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ABSTRACT

In this study, combustion modeling of ZPP and BKNO; mainly used in the PMD industries has
been performed. Saint Robert’s law, energy conservation equation, and the Noble-Abel equation of the
state have been used for governing equations. The results of pressure obtained from established
combustion models and actual CBT have been compared. In the case of ZPP, the model has predicted
a pressure curve similar to that of the experimental results, but BKNO; has showed that the
maximum pressure of the model is greater than the experiment at small chamber volume. For these

gaps, the probability of BKNO; unburning has been considered.
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1, : Condensate Ratio of combustion products of Ay yro d¥EHE FIE A4 2Edo] 3
HV : Heating Value (cal/g) tH12]. °olF& S AHgste FAsrle 9 &
m : Mass (kg) ofFo] AL RIS Z7te FofFd HEsta

ol FHer EFddTt= 7HE st ﬂ7] 44
(Extensive Property)E< HalFv A4 Edo]
ATH3]. Mol AdE 1990 m=oA NASA
Standard Initiator Driven Pin Pullero] tigt <1
T7F 2dglon I F2 HEE @A muolA
AFEH = B2 FH o) fFAFSHEHA]

N : Number of solid propellant particles
n : Pressure Exponent

P : Pressure in chamber (Pa)

R

: Specific Gas Constant (J/kg/K)

<

: Radius of solid propellant (m)

p: Density (kg/m?) A TN A4S a2l ok 5
T : Temperature in chamber (K) oko] dag AMdH AFRE T oz BEH
T, : Initial Temperature in chamber (K) Ho| oA o} L 7B AU AlS Ab&ET
V' : Volume (m’) el A ol A HEse] PMD
v : Specific Volume in chamber (m®/kg) AZfA e FPstPS ), 4 Axgel T 23
£ HolA| FUTH1,3]. sHARE kM AFT AT
Subscripts SolAe ANl 535 = EAATFE

Ao 2 W8] ol
cp : Condensate Phase of combustion products H AFgANE d4& 2do FJAYAFES 7=
gas : Gas Phase of combustion products Ho} Y3, AEEHE EAXE =3 w3
i : Types of propellant (ZPP, BKNOs) o] MgAog AR & 9= Fhoko] AL B
j  : Phase of propellant before & after Ae 2ot sAdgAe A ol E=A)s)
combustion (p, gas, cp) = mE B2 da @ mAdee siebz
p : Propellant 74, AR, BAEe) AxARE, TPw A=

of EAstd F717kA sty Aad I
E4XE2 NASAS CEA (Chemical Equilibrium
.M 2 with Application)[5]< &3 ¢ & IF+=E
TEo] AREStRon, Befe]  d gk (Heating

PMD (Pyrotechnic Mechanical Device)x= 3-9F Value)®t 97aa71= AH Ade T3 A=
o FEe QI3 TAst= dHolUAE T 2 TAE ALt A HAe T 75E A=
Fshe ZIAAQA ZAXE Ttk PMDY FAF ZE8 CBT (Closed Bomb Test)E& &3 4
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Fig. 1 Schematic model of pyrotechnic initiator.

Table 1. ZPP propellant specifics[7].

Ingredient ’ 'by Specification
weight
Mil-Z-399D, Type I,
Zirconium 52.0 .Class Il
Hafnium content:
3.0% max
Potassium 420 Mil-P-217, Grade A,
Perchlorate ’ Class 4
Viton 5.0 DuPont Sales
Mil-G-155, Grade III.
Graphite 1.0 Particle size less
than 1 micron

Table 2. ZPP combustion products at 100 atm.

Combustion Mass
Product Fraction
ZrO,(1) 0.48164
ZrO(g) 0.12484

KCl(g) 0.10558
KFE(g) 0.07005
Z10,(g) 0.06903
Cl(g) 0.05450
CO(g) 0.05308
K(g) 0.01549
F(g) 0.00947
Zr(g) 0.00612
HF(g) 0.00443
HCl(g) 0.00233
O(g) 0.00152
etc 0.00420
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Z Eq. 55 T kA 7H*E Al
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Table 3. BKNO; propellant specifics(8].

Ingredient b ’by Specification
weight
Boron 23.7 Mil-B-51092
Potassium |, , Mil-P-156A
Nitrate
Laminac .
1116 5.6 Mil-R-7575

Table 4. BKNO, combustion products at 100 atm.

Combustion Mass
Product Fraction
KBO,(g) 0.51423
BN(cr) 0.13474
B,0,(g) 0.11341
CO(g) 0.08391
B(l) 0.04455
HBO(g) 0.03492
K(g) 0.02508
N.,(g) 0.02094
B,O,(g) 0.01467
KCN(g) 0.00408
BO(g) 0.00390
HBO,(g) 0.00247
H,(g) 0.00167
etc 0.00140
Atk A R EAst= 71A, AA, nAY
o] BE EHE0] Jagte & dxge] o] Fo
A 7HAstdE A vRes 44 HIAETE
He B AFddA tFe MY 25 22
L5 7HITH(T=Tp=Tp=Tg=Ta)[9]. 41714, air
= 7] AWME AAs Jd FVE e
Ave] 237} Welx g odx mE
g Fake Eq 63 2 eE uRdgAe
7% 5 g
%22( dm, ] i)
{e,;‘p(T) € gas+q (D ] ©)
+HY, ,p(T +€; gus +epl 10)
+[ l zj:(mC) (mC)W]
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Fig. 2 Properties of combustion products with respect
to pressure.
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Table 5. Characteristics of ZPP / BKNO, propellant. Table 6. Particle size measured by SEM.
Density Burr'li.ng Pressure Diameter Max | Diameter. Min
(kg/m?) coefficient exp01.1nent (um) (um)
(mm/s) (pst) ZPP 420 45
ZPP 2440 18.82 0.182 BKNO, 568 204
BKNO, 1390 5.82 0.306
sHA mh . wekA 2 Aol dEel mE
AaREE CEAR d|Asto] =g 2ol=
=42 FES Yol t FrE HEo] HE
s S RN
Fig. 2= AW el WFebee] 1~3000 psi¥ ), Closed Bomb(itee) — |
ZPP9} BKNO,9| d4nkgoz AA4E AHES oonionr
o] BEAXA W3E iz Jebd Aotk Ay Fig. 3 Closed bomb test setup.
o2 1~200 psidlA FAT WSS Roln
ol Ade= 7|&77F Eol=s Ae B T dAk=271ek FAStE 2E7] Rl M bk
AT shofe Al o8 HipHo] Edo] A7]a
CEAZ 95 F gle 84452 Nde 58 JdEs s ZASUIE wAHU2T16]. ©f
4 Ee o FuEdd Uot de FAE Aol A sheF PA= Hae ArlE "
ALgstAth slefo] Aam WA FAStE FHak mEbA B AFoA = SEMel o8] S38dE H4A
S dFSHANFB]eE =FH 7S AHEEA PAF7IE 27 AR e BdH A
THZPP: 1350 cal/g, BKNO,: 1550 cal/g). 2 a3t
al7] A, wAAE shekel wlAgte ZPPel A%
FuEd[ndel vk e FA (500 J/kg/K)E,
BKNO;°| 749 B&d dAidFe] vdes 2% 4. PR Zn 3 Agiot Hlw
Hed 4k (960 J/kg/K)& A8t
Table 5= AStefe] W= 9 dAi&ss 24 CBT= #37F A" dHE7] oA Fof
ste BAXES RAET15] 948 9 o4H < AaANA FE AFE FAHse Aot +
A4 Eq. 19 Saint Robert's lawoll AMg-=w, 2 10 CC dHAZ7A 237y b
aAsteke] WEE shefe] AR Hags T o] e Fddte &= ol&HH[3, ¥ o
+ Eq. 29 AbgdH TFolAe AL A4 2l HFE s b
slep qiatel Arle Az mdHelM Fad @ RyoAe] CBT 279} vlwatgh Fig 3&
$= 4430 A Fokgel AAAVE AFHA CBT AYS HejFn, Ayo) AgH
01‘%?711 el mel Adamze] gty A ¢ Al A= PCB-102B ot}
a8 wet dakwrl A4HEE Y]
B9y 4% FHe 718718 AHFh Table 41 Fsp] (PCAN)
60l SEM #41& 53 ZPP9} BKNO,9 4= Fig. 4= #slr] PC300& 72 §37F 10

A717F e it
ZPP2l 7§, =W PMD =2d# AFoA K
HA o2 ALHE %27] YAA7]IE 48 pmolH

[1,2], o] #X& SEMo=Z Z=A" 7zZPPe Hz

CC, 4 CC, 2 CCQl Anjo) #A=sle] CBTI 2

o} dx mAlZ A3 ANE Blwi Tz
oitt. A& mIA ThE WeE GFA ¥u
Aw Fae] We ke wprdon Ay A
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Fig. 4 Comparison of combustion model and closed
bomb test at 10 CC, 4 CC, 2 CC chamber
using PC-300 (ZPP: 65 mg).
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Fig. 5 Comparison of combustion model and closed
bomb test at 10 CC, 4 CC, 2 CC chamber
using PC-800 (ZPP: 65 mg, BKNO,: 100 mg).
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Table 7. Relationship between unburning ratio  of
BKNO; and chamber volume.

PC-800
(ZPP: 65 mg)(BKNO;: 100 mg)
Volume
(CO) 10 4 2
Model
Presspre 744 1,739 3,587
(psi)
CBT
Presspre 755 1,483 2,680
(psi)
BKNO,
Unburning
Ratio 0 20 30
(%)
BKNOj;: 150 mg
Volume
(CO) 10 5 25
Model
Pressgre 697 1,310 2,627
(psi)
CBT
Pressgre 750 1,016 1,760
(psi)
BKNO;
Unburning 0 19 2%
Ratio
(%)
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