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Abstract
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Abstract:

In recent years, society has increased utilization of electromagnetic radiation in
various applications such as industrial and household applications. This radiation interacts
with the human body and may lead to detrimental effects on human health, especially
on biological tissues. The temperature increases in biological tissues maybe significantly
influences the thermal physiologic response such as shivering, regulatory sweating and
vasomotion. However, the resulting thermo-physiologic response of the biological tissues
subjected to an electromagnetic radiation is not well understood due to the complexity
of the configurations in biological tissues. Therefore, the aim of this research is to learn
more about thermal physiologic response on the biological tissues exposed to
electromagnetic radiation. In this work, biological tissues are studied including multi-
layered skin tissue in various shapes. Applications of electromagnetic radiation such as
therapeutic skin cancer or cancer in the organs are analyzed. The effects of
electromagnetic wave power, electromagnetic wave frequency, blood velocity, porosity,
heating time and ambient temperature on distributions of electromagnetic field and
temperature within each part of the multi-layered skin tissue are systematically
investigated. In addition, the effects of heat transfer model includes bioheat model,
Klinger model, local thermal equilibrium (LTE) porous media model and local thermal
non-equilibrium (LTNE) porous media model are considered to find a model that is most

appropriate. The obtained results showed that all parameters have a significant effect on
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the electromagnetic field and temperature distributions within skin tissue. This
investigation provides the essential aspects for a fundamental understanding of thermo-
physiologic response within several types of biological tissues subjected to an
electromagnetic radiation while experiencing an applied electromagnetic radiation such as
applications related to the skin cancer thermal ablation.

Keywords: Electromagnetic Wave, Heat transfer, Multi-layered Skin tissue, Porous media
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1.1 uniuazaudianvasdym

AauulmanlNiY  (Electromagnetic Wave) flo Aausdanisfiadoudilnglifosende
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yesnduusimaniniimnudslugyyinaviifu sisifwewas  daduaduaineang awnso
femndssaniivilsludniinds laifuseqliin aduusimanluihignudesesninazgnganauy
TneYaglé anansounsnaen axvou W uazndenuuld Meamaudifnanuagauuans
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2012) Sasldndinuanudouanaduudmanlifirlunisinelsausss (Thermal  Ablation)
(Katrina, F.C., and Damian, E.D., 2014) agslsfinusunsisenseninedsdnduusimanlingu
$umeuywdvieluiiododiusing 4 vassame dadmdutandanm Biological Material) 1u
sgrienisldnuenadsnansenusiogunmueayed  nsiutuisndntesvosguuningly
dedediusie 9 vessrene 01 mnﬁu%umammmﬁﬁm 1 °C meluausavetouyud 919
damansenusswadUsramifeaziliidundoteyssamle Elwassif, et al, 2006) wagwn
iwmmaamuwéﬁqmmﬁﬁwﬁuﬁa 40 °C praneliAnmudseunibedeld (Datta, A, et
» 2009) Guyton, AC,, uag Hall, J. E. (Guyton, A. C, and Hall, J. E. 1996) iﬁszudw%m’ﬁm
suENmuwmumaaammuwlmuﬂﬂaﬁmmLaﬂ‘mamamuaiiwmmamwmauﬂa 3.5 °C Wi
uaﬂmﬂuumimmumaqammmawaqmaﬂiuwumamwauaummqasmmmmammiau
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Media Model) wazwuudassiagniuiuuliauganisauion  (Local Thermal Non-
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NIUNNG
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a

LaTBNSNAVDINITITLABTAS 9 ‘1/1a'qmaﬁiaﬂﬂiLﬁuﬁ'ﬁumaaqmmﬁmsﬂuﬁaLﬁaﬂ'au&ha SREN
$9M18 LAz ImeUAUDIMSEITINeMIALTeu Tnslasamiduasiiulufinsldssfouisias
fuav neidsuiisunaildainniseuiddefifeades feinguszasdndnveaniidefineazidun
il

1. Wlefnwinsmevausmassinemennudeunieluiedotinmaiusing 9 ves
sumeileldfudvinavesmaunsnsznefvesadunsivaninii

2. ifieWmuuuuieomsadnmanifiaseunquianisunsnszaneaduutindnld
nslnadeuveaden warnmsdremanudounmeluieodindinineie 4 vessresne sivlunsel
Sanfnmuuuresudaiioiien (Solid Biological Materials) uazlunsdlianniu (Porous Media
Biological Materials)

3. fefinwinansznuvesdiuusing 4 suldun dvsnavestidmesndunsivanlii
AnudvesAduLtivanlnil anasaveaden dranumsu szeznarlunisliniuiou uay
onmgiivesdaunndendidimariensnszanefvesauuliiuazmsnszaredvesgumginigly
wazduvaaiiodediusing % YBITNNEY

6. eliAnaudilafiuguieafunisaevauemieadsinevesineluiloide
Franmdlssudvsnavesnsunsnszaeivesnduusivanlulin. Geazsaslunsuszgndldlusu
N135NYILIALATNANTENUAUGUN N

1.3 LHUNISYINIASINISIRY

1Asen15IdeflazuuinisAnwinaznisitasigiesniduassdiundn 9 Ae nsAnwily
SULUUNITIATIET N BN OANYINITNBUAUBININAT TINGINAUTBUVDITARTIN N
feg1smeilalaianiawuunatsdu Tugunswuuusng q Weldsusedaneiuwimantuilily
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sevinumsldau wesmsuszndlinusesenlunisfnudvinasinaduwsimaninliitluseming
ns¥nuilsnusiidagldeduusindnlniilutammdinm Suwunsduiundlulasnsideill
il

1. Anwaddsuaznguiiifeadostunguinisunsnszareivesadundimanlli
NOUANIAEMAINTEU wanguvesTannu

2. @nwinalnmsiemanudeusuinandunsiertuadundmanlnii uagsinis
JATERNITITNesaa q fdwmatunisuninszaieiivesndundivining waznisdiemany
ou ﬁdwa&iagﬂLlsuumimzmaﬁumaqaumiﬂﬂwLLazmamzmaﬁwaaqmmﬁmﬂuL‘ﬁaLﬁa
FANMNUTELANAN

3. yhnsafanuudiassuuuiiasmeadinaansniangef Waun uagldaunisi
Aeadastunmsuninszaesesnduuiindnlrinuaznisaemearudeulunisuidem

4. yhmaSsuiisuanugndestesuuusiassilldsunsiaun

5. ANWIVBNATOINITIILADTAN 9

6. YNMTHATIVHANTIVY

7. asunansidy

8. yhmaBuumanumAnnieAiuikeuns wazdaviienansseaniide

1.4 YaULIAIATINITIVY

lasensifetagyinsAnwluguuuun1siaseiiliamg uiitefinyin1sneuauainig
asvimemnennuieuvesiantinmidelasusdanadundvantiitluszninanisldanu lneuwus
nmsAnweenluaesdulng 9 lnsusazdruiveulwnnisaneisadl

1. miﬁﬂwﬂuiﬂqumﬁmi%ﬁl,%wqwﬁLﬁaﬁﬂmmamauaummaa?ﬁmmmq
aufeuvesiantinmedsdeileidefmiiuunanedu lugunsauusing 9 deldiusidain

sJ
A v A

ﬂauLLllmaﬂvl,‘ll\lﬂ'ﬂ,U'iuﬁ’JNﬂﬁ‘ﬂﬂN']u smﬁuaumeiﬂﬂwﬂumuuumu

1.1 asAnwiluguuuumsilessidmguiteAnwinisnevausannaaisinen
ysmndouvasianiiniedieiladeRiuuuvansdy lusunssdnden Taevhnsfinw
DNONAVBY

- BMIINTHNINTENLFIVBAGEA (Blood Perfusion Rate)
- dnganuiou (Heat Flux)

- dn9Insivavesden

~ Awnedeunieuen (Bvdnaiosinnsmnanudou)

- RUUTIRDINIENEANUTOUUTEANENN

1.2 msUszandldaudosanlunisdnednsnaainaaundvaniniiluszndng
[ < v A ! < [ = [ = a a
nssnwlsaugisdagldmdusdmantniinluiagmisdinin lnevihnisfinydnsnaves
- 9MTINTUNINTELAIVBUFEN (Blood Perfusion Rate)
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- idngmnnuiou (Heat Flux)

- dnsnsinaveden

~ Awnedeunisuen Brsnadiawinnismanudou)
~ LUUIIAINITANEANUSDUUTELANAN 9

2. mavszgndldnusesenlumsinudviwanadumimaniuiluseninsnsdnw
Tsnuzidslngldmauusimanlninluanymmadinin lngvinsnwdvsnaves
~ LUUTIA0INITANEIANUSDUUTELANANG 9
- aupmauiiesen
- ANANUNTY
~ Arhdinaduutimanlai

TRgNSANY L ULAALEIULILNIAS19UUIIADINNANAAEARNS THAUNITIUNISIATIZN
wazlgszideudslunis@nefnnananenu Ineaznandananisaneluwsazd@iulaewenaanainiy
WAZYINNSAATITNANITIVe I ULARLEIU F9ashanananisAnulukdasundnl

1.5 Uszlgminaininaglasu

Usrlemifianainagldsuannisvilassnsided dsd

1. gansoRnensnevaLeEssInesauseumeluiiodetiniwaausing
yossumeideldfudvinavesnmsunsnszesveseauLsimaniviin

2. @wsaRmuILUUIInemsadinaiansiinseuaquiianisuninszatsadu
whmdnllih nrslwadiouvendon wasmsaromanudeumeluiedodiudanindng q veq
$1me elunsdifanianmuuuresudaiioen (Solid Biological Materials) warlunsdlfagwsu
(Porous Media Biological Materials)

3. @AU1T0RANYINANTENUBBIFINUTAIY 9 Suldun Fnnavesdidiresniu
wsimanluli anudvesaduusiivanlndih anusrweadon Arnrmmgu szezaanlunisliaiy
You uavguugiivesdanndeniidmadonisnszarefvesaunlifiuazniinszaiefives
sumpineluudazdnvoniodediusing 4 ves31ene

6. awnsalafiuguRnfumsreuauemniaisinevesineluidedoinmi
I§3uvEnaveanisunsnszatefveseauilmaniiin Jsaztaelumsussgndldlusunssnu
L5ALAZHANTENUAUGUA TN

5. ansnadiesdauilmifiansnduiiugudmiunsiauneiddelng 9 Ty
PUIAA LAYANLNIIANENEALATINELNTBIAANS B UTE YAl T UM LAMmNTTILAL I 9L
NIUNNG
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6. awnsauiiugulunisiawinalulagneniswnmd ngldemansuszandnieiu
AAINTTUUAENNATUAITHNNE

Y

7. ansadulsglesilunisneuausiinuensmansuemisundnn
8. awsadunisweurnuduiuduazuanilasussdnnnuiseninninideuas Audide
TusEnI980 1 TULAZIUIBIUAY 4

9. awnsandninAnyainesnnuinlasuannside

1.6 @aunafiueu

Tassnifeiifianuiiduiunsitondnluaesaniuil Tnsaouiidndunmsideluduusn
fio AuydmINTIumans aminedensing maten lasiuaniudilunisdndunsidendn 1u
anuilunisiiudeyauaznaniside Jinsizsinaniside uazaguvnside wazaauiididunis
Weludwiiaesie auimnssumans uminerdesssumans qudsedn lneduantuilunsld
\nsesneNfime st avsnmadlunsinsssinazuitymilusunsunoufinmesiinnswaun iz
Pnududougs Fssndudiodddiniesnsuiinmesuseansamgslunsitasest uanudilunns
nninauauifdesduvestagivhnsfine uasifuaniuilunisuinwinasssnumanin
Aunthuesmssiiumaideuneansdivinulasinside

1.7 5282810 UUY

[

1A5enFITeliin A dulAsIN sALARouilguUIEy WA, 2557 9 NoUUYIEY W.A.
2561
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uni 2
NUNIUITTUNTTU

Mnildnandreiundsnuanaduumanliindunisduundamdsnuniuioudn
madennisluilegiu iesnnddefiuasdelfiusauuinnindsnsianuiounuusui
(Conventional Heating Method) FelfiuIsuannisldngdanuainaduwdwanindlunis
Uszlewil 977 anunsamuauuaziSudunszuIumsiauieuldegasaia dadundany
azonbinoliAnuafiv fUszdnSamiundanuiigs wasnandniiinunszuiunsinuien
Hanaflnanmiigs (keangin, P. et al, 2011) defunsialuladéundanuanadu
wimanlnihFsgniunldlusudiudig 4 uannune 019 niseuwisemsingldndasuain
lulasinaiessuvaneniuades (Nagel, A. et al, 2017 wag Orsat, V. et al, 2017) Talu
N3¥UIUNITNAABLST (Pasteurization) (Marszalek, K. et al, 2016) #Sen15uNABUNIA
(Mangat, PS. et al, 2016) sauwadlods q fjWé’wuf\mﬂ?{umjLwﬁﬂiw%gﬂiﬂumia%q
QmmgﬁﬁqqLﬁ'aﬁwmm%aémﬁﬁ (Keangin, P. et al, 2011) otslsimuilosnnniindeia
Lﬁar;ﬁuéfmqﬁumwa'mmﬂ%’ﬂszismﬂmﬂﬂﬁuLLﬁLué‘ﬂIWﬁw (Ziegelberger, G. 2009) Fs019d 8
nsgnulpgnsseaneuyudld Ssnsfnmnisnouausimisaisingmeeuieuveaioide
Fanm (Biological Tissue) wiasne o Wieldsudninaaneduudwaniniasiildanunsadile
SnshTenssvinnduuimanlifwasdododinm susriilugnismmedeatunanssnuain
AduudwanlnannsTFnudusng 9 16

Iu‘lﬂﬁamﬁ%’aﬁlﬁﬁluéfumiﬁﬂmmﬂmiv‘hmiﬁﬂmﬁuﬂ”iﬁLﬁaﬁﬁ’Uﬁﬂu%’aLLa“wqwﬁﬁ
mmﬁuamumwggmsLstﬂ'ﬁvmstéuamauLmmanlvxlﬂ'l mwgmsmamm’msau LLaquwgmaq
Faongu Anwnalnnisdiemanudeusuinanaduwimanliin Siasgimsfineding q 7
derarumIunsnszaeivesnauusivaningh waznsdemauieu Tnsnuideuazienaisnis
Fmsiieadesiulasimsifotarannsoutsoonléifu 2 Ussian Ao nduemidfeiiieadeiu
mMsisginsiemanuoulaglduuuiasduledy uaznguanAfeiifeadesiuninse
nsmemaudeulagliuuuitassvesianniu feanunsoagdidulssifiuddn 9 annns
yhnsdnu s

2.1 nguauddeineateasiunsinszinisanemalnuioulaglduuuinaasluledn

runemadefiimsanvmsiemanudeuneluiodeinmussandng 9 1N
THuuusianslulodnlunisiieseid lnsuuusaedlulodngnimuiuadsusnlag Pennes
(Pennes, H. H., 1948) snsathanudfeiiliuuudraedluledvlunsinwiamensaiamaniy
foumeluiediefiands 01f 11Adeves Zolfaghari, A. uay Maerefat, M., 2010 lévihnnsanwn
Snwngnianszatefigamnditufuinaivendedefmislunisinugungivesinaniely

SEUINNLATUINSNAINAIWINAUNeUBN InglduuuTaninIsatemausaukuululadnliunig
-16-



Anszinazlduuudnassvontoleiintdidiuiu 3 ufe tunilaning (Epidermis) Funilauni
(Dermis) waztulviiu (Subcutaneous) Tnetuiniatulu (Inner Tissue) lilavinn1satsan 19
WWIRe (Munwannu y) lumsfine daiansduguin 2.1 A

80x10°m
2x10° m

10x10° m
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U 2.1 uwwudraesmandamansflunisinneiluaciiddeoves Zolfaghari, A. waz
Maerefat, M., 2010 (Zolfaghari, A. ke Maerefat, M., 2010)

drunmsiaszvnsaaulasduiindauuunay (Hybrid Integral  Transforms) @89
aumﬂu‘[a%‘wLﬁaﬁﬂmmiﬂizmaﬁwaqqmmﬁﬁLﬂﬁsuLLanmwuszazmmﬁﬂLLazmunmmsﬂu
Suveaiofofivels 3 du Aedumniaust (Dermis) $ulusiu (Subcutaneous) wasduRmstuly
(Inner Tissue) gniiauslag Renato, M. et al., 2010 Tnsuuusiaedunsinseilunuideios
wandluguil 2.2 Tagagnuimsnszaeivesguuniiitasiais q szdsunlasegraiiulédn
wgluduniaust (Dermis) wazdulsiu (Subcutaneous) Wity

qolt)

v

T, (1)

subcutaneous \

inner tissue

epidermis
dermis

JUN 2.2 wuudnaeamneadamansntunisiinseiluanideves Renato, M. et al., 2010
(Renato, M. et al., 2010)
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Tuvugdl Dehghan, M. waz Sabouri, M., 2012 Mszdeuitidssiarlunsedune
ngAnssuneauouveiadoRvimaneduiiusenauludredumtating (Epidermis) du
wiaut (Dermis) wazulausiu (Subcutaneous) lunsdinildifuaraedln Wouansmuduiusues
msmzmaé]’maqqmmﬁﬁ’unmﬁLUSSuLLUaﬂuLﬁaL?iaﬁaﬁﬁmawEJ%u doiBeRavilsund uas
dodefmisiifidesenognelu Inglfioaunsisuammisunasiefiuudsudmasumundonyu
Sarkar, D. et al., 2015 VLﬁvamiﬁﬂmé’ﬂwmzmiﬂizmaqm‘mgﬁmUiuLﬁaL?Jaﬁawﬁﬁmu 5 4,
Fausznoudetudl 1 Sumdsiand (Epidermis) $udl 2 %uﬁagiamﬁ’u%u’wﬁqﬁm%ﬁ (Papillary
Dermis)  @eUsznausisneaaay (Collgen) fifauindn  udl 3 %’juﬁa@jﬁiamﬂ%u’u Papillary
Dermis (Reticular Dermis) FaUsznausemeaaiau (Collgen) Aiflvwalug) $uil 4 dulustu (Fat)
wazduil 5 Fuvesndnaiiie (Muscle) TnevinnsAnundnsnavesiieulvveuivauuusing q Ao
Foulvveuuniimgamgiifiiasi Foulvveuwniidmdndamou (Heat Flux) fianai Heuly
YaULAfiinNsaNemANLoULUUANTINANTBY 91NNANNIANYINUININIINTE NN TT
seusosywinedumssanda (Epidermis) LLav%uﬁasiﬁmﬁ’U%wﬂﬁm%'} (Papillary Derrnis) ien
SasanuseudaUsunnsaing o Tneldii 3 anulwa‘ummummmiﬂaLﬂmﬂumuamﬂuiﬂw
2.3 Iummummsﬂiumaammwmiaamasumﬂwuwmmwm (Epidermis) LLau“UU‘VI’e]EJG]ﬂﬂU“ZJu
widarmdn (Papillary Dermis) fisnvuinvasifosondsiie o Tngldsha 3 deulvvouiun %wmﬂu
nsdlddeulvveuiniicgumgiifirasiasiidnuazuandadndesfulunsallditeulvveuiund
AmlEndnudeu (Heat Flux) fidnasiwaslunsallditeulvauwafiinnsaremainudeuwuunism
A5 muamiuaﬂw 2.4 amalsﬂmuamwaﬁuaqmﬂmaulsusuauLsumﬂivmwmq N RELNAGER
QUETEE maamwmmaamaiumwwwmmwsw (Epidermis)  Waw wmaammwwmmwm
(Papillary Dermis) aeghaiiiulddaau fauandlugud 2.5 Immawmimmmanulwawum
Uszlnneng f]iumﬁﬂwﬂumﬁé’aﬁmmsaL‘T;Juéf’;asiw’tumﬁ%’al,ﬁaaiaaamLﬁaﬁﬂmé’ﬂwmzmi
demanufoumeludodeinmussandng q TurumsUszgndlddsing 4 wu msdnwlae
msldAadu (Cryotherapy) n3en1ssnwnenisidiawes Wudu

g, (Wimm?) 49/ P g, (Wimm?)
O R 0.0003 N 0.0003
. |——ou00s &7 / . |—o.0005

Y | 0.0008 | 4 \ 0.0006

Temperatura [ °C]
=]

(n) () (m)
t:l' aa 1 I g./’ v o } % . . gj a a (% 3 C%
3UN 2.3 miﬂasmaqquuwaaamaawmwuwuqmwsw (Epidermis) uagiunogAnnuiumils

¥ (Papillary Dermis) fidndnaannudoudsuSinasasing q tneleulvounusznm (n)
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ReoulvvoulunAgumiideni (v) Reulvveulanidnandainuseullaing uay (a) Reuly
YAUIANANITANENAIIUSDUBUUNITNIAINSBY (Sarkar, D. et al,, 2015)

&

Temperature [ °C]
Temperature [ °C]
2

.
o

g

(n) () (m)
a aa 1 I 5 v o 1% . . 5 a a (% 5 £
UM 2.4 NM19n93URHUNTOUNDTEMINTUNINNING (Epidermis) WaztuNogAnNUTURTY

Y
14
1 A I

w31 (Papillary Dermis) Aauavediiiosenainis 9 lnokeulvvsulwnlseinn (n) Heoule
YoulnAguuiidend (v) Reulvveulafidnandaiuseuliain uway (a) Jeulvveuln
PANTONYMAIINSDULUUNITWIANNSBU (Sarkar, D. et al,, 2015)

=
i
/

3
s
&

u|

u
2
5
1

E

8

Temperature [ °C]
]
Temperature [ °C]
]

a
@

&

]
Temperature [ °C]
w
v

£
g

;
s

=
= H
al i

002 008 o0 0.05
yIm]

(n) () (A)
SUTl 2.5 Bvswavesieuluveundednunrninsyaegangiifisosresymineduntaims,
(Epidermis) LLas%uﬁagjaﬂﬁU%wﬁqﬁﬂw%ﬁ (Papillary Dermis) Inglddoulvvouinusznn ()
Foulvveuwnitdngamgiifiaia (o) Goulvweuwniidmandauouiiinnai uas (a) Feuly
YoulmiinsanemAnFouLUUNIIATISeu (Sarkar, D. et al, 2015)

il0182 9 @ Hobiny, AD., uaz Abbas, 1A, 2018 1438135315297 (Analytical Solution)
Tunsufaunislamesluanluledn lngldisnsudatatad (Laplace  Transform) ilelésu
wamdsnuanufouneuenfidoudild asanduilsiduveninugs) Sernudsmens
arwdoutudeiefimiasgnussidulagldannis Arhenius  (Arrhenius  Equation) Tngld
wuusaemendeRviiuul fu fiRasandeulvveuwnuuuatumeeINSeUIULLAY
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€

819 Aauansluguil 2.6 wan1sAnwnudlienusverEINEUANSoUN B UBNTAY
wazgdwaligaumgiingluilodermdsiaganudenienisaiuseuiuiiloermidailan

A

e =

N

e AN D
e 2D,

2,

sRunnuluang

‘\\\\\\\\\\\\\\\\ \\\;\\\\\\\\\\\\\\\

gﬂﬁ 2.6 LUV EBINIARRMaRsSTluMTIATElunuIToves Hobiny, A.D., kag Abbas, |.A.,
2018 (Hobiny, A.D., k&g Abbas, I.A., 2018)

fleuaseunsduiiinisanenisanemanudeuneludladefivdduszniims
U1UnR8AN5aY (Hyperthermia #38 Thermal Ablation) lagldiuuanassnisaigmaay
Foululednlun1siaseii 919

Shit, G.C. uag Bera, A, 2017 ﬁmsnmsmauauaqmqqmmmumﬁaL?J'aﬁwﬁfﬂuiwdw
mstadieauden (Thermal Ablation) shenisldaunisaramenudoululedndlolduuvas
wFaupnusoufiuandnety  fe nisldideulvreunuuundndauseuiifirnasd (Constant
Heat Flux Boundary Condition) nsiideulaveuiuawuundndainudousiinisniawnia
(Oscillatory Heat Flux Boundary Condition) ﬂ']ﬂs’ﬁﬁaulsumauLﬁumLLUUWé’ﬂGﬁmm%faqugULwU
flafdurestaleyd (Cosine Heat Flux Boundary Condition) waznislddeulaveunwuunand
auFeuluguuuuiladduvedle (Sinusoidal Heat Flux Boundary Condition) Ingldfuuudiass
veuiedeRmids 1 75 warldinadedsnisudasardana (Laplace Transform Technique) luns
uAteyn wazvinisAnedvsnaveadndaiiuiou (Heat Flux) 9m3IN1SLNINTZAURAIVDLLADA
(Blood Perfusion Rate) 1ianlun1sHaunaisauion (Thermal Relaxation Time) LazAIn151
Ao (Thermal Conductivity) maqmamamsﬂivmamammumEﬂul,uawamum

ﬂ’]iﬂﬂ“l?ﬂﬂ’liﬂiuﬁ]’lEJGDEJ@U‘VIJWJ‘HEJLU@L‘EJ@N’MHQ 2 i fwien luszrinanisthdndoe
ANTOU (Hyperthermia Treatment) #2835 UULNUATY (Exact  Method) lagldaunisaem
anufeululednuuuyises (Fourier) waglaildyiies (Non-Fourier) wagvinn1sAnuw1dnsnaves
BRIINTUNINTELMVBUTRNA (Blood Perfusion Rate) WarsreziIaIfion1INTEANEfIgumall

-20-



NnMsAnvINUIgaMnTgaaistezina 2 s Sagamnd 463 °C wazdlesvornanfiudue
gaunilasgnaveey 9 anas gniauelag Dutta, J. ag Kundu, B., 2018

wananudamuinfinudseursdiuiiiinisanenisdremanudounsluiiode
Ravilsluszninenisindansenmssnenlsausisedremsidnasauainuiauannisidiawes
Tnglduuudnasdlulodn a4

Xu, F. et al,, 2008 ¥1A13AN®INITANEWMAMNGOU ANUEEMIBLTIAIINSOU LazAL
Femedenavenioiionmile 3 du Feuseneuludae Suntaiinda (Epidermis) Sumtaust
(Dermis) wazdlusiu (Subcutaneous)  lusgwinemsthdagensidndsnuanudouainnsly
o3 laglduuuinassnisaiemanuioululednlunsiasgi

11t 2008 Jaunich, M. et al., 2008 l9yn1sinseranuaen1INIEAfiguunlinas
fufiilasudnsnanmemudoungluiiodoRmtssminstasensifiawesuuudiaiad
(Pulse) WUUHY 9 nsvnaeaznsaendsiiarveuusiaesieodefmluuuraneduiil
dosenegmeluveaiaefimimomyazgning Taeldtnsnnuenaiuresawes 2 913n2
§1IARY AOTiT9ANEIARY 1,066 nm  wAZYIATINENIAAY 1,552 nm Tunsvinaesayld
wesluduila (Thermocouple) lunsianisnszanefgamgiinuuuianaiaiteUIeuiisue
nsnszanefgamildannsdasadaiiay ImEJLLUUﬁi’waaqumaﬂizuaﬂmaaLﬁal,?iaﬂmﬁqﬁ
THlunsieseiidsiiasuazdunislunisindgungfiosuansluguil 2.7(0) uag 2.7(v)

Focused Laser Beam

|
50 pm /L_ / /_\
1’_‘/ 2 mm
3 mm
v /—_
8 mm H ; } Thermocouple positions
10 mm b
3.05 mm 1
W
N l * Inh i - '
. *| Inhomogeneity
Base 2R =25 mm - Y .
Tissue ‘

(n) (%)
Ul 2.7 wwudasssadinmanifilunsiieseiluauideves Jaunich, M. et al, 2008
(n) wuuansgUnsansruenveiioeimisillilumsiinset wag (1) sumidlunisine
qmﬁgﬁmﬂmﬁm?}aﬁwﬁq (Jaunich, M. et al., 2008)
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Ahmadikia, H. et al., 2012 193518935189 (Analytical Solution) Tun1sitasgiauns
dnemanuioululednuuuniies (Fourier) wazlallyniSes (Non-Fourier) seninansundngignis
Tawoineluilofefmilngldiulasarvana (Laplace Transform Method) wagviinis
Wiguiigunisnszaremgumvgisenitamsiduuuitassnisaigimaiuseululednves Pennes
waznuuiaean1senemanuseululedfildSudninannndnuaudeusnaneuen

Tuddaun Singh, I. et al, 2015 1991159180 UTIHLAVURINITTEUIYANSOUVBIRD
veudledoRmimaneduiilidudennelusyninsnstidadensifiawe? Tneldisnsszune
AANUTU 3 3813 Ap 35 Optical Window Contact Cooling 35 Cryogenic Spray Cooling Wagis
Cryogen Cooled Optical Window Contact Cooling 21nn15@nN®INUI1 35 Optical Window
Contact Cooling fhanegiiidenlniuudeszuienudeuseaivelneenledmanilnaln
szmamm%auuuﬂwaaLﬁaLﬁaﬁawﬂqaﬁqm

Ren, Y. et al, 2017 lﬁv‘hmiﬁﬂmé’wmzmsmzmaqmmﬁﬁmmzaﬂuiw’m
nsvvaumMsUndalagldiaigesmeeuniauilunesdl (Gold Nanoparticle (GNP)) Monte Carlo
Method (MC) waw Beer's Law gnldlunisiunumdsnuanufeureuiaibouazoynauily
nosuiloliunisunsnseaeivanaweilagldaunisaamainudeululedn dninaves
Pranalumevhanudeu UTunmeyniauilunesd Auifiliumsaisdeimiges uardnada
yosiinmsiiiosonazgniiny waainnisAnwmuiuTinueyniaulunesiiiiegat uassils
UsrAnsnnlunisgaduiame iissavinmgetu wivTinueyniaulunesiiiidsiiasagril
Aansnszareanudouldd venanduiuiinlésunsaesomwesiidaunidnastedoiy
mm%faquamﬁaL?Jaimasauléﬂ,ﬁaﬂammLﬁaaaﬂﬁﬁmmm‘tmﬁ waziledn Incident Intensity
avluAgungiazgalu fuansgUuuunisnszaesgamgilusuil 2.8

t=100s t=200s

Ih,=0.25
W/em®

)"(] = 05
Wiem?®

}{{1 =0.75
W/em®
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JUN 2.8 BMENaveA1 Incident Intensity Midswasioguwuun1snsza1efgamgil Tunuideves
Ren, Y. et al, 2017

Nobrega, S, waz Coelho, PJ, 2017 vnisdnuldwdarumnudeuainaiu
wimdnlilunnsshelseuzide (Thermal Ablation) Tnennsldiawesdmsuazdimeluilede
Rl 3 4w Aedumarngs (Epidermis) Fumtiaust (Dermis) $ulusfu (Subcutaneous) Fauand
luguit 2.9 Tnefiansumeaidedeimiuasusaiusunsdiviey uasionsanlidedefomil
I§sundanuanufouainiawosannmeinuuuiiuiierinsinudnvuznisnszanedgumgl
LAZAIINTEAUFIVIANULEITIEN1AINTOU (Thermal  Damage) lagldannislulegnlunis
Aasizimsaigmaueulagldssidouisuuulnludligu (Finite Volume Method: FVM) lu
nsuiaun1sluledn wazvinnisAnw1dvsnauesrinisuinuseu (Thermal Conductivity) 89151
NSUNTNTEAUAVOUAEA (Blood Perfusion Rate) A1AIMNSaUTNNIE (Specific Heat) wagdmsT
nsdunUanelu (Metabolic Rate) fidsnaromanszatesgungiinigluidedefms

@
£ 0 X Yi
5
= 0.09mm
i mm
@ Cancer
E
8 1.47mm L
— Laser
L X £ /—
g £ 2mm
I 5]
o - X
'_
wn
= —
g 7.44mm
< ——
‘g 2mm
Q
o
=1
(77}
z 18mm

(n) ()

JUN 2.9 wuudaemneadinanansilunsinsieilunuideves Nobrega, S., wag Coelho, P.J.,
2017 (Nobrega, S., wag Coelho, P.J., 2017) g (n) tuiileideRvialagsiunisveszise uas
(v) Nulun1suszendldaigesnussuIumnu x-y

TudiAegafiu Verma, AK. et al., 2017 lovinis@nwdnuaiznisnseanedgaumginigly
wudaeniedeionids 3 du fifidosenagnigludundeust (Dermis) seminenszuaunistida
Tnelfiawes uuudaoimslieneidsinarvenioderomls 2 T gnlfiievhusemudene
vouiloideundiuuuuiiassnmstemanuieululeniifionsanisuuyidos (Fourer) (aunns
#151LUAN (Parabolic Equation)) wazlailywiFes (Non-Fourier) (aunislamesludn (Hyperbolic
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Equation)) lagldszileuisuuulnludligy (Finite Volume Method: FVM) lunisuitaymn
suouTinasinanssnans (Central Difference Scheme) galtdmiumsudlutiouludoysius 35
TneU3e1s (Implicit Method) grlfifteuflumenitutuing anmanwnuiiaudenends
Anufouronilafeunafiinndunuanfifinty

waziiess q 1 Ma, J. et al, 2018 18l438uriunse (Exact Method) Tun1s3insnevinis
povauasneaudeuluuuuontedeiovs 3 If Weldsudvinannduanaesszming
nszvunsUUalagldaunislulednuuy 1 falunsiasien avnsnavesseuuvevaenienteoy
(Capillary Vessel System) uwazuwasnasuausouann1sdununielu (Metabolic Heat
Source) ArMISIluNSIAABUTiaIEDS UAzTUIAYATBsALANAITEILgNRANTAN Tidenarens
nszefeamgiluguuuuliFlugauagmuuuduiifionsan nnanisAnynuii e
lunsindeufiialwesifiutu manszeigumgiasiimanas uasilorungaesduanawess
AfiutumInsznesgungiardaanatuiu Tnesuil 2.9 ssuanuuudeoniedofioni 3
fantlunsieszi Weldsudvdnanduauawesluseninainszuaunsin

laser beam

b4 skin surface

‘v

~

human body

g‘dﬁ 2.9 wuushasudloeRiands 3 fanldlunsinsedt Tuaiseees Ma, J. et al, 2018
(Ma, J. et al., 2018)

uonvniudeduideudndinsdnvinisnevauendininudounazidena (Thermo-
Mechanical Responses) finufiunanveaiioidoramiuuy 2 4u Tussuinnszuiumsditelag
THhawes Ingldranantinanuieuvesianiiline uaginsAnudvinavesiinisiia
Sounarsvaznainslrinnusouiidmmasenisnszatemvesgungll szezn1siadouil MInszae
AIUBIANLAY (Stress Distribution) azAuLEsmeLTIAIINToU (L, X. et al,, 2018)
MndrsuaznuidimAdeiiuinaginsieseidnuaznisaemeanuounisly
dedeRamfssruinenssuiumstidalaensldndsnuanaduudvdnlnin eni nsldndeany
arufouannisldiawes wiedrslsfinuanddefiiiunndlngininisAnyianizans
povauendInNfeunity nsieTzsidunsises i Auudmdnliiiuasseayudain
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NansENUAINNISNansEnUaInAduLsiman i luguuuvesaunliiiuas autausivanldi
smsleTedsammanandundanus g (Specific Absorption Rate (SAR)) fawuiiile
$rnutes Lewinzdewinsinssitauusiassnisunsnsraefivesauusimanluiin
(Electromagnetic Wave Propagation Model) A3U@ifiunIsiAsIE ik uUINaeInIsanemALsou
(Heat Transfer Model)

Ozen et al, 2008 lavhnTIiATEiLuUSIaeInsuUnInsyanefvesnauLLvan Wi
mugfunTiATzikuuTaesmMItemanudou  ednunisiuiureumailuiuudaes
dewdoRamls 4 du wuu 1 TRsulsynaudie dumdaiinga (Epidermis) Sumitaust (Dermis) Fu
lasfu (Subcutaneous) wagduiamleduly (Inner Tissue) MMakLIUEY (AUKWIRNY X) Fakandly
U7l 2.10 dleldfunansgmuainaduusmanliinlaeld3Snsiwluddnimelsud (Finite
Difference Method) LagyinN15ANY1BVNENATOIRMUTAN 9 LTU 8RTINITUNINTLANAIVDILEDN
(Blood Perfusion Rate) A1n5tiiaugay (Thermal Conductivity) A1A31318 (Frequency) A1y
nuuUunasuveslulasian (Power Density of Microwave) uagszeziian (Exposure Time) i
a'qmaﬁiamimzmaﬁaqmmﬁma‘lmﬁa@aﬁmﬁq

80x10¢ 0.002 0.01 0.03

- - -———————————————————————

skin surface <

cpidermis &

X LY
(0.0) I—» x(m) dermis  subcutaneous inner tissue

SUT 2.10 wuudnaeaneadinaansntunisiaseiluaideves Ozen et al., 2008
(Ozen et al., 2008)

faruddsvdndliiuvusiassnisuninazatefivesndundndnlviinniug i
LUUTaeIN1sanemANTouluNISANYINITNTEANYMITDIENIINTAANAUNAINUTUNIZULALNNT
nszaefvesguuginieluieifofionds 079 Leduc, C. wag Zhadobov, M., 2017 &
yhnsAnwuUuTaesnsunsnsEnefesnduwimanlniihaiudfunuudassnisaiemainy
Foululednlun15insein19nT88MIV0INITINITAANTUNGNIUTUNIZLALNITNTEINLAIVD
qmﬂgﬁmsﬂun‘faLﬁ@ﬁmﬁqﬁﬁé’ﬂwwLﬁuLﬁaLﬁmﬁ’u (Homogeneous Material) iAnA2mAAdY
wimdnlyifn 60 GHz finnunuveaiedoiionth 3 A fofinrumu 5 mm, 10 mm wag 15
mm NANSANYUTINATIEN (Analytical Results) @NEUSUAIUNADINIENITIATIITIFNAY
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uanantuIgiInnIeuifisuanugniesemanisfinuainisnisiessidiaeuiuag
nsAnmanmsnaasdagliiadosingamgiivuuduriuse
wenntuludiiendu Kumara, D., way Rai, KN, 2017 ldvimsiesgsiideianlng

14uuusiaes DualPhase  Lag  iofnwinisaremanudeunsluiiodeionislusswing
nszvaumslindanunradouaneduusimaninililunisinuilsnugise (Thermal Ablation) Tng
Togunislulednnisitasginagldseiiovisuuulnlufdamus Legcendre  wavelet  Galerkin
(Finite Element Legendre Wavelet Galerkin Method (FELWGM)) laevinn1siuSeutieunaain
n5iAselagldnsieseidadiaviurnaannIsiaTeilaeldisuaunss (Exact  Method)
MnmsAnwmuisAvsamlunisinulnglindsrunnuoursiuegfueyiusueamouinan
uarnsMUANgMNT SvisnavesiaLlsing 4 1wy eyfusyeuneuIa YTzese dulseans
nsluareadon undsanufoudiAinainnisduaiunisluy uagndsnuiidsin Adeuasanis
ﬂismUﬁamaqqquﬁLLUUl%ﬁaﬂﬁﬂiuLf'IaL?jaﬂmﬁq%gﬂﬁﬂm

dleigr v i butta, J. and Kundu, B, 2018 lelduuusiassnisunsnszanefvesnay
wiwanluiiravgivuuudiassnisaremainuieululednsenitanisiiinaieauiou
(Hyperthermia) Tnefiansanlddeulvreuiwnwuundndanudeufiipiai (Constant Heat Flux
Boundary Condition) nsléiieulvveuivanuundndanueulusunvuiledduesley
(Sinusoidal Heat Flux Boundary Condition) warnisiditeulvveuanuundndanudouly
gULLUUWaﬁ%uﬁuaﬂﬂ"L%ﬁ (Cosine Heat Flux Boundary Condition) fifluiaveuilaBoRomils uay
T9sn1suUasanuand (Laplace Transform Method (LTM)) wavilafdureandu (Green Function
(GFs)) Lﬁ@LLﬁﬂ@ﬂﬂ Single Phase Lag (SPL)

wfuddedieduasinsiinszinisunsnszaedvesaduudmanliiiaiugiunng
Ansginistiemennufeuiiofnwdunsisenseinamsldsurduuingnlnihueadeieuyd
wdagnslsfinunisiiesgiaunisnisuninszatedivasaduusimanivinlaeldaunisvas
uundiaad (Maxwell's equations) Aaugiuaunsinemaufeulaslduvuinaesvaaioide
Aavdeuvunarstulunsiesgidenuinfegsiuaudesunn iosananududoues
ﬂmamumlmamﬂmﬂ (Dielectric properties) L@ ﬂmau‘ummﬂm’lmau (Thermal properties) Tu
wiazduvoailoiboRiomils Seasdsnasionisgadueduwimanluih uagnisnsearedesumgl
aeludureaioBefinds uuuaomisadamansiiauysaiuagaseunqunnlsingnisali
Aetuneludeefmiudeldsudvinaannisunddvesaduulindnluiineg Sutsslowd
dmsumsimumalulagnianisunng

wazuiiuuuaeslulednasidufifenlunsAnmnstamenuounmeluidodinin
yilasng o usidesninanudiievesaunigiuvesuvuitasdluledniaundlioungiveaden
anelunasaidenias (Capillary) Windugamaiiveswnuwessianie Famneanuiiagliiinns
goydevselasundsnuainusounelunasaidentes inlieungiinelunasndennasiiiiu
gaumiivetfennglududoandn (dudeaundvguazidudonslg) wazaunisiuledngn
ﬁmsmwwﬁugmﬁammﬁﬁaLﬁlaﬁﬁﬂmﬁé’ﬂwmmﬁuﬁuawﬁﬂ (Solid Phase) wenantuaLNg
luledndaiinsananiznisaiemaiuseulagnisuinuiou (Conduction  Heat  Transfer)
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wihths linsieszdnsaremerudeuluidedotinmeiiasie q Weldfusvinaainnisus
Yedvesnduumimaniniilduuuiasduledviunsinuiuidesitaunnung venanduudilu
mudussinmeludedotinmeiasme q fusznoulumenasndenuuindn (Microvascular)
uazviaoaidenies (Capillary) vunadniilvasgniely Fsanusadeldifilasiadsvestagnyy
(Porous Media) msldugunquivesianngulunmslinneiuuusiaosmssemanudouasd

anudgrundudeddandesniinislduuuinassluledn lnenquauidenineidesiunsinszi
nsanewmanuseaulagldiuuinassvesiagnuaziausluddaly

2.2 ngueudTeinetesiunsinsizinisanemanuioulaglduuuinassvasiagwiu

Tupudusswdilassademeluiodetanmusznndng 4 awdseneulddedniiiu
deidortowaduiadn q waemdenvunnidn (Microvasculan waznasnidentes (Capillary)
yunidniilvasgneludnnunn Ssaunsadelsiniflasaiinvesiagmsu (Porous Media) Tng
Taseasnelutannyudsnanidnuisesnlaidu 3 dulvg 9 fie drunaendon (Blood vessels)
waa (Cells) waygrIesenIwadiaziaonidon (Interstitial Space) oenglsnaudiulnelu
siAfereuinindnuslassaduaelutanmsuoondu 2 dalvy  fo dufiufivasaden
(vascular Region) Fafansandruituiidiunasniden (Blood vessels) e uavduituiivass
\donfilAy (Extra-vascular Region) FaResandniiuiidnigad Cells) wazgrvinssninead
uazvaealden (nterstitial  Space) Tngdruitufinasniden (vascular  Region) Iu%fa@w;u%
frsanludiudouzdonrsovresvar uavdiuiiuiinaemdonfiviu (Extra-vascular Region) lu
Sagnguaziarsanluduaniunieibo Fauanslugud 2.11

Blood vessels

Vascular region Extravascular region

sUTl 2.11 Tassasanelunuudnaesianmnyu (Nakayama, A. wag Kuwahara, F. 2008)

nslduuudnassvesiagnyulunisiasizinisanemanudeuduidenaulauiuiu
NAENAITIHNNIUNT J90NTANW I UUITeNEN UL UIUYDe Khaled, A-RA. way Vafai,
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K., 2003 Uz Shafahi uag Vafai, 2011 lag Khaled, A-RA. uag Vafai, K, 2003 19vn1359U57
nuATsLasnguiiAnu AU aeamslvauazsthemanufeungludedetinm Tny
ﬁﬂwmzmwﬁﬂaawm Darcy (Darcy Model) Wagliuud1aadvad Brinkman (Brinkman Model)
MnmsAny Ui uivestagmulunisinsgimaemenuiouneludedeTinmasd
AnumINgaNInNIINITIATEEnstemeudeulaglduuuiasslulodniesandaunigiu
Tio83nnN uag Shafahi wag Vafai, 2011 lévnsiwnseginsaemanudeunisludedod
a1 2 17 Inevinisinsgriwuudnassmidiusiiue (Iis) wavdiun1vn (Sclera) Tuguwuuian
wiu Ineldseileuisuuulnludddiuud (Finite  Element  Method) — Tumisuwidamn uaz
yhnsAnudviwavesdaindenniouen gaumniveadon dulszavinismanuieuvonden
paunnfivesdauindenniguan AIANUNTUYBIAILANYY UazsnIINIUNINITEfMYBIdend
a'ﬂmasiamimgmsﬁaqmmﬁmﬂmﬁm?jamum

Fauvudtasavesiannguarunsousliuaessszinnie uuudiassvesTagnuLuy
aunan1eANsen (Local Thermal Equilibrium (LTE) wazuwuudnassvesianniuwuuliauna
N19A1459U (Local Thermal Non-Equilibrium  (LTNE)) WUUT1a0904ia)nIuuuasnanig
arfourreguuanufgiuiigungiivesaniuziloibonievesuda (Tissue / Solid Phase) i
QaUUNIYDIANUTVRNTRANTETRNMEAD (Blood / Fluid Phase) lunn 9 Fuvlsifiansanaely
wuudiaesiaawgu Feazldaunsmsmemermdeuiismilsaunislunsiasei (Lee, DY,
Vafai, K, 1999, Alazmi, B., wag Vafai, K., 2000, Marafie, A. waz Vafai, K., 2001 taz Khaled,
A-RA. Waw Vafai, K, 2003) usegnslsfinuuuudtansesfannsuuuuaugamamiufoutiuagla)
wanzaudmiuanIzulsENs 917 Msmemasdeuninislvaveadondienanidengs
nstemeufeunsluiodeiifiaaunsudeudnah wagldmnzantuidederildsuavina
NuVAIANSouADLT19g9 (Keangin, P, ua Rattanadecho, P., 2013) fatilunsdidFaensld
LL‘UUﬁi’waawaﬁaqwqu?jqag}'uuﬁugmmmmadwmmm%amwuhjam@amqmm%aﬂumi
TATIRNY IAgLUUIIRDINTTEN8NANNTaUL UL LNaNAaN9AINTaUALUTENBUAIBANNIINTS
femAnuouantaINs Aeaunsvenieeviovendaraunisvondenviovounan way
firsanimesnsuanildsuauieusswhaileBouasidonsiude

nuAtefiRnmmItemenuieuluieBodinmeineg Sseguuiiugruvesnistiomaniy
Sounvuliaunaneanuauausanulalunuideves Nakayama, A Uag Kuwahara, F.,
2008, Mahjoob, S. wag Vafai, K., 2009, Peng, T. et al., 2011 way Fan, J. Lag Wang, L., 2011
1ne Nakayama, A. Wag Kuwahara, F. 2008 1@1’1/%msiamauLLasﬁwmmqwﬁﬁuaﬁaﬂwquLﬁa
Anwmsaemenudeunieluiedetinmainiiuguvesuuiaedluledn vnsieuiiey
wuudaedluledniuluuinasswes Wulff uag Klinger (Wulff Model and Klinger Model) uag
wuuUdnaeaved Cheng wag Holmes (Cheng and Holmes Model) kagtaualuuinaesvasian
NTUUUALLAFIURUUAN 9 817 dausuuudtasvesianuuulidaunanisainuiouvemasn
Honuns (Artery) naonLdansh (Venous) uaziileifie (Solid Tissue) wuudneesiannIudmMIUNIS
Laniudsuanuieuiinasaidenunsuagasaidendiilualuumniu uazuanildsuninuiou
sewhaviaoaidesros (Capillary) wazilaidolassou fuandugud 2.12
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Velns

Capillaries
Tissue space

Artenes

JUN 2.12 wuudnaesiagnudmsunisuaniUasuanuseunvasniionuaiuas iaanionniillna
LUUTIU hazhanUaguanusauseiInaaanaenias wagiladalneseu Tunuideves
Nakayama, A. wag Kuwahara, F., 2008 (Nakayama, A. ag Kuwahara, F., 2008)

uanandl uuuiaesestagusuilflunisiinseginisdismanufounsluiede
Fannluseinenszuaunsiitnmenusau (Hyperthermia Treatment) lasunisuiausiag
Mahjoob, S. wag Vafai, K., 2009 lagyin1sinsigikuuinassvesianniuiuuliaunanisniy
Youvoailoifotinmiifinislnaveaiensgniely wuusaswesfagnsufinnsannistemaa
Sowramananudounieluanuziiledo uavssuuremaenidon (Vascular  System) 113
waniAsunnufeusonananudoussrinaniuniofouanden Ansauvamdsnuni
Youilaaninnisduaingluinme uaglddudvinannildndauieuioduiumilusemin
NszUINNsUIURMIEALTOU KaLYINNISANYIBNTNAVRIINTIEIUTBIUTUINTVDMIADALADALAY
JFmmsvesiiuiinetimun Samduseniisanisiianufeussuitanuniefeuazanug
Fon nauandsuanufeusswivaniusidedeuazaniuniden wardhndiuseninaunas
wasuaufeuosannisdununelusanedendndamdeulusunuuiudsling Ndsma
rednuarnsnszneigumgivesaniusiodeusraniundeauuuliifuarsveranudnmely
WUUTRRIIAANTY

msiaswinmstemedeulagliuuuitamesiagnuiliauganisnuieunislu
dodethnnifiefinudnuagnanszneigungiivenieiBeuszifengniniauslng Zhang, Y.,
2009 Tnevhnswannuuaesiiinnsananue 2 anusvenieifouandosdiinsuaniuiey
anudounuunMsanudoudsiunaz i 91nnsAnwIMUI Phase Lag Times dmdundndnaiy
SounarnaBeuuasgamginelutenmiiinisinuilenslndifestlussesnsd

wavansnsanunslFaunstemenuion 2 aunisvesanuzieibouavaniusidonly
wuuitassvesfagnuuuuliauganisanuiou ednwidnuaznsnszaeiigaumgives
dedetanmeanguszrinnszuiunmstiindenudeuldlumiideres Peng, T. et al, 2011
lngvihnsAnwideuiisudnuazn1snszgigamngiannsidiuuitasinisaiemainusou
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vaedannsuuuuliauganiauiow wuudiasinisaremauieululedn uazuuudiasives
Klinger (Klinger Model) ﬁawm q meluifoidetinm uardnudnsnavesiinvemasniden
Ussaning 9 Tasniansidenuindlefnnsanuuiassesiodeiinmiliivaondonuns
YAl (Large Arteries) aginnelu (Anusiveamasnidongs) Msnszanefigungivesaniug
dodonnmisliuuuiiaemesannuuuyldaunameanufeursdaulndifssiunsnszans
gmmnivesaniugiioiBeannislduvusraesluledn Tnsnisnszanesgumnivesanius
daidonnnisliuuuiassvesannuuuuliaunanisanudoursdnuusg fiuansstuogis
Falauiun1snszatemeungiivesaniusiionannnisiduuudnassvesiagnyuiuuliaunanis
arwdou luruefinansznefgumnivesaniusidaifonnnisliuuusansos Klinger a¢il
AuAnFsiuNsnsENefigamgiiainnsliiuudiaosssiandu 9 eghadiulddaau Tuvue
fidlefinsanuuuasmeniadenmiiivaendonunsuuindn endmeslen (Arterioles) oy
melu @anudmemasadenton) n1snsyaesigumgivesaniuniods waraniundonan
mslfuuuiaesestagmyuuuliaunanisnnuiou warnsnsznesgamgivesanusniedo
nmisliuusiaosmes Kinger aedinrulndifosiu usn1snsznesgungiinesaniuzioe
Mnmslduvudrasdluledmaziinnuunnsisegiedaiou wazlunsdiflefiansanuuusiasives
doidetanmilivaendeninauuuiaus (Terminal Arterial Branches) agnglu @A
eondenUiunany) nsnszeigungivesanusedenaraniundenainnisliuuusiaes
vosiagmyuiuuliaunanisnusausziinnuuanaeiudntoy uikandsiuegiedaauiunig
nsgefgugivesaniuniedeannnslduuuiiaodluledn Tusasiinisnszaneiguuad
yosanumilaBorinmsliuuudianwes Klinger asfiaruunninafiunisnszaesgungiian
nsluuudiassUszandu q ednadnties  nnamsAnwdefuisasoaguldiuuudiaes
yos¥agmauuuuldauganisanufeusmngdmunisiansuuuusassweiobedanwii
‘waamLaammmﬂwmmaummmm 1 ognelu 1u vasadenunslvg) wagvasaidendilng)
dosnnisnsrneseamgivesanuniaiBouaraniunifeadanuuansatuogednay uay
Sinsannsaliuuusasdulavlunsinseild AU AULUUTIABIYDITARNTULUUANAA
Mepudeumngdniunsinnsanuuuiasweniedetinmiiivasndensualidlugunn
viodanusien 9 egnnelu 1Wu vaemdenunadn vaonidendidn uazvaenidendesilosan
nsnsrefigungivesanuniledonaraniunidoriarulndifestu warlivanzdniunis
Tuvushasdlulednlunsinseyt §91nauddoves Peng, T. et al, 2011 fanwnsaten
AUANURAAN 9 V09YTATDINADAADAUTELANAIN 9 LU A1AILET ATADIUNTU LAZAN
fuuszAvsnsmanudeunldifuiugulunmsiinsesinsssmanuioulnglfuuusiaomes
Tanwyule

wagluuIdeves Fan, J. way Wang, L., 2011 Lavinsiaiuiuuudnaeswen1sansin
arwfounsluideiodinmauelng Taglduvuassesfagmsuiliauganisnnudou 910
mMeTginaTnuUTasuitainsiemanufeuludenuadodeiinuasnndaatiy
aun1sanemANSeuLUY DPL  (Dual-Phase-Lagging) sunsnsenseninadonuaziiodorili
\Aanansenuiinainnansainnisaismauieunnsiemanuieudeninnsmanuiou
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ANISIVOUEDN NITIMAHURATNITLNINITEMTDUFRN uazn1sdumIUndsunigluse
é’ﬂwmzmimzmaﬁuqmmﬁmmLﬁamamﬁmﬁa

uaﬂaﬂﬂﬁu Majchrzak, E., waig Turchan, L., 2013 VLé’VTﬁmﬁLﬁiwzﬁl,%qé'f’u,aﬁumamﬁalﬁa
FanNszInensiasunsyinanuseuluseninesnsiidanieanuseu (Hyperthermia)  Tagld
WUUTIRB9URITEANTURUUALAANI9AINTOU WAL UUTI0Y 3 Hf vouiladeunfuaziiiosen
Tasunsiiansan wagldszidouisuuudaunds (Explicit Scheme) wuulwludaninesisus (Finite
Difference Method) ImEwi"]msLU'%EJULﬁarumsﬂszmaﬁaqquﬁﬁLU?{auuﬂaqmunmmﬂmﬂ%’
wudaesmsaiomanuioululednuazuuuiassvesiannuiiinaenidensgmelu 3 Usziam
Fovasmdendiuuiaidn Liya (Venules) viaemidamilas Afiaat3 (Capillaries) wagnasniden
LAIIUIALAN (Arteriole) mﬂmsﬁﬂmwuiwmimzmaﬁaqmwgﬁﬁLU?{auLLanmunaﬂuﬂiﬁﬁﬁ
vaeadeniley Afiaats (Capillaries) ogneluaziidannnitnsnszaeigamaifiuasuulag
punan lunsdliifivasndendivuiaidn ya (Venules) uarlunsaififivasndonunsvuinidn
(Arteriole) muasU

Wang, K. et al, 2015 vhnswinaasse3fiddinsen (Analytic Solution) iiefnu
Snwmgniadrsmanudouneludedeinmlusznininssviunsnisinulsaus Selasld
wauAIIeuIINARUANLEINg (Radiofrequency Ablation (RFA) lngltuuudiaesuesian
wiukuuldauganisauseulun1sinsied wagiinsAnwsvinavesiiudsdie q dulaun
WMEINEIUANTEUIINNTHUAIUAE Y USU19TU099097 1900 0ALERA BRSIAINTENINAAN
nsthaueussnituieideuasidon vinvoaieidodinmussiandig 9 LAYOINIING
wanasuanufousenitegui (Lumen) uaziilowde fidwadenisnsyatsgungivesaniug
dodaunzaniuzidon

Monte, F. de, wag Haji-Sheikh, A, 2017 ¥in1sAnwdnyaEn1INTEAEMeUN e
anugvoamaLaranuzresuimeludodotinnluseviunssuiunistiidadsnuion
(Hyperthermia) lngn1sldiaiwes laglduuudtasswasianniuuuuldaunanisaiuioulunis
AT waznaRAsedTIBIATIZI (Analytic Solution) WleAnwIBVENATEIFILUITTNg
anufouiiisadosiunisuaniudsuauiousenitsaniugveavaiuazaniugvenia 4
wuaesdiadetinmusrdeulwweuaniflilumsdinneiduandugui 2.13
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blood vessels
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Ut 2.13 wwudasaileBetinmuazteulvweuwedlflumsiinsgiluniideves Monte, F.
de, WAy Haji-Sheikh, A., 2017 (Monte, F. de, way Haji-Sheikh, A., 2017)

uaziiieidh 9 4 Goyal waw Bhargava, 2018  yhmsfnunsULUUNTINIEANgNgS
FULUUNTEIEMANTOU kagTURUUNIINIEIEAIVDIRTINITYANGUNEIUT NNz Ty
$1ameuywdiileldsudninaainaduwsimanlaiiluseninsnszviunisinuidisaduing
(Radiofrequency  Treatment)  laglduuudnassvasiannsuuuuliaunanisninuioulunis
WasgrnuseisuTsinludddiuud (Finite Element Method : FEM)

wifandreduaziinuideundruilduvusiassnisiremanudeuvesiagwsuly
nsAneInsanemauieunmeluiiadedanmalinnne q uregrelsinuanuisefidne
UsingnisainisaremanuieuneluiiaifefvdeTaanguiiléfunsnasinnisuwiisdan
rauwimanlwihlnglduuudiassnsanamanuiounuulisuganisainudsuddioguau
foeun  wonantundrdnlngvesniiseiiinsinndeuniitnasdnulneiuameld
Luudiaeensuninszatedivesaduutlivaniniiviouvudiasanisansimaiiufeuiio
wuusaedlauuuiiaomiayiny ﬁmu‘?%’aﬁi’m’mﬁaamﬂﬁﬁmsﬁﬂmmamquﬁgﬂLLUUﬁwaaami
uninszaredvesndunimaniiiiuazuuudiassnisanomanufou Faagsinlinisiesed
nansznuTesn LA fadveseduwimininihaeluideietnnliauysal Tnsanzegisdenis
novaueIeATTINeASourendaefuindoldsunansenuanaduudvinldi el
suenufanudilalunssuiumsiidatumeludedefmiandoldfunansenuvoanisuissd
yosnAuwsimanliildegsauysainsinuinisuninszarefivesnduwsianlidia n1saiewm
Aoy uwazmsinaveadendaududeidni

Bendrdunisiinsegidninavesauuuindnlai wu fdwesaduusindnluld
(Electromagnetic ~ Wave  Power) AuAveIRAuLLmEn LT (Electromagnetic ~ Wave
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Frequency) SanEwaTeInLEweLdon (Blood Velocity) ﬂ'wmquu (Porosity) ialu
MshAudeu wazgumgiivesdunndeunieuen dadimaron1snszateiivesdasnisganiy
nEauIINIE nsranefivesgumvgl uarnInsrateiveansinavendennisluuiastutes
deibeRamdsTannyu Ssldfinsfiansunesvasuiusazdibiadiouaninzade osnaany
FudeuvedlasiadruneluieiBefimds uasnsmaasduitnsuyvdafiowioudisuny
gndfesssasidadiineg esndediiameiusiessy danfun1sinsieinisuninszaeives
AAuuimAnlI Msdiemanuieu warnslvavesdennigluiodoimiilaslfuuudiaes
ysadineanilunisinsgiiadudamadonnis ileaisszivvesioyauaznansznuse
aunmaIndvdnaresnauksdanaiuwimdnlnil WoduiunuresnszuiunisiiAatuaie
yosmsldsudnsnainaduwindnlninngludedefiovs sufuiioifunisduaseiosd
ANFetnansURuYeIBvENATe ITILUTH1eY Tazdsrarenisgaduaduusimantyidin nsanewm
arwdou uaznislvavesdennisluilofeiovs  ielfiussdaudiiugnilunmsfinuinis
dewarmioularnismeuausaaiTingeudoumeludeibointussdodetanmyia
u oldsuvinannnisuissdvesnduudminln faztisdufiugiudeuuinenissnm
LaglinsinansenUsegunnveileldfunwssidvesaauwimanlai Jedneg1sveanisii
sAruilalUldny 01i msuszgndnisldauiifndesiunsnulsausislngldanuiou
NnAduutmanlilin 1w Tseuzidsiovids [Judu

Tagmseil 21 9zuansasUaiddeivhnsdnuiifedesiufunmsienesinisaiom
anuseulaglduuuinasslulednuazuuuinassveiannyuy
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M50 2.1 agdanddenvihnsfinuniifegsdesiuiumsiiesginisaemanuioulagly
wuudnaedlulogniaviuudnaevesianniu

Author Title | Year ‘ Model Application Methodology
Research group on heat transfer analysis using bioheat model
Pennes, H. H. Analysis of tissue and arterial blood 1948 | Biological Heat transfer Analytical method
temperatures in the resting human tissue
forearm
Xu, F. et al. Biothermomechanical behavior of skin | 2008 Skin Laser hyperthermia Analytical method
tissue tissue Heat transfer
Biothermomechanical
Jaunich, M. et | Bio-heat transfer analysis during short | 2008 Skin Laser hyperthermia Experimental and
al. pulse laser irradiation of tissues tissue Heat transfer Numerical method
Thermal damage
Ozen et al. Heat analysis of biological tissue 2008 Skin Heat transfer Numerical method
exposed to microwave by using tissue Electromagnetic Wave
thermal wave model of bio-heat Propagation
transfer (Twmbt)
Zolfaghari, A. A new simplified thermoregulatory 2010 Skin Heat transfer Analytical method
and Maerefat, bioheat model for evaluating thermal tissue
M. response of the human
body to transient environments
Renato, M. et Hybrid integral transforms analysis of | 2010 Skin Heat transfer Analytical method
al. the bioheat equation with variable tissue
properties
Ahmadikia, H. Analytical solution of the parabolic 2012 Skin Laser hyperthermia Analytical method
etal. and hyperbolic heat transfer equations tissue Heat transfer
with constant and transient heat flux
conditions on skin tissue
Dehghan, M. | A spectral element method for solving | 2012 Skin Heat transfer Numerical method
and Sabouri, the Pennes bioheat transfer equation tissue
M. by using triangular and quadrilateral
Sarkar, D. et Temperature distribution in multi-layer | 2015 Skin Heat transfer Analytical method
al. skin tissue in presence of a tumor tissue
Singh, I. et al. Modeling skin cooling using optical 2015 Skin Laser hyperthermia Numerical method
windows and cryogens during laser tissue Heat transfer
induced hyperthermia in a multilayer
vascularized tissue
Shit, G.C. and Temperature response in a living 2017 Skin Thermal ablation Analytical method
Bera, A. tissue with different heating source at tissue Heat transfer
the skin surface under relaxation time
Ren, Y. et al. Thermal dosage investigation for 2017 Skin Laser hyperthermia Numerical method
optimal temperature distribution in tissue Heat transfer
gold nanoparticle enhanced
photothermal therapy
Nobrega, S., A parametric study of thermal therapy | 2017 Skin Laser hyperthermia Numerical method
and Coelho, of skin tissue tissue Heat transfer
PJ. Thermal damage

234




Author Title Year Model Application Methodology
Verma, AK. et | Assessment of thermal damage during | 2017 Skin Laser hyperthermia Numerical method
al. skin tumor treatment using thermal tissue Heat transfer
wave model: A realistic approach Thermal damage
Leduc, C. and Thermal model of electromagnetic 2017 Skin Heat transfer Analytical method
Zhadobov, M. | skin-equivalent phantom at millimeter tissue SAR Numerical method
waves
Kumara, D., Numerical simulation of time fractional | 2017 Skin Thermal Ablation Numerical method
and Rai, KN. dual-phase-lag model of heat transfer tissue Heat transfer Exact Method
within skin tissue during thermal Electromagnetic Wave
therapy Propagation
Hobiny, A.D., Theoretical analysis of thermal 2018 Skin Thermal damage Analytical method
and Abbas, damages in skin tissue induced by tissue
LA. intense moving heat source
Dutta, J. and Two-dimensional closed-form model | 2018 Skin Hyperthermia Exact method
Kundu, B. for temperature in living tissues for tissue Treatment
hyperthermia treatments Heat transfer
Ma, J. et al,, Exact solution of thermal response ina | 2018 Skin Laser hyperthermia Exact Method
three-dimensional living bio-tissue tissue Heat transfer
subjected to a scanning laser beam
Li, X. et al. Analytical study of transient thermo- 2018 Skin Laser hyperthermia Analytical method
mechanical responses of dual-layer tissue Thermo-mechanical
skin tissue with variable thermal responses
material properties
Dutta, J. and Thermal wave propagation in blood 2018 Skin Hyperthermia Exact Method
Kundu, B. perfused tissues under hyperthermia tissue Heat transfer
treatment for unique oscillatory heat Electromagnetic Wave
flux at skin surface and appropriate Propagation
initial condition
Research group on heat transfer analysis using porous media model
Nakayama, A. A general bioheat transfer model 2008 | Biological Flow transport Review
and based on the theory of porous media tissue Heat transfer
Kuwahara, F.
Mahjoob, S. Analytical 2009 | Biological Hyperthermia Analytical method
and Vafai, K. characterization of heat transport tissue
through biological media incorporating
hyperthermia treatmen
Zhang, Y. Generalized dual-phase lag bioheat 2009 | Biological Heat transfer Analytical method
equations based on nonequilibrium tissue
heat transfer in living biological
tissues”
Peng, T. et al. A two-equation coupled system for 2011 | Biological Heat transfer Numerical method
determination of liver tissue tissue
temperature during thermal ablation
Fan, J. and A general bioheat model at 2011 | Biological Heat transfer Analytical method
Wang, L. macroscale tissue
Shafahi Human eye response to thermal 2011 Eye Flow transport Numerical method
and Vafai disturbances Heat transfer
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Author Title Year Model Application Methodology
Khaled, A.- The role of porous media in modeling | 2013 | Biological Mass diffusion Review
R.A. and Vafai, flow and heat transfer in biological tissue Flow transport
K. tissues Heat transfer
Majchrzak, E., Numerical analysis of tissue heating 2013 | Biological Hyperthermia Numerical method
and Turchan, using the bioheat transfer porous tissue Heat transfer
L. model
Wang, K. et al. | Analysis and analytical characterization | 2015 | Biological Radiofrequency Analytical method
of bioheat transfer during tissue Ablation
radiofrequency ablation Heat transfer
Monte, F. de, Bio-heat diffusion under local thermal | 2017 | Biological Hyperthermia Analytical method
and Haji- non-equilibrium conditions using dual- tissue Heat transfer
Sheikh, A. phase lag-based Green’s functions
Goyal and FEM simulation of EM field effect on 2018 | Biological Radiofrequency Numerical method
Bhargava body tissues with bio-nanofluid (blood tissue Treatment

with nanoparticles) for nanoparticle

mediated hyperthermia

Heat transfer
SAR
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Iuiﬂsqms‘i%’aﬁfwﬁwmiﬁﬂmmamquﬁgaLLUU@‘]"]aamwuwimzmaﬁwam?{u
wimdnliifh wuudaesnistomanudou warkuudasnislnavesden saueiin1AnwINTg
novauDWeEITIEAufeuraniiaBoTin el dumsuisaiveseduusimdnluih Tneldvs
wwusaedlulednuaziuuitaesmesianngulumsiinsei lasvquifiuguiifedestusaden

£%
P

Fvglunuidedavieel
a t:l' (] [ Y] a' ] <
3.1 MQEfNeUNISUNINIZABRIVBIARULIAN LT

311 dnwaeihlvvosnduwimvanini

AAuwiwAnlWi  (Electromagnetic Wave) fie adusdanilsiindeuiilaglidos
D1AUFINAN ?qumiam?{auﬁiua}fyﬁyﬂmﬂé’ ImaLﬁaﬂ?{mm'mﬁﬂi‘V\Iﬂnm?{auﬁiuqmmmﬁ%ﬁ
AU TELNM 300,000,000  m/s ﬂﬁuLLajmﬁﬂlw%Lﬁ@ﬁﬁuimaaﬁﬁaﬂmmﬁmﬁﬁuswdw
aunlnin (Electric Field) LLavammmmaﬂ (Magnetic Field) ) Tnwaualiiuazawiuwingn 89
sxilfiennanaandafunasiu uazssanfuiinisiadoud muamﬂusﬂm 31 Taumdu
LLlIL‘lﬁﬁﬂlWﬁ’]ﬁ]zN%’Nﬂi’lﬂmﬂﬁmL’d%ﬁﬁNﬂﬂuﬂﬂﬂau%LLG]ﬂG]’NﬂUIG]EJiJaﬂHmuLQW%G\’J SRIGIIRIR
Uszunnuaznisinlvldvesedunimdnlniiniugisanuiadulasdasninuendufivan ey
wiaTi3undn avnasundundwantih (Electromagnetic Spectrum) ﬁQLLam‘LugUﬁ 3.2

Electromagnetic Wave

?Eéiiﬂi- il s
{ g /' Propagation

Direction

JUT 3.1 fiennsiadeuiivesawtliiuazauuwivdnaelusdundivdnivil
(Wa99INN : https://micro.magnet.fsu.edu/primer/java/wavebasics/index.html)
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Frequency () in Hz

1020 1018 1016 1014 1012 1010
I I [ I [ [ I I
= v rays X rays Infrared Microwaves | Radio waves <7
| | | | | | I |
1012 10719 10°° I 06 1074 1074
Wavelength (1) in m L Wavelength (A) in m
e Visible e
380 nm 500 nm 600 nm 700 nm 780 nm
3.8% 107" m 7.8 X107 m

@ 2007 Thomson Higher Education

'g'dﬁ 3.2 anmsunduulivaningi (Electromagnetic Spectrum)
(WAEINNT « http://www.slri.or.th/slrith/index.php?option=com
content&view=article&id=42&Itemid=88)

NN3UT 3.2 aguiulainaduwimanliihannsautdldmugiseuindutazag
ANETIAAY uazaduwindnliudazyssunnagiluldusslovilunudusing 9 Auansiafiy
917 $3@3unls13m (nfrared Radiation 38 IR) fmueAaueglumie 0.75-100 xm uawdl
Aufoglurag 1,011-1,014  Hz  vi3eeglutisseninuasdunsiuaduing wudeafufuady
lulasion TnsnuasdRisuanefvessddunsisn e lidssuuluaumusivanli uagmn
fauigedu wlnufesifugelude Saddunsusnanunsoutseanitu 3 9 fio Ye@Bunssn
g1ulnd (Near Infrared %30 NIR) 3Ar1uemadulugas 0.75-3 um awnsalildaulugis 500-
2,200 °C Withdsmudoustefiuiigs ausolimnudouldgs amdeuhudrluido¥anlddn was
5057 Jemhluldlugnamnssuems wu nseuwimdnsioue Siddursisagiunans (Middle
Infrared 38 mid-IR) fflmugniedulutag 3-25 «m anansaldguuaildaulugig 500-950 °C
annsolianufouldviunans wazinudluludoTanléddnuiunarsuas Ssdsunsnsngu
1na (Far Infra-red %30 FIR) #flanueadulugng 25-100 um awnsalildeulugag 300-700
oC Tpmufeusionthneiuiilis arusouiudlvluiotanldlidn wmnzdwmiuldoudsaam
fifosnsannufousih uazdifauinaiui Sddunsusaannsolivsslenilufuenamnsy
11n218 917 MIBULHIDWNT MIsuwaAostuasiind nseuueTansusud uazdu
wsoldnuiunmainens wu msidauuadundndn WWusu

adululasia (Microwave Radiation) fiAnueniadueglutas 1 mm-1 m wagd
AwAoglutis 03300 GHz msharwdeusislilasiidudniuieiuiaulouaylimiiou
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FBnrslianueunvuiiniliflanzanuiouiiianisusnvesian iesinadululasimi
AnvanURluNInzggrzaas ilvAnanudeuneluianldegraiuszansam laglunisiaiiy
Youlviuntan adulilasiragnzgneamsiuivesiandrluduluana eymavesian villiin
nsdeaduasanuieutiu SednuurnsianudeunuuiagBendt “msiaudeudUiing
(Volumetric heating)” sheteddsnaniaaululasiamdsgniunldaussig o uneTslugy
PREAINNIIU WU NITOULAIDINIT (Horuz, E., Bozkurt, H., Karatas, H., wag Maskan, M., 2018
wag Pu, Y.-Y. uay Sun, D.W, 2017) uagamuaiaseau (Almeida, S.T.de et al. 2017 wag Tangy,
A. et al. 2017) 33uﬁ'&§1’wumiuwwé (Ibitoye, A.Z. et al,, 2018 wae Liu, J., AZ. et al, 2017) an

e

312  ewrUsznauiiugIuvesnauusimanli
I3 tg d‘ 1 @ v

aeAUsENBUNUgIUTaIRaULImAnNihazUsznoUMe

1. ANE1IAAU (Wave Length) #1888 Szuzn1sninauladounls Tuvaei
DUNAFUATU 1 58U Tmbhaduwns (m)

2. AU (Frequency ) wN18de 91uIusoUTAduAaunlalunilsrulean d
mhedu 139 (1/s) 50 18509 (Hz)

3. AUNISAABUN (Period) N8R4 aiAauAdaunlaasy 1 sou Ty
U7 (s)

o I = e A A = A pu3 |

4. 9931157999AaU (Speed) MUBDY TruzNsRAULARUNIAlUNTIMIBIA)
waziiiosnvuzNaauAaaunluMesnsIsIA T wavesnduiindaunludmiednsns winu
[ g./’ g./’ = a 1 [ @ di a ] [ I a a
Atuluu1ensidasenit onsusua (Phase Speed) vosadu duniholdumnsneiui (m/s)

5. yula (Phases Angle) nunefia yuildmmvuasiunisvesniuvaeiliafoun i
nuedulsiAeu (Radian (rad))

6. WBUNAYA (Amplitude) N8 N1INTLANGIAAVBINITAUYDIDUNA AN
Wuas (m)

1R8AMUAURUSVDITNTNSIVDIAAY AULIAAU WazAUD F=TAuduNuSHs
aun1sn (3.1)

v=Af (3.1)

= & o < = = cs' =
We v AD 9RINIVDIAAU (M/s), 4 AB AIUYNVRIAAU (M) Lag [ AD
AMUDYDINAY (1/5) %39 (Hz)

° o aa A o « A = = PN v
dmsunsalneauwdinaniniiefeuniiugyyinievsenay agiiansanly
v=c D ¢ Ao ONTUIIVBILES
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[y 1

u,a‘vLmaﬂammmaﬂlﬁ/\lﬂﬁmaaummumﬂmﬂﬂ | ammmamam Auagiuen
ﬂmamumlﬂal,aﬂmﬂ (Dielectric Properties) Guaﬂmr]mquu 9 Feaunsdi (3.2)

y=—e (3.2)

o & fo A1nanladidnm3ndunms (Relative Dielectric Constant) %38 A1

o

Wosinfindunms (Relative Permittivity) ()

313 aun1sveduundias (Maxwell's equations)

aun1sveLungiIad (Maxwell's equations) Huaunsildedurengnssuves
aunuuimanlnihdsanusoldesuensdsuniamesauailninuasauuusimdnauna Tag
Tuaunisudindliaavuisesniduaunstese il

AUNTUTNAUNIVBIUUNTAE Ao Nguaahsuad (Faraday’s Law) Midiauadn
Fustusszninsaunliinfwdsulufunarduauiuusingn wienanlddrauludingngu
U AIWTRS Wihdusnsnsiwasuulas Wandawuulivdniiniuiiuiinaiidenseusioney
¥ Fauandldshesuauniseyiusludnuaglndeluda (Time Harmonic) fasaluil

VxE=—"— (3.3)

go E Ao auwlwih (Electric Field) waz B Ao Avamuiuiuveswdnd
wiliuan (Magnetic Flux Density)

AUNSTdeIveIaNNITUMUNGIAE Ao nguatkaNkUs (Ampere's law) Tdey
ANFNRUSITNINAIANLNEUINRmanfuAuuILdUnssualiingIn (Total  Current
Density)  w3onaniléin mmiduauusimdniivauiusouqasuiisialia (Closed  Contour)
whfunszuagnsiiiuiiuiifiaidouseudioneuiing endregindu auuluiiideusou
(Surrounded) Tngaunuusivandusiu Fauansldhesuaunseyiusludnunylmisnluda (Time
Harmonic) fsieluil

VxH=J+"—= (3.4)
ot

dlo A fe awuudwidn (Magnetic Field), J e anuvunudunseualniihgy
(Total Current Density) uag D A ANMUNUILUUIBINGNG (Flux Density)

dieanuanysailun1siesgaunuudivdnuazauidlnii ngueunid (Gauss’s
Law) 9zgniinanld nanfendnduiminansneenanveuawintuguduasndndluihansioen
NVBULRILANTUSTUANUMUILLLYUTEY (Charge) Meludaniu ld
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q (3.5)
.B=0 (3.6)

We D A AMURUILULYDINEnd (Flux Density), B AD AUAUILULTOINANG
willdn (Magnetic Flux Density) uaz ¢ Ao AnunuwiuUszglnli (Charge Density)

- W - —_

LAYATLAUNITANUAUNUSTEWINeAN J, D way B nU E way H A

J =0k (3.7)
D=¢E (3.8)
B=uH (3.9)

aa

We o fAe Ae ANsuliia (Electric Conductivity), x# fp fo AlUasitan
(Permeability) Ao AIENTNANSTUNIY WAz & Ap AAILABLANASN (Dielectric Constant)

Fafinanundnediu anuduiussenineausiliiwasaunuusivin Ussquaz
nszua fdmiAeadostuaduwsimaninii faeradeulvioglusunuuvesaunisoywudiiauysal
aunsvesuNdiad)  JULUvaNNseYusYesaNnsauN SR suLndadie i duiidenldty
og1anF19ve lunsuAtgmufiessmdmouiidoulvdvesveuvasiie 9 Fsguuvudisnann
anusadeulviegluguvesaunisanuduiussenineanuduvesauulniuagAnudures
aunuwlndn  WWlaensunuannsaaduiusie 3 aunisdeunihiladunguesisued
(Faraday’s  Law) ﬂgﬁuaﬂLLauLLU‘§ (Ampere's  law) LLa.;'ﬁm;]suaaLmﬁ (Gauss’s  Law) agla
AnsduitusFaaunist (3.10) fa (3.13) fuigluil

Vsz—,uGﬂ (3.10)
ot
VxH=0E+£a—E (3.11)
ot
v.E=4 (3.12)
&
V-H=0 (3.13)
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314 nsieTEnnsunsnszanefvesnduudmdnliiihaneludededinmusvian
sine 9 Tunsdifnuietnaiefeduioms
TuduusnuedlasenisisedasyinisAnedvsnaresnisunsnseaeiivesnay
wimdnlihaeludodednmusviandng q lunsdifnunfedraiiadodiuiionds  Taenns
Anszinsunsnszefivesnduuindninihluduusnisinsanuuaiigiuie

1. farsanluguuuy 2 96 (Two-Dimensional)

2. fi9nswInisunsnszanedivesniusdinanlifiezfiansanlulnunnis
LWNSNITANAAULUUNSIUANBSDIENASNLIN (Transverse Electric Wave Mode (TE Mode)) #3®
Soniedufiduuaunlniinnneenueing Aelddauuliihlufisvesnisunsnszatsvesnduud
lwzauswdnlufianieiiy

3. FuseuusnIoIL TN N lESUENINATINNISUNINTEEFIvDIAAY
wimdnlufreziansanisulvrsuanuulasunisunsnszatefivesniuandnldi
(Scattering Boundary Condition) viaieulvveuwnfinduliiinnisasviouasiieundu

4. AnnaniRladidnesn (Dielectric Properties) vauiodinmazdiaasi

5. Iﬂaauuagmiugﬂuw?}u q Fufulymianyluudaznsd

PMnauuRzuiaduann1snsuninszaefvesadunimdnlniildlunig
Ansgiareguuiuguvesaunisvesiundaddaildnandneiu faguitluvesaunisvesunnd
Laaﬁuuﬁug’m%aﬂaumag’nm’ml,wiﬂizmEJLLUU?J’]%@JEJﬁﬂ (Harmonic Propagation Assumption)
azuansfsannnssieluil (Wessapan, T. et al., 2011) :

Vx(iVxEj—(g,—ﬂjkgEzo (3.14)
/’lr wgo

dle E fo anuiduvasaunulilih (Electric Field Intensity (v/m)) 4 fAodnis
FUNUFUNNS (Relative Permeability (-) &, AeAesiniiAdums (Relative Permittivity (-))
g, = 8.8542x10 " F/m fefnUosinfiniuiiinamiewsaiue (Permittivity of Free Space) o fie
ANl (Electric Conductivity  (S/m)) @ = 2af ﬁammaﬁmm (Angular  Frequency
(rad/s) k, FawaundulufiinaionSas (Wave Number of Free Space (m ) way j =/—1

Tneidoulvvauiun (Boundary Condition) d1mdunisiaseinisuninszates
yosnauutmanliiinnegluiedetinmaviideld
Luuaeiedotanmaldsusvsnannmaundmanliiiiasauenisduuy
YBWUUIADY FatuduuLveILUUT s iinnsanliidoulvveuwnveinisuninssatefves
aunsumnlifiuuunesn (Port Boundary Condition) fiflnsszyafdsveanduusimanludiy
fiflAmsii (Wessapan, T. et al., 2011) :
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S=[(E-E)E/[E E (3.15)

Fruasuuusiasaieldatinmazfinnsanliddeulvveuiwauuudai i
auysal (Perfect Electric Conductor Boundary Condition) FaupuduvesEun ez iien
wihiugug :

nxE=0 (3.16)

Roulvveualuumeiilas (Continuity Boundary Condition) d@usuaunuliia
wYNNTUTEMINTOERTENINT IRz TWvD L BT IN AT TN A

nx(E, —E,)=0 (3.17)

315  mslAszdnsunsnsyatefvesrauwivdnlniihnneludedetanwluszming

mssnwlsruziSelagldnduusivaniuii

Tudufiasswaslasinsiseilayyinnsdnwdvisnavesnsunsnsyaieiivosnay
uhmdnlvihaneludededinmlusewinanissnunlsauziddneldrduudmdnlia Tnefidode
Fanwlunsdldeddeidafesutagniu Wnaidodosuludedinmilésuanuiouly
MsAnwdnvaLNISUNINIEefvesnauwivanlniwasdnvarnsaewauseuluszning
n155nelsauzisadasldndnuanudounneduwimdnlai 917 33n155nwlsauzidagld
wauanuFouanadululasiin (Microwave Ablation) snfiee1a31u3deitu Wang, T. et al,
2015, Xiaohui, N. et al,, 2015 wag Xi., W et al., 2016 (Judu

Tnelumssassuuusseniaidesutannsuastmualmideidesutaansuiivate
%uuazé’wmzLﬂuwsqmwaﬂLLazﬁu’faqaﬂgm/mﬂauagiu%nmﬁmammsﬂu (Fan1531a04
wuusaesludnuwaruuuianunsanuldluauideves Saito, K. et al, 2000, Bellomo, C. A,
2006, Rattanadecho, P., iagKeangin, P. 2013 ey Chaichanyut ,M., iag Tungjitkusolmun, S.
2016) wazlasudvnaveansuninszareivesnduudumdnlnitluszninanssnulsauziSdag
Tonaululasianinumsiethedulalasin (Microwave Antenna) dsvethadululasianazideu
U%LamﬁQﬂawq%aaL‘f‘f@L?jaﬁui’aﬂwquﬁﬁwmsﬁmﬁm Imamﬂmi'«j’waaﬁLLUUﬁwaaﬁLﬁaL?jaﬁui’a@
niuludnwaEAINg1 LaUITONATIBILUUTIABIUUVANLINTTOULNY (Axisymmetric Model)
1§ Wgnmsdieneimsunsnssneivesnduudindnliiluduilgesthsfinsanuuausisie

1. firsantugdiuu 2 @ wuvanuesseuknuluiiiaununsinszuen (Axially
Symmetric Cylindrical Coordinates) Tuwuaunu r-z (Rattanadecho, P., tagKeangin, P. 2013)

2. fiarsanisunsnsyaedivesaduudivdnlnihlurethadululasnly
MuANTILENesadannTLUALLASALN (Transverse Electromagnetic Mode (TEM Mode)) %38
Boneduiifuwaunliiwivanineeuving ddldflavslnivdeauuwimvanlufireenis
WNINTERBVDIAAY (Rattanadecho, P., uagKeangin, P. 2013)

-43-



3. finsunmaunsnsznefivoseduudindnliinludedesutagnsululvn
NIUADIALUALUASALIN (Transverse Magnetic Wave Mode (TM Mode)) wiolSuninpaudia
LAUULNENENLYIe vienaBntenils Ao lifauuudmdnlufirvesnisuninszaiy
vasmauusiianzaua i lufiennsiy (Rattanadecho, P., uagkeangin, P. 2013)

4. wiwiovesienaululasivazfiorsanlidusiluiasysal (Perfect
Electric Conductor)

5. dhusevuenvasdefutagnsuildsudninannnauninszanefivosniu
wiwmdnluinezRinnsandevlvreuivawuuldfunisunsnszatefivesndundindnlui
(Scattering Boundary Condition) w3eileulvveulwaiinduliinnisasiouasiioundu

6. AanauRladidnen (Dielectric Properties) voaioiinmazdiaasi

7. Imﬂam&gﬂﬂugﬂuwﬁu 1 Fuiuilymiewzluusaznsdl

MnanuAgIuiisfuannIsnIsuninszaedvesnduntindnluinildlunis
Ansgireguuiluguvesaunsreskundadiaildnandneiu faguiluresaunisvesuund
L’Jaéuuﬁlugm“uaﬂammﬁgmmmwiﬂizmEJLLUUSﬁiJaﬁﬂ (Harmonic Propagation Assumption)
Jzuanafsannsaolul

meluethedululasivazfiansannisunsnszatsdivesnduudinanlnily
lnuansuanesadianlasiuauasnw (Transverse Electromagnetic Mode (TEM Mode)) %38
Boneduiifuwaunliiwivanieeuving dddflavlnivdeauuwivanlufireesnis
WNINITAIBVOIRAY AUAT TEM  Wave  fildlunisiesizsauinlndiazauuudivgn e
fiarsantuguuuy 2 45 wuvansnasseuwnulufidaununsenssuen Tukwiwny rz szuandldaadl

Electric field (E) E=e, gej(‘”’_kz) (3.18)
r
o 3 5 C k)
Magnetic field (H ) H= eq,—Ze- (3.19)
v

Lﬁa C= e
7. In (router / rz’nner )

(Q)), P #o mdslulasinditoudn (input Microwave Power (W), r.  uay 7 e @

inner outer

, Z A ANAIUAIUNILTIAAU (Wave Impedance

Aanuesasivessdrladianainneglunaznieusn mud1Ry, @ =24 Ao A1AINDLT L

q

(Angular Frequency (rad/s)) dle f e Araud (Frequency (Hz) way k :277[5@ AAaTiveq

] Y = . -1 o dl i a‘
ANSWNINTEINLAIVDIAAU (Propagation Constant (m ) e 4 Ap A1ANENIAAYN (Wave
Length (m))
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meludieBosutagmyuaziiansanmauninszneivesedululnuansuanefa
wuALAINLIN (Transverse  Magnetic Wave Mode (TM Mode)) wioiSeniaduiifiuvwg
AUNWNIWENI99INYIe enanBnends fe  Tufiauuuindnlufirvesnisunsnszaneves
pAuusTamzauliilufiemeiu auns TM Wave Ssuuftugiuvesausfigiunisunsnszans
wuugsuedn (Harmonic Propagation Assumption) iieldlunisduamaauiuudwdnly

1%
P

y a v
bLUILN UV U H¢ VTUAU

-1
V x [g,—ﬁ] VxH, |-pk’H,=0 (3.20)
e,

dlo A, fe enuduvesauuusimdnluuuinnumay (Magnetic Field Intensity
(Wm)  p Ren1sTuRuENS (Relative Permeability () & AoAUosfinddndusivg
(Relative Permittivity () g, = 8.8542x10°° F/m fie Andosfinfidmluiiinadensails
(Permittivity of Free Space) o AoAn15unlW#1 (Electric Conductivity (S/m)) @ = 27f fio
mmﬁll,‘?mgm (Angular Frequency (rad/s)) k, AoavpdvluiiinadenSas (Wave Number of

Free Space (m ) wag j = /—1

Imsviaﬁﬂﬂ?{ulmimLaWﬁLﬁauaeju‘%LmﬁmmwmLﬁaﬁaﬁ'ﬁamwwua%ﬁmaﬂ
mmaaaﬂuLmaqmmmlmimnw (Microwave Generator) wamumﬂﬂauluimmxmaﬂaiwmﬂ
tmaqmLumluiﬂmwLLﬁuLLWiﬂﬁvmammwaumaulmimnﬂmamLuawammaﬂwwua%uaaaﬂ
Wumnsteseanadu (Slot) diovhanewdesen Tnadeulvveuin (Boundary Condition) @%5U
mMeTgEnIsunsnszefeseduuimdnliinngludedesutan Weldsusvinaresnis
wnsnszanefvesraunlmdnlnilussninanssneilsausisdeeldaduwimanlui 9
fsoluil

Fruvurewiatirdulalasiivesldsudvninasinaduwiman i fiadaue
Fouguuuayiansanldiideulvveuwnvesnisunsnsranesivesauudmanlviiwuunedn
(Port Boundary Condition) ffin1sszypfindseseauusivanluiirfifidiasd wudeafuauns
anuduiusluaunisi (3.15)

yagudnevesuuaedodafutagwiu a dumis r=0  xfinrsanidouly
YDUWALUUENNINTTOULAY AB

E =0 (3.21)
%. _o (3.22)
or
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AusouueneiaduTannunlasuBnsnaann1sunInTzeRIveIATY
wamanliinagiarsundeulvveutvanuulasunisunsnszanedivesnduuiindn i
(Scattering Boundary Condition) wseeulvusutsiaduldiinnsagvioudsNiounau

A x NeE-Jull, =-2\[ufl (3.23)

o H,,=CI2r fio auuwimdnnszdu (Excitation Magnetic Field)

Frhaslutassihneuenvesiethadululasnezfasanliiiteulvveuwn
wuuithlnihauysal (Perfect Electric Conductor Boundary Condition) Funudes
aunulriiazdeindueue

nxE=0 (3.24)

i ] o & A a & a va A
3@89‘]@53“3']\‘1‘!]1«1%@\‘1Lu@LEJE’JG]‘UﬂG]LL@%Lu@ﬂ@ﬂ‘ﬂ%Wﬁ]WimqiﬁﬂJL\‘]'E]‘leL‘ZJEU'eJ‘ULEZJG]
wuumeLlies (Continuity Boundary Condition) :

nx(E,—E)=0 (3.17)
W9 7 WU LUBLEDAUNGA LAy ¢ WU LUBIBN

3.1.6  fauaulRladidnn3n (Dielectric Properties)

FAnauRladine3n (Dielectric Properties) uAAnauTRfiuguindaiuan
AANURNI9ANSoU (Thermal Properties) InsAunnauUAlABLaNATNIZLAAITIAIINAINITO
Tunsgady deiuuazazvioundanuandruiiduauslniivesndululasimvesian Tnee
AuautRlaBLdnasnazdonirrouEndilesin@in (Complex Permittivity) wde  A1mqil
nBidnen (Dielectric Constant) Fsanansailsuamudiiusléfaunssaluil

5:5'+J‘5”:50(5;+j5:):505r:50(5;+jLJ (3.18)
e,

do & unu ArreunEndiUesiinian (Complex Permittivity (F/m)) %3 Aasil
1ad1dnm3n (Dielectric Constant (F/m)) Wuasd@nesuiefsanuanunsalunsgedu deinuuas
azvioundinuanndrudiduauulninvesraululasim (F/m), & unu AAsTiladianasn
(Dielectric Constant (F/m)) wag &”" wnu aladianssnasaunamas (Dielectric Loss Factor
(F/m)), €. fAv dufidusunuaiwesinsiiladidnn3nduing (Relative Dielectric Constant
() 730 AUasinfIRauTMS (Relative Permittivity () Aniesuneninuanusalunisasioundu

adululasinaniivesunadeusazusuaninadululasnidiwiiuianladidnasniuindesy
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wilns, & fe dndunamlaeisluisenitaladidnasnasaunemesduivs (Relative
Dielectric Loss Factor) fvazuaniunugydendsumelulunaaouviondnidnienisioTan
aansngadundsnuanaaulilasmiiuduudimansaasundsnunnudeuldivinls uas
£, = 8.8542x10 "~ F/m fig AosaniinluiiiwSenSans (Permittivity of Free Space) uae
o fApANsUlHn (Electric Conductivity (S/m))

wazdnsdusEnInAladianasnaoalAmasEuIvS (Relative Dielectric Loss
Factor) uazAnnsiiladidnasnduiing (Relative Dielectric Constant () 3o AnUesdnddn
Fuins (Relative Permittivity (-)) azi3aninanduussavisasamuaw Ssandudniudsiiddy
swdaildesursanuannsalunisuananuieuvesianledidnainluvasfigandundsanuain
dululasion Tneduussavsasamuanringiinuduiusiauntsd (3.19)

&, o
tand =—1=— (3.19)
g, WE.&

!’
r

¥
a IS

AnuanTRladiEns3nazuUsABulUmuAIAL gamall uazALTY e
Alndidnainvestaganmiluusiuasumumanudassanuldlunuiseves Siiwitpreecha,
A. et al., 2013 and Karlj, R. et al., 2014 Jugh

Tnelulassnifedldvhmanaaeuiiiotaranautiladidnasnves ool
voeny LileldusznaulunisitasnziuazaduayunginssuildainnisAnuvidnunznis

LWSNIEefIvDIRdULIAN LAz N1TaNemALS U Ferztiausluundald

3.2 ngufneaiunsanemauouy

32.1  mvienginsaemanuieulaglduuuiiassiuledn
wuudnaealuledn (Bioheat Model) gniiaiunTuAsausnlag Pennes (Pennes, H.

H., 1948) laguuudtaedlulegveguuiugiuinauuilvgamniivesdenngluvasnidonnas
(Capillary) wihitugaumgiivasunuuedsanie fe 37 °C Faneanuitaglilinisgaydevielasu
nanuaNuTounelunasaiendey vilvgamalinglunasadenlsswiivamumngiiveion

12 A .9 1% A 1 2/ A o 1 [ d‘ =~
aelududennan (Hudenundlvgjuaziduionlng) duansluun 3.3 wavaunislulegngn
a & a ag v & A A v & & . P v
f9sanvuNuguauuAlmisidonAnulanwuzilurowds (Solid  Phase)  waziilAseasng
mMelunuuaen (Homogenous Material)  wonanuuaunsiuledndsfiansuianizniIsaism
AnusoulaensiiAusou (Conduction Heat Transfer) wintiu wseenslsAmuugduuudiaes
LulegnazeguuiuguvesauufgiuuinuiswainuIduwuuiaemianude danududeu
dee Fedmslasunnufliontundnwlunisiszvnisansmanuioulutymieis 9 ununey
Raupannaufadagiu
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T, =37°C

Blood vessel

Tissue T

JUN 3.3 wuudnaesvestuledy
lnen1sinszinisanemauiaulagldwuudiastlulednasiansunuuauufgiu

1. fasanlassadrensluidodotinminglduuusiasduledndunvuien
(Homogenous Material)

2. ldfionsannisuanidsunusewinsiuseunenvaaiioanm

3. Lifiansanmswasuanusuaznisiasunaaiifiind usewineanisaem
amuseuneludiodetinm

4. puanTAnsamseu (Thermal Properties) TouiifoTanmasdidasii

5. Imaam@gwﬂugﬂuwﬁu 1 Fufulgmiansluusaznsd

aunslulednildlunsinszsinsaremanuteuneludodedinmilolssy
dvsnavnedunimdniniinluaniizline wiowdsuwlasniuiian (Unsteady State/
Transient Bioheat Equation) TLFAIAIANNITA1UE (Renato, M. et al,, 2010, Dehghan, M.
way Sabouri, M., 2012, Shit, G.C. way Bera, A.,, 2017 wag Dutta, J. way Kundu, B., 2018) :

)6T

> V-(kVT)+ p,C,0,(T, —T)+Q,,, + O.., (3.20)

(pC

TmEJmsﬂsvmaﬁ’;ammﬁmﬂmﬁaL?ia%’;mwavﬁmmé’uﬁuéﬁuﬂ?iuu,u'mﬁﬂlw%
Aioidetnmlesu Tnewladetinmlasusvswaanaauusmanlii Luawammwmmmu
ﬂauu,:umaﬂ"l,w%uauLLUaaLUumwmaumdu mLﬂummmwﬂmamvmmaaLuawammwmmu

dlosaves b unwden Blood) & Ae An1stiauSeunIeduUzansnisi
aufou (Thermal Conductivity (W/m.K) p g AAumuiuwyy (Density (ke/m’) C g @1
ANNIANUTOUI N (Specific Heat Capacity (J/kgK) @ fid §nI1N1SUNINTEINLFIVDILTON
(Blood Perfusion Rate (1/5)) uag T e Angumngil (Temperature (°0))

WBLNBUN AU gdpAaWaNNVUAUNIAN (Transient term  WaNNIIAIUYINLD
WANLINABMBNNTSUIAINNSDUY (Conduction term) LNBUNIAIUIILBLNBUNEDIADLNBUNS
WNINIEALAIVBUEIN (Blood perfusion rate term) waunauYBmaNay Q, , A9y
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1 v U . . 3
WAIAINUSBUIINATEUIUNTFUAIUN8TU (Metabolic Heat Generation Source (W/m)) wag

o = o - ] o
LNDUNINATUYINUDENBDUNE Q A9 INDULUAIANUTOUIINN18UDN (External Heat Source

ext

3\ = 1 v oA a a « 1 1
(W/m) Fseglugdinenvesauulninduiiosaindnsnaanaduudindnluily lagldainnis
Awandluaunisi (3.21) :

.= 3.21
QG)LI 2 ( )

deauulwihluaunisi 3.21)  ldannisfuisaunisunsnssaefivesnay
wimanliih dwvsudeulvvevwslunisineinsarsmanudoulaglduuusaesdulednas
Usznoumig

wnRansaniaduuenvesieidotnwliinnsuaniasuaufeuiuanivus
Aandeunisuen axinnsanliinduuenvesiedetinmilideuluveulwanuunismanudey
(Convection Heat Transfer) fuAndeunuanie

n-(kVT)=h(T,

ambient

-T) (3.22)

| ' | & L A a a P oA
3@8@833%’3’]\‘1LLG]@Z‘U‘N“U’ENLu@LEJ@‘U’Jﬂ’]WQSWQ’]ﬁﬂﬂI‘VIﬂJLQEJNI“UGU@UL‘UG]LLUUWBLUBQ
(Continuity Boundary Condition)
v o ° & o AY 1 ! Y a v
ATUBU 9 SUE]\‘]LL‘U‘Uf\ﬂaENLUE)GU’Jﬂ’]WVlbLiJiJﬂ'ﬁﬂ?ﬂL‘Vlﬂ’NlliE)u Q%Wﬁﬂiﬁu'ﬂ‘lfim
ﬂmaa\lﬁalﬂuamu (Thermal Insulation) :

n-(kVvT)=0 (3.23)

« P o d’lJ IS 49{ [ ! Ql

Reoulyveulwndu q vasuuiassiletinmaziuedfuldymiameluudagnsdl
wenINUUgUNYATUAY (Initial  Temperature) YoduUUTI@DLLDTININATAUNA1iTIAIY
aiavenaziiAiivgugIunAvessanese 37 °C

322 mywaszinsmewauseulaglduuudnaeiagniuy

Mniinandrssuniuvudaediledn  (Bioheat Model) azdontunlily
nsAnmaismauieu wifddidediindiusine q egunute venarniuluanuduaiuds
Tnssasumeluioidotanmussansng q sxUszneulusedmiiduiodortowaduundn
waoAdanvuIALan (Microvascular) wagvasaiaeanos (Capillary) mumé‘ﬂﬁlwaa@jma‘lu
1NN Faunsadelainiilaseasiweiagmiu (Porous Media)

desntaguyuaziinnsfiansuvasnidonnisluidedodinmisfosiinig
TATEEnIsivaveniennsluwuuIeessiuelg
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A15AT1ZNNI5EaT89a80 (Blood Flow Analysis) N1536AS1£11N15 iav99%1800

dennelunuusiassezldaunisuwuusy (Momentumn  Equation)  fiufuaansiumia
WUUIADIVDY Brinkman %ﬂgﬂﬁ%‘mm%ﬂﬂLLU‘URTWE%ENSUEN Darcy (Brinkman extended Darcy
model) Tumsiiasgyt Tnsauufgruillilunmsinsevinedssl

1. farsantagwsuiinisdudaludeiden (Blood-Saturated Material)
(Rattanadecho, P., and Keangin, P., 2013)

2. @unsUIiEs-aland WUUBaRAAIEAMLA Y30AIUNLILULYDIUB LA
f1As?l (Incompressible Navier-Stokes Eqaution) azgnldiftenddamideulunisivauuy
57UL58U (laminar flow condition) nelunaanidan (Kee, R.J. et al., 2003)

3. BvSnaveusaeedn (Buoyancy)  Lllesainnsiasunlaswesgagiign

andlnen1sldn1sUszauAILUY Boussinesq (Boussinesq Approximation) (Wessapan, T.,
ILlay Rattanadecho, P. 2012 way Shafahi, M. iag Vafai, K., 2015)

WUUINADIUBY Brinkman %agﬂﬁ’wmmmﬂmei’waawaq Darcy (Brinkman
Extended Darcy Model) grldlunisiinszsinisinavesdonnelutagwiu Tnsuvudiassiy
faunnSausnlag Brinkman (Brinkman, H.C. 1949) dunsudniildlunisianginisivavenden
melutannyu il

aun15uIAUABLlies (Continuity Equation)

ou ow

or 0Oz
aun15LuLusin (Momentum Equation)

2 2
l[a_”}riz(ua_hwa_”}:_i(a_p}l Ou Ou) uv (3.25a)
g\ ot) ¢ or 0z p,\or) ¢\or" oz K

2 2
l(a_wj+i2[ua_w+wﬁ_wj _ _i(a_p}l OW OW) WY B(T-T,)  (3.250)
g\ ot) ¢ or oz p,\0z) @\ or" oz K

NFUNTT (3.25) NBUNNAIUTNLDMNBULSA AB MBULBIINNNSUABUWUAY
AMUAY LNBUNABIABLNBUANUNLA (Viscous Term) MauNauAe madnIswnsnseans i usiy
(Momentum  Diffusion  Term) Tuaunisuiies-aland e uinisivaniglanisluanuy
SIUBYUVDINADALADA
g (0= (u, w)) Ao @uUsEnaUAMISIIULUILNY 1 LA z MUEIPU ¢ A AN
A @ | ' ] A & P J a & . A
AIUNTU NIDDATIEIUTENINAILNITUYDLUAT (1aan) AaUsuinsveuua (Porosity (1) p @D
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AUALY (Pressure (Pa)), v = 3.78x10" m’/s fie Anumilaladiunfin (Kinematic Viscosity) /3 =

1x10" 1/K e aduuszansnisvenesamnseudou (Coefficient of the Thermal Expansion)

Way & Ao AN (Permeability (m’)
dnsudouleveuwnildlunsinszinisinavesdenaztuiundaznsd Fail

o &
JU
a v A A o ° v A a
N'Jﬂ’]uu@ﬂ‘EJ’eNL“LJ'E]LFJE]“U’]ﬂ’]‘Wﬂ?%ﬂ@IMNLQQUI‘U?J@ULGUGILL'U‘ULTJW (Open Boundary
Condition) :

il pr+@iphp(vo+(va) )=-F, (3.26)

S9UMBTEUINAaTTUTDLLB T IN NATRISAN AUl UK UUABLIDY
(Continuity Boundary Condition) :

ﬁ.(— pI+n, (v.n, +(va,) )+ p -1, (v.nn +(va,) )): 0 (3.27)

We 7 Ae anuunidanaing we Anunialauidin (Dynamic Viscosity (Pa.s))
! v a 2
way F, Ao Am1AuAuUn@ (Normal Stress (N/m”)

lunsaliisauudlviagviseileletinnegiunvienisiadoun (Rigid  Body
Motion) azldeulaveuanuulufinisindauin (No-Slip Boundary Conditions)

o
I
o

(3.28)

A P o d’lJ IS 49{ [ ! Ql

Reulvvaulundu 9 vesuuasailedinmaziuegiulymiameluusaznsd
wenNHugUnYIETUAU (nitial ~ Temperature) vasluudnaedleinmavauumlniaiy
ananauaziiaviivgamiiunAvessenefe 37 °C

N15IASILINTANUNANUSAU (Heat Transfer Analysis) N15ILASIEIANITANUN

a v

adoumelunuudiassiagnsu aveguuanniguiililunsiinszsiasiisal

1. fersanlassadieneluiededininiaelduuusiassdunuuiien
(Homogenous Material) wardusluden (Blood-Saturated Material)

2. ldfionsannisuanidsunusewinsuseunenvaaiioanm

3. Lifiansanmswdsuanusuaznisiasunaaiifitind usewineanisenem

o A A o
ﬂ']']ﬂJﬁf‘JUﬂ']EJIULu@LEJ@sU'JﬂWW
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4. ARaandAn1emIuIeau (Thermal Properties) vatilo?ininagileasd
5. lewauuiguluguuudy 9 duiulgwiamgluudaznsd

nAsIEvinIsatemaueunslukuuIaesTagnIuaL AT e Rlun il 2
gz audildnandsduainluuni 2 Tneduiiuiivasniden (vascular Region) dsfiansanday
flufidrunasniden (Blood vessels) Viamun uagdrufiufivasadonfitay (Extra-vascular
Region) @siarsanduiiuiiduiad (Cells) uavdrriessniavaduazvasndon (nterstitial
Space) lngdnuftufivaenidon (vascular Region) Tutaansuazfiansanluduaniundonuie
YAl uarduiiufivaonidenfivay (Extra-vascular  Region) lutanniuagfiansnludiu
anunilaibe Muanduzui 3.4

Inguuuassvesiagnyuaziiseandu 2 Ussiavfsuuudiasavesiagnyuiuy
aunan19AIuTou (Local Thermal Equilibrium (LTE) uazgwuudnaesvesianniuwuuliaung
119A2350U (Local Thermal Non-Equilibrium (LTNE))

/ Cell

/ Capillary
\Interstitial Space

U7 3.4 wuudaeswesiagnyu (Monte, F. de, uag Haji-Sheikh, A, 2017)

1. MANTgRNsitemauseuneslusuuiassiagnyuuuliannanianiy
501 (Local Thermal Non-Equilibrium (LTNE))

MIBAseinsangmaufouneglulvuiaesagnyuiuuliauganieiuiou
(Local Thermal Non-Equilibrium (LTNE)) %agjuuauuagmﬁqmmﬂﬁmaaamuzLifal,?iaw'%a
o424 (Tissue / Solid Phase) lilwinfiugaumgivesanugvenionvseveumal (Blood / Fluid
Phase) fetiun1siiaeinismiemanuieunssenaufisaunisnsaiemaufoudesauns
Ao aunisnisdewanudouvesanuziiedonioveds uaraunisnisdisimanuieuves
anuzresdonvioveunad uasRonsamenniswandsunnufeussvitiebouasidonsau

pe sasalul
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anusLtiloionsovoania

oT
(1—¢)(,OC), a_;zv'(kt,q[fvz;)_htbatb(z _Tb)_wbcb(Tt _Tb)+(1_¢)Qmet,t +(1_¢)Qext,t

(3.29)

ADULVDURDNVIDVDILIE

oT,
¢(PC)b (6_1‘}) +Uu 'VTbj =V (kb,effVTb )+ hyay, (Tx -T, )+ ,C, (Tx - Tb)+ PO ety + TP s

(3.30)

nEuMs (3.29) weumadudneiiefe weuituiunan (Transient Term) wag
MNENNTT (3.30) Weumeiudneiiemenusnie weuiituiuna (Transient Term) wazmoy
mesudneiiomendiaesiie weunismanudeuiesainnisivavesden (Convection Term)
LaEAINAUNIT (3.29) wag (3.30) WIDNNNATUYILBNDULTA AD LWBNUNITUIAIUTDU
(Conduction Term) wiaanswnuwnilowmeniiaas fie weuniswaniasunnudounislusening
dosanuy (Interstitial Convection Heat Transfer Term) meunesnuaniiemendian fe wou
ASUNsNszatefveuden (Blood Perfusion Rate Term) weunissnuanieweuiid fs weu
waarLSeuRINnsEUINNIEuaUNelL (Metabolic Heat Generation Source (W/m’)) uas
weNmsiuriemewdivh 0, Ao wewuunaIIuSeuIINAIBuen (External Heat Source
(W/m?) eegluguimonvesaunnluiduidesaindninannaduusimanludi Tagldainnns
mualuaunsit (3.21) wuderduiuusassiuledn

oo k, o =(1-@k, waz k., =k, (3.31)

ilo fwtes eff, ¢ war b Ao AUSTAVSAW (Effective Value) anuziiiofle
viioveads uazanurvLdenrSevennal AU k Ao mnsthauseunsedulsananis
1hAufou (Thermal Conductivity (W/m.K) p fe A1Auvuuyy (Density (ke/m’) C fe
AIANRAUTEUT NN (Specific Heat Capacity (J/kgK) @ AR 9ns1NISLNINTzaesiIve9
\7en (Blood Perfusion Rate (1/5)) T #® Angaungil (Temperature (°C)) 4, #@ dulszavsnis
winufeussanusiiofeniovends uaranuzvendonviovosmad Blood to Tissue
Interfacial Heat Transfer Coefficient (W/m® °C) uav a,, o Mufitianismiarudeussning
annuziiedondeveds wavaaurvedenvsevearas (Volumetric Transfer Area Between

the Blood and the Tissue (mz/ m3)

-53-



2. MAAnszimsiremanuieumaluiuuiassiagniuiuuauganiiauioy
Local Thermal Equilibrium (LTE

nyiATIEvnsatemauseungluluuIaesianniuLuvaNnan1InuTa
(Local Thermal Equilibrium (LTE)) %aQuuauuﬁgwuﬁqmmﬁmaaamuzLﬁaL?iaw'%aéuawﬁq
(Tissue / Solid Phase) Wifiugaumgilvesaniugveuiennsaveval (Blood / Fluid Phase) lu

yn 9 sundsiiRarsanmelusuuaesfasmgu fafunsienedimstomenufounsldauns
msmemanueuiismdannslunisieszd HEaRnN1SNNTTINTEHINNENNNSAISENEWIAIY
Youvosaniusiioforieveuds wazaunsnisinamaufouresanuveidonviiaveuman
Fastolud

T oT oT 0T 0°T
(pcp) "_+(pcp)b[u5+ngzl<eﬁf al"_2+822 +Qmet+Qext (332)

Ta (e, )eﬁ. =(1-g)pc, )t +dlec, )b ey (3.33)

ko = (L= @)k, + gk, (3.34)
3.2.3  dupsnsensenIedullvdnindwazidawainn

nafisduvesgangiinigludodotinmasdauduiusfuaduuindnliiig
dodetnmldtu nedlededetnnlésusvinaneduwimanluih iadeinnmasgady
pAuLwEnliazuanunnufeunelu Suduauwmivilieamaiventdodetnnmiuty
BMIINIAANAUNGIUT NN (Specific  Absorption  Rate  (SAR)) auifusuusiilduansan
wdsnudemieilansy Aiadetnmldsuaduuivdnluih Fudaudimiudmuaunsd (3.25)

—12
olE
SAR = L or SAR = Zer (3.25)
2p p

= a ' ' . 3 A ° .

W p Ao AmuuILlY (Density (kg/m) wag o AoAnsunlnia (Electric
Conductivity (S/m))

dusuaulvveusNlglun1siwsigrinisatemausaulaglgluuInasdvad

[y 1% v o

anazaaneiukuuItaedluledn nanfe

PINAINTURINUUDNVBBUDLE DT INNWIFLN1THANLURIUAIUSDUNUAN LB
AUNNRDUNIYUDN ENITUIRIAIULDNVBNUDLE BTN MU UV ULUARUUNITNIANUS DU
(Convection Heat Transfer) AUAILIAADUNEUDNAD
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n-(kVT)=h(T,

ambient

-T) (3.36)

] ! ! ) X A o a v A oA
3@8@833%37&uﬁa%%u%@ﬂHHMS@%3ﬂWWQSWQqﬁﬂIﬂVﬁRQBUIW%@UL%@uUU@@Lu@Q
(Continuity Boundary Condition) :

ilee VT, = (oC, ), 0T, = kT, = (o, ), 0T, )= 0 (3.37)

vy A ° & Ay 1A ' v a v
A1udy 9 vowuudasuiedinmaliuinisanamainuieou sziarsunlil
AauauURluawiu (Thermal Insulation) :

ilk,;VT)=0 (3.38)

- = ° L o & Y ' =

Reoulvvaulundu 1 vesuudasuiledinmaziuegivlymiamesluusaznsdl
wenNUuUgUNYIETUAU (nitial ~ Temperature) vaaiuuINaeLleTInmavauudlniaiy
ailavewaziiAiivgugiunAvessaniese 37 °C

3.2.4  MSAATIUTINSUABNILMES

aunsnsuninszatefvesnaulsimanlimudfuainsiamaudeuazgn
witmesudeuitidadiavuuunludioduud dulsunsy COMSOL™ Multiphysics e
AnwinisnsranefivesauliiiuazniansseigaunnifiAetuneludedodanm Tas
aumaﬁmawzmu@ﬁ’uéﬁamamLmdam’m%aumﬂmauaﬂ (0,..) WweuuudaesazgnauInlay
TH08luud (Element) Uanumasy wazlifladdunsuszanaailurianuuainsesdsududiaes
(Lagrange Quadratic Interpolation Function) Tun1suszanamgamaiilunsaziofiuud lagnis
Aunueudassreneduudrgninsedluudarnsd lnegufl 35  aswansdunounaudle
aun1snanveslomd
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Electromagnetic Wave Equation Analysis

ﬂ Solve

Electric Field (E)

l

External Heat Source Term (Q)

l

Blood Flow and Heat Transfer Analysis

ﬂ Solve

Post-Processing

(%
Y

JUN 3.5 Tumaunisunluaunismvanvesdym
Tngluuntiaznanfmguiiugiuiliieitas Insuuuiiasnandamansiigly

ANTILASIEN dUN1uan waziaulvvaulnazinnunanasnusantdluniaznsdl F9aznaiilae
azldendnAssluunanld
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unil 4
n15InAAMENURLABIANA3NYBLLBIE RN

fadilsinanaluunil 3 AnuautAladidnmdn (Dielectric Properties) Wueniid g lunis
ofunefanuansalunisgadu deiunazazvieundsnuanduiiduaunlniivesniy
lulasin lulassnsiseiildinnsAnunisnevauesmeadsinemennudouvuiodedanmn
Tneldhegraidedofivinsine Aoodediuiionts dolgsudrsnaanddnduusingnlin
ﬁﬂé’ﬁﬂmi‘mmaauﬁﬂumﬁmﬁwamauﬁ’ﬁlm&ﬁﬂm'%ﬂsuamfm?jaﬁmﬁquuawuu IAUNANTTNAABUIL
nanaaveAAuaNTAlnBIEnAATY 3 SULUU Fio AnsiilnBlana3nduis (Relative Dielectric
Constant) e Andesiindinduing (Relative Permittivity) Alndidnn3nasauamesdusing
(Relative Dielectric Loss Factor) wazAdulsEAnSanauauy (Loss Tangent Coefficient)

4.1 gunsallunisvegau
1309 Network Analyzer azidugunsallumsindudszdndnisazyiou uazaunsald

Innasiidu q vesndumuiinguazlulasimld (RF & Microwave) L9 Bufiuaud duuszans
A3@sL (Transmission Coefficient) AAFuAUNIA (Insert Loss) , AANMFouiEoundy
(Retum Loss) Wazay (Phase) LTudiu deazuaninnugniesvienmusiugivosnsinludas
aruiinguaglalasimlfifuogned Tasiedos Network Analyzer fiwrldlumsvanosiidosu
E5063A ¥3dVio KEYSIGHT fiaiauuu Coaxial Probe §u N1500A filagvhmisneaaouiigud
wdosioTnenmaniifion1sidotugs ormsauidedugs uninedusssumans audivan lae
1389 Network Analyzer l#lunisviaaey wazfainuuy Coaxial Probe 1 N1500A fauandly
U7 4.1 uag 4.2 pudidy

r“.
r:G,(:

k.‘:
[ =)
s
el
(o la
| il

azgan
TEERE

|
!
|

g‘dﬁ 4.1 #3949 Network Analyzer U E5063A
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U7 4.2 sfa¥auun Coaxial Probe $u N1500A

v ¥
a A

wenaniudligunsaliaiudu 9 weldlunswlendanBuielunimaaey 1w dauas

v ¥
a s

al a{' u'} : [ (v %,’ @ d' o w ) 1 @ (v f,’ @
Weanldlunsiuauiagnegey  wazdaiuwda wieldlunisuinfanvuilounluugudludeiiuds

q

\ieliiannageulgamiinsiuniunimug

4.2 F5lunmasay
FlumsnaaouTadauautiladidnsinveadeBoduimisenoudedunon
Ssteluil
421 Yawdeudutasmaaeulildvuaiidmun fe 6 x 8 x 6 wuRiuas udaly
wiuddlugaihudadelioumaidsushdui 10 ssmwadea Setasmaaeulunsmanosiilfud
Lﬁa@aﬁauﬁmﬁwawg iielddmsunsinioumaaeuindauantiladidnsin fawanslugud

4.3

JUT 4.3 NMsdnnSeuduianadeunaun1snagey
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4.2.2 msvageuinAnnantiladidnainvesiolodiuiamils Mmewnses
Network analyzer fauanaluzui 4.4

JUT 4.4 msiarnnaudiledidnsinveailolediuRanianaenses Network analyzer

4.3 wamsinAnuautRladidna3n

Mnmsinrnuansiladidnsinuestagmaaeudoded ufims Inglddamnuivaaey
fi 200 MHz 89 60 GHz asldnsmlmnuduiusseninsmasiiladidnesnduing (Relative
Dielectric Constant) W3eAndasiinfingauimg (Relative Permittivity) fUasunUasnuaianud
Asmpuduiussealadidnn3nasaunlmesdusing (Relative Dielectric Loss Factor) 7
WasuwUasnuAtaud wasnsnanuduiusseninsmduUssaviaoamuauyt (Loss Tangent
Coefficient) MiUaeuutasnuainud fuuwandlunsnd 4.5 4.6 uas 4.7 auddu
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90.00
80.00
70.00
60.00 \
50.00
40.00
30.00
20.00
10.00

000 1 1 1 1 1 1 1 L 1 1 1 1 1
200 650 1100 1550 2000 2450 2900 3350 3800 4250 4700 5150 5600 6050 6500

Frequency (MHz)

P v v 6 1 1 = a a = X A ! a o

E‘U‘V] 4.5 ﬂi’ﬁ/\lLLﬁfﬂ\‘iﬂ’l']iJﬂﬂJWUﬁi%M’J']\‘iﬂ']ﬂﬁVﬂﬂ@LaﬂﬁliﬂLLﬁ%ﬂ’J']llﬂ“U@ﬂL‘L!EJLEJ@?I’JUN’JWL!Q

v o & ' J PN a < a t:i & dl' ! a Y
"U’mﬂi'ﬁ/\]LL?{@Qﬂ'ﬂ’]ﬂﬁﬂWUﬁizWﬂNﬂﬂﬂﬂﬂlﬂ’e]Lﬁﬂ@]ﬁﬂLLﬁSﬂ’J’]@JOﬂJ@QLUE]LEJ’EJG’JUN'J‘VIUQ Q1

WUIAAINLABLANASNTALNNEBAMUATRY LasiiAtsyadilaAnURuTY kazda1u15097Y
AATNLABIANASNTNIANA 2.45 GHz oy 54.2 F/m (Wnsnsaiuns)

"

90.00
80.00
70.00
60.00 \

50.00
40.00 \
30.00 \
20.00 \

10.00

000 | | | | | | | 1 | | | | |
200 650 1100 1550 2000 2450 2900 3350 3800 4250 4700 5150 5600 6050 6500

Frequency (MHz)

JUT 4.6 nsmluansrnuduiusseninmasiladidinasnaeaurawmeiuazanuiveiododu
Ha9tle
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NNTMUERIANNFUTUSTENINsARslaBiIEnasnasaunAwmoLarANdveode
drufimds aznuiasiiladidnasnasauamesaziianndeniuitves wasiiadesacile
ALY Aoudsiidnwara fuandunsng .6 uazanunsasuAladiEnnsnasauna
WasTinuA 2.5 GHz Teviniu 17.97 F/m (Wh$nseowns)

e'/e'
5.00

4.00

2.00

1.00 ‘K

000 1 1 1 1 1 1 1 1 1 1 1 1
200 650 1100 1550 2000 2450 2900 3350 3800 4250 4700 5150 5600 6050 6500

Frequency (MHz)

dl U % 6 U U U a Q‘ '3 ¢NI d’l ‘ﬂl 1
JU 4.7 A5 miuaninnuduiussereAduUsyantasaunuauiLagmutveiloodiuy
AN

nnMLanIANEITuSsEnIneANduUsy A asaunulawitazauive uilododu
Ramifs aznuinlugiausnanduusyavsasaunuauizansanilonuadaiiuiu ogrlsin
FausirnruaUsanm 1.1 GHz Avdusvandasaunuauiaviimroudnensd wasiiniusnaded
P3enmigs  warannsasuAdUsyAvisaoaunuauinianud 2.45 GHz léviniu 0.33
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unil 5
N3N TUFURUUNITIATIENITINg B il AN INDUEUBININETTINEN
119A1U5DUVIIAEATINNARE AL TR IFNDIMUUaE T T
= A Wyw oo i & ' v
JUN3eA3NaY Walasuidanaauntdwaninialusendnanislden

TUAIUKINILNAITINTIATMTBM B NOANYINTNOUALDIMNETTINGINIANUTOU
vasdandinmmegeAsiileladiuatasuunatetu lugunsenssuenay Welasuiadainaau
waiwdniviluseninenisldanu

5.1 unih

dus (Brain) aaLﬂummmmﬂmmwmwiumimmmafgmumuauﬂ dsnnslunns
sl waziieadestungiinssudusine vessune uenintuauesdsiodudiuetoedd
augaulmldigluseneuysdisleldsudvinannaduusimanlnii (Electromagnetic Wave)
HANTENUNNIUETTINGINNAIUTOU  (Thermo-Physiologic)  3MNNISHNTUYDIRUNILES
Endfoaiialdzusninarnaduwiimdnlni wy annislémeululasianuasnisld
nsdwiitiedoanvvzdmasenisvhaulueiueiiddyerauaues Tuanuideves cuyton, A C,
uay Hal, ). E, 1996  syirdadiimvesnmaiiuturesgamgditliiiluganudemenaiiu
a3singmsanudoudia 3-5 °C iy Tulfduindedanufnavesssrsuiintuiety
wansznusuguamanmslimaluladiifeitestunduutmanlndi wessapan, T. et al, 2012
FrfunsfinunistemanudoulasnismevaussnuaisInemseuouneluauesyudide
Ie5udvBwannsusssdveseauusivanliiirdaduideniidslfiunmailauasinnad iy
deiduiugrlumanmadestusunssanmslasudvinannaduusindnliitlussriamsld
UAIUAN 9)

esnnmistedrinnisiuaiesssunsinwdvinannaduusimanlniiinieluaues
UYWIAINNITNARBIFETVILREIN  NITHRUIUUUTIABIVDIALDINYBEITHIUNTANYIIIN
n1s$1apadaiaiay (Numerical Simulation) 3sfiarmagainunnniniimvaaes uenaintuds
anunsoAnwdnEnavesiiUsaneg melditeulafifinnunainvaisuaadiousidldazaanuin
Jushemislimsdaendsiiay demnilunane Ui dnuidonnmedidnunsdiem
Anuseuneluaussywdannsldluuasudsinavlagldaunisluledn (Bioheat equation)
lunsiiaeenisnszanesiguuniiegunning 19 zhu, L. WAz Diao, C. 2001 ldvinisiaun
wuuiaeImsadamaniiiielinszinisnszaesgamgineluauessninnsinuanesdign
MangaIen15angaunil (Hypothermia Treatment) Ingldaunsluledm diao, C., Zhu, L. wae
Wang, H., 2003 vnmi';Lﬂswvwmiﬂivm&JmammﬂuivmwmimmmLaumaiuauaaimaiéu
WUUTIa0daNes 3 A LwaﬁﬂmawﬁwamawmmLLaJnmJaqauaa PADAIUDNTNAVRIBNIINIG
unsnszeiveadon (Blood Perfusion Rate) Midananen1snsza1eMIgaumgil Elwassif, M. M. et

-62-



al, 2006 THuudrassluledniilefnuinsivdsunlasesgampianelunuudiassanssszminegn
nszume i
wagieAfounsdniifnvinisnisifisturesgungiinegluauesvosywdidleldsy
sviswanadulnsdnvidlofio Wessapan, T. et al, 2012 aghalsfnudaiaudsesuutesuini
AnvAsounquiinIsuninsz R InAd v lihuazmstemeniou Tusavinaes
Amadsnazaanuianaduwinanlni naenaudvsnavesdaiadenneuenieninszaies
vosawliihuaznisnszanedigaumgll (Electric Field and Temperature Distributions) nelu
avpwyuIUULTAIETY (MultiLayer Human Brain) LHosnanududeuvediassadaniely
aunsuarANFUToUTRISUATATEN (Interaction) sEminsanssuazaduwivanlWi naonay
AnudutouresinuautRladidna3nuasAnuautin1snuseu (Dielectric and Thermal
Properties) meluauastusing 1
nsfnwiiazinauen1singinisnszaefvesauslnihuagnisnssaesgumnily
LLUUfé"]aa&amaauuwétﬁaié’%’u%w%waﬁmﬂ?{uuﬁLwﬁﬂlw% wuuiasaNosyudfillunising
wmﬂs'mLﬂuﬂimqnamt,uwmmu (Multi-Layer) é?faﬂiwﬂauiﬂéhaﬁﬁzummauaqﬁau%’uiuﬁﬁ%
gou (White  Matter) Suvosaueasaiutuuaniidady (Grey Matter) Gljuﬂiu@ﬂ (Bone) uawtu
AamtlsAswe (Scalp) T PR MOV T I, Ty o
aulwiiaznisnszaeiiguuginsluauesyudazgnitniey lngaiidannady
wiwdnlwihfidnwazUsznoude 1 W 50 W 100 W wag 200 W daduiunuvesdrindsan
pAuwmdnlalihiiistuassannsldimaluladfiieadosiuaduudmdnlih 019 lunisgu
omssensliimeulalasian Wudu wazAnnudaneduidmdnlnini@nwazusznousie
900 MHz 1800 MHz Bafurranudveddnsdmideteldiulutiartu lnenuandiladidn
p3nazuUTUAsunuAmLRfiansan aunsmsuninszaefvesedulsiminliinuazaunis
drewanueululedazgnundymiriiussieuisliiauwuulnludiefuud (Finite  Element
Method : FEM) wuudrassiidnwazgaidieuiiisuanugndesueaiuudiassiunaanuuudiaes
TusAdorouniid Tnsnanmssaendsinarlunsinuiasuandiifudnuuenisdelon
anuFeuneluauesnudiileldudvinanaduudimanlui

5.2 wuuINaaenlvlun1sIAsIZi

LLUUﬁi’waaqauaqﬁlﬂuﬂﬂiﬁﬂmﬁ]uﬁﬂaaqmmm@ﬁuaaam@muwéc’ﬂ,mﬂ (Adult) (Konstas,
AA. et al, 2007 ImamaﬂwmvsﬂswLﬂusﬂma'sﬂﬂamwwm%u (Multi-Layer) mﬂivﬂaulﬂmﬂ
%umaqamaqmwﬂwmaau (White Matter#uvesauesduduueniiiaidy (Grey Matter) Fu
nsgan (Bone) wazFuRmaAswY (Scalp) Taufa 1T lUNAREDINALUTZUIULAL X WAZ y A
LLamﬂugﬂﬁ 5.1 YUIAVDISAN I mﬂm@uéﬂmwam‘%mmauLLazmmwuwaq%wm 5 aelu
AUDIVBUAN TN 5.1 FuLUIeswUUSIaeseslaSudvEnanaduudndnluiuazdnina
yasdsurndounisuen lagasfiansunliuuuiiassauesiidnwiinuandfidutandeidie
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(Homogenous Material)  wagilnauaudmilouiulunnfianis (sotropic) liinsiudsuudas
anuzuaybidsuulasufisenaiingluiuuiassausadisldasudninaanaduudiwantuii

EM EM,

y [—1 White matter
—/1 Gray matter
=R Bone

Xy

JUN 5.1 wuudnaesaueildlunisfinw

5.3 AITIATIRMBNGE])

AMTIATIEANIIUNINIZ VR IR AULILMAN NN

nsunsnszatefvesnduusimaninihaneluluuirassatesazgnilesgiluiiinassiii
lusswiux -y waggnAwnalagldaunisuundiiad (Maxwell's  Equations) Tulnuanis
WNINIELARULUUNTILABTBENESIN (Transverse Electric Wave Mode : TE Mode) w3a
Gonhndunfiunauliiininemaeng Aelifauuliluievesnsunsnszanevosaauuddl
awrauulwdnlufieneiy aunsildaniuguvesaunisundineg laensuninseaned
wuUg13ueiin (Harmonic propagation) axuansssaunisaelul -

Vx(iVxEJ—[Sr—j—O—JkozEzo (5.1)

H r a)go

dlo E fomnuduvesauailudi (Electric Field Intensity (V/m)) g, #eA1n1sdusm
du1ing (Relative Permeability) ¢, ferUasinAlAduims (Relative  Permittivity) g =
8.8542x10" F/m forndesiniimuiiimioniay (Permittivity of Free Space) o faf
n5ilwiln (Electric Conductivity (S/m)) @ = 2af ﬁam’ma@mu (Angular Frequency (rad/s))
k, fawavaduluiiinevidenSas (Wave Number of Free Space) (m) uwazj=+-1 lng

[eulvvaulum (Boundary Condition) duSun1siiasigsinisunsnszanesivesnauusiman i
Afifamnliil
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wWUUTaDsaNRIRLlasUBINaInAduLAn T Aatianen1aeIUUUTD L UUINEB
FILUANUUUVDIL VU889 N5 1T U LU0 UL YA IN TSNS NS 18U Ia UL LLLAEN
Inlfluuunese (Port Boundary Condition) ifin1sszyanminasesnauusimantuiniadmd

S=[(E-E)E/[E E (5.2)

AUANYDILUUINADIEUDY (WUILNU ) 3z trildeulvvauunwuudinlun
auysal (Perfect Electric Conductor Boundary Condition) fiatiuadstuvasauulniiazgien
wiriumueg

S
X
b
Il
o

(5.3)

ANFILASIZUNITAELNALS DU

nMyATIzinsnsEnefgamgingluwuuinaesateglianmsaiwinaunisiuledn
Taensnszaeigamninelunuuitassaussazdmiuduiusiuaduusimanluiniuuudiass
aueslésu Tnoidleauedldsudvisnannaduuimanlaiih ausszgadunduusivanlniiuazudas
Huaudounely Faduauvaivinlvigungiivesauoadfiuiu uasiiolfaenadosiunisiases
mMsunsnsznefvsduwimanliil melinsginstemanuieussinsulufitnaedaly
SPUU x - y Wity aunisluledvluaniizasdn (Steady State Bioheat Equation) 74y
Mylnzinsmemauiounis Tuanesazannsadeulidy

V(va)+prba)b(Tb _T)+Qmet +Qext = 0 (54)

dledvios b unuiden (Blood) k Aerniai1 avmdeundeduusaninisthanudey
(Thermal Conductivity (W/mK)) p #efiaumuuiy (Density (kg/m’) C Aof1Angam
Fouduwz (Specific Heat Capacity (J/kgK)) @ AadnsIn1shnInszae@Iuesasn (Blood
Perfusion Rate (ml/min.100g)) T Aerguun)il (Temperature (°C) Q,,, ABLUAIAIIUTOUIMN
nsvuaumsdumUnglu (Metabolic Heat Generation Source (W/m’) Wag Q.. ADLNEIRIY

v 3\ = I [
fouainneuen (External Heat Source  (W/m)) Fsegluguinenvesawlihduiionin
a a A ! [ ¥ o =

dvsnannaduulvanlni lagliarnnisAwiaduaunisi (5)
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ol [
0, = -

dusutaulvvaunlun1siasiginIsanemANLsauIsUsENause

(5.5)

Wemnlunideillagfnwdnsnavesdaindeunieuendenisnizaneiigamgiinigly
LUUTARaNed AR Ul UIANINAIUUNYBILUUTIARE T UNITIATIENNTEEINAIY
2/ ! < = - = - ! a fa a = !
Fowazuuseanilu 2 [euly Ao Reulvd 1 axldludiumsiinsendninavesnisuusiuaeue
AdwasAmudaInedukdmaniiiy - Tngaziansanlieamgivuntdsdsvelinaafivindu
gauniivesdsinaey dlunilliviriu 30 °C

=T

ambient

ﬁ r= 7"4 ’ Ts‘calp (56)
dl' Ql' 1 a fa a d‘ q' ¥
Waulwd 2 agluludiuni1siaseidnSnaveIn 1wl sHUasUEN IS YRIENINADUA1BUDN
TngasNa1sanlrilkeoulvAaRIA UL NYBITUNTIAT B AL NS waNUABUAIINSDUAIBNITNN
AMUSDU (Convection Heat Transfer) AUEILINRBUNTUBDNAD
r=r,, n-(kVT)=h(T,

ambient

-T) (5.7)

=)

(%
[

JRUARTENINLARETUYRIANR Rz AN TR TTA i uLaz llin1 iR UL At es
Wang (Heat Flux) A3aY
AUENNUBIRULTIADIENDY (x = 0) agfinnsanbrlnnantRduauiu visludinisanemainy
Jou:

n-(kVT)=0 (5.8)
gauuiusu (Initial - Temperature) YosasozauNAlAdauaiLalawaziia iy
gauniunAvessenieae 37 °C
lnsAnuaudiladidnainfduiuainnuduazaiguaudinisnuiouvesdusiigg

MelUELD9LAMNUALAIAIN AILEAIIUAITIN 5.2 WATANTIN 5.3 AUAIGU

M1599 5.1 WAYesTATl r MNYAAUINANIVBIATINNANUALANUNUNTBITUAY eluanas

siindusineg aeluases YUIAVRITAN r (mm) YUIAAMLAU (Mmm)
Fundedswe (Scalp) 93 (r,) 4(r, —r,)
%ums@jﬂ (Bone) 89 (ry) 4 (ry—r,)
Furosauasdrutuueniiditu (Grey matten) 85 (r,) 18 (r, — 1)
Furesauesduduluiiidsou (White matter) 67 (1) 67 (1)
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5%

A i wval a8 a o
M151N 5.2 ﬂ']ﬂmallﬂ(ﬂlﬂ@l,aﬂmiﬂ‘ﬂ%u

@

UAIALAVDITUANSY AeluduDs

siindusineg melusses 900 MHz 1800 MHz

o (S/m) g, ) o (S/m) g, )
Funsdswe (Scalp) 0.87 41.41 0.52 325
Funszan (Bone) 0.34 20.79 0.16 8.0
Fuvosauedutuueniiiady Grey matter) 0.765* 45.805* 1.7% 53.0*
Fuvesanesdutuluiiidseu (White matter) 0.765% 45.805* 1.7% 53.0%

e AnnauiRladiina3nvestuvesatesdutuuen AN (Grey matter) wagduvaiaLovEIU
Fulunfidoau (White matter) ailanwinfuiianudwintu Wesandeindwisassanunsasiuduilaiiodiu

anasarulu (Brain tissue) 1o

M15297 5.3 Arasantainisanuiouvastuiieg aeluaues

slindusineg melusses C p k o O,
UkgK) | (ke/m”) | (W/mK) | (mU/min.100g) | (W/m’)

Funedswe (Scalp) 4000 | 1000 | 0.342 2 363.4

Funszan (Bone) 2300 | 1520 1.16 18 368.3

Fuvesaupsdutuuenitady (Grey 3700 | 1030 0.49 80 16700

matter)

Fuvosaussdutuluitidseu (White 3700 1030 0.49 20 4175

matter)

\&0n (Blood) 3800 1050 0.5 N/A N/A

N/A fio Non-applicable

5.4 N1591999TIAAY

aunsMIUNInIE v duuimanlrlineugfuaunsaemanudouazgnudilym
fesedeuiBideavuuulnludioduns dulusunsy COMSOL™ Multiphysics Liiednwinns
nszaefvesaumliiiuazmanszaefgungiiiistuneluauosdusiag Tavaumsisaoas
pugfusameuuasaufeuanaeuen (Q,,) luaunsi (5.5) lnsuuusiassazgnAiuia

[y

lngldiafiuud (Element) sUanumdey wagldilesidunisuszanaenlugisuuuainsasddusy
LoaluY

Ba ).

#04 (Lagrange Quadratic Interpolation Function) lumsuszanaumaamgiiluusias
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5.5 NALANISIAIITIINE

NN395IIAOUANINYNABIVBILUUTIADS
WBATIIABUAINYNABIVBIUUUTIABINANY1AIN1TIUTBUIIBUN1INTE RV
gaungilvesauesnliannisidssideuitidanlunuideiiunanlaainauideves zhy, L ua

Diao, C, 2001 $nwaumsarsmauieululenuazdoulalumsdinseiauiontu Tnglunis
mwaaumwgﬂéfaq%sl%'l,wm‘f']aaaﬁuaaauaa;ﬂmﬁwﬁzﬂaué’aa%umauﬁaﬁaamm (Brain
tissue) %unizg]ﬂ LasduniTsdsee FlilldRasandvinavesnisldsunauudmantii fiany
uanssresuvnififvestunlsfsurunndieiu 4 gamgll fio 0 °C 10 °C 20 °C uag 30 °C
pudiy Tngaumgiiveadeniliinsiiil 37 °C naannsisuiisuazuandlugud 2 aangunud
miﬂizmaé]”gqmmﬁmaaauaﬂu%u’uauam??a 3 4 ﬁqmmﬁﬁﬂaﬁa 4 gl MnlBLuuInaead
Favlunisineinasnanudseuss zhu, L uas Diao, C, 2001 viiauaenadasiuluetg
7 seiunuusaesildlunsinseilunmsiteusizainudedeansaldlunisanuiludau
Buq deluly

40 *
35 S
@] _
5 30
g 25 _|| —e— Tskin=0°C (Ztw and Diac, 2001)
; Tskin = 0 °C (Present Work)
5_; 200 9| _ - Tskin=10°C (Ztw and Diao, 2001)
E 15 4 = = = Tskin= 10 *C (Present Work)
: — [0 — Tekin= 20 *C (Ztm and Diao, 2001) Scalp \\
'E 10+ = . = . Tskin=20*C (Present Work) Bone
9] <eee@---- Tskin= 30 °C (Zhu and Diao, 2001) L \
3 Brain tissue \
““““““ Tskin = 30 *C (Present Work)
0 I I [ I [ I [ I
0 10 20 30 40 50 60 70 80 90 100

Radial distance, mm

JUN 5.2 namsiUSeuiisun1snsyanemanmgiveadunineg meluanesiilaaniuuinassiv
$1A%889 Zhy, L. waw Diao, C, 2001 A1 T, = 0 °C 10 °C 20 °C uag 30 °C

N

a a d‘ 1 o w 1 d‘ d‘ I @
DNSNAVRINTUSIWADUAINAIALAIAIUD I NARULLLAN LT

Tuguil 5.3 azuanadvdnaveansuusUasudmduasAranuianaduusivinlise
sUwuunsnszedvesaumlnihmeluaestusineg Tas n) innud 900 MHz uag ) finud
1800 MHz mud iy angUasifiuliindrmdauagaauianaduuivanvihiisuardma
Tianaunalnihngluauesdusine faufugetunulude WeRasansuuuunsnszanedives
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aunallalihfiarudsinaty agnudifinnud 900 MHz Arauslwihasdangausnutunlisue
wazneluduanesdinduluiiidon lusmefiansd 1800 MHz Araulvifihesdangeuin
UinntundsRsuewiniy tnedvdnavesnisuUaldsuaduaraanuianaduuimdnliit
sogUuUUMINTzEfpuunineluauestusie asuandlusuil 5.4 Tay n) finnud 900 MHz
uaz 9) 1AA 1800 MHz Aaidndy mﬂgﬂﬁ]gwudﬁﬁiﬁﬁqé’qmﬂﬂ?{mmmﬁﬂiWﬁﬂﬁLﬁwﬁu%ﬁama
THnsnszansgamginisluauesdidnfingedu assfudrufudvinaresdrauiainaiu
wiwdnlud lneAraudfifiuduardamalinisnszansgumginisluauesidianas e
Wiguiguanuduiusvesguwuunisnszareiivesaudliiinas suuuun1snszanefigmadl
Tuguil 5.3 uae 5.4 awwuhilnnuaenndesiu Uinaidmaulifiannfazdssalsilieumgl
fastunulueduiu osnidleavedldudvinannaduuimaniaih ausssgeduaiu
wivdnlwiuazudaaduaiuiountsly dawaligungiiiudu Tnsnuiifiundavosen
aunalnihgeanuazArgumgigsgaazliaenndosiu maulnigianuazaguvgiigeaniien
Mdmneauudmaniniieingg avuanaiansed 5.4

SUT 55 uag 3Ufl 5.6 azuansnsnszaneiigumgll euusivasudindsanady
wiwdnluihiidiaud 900 MHz uaz 1800 MHz mudidy agndlsinuargamgiinielutues
anpsdhuiuluiffseunarduresauesdutuueniifdiduaziinnuunnisvesignmniiosnslal
WudAny Lfimmﬂ%gumeﬁ,uaumﬁu’qam%uﬁﬁh@mamﬁ’alm%Lﬁﬂm‘%ﬂLLazm@mauﬁ’amamm%@u
UNel (C, p wag k) fwity Saandunisnd 2 ImammLU?SuLLanaqmqmmﬁm81‘146??14
ﬂﬁ%@ﬂLLaz%uﬁﬁﬂ?ﬁwzLﬁE]LLU?LUgﬁJuﬁ’]ﬁﬁﬁx‘ﬁ]’mﬂﬁuLLﬁmﬁﬂiWﬂ’lﬁlﬂ’J’mﬁ 900 MHz uay 1800
MHz 9zuansfsguil 5.5 waz JUA 5.6 sy

DYENAVDINITUUIURIUAN 1ML UDIRIINADUAILUBN

Tugudl 5.7 wamsnsnszanesgunpinieluiunszgnuasdunilifssadofinnsanlituns
Aswriinisiemanuieusonsmanuieutiviuadennsuen efnwiiaridanadu
walwAnlyin 100 W wagfinud 900 MHz uag1800 MHz TaefinrsaundiAduussansniswiay
$ou (Heat Transfer Coefficient) 2 A1 fie & = 4 W/m”. °C uazgauniivesdswindeuniouen
T = 26 °CUAE h = 8 W/m”. °Cuag T,,., = 25 °C 9ngUaziiiuléin finrmdiniu 7

h =4 W/m’. °Cuag T = 24 °C 9gfldgamniigenitfl A = 8 W/m’. °C uag T

ambient ambient

25 °C Winlasudnswaanadukdivan i
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EEE pone
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%) fin1d 1800 MHz &
0
= a.a A o w = I ' @ Mir: 0
U7 5.3 BvEnaveanisuusivdsuamdminaduwimaniniineguuuunisnsyaneiivesauuliih
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:|sCa|p 30
, Min: 30.0
X
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37.0
36.5 4 Bone Scalp

36.0 - I, —>r; ;s —>Iy
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34.5
34.0
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315+ P=1W ----P=350W
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Brain temperature, °c
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Radial distance, m
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38.0

Bone Scalp
I'y—>T, rs—ry
&) e — —
o 37.5 ———_
S T~
E ____________________________________ e S -
E ____________ N AT
5 37.0 H el T,
= Teal Tt
L -
Nt -
= h= 4 W/m"2.C, Tambient = 24 °C - 900 MHz T
E 36.5 - - = = h=8W/m"2.°C, Tambient = 25 °C - 900 MHz T -
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JUN 5.7 Minsganedgaumgiiileinnsanividunisdsyeiinsmausouivaaindeuniguan
dlormaswinedundiuaniiy 100 W wagiinud
900 MHz 1la¢ 1800 MHz

3197 5.4 Aawliihasanuazagamagliasganieluauesiarmdneaduudminliieieg

Arrdsnadundudnlih fiaud 900 MHz finud 1800 MHz

Eoy WM | Ty CO | Epe (VM) | T O
P=1W 24.946 37.320 32.062 37.315
P=50W 176.396 37.618 226.712 37.446
P=100W 249.462 37.923 320.620 37.581
P=200W 352.792 38.532 453.425 37.850
5.6 @ajuna

ludunsAnwdazdiauanisinsiennisnseaeiivesauidlniiuaznisnizaiedi
gaumgiilukuuasdaupmyudtuneg Weldsudvsnannaduudndnlvil nanssvuvesnis

WasukUasri1daasanunanAauwlian i

LAYHANTENUIINAN1IZVOIAILINADY

AMeusnIzgniine Mnuan1sAnwnuiiamasuaraianudaneausdwaniniiasuusiuns
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amswamﬂmLL’maammauaﬂmwmmmmmaLmﬂu 1/1 h =4 W/m Cuag T = 24 °C
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undl 6
MsANEIUULUUNTIASENT MO U] B RN IS UAUBINNES S INEN
meanudouvasiandanwiiegnsdaiiobodufinwiiuuunatsdy
TusUnssdmaey

ludfigesiaznaniinsieseidmouiiiednvinsnevauemsadsingmisan
Youvaatandanminegdaideidediufimiiuuuvatsdu Tusunssdnde Tnsvhnsng
dnsnavredLuuTIaeINIsaemaANTou 4 ¥illa fie wuudnasdluledn (Bioheat  Model)
Wuudnaeaed  Klinger (Klinger Model) uuudnaesdannuluuaunanisndmiou (Local
Thermal Equilibrium (LTE) Porous Media Model) uaziuuinaasiagnuuwuuliaunaniming
50U (Local Thermal Non-Equilibrium (LTNE) Porous Media Model)

6.1 Introduction

The skin is an organ that covering or integument the body’s surface. The skin is a
sensitive organ and has complexity of the anatomical structure. The skin is the largest
organ of the human body Sand, M. et al,, 2009, with a total area of about 20 square feet.
The skin helps protecting body from dirt, microbes, sensory stimuli from the external
environment and other element. In addition, the skin helps regulate body temperature
from temperature change such as hot and cold; and permits the sensations of touch.
Human skin can be divided into three components, which are epidermis, dermis and
subcutaneous tissue (Xu, F. et al.,, 2008 and Liu, K.C. et al., 2012 as shown in Fig. 6.1. The
epidermis is the outermost layer of skin, provides a waterproof barrier and creates our skin
tone, while, the dermis are found beneath the epidermis, contains tough connective
tissue, hair follicles, and sweat ¢lands. Further, the deeper subcutaneous tissue
(hypodermis) is made of fat and connective tissue.

The temperature increases in skin maybe significantly influences the thermal
physiologic response such as shivering, regulatory sweating and vasomotion. The severity
of the physiological effect produced by small temperature increases can be expected to
worsen in sensitive organs. An increase of approximately 1-5 °C in human body
temperature can cause numerous malformations, temporary infertility in males, brain
lesions, and blood chemistry changes (Wessapan,T. et al.,, 2012). However, the resulting
thermo-physiologic response of the skin is not well understood due to the complexity of
the problem. There have been reports on the effects of temperature increases on the
thermo-physiologic response of the skin (Zolfaghari, A., and Maerefat, M., 2010. In order
to gain insight into the phenomena occurring within the skin subjected to an imposed

external environment, detailed knowledge of the heat transfer is necessary. The
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experimental data of heat transfer on human skin are sparse due to ethical
consideration. Therefore, modeling of the heat transport in human skin is needed.
Numerical analysis of temperature increases in the human skin has provided useful
information on thermo-physiologic response for the skin under a variety of conditions.
The modeling of heat transport in skin was first introduced by Pennes (Pennes, H.
H., 1948) which is normally called bioheat equation. The bioheat equation is based on
the heat diffusion equation, is a frequency used for analysis of heat transfer in skin. Zhao,
JJ. et al, 2005 developed a new two level finite difference scheme for the one-
dimension Pennes’s bioheat equation. Lv, Y.G., and Liu, J., 2007 investigated the dynamic
response of cutaneous thermoreceptors (TRs) under various environmental conditions of
human skin. The model consists of an electrical submodel and a Pennes bioheat transfer
submodel. However, mathematic model prediction of skin based on bioheat equation is
quite good for micro vessels, in the presences of large vessels, more complicated models
are suggested. Therefore, due to simplifications and shortcomings of bioheat model,
other workers have established mathematical bioheat models by extending or modifying
bioheat model. For example, Klinger (Klinger, H.G., 1974 developed a mathematical
procedure using green's function to gain an exact analytical solution of the bioheat

equation with convection terms.
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Fig. 6.1 The structure of human skin

Furthermore, in realistic, the biological tissues such as skin are complex
structures consisting of cells of different sizes and microvascular bed with the blood flow
direction contains many vessels and can be regarded more accurately via porous media
theory. Utilizing porous media theory in modeling heat transfer in human tissues results
in fewer assumptions as compared to different established bioheat transfer models
(Khaled, A-R.A. and Vafai, K., 2003 and Mahjoob, S., and Vafai, K., 2009),. Depictions of heat
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transport in porous tissues have been a topic of interest for many decades. Two different
models are used for analyzing heat transfer in a porous medium; local thermal
equilibrium (LTE) and local thermal non-equilibrium (LTNE). The LTE model is based on
the assumption that the tissue phase temperature is equal to blood phase temperature
everywhere in the porous medium and referred to as the one equation model

(Rattanadecho, P. and Keangin, P., 2013. In recent years, the LTNE model has received more

attention to demonstrate the heat transport in biological media. Utilizing the porous
media theory, LTNE between the tissue and the blood phase is addressed and the tissue-
blood convective heat exchange is taken into account. Volume averaging over each of
the tissue and blood phases result in energy equations for each individual phase.
Therefore, the theory of LTNE model for heat transfer in biological tissues is found to be
most appropriate as compared to LTE model.

Most previous studies heat transport phenomena in skin was used bioheat
equation, very few works have studied heat transfer based on porous media approach.
Furthermore, they have been a few works to investigate the systematic studies on the
influences of the blood perfusion rate, blood velocity, and external
environment, especially effects of heat transfer model. Therefore in order to provide
adequate information on the appropriate level of thermal physiologic response due to
temperature increase in skin, it is essential to consider all of heat transfer models in
analysis transport phenomena in human skin.

The aim of this research is to analyze and learn more about temperature
increases on the human skin. Comparisons of temperature distributions in the multi-layer
skin by using the multi-heat transfer models are presented. The heat transfer model in
this study includes bioheat model, Klinger model, LTE porous media model and LTNE
porous media model. The skin model is consisted of three-layer components, which are
epidermis, dermis and subcutaneous fat. The effects of blood perfusion rate, blood
velocity, and external environment on the temperature distributions in the skin are
systematically investigated. The heat transfer equations in multi-heat transfer models are

solved using the finite element method (FEM).

6.2 Skin Model

In this study, an analysis of heat transfer within the skin is considered. It is assumed

that the skin has three-layer components namely, epidermis, dermis and subcutaneous fat

and consider a two-dimensional model, as shown in Fig. 6.2. The porous skin model as

illustrated in Fig. 6.3. The porous skin have been categorized into two distinct regions, i.e., the

vascular region (blood vessels) and the extra-vascular region (cells and the interstitial space)
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and treat the whole anatomical structure as a fluid-saturated porous medium, through which
the blood infiltrates. The vascular region is regarded as a blood phase and the extra-vascular
region is regarded as a tissue phase, as explained in Fig. 6.3. The porous skin is assumed to
be a homogeneous and thermally isotropic as well as saturated porous medium. The skin
total thickness is 0.006 m. The thickness and thermal properties of the individual skin layers
are shown in Table 6.1. The effects of external environment i.e. effective heat transfer
coefficient (/) and external environment temperature (7, ) on the temperature distributions
in the skin are studied. The parameters of external environment for analysis are & =7 W/
m’°C and T,=25°C and h = 10 W/ m °C and T = 20°C. The effects of external
environment are applied at time period 0 to 15 s to correspond the conditions of literatures.
However, the thermoregulation mechanisms such as shivering, regulatory sweating and
vasomotion are not taken into account in this study. Because of these thermoregulation
mechanisms are activated while the human body is in a state of discomfort which this work

aimed at enhancing the human thermal comfort.
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Fig. 6.2 The skin model of the problem
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Fig. 6.3 The porous skin model in this study

6.3 Governing equations
In this research, the comparisons of temperature distributions in the multi-layer skin

by using the multi-heat transfer models are presented. The heat transfer model in this study
includes bioheat model, Klinger model, LTE porous media model and LTNE porous media
model. To simplify the problem, this research is carried on the following assumptions:
1. The skin model is assumed in two-dimensional coordinates (x-y axis).
2. The skin model is considered homogenous, thermally isotropic and is saturated with a
fluid (blood) which the blood velocity is assumed to be constant.
3. There is no phase change occurs in the skin, no energy exchange through the outer
surface of the skin, and no chemical reactions occur in the skin.
4. Neglect the effect of shrinkage of skin.
5. The porosities and thermal properties of the skin are assumed to be constant.

The system of governing equations as well as initial and boundary conditions are solved
numerically using the FEM. The concept idea for formulating control equation in this research

is shortly illustrated below:
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1. The Bioheat Model: The bioheat model developed by Pennes is one of the earliest
models for heat transport in biological tissue. The transient bioheat equation which the

metabolic heat source are applied to the skin can be written as:

o,

T v 6 T) (o, ) (1,7 0., 6.

(ec,),

where subscripts ¢ and b represent the tissue and blood phase, respectively, T is the
temperature averaged (°C), p is the density (kg/m3), C, is the specific heat capacity
(J/kg °Q), k is the thermal conductivity (W/m-°C), @ is the blood perfusion rate (1/s) and
O,ec is the metabolic heat source (W/m3), respectively. However, thermal model
prediction of biological tissue based on bioheat equation is quite good for micro vessels;

however, in the presences of large vessels, more complicated models are recommended.

2. The Klinger Model: The Klinger equation which is derived from Klinger model with the

assumption of quasi-steady state as the following equation:

aTt +¢(pcp)b(u'VT):V'(ktVTt)—'—Qmet (62)

(ec,) 5,

where ¢ is the porosity which is the ratio of the blood volume to the total volume (-), u

is the blood phase average velocity (cm/s) which is assumed to be constant.

The main difference between Eq. (1) and Eq. (2) is found in their convection term
due to blood flow, this term in Eqg. (2) accounts for the directional effect of blood flow

on the tissue temperature distribution, whilst, that of Eq. (1) acts as a blood perfusion

term ((pCp )b w, (T, —Tt)).

3. The Local thermal non-equilibrium (LTNE) porous media model: The porous media
model for heat transport in biological tissues is found to be most suitable since it has
fewer assumptions than the bioheat model. The transient temperature distribution within
the porous skin is obtained by solving the energy equation of tissue and blood phases
where the metabolic heat source is included. The governing equations in a saturated
porous medium for tissue and blood phases incorporating with LTNE conditions can be
represented as:

Tissue phase:
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(1—¢)(pc)[a V (kg VT, )= hyay (T, = T,) = 0,Cy (T, = T, )+ (L= $)0,er, (6.3)

Blood phase:

o7,
¢(pc)b[5 +U-VT, j (kb VT )+ htbatb(Tt _7}))"' ,C, (Tz _Tb)+ met,b (6.4)
where
tejf (1 ¢) (65)
k, off =gk, (6.6)

are the overall heat capacity per unit volume and overall thermal conductivity, subscripts
eff , t and b represent the effective value, tissue and blood phase, respectively, h, is
the blood to tissue interfacial heat transfer coefficient (W/m™°C) and a, is the volumetric
transfer area between the blood and the tissue (m’/ m’). The h, depends on the nature
of the porous matrix and the saturating fluid and the value of this coefficient has been
the subject of intense experimental interest. In this study, the blood to tissue interfacial
heat transfer coefficient is selected to be 170 W/ m”.C for all cases.

From the Eq. (6.3) and (6.4), the first, second, third and fourth terms on the right-
hand side of equation denote heat conduction term, interstitial convection heat transfer
term, blood perfusion term and metabolic heat source, respectively. On the other hand,
the first and second terms on the left-hand side of Eq. (6.4) denotes the transient term

and convection term due to blood flow, respectively.

4. The local thermal equilibrium (LTE) porous media model: When LTE assumption is
maintained, the temperature of the tissue is equal to that of the blood temperature
(T, =T, =T ). Therefore, the above Eqgs. (6.3) and (6.4) can be combined into a one

equation as follows:

(-9)oc, ) 8loc, ), Joh+ o, ) (09 T)=V (@l + 6, W T + 0., 6.1

5. Boundary Condition for Heat Transfer Analysis: The time variation of the

temperature distributions is promoted by the influence of the external environment. As
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shown in Figs. 6.2 and 6.3, the boundaries of skin correspond to the assumption are
considered as follows:

The left-hand side of the skin surface, the applied heat flux and eventually also of the
conventional heat transfer at the external skin surface at x = 0 for the heat transfer

analysis:

—k‘Z—T =g, +h[, -T],t>0 (6.8)
X

x=0

The exposition of the external skin surface is desirable in applications such as in infrared
thermotherapy.

At the outer surface of skin is considered as adiabatic boundary condition.

I o450 (6.9)
ox|,_;

In addition, the internal boundary along the interfaces between variable layers of skin is
considered as continuity boundary conditions (no contact resistant occurs).

The initial temperature is assumed to be uniform throughout the skin:

T(z,) = 37 °C (6.10)

6.4 Calculation Procedure

The mathematical model has been formulated to predict the temperature
distribution in the skin. The effects of external environments are systematically
investigated. The system of governing equations as well as initial and boundary conditions
are solved numerically using the FEM via comsoL™ Multiphysics to analyze the transient
problems. The skin FEM model is discretized using triangular elements with the Lagrange
quadratic shape functions. In order to obtain a good approximation, a fine mesh is
specified in the sensitive areas. The system of governing equations as well as initial and
boundary conditions are solved with the Unsymmetric Multifrontal Method (UMFPACK)
solver to approximate temperature distribution across each element. The convergence
test is carried out to identify the suitable numbers of element required and to assure that
the transient solution is accurate. The number of elements where solution is

independent of mesh density is found to be around 58,956 elements. It is reasonable to
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confirm that, at this number of element, the accuracy of the simulation results is
independent from the number of elements through the calculation process.

The relationship between blood velocity, porosity and volumetric transfer area
between the blood and the tissue are given in Table 6.2. The blood velocity and
volumetric transfer area are constant and are relevant to the different generations of the
vasculature which taken from the literature. However, the porosity of 0.025 is selected for
investigating the tissue and blood temperature distributions within porous skin in this

study.

Table 6.1 : The thickness and thermal properties of the individual skin layers.

Parameters Layers Value
Density (kg/m3) Epidermis 1190.0
Dermis 1116.0
Subcutaneous fat 971.0
Blood 1060.0
Thermal conductivity (W/m°C) Epidermis 0.235
Dermis 0.445
Subcutaneous fat 0.185
Blood 0.5
Specific heat (J/kg®C) Epidermis 3600.0
Dermis 3300.0
Subcutaneous fat 2700.0
Blood 3770.0
Metabolic heat generation (W/m’) Epidermis 368.1
Dermis 368.1
Subcutaneous fat 368.3
Blood N/A
Thickness (m) Epidermis 0.0001
Dermis 0.0015
Subcutaneous fat 0.0044
Blood N/A

N/A -Non-applicable
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Table 6.2 : The volumetric transfer area between the tissue and the blood

Porosity Volumetric transfer area between the tissue and the blood
) (m*/m’)
u=0.4cm/s u=2cm/s u=3cm/s u=34cm/s
¢ = 0.025 667 400 200 143
¢ = 0.05 1333 800 400 286
¢ =01 6667 4000 2000 1429

6.5 Results and Discussion

Validation of the Model

In order to perform verification of the models presented here, the simulated

results is validated against the numerical results obtained with the same geometric model
and same conditions obtained by Xu et al,, 2008. In the validation case the effects of
blood perfusion rate at 0 ml/mU/s, 0.025 ml/mU/s, 0.050 ml/mU/s and 0.100 ml{/mU/s on
the temperature distribution are systematically investigated. The boundary condition
surface at the left hand side of skin is considered as fixed temperature at 90 °C. The
result of the validation test case is illustrated in Fig. 6.4 and clearly shows good
agreement of the temperature distributions of skin between the present study and that of
Xu et al,, 2008. This favorable comparison lends confidence in the accuracy of the
present numerical model and ensures that the numerical model can accurately represent
the phenomena occurring in skin. Furthermore, it is found that the temperature value
decreases exponentially in the deeper layers of the skin. The obtained results also
showed that the highest blood perfusion rate has lower temperature value than lower
blood perfusion rate. This is due to the highest blood perfusion rate cause highest

convection term due to blood flow lead to lower temperature value.
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Fig. 6.4 Comparison of the calculated temperature distribution to the temperature
distribution obtained by Xu et al., 2008

Effects of Blood Perfusion Rate and Heat flux

The simulation results of temperature distribution of skin with bioheat model at
the x = 0 m and at time of 15 s are shown in Fig. 6.5. Fig. 6.5(a) illustrates the effects of
blood perfusion rate on the temperature distribution in skin which the heat fluxes of 1000
W/m”. It found that the temperature distributions results correspond to the temperature
distributions in the skin with previous Figure. The highest blood perfusion rate has lower
temperature value than lower blood perfusion rate. The effects of heat flux on the
temperature distribution in skin which the blood perfusion rate to be constant of 0.100
mU/mU/s are demonstrates in Fig. 6.5(b). It is observed that the distributions of skin
temperatures are increases with increases in heat flux. This is because an increase in the

heat flux results in a higher heat generation rate in a skin, which causes its temperature to

rise.
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Fig. 6.5 The simulation results of temperature distribution of skin with bioheat model at the x
=0 m and at time of 15 s; (a) The effects of blood perfusion rate on the temperature
distribution in skin which the heat flux of 1000 W/m’ and (b) The effects of heat flux on the
temperature distribution in skin which the blood perfusion rate to be constant of 0.100
mU/mU/s.
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Effects of Thermal Models
Fig. 6.6 depicts the temperature distribution in skin for four different blood

velocities (u) at the x = 0 m versus thermal models based on porosity (¢) of 0.025 and
time of 15 s. The blood velocities (u) of 0.4 cm/s, 2 cm/s, 3 cm/s and 3.4 cm/s are
selected for study and demonstration. Figs. 6.6(a) and 6.6(b) show the tissue temperature
distribution of the Klinger model and LTE model, respectively. While, Figs. 9(c) and 9(d)
show the tissue and blood temperature distributions of the LTNE model, respectively. It is
found that the tissue temperature distributions of the Klinger model and the tissue
temperature distribution of the LTE model have similar trends with a slight difference in
magnitude. The distributions of temperatures are decreases with increases in blood
velocities. This is due to the two models have magnitude of convection term are slight
difference as shown in Eq. (6.2) and Eq. (6.7). Consider the different of tissue and blood
temperature distributions from LTNE model in Fig. 6.6(c) and Fig. 6.6(b), it is found that
the distributions of tissue and blood temperatures are decreases with increases in blood
velocities. From Fig. 6.9(c), it is observed that the tissue temperature distribution of the
LTNE model have similar trends with a sligsht difference in magnitude, whilst, the
simulated blood temperature distribution pattern of the LTNE model (Fig. 6.6(d)) is in
contrast. It can be clearly seen that the blood temperatures are decreases with increases
in blood velocities. In addition, it is shown that the tissue temperature and blood
temperature are very similar trends at blood velocity to be 0.4 cm/s and 2 cm/s. It can
be concluded that the LTE model is suitable for a predicted the distribution of
temperature when the blood velocity to be 0.4 cm/s and 2 cm/s for this condition. While,
the difference between the temperatures of two phases can see clearly in case blood
velocity to be 3 cm/s and 3.4 cm/s. This shows that the LTE assumption is not valid for
higher blood velocity. On the other hand, when blood velocity to be 3 cm/s and 3.4
cm/s the LTNE assumption for heat transfer analysis needs to be utilized because of the
difference of temperature in two phases varies significantly. This is because the effects of

volumetric transfer area between the tissue and the blood.

Effects of External Environment

External environmental conditions of the skin surface will be effect on the
temperature increase within the skin. In this section, discusses the effect of external
environment temperature (7, ) and effective heat transfer coefficient () on tissue and
blood temperatures of LTNE model. The simulation results of temperature distribution
with LTNE model at the x = 0 m and at time of 15 s at various 7T, and & with different
blood velocities (u) are shown in Fig. 6.7. Fig. 6.7(a) shows the tissue and blood

temperature distributions in skin at various T,and & based on heat fluxes of 1000 W/mz,
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blood perfusion rate of 0.025 ml/ml/s, blood velocity of 0.4 cm/s and time of 15 s. While,
Fig. 6.7(b) displays the tissue and blood temperature distributions in skin at various T, and
h based on heat fluxes of 1000 W/mz, blood perfusion rate of 0.025 ml/mU/s, blood
velocity of 3.4 cm/s and time of 15 s. It is found that the tissue and blood temperature
distributions with 4 of 7 W/m™C and T, of 25 °C higher than tissue and blood
temperature distributions with 4 of 10 W/m™C and T, of 20 °C. In addition, the results
also supported the past results that the LTE model is suitable for lower blood velocity,
while the LTE model is appropriate for higher blood velocity.
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(b) LTE model
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Fig. 6.6 The simulation results of temperature distribution in skin for four different blood
velocities (u) at the x = 0 m versus thermal models based on porosity of 0.025 and time of
15 s using (a) Klinger model (b) LTE model (c) LTNE model (tissue temperature) and (d) LTNE

model (blood temperature)
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Fig. 6.7 The simulation results of temperature distribution in skin with LTNE model at the x =
0 m and at time of 15 s at various T, and & with different blood velocities (u); (a) blood

velocity of 0.4 cm/s and (b) blood velocity of 3.4 cm/s

It is found that the distributions of temperatures are decreases with increases in
blood velocities. The obtained results found that the predicted temperature distribution with
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the Klinger model is the same as the pattern of the temperature distribution with the LTE
model. Moreover, the results show that the LTE model is suitable for predicting the
temperature distribution when the blood velocities to be 0.4 cm/s and 2 cm/s, whilst, in
case of blood velocities to be 3 cm/s and 3.4 cm/s the LTNE assumption for heat transfer
analysis needs to be utilized. It is shown that the theory of porous media for heat transfer in
biological tissues to be most appropriate since it contains fewer assumptions as compared to

different bioheat models.

6.6 Conclusions

In this study, investigates the temperature distribution within the skin during
influenced by the external environment. The effects of blood perfusion rate, blood velocity,
effective heat transfer coefficient, external environment temperature and heat transfer
model on the temperature distributions in the skin are systematically investigated.
Comparisons of temperature distributions in the three-layer skin by using the multi-heat
transfer models are presented. The heat transfer models includes bioheat model, Klinger
model, LTE porous media model and LTNE porous media model to find a model that is
most suitable. FEM is applied for modeling of numerical simulations to analyze the
temperature changes in layers of skin. It is found that the distributions of temperatures are
decreases with increases in blood velocities. The obtained results found that the predicted
temperature distribution with the Klinger model is the same as the pattern of the
temperature distribution with the LTE model. Moreover, the results show that the LTE model
is suitable for predicting the temperature distribution when the blood velocities to be 0.4
cm/s and 2 cm/s, whilst, in case of blood velocities to be 3 cm/s and 3.4 cm/s the LTNE
assumption for heat transfer analysis needs to be utilized. It is shown that the theory of
porous media for heat transfer in biological tissues to be most appropriate since it contains
fewer assumptions as compared to different bioheat models.

The values obtained provide an indication to the understanding of the realistic
situation of human skin during influenced by the external environment. In the future works,
three-dimensional skin model for simulations will also be developed for approaching realistic

skin model.
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7.1 Introduction

A new advancing technique for cancer treatment is microwave (MW) ablation. This
is @ method that transmission of heat from microwave energy via the MW antenna to kill
cancer cells while doing little or no damage to surrounding healthy tissues. MW ablation
is a slightly invasive local treatment of tumors, especially where the tumor infiltrates
deeply into the tissue, can also reduce the impact on patients due to the use of anti-
cancer drugs. One of its benefits is it produces a larger active heating region on the tissue,
leading to considerably more effective treatment. Therefore, the topic of heat transfer in
human tissue during MW ablation has been of interest for several years, especially liver
cancer MW ablation. However, experimental MW ablation therapy cannot be applied on
live human beings due to ethical considerations. Experimental studies in animals are
another choice for researchers. However, some of the properties of animals may not be
applicable in a wide range of realistic situations of cancer treatment. It is a more
completely relevant process of MW ablation to improve a realistic biological tissue model
via numerical simulation. Numerical analysis of tissue MW thermotherapy can provide
useful information on the studied cancer treatment under a variety conditions as it is a
rapid and inexpensive way to test innovative medical equipment design.

In the past, the studies of MW ablation dealt with homogeneous material and
focused on heat conduction using Pennes’s bioheat equation (Pennes, H. H., 1948).
Pennes bioheat model is widely used for modeling the heat transport of biological tissue
during thermal therapy (Wu, X., 2016). Also, due to the simplifications and limitations of
this model, Pennes’s bioheat equation is based on the assumption of all heat
exchange between the tissue and vascular occurs in the capillaries and assumes that the
temperature of the vascular within the capillaries is equivalent to the core
temperature of the human body. Therefore, other researchers have developed bioheat

modeling by extending, modifying or coupling this model with other models.
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In reality, biological tissues, there are complex structures consisting of cells of
different sizes and a microvascular bed in which the blood flow direction contains various
vessels as we referred to as porous structure. Investigation of heat transfer using the
anatomical structure of biological tissues can be represented more accurately via porous
media theory. With only a few assumptions, porous media models have been applied to
analyze the heat transfer in biological tissues in recent years. Most of previous works on
the modeling of heat transport focused on single-layer porous media biomaterials. Some
studies on the modeling of the heat transport of layered materials. Although porous
media models have been used for heat transfer studies in some multilayer biomaterials
in previous investigations, they did not utilize porous media modeling in representing the
thermal transport of various effects, such as tumor diameter, tumor porosity and input
microwave power. In practical treatment, these effects can enhance the heat transfer
process of absorption within the target tissue. Therefore, in order to provide adequate
information on MW ablation, it is essential to consider complete modeling based on
porous media theory in multilayer porous liver tissue and consider all of the previously
mentioned parameters in the analysis so as to represent the actual process of MW
ablation.

This study investicated the influences of tumor diameter, tumor porosity and
input microwave power. A mathematical model of the process through MW ablation is
expressed completely by the transient momentum equations and the transient energy
equation coupled with the electromagnetic wave propagation (EWP) equation to
investigate of the characteristics of specific absorption rate (SAR) profile, temperature
profile and blood velocity profile in two-layer porous liver with embedded tumor during
MW ablation. Governing equations in the study are analyzed by the axisymmetric finite
element method (FEM). The values obtained provide an indication toward understanding
the realistic situation of MW ablation and serve as a first step for the development of

medically safe MW ablation treatment.

7.2 Models

For MW ablation, an MW antenna is inserted into a tumor to release microwave
energy (insertion depth of 70.5 mm). The goal of MW ablation is to raise the temperature
of the unwanted tissue (tumor) to 50 °C or above, at which cancer cells are destroyed. In
this research, a single-slot MW antenna is situated into the porous liver tissue to deliver
input microwave power in order to destroy the tumor. The single-slot MW antenna with
a diameter of 1.79 mm is applied because this thin antenna is need in interstitial MW

therapy to affect the tissues of the body minimally. The dimension of the ring-shaped
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slot is 1 mm wide and is cut off from the outer conductor 5.5 mm in length from the
short circuited tip to effectively treat deep-seated tumors. The effective heating is formed
at locations around the antenna tip and is very significant for effective interstitial
hyperthermia. The single-slot MW antenna has three components: inner conductor,
dielectric and outer conductor. For hygienic and guidance purposes, the antenna is
enclosed in a catheter which made of polytetrafluorethylene (PTFE). Figure 7.1 displays
the geometry of a single-slot MW antenna. The working frequency of the antenna is 2.45
GHz, a widely used frequency in MW ablation. The dimensions of the single-slot MW
antenna are shown in Table 7.1, while its dielectric properties are listed in Table 7.2.

Figure 7.2 depicts the computational domain of the problem. The porous liver
tissue comprises of two parts, i.e., the tumor and normal tissue. A cylindrical geometry of
porous liver tissue with a radius of 30 mm and a height of 80 mm is considered. The
anatomical structure of the porous liver tissue is assumed to have spaces between cells
which are filled with blood (blood-saturated porous media). Within a cylindrical geometry
of porous liver tissue, we consider a tumor in spherical shape with different diameters.
The approach based on assuming a spherical and cylindrical geometry for the tumor and
normal tissue, respectively, has been used in several works.

In an anatomical structure, the biological tissues comprise of three components
which are blood vessels, cells and interstitial space. However, most previous studied have
been categorized into two distinct regions, i.e., the vascular region (blood vessels) and the
extra-vascular region (cells and the interstitial space) and the whole anatomical structure
can be treated as a blood saturated tissue represented by a porous matrix in which
the blood infiltrates through. The vascular region refers to as a blood phase and a solid

matrix phase is regarded as an extra-vascular region, as explained in Figure 7.2.
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7.3 Problem Formulation
EWP Analysis. The EWP model is calculated using Maxwell’s equations. The general form
of Maxwell’s equations based on the harmonic propagation assumption is simplified to
demonstrate the SAR profile. This research is carried out with the following assumptions:
1. The EWP is rendered in 2D axially symmetrical cylindrical coordinates (r-z).
2. An electromagnetic wave propagates along the single-slot MW antenna, is characterized
by transverse electromagnetic fields (TEM).
3. A transverse magnetic fields (TM) is used to characterize an electromagnetic wave in
the porous liver tissue.
4. The wall of the single-slot MW antenna is assumed to be a perfect electric conductor
(PEQ).
5. The outer surface of the porous liver tissue is shortened by a scattering boundary
condition (the electromagnetic wave can pass through the boundary without reflection)
and the electromagnetic wave is confined to the porous liver tissue.

In this work, the adapted axisymetric finite element (FE) model is utilized. The
electric and magnetic fields associated with the time-varying TEM wave is analyzed in 2D

axially symmmetrical cylindrical coordinates:

Electric field (E) E=e, Ee-"(“”"‘z) (7.1)
r
. . I r7 C j(wt—kz)
Magnetic field (H) H= ew—Ze (7.2)
r.

ZP

; , Z is the wave impedance (Q), P is the input microwave
I

inner )

and r

outer

where C =
\/n.ln(

power (W), while r

inner

router

are the dielectric’s inner and outer radius (m),

respectively. Further, @ =2zf denotes the angular frequency (rad/s) where f is the

frequency (Hz). The propagation constant (m), k =277zand A is the wave length (m).

In the porous liver tissue, the electric field has a finite axial component, whereas
the magnetic field is purely in the azimuth direction. The electric field is in the radial
direction only inside the coaxial cable and in both radial and the axial direction inside the
tissue. This assumption encourages the single-slot MW antenna to be modeled using an
axisymmetric TM wave formulation and based on harmonic propagation. The wave

equation is simplified for Fl(p as below:
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Nt
Vx[[erﬁJ VxI:[(p —u,y H, =0 (7.3)
e,

where &, is the permittivity of vacuum/free space and is equal to 8.8542x107 F/m, ¢,
is the relative permittivity, o is the electric conductivity (S/m), . is the relative

permeability and y, is the free space wave number (m™).

Boundary Condition for EWP Analysis. The single-slot MW antenna is connected to the
microwave generator and is placed into the porous liver tissue. Microwave energy which is
generated by microwave generator propagates in single-slot MW antenna into the porous
liver tissue from the slot to destroy cancerous tissue. Thus, the boundary condition for
determining EWP is considered as follows:

At the inlet of the single-slot MW antenna, TM wave propagation with various input

microwave powers is assigned. At r = 0, an axial symmetry boundary is used:

E =0 (7.4)
%. _g 7.5)
or

The scattering boundary conditions (waves can be pass through boundary without

reflection) for Flw are used along the outer sides of the porous liver tissue boundaries:
i x NeE-Jul, =-2\[ufl (7.6)
where I—dlw0 =C/Zr is the excitation magnetic field.

The inner and outer conductors of the single-slot MW antenna are modeled as the PEC

boundary conditions:
nxE=0 (7.7)

The continuity boundary condition is applied for electromagnetic field at the boundary
between normal tissue and tumor:

nx(E,—E)=0 (7.8)
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Blood Flow and Heat Transfer Analysis. Solving the governing equations for the blood
velocity and temperature profiles in the porous liver tissue have been evaluated by the
transient momentum equations via Brinkman extended Darcy model and transient energy
equation, respectively. This research is carried out on the blood flow and the heat
transfer examination which is based upon the following assumptions:

1. Corresponding to the EWP analysis, the blood flow and heat transfer analysis in the
porous liver tissue is modeled to be in 2D axially symmetrical cylindrical coordinates (r-2).
2. The porous liver tissue is homogeneous, thermally isotropic and blood-saturated
material.

3. The incompressible Navier-Stokes model is used to simulate the laminar flow
conditions in the blood vessel.

4. The local thermal equilibrium (LTE) heat transfer between solid and blood phases are
considered.

5. The energy exchange across the outer surface of the porous liver tissue is negligible,
and nor phase change and nor chemical reactions occur in the porous liver tissue.

6. The effects of buoyancy due to the temperature gradient are modeled using the
Boussinesq approximation.

3.3.1. Momentum Equations. In the present numerical work, the Brinkman extended
Darcy flow model is used for studying the blood flow within the porous liver tissue, which
was first described by Brinkman. The governing equations explaining the blood flow within

porous liver tissue as follows:

Continuity equation:

or 0Oz
Momentum equations:

2 2
l[a_”j+i2(ua_“+wa_”j=_i(a_pj+ﬂ Ou o) _uv (7.10a)
g\ot) ¢ or 0z p,\or) ¢\or® oz K

2 2
l[a_w}riz[u@w@j:_i[a_p}K 0w, OW\ WY oB(T-T.)  (7.10b)
g\ ot) ¢ or oz p,\0z) @\ or" oz K

From Equation (7.10), the first term on the right is the pressure gradient term, the
second viscous term on the right is the Darcy term while the third term on the right is
analogous to the momentum diffusion term in the Navier-Stokes equation to simulate
the laminar flow conditions in a blood vessel. Where uand ware the blood velocity

component (m/s) (U= (u,w)), ¢ is the porosity which is the ratio of the vascular space
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volume to the tissue volume, p is the pressure (Pa), v = ?’>.78><1O_7 mz/s is the kinematics

viscosity, f = 1x10" 1/K is the coefficient of the thermal expansion and x is the
permeability (m”).

However, in this work, the blood velocity and temperature varies little, and
therefore the density varies little, yet the buoyancy drives the motion. Thus, the variation
in density is neglected everywhere except in the buoyancy term. The viscous boundary
layer in the porous medium is essential for heat transfer calculations, even though it is

very thin. Furthermore, the inertial result is also neglected since the flow is very little.

Energy Equation. The energy equation with assumes that the temperature of solid and

blood phases are identical (LTE model) where the MW energy is included as given by :

or or  or o°T  o°T
(’Ocp)eﬁ’5+(pcp)b(u5+WEJZKEJ?(&’_Z_F&_ZJ-FQmH +Qext (711)
(pcp)eff =(l—¢)(pcp)s +¢(pcp );, and Keff :(1_¢)Ks +¢Kb (7.12)

Two parameters in Equation (7.12) are the overall heat capacity per unit volume and
overall thermal conductivity, respectively. Subscripts eff, s and b represent the

effective value, solid and blood phases, respectively. T, p, ¢, and K denote the

p
average temperature (°C), density (kg/m3), specific heat capacity (J/kg.°C) and thermal
conductivity (W/m-°C), respectively.

The metabolic heat generation (Q, ) of 33,800 W/m’ is determined and is

met

considered due to the circulation of blood. While, the resistive heat generated by electric

field is denoted by external heat source (Q,.,) as follows:

ext

= 7.13
Qext 2 ( )

The electromagnetic fields strongly affect the temperature increase. The SAR
parameter represents the energy rate per unit mass of tissue (W/kg) which is absorbed by

the biological tissues when exposed to electromagnetic fields can be expressed as:

—2
o] 0.,
SAR=—"" or SAR ==et (7.14)
2p p
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Boundary Condition for Blood Flow and Heat Transfer Analysis. The blood flow and heat
transfer problem is analyzed only in the porous liver tissue except the single-slot MW
antenna. The boundaries of porous liver tissue correspond to the hypothesis are
determined as below:

An axial symmetry boundary is applied at r = 0 for the blood flow and heat
transfer analysis:

A0=0 (7.15)
il pr+@i gV +(va) ))=o0 (7.16)
K VT -(pC,) 0T)=0 (7.17)

The surroundings of the porous liver tissue are keeping at body temperature
(37 °C) and the boundaries for blood flow analysis are considered an open boundary

condition:
il-pr+@lp)p(vo+ (Va) )=-F, (7.18)
where 7 is the dynamic viscosity (Pa.s) and Fj is the normal stress (N/mz)

The outer surface between the single-slot MW antenna and the porous liver tissue

is considered as adiabatic boundary condition:
(K, VT)=0 (7.19)

The interaction surface between single-slot MW antenna and porous liver tissue is

assumed to be rigid body motion as well as no-slip boundary conditions:

o
Il
o

(7.20)

The internal boundary along the interfaces between normal tissue and the tumor

is identified as continuity boundary conditions (no contact resistant occurs):
~ _ - \T _ _\T
n\-pJd+n\V.0, +(V.ut) +p,l—-n,\Va, +(V.un) =0 (7.21)
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fz.(KeﬁVT, - (pCp )buT, ~KoyVT, - (pCp )buTn)= 0 (7.22)

The initial temperature within the porous liver tissue is considered as a constant

core body temperature at 37 °C.

Numerical modeling is utilized to perform the FEM via comsoL " Multiphysics to
analyze the problems. The axisymmetric FEM model is performed. The number of
elements that the solution to the numerical model is independent of the mesh density is
approximately 20,471 elements. We assume that the dielectric and thermal properties
and porosities of porous medium are constant. Table 7.3 tabulates the dielectric and

thermal properties of porous medium used in the computations.

Table 7.1 Dimensions of a single-slot MW antenna.

Materials Dimensions (mm)
Inner conductor 0.135 (radial)
Dielectric 0.335 (radial)
Outer conductor 0.460 (radial)
Catheter 0.895 (radial)
Slot 1.000 (wide)

Table 7.2 The dielectric properties of a single-slot MW antenna.

Properties Value
Dielectric Catheter Slot
Relative permittivity ; &, (-) 2.03 2.1 1
Electric conductivity ; o (S/m) 0 0 0
Relative permeability ; x,. (-) 1 1 1
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Table 7.3 The thermal properties and dielectric properties of normal tissue, blood and

tumor
Properties Value
Normal tissue Blood (b) Tumor ()

(n)
Thermal conductivity ; £ (W/m°C) 0.497 0.45 0.57
Density ; p (ke/m’) 1,030 1,058 1,040
Specific heat capacity ; ¢,(J/ kg. °C) 3,600 3,960 3,960
Relative permittivity ; &, () a3 58.3 48.16
Electric conductivity ; o (5/m) 1.69 2.54 2.096

7.4 Results and Discussion

Verification of the Model. The accuracy of this work is verified by the validation against
the results offered by Yang et al., 2007 by selection of an input microwave power of 75 W
with a frequency of 2.45 GHz and the initial liver tissue temperature of 8°C. The axially
symmetrical model is considered to analyze the MW ablation system. The validation
results are illustrated in Figure 3 for the distribution of temperature in the liver tissue for
50 s, which it is considered at positions of 4.5 mm and 9.5 mm away from the single-slot
MW antenna. Figure 7.3(a) depicts the validation results of the liver tissue temperature of
the presented bioheat model compared with the liver tissue temperature of the bioheat
model obtained by Yang et al.,, 2007. It produces similar results with Yang et al., 2007. In
addition, to verify the accuracy of the presented model of MW ablation, the resulting
data of the bioheat and porous media models are verified with the experimental data
presented by Yang et al., 2007 under the same geometric model and same conditions.
The comparison of results is depicted in Figure 3(b); it is seen that the simulation results
obtained from porous media model follow closer to the experimental results than the
one from bioheat model. At the same range of time of both positions, their temperature
distributions provide similar results.

This is because the heat transfer characteristics in the porous media model are
both conduction and convection modes occur. In contrast, the bioheat model is mainly
generated by the conduction heat mode. Therefore, it is reasonable to select the porous
media modeling approach which can be effectively used for this problem. This
comparison guarantees that the numerical model can accurately represent the transport
phenomena in the liver tissue. This is important to achieve near-realistic model of the
MW ablation problem.
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Fig. 7.3 Validation of the mathematical model against Yang et al, 2007:
(a) validation results of the liver tissue temperature of bioheat model and (b) validation
results of the liver tissue temperature of bioheat model and porous media model to

experimental data.
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Comparison of Bioheat Model and Porous Media Model. Comparative studies on the
transport of heat transfer using the bioheat and porous media models were performed
and evaluated in detail to support the results stated within this paper. The resulting
transient temperature profile in liver tissue for durations of 0-300 s based on P= 10 W,
f =245 GHz and D = 2.0 cm for the bioheat and porous media models are shown in
Figure 7.4. It is found that the temperature profiles in both models are very similar at a
particular time but differ slightly in magnitude. In both models, the temperature profile
forms a nearly oval shape around the slot. The areas with highest temperature value (hot
zones) occur in the vicinity of the slot of the single-slot MW antenna. This happens
because the blood flow in the void of the porous media modelis often very
slow, and therefore has a small effect on the temperature profile within the porous liver
tissue. It is the reason why the present model is applicable to use in this problem.
Meanwhile, the porous media model can also show the blood velocity profile as the
result of effects of density variation due to thermal gradients, which corresponds to the
microwave energy absorbed in the transport of blood. The blood circulation presented in
this paper could possibly occurin a realistic situation due to its wvery high

temperature and high energy density in the MW ablation process.

In this study, the influences of the three parameters, namely, the tumor diameter
(D = 1.4, 2.0 and 2.6 cm), the tumor porosity (¢, = 0.4, 0.5, 0.6 and 0.7) and the input
microwave power (P = 10, 15 and 20 W) have been investigated. A parametric study has
been performed to estimate the in influence of each of these factors separately and
analyze their contributions in determining the SAR, temperature and blood velocity

profiles.
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Fig. 7.4 The temperature profile in porous liver tissue at various times based on P =10 W,
f=245GHz and D = 2.0 cm for (a) bioheat model and (b) porous media model.
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Effects of Tumor Diameter
The effects of then tumor diameter on the SAR profile within the porous liver
tissue at P= 10 W, f =245 GHz, ¢, = 0.6, ¢, = 0.7 and ¢ = 300 s are shown in Figure

7.5. Fig. 7.5(a)~(c) show the SAR profile of the porous liver tissue at the tumor diameters
of 1.4, 2.0 and 2.6 cm, respectively. These figures illustrate the volumetric heating effect
expected from MW ablation, where a hot spot zone occurs at the position near the end
tip and the slot of the single-slot MW antenna. Microwave power delivered from the
antenna propagates inside the tumor and the normal tissue, and is transformed into
the thermal energy by electromagnetic heating. In all tumor diameters, the SAR profile
curves forms a nearly oval distribution around the slot and its highest value near the
antenna slot. It then reduces by distance, leading to a higher value of SAR in the tumor
than the normal tissue. Nevertheless, the volumetric SAR pattern within the porous liver
tissue in the case of a greater tumor diameter provides a broader area of heat dissipation
to the surrounding tissue near the slot of the antenna compared with result calculated
for a smaller tumor diameter.

Fig. 7.6(a)-(c) show the effects of the tumor diameter on the temperature profile
within the porous liver for tumor diameters of 1.4, 2.0 and 2.6 cm, respectively. This
figures show that the temperature profile follows the SAR profile quite well. That is a
higher temperature value location corresponds to a higher SAR value in that area. The
increase of temperature in the porous liver tissue happens because the absorption of the
microwave power as well as SAR within the porous liver tissue and thereafter the
absorbed energy is converted to thermal energy. The results obtained demonstrate that
the maximum temperature value is above 50°C in tumor region, which is capable of
destroying tumor in the liver tissue (usually, tumors are destroyed at temperatures over
50 °C). However, in the case of a tumor diameter of 1.4 cm, it is established that the area
surrounding the tumor region has a temperature exceeds 50 °C that will damage the
normal tissue around the tumor region. It is found that the smaller tumor diameter gives
a slightly higher temperature value within the porous liver tissue. Furthermore, the greater
tumor diameter provides a wider region of heat far away from the antenna because of
the effect of natural convection through the pores of the tumor on heat transfer. This
confirmed that the natural convection owing to blood circulation, which is illustrated in
Fig. 7.7. Fig. 7.7 show the blood velocity profile of the porous liver tissue with the
following conditions in the previous figures at tumor diameters of 1.4, 2.0 and 2.6 cm,
respectively. The blood flows is driven by the effect of buoyancy force (natural
convection) due to microwave energy. The flowing blood with higher velocity acts as a
heat sink and results in dissipates the thermal heat to the surrounding tissue. The warmer

blood upward toward the top and contributes to the convection cooling effect near the
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vicinity of the antenna slot, while far from the antenna, the heat source is weaker leads
to lower temperatures and colder blood with lower velocity. It is shown that the normal
tissue receives weakened microwave energy with lower porosity and a lower
permeability, causing the blood velocity within this normal tissue to be very weak.
Considering the effect of the tumor diameter on the blood velocity, the smaller diameter

yields a slightly lower blood velocity compared to that of the greater tumor diameter

SAR
. “
(c)

Fig. 7.5 The SAR profile in the porous liver tissue at various tumor diameters based on
P=10W, f=245GHz, ¢ =0.6, ¢, =0.7and t =300s:(@) D =1.dcm(b) D =2.0cm
and (c) D = 2.6 cm.
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Fig. 7.6 The temperature profile in the porous liver tissue at various tumor diameters
basedon P=10W, f=245GHz ¢,=0.6, ¢, =0.7and ¢t =300s:(a) D = 1.4 cm (b)
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Fig. 7.7 The blood velocity profile in the porous liver tissue at various tumor diameters
basedon P=10W, f=245GHz ¢,=0.6, ¢, =0.7and ¢t =300s:(a) D = 1.4 cm (b)
D =20cmand(c) D =26 cm.
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Fig. 7.8(a)~(c) show the effect of tumor diameter on the SAR distribution, the
temperature distribution and the blood velocity distribution along the path guidance (z =
16 mm or insertion depth of 64 mm), respectively. From Fig. 7.15(a), it can be observed
that the slightly changes in maximum magnitude happen with each tumor diameter
changes. The SAR distributions gradually increase through the path guidance and quickly
decrease and have the lowest value with r = 30 mm. Fig. 7.8(b) shows that no change of
magnitude can be seen from each diameter uses. The temperature rapidly increases
along the path guidance and to a highly temperature localized near the slot of the
antenna and then decreases continuously along the distance and approaches 37 °C due
to the penetration depth which relates to the SAR distribution. It is interesting to observe
that the hot spot zone happens in the tumor, meaning that the temperature in the tumor
is higher than the temperature in the normal tissue. However, the tumor diameter has
only a small effect on the temperature distribution within the porous liver tissue although
it has a strong effect on the blood velocity distribution, as shown in Fig. 7.8(c). The
convective heat transfer characteristic has a strong effect on the blood velocity
distribution. The blood velocity rapidly increases along the path guidance and reaches its
maximum value near the slot of the antenna. It then the blood velocity slowly decreases
and approaches zero to the outer boundaries of the porous liver tissue because it is not

influenced by transmission of waves.
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Fig. 7.8 The effect of tumor diameter on: (a) the SAR distribution (b) the temperature

distribution (c) the blood velocity distribution along the extrusion line (P=10W, f =
245 GHz, ¢,= 0.6, ¢, = 0.7 and ¢ = 300 s).
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Effects of Tumor Porosity

Fig. 7.9(a) and 7.9(b) show the effect of tumor porosity on the temperature
distribution and the blood velocity distribution along the path guidance. The physical
data are: P=10W, f=245GHz, ¢,= 0.6, D = 2.0 cm and ¢ = 300 s. It is found that

the temperature distributions for all porosities have the same pattern but differ slightly in
magnitude. In addition, the tumor porosity significantly influences the temperature
increase within the porous liver tissue. Greater tumor porosity provides greater
permeability that leads to a slightly higher temperature. It is also found that the greater
tumor porosity corresponds to greater blood velocity because the greater tumor porosity
has a large temperature gradient produced by the microwave power, causing a strong
impact of natural convection that gives a buffer characteristic to the porous liver tissue
temperature during the MW ablation system. As expected, the blood velocity rapidly
increases along the path guidance and reaches its maximum value near the antenna slot
and then gradually decreases and closer zero at the outer boundaries of the porous liver
tissue due to no influence of delivering wave occurs in the tumor porosities of 0.7 and
0.6. This is because the tumor is closer to the end tip and the slot of the single-slot MW
antenna, so the higher porosity and higher permeability than normal tissue mean that it
will receive a strong incident wave and the blood velocity within the tumor is very strong.
By contrast, the normal tissue receives weakened microwave energy and its lower
porosity and lower permeability mean that the blood velocity within this normal tissue is
very weak. However, in the case of a tumor porosity of 0.7, at the outer region between
the tumor and the normal tissue there is a small swing in the blood velocity due to the
difference in the porosity of the tumor and the normal tissue. On the other hand, in the
case of tumor porosities of 0.4 and 0.5, the blood velocity at r = 0.01 m is increased and
reaches its maximum value again, then gradually decreases and approaches zero. Since
the tumor has a lower porosity and a lower permeability than normal tissue, weakened
microwave energy will be absorbed, meaning that the blood velocity is very weak. In
addition, in the case of the tumor porosities of 0.4 and 0.5, when the permeability of the
tumor is low, the convective heat transfer mechanism is almost suppressed; however

conduction plays a major role in heat transfer.
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Fig. 7.9 The effect of tumor porosity on: (a) the temperature distribution and (b) the

blood velocity distribution along the extrusion line (P = 10 W, f = 2.45 GHz, ¢ = 0.6, D
=20 cmand ¢t =300 s).
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Effects of Input Microwave Power

Fig. 7.10(@)-(c) show the effect of the input microwave power on the SAR
distribution, temperature distribution and blood velocity distribution along the path
guidance based on ¢ = 0.6, = 0.7, D =20 cm f= 245 GHz and ¢ = 300 s. Once

again, the findings revealed that the temperature distribution relates to the SAR
distribution. The maximum temperature at the higher input microwave power is clearly
greater than that of the lower input microwave power following SAR. Greater input
microwave power, leading to a higher strength of electric field, provides greater heat
generation within the porous liver tissue, thereby increasing the maximum temperature
during the MW ablation process. The blood velocity distributions have similar trend with
the temperature distributions which produce convective heat transfer. Greater input
microwave power corresponds to greater blood velocity within the porous liver tissue.
The explanation of the blood flow pattern was discussed in the previous topic, where the
key factor affecting the velocity of blood in the porous liver tissue is the permeability of

the layers of the tumor and normal tissue.
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Fig. 7.10 The effect of input microwave power on: (a) the SAR distribution (b) the
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7.5 Conclusions

Computer simulation is necessary to improve the MW ablation procedure. The
accurate control of the lesion size is needed for the clinical treatment with MW ablation
in order to guarantee destruction of the cancer tissue and minimizing damage to
surrounding healthy tissue. This research is carried out to observe the effects of tumor
diameter, tumor porosity and input microwave power on the SAR, temperature and blood
velocity profiles in two-layer porous liver tissue during MW ablation. The results obtained
accurately represent the phenomena occurring in the porous liver tissue during the MW
ablation. The effect of tumor diameter is the same for the SAR, temperature and blood
velocity profiles but with slightly different amplitudes for each case. The tumor porosity
has only a small effect on the temperature distribution, but a clear effect on the blood
velocity distribution. In addition, greater input microwave power leads to a higher SAR
value, thereby increasing the temperature and resulting in higher blood velocity within
the porous liver tissue. The temperature profiles of the bioheat and porous media
models are very similar at a particular time, but differ slightly in magnitude because the
blood flow in the void of the porous media model has a small effect. The present model

is examined for advancing the transport phenomena in biomedical applications.
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Abstract

The understanding of heat transport in biological tissues is important for enhanced insight on the physiological mechan-
isms and thermoregulatory mechanisms. This article presents a numerical simulation of microwave ablation using a
single-slot microwave antenna on two layers of porous liver tissue. The two layers are of tumor and normal tissue. A
porous media approach is proposed for mathematical model of microwave ablation. Three coupled models which
include transient momentum equations and a transient energy equation coupled with an electromagnetic wave propaga-
tion equation are analyzed. This article focuses on the influences of the tumor diameter, tumor porosity, and input
microwave power on the specific absorption rate profile, temperature profile, and blood velocity profile within the por-
ous liver tissue. The results obtained from the calculation of porous media model are examined and compared with the
one of bioheat model along with the experimental results from previous work. The results indicated that all parameters
have a significant effect on the specific absorption rate profile, temperature profile, and blood velocity profile in the por-
ous liver tissue. The advanced results in this research can be used in applications such as it provides guidance on the
practical treatment and can be developed medically for therapeutic.
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Introduction cannot be applied on live human beings due to ethical
considerations. Experimental studies in animals are
another choice for researchers.>* However, some of the
properties of animals may not be applicable in a wide
range of realistic situations of cancer treatment. It is a

A new advancing technique for cancer treatment is
microwave (MW) ablation. This is a method that trans-
mission of heat from MW energy via the MW antenna
to kill cancer cells while doing little or no damage to
surrounding healthy tissues. MW ablation is a slightly
invasive local treatment of tumors, especially where the 'Department of Mechanical Engineering, Faculty of Engineering, Mahidol
tumor infiltrates deeply into the tissue, can also reduce ,onVersio Sakaya, Thailand -
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more completely relevant process of MW ablation to
improve a realistic biological tissue model via numerical
simulation. Numerical analysis of tissue MW thermo-
therapy can provide useful information on the studied
cancer treatment under a variety conditions as it is a
rapid and inexpensive way to test innovative medical
equipment design.

In the past, the studies of MW ablation dealt with
homogeneous material and focused on heat conduction
using Pennes’ bioheat equation.’ Pennes’ bioheat model
is widely used for modeling the heat transport of biolo-
gical tissue during thermal therapy.®® Also, due to the
simplifications and limitations of this model, Pennes’
bioheat equation is based on the assumption of all heat
exchange between the tissue and vascular occurs in the
capillaries” and assumes that the temperature of the
vascular within the capillaries is equivalent to the core
temperature of the human body.'” Therefore, other
researchers have developed bioheat modeling by
extending, modifying, or coupling this model with
other models.'""?

In reality, biological tissues, there are complex struc-
tures consisting of cells of different sizes and a micro-
vascular bed in which the blood flow direction contains
various vessels as we referred to as porous structure.
Investigation of heat transfer using the anatomical
structure of biological tissues can be represented more
accurately via porous media theory. With only a few
assumptions, porous media models have been applied
to analyze the heat transfer in biological tissues in
recent years. Most of previous works on the modeling
of heat transport focused on single-layer porous media
biomaterials.'*'® Some studies on the modeling of the
heat transport of layered materials.'®>* Although por-
ous media models have been used for heat transfer
studies in some multilayer biomaterials in previous
investigations, they did not utilize porous media model-
ing in representing the thermal transport of various
effects, such as tumor diameter, tumor porosity, and
input MW power. In practical treatment, these effects
can enhance the heat transfer process of absorption
within the target tissue. Therefore, in order to provide
adequate information on MW ablation, it is essential
to consider complete modeling based on porous media
theory in multilayer porous liver tissue and consider all
of the previously mentioned parameters in the analysis
so as to represent the actual process of MW ablation.

This study investigated the influences of tumor dia-
meter, tumor porosity, and input MW power. A math-
ematical model of the process through MW ablation is
expressed completely by the transient momentum equa-
tions and the transient energy equation coupled with
the electromagnetic wave propagation (EWP) equation
to investigate the characteristics of specific absorption
rate (SAR) profile, temperature profile, and blood velo-
city profile in two-layer porous liver with embedded

tumor during MW ablation. Governing equations in
the study are analyzed by the axisymmetric finite ele-
ment method (FEM). The values obtained provide an
indication toward understanding the realistic situation
of MW ablation and serve as a first step for the devel-
opment of medically safe MW ablation treatment.

Models

For MW ablation, an MW antenna is inserted into a
tumor to release MW energy (insertion depth of
70.5 mm). The goal of MW ablation is to raise the tem-
perature of the unwanted tissue (tumor) to 50°C or
above, at which cancer cells are destroyed.* In this
research, a single-slot MW antenna is situated into the
porous liver tissue to deliver input MW power in order
to destroy the tumor. The single-slot MW antenna with
a diameter of 1.79 mm is applied because this thin
antenna is need in interstitial MW therapy to affect the
tissues of the body minimally. The dimension of the
ring-shaped slot is 1 mm wide and is cut off from the
outer conductor of 5.5 mm in length from the short
circuited tip to effectively treat deep-seated tumors.
The effective heating is formed at locations around the
antenna tip and is very significant for effective intersti-
tial hyperthermia.”® The single-slot MW antenna has
three components: inner conductor, dielectric, and
outer conductor. For hygienic and guidance purposes,
the antenna is enclosed in a catheter which made of
polytetrafluoroethylene (PTFE). Figure 1 displays the
geometry of a single-slot MW antenna. The working
frequency of the antenna is 2.45 GHz, a widely used
frequency in MW ablation. The dimensions of the
single-slot MW antenna are shown in Table 1, while its
dielectric properties are listed in Table 2.

Figure 2 depicts the computational domain of the
problem. The porous liver tissue comprises of two

MW

o0

To the cable connector T
Catheter
Outer conductor
Inner conductor
Dielectric
Dielectric
Inner conductor
Outer conductor
_L Catheter
Slot —— 1.0 mm —l
J 5.5 mm
(@) ~ (b)

Figure 1. Model geometry of a single-slot MW antenna:
(a) schematic of a single-slot MW antenna and (b) cross section
of a single-slot MW antenna.
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Figure 2. Physical model: (a) 3D porous media model and (b) 2D axisymmetric model.

Table I. Dimensions of a single-slot MW antenna.

Materials Dimensions (mm)
Inner conductor 0.135 (radial)
Dielectric 0.335 (radial)
Outer conductor 0.460 (radial)
Catheter 0.895 (radial)
Slot 1.000 (wide)

Table 2. The dielectric properties of a single-slot MW antenna.

Properties Value

Dielectric Catheter Slot

Relative permittivity ¢, () 2.03 2.1 |
Electric conductivity o (S/m) 0 0 0
Relative permeability w, (-) | I |

parts, that is, the tumor and normal tissue. A cylindri-
cal geometry of porous liver tissue with a radius of
30 mm and a height of 80 mm is considered. The anato-
mical structure of the porous liver tissue is assumed to
have spaces between cells which are filled with blood
(blood-saturated porous media). Within a cylindrical
geometry of porous liver tissue, we consider a tumor in
spherical shape with different diameters. The approach

based on assuming a spherical and cylindrical geometry
for the tumor and normal tissue, respectively, has been
used in several works.?0-2326-27

In an anatomical structure, the biological tissues
comprise of three components which are blood vessels,
cells, and interstitial space. However, most previous
studies have been categorized into two distinct regions,
that is, the vascular region (blood vessels) and the
extra-vascular region (cells and the interstitial space),
and the whole anatomical structure can be treated as a
blood-saturated tissue represented by a porous matrix
in which the blood infiltrates through.'®!72%23 The vas-
cular region refers to as a blood phase and a solid
matrix phase is regarded as an extra-vascular region, as
explained in Figure 2.

Problem formulation

EWP analysis

The EWP model is calculated using Maxwell’s equa-
tions. The general form of Maxwell’s equations based
on the harmonic propagation assumption is simplified
to demonstrate the SAR profile. This research is car-
ried out with the following assumptions:

1. The EWP is rendered in two-dimensional
(2D) axially symmetrical cylindrical coordi-
nates (r—z).%®
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2. An electromagnetic wave propagates along the
single-slot MW antenna, is characterized by
transverse electromagnetic (TEM) field.*’

3. A transverse magnetic (TM) field is used to
characterize an electromagnetic wave in the por-
ous liver tissue.”’

4. The wall of the single-slot MW antenna is
assumed to be a perfect electric conductor
(PEC).

5. The outer surface of the porous liver tissue is
shortened by a scattering boundary condition
(the electromagnetic wave can pass through the
boundary without reflection) and the electro-
magnetic wave is confined to the porous liver
tissue.

In this work, the adapted axisymmetric finite ele-
ment (FE) model is utilized.'****® The electric and
magnetic fields associated with the time-varying TEM
wave is analyzed in 2D axially symmetrical cylindrical
coordinates

Electric field (E) E = ¢, = ¢/~ )
r

Magnetic field (H) H = ed,ﬁze.f(wr—kz) )
7.

Where

ZP
C =
\/77 : ln(router/rinner)

Z is the wave impedance (Q2), P is the input MW power
(W), while 7., and ryue are the dielectric’s inner and
outer radius (m), respectively. Furthermore, w = 27f
denotes the angular frequency (rad/s) where f is the fre-
quency (Hz). The propagation constant (m'),
k = 2 /A and A is the wave length (m).

In the porous liver tissue, the electric field has a finite
axial component, whereas the magnetic field is purely in
the azimuth direction.?” The electric field is in the radial
direction only inside the coaxial cable and in both radial
and the axial directions inside the tissue. This assump-
tion encourages the single-slot MW antenna to be mod-
eled using an axisymmetric TM wave formulation and
based on harmonic propagation. The wave equation is
simplified for H, as follows

. -1
VX((&—£> VXHd?)_:U’/)’Oz;Itb:O (3)

weg

where ¢ is the permittivity of vacuum/free space and is
equal to 8.8542 X 10712 F/m, ¢, is the relative permit-
tivity, o is the electric conductivity (S/m), u, is the
relative permeability, and vy, is the free space wave
number (m ).

Boundary condition for EWP analysis

The single-slot MW antenna is connected to the MW
generator and is placed into the porous liver tissue.
MW energy which is generated by MW generator pro-
pagates in single-slot MW antenna into the porous liver
tissue from the slot to destroy cancerous tissue. Thus,
the boundary condition for determining EWP is con-
sidered as follows.

At the inlet of the single-slot MW antenna, TM wave
propagation with various input MW powers is assigned.
At r = 0, an axial symmetry boundary is used

E, =0 (4)
OE.
P 0 (5)

The scattering boundary conditions (waves can be
pass through boundary without reflection) for H, are
used along the outer sides of the porous liver tissue
boundaries

A X \EE — \JuHy = — 2\/itH g0 (6)

where Hyy = C/Zr is the excitation magnetic field.

The inner and outer conductors of the single-slot
MW antenna are modeled as the PEC boundary
conditions

AXE=0 (7)

The continuity boundary condition is applied for
electromagnetic field at the boundary between normal
tissue and tumor

AX(E,—E)=0 (8)

Blood flow and heat transfer analysis

Solving the governing equations for the blood velocity
and temperature profiles in the porous liver tissue has
been evaluated by the transient momentum equations
via Brinkman extended Darcy model and transient
energy equation, respectively. This research is carried
out on the blood flow and the heat transfer examina-
tion which is based upon the following assumptions:

1. Corresponding to the EWP analysis, the blood
flow and heat transfer analysis in the porous
liver tissue is modeled to be in 2D axially sym-
metrical cylindrical coordinates (r—z).

2. The porous liver tissue is homogeneous, ther-
mally isotropic, and blood-saturated material >

3. The incompressible Navier—Stokes model is used
to simulate the laminar flow conditions in the
blood vessel.*°
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4. The local thermal equilibrium (LTE) heat trans-
fer between solid and blood phases is
considered.

5. The energy exchange across the outer surface of
the porous liver tissue is negligible, and nor
phase change and nor chemical reactions occur
in the porous liver tissue.

6. The effects of buoyancy due to the temperature
gradient are modeled using the Boussinesq
approximation.®!3?

Momentum equations. In the present numerical work, the
Brinkman extended Darcy flow model is used for study-
ing the blood flow within the porous liver tissue, which
was first described by Brinkman.* The governing equa-
tions explaining the blood flow within porous liver tis-
sue as follows?’:

Continuity equation

Ly (9)

E

Momentum equations

L) (e
@ \ ot @2\ or oz

10a
1 (op v (u  Fu uv (102)
= () 4+ (= 4+ 7)) =
Py \Or @ \orr  93z2 K
1 fow 1 ow ow
=)+t =5lu— +w—
@\ ot @2\ or oz
2 2
S A I AT N LT
p, \ 0z @ \ or? 0z2 K
(10b)

From equation (10), the first term on the right is the
pressure gradient term, and the second viscous term on
the right is the Darcy term while the third term on the
right is analogous to the momentum diffusion term in
the Navier-Stokes equation to simulate the laminar
flow conditions in a blood vessel.** Where u and w are
the blood velocity component (m/s) (u = (u,w)), ¢ is
the porosity which is the ratio of the vascular space vol-
ume to the tissue volume, p is the pressure (Pa),
v = 3.78 X 107 m?/s is the kinematics viscosity,
B =1 X 10* 1/K is the coefficient of the thermal
expansion, and « is the permeability (m?).

However, in this work, the blood velocity and tem-
perature vary little, and therefore, the density varies lit-
tle, yet the buoyancy drives the motion. Thus, the
variation in density is neglected everywhere except in
the buoyancy term. The viscous boundary layer in the
porous medium is essential for heat transfer calcula-
tions, even though it is very thin.** Furthermore, the
inertial result is also neglected since the flow is very
little.

Energy equation. The energy equation with assumes that
the temperature of solid and blood phases are identical
(LTE model) where the MW energy is included as given
by Rattanadecho and Keangin®

et o Voo 3z
o°T o°T
- Keff (87”2 + 822> + Omer + Qext (11)
(Pcp)eff =(l—¢) (Pcp)s + (p(pcp)band (12)

Ky = (1 — @)K + @Kp

Two parameters in equation (12) are the overall heat
capacity per unit volume and overall thermal conduc-
tivity, respectively. Subscripts eff, s, and b represent the
effective value, solid, and blood phases, respectively. 7,
p, ¢y, and K denote the average temperature (°C), den-
sity (kg/m?), specific heat capacity (J/kg °C), and ther-
mal conductivity (W/m °C), respectively.

The metabolic heat generation (Qpe) oOf
33,800 W/m® is determined®> and is considered due to
the circulation of blood.*® While, the resistive heat gen-
erated by electric field is denoted by external heat
source (Q.y) as follows

2
ol
Qext = T (13)

The electromagnetic fields strongly affect the tem-
perature increase. The SAR parameter represents the
energy rate per unit mass of tissue (W/kg) which is
absorbed by the biological tissues when exposed to
electromagnetic fields can be expressed as

(14)

Boundary condition for blood flow and heat transfer
analysis

The blood flow and heat transfer problem are analyzed
only in the porous liver tissue except the single-slot
MW antenna. The boundaries of porous liver tissue
correspond to the hypothesis are determined in the
following.

An axial symmetry boundary is applied at » = 0 for
the blood flow and heat transfer analysis

=0 (15)
ﬁ-(—p[-i— G)n(v-m(v-af)) -0 (16)
i (Keg VT = (pGy) iT) = 0 (17)

AQ17
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The surroundings of the porous liver tissue are keep-
ing at body temperature (37°C) and the boundaries for
blood flow analysis are considered an open boundary
condition

a- (—pl + (é)n(V.ﬁ + (v.a)r)> _

where 7 is the dynamic viscosity (Pa s) and Fy is the
normal stress (N/m?).

The outer surface between the single-slot MW
antenna and the porous liver tissue is considered as
adiabatic boundary condition

~Fy-ii (18)

i (KgVT) =0 (19)

The interaction surface between single-slot MW
antenna and porous liver tissue is assumed to be rigid
body motion as well as no-slip boundary conditions

i=0 (20)

The internal boundary along the interfaces between
normal tissue and the tumor is identified as continuity
boundary conditions (no contact resistant occurs)

i <—ptl+ n,(v-ﬁ, + (v-a,)T)
T
+pn1—7]n<v-ﬁ,,+ (v.a,,) )) -0

i (K VT, = () iTy = Koy VT = (9Cp) i, ) = 0
(22)

(21

The initial temperature within the porous liver tissue
is considered as a constant core body temperature at
37°C. Numerical modeling is utilized to perform the
FEM via COMSOL™ Multiphysics to analyze the
problems. The axisymmetric FEM model is performed.
The number of elements that the solution to the numer-
ical model is independent of the mesh density is approx-
imately 20,471 elements. We assume that the dielectric
and thermal properties and porosities of porous
medium are constant. Table 3 tabulates the dielectric
and thermal properties of porous medium used in the
computations.

Results and discussion
Verification of the model

The accuracy of this work is verified by the validation
against the results offered by Yang et al.' by selection
of an input MW power of 75 W with a frequency of
2.45 GHz and the initial liver tissue temperature of
8°C. The axially symmetrical model is considered to
analyze the MW ablation system. The validation results

Table 3. The thermal properties and dielectric properties of
normal tissue, blood, and tumor.?>*"~*?

Properties Value
Normal Blood (b) Tumor (t)
tissue (n)
Thermal conductivity, 0.497 0.45 0.57
K(W/m °C)
Density, p (kg/m®) 1030 1058 1040
Specific heat capacity, 3600 3960 3960
¢ (Jkg °C)
Relative permittivity, 43 583 48.16
& ()
Electric conductivity, 1.69 2.54 2.096
o (S/m)

are illustrated in Figure 3 for the distribution of tem-
perature in the liver tissue for 50 s, which it is consid-
ered at positions of 4.5 and 9.5 mm away from the
single-slot MW antenna. Figure 3(a) depicts the valida-
tion results of the liver tissue temperature of the pre-
sented bioheat model compared with the liver tissue
temperature of the bioheat model obtained by Yang
et al.'? It produces similar results with Yang et al.'? In
addition, to verify the accuracy of the presented model
of MW ablation, the resulting data of the bioheat and
porous media models are verified with the experimental
data presented by Yang et al.'” under the same geo-
metric model and same conditions. The comparison of
results is depicted in Figure 3(b); it is seen that the
simulation results are in agreement with the experimen-
tal data. In addition, the simulation results obtained
from porous media model follow closer to the experi-
mental results than the one from bioheat model. At the
same range of time of both positions, their temperature
distributions provide similar results. This is because the
heat transfer characteristics in the porous media model
are both conduction and convection modes occur. In
contrast, the bioheat model is mainly generated by the
conduction heat mode. Therefore, it is reasonable to
select the porous media modeling approach which can
be effectively used for this problem. This comparison
guarantees that the numerical model can accurately
represent the transport phenomena in the liver tissue.
This is important to achieve near-realistic model of the
MW ablation problem.

In this study, the influences of the three parameters,
namely, the tumor diameter (D = 1.4, 2.0, and 2.6 cm),
the tumor porosity (¢, = 0.4, 0.5, 0.6, and 0.7), and
the input MW power (P = 10, 15, and 20 W), have
been investigated. A parametric study has been
performed to estimate the influence of each of these
factors separately and analyze their contributions in
determining the SAR, temperature, and blood velocity
profiles.
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Figure 3. Validation of the mathematical model against Yang
etal.:'? (a) validation results of the liver tissue temperature of
bioheat model and (b) validation results of the liver tissue
temperature of bioheat model and porous media model to
experimental data.

Comparison of bioheat model and porous media
model

Comparative studies on the transport of heat transfer
using the bioheat and porous media models were per-
formed and evaluated in detail to support the results
stated within this article. The resulting transient tem-
perature profile in liver tissue for durations of 0-300 s
based on P = 10 W, f = 2.45 GHz, and D = 2.0 cm
for the bioheat and porous media models is shown in
Figure 4. It is found that the temperature profiles in
both models are very similar at a particular time but
differ slightly in magnitude. In both models, the tem-
perature profile forms a nearly oval shape around the
slot. The areas with highest temperature value (hot
zones) occur in the vicinity of the slot of the single-slot
MW antenna. This happens because the blood flow in
the void of the porous media model is often very slow
and therefore has a small effect on the temperature pro-
file within the porous liver tissue. It is the reason why
the present model is applicable to use in this problem.
Meanwhile, the porous media model can also show the

blood velocity profile as the result of effects of density
variation due to thermal gradients, which corresponds
to the MW energy absorbed in the transport of blood.
The blood circulation presented in this article could
possibly occur in a realistic situation due to its very
high temperature and high energy density in the MW
ablation process.

Tumor diameter effects

The effects of then tumor diameter on the SAR profile
within the porous liver tissue at P = 10 W,
f = 2.45GHz, ¢, = 0.6, ¢, = 0.7, and ¢t = 300 s are
shown in Figure 5.Figure 5(a)—(c) shows the SAR pro-
file of the porous liver tissue at the tumor diameters of
1.4, 2.0, and 2.6 cm, respectively. These figures illus-
trate the volumetric heating effect expected from MW
ablation, where a hot spot zone occurs at the position
near the end tip and the slot of the single-slot MW
antenna. The calculated results for SAR profile are
consistent closely with the experimental SAR profile in
the research of Deshazer et al.** MW power delivered
from the antenna propagates inside the tumor and the
normal tissue and is transformed into the thermal
energy by electromagnetic heating. In all tumor dia-
meters, the SAR profile curves form a nearly oval dis-
tribution around the slot and its highest value near the
antenna slot. It then reduces by distance, leading to a
higher value of SAR in the tumor than the normal tis-
sue. Nevertheless, the volumetric SAR pattern within
the porous liver tissue in the case of a greater tumor
diameter provides a broader area of heat dissipation to
the surrounding tissue near the slot of the antenna
compared with result calculated for a smaller tumor
diameter.

Figure 6(a)—(c) shows the effects of the tumor dia-
meter on the temperature profile within the porous
liver for tumor diameters of 1.4, 2.0, and 2.6 cm,
respectively. This figures show that the temperature
profile follows the SAR profile quite well. That is a
higher temperature value location corresponds to a
higher SAR value in that area. The increase of tem-
perature in the porous liver tissue happens because the
absorption of the MW power as well as SAR within
the porous liver tissue, and thereafter, the absorbed
energy is converted to thermal energy. The simulated
temperature profiles are comparable with the experi-
mental temperature profiles in the research of Deshazer
et al.** The results obtained demonstrate that the maxi-
mum temperature value is above 50°C in tumor region,
which is capable of destroying tumor in the liver tissue
(usually, tumors are destroyed at temperatures over
50°C?*). However, in the case of a tumor diameter of
1.4 cm, it is established that the area surrounding the
tumor region has a temperature exceeds 50°C that will
damage the normal tissue around the tumor region. It
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Figure 4. The temperature profile in porous liver tissue at various times based on P = 10 W, f = 2.45 GHz, and D = 2.0 cm for (a)

bioheat model and (b) porous media model.

is found that the smaller tumor diameter gives a slightly
higher temperature value within the porous liver tissue.
Furthermore, the greater tumor diameter provides a
wider region of heat far away from the antenna because
of the effect of natural convection through the pores of
the tumor on heat transfer. This confirmed that the
natural convection due to blood circulation, which is
illustrated in Figure 7.Figure 7(a)—(c) shows the blood
velocity profile of the porous liver tissue with the fol-
lowing conditions in the previous figures at tumor dia-
meters of 1.4, 2.0, and 2.6 cm, respectively. The blood
flows are driven by the effect of buoyancy force (natu-
ral convection) due to MW energy. The flowing blood
with higher velocity acts as a heat sink and results in

dissipates the thermal heat to the surrounding tissue.
The warmer blood upward toward the top and contri-
butes to the convection cooling effect near the vicinity
of the antenna slot, while far from the antenna, the
heat source is weaker leads to lower temperatures and
colder blood with lower velocity. It is shown that the
normal tissue receives weakened MW energy with
lower porosity and a lower permeability, causing the
blood velocity within this normal tissue to be very
weak. Considering the effect of the tumor diameter on
the blood velocity, the smaller diameter yields a slightly
lower blood velocity compared to that of the greater
tumor diameter due to the weakness of the natural
convection.
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Figure 5. The SAR profile in the porous liver tissue at various tumor diameters for (a) D = .4 cm, (b) D = 2.0 cm, and
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Figure 6. The temperature profile in the porous liver tissue at various tumor diameters for (a) D = 1.4 cm, (b) D = 2.0 cm, and

(c) D=2.6cm.

Figure 8(a)—(c) shows the effect of tumor diameter on
the SAR distribution, the temperature distribution, and
the blood velocity distribution along the path guidance
(z = 16 mm or insertion depth of 64 mm), respectively.
From Figure 8(a), it can be observed that the slightly
changes in maximum magnitude happen with each tumor
diameter changes. The SAR distributions gradually
increase through the path guidance and quickly decrease
and have the lowest value with r = 30 mm. Figure 8(b)

shows that no change of magnitude can be seen from
each diameter uses. The temperature rapidly increases
along the path guidance and to a highly temperature
localized near the slot of the antenna and then decreases
continuously along the distance and approaches 37°C
due to the penetration depth which relates to the SAR
distribution. It is interesting to observe that the hot spot
zone happens in the tumor meaning that the temperature
in the tumor is higher than the temperature in the normal
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Figure 8. The effect of tumor diameter on (a) the SAR distribution, (b) the temperature distribution, and (c) the blood velocity

distribution along the extrusion line.

tissue. However, the tumor diameter has only a small
effect on the temperature distribution within the porous
liver tissue, although it has a strong effect on the blood
velocity distribution, as shown in Figure 8(c). The con-
vective heat transfer characteristic has a strong effect on
the blood velocity distribution. The blood velocity rap-
idly increases along the path guidance and reaches its
maximum value near the slot of the antenna. It then the
blood velocity slowly decreases and approaches zero to
the outer boundaries of the porous liver tissue because it
is not influenced by transmission of waves.

Tumor porosity effects

Figure 9(a) and (b) shows the effect of tumor porosity
on the temperature distribution and the blood velocity

distribution along the path guidance. The physical data
are P = 10 W, f = 2.45 GHz, ¢, = 0.6, D = 2.0 cm,
and ¢ = 300 s. It is found that the temperature distribu-
tions for all porosities have the same pattern but differ
slightly in magnitude. In addition, the tumor porosity
significantly influences the temperature increase within
the porous liver tissue. Greater tumor porosity provides
greater permeability that leads to a slightly higher tem-
perature. It is also found that the greater tumor poros-
ity corresponds to greater blood velocity because the
greater tumor porosity has a large temperature gradient
produced by the MW power, causing a strong impact
of natural convection that gives a buffer characteristic
to the porous liver tissue temperature during the MW
ablation system. As expected, the blood velocity rapidly
increases along the path guidance and reaches its
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Figure 9. The effect of tumor porosity on (a) the temperature distribution and (b) the blood velocity distribution along the
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velocity distribution along the extrusion line.

maximum value near the antenna slot and then gradu-
ally decreases and closer zero at the outer boundaries
of the porous liver tissue due to no influence of deliver-
ing wave occurs in the tumor porosities of 0.7 and 0.6.
This is because the tumor is closer to the end tip and
the slot of the single-slot MW antenna, so the higher
porosity and higher permeability than normal tissue
mean that it will receive a strong incident wave and the
blood velocity within the tumor is very strong. By con-
trast, the normal tissue receives weakened MW energy
and its lower porosity and lower permeability mean
that the blood velocity within this normal tissue is very
weak. However, in the case of a tumor porosity of 0.7,
at the outer region between the tumor and the normal
tissue, there is a small swing in the blood velocity due
to the difference in the porosity of the tumor and the
normal tissue. On the other hand, in the case of tumor
porosities of 0.4 and 0.5, the blood velocity at
r = 0.01 m is increased and reaches its maximum value
again and then gradually decreases and approaches
zero. Since the tumor has a lower porosity and a lower
permeability than normal tissue, weakened MW energy

will be absorbed, meaning that the blood velocity is
very weak. In addition, in the case of the tumor poros-
ities of 0.4 and 0.5, when the permeability of the tumor
is low, the convective heat transfer mechanism is
almost suppressed; however, conduction plays a major
role in heat transfer.

Input MW power effects

Figure 10(a)—~(c) shows the effect of the input MW
power on the SAR distribution, temperature distribu-
tion, and blood velocity distribution along the path gui-
dance based on ¢, = 0.6, ¢, = 0.7, D = 2.0 cm,
f = 2.45 GHz, and t = 300 s. Once again, the findings
revealed that the temperature distribution relates to the
SAR distribution. The maximum temperature at the
higher input MW power is clearly greater than that of
the lower input MW power following SAR. Greater
input MW power, leading to a higher strength of elec-
tric field, provides greater heat generation within the
porous liver tissue, thereby increasing the maximum
temperature during the MW ablation process. The
blood velocity distributions have similar trend with the
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temperature distributions which produce convective
heat transfer. Greater input MW power corresponds to
greater blood velocity within the porous liver tissue.
The explanation of the blood flow pattern was dis-
cussed in the previous topic, where the key factor
affecting the velocity of blood in the porous liver tissue
is the permeability of the layers of the tumor and nor-
mal tissue.

Conclusion

Computer simulation is necessary to improve the MW
ablation procedure. The accurate control of the lesion
size is needed for the clinical treatment with MW abla-
tion in order to guarantee destruction of the cancer tis-
sue and minimizing damage to surrounding healthy
tissue. This research is carried out to observe the effects
of tumor diameter, tumor porosity and input MW
power on the SAR, temperature, and blood velocity
profiles in two-layer porous liver tissue during MW
ablation. The results obtained accurately represent the
phenomena occurring in the porous liver tissue during
the MW ablation. The effect of tumor diameter is the
same for the SAR, temperature, and blood velocity
profiles but with slightly different amplitudes for each
case. The tumor porosity has only a small effect on the
temperature distribution, but a clear effect on the blood
velocity distribution. In addition, greater input MW
power leads to a higher SAR value, thereby increasing
the temperature and resulting in higher blood velocity
within the porous liver tissue. The temperature profiles
of the bioheat and porous media models are very simi-
lar at a particular time, but differ slightly in magnitude
because the blood flow in the void of the porous media
model has a small effect. The present model is exam-
ined for advancing the transport phenomena in biome-
dical applications.
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Abstract

The skin is one of the sensitive organs that have complexity of the configurations. The skin
helps protecting body from dirt, microbes and other element. In addition, the skin helps regulate
body temperature from temperature change such as hot and cold and permits the sensations of
touch. The temperature increase in the skin may be significantly affected by thermal physiologic
response such as shivering, regulatory sweating and vasomotion. Due to ethical consideration,
the study of heat transfer within the skin for experimental purposes is limited. Therefore, the
study of heat transfer within the skin from numerical analysis is another alternative that is
gaining attention. In this research, presents a comparison of temperature distributions in the
multi-layer skin by using the multi-heat transfer models. The heat transfer models includes
bioheat model, Klinger model, local thermal equilibrium (LTE) porous media model and local
thermal non-equilibrium (LTNE) porous media model to find a model that is most appropriate.
The skin model is consisted of three-layer components, which are epidermis, dermis and
subcutaneous fat. The influences from external environments are systematically investigated.
The heat transfer equations in multi-heat transfer models are solved using the finite element
method (FEM). The results obtained in this work reveal that the proposed approach can provide
accurate estimation the transient temperature distribution and predicting the thermal response in
the multi-layer skin exposed to effects from external environments.

Keywords: Heat transfer, Human skin, Multi-layer, Porous media



1. Introduction

The skin is an organ that covering or integument the body’s surface. The skin is a
sensitive organ and has complexity of the anatomical structure. The skin is the largest organ
of the human body [1], with a total area of about 20 square feet. The skin helps protecting
body from dirt, microbes, sensory stimuli from the external environment and other element.
In addition, the skin helps regulate body temperature from temperature change such as hot
and cold; and permits the sensations of touch. Human skin can be divided into three
components, which are epidermis, dermis and subcutaneous tissue [2-4] as shown in Fig. 1.
The epidermis is the outermost layer of skin, provides a waterproof barrier and creates our
skin tone, while, the dermis are found beneath the epidermis, contains tough connective
tissue, hair follicles, and sweat glands. Further, the deeper subcutaneous tissue (hypodermis)
is made of fat and connective tissue.

The temperature increases in skin maybe significantly influences the thermal
physiologic response such as shivering, regulatory sweating and vasomotion [5]. The
severity of the physiological effect produced by small temperature increases can be expected
to worsen in sensitive organs. An increase of approximately 1-5°C in human body
temperature can cause numerous malformations, temporary infertility in males, brain lesions,
and blood chemistry changes [6]. However, the resulting thermo-physiologic response of the
skin is not well understood due to the complexity of the problem. There have been reports on
the effects of temperature increases on the thermo-physiologic response of the skin [5,7]. In
order to gain insight into the phenomena occurring within the skin subjected to an imposed
external environment, detailed knowledge of the heat transfer is necessary. The experimental
data of heat transfer on human skin are sparse due to ethical consideration. Therefore,
modeling of the heat transport in human skin is needed. Numerical analysis of temperature
increases in the human skin has provided useful information on thermo-physiologic response
for the skin under a variety of conditions.

The modeling of heat transport in skin was first introduced by Pennes [8] which is
normally called bioheat equation. The bioheat equation is based on the heat diffusion
equation, is a frequency used for analysis of heat transfer in skin [9-12]. Zhao et.al. [10]
developed a new two level finite difference scheme for the one-dimension Pennes’s bioheat
equation. Lv and Liu [11] investigated the dynamic response of cutaneous thermoreceptors
(TRs) under various environmental conditions of human skin. The model consists of an

electrical submodel and a Pennes bioheat transfer submodel. However, mathematic model



prediction of skin based on bioheat equation is quite good for micro vessels, in the presences
of large vessels, more complicated models are suggested. Therefore, due to simplifications
and shortcomings of bioheat model, other workers have established mathematical bioheat
models by extending or modifying bioheat model [13-15]. For example, Klinger [14]
developed a mathematical procedure using green's function to gain an exact analytical
solution of the bioheat equation with convection terms.
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Fig. 1 The structure of human skin

Furthermore, in realistic, the biological tissues such as skin are complex
structures consisting of cells of different sizes and microvascular bed with the blood flow
direction contains many vessels and can be regarded more accurately via porous media
theory [16]. Utilizing porous media theory in modeling heat transfer in human tissues results
in fewer assumptions as compared to different established bioheat transfer models [17-18].
Depictions of heat transport in porous tissues have been a topic of interest for many decades.
Two different models are used for analyzing heat transfer in a porous medium; local thermal
equilibrium (LTE) and local thermal non-equilibrium (LTNE) [19]. The LTE model is based
on the assumption that the tissue phase temperature is equal to blood phase temperature
everywhere in the porous medium and referred to as the one equation model [20-22]. In
recent years, the LTNE model has received more attention to demonstrate the heat transport
in biological media [23-25]. Utilizing the porous media theory, LTNE between the tissue and
the blood phase is addressed and the tissue-blood convective heat exchange is taken into
account. VVolume averaging over each of the tissue and blood phases result in energy
equations for each individual phase. Therefore, the theory of LTNE model for heat transfer

in biological tissues is found to be most appropriate as compared to LTE model.



Most previous studies heat transport phenomena in skin was used bioheat equation,
very few works have studied heat transfer based on porous media approach. Furthermore,
they have been a few works to investigate the systematic studies on the influences of the
blood perfusion rate, blood velocity, and external environment, especially effects of heat
transfer model. Therefore in order to provide adequate information on the appropriate level
of thermal physiologic response due to temperature increase in skin, it is essential to consider
all of heat transfer models in analysis transport phenomena in human skin.

The aim of this research is to analyze and learn more about temperature increases on
the human skin. Comparisons of temperature distributions in the multi-layer skin by using
the multi-heat transfer models are presented. The heat transfer model in this study includes
bioheat model, Klinger model, LTE porous media model and LTNE porous media model.
The skin model is consisted of three-layer components, which are epidermis, dermis and
subcutaneous fat. The effects of blood perfusion rate, blood velocity, and external
environment on the temperature distributions in the skin are systematically investigated. The
heat transfer equations in multi-heat transfer models are solved using the finite element
method (FEM).

2. Skin Model

In this study, an analysis of heat transfer within the multi-layered skin is considered. It is
assumed that the skin has three-layer components namely, epidermis, dermis and
subcutaneous fat and consider a two-dimensional model, as shown in Fig. 2. The porous skin
model as illustrated in Fig. 3. The porous skin have been categorized into two distinct
regions, i.e., the vascular region (blood vessels) and the extra-vascular region (cells and the
interstitial space) and treat the whole anatomical structure as a fluid-saturated porous
medium, through which the blood infiltrates [16-18]. The vascular region is regarded as a
blood phase and the extra-vascular region is regarded as a tissue phase, as explained in Fig. 3.
The porous skin is assumed to be a homogeneous and thermally isotropic as well as saturated
porous medium. The skin total thickness is 0.006 m. The thickness and thermal properties of
the individual skin layers are shown in Table 1 [2]. The effects of external environment i.e.

effective heat transfer coefficient (h) and external environment temperature (T, ) on the

temperature distributions in the skin are studied. The parameters of external environment for
analysis are h =7 W/ m?°C and T, =25 °C [4] and h =10 W/ m?*°C and T, = 20 °C [26].

The effects of external environment is applied at time period 0 to 15 s to correspond the



conditions of literatures [2,4]. However, the thermoregulation mechanisms such as shivering,
regulatory sweating and vasomotion are not taken into account in this study. Because of these
thermoregulation mechanisms are activated while the human body is in a state of discomfort

which this work aimed at enhancing the human thermal comfort.

3. Equations for Heat Transfer Analysis

In this research, the comparisons of temperature distributions in the multi-layer skin by
using the multi-heat transfer models are presented. The heat transfer model in this study
includes bioheat model, Klinger model, LTE porous media model and LTNE porous media
model. To simplify the problem, this research is carried on the following assumptions:
1. The skin model is assumed in two-dimensional coordinates (x-y axis) [2,26].
2. The skin model is considered homogenous, thermally isotropic and is saturated with a
fluid (blood) which the blood velocity is assumed to be constant.
3. There is no phase change occurs in the skin, no energy exchange through the outer surface
of the skin, and no chemical reactions occur in the skin.
4. Neglect the effect of shrinkage of skin.
5. The porosities and thermal properties of the skin are assumed to be constant.

The system of governing equations as well as initial and boundary conditions are solved
numerically using the FEM. The concept idea for formulating control equation in this
research is shortly illustrated below:

3.1 The Bioheat Model: The bioheat model developed by Pennes [8] is one of the earliest
models for heat transport in biological tissue. The transient bioheat equation which the
metabolic heat source are applied to the skin can be written as [5,26]:

(Cy) 5=V (T )+ (5, ) (T, =T, )+ G @

where subscripts t and b represent the tissue and blood phase, respectively, T is the

temperature averaged (°C), p is the density (kg/m°), C, is the specific heat capacity ( J/kg

.°C), k is the thermal conductivity (W/m-°C), @ is the blood perfusion rate (1/s) and q,., is

the metabolic heat source (W/m®) , respectively. However, thermal model prediction of
biological tissue based on bioheat equation is quite good for micro vessels, however, in the

presences of large vessels, more complicated models are recommended.



3.2 The Klinger Model: The Klinger equation which is derived from Klinger model with the
assumption of quasi-steady state as the following equation [27]:

)ﬂ

t at +¢(pcp)b(u'v-r):v'(ktVTt)+qmet (2)

(eC,

where ¢ is the porosity which is the ratio of the blood volume to the total volume (-) [16], u

is the blood phase average velocity (cm/s) which is assumed to be constant.

The main difference between Eq. (1) and Eq. (2) is found in their convection term due
to blood flow, this term in Eq. (2) accounts for the directional effect of blood flow on the

tissue temperature distribution, whilst, that of Eq. (1) acts as a blood perfusion term

((pCp)b W (Tb -T; ))

3.3 The Local thermal non-equilibrium (LTNE) porous media model : The porous media
model for heat transport in biological tissues is found to be most suitable since it has fewer
assumptions than the bioheat model [28]. The transient temperature distribution within the
porous skin is obtained by solving the energy equation of tissue and blood phases where the
metabolic heat source is included. The governing equations in a saturated porous medium for
tissue and blood phases incorporating with LTNE conditions can be represented as [29]:

Tissue phase:

(1_ ¢)(pC )t % =V (kt,eff VTt )_ htba'tb (Tt _Tb ) - a)be (Tt _Tb ) + (1_ ¢)qmet,t (3)
Blood phase:

¢(PC)b (% +u- VTbj =V (kb,eff VT, )+ hay, (Tt -Ty ) +a,C, (Tt _Tb)+ Wrmet (4)
where

kt,eff = (1 - ¢)kt (5)

kb,eff = ¢kb (6)



are the overall heat capacity per unit volume and overall thermal conductivity, subscripts eff |
t and b represent the effective value, tissue and blood phase, respectively, h, is the blood to
tissue interfacial heat transfer coefficient (W/m*°C) and a,, is the volumetric transfer area
between the blood and the tissue (m% m?®). The h, depends on the nature of the porous

matrix and the saturating fluid and the value of this coefficient has been the subject of intense
experimental interest. In this study, the blood to tissue interfacial heat transfer coefficient is
selected to be 170 W/ m2.°C for all cases [23].

From the Eqg. (3) and (4), the first, second, third and fourth terms on the right-hand
side of equation denote heat conduction term, interstitial convection heat transfer term, blood
perfusion term and metabolic heat source, respectively. On the other hand, the first and
second terms on the left-hand side of Eq. (4) denotes the transient term and convection term

due to blood flow, respectively.

3.4 The local thermal equilibrium (LTE) porous media model : When LTE assumption is
maintained, the temperature of the tissue is equal to that of the blood temperature

(T, =T, =T). Therefore, the above Egs. (3) and (4) can be combined into a one equation as

follows:

(-8, ) o, ), o+, ) VT )= V(0= P, + kT + G ™)

3.5 Boundary Condition for Heat Transfer Analysis: The time variation of the
temperature distributions is promoted by the influence of the external environment. As shown
in Figs. 2 and 3, the boundaries of skin correspond to the assumption are considered as
follows:

The left-hand side of the skin surface, the applied heat flux and eventually also of the
conventional heat transfer at the external skin surface at x = 0 for the heat transfer analysis:

—kﬂ =q,+h[T, -T],t>0 (8)
OX |40

The exposition of the external skin surface is desirable in applications such as in infrared
thermotherapy.
At the outer surface of skin is considered as adiabatic boundary condition.

ar

=0,t>0 9
v > 9)
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In addition, the internal boundary along the interfaces between variable layers of skin is
considered as continuity boundary conditions (no contact resistant occurs).

The initial temperature is assumed to be uniform throughout the skin:

T(t,) =37 °C (10)

Epidermis  Dermis Subcutaneous fat

Fig. 2 The skin model of the problem
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Fig. 3 The porous skin model in this study

4. Calculation Procedure
The mathematical model has been formulated to predict the temperature distribution

in the skin. The effects of external environments are systematically investigated. The system



of governing equations as well as initial and boundary conditions are solved numerically
using the FEM via COMSOL™ Multiphysics to analyze the transient problems. The skin
FEM model is discretized using triangular elements with the Lagrange quadratic shape
functions. In order to obtain a good approximation, a fine mesh is specified in the sensitive
areas. The system of governing equations as well as initial and boundary conditions are
solved with the Unsymmetric Multifrontal Method (UMFPACK) solver to approximate
temperature distribution across each element. The convergence test is carried out to identify
the suitable numbers of element required and to assure that the transient solution is accurate.
The number of elements where solution is independent of mesh density is found to be around
58,956 elements. It is reasonable to confirm that, at this number of element, the accuracy of
the simulation results is independent from the number of elements through the calculation
process.

The porosity of 0.025 is selected for investigating the tissue and blood temperature
distributions within porous skin in this study [30]. The relationship between blood velocity,
porosity and volumetric transfer area between the blood and the tissue are given in Table 2
[30]. The blood velocity and volumetric transfer area are constant and are relevant to the

different generations of the vasculature which taken from the literature.



Table 1 : The thickness and thermal properties of the individual skin layers [2].

Parameters Layers Value
Density (kg/m°) Epidermis 1190.0
Dermis 1116.0
Subcutaneous fat 971.0
Blood 1060.0
Thermal conductivity (W/m°C) Epidermis 0.235
Dermis 0.445
Subcutaneous fat 0.185
Blood 0.5
Specific heat (J/kg°C) Epidermis 3600.0
Dermis 3300.0
Subcutaneous fat 2700.0
Blood 3770.0
Metabolic heat generation (W/m°®) | Epidermis 368.1
Dermis 368.1
Subcutaneous fat 368.3
Blood N/A
Thickness (m) Epidermis 0.0001
Dermis 0.0015
Subcutaneous fat 0.0044
Blood N/A

N/A -Non-applicable

Table 2 : The volumetric transfer area between the tissue and the blood at ¢ = 0.025 [30]

Porosity Volumetric transfer area between the tissue and the blood (m“/m°)
) u=0.4cm/s u=2cm/s u=3cm/s u=3.4cm/s
¢=10.025 667 400 200 143




5. Results and Discussion
In this study, the effects of blood perfusion rate, blood velocity, external environment
and heat transfer model on the temperature distributions in the skin are systematically

investigated.

5.1 Validation of the Model

In order to perform verification of the models presented here, the simulated results is
validated against the numerical results obtained with the same geometric model and same
conditions obtained by Xu at al. [2]. In the validation case the effects of blood perfusion rate
at 0 ml/ml/s, 0.025 ml/ml/s, 0.050 ml/ml/s and 0.100 ml/ml/s on the temperature distribution
are systematically investigated. The boundary condition surface at the left hand side of skin is
considered as fixed temperature at 90 °C. The result of the validation test case is illustrated in
Fig. 4 and clearly shows good agreement of the temperature distributions of skin between the
present study and that of Xu at al. [2]. This favorable comparison lends confidence in the
accuracy of the present numerical model and ensures that the numerical model can accurately
represent the phenomena occurring in skin. Furthermore, it is found that the temperature
value decreases exponentially in the deeper layers of the skin. The obtained results also
showed that the highest blood perfusion rate has lower temperature value than lower blood
perfusion rate. This is due to the highest blood perfusion rate cause highest convection term

due to blood flow lead to lower temperature value.

| Epidermis || Dermis || Subcutaneous Fat

" [—e— Wb = 0000 (mlimlfs) - Xu F. et al., 2008
—— Wb =0.000 (ml/ml/s) - Present Study
- -A--Whb =0.025 (ml/ml/s) - Xu F. et al., 2008
- - = -Wb =0.025 (ml/ml/s) - Present Study
-+-@-- Wb =0.050 (ml/ml/s) - Xu F. et al., 2008
--------- Wb = 0.050 (ml/ml/s) - Present Study
—+—Whb =0.100 (ml/ml/s) - Xu F. et al., 2008
— - —Whb = 0.100 (ml/ml/s) - Present Study

-
o

Temperature ("C)
(S} (2]
o o

Fig. 4 Comparison of the calculated temperature distribution to the temperature distribution
obtained by Xu at al. [2]



5.2 Effects of Blood Perfusion Rate and Heat flux

The simulation results of temperature distribution of skin with bioheat model at the x
= 0 m and at time of 15 s are shown in Fig. 5. Fig. 5() illustrates the effects of blood
perfusion rate on the temperature distribution in skin which the heat fluxes of 1000 W/m?. It
found that the temperature distributions results correspond to the temperature distributions in
the skin with previous Figure. The highest blood perfusion rate has lower temperature value
than lower blood perfusion rate. The effects of heat flux on the temperature distribution in
skin which the blood perfusion rate to be constant of 0.100 ml/ml/s are demonstrates in Fig.
5(b). It is observed that the distributions of skin temperatures are increases with increases in
heat flux. This is because an increase in the heat flux results in a higher heat generation rate

in a skin, which causes its temperature to rise.
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Fig. 5 The simulation results of temperature distribution of skin with bioheat model at the x =
0 m and at time of 15 s; (a) The effects of blood perfusion rate on the temperature distribution
in skin which the heat flux of 1000 W/m? and (b) The effects of heat flux on the temperature

distribution in skin which the blood perfusion rate to be constant of 0.100 ml/mi/s.
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5.3 Effects of Thermal Models
Fig. 6 depicts the temperature distribution in skin for four different blood velocities

(u) at the x =0 m versus thermal models based on porosity (4 ) of 0.025 and time of 15 s. The

blood velocities (u) of 0.4 cm/s, 2 cm/s, 3 cm/s and 3.4 cm/s are selected for study and
demonstration. Figs. 6(a) and 6(b) show the tissue temperature distribution of the Klinger
model and LTE model, respectively. While, Figs. 6(c) and 6(d) show the tissue and blood
temperature distributions of the LTNE model, respectively. It is found that the tissue
temperature distributions of the Klinger model and the tissue temperature distribution of the
LTE model have similar trends with a slight difference in magnitude. The distributions of
temperatures are decreases with increases in blood velocities. This is due to the two models
have magnitude of convection term are slight difference as shown in Eq. (2) and Eq. (7).
Consider the different of tissue and blood temperature distributions from LTNE model in Fig.
6(c) and Fig. 6(b), it is found that the distributions of tissue and blood temperatures are
decreases with increases in blood velocities. From Fig. 6(c), it is observed that the tissue
temperature distribution of the LTNE model have similar trends with a slight difference in
magnitude, whilst, the simulated blood temperature distribution pattern of the LTNE model
(Fig. 6(d)) is in contrast. It can be clearly seen that the blood temperatures are decreases with
increases in blood velocities. In addition, it is shown that the tissue temperature and blood
temperature are very similar trends at blood velocity to be 0.4 cm/s and 2 cm/s. It can be
concluded that the LTE model is suitable for a predicted the distribution of temperature when
the blood velocity to be 0.4 cm/s and 2 cm/s for this condition. While, the difference between
the temperatures of two phases can see clearly in case blood velocity to be 3 cm/s and 3.4
cm/s. This shows that the LTE assumption is not valid for higher blood velocity. On the other
hand, when blood velocity to be 3 cm/s and 3.4 cm/s the LTNE assumption for heat transfer
analysis needs to be utilized because of the difference of temperature in two phases varies
significantly. This is because the effects of volumetric transfer area between the tissue and
the blood.

5.4 Effects of External Environment
External environmental conditions of the skin surface will be effect on the
temperature increase within the skin. In this section, discusses the effect of external

environment temperature (T, ) and effective heat transfer coefficient (h) on tissue and blood

temperatures of LTNE model. The simulation results of temperature distribution with LTNE



model at the x = 0 m and at time of 15 s at various T_and h with different blood velocities

(u) are shown in Fig. 7. Fig. 7(a) shows the tissue and blood temperature distributions in skin

at various T_and h based on heat fluxes of 1000 W/m? blood perfusion rate of 0.025

ml/ml/s, blood velocity of 0.4 cm/s and time of 15 s. While, Fig. 10(b) displays the tissue and

blood temperature distributions in skin at various T,and h based on heat fluxes of 1000

W/m?, blood perfusion rate of 0.025 ml/ml/s, blood velocity of 3.4 cm/s and time of 15 s. It is
found that the tissue and blood temperature distributions with h of 7 W/m?°C and T, of 25

°C higher than tissue and blood temperature distributions with h of 10 W/m?°C and T, of 20

°C. In addition, the results also supported the past results that the LTE model is suitable for
lower blood velocity, while the LTE model is appropriate for higher blood velocity.

6. Conclusions

In this study, investigates the temperature distribution within the skin during influenced
by the external environment. The effects of blood perfusion rate, blood velocity, effective
heat transfer coefficient, external environment temperature and heat transfer model on the
temperature distributions in the skin are systematically investigated. Comparisons of
temperature distributions in the three-layer skin by using the multi-heat transfer models are
presented. The heat transfer models includes bioheat model, Klinger model, LTE porous
media model and LTNE porous media model to find a model that is most suitable. FEM is
applied for modeling of numerical simulations to analyze the temperature changes in layers
of skin. It is found that the distributions of temperatures are decreases with increases in blood
velocities. The obtained results found that the predicted temperature distribution with the
Klinger model is the same as the pattern of the temperature distribution with the LTE model.
Moreover, the results show that the LTE model is suitable for predicting the temperature
distribution when the blood velocities to be 0.4 cm/s and 2 cm/s, whilst, in case of blood
velocities to be 3 cm/s and 3.4 cm/s the LTNE assumption for heat transfer analysis needs to
be utilized. It is shown that the theory of porous media for heat transfer in biological tissues
to be most appropriate since it contains fewer assumptions as compared to different bioheat

models.
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Fig. 6 The simulation results of temperature distribution in skin for four different blood

velocities (u) at the x = 0 m versus thermal models based on porosity of 0.025 and time of 15



s using (a) Klinger model (b) LTE model (¢) LTNE model (tissue temperature) and (d) LTE
model (blood temperature)
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Fig. 7 The simulation results of temperature distribution in skin with LTNE model at the x =

0 m and at time of 15 s at various T_and h with different blood velocities (u); (a) blood

velocity of 0.4 cm/s and (b) blood velocity of 3.4 cm/s
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