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Unexpected pressure rise may occur in the end-burning grain solid rocket motor. It is generally believed that this phenomenon is
caused by the nonparallel layer combustion of the burning surface, resulting in the increase of burning rate along the inhibitor. In
order to explain the cause of this phenomenon, the experimental investigation on four different end configurations were carried out.
Based on the X-ray real-time radiography (RTR) technique, a new method for determining the dynamic burning rate of propellant
and obtaining the real-time end-burning profile was developed. From the real-time images of the burning surface, it is found that
there was a phenomenon of nonuniform burning surface displacement in the end-burning grain solid rocket motor. Through image
processing, the real-time burning rate of grain center line and the real-time cone angle are obtained. Based on the analysis of the
real-time burning rate at different positions of the end surface, the end face cone burning process in the motor working process
is obtained. The closer to the shell, the higher the burning rate of the propellant. Considering the actual structure of this end-
burning grain motor, it is speculated that the main cause of the cone burning of the grain may be due to the heat conduction of
the metal wall. By adjusting the initial shape of the grain end surface, the operating pressure of the combustion chamber can be
basically unchanged, so as to meet the mission requirements. The results show that the method can measure the burning rate of
solid propellant in real time and provide support for the study of nonuniform combustion of solid propellant.

1. Introduction

According to the requirements of the mission, the main
working parameters design, propellant selection, and grain
design of the solid propellant rocket motor are accomplished.
Whether the actual measured parameters of the motor are
consistent with the design value, the consistency of parame-
ters of the motor will determine whether the mission require-
ments are met. However, the operating pressure of solid
rocket motor with end-burning grain measured in experi-
ments is often higher than the theoretical value. It has been
possible to demonstrate that this phenomenon results from
a nonuniform regression of the grain surface, which is in turn
the result of the increase of propellant burning rate near the
wall. A lot of research work on this phenomenon has been
done, trying to explain the causes and formation process of
this phenomenon. After the interrupted-burning test of the

end-burning grain motor and the observation of residual
propellant at the bottom of the combustion chamber, the
plane end grain generated a conical in the combustion pro-
cess [1]. Currently, the studies on pressure rise and burning
regression of the end-burning motor are still inadequate
[2]. It is generally believed that end-burning cone burning
effect and pressure rise are affected by both physical and
chemical mechanisms. And the physical mechanism mainly
includes particle aggregation [3], shear flow [4], composition
shift [5, 6], stress [5, 6], heat conduction effects [7], stress-
induced grain defect [8], and end motor structure [9], while
chemical mechanism mainly contains chemical reaction fea-
ture [10], heat flux of gas [11], and flame stretch by the veloc-
ity field [12]. In order to prevent the cone problem and
interior ballistic instability from affecting the performance
and reliability of a grain, the improvement in grain configu-
ration [13], an important means of stabilizing the working
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pressure is often adopted. It is necessary to judge the
feasibility of the modified design and its advantages and
disadvantages in contrast with other designs and study
the end-burning law.

X-ray real-time radiography (RTR) technique was
developed in late 1980s [14] and has been used as a pow-
erful tool to investigative the combustion process of rocket
motor ignition tests. RTR is a noncontact diagnostic tech-
nique to study the complex working process in the high-
pressure burner or the motor [15–18]. The technical
principle and basic system composition of RTR technique
can be referred to Ref. 15. RTR technique has been suc-
cessfully applied to the study of propellant burning rate
test, crack growth, erosion combustion, nozzle erosion,
two-phase flow, and so on [15, 18]. RTR technique has
become an important research method of solid engine
technology development.

End-burning issues include a complex physical and
chemical process thus to be analyzed in details. In the present
work, the motors at the normal temperature are tested with
multiple groups of grain with the same main geometric
parameters and different initial end configurations. The
dynamic burning regression of the grain under different ini-
tial end configuration conditions is also observed with RTR.
The relationship between real-time grain configuration and
burning rate as well as the change law according to the data
of combustion chamber pressure is analyzed. The regression
phenomena of nonparallel burning including the conical
combustion of end-burning grain, the fringe effect, and the
pressure rise are verified and discussed.

2. Experimental System and Method

2.1. X-Ray Real-Time Radiography. X-ray from a point
source attenuates after photoelectric absorption, and the
intensity is uniform when unattenuated X-ray reaches the
image intensifier receiving screen [19]. According to Beer-
Lambert Law, X-ray intensity distribution on the receiving
screen reflects the medium attenuation, the change of
medium thickness, and density on the X-ray path. Therefore,
a grain burning regression process is suitable to study X-ray
technology [20].

Test system and layout are shown in Figure 1. The entire
system mainly includes the X-ray generator, image intensi-
fier, high-speed camera, test bench mobile control system,
ignition/timing control, and data collection system. An
X-ray generator as the radiation source of X-ray real-
time radiography system adopts the MXR-421/26 ray tubes
manufactured by COMET of Switzerland, with an ray tube
target angle of 20° and an X-ray beam cone angle of 38°.
The E5876HD industrial image intensifier of Toshiba with
the resolution 46 lp/cm and the receiving screen size
300mm is adopted, which can receive the X-ray penetrating
through the grain and convert it to the optical signal easy
to be collected by the high-speed camera. The high-speed
camera PhantomV4.3 is adopted to collect the optical signal
from the image intensifier and record the whole-process
image sequence of end burning. For the purpose of the test,
its resolution is set to 800 ∗ 600, the frame rate is set as 50
frames per second, and photo exposure time is set as 10
microseconds. The axis of the test motor should be kept
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Figure 1: X-ray real-time radiography test system and layout.
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horizontal to ensure the data accuracy of the image. Also,
before the experiment, standard elements are used to cali-
brate images. Then, the experiments are carried out and the
combustion chamber pressure is measured.

2.2. Grain Configurations. In order to study the burning
regression situation under different initial conditions, exper-
imental tests on four different initial burning grain configura-
tions and one plane end grain configuration are made. Grain
ends for Test1-Test4 are shown in Figure 2, and the main
parameters of end surface of the grain are shown in
Table 1. The basic parameters of the column are the same,
the total length of the column is 213mm, and the diameter
is 77mm. There are some differences in the initial combus-
tion end face of the grain, and the specific differences are
shown in Figure 2. The free-standing grain is adopted with
the burning temperature of 1520K and average molecular
weight of 19. The propellant contains ammonium nitrate
(mass fraction of 82%) and HTPB (mass fraction of 18%)
and the heat insulation layer of butadiene-acrylonitrile rub-
ber. The propellant burning rate is calculated by the burning
rate formula r = 1:33pc0:48.

2.3. Image Processing Method. Figure 3 shows the captured
image of Test2. As can be seen from the figure, the shape of
the engine shell, grain, and end face is clear and visible.

The center line for the selected grain is designed after
leveling of the motor case boundary with the bottom arc as
the benchmark. The linear burning rate is defined as the
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Figure 2: Grain configuration.

Table 1: Main parameters of grain end.

Test1 Test2 Test3 Test4

α/° 0 (pure end) 45 20 120 (circular groove angle)

Initial burning area (mm2) 4654.3 4859.14 5726.2 6464.6

Figure 3: Static map of grain’s initial imaging.
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distance of solid phase disappearance in the normal direction
of grain per unit time and can be used to calculate the average
burning rate and actual burning rate [21]. At the beginning of
the test, the benchmark distance of the center line grain
burning and the lateral imaging pixel value are measured.
Throughout the test, the high-speed camera shooting fre-
quency is fixed. Images were sampled every 0.5 s, and the
grain combustion situation, the changes in grain burning
chamfer, and the dynamic, real-time imaging were analyzed
for Test2, Test3, and Test4, respectively. In order to obtain
the accurate burning rate of propellant, the high-speed pho-
tography time frames were measured, especially the key time
frames with the nonuniform changes of end. The adjacent
frames of key positions were selected for processing, and
the average ratio between length and time was defined as
the instantaneous average burning rate.

In order to obtain the end shape and burning rate of end-
burning grain better, it is necessary to extract the end shape
and position of each moment from the image. Image process-
ing software NI Vision Assistant 2012 is used in present
study to extract the shape and position of the end shape.
The specific image processes are shown in Figure 4.

3. Test Results and Analysis

In order to minimize the impact of other factors on the end-
burning law and interior ballistics [22], the same batch of
propellants for the grains was adopted. Before the testing,
all test motors were kept at a temperature of 298K for 24
hours. Experiments were carried out at room temperature.
The X-ray images and pressure data of Test2, Test3, and
Test4 and pressure data of Test1 were collected. The images
were processed by the image processing method in Section
2.3, and then, the instantaneous average burning rate and
end chamfer of the grain were obtained, and the burning sur-
face regression law and conical combustion effect were ana-

lyzed. According to the pressure-time curves of four test
motors, the end-burning law and pressure rise effect were
analyzed.

3.1. Interior Ballistic Performances. The pressure-time curves
of gas generator chambers are shown in Figure 4.

Maximum pressures and average operating pressures of
tests are obtained after the data processing, which are shown
in Table 2.

As shown in Figure 5, the pressure reached a peak in the
beginning of the test due to the action of ignition composi-
tion but became stabilized in very short time. Due to the dif-
ference in chamfer and configuration, their initial burning
areas are different (Test4 > Test3 > Test2 > Test1). In the
early operating stage, the rates of pressure rise in combustion
chamber were sequenced as Test3 > Test4 > Test1 > Test2.
As clearly shown in the pressure-time curve of Test1, pres-
sure rise phenomenon appeared in the stable operating stage,
and the maximum operating pressure increased by 15%.
From the pressure time curve of Test2, it can be seen that
the average pressure is 6.38MPa, and the pressure changes
in the range of 6.2MPa-6.6MPa (-2.8% pavg to 3.4% pavg).
The overall pressure is stable, and the change range is small.
In the stable operating stage of Test3, the pressure main-
tained a rising trend and increased by 16% compared to the
initial operating pressure, which is higher than those of
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Figure 4: Procedures of image processing method.

Table 2: Operating time and pressures of tests.

Operating time (s) pmax (MPa) pavg (MPa)

Test1 56 7.04 6.67

Test2 58 6.60 6.38

Test3 54 7.37 6.75

Test4 62 7.22 6.25
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Test1. Due to the large initial burning area of Test4, the com-
bustion chamber pressure reached the peak at 7 s and then
kept stable after 10 s and until the end of combustion.
According to Figure 5, the operating pressures of the Test1
and Test3 were higher than that of the other two tests, and
there was obvious pressure climbing phenomenon in Test1
and Test3. Compared to the roughly same operating time
designed for Test2 and Test4, the operating time for Test1
is relatively short, while that of Test3 is the shortest. Accord-

ing to pc = ðρp∙c∗∙a∙ðAb/AtÞÞ1/ð1−nÞ and pcAt/c∗ = ρpAbr,
with the same propellant parameters and nozzle throat area,
the chamber pressure increases with the increasing of burn-
ing surface area and burning rate. So the change of average
burning rate and burning surface area will affect the change
of the chamber pressure. For Test1, the initial burning sur-
face is end burning, so the chamber pressure is constant
according to the ideal state, but the actual pressure keeps
climbing. This indicates that the burning rate or burning sur-
face has changed during the working process. For solid rocket
motor development, there are two main ways to solve this
problem in practice. One method is to optimize the propel-
lant formulation by obtaining the combustion characteristics
of propellant and analyzing the reasons for the change of
burning rate or burning surface area, which is time-
consuming and costly. Another method is to make the cham-
ber pressure constant through the compensation design of
the grain burning surface. In contrast, the second method
can achieve the goal economically and quickly. In order to
keep the constant working pressure, the compensation
design of the grain burning surface is adopted in the present
study. Different compensation burning surfaces were
designed and tested to obtain the optimal compensation
burning surface. According to Figure 5 and Table 2, the
pressure stability of Test2 is the best compared with other
experiments. The dynamic burning rate was analyzed by
using X-ray dynamic real-time image analysis to further

analyze the cause of the rising of the chamber pressure and
the effect of the compensation burning surface.

3.2. Analysis of Dynamic, Real-Time X-Ray Imaging. Imaging
results show that the average burning rates of propellant for
Test2, Test3, and Test4 were 3.38mm/s, 3.56mm/s, and
3.25mm/s, respectively. The end imaging situation of grains
at each representative moment of Test2-Test4 is shown in
Figures 6–8.

As shown in Figure 6, the grain chamfer structure exists
at the initial moment that disappeared at about 12 s. Burning
regression was maintained stable in the subsequent combus-
tion process, and combustion chamber pressure was kept sta-
ble without conical phenomenon. In the later operating
process, the phenomenon of slight burning irregularity
appeared. The combustion chamber pressure curve shows
that the pressure always maintained stable in the stable oper-
ating stage. For the constant nozzle throat area, it can be seen
that grain end always maintained a relatively constant
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burning surface from 0 s. At the end of operating stage (about
56 s), the end was not arc-shaped, and there was few residual
grain. In general, the phenomenon of slight grain end-
burning irregularity happened in the case of Test2, the burn-
ing regression in the combustion process was stable, and no
phenomenon of observable conical combustion appeared at
the end of combustion process.

As shown in Figure 7, grain burning surface of Test3 was
smaller than those of Test2 and Test4 at 0 s, and the combus-
tion chamber pressure reached the minimum at the same
time. After firing, the pressure continuously rose. In particu-
lar, the end surfaces at 12 s and 24 s are different: there was
basically a plane burning surface at 12 s, while the marginal
burning rate was larger than the center burning rate at 24 s.
Throughout the operating stage, progressive burning phe-
nomenon existed, the propellant burning rate near the motor
case edge was greater than the burning rate of grain center,
and the burning combustion was uneven. At the end of the
combustion process, the end surface looked slightly convex
and arc-shaped with more residual propellant. In general,
under the conditions of Test3, the grain end-burning fringe
effect was very obvious, the progressive burning phenome-
non happened after disintegration of burning initial configu-
ration, and the cone phenomenon and pressure rise
phenomenon near the case were obvious in the end of
combustion.

As shown in Figure 8, the end configuration was complex
at 0 s, and the burning was maintained stable after the
increase and decrease successively. As seen from end surfaces
of more coherent key frames, the burning change under the
conditions of Test4 was relatively regular, and there was min-
imum residual propellant at 56 s, as shown in the corre-
sponding figure. In general, besides the initial man-made
nonneutral burning, the plane parallel layer combustion basi-
cally was the dominating grain end-burning way for Test4.
Regressive burning followed progressive burning after the
start of combustion, and relatively neutral burning phenom-
enon occurred in the stable operating stage, without pressure
rise or conical combustion effect.

The grain combustion length along the center line per
unit time was defined as the instantaneous average burning
rate. The changes in the average burning rate and grain
chamfer along with time are shown in Figure 9. According
to the real-time pressure curve of motor in Figure 9, under
the conditions of Test2, the combustion chamber pressure
quickly became stable from a high point after the occurrence
of the ignition peak. Throughout the operating process,
burning rate, pressure, and burning area are all kept stable;
however, the burning was slightly irregular and nonplanar.
At the last stage of combustion, chamfer and burning area
were basically kept stable; at the end of combustion, there
was a small amount of residual propellant at the case bottom.
Under the conditions of Test3, the combustion chamber
pressure rapidly rose to the operating pressure from a lower
point after the occurrence of the ignition peak. In the operat-
ing stage, the average burning rate was maintained stable,
chamfer was slowly fluctuated and declined, and a very obvi-
ous fringe effect was generated. The average burning rates
were compared, respectively, at the lower edge of the case

(9mm) and the center line in the time frame 20-36 s. As
shown in Figure 10, the propellant burning rate near the case
was greater than that at the center, and progressive burning
phenomenon was observed. In the second half of the operat-
ing period, the burning rate declined and then maintained
stable until the end, and the pressure rose and decreased
alternately. In the end of combustion, chamfer decline slowed
down, and conical combustion weakened. Under the condi-
tions of Test4, due to the setting of the end circular groove,
the initial structure was decomposed 8 s later after the igni-
tion peak, the combustion chamber pressure declined after
rise, regressive burning followed the progressive burning,
and finally, stable operating started. As there was no obvious
fringe effect in the whole combustion process, an obtuse
angle in the groove was used to measure the burning change.
In the first half of the operating stage, the burning rate at the
center line was maintained low stably, and the measured
obtuse angle was continuously enlarged. In the second half
of the combustion process, the burning rate continued to be
kept stable, the measured obtuse angle fluctuated slightly in
the vicinity of the flat angle, and the burning shape and area
both maintained stable, without any phenomenon of conical
combustion or pressure rise.

According to Figures 9(a), 9(c), and 9(e), the change of
the burning rate at the center line of grain is small, and it
was kept constant basically. In combination with the burning
rate of the grain at different positions of the burning surface
in Figure 10, it can be seen that the burning rate of the grain
near the motor shell increases obviously, and it has a certain
degree of nonuniformity in the whole process. These results
show that the increase of chamber pressure is caused by the
inconsistency of the burning rate of grain burning surface;
in other words, the burning rate near the shell is larger
than those of the center. What causes the burning rate
of the grain near the shell to be greater than that at the
center line of the grain? The propellant of the motor is
low temperature and low burning rate propellant, and
the motor shell is a metal shell without insulation, and
the working time is about 60 seconds. From Figure 10, it
can be seen that the burning rate near the shell is greater
than that at the center line of the grain, which occurs after
the motor working for a period of time, and the burning
rate at the shell first increases slowly and then basically
stabilizes and keeps a constant difference with the burning
rate at the center line. After ignition, the high-temperature
gases were generated, which transfer heat to the shell and
the grain. The heat transfer of the metal shell is faster than
that of the propellant itself. Therefore, the shell will trans-
fer heat to the propellant close to the shell, and the heat
will also be transferred to the propellant far from the
burning surface and closer to the shell. This will change
the burning rate of the propellant. It can be inferred that
the heat transfer between the shell and the grain is the
main process during the period when the burning rate
does not change. After the heat transfer reaches a stable
level, the burning rate of the two places is basically stable,
which shows a basically constant difference phenomenon.
Therefore, it is possible that the heat transfer of the shell
results in an uneven burning rate.
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Figure 9: Time-based changes in grain chamfer and average burning rate of center line. (a), (c), and (e), respectively, represent the curves of
time-based changes in the average burning rate of the center line for Test2, Test3, and Test4; (b), (d), and (f), respectively, represent the curves
of time-based changes in the chamfer for Test2, Test3, and Test4.

7International Journal of Aerospace Engineering



4. Conclusion

The X-ray real-time radiography experimental technique is
used to study the nonparallel layer combustion of the end-
burning grain solid rocket motor. The development process
of the nonparallel layer combustion, the change rules of
end-burning rate, and end shape are obtained. The causes
of the nonparallel layer combustion are analyzed. The reason
for the cone burning is that the burning rate of the propellant
near the shell is higher than that at the center line. For the
end-burning grain solid rocket motor used in this paper,
the nonparallel layer combustion may be caused by the rapid
heat conduction of the metal shell. Three design methods of
grain end face to improve performance and reduce the influ-
ence of the nonparallel layer combustion are evaluated, and
the optimization scheme is obtained. From the experimental
results, the scheme of α = 45° is the best one.

Nomenclature

2D: Two dimension
HTPB: Hydroxyl-terminated polybutadiene
α: Angle of the chamfer
r: Burning rate of the propellant
pc: Pressure of the gas generator chamber
pmax: Maximum pressure of the gas generator chamber
pavg: Average pressure of the gas generator chamber
ρp: Density of propellant
c ∗: Characteristic velocity
a: Burning rate coefficient
Ab: Burning surface area
At: Area of the nozzle throat
n: Burning rate pressure exponent.
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