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Mathematical Modeling of Energy Release Performance for

Single or Mixed Energetic Material

Tae Yeon Kong

Department of Chemical Engineering, the Graduate School,

Pukyong National University

Abstract

Modeling the energy release performance of energetic materials combustion in
closed system is of fundamental importance for aerospace and defense application.
However, because the complex unsteady heat transfer occurs when the energetic
material combusting, it is difficult to theoretically predict the combustion performance.
Here, we suggest a theoretical model to estimate the energy release performance of a
single energetic material based on the energy balance equation and the one-
dimensional unsteady heat transfer with lumped system analysis. Based on the law of
energy conservation or the Dalton’s law of partial pressure, the perspective of
suggested model for a single energetic material is expanded to mixed energetic
materials. The energy release performance of the mixed energetic materials is
calculated by adding the energy release performance of each material without the time
delay of the chain combustion. To validate the model, the model predictions for single
and mixed energetic materials are compared with the experimental results, according
to the amount and type of energetic materials. As a result of the comparison, a slight
differences in maximum pressure are demonstrated, and the reliability of the model is

validated. To confirm the independent effects of parameters on the model, and to gain

-V -



insight of the combustion characteristics of the energetic material, parametric analysis
for reaction temperature and characteristic time scale of energy generation and loss is
studied. This results will be able to predict the energy release performance of the
energetic material before the experiment using the characteristics of energetic
materials and bombs. Finally, we hope that the suggested model could predict the
energy release performance of single or mixed energetic material for various types of

materials, as well as the energetic materials used for validation.
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II. AR 4= A 24

L gd 229 A Bwe s Z2H

1.1. CBT (Closed Bomb Test)

CBTE ¢WHo® 11 oz 549 dUA W& AsS BH7kstr] 91804
AREE = A R SR Figure 19] =431 o] Stk AR Fulo] T &

A7 A

£l

7] (closed bomb)ol] 3L oHYX] EZo] @3l FtEZAE T3}

g
oy

WAL 7] (current pulser)E ©]-83l|l4 H3}7] (initiator)o] HF{ HAE 7))

A =do]l st B ety o] w, 2 &7] Wil g2 AIRE o
ol & 4Ho]l Ask=d], =AY <9+ dHlo]E = ICP sensor signal



Figure 1. The schematic diagram of CBT (closed bomb test) experimental system.



1.2. FA 314 (Lumped system analysis)

A 2 A= (conduction)”} A[H]AQ] & g ZAE ZdE T uj

& 0 2 Biot 57} 0.1 Bt} # of Hga 4 A=F AHET} [10]
0.1 Bt} 2z Biot 5 Al2®E e & Anrl FwoA He "ozl o

=35 W2 A F219] 5 (molecular random motion) &2 Q135 &7] U5

O

=7t wdsital JPEE ¢ Ak o] wdd REe 8] ¥ S T
WA AL (isotropic conduction)E F+E=3HCE oFe] 2] 13} Table 19] Ihehu]
E] 2 2RE Biot 75 AXtsiR™ <F 0.022 0.1 otk Ex 2] wfio]
CBT Al=Hle] A 34 A8 4 vt &7] ¥ 53 e84 A=

A2 ofeel M v ApAlekA s Eh

hL, h(V/A) _ (97.72)(0.00001)
kK k  (0.00224)(24.9)

Bi = = 0.01752 < 0.1 (1)
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Table 1. Parameter values of the system for calculating Biot number

Parameter

Value

Heat transfer coefficient, £
Volume of bomb,
Surface area of bomb, 4

Thermal conductivity of bomb, &

97.72 W/m?/K
0.00001 m’
0.00224 m’

24.9 W/m/K




1.3. 9Yyx] H3E ®WA2] (Energy balance equation)

(1) 2L Ay#] E2e] W< w3 (exothermic reaction) = A3t oL %] YA
4A 2 2 871 He S FEY 4 &4 WAl o #5% HF
Al A v e ® CBT A&HlelA a1 oA S49f oyx] W= Aol

it ol 1% HE v WA (differential energy balance equation)< ©}j| 2]

A7V dTldr= &7] Wi-e =% W3} S dl/d= & £40] fla 19

87] viFe] L& WE FE dnds §7] 9% HEe] S wE HEE 1
W

!
L, A 2 8] B FelA ool deE e ouXel wre Wt
HZ (Newton’s law of cooling)oll w2} 87| oF :xWAy} F¥ 7] 274
(surrounding) AFo]9] oy #] &4 £EE YERAT,
TFo1x 2 29] Al B2 (governing equation)S 2] 33} 40 G037 %7
271 (initial condition) ¥ 774l 271 (boundary condition)S HFF o= A|7H
delA AiEshd ofefe] 4 5= uehds dlvA HE WA (difference

energy balance equation)2 42 T Ut}



j C 3)
t =0 ; T =T, (initial condition)
T=T
t=t; 3 T, =T, 4)
I, =1,
mC (T(t) =T,) = mC (T, (1) = Ty) = hA(T, (1) - T;) (5)

o]7|4 SE= 9% ¥ LR TS AQe AlsE AAe Lwvt 7
gt 7Hgshe JsA e 4890 o 49

% sk

o

ol
K
to
fru
B
a
L

o

Az=gle) 2% W3 ThE LS Lo &= Bsts 74 &
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1.4. oY= WA &% (Energy generation rate)

=]
-

A (2) AEERA =

1
s

3

ol &8 AFSHAl 5 (molten oxidizer layer)S &4

AL &5 AsA S

B Zelle A Ak

<

)

o] o]At3}E (fuel dioxide)=

A

el
A

AR, o] 37k @A7E a4

o
=

oM 2 A

Al (reaction determining step)= &

Ao} qkstA)] ]

o
_&O

ek
1=

Z] 21T}, Cubic unit cell model

_&O

6 A3 S

1
s

|25l 2% W3} T,

~

=
=

sk = At [7].

B
o

A

,_lr”

(6)

X
4ot

T,(0) =T, +(T, ~T,)erfc

HES- 2% (reaction temperature)= HE-5-0] 5

KeN
-

A7 T,

<~ (complementary error

13
=]

CERCE

et} erfe()E

=
=58

0o
B 2 N

=
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ol

function) &, x= 8§ As}Al

(thermal diffusivity)S YERATE.
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1.5. YA &4 &% (Energy loss rate)

nwE 2] AN Log AAshs B o FAE e A

gtk A9 8719 oUA £4 SR Tge) 27 wAlE AgHth
(1) 87] WelA A4 & eldA)e] He Sa4 4] 9% FHow
gHE @, ) 9% EHow duw do| dy] Fom Audi .

Cubic unit cell model?} FAFSHA 1¥ TA19] & g 342 2] 7-99] vEhd
HE H5k o] whesk vl A4 & ZI% (unsteady heat conduction in a semi-
infinite domain)& &3l FASETt [17]. AA| A|=HAA= ZA T
(natural convection) ¥ A} (radiation)2} £ st & A HAYZOZ
Qe &7] ofF FHolA fir|Ee] & HEe &7] e T3 ded Axn
o =5 9 ok B3 7 (leaking)®t B WX aglo = <l F71H
ek weld 8719 & AL HeE wb &

?l OE:] _{;:_/\10] HI—/K{E%F ./_l':

718 AAl @ Bhbeel B2 oldd BE 548 ikt 4% sy
[e)
-

=

o,

(lumped parameter)<
1 AR FalA Agalor Ak oled 4F deulE Ao AL oAs
AN g Uk AN v 2k g o] Bl 540 43t HA
7] el o]k At AR Sl A7 dHolH e}t nluldte I olA
el Hlel o] 4B AL o & Qn,

oW _, OLO

a
ot s )
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T(t =0) =1, (initialcondition

T(z=0)=T(®)
T(z=2)=T,%) (8)
T(z—>o0)=T,

T() =T, +(T(O) - T)erfc

z
4ot
_Z
4ot

A3 wekAE, A oolA] §7] ule] SRR @ £A2 A A%H

)
~ Ty +(T, - T)erfe

OF WA W P A Aol v A A vl doluhu A 7
43hE 98 8] it ek o2 ARk g
27

4714 4ot = 4

5 7 (thermal penetration thickness)E YEIL o] FA KT H AHg|o|

A% 77 (thermal boundary layer thickness) =<2 <&

M= =57F To- Tp 2He] 1% Bok 27 i3tk 2 on|dith duby

o
HU
o)
@
=N
g
o)
E
ey
f
)
ot
1)
o,
—d
ro
[
oM,
o
0,
i
ofo
ol
ol
D)
rlj
g
o,
o,
me
o

(approximate solution)7]- = 4= g} [17].
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1.6. €% W3} 4] (Temperature change rate)

gkek 2 63} 9olA FEE T, Tyyoll tg BE JHE 4 59 oz

BE ANl ddhd, ol Al=ERl e 87] WE-e] o] st

X hA z
TW)=T1, +(T.-T)erfc — T —T)erfc—
O =T,+(T, -1 fm mc(r 0) fc dot (10)

2 109] FHe AF AzHe] N BE F % wWskE e 1
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Temperature (K)
N w
g 8

:

o
)

0 1 2 3 3
Time (ms)
Figure 2. Temperature change as a function of time. The black solid line represents
an overall temperature change. Blue and red dotted line represent temperature change
due to energy generation at the adiabatic condition and temperature decrease due to

energy loss, respectively.
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1.7. Noble-Abel AFe] #-42]

Az w2 = Wel A2 F A4 AE (quasi steady state) 7HdS HIE
o2 e WA (equation of state)ol] thUsF] A7 w2 Qb= Wl Ao
= Ager g Uk olYgk HAES o] 7] flElA ol ZIAl AHE WA
(ideal gas equation of state)©] &+ 7}4] A&7} = 4= AXA|wk 31 oyx] &3
o] A4 v =2 dWEe 255 7 A4 7]A (combustion gases)’} A3
gE7] wZol olm Qs LA eAE =ol7] flei= YAl AL Ab
Aot F9E agsfFelop gtk whEbA, olgie] A 129] Noble-Abel “El

“(v—b) (12)
o} 71x4 R-& H|Z|A < (specific gas constant) = 7|A] 5 7]A|e] A}
FOE v A& orlshal, viz W 8719 BAA (specific volume) o2 &
719 33 g g7lel FHE T oA Bde] ¥ AFoR e %g o
m] &} p= co-volume 2@ 14 7]A] & wukS 1A (unreacted solid)7} 2}
Ak FuE dEpdch dibgo g Qo) F
2 wekg aLA| ] gho] F7tstr] wiiEell pe] gkl HA o ® Frhskal o] &

M5l gkeo] Z7kaA e,

%

rN

o] Woldss Az 714
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Figure 3. Comparison of the pressure histories derived from the Noble-Abel and the
ideal gas equation of state. Solid lines represent the pressure derived from the Noble-
Able equation and the dotted lines represent that from the ideal gas equation,

respectively. Black lines are for 260mg and red lines are for 130mg of energetic

materials, respectively.
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Figure 4. Comparison between the model predictions and experiments. Solid lines

represent a model prediction, and dotted lines represent experiments. (a) Pressure

histories in a 4 cc spherical chamber using a different amount of ZPP (65 and 130 mg).

(b) Pressure histories in a 10 cc spherical chamber using a different amount of ZPP

(65 and 130 mg).
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2.2. 98- %9 g9 (Effect of reaction temperature)
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Table 2. Reaction Temperature of three types
Modified Dulong-Petit law

of energetic material calculated by

Material AH (kJ/mol) N T, (K)
ZPP 2198.3 8 3970
THPP 1601.6 12 2082
BKNO; 1554.8 14 1782
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Figure 5. Comparison of the energy release performance according to the reaction
temperature, 7,. The characteristic time scale for energy generation and loss rate ¢; =

0.45 ms and ¢, = 1.85 ms, respectively.
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Figure 6. Comparison of the energy release performance according to the change of
the characteristic time scale for energy generation rate ¢;. The characteristic time scale

for energy loss rate ¢, = 1.85 ms.
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Figure 7. Comparison of the energy release performance according to the change of
the characteristic time scale for energy loss rate 7. The characteristic time scale for

energy generation rate ¢; = 0.45 ms.
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Figure 8. Schematics of a closed bomb experiment with mixed energetic materials

combustion.
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Figure 9. (a) Thermal conductivity, and (b) diffusivity plot of the molten KNO;

oxidizer layer according to temperature change.
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Table 3. Parameter values used for model prediction

Parameter Value
Cuzpp 241.7 J/(keK) [19]
Cornirr 829.3 J(keK) [23]
Cy.8kn03 951.7 J(kgK) [24]
b 0.001 m¥/kg[18, 20]
X KCl04 9x10%m
X KNO3 22x10°m
a1.KCl04 1.8x 107 m?/s [7]
Q1.KNO3 1.9 x 107 m%/s
z 8.6x10° m
a2 4x 102 m*/s
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3.4. A7t A4 ¥4 (Time delay analysis)
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Figure 10. Temperature change of ZPP combustion obtained from the energy
generation term of the model. The red and blue dots represent ignition temperature of

THPP and BKNOs, respectively.
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Figure 11. Comparison of the energy release performance of the mixed energetic
materials of (a) ZPP 55 mg & THPP 160 mg, and (b) ZPP 60 mg & BKNO; 160 mg,

when the time delay was considered (blue line), or not (black line).
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Figure 12. Comparison of the experimental results (orange line) and model predictions
(black line) for ZPP & THPP mixed energetic materials combustion according to the
amount of energetic material. (a) ZPP 55 mg & THPP 160 mg (83.7 atm, the
maximum pressure of experimental data), (b) ZPP 65 mg & THPP 160 mg (89.3 atm),
and (c) ZPP 65 mg & THPP 182 mg (99.9 atm).
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Figure 13. Comparison of the experimental results (orange line) and model predictions
(black line) for ZPP & BKNO; mixed energetic materials combustion according to
the amount of energetic material. (a) ZPP 60 mg & BKNO3 160 mg (52.8 atm, the
maximum pressure of the experimental result), (b) ZPP 70 mg & BKNOs; 160 mg
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IV. AH7|%

A = Outer surface area of the bomb, m?
b = Specific co-volume, m’/kg
b’ =  Co-volume, the volume occupied by gas molecules

produced from the energetic material, b’=mb, m’®

Gy =  Specific heat at constant volume, kcal/kg/K
E =  Total energy, J

erfc =  Complementary error function

h =  Heat transfer coefficient, W/m?*/K

m = Mass of energetic material, kg

N = The total number of atoms in the reaction formula
n = The number of moles of gases, mol

P =  Pressure, Pa

R =  Reaction rate, m/s

R = @as constant, J/K/mol

R’ =  Specific gas constant, J/kg/K/mol

T =  Temperature, K
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To

Ta

Ts

T,

t

%)

al

a2

Initial temperature, 298 K

Temperature at adiabatic condition, K

Ignition temperature, K

The outer surface temperature of a closed bomb, K
Reaction temperature of the energetic material, K
Time, s

Characteristic time scale for energy loss rate, x*/a, s

Characteristic time scale for energy generation rate,

Zlog, s

Total volume of the system, m’

Specific volume, v=V/m, m’/kg

Thickness of oxidizer layer, m

Thickness of a closed bomb, m

Thermal diffusivity of the molten oxidizer layer, m/s

Thermal diffusivity of a closed bomb, m/s?

Heat of reaction, kJ/mol
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