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Table 1 shows the numbers of iterations at convergence

% N% vs the parameter k, where N} is the number of
iterations at convergence using the method of Yeo et al., % N%
is the number of iterations using the proposed method. Ob-
viously, the proposed method has much larger region of con-
vergence.
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Thermal Decomposition Studies on
Ammonium Perchlorate-Based
Composite Propellants
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Introduction

HE role of condensed-phase reactions in .solid pro-

pellant combustion has long been debated. The work of
Waesche and Wenograd, ! and Sammons? in the late seventies
demonstrated the importance of such reactions in the overall
combustion process of a solid-propellant. Our recent studies
on polystyrene (PS), ammonium perchlorate (AP) propellant
system have also shed some light on the occurrence of con-
densed-phase reactions.* We have shown further that the
thermal decomposition of the oxidizer and the propellant in
this system is correlated to its burning rate.* In order to have
a deeper insight into the thermal decomposition process, a
quantitative analysis of the thermal changes associated with
the binder, oxidizerp,and the propellant is necessary. The en-
thalpy and kinetic estimations from the Differential Scanning
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Calorimetric (DSC) thermograms of PS, AP, and PS/AP
propellant form the primary objective of the present work.
Another objective is to compare the activation energies (E) of
the thermal decomposition of PS and AP to that of the
propellant.

Experimental

PS and PS/AP propellants were prepared as described
earlier.® Powdered AP from Fischer Scientific Co. was used
without any further purification. DSC thermograms were ob-
tained by one of the authors (K. Kishore) at the University of
Leeds, Great Britain. Isothermal and scanning thermograms
were obtained on Perkin-Elmer DSC-1B Differential Scan-
ning Calorimeter. The details of the operation of the in-
strument, generation of « (fraction decomposed) vs time plot,
and the calculation of E from the thermograms have been
described in detail in our recent publications.’

Results and Discussion

The DSC thermograms obtained in scanning and isother-
mal operations have been presented in Figs. 1 and 2. The en-
thalpy data for AP, PS, and AP/PS propellants obtained
from the analysis of DSC thermograms are presented in
Tables 1 and 2. AP endotherm starts appearing at 517 +2 K.
The endothermic enthalpy change was calculated to be
2.39+0.07 Kcal/mole which agrees well with other reported
literature values.’

The enthalpies, for different scanning thermograms, of
both low temperature exotherm (LTE) and high temperature
exotherm (HTE) are given in Table 1. In order to confirm the
validity of these values, isothermal runs were also carried out
for LTE and the enthalpy thus calculated for isothermal runs
agrees well with that from scanning runs.’ Assuming that the
nature of decomposition is the same in LTE and HTE, we ob-
served that 30% decomposition occurs in LTE (scanning and
isotherming bo'th operations) .which is in accordance with the
reported values from weight loss measurements. The total
exothermic heat release of both LTE and HTE was estimated
to be 278+ 10 cal/g, which is in agreement with the earlier
reported value (see Table 1) by Wenograd " et al.

The E values for LTE and HTE in scanning operation were
calculated by the method described earlier’ and found to be
22.5 (21.5 in isothermal operation) and 60.5 Kcal/mole,
respectively, which agree fairly well with other values using
other techniques. This clearly indicates the soundness of the
method used for kinetic analysis from DSC thermograms.

The propellant endotherm, appearing at 523+5 K, was
subjected to enthalpy estimations and was found to
correspond quantitatively to the AP phase-transition en-
dotherm (Table 1). This suggests that AP phase trans-
formation is not affected during the casting of the propellant.

The propellant exotherm starts appearing (Fig. 1) at a later
stage than the first exotherm of AP. This can be explained on
the basis of a physical model* which considers that AP par-
ticle or particles are surrounded by the binder. The polymer
shells containing AP are closely packed in the matrix so that
they make the matrix porous. According to this model, the
decomposition of AP starts inside the polymer film, which
further undergoes heterogeneous and homogeneous reactions
with the decomposition products arising from the degradation
of the inner layer of the film. This continues until finally the
film is broken because of polymer degradation in its entirety,
or because of build-up of the gas pressure. Polymer, being a
bad thermal conductor, transfers the heat to the pan with
some time lag, and that it why the actual temperature re-
cording is shifted ahead. This also explains why the propellant
exotherm finishes earlier compared to PS and AP (Fig. 1).

Since the enthalpy changes for PS, AP, and propellant
(Table 1) are known, one can calculate the heat generated by
the condensed-phase reactions, provided it is assumed that
DSC records only solid-state reactions especially when the
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Table1 Enthalpy data for AP, PS, and PS/AP propellants

Total heat
under the Heat of condensed- (AH). incal/g
Percentage exotherm phase reactions calculated for
of AP cal/g (AH), cal/g 20% PS
70 620 445 297
75 562 370 396
80 492 283 283

Enthalpy for AP phase-transition endotherm

Enthalpy for AP exotherms

Percentage decomposition of AP (enthalpy-wise)

Enthalpy for PS endotherm
Enthalpy of PS/AP propellant endotherm

=20.3 +0.6cal/g
=278 10cal/g

=31.6 (scanning)
27.5 (isothermal)

=65.5 £3.3cal/g
=21.4+0.8 cal/g of AP

Table 2 Total exothermic enthalpy for PS/AP (70%) propellant at
various temperatures in isothermal operations

Temperature (°C) AH (cal/g)
' (uncorrected for AP and PS
enthalpies)
328 400
338 420
348 430
358 500

368 530

product gases are allowed to escape constantly during the
decomposition.” The enthalpy (Table 1) decreases by in-
creasing the AP content in the propellant composition. This
behavior can also be explained on the basis of the model
described previously. According to the model, the condensed-
phase reactions will be determined by the quantity of polymer
available. In Table 1, column 4, we have calculated the en-
thalpy change for 20% PS in different propellant com-
positions. The values are almost constant, showing that con-
densed-phase heat generation depends upon the gquantity of
polymer available, i.¢., on propellant composition.

The enthalpy changes of the propellant in isothermal
operation are given in Table 2. The quantity of heat produced
increases by increasing the temperature. The values at all the
given temperatures are much less than the value obtained in
scanning operation. A correlation was found to exist between
the temperature of decomposition and the total heat release.
The value predicted by this correlation (610 cal/g) agrees well
with the value of heat release for scanning operation (620

5

4| —— PROPELLANT , —-—-—PS , ----—-AP.
¢ 3
=
£ 2F
3
5 0
@ Y ES
o -1 Yy
il v
Q2

N S 1 1 1
500 550 600 650 700 750

TCK)
Fig. 1 Thermograms of AP, PS, and PS/AP (70%), propellant at
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Fig. 2 Thermogram for isothermal decomposition of PS/AP (70%)
propellant at 611 K. (Wt=0.889 mg).

cal/g). This is surprising in view of the differences between
the isothermal and the scanning techniques. No residue was
found to remain in the pan after the completion of decom-
position.

The isothermal results can be explained as follows. The
selected temperature range for study is less than the tem-
perature for complete decomposition in scanning run;
therefore the reactions occurring at higher temperatures in
scanning runs do not occur in isothermal runs which in turn
give low heat production. This argument may look naive
when we find that no residue remains after decomposition at
all temperatures, i.e., that all the solid is decomposed. It
shows that thermal decomposition is temperature sensitive,
and that the nature of decomposition reactions changes with
the change of temperature.* This implies that the activation
energy for the high temperature reactions may be different
from that of the low temperature thermal decomposition of
the propellant.

The propellant E values were calculated for scanning as
well as isothermal exotherms. In scanning runs E was
estimated at «=0.2 and 0.8. At «=0.2, the plot shows two
slopes corresponding to E=21 and 54 with the break point
corresponding to 1/7=1.598. This further shows that low
temperature E is 21 and high temperature E equals 54. At «
=0.8, the value is 53. The E plots for isothermal runs (using
Jacobs and Kureishy method ®) show that E at « =0.2 has two

~ values (21 and 51 Kcal/mole) identical to those obtained for

scanning runs. The break occurs at 1/7=1.604 which is not
far off from the scanning value corresponding to 1.598. For
the range a9 — g2, the estimated value of E comes out to be
51. Thus, the composite peak of propellant gives two E values
21 and 50 to 55 Kcal/mole which agree favorably with the two
E values of AP (21 and 60 Kcal/mole). This fact is also
evident from the shape of propellant exotherm in both scan-
ning and isothermal operations (Figs. 1 and 2), which clearly
indicates that it is composed of two exotherms. The extension
of these two exotherms will show us that the very initial
decomposition (¢=0 to 0.2) corresponds to the first
exotherm, whereas the last portion (¢ =0.8 to 1) corresponds
to the next. The middle part will be a mixture of the two. It
may be noted that we recently have determined the E for PS
decomposition by DSC as well as other isothermal
techniques® and found it to be 30 Kcal mole. ~' Thus, one
may suggest, although the rate’ determining step (i.e., F)
changes with temperature and/or «-value, that the rate-
determining step remains the same as that in the thermal
decomposition of AP, which suggests the role of AP during
the thermal decomposition and combustion of propellant.
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with Large Acceleration and Cooling
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Nomenclature
ar, =sound speed at reservoir condition
¢p =mass flow coefficient ‘
s = friction coefficient, (c;/2) = (7,,/p.u?2)
D =diameter
f =dimensionless velocity, u/u,
M =gradient at surface in transformed coordinates
F =correlation function, Eq. (3)
gw =surface to total gas enthalpy, H,,/H 7,
G =dimensionless total enthalpy difference, Ref. 5
H =static enthalpy
Hy =total enthalpy, H + u?/2
M =Mach number
r, =body or channel radius
rm =throat radius
r. =throat radius of curvature
Rej =momentum thickness Reynolds number,
peUe0/ e
Repy, =throat Reynolds number, (p u . D/u,) 4
T =temperature
u =velocity component parallel to surface
X =distance along surface
y =distance normal to wall
z =axial distance
8 =acceleration parameter in transformed coor-

dinates, Rcf .5
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s
~t

=acceleration parameter, Eq. (3)

=specific heat ratio

=boundary-layer thickness, [/ — (pu/p.u,) ]
=displacement thickness,

rif* =8*(r,, —6*cosa/2)

OO T

*

= |1 outpa) 1 (ru=yooso)dy

&7 =transformed displacement thickness, Eq. (5)

7 =dimensionless transformed coordinate normal to
surface

[ =momentum thickness,

rf=0(r, —fcosa/2)’

e} .
= S (pulp.u,) (1—ulu,) (r, —ycose)’dy
o

=transformed momentum thickness, Eq. (5)
=viscosity

=kinematic viscosity

=density

=angle between wall and axis

=surface shear stress

o
~

N Qv ew

w

Subscripts

e =condition at freestream edge of boundary layer
o =reservoir condition

T =stagnation condition

th =throat condition

w =surface condition

Introduction

HIS Note is concerned with extending an approxi-
mate prediction method involving the integral form of the
momentum equation! to deduce the flow quantities.of interest
when compressibility effects become important and heat
transfer may occur. The approximate method is applicable to
a two-dimensional, laminar boundary layer on an im-

.
z
Q
=
8]
z
o
.
z
Q
—_
<
ol
o
oL
o]
Is]
s 3
&
Sl
o
=2
Q
(-4
O
z
Q
3]
I~ 0 ] | ] I |
&
& 3 T T T T
< (c)
m*"icb" 2 N -
8 - ~=-g =1, REF.1
R NS 4
S G 0.8
; =0 g'b 0.2 |
< -1 I T — r Ow ~ °
g —
L 0 0.5 1.0 1.5 2.0 2.5 3.0

_2
ACCELERATION PARAMETRR, Baf

Fig.1 Variation of the correlation function F, friction group ¢ '/ 2
Reg, and transformed shape factor 8;/6, with acceleration parameter

0 and surface-to-total gas enthalpy parameter g .



