[ Downloaded from mme.modares.ac.ir on 2024-09-20 ]

133-125 yoyo 4 oload 17 093 1396 a5 ()30 S0 S digo alxo

a9y el doliale

=
= . =

1 M = =2

g0 S0 (wigo = 5
SLIN\E
mme.modares.ac.ir ;',-.:-;_";a!f//f:

O Qb ol o) Sl 5O diwgw oF 9 s JFol e J1 (Sdue (Silwdmd

2 . #2 . 1, a
Sl (e 5 HY g pd T OL yael oLl asal palaaasasis
oS byt (55l 5 (sixio oS OManes ol (SplSle ptige 15] B sty 1
oS byt (65l 5 (sinin (oS Eanes oIS (SplSle piige o lisbil -2

k.lari@kgut.ac.ir (7631133131 iy Bgaio clo)S s

saSs Al Slelb!

Jo ptngy Al
1395 3527 :cdly»

S0l cnl Gl sl 485518 (o 90 9 Gl el Cusgy 05 S8l Awgs $in 53 )b S leand (Sl S
ol glod )d oy Cuonnd [0 by ywled dlawly 4y (S50 pdaw g 5y aiinds p3U ot paw S p> oS o 48§ a5 )0 (gamy SO Lo 1395 <ol 26 ’
a5 Loz S laicdy Cungy Gl 20d 0 000l plaw i dg0s g dlwan Cygod Hid slagy Cwl oile (BL oS olw 4 )y 37 1396 5,3, 19 scalu s )

238 055 chor ead (58 el (gjye slaolges b (5yuS s Lo Spgoty (B basme g 03l o Spignlnd g oS eaSly ol k5

by by a5 Ml o (ko) olyen 4 adads dilee @i (] g WS SYolee Cuwl odd blod gy il olo)S Cunj dlolro Agn iy 5
gy Sy fonlyd (SuSly 86 cle Sl oo gy 9 551 olee o (gl d900m0 w20 by ctads Aslae o (sl ire o cdly
a5l il (Sosd g ()9 slo yol)l yuis ST ol g Conl &b pdy g0 e 50> (o) b mwcous ol 0ad o3l o ok

Uil b giinds S
Ijme slabiuly b,

Gos 9 8l glod a3l loj )3 5L Sy WU g 053 Gl S (e cupd gl (SuSly cups (il piads Gy po
drwgl S ot glaialy g slaly wadjl IS S laiedy ol e |y il ddlllas &S Cusl 34y 3V unl 0430)5 oy s 39a5

)5 3 cadels o)l eizren 9 (Al 0lopd 0k il 3 )3 Sl e3ae lagiluand glad )

Numerical simulation of thermal effects of continuous wave laser on living tissue
with blood perfusion
Seyed Mohammad Ebrahim Shahamirian, Khosro Lari’, Hossein Amiri

Department of Energy, Institute of Science and High Technology and Environmental Sciences, Graduate University of Advance Technology, Kerman, Iran.
*P.0.B. 7631133131 Kerman, Iran, k.lari@kgut.ac.ir

ARTICLE INFORMATION ABSTRACT

In the present work, the thermal effects of a CW laser on skin tissues with blood perfusion are
simulated. For this purpose, a one-dimensional medium is considered that is exposed to the laser beams
from one side and the other side is at the constant temperature (37 °C) because of being touched by other
parts of the body. The laser beams are considered to be collimated and perpendicular to the surface of
Keywords. the tissue. The skin tissue is a strong anisotropic scattering medium and is assumed to be gray with
CW laser black walls. Also, the blood perfusion is considered in the bioheat transfer equation of the skin tissue.
Living Tissue The governing equations of this problem are radiative heat transfer coupled with conductive heat
Blood Perfusion transfer in which the discrete ordinates method, finite volume method and scaling method are used to
g?gc'?;t'grg%"iggt“ecs"mmo 4 (DOM) solve the radiative transfer equation, the energy equation and to model the anisotropic scattering of the

tissue, respectively. Validation of the model is performed by comparison with the other related works.
Then, the effects of different optical and physical parameters of tissue such as conduction-radiation
parameter, scattering albedo, extinction coefficient, blood perfusion and the effects of laser power on
the time of temperature increase of the tissue and thermal penetration depth are studied. It should be
mentioned that the results of the present study show valuable guidance for understanding the coupled
light and bioheat transport in tissues in therapy, surgery and diagnostic tasks.
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! Degeneration temperature
? Laser therapy

3 Bioheat transfer equation

* Pennes equation

® Radiative transfer equation
© Collimated beam

’ Continues wave laser

& Near infrared

° Monte Carlo

1% Short pulse laser

! Discrete Ordinates Method (DOM)
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! Incident radiation

2 Scaling anisotropic scattering

3 The Henyey-Greenstein phase function
* Isotropic Scattering

® Anisotropic Scattering

® Forward fraction of phase function

128


https://dorl.net/dor/20.1001.1.10275940.1396.17.4.32.8
https://mme.modares.ac.ir/article-15-5482-en.html

[ Downloaded from mme.modares.ac.ir on 2024-09-20 ]

[ DOR: 20.1001.1.10275940.1396.17.4.32.8 ]

Ve 9 YL yael ol eatdl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 53 3s GHlwdad

(REM?) 55, Lol Jao alowsgty (gndnds olodl Gy @ (orass Jlast
Gl 48 53 g0

50 odd ools polae by dwslie (pl o colatwl 0,90 sbo el )y
hy =30 g0 =099 g No = 4:2ul pj |3 & a5 aib o [14] a1
ppx=0 ojles ;0 i s Ter=310K 48 =5mm™*,
0 =1 ppx =1 ol o g (S5LLoD db/dx"=0.¥ =20
5P =0) wload o3 olw bo)lyyd crioman 5 wibi o (Culi Loo)
E=1

Wl ams e Cualies sl o s g gles @ln "3 S
3y90 [14] gm0 mlo b a5 a0 oo plis |y ol 5 5l sl cansay
bl 5wl 09d o odalin a5 sbolen .ol 488 1F awslie

ol 5 s -3-3
ol Jedes o Fae calize lo gl )y 36 ol gy 4 ciSu ol 50
u.a)..o )l ..\...')L.,c L&b).‘.a‘)L qu ‘)5...%5‘0 wlaf e'.\ij &.ASL‘ P Lwgny 5.’).’
(hy) o5 by ol (Nep) iilo - giats oo (f) Congy (ol pme
3 Ol 5 (@) ol SuasSTyy oy

0 polie wend o 0 bl ol 5l S e ey p e
e o3gionn 4 455 s g0 il 5 Bigdise 2B ol Lo el
Al Gl (idu ;0 ool alaS odgdme 4 daxgi b ‘QT soc 5 28Iy
IR i 3590 ol il 5 358 00 o0l s ([14] gz po 5 a8 50
0 o
(B) gy sl 30 s 6 13T -1-3-3
Sl o il sl Joges p (B) (ol curd pis @l 2w cnlp
Ol Caz 0,5 o0 JB sy 0 0550 Gl Sl s Atug 5 55 36
shy =30 =099 L=003m Ny=400 ¢ lagslly 5

mm™12 310 .8 .6 sl f slp g axils a5 cob |, Tree = 310K

IS 0 45 00,91 Cwsan |y il Job sl j0 oo &l s sla loges
el 005 o0ls uMJLAJ "4

Present Work (DOM)
o Sakurai et al. [14] (REM?)

I
@
TTTTT

B=5 0=099, h, =30

1.25

LN L e

- -
- 3

>
b3

S[TTTTTT T

. L I L
0.2 0.4 0.6 0.8 1

Fig. 3 Variation of non-dimensional temperature with non-dimensional
distance

KT GRUWESIR VY- PR PE SIS COPERC Iy L W

129

Loal>pe o 0k ccdl Jloy cuyd aib o L =0.03 m oslaiwl 5,90
labinly b, sl dilre LB Nep a9 el 5 Wools 4y azgs
35 g0 oolainl aiais dolre Jo sl Sp Sl Olowds o35 b I52ee
alaulgay 05,5 oo ooliiwl dgame pz> hg; 5l g5l Wolee S 6l g
Sxghe S Jobo Sloondi slass 09 g0 w3 0y (owlie s,
a3 F las jo sae 500 slaws 4y i 5 Ml slosil 51 ey 50 4l

Dyse

syl -2-3
Al oo piae gl b sonl Cowdds gl duslie goue IS Slagile 51 S
ol g pole S5 8 0ed Jols oledsl oo sslitul iy, Core I L
Jolw doles laml jo ol adpdy sl jidu g0 0 i Cono
Sl Lo 50 byt b (Gbe; 51 s Solgs slagin L (ortants
3,5 alio [24] o)) Ken g Loyl 5L

e geie) Sl sl gin Sl L pdass gdolae IS nl o
2 osas il agly 50 5 (Vg = 0) xtnis Jolbs &l sl ()1
lod L (€ = 1) obows 5 500 slo 0 l520 (5350 by L (0 = 0) o
(SIS AR 09 Swgfanl 2R elns 90 e 0 (T=0) b
B=5mm™ Ll coro bs@ =1 oaiS oasly luas b
Sygpods dmg yede Glg mls "2 S8 o el eas Ll
@l b g odal Casors (Z/L sy oo Jsb 0 ET = (0T*/m)/q,
Jo Uiey o cul amg BBl oad anglin [24] aope 0 Jol>
pol> 5 50 g OTM) Iiome JUil b, [24] g o o (orints SYolas
sanlie "2 K" 3 45 jsblen il o (DOM) e slabinl, s,
500593 0 RSe L (9> Bl ) s gt

Al oo,8 bld L oS ool rwcone way gdl> e o
3 s Sz s Sl 5 o5 ol e (Kb il 5 byl
OSen 5 shsSle Ghagss ame 5 5550 Lulyd S psbiie ooy 28,5
dolee Jo o,k 5l ows; il 5 Sl ul o 45w ool [14]

3.5

B=50=10=1

~
n

2
& L
1.5
1
0.5 - Present Work (DOM) D
L [e] Sarma et al. [24] (DTM)
oL P R ER S R RS
0 0.2 0.4 0.6 0.8 1
Z/L

Fig. 2 Variation of non-dimensional emissive power with non-
dimensional distance

A o Ol s 0dl B o Hde g wlons Hloges 2 S

! Radiative Equilibrium

4 ojlass 17 0993 1396 45 (oo Suille wise


https://dorl.net/dor/20.1001.1.10275940.1396.17.4.32.8
https://mme.modares.ac.ir/article-15-5482-en.html

[ Downloaded from mme.modares.ac.ir on 2024-09-20 ]

[ DOR: 20.1001.1.10275940.1396.17.4.32.8 ]

Ve 9 YL yael ol eatdl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 53 3s GHlwdad

1.5

1451 B-L =300, ®=099, h, =30
—a— Na =300
—— Ner =400
—e— Nu =600
—<¢— N =800

1.4
1.35

13
N_, =300, 400, 600, 800

¢

S 1.25
1.2
1.15
1.1

1.05

Fig. 5 Effect of conduction-radiation parameter on dimensionless
temperature distribution

Qo o2 6los Dyt (Nep) by — atindd oy oyl s 315 IS

(hp) €3l 35 amgr o35 B2 wab 3G -3-3-3
8l sles Jlaged p (M) dmae 095 Ol S Sl @S (S onl 0
Tret = «Nor = 400 :sloally S onl Cgz 0,5 o0 JL8 (gwyp 3590
Gl polie gl 5 anloaSs ol @ =099 5L =300 .310
50 a5 BT o oty Lo Ol pesd slo 10405 90 4 60 30 (1)) 55 b=
ol oo oaly ioles "6 JSa"

o 31 eatly oo (5905 o il s ol Gt 3 % ot
2l (Pl 5SS o 4 5 Dyl JEDI IS @ olsge sy
Sg05 0,Lil cwaid (0,5 sile 4> 10 37) (55 sloo in sles sl a5
Sas ) Slaisyge 4ol alele o)l JESIL g5 ol &Bly 0 &5
S o

o 5l L oen ouy Sl (Sl G dolee @ azg b
Ol ©ad o s S o oo Olyusd 0558 (lgs g0 (16) oS> dlolre)
hp & w3bioe 095 Ol @ b hp(1-0) o5 s medgs |, (95
P @bl cupl and LB &5 Sl 93 ol Db g s

1.4

N = 400, @ =0.99, B-L =300
1.35

1.3

1.25

LI B

h, =30, 60, 90

-
o
o

-
o

-
o

- a

O T

Fig. 6 Effect of blood perfusion parameter on dimensionless
temperature distribution

Ao gled Slpsd  (h) (55 Glyz dn g dae st 16 S

4 oploits 17 0995 1396 Hu5 (o owe Suilfo wise

Ne =400, 0 =0.99, h, =30, L =0.03m

—ea—/f3-6 [mm”]
—e—/f=8 [mm"]
—e—/=10 [mm™]
—>— /=12 [mm"]

Fig. 4 Effect of extinction coefficient on dimensionless temperature
distribution

an o sles s 5 (B) ol e oy s 514 S

2 Ls Jaie (B) (il cars GBI L wogd oo caaline &5 jsbles
L ocCawgs sl jo amiygay glos wanl 00,8 o Solidl cungs Job
ade il oo Lo iul38l as )0 24 sg0 012 446 3l e oy ]38l
Aobes 4y az> g5 b 20905 loy aliee 3 oSl dlolas 3l lsi o 1) Les o5l
g aiais Sl aS 05d 0 canlin ((16) ax o dobw) cél 5 3
L Jb 00,5 0 55l doles ojlg V- Wp  riaid L (il a5
V' Wp oS Canl (ascie «(15) dlolee o V- W 4y bgs o alayly 4y axgs
2

cars Gl L nlpls s (B) alies s @iy b i alal
ce Sl ams o g Sl V- Wy e el )b aks yaile <ol 5 (B) (ol e
GlRl Bl aiats Lo e Gles a5 6550 Aol o (55
&5 4y ady Yl (65l alolee o (655l o «gial3l iz ST 0l o

(A JS2) 055 g0 59y Ghalil b oo Jlade o

(Ngp) il y— geinisd o po il -2-3-3
2 (Ney = kB/40T2¢) Liilo - ainiss o pd s Sl ol al> o ol o
B nl ez 05 0 S8 e n Spge 8L sk 5o gy sles g
oS5 Coli Top= 310K s by =30 @ =0.99 « B-L =300 sl zol
800 5 600 400 300 () islos, — aonis oy (5t 5 S5 oo 4L
ools Gioles "B K" 10 g el Cawsds Cangs y0 Lod &l puxs slo loges
Ll 00

sae ol b aS 098 o somline "4 KB gla sovie 4 a4z b
WS oo g ShalS gy sliwl) jo Leo d(Ngp) (il — adadd da o
50 800 L300 31 Nep yuoss b gy slonl gloos (sl ol ol laie
Al oo iiluy B ali8l glise & Nop il all co 0o )0 20 sgu
L 5 5 opbegn 5535 iy K dojially o o b )
Aolae) V' Wy riinid )L il g0 4 bgrpe dm o dolae 4y oS
ol —aials oy b uSe adal, VW oS col asie ((15)
Sl Gl il b andy yaile ol g Nop (ol 311Gl pli Lo )ls (Ngy)
50 el made il ralS slaedy (pl s Wb oo 1elS VW esals
(5 JS8) g

130


https://dorl.net/dor/20.1001.1.10275940.1396.17.4.32.8
https://mme.modares.ac.ir/article-15-5482-en.html

[ Downloaded from mme.modares.ac.ir on 2024-09-20 ]

[ DOR: 20.1001.1.10275940.1396.17.4.32.8 ]

Ve 9 YL yael ol eatdl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 53 3s GHlwdad

[25] Los (zal3al 3150 cdly po () ol it 1 Jgor
Table 1 biological change in the tissue due to temperature increase [25]

C0) Lo S8l 50 () Dl s
37 Lg.bLt:
45-50 Jolw &5 > pae g w3l 8 Shee alSg Los ol 3l
60-80 OeSgp sl = 5US g (g JlSle S s
100 Sialae (s
>100 (P 9) OIS 05605
>300 QAJ:B s,—vjﬁ

5 395 Jl9s % 9) Jobw 5 09d o0 Winie (g n O] Sl )0 &5 wad e
4 55 Sl 09,0 ol VL 4100 °C slos 55 and o0 &) (Jsho Sy
RS g @ b 3l 300 °C 5l VL sles o Lales 5 0 e s
[25] w5

Oley Se gyl Glgs Jlade 4z asily wils LS Gleys (eaadie
(005 3L bllassl sles) 65 °C & 00s; el slos b ol 5Lio g0 (inls
o3 ;3 a5 65°C sles (sl idu cnl o (18] oy Galises slo o o
2 5 s 3o 8 sk S pn b yma 5 2l sl o (s
D55 0 A e om0 8l )0 398 Ges 5 Lod Gl G (o o

Ol Camgy 28l gl oad eslanal slaallly jelite cnl sl
cw =099 f =8mm ™" Ny = 400 :545 0 423 )5 15 0 15 & jg0a
Tt = 310K 5 pc, = 42 x10° J/mmK . L =0.03m 5 hj = 30
9 5756 45 3 45 polie b Llayid Gk 5l oogys b Mk
1965 °C slos @ o) lo) g g5 Gee ks g 0 ,lg W/cm?
oles "8 S o edel Cawddy gl Sgd o oy il slaGes
solazl ‘@,.a 009y 3l il dobee Sl b o (gl ol 0as ools
o Sy aly L& =0.15 Qe oley oe glp bl g el aas S

ol 035 03 591 Cawsd43 0.056 5 L pl

- 1]
1350 |
1200 F ¢
—_ N
=2 [
g 10s0f 4
g [
n I
hidt [
o 90
o I i
© r
@ TS0
23 F
@ r 1]
> I
g oo
- -
= [ ?
= asof
© F
£ I A
L :
= —8— Laser power 15 (W/cm’)
I —p—— Laser power 3 (W/em’)
r —O&— Laser power 4.5 (W/cm?)
150 —<—— Laserpower 6 (W/cm?)
I —©— Laser power 7.5 (W/cm?)
— ——4a—— Laser power 9 (W/cm?)
0\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\\\I\\
0 2 4 6 8 10 12 14 16 18

Depth of Tissue [mm

Fig. 8 Relation between the laser power and the irradiation time to
65 °C (degeneration temperature of biological tissue), with different
depth

5 (055 b bllassl sles) 65 °C 4 yawms; ploj g 550 Olg5 o alasl, 8 S
Gl sl gos

 Explicit

131

JELI a8l 58,5 o5 (pl 4z A (e Joo bl o)l i
e & Cemgy 3 ol o Ol g Sedoe el gy Ol
Tyos 0 6 UK laloges ) ggoge (al ediee gl Sl Sl (i
s 93 Gl dme cu e GRIBIL a0 s &S Sl et

ol a8l oS Gy es glivly jo Lo

(W) gud! bf»\.&f'ﬁ o o ).ui.» -4-3-3
il el )l S cpl Caz 0 S 0 Sl (cyp )50 el Sl je dl
ails 455 Coli Trep= 310K g hj =30 B-L =300 .N, =400
5505 0.995 4 0.990 0.985 (W) sl S8y copo ly g 058 0
"7 S e a5 Wl Cesoas Culs sl o Lo Ol gl
Ll 00 00l JALAJ

S e Gialil b osd e snaline "7 KA 0 a5 sbilea
LaS cuol Jdo cpl du g9050 ol il o (ialS o sbos (W) 5ol
giais sy 5l i Gl (@) g0l (SaSTn core (I
SlesS.w=0/B3f=k+o0, Lajlg, a5 a>g5 b 0gd g0 00Ty
J..AL‘>K = ﬁ(l—w)djagl) ‘ML‘SA ;*“5‘)‘ %J.éo*sj u..\> w)..aK
sl (ST pd i3l s (B) ales iy il i b oS 055
wode copo RS b oam jo b e pRelS (K) Gl coye (W)
50 g Al gals edany (L Luily e g laow w6550 ol i
Mlee G0 55 Led aze

Lo o383 (yleF il -5-3-3
Sedige A hegl Gl (Sles g pe sl 5 (S a i (nl o
@ Oy slp 95 Bee g oo (Il Gloj 63959 )3 Ol alaily 45
4 (37 °C) 043 cads loo 5l il sloo pol38l ol oo Lo ,g0 sles
2 8l s Jodll oS aiS oo olml 28l o Glexs SYL slabes
Sgei odalin 1 Jgaz ;0 4 Ojge 4 olgr oo 1y Leo 2al38) ol blas
ails 80°C B60°C Lleo o)l ,0 0gi 00 oayd a5 jsblen

Cople s 8L DS g g n JLSle 5 0gd e el o e)53ls

1.45

Ner=400, h, =30, B-L =300

-
»

—6— 0=0.985
—b>— ©=0.990
—a— ©=0.995

- - -
o = N = w
o [N o w o
SRR EEEAE R A EEEE ERREE (EEEE EEREY AREE

-
P

-
o
a

-

Fig. 7 Effect of scattering albedo on dimensionless temperature
distribution

Saygr Slod SlpsS (@) gl (ST o s T S50

4 ojlass 17 0993 1396 45 (oo Suille wise


https://dorl.net/dor/20.1001.1.10275940.1396.17.4.32.8
https://mme.modares.ac.ir/article-15-5482-en.html

[ Downloaded from mme.modares.ac.ir on 2024-09-20 ]

[ DOR: 20.1001.1.10275940.1396.17.4.32.8 ]

Ve 9 YL yael ol eatdl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 53 3s GHlwdad

Sl e 1y G ool jo ead a3 S e goue Ul cocal

e S g9 -5

Okg'KY) oy slo,s €

36 &b oy s f

Wm?) ol gimis G

WM?) oy sl 5 259§l ol (5351

Wm?sr!) aiwss oo 1
Wm'K?") Gble, cope K
m) Jsbo L
il - pdadd Gy (o S0 N
WwWm?) gl s 4

Oe o, T

gz oy §

WM®) aio aloz S
Klbs T
ORI

o gl Slowds 539 W
m) slaie %V Z
Slg mdle
M'sh) Syl iy @
M) ole oy
M3 M®) e Gl @as Vo
)92 \_Mbls €

=

an e sles O
M) i coye K
(um) 5o Jsbo A
S Sl gns SN H
(kgm?®) JEz /| Lol ekt p
(=5.67 X 1078 Wm?K™) (pojilgs - lawl el @
ol cwlbs T
gl iy cupe @
Pal ¢
o Gl
(1) olad agl; Q
ERET
§29,9 “= ’
o T
ERET S
09> [l g P
Silse sogin bl €
oMl e
e ref
s W

4 oploits 17 0995 1396 Hu5 (o owe Suilfo wise

S i) D8 Gl L oS 285 an (g e "8 JS" 4 argi L
(il ploj ey g Wb a 20l (65 °C) SLis g0 sles 4 G e
2 e O9b oo (Jobo Sye Jlars il 23U Cou 8L Sl i Ges
4 oy ke 0 Lo 28 YL cy lavyee by ol [l S
Sl BaS colatul az g 0)90 Wilg oo E5090 ol ol YL Ao
andl sl Cangy mhaw Glod gy alidl 4 axgi oS all Gloys 5
WS GpS el ol 4 0y50 o 05 deso 51U

O byl g2 a8 285 4 (lyie "8 UK @l Sl eren
orl 3 it 5 il Lo |y ol as b il 4o 395 LUl o akine
398 Bos 5 (59959 Ol o padins Alsly @Bly 53 S S9i5 Wil ool Fes
RIS

Sy e sloo IS o s 0 "8 IS )5 dal sty gl )|
Shisyge plos e st s sl OF Gk 5l g oged eslaad 5
Syl lag 1) (Siy Slais 00 Joe 0 50 )5d sl eslitul sl

&5 domii -4
amgy Z3b ,3 55 (S Sl e labinly oy, S5 4 pal> 7 50
b it (plo)F Sy Wolae (235 0 Ly e joba
Ge93 (nl 3 485 15 (pmyp 950 (Sl T Seid oyl b Dl s
il oo CBl jo oo mje8 p ge Jelse 5l o yiel )l ol as ols olas

oy S W) pinis - Giiloy oo Gl boaad ools olas
Sl 5o Lo (e il yiien Aile) G pd az e Galplo 5 wik e I
2 b el liuly po bl Glyedr 93 Gl wiS (oo by SRS
the o5 ol Al GBI L e Jee o ) a3
JrsS Glp ole Glscas Wlgi o g wboo pals cdl o Lo il
g 48,5 5 53 23l o e g, el

&5 b yelly 28l 5 el fse b Jolse dlo |
Lod 2395 Hloged ;o s Cael o ol )ly ol o Ol pess a5 wll g0 Congy
card g 2 s aiboe S3b ) @il 368 Glime 50 izres
2 GBI L85 Atk 5,5 slo iy e dlaz I Sl Susl,,
Ol Of e & g it S8l Lawgs oad Ol Ol (e iy
Sym Jole o 55 (Sl bl gn IS 23 5 g S
St e o Gl Il Gl e a8 wllee (L 5 Les mpes o
SaS Ty ol 150 g 08d o0 Bymin 395 s g 0l oSy aiais
WS g ialS 3985 Bes

23 L ST ey 0B (il 5D oy p5e 52,08 3 )l5e S50
werar 4 gl ol iz b ges ;o cdl slos ol Hley
L oS b eals oylis sl e (Soi Jheel 1o o sleo a5 el 65 °C
G e os Sy 50 P led S o, 0oy 3 Gl Gl
ol Gli8l Cegw aS 55 drg S5 cpl 4 Wb uzmes b o
e 50 Wby wede &) i laes Sl 5 @ Sl o5 Glagee
-0l &y k5l‘°° UM.:‘)S‘ 45414‘*"3

Cotl 5 Gleys 5 iz glasylS o 2l gles o5 1>

Syge syl (S Sl 0gms 4 ogate azgl (el 15,955 Slokg
E9ose ol 45 il dde Jlews Wlgs oo o) S 5 o cal )3 o)

132


https://dorl.net/dor/20.1001.1.10275940.1396.17.4.32.8
https://mme.modares.ac.ir/article-15-5482-en.html

[ Downloaded from mme.modares.ac.ir on 2024-09-20 ]

[ DOR: 20.1001.1.10275940.1396.17.4.32.8 ]

Ve 9 YL yael ol eatdl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 53 3s GHlwdad

Journal of Thermal Science and Technology, Vol. 4, No. 2, pp.
314-323, 2009.

[15]Z. Guo, S. Kumar, K. San, Multidimensional monte carlo
simulation of short-pulse laser transport in  scattering
media, Journal of Thermophysics and Heat Transfer, Vol. 14, No.
4,2000.

[16]Z. Tan, Combined radiative and conductive heat transfer in two-
dimensional emitting, absorbing and anisotropic scattering square
media, International Communications in Heat And Mass Transfer,
Vol. 16, No. 3, pp. 391-401, 1989.

[17]N. Museux, L. Perez, L. Autrique, D. Agay, Skin burns after laser
exposure: Histological analysis and predictive simulation, Burns,
Vol. 38, No. 5, pp. 658-667, 2012.

[18]A. Maroufi, C. Aghanajafi, Analysis of conduction-radiation heat
transfer during phase change process of semitransparent materials
using lattice Boltzmann method, Journal of Quantitative
Spectroscopy and Radiative Transfer, Vol. 116, pp. 145-155, 2013.

[19]B. Hunter, Z. Guo, Comparison of the discrete-ordinates method
and the finite-volume method for steady-state and ultrafast
radiative transfer analysis in cylindrical coordinates, Numerical
Heat Transfer-Part B: Fundamentals, Vol. 59, No. 5, pp. 339-359,
2011.

[20]S. C. Mishra, M. Y. Kim, S. Maruyama, Performance evaluation of
four radiative transfer methods in solving multi-dimensional
radiation and/or conduction heat transfer problems, International
Journal of Heat and Mass Transfer, Vol. 55, No. 21-22, pp. 5819—
5835, 2012.

[21]Z. Guo, S. Maruyama, Scaling anisotropic scattering in radiative
transfer in  three-dimensional  nonhomogeneous  media,
International Communications in Heat And Mass Transfer, Vol. 26,
No. 7, pp. 997-1007, 1999.

[22]P. Thueler, I. Charvet, F. Bevilacqua, M. St Ghislain, G. Ory, P.
Marquet, P. Meda, B. Vermeulen, C. Depeursinge, In vivo
endoscopic tissue diagnostics based on spectroscopic absorption,
scattering, and phase function properties, Journal of Biomedical
Optics, Vol. 8, No. 3, pp. 495-503, 2003.

[23] J. Jiao, Z. Guo, Thermal interaction of short-pulsed laser focused
Beam with skin tissues, Physics In Medicine And Biology, Vol. 54,
No. 13, pp. 4225-4241, 2009.

[24]D. Sarma, S. C. Mishra, P. Mahanta, Analysis of collimated
radiation in participating media using the discrete transfer method,
Journal of Quantitative Spectroscopy and Radiative Transfer, Vol.
96, pp. 123-135, 2005.

[25]M. A. Ansari, M. Erfanzadeh, E. Mohajerani, Mechanisms of laser-
tissue interaction : 1I. tissue thermal properties, Journal of lasers in
medical sciences, Vol. 4, No. 3, pp. 99-106, 2013.

133

&ly-6

[1] M. F. Modest, Radiation Heat Transfer, Second Edition, pp. 263-
576, San Diego: Academic Press, 2003.

[2] A. Sakurai, S. Maruyama, K. Matsubara, The Radiation Element
Method Coupled with the Bioheat Transfer Equation Applied to the
Analysis of the Photothermal Effect of Tissues, Numerical Heat
Transfer-Part A, Vol. 58, No. 8, pp. 625-640, 2010.

[3] H. Askarizadeh, H. Ahmadikia, Analytical solution of the classical
and generalized dual phase lag heat transfer equations in skin tissue
under transient heating, Modares Mechanical Engineering, Vol. 13,
No. 13, pp. 14-25, 2014. (in Persian .,

[4] H. H. Pennes, Analysis of tissue and arterial blood temperatures in
the resting human forearm, Applied Physiology, Vol. 1, No. 2, pp.
93-122, 1948.

[5] R. Viskanta, R. J. Grosh, Heat transfer by simultaneous conduction
and radiation in an absorbing medium, Journal of Heat Transfer,
Vol. 84, No. 1, pp. 63-72, 1962.

[6] A. L. Schrenker, R. G. Croshie, Multiple scattering in a two-
dimensional rectangular medium exposed to collimated radiation,
Journal of Quantitative Spectroscopy and Radiative Transfer, Vol.
33, No. 2, pp. 101-125, 1985.

[7] J. Zhou, J. Liu, A. Yu, Numerical study on the thawing process of
biological tissue induced by laser irradiation, Journal of
Biomechanical Engineering, Vol. 127, No. 3, pp. 416-431, 2005.

[8] H. O. D. Rocco, D. I. Iriarte, M. Lester, J. A. Pomarico, H. F.
Ranea-sandoval, CW laser transilluminance in turbid media with
cylindrical inclusions, Optik-International Journal for Light and
Electron Optics, Vol. 122, No. 7, pp. 577-581, 2011.

[9] Z. Guo, S. Kumar, Discrete-ordinates solution of short-pulsed laser
transport in two-dimensional turbid media, Applied Optics, Vol. 40,
No. 19, pp. 3156-3163, 2001.

[10]Z. Guo, K. Kim, Ultrafast-laser-radiation transfer in heterogeneous
tissues with the discrete-ordinates method, Applied Optics, Vol. 42,
No. 16, pp. 2897-2905, 2003.

[11]J. Jiao, Z. Guo, Thermal interaction of short-pulsed laser focused
beams with skin tissues, Physics In Medicine And Biology, Vol. 54,
No. 13, pp. 4225-4241, 2009.

[12] M. Akamatsu, Z. Guo, Ultrafast radiative transfer characteristics in
multilayer inhomogeneous 3D media subjected to a collimated
short square pulse train, Heat Transfer Research, Vol. 47, No. 7,
pp. 633-651, 2016.

[13] S. Kumar, A. Srivastava, Numerical investigation of the influence
of pulsatile blood flow on temperature distribution within the body
of laser-irradiated biological tissue phantoms, International
Journal of Heat and Mass Transfer, Vol. 95, pp. 662-677, 2016.

[14]A. Sakurai, I. Nitta, S. Maruyama, Coupled photon and heat
transport simulation inside biological tissue for laser therapy,

4 ojlass 17 0993 1396 45 (oo Suille wise


https://dorl.net/dor/20.1001.1.10275940.1396.17.4.32.8
https://mme.modares.ac.ir/article-15-5482-en.html
http://www.tcpdf.org

