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Abstract

Magnetic induction hyperthermia has gradually become a hot field of tumor therapy. In this paper,
a dual-phase-lag heat transfer model with magnetic nanoparticles as the heat source is studied.
Two time-lag parameters t; and 7, describing temperature and heat flux lag times respectively,
are introduced to modify Pennes heat conduction equation. The method of separation of variables
is used to solve the modified equation. The analytical solution of temperature is obtained, and the
influence of magnetic susceptibility and external magnetic field frequency on the temperature
distribution is analyzed. The results show that as the magnetic susceptibility or the magnetic field
frequency increases, the magnetic nanoparticles will generate more heat, and the temperature
will also increase. Moreover, the temperature has a peak when dimensionless time is about 0.7.
This study has some theoretical importance of magnetic induction hyperthermia.

Keywords

Dual-Phase-Lag Heat Transfer Model, Magnetic Nanoparticles, Method of Separation of Variables,
Lag Parameters

ARG GARAL T 9 iR B DUAE T Fe PR de a0

X‘j‘ig%a %ijiﬁ*
WS REECARA 2B, NSEE FEAITEER

Email: jjianyj@imu.edu.cn

Weks H . 20204F6 29 #HEM: 20200F7H13H; KA HI: 20204E7H20H

AR

SCEG| M IhRSE, EKE. UUREAKRLT A AR KU W S A A ]. @51 5L, 2020, 9(3): 195-205.
DOI: 10.12677/mos.2020.93021


http://www.hanspub.org/journal/mos
https://doi.org/10.12677/mos.2020.93021
https://doi.org/10.12677/mos.2020.93021
http://www.hanspub.org

}’J\j@% ’ %fkﬁ

H E

BERR RIS T BB O MR IR T R R BUR. ASCHEIL T AREARRL TN BIR FIXURE R A VR AL . BIA
T HRBERRREAIHRNEESH Mt 5t Pennes#iie R RBTEE. A BEEIMEENY
ERITRR, BEBERNBTRE, T ARG FERINEE AR, SRER, S
R ARE N, SERIKRTEELZHAE, FANRERSARIAR. i, STEHNE
NO.7TEARREEEIBRAE. A SO TR AT BA — 2 s 2.

XiA
SRR ERER, BAURRT, 2BRER, WESH

Copyright © 2020 by author(s) and Hans Publishers Inc.
This work is licensed under the Creative Commons Attribution International License (CC BY 4.0).
http://creativecommons.org/licenses/by/4.0/

1. 5|15

AR, TR IB T A IR 1R T BT ATk o JHL v BB S AT 2 i 4 1 — P BT i o BRI T
(K% 0 7V R NG WKL i I B G Bk S 45 07 A e 0 K R S AR 7 e X 3Bt i, AR )5
Wt — A AC A Gy, AR P2 AR st TR B R U S I G A AR . R A B A 4 iR 2L 23
W, W SRR TR, EAMIEESHLSWATHE T, MM H AR T, Johanssen [1]4RkF T —
Al PRI H I, R T LT AT 90% I i 41 ik e 41 24 il i i %1 38.8°C~43.4°C . Bohara [2]55 AR HL
I A BREEAT TR SNRT IR, RS T RARAR AT T VR T TR TR AE T REVE .

RSN T, #E DUA R EAREN . NRR X MR E L SIS, Cattaneo [3]#2H T XU
RUBERY X P B B 7E — NI P, AR S RS AR A R TE S R R R) & 2R (), 3 A7 A 2 I ]
ERIEIR . AR R A B MR A, AR AT AR L S IIL RIS T2 N . H2
XTI AL 307, Bai SEA[A]RIL, fERLKMF PR HIRE ST AR, a5
PP AR . Tzou 55 A [5] [6] [7150 4T 1K FUCH BSR4 R I FE 37 PR B AR S 2, AN S W ATORE )
P FEXHAE I GGHAT T I, KR T 5 5635 I XURH I J5 (Dual-Phase-Lag, DPL) B Sk ik 4 8 37 - 44
PG . Poor % \[81E I 7y B AR B R4S T HAGTEE 00 T M RO R0 bk b A 2% 1 R0 BURR i I A= A+ T7
FEIIFEATRE, BT T BT A) Q57 2 ThD Al N B2 D 2EL 2 U P i R A7 40

Ak, AR T, AR SeH) Pennes J7 AR KL TS MEAS B T BN T2 IR o {H Pennes J7 R
A ENRRYE . SR A4 TR SR, AT RS e ok R i 2 SR R 2
KR, EAELTRBRS SHGEREN, 58RI G152 Iy 2 205 E 77 72 T AP sh il 508
HH IR P AL R P TE PR KIS B [9], AR AT S BRI bRid  [RI T2 Se i Pennes J7 R F XSURR )
B HAB IE A B . Liu S8 AR SCHOURE I J5 A P A R Bk Rl R ot i BV 2 2L T
[LOVAIAE A=W 4 4 rb gl v FE WSRO IR SR B 4 [11], AU Laplace 28 BN stk (0 B8 BAL BORBT 7T 1 IR
SHGRIRE G R FLBR SR AR AL J5 B R X R 5

T UL, A G NSRRI 1A o 1 oq B L5 25 Pennes 5 FEBE ST 13 EIME IE /)

DOI: 10.12677/m0s.2020.93021 196 e RSE TR


https://doi.org/10.12677/mos.2020.93021
http://creativecommons.org/licenses/by/4.0/

NRE, EKE

Pennes J7f%. MHAANAKKL TAEAPIR, 5 BIEIER) Pennes 757 o (1 A I T 2 A0 S AN 7 4% 1 A2 Ak«
iy AT PIME I T REEAT SRR, 40 IR AT RN . 938 T EANRRE 7 IOWAAL R, S
AR i P ) of 0 B8 200 (RS0 o AT 00T SR S R T (R A SR SE B A — 8 i 3 e

2. 1RBIZI

HE, YRR AE S T RO N[12]:

a(xt)=-k=". (1)

Hrr, kKAHZIAT R, TRAGIRE, o APRE. KR e IR E o FUREE T B IERE t F1
) x IR E, RSN S I TR o M 7, (1)

_ 0T (xt+7)
q(xt+z,)= k—ﬁx )
XTAR /NI FE I ] o A 7, A4 T7 RN HIAE ¢ TR I, R — B 24, 15
q+rq2—?=—k§(T+rl%j, 3)
@) g AHFA I E], 7 A2 W S PR A A1 [13] [14] [15].
gl N\—4E Pennes #uf£ 5 7 F£[16]:
ar o 0
P E—&(—k&TJJbeCb% (T.~-T)+Qy. 4

[17]. BEAh, Qum NHAGIKAL TAESME 2T T P ARG, HaRiIA AT s N [18]:

2nfr
Qn =ty tHY ————, (5)
oo O1+(21':fz')2

Hor £ R, Ho NWESHIRIE, o A H AL TR, yo LR, « FREAARRL T IIAT R I 1A o 1Bk
SLA(B)AN(4), THERIRE q 13-

[ 0 j( aTj 0 0T
l+z'q— pC— |—— k‘rt—
ot ot OoX Otox

(6)
=§(k§1—j+7q(‘Pbcb%%—-trJfagtm}erCb%(Ta—T)+Qm
3. HIEHIR R
By E B SR TE e, K al(e) Fpr BB, mIALfi Y-
O Y 2T SO

K@) ZLNEARFF R Mo TR, HI T I A1 23 18] ) e e i 3 AR 2 — B RG24 P D4R 5%
PRI TR A o BEWIAEIN ZIR N To HLIRFEA R AL
oT

T|t:0 :TO’ ot

=0; (8)

t=0

DOI: 10.12677/m0s.2020.93021 197 e RSE TR


https://doi.org/10.12677/mos.2020.93021

INRSE, ERE

120 FE 5% A A2«
oT or
k| — =—q,, — =0, (0<x<L,t>0), 9
(ax Xoj b 2% L (0=x >0) ®
o To AVILRIRTE, qo APIEIRE, L VRIKAREE . N ERE, SIAN TR EENLE[19]
t’:pbc—ba)bt, X' = ’Dbc—ba)bxy H(X"t'):T_Ta pbcba)bk' = K & (10)
pC V. oC 4o PoCo®, Yo
M6 RS . IR SRR R4 (T)~(9) L N :
0%0 o6 0 ) 0%
A—+B—+0=|1+D— | —+v, 11
at!Z atl ( at,)ax'z W ( )
06
6., =0, — =0, (12)
|170 at o
06 o6
— =-1, — =0, (0<x'<x/ ,t'>0), 13
aXr e axv Yox( ( X XL > ) ( )
PoCo @y _ _ PGy v PGy
A, Asz—bcrq, B=1+A, D_bp—bcrt, xL_‘/bTbLo

B, NTHEIAESFRFRRADFT R, 46 =0-y, W AR (11)~(13)75:

2 e 2n0*
A%w%w":(u Dij%, (14)
at' o’ ot' ) ox'
, 00"
9 =WV, — :O’ 15
t'=0 v ot' o ( )
ﬁ -1, 6—9, =0, (0<x' <x/,t'>0). (16)
aX x'=0 aX X'=X[

HI T I TR 24 AF(16) /2 A TR R A, AR B I S 2, (14) FT 23 At O A TR L AR 67 (X', 1) = 6, (X', 1)+ 6, (X') »
i NTTHE(14)~(16), 145 0, i 2 -

d’e
F;;_QZ = 0 ’ (17)
a ., do| o )
dX' x'=0 dX' X'=X{
B RIFE MRS
2 :cos.h(xL—x) (19)
sinh(x!)
Fiak, EH(14)~(18) AT %1 Oy I A2 4n T Il i«
2 2 3
Al 6Zl+|3%+491—‘3—‘921—D Mlzzo, (20)
ot' ot' ox’ ot'ox’

DOI: 10.12677/m0s.2020.93021 198 e RSE TR


https://doi.org/10.12677/mos.2020.93021

06, 00,

- =0, 4 =0, 21
6X’ x'=0 8X' X'=X[ ( )
o6,
Hl't':o +0,=-y, at'l =0 (22)
t'=0

R BT AR LA T TR AU F SR AR TR, BT EART DUR ] 70 B A Bnt 7 RE b AT SR A, Fuik
SKRABISFE WIS Ao RS fRAS
=0 +y=6+6,+y. (23)
KA 01, 0, w I A Z5H.
4. GRE5VTL

ARSCHFIE T RGN AL T A FIR I XURT i J5 A8 1E 1) Pennes (£ #4052, FIH 2 B AR SR8 TR A
MR . 25 RS LIRS BT R SEBR ) R, AR OGS B FI SCHR[L7] [20] [21] & @ S8 A E
p=1000kg/m*® , AT H Kk =0628)/(m-K), HE LM c=4187)/(kg-K), MBEHE. LAMPEE
AN p, =1000kg/m® , ¢, =4187J/(kg-K), @, =1.87x10°s™, BIBKIRET, =37°C, IR E
Qo =1.9x10* W/m , FRRAAZURE L=5x107m , HEtnlZn x iHUETEEA 0~5.5829. HL 25 [Wifih 5%
1y = 41x107 N/A? o B4, AT & IR HT  FH FesO, iGN KAE 1 [22], Horh A 2t % 1]  =10°s
BEAL R o ISR N 1079~1073, HEIZORAE H, =5x10° A/m, BEAR f (RSN 10° Hz. mal(23) sk
LS (R E 43 A o

Bl LRI 2 2 A E X =2 B, 304y, =6.14x107 Fl 5, =5.02x107°, XF T AN [ (15t FR ) 1]
(0's i1 16 s)JoEE AN IELFE B R4 /0 AR 1 o BERF,  FAREARA I 7] 7 58— 16 5. EHAX(B) R iR S48
B AT, PRI IR N Q,, = 7.5x10° W/m® F1Q,, = 6.15x10° W/m® o AT LA H, il fE B i ] fr)
bR B A SN, PR K IRt =07 A4 RATIEE, TEEE TR, e =354
BT RaE . MITERBRRA AT, TS HBBEh T . 30(23) 4 t BOMR AT th A AR 52T 1t Ui B T
JEE I [B) R A2 e Bl ARG I TR AR 0, AT R AR s B0 AR IR I 28 ek 5, R, IR
TH—EEE.

RN AT EUABL, ARBET, 7 =7, =16 s B AELSZNT 1, =0s, 7, =16 I KR AME, X

0.52

|t =165, 1=0s
a 2

= T = 165, 7 =16s

0.46

0 05 1 Ls 2 25 3 35 4 45 5
v
Figure 1. 6 changes with t' at x'=2, z,=6.14x10", 7,=16s, 7,=0s and

16 s respectively
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Figure 2. 6 changes with t' at x'=2, g, =5.02x102, 7,=16s, 7,=0s and
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Figure 3. 0 changes with t' at x'=2, z,=6.14x10", 7,=16s, 7, =165,
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G2 (x,1)=X(X)T (t')=e’" (A + Bnt’)cos(x—fE x’] : (A.19)
L
b? —4a,c, >0 FHf:

[—bn + b2 -4a,c, " ~by —\[bn2—4ancn ]t’
T(t)=de " Jade ), (A.20)

[7bn +Jb§ —4a,c, " —bpn — b,% —4a,c, ]t’
R (x.t)=X(X)T(t)=| Ae ™ ) iBe cos[”—fE x'] . (A21)

X

i A<0, A=0, A>0=MEn}E:
1) Mb?-4a.c, <0 H B*—4A>0Hf:

[
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NRE, EKE

6,(x,t') = Y[ 6 (x,t) + 62 (X.t)]
b, ., 2 2
D Jb? -4 Jb? -4
t [Ah co{”Ta“C”t’}+ B, sin[”z—anc”t’ﬁcos(n—?x’j (A22)
X

n L

n=1 n
[—B+\/BZ—4A][, {757«1527“},
2A 2A
+C.e +Dye
b

2%,
e ) B = n . ’
Herp A n’n’ +x;° " b2 —4ac, n*n® + x;*
—(—w _ij—VBZ—“A—B
X ) 24B?—4A

2) *ib?-4a,c, >0 :

ox! . _ 1)/E-4arB
A PN -y

D, =

ACAIE 2[911,1 (X'.t)+62 (x’,t’)]
n=1
[—bn+\/b§—4ancn " —bn—M}, (A.23)
=> || Ae 2a, +B.e o cos[n—1,T X’] )
XL

=]
I
o

A = 2x, b, +l B _ 2%, 1 b,
A n’n’ + x| 207 —4ac, 2 C et ex?| 2 2,/b? - 4a,c, )
3) ¥ b?-4a,c, =0 HB*-4A>0M:
6,(x,t') =3[0 (x'.t)+ 62 (X.1)]
n=1
by, —B+\/B2—4A}, [737 BZ—AA}, (A.24)
| 28 nm 2A 2A
= Z[e " (A + Bnt’)cos(x—, x’j]+C0e +Dge :
L

b,  2x c _( 1J\/BZ 4A+B
=
X ) 2B?-

o2
e T T
DOZ[ ]MB

X ) 24/B?
4) Mp?—4ac, <0 H B> -4A=01:

6, (x\t") = g[efn (X,1)+ 2 (x,1)]

o[ hhy Jb? - b? —4a.c
=>[e* | A cos —t +B, sin| Y———""t' | |cos LI (A.25)
23, X

n=1 n Zan L
e
+(C, +D,t")e?A
2x, b 2X, 1 1)\B
= 5 B = n - L ’ C =Y —— D =| Y ——
o A n’n’ +x.° T b2-dac, nimtex? o= X/ 0 [ v j 2A°
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