/AN 24 5 0K e B0 i 3 R L R S Y 5 R BAORL R R B A I

641

XEHE:1006-9941(2022)07-0641-07

MNAERERNEZERILFHAB FEMBRERANIE

Bew,e W ELE IHF

(WEHBEAFARFEAFEREMFEREAELRE, W 4 621010)

OE: VEESCEE T RE AR AR BER B PG BE AR G U5 i B TR 28 PO B PR (0T iR 960 X A H i 2 B Y = 4 AR O
B g %0 T Ak ST A 8 T 2 P R B o 00 O 0 256 8 A 2, T 1) ) — o B = A A o A% SRR AR 1 /N 24 4 5 RE B MR Jo8 1A 5 Ty 1

A JF AT AR be B 7 2 T8 08 B U P FH H DU e 7S il i X R SR AT 2% e (B = AR I (3, 4- T AR kI R A ke L

Gk TR 2 RN SN 6 il A 5 RE AR B e IR AT T SE .

SEESE LR R IR B (64.804+0.071) WV -mW ™ FRiE

B4 R X S B 2 FE R 0.109% 5 6 Bl & BE A BHAE 298.15 K A (1 [ AH B o B2 JK BA B (A UV AR IR - (2749.124.5) ,-(3593.6+6.0) ,
—(2115.243.4),-(3040.8+4.8),—(1211.422.3) kJ-mol™ F1-(898.4x2.0) kJ-mol™, I 5 &% B 55 3k 411 7 RE 48 B i w4 , W e
T A4 09 /0N 24 B R PR 0 2 28 B R T2 B T COH VO N W i, T EL R B i R i B o R K 9 S SR e 4R T 2

KR 7 22 B A BRI GO N A RR AR s R B R AR A
XHEFRERG: A

FE S ZES: T)55; 0642.3

DOI:10.11943/CJEM2022073

1 51 &

& B A KL (Energetic Materials) j& — K% — &
S SRS G 0% 8 i 1 2 BN R R RE R
R BT . 20171 48, & AR BE R A TR
5 T8 3 G e T S RVBOHE P 7 1, DA B AR
AR BIE S SRR A 2016 4R, P E TR
PRI 5 B AL T8 RLBIE Y T 2R S 7E ] P St 5 RE A R S
AR, 3 Rl RE AR R L 45 A il R TR
il £ S PPAL R CHR & & Re A RHI B R AR

H 8 B R 4 B i RS RE R R RN B o v
R S 6 A i B 5 S A P B T T A 22 A AU, 7 BT
RS BERE R BB & B B, 7 B N 2 e i . KT,
&G0 5 REAA BHE BE VYAl 0 32 Bl 15 0 &t JBT e o O e
Peo L, WFFEN DUR AR EE 2 50 2 UM NS TR

s A HI: 2022-04-07; 1€ E HH#: 2022-05-05

I 4& H hR B 8 : 2022-05-27

E¢WB: HEAAAR¥IEE T (21875192)

E& B A S840 (1998-) W, 0 - BF 5% #E , 32 %2 )R I 1k 22 1F
%%, e-mail: 975817555@qq.com

BEBRRAN: £3(1982-) 9, #, THNF TR B Lk
5% . e-mail: jinbo0428@163.com

SRR G, G, R AE L BN 2 R e B R e LA A

T R AL R RE S ARPED S AR B B S TR
S I3 HR A M L o BRI T B 4 R 5 0 0 B HE A
FERRAMZE . N 1,17 -5 3E-5, 5715 DU me — %
b (TKX-50) fy o A8 T B3 5 5 96 00 /=2 ] 7 3 25
ik 20% 7. B, T & H T AR /N2 R RE A R
PE B 19 77 12 R R R H AT RE M ORI 58 I 1Y T
Z—

BRBE I B RE M R0 B B B A 2R S 8,
FE RGN 8 P 2 5 R ST H B A s S g A
— G5 A R R R B
1) HK e A g SR P ) 2l 2 vk, B K Y ik L vk
T B R ORI B RE A RHR
MEWE AR S AT oK . IR TS REM R A B mEE S
WK T 5 () R M L R A T A ) B ORI R R R
I, 30 VIS BT & nl a0 24 R R S R e AR
BT ARG DS R A REIR R B4 RS R 4
WIAE o SRy, AR 5% 35 1 78 22 FA 000 o A0 B, F ) 1S 3
FH T 22 50 B G0E RE AT BRI 5 14 37 R e Rl
B E IR L iR B BRI HY 3 PO A (HMX) S
filf KN A 2R S0 2% B8 (CL-20) V3R = W7 H1 e = Al i
(RDX) .3, 4-fiff B wk nf FL A ALk I (DNTF) | 2
T HE M (FOX-7) Rl ZE AN (NQ) 6 Ff 1LY 5 58 A4

A JHIR e 4 1 0 & )], 5 B A EE,2022,30(7):641-647.

GUO Jin-kun, JIN Bo, CHU Shi-jin,et al. A Device for the Determination of the Heat of Combustion of Small Mass and the Measurement of the Heat of

Combustion of Several Typical Energetic Materials[)]. Chinese Journal of Energetic Materials( Hanneng Cailiao),2022,30(7):641-647.

CHINESE JOURNAL OF ENERGETIC MATERIALS

N XK 2022 % H 304 #7748 (641-647)



642

S, Ei R oy

A BR B PHEAT T I

2 SEI§
2.1 KFH

HMX ., CL-20 . RDX,DNTF ,FOX-7 Fl NQ #f & 5K
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Fig.1 Structure of the combustion calorimeter

(a. constant-temperature water tank, b. inner barrel, c. ther-
mopile, d. refrigeration unit)

2 HIEEH

1—5A T, 2—O B H B, 3—3 kH 4— i K, 5—3H IR
SRR 6—HR  7T—HMA L 8— N 9— A

Fig.2 Structure of the oxygen bomb

1—head of the bomb, 2—0O-ring seal, 3—flame shield,
4—ignition electrode, 5—crucible holder, 6—air layer,

7—outer cylinder, 8—inner cylinder, 9—inflatable part
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TR K 1 I 45 o5 B W AR T R AT R R A, LA
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3.0 MPa, Z JE it A #4GE I N, Oy — s RGE 1 N A
— SR AR TR I 2 AR, T B EOE P R AT k. R
FePGE A (CD)FEATIHR
AU=(Q = Qu = Qui = Quno, = Qe )/m (1)
oA, A U R FE 5 bs 0T 8 BRBE N, )5 Qo it TR
B 7 A AR L )5 Qu  EUKBE L )5 Qoo WA ER A BR
PR CEE ), BT R OR R A FE AR S = I
(16549.31.1) J-87"5 Qo N 2L UK IR A 4, ), il
1R 1 W) ot A o A O R TR AR 1S AR R R R
=59.7 kJ-mol™ 1155 Q. Jr AR S IEAE L ), i
NIST ZE£k T H kA7 3158,
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Ao, A I I ST AL, mV s SRR IR R 4L,
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FHRS AN JE U,
U, = s,(0)/x (6)
b, U A AN 8 B 5 X A AEAS - S (8

3 #HR5WiE

31 BEHRNEEENRTE

D SIS R, XA B R BT R o R R b
Y T bR 52 118 S 56 K000 R A il 2 an 2 1 R 3 R .
MR T LLAEH, 2510 mg 5 4 R AT {# 11 0.855 ) 14
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Table 1

signed calorimeter in this research

Experimental data for the calibration of the de-

m/mg A/mV-s Qul) Qu/) U/ fpv-mW"
10.162 17434.131 0.855 0.18 268.419 64.702
10.186 17501.521 0.855 0.18 269.053 64.799
10.234 17536.672 0.855 0.18 270.321 64.626
10.383 17858.675 0.855 0.18 274.257 64.872
10.382 17863.949 0.855 0.18 274.230 64.897
10.514 18082.953 0.855 0.18 277.717  64.871
11.101 19107.325 0.855 0.20 293.233  64.930
10.682 18369.731 0.855 0.19 282.157 64.865
10.138 17419.735 0.855 0.18 267.785 64.801
10.207 17538.193 0.855 0.18 269.608 64.802
10.034 17210.510 0.855 0.18 265.038 64.683

Note: m, the sample mass; A, the area of the combustion curve; Q‘gn. the
ignition energy; Q_ , the corrections to the standard condition (wush-
born correction) ; U, the heat of combustion of benzoic acid; S, the

calorimetric coefficient of the calorimeter.

0 500 1000 1500 2000 2500 3000 3500
time/s
B3 R R b e U Hh 2.

Fig.3 Heat flow curves of benzoic acid
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0.029 pV-mW™', F= 2R I T 52 55 of F2 b 5y 4 2R 1R
P A WA EE N 0.071 wV-mW ™, 3 5k 5 T RE
it 40 R bR EAS B BE o =X C6) T B A o 1Y AH
X ASHE E N 0.109% , 3E WA AL 28 5 i PEA b

HE 3T LA, 10 mg 28 B R 7 A i 0 3 (5
SR AN 27.6 mV. B SRR E IR 2K R
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I 3 381 U (T, 0bt I 40 5808 32 308 3 i AL, B 5 R it 2k
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B B0 A% 38 ) P 4

A W0 A AN ) T AR R R R A A R
BB EBRARMGMARRE /NN CR, WE
ZERILEK 2,

FT 2 N[ OR FER AR A 1 B AR B
Table 2

masses of benzoic acid

Calorimetric coefficients obtained with different

m/mg S/ uVemwW!
3.042 64.818
4.982 64.736
10.133 64.704
15.205 64.827
19.994 64.859
24.849 64.845
30.145 64.880

i 2 TR, 7 YOI E - Y (B 64.810 wV-mW™,
Fr A B0 2 TE R 0.025 WV -mW ™, & R il 5E B R
0.069 WV -mW™ N B 2R IE TAE S A0 . Bl
R B A, s AR BB E /N T 0.1% , K W]
S0 AR B R T A DG MR /N R 2R TR Y
2 )2 B AL SR T 22 3% B 1 AR HE DL e 5 G B i R
AR AN TR] (1 7K T 24 A B
3.2 HESEMRIBRIERKNE

BRI HMX BRI 2 . HMX R J5 AR
B AT 0 33 FEAE 25 R an 1R 4 TR, 5 hR SRS M (@
T HEAT R L, e BRSSO O CO, RN, AN
£ H CO,IEMITE 3.0 MPa O, F10.854 ) S5 kK BEAMF T,
HMX ] SE B 58 R BE . 18 5 8 HMX OB il £k, 5%
FE TR o A 52 560 JOT AR A AT 1 2 28 0L, 0 0 A 30 1T 7
29300 s NIk FINE(E , 200 M Z AR5 1249 1 he

2 3 HMX R B BN 2 119 S 30 B0 8 AR 53 45
6 Y47 5E 45 S 0, HMX Y Bk o iR 5 SR 58 # hy
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i 0 — Standard gas
100 2 —— Bumed gas
3.
801 %
E 2 E 15
= 60 £ s
S Co, 2
% 407 g 2N 2 '23'24, %5 26 2
201 - /
- o\
0 10 20 k) 40
retain time / min

B4 HMXKREEE TR SRR O G g
Fig.4 Gas chromatograms of HMX combustion gas products

and corresponding standard gases

0 500 1000 1500 2000 2500 3000 3500
t/'s

B5 HMX# Lk
Fig.5 Heat flow curves of HMX

R3 298.15 KM HMX JREEHIM 12 45

Table 3 Results of the heats of combustion of HMX at T=
298.15 K

m Mo Qunos Qo A e -AU

/mg /mg /) /) /mVs /g’ / kJ-mol™
7.765 0.186 0.507 0.08 4956.286 9267.5 2745.0
7.681 0.223 0.472 0.08 4952.979 9287.0 2750.8
8.396 0.189 0.496 0.09 5354.834 9297.7 2754.0
8.161 0.174 0.573 0.08 5202.568 9299.7 2754.6
9.479 0.193 0.460 0.10 5993.272 9270.5 27459
9.712  0.187 0.627 0.10 6133.651 9264.2 2744.0

Note: m, the sample mass; m_.» the mass of cotton; Q, the energy cor-

HNO3?

rection for the nitric acid formation, Q_ , the corrections to the stan-
dard condition (wushborn correction) ; A, the integral area of the
heat flow curve, Genps s the massic energy of combustion; AU, the

standard molar energy of combustion.

—9281.1 J-g™', & A & B 15.2 )-g7', b5 i BE R
PREBEI K —(2749.1£4.5) kJ-mol ™,
Mk 5 N BB OC A
AH = AU + AnRT (7)
A HMX BRI RARGE R—(2734.2+4.5) K)-mol ™

Sttt
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%% CODATABUE (Committee On Data)"® ,H,O(1) Fll
CO,(g) b HEEE IR A Uk 43531 2 — (285.83+0.04) kJ-mol™
A=(393.51+0.13) kJ-mol™'. H L, i+ 57 45 5 HMX
B b U BE K AR Bk A (16.8+4.5) kJ-mol ™,

it I [5] BE #4 75 15, %} CL-20 .RDX . DNTF ,FOX-7
FNQ B RA b 77 I 22, Horh DNTF . FOX-7 #1 NQ
JC T Mk B n] 5 Ak be . W 25 5 R CL-20 .RDX.
DNTF. FOX-7 Fil NQ 1 #5 #E JBE IR #K b2 4 43 5l
-(8200.8+13.8),-(9522.9+15.5),-(9740.7+15.3) ,
-(8158.1x15.8) ,-(8311.2+18.6) kJ-mol™, # X} &~
W AT 0.16% £ 0.17% Z 18 o 3 2 5 i &
CL-20 .RDX.DNTF .FOX-7 Fll NQ F4 by /fE E /R R be k&
FIBR E BE IR AE UK S5 S 3R 4 T .

2545 T AW IS B B SAE AR BURS 5 SCHRE
B L3, X H &l S R AR BT 7E 20 10 mg B i i K
AR B 6 S BE AR 5 SCRRAE D 22 S 43 7
1% LA o [RIEE, B30 20 SCHRAE o B8 TR g 1,
W 43 AR 5 SCHRAEL i 22 K T 1%, (BATS e 7T 432 320
Pl o X b 25 5 e B AR F 5 A ol 1 A 2 A0S0 )
TN S RE AR be PR i ST AT AT Y o

R5 6 M REARHIN B 45 3R 5 SOk S SR L

R4 29815 K 6 Bl & BEA LA B B IR WA be B A i B /R
SRR IR 9 EE IR AR UK

Table 4 Standard molar heat of combustion, standard molar
enthalpy of combustion, and standard molar enthalpy of for-

mation of six energetic materials at 7=298.15 K

A_U(s, 29815 K) A_H(s,298.15K) AH(s,298.15 K)

compounds 4 ol /K)-mol” /K)-mol”

CL-20 -3593.6+6.0 -3567.6+6.0 349.0+6.0

HMX —2749.1+£4.5 —2734.2+4.5 16.8+4.5

RDX —2115.2+3.4 —-2104.1+3.4 66.0+3.4

DNTF -3040.8+4.8 -3020.3+4.8 659.2+4.8

FOX-7 —-1211.4%£2.3 —-1203.9+2.3 —154.7+2.3

NQ -898.4x2.0 -893.5x2.0 -71.7%£2.0

Note: AU, standard molar heat of combustion; AH, standard molar en-
thalpy of combustion; AH, standard molar enthalpy of formation.

4 #Hit

(1) FE T 78 22 PR B0 U H T 46 1 5 7% C
H O N & REAF MR b 2 5E 1T B A 68 il 7 A
5 A8 GE oK 4 i R pR BRI S SR BE 7R DR GIE RS BE 4 R
P&, AT IR R A0 3 P 5 A i T

Table 5 Comparison of measurement results with literature values for six energetic materials

this work literature values relative deviation?’
compounds - - - -
Qene /)87 AH / kJ-mol™ Qe /)-8 AH /k)-mol™ /%
CL-20 -8200.8 349.0 -8266.0""" 37749 -0.8
-8291.8!10) 388.7110! -1.1
-8157.7-8317.4"- 20 330-400" 12 -1.4-0.5
-7983.5":121] 278.6":121 3.5
HMX -9281.1 16.8 -9478.9'2%) 75022 -2.1
-9573.412% 1032 -3.1
-9478.624 74,924 -2.1
-9280.6"12"] 16.3"-121] 0.0
RDX -9522.9 66.0 -9581.6'%%! 79.1'%3 -0.6
-9502.4!24) 61.5124) 0.2
-9350.8"-12" 27,7121 1.8
DNTF -9740.7 659.2 -9746.4'"" 661.11" -0.1
-9734.0'%% 657.2'%! 0.1
-9692.6%% 644,326 0.5
FOX-7 -8158.1 -157.9 -7834.5!%7 -206'%"! 4.1
—8103.8”'72” —166.1”'[2” 0.7
NQ -8311.2 -71.7 -8489.8!%% -86.6'% -2.1
-8381.21%% -97.9!28 -0.8
-8465.8%%) -89.1'2 -1.8
—8420.1])':2” —93.6])'[21] 1.2
Note: 1) theoretical calculated value; 2) relative deviation between standard mass heats of combustion.
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(2) fdf 1 Jr B A 498 458 B4 2 A, X CL-20 \HMX

RDX.DNTF .FOX-7 . Fl NQ (9 #% é #4 1 17 0 2, Ho b
YE FE IR R B A _U(HMX, 5, 298.15 K) ,A_U(CL-20,
5,298.15 K) , A.U(RDX,s,298.15 K), A, U(DNTF,
$,298.15 K),A . U(NQ,s,298.15 K), fil A U(FOX-7,
$,298.15 K) 43 9l - (2749.1+4.5) ,—(3593.6+6.0) ,
—(2115.2+3.4) ,—(3040.8+4.8) , —(1211.4%2.3) kJ-mol”
F1—=(898.4+2.0) kJ-mol™, HBR e H I 5E A1 XF A 22
AT 0.16%~0.17% Z[f] .
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A Device for the Determination of the Heat of Combustion of Small Mass and the Measurement of the Heat
of Combustion of Several Typical Energetic Materials

GUO Jin-kun, JIN Bo, CHU Shi-jin, PENG Ru-fang
(State Key Laboratory of Environment-friendly Energy Materials » Southwest University of Science and Technology , Mianyang 621010, China)

Abstract: In order to establish a precise combustion heat measurement system and method suitable for energetic materials, a meth-
od and device for measuring the heat of combustion of energetic materials with tiny doses has been developed. This device is based
on the thermal principle of differential heat flux and uses a three-dimensional thermopile consisting of 960 pairs of thermocouples
as the core measuring element. The device was calibrated by using standard material benzoic acid. The heat of combustion of six
typical energetic materials, including cyclotetramethylene tetranitramine, hexanitrohexaazaisowurtzitane, cyclotrimethylene
trinitramine, 3, 4-bis(3-nitrofurazan-4-yl) furoxan, 1, 1-diamino-2, 2-dinitroethylene and nitroguanidine, was measured by this
device. The results show that the calorimetric coefficient of the instrument is (64.804+0.071) nV-mW™" and the corresponding
relative uncertainty is 0.109%. The solid-phase standard molar heats of combustion (A U) of these six energetic materials at
298.15 K are =(2749.1£4.5), =(3593.6x6.0), —=(2115.23.4), =(3040.8+4.8), —(1211.4x2.3) and =(898.4x2.0) kJ-mol™", re-
spectively. The measurement results are in good agreement with the values reported in the literature, indicating that the devel-
oped small-mass combustion measurement device can be widely used in the determination of the energy of combustion of sub-
stances containing C, H, O, and N, especially precious samples and explosive substances.
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CLC number: TJ55; O642.3 Document code: A DOI: 10.11943/CJEM2022073

(Tidhi: L&)

CHINESE JOURNAL OF ENERGETIC MATERIALS 2 A

o
Il

A 2022 % H30% H7H (641-647)



