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Calculation of pressure parameters at ignition moment of HMX-based
aluminized pressed explosives during slow cook-off
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Abstract: In order to study the pressure parameters of HMX-based aluminized pressed explosives at the ignition moment
during slow cook-off, slow cook-off tests were designed at 0.1 and 1.0 °C/min heating rates, and internal multi-point
temperature measurements were taken inside explosives. On this foundation, based on the universal cook-off model of
explosives, combining the multi-step decomposition reaction mechanism of HMX-based explosives with the reaction of
aluminum powder, and considering the phase transition process in the decomposition of HMX-based explosives, a slow cook-
off calculation model for pressure-department reaction rate of HMX-based aluminized pressed explosives is proposed. The
calculation model is then written as a user defined function and imported into Ansys Fluent to perform calculations. Slow cook-
off tests were conducted on large aspect ratio (5 : 1) HMX-based aluminized pressed explosive charges with 4 mm shell
thickness at heating rates of 0.1 and 1.0 °C/min and compared with simulation results. And then the numerical simulations of
the temperature field and internal pressure changes are performed before ignition of the cook-off bomb at heating rates of
0.055, 0.1, 0.2, 0.3, 0.5, and 1.0 °C/min. It is found that at the heating rate of 0.1 °C/min, after the test reaction, the end cover is
ejected, the shell is axially cracked, and there is no powder left, so it is judged to be a deflagration reaction; while at the heating

rate of 1.0 °C/min, the shell is slightly deformed, with some powder left, indicating that a combustion reaction has occurred.

« I Fs HEA: 2023-09-28; 1&[E] HHA: 2024-03-26
T—1EE: 3 W(1997— ), B, WLHFITLE, 490246049@qq.com
BIEESE: B/AF(1965— ), %, 1, #4%, zxq4060@sina.com

062303-1


https://doi.org/10.11883/bzycj-2023-0353
https://doi.org/10.11883/bzycj-2023-0353
https://doi.org/10.11883/bzycj-2023-0353
https://doi.org/10.11883/bzycj-2023-0353
https://doi.org/10.11883/bzycj-2023-0353
mailto:490246049@qq.com
mailto:zxq4060@sina.com

5 44 & OB, S HMXAES A E LG U IR K 2 i S % 6 1

The numerical calculations show that as the heat stimulus increases, the ignition temperature of the explosive tends to increase
logarithmically, while the extent of reaction and internal pressure of the cook-off bomb tend to decrease exponentially. Before
the HMX phase transition, the internal pressure inside the cook-off bomb grows slowly, after the HMX phase transition the
pressure grow rapidly increases, and finally it rises sharply near the ignition moment.

Keywords: slow cook-off; HMX-based aluminized pressed explosives; universal cook-off model; heating rate; pressure;

cook-off bomb
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Wi PR, A SCrf, DL HMX 685 60 He B KE 245 S BIF X 0 4, B T3 FH S BRI L 1 2220 2 e pIL il 25 g
5 1L TR HMX A i R0 AH A8 o R FIAR AR J5 1A 1Y) %% B2 R B AR 4k, F 4% UDF (user defined function) F2/%,
AT HMX 7 40 2 K 24 15 T 3 AH G 19 e BRARERY, 1150 25 A0 A [ THELHOR T 5 ki 2 RS S it
AT 3 R AR AR PR g 3 B T R e SR B AR A, DAY R HIMIX 3655 0 6 20 0 2 B A ik S g RN A2
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1.1 Rt

HMX JE 5 5 2 KE 24 9 e AR AL 24 0 58 ARt by J5 4 50 85043 501 R 58% 1 HMIX, 35% R ER
7% IBEEE FI A, IRIEYEZ i 5 RSN @25 mm x 25 mm B 25 RE2H i, BE 2% 0 1 860 kg/m’
R R S AR A PRS  30CrMnS A9 A0 T, JiE AR B 1100 MPa, HTH758 B2l 1180 MPa, %
M 7850 kg/m?, G E N 10.1 W/(m-K), FLHE K 550 (kg K)o R Z5FE 5B TSR 2 ) o B R B A .
FEARPIAE A 25 mm, BEJE N 4 mm, FE 0K — i Ry A i, 55— S R FH IR S0 32, IRAUHA% S M27 mm X
2 mm, KN 14 mm(7 BRSO . X8, i HAR 1 mm 4855 08 (WRNK) FAHL (), 20 500 & 58 A 4
BETAT (U A 1) A2 RE R TR 8 (I 2 3) AOIR B o 356 R G5 R S5 F IR A, ko . S |
HE AR R AR A R R X A R EA T TR, R AR R A A TR R M, AR SR A
V1) (18 2 T 2R FH 1 P e AR S 5 3L, 8% 4 S 2 A i AR 7 AR IR AT ORI S A 5 b B s A7
wmE 1 TN

TP 3 I IR AR 5 A T S 2 AT R IR, AT 2 R . A 1 R SEARAMEESE L 3.0 °C/min BY THE
HORFHE Z 140 °C, ARG PRI 1 h, FFLL 0.1 °C/min B3R Z8 I 2 & A N 5 2 & 55D 3.0 C/min A FHIR
HORTHR A 120 C, AR 1 h, FELL 1.0 °C/min A9 HECRFHE 2 A& AR R o 381 0000 1 5 3 56 37 10 1
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Fig. 1 Schematic diagram of the structure of cook-off bomb
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2 Tl AN [R) 1l 32T, K 24 4% DN A ) 3 B -
N — N N e PR T4 FL?ELE\ [14]
I 22 A1 3 0% AL I 20 B 3 A M2 IR RUT
Fig.2 Scrap photographs for slow cook-off test!'"
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Fig.3 Temperature-time curves of explosives at various monitoring points under different heating rates
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B2 1 A, 2 Fh TR R R 1y A k] . R SARZRRSAEZIRENSERE
BT 20 B e B TR RE DA N S K S A B ER S AR TE] o Table 1 Ignition moments as well as temperatures
76 0.1 °C/min B9 TFIE 2R, kO 20 0 s 5 0 of different measuring points

at ignition moments

B TR 254 0 B M A 20 THAE 1.0 °C/min
TR T, KR 2 B v Tl T i
At DAY i 19 W0 A 3, LS IR 5 T 0.1 °C/min
FHE AT B R . FRRER B, THl R
1%, 3025 K A K B TR EEREAR

2 HEREH

21 HMX EESREREHIERIZR

AL HMX FE B 45 He 28 15 245 1) $400 BB R Bl UCMY', 25 JE AR R B9 ) I o KR il
CiH %S & UDF 2)F, 5 A FLUENT 4 LABLHL 5 2 ()12 5 5 MR AR . KB 25 M 3 ff T B 8 ¢y Y
Al R, A R R R R YRR A S RN A RO AR R B A R O R R
Hp U B K R 7R AR AR A R e B A, (HR X RN B RGP R A R BER A
F SN 5 E S JE, JAHE S N AR R B EAL RN 5 R G . AR SO, SR 4 S AR SR 2
PO HEAT 20T, ) HMIX 635 40 TR 28 M 2 B 48 S H

FHEGER/(C-min™") UK T,/C T,/C T/°C

0.1 43920 203.9 220.2 205.3
1.0 10740 209.0 221.9 230.4

TE: Ty TANT 500 5 N 2200 51~ 3B

H,0(a) —» H,0(g) (M
BERAH T A
HMX — 10Gasy, + 1.6Carbon 2)
S FF A
HMX — 10Gasy, + 1.6Carbon 3)

A H,0(a) A HEZY HP I B 9 7K 435 H,O(g) B AIK; HMX 43 F 38 C,HgN,Oy; Carbon M i; Gas,, H'<,
=4, 10Gas,, = 4N,(g) + 3.6H,0(g) + 2.2C0,(g) + 0.2CH,(g)-
B I S AR S R

16 8
HMX + 3 Al — 3 Al,O; + 8Gas,, + 4Carbon “4)

A Gas, WA=, 8Gas,, = 4H,(g) + 4N,(g).
H RN (1)~ (3), 7T LUK HMX M 25 14 S i 3 505 TR s 4

-E\+{io
ry = A]Tm] exXp (lRiTélll> CH,0(a) (5)
m -E +§ %
= Az/lzT 2 eXp <%) CHMX (6)
" -E;+
r; = 143/137"”z <£> eXp (374%03) CHMX (7)
Po RT
Bk Y SN E T R
ny —E
ry =A™ (£> exp (LM) CumxCal (®
Po RT

s v, OV, mol/(m’s); A, MFEHTE T, 575 A, WAL ; TR BE, Ks m, SRy N A BELA 5
SRR SHE%L E, RTEAGRE, Jmol; cu,ow AHXEZS IR BN IK 43 FIRIIEVR L, cuvx A HMX PR EE, ca MERIHREE,
mOl/m3; Pho jﬂ‘k’ﬁé’iﬂ’)%ﬂﬁﬁ%fi kg/m3; g j‘]E/jSﬁ’?E IZI%CE’(J&IZI@(, 4= HOMinV(CHZO(a)/(WHZO(a)pb,O/MHZO(a)))9
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4y = {3 = £, = norminv (civx/ WinixPo/ Minx)) 3 0, A 73 A S50, J/mol; R S H %, R=8.314 J/(mol-K);
CH,0() = WHZO(a)pb,O/MHZO(a) » CHMX — WHMbe,O/MHMX s CAl = WAl,Ob.o/MAl 5 Pro = 1790 kg/m3;p j‘ﬂ?jj (%:2}?), MPa,
IR 212 py = 0.1 MPa 2% [ 15 30 (5)~(7) S Hh STk [12] 14 38): 4, =4, =4, =" s 5 1, =
Ay = 1+4.5(1+tanh((7—530)/2)); m,=0, m,=—0.6, my;=—0.7; n,=0.6; E,=212 007 J/mol, E,=158 798 J/mol, E;=
158798 J/mol; o, = 20785 J/mol, o, =0, =—-8314 J/mol. wy,o@ = 0.005 A 7K4HIUH i & 70 50, wamx =
0.58(1=wu,0) ) A XEZ5 o HMX Y 5t & 5341, wy, = 0.35 9 BRHYHI 46 T it 73 B M0 =18%107 kg/mol 7K
HEE IR T, Mux = 296.2x107° kg/mol 2y HMX [ BE /R i, M, = 27x107° kg/mol 4RI EE /R i . 30 (8)
th E,=201864 J/mol"", 4,=¢”s™, m, =0, n,=2, o,= —11640 J/mol.

FEM G AR D, MR A B 444 K A AT, HMX 23 & AR i B FG AR | ol ME AR AR 11 B-HMIX #5725 oy
§-HMX, ¥/ st B b WK fE i # . Henson 50U i H] 1 — AN A 19 30 ) 2% J5 v, U 25 By %
HMX AHAE R FREA TR IR o X T HMX A9 AR ZZ Wt 72, AR SC e R A5 200 LG R 8 02 1) R 2 2ok 78 114 0
HEATAE B, SRS S5 T HMX S PR FE RS I b s ARZZ v 35 | 1 U A2 4 5 . Hobbs 251 Sk ]
AR RS T HMX | g ARFE S SRy 6 AT 5 B By i 221k, DL g AR T 6 AR 5% AR R EE (444 £3) K Ny
FRO B AT IE S0, 441 K A ZZ 3l 1550 T/(kg-K), 444 K I AHZS 3B 12 560 T/(kg K),
447 K IAHAE RO 1570 J/(kg K)o

HMX &5 48 He B 2 7E 48 5 i A b — B IR, S 7 (B H330, AR DL R (1) KEZ5 Fnae ik
AR R 2% 1o [) 15 (2) KEZG 1Y A #5282 AT ] Arrhenius J7 FEAfiA

FET UL B, KE AL R FE AT DL AR g i fiis 77 A1 #- 1 7 3R0R

pbcp% =V-(KVT)+ > rih; (Miow + Minx + May) 9)
=134
K p, HIELRIRTURJE, kg/m’s ¢, HHEZ5 00 g RIS, 7ERT 250 K I 2y 919 J/(kg K), & T
700 K 24 2406 J/(kg K), 7E 250~700 K (1470 [l N o1 Ze PEAE BT 25 ¢ S If 1], s; « GG, 7EI0T
441 K 4 0.33 W/(mK), &5 T 447 K I8 0.21 W/(m-K), 441~447 K {5 F N G 0453205 b, R S
#, h, = 44 kJ/mol, h, = h,=—250 kJ/mol, h, = —4540 kJ/mol.
H1 #5087 R, 15 3 4 2H 73 Vi J3E Bt I 18] A2 A6 i 3 7 B -

dc.:iz;)(a) S (10)
dc(;{;/[x =—(r+r+ry) (12)
% =10(r, +r3) (13)
%: 1.6(ry +13)+4r, (14)
% = -5.33r, (15)
dcg‘tﬂos =2.67r, (16)
oo g, a7)
B 1 BRI pR B, B p(x, v, 2, 0)=p(e), W T332 R 0l B A X«
e ”RVT (18)
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SRR IR By
n= L (CHZO(a) + CGas,, T cGasxz)dV (19)
SRR
j pvc,TdV
Tave = v (20)
fvpbcpdv
QRN
= _ St Poo
Vg_jv (1 Pe )dv (21)
KEZ 135 BE N
_ P
Pe= 1+8y (T -Ty) 22)

N cgas, A HMX ATl SRR AT BRI, s, BRI MR, mol/m?’; p, R KE
i BB WA B L, p. =1 860 kg/m’; B, WAKTIIZIK REL, B,=1.31x10* K s T, AHIIRIREE, Ko
SR I [ AR B3 BOA -
_ MuyxCavx + Maicar + Mai,0,¢a1,0, + MeabonCearbon

Si= Pro
K Muo, A BYEE IR T &, Mayo, =102 g/mols M, ., N BKAYEE R BT, M., ,,=12 g/mol;
Cano, AEACERITHR L, WU Coavon BRI BE, WI UG E .
22 MBRETE
T A g s A, S AR P
55 SR B Ry Tl X BR 5 R, R 1/2 B EAT
A, PR T 4 R 7S TR A%, DA SR AN 1] 4 i
TR SR N EE S ZRE S EE R A i, 2% K

(23)

5 W A5, A R LA AR e R U R A DU K4 R
o N TR EA RS TC M, 7F 1.0 “C/min Fig. 4 Grid model

B FHRLE R T, SR 3 RS R T AR UE T T
HE, Hataas Rk 2 fiR. &2 alm, %
FH A R 524 0.3, 0.4 F10.5 mm AR i35
P14 A5, KBS 220 1N S B AR R 22/ T 0.2%,
B2 PSR T AR IR 22N T 3%, 7E 3 R

®2 TRIMERTRENBETESER
Table 2 Numerically-calculated results by the models

with different grid sizes

4% R~ /mm PO ikt HMEEIRLEE/C PR J1/MPa

0.3 2806242 215.26 10.65
F R, VR A AR B I, K 23 o Coseos atsa 006
%E{“‘Eﬂ, %Fﬁ WJ*%R_‘J‘%J 0.5 mm E"JM*%*EEI!J?_F 0.5 734650 214.93 11.26

5
23 H#REPH
23.1 5K Rt
K iR S SRR 43 5% 0.1 1 1.0 °C/min TR 28 T 1 5 KBS ) B KRR 220000 o ) B 1E AT T3
B, IS g R AT TR, and 3 R
i 3 AT UL, 8 0.1 A1 1.0 °C/min THEHR T, s ka1 T53 45 50 551000 495 S5 0 R X6 13 22 110 46 X 43
S 4.14% Fi1 3.91%, I A s BT 205 B 153045 S 5 10 205 L 194 e R A T 15 2 48 XL 437l 3.92% Fil
2.84%, THEZE R G EY G EAF . X R, SECERCE B, #7 BRI {E
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R3 2MFREERT SAEER N SR E T EE SIS E R EE
Table 3 Comparison of calculated and experimental values of ignition time and temperature

at monitoring points under two different heating rates

FhiEd R/ SR TE] T, T, T,

(Cmin™) SREGH/s B R2% RBM/C IEMC 85% WRIBE/C BT RE% RBRIEC HEMTC RE%
0.1 43920 42100  4.14 203.9 200.39 1.72 2202 218.97 0.56 205.3 21334 -3.92
1.0 10740 11160  —3.91 209.0 21493  -2.84 2219 22726 242 230.4 228.40 0.87

2 PRl AR I U D R e AN AR N R P R LTSS R AN 1E] 5 FraR . & 5 AT, 0.1 °C/min
THIR AT 2 A1 1.0 °C/min FHE AN 3 AR IR TSI 28 5 a0 i £ W) 5 5

280 28 250
Measuring point 2 —— Pressure Measuring point 3 —— Pressure 12
Experimental temperature 424 Experimental temperature
L 10
—— Calculated temperature 200 Calculated temperature
o 210 120 o5 Phase transformation
< S 18 £
2 {116 S 2 1501 =
S 140t g E 6 g
g 1122 2 7
£ & g 100 14 2
# Phase transft ti 1 8 = [i) =
70 L ase transtormation |
26 26 27 28 29 3 14 50 2
0 1 1 1 1 1 1 1 1 1 0 0 1 1 1 1 0
0 6 12 18 24 30 36 42 48 0 3 6 9 12
Time/(10° s) Time/(10° s)

5 ORIRITHELEAT o I sl B e AR AT s g it 2%

Fig. 5 Curves of monitoring-point temperature and internal pressure of the bomb at different heating rates

HMX 1 g AHFEAE Ry & R e PERFAIG, A8 22t AR B RRAIG, 1 Bl 25 TR B8 A P2 T, 3 RURti 2 1
HATm, RS SEWERE 221> T £ . Dickson 5N Hl Tarver 6P 4 HMX i 6 AR (1) 1 G 4 Ry HL 403 fit
B 4R o5, X HMX ZE12 08 il B2 b () o3 B AT TS o e D75 i A=k s oy o 58, 1 T 5 i) ) 64 s iy i
AR R K 24 R AR BB A AR R D8 o i I B, T A A8 T 1 30 0 KR 220 B #8043 i DA kg 2 PRl 4 fi
Friz. BEAh, Bao 4¢P M4l Tt e R AN]R8 RT3 T e o 3 %) 25 4 R U M IR
LM R KT TR, T S SR 8 T e A b N [ 2 g T AR T R R, IR TR
R . AT 20T, A SO K SR FH S 28 T 6 5 3 e 18 o R R R R b ) o 488 D R A T A o

E—2, AR HIMX 335 50 R 25 1 24 068 R el 2 v 110 2 1 0 i AP i, AR SC rp SR FH ST 35 T e R
X FEF1AEACEY 2 B BEEATHEIR, 2RI T AT 3R7R . f & S(a) AT 0L, 78 0.1 °C/min () FHEECR T, 45 1
ThFE B B A S I T U 31 25980 s, ek B S I 3 S5 Bl B[] 36 50 9242, b i B 0 9 T v A AH KT 2212, SF-
YITHE R FR N 1.085x107 MPa/s, 52K 714 2.82 MPa; 28 1T JHER B R 25980~42100 s, BIAHZR TF 44 55
FIKEZ 15 I 21, B B T s A ik i, SR R EOR  1.12x107° MPas, 55 11 By B35 T sl %k
55 T B Beiy 10.33 4%, BBk & A a5 KIS B 718 20.89 MPa., 7 -t [ 48145 i 26 -

p=0.7121+0.037 57exp ( R =0.985 (24)

t

6 881.51)
o ) p BIBAALl MPa, IF(A] £ BB s

[, & 5(b) AT UL, 76 1.0 °C/min B FHRERT, 26 1 FHE B BRSO T 46 5 8 480 s, T B2 A1 i
T 3 (B T 2 B0, R B T G T S R RE RS, SF I T R R 2 1.19%107* MPa/s, e R 1R
1.01 MPa; 5 1T F-H BBl 8480~ 11160 s, 12 [ Be A He o7 bifi i B2 R0 S 1 1 2% ) A8 Ak iVl v, P39 7R
AN 3.82x107° MPa/s, N4 1T BBy 32.10 %, S 2GR A A UK I B R 128 11.26 MPa, Fs J3-IF[A]
PG 2R
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p=0.1386+12197x 10’4exp(

Kb JE S p 9807 K MPa, B8] £ BN H s,
232 RERFFZARF G TR

TENZ G 1L Ry, TR AN [, e IR A2 OSR]I S SO s I R 23 | A7 0 1 Jo LA P
AN BT (6)~(8) HHEAAF] T 0.1 1 1.0 °C/min THEH AR T HMX 4 52 07 33 R BE 7] 19 28 f fh 28,
Bl 6 fron . B (19) THE AT S 20 SAARY) 5T i 1 B s ] A A8 At 26, il 7 Fios o

t
—_— R*=0. 2
993.662) 0.988 (25)

=l
£ 14 5
L 0.1 °C/min s —0.1 OC/min
S 121 1.0 C/min e o, 10 Cmin
S T
s £
- (=]
2 6 < 2
3 2
a2 4 s
%) =
IS s Ir
& 2t B
S g
E of — 2 0r
Q L L L ! ! ! ! ! L L L L L ! ! !
g 0 6 12 18 24 30 36 42 48 0 6 12 18 24 30 36 42 48
Time/(10° s) Time/(10° s)
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