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ABSTRACT

A single model has been proposed to predict the burning rates of
bimodal AP, RDX and aluminium containing CMDB propellants. This
is done in terms of the respective physical constants on the basis of a
recently developed model of combustion of CMDB propellants. The
study has been carried out to examine the effects of changes in
propellants composition, AP particle size and pressures on burning
rate. Computer programs were developed for this purpose and the
results obtained for typical sets of input data have been presented and
compared with the actual results.
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Subscripts

g gas phase o

4 condensed phase S

s burning surface

m matrix

N RDX

AP1& AP2  ammonium perchlorate with varying particle size
Al aluminium

DB double-base

1. INTRODUCTION

Composite modified double base (CMDB) propellants are relatively new class
of propellants and are increasingly being used in various applications because of its
flexibility of burn-rate, high performance, superior mechanical properties and
non-smoky exhaust. The improved performance is achieved by incorporating various
high energy materials in double-base (DB) matrix. Inclusion of these materials affect
the combustion characteristics of DB matrix and a few modelling attempts have been
made in the past to predict burn-rate of CMDB propellants. Kubota ef al.! in their
study of flame structure of CMDB propellants propose a model based essentially on
the assumption that the propellant burns with two different rates, one as DB matrix
and other as AP for AP-based CMDB propellants. They have described an elegant
method for the calculation of volume fraction of ammonium perchlorate (AP) portion
and overall burn-rate is calculated as fractionally weighed sum of the two rates.
However, with HMX no change is observed in DB matrix combustion pattern and
equation for DB burn-rate is utilised modifying heat release terms to account for
HMX heat release. Beckstead® proposed a model for DB propellant with an intention
of applying it to CMDB and cross-linked DB (XLDB) propellant systems. This is
basically an adaptation of BDP model® applicable to composite propellant (CP).
Surface heat release terms are related to binder heat of explosion by an empirical
equation in this BDP model applicable to DB propellant and burn-rate is determined
by iterative solution of equations related to surface kinetics, energy balance at the
surface and gas phase kinetics. \

\

These models attempt to predict burn-rate for compositions containing either
monomodal AP or nitramines. However, CMDB formulations as reported in
literature*® contain various combinations of differing partical size AP with nitramine
and aluminium. The burn-rate prediction of such combinations of ingredients in DB
matrix is not available. In the present paper a simplified approach for burn-rate
prediction has been proposed based essentially on Kubota’s model for CMDB
propellants containing AP, RDX and Al Predicted results by present approach and
Kubota model have been examined and compared with the experimental burn-rate
results.
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2. APPROACH TO THE PROBLEM

2.1 Propellant Density

The densities of the ingredients have been considered to calculate the density of
the propellant using the following equations.

PAiPNPDE(I — dart — J ap2)

Pm = bnPpsdai+ PaPosbn + PaPN(l — $art — $arz — $ai — $8) ¢))
_ ParPm
PP = Pl @art T $ar2) + Parll — art — $arz) (2

The following conditions are imposed for Eqns. (1) and (2)

If ‘ﬁAPl + ‘ﬁ,{ = ( then PAp =
¢év =0  then PN
If =0 then Py =

2.2 Effect of Aluminium

Aluminium is reported to melt inside a sack of aluminium oxide during initial
stages of burning. Renie and Oshron® in their model assume that aluminium acts as
a heat sink at the propellant surface to the extent that it melts and absorbs its heat
of fusion as well as a heat source in the gas to the extent that it ignites and burns
sufficiently close to the propellant to affect the heat feed-back. Cohen and Flanigon®
observe that heat sink effect may be predominant with finer AP and heat source affect
with coarser AP. Aluminium on complete combustion gives out a large amount of
heat (7400 cal/g) and in the present approach a small positive surface heat liberation
is assumed which appears realistic considering the energetic nature of the binder which
decompose at an early stage. Aluminium heat release at surface and at gas phase is
included in the Kubota model to account for the effect of aluminium on DB burn-rate.
Secondly as thermal conductivity of aluminised propellants is comparatively higher
than that of DB propellants, thermal conductivity values in the Kubota model are
modified and allowed to vary with the concentration of aluminium in the composition
using the following equation :

4 =0.001 4, + 0.0002

2.3 AP Heat Release Terms

In Kubota model, AP particle regression rate is calculated by an empirical equation
responding to pressure and particle size of AP. This is based on their experimental
findings with AP crystals embedded in DB matrix. This AP burn-rate is combined
with DB regression rate to get overall burn-rate of CMDB propellant. In BDP model
applicable to CP, the diffusion flame heights are related to AP crystal diameter and
surface temperature increases with AP concentration and diffusional distance decreases
with decrease in AP particle size. In their' analysis of the model, they calculated that
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half of the AP heat release (405 cal/g) was liberated in the liquid surface layer. Jogic
et al.'’ use an approximate expression for surface heat release in their study of erosive
burning. AP heat release assumed by them is about 250 cal/g. In the present approach
AP heat release terms as reported by Beckstead et al.? are included in the DB burn-rate
expression of Kubota'. This is a simplification from the Kubota model and may not
correspond to the actual flame situation as depicted by Kubota. Pressure dependency
term is also incorporated in AP heat release equations as done by King'! for DB
matrix and the assumed values correspond to that of Kubota et al."2.

The equations are

o-
Opap = 33.3 (—;’T) log Py(d + 1)}

Quur =204 ()" 0, )

where P, equals 35 kg/cm’ pressure. The Q, value reaches a maximum of 404 cal/g
and Q, tends to zero with very fine AP particles (d tending to zero) and with very
coarse particles (d = 1 cm) Q, value tends to zero and Qg to a limiting value of
404 cal/g at 35 kg/cm? pressure.

2.4. Burn-Rate Model _
The heat release terms of all the ingredients are summed up to get the propellant
heat release values as follows : ’

Qs = $4p1Qs,4P1 + Par2, Os,aP2 + $08Qs,08 + ba1, Qs,a1 + INQsN (5)
Qg = $4r1Qg,ar1t + $4P20s,4P2 + $08Q0s,08 + bai, Qg.ar + INQe,N (6)

However, in the present approach Q, ,; and Q, 5 values are slightly different from

that assumed by Kubota. The following burn-rate equations proposed by Kubota' are

used as such without any modifications. Fizz zone temperature computed for C;, = Cg as
0Os

- Q
n—@+a+é )

Surface regression rate of propellant as

Y = p[ A0s€?Z, exp (—E;/RT,)? 2]

P,z,Cng(Ts — To —(Qs/Cp)(RTy) @®
Regression rate of surface to be one-step Arrhenious-type equation as
Y Zs exp (—‘Es/ RT,) (9)

Simultaneous solution of Eqns. (1) to (9) gives the burning rates at different
pressures. Computer programmes were made and change in particle size of AP and
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variations in formulation of CMDB propellant are studied for burn-rate and surface
temperature prediction. The values used in the calculations are given in Table 1.

Table 1  Physical constants and parameters

Paramete Magnitude

C 0.37 cal/g/’K
0.37 cal/g/°K
1.54 g/em?
14 x 10° cal/mole

z 3.6 x 10* cal/s

E 17 % 16* cal/mole
1.4 x 108 cm?/g/s

Q. 4 -50 cal/g

Q.. 50cal/g

Q. s 100 cal/g

3. RESULTS AND DISCUSSIONS

Predicted burn-rate results alongwith realised burn-rate at 70 kg/cm? pressure for
various CMDB formulations are given in Table 2. Predicted burn-rate of DB varied
from 5 mm/s at 35 kg/cm? pressure to 10.9 mm/s at 140 kg/cm? pressure. The realised
and predicted burn-rate at 70 kg/cm® are 7.5 and 7.1 mm/s. As expected predicted
burn-rate increases from 10 to 11.9 mm/s at 70 kg/cm? pressure with increase in solid
loading. Realised burn-rate for the same composition, at the same pressure varied
from 9.5 to 13 mm/s. With the incorporation of aluminium in DB matrix predicted
burn-rate remained more or less same at low pressure. However, a slight increase in
burn-rate was observed at higher pressure. Realised burn-rate more or less matches
with the predicted results at 70 kg/cm? pressure. Other results listed in Table 2 from
AP- and RDX-based CMDB formulations also show expected trends.

Comparative data on the surface temperature and burn-rate, predicted by the
Kubota model and present approach are listed in Table 3. Similar trends in burn-rate
are exhibited by both the approaches with respect to particle size of AP and RDX
incorporation. However, results from the present approach are consistently higher
than that of Kubota for similar compositions. This may be because of the higher
assumed values of Q, ,p and Q,, compared to Kubota’s model which resulted in
prediction of higher surface temperature and thus higher burning rate. Surface
temperature increase with respect to pressure is also observed in both the models.
However, dependence of surface temperature on AP concentration and AP particle
size is not clear in Kubota model as calculations are carried out for DB matrix
temperature. In the present approach surface temperature increases with increase in
AP concentration and decrease in AP particle size. This observation is consistent with
the reported steep fizz zone temperature gradient for fine AP by Kubota' and also
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Table 2. Predicted burn-rate results for CMDB formulations

Propellant composition (by parts) Particlesize () Burning rate (mmds) a1 pressure kgfem’
DNC CL AFl API Al RDX AFI APZ 35 W0 70" W1

60 40 - - - 50 59 71(.5) 8.2
40 35 105 45 10 150 15 7.0 8.3 10.0 (9.5) 11.7
35 35 126 54 12 150 15 73 88 106(109) 124
30 35 147 63 14 150 15 78 92 11.3(117) 132
25 35 168 72 16 150 15 81 98 11.9(13.0) 140
55 40 - - 5 - 51 61 75(19) 8.8
50 40 - - 10 = - - 52 63 79(.7) 9.4
50 40 10 - - - 150 - 60 69 B8.3(8.1) 9.4
30 40 30 - - - 150 - 93 103 122(122) 135
30 40 30 10 - 150 - 7.8 9.2 10.3(9.3) 13.0
50 40 - - 10 - 42 51 6.8(.3) 72

40 - - 30 - 3.0 3.8 59(6.3) 5.7

DNC--Dense nitrocelulose containing nitrocellulose 88.89 per cent, (12.2 per cent N,), nitroglycerine 7.11
per cent, carbamite 2.67 percent and dibutylphthalate 1.33 per cent; CL—Casting liquid containing
nitroglycerine 80 per cent, Diethylphthalate 18 per cent and 2-nitrodiphenylamine 2 per cent.

* Results in brackets are realised burning rates at 70 kg/cm? pressure generated in ERDL, Pune.

Table 3. Comparison of predicted and realised data from Kubota model and present approach

Propellant composition AF Parameters Pressure f,kg;"_v-f_l!j:‘n
{by parts) particle Kubhota model Present approach
s1Ee

DNC CL AP RIXX (1t 35 70 14t} 35 70 140
60 40 T. (’K) 606 631 663 630 <649
r(mm/s) 32 51 87 50 71
50 40 10 150 T, 606 631 663 640 658
r 34 54 92 6.0 8.1
30 40 30 150 T, 606 631 663 666 683
r 43 65 11.0 9.3 118
30 40 30 100 T, 606 631 663 679 695
r 45 6.7 105 11.3 143
30 40 30 50 T 606 631 663 702 77
r 51 75 129 15.5 19.5
30 40 30 20 T, 606 631 663 732 749
r 9.0 129 19.2 240 294
30 40 30 10 T, 606 631 663 755 773
r 157 169 278 31.8 394
30 40 30 T, 589 613 633 599 625
r 24 39 57 30 59

DNC—Dense nitrocellulose containing nitrocellulose 88.89 per cent (12.2 per cent N,); nitroglycerine 7.11
per cent, carbamite 2.67 per cent dibutyl phthalate 1.33 per cent; CL—Casting liquid containing
nitroglycerine 80 per cent, diethylphthalate 18 per cent and 2-nitrodiphenylamine 2 per cent.

with the assumption of decrease in diffﬂsion/mono-propellant flame heights by BDP°.
The present approach is thus simple, applicable to various combinations of CMDB
formulations and validated by close match with the realised results.
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4. CONCLUSION

A detailed examination of the burning rate characteristic has been carried out

for AP- and RDX-based CMDB and AP-based nitramine propellants, formulating a
simplified model based on Kubota model for CMDB propellant combustion. This
single model is useful for prediction of burning rates for variety of CMDB class of
propellants, including bimodal category. This model is of interest in getting a useful
burning rate data for diverse CMDB formulations incorporating nitramine, AP and
Al, particularly in view of the excellent agreement between the experimented
parameters and the values suggested by this model.

ACKNOWLEDGEMENTS

The authors are thankful to Dr. K.R.K. Rao, Director, ERDL, Pune for his

guidance and encouragement in the preparation of this paper.

10.
11.
12.

REFERENCES

Kubota, N. & Masamoto, T., Flame structures and burning rate characteristics
of CMDB propellants, paper presented in the 16th Symposium (international)
on Combustion, (The Combustion Institute, Pittsburgh), 1977, pp. 1201-1209.
Beckstead, M.W., AIAA J., 18 (8), (1982), 983-985.

Beckstead, M.W., Derr, R.L. & Price, C.F., The ;:ombustibn of solid
monopropellants and composite propellants, 13th Symposium (International) on
Combustion, (The Combustion Institute, Pittsburgh), 1971, pp. 1047-1056.
Pierce, E.M., Processing of Crosslinked Nitrocellulose Propellants, US Patent
No.3, 711, 344; 1973, 5p.

Bhat, V.K., Singh, Haridwar & Rao, K.R.K., Processing of high energy
XL-CMDB propellants, International Jahrestag Fraunhofer Inst., Treib

Explosivst 18th, (Technol. Energ. Mater) 18.1-18.10, 1987, Chemical Abstracts,
107 (13), 239327 b.

Klohn, W., Cast composite double-base solid propellant systems, Modern
Propellants and Explosives Technologies, International Jahrestag, ICT, 7507,
(Pfinztal Berghausen, Bel, Karlsruhe), 1974, pp. 109-125.

Pierce, E.W. et al., Behaviour of Aluminium in Solid Propellant Combustion,
Report, AD-A052492, (NTIS, Springfield), 1977, p. 16.

Renie, J.P. & Osborn, J.R., Combustion modelling of aluminised propellant,
AIAA paper 79-1137, June 1979.

Cohen, N.S. & Flanigan, D.A., AIAA J., 23 (10), (1985), 1538-1547.
Jogic, B. & Blagojevic, D., AIAA J., 15 (4), (1977), 461-462.
King, M.K., AIAA J., 20 (10), (1982), 1432-1439.

Kubota, N. et al., The Mechanism of Superrate Burning of Catalysed
Double-Base Propellants, Princeton University, Aerospace and Mechanical
Seminars Report No. 1087, March 1973.



