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The erosive burning of solid rocket propellant is an area of concern for high L/D rocket motors. Several
explanations for the different causes for this phenomenon exist along with the modelling practices to
predict the effects based on these causes. Universal nature of the erosive burning process was proposed
by Mukunda and Paul irrespective of size, shape and type of the propellant. In the present work, the
same model is applied for cylindrical port motors with high and moderate mass flux, as well as finocyl
grain motors. It is observed that for cylindrical port motors, computed pressures with the burning time

Keywords:
Erosive burning match very well experimental data. A modified form of the model (which becomes the original model
Finocyl grain for axisymmetric port) is used for finocyl geometries and a good prediction of pressures is observed. This

Solid rocket motor study confirms the universality of the Mukunda and Paul model in its modified form which addresses

non-axisymmetric port geometries also. The simplicity of the model makes it a useful tool for design and

analysis of solid rocket motors of any size and port geometry.

© 2015 Elsevier Masson SAS. All rights reserved.

1. Introduction

The augmentation of the normal burning rate of a solid pro-
pellant due to the presence of high velocity gases flowing parallel
to the burning surface is referred to as erosive burning. In ported
solid rocket motors, the flow velocity parallel to the burning sur-
faces is lowest near the head end, as the flow proceeds down-
stream the velocity goes on increasing due to mass addition from
the combustion of the propellant. This makes likelihood of ero-
sive burning to occur at the aft end of the propellant grain where
the core flow is greatest. The speed of the flow has a large im-
pact on the amount of erosive burning that might occur. As the
gas velocity increases, so does erosive burning. Hence, port geome-
tries that generate high speed gas flow at the aft end of the motor
also increase the possibility of erosive burning. The gas velocity is
mainly controlled by two parameters which are the length of the
port compared to its diameter (L/D ratio) and the area ratio of the
port compared to that of the throat (port/throat area ratio). The
total impulse deliverable by a solid rocket motor is directly pro-
portional to the amount of propellant in the motor, increasing the
overall length or decreasing the port diameter would result in in-
creased total impulse. But this would also increase the L/D of the
motor. The performance of a motor can also be improved by in-
creasing the chamber pressure. This can be achieved by decreasing
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the throat area for the same propellant composition, which in turn
increases port/throat area ratio. Both of these changes result in an
increase in core flow speed. In order to increase the propellant
loading and decrease the chances of erosive burning, many large
solid rocket motors are designed with ports that increase in size
towards the aft end. With the need for higher propellant loadings
in rocket motors, and consequent use of low port-to-length-ratio
channels and of narrow-slotted grains (finocyl), high specific mass
flow rates and velocities are observed at the aft end. There are
also rocket motor designs using nozzleless configuration in which
the flow velocity becomes sonic within the propellant grain. These
make the understanding and the prediction of erosive burning a
matter of important concern.

Several studies were carried out in the past to understand and
model the erosive burning phenomenon. In general, there is an
agreement that the augmentation of the burning rate due to the
flow velocities is caused by enhanced heat transfer to the pro-
pellant surface when compared with the case of nearly zero flow
velocities of the products of combustion over the burning surface.
Lenoir and Robillard [1]| provided the first comprehensive analy-
sis based on this mechanism assuming flat-plate type scaling of
the heat transfer. Other authors have considered compressibility
effects [2] and turbulence effects [3] in semi-empirical treatments.
More recently, time-accurate computational-fluid-dynamics simu-
lations [4,5] attribute heat-transfer enhancement to penetration
of turbulent eddies into the near-propellant region. Godon et al.
[6] studied the erosive burning of ammonium perchlorate inert
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binder propellants both experimentally and from modelling view-
point. A correlation law was obtained for shear stress. King [7]
has discussed general modelling practices and models suggested
by different researchers. These models utilise either and/or a com-
bination of the phenomena of heat transfer, flame bending, turbu-
lence interaction, chemically reacting boundary layer theory etc. to
predict the erosive burn rate. Mukunda and Paul [8] found out a
relatively simple nondimensional relationship between the ratio of
the actual to nonerosive burn rate that matched well with the ex-
periments. It was concluded that the correlation may be adopted
universally for most practical propellants. Mukunda et al. [9] have
further presented a correction in their original model to address
partly symmetric grain geometries. In the present work Mukunda
and Paul [8] model is applied for the prediction of erosive burning
in cylindrical motor geometries from Hasegawa et al. [10] experi-
mental cases, and its modified form [9] for finocyl grain motors.

2. Mukunda and Paul erosive burning model [8]

Extensive data and correlations on the erosive burning of solid
propellants are considered for the development of this model. The
erosive burning data of a range of propellants from double-base
to composite, varying energy levels, and different base burn rates
are analysed and these data show a universality in the relation-
ship between the erosive burning rate ratio and a nondimensional
mass flux and the Reynolds number, based on the nonerosive burn
rate and port diameter, with the underlying assumption that the
phenomenon is fluid dynamically controlled. An examination of
the data shows that such a hypothesis is indeed valid to within
the experimental accuracies in the measurement. The chemical ki-
netic factors, if any, have such a minor role that they do not make
any distinct contribution to the effects of erosive burning beyond
experimental noise. The data are curve-fitted into an expression
which can be used for most practical propellants to within £10%
accuracy.

The modified burn rate is given as,

Ferosive = (1 +0.023(g%® — g08)H (g — gm)) (1)

Here g is essentially the ratio of mass flux through the port
to the mass efflux from the surface modified for size effects as
(G/ppP)(ppido/pw)~%125, with G the mass flux through the port,
opt is the non-erosive mass efflux from the surface, gy is the
threshold value obtained from the plot of the data as 35 and # is
the Heaviside step function that is introduced to indicate a critical
flux below which there is no erosive burning. The dynamic viscos-
ity of the combustion gases is represented by w. The value of dy
is taken as diameter for cylindrical port motors, for non-cylindrical
geometries use of hydraulic diameter (4A/P) is suggested, P is the
perimeter of the grain port and A is cross sectional area. When
this relationship was used for grain shapes having finocyl geome-
tries [11], the pressure variation with time was overpredicted. To
address this anomaly, modification was proposed by Mukunda et
al. [9] after analysing the flow field in finocyl grain motors as dis-
cussed in the next section.

3. Modified Mukunda and Paul model [9]

The original Mukunda and Paul [8] model when applied to
axisymmetric port geometries gives satisfactory results. However
when applied to grains with partly symmetric geometries like
finocyl [11], it tends to predict higher pressures than experimen-
tally observed in the early part of burning. This issue was ad-
dressed by Mukunda et al. [9] by analysing the flow field inside
finocyl rocket motors using CFD techniques. It was observed that
the dimensionless wall shear remains nearly the same on different

Table 1
Geometrical properties of cylindrical motors.
Type A Type B Type C
Nozzle throat diameter (mm) 34 23 34
Initial port diameter (mm) 40 40 60
Grain length (mm) 1680 840 1260

axial locations of the slotted part of the motor. Also it is observed
that the wall shear is less in the recess region. The shear stress di-
rectly controls the heat transfer to the surface and hence the local
burn rate along the surface. This azimuthal variation of burn rate is
also observed experimentally by Dickinson et al. [12] using an arm
grain configuration. The CFD studies made it clear that the mo-
tor sizing parameter should address the equivalent average shear
stress. The use of hydraulic diameter ensures same pressure drops
in flows in tubes, however, to ensure same shear stress on the sur-
face the equivalent diameter is found to be P/m where P is the
perimeter of the grain port. With this modification it was shown
that the initial overprediction of pressure was no more observed
for finocyl grain motors.

4. Cylindrical motors

Experimental studies on cylindrical motors by Hasegawa et al.
[10] are considered for the validation of Mukunda and Paul [8]
universal erosive burning model. It is important to note that the
experimental investigations of Hasegawa et al. [10] are reported
in 2006 whereas Mukunda and Paul [8] original erosive burn-
ing model was proposed in 1997 and hence it is a good case
for validation of the model. The cylindrical motors studied by
Hasegawa et al. [10] were cast using a composite propellant with
the composition of 69% AP, 17% HTPB, and 14% aluminium. The
density of the propellant was 1700 kg/m?3, linear burning rate was
4.9 mm/s at 49 bar pressure and 20 °C temperature, pressure eXpo-
nent value was 0.3, the adiabatic flame temperature was reported
to be 3041 K at 50 bar with frozen flow, mean molecular mass
as 25.4 g/mol, and ratio of specific heats was 1.19. The viscosity
of the products of combustion using NASA CEA600 [13] comes out
to be 9.016 x 107> Pas. Three different motors namely type A, B,
and C with outer shell diameters of 80 mm were tested with this
propellant. The geometrical properties of these motors are given in
Table 1.

Hasegawa et al. [10] have used a simplified erosive burning law
suggested by Dickinson et al. [12] to predict the erosive burning
phenomena. The coefficients of this model are evaluated through
the experimental studies of Double Slab Motors (DSM). It was
found that the correlation was satisfactory for the similar mass
flux as used in DSM but for higher mass flux it required modifica-
tions.

The p-t curve of type ‘A’ motor evaluated using Mukunda and
Paul [8] erosive burning model is shown in Fig. 1(a). The experi-
mental curve is also shown for comparison. It can be seen that the
pressures in the initial burn time and location of pressure peak
show very good match with the experimental result. The origi-
nal model of Hasegawa et al. [10] shows lower values of pressures
throughout the burn time. This behaviour is attributed to higher
mass flux as compared with DSM motors. Modifications in the
model parameters are made and modified Hasegawa et al. [10]
model could capture the experimental p-t curve. While Hasegawa
model needed corrections for high mass flux and type of propel-
lant, fairly accurate pressures could be predicted using Mukunda
and Paul [8] model in its original form without requiring any mod-
ification to handle high mass flux.

Fig. 1(b) depicts the p-t curve for type ‘B’ motor. A good
match of pressures is found initially for type ‘B’ motor, while af-
ter around 2.0 s the predicted pressures show values higher than
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Fig. 1. The experimental p-t curves of (a) type ‘A’ motor, (b) type ‘B’ motor and (c) type ‘C’ motor with predictions using different erosive burning models.

that observed experimentally as well as predicted by Hasegawa
et al. The maximum difference in the pressures predicted using
Mukunda and Paul [8] model is around 18% when compared with
the experimental values and 12% higher than those predicted using
Hasegawa et al. [10] models. The change of throat diameter during
the firing may be an explanation for the higher pressures predicted
for type ‘B’ motor near the latter part of the burn time. Also it is to
be noted that although the mass flux through the throats of both
the type ‘A’ and type ‘B’ motors are nearly equal, the throat diam-
eter of type ‘B’ motor is around 32% smaller than that of type ‘A’
as can be seen in Table 1. This smaller perimeter may be a cause
for higher heat transfer loads and consequent throat erosion. The
internal ballistic program used for the predictions in the present
case does not consider the change in throat diameter due to ero-
sion or adhesion of Al/Al,03, while the prediction program used by
Hasegawa et al. [10] takes into consideration the change of throat
diameter as linear with time. However the exact throat diame-
ters changes considered are not discussed by Hasegawa et al. [10]
With this consideration of throat diameter change a good match
of predicted pressures from both original and modified Hasegawa
et al. [10] erosive burning models is found with the experimental
pressure. For the type ‘B’ motor with lower port mass flux values
both the original and modified Hasegawa et al. [10] models pre-
dict nearly the same p-t curve. Notwithstanding the differences
observed in the predicted and experimental p-t curves in the later
part of the burning, all the three models considered show a good
match in the beginning of burn time with the presence of erosive
burning effects.

The comparisons of predicted and experimental p-t curves for
type ‘C’ motor are shown in Fig. 1(c). Good match of the predicted
pressures are obtained for type ‘C’ motor with the experimental
results. The type ‘C’ motor has a lower burn time as well as lower
throat mass flux reducing the occurrence of significant and no-
ticeable throat erosion. This absence of throat erosion manifests
itself in a very good match of predicted and experimental pres-
sures from Mukunda and Paul [8] model. The predicted pressures
using Hasegawa et al. [8] models are on a slightly higher side by
around 5% when compared with experimental pressure history.

5. Motors with finocyl geometries

As discussed earlier the original Mukunda and Paul [8] ero-
sive burning model fails to predict the pressures satisfacto-
rily in non-axisymmetric port geometries. The modified form of
Mukunda-Paul [9] model is shown to predict the pressures in non-
axisymmetric geometries also. It is to be noted that the modified
model [9] degenerates to original model [8] for cylindrical port ge-
ometries. In the present study two motors with finocyl geometry
are considered for the validation purpose. Both these motors have
finocyl geometries with four fins. The salient features of these mo-
tors are shown in Table 2.

Table 2

Salient features of the motors considered for internal ballistic analysis.
Motor Motor-1 Motor-2
Grain length (m) 3.8 1.727
Grain diameter (m) 0.41 0.17
Throat diameter (mm) 116 40
Burn rate at 7 MPa (mm/s) 9.6 8.2
Pressure index 0.44 0.30
Maximum pressure (bar) 104 124
Parameters obtained using NASA CEA 600 [13]
Adiabatic flame temperature (K) 3386 2750
Molecular weight 19.2 24.8
Ratio of specific heats 1.266 119
Dynamic viscosity 4 (Pas) 8.85 x 107 9.34x 107

The pressures are normalised by the maximum pressures occur-
ring for the particular cases. These maximum pressures used for
the purpose of normalisation are also shown in Table 2. The vari-
ations of the normalised head end pressure with time are plotted
in Figs. 2 and 3.

The Motor-1 p-t curve is shown in Fig. 2. The predicted pres-
sure is initially around 3% higher than the experimental pres-
sure values but this difference goes on reducing with burn time.
A zoomed view of the p-t curve near the initial burn time is
shown at the inset of the same figure. It is observed that the pres-
sures predicted using original Mukunda-Paul [8] model are around
3% higher than those predicted using the modified version [9] of
the model. The modified version predicts the pressures nearer to
the experimental pressures. The p-t curve for Motor-2 is shown in
Fig. 3. A slightly lower (5%) value of the head end pressures are
observed initially from the predicted results when compared with
the experimental head end pressures. The time instant (~0.5 s) of
occurrence of pressure peaks for both the experimental and pre-
dicted results match well with each other. After the initial stage
(=1.0 s) the difference goes on decreasing and both the experi-
mental and predicted pressures match well till around 5 s of burn
time. Near the end of the burning the predicted pressure shows
a higher and slightly earlier pressure peak than that observed ex-
perimentally. This difference could be present due to the throat
erosion and associated decrease in chamber pressure. A zoomed
view of the p-t curve near the initial burn time is also shown in
the same figure. It is observed that during the first 0.4 s of burning,
the pressures predicted using original model [8] show overall less
difference with the experimental pressures. A closer examination
reveals that the predicted values form a shallow curve which does
not conform to the shape of the experimental curve, whereas the
modified Mukunda-Paul [9] erosive burning model despite predict-
ing a lower pressure (5% lesser than the original model) shows a
nearly parallel curve to the experimental pressure values. Since the
difference is small and the experimental data is having some error
band, no efforts are undertaken to resolve the difference further.
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Fig. 2. Experimental p-t curve for Motor-1 with old and new Mukunda-Paul erosive
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Fig. 3. Experimental p-t curve for Motor-2 with old and new Mukunda-Paul erosive
burning model.

It is observed that the modified Mukunda-Paul [9] model is
able of predicting the erosive burning in rocket motors with finocyl
grain geometry by employing a small modification in the represen-
tative diameter scaling. Although the azimuthal burn rate may not
be same in non-axisymmetric cross sections under erosive burning
conditions as observed by Dickinson et al. [12], the averaged effect
of the erosive burning is well captured by the modified Mukunda-
Paul [9] model.

6. Conclusions

The internal ballistics calculations of three cylindrical port solid
rocket motors are performed using Mukunda-Paul [8] universal
erosive burning law. A good match of the pressure history is found
in contrast to the Hasegawa et al. [10] model which needed to be
modified to accommodate higher mass flux case. Further applica-
tion of this model on finocyl grain motors has shown overpredic-
tion of pressures in the initial burn time which is corrected by
using modified Mukunda-Paul model [9]. This study confirms the

universality of the Mukunda-Paul [9] model in its modified form
which addresses non-axisymmetric port geometries also. Although
the exact variations of the burn rate in azimuthal direction are not
addressed, the average burn rate increase and its effect due to ero-
sive burning are satisfactorily captured. The simplicity of the model
makes it a useful tool for design and analysis of solid rocket mo-
tors of any size and port geometry.
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