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Objectives

The journal of industrial technology is an academic publication which devotes to be a medium
to disseminate knowledge, research, invention, and innovation for academics. The article provides and
reports of interest to the field of engineering technology such as mechanical engineering, civil
engineering, electrical and electronic engineering, chemical engineering, materials engineering,
production engineering, industrial engineering, environmental engineering, energy and renewable energy
engineering, computational engineering and etc.

For publication, the submitted articles will be reviewed through a preliminary assessment
process for the quality and scope of the content, duplication, and plagiarism by the editorial board and
then evaluated for an academic quality for academic quality by at least 3 experts in related fields, who
are outsiders from various institutions. The authors and reviewers do not know each other's information
(double-blinded peer reviews) and are not affiliated with the same institution. The high quality-reviewed
manuscript will be considered to be accepted for publication. For the last step, the editorial board will
verify and proofread the articles before online publishing and printing out all in the journal for further
publication.

In addition, the research and academic works published in this journal are considered the
independent opinions of the author. The author is responsible for any legal consequences that may

result from the published articles with which editorial members do not always necessarily agree.

Publishing Schedule

The journal of industrial technology is published in 3 issues per year. Issue 1 will be published
between January and April of every year. Issue 2 will be published between May and August of every

year. Issue 3 will be published between September and December of every year.

Publisher

Research and Academic Supports Division College of Industrial Technology, King Mongkut's
University of Technology North Bangkok, Building 63, 3™ Floor, 1518, Pracharat 1 Road, Wongsawang,
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Abstract: This research aims to study the effects of high-volume ground palm oil fuel ash (GPOFA) on the
properties of concrete blocks, following the TISI 58-2560 standard for hollow non-load-bearing concrete
masonry blocks. The binder-to-fine aggregate ratio (cement + GPOFA : stone dust) was set at 1 : 6 by
weight, with four different mixtures containing 0, 50, 60, and 70 wt% of binder. Compressive strength tests
were at curing ages of 7, 28, and 56 days, while water absorption and dry density were tests at 28 days.
Additionally, the study analyzed production costs and the environmental assessment of the concrete blocks.
The results indicated that replacing 70% of the cement with ground GPOFA wt% of binder, produced
compressive strength up to 5.02 MPa or approximately 73% of the concrete blocks with cement as the binder
material at 28 days, met the minimum specification of the standard for hollow non-load-bearing concrete
masonry blocks (TISI 58-2560). However, concrete blocks with high volume of GPOFA decrease average
density and an increase water absorption as the rate of cement replaced by GPOFA increased. Furthermore,
using a high volume of GPOFA in concrete blocks reduced overall material costs by approximately 28 - 39%
and decreased carbon dioxide emissions during production by up to 42 - 63% compared to concrete blocks

made with cement as the binder.

Keywords: Circular Economy; Compressive strength; Eco-Friendly concrete blocks; Ground palm oil fuel ash;

Low carbon society
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Abstract: The garment industry, particularly the sewing departments of made-to-order manufacturing
factories, faces constant diversity and frequent changes in product designs. Many small-scale garment
manufacturers in Thailand lack systematic tools or methods for task assignment; allocations are often
made based on the personal experience of supervisors, resulting in subjective and inconsistent
outcomes. In this industry, task allocation must not only ensure timely production but also promote task
rotation to enhance the worker skills, improve work speed, and enable workforce flexibility through
substitution. This study aims to develop a data management framework and mathematical model for
skill-based worker assignment and skill enhancement in sewing departments of the garment industry.
The data management framework provides a systematic approach for collecting and utilizing worker-
related data, while the mathematical model is designed to be implemented with optimization tools for
deriving optimal solutions. The proposed framework and model were tested using real-world data
collected from a garment factory and supplemented with simulated data to assess the performance of
the mathematical model. The experimental results demonstrate that the data framework effectively
supports decision-making in worker assignment and rotation, and the mathematical model is capable of

solving the optimal solutions within a real working timeframe.

Keywords: Skill matrix; Mathematical model; Assignment problem; Garment industry
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Abstract: This research sought to develop and construct a suitable fixture for flywheel workpieces
during the drilling process using a CNC milling machine, focusing on reducing cycle time and enhancing
the manufacturing productivity of the case organization of the study. The research technique employed
problem analysis with Why-Why Analysis and Left and Right Hand Charts to facilitate process
enhancement grounded in the ECRS principle. The research found that the present problem resulted
from the use of a three-jaw chuck, which could hold only a single workpiece every cycle. A new fixture
was designed and manufactured to accommodate 9, 12, and 16 workpieces each cycle. Experimental
findings from drilling 12 flywheel workpieces indicated that the hole position tolerance did not surpass
0.02 millimeters, the hole size tolerance is +0.020 millimeters, and the shaft tolerance is -0.004
millimeters, and no defective workpieces were detected. The average cycle time decreased from 43.55
seconds per piece to 42.53 seconds per piece, leading to an increase in the manufacturing productivity
from 82.66 pieces per hour to 84.65 pieces per hour, representing an enhancement of 2.40%. The
break-even analysis indicated that the minimum production volume required for the flywheel drilling

process to be cost-effective is 257 sets per year.

Keywords: Fixture; CNC Miling Machine; Cycle Time; Why-Why Analysis; Left and Right Hand Chart;
ECRS; Work Study
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Abstract: This study investigates the effects of seawater exposure on the compressive strength and
elastic modulus of concrete incorporating ground palm oil fuel ash (GPOFA) as a partial replacement for
Type V Portland cement (SRC). GPOFA was used at 30%, 40%, and 50% by weight of binder. All
specimens were cured in seawater 24 hours after demolding to simulate marine conditions. The binder
content was fixed at 560 kg/m® with a constant water-to-binder ratio of 0.28. Compressive strength was
tested at 7, 28, and 60 days, and elastic modulus at 28 and 60 days. Results showed that 30% GPOFA
replacement achieved 459.61 kg/cm? compressive strength at 60 days (approximately 88% of the
control), with minimal impact on elastic modulus. Additionally, GPOFA use reduced CO5 emissions by
24-40% compared to the control mix. GPOFA shows promise as a sustainable pozzolanic material for
concrete in marine environments, with an optimal replacement level of 30-40% to balance performance

and environmental benefits.

Keywords: Eco-Friendly concrete; Ground palm oil fuel ash; Circular Economy; Marine environment;

Low carbon society
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aSuanmelud 2593 (a.a. 2050)

a

2. ADMIANRRINWIVYMNARDI
2.1 5aqfilF w5

1. gu%mu@?ﬂﬁmmuﬁﬂizmﬂﬁ 5 (Sulphate
Resistance Portland Cement, SRC) a1y31a331%
ASTM C 150 LLamlugﬂ'ﬁ 1 lagaut@nig

MBNN UazaUUANIILATV8Y SRC LLK@]GI‘LW]’]TN

D.

1 A1NAITUNILYNNY 3.17 FaAARINY
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wan. 15-2562 F93z1)i100d 1991w 89 SRC
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M990 1 SNLAMIMEMW uazruUanandved
Yuduud laatadiniszinn G (HLC) Usziandl 5
(SRC) uaz itnthauiaiuuaazidea (GPOFA)

Materials SRC HLC GPOFA
Specific gravity 317  3.14 2.62
Physical
Median particle
Properties 204 1841 7.7
size, d,, (UM)
SiO, 215 265 57.6
Al,O 36 50 1.2
Fe,04 4.5 4.0 2.8
= CaO 66.7 57.4 9.6
X
5 MgO 1.2 2.5 4.7
[ K,0 02 05 87
Q.
§ Na,O 0.1 0.0 0.1
5 SO, 2.1 2.8 2.2
g P,Os - - 55
ey
© Cl - - 1.1
LOI 1.7 1.4 6.5
SiO, + Al,O5 +
- - 61.6
Fe203

1.4 I@ﬂnﬂwdmﬁwﬁagaﬁamﬂ%aa Scanning
Electron Microscope 984 HLC L& @ ﬂugﬂﬁ 4
L oA ' a ' '
wuddansuzguiaduniouyy Uil
' a & ' ~ a
wibuen Aikhautu Jru1eoun1alaiy (Mean
Particle Size, d,;) wihnu 18.1 lulasiuas
3. 1ntdninsuuaazidoa (GPOFA) lawn
nnlunundatihduhanludmiagnegind
lagsinldvilwudslanldgeungmngd 11045
paralgos e 24 52109 3nnuii
AN AUALAILEINNTOUAIHATUNTINIATFIN
& A a A A o
Wwas 16 tWauanla&iialudneg aan waztiiun

The Journal of Industrial Technology (2026) Volume 22, Issue 1

54

http://ojs.kmutnb.ac.th/index.php/joindtech



MseTIvMmanalulaganavnssy (The Journal of Industrial Technology)

e
UNAMNITY
HIWNNTUARSLE AR HLASEIUALULANNTEND
(Los Angeles abrasion machine) 1 Ulf@ﬂmﬁﬂ
aszawiatimin 50 Alansy Wwaan 8 5alus [6]
216 GPOFA Aflaunaumaiady (Mean Particle
Size, d,,) i1y 7.7 lulasiwas (gﬁﬁ 5) @4
snumeialives GPOFA fddadin wlaudnd
YWALANAZLBLA (gﬂ‘ﬁ' 6) deeAdsznaumaadl Ae
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3 098Usznay Afiuseuas 61.6 Lilafa1Imn
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4. W187IUAzLA8a (Fine Aggregate) Ldunie
L7 LR 9N IRTANATASTEITNIND %aagiu
§N1EBNRIAINRY WuITAIAINEI9T NI
AR 2.65 ANANE9s WAz ua L9 A

a

v @ 4 o & a &
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I@ﬂﬁ;’svl,ﬂLLﬁ’J‘ﬂS’]Uﬁﬁﬁ’]ﬂ’m&lﬁ’mﬁ‘]”lm’wa%IJ'
lUs39 2.6 - 2.7 MRTLMINAFBUAIANNAZLDEA
(Fineness Modulus) WU3NHALYNNY 2.79 uae
ﬁmmi@ﬂ%wﬁw (Water Absorption) lYinnUSaaa
134 (@157197 2) FsumaslWifindalsuimeing
Vmmmm@@ﬁ'ﬂﬂﬁﬁaagﬂuama:ﬁuﬁa i

(2
o

o o s A& A ' {
laRdanut96in SILITIMeLNINNINase

wmig@%wmuaﬂ A PCLIE t L AVEIRED
NRNABUNIA 11893N T80 USN NN aLT
TwnISHANABUNTALAUIIN LAZFINAGaAINY
wlanssuazuautAany vainauniadila nans
‘n@aauqmauﬂ'ﬁmam‘mmmmﬁvlﬁﬁ LRAILALAL
IINILAINAINAIAIINAIIT NS BazAINN
a:LSwagﬂummﬁmmgmmaamai’mmw
V9PN ASTM C33/C33M
5. UIRIINRYIU (Coarse Aggregate) 1w
ﬁu%uﬂamﬁ"l@i’mnéwm AUNON FIINIA
= & =
PATAITITNINTG TINIRIINRLIVTANIAIN
61793142 (Specific Gravity) luan1128u62[7
WA 1WINAD 2.76 SIRIUNNINARBUAIANNAZLDLA
(Fineness Modulus) WU 318 d1tvinny 7.31
:3/ £ vl = :
%aNINH HIlainInasey nIgadun (Water
. a A ' e @
Absorption) Va3R % TIda1iNnUTo A 0.91
A ' R v & &2 1a
(A797 2) mmsgwnummmml%mumﬂsmm
Y Aa o o A ' Y
indumanngadulildidaagluanizanm

Fine Specific Finess Modulus Water Absorption Unit weight
Aggregate Gravity (F.M.) (%) (kglms)
River Sand 2.60 3.09 0.96 1,670

Stone 2.76 7.31 0.91 1,450
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(GPOFA)
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—a— OPOFA

1 10 100
Particle size distribution (micrometer)

1,000
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A o ' % a a5 ] &V
NAAABUNIA NuANENUSzANTNsUsauiNTITan

NILANYeIIRG (Emission Factor) G&NMIN 1

CO, = USuNakiaq x Emission Factor (1)

3. Wan15vsnazandsngna
3.1ﬂaﬂuﬁuﬁ'uﬁizwiﬂadﬂnwsquﬁq LA
USurmn1slgasaniwIia
gﬂﬁ 9 LLammwé’uw”uﬁi:ijmﬂ’rsquéﬁ
PpIAAUNIA wazUIUImn1ILTRITRANIN LA
(Super P) HANNINAROLNLINABWNIA CT-SRC
A o . @ A ' '
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289N1T88NLULN 100£20 NN, WazdnTE Super
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o Aa o P '
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o = a o A
@a9Wan Super P ludSunaunnin lusmen
AaUNIA HLC ﬁ@hmiqmﬁﬁ@‘hﬁqﬂmﬁﬁu
2 o ' a o o ' o H
86 W3 mmmaglumm&v’fwmmﬂw Le A DUTIFN

addndmuny waziinislt Super P ludSunmi

MIX Mix Proportion (kg./m.%) W/B Super P Slump (mm.)
HLC SRC GPOFA Sand Stone  Water
CT-SRC - 560 - 764 986 156.8 0.28 21 101
HLC 560 - - 764 986 156.8 0.28 20 86
30GPOFA - 392 168 751 970 156.8 0.28 35 95
40GPOFA - 336 224 747 964 156.8 0.28 4.2 83
50GPOFA - 280 280 742 960 156.8 0.28 6.1 98
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M1319% 4 AruszanTNNIUaasnNwiIaunIzan
madfa@; (Emission Factor)

Materials Emission factor/kg
HLC 0.847 [6]
SRC 0.910 [6]

GPOFA 0.106 [9]

River sand 0.028 [10]
Stone 0.039 [10]
Water 0.0003238 [10]

Super P 0.772 [10]
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Abstract: The objective of this research was to design and develop a low-cost automated packaging
transport system based on Karakuri Kaizen principles (a Japanese lean manufacturing approach) to
enhance production efficiency and to analyze the economic feasibility for Small and Medium-sized
Enterprises (SMEs). The experimental design involved determining the optimal parameter by varying the
inclination angles of the gravity conveyor at 9, 11, and 13 degrees. The results indicated that the 9-
degree inclination yielded the highest operational performance. The implementation of the developed
prototype significantly increased the production rate from 102.20 packs per hour to 275.00 packs per
hour, representing a 1.69-fold increase in productivity. Furthermore, statistical analysis confirmed a
significant difference in operational performance between the traditional and the developed systems (p <
0.05). Additionally, the economic feasibility analysis revealed a break-even point of 50 working days,
demonstrating that the proposed system is a cost-effective investment for enhancing logistics efficiency

in the manufacturing industry.

Keywords: Karakuri Kaizen; Automated material handling system; Productivity improvement; Gravity-driven

zero-energy system
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Abstract: This study applied the Quality Function Deployment (QFD) method to translate stakeholder
opinions and needs into technical features for developing a prototype web-based Decision Support
System (DSS). In Thailand, municipal solid waste (MSW) and construction and demolition (C&D) waste
are still difficult to manage, because the rapid growth of cities keeps increasing waste volume and
straining local systems. The Decision Support System was created mainly to support local government
organizations (LGOs) in making decisions that are more transparent and practical for real operation.
Accessibility and usability were carefully checked under WCAG 2.1 standards by using the WAVE tool.
The test results showed full compliance with accessibility criteria. A satisfaction survey among 25
experts reported an average score of 4.35 (SD = 0.56) and a satisfaction index of 87 % and 0O
accessibility errors, showing strong acceptance. The results indicate that user involvement and simple
design are important for future system adoption and for promoting Thailand’s Bio-Circular-Green (BCG)

economy toward circular and sustainable waste management.

Keywords: Municipal Solid Waste (MSW) Management; Construction and Demolition (C&D) Waste;
Decision Support System (DSS); Quality Function Deployment (QFD); Local Government Organizations
(LGOs); Circular Economy
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1. Introduction

Municipal solid waste (MSW) management
remains a major challenge in developing countries
such as Thailand, where rising waste generation
strains local decision-making and service delivery
[1]. Increasing MSW volumes, combined with
growing construction and demolition (C&D) waste,
have exceeded management capacity. In 2023,
Thailand generated 26.95 million tons of MSW
(1.12 kg per capita per day) [2], intensifying
operational pressures on Local Government
Organizations (LGOs).

This situation reveals a clear gap: Thai LGOs
still lack decision-support tools that systematically
translate stakeholder needs (Voice of the
Customer: VOC) into implementable DSS design
features. Although DSS applications exist in waste
management, many do not sufficiently incorporate
VOC, reducing operational relevance and long-
term adoption [3].

This study responds to that gap by applying
Quality Function Deployment (QFD), originally
proposed by Akao [4], to translate stakeholder
needs into measurable technical characteristics for

designing a web-based DSS tailored to the

operational context of Thai LGOs.

ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2026.04.006

The prototype is evaluated using (i) automated
accessibility testing with WAVE [5] for WCAG 2.1
compliance and (ii) stakeholder surveys to assess
usability and satisfaction [6].

This research focuses on developing and
evaluating a prototype DSS, rather than full-scale
deployment. The findings therefore validate
requirement translation, prototype design soundness,
and early usability/accessibility performance. The
research objectives are as follows:

1. To identify and analyze key challenges in
MSW and C&D waste management within Thai
LGOs.

2. To translate stakeholder requirements (VOC)
into measurable technical specifications using QFD.

3. To design and develop a prototype web-
based DSS that integrates international web
standards and stakeholder-driven requirements.

4. To evaluate the prototype using a dual-
assessment approach: WAVE-based accessibility
testing and structured user surveys assessing
satisfaction, usability, and alignment with operational
needs.

This paper is structured as follows: the
introduction presents the research context and
objectives, followed by the research methodology,

results and discussion, and concluding remarks with

limitations and future research directions.
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2. Research methodology

2.1 Research framework

The research framework adopted in this study
(Fig. 1) presents a structured process integrating
stakeholder input and methodological design. The
process begins with a literature review to identify
preliminary  Customer Requirements (CRs),
followed by the development and validation of
research instruments through expert review. CR
importance was assessed using a 5-point Likert
scale and aggregated using the geometric mean to
derive normalized weights. Quality Function
Deployment (QFD) was then applied to translate
CRs into Technical Characteristics (TCs), using
weighted relationships and Pareto prioritization to
guide system design. The prioritized TCs were
used to support prototype web-based DSS
development. Finally, the prototype was evaluated
to verify compliance with technical standards and

stakeholder expectations.

2.2 Instrument Development and Validation
2.2.1Literature Review

A systematic literature review was conducted
to identify Customer Requirements (CRs) for web-
based Decision Support Systems (DSS) in
municipal solid waste (MSW) and construction and
demolition (C&D) waste management. The review
integrated three evidence streams: (i) international
(i) DSS and

MCDA studies, and (iii) public sector digital service

web usability standards, prior

ISSN (online): 2697-5548
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Literature Review

Identify preliminary CRs from standards & prior studies

l

Research Instrument Development & Validation
* Questionnaire design + 10C content validation

= Ethics approval = Panel size & composition
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Stakeholder Input (VOC)

+ Multi-stakeholder CR assessment (Likert 1-5)

v

Weighting of CRs
* Aggregate ratings using Geometric Mean (GM)

« Normalize weights

l

QFD Application (HoQ)
+ Translate CRs — TCs

= Apply weighting

« Pareto prioritization(TCs)

L

Prototype DSS Development

System Design & Implementation

W

Evaluation(usability & accessibility)
» Web accessibility test (WAVE tool)

« User satisfaction survey

2

Results & Discussion

Prototype outcomes & Design implications

Fig. 1 Research framework
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guidelines relevant to Thailand. An initial set of 30
CRs was identified. To improve analytical clarity
and reduce redundancy, overlapping CRs were
consolidated based on thematic similarity and
relevance to Local Government Organization
(LGO) decision-making. This process yielded 15
key CRs (Table 1), later applied in the QFD

analysis.

2.2.2 Questionnaire Design

A structured questionnaire was developed
based on literature to collect data on Customer
Requirements (CRs) and Technical Characteristics
(TCs). The instrument employed a Likert-scale
format for quantitative analysis, complemented by
open-ended questions qualitatively used to support
interpretation and contextual understanding. The
detailed questionnaire items and full CR list are

provided in the Supplementary Data.

2.2.310C Validation

Content validity was evaluated using the Item
Objective Congruence (IOC) method. Five experts
independently assessed item relevance, resulting
in an average |OC value of 0.88, indicating
satisfactory content validity [14]. The reported 10C
value of 0.88 represents the average of item-level
content validity assessments provided by five
experts, as I0C is evaluated per item rather than

as a single global score.

ISSN (online): 2697-5548
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2.2.4Ethics Approval

The study received ethical approval from the
Research Ethics Review Committee for Research
Involving Human Subjects at Rajamangala
University of Technology Tawan-ok, Thailand, in

December 2024.

2.2.5Panel Size and Composition

Expert panels were structured to ensure
methodological rigor across research stages. 10C
validation involved five experts, consistent with
content validity guidelines [12]. CR identification and
evaluation engaged 25 stakeholders, including local
government officers and industry representatives,
aligning with recommended stakeholder sample
sizes [13]. A technical panel of seven experts with
QFD and DSS experience determined TCs and
evaluated CR-TC relationships. The same 25
stakeholders also participated in CR weighting and
user satisfaction assessment, ensuring consistency
and meeting recommended usability sample ranges

of 20-30 users [13].

2.2.6Refinement of Customer Requirements
(CRs)

An initial set of 30 CRs was derived from the
literature (Section 2.2.1). To avoid redundancy and
improve HoQ interpretability, a structured refinement
was conducted. The process retained CRs aligned
with  international usabilty and accessibility
standards, screened items using stakeholder ratings

(n = 25) with Geometric Mean scores, consolidated
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Table 1 Overview of 15 key customer requirements (CRs)

No. Customer Requirement (CR) Reference
1 Effectiveness & Efficiency [8][16]

2 Learnability & Memorability [8][10][16]
3 Satisfaction & Emotional Impact [8][10]

4 Accessibility & Standards Compliance [8][9][16]
5 Content Quality [10][16]

6 Presentation Design [10][16]

7 Motivation & Engagement [10]

8 Feedback & Adaptation [8][10][16]
9 Transparency of DSS Results [71[16]

10 Local Language & Cultural Adaptability [8,9]

11 Data Security & Privacy [16][18]
12 System Integration & Interoperability [71[91[15]
13 Environmental Impact Integration [71[16,17]
14 User Training & Ease of Adoption [8][10]

15 Multi-Stakeholder Collaboration Portal [71115]

overlapping requirements, and reduced the set to 15
CRs for manageable prototyping. The refined CRs
were subsequently used for weighting (Section 2.3)

and CR-TC analysis (Section 2.5).

2.3 Weighting of Customer Requirements (CRs)
Experts evaluated the finalized 15 CRs using a
five-point Likert scale. Geometric mean (GM)
aggregation combined judgments and limited outlier
effects. Normalized GM values yielded relative
importance weights incorporated into the QFD
matrix. GM computation followed Eq. (1) based on n

experts.

x N (1)

GM. = {/N, x Ny x Ny x = x N,
Where: Ni represents the rating value provided by
each expert respondent, and n denotes the
number of respondents. In this study, n = 25.

For illustration purposes, if Customer
Requirement 1 (CR1) is rated by five experts as
5, 4, 4, 3, and 5, the geometric mean (GM) is

calculated as:
GMggs= (5x4x4x3x5)"° = (1200)"° = 4.13

Normalized weights were then derived by dividing
each GM value by the sum of all GM values. For

example, if the GM values of three CRs are 4.13,
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3.80, and 3.20, the corresponding normalized

weights are 0.37, 0.34, and 0.29, respectively.
This example illustrates the calculation

procedure; the complete analysis applied all 15

CRs using the Excel GEOMEAN function.

2.4 Determination of Technical Characteristics
(TCs)

A set of Technical Characteristics (TCs) was
identified through literature review, system
analysis, and expert brainstorming to define key
functional requirements for the proposed web-
based DSS. Most TCs follow standard DSS
design and address

terminology usability,

interoperability, reliability, data security, and
environmental impact considerations. TC4 and
TC12 were further clarified to avoid conceptual
overlap and to ensure accurate representation of
system architecture. The finalized list of TCs is

summarized in Table 2.

2.5 Transformation of Qualitative Requirements
Using QFD

The House of Quality (HoQ), illustrated in Fig.
2, was used to translate validated Customer
Requirements (CRs) into measurable Technical
Characteristics (TCs). This approach links
qualitative stakeholder needs with quantitative
design parameters in a structured manner. The
complete CR-TC relationship evaluation form
used in the QFD process is presented in the

Supplementary Data.

ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2026.04.006

Table 2 A list of technical characteristics (TCs)

No. TCs Reference

1 User Interface & Visualization [8][10][16]
[81(13]
[81(16]

(8l

(7]

Methodology Documentation
Customization Module

System Responsiveness

o A~ W N

Comprehensive Criteria

Integration

Data Security Protocols [16]

[10][16]
[19]

[71(16]

[16]

Multi-User Collaboration

Update & Maintenance

© O N O

Real-time Data Updating

-
o

Algorithm Accuracy &
Reliability

11 Environmental Impact [11][17]

Assessment

12 Cross-Device Compatibility [91[16]

Note: TC4 (System Responsiveness) and TC12 (Cross-
device Compatibility) represent different system layers:

backend performance and frontend adaptability,

respectively and were therefore evaluated separately in

the QFD matrix.

®

Technical

Correlation Matrix

@ Technical Measures(HOWSs)

©
Customer Relationship Matrix Pling
Needs Between Matrix
(WHATS) Customer Needs(WHATSs)
And
Technical Measures(HOWSs)

Technical Matrix

®

Fig. 2. Conceptual structure of the House of

Quality (HoQ), adapted from Akao [4]
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In the HoQ, CRs (WHATs) were mapped to
TCs (HOWSs) using a standard relationship matrix
and the relationship scale defined in Table 3.
Based on these relationships, the absolute
importance (Alj) of each TC was calculated and
subsequently normalized to obtain Relative
Importance (RIj) which was used to prioritize
technical design elements for the prototype DSS.

The Absolute Importance (Alj)

m
A|j= g (CRiXRij) (2)
i=1
Where:
CRi = Importance weight of Customer

Requirement i (derived from expert weight or
normalized CR weight)

Rij = Relationship score (e.g., 9, 3, 1, 0) between
Customer Requirement i and Technical
Characteristic j in the HoQ

Alj = represents the weighted sum of the
relationship strengths between CRs and the

corresponding TC.

Al
Rl =

J 2?:1 Al

x100 3)

Where:
Rl; used to convert the absolute importance
(Al)) into a percentage scale. The total sum of

RI; across all TCs equals 100%

ISSN (online): 2697-5548
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Table 3 Standardized relationship scale for QFD

analysis (Relationship symbols)

Relationship Symbol Score
No relationship 0
Weak relationship A 1
Moderate relationship O 3
Strong relationship o 9

Source: Adapted from Akao [4]

2.6 Design and Development of the Prototype
Web-Based DSS

The prototype DSS was developed using a
modular architecture to support usability, scalability,
and system expansion. It comprises four functional
layers: user interface, data handling, application

logicc, and system integration, enhancing

maintainability and transparent decision-making.
System development followed the generic DSS

framework proposed by Agl et al. [20], consisting of

data, model, knowledge, and user interface
subsystems (Fig. 3).
o)

Integration other system

i
EIElE foa..:‘T?Eg;.:m :
L

=]

<
3

Data nowledge management

External and Internal

Ul

|IIH

User interface

e

)

Fig. 3 Generic architecture of a Decision Support

System, adapted from Aql et al. [20]
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2.7MCDA Algorithm Specification for the

Prototype DSS

To ensure transparent and reproducible
decision-making, the Technique for Order
Preference by Similarity to Ideal Solution

(TOPSIS) was implemented as the sole MCDA

method for ranking waste management
alternatives in the prototype DSS. Criteria weights
were treated as predefined external inputs and

directly applied within the TOPSIS procedure.

Step 1: Decision Matrix Normalization
The decision matrix was normalized using

vector normalization, as shown in Eq. (4):

4)

Where X; j represents the performance value of
alternative { under criterion j, i=1, 2, ..., m; j =1,
2..., n ; m denotes the number of alternatives, and

n denotes the number of criteria.

Step 2: Weighted Normalized Decision Matrix
(Predefined Criteria Weights)
The normalized decision matrix was multiplied

by predefined normalized criteria weights to

obtain the weighted normalized matrix, as
expressed in Eq. (5):
Vij = W;j Tij ®)

where W; is the normalized weight of criterion J,

n
and Z
j=1

Wj= 1.

ISSN (online): 2697-5548
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Step 3: Determination of Ideal Solutions

The positive ideal solution (PIS) and negative

ideal solution (NIS) were defined as:

AT = {v},v3, ..., 07} (6)
A ={v{,v3, .., } (7)
Where:
oo max;(v;;),  j €] (benefit criteria)
J min;(v;;),  j €] (cost criteria)
_ (miny(vi;),  j €] (benefit criteria)
v. =
J max;(v;;), j €] (cost criteria)

Step 4: Separation Measures
The separation distances from the PIS and
NIS were calculated using Euclidean distance, as

shown in Egs. (8) and (9):

S = \/z;l:l(vij —v;h)? (8)

Si = \/z;;l(vij - v )?

©)

where S;"and S[represent the distances of

alternative i from the PIS and NIS, respectively.

Step 5: Ranking Using Closeness Coefficient (E)i)
The relative closeness to the ideal solution

was calculated using Eq. (10):

;= s7/(s; +s7), 0<6;<1 (10)

Where O; denotes the closeness coefficient of

alternative i.
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Alternatives were ranked according to (ei),
with higher values indicating closer proximity to
the ideal solution. Accordingly, TOPSIS was the
only MCDA algorithm implemented in the
prototype DSS, with predefined criteria weights
applied as external inputs to ensure transparent

and reproducible ranking results.

2.8 System Evaluation

The prototype web-based DSS was evaluated
from technical and stakeholder perspectives.
Technical compliance was assessed using the
WAVE tool to verify adherence to WCAG 2.1
guidelines. Stakeholder validation followed 1SO
9241-11 principles, focusing on effectiveness,
efficiency, and satisfaction. A five-point Likert-
scale survey was administered to 25
stakeholders, and descriptive statistics (mean,
SD, and Satisfaction Index: SI%) were calculated.
The S1%, derived from normalized mean ratings,
supports comparative interpretation of satisfaction

levels (Table 4).

Table 4 Interpretation criteria of satisfaction index

No Index value (100%) Criteria

1 80%< S| <100% Very Satisfied

2 60%< Sl <80% Satisfied

3 40%< S| <60% Satisfied Enough
4 20%< S| <40% Less Satisfied

5 0%< S| <20% Not Satisfied

Source: Adapted from Praseptiawan et al. [6]
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The detailed questionnaire items and CR-TC
evaluation instruments used in this study are

provided in the Supplementary Data.

3. Results and Discussion

3.1 House of Quality (QFD Results)
HoQ (Fig. 4)
relationships between 15 Customer Requirements

(CRs) and 12 Technical Characteristics (TCs).

The results illustrate

The most influential CRs were Data Security &
Privacy, Effectiveness & Efficiency, Accessibility
& Standards, Transparency of DSS Results, and
System Integration & Interoperability, reflecting

priorites for secure and efficient system

operation. Among TCs, User Interface &

Visualization, Methodology Documentation, and
Data Security Protocols ranked highest,
underscoring the importance of interface design,
methodological

clarity, and data protection.

Correlation analysis indicated positive design

synergies across technical elements.

Pareto analysis (Fig. 5) shows that the first
eight TCs account for 79.1% of cumulative
importance, defining the primary focus for early-
stage implementation, while the remaining TCs
are scheduled for

subsequent development

phases.
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Fig. 4 HoQ illustrates the relationship between 15 CRs and 12 TCs
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Fig. 5 Pareto analysis of TCs
3.2 DSS Prototype Development Results management subsystem applies the MCDA

3.2.1 System Architecture Overview
The prototype web-based DSS comprises four

interconnected subsystems (Fig. 6). The data

management subsystem stores user inputs and

results to ensure consistency. The model

algorithm for ranking alternatives. The knowledge
management subsystem governs decision logic,
while the user interface supports data input and

visualization with external data integration.
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Fig. 6 Architecture of the prototype web-based DSS (developed in this study)

3.2.2 Functional Module Design

The functional workflow of the prototype
web-based DSS (Fig. 7) supports collaboration
between waste generators and operators through
an automated process. Users register, select
roles, and submit project data. The system
applies an MCDA algorithm to recommend

operators based on sustainability criteria,
enabling automated notification, confirmation, and
transparent project coordination. The prototype
includes Waste Generator and Waste Operator
modules enabling structured decision-related data

aligned with QFD-derived priorities.

The system was deployed on a live server for
demonstration and evaluation at https://www.dss-
municipal-waste.com/, and

representative  user

interface screens are presented in Fig. 8.

3.3 Evaluation (usability & accessibility)
3.3.1 Web Accessibility Evaluation Result
Automated testing using WAVE reported zero
detected errors and contrast errors, which indicates
strong alignment with WCAG 2.1 checks in the
automated scan. In addition, the system
incorporated six accessibility features, ten structural
elements, and eleven ARIA elements, reflecting a
high level of adherence to WCAG 2.1 principles and

international web accessibility best practices.
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Fig. 7 Functional workflow of the prototype web-based DSS
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H © DSS Municipal Waste Developed By K. Suthiluck , P. Boonkanit Terms of Use | Privacy Policy | © Views : 2252

Fig. 8 Representative user interface screens of the prototype DSS

3.3.2 User Satisfaction Evaluation Results point Likert scale. The mean score was 4.35 (SD =
User satisfaction was assessed through a 0.56), corresponding to a Satisfaction Index of
structured survey of 25 participants using a five- 87.00%, indicating high satisfaction. Strong ratings
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were  observed for  efficiency, functional
performance, and effectiveness. Usability and

information quality were also rated highly, while
learnability and reliability, though slightly lower,
remained within the high range. Detailed results are

presented in Table 5.

3.4 Sensitivity Analysis of QFD Results

Sensitivity analysis was conducted by varying
the weights of the three most influential customer
requirements (CR11, CR9, and CR13) by +10%
while maintaining weight normalization. The
recalculated HoQ results showed that the top-
ranked technical characteristics remained
unchanged, with only minor shifts among lower-
ranked items.
3.5 Comparison with existing DSS applications

Existing DSS applications in developing regions
primarily address policy-level analysis, landfill site
selection, or technology comparison. Although they
provide strategic insights, stakeholder requirements
are seldom integrated into system architecture and
decision algorithms, limiting operational relevance.
In contrast, the proposed web-based DSS embeds
stakeholder Voice of the Customer (VOC) through a
structured QFD process and links QFD-derived
priorities with a TOPSIS-based ranking mechanism.
This integration enables transparent operator-level
evaluation beyond macro-level policy analysis,
strengthening the practical applicability of DSS in

local government contexts.

ISSN (online): 2697-5548
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Table 5 User satisfaction evaluation results

Dimension ()_() SD Sl (%) Interpretation
Usability 436 0.76 87.20 Very High
Inf ti
normation 440 050  88.00  Very High
Quality
Learnability 3.92 0.64 78.40 High
Satisfacti

austaction 4 56 051 9120  Very High
(Functions)

Reliability 3.88 053 77.60 High
Efficiency 4.68 0.48 93.60 Very High
Effectiveness 4.52 0.51 90.40 Very High
Overall .
Satisfaction 0.59 89.60 Very High
Overall
4. . 7.009 Very High
Mean 35 0.56 87.00% ery Hig

Source: Research study

4. Conclusions and Recommendations
4.1 Conclusions

This study developed a QFD-guided web-
based DSS prototype to address municipal and
construction waste management challenges in
Thailand. The framework translated stakeholder
Voice of the Customer (VOC) into measurable

technical characteristics, ensuring alignment

between user requirements and system

architecture.
By integrating QFD with a TOPSIS-based

ranking mechanism, the system delivers

transparent, operator-level decision support

beyond conventional policy-oriented analyses.

Accessibility testing and stakeholder evaluation
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confirmed its technical feasibility and usability.
Overall, the findings position QFD as an effective
architectural bridge for stakeholder-driven, data-

based sustainable waste management.

4.2 Recommendations

To enhance system effectiveness and
practical implementation, the DSS should
incorporate  additional  analytical functions,
including GIS-based visualization and

environmental-economic assessment tools. User
training and guidance are also recommended to

improve learnability and long-term usability.

4.3 Limitations and Future Research

This study developed and validated a prototype
using a limited participant sample. Full-scale
deployment, large-scale data testing, and high-
concurrency evaluation were beyond its scope.
Future research should implement wider pilot
applications across multiple local governments and
examine long-term performance, scalability, and

operational integration.
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Abstract: This research was to investigate the simulation of paddy drying in a curvilinear impinging
stream drying system by computational fluid dynamics. In this study, a three-dimensional steady-state
model was used to calculate the drying characteristics in a curvilinear impinging stream dryer. The gas
and solid phase equations were solved using the Eulerian and Lagrangian methods, respectively. The
model was used to simulate the effects of various parameters including inlet air velocity of 25 m/s, inlet
drying air temperatures of 70, 90 and 110 °C, paddy feed rate of 25, 35 and 56 kg/h on the paddy mean
residence time, paddy mean moisture content and volumetric evaporation rate. Simulated results were
compared with experimental data. The results showed that the model could predict the paddy mean
residence time and paddy mean moisture content were close to the experimental results within +6%.
The simulated results revealed that the moisture reduction rate of the paddy depended both on the inlet
drying air temperature and paddy feed rate. The maximum volumetric water evaporation rate was 62.72
kQuate/M°h when using inlet air velocity of 25 m/s, inlet drying air temperatures of 110 °C and paddy
feed rate of 56 kg/h. Based on the simulated results, the optimum paddy feed rate of this curvilinear

impinging stream drying system was around 80 kg/h.

Keywords: Impinging stream; Paddy; Moisture content; Drying; Volumetric evaporation rate
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Abstract: This study aims to develop a data logger for consolidation testing of clay soil in the laboratory.
During the test, an industrial-grade displacement transducer was employed to measure the settlement of
the soil sample. Analog signals from sensors were amplified and converted into digital signals using a
low-cost conditioning module. Microcontroller-Based System programmed in C++ were developed to
indicate and acquire the testing data. The sensor was calibrated with reference dial gauge before use.
The one-dimensional consolidation testing by incremental loading was carried out on reconstituted clay
using both dial gauge and the developed sensor. The settlement of clay measured during each test was
compared. The unique consolidation properties of clay were used to validate the result. The results
showed that the data logger developed in this study provides reliable and useful data for analyzing the

consolidation characteristic of soil.

Keyword: Microcontroller; Consolidation; Reconstituted clay
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Abstract: This study presents a predictive approach for detecting micro-crack formation in XLPE main
cables of an educational building power system using real-time three-phase current data collected over
seven months (>60,000 samples) via an loT monitoring system. After data cleaning and 5-minute
resampling, statistical and temporal analyses revealed that Phase B consistently carried the highest load
(7.41 £ 2.28 A in January 2025), while the Load Unbalance Index (LUI) rose from 8.45% to 13.05%,
reflecting moderate imbalance. Cumulative thermal energy (I?) increased by 104%, with a strong
correlation to LUI (r = 0.89). Logistic Regression and LSTM models estimated the probability of micro-
crack occurrence Pmicro (t), identifying a high-risk period in early January 2025 corresponding to a
+9.7% current surge. The results confirm that real-time current analysis effectively indicates early XLPE

insulation degradation and supports predictive maintenance for improved system reliability and energy

management.

Keywords: micro-crack prediction, XLPE cable, load unbalance, real-time analysis, predictive maintenance
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y wwrldatRuuauEuaafonfani lagianiz
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35 NMIAIWIMAZRABR SN IDBING I 2oy e luasiam XLPE
(Daily I and Cumulative F) N3 3UN 3 Wuin Phase B idadulafs

o U o a Qs d’
AUWIUAMNIUIENNAIFDINEIN (P) INBUNYK 46.4% anaAT1IMANEY §9nT0 Phase A (23.0%)
Awasnuanuiauszanlumelw LazIuHaaWS 52 Phase C (30.6%) atadinddn axaunne

\luein Cumulative 12 1V831A51:9 52AUNTTEAN  “Phase Dominance’ G9vinlkiAananszanunazua
wasBLATANUREIdanNMIFEMETIMNY N3lT YsiguaauaziiuninuTawlanizaa (Localized
1 q
Heating) Twianiln1szgaga

A15191 1 agﬂﬁagammﬂﬂﬂﬂ 3 WETEI

Date Range Phase A Phase B Phase C  Total Current Daily Avg (A)
(A) (A) (A) (A)
Dec 1-31, 2024 312+125 6.94+215 421+ 1.58 14.27 4.76
Jan 1-31, 2025 355+131 7.41+228 472+1.63 15.68 5.23
Feb—Jun 2025 347+119 7.05+197 455+152 15.07 5.02
Overall (7 months) 338+125 7.13+212 449+1.58 14.99 5.00

) ] - < , ] =
Note: uaasatafonszua Wi eiuluseausaanan (long-term daily average) magﬂwqmmwimwmwm wluszozen

nuﬁ'ﬁﬁnﬁﬁimmﬁLm:i’umﬁﬂ

13199 2 @1 Rolling Mean LLa:LLmMNQQma

Period Rolling Mean A Mean B Mean C Trend Slope
Window (A) (A) (A) (AA/day)
Week 1-4 7 days 3.25 6.82 4.10 +0.015
Week 5-8 7 days 3.41 7.12 4.39 +0.018
Week 9-12 7 days 3.62 7.36 4.62 +0.021

Note: ULaaIALARLARAUNMERINGNIIAT 7 T4 (rolling mean) wazuwd lkumaidasuutasvadlnanluszozan
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Month Phase A (%) PhaseB (%) Phase C (%) Dominant Phase
Dec 2024 21.8 48.7 29.5 B
Jan 2025 22.6 47.3 30.1 B
Feb 2025 23.0 46.1 30.9 B
Mar 2025 23.3 45.5 31.2 B
Apr—Jun 2025 22.9 46.4 30.7 B
Daily Average Current - Phase A/B/C with 7-day Rolling Mean

35 —=— Phase A (daily) Phase A (7-day mean)

—=— Phase B (daily) == Phase B (7-day mean)

30F —— Phase C (daily) === Phase C (7-day mean)

Current (A)
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c
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c 04r
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Q
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Stacked Area: Phase Contribution to Instant Total Current (Proportion)
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A ' o A 'y
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LPAULU U U-NOBAIAN 2568 UITDIRAN1TaL
Inaaliudng (Overload Event) Thamue

mﬂm’wxlgﬂﬁ 5 WU3N AURAULNNINN 8.45%
(Fu1aa 2567) 1w 13.05% (NUATWUT 2568)
ﬁaua@aa;js:@”u 10.43% IuLﬁauﬁqmuu 2568

526U LUI fiLfin 10% ai”@agluﬁaa “Moderate-High
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Unbalance” Saiiludy yrmifawnisifianszus
ﬁ&guﬁﬂuluiz‘uu (Negative Sequence Current)
wsziRuANUIAuIInMasauluawiu XLPE
mnmwlgﬂﬁ 6 WU 61 Cumulative 12 LA
210 1.82x10° 1J% 3.71x10°A2day n1alugas
WWouwin  (+104%) lagianzlu Phase B @93
SWSWLﬁu@iaLﬁaugoq@ AR EUNAINBHTUWUE
lasassnuanudunisanusaunludaiii (Joule
Heating) Fsidunalnwanaasnisiiialulasuasn

moluanin

Monthly Distribution of Phase Currents (A/B/C) - Boxplots

N N w w
o (% o o

Current (A)
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4 &

gﬂﬁ 4 MINTTLNILF AN BLRauva IR A/B/C

a13197 4 arfianwhisugavasinae (LUI)

Period LUI (%) Interpretation
Dec 2024 8.45 Acceptable (Mild Unbalance)
Jan 2025 11.72 Moderate Unbalance
Feb 2025 13.05 Moderate-High
Mar 2025 12.64 Moderate
Apr-Jun 2025 10.43 Acceptable
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Load Unbalance Index (LUI) Over Time
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A19191 5 aafianuasoanialwin (1>-based Damage Proxy)

Month Mean I? (A?) Cumulative I? (A%-day) Damage Growth (%)
Dec 2024 58.7 1.82x103 -
Jan 2025 63.4 3.71x10° +104
Feb 2025 61.8 5.55%10° +49
Mar 2025 60.2 7.37x10° +33
Apr-Jun 2025 59.9 1.27x10* +72
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Variable Phase A Phase B Phase C Temp (°C) LUI 12 Index
Phase A 1.00 0.86 0.79 0.64 0.72 0.83
Phase B 0.86 1.00 0.82 0.68 0.80 0.91
Phase C 0.79 0.82 1.00 0.63 0.69 0.84
Temp (°C) 0.64 0.68 0.63 1.00 0.59 0.77
LUI 0.72 0.80 0.69 0.59 1.00 0.89
17 Index 0.83 0.91 0.84 0.77 0.89 1.00
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n3eLLd (Histogram Distribution)
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Correlation Matrix (Phase Currents & Derived Metrics)
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M19191 7 a9ndsznaunisuen STL (@20814

Phase B)
Component Mean Std Seasonal Trend
(A) Dev (A) Amplitude Slope
Trend 7.05 0.82 - +0.019
Seasonal 0.00 0.47 0.94 -
Residual 0.00 0.29 - -

RV auNIRLENIRAAT=EZH1 (2) Seasonal NNT
Wn3951510§1Ua1% (Amplitude ~0.94A) 311
WO ANIINNTIEIuluIUrN91% (3) Residual
é’zytyﬁmgu (Spike) Tiiodugas 9 saaaseeny
L‘V\@!ﬂ’]iﬂiﬁ@]ﬂﬂa (Anomaly) 3UUDDAYNET?
FWAunszuauni3ifia Thermal Accumulation
Wae Repetitive Stress GIauNUEALATIALNNIIEY
1@ Micro-crack melulassasna XLPE
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Point Detection)
lEinafia Rolling Mean Threshold 1Na@3333L
A A a L Ao o
JandLadgvainzualfsuLlasedwilidng
o & A A o ° Y
lasmunuainusin sl ulladNTaland Iy
uaasing Q@Lﬂﬁﬂummﬁmm:qmqnmﬁimcﬂﬁ
a X ' c A& a '
AMIANTURIDAARIDE19TI0L57 TINKNAGaAINY

WRALTLazANNUaaanBuaITzUL WA

@1319% 8 §3UHANNIATIII Change-Point

CcP Date Before After A (%) Note
(A) (A)
1 202501-08 682 748  +9.7  Equip.
2 20250317 741 695  -62  Load |
3 20250509 7.02 757  +78  Peak |
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Abstract: This study evaluates the technical, economic, and environmental feasibility of producing 2,500
bbl/d of synthetic diesel from natural gas via autothermal reforming coupled with the Fischer—Tropsch
process. Two energy management approaches were compared: (1) releasing excess energy and (2)
recovering excess energy for reuse. Results show that the second strategy significantly reduces
resource consumption, including cooling water (8,948,042 kg/d), heat (2,241 MMBtu/d), and electricity
(784,662 kWh/d), compared with the first strategy, which relies heavily on external energy. Moreover,
the recovery strategy delivers superior economic performance, with a ROl of 13.66%, IRR of 13.81% per
year, NPV of USD 65 million, and a payback period of 6 years and 10 months. Efficient energy
management also mitigates environmental impacts, particularly human toxicity, fossil resource scarcity,
and global warming. The study highlights the potential of clean fuel production processes to support

sustainable energy goals and reduce greenhouse gas emissions in Thailand.

Keywords: Fischer-Tropsch; Syngas; Synthesis diesel; Life cycle assessment; Techno-economic analysis
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Abstract: This study presents the design and experimental evaluation of a prototype system for
generating low-temperature hot air integrated with atmospheric-pressure plasma for simultaneous herbal
drying and fungal decontamination. The system combines a heat generation module with plasma-
induced reactive species and a controlled hot-air circulation mechanism. Experimental results
demonstrate that the prototype increased the internal air temperature from 24 °C to 34 °C using a single
electrode, with an electrode surface temperature of approximately 53 °C. Drying experiments indicate
that the system reduced the moisture content of sliced fingerroot by 16.6% within 40 minutes and sliced
ginger by 10.53% within 60 minutes. In terms of antifungal performance, the total mold count on
fingerroot surfaces was reduced to 0.8-7.5% of the initial contamination level. These results confirm the
capability of the proposed system to simultaneously achieve moisture reduction and microbial
decontamination within a single process. The developed prototype is particularly suitable for high-value
herbs or seeds requiring low-temperature drying to preserve bioactive compounds while ensuring

microbial safety, indicating strong potential for value-added processing in Thai herbal applications.

Keywords: Atmospheric Discharge Plasma; Low-Temperature Hot Air Drying; Herbal Drying; Microbial

Decontamination; Total Molds.
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Abstract: Natural convection heat transfer driven by solar energy is a sustainable and environmentally
friendly method for drying agricultural products, representing a critical mechanism in various solar dryer
applications (free energy). This study experimentally investigates the laminar natural convection heat flow
along an inclined solar collector under conditions approximating steady-state operation during peak sunlight
hours. The research evaluates the velocity and temperature distributions on an inclined glass plate based
on the development of thermal boundary layers. In addition to the limiting cases of flow adjacent to
surfaces. Results indicate that the natural convection heat transfer coefficient ranges from 5.2 to 6.6
W/m?°C, while the collected heat energy ranges from 150 to 610 J/s, achieving a collector efficiency
between 23.9% and 38.3%. The dry air flow rate was observed to be between 0.016 and 0.024 m%s
during daylight hours (local time). Under a fixed solar collector tilt angle of 25° and solar irradiation ranging
from 217.8 W/m? to 552.7 W/m?, the average Nusselt and Rayleigh numbers were determined to be 221.7
and 6.7x10°, respectively. Finally, load tests demonstrated a drying rate ranging from 0.07 to 1.45 kg/hr,

which varied significantly based on local climatic conditions and the time of day.

Keywords: Natural convection heat transfer; Sustainable renewable energy; Laminar natural convection

heat; Heat transfer coefficient; Nusselt number; Rayleigh number
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1. Introduction
Solar radiation is a sustainable energy source
that is both abundant and environmentally friendly.

Solar drying is a superior alternative to traditional

open-air drying, as it protects products from
contaminants like dust and insects while maintaining
higher nutrient levels and accelerating the

dehydration process. Drying involves the reduction
of moisture through vaporization, a process often
driven by buoyancy-induced fluid flow known as
natural convection. In solar collectors, heat transfer
occurs between the solid absorber surface and the
surrounding air, resulting in the development of a
thermal boundary layer. Natural convection heat
transfer is driven by non-uniform  density
distributions within a fluid caused by temperature
gradients [1-3]. For an inclined plate, the laminar
flow region can be analyzed by modifying the
gravitational terms in dimensionless governing
equations. Key dimensionless quantities used to
include the

(Ra),

correlate heat transfer coefficients
(Nu),

Grashof number (Gr), Reynolds number (Re), and

Nusselt number Rayleigh number
Prandtl number (Pr). Specifically, the Pohlhausen
equation is utilized to solve for air velocity within the
boundary layer of laminar flow on inclined surfaces.
Literature Review, previous studies have analyzed
these dynamics extensively. Dehghani et al. [4],
Alzwayi and Paul [7] demonstrated that temperature

variations  significantly affect air transition on

ISSN (online): 2697-5548
DOI: 10.14416/j.ind.tech.2026.04.012

isothermal plates, particularly below 60°C. Hollands
et al. [8] found that for tilt angles up to 70°, heat
transfer rates can be predicted by replacing Ra with
Ra.(cosw). Furthermore, researchers like Gonzalez-
Barcena et. al., [9] Mehrtash and Tari [10] have
utilized computational fluid dynamics (CFD) to refine
air flow rate and temperature field models for
inclined sinks. Mustafa and Neama [11] observed
that

absorber plate temperatures are directly

proportional to solar radiation, noting a peak

temperature of 82°C at a 30° tilt angle. Despite
there remains a need for

these findings, a

comprehensive evaluation of natural convection

correlations specifically tailored for inclined glass

solar collectors under specific tropical climatic
conditions like those in Thailand.

Objectives and Significance, this research
performs a systematic evaluation of natural
convection  correlations and heat transfer
coefficients. This study assumes steady,

incompressible laminar flow to simplify the boundary
layer analysis for the intended application. While
natural convection can be unsteady, the steady-
state assumption is applied here to predict the
mean performance of the collector under constant
solar irradiance. The primary objective is to examine
dimensionless correlations (Nu, Ra, Gr, Re, Pr) and
the Pohlhausen equation to optimize heat and mass
flow rates. Unlike previous studies that examine
various this work focuses the

angles, on
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performance at a fixed ftilt angle of 25° (with the
peak thermal output, comparative of 20° and 30°) to
determine the effectiveness of the collector for

agricultural drying at standard pressure.

2. Experimental detail; material and method

2.1 Description of solar collector inclined plate

Figure 1 illustrates the schematic cross-
sectional view of the inclined solar collector and
the development of the boundary layer. The
geometric model features a glass plate with
dimensions of 2.4 m in length, 1.2 m in width,
and 6 mm in thickness. Supported by a mild steel
frame, the structure is designed to maximize
solar gain during daylight hours to evaluate the
buoyancy-driven boundary layer and air mass
flow rate under natural convection at constant
pressure. The collector was oriented at a fixed tilt
angle of 25° from the horizontal. This specific
angle was selected based on a preliminary
empirical study comparing tilt angles of 20°, 25°
and 30° at the experimental site. The results
demonstrated that the 25° inclination yielded the
highest surface plate temperature (T,) and
maximum heat energy absorption for Pathum
Thani, Thailand. This increased surface
temperature is directly proportional to the heat
energy absorbed, which effectively drives the
natural for

buoyancy mechanism required

analyzing the laminar boundary layer.

ISSN (online): 2697-5548
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Fig. 1 Schematic of inclined solar collector

2.2 Experimental Setup and Instrumentation

The measurement were carried out at Pathum
Thani, Thalland a latitude of 14°0'48.46" North and
longitude of 100°31'49.76" East. from January 2022
to December 2024. Testing was carried out under
no-load conditions between 8 a.m. and 4 p.m. daily.
Air temperatures were measured along the interior
surface of the glass plate using five designated
points positioned along a central axis (red line),
each spaced approximately 20 cm apart, as shown
in the schematic diagram in Figure 2. The thermal
profile was established by recording parameters
hourly using a solar power meter (SM206-SOLAR,
uncertainty +5%) for Solar Radiation and an Infrared
thermometer (TM 1803, accuracy +2%) for Ambient
(T,) and Surface (T,) Temperatures. Air velocity

was monitored using an anemometer (CBzSGHJ001)
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with an accuracy of +3%, ensuring precise data on
convective cooling effects. Humidity levels were
tracked via a temperature & humidity meter (L563A)
with a £5% RH margin, while Moisture Content was
determined using an OHAUS MB23 Moisture meter
(repeatability +0.05%), all detail according to
Table 2. These high-precision instruments ensure
the reliability of the collected data across varying
environmental conditions throughout the study

period. All measurements were conducted in
accordance with the manufacturer's calibration
standards to minimize potential systematic errors in

the thermal analysis.

3. Equations and mathematics analysis
3.1 Analysis mechanism heat solar energy

To comprehensively understand the natural
buoyancy mechanism of a heated plate, a
coupling between energy and mass transfer must
be established (according to Figure 3). These
coefficients are parameterized as functions of
dimensionless quantities. Similar to the ideal gas
law, the density of dry air is a critical factor in the

absorption of surrounding moisture [5, 12-15].

3.2 Thermophysical Properties and Reference
Temperature

The thermo-physical properties of gas are
significantly influenced by variations in temperature
and pressure. In this study, natural convection heat

transfer occurs between the collector surfaces

ISSN (online): 2697-5548
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Fig. 3 Schematic chart of analysis

and the ambient air. This process induces a flow
of dry air, driven by density gradients within the

boundary layer. To simplify the numerical
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analysis, the air is assumed to be a steady,
laminar, and incompressible fluid [9]. The relevant
physical properties are calculated using equations

(1-6) evaluated at the reference temperature.

Pr(T)=0.804-3.25x10"T, (1)
-6 3/2
24(T) :1.458><10 xT, 2)
T, +110.4
Ty  268151x10°T, "
- —12/T;
T, +245.4x10 @)
c, =k )
U
P, = P, ; Considering the air as an ideal gas (5)
TORxT,
T, - T,+T, 6)

The boundary-layer thickness for laminar free

convection and the mean flow velocity can be

determined using Equations (7) and (8),
respectively [7].
-1/4
9 _3.93Pr?(0.92+Pr)* (@j ()
Pr
1/2
= n.Gr (8)
p-L
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3.3 Governing Equations for Dimensionless
Quantities

The heat transfer characteristics and flow
behavior are evaluated using dimensionless
parameters. According to established correlations
[5,13,14], these quantities are defined as follows:

Nusselt Number (Nu), Represents the ratio of
convective to conductive heat transfer across a
fluid boundary layer. Specifically, it characterizes
the enhancement of heat transfer due to fluid
motion compared to the heat transfer that would

occur through pure conduction in a stationary

fluid layer of the same thickness.

0.387Ra'"®
[ 1+(0.492/ Pr)™™* ]8/27

N,"2 =| 0.825+ @

Rayleigh Number (Ra), Characterizes the flow
regime and the strength of buoyancy-driven flow

in free convection.

R, cosp=P.xG, cosg (10)

Grashof Number (Gr), Relates the buoyancy

force to the viscous force acting on the fluid

Lgpe’(T,-T,)
r— 2

U

1
h= (T, +273.15)

s (11)

(12)
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Reynolds Number (Re), Defined for internal or
forced flow components within the system.

N,
Re = u 2 (1 3)
¢ (0.664 Pr”3)

Convective heat transfer coefficient (hc),

derived from the Nusselt number.

o kN, (14)

C L

3.4 Solar Collector Design and Energy Analysis

The intensity of solar radiation, natural
convection characteristics, and required thermal
energy are evaluated using Equations (15-18).
Previous research by Ayad et al. suggested that
a tilt angle of 30° maximizes thermal energy gain.
However, empirical results from the present study
conducted at a latitude of 14°0'48.46" N
demonstrate that a tilt angle of 25° yields superior
thermal performance. This experimental finding
aligns with the theoretical calculations derived
from Equation (16). Furthermore, the correlation
was validated by modifying the Rayleigh number
(Ra) in Equation (10) to account for the
inclination, substituting it with Ra.cos(65°). This
adjustment accounts for the reduction in the

buoyancy force component

ISSN (online): 2697-5548
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6 =10 + Latg (15)
E =1xA (16)
7 :qECixloo (7)
q.C =h,x Ax(AT) (18)

3.5 Pressure Analysis

The total vapor pressure of water at the
operating temperature, along with the air
properties derived from the ideal gas law, can be
evaluated using Equations (19-23) [15,16]. These
equations are essential for determining the
humidity ratio and the thermodynamic behavior of

the moist air within the drying system.

P(T)=exp| 25.317— 244 _ (19)
T, +273.15
PV, =m,R, (T, +273.15) (20)
PV, =m,R, (T, +273.15) (21)
™ _0.622P, / (P, —P) (22)
ma
PV

m, R, (T, +273.15) (23)
m, PV

a

R, (T, +273.15)
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4. Results and Discussions
4.1 Solar Radiation and Thermal Performance
Table 1 and Figure 4 present the
comprehensive hourly performance of the solar
collector under varying tilt angles 20°, 25°, 30°.
The incident solar irradiance intensified from 218
W/m? in the early morning to a peak of 553 W/m?
at 1 p.m., this peak irradiance directly influenced
the absorber's thermal gain, with the 25° tilt angle
consistently vyielding the highest glass plate
temperatures  (T,)  throughout the day.
Specifically, at the solar noon peak, the 25°
configuration achieved a maximum T, of 72.4°C,
surpassing the 20° (71.8°C) and 30° (71.3°C)
orientations. This variance confirms that a 25°
inclination optimizes the angle of incidence,

thereby maximizing the capture of beam radiation

ISSN (online): 2697-5548
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and minimizing reflective losses during the
highest flux periods. Psychrometric analysis and
drying Potential, the internal microclimate of the
collector showed a superior drying potential
compared to ambient conditions. As the solar
intensity peaked, the internal relative humidity
(RH) plummeted from an initial 32.3% to a
minimum of 21.3%, whereas the ambient RH
remained 36.7%.

significantly  higher  at

Engineering Insight, the observed inverse
relationship between T, and internal RH validates
the system's capability to drastically lower the
air's partial vapor pressure. This increases the
humidity ratio differential between the drying air
and the product surface, which is the primary
driving force for accelerated mass transfer in

solar drying applications.

Table 1 Variation of solar radiation, average film temperature and relative humidity

Time 8 9 10 1 12 1 2 3 4

a.m. a.m. a.m. a.m. a.m. p.m. p.m. p.m. p.m.

Solar radiation (W/m?) 218 298 361 430 486 5563 487 406 292

Ambien temperature; T,,(°C) 314 34.4 37.0 39.6 40.9 426 414 393 356

Avg. glass plate 37.2 45.9 52.5 59.7 65.1 718 66.0 572 475

temperature; T,,(°C) at 20°

Avg. glass plate 37.8 46.7 53.8 60.2 65.3 724 66.3 575 476

temperature; T,,(°C) at 25°

Avg. glass plate 36.8 455 52.3 59.5 64.8 713 657 56.8 472

temperature; T,,(°C) at 30°

%R.H. ambient air 52.8 46.5 43.3 39.2 38.9 36.7 384 406 435

%R.H. inside solar collector 32.3 28.4 26.7 23.8 234 213 224 235 257
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4.2 Dimensionless Parameters and Flow

Characteristics

The correlation between mean temperature and
solar radiation is illustrated in Figure 5, both
parameters reached their peak at 1 p.m. aligning
with the solar noon period where solar irradiance
is at

intensity its maximum. Throughout the

observation period (8 am. to 4 pm.), the
temperature of the absorber plate (T,) consistently
(Ta),

establishing a sustained thermal gradient (AT) that

exceeded the ambient air temperature
serves as the primary driver for the system’s
efficiency.

Fluid dynamics and buoyancy, the significant
temperature differential creates a localized air
density gradient within the collector. According to
the principles of fluid mechanics, the reduction in air
density near the absorber surface induces a
buoyancy force, governed by the Grashof number,

which overcomes internal viscous drag.
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Passive flow generation, this buoyancy effect
establishes a steady-state flow field, where heated
air rises via natural convection. This mechanism
ensures a continuous mass flow rate of heated air
into the drying chamber without the requirement for
external mechanical work or parasitic energy
consumption.

Energy balance and heat transfer, the
synchronized rise of solar radiation and surface
temperature  validates the high spectral
absorptivity of the collector material and the
effective minimization of convective and radiative
heat losses.

Natural draft optimization, the establishment of a
robust natural draft through these density gradients
demonstrates that the system is optimized for
passive solar thermal gain, utilizing the stack effect
to maintain the required velocity for effective

moisture removal in drying processes.
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The relationship between the Rayleigh number
(Ra) and the Nusselt number (Nu) is illustrated in
Figure 6. As dimensionless quantities, they
characterize the free convection flow resulting from
air density gradients within the collector. This
analysis  characterizes the transiton and
effectiveness of convective heat transfer within the
solar collector system.

Rayleigh number (Ra) and Buoyancy forces,
the Rayleigh number, represented by the red
bars, quantifies the ratio of buoyancy-driven
forces to viscous and thermal diffusive forces. As
the temperature increases from 33°C to a peak of
56°C, Ra increases significantly, reaching values
in the range of 8 x 10° This high magnitude
confirms that the flow within the collector is
dominated by natural convection and has likely
entered the turbulent regime, which is essential
for maximizing air mixing and heat uptake.

Nusselt number (Nu) and Convective
efficiency, the Nusselt number, indicated by the
black line, represents the ratio of convective to
conductive heat transfer across the boundary
layer. The graph shows Nu rising in tandem with
temperature and Ra, peaking at approximately
230. This peak validates that the convective heat
transfer is most efficient when the absorber plate
reaches its maximum operating temperature,

directly correlating with the period of peak solar

irradiance identified previously.
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Figure 7 illustrates the velocity influence of
solar radiation and temperature shows a direct
correlation between solar irradiance and air
velocity as solar radiation peaks at 552.7 W/m?2,
the absorber plate temperature reaches its
maximum. This creates a significant temperature
difference between the air inside the collector and
the ambient air. This temperature rise decreases
the air density, creating a pressure head that

drives the natural draft. The resulting velocity

(peaking at 1.4 m/s) is the physical manifestation
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of the system'’s ability to maintain a continuous flow

for moisture displacement without mechanical
assistance.

Figure 8 illustrates the mean convective heat
transfer coefficient (h,) and the resulting convective
heat transfer rate. The heat transfer coefficient
fluctuated between 5.2 and 6.5 W/m?°C, while the
convective heat rate ranged from 150 to 610 J/s.
This heat exchange occurs at the glass surface,
driven by the buoyancy-induced motion of air
(natural  convection). These processes are
significantly influenced by the film temperature (T;),
which ranged between 33°C and 56°C.The results
indicate that the convective rate peaks at the
maximum film temperature, reflecting the increased
buoyancy forces. The most significant thermal
activity was observed at 1 p.m., where the
performance is governed by the peak incident heat
flux. During this period, the intensified temperature
gradient enhances the convective flow, leading to
the maximum observed heat transfer rates.

Figure 9 illustrates the relationship between
the component volumetric flow rates and the film
temperature (T;) within the solar thermal system.
The observed airflow is a direct consequence of
fields induced by

buoyancy-driven  flow

temperature-dependent density gradients, a
process fundamental to natural convection. As
the solar-heated film temperature increased from

33°C to 56°C, the resulting convective heat rate
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characterization of moist air components

rose significantly from 150 to 610 J/s.

Concurrently, the total volumetric flow rate
representing the system's ventilation or drying
capacity ranged from 0.033 to 0.052 m%s. This
total flow is comprised of both dry air and water
vapor components, where the mass transfer is
strictly governed by

the buoyancy regime

established by the solar thermal gradient.
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4.2 Performance Evaluation with Product Load

Figure 10 illustrates the transient response of
the solar collector under actual loading conditions
from 8 a.m. to 4 p.m., the analysis focuses on the
correlation between solar irradiance, theoretical
mass flow rates derived from the equations, and the
measured drying rate.

The solar radiation (red line) peaked at
approximately 550 W/m? around 1 p.m. This peak
directly correlates with the maximum mass flow rate,
validating that the natural convection mechanism is
highly sensitive to the thermal gradient established
by the solar flux. The analytical mass flow rate
(black line) and the actual drying test with load (blue
line) exhibit a high degree of synchronization. The
theoretical model, utilizing dimensionless groups (Gr
and Ra), effectively predicts the trend of the air
movement, though the experimental drying rate is
lower due to the latent heat of vaporization and the
internal resistance of the product load. The data
confirms that the fixed tilt angle of 25° successfully
concentrated solar energy to achieve a peak mass
flow rate of approximately 2.2 kg/hr (analytical) and
1.5 kg/hr (experimental) during solar noon. This
reinforces the maximizing buoyancy.

Figure 11 lllustrates experimental results
demonstrate a high level of synergy between the
collector's thermal performance and the drying
of the banana 10 kg initial load (flattening them

to a uniform thickness of approximately 1 cm). By
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utilizing an optimized 25° tilt angle, the system
effectively managed the transition of the product
from an initial 80% to a final 12% moisture content
(w.b.) over a cumulative around 15-hour period.
First day: The acceleration phase (hours 1-8).
The system experienced the peak solar radiation
of 550 W/m2. As the experimental mass flow
reached 1.5 kg/hr at 1 p.m., this high airflow

effectively stripped the free moisture from the
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banana surfaces, this is reflected by the sharp
drop, where the drying rate was at its maximum
due to optimal buoyancy and thermal gain.

Second day: The diffusion phase (hours 9—
15). As the process entered the second day, the
moisture removal rate slowed down. This is the
falling rate period. At this stage, the remaining
moisture is bound moisture trapped deep within
the banana tissues. Even with a high mass flow,
the drying is now limited by internal diffusion

rather than external convection.

5. Conclusions

This study demonstrates that a 25° tilt angle
is the critical design parameter for maximizing
solar absorption and natural convection. The
system achieved a high efficiency thermal
regime, characterized by a Rayleigh number (Ra)
approximately 8 x 10° and a peak Nusselt
number (Nu) of 230. These values confirm that
buoyancy forces effectively overcame viscous
resistance, maintaining a consistent mass flow
rate of 0.024 m?3s without external assistance.
Thermodynamic analysis showed a peak thermal
efficiency of 38.3% and a maximum heat transfer
coefficient (h.) of 6.6 W/m2°C, converting incident
radiation (up to 610 J/s) into useful thermal
energy while minimizing heat losses. In practical
load tests with 10 kg of agricultural product, the

collector successfully reduced moisture content
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Table 2 Detailed specifications of experimental

instrumentation
Measurement Measurement  Accuracy
Parameter Range
Solar Radiation 0.1-399.9 W/m? 1+ 5%
Ambient (T,) &

Surface (T, -50°C-500°C + 2%
Air Velocity 0.3-30.0 m/s + 3%
Relative Humidity 10%—-95% RH + 5% RH
Moisture Content 0.00%-100% + 0.05%

from 80% to 12%. This process followed a distinct

two-stage drying characteristic, an initial
acceleration phase (air velocity up to 1.4 m/s)
followed by a stable diffusion phase.

Ultimately, the results validate this inclined
solar collector as a high-performance, zero-
emission solution, offering a technologically viable
and sustainable pathway for renewable energy
based agriculture. Beyond thermal performance,
this system represents a significant in energy
conservation. By utilizing passive natural
convection, the collector eliminates the need for
electricity. This translates into a sustainable and
technologically viable pathway for low-carbon
agriculture, aligning  with  global  energy
conservation mandates and the transition toward

a circular bio-economy.
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6. Nomenclature

Nu
Ra
Pr
Gr
Re

g

¢

p
AT

UB

dimensionless
dimensionless
dimensionless
dimensionless
dimensionless

m/s?

°N

1°K

kg/m?®
°C

°C

°C

°C

°C

m/s
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Nusselt number
Rayleigh number
Prandtl number
Grashof number
Reynolds Number
Acceleration due to
gravity

Latitude of collector
location

Coefficient of thermal
expansion

Density
Temperature
difference; (Tp-Ta)
Temperature ambient
air

Surface plate’s
temperature

Vapor temperature
Film temperature
Velocity of air
Boundary-layer
thickness

Total collector area
Efficiency Thermal
collector

Mass of vapor
removed (moisture)

Volume of air

m, 9
Patm Pa
Pa Pa
P Pa
Ra J/kg°K
R, J/kg°K
h. W/m?C
. Jis
q
C, kJ/kg'C
k W/m°C
Ei w
U kg/m.s
L m

7. Acknowledgements

ISSN (online): 2697-5548

DOI: 10.14416/j.ind.tech.2026.04.012

Mass of air

Pressure of ambient,1
atm

Pressure of air
Pressure of steam
(moisture)

Gas constant = 287.1
Moisture constant =
461.5

Convective heat
transfer coefficient

Heat transfer rate

Specific heat of dry
air

Thermal conductivity
Solar energy
Dynamic viscosity

Length
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Abstract: This research focuses on the design and development of a passive micromixer to enhance
fluid mixing efficiency at microliter and nanoliter scales. The study aims to optimize the microchannel
structure to accommodate a wide range of flow rates without compromising mixing performance. A
serpentine microchannel design with grooves was fabricated using experimental design methodologies
to identify the optimal parameters for achieving high-resolution patterns on photoresist. Key factors
affecting pattern clarity were investigated, including UV dose, stage Z height, and development time.
Results revealed that stage Z height had the most significant impact, with data reliability reaching
99.82%. The performance of the developed micromixer was then evaluated through physical
experiments and compared with conventional designs at flow rates up to 50 yL/min. Experimental
results demonstrated that the new micromixer achieved Maximum mixing efficiency of 99.80% at the
lowest flow rate (1 pyL/min). Consistently high efficiency (>80%) across higher flow rates (10, 25 and 50
uyL/min), though with a slight decline compared to lower flow rates. These findings confirm the device’s
versatility across a broad flow rate range while maintaining robust mixing performance. The study
highlights the potential for applications in chemical analysis and lab-on-a-chip systems requiring rapid

and precise fluid mixing.

Keywords: Microfluidic devices; Micromixer; Design and experiments
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’ﬁaamwmcﬂLﬁﬂﬁﬂaglugmmumﬁm% (Laminar

A o Y = o
Flow) Tavin lmswnanvas maduldldennainves

A Al & [ P a v
Tnaeaunluswamuinlos liinanstzduiwa
AMUTITNTG [3] ssniumseanuuylulasinemasing
daszdnsmwiaduenurimesaydwsuiniay
Tusnan wlasdnasuuuwiadwldsuanusnla
VN8990 b FBINITWRIIIHINNANL U NLAZH
AITUIUNNIHAAN 8 [4] 889 lsAay Meenuuy
NENIINTVITUBATIMI MaNAaNvras layging
UszinFawniansngsdaududynilunsian
19917% Mondal et al. (2024) leiaanuuululas-
ANErasuUUTaIN1INALALING ARWIRALNFINTU
minaupad maniiags lasfinsladsfiavnmsa

91&33a (Obstacles) 3UN 39619 9 a9 wazdang
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%’ﬂmﬂiz?m%mwvl,ﬁgaﬁoﬂszmm 94% [5] Hossain
et al. 31 INTAINNULLY square-wave dudaidand
ﬁﬁqﬂuudﬂs:ﬁw%mwmmaué}m%’um Re §9
2t lsAa N TaIN19uLUY LA4 (Curved) 3=inny
§7YLFBUIIG (Pressure Drop) ﬁaﬂﬁqmﬁmﬁ HUNU
ﬁﬂlﬁﬁa?gﬂl,mu'é‘u 5 6] m3lFFsiavndluiasnay
(Mixing Chamber) ﬁi’mqﬂs:mﬁlﬁaﬁwﬂizl,m
1811 5285119 15 mm SRTLEATINNT A TEAU
uLmin m3lflasssrslassaiitaslu Spiral sansn
%379 Chaotic Advection ‘ﬁ'mﬂlﬁlﬁ@mmamugmi
(Mixing Quality > 90%) mﬂlmwzmmgue] Lfia
WEUNUTaINIINTI Lfiaqmﬁmé'mwmivlmmﬂ
1-30 uL/min LSO UANATaNIIA LT HDHNIUNAN
N7 a3 Hagen-Poiseuille [7] Mondal et al. (2024)
nslafsfavrnsaslugosnielnadnisng
Uszansninlunisains Disordered Advection 49
dreaasszmenltlumsnanliauasasnsannluem
NEUULLUWIETN mﬂﬁ?aﬁmmagﬂmwhae] el
AAANNENINIHNFNRI LA UTZNH 29% 519 31% [8]
Yuan, S. uazame (2022) 1401391809 CFD Wi @
2ENLULTBINIULY zigzag ﬁﬂ%’uﬂgmﬁa arUabia
INUTERNTANAINEN >90% 11829 1-40 pL/min
o] tulasfinimosuuy hybrd passive-active 7i
asadsulaanaanmsine lasuaadliiAuds
dnonnlunisriisuiinannaisd1nsunis
Uazgndlinedinsuwnd FrasaTmslwadan
Re < 10 NMINANIZLAAYHH1% Molecular Diffusion
(unan [2,10]
I(ﬂﬂm‘ww:azmﬁ'ﬂumtﬁﬁmaﬂmﬁmm%ﬁ@gq

a '

W30 8ANIUNT (Diffusivity) 61 TevinlAInan
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dwldldennteiu 59 ldaueitmadne g iaia
Uyzansawnsuanlululasinioes laouwys
sanidusaslszinnnande lulasdnwasuuy
waafivl (Active Micromixer) i 609N IWAI91HIN
mﬂuamﬁam:ﬁumiwaw L% NI RMALNLAAN
wisaawdos uar lalasdnwesuuuniadn
(Passive Micromixer) iodiamsaanuuulassaing
Fasmaiaindszantawminanlas lidasls
wadwannsuen 2,11] lulasinwasuuy
wisdnlesuanuanlavniiasandnszuaiunms
wﬁwﬁdwua:ﬁunm‘i’]
lumsdnsnuisomululasinesaswuinles
nseanubuuaznasaululasinwasuyy
wisdWauztuuy (4] laun lulasinmaiuuy
PaINIIATI (Straight Channel Micromixer) lulas-
ﬁﬂLGIiagLLﬂiJ’ﬁadﬂ’ldﬂ@]Lﬁﬂl’J (Serpentine Channel
Micromixer) uazlulasfinemasuuntasmsnaifend
909 (Serpentine Channel Micromixer with Grooves)
nan13answuin lulasfinwasuuuseinisaa
Lﬁ?mﬁ'ﬁiaﬂﬁﬂszﬁ‘n%mwm‘swauﬁﬁﬁqﬂﬁﬁmm
m3lwadn (1 pLmin) Tasaunsansuzaslnala
adﬁaawgirﬁ‘ﬁ'iw:muﬁm 25 AafLUas (mm)
adnolsfiann Tadnavaslulasfinwesidosa
mslwafivanlwle (Permissible Flow Rate) §iives
10 pL/min wintin S9onalaiiiswadnsuunsuey
W§Lﬂ‘*ﬁ'u'ﬁ'ﬁmmié'@mmsvl,mﬁgaifu
ndywirasna1Inniuiseileaiinig
sonuuuuazaivgUnIntlulasinimesuuuwiadu
TagmsldnanmIsenuuuLazMINaaadiagse

Imm%”wﬁﬁﬁq@z%m%’umm%’wqﬂmtﬂﬂm-
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a 6 a o s a a
UNLTATUUUNIRTN LLazmmiﬂiuﬂ;aﬂs:ammw
a 6 = o =S s
ga3lulasinasuuuwiadnlasvinmIdnsa e
mylransanliiwlalaylaivinlvdszansniwns
NENAARI LA TINuaNNLD ILIIVaIN e
szinetesms lulasinimasnuNuaLAa (Bonding
Stability) 8nn4ldiinaiuiFnievesgnyol
a 6 a a =S o

lalasdnmasuuunwiadn lasdmdnwnasyinns
naassmIaTlasiaglugtosmalna g nuims
ﬂ%’uﬂgam:mummﬁ@ﬁﬁﬁq@LLa:msL%ami ALND
WWuaNunuMusasgUnIol

o & o & A ¢aa

aann nnanawigunitlulasdinimasnd
JszAnsan ;j\‘lLLa:ﬁ’]&I’]‘iﬂﬁ’]d’]uﬁ AAIINT AN
RRNAAILTTILVN LV UUANT M I LA
9 1T% MIATERNTIAE MIaTifiaaslsa

o &a ¢ 2 ! A

waznmIwagdnsiiamaunngd Geazdinadica
HMANMEasuaznalulad lamas

2. 25013 (Method)
2.1 malwladszuvvasinagama
walulafszuuvasinagania (Microfluidics)
Ao maluladffiortastiumisanisvoanadlu
szavlulasias lavazddaanisinagania
(Microchannel) Gaiiugoanisinasmaidndmsy
PoInaInIomIazaul AN § Hanadn
LRZN198aN %aﬁaammﬁmmmﬁmmmm:gﬂi’n
ﬁLL@m@haﬁ'uifua%iﬁ'umsaanLLUULLa:mszu
NITUIRNITVINIWSUAUIINNIIIT D998 LT
Kunadierind §isorlugesmnalnagania
(Microchannel) La32UN8UBIARIEIBLAKBEN

nvean lasgndzyndldiinnurasd judnns
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UWEW (Labon-a-chip: LOC) &aiiluszuuiinsnest
Tuszaululas lagazdarudsznavdnd 9
VINUTY LLazﬁ‘*ﬁaama"lmﬁgamﬂ (Microchannel)
ﬁ“ﬂaammvl,v&ashu;;ﬁﬁmmmﬂl,l,@iﬁuﬁd%ﬁa%’am

lalasiwasduaiwbandalidinu

211 lalasinmas
lulasfiniwas (Micromixer) Lflwﬁﬂuqﬂmrﬁ

vasmnaluladszuvvedlnagania %aLﬂuqﬂﬂirﬁﬁ
T5gmsunisuanvaslvanindsessiiadulyln
seaululasuazurludas lasardananniinng
Aanduazadilunisvinlivesnanaunuadig
auy‘szﬁ Hasanuaslwalutesmewadngnd
m3lwauuuaniung (Laminar Flow) @9vildn1s
waadulyldon lulasinweifagneanuuuan
oA unsUzduiusesas lrnarwnsRNA we
Ardudanienisaanszuaiuiaw (Tubulent
Flow) luszaululas [1]

yadnalululasinwasdniutasmemsing
13130 05U18' laAI8RNNTT Navier-Stokes Wag
auﬂﬁﬂ?’m@imﬁad (Continuity Equation) %de]u
auﬂﬁv‘w?ugmmdﬂamam{maa"l,via laugunis
Navier-Stokes a%mnmsaﬁ'ﬂiﬂmuuﬁu YIVD
Tna lagRansmusifinsziniuaslve u
LIIAH LIIRHA wazWIIAEUEN (LTW WwIIliNE9)
GIFNMIT (1)

FUNITANINNG D L‘I‘i 84 (Continuity Equation)
afuransiafenfiveszesinalugniizensg
lumm:ﬁaumsmwmLﬁaaa%mmmiag{nﬁma

vosvadlng [8] aasumi )
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(v.v)vj ~Vp+ v+ f (1)
Tagf

£ = ANURWILUBVDIVBI 1WA

V= LNeasanuid

P= ANMUAK

U= ANunie (dynamic viscosity)

V27 = sndanoiieuadnluisd (asuienny
NI28INTINTHA)

f = ussmeuan 1w usslsiuans

% +.pu) =0 @)

Tagdi
£ = ANURMLHUUIBI 1A
vV = nnaasanuivesed na
t=11a

V.(pu) = MIginwsauknIzaNeuaIns na
U

2.1.217 4§ 289 Reynolds Number
Reynolds Number (Re) 1Juaaiaa|58a7n1d
TR an N Iviava9u 09 twa bz Uy
' ' A = & o
1wa vou viewSazadlraswiadn lavarfiiduad
& P &
Y3T9 15 avedvedlnatdunuy aduns
. £y =
(Laminar Flow) n3a Juilu (Turbulent Flow) <3
a 1 a a
duslavasidadszantawnisuauvasbnalely
lasWadanuazlulasdnizas a1 Reynolds

Number gﬂﬁwmmmmumsﬁ (3)
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(3)
a
lasf
Re = Reynolds Number (laifiniig)
£ = ANUAWULBUVIVI AR (kg/mP)
= a
v= anuisiadsuasaadina (mis)
D = idwrugudnanslansedn (Hydraulic
Diameter) Ua4%a4 lnandaria (m)
4 = anuniaaalt (Dynamic Viscosity) U89
28918 (Pa-s %38 kg/m-s)
o o ad g ' Aafd d o o
fnsunsdinduteslnandnunniiaaids
AL Lﬁuc\huquﬂ’ﬂmﬂamaaﬂ D s3I0
furwladanaunin (4)

D=—

P 4)

a
lagf
A = Aufnihaeuadsteadlna (m?)
P = enumnadusaugduaswinga (m)

Tasrialy é1 Re swnsalduysanwmenis
Twavesvedlnasanidu 3 Ussinnwnan laud
Laminar Flow (A3 lAaLUUa1ius) Aaduiile
Re <2000 (luriansagaslnanaly) vaslnalna
Wugw lifinnsuauiuunnin usewile (Viscous
Force) i8n3wau1nnitusaiias (Inertial Force)
wuldvanlululasngdan lasangaslnadvua
L&n Transitional Flow (mﬂ%auumﬂﬁsumu)
\fiadwidia 2000 < Re <4000 vaslnaisuiinis
LﬂﬁﬂuLLﬂaaawnawﬁuﬁﬂﬂgjﬁuﬂm Turbulent
Flow (M3 manuuifuau) iaduwiiie Re > 4000
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maavlmmﬁ@ﬂﬁmﬁauﬁuuuquLLazﬁmswamﬁqu
Lﬁawawaovl,mﬁﬁwﬁwagoﬂ’j’m'nwﬁ@
luszuululaswgdanuazinlasiniwaesd
f1 Re w”naza%ilu‘*ﬁaa f1N97 100 anaroAaal
Imslradn aldwsifauaaaanan saualins
nanvasvadlnatindulddn iasainnislna
AW AUREINIUNT (Diffusion) tunan
w9ron luniseanuuy tulasinwefuuy
wWiadW §edasdinmsldinaiadg 1w nsiiy
Tassasrenaniulugaslna (Obstacles) N3
ganuuutadlnaliilansmeSnuan (Serpentine
Channels) wianinAwusesnieludeslne
(Grooves) 1 aT28a19n 15 IwanuuTuanlu
3EHUIAN1A (Chaotic Advection) T93zT8LAN

Uszansawlunsuanwed s [9]

2.1.3maBande lalasinimasAuRwiiu
matBansaszninitasmelulasdnee iy
AnArur L‘flumgumaué’mﬁ‘ryiuns:mumwﬁm
Tavialuazldinafia Plasma Bonding éﬁaﬁﬁunu
gma:ﬁaomsamwLLmﬁauﬁa:mﬂ 19,12] e
L& WaLNAaa Thin Film PDMS Bonding éﬁaﬁ@i’unu

fuazdnedan s [4]

2.1.4n35zuwmsinlaalsnnil

TWladlsns @ (Photolithography) @ 8
nszuannsdanlwnaluladlulasunusintu
(Microfabrication) 7ilElun1sa39a1aansuuIaLsn
uuv{uﬁﬁa@; L% WHuTSRAa (Silicon Wafer) %38
WHUWA 2 (Glass Slide) laga1@an13bT wa
saalalawa (UV Light) tadslauaiaansann
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#An (Photomask) asunilanluas (Photoresist)
Andauunindin
Tunaui uguvaInszuawn1sinladlonnd
@T&LLaﬂalugﬁW tsznaveay

1. NTLASHUA AN (Substrate Preparation)
vanuazaaiudisnsadslwienazfnms
faimzuainshuas

2. MILAABUENTILRY (Spin Coating) LARBL
Asuasluss (Photoresist) v I ldsuun
A I@ﬂ*’ﬁmﬂﬁﬂmalum% 214

3. NMIa1839F UV (UV Exposure) a8 L&
UV HNuBENINaIaans Lﬁmﬂﬁ'yuqmauﬂ'ﬁmm
grslusslunsafisudauss lasgwisn
fwrmnenasnuussldanamn (5)

D=IxT ()

4. fwuald D fe wasoulunisansuss
(Jlem?) T fa LanlunIauuas Awn) uaz |
fa Araslunisansuss (Wiem?)

5. N1T819829818 (Development) 15918
fFrameazansashuslunsinmidasnisade

AN [4]

2.2N11529NUULNNINARDY
N388NUULNNINAREILTI3AINTIN (Design of
Experiment: DOE) L #n1snasauasdtaa1nie
dgoiitas lasdasuudasdararud s (Input
. A d' =
Variables) luszuunIanszurunnsnaunladnu
A A o Y @ A= ) P
etz ldmunIndanauasiiaainges o 7
Aaliiiamauasuulasuesnaansf le (Outputs or

Responses) INNIELIUMT WIDTLULTY 9317 2
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Positive Negative
Photoresist Photoresist
Spin Coating Photomashosist

N N
UV Exposure Negative Proe-
O & @ O = @
Development Development

-

p—

317 1 usasnanszuaumsiWladlonaddmsy

7 ULFITRALINUALTRARL

|1

aalsnauasla
—p
Jednsinan (Factori —
> Jedssi0an (Output)
—_— —

o 4
auilsnsumnszuy

R

31l%1 2 M3IganuUUNINARaY (Design of

Experiment: DOE)

lasdudsiidnazgniauuaiu 2 nduda n&jw‘ﬁ
Ay e Fund é’aLLﬂiﬁmuqu"lﬁ (Controllable
Variables or Factors) #3867 wsAsunInasnuuy
& (Design Variables or Factors) kazn CRY 7'l
ausnauguld Sandn fulsfisuninszuy
(Uncontrollable or Noise Variables)
NaaNLUUNIINGRRd (Design of Experiment:
DOE) fnanddnetsfafetiolinimanasd

v { ] o 3 v 3
mmgnmaa B0 Y9 WRzUABENINTH VL@]LLT‘I
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1. WaNN1I§udaI88149 (Randomization) las

'
e o o A

ﬁmm@m‘nL?imﬁaﬂumimaaﬂﬁﬁmmua;m &9
ué’nmsa;mz"ﬁfaﬂam;ammﬁ@wm@ﬁl,ﬁmm
ﬁaﬁ'mumuﬁvlajmmmmuqu"tﬁm%avlaimmm
wanesle

2. NNINARBIT1 (Replication) A an1INARSS
melddawludsamuinnnimitsassiefiuguuas
Lﬁummgﬂﬁaomaawam‘m@am

3. m3udan (Blocking) Ao nadiafilslunisan
nI0M119aANURNwULYTV090ULTIUNI% (Noise
Variables) w3aisunindasuusan dsmsuianesl

sulafnE ANz URaNUAINATEINAR D
sanaula lapnialddeantssa Lu_iaqu‘iiauvlmﬁ

wmilaunulumnaaad

3. NMINAKDY
3.1 nsaanuuuuuuuNnnal3aa (Experiment
of Factorial Design)
MIBENLULMINAReIEmTUMsAnEluassi
levinmseanuuumimesssdaunnnaSoauuuLA
s 2 TapdnsAnwnanua 3 Ja58 ¥inns
NARBITISIWIN 2 ASIRN W TAS WA
LLﬂiﬂiaumﬂlumju (Within-Run Variability) "¢ sl
$wIBNTYiNGN9zsiay ueldaTInniy Center Point
(@reaTagauaNy il uiBadn) AR eINad§IUTU
MYIATEAMIaAaIT09en LazdnAsnang 1 a3s
FmTnanasnanua 17 ase lasdnsiinuals
USannAL 1 a%1 esuesluananseanuuUAn
@‘i']qml,a:mqaqwuauwiazﬁaﬁ'ﬂlumswﬁ 1 ey

AINNID ammumimaa\ﬂumﬁaﬁ 2
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M3197 1 T8N unanes ﬁ’](ﬁ’]ﬁ;@]l,l,ﬂzﬁﬂgdﬁ;ﬂ

Yauaazade
11298 (Factor) fyanuol ;sm‘u

GO

AWAIU (Dose) TunIaneue A 18 25

UV Lithography

FzzUFIdUAt UM B 1. 13.

FUINUUNL Stage Z TITUNH 47 18

nanlumsseanshiugs (Develop) c 35 50

M19199 2 NTBENLULNINAREILTILNNNeLIaa

BULLANTIUIN
No. Dose Time Stage Z Dev. Time
1 25 13.18 35
2 215 12.33 42.5
3 25 11.47 35
4 18 13.18 35
5 18 13.18 50
6 18 13.18 50
7 25 13.18 50
8 25 13.18 50
9 18 11.47 35
10 25 11.47 35
1 18 11.47 50
12 25 11.47 50
13 18 13.18 35
14 25 13.18 35
15 25 11.47 50
16 18 11.47 35
17 18 11.47 50
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3.2msasvadnsatdmsunsinanuunas
N1788NUULLAERIIITaINIINITINAIANIA
(Microfiuidic Channel Structure) lagiSaduannis
ganuuuaIaauanllsunsy Layout Editor kaziin
aamaaina R dulnlasnars (Photomask)
wWaltlunszuaunisadioniaaisdrouas
(Photolithography) 9 LLaﬂﬂugﬂﬁ 3 laveansted
nimilnagnaanuuuiuzdvateiniinisiva
LuUAaLa e e lWiAMTHEN T HIZHINITN IS
{135 lasgaanafauianiig x 8173 winny 5,000 x
20,000 lulaswas(livinan) Warimstanuena
anuaaTnvarnsvue lassaeidanuenn
103,500 lulasiuas n1sgalassainediinns
dsmeadia Soft Lithography Tasi3uannmrinainy
FEanaUHLT (@ITAeud 1) Mnsinmsiadow
T hussTRaau AZ P4620 @T’mmsmuﬁmmﬁ's
50UA37 1 500 rpm 151781 5 Fudt wazaus)
58UASIN 2 1000 rpm 30 FuNT (FIDTHABUA 2)
Ralwldsuigurmiszana 30 lulanuasannin
¥msansuss UV @a81e309 Mask Aligner twiaan
35 3ufl uazouR 95°C (@siuaand 3) nawinly
819628 AZ Development laglda15aza18 Boric
acid : KOH : DI water ls8@31&2% 2 : 4 : 200 1w
e 5 Wi el ldud RuRlassenetam @9
un0uA 4) @”auamlugﬂﬁ 4
nEwazdfiinnisvingruilassaiietes
ndnTtnadtiiunislasnisin PDMS
(Polydimethylsiloxane) 7itaSsaludasngan 10:1

RIUBUANUN (A9TUaaun 5) uazauf 70°C 1n
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20000 pm (Length of the Device)

317 3 Tas9as9TeIIM T IRaUULNEW

Clean substrate

| | (1)

Spin coated AZP4620

R B UV-Lithography Ny B B X

Development

PDMS Mold

T ' ' ' )

|

\:] Glass slide AZP4620 . Mask g PDMS

317 4 nzuaumIdlnana@ (Lithography

Process) @sltlunsuaalassairolulasmuus

L3817 60 WA INHUABNTUINK PDMS 88nan
WRNUN (AITUABUN 6) uagaYNaA L ANNIL]
FATUNIT-000 LAIUTENaUWINUNTZANR bad

aausaaluzn 5
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nsvanalas

Mixing channels PDMS chip

(n

(V)
3N 5 LLamqﬂﬂszﬁémﬁJmﬂmLmuwau:

(n) Ltamaoﬁﬂi:naumaaqﬂmmﬂlﬂmwgﬁﬁn ez () LLamqﬂﬂirﬁﬁ]’%alumimaaa

3.3 @nwn Reynolds Number I,La:‘wqanii&ln'li
Tnazasvasluanislutaslua

M3ANE1 Reynolds Number Lazwa@anssunis
lnavesvaslnantslutesina a1miunis
a3 UUIZANTAIWNIINEN A 1AW
winwinvadvasina Tasl¥Usunasvesin winy
1x10° Qﬂmﬁﬁmm (M) WazuIa (M) LYiNAY
0.001 Alan3y (kg) AILUEINITOEINI AN
wwwiuaasaslns ldanaumsn (6)

_ m (kg)
vV (m®)

6)

0.001 (kg)

== __1000 kg/m®
0.000001 (m°)

nEunIn 6 1ile v AannusGeansme
R %ognﬁmu@iﬁlﬂu 2 {adluasde
5wl (mmis) Tadmwrmandaniylnasasas
nadinatanay D Ao durugudnans
ANBUILANIZVBITBINI AR (Characteristic
Device Channel Diameter) Fefdvnniy 0.2
fafwas (mm) x4 fa Anunitavesvadina
(Fluid Viscosity) §¢11v111 0.00089 AilanIuda
AU (kg.m™s™) FavuAn Re lugunisd
(1) ugasleasdaluil Re= 8.9 x 10 tilasandn
Re <1 fsmaninldsundgiu mslnauvuady
dslwas (Creeping Flow Interface) 1@ na1nfavad

Inafianwaemswanuumduwnigannn Tagandy
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A @ I A A
mmumfluﬁ%waﬂlumsmuqumsmaauﬂ
2pIVDI A NAROUIATIRIIIT I MMATNUTNAD
$A9LR5N WD TITANANITNUY I lATIaTIIda

ﬂ'liwmul,amvlﬁé‘agﬂﬁ 6

4. HANIINAADILATNITIATITHHA
[ a 6
4.1 °nmtauwmwmswqﬂnsm‘lu‘[munvzsas
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