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Table 1 Performance of common incendiary agents'®'"’

incendiary agents density / g-cm™

spontaneity (ignition point)/ °C

burning temperature /°C

pyrotechnic combustion agent

(red phosphorus) 1607160
napalm 0.70-0.80
triethyl aluminum 0.83
magnesium based alloy 1.78

rare earth alloy 6.30
titanium and titanium alloys 4.50
tungsten zirconium alloy 6.20
zirconium and zirconium alloys 6.50

Al 2.70

Mg 1.74

Zr 6.50

P 1.83

Ce 6.77

] 18.95
gasoline 0.7-0.8

explosion point(460)

1300-1700(flame)

900-1100(flame)

Y 700-1000(flame)
- 2000(flame)
Y(250) 2250(spark)/1800(flame)
Y(600) 3000(spark)
Y(600) 3000(spark)

Y 3000(spark)

- 3000(spark)
Y(150) 1000(flame)

Y _

Y(150-180) -

Y(20) 800(flame)

Note: Y stands for spontaneous combustion.
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Table 2 Summary of fireball models!*-*0-¢2!
) ) o ) reaction time applicable ) o
source of fireball fireball model and classification model expression . main applications
scale conditions
moorhouse
& Pritchard
) Lo . industrial
fireball formed by . dozens of min- o ) )
. fireball model of liquid combustion | production and
combustion of pure Roberts utes or even ) .
pure fuel or gas explosion transportation
fuel TNO hours
safety
Dorofeev S B
Bleve 5
- D = AM
high t=cmP
fireball formed by fireball model of Hasegawa .
. . energetic . .
combustion of combustion Sato a few seconds . military field
) . ) ) materials
energetic materials | energetic materials similarity
law model
a fireball formed by | | subtle or milli- .
. fireball model of energetic o .
the explosion of an . Rakaczy second order of . military field
. explosives . materials
explosive magnitude
DZ
a_
T4 D2
) ) F+— the atmospheric
universal fireball L? ) .
- Baker , |- loss is not most of the fields
model dered
— considere
Q _ 1
(bC)M1/3TZ/3 DZ
Ft+—
LZ
Note: D is the maximum diameter of the fireball,m; A, B, Cand D are constants, and their values depend on the type of fuel; tis duration of fireball combustion,

s; Tis the temperature of fireball, K; M is fuel mass consumed by fireball,kg; bG, G, F are constants, which the value of bG is 2.04x10*,the value of G is

0.958%1077; q is the heat flux, kW/-m™; Q is the heat dose,kJ-m™; L is the distance from the target to the center of the fireball, m.

R IR S8 BB MR R T B A G B 5 S e =
RIS . SR KRBT RP R 2 B 245 3
T T DT K BRI R A L R
PF N AL DN AT A 2 3 T A A TR 468 1 A A Y
Je B i K BRASE L T A Rl A 27 vk o SCHik[ 61,63 ]
TEBUAT 19 K BR 8l )y 2 A B Fl Baker BB LRl BT AT
KA FR RS T KRR, 80 % 1R R Y 85
I LA H b e 2 A IABE (R . SCHk [ 64 ]2k Tad iy i R
SR ST TR N PR R B T R e W i g i 7R
XM T AR A PR S B i BOR o SCRRL65 4R T 2
PR A IE Jy s, g S 1 Al S50 Ja] Bl A T T B B4 A
BB e TRBE K A JLATREAE 70 A7, 47 45 i IR
B R S 24 R 58 A S R R T SR ) AR e A
SESCER Xk LA AT BRACHRAR SRR S5 UE TR R BRI A
T R o R A RN AR R 2 SR R A8 0 K BR BV
SR E SR, Gk 66-67 2R FHEUE B3 7
TEARAT T B K BRI BE A ELAR L AN IET 2 TR R AN TR 26

Chinese Journal of Energetic Materials, Vol.29, No.7, 2021 (667-679)

Y57 BE AR A R 0 g ol o A5 R O [ B 20 %6 1 11
2 R KRR B 1R 5 R T R i R 4T AN R R R 2
AT DL O 1 K BR 3h 25 1Ak 2o i v AS [ 9 B 1 T
BHRAE o R AR 5 5545 PP AR Y op 9 S BOR IR T4
b KBk ] &R KRR G = AN R [ B B I Y 2k
BRFFAER A i, 25 B N A0 SOk & 30, K BRASE AL h AE 7
SRR M R — R 28OS BUS KT KR IR
T RAS IR A W B 3 Bk A B B 14 3 25 3 A8

B N AN St ok BR B 2SI ot B o ) A — A B B AR
RIFF R T KBS . Makhviladze 218 4 37 7 3 #4
AR A TR Bl A 50 B TR b 222 4 5 4 0 R0 43 75 2 2K
R SO R S Y T R A B AT T ok BR B 2
G AL RIVIR 58 Bt I) A B A, 45 SR R B 28 4 5 1 o8 i R
5 B0KCER TE AR R A J 1 B [ P 7R T BRI R R L T AR
o BT K BRAE A 14 5 DA A A MR 3
Bhbe . Baum ZE1d N7 T H R 3h BRI BE ST R
X Xkl

www.energetic-materials.org.cn



673

B2 R A D RHIR b 8 O >
Fig.2 Burning damage effects of different types of energetic

materials 72!

TR A5 2 114 K R0 s R T %) e T AR RD o L T E 5
KCER PR B RK T AR B KBRS FE R AR o Yang
VO T AN A B K BR B 5 L 43 0 A T TNO
BLAL  CCPS [ & K AR B 2k o5 W5 L 4 ] 2%
4% E B 5 . Blankenhagel 28772 &t %t i AR A #L it
A ALY 5 RS IR IRRIE R K ERAS TR, X R 16~
155 kg MRS A HL A AL W KR BEAT T 3RAE, JEXT 13
AR RL T H A 10~168 kg AYARARZEAT T 9005, $2 3 7
RT3 A AL (DTBP) K ER B4R B R R S
Ty 3 RN % B [ B et o 2t 22 1) 8 1E 5 B 1HAR T
Fe B T #5R 5F b il i e & #F B . Stepanov 7L T
25 FUR L -2 SR B 0 0 O 1) AR s g 2 R A5 0t
T, iz FBUE AT 16 0 52 1 MR e RVBR 58 7= T o IXC
SR B B B S HOR R ML R S R L8 TR
[Fi) 7 57 ¥ bF 76 RE 5 B 550 DX B S0 1) A B ar 43 A 4 6 A
P 5 10 TS B0 R IR i bk o AT R B R 2 K b
WEVEAT T L% . Bonilla %5745 ## 37 K BR 46 THHLFL A
Y BRHT — b 2 SEEA  AFAE 0 A2 Bl A ok R A
SRR s S T — B A X R R AL,
T KBRS BRI T E R, LRI R
JE B KR A 8 AR 1 B b B — B B RRAE O B X A —
B B R AR HEAT T A BT AL, {H 25 A kK Bl A5
A 3o R I A TR R X A /b B O T IR S R R o S S
R KCER AN Al 2 A b i AR LR R i — 2B R TR AR
TR 1 Pk

TR TSR T — B KR 25 8 K R AR K
TELJE R B ) B T AA vk L W E T R ER R TR RS e
% A B . ] A0 SR B O M /N A
B 7 152 il 155 DEFAE JCER RN SEFAE K Bk 19 iR 2,
Baker 77 7% Fll Dorofeev J7 12 > Al B J BR B #4559 2%
N, & B Dorofeev J5 ¥ 816 A 7155 DEFAE K BRI o

CHINESE JOURNAL OF ENERGETIC MATERIALS

Dorofeev %77 HEAT T 10°~10° kg i & A 55 1) % K} 5
AR R AR RN, S 36y, W) 28 B A T RORE %) e K ok kol
T RN 22 ) [R) R EL R S RE SRR ORE BT A A G
Fo LA EBFFEAUAG B T R KR K BRI KR B
S (A DL R S 2 4R A W SOk BR Bh A AR b i AR
R JE LN D3 R S A6 B 5 b 1 AV S B 4 e
I (%) A 5%, R e g 25 AN (] 5T i ) B O o A Bk 1 R
10N X CCBK T PR 58 v B A B 4 B b 1 R S B
L

4 BMIERGITHERRHAR

e T T 7 0 b T R 49K 5 5 0 VAt 2 4 2l A e B8 4
AR i 1) 9 AR R [ PN A0 X T BB A B 1
T MR T A, 73 D T — A8 A5 G ) 48R o BB T
b F 5 1 3 T 22 Ao 58 A5 700 5 14 R B8 B8 400 PP A F 5 <
WA R S AT VA B R W K W T T - — 2 5 RE AR T IE AR
01K e X Bk RE B fa HR R AR R SRR L B 1 B 45 1R
o3 M FUER 8 K Bk Bm A LA TG A b AR A i 1o
P 5 TR ELA A B4 DA BEAE M5 R X AR e B 43
REMEAT S MEAE 3BT . SO P A HOR S — 2
B i —— RS RO R AL, WAL 7 1 2 ool PRl X
ST BENE WA X RAG B B9 REE ) 2 i I
L AT 5T Y R R, MR B B 3 1) AR 48 DF Al R F S 4
o BRBE B VAL B TR AT SOR AT B T gt A b AR i
Tr it AR SRR M oE R B g . SR
T A A AR R BB Sk RE A O T A — E Y SCRIR
0 LTl 22 4 25 07 T R 71 5 1 SCHRER 22
4.1 ETB ARG ITHMESRG TR

TEVEAG HR 8 B0 ORI, O 1 20 M [ T A O it A
R, FHUAT T 24 8 SO RS, B B 2G5 2 5
RO A S T R g ) A BB O ) BB ORI R B RE
3T [ 850 ) AR J5 10 R 52 B PR GH PP A o R B B8 3 TP A
F1% i il 2 5040 0 B K e 58 U o R R A S R AR [
W ANF 2 22 5 R LD FROSAR S S 5 R R R 22 R
K 24 13 i K BRANA HLI AL K BR A B4R B Rk
I )l B 23 A 45 R 3 KON 6 5 Baker LAY [ 44
N RS TR A5 AN [ AL K BR Y R BB s RN R AT T
Al 7o e b 3E A 3 K B PR O R AE S 8
8032 2R G, AT AN TR S5 5 K 24 4 K I 1% 498 8 A
553 00T KA 485 7 I 2 R M S PR N LA B IR R O
25453 A B 9 DU 7o R A 24 25 A [ I TR0 I 24 1) gk K
A 3 2R AT VAN AL R — R BT T T vk B

N XK 2021 % £ 294 %78 (667-679)



674

TG Sk R, ok, s A, SR Bk

o B o R AF AE Y IR, Wang 45703 T LA 24
FVEL AN S BES , B8 HT — I B 00 20 45 5 | i S
Il 0 et 10 2 %) A ST 00 3 O A 5K, A T
I G S5 A 0 DN 0 A 32 2 o ) D L il o )y 2L S 58
BGE T S A IR T .

T b S 5 T B A I A B A7 R AU Y P SR AR e S
TEAR I SE Al . Lebel S5/ H AT 5 & 8 5 11 2% 245 [ i
L RE 5 B K IR A0 22 1Y 32 DR APOG EF R X 3k oA ) AR
BRI AT RAFE  FE 5 IR & K% WK 29 3 M vh 3R A% T ek
P 0 T 0 A, 45 SR & B K BRI E 1600~1900 K2
[E], 75 K 29 20 ms A9 2 72 o W0 22 31 PR AR AU AR O, 12 ms
Jr W (B 29 R 1850 K, K BRIE A1) b i vy JHL o 35 3 32 4
A A 24 ¥ 5) o R S5 AR A Kk BRI AR %
A5 BB 05 AIE 2 R b L ) 28 R R e B 0 A4 F 5
0 BT B, fELXS T KRR PN Y 4 0] TR B A S R S
63X 4 AR 1 N A, IR SR BIR T I A ) B
BRI L A T 7 3% A 5 DA ok ER AR AE 2 B00RE X6 S A i 3
ot i) 2 % A AR E — 25 i T MR e 40 T A 2 R 1 o
b

S5 7 AR 3 A TR TR EACE S B 7 9 D) 1 B 5 02 4 T
B P A0 1 R 08 S8 05 T A F o B . B8 AR T AR R
I A KL 4 1 Baker S8 X 5 250 3 kg i HE FAE
SR HEAT T A O A B T ARGR) 4 A 4
TR AR ZE 58 A A g R B AR R TR
2980 B ¥ T 2 S VR KR B A AR SR T
% BT T T A2 K 2 R R B S R R A R
f H b DCIOR A3 A R HIOCAT 349 T 2 2 5 e B 403 K 1Y
FE R A GRY KIE R A 42318 40 ~ 60 m
B AN, B Baker B BT Al 5 b 58 105 A0SR 19 F
FATTH: o 22309 3 T Baker 155 U 4R ) IB% 745 K
AT A0 T A DD A AR e 3 A A I S 45 OSR 1
T AN SRR BE BT B K ER Y T R B S IR A S
0961 AR o DD DT A R 5 B B A B R 1
AU . Sun A8 HE FHBUE LU 5 IR T AR B B
b X1 YAk T SR A T B 0% R 2 10 BV S 3 i B
T AR B 25 A M, STk R A S AR S 58405 v )
F W G 5 (q) AT (Q) 3 T A~ SR AE #4%4 S
3L RE R FR AR, A0 3 TR, Y > g, Fl Q> Q_ KT
BF, AT DU H bR Ab T 5845 DX, 40 ot ok PP AS H AR
BOIRE

ST B3 VA A5 TR 2 R 0 B 05 DA T 5 1 G B A
B W T WAL A A (LPG) W5 W AR 4 8 78 A8
(BLEVE) k 3K i i 1 R I 75 5 A2 A6 AN B o 1, B4

Chinese Journal of Energetic Materials, Vol.29, No.7, 2021 (667-679)

B 490 3L F Monte-Carlo #5400 7 12 #5717 B AR K ER #4
G AR VT AR AL, 5 S BIHSRAR B T LPG W
AR i 28 MR KR K R 0 58 3 R = R A 5 it 2 O
FEAN B MER M4 . T SCHR P O TR PR R
KON LA RN B AT RS A (R | AR B R R S T
R 45 BB R RN S I8 K0P, Mudan B S T R R
KRG G LE A R, W] TR e AR Rk g R
FE IR ST 0 e Rz S Y B | AR iR R R A 7 ) AR
P2 T URR B Bk b 4 7 R B (9 43 25 . Chen %51Vl
S BB E T 1, 1- % & B K ERTE 65 m 175 [
A I SR it 37.5 kW em 2 19 SR 5, 1) BLEVE
BRI FUIN T 9Pk T 15 it 7E AR b AR S VR TR
1) 843 8500 s Wang S8 b T8 T8 1) B P bk, 3k T
ST AR K AR (LNG ) B BRI Al B AL % K 8% <0
iz i T R G PR S S R PR AT T T . 48 by
BT, 55 0 VA 455 760 (10 A 7 6T 7 0 990 000 A8 e 5 £ 2 SR
FPF Al 1R e FA 58 5 3 b B b 1) i) 1 4 1 L AT T B R
SC A SR R T 5 B 475 VT A ASE A 0y 3k A A 5

r

q

Non

damage Damage area
area
T~
\\‘\—ﬁ_
qu
Non damage area

Q. Q

3 AR S B A0 0T L A R -] G R
Fig.3 Heat flux-heat dose diagram corresponding to thermal

radiation damage'*"’

4.2 ETEMBRGTHEE MRS GITME

FEIV AR K KR b K ER A 2ol A e, AN U B — 1Y
PR P AT A B B o U R 2 B
P TR b ol e 1) A2 2% R KA 1 i Bt A7 DG AN ) B
D3 TCAE KR o8 S 7 1 A A ) LA A AL ER H
RS 14 2> o A BHIE b PRIR e B i OR — el I £
S0 B AR IR A 2 BORE HE G TN SRR BE AR A AT
T PP 3R AR B A AR Y B2 00T S B DL

Z B TR AR W B LR s R o
B RCAE TR S8 5 B S AT B O A B . R AP
SO O UL 2 A A5 B B O S5 24 A et L AR
1Ol 5 2 R R Y S R eR O AR D R A B
S8 2 40K e R R T S8 005 000 4 T BB R ARG . R R
Sttt

www.energetic-materials.org.cn



675

FHOE T Baker BRI 1k HoH 5 K BR VR 5T 4 S
J0, Ho AR i VA DU A0 DAy R BB A A B, 2 T B T B
R0 S5 6 0 Xk R ek s ROKE 24 010 R Bkt A B s P
fii, 45 32 WAL LA AR 55 B 4 7 2R 0 58 8 0 e A
AT, LR RS R R . At e T
A 58 3 L DL R M) 28 K 25 (FAE) B4 530 B8 2%
IO, ST AR A UK 28 25 B A0 T 2R A 2 R ARE A
B0 SRR AT TR . XA R T R
SRR N 5L 2R A B A VF AR v, 5 8 T R R A
R SR RIS T 2 SR R B D MR AT AG LY, 715 3
TR ST RO BRI BER R, M T AR = 4%
0 AR R BE R 2R R LR i 4 R T R
N EEA R OIROR S o AR5 550 3B T ot
TAR I BB B 3 R A I B 3 SO, A ST Tl T R
B S 3 AR VAR A B8 il s 5 X R 3 Y B Y
LR SO ORBEAT 1 VEAN A5 R R IR A A B i Ah , vh
i 90 5 475 R AR S 8 0 o % 5 S M Ak RE TR AR . B
X B X0 58 A3 255 W7 ) 58 0 VAl 7 i AN 8 Ax T, O T iR ke
B — SR 0 JCAE RS 1 TR (9 85 R B i R, 7 o
LT e S8 0 S92 36 M 4 4 F 9 A 2 0L S 6 i
filf L= 25 H BT BB A A R

5 HFitE5RE

FEl SR AR o2 B i B AR AR5 50 IE T 15 0 1 T 42K
BE PR I B0 B S R R B B A SR =405
AT ZR 08 o BRGS0 L 7 e T ML 2 5% 2R R 68 B8 4
TORTESLBR TP RES ™32 15 A T4, A7 S AR 68 0] i ik
A TR B TR R R B 1 B A 3 R A e 79 S B
JO7 1 3 55 19 G, K e 790 P BE 1) DIC AL R AT Bl T 8 5 49
BE B H R IR 4 B AT o RR B AR S B 5 BILE S R
HIF S AR B 2 KB S S A T o AR e BB 3 PP A
5 T8N R 2 B A5 TR A I A R BT . T,
IR BB BB FE C 2 UG TR0 . IR 5t
FORTE AR M & b LT = A 2R

() A R B 570 158 J7 B A0 R BIF 5 5 T, O Jié 44
BEFRIBL T B PERE AL A LE i 2 2 245 45 M BOR A BE 57
JO7 FH 28R 55 4% b A 24k B 5 1) i A D I P AR 6 ) it i
FARAFTFE , R T A A 1o 85 o B R R A R
HIF 5 KK e 58 1 0 45 4 P ) 396 A T o 1 AR, SRR ¢
SR e PR AL S REAL , S SRR i TS
A M RE L R ARG, AR B R 2 FROC RS, i
A7 AR BB 0 BE A S b R AR 2 Y OE R

CHINESE JOURNAL OF ENERGETIC MATERIALS

MR B2 e MR 30 245 11 23 5 B Ak i

(2) 7 #A B P 5 B 03 B8 5 HOR BF 58 Oy 1l ,
AT TR LAk Bkl B2 O AR 3R B S B R 2 M0 I K R
WG, X KR BERL AR S RO AT I IR 8UE BT A IS
R DG A K B R A S B G A R S T S ) fE Y
T RE BB S Y RE S 1K B Y RS RN, RIVRR KR/
R 6F 7 P9 R IR JEE Bl R B8 A0 200 . A AR o T 1
R KR AR B 80 DAY PR oo B e O AR
8 /N IRORE K BRFA B A5 2800

(3) 5 HR 8 B 073 WAl £ AR B 52 07 10, B A5 T J X
22 b ST T 5 VR T AR R J5 R A B B8 403 280 I A o 1
I MW IE o A5 G IR S5 1 DU O AN g 4 i, B T
WA e B8 1 A 0L 14 22 TT AR VYA 7 12 L 32 A0 ST 5 EE AR
08 58 A0 S5 8 A Al 1 DA SR RN R AL BRI A
B A W G A T, NS R B A S 6 4R Y AR
SR AL, Ay R 58 BB DAl 43 0 S5 AT 5 9 Kidls S8
H1 T 85 403 S 6 A 1 BR A, R ok 1y LR PBLLE R b 58
VA A 25 O B

Sk
(1] Bg AL, Pher, 8T R Bk s S he i B ()], e 5
Bk i, 2018, 13(3): 169-171.

TAO Bai-jiang, SUN Ke, ZENG Ding. Modern combustion
weapon and burn protection[]]. Chinese Journal of Injury Re-
pair and Wound Healing,2018, 13(3): 169-171.
[2] R4 Mbeali—w D). BARIR S, 1993(9): 30-31.
ZHOU Jin-qin. Several incendiary weapons[]]. Modern Weap-
onry, 1993(9): 30-31.
(3] P EyT, sk R as 5 st be i [)]. AR% B2, 2006, 49
(10): 579-580.
TAO Bai-jiang, ZHANG Hong. Incendiary weapons and mass
burns[J]. People’s Military Surgeon, 2006, 49(10): 579-580.
[4] Syrians for Truth and Justice. Three Consecutive Attacks with
Incendiary Substances on Residential Neighbourhoods of Ha-
rasta City in late January 2018 [R]. https://stj-sy.org/en/417/,
2018:1-9.
[5] Abramson J. U. S. Incendiary-Weapons Policy Rebuffed.
https://www.armscontrol.org. 2010:1-4.
[6] Morley J . Incendiary Weapons: Recent Use and Growing Op-
position[J]. Arms Control Today, 2015, 45(1):7-7.
(7] BB, ARG . [E SNk beslas 19 & a3 [) ] SRR ER, 1991
(11): 5-6.
WEI Xin-yuan, ZHU Qing-ling. Foreign development trends of
incendiary weapons[)]. Modern Weaponry,1991(11): 5-6.
(8] WikiLh, TAl, BESLHE. MR e & S A RL il 4 B i UR R
Wroel) ], SRR AL 5 TR, 2009, 32(3): 69-72.
CAO Lian-zhong, WANG Jian, HOU Li-qun, et al. Research
on material preparation and product molding of high-efficien-
cy incendiary alloy[]]. Ordnance Material Science and Engi-
neering, 2009, 32(3): 69-72.
B M b R R B WE ST LR IR ()], SR T2, 1994(2)
70-74.

—
el
—

N XK 2021 % £ 294 %78 (667-679)



676

TG Sk R, ok, s A, SR Bk

[21]

[22]

JIA Hui-ping. A review of researches on mischmetal incendiary
agents|J]. Acta Armamentarii, 1994(2): 70-74.

b AT SENN (R S L DAl ES R S U (T S S VA F IR Sy R S S
5T, 1988(8): 89-92.

JIAO Wu-da. Application of rare earth in pyrotechnics and spe-
cial ammunition[)]. Ordnance Material Science and Engineer-
ing, 1988(8): 89-92.

TRz B ARG AR IE) ). K Tdh, 1994(3): 28-31.

XU Yun-geng. The discussion of incendiary agents[J]. Initia-
tors & Pyrotechnics, 1994(3): 28-31.

FHER, WREGS, M, A5 R LA SRR BT 5T R )]
Kb, 2001(4): 1-5, 20.

YIN Xi-feng, CHEN Hong-da, DU Hai-tao, et al. Study on the
incendiary agents of rare—earth alloys[]]. Initiators & Pyrotech-
nics, 2001(4): 1-5, 20.

TKIG SR, AN, W, SF . W TR X R TR A R e
HIPERREGRE MR [)]. K T, 2007(2): 1416, 21.

ZHANG Han-liang, TANG Hui-ping, HUANG Yu, et al. Ef-
fects of the macromolecule resin on the properties of active
metal incendiary[]]. Initiators & Pyrotechnics, 2007(2): 14—
16, 21.

Ambekar A, Yoh J J. A reduced order model for prediction of
the burning rates of multicomponent pyrotechnic propellants
[J]. Applied Thermal Engineering, 2018, 130: 492-500.

Woo J, Cha S W, Kim G, et al. Concept of unburning ratio
and combustion modeling of ZPP and BKNO, in pyroshock-re-
duced separation nut [J]. Propellants, Explosives, Pyrotech-
nics, 2020, 45(5): 775-787.

Tursynbek S, Zarko V E, Glotov O G, et al. Combustion study
of gas-generating compositions with carbon powder additives
[J]. Russian Journal of Physical Chemistry B, 2020, 14(3) :
407-412.

Phanindra K H, Sivapirakasam S P, Soni P, et al. Thermal re-
action studies and prediction of stoichiometry of pyrotechnic
compositions using DSC and XRD methods[])]. Thermochimi-
ca Acta, 2019, 675: 100-106.

Yagodnikov D A, Voronetskii A V, Sarab’ev V I. Ignition and
combustion of pyrotechnic compositions based on micro- and
nanoparticles of aluminum diboride in air flow in a two-zone
combustion chamber [J]. Combustion, Explosion, and Shock
Waves, 2016, 52(3): 300 - 306.

BEA, WO, B, A Bk RO R A B G < UL 5 1
)] SRR RVRR S 5 TR, 2015, 38(5): 75-78.

LV Jian-jun, GAO Ping, WANG Li-jie, et al. Effect of iron con-
tent on preparation of incendiary alloy particles used in bomb
[J]. Ordnance Material Science and Engineering, 2015, 38
(5): 75-78.

Adhikary S, Sekhar H, Thakur D G. Performance evaluation
of mechanically pressed Magnesium/Teflon/Viton (MTV) de-
coy flare pellets [J]. Sadhana-Academy Proceedings in Engi-
neering Sciences, 2020, 45(1): 6.

Sokolov S, Vorozhtsov A, Arkhipov V, et al. The study of
HEMs based on the mechanically activated intermetallic
Al;,Mg,, powder[]]. Molecules.2020, 25(16) :3561.doi: 10.
3390/molecules25163561.

Kotter L N, Groven L J. Boron carbide based biocide composi-
tions: a study of iodate particle size on combustion and iodine

output [J1. Propellants, Explosives, Pyrotechnics, 2020, 45

Chinese Journal of Energetic Materials, Vol.29, No.7, 2021 (667-679)

[23]

[30]

[35]

[36]

Sttt

(3): 509-517.

Pouretedal H R, Mousavi S L. Study of the ratio of fuel to oxi-
dant on the kinetic of ignition reaction of Mg/Ba (NO,) ,and
Mg/Sr(NO,) , pyrotechnics by non-isothermal TG/DSC tech-
niquelJ]. Journal of Thermal Analysis and Calorimetry, 2018,
132(2): 1307-1315.

Wainwright E R, Lakshman S V, Leong A F T, et al. Viewing
internal bubbling and microexplosions in combusting metal
particles via x-ray phase contrast imagingl)]. Combustion and
Flame, 2019, 199: 194-203.

Whittaker M L, Sohn H Y, Cutler R A. Oxidation kinetics of
aluminum diboride [J].
2013, 207:163-169.
Whittaker M L, Cutler R A. Effect of synthesis atmosphere,

Journal of Solid State Chemistry,

wetting, and compaction on the purity of AIB,[]]. Journal of
Solid State Chemistry, 2013, 201:93-100.

Arkhipov V A, Zhukov A S, Kuznetsov V T, et al. Ignition and
combustion of condensed systems with energy fillers[)]. Com-
bustion, Explosion, and Shock Waves,2018,54(6):689-697.

Valluri S K, Schoenitz M, Dreizin E. Fluorine-containing oxi-
dizers for metal fuels in energetic formulations [J]. Defence
Technology, 2019, 15(1): 1-22.

TRV OB A SR AR B R WSS (D). Mt W At B TR
2002.

YU Song-tao. Study on technology of a new type metal incen-
diary agent[D]. Nanjing: Nanjing University of Science and
Technology, 2002.

6w, WG, X B, AL R AR RS R BL O BETE )], K T
dh, 2012(6): 34-36.

ZHANG Xing-gao, SHI Hong-xin, LIU Geng-ran, et al. Study
on the composition of high energy incendiary []]. Initiators &
Pyrotechnics, 2012(6): 34-36.

A A, A, BEER, S5 SR AVRBR R B R RERT S L) ). K T
i, 2004(4): 19-22.

TANG Jin-you, ZHANG Cong-jin, FAN Kun, et al. Study on
the property of a new type combustion agent[J]. Initiators &
Pyrotechnics, 2004(4): 19-22.

SRR, BB, tokwr, S RBRIR R IO & B e BT
[J]. KLk, 2005(4): 21-25.

HU Gui-mei, YANG Xing-ke, SHI Yong-gao, et al. The analy-
sis of alloying piece for incendiary in a fragmentation explo-
sive incendiary shell[J]. Initiators & Pyrotechnics, 2005 (4) :
21-25.

EHE, A ke, RIWER, 55 DB/AP RIRBEFI M S HERERT
Fel)]. KHEZ 24, 2017, 40(5): 1518, 23.

WANG Hai-peng, YANG Hong-tao, ZHU Xu-giang, et al.
Study on the design and performance of double-base propel-
Chi-
nese Journal of Explosives and Propellants, 2017, 40(5): 15—
18, 23.

Gibot P, Goetz V. SnO, polyaniline composites for the desen-

lant/ammonium perchlorate based incendiary agent[]].

sitization of Al/SnO, thermite composites [J]. Journal of Ap-
plied Polymer Science, 2020, 137(32): 9.

Korotkikh A G, Arkhipov V A, Slyusarsky K V, et al. Study of
ignition of high-energy materials with boron and aluminum
and titanium diborides[]]. Combustion, Explosion and Shock
Waves, 2018, 54(3): 350-356.

Fischer S H, Grubelich N C. Theoretical energy release of ther-

www.energetic-materials.org.cn



677

[37]

[38]

[39]

[40]

[41]

[42]

[43]

[44]

[45]

[46]

[47]

[48]

mites, intermetallics, and combustible metals [C]//The 24th
International Pyrotechnics Seminar, Monterey, CA, 1998.
Anna E W G. Aspects of thermo-baric weaponry [J]. Military
Technology, 2004, 6: 125-126, 128-130.

SERH, X, SR O b AR B A R T )],
T, 1998(2): 50-53.

GUI Da-yong, LIU Ji-ping, HAN Song-qging. The performance
of mischmetal incendiary agents[J]. Initiators & Pyrotechnics,
1998(2): 50-53.

HOIUE, VEAR 2, XOTE A, AL 240 B KB R R B SE
D] KT, 2006(2): 25-27.

HUANG Ge-de, WANG Pei-lan, LIU Ji-ru, et al. Study on ap-
plication of rare-earth incendiary composition[J]. Initiators &
Pyrotechnics, 2006(2): 25-27.

Juknelevicius D, Klapétke T M, Ramanavicius A. Blue strobe
pyrotechnic composition based on aminoguanidinium nitrate
[J]. Propellants, Explosives, Pyrotechnics, 2019, 44: 1-7.
Eh R ARG A R R D) ] PR T R, 1998,
10(1): 50, 53.

WANG Wei. An experiment of destructive of self-made incen-
diary agent[]]. West-China Exploration Engineering, 1998, 10
(1): 50, 53.

W, HEY, TAR . RSB S
REATEL, 2008, 16(4): 410-414.

LI Xiu-li, HUI Jun-ming, WANG Bo-liang. Blast/shock wave
parameters of single-event FAE[J]. Chinese Journal of Energet-
ic Materials( Hanneng Cailiao), 2008, 16(4): 410-414.
i, EAR, WA, 5. KRN BRI K 25 24 8 15 400
PR R SR S el , 20171, 31(5): 528-532,
ZHONG Qian, WANG Bo-liang, HUANG Ju, et al. Applica-
tion of a dynamic model to thermal damage estimation of ther-
mobaricexplosives[]]. Explosion and Shock Waves, 2011, 31
(5): 528-532.

BUOE , TUAE 2, KU R A AU 25 U 5 3 B R BB 0 RN
FELC I/ 7S o E B P AF 23 58 L0 22 5 3 RE MR B 2t 0 B 0
Pl 2 VB AR SCHE . R R R A B G B, 20140 156-161.
WEI Cheng-long, WEI Yan-an, LU Chang-bo.Study on temper-
ature field and thermal damage effect of fuel air explosive[ C]//
Proceedings of the ninth sub conference of the 16th annual
meeting of China Association for science and technology. Nan-
jing: Editorial Department of Explosive Materials, 2014:
156-161.

SRR, AR, B, A IR 24500 0 45 AR O 2 D) A R
SEAERIAEGEL) ] B H 544, 2008, 28(5): 119-124.
GUO Xue-yong, LI Bin, WANG Lian-ju, et al. Measurement of
blast temperature field and study of thermal radiation effect for
thermo-baric explosive [J]. Journal of Projectiles, Rockets,
Missiles and Guidance, 2008, 28(5): 119-124.

LR RN 25 ER 5 B N AT SR (D )L B A B AU B
TR%:, 2007.

WANG Lian-ju. Analysis and evaluation of multi-damage pow-
ers of the thermo-baric explosive[ D]. Nanjing: Nanjing Uni-
versity of Science and Technology, 2007.
O RSSO TR (D). R AT
2008.

CAO Feng-xia. Study on multi-damage effect of explosion[D].

B TR,

Nanjing: Nanjing University of Science &Technology, 2008.
i 7, XU . — UG 0 2 HaR 0 A R AR R A —— i K B o T

CHINESE JOURNAL OF ENERGETIC MATERIALS

[49]

[51]

[53]

[54]

[59]

[60]

S

FRIER T RS2 R [)]. B M-S vty 2006, 26(5): 404-409.
KAN Jin-ling, LIU Jia-cong. The blast characteristic of SEFAE
——Effect of after-burning on blast power[]]. Explosion and
Shock Waves, 2006, 26(5): 404-409.

VER: , 5KAF . TCLH s BRI B S 0 SR 5 () ). e st BT
K224, 2010, 30(10): 1147-1150.

PANG Lei, ZHANG Qi. Study into injury effect of thermal radi-
ation from unconfined vapor cloud explosion[]J]. Transactions
of Beijing Institute of Technology, 2010, 30(10): 1147-1150.
Wang H Z, Lu C B, An G J, et al. Assessment method of lig-
uid fuel field explosion hazardousness[]]. Procedia Engineer-
ing, 2014(84): 394-401.

Williams M R, Dunne J L. Heat flux measurement from bulk
magnesium/teflon/viton (MTV) flare composition combustion
[J].  Propellants, 2013, 38:
563-568.

Gordon ] M, Grossa K C, Perrama G P. Fireball and shock

wave dynamics in the detonation of aluminized novel muni-

Explosives, Pyrotechnics,

tions[J]. Combustion, Explosion, and Shock Waves, 2013,
49(4): 450 - 462.

BT A, B, R, AR B G e v AR MR AL
REAEFELC 1A/ 1 o A 1 i 30 00 2 2 R 2 BGR SCER L R R
[y 2t e Ty 22 Ll & b s g Jy 22 Ll 4, 20112 98.
HUANG Guang-yan, FENG Shun-shan, LI Shun-ping, et al.
Study on burning effect of depleted uranium alloy with impact
[C]// Proceedings of the 10th National Conference on shock
dynamics. Taiyuan: Impact Dynamics Professional Group of
the Explosive Mechanics Professional Committee of the Chi-
nese Society of Mechanics, 2011: 98.

FAOM, W, FARA, AT RS B 2R 0 R R i
Ja AR W) ] R B4R, 2018, 32(6): 102-106.
GONG Bai-lin, CHU Zhe, WANG Chang-li, et al. Experimen-
tal research on armor penetration aftereffect produced by de-
pleted uranium alloys liner shaped charge[)]. Chinese Journal
of High Pressure Physics, 2018, 32(6): 102-106.

Feoy, ke, RBER, A% BRNE UK S S P AL RE e B AR 1
BFgE[) ] KR 5 it 2020, 40(4): 042301(1-10).

DU Ning, ZHANG Xian-feng, XIONG Wei, et al. Energy-re-
lease characteristics of typical reactive materials under explo-
sive loading[)]. Explosion and Shock Waves, 2020, 40(4) :
042301-1—042301-10.

Sorensen B. High-velocity impact of encased Al/PTFE projec-
tiles on structural aluminum armor[]]. Procedia Engineering,
2015 (103): 569-576.

Finney Mark A, McAllister Sara S, Maynard Trevor B, et al. A
study of wildfire ignition by rifle bullets[)]. Fire Technology,
2016(52): 931-954.

Abbasi T, Abbasi S A. The boiling liquid expanding vapour ex-
plosion(BLEVE) : Mechanism, consequence assessment, man-
agement [J]. Journal of Hazardous Materials, 2007 (141) :
489-519.

Davies P A. A guide to the evaluation of condensed phase ex-
plosionsl]]. Journal of Hazardous Materials, 1993(33): 1-33.
FHT, W, sk AT 2R R S R LR ) ] R
wpifi, 2018, 38(1): 212-216.

WANG Yan-ping, ZENG Dan, ZHANG Tong-lai, et al. Heat
radiation propagation law of propellant combustion[]]. Explo-
sion and Shock Waves, 2018, 38(1): 212-216.

2021 % £ 294 %78 (667-679)



TG Sk R, ok, s A, SR Bk

[68]

[72]

[76]

Wang K , He Y R, Liu Z Y, et al. Experimental study on opti-
mization models for evaluation of fireball characteristics and
thermal hazards induced by LNG vapor cloud explosions
based on colorimetric thermometry [J]. Journal of Hazardous
Materials, 2019(366): 282 - 292.

LRI ORE S N 25 PR S B A BT S LD ] B At B At B
TR, 2010.

WANG Feng-dan. Study on thermal radiation damage effects
of fuel air explosive[ D]. Nanjing: Nanjing University of Sci-
ence &Technology, 2010.

BAE T, ER BT RS2y R R B ORI [) ] AR T AR 2 B
4. 2015, 27(1): 15-18.

ZHAO Zhi-ning, WANG Chen. Research on damage effect of
new type ammunition thermal radiation [J]. Journal of Ord-
nance Engineering College, 2015, 27(1): 15-18.

Johnston C O, Stern E C. A model for thermal radiation from
the Tunguska airburst[J]. Icarus, 2019(327): 48-59.

Shi C L, Liu W, Hong W, et al. A modified thermal radiation
model with multiple factors for investigating temperature rise
around pool fire [J1. Journal of Hazardous Materials, 2019
(379): 120801(1-14).

5% 7S TR A BAISONT (BN A B 0 T B AR B [
A ML R, 2013,

WU Meng. Numerical simulation and thermal damage assess-

D]’

ment on explosion in air[D]. Nanjing: Nanjing University of
Science and Technology, 2013.

Huang Y, Zhang Q, Yan H, et al. Estimation of the fireball
size in an ethyne-air cloud explosion[]]. Combustion, Explo-
sion, and Shock Waves, 2018, 54(1):106-112.

Makhviladze G M, Yakush S E. Blast waves and fireballs from
bursts of vessels with pressure-liquefied hydrocarbons[]]. Pro-
ceedings of the Combustion Institute, 2002,29(1):313 - 320.
Baum H R, Rehm R G.A simple model of the World Trade
Center fireball dynamics[J]. Proceedings of the Combustion In-
stitute, 2005(30): 2247-2254.

Yang S G, Zhang Y D, Wu H. Comparison and validation of
thermal radiation models for hydrocarbon jet fire and fireball
[J]. Applied Mechanics and Materials, 2012, 204-208: 3503~
3512.

Blankenhagel P, Wehrstedt K-D, Xu S, et al. A new model for
organic peroxide fire balls[J]. Journal of Loss Prevention in the
Process Industries, 2017(50): 237-242.

Blankenhagel P, Wehrstedt K-D, Mishra K B, et al. The capa-
bility of commercial CFD code to predict organic peroxide fire-
ball characteristics[J]. Journal of Hazardous Materials, 2019,
365:386—-394.

Stepanov K L, Stanchits L K, Stankevich Yu A. Modeling of ex-
plosion thermal radiation [J]. Journal of Engineering Physics
and Thermophysics, 2011, 84(1): 179-206.

Bonilla | M, Agued A, Munoz M A, et al. Thermal radiation
model for dynamic fireballs with shadowingl]]. Process Safety
and Environmental Protection, 2019(128): 372-384.

EPEE, B R ORE 2GR KR R ) ] e S
4%, 2004, 438 F)) : 132-133.

WANG Ze-bo, WANG Zhi-li. A calculation method of explo-
sive fireball for explosion [J]. Journal of Safety and Environ-
ment, 2004, 4(Suppl.): 132-133.

i 350t . FAE BRI K BRIAGR S5 20N AT 5 [ D ). B 5t . B TR

Chinese Journal of Energetic Materials, Vol.29, No.7, 2021 (667-679)

[80]

[82]

[83]

[89]

Sttt

2, 2004.

HE Zhi-guang. Study on thermal radiation effect of FAE explo-
sion fireball[D]. Nanjing: Nanjing University of Science and
Technology, 2004.

Dorofeev S B, Sidorov V P, Efimenko A A, et al. Fireballs
from deflagration and detonation of heterogeneous fuel-rich
clouds[]]. Fire Safety Journal, 1995(25): 323-336.
Blankenhagel P, Wehrstedt K D, Mishra K B, et al. Thermal
radiation assessment of fireballs using infrared cameral)]. Jour-
nal of Loss Prevention in the Process Industries, 2018, 54:
246-253.

Wang L Y, DuH M, Xu H. Compensation method for infrared
temperature measurement of explosive fireball[)]. Thermochi-
mica Acta, 2019(680):178342(1-7).

Lebel Luke S, Brousseau P, Erhardt L, et al. Measurements of
the temperature inside an explosive fireball[)]. Journal of Ap-
plied Mechanics, 2013, 80(3):031702-1-031702-6.

ZAL B, W, B mAR . SRR SERE I A A A R P R )
Hrl) ). B 50 544k, 2011, 31(3): 135-137.

QIN Shi-yong, PENG Zhao-hui, LI Xiang-dong. An incendiary
bomb efficiency evaluation model and the influence factors
anaIysis[J].]oumal of Projectiles, Rockets, Missiles and Guid-
ance, 2011, 31(3): 135-137.

AT, TR, FELLRK, GF LR T Q HE NI ¥ SR BE 5T AR R S 8O T
MHFFEL)]. SR as s TRE24R, 2019, 40(4): 95-97, 136.
AN Wen-shu, LU Wei, LI Hong-xin, et al. Assessment of dam-
age in heat radiation of incendiary bomb on Q criterion [J].
Journal of Ordnance Equipment Engineering, 2019, 40(4) :
95-97, 136.

Sun B, Guo K H, Pareek V K. Dynamic simulation of hazard
analysis of radiations from LNG pool fire [J]. Journal of Loss
Prevention in the Process Industries, 2015, 35: 200-210.
BrAEAE AR S AR A RO M RIBESE [(D]. B st B At
BTR2, 2010.

FANG Ying-ying. Research on comprehensive damage assess-
ment models of fuel air explosive[D]. Nanjing: Nanjing Uni-
versity of Science and Technology, 2010.

FEH, 5 A LPG W B R A R A% U K R AR T AR
DAL ()], o 2 4= B R 2005, 1(3): 11-14.
WANG Ruo-jun , JIANG Jun-cheng. Fireball heat radiation of
LPG BLEVE risk assessment[]]. Journal of Safety Science and
Technology, 2005, 1(3): 11-14.

Mudan K S. Thermal radiation hazards from hydrocarbon pool
fires[)]. Prog Energy Combust, 1984, 10: 59-80.

Chen M Y, Li H H, Li P. Fireball modeling and thermal haz-
ards analysis of leaked 1, 1-difluoroethane in fluorine chemical
industry based on FDS[J]. Journal of Thermal Analysis and Cal-
orimetry, 2020, https://doi.org/10.1007/s10973-020-09951-x.
Wang K, Liu Z, Qian X, et al. Long-term consequence and
vulnerability assessment of thermal radiation hazard from LNG
explosive fireball in open space based on full-scale experiment
and phast[]]. Journal of Loss Prevention in the Process Indus-
tries, 2017 (46): 13-22.

XA A, BRI, BREKOG, 45 . =B o i A B 2R A AR 1O
AT OF 5 ()], e & T f 2% 4, 2020, 41(8): 103-
106, 147.

LIU Xiang-yan, HUANG Zhen-gui, CHEN Qiu-yuan, et al.
Simulation evaluation of comprehensive killing effect of FAE

www.energetic-materials.org.cn



IR e S5 A5 PR BT 5 o T 679

on ground personnel targets [J]. Journal of Ordnance Equip- ZHONG Qian, WANG Bo-liang, LIU Da-bin, et al. Evalua-
ment Engineering, 2020, 41(8): 103-106, 147. tion model for comprehensive damage effects of thermo-baric
[90] Al , EAAR, Xk, 45 . WK 90 24 255 6 8% 05 R AT A A58 0 7 bombl[]]. Explosive Materials, 2018, 47(5): 21-26, 34.

8 ()], BRI 4L, 2018, 47(5): 21-26, 34.

A Review on Burning Damage Technology

XU Guang-ze, ZHANG Liang, ZHANG Xing-gao, GAIl Xi-qiang, MA Shi-zhou, YANG Lin
(Institute of chemical defense , Academy of Military Sciences, Beijing 102205, China)

Abstract: Burning damage technology is an important research area in energetic materials and damage. The research in burning
damage technology was mainly reviewed and summarized from three aspects: the formulation design and application of incendi-
ary agents, the damage theory and technology of burning thermal radiation, and the burning damage assessment technology.
Problems such as insufficient burning damage effectiveness of incendiary agents, single process of parameter characterization in
thermal radiation model and incomprehensive burning damage assessment method were pointed out. The future research empha-
ses on burning damage technology include incendiary materials with high densities and high calorific values, the structure-effect
relationship of incendiary agent charges, testing technology for key model parameters represented by the fireball temperature,
correction and optimization of thermal radiation damage models, and the accurate assessment method of thermal radiation dam-
age effect under the coupling effect of multiple damage elements in the damage field.
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