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It has been widely reported that the ballistic response of solid rocket motors depends on the process used to
manufacture it. Usually, the empirical parameters necessary to predict the performance of a motor (hump effect
and scale factor), linked to the manufacturing process, are deduced from the exploitation of previous � ring tests.
The physicalphenomena linked to those empirical parameters are sought to simulate directly the ballistic behavior
of a new motor, in the future. One step in these studies has been to manufacture, with the same propellant, several
small-scale grains, using three casting processes, and to study the in� uence of the manufacturing process on the
ballistic behavior. Some of those grains have been � red, and others have been cut in several samples for local
measurements of burning rate. The main results of experimental analysis are the pro� le of the radial burning rate
on the web coherent with the hump effect, the strong ratio between radial and axial burning rates on each point of
the web, and the visualizationof propellant strati� cation by nuclear magnetic resonance (NMR) imagingdue to the
casting method. The experimental results have then been compared to a numerical simulation performed using a
new code developed at SNPE to compute surface burnback with varying burning rate. In this mathematicalmodel,
the propellant should not be homogeneousas it is in constant burning rate simulations. The nature and the form of
the heterogeneity are linked to the casting method. They may be deduced from a casting simulation performed at
SNPE with the MONTREAL® code or from NMR imaging. The simulation results are very close to experimental
results in terms of hump effect, scale factor between two casting processes, local burning rate pro� les, and local
anisotropy of propellant.

I. Introduction

F OR many years, SNPE has expended an important effort in the
improvementof ballisticperformancepredictionsof large solid

rocket motors (SRMs) for both space and strategic propulsion.1¡4

One of the main investigation � elds is the study of the impact of
the manufacturing process on the ballistic response of the SRM. It
is now acknowledged that the ballistic performance of solid rocket
motors depends on the process used to manufacture it.5;6 Two types
of impact are studied.

The � rst impact is macroscopic and results because the � lling of
large grain motors requires several batches of propellant. If there
is a great difference in burning rate between batches, even if it is
acceptable according to the speci� cation, it becomes necessary to
take into account the real value of each mix in the surface burnback
computation particularly for the prediction of combustion tail off.
This is done by our new three-dimensional code BALISTE® ,7 in
which the three-dimensional shape of mixes interfaces is deduced
from a three-dimensionalgrain � lling simulation.

The second impact of the manufacturingprocess on ballistic per-
formance concernsa smaller scale and is due to particle segregation
in the propellant during the � lling. This heterogeneity of propel-
lant leads to operating particularities such as the hump effect and
a large part of the scale factor. The impact of the manufacturing
process on ballistic performance is the subject of several studies at
SNPE. These studies concern the mechanisms of formation of het-
erogeneity, their characterization, and their integration in ballistic
predictions.8¡11;20 This last item has lead to the developmentof two
new numerical tools. The � rst one is a varying burning rate sur-
face burnback computation code, which is described in this paper.
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To be able to integrate the result of this computation in ballistic
performance prediction, it has also been necessary to develop a
new ballistic performance prediction code. In the code MOPTI,
the ballistic performance is simulated by linking time step by time
step the varying surface burnback simulation to a two-dimensional
computational � uid dynamics (CFD) simulation in the combustion
chamber. This paper presents a study concerning the impact of pro-
pellant burning rate anisotropy on ballistic performance. A small
grain has been de� ned to study the impact of process on ballis-
tic performance. Several grains have been manufactured with three
different processes. One grain for each process has been � red, and
another one has been cut in samples for local characterizations.The
new varying burning rate surface burnback code has been used to
simulate the performance of each grain. The results obtained for
both � ring tests and local measurements have been compared to the
simulation results.

II. Description of the Study
A. Experimental Study

The grain we have chosen for this study is presented on Fig. 1.
The grain is inhibitedon his external diameter. Six grains have been
manufactured in the same propellant batch hydroxyl-terminated
polybutadiene/ammonium perchlorate/aluminium (HTPB/AP/Al
14/68/18) using three different processes: 1) process A, one-point
rotating casting around the mandrel, 2) process B, one-point rotat-
ing casting without mandrel, and 3) processC, three equally spaced
points casting around the mandrel.

Three of these grains have been � red, and the three others have
been cut in samples for local characterizations. The local charac-
terizations consist of burning rate and nuclear magnetic resonance
(NMR) imaging visualizations.

Two experimental techniques have been used for the burning
rate measurements: strand burner and ultrasonic measurements. In
the strand burner technique, the sample has a parallelepiped form
(1 £ 1 £ 7 cm) inhibited on all its faces except one end. The com-
bustion is initiated in a pressurized tank and the combustion time
between the two ends is measured. The mean burning rate on the
entire length of the sample (7 cm) is deduced.
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The sample used for ultrasonicmeasurementsis a cylinder(diam-
eter of 60 mm and thickness of 30 mm). The periphery is inhibited,
and one face is connected to the ultrasonic sensor. The combustion
is initiatedon the other face. The sample is burned in an open bomb.
This measurementgives the evolutionof the sample’s thicknessand
of the pressure in the bomb vs time. Then, the evolution of burning
rate vs sample thickness for a given pressure is deduced. For this
transformation, the pressure sensitivity is assumed invariant. It is
justi� ed because, in an open bomb, the pressure does not present a
strong variation (between 4 and 6 MPa). The experimental results
show that the pressure exponent does not vary from one process
to another for a given batch of propellant and for a small pressure
variation.

The � rst technique uses smaller samples and thus enables more
numerous and more local measurements. On the other hand, this
method is less precise than the ultrasonic technique. Another ad-

Fig. 1 Silvan grain.

Fig. 2 Cutaway drawing of a Silvan grain: location of burning rate samples (rotating casting, A and B processes).

vantage of the ultrasonic technique is it provides the evolution of
the burning rate along the web and not just a mean value like the
strand burner technique.

In the following, we distinguish the radial and the longitudinal
burningrates.The � rst one correspondsto the burningrate along the
web, and the second one is parallel to the bore. Using the ultrasonic
technique,we are able to measure the burning rate pro� le along the
web and its evolutionon the heightof the grain as shown in Fig. 2 for
the grains manufactured using the rotating casting. With the three-
points casting, only radial burning rate pro� les are measured under
the casting points and in the knit line (Fig. 3).

In Figs. 2 and 3, we also show the positionsof strand burner sam-
ples. In the grains manufactured by rotating casting, this technique
is used to measure the longitudinal burning rate pro� le along the
web and the mean radial burning rate. For the three-points casting,
a radial burning rate pro� le is also measured around the circumfer-
ence. In Figs. 2 and 3, the combustion direction of the samples is
plotted.Combustion starts at the inner bore of radial samples and at
the bottom of longitudinal samples.

B. Numerical Study

The performance of this grain has been simulated using a vary-
ing burning rate surface burnback code developed by SNPE.12 In
our model (Fig. 4), the burning rate on one point of the combustion
area depends on the local angle ® between the combustion front
and a physical parameter characteristic of the propellant � ow or-
ganization. The propellant � ow organization is the gray curve in
Fig. 4a. The burning rate V has a minimum value Vmin for an an-
gle of 0 deg and a maximum value Vmax for an angle of 90 deg
(see Fig. 4b).
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Fig. 3 Cutaway of a Silvan grain: location of burning rate samples (three-points casting, C process).

a) b)

Fig. 4 Link between propellant heterogeneities and burning rate.

In this section, we brie� y describe the numerical algorithm13¡16

used to compute the front position in the media shown in Fig. 4.
The computational domain is Ä. The boundary is divided in two
parts: 00 , which is inhibited, and 01, which is the location of the
uninhibited points. We assume @Ä D 00 [ 01, so that the boundary
points are either inhibited or uninhibited.

We describethe locationof the frontat time t by the isovaluet D 9
.x; y/, .x; y/ 2 Ä. This can be justi� ed by mathematical arguments,
providedthat R(®/, the burningrate for an angle®, is regularenough
and stays strictly positive:

¡1 C R[®.rÃ; rµ /]krÃk D 0; t i 0; x 2 Ä

¡1 C R[®.rÃ; rµ/]krÃk ¸ 0; t i 0; x 2 01

Ã.x; y/ D 0; 8.x; y/ 2 00 (1)

In Eq. (1), the physical parameter characteristicof the propellant
� ow organizationis de� ned by µ.x; y/ D cte. In Eq. (1), we explic-
itly give the relation between the front shape Ã and the propellant
� ow organization µ .

This equation is a stationaryHamilton–Jacobi (HJ) equation.The
numerical procedure we use relies on ideas widely used within the
CFD community. We look for the solution of Eq. (1) as the steady
solution of the HJ equation:

Ãt ¡ 1 C R[®.rÃ; rµ/]krÃk D 0; x 2 Ä; ti0

Ã.x; y; t D 0/ D 0; x 2 Ä

Ã.x; y; t/ D 0; x 2 00; t i 0

Ã.x; y; t/ D C1; x 2 01; t i 0 (2)

The parameter t has no physical meaning, it is only an iteration
parameter. The solution of Eqs. (1) and (2) must be searched in the
class of viscosity solutions.

The computationaldomain is discretized in two dimensions with
a triangular mesh. We denote by T any current triangle and M any
mesh point.The discretizationofEq. (2) is carriedoutvia the scheme

Ã0
M D 0

Ã n C 1
M D Ã n

M ¡ 1t
£
¡1 C R.M/H

¡
M; pn

i1
; : : : ; piM

¢¤
(3)

In Eq. (3), the numerical Hamiltonian H is an approximation
of krÃk, known as the Godunov Hamiltonian. Its arguments are
the gradients of the piecewise linear interpolation of Ã n on the
mesh. The range pn

i1
; : : : ; piM is the list of the gradients for all of

the triangles having M as vertex. R.M/ is an approximation of
R[®.rÃ; rµ/]; it is suf� cient to have an approximationof ® that is
the averageangle at node M . A remarkablepoint of this algorithmis
that the boundary conditionsof Eq. (2) are automaticallycontained
in the numerical Hamiltonian H (Refs. 1 and 3).
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Fig. 5 Shape of � ow organization (rotating casting with mandrel).

The time step 1t is computed via the Courant–Friedrichs–Lewy
CFL like condition 1t=h · 1, where h is the maximum diameter
of the triangles T . The convergence of this explicit scheme can be
improved by using a local time stepping as in CFD.

The shape of the propellant � ow organization is deduced
from grain � lling simulations performed using the SNPE code
MONTREAL® in which a segregation model has been integrated
and from NMR imaging.

MONTREAL code has been developed to simulate grain � lling,
both for small and large grains. It is built around a � nite volume
technique to solve the Navier–Stokes equations for incompressible
� uids and simulates particle transfer in suspensions:

½m

³
@u
@t

C u:ru

´
D ¡r p C ½g C r ¢

£
´mru C rut

¢¤
(4)

div v D 0 (5)

The symbol ½m is the density of the suspension and its viscosity
´m is modeled through the Krieger correlation (See Ref. 17):

´m D ´s.1 ¡ Á=Ám /¡1:82 (6)

In Eq. 6, ´s is the solvent viscosity,Ám D 0:68 the maximum par-
ticle concentration in the suspension, and Á the unknown concen-
tration, which satis� es the advection–diffusion equation proposed
by Phillips et al.,18

dÁ

dt
C v ¢ grad Á D a2 Kc div.Á2 grad P° C Á P° grad Á/

C a2 K´ div

µ
Á2 P°
´m

@´m

@Á
grad Á

¶
(7)

where P° is the rate of strain tensor,a is the particle diameter, and Kc

and K´ are empirical constants.Equation (7) is semi-empirical; it is
basedon that particlesmigrate from high shear rate to low shear rate
regions.Empirical constants Kc and K´ have been determined from
experimentalmeasurementsof the concentrationpro� les in Couette
and Poiseuille � ows (see Ref. 19).

The exploitation of those results suggests a mathematical model
basedon a periodicorganizationmade of three layers (Figs. 5 and 6);
layer 1, propellant overconcentrated in ammonium perchlorate
(AP); layer 2, propellant underconcentrated in AP; and layer 3,
mean composition.Each layer i has a thicknessei , a burning rate ri ,
and a density di and is supposed to be homogeneous. The burning
rate value for each layer is adjusted to obtain the best agreementbe-
tween numericaland experimental results.Our mathematicalmodel
is two dimensional in its present state. This is the reason why only
the two-dimensionalprocesses have been simulated in this study.

In the following,we present the experimental results obtained for
the three manufacturing processes and the comparison with numer-
ical results in the two cases presented in Figs. 5 and 6.

Fig. 6 Shape of � ow organization (rotating casting without mandrel).

Fig. 7 Firing tests results.

III. Presentation of Numerical
and Experimental Results

A. Experimental Results

The experimental results are of two types. The � rst one corre-
sponds to the global behavior of the motor and is represented by
the hump effect and the mean burning rate deduced from � ring tests
exploitation.The hump effect is the ratio between the experimental
and the theoretical pressure vs time evolutions. The second experi-
mental data set correspondsto a local behaviorand is deduced from
local measurements.

Figure 7 shows the evolution of pressure obtained during � ring
tests for each process. Those curves show that the behavior of the
grains is different, at � rst from a qualitative point of view (hump
effect) and then from a quantitative point of view (mean value of
burning rate : scale factor).

Table 1 gives the correspondingvalues of mean burning rate. The
mean burning rate value is deduced from the pressure evolution
using a classical mass balance method:

rb D wb ¢ p=I pt (8)
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Table 1 Mean values of burning rate

Parameter Process A Process B Process C

Mean burning rate, mm/s 7.55 7.28 7.48
Ratio with process B (experience) 1.037 1 1.0275
Ratio with process B (simulation) 1.032 1 ——

Fig. 8 Process A, hump effect (� ring test result).

Fig. 9 Process B, hump effect (� ring test result).

where rb is the mean burning rate value, wb is the web, p is the
average effective pressure, and Ipt is the integral over time interval
of combustion pressure.

In the following discussion, the burning rate values are not abso-
lute data but are given in comparison with a reference value.

The values obtained for the three processes can be compared be-
cause the local measurements to be presented show that the burning
rate exponent is process independent. The ratio between the burn-
ing rate obtained for processes A and C and the value measured for
process B is also computed. It appears that the grain manufactured
using a casting without mandrel (process B) has a lower burning
rate than the others of about 3%.

Figures 8 and 9 show the hump effect curves obtained for pro-
cessesA and B. On thosecurves,the hump effect is the ratio between
practical and theoretical pressure evolution. It is plotted vs percent
burned web. They are quite different, and the curve obtained for
process B is characteristicof grains cast without a mandrel.

Figures 10–13 show the pro� les of the radial burning rate along
the web for the three processes. For the three-points casting, the
pro� les under the casting point and in the knit line are given. Those
resultsareobtainedbyultrasonicmeasurements.Similar to thehump
effect, the pro� les are very dependent on the process. Overall, the
radial burning rate pro� le is directly related to the hump effect. In
Figs. 14 and 15, the longitudinal burning rate pro� les along the
height of the grain are presented for processes A and B. In both
cases, the pro� le is quite constant. Those results are discussed in
more detail in the next section.

Concerning more precisely the three points casting, we obtain
very different pro� les under the casting points and in the knit line.

Fig. 10 Process A, radial burning rate along the web (ultrasound
results).

Fig. 11 Process B, radial burning rate along the web (ultrasound
results).

Fig. 12 Process C, radial burning rate along the web under a casting
point (ultrasound results).

Fig. 13 Process C, radial burning rate along the web in the knit line
(ultrasound results).
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Fig. 14 Process A, longitudinal burning rate along the height (ultra-
sound results).

Fig. 15 Process B, longitudinal burning rate along the height (ultra-
sound results).

Furthermore, the mean value is 2.2% greater in the knit line. Those
results are in agreement with the observations on large SRMs and
particularlywith the after � ring measurementsof thermal protection
erosion. Indeed, in large SRMs manufactured using a three-points
casting, a stronger erosion of thermal protections of the case along
the knit lines is measured after � ring tests. This effect is also pre-
sented in Fig. 16. It presents the evolutionof the mean radial burning
rate obtained by strand burner along the circumference (see Fig. 3
for the cutaway drawing).

B. Comparison of Experimental Results with Numerical Simulation

For processes A and B, numerical results are superimposed on
experimental results in Figs. 10–11, 15–16, 17–18.

For processA (rotatingcastingwith mandrel),the globalbehavior
of the grain, shown by the hump effect in Fig. 8, is well predicted.
The local behavior is also well simulated. The curves plotted in
Figs. 10 and 14 show that our model is able to predict the shape
of the radial burning rate variation along the web and the longitu-
dinal burning rate variation along the length, as well as the ratio
between the radial and the longitudinal burning rates (about 2%).
The evolution of the longitudinalburning rate along the web is also
well predicted, as presented in Fig. 17. To summarize, in the case
of process A, our model is able to predict both global and local
behavior of the grain and, furthermore, the anisotropic behavior of
the propellant in accordance with processing.

The comparison, in the case of process B, is more dif� cult be-
cause, as is shown by the � lling simulation and by the local mea-
surements, the behavior of the grain is different from the bottom to
the top, and as stated earlier, during the simulation, the strati� cation
is supposed to be strictly periodical. Nevertheless, the comparison
of computed and measured hump effect curves in Fig. 9 shows that
the global behavior is well predicted except in the region where
e=eb D 0. In this area, the difference between the experimental and

Fig. 16 Process C, mean radial burningrate aroundthe circumference
(strand burner result).

Fig. 17 Process A, longitudinal burning rate along the web (strand
burner result).

Fig. 18 Process B, longitudinal burning rate along the web (strand
burner result).

the computed curves can be explained by that the ignition is sup-
posed to be instantaneous in the simulation. In any case, the differ-
ence is not very large, and what is most important is that the general
tendency between the two processes is quite well predicted. The
agreement is not so good concerning the radial burning rate along
the web (Fig. 11). This is partially because the measurement is ob-
tained using two samples. Between them, there is an area in which
no measurementis available.The problemis that the simulationpre-
dicts an increase of burning rate in this area, which is characteristic
of this process, that we are unable to measure. Of course, this data
gap would not exist if it was possible to use 70-mm-thick samples.
Unfortunately, our test facility only enables 30-mm-thick samples.
On the other hand, the comparison presented in Figs. 15 and 18 for
the longitudinal burning rate is satisfactory. Furthermore, the ratio
between the mean radial burning rate and the mean longitudinal
burning rate is also well predicted (about 5%).
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The comparisonof processes is also illustratedin Table 1 through
the mean burningrate ratio.The computedvalue (3.2%) is very close
to the measured value (3.5%).

The comparison between measurments and computations pre-
sented on the two-dimensional con� gurations are in quite good
agreement. The three-dimensional con� guration will be simulated
when the numericalmodel will have beenvalidated.The � rst results
we have obtained with this new model are promising,20 but a few
tests have to be performed.

IV. Conclusions
An experimental study has been performed on small-scale com-

posite propellant grains to quantify the impact of manufacturing
processes on ballistic performance. The global performance and
the local behavior have been analyzed by means of � ring tests and
local measurements. The important in� uence of the manufactur-
ing process on both global and local behavior has been clearly
demonstrated.

The experimental results have been compared to the simulation
results obtained using a new code developed at SNPE to compute
surface burnback in composite propellant. The input values neces-
sary for the simulation have been deduced from � lling simulation
and NMR visualization.The experimentaland numerical results are
in very good agreement.

Only the two-dimensionalprocesseshavebeensimulated.Indeed,
the three-dimensional version of our code is still in development.
The � rst results we have obtained are promising,20 but a few tests
have to be performed. When they are computed, the simulation of
the three-points casted grain will be performed.

Our objective is to compute the performance of large-scale mo-
tors manufacturedusingcomplex � llingprocessesto integratein the
simulation the effects usually integrated in hump effect and scale
factor.The problemof the classicalmethod is that it requiresprelim-
inary � ring tests results. This new method will enable us to predict
the performance of a SRM in the case of an anomalous � lling and
then help to decide if the segment may or may not be used. It will,
of course, also enable us to predict the performance of a new mo-
tor, before the � rst � ring test and taking into account the casting
process.
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