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Abstract: The addition of aluminum (Al) to the fuel is an effective way to increase the regression
rate of hybrid rocket motors (HRMs). Due to its high regression rate, the impact of the regression of
combustion surface on the performance of HRMs cannot be ignored. Therefore, it is significant to
establish a dynamic numerical simulation model to predict the performance of HRMs. In this study,
the dynamic simulation model was established based on dynamic mesh technology and was verified
by a firing test. The results show that the simulation results agree well with the experimental results,
and the errors of the average thrust and combustion chamber pressure are 3.4% and 1.4%, respectively.
The dynamic simulation shows that with the regression of the combustion surface, the vortex of the
pre-combustion chamber is divided into two vortices. The vortex near the front of the grain will
increase the regression rate downstream. The results show that the addition of Al can obviously
improve the regression rate of HRMs. The fuel containing 58% Al can improve the regression rate
by 88.8% compared with the fuel with pure hydroxyl-terminated polybutadiene (HTPB). Moreover,
due to the higher combustion temperature and the scouring of metal particles, the ablation rate of
the nozzle with carbon ceramic materials reaches 0.16 mm/s. This investigation provides a valuable
reference for HRMs design and simulation.

Keywords: hybrid rocket motor; dynamic numerical simulation; Al-containing fuel; regression rate

1. Introduction

Typical hybrid rocket motors (HRMs) propellants consist of solid fuel and liquid
oxidizers [1-4]. Since the propellants are stored in different phases, respectively, the hybrid
rocket motor has obvious advantages compared with solid and liquid rocket motors in
terms of simple structure, adjustable thrust, high safety, low cost, and multiple restart
capabilities [5-8]. The advantages make it suitable for missile systems, attitude control
motors, small launch vehicles, and space tourism. The prospect of the hybrid rocket motor
is extremely broad [9-13].

Hydroxy-terminated polybutadiene (HTPB) is one of the commonly used solid fuels
for HRMs. However, due to the characteristic of low regression rate, additives with
high energy are commonly used to increase the regression rate. Due to high heat and
density, aluminum (Al) is a widely investigated additive in HRMs. George et al. [14] have
conducted many ground firing tests of the Al-containing fuel. The results demonstrate
that the addition of Al has an effect of enhancement on the regression rate in the hybrid
rocket motors. Sun et al. [15] carried out several ground firing tests, which demonstrate
that the addition of 10% Magnesium (Mg), 28% Al, and 2% Carbon (C) resulted in a 12%
increase in the regression rate of the pure HTPB. Sun et al. [16] also demonstrated through
steady-state simulations and experiments that the regression rate increased significantly
with the increase of Al content, however, there is no significant relationship between the
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regression rate and the diameter of Al particles, which agrees well with the experimental
results carried out by Strand et al. [17]. In addition, according to ref. [16], the Al particle
diameter has a great influence on the vacuum specific impulse and characteristic velocity.
The vacuum specific impulse and characteristic velocity decrease with the increase of the
Al particle diameter.

To the best of the authors” knowledge, there are few dynamic simulation studies on
the effect of Al on the performance of HRMs. In this paper, 95% hydrogen peroxide (95HP)
was adopted as the liquid oxidizer of HRMs, and the numerical simulation was carried out
by ANSYS Fluent 2022 R1 software. The realizable k-¢ turbulence model, fuel pyrolysis
model, finite-rate chemical reaction models, and dynamic mesh technology were used to
establish the dynamic numerical simulation model of HRMs. The effect of 58% Al on the
performance of HRMs such as regression rate, thrust, and pressure is obtained. In addition,
ground firing tests were conducted to verify the accuracy of the simulation model based
on the 100 mm diameter HRMs test platform. The results show that the addition of Al
can significantly improve the regression rate of HRMs, and the model provides a valuable
reference for design and optimization.

2. Dynamic Simulation Models

The combustion model of hybrid rocket motors is typical of diffusion combustion.
Therefore, reasonable assumptions for the combustion model are shown as follows:

e  Gas phase component is considered to be ideal gas;
e Inthe inner flow field, only the gas-phase reaction is considered;
e  The flow and combustion are supposed to be axisymmetric.

2.1. Transient Governing Equation

The governing equations of hybrid rocket motors are shown as follows [5]:

opd i o(pud) n 19(rpv®) 0 (rad)) 18(rr8d>) t S

or )

ot ox r or “ox \ ox ror

where @ is the general variable, Sg refers to the source item, I' denotes the diffusion
coefficient. ¢ refers to the time, x denotes the axial coordinates, p refers to the density,
u represents the axial velocities, v refers to the radial velocities, and r represents the
radial coordinates.

2.2. Gas—Solid Coupled Model

Grain surfaces maintain the conservation of mass and conservation of energy [18], as
shown in:

pgit = —pft 2)
oT .
—Ag (ar> = psi (hg — hs) 3)
8

where A, refers to the thermal conductivity, /i is the enthalpy of pyrolysis products, hs
refers to the enthalpy of fuel, p; is the density of pyrolysis products, and py refers to the
density of fuel, 7 refers to the regression rate.

2.3. Turbulent Model and Chemical Reaction Model

In this investigation, the realizable k-¢ turbulent model is adopted, and the enhanced
wall treatment is employed for near-wall modeling. The finite-rate model is used as the
reaction model. To obtain the highest density specific impulse, different ratios of HTPB and
Al for the fuel were analyzed theoretically using Rocket Propulsion Analysis (RPA) [19]
software by keeping the oxidizer of 95HP as constant. It is found that the density-specific
impulse of the fuel with 42%HTPB + 58%Al is highest within the ratio of oxidizer to fuel of
1-6, as shown in Figure 1. Therefore, the fuel with 42%HTPB + 58%Al was adopted in this



Aerospace 2022, 9,727 3of 15

hybrid rocket motor. In addition, the Al particle diameter is 2 pm. The HTPB is assumed to
be completely decomposed to C4Hg. The chemical mechanism adopted in this simulation,
which has 9 components and 13 reactions [20], is represented in Table 1. The Al chemical
reaction is also shown in Table 1. Where A1 is the constant in the chemical model, E refers
to the chemical activation energy, R is the molar gas constant, and B is the constant in the

chemical model.

3600

3400 -

2800

Pure HTPB
i —— HTPB+20% Al
22007 HTPB+40% Al
2000 4 — HTPB+58% A]
1800
1600 . . . . !

Oxidizer to fuel ratio

Figure 1. Density-specific impulse changes with the ratio of oxidizer to fuel.

Table 1. The chemical reaction mechanism of HRMs.

Reaction Serial

Number Reaction Equation Aq B E/R (K)
1 C4Hg 420, = 4CO + 3H, 8.80 x 101 0.0 15,200
2 H, + O, = 20H 1.70 x 1013 0.0 24,100
3 OH+H, = H,O+H 2.19 x 1013 0.0 2590
4 20H = O + H,0 6.02 x 1012 0.0 550
5 O+H,=0H~+H 1.80 x 1010 1.0 4480
6 H+0,=0H+0 1.22 x 1017 —0.91 8370
7 H+O+M=OH+M 1.00 x 106 0.0 0
8 0+0+M=0,+M 2.55 x 1018 -1.0 59,400
9 H+H+M=H,+M 5.00 x 1013 0.0 0
10 H+OH+M=H,0+M 8.40 x 102 -2.0 0
11 CO+OH=CO,+H 4.00 x 10'2 0.0 4030
12 CO+0,=C0O,+0 3.00 x 1012 0.0 25,000
13 CO+0+M=CO+M 6.00 x 1013 0.0 0
14 2Al +1.50, = ALL,Os 9.70 x 1013 0.0 9600
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2.4. Fuel Pyrolysis Model

In this investigation, Arrhenius formula is usually used to calculate the regression rate,
as shown in [21]:
r = Aexp(—E,/RT;) 4)

where T; represents the temperature of the grain surface. A denotes the pre-exponential
constant. In this project, when Ts > 722 K, A = 11.04 mm/s, E; = 20.5 kJ/mol; when
Ty <722 K, A =3965mm/s, E, = 55.8 k] /mol [21].

2.5. Motor Computational Mesh

A two-dimensional motor computational mesh is established, as shown in Figure 2.
The mesh height of the first layer is 0.01 mm, guaranteeing the calculation accuracy of the
boundary layer. The elements adopt a quadrilateral structure away from the grain surface
to improve the calculation speed. The wall Y* value is 0.33, and the total number of mesh
elements is 42,392 before starting the dynamic simulation. The grid convergence test is
conducted in the steady-state simulation, as shown in Figure 3. It is noticed that when the
total number of mesh elements is more than 42,392, the average regression rate basically
does not change with the grids number. The boundary condition between the structured
grids and the unstructured adopts interface. The structure sizes of this HRM are shown in
Table 2.

Combustion Surface

Expansion

i Interface

‘ '[ntc;"fac;: ‘ |
al Outlet
Inlet X
nie /

0 0.1 0.2 0.3 0.4 0.3
x(m)

S LAY AAVAY

I, AVAVIVAVAVAVAS ::I Unstructured Mesh

Figure 2. Computational mesh of this HRM.

Table 2. Structure sizes of this motor.

Parameter Size (mm)

Outlet diameter of combustion chamber 100
Inner diameter of combustion chamber 80
Length of Pre-chamber 35

Length of grain 375
Length of Post-chamber 50
Grain inner diameter 35
Nozzle throat diameter 15
Nozzle outlet diameter 26

Nozzle convergence length 21.6

Nozzle divergence length 12.8
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Figure 3. Average regression rate at different grid numbers.

2.6. Dynamic Mesh Technology

Dynamic mesh technology was adopted to simulate the motion boundary of the grain
surface. Figure 4 shows the dynamic mesh update process. The moving distance of each
node is controlled by regression rate and time. Two update meshes methods are coupled
in the simulation. The methods are spring smoothing method and remeshing method.
In addition, the simulation adopts the single-core calculation in the computer to avoid
computing errors.

Calculate the Internal flow field
. M
internal flow field convergence

Get the current node|
position (x,y)
Calculate the

regression rate r of

normal?
the node f Neé]‘t
NO ‘ I‘IC‘) =

Calculate the vector
of the node (dx,dy)

/ Local / v
remeshing New position Of the

Mesh
deformation is

node (x+dx,y+dy)

h 4

Update
mesh

All nodes are

Figure 4. Dynamic mesh update process.
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2.7. Boundary Conditions

It is assumed that hydrogen peroxide has been completely decomposed at the outlet
of the catalytic bed, which is also the pre-chamber inlet in the simulation. The oxidizer
inlet condition is a mixture of 42.35% oxygen and 57.65% water, and the mixture tem-
perature is 1120 K. The catalytic bed uses silver as the main catalyst, which will cause a
catalytic decomposition reaction of 95HP and release a lot of heat. The temperature of
the catalytic decomposition products can reach 1120 K, which can provide the heat for
ignition. According to our previous tests, the catalytic bed decomposition efficiency is
greater than 98%, so the assumption is acceptable. The mass flow rate of oxidizer is 160 g/s.
In addition, the pressure of the nozzle outlet is 101.325 KPa. Adiabatic wall condition
and no-slip velocity condition are adopted at the surface of the walls. The temperature
boundary calculated by the user-defined function is used for the grain surface in ANSYS
Fluent 2022 R1. The temperature boundary and regression rate calculation process are
shown in Figure 5. Equations (3) and (4) are coupled to calculate the temperature boundary
and regression rate.

Start

Calculate heat . Assume wall Calculate regression rate r according to
transfer Q temperature 7'

Calculate the
—» latent heat of
vaporization at T’

Y

the conservation of energy

A

Y

End

.

| Output the regression rate r

According to the pyrolysis model, the
wall temperature 77 is obtained at the

at wall temperature T ) .
regression rate r

Figure 5. The temperature boundary and regression rate calculation process.

The coupled scheme was adopted in the solution methods. The spatial discretization
of the second order is used for pressure, the second order upwind is used for density and
energy, and the first order upwind for turbulent equations. In order to ensure the solution
accuracy, the time step is 0.001 s. Moreover, the convergence criteria are used as follows:
(1) the deviation of mass flow rate between the inlet and the outlet is less than 10— kg/s;
(2) the residuals of main parameters are less than 1073,

3. Ground Experimental Setup
3.1. Rocket Motor

The ground firing test was conducted with a 100 mm diameter HRM. Figure 6 shows
the schematic of this HRM, which consists of a catalytic bed, a combustion chamber, and
a nozzle. The catalytic bed is used to achieve ignition. The nozzle of this HRM adopted
carbon-ceramic as throat insert material is a Laval nozzle, which used a conical shape.
Figure 7 shows the picture of this HRM.
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Figure 6. Schematic of experimental HRM [4].
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Figure 7. Picture of this HRM.

3.2. Feed System of Hydrogen Peroxide

The oxidizer feeding system of the firing test uses the extrusion oxidizer feed system.
The system mainly consists of gas regulators, HyO, tank, flowmeter, valves, and adjustable
venturi. The oxidizer feed system of the ground experiment is shown in Figure 8. The
valves and venturi are controlled by PLC. The pressure and thrust sensors are adopted in
this system. The thrust sensor is an S-shaped pull/pressure sensor within +1.5 kN. The
error of thrust sensor is less than 0.5%. The sputtered thin film pressure sensor is used to
measure the pressure within 0-10 MPa. The error of pressure sensor is less than 0.2%. The
venturi was adopted to adjust the mass flow rate.

. P9

Fxhausli;‘lg : Gas

L
iy

Valve Regulator £ :
: Controller
High F{ : 3
ressure (1N, i 5P AR SR LA
Tank i :
Adjustable ' i [IRM
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GN, Purge
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Figure 8. Feed system of hydrogen peroxide.
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4. Results and Discussions
4.1. Simulated Analysis of Inner Flow Field

The mesh of the pre-combustion chamber and the front of the grain is shown in
Figure 9. From the initial moment, the combustion surface is continuously receding, and
the regression rate of the front of the grain is obviously higher than the regression rate of
the position downstream, which is consistent with the theoretical analysis and test results.
This is due to the Blasius effect, in which the boundary layer thickness at the front of the
fuel grain is very thin and the heat transfer is very strong, therefore, the regression rate is
high. As the thickness of the boundary layer increases along the axial distance, the heat
transfer decreases. However, since the addition of fuel along the axial distance, the trend is
weakened. The results demonstrate that the use of dynamic mesh technology to simulate
the combustion surface regression of HRMs has obvious advantages and can well-simulate
the motor operation process.

Initial =1s : =2s =3s

Front of the grain

Figure 9. Mesh of the pre-chamber and the front of grain.

Further analysis of the temperature contour and streamline with time shows that an
obvious flame layer occurs in the inner flow field of the combustion chamber in HRM,
as shown in Figure 10. The reason is that the combustion model of the hybrid rocket
motor is the typical non-premixed diffusion combustion. The temperature contour of the
pre-chamber is shown in Figure 11. It was found that the average temperature increases
first and then decreases. The average temperature of the pre-chamber is shown in Figure 12.
At 04 s, the average temperature increases rapidly, with a range of 1140.8-2690.5 K. The
main reason is that the pre-chamber vortex carried more fuel into the pre-chamber and
enhanced diffusion combustion, resulting in a high temperature of the pre-chamber gas.
At 4-5 s, the changes of the average temperature in the pre-chamber are very small. After
5 s, the average temperature of the pre-chamber gradually decreases, with a range of
2667.0-2529.0 K. The main reason is that the pre-chamber vortex splits into the pre-chamber
vortex and the front vortex of the grain, as shown in Figures 10 and 11. The front vortex
of the grain moves back with time, so the vortex area within the pre-chamber decreases.
The temperature of the front vortex of the grain is higher than the pre-chamber vortex.
Therefore, the average temperature of the pre-chamber gradually decreases.
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Figure 10. Temperature contour and streamline with time.
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Figure 11. Temperature contour of the pre-chamber.
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Figure 12. The average temperature of the pre-chamber varies with time.

The reason for vortex splitting is the regression of combustion surface. The regression
of the combustion surface causes the pre-chamber vortex to move back, at 0-5s. Then
the pre-chamber vortex will split into the pre-chamber vortex and the front vortex of the
grain. The gas temperature of the post-chamber is about 3000 K during the operation
process. Since the regression of the combustion surface, the size of the backflow zone of the
post-chamber decreases gradually. Therefore, the size of the vortex in the post-chamber
decreases gradually.

The four species with the highest mass fraction were selected as follows: H,O, Al,Os3,
Oy, C4Hg. At the initial moment (¢ = 0 s), the mass fraction of four species within the inner
flow field of HRMs is represented in Figure 13. The ignition process is not calculated in this
simulation. It is assumed that the dynamic regression process occurs after ignition. The
results of the initial moment are obtained by the steady-state simulation. Then, the dynamic
simulation was carried out on this basis. The combustion products of Al are mainly Al,Os,
and the mass fraction of Al,O3 along the axial distance gradually increases. In the nozzle
outlet, Al,Oj3 is carried out by the combustion chamber gas. The distribution of C4Hjg
is similar to Al,O3. The average mass fraction of Al,O3 and C4Hg are 0.262 and 0.087,
respectively. The average mass fraction of O and H,O are 0.182 and 0.384, respectively,
and the average mass fraction of HyO is higher than other species. It is noticed that a little
O; is ejected through the nozzle of this HRM, and the incomplete combustion occurs in the
inner flow field. Therefore, the efficiency of the hybrid rocket motor decreases.

005 0.1 015 0.2 025 03 035 04 0.45

ALO,

C,H,

-IIIW‘

0.02 0.08 0.14 0.2 0.26 0.32 0.38

;‘/__

o, B (T 'H O NN

0.02 0.08 0.14 0.2 0.26 0.32 0.38 - 0102030405

Figure 13. Mass fraction of four species in this HRM.
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4.2. Verification of Firing Test

The photograph of the firing test in this HRM is shown in Figure 14. A large number
of metal particles are ejected in the tail flame. The results demonstrate that when the
content of Al is high, Al particles cannot fully react in the combustion chamber, because
some Al particles are carried out by combustion chamber gas. At the same time, it can
be obtained that the operating environment of the nozzle in this motor is very serious,
therefore, an obvious ablation appears on the throat of the nozzle. Comparing the change
in nozzle throat diameter before and after the test, it is found that the nozzle ablation rate
is 0.16 mm/s. According to ref. [22], the nozzle ablation rate without Al is 0.05 mm/s.
Therefore, a better ablation resistance material is required for Al-containing fuels in HRMs,
such as copper-infiltrated tungsten materials.

Figure 14. Photograph of the firing test.

In addition, the results of the firing test and simulation are represented in Figure 15.
F refers to the thrust and m, refers to the mass flow rate of the oxidizer. To ensure the
safety of the ground experiment, reducing the delay time of catalytic decomposition, five
pulses are used. A short-time flow feed of oxidizer is defined as the pulse, which lasts for
100 ms. GN; blowing was adopted to remove hydrogen peroxide after the test. The results
show that the average oxidizer mass flow rate is 160 g/s in the firing test, and the average
thrust reached 450 N, which was smooth during the operation process. The average thrust
is 434.8 N in the simulation, which is only 3.4% in error with the test. The thrust of this
simulation gradually increased during the operation process. The main reason is that the
increase of the combustion surface area will weaken the effect of reduced regression rate.
When the mass flow rate of the oxidizer is constant, the regression rate will decrease with
time, as shown in Figure 16. In 0-1.5 s, the slope of regression rate decreasing is large, which
is because the regression rate is high within this period. The port area increases rapidly
with the regression of grain surface. Therefore, the mass flux of oxidizer reduces rapidly,
resulting in a rapid decrease of regression rate. In 1.5-5.5 s, the slope of the regression
rate decreases gradually. The main reason is that the regression rate is lower than 0-1.5 s.
In 5.5-9 s, the slope of regression rate decreasing further decreases, which is because the
regression rate has decreased obviously compared with the regression rate at the initial
moment. The port area increases more slowly, resulting in a further decrease in the slope
of regression rate reduction. The average regression rate of the hybrid rocket motor in
the simulation is 0.854 mm/s. In the ground firing test, the average regression rate of the
hybrid rocket motor obtained by the instantaneous regression rate analysis method [18] is
0.944 mm/s. The pure HTPB regression rate was calculated to be 0.50 mm/s for the same
oxidizer mass flow rate according to reference [22], thus, the addition of 58% Al enhanced
the regression rate of the HRMs by 88.8%. The results show that the addition of Al can
significantly increase the regression rate of HRMs.
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Figure 15. The results of the firing test and simulation.
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Figure 16. The regression rate of this HRM with time.

The results of the firing test and numerical simulation are shown in Table 3. In the
firing test, the average pressure is 1.68 MPa, and the pressure of the simulation is 1.704 MPa.
The error of test and simulation is 1.4%. It is indicated that the simulation model is relatively
accurate. The deviation of the characteristic velocity and specific impulse between test and
simulation are 2.9% and 0.9%, respectively. This investigation provides a valuable reference
for HRMs design and simulation.
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Table 3. Results of firing test and numerical simulation.

Parameter Firing Test Simulation Error/%
Combustion chamber pressure (MPa) 1.680 1.704 1.4
Regression rate (mm/s) 0.944 0.854 9.5
Characteristic velocity (m/s) 1446.8 1404.3 2.9
Specific impulse (s) 204.99 206.91 0.9

5. Conclusions

In this study, the dynamic numerical simulation model of HRMs with Al-containing
fuel is established, combined with the realizable k-e¢ model, fuel pyrolysis model, finite-
rate chemical reaction models, and dynamic mesh technology. The effect of Al on the
performance of HRMs such as regression rate is obtained. In addition, ground firing tests
were carried out to verify the simulation model based on the lab-scale HRMs. It is noted
that Al particle diameter is 2 um in this investigation. The main conclusions are as follows:

(1) The use of dynamic mesh technology to simulate the combustion surface regression
of HRMs containing Al fuel has obvious advantages. Compared with the ground firing
test, the errors of average thrust and combustion chamber pressure are 3.4% and 1.4%,
respectively, indicating that this investigation can make the numerical simulation closer to
the firing test results.

(2) The dynamic simulation shows that with the continuous regression of the com-
bustion surface, the vortex of the pre-chamber is divided into two vortices from one
main vortex, in which the vortex near the front of the grain will make the regression rate
downstream increase.

(3) The results show that the addition of Al can obviously increase the regression rate
of HRMs. The addition of 58% Al enhanced the regression rate by 88.8% compared with
pure HIPB.

(4) The Al-containing fuel obviously enhances the ablation of the nozzle, which reaches
0.16 mm/s due to the higher combustion temperature and the scouring of the metal
particles, therefore, a better ablation resistance material is required for Al-containing fuel
in HRMs.

In the author’s opinion, radiation or large eddy models can be considered in the future
to improve the numerical simulation accuracy. In addition, the 3D dynamic simulation
of hybrid rocket motor is also necessary to make the model more adaptable. When the
simulation accuracy is higher, the thrust of hybrid rocket motor can be predicted more
accurately so as to achieve more accurate thrust control.
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Nomenclature

Variables

o general variable

r generalized diffusion coefficient

So source item

0 density

t time

X axial coordinates

r radial coordinates

u axial velocities

v radial velocities

k turbulence energy coefficient

€ turbulence dissipation rate

Ag thermal conductivity of gas products
hg enthalpy of fuel pyrolysis products at fuel surface
hs enthalpy of solid fuel at initial temperature
of density of solid fuel

0g density of pyrolysis products

7 the fuel regression rate

T temperature of the solid fuel combustion surface
A Arrhenius pre-exponential constant
E, Arrhenius activation energy

R universal molar gas constant

Aq constant in the chemical model

B constant in the chemical model

E chemical activation energy
Abbreviations

HRM Hybrid Rocket Motor

HTPB Hydroxy-terminated Polybutadiene
PLC Programmable Logic Controller

HP Hydrogen Peroxide

RPA Rocket Propulsion Analysis

GN» Gas Nitrogen
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