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ABSTRACT

This research aims to develop a digital system for data acquisition, monitoring, and
visualization, with a focus on the packaging process in a case study industry. The primary
objective is to enhance data management efficiency. By integrating Lean manufacturing
principles, specifically the identification of the Seven Wastes and Why-Why Analysis, the
study seeks to streamline operations and eliminate non-value-added activities. Furthermore,
the system design incorporates Human-Computer Interaction (HCI) principles in accordance
with 1ISO 9241. The research methodology encompasses an initial state assessment, an
analysis of shopfloor data management processes, and the design of a data architecture to
facilitate seamless data integration from digital forms into a centralized database. The
empirical results demonstrate that the proposed digital system successfully reduced
operational steps by 33.33% and decreased total working hours by 63.98%. Notably, manual
data entry errors were eliminated (reduced to zero), and data latency dropped significantly
from 24 hours to just 1 hour. Economic evaluation further indicates the project's viability,
yielding a Return on Investment (ROI) of 43.73% per annum with a payback period of
approximately 2 years and 3 months.

KEYWORDS: Digital System, Production Data Management, Dashboard, Data Architecture,

Daily Management
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ABSTRACT

This study utilizes wind tunnel testing and 2D steady-state Computational Fluid Dynamics
(CFD) employing the k- SST turbulence model to evaluate the wind force coefficients acting
on ground-mounted solar panels in single and row configurations situated in open terrain.
Results indicate that single panels exhibit maximum normal force at a 40° tilt, slightly to
moderately exceeding JIS C 8955 standards between 15° and 40°. In contrast, row
configurations show significantly lower coefficients due to the shielding effect, particularly on
inner panels where flow separation is reduced. Additionally, the CFD analysis revealed a 5—
17% discrepancy compared to the wind tunnel test results. This deviation is attributed to the
inherent limitations of 2D steady-state simulations, which cannot fully replicate complex 3D
flow separation behaviors. These findings provide critical insights for optimizing the structural
safety and efficiency of solar array designs against wind loads.

KEYWORDS: wind tunnel test, solar panels, aerostatic coefficients, computational fluid

dynamic
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{ o 1 6 6 [
Eﬂﬁ 1 A LlN\‘lT‘ﬁﬂ"liL‘lfaﬂ LUUIA l%ﬂ\‘i Iwan 1%1]55 5] ﬁvl‘YI ]

2. NINARDILALILLYVIHIVY
21 mnadaulwalasAaauuuTHUIs81NE (boundary layer wind tunnel)
AUNINITAAAILULIIA0I L TAITLTRE ﬂmz;ﬁﬁ‘ﬂﬁﬁwLﬁumiﬁ‘haaaama:’ﬁ‘u
msmmﬂﬁmqimﬁau TU-AIT fizwa 2.5 x 2.5 luas uazlniuei 25.5 was (U 2(n))
mmsna%”wmmﬁaauag’iwﬁaa 0.5 09 20 WaTAaIWN Lmzv‘hmsmaﬁ]"fmqmﬁ'ﬂwm:maa
[% A o I [% . AA A
NITURANAIYLATDIIAAMULIIRNULULRIAIBY (Hot-wire anemometer) LLUY 1 A (31]“(1 2(71))
@T’mé’@mmﬁmﬁu%ga 1000 ia%lalﬁmﬁ TasrinnIas7a LU IWaau3 188w AN
o ] ld 1 Qs ~ 4 a @ kg v o
AUNIININAIIVBIUTIUAY Y wamsmm’mmwLﬁamaﬁwaamm'«mﬁ"lmgﬂmm
WisuiisunuaagIwanIwniilssing ASCE 7-05 [12] muam’lugﬂ‘n 2() TIFOAARD
ﬁ'uamwgﬁﬂizmmmuﬁida Tugruanutua NN Tuluin 1He9nwuUdIasIsing 1:20
a ] v 1 v v 1 3 [ o 6 v
fawradautslnganuduanududulutunsssmalimunniiaadluglusdan’ld
8814137970 1H893NNIUIAAINBIRRY (integral scale) mamuﬂuﬂ’mluqimﬁauﬁ
1 1 = 1 aa d' |d' ) v 1 =S
AN1nNI 2 019 3 m’maomﬂ‘lmyﬂqwamuumaaa NANIENUINNFLNAANNU B IN9
e lddsnaadadinada [13] hasananututusasanaduliu fldanmmesay
ﬁ’umsfﬁmaomwuﬂuﬂau’tquﬂﬁ@mﬁ‘u"l&imﬂ AIBUHNANTENUNNAINNANNLTNTU VDI
AN IUTIUNT TN ILANTD UL YINTI WINTUAM VAW BUURLUNATVVBIANNT UUI%
auuwIBnIsuisuAumna iy Von Karman lugdf 2(9) kammesauuaadliiin
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d@1n®@3x Von Karman
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Fwvunsloasioas yufalaanfioas
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a 1 a a Q‘ 1 d. v 1 1 a a AF v
mylanziisulEEniusomanamsassiuais laun daulsandussdu (Cp)
Qs a Q€ v s 1 1 Qs a Qf qg/'
daudszdnfussen (C) swsamlaannnisanaialosasy sruagulsziniuseaiain
o & I3 Y > & . & P °
AUURILa3LTas (Cy) 81W3AM IANNUIIANTIZAIUR F, Uaz F, inszvhdauuusiass
A P < o a a i
fzuloarfiradaiuzdn 3 MntudiFulszEniussenianaaIaas (aerostatic force
coefficients) R1N1T0WN beanguMIde bt

F, F F c M, -(F.H)

X w

C = , C = z y C = , m’: 1
P0spUR4, " Tt 0.5pU%4, " " 0.5pU4, " "™ 0.5pUA,L M

Toadi A, fofuinuvasunslomfioad, F, fesusaadslufieniounns X, F, foAuss
wanluiiemaunu z, F, fodusiadslufiamaiain (normal direction), M, Aelaiuudsau
wWAw Y, U ﬁammﬁmmaﬁiﬂluqimﬁaw o nd'ummgdmﬁwammimm%maﬁ, L Aa
AMNEIADIALUAANIIAL VBILLLIRE o AoaNunwWILIUYaIa M Aenuianisvayll
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2.2 NIIATTRAILNAAIFAIVDI MRALTIAIUI
221 @Nn1saaassdluanwiigs-aland
' A & A ¢ & . A
guMsaafassluaduius-aland (Reynolds Average Navier-Stokes: RANS) a8
RUNIINITLARDWNFINTUV I IRANHIBNITRIA AR ULTILI8T 1a8FUN1T RANS ﬁgnw
@ = A o P~ A o &
AILANMILLIIANUTUARHUAZAUAY LIAAYBIFUNIAD MIuNAIUIEN VLT IUaa D
< a Pz ' { A ' a o [
WuwnswsnUsuima melanmenibia o Nt ud et uiBaa LasaIwyaInITHWNIL §1RTU
N13ALaTA NI AL uuTwlawd 83 5r a1 af U UL lwads a1y ldasnuasnisluva
Hauninuazgndwinsiuiuuiaes Twsneimaddouulasednit 9 saamslvaade
a:gnﬁ'}mmmﬁ’mauimma NIHFNNT RANS Datdun1swamwidasaaui1anaun
A a a 6 6 . . o o a A Ao o
smItafauivaIniss-sland (Navier-Stokes equations) §w3uUvad waii Intiiuunaaan

Tailer

Ou,

Ou, Vp o’u,
i 2, T 2
ot S v )

+u; .
Ox; Yol 0Ox,0x;

[

a |1a : . ] a ! ¢ a a &
I@Uﬂﬂiwqm@n\‘l 9 LLU\‘]QaﬂLﬂuﬁﬁuLﬂﬂﬂLLﬂzﬁﬁuﬂuﬂquwﬁqﬂﬂzLaﬂ@] Jh

w,=U,+u, p=p+p 3)

o

A ] & a ¢ & Y &
LBTINITLNUATNIUGATN € ﬂdluﬁ&lﬂ'ﬁ%’]nﬂi-ﬁi@lﬂﬁ ﬁ]zvl,@]ﬁ&lﬂqi J

ou. aﬁ.ﬁj o — .
Gy M+ O (58 +2uS, — pilil, 4
o P e, Pt 8xj|: PO, + 245, - P, | “)

a = a & o = A .
lagd §, fo WirasaaaMItagutiade (mean rate of strain tensor)

— u  ou,
T2\ ox;, oy

A _ ¢ = = = A =
I@]El‘ﬂ u, u b u'LL‘YI%W'%%?.Iadﬂ’)']&lLi'J“llm:l@ﬂlmzﬁu\‘] AIMUEIRREY LLRSAITNLIN

Jutu aud1ay, v Aennunitaaalt (kinematic viscosity) kas £ faliniaasuIsNuan
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2.2.2 INWBDIANNLAWLILLBAG

TumImdaauaa9aun1s RANS thostamzfansmenslnaadsvesnisinauuy
Tuthu s1dudasdmsmuuavasnuesasanudwssluad (reynolds stress tensor) fia
piir, w30 r, Gudwinusaiauniarsudurasifosdisznoudazdinm 6 dm dmiu
mslwasafianaly fﬂzﬁ@ﬁLLﬁJiVL&immﬂ'waaqm&num:mﬂmmﬁﬂﬁwmu 4 gy laun
A7NNL5T 3 WWILNG LATANGH L8 TINeIRUIzNousaIr 6 FIuTBINUTaSANNLAWTE
Iua@irmhﬁ‘uqmé‘ﬂwmzmﬂmm'&‘ﬂ'ﬁ% 4 dudy samalAiandslinudrsin 10 dauds
atslsfianuaumIinsaysnsug LLa:awmsmsag{nﬂmwu@?’uﬁa 3 uwiunu aums
FIMSUMIMIEIAaLIRES 4 FUMILTNTR e fasmawasdaudslinudne 10 dauds
@Twm@;f: FafianuindudadldaundgrmAududouiszunaun1sdina1n aunfgiud
lasuanufisuatraunsnansfa auuag'\umnwﬁ@Lﬁﬂﬁyﬂjaaqaﬁmaﬁ (Boussinesq) [14]
T,@ﬂawagwuf‘:éwﬂ”ﬁy@iaLmuﬁwaawﬁmamwms (two-equation models) YInue uasd
sundgruinnugasanudwsslueg ¢, Sanvaunuiidugasiulasassnuinmssions

mswdsuziiade S,

2
T = z,utSy' _Epké‘ij (6)

ke=—~ (7)

A A an e A ' A = & . . A Ao

lagf 4, AesutAsnaniNsunianuniiadad (Eddy viscosity) TelasUn@d1uwim
ldannaudimassriusasdiuds dunadgarendnngiugnaaliifaldiiassmslna
d'w (53 1 [ <& ,_%’ dl v 2 “ A o 6 . ) d'
Noaa2 b le NetlvaliraaAaaINURLINYDINAIINWIATVDINT brauuuTwilw laan
k azgasduldarudenlvzunms (7)

sundgiuvasyafiuad danudiagetisdidnivuundiassanuduliusile
ga4aunT aundziudinantisaagldymiadldadisnin lastoldaunniarsm

v 1 n:in:l: ndl o a > s d' =} %

nanznuvasnnuduhunidenislnaadsldludnsundoiuioienuniiaszauluana
FINANTZNUGINIT MAaRUUAIAUI3 wanand suadguidsildmansaiiaaiudsanny
Juthuluzdsinanindnlaldianlsld u wasnuweadarudutu uaznssaioen

L £ Q Qs 1 Q 1 e Qs o a { o l;. é/
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W ANNTNTRYBIANUT W (turbulence intensity) a2 AN@INEIWANVLIIANNT U1

(turbulence length scale)

2.2.3 wuuINaIANNTwiIWLUY k-0
' ° & ° o ° A =&
msfl,un@'mmumaaa RANS %4 LUUINEDY k-0 LT BLUUINaIT RO FDIRUNIT 09
ATAIMIHIAIN DUV BIRUNITANTRINIY HIBAIBYITNAII UV 09N T e UUT w21

17;17'. [ o o & ° W oo a ° v
k= 2" LRZAAIINITRANLAITUNIL co=%I@ﬂLLuumaaaﬁvl,mumwuﬂmlumsmmh

1
v AA [

Lﬁalﬁ”l,ﬁwamsﬁwmﬂl,l,iou'%nm‘lﬂﬁwuammmLmuﬂ"wga [15] 9% AIWRINBIAATVDINT
Tnauuuuthu (k) LeLdaNMIFALAITIME () FINITAFRIWIT LA NFUNTANTHINIY

aadia Ui

0 0 0 ok

—(pk)+—(pku,)=—| 7, — |+G, -Y +S 8
5t ('D )+ axj (p ut) axj (Tk GX- J—’_ k k + k ( )
0 0 0 ow
— —A(pou, ) =—| 7, — [+G, Y +S 9
al (pa))+ axj (p l) axj [Tw axj J—’_ [2] 2] + @ ( )

.

P & a [ & ¢ o A
I@ﬁl‘ﬂ Gk LLﬂuW%uﬂ']iNﬂ@]Waﬂﬂ']u'%aumﬂﬂﬂ']ivlﬁﬂLLUUﬂuﬂ'J% AULKDINIINNANNTU

a

< a & a A A €Y o A
VAIAMULINARNEY, G LNUNIUNTHAAVDI o, 1%‘1]&55“(] S, LAY S ADWIRAUNILUAN

ﬁmmimg‘l"ﬁ, Y U2 Yo WNWNABNITRANEAILAT To U WNUARANUNIUIT=ENDHa

o A o s o o &
289 k Uaz @ swiasnnannanutulan SeinualasgunmIad

ro=u+te o= (10, 11)

k 2]

lauf o, uas ow Ao WINIIUaANNTUIIU (turbulent prandtl numbers) 193U k

uaz @ MURIAU Uaz 1 Aaanuniaaiuiluilan (turbulence viscosity) M19%

2.2.4 WUUIIRBINITAIHIUAMNLARIRAW SST

o ) v L Qs a v Eed v AI &/ {
LUUINRBI k- T ﬂl‘ﬁmmim@msﬂumﬂ%amnmfl,ﬂavalmﬁmmu ATERERE)

3

ANBIATVDITUVAULYA 22 bATUBNTNAIINTITNTIAVAINIT AR Ar8nandsdudasd

Faculty of Engineering, Kasem Bundit University Research Article

-




3FdnssuAsiNuUUnUZa UR 16 aUui 2 wnunAU-AvmAl 2569 3]

v a =1 =) £2 Q 1 =3 v U é o dq/
mIaInIauvuazdualuusmlnanits ag1vlsnany TadaslsenInisvadnuudiaa
A 1 1 a o 1 1 v A
dannulidadlunszualnadass wuusIaeInNITFIHIBAINLAULAEY (Shear Stress

& A = ° P’ A o A
Transport: SST) k- Lﬂuan%muuumaawumaaaumswgnwwmi@rJ [16] DatdumIvIu
ﬁ;m@iuﬁ'\ummuﬁumia LAZANNLNBEIIVAILULINNDI k-@ MUSIIAINANIS 1T NY
wa Ié/ 1 1 a o a 4 v
qmau‘u@mﬂmumamm:uavlmaaiwaaLmumaaq k-¢lnusmawalng Lﬁalﬁm‘iq
f@qﬂimdﬂ‘@”\‘mﬁh’s WUUINEDY k-& a:gmmaﬂﬁagji’l,ugﬂuuumamum‘haaa k- wanan

o v o & &R P v A Sy <&

WUU31889 SST HafThadansaInIwtaInNNauwdananuiwlwnslurursuwea lay
AUSuuAWIATuaNniatdaaaNTwilan lagdulvunaiNatNyauuiwgl 1
msv‘hmﬂé'ﬂﬂmzﬂ'lsvlmﬁﬁﬂmu%’umwm‘"uﬁauné’uqa ARAAIUMIT IABNINITUENAIVD I

TUVDULUALHBINNAMNA

225 MIIARIF RIS

msEnsitledinnssnaaadiaaauuan1izesaadasamssd luasiads
wiius-gland (Steady Reynolds-Averaged Navier-Stokes: 2D SRANS) wuU 2 36 L a
AanzEns inasasaniIuga UKl Sl s Taglfuuuirassanuiuusiennuiaion
\dowuuunnslan k- (Shear Stress Transport: SST k-@) 1199 qmuwﬂmm%maﬁiﬁilﬁu
AMIANEN (gﬂﬁ 3) T9sn9B9muTBazL8aan EA Solar Lampang Co. Ltd. lasunslaans
LR IYALE B 30 89AAUUWITIL LAl aInIEWITH (computational domain) (gﬂ‘ﬁ 5)
Usznauda Uu%nmﬁyuﬁmmwaﬂ@Luugﬂﬁﬂuu@1ﬁLf}uLLuuN‘CEW;?JS: (rough wall) lagd
MITTYAIANNFIAMINYTVIE LLa:mmﬁ'mmmgmz Iﬁﬁﬂaﬁuaa@ﬂﬁaaﬁugﬂl,t,uumaafu
yaulwe FnSuRiss ndrseslatniinualdiduuuuaunias (symmetry) luwmed
mauLm@ﬁwuuumaﬂ@Luuvl,ei”ﬁmu@mmﬁm%aLLa:qmauﬂ'ﬁmwuﬁuﬂaumummﬂmu
Uugarad3Uuumat (inlet) dauﬁuﬁwaau,wﬂmmﬁsnaﬁgﬂﬁmmlﬁlﬂmmmﬁh (wall)
uasfiuSimnssanvaslaiun (outlet) ldlfanzveuauuuinadoudidugud (zero
gradient boundary condition)

T5TUsunsa Ansys2024 lunsiiasnzdlasiaaniiassfian1izasea (steady state)
wuy 2 Jfvasmsinanuusani il lasldaanasfin Coupled (coupled pressure-velocity
coupling algorithm) 1@ Uﬁ'mumﬂmsﬁmigimﬁ (convergence criteria) 159 10 ﬁ’]‘m{unﬂ
duds luduzasmiidsadiniatuldifonldsUuuy Least Square Cell Based, Green-

Gauss Cell Based 8z Second Order Upwind
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unenwittauwemsrnmnsmslnauuuiuan (turbulent) ﬁﬁmsﬁ@maﬂmmmﬁmﬁwuﬁ 2002
Tai'lstignsenuluinitanna (confined impinging jet) Tagasusunasauiias (finite volume)
$runuuuLsaasniuiiulan standard k —& model uaz reynolds stress model (RSM) 11
myemedil Wudyw 2 Sduuusaanas laedmaswaldldsunsu computational fluid
dynamics (CFD) ansys fluent 2024 r1 L@ plg3duuunasng agw”uﬁém”uﬁ%ﬁamﬁ’lmm A
first order upwind (FOU) scheme Lﬁaﬁﬂmwaé’wfmsﬁ'lmsé'ﬂwmzmsm§yuLLﬂaamwL%’J
AIUUWILNG LFUNINT RS ANBUIAAIANNTT wazfianinimyusadtasnying
2 WUURIwewIaa d = 10 uaz 13.3 Wl LLﬁagﬂﬁ'}mLﬂ%Umﬁauﬁ'uia;&amﬂmimamﬁﬁag
u§2%s5alas 55 hot-wire anemometer N8 INMITNWIBRAZILOTER LTS IHIARIT Rwe
Waaa d =10 U8 WUU standard & —& model ¥wne'ldiads 89.67% &1 RSM 87.43% uaz
uaada d =13.3 un l@1aies 93.97% §21 RSM 91.31% (latfiuiunamInasas ugasi
standard k —& model finnusaanaaduiind I lnalAsIANI1 RSM LUANNLSIANULKILA
AEIAY: LTANITY WAFIFATNIIEIWIBLEIA LAY LuDsIa0In NN WINIZIU
k—¢ luaa RSM laaa

UNADIUDNY ANU:IADNSSUANAQS UMNINUNAUINUUUNUAQ




55 Kasem Bundit Engineering Journal Vol.16 No.2 May-August 2026

ABSTRACT

This paper presents the prediction of a mathematical model for the simulations of turbulent
flow in steady incompressible flow of confined multiple impinging jets. A finite volume method
with standard k& — ¢ turbulence model including a reynolds stress model (RSM) is used in
predicting the impinging jet flows together with a first order upwind (FOU) Scheme. 2D
axisymmetric to numerical schemes on the prediction by the computational fluid dynamics
(CFD) program ansys fluent 2024 r1, to study the predicted results of the characteristics of
axial velocity, velocity path way, vector velocity profiles and direction of rotation of the flow
channel in 2 types at nozzle sizes d = 10 and 13.3 mm. are compared with hot-wire
anemometer experimental data. The computations and analysis results show that at nozzle
size d =10 mm, the standard &k —& model predicts an average of 89.67 %, while the RSM
87 .43%, and at nozzle size d =13.3 mm, the average is 93.97 %, while the RSM 91.31 %.
When compared with the measurement results, it shows that the standard k& —& model
performs close better accuracy than the RSM on axial velocity.

KEYWORDS: impinging jets, computational fluid dynamics, turbulence model, standard

k —& model, RSM model.

1. Un

mnﬁumimUmmm%’aﬂuqﬂmtﬁmmﬂﬁﬂumﬂﬁau lasmislgidansruuazinli
Lﬁ@mﬂmﬁqmu%?aa%ammﬁuﬂmmadmﬂm lagldngurasemelnadznzuis
ulu Elﬁmsmmmmm%auﬁgo Woszngauiawluszuunsineu anihandszynald
NWENWIAINTIN LT LLm‘szmﬂmwi”auqﬂmriﬁﬁﬂmaﬁn& MIaUWRIRINDUaZ A AT
Hondu 9 mnewisefidinanladnsdnsansmenstiomanuian Lee etal [1, 2]
Anwnsinamenueuuazansmemsvafivasfinuuuiuinia M IWITwiung
wuusuiSsuluszauamarinaladiuas ﬁmamsmmaaumm:ﬁvﬂwuﬁu Nﬁa‘ﬁ'ﬁqmﬂgﬁ
asndudtiBananssuazifemiauuasansmemslnafiuanaofiu Nuntadusit et al [3] Anw
MsinemaNNIouUBALaIe ymjm%mgumijuhUmﬂmmuﬁ@ﬁé”@m’m 3x31
aaTmIde yw swzﬁ’mzijmﬂﬁaLﬁmﬁwﬁfwjmu L/D Aentanseluasiivingiy 20,000
T8 RI9TERINIMBITANUYIaIda S/D LYNNY 2, 4, 6 WA 8 NATaIIZEzWIITaIialdany
Yiolda S/D Ny 4 '«J:‘Lﬁ@hmsdwmmm%aumﬂﬁ'q@ Caggese et al [4] @ANHINNTENLLN
mm%’auﬁm%’umijuwﬁfaLLuuﬁ?uﬁa‘hﬁ'@ lasdnaad MinasavlsznaudiunImvue
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ﬁaoLLﬂugﬂﬁf’mﬁ'mﬁ‘wﬁ'@ﬁamad XID=YD=5 s‘éa‘mﬂaauﬁi:ﬂzmas:m’mmwﬁmuwﬁfﬂﬁ
LANFAIAIUWRINLLUY (Z/D = 0.5, 1 uaz 1.5) ldsunsnizansaulszansmsdisimanuion
ﬁ"aﬁpuﬁaa%m%’uLLﬂuﬁgnvjdmu@T@ﬂ‘i%l,muﬁmao cFD lagldinefiandnimaitainia Yousefi-
Lafouraki et al [5] Anwatifedaavasnmss oo nlndiiosanmsdisinenuiouuas
mwmﬁmmmaa"lma@hLﬁummm%mjwmmuﬁuﬁ'ﬁﬁﬁﬂ NAMTILWLINMIENSeulnd
musl,my'ﬂi:ﬁ;ﬂéffsa%iﬁﬁuﬁamwﬁwuﬂzm misaaulnsdnivunsniuduanuassiu

a § AI l&’ § Qs a )
289UTN1aTNANUTULAZYUNNIUTIVIUAY Alabdaly and Ahmed [6] Anw1ATITaa LAY

1@

n3tnamanNTanLuunIwilas lranuuaduwi s a\‘m@;uLﬁmﬁvjwuﬁ:mﬁﬁuﬁﬁﬁﬁ'@ﬁm

D.

uﬂqu'ﬁ@"L@T%'UﬂﬁmmaauL%aéffamwaa@lumwaommssﬂua@i’ﬁ 200-1,000 44729nau
aaﬁgna@@ﬂuuﬁuﬁuﬂmmﬂﬁma'w %ﬂﬁa@%agmaﬁgwq@ﬁa (stagnation point) A%V
LLNZSﬂ‘%‘HﬁG@i‘iagmidgﬁﬁﬂq@ﬁdﬂ’mﬁ’m‘ﬁ’m HasWSURaIlH AW eaT nusselt Lady JINA
dadudszaninin misfoeulniuszassafisusadoanuisduanuiassiudinas
aktmﬂmiuﬁl,ﬁw‘?u Kempers et al [7] @n#13aTsRansmenIInaaadvadtulasiia
wwulausefinsznuivgadeslulasurunadinaatulasldasduudslansysumunln
NINRG miﬁﬂmﬁvlﬁﬁmsﬁw,l,a:maau%‘m%aﬁﬁmmuﬁé‘mﬂmsvl,mmm%augaLﬁuﬁd
1,000 W/cm? HaaNThaad bR ARIIAINNFDAARDINHIZTHININTIUWIULTIARVLATHANTT
nasad LaRsmnaussausiiinnusonlansedn lagasosuanildsunnaion
sunsafamaianufoulassanlauszanm 330 kW/m2K $usseuan 160 kPa a3
m3lwa 0.5 Umin §1m5usinenit 20°C uazdadeslaulasiianuulausagiugassadns
maindszansanlais 6 windawSsufsurudusndasuanudawlulasusuuaii
mmammu‘ﬁamﬁa Diop et al [8] AnmanwmzmsdisinanuiaulasiiansouluyIum
wuanuipslifnee thaldnisiianuduuaznisnaliuds Qﬂﬁwmlﬁﬁiaﬂ{uﬂy
daudszinsmathamenasan Snshereitasudns 9 snanafiinadannuiouuas
m'ml,m”m]”wuaomaﬁgﬂuuuma G XD=4,7,9 fienui5a 15 m/s NAMINARBILITIN
SaAFuLTE AN TENDINAN N oRATH 21% uaz 32%lunsduad M= 3 mg/s WLag
6 mg/s ey WallSeufsuiuns@ilifnsdunuen Selimefendigil et al [9] fnmn
m'ﬁ:mzlmw%auﬁwLﬁ@vjwumaauﬂmﬁwmﬁﬁawadﬁuﬁﬁaugﬂsﬁﬂ@ﬂ‘l"fﬂizuaﬂgu
mqwﬁ'ﬁwmmﬂl@i”auﬁuLLaiLﬁﬁn m:uangumugﬁﬁllﬁmsﬁwmmLﬁmﬁmangﬂﬁmﬂ%
TupaeAld3Flwludofundmnasidiminuas Galerkin Lﬁiml,ﬁaumsmuqu NANIENU
289 Rew (Re U8IN13%AY1 521119 -1000 14 1000), Ha (ANWLTIVBI MG-F 321319 0 19
30), ANNLBLIVI MG-F (321319 0 119 90) LLa:qanﬁ@‘inﬂdnqmﬁgﬁﬁLﬁummaamwangu

a o ' =2 ' a A o & o [
NNIB (dT 2% 0 03 10) ARUIEANTNIWANIINIANULE Y NANIZNUVAINININANULE
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'
a

@‘%ﬁndﬁﬂnaﬁ]:ﬁﬂizﬁﬂ%mwmmﬁaquuﬁﬁmulummzﬁl Nu LRNANAY 37.9% 7
Rew = -1000 Lfia"l,xiﬁﬂ'i:uaﬂqmwﬂ% MG-F 9:aadLads Nu asdszanns 15.4% nydh
ﬂi:ﬁ‘ﬂ%mwmiﬁﬁmmLﬁuﬁﬁﬁqmluﬂirﬁﬁvlsjﬁ MG-F ﬁ'um‘:uaﬂguazvl,@i"ﬁ Rew = -1000
wae dT = 10 Ajeel et al [10] @”’iﬂmmin’mmmm%amm:mm@awaammé’ﬂwﬁmﬁvﬁwu
‘vxmmTﬂ@ﬂlﬁmaﬂmmiﬂau?@ﬁtﬂuui‘@mﬁwlmﬂ@slﬁ'«nimﬂ“ﬁmijuumLﬁmlu
Iﬂsai'wﬁmjwwmﬂﬁﬁﬁw A203—Cuin 1Fiduvasinarnimn AfausaIndsunasansi
V% 0.1%, 0.33%, 0.75% uas 1.0% fensdluasasiiauaneoinllasue 8,000 19 24,000
Lm:ﬁuqmﬁ@ 5 uuy (B=15°,30° 45° 60°, 90°) LLa:mmgwadt%‘ﬁmmﬂaaﬂﬁ 3 WUy
E; = 0.2H, 0.4H uaz 0.6H gnianld dswaldlidannsdisimanuiauuazainuduaaas
Yo9TUUANAREENIINN

INNNWITHRRIULINLI nsEngmanuTeuiiinsdnsnInuu3Eigeaatavuas
NARD I@]Umﬂ%ﬁaﬁ@ﬁlﬂmmumjuL%mﬁaLﬁmﬁmvjwumﬁ&muuﬁuﬁﬁwﬁ'@ Hani e
sluunuazfiamiguuszsiiavaszasinanisdauandrenu PezlRmuTsanadonnusouann
i‘fuua:ﬁlaﬁﬁwa@iammgﬂéﬁ]waawamsﬁﬂm a:ﬂfuagjﬁ'u%ﬁmmuum"waaamwﬁuﬂ’m
(turbulence models) I(ﬂULLUU'«i']aaammﬁuﬂaﬂuﬂaqﬁuﬁmwu,uu LT (k —¢&) Spalart
and Allmaras (k- @) reynolds stress models (SST k-@ ) (RNG k—¢) az large eddy
simulation (LED) fasunalutanas [11] 1Dudn LLuuaﬁﬁaaamwﬁuﬂmﬁﬂuﬁﬁmﬂ“ﬁaglfl.u
Ta91iuda k—g%ﬂﬁmmmgﬂﬁaaNaluﬂﬁiﬁﬂuamLfluﬁuﬂwala Igszazian lwnmsdua
Tainnn uazdronilunsasenuaslddrwmalitudauldanunslnanaly dmuuuiiass
(SST k-w) vlﬁgﬂﬂ%'uﬂgdLLa:W”@umifum’L%ﬂ@hﬂmwawmum‘”aﬁs:%in k—guaz k-0
uaEIULLLFIA8Y reynolds stress model (RSM) lFiumsinadudau In1mmyu nivlna

WRILLLN LLasﬁ'ﬂ’nuLLﬂuﬂ'}ga

@
Qs

nnannIadndnluuidsd §Ipdajsiuizhnisdszilunazasunuiiaed
anutdutin k- luanwasadinan1I@nsnens 9 sunuLuusiaasnnudulas RSM
WWas IRl TwaANNAAALARE TBILUDINAEd NAANNTUTaRNINNINGaNE
MINAae993y aauisldihiauand i sudidiafnmgwadnsawansaens vauuy
Tuthuiswaniivmaldurugudnaiizesiafadianu (d) daduizezriirznineida
(S/d) UAZEAFIKITIENITENINIUINNIBENTBIRIRATATINIRINLIAWITU (H/d) VBINUN
o o 4 oA A a ak A | @ o Ly & A
nanazlwlidsz@niaiwddn ndnadanislduuudiassanuduwliund 2 model Ao

standard &k —& model ka2 RSM NazaINasianIanamaIusanat1dbs iunlslunisdns
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daudsdne 9 meluwsenwaniinuarinlysunsy [11] lagandonisdiaasmsinauuy

TR IULUUREINE WM IFTwIMN latdSauisunUNanIINaaa

>

A o 3
AN 1 YNIFYANY

XD drunusla 9 NTzer19321%319107n | v fluctuating velocities in direction x, m/s
n190anvaIiniINIINIda Wt ude pujl; reynolds stresses

v 6 1 <3
muﬂﬂtauquﬂmuﬂmwadmm,x/d u time-averaged velocity in r-direction,

HD 282119713191 198 0nuaILaan 9 m/s

v A« 1 ] v [l 6
NTILIAWITUADTINALEURTUIUENAT |, time-averaged velocity in x-direction, m/s

1839139, H/d t; viscous stress tensor

1 1 =3 1 1 1
SH 328N TENINILIAGDTTHUSHINTITWHING x axial co-ordinate, m

1J'mmaaaﬂmamﬁ@ﬁmﬁaﬁtﬁm\jwu,
S/H

Greek Symbols

. . . . o;; kronecker delta tensor
SD 722N IITERINILIGADUBIALRWNIW
¢ = ¢ dissipation
AUBLNRIVDILIG, S/d
" ) , - = | @ generalized dependent variable
H srgriitenindinnidaanvyadtaand

e de I, exchange coefficient

NWINLIANITI, m

L . U, 1, dynamic viscosity, eddy-viscosity,
S ULHWITHINIGN, m
L] & = o A kg/S-m
d  VWIARBNIUABINRNVDILIGN, (KRIDA), m
¥ H. effective viscosity, (= g, + 1)
C.;, C,., constants in the dissipation rate . s
£ ANUAWILUY, kg/m
equation “ .
, A o4 Schmidt A38 prandtl numbers V8301 @
C, fAINln k-¢ turbulence model

7; reynolds stress tensor
G stress generation

k  turbulence kinetic energy Subscripts

AP, stagnation pressure relative to ambient, Pa | © effective

P anuawady, Pa ¢t turbulence

P, Pelect number ((pudx/Iy)) i,j, k cartesian indices

r radial co-ordinate, m Superscripts and Overbars

Rep reynolds number " fluctuating quantity in time-averaging
s general source term — mean quantity

u fluctuating velocities in direction r, m/s
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2. naufiieadas
2.1 aumsv":ug'mmamimmam‘wmmﬂwa

msfanisduasveimsing faungudsi iumsiensimsiwauuuTulu
uazaaa baile, Lidmydnamainusan, lufanavasnssliunls Wuwnsiwanuudanunia
ﬁaumiﬁi“ﬁagﬁaawmsmm@iaLﬁaa wazaumadss-aland lasidsusumdinanaglu

.4 . 4 o &
Eﬂ”ﬂadmmaﬁl‘uadnm (time-averaged) muamlugmm‘u tensor @34

ﬁllﬂ']iﬂ'l’]ﬂ@ial,ﬁa\‘]
0
—(pu;) =0 1
o (pu;) (1)
= 6 6
ﬂNﬂ’]?%’]L'JU'i-ﬁI@ﬂﬁ
o\ pu;u ; P o -
u = __p+_(tl~j+z-ij) (2)
axj Ox; ij

AR AL IINNANNRIe, G aztszanandn

- Ou;, Ou;
=) 2, 0 @
ox; O
lay u @8 laminar viscosity #uAAMALAWARAET8Y reynolds stress, 7, Touatilugyl

1 & o [l 1 L Qq// o U Qs o ]
a7y GINEJ\‘]VL&WITT]J?’I”I aanuiduaasaduuuUs1aad standard & —& model 1%71’15‘1&’1@1’1

Tij
lu standard k —& model 1naw reynolds stresses azgnaﬁ”mﬂumwé’uw”uﬂ%&Lﬁuﬁu mean
{ A 1 o v Q Q Qs
strain rate 1@ 8 eddy-viscosity 1461 eddy-viscosity 9= 1A LATANUFUNUSAY turbulent

kinetic energy (k) Wz dissipation rate (¢) lagld Boussinesq’s approximation [12,13] fa

Faculty of Engineering, Kasem Bundit University Research Article




3ronssuansinuuUnuzia UR 16 aUUR 2 wOWMAU-AIKIAU 2569 5]

2 ou: ou ;
=== (pk)+u | —+—L 5
T = =5 i (k) ut(axj 8xi] (5)
I@U‘ﬁ ut = prkZ/s fa turbulent eddy-viscosity
®UN1IVD turbulent kinetic energy (TKE) & ﬁl:a%ﬂujiﬂ [12,13]

i(pujk) = i(&a—k]+G—pg (6)

ox; ox; | oy Ox;

®UNI7 dissipation rate U84 turbulent kinetic energy [12,13] ale

0 O | p Os | ¢
—(pue)=—| —=%— |+=(C,,G-C,,pe 7
x; ('D / ) axj[ag axjj k( el 22P) )
‘fid G W generation rate of turbulent kinetic energy ?sz‘ﬁl PE 1% destruction rate lag

G i
. Ou; )
G = p|| 2 2|0 8)
ox; Ox; )ox;

AUBLLIAFIRILAGENG 9 DBd turbulent NlNaNIFIANTAMN LGN wall function lasdiaasf
ANLITDINURUNIAN JNRIUNTAINAD o, = 1.0, 0, = 1.3, C,; =1.44, C., = 1.92 U

' a A
Cu = 0.99 \uenasil Talae g, = 4, +u

2.2 Reynolds stress model (RSM)
31N Reynolds-averaged transport equations 813NTARARIENENATL 7, [12,13] UAI9A

suvasmunIdng 9 ldlwaidu

aTij 6(ukrl~j)

s A = G, -D.+D; +¢; 9

ot ox, voow ©)
—— Ou; - Ou:

Gij = pPij = ~| pujuy —+ pu i - (10)
axk axk
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. pe( T 2 2
@l] = —CI7(MZ-M]< _Ekay)_CZ(GU_EGé;]) (11)
o
p, = =0 || He |2ty (12)
/ ox; |\ or ) Ox;
2
& = §p55l~j (13)

lasi G;; = local production, ®@;; = local pressure strain, D;; = net diffusive transport, ¢;; = local

dissipation tensor 1as C,= 2.5, uaz C,= 0.55 Wlueasf [12]

2.3 siuvwuirldzassamsauas

nauMdsayRuinnanTdunnaanIa Tl oulugduuuinasgiun
U5znaual8Lmay convection, diffusion, Was source terms [14,15] RTUMT I luaaIfia o
aadia bl

' A PR ¢ A

A1a9Nlu turbulence model AANasilasi o, =1.0, o, =1.3, C,, =144, C,, =1.92,

Mo =t +H

2 2 2 2
S e ) e
Oox or r ox Or
0 1 0 0 10 0
(pu¢)+;(rpV¢)—g(F ¢)“—(”F¢r a_f] =5 (15)

a ¢x§ ror

laof ¢ ludrdaudsla 9 awaams 7, waz 7, wfouudasanedn ¢ uaz S, du

source term MWILMEABLAVRIAN Ty, [y WAZ S, NIAN ¢ 619 9 nnuaadluan TN 2
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A1319N 2 @hasqﬂwaaaumimnqu

Conservation of P Iy Iy, Sy

Mass 1 0 0 0

R-momentum u U, U, Q( @j+i( @J_ﬁ( L2 kj_zﬂeu
ox\"“or) ror THe or) or P 3p P
0 ov) 0 ou) 0 2

v He He — — |+ — _— - += kj

8x('ue 6}’] r@r[r'ue 6r] 6r(p 3p

Turbulent kinetic k /oy | u,/o, | G—ps

energy

Co e e
TKE dissipation Rate | ¢ M./ o, | u,/0o, (C.‘:]G)% —(ngpg)%

2.4 Discretization a3d&dnN19
Discretization aumw”wm”uvlmﬂﬂmi‘éuﬁmmawmimuqmaamﬁ‘aﬂ‘%mmmuqu f

= 1 a o v [ 1 o 1 d‘v
insutiseanidunia ﬂﬁl%ﬂ(ﬂizﬂﬂ FUNIBUINIY I avl,ﬂu

apfp = agPr +aydy +aydy +asds +S (16)

aun13f (11) Hazlduranaunns discretised diffusion term va48un1IAILAY Lavld
central differencing scheme 283guNMIAILANUUILlIA1IN discretise ldlasasilunis
a f::?az o . L)
AANERUABIDAE upwind scheme [15] LU DY

Upwind schemeld#n1vd3z8nm46i1 convection flux ﬁﬁwaaﬂ%mmmuqﬂmmﬂ%

1 upstream manInilowduzvasaumaduduldidu

_ ¢P pue>0
¢e—{¢E <0 (17)

3. 3ABNMIAUBWBAITIVY
3.1 ANEMIVAULVAVBINIUNTHN

A o a e o 2 IS a
ﬂrymﬂmm’smﬁmuvlﬂ U1INNIINA[DI ‘D‘GLﬂuﬂ’liﬂﬂﬂa\‘]I@lﬂﬂﬂiaﬂﬂl aa"l,%a N

[

SananuToIWITUIEY Saad et al [16] W1A1619 9 1nluzui 1 lasvadlnandadaaime

w2
‘ﬁ'qmﬂgﬁ 26 °C ANLSNRRLVEINITAN V;=16.576 m/s 4f1 Re = 11,000 p = 1.225
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kg/m® uaz x4 = 1.789 x 10° kg/m-s, lumsdraasmnuaiduiiugudnasvediia (d) = 10,
13.3 mm. 52HLH19TERTIN9E0 (S) = 80, 79.8 mm, 5xHZH19TERINIUINN1908NVRILT AT
Nﬁfoﬁlﬁm\jwu (H) = 160, 212.8 mm, LilafadudaswmdAsunualdesdaluil, sD = s =
8, 6, HD= H/d = 16, 16, SH = S/H =0.5, 0.375 (7']’1&](7’]’]5’1\1"?]' 3

ATWN 3 LRAIFIIWIANNAN LT lNIINa8ad

d(mm) S/d H/d S/H
10 8 16 0.5
13.3 6 16 0.375
X

outlet outlet

inlet Vj inlet

h

H o 1 [ 1
U1 anBmeINITHAVBINANIIANITK LAz Computational Domain

Tumsiianeziinaasmsinaluiiiesldidawlaves symmetry uuy 2 §& Amaduiu
wuudaud1nnusa (velocity inlet) mesanidunuuanusuussenme Sawlaveuiniiaria
HTIeuT9 meiseuunsazanatdwuuulianlos ausy u uar v anuRiian 4 dud
Adugutduazlsd wall function Tunsd sz mandunnsfilnanis wasdnsldiusdiniy
y+ & 1.6 Aaanuussln&us LﬁaLm”ﬂmum%umwwmuummL‘%zm (y+<5) AILaAIL%
3ﬂﬁ1 st computational domain 9zl ResasaLde TatuuaztusilElumsnu s win
38,400 t Tufitazaulamsdnaasluzaoge x/d = 0 s 12 uaz vV, = 0 fis 1.2 Gowaitldaz
W3R UNUKNAINNITNARDS [16] LAZHILFAINAVDS contour plot LW stream function

LRV vector plot @8
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3.2 NIEUIBNIIRIAADY

miﬁﬁujaﬂu‘ﬁlﬁ aumimmﬁwmnm (time averaged Navier-Stokes) luawmiﬁ (1),
(2) 8¥UN17 turbulent kinetic energy (TKE) Iua&lﬂ’li‘ﬁl (6), ®UN17 dissipation rate U84
turbulent kinetic energy Tuguny (7), suN13 (4) #193U standard k—& model K3aFUNTT
(9) #%3U RSM ﬁ]:gnuﬁaumﬂ@ﬂmﬁ'ﬁ%mﬂ%aﬁuamﬁﬁﬂndw 38msuSanasiuiiies Tag
=19 SIMPLE algorithm [14,15] lumsusnanudunuingdenuszninsanuauiuainuiia
ezt alelunTe U390 §9% upwind scheme 9=14lunn7 discretise Lna convection
Uae tnad diffusion 30N discretise las central differencing scheme U%ﬂ%@‘ﬁluﬂumu
staggered lunsuiszuuaunsfiiaduasldinafinuas35n13 TDMA (tri diagonal matrix
algorithm) WL line by line sweeping lun13wid1aay [12,15] AeuRilaasils Gen 12"
Intel(R) core I7 processor (14 threads) 20 core CPU 2.70 GHz RAM 16 GB

a & a

4. wWanIILAITHLazanily
41 NMINTFBUANNLTWIATTVDITIWIBLAY

MlalasnsiRusiwiwiaslUizas 9 awnTzNINItRuITwIBLuT llFINada AN
a o = A a ' @ A X
Aened nuuudmesalunitaziianziandianudu AR, (Pa) 19 stagnation pressure
\Walds1wiwius 5 afe 4,293 LT 9,825 LT 19,494 Lue 38,400 LUTUAZ 74,000 LUT NNHA
maIsuifioy dsuaaslugd 2 wodenudu ag  (Pa) ddranuuandradasadiials
o X o A Yo & A ° [ °
Fmwzanndu aydlddinmdenldiwnae 38,400 AvisawadmniumMITIRe

100

80

60

0

|

Ap (Pa)

40

20 I T N T [ T T N N T T T T [N T T T T [N T T T T N T T T T N T T T T B Y S B 1
0 10000 20000 30000 40000 50000 60000 70000 80000

Number of Mesh

{ @ A ° y ) o J [
gﬂﬁ 2 N1IATIRFDUANNLT WD ATLVDITNWIBLNTN TR TUAIAMNAK 4P, (Pa)
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KanMIiaTEmTinauuuTuhuifinsinaldenssulavordoaunagaaaias
$10MU standard k—¢ model uaz RSM pnianuaaslugdvadldsiWdanuianauuwiuny
89 VIVj AINTHUUIA d = 10 mm, 7 s/d = 8, H/d = 16, s/H = 0.5 UazNIIUIA d = 13.3
mm, 71 s/d = 6, H/d = 16, s/H = 0.375 N&ILWIIA1Y 9 (x/d) ﬁ'm:ﬂzmmgd(H) YpITOINIT

P \ ) a a ~ ° = a
nasanfiuand19nu (2d, 4d) uaslimalSouifivunamduwimanuiuais oy, o
WwISAN (r/d) aInazuaasaa lu

3U7 3(a), (b) NANINIWIBTWING standard k—& model LAz RSM LABUALNANNT
NaaadNld upwind scheme s1uAuime lasNanTannsdiswa d =10 uaz13.3 mm nngy
7 3(a) N34k d=10 mm uaaslUslngrasanusmesanuaiinasfnlainn1InIzaNea2An
YINAINNMINWNEY standard k—& model Laz RSM 71 laRANUAALAREUAANAIANNKA
MINAR8INI 2 models U@ standard k& —& model namIvwelndlfssgaandasnunag

A A < P v a e oa,
MINARBINTIIZOL X/d = 10 - 12 WANUT v/ 7; Neanunanununanavadadsiidime

4 4 a A ' = v o ~ :
MNFUILRUD mamumnmu"l,ﬂmmmnnzslmaunﬂwL1_|mmumaaanmnwamiﬂ@aad

'
a a

& X a o @ oA & {
LLﬂz"ﬂ’]ﬂuuﬂGﬁqGLWNNWﬂT%aﬂ@WNaW@U%%ﬁG@ﬂE]@ﬂ']ﬁ"ﬁ'”’ﬂE]\'lﬂ')qill.?)ﬂaﬂG]E‘l@lax‘]"i]uﬁ\‘]ﬁ

] (2
'

A = ' o
x/d =0 maﬁqﬂﬁﬁmmwmn v/V; =0.715 Uazu8d RSM v/, = 0.78 RIUNIINAFDI LA
v/V; = 0.6 unzlugiud N3UN 4(a),(b) uaz 5().(b) LHWLEAINNT AR stream function LAY
vector°uaamwm%aﬁvﬁaaaﬂmmnﬁ'faﬁ@]ﬁﬁwﬁaﬁmuu FRANIILWILANNATI by LT
LLmLé”umaLLazLﬁ@msﬂi:maLmnaan@ﬁuiﬁaﬁauﬁaxvﬁwuﬂi:ﬂuwff&ﬁmmaLLa:aTdﬁﬂﬁ
Lﬁumﬂminimamsvl,mmqlmuleiLflmzl,ﬁwmaaamumﬂm sdsznavlundiengy
o A ' A A ° ' & Ao a o A '
aumﬂgﬂmﬁmmmmmmamﬂq@mmemwm‘ﬂmm‘mmmwm"lmvgama"l,ﬂLf]u
= ’~ A 4dy . 4 ° @ a
AU ULILAWNAIa 0N M USI NN Lasdsnad Inarinnis Iva laatnigzaintaz B e
a o ' % & A & a % o Aoy
inusndrvasmilnaliinnuazdsanuiifigifiiioanalgldianziumalnandudau
athasuyalyad standard k- model ANUMTIAAWIIINNITS L6 bW LTI IRl A TES
TauNl Tl un1TAIUIMHALN Y ILA 2 FNATITLYINTY §2W0LUL RSM TEnunT manaudani
ms"l,%am:uamwL%muqm"muga ANNLWITATUATLWIRUAE dwraslasldauian
3Fluaa® (reynolds stress) laania'ly 7 aunng autuangduouansusdywinuniua:
NAT bINNIT31889N9 2 model AL LAITNANIIF180IlALUS standard k—& model 6N
ANNLIITIAN NI REIIREAARDIINALALILRRY 89.67% &% RSM 87.43% LialNauNUNg
MInaad [16] uazgdf 3(b) n3dh d = 13.3 mm luslwdanuiiununanvesianaannd
n' U a Y a n' :3 Qq: 1
Suduwnsdaaanu azldanmuAawa IR NINTRNT 2 models ANTIITEYL x/d = 0 - 12

LL@iLﬁmj”a;&amnmiwmaaﬁﬁagjil,wi“ﬁ’m x/d = 0 — 4 lauNdurig x/d = 4 A1a2NL3289
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k—g, v/V; =08 usz RSM, v/V;=0.84 faumInaaadle v/V;=07 Ll,a:anngﬂ‘ﬁ' 6(a),(b)
Wae 7(a),(b) LFULRAINNT AR stream function Was vector °uaa@mwL%ﬁvjaaaﬂmmﬂﬁ’;ﬁ@gj
PRI ﬁﬁﬂ‘maLLmLmuna’mvl,ajLﬂuLLmLéfumaﬁﬁmm@lmy’Lm:Lﬁ@]msm:mmLm
aaﬂéﬁmﬁa"l,aj@iaﬂLﬂmmﬁﬂuﬁauﬁazvﬁmuns:ﬂuNﬁfdﬁmma NINNINNTHUTN A1NNT
AargrnaszsuiisginainaunisnIsdiwImadluieatnlawnydinsn LaZEIURILS
AsLitasanuwna d 3282 S waz H Awnnndansdiusn vldszoznisdaanwadaun Saniiad
Qﬂﬁ@ms:wuﬁ"lﬂaﬂ’j’nﬁuéfiaNaﬁLﬁ@]ifuﬁwa@iawqaﬂﬁmadé’ﬂﬂmzmﬂmmawaavlviamaa
RUINANT bAA LLa:SnmqwaﬁamLw*n:msa“ﬁaLmﬁﬁmmauﬁmmﬂ*ﬁu UINIAGEBIN
Junadnafitiaduannaaulsdass (DOF) ﬁ]:mmmLLfTﬂrymVL@TNaé'Wﬁ‘ﬁgiLﬁngjﬁﬁmau"l,@i”ﬁ
ANNIIIIWUTARINUNI INNRANMTINRaINIFoILUUI aasnNuTul i i i
EﬂLLumm:é'anzmaagﬂuuumﬂmmawaa"l,mﬁaum]’ﬁLLa:aaﬂgjamazmsmmﬂmaa
@aa@ﬁ]uiﬂivlvdﬁﬂﬁivlﬂamawad"l,mﬁLﬁ@mS%gmmﬂmanau@laamummﬂﬂé’ﬁmaa
naaimslwameluiudidnne wazwuitnan1ss1ae9ues standard k—s model 9:8AW

uludzaansadlnfiAsaaiy 93.97% &% RSM 91.31% ialfigunun1imaaasd [16]

1.2 T T T T T T T T T T

L 2

= .
E . %%‘M‘
- T
W * *
E ‘.
=~ * LJ
z
1)
2
g —&— measured [16]
—_ —0— k- upwind
E —a— RSM upwind
=
d =10 mm
00 (AN NN NN NS NN E NN SRR FNENE AN NN NN FNEN]
12 11 10 9 8 7 6 5 4 3 2 1 0
x/d

(a)

3 3 nsmluaaslUsiignsdfauudasanaSiaauuuiunwnarszanda waan
N1IATBIMV DY standard & —s model Laz RSM LUI S LAY UNVNAIINATT
naaas[16] Tag (a) 2141Ad =10 mm, 71 s/d=8, H/d=16, s/H=0.5 (b) 2w d =13.3
mm, s/d=6, H/d=16, s/H=0.375

UNADIUDNY ANU:IADNSSUANANS UM3NYNAUINUUULUAQ




ﬁﬂ Kasem Bundit Engineering Journal Vol.16 No.2 May-August 2026

1.2

1.0%

L &4
o tet R 8y .6‘6‘33

— A
2 ‘%O‘%aé%ﬂ‘
= r *e O\OOL‘A
o 08r * . U
r .
El .
Z ost
5 L
£
) L
_;: 0'4_' —s— measured [16]
.8 —— k-g upwind
< ool —a— RSM upwind
i d =133 mm
00 -ll||I||||I||||I||||I||||I||||I||||I||||I||||I||||I||||I||||
12 11 10 9 8 7 6 5 4 3 2 1 0

x/d
(b)

311 3 nsluaaslysiignsfauudasanaSraauuuinnwnarsnasnsa waan
N19ATMIIMV DY standard & —s model Laz RSM LI Ut NgUAUNAIINNTS
naas[16] Tag (a) 2u1ad =10 mm, 7 s/d=8, H/d=16, s/H=0.5 (b) 2w d =13.3
mm, s/d=6, H/d=16, s/H=0.375 (f18)

LHFULRAINNT AR stream function WAz vector plot maamwﬁ’sgﬂﬁ 4(a), (b) ﬁdgﬂﬁl 7(a),
(b) ﬁvjdaanmmnﬁaﬁ@ﬂﬁﬁmﬁfoﬁmnu fAameumannunansliiduuwduaseiouiiay
vg'a’num:‘nuwﬁl‘i@i’mdnﬁamaﬁmme”dﬁﬂﬁm”ummmimzuamﬂ%a%qmuvl,mflu
sfauns 3 29 azfyaguinadunibinmamywisuand s laiwilawiu ilasananmslna
maalﬁmaaﬂmmﬂﬁaﬁ@LLﬁaﬂamuﬁuﬁaﬁq@ﬂuﬁﬂma(stagnation point) Lﬁ@ﬁuathmm
V\é’amnifmﬁm:Mauuﬁuﬁasaug@ﬁqmﬁo meluusnmiteziaanussvesnislaa
Hasanmadasuiianisnislnasaadnegionziuiunssannssuuaziianszualng
sanluduthsuazaziiemaTuiusssdansfiaanwiiosannidadl 2 wanazazsauaan
wWaswdumslnadendulunsssuuninisean 2 ga9ms saunszuamslnaieanlsleas
Lﬁﬂﬂ:lmvlmmuﬁa:LiﬁuﬂwauﬁumﬂmmaaLﬁ@ﬁaijuﬁuﬁaﬁﬂﬂ%

Eﬂﬁ 4(a), (b) LHURNIUBITNTEUENNT IMa2BS steam function Wag vector plot 299NN
unaanmiswimlas FOU scheme uas standard k—& model 31@fl d = 10 mm 9=
mwuqmwé’nvfe 329 ﬁﬁ;@quﬂ‘ﬂmw‘hmemmqmuagjiﬁ'ﬂs:mm x/d = 6.4, 6.3, 6.42 71
r/d = 3.6, 12.2, 19.7
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inlet outlet inlet outlet

0 2 4 6 8 10 12 14 16 18 20 22 24

Eil‘ﬁ 4 (a) contour plot @49 stream function (b) vector plot 224 A713L57 WA NS
AwIwlag FOU scheme was standard k—¢& model 2114 d =10 mm 7 s/d=8,
H/d=16, s/H=0.5

Eﬂ‘ﬁ 5(a), (b) LEURIUTITAT LAAVBY steam function WaE vector plot 22IANNLTT WA
NNsAuImlas FOU scheme Wag standard k—& model muﬁ@]ﬁl d =13.3 mm azin13
%qmuﬂé'ﬂvfa 319 ﬁq@guﬁnmd@‘hmequmua%iﬁ'ﬂs:mm x/d=28,7,8.82 A rd =
2.41, 9.6, 14.6
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inlet outlet inlet outlet

16
14
12
10

x/d

(= N = ]

r/d

S
i

L

g ;”uf‘_,m‘
PP LI

(b)
gfd‘ﬁ 5 (a) contour plot a4 stream function (b) vector plot 284 A5 HARINNT
AW m‘[ﬂﬂ FOU scheme LLa e standard k—& model 2416 d =13.3 mm 17';
s/d=6, H/d=16, s/H=0.375

gﬂﬁ 6(a), (b) LHWENUTITNNT LARTEY steam function WaE vector plot PDIAINLTI WA
ANNNIATWIILAE FOU scheme Waz RSM U11a7 d = 10 mm ﬁ]:ﬁmwgmu%ﬁnﬁ'ﬁ 379
ﬁﬁyﬂﬂuﬁﬂmwﬁwLmﬁmwmgmuagﬁﬂizmm x/d = 7.3, 6.4, 10 1 r/d = 4.81, 13.6, 19.6

Faculty of Engineering, Kasem Bundit University Research Article




3ronssuansinuuUnuzia UR 16 aUUR 2 wOWMAU-AIKIAU 2569 /l

x/d

x/d

16
14
12

(=R . )

16
14
12
10

(= R = )

inlet outlet inlet outlet

o 2 4 6 & 10 12 14 16 18 20 22 24

0 2 4 6 § 10 12 14 16 18 20 22 24

r/d
(b)

{ <
gfl.lﬁ 6 (a) contour plot 284 stream function (b) vector plot 283@7313L32 NAIINNIT

fuwrmlng FOU scheme az RSM 2110 d = 10 mm 7 s/d = 8, H/d =16, s/H=

0.5

E'ﬂﬁ 7(a), (b) WA U TITNNT LARTY steam function WAE vector plot P8IAMNLTT WA

NNMNIAUIMla8 FOU scheme Laz RSM au1afl d = 13.3 mm ‘ﬂ:ﬁﬂ’]i%&!u’)%%é‘ﬂ"(‘ﬁ 3

29 ﬁq@guﬁﬂmd@hLm‘bi,amimqlmuagjﬁﬂs:mm x/d=7.4,6.7,88Nrd=3, 94, 14.82
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inlet outlet inlet outlet
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x/d 8
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16
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6
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0

(b)
gﬂ‘ﬁ 7 (a) contour plot a9 stream function (b) vector plot 2a4 A21ML57 HAINNT

A1 Imlay FOU scheme hag RSM2%#1a d = 13.3 mm ‘ﬁ s/d=6, H/d=16,

s/H=0.375

mngﬂ‘ﬁ 4(a), (b) 9 7(a), (b) ATZUENNTIARVEY steam function AT vector plot ﬁlv\i\‘i
aaﬂmmnﬁaﬁmjﬁﬁwﬁfa@i’muu ﬁﬁﬂ‘maLﬁumslmiémﬂ%'umsvl,mLﬂuﬂﬁcjum:mﬂadm
ANUWILNUNANUAENITUN IENURIIA U IR sanInszauanaan’ly
dughadn 2 nasuafiams deshutroazlns luauriadusauss ldsnzauiunszuans
Twasndonitsfiinanslnansstrunuvesdnidanits ldiAansnauiusesvaslne
swasnmintouasimslnadausanvrsnnfanisdulufianstrsun Snnasafia

v 1 o Y Aa a I n:' ;&1 s 1
M3 lranuuTwlaurin i Aa N INENNTLENIT IR AT AN ULT LTI A NA% Inaaan LU d3ta

Faculty of Engineering, Kasem Bundit University

Research Article




3FdnssuAsiNuUUnUZa UR 16 aUui 2 wnunAU-AvmAl 2569 /3

Masan@Inisnsenuuns s1ufilnasanlirufszaunauinmutunszuasgssnasnan
wdadaly daum:uamﬂmaﬁaﬁwumw:vlmvlﬂﬂzmmuﬁ'swﬁqﬁm?‘f'}auazgﬂﬁaﬁulﬁ
nszuamslnaiifemsnatuldrsunwlnasanlls it 9n19e e nAINEINTIT UL GaTiuas
Lﬁ@ﬂﬁﬂgmscﬁmmams‘lmLmumgmu%mmosaug@ﬂuﬁﬂmamﬁauﬁuﬁa 2 model
nIii d = 10 uAz13.3 mm.
PNHAMINNBATIMUAVIAIUNAMFN TV AT anTwsaILuLTaa Al
Tuthumigessiie wuuanudutiu RSM azldaaaindouannnit k—s model lisnnin

WalNBUNAUNINARa [16]

5  ajduanisivn

matssemMIIlanzissLuUassauiudin smsumsrhwemslnalay standard
k—& model uaz RSM N3l d = 10 uaz13.3 mm WisuiumaMINaaas WUUNGUIANITU
Tunwusssaluil

1) NUMULFIR0IMIIATIZARLY 2 §8 T HamIvnwesennsaInUNANITNARS
Tasuuusassanuiiulsuuy standard k—& model saandasinatfpsdinin RSM

2) FunaledusimianuazndIaanIznUvaINT e N3 d = 10 mm WUY standard
k—& model A HLFUTBTIINTZUAN T IRAWIATWURILNUNANATININHIAAUAZ T INS
aaﬂvl@‘fma@'hLmﬂ,m]“naamJauL°um:uuLLa:Lﬁ@msvlmaLmU%gmu%a{]?1Lﬁumﬂ%mmu
Tuthuladniuuy RSM

3) N3k d = 13.3 mm UIWUAULAZRAIIANTZNUVBINT NG ¥4 2 model 2z liduans
sInszuanIansnsznseaulagliasiauuwunuannimdauaziianszuansivanuy
%uqmu‘ﬁmmomm@vl,&iLﬁﬁﬁ'uﬁ@‘hmeQuﬁﬂma?ﬁﬁmu 330 ToazdamadaninsaLiu
VS umsA i asMItnsmanu3on

4) wussase ULy standard k- model saanaasldlnalfinsfinin RSM
‘ﬁ'"ﬁaaqﬂu‘%nmmuLLmLmué'uﬁwgﬁmﬁmﬁaammnﬁaqmws‘hLmuﬁﬁaﬁ@ﬁnmiﬁm 89
"lmvg'ama"lmﬂummL%’amuLLmLmunmaaaﬂvl,iJ‘u'%L'amvﬁuﬁida%aﬁmwsﬁwﬁauv\%a
mnwnéﬁmadnﬁvl,m"l,sju’ml,l,a:ﬁwmml,%aﬁgaLﬁmwalﬂﬁmww:ﬁ'ﬂmﬂmﬁ'ﬁuﬂm
asi'maugszﬁm']ifmm standard k—& model AFULAFUNIIWSINUIRT K UAZNINTZAY
yosnuTiulan & §IMuUY RSM ‘L%ﬁums"l%aﬁ%u%auﬁmﬂmmummmL%amguﬁwga
auumTadiuazumaung swmlasldanuiduisdluada (reynolds stress) lasass Las

MIFWI MDD FUATNNTVUEI (transport equations) F1ATLANLAULTE [ AR FUARZEIU
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ABSTRACT

This research aims to improve the efficiency of the production process in the food industry
by applying Lean Six Sigma concepts along with digital systems and automation under the
DMAIC framework. The research employed a single-case embedded action research design
in the case study factory, analyzing the production process using Value Stream Mapping 4.0
to identify losses in the process and establish key performance indicators. The study found
that improving the production process by incorporating automation increased productivity by
430.87%, reduced waiting time from 39.50 seconds to 10.80 seconds, decreased lead time
by 56.25%, and significantly increased the production process capability (Cpk) from 0.40 to
1.55. The implementation of automation and digital data integration in operations also
enhanced the continuity of the production process flow and reduced system losses.
Additionally, an economic feasibility analysis of process improvement options using financial
indicators such as net present value (NPV), internal rate of return (IRR), and payback period
showed that the investment in process improvement was justified, yielding a worthwhile
return with an NPV of 22.20 million baht, an IRR of 30.70%, and a payback period of 2.64
years. This research presents an integrated approach for developing production process
efficiency, which can be applied as a model for industries with similar processes.

KEYWORDS: DMAIC, Lean Six Sigma, Digital Automation, Productivity, Food Industry
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WIND LOAD CALCULATION OF LOW-RISE BUILDINGS WITH GABLE
AND ARCHED ROOFS BY WIND TUNNEL TEST
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ABSTRACT

This study investigates the wind pressure distribution on low-rise buildings with gable roofs
at 18.4° and 26.7° pitches, and a curved roof with an equivalent pitch of 18°. Experimental
tests were conducted using 1:80 scale models in a boundary layer wind tunnel to evaluate
three aerodynamic characteristics: (1) local wind pressure coefficients, (2) surface-averaged
wind pressure coefficients over each entire building face, and (3) area-averaged wind
pressure coefficients corresponding to specific tributary zones on each face. A Voronoi
approach was systematically employed to calculate the tributary areas. The findings reveal
distinct differences in aerodynamic behavior between the gable and curved roof
configurations. For gable roofs, the surface-averaged wind pressure coefficients generally
align with the provisions of DPT 1311-50 and ASCE 7-22. However, within the critical
zones of the 18.4° gable roof, the DPT 1311-50 standard underestimates the design wind
pressures for components and cladding (C&C) compared to the experimental results,
whereas the ASCE 7-22 standard yields better agreement with the empirical data.
Furthermore, this study contributes to the fundamental understanding of wind-induced
pressures on curved roofs, addressing a significant gap in the DPT 1311-50 standard
where provisions for such geometries are currently lacking.

KEYWORDS: wind load, low-rise buildings, wind tunnel test, wind load standards
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Comparison of Cp on Line C at 90° of gable-roof low-rise building
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Comparison of Cp on Line E at 45° of gable-roof low-rise building
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Comparison of Cp on surface 5 of Gable-reof low-rise building
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Comparison of Cp on surface 5 of Gable-roof{18.4°) and Arched-roof low-rise building
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Comparison of Cng on Zone C1 of Gable-roof low-rise building
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Comparison of Cng on Zone C2 of Gable-roof low-rise building
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Comparison of cpcg on Zone S1 of Gable-roof low-rise building
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Comparison of CPCg on Zone S3 of Gable-roof low-rise building
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Comparison of CPCg on Zone S2 of Gable-roof low-rise building
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Comparison of Cng on Zone R of Gable-roof low-rise building
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ABSTRACT
At present, decorative ceramic products manufactured by ceramic community enterprises
face problems related to limited product variety and the inability to respond effectively to
consumer demands, which affect both market competitiveness and product value
enhancement. Therefore, this research aimed to design and develop a ceramic aroma lamp
reflecting local identity by applying the Quality Function Deployment (QFD) technique to
systematically translate customer requirements into product design guidelines. Data were
collected from a sample consisting of customers, ceramic product users, and ceramic
manufacturers in Nakhon Si Thammarat, Songkhla, and Phatthalung provinces, totaling 105
participants. The research instruments included questionnaires and in-depth interviews. The
collected data were analyzed using descriptive statistics, including mean scores and the
prioritization of important product attributes through the House of Quality (HOQ) matrix. The
results revealed nine important product attributes for product design, including product
aesthetics, price appropriateness, crack-free characteristics, product dimensions, color tone
selection, local identity, product lifespan, product patterns, and coating durability. These
attributes were subsequently utilized in the design and development of the product prototype.
The customer satisfaction evaluation indicated that the overall mean satisfaction score for

the decorative ceramic product was 4.58, with a standard deviation (SD) of 0.19, representing
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the highest level of satisfaction. The findings demonstrate that the Quality Function
Deployment technique can be effectively applied to the design and development of new
decorative ceramic products that respond to the needs of ceramic product users.

KEYWORDS: Quality Function Deployment, House of Quality, Product Design, Ceramic
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Pareto Chart of Technical Requirements
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ABSTRACT
The feed manufacturing industry plays a critical role in food security and economic growth
in Thailand. However, production processes continue to suffer from inefficiencies, particularly
overfilling losses, which result in excessive material consumption, increased operational
costs, and excess carbon dioxide gas emissions. This study aims to develop an Integrated
Sustainable Portfolio-Green Lean Six Sigma (ISP-GLSS) framework that strategically
integrates three key dimensions: (1) product portfolio strategy using the Lam'%ﬂﬁ?ﬁ‘ﬁ,
(2) process performance improvement through Lean Six Sigma tools (DMAIC, SPC, and
DOE), and (3) sustainability assessment based on Green Manufacturing principles and the
United Nations Sustainable Development Goals (UN SDGs). A case study methodology was
employed in a terrestrial feed manufacturing company in Thailand. The product portfolio
analysis identified swine feed as the most strategically significant product in terms of market
share and growth, which was subsequently selected for process improvement. The results
demonstrate substantial performance improvements, including the elimination of
overproduction and defects, an increase in the Sigma level from 2.07 to 5.88, and an

enhancement of process capability (Cpk) from 0.19 to 1.46. Overfilling losses were reduced
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by 7,986.69 kg per month, yielding an annual financial benefit of 1,245,923.25 Baht and a
reduction of 83.65 tonCOge per year. The findings confirm that the ISP-GLSS framework
effectively integrates operational excellence with environmental sustainability and contributes
directly to SDGs 9 (Industry, Innovation and Infrastructure), 12 (Responsible Consumption
and Production), and 13 (Climate Action).

KEYWORDS: Business Strategy, Lean Six Sigma, Green Manufacturing, Sustainable
Development Goals: SDGs
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6.2.2 IANITU2WN1T (M, Measurement Phase)
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Tasfi USL =
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0 =

i)

USL — —LSL
Cpk = min “, a (3)
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Aveuauniisansyle (Upper Specification Limit)
faauiwasefisaniule (Lower Specification Limit)
Gi’lLﬁﬂ\‘iL‘LImJ’Wlig’lu (Standard Deviation)

ALade (Mean)
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mﬂmm@!ﬁﬁaaw”@umﬂ%'uﬂyLm’”lm ﬁ’]uﬂ’]if@%zlfﬁzUUﬂ’JquﬂSZU’Juﬂﬂiﬁ;\iLLR:
U968 LmugﬁmuqumaaﬁaLLa:'?m‘ﬂ:ﬁ@hmmmmsnﬂi:mums FULATDITNTA
@h‘wn:ﬂﬁma%naal,ﬂ%aa“ﬁ"amsaﬂmjﬁmm:auﬁ'ummsqﬂs las3n388nluLNINARD S
wuuunnnasuaniall LLazmﬁme:ﬁm@hﬁmmmuﬁ'ﬁﬁﬁgﬂ ewaaauds SPL uaz
SPL Int LLa:mwL%ﬂumsusiqﬁmm:amlum:mumi faﬁwﬁmm:mmﬁmmsqm 39
duTesoianfidnsdeanuuindiuazmaiainingwin doduneuwdiamzinis
2ONLULNNSNARSY A1 SPL t¥1AL 10, SPL Int t¥nU 5 was Pack Speed 1Ny 20 lag
ispldeanuuuminesesduuuuunnnaitos 2° (3 ast x 2 52av) 3 51 24 34 lawd

AR LN UL TR U WD ILRAITEAUT AU LATLHUNNTNARDIAIANTINN 5 LATANTIN 6

P o o A a a K
M1IWN 5 ﬂ%aﬂllagizﬂUﬂim%ﬂqiﬂﬂaadﬂ']iaaﬂu,'ﬂ'ﬂﬂ']i‘nﬂaﬂﬂL'ﬁ\?llwﬂﬂaliﬂa 2

WUU 2 52U

. szauilavy .
99n ; Nibag
an () g9 (+)
SPL (Set Point Low) 1 10 Alansu
SPL Int (Interlock or Interval) 5 60 NI
AMATIUNIUITY (Pack Speed) 10 20 Qedamfi

Faculty of Engineering, Kasem Bundit University Research Article




3ronssuansinuuUnuzia UR 16 aUUR 2 wOWMAU-AIKIAU 2569 ]65
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StdOrder RunOrder PtType Blocks SPL SPLInt Pack Speed
23 1 1 1 10 60 10
9 2 1 1 1 5 10
17 3 1 1 1 5 10
5 4 1 1 10 5 10
10 5 1 1 1 5 20
11 6 1 1 1 60 10
1 7 1 1 1 5 10
13 8 1 1 10 5 10
3 9 1 1 1 60 10
19 10 1 1 1 60 10
14 11 1 1 10 5 20
12 12 1 1 1 60 20
2 13 1 1 1 5 20
18 14 1 1 1 5 20
24 15 1 1 10 60 20
7 16 1 1 10 60 10
20 17 1 1 1 60 20
15 18 1 1 10 60 10
21 19 1 1 10 5 10
8 20 1 1 10 60 20
22 21 1 1 10 5 20
4 22 1 1 1 60 20
6 23 1 1 10 5 20
16 24 1 1 10 60 20
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General Factorial Regression: Weight versus 5PL, SPL Int, Pack Speed

Factor Informacion

Factor Levels WValues
5EL 2 1, 10
SPFL Int 2 5, &0
Pack Speed 2 10, 20

Analysis of Variance

Seures oF ndy B85 mdj M5 F=Valus P=Value
Model 7 0.00%372  0.00L230 67.22 0000
Linear 3 0.0009E3 0000221 16.12 0. 000
SPL 1 0.000E00 0. 000800 30.132 0. 000
FPL Int 1 0.000182 0.000182 &.11 0. 008
Pack Spesd 1 0,000132 0,000182 8,11 0. 008
Z-Way Interactions 3 0.,003008  0,00L003 50,36 0.000
SEL*EPL Int 1 0.,002321 0.002321 11€.52 .00
SPL*Pack Speed 1 0.003E00  0.000800 3I0.13 0.000
SPL Int*Pack Speed 1 0.000088 0000088 4.43 0.052
I-Way Interacticons 1 0.005400 O0_005400 2 271.13 0. 000
SPLYEFL Int*Fack Spesd 1 0005400 0.005400 271,132 0000
Error 16 0.00031% 0,000020
Tozal 3 0.00%6%0

Model Summary

5 B-=g B-sglad)y) B-sglpred)
0., 0044628 S2&6.71% 85 27% 22, 60%

{ ¢
U7 wamsarzianaudslsan

ﬁnﬂgﬂ‘ﬁ 7 ugadimyiansdanuudsuunwuingdadunan laun SPL, SPL Int uas
Pack Speed ﬁﬁwﬁwa@ia@hi{mﬁnmﬁ;aﬂﬁdﬁﬁfﬂﬁ%ﬁﬁ'{gﬂnaﬁﬁ Tas spPLiduilasndis
§w§wa§o‘ﬁ'q@ U BYRINNITATIIRAU AN UL ANIEANVBILUUIIRBINLINAIAINY
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andad WENINAMIEENUULMINARBIRIAUATzaUTIS o I RANZENTINTL N TN
fHAlRLULdaaIinaIvaIMINaFaLLANINa lUMTATIILENTNAVEITAE lasRaTon
1NA" F-value ﬁ'gmazm P-value fidnadnifipdnda MnmMAlensitoyaniaiiduaas
sumaissidnldead
Weight = 30.0498 - 0.0050 SPL - 0.00275 SPL Int - 0.00275 Pack Speed - 0.00983

SPL*SPL Int - 0.0050 SPL*Pack Speed + 0.0150 SPL*SPL Int*Pack Speed

NMNFMITIFULFAIAN R-sq WINNUTBEAZ 96.71 LaadinluiaasN1InasuIuaNy
LL‘]JTJJE’JWIJE]MTE]}&QVLGTETG A1 R-sq (adj) LYINNUTa8az 95.27 61 R-sq (pred) LYinNuUTasaz
92.60 usasiluaadanuudningiuazaaniotlda aspitlavinmiensinesidde

A ' a & & @ A o A @ a
FWBRTIOTANTIINULADIVNRIUAIVBILATBIININLANICHA @auamalugﬂﬂ 8

Faculty of Engineering, Kasem Bundit University Research Article




3FdnssuAsiNuUUnUZa UR 16 aUui 2 wnunAU-AvmAl 2569 ]5/

+ Optimization Plot ==

Optimal SPL SPLInt Patk Spe.
; High 10 60 20
Parameters D: 08722 Cur 10 5 10

Predict  Low 1 5 10

Response Optimization: Weight

Response Goal Lower Target Upper Weight Importance
Weight Target 30.018B 30.05 30.08¢ 1 1

solution o .

SPL Pack Weight Composite 23 30050
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ABSTRACT

In accordance with the International Maritime Organization (IMO) regulations concerning
greenhouse gas emission reduction and the transition toward autonomous shipping,
developing a ship control system that integrates energy management efficiency with safety
is imperative. This research proposes a real-time framework on the MATLAB/Simulink
platform for the Ro-Pax vessel M/S Nils Holgersson. A comprehensive mathematical model
was developed, encompassing ship dynamics, a multi-engine propulsion system, and
environmental resistance utilizing simulated sensor data. Furthermore, an Application
Programming Interface (APIl) was integrated with a marine meteorological database to
retrieve real-time weather data for model training. This study applied Deep Reinforcement
Learning (DRL) via the Twin Delayed Deep Deterministic Policy Gradient (TD3) algorithm to
manage the main engines' load distribution and control the rudder angle. The primary
objectives were to minimize fuel consumption and enhance collision avoidance success
rates. Simulation results demonstrated that the proposed framework reduced total fuel
consumption by 1.592% (equivalent to 73.56 kg per voyage) along a 43-nautical-mile route
from Yachthafen Hohe Dine, Rostock, to Marina Baltica 1, Libeck, Germany. This efficiency
improvement consequently mitigated CO5 emissions by 226.71 kg per voyage. Additionally,
the system increased the collision avoidance success rate by 1.75% compared to
conventional control systems (improving from 93.71% to 95.46%). This was evaluated based
on the vessel's ability to maintain a safe distance and allocate adequate time margins for
evasive maneuvers. These outcomes clearly demonstrate the proposed framework's high
potential for commercial implementation, successfully achieving both safety and energy
efficiency targets simultaneously. This research provides a significant foundation for the
future development and advancement of autonomous marine vehicle control systems.

KEYWORDS: Autonomous Shipping, Deep Reinforcement Learning (DRL), TD3 Algorithm,

Energy Management, Collision Avoidance, Fuel Efficiency
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WUIIAIANAILATAIAAzIUBaN CDDs §4§0 1739 LAz 1732 ymefinnanilouas
mﬂmzfuaamﬁmmﬁa@ﬁ:ﬂq@ 1206 uaz 1175 wazeadsunlssnaiuiuiosas 5.9
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Rndnasnsdoiias Tunaianzinane sl B dunLANIFINURLTIAUIENI19TZAUANGS
il CDDs R? = 0.51, p-value = 0.11, t-stat = 2.07 tsdhAufinugudaslswasnuiloysy
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ABSTRACT
This study aims to develop a CDDs map covering all six regions of Thailand based on daily average
temperature data from 2020-2024 for six representative provinces. The base temperature of 25 °C
was applied in accordance with ASHRAE standards for hot—humid climates. The results reveal that
the Central and Eastern regions exhibit the highest CDDs values of 1739 and 1732 respectively,
while the Northern and Northeastern regions record the lowest values of 1206 and 1175. The
national average CDDs increased by 5.9 % over the five-year period, reflecting the influence of
global warming and a continuing rise in cooling energy demand. Linear regression analysis indicates
a negative correlation between altitude and CDDs (R* = 0.51, p = 0.11, t = —2.07), suggesting that
lowland areas require greater cooling energy compared with highland areas. Regions with higher
CDDs, such as the Central and Eastern regions, should adopt thicker insulation and stricter
OTTV/RTTV criteria under Thailand’s Building Energy Code (BEC) than regions with lower CDDs.
The outcomes of this study can be applied to energy conservation planning and the design of

energy-efficient buildings in Thailand.

KEYWORDS: Cooling Degree Day Index, Building Energy Consumption, Thailand Climate
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APPLICATION OF LAND USE AND TRANSPORTATION INTERACTION
(LUTI) MODEL FOR TRANSIT-ORIENTED DEVELOPMENT (TOD):
THE CASE STUDY OF CITY AND ACTIVITY CENTER DEVELOPMENT ALONG
THE MRT PINK LINE CORRIDOR, BANGKOK METROPOLITAN REGION

Sikkawat Sukhumaumnuychai
Master Student, The Cluster of Logistics and Rail Engineering, Faculty of Engineering,
Mahidol University, 25/25 Phuttamonthon 4 Rd, Salaya, Phuttamonthon, Nakhon Pathom
73170 Thailand, icesikkawat@gmail.com

ABSTRACT
Bangkok Metropolitan Region continues to face severe traffic congestion and high dependence
on private vehicles, while major investment in rail transit has been promoted as a mechanism to
support more sustainable urban development. This paper applies a Land Use and Transportation
Interaction (LUTI) model using TRANUS to assess Transit-Oriented Development (TOD) along
the MRT Pink Line corridor, focusing on two contrasting activity areas: Chaeng Watthana
Government Center (CWG) and Muang Thong Thani (MTT). The study's contribution is a corridor-
scale framework that translates TOD concepts into model outputs, including density, diversity,
accessibility, consumer surplus, land consumption, and travel demand. The model was developed
using population, employment, land use, land price, traffic network, public transport, travel
behavior, and traffic count data, and was validated against survey observations in the base year.
Scenario testing indicates that the MRT Pink Line, feeder services, and pedestrian improvements
reduce private-car trips from 466,611 trips/day in BAU2030 to 396,799 trips/day in Scenario A
and 390,175 trips/day in Scenario B, representing reductions of 15.0% and 16.4%, respectively.
Walking trips increase by 43.2%-47.3%, and bus trips increase by 25.1%-59.2%, indicating
improved access to public transport. However, transport infrastructure alone generates only
limited land-use restructuring. When the Floor Area Ratio (FAR) policy is added in TOD target
areas, residential floor area increases from 1.42 to 2.11 million square meters in MTT and from
0.19 to 0.56 million square meters in CWG. The findings show that TOD implementation requires
integrated rail infrastructure, feeder systems, pedestrian facilities, mixed-use zoning, and

FAR-based planning controls.
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1. Introduction

Bangkok, Thailand, is widely regarded as a highly congested metropolitan area with
concentrated urban development and high private vehicle use [1-4]. Congestion creates direct
and indirect costs through longer travel times, increased fuel consumption, reduced reliability,
environmental impacts, and reduced access to jobs and services. The transport challenge is
therefore not only an engineering problem of road capacity but also a land-use problem in which
activities, residences, employment, schools, services, and commercial functions are distributed
across the city in ways that shape travel demand [3,5-7].

In response to this challenge, rail transit investment has become a major urban development
strategy in Bangkok and its surrounding provinces. The MRT Pink Line is particularly important
because it serves a corridor that includes large residential districts, government offices,
commercial centers, education-related activities, and major intermodal connections. The corridor
also contains sites that are not simply station areas but large activity centers with different
institutional and market conditions. These conditions present a useful case for investigating
whether rail investment alone is sufficient to support TOD or must be paired with feeder,
pedestrian, and land-use measures.

The TOD concept emphasizes compact mixed-use development within convenient access
distance of high-capacity public transport. A TOD area should not only be close to a station.
It should also have sufficient density, diverse land use, walkable design, and a development-control
framework that allows activities to locate near transit while reducing the need for private car travel
[8-11]. In practice, however, many rail corridors can become transit-adjacent development (TAD),
where land development occurs near stations but remains weakly connected to station access,
local services, affordability, and multimodal circulation.

The research gap addressed in this paper is therefore not merely the lack of LUTI applications
in Thailand. The more specific gap is the lack of a corridor-scale, site-specific TOD assessment
framework that links rail service, feeder connection, pedestrian improvement, and FAR-based
land-use policy to both transport and land-use outcomes. Conventional four-step travel-demand

models can represent trips, mode choice, and assignment, but they are not designed to
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endogenously account for how changes in accessibility influence the location of activiies and
land consumption. Conversely, land-use analysis without a transport model cannot reveal
how changes in generalized transport cost alter travel behavior and consumer surplus [5,6,12,13].

This study contributes by: (1) demonstrating how TRANUS can be structured as a LUTI tool
for TOD assessment in a Bangkok rail corridor; (2) translating TOD indicators into model outputs
that can be compared across scenarios; (3) quantifying the relative contribution of rail, feeder,
pedestrian, and FAR measures; and (4) deriving policy implications for corridor planning in Thailand.
The paper uses only the model structure, data, and results from the study documents,
and it interprets these outputs through a TOD planning lens.

The research questions are as follows. First, how does the MRT Pink Line affect travel
behavior and accessibility in the study corridor? Second, how much do feeder and pedestrian
improvements add to the transport benefits of the rail line? Third, why does transport infrastructure
alone have a limited effect on land-use restructuring? Fourth, how can FAR policy and local
land-use controls strengthen TOD outcomes in activity-center and city-center contexts? These

questions guide the model design, scenario testing, results interpretation, and policy discussion.

2. TOD Assessment and LUTI Indicators

TOD assessment normally begins with the three dimensions of density, diversity, and
design. Density concerns the concentration of population and employment near transit. Diversity
concerns the mixture of residential, office, commercial, retail, service, and community use. Design
concerns the ease of accessing the station by walking, cycling, feeder services, and local public
transport. These dimensions are not independent; density can support transit ridership only if the
area is accessible, while diversity reduces trip length and increases the possibility that daily
activities can be completed without private vehicles [10,14-16].

For a LUTI model, TOD indicators must be expressed as model outputs rather than only as
physical planning descriptions. Density can be represented by population and employment in
each zone. Diversity can be represented by the proportion of income groups and land-use
categories. Design and accessibility can be represented by disultility, travel costs, public transport
access, walking trips, and mode shifts. Economic effects can be represented by consumer
surplus and land consumption. Transport effects can be represented by the number of trips by
mode. This translation is important because it allows TOD policies to be evaluated in a consistent

scenario framework [5,6,16,17].
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The use of TRANUS is appropriate in this context because the program models
the interaction among activity location, land consumption, transport costs, and travel demand [13].
The land-use model represents the relationship between economic sectors, population groups,
service employment, and land sectors. The transport model represents travel categories, modes,
generalized costs, and assignment. The model, therefore, provides a practical bridge between
engineering analysis of the transport network and urban-planning analysis of the spatial
distribution of development [12,13].

This paper focuses on five groups of indicators. The first group is density, including
population and employment. The second group is diversity, including income groups and
land-use shares. The third group is accessibility, represented by disutility for income groups and
trip purposes. The fourth group is economic effects, represented by consumer surplus and
land consumption. The fifth group is travel demand, represented by trips by mode.
These indicators are suitable because they can be extracted from TRANUS outputs and directly

connected to TOD policy questions [5,6,13,17].

Table 1 TOD indicators selected for LUTI/TRANUS assessment

No. Group Indicator TRANUS Unit

output/interpretation

1 Density Population density Residents by income People

group in each TAZ

2 Density Employment density Basic and service People/jobs

employment in each TAZ

3 Diversity Income-level composition | High-, middle-, and low- Percent

income population shares

4 Diversity Land-use composition | Office, commercial, and Percent /
residential land sectors sg.m
5 Design/ Disutility by income group | Generalized travel cost Baht
accessibility and accessibility
6 Design/ Disutility by purpose School, service, and Baht
accessibility shopping accessibility
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Table1 TOD indicators selected for LUTI/TRANUS assessment (continued)

No. Group Indicator TRANUS Unit

output/interpretation

7 Economic Consumer surplus Benefit from changes in Baht

generalized travel cost

8 Economic Land consumption Change in land use Million baht

multiplied by land price

9 | Travel demand Mode-specific trips Car, bus, van, walking, Trips/day

rail, feeder

3. Study Area

The study area is located along the eastern section of the MRT Pink Line corridor in northern
Bangkok and Nonthaburi. The MRT Pink Line is a secondary mass-transit system connecting
the northern and eastern parts of the metropolitan region. The broader corridor includes
30 stations and provides interchange opportunities with other rail systems. For this analysis,
the model focuses on the part of the corridor most relevant to Chaeng Watthana Road and
associated activity centers. The internal study area is divided into 24 Traffic Analysis Zones
(TAZs), with external zones added to represent travel entering and leaving the area.

The 2020 base year represents the condition prior to the full operation of the MRT Pink Line.
The base-year area contains approximately 255,946 residents and 101,490 employment-related
activities. The population distribution comprises 39.8% low-income, 42.0% middle-income,
and 18.2% high-income groups. The study area is primarily residential, with approximately 60%
residential land, 30% commercial land, and 10% office land. The transport network is dominated
by an east-west arterial corridor with eight lanes, supported by tertiary and service roads.

The morning peak hour is concentrated between 7:00 and 8:00 AM, with inbound traffic
to the study area of approximately 24,420 vehicles per hour and outbound traffic of 14,290
vehicles per hour. The evening peak hour is concentrated between 5:00 and 6:00 PM,
with inbound traffic of 17,110 vehicles per hour and outbound traffic of 20,480 vehicles per hour.
The average daily traffic volume on the main east-west corridor is approximately 80,470 PCU
per day. These values show that the corridor is not only a rail-planning corridor but also a

road-capacity and access-management corridor.
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Two TOD target areas are emphasized. The first is the Chaeng Watthana Government
Center (CWG), which has a strong office and public-sector activity profile. It contains more than
30 government agencies, over 18,000 staff members, and about 7,000 daily visitors.
Planned expansion adds approximately 400,000 square meters of office space and is expected
to increase dalily trips. The second is Muang Thong Thani (MTT), a large mixed-use urban district
with exhibition and convention facilities, shopping, markets, offices, residences, and the planned
Pink Line spur. The contrast between these areas allows the study to compare a specialist activity

center and a city-center-style mixed-use area.

209 b hiasid Son fusrd
3312
8.
§' N~ = \ ._Don Muang inakd int '§
E pak /i Pk Kret ARG -
= v Sai Mai
@img,
! - e
) e,
H ; g
4 / g ! . E
™~ o 'Lak Si A <
r ." | Sl Y !. ! Klong Sam Wa
- Vi D
m) | b )
g1 Muang Noi buri-— e, te
Non fhabdri
Chatu Chak | [at Phrao /- o i
§~ Bang Sue an| Ql 27 g i\ ,g
2 R G 2
S ipouri
ung Kum' N
o B
B3 TAZ (Traffic Analysis Zone) g
2| mim piniktine Project Alignment G
® Sstation
w6200 sos000 74000
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Figure 3 TOD target areas: A1 is CWG and A2 is MTT

Table 2

Key base-year characteristics of the study area

No. Item

Value/description

Interpretation for TOD

assessment

1 |Population

255,946 residents

Base demand for residence-

linked trips and local services

2 |Employment

101,490 workers/activity units

Base attraction for work and

service trips

3 [Income groups

39.8% low, 42.0% middle, 18.2%

high income

Supports equity-oriented

interpretation of accessibility

4 |Land-use

structure

About 60% residential, 30%

commercial, 10% office

Provides the initial diversity

profile

5 |Main corridor

traffic

80,470 PCU/day on the main

primary road

Represents strong road

dependence before rail opening

6 |Public transport

context

33 bus stops and van services of

approximately 125 daily trips

Existing access system before

feeder and rail scenarios

7 |CWG activity

profile

Government complex with staff,

visitors, and planned office expansion

Specialist activity center with

land-use constraints

8 |[MTT activity

profile

MICE, retail, markets, offices,

residences, and Pink Line spur

City-center-style mixed-use

TOD target

UNADIUIVY

ANU:IADNSSUANANS UM3NYNAUINUUULUAQ



E£4 Kasem Bundit Engineering Journal Vol.16 No.2 May-August 2026

4 Methodology: TRANUS Model Design and Calibration

The model is structured as a Land Use and Transportation Interaction system.
The TRANUS land-use component represents economic sectors and land sectors.
The transport component represents trip categories, modes, generalized costs, and network
assignment. The model is then iterated until the land-use and transport components are
consistent with each other. This structure allows accessibility changes from the transport
network to influence location and land consumption, while changes in activities and population
influence travel demand.

The sector design follows the logic of the study area. Basic employment is treated
as exogenous because it represents activities that attract work trips and are not generated
solely by the local population. Service employment is treated as endogenous because
it is induced by residence and local activity. Residents are grouped into three income levels
because vehicle availability, time value, and travel behavior differ by income. Land sectors
include industrial, office, commercial, and residential land. This set of sectors is sufficient
to capture the TOD questions without over-complicating the model.

The transport categories include home-based work trips for high-income, middle-income,
and low-income groups, home-based education trips, service trips, and retail or shopping trips.
Travel modes include private car, van, bus, walking, rail, and feeder. These modes allow
the model to test whether the MRT Pink Line and supporting access systems reduce
private-car dependence and increase public-transport-related trips. The model also calculates
consumer surplus by accounting for changes in generalized travel cost and trip volume.

Model inputs were compiled from survey data, public datasets, and project data. The most
important inputs are population, employment, land use, land prices, traffic network,
public transport service, value of travel time, value of waiting time, vehicle availability,
trip generation rates, and external travel demand. The base-year model was calibrated in three
parts: land-use consumption rates, external demand, and traffic assignment. The validation
results were then used to assess whether the model was suitable for strategic scenario analysis

rather than link-by-link operational design.
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Figure 4 Structure and relationships between activity sectors and land sectors in the

TRANUS model

Table 3

Activity sectors used in the TRANUS model

No. Sector

Main category

Treatment in the model

1 |Industry (secondary)

Basic employment

Exogenous final demand

2 | Services (tertiary)

Basic employment

Exogenous final demand

3 |Education

Service employment

Induced by residences and

education trips

4 |Retail mix / local services

Service employment

Induced by local population

and activity

5 |Retail malls / markets

Service employment

Induced by shopping and

commercial activity

6 |High-income residences

Residential sector

Induced by employment and

land availability

7 | Middle-income residences

Residential sector

Induced by employment and

land availability

8 |Low-income residences

Residential sector

Induced by employment and

land availability
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Table 4 Principal model inputs and sources

No. Data Description Source / basis
1 |Population by TAZ |Population data by traffic World population and project
analysis zone zonal processing
2 |Employment by TAZ |Industrial and service Census of Business and
employment Industry / survey data
3 |Land use Land plot size by land-use type | Project survey data
4 |Land price Land value by land-use Individual land-plot valuation
category data
5 | Traffic network Road and network structure OpenStreetMap and project
processing
6 |Public transport Bus stops, vans, rail and Project survey and scenario
feeder assumptions design
7 |VOT and VWT Value of travel and waiting time | Project parameter assumptions
8 |Vehicle availability |Household vehicle-ownership |Project survey data
shares by income group
9 |Trip generation Trip rates by income group and |Project survey data
rate purpose
10 | External demand |Travel demand between Cordon and external-zone
external and internal zones calibration

4.1 Calibration of Land Use Consumption

The land-use calibration adjusted both inelastic and elastic demand functions. For the
inelastic component, the intersectoral relationship matrix was revised until the model
reproduced the observed activity totals for industrial employment, services, education,
local retail, retail malls, and the three residential income groups. The calibrated values match
the survey totals for these sectors, which indicates that the production-consumption relationship
among sectors is internally consistent in the base year.

For the elastic component, the demand-function parameters were adjusted by economic
sector and land sector. The objective was not to estimate a universal land-market model but

to represent how each activity sector in the corridor consumes industrial, office, commercial,
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and residential land. The calibrated elastic functions show that different sectors have different
sensitivities to land availability and price, which is important when testing the FAR policy.
The calibration charts are retained to show that the parameter adjustment was not purely

descriptive but was linked to observed land-use quantities.
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Figure 5 Calibrated elastic demand functions for employment and residential sectors
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Figure 6 Relationship between modeled and observed land-use data in the base-year

calibration

4.2 Calibration of External Demand and Traffic Assignment

Because the study area is a corridor embedded in the larger Bangkok Metropolitan

Region, external travel demand is important. Eight external zones were defined to capture

demand entering and leaving the internal TAZ system. These external zones represent trips

that are not generated only by the internal land-use system but still load the transport network

and influence access conditions in the corridor. The external-demand adjustment, therefore,

prevents the model from underestimating traffic volumes on Chaeng Watthana Road and

associated access roads.

Traffic assignment validation was conducted at two main survey points: the area in front

of the Software Park and the area in front of the Government Complex. The error values vary

by direction and time period, as expected in a strategic corridor model. The average error

at B1 is 18.67% in the morning peak and 16.68% in the evening peak. The average error

at B2 is 11.65% in the morning peak and 15.36% in the evening peak. These errors are

acceptable for comparing strategic policy scenarios, although they should not be interpreted

as a microsimulation-level fit for detailed signal or intersection design.
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Figure 7 External zones used to connect the corridor model to surrounding travel

demand

Table 5 Summary of traffic-assignment validation on Chaeng Watthana Road
AM AM AM PM PM PM
Survey point Direction
survey i[model| error |survey| model error

B1:

Pak Kret to Lak Si | 3,980 | 3,535 | 11.18% | 3,140 | 3,102 1.21%
Software Park
B1:

Lak Sito Pak Kret | 5,020 | 3,707 | 26.16% | 4,100 | 2,782 | 32.15%
Software Park
B2:
Government Pak Kret to Lak Si | 5,550 | 5,204 | 6.23% | 3,590 | 3,791 5.60%
Complex
B2:
Government Lak Sito Pak Kret | 3,590 | 4,203 | 17.08% | 3,920 | 2,935 | 25.13%
Complex
Average by 18.67% / 16.68% /

B1/B2 - - - -

point 11.65% 15.36%
UnADIUDYY
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Figure 8 Selected comparisons between observed data and modelled outputs by zone

5. Scenario Design

Scenario development follows the logic of TOD policy implementation. The base case
compares the 2020 condition without the MRT Pink Line and the 2030 condition with the
rail line. Scenario A (SCA) adds a feeder system to improve connections to the station and to
the two TOD target areas. Scenario B (SCB) builds on Scenario A by improving walking and
pedestrian facilities. Scenario C (SCC) adds land-use policy through FAR adjustment in the
TOD target areas. In the detailed target-area comparison, the paper uses SCB as the transport-

improvement case, following the project results table for MTT and CWG.
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The reason for this scenario order is important. The sequence separates the effects of the

rail line from those of access improvements, and then separates the effects of transport

improvements from land-use regulatory changes. This is consistent with the practical policy

question faced by Thai agencies: whether investment in rail infrastructure is sufficient,

or whether feeder services, pedestrian investment, and land-use policy must be prepared

as a package.

Table 6 Scenario structure for TOD assessment
Scenario | Transport condition | Access / land-use policy | Main planning question
BAU2020 |No MRT Pink Line Observed base-year What is the pre-rail
conditions reference condition?

BAU2030 |MRT Pink Line in No additional feeder, What is the rail-only
operation pedestrian, or FAR package | effect under growth?

SCA MRT Pink Line plus Feeder connection to How much does feeder
feeder MTT and CWG improve access?

SCB MRT Pink Line plus Pedestrian and walkway |How much does
feeder improvement walkability add?

SCC Transport FAR adjustment in TOD |How does land-use
improvement package |target areas policy strengthen TOD

outcomes?

6. Results

6.1 Transport and Accessibility Effects

The model results show that transport improvements have the clearest and most immediate

effect on travel behavior. In BAU2030, private-car trips reach 466,611 trips/day. With feeder

service in SCA, car trips declined to 396,799 trips/day, a reduction of 69,812 trips/day or 15.0%.

With pedestrian improvements added in SCB, car trips decline further to 390,175 trips/day, a

reduction of 76,436 trips/day, or 16.4%, from BAU2030. These reductions indicate that the rail

line requires access support to translate infrastructure supply into mode shift.

Public transport and non-motorized indicators move in the opposite direction. Bus trips

increase from 11,971 trips/day in BAU2030 to 14,971 in SCA and 19,054 in SCB. Walking trips
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increase from 49,705 trips/day in BAU2030 to 71,180 in SCA and 73,195 in SCB. The model
also generates 49,645 rail trips/day in SCA and 47,407 in SCB, with feeder trips totaling
3,385 and 3,475/day, respectively. The slight difference between SCA and SCB rail trips does
not mean that walkability is ineffective; instead, it indicates that pedestrian improvements
redistribute access behavior and support broader public transport access rather than simply
maximizing the rail count.

Accessibility improves substantially for some user groups. For high-income residents,
disutility falls from 89,380 baht in BAU2030 to 47,788 baht in SCA and 47,785 baht in SCB,
a reduction of about 46.5%. Middle-income disutility falls from approximately 134,370 baht to
115,215-116,367 baht. Low-income disutility falls from 137,090 baht to 130,289-131,506 baht.
The improvement is therefore not evenly distributed across income groups, highlighting the need
to consider feeder fares, walking quality, and service coverage in equity-oriented TOD planning.

Consumer surplus results reinforce the interpretation of accessibility. Low-income home-
based work trips receive the largest consumer-surplus values in the public-transport improvement
scenarios, increasing to 368,469 baht in SCA and 406,762 baht in SCB. Service and shopping
trips also receive substantial benefits. These results support the conclusion that the transport

package improves user welfare, especially when access to stations becomes more convenient.

Table 7 Main scenario results for the whole study area
Group Indicator Unit BAU2020 [ BAU2030| SCA SCB
Density Population People 255,946 | 374,266 | 347,368 347,151
Density Employment People/jobs| 101,490 | 149,851 | 143,266 | 143,233
Diversity High-income share % 18.3 22.0 22.2 22.2
Diversity | Middle-income share % 41.9 30.6 29.8 20.8
Diversity Low-income share % 39.8 47.4 48.0 48.0
Accessibility HINC disutility Baht 41,786 89,380 | 47,788 | 47,785
Accessibility MINC disutility Baht 106,916 | 134,370 | 115,215 |116,367
Accessibility LINC disutility Baht 124,120 | 137,090 | 130,289 |131,506
Economic Consur::csurplus: Baht - 5,332 |368,469 |406,762
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Table 7 Main scenario results for the whole study area (continued)

Group Indicator Unit BAU2020  BAU2030| SCA SCB
Transport Car trips Trips/day | 353,236 | 466,611 | 396,799 390,175
Transport Bus trips Trips/day 10,552 11,971 14,971 | 19,054
Transport Walking trips Trips/day 37,041 49,705 | 71,180 | 73,195
Transport Rail trips Trips/day 0 0 49,645 | 47,407
Transport Feeder trips Trips/day 0 0 3,385 | 3,475

6.2 Land-Use Effects and the Limits of Transport-Only TOD

Although the transport effects are clear, the whole-area land-use indicators change only

modestly under rail, feeder, and pedestrian scenarios. Population and employment in SCA

and SCB are lower than in BAU2030 because improved accessibility also enables some

activities to relocate or engage with external opportunities. The shares of land office,

commercial land, and residential land change only slightly between SCA and SCB. This is

a critical finding for TOD policy: improved transport service can change travel behavior

quickly, but land-use restructuring requires planning controls and development capacity.

This result is consistent with the distinction between station proximity and TOD

performance. A rail station creates a new accessibility condition, but it does not automatically

produce mixed-use redevelopment if existing land ownership, allowable floor area, land-price

conditions, and institutional constraints remain unchanged. This issue is particularly relevant

in CWG, where a large portion of land is government-owned and dominated by office activity.

In contrast, MTT has greater potential for private mixed-use development and a stronger

base of commercial and residential activity.

For this reason, the TOD improvement scenario focuses on the FAR policy.

The scenario does not simply increase density everywhere. It targets areas where additional

development capacity can support the TOD structure. In CWG, the analysis considers the

government-center area, together with the opposite residential/commercial area, to form

a functional TOD area connected to the Pink Line station. In MTT, the analysis considers

the existing mixed-use district and available FAR capacity around the planned station and

spur connection.
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Table8 FAR and development-capacity conditions in TOD target areas

Area TAZ Planning FAR Area Current building | Model
definition from plan| (sq.m) area (sq.m) FAR

CWG opposite| 5 Medium density 3.0 1,745,206 979,461 0.56

side
CWG core 20 | Government land - 757,738 357,808 -

MTT 11 Low density 3.0 1,948,383 3,356,242 1.72
MTT 12 | Medium density 45 674,185 813,819 1.21

6.3 TOD Target-Area Results

The target-area results show how FAR policy changes the intemal composition of land use.

In MTT, residential

floor area

increases from

1,423,743

square meters

in SCB

to 2,107,061 square meters in SCC, a 48.0% increase. Commercial floor are increases from

1,743,711 to 1,916,160 square meters, while office floor area increases from 137,530 to 141,861

square meters. The share of residential land increases from 43.1% to 50.6%, while the share of

commercial floor area decreases from 52.8% to 46.0%. This confirms MTT as a city-center-type

TOD target with a strong mixed-use structure.

In CWG, the effect is more dramatic because the initial residential and commercial

components are small. Residential floor area increases from 194,464 square meters in SCB to

558,397 square meters in SCC, a 187.1% increase. Commercial floor area increases from 112,395

to 521,157 square meters, a 363.7% increase. Office floor area only slightly from 479,911 to

488,733 square meters. The resulting land-use composition shifts toward a more balanced TOD

pattern, with the residential share increasing from 24.7% to 35.6%, while the commercial share

increases from 14.3% to 33.2% and the office share decreases from 61.0% to 31.2%.

The land-consumption values reinforce this interpretation.

In MTT,

residential

land

consumption increases from 17,655 to 26,804 million baht, while commercial land consumption

increases from 2,969 to 3,402 million baht. In CWG, residential land consumption increases from

2,384 to 7,018 million baht, and commercial land consumption increases from 277 to 1,392 million

baht. The increase in CWG is large because the base condition lacks residential and commercial

diversity, so the FAR policy creates additional development capacity where mixed-use functions

were previously limited.
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The implication is not that FAR should be increased without control. Instead, the results

suggest that FAR is effective when it is

targeted to station areas and paired with access

improvements. In CWG, FAR policy should be accompanied by pedestrian crossings,

station area circulation, and a connection

between the government complex and the opposite

residential/commercial area. In MTT, FAR policy should support a compact mixed-use district while

maintaining walkability and feeder connections to the Pink Line spur.
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Figure 9 Comparison of land-use composition in SCB and SCC within TOD target areas
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policy cases
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Table 9 Summary of target-area TOD indicators

SCB SCC SCB SCC
Group Indicator Unit
(MTT) (MTT) | (CWG) | (CWG)
Density | Population Residents People 15,506 15,500 9,909 | 9,912
Density Employment People/jobs | 22,743 22,742 | 14,460 | 14,460
Diversity | High-income share % 39.1 39.1 291 29.1
Diversity | Middle-income share % 24.8 24.8 32.2 32.2
Diversity Low-income share % 36.1 36.1 38.7 38.7
Land use Office floor area sg.m 137,530 | 141,861 |479,911|488,733
Land use | Commercial floor area sg.m 1,743,711 11,916,160 | 112,395 | 521,157
Land use | Residential floor area sg.m 1,423,743 12,107,061 | 194,464 | 558,397
Share Office share % 4.2 3.4 61.0 31.2
Share Commercial share % 52.8 46.0 14.3 33.2
Share Residential share % 43.1 50.6 24.7 35.6
Office land
Economic Million baht 208 225 911 1,060
consumption
Commercial land
Economic Million baht 2,969 3,402 277 1,392
consumption
Residential land
Economic Million baht 17,655 26,804 2,384 7,018
consumption

7. Discussion and Policy Implications

The results show that TOD is a combined transport and land-use process. The MRT
Pink Line can reduce overall travel costs and support mode shift, but its land-use effects are
limited unless station-area development capacity is also adjusted. This is a central lesson for
Bangkok and other Thai metropolitan corridors. Rail investment should not be evaluated only
by ridership or car-trip reduction. It should also be evaluated by whether it creates the land-use
conditions needed for compact, mixed, and accessible development.

The feeder and pedestrian scenarios show that station access is a key mechanism.
A rail line provides high-capacity movement along the corridor, but the traveler still has to reach

the station. Feeder services reduce the first-mile and last-mile burden for areas beyond
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comfortable walking distance, while pedestrian improvements make short station access safer
and more convenient. The increase in walking trips and bus trips in SCA and SCB suggests that
TOD accessibility is distributed across multiple access modes, not only rail boardings.

The FAR results explain why land-use policy matters. Transport scenarios affect
accessibility, but the land-use response remains constrained by existing land patterns and
allowable development capacity. FAR policy expands the allowable floor area in selected zones,
allowing additional residential and commercial activites to be located near transit.
This mechanism is especially important in CWG because the area is dominated by government
office land. Without connecting the station to the opposite residential and commercial side,
the government center remains a mono-functional activity center rather than a complete TOD area.

MTT and CWG also illustrate that TOD typologies require different strategies. MTT already
has a mixed-use base, including residential, commercial, market, office, and MICE activities.
The TOD strategy for MTT should focus on managing density, pedestrian circulation,
feeder integration, and station-area development around the spur. CWG has a different problem:
it has strong employment concentration but weak residential and commercial diversity within
the core government land. The strategy should therefore connect the office core to nearby
residential and commercial areas and use FAR policy selectively where redevelopment is possible.

For planning agencies, the model provides a way to test policy packages rather than isolated
projects. A rail-only scenario can be compared with feeder, pedestrian, and FAR scenarios using
the same model structure. This helps agencies identify whether a proposed TOD policy affects
mode choice, consumer surplus, land consumption, and land-use composition. It also supports
coordination between transport agencies, local governments, land-use planning authorities,
and area developers.

The practical policy implication is that MRT Pink Line station-area planning should combine
four elements. First, feeder services should connect activity centers and residential areas to
stations, especially in zones where walking distance is too long. Second, pedestrian improvement
should be treated as a transport investment, not merely an urban-design add-on. Third, FAR and
mixed-use zoning should be applied in target areas where development capacity can support
TOD. Fourth, government-owned or institutionally constrained land should be planned together
with surrounding private or mixed-use land, so that the functional TOD area is not limited

by parcel ownership.
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The model also has limitations. TRANUS is a strategic LUTI model and should not be
interpreted as a detailed microsimulation of intersections, signal operations, or building-level
development. The model depends on assumptions about sector structure, land prices,
travel costs, vehicle availability, and scenario design. Full sensitivity analysis of parameters
such as VOT, VWT, development capacity, and land-price response would strengthen future
research. In addition, the model focuses on selected corridors and target-area effects rather
than a full metropolitan rail network.

Future research should expand the model to include a larger rail network and additional
station typologies. It should also test affordability and equity mechanisms, including whether
low-income households can remain in station areas after land-value increases. A more detailed
sensitivity analysis can be used to compare alternative FAR values, feeder frequencies,
walking-network investments, and parking policies. Combining LUTI outputs with microsimulation

can also help evaluate the operational implications of station-area traffic circulation.

8. Conclusions

This paper revised and expanded the application of a LUTI model using TRANUS to assess
TOD potential along the MRT Pink Line corridor. The study focused on Chaeng Watthana
Government Center and Muang Thong Thani because these areas represent two distinct TOD
challenges: a specialized government activity center and a mixed-use, city-center-style district.
The model translates TOD concepts into quantitative outputs covering density, diversity,
accessibility, consumer surplus, land consumption, and travel demand.

The results show that improvements to transport infrastructure and access produce clear
effects on travel behavior. Compared with BAU2030, feeder services reduce car trips by about
15.0%, while feeder services plus pedestrian improvements reduce car trips by about 16.4%.
Walking trips and bus trips increase substantially, and rail and feeder trips become part of the
modal structure. These results confirm that the MRT Pink Line should be supported by local
access systems if it is expected to shift travelers away from private cars.

However, the results also show that transport infrastructure alone does not automatically
restructure land use. Whole-area density and diversity indicators change only modestly
in the rail, feeder, and pedestrian scenarios. In contrast, the FAR policy scenario has strong effects
in target TOD areas. Residential floor area increases by 48.0% in MTT and 187.1%

in CWG, while commercial floor area also increases, especially in CWG. This confirms that
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land-use regulation is necessary to convert accessibility improvement into TOD-supportive
development.

The key policy message is that TOD implementation in Thailand should be planned as
an integrated package. Rail investment should be combined with feeder service, pedestrian
infrastructure, mixed-use zoning, FAR policy, and station-area circulation design. The package
should be tailored to the local context: MTT requires managing mixed-use growth around
the Pink Line spur, while CWG requires integrating the government office core with surrounding
residential and commercial areas.

The study demonstrates that TRANUS can support strategic TOD assessment in
Thai corridors by linking transport engineering and land-use planning. It cannot replace detailed
urban design, financial feasibility, or microsimulation, but it provides a quantitative framework
for comparing policy packages and identifying where rail investment must be complemented by
land-use measures. The approach can be extended to other station areas and corridors

in Bangkok and other Thai cities.
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ABSTRACT

This research aims to investigate the travel time choice behavior of expressway users and
to analyze the factors influencing changes in travel time choice behavior under a Time-of-
Day Pricing scheme. The study area is the Prachachuen Toll Plaza (inbound) on the Si Rat
Expressway, which is characterized by heavy traffic congestion and relatively high toll rates.
Travel behavior was investigated using a Stated Preference (SP) survey based on
hypothetical scenarios involving 469 four-wheel vehicle users. The collected data were
analyzed using a Discrete Choice Model, specifically the Multinomial Logit Model (MNL).
The results indicate that travel time, toll fare, and work time significantly influence users’
choices of travel periods. The analysis further reveals that, during the morning peak period
(06:01-09:00), 42.22% of travelers were unable to adjust their travel time due to work
schedule constraints, whereas 10.07% were able to shift their travel time. The latter group
can be further classified into two subgroups based on their preferred alternative travel
periods: shifting to the Pre-peak period (04:00-06:00) and shifting to the Post-peak period
(09:01-12:00), accounting for 4.08% and 5.99%, respectively.

KEYWORDS: Time-of-Day Pricing, Multinomial Logit (MNL), Expressway, Utility Theory
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gawndald v, dngnidpulieglusdWadduifaidu (Linear Function) 7849 mauyf@

mmﬁamm:é‘nmm:quﬂﬂa AIFNANTN 2

laun B, @8

g fe

A

Xink fa

l]in = ﬂ0+181)(in1+ﬁ2)(in2+.”+ﬁn)(ink (2)

' A

AN

e Aa nfcj =3 et ' o

U ANTNUFAIDINANIZNUV DI ILARZA

daudsafuie (LT LINLEUNNY, AHIuNg, el L, 878, RDUL

NI, mmﬁwzju’tumslﬁumq 1 uein)

2.3.2 wuUIIaaIlada (Logit Model)

¥ o o a_ a . . . A 4
msfnsidanldunudiaeslaiaiBany (Multinomial Logit Model) F91iluia3asile

lunda Discrete Choice Model tNawansskwg@nssunisaadulatiangduuunindunms

Afunnnin 2 maien lasuuusraesazimsinfiidasudrassadszlomt (Utiity) T Duen

ANzl n

(Probability) aunann1stianmaianiildanuianalagege iwaldle

NANIIILATIEALTIFD AT LA HEN Iwmmmﬁmﬂuﬁqﬂm n AZLABNNNILRDN i NNg

MIRDNNIRNA

lag? P, (i) fie
A

U, @

A

U, @8

A

e A

j PuTafwInlaasaNnsi 3

eUin
P(i) = —— 3)
(7) S

anuhazdunyena n azlianmalden i
fuvasasindszloniniale (Observable Utility) vasmsiian i
sauvaserndazluninialdvaimaianaus newualungumaiian |

ANAINN9 (Exponential) Sendszan 2.718

2.4 9MWIVBNLALIVDY

1ud @.@. 2002 Burris and Pendyala [4] la@nsuuudriaasmaaenwuy laidaiitasvas

miﬁmuiawaa@ﬁuma TATIMIIARAATHIUN N NUANFIATNTINIAIVDIIN ST

PUFRANANITANBINRENI 2 WAINTDATIAHIWNNILANAIINBATNTIIIAT 11hlUe Lee

County 33Waaian dszinaanizawini laslidayaannisdsamaiauni uazing

Uszunmuuusnandnisiden (Discrete Choice Models) LNBALATIEHNNTABLAKEIVDI
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QLﬁuﬂna@iaé’@liﬁ@iﬁﬁiﬂuﬂﬁdﬁLﬂﬁﬂuLLﬂaa NAMNIANEIWLIN QLﬁumaﬁmﬁﬂmuﬁa fela
er ﬁmmﬁ@mju‘luamuﬁﬁwm vﬁaﬁmi’mL'aa'm'mﬁumaﬁﬁ@mju funaliuiiaz
Usuulasugranadumsldannniiiissandmiunsiudseiu

Iud a.4. 2020 Li et al [5] 1ANUNIUNAUINTVBILLLIN809ABVINIIDT (Bottleneck
Model) Wan13fnm wud unudrasdneziragnianldlumsiiensiundnssumaiien
LALEBNIT N1ITANTITANINUEDATDIDINDT LASNITANNUANIATNITAIBIIAY LT
Congestion Pricing tas Dynamic Pricing a813uNIRae wananil S35liiAuinunasnis
MUNARNNIDTILNTZNLUTN MM TLAUNI88NINNTINIAIIGI U LFBENIRUT=AN T AW
milfnasmisunadwelasfiomanlumiananuuedauszniznsUSnmmiuns
BNINNTIILIRLIIAI miﬁ’lﬁaﬁamwu@m@h<1°11aawq@‘iﬂsiugtﬁummazﬁm‘hﬁ'@
@Tmnmlumnﬁumamaal,wiazi_qmﬂamuﬂﬁ'uvlﬂ

lud @.@. 2024 Maychaipume and Rungjang [6] 1A LU U 1809la @& 1 AT
wqﬁmswmnﬁaﬂgﬂLLuumiLcﬁumau,a:miﬂs:qnﬂ%ﬁm%‘umnﬁumaﬁaaLﬁm;j
MAAzI%aaN T,@]ﬂﬂi:qnmﬁl"ﬁuuuﬁmaﬂaﬁ@Lﬁaﬁmiw:ﬁmﬂﬁangﬂ LULN LA UM ATL
nstduntanenfisnldiniaazsusasdszindlneg wasiinsekaninavesdasen
waNwane 1w anpuenliuinmsesUiuumItuEd 9 Tayadwaigiuazdiaa
\dudu lasdufiunsdimauwuuseunia (Stated Preference :SP) 7890LAUNII 1IN 405 At
HamMIAn® wud nandlasasuazanuilumsliuinmadudisvadaiismadants
Wwonltynlasansdsedmg mmxﬁnmLﬁumal,fluﬂﬁlﬁ'méﬂﬂ”zy@iamnﬁani%miﬂmmﬁf’;gjm
wananit U”awuh;jfgamqﬁLLmIﬁuLﬁarﬂfﬁinwcﬁd'guqﬂﬂamnﬂ'jws:uwudammim:
wansansaan I ldlfidudayastuagunisiinuaulooiousznisdsudyinig
TRuTmyrzuusudimssae laglanizniswamszuusn iWanuiiganazniseanuuy

98112 Umwa:mﬂiﬁiaﬁuﬁaﬂmj’g@ 2 q"lﬁa NILANITRY

3. 25n1579Y
3.1 NwnFAn®E ﬂﬁzmnmaxnéuﬁmdw

A= a ' (<3 ' ' A v a a A &
PWNANBIUII A WLV ATHIUNIIU T2 T W (VL) UBNIINLAWAITT thadnt
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aundiinmenasszsunazleaudgmaevialutinanssdind dsznaunulansien
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D

1 n' (2 4:5 ;:i = [ ] d.i A v d' 6 1 U
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AlFUSNNTEIUAIAINE17 Taud1983US a9 TIaRY 47,058 Audain ;ﬁﬁ‘i’ﬂ"l,@i”ﬁmu@
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AU HIWIAAIDENITUANLAN 397 draend tNaldNanIIAENEIdAN N TatanIaRALA:

NI AN UV BIUTETINT be

3.2 N1329NUULLLUAITIVNGANTINNITLARNS (SP Survey)
@TaLLﬂiﬁ%’lﬁ'{gﬁ’L"ﬁaamwuLLuuaaumu SP fia AW1un1g (Toll) waztaanlumsidunis
(Travel Time) ﬂizqﬂﬁwumﬁ@@h H1WNN9R WIS (Variable Pricing) 14334139694 (Peak:
06.01 — 09.00 .) #5101 60 U uaznagaumM3liEIuaaauas 25 uaz 50 lugrsianuas
WRIL396% (Pre/Post-Peak) T9819891 LN AT TN IRE IR AHIUIN IV INIITN IR LA
WAIUSEINA B USRI UAIBENIUTIA (UI9H) LAZETUNTTIIN 9-1 (Ra8I3T)
fwiumsdanaandunagisoldtoya Real-time 910 Google Maps laginue
ﬁgm%"mi”uﬁmaifmﬁ‘fﬁwu: TUe9n1989 2 L1EUNTS AD NIRIRINT (328NN 22 NN.) LA
naasalan (seozni 20 na.) lasrsmasidwnmeitlaiandwnslndiaeis loalugae
139621 (Peak) THIa1L@%N149 40 — 60 W17 LAZTIIWBNLIIAIW (Off-Peak) TBiia1tdnng
30 — 40 w17l Nadk mnwawwmuéfwﬂmmmﬁugﬂLLuumﬂ@nmﬁ 1 azifiean M InkEaes
gafle 32 anwmaol %aawm”mﬂ’nuﬁuammg@]auLm‘uaaumu #I30391935 Fractional

Factorial Design [7] H11lUsWnT0 R AQLRaNIWAADLNES 8 RENUMNTEE A9ANT19N 2

@139 1 SzAUAMANA (Attribute levels) §113UN138132902835 SP

LAY AHIWBNIG (LIN) RUARNTG (W11)

2%79L59A3% Pea 06.01 — 09.00 .

0 60 40

1 60 60

»anzs29 Peak

NauAIIL39AI% Pre-Peak 04.00 — 06.00 ., BAIBIL39A% Pre-Peak 09.01 — 12.00 .
0 30 (-50%) 30
1 45 (-25%) 40

NAT197 1 Mnuaszaugmaudd (Attribute Levels) 14w 2 3zau laud 3zdu 0
waz 1 weldidudunuzasaniunsalauyddmiuaudsdiiunisuaziiaiduniei
uwandanu lagszauainaignihanlglunmssenuuugamaiian (Choice Sets) niLn1T

a

AYNUUURAUNY Stated Preference (SP)
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{ ¢ o ° [ o a
(ﬂ'l?'ldﬁ 2 ﬁﬂ']%ﬂ']im’i]'laa\‘ia’lﬂﬁﬂﬂ']ﬁﬂ'li')%ﬁ')ﬂ')% SP

WG 1 IAUAUNIT (W) LazAEHIBNIG (UN)

a0Nwn13ak NOWBILIIAIN %I9L39AN RRITIILIIAIW
ﬁ 04.00 — 06.00 ib. 06.01 — 09.00 4. 09.01 — 12.00 i+.
81 (AW | 1Ia1 | @WIWNNY | 1280 | @EIUwNIe
AN LAWNY LAWNIY
1 40 45 40 60 40 30
2 40 45 60 60 30 30
3 30 45 60 60 40 45
4 30 30 60 60 40 30
5 30 45 40 60 30 45
6 40 30 60 60 30 45
7 30 30 40 60 30 30
8 40 30 40 60 40 45

{ . v A v

INANTN 2 u,amNamiaammummuﬁaﬂ (Choice Sets) da81tsunsy R 9l
RINRDIUNITNENRDI 8 FDIUNNTIE INNNIHFNNEIWIZAUTIA LT IHaN1 3197 1 28969
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4.1 WAEIIINVIYAAMLATBINILAZHIAN (Socio-economic Characteristics)
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v é 1 L o 1 1 1 a
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A = ' o o A o A e dAaew o o A o P

az 41.58 dadunguwiniuwlsziwiewinnuuisnnidadndatesasdnnuiuisew
o val o a [ 1 1 S® v
Mldfianunszandudunmalugisnassdugifionas 59.49

;j@lauLLuuaaunﬂudaulwrgﬁs’lﬁvlﬁ 30,001 — 50,000 LN ﬁﬁ%’@mugdﬁg@%ﬂaz 34.75

wa % & ' & A A ' [ o o A
I@mdmm"l,@gamm 30,000 U NAR M) LAONLARNNITIIRAIIRNTIGIUNINAINITIIIAD Y
Aaflusasar 58.05 aungundnglddindy 30,000 v sulngiianidumalugaimm
159691 Aavdusasas 52.00 I@ﬂﬂmuﬁ@%ﬂ;umadna’lﬁ’lmmﬂuﬁﬂﬂﬁlﬁ'ﬂﬁdawaﬁams
Uiuidasuwn@nyin gflanudanduianas 60.34 dulngiiiani@un1izianaiiam,

LI9AIWNINTDURT 56.18

4.2 HAFIIRVDYAA RN ANIINNIILABNI

;jf@a‘uLLuuaaumumﬂmyLﬁamﬁumﬂuﬁawﬁmmm@hu (09.01 — 12.00 %.) 41N

'
= o

nga 31UIU 256 An Aatdusasaz 51.39 784RIN1ABTIILIALIIAH (06.01 — 09.00 U.)
F1wIn 226 au Aatdusasas 42.22 UaZTINOULIAILIIAIH (04.00 — 06.00 %.) I1UIH 32
a o [ v tﬂl = v v a 1 A v v
A URAEIWIUNFALNDIIDLAZ 6.40 ULAZHADLUDURDUINNLAUNTINGY J888e 51.81 Tgm9
NAwdul 230 Lm:dmlmy'Lﬁamﬁumalum’aaL’Jmlﬁfdmu Souay 50.62 098IN1AD
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o . A Ao [% A a o A Aa
¥i197% (Commute Trip) Sﬁwa@mugaﬁﬁama: 58.42 ﬂqa\mLmumavl,ﬂmmuuuwnmmm
mnﬁumaﬂizﬁ;ﬂ@”ﬂuﬁaonmw‘amugaﬁﬁasm: 54.01 WHBINNTAININAGIULIRNTIINUN

1 ' [ (di 1 1 n:i 2 A a v
L0 1 mmmqﬂsmmauq LU N1IVIa9LNeD 088 13.86 LLazﬂ’]ivLﬂLElU&lty’](ﬂ OHEEE
6.18 LRANLAUNIIIUTIIRAIIAITIA T URAN

naudraddulnglinmefiiasainud 2 - 5 fudedlonsd Aaiduiasaz 41.15 lag

LRANLAWNII IUTIIALTIAINTDERE 54.40 TA98INNABLAKWNNG 1 Tudadlany Jauaz 26.23
I@alLﬁamﬁummﬁdmaL’Jmﬁfomugaﬁﬁaﬂaz 64.23 muﬂﬁjumfﬂszﬁhmnnd'\ et
™ a < v t& 1 \]/I 1 a ) 1 1 v
slaraaidusasaz 13.65 mmiwﬁmufl,myLﬁam@umﬂumammmasm: 51.56 LazN1y
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AN 3 HANIIFIIIVVDYALATHINILATFIAN UATWYANIINNITLABNITIUHA

ANNTILIAINTLABN
TONALATHINIUAZEIAN | NOUZWIIAT | BINIIAIW | WAIZWIAT | %
NOANIINATILARNIY 139N 139N

04.01 - 06.00 4. | 06.01 - 09.00 4. | 09.01 - 12.00 b.

IMIBNINADL19 30 (6.40%) | 198 (42.22%)| 241 (51.39%) 469

gl 1 : JoyalAIgnaLazaIAa

1.1 E]']Eg

(1) éni 20 100.00% 0.21%
(2) 20 — 30 1 14.29% 44.29% 41.43%| 14.93%
(3)31-401 4.00% 46.00% 50.00% | 31.98%
(4) 41 -50 1 4.92% 53.28% 41.80% | 26.01%
(5) 51— 60 1 7.58% 36.36% 56.06% | 14.07%
(6) 1 nnin 60 1 5.00% 13.33% 81.67%| 12.79%

1.2 SEAUNIANE

(1) dvauAnEAanlaenIe

fnin 12.90% 22.58% 64.52%| 6.61%
(2) Yaraa. 7.41% 38.27% 54.32%| 17.27%
(3) USuane3 6.03% 44.68% 49.29% | 60.13%
@) U3l 4.92% 40.98% 54.10% | 13.01%
(5) YSaygian 64.29% 35.71%| 2.99%
1.3 21BN

(1) BNITOWHNANEN 50.00% 50.00% 0.85%
(2) TV TMI3FINAND 8.79% 31.87% 59.34% | 19.40%
(3) WIHNIUUIBN 4.62% 59.49% 35.90% | 41.58%
(4) DV TWIRIZ 4.11% 38.36% 57.53%| 15.57%
(5) Ll vRIRIMI 8.33% 22.92% 68.75% | 20.47%
6) Ang liasey 10.00% 90.00%| 2.13%
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@1 3 HANIIFIIIVVDYALATHFNIUALFIAN UATNYANIINAITLABRNIITINKA

ANTIILIAINTITLABN (A1D)

£

VONALATHINIUALAIAN/ | NDWAWIIAT | TN | NAIZ WA | %
NOANIINAIILABNIY 139AIN 139AIN

04.01 - 06.00 4. | 06.01 - 09.00 4. | 09.01 - 12.00 b.

IMMIBNYNADE 30 (6.40%) | 198 (42.22%)| 241 (51.39%) 469
1.4 alanatfan

(1) é1n91 10,000 LN 50.00% 25.00% 25.00%| 0.85%
(2) 10,001 - 20,000 UN 11.54% 42.31% 46.15%| 5.54%
(3) 20,001 — 30,000 LN 6.90% 54.48% 38.62% | 30.92%
(4) 30,001 — 50,000 LN 4.29% 43.56% 52.15% | 34.75%
(5) 50,001 — 100,000 LN 7.61% 30.43% 61.96% | 19.62%
(6) 100,000 Lniuly 2.56% 20.51% 76.92%| 8.32%
1.5 12811 N3V

(1) Wnaudszdn (Full Time) 5.91% 57.81% 36.29% | 50.53%
(2) Nwlaitdua (Part-Time) 5.88% 13.73% 80.39% | 10.87%
(3) 21 TWawIz (Freelance) 7.81% 35.16% 57.03% | 27.29%
(4) \nBomany (Retire) 2.13% 14.89% 82.98%| 10.02%
(5) 11991% (Unemployed) 33.33% 33.33% 33.33%| 1.28%

1.6 mnuﬁmmjunmﬁ’m’m

(1« 7.77% 36.04% 56.18% | 60.34%

(2) 1aig 4.30% 51.61% 44.09% | 39.66%

91 2 : NYANTINNITLARNNG

2.1 1dwn19ilszan

(1) \RUAHIBNN 8.23% 50.62% 41.15%| 51.81%

) TdFoerung 4.42% 33.19% 62.39% | 48.19%

2.2 M3 1FUSNIINIIN LA

(1) 1a8 6.03% 42.46% 51.51% | 98.93%

(2) Taine 40.00% 20.00% 40.00%| 1.07%
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@1 3 HANIIFIIIVVDYALATHFNIUALFIAN UATWYANIINAITLARNIITINRA

AINBLIAINIILARNY (AD)

TONALATHINIUAZHIAN | NOUZWIIAT | BIIIAIW | WAIZWIAT | %
NHANIINAIILARNIY 139N 139N
04.01 - 06.00 1. | 06.01 - 09.00 4. | 09.01 - 12.00 .
IMIBNINADL19 30 (6.40%) | 198 (42.22%)| 241 (51.39%) 469
2.3 M3 lBuSmMIzaaiuAIiIwNg
(1) \3u&a (cash/MTC) 7.43% 35.64% 56.93% | 43.07%
(2) 320U l1ai6 (easy
pass/ETC) 5.79% 47.10% 47.10% | 55.22%
(3) Uastasdauazuasiaia
(VISA/Mastercard) 50.00% 50.00%| 1.71%
2.4 anudnslEmeiies
(1) 1NN 5 AwWElan 12.50% 51.56% 35.94%| 13.65%
(2) 2-5 TwFla 5.18% 54.40% 40.41%| 41.15%
(3) 1 IwWaUaA 1.63% 34.15% 64.23% | 26.23%
@) 1 Tuidon 12.16% 18.92% 68.92% | 15.78%
(5) Bun lsmmy_ 6.67% 26.67% 66.67%| 3.20%
2.5 Jnnilszaedlunn1sannig
(1) 5w 50.00% 25.00% 25.00%| 0.85%
(2) N9 6.20% 54.01% 39.78% | 58.42%
(3) ‘YiE]\‘iLﬁIFJ’J 4.62% 30.77% 64.62% | 13.86%
(4) Lfllf;l&lfl]'l@l 6.90% 20.69% 72.41%| 6.18%
(5) Bu9 Tusaszy 6.19% 23.71% 70.10% | 20.68%

4.3 HANTINRIRILUUINRDY

431 UWWININISTHAWILLUUINaDY

MINAWILLUIIa89 Multinomial Logit (MNL) lginmsinneafidnarsdiwnalsziin

ANULANNZEY ANNUNLTaN8 LLa:mmaa@ﬂﬁaaL%awqaﬂﬁmamum"waaﬂ@ma@ﬂmmeﬁ

AININN 4
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@519 4 nainsUsEIAnwuuLS1aa9 Multinomial Logit
a1eu Lo Jandszaa wnaninneslsy AMNANNL
Msnagay
1 | ¢ t-statistic nasauUnu@AYad ||| = 1.96 (32aU | szyinaauled
(Wald test) [8-9] [w1mfiaassedr  |0.05) 738 = 2.58 |dnFwasdansifen
(3z@1 0.01) atlkpEAT
2 |e3eaangTas | @3eeuay GRIREAARBINY | LT LIAUAS
FuLlysans [10] ROAANDITINGLY) | WOANTINGII altdnsarnduay
3 | McFadden’s JaanuEINTale | 0.20-0.40 fiand | ltidSeufieu
Pseudo R? [11-12] |msafunang@nssy |lusnuauwean  |uuusiaes

UsztAnva3enlsn 1 Fl N1 e AnI oW ILU US89 MNL RINIIDI WA ATl

3 nf,jwéi'ﬂ At

1) @aui3@1a (Dependent Variable / Choice Variable) L n@audsiugasnaniy

o A A o A o @ A ' . a A
@l@a%slﬂl»aaﬂ"llSOE’J@IQULLUUﬁQNQWN GITGWSGL{]%TQ%INLTG%N?@“%I (Categorical) 4n13Ltaan

NInUA 3 Matdan laun T2 (04.00 — 06.00 1.), TI9L3962% (06.01 — 09.00 %.)

URZ TI9RAILIIAIN (09.01 — 12.00 W.)

2) audsdarenufsnulasauniaiien (Alternative-specific Variables) 1Juaaudsn

' ' o ] o o o < A a a
ﬁﬂ’]LL@]ﬂ@]q\‘]ﬂul%LL@]ﬂ$ﬂ'}\‘]L§aﬂ LLﬂ$3Jﬂﬁ$°ﬂa%ﬂmaﬂjﬂ'm5ma0ﬂqﬂL§ﬂﬂu% 9 ‘ﬁ\‘]ﬁﬁ]‘ﬂﬁwa

1 4 . v 1 a 1 1 L 1 n:?
lasassdaasadszlowit (Utility) teun szozian lumsdunis wazanmiunig audngui

uasddsznaunanuasnuuinaeadang@nssumstaune

3) ﬁ?LLUS&ﬂHm:Qﬂﬂaﬁ%aﬁdﬂuLﬂ‘i'ﬂgﬁﬁ] (Socio-economic Variables / Individual

e . IS o P @ o v A = ' a A A
Characteristics) Lﬂ%@]?LLﬂiﬂﬁZﬂauﬂmaﬂHmtm adl}d@l(ﬂﬁiﬂﬁl "INVLNL‘]_IQEI%@]'WJ‘Y]']GLGBT] ISIRN)

Na@iaﬂ’]’]ll‘?ja‘i_l‘ﬁ%ﬂLLWZJI‘iI?Jl%ﬂ”ISLﬁﬂﬂ VL@TLLTi B’]EIq WNF RDIUSATELAT TEALUMTANEN BTN

ai’wmu‘mwﬁmuqﬂﬂa ulddatdon 1NN LLa:ﬂmuwﬁwsjmaqnm

o o ' nql/o a v o 6 e ' A A .
nMINWIB muﬂmquummi"ﬂugﬂma\‘imsﬂgauwuﬁﬂummmaww:mdLaaﬂ (Alternative

Specific Constant: ASC) #3anUMILUIAMANBULIBINIAEN LB TUIEANNUANGIVDI

WOANTINTEWINILAAS

mnﬁndnﬁnﬁummma@ﬂéﬁ LTI RTUN TN WILUL 18899
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A3 9N 5 AUITAMIUNIINRIRILUUINRDI

a1au Ay ANANEY

1) @u13@13 Dependent Variable

1 Uprepeak 8370 ol In I AUNNTIINWITIAIH (04.00 — 06.00 w.)
2 Upeak 870Uz lomiuaInILAUNIITI93969% (06.01 — 09.00 1.)
3 Upostpeak ay70UselomtiuaIM I EUNINAITINTIAIN (09.01 — 12.00 %.)

2) @2u1l9985¢ Specific Variables

4 time ez lunaEun1g i)
5 cost AEIUNN (mw/Lﬁm)
3) aauistassgnauazdIan
6 age 1= 914 20 d4wll
0= a1gau 9
7 male 1=718
0 = w9y
8 married 1= /NI
0 = lan
9 EDU 1= gaudszauUSynes dul

0 = SAUMIANEIA 9

10 | work 1 = NTTMIFINNRAL UASWINNBUTEN (NFUNIENIML924N)

0 = TN ¢

o X a
11 car 1 = asauUnI0930 1 Ak Al @snoud)

0 = lufinuud

12 | income 10,000 = 578'l61n91 10,000

15,000 = nsjm’iwﬁau 10,000 - 20,000

25,000 = NFuLInLAAK 20,000 - 30,000

40,000 = NFWLIHLADY 30,000 - 50,000
75,000 = NgwLInLAa% 50,000 - 100,000

100,000 = ném’iwﬁamﬁ"mwi 100,000 vl

13 worktime 1 = windusedn

0 = Wiknawhaitlszdn

14 flex 1= ﬁmmﬁﬂm;uslumitauma

0 = liflanwubangulumaduns
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v @

MINAMLULIReIaTIRuUINM IR T 2 du laud

(1) MINAFDURBEIATVAIAILUINAN (base case) AD LINNLAUNIILAZATHIBNG
HIULUUTINEINTIATIN UaY

) mi’jmﬁ:ﬁﬁ‘nﬁwaiawﬁuﬁaﬁ'ﬂﬁmmwgﬁaLLa:é'aﬂumaa;d”l'*ﬁ”mo (socio case) LT
Staaudanaudsuuuidudunomn (Stepwise Procedure) I@slLﬁ'u—a@éﬁthmwﬁfm%m”zyma
&0@ Lﬁﬂlﬁ“’[ﬁLLﬂUﬁ‘i'}aadﬁmm:auﬁqm wazmnuaWsTwassas: lomidrunisaudsuan
waraTBLATHINARIAY Lﬁaa%mzlwqaﬂsiwvl,@i”asmma‘umgu lé¥inmInasauuuuinass

NIRY 13 BWUUINRDY AIANTN 6

4.3.2 HANISNAIWILULINADY
AiumMIN@LUUIa0slagTuNUULIIaaINIHg I (Base Case) UaznyagLing
daulsduiaIngiauasdIny tNaAaLlRanuuLdIaaINaInIsnaTuawg@nsysunisiian

ﬁaanm@uma"tﬁﬁﬁqmim SUNAMTIATIZAILLTAIH

{ a 6 o
@139 6 WAN1IILAIILAIULT MODEL 1 n3kg % (base case)

aauils @A1dnl3¥aNn3 | Rob.tratio | man1sAALAaN
ASC (Pre-peak) -1.34913 -8.39089 sig.
ASC (Peak) @)
ASC (Post-peak) 0.35326 3.31342 sig.
IANAUNI (time) -0.00884 -4.75826 sig.
AN (cost) -0.00186 -2.99646 sig.
p2 (Rho-squared vs equal shares) 0.1634 wald
Number of Observations 464
LL(0) -4,078.05
LL(final) -3,411.83

= a I o = a 2 A o '

ANAIINN 6 NMIUATITAULLIIRBIN 1 NI I% (Base Case) TINNTIMIA LU TN

HWMY uaza lumatd@unie wui aaudsaudidinnasazian lvmadunsilinosan
aad o A & a A o a a5

NIFIANIZAUANLTENY 95% UazdinTaniosulsefnTidusy uaailinisaasived

& A o @ 1 Y = A X s a 6 '
ﬂiiﬂﬂiZIﬂ"D’uLNﬂﬂﬁ]%ﬁl@ﬁuﬂﬁl‘ﬁ'ﬂﬂZJ%EEJL’JQ"ILWQJ?Ju mw‘vxaﬂ'ﬂqwgaﬁnﬂiﬂwmmqu
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£a/

(Random Utility Theory) §1%3Uf1 ACS 1latlIouisunugIud19893391381L3969% (Peak)

: v a a v a_ A a ) ] ] ' =
WU E]JL@]u'ﬂhlx‘]3JLL‘H&’JI%NVﬁﬂﬂLaU\TﬂqsL@]uﬂqdluTjdﬂauL‘iG@]’]u (Pre-Peak) LANAITUNI

walafazdsuifounsaiiannaawm U nast291a115967% (Post-Peak) 1NN azvian

TA AT I8N IWaVeIT8I1NAG1HAT19L287 (Schedule Constraints)maa;ﬂfma lag

wuyinaashianuseansasiazaansnatuiengdnssulaluszauanais aawdn p? innu

0.1634

P a a o ° o o ° =
A13IN 7 Eﬁél]Naﬂ’ﬁlﬂ‘sﬂ‘uL‘nSJTIJGI’JLtﬂia’]‘lﬁinﬂﬁiwmu’]Ll‘.lJfIJﬁ)’laiJ\‘m”l‘il,aaﬂ

#9A LNLAWNY
HUUINADI a3 socio p? t-test ANMNLRNZEN
(Rho-squared) | (|| =1.96) | p> (Rho-squared)

Model 0 g 0.1634 NNe wald
(Base Case)
Model 1 nnaauls 0.2396 V1967 &
Model 2 laifiaauds age, income 0.1931 TR wa g

Wae worktime
Model 3 male, edu Laz flex 0.1729 U967 wald
Model 4 male W82 edu 0.1661 U960 wald
Model 5 laifigauds male uay 0.2373 U960 &

edu (RavamnneauLls

fifvinanan)
Model 6 age, income W8z worktime 0.2349 TR 9]
Model 7 married W8z work 0.1912 ke walt
Model 8 flex 0.1710 TeRID) wald
Model 9 income 0.1879 nNen wa g
Model 10 |worktime 0.2141 NNA? 2
Model 11 age 0.1988 TRRLR) wa g
Model 12 |married 0.1716 NNe wald
Model 13 |work 0.1851 19612 wa b
UnADIUDVY

ANU:IADNSSUANANS UM3NYNAUINUUULUAQ
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4 a & @ a (¥ . H
A139N 8 WAN1IILAIIEHAIULT MODEL 10 NIthLATHINIUALHIAN (socio case) 113l

wadiauazia p’ gengn

aauils AdalszEns | Rob.traio | wanis@aidan
ASC (Pre-peak) -0.49258 -2.28685 sig
ASC (Peak) (3%)
ASC (Post-peak) 1.21017 6.69281 sig
LIRLAUNIY (time) -0.00932 -4.76339 sig
ANHIUNII (cost) -0.00205 -3.01544 sig
worktime -1.50621 -6.94297 sig
p2 (Rho-squared vs equal shares) 0.2141 @
Number of Observations 464
LL(0) -4,078.05
LL(final) -3,205.13

*WANBLAG): sig A significant AANWEAYNIEDR

NI 7 namstszanasmdeas wuin me‘i'maaﬁﬁmmmmmwﬁq@ﬁa
LuLd1ae9ft 10 (Model 10) Faduuuusraasinamdulasmaindiuds nanlumsinam
(Work Time) tJafarsandaudszanivassudslunuusiaesasaned 8 wuin daudsen
Humnd anlumaduna uazalumsing Sfoidyneaiafiszauanudesiu 95%
Tawdl p? winy 0.2141 uazsngudszantwinaaundsiduay () sxvfowinm RN u a9
HwmILazIa lumMaaunsazdsnaliassadszlomd (Utiity) wSaanunswalalunisifen
WWundaaad wazinldanushazidulunmsiiensisanlumsidunisaaasanlddrs u
puLdnaiu daudsaanlunisiuiteddansaia i duindesoiiisninadanis
USiasuniaiiontasaalumsiiunma

91NA13197 8 l,l,um'haaaﬁl,%m:auﬁq@ﬁa Model 10 JAMULARNIETFNAIRTUNNT
Wl luanwinsunnulovisuaznsnensainaluawiae lasfisunisassadseload
(Utility) ¢33

Uprepeak = —0.49258 — 0.00932(time) — 0.00205(cost) — 1.50621(worktime) 4
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Upeak = —0.00932(time) — 0.00205(cost) — 1.50621(worktime) (5)
Upostpeak = 1.21017 — 0.00932(time) — 0.00205(cost) — 1.50621(worktime) (6)

sun1vasyauszlawyd (Utiity Function) ¥ 3 gun13 Luaun13vILIUIIRD S
Multinomial Logit (MNL) ‘ﬁl"ﬁﬁnmmmmﬁawahvﬁaaiinﬂiﬂwﬁmaatﬁ’lfﬁmalumnﬁan
TR NAUNMILARZNNILEDN tawA Pre-peak, Peak Waz Post-peak Tagf time Ao 32021787
Tumaidunma (mﬁ/vﬁm) cost Al AHIUMS (mﬂ/Lﬁm) wae worktime Ao LIAINIANH

Tay 1 = WinuUszdn way 0 = Witnaw baitlszdn

U ]
4.3.3 nadszgndlsuuudians
¥ o . . oA & \ a

NN IUszynalFuuudtasd Multinomial Logit iNaaian1saiaavazidulunis
WBaNT9ANAUNTI lasdwi eI ullsinTy R @28uinina Apollo MIanansaitsunm
anasmelafanlamamruaddiumaudsauaunan (@9gumIn 3) WarmIanagay
ANUFEAAFAIVDILLLUIININLTaNA (Goodness-of-Fit) lasidTuuifisudagiuannuing
WunuuudriaesnanisallaAUFARIWNY ANTINNANTLRNTIIIAILABNIIATIANN

=) et C!I v o ' o a C!I =3

wuusaunagaLasnunliWawuuuiiaes wuduuudiaesden % Correct Lafogads
v A v 1 o o s 1 a 1 s [ { ¥
Jouaz 99.75 Tsazvianiwuudnesaunindinasdasiunginssnvesnguaiatenls

NAIWLU U809 b 089NN AILRAIIUAITI9N 9

{ 1 [ a 1 1
GI"I‘S"IGﬁ 9 Naﬂ']‘iﬂ']ﬂﬂ']‘iﬂiﬂ')']&l%']%z naas é&ﬁaﬂ Lﬂ%ﬂ']\isl%l,t@l AEDIILIAN

2791981 A1an13al (%) | TONADII (%) %Correct | Sampled std.dev.
Pre-peak 10.48 10.53 99.52 0.01598
Peak 32.14 32.18 99.88 0.01552
Post-peak 57.38 57.29 99.84 0.02224

1 =3 di v a [ a 1 ) aa' -3 =< dy va
a9 l3Aay 1N IR NAM TR TIEA T NN B DAL W T9U% MSANTH LA NI
Tadpeu nfufidun1sngnirnaniafan (Captive User) tiniiia lanianiznguf laiu
fuanaa luianIadidawlaiieulwaasduwnmelusisandudulszin lasnsuunsaain

ngy Captive aanmnmjuﬁmmmﬂ%’uLﬁﬁwnmlﬁumﬂﬁ s lRuuuIaaIa N
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‘]Ji::Lﬁuﬂ’]i@]a‘.l.lﬁ%@d@ia&l’]@]iﬂ’]iﬂ’]dﬁ’]%i’lﬂﬂ%‘%a%IEI‘]J’]Elﬂ’]i"ilﬂﬂ’]i"ﬂi’]’ﬂivlﬁaﬁi’ldﬁw’ﬂ%d

a & o v A T ¢
HNNIN) I@]U%WLL%ﬂEL@]%YﬂGGGﬂLﬂ% 2 ﬂi}ll AN

1) dadugiawmnidszinldaainsndiufowasndumald (% Captive) 1utaya

WHANTINMAABNIITIVBINFUABH N NLLUFE LD

2) dadugiaumanfidnaniwlunisdsudfsugiaaaudums (%Shiftcap.) 1u

ﬁﬁﬁﬁ’]u’)m‘ﬂ’]ﬂNﬂﬂ’]iﬂ"l@ﬂ’]ifﬁﬂ’l’]ﬂﬂ’]ﬁ]tLﬂui%ﬂqitﬁﬂﬂ’ﬂ"}\‘]n mlumnﬁumd 1N

LUUIIRDY LLﬁaﬁnauﬁ’;Ué’ﬂmu;jlﬁumqﬂizﬁw (%Captive) UBITIIIRUALINY WAN LA

v ot 1 v C!Id A 1 = = v s til 1
HENDURA ﬁ?%ﬁdﬂ“ﬁﬂ"lx‘]ﬂ&lﬂ’ﬂ&l AN ﬂqul%ﬂﬁﬁ@l@ﬁ%lﬁ] LLa:&lLL%’JI%&Iﬂi‘U LU REWTIILIAN

Lﬁuﬂ’]dvlﬁz’ﬂ%%ﬁavl,ﬁ%‘ﬂLL‘idildlﬁ]ﬁ]’]ﬂ&l']@l‘iﬂ’li@?’]%i’lﬂ’] AIANTNN 10

M1319% 10 FaawN13LAWN19U52I1 llAarz19tIan (Captive)

2291281 %captive %shift cap.
NawT9L3961% (Pre-peak) 6.40 4.08
PILIIAIU (Peak) 42.22
WRITIIL I (Post-peak) 51.39 5.99

MO390 10 Faa1wnsaunIluudaz s mLﬁaﬁmimwn@mﬁ%maﬁgm‘i’]ﬁ'@

n1918an (Captive User) Wui1 dadiuuadfflimalutiinaiiaaiisaau (Post-peak) 61

gaﬁq@ag}iﬁ%aﬂaz 51.39 30989NNABTININNITIAIN (Peak) TDURZ 42.22 UAZTINDWLIAN

139619% (Pre-peak) Faunz 6.40 azviauldiiuidldnmesiulngdinsldadrnadiunaile

AILEUN19 wazliausadsuilRsunginssuiNenauaueIdaNIaTANITAIUIIAN ba

laiawzlutg Post-peak Nildasungu Captive §9 URAIIIANB UM IAUN N NN WAL

msﬁw%alﬁau"lmmuqﬂﬂa VI LA URIaNINITNY AN

' = A A o v oA o a a .
ama"l,inm’m Luawmml,’la@a’mmaanqmmmmﬂsuﬂaﬂunmL@uma (% shift-cap)

WU @%mamadauﬁamuﬁ@mju Sauaz 10.07 Insdrunisiaumalugizrenaniaan

1 1 v [l e 1 1 v Fé Cg/ v &
13967 (Pre-peak) 2882 4.08 LLAZDIINAILINILIIAIW (Post-peak) Ja8as 5.99 ‘ﬁx‘i“ﬁl%lfﬁu

NUIGTNNIANRUA AT BN THBATNLIREIFN mmgalﬂ‘mﬁ@ NINIZANEABIUIN

AT AUIIEIN
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5. a;ﬂ

miﬁﬂmﬁﬁi’mqﬂs:mﬁLﬁaﬁmm:ﬁwqﬁmwmnﬁaﬂmanm@umwaaé’lf‘nw
A wazlssdudng N wuaIn1asmMIsInaaaEnunInanga luassainlunisnizany
USinonas laslduuudiaas Multinomial Logit (MNL) 91nTaya Stated Preference (SP)

ANNANTANEN WU AU TE WA UAUNIIULATAHIBNIN RGN TLRBNT 948N
LAUNI90 19T REA1AYNIIEDA UazdAANIIRIAARBINUNY B LATHIAIFATNITVUET
nande Warnadumaniasldsnaiuide anuinazidulunsidantrsnainazanss
mslamandidinnslugrsnentalusissdnginalwanusiazdulunsidenidunig
AOUTIILIAIIAIW (Pre-peak) WRTHAITIIINIIIAIW (Post-peak) ANE% vaefinny
Wazidulunsifent@uni9z1913969% (Peak) a0ad LaAIIARUDIANSANYBINIATANTLES
e lumInszangaNudaIMIawNg

aaudsauiaswgiauazgeny Jaduaiutaanlunisnineu (Work time) nadanas
aaFulalfandrnafunsadaiinedeany

HANITANANITIINNUULE88Y WU LUDdaasRnaw Il aunsugrlunns
WeNIOige serouliiAndsanumanzauvesaaudsiinanls laund nadunisuszarin
19 %aﬁﬁw%wa@iamsé’@?m%Lﬁaﬂ“ﬁ’mLaa'uﬁumaasmﬁﬁfﬂﬁm”zy 19t wamsaanizel
LLa@ﬂﬁLﬁmmIﬂmsJmuaﬂﬁhmumamuﬁingalﬁﬂﬁq&’lfﬁmomddauﬂ%’mﬂﬁlmunm
AU L HITIN D BULAZARIIALTIAIU bGT dawaslﬁﬂ’%mmmwsgﬂm:mUaaﬂmﬂﬂhanm
wagnlasinisfnamadunia bl g3519R0 18 L3969 % (Pre-peak) 3088z 4.08 Las23d
WAILIALI9AIW (Post-peak) 3088 5.99

aeglsiony msﬁnms‘i’awuﬁm‘hﬁ@a%m”mumﬂmjwj‘lﬁmaﬁgﬂﬁ]“']ﬁ'@maLﬁaﬂ (Captive
User) %oﬁé’@dauﬁauﬁwga IﬂU;ﬂ‘l"ﬁmaﬂ@;uﬂ&immmﬂ%’mﬂﬁﬂwﬁwmmLﬁumovl,@i”
HlasandasiaduanenamMIinaunsanisnaszsn dawa’tﬁﬂ'&mﬁnﬁnszgﬂé’wm
YSunmanaslutisnaisssiuniniasas 42.22 LLﬁa:ﬁmmﬂﬂigalﬁ]ﬁmﬁmﬁmu

Namsﬁﬂwﬂuﬂ%f:%’lﬁl,ﬁmﬂmmmsdma@@hmumauanﬁ’sanmLia@immmmga
Iﬂﬁpﬁﬁmamamuﬂ%LﬂﬁﬂwﬁwL’smtﬁumavl,@i” lagdin13g1an15auN199nT949a0
eaaulyg3gr9neutaznadIasIaIuIINUTENMTauaz 10.07 maa;ﬂ%mwfwm
nasnsaanasldiRssnenazaaanurmuinsasnsanaslutsassdinlaagied
wodATY Lﬁaamﬂz?’dﬁmjuQ’lﬁmaﬁﬁﬁa'«ﬁwﬁﬂﬁmnm (Captive User) luﬁ%‘@muga

Fatiu myunasnsdrnaaadiiwn i lsluntl fidarsiinuadinunenis
ﬂ‘s:mUﬂ’%mmﬁwﬂﬁaa@ﬂﬁaaﬁuﬁ’ﬂynwwlunwsﬂ%“uLﬂﬁﬂquaﬂﬁwaa;ﬂﬁma lagan

Naﬂ'ﬁﬁﬂ‘]ﬂ’]ﬂ’éj y l‘gl“ﬁﬂ']dﬁﬁﬂ Nuilan tjulummﬁuma RUINNDUABAIADNIATNNIAUBINAN

UNADIUDNY ANU:IADNSSUANAQS UMNINUNAUINUUUNUAQ
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1etlszunesaas 10 vastSunmaTaIninie 39analmduaniszan mlia I a1 TURIA LA
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a a
naanssNdszna
uwmm‘iﬁ'mﬂ'uﬁéﬂL%ilqéhavlﬁéﬁUmmn‘gmﬂmnu‘%ﬁ'ﬂ ma@hmmzm"lﬂﬁmgomw
o a o o 6 v o o d:
100 (UWTH) FNRTUANNBBANHTBYAFIATY A88aU The Rest Area sz Uas
a a g’ s v o 6 A v Qs d' v 6
FO1HUINIIHINABUIIIN LTS 38 (L. LALIBINIW UIIIAIU) ‘Yll%ﬂ’l’]llﬂkbmi’]:%
amuﬁlumsé’tﬁnLLazLﬁuﬁayamﬂaum ﬁwamauws:qmnﬂv&mmmﬁ‘lﬁmmﬁfuagﬂi

o lamadh
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A.ATUANRET TNUNTRY MAITIAINTINAS  URINUIRUTITNANFAT

a.a3.lan 1aan3 AATTIBIANTINGNANT AmRANTAONITNANRAS
URINNRULINBATAFAT

A.ALABNA MYIWIAEY MATIMNTINIET WAANEIRUINEATAEAS
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