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Pasty rocket engines have broad application prospects in the aerospace field. To study the internal ballistic characteristics of the
pasty propellant rocket engine, the burning surface change model of pasty propellant was built. The calculation program was
developed to calculate the pressure evolution in the combustion chamber, and the experiment was carried out based on a pasty
propellant rocket test system. The data calculated by the program are in good agreement with the experiment, the error of the
initial pressure peak is only 4.02%, and the internal ballistic characteristics of the rocket engine at each stage were analyzed
detailly. The effects of ignition delay time, transport pipeline structure, free volume of the combustion chamber, mass flow rate,
and flow velocity of the pasty propellant on internal ballistic characteristics of the pasty propellant rocket engine are
investigated. The results indicate that when the ignition delay time increases, the pressure rises faster and the initial pressure
peak increases obviously. The transport pipe diameter changes from 11.3mm to 7.4mm, and the initial combustion time and
residual propellant combustion time decreased by 41.3% and 36.0%. The reduction of the free volume of the combustion
chamber can reduce the initial pressure peak and the time to reach the equilibrium pressure. The initial pressure spike and
equilibrium pressure rise with the increase of the pasty propellant flow velocity. While the ignition transient decreased with the
increase of the pasty propellant flow velocity. The internal ballistic properties can be improved by reducing the ignition delay
time, the diameter of the transport pipeline, and the free volume of the combustion chamber, or by increasing the mass flow
rate of the pasty propellant rocket engine.

1. Introduction

The pasty propellant is a kind of fuel that has not been solid-
ified completely and presents non-Newtonian fluid behavior
with high viscosity and plasticity, which is considered to be
one of the advanced chemical propulsion in the 21st century
[1]. The pasty rocket engine is a reliable thrust regulation
propulsion system that has many advantages, which can be
used in both civilian and military applications. It has simpli-
fied construction with deeper thrust regulation and high
safety in comparison with liquid rocket engines. Compared
with the traditional solid rocket motor, the pasty rocket
engines have advantages of repeatable start and large thrust
adjustable range [2]. In the military field, pasty rocket
engines can be used for attitude engines and terminal guid-
ance correction engines for strategic missile warhead guid-
ance, as well as kinetic energy weapon warhead engines [3].

In the aerospace field, pasty rocket engines can be used as
the internal gas servo system of the rocket and the orbit-
changing attitude engine of the satellite [4–6].

The pasty rocket engine operation process has been
extensively investigated for decades with theoretical, numer-
ical, and experimental studies. Kukushkin and Ivanchenko
[5, 6] have achieved certain results in the theory of pasty
rocket engine, rheological properties, and practical applica-
tion of pasty propellant. Several types of experimental rocket
engines have been designed, manufactured, and tested suc-
cessfully. Song and Ye [7] proposed a theoretical model and
a test engine of the pasty rocket engine, and the residual heat
of the combustion chamber was used to achieve multiple
pulses. Numerical simulation results showed that this
method can achieve multiple ignitions of the engine. Zhang
et al. [8] numerically studied the pressure drop and heat
transfer of the pasty propellant flowing in the pipeline based
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on two-phase flow theory. The influences of the pipe diame-
ter and inlet velocity on the pressure drop were analyzed. Luo
et al. [9] numerically simulate the working process of the
solid-gelled propellant gas generator the discrete ordinates
radiation model. Liu [10] designed a pasty propellant gas
generator to study the start-up characteristics of the flow
adjustable pasty gas generator based on gas pressure driven.
In addition, many researchers have conducted a lot of studies
on the atomization characteristics of gel propellant or slurry
fuel through experiments, analysis, and numerical simula-
tion. Natan and Rahimi [11] reviewed the advantages, rheo-
logical properties, and combustion behavior of the gel
propellants. Douglas and Rober [12] developed a method
for formulating and characterizing the properties of metal-
ized gel propellants for the propulsion systems. Hodge et al.
[13] outlined the applications, capabilities, and state-of-the-
art gelled propulsion systems, and the reliability of the gel
engine system was verified through actual flight tests. Turns
and Mueller [14, 15] analytically and experimentally exam-
ined the secondary atomization, ignition characteristics,
and combustion performance of aluminum/liquid hydrocar-
bon slurry propellants. The effect of solid particle content
and maximum size of particle on the smallest droplet diame-
ter that allows secondary atomization were analyzed by using
applying the established droplet shell-forming model. Bon-
darenko et al. [16] have investigated the thermal and gas
dynamics processes in the combustion chamber of prospec-
tive rocket engines using slurry fuel, and experimental and
numerical results of pressure and temperature in the com-
bustion chamber were presented. Rahimi et al. [17] formu-
lated and characterized a type of gel propellant, and a
laboratory-scale rocket engine with selected hypergolic
neat-liquid and gelled bipropellant combinations was exam-
ined successfully. Cao et al. [18–20] experimentally investi-
gated the combustion characteristics of gelled fuel formed
by inorganic gallant. The results show that the combustion
rate of inorganic gel fuel decreases with the increase of gellant
content, and the flow characteristic research of gelled fuel was
conducted numerically. However, to the best of our knowl-
edge, the internal ballistics of pasty propellant rocket engines
has not been fully investigated yet in the open literature.

In the pasty propellant rocket engine, the internal ballis-
tics covers the time from the onset of the igniter until the
pasty propellant consumes completely. During the past
decades, a lot of studies have been conducted on the numer-
ical simulations and burning surface model of the solid
rocket motor internal ballistics. Yilmaz et al. [21, 22] devel-
oped a numerical approach coupled to strand burner
pressure-time history to determine the burning rates of dif-
ferent solid propellants, and the vacuum specific impulse,
density vacuum specific impulse, and solid exhaust products
were examined for several propellant formulations based on
the pyrophoric material triethylaluminum (TEA) using
CEA thermodynamics code. Tahsini et al. [23] numerically
investigated the effect of viscosity on the internal ballistics
simulation of a solid rocket motor with an internal burning
cylindrical grain. Greatrix [24] studied the effect of negative/-
positive erosive burning on the profile of a cylindrical-grain
motor numerically. Willcox et al. [25, 26] developed a new

minimum distance function method to describe the 3-D
burning surface geometry of the propellant grain, and inter-
nal ballistics simulations of solid rocket motors were con-
ducted by using a one-dimensional, time-dependent single-
phase compressible flow equation. Tola and Nikbay [27, 28]
developed an in-house code such as a zero-dimensional
internal ballistic solver and an analytical burnback solver
which are implemented to compute the variation of chamber
pressure and the rocket thrust transiently. Fei et al. [29] pro-
posed a new combustion surface calculation algorithm by
tracking the depression of the combustion surface of the
grain to realize the combustion surface change law of arbi-
trary configuration of grains. In terms of propellant combus-
tion, Yilmaz et al. [30–32] recently used CFD codes to take
advantage of the correlation proposed by Beckstead and
model the combustion of aluminum particles in solid rocket
propellants and examined the sensitivity of the model to
changes in propellant surface temperature, propellant veloc-
ity, propellant surface radiation temperature, parcel count,
particle diameter, turbulent Prandtl number, and turbulent
Schmidt number. Yilmaz et al. [33] also examined the heat
flux to objects outside of a firing solid propellant rocket
motor plume by measuring the heat flux to gages located at
various locations with respect to the rocket nozzle. Hence,
the calculations of internal ballistics have become an impor-
tant part of the research methods on the performance of
pasty propellant rocket engines.

Many studies have focused on the internal ballistics of
traditional solid rocket motor with complex propellant grain
geometry, whereas there have been very few reports on the
internal ballistics of the pasty propellant rocket engine. It is
different from the traditional solid rocket motor. The pasty
propellant continuously flows into the combustor during
the operation of the engine. The propellant flow velocity
should be considered in the process of burning surface
change. Thus, it is of great importance to develop a change
model of the burning surface of the pasty propellant and to
investigate the effects of several key influential parameters
on internal ballistic behaviors, including the ignition delay
time, transport pipeline structure, free volume of the com-
bustion chamber, mass flow rate, and flow velocity of the
pasty propellant. This paper is aimed at developing a burning
surface model for the pasty rocket engine with consideration
of the initial burning stage, steady burning segment, and cut-
off segment, and the pasty rocket engine test system was
designed and conducted to validate the burning model. The
remainder of this paper is organized as follows: Section 2
revisits the governing equations of internal ballistics and
derives the burning surface model. Section 3 introduces the
experimental system of the pasty rocket engine. Section 4
analyzes the results of the experiment and calculations for
the pasty rocket engine.

2. Mathematical Models and
Numerical Procedure

2.1. Internal Ballistic Equation. A zero-dimensional internal
ballistic model is often used to calculate the pressure change
in the combustion chamber for a solid rocket motor [25].

2 International Journal of Aerospace Engineering



According to the principle of conservation of mass, the gas
mass change rate in the combustion chamber is the difference
between the gas generation rate _mb and the mass flow rate of
the gas discharged through the nozzle _m0, namely,

dmr

dt
= _mb − _m0, ð1Þ

_mb = ρpAb _r, ð2Þ

_m0 =
pAt

C∗ , ð3Þ

_r = apn, ð4Þ

mr = ρgVg, ð5Þ

where mr represents gas quality in the combustion cham-
ber, ρp is the density of the pasty propellant, Ab is the area of
the burning surface, p is the pressure of the combustion cham-
ber, At is the area of the nozzle throat, C

∗ is the characteristic
velocity of the pasty propellant, and a and n represent burning
rate coefficient and exponent of the propellant, respectively. ρg
is the average density of combustion gas, and Vg is the free
volume of the combustion chamber. And the meaning of all
variables in this paper is listed in Nomenclature.

Differentiate the above formula (5), we can get

dmr

dt
= ρg

dVg

dt
+Vg

dρg
dt

: ð6Þ

It can be seen that the gas mass change rate in the com-
bustion chamber consists of two parts. ρgdVg/dt represents
the gas mass filled by the increase of the combustion chamber
free volume per unit time. Because the pasty propellant is
continuously added to the combustion chamber, the volume
of the combustion chamber can be approximately considered
constant (dVg/dt = 0). Vgdρg/dt represents the gas quality
required to change the gas density per unit time. The equa-

tion of state ρg = p/ðRgTÞ is differentiated to get

dρg
dt

= 1
RgT

dp
dt

−
p

RgT
� �2 d RgT

� �
dt

, ð7Þ

where T is the temperature of the combustion gas and Rg

is the gas constant. The combustion temperature keeps con-
stant (dðRgTÞ/dt = 0), so

dρg
dt

= 1
RgT

dp
dt

: ð8Þ

Substituting (8) into (6):

dmr

dt
=Vg

1
RgT

dp
dt

: ð9Þ

Substituting (9), (2), (3), and (4) into (1), we can get the
zero-dimensional internal ballistic differential equation of
the pasty rocket engine.

Vg

RgT
dp
dt

= ρpAbap
n −

pAt

C∗ : ð10Þ

2.2. Burning Surface Change Process of Pasty Propellant in the
Combustor. In the solid rocket motor, the burning surface of
the grain is derived according to the geometrical burning law
[34]. Different from the traditional solid rocket motor, the
pasty propellant has a flow velocity, and the volume of the
combustor can be approximately considered constant. For a
pasty propellant rocket engine, once the pasty propellant
flows into the combustion chamber through the transport
pipeline, it will be ignited and burned while being supplied.
The propellant burning surface changing process can be
affected by the burning surface retreat and the supply flow
rate of the pasty propellant pushed by the hydraulic cylinder
piston rod. Therefore, both the burning rate _r and the flow
velocity v of the pasty propellant have significant effects on
the burning surface change.

r
.

h

l

e

Pasty propellant
𝛼 𝜈

𝜈d

t= t0′ t= t1′
t= t2′

∆x

∆x∆x

Figure 1: The selected grain change process of pasty propellant.
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To analyze the entire burning surface change process of
the pasty propellant in the combustion chamber, a cylinder
grain of pasty propellant with the length of Δx at the exit of
the transport pipeline is selected, as shown in Figure 1. The

changing process of the burning surface with the movement
of the selected grain consists of two parts, the retreat of the
burning surface and the forward flow of propellant. The
burning surface of the grain retreats in the radial direction
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forward speed

t = 0
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Figure 2: Burning surface change process of pasty propellant at the initial stage.
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Figure 3: Burning surface of pasty propellant at the burning tail-off.
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due to the combustion of pasty propellant with the retreating
speed of the propellant burning rate _r. The pasty propellant
flow in the axial direction with the velocity of v is pushed
by the hydraulic cylinder piston. The time when the front
end of propellant flows through the pipeline exit is recorded
as t0 ′; then, after a certain time interval Δt = t1 ′ − t0 ′, the
position and geometric shape of the selected grain will
change. The distance moves forward of the selected grain is
l = vΔt, and the burned propellant web thickness is e = _rΔt.
The movement speed of the propellant grain burning surface
is vd =

ffiffiffiffiffiffiffiffiffiffiffiffiffi
v2 + _r2

p
. The motion tracking is an oblique straight

line and the angle between the motion direction and the hor-
izontal direction is α = arc tan ð_r/vÞ. In addition, when the
burned propellant web thickness e is equal to d/2, the selected
grain is completely burned, and the burning surface moving
process of the selected grain can be considered as a cone, as
shown by the dashed line in Figure 1. The bottom diameter

of the cone is the diameter d of the pipeline, and the height
h of the cone can be calculated by

h = v t2 ′ − t0 ′
� �

= vd
2_r : ð11Þ

2.3. Burning Surface Equation of the Pasty Propellant. Similar
to the solid propellant rocket motor, we can also divide the
burning process of the pasty propellant rocket engine into
three stages: initial burning stage, steady burning, and burn-
ing tail-off. The cone-shaped burning surface model is used
to derive the burning surface equation of the pasty propellant
in each working stage.

2.3.1. Initial Burning Stage. The pasty propellant burning
process involves very complex physical and chemical com-
bustion phenomena. Both the ignition gas spreading and
the propellant surface reaction can lead to the ignition delay
of the pasty rocket engine. During this period, the pasty pro-
pellant will accumulate at the outlet of the transportation
pipeline. This part of the propellant is called the initial accu-
mulation of pasty propellant. The initial accumulation of the
pasty propellant is approximately cylindrical, and the cylin-
drical bottom is the end face of the outlet of the transport
pipeline, and the height of the cylinder is l0 = vtc; tc is the
ignition delay time. After the accumulated pasty propellant
is ignited, the combustion chamber is filled with high-
temperature gas, and the pasty propellant squeezed out of
the transport pipe will be ignited.

The ignition delay time tc measured in the experimental
test is 0.08~0.16 s, and the initial stacking length l0 of the pro-
pellant is estimated to be 16~32mm. In the initial combus-
tion section, the shape of the pasty propellant burning
surface is divided into two parts. The first part of the pasty
propellant burning surface is cylindrical, and the other part
is a frustum of the cone due to the burning of the propellant
extruded from the transport pipeline. The burning surface of
the pasty propellant is composed of three parts, namely, a
conical side surface A1, a cylindrical side surface A2, and a
cylindrical end surface A3, as shown in Figure 2. The total
burning surface area Ab1 in this stage is calculated as

Ab1 =N A1 + A2 + A3ð Þ =N π
d
2 + d

2 − e
� � ffiffiffiffiffiffiffiffiffiffiffiffi

e2 + l2
p�

+ π d − 2eð Þ l0 − eð Þ + π
d
2 − e

� �2
Þ,

ð12Þ

where d is the diameter of the transport pipeline, e is the
burned propellant web thickness, N is the number of trans-
port pipelines, and l is the flow length of the propellant.

2.3.2. Steady Burning Segment. When the burned propellant
web thickness is equal to the radius of the pipeline (e = d/2
), the pasty propellant reaches a steady burning stage. The
pasty propellant is continuously supplied from the tank by
the hydraulic cylinder piston, which is equivalent to count-
less small grains entering into the combustion chamber one
by one; thus, a complete cone formed as shown in
Figure 2(d). Therefore, the burning surface of the pasty

Residual propellant burns calculation

Start

Setting parameters

t = 0,twork,tend

t = t+Δt

t > twork

t > tend

Fourth-order Runge-Kutta
methodto calculate p

No

Yes

Yes

No

Output data

End

Figure 4: Computational flow chart for the internal ballistics of a
pasty rocket engine.
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propellant is a cone-side surface. The burning surface area
Ab2 is

Ab2 =Nπ
d
2

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
d
2

� �2
+ h2

s
, ð13Þ

where h is the height of the cone, as seen in equation (11).

2.3.3. Burning Tail-Off.When the supply of the pasty propel-
lant is stopped, and residual propellant is burned following
the geometrical burning law, which is similar to the solid
rocket motor, the burning surface of pasty propellant in the
burning tail-off is shown in Figure 3. It can be computed by

Ab3 =
Nπ d/2ð Þ − eð Þ

sin α
, ð14Þ

where α is the half-apex angle of the cone.
To solve differential equation (10), the fourth-order

Runge-Kutta method [25] is used to calculate the pressure
evolution in the combustion chamber, as shown in Figure 4.

3. Experiment Instruments

In order to validate the present burning surface model, exper-
iments were carried out on a laboratory-scale test pasty
rocket engine. Figure 5 shows the schematic of the test pasty
rocket engine, which consists of a hydraulic system, piston,
propellant tank, transport pipeline, combustion chamber,
nozzle assembly, and pressure measurement equipment.
The hydraulic system is used to supply the pasty propellant
with a large driving force up to 9MPa and a wide adjustment
range. The supply flow rate of the pasty propellant can be
controlled by the foreword velocity of the hydraulic cylinder
piston rod. The pasty propellant tank is filled with propellant,
and the pasty propellant enters into the combustion chamber
through transport pipelines. The tank diameter is 160mm,
and the length of the pasty propellant tank is 300mm. The
designed pasty rocket engine operation time is 1 s. The trans-
port pipelines are straight round pipes, which are distributed
according to a certain law, as shown in Figure 6. The diame-
ter and length of the combustor are 128mm and 134mm,
respectively. The diameter of the nozzle throat is 16.9mm,
and the black powder is used to ignite the pasty propellant.
Figure 7 presents the photographic view of the pasty rocket
experimental systems.

When the control system issues an ignition command,
and the hydraulic system starts pushing the piston at the
same time. The pasty propellant, which is driven by the pis-
ton, enters the combustion chamber through the transport
pipeline. It is ignited by hot gas generated from the black
powder. The control system issues a termination command
after the engine works for a certain period, and the hydraulic
system stops working. Then, the pasty propellant supply
stops, which is marked as the end of the pasty rocket engine.
The combustion chamber pressure evolutions are obtained
by the test acquisition. The pasty propellant used in this
paper is produced by Xi’an Modern Chemistry Research
Institute, and the general components of the pasty propellant
are listed in Table 1.

Table 2 summarizes the experimental case studied in this
paper. _m represents the mass flow rate of the pasty propel-
lant. d, dp, and dt are the diameter of the transport pipeline,
the propellant tank, and nozzle throat, respectively. N is the
number of transport pipelines. v represents the velocity of
the pasty propellant through the transport pipeline. vp is

Pasty propellant

Hydraulic cylinder
Piston rod
Connector

Piston

Propellant tank Transport pipeline

Combustion chamber
Pressure sensor

Nozzle

Figure 5: The schematic diagram of the laboratory-scale test pasty rocket engine.

Figure 6: The schematic diagram of the transport pipeline
distribution.
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the velocity of the piston, and Ap/At is the ratio of pipe outlet
area to the nozzle throat area.

4. Results and Discussion

4.1. Internal Ballistics of the Pasty Propellant Rocket Engine.
The combustion chamber pressure evolutions of the pasty
propellant rocker engine are simulated based on the zero-
dimensional internal ballistic equation and burning surface
change model described above. The diameter of the pipelines
is d = 8mm, the number of transport pipelines is N = 24, and
the flow velocity of the pasty propellant is 240mm/s, as listed

in Table 2. The physical parameters of the pasty propellant
used in the present study are listed in Table 3.

Figure 8 illustrates the pressure histories in the combus-
tion chamber for both experimental data and calculated
results. It can be seen from the experimental data that there
is an obvious ignition delay that appeared in the ignition
stage, and the delay is mostly due to the time required to heat
the cold propellant until ignition occurs. After the delay time
period tc, the pressure trace increased quickly, then reached a
stable value, and finally decreased. To analyze the internal
ballistic characteristics of the pasty rocket engine, the pres-
sure trace can be divided into three successive stages, namely,
the ignition transient, steady burning segment, and the burn-
ing tail-off. When the pasty propellant is ignited and the
engine starts to work, the pressure in the combustion cham-
ber climbed quickly and then rapidly decreased to a stable
value after reaching the initial pressure peak value pm, which
is defined as ignition transient t1. The initial pressure peak
occurs due to the ignition delay of the pasty propellant. The
accumulated propellant resulted in a larger initial burning
surface, which leads to the appearance of the initial pressure
peak. This is different from the traditional solid rocket motor,
whose initial pressure peak is induced mainly by erosion
burning. In the steady burning stage, the pasty propellant
maintains an almost constant burning surface, and this
period is denoted as tp. In the burning tail-off, the pasty

Hydraulic
cylinder Propellant tank

Combustion chamber Pressure sensor

Figure 7: Photographic view of the pasty rocket engine test system.

Table 1: The general components of the pasty propellant ingredient.

Components AP HTPB Al and B Others

Type Oxidizing agent Polymer binder Metal combustion agent Curing agent, adhesive, etc.

Mass fraction 70.0 wt% 10.0 wt% 5.0 wt% 15.0 wt%

Table 2: Parameters used in the experiment.

Parameters _m (kg) dp (mm) vp (mm/s) d (mm) N v (mm/s) dt (mm) Ap/At

Value 0.5 160 14.4 8.0 24 240 16.9 5.376

Table 3: Physical parameters for the simulation of pressure
evolution in the combustion chamber.

Parameter Value

Specific heat ratio of the propellant gas γ 1.266

Gas constant of the propellant gas Rg 278.31 J/(kg·K)
Propellant adiabatic flame temperature Tp 2851K

Propellant density ρp 1726 kg/m3

Burning rate exponent of the propellant n 0.398

Burning rate coefficient of the propellant a 5:4 × 10−5 m/ s ⋅ Panð Þ
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propellant stops supplying, and the residual propellant burns
with a specific geometry. The pressure in the combustion
chamber decreases rapidly, and this period is represented
by residual burning time period t2.

In addition, it can be seen from Figure 8 that the calcu-
lated value of the pressure in the combustion chamber is in
good agreement with the data obtained by the experiment.
Table 4 shows the parameters of the experimental and calcu-
lated values of the pressure history, and the deviation of the
initial pressure peak is around 4.02%, which indicates that
the simplification made in the burning surface model is
reasonable.

4.2. Effect of the Ignition Delay Time. The effect of the ignition
delay time on the internal ballistics of the pasty propellant
rocket engine was also studied. Five different values of the
ignition delay time tc were employed, namely, tc = 0:04 s,
0.06 s, 0.08 s, 0.10 s, and 0.12 s. The diameter of the pipelines
is d = 8mm, and the number of transport pipelines is N = 24.
The free volume of the pasty rocket engine combustor is Vg

= 0:8 × 10−3m3, and the flow velocity of the pasty propellant
is 240mm/s.

The calculated pressure evolutions in the combustor for
different ignition delay times are shown in Figure 9. It can
be noted that the evolutions of the pressure are qualitatively
similar for all cases. The ignition delay time tc has a signifi-
cant effect on the initial burning stage and the initial pressure
spike pm. The pressure evolution exhibits little discrepancy
for the equilibrium burning stage and the burning tail-off.
For the different five ignition delay time cases, the calculated
peak pressures pm in the combustion chamber are 3.63, 3.64,
3.83, 4.27, and 4.99MPa, respectively. The mean pressure rise
rates in the initial burning stage for ignition delay time of
0.04 s, 0.06 s, 0.08 s, 0.10 s, and 0.12 s are 21.5MPa/s, 26.9

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4 1.6

p
 (M

Pa
)

0.0

0.5

1.0

1.5

2.0

2.5

3.0

3.5

4.0

4.5

t (s)

tc tpt1 t2

Experiment case
Calculated data

Figure 8: Time histories of the pressure in the combustion chamber for experimental data and calculated result.

Table 4: Comparison of internal ballistic parameters between
experiment and calculation.

peq
(MPa)

pm
(MPa)

tc
(s)

t1
(s)

tp
(s)

t2
(s)

Experimental
case

3.12 4.23 0.08 0.24 0.72 0.56

Calculated data 3.00 4.06 — 0.22 0.74 0.36

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0.0
0.5
1.0
1.5
2.0
2.5
3.0
3.5
4.0
4.5
5.0
5.5

p
(M

Pa
)

t (s)

tc = 0.04 s
tc = 0.06 s
tc = 0.08 s

tc =0.10 s
tc = 0.12 s

Figure 9: The pressure evolution in the combustor for different
ignition delay times.
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MPa/s, 37.1MPa/s, 62.7MPa/s, and 102.0MPa/s, respec-
tively. The peak value pm of the initial pressure grows by
37.5%, and the ignition transient t1 reduces by 29.2% with
the increase of ignition delay time. This is because that as
the ignition delay time increases, the initial accumulation of
pasty propellant and the initial burning surface area becomes
larger during ignition, leading to an increase in the initial
pressure peak as mentioned before. Therefore, the internal
ballistic characteristics of the pasty propellant rocket engine
can be improved by increasing the ignition powder or
improving the formulation of the pasty propellant to reduce
the ignition delay time.

4.3. Effect of the Transport Pipeline Structure. In order to
study the influence of the transport pipeline structure on
the internal ballistic characteristics, several values of trans-
port pipeline diameter d and transport pipe number N were
considered (d = 11:3mm, 9.8mm, 8.8mm, 8.0mm, and 7.4
mm and N = 12, 16, 20, 24, and 28) while the mass flow rate
of pasty propellant was held constant. The free volume of the
pasty rocket engine combustor is Vg = 0:8 × 10−3m3, the
flow velocity of the pasty propellant is 240mm/s, and the
ignition delay time is set to 0.08 s.

Figure 10 illustrates the pressure evolutions in the com-
bustor for different transport pipeline structures, while the
values of the peak pressure pm, ignition transient t1, steady
burning time period tp, and residual propellant burning time
period t2 are shown in Table 5. Note that the number and
diameter of the transport pipe have a significant influence
on the initial rapid pressurization, steady burning time
period, and pressure drop process of the pasty rocket engine,
while has little effect on the equilibrium pressure. As the
transport pipe number increases (or the transport pipe diam-
eter decreases), the initial pressure peak value and steady
burning time period increase acutely, while the ignition tran-
sient is significantly reduced. When the transport pipe num-
ber changes from 12 to 28, the steady burning time period tp
increases by 17.6%. However, the ignition transient t1 and
residual propellant burning time period t2 decrease by
41.4% and 34.0%, respectively.

In the rapid rise of the initial pressure, the mean pressure
rise rates for transport pipe numbers of 12, 16, 20, 24, and 28
are 18.0MPa/s, 23.6MPa/s, 30.0MPa/s, 37.1MPa/s, and 45.4
MPa/s, respectively. It is because that to keep a constant mass
flow rate, a larger transport pipeline number comes with a
smaller transport pipeline diameter, which increases the total
initial burning surface area and causes the pressure to rise
rapidly. With the increase of transport pipe number, the
residual burning time becomes shorter while a relatively
small discrepancy of the pressure descent rate is observed.
This is due to that the burning time of the residual propellant
can be approximately calculated by t2 = d/2_r. Hence, when
the mass flow rate of pasty propellant is held constant, the
transport pipeline structure can affect not only the pressure
spike of the initial burning stage but also the time period of
the steady burning stage.

4.4. Effect of Free Volume of the Combustion Chamber. A
parameter which can have a significant effect on the internal

ballistics of the pasty propellant rocket engine is the free vol-
ume of the combustion chamber. A limited study of this
effect is also carried out here, and several values of free vol-
ume Vg are considered, namely, Vg = 0:4 × 10−3m3, 0:8 ×
10−3m3, 1:2 × 10−3m3, 1:6 × 10−3m3, and 3:2 × 10−3m3.
The diameter and number of the transport pipeline are set
to d = 8mm and N = 24. The flow velocity of the pasty pro-
pellant is 240mm/s, and the ignition delay time is set to
0.08 s.

Figure 11 shows the pressure evolutions in the combustor
for different free volume of combustion chamber. Table 6
summarizes the numerical values of the peak pressure pm
and initial combustion time t1 under the four operating con-
ditions. It can be seen from Figure 11 that the free volume of
the combustion chamber has a great effect on the initial
burning stage of the pasty rocket engine but has little effect
on the equilibrium burning segment and burning tail-off.
With the increase of free volume Vg of the combustion
chamber, the initial pressure spike pm increased and the time
to reach the equilibrium pressure increased. For a large free
volume of the combustor, the equilibrium time period tp is
reduced. It is obvious that the smaller the free volume of
the combustion chamber, the faster the pressure of the
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Figure 10: The pressure evolutions in the combustor for different
transport pipeline structures.

Table 5: Calculated results of internal ballistic characteristics for
different structures of transport pipeline.

N d (mm) pm (MPa) t1 (s) tp (s) t2 (s)

12 11.3 3.57 0.29 0.68 0.53

16 9.8 3.66 0.25 0.72 0.46

20 8.8 3.72 0.21 0.76 0.40

24 8.0 3.83 0.19 0.78 0.38

28 7.4 3.96 0.17 0.80 0.35
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combustion chamber rises. The calculated pressure peak
ratio increases from 1.24 to 1.42 with an increase of the free
volume of the combustion chamber, and the time to achieve
the equilibrium pressure increases from 0.18 s to 0.30 s. The
reason for this phenomenon is that the decrease of the free
volume of the combustion chamber will cause an increase
in the pressure rise rate of the combustion chamber. While
the burning rate of the pasty propellant has an exponential
relationship with the pressure, so the average burning rate
reaching the equilibrium segment increases, and the time to
reach the equilibrium stage is reduced. Therefore, the free
volume of the combustion chamber should be reduced so
that the remnant of propellant due to incomplete combustion
could be minimized.

4.5. Effect of Mass Flow Rate of the Propellant. Five different
mass flow rates of the pasty propellant were taken into con-
sideration here to study the effect of mass flow rate on the
internal ballistic characteristics of the pasty rocket engine.
The mass flow rates _m of the pasty propellant are 0.08 kg/s,
0.25 kg/s, 0.50 kg/s, 0.75 kg/s, and 1.00 kg/s, and the number
of the transport pipeline N is 4, 12, 24, 36, and 48, respec-
tively. The flow velocity of the pasty propellant v is 240

mm/s, and the ignition delay time tc is set to 0.08 s. The
diameter of the pipeline is d = 8mm, the free volume of the
pasty rocket engine combustor is Vg = 0:8 × 10−3m3, and
we change the nozzle throat diameter to keep the equilibrium
pressure of the combustion chamber at 3MPa. The calcu-
lated pressure evolutions in the combustor for mass flow rate
are shown in Figure 12.

As can be seen from Figure 12, the mass flow rate of the
pasty propellant has a great effect on the initial burning stage
of the pasty rocket engine and has little effect on the equilib-
rium burning stage and burning tail-off. The mean pressure
rise rates increase while the initial pressure spike decreased
with an increase of the mass flow rate of the pasty propellant.

It is obvious that when the mass flow rate _m = 0:08 kg/s,
the pressure in the combustion chamber rises slowly after
the engine is ignited. The initial pressure peak pm reached
4.31MPa, and the time to reach the equilibrium period t1 is
0.36 s. When the mass flow rate _m = 1:00 kg/s, the pressure
in the combustion chamber rises quickly. The pressure peak
is small, only 3.72MPa, and the time to reach the equilibrium
stage is 0.18 s. Table 7 lists the calculation results in each case.
Therefore, we can conclude that the lower the mass flow rate,
the slower the combustion chamber pressure rises, the higher
the pressure peak, and the longer it takes to reach the equilib-
rium period. We should appropriately increase the mass flow
rate of the pasty propellant when designing the rocket engine
to obtain better internal ballistic performance.

4.6. Effect of the Flow Velocity of the Pasty Propellant. The
effect of the flow velocity of the pasty propellant on the inter-
nal ballistics of the pasty propellant rocket engine was also
studied. Different flow velocities v from 180mm/s to 360
mm/s were taken into consideration to study this effect.
The diameter and number of the transport pipeline are set
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Figure 11: The pressure evolutions in the combustor for different free volume of combustion chamber.

Table 6: Calculated results of pm and t1 for different free volume of
the combustion chamber.

Vg (10-3m3) pm (MPa) t1 (s) tp (s)

0.4 3.72 0.18 0.79

0.8 3.83 0.19 0.78

1.2 3.94 0.23 0.74

1.6 4.04 0.25 0.72

3.2 4.26 0.30 0.67
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to d = 8mm and N = 24, and the ignition delay time tc is set
to 0.08 s.

Figure 13 illustrates the pressure evolution trace with
time for different flow velocities of the pasty propellant, and

Table 8 lists the main parameters of the calculated results.
Noted that the flow velocity of the pasty propellant has a sig-
nificant influence on the initial rapid pressurization, initial
pressure spike pm, and the equilibrium pressure peq. In the
rapid rise of the initial pressure, the mean pressure rise rates
for flow velocities of 180mm/s, 240mm/s, 300mm/s, and
360mm/s are 21.3MPa/s, 37.1MPa/s, 58.4MPa/s, and 85.8
MPa/s, respectively.

As shown in Figure 14, it is clear that the initial pressure
spike pm and equilibrium pressure peq increase linearly with
the increase of the flow velocity v of the pasty propellant,
while the increase rate of the initial pressure spike is greater
than the increase rate of the equilibrium pressure. This is
mostly due to higher propellant flow velocity leads to more
initial accumulation of the pasty propellant. However, the
ignition transient t1 decreases with the increase of the pasty
propellant flow velocity. When the flow velocity of the pasty
propellant increases from 180mm/s to 360mm/s, the igni-
tion transient t1 decreases by 30.4%.

In addition, to study the thrust adjustment characteristics
of the pasty rocket engine, the pasty propellant flow velocity
is changed during the operation process. In this case, the ini-
tial flow velocity of the pasty propellant is v = 240mm/s, and
the flow velocity is set to v = 120mm/s after the engine works
for one second. Then, the flow velocity is v = 360mm/s after
one second. The calculated pressure evolution in the com-
bustor with the variation of pasty propellant flow velocity is
shown in Figure 15. As can be seen from Figure 15, obviously,
the pressure in the combustion chamber changes with the
flow velocity of the pasty propellant. When the flow velocity
varies, the pressure in the combustion chamber responds
quickly. Therefore, the pasty rocket engine thrust can be
accurately adjusted by controlling the flow velocity of the
pasty propellant.
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Figure 12: The pressure evolutions in the combustor for different mass flow rate of the pasty propellant.

Table 7: The main parameters calculated results for different mass
flow rates of the pasty propellant.

Parameters _m (kg/s) N dt (mm) pm (MPa) t1 (s)

Value

0.08 4 6.76 4.31 0.36

0.25 12 12.0 4.00 0.26

0.50 24 16.9 3.83 0.19

0.75 36 20.7 3.75 0.19

1.00 48 23.9 3.72 0.18
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Figure 13: The pressure evolutions in the combustor for different
flow velocities of the pasty propellant.

11International Journal of Aerospace Engineering



5. Conclusions

In this paper, the combustion characteristic of the pasty pro-
pellant is studied both experimentally and numerically. The
program calculated results are in good agreement with the
experimental data. In particular, the impact of ignition delay
time, structure of the transportation pipe, free volume of the

combustion chamber, and mass flow rate of the pasty propel-
lant on the internal ballistic performance are analyzed. Con-
clusions are summarized as follows:

(1) During the stable operation of the pasty propellant
rocket engine, the burning surface of the pasty pro-
pellant appears conical. The calculation model pro-
posed in this paper is reasonable for the calculation
of the internal ballistic characteristic parameters of
the pasty propellant rocket engine, and the error of
the initial pressure peak is only 4.02%

(2) When the ignition delay time increased, the pressure
peak raised faster. However, the value of the initial
pressure peak in the combustion chamber increases
with the increase of the ignition delay time due to
the accumulation of the pasty propellant. As the
diameter of the transport pipeline decreases, the ini-
tial burning time and residual propellant burning
time of the engine become shorter. The transport
pipe diameter changes from 11.3mm to 7.4mm,
and the initial combustion time and residual propel-
lant combustion time decreased by 41.3% and 36.0%

(3) The reduction of the free volume of the combustion
chamber can reduce the initial pressure peak of the
pasty propellant rocket engine and the time to reach
the equilibrium pressure. Therefore, the free volume
of the combustion chamber should be reduced to
control the remnant portion of the propellant

(4) The larger mass flow rate of the pasty propellant
makes the combustion chamber pressure rise faster
and can reduce both the initial pressure peak and
the time to reach the equilibrium in the combustion
chamber. The initial pressure spike and equilibrium
pressure increase linearly with the increase of the
flow velocity of the pasty propellant while the igni-
tion transient decreased with the increase of the pasty
propellant flow velocity

For further study, experiments can be conducted to study
the influence of the pasty propellant flow velocity changes on
internal ballistics and obtain the shape of the pasty propellant
grains during the burning process. The two-phase flow of the
pasty propellant can also be studied.

Nomenclature

a: Burning rate coefficient of propellant, m/(s·MPan)
Ab: Propellant burning surface area, m2

Table 8: The main parameters calculated results for different flow velocities of the pasty propellant.

Parameters v (mm/s) vp (mm/s) N dt (mm) pm (MPa) peq (MPa) peq/pm t1 (s)

Value

180 10.8 24 16.9 2.76 2.26 1.22 0.23

240 14.4 24 16.9 3.83 3.00 1.28 0.19

300 18.0 24 16.9 4.99 3.75 1.33 0.18

360 21.6 24 16.9 6.23 4.50 1.38 0.16
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Figure 14: The pressure spike, equilibrium pressure, and ignition
transient for different flow velocities of the pasty propellant.
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Figure 15: The pressure evolution in the combustor with the
variation of pasty propellant flow velocity.
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At : The nozzle throat area, m2

C∗: Characteristic velocity, m/s
d: Transport pipe diameter, m
e: The web thickness burned, m
h: The height of the cone, m
l: The distance moves forward, m
l0: The initial stacking length, m
_m: The mass flow rate of the pasty propellant, kg/s
_mr : The gas mass change rate in the combustion chamber,

kg/s
_mb: The combustion gas generation rate, kg/s
_m0: The mass flow rate of the gas discharged through the

nozzle, kg/s
n: Burning rate exponent of propellant
N : Number of the transport pipe
p: Pressure in combustion chamber, MPa
peq: Equilibrium pressure, MPa
pm: Initial pressure peak, MPa
_r: Propellant burning rate, m/s
Rg: The combustion gas constant, J/(kg·K)
tc: The ignition delay time, s
t1: Initial burning time, s
tp: Steady burning time, s
t2: Residual burning time, s
T : Temperature in combustion chamber, K
v: Velocity of the pasty propellant flow forward, m/s
vp: Velocity of the piston rod, m/s
vd : Velocity of the grain surface move, m/s
Vg: The free volume of the combustion chamber, m3

α: The angle between the speed direction and the
horizontal

γ: Specific heat ratio of gas
ρg: Density of combustion gas, kg/m3

ρp: The pasty propellant density, kg/m3.
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