convection heat-transfer coefficient using a passive method. The addition of vortex generators (VGs) to the fins
and tubes of a heat exchanger is currently the most effective passive method. However, the increase in heat was
accompanied by an increase in pressure drop. Therefore, in this study, we installed perforated concave rectan-
gular winglet pair vortex generators (PCRWP VGs) on plates in rectangular ducts to increase the heat transfer
through the six heated tubes to the air stream by lowering the enhancement in the pressure drop. We attempted
to determine the best cost-benefit ratio (CBR) with a fluid flow velocity difference of 0.4-2 m/s at intervals of 0.2

m/s (Reynolds number (Re) of 2143 to 11,763) in the channel. The PCRWP VGs were composed of in-line and
staggered configurations. The results showed a lower CBR (3.56) for the in-line configuration than for the
staggered configuration. Moreover, the lowest CBR was accompanied by an increase in thermal performance

(TEF) of 1.29.

1. Introduction

The global energy demand is expected to triple over the next few
years. According to a statement by the International Energy Agency
(IEA), the main driver is the increasing use of air conditioning (AC)
machines [1]. Thus, promoting energy efficiency in air conditioners is
important and requires maximising their thermal performance, which
involves increasing the rate of heat transfer in its main component, i.e.,
the condenser. A condenser, commonly used in air conditioners, com-
prises a fin and a tube and functions as a refrigerant cooling medium.
However, the high thermal resistance (75%) of the fin air side of the
condenser lowers the heat-transfer rate in the heat exchanger [2]. Thus,
the thermal resistance must be lowered to enhance the heat transfer rate.

A commonly used active methods to increase the rate of heat transfer
involves adding vortex generators (VGs), which, according to the
research results obtained by Mugisidi et al., increases the performance of
a condenser [3]. The added VGs cause longitudinal vortices (LVs),
damage the primary flow, make the second flow as large as the first and
increase air mixing in the area [4,5]. The size of the LVs, shape of the
flow, and mixing are influenced by the shape, geometry and position of

the VGs added to the fins and tubes of the heat exchanger [6].
Samidifat et al. showed that simple rectangular vortex generators
(RVGs) can increase the heat transfer rate by 7%; however, this causes a
pressure drop in the heat exchanger system [7]. Meanwhile, modified
RVGs with a concave shape on the front and rear surfaces decreased the
heat transfer performance of the heat exchanger tube. A better option is
to use RVGs with a double convex front surface and a single concave
back surface, which can strengthen the primary vortex, increasing the
rate of heat transfer from the plate to the fluid, as demonstrated in a
study by Kashyap et al. [8]. Further research conducted by Kashyap et al.
in the same year concluded that modifying the surface shape of rect-
angular winglet vortex generators (RWVGs) can create longitudinal
eddies that interact with the boundary layer, thereby increasing the rate
of convection heat transfer [9]. Based on their research, the increase in
the optimal heat transfer rate was 14.4. The optimal heat transfer per-
formance was also obtained from the results of experiments conducted
by Adnan et al. on rectangular ducts by adding delta and rectangular
winglet VGs [10]. Concave curved delta winglet VGs were compared
with convex curved delta winglet VGs by Song et al. to observe changes
in the heat transfer rate [11].The results showed that the concave VGs
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improved the heat transfer better than the convex VGs. The differences
in the shape of the VGs affects the change in the heat transfer rate and
the change in the geometry of the VG, such as a new rib geometry in the
cylinder channel [12].

Zeeshan et al. showed that increasing the angle of attack increased
the rate of heat transfer (to 37.01-64.54%) if a pair of RWVGs were
placed at the back of the tube even though this did not reduce the
pressure drop [13]. A decrease in the value of the pressure drop also did
not occur significantly, even though there was an increase in heat of
260% in heat, as per the results of the research conducted by Linardo
et al. using the batched heat and channelled pipe (BHCP) approach [14].
The increase in heat transfer performance is influenced by the number of
RWVG pairs based on the research results of Heriyani et al., where there
is an increase in the hydraulic thermal performance evaluation criteria
by 15.17% for three pairs of RWVG compared with the baseline [15].
Wang et al. found that the more pairs of VGs placed in the crossflow, the
higher the increase in the heat transfer coefficient [16]. Sun et al. further
discovered that increasing the number of RWVGs in the heat exchanger
tube increased the heat transfer, with a maximum thermal enhancement
factor (TEF) of 1.27 [17]. The TEF value of a V-delta winglet VG reached
1.82-3% higher than that of a V-rectangular winglet VG, as revealed by
Promvonge et al. [18]. These results were obtained with an optimal
blockage ratio (BR) of 0.15 and pitch ratio (PR) 1.0. Skullong et al.
modified the shapes of RWVGs with optimal BRs and PRs to achieve an
optimum heat transfer performance and reduced pressure drop; their
shape modification involved perforating RWVGs [19].

The positions of the holes in the RWVGs did not significantly affect
the increase in heat transfer; however, they significantly affected the
flow resistance of the VGs. The heat-transfer rate increased as the height
(vertical position) of the hole increased. Widthwise, although there is an
initial increase, the heat transfer rate decreased with increasing lateral
distance [20]. An increase in the number of holes in the RWVGs in-
dicates an increase in fluid flow, which forces the fluid to flow behind
the RWVGs, thereby increasing heat transfer [4]. The heat transfer rate
increased during laminar flow when the Reynolds number (Re)
increased and then decreased with an increase in Re during turbulent
flow [20]. Positioning the tube in-line with a pair of RWVGs in a com-
mon flow-down configuration provides better performance than the
common flow-up configuration. However, a staggered tube position is
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superior, resulting in a 25.85% higher heat-transfer performance than
when a pair of RWVGs is not used [21].

In the existing studies, no detailed analyses of heat transfer were
conducted on from the surfaces of several cylinders heated and arranged
in-line when using a perforated vortex generator. Therefore, the focus
herein is on investigating the advantages of using perforated concave
rectangular winglet pair vortex generators (PCRWP VGs) to increase the
heat transfer of the airflow through heated tubes arranged in-line in the
ducts.

2. Experimental approach
2.1. Experimental setup

This research was conducted experimentally with a test equipment
scheme comprising a rectangular channel sized 370 x 18 x 8 cm. The
duct was made of 1 cm thick glass, as shown in Fig. 1.

Based on Fig. 1, the rectangular channel is equipped with a blower
(50 Hz, Wipro with a rated voltage of 220 V), an inverter (Mitsubishi
Electric type FR-D700 with an accuracy of 0.01), straightener, hot wire
anemometer (Lutron type AM-4204 with an accuracy of 0.1), wattmeter
(Lutron DW-6060 with an accuracy + 1.0), central processing unit
(CPU), micromanometer, thermocouple (K type with a temperature in-
terval of -200 -1250 °C and an accuracy =+ 0.5) where one thermocouple
was placed in the air inlet area, six thermocouples on the back surface of
the tubes and 15 on the outlet side of the wire, data acquisition
(Advantech USB-4718 type with an accuracy of 0.001) and heater
regulator. The heater was connected to six tubes with a diameter of
19.05 mm and height of 65.8 mm, with each tube having the same
power. Total heating power of 40 W was applied to the six tubes using a
regulator. The heating air flowing through the tubes occurs via con-
vection. Thus, the air at the outlet side becomes hotter than that at the
inlet side.

A pressure micromanometer (Fluke type 922, with an accuracy of
+0.05) was used to monitor the flow pressure drop. Two pitot tubes,
each set 26 cm ahead of the inlet of the test specimen and 2.5 cm behind
it, were connected to a micromanometer to measure the pressure drop.
The pressure drop measurements were recorded 30 times for 5 sekon at
each speed variation. Furthermore, flow visualisation was performed by

Pressure Micromanometer

Wire

Termocouple

Pitot Static Tube

3?pno

Wiremesh Straighten ey .
Heat Regulator ; R
r i so00 CPU Monitor Inverter
Wattmeter
I

Keyboard

Fig. 1. Experimental tool schematic.
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directing the smoke from vaporised fluid in the fluid vaporator into the
mainflow.

The VGs used as test specimens were perforated rectangular winglet
pair (PRWP) and perforated concave rectangular winglet pair (PCRWP)
vortex generators (VGs). Perforated is a term for holes in the VGs, as
shown in Fig. 2. The VGs have dimensions of the same length and width
of 30 mm, with 36 holes. The bore diameter on the VGs was 2.5 mm. The
distance between the holes was 5 mm from the center.

The VGs are placed on an aluminium plate measuring 500 x 165 x 1
mm. The geometry and the pitch between VGs for both in-line and
staggered configurations are shown in Fig. 3, with an angle of attack (o)
of 150 [2]. The distance between the cylinders is 120 mm, with a cyl-
inder diameter of 19.05 mm.

The VGs configurations were arranged in-line and staggered on the
plate. The perforated rectangular winglet (PRW) and perforated concave
rectangular winglet (PCRW) VGs in-line configurations with one, two
and three pairs are shown in Fig. 4. For each pair, the VGs were placed

Perforated RWP

Submission ID trn:oid:::1:3266371804
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on the left and right sides of the first row of tubes. VGs were placed in the
first- and third-row tubes for two pairs. For the three pairs, VGs were
placed on the first-, third-, and fifth-row tubes.

The PRW and PCRW VGs staggered configurations with one, two,
and three pairs are shown in Fig. 5. For one pair, the VGs are placed on
the right side of the first-row tube and on the left side of the second. The
VGs are placed on the right side of the first and third row tubes and on
the left side of the second and fourth tubes for two pairs. For the three
pairs, the VGs are placed on the right side of the first, third and fifth rows
of the tubes and on the left side of the second, fourth and sixth tubes.

2.2. Parameter definitions

The parameters in this study were derived from the equation used by
Oneissi et al. to obtain the thermal enhancement factor (TEF) [22].

|
MDD D DD
g Ji\[:k[:\,
DD DD DD £
uuiki\iu
Vai a a

o
e
@
&

2,5 mm

P I VR o W
3
4
A\

Pt I
A\

NP AN VAN

Fig. 2. Geometry of the VGs.
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The Nusselt number dan friction factor for the baseline conditions
are symbolised as (Nu,) and (fy), and (Nu) and (f) based on the research
of Zeeshan et al. [23]

q Dy
Ny=——-"——— 2)
Aluhe AT‘LMTD k
q
h=— 1 3)
Atuhe AT‘LMTD
g=11¢y (Tour — Tin) ©)]

where Dy, Agpe, ATimrp, M, Cp, Towe and Tiy, are hydraulic diameter, tube
surface area, log mean temperature difference, mass flow rate, specific
heat, outlet temperature, and inlet temperature, respectively

4A. 4ab 2ab

= ()

D,=—t= =
"Tp " 2(a+b) a+b

(T!ube - Tou!) - (Tmbz - Tin)

= = — — 6
ln[(Tmbe - T{)m) - (Ttube - Tin)] ( )

ATLMTD =

where A, dan Ty, are channel surface area and tube temperature,
respectively.
The result of Dy, is used to calculate Re with the formula

_puinDh
U

Re )

and friction factor (f) was determined to evalute the performance of
hydro dynamic using

zl'j turnitin Page 11 of 22 - Integrity Submission

where p, V,and L are the air density, inlet airflow velocity and length of
the test specimen, respectively.

The equation required to determine the cost-benefit ratio (CBR),
defined as the ratio of pressure drop per variation in Nu number, as
formulated by Tian et al. [25], is as follows:

)]

%Nu

This concept investigates whether the method used to enhance the
heat-transfer rate is economically efficient. In the hydrodynamic test,
the pressure drop (AP) is measured by the pressure difference on the
sides of Pjjer and Pyyer Of the test specimen in the tested part using
equation (10):

AP =Pinier — Pouties (10)

2.3. Validation

The current study is a follow-up investigation to the work of Yafid
et al. [24], and the experimental setup was similar to that of Yafid et al.
The difference between the current study and the experiment of Yafid
et al. is a test object in which the current study uses concave rectangular
winglet (CRW) VGs; in Yafid et al.‘s experiment concave delta winglet
(CDW) VGs are used. Whitaker et al. [25] studied the heat transfer
characteristics of airflow through a single cylinder in a rectangular duct.
The results of Yafid et al. were valid, and the same experimental set-up
was determined. The Nu value from the experiment of Yafid et al. were
comparable with the Nu values from the experiments of Whitaker et al.
in the Reynolds number (Re) range of 2143 to 11,763.
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Three pairs PCRW in-line

Three pairs PRW in-line

Fig. 4. VGs pairs in-line configurations.

3. Results and discussion
3.1. Flow visualisation

A flow visualisation test was performed to observe the longitudinal
vortices (LV) formed after the flow passed through the VGs in the rect-
angular channel. This test was conducted under low-light conditions to
clarify the LV. The laser beam was refracted by a cylindrical glass
(diameter 5 mm), which produced a cross-sectional area perpendicular
to the direction of the flow. Smoke formed from the evaporation of the
liquid was used to visualise the LV in the flow. The VGs used in this
visualisation test were PRWP and PCRWP with an in-line arrangement,
as shown in Fig. 6.

In Fig. 6 (c) and (d), the PCRWP VGs appear to produce longitudinal
vortices (LV) in a wide flow area compared with the PRWP VGs in Fig. 6
(a) and (b) downstream. The back region of the PCRWP VGs had a wider
frontal surface area than the PRWP VGs. Consequently, mixing the near-
fluid the channel walls with the fluid in the mainstream is better,
meaning that the heat transfer rate is increased [26]. Downstream, the

zl'j turnit|n Page 12 of 22 - Integrity Submission

LV compression in the wake area increases the fluid flow velocity
passing through the cylindrical structure, thereby increasing the heat
transfer rate from the channel surface to the fluid flow in the wake re-
gion [27]. The increase in heat transfer produced when using PCRWP
VGs was better than that with PRWP VGs.

3.2. Perforated vortex generators effect on heat transfer

The increase in the convection heat transfer was due to the mixing of
fluids caused by the strong longitudinal vortices (LVs) [28]. The strength
of the LVs is caused by the amount of VGs sets; increasing the amount of
VGs pairs in the test specimen can increase the coefficient of the con-
vection heat transfer [29], as shown in Fig. 7.

In Fig. 7, we can see the convective heat transfer coefficient with
respect to the Reynolds number (Re), analysed after installing the
PCRWP and PRWP with pairs ranging from one, two and three, arranged
in-line or staggered. Based on Fig. 7, the convective heat transfer coef-
ficient increased with a rise in Re due to an increase in flow vortices and
high turbulence intensity in the channel [30], alongside a reduction in
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One pair PCRW staggered

Two pairs PCRW staggered

Three pairs PCRW staggered

Two pairs PRW staggered

Three pairs PRW staggered

Fig. 5. VGs pairs staggered configurations.

the wage region and stagnation area for each increase in flow velocity
[31]. The improve in heat transfer for the staggered was better than that
for the PCRW VGs with any number of pairs at the highest Re (11,000).
The results in Fig. 7 show that the PCRWP VGs worked better than the
PRWP VGs, and the staggered arrangement of the former, with three
pairs, gave the highest yield (153.5 W/m? e K), as shown in Fig. 7(c).
Two PCRW pairs (137.33 W/m? e K, Fig. 7(b)) were better than one
(132.25 W/m?  K) (Fi g. 7(a)) because the VGs with a concave surface
destabilise the force of centrifugal of the fluid flow, strengthening the
flow vortices and making the mixing of the hot fluid near the wall with
the cold fluid of the main flow more robust [32]. In Fig. 7(a), the con-
vection heat-transfer coefficient for the case of the in-line PRW VGs has
the same value as that of the in-line or staggered PCRW VGs in a pair of
VGs. In one pair of VGs, a longitudinal vortex is generated after the flow
hits and weakens the VGs [29]. This result contrasts with the cases with
two and three pairs of VGs, where the longitudinal vortex produced after
striking the first VGs is amplified again when the flow strikes the second

zl'j turnit|n Page 13 of 22 - Integrity Submission

VGs and so on. Therefore, the value of the heat transfer coefficient in the
case of a pair of PRW VGs is the same value as that of PCRW VGs at
Reynolds numbers above 8000.

3.3. Effect of perforated vortex generators on pressure drop

Using VGs can affect the increase in heat transfer, but there is often
an accompanying increase in pressure drop, as shown in Fig. 8, where an
increase in pressure drop can be seen along with the increases in Re and
pair numbers for both the VG types PCRW and PRW. In general, the
highest pressure drop was observed using the PCRWP VGs with a stag-
gered configuration for all Re, except for one pair of VGs. The highest
pressure drop was found in the PRWP VGs with an in-line configuration
at Re greater than 8000. The pressure drop on the staggered VGs was
found to be higher than that on the in-line configuration because of the
shorter distance between the VGs of the staggered configuration than
that of the in-line [29], caused by the resistance of fluid flow against the
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Fig. 6. Visualisation of LV generated by (a) in-line PRWP, (b) staggered PRWP,
(c) in-line PCRWP and (d) staggered PCRWP.

walls of the VGs and the expansion of the frontal zone of the VGs in the
next-pair arrangement [33]. The pressure drop in the staggered
arrangement was lower than that in the in-line arrangement, whereas
the PRW VGs type created a lower pressure drop than the PCRW VGs
because the latter reduced the frontal area hit by the airflow, resulting in
a decrease in drag [34]. In addition, the jet flow from the VG hole can
reduce the stagnation flow, which can reduce the pressure drop [35]. A
significant decrease in the pressure drop was due to the VG perforation
[36]. The best pressure drop value for one pair with a staggered
arrangement was 4.58 Pa (see Fig. 4(a)), whereas two pairs (5 Pa, Fig. 4
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(b)) were better than three (5.4 Pa, Fig. 4(c)).
3.4. Effect of perforated VGs on thermal enhancement factor

TEF exhibited the hydraulic thermal performance while using VGs,
which played a role in restructuring the incoming fluid flow pattern. The
increase in the TEF was due to the influence of complex overlapping
structures, which meant that the flow developed into a turbulent
structure, significantly affecting the heat transfer increase [37]. The
experimental TEF values are shown in Fig. 9.

The TEF is the thermal-hydraulic performance which is the ratio of
the increase in heat transfer to the pressure drop ratio. In general, the
highest TEF was observed when the PCRWP VGs were used with a
staggered configuration, as depicted in Fig. 9. The PCRW creates wider
flow vortices that can reduce the wake area behind the cylinder.
Reducing the wake area can reduce the recirculation zone, affecting the
heat transfer from the back of the cylinder to the stream [26]. A
large-radius, high-intensity anterior-posterior vortex can reduce the
wake area. A lessening within the wake zone increased the flow velocity
behind the tube and reduced the recirculation area, resulting in
increased heat transfer in this area [27,38]. As shown in Fig. 9, there was
an increase in the TEF with greater pairs of VGs used for both the PCRW
and PRW VG because the PCRW produced wider flow vortices, which
reduced the wake region behind the cylinder, thereby reducing the
recirculation zone and impacting the heat transfer increment from the
rear cylinder surface to the stream [39]. In this process, a large number
of longitudinal vortices with high intensities can reduce the wake area,
which increases the flow velocity downstream of the tube and reduces
the recirculation region, leading to an increased heat-ransfer rate in the
region [40,41]. Based on Fig. 9, the best TEF increase occurred at Re
between 8000 and 9000. The best TEF values, with one, two and three
pairs occurred in the staggered arrangement with PCRW VGs, at 1.18,
1.20 and 1.29, respectively (see Fig. 9).

3.5. Effects of perforated VGs on the cost-benefit ratio

Economic evaluation cannot be conducted based only on the TEF and
the net profit from the heat load of the transferred unit [26]. Instead, it
must be determined by evaluating the economic value of the
heat-transfer improvement by calculating the cost benefit ratio (CBR), as
shown in Fig. 10.

Fig. 10 show the result of the CBR calculation to compare the per-
centage increase in the pressure drop with the percentage increase in the
Nusselt number when using VGs. These results indicate that a lower CBR
improves thermal performance, which is greater than the drag force
[25]. The greatest increase in CBR occurred with the PRW VGs, with an
in-line arrangement, totalling 4.57, 4.95 and 3.56 for one, two and three
pairs, respectively. The lowest CBR was measured when three sets of
PCRW vortex generators with a staggered arrangement were used. The
lowest CBR were obtained with the three pairs of staggered-type VGs
PCRW. The three VG pairs showed a lower CBR than the one and two
pairs because they resulted in the greatest increase in the Nusselt
number, accompanied by a lower pressure drop increase, which lowered
the CBR. These results show that a lower CBR improves thermal per-
formance relative to resistivity [26]. A low value CBR inicates a more
economical value using VGs. In general, using PCRWP VGs with a
staggered configuration is the best.

3.6. Heat loss analysis

Heat loss analysis was performed by considering the convection heat
transfer from the six tubes to the surrounding fluid flow. The heat
transfer rate was calculated for laminar and turbulent flows.

The heat loss in this experiment was calculated by calculating the
difference between the induced electric power and total heat through
convection from the surface of the tubes to the fluid. In this experiment,
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Fig. 7. Graphs of convective heat-transfer coefficient against Reynolds number: (a) one, (b) two and (c) three pairs.

six tubes in a wind tunnel were heated using a heater at a power of 40 W;
the velocity of the inlet fluid is varied from 0.4 to 2 m/s at intervals of
0.2 m/s or in the Reynolds number range from 2143 to 11,763. Based on
the Reynolds number range, two types of flows were determined;
laminar and turbulent. Therefore, the heat loss was determined from the
correlation between laminar at 0.4 m/s and turbulent for other veloc-
ities. The experimental data for the hydraulic diameter Dy, tube surface
area Appe, channel surface area A. and air specific heat ¢, are 0.09223 m,
0.02338908 m?, 0.01056 m? and 1.007 J/kgK, respectively. Table 1 is a
baseline for calculating heat loss

From Table 1, the greater the velocity with an increase in the Re, the
lower the heat loss. It can be observed that the heat flow from the heater
not only spreads into the tube, but convection also occurs outside the
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tube. The heat output increased with Re, i.e, the higher the flow velocity,
the greater the turbulence through the cylinder and the higher the tur-
bulence intensity. An increase in the turbulence intensity between a cold
airflow and hot cylinder with a constant surface temperature is caused
by the airflow velocity [26]. In row-tube arrays, this recirculation area
increased for the second and subsequent columns. A lower air velocity in
the circulation region indicated less airflow in the region participating in
the local heating process [37]. The heat loss under all conditions in this
experiment is listed in Table 2.

Table 2 shows that the lowest heat loss occurs when three sets of
PCRWPs are staggered. The placement of the VGs can increase heat
transfer in square ducts as the VGs create longitudinal vortices, which in
turn increase vortex strength in the wake region downstream of the tube.
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Fig. 8. Graph of pressure drop against Reynolds number: (a) one, (b) two and (c) three pairs.

Longitudinal vortices make the overall temperature field more uniform,
improve heat mixing and boundary layer modification, and improve
heat transfer performance. A higher number of vortex generators creates
more longitudinal vortices and significantly increases heat transfer [26,
29].
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3.7. Uncertainty analysis

In this section, uncertainty analysis calculation data will be shown
for the temperature at base-line conditions with a velocity of 0.4 m/s as
shown in Table 3.

From these data, it is found that T, can be calculated by the
equation as
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Truvet + Truser + Trubes + Truses + Trubes + Trubes

Trupe = 6 =49.56°C (11)

Then, the average standard deviation is obtained by the following
formula.

=0.029
NN-1)

(12)

Stube =

Therefore, the average Ty can be written as 49.5 £ 0.029 °C. Ty
calculation results obtained 32.95 °C. The average standard deviation
was calculated using the following equation:

Zi‘vzl (Tout'i - Taut)z

=0,051
NN -1) ’

13

STout =

Furthermore, the average value of T,, can be written as 32.95 +
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(c)

Fig. 9. Graph of thermal enhancement factor against Reynolds number: (a) one, (b) two and (c) three pairs.

10

0.051 °C. Using the same equation, the standard deviation of T;, was
found to be 0.033. Thus, the average T;, value was 29.75 + 0.016 °C.

The value of g at a speed of 0.4 m/s was found to be 19.48 W. To
determine of the standard deviation of g, the following equation was
used:

dq z dgq 2
RSS, = (S<ATM>TTM) +<S(Ann)ﬁ)

14

oq a(mocpoTOM, fmocpoTM)
o 0T, Tmeesr
oq 0(mocpoT0M, fmocpoTi,,)
aTin_ aTt - (m.c.p)

where s(ATy,) = 0.051°C and s(AT;,) = 0.033°C, ensuring, that RSS; =
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Fig. 10. Graph of cost-benefit ratio against Reynolds number: (a) one, (b) two and (c) three pairs.

+ 0.290 W. Therefore, the heat transfer rate g becomes 19.48 + 0.290 AT ) 3(%)
mid) tube —Tin

W. The value of ATy at a speed of 0.4 m/s was found to be 18.56 °C. To oT,u 0T

determine the value of the standard deviation of AT,y we used the

following equation:
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AT\ (AT i)\ AT a)\?
= (50720 ) 2200) (s, 28T (g, 287
tube out in

(15)

a(ATlmrd) _ In Trmi O’til
aTin ()Tm

9 ((Tmthmu) [IuhL"Tm))
Tiube =Tout
a(ATlmtd) o I
aTtube aTlube
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q loss
W)

20.52
21.02
20.81
20.16
18.85
19.70
18.97
17.46
15.83

q input
W)
0
40
0
40
0
0

q conv

w)

19.48
18.98
19.19
19.84
21.15
20.30
21.03
22.54
24.17

h (W/
mK)
50

45
5

5

61
70
75
84

155
174
192
214
228
247
263
296

Nu

AT (T tube - T

inlet)
21
18
16
15
15
13
13
12

AT
LMTD
19
16
15
14
14
12
12
12

T tube
(C
50
46
44
43
43
41
40
39

T outlet
©
33
31
30
30
29
29
29
28

T inlet
(@]
29
28
28
28
28
28
27
27

0.73
0.73
0.03
0.73
0.73
0.73
0.73
0.73

0.03
0.03
0.03
0.03
0.03
0.03
0.03
0.03

Dynamics viscous

(kg/ms)

1.9.E-05
1.9.E-05
1.9.E-05
1.9.E-05
1.9.E-05
1.9.E-05
1.9.E-05
1.9.E-05

Density (kg/

m?)

1.13
1.13
1.14
1.14
1.14
1.15
1.15
1.15

Mass flow rate
(kg/s)
0.004757
0.00719
0.009618
0.012056
0.014477
0.016958
0.019407
0.021863
0.024341

Re
2165
3291
4413
5545
6661
7826
8965
10,110
11,272

v (m/
s)
0
0.6
8
1
1.2
4
6

baseline

Heat loss baseline.

Table 1
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Table 2

Calculation of heat loss for the whole case.
type VGs q conv (W) q input (W) q loss (W)
Baseline 20.74 40 19.26
PCRWPI1 25.15 40 14.85
PCRWPI2 27.55 40 12.45
PCRWPI3 27.61 40 12.39
PCRWPS1 26.43 40 13.57
PCRWPS2 26.43 40 13.57
PCRWPS3 27.94 40 12.06
PRWPI1 24.09 40 15.91
PRWPI2 27.25 40 12.75
PRWPI3 28.82 40 11.18
PRWPS1 23.94 40 16.06
PRWPS2 26.37 40 13.63
PRWPS3 28.12 40 11.88

Table 3

Base-line test temperature data at a speed of 0.4 m/s.

T (Tube;) T (Tubey) T (Tubes) T (Tubey) T (Tubes) T (Tubeg)

49.19093 51.21368 48.32313 49.76915 47.80219 51.27142
49.1834 51.17728 48.3156 49.79053 47.7657 51.2639
49.14545 51.16826 48.30655 49.7526 47.7856 51.25489
49.12105 51.17277 48.28214 49.72821 47.76118 51.2594
49.15297 51.20465 48.28515 49.73122 47.73524 51.2624
49.09966 51.15141 48.28967 49.73573 47.76871 51.26691
49.09815 51.14991 48.23029 49.73423 47.73826 51.29428
49.08912 51.14089 48.25019 49.66739 47.72922 51.22751

where s(ATyp.) =0,029°C, s(AToy) = 0,051°C and s(ATin) =0,033°C;
we get RSSat,,, of £0.043, ensuring, that the obtained ATy is 8.56 =
0.043.

The value of Nu at a speed of 0.4 m/s was found to be 155.31. The
standard deviation of Nu was obtained using following equation

oNu\* N
RSSy, = \/(S(q) TQM> + S(ATImtd> 0A7T1ud (16)
mic

ONu 0(qe Dy Ar' e AT, ek™) D,

og 9q (A1) (ATia) (k)

ONu  d(qeD,eAr' e AT, k) _ q.Dy,

IN OAT ia (AD) (AT )’ (k)

With the values of s(q) = 0.290 W and s(ATjnq) = 0.043, the ob-
tained RSSy, was +2.889 WAm>C). Therefore, the value of RSSy, is
155.31 + 2.889 Wm*C.

The value of h at a speed of 0.4 m/s was found to be 44.86. To
determine the standard deviation of Nu the following equation is used

2
RSS;, = <s(Nu) %) a7

on  O(h.Dyk')  k

ONu oh D,

Furthermore, the value of D, is 0.092 m and k at Ty = 40.24 is 0.026. So
the value of h at a speed of 0.4 m/s is:

2
RSS, = (S(Nu) %) =0,83
u

Thus, the number h at a speed of 0.4 m/s is 44.86 + 0.83. So, the
error h for the baseline at a speed of 0.4 m/s is

RSS,

Error = x 100 as)
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Table 4

Baseline pressure drop data at a speed of 2.0 m/s.
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Table 6
Overall error TEF.

AP (Pa) Variasi Vortex Generator Overall Error TEF (Berlubang)
Data to 2.0 m/s Data to 2.0 m/s 1 RWP in-line 0.47%
o Ti 0

1 0.013 16 0.012 2 RWP in-line 0-47%

3 RWP in-line 0.43%
2 0.013 17 0.013
3 0.013 18 0.012 1 RWP staggered 0.47%
2 0'013 19 0'012 2 RWP staggered 0.47%

. . 3 RWP staggered 0.43%

5 0.012 20 0.013 Lo

1 CRWP in-line 0.45%
6 0.013 21 0.013 L.

2 CRWP in-line 0.45%
7 0.013 22 0.012 -

3 CRWP in-line 0.42%
8 0.012 23 0.013

1 CRWP staggered 0.45%
9 0.013 24 0.012 o
10 0.013 25 0.013 2 CRWP staggered 0.45%

: . 3 CRWP staggered 0.41%
11 0.013 26 0.013
12 0.013 27 0.013
13 0.012 28 0.013
14 0.012 29 0.012 m 2
15 0.013 30 0.012 |3 (TEF, — TEF)"
s=y /==L 2 .07 (22)
NN —1)
Therefore, the TEF value was 1.12 &+ 1.07. Then, the error in the form
Error = 1436 < 100 = 1.51% of percentage can be calculated using the following equation:

From the test in the baseline case with a speed of 2.0 m/s, the results
of the pressure drop are listed in Table 4, which show that the average P
can be calculated as follows:

ﬁ_APl + APy + AP5 + ... + APy,
B 30

=3.51Pa (19)

The average standard deviation of the pressure drop can then be
calculated using the equation

N Ap\2
— Z[:l(APi AP) —89 x 10—5

NIV =) (20)

©

Baseline case for the pressure drop value at a speed of 2.0 m/s is
3.51 + 8.9 x 107°Pa. Then, the error in the form of percentage can be
calculated using the following equation:

8.9 x 107°

351 x 100 = 0.71

The equal calculation approach changed into used for all data.
Therefore, the overall error outputs for the pressure-drop vortex
generator with placement variations (in-line and staggered), Re and
amount of VG sets (one, two and three) are listed in Table 5.

The average TEF results from the experimental results can be
calculated as follows.

TEF =

TEF| + TEF, + TEF; + ... + TEF, _
12 o

1.12 21

Then, the average standard deviation of the TEF can be calculated
with the equation

Table 5
Overall pressure drop (AP).

1.07
—— x 100 = 0.94
1.12>< 00 = 0.94%

The overall error results for the TEF vortex generator with placement
variations (in-line and staggered), Re and amount of VG sets (one, two
and three) are listed in Table 6.

First, find the average CBR of the experimental results with the
following formula.

CBR:CBRI + CBR, + CBR; + ... + CBRy, _

2.14
12

(23)

The average standard deviation of the pressure drop CBR can then be
calculated using the following equation:

“pp\2
s= M:l_éo

NN -1) 24)

The CBR value is 2.14 + 1.60. Then the error in the form of per-
centage can be calculated using thefollowing equation:
1.60

14 x 100 = 0.63%

The overall error results for the CBR vortex generator with placement
variations (in-line and staggered), Re and amount of VG sets (one, two
and three) are listed in Table 7.

4. Conclusion
Based on the experimental results for perforated concave rectangular

winglet pair vortex generators (PCRWP VGs) used to increase the heat
transfer of airflow through heated tubes arranged in-line in the duct, we

Table 7
Overall error CBR.

Vortex Generator Variations Overall Error P (perforated)

Variasi Vortex Generator Overall Error CBR (Berlubang)

1 PRWP in-line 2.94%
2 PRWP in-line 2.87%
3 PRWP in-line 1.98%
1 PRWP staggered 2.88%
2 PRWP staggered 2.34%
3 PRWP staggered 1.36%
1 PCRWP in-line 2.72%
2 PCRWP in-line 1.80%
3 PCRWP in-line 1.80%
1 PCRWP staggered 2.43%
2 PCRWP staggered 1.91%
3 PCRWP staggered 0.97%

1 RWP in-line 0.32%
2 RWP in-line 0.29%
3 RWP in-line 0.45%
1 RWP staggered 0.32%
2 RWP staggered 0.31%
3 RWP staggered 0.45%
1 CRWP in-line 0.4%

2 CRWP in-line 0.42%
3 CRWP in-line 0.56%
1 CRWP staggered 0.43%
2 CRWP staggered 0.42%
3 CRWP staggered 0.66%
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conclude that using PCRWP VGs affects the convection heat transfer
coefficient, pressure drop in achieving hydraulic thermal performance
and cost-benefit ratio. In our investigation, the best heat-transfer con-
vection coefficient was 153.5 W/m? e K for the three pairs of PCRW VGs,
in a staggered manner. The greatest improvement in the pressure drop
value (4.58 Pa), occurred for one pair of PCRW VGs arranged in a
staggered manner, whereas the hydraulic thermal performance was the
best (1.29) in this experiment with the three pairs of PCRW VGs ar-
ranged in a staggered manner. Finally, the best CBR (3.56) was recorded
for the three pairs of PCRW VGs composed in a staggered manner.
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