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ABSTRACT

A numerical simulation of the heat transfer and airflow in a frost-free refrigerator
with a top-mounted freezer was carried out in this study. The fresh food compartment of
the refrigerator was under loaded and unloaded conditions. The modeling and simulation
of heat transfer within the refrigerator was performed using Computational Fluid Dynamic
(CFD) commercial software, SolidWorks.  The simulation results showed that the
temperature profile within the compartment was divided into 2 zones: zone 1 (ranging
between -1.5 to 1.5 °C) located at the meat chiller and the bottom shelf, and zone 2
(ranging between 1.5 to 4.0 °0) located at the top and middle shelves. The airflow velocity
inside the refrigerator was found in the range between 0 and 0.4 m/s. The maximum air
velocity was at the back of the bottom shelf. When the compartment was loaded, the
average temperatures were increased around 2 °C. Moreover, it was also found that the
vortices increased with the load amount filled in the compartment. The different shelves
in the compartment (solid shelves and wire shelves) were also investigated in this study. It
was found that when the top and middle shelves were replaced by wire shelves. The
temperature variation was decreased by 50 - 75% compared to solid shelves, and the
temperature profile in the compartment became more uniform for both unloaded and
loaded conditions. Simulation results were validated with the experimental values, it can

be concluded that there was no significantly differences between the both results.
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(b) ANANIUAE (O TG el e e 66
(a) HaNTINTTANYRUNY Uaz (b) amummL%ff;maiuéLﬁuﬁUii@Iuamuuﬁsmu
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NUNHIVBING (M)

ANNANUTEUT N IZVDVRIINE (J/kgK)

[

u39L0991n6I0g (Body force, N)
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P ¥ 2
wsatosanusaduaiewedian (m/s)

ANdUUSEENDININNIAMNSBU (Convective heat transfer coefficient,

W/ K)

a £ 1%

U L% 2
ANFNUTZENTNITWIANUTOUVBIDINANBUDN (W/m K)

N

a ¥

ANFUUTEANTNNTNIANUTD UL UM T INNNISRSIAAIINTOU

(Equivalent radiative heat transfer coefficient)

a £ ¥

dulszansnisnianuSoundenaenainuen (W/m'K)
wvisndendnwal (Unit tensor)

Andulszansnisthaudou (Thermal conductivity, W/m-K)
ArduuszAnsnininaudouresHtiigunsal (W/mK)
ﬂmuanmaﬂmﬁqg’ﬂﬁul,l,uaé?q (m)
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=
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Warin (Dynamic viscosity, z2) sioauiuIkiuvesweslva

nsiwsuulasgmgiinessernanuiianiex (Temperature

gradient, K/m)
HaRsvesgnni (K)
ANNTWNSNTEN8ANNSDU (Thermal diffusivity) Badusnindiuves
duuszdnsnsihanuseuveedluarienumuLLLLAEAIANNIAIY
v G k
Fournvedlua se o =——

Pe,

1o a a v oa

ANdNUTEENSNNSVENERUTIAIUSDU (1/K)
AT ANoNITHHSIAAINTOU (Emissivity) FellA15z1309 0 D9 1
91~ L AR 2
ANUNUANAIRST (Dynamic viscosity, m /s)
1 3
AU LYesT0dlWa (kg/m)

MAsTvee Stefan-Boltzmann asiAnsiaiy 5.67 x 10° W/m K’
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1.1 VlﬁJ']LLagﬂ’J'lﬁJﬁ']ﬂﬂJu?la\'i{]wu‘Vi’]
lgarudu (Cold chain) faduldgumuildeusossninwnaniuguilnafidday
Ineannzlugnanvnssuemns nsaiuateamaiinaenldaudusgedivsyansanainse
o Y & A @ ! a o L4 & 1Y = A Y oa L [
dnldduasedledusesimindnsiomsnsusisunisluauisleduilanegluanudasasie

Tugrsranedudnnuunlaiiaunereuannnudesoinsinemsiuiivainioqduvsd

A

AIBNITOBNLUUTTUUATUANAT & TTUSTENSAIW LU N15TAsIBidunsIBLazNITAIUAY
AN (Hazard Analysis and Critical Control Points, HACCP) wsoN1sURUANALUNTWER

91113 (Good Manufacturing Practices, GMPs) ElEJ"]aliﬁmmzuuﬁnﬂd’na’m’ﬁamuﬁpﬂ,é’f

1 1%

Tutsiuresldmuiumintiu N13rUANsENINITINE N13ANUEN saudensiiusnuly

1 ! a a {

ATsaunldinudeudnaliszvuniiuseans amrar tiuliuselevid andeyanuiinis

9

fusnwemnslugiuililuaiiSeulugadeusendesnanvesnisinnisanulasnivves

o

onshuldaudu nanfegiduiuumnnlulsumaglsiinuagiaamgiiagy 6.4 °C

Y

%

Tnediudosaz 64.1 vinnuiiseAuanmgigendt 5 °C fadugampiivuzihuinsgiulunis

9

WAU$N®1919115 (Koutsoumanis & Gougouli, 2015; James et al., 2008; Laguerre & Flick,

b2

2004) Tuvmznuszimnalnanuindldusesas 90 YIHIAIBIMN TV TEAURUNN N

Y q

a

a o 0 a A N ¢ o = ¥ Al v o« !
gaun iz (algyal v1ulles wagdatld 519911, 2555) ndeyawaridlviiuinaiy
Uaondevesuslnmegluanunisaininduin agrslsnfuddaamginioneludiduss
Wigene wilunany o nsdlvasmsldam Msiadurioanasvaum)ilufiurisdni s
@ 1 4 A 1 = o ~ 4 .
7 Aldarunsantuauld esineguenmileaninnisvinauiieanuuuld (Off-design

condition) nsiiludrsraiietngamgiluaniunisalnisvieuaiedadiaudniu e

I
LY 1% 1

ATIVAOUANTIONNVDIGLEUTIY 9 uideIEn1sdrsrnduiSnsndenldiivamazldinaily

1%
Y o w

A5ANTIUNITABUTINNN DNNISUIVDINAALULIDIALNUINT TAAAWATDILDIAVIN IANANTS

al

Tanlaudeyawuulideifios n1simsisidaeisnisauiunaransvedlua
(Computational Fluid Dynamics, CFD) 3slaltnandlunuiniiendnidestymifanann a9

anunsavhlidauaudiladsingnisalveamsivanasnisnssarsenmnginieluldiluedied
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sUkuuraIn1seanwuvanldgunsaindunuimels Jsaunsatdivandilddnsuasaadldls
1 = = = U ad 1A ' =
agannileIguieuiuIs M ImeaeusLiesag 1957
wananigifudnduniedldlnihnielunsiseuniinisldegraunsnarsuaziduy
saa Y o 9 Yy & a Y o A a a = o &
gunsalndnslindsnugs mahligiduinnslindanuegaiiussansnmiadianudndy

gnsnilanarunsavinlafenisiiudss@nsninnisauvnarians (Thermodynamics

)

performance) vaun3asdntaluszuuianmiu sgelsifnisldndnuvasgdulilivuey

fulszansnmmisgamnacmanivesszuuinauduiistedauier wadWuegiudning
YaINIsIEmANNSeuLaznsivaisuvesenanelufidus e Fadnuidesenuiinsg
gapdendsnuvesdidudiulvainainguuuunisivauasnisnsgaievesgumaiinigluges

wsng 9 vegidu (Yang et al, 2010; Zhang & Lian, 2014) shewgiimuiiazaaudile

[

UsngnisalvesgduuumsivavesenniAwagniinszasgamg ineludiuiadinaudify

o

9Y191IN

TunangUnN1uUITeUN1sANYIaN YU UsINN198i989n 7158 ELnAUTOUN

dAndumelugidundugmguiuazdsliifinislasuanuaulasasAnwiagiandiewing u

uAdediulnglassanuanlalungdiiuwuy 1 Ysepniin1saiemainusouuusssuya

nanfensaismauseumeludetutormsanvegidulssaniidunsnauioulae

o1duusIltdunlsveslan (Laguerre & Flick, 2004; Laguerre et al., 2007; Laguerre & Flick,

[y

2010; Zhang & Lian, 2014) luvazNuidetesunnifinenn1sangmanuseulaznns

1
=

Inadsuvesonmanediuuy 2 UsynBauustowdomsaauazudiiseanainiu s 4 9

gfunuuiifinisldanuegianitewdae (Gupta et al, 2007; Yang et al, 2010) ag14lsAd

[l 7 7
av a I v v =2 kd
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nszgawaamaiinelugduldsuudasiuld daiaueaideldalddavihau lnefiinguszasd
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1 o/ 3 a o/
1.2 ﬂ'?qill‘!\i‘lﬂil'lﬁlLlaz'MﬂQUizﬁ\‘]ﬂ“Ua\’iﬂ'ﬁ?Qﬂ
1. Wiiefnwdnyen1snssevetgumgiasnisinaisuvesenianigluyewy
v PP % ' Yy 1 v Ay s
g1 sanvesgiiuiuy 2 Uszgnillassafranelunuudig q laun diduinliinisussyivan
Adufifimsussglvan wazgiduifinisldtuinuuunzunssunuduinauudiu

2. wedszendldlusunsunisAuamisnunamanivesiva (CFD  software) lu

nsAnulaegavnzaukazgnies

1.3 YAUAVDINIFIVY

v i) vog < v Aa | |, W2 Y =
1. QLﬂumsﬁﬂﬂUqLUumLHUﬂﬁgLﬂﬂ 2 U'ﬁgﬂ NUVDILYDIRITAALAS LLYLLUILLY NN UL S U

Y

(%
o

syuurdnlnudednlusd® (Frost-free refrigerator with a top-mounted freezer) lng
MsAnwiRs g gluYeuteIvinsan (Fresh food compartment) vsgiéu
Wity FerunaUsanasussglaifu 186.3 Ans

2. Tassasraneilu (Configuration) vesgiuiifnuussnaudne fduiliinisussy
Tvan (Unloaded condition) ffuiiinisussqluan (Loaded condition) uagdiduiinsly
Fumnauuungings (Wire shelves) dwsulnaniidentdfeiuians osnmiiduianiiden
YosauURnIeANUTaULLLEY

3. MsvasInImemanuseunelutesdeimsanvesgidudunisaemanuiou

anwazuy 3 BAneldidn1zassa (Steady state) Tnassauuagiulinisasmainuioudy

[
Y 1 a !

NINIAIUSBULUUAUSTINYA (Natural convection) netllddnasunsanemuianay

SR URUaIANUTUY

1.4 UABUNISANIUNUIY

1. MUMIUITIUNTIUNLABITBIAUNEANITAN8MAINTOU N15V19UT0 UYWAY

warnansvaslraderuin wasnuidenineitesiunsaemenuseunislugiiu



2. MaunukaradunInaaesiainuAtgnmngiuaranusaunelugdunldiny
A4 o v ° B ° = 1%
et deyalultlunisivunteulvveulunveawuuinges uagiilonsIadaUANADAAT DS
UYBILUUT1AD9

3. af1wuudnaainisanemanuseuiiadunslugduniulassainanelunfnw

a v =

feinarmansvetinadaduan (CFD) dlvsunsunsuiiamed dmivenideiidenld
Tuga Flow Simulation Tulusunsa SolidWorks iluia3esiielunisdiassszuu Taefiansan
nmsmamanuseudunuy 3 faneldaniizai

4. WA UlIrewUIAn11e (Mesh sensitivity analysis) Lﬁamsummmsw
Baszvomsnaiilviefiia qan il ildanuuusiaeanddeunia

5. A5I9AUAUYNABIBLUUTIABY lAgM T uLfiguaun)ianNan1snaaes
LazUUUSaRsTas TR e e eEan

6. AATIEINarINTANaNIINTEIYRUN LAz nstemauTeungluteuy

9 msanveEuinTumulasIasangluiimue

¢y v
1.5 Usslewdnlasu
1. fanudnlausingmsainisegmeuseuiiiavunslugesutanm sanvegiu

Uszin 2 Usygifidesududainuuunilassadnnsluiuudig 9 eg198ndasounqu 39

Y

Uszneusheauiinlaguuuunslvaiuvesenniauagnisnszansgamaiiiintuneluges
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a a 1 Ao a

w3 Feazanansaliidusvfeussansanmsvnuresgunsalinddnuaegnisnszaegamgdl
melusngausasifisimedenafuinwemsuield uenaninwnissassnisnszans
gaungiinglutowtonnantesidulyhliidnuannsassyiumisiuyaudmub
$nwemsviiasing o AFesnsgamailunisifiusawlsiviiuldegamnza

2. ansnsadssgndldlusunsunisAwumaiunamansvasiva (CFD software) lu
msAnulfedamnzauuaziiniugndios Fadussdrnuifianunsathluvssgndldiuan
yadudu 9 Weluewansely
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Tnedausil

unil 1 nanfemnuduin mnasjmneuay iagussasdvosnside veulunyeInis
3y dumounisdniunisifelasde Usslowdildfuainn1side warsieaziBonves
Wentnus

unil 2 namfmdnnaussnnuiifinnuddgreidel dilieduuuimidunis
AmuakarAndunsruunside Falsznoude nquinisoiemaiiuiou wdnn1sves
waransvatluaderuias (Computational Fluid Dynamics, CFD) uaza1uideiiiendes

unfl 3 namfetuneuntsdiiunuidy fasznoudeduneuiznimaaosuas
fupounisadrauuusiaes

Uil 4 ndmfananisngIsdeunNgnAsweILuuiiast Tnemsiuisuiiieuiuna
N13NAGDY

Uil 5 naafiawand sitasginsnsy M egunainldainuuunisdiaesduidl
Tassasanglunuusig 9
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N1INUNIUITIUNIIN

aa o =

Tuuninanfwmguindndulunsdniunuide Fedsznouiie fiugiunsinny
o I v ~ ' v & v & ¢ a
sruUMSANdureidu ngufmsaiewanuieulewu Nugiunamansvedluaids

AN wazuIdeinedesiunmsaiemanuiounielugidu

2.1 fdu
Y
<& o

v 2 & = Ax v Ao < PR % A a X 1%
@LEJuL‘tJuLﬂiaﬂéi'flﬂ/\lﬁ’mu%u’mmﬂ’g’mLEJu Lu@\i"ﬂqﬂﬂjqﬂﬁaumLﬂWSUUﬂ']EJSLu@LEJu ¥N

Y @ @

31NN1FE18MAUTDURIUNNNITRGLEY N1357lvavaeInIAINABuBNUSIMUTEARLEY

Y

@ = o

warAMuTaRIINewNIEodwwasiundudngludidu diduddnludesiamainuioun
AeduvdileanluiiieshvszAvamnglndsnaelulilifudaslinaeansviten - @
W95 1UAeLIAR 5+1 °C @HUnNuULINTFIUNEAAUNQRaINNTIIY, 2547) d1nSuseuuih

@& Ao ve va < ° o Y] . = o
Anuduntgnugfuasilussuuienuduuuudale (Vapor compression system) @il
drulsznauvian lakn Lr3eeenle (Compressor) LASBIAIULLL (Condenser) 1Na1S¥iREaNs
vAuLEu (Expansion valve) uaziA3adseine (Evaporator) Faiinannisyineu (Uil 2.1)

a Y [

Ao wn3esenlednansyihanudunagluaausiaievilioamgluasaiuiuvesansy

ANULEUATY ANTuasnANEuaYIvang inTeIr UkiuTeg USIanA U s R udNg

TOIRLEUIDTTUI8AINTERREN IINTLAITIANLELIsUAsudn g T uveumar

LagIENINNE AN EulRa NI LA NLIUEUIRY AINANTDIEITIIAIULEUILANRIRET
< o q v o @ A A % '

7037 Ml svihanuduiedluanusveavaiilfsuluaniugnansyninaweunaluag

fing ntuasienuduarlvaiueIssEmeLay Tuaufeunnemanglug iy uaz

sewenateidufieiomun mntuaglnadinginiesdaleiduiginsuuuiinaennsyuiunisy
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‘e -
AN S
i xS~
Expansion “\%\)91 ss0*¢ Compressor
valve 3 o

- - /ll/quld Warm H;T '
&vapor T vapor
' Qi“ Cold air Enthalpy (h)

JUN 2.1 ssuunisvhanuduiuudntovasedidulagiialy

Pressure (P)

2.2 mqwﬁmsdﬂﬂmmw%ﬁu (Heat transfer principle)

= =

nsnseasamngiatelugiduianmneidedaassiunisaiemnainudou lny
nalnnisanawmauieususesnilunanua 3 sUuuuu laud n1sdnaueu (Conduction)
N1511AIN50U (Convection) Lazn13WNss@A2115oU (Radiation) (Incropera et al., 2007)

Falaemalunalnnisaigmanusowns 3 sUkuuIzinTunSaui

2.2.1 msihauiou (Conduction)
MsiIANSeUVEONSUNINIZIEANSEU (Heat diffusion) LugUuuy
wﬁwaqmsdmmmm%@uﬁﬁmiu,aﬂLﬂ?iauwé’mumﬂ‘u%L’Jmﬁﬁqmwgﬁqﬂﬂaw%nmﬁﬁ
Qmmﬁ&‘i’n Tngedunisiadsuiivuuaal (Kinetic motion)  wian1siadeuiivusuuuuly

1An19 (Random motion) ﬂaﬂmaqaiuéhﬂaw mﬂﬂg%aﬂz\lﬁs% (Fourier’s Law) na1391

% 1Y
1 N Y v a

snsmsianuioulufidnile o Wudadiulpenssiviiufingminiuiicnisweinisansm
ANUFauty uarmsaguuUaseun)iiioszegnemuiianaly (Temperature gradient)

AIEUNITN 2.1

T
q.= _kAZ’_x 2.1

[

Weo g, fe dnsinsanewmanuiouluiieniax (Watt, W 138 J/s)

o

Tdulszansnisihauieu (Thermal conductivity, W/m-K)

b
o))}
o

3]
¥ Y
Y

& Ad v a 1 Y] 2
8 NUNVIFIRINAUNANINITAUNAIIUIDU (M)

N
o)}



dT = a a a
5 e naasulUasguunlne sz emINANI x (Temperature
X

gradient, K/m)

2.2.2 A15WIAN5U (Convection)

]
a

Weveslwalnaruiiuiingiiduveswds Insgumngivesvedlvauas

9

1%
[ = Y

Wi Tagaruanseiy vlAdanisuanildsuanuiouseninwwedlnauas Nuing iy

9

=be

[ a [

nwnrilizend mamarudeu Jautsesnitu 2 uuu fedl
1. MImANAFouLUUTIAU (Forced convection) MmsiAdeufivedves
Tnaifunauiainnsnseigesisanenen Wy nsldinaundedudud fesulninnis
\ndouivesvedlva
2. MINIANUTBURUUAUTITUYIRYTBWUUDATE (Natural or free
convection) msindsuivewetlnaintuldeuiiowinussassi (Buoyancy force) il
winfu Fudunstnanneamgiveswesluailiviviu ndnde miuuansseseamivili
anuuwiusesueslvalalvinfudunalivesinaidonmaiigs (amuiuvum) avasesh
vty Tuvmsiivedlvafifigamadsind: (Anusunuvug) azasedsas
dususnsanisnaanudeuausenalaaanngnisidudivesdadu

(Newton's law of cooling) fyaunisit 2.2
q = hAAT (2.2)

We A A AduUsEanoniswianuseu (Convective heat transfer coefficient,

W/m K

¥ '
a [

a4 & A N 7
A 3] WumN?V]ﬁNNﬁﬁUaﬂlwa (m)

A 1 a
AT D NARNUBIgNNL (K)

2.2.3 A15weis9EAu5au (Radiation)

= 4 = 2 vV

n1sui5eEAwsou Ao navuauFeuluguaduudindnlii
(Electromagnetics wave) Tugnuaesnauauiau (Thermal radiation) Vivasgesnunain
Togluaougla q Allgamalinuiiunniiaudesmduysal (0 K) laglddnludesdidinadu

'
a a =

nstginauieu uazazdusednSnmanniigalugyayinia (Wadivs vyuie, 2557) lag



BnTINSLHTIEAMUTOUIINING anxnsaAialagenfunguesaniiu-luanduiuil (Stefan-
Boltzman’s law) n3elingnisaauaiviedngei (Black body) Auiilanaunisn 2.3 uax

N3 In0aTe TrazunTadladeenitingnisgauainiigamgiifeiu Awialaainaunisi

24

g=AoT! (2.3)

qg=¢cAoT} (2.4)

¥ '
aa

< @ v
9 WUNNIYeIINg (M)

&
5
AN
o))

1
1 =

o Ao A1Asiives Stefan-Boltzmann @efiawiiu 5.67 x 10° W/m K’

aa L4
9 gaunndteuysad (K)

%
o))}

b

A

& Ao AmduUszavonsunSadauieu (Emissivity) F9diA19291i19 0 819 1

dmTudnsinishaniUdeunlnusaugnssenitanuRIfvaIwIndon

aunsaAuInlaINnNaANNISNA 2.5

g=¢eAdo(T' =T ) (2.5)

surr

We T, Ao auugivesdsingeu (K)

(%

wenniluvnsdlaunseradeueglusurasnsmainuioulanail
q=hA(L-T,,) (2.6)

o b =eo(T, T, I>—T2,) A0 ATdUUTEEANTNITNIAIIUT UL UL

surr

o9 InNSHESIAAMNSoU (Equivalent radiative heat transfer coefficient)

(-4 a o . . .
2.3 wardnsvasluaideniuin (Computational Fluid Dynamics, CFD)
nsezidginisivaiievhanudilausingnisalvesnisiva nisaiewmaay
o = el a o & v = =2 & ax i & a
'ﬁau'ﬁwmﬂi’mgmimau 9 IuaﬂmwLﬂumaqwawwmimaawqLUuaﬁmiﬁ’L%nmmuLLaw

A8 wasilonadnsliidulunuiidesnisuselinnudeinisazuiluudsunlas
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wwuhaeadufnidudusesniulunsaesslminadadounnnd Ineliaunsansuldiae
hytuuuiudluwasUAsuutasldagyinlil duadndfintunieutasesnils femninising
PUNNAUINGIMENTUTBINUAIUNTEBNUUUNITIMNTTUME WaranTvaslnalieiuiu
#se Computational Fluid Dynamics (CFD) Jslaidnunilunuimdrfguaznedseloviidu
pg1aunludagtu (Wslund wazdiln, 2010) insrzanunsafinwnginssuvesvadlvalaly
nnang wogynunss Tnsdalddelunisdidunisgnnit Sndalaifinudssdenin
Unansievasaaniuudneiy
waranfveslvaldsiuanduineinisiinauanuimaiusudeuinidsiiay

o

(Numerical methods)  agl#lusunsuneufinnesifiowtaunisidseyiussey (Partial
differential ~ equations) §s1Juaun1sfiasuIBdnEMEINAINIENINBINgANTINYEINT N
nsthemamseu wienginssumig 4 vesnaransvetiva (Fluid dynamics) 1y relviAn
NadwsTaansauanstadnivesnsina 1wy Anania anwu gumgll wan feglusuuuy
ANN3TNE (Color graphics) ogedmay ylbvtdndpsziatunsailalulnngnisaives
mslualeiegned Wunaliiaunsauiulse daudasguiuuvesnisesnwuuldazninsiniiiuas
THnanfesnin sgrilsftnamanivadlvadsdnnalallfidununuinguivdonisvaasus

agle wnusdudiesnsesuasisanudilanazBudunaildainnguiuagnisnaaes

WY (S0U%R sufad, 2008)

2.3.1 99AUTZNOUVRINAAIARS YRS INALTIATUIM
nMsieeiyme mamansvetinanagnisinaveweslnaway
Jaynvesnisangwmainuiou NaﬁwéﬁiﬁmﬂmﬁIm']zﬁﬂay,mmehﬁ%uagjffumﬂ“dizﬂa‘u
%en 3 93AUsznoUAe

[

1. aumﬁﬁ\iagwuﬁ&iaﬂﬁmaumu (Governing equations) WgRNTIU
yameawaastlyyiiu

2. Geulaveuiwn (Boundary conditions) ﬁm%uﬁzgmﬁﬁwmﬁﬁﬂmﬁ?u
waznidudamuuulsiegi (Unsteady) [euluiFusu (nitial condition) dndusfeagn
UszgnaidmeLguniu

3. dnwar3UIN (Geometry/Configuration) vaalaymnifu
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Tne9d 3 a9rUsynauimnasrusenaulnesrlsynauniiadasunlasly
a X

nadnsAAnTuNazUasuLUawulume mTnseitummensaiuinisidudeadila

29AUTENDUNIALBIAUTENDUTBE19ENT

2.3.2 JUABUNISIIUVBIUTHNTUNAAIENI VR b aLTIATUIN
lUsunsupeufinnesdmiunamiansvasinaidediuiugnasiauay

Y

Waduaielduissuvaunsileeyiustesvainisiva laganunsanvuaieuluvauiwn
wazanvarsUuTveslymidlagazain Juneun1sinauvedusunsuneuianesdmsy
waransvaslnaidsiualaeyaluTaddlidu 3 duneulue) q il

1. TURBUTDINTEUIUNITVUAY (Pre-processing) Usznaumisnisasig

TawuaeIn1siua (Physical domain) MABINN9IN1TIATIENR AnTULUTALIUYEINS KN

[ ]
= X v a

k%4 = ) a (3 ) 1 o 1
asavuesniluiediuud (Element) ¥5901518 (Mesh) gae 9 Tagidunisiarailagdniud
9079 (Grid  or Node)  FadusnuvmisfivsAruiamna nadnsveinisiug udr3imun
Auaudivesvetlua guuuunisina (Wuunussunsetut) uazteulvvaulund miy
Yeymdfne auany

2. Tuppun1TeszvLAdgminsoUszalana (Analysis or Processing)
UMYl & o a so & aa = @ aa v o a
dalaindumilavedusunsuneuiivnaidniagy Wnedsnslegraalunfeuldiuuinde
seluuisnasnsduiliad (Finite difference method) seideudBluludiedmudvsetulsenay

9110 (Finite element method) LLaSSzLﬁHﬁ%’lMuﬁ?aqu (Finite volume method)

[ o
v v

3. JUABUYBINTTUIUNITTUNEY (Post-processing) LU udunounns

] (%
ca a

LanINadNSTAnTLIINTURBUTBINITIATIZRNs Aty TneunfidnUsen audie Aausa
gogluiimunueng o arudusazgull i dunidle 9 lulawuvesnisivaiu lnenadns
wianlfisnnunnaudiuiureganeuwasaafeglugluuuresddua@ianueinuiniiay
WlaluANUMENENIINIENINVBIEN1IENTIATIAATY Hadwsivd1llag MaluTagnuans
a ! I3 s ' I d"
ponu1luguveInsWin 1Wu N1snAennwes (Vector) vanindenasnrialamunisivaiive
LanIanwkazian1ansinavazannznisnyguinluusnase gnisndendigidudu

(Contour line) wiansnaansiadsng q fiu (Color contour) e 1RIgUR 2.2 Fauans

HAGNSVOINITIATIZINISNIEI BT nslugiulugUuuunismdeninnesaiiusy
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Y o=

warnIsnaengamgiaed Jsainnisuanaasnsiudnuaema iibidinssiidilalygm

2 [

lasI5uazanTaunnau

u (msh)
0.18
0.17
0.16
N 0.15
0.14
0.13
0.13
0.12
0.11
0.10
0.09
0.08
0.07
0.06
0.05
0.04
0.04
0.03
0.02
0.01
0.00

808
839
778
© 720
661
£.02
543
483
4724
385
308
246
187
1.28
0.69
0.09
-050

Evaporator

Evaporator

JUN 2.2 JUuuNIsHanIaENEYeINsIATenlgnvemamansuativalusuuuy (a) N3

a

NHOALUULINABIVBIAIIILTY UaE (b) NsndanuuuUdutUmMYENe 9 vasgumall

Yy

(Laguerre et al., 2007)

2.3.3 #@un13nluAu (Governing equations)
sumsmuAuiusseegluluga Flow Simulation veslusunsa SolidWorks
AoszuuaunmsuIes-aland (Navier-Stokes equations) (SolidWorks, 2012) FsUszneuse
aunaieynsinavieaunisesioiilos aumndseydndlumuiy uavaunindeying
Wiy Meadendil
1. AuNIRIRUINYLIA (Mass conservation)
aunadsouiniina wiedndenilsde aunisaudeiiles
(Continuity) ﬁﬁugmmmﬂmsauﬂamasuaqﬁmmm‘uam (Control volume) mNANIT
ousntinaddliesurefednsmaidsuulannanmglulinmsmuey Faazdeadauminiy
Naf1wessnIINsivavessaailnatiriuslailuasenuininsauan Ui,  2006) Ing

Y

aunsadeuaunisivieglusuuuveysnylanad

I

a—pﬁ"-(p?) 0 2.7)

Ot
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Wonslualiiinn19asa (Incompressible flow) naafiea)

ATIUVIUINILY (p) AT aunsiliveyintdulaanunsnangUadlaidu

6"-(?):0
~ ou ov ow
30 . vL.ow_y

Oox Oy Oz

(2.8 n)

(2.8 %)

2. aun15s890uSnElumuAL (Momentum conservation)

auni1sidNugIvuIInAgUeNaoevesdafiu (Newton’s

second law) F3ldieaSurefsmasiuvaissianuansgyindulsansniuau taun wsadu

Woau131nAINIU ( p) AMAUAIRIN (Normal stress, o) WagAIIULAWLABY (Shear

stress, 7 ) Lazlsailasannd1ninuesiiied (Body force, F) F99gAIIANNINUNATINYDY

ansnaUdsukUadluuiuanelulTinnsIuagn Uiji, 2006) Ineaunsaieueaunisiviegy

(%

sUuveusnYdwTuvestrauuuiiafu (Newtonian fluid) lagisil

Du o ol B WA o
— = ——+— 2———=VV
) o (RGP ey H
T (2.9 1)
0 ou Ov 0 (8w 8u)
+— |y —+— ||+ y| —+—
oyl \d ox oz ox oz
Dv 6p) 0 [ ey 2
C == PR RS fmld 2———V-Vﬂ
Dt T oy 0 3
X y_ 9 (2.9 %)
0 ov ow 0 ou Ov
|y —+— || =—| | —+—
0z|' 1 \(6z Oy Ox oy Ox
Dw op 0 ow. .2 —
—= -+ 2——-=V.V
Poi P& az{ﬂ oz 3 ):|
(2.9 A)
0 ow OuJ 0 ov  ow
+—|p| —+— ||+ = py| —+—
ox ox 0Oz oy 0z Oy

weWeulviegluguianmes (Vector form) aglel
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DV o = o 4-
p——=p——+pV-VV=-pg-Vp+ gv(u

G.7)+ 9 (V V)

Dt ot (2.10)

PV u+Vux V-V )=(V-V)Vu=Vx(Vx V)

Wenslualdiinnsensa (Incompressible flow) AsAIAIINRUILLY

Asil uazvesinadimuniinasi (ﬁ'y:()) aunslveySndluamduanunsnangUadlaiiy
p(V%)V =—pg—Vp+ V¥V (2.11)

vioeulugumulwILnusTuURnAa N lARed

By TGS o TR Tu 0 N (15
P Ox- £ =7 - Bt e Ox y oxt oyt 07 '
2 2 2
o T byl 0z "\ &7 Ox 8y oz

ua—w+v8—w+w@ _5_p+ 82w+82w+82w (2.12 m)
A BT 100 P iy, AT vy ) o '

Tunsainmsnanaseutuunusssva maadeuiivesvesluaiiiinen
wsdltiurhseslanvioussassd (Buoyant force) nanfevedlvailiigamgfigrraoesiu
Tusaifvasluafifignmgiivnazindouiag mardouiiteswoslvadnumzivililiansn
feaufgilsimamnuuiy () asild Sdunmsiessinisineeiailddenisussa
Ineleauni15vee Boussinesq - approximation %aﬁmﬁﬂmsﬁugmﬁa nsUseaallsiAIAu
yuudunsitluaunsaudeidesaslumenyesninandes (nertia  term) Y89AUANg
T wioygeliuFsuutaddmugamgilumevesusaiasaniminveaiaes (i
2006) Fauanniadsouinluududmiunmnauiouluumus TR

(V-V)V=—ﬁ§(T—To)—L€’.(p—p0)+v§’217 (2.13)

Lo
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v & v

3. @UNTBIDUTN YN (Energy conservation)

Al

¥

N & Y A = I3 .
aunstinug U TeNvilavetguvwaaans (The first
law of Thermodynamics) fesnsIn1stUdsuLlaseandsulumiasgvinfuusuuaIg
30U (Heat flux) MYLALIATINAUSNTIVONIUNLARTULLDIINUTIAN 9 nTeindaulIaluy

[

Uiji, 2006)laganansaideuaunisiviedlusuuuvausnulacail

T e — -
pcpaa—t+pch-VT=pQ+V-(kVT) (2.14 1)

pc 6]—T+ua—T+va—T+wa—T =,0Q+£(ka—Tj+2 ka—T +£(ka—Tj (2.14 %)
Lot ox oy 0z ox\_ox) o\ oy ) e\ oz

e ¢, feenugennfoudimisvesmetiva (J/kgK)
F - f9 359ii8s31ndaing (Body force, N)

& = 274l 2

g wsLlesanussluusvatlan (m/s)

8 WwysSndtenanwal (Unit tensor)

o))

[

2 AmduUsEaNSn1smNsaY (W/m-K)

NN 0
)N

Aa ANUGUANNWain (Hydrodynamic pressure, Pa)
Aa ANURUYIING (Pa)

An USHaANNSDUNLANTULDY (W/kg)

5 Qo

o))

9 aaunnd (K)

Ao 181 (s)

~

<

Ao 1NwesAINET (M/s) 108 ¥ =ui +vj +wk uae
u v uay w fe AnuSgesludiAaunu x y wag z mudeu (m/s)

1 3
Ao AuRUILLLeesiva (kg/m’)

o)
u A8 avwmidanadng (Dynamic viscosity, m’/s)
V f@ Del operator lay 5:£f+£}‘+ﬁl€

x oy’ oz

0 AoAmuauUANan1Izo19ds
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23.4 Roulvvoulwn (Boundary condition)
Feulvveuivnazifusmmuanadnsiliannmsud ssuvaunisannis
udes-alandilenanundisiu msdmuafoulvveualiegiagniouvszangeusinli
wadwsiianesildeonniimlndifssiuamnudusianniian uidvnnsimuateuly

a1 | v o eal I v & e v = o
GU@UUUG]WINWT?J']%E‘Z{N a'ﬁ]aQNaIWNaaWﬁVﬂmNNﬂ?qugﬂﬁaﬂﬂﬂmsﬁﬁg‘U‘UaﬂJﬂ']isqﬂlaﬂﬁnﬂu

2.3.4.1 WNeuluvaUUANUSLIURIVDINIIS

=

dnsuvedlvanianuvialvaniunisiogis Reulvveuwai
UinaRvenlavziinusivewesinatiduriivaud (No slip condition) (Solidworks,

2012)
u=v=w=0 (2.15)
Wo  u v uay w fe anSidesluiiaunu x v uag z muddu (m/s)

2.3.4.2 N15AIUIUMIAIFUUSEANTNNSEN8MANUSaUTAESIU
dmsuandulsgansnisonemalnusaulagsiy (Overall heat

transfer coefficient, U) Tuauideividngdy dUUseansn1sanssainusauiinannasiy

s
g a a ¥

veosdulszansnistianSouvewilsfifiu duUsEanon1TNIANNSBULUUAIUEITU R

Y
U

AN AN uRTIALSURIULeN LazduUsEANENITNIAINSDULNLUMINANKATINITILH

Y

$3dAUSDU TIAIU15AMEAINNISUSEUIUAIEATAITAIUIUAINUAIUNIUAINUS DU

(Thermal resistance) (Gupta et al.,, 2007) Iﬂ‘ag"dﬂ' 2.3 WAN92995ANU50U (Thermal

'
=

circuit)  dndunisArunaeduYseansnisaiemeanuSeulanssuveaNTedLiu Fau1se

Y

Weuliegluguuuvaunsnsndinaanslanaunisn 2.16

Outside

Inside refrigerator e
Radiation Radiation

Touer

Conduction

-

Natural A
Convection

Ta hy T . = Natural

Convection

JUM 2.3 19asanudumuaIueudmiunsiuiuadulssansnisatemainuiou

19851V TIALE Y

Y
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t
= + 2.16
k. (2.16)

a & Y 2
11U5EANSNIINAINNSDUYRIEINAN18UeN (W/m -K)
1USEANTNITNIAINUSDUB UL 99NN NNSLHSIEAI NS DU
t,  fe Aenuvunvemigunsal (m)

k, fe Adudszansnisiianueuveaisaunsal (W/m-K)

w

A1USUANFLUSEANTNISTNIAIUSBULUUALFTITUIIRVIDINAN kA
iR TsnguengiuanusaAuinldaInaunsanduius (Correlation equation) iaus

Tne Ostrach (1953) (iji, 2006) feaunisii 2.17

hL Pr A 1/4
Nu, =—= - (Ra,) (2.17)
k 2.435+4.884Pr'"+4.953Pr

Tnvaunsanduiuiiansnseldlinieldidoulusmeluil
(1) afafundesunuags
(2) wifslgaumgiiRssiniane (Uniform)
(3) msladunislwanuusiuiBeu
(4) 10* < Ra, <10’
(5) Pr>0 uay

I +T,
2

(6) auvinaauTauvevat AN Bigamiildy T, =

Weo  Nu, @9 aviawas (Nusselt number) ldgnaanAuen L

a v & a c&" o v v
Pr A9 w@unsumiia (Prandtl number) @sauinlaain Pr=—
o

Ra #9 @598 (Rayleigh number)

€

7 a £ P i 2
h fe dudszdvsniswiauiouadsnaannauena (W/m'-K)
= A 't . A . . 2 = 2 W |
v Ao AUNUAIAU (Kinematic viscosity, m/s) @9UUDRIIAIUVDY

AUntanadn (Dynamic viscosity, 1) Aapnununiuesodlma
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a  fio AINISHNINIEANEAUSeU (Thermal diffusivity) Gaulusnsidiu

Y2dNUsEANENITUIAINTEUYRURI AR DAL LLLATAIAINUYANTOUTDITRI LA

. k
niw & =——
pe,

ANNSUAUUSEANTNITNIANS DU UM NNATBINITHESIFAIINS DY

(Pitts and Sissom, 1998) mmiaﬁﬁmmﬁmﬂaumiﬂ' 2.18

h=e0(T+T,) (17 +1)) (2.18)

b

[y

We A A9 #UUSEANSNITNIAILS DU UYININNATDINITNSIEANUS DU
= 2
Ry (W/m™-K)

Usgdndnsunssdaiuiounaiiying

)
o))
e

3]

8 AAsfives Stefan-Boltzmann @sidAnyintu 5.67 x 10° W/m>K'

)
o)

~

o))

®
-0

U7 (K)

A
b

9 gauundussennia (K)

psmAdulsansnstismauieulapsanuenaINnIAIUIAsY
15N15UTIUAMUAUMUAIINTOULDT FIaNU1IANIETTNI1TNARDITATINIETTAT
VAFBUIRTINTgaLAuALTauLUUEaUNGU (Reverse heat loss rate test) uazisn1sin
fenNdngilnes (Heat flux meter) (Melo et al., 2000; Laguerre et al., 2007) 1ng38n15
nageudnsNsaydsauseuwuufeunduindnnisfionisvitlioamginelugiiuseunds
gaumgiussenmmeuen lasnslindesiaiuiou (Heater) Aadanieludesiduasdifuss

JUN 2.4 Mndudinamnadudseansmsaemaiuieulagsinanaunisi 2.19

_ ‘?:Wm- - ‘?uwn
UA_(TI—TA) _(E —TA) (2.19)

do 7,  fie enumglwdsainmsingamaglinnelugiduionun 5 90
(7.5.T,.T,.T5)
T, fo gumglionnanieusniade
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Clitnated
Juonis t

SIDE VIEW

+Tl

? Iz

+T2
Grvatts 4

*TF

T4
+iT5 e e
HEATER

=

JUM 2.4 mamArdudsgansnisaiemanuieulagsiumieisn1suaaeusnsInIsayde

o

ANMUSDULUUTBUNAU (Reverse heat loss rate test) (Melo et al., 2000)

2.3.4.3 nuinrunaneznislrnavesvaslua (Flow regime)
FINTUNITNIAUTDULU UM NS TTUAN TR SNE Ayt L
I~ o o o 1 I~ = J & y 1
WUAIAAUASNwaeTaIn1s e ndulkuus1ussey (Laminar — flow)  wsankuuduliu

(Turbulent flow) faAvanaustd (Rayleish number, Ra) Uiji, 2006) Fsiuaailgann

3
£ M (2.20)
v

Ra,

do g Aa mnusailesnussliusiseslandediavindu 9.81 m/s’
L fAsan fuseansnisenefudeudou (1/K)
T e gauugilind (K)
T, @9 gumgiiveslna (K)
L o anusmvesntiifuiuad (m)
y Ao anumilnaud (Kinematic viscosity, m’/s) @udusnsdiuves

Aumntlanadn (Dynamic viscosity, 1) AoAUMUILLILYEIYlTa
a Ao AINTLNINIEA8ANSEU (Thermal diffusivity) Fadusnsndiu

YosduUszAnsnsthanuieuvesativadeanuvuiwiulas A uauiourasvadlua

e @ =——m
pe,

lne Ra IngindnwaznisluaBudasuanmsivawvususeudy

nslawuuiuuiuie Ra, ~10° (i, 2006)
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2.4 MATENNREITDS
2.4.1 nsEnwmssemanuieuneludiiuianilsszg
Laguerre and Flick (2008) l@veasanasfinydesinavuesusngnisal

v

nmstemauseulaenisniauieukuuausssurineludiluviaviavsza ifinnsld

b.

unlupiiTeu AadawuuiasmiadinaansaiedsanuaunIuaIuTeu (FUN

a

2.5) 1ieviNUN8USUINNITAEMANNSUTAENITHIAINNSDUY NN1SUIAININTOU WAL NNTHHSIE
AnuTou MsAnwInuIHANYIUNgANRMTiveteIMALAEUSIIMNN SN BAL TR U
TnaAeIuUAIINNITNAADY TAERNANISANYITLMAUINAIAUUTLANTN1TLHSIAAI LS DU

(3

AudrAg TuszAuRAUAUAIEUU T2 ANENITNIAIINTBULUUA NS TTUT I AF T U081
giull venanieuddeliimunuudiasuiiedmaianidlunisangaumgiiennisidie
o [ v & = W I = A v v 1 B Y]

Wnuglugidu nanisiinvinuindiegnensitgununil 25 °C dasldiiaiednatiey 2 43l

= a 1 = & a o o LY & v & o &
LW@@@QWMQQJ@Q&JWLUU (e stLUUQ@M‘VIQ&ILLL!S‘L!’]?I’]‘WTUﬂ’]iLﬂUSﬂU’]@WM’ﬁU‘JSLﬂVILu@ﬁGﬁl

Evaporator | Internal aic Refrig. wall | External 0.3 m$

ai

JUN 2.5 AUAIUNIUAIINTOUSENINNLATRSEE (Evaporator)  IUUSIEINIANEUDN

(Laguerre and Flick, 2004)

Laguerre et al. (2005) loAnwliaznaassngiiunsaiewausoulay
NINIANUTOURUUANEITHVIRTE NI N AT URT LIRS UM dALasmuB 9 Nl
aaumgigeninangludiedadiiu lnevinisnsisaeulusindvesaamginielutuveuun

(Boundary layer) uwaznigluuinaninalwesiiegngiudar lnedunnnisuiatuves

a %

aunnd (Temperature  stratification) ‘Lumﬁmmmmumﬁuamu FduaLar TN

9

amgiiassnuuunigludiiu WsauﬁﬁﬂmmammqmmﬁLLazﬁuﬁﬂwmmﬁqqmmgﬁﬁwm

o)

=

gaunnionianelug iy uaﬂmﬂuumﬂa'ﬂejui’mqmaﬂammw”mu 4 nquanglugidu

feens faguil 2.6 iteAnwinavesdainuinwielusindvesgumgiivesennia uazyinnng
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Wisuiisusgnindusindvesamaivuuldfivasidsinuing nanisAinwimuingiuniadia

o o 1 o

1199 vesARINITtuYN 9 A0 wazullauiinguingiiegnagyilinisaem

9

Wanausld

=
1
R
]

- Symmetry plm |1~ Block of 6:x5:3 hallow
Ilf' ! spheres (©=7.5 em)
e :

1
£ | Cold wall ! Cold wall
-

i
i
L 4

1

A Block of 6153 hollow

5 spheres (= 7.5 em}
1

.|

= Thermecouples Cold wall

——

JUN 2.6 JULUUMIUSIINGUIRgNIINaNna 9T 4 naumeludiiudiedia (Laguerre et

al., 2005)

Laguerre et al. (2007) lA@NWIMUTINAABILALITIFUAVUDINTITH

o ~ v & IR Vg Y & aa o =
ﬂ'ﬂ"miaULLUUW'}Nﬁiiusﬁqﬂiu@LEJ‘U?’ﬁ'JLiau Iﬂﬁll@ﬂﬂﬂqf}l’ﬁlu‘V]lliﬂiﬂﬂs'mﬂr]ﬁlu 3 EULLUUF’]@

gfudan iiulanfinnsfanaturiwazdiiuninisussgluan uudung wazladiasey

Y 9

WSH UL UNAYDIN1THNSWHSIdAIUSB LA bITINIS WS B A LS aUABNNSE18MANNS DY
vanue aeldaunfgiuaungivesasotsziensiivaznisinaveseniadunisianuy
SIS HUTIAIUAANTS WANITANHINUIINANITI1aDI92 T ANINADAAADITUNANITNAADIA

AL NN TAUHNATDINITUNSIFAINSOU LABNANITVNAADUTIFLaYTLARA LA UaIN1TLUITY

(%
%

vosgaungiluuSateLtomnsanvegiduisaulasiainananfe usnaiuaeses

wiRzilgumginauar uSamuuLIilgumgilandi

9

v

mgﬂﬁ 2.7
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8.98
829
779
7120
6.861
6.02
543
483
4.24
385
306
246
1.87
1.28
0.89
009
-0.50

9.00
841
7.81
.22
5683
6.03
544
4.84
425
366
3.06
247
1.88
1.28
0.69
0.09
-0.50

Ewvaporator

JUN 2.7 nsnszatveamgiivuunuanunsngluiiegediin (a) wuugilan (b) wuughnd

NISAARITUIN WA () WUUFTINITUTTAMRAULTUIN (Laguerre et al., 2007)

Laguerre and Flick (2010) laasauuudnaeanendnaniog9de
] o o a Y @ a = N
dmiumsinunggamaiiveseimauazvednanniglugidusiianisyg lnewdsuudas
AAmes 2 Arldungamgiiietiasineslaadv (Thermostat) 69873 Deterministic and
Stochastic approacheskUudnasslinsounguUwuuNsinaisuvasaInie msiasuudas
AMNSOULALNITNIANFTOUTENINDINIANUNTIAIUAN 9 uagszrinsennianulnanniely
Feg9giu Sauiansiansannsuisdvemtinayuetlvan anyaEauNISLUUTIADILERT
AENAITN 2.21 MSAABINUIIATTILAIINAIUINAINLUUT AN TUADAAAD I UNANTS

nnaed MnuanmsinwdvinliaunsatuuudrasmedaaansiluUssgndldiduniode

Tunsussilurnudssvasguilaaluldamuduldegiadivszdnsam
X=T-T,+(1-T)T, (2.21)

dlo T=4"-B wag 1 fa Unity column vector 1ng

&z A Y o o v - =2 & 1 ¥ o £ ¢ v 1%
enanstiluenarsianulidmsumsldanuienisdnwivingu leygalmhlulduselesimunism

lidnsdilag Nsdu dnneinudilidawdadilon wavdesdedadsinveaenarsynasaminisiluld
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e =1 —n. 0O 0 0 0 0 i
0 0 1 =y g —1 0 0
0 1 —a. 0 0 0 o —1
A= 0 0 Y] 1 0 o —1 4]
0 0 -1 1 _(ﬁe + B + .Brwb) Brwb Brut
Iﬂrl:t -1 1 0 ﬁrwt 0 _(Iﬂrl:l: -+ ﬁn.ul:]
R _lﬂrch 0 0 1 _.Sn'wh (ﬁrwb + ﬁr:b) 0 |
[ T [ 0 T [ —=1]
Taer 0 0
Tawt 0 0
X=|Taw |B= 0 |C=| as
Tw _lﬂe 0
T 0 0
| Te | 0 | | 1 ]

Zhang and Lian (2014) la@nwndssiaavressuuuunisivadiouves
o1mAkazn1snsEegamgiineluifunuunileszgieisnisiuamanamansvesiua
Tngfiansaunsaiswausounuulagsiunadussn1swiaNsoudunisiinImsouniely
vasudadnmeiu (Conjugate heat transfer) msAnwiladnaninisaemaLSouLazAS
vaFouvesemanelugifunilasaanslufiuanseiusiuou 3 sUuuudsUsznause

v v
Y

I I vy d Aa a Y2 aa o A
wWuldan fa:]Lﬂuwuﬂqﬁmﬁﬁﬂ%uaqﬂﬂqﬂiuLLagfﬂLEJ'LW]QJﬂquﬁﬁfﬂqiwa@UusﬁU'J']\?ﬂﬁlﬂlu LNDAN®I

ey

dvsnavedastafunielusenisnsyangeumgl autunsinaveteniauan1sayideniny
$ou uenainildfnumaresnisuiisdanudeudonisaismeinufou aunnisluaves
oIMAlaYaUIgAMATITUREI T HaNsANYINUIIN SRS AL Touvin i suanLUAey
AufoussviieTessmevoadiSutuntianglug Budfindu Failugmideugamgives
TrauruuanfeuiigeduriliiAsnmagydsnifouniniu asuiidaiufeuddma
TrinsdiemenufeusnemsnanuseuluunussImRanas luvaigfiviilvinislvaiuves

91MAUTIMTWIET UL LU RNIINTY dmTuBnawavedlassaianiglunanisdine

wanaliiudnfinaniswusturesgamginnuuuifluyeswdemsanve g durevisany

[
=

laseasng dalassaianglulimnududounndubvinliiuinsmuaislgumgigenniu
Tnem$ifewaamglnmuuuifziivdunuanududouvediasiadaniely duilianudy
& o a 5 1 YY) o g ¥ a
\Walieniuvesgumgiiugas uenanillassairenglundudeawiliianisivaiuveseina
FEWINTUININGaTY og19lsinugluuunisinavesennianislutesudinvesisay

lassasafdmnupdeiufeasiimslvaiureseniAdeinguLuunuduuning daguin 2.8
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o-

: Empty refrigerator  (b) €3 : Refrigerator with food

UM 2.8 msuﬁa‘uLﬁa‘ugﬂLL‘U‘Uﬂwﬂumu°uaammﬂm&ﬂug’flﬁuﬂﬁimm%ﬁamaslu (a) wuug

Wawag (b) uuugninisussalnanuuduanamely (Zhang & Lian, 2014)

2.4.2 nmsAnwimsmemanuieuneludifusiaunndmilassy
Gupta et al. (2007) laAnwwayWaUILUUIIaDMIIARAAERSETMTU
mstgmaufeulaznslvaisuveseinianisludiiuae s a Afvosvudefuuudie
lUsunsunmsiwiunanarmanivediva (CFD  software) n1sAinwlaiansanuasiinses
nstpmenufeuiifeduiangludesuuduasvosudiduresdidumeldanneasiuas

Lifnsussananniely Kan153180uasHaNSNAa0INUINARARRBINY AIBkUUIIABIY

¥
=1

anunsathldudayaugruiieierlUldusuuaUssansamnisinauresiulidian

&9

Jullofeaenumgiuaznisivaisuwvesenanavusalyls

a

Yang et al. (2010) MdAnwuagilauasuuingein1snss e gumugl

Y

meludiiuriinauuszglaofiveutulaogiuuuiasteauiinogiua 1 nan1sAny Ny

Y

oI uIuar Yot ARl 15T uavBsemn ) ldenadosiunuseuni1sile/Janis

o

auveaasesdnle (Compressor) lurngidasudinlalaiduluauseunsvhanuiediou

v '
o [ [ Y @

AudpaLnsaes Aegui 2.9 Nlduanslusindvesgumgiiisuiuiaineludiogradiun

Y

Anw Feanunsadunalatsnuliaenadewegumgiinelutesudinideisuiutosuguls

LASYDILYDIUTAN NNANITINADINIANNFAAADINUNANITNAADIIN A AdeLT TR

¥
cal a = [BN)

Unngnisalfiintu WunaldeasideldausiuimninisesniuutaaUaesaudigro i

Y

wienUSuidsusdumisvestesdaesauiieviliaamaiiennianeludifuiiniuasiiae

WNBAY WawTeuilsunansinasineunsusuugssasndinisusuugamuinainanigly
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WuiiinseenwuudesUaesauwuulnifinnuaiiaueiniuwazgumglndsaannialy

B

FotuteIanvesgiiuanatain 7.17 °C Ju 3.57 °C lnefiauuususiuwiniu 3.17 °C

Lag 1.55 °C muanfu

10 ;

T T
Vegetable oémparlmenl

Refrigerating compartment (Middle level)

Ny Refrigerating compartment (High level)
Refrigerating compartment (Low level)

10 |
Freezer compartment

ON OFF

Temperature (°C)

ey i NN NN\ | 11177 =t = <
0 20 40 60 80 100 120

JUN 2.9 madsuutaseseamaiingludifudioisuiuian (Yang et al., 2010)

Y o

gyl ullesuasdatld 51991t (2012) lavinsfnwinisaiemadny

o a Mg o <& A 19 > =
i'EJULLa37']’]5?']33"{]'1EJQWMQNﬂWEJIUQUﬂﬁmLﬂUﬁﬂT}}’]ﬂ?qllLﬂumimuumﬂﬂqa’]ﬂqﬁmﬂﬂ LN

Usgnaumegidusazdauiuds lnedibunfnuiludiurlindesUsea ifiveududmnuuuues

Y

v

Faiwdanaranndaldurndevatdunnasinainudu n1sdneilaviinisnaasslagiaan

gaumniinielugunsainsaesnglianenduazlufinsussalvan wamanisnaaesilan

a

WisuisuiunanisAuineamgiinelusunsupeuiimes 31nn1sAnwInuInA gl

Y U
v & ° a Y v 1 Ay do Toa
ﬂ']?f[,ug]LEJuf\]qﬂﬂ']iﬂ']umeﬂJﬂqiﬂaLﬂﬂﬂﬂUﬁqmlﬂﬂqﬂﬂqﬁmﬂaaq GLUTlﬂJSVlﬂ\TU”ILLGUQﬂWﬁ]”Iﬂﬂ'ﬁ

o a1 1 1 a Y @ o 3 < 1 I 1
‘Vl’]“LJ'IEJZJFHQQﬂ'J’]ﬂ’WWﬂﬂ’I’iWﬂaEN Iﬂﬂqmﬁﬂuuﬂqﬂiu@LEJuLLa&,’OQU’]LLGUQL‘Ua?E]%sLWU”N 0-5 °C

[y 787
U [y

Wz 0-8 °C  muanu nalllufuduusnslugunsal msdnisermsusiazyiinnelu

o oA =® o v o w 2w Y v
gunsalludrundsimngandadudadoddglunisaivaunisiuinwmemsliegaiele
nagiAUUaAden1981M1s uenIntnanisAnyiminiilulssendldsiuduiuudiass
MugeIgNISAUSN¥IemIsITaNTaYuIEeIgN AU NYIR M sharUseiluauEss

vasuslnala

a

Belman-Flores et al. (2014) l@fnwiuazinseinisuuituotgnmal

U

Tugeudemsanuazyeauntudwasgidusuuiiinemnanuseusuudsdu lnelassasnawes

= a

udnishndageududiogiuans nsfinwaniiunisniedsnisnaasuaznisiiasads
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AaumelusunsunIsAuIMNImacmansvadina nan1siiassmulnlsindgungiinigly

Y

[y

dosutonsangiiuildmunsaunuyideidldaueuuimensesnwuulasysulisuguuuy
1 & a Y @ ) o [ [ =]

uaglAsIaINevetuINAnUsEARIuLAr TUINAINKUUALTURUUATLNTY AAgUN 2.10 KA

nsAnwInuIlutattamsannsiraveteInARTuLayNIINTE RN LA

1InN1590NWUUIRINI b

COriginal contiguration Modification

JUN 2.10 JUwULLarlAsIEseved @) Funnshnuszaddunuudunazuuuiivondn uay

Y

(b) GﬁmmﬁLﬁuLLuuﬁuLLaszumleq (Wire shelf) (Belman-Flores et al., 2014)
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A5ANUUNT5IY

Tuuntinantatunsunsaidunuidedalsznaunie 2 daundnae NMsaduns

naapiioTngamgiingludiiunielaan1igfn waznisasisuuudiaeniiednasinis
a a ] 1 Y <

nszangguniiuarnsivaisuvesemangluresudemsanvesgidulasnisldlusunsy

Naransvadlnalianulnl (CFD software)

3.1 URUNIINAABY (Experimental setup)

v v & a = dyv o X P o A ¥ o
nsneaesnuaLdunlylunisanendl wwmwamwamimaawléﬂ,ﬂiﬁnmuuﬂ

Y

Yo ULARBULYLAL ATIIFBUAIINYNABITOIULUUTIABINAT 19T FallT8agiBentunounis

[

VAADINIL

1. mwmaaﬂLﬁaﬂi%’mflﬁu‘aﬁmaawizg}ﬁﬁm’aaLLS&LL%Q@%’WW 8919 Mitsubishi

a a

Flectic 4 MR-F26D  (Uszinadu) 1u1aussq 8 Adnwe (240 1) lngvuieuesdons

q

2IMNTERLYINAU 186.3 L (0.45 m x 0.45 m x 0.92 m)

UM 3.1 dlurilnaesussgiivosududwinuuy 8ve Mitsubishi Electric 3 MR-F26D

2. Mmyingaugiinielutdeutormsanvesdiiuldaunsalingamglisiatuiind

SoluRuuuldane (Wireless digital thermometer) 8%e Thermochron iButton 3 DS1921G
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(UszimAanigawsni) fegun 3.2 Falvreingaumgil -40 °C fia 85 °C muusiug =1 °C lag

¥
=2 1 a £% =2 1

n1sveasstmuabigynsaliuiinAgamglinn 1 wid Wunian 6 alus ieilisududin

9 Y 9

gaumgiinevaafilaUaligiuinauudnduna 24 Halu

JUN 3.2 gunsalingaumgiiviintufinArdnlusi@luiiwuulsas 8ve Thermochron iButton

U DS1921G

sunsnsanssgunsaiinniglutesntensdansluannzdiiulauaz gy

[V 7}
a Y

UTINAA LAAIAIFUN 3.3 TIAARIMINUA 15 ATUNUIUUTZUIVALLIATAIULUIAY
Usenaurig USHIMYewtite (M) 9121901 (T) Tun9nand (M) wasduineand (B) Usiinay
3 wnLe LAKA AUt () #53nane (m) waza1unad (b) AvSuusnuteIwtln (V) fnge 2

Fwnus oA SIuntnazaunaY  lazusnaesldssainiadu 1 d1umide uanaindle

ho)

Anrsgunsalingaumgioinianeuengiusn 3 dwnia loun usandsiudie duen

e/ e/ (%
v Y

wagsnunt Madgiouldded aneluiesmuanaumgll (24.7:0.4 - °0) lnvaumaiionnie
melugeantornsandiinlbiluudiaamig Heun 15 fumdiiezildmanedsuazily
mwaaummgﬂéfawmLLUU'«i’ﬂamﬁa%fN%ummﬁwLmﬂqﬁy’u 7 Tusazfigumgiiusiudes
Udesameduiirazihlumanedsiasiilulifmusdgumniomadulutuusiass dw
gumpionmanisusngifuiiialdzinlumeiadsudniludumaiiiomadissaninsg
femauioulnesin (Overall heat transfer coefficient) vaantiaglduaum1g q fag

3Fn1sUsTUUANANNAIUNIUANNS D UR B LY
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= === Air outlet

|9cm‘

Air inlet é’f/f

16 cm

Temperature
777 Measuring <5,
Devices N

N

24 cm

=

(a) Unloaded Compartment (b) Loaded Compartment

=2 a

5] o | a o LXY) 1 1 Y @ 1
JUN 3.3 shundsdadagUnsalinuaz tuiingaumgiingludesudemsanves (a) didunuulyl

q Y

= Y @ ol
fimsussalvan way (b) diduluuiinisussgivan

3, NInAISIaNIINTowasEoINAEUIIdUS TR WY IMISAR AL TUN IR
fegunsaifnaduiauiin Hot-wire anemometer 8%o Digicon ~ §u DA-47 (Uszina
avigaiuing Jev2ansdn 0.2-20.0 m/s Aausiug £5% vesAitinld Tnen1sinaui
auwUndu 2 Uk Aeusian Zone A 913U 6 983 UAZUSI Zone B 3153 2 Y03 uae
mAedredsar U (3UT 3.4) Mndutuinadiediamsamededlalldlums

MrunaulvvaunlukuuInasdsall

Inlet zone A

(a) | : g _. : Ilet zonB

JUT 3.4 (a) aunsalinAuiiauylin Hot-wire anemometer %o Digicon ju DA-47 uax

(b) fUsveIrRIlasa NI UUSIIM Zone A LAz Zone B
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1%
v vV

4. n15ingaumginuiandeinuuenuesgily ¢ suinsieaunselingungiivile
Sums3n (nfrared thermometer) 8% Fluke Ju 66 (UszimAan3gensiing) dsiivasnisia
Winffu 32 °C Bl 600 °C mnuwaiug +1% vosiewld (U 3.5) IneTngumgiins
v 35 euariuumAede WetnansinlulEhvuateulvveuisluuudaesd

A571974

5U# 3.5 gunsalingaungiviindunsise 8ve Fluke Ju 66

AduUsEANSNISUHTIERIUTU (Emissivity) vaanilaidazaiu dauwanseglunis
71 3.1 lwannad3euiiivudrgamginlagunsalingamaiinansanduduan (Digital

thermometer) 890 Fluke U 54IB  (UssinAanigewsni)  wisuaemesludula

a a

(Thermocouple) WaufiuAguuaiintaangunsiineamaivindunsusanedudsedns

Y 9 Y

nsusTadnusaule o Milirinewlsanaunsaivisaesaenndeiy feeg1slusui 3.6

M31eil 3.1 AduusrAnnnsusadeniufeu (Emissivity) vesrtlsgiuiidng
DAL ey AduUszAnEMIukFiaudou
RivAld 0.95
AU 0.95
AU 0.85
AU 0.20

5. m3ussylrannelutetemnsanvesdidu denldihazeoinussgdaenaiain
nsanszuenUaniaiivn vun 425 mL 91u3u 48 fe 1Nensyengluyeudemisan (3U7

3.3b) FapnduUiunaussyuszinaiosay 26 YaIU3UIRTUTIIINNG
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]
@ 1 a

UM 3.6 Aregran1silIeuiiisuainuaenadesvesatgugininlaainaunsalingungl

Y

wansrndudaan neldmamesiuaulatugunsalingamgiuindunsisaiien

o

AANduUsTANEN1sWISEa N Saue g iy
v .
3.2 M3E3UUIIEaY (Modelling)
ASESBUUTIABI LUNTTIATIEUNNI SO AL S BUNLNATUA S TUY B LY 1N TER

1
=

10388 urdnaelseandvewdudennuuusiglusunsunsuiianesnamansvoalnaids
A1l (CFD software) lusniidpiidenldlugs Flow Simulation we4lusunsa SolidWorks
Feo1dusziouIsinluiiequ (Finite volume method) lunisufissuvaunisuiies-aland

(Navier-Stokes equations)

3.2.1 #UNAgIUYBINITAIE09 (Assumptions)
1. ansAuIunsanewadseudunuy 3 Adaneldaniivaed
(Steady-state three-dimensional heat transfer)

2. gduvumsteawaudeunglugemteimsandunisaiemaiy

(%
Y 1

FoulansmnArudouunuunmsssugIR (Natural convection) ilesanniinaulailéfindseg
melutesutennsan emaduiilvaingnelurediundeuilnsedonssassfuasus
thshswedan dadunainainaraunnsiiswesgamai

3. msbradunuuldsnds (Incompressible flow) iesainnisivaiin
Mnussaeefmikarksiliuaimedaniiliniuiivesemaiiantes

4. &rwauznstaidunuusuGeu (Laminar flow) LlesanAausda

. ° =g K 8 = ° I o v
(Rayleigh number) TuiuuinaesnAnwiidenUszann 107 (eazBean1siulnegluiite
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a a1

3.3) JadldndosninAnausddaingdnvhlinistuwaddeuanuuusuiseuuludiudeden
) 9 .
WAy 10 (Jiji, 2016)

5. TR UINITRESIEAINS D UTEMININTILAZTUIIIN 8 T UT D IWT

1 1%
&

91MNTAA LHUBIINAIUULANAYBRUNYHNURINTIar TuINUAnAiutaEun Waliey

fugmugiitufiveneiosssve ddlilldRndsagmeludesugormsan

6. lufinnsannisiilvavesennia mafendmiuds wagnisdemaia
mMelussuy

7. gumgiiuasannuiiwesenaduiiivasenunaindesasseinied
meluresdemsanimunliiiensd

8. lifinsanemanuSeussninntavotuudeinuuuatdiewuyoms
aneuas @uidauysal) Wuliganuliinisaisimarinanuseuanudeinudadigniely
YOILYD VN TER

9. NISOYNAIINSDUINHTINIGUDNATUTIY VI NUILAL DU

Y

AelumMualyidusSuIaAIIusey  (Heat flux) A loenisnuuaddlussansnisanewm

AMUSIULAYTIY

3.2.2 '5ﬂ‘le!ngﬂs"lwa~1LLUUﬁ’laaﬂé'L?m (Refrigerator geometry)
1. dnwarIUsieuuias et sanesfiindn1izliusg
WanuanInagun 3.7 uasdesutemsanvasgiiuaniizusstlnanuaniiaguil 3.8 lnguuin

meluvesrautemsanvesgiiuliainnisinvuinassningidudaede Fallmnuning 0.45

¥ %
1A o @

m ANEaN 0.45 m HaEAITNEN 0.92 m Melulsznoumiedeiudiile TuIIran 3 U Y89

[

wiinan wasduaninUseg 4 9u nsddiduan1izussyinanssiidmaaeuussgegine fagy

Y Y

71 3.9



(a) Isometric View

JUN 3.7 dnuaizgUsnwesuuiiaestesutonmsanvesdiiuan1izliussylvan (a) yuues

3 06 wag (b) yuuoInung

92 cm
{

W14
!

!
—

A

\%'\
(a) Isometric View

v

117 uaz (b) YuLeewuL

L]
S = _
E e
_— = =
=~ i

40 cm

23 cm

40 cm

45 cm
42 ecm
J— -
g
1L
Ly
_ 5 0
o 5
= s
]
o
>
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i
s
28 em

(b) Side view

12 cm

92 ¢cm

18 cm

-

12 cm

23 cm

40 cm

28 cm ‘

(b) Side view
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JUN 3.8 dNunrIUTNUBILUUTIA0IT0IYR M SEATDIEUAN1ITUTIIINAEN (a) uuBd 3
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Meat Chiller

Outlet ports Meat Chiller

Outlet ports

| Inlet ports
Zone A

[ Inlet ports
Zone A

Inlet ports
| Zone B

Inlet ports
[~ Zone B

Back wall Back wall
Front wall

(Door)

Front wall

(Door)

Door
shelves

Door
shelves

Vegetable
drawer

(a) Unloaded refrigerator (b) Loaded refrigerator

JUN 3.9 yuueIn1wdn (Section view) wansdiulsznounigludesutormsanvesdiiu (a)

anmrusIvan uag (b) annyhivssalvan

2. dnvaeguTeusnatondesainimiudi (nlet port) anelugeud
p1vnIARLARIReTUT 3.10 Tnedesdogamambuiiiezaguinasuuniiondsosdiduns
ganudu 2 vsin Wdun U Zone A Suduudnadionnabuaglualudiammmnuiuisu
TUdumth (Horizontal direction) fiduingosdestionsn 6 g81 2una 3 x 1 cm Tnedos
Udey 4 dosazagluvdnnteutiie d1udn 2 Jesazogmiiovinaduinuy wasuiina
Zone B dafiuuinmiionmeidusslnalufiamemuuuifsasdugns (Vertical direction) di

PpIUABYIUIU 2 FBI VU 4 X 2 cm

| 45 em |

Inlet ports
Zone A

23 em

5.1 cm

Inlet ports
Zone B

(a) Front view (b) Isometric View

JUN 3.10 dnwazjuinuazawinvesdesdassainimbudt (@) yuuesduni uag (b)

] giuuaq%ymv ¥ = = Y 1 ¥ o [ & Y %
enanstiluenanshanulidmsumsldanuienisdnwivingu leygalmhlulduselesimunism

lidnsdilag Nsdu dnneinudilidawdadilon wavdesdedadsinveaenarsynasaminisiluld
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3. dnwarIUTIUSINY0I0INAlALTEURBNIINYBILYDINITAN
(Outlet port) wanadiagud 3.11 lnegasomaluaiisusenagegusmuuudiamingiiu
wuseanilu 2 USns AeuSiainutieuazaiuei lnsudazauazUsgnauiieveUdoy

U 10 999 VUM 1 x 4 cm

Top view

Outlet ports

c—

L m—

0000

)

5.5cm

*““aﬁﬂﬂﬂﬂﬂﬂﬂﬂﬂ

JUN 3.11 dnuaiysUsNayIUInYedYeIeIN Al el s eI NYB TR MTANLNNBIA TUUY

4. drudsznaunmeludesudemsanlsenounie 4 d@rudsenoundn
loun dosutiile Fuanwman dosuddnan wazduifialszg lunsdlgiduannzussylvanasd
drudsznauliiudn 1 ddsenouns Ameaeunussanielu lngdnvarsuinuazvuinves

winzdIuUTENOULARIAITUN 3.12

0.5 cm~ |-

(a) Meat chiller (b) Shelves (main)

17 cm

JUN 3.12 dnwargusisuazauinvesdiulsenaude 9 aelutesudemisanvediiu

(a) Yoaudiile (b) Tuanemen (o) Yeudinan (d) Tunediausey uay (e) van
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(c) Vegetable drawer

(d) Door shelves

JUN 3.12 (di9) Anvaurusiwazawinveddiulsenouni 9 melutesudanmsanvosdiiu

(a) Yoo (b) Fuewen (o) Yewdnan (d) Turednuszg uay (e) nan

al

5. Snwr5UIT19URITUNUUATUNTIAIN (Wire  shelf) Lansdagy

3.13 FadugUuuuduneiiauedugtlunuddeilienaununsidtiuaauuudu (Solid shelf)

¥ ¥ 1 2
=

USIUTUINUURAETUIINA Ml dunadnuwayn1INTEALeMYNIAATY 9A1AT1

PN

¥
a I U

n13nszargamnnintgludaiazaiuileliouiun1sldvuineuuliy Wesanainie
ANU750 AN IUTBIINITE NI HNTINAIUY FNSUTUIIa1989R LT UUAUL T D ULAN
d’ 5 1 o v -:l' = a 1 1 o 1 = o v q' % M v I~

999N TUN9aNYI T Ial s urN Unteawtinan nanime viavtnntesnuldlaeniewdu

Iadlunmeludesudiingmunniiuly msgazyinlidnandiongnsiiusnuduas

’4cm‘

24.5cm

1.5 om

JUN 3.13 dnunieFUTUATUILIATBITUINUUURZLNTIAIN

&z A Y o o v - =2 & 1 ¥ o £ ¢ v 1%
enanstiluenarsianulidmsumsldanuienisdnwivingu leygalmhlulduselesimunism

lidnsdilag Nsdu dnneinudilidawdadilon wavdesdedadsinveaenarsynasaminisiluld
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3.3 msmunuaiauluveuluAvaauUIIaes (Boundary conditions)
1. audiAmsanuieu (Thermal properties) vasianuesudaildluuuudaes

asUlidsnsem 3.2

o wa k4 o < d o
M1919N 3.2 ﬁNUWWWQﬂ?WNi@UT@Q?ﬁQ‘U@\‘]LL‘UQm‘mu LUURIADN

. , ALSOU sz’
. a7y AU LY . . 3
Tl , NN MsANLSaU
Usznau (kg/m")
(U/keK) (W/m-K)
Ll,f?{’)1 {?u’m 2057.6 834.61 0.74976
LUUAY
wanaRnnAlefauAY Josudiie 950 1900 0.48
vuwugs (High YRILYRN
Density Polyethylene,  9ua9Useg
HDPE)
i (vpeuda) Tvian 999.8 4185 0.5894
wisnnaafueu’ (Plain Fu9uUy 7800 440 43
carbon steel) FAHLNTIAIN
awuiuausouialy - Tasagdu 35 1783 0.0205
Tnatuwy’

(Cyclopentane, CsHyp)

' SolidWorks material database

* National Oceanic and Atmospheric Administration (NOAA) (1999)

2. sUuuumisivanigluseuy (Flow regime) wuumsivawuusuiley

N ' ol . = S A a & vy e
#91504131NANAUIER (Rayleigh number) Aunianfiaansaindulanaglussuundng

[

= o d’ ~ ~ ° &
PIATUIUINNAUNTN 2.20 Iﬂ&lmﬁqﬁlagl@ﬂﬂﬂ'ﬁﬂ’]uqmﬂ@u

'
a

gsvnuniasanfe enauie lneleumaiienniawdy (7, ) wiiu

-6 °C wavaumgigean (7,) wiriu 4 °C (Agamaiivig 2 mleainnisineaumginieluyes

Y

wYRMNsERNlUSTEEIAT 6 T2La)
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NANULANANVRIRUNNTYINTY AT =T, -7, =4—(=6) =10°C G
FAT =10°C Fehautinisanufoureseniadnduldlunsdiuin (McQuillan et al,
1984) sil

- AU (p) Winfu 1.247 ke/m’

- ANTOUT LI (cp) WU 1006 kJ/kg-K

€

- duuszdvsnisthenudeu (k) witu 0.025 W/mkK

- FulseAvdnisuninszanaudou (o) Wiy 1.98x10° m’/s

~ eamiialafiinfin (Kinematic viscosity, v) Wiy 1.42x10° m’/s
- duUsgAvsmsvnedaudennaieu (B) Wity 3.53x10° 1/K

ANNFIVRITRINYIDWNTER (L) Wiy 0.92 m

gB(T.-T,)E  (9.81)(3.53x107)(10)(0.92)’
v | 142x107 (1.98x10°7)

Ra, =9.59x10° <10’

Ra, =

3. duUszansmsanemanuseulaesiu (Overall heat transfer coefficient)

VOINTIGLIUATUUT ATUTIE ATUVINAZAIUNEY ATWIAINANNTIN 2.16 tnefisuaziBen

(%
(%

YUNDUMIAUIUA T

[S—

1 5
on Yl A

=) 1 L% =8 o

dansundainugreveswiagiudanuwun (7, )wiiu 0.05 m Feian
auuiuauIauranashalamunu (Cyclopentane, CsHyo) HAduUsEaNENISUIAMN
Jou(k, ) Wiy 0.0205 W/m-K (NOAA, 1999)

AWMU A, AN

— AL Pr v 1/4
Nu, =—= Ra
ok {2.435+4.884Pr”2+ 4.953Pr} (Ra, )
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Tngrilanmudevesmagduiinnugs (L) wiriu 0.92 m wasaamgll

L+T,

91984 T, = =29.16 °C (7. WU 3381 °C wag T, Wiy 24.50 °C Favisapann
fannsin) dussdndnisiianuieu (k) iU 0.0263 W/mK  dnawniudiiia
(Prandtl number, Pr) Wi 0.7115 LagAausda (Rayleigh number) Ra = 6.594x10°

Azl

1/4
B k|: Pr :| (RGL)1/4

T L] 2.435+4.884Pr"?+ 4.953Pr

1/4
. 00263 0.7115 (
‘ 0.92 | 2.435+4.884(0.7115)" +4.953(0.7115)

6.594><108)

2.3418 W/m’-K

S
I

dwsu p, dwaman b =g0(T +Ta)(7}2 +Tj) LagenduUsgdnsnasuwased
v o P i - Y -8
ANLSEU (&) WNU 0.95 (15199 3.1) AIMIATY Stefan-Boltzmann (o) Ny 5.67x10

2 4 | v (- = 5 ! ¥ (% v 5
W/m K T, Ny 33.81 °C e T, Wnu 24.50 °C @9M9803ANlANNTIRN Fatu

b = &o(I+T) 17 +17)
= 0.95(5.67x10*)(306.96 +297.65)(306.96" +297.65")
h, = 59540 Wm?-K
et
l: I +i: I + 0.05 =2.56 m’-K/W
U h+h k, 23418+5.9540 0.0205

U =0.391 W/m*-K

AIAIUIUENUTEANEN1T0181A1IUToULANTINVDINTIA1UDY 9 3

upeunsAnaludneuziediu FawadnsnisruammvaeaiUlaninisnm 3.3
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AN9199 3.3 ANAUUTEANENITANEYANTOULABTINVDINTIIAIUANG )

.4 ]—.; Ta tw £ ha hr’ U
WU 1 2 2 2
(°O) (°Q) (m) (W/m™K)  (W/m™K) (W/m"K)

pugne 33.81 24.5 0.05 0.95 23418  5.9540 0.391
AU 29.29 25.0 0.05 0.95 1.9336  5.8349 0.389
AUNTN 24.66 223 0.05 0.85 1.6717 50317 0.386
fundss  27.73 22.3 0.10 0.20 22169  1.2025 0.193

1 a o y s =
NNBUA  9UNHRRgNMTIRGUUNIVISNNA 35 9a (FUT1 3.14)

2 o
AIUEUNINY 0.10 m

4. 199UV VA NINUAN LT L ULUUINEDINISAN8WMANUS U8 T UL D4

wiemsanvesfiduanzlivssgvenuazannrussyvan aunsoagulannisned 3.4

LEFT WALL TEMPERATURE RIGHT WALL TEMPERATURE

- T=33.8+3.7°C, £ = 0.95 £ T=29.6+3.5°C, £=0.95

[ 358 356 346 354 348 257 27.1 323 30.1 314
367 357 352 358 348 327 314 333 27.1 254
382 372 357 357353 341 336 341 266 253
092m | 378 371 354 361 353 | 092M| 348 344 344 276 256

386 37.1 344 351 324 346 351 334 299 273
313 308 293 329 30.5 287 27.3 268 267 273
288 258 256 254 27.1 277 258 256 261 263

S 0.45 m 7‘ 0.45 m
FRONT WALL TEMPERATURE BACK WALL TEMPERATURE

T=24.7+0.3°C, € = 0.85 T=27.7+1.8°C, € = 0.20
249 251247 249 250 [ 251 288 302 276 267
252 244 246 246 249 234 263 265 272 289
252 242 247 245 248 | || 264 263 262 268 273
092m | 251 245 244 243 246 272 271 278 269 274
249 244 242 243 245 265 282 29.6 283 283
244 243 243 242 245 286 307 317 305 293
s
]| 207 249 251 250 248 } 045 m }
0.45 m 7‘

JUT 3.14 gaumgignsing 9 vuRtiagiu @) dude (b) duam (o) Fumt uag (d) Aunas
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=

a < P ° ] o v g A
M19190 3.4 LQQUIGU‘UQUL‘UWV]IGmULLUU‘U']aQQﬂ'ﬁﬂWULmﬂﬁqﬂiaum@ﬂ@wumﬂﬂwq

Boundary Heat transfer Velocity

Initial condi‘tions1

Thermodynamic  T..=283.15K n/a
parameters P =101325 Pa

Velocity n/a Ve, =0 m/s
parameters

Solid parameters2 T = 283.15K n/a

Boundary conditions

Inlet ports Constant inlet air temperature, Inlet velocity
zone A Te=267.15K Ve =0.3 m/s
zone B Te=267.15K Vo, =0.4 (0i+0j+1k) m/s
Outlet ports T=283.15K Static pressure (P=100000 Pa)
Left wall T.=298.15K, U=0.391 W/m™K  No slip
Right wall T.=298.15K, U=0.389 W/m" K No slip
Front wall T.=298.15K, U=0.386 W/m K No slip
Back wall T..=298.15K, U=0.193 W/m2 K No slip
Other walls Adiabatic No slip

1 o 9 a ¢ v Y ° P a v o =
dusumsinseiszuunglianiizads msimuateulurevimsuduluuuudaendudionis
AvupANIHALAA I nalAgiuA1gaingnige Weldan 9uiuseunisAuIn (teration) Livegidn

' B3 =~ o . 2 a Y] & v
AgAvIne (Convergence) Midn1zAia (SolidWorks, 2011); ~ anungiuesianueudisiou

3.4 N1IATIVEIUAIINYNADIVBILUUINARY (Model validation)

1. myaneianulavuinve sy (Mesh sensitivity analysis) e

[

AududaszvonuynsowmynlngnganlivinlaainisArviandasundas (Mesh
independence) Lielilanuudnassnimeivunzay uIdeiieaiisaziiinisadau
ooy 3 53U a3uiinnsan 3.5 uarlaseadnavesuy (Mesh structure) 7szaUsIg <)

Lanafaguil 3.15-3.16
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A15199 3.5 IUIULAANINUAVBILUUINABINVUIANITHUWLY 3 TEAU

SRR IR (wad)

jgﬁu Y & 1 Y <
Aulaiussyivian Auuussalvan
1 321,000 578,373
2 510,712 1,030,838
3 1,956,082 5,451,379
(a) Mesh level 1 (b) Mesh level 2 (c) Mesh level 3
321,000 cells 510,712 cells 1,956,082 cells

JUN 3.15 laseadevesuyvesuuuitaesgiduinlifinisussalnanivwinnisudaus @)

s¥auU 1 (b) 58U 2 wag (C) 5¥AU 3

(a) Mesh level 1 (b) Mesh level 2 (c) Mesh level 3

578,373 cells 1,030,838 cells 5,451,379 cells

JUN 3.16 Tn59a5 1999090094 UT 809 uNin1sUITan v AN THU BT (a) 2y

1 (b) 58AU 2 wag (C) S¥AU 3
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AFUNITIATIZRAUUANAIBIHATIHAINATSWU SR TS Ru
AN F]168’3%msmaaumqmmﬁLa?{aﬁlé\’mﬂﬂml,ﬂwmmLmﬁﬁsﬁuﬁ?u 9 FBNNTIATIZN
ANULUTUTIULUUNINLAEY (One-Way Analysis  of Variance: One-Way ANOVA) sz
Adariu 99%

2. ArmigniweN LS RITiai st unTadeuf N T wadwsildan
wuuaenUseuiieuiunadnsildannismaaedlagldisnsvaaeuaade Independent-
samples T-test $eTUsuNsy IBM SPSS Statistics fiensivaauausswansavesdaded
Inuuusiassiuanadeitialdinnisnaaess Tngldseiuaudesiu (Confidence level)

7 99%



uni 4

Nﬂﬂ’liﬁli’éﬁ]ﬂﬁ]Uﬂ’J’]ﬁJQﬂé\lﬂﬁﬂlaﬂLL‘U‘U(’S’]@%N

[

luuniinanifananisnsiraeuaiugnaevesiuuItaesnas@ulunuided ey
= = Y v v 2 a | | D v
nswWsguiiiguiurailaannisnaaeiuagunginglutesteomsanvesgidunigle

[

A5V IBNANISANENTUaLLDeAGal

4.1 wuudnasswasgiuliussyluan
dlofarsanuuudiansfiinisulsrunusfisysu 2 unuIouiisusunanimaan
Iénadsguil 4.1 Fauansnisnszaisaumniiuussuivatins (y=22.5 cm) uinasumi
ﬁqnmqLLagé’ﬁwé’wnmmmqq‘umg’ha‘]u mﬂgﬂﬁ 4.1 fwuin wanissiaesiinwaldiunis
N3rAYUMAilaonARDITUNANININREY asmliﬁmﬂuqmﬁ' 1 nansinasdiroumgivey

a &

nimanismeaey weioralunsigannninisineungidun1sTnvussuIaNLIATU0S

Y

LU LA UUTE U UANLIASTIUUS DA IUNE 1999909kt nIN15AR daviaan tndaduwnas

e

a

Aufoudeun 4.2 Fdlunuudnaedldladuvaanuioutiinniansm Jseavilvigamgil

Y

'
=

Nnran1shaesidtienimanimeaaes luraiziiged 3 4 uaz 5 IAgamniuinniwanis
NARDY ﬁgaﬁmaLﬂumamﬂmsﬁaamagmmmLL‘UUfSwaaﬂud’;ummqmugﬁmmﬁﬁU%Lm%'m
Udogoniaddsivunliifidiasiioudigavaiiadslunisseunsyhemulauaz Unveq
ir3esdalevesgiiu Inouieseumsiauluaaiunisaiass samglionniaiivdnatesaos
fasiAuulaseglutiag -85 °C s -2.0 °C feguil 4.3

1NANS1T 4.1 Fsuansrnmpiitadenansing (AT) senineanitléiann
wuudiaesiuainmaveasdluuina 4 meludesudemsanvesdiulivssyivan wui
oumgiindsilifanuuuiassdauanieingamniiededliannimeassliiiu +2 °C
waflehniinszinadidaenisvaaeuAads Independent-samples T-test wuin

A A avy ° 1 ] o A o A o a
Qmwfﬂ“llLﬁaEJ'VlIVIﬁ]']ﬂLLUUQqaaQLLagﬂqiﬂﬂaa\ﬂNLLWﬂG]'Nﬂu‘VﬁS@Uﬂ'J'nJL%@@JU 99% I@IEJ@J

ALRRELANAINAY 0.870.55 °C (118agBEnRANTIATIELAAIRY lUAIAKLIN )
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. (a) Front L |
3 x=113cm

e
coocoocoo

L
]

I
I EIER ]

-2.0

Temperature (°C)

Simulation
A Simulation data point 2
O Experiment data point

0.00 0.10 0.20 0.30 0.40 0.51 0.61 0.71 0.81 0091 ‘
Height (m) o b1/

w
[e]
1

N
oo
1

5.0 [ ] ]
_ 4.0 - (b) Middle ] 5 |
© 3.0 1 3 x=25.5cm |
~ 20 L\ ——
S 1.0 I\
g, ‘ z
= 0.0 | 3 L |2
2-1.0 _‘J | )
E-2.0 h 9. -
A 1imulation
=-30 A Simulation data point —
'gg ] © _Experiment data point ‘
70.00 0.10 020 030 040 051 0.61 071 081 0.91 ‘r‘
Height (m) —
5.0 | |
40 1 [——Smuwion T @Back | || I
—~ i 1mulation data poin = i
OU 3.0 O Experiment data point x=39.8 cm ! Lt\
~2.0 A V dl——F
i; 1.0 A
= 0.0 1 SR
5-1.0 } )
£2.0 A 2 o -
23.0 1
-4.0 A i
-5.0
0.00 0.10 0.20 0.30 0.40 0.51 0.61 0.71 0.81 0091 :mj y/
Height (m)

JUT 4.1 wan1snszniveamgiinnglugiduilivssyivanildanuuudiaesuussuivauuing
(y =225 cm) wWisuWeuiveumglindeainianisnaasdiuusiin (@) sumii

(b) N4NA19 ag (C) MUVAY
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UM 4.2 sdumisveaaenlinigludedin wagiuniinisinasgunselingamgil

*TMD : Temperature Measuring Device

a

Y

s [n1]et air
g Meat chiller
= Top shelf
Mid shelf
—— Bottom shelf

--------- Vegetable drawer

10.0 1 - Compressor -

801 ~ 'ON" ~  Compressor
_ 6.0 —»  'OFF' - e
8 4.0 4. : DR RO |
g 20 <y <
s
= 00
S
2 20
5 40
=

-6.0

-8.0

-10.0

Time (min)

JUT 4.3 fegnlusindeamginielutesuemisanvesdifulivssalvaniiguiviaian

MINAaIAIANITVIINUDS

A151991 4.1 gaungliedsiilaaniuuitaesdSeuiibuivaargiiwisaintaniimaaasiy

Uinaine o neluteswdermsanvessiliuldussylvan

. Qm‘wgﬁmﬁa 0 qmmﬁmﬁ'mmﬂsﬁq
ALNUS -
LUUINADY N1INN B (AT)

Fosutiile 0.28+0.11 -1.43+1.53 +1.71+0.88
Sy 1.20+0.27 -0.69+0.99 +1.89+0.57
Funenana 1.96+0.33 -0.02+1.49 +1.98+0.86
Fu9ans -1.31+0.63 -0.93+1.43 -0.38+0.82
YLD 1.31+0.05 2.96+1.09 -1.69+0.77

&z A Y o o v - =2 & 1 ¥ o £ ¢ v 1%
enanstiluenarsianulidmsumsldanuienisdnwivingu leygalmhlulduselesimunism

lidnsdilag Nsdu dnneinudilidawdadilon wavdesdedadsinveaenarsynasaminisiluld
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o Y <
4.2 LLUUQﬂﬁ@Q?IﬂQ@LEJlJUiiQIﬂaﬂ
Lﬁ@ﬁﬁ]’]iﬂd’]LLUUﬁWﬁ@Qﬁﬁﬂ’ﬁLLUQ“&IU’mLﬂsﬁﬁiﬂﬁU 2 NWLU%UULﬁU‘UﬁUNﬁﬂ’ﬁW@ﬁ@Q

LANaATIUN 4.4 FIWAAINIINTLINBOUNNTUUTTUIUALLNAT (y=22.5 cm) USHIUAUnAT

[
a 1 o

AINATIMAATUNAININANGIVDIEEU INTUT 4.4 Tnudn wan1591a0eduuiliunis
nszvannglidenadesiunanIsnaaes wazA1gumaligni 1 Julugamailuuiinndewu
Annundnauieriunsallidlnande Aeumvglingeiiadesniinanisneass ag1alsn

pnuannsnasuisldmemanalanauualuiiten 4.1 Aenislulainsananudousin

1%
Y

waon bNNIAAFIUTIUAIUAIVBIYILYAN wazillofiansanusiuiuninegdu (JU7

[
a1 a v A

4.4a) WU Han1saeifgnuiidesnimanimeaedlunnyn Nillaiunsaesuigliann

q U

AsnlulaAnNavraInIsLESIAA NS oUW URIVD AR FINUINLNAADUTIIUINABDAIS

AMANTBUMINNISAN DY Laguerre et al. (2007) Way Zhang and Lian (2014) uag

12 a

e tindemalignmngiaeluvinatoudinannansmaaeginiinan1ssnasuneie

9 Y

a oA

wuiy (0911 5UN 4.4a waz 4.4b) luvagiidlofiansanuinariuvaivesgidu (3U7 4.4c)

=b.

PN 1 = [J a 1 & [
AN 3448y 5 NUTTPUNIHINNNTIITABINATUINATINANTINARDINN NIUDNUUNAUN

a a 1

NNTAIAIVBIRNNINUTI Y BIUaRERIN AN NITALARIAIAINInADANISIN I U B IFLEY

U

Feluan1un1salageazdinsiUasuwlasndsaun1sinaIuYeAse999le fenlananiueadlu
2N 4.1
~ = : A A | ' oAy v °
INAITI9N 4.2 BIAAAIDUNQARRLRANAI (AT) S¥NINAMNLAAINKUUTIRBY

a

fuannuanianeaedluuinaiig g meludesudemsanvesdiuussglnannuil gumgd

U

A Ay v ° = i a A ayy | a ~
wagnlannuuuiaedidunnsiaingamgiindeilaainnismaaetlaiiiy +3.0 °C wazille
NTIATILINNATANENTNIAHBUANREAY Independent-samples T-test Wu31 aunail

a av ° 1 ] o A o F Y] A =
wasfldanuuuItaoInaznIsaaesldlanAnuiTeAuANUTD Y 99% lasdd1iade

WANANINAY -0.31+0.57 °C (gagldganansilATIzvilantaglun1ApuIn )
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C
— o W
S o oo o
Lo

S]

perature (°cO)

Y
=
1

3.0 - Simulation
: A Simulation data point
O Experiment data point

Tem;

o b
S O
1

(a) Front
o X~ 11.5cm

143y

0.00 0.10 0.20 0.30 0.40 0.51
Height (m)

0.61 0.71 0.81 091

o | Simulation
=-3.0 A Simulation data point
O Experiment data point

(b) Middle | s
x=255cm b

.
-

0.00 0.10 0.20 0.30 0.40 0.51
Height (m)

0.61 0.71 0.81 091

4.0 4 Simulation
6 3.0 - A Simulation data point
o 2‘ A Experiment data point

erature (°

P
N=9
coo

1

Tem;
oo
oo

1 1

1
W

(¢) Back ==Jg\, J
=39.8 cm 1 S

w

1qs1o g

.0
0.00 0.10 0.20 0.30 0.40 0.51 0.61 0.71 0.81 091
Height (m)

JUT 4.4 nan1snszniveamgiinnglugiiuiussyivanilianuuuitaesuussuiuauunns (y

= 22.5 cm) Wiguiguiugum

4N WAL (C) AUNY

P

UG

Y

YIINKANISNAABILUUSI (3) A1un (b)
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> A a avy ° = =~ ) A d
M19190 4.2 Qmﬁ%ﬂLQﬁﬂWlﬂﬁmﬂLL‘U‘UQ']@@QL'U?U'ULWUUﬂUQ&l‘VTQﬂJLﬁaﬂaqﬂmaﬂqﬁmﬂaaqsLu

Uinane q neludesutermsanvesdiiuuisqlvan

L gaumgiliade (°0) gumgiiadunnsing
AN -
LUUDADY ASVARDI (AT)

Fosutiie 0.35+0.34 0.00+1.08 +0.35+0.62
Fneuy 1.57+0.48 1.20+1.12 +0.37+0.65
Funanans 255+0.13 1.84+1.83 +0.71+1.06
Funeans -0.31+1.01 0.69+1.56 -1.00+0.90
YDULYEN 1.30+0.03 4.12+0.78 -2.82+0.04

4.3 wuudtaasvasgiulivssyivaaiildrunnuunzungs

L ANAITUIRUUTIADINLNITHUIVUIMUTNTE AU 2 U NUTHUMIBUAURNANISNAGBY
LANaATIUN 4.5 FIWANININIFAWEUNYRUUTEUIVALLNT (y=22.5 cm) USHIUaunt

NG WAEATUVIRNINALGUDIREY 3INTUA 4.5 Tnud1  wan15daesdinwaliunis

LY $% 1 a a i

N3N IaenndouatInalALINUNANITNAEY BNLIUATAVQIUSIAATUNEY (JUN

g

4.50) FINUIAIINNANITNAADILTATILEENIIANINNANITIIAY Tbe 1 duNan191NnN1S

[
(%

AIA1UDIeMMIUSnMYesUdo oI TInUn i AR sfinaean1sinaIuTeesE Y iy
& a = ~ o A @ v oav Yy o

A01UNI50I9599 N5 UABULUAIAIUTBUNITHIIUYBNATRIEA LD fantana1IuIwadtuy

a9 4.1 WUy

INANTNGN 4.3 FAUAMIARUNYILAREUANAIN (AT) T8MINAMLAINLUUIIRDY

fuannuanisnaaedtuusuig 9 neludesudenmsanvesdiouliussylnanuagldduns

a

UUKAZTUINNANHUUAZINTINUTY gaungiiadenlaanuuudnaedauans1aingamgl

U

aa v

a av v I a A o = ¢ ! a
wasflaannmaasdliiiiy 2.0 °C wasliieyNITIATIEINNEDAIENTYIAdaUAILRAE
Independent-samples T-test Wu31 gaumaiidelavinuuuinasuaznIsnaaodliunneing

PNTLAUAMULTDNU 99% LA8TALRALWANAIINAY 0.77+0.54 °C  (S19a¥Ld8ANANIS

WAswianseglunIaNuIn n)
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5.0 ] |
4.0 - (a) Front ] J

3.0 - x=11.5cm
2.0
1.0
0.0
-1.0

-2.0 _ _
3.0 - Simulation
: A Simulation data point

-28 7 O Experiment data point | /

L
—

I
14319 H

Temperature (°C)

0.00 0.10 0.20 0.30 0.40 0.51 0.61 0.71 0.81 0091 ‘ /
Height (m) it

5.0 A ] |
40 - N S;mu%a?on B (b) Middle . U
i imulation data poin e " d

$30 O Experiment data point A2 om

~2.0 A 3 4 . 4
(]

£ 1.0 1 *

200 - : \ ;
@_10 ' | I
g-z.o 1 2 ~)

=-3.0 -
4.0 -
-5.0

1S9

0.00 0.10 0.20 0.30 0.40 0.51 0.61 0.71 0.81 0.91
Height (m)

3.0 Simulation | ‘\
2.0 4| 4 Simulation data point 4 ‘
1.0 4L_© Experiment data point
0.0 ~
-1.0 -
-2.0 A
-3.0 A
-4.0 A
-5.0 A (c) Back
-6.0 x=39.8 cm :
-7.

T
===

Temperature (°C)
ILEIC) S|

0
0.00 0.10 0.20 0.30 0.40 0.51 0.61 0.71 0.81 0091 ;,,,,J
Height (m) .

] a Y 2 av Py av v
UM 4.5 nanisnszngeumgianglugidunlivsslunanuagldduinawuuazinseiilaann
WUUTI@OIUUTEUINANIAT (y = 225 cm) Wisufiguivgamgiiafieainuanis

neaadluusIn @) Aunt (b) A9nane wag () AUNaa
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> A A ay v ° = ~ ) A 4
M19190 4.3 chﬁﬁllLQaEW]‘lﬂ?\]']ﬂLL'U'Uf\naaﬂLUiEJ'ULV]EJUﬂUQWMQNLQaSQWﬂNaﬂqﬁmﬂaQQT’u

U1 9 aelutdesudomisanvesdiduldussgvanwazldduinsuuy
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Corresponding
Temperature Profile
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PINNITUUIVUIALNY 3 SEAU AI8ITNITIATILRAMULUTUSIURUUNIUAE (One-Way
Analysis of Variance: One-Way ANOVA) wagmsiiasizsigaumaiinasiildanuuuiians
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SPSS Statistics IagNan1sIASIEAisIgazlde el

° v Y 1
n.1 vwawdmsudeulivssgluan
NN3ATIFNANNUUTUTILUUUNNAABUNBNAABUAIINUANA1IVBIA AR VD
gaunnlannsuderuiny 3 s3au dmsudiiuliussyluan Aszauanuiiedu 99%

6

(01=0.01) loNan 1sIAs1EAe 9t

A19197 N.1 ToyATINTIUIVBIAIQUNYTRBEINNTTHUIVUIANY 3 TEAU nIdldidulal

UssqLvan
95% Confidence Interval
Mesh Std.
N Mean Std. Error for Mean Min Max
levels Deviation
Lower Bound Upper Bound
1 249  1.4482 1.32548 .08400 1.2828 1.6137 -1.81 2.97
2 249 1.0607 1.29888 .08231 .8986 1.2228 -1.94 3.12
3 249 9951 1.18839 .07531 .8467 1.1434 -2.05 2.67
Total 747 1.1680 1.28626 .04706 1.0756 1.2604 -2.05 3.12

A15199 N.2 HANITNAADUNIINTXALVDINGUFIDE19A1 9N HLRRYIINNTUUVUIALUY 3

szoiu nadlgiuliivssqinen

Y

Levene Statistic df1 df2 Sig.

3.422 2 744 .033
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dudAgynmun (0=0.01)
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M15199 1.3 NANITIATILYIANNUUTUTIUVRIAQUNNRALAINNTUUIVUIALLY 3 TEAU
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Sum of
df Mean Square F Sig.
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M15199 N.5 ToyaiBenssanveergungliedsainn1suiaruinuy 3 sEau nsdgiduussy

van
95% Confidence Interval
Mesh Std.
N Mean Std. Error for Mean Min Max
levels Deviation
Lower Bound Upper Bound
1 249  1.0208 1.50102 .09512 .8334 1.2081 -2.63 3.22
2 249 .8700 1.43996 .09125 .6902 1.0497 -2.93 2.80
3 249  1.0842 1.47327 .09336 .9003 1.2681 -2.75 3.14
Total 747 9916 1.47240 .05387 .8859 1.0974 -2.93 3.22

A1519% N.6 NANITNAFBUNIINTLABVDINAUAIDENIATDUNYILRALIINNITWUVUIALUY 3

26U NIAlgEuUTIIEN

Levene Statistic df1 df2 Sig.

441 2 744 .644
* Jayaluwsaznguiinsnsgaeilivanariuiosnainuiianiu (Sig) Alusunsuduwinld dasnnndiszau

HedAgyinmua (0=0.01)

M13197 1.7 HaN15IATIEIANNKYTUTINYDIAIUNYTRREINMTUUIUIALLY 3 SEAY

NIAGEUUTIIIVan
One-way ANOVA
Sum of
df Mean Square F Sig.

Squares
Between Groups 6.030 2 3.015 1.392 .249
Within Groups 1611.278 744 2.166
Total 1617.308 746

* Angamgidsnnnisuisunamy 3 seauliuandaiu eswinArautiazdu (Sig) Alusunsuusald fidunnnd

' v o o o do
AsEAuTEdANAvUe (0i=0.01)
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A13519% N.8 ANATAFINTUNAADUAIIUUANAIIVBIAT DUNYTLAREIINAITUUITUIALUY 3

szAuRuUTUANYAn (Multiple comparison) nsglgluussyivian

LSD
() Mesh  (J) Mesh  Mean Difference 99% Confidence Interval
Std. Error Sig.
level level (I-J) Lower Bound Upper Bound
2 .15080 13189 .253 -.1898 4914
! 3 -.06341 13189 .631 -.4040 2772
1 -.15080 .13189 .253 -.4914 .1898
2 3 -.21422 13189 .105 -.5548 1264
1 .06341 13189 .631 -.2772 4040
° 2 21422 .13189 .105 -.1264 .5548

* AgaumgiiindenMIuuswme 3 sedulivandnsiunseauifddgy 0.01

4 4 4 1
3 3 3 I i
~~ Ve, 1 - - l | '-‘
o2 1o 2 AlS2 L ’
< Al < il D
(o] (0} (5]
2 1 & 10
-l Level 1 ) 2-l
2 Level 2 n) =y
2_=7 Ldatd
3 3 -3
SIS QO 'O 8 OFf OV e OIS\ NS/ 'S [N ey S OO OO OO O oo
— AN N <t N O~ 0 — AN N <t v \ O~ 00 N\ — N N <t \nn O >~ 00 O
(a) Front Height (cm) || ) Middle Height (cm) || oy Back Height (cm)

I { v 1

JUT 0.2 gumgiifisedumsuuavuinms 4 vussuvantiasnelugiduiiinisussyivan

U (a) Munti (b) N9Nad wag (c) MU

n.3 AgaunnilrdeanwuuIasuaznmaaes nsaigiiulivssgivan

a a Al

mylaszisangiedenldaniuuitasuazainnisnaaes dmsugiduliueg

Y

luian 9INN1TNAdeUALRAY Independent-samples T-test NszAUAULTDLU 99% HNans

[

PG RPAL I RM]

A13197 0.9 Aganglwdenlinuuuiiaeuazannisnaaeensadiulivisyinan

Temperature N Mean Std. Deviation Std. Error Mean
Simulation 14 +0.6443 1.24245 0.33206
Experiment 14 -0.2214 1.62678 0.43478
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M13197 1.10 WaMTIATIEN Independent-samples T-test vadA1gauugiiadentanain

[J DAY 1 d' [ A o
LLUUQ’]@@\‘]LL@E‘U’]ﬂﬂ’ﬁVI@aSQﬂim@LElthUiif\ﬂ‘Viaﬂ NIEAUAINULIDUU 99%

Levene's Test t-test for Equality of Means
) Std.  Confidence Interval
Sig. Mean )
Temperature Error of the Difference
F Sig. t df (2- Differ ]
) Differ
tailed) ence Lower Upper
ence
Equal variances
520 477 1.582 26 126 86571 .54708 -.65446 2.38588

assumed

Equal variances
1.582 24.316  .126 86571 54708 -.66273 2.39416
not assumed

* angamgfdedildannuuuasuazanmsnaaedhivenseiuy ilomndranuiasluiiluswn sl

(Sig.=0.126) ﬁﬂ'wmﬂﬂ'jwmisﬁuﬁaﬁﬁmﬁﬁmum (0=0.01)

n.4 ARUNANIREEINKUUTIBILAZNITARBY NIAIGEUUTIYLNAN

a d’

N153AS12Y g TRAeNlAIINKUUIIABIAZIINNITVIAGEY dIRTUREUUTTY

Y Y 9

luian InAIVIAdeUANLaaY Independent-samples T-test M158AUAIULTOIU 99% HNans

[

= co &
ATICUAIU

= i A a aqy ° Ay a
M99 N.11 ﬂWQQJMQNLQaﬁJWVL@F\]’]ﬂLL‘U‘UQ']@ENLLa’dﬂ']ﬂﬂ"li‘V]ﬂa@ﬂﬂiﬁuﬂLEJ‘U‘U??UQI‘W@@

Temperature N Mean Std. Deviation Std. Error Mean
Simulation 14 +1.0771 1.15775 .30942
Experiment 14 +1.3857 1.79694 48025

M1919% N.12 WaN153ATIY  Independent-samples  T-test - VosAammiiadeNliain

LUUIADILAZRINNTVIPADINSAIGENUTTIIMEN NseiuAaTaiu 99%

Levene's Test t-test for Equality of Means
; Std.  Confidence Interval
Sig. Mean )
Temperature Error of the Difference
F Sig. t df (2- Differ .

) Differ

tailed)  ence Lower Upper
ence

Equal variances
5.008 .034 -.540 26 594  -30857 .57130 -1.89605 1.27891
assumed

Equal variances
-540 22206 .594 -30857 .57130 -1.91753 1.30039
not assumed

* engamgiwdsdildannuuuassasanmsnaaedhiunndei iesndanuihasluiiluswnsuduanls

(Sig.=0.594) flfnannniaseiutddaiinivun (0=0.01)



81

n.5 Aguugidsainuuuiiassuasnimaasensaidiiulivisylvanuasldy

YU UUNLLN T

a

myaszisamglindenldnniuuitasuazainnmsnaaes dmsugidulivisg

Y

Inantagldiua19UuLazTUINNANRUUAZILASY 91NN15NAdUANARE Independent-

6

samples T-test N15zAUANULTDNU 99% HNan1TILATIZHA

a N aNY

M19199 N.13 Agaumiitadeflaanuuuinasduazannsnaasensagdulivssyivanuas

9 Y Y

TTuNaUUnZ LT

Temperature N Mean Std. Deviation Std. Error Mean
Simulation 14 .0593 1.10795 29611
Experiment 14 -.7071 1.69908 45410

A1519% N.14 HaN151LATI8 Independent-samples  T-test  Ip3AgundlRduflaain

q Y
2

wuuSIaatkazaINnIvaaeInsadiiuliussyinanuazldtunuwuunsunsa 7

SEAUPUIBITY 99%

Levene's Test t-test for Equality of Means
Std.  Confidence Interval
Sig. Mean )
Temperature Error of the Difference
F Sig. t df (2- Differ
i Differ
tailed) ence Lower Upper
ence

Equal variances
2656 115  1.414 26 169 76643 54211 -73995 2.27281
assumed

Equal variances
1414 22363 171 76643 54211  -75934 2.29220
not assumed

% a & drw o ' oA ' ' = AI o v
ﬂ’lqmﬂﬂ“llLaaEJVIlﬁﬁ]'lﬂLL‘U‘U‘G’IaENLLazﬁ]’lﬂﬂﬁiMﬂanlelLL(ﬂﬂ(ﬂ’Nﬂu WesanAmanuiagunlusunsumuanls

(Sig.=0.169) fiAnunniesesutivddyfiduun (0=0.01)

¥
4

n.6 AgaRilRREIINKUVTIABILATN1TVIAABINTAIGIEUUTIInanuas gy

LU URS NI

'
5 a

M3 sgigungiindeiliaineuudiasiuarainnisnaaes dmSudiiuuss

Y 9

Inanuarld9u19UULazTUI19NANNLUUAZIATY A1NNITUAFBUAILAAY Independent-

6 v

samples T-test M152AUANULTDNU 99% HNan1TILATIZHA
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a ! a & avy ° Ny 1%
M19190 N.15 ﬂ']aqm‘wgllLaaﬁlm‘lﬂzﬂqﬂLLUUzﬂqaaﬂLLagﬁf\nﬂﬂ'ﬁ‘V]ﬂaaﬂ ﬂim%LﬂuUﬁi@IMaﬂLLa&'ﬁ‘U

YUV UAZLNT
Temperature N Mean Std. Deviation Std. Error Mean
Simulation 14 .0786 .78944 .21099
Experiment 14 .3143 1.90055 .50794

M19199 N.16 NaN1TATIEA  Independent-samples  T-test  vosAgumiadeNliain

wuudnaeazaInMsaaensdifiiuussynanuagldtuinuuunsuns Nsziv

ANILTBLIY 99%

Levene's Test t-test for Equality of Means
. Std.  Confidence Interval
Sig. Mean )
Temperature Error of the Difference
E Sig. t df (2- Differ .

: Differ

tailed)  ence Lower Upper
ence

Equal variances
9.802 .004  -429 26 672 -23571 .55002 -1.76406 1.29263

assumed

Equal variances
-429 17.356 674 -23571 .55002 -1.82576 1.35433

not assumed

* angamgildedildanuuudiassuasannsnaaediunnseiy esndnauiagduilusunsumuanls

(Sig.=0.674) fiAnannnindArseduteddiitivun (0=0.01)
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Heat transfer simulation in the fresh food compartment of
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Abstract
This paper presents a numerical study of the steady-state convective heat transfer and air flow
within a frost-free refrigerator with a top-mounted freezer. Only the fresh food compartment was
studied under loaded and unloaded conditions. The modeling and simulation of heat transfer
within the refrigerator was carried out using computational fluid dynamic (CFD) software. The
numerical results were displayed in terms of temperature distribution and air velocity profile.
Experiments were performed with a physical refrigerator to validate the simulation results. It was
found that the simulation of air temperature distribution provided good agreement with the
experimental values; the mean differences and its standard deviations of both values were
1.11£0.57°C and 0.43+£0.67°C for unloaded and loaded conditions, respectively. This study

provides better understanding to ensure safe storage of food products.
Keywords: Food safety; Refrigerator; Heat transfer; CFD; Simulation.

1. Introduction
The cold chain is the main supply chain that links manufacturers and consumers together in food
industries. Temperature control throughout the cold chain of food products can be used
effectively as a tool to ensure consumer safety. In the past decade, many countries have made an
effort to reduce the risk of foodborne diseases by legislations and regulations, and enforcing the
effective control systems, such as the Hazard Analysis and Critical Control Points (HACCP) or
Good Manufacturing Practices (GMPs). Nevertheless, these systems can control food quality
only in the earlier stages of the cold chain. Transportation, retail distribution and domestic
storage of food are still in fluctuating condition and out of control, thus can cause a potential
safety risk in food products. The domestic storage of food such as in refrigerators seems to be the
weakest link in the chain, and this was proven by various published studies (Koutsoumanis &
Gougouli, 2015; James et al., 2008; Laguerre & Flick, 2004). Those studies reported that many
refrigerators were running at temperatures higher than the safety recommendation of 5°C.
Therefore, the attempt should be made on food safety which directly affects consumer health.
The safety and quality of food products are influenced by the product temperatures, which are
dependent on the temperature distribution inside a :refrigerator .chamber. ‘The .improper
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temperature and air velocity distribution can lead to food deterioration. Moreover, the
performance of the refrigerator depends not only on the thermodynamic performance of the
vapor compression system but also strongly on temperature and airflow distribution inside the
storage chamber (Yang et al., 2010; Zhang & Lian, 2014). This needs a better understanding of
the air flow and heat transfer phenomena in a refrigerator for safe storage.

Therefore this research was to investigate and characterize the heat transfer mechanism in the
refrigerator. The specific aim of this work was to develop a CFD model for the loaded and
unloaded frost-free refrigerator under steady state condition for the prediction of temperature and
air velocity distribution in the fresh food compartment. Experiments were also performed to

obtain the real situations inside the compartment empirically.

2. Materials and Methods

2.1 Experimentation

A frost-free refrigerator (Mitsubishi Electric MR-F26D) was used in this study. It is a two-door
appliance including a freezer and a fresh food compartment situated separately, but only the
fresh food compartment (0.45mx0.45mx 0.92m) was considered in this study. Two conditions
were studied: an unloaded refrigerator and a refrigerator loaded with water-filled containers. All
experiments were performed in a temperature-controlled room at a 24.5+1.2°C. Air temperatures
at different 15 positions on the symmetry plane of the refrigerator were measured using
calibrated wireless digital thermometers (iButton DS1921G) with precision of +£0.1°C. The
refrigeration operation reached steady state after running over 24 hours, the air temperatures
were recorded every 1 min for 6 hours and the average value was calculated for each
measurement point. In addition, the velocity of airflow at the inlet channel was measured with a
hot-wire anemometer (Digicon DA-47). The surface temperatures of the outside walls were also
measured with an infrared thermometer (Fluke-561). These measurements were used for the

boundary conditions in the numerical model.

2.2 Mathematical modeling

The simulations were carried out using the finite volume commercial CFD software
(Solidworks) in 3D and steady state condition. The basic principles in the flow module are
governed by the Navier—Stokes equation system: the conservation of mass, momentum and
energy (Jiji, 2006). The following simplifying assumptions were made for this numerical study:
three-dimensional steady state heat transfer inside the fresh food compartment was assumed for
both loaded and unloaded conditions. This heat transfer mechanism was dominated by natural
convection since there was no mechanical fan exposed directly in the compartment. Regarding
natural convection, laminar flow was analyzed since the obtained Rayleigh number (Ra) was 108
(the critical Ra of flow transition from laminar to turbulence is equal to 10°) (Jiji, 2006).
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The radiation within the compartment was neglected due to an absence of an evaporator in the
compartment. Mass transfer mechanism was neglected for both loaded and unloaded conditions.
For boundary conditions obtained from the measured data, uniform heat flux was assumed and
overall heat transfer coefficients between external and internal walls (left, right, front and back)
were calculated by the mean of thermal resistance. According to the measured data and the

assumptions, boundary conditions for the simulation model are summarized in Table 1.

Table 1: Boundary conditions for heat transfer and air flow modeling in the fresh food
compartment of the studied refrigerator.+

Boundary + Heat transfers Velocity+ ¥
Inlet + Constant inlet air temperature, +  Inlet velocity+ +
zone A+ T-=267.135E+ Ve =0.3 m/s+
zone By T==267.15E¥ Ve =0 40i-0j+1k) m'se

Oatlets T=2183. 15K+ Static pressiwe (P=100000 Pa)e o
Left, ight and+ Outer wall + No slip+ &
front walls+ T==298 13K U=0.39 Wim® E+ +

Back wall¥ T-=208 15K, U=0.19 Wm* K# No shp+

Orther wallss Adiabatics No slips &

Dry airis used az a working fluid in the model <

it

3. Results and discussion
The fresh food compartment of the frost-free refrigerator was considered in this study. The
evaporator of this type of refrigerator is situated in the freezer. Air circulation is therefore
generated by the difference (buoyancy) of air density caused by temperature gradients. Fig.1
shows the characterization of air flow schematically within the refrigerator. Air first passes
through the evaporator coils so that the air temperature and humidity are decreased. The cold and
dry air is then circulated throughout the freezer compartment by the fan. Some of this air is also
distributed into the fresh food compartment due to gravity. The cold air then absorbs heat and
moisture from the air prevailing within the compartment. This increase in temperature causes the
air to rise up, pass through the door shelves and flow into the outlet at the top of the
compartment in order to release the heat and moisture to the evaporator. This flow circulation is

maintained during the operation of the refrigerator.
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! |
Fig. 1: Aurflow characteristic in a frost-free refrigerator. «

The temperature distributions and air velocity profiles in the fresh food compartment of unloaded
and loaded refrigerators were simulated and shown in Fig.2a-d. According to the simulation
results, there was overall heterogeneity and stratification in the temperature fields for both
conditions. It was observed that the cold zones were situated in the meat chiller (~-1.5-0°C). This
can be explained by the positions of air inlets situated in the chiller and the chiller configuration
which obstructs the flow and constitutes air recirculation at the front as it can be seen in Fig.2c.
Apart from the chiller, the back areca of a bottom shelf also had low temperature of -2°C
approximately. This is caused by the influence of the buoyancy effect due to air temperature
gradients. Cold air flows downwards along the back wall and its velocity increases until reach a
maximum value (~0.15 m/s) at the back area of a bottom shelf. However, it can be obviously
seen that warmer temperature around 3-5°C mostly was around the middle shelf. This is due to
the fact that the location of the shelf itself and also the door shelves blocks the air flow from the
bottom and the top. This confirmed by the velocity profile in this area is very low (<0.03m/s) and
almost stagnant. Considering the horizontal direction, temperatures got higher from the back to
the front since the air gained heat from its surroundings. Consequently, the air got lighter and
flowed upwards along the door shelves to the outlet at the top of the compartment. The presence
of products (loads) influenced the temperature field (Fig.2b). The temperature was mildly colder
at the back of the bottom shelf (~-3°C) compared to the unloaded condition. On the other hand,
the temperature was warmer at the top shelf and the front along the door shelves since the
presence of products blocked the air flow. It can be seen in Fig.2d shown the constitution of air
recirculation loops at those areas and it gained heat from the door.
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ErmeE—— Ol madie
Fig. 2: Temperature fields (left) and airflow fields (right) on the symmetry plane (x=0.23m) of
unioaded condition and loaded condition «

+

Comparisons between the simulation and experimental results for both conditions were carried
out. Fig. 3 shows the temperature variations along the symmetrical plane in the fresh food
compartment for unloaded and loaded conditions. It can be noticed that the simulation values had
the same trend as the experimental values, and both values were not different significantly with
confidence interval of 99.9%. For the unloaded condition (Fig.3a), however, the simulation
values were slightly higher which had the mean difference and its standard deviations of
1.11£0.57°C. This might be caused by the fact that a constant air inlet temperature was used in
the model, while in reality it would vary along the compressor cycle. Similarly, for the loaded
condition (Fig.3b), the simulation values were slightly higher, but less than the unloaded
condition (the mean difference and its standard deviations between both values was
0.43£0.67°C). This can possibly be explained by the absence of radiation between product
surface and the inner walls, which will be studied further in the future.

192



({a) Unloaded condition

50
-
o 1
g | b
E 25 I
g .
t el =
£ 5
= 1 R e et
= An & Simmimion deta podnt
40 4 0 Foxopesmeest data pode
e
0E0 Q10 00 030 040 081 06l ofl 081 081
Height (m)
e (b} Loaded condition
404 o i
g ] Y it |
&) g . 1l
b i 1
E L 4 = —— | =
E o - { n
L0 '_.__ gl By
- 10 LY
B 20 =
= i SEmisice =
B 7 a  Sommdet on date posen | 5 Y
":'E ] o Erpadmeet dats point l |
oo ol B0 0300400 01 0%l 0TI 081 (0Dl _.l'

Height(m) +
Fig. 3: Comparison of air temperatures obtained from simulation and experimentation in the fresh
food compartment under (a) unloaded condition and (b) loaded condition +

5. Conclusion

A simplified model of heat transfer and airflow in the fresh food compartment of the two-door
household refrigerator provided close agreement with the experimental values. The loaded
refrigerator showed a significant influence on the temperature distribution since thermal
stratification was observed along the back to front direction, which made the loaded
compartment mildly warmer than the unloaded compartment (~0-1.5°C). As food quality greatly
depends on the temperature variation, the recommendation follows that the placement of
sensitive perishable foods at the center of the compartment including the door shelves should be
avoided. Also, in order to avoid non-frozen foods from getting frozen, they should not be placed
at the back of the bottom shelf.
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