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Abstract: Under the premise of ensuring the protective effect, it is of great significance to design the optimal protective suit. In
this paper, under the premise of analyzing the basic temperature distribution, the optimal thickness of the protective clothing is
optimized. First, a temperature distribution model based on the heat transfer equation. The partial differential equations of
temperature, time and spatial position are written for fabric layers I, 11, III and air layer I'V respectively. The initial and boundary
conditions are given according to the measured external temperature and thermodynamic laws of skin. The finite difference
method is used to numerically solve the partial differential equations to obtain the temperature distribution at different time and
space. It was found that the human skin temperature increased with time and reached a steady state at time t=1645s. Then the
optimal thickness is solved. Under the condition of meeting the basic safety requirements, the constraint optimization model with
the optimal II layer thickness (ie the thinnest and the lowest cost) as the objective function is established. Then use the particle
swarm optimization algorithm based on dynamic target method to solve. The optimum layer thickness was found to be 6.2 mm.
Finally, the model was tested. Using the finite element heat transfer analysis of ANSYS workbanch to simulate the temperature
distribution in the actual material, the similarity is high, which proves that the temperature distribution model is more accurate.
This model can be extended to other heat transfer related clothing and container optimal thickness design.

Keywords: Thermal Protective Clothing, Heat Transfer Model, Finite Difference Method, Particle Swarm Optimization,
ANSYS Finite Element Analysis

B B e 0 B P vt

AT, FAKE, XIERE

ERIEIR T RSAFERA, B, TE
ORI T RN TAR, B, TE
SGRVEII TR TR R, B, T

HRF8
929063056@qq.com (WEEE) , 2742456589@qq.com (ZEHIE) , liujialuogsys93@qq.com (X1t %)

WE: AORENTRCRIATIR T, it R SRR ik SCE R ARSTHE DT AR AT AT T, XBT9 ikiR
PIEEHEAT T B, FETRALEITRIRE A 2RI AR 1L TR SZIVAE 1R SR &
22 (B BB i S 7 7 R AR A 1) B2 SR AR 2 S A ) 2 SE et T M SO I8 A IR ZZ 700 i i 23 77
REMEATHUE KA, 15 BICEAN RIS 18] e 25 (] AL A BE A o AN AR B IR T 2 B N TR) S I i 48 sy, HRAE I Z)t=1645s18 5
Fads. e LR FEEAT R, R R AL EEORIIZZM T, BAL T CLREFER RONVEIR LA, DA LIUZ R (AP



153 P &

I3 e e JE P it

R, WRASEAR 9 H AR B A AR AR . SRJE M T 3035 HARE IR TR AT R RIS IRAILIZ
JERE 6. 2mm. B J5 0 AR AL AT RS . (8 FH ANSY'S workbanch R B 76 IR # AL 326 73 A % S B Rk o (6 T E 2 A R AT 45540
SRR R v, UEWE R A R O R . AR T DU = HAR AL A R IR A . A s IR Bt

BRI MY, BUEBBAL FIREMSE, RTRHMLL, ANSYSHIRTAT

1. 3|5

PSP R FRTE BRI R I RERS R N E
HUR Bk RS e FE M P Ak SE . I
AR R PR R R R R, A IEAE AR B E IR
DR, TR A B . KRERI UL IR S
RFERE SIS, ToikE R HAET AR E K, ST A
BRI S . DR, ST S RIAEE N A IR B
R, NIRRT RS TR AR AR AR 1]

FeF B AR AL AR AL (KT 7T O 3 AR P s ) A
LA BRI #A B 37 R R H 2 I8 & 2 Z Mk, &
NHEMZ EEA, B Z R B 3 i R Ah e, BN
AMIE T BRI KA IR S R A
PRI UL K G 5 15 bk 22 T) ) 22 /52 TR P 5 R 5 B 3 iR
HMERER R mI[2]. FRUERA -, RTTEBIFFIL T ASE M
T N f L% R, ChitrphiromsriZ%[4)52 T 2 LA R
By iR A SR HGERR AR . 22071, MellZ5[5132H T #
S RBERS N RS2 Z AL HEERL . Ghazy5[6]7% FE
FER)Z, @ TR EZERENE ZEM R H
PR, A SCRRTAG T HAE I AR, 78 BER S AT 2008 ) AT 2
T, R R HAEL SRS e 25 SR N FA R 3 1 E S,
AL T 5 TR R

AL R AR R ) B — R R A, BIAE
o S IS R] (1) 2 i) SR DX 85 pAy 3L P8 i 2 ) o7 B B B[] P A4k o
SERCER AR, REEFERN, BEHMES . PSR
. HTUZMRIEES 7 R s 5, L rE 4
PERL I R, AT DL RS IR S RE R MRS T L,
WS 2 ) JE A AT 6. 4mmi, KRR /N, JRA]
Ang. H, RIEGEESFE S, 55 B2 gL T
FER LG E WA 1E, FIFMATLABZE 343K i
PR 5 77 o i 2445 380 5 P 501 o 2 ) o 8 % I ) ) A2 4
B (HNREE A0 [7].

RN ENZ WA RS, R DL 2 B S 8 B bR
PR AR AR AT o R 4 AR B S E W] DAAS B R RE S I [ )
KA. B HARMBHARL TR, B33 & 0

=R,
FEREARSHUINR I FTR:
1 PP RS ES5.
= 0 MiES R
#E  ®EKkg/m3)  HHJ/(kg"C) (W/(m-"C) JE ¥ (mm)
1Z 300 1377 0.082 0.6
1E 862 2100 0.37 0.6-25
1z 74.2 1726 0.045 3.6
V2 1.18 1005 0.028 0.6-6.4

2. ETHEEFTENEE S AR
2.1. BRI

Rk B F R B = 2 AR 55 3k R 2 R, k2
I. II. IIZ. EREFHER L, RIBGEETIEEMHE, &7
I. II. TJZEVRZES)ZE R 5 FE[8].

STEP 1
UZ MR AL 8 77 7%
oT _
ClE_klATi(xlat)-’-Vdel (3, )0Q; x(0,24,) (1)
/\EI:"
C =pc,
o°T
AT, ===
l(xlat) axz
W :aFL(xlat)_aFR(xla[)
radl ax ax
OF15:0) g OFn1o) gy gy e e ok
0x X
OF, (x,,t
—i%Ll:ﬁﬂﬁmn—ﬁTﬁaﬁx (x1,n0Q; x(0,2,,) (2)
0F, (x,t
—J%f—2=ﬁ&6m0-ﬁTﬂaJL (L OQ %(0,10,) (3)

Hod TONIEE ;s ¢ NAFIA]; x MBI RE B ANE BB
G, i0(L4) NMEHGEHRE, T RS R
Bl W NN RS SOR & F (x,0) NFAER
FEATRL,  Fp(n,0) NIRRT . Q FIRKT 1., BUA
Vel N EEAE mR I P IR (R [9-10] .

TERF R0, N A NIEE N miR A, SR A A Al
FRHAET 37 °C o I HINNRINZLW 550 R
PLAh IR 2S5 TR0 . Uk, WI8R Sl A4 R -

WG A

T(x,0)=37"C, x0(0,4)

L FEAT



Science Discovery 2019; 7(3): 152-160 154

7(0,) =75
or, __ or
_kZE x=h ~ 1 ax x=l

STEP 2
[ B TR L= A4 B AL 3 77 1%

or

G o _(kz _) (e, )0, 0 +15)%(0,1,,)  (4)

He, G =pc,

FEJRS 2 (B A S, R SR B A IR A . T

HZ MR TTRE N -

az—f'—(@ =) (OO +L, L+ +1)%(0,4,,) (5)
o G = pe,

Zfel, WILAE RIS IZWIGE Ml 564 . T2 IAI6
BN TR
IR G

T(x,0)=37 "C,x0(, +1,1, +1, +1)

ERREMEFATIE, BTt5RETHRAN, XA R FA
WRIZWIZE, RUZHAREM4. Bk, WEVIME LD
2SR T(0.) =0.3108¢ +34.67
WIE 2% A _.or or - or
3 x=h+L+, — K2 x=l, +, +,
. Ox Ox
T(x,0)=37 C,x0(.} +1,)
STEP 3
WA IV AL 3 77T :
7(0,¢) = =3.307¢ 71> +0.004207¢> +0.07513¢ +36.32
00 T
2 g 1770+ | O | ¥7h*h
C O kAT (et = 2002 (o O, +1, 41,0 41, 41, +1)x (0.8 ) 6
47 4( Xy, ax X, 1 Ty T3l Thy T3 Ty slexp (6)
Hrr: B S

9T
AT, (x,0) = ——
1(xg,1) 32

G = pc,

I, HATRFAT

T(x,00=37 "C,x O +1, +1,1 +1, +1; +1,)

2 5 8 & 38 &
VS S RN S SR

B Txb) (1R
!

&
/

35 L
6

MATLABHET K fi#

T(0,¢) =37 29351071 41 057 %1078 0115
T(x,1) = 48.14e 2977107 1 _ 12 g 0004061

BILi, ®E, MR, EREFRSEHA

o RIR AT I E TR -

%

Il 0 (S)

Bl %R A



155

o5 WA (x=0.6mm)

Y IR

35

0 10 20 30 40 50 60 70 80 90
i ()
B2 EEAAE (x=0.6mm) .

Hy BRI R, UL A R S B S KT BRI, B
I 18] (R HERZ T T v JF ELAE B R il A B, R
IS TR HERS ORI N o B 320 B 1, i B I 1] 48
B XEHEUVVRMFR, I VRS AT 2N
Y,

kA S AR IR LR R B

Yx=0.6mmitf, B LLGH| AP, T}, MAHMAETL
B # x &S ¥ 7 oW & . #B
7(0.6,1) = =3.307¢°#> +0.004207¢* +0.07513¢ +36.32 . iX
RS R IR A A B L A . JE Il R RN
2 P ] DAAS 31 58 — 2 IR B2 40 AT

IR/ & (30min)

75

50

45

0 ‘ . . . .
0 1 2 3 4 5 6
A (m) %1073

B3 EEAS A (t=30min)

Sl

& 3 &
/ / /

TR T(x, 1) (B )
& 2
i /

2

il x(m) 0

60

a i 55

50

45

40

I Time t (s)

B4 5 R A



Science Discovery 2019; 7(3): 152-160 156

®ESHE G=smm)

54 T T T
2F B
0 F 4
@8 4
- -
=
W -
K
-
[« 5
m B
/
rd
By -
M) oo 550 —
0 10 2 70 @ «

0w o
#¥(a) (s)
B5 EEAAE (x=6.6mm) .

SRR, IR LR B SR 4G KT A
W 5 I ) O HERS 1T v o LR B9 300 BRIz Iy, R P i e [
FE Sz .

ANE 74 P

54—
52 ~4
50 ~
'Eaaw
46 -

.

K

Tix,t) {

42 -

13

40 -

38 -

36 =
oo

0025
0023\\

00

S0 xfm) 0 10

2 x=6.6mm I , [\ £ Xf 5@ AT S, 15 3
T(0.£)=0.3108¢ +34.67 . iX 25 = E W46 =5 A7 B 11
FA At o ORI A NFE o] DA 256 = 2 0 RS 4y
i o

WS (t=30min)

65 T

40 . . . . .
Z=[E (m) %1073

El6 A A (=30min) .

48
46
44
42

40

H fElTimet (s)

B7 5= EEE A

HEN K (x=3.6mm)

37.00035

37.0003 |-

37.00025

37.0002 -

37.00015

WS RIS

37.0001 |

37.00005

37 . ‘ . ‘ . ‘ .
0 10 20 30 40 5 60 70 80 90
IFE - (s)

B8 EEAE (x=10.2mm)

B (t=30min)

54

R GRIRED

. . . . . . .
0 0005 001 0015 002 0025 003 0035 004
20 Cem)

B9 A (=30min)

36



157

TP I A PRI R B A B OKTT B A, B N () )4 RS
M. HLEE S0 SRz 1, 8 B Ay R 3 ek 2, T
AR E

4 x=102mm ) S S S <
T(0,¢) =37 29359071 41 057 x1078 2115 i 2 45 U )2 4]
Clesl VAR 0pUR; S S ENE B SVE TS 3 G PN e an D e S |
S VU2 IR 2 AT o XCIRI A B0 7 R 3R T AN [ B [8) %o 1 1)
TR o AT DAY I HOA H 7 28 DU J2 2 [ Ao B R 3 I I 5

kA S AR IR LR R B

I B AR T(x,r) = 48.14¢ 72975907 4 _12 270004060
BRI E 10T . i FIR-square’y 0.9977, 1] WL
BRORWLF . ATLAAA T(x, 1) = 48142727710 1 =12.62¢ 004
A H | Hx 2. Bk EFH LR XN
T(x,) =48.14e>771 ¢ =12.62¢7°°%% o 3K fif 0] 7555 DU )2 (4
AT . WEIFR.

B T sy
-

200
5418 1(s)

E10 A THHATIG (x=152mm) .

B

37.00035
37.0003
37.0004 .
= 37,00025
& 370003 {
o
- 37.0002
= o002
X
= -
&1 37,0001 - e
L]
a7 37.0001
0.06 D
0.04 o 100 3700008
//
0.02 - i 50
aw
e x{m) 0 o  Time t (s)
y p Y
B 50U R A
WIEM B (x=6mm)
37.0003 - : - "
37.00025 |-
37.0002 |
&
=
@ 37.00015 [
'3(
=g
37.0001 ©
37.00005 -
37

0 1I0 2‘0 3I0 46 5I0 6I0 7‘0 8I0 90
I (s)
B12 BENSAAE (x=152mm) .

WEES AP (t=30min)
37.0004 T T T T T

37.00035

37.0003

37.00025

CHITIE)

Rany
R

37.0002

37.00015

37.0001

0 0.005 0.01 0.015 0.02 0.025 0.03 0.035 0.04 0.045 0.05
20 Cem)

13 HES M (t=30min) .

Sy, P I R I S S R T B, BE A TR
HIHERS 1 T o LR B0 Fbkaze (17, 3 P Tl i T 84 ek 2% .
N B J ik FEE ot 1) 384 I g 38 7=, R AE R %1 = 1645518 B2
PN

TN o

2.2. BESAEHKER—FRTHRAEERS T

PL= ZRPEHME N 75 5, FIH CREO BB AT 2
SEARRR R, 22 ANSYS workbench WA R IC0 81, 153 HR3E

PR BE AP AT [11] 6
ANSYS workbench #J12 3R A .
(1) REESFHEEH



Science Discovery 2019; 7(3): 152-160 158

AR R E T EE R, T ARG
O-W =AU +AEK +AEP )

Kb, O NEER, WAL, AU NRGNRERE,
AEK RN RGFRELE, AEPARGHEELNE., Xt
FREZH AL T AEK F1AEP R0, I FLIEE A% E M
Ly, 2 KR

Q=AU ®)

() s
PAL G TR 58 A B (WA 22 18] B T 3R R R
SR A ER . HARWTF:

w_ o dT
q _kZ§ Q)
R, ¢" NPIREE, Kk ARGE, WS RRR
I AU B R P R T 1A
(3) i
TR I A 45 ] A 1) 2 T 5 e L 4 f 0 9 A 2 1) £
FIRZRAEAE SRR S B, ] R Ul

q"=hT; ~T,) (10)

KA, ¢ NRIREE, h ARRREL T ONRERER
TR, T, RIS AR i

(4) GRS

TR ST 2 8 W A i L A L At A Ak R S B A
NI P EAS W A . o R R

N N
z(%_@i%)% =z(5ij —FpoT (1)
=1 i i i=1

Ah, NOVESTNEE, § ARP NS, &N

SEATH i A RO, F OviR U R B O RS i

BURHIRE R, A MRS R, o BURZEES, T4

SF T 2856 3

0000 0.050(m) ‘<
oms %

B4 FrrboAilE.

A3 BRI W B0 BRAN £ 2R

(1) EEMRIEF B BB SE . BN 5 25 5
o ARAE BAFE DU R LA, SRR [FIANSY Sk
BAFROREAT RS IR 5y, P15

0000 0.040(m) 7”
B15 pfs Rl

(2) A TR AT L E > Hr[12-13], 15
H AR R I E 2 A1 B AN AT B R

0.000 0.050 (m) l<
I
0025

16 &SR,

0.000 0,050 (m)

i<
0025 N

17 iz



159 P &

(3) BREDHT:
£2 BENE.

e 12 ng HE IVE
(p=RE S 69.7 52.7 433 37.9
TR 4h L 70.3 53.4 452 38.1

R HSLAE RS U7 B REAT I E, 5 RO RS 1
TR T HER o

3. EFHEEHEE (DOM) BUEPSORE H bR

FARAERY

DL EG IR N65°C A, LARRIR TAE60 4, A4k
RSP AMIN IR FE R B 47°C,  HAB I 44°C RO A AS#E L 5%
by H bR ST R R AR A R

STEP 1

MRPERE & e AL &N EZ R R SR

Qi = Qisre T Qv (12)

Oy = Cm(Tyy —T7)
pAS; =m;

O.sip = (AAT;4, —T,)t/10003;) %860
T5(3600) < 47

T,(3300) < 44

Tin > 7T

37<T, <65

0<¢t<3600

0.0006 < &, < 0.052

S.t

Horri Zam B8 1si<4; CGRESEMEIIH,
A REES DRI TR m S DRI R 4
RABLEFESOTM; 6 NENENER: T,-TH
FORESZ IR 22 14] -

RS SRERTTTE:
3, =(31.82%(T3-T2)*t)/(688.5%(T2~65) - 6.52*(T4~37) -
(117.53%(T2-65) +10.75*(T4 ~T3) + 4.83*(T5 - T4)) *1)

(13)

7,(3600) < 47
7,(3300) < 44
T >T,
37<T <65
0< <3600

0.0006 < &, <0.052

s.t

SR, GO RRIRIE: TN R Ot
ZESS

I3 e e JE P it

STEP 2
7 HFriZ(DOM)
LR A 52 AT DU o e B AR JC L0 R AL AL ), {5
FLoh /D Jb ) 2 2R HIHLE, 307 B AL (DOM) AT A
BARDRIX AN [ B[ 15]0 X F— AN ARARAL 7] #

min  f(X)
st. g(X)<0,i=1,2,-,n,
h_/(X)=0,j=l,2,---,nh

(14)

Hodt, g (X0 WASRLM, n, WA% R
hi(X) ERLH, AR, .

DOMi i 52 X —ANF B 5 DY) , 4 S5 240 3
EURRYRAL 7B min £ (X) Ay —AS T3 BLE AR AR A
1 min{ P(X), £(X)} 3t @) BAEH A HEE,
f(X) BB A bR, R R DY) & LT

CD(X)=Zmax{0,gi(X)}+Zmax{0,|hj(X)\—é‘} (15)
=1 t=1

Hrp, e A—MEE/DHIES, Ble=0.001. FIME
PR BN B 68 5 Y P AR 8 £ (X) o 25K T
T AT SN, W o) 1E N E s &0, shAtil
£(X) . FERACGE TR, WK R T AT, T E bR
AR D(X) o« B, RF AT DABIARIAEE K
Ak B A k2 16]

FIHBNAS B bRiE R g2 i 5 B s A 8 4k, wr it
SR B AR R FE IR SR AE o a0 I R JF O B 1)
il 2 o ok

T RE ot £k 2% 1E AR % =200

25

I Il
0 20 40 60 80 100 120 140 160 180 200
HAA

B8 i T HESIELE R



Science Discovery 2019; 7(3): 152-160 160

T 2R mT R, L N N R AL I AR R R s
RS SIOR BT, Ron H R EURSUE I . MIAERIE N
65°C IV 2 IR FEH5.5 mmisy, T2 B & JE R 96.2mm.

4. 4w

FEBLTH IR 7 AR, 3o o 0 el N A AR i P
ANEN SR IR S5 L FEE RIS 18] A2 Ak, R R g 27 28 3T AR 21
81797 Bl 8 A T P AR PO P I e [ PR 32 A o AT T EAFE B 52
MRS BT, 4531 %AN 2 IR B R RE . #E T w] LA Bl
AL AER IR A RIRTIR T, SRAF AR A A

BB A] DLHEAT 3 — 20 () o AR 2 BT 4 iR S L 1
fHOLT, T AR B BHARYE BT, TR E 5

SORBARFFIIA R R DU T ORAE AR (5 2 B B B TH45

Sk
[11 A2 2 BT 5 IR ) #uE A R K S 80U ik 2 [D).
WL T K2%,2018,

[2]  FTHRE IR AR AR AT N = 2 ST B AR A 3 U A Y
) B R4 B TR )], 9 2 4 41%,2018,39(01):111-118+125.

31 KIik. MR TIREM]. Abat i E g9 it
2015: 98-131. ZHU Fanglong . Clothing Thermal
ProtectionFunction [M]. Beijing: China Textile & Apparel
Press, 2015: 98-131.

[4] CHITRPHIROMSRI P.KUZNETSOV A V. Modeling heat
and moisture transport in firefighter protective clothing during
flash fire exposure [J]. Heat and MassTransfer, 2005, 41(3):
206-215.

[5] MELL W E, LAWSON J R.
firefighter's protective clothing [J].
39-68.

Heat transfer model for
Fire Technol, 1999, 36:

[6] AHMED GHAZY, DONALD J BERGSTROM. Numerical
simulation of heat transfer in firefighters' protective clothing
with multiple air gaps during flash fireexposure
[J]. Numerical Heat Transfer Applications, 2012, 61(8):
569-593.

[7] 25,5k %, F 77 5. 2 T Matlab A {w 35023 75 FEEUE T [)]. 5%
B Tl K& 22 (H AR RHERR),2017,31(04):39-43.

(81 Wk, FAPI 7 e A A% 3o A R e S Bk e S ) D]
WL TR 22,2017,

[9] B, iU Rl AR AL B A A T T vt S i) . b
Bl H k2014,

[10] 75, EF4E, 760 3, Tk TE R K RIRET T B SRR 7 ik
A BB R IN[T].97 21 2:41],2009,30(04):106-110.

[11] FkaRUg, 3R, 52 K M, 8. ANSYS A B J6 73 1 R AR 75 4
AT R R FH[0].9A 42 BEUR,2004(05):9-12.

[12] ARAAE BRSO, AT, 2= i B 40 ol 7 2 S5 BR OG0 AT 0],
PR T,2017,31(01):11-13.

[13] &I, 255 w40, 5K A i 4 — B BT B 3 T ANSYSHIR
Yl B [J]. Tl 5A1,2015,28(08):104-105.

[14] #i&. 2 H bR 7 B AL 5k & 3 5 H #F 78 [D].IL R K
2£2014.

[15] XUME,5KkA7EE T EhaB 28 PR Z H AL 8k 0]+ 5
HLREFH,2013,33(12):3375-3379.

[16] Bkfh.4540 % HbeBOI P04k 15 11 D]. 28 K K 24,2006.



