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Abstract
Determination of the grain geometry is an important step in the design of solid propellant rocket motors. The performance prediction of the solid
rocket motor can be achieved easily if the burnback steps of the grain are known. In this study, grain burnback analysis for 3-D grain geometries
was investigated. The method used was solid modeling of the propellant grain for predefined intervals of burnback. In this method, the initial grain
geometry was modeled parametrically using CAD software. For every burn step, the parameters were adapted and the new grain geometry was
modeled. By analyzing these geometries, burn area change of the grain geometry was obtained. Using this data and internal ballistic parameters,
the performance of the solid propellant rocket motor in terms of motor pressure was achieved. The comparison between the results from this study
and the results from the actual rocket motor tests shows that the procedure that was developed can be successfully used for the preliminary design
of a solid propellant rocket motor.
© 2008 Elsevier Masson SAS. All rights reserved.
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1. Introduction
In many military and civilian applications, solid propellant
rocket motors with different types of thrust-time profiles are
required according to the characteristics of the mission. If the
propellant (and therefore its properties) is fixed, the main parameter affecting the thrust-time profile is the grain geometry.
The change in the grain geometry during operation of the rocket
motor causes the burn area to change, therefore the thrust of the
motor changes.
Grain burnback analysis is the determination of the change
in the grain geometry during the operation of the rocket motor.
The grain geometry and hence the burn area changes due to the
regression of the propellant surface during burning. The pressure of the rocket motor can be calculated if the burning area
is known. From the burnback analysis, very useful data can be
obtained such as:
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• the mass of the propellant remaining and the instantaneous
mass of the rocket motor,
• the sliver fraction,
• the place and amount of expected thermal loading,
• the grain deformation or fracture, either from stress or geometric reasons,
• the port area for every burn step, therefore the erosive burning characteristic.
This data is very helpful when designing a rocket motor, not
only performance wise but also stability and functionality wise.
The obtained data from the burnback analysis is an input to the
performance prediction analysis.
Grain burnback analysis is usually done by using numerical methods [6]. In these methods, grain surface regression is
computed by using numerical algorithms. These methods do
not need to divide the grain geometry into simple solids. The
complex geometry can be modeled as one piece and burnback
analysis is performed. In numerical methods there are mainly
two different approaches for the tracking the interface between
the gas and the solid phases. The first one is the interface cap-
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turing approach, which divides the whole domain (gas + solid)
into finite element fixed mesh and solves for the two medium
at the same time (Eulerian view). The second approach is the
interface tracking, which divides only one medium into mesh
elements and as the interface moves, the mesh follows it dynamically (Lagrangian view). By doing so the interface is tracked
and determined by the boundaries of the mesh. In numerical
methods, the accuracy of the grain burnback analysis depends
on the resolution of the mesh.
Another method for burnback analysis is using analytical
methods. In these methods, usually the dimensional parameters
are adapted for every burn step. The most popular code using
analytical methods is SPP [2,3]. This code and most other analytical methods divide the grain geometry into multiple simple
geometries like cube, sphere, torus or pyramid. By this way, the
dimensional parameters are easier to modify during analysis.
It is difficult for outside organizations to gain detailed information regarding the advanced numerical models which have
been developed by the rocket manufacturers in the world due to
their proprietary nature. The literature is quite empty regarding
the burnback analysis. The main objective of this study is to develop a simple to use, very fast, and yet very effective tool to
conduct burnback analysis of 3-D grain geometries.
2. Burnback analysis using solid modeling
The burnback methodology used in this study is solid modeling of the propellant grain. In general, the solid propellant grain
at the beginning of the operation is modeled parametrically. The
parameters that change during the burnback process are decided
and for every burn step they are modified accordingly. This parameterization can be done either to the whole grain geometry
or the geometry can be divided into simpler geometries before
the parameterization process.
In this study two solid modeling programs were used to
perform burnback analysis. The first one is the AutoCAD Mechanical Desktop software from Autodesk Inc., and the second
one is the Unigraphics NX software from EDS.
2.1. Burnback analysis using AutoCAD mechanical desktop
software
AutoCAD Mechanical Desktop (AMD) is a 3-D solid modeling software based on the AutoCAD software of Autodesk
Inc., which is a computer aided drawing software usually used
for 2-D drawings. The AutoCAD software is not a parametric software, i.e., the drawings cannot be modified by changing
simple parameters. Although AMD is more capable of parameterization of the model than AutoCAD, it is not a fully parametric software either. For fully parameterization of AutoCAD
drawings, a computer language, LISP is used. With the help of
the LISP language, AutoCAD commands can be controlled externally.
In the case of burnback analysis of 2-D geometries, AutoCAD with the help of LISP language was used. A LISP code
was written to draw the initial grain cross sectional geometry.
Inside the code, the dimensions that are to be changed were

assigned to some variables. Then the part that performs the
drawing was placed inside a loop. The loop runs for necessary
times, then stops. Inside the loop, the newly formed grain geometry was drawn, and then the necessary data was extracted
from the drawn geometry. The data extracted can be the area or
perimeter of the grain geometry.
In the case of 3-D grain geometries, instead of AutoCAD,
AMD was used. The same methodology was applied to 3-D geometries as in the case of 2-D geometries. The commands used
to draw the initial geometry were inserted into a LISP code.
Then, by changing the parameters inside the code, the geometry
was updated. In the case of 3-D geometries the data to be extracted is the volume of the grain. The burn area can be simply
obtained by dividing the volume change between two consecutive burn steps by the burn thickness. The burn area obtained is
of course the average burn area between two consecutive burn
steps.
The burnback of the grain geometry can be performed in
two ways, either the mandrel (the empty space inside the grain)
of the given geometry is modeled or the solid propellant grain
itself. The two methods are alike each other. For the ease of
the process, the mandrel was modeled in this study. Therefore
the volume increase of the void space inside the grain geometry
was obtained. Since the volume increase of the void space is
equal to the volume decrease of the grain, the data obtained can
be used to calculate the burn area. From the burn area change
data, pressure time data was obtained.
For purposes other than the burn area change, the grain volume change can be obtained easily by subtracting the void
volume from the motor case inner volume for every burn step.
Therefore, the mass moment of inertia or mass change of the
rocket motor at any burn step can be calculated.
The main disadvantage of AMD software is the compatibility problems with the LISP language. Although the LISP
language is an integrated language of the AutoCAD software,
there are some problems with the 3-D commands of AMD. The
LISP language is incapable of controlling some AMD commands. This incompatibility restricts some complex geometry
to be analyzed by using AMD software. Also, the analysis made
by AMD software neglects the rounding of the sharp corners in
the axial direction. This rounding effect in axial direction occurs on finocyl geometry, at the inner end of the fins. This brings
some error to the analysis. The amount of error brought to analysis was examined by comparing the results of AMD analysis
with the UG analysis, where the rounding effect was taken into
account.
2.2. Burnback analysis using unigraphics NX software
The Unigraphics NX software is a fully parametric computer aided design software. Being fully parametric, Unigraphics does not require an external code to perform burnback analysis. The grain geometry is modeled parametrically for one
time. Then, by changing the parameters, burnback of the initial
geometry is obtained. The “part family” command of Unigraphics software is used for the burnback analysis. This command
builds a Microsoft Excel based spreadsheet, which includes a
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Fig. 1. Solid model of initial propellant grain and propellant grain after several burn steps.

column for every parameter chosen. Every row of the spreadsheet is for a new solid model, which is a member of the family.
The parameters that are to be changed during burnback of the
geometry are modified for every solid model. Then Unigraphics creates all the models automatically. Using a simple macro
written in Unigraphics, the volume and the port area are obtained from the solid models at every burn step. In order to
obtain the rounding effect on sharp corners during the burnback, the sharp corners are pre-rounded with very small radius
fillets. For the finocyl geometry, a parent solid model has been
prepared. This parent model is modified initially for any finocyl
geometry. After the necessary modifications on the parameters,
the solid models of the propellant grain after every fixed burn
step are modeled (Fig. 1).
For simplification of the parent grain geometry, only half of
a slot is modeled for the burnback analysis. This means that for
a 6 slotted star geometry, only 1/12th of the grain is modeled.
2.3. Calculation of the rocket motor pressure from the
burnback data
Fig. 2. Parameters of finocyl geometry.

The performance of the rocket motor in terms of chamber
pressure can be calculated by performing a zero-dimensional,
steady state analysis:


aρp Ab c∗ 1/(1−n)
(1)
Pc =
Ath
In this equation, Pc is the pressure in the rocket motor, Ab
the burning area, ρp the density of the propellant, c∗ the characteristic velocity, and Ath the nozzle throat area. The empirical
constants a and n come from the propellant burning rate law in
a non-erosive rocket motor, i.e., ṙb = aPcn .
With the help of the above equation, the chamber pressure
for every burn step (x) can be calculated. The time required
for that burn step can be calculated easily by dividing the burn
step to the burning rate of the propellant.
x
(2)
t =
ṙb
The burn area versus web burned data is the main output
of the burnback analysis in this study. The burn area versus

time and the pressure versus time data are then obtained using Eqs. (1) and (2). The pressure versus time data is especially
needed for the verification of the methodology with the rocket
motor test results. Note that our analysis ignores pressure drop
down the port.
3. Results and discussions
In this study, 3-D finocyl grain geometry is chosen since it is
widely used in applications where boost and sustain type thrust
profiles are required. The main parameters of the finocyl geometry are given in Fig. 2. During this study 25 different finocyl
geometries were analyzed by using both AMD and Unigraphics software. The main parameters that were changed are finned
part length (LS), circular port radius (R1), half width of the
fin (R2), fin length (L2), and the number of fins (N). The outer
diameter of 66.7 mm and length of the whole grain of 150 mm
were kept constant.
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Table 1
Analyzed geometries
Case N
#

R1
R2
L2
LS
Case N
(mm) (mm) (mm) (mm) #

R1
R2
L2
LS
(mm) (mm) (mm) (mm)

1
2
3
4
5
6
7
8
9
10
11
12
13

15
15
15
15
15
15
15
15
15
15
15
15
15

15
15
15
12
13
13
15
15
15
15
12
15

4
4
4
6
8
10
12
4
8
12
8
8
8

5
2
3.5
2
2
2
2
1
1
1
1
1
2

20
20
20
20
20
20
20
20
20
20
25
30
25

30
30
30
30
30
30
30
30
30
30
30
30
30

14
15
16
17
18
19
20
21
22
23
24
25

8
8
4
8
4
8
4
8
8
8
8
12

2
5
2
2
2
2
3
3
3
3
3
1

30
25
30
27
27
20
25
25
20
25
25
30

30
30
30
30
30
75
120
75
75
50
50
30

Fig. 3. Sensitivity of calculated motor pressure on the burn step (x).

The nozzle of the rocket motor used for the analysis had a
throat diameter of 11 mm and exit diameter of 39 mm. The
propellant used for the analysis was a composite propellant
composed of ammonium percloride, HTPB, and aluminum. The
propellant has “a” value of 7.25E-5 and “n” value of 0.32. Also
the calculated theoretical c∗ value of the product gas, using
NASA-Lewis program [4], is 1600 m/s. The parameters of the
analyzed geometries are given in Table 1.
For the burnback analysis of finocyl geometries, the optimum burnback distance (x) is selected by conducting a sensitivity analysis. The burnback analysis is done with several
burnback distances and the results are compared in Fig. 3. The
burnback analysis is completed in about 20 steps using a burnback distance of 1 mm, which is about 5% of the web thickness
for the analyzed finocyl geometries. Analyzing 20 steps lasts
about 1/2 hour, including the model generation, analysis of
burn steps, and plotting the obtained data. When the burn step
number increases, the required time increases significantly. For
qualitative comparison of the 25 different finocyl geometries,
burnback distance of 1 mm is used which gives acceptable accuracy with acceptable analysis time. For detailed analysis of
the selected final geometries, 0.2 mm burnback distance (1% of
the web thickness) is used to obtain more accurate results.
Fig. 4 shows the typical results of the burnback analysis conducted in this study; burn area versus web burned, burn area

Fig. 4. Pressure and burn area change of case #23.

versus time, and pressure versus time predictions for Case #23
in Table 1. As seen from the burn area versus web burned graph,
the two methods used for the burnback analysis of finocyl
geometries give very similar results. The small difference between two methods is the rounding effect of axial sharp edges.
The analysis using AMD software neglects this rounding effect
whereas UG analysis includes such effect.
After the qualitative comparisons of the burnback analysis of
cases given in Table 1, five of the finocyl grain geometries were
chosen for ballistic rocket motor tests [5]. The chosen geometries were #1, #17, #18, #21 and #24. The pressure data taken
from these rocket motor tests were compared with the analysis
result from both Unigraphics and AutoCAD software in Figs. 5
to 8. The simulations were done for inhibited aft and head end
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Fig. 5. Comparison of simulation and test data from [5] for Case #01.
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Fig. 8. Comparison of simulation and test data from [5] for Case #24.

Fig. 6. Comparison of simulation and test data from [5] for Case #17.

Fig. 9. Pressure variation along motor axis.

Fig. 7. Comparison of simulation and test data from [5] for Case #21.

sides of the propellant. For Case #18, pressure data could not be
taken during the two tests because of transducer and data acquisition system failure; therefore no comparison could be made.
Analyzing Figs. 5 to 8, it is observed that the pressure data
taken from the tests do not match with the predictions. The
possible reason for such behavior could be erosive burning
or experimental errors. In order to check the erosive burning
characteristic of test cases, the flow inside the motor case was
analyzed. The first step of the analysis was to obtain the free
volume solid model of the motor, at the time of ignition. Since
the erosive burning characteristics decay as the propellant burn,
the initial geometry was checked only. Using a commercial

CFD software, Fluent, the flow along the cavity was solved.
In Figs. 9 and 10, pressure and Mach number variation along
the grain cavity is given. The analysis results showed that the
Mach numbers were very small inside the grain cavity and the
pressure and velocity inside the grain cavity did not change
significantly. Therefore erosive burning was not significant for
these test cases [1].
The second possible reason was experimental uncertainties.
One of the most common uncertainties that are seen in rocket
motor tests is insufficient inhibition of the aft and head end
sides of the propellant. The inhibited surface starts to burn if the
flame finds an even small opening to pass through. To analyze
the surface inhibition uncertainties, the burnback analysis of the
test cases were done again. This time the grain was modeled to
burn from the inhibited sides as well. This way all the exposed
surfaces of the propellant were assumed to burn. The analysis
involving end burn was done using AMD software only, since
the results of both software were very similar. The results of
burnback analysis are given in Figs. 11 to 14.
As seen from the comparisons of the test data and burnback
analysis data with end burn, the general trends of the graphs are
very similar. As explained in [5], the inhibition of the ends was
done by applying liner material on the surfaces after the lathing
operation by using a brush. The performance of such inhibition
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Fig. 13. Comparison of end burn simulation and test data from [5] for Case #21.

Fig. 10. Mach number variation along motor axis.

Fig. 14. Comparison of end burn simulation and test data from [5] for Case #24.

Fig. 11. Comparison of end burn simulation and test data from [5] for Case #01.

Fig. 12. Comparison of end burn simulation and test data from [5] for Case #17.

is very dependent on the liner applying process. The test results
show that the inhibition of the sides was not successful for this
study.
The magnitudes of the measured pressure data from the tests
were usually lower than the analyzed data. The main reason for
such behavior is the properties of the propellant. The properties used for the burnback analysis were the ideal properties.
Especially the c∗ value used for the burnback simulations was

the theoretical maximum value obtained from thermochemistry
calculations of NASA Lewis code. In real operations, especially
in short-length rocket motors, due to the incomplete combustion
and lower flame temperatures, actual c∗ values are significantly
lower than the theoretical ones. In literature, the c∗ decrease
for small rocket motors is given about 5% to 10%, depending
on the propellant mass, length of the motor, aluminum content,
and some other properties. In Fig. 15, the burnback simulation
of Case #17 with a c∗ value of 1450 m/s, instead of previously
used 1600 m/s, is given. This corresponds a c∗ efficiency of
90%.
The final graph obtained is very similar to the test data, except the ignition and tail-off regions. Since the burnback analysis done in this study does not include unsteady effects at the
ignition and tail-off, the results are generally different from
the test data in these regions. Outside of these regions where
steady state operation of the rocket motor occurs, some small
differences at the pressure curve still exist. The reason for such
small differences could be the variations of the propellant properties from batch to batch, the variations in the finocyl grain
geometries during manufacturing process, and the changes in
the effective throat diameter during the real rocket motor operation. The burnback analysis done in this study assumes constant
throat area during the operation of the rocket motor. However,
during the actual firings, the condensed aluminum oxide particles from the propellant and particles from the melted igniter
casing reduce the effective throat area. The sudden peaks at the
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Fig. 15. Comparison of Case #17 with c∗ modification.

test data of Figs. 11 and 14 are caused by this throat area reduction.
4. Conclusions
One of the most important steps of solid propellant rocket
motor design, the grain burnback analysis was the main scope
of this study. The methodology used for burnback analysis and
verification was given in detail. Two commercial solid modeling software, Unigraphics and AutoCAD Mechanical Desktop
were used to perform burnback analysis. The initial finocyl
grain geometry was modeled parametrically with these software. Then the parameters that change during the burnback
were adapted for every burn step. The change of the volume
of the grain geometry gave the amount of propellant burned for
that interval. Dividing this volume by the thickness, the burn
area was acquired. Using this data and internal ballistic parameters, the pressure inside the rocket motor was obtained. The
pressure data calculated from the burnback analysis was compared with the pressure data obtained from actual motor firings.
The results from burnback analysis were very similar to the test
data during the steady state operation of the rocket motor.
The method developed in this study not only calculates the
burn area, but generates the solid model of the propellant grain
for every burn step. These solid models can be used easily for
structural analysis without the need for a modification. Also a
very important data, the mass properties of the grain geometry,
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thus the motor altogether, can be achieved from the solid models. These data are very important for flight mechanics at the
stage of calculating the final flight path.
The method used in this study is applicable to non-erosive
burning rocket motors. For erosive burning rocket motors, the
burnback method has to be coupled with an internal flow solver,
in order to include the erosive burning effects. Another way of
including erosive burning characteristic in the burnback analysis is by dividing the grain into fine slices, and comparing
the erosive burning parameters with the experimental data. By
this way the slices at which erosive burning occurs, are treated
differently. Therefore, by developing an algorithm, the method
used in this study can also handle erosive burning characteristics.
In this study, a large number of finocyl geometries were
examined to see the effects of geometrical parameters on the
rocket motor performance. The analyzes and the rocket motor
tests done were very useful for obtaining information on finocyl
grain geometry. This kind of study is very useful at the preliminary design stages of a new rocket motor.
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