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Date: Jul 12, 2022

To: "oktarina heriyani" oktarina@uhamka.ac.id

From: "Results in Engineering" support@elsevier.com

Subject: Your PDF %ARTICLE_TITLE% has been built and requires approval

Dear Miss heriyani,

The PDF for your submission, "Perforated concave rectangular winglet pair vortex generators enhance
the heat transfer of air flowing through heated tubes inside a channel" is ready for viewing.

This is an automatic email sent when your PDF is built. You may have already viewed and approved
your PDF while on-line, in which case you do not need to return to view and approve the submission

Please go to https://www.editorialmanager.com/rineng/ to approve your submission.

Username: **¥**xx*
If you do not know your confidential password, you may reset it by clicking this link; *****x*xx

Your submission must be approved in order to complete the submission process and send the
manuscript to the Results in Engineering editorial office.

Please view the submission before approving it to be certain that your submission remains free of any
errors.

Thank you for your time and patience.

Editorial Office Staff

Results in Engineering

https://www.editorialmanager.com/rineng/

#AU_RINENG#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration details

at any time. (Use the following URL: https://www.editorialmanager.com/rineng/login.asp?a=r). Please contact the
publication office if you have any questions.
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Date: Jul 12, 2022

To: "oktarina heriyani" oktarina@uhamka.ac.id
From: "Results in Engineering" support@elsevier.com
Subject: Submission Confirmation for %ARTICLE_TITLE%

Dear Miss heriyani,

Your submission entitled "Perforated concave rectangular winglet pair vortex generators enhance the
heat transfer of air flowing through heated tubes inside a channel" has been received by journal Results

in Engineering

You will be able to check on the progress of your paper by logging on to Editorial Manager as an author.
The URL is https://www.editorialmanager.com/rineng/.

Your manuscript will be given a reference number once an Editor has been assigned.
Thank you for submitting your work to this journal.

Kind regards,

Results in Engineering
#AU_RINENG#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration details
at any time. (Use the following URL: https://www.editorialmanager.com/rineng/login.asp?a=r). Please contact the

publication office if you have any questions.
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From: "Results in Engineering" support@elsevier.com
Subject: A manuscript number has been assigned to %ARTICLE_TITLE%

Dear Miss heriyani,

Your submission entitled "Perforated concave rectangular winglet pair vortex generators enhance the
heat transfer of air flowing through heated tubes inside a channel" has been been assigned the
following manuscript number: RINENG-D-22-00804.

You will be able to check on the progress of your paper by logging on to Editorial Manager as an author.
The URL is https://www.editorialmanager.com/rineng/.

Thank you for submitting your work to this journal.
Kind regards,

Antonio Garcia, Ph.D

Editor in Chief

Results in Engineering

#AU_RINENG#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration details
at any time. (Use the following URL: https://www.editorialmanager.com/rineng/login.asp?a=r). Please contact the
publication office if you have any questions.
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Date: Aug 24, 2022

To: "oktarina heriyani" oktarina@uhamka.ac.id
From: "Results in Engineering" support@elsevier.com
Subject: Your Submission

Ref.: Ms. No. RINENG-D-22-00804

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

Results in Engineering

Dear Miss heriyani,

Reviewers have now commented on your paper. You will see that they are advising that you revise
your manuscript. If you are prepared to undertake the work required, I would be pleased to
reconsider my decision.

For your guidance, reviewers' comments are appended below.

If you decide to revise the work, please submit a list of changes or a rebuttal against each point
which is being raised when you submit the revised manuscript.

Please resubmit your revised manuscript by Sep 14, 2022.

To submit a revision, go to https://www.editorialmanager.com/rineng/ and log in as an Author. You
will see a menu item call Submission Needing Revision. You will find your submission record there.

Yours sincerely

Ezio Mancaruso, Ph.D
Associate Editor
Results in Engineering

Comments from the Editors and Reviewers:

Your article would appear to be of interest to a wide engineering research community and in order to
promote its visibility even more, may we recommend that you view the past published articles in
Results in Engineering and if you find any relevant publications, CITE the article from this Journal.

Reviewer 1: Following are the few observations:

1. Author should add figure of location of thermocouple.

. Heaters are placed after test section? How the heating of air takes place?

. Details of perforations on rectangular and concave winglet is missing. pl add.
. Provide details of validation of set up and heat loss analysis.

. Mention pitch kept between two pins/winglet.

. At lower Re both inline and staggered arrangement gives same result, while deviatio 3 o& ved
after Re 8000. Author has to justify.

7. Provide more clarification about 1,2 & 3 pairs.

8. Compare the PRWP and PCRWP with without perforation.

9. Discuss how number of pairs contribute in improving TEF

aulhWN
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Reviewer 2: This paper presented experimental results of the heat transfer, pressure drop and
thermal performance characteristics of the perforated concave rectangular winglet pair vortex
generators on plates in rectangular ducts to increase the heat transfer through the six heated tubes
to the air stream. Perforated concave rectangular winglets were compared with perforated
rectangular winglet pairs vortex generator mounted on rectangular plates. The subject of the article
falls within the scope of the Results in Engineering. In my view, unless the paper is rewritten in a
proper way, I think it is inadequate to be published in a scientific journal in its present state. I would
like to provide the following comment:

1.  There are many spelling and grammar mistakes in this paper, and many sentences are not easy
to follow. The grammar and structure of sentences in this paper need to be modified carefully, such
as the title of the article. The language of this paper need to be improved by a native English
speaker.

2. The velocity ranges studied are given in the Abstract, whereas the Reynolds number ranges
studied should be given.

3. Please review the keywords and add a few, for instance heat transfer, thermal performance.

4. The method section can be expanded.

5. The arrangement of vortex generators is given in Figure 2, but Figure 2 is not sufficient for a
clear understanding of the construction of vortex generators. Additional figures should be drawn
which clearly show the construction of vortex generators and the in-line and staggered arrangement.
6. Thermal characteristics are given in terms of the convective heat transfer coefficient (h),
friction characteristics are given in terms of pressure drop. Why are thermal characteristics not given
in terms of Nusselt number (Nu) and friction characteristics in terms of coefficient of friction (f)?

7. It is not specified how the hydraulic diameter (Dh) is calculated. How the Reynolds number
(Re) was calculated is not specified.

8. No correlation (Nu-Re), (f-Re) is given.

9. Error analysis is given, but uncertainty analysis is not done.

Reviewer 3: In connection with climate change and an increase in the average annual temperature
on Earth, there is a new danger of the negative impact of high temperatures on human life.

In this case, the improvement of air conditioning systems, including the search for the best thermal
enhancement factor, cost-benefit ratio, etc., takes on a new sense, which is one of the main targets
of this article. The topic is timely and of great practical significance to environmental protection,
enhancing safety, and people's life comfort.

The manuscript is well-structured and includes all necessary parts.

Two key strengths of the paper are a good introduction section and an analysis and discussion of the
results. Both research objectives and content are clear. The key scientific issues to be solved are
moderate. The research experimental method is reasonable.

There are also several shortages worthy to be mentioned:

1. Seriously revise the formulas

a) If you use an italic font in formulas, use an italic font in their descriptions. For example, in formula
(1), the Nusselt number (Nu) and friction factor (f); in formula (3), heat transfer coefficient (h). It
may confuse the reader.

b) The Nusselt numbers in formula (1) and formula (2) have different designations. It may confuse
the reader.

c) What are Nusselt number and friction factor with subscript 0 in formula (1)?

d) In formula (5), a pressure drop is the lowercase letter Ap, but in formula (6), a pressure drop is
uppercase AP. Are these different pressures?

2. What is the error of pressure drop measurement with the Fluke 922 Airflow Micromanometer
described in section "3.2 Effect of perforated vortex generators on pressure drop"? Did ' _ “wer the
necessary range of pressures to be investigated? Could micromanometer error have afi d the
conclusions of the section? Because the pressure drop values of 4.58 Pa, 5 Pa and 5.4 Pa are close to
each other.

3. The measurement error in the section "3.3 Effect of perforated VGs on thermal enhancement
factor" and "Effects of perforated VGs on the cost-benefit ratio" is not clear. Can you show the error
bar or describe it in the description?

https://www.editorialmanager.com/rineng/ViewLetter.aspx?id=144471&Isid=5412de00-9e84-4929-8aac-da8e5b07de49&prod=&sgTask=0&cm= 2/3
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4. In my humble opinion, the section "3.5 Flow visualisation" is better presented first in section "3.
Results and Discussion".

As a result, the article appears to be a qualified research paper. The results presented are consistent

with the aims and scope of the journal. But now the article needs a major revision with correction of
formulas and clarification of measurement errors.

#AU_RINENG#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration
details at any time. (Use the following URL: https://www.editorialmanager.com/rineng/login.asp?a=r). Please
contact the publication office if you have any questions.
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Date: Sep 23, 2022

To: "oktarina heriyani" oktarina@uhamka.ac.id
From: "Results in Engineering" support@elsevier.com
Subject: Submission Confirmation for %MS_NUMBER%

Ref.: Ms. No. RINENG-D-22-00804R1

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

Dear Miss heriyani,

Results in Engineering has received your revised submission.

You may check the status of your manuscript by logging onto Editorial Manager at
(https://www.editorialmanager.com/rineng/).

Kind regards,

#AU_RINENG#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration details
at any time. (Use the following URL: https://www.editorialmanager.com/rineng/login.asp?a=r). Please contact the
publication office if you have any questions.

https://www.editorialmanager.com/rineng/ViewLetter.aspx?id=156397&lsid=40ce03ee-a9dc-409a-b2a2-7550b21a3de1&prod=&sgTask=0&cm=
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Date: Oct 14, 2022

To: "oktarina heriyani" oktarina@uhamka.ac.id
From: "Ezio Mancaruso" ezio.mancaruso@stems.cnr.it
Subject: Your Submission

Ref.: Ms. No. RINENG-D-22-00804R1

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

Results in Engineering

Dear Miss heriyani,

I am pleased to tell you that your work has now been accepted for publication in Results in
Engineering.

It was accepted on Oct 14, 2022

Comments from the Editor and Reviewers can be found below.
Thank you for submitting your work to this journal.

With kind regards

Ezio Mancaruso, Ph.D

Associate Editor

Results in Engineering

Comments from the Editors and Reviewers:

Reviewer 2: Dear Editor,
I reviewed the revised manuscript.

The authors have made most of the corrections I have asked of them. Therefore, the manuscript can
be accepted for publication.

Kind regards,

Reviewer 3: The authors responded to all questions of interest, provided missing data, and corrected
deficiencies. After the review, I recommend the article for publication in the journal.

Eligible for a waiver?

If your manuscript was transferred from an Elsevier subscription journal and submitted in this open

https://www.editorialmanager.com/rineng/ViewLetter.aspx?id=165036&Isid=16804693-b95a-43e8-9676-e91cdae32d12&prod=&sgTask=0&cm= 1/2
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access journal before 31 December 2022, you do not have to pay the article publishing charge
(APC). We will waive the APC.

How to get your APC waived?
Please use this webform to contact our support team:
https://service.elsevier.com/app/contact/supporthub/publishing/

You can then expect the following:

1. You will receive a voucher code upon successful validation.

2.  You will receive an email with a link to the Rights and Access form.

3. Enter the voucher code in the Rights and Access form, in the Publishing options step and
complete the form.

Important note:
Please complete the Rights and Access Form within 14 days of receipt of the link to the form. An
open access invoice will be sent to you if you don't complete the Rights and Access form.

#AU_RINENG#

To ensure this email reaches the intended recipient, please do not delete the above code

In compliance with data protection regulations, you may request that we remove your personal registration
details at any time. (Use the following URL: https://www.editorialmanager.com/rineng/login.asp?a=r). Please
contact the publication office if you have any questions.

https://www.editorialmanager.com/rineng/ViewLetter.aspx?id=165036&Isid=16804693-b95a-43e8-9676-e91cdae32d12&prod=&sgTask=0&cm= 2/2
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Author's Response To Reviewer Comments

Close
A |

Dear Editors and Reviewer

Thank you for your letter and for the reviewers' comments concerning our manuscript entitled
"Perforated concave rectangular winglet pair vortex generators enhance the heat transfer of air
flowing through heated tubes inside a channel" (Manuscript Number: Rineng-D-22-00804R1). The
comments are all valuable and very helpful to revise and improve our paper, as well as significant
guidelines for our research. We have learned comments carefully and have made the correction
that we hope you meet with your approval. We have included the parts requested to be revised in
the manuscript. Revised portions are marked in red in the revised paper. The main correction in
papers and responses to reviewing comments is flowing.

Reviewer 1: Following are the few observations:

Author should add figure of location of thermocouple.

Thank you very much for the proposal. I've revised Figure 1 because I made a mistake in
captioning the figure. One thermocouple is placed in the air inlet area, six thermocouples on the
back surface of the tubes, and 15 on the outlet side of the wire, as observed in Figure 1.

Heaters are placed after test section? How the heating of air takes place?

Thanks for the question. The heater is connected to six tubes with each tube getting the same
power. The total heating power of 40 W is induced in the six tubes by a regulator. Heating air
flowing through the tubes occurs by convection. So that the air at the outlet side becomes hotter
than that from the inlet side.

Details of perforations on rectangular and concave winglet is missing. pl add.

Thank you for the correction. I have added in the paper the detailed geometry of the perforated
rectangular winglet (PRW) and perforated concave rectangular winglet (PCRW) vortex generators
(VGs), as shown in Figure 2.

Perforated RWP Perforated CRWP

VGs have dimensions of the same length and width of 30 mm and have 36 holes. The bore
diameter on the VGs is 2.5 mm. The distance between the holes is 5 mm from the center of the
holes.

Provide details of validation of set up and heat loss analysis.

Set up validation

Thank you for your suggestion. The current study is a follow-up investigation of the w 3
al [1]. The experimental set-up of this study is similar to that of Yafid et al. experimenc.. g’
difference between the current study and the experiment of Yafid et al. is a test object
current study uses concave rectangular winglet (CRW) VGs, while the work of Yafid et al. uses
concave delta winglet (CDW) VGs. Whitaker et al. [2] studied the heat transfer characteristics of
airflow through a single cylinder in a rectangular duct. To confirm the results of the experiment

https://www.editorialmanager.com/rineng/viewAuthorsResponseToReviewers.aspx?docid=5909&revision=1&msid={88E1BBCE-5FB3-4D8D-AABG6-2... 1/16
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Yafid et al. are valid, the same experimental set-up is determined. The Nu value from the
experiment of Yafid et al. compared with Nu values from the experiments of Whitaker et al. in the
Reynolds number range of 2,143 to 11,763, as shown in the figure below.

From the figure, it can be observed that Nu from the experimental results of Yafid et al. have the
same trend as the experiments of Whitaker et al.

b. Heat Loss analysis

Heat loss analysis is carried out by taking into account the convection heat transfer from the six
tubes to the surrounding fluid flow. Calculation of the heat transfer rate is carried out for two types
of flow, namely laminar flow and turbulent flow.

The calculation of heat loss in this experiment is determined by calculating the difference between
the induced electric power and the total heat through convection from the surface of the tubes to
the fluid. In this experiment, six tubes in a wind tunnel are heated by a heater with a power of 40
W. In this work, 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 2,143 to 11,763. Based on the Reynolds number range, two
types of flow are determined, namely laminar and turbulent. Therefore, the heat loss was
determined from the correlation between laminar at 0.4 m/s and turbulent for other velocities.
The described formulas Nu, h, and g were used to determine the heat loss in the conduit of the six
tubes.

Nu=(q D_h)/(A_tube [AT] _LMTD k) (2)
h=q/(A_tube [AT] _LMTD ) (3)
g=m-'c_p (T_out-T_in ) (4)

Where D_h, A_tube, [AT)] _LMTD, m’, c_p, T_out, T_in, are hydraulic diameter, tube surface area,
log mean temperature difference, mass flow rate, specific heat, outlet temperature, and inlet
temperature.

D_h= [4A])] _c/P (5)
[AT) _LMTD= ((T _tube-T _out )-(T_tube-T _in ))/In[(T _tube-T _out )-(T _tube-T_in )] (6)

Where A_c dan T_tube are channel surface area and tube temperature, respectively.

The experimental data for hydraulic diameter D_h,, tube surface area A_tube, channel surface area
A_c, and air specific heat c_p are 0.09223 m, 0.02338908 m2, 0.01056 m2, and 1.007 J/kgK,
respectively. The following is a table for calculating the heat loss baseline.

Table 1 Heat Loss Baseline

baseline v (m/s) Re Mass flow rate (kg/s) Density (kg/m3) Dynamics viscous (kg/ms) k Pr T inlet
(C) T outlet (C) T tube (C) AT LMTD AT (T tube - T inlet) Nu h (W/mK) g conv (W) q input (W) g
loss (W)

0.4 2165 0.004757 1.13 1.9.E-05 0.03 0.73 29 33 50 19 21 155 45 19.48 40 20.52

0.6 3291 0.00719 1.13 1.9.E-05 0.03 0.73 28 31 46 16 18 174 50 18.98 40 21.02

0.8 4413 0.009618 1.14 1.9.E-05 0.03 0.03 28 30 44 15 16 192 50 19.19 40 20.81

1 5545 0.012056 1.14 1.9.E-05 0.03 0.73 28 30 43 14 15 214 55 19.84 40 20.16

1.2 6661 0.014477 1.14 1.9.E-05 0.03 0.73 28 29 43 14 15 228 61 21.15 40 18.85

1.4 7826 0.016958 1.15 1.9.E-05 0.03 0.73 28 29 41 12 13 247 70 20.30 40 19.70 3
1.6 8965 0.019407 1.15 1.9.E-05 0.03 0.73 27 2940 12 13 263 75 21.03 40 18.97

1.8 10110 0.021863 1.15 1.9.

211272 0.024341 1.15 1.9.E-

E-05 0.03 0.73 27 28 39 12 12 296 84 22.54 40 17.46
05 0.03 0.73 27 28 38 11 11 342 97 24.17 40 15.83

In the table 1, it can be seen that the greater the velocity with the increase in Re humber, the

https://www.editorialmanager.com/rineng/viewAuthorsResponseToReviewers.aspx?docid=5909&revision=1&msid={88E1BBCE-5FB3-4D8D-AABG6-2... 2/16
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lower the heat loss. It can be seen that the heat flow from the heater does not only spread into the
tube, but convection occurs to the outside of the tube. Heat output increases with increasing Re.
That is, the higher the flow velocity, the greater the turbulence through the silinder and the higher
the turbulence intensity. An increase in turbulence intensity between a cold airflow and a hot
cylinder with constant surface temperature is caused by the airflow velocity [3]. In row-tube
arrays, this recirculation area increases for the second and subsequent columns. A lower air
velocity in the circulation region indicates less airflow in that region participating in the local
heating process [4]. The heat loss of all conditions in this experiment is shown in table 2 below.

Table 2 Calculation of heat loss for the whole case

type VGs g conv (W) q input (W) g 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 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 that increase vortex strength in the wake region downstream of the tube. 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 greatly increases heat transfer [5], [3].

Mention pitch kept between two pins/winglet.
Thank you for the question. I've added Figure 3 (in the paper) showing the pitch between VGs for
both inline and staggered configurations.

CRWP in-line CRWP staggered

RWP in-line RWP staggered

CRWP in-line CRWP staggered

RWP in-line RWP staggered

At lower Re both inline and staggered arrangement gives the same result, while deviation is
observed after Re 8000. The author has to justify.

Thank you for your suggestion. In Figure 7(a) (in the paper), the convection heat transfer
coefficient for the case of PRW VGs in-line has the same value as that of PCRW VGs ir 3 :or
staggered in a pair of VGs. In one pair of VGs, the longitudinal vortex is generated aftc. (he flow
hits the VGs and weakens (He et al., 2013). This is in contrast to two and three pairs of VGs where
the longitudinal vortex produced after striking the first VGs has 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 has the same value as that of PCRW VGs at Reynolds numbers above 8,000.
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Provide more clarification about 1,2 & 3 pairs.

Thank you for your suggestion. This study describes the cases of PCRW and PRW VGs for one, two,
and three pairs. I have added explanations for cases one, two, and three pairs of perforated VGs to
the paper.

For PRW and PCRW VGs in-line configurations with one, two, and three pairs are shown in Figures
4. For one pair, the VGs are placed on the left and right sides of the first row of tubes. VGs are
placed on the first and third row tubes for two pairs. As for the three pairs, VGs are placed on the
first, third, and fifth row tubes.

one pair PCRW inlline two pairs PCRW inline

three pairs PCRW inline

one pair PRW inline two pairs PRW inline

three pairs PRW inline
Figure 4. VGs pairs in-line configurations

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

one pair PCRW staggered two pairs PCRW staggered

three pairs PCRW staggered

one pair PRW staggered two pairs PRW staggered
three pairs PRW staggered

Figure 5. VGs pairs staggered configurations

Compare the PRWP and PCRWP with without perforation.
Thank you for your request. In this study, an experiment was conducted to compare PRW VGs and
PCRW VGs in improving heat transfer in a rectangular channel, as shown in Figures 7 to 9.

Comparison of convection heat transfer coefficient values.

Figure 7 provides a comparison of the convection heat transfer coefficients for PRW and PCRW. It
can be seen that there was an increase in the convection heat transfer coeeficient with a rise in Re
due to an increase in flow vortices and high turbulence intensity in the channel [6], @' 3 side a
reduction in the wage region and stagnation area for each increase in flow velocity [7). .ne
increase in heat transfer for staggered VGs was better than in-line for PCRW VGs with any humber
of pairs at the highest Re (11,000). The results in Figure 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, of 153.5 W/m2.K, as shown in Figure 7(c). Meanwhile, two PCRW pairs (137.33
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W/m2.K, Figure 7(b)) were better than one (132.25 W/m2.K, Figure 7(a)) because VGs with a
concave surface destabilise the centrifugal force of the fluid flow, which strengthens the flow
vortices. This makes the mixing of the hot fluid near the wall with the cold fluid of the main flow
more robust [8].

Pressure drop comparison

In general, the highest pressure drop was observed using PCRWP VGs with staggered configuration
for all Reynolds numbers except for one pair of VGs, as shown in Figure 8. The highest pressure
drop was found in PRWP VGs with in-line configuration at Reynolds numbers greater than 8,000.
The pressure drop on the staggered VGs was found to be higher than that of the in-line due to the
shorter distance between the VGs of the staggered configuration than that of the in-line [5].

TEF comparison

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 in the use of PCRWP VGs with
staggered configuration, as depicted in Figure 9. PCRW creates wider flow vortices that can reduce
the wake area behind the cylinder. Reducing the wake area can reduce the recirculation zone. This
affects the increased heat transfer from the back of the cylinder to the stream [3]. A large radius,
high intensity antrior-posterior vortex can reduce the wake area. A reduction in the wake area
increases the flow velocity behind the tube and reduces the recirculation area, resulting in an
increased heat transfer in this area [9], [10].

CBR comparison

A low value of CBR means a more economical value from the use of VGs. In general, CBR on the
use of PCRWP VGs with staggered configuration is the best, as informed in Figure 10. The lowest
CBR value results were obtained with three pairs of staggered type VGs PCRW. Three pairs of VGs
lower CBR than one and two VG pairs. This is because the installation of three pairs VGs results in
a higher Nusselt number increase than one and two pairs VGs, resulting in a lower pressure drop
increase and therefore a lower CBR. These results show that lower CBR improves thermal
performance relative to resistivity [11].

Discuss how number of pairs contribute in improving TEF

Thank you for your question. Figure 9 shows the effect of the number of pairs and configuration of
VGs on TEF, this is also found in Ref. (He et al., 2013), (Sun et al., 2020), and (Ranjan et al.,
2022).

One pair
Two pairs

Three pairs

From the experimental results, as shown in Figure 9, the TEF with three pairs of VGs for both inline
and staggered was the highest. The TEF for the case of 3 pairs of PCRWs was 5.02% greater than
that of one and two pairs of PRWP VGs. The main reason is because the concave surface of the PCR
causes the flow to be thrown away due to the centrifugal force which results in a stronger flow
vorticity [12]. Larger and stronger flow vortices can reduce the recirculation zone which has an
impact on increasing heat transfer from the rear surface of the tube to the flow [10]. The presence
of flow that is formed in each gap between the VGA and the tube causes the TEF in the staggered
configuration to be greater than that of the in-line [13]. The increase in TEF for the three-pair case
with the staggered configuration was 1.50% and 4.91% greater than that of the inline PCRWP and
PRWP, respectively. 3
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Reviewer 2: This paper presented experimental results of the heat transfer, pressure drop and
thermal performance characteristics of the perforated concave rectangular winglet pair vortex
generators on plates in rectangular ducts to increase the heat transfer through the six heated tubes
to the air stream. Perforated concave rectangular winglets were compared with perforated
rectangular winglet pairs vortex generator mounted on rectangular plates. The subject of the article
falls within the scope of the Results in Engineering. In my view, unless the paperisre 3 ‘enin a
proper way, I think it is inadequate to be published in a scientific journal in its present _.ate. I
would like to provide the following comment:

There are many spelling and grammar mistakes in this paper, and many sentences are not easy to
follow. The grammar and structure of sentences in this paper need to be modified carefully, such as
the title of the article. The language of this paper need to be improved by a native English speaker.
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Thank you for your suggestion. To improve grammar and structure, I have sent this paper to
elsevier service for proof reading.

The velocity ranges studied are given in the Abstract, whereas the Reynolds nhumber ranges studied
should be given.

Thank you for your correction. In this experiment, the intake air velocity is in the range of 0.4 to 2
m/s at intervals of 0.2 m/s or in the Reynolds number range of 2.143 to 11.763. I have included
the Reynolds number range in the abstract.

Please review the keywords and add a few, for instance heat transfer, thermal performance.
Thank you for your suggestion. The keywords for this study are vortex generators, heat transfer,
thermal-hydraulic performance, economic benefit. I've added keywords in the paper.

The method section can be expanded.

Thank you for your suggestion. I have improved this research method in the paper.

Based on Fig. 1, the rectangular channel is equipped with a blower (50 Hz, Wipro with a rated
voltage of 220V), 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 interval 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 convection. 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 directing the smoke from vaporised fluid in the fluid vaporator into
the mainflow.

The arrangement of vortex generators is given in Figure 2, but Figure 2 is not sufficient for a clear
understanding of the construction of vortex generators. Additional figures should be drawn which
clearly show the construction of vortex generators and the in-line and staggered arrangement.
Thank you for your suggestion. The following shows the construction of vortex generators inline
and staggered (figure 2, 4 and 5 in the paper).

Figure 2. Geometry of the VGs

For PRW and PCRW VGs in-line configurations with one, two, and three pairs are shown in Figures
4. For one pair, the VGs are placed on the left and right sides of the first row of tubes. VGs are
placed on the first and third row tubes for two pairs. As for the three pairs, VGs are placed on the
first, third, and fifth row tubes.

one pair PCRW inlline two pairs PCRW inline

three pairs PCRW inline

one pair PRW inline two pairs PRW inline

three pairs PRW inline
Figure 4. VGs pairs in-line configurations

https://www.editorialmanager.com/rineng/viewAuthorsResponseToReviewers.aspx?docid=5909&revision=1&msid={88E1BBCE-5FB3-4D8D-AABG6-2... 7/16



6/9/25, 2:04 PM Author's Response To Reviewer Comments

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

one pair PCRW staggered two pairs PCRW staggered

three pairs PCRW staggered

one pair PRW staggered two pairs PRW staggered
three pairs PRW staggered
Figure 5. VGs pairs staggered configurations

Thermal characteristics are given in terms of the convective heat transfer coefficient (h), friction
characteristics are given in terms of pressure drop. Why are thermal characteristics not given in
terms of Nusselt number (Nu) and friction characteristics in terms of coefficient of friction (f)?

Thank you for your correction. h versus Re and P vs Re are used instead of Nu - Re and f - Re in
this experiment because, in the TEF calculation, the value of Nu represents the value of h resulting
from the equation in formula 3 (in the paper), thus

h=(N_u k)/D_h (3)

Figure 7 (in the paper) that h rises as Re rises shows that the Nu increases as Re rises, where h
rises as Re rises [1]. While f in this experiment represents the AP as shown in the following formula

f=(2 AP D_h)/(p V2 (L+6D)) (8)

Formula 8 states that the friction factor (f) in the flow rate is determined by using the pressure
drop (AP) characteristic where increasing the Reynolds number in figure 8 will decrease the friction
factor [2].

The following are examples of several studies that use h as a representative of Nu and (AP) as a
representative of f.

The experimental results of Yafid et al indicate that perforated VGs can increase the heat transfer
rate and decrease the pressure drop using the parameters h, AP, and TEF as shown in the following

graph[3].

Al Asadi et al represents heat transfer coefficient and pressure drop to show the results of their
investigation that the addition of span wise gap variations can increase heat transfer performance
and reduce pressure drop [4], as shown in the figure below.

3

Increased heat transfer in heat sinks, Zhang et al described the micro gap by pairing more VGs
which resulted in a larger heat transfer coefficient and a reduced pressure drop value [5], as shown
in the figure below.

https://www.editorialmanager.com/rineng/viewAuthorsResponseToReviewers.aspx?docid=5909&revision=1&msid={88E1BBCE-5FB3-4D8D-AABG6-2... 8/16



6/9/25, 2:04 PM Author's Response To Reviewer Comments

Hosseinirad et al showed that the increase in heat transfer coefficient and pressure drop vs.
Reynold number had a tendency to increase with the increase in Re to evaluate heat transfer [6].
There is an increase in heat transfer with an increase in Re which is indicated by an increase in the
heat transfer coefficient and an increase in pressure drop along with an increase in Re.

It is not specified how the hydraulic diameter (Dh) is calculated. How the Reynolds number (Re)
was calculated is not specified.

Thank you for your corrections. The calculation of the hydraulic diameter in this experiment uses a
rectangular air duct with a side length of a = 0.165 m and a side width of b = 0.064 m with the
resulting Dh of 0.0106 from the following formula.

D_h=(4A_c)/p=4ab/2(a+b) =2ab/(a+b) (5)

The result of Dh is used to calculate Re with the formula

Re=(pu_in D_h)/u (7)

With u_in of 0.4 - 2 m/s with an interval of 0.2 m/s, on the physical properties of air at a pressure
of 1 atm and is the viscosity of the fluid so that Re used in this experiment ranges from 2,143 -
11,763.

No correlation (Nu-Re), (f-Re) is given.

Thank you for the correction. In this experiment, Nu - Re and f - Re are not shown but use h vs Re
and AP vs Re because the Nu value represents the value of h that arises in this experiment as in
equation 4 (in the manuscript)

h=(N_u k)/D_h (3)
While f in this experiment represents the AP as shown in the following formula
f=(2 AP D_h)/(p V2 (L+6D)) (8)

The formula states that the friction factor (f) in the flow rate is determined by using the pressure
drop (AP) characteristic where increasing the Reynolds number in figure 8 will decrease the friction
factor [2].

Error analysis is given, but uncertainty analysis is not done.

Thank you for the correction. In the following, 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 below.
Table 3 Base-line test temperature data at a speed of 0.4 m/s

T (Tubel) T (Tube2) T (Tube3) T (Tubed4) T (Tube5) T (Tubeb)

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

From these data, it is found that T_Tube can be calculated by the equation as 3
T _Tube=(T _Tubel+T _Tube2+T _Tube3+T _Tube4+T _Tube5+T _Tube6)/6=49.56°C (..)
Then, the average standard deviation is obtained by the following formula.

s_tube=V((Z_(i=1)~N (T_tubei-T _tube )~2 )/N(N-1) )=0.029 (12)
Therefore, the average T_tube can be written as 49.5 + 0.029°C. T _out calculation results
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obtained 32.95°C. The average standard deviation was calculated using the following equation:
s_Tout=V((Z_(i=1)~N: (T_outi-T_out )2 )/N(N-1) )=0,051 (13)
Furthermore, the average value of T_out can be written as 32.95 £ 0.051°C. Using the same
equation, the standard deviation of T_in was found to be 0.033. Thus, the average T_in 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:
[RSS) _g=V(( [s(AT] _out)aq/(dT_out ))*2+( [s(AT) _in)aq/(aT_in ))"~2) (14)
aq/(0T_out )=(o(m-c_p-T_out-m-c_p-T_in))/(dT_out )=m-c-p
aq/(oT_in )=(a(m-c_p-T_out-m-c_p-T_in))/(dT_in )=-(m-c-p)
where [s(AT)] _out)=0.051°C and [s(AT] _in)=0.033°C, ensuring, that [RSS] _g= + 0.290 W.
Therefore, the heat transfer rate g becomes 19.48 + 0.290 W. The value of [AT]) _Imtd at a speed
of 0.4 m/s was found to be 18.56°C. To determine the value of the standard deviation of [AT)
_Imtd we used the following equation:
(RSS) _( [AT) _Imtd ) =V/(( [s(AT)] _tube)d( [AT) _Imtd )/(3T_tube ))*2+( [s(AT]
_out)a( [AT) _Imtd )/(9T_out ))~2+( [s(AT] _in)a( [AT)] _Imtd )/(3T_in ))~2 ) (15)
o( [AT) _Imtd )/(9T_tube )=a(((T_tube-T_out )-(T_tube-T_in ))/In [(T_tube-T_out)/(T_tube-T_in
)] )/(9T_tube )
o( [AT)] _Imtd )/(9T_out )=a(((T_tube-T_out )-(T_tube-T_in ))/In [(T_tube-T_out)/(T_tube-T_in
)1 )/(9T_out)
a( [AT] _Imtd )/(9T_in )=0(((T_tube-T_out )-(T_tube-T_in ))/In [(T_tube-T_out)/(T_tube-T_in )]
)/(9T_in )
where [s(AT)] _tube)=0,029°C, [s(AT] _out)=0,051°C and [[s(AT] _in)=0,033°C; we get
[RSS] _( [AT] _Imtd ) of £ 0.043, ensuring, that the obtained [AT] _Imtd 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
[RSS)] _Nu=v((s(q)oNu/2Q)~2+ [s(AT)] _Imtd)aNu/(3 [AT] _Imtd)) (16)
oNu/aq=9(q-D_h. [At] ~(-1)- [ [AT)] _Imtd)] ~(-1)-k~(-1) )/ag=D_h/((At)( [AT] _Imtd)(k))
oNu/(9 [AT) _Imtd )=9(g- [D_h-At] ~(-1)- [ [AT) _Imtd)] ~(-1).k~(-1) )/(0 [AT)] _Imtd )=
(9.D_h)/((At)( [AT] _Imtd )"2 (k))
With the values of s(q)=0.290 W and [[s(AT) _Imtd)=0.043, the obtained [RSS]) _Nu was
2.889 W/(m2°C). Therefore, the value of [RSS] _Nuis 155.31 + 2.889 W/m2°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
[RSS) _h=v((s(Nu)dah/Nu)~2) (17)
oh/oNu=a(h.D_h.k~(-1) )/oh=k/D_h
Furthermore, the value of_D_h is 0.092 m and k at T_f= 40.24 is 0.026. So the value of h at a
speed of 0.4 m/s is:
[RSS)] _h=v((s(Nu)dh/Nu)~2 )= 0,83
Thus, the humber 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
Error= [RSS] _h/hx100 (18)
Error=0.83/44.86x100=1.51%
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:
(AP) =( [AP) _1+ [AP)] _2+ [AP)] _3+---+ [AP)] _30)/30=3.51 Pa (19)
The average standard deviation of the pressure drop can then be calculated using the equation
s=V((Z_(i=1)~ANii( [AP] _i-(AP)")~2 )/N(N-1) )=8.9x10~(-5) (20)
Baseline case for the pressure drop value at a speed of 2.0 m/s is 3.51£8.9x10”(-5) Pa. Then, the
error in the form of percentage can be calculated using the following equation:
(8.9x107(-5))/3.51x100=0.71
Table 4 Baseline pressure drop data at a speed of 2.0 m/s 3
AP (Pa)
Data to 2.0 m/s Data to 2.0 m/s
10.013 16 0.012
20.013 17 0.013
30.013 18 0.012
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4 0.013 19 0.012
50.012 20 0.013
6 0.013 21 0.013
7 0.013 22 0.012
8 0.012 23 0.013
9 0.013 24 0.012
10 0.013 25 0.013
11 0.013 26 0.013
12 0.013 27 0.013
13 0.012 28 0.013
14 0.012 29 0.012
150.013 30 0.012

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.

Table 5. Overall Pressure Drop (AP)

Vortex Generator Variations Overall Error P

(perforated)

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%

1PCRWPstaggered 2.43%

2PCRWPstaggered 1.91%

3 PCRWP staggered 0.97%

The average TEF results from the experimental results can be calculated as follows.
(TEF) =( [TEF)] _1+ [TEF) _2+ [(TEF) _3+--+ [TEF)] _12)/12=1.12 (21)

Then, the average standard deviation of the TEF can be calculated with the equation
s=V((Z_(i=1)» [TEF)] _i-(TEF)™)~2 )/N(N-1) )=1.07 (22)

Therefore, the TEF value was 1.12 £ 1.07. Then, the error in the form of percentage can be
calculated using the following equation:

1.07/1.12x100=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 are listed inTable 6.
Table 6. Overall error TEF

Variasi Vortex Generator Overall Error TEF

(Berlubang)

1 RWP in-line 0.47 %

2 RWP in-line 0.47%

3 RWP in-line 0.43%

1 RWP staggered 0.47%

2 RWP staggered 0.47%

3 RWP staggered 0.43%

1 CRWP in-line 0.45%

2 CRWP in-line 0.45% 3
3 CRWP in-line 0.42%

1 CRWP staggered 0.45%

2 CRWP staggered 0.45%

3 CRWP staggered 0.41%
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First, find the average CBR of the experimental results with the following formula.
(CBR) =( [CBR] _1+ [CBR] _2+ [CBR] _3+--+ [[CBR] _12)/12=2.14 (23)

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

s=V((Z_(i=1)~ [CBR] _i-(CBR) )~2 )/N(N-1) )=1.60 (24)

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

1.60/2.14x100=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

Table 7. Overall error CBR

Variasi Vortex Generator Overall Error CBR

(Berlubang)

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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Reviewer 3: In connection with climate change and an increase in the average annual temperature
on Earth, there is a new danger of the negative impact of high temperatures on human life.

In this case, the improvement of air conditioning systems, including the search for the best thermal
enhancement factor, cost-benefit ratio, etc., takes on a new sense, which is one of the main targets
of this article. The topic is timely and of great practical significance to environmental protection,
enhancing safety, and people's life comfort.

The manuscript is well-structured and includes all necessary parts.

Two key strengths of the paper are a good introduction section and an analysis and discussion of
the results. Both research objectives and content are clear. The key scientific issues to be solved
are moderate. The research experimental method is reasonable.

There are also several shortages worthy to be mentioned:

Seriously revise the formulas

If you use an italic font in formulas, use an italic font in their descriptions. For example, in formula
(1), the Nusselt humber (Nu) and friction factor (f); in formula (3), heat transfer coefficient (h). It
may confuse the reader.

Thank you for the corrections. For formula and description fonts, improvements have been made
where all formula and description fonts are italicized consistently.

The Nusselt numbers in formula (1) and formula (2) have different designations. It may confuse
the reader.

Thanks for the correction. Consistent improvements have been made to writing the Nu symbol on
paper.

What are Nusselt humber and friction factor with subscript 0 in formula (1)?

Thanks for the corrections. The subscript 0 for Nusselt number and friction factor is meant for the
baseline condition. This additional explanation has been added to the paper. The following is an
explanation of formula 1.

TEF= ((Nu/ [Nu] _0))/(f/f_0 )"~ (1/3) (1)

Di mana: [Nu)] _O= Nusselt number pada kondisi baseline

f_0 = friction factor pada kondisi baseline

In formula (5), a pressure drop is the lowercase letter Ap, but in formula (6), a pressure drop is
uppercase AP. Are these different pressures?

Thank you for the corrections. I'm so sorry for the error in writing the pressure drop symbol which

is inconsistent. Improvements in writing pressure drop have been made with upperca 3 for the
formula on the paper.

What is the error of pressure drop measurement with the Fluke 922 Airflow Micromanometer
described in section "3.2 Effect of perforated vortex generators on pressure drop"? Did it cover the
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necessary range of pressures to be investigated? Could micromanometer error have affected the
conclusions of the section? Because the pressure drop values of 4.58 Pa, 5 Pa and 5.4 Pa are close
to each other.

Thanks for the question. Pressure measurement errors with the Fluke 922 Airflow Micromanometer
are explained in the uncertainty analysis section with the calculation results as below.

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:

(AP) =( [AP) _1+ [AP)] _2+ [AP)] _3+---+ [AP)] _30)/30=3.51 Pa (19)

The average standard deviation of the pressure drop can then be calculated using the equation
s=V((Z_(i=1)~ [AP] _i-(AP) )~2 )/N(N-1) )=8.9x10~(-5) (20)

Baseline case for the pressure drop value at a speed of 2.0 m/s is 3.51£8.9x10”(-5) Pa. Then, the
error in the form of percentage can be calculated using the following equation:
(8.9x107(-5))/3.51x100=0.71

Table 4 Baseline pressure drop data at a speed of 2.0 m/s
AP (Pa)

Data to 2.0 m/s Data to 2.0 m/s
10.013 16 0.012

20.013 17 0.013

30.013 18 0.012

4 0.013 19 0.012

50.012 20 0.013

6 0.013 21 0.013

7 0.013 22 0.012

8 0.012 23 0.013

9 0.013 24 0.012

10 0.013 25 0.013

11 0.013 26 0.013

12 0.013 27 0.013

13 0.012 28 0.013

14 0.012 29 0.012

150.013 30 0.012

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.

Table 5. Overall Pressure Drop (AP)

Vortex Generator Variations Overall Error P

(perforated)

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% 3

The results of the measurement error calculation are still below the maximum accuracy limit of the
tool by 5% so that it does not affect the conclusion section.

The measurement error in the section "3.3 Effect of perforated VGs on thermal enhancement
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factor" and "Effects of perforated VGs on the cost-benefit ratio"” is not clear. Can you show the error
bar or describe it in the description?

Thanks for the question. The measurement error for the thermal increase factor and the cost
benefit ratio has been added to the explanation in the paper in the data uncertainty section, as
follows.

error bar TEF

The average TEF results from the experimental results can be calculated as follows.
(TEF) =( [TEF)] _1+ [TEF) _2+ [(TEF) _3+--+ [TEF)] _12)/12=1.12 (21)

Then, the average standard deviation of the TEF can be calculated with the equation
s=V((Z_(i=1)» [TEF)] _i-(TEF)")~2 )/N(N-1) )=1.07 (22)

Therefore, the TEF value was 1.12 £ 1.07. Then, the error in the form of percentage can be
calculated using the following equation:

1.07/1.12x100=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 are listed inTable 6.

Table 6. Overall error TEF

Variasi Vortex Generator Overall Error TEF

(Berlubang)

1 RWP in-line 0.47 %

2 RWP in-line 0.47%

3 RWP in-line 0.43%

1 RWP staggered 0.47%

2 RWP staggered 0.47%

3 RWP staggered 0.43%

1 CRWP in-line 0.45%

2 CRWP in-line 0.45%

3 CRWP in-line 0.42%

1 CRWP staggered 0.45%

2 CRWP staggered 0.45%

3 CRWP staggered 0.41%

b error bar CBR
First, find the average CBR of the experimental results with the following formula.
(CBR) =( [[CBR] _1+ [[CBR] _2+ [CBR] _3+:-+ [CBR])] _12)/12=2.14 (23)

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

s=V((Z_(i=1)~ [CBR] _i-(CBR) )”~2 )/N(N-1) )=1.60 (24)

The CBR value is 2.14 £ 1.60. Then the error in the form of percentage can be calculated using
thefollowing equation:

1.60/2.14x100=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.

Table 7. Overall error CBR

Variasi Vortex Generator Overall Error CBR

(Berlubang)

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

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%
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2 CRWP staggered 0.42%
3 CRWP staggered 0.66%

In my humble opinion, the section "3.5 Flow visualisation" is better presented first in section "3.
Results and Discussion".

Thanks for the suggestions. The discussion of section 3.5 on visualization has been moved to the
earlier section to 3.1 in the paper.

We tried our best to improve the manuscript and made some changes in the revised paper, and
here we did not list the specific changes but marked in red in revised paper. We appreciate for
Editors and Reviewrs' warm work earnestly, and hope that the correction will meet with approval.
Once again, thank you very much for your comments and suggestions.

Yours Sincerely

Oktarina Heriyani

Close
A
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Response to Reviewers:

his research is focused on vortex generators

Dear Editors and Reviewer

Thank you for your letter and for the reviewers' comments concerning our manuscript
entitled "Perforated concave rectangular winglet pair vortex generators enhance the
heat transfer of air flowing through heated tubes inside a channel" (Manuscript
Number: Rineng-D-22-00804R1). The comments are all valuable and very helpful to
revise and improve our paper, as well as significant guidelines for our research. We
have learned comments carefully and have made the correction that we hope you
meet with your approval. We have included the parts requested to be revised in the
manuscript. Revised portions are marked in red in the revised paper. The main
correction in papers and responses to reviewing comments is flowing.

Reviewer 1: Following are the few observations:

Author should add figure of location of thermocouple.

Thank you very much for the proposal. I've revised Figure 1 because | made a mistake
in captioning the figure. One thermocouple is placed in the air inlet area, six
thermocouples on the back surface of the tubes, and 15 on the outlet side of the wire,
as observed in Figure 1.

Heaters are placed after test section? How the heating of air takes place?

Thanks for the question. The heater is connected to six tubes with each tube getting
the same power. The total heating power of 40 W is induced in the six tubes by a
regulator. Heating air flowing through the tubes occurs by convection. So that the air at
the outlet side becomes hotter than that from the inlet side.

Details of perforations on rectangular and concave winglet is missing. pl add.
Thank you for the correction. | have added in the paper the detailed geometry of the
perforated rectangular winglet (PRW) and perforated concave rectangular winglet
(PCRW) vortex generators (VGs), as shown in Figure 2.

Perforated RWPPerforated CRWP

VGs have dimensions of the same length and width of 30 mm and have 36 holes. The
bore diameter on the VGs is 2.5 mm. The distance between the holes is 5 mm from the
center of the holes.

Provide details of validation of set up and heat loss analysis.

Set up validation

Thank you for your suggestion. The current study is a follow-up investigation of the
work of Yafid et al [1]. The experimental set-up of this study is similar to that of Yafid et
al. experiment. The difference between the current study and the experiment of Yafid
et al. is a test object where the current study uses concave rectangular winglet (CRW)
VGs, while the work of Yafid et al. uses concave delta winglet (CDW) VGs. Whitaker et
al. [2] studied the heat transfer characteristics of airflow through a single cylinder in a
rectangular duct. To confirm the results of the experiment Yafid et al. are valid, the
same experimental set-up is determined. The Nu value from the experiment of Yafid et
al. compared with Nu values from the experiments of Whitaker et al. in the Reynolds
number range of 2,143 to 11,763, as shown in the figure below.

From the figure, it can be observed that Nu from the experimental results of Yafid et al.
have the same trend as the experiments of Whitaker et al.

b. Heat Loss analysis
Heat loss analysis is carried out by taking into account the convection heat transfer
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from the six tubes to the surrounding fluid flow. Calculation of the heat transfer rate is
carried out for two types of flow, namely laminar flow and turbulent flow.

The calculation of heat loss in this experiment is determined by calculating the
difference between the induced electric power and the total heat through convection
from the surface of the tubes to the fluid. In this experiment, six tubes in a wind tunnel
are heated by a heater with a power of 40 W. In this work, 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
2,143 to 11,763. Based on the Reynolds number range, two types of flow are
determined, namely laminar and turbulent. Therefore, the heat loss was determined
from the correlation between laminar at 0.4 m/s and turbulent for other velocities.

The described formulas Nu, h, and q were used to determine the heat loss in the
conduit of the six tubes.

Nu=(q D_h)/(A_tube [AT)] _LMTD k)(2)
h=q/(A_tube [AT)] _LMTD )(3)
g=m" c_p (T_out-T_in )(4)

Where D_h, A_tube, [AT)] _LMTD, m', c_p, T_out, T_in, are hydraulic diameter, tube
surface area, log mean temperature difference, mass flow rate, specific heat, outlet
temperature, and inlet temperature.

D_h= [4A] _c/P(5)

[AT] _LMTD= (T _tube-T _out )-(T"_tube-T _in ))/In[(T _tube-T_out )-(T"_tube-T _in
)1 (6)

Where A_c dan T_tube are channel surface area and tube temperature, respectively.
The experimental data for hydraulic diameter D_h,, tube surface area A_tube, channel
surface area A_c, and air specific heat ¢c_p are 0.09223 m, 0.02338908 m2, 0.01056
m2, and 1.007 J/kgK, respectively. The following is a table for calculating the heat loss
baseline.

Table 1 Heat Loss Baseline

baselinev (m/s)ReMass flow rate (kg/s)Density (kg/m3)Dynamics viscous (kg/ms)kPrT
inlet (C)T outlet (C)T tube (C)T LMTDT (T tube - T inlet)Nuh (W/mK)q conv (W)q
input (W)q loss (W)
0.421650.0047571.131.9.E-050.030.7329335019211554519.484020.52
0.632910.007191.131.9.E-050.030.7328314616181745018.984021.02
0.844130.0096181.141.9.E-050.030.0328304415161925019.194020.81
155450.0120561.141.9.E-050.030.7328304314152145519.844020.16
1.266610.0144771.141.9.E-050.030.7328294314152286121.154018.85
1.478260.0169581.151.9.E-050.030.7328294112132477020.304019.70
1.689650.0194071.151.9.E-050.030.7327294012132637521.034018.97
1.8101100.0218631.151.9.E-050.030.7327283912122968422.544017.46
2112720.0243411.151.9.E-050.030.7327283811113429724.174015.83

In the table 1, it can be seen that the greater the velocity with the increase in Re
number, the lower the heat loss. It can be seen that the heat flow from the heater does
not only spread into the tube, but convection occurs to the outside of the tube. Heat
output increases with increasing Re. That is, the higher the flow velocity, the greater
the turbulence through the silinder and the higher the turbulence intensity. An increase
in turbulence intensity between a cold airflow and a hot cylinder with constant surface
temperature is caused by the airflow velocity [3]. In row-tube arrays, this recirculation
area increases for the second and subsequent columns. A lower air velocity in the
circulation region indicates less airflow in that region participating in the local heating
process [4]. The heat loss of all conditions in this experiment is shown in table 2 below.

Table 2 Calculation of heat loss for the whole case
type VGsq conv (W)q input (W)q loss (W)
Baseline20.744019.26

PCRWPI125.154014.85

PCRWPI227.554012.45
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PCRWPI327.614012.39

PCRWPS126.434013.57

PCRWPS226.434013.57

PCRWPS327.944012.06

PRWPI1124.094015.91

PRWPI227.254012.75

PRWPI328.824011.18

PRWPS123.944016.06

PRWPS226.374013.63

PRWPS328.124011.88

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 that increase vortex strength in the wake region
downstream of the tube. 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 greatly increases heat transfer [5], [3].

Mention pitch kept between two pins/winglet.
Thank you for the question. I've added Figure 3 (in the paper) showing the pitch
between VGs for both inline and staggered configurations.

CRWP in-lineCRWP staggered

RWP in-lineRWP staggered

CRWP in-lineCRWP staggered

RWP in-lineRWP staggered

At lower Re both inline and staggered arrangement gives the same result, while
deviation is observed after Re 8000. The author has to justify.

Thank you for your suggestion. In Figure 7(a) (in the paper), the convection heat
transfer coefficient for the case of PRW VGs in-line has the same value as that of
PCRW VGs in-line or staggered in a pair of VGs. In one pair of VGs, the longitudinal
vortex is generated after the flow hits the VGs and weakens (He et al., 2013). This is in
contrast to two and three pairs of VGs where the longitudinal vortex produced after
striking the first VGs has 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 has the same value as that of PCRW VGs at Reynolds numbers above 8,000.

Provide more clarification about 1,2 & 3 pairs.

Thank you for your suggestion. This study describes the cases of PCRW and PRW
VGs for one, two, and three pairs. | have added explanations for cases one, two, and
three pairs of perforated VGs to the paper.

For PRW and PCRW VGs in-line configurations with one, two, and three pairs are
shown in Figures 4. For one pair, the VGs are placed on the left and right sides of the
first row of tubes. VGs are placed on the first and third row tubes for two pairs. As for
the three pairs, VGs are placed on the first, third, and fifth row tubes.

one pair PCRW inllinetwo pairs PCRW inline

three pairs PCRW inline

one pair PRW inlinetwo pairs PRW inline
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three pairs PRW inline
Figure 4. VGs pairs in-line configurations

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

one pair PCRW staggeredtwo pairs PCRW staggered

three pairs PCRW staggered

one pair PRW staggeredtwo pairs PRW staggered
three pairs PRW staggered

Figure 5. VGs pairs staggered configurations

Compare the PRWP and PCRWP with without perforation.

Thank you for your request. In this study, an experiment was conducted to compare
PRW VGs and PCRW VGs in improving heat transfer in a rectangular channel, as
shown in Figures 7 to 9.

Comparison of convection heat transfer coefficient values.

Figure 7 provides a comparison of the convection heat transfer coefficients for PRW
and PCRW. It can be seen that there was an increase in the convection heat transfer
coeeficient with a rise in Re due to an increase in flow vortices and high turbulence
intensity in the channel [6], alongside a reduction in the wage region and stagnation
area for each increase in flow velocity [7]. The increase in heat transfer for staggered
VGs was better than in-line for PCRW VGs with any number of pairs at the highest Re
(11,000). The results in Figure 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, of 153.5 W/m2.K, as shown in Figure 7(c). Meanwhile, two PCRW pairs
(137.33 W/m2.K, Figure 7(b)) were better than one (132.25 W/m2.K, Figure 7(a))
because VGs with a concave surface destabilise the centrifugal force of the fluid flow,
which strengthens the flow vortices. This makes the mixing of the hot fluid near the wall
with the cold fluid of the main flow more robust [8].

Pressure drop comparison

In general, the highest pressure drop was observed using PCRWP VGs with staggered
configuration for all Reynolds numbers except for one pair of VGs, as shown in Figure
8. The highest pressure drop was found in PRWP VGs with in-line configuration at
Reynolds numbers greater than 8,000. The pressure drop on the staggered VGs was
found to be higher than that of the in-line due to the shorter distance between the VGs
of the staggered configuration than that of the in-line [5].

TEF comparison

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 in the use
of PCRWP VGs with staggered configuration, as depicted in Figure 9. PCRW creates
wider flow vortices that can reduce the wake area behind the cylinder. Reducing the
wake area can reduce the recirculation zone. This affects the increased heat transfer
from the back of the cylinder to the stream [3]. A large radius, high intensity antrior-
posterior vortex can reduce the wake area. A reduction in the wake area increases the
flow velocity behind the tube and reduces the recirculation area, resulting in an
increased heat transfer in this area [9], [10].
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CBR comparison

A low value of CBR means a more economical value from the use of VGs. In general,
CBR on the use of PCRWP VGs with staggered configuration is the best, as informed
in Figure 10. The lowest CBR value results were obtained with three pairs of staggered
type VGs PCRW. Three pairs of VGs lower CBR than one and two VG pairs. This is
because the installation of three pairs VGs results in a higher Nusselt number increase
than one and two pairs VGs, resulting in a lower pressure drop increase and therefore
a lower CBR. These results show that lower CBR improves thermal performance
relative to resistivity [11].

Discuss how number of pairs contribute in improving TEF

Thank you for your question. Figure 9 shows the effect of the number of pairs and
configuration of VGs on TEF, this is also found in Ref. (He et al., 2013), (Sun et al.,
2020), and (Ranjan et al., 2022).

One pair
Two pairs

Three pairs

From the experimental results, as shown in Figure 9, the TEF with three pairs of VGs
for both inline and staggered was the highest. The TEF for the case of 3 pairs of
PCRWs was 5.02% greater than that of one and two pairs of PRWP VGs. The main
reason is because the concave surface of the PCR causes the flow to be thrown away
due to the centrifugal force which results in a stronger flow vorticity [12]. Larger and
stronger flow vortices can reduce the recirculation zone which has an impact on
increasing heat transfer from the rear surface of the tube to the flow [10]. The presence
of flow that is formed in each gap between the VGA and the tube causes the TEF in
the staggered configuration to be greater than that of the in-line [13]. The increase in
TEF for the three-pair case with the staggered configuration was 1.50% and 4.91%
greater than that of the inline PCRWP and PRWP, respectively.
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Reviewer 2: This paper presented experimental results of the heat transfer, pressure
drop and thermal performance characteristics of the perforated concave rectangular
winglet pair vortex generators on plates in rectangular ducts to increase the heat
transfer through the six heated tubes to the air stream. Perforated concave rectangular
winglets were compared with perforated rectangular winglet pairs vortex generator
mounted on rectangular plates. The subject of the article falls within the scope of the
Results in Engineering. In my view, unless the paper is rewritten in a proper way, |
think it is inadequate to be published in a scientific journal in its present state. | would
like to provide the following comment:

There are many spelling and grammar mistakes in this paper, and many sentences are
not easy to follow. The grammar and structure of sentences in this paper need to be
modified carefully, such as the title of the article. The language of this paper need to be
improved by a native English speaker.

Thank you for your suggestion. To improve grammar and structure, | have sent this
paper to elsevier service for proof reading.

The velocity ranges studied are given in the Abstract, whereas the Reynolds number
ranges studied should be given.

Thank you for your correction. In this experiment, the intake air velocity is in the range
of 0.4 to 2 m/s at intervals of 0.2 m/s or in the Reynolds number range of 2.143 to
11.763. | have included the Reynolds number range in the abstract.

Please review the keywords and add a few, for instance heat transfer, thermal
performance.

Thank you for your suggestion. The keywords for this study are vortex generators, heat
transfer, thermal-hydraulic performance, economic benefit. I've added keywords in the

paper.

The method section can be expanded.

Thank you for your suggestion. | have improved this research method in the paper.
Based on Fig. 1, the rectangular channel is equipped with a blower (50 Hz, Wipro with
a rated voltage of 220V), 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
interval 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
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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 convection. 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
directing the smoke from vaporised fluid in the fluid vaporator into the mainflow.

The arrangement of vortex generators is given in Figure 2, but Figure 2 is not sufficient
for a clear understanding of the construction of vortex generators. Additional figures
should be drawn which clearly show the construction of vortex generators and the in-
line and staggered arrangement.

Thank you for your suggestion. The following shows the construction of vortex
generators inline and staggered (figure 2, 4 and 5 in the paper).

Figure 2. Geometry of the VGs

For PRW and PCRW VGs in-line configurations with one, two, and three pairs are
shown in Figures 4. For one pair, the VGs are placed on the left and right sides of the
first row of tubes. VGs are placed on the first and third row tubes for two pairs. As for
the three pairs, VGs are placed on the first, third, and fifth row tubes.

one pair PCRW inllinetwo pairs PCRW inline

three pairs PCRW inline

one pair PRW inlinetwo pairs PRW inline

three pairs PRW inline
Figure 4. VGs pairs in-line configurations

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

As for the three pairs, the VGs are placed on the right side of the first, third, fifth row of
tubes and on the left side of the second, fourth and sixth tubes.

one pair PCRW staggeredtwo pairs PCRW staggered

three pairs PCRW staggered

one pair PRW staggeredtwo pairs PRW staggered

three pairs PRW staggered

Figure 5. VGs pairs staggered configurations

Thermal characteristics are given in terms of the convective heat transfer coefficient
(h), friction characteristics are given in terms of pressure drop. Why are thermal
characteristics not given in terms of Nusselt number (Nu) and friction characteristics in
terms of coefficient of friction (f)?

Thank you for your correction. h versus Re and P vs Re are used instead of Nu - Re
and f - Re in this experiment because, in the TEF calculation, the value of Nu

represents the value of h resulting from the equation in formula 3 (in the paper), thus

h=(N_u k)/D_h (3)
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Figure 7 (in the paper) that h rises as Re rises shows that the Nu increases as Re
rises, where h rises as Re rises [1]. While f in this experiment represents the AP as
shown in the following formula

f=(2 AP D_h)/(p V2 (L+6D))(8)

Formula 8 states that the friction factor (f) in the flow rate is determined by using the
pressure drop (AP) characteristic where increasing the Reynolds number in figure 8 will
decrease the friction factor [2].

The following are examples of several studies that use h as a representative of Nu and
(AP) as a representative of f.

The experimental results of Yafid et al indicate that perforated VGs can increase the
heat transfer rate and decrease the pressure drop using the parameters h, AP, and
TEF as shown in the following graph[3].

Al Asadi et al represents heat transfer coefficient and pressure drop to show the results
of their investigation that the addition of span wise gap variations can increase heat
transfer performance and reduce pressure drop [4], as shown in the figure below.

Increased heat transfer in heat sinks, Zhang et al described the micro gap by pairing
more VGs which resulted in a larger heat transfer coefficient and a reduced pressure
drop value [5], as shown in the figure below.

Hosseinirad et al showed that the increase in heat transfer coefficient and pressure
drop vs. Reynold number had a tendency to increase with the increase in Re to
evaluate heat transfer [6]. There is an increase in heat transfer with an increase in Re
which is indicated by an increase in the heat transfer coefficient and an increase in
pressure drop along with an increase in Re.

It is not specified how the hydraulic diameter (Dh) is calculated. How the Reynolds
number (Re) was calculated is not specified.

Thank you for your corrections. The calculation of the hydraulic diameter in this
experiment uses a rectangular air duct with a side length of a = 0.165 m and a side
width of b = 0.064 m with the resulting Dh of 0.0106 from the following formula.
D_h=(4A_c)/p=4ab/2(a+b) =2ab/(a+b) (5)

The result of Dh is used to calculate Re with the formula

Re=(pu_in D_h)/u(7)

With u_in of 0.4 — 2 m/s with an interval of 0.2 m/s, on the physical properties of air at a
pressure of 1 atm and is the viscosity of the fluid so that Re used in this experiment
ranges from 2,143 — 11,763.

No correlation (Nu-Re), (f-Re) is given.

Thank you for the correction. In this experiment, Nu — Re and f — Re are not shown but
use h vs Re and AP vs Re because the Nu value represents the value of h that arises
in this experiment as in equation 4 (in the manuscript)

h=(N_u k)/D_h (3)

While f in this experiment represents the AP as shown in the following formula

f=(2 AP D_h)/(p V2 (L+6D))(8)

The formula states that the friction factor (f) in the flow rate is determined by using the
pressure drop (AP) characteristic where increasing the Reynolds number in figure 8 will
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decrease the friction factor [2].
Error analysis is given, but uncertainty analysis is not done.

Thank you for the correction. In the following, 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 below.

Table 3 Base-line test temperature data at a speed of 0.4 m/s

T (Tube1)T (Tube2)T (Tube3)T (Tube4)T (Tube5)T (Tubeb)
49.1909351.2136848.3231349.7691547.8021951.27142
49.183451.1772848.315649.7905347.765751.2639
49.1454551.1682648.3065549.752647.785651.25489
49.1210551.1727748.2821449.7282147.7611851.2594
49.1529751.2046548.2851549.7312247.7352451.2624
49.0996651.1514148.2896749.7357347.7687151.26691
49.0981551.1499148.2302949.7342347.7382651.29428
49.0891251.1408948.2501949.6673947.7292251.22751

From these data, it is found that T _Tube can be calculated by the equation as
T _Tube=(T _Tube1+T _Tube2+T Tube3+T _Tube4+T Tube5+T _Tube6)/6=49.56°C
(11)

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

s_tube=«/((2_(i=1)"N%(T_tubei-'l‘_tube )22 )/IN(N-1) )=0.029(12)

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

s_Tout=v((>_(i=1 )"N§(T_outi-'l’_out )A2 )/IN(N-1) )=0,051(13)

Furthermore, the average value of T_out can be written as 32.95 + 0.051°C. Using the
same equation, the standard deviation of T_in was found to be 0.033. Thus, the
average T_in value was 29.75 £+ 0.016°C.

The value of q 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:

(RSS] _g=v(( [s(AT] _out)oq/(aT_out ))*2+( [s(AT] _in)aq/(aT_in ))A2 )(14)
0q/(0T_out )=(6(mec_peT_out-mec_peT_in))/(0T_out )J=mecep
0q/(dT_in )=(d(mec_pT_out-mec_peT_in))/(dT_in )=-(mecep)
where [s(AT)] _out)=0.051°C and [s(AT) _in)=0.033°C, ensuring, that [RSS]) _q=
+ 0.290 W. Therefore, the heat transfer rate g becomes 19.48 + 0.290 W. The value of

[AT)] _Imtd ata speed of 0.4 m/s was found to be 18.56°C. To determine the value of
the standard deviation of [AT)] _Imtd we used the following equation:

[(RSS] _( [AT] _Imtd) =v(( [s(AT] _tube)o( [AT] _Imtd )/(6T_tube ))r2+( [
s(AT) _out)a( [AT) _Imtd )/(6T_out ))*2+( [s(AT) _in)o( [AT] _Imtd )/(T_in ))*2
)(15)

o( [AT] _Imtd )/(6T_tube )=6(((T_tube-T_out )-(T_tube-T_in ))/In [(T_tube-
T_out)/(T_tube-T_in )] )/(6T_tube)

o( [ATY _Imtd )/(8T_out )=a(((T_tube-T_out )-(T_tube-T_in ))/In [(T_tube-
T_out)/(T_tube-T_in )] )/(6T_out)

o( [AT) _Imtd )/(6T_in )=&(((T_tube-T_out )-(T_tube-T_in ))/In [(T_tube-
T_out)/(T_tube-T_in )] )/(4T_in)

where [s(AT] _tube)=0,029°C, [s(AT] _out)=0,051°C and [s(AT] _in)=0,033°C;
we get [RSS] _( [AT] _Imtd ) of + 0.043, ensuring, that the obtained [AT) _Imtd 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

[RSS) _Nu=v((s(q)oNu/6Q)*2+ [s(AT) _Imtd)oNu/(6 [TAT) _Imtd ))(16)
ONu/og=6(qsD_h. [At] A(-1)s [ [AT] _Imtd] A(-1)ek”(-1) )/oq=D_h/((At)( [AT]
_Imtd)(k))

ONu/(0 [AT) _Imtd )=6(qe (D_heAt] A(-1)s [ [AT] _Imtd] A(-1).k*(-1) /(6 [AT]
_Imtd )=(q.D_h)/((At)( [AT] _Imtd )2 (k))

With the values of s(q)=0.290 W and [s(AT]) _Imtd)=0.043, the obtained [RSS] _Nu
was * 2.889 W(m2°C). Therefore, the value of [RSS] _Nuis 155.31 + 2.889
Wm2°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
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[RSS] _h=v((s(Nu)oh/Nu)*2 )(17)
oh/oNu=0(h.D_h.k*(-1) )/oh=k/D_h
Furthermore, the value of D_his 0.092 m and k at T_f=40.24 is 0.026. So the value of
h at a speed of 0.4 m/s is:

[(RSS] _h=v((s(Nu)6h/Nu)*2 )= 0,83
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
Error= [RSS] _h/hx100(18)
Error=0.83/44.86x100=1.51%
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:
(APY=( [AP] _1+ [AP] _2+ [AP] _3+--+ [AP] _30)/30=3.51 Pa(19)
The average standard deviation of the pressure drop can then be calculated using the
equation
s=«/((2_(i=1)"N§( [(AP] _i-(AP) )*2 )/N(N-1) )=8.9%10(-5)(20)
Baseline case for the pressure drop value at a speed of 2.0 m/s is 3.51+£8.9x10/(-5)
Pa. Then, the error in the form of percentage can be calculated using the following
equation:
(8.9x107(-5))/3.51x100=0.71
Table 4 Baseline pressure drop data at a speed of 2.0 m/s
AP (Pa)
Data t02.0 m/sData t02.0 m/s

10.013160.012

20.013170.013

30.013180.012
40.013190.012
50.012200.013
60.013210.013
70.013220.012
80.012230.013
90.013240.012
100.013250.013
110.013260.013
120.013270.013
130.012280.013
140.012290.012
150.013300.012

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.
Table 5. Overall Pressure Drop (AP)

Vortex Generator VariationsOverall Error P

(perforated)

1 PRWP in-line2.94%

2 PRWP in-line2.87%

3 PRWP in-line1.98%

1 PRWP staggered2.88%

2 PRWP staggered2.34%

3 PRWP staggered1.36%

1 PCRWP in-line2.72%

2 PCRWP in-line1.80%

3 PCRWP in-line1.80%

1PCRWPstaggered2.43%

2PCRWPstaggered1.91%

3 PCRWP staggered0.97%

The average TEF results from the experimental results can be calculated as follows.
(TEFy=( [TEF] _1+ [TEF) _2+ [TEF)] _3+-+ [TEF) _12)/12=1.12 (21)

Then, the average standard deviation of the TEF can be calculated with the equation
s=V((Z_(i=1)*Nz( [TEF] _i-(TEF) )2 )/N(N-1) )=1.07(22)

Therefore, the TEF value was 1.12 + 1.07. Then, the error in the form of percentage
can be calculated using the following equation:

1.07/1.12x100=0.94%
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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 are listed inTable

Table 6. Overall error TEF

Variasi Vortex GeneratorOverall Error TEF
(Berlubang)

1 RWP in-line 0.47 %
2 RWP in-line0.47%

3 RWP in-line0.43%

1 RWP staggered0.47%

2 RWP staggered0.47%

3 RWP staggered0.43%

1 CRWP in-line0.45%

2 CRWP in-line0.45%

3 CRWP in-line0.42%

1 CRWP staggered0.45%

2 CRWP staggered0.45%

3 CRWP staggered0.41%

First, find the average CBR of the experimental results with the following formula.
(CBR)y=( [CBR] _1+ [CBR] _2+ [CBR] _3+:+ [CBR] _12)/12=2.14 (23)

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

s=«/((Z_(i=1)"N§( [CBR] _i-(CBR) )2 )/N(N-1) )=1.60(24)

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

1.60/2.14%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
Table 7. Overall error CBR

Variasi Vortex GeneratorOverall Error CBR

(Berlubang)

1 RWP in-line 0.32%

2 RWP in-line0.29%

3 RWP in-line0.45%

1 RWP staggered0.32%

2 RWP staggered0.31%

3 RWP staggered0.45%

1 CRWP in-line0.4%

2 CRWP in-line0.42%

3 CRWP in-line0.56%

1 CRWP staggered0.43%

2 CRWP staggered0.42%

3 CRWP staggered0.66%
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Reviewer 3: In connection with climate change and an increase in the average annual
temperature on Earth, there is a new danger of the negative impact of high
temperatures on human life.

In this case, the improvement of air conditioning systems, including the search for the
best thermal enhancement factor, cost-benefit ratio, etc., takes on a new sense, which
is one of the main targets of this article. The topic is timely and of great practical
significance to environmental protection, enhancing safety, and people's life comfort.
The manuscript is well-structured and includes all necessary parts.

Two key strengths of the paper are a good introduction section and an analysis and
discussion of the results. Both research objectives and content are clear. The key
scientific issues to be solved are moderate. The research experimental method is
reasonable.

There are also several shortages worthy to be mentioned:

Seriously revise the formulas

If you use an italic font in formulas, use an italic font in their descriptions. For example,
in formula (1), the Nusselt number (Nu) and friction factor (f); in formula (3), heat
transfer coefficient (h). It may confuse the reader.

Thank you for the corrections. For formula and description fonts, improvements have
been made where all formula and description fonts are italicized consistently.

The Nusselt numbers in formula (1) and formula (2) have different designations. It may
confuse the reader.

Thanks for the correction. Consistent improvements have been made to writing the Nu
symbol on paper.

What are Nusselt number and friction factor with subscript 0 in formula (1)?

Thanks for the corrections. The subscript 0 for Nusselt number and friction factor is
meant for the baseline condition. This additional explanation has been added to the
paper. The following is an explanation of formula 1.

TEF= ((Nu/ INu) _0))/(f/f_0 )A(1/3) (1)

Di mana: [Nu)] _0= Nusselt number pada kondisi baseline
f_0 = friction factor pada kondisi baseline
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In formula (5), a pressure drop is the lowercase letter Ap, but in formula (6), a pressure
drop is uppercase AP. Are these different pressures?

Thank you for the corrections. I'm so sorry for the error in writing the pressure drop
symbol which is inconsistent. Improvements in writing pressure drop have been made
with uppercase P for the formula on the paper.

What is the error of pressure drop measurement with the Fluke 922 Airflow
Micromanometer described in section "3.2 Effect of perforated vortex generators on
pressure drop"? Did it cover the necessary range of pressures to be investigated?
Could micromanometer error have affected the conclusions of the section? Because
the pressure drop values of 4.58 Pa, 5 Pa and 5.4 Pa are close to each other.

Thanks for the question. Pressure measurement errors with the Fluke 922 Airflow
Micromanometer are explained in the uncertainty analysis section with the calculation
results as below.

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:
(APy=( [AP] _1+ [AP)] _2+ [AP] _3+---+ [AP] _30)/30=3.51 Pa(19)

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

s=«/((2_(i=1)"N§( (AP] _i-(AP) )22 )/N(N-1) )=8.9x10/(-5)(20)

Baseline case for the pressure drop value at a speed of 2.0 m/s is 3.51+8.9x107(-5)
Pa. Then, the error in the form of percentage can be calculated using the following
equation:

(8.9x107(-5))/3.51x100=0.71

Table 4 Baseline pressure drop data at a speed of 2.0 m/s
AP (Pa)
Data t02.0 m/sData t02.0 m/s
10.013160.012
20.013170.013
30.013180.012
40.013190.012
50.012200.013
60.013210.013
70.013220.012
80.012230.013
90.013240.012
100.013250.013
110.013260.013
120.013270.013
130.012280.013
140.012290.012
150.013300.012

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.
Table 5. Overall Pressure Drop (AP)

Vortex Generator VariationsOverall Error P

(perforated)

1 PRWP in-line2.94%

2 PRWP in-line2.87%

3 PRWP in-line1.98%

1 PRWP staggered2.88%

2 PRWP staggered2.34%

3 PRWP staggered1.36%

1 PCRWP in-line2.72%

2 PCRWP in-line1.80%

3 PCRWP in-line1.80%

1 PCRWP staggered2.43%

2 PCRWP staggered1.91%
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3 PCRWP staggered0.97%

The results of the measurement error calculation are still below the maximum accuracy
limit of the tool by 5% so that it does not affect the conclusion section.

The measurement error in the section "3.3 Effect of perforated VGs on thermal
enhancement factor" and "Effects of perforated VGs on the cost-benefit ratio" is not
clear. Can you show the error bar or describe it in the description?

Thanks for the question. The measurement error for the thermal increase factor and
the cost benefit ratio has been added to the explanation in the paper in the data
uncertainty section, as follows.

error bar TEF

The average TEF results from the experimental results can be calculated as follows.
(TEFy=( [TEF)] _1+ [TEF)] _2+ [TEF] _3+-+ [TEF] _12)/12=1.12 (21)

Then, the average standard deviation of the TEF can be calculated with the equation
s=V((X_(i=1)"Ng( [TEF] _i-(TEF) )A2 )/N(N-1) )=1.07(22)

Therefore, the TEF value was 1.12 + 1.07. Then, the error in the form of percentage
can be calculated using the following equation:

1.07/1.12x100=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 are listed inTable
6.

Table 6. Overall error TEF

Variasi Vortex GeneratorOverall Error TEF

(Berlubang)

1 RWP in-line 0.47 %

2 RWP in-line0.47%

3 RWP in-line0.43%

1 RWP staggered0.47%

2 RWP staggered0.47%

3 RWP staggered0.43%

1 CRWP in-line0.45%

2 CRWP in-line0.45%

3 CRWP in-line0.42%

1 CRWP staggered0.45%

2 CRWP staggered0.45%

3 CRWP staggered0.41%

b error bar CBR
First, find the average CBR of the experimental results with the following formula.
(CBRy=( [CBR]) _1+ [CBR]) _2+ [CBR]) _3+-+ [CBR] _12)/12=2.14 (23)

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

s=x/((2_(i=1)"N§( [(CBR] _i-(CBR) )*2 )/N(N-1) )=1.60(24)

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

1.60/2.14x100=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.
Table 7. Overall error CBR

Variasi Vortex GeneratorOverall Error CBR

(Berlubang)

1 RWP in-line 0.32%

2 RWP in-line0.29%

3 RWP in-line0.45%

1 RWP staggered0.32%

2 RWP staggered0.31%

3 RWP staggered0.45%

1 CRWP in-line0.4%

2 CRWP in-line0.42%

3 CRWP in-line0.56%

1 CRWP staggered0.43%
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2 CRWP staggered0.42%
3 CRWP staggered0.66%

In my humble opinion, the section "3.5 Flow visualisation" is better presented first in
section "3. Results and Discussion".

Thanks for the suggestions. The discussion of section 3.5 on visualization has been
moved to the earlier section to 3.1 in the paper.

We tried our best to improve the manuscript and made some changes in the revised
paper, and here we did not list the specific changes but marked in red in revised paper.
We appreciate for Editors and Reviewrs' warm work earnestly, and hope that the
correction will meet with approval. Once again, thank you very much for your
comments and suggestions.

Yours Sincerely
Oktarina Heriyani
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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 performance better
than perforated rectangular winglet pairs vortex generators.

The best thermal performance improvement is at the lowest cost benefit ratio.
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Abstract

A significant increase in the rate of 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 the heat exchanger is currently the most effective passive method. However, the augment in heat is
accompanied by an increase in pressure drop. Therefore, in this study, we installed perforated concave rectangular
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 with lowering the enhance in pressure drop. We sought to decide the best
cost-benefit ratio (CBR) with the difference in fluid flow velocity from 0.4 to 2 m/s with 0.2 m/s intervals in the
ducts. PCRWP VGs were composed using in-line and staggered configurations. The outcomes showed a lower
CBR (3.56) for the in-line configuration than staggered. Moreover, the lowest CBR was accompanied by a thermal
performance (TEF) increase of 1.29.

1. Introduction
The global energy demand is expected to triple in the next few years. The main driver is the

increasing use of air conditioning (AC) machines, according to a statement by the International Energy
Agency (IEA) [1]. Thus, promoting energy efficiency in air conditioners becomes important, which
requires us to maximise their thermal performance. Improving the thermal performance of an air
conditioner involves increasing the rate of heat transfer in its main component, the condenser. A
condenser commonly used in air conditioners comprises a fin and tube, which function as a refrigerant
cooling medium. However, the high thermal resistance (reaching 75%) of the fin air side of the
condenser lowers the heat transfer rate in the heat exchanger [2]. That thermal resistance must be
lowered to enhance the heat transfer rate.

One of the most commonly used active methods to increase the rate of heat transfer is adding
vortex generators (VGs), which according to the research results of 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 the air mixing in the area [4,5]. The size
of the LVs, shape of the flow, and mixing formed 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., in their research, showed that simple rectangular vortex generators (RVGs) can
increase the heat transfer rate by 7%, although this causes a pressure drop in the heat exchanger system
[7]. Meanwhile, modified RVGs with a concave shape on the front and rear surfaces decrease the heat
transfer performance of the heat exchanger tube. A better option is RVGs with a double convex front
surface and a single concave back surface, which can strengthen the primary vortex, thus 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
RWVGs can create longitudinal eddies that interact with the boundary layer, increasing the rate of
convection heat transfer [9]. The increase in the optimal heat transfer rate, based on their research, is
14.4. Beyond this, Song et al. attempted to compare changes in the rate of heat transfer in a heat
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exchanger system paired with concave or convex curved, delta winglet VGs [10]. The results showed
that the concave VGs could improve heat transfer better than the convex VGs. Yet, it is not only the
difference in shape that affects the change in the heat transfer rate; changes in the geometry of VGs also
play a role.

Research conducted by 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 rectangular winglet vortex generators (RWVGSs) were
placed at the back of the tube; yet, this did not reduce the pressure drop [11]. Beyond this, the number
of pairs of RWVGs affected the increase in heat transfer, as discovered by Oheriyani et al., with a
15.17% better hydraulic thermal performance for three pairs of RWVGs compared to the baseline [12].
The more pairs of VGs placed in the crossflow, the higher the increase in the heat transfer rate, as found
by Wang et al. [13]. A study by 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 [14]. The TEF value of a V delta winglet VG, meanwhile, reached 1.82-3% higher than a V
rectangular winglet VG, as revealed by Promvonge et al. [15]. These results were obtained with the
optimal blockage ratio (BR)=0.15 and pitch ratio (PR)=1.0. Elsewhere, 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 [16].

The positions of the holes in RWVGs do not significantly affect the increase in heat transfer, but
it greatly affects the flow resistance of VGs. The heat transfer rate increases as the height (vertical
position) of the hole increases. Width-wise, although there is an initial increase, the heat transfer rate
decreases with increasing lateral distance [17]. An increase in the number of holes in RWVGs indicates
an increase in fluid flow; this forces fluid to flow behind RWVGs, which increases the heat transfer
[18]. The heat transfer rate increases during laminar flow when the Reynolds number (Re) increases,
then decreases with an increase in Re during turbulent flow [19]. Positioning the tube in-line, with a
pair of RWVGs in a common flow-down configuration, provides better performance than the common
flow-up [20]. However, a staggered tube position is superior to this, 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 carried out from the surfaces of
several cylinders heated and arranged in-line when using a perforated vortex generator. Therefore, this
study focused on investigating the advantages of using perforated concave rectangular winglet pair
vortex generators (PCRWP VGs) to increase the heat transfer of 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 Figure
1.
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Figure 1 Experimental Tool Schematic

Based on Figure 1 is equipped with a blower (50 Hz, Wipro with a rated voltage of 220V), an
inverter (Mitsubishi Electric type FR-D700 with an accuracy of 0.01), a straightener, a hot wire
anemometer (Lutron type AM-4204 with an accuracy of 0.1), heater regulator, wattmeter (Lutron DW-
6060 with an accuracy + 1.0), thermocouple (K type with a temperature interval of -200 —1250 °C and
an accuracy + 0.5), data acquisition (Advantech USB-4718 type with an accuracy of 0.001), CPU,
pressure micromanometer (Fluke type 922 with an accuracy of 0.05), and micromanometer.

The test in this experiment varied the inlet air velocity from 0.4 to 2 m/s with 0.2 m/s intervals. Air
flowing at a constant heat rate of 40 W passed through six cylindrical tubes with a diameter of 19.05
mm and a height of 65.8 mm. The six cylindrical tubes were composed in-line with 60 mm between the
centers of the cylinders.

The VGs used as test specimens were perforated rectangular winglet pair and perforated concave
rectangular winglet pair types sized 30 x 30 mm. The VGs were be assembled on aluminium plates
measuring 500 x 155 x 1 mm in one, two, or three pairs. Naik et al. verified the merits of using
rectangular, winglet pair vortex generators with a CFD configuration to improve the heat transfer rate
[22]. Thus, the VGs pairs were divided into in-line and staggered arrangements, with a common flow-
down (CFD) configuration, as shown in Figure 2. We fixed our angle of attack at 15° since Lu and Zhai
represented that reaps the best hydraulic thermal performance [23].
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Figure 2 Arrangement of test specimens; rectangular winglet vortex generators with (a) staggered or (b) in-line
arrangement; concave rectangular winglet vortex generators with (c) staggered or (d) in-line arrangement

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) [24], namely

TEF = 2o (1)

The Nusselt number (Nu) and friction factor (f), based on the research of Zeeshan et al., were formulated
via equations (2) and (3) [11]

___ Q@ . Dn )

Y AT mrD K

where Q, A, 47T wmp, Dy, and k are the convection heat transfer rate, surface area, log mean temperature
difference, hydraulic diameter, and thermal conductivity, respectively.

_ 2APDy
f= p V2 (L+6D) (3)

where p,V,and L are the density of the air, velocity of the inlet airflow, and length of the test specimen
plate, while the convection heat-transfer coefficient (h) is counted by the equation

N, k (4)
Dy,

h =



The further 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

_ %Ap
CBR =~ (5)

This concept investigates whether or not the method used to enhance the heat transfer rate is
economically efficient. In the hydrodynamic test, the pressure drop (AP) P is measured by the pressure
difference on the sides of the inlet (P;,;.¢) and outlet (P,,1¢¢) OFf the test specimen in the tested part,
using equation (6):

AP =Piniet ~ Poutiet (6)

2.3 Validation

To ensure that the experimental procedure was sound, validation was done by comparing the current
experiment with baseline conditions. Those were determined using the experimental results for the
Nusselt number (Nu) from the works of Whitaker [26] and Syaiful et al. [27], which both showed the
same trend, where Nu increased with an increasing Reynolds number (Re) from 2000 to 10,000.

3. Results and Discussion
3.1 Effect of perforated vortex generators on heat transfer

The increase in the convection heat transfer was due to the mixing of fluids caused by strong LVs [28].
The strength of the LVs is caused by the number of pairs of VGs. Increasing the number of pairs of VGs
in the test specimen can increase the coefficient value of the convection heat transfer [29], as shown in
Figure 3.
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Figure 3 Graphs of convective heat-transfer coefficient against Reynolds number; (a) one, (b) two, (c) three
pairs

In Figure 3, we can see the convective heat-transfer coefficient with respect to the Reynolds
number (Re), analysed after installing PCRWP VGs or (non-concave) perforated, rectangular, winglet
pair vortex generators (PRWP VGs), with one, two, and three pairs, arranged in-line or staggered. Based
on Figure 3, it can be seen that there was an increase in the heat transfer with a rise in Re due to an
increase in flow vortices and high turbulence intensity in the channel [30], alongside a reduction in the
wage region and stagnation area [31] for each increase in flow velocity. The increase in heat transfer
for staggered VGs was better than in-line for PCRW VGs with any number of pairs at the highest Re
(11,000). The results in Figure 3 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, of 153.5 W/m?.K, as
shown in Figure 3(c). Meanwhile, two PCRW pairs (137.33 W/m?2.K, Figure 3(b)) were better than one
(132.25 W/m? K, Figure 3(a)) because VGs with a concave surface destabilise the centrifugal force of
the fluid flow, which strengthens the flow vortices. This makes the mixing of the hot fluid near the wall
with the cold fluid of the main flow more robust [32,33].

3.2 Effect of perforated vortex generators on pressure drop

The use of VGs can affect the increase in heat transfer, but there is often an accompanying increase in
pressure drop, as shown in Figure 4 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. This was caused by the
resistance to fluid flow against the walls of the VGs and the addition of the frontal area of VGs in the
next pair arrangement [34]. The pressure drop in the staggered arrangement was lower than in the in-
line one, while the PRW VGs type created a lower pressure drop than the PCRW VGs due to the latter
reducing the frontal area hit by the airflow, resulting in a decrease in drag [35]. In addition, jet flow
from the VG hole can reduce the stagnation flow, which can, in turn, reduce the pressure drop [36]. A
significant decrease noted in the pressure drop was due to the VGS perforation used [37]. The best
pressure drop value for one pair with a staggered arrangement was 4.58 Pa (see Figure 4(a)), while two
pairs (5 Pa, Figure 4(b)) were better than three (5.4 Pa, Figure 4(c)).
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Figure 4 Graph of pressure drop against Reynolds number; (a) one, (b) two, (c) three pairs

3.3 Effect of perforated VGs on thermal enhancement factor

The TEF showed the hydraulic thermal performance while using VGs, which played a role in
restructuring the incoming fluid flow pattern. The increase in TEF was due to the influence of complex
overlapping structures, which meant the flow developed into a turbulent structure, greatly affecting the
heat transfer increase [38]. The experimental TEF values are shown in Figure 5.
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It can be seen in Figure 5 that there was an increase in TEF with greater pairs of VGs used for
both PCRW and PRW VGs. This happened because PCRW produced wider flow vortices, which
reduced the wake region behind the cylinder, thereby reducing the recirculation zone, which impacted
the heat transfer increase from the rear cylinder surface to the flow [39]. In this process, the large 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 transfer rate
in the region [40,41]. Based on Figure 5, the best TEF increase occurred at Re 8000—9000. The best
TEF values with one, two, or three pairs occurred in the staggered arrangement with PCRW VGs, at

1.18, 1.20, and 1.29, respectively (see Figure 5).



3.4 Effects of perforated VGs on the cost-benefit ratio

Economic evaluation cannot be carried out based just on the TEF and the net profit from the
transferred unit’s heat load [42]. Instead, it must be determined by evaluating the economic value of the
heat transfer improvement, by calculating the CBR, as shown in Figure 6.

6 6
5 5 -
B
| i
s - 0 :f‘:‘!ﬂ :
@ [ 7 R
o O 4 LAY
2 b ) A
\\ o 18:""6 M;‘:ﬂ
‘. O'(T,,/] LU = (E
14 - PRWP in-line 14 B~ PRWP in-line
O~ PRWP staggered O~ PRWP staggered
~@- PCRWP in-line ~@- PCRWP in-line
—~0- PCRWP staggered -0~ PCRWP staggered
07/ T T T T e 0+ T T T T
0 2000 4000 6000 8000 10000 12000 0 2000 4000 6000 8000 10000 12000
Re Re
one pairs two pairs
(@) (b)
6
5
44
L}
o O,
o o —
g 3 ; o] 8.\
[§) \ =
2 Jo
o Bog w0
F By |
|
1 / B PRWP in-line
O PRWP staggered
- @~ PCRWP in-line
I --0— PCRWP staggered
0+//— T T T T
0 2000 4000 6000 R 8000 10000 12000
e
three pairs

(c)
Figure 6 Graph of cost-benefit ratio against Reynolds number; (a) one, (b) two, (c) three pairs

Figure 6 is the result of the CBR calculation to compare the percentage raise in pressure drop
with the percentage increase in the Nusselt number when using VGs. These results indicate that a lower
CBR results in an improvement in thermal performance, which was higher than the drag force [25]. In
Figure 6, the greatest increase in CBR values occurs with the PRW VGs, with an in-line arrangement,
totalling 4.57, 4.95, or 3.56 for one, two, or three pairs, respectively. The lowest CBR value was
measured when PCRW VGs, with a staggered arrangement and three pairs, were used. Three VG pairs
showed a lower CBR than one and two pairs because they brought about the greatest increase in the
Nusselt number, accompanied by a lower pressure drop increase, which lowered the CBR.

3.5 Flow visualisation
The flow visualisation test was carried out to observe the LV formed after the flow passed through the
VGs in the rectangular channel. This test was conducted under low-light conditions to clarify the formed



LV. The laser beam was refracted by a cylindrical glass (diameter 5 mm), which produced a cross-
sectional area perpendicular to the direction of flow. The smoke formed from the evaporation of the
liquid was used to visualize the LV in the flow. The VGs used in this visualisation test were PRWP and
PCRWP with an in-line arrangement, as can be seen in Figure 7.

(b)

Longitudinal vortex

(©)



(d)

Figure 7 Visualisation of LV generated by (a) in-line (b) staggered PRWP (c) in-line (d) staggered
PCRWP

In Figure 7 (c,d), the PCRWP VGs appear to produce LV in a wide flow area compared to the PRWP
VGs in Figure 7 (a,b) downstream. The back region of the PCRWP VGs has a wider frontal surface area
than the PRWP VGs. As a result, the mixing of near fluid the channel walls with the fluid in the
mainstream is better, meaning the heat transfer rate is increased [32]. Downstream, the LV compression
in the wake area increases the fluid flow velocity pass the cylindrical structure, thereby increasing the
heat transfer rate from the channel surface to the fluid flow in the wake region [43]. The increase in heat
transfer produced when using PCRWP VGs is better than with PRWP VGs.

3.6 Error analysis

The deviation (error) is the difference between the measured and actual values, which introduces
uncertainty to a result. When using large amounts of data, scientific data-processing is necessary to
determine the deviations (errors) that occurred during data collection, which may affect the results of
analysis.

The deviation in the average pressure data was calculated using the following equation (7) [44, 45]

—— AP, +A et A

The next step calculated the mean standard deviation using equation (8) [44, 45]

/ZT; (AP;=AP)?
SAP = l ;V(Nl_l) (8)
To calculate the overall error, equation (9) was used as follows [44, 45]

%error pp = (ié;) 100% ©)]

The value of the overall error for VGs with holes was 0.97%, while the value of the overall error in the
pressure drop for VGs with holes was 2.2%

Conclusion

Based on the experimental results for perforated concave rectangular winglet pair vortex generators
(PCRWP VGs) use in increasing the heat transfer of airflow through heated tubes arranged in-line in



the duct, we conclude that using PCRWP VGs affects the convection heat transfer coefficient, pressure
drop in achieving hydraulic thermal performance, and cost-benefit ratio. In our investigations, the best
heat-transfer convection coefficient was 153.5 W/m?2.K for three pairs of PCRW VGs composed in a
staggered manner. The greatest improvement in the pressure drop value (4.58 Pa), meanwhile, occurred
for one pair of PCRW VGs arranged in a staggered manner, while the hydraulic thermal performance
was best (1.29) in this experiment with three pairs of PCRW VGs composed in a staggered manner.
Finally, the best CBR (3.56) was recorded again for three pairs of PCRW VGs composed in a staggered
manner.
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Abstract

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 rectangular
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 2,143 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.

Keywords: Perforated; Rectangular winglet; Concave; Pressure drop; Vortex generator; Heat transfer; Thermal
performance

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, comprises 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
rectangular winglet vortex generators (RWVGSs) can create longitudinal eddies that interact with the
boundary layer, thereby increasing the rate of convection heat transfer[9]. Based on their research, the
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increase in the optimal heat transfer rate was 14.4. The optimal heat transfer performance 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 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 VV-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 indicates 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 common flow-down configuration provides
better performance than the common flow-up configuration. However, a staggered tube position is
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.
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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.

Heated Cylinder

Pressure Micromanometer

Inlet

P2pNO

[ |

Wiremesh Straighten

Heat Regulator
CPU Monitor Inverter

=

Keyboard

Fig. 1. Experimental tool schematic

Based on Fig. 1, the rectangular channel is equipped with a blower (50 Hz, Wipro with a rated
voltage of 220V), 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 interval of -200 —1250°Cand 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 convection. 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 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
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36 holes. The bore diameter on the VGs was 2.5 mm. The distance between the holes was 5 mm from
the center.

Perforated RWP Perforated CRWP
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Fig. 2. Geometry of the VGs

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 cylinder diameter of 19.05
mm.
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Fig. 3. Geometry and pitch of the VGs

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 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.

One pair PCRW in-line Two pairs PCRW in-line
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Three pairs PCRW in-line

Three pairs PRW in-line

Fig. 4. VGs pairs in-line configurations

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.

One pair PCRW staggered Two pairs PCRW staggered
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Three pairs PCRW staggered

Three pairs PRW staggered

Fig. 5. VGs pairs staggered configurations

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]

ﬂ
TEF = 2o (1)

&

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]

Nuy=—3Pn (2)

Atube AT MTD K
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1 (3)

Atube ATLMTD

q=m Cp (Tout - Tin) (4)

where Dy, Awypes ATimrps M, Cpy Toue and Ty, are hydraulic diameter, tube surface area, log mean
temperature difference, mass flow rate, specific heat, outlet temperature, and inlet temperature,

respectively
_ ﬁ _ 4ab _ 2ab

Dh - 17 - 2(a+b) - ﬁ (5)

_ (Ttube_Tout)_(Ttube_Tin)
ATLMTD B ln[(Ttube_Tuut)_(Ttube_Tin)] (6)

where A, dan Ty, are channel surface area and tube temperature, respectively.

The result of Dy, is used to calculate Re with the formula

Re — puinDp (7)
u

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

_ 24PDy
f= p V2(L+6D) (8)

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:

_ %AP
CBR =" 9)

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 Piner and Pouter O the test specimen in the tested part using equation (10):

AP = Pipjer — Pouttet (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 2,143 to 11,763.
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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 rectangular 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.

(b)

Longitudinal vortex
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(d)

Fig. 6. Visualisation of LV generated by (a) in-line PRWP, (b) staggered PRWP, (c) in-line PCRWP and
(d) staggered PCRWP

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 region [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 convection heat transfer
[29], as shown in Fig. 7.
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Fig. 7 Graphs of convective heat-transfer coefficient against Reynolds number: (a) one, (b) two and (c) three
pairs.

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 coefficient 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 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
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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/m2K), as shown in Fig. 7(c). Two PCRW pairs (137.33 W/m%K, Fig. 7(b)) were better than one
(132.25 W/m?K) (Fig. 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 convection 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 8,000.

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 staggered 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 8,000. 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 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 Figure 8(a)), whereas two pairs (5 Pa, Figure 8(b)) were better than three (5.4 Pa, Figure 8(c)).
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Fig. 8 Graph of pressure drop against Reynolds number: (a) one, (b) two and (c) three pairs

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.
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Fig. 9 Graph of thermal enhancement factor against Reynolds number: (2) one, (b) two and (c) three pairs

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 Figure 9, the best TEF increase occurred at Re between 8,000-9,000. 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.
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Fig. 10 Graph of cost-benefit ratio against Reynolds number: (a) one, (b) two and (c) three pairs

Fig. 10 show the result of the CBR calculation to compare the percentage 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 occured 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
performance 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.
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baseline

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, 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
2,143 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 velocities. The experimental data for the hydraulic diameter Dj,, tube surface area
Arupe, channel surface area A, and air specific heat c, 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

Table 1 Heat Loss Baseline

AT
(n:l/s) Re flcln\\/llvafas\te zg;z;t%/ D\%Zig’:g i k Pr in-ll-et ou-{let tu-Le Ll\j-‘ll-'D tége Nu (W /?n K) coqnv ingut quss
(kgs) (kg/ms) © © © -T w W W
inlet)

0.4 2165  0.004757 1.13 19.E-05 003 073 29 33 50 19 21 155 45 19.48 40 20.52
0.6 3291 0.00719 1.13 19.E-05 003 073 28 31 46 16 18 174 50 18.98 40 21.02
0.8 4413  0.009618 1.14 19.E-05 003 003 28 30 44 15 16 192 50 19.19 40 20.81
1 5545  0.012056 1.14 19.E-05 0.03 0.73 28 30 43 14 15 214 55 19.84 40 20.16
12 6661  0.014477 1.14 19.E-05 003 073 28 29 43 14 15 228 61 21.15 40 18.85
14 7826  0.016958 1.15 19.E-05 0.03 0.73 28 29 41 12 13 247 70 20.30 40 19.70
1.6 8965  0.019407 1.15 19.E-05 0.03 0.73 27 29 40 12 13 263 75 21.03 40 18.97
18 10110 0.021863 1.15 19.E-05 003 073 27 28 39 12 12 296 84 22.54 40 17.46
2 11272 0.024341 1.15 19.E-05 003 073 27 28 38 11 11 342 97 24.17 40 15.83

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 turbulence 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 Calculation of heat loss for the whole case

type VGs  gconv (W) qinput (W) qloss (W)

Baseline 20.74 40 19.26
PCRWPI1 25.15 40 14.85
PCRWPI2 27.55 40 12.45
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PCRWPI3
PCRWPS1
PCRWPS2
PCRWPS3
PRWPI1
PRWPI2
PRWPI3
PRWPS1
PRWPS2
PRWPS3

27.61
26.43
26.43
27.94
24.09
27.25
28.82
23.94
26.37
28.12

40
40
40
40
40
40
40
40
40
40

12.39
13.57
13.57
12.06
15.91
12.75
11.18
16.06
13.63
11.88

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.
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 [29, 26].

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.

Table 3 Base-line test temperature data at a speed of 0.4 m/s

T (Tubey) 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

From these data, it is found that T1,,;. can be calculated by the equation as

TTube - TTubel"'TTubeZ+TTube3ZTTube4+TTube5+TTube6 = 49.56°C (11)

Then, the average standard deviation is obtained by the following formula.
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Z?’: (T U ei_T U e)z
Stube =J 1 1;(’1’\,_1; be” = 0.029 (12)
Therefore, the average T}, can be written as 49.5 + 0.029°C. T, calculation results obtained 32.95°C,
The average standard deviation was calculated using the following equation:

Z?’=1(Touti_fout)2

STout = N(N-1) = 0, 051 (13)

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

ag \? agq \?
RSS, = \/ (S(ATout) —anm) + (s(ATin) ﬁ) (14)
dq _ a(m-cp-Tout—m-cp-Tin) _
= =m-c-p
aTout aTout
dq =a(m-cp-Tout—m-cp-Tin) — —(m-cp)

aT; 0Tim

where s(AT,y,:) = 0.051°C and s(AT;,) = 0.033°C, ensuring, that RSS,= + 0.290 W. Therefore, the
heat transfer rate g becomes 19.48 £+ 0.290 W. The value of AT},,,;4 at a speed of 0.4 m/s was found to
be 18.56°C. To determine the value of the standard deviation of AT},,;4 We used the following equation:

(AT i)\ 2 (AT mea)\? (AT imea)\ 2
RSSutimeq =\[(s(ATmbe)M) + (S(AT ) Zormea) o ((5(aT,) X mee) (15)

OTtube 0Tout OTin

F] (Ttube - Tout) _ (Ttube - Tin)
In Ttube — Tout
a(ATlmL‘d) — Ttube - Ti
aTtube aTtube

0 (Ttube — Tout) — (Ttube — Tin)

In Ttube - Tout

a(ATlmtd) _ Ttube - Ti
aTout aTout
F] (Ttube - Tout) —_ (Ttube - Tin)
In Ttube — Tout
a(ATlmtd) — Ttube - Ti
aT; oT;,
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where s(AT¢ype) = 0,029°C, s(AT,y) = 0,051°C and s(AT;,) = 0,033°C; we get RSSyr,, .,
of £ 0.043, ensuring, that the obtained ATj,,,;4 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

ONw)? aN
RS = J(5) D) 4 S(OTynea) 5o (16)

ONu 0(q-Dp. At™ - ATypq ' k7Y) Dy,
dq dq (At)(ATymea) (k)

ONu  0(q Dy At™  ATppeg ' k1) q.Dy,
0ATimta AT mta (At)(ATpneq)?* (k)

With the values of s(q) = 0.290 W and s(ATy,:q) = 0.043, the obtained RSSy,, Was + 2.889 W/(m?*().
Therefore, the value of RSSy,, is 155.31 + 2.889 W/m?°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

RSSy = [(s(Vu) z—’;)z (17)

oh _d(h.Dpk™) Kk

dNu ah Dy,

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

RSSy = |(s(Vu) %)Zz 0,83

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/sis

Error = % x 100 (18)
Error = 22 x 100 = 1.51%
44.86

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 _ AP;+AP,+AP3+-+AP3,

P = =3.51Pa (19)
30

The average standard deviation of the pressure drop can then be calculated using the equation
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s = Z?’:l(APi_E)Z
N(N-1)

=89x107°

(20)

Baseline case for the pressure drop value at a speed of 2.0 m/s is 3.51 + 8.9 x 10~>Pa. Then, the error
in the form of percentage can be calculated using the following equation:

Table 4 Baseline pressure drop data at a speed of 2.0 m/s

89 x 107>

3.51

x 100 =0.71

AP (Pa)

Data to 2.0 m/s Data to 2.0 m/s
1 0.013 16 0.012
2 0.013 17 0.013
3 0.013 18 0.012
4 0.013 19 0.012
5 0.012 20 0.013
6 0.013 21 0.013
7 0.013 22 0.012
8 0.012 23 0.013
9 0.013 24 0.012
10 0.013 25 0.013
11 0.013 26 0.013
12 0.013 27 0.013
13 0.012 28 0.013
14 0.012 29 0.012
15 0.013 30 0.012

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.

Table 5. Overall Pressure Drop (AP)

Vortex Generator

Overall Error P

Variations (perforated)
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%
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3 PCRWP

0,
staggered 0.97%

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

_ TEFy+TEF,+TEF;++TEF,

TEF 5 =1.12 (22)
Then, the average standard deviation of the TEF can be calculated with the equation

_ ’zg":l(TEFi—W)Z _

Therefore, the TEF value was 1.12 + 1.07. Then, the error in the form of percentage can be calculated
using the following equation:

1.07 x 100 = 0.94%
1.12 -

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 are listed inTable 6.

Table 6. Overall error TEF

Variasi Vortex Generator Overall Error TEF
(Berlubang)
1 RWP in-line 0.47 %
2 RWP in-line 0.47%
3 RWP in-line 0.43%
1 RWP staggered 0.47%
2 RWP staggered 0.47%
3 RWP staggered 0.43%
1 CRWP in-line 0.45%
2 CRWP in-line 0.45%
3 CRWP in-line 0.42%
1 CRWP staggered 0.45%
2 CRWP staggered 0.45%
3 CRWP staggered 0.41%

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

m — CBR1+CBR2+61'§R3+"'+CBR12 =214 (23)

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

equation:
_ /Zli\’:l(CBRi—CBR)Z _

The CBR value is 2.14 + 1.60. Then the error in the form of percentage can be calculated using
thefollowing equation:
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1.60 x 100 = 0.63%
2.14 R

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

Table 7. Overall error CBR

Variasi Vortex Generator Overall Error CBR
(Berlubang)
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%

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 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 convection coefficient was 153.5 W/m?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 arranged 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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Abstract

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 rectangular
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 2,143 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.

Keywords: Perforated; Rectangular winglet; Concave; Pressure drop; Vortex generator; Heat transfer; Thermal
performance

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, comprises 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 VVGs 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
rectangular winglet vortex generators (RWVGSs) 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 performance 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 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 VV-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 indicates 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 common flow-down configuration provides
better performance than the common flow-up configuration. However, a staggered tube position is
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.

Heated Cylinder
Pressure Micromanometer

1 Termocouple

j2pno

[ |

Wiremesh Straighten

Heat Regulator |||
o000 CPU Monitor Inverter
Wattmeter D

Keyboard
Fig. 1. Experimental tool schematic

Based on Fig. 1, the rectangular channel is equipped with a blower (50 Hz, Wipro with a rated
voltage of 220V), 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 interval of -200 —1250°Cand 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 convection. 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 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.

Perforated RWP Perforated CRWP
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Fig. 2. Geometry of the VGs

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 cylinder diameter of 19.05
mm.
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Fig. 3. Geometry and pitch of the VGs

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 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.

One pair PCRW in-line Two pairs PCRW in-line



One pair PRW in-line Two pairs PRW in-line

Three pairs PRW in-line

Fig. 4. VGs pairs in-line configurations

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.

One pair PCRW staggered Two pairs PCRW staggered



Three pairs PCRW staggered

Three pairs PRW staggered

Fig. 5. VGs pairs staggered configurations

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]

Nu

TEF = 2o (1)
&
fo
The Nusselt number dan friction factor for the baseline conditions are symbolised as (Nu,) and (f;),
and (Nu) and (f) based on the research of Zeeshan et al[23]

Nuy=—3Pn (2)

Atube AT MTD K



1 (3)

Atube ATLMTD

q=m Cp (Tout - Tin) (4)

where Dy, Awypes ATimrps M, Cpy Toue and Ty, are hydraulic diameter, tube surface area, log mean
temperature difference, mass flow rate, specific heat, outlet temperature, and inlet temperature,
respectively

_ e __tab__ 20

Dh - 17 - 2(a+b) ~ a+b (5)
Trube—Tout)—(Teupe—Ti

ATLMTD — ( tube aut) ( tube Ln) (6)

ln[(Ttube_Tout)_(Ttube_Tin)]
where A, dan Ty, are channel surface area and tube temperature, respectively.

The result of Dy, is used to calculate Re with the formula

Re — PuinDp (7)
u

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

__ 2APDp
f= p VZ(L+6D) (8)

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:

_ %AP
CBR = 9)

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 Piner and Pouter O the test specimen in the tested part using equation (10):

AP = Piper — Poutlet (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 2,143 to 11,763.



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 rectangular 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.

(b)

Longitudinal vortex




(d)

Fig. 6. Visualisation of LV generated by (a) in-line PRWP, (b) staggered PRWP, (c) in-line PCRWP and
(d) staggered PCRWP

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 region [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 convection heat transfer
[29], as shown in Fig. 7.
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Fig. 7 Graphs of convective heat-transfer coefficient against Reynolds number: (a) one, (b) two and (c) three
pairs.

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 coefficient 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 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/m2K), as shown in Fig. 7(c). Two PCRW pairs (137.33 W/m%K, Fig. 7(b)) were better than one
(132.25 W/m?K) (Fig. 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 convection 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 8,000.

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 staggered 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 8,000. 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 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 Figure 8(a)), whereas two pairs (5 Pa, Figure 8(b)) were better than three (5.4 Pa, Figure 8(c)).
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Fig. 8 Graph of pressure drop against Reynolds number: (a) one, (b) two and (c) three pairs

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.
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Fig. 9 Graph of thermal enhancement factor against Reynolds number: (2) one, (b) two and (c) three pairs

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 Figure 9, the best TEF increase occurred at Re between 8,000-9,000. 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.
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Fig. 10 Graph of cost-benefit ratio against Reynolds number: (a) one, (b) two and (c) three pairs

Fig. 10 show the result of the CBR calculation to compare the percentage 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 occured 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
performance 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.



baseline

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, 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
2,143 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 velocities. The experimental data for the hydraulic diameter Dj,, tube surface area
Arupe, channel surface area A, and air specific heat c, 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

Table 1 Heat Loss Baseline

AT
(n:l/s) Re fk')\\/llvafas\te zg;z;t%/ D\%Zig’:g i k Pr in-ll-et ou-{let tu-Le Ll\j-‘ll-'D tége Nu (W /?n K) coqnv ingut quss
(kgs) (kg/ms) © © © -T w W W
inlet)

0.4 2165  0.004757 1.13 19.E-05 003 073 29 33 50 19 21 155 45 19.48 40 20.52
0.6 3291 0.00719 1.13 19.E-05 003 073 28 31 46 16 18 174 50 18.98 40 21.02
0.8 4413  0.009618 1.14 19.E-05 003 003 28 30 44 15 16 192 50 19.19 40 20.81
1 5545  0.012056 1.14 19.E-05 0.03 0.73 28 30 43 14 15 214 55 19.84 40 20.16
12 6661  0.014477 1.14 19.E-05 003 073 28 29 43 14 15 228 61 21.15 40 18.85
14 7826  0.016958 1.15 19.E-05 0.03 0.73 28 29 41 12 13 247 70 20.30 40 19.70
1.6 8965  0.019407 1.15 19.E-05 0.03 0.73 27 29 40 12 13 263 75 21.03 40 18.97
18 10110 0.021863 1.15 19.E-05 003 073 27 28 39 12 12 296 84 22.54 40 17.46
2 11272 0.024341 1.15 19.E-05 003 073 27 28 38 11 11 342 97 24.17 40 15.83

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 turbulence 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 Calculation of heat loss for the whole case

type VGs  gconv (W) qinput (W) qloss (W)

Baseline 20.74 40 19.26
PCRWPI1 25.15 40 14.85
PCRWPI2 27.55 40 12.45



PCRWPI3
PCRWPS1
PCRWPS2
PCRWPS3
PRWPI1
PRWPI2
PRWPI3
PRWPS1
PRWPS2
PRWPS3

27.61
26.43
26.43
27.94
24.09
27.25
28.82
23.94
26.37
28.12

40
40
40
40
40
40
40
40
40
40

12.39
13.57
13.57
12.06
15.91
12.75
11.18
16.06
13.63
11.88

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.
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 [29, 26].

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.

Table 3 Base-line test temperature data at a speed of 0.4 m/s

T (Tubey) 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

From these data, it is found that T1,,;. can be calculated by the equation as

TTube - TTubel"'TTubeZ+TTube3ZTTube4+TTube5+TTube6 = 49.56°C (11)

Then, the average standard deviation is obtained by the following formula.
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Stube =J 1 1;(‘1’\,_1; be” = 0.029 (12)
Therefore, the average T}, can be written as 49.5 + 0.029°C. T, calculation results obtained 32.95°C,
The average standard deviation was calculated using the following equation:

Z?’=1(Touti_fout)2

STout = N(N-1) = 0, 051 (13)

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

ag \? agq \?
RSS, = \/ (S(ATout) —anm) + (s(ATin) ﬁ) (14)
dq _ a(m-cp-Tout—m-cp-Tin) _
= =m-c-p
aTout aTout
dq =a(m-cp-Tout—m-cp-Tin) — —(m-cp)

aT; 0Tim

where s(AT,y,:) = 0.051°C and s(AT;,) = 0.033°C, ensuring, that RSS,= + 0.290 W. Therefore, the
heat transfer rate g becomes 19.48 £+ 0.290 W. The value of AT},,,;4 at a speed of 0.4 m/s was found to
be 18.56°C. To determine the value of the standard deviation of AT},,;4 We used the following equation:

(AT i)\ 2 (AT mea)\? (AT imea)\ 2
RSSutimeq =\[(s(ATmbe)M) + (S(AT ) Zormea) o ((5(aT,) X mee) (15)

OTtube 0Tout OTin

F] (Ttube - Tout) _ (Ttube - Tin)
In Ttube — Tout
a(ATlmL‘d) — Ttube - Ti
aTtube aTtube

0 (Ttube — Tout) — (Ttube — Tin)
In Ttube - Tout
a(ATlmtd) _ Ttube - Ti
aTout aTout

F] (Ttube — Tout) - (Ttube — Tin)
In Ttube — Tout
a(ATlmtd) _ Teupe — Ti
aT; oT;,




where s(AT¢ype) = 0,029°C, s(AT,y) = 0,051°C and s(AT;,) = 0,033°C; we get RSSyr,, .,
of £ 0.043, ensuring, that the obtained ATj,,,;4 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

RS = J(5) D) 4 S(OTynea) 5o (16)
ONu 0(q-Dp. At™ - ATypq ' k7Y) Dy,
dq dq (At)(ATymea) (k)
ONu  0(q Dy At™  ATppeg ' k1) q.Dy,
OATyneq AT mea (A (ATymea)? (k)

With the values of s(q) = 0.290 W and s(ATy,:q) = 0.043, the obtained RSSy,, Was + 2.889 W/(m?*().
Therefore, the value of RSSy,, is 155.31 + 2.889 W/m?°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

RSSy = [(s(Vu) z—’;)z (17)

oh _d(h.Dpk™) Kk

dNu ah Dy,

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

RSSy = |(s(Vu) %)Zz 0,83

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/sis

Error = % x 100 (18)
Error = 22 x 100 = 1.51%
44.86

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 _ AP;+AP,+AP3+-+AP3,

P = =3.51Pa (19)
30

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



N _AP)2
s= /w —89x1075 (20)
N(N-1)

Baseline case for the pressure drop value at a speed of 2.0 m/s is 3.51 + 8.9 x 10~>Pa. Then, the error
in the form of percentage can be calculated using the following equation:

89 x 107>

x 100 =0.71
3.51

Table 4 Baseline pressure drop data at a speed of 2.0 m/s

AP (Pa)

Data to 2.0 m/s Data to 2.0 m/s
1 0.013 16 0.012
2 0.013 17 0.013
3 0.013 18 0.012
4 0.013 19 0.012
5 0.012 20 0.013
6 0.013 21 0.013
7 0.013 22 0.012
8 0.012 23 0.013
9 0.013 24 0.012
10 0.013 25 0.013
11 0.013 26 0.013
12 0.013 27 0.013
13 0.012 28 0.013
14 0.012 29 0.012
15 0.013 30 0.012

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.

Table 5. Overall Pressure Drop (AP)

Vortex Generator Overall Error P
Variations (perforated)
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

0,
staggered 0.97%

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

_ TEFy+TEF,+TEF;++TEF,

TEF 5 =112 (22)
Then, the average standard deviation of the TEF can be calculated with the equation

_ ’zg":l(TEFi—W)Z _

Therefore, the TEF value was 1.12 + 1.07. Then, the error in the form of percentage can be calculated
using the following equation:

1.07 x 100 = 0.94%
1.12 -

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 are listed inTable 6.

Table 6. Overall error TEF

Variasi Vortex Generator Overall Error TEF
(Berlubang)
1 RWP in-line 0.47 %
2 RWP in-line 0.47%
3 RWP in-line 0.43%
1 RWP staggered 0.47%
2 RWP staggered 0.47%
3 RWP staggered 0.43%
1 CRWP in-line 0.45%
2 CRWP in-line 0.45%
3 CRWP in-line 0.42%
1 CRWP staggered 0.45%
2 CRWP staggered 0.45%
3 CRWP staggered 0.41%

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

m — CBR1+CBR2+61'§R3+"'+CBR12 =214 (23)

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

equation:
_ ’zé"zl(CBRi—CBR)Z _

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



1.60 x 100 = 0.63%
2.14 R

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

Table 7. Overall error CBR

Variasi Vortex Generator Overall Error CBR
(Berlubang)
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%

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 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 convection coefficient was 153.5 W/m?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 arranged 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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"Perforated concave rectangular winglet pair vortex generators enhance the heat transfer of
air flowing through heated tubes inside a channel" (Manuscript Number: Rineng-D-22-
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Thank you very much for the proposal. I've revised Figure 1 because | made a mistake
in captioning the figure. One thermocouple is placed in the air inlet area, six
thermocouples on the back surface of the tubes, and 15 on the outlet side of the wire,
as observed in Figure 1.

2. Heaters are placed after test section? How the heating of air takes place?
Thanks for the question. The heater is connected to six tubes with each tube getting
the same power. The total heating power of 40 W is induced in the six tubes by a
regulator. Heating air flowing through the tubes occurs by convection. So that the air

at the outlet side becomes hotter than that from the inlet side.

3. Details of perforations on rectangular and concave winglet is missing. pl add.
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Thank you for the correction. | have added in the paper the detailed geometry of the
perforated rectangular winglet (PRW) and perforated concave rectangular winglet
(PCRW) vortex generators (VGs), as shown in Figure 2.
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VGs have dimensions of the same length and width of 30 mm and have 36 holes. The
bore diameter on the VGs is 2.5 mm. The distance between the holes is 5 mm from
the center of the holes.
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a. Set up validation

Thank you for your suggestion. The current study is a follow-up investigation of the
work of Yafid et al [1]. The experimental set-up of this study is similar to that of Yafid
et al. experiment. The difference between the current study and the experiment of
Yafid et al. is a test object where the current study uses concave rectangular winglet
(CRW) VGs, while the work of Yafid et al. uses concave delta winglet (CDW) VGs.
Whitaker et al. [2] studied the heat transfer characteristics of airflow through a single
cylinder in a rectangular duct. To confirm the results of the experiment Yafid et al. are



valid, the same experimental set-up is determined. The Nu value from the experiment
of Yafid et al. compared with Nu values from the experiments of Whitaker et al. in the
Reynolds number range of 2,143 to 11,763, as shown in the figure below.
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From the figure, it can be observed that Nu from the experimental results of Yafid et
al. have the same trend as the experiments of Whitaker et al.

b. Heat Loss analysis

Heat loss analysis is carried out by taking into account the convection heat transfer
from the six tubes to the surrounding fluid flow. Calculation of the heat transfer rate
is carried out for two types of flow, namely laminar flow and turbulent flow.

The calculation of heat loss in this experiment is determined by calculating the
difference between the induced electric power and the total heat through convection
from the surface of the tubes to the fluid. In this experiment, six tubes in a wind tunnel
are heated by a heater with a power of 40 W. In this work, 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 2,143 to 11,763. Based on the Reynolds number range, two types of flow are
determined, namely laminar and turbulent. Therefore, the heat loss was determined
from the correlation between laminar at 0.4 m/s and turbulent for other velocities.
The described formulas Nu, h, and g were used to determine the heat loss in the
conduit of the six tubes.

Nuy=—3Pn (2)

Atube ATLMTD K

h=—-7>L— (3)

Atube ATLMTD

q=m Cp (Tout — Tin) (4)



baseline

Where Dy, Arypes AT mrp, M, Cp) Touts Tin, are hydraulic diameter, tube surface area,
log mean temperature difference, mass flow rate, specific heat, outlet temperature,
and inlet temperature.

Dy = — 5)

(Ttube_Tnut)_(Ttube_Tin)
In[(Teupe—Tour) —(Trube—Tin)]

(6)

AT yrp =
Where A, dan T,,,. are channel surface area and tube temperature, respectively.

The experimental data for hydraulic diameter D,,, tube surface area A;y., channel
surface area A, and air specific heat ¢, are 0.09223 m, 0.02338908 m2, 0.01056 m?,

and 1.007 J/kgK, respectively. The following is a table for calculating the heat loss
baseline.

Table 1 Heat Loss Baseline

AT

v Mass Density Dyﬁamics . T T T AT (T h q . q gloss
(m/s) Re flow rate (ke/m?) viscous k Pr inlet outlet tube LMTD tube Nu (W/mK) conv  input W)
(kg/s) (kg/ms) © © (@ -T w) (w)

inlet)
0.4 2165  0.004757 1.13 19.E-05 0.03 0.73 29 33 50 19 21 155 45 19.48 40 20.52
0.6 3291 0.00719 1.13 19.E-05 0.03 0.73 28 31 46 16 18 174 50 18.98 40 21.02
0.8 4413  0.009618 1.14 1.9.E-05 0.03 0.03 28 30 44 15 16 192 50 19.19 40 20.81
1 5545  0.012056 1.14 1.9.E-05 0.03 0.73 28 30 43 14 15 214 55 19.84 40 20.16
1.2 6661 0.014477 1.14 1.9.E-05 0.03 0.73 28 29 43 14 15 228 61 21.15 40 18.85
14 7826  0.016958 1.15 1.9.E-05 0.03 0.73 28 29 41 12 13 247 70 20.30 40 19.70
1.6 8965  0.019407 1.15 1.9.E-05 0.03 0.73 27 29 40 12 13 263 75 21.03 40 18.97
1.8 10110 0.021863 1.15 1.9.E-05 0.03 0.73 27 28 39 12 12 296 84 22.54 40 17.46
2 11272  0.024341 1.15 1.9.E-05 0.03 0.73 27 28 38 11 11 342 97 24.17 40 15.83

In the table 1, it can be seen that the greater the velocity with the increase in Re
number, the lower the heat loss. It can be seen that the heat flow from the heater
does not only spread into the tube, but convection occurs to the outside of the tube.
Heat output increases with increasing Re. That is, the higher the flow velocity, the
greater the turbulence through the silinder and the higher the turbulence intensity.
An increase in turbulence intensity between a cold airflow and a hot cylinder with
constant surface temperature is caused by the airflow velocity [3]. In row-tube arrays,
this recirculation area increases for the second and subsequent columns. A lower air
velocity in the circulation region indicates less airflow in that region participating in



the local heating process [4]. The heat loss of all conditions in this experiment is shown
in table 2 below.

Table 2 Calculation of heat loss for the whole case

type VGs gconv (W) gqinput (W) gloss (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 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 that increase vortex strength in the wake region
downstream of the tube. 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 greatly increases heat transfer [5], [3].

Mention pitch kept between two pins/winglet.
Thank you for the question. I've added Figure 3 (in the paper) showing the pitch
between VGs for both inline and staggered configurations.
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6. Atlower Re both inline and staggered arrangement gives the same result, while
deviation is observed after Re 8000. The author has to justify.

Thank you for your suggestion. In Figure 7(a) (in the paper), the convection heat
transfer coefficient for the case of PRW VGs in-line has the same value as that of PCRW
VGs in-line or staggered in a pair of VGs. In one pair of VGs, the longitudinal vortex is
generated after the flow hits the VGs and weakens (He et al., 2013). This is in contrast
to two and three pairs of VGs where the longitudinal vortex produced after striking
the first VGs has 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
has the same value as that of PCRW VGs at Reynolds numbers above 8,000.
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Provide more clarification about 1,2 & 3 pairs.

Thank you for your suggestion. This study describes the cases of PCRW and PRW VGs
for one, two, and three pairs. | have added explanations for cases one, two, and three
pairs of perforated VGs to the paper.

For PRW and PCRW VGs in-line configurations with one, two, and three pairs are
shown in Figures 4. For one pair, the VGs are placed on the left and right sides of the
first row of tubes. VGs are placed on the first and third row tubes for two pairs. As for
the three pairs, VGs are placed on the first, third, and fifth row tubes.

three pairs PCRW inline



three pairs PRW inline
Figure 4. VGs pairs in-line configurations

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

tubes.




three pairs PCRW staggered

three pairs PRW staggered

Figure 5. VGs pairs staggered configurations

8. Compare the PRWP and PCRWP with without perforation.
Thank you for your request. In this study, an experiment was conducted to compare
PRW VGs and PCRW VGs in improving heat transfer in a rectangular channel, as shown
in Figures 7 to 9.

a. Comparison of convection heat transfer coefficient values.

Figure 7 provides a comparison of the convection heat transfer coefficients for PRW
and PCRW. It can be seen that there was an increase in the convection heat transfer
coeeficient with a rise in Re due to an increase in flow vortices and high turbulence
intensity in the channel [6], alongside a reduction in the wage region and stagnation
area for each increase in flow velocity [7]. The increase in heat transfer for staggered
VGs was better than in-line for PCRW VGs with any number of pairs at the highest Re
(12,000). The results in Figure 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, of 153.5 W/m?2.K, as shown in Figure 7(c). Meanwhile, two PCRW pairs
(137.33 W/m2.K, Figure 7(b)) were better than one (132.25 W/m?2K, Figure 7(a))
because VGs with a concave surface destabilise the centrifugal force of the fluid flow,
which strengthens the flow vortices. This makes the mixing of the hot fluid near the
wall with the cold fluid of the main flow more robust [8].

b. Pressure drop comparison



In general, the highest pressure drop was observed using PCRWP VGs with staggered
configuration for all Reynolds numbers except for one pair of VGs, as shown in Figure
8. The highest pressure drop was found in PRWP VGs with in-line configuration at
Reynolds numbers greater than 8,000. The pressure drop on the staggered VGs was
found to be higher than that of the in-line due to the shorter distance between the
VGs of the staggered configuration than that of the in-line [5].

c. TEF comparison

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 in the
use of PCRWP VGs with staggered configuration, as depicted in Figure 9. PCRW creates
wider flow vortices that can reduce the wake area behind the cylinder. Reducing the
wake area can reduce the recirculation zone. This affects the increased heat transfer
from the back of the cylinder to the stream [3]. A large radius, high intensity antrior-
posterior vortex can reduce the wake area. A reduction in the wake area increases the
flow velocity behind the tube and reduces the recirculation area, resulting in an
increased heat transfer in this area [9], [10].

d. CBR comparison

A low value of CBR means a more economical value from the use of VGs. In general,
CBR on the use of PCRWP VGs with staggered configuration is the best, as informed in
Figure 10. The lowest CBR value results were obtained with three pairs of staggered
type VGs PCRW. Three pairs of VGs lower CBR than one and two VG pairs. This is
because the installation of three pairs VGs results in a higher Nusselt number increase
than one and two pairs VGs, resulting in a lower pressure drop increase and therefore
a lower CBR. These results show that lower CBR improves thermal performance
relative to resistivity [11].

Discuss how number of pairs contribute in improving TEF
Thank you for your question. Figure 9 shows the effect of the number of pairs and

configuration of VGs on TEF, this is also found in Ref. (He et al., 2013), (Sun et al.,
2020), and (Ranjan et al., 2022).
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c. Three pairs

From the experimental results, as shown in Figure 9, the TEF with three pairs of VGs for both
inline and staggered was the highest. The TEF for the case of 3 pairs of PCRWs was 5.02%
greater than that of one and two pairs of PRWP VGs. The main reason is because the concave
surface of the PCR causes the flow to be thrown away due to the centrifugal force which results
in a stronger flow vorticity [12]. Larger and stronger flow vortices can reduce the recirculation
zone which has an impact on increasing heat transfer from the rear surface of the tube to the
flow [10]. The presence of flow that is formed in each gap between the VGA and the tube
causes the TEF in the staggered configuration to be greater than that of the in-line [13]. The
increase in TEF for the three-pair case with the staggered configuration was 1.50% and 4.91%
greater than that of the inline PCRWP and PRWP, respectively.
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Reviewer 2: This paper presented experimental results of the heat transfer, pressure drop and

thermal performance characteristics of the perforated concave rectangular winglet pair vortex

generators on plates in rectangular ducts to increase the heat transfer through the six heated

tubes to the air stream. Perforated concave rectangular winglets were compared with

perforated rectangular winglet pairs vortex generator mounted on rectangular plates. The

subject of the article falls within the scope of the Results in Engineering. In my view, unless

the paper is rewritten in a proper way, | think it is inadequate to be published in a scientific

journal in its present state. | would like to provide the following comment:

1.

There are many spelling and grammar mistakes in this paper, and many sentences are
not easy to follow. The grammar and structure of sentences in this paper need to be
modified carefully, such as the title of the article. The language of this paper need to
be improved by a native English speaker.

Thank you for your suggestion. To improve grammar and structure, | have sent this
paper to elsevier service for proof reading.

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

oktarina heriyani

Date: 17-Sep-2022 i

Serial number: LEEX-19301-298A26F09925 N

The velocity ranges studied are given in the Abstract, whereas the Reynolds number
ranges studied should be given.

Thank you for your correction. In this experiment, the intake air velocity is in the range
of 0.4 to 2 m/s at intervals of 0.2 m/s or in the Reynolds number range of 2.143 to
11.763. | have included the Reynolds number range in the abstract.

Please review the keywords and add a few, for instance heat transfer, thermal
performance.



Thank you for your suggestion. The keywords for this study are vortex generators,
heat transfer, thermal-hydraulic performance, economic benefit. I've added
keywords in the paper.

The method section can be expanded.
Thank you for your suggestion. | have improved this research method in the paper.

Based on Fig. 1, the rectangular channel is equipped with a blower (50 Hz, Wipro with
a rated voltage of 220V), 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
interval 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 convection. 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
directing the smoke from vaporised fluid in the fluid vaporator into the mainflow.

The arrangement of vortex generators is given in Figure 2, but Figure 2 is not
sufficient for a clear understanding of the construction of vortex generators.
Additional figures should be drawn which clearly show the construction of vortex
generators and the in-line and staggered arrangement.

Thank you for your suggestion. The following shows the construction of vortex
generators inline and staggered (figure 2, 4 and 5 in the paper).



Figure 2. Geometry of the VGs

For PRW and PCRW VGs in-line configurations with one, two, and three pairs are
shown in Figures 4. For one pair, the VGs are placed on the left and right sides of the
first row of tubes. VGs are placed on the first and third row tubes for two pairs. As for
the three pairs, VGs are placed on the first, third, and fifth row tubes.

one pair PRW inline two pairs PRW inline



three pairs PRW inline
Figure 4. VGs pairs in-line configurations

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

tubes.

one pair PRW staggered two pairs PRW staggered



three pairs PRW staggered

Figure 5. VGs pairs staggered configurations

6. Thermal characteristics are given in terms of the convective heat transfer coefficient
(h), friction characteristics are given in terms of pressure drop. Why are thermal
characteristics not given in terms of Nusselt number (Nu) and friction characteristics
in terms of coefficient of friction (f)?

Thank you for your correction. h versus Re and P vs Re are used instead of Nu - Re and
f- Reinthis experiment because, in the TEF calculation, the value of Nu represents the
value of h resulting from the equation in formula 3 (in the paper), thus

Ny k

h =" ®)

Figure 7 (in the paper) that h rises as Re rises shows that the Nu increases as Re rises,
where h rises as Re rises [1]. While fin this experiment represents the AP as shown in
the following formula

2APD

f= WL-FQD) (8)

Formula 8 states that the friction factor (f) in the flow rate is determined by using the

pressure drop (AP) characteristic where increasing the Reynolds number in figure 8

will decrease the friction factor [2].

The following are examples of several studies that use h as a representative of Nu and

(AP) as a representative of f.

a. The experimental results of Yafid et al indicate that perforated VGs can increase
the heat transfer rate and decrease the pressure drop using the parameters h, AP,
and TEF as shown in the following graph[3].
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b. Al Asadi et al represents heat transfer coefficient and pressure drop to show the
results of their investigation that the addition of span wise gap variations can
increase heat transfer performance and reduce pressure drop [4], as shown in the

figure below.
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c. Increased heat transfer in heat sinks, Zhang et al described the micro gap by
pairing more VGs which resulted in a larger heat transfer coefficient and a
reduced pressure drop value [5], as shown in the figure below.
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d. Hosseinirad et al showed that the increase in heat transfer coefficient and
pressure drop vs. Reynold number had a tendency to increase with the increase
in Re to evaluate heat transfer [6]. There is an increase in heat transfer with an
increase in Re which is indicated by an increase in the heat transfer coefficient and
an increase in pressure drop along with an increase in Re.
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7. ltis not specified how the hydraulic diameter (Ds) is calculated. How the Reynolds
number (Re) was calculated is not specified.

Thank you for your corrections. The calculation of the hydraulic diameter in this
experiment uses a rectangular air duct with a side length of a = 0.165 m and a side
width of b = 0.064 m with the resulting D, of 0.0106 from the following formula.

__4Ac _ 4ab _ 2ab (5)
- D - 2(a+b) T a+b

Dy



The result of Dy is used to calculate Re with the formula

Re = ZinPn (7)

u
With u;,, of 0.4 —2 m/s with an interval of 0.2 m/s, on the physical properties of air at
a pressure of 1 atm and is the viscosity of the fluid so that Re used in this experiment
ranges from 2,143 — 11,763.

No correlation (Nu-Re), (f-Re) is given.

Thank you for the correction. In this experiment, Nu —Re and f — Re are not shown but
use h vs Re and AP vs Re because the Nu value represents the value of h that arises in
this experiment as in equation 4 (in the manuscript)

Ny k
h=-= (3)

Dp

While f in this experiment represents the AP as shown in the following formula

f= 2AP Dy,
~ pV2(L+6D)

(8)

The formula states that the friction factor (f) in the flow rate is determined by using
the pressure drop (AP) characteristic where increasing the Reynolds number in figure
8 will decrease the friction factor [2].

Error analysis is given, but uncertainty analysis is not done.

Thank you for the correction. In the following, 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 below.

Table 3 Base-line test temperature data at a speed of 0.4 m/s

T (Tubei) T (Tubez) T (Tubes) T (Tubes) T (Tubes) T (Tubes)
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




From these data, it is found that Ty, can be calculated by the equation as

= T +T +T +T +T +T
TTube — Tubel Tube2 Tube36 Tube4 Tube5 Tube6 — 49 560C (11)

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

Zi": (T u ei_T u e)z
Stube = J 1 Af,(j’v_l)t be = 0.029 (12)
Therefore, the average T}, can be written as 49.5 + 0.029°C. T,,,; calculation results
obtained 32.95°C. The average standard deviation was calculated using the following
equation:

Zﬁv= (Tau i_Tau )2
STout = W =0,051 (13)
Furthermore, the average value of T,,; can be written as 32.95 + 0.051°C. Using the
same equation, the standard deviation of T},, was found to be 0.033. Thus, the average
T;y, 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:

_ aq 2 aq 2

RSS, = \/ (5@Tpue) _arout) + (s(ATiw) ﬁ) (14)
dq =6(m-cp-Tout—m-cp-Tin): cp

aTout aTout

dq =6(m-cp-Tout—m-cp-Tin):_(m.C.p)

aT; aT;

where s(ATyy:) = 0.051°C and s(AT;,) = 0.033°C, ensuring, that RSS,= + 0.290 W.
Therefore, the heat transfer rate g becomes 19.48 £ 0.290 W. The value of ATj,1q at a
speed of 0.4 m/s was found to be 18.56°C. To determine the value of the standard
deviation of ATj,,;q we used the following equation:

AT imea)\ AT i)\ 2 AT imea)\ >
RSST e =\/(s(ATtube)ﬁ) + (5(aTou) T5r22) + (s(ATy) T5me)
(15)

0 (Ttube — Tout) — (Ttube — Tin)
In Ttube - Tout
a(ATlmtd) _ Ttube - Ti
aTtube aTtube




0 (Ttube — Tout) — (Ttube — Tin)

In Ttube - Tout

a(ATlmtd) — Ttube - Ti
aTout aTout
0 (Ttube — Tout) - (Ttube — Tin)
In Ttube — Tout
a(ATlmtd) — Ttube - Ti
aT; aT,,

where s(ATyype) = 0,029°C, s(AT,,,:) = 0,051°C and s(AT;,) = 0,033°C; we get
RSSpr,,,,, 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

aNu 2 aN
RS = (5@ 2)" + ST i) 5 (16)
ONu _ 0(q Dy At™ - ATppeg ' k71) Dy,
dq dq (At) (ATynea) (k)
ONu  0(q Dy~ At™" ATppeq " k71) q.Dp,
0ATynta AT ynta (At)(ATyneq)* (k)

With the values of s(q) = 0.290 W and s(AT},tq) = 0.043, the obtained RSSy,, was
2.889 W/(m?°C). Therefore, the value of RSSy,, is 155.31 + 2.889 W/m?°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

RSSy = |(s(Vu) z—’;)z (17)

oh _ 0(h.Dp.k™) Kk

ONu oh Dh

Furthermore, the value of_Dj, 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:

RSSy, = (s %)2: 0,83

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



Error = % X 100 (18)

Error =22 %100 = 1.51%
44.86

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:

_P — AP1+AP2+§P(;3+“‘+AP3O _ 351 Pa (19)

The average standard deviation of the pressure drop can then be calculated using the
equation
Zli\il(APi_ﬁ)z

— [|ai=a 2Tl -5
s= |Phany =89 %10 (20)

Baseline case for the pressure drop value at a speed of 2.0 m/s is 3.51 + 8.9 X 10~°Pa.
Then, the error in the form of percentage can be calculated using the following equation:

89 x 1075

351 x 100 =0.71

Table 4 Baseline pressure drop data at a speed of 2.0 m/s

AP (Pa)

Data to 2.0m/s Data to 2.0m/s
1 0.013 16 0.012
2 0.013 17 0.013
3 0.013 18 0.012
4 0.013 19 0.012
5 0.012 20 0.013
6 0.013 21 0.013
7 0.013 22 0.012
8 0.012 23 0.013
9 0.013 24 0.012
10 0.013 25 0.013
11 0.013 26 0.013
12 0.013 27 0.013
13 0.012 28 0.013
14 0.012 29 0.012
15 0.013 30 0.012

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.



Table 5. Overall Pressure Drop (AP)

Vortex Generator Overall Error P
Variations (perforated)
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%
1PCRWPstaggered 2.43%
2PCRWPstaggered 1.91%
3 PCRWP staggered 0.97%

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

TEF = TEFl+TEFZ+71"1;"F3,+---+TE}«"12 — 112 (21)

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

N —TEF)2
s = /Z—m“’”‘ TER)” _ 1.07 (22)
N(N-1)

Therefore, the TEF value was 1.12 + 1.07. Then, the error in the form of percentage can
be calculated using the following equation:

1.07 x 100 = 0.94%
1.12 - R

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 are listed inTable 6.

Table 6. Overall error TEF

Variasi Vortex Generator Overall Error TEF
(Berlubang)
1 RWP in-line 0.47 %
2 RWP in-line 0.47%
3 RWP in-line 0.43%
1 RWP staggered 0.47%
2 RWP staggered 0.47%
3 RWP staggered 0.43%
1 CRWP in-line 0.45%

2 CRWP in-line 0.45%



3 CRWP in-line 0.42%

1 CRWP staggered 0.45%
2 CRWP staggered 0.45%
3 CRWP staggered 0.41%

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

CER = CBR1+CBR2+i§R3+m+CBR12 — 214 (23)

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

N ._TBR)2
5= [HEaCBRTERE _y o (24)
N(N-1)

The CBR value is 2.14 £ 1.60. Then the error in the form of percentage can be calculated
using thefollowing equation:

1.60 x 100 = 0.63%
2.14 R

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

Table 7. Overall error CBR

Variasi Vortex Generator Overall Error CBR
(Berlubang)
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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Reviewer 3: In connection with climate change and an increase in the average annual
temperature on Earth, there is a new danger of the negative impact of high temperatures on
human life.

In this case, the improvement of air conditioning systems, including the search for the best
thermal enhancement factor, cost-benefit ratio, etc., takes on a new sense, which is one of
the main targets of this article. The topic is timely and of great practical significance to
environmental protection, enhancing safety, and people's life comfort.

The manuscript is well-structured and includes all necessary parts.

Two key strengths of the paper are a good introduction section and an analysis and
discussion of the results. Both research objectives and content are clear. The key scientific
issues to be solved are moderate. The research experimental method is reasonable.

There are also several shortages worthy to be mentioned:

1. Seriously revise the formulas
a. Ifyou use an italic font in formulas, use an italic font in their descriptions.
For example, in formula (1), the Nusselt number (Nu) and friction factor (f);
in formula (3), heat transfer coefficient (h). It may confuse the reader.

Thank you for the corrections. For formula and description fonts,
improvements have been made where all formula and description fonts are

italicized consistently.

b. The Nusselt numbers in formula (1) and formula (2) have different
designations. It may confuse the reader.

Thanks for the correction. Consistent improvements have been made to
writing the Nu symbol on paper.

c. What are Nusselt number and friction factor with subscript 0 in formula (1)?
Thanks for the corrections. The subscript 0 for Nusselt number and friction

factor is meant for the baseline condition. This additional explanation has
been added to the paper. The following is an explanation of formula 1.

(1)

Di mana: Nuy= Nusselt number pada kondisi baseline
fo = friction factor pada kondisi baseline



d. Informula (5), a pressure drop is the lowercase letter Ap, but in formula (6),
a pressure drop is uppercase AP. Are these different pressures?

Thank you for the corrections. I’'m so sorry for the error in writing the pressure
drop symbol which is inconsistent. Improvements in writing pressure drop
have been made with uppercase P for the formula on the paper.

2. What is the error of pressure drop measurement with the Fluke 922 Airflow
Micromanometer described in section "3.2 Effect of perforated vortex generators on
pressure drop"? Did it cover the necessary range of pressures to be investigated?
Could micromanometer error have affected the conclusions of the section? Because
the pressure drop values of 4.58 Pa, 5 Pa and 5.4 Pa are close to each other.

Thanks for the question. Pressure measurement errors with the Fluke 922 Airflow
Micromanometer are explained in the uncertainty analysis section with the
calculation results as below.

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:

AP = =3.51Pa (19)
30

The average standard deviation of the pressure drop can then be calculated using the
equation
T, (AP;—4P)?

— — -5
s= [PEaay =89 %10 (20)

Baseline case for the pressure drop value at a speed of 2.0 m/s is 3.51 + 8.9 X
1075Pa. Then, the error in the form of percentage can be calculated using the
following equation:

8.9 x 107>

x 100 =0.71
3.51

Table 4 Baseline pressure drop data at a speed of 2.0 m/s

AP (Pa)
Data to 2.0m/s Data to 2.0m/s
1 0.013 16 0.012

2 0.013 17 0.013
3 0.013 18 0.012
4 0.013 19 0.012



5 0.012 20 0.013
6 0.013 21 0.013
7 0.013 22 0.012
8 0.012 23 0.013
9 0.013 24 0.012
10 0.013 25 0.013
11 0.013 26 0.013
12 0.013 27 0.013
13 0.012 28 0.013
14 0.012 29 0.012
15 0.013 30 0.012

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.

Table 5. Overall Pressure Drop (AP)

Vortex Generator Overall Error P
Variations (perforated)
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%

The results of the measurement error calculation are still below the maximum
accuracy limit of the tool by 5% so that it does not affect the conclusion section.

3. The measurement error in the section "3.3 Effect of perforated VGs on thermal
enhancement factor" and "Effects of perforated VGs on the cost-benefit ratio" is not
clear. Can you show the error bar or describe it in the description?

Thanks for the question. The measurement error for the thermal increase factor and
the cost benefit ratio has been added to the explanation in the paper in the data
uncertainty section, as follows.

a. error bar TEF

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



TEF = TEF1+TEF2+71"12~?F3+~--+TEF12 - 112 (21)

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

N _TERZ
s= [BnUERTER _ g oq (22)
N(N-1)

Therefore, the TEF value was 1.12 + 1.07. Then, the error in the form of percentage
can be calculated using the following equation:

1.07 100 = 0.94%
— X = 0.
1.12 0

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 are listed
inTable 6.

Table 6. Overall error TEF

Variasi Vortex Generator Overall Error TEF
(Berlubang)
1 RWP in-line 0.47 %
2 RWP in-line 0.47%
3 RWP in-line 0.43%
1 RWP staggered 0.47%
2 RWP staggered 0.47%
3 RWP staggered 0.43%
1 CRWP in-line 0.45%
2 CRWP in-line 0.45%
3 CRWP in-line 0.42%
1 CRWP staggered 0.45%
2 CRWP staggered 0.45%
3 CRWP staggered 0.41%

b error bar CBR

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

m — CBR1+CBR2+i[2?R3+...+CBR12 — 214 (23)

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

_ =N (cBR;-CBR)? _
s = /—N(N—l) =1.60 (24)

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

1.60

— X 100 = 0.639
2.14 %



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.

Table 7. Overall error CBR

Variasi Vortex Generator Overall Error CBR
(Berlubang)
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%

In my humble opinion, the section "3.5 Flow visualisation" is better presented first in
section "3. Results and Discussion".

Thanks for the suggestions. The discussion of section 3.5 on visualization has been
moved to the earlier section to 3.1 in the paper.

We tried our best to improve the manuscript and made some changes in the revised paper, and here
we did not list the specific changes but marked in red in revised paper. We appreciate for Editors and
Reviewrs' warm work earnestly, and hope that the correction will meet with approval. Once again,
thank you very much for your comments and suggestions.

Yours Sincerely

Oktarina Heriyani
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