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Erosive burning refers to the augmentation of propellant burning rate appears when the velocity of combustion gas flowing parallel to
the propellant surface is relatively high. Erosive burning can influence the total burning rate of propellant and performance of solid
rocket motors dramatically. There have been many different models to evaluate erosive burning rate for now. Yet, due to the
complication processes involving in propellant and solid rocket motor combustion, unknown constants often exist in these models.
To use these models, trial-and-error procedure must be implemented to determine the unknown constants firstly. This makes
many models difficult to estimate erosive burning before plenty of experiments. In this paper, a new erosive burning rate model is
proposed based on the assumption that the erosive burning rate is proportional to the heat flux at the propellant surface. With
entrance effect, roughness, and transpiration considered, convective heat transfer coefficient correlation proposed in recent years is
used to compute the heat flux. This allows the release of unknown constants, making the model universal and easy to implement.
The computational data of the model are compared with different experimental and computational data from different models.
Results show that good accuracy (10%) with experiments can be achieved by this model. It is concluded that the present model
could be used universally for erosive burning rate evaluation of propellant and performance prediction of solid rocket motor as well.

1. Introduction

The performance of solid rocket motor (SRM) can be
improved by raising the ratio of length to diameter. Yet, large
length to diameter ratio would lead to higher port velocity,
which in turn may cause substantial augment of the burning
rate of the propellant. This augment of the burning rate is
called erosive burning. When erosive burning occurs, the
performance of SRMs becomes difficult to predict. Many
mission failures are related to erosive burning. Thus, theory
models are needed to explain the mechanism of erosive
burning and predict the erosive burning rate of propellant.
For decades, many researches on erosive burning are imple-
mented. Some reviews are Ref. [1–5]. It is widely agreed that
the enhancement of heat transfer from core gas in the port to
the propellant surface is the reason why erosive burning
occurs. Yet, because of the complexity of physical and chem-

ical processes involved in the propellant combustion, the
mechanism of erosive burning has not been revealed thor-
oughly. For now, empirical models are the most popular
models in use.

The simplest series of models evaluating the erosive
burning rate might be the linear-correlation models. This
type of models has the following formation [5].

ε zð Þ =
1, when z < zth,

1 + kz z − zthð Þ, when z ≥ zth,

(
ð1Þ

where εðzÞ denotes the erosive burning ratio (the ratio
between total burning rate to normal burning rate). The
variable z denotes different variables in different models,
such as velocity of the core gas flow, Mach number, and mass
flux of the port. The variable zth is the threshold value of z, as
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the erosive burning occurs only when z exceeds a threshold
value. The constant kz is unknown and to be determine.
Generally, zth and kz vary according to the propellant and
the geometry of SRMs. They are often determined by trial-
and-error process, where computational data are compared
to the experimental data repeatedly to obtain the best combi-
nation of zth and kz values.

L-R model, a more precise and may be the most widely
used model, is proposed by Lenoir and Robillard [6]. In L-
R model, the total burning rate is composed of two indepen-
dent components. One is the normal burning rate depending
on pressure according to Saint Robert’s law. The other com-
ponent is the erosive burning rate depending on the gas flow
condition. The authors postulated that the erosive burning
rate is proportional to the heat transfer coefficient on the pro-
pellant surface and derived a correlation between erosive
burning rate and gas parameters.

Different modifications of L-R model were made by
researchers. King [7] accounts the effect of heat feedback rate
on the normal burning rate and proposed a model with
comparable accuracy with L-R correlation. Lawrence and
coauthors [8] used port diameter as the characterized length
in their model, rather than the length from the head in orig-
inal L-R model. Comparisons to the experimental data
showed that Lawrence’s model can lead to more accurate
results than original L-R model does. This makes it popular
in analyses of erosive burning, internal ballistic of SRMs,
and ignition process [9–12].

Despite the enormous number of models trying to
evaluate the erosive burning rate, there is an obstacle to
overcome. In the models of linear-correlation series and L-
R series (and many other models), there were often two or
more unknown constants. These constants are dependent
on propellant and geometry and sometimes other parame-
ters. Trial-and-error procedures are generally needed to
obtain the values of these constants. This makes it difficult
to predict erosive burning behavior of propellant before fir-
ing tests (that should have been one of objectives a model is
established for). In 1997, Mukunda and Paul [13] developed
a model for erosive burning. They modified their model [14]
for three-dimensional SRMs later, and the modified model
was supported by Javed’s computation [15]. Although M-P
model was claimed to be universal with two constants deter-
mined, these constants are actually obtained by comparing
with plenty of experimental data (another form of trial-
and-error procedure, indeed).

In present paper, the erosive burning rate is assumed to
be proportional to the heat flux, rather than the heat transfer
coefficient in L-R model [6]. By computing the convection
heat transfer coefficient using Gnielinski model [16] with
the entrance effect, the surface roughness, and the transpira-
tion from propellant surface considered, no unknown con-
stants is introduced in this model. This makes the model
easy to apply, universal, and having the potential to predict
propellant erosive burning behavior and performance of
SRMs before any firing tests. Comparison of computational
results of this model show good agreement (10%) with exper-
imental data and results from other models.

2. Model

As in Ref. [6], the total burning rate is postulated as the sum
of normal burning rate and erosive burning rate in this paper.

r = r0 + re: ð2Þ

Using Saint Robert’s law, the normal burning rate can be
expressed as

r0 = aPn: ð3Þ

The erosive burning rate is assumed to be proportional to
the heat flux at the burning surface.

re = kQ, ð4Þ

where k is proportionality coefficient, and Q is the heat flux.
When the propellant is burning, the heat flux from gas to
propellant surface results in the erosive burning rate. The
energy balance at the propellant surface can be expressed as

Q = reρpCps Ts − Tið Þ: ð5Þ

In the right-hand term of Equation (5), the heat release
from the reaction on surface is ignored as in Ref. [17, 18].
The same equation was also used in L-R model [6]. Combin-
ing Equation (4) and Equation (5), we get the expression of k,

k =
1

ρpCps Ts − Tið Þ : ð6Þ

Now, the total burning rate can be written as

r = apn +
T∞ − Tsð Þ

ρpCps Ts − Tið Þ h, ð7Þ

where the correlation Q = hðT∞ − TsÞ is used.
2.1. Heat Transfer Coefficient with No Transpiration. As
shown in Equation (7), the heat transfer coefficient at the pro-
pellant is needed for erosive burning rate computation. Ero-
sive burning only occurs when the gas velocity is relatively
high. In such situation, the convection takes the dominant role
at the surface heat transfer. So, radiative and conductive heat
transfer is neglected in this paper. Gnielinski [16] proposed
an empirical correlation for convection. This correlation has
good accuracy for both laminar flow and turbulent flow. Dur-
ing the burning process, the propellant surface temperature
generally holds at a constant value. Thus, the boundary can
be seen as a universal wall temperature condition (UWT).
Under this condition, when the flow is laminar ðRe < 2300Þ,
Nusselt number can be computed by the following equation.

Nulam = Nu31 + 0:73 + Nu2 − 0:7½ �3 +Nu33
� �1/3, ð8Þ

where Nu1 = 3:66, Nu2 = 1:615ðRePrD/LÞ1/3, and Nu3 =
ð2/ð1 + 22 PrÞÞ1/6ðRePrD/LÞ1/2.
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When the flow is turbulent ðRe > 4000Þ, Gnielinski [16]
suggests

Nuturb =
f /8ð Þ Re − 1000ð Þ Pr

1 + 12:7
ffiffiffiffiffiffiffi
f /8

p
Pr2/3 − 1
� � 1 +

D
L

� �2/3
" #

K: ð9Þ

In Equation (9), entrance effect is considered. For gas, the
property modification term can be written as K = ðT∞/TsÞκ,
where κ = 0:45 for air. Darcy friction factor f is computed
with roughness considered (see Section 2.2).

When the flow is in transition state ð2300 ≤ Re ≤ 4000Þ,
linear interpolation of Equation (8) and Equation (9) should
be used, as

Nu = 1 − γð ÞNulam,2300 + γNuturb,4000, ð10Þ

where the coefficient γ = ðRe − 2300Þ/ð4000 − 2300Þ.
Now that Nu is obtained, the heat transfer coefficient

with no transpiration can be easily computed from

Nu =
h0D
λ

: ð11Þ

2.2. Darcy Friction Fraction with Effect of Roughness. Rough-
ness of propellant surface has substantial effect on heat flux
by influencing the value of Darcy friction fraction. For
smooth tube, Prandtl correlation can be used to compute
Darcy friction factor.

1ffiffiffi
f

p = 2 log
Re

ffiffiffi
f

p
2:51

 !
: ð12Þ

Colebrook [19] proposed an explicit form with good
accuracy (less than 1%).

1ffiffiffi
f

p = 1:8 log
Re
6:9

� �
: ð13Þ

For rough tube, VonKarman correlation has good accuracy.

1ffiffiffi
f

p = 2 log
3:7D
ε

� �
: ð14Þ

Haaland [20] combined Equation (13) and Equation (14)
and proposed the following correlation for Darcy friction factor.

1ffiffiffi
f

p = −0:6 log
6:9
Re

� �3
+

ε

3:7D

	 
10/3 !
: ð15Þ

This correlation is validated for smooth tube, as well as
rough tube.

2.3. Effect of Transpiration. When the propellant burns, the
transpiration flow will decrease the heat transfer from core
gas flow to the propellant surface. The relationship between
the heat transfer coefficients with and without transpiration
can be expressed as [18, 21].

Table 1: Propellant parameters.

Propellant Composition ρp (kg/m
2) T f (K)

4525 [24] 73AP 20μmð Þ + 27HTPB 1500 1667

5051 [24] 73AP 200μmð Þ + 27HTPB 1500 1667

4869 [24] 72AP 5μmð Þ + 26HTPB + 2Fe2O3 1500 1667

5542 T [24] 77AP 20μmð Þ + 23HTPB 1550 2065

5565 T [24] 68:35AP 200μmð Þ + 13:65AP 90μmð Þ + 18HTPB 1650 2575

5555 T [24] 41AP 200μmð Þ + 41AP 90μmð Þ + 18HTPB 1650 2575

Propellant A [26] 65AP 20 − 30μmð Þ + 35 polyester 1620 1690

Propellant C [26] 75AP 20 − 30 μmð Þ + 25 polysulfide 1700 2550

Propellant 1 [27] 69AP + 17HTPB + 14Al 1700 3041
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Figure 1: Propellant 4525.
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h
h0

=
βth

exp βthð Þ − 1
, ð16Þ

with βth = ρvgCp/h0. The variable h0 is heat transfer coeffi-
cient with no transpiration and computed using Equation
(9), Equation (11), and Equation (15). The variable vg is the
velocity of gas generated at propellant surface. Since the
burning rate r is neglectable comparing with vg, the equation
ρvg = ρpr and βth = ρprCp/h0 stands.

Now that heat transfer coefficient h has been computed,
Equation (7) can be resolved for total burning rate.

3. Validation of the Model

In this section, the total burning rate of propellant specimens
at different erosive conditions and pressure history of SRMs
with large length-to-diameter ratio are computed using the
erosive burning rate model described in Section 2. During
the computation, some transport properties of the combustion
gas such as viscosity and Prandtl number are needed for
erosive burning computation. To obtain these parameters,
software package Chemical Equilibrium with Applications
(CEA) [22] is used. The results are compared with experimen-
tal data and numerical data from different researches.

3.1. Data of King. King [23–25] conducted a series of
experiments on different composite propellants. In these
experiments, effects of different factors, such as AP particle
size, oxidizer-fuel ratio, combustion gas temperature, and
catalyst, were studied by experiments on different propel-
lants. Properties of six different propellants of King’s paper
are listed in Table 1. The total burning rate of these six differ-
ent propellants of King’s paper is computed under different
pressure and gas velocity conditions.

From the results shown in Figures 1–6, we can see that the
computational data are in good agreement with King’s exper-
imental data. As revealed by King’s papers (and many other
researches, see Ref. [1–5]), propellants with comparable
normal burning rate will have similar erosive burning charac-
teristics. When a propellant has higher normal burning rate,
no matter by decreasing AP particle diameter (comparison
between propellant 4525 and 5051), using catalyst (propellant
4869), or changing the oxidizer-fuel ratio (propellant 5542),
the erosive burning becomes less substantial. Comparison of
results from propellant 4525 and 5051 shows that as the AP
particle diameter increases (from 20μm of 4525 to 200μm
of 5051), the normal burning rate decreases, and the erosive
burning ratio increases. At 6MPa, the normal burning rate
of 4525 is 0.83 cm/s, and that of 5051 is 0.51 cm/s. At the same
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Figure 2: Propellant 5051.
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pressure 6MPa and gas velocity 183m/s, the values of erosive
burning ratio of 4525 and 5051 are 1.49 and 1.78, respectively.
In propellant 4869, small amount of catalyst Fe2O3 is used,
leading to an increment of normal burning rate, while
oxidizer-fuel ratio and temperature remains almost the same
as 4525. Results of Figures 1 and 3 show that at pressure
6MPa and gas velocity 244m/s, erosive burning ratios for
4525 and 4869 are 1.72 and 1.19, respectively. This indicates
that with the normal burning rate increasing because of the
catalyst, the erosive burning ratio decreases. Propellant
5542T has the same AP particle diameter with 4525 and larger
oxidizer-fuel ratio. This leads to higher flame temperature and
higher normal burning rate (normal burning rate of 5542T is
1.23 cm/s at 6MPa). The burning rate results of Figures 1
and 4 show that at 6MPa and gas velocity 244m/s, the erosive

burning ratio of 5542T is 1.15, comparing with 1.72 of propel-
lant 4525. The fact indicates that with oxidizer-fuel ratio
changes, normal burning rate and flame temperature would
be affected, and again, the erosive burning ratio decreases with
increasing normal burning rate. On the other hand, when
normal burning rates of different propellants get close, the
propellants would have comparable erosive burning behavior.
Propellant 5565T differs from 4525 in oxidizer-fuel ratio. Yet,
by adjusting the particle size, 5565T has similar normal
burning rate as 4525. As shown in Figure 5, at 6MPa and
gas velocity 244m/s, the erosive burning ratio of 5565T is
1.51, not far from the value of 1.72 of 4525. The only difference
between formulations 5555T and 5565T is the AP particle
diameter distribution. With more small particles, 5555T has
higher normal burning rate than 5565T. Again, results in
Figures 5 and 6 show that the erosive burning ratio of 5555T
is smaller than 5565T. In fact, erosive burning is negligibly
small even when gas velocity achieves 305m/s.

Another conclusion from King is that the temperature of
core gas has very little effect on erosive burning. This was also
mentioned by Marklund and Lake [26]. King, as well as
Marklund and Lake, claimed that this phenomenon can
prove that L-R model’s flaw. The constant α in L-R model
depends strongly on core gas temperature, and this would
lead to obvious burning rate increment when core gas
temperature increases, which is against to the experimental
data. Yet, as Landsbaum [3] indicated, these researchers did
not consider the reduction effect of temperature increment
on mass flux. When core gas temperature increases, the mass
flux decreases. According to L-R model, lower mass flux
would lead to lower erosive burning rate directly. As different
factors would be affected by core gas temperature, it is a little
difficult to determine the total effect of core gas temperature
on burning rate precisely. Figure 7 depicts the computational
data of erosive burning ratio of propellant 4525 at different
core gas temperatures. When the velocity is not very high,
the core gas temperature causes neglectable effect to erosive
burning. At velocity 455m/s and pressure 10MPa, the
erosive burning ratio at higher core gas temperature is
2.959, comparing with 2.832 at lower core gas temperature.
This is consistent with experimental data from different
researches [24, 26]. As the velocity gets higher, the effect of
the core gas temperature gets more significant, following
same trend as King’s model [24].

All the above results show that the model proposed in
present paper can provide a good agreement with experi-
ments. The regularity of erosive burning can be correctly
revealed by the model.

3.2. Data of Marklund and Lake. Marklund and Lake [26]
implemented experiments on different propellants, two of
which, propellant A and propellant C, are computed in this
paper. The parameters of these two propellants are listed in
Table 1. Computational results of total burning rate at differ-
ent pressure and flow velocity are shown in Figures 8 and 9,
along with the experimental data from Ref [26]. It can be seen
that the computational data are in good agreement with
experimental data. Since they have different oxidizer-fuel
ratios, the flame temperature and normal burning rate are
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different for these two propellants. At 10MPa, the normal burn-
ing rate of propellant A is 0.47cm/s and that of propellant C is
0.85cm/s. From the results of Figures 8 and 9, we can see that at
10MPa and gas velocity 103m/s, the total burning rate of pro-
pellant A is 0.95 cm/s, leading to an erosive burning ratio 2.02.
At the same pressure 10MPa and a little higher gas velocity
113m/s, the total burning rate of propellant C is 1.09cm/s, mak-
ing the erosive burning ratio 1.28, much lower than that of pro-
pellant A. This again shows that the propellant with lower
normal burning rate is likely to have larger erosive burning ratio.

3.3. Data of Hasegawa. Experiments on different SRMs with
cylindrical grain were implemented by Hasegawa [27]. In
these experiments, X-ray was used to obtain the regression

of propellant and burning rate at different positions. The
head-end pressure was recorded for each SRM. Parameters of
the propellant (propellant 1 in Ref [27]) are shown in Table 1.
The geometric parameters of SRMs are listed in Table 2.
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Table 2: Main parameters of cylindrical motors.

Motor A Motor B Motor C

Nozzle throat diameter (mm) 34 23 34

Initial port diameter (mm) 40 40 60

Outer diameter of grain (mm) 80 80 80

Length of grain (mm) 1680 840 1260
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In this paper, a one-dimensional (1D) transient compu-
tational fluid dynamic (CFD) program is developed and used
to compute the internal ballistic of the SRMs. SIMPLE
scheme [28, 29] is used to solve the 1D Navier-Stokes equa-
tions. The total burning rate of propellant was computed
using the model described in Section 2. Computational
results of pressure history at head-end of three SRMs are
shown in Figures 10–12, along with the experimental and
computational data from Hasegawa [27] and computational
data from Javed [15]. It is worth noting that the computa-
tional results from Javed using M-P model and from
Hasegawa start with a relatively high pressure. This indicates
that they ignored the ignition process of the SRM and might
use quasitransient scheme, not transient scheme as this
paper. Besides, for Hasegawa model, a complex trial-and-
error procedure to determine constants in the model has
been implemented before the computation of SRMs.

Figure 10 depicts the pressure history curves of motor A
of Ref [27]. Since the ignition process was ignored, the pres-
sure peak at the beginning was missing in both Javed’s results
and Hasegawa’s results. The computational results of this
paper meet well with the experimental data in this stage.
After ignition, a dramatic pressure drop occurs, where better
results are obtained using M-P model and Hasegawa model.
As time goes, M-P model seems has a trend to overpredict
the total burning rate. Hasegawa model give the best results
out of the three models. The precision of the model in this
paper seems to be between the others until the moment just
before tailing stage of the whole experiment. With ignition
process excluded, the maximum difference between results
of Javed and the experimental data is about 10%. The value
from both of other two models is 3%.

Results of motor B of Ref [27] are shown in Figure 11. For
this motor, all the three models have a deviation about 9%
from experiment when the pressure drop occurs after the
ignition. After that, computation of this paper gives the best
results. The maximum deviation of Javed’s results is about
20%, occurring just before the tail begins, and that of
Hasegawa’s computation is about 5% at the same time. For
the results of this paper, the maximum deviation 3.6% after
the pressure drop appears in the middle of the experiment.

All of the three models give good results for motor C of Ref
[27]. The model of this paper shows the best results. M-Pmodel
overpredicted the burning rate again, and this time, the overpre-
diction appears at the beginning of the experiment, while results
from the other models are close to experimental data and to
each other. Reason for this might be the relatively lowmass flux
of this motor and low erosive burning accordingly, whichmakes
the prediction of erosive burning a little easier. For this motor,
the maximum deviations for M-P model, Hasegawa model,
and themodel of this paper are 9%, 2.3%, and 1.4%, respectively.

From the comparisons with experimental data and
results of different models, it can be seen that the model in
this paper can provide good prediction for internal ballistics
of SRMs. Considering the fact that the model is universal like
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M-P model, not need to be adjusted by trial-and-error
procedure like Hasegawa model and many other models, it
is a promising model, indeed.

4. Conclusion

A new erosive burning rate model is proposed based on the
assumption that the erosive burning rate is proportional to the
heat flux on the propellant surface. The heat flux is computed
using convective heat transfer correlation developed in recent
years. Unlike many other models (such as models with linear
form and models of L-R series), there are no unknown con-
stants existing in the model, which makes the model universal
and easy to implement. Using the model, it is possible to predict
propellant burning rate and performance of SRMs before exper-
iments. Comparison with experimental data and other models
are implemented for propellant specimens and for real SRMs
under different conditions. The computational results are in
good agreement with experimental data. Results of propellant
specimens also show that erosive burning regularities well
accepted by researchers can be revealed correctly by this model.
Results of motors indicate that the model can predict the
pressure history with high accuracy, with deviation within 10%.

Nomenclature

a: Coefficient in Saint Robert’s law
Cp: Specific heat of gas
Cps: Specific heat of propellant
D: Diameter of the port
f : Darcy friction factor
k: Proportionality coefficient in the model of this paper
kz : Proportionality coefficient in linear erosive burning

model
h: Heat transfer coefficient
h0: Heat transfer coefficient with no transpiration
k: Proportionality coefficient
L: Length of the port
n: Exponent in Saint Robert’s law
Nu: Nusselt number
P: Pressure
Pr: Prandtl number
Q: Heat flux at propellant surface
r: Total burning rate
r0: Normal burning rate (burning rate with no erosive

burning)
re: Erosive burning rate
Re: Reynolds number
T : Temperature
z: Independent variable in linear erosive burning model
ε: Erosive burning ratio; roughness of the surface
λ: Thermal conductivity
v: Velocity
ρ: Density of gas phase
ρp: Density of propellant.

Subscripts

0: Normal state

∞: Core gas flow
e: Erosive burning
g: Gas phase
i: Initial state
lam: Laminar
s: Interface between propellant and combustion gas
turb: Turbulent.

Data Availability

All data, models, or code generated or used during the study
are available from the corresponding author by request.
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