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Numerical simulation of thermal effects of continuous wave laser on living tissue
with blood perfusion
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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
the tissue. The skin tissue is a strong anisotropic scattering medium and is assumed to be gray with
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§3V,”7;’s’:’f’ 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
Radiation-Conduction
Discrete Ordinates Method (DOM)

transfer in which the discrete ordinates method, finite volume method and scaling method are used to
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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? Laser therapy

3 Bioheat transfer equation

* Pennes equation

® Radiative transfer equation
© Collimated beam

’ Continues wave laser
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! Discrete Ordinates Method (DOM)

126



Ve 9 YL yael ol eadl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 533s GHlwdad

b [100.906,50 a' + 05,69 @
Jsb 6&1) 5 Al Db Ol o e py olie cpl o
Ehais a bgye pgd o5 cpdadd Gendi Sl Sy Saos o5 Gl
Ly ) (5399 (A5 gl 0aind Ll pgus o claroa 5l 0ud olo
o dolaa ol )3 e e Glis |, 8L 50 55 Slep s ST g o see
o) 3d OlF & p5 Joe Gk 5l «Sc(r Hedae 1o 55 ae

139800 by o
L
S.(r8) = — flc(r,ﬁ’)d>(§,§’) s
4m
1 41T
by [1 - p()]go(ry)e " @ (8, 3,) @)

gdiee Ol 2 Dygots il dhgn 9 Sl Slagin 4 42 L 1(n,9)
I.(r,8) = [1 - p(1,)]1q, (53, ) S8 — 8.(,)]e "¢ @)
1] a2be 25 )0t @) dolas sl 5350 by
Id(rwv §) = S(rw)lb(rw)
p(iy) '
T

+

H.(r,) + 1;(7,8) In-8'|dQ’

n.§'<o

®)

Hlas a5 Wl e Cewday Lass 0,150 0 (65,3 VU 1 (5500 by ol
Shoad jolo aiaid ggemmo b ply o)les o ainid jlade a5 wwo o
£F) g 4 (639)9 giandd ulSal Glime b (Sel) Saon 3l £5) o)l ns

il 5 )18 4 Ho (1) b o] 5o a8 il so (Cowly Caons pgo

H.(r,) = f 1.Gr, 8 In - 87
n.8’'<o o,
= [1 - p(r\a’/)]qa (r\a’/)ln " Se |e_TC (6)

f52x0 Slalbiusly b9, ~3-2
3 Jeo sl e o aiais o diw) o ..\.J)LT sl ig, 5 S
2 09y el sl oy oS all o (DOM) lizme glabiwly by, cadonis
Oy Lol 00l Bly diizee Gl (gl Az gl 390 S0 oy,
Vb a0 b sloce,d 5l Wiy oo a2y samse® So L Izee slalial,
oS Ko b el oSy Colll S oolinul lor & by
Sl 1) lasbe YL Swolins ;o oolaul 5,90 Sgaome e slo iy,
sl 5 Sgignlpe B ol a1 255 2L Gl g
lol sl o Sonls

S 1) i JUED! Wolas a5 Cel (5 )l3l ioma (slalinl) g,
Yolee I glasgarme 4 bas |) (b 4 atily b oS Lo
oS Slaize 50 () Wslae) gints Jlam! dobes (1] ol ptinis
walise 50 5 P8

al; al; al; .
i£+ni@+#i5+ﬁli:ﬂsi’ i=12,..,n )

§

1) O ygods Iy (glaiwl, L;,s))oﬁwlwwhssi Ql)QAS

D5 g0 i 5

n
w
Si:(l_(")lb"'ﬁzwj(bijlj‘l'sc' i=12..,n ®)
j=1

127

9 Lwgn $n S0 Qe )3 S Sl oep SRegh il Sas
oo Ol ) (silwaned gl wili o Sy 00 8L (55 2 (S5le
G S bame (2,8 5] il cwlo gl o lbiaeS wad ol s
500 ghe s i R0 cod Bk S ) bsme (al 0 e enlil
ol 5 il a4z 10 37 ol sloo jo (o slocend Koo b uled dlauly
2 om0 Gl P8 ey S e )b 8 (eelS 310)
5 Sol SSLLoT el GoleS )3 )5l b a5 (xha a5 398 00 (2B Lo
S5 Lagmo by 5y JUi] s mem

Sl oghior ool mhaw  dgec g diugn Djgedr i) slagiy
Jsb 55 o] puolie g oad ,1aic8 0 Les yeeis alanly 4y b sl s
025y bt Lo oSG plyieas Camgy 3l ilond 55 Solt 30 2
oo S0 lgsd 5 (oS LB L b ol o oSy gl 0aiiS
Ll wogdoo Blod Camgy (655l dlolas 33 055 0l 09l (o0 (23 ol
ey EEgm ) Jolo (6550 padlie udsi 6551 2l Jlade Jdoe
oxd Jlaidye I cnl o 55 ol owrn o OlF 4 e (o
L e slabial) (B, 5 ool cnl 5o @iads dolae o g ol
Sgae > b9, 3l 5551 Aol o (sl 5 Ss Gl Slewd o)
00iiS 0081, Laos oSy gy il a5 ol alanly 4 el o solil
Py ) Sy pd giads (SasSly S Jlesl lp el S99l e
[21] sgs o solinul ' oliie

o Al Jeos @B S D90 Sl oy 4 azgi b S Sl SSa 0¥
bgrd g oy cdl Slasiin (33,5 Sl 0 b gy p dagn slogin b
ol o I lalisly By 6T &b g end (B S50
Slgoe yolo adlbe ool 485 3 (cmyn 90 ST iagn
3l 0wy 8L 53 55 9 )5 Anwgi Sz (o851 b slesal,

SO (5595 9 o b IValo -2

S8l dolro-1-2

dolre O jg0a (5d) ainis L olen ol )T Cany ) dolas IS dolas
{14] st o @)

aT 0%T 1
pCpE=kﬁ+hm+pbcbyb(Tref_T)_V'qR @

o 035 Gl (Gl i (6551 Dyt ez Caos o5 cdlolra ol yo
G5 A bgrpe pod o5 (il Gk 5l adly JWsl 6550 ,Kke col,
obyz Gob sl 4l JUl 6550 o e o Sle g SSgm 5l Jel>
Hes ol a5 wilse 3l dolae po giats S Sl Fl ey g 09>

Sgd o ol ety il sles > b

i U aloleo -2-2

4 Sy bopiais 0 B lase SOl jee pBe g g SO
I sdse @il Rl s lume (] 3 (Sl 5 wdx bl
S ez 4 Sl K 5l (SaSTn g 65 jene dbuly 4 plojen
Ol o o5 @l 3 s JUE alslas 55 e 2l (5351 55
@) dolrs 3ok ;5 il oo 4 aiaas JUsl aoles ol oo Woosyay

1] ssi 0 o)lo

%g VI, 8) =5 V1,18 = —1,(r,8) + (1 — w)I, ()

! Scaling

4 ojlos 17 0993 1396 45 (oo Suille wise



Ve 9 b yaol ol [a._A_AI)._»IM.\._@»

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 533s GHlwdad

W= LRy, W= L*pycpyy _ kB
™ kT P kT T 40T,
ﬂsz
V¥, =—(01- 40* — G*
o= (= ) ) as)

> o (1) dolee) (ole 5 s (55,5 dolre amy o polie ol SaS 4
o 55 (16) dolas & g0t dny o

90 = 9% +h*, +h*(1-0) vy
98~ 9x+? m pRET I R (16)
-3
Wlao 53 -1-3

by Silye 5 dtwgm slagin bzl (Gl Al emp il dlies
A e S e SO I Gl leand 6l il Sy
b oobes abanly @ 5o gl g 55 236 Cod gl S a5 oat w8 S
(2slS 310) ol 3 il az )0 37 <ol slos jo (a sbocwend Koo
RO B S R B ] ERON PR
Sogots il slagin (SHlsl (28 o b b ()l JUiil 458
@ oyl Sl 5l g oo a3 Sl s mhan p dgee 5 diugs
P2l 5 G Jsb 5 Lol polie g oads ik o les s alans
ré 0aiiS oaiSTy luad e S lpiear Cavgy Sl 505
wload (558 ol (50 Soolnd 5 6w (S Lame 5 (S 555
Jdoas Lol ol sas Blod ey 65,50 dlslas 55 095 by (1 JSE)
(% 5l g &g 3l Jol> 655D peluslio ol 6551 w2l Jlaie
Sleloes ;3 551 nl 3l Dlges @95 Sl <o L Gl 4 S
ol 0235 (Brme ol @ b o gelolae g 3903 Hlais 0
Wlgi oo Gloyd g5 & 4z i b Wgd oo oalitul Gloyo gl a5 2l 5]
09> Logard L5 plaS ;e oS o9d eolil g o5 L Olyin sla5d
Sly &5 gy Slagin b by & S5 Ol S sba )b,
aib o [W/em2] 10 51 o5k yo oles slls g oo ool glo,s 3
lyeiS ol lioo pitie ladl o 00y <l ) Slasis [14]
Yo 05 ol oo JW/mK] 0.6 603 o3l ,o k oble, cope sy
1555 o}l ,0f olpe wuyo dmP/sm?l 0.003 b 0.001 oL o
[14] sl 0.995 15 0.985 3L ;5 W SouS, das g cu o o [mm™1]
byo)df/dx =0 . =25 plpx" =0 o)lus ;5 550 Ll
g adbioe (Gl Lo by2) B =1 plpx"=1 o)lps 0 5 (SLLol
899,95 w5l (1 UKL (E =150 = 0) Wloads 5,8 ol v o)lg50
8l Job g ail oo Trer = 310K slos 10 25 iy o,l90 plos jo 55

d a9
ETIWEM:O T, =310K, 6, =1
. 1D medium of biological tissue &=
dy
Laser i<
i — ' ' al
1 1
5. =(£..0,0) 1 1

Finite Volume

L

Fig. 1 Schematic of the problem, laser effect on biological tissue with
wall boundary conditions

0,199 (550 dasl s b gy 2Bl 5 b el Solesn 1 JSCS

4 oploits 17 0995 1396 Hu5 (o ow Suilfo wiie

5 Sy Slgin) aiais ()5 g jpax ol Sl Seoalal) cnl
1

Sc = E[l - p(rw)]qa(rw)e C(D(SJ Sc) )

ilee <8l (Senl cwla Te 5 55 69959 SO Oliee alail) ol )0 46

Pedse iy ygot (7) dsles 5550 byt
Id (TW' §L) = g(rw)lb (rw) +

pry) [Hc(rw) + Z wjld(rw, §j) |n -5

n.3;<0

) n§l>0

10)
ol SeS 5‘633)5 Fhadd ol Wb aiald ol abse las
Sl gl Dol pieis Sud 0gd dvwlee (dadd LS il e lade

4
G(r) = Gq(r) + Ge(r)

= Z wily(r) + [1 = p(r,)1qo (1, )e ™ an

i=1
2 sgin S50 (69555 5L 5 g g Sl e iy jpam alauly 4 G a5

L Cnl ﬁl).g (V . qR) R )L.a wb)j—n} |
V-q, =«x(4nl, - G) = p(1 — w)(4nl, — G) 12)

u.v‘fl...t 4~.\...4l)6.4 ..\J..\...u L;”\““S°”\‘S‘)" L ‘5”"’5)"3)‘|f‘$ G‘a.a.?u wy
Y “ N . . . . .
moldio gy pelalyy @ Gl b ol 5 5 Sl epl (0,8 Bl gl
Seg Sl (SoSTy 5l Ui, ol SaS a4 b el oo (g3l Jow [21]
5 ol sl a5 cel 55w aY e Jleel oSl Laly, 3 Lae
[0 o) (6 oS a4y (SasSTy 56 s 5 Jod 5l 6,500 slogds,
o [22] Tl 5 - 3l b S 4 (SasSTy 5l ab i
ooz oolatuwl ieghs (pl ;o a5 5 ls 09>
cupd 5 e coyo 4 bge wam polie (owlde gy yo
il oo Casdts 1) Oy gadl SaiST,

B =B fw) a3)
c_w@-f)

ly Bl fod (ols iyl g g0l SaSTy uyd i @ BTy
Al 5B g0 b Jolee a5 il oo T Smgyisnl SouSly ol
S el A f bl daly, ol e e b“-i:{.s)%}ﬁ‘)té SaSly
cors s f=a/3 Lol ply oS sgd oo sl als onig, e
ol o ousSwiSTy Tgas L 5 a5 Cewgy e lp @

J14] 595 o Ll 2.7

Silwany o2 -4-2
sy @bley Sl JESl oS 5 a5 (Sl g5l dolae o sl
oot Nebioe Jdd am g Dot oSl SVslee Wil

g oo iy 5 Oypeds day g Slael igilosn o

at L X T
=—, x*=-, = —
§ L? L Tref
P 0 G
Yo=—0p, ¥Yo=—7"—, G '=—7¢
R7oT?, ¢ dox* oT2s

! Incident radiation

2 Scaling anisotropic scattering

3 The Henyey-Greenstein phase function
* Isotropic Scattering

® Anisotropic Scattering

© Forward fraction of phase function

128



Ve 9 YL yael ol eadl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 533s GHlwdad

REM?) 55 jLil Joo alowgey (riinss plall g 4 (rass JUas
Gl 48 53 g0

50 oad ools polae (bl y dwslie (pl o colatwl 0,90 sbo el )y
hy =30 g0 =099 g Nop = 4:2ul pj |3 & a5 aib o [14] a1
=0 oles 10 i Ll Ter=310K 48 =5mm™*,
0 =1 ,px =1 Gojles o g (S5LLoD db/dx"=0.¥ =20
5P =0) wload o3 olw bao)lyyd craioman 5 wibi o (Culi Loo)
E=1

Wl ams e Cualies bl o s g0 gles @ln "3 S
ay90 [14] gm0 mlo b a5 a0 oo plis |y ol 5 5l sl Cansay
bl 5wl 09d e osalin &5 sboles .ol 488 1F awslie
A I8 )55 5 Ao b (ol

ol 5 @ls-3-3
ol Jeles jo Fae calize lo gl )y 36 ol gy 4 c(iSu ol 50
o Bl aile el (pl 0gbge aiBls 0y CL sy i p
dy) o5 Sl b Nep) Gl giats ppd (B sy (il
S5 Olg 5 (@) godl (FasSTyy oy

s ol eend a3 byl cnl 5l S e oy p e
Olyd 039000 4y 4z g5 b Jlaisy90 ;e 5 Wsdi oo (28 Sl ol ly
dlee Glo (iBu ,0 oud aiS edguze 4 axg b o] ee g Bl
B omp 090 ol lis g 09300 o0ls i ([14] 2 o 5l i3 5 1)

(B) oy (o i i i3 -1-3-3
oo 2l les Jloges p (B) plme cuyo st S @S 25w cnlpo

ol Sz 05 0 )l )y p 0590 Gl Cle o dtigy 65 55d S0
shy=30 =099 L=003m Ny=400 & ozl 5

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

IS j0 a8 00,91 Cawsan |y il Job sl j0 oo &l s sla loges

ol 0 ools ioled "4

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

TTTTT

w
T

B=5 0=099, h, =30

1.25

TTT T T

- -
- 3

>
b3

ST T T

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

RN GRUWESIR VP PR PE SO S COPURC 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 Nop dxs (9 el 5 Wools 4y azgs
39 g0 oolaiul aiais dolre Jo sl Sp Sl Olowds o35 b 152ee
alaulgay 05,5 oo ooliiul dgame p> g, 5l g5l Wolee S 6l g
Sxghe S Job Slondi slass 09 g0 w35 0y (owlide )
aid F las jo sae 500 slaws 4y i 5 MLl plogil 51 ey 5 4l

Dy s

syl -2-3
Al oo pime gl b ool Cowdds gl duulie goue IS Slagile 51 S
ol g pole 5 58 0ed Jols oledsl oo sslitul by, Cors I L
Jolw doles laml jo ol adpdy sl jidu g0 0 i Como
Sl Lo 50 byd b (Gbe; 51 s) Solge lagin SL (ortants
93,8 anslie [24] o Ses g Lole 5L

s ge) Silye sl gin Sl L atads gdole 5l o
5 090 il digly 0 5 (Vo g = 0) s Jobs Sl sl ()15
@lod L (€ = 1) obews 5 j50ksd slo 0 l520 5350 by L (0 = 0) o
(SIS AR 0o Swgfanl B elns 99 e 0 (T=0) b
B=5mm™ Ll oy by =1 oaiS oasly luas b
Sygpods dmg sede Gl mls "2 K" 0 el eas Ll
@l b g odal Casors (Z/L sy oo Jsb 0 ET = (0T*/m)/q,
Jo Uiey o coul amg BBl oad anglis [24] pope 0 Jol>
pol> 5 50 g DTM) iome JUil b, [24] g o o (orints &Yl
sanlie "2 K" 3 45 jsblen il o (DOM) e slabinl, s,
00593 0 RSe L (9> Bl ) s gt

ady o8 bld L oS ool rwcore way gdl> e o
3 ssn Sz s Sl 5 o5 ol e (Sud il 5 byl
OS5 shsSle Ghagsy ame 5 5550 Ll psbiie ooy 28,5
dolee Jo o,k 5l ows; il 5 Sl ISl o a5 ws ool [14]

3.5

B=50=10=1

~
n

2
w |
L5
1
0.5 - Present Work (DOM) D
L [e] Sarma et al. [24] (DTM)
0 L T [T S [ ST S [ S S [ S R
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 e s 0dl B o Hede g s Hloges 2 S0

! Radiative Equilibrium

4 ojlos 17 0993 1396 45 (oo Suille wise



Ve 9 YL yael ol eadl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 533s GHlwdad

1.5

B-L =300, =099, h =30

—a— Na =300
——— N =400
——e— Nur =600
—a— No =800

N_, =300, 400, 600, 800

o

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

Qo ot glos Dlys  (Nep) by — atind oy 2yl s 315 IS

(hp) €3l 35 amgr o35 B2 b 3G -3-3-3
8l sles Jlaged p (M) dmae 095 Ol S Sl @S (Ao onl 0
Tret = « Ny = 400 :sloalily S onl Cgzr 0,5 o0 JL8 (qwyp 3550
Gl polie gl 5 anloaSs ol @ =099 5L =300 .310
50 a5 BT o oty Lo &l posd slo 10405 90 4 60 30 (1)) 55 b=
ol oo oaly ioles "6 JSa"

o 31 eatly oo (595 o il s ol o 3 0% ol
2l (Pl )5S o 4 5 Dyl JED IS @ olsge sy
Sg05 0,Lil caid (0,5 sle 4> 10 37) 55 sloo i sles sl a5
Sas ) Slaisyge ol plele o)l JESIL G5 Obr &ly 0 &5
S o

o 5l L ohen 0wy Sl (Sl S dolee @ azg b
Ol ©ad o s S o Les Ol s 058 (g8 g0 (16) oS> dolee)
hp & w3bioe 095 Ol & b hp(1=0) o5 ol medgs |, (95
P @bl cupd and LB & Sl 93 gl Db g s

14
u Ng =400, @ =0.99, 8L =300
1.35
—a— h, =30
13 —e— i =60
< 5 =90

1.25

h, =30, 60, 90

-
o
o

-
o

-
o

- a

O T

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

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

4 oploits 17 0995 1396 Hu5 (o ow Suilfo wiie

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

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

1.15
11
1.05
P S ERRIY BRI o - ol
0 0.2 0.4 0.6 0.8 1
o

Fig. 4 Effect of extinction coefficient on dimensionless temperature
distribution

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

2 L Jlaie (B) (il curd GBI L wgd oo caaline &5 jsbles
L ocCawgs sl jo amygay glos wanl 00,8 o Solidl cangs Job
ade il oo Lo iul38l 0sy0 24 sg0 012 446 3l e oy 3l
Aoles 4y 495 b 20905 loy alee 3 oSl dolas 3l lsi o 1) Les a5l
g aiaid Sl aS 05d 0 canlin ((16) ax o dobw) cél 5 3
L Jb 00,5 0 55l doles ojly V- Wp ( riaid L (il a5
V' Wp oS Canl (ascice «(15) dlolee o V- W 4y bgs o alaly 4y axgs
2

care Gl L nlpls 0o (B) alies s @iy b it alal
ce Sl ams o g Sl V- Wy e el )b aks yaile <ol 5 (B) (ol e
GlRl Bl aiats [l ulm Gles a5 5550 Aol o (455
&5 ar g ady Yl (650 alolee po (655l o (gl iz ST 0l o0

(A JS2) 0550 59y Gialil b oo Jlade o

(Ngp) il y— geinisi o po il -2-3-3
o (Ney = kB/40T2¢) Liilo - ainiss oo pd s Sl ol al> o ol o
B nl a0 0 S8 o n Spge 8L sk 5o Cengy sles Jlages
oS5 Coli Top=310Ks by =30 @ =0.99 « B-L =300 : sl ol
800 5 600 400 300 () islos, — aons oy (5t 5 S5 oo 4L
ool Gioles "B K" 1o g el Cavods Cangs y0 oo &l puxs slo Jloges
Ll 00

soe ol b aS 098 o somline "4 JSS" sla sovie 4 g b
WS oo g ShalS gy sliwl) jo Les d(Ngp) (il — adadd da o
50 800 L300 31 Nep yuss b gy slonl gloo (sl ol ol lade
Al oo miluy B ali8l glise & Nop il all co 0o )0 20 sgu>
L 5 5 opbegn 5535 iy cap K dojially o o b 1)
Aolae) Vi Wy riinid )L il g0 4 bgrpe dm o dolae 4y oS
ol —pials oy b uSe adal, VPR oS col asie ((15)
Sl ol o yial b andy il ol g Nop (ol 311Gl pli Lo ls (Ngy)
50 el maie Sl ualS slaedy cpl s Wb oo RelS VW etais
(5 JS8) g

130



Ve 9 YL yael ol eadl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 533s GHlwdad

[25] Los (zal3al 3150 cdly po () @l it 1 Jgor
Table 1 biological change in the tissue due to temperature increase [25]
€0 Lo

2l )3 i) Sy

37 sole
4550 Jsks &5 2 pae g w3l 0 ,Skee rals'y Los (2331
60-80 O Sisil = Sy g Sl )3 s

100 il e
>100 (B g) G 05,8
>300 b g

5 3950 Jl9s % 9) Jobe 5 09do0 Winie (g n O] Sl 50 &5 wad
4 55 Sl 09,0 ol VL 4100 °C slos ;5 2o e &) (Jsho Sy
RS g @ g 8L 300 °C 5l VL sles o Lales 5 0 e s
[25] s

Obey Se g )l Glgs Jlade 4z asily Wil LS Gleys (aatie
(005 <8l bllassl sles) 65 °C & 00s; el slos b el 5Lio g0 (inls
o3 ;3 a5 65°C sles (sl idu cnl o (18] oy Galises slo o o
2 I s 3o B s S pn o yma 5 il sl o (s
D55 0 A e 050 S8l )0 398 Ges 5 oo Gl G (o o

Ol Camgy 28l sl oad slanal slaallly jelane cnl (sl
cw =099 f =8mm ™" Ny = 400 :545 0 423 )5 15 0 15 & jg0a
Tt = 310K 5 pc, = 4.2 x10° J/mmK . L =0.03m 5 hj = 30
9 5756 45 3 145 polie b Llayid Gk 5l oogys Lo Mk
1965 °C slos @ o) lo) g g5 Gee ks g 0dd 0,lg W/em?
oles "8 S o odel Cawddy gl Sgd o oy il slaGes
solazl ‘@,.a 009y 3l il dobee Sl b o (gl ol 0ol ools
o Sy aly L& =0.15 Qe oley Coe glp bl g el aas S

el 035 03 591 w043 0.056 5 L pl

- 1]
1350 |
1200 F ¢
—_ N
=2 [
g 10s0f 4
g [
n I
hidt [
o 90
& I i
© r
@ 750
23 F
@ r 1]
> I
2 oof
- -
= [ ?
= asof
© F
£ I A
L :
= —8— Laser power 15 (W/cm’)
I —p—— Laser power 3 (W/em’)
r —E&— 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 il bllasel sles) 65 °C 4 yawms; ploj g 550 Ol5 o alasl, 8 S
Al sl ges

 Explicit

131

JELI a8l 58,5 o5 (pl 4z WS (0 oo bl o)l i
e & Cemgy 3 ol adg Ol g Sedoe el gy Ol
Tyos 0 6 JSS" laloges ) ggoge (al ediee gl S8l il (i
Mda 93 Gl S cu e GRIBIL a0 plis &5 Sl pasiie

ol a8l oS Gy Fes gliuly yo Lo

(W) gud! bf»\.&f'ﬁ o o ).ui.» -4-3-3
il el )l S cpl Caz 0 pF 0 Sl (cyp )50 el Sl je dl
ails 455 ol Trep= 310K g hj =30 B-L =300 .N, =400
5505 0.995 4 0.990 0.985 (W) sudl SaSly oo ly g 0980
"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 el Jdo cpl a4y g9050 ol il o (ialS o sbos (W) 5ol
gaais sy 5l i Gl (@) g0l (SaSTn core I
SlesS.w=0/B3f=k+0, Lajlgy a4y a>g5 b 0gd g0 00Ty
J..AL‘>K = ﬁ(l—w)djagl) ‘ML‘SA ;*“5‘)‘ %J.éo*sj u..\> w)..aK
sl (ST po i3l s (B) ales cp il i b oS 055
wode copo Rl b oam o b e pRelS (K) G coye (W)
50 g Al gals edaiy (L Luily e g laow w6550 wde i
lee G20l 55 Lod azes

Lod w38l 3 (yleF il -5-3-3
Sedige A3 (hegl Gl Sles g pe sl )l 5 (S a i (nl o
@ Oy slp 95 Bee g oo (Il Gloj » (63959 )3 Ol bl 45
4 (37 °C) 043 cabs loo 5l il sloo pol58l ol oo s ,g0 sles
2 S8l s Jodll oS S oo olml 28l o Glexs SYL slabes
Sgei odalin 1 Jgaz ;0 4 Ojge 4 Glgs oo 1y Leo 2ol cpl blas
ails 80°C B60°C sleo ol ,0 0gi 00 oayd a5 jsbjlen

Cople s 8L P g g n JLSle 5 05d e el ok e)53ls

1.45

N = 400, A, =30, B-L =300

-
»

—6— 0=0.985
—b>— ©=0.990
—a— 0=0.995

- - -
Y = N = w
o [N o w a
SR RN R A EEEE EEREE (EEEE EEREY AREE

-
=

-
o
a

-

Fig. 7 Effect of scattering albedo on dimensionless temperature
distribution

Sagr Slod DlpsS (W) gl (S5 o s T S50

4 ojlos 17 0993 1396 45 (oo Suille wise



Ve 9 YL yael ol eadl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 533s GHlwdad

Sl e 1y Gl ool jo ead a3 S e oue Ul cocal

(Jkg'lK'l) 32 LSL")f

S8 &b ey iy S
WM?) sl ainds
WM®) 3y sl 5 s 5l (ol (553
WM™y aiass cod
WK Sble, oo
m Jsb

Ol —pials om0 00
wWm?) gl 5Ls

ulia )'Q}J.

Sy oy

Wm?®) gio dlox

(K) Lo

©) ok

ol gl Slownd ()3

(M) Slaise

M’s™) &)l sy

m™h) el oo

(ST M) g5 Ol o
e sled

(M) Gdz oy

() zoe Jobo

= 61'“«)*‘9-‘-.:-“5

(kgm™®) I | olSasl bl
(=5.67 X 1078 Wm?K™) o 5:dgs - ylacesl <ol
gl i ca o

A g Sl s

61 olad agl;

99,9 =

Q9
057 Jolws

Silse slagip [ bl

(R SRASSY

4 oploits 17 0995 1396 Hu5 (o ow Suilfo wiie

e C,w)gé—5

o
f
G
Fim

I

o~ ~ (92 1739 =

XY,z

b e

=

Vb

MO BT S
=
=

O £ B & 9 QO

LR Y

L giy )

ref

e i) D8 Gl b o 285 an (g "8 ST 4 argi
(il ploj ey g Wl a 20l (65 °C) SLis g0 sles 4 G e
2 e O9b o (Jobo Sye Jlars i) 23U Cou 8Ll i Ges
4 oy ke 0 Lo 28 YL cye lisyee by ol [l S
Sl GBaS colatul az g 0)90 Wilg oo E5590 oyl ol YL e
andl il Cangy mhaw Glod gy alidl 4 dxgi oS asl Gloys 5
WS S el ol 4 0y50 o 95 deo 51U

O b ol g2 a8 285 4 (lgie "8 UK @l Sl eoren
orl 3 it 5 il Lo |y ol Gas b il 4o 395 LUl o akine
398 Bos 5 (59959 Ol o padins Alsl) @Bly 53 S S9i5 Wil oo Bes
RIS

Sy e sloo IS o s 0 "8 S )5 dal sty gl |
Shinyge ples S st s e sl OF Gk 5l g Ssed eslad 5
gl g 1) (Shy Slais 00 Joe 0 50 )5d Sl eslitul sl

&5 domii -4
amgy S8 ,3 55 (S Sl e labisly oy, S5 4 pol> 50
Wb it (plo)S Sy Wolae (135 0 Ly soae ok
Ge93 (nl 3 485 15 (cmyp 950 (Sl m( i oyl b Dl s
il oo CBl jo oo mje8 p ige Jelse 5l oyl ol as ols olas

ooy S W) pinis - il oo Gl bl ools olas
Sl 5o Lo (e il yiien Aile) G pd az e Galplo 5 wik e I
2 bs el liuly jo bl Glyear 93 Gl wiS (oo by SRS
the o5 ol Al GBI L e Jee o ) ol
JrsS Glp ole Glscas Wl o g wboo pals cdl o Lo il
g 48,5 a5 53 23l o e g, el

&5 b yelly 28l 5 el s b Jolse alox
Lod 2395 Hloged ;o s Cael o ol )ly ol o Ol pess a5 wbl g0 Congy
card g 2 s aiboe S3b ) @il 368 Glime 5O izmes
2 AL S A8l 5,5 slo iy et dlaz I Sl SusSl,y
Ol Of o & g it S8l Lags oud Ol Ol (e iy
Sym Jole o 55 (Sl bl gn IS 3L 5 g S
St e o Gl Il Gl e a8 wllee (L 5 Les mses o
SaSly ol 150 g 08d o0 Bymin 395 s 3l g 0l oSy aiais
WS g ialS 3985 Bes

23 L 1 ey 0B (il 5D (onz 550 52,08 3 )lge 50
ey 4 gl o cdl iz b ges ;o cdl sleo il Hley p
L oS b eals oylis sl oo (Sop Jheel 1o o sleo a5 el 65 °C
G e Fos Sy 50 P led S o, 0oy 3 Gl Gl
o e 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 calisee glasy)lS o 2l gles o5 1>

Syge syl (IS Sl g2 4 ogate azgl (el 15,955 lokg
E9ose ol 45 il dde Jlews WlgS oo o) S 5 o cal )3 v

132



Ve 9 YL yael ol eadl sl Soxe S

09 VLD Jobs 033) 3L )3 Alwgy 953 234 SIS Sl 533s 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 ojlos 17 0993 1396 45 (oo Suille wise



