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Research on the Propagation Law and Calculation Model of Explosion Shock Wave in Plateau Environment
ZHAO Wei-cheng, ZHAI Hong-bo, LI Shang-qing, MAO Bo-yong
(Xi’an Modern Chemistry Research Institute, Xi’an, 710065)

Abstract: In order to study the impact of low-temperature and low-pressure environment on the propagation characteristics
of shock waves in plateau areas, TNT explosion tests were conducted at altitudes of 1 500, 3 000, 4 500 m. Finite element
software was used to numerically simulate the explosion shock waves of TNT in plateau environments, and the influence of
different altitudes on the propagation characteristics of shock waves was analyzed. The calculation results of overpressure peak
value and specific impulse of Sadovsky, Kinney-Graham, and Sachs correction formulas were compared with test results, and the
temperature correction term in Sachs correction was used to correct the Sadovskyi plateau overpressure peak formula. The results
show that as the altitude increases, the front velocity of the shock wave accelerates and the arrival time advances, the overpressure
peak value of the shock wave decreases by about 2% ~ 4% and the specific impulse decreases by about 4% every 1 km. As
correcting the overpressure peak, all three correction formulas have certain accuracy. In terms of specific impulse correction,
Kinney-Graham's corrected specific impulse value linearly decreases with proportional distance increasing, which is in poor
agreement with test results, while the correction results for Pang Chunqiao and Sachs show an exponential decrease tendency. The
average error of Sadovskyi plateau overpressure peak empirical formula based on temperature correction term is reduced by 3.1%.
The research results have certain reference significance for the evaluation of ammunition damage efficiency in high-altitude areas.

Key words: Explosion test; Plateau environment; Shock wave; Propagation characteristics; Computational model

ARk, BEEFRERLNZEREL, MRa RS IC AR T BE N RE AR TR

WS EHA: 2023-11-21

EHEN: BB (1998-) , B, Wibaised, Fu A AL

WIS Bk (1987-) , F, W5, FEAFEBAGITAH AP,

E&WE: EFRARREFFELSE (No.12102337)

SIFAST: BARAL, LI, 20T, 5 SRR E DA SO T SR IE[J]. AT, 2025(1): 62-69.




2025 4F 02 & T

A 63

R, R AR SR IR AR RIS, X T2 1Y
SR AT B

LR v R A AL REDL -5 AR S HO.
ATV, X R O A AR K2 S e o ]

WA ISR TH R, IR IR U T Sl A WTRAIR,

SRE IR BRI | RIS EII R AR
k. Sadovskyi?Zh &K RIEE, LTI RE
ARAEIE T ohifi o g 1155 420, Kinney 555!
I T IR SO AR A, i T EE B
I EFERR R 7, RS T IR0 TR o R
R e npi i SachsE T RAUE S SRS
b, $&H T —MICENIEE T, R TR,
Bl . AR B IE RT3 . Dewey %5
HERIEFIR 0~15 km IR F A8, ARICT A4
WAEAPT R 77 I He i, BOAIE T Sachs 8 1E A SPE
N2E e BRSO E Sadovskyi A7 5 BRER L
PR TR A SR b3 T IE A D e e L
it AR Moe AR R 25 SRR R AR S
FESRME, B TR Epp e ASE S, Bk T Sachs &
T HIMER T, 0T T IR SR R R v
WS . A5 R AT, R RROT
AR T = AR AR e PR X i P S i 1Y
SN, a7 AR TR AR

AWFFEAELER 1500, 3000, 4 500 m 355 F it
T TNT #4EiSe, T IR5045 5% Sadovskyi |
Kinney- Graham } Sachs 3 #1755 UK E rh il B IR
A TRTLE, I A BRICH R A R S5
TEENE PR AR A TR AR,
IR S HO RN E o BAERR R E R AL, Ry
VAN DX ) A2 B eV EAL BRI 5%

1 SREEFHELIEMR

1.1 REHR

BT R R DX i AL R LA, TEHEIK 1
500, 3000, 4500m #5347 T 2 % 1 kg TNT 1y
23 FPRKEIRT . B TNT e 2 1.5 m &b, 78

SRR 1.0, 1.5, 2.0, 3.0 m Zbil BAL RS
U FE S URREHBTAT 1.5 m = EEANCE MR A G
JERE  AGRERRIE IE N TNT 252, 4 a2 1 5

BN 1 B, HoAT B s B R B R W 1 PR
F1 EREVSRSH

Tab.1 Sensor model and parameters

X i i
EREES {2 R
Z/(m - kg'?) AmV - MPa')
1.0 PCB 137B22-SN13900 1.418
1.5 PCB 137B23-SN 13864 14.410
2.0 PCB 137B23-SN14652 13.350
3.0 PCB 137B23-SN14651 14.180
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Fig.1 Schematic diagram of sensor layout and site photos
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Tab.2 Shockwave parameters of 1 kg TNT explosion at

different altitudes
Wik R BRI EFRAERR ki
h/m Zl(m - kg''?) Apw/MPa [A] £./ms i/ (Pas)
0.90 1.008 0.576 149.92
1500 1.41 0.377 1.311 109.40
1.96 0.189 1.776 70.36
0.94 1.085 0.731 138.91
3000 1.45 0.319 1.071 96.58
1.92 0.213 1.488 74.12
0.92 0.967 0.686 158.85
4500 1.43 0.297 0.979 93.82
1.92 0.174 1.454 69.07
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Fig.2 Overpressure vs time curve of shock wave of 1 kg TNT
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Fig.3 Finite element model of TNT explosion in plateau
environment

2.2 FAREEMRBSRERSHE
2.2.1 TNT MAHRA BOR & 7 A2 54k

TNT KELGIRKE R4 1R A TWL RAS Rk
TR, e i 3R -

P:A(l—wje'R‘VJrB[l—w} w OF
RV RV v

X (1) o PREETYINETT; E AR
INRE; V RAHRHATR; 4. B. Ri. Ry o NES. B

IRSEBE AR 3 .
&3 INT KRS o

Tab.3 TNT explosive material parameters

D
plkg Ey Pcy / (km A B

m?3) /GPa  /GPa s /GPa  /GPa

R R ®

1630 7.0 194 6.88 3738 375 415 09 035

2.2.2 BRAMHARR BAREF AZSEK
I’Eﬂif A PR, 2R il AL A
1, HARHESECEE il BB R . SR
AR ﬂﬁlﬁ ISR PR S A S R s R A
BUE . TR THIASCHLE , XHLKEJ‘@:TKLE’WQ
BRI TRy, ., ) X (2) i
R,
7,=288.15-6.5h, Okm <h <11 km
P, = (L)1, )5.255 88
Pr=Po (Th /T,
] Autodyn #4771 JF%:HT, 23 SAEALR I Ideal
gas RS TTFEIH THEAN
p= (7—1)pe (3)
X (3) W p WRAET); p i ERE; 3l
MR BRI e HESE BTG L INRE,

(2)

)44255 88



2025 4F 02 Kk T

A 65

A1, 1deal gas FRUSH U s LG, H
TR,

e

¢ = (4)
T
X (4) e o A T o2 U

1500, 3000, 4500 m WAL, 255 4l
1880=1.4, WA FEESR Y RS SE GRS 3

e, o BUEINFR 4 B,
x4 TEIEHT=SHFESH

Tab.4 Characteristic parameters of air at different altitudes

h » p T e Cv

/m /kPa /(kg - m) K A -kgh) /0 -kg KD

0 101.33 1.3 288.15  2.068¢5 71475
1500  84.56 1.06 27840  1.994eS 714.51
3000  70.11 0.91 26865  1.926eS 714.32
4500 57.73 0.78 25890  1.850e5 714.16
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Fig.4 Calculation results for different mesh sizes
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Fig.5 Evolution process of shock wave during explosion of 1
kg TNT at a height of 1.5 m
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Tab.5 Errors of calculation results of shock wave
overpressure peak and test results

h/m Z/(m * kg R4 2 (HEARMPa 1BEu%
0.90 1.008 1.069 6.1
1500 1.41 0.377 0.385 2.1
1.96 0.189 0.185 2.1
0.94 1.085 1.022 5.8
3000 1.45 0.319 0.316 09
1.92 0.213 0.178 -16.4
0.92 0.967 0.972 0.5
4500 1.43 0.297 0.306 3.0
1.92 0.174 0.171 -17

ri5% 5 0, {NAEHE 3 000 m, FEBIEEES A 1.92
m « kg B LMREE S B RAR SRR, HAb TR
P EHE AR SR04 R AR =L W HEAE 6.1%LLI,
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Tab.6 Numerical simulation results of 1kg TNT explosion
shock wave at different altitudes

Z/(m - kg
h/m 1.0 15 2.0 3.0
Ap/MPa  0.884 0335 0172 0.075
0  i(Pa-s) 130.171 89.517  73.095 50.558
thms 0753 1.001 1350 1.776
Apw/MPa  0.854 0325  0.164 0.070
1500 i/ (Pa-s) 126018 84.638  68.858 47.593
thms  0.830 1022 1383 2.182
Apw/MPa  0.821 0316  0.158 0.066
3000 i (Pa-s) 121.931 79942 64.554 44.654
t/ms  0.960 1226 1.662 2313
Apw/MPa 0786 0306  0.151 0.062
4500 i/ (Pa-s) 118482 75773 60.440 42.188
tms 1001 1134 1486 1.999
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Fig.6 Shock wave overpressure peak at different altitudes
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Fig.7 Specific impulse of shock wave at different altitudes
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Fig.8 Calculation results of overpressure peak using different
correction methods
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Tab.7 Error between calculation value and test results of
overpressure peak value

(R . Kinney- ., P

n z sm Sadovskyi % Gl 2% Sachs 3
m /(m AP AP u AP 10 APy, P
o3 m 1 m 0, 3

k2 Mpa /MPa /% /MPa Mo MPa
0.90 1.008 1.357 346 0935 72 1.029 2.1

1500 1.41 0.377 0.430 142 0379 05 0370  -19

1.96 0.189 0.197 43 0.194 26 0.188  -04

0.94 1.085 1.183 9.0 0.864  -204 1005 -7.4

3000 1.45 0319 0.389 218 0381 194 0389 218
1.92 0.213 0.198 7.1 0199  -66  0.198 -7.1

0.92 0.967 1.226 268 0828  -144  1.036 7.1
4500 143 0.297 0.389 310 0365 229 0389 310
1.92 0.174 0.190 9.0 0185 63 0.190 9.0

3.2.2 RREVERA G0 Fk et EiH A
WIS FE E ARG RN R Hrh i e T 25 R
WE 9 PR, FHH AR 5itIe g Rtk s et
W2, SRR 8 R,
%8 LREERHTEESHINERNIRE

Tab.8 Error between calculation value and test results of

specific impulse
i 7 vt VEE w9z Kimey ik St DE
/(m SR i 1 ~Graham 0 (Do w
/m s 7 (Pas) i/ (Pas)
kg™ /(Pas)  /(Pas) /% i (Pas 1% 1%
090 14992 20922 396 10746  -283 16988 118
1500 1.41 10940 13354 221 9559  -126 11326 3.4
196 7036 96.07 365 80.64 146 8494 172
094 13891 18818 355 9551 312 14334 3.1
3000 145 9658 121.99 263 8561  -114 9886 23
192 7412 9213 243 7477 08 7466 0.7

0.92 158.85 180.22 13.5 85.31 -46.3 122.67  -29.5
4500 1.43 93.82 115.94 23.6 7749 -174 84.07 -11.6
1.92 69.07 86.35 25.0 68.09 -14 62.61 -10.3

Sachs M IE 255 b L i Bl LU 5] 2 A3 I 22 4%
FEAIS, EL7E L BilE 24554t Kinney-Graham A&
IESE RN, RS UERME S Sachs B IESS AR

4 AENERBIEMTREBEEBETE
=&

IR AR AT Sy v T 4R M DX S R AR A, TR
Sadovskyi 15 Sachs $&H AEIE A, S bt
P R AE RS & T RSB, BT
Sachs 2B IE R FHAIREE I, 25510 Iit2s
4 Sadovskyi = R FRIE(E TR A 2B

(14).

3 2/3
Ap, = 0.084ﬂ(ﬂj (ij

r\ Po T,

+0.27 (ﬂ}z (&Jm (ﬁjm +0.7 (ﬂf (14)

r P T, r
Wi (14) XHEK 1500, 3000, 4500m, L
BIEE M 1.0, 1.5, 2.0 m - kg3 v BALA R
WEAELUEA TIHARL, RTS8 PR 1B e A Tt

o, SRR 9 s,
®9 BEARNHEESHEEEL
Tab.9 Comparison between calculation value of modified
formula and test data
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Fig.9 Calculation results of specific impulse using different
correction formulas

X ECA FAAS [ TE D 1533045 04 v i B e ok
b E AT I, Kinney-Graham AZCHT4E4,
R, L p b LU FIEE B G IMZ VRN, EEN S

Al DAL DA LS
h /(j_ AP APis ;; . ?;\;’3 Apmr BEE ?;\;’3
/m k') /MPa /MPa % % /MPa “r %
0.90 1.008 1.029 34.6 1.339 329
1500 1.41 0.377 0.370 142 0.423 12.1
1.96 0.189 0.188 43 0.193 2.0
0.94 1.085 1.005 9.0 1.153 6.3
3000 1.45 0.319 0.389 21.8 154 0.375 17.6 12.3
1.92 0.213 0.198 -7.1 0.190 -11.0
0.92 0.967 1.036 26.8 1.183 224
4500 143 0.297 0.389 31.0 0.370 24.6
1.92 0.174 0.190 9.0 0.178 2.5

E: ApARIEMIKLE R An,h Sadovskyi /R FAAREMHESEAK,
HHLER; Ap AN T BEASER4) Sadovskyi /R F AR EMEESE
AR R,

R 9 PR RIS, T
h=1500m, Z=1m - kg3 AMRZERT 30%, HEHA

TR 9 R IRELRL T LIE, 456 T Sachs &
IEHEFH AR IEWS , Sadovskyi 5 i
JEgfE g A SIS RV S8, ARk
R T4 R IR ZZ RN T 3.1%, BT
XPANFIRFAR T A R prtiipl , 2 A RRAEHT Hh
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FHE LT U511 2 A PRV
5 g

TR AR E i AL RE LA, TETEF
#1500, 3000, 4500 m AbFFfE T TNT (AL,
1A BRICHAT X AN [ T A Ak oo e () A5 495 4o
TR FA AR, ARIBCT RO B A R R Y
UM, 38, BETIRIRE R, X TR ek
TAHMESEO AN ZR AN, PIRHREET

(1) BEEERT R B R R ST,
A i g ) DA i AT, 217K DA 500 m T
EE 5000m, Z=1m * kg3 &bt nhis I I
KT #50.1 MPa, Bl HGIERESAUIE R, il
WA S S RSZ TAR S RGBT/ N

(2) fR A TE A i RS X B
—E RN TR, X8 RIE A TIE IERT, Sadovskyi
55 Sachs #R IR AR B IER F, Kinney-Graham
ANERSNE & TR, FE PR EIE |,
Kinney-Graham f&1E 1) Lt i (R AR 2538 i S 28
HERES, PEFMFS Sachs BN IEZE SR LA 253 n
SERERAL

(3) M Sachs & 1E N T2 B BEE £
X} Sadovskyi i o A XGHTIEIE, BT
— MR [R]TER AL i TR s, TS
R IRIGEE R85
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