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(1. RO T RFM T HBmE b, 28R 232001;
2. IR ERARAHR, kst 100160;
3. EP RS AU 2 S @M TR, dbst 100083;
4. mdt = ILfE TERFRA A, w4t BE  054011)

WE: AN TREBCO,MEHRRGAN M, ORRGAF LI mWANTES TN 2%.4%.
6%.8% 1 10% M4kh, H AR ERE M ARG E, FHMERALELATH, AFAG IR,
REZ WEEENRAFAELTE, ARELIRTELE EARE Ao BT S2BEMTIE
Ma, ZREXW: MATEDR A 2%.4%.6%. 8% AR 5, & W 3k & 25 7 39 6 30K oh 51 %
BEENESHARREEEMR, ERARBNAWEE R, RELS BN 8% AR KA AN E N
EAMEERT; A% AN A EEZLATH AL EREARTEATH AL AHRAEEZER
T EE N A ET T 11.81%. 14.27% ., 17.85%; 3 M FE & 65 % W& L8 & Lo Bl
~5.96.33.47 71 6.80 kJ/mol; ¥ & & AT # 7T LUME fb 5 K 20 ) B A 2 M, O\ 8% KB B R
WA R AR, BEHRK T, HE CLUE,

KEIA: — AN R R BRGA; FEATE; ke E

& 4y 25:TI510.4; 0389; 0521.2 XEKFRERS: A

F TR AR A L BT PRI A AR 3T S 5 55 T T B 75 SR A DT 8 R R 4 O A
U2 R, R A AR W T IS AS ] gl il 23 7 AR TR S A I A TR H R RO IR R B A
FEHRRC, Ry i IRB B AR LRk, 5IAT CO, MARBRIER AR, 1% AR REE R FH R 25 R A e e
TR TR IS CO,, A HR i 5 3™, M A 8 1, A T R A BT, 3k B a1
UEAFERE, CO, FHAE F T A PR 22 A P A X A oo T 48 52 R T

HARGE CO, BB B 1 HT I DA, U8R 578 T T RS TAF . Zhang 1Y,
HZESF @ o P TR R, AR TS CO, & RAARYVE FH T 8 A L 502 B 1 284 st 1) S e R
s Yu SV EESE T CO, AR R vl i 038 ARG, i 0 ook 8 R o ol £ R T bl s ) B9 B W A A
.35 Cao S5 R 290 CARDOX B F AR BARE BHIZ, A RGA R IZ B BN B 10; R AR
SRk ARl A g B RN BE SR WA CO, MR B SHL, T 1 CO, MR KEBOAR B BR AR
RARUS 2R 22 T BT A CO, AR AR KK £ ML N S 2 RS589 B, 10 S 2 SR B 4R 1 T A 20
FEBSEIE T J7 %85 Chang SO BE5E T CO, AHAS IR A0 BV FIBLBE, 45 2l 25357 87 7 358473 5 72 o 3 25
He IV 4505 (4 405 1 07 B R 130 MPa. BRILZ AN, CO, AR KR KER AL 12 B T A% i TARPY . K i
AREZEVAET T, N R4 DL ARSI AR BT 58 A & i O CO, AHARRR KBRS (i T 2 1Y
S AR o

* UI4T#E HEA: 2024-08-06; f&[E] H HH:2024-08-19
ELWB: ZRER HRRFEF 5 B (KI2021A0431) ; Z80E HRBRF 34 (1908085QA33) 5 4 #IFHE Tk
5|3 AA K4 (11881)
TEZ B FER(1987—), BB, i+, mIZ%, 3220 S 4 20 M RE AR B4 R 9% . E-mail: 466199112@qq.com

031301-1


mailto:466199112@qq.com

9539 4% FEIASE . Bk & BRI 420 ) T COLARAL & 24701 B R RE R AIE 53

P 25500 04 22 S TR R R B O CO, MR UM HEAT A B 28T o R 25 %) X 24 71 it 7Y
B 7 B 22 AP BEAT R IE, S 2R 500 A 8 Bl IR, ] ARG R 23 D B s A R 2 22 B RIT ST 4 R R
R B N IR A 24 0] AR R S T RAT — i AR R 5 B I A T o U R I R B, SR A 2
e VERES WO A 250 A 4 RE LG R D) . LA LRSI, M EOR 25 IR L T 5 FRAY TS 00 HAT R
G AR . SR, KA TR SRR B, CO, BRI IE et B b T 9k 24 50 P B /N 5 R Y <A B AR
WG v A,k BIRRSECS BIETE T AN 2 B0 O 2% 4% B BE R AR R X R 255
PERERIRZ IR, 45 R R, A —%E Bt A BB T LASR w5 B0k 2450 04 S 02 A4

T R R OR 25 R R PERE, [ PR IR 24 500 £4 22 A PR RN IR OR A, AR TORE TR 53 AR A KL Al
b ST RROB A BRI, E— PO R R S A P R4 R SO 2 R PR RE RO SE T AT, B AR
PR R . 2R ] SR RNOR 25 R L T, fR DR CO, AR FRKE T 1 451 B, JF WA S 5%

1 KX I§
1.1 RERE

H 350 43 i 28 4 T A oA AT L s K 24 ) PR B, DR 1) 35 % 24590 o AL T R ) J5 A R R R
A . BN ELAA P SR RN T, 8 ROk S 4R R R 24 R0 Y S I TR | BB R S RTA BRSO, TER
i T v e AT 2o PR, (R S R AT

AT 17 (oxygen balance, OB) J2& 48 X X 245 5 K A iUk . Z A LI A B 0 A f o HE 2438 B 2 40 Al
AT A 35k D B 5 A W A A R, R R AR P, SR BRI IAEE L A RUR M B AR AR
IS [ 5t 52 43 Bk (0 SR Ak L, 38 3 1R B 8k 24 00 4% A A 1 i, S T S AR R 4 i R AT A
AT B 22 i i v b A Ak A R ), (AR Gk BB AE U, 1S K CO, AH AR 13 4 i = RS TIOR3
58 CO, HHAR Ao 8 KE 58 B

FETF DL b L, 2 R 1k 24 500 TR S IO (R  BR R TR] B R s o R R e i MUK R T
2 Pl AR, A 5 07 AR 3R 482 30 2 SE0T- A, T 5 BAOR 5 8 RN 2 ST A X K R 2 I R RS o SR R 24 R 1)
FHAE MR AT M, 2 BI0F R T # R 51k B NG IA L Rt $0 L 1E L Tg Fn R IR A A7 A5 U
1.2 RIEAFERE D

RIS R 25 FRE S B2 1 45 KC1O,. C,H,O, Fll C,HN,O,, I Tt 2 14k T4 I ; ok iy T Jb 2
PR A BRA F . R ST EE SR A AR FDRLAR (500 H) L R BT R (0, 2% 4%, 6%, 8%.
10%) FYERAT, BRAGHE S 1~HFEdh 6. L 130 g UK 25500 EME, BE A 043 T L L6 1, e wp o Ti A9

F1 EMHLHHFmEELL

Table 1 Basic excitation agent sample formula

Mass/g _
Sample KCIO, C,HN,0, C,H,0, Ti wrl% OB/(gg )
1 82.439 35.366 12.195 0 0 0.00035
2 82.439 35.366 12.195 2.6 1.96 ~0.01272
3 82.439 35.366 12.195 5.2 3.85 ~0.02530
4 82.439 35.366 12.195 7.8 5.66 ~0.03740
5 82.439 35.366 12.195 10.4 7.40 ~0.04905
6 82.439 35.366 12.195 13.0 9.09 ~0.06028

I 1] DU, Bl BRob & i 0 52 o, SR 2500 1 3 0 G SN R B 1 A1, S B0  fE
EBELANTE S, WIS T RO R SO 2GR RE R AR THE T o D T 2450k B de M R, T i i
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Y6 AR AL SRS A A 25590 143 =22 TB) A TC BL, AR AR BR B B I B Sk i 85 e EL AT 92, [R] Rk i A i & 25 75 78 S
NI AR TR PR AR A B REY S R R R i MK A R e R IR AR B i, R N AR R
T, FEANEC LL R 2. 3,

*2 ERBARTETEHRNEL

Table 2 Sample formula of adjusting zero oxygen balance by the content of ammonium oxalate

Mass/g -

Sample KCIO, C,HN,0, C,H,0, Ti wrl% OB/(gg ™)
7 82.439 32.076 12.195 2.6 2.01 0.00001
8 82.439 28712 12.195 52 4.05 0.00001
9 82.439 25352 12.195 7.8 6.10 0.00001
10 82.439 22.005 12.195 10.4 8.19 0.00001
1 82.439 18.661 12.195 13.0 10.29 0.00001

®3 KMBRARTETEFRNEL

Table 3 Sample formula of adjusting zero oxygen balance by the content of salicylic acid

Mass/g

Sample KCIO, C,HN,0, C.H,O, Ti wn/% OB/(gg™)
12 82.439 35.366 11.146 26 1.97 0.00001
13 82.439 35366 10.036 52 3.90 0.00001
14 82.439 35366 9.013 78 5.78 0.00001
15 82.439 35366 7.952 10.4 7.62 0.00001
16 82.439 35.366 6.894 13.0 9.44 0.00001

1.3 S|MATEMREDMRERE
1.3.1 BEXSIRRE

SR 5 1B BRI B & A AE R, a5 A
YEBS B 54T . PR 20 g ik 265 570 FF 5 2 A 24
1, K E kAR A E T, E R, Kt
SUBRR B IEH I, o — i il 32 R MR An AT A5 k4
1B, BAFESIEAT 3 OPAT ISR . 8 G AR 4G
Ae i, [l 2457005840 52 B, IR ST IR 24570 ZE A A 101 1)
PR 2 4 ) FE
1.32 EASIRFEHLRE

I AL 51 BB AE | YESSS3 155k

K% . HDO4034A /R #i5 . CY-YD-214 H Jj 1% &% CREEI or3
e WS CO, ﬁﬁﬁﬁgﬂ”&?& CO, TR I e Fig. 1 Ignition drug pack samples

HIZME 51 mm, 1 1100 mm fY 51 BIELRL4, it GE

FEEE 3.5 mm. 4 T U0 24 700 R T A 22 5, AT BRI 24 500 0T R O PR WA AR T 1 R S e
FENC B 2G0T, F 45 IR A Y51 JE B 120 g FF ShE A T8 2, i 8 e 1A% B8 47 AfL % IR E%
F) 37 i T 0E A SRS N, i DR A S S5 IR, I R A& 2 i .
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Connecting

Filling  Liquid CO, pipe

Energy machine  storage tank

releasing head
s0mm | 6omm |
Bracket / / /

Cracking Pressure Excitation Filling
tube  sensor agentroll head

Filling
valve

2 WA CO, A RER
Fig. 2 Schematic diagram of liquid CO, filling

1.4 Aoy iEyriEt e

SR FH ARG 1 SRR 5 ) B0 it 2k R SR8 A0 IR (R LI T KR B I R 4, 4L 56 B i 1 2%
2y R 4.9 mg 24T, SR RO BUE RS R T, K0 R B RS R I P, R RS, ARG,
AU # 50 L/min, FHE X [E] 25 30~400 C, TR R o« 43051k 5. 10 #1 15 C/min, 13 245 537
(thermogravimetric analysis, TG ) [ £k #1143 #4 T ( differential thermogravimetric, DTG ) 43 #7 [t £& .
1.5 iR M eE I
1.51 EREF TH mAY XRD M 554

IR EMELE 48 h I, R H A% Rigaku Smartlab % X 52817 5 ( X-ray diffraction, XRD) ¥ 43 #7
Wk 2R SRRy o T JESE XRD I3 7 3k 1T LB LA D M SR AE A T IR 240 B 25 R 4 4, B
(10.0£0.3) mg IR HHE S B AAL2S 7, XRD I3 A B Ky 5°~80°, # & Jy 5°/min,
1.52 (ERFRRE

GG DHGXIX RN T1EA . R 562 BR: TR TS, BRI 10.0 g IS0 FF 5l B A fr 8
ML, R TR 152y 180 °C, A R T i B3 5 (BT , B2 A A 1A B L8 T U B b ok, T R4S
TR 48 h i, WSS IGRE & TR HT S AR 10 DL RO S ERR, F DR Ak IC D 1 i i 1 e

2 AWERSHH

2.1 S|BARTEM
211 BEXRSIMRER7H

G123 5 AR 25 40, I IE 5 PR 58 T IO 25 72 35 0T DL B gt |k 25 3k 51k, 40
a5 [ RIEIRZS DL A 3, 16 245 S UL A 4,

F 1 3 R 4 45 R0 B v B A H | K 2 Sk B IR o FE S 10 5 2 KIS B R 5 1R, B
i 11 7E 3 YO B0 23l gk 5 R, AR R S B R g k. S5 5L R, BRAE S 11 40, LM E R T IE
B B TR R FE R . AN R, AR 11 AL T B R B 1 B IR, AR A AR HE SR oh, R
B RREATR T B g R, [ B AR AR 24 T AT R e MR AE T, B B i IR, R 5 R AR T
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VLI, RERR B g/ I, BRORS 5 R 2 IS 250 A B A 2 A

A A A A A A A A A A
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3 ARSI A BARES
Fig. 3 Post-ignition status of partial drug packets
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Fig. 4 Results of the outdoor ignition tests

212 EASIMERSH

Xt O Ak B 7 J5 B 2 R AT A 8 B 1R
5o AR 00 A (AR 1, A ALRE B R AT 2 IR
TR, IS5 R LR S,

K525 W R, RES 6. FERh 16 1E55 N R 52
SR, BRI G, LR R ORI 51K o 2
TR, BRAERL 6. BEAL 16 ISR, HAb LAk e 7 24
HA BT S . S HrIA D, fE3Uk 2571
i, Bl AR B R R, K R AR A A R A B
WRFAN, HL i B AV 75 T SR o B 2 I, 3 B0k
A K AR AT IR, TR AR YGRS DL RS
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BKe S BRFE 6. FEAh 16,
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Fig. 5 Ignition test results inside the tube

B N R )AL AR A 2 4 A7 US4 o BN DL 3R 4, 8 N TR g Bl I 1] 728 A6 B SO I K 6 B .
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H BT VR G 45 0y Z I8V R AEAGSE RO, A2 8T CO,. Ny S5 A0AA, 1 81 B J) 9 48 9 R 0 st 1 7, W
& CO, Mo K ML o WA Wk 25500 510 Pt AL i, 8 NS CO, i A AEMIAE, Bemt i ik 5
WE(E . WERE R RGN, 45 NI IR 08 2 Z N, 2548 N 1 IR B — g (B, ik RE T 38T DI BR,
A e T O TR B, A B R A U
x4 ABHERNEEENDEE
Table 4 Peak pressure data of the test samples

Tube quality after Liquid CO, charge

Group Sample Empty tube quality/kg filling liquid/ke amount/g Surge pressure/MPa

1 13.856 14.709 853 157.1

2 13.855 14.683 828 162.1

3 13.854 14.727 873 167.5

4 13.856 14.679 823 168.9

5 13.856 14.698 842 179.5

7 13.855 14.719 864 162.4

1 8 13.854 14.691 837 168.6
9 13.858 14.700 842 169.9

10 13.856 14.731 875 179.8

12 13.854 14.721 867 166.3

13 13.855 14.727 872 170.5

14 13.855 14.718 833 177.3

15 13.855 14.737 882 183.2

1 13.858 14.699 841 158.2

2 13.856 14.723 867 163.4

3 13.855 14.711 856 166.9

4 13.857 14.699 842 169.5

5 13.854 14.740 886 172.4

7 13.856 14.710 854 163.3

2 8 13.855 14.718 863 169.2
9 13.856 14.712 856 172.5

10 13.855 14.686 831 180.5

12 13.857 14.711 854 164.8

13 13.856 14.702 846 174.6

14 13.856 14.695 869 178.1

15 13.854 14.705 851 186.5

179.5 MPa™ 179.8 MPa’m 183.2 MPa™
Sample 5 Sample 10 ) l[ Sample 15

168.9 MPa™ 169.9 MPa—~ 177.3 MPa™
Sample 4 Sample 9 Sample 14

167.5 MPa™| 168.6 Mpa’"l
Sample 3 |

Intersity
Intersity
Intersity

170.5 MPa-"]
Sample 8 Sample 13
162.1 MPa 162.4 MPa~™" 166.3 MPa—
Sample 2 Sample 7 “M L Sample 12 “ l N

157.1 MPa™ 157.1 MPa—~ 157.1 MPa—~ I

Sample 1 ’_MNWMLL“_J_ Sample 1 ___MNW"LJJJ__J_ Sample 1 ,_IWW"LLHL_J_
1 1 1 1 1 1 1 1 1 1 1 1

0 100 200 300 400 500 O 100 200 300 400 500 O 100 200 300 400 500

t/ms t/ms t/ms
(a) Group 1
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o5 3 10

172.4 MPa™
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ample -
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Sample 1
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Sample 9

2 2
z 166.9 MPa"m Z 169.2 MPa™"
é Sample 3 | hl g Sample 8
163.4 MPa™ 163.3 MPa™
Sample 2 Sample 7

158.2 MPa™ |
Sample 1
1

158.2 MPa~|
Sample 1
1

Intersity

178.1 MPa™ |
Sample 14

174.6 MPa ™ |
Sample 13 a

186.5 MPa™”|
Sample 15

164.8 MPa™ |
Sample 12

158.2 MPa™
Sample 1

1

1 1 1 1
0 100 200 300 400 500 200

t/ms

0 100

t/ms

1
300

(b) Group 2
Bl 6 B a5 LR S s b 1) T T

Fig. 6 Pressure waveform at the measuring point of each group of samples in the cracking tube

22,1 EEEDDH

CO, HFH7E K5 1 A 2 g 7 Bk T 35 448 N I (.
JE J7 89 KN, 38 a3 56 % b Rl LS L o A A
ASTRVRE S 5 VR S B B 1 D 45, B b 22 TR i 25
SENE 7R .

RIGLE R W, 5SS VAL, FE 2~FE5 S
B I 5 1 23 S48 T 3.24%. 6.06%. 7.33% Fll
11.61%, FE& 7~FESL 10 AWM TE S0 Bl & T
3.30%. 7.14%. 8.59% Fll 14.27%, # i 12~FE 4 15
B AR J1 43 I3 R T 5.01%. 9.45%., 12.72% FlI
17.25%.

gi LTIk, BEE SR O BN, W (E R v
Ks WL T AR Ol IC EUAE S 0 IR ) T
AR R ST A T B AR B, L E ek K R
R F T AR Oy, R .
IR, B HAT 8 BRI, B R I A k38 T
Be 7 R BE Rk, NI B & T (B R 7. D30k, 7TEA
W SETE N, R R K A R % i 1) 2 AT S T
REE AT RN A, T 5k, s, R
5 07 P T RO N A B AE, e RN )
M4 Brinkley-Wilson KLU A a2 B4, A58 b 52 h
PR FEIS(E (AH) WL 5, IR H BLS(E 5 i
JE TR R WA 8 PR .

Hi 151 8 AT LAAS Y, (B e 0 5 980k 24 R0 Tl A
TR ARG, IR 24 50 A B R, g R )
LRGSR E I TR 7 G5SR4, 5
FEdn L AR LG, BE 5D 2~FE 00 5 00 AH sr 04 e 1
1.12%. 2.07%. 2.96% F1 3.80%, ¥ it 7~k 10
B AH, 7 BIRT T 2.27%. 4.59% . 6.74% Al
8.82%, FE&h 12~FESh 15 0 AH, 48 T
2.82%. 5.85%. 8.43% H1 10.82%. fEAHF il

2 e

5Eil

p/MPa

1
400

190

500

1 1 1
200 300 400

t/ms

0 100

500

185

180 |

175

165

160 |

155

Group 1

—a— Group 2
|—a— Average of the first and second groups

7
Fig. 7 Peak pressure of different samples
RS HMEAAGFREAELE

Table 5 Theoretical reaction heat values

7 8 9 10111213 1415
Sample

ARV ff B

of excitation agent

Sample AH,/(kIkg ")
1 5203.0
2 5261.5
3 5311.8
4 5360.1
5 5406.7
7 5325.7
8 5447.3
9 5570.4

10 5694.3
12 5363.3
13 5516.7
14 5668.2
15 5816.2
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L BB T AR v I8k 24 0 R 1 BE B, 0 AT R o 4 S R A B A Ok 5 ek A TS O RS
TBRS AR [ 19 D0 T, 81 2 A1 A D0 P TC EUAE it 14 2 7 40 o A 81 8 2 S A I LU A, LT
T KR R P VAR R SV A 2R Y S SR ARG . R SRR, R e A 2 7R A O R T LU SR
T CO, FHAZ PR B F7, DT B2 ) UE W T ASBIF 58 RE B 14 TIE W 2

220 I Group 1 AH, 6000

210 | [ Group 2 415800

200 15600
{15400 _

190 0
p 15200 &
S 180t 15000 2
S0l 14800 &
<

6o 14600

14400

150+ 14200

140 - - 4000

12345 7 8910 12131415

Sample

P8 ANEIRE MY SR A S IE R T 5e 5
Fig. 8 Relationships between theoretical values of reaction heat

and peak pressure of different samples

222 BREESEE 7

PR RN GG 100 ms Z2 47, & R J12 8 LTt 68 7 JF 4R 2 21 1 55 1E FH 952 5 24 25 3% 51 8%
TR ) A A TR AS CO, MRS, A8 P e 1 B8 T, ik e 7 I 1] 32 e 5 BT 1) 8 1% J B sk (1] W] 6 4 b 400
Ry S b T B s ) SR 0 I A5 ) e B B R) R A A 2 A4 i BE R IR ] 1R B T L3R 6,

®o6 BiEmAIbEEERE

Table 6 Instantaneous compression-shear speed of each sample

L Instantaneous compression-shear Average instantaneous
Sample Pressure rise time/ms speed/(m-s™) compression-shear
Group 1 Group 2 Group 1 Group 2 speed/(m-s™')
1 2.82 5.86 156.03 75.09 115.56
2 3.03 1.72 145.21 255.81 200.51
3 2.61 2.58 168.58 170.54 169.56
4 1.26 3.21 349.21 137.07 243.14
5 4.04 2.92 108.91 150.68 129.80
7 3.06 4.22 143.79 104.27 124.03
8 2.53 2.54 173.91 173.23 173.57
9 4.69 2.11 93.82 208.53 151.17
10 1.54 3.68 285.71 119.57 202.64
12 2.54 5.02 173.23 87.65 130.44
13 3.69 4.29 119.24 102.56 110.90
14 3.66 1.82 120.22 241.76 180.99
15 2.74 1.61 160.58 273.29 216.94

i 2 SRS O 90, 25 577 W B 13 00581 FE 07 E W /D TR B 1 9, LA 45 B
B 4 3 45 U5 7, LA R0 VS0 2 O 2 B R S8 T K R 5,
SV 2 A OB T3 B CO, 2 D RIS XE M B B 7. Bl T
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B2 580 25 R I ROV R, DA CO, MARIRMERR B T RE &, ELBIOKS 5 U 2570 B ™ W i — ik
J R R A5 AT S50 A TR T T ) SR R
223 BSCO,REESFEEBENNXFR

WK 2 FroR, FEEEWA CO, H T EEHLE AL, il 220 : 900
3 SR P 0 3 T A 5 B S, Pt e 3 s W SV s P
AFTE BT AR AR — SO B TR ao0| o G {80 £
SO BF 5 45 S 7 R S, AR SEE AT T O 190 [ Group 2 = Grow2) 75 3
CO, Fe it GUEHFE J1 (056 R, W1l 9 FR S 150 | {700 2

HAEIE O 7T AT, ZEWS CO, M RAML S 170] leso &
(A IR L WA TR 1 5 WS CO, Fosd If TGV ol 600 =
O JL A B 25 CO, 962 25 51 W £ lso_mm m m |sso 3
FE 925 A0 HL S 572 2 B W0, W 8 PR 7 5 B 2 ) 40 . . 500
BB BT A . AT T % 24700 R ik P2ads TEoIn BRI

Sample
e 24 oz 2 s WS . N
M CO, A% RIVIKIE LRIKER . HIW {19 ks CO, Skt SURITIE 0 R

CO, FHARREAE, Fe/)s 825 g CO, etk 58 A UL Fig. 9 Relationships between liquid CO, filling
TR 2k 712.5 K, MR SR 5 B, Wk 2 quantity and peak pressure
FIHIE P R R E K 697.9 kI, At CO, 7523 i 2
WA A, R 2550 B B 51 AR B g P T DL AR AS COo, i, AR TEAS CO, 1 ek 4
A MIFERE NS CO, &bk A AR I, I & 25 R BT FA R I8 25 TR A, LR XG4 D3 e 7 R 38 3% 6 A
WA, A& B 9 g Rk BT O, R, & A AR TR CO, B, 4 R S sk,
JZ IR /N o AE R 2 700 e AR TR T RE R R EE AR ] L WA CO, s i AH L IS 00, & NI (e JE )
A5 3k 25 B AT G
23 Ao am
2.3.1 TG #1 DTG 43 #h

AL D FLRE S LA B M i 51 el 521k, fr 26 5 v B9 Bl ol a0, X L 3 28R AR e b RE B 280 BRI T
BRI RE LIS R B, REAR 5. FESL 10 RITRESS 15 AOEIE AL . b T i — B AR O AL B LU AR A A 2 4
P, B TR A58 Bk N S 25 48 - i 5ot 8 4 25 00 I A P RE OS2 I . X RE R L BRAD 5. BESL 10 FTERAL 15
AT TG R 5K, 78 i e, FHIEE 243004 5. 10 AT 15 °C/min, 15 3] #9 TG £ 1 DTG 14k 5
S anE 10 FE 11 R

105 105

—— 5 °C/min —— 5 °C/min
100 ¢ 10 °C/min 100 10 °C/min
—— 15 °C/min —— 15 °C/min
95 95|
X S X 3
< 90 < 90
£ 85t £ 85t
% 80f < 80F
3 3
= 75t > 75+
70 70
65 65t
60 1 1 1 1 1 1 1 60 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
7/°C 7/°C
(a) Sample 1 (b) Sample 5
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105 - 105 -
—— 5 °C/min —— 5 °C/min
100 —— 10 °C/min 100 —— 10 °C/min
—— 15 °C/min . [ — 15°C/min
951 95
10.35%
BN - S 90r
5% 5
2 g5t 2 85t
a 80 w 80 = N\
3 g HIEERN
= 75t = T5f,
70 | 70 r 3
651 651 4 1.41%
60 70 80 90 100110120130140
60 1 1 1 1 1 1 1 60 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
7/°C T/°C
(c) Sample 10 (d) Sample 15
K10 BRI TG ik
Fig. 10 TG curves of excitation agent
0.2 0.2
or or
o —02r ——5°C/min | L 02} ——5°C/min
© —— 10 °C/min N —— 10 °C/min
5 041 —— 15 °C/min 35 041 —— 15 °C/min
E |5
2 0.6 E -0.6
£ _ogl £ o3l
= 0.8 = 0.8
-1.0F -1.0r
71.2 1 1 1 1 1 1 1 71.2 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
7/°C 7/°C
(a) Sample 1 (b) Sample 5
0.2 0.2
or or
6 —02F} —5 °C/mir_1 g —02F —5 °C/mi1’}
S —— 10 °C/min o —— 10 °C/min
X R < 3 X . o .
S 04t 15 °C/min S 04f 15 °C/min
B B
2 0.6 K 0.6
2 2
S — - [ - -
= 0.8 = 0.8
-1.0r -1.0f
_1.2 1 1 1 1 1 1 1 1.2 1 1 1 1 1 1 1
0 50 100 150 200 250 300 350 400 0 50 100 150 200 250 300 350 400
7/°C 7/°C
(c) Sample 10 (d) Sample 15

B 11 0k 26500 DTG ik

Fig. 11 DTG curves of excitation agent
1 P10 RT3 A THIR AT 4 SRR B B0 il S AR — B AT 0 4 B BL, 4% B B 1] Y A
RERCRA —E XA, DIFE S 15 76 5 °C/min FHE S Z N S FI #1707 .
55 1B BER 75~100 C K i), FRBL AN 1.71%. TG MZAY T F 4 B &, IWIE 110 LU
Hh L X R IR B DX TR]FE DTG £k i Ay — N800 1 22 14 2k Ji W, 2 i B A 2 o it DA 2 TR 24500 A B e
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IRy IR LA S K R 43 THAE

552 BBl 100~ 160 °C X [a), Fif i 2k 20 7 10.35%, TG M4 128 F K78 g bt R [, Sy
T X (8] 7€ DTG il & vh 230k — A5 BE 1 2% JE I 06, AR B R4 7E 95 °C JFIR /K . 150 °C IF 1h 7 ik
(P Ak 1 T3 43 AT, i 5 3R 3 0 T v, TR i AR 2 R 2o K, IR E IR B 150 °C )R, BREL 32 Ay
fif = Az NH, FVECER, [7] sh Bifl 25 500 18 190 350 0 0 o

553 BrBER 160~230 °C X [u], L2400 21.13%. TG £k i 218 T~ B AR g il [, X0 i
IS X [ 7E DTG i e v 52 30— 80 10 2% B 0, 02 i T 2 43 i 4B 1 H,0 A €O, Bt i Be #i i
R B 5 A T RS id

55 4 B BE R 230~400 °C X ], BRI 200 1.41%, TG 2 1 H2 8 N, DTG i<k LT 5
—&H%. HrIAN, 300 C KRR D85, 800 °C B 5E 443 i, [A) AR 9 v SRR A1 A9 22 78 H1 il i
#3k (differential scanning calorimetry, DSC) i W7 & 54 A5 £k W £ Vi BE A 300 °C, HE W e By B J2: i SR A1
H A7 A B AR Ry 3 7 RN S R . AR AR A AR B JE TS I B U R R TR S 2 T
A K A e /£ - i P 3
232 REMNZESHSWH

Ry ik — 25 R RRY T FE VA G K 24 T A R R 5, R Ozawa 1% 134 4 4R & 1Y) 3%
WG AL BEIEAT SR A, A8 12407 BEEO Sy

AE E
pi

K B THEE K, C/min; 4 HIERTA T, min™'s E N F WG LAE, kI/mol; G(a) N M WL R % o %%
3R, %; R W BEJR MR HL, 8.314 J(mol-K); T, Ay 43 fift WA I, Ko

o B I, RN HLEE R AL G(o) B RS, MR 1g g5 /T RERMEASC . AN 12 B, AR4E
Ozawa VA2 1g B-10%/T M4k, HATERAERL G, RH% N -0.456 TE/RT,,, 38 32 R4 1 H R 5 1 R WL 1L g,
W7,

M T BAE T LA, T 8% SRR . AN B AP i N, AR (A R TG AL RERE AR T 5.96 KJ/mol; il
N 8% BROKY | 3 2 R B R T AT I, R O R T AL BE SR R T 33.47 kJ/mol; fITA 8% B | 1 i
T A R R 4 2 S -, B AR R TR AR BE B R T 6.80 kd/mol., £E A RIS s 45 T LA, in A
BROWY J R 24 70 4 AR S R R AR AT, (B ACBRORS T ) AR R 1 2 4P i, T8 24 0] 1 AR 1
B

SIHTIA A, B RS B T iR, BROM A S A 0 B bR, A A A R o LR T, AR A TR
S4B 2 e R e, ] I3k — R AT R A B M 0, S BOMOR 25 AR M TE B8 b, (R AR S 5 R
JOF o T A R AT F R R T LRI 2 (3 R AR S AR i AR AR, R R R R E

(M

1.3 1.3
5 5% 5 5%
¢ 10% e 10%
L2r 215% 1.2r 415%
v 20% v 20%
1.1r *25% 1.1r *25%
30% 30%
1.0r 1.0
KQ «Q
L0 L0
09 09F
0.8F 0.8 F
0.7F SvA 0.7F v [ ]
0.6 1 1 1 1 1 1 1 0 6 1 1 1 1 1 1 1
19 20 21 22 23 24 25 26 27 19 20 21 22 23 24 25 26 27
103T'/K™! 1037 '/K!
(a) Sample 1 (b) Sample 5
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1.3 1.3
5 5% 5 5%
L 10% L 10%
12 vy 4 :15% 12 :15%
v 20% v 20%
1.1+ ©25% 1.1 *25%
«30% <30%
1.0F 1.0}
«Q «Q
20 2h
09 09
0.8 0.8
0.7 < 0.7+ <qeov ° [ ]
0.6 1 1 1 1 1 1 1 0.6 1 1 1 1 1 1 1
19 20 21 22 23 24 25 26 27 19 20 21 22 23 24 25 26 27
1037 1/K! 1037 1/K!
(c) Sample 10 (d) Sample 15
B 12 R Ozawa A3 EIY 1g B-10%/T M4 451
Fig. 12 Fitting results of 1g 8-10%/T by Ozawa’s method
R7 Omawa ZHEZHRNANFESH
Table 7 Kinetic parameters of each sample obtained by Ozawa’ method
E/(kJ-mol™) r
al%
Sample 1  Sample 5 Sample 10  Sample 15 Sample 1  Sample 5 Sample 10  Sample 15
5 69.89 70.26 81.52 71.08 0.9933 0.9721 0.9993 0.9871
10 71.84 81.79 113.43 89.70 0.9993 0.9933 0.9993 0.9746
15 183.65 171.82 216.36 190.80 0.9715 0.9972 0.9861 0.9919
20 171.30 167.41 210.54 181.99 0.9890 0.9852 0.9942 0.9860
25 194.08 188.72 206.92 184.03 0.9815 0.9859 0.9926 0.9852
30 120.16 95.16 182.96 134.09 0.9998 0.9746 0.9509 0.9763
Average value 135.15 129.19 168.62 141.95
24 Tz
BB e A s T P00 4 T R A, 5 R 2450 v 1) R S R s SRR B X STIR S I A R B
%75 I8 bR R E R (R, 207 BB 24 R AT 2 e
241 BRBEHFEHERSH Sample ]~ Sample 3

BRESh 1, BESL S, ﬁpﬁélo%nﬁn”ms R
B FE 48 h, X AE B FE L iE AT XRD 35 40 B,
& 13 FJT/TO

WO B AN, BOR RIE SR & A
AL, A I A S S Z W R A W, I 13 1)
I, FE S 1B XRD 3B Z A7 55 %, %R KC10,.
C,HN,0,. C.HO,, ik 5. FEfh 10 FTEE S, 15 B9AT
SPUETER SRR 1 AT ST IR R A -5, R b

Intensity

L

L
bl

Sample 10 — Sample 15

IV

NN
I KCIO, | CHN,0,
ICHO, ITi

b

|

1| | 11
CURLEIND LLIMRD U0 N0 0000 0 )| o an

s R

BOEAE 1Y K /INFEAE 22 57, 3K 02 BT 308 BOM 3 A
A3 43 2 i i B AN 2 B

1
5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80

20/(°)

B 13 EEETE TSRO 2550 R A ) XRD
Fig. 13 XRD profiles of different excitation agent samples

PLESERAEW], Wl T Bk e g, Ay
W 250 20 93 e A B, B B N e A

aft
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242 (BRFBRERSH
e FH v SRR 0 A2 4 e 1 0 it 3 P B I A B, 8 13 41 RE A5 10.00 g A THEAE L 180 °C 1H
T T4 48 h, T St PR A L T A RDR A A A5 A HHE U 8 2 ) A T R R L A5 L RE TR T L S T
gﬁl@% 8, o B S P IR TR AT L S RS WA 14 FTR

*8 BEHmTREA. EHRE
Table 8 Mass of each sample before and after drying

Mass/g
Sample Hot weightlessness/%
Before drying After drying
1 10.00 7.83 21.7
2 10.00 7.98 20.2
3 10.00 7.93 20.7
4 10.00 7.95 20.5
5 10.00 8.01 19.9
7 10.00 8.22 17.8
8 10.00 8.32 16.8
9 10.00 8.47 153
10 10.00 8.42 15.8
12 10.00 7.86 214
13 10.00 7.85 21.5
14 10.00 7.91 20.9
15 10.00 7.90 21.0

(a) Before drying

(b) After drying

[ 14 ERARESTHETT . RIS
Fig. 14 State of partial samples before and after drying

031301-13



9539 4% FEBIRAE - Bk 5 b AN S5 Bl [R] T COL MR R 2450 B PERESRAT 53

i 2% 8 AT, 180 °C fEIl T4 48 h Jm, i B0 AF i i JoT 1 343 B B AIK, 20 ik ok, X2 R R N D45 i
IR e VA TR 2 A AT R, RRSD 1L R 10 FDRES: 15 76 TR b T A rp R A Ak iR 14
AL i, FEAD 10 AR SD 15 AYOR. TR AT DL BB )R 2, TIRG A B H ARG o ARS8 1 34k 1 5T 45
Br, BRI TE 200 °C Z2 45 TF iR iR, 52 b B 8N I— 2 TiO, Wi, Rm 2R 6, T
L I 1 o S L R R W 5 = S T =1 N A el =

SRS W3 DER e U DTN AN o -ata R e C S A L) [ DR = R - R L D) | DANE N ) e a2 )
i i, AR % TG g B, 45 & iR vE 2 50 A =X, THR L f e HL 5 R b 10 306 5 4 5B

T, = 0.49[T, +0.6(T, — T})] ()
AP TR AR R, RIRE S AR R, °C; T, o 5% IR R B IR BE, °C; T, A 30% Ji i
AR, C.

BTG the b iy I BA B0, T, 2390 4 134.9., 138.1 1 136.6 °C, T, 23 4 218.3, 223.4 #1223.1 °C, 1%
AR 2) FIHERR T, 43504 90.6, 92.7 F192.4 °C. L 145 5 AT A1, SR AL 38 & 24 57004 301 18
TR 90 °C LA b, LA OE AL FC e B RE i H A R4 0 T YL R o
3 i it

R B R O 25 B e T S IR R IS, R SR SO R S SRR T IR Ok
25500 B PERE, I 38 Aok I8 8 2 0 IE LU Gk B R A, dE— DA O 2GR RE . IR R B (1) Bk AT A
R R OR 2GR R R A s Q) BB IS N AE — € VT L R A VI 3) T KGRI R E
ST 0 5 BB BE 5 D0 T LA L T 5 (4) Bk 24 790 e e B K, DB R T M o DA B SRR, AR
FEERGR BN T W HR, 7N R S0E R Re RIS % |

5 LRGN L, ABESE 2 3 N (R ) AR 23 B A Tk 24 39 o B A 3 i 14 KM, (U2,
TRESCER AR, B KA G i & 25700 19 B B L, A BB S A “fa i B 4, X & i T H i 4 24
BB FEAGE TR, W0 VAT D22 APk 5 ] R 22 0] 08 J& 0 AT 5807 58 o A i 53 7 B U I 7 7 iy I
T A T IR AN R R RO, IR AIESE T RO & Atk L S IR FEE IR R RE, 158 T A BTSN
BCHCIE Rl . 53 9, ok 25500 BB st — 30, A R T Tl An i fb A 7= o vk, MR % 25 750 2 g pli Rk, ]
ARGy R, RIS e B, 249k 2 500 v R K A TR B kv I, 24 00 R TR R SAE R SRR,
JFAR RS EEIER, JF— 20 B E T R e S M UL R BE BP0 T3 A, SR T 4 JE R P A AR
25 AR, HAL TR AT N A 2GR R RE AR, BT, AR R I, 3k B AT Y 2 0 4
TIBEOSOR, (A2 AR PR R Ak 7 A s e, FE SR TP N 2R A B IR 2 AN R, SEH A S AT .

AT AR TR B R T Bk 1 8 R ST X 9K e 24 7R B ) R i, {37 S A% 1 RN B R B BR
il ABAEAE LR Jry BRAA: s (1) AR X5 38 A 245 500 B g 7= A A7 A ), SRR 8 2 S0 A7 T A5 3 A 0 1 Tl 3
R Z N, TR —E IR 25 (2) FEIEAT 88 K g K B8 5 BRI ES BF, AR 3 & 25 70 i TR
HEAT RGN, A FEAL S B 24 5], AT RRAEAE 25 RNR A A S BN ; (3) Bk i 15 th 7 & 3 e Ltk
JL L, R4S T HNE LR B BEE L, R T R ), (H IR — 2 N T TR SR

4 & B

(1) BRA FE A 25550 1) LA G — s o I, X IS i 9 5 AR T SE P PR T TS T v,
AT 500 8% MRk n] LUIE e, (A 10% Ekky 23 th 3R B 5 o WOR 25 7R &R P i K
PR AN B i, 7 2 R 2 00 1 B Y A

(2) TEA 25 B A ) | I RE AR BEARTR] L WAS CO, a4 s AR E /T LA R HTHE T, CO, A28
F1%g U (L 3 B 5 98 243300 P BB 5 5 0 8 T 8 K, L 81 o 2 SR A0 i 14 8 A 2450 A TN A WA ) v
TANVR B T SV e 2450 B AL TR T

(3) VB P 24500 I 2 0 2 AP T LB v LR E T o A AR BROR i, 6 A 25590 i B

031301-14



9539 4% FEBIRAE - Bk 5 b AN S5 Bl [R] T COL MR R 2450 B PERESRAT 53

it AR TG B S 5 I D e AR I, 0 ) R R T e R K A T e o LR R RO, R R R R
FBBES> W4 T 33.47. 6.80 kJ/mol.

(4) BN, RAGEC L 5 25 70 0 22 A PE e R AT, B0B 5 UK 25 A1 53 Z IRIAS 23 & AR BOE, HLIACER
o3 XoF 38 e 243 350 0 T IR A4 G £ TET R ), G T AR, IR R AL T, 30 T 90 °C, T RAIEH A .
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Performance Characterization of CO, Phase Change Excitation Agent
under the Synergistic Effect of Titanium Powder
Content and Zero Oxygen Balance

DU Mingran', LI Weiwei', WANG Yinjun’, YANG Haibin**, LI Jihong"

(1. School of Chemical and Blasting Engineering, Anhui University of Science and Technology,
Huainan 232001, Anhui, China,
2. BGRIMM Technology Group, Beijing 100160, China;
3. School of Mechanics & Civil Engineering, China University of Mining & Technology, Beijing 100083, China;
4. Hebei Yunshan Chemical Group Co., Ltd., Xingtai 054011, Hebei, China)

Abstract: To improve the performance of the CO, phase change excitation agent, titanium powder with

mass fractions of 2%, 4%, 6%, 8%, and 10% was added to the excitation agent. The contents of ammonium

oxalate and salicylic acid were controlled to adjust the zero oxygen balance, respectively. The ignition

reliability, pressure performance, thermal decomposition characteristics, safety performance and temperature

resistance property were investigated by on-site ignition tests, thermogravimetric analysis, temperature

resistance performance tests and theoretical calculations. The results show that: all the excitation agents are

successfully ignited inside the tube after adding titanium powder with mass fractions of 2%, 4%, 6%, and
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8%. The peak pressure is directly associated with the heat release amount of the excitation agent. Within the
addition range of this test, the excitation agent with 8% titanium powder has the best pressure performance
inside the tube. After adding titanium powder with a mass fraction of 8%, the peak pressures of excitation
agent without adjusting the oxygen balance, with adjusting the zero oxygen balance through ammonium
oxalate, and with adjusting the zero oxygen balance through salicylic acid increase by 11.81%, 14.27%, and
17.85%, respectively. The apparent activation energies of the three samples decrease by 5.96 kJ/mol,
increase by 33.47 and 6.80 kJ/mol, respectively, indicating that adjusting the zero oxygen balance can
optimize the thermal stability of the excitation agent. After adding titanium powder with a mass fraction of
8%, the safety of the excitation agent is good, and the temperature index 7, is above 90 C.

Keywords: CO, phase change explosion; excitation agent; zero oxygen balance; titanium powder content
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