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Abstract: The effect of mixing on coupled heat release and transfer performance of a novel segregated
solid motor is numerically evaluated with a transient two-dimensional combustion model. The
results show that vortex structures are formed and evolved in the combustion chamber. Quantitative
calculation of the mixing effect shows the inhomogeneous distribution of oxidant and fuel species.
The well-mixing area is located in a narrow belt-like coupled combustion region near the burning
surface of the propellant. Heat transfer coefficient decreases greatly due to lower combustion reaction
rate and enlarged flow channel area. Heat transfer coefficients near the two ends of the propellant
grain are higher than other parts due to the influence of vortex mixing. Raising the inlet mass flow
rate leads to enhanced mixing and heat transfer, which results in a lower temperature and regression
rate of the propellant with combustion time. Temperature and oxidation rates of Hy and CO are
unevenly distributed in the boundary layer of coupled combustion. Increasing the mass flux of inlet
oxidizer gas leads to a higher combustion heat release rate. Therefore, the gas-phase temperature
increases significantly. The heat release rate reaches the maximum near the ends of the propellant
grain, where vortex mixing strengthens the coupled combustion process in the motor.

Keywords: vortex mixing; segregated oxidizer/fuel solid motor; coupled combustion; heat

release rate

1. Introduction

With the fast progress of aerospace engineering and space exploration, there has
been an increasing demand for rocket motors with high energy density, adjustable thrust,
and reliable performance. Various rocket motors have been proposed and validated in
recent decades. A novel segregated fuel and oxidizer system (SFOS) was proposed by Los
Alamos National Laboratory (LANL) in 2016 that separates the solid fuel and oxidizer
in a cascade structure and provides high safety for the propulsion of small satellites [1].
Zou et al. [2] proposed a segregated oxidizer/fuel solid motor (SOFSM) in 2021 that is
shown in Figure 1. Different from the SFOSM system, both oxidizer and fuel in the SOFSM
system are designed for self-sustained combustion. The main advantage of the SOFSM is
that both flow rate and thrust regulations can be realized together with multiple starting
and shutting down of the motor. Therefore, the SOFSM system provides a promising
solution to adjustable and highly safe propulsion systems for space exploration. The heat
release characteristics are of great significance to the design optimization and performance
evaluation of the SOFSM system and thus draw increasing attention. Considering the
similar working principle, the combustion processes in the hybrid rocket motor and ramjet
engine provide a valuable reference for the SOFSM. Therefore, these two motors’ mixing
and heat release characteristics are reviewed.
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Figure 1. Schematic of the segregated oxidizer and fuel solid motor.
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For both hybrid rocket motors and solid rocket ramjet motors, the combustion pattern
in the combustion chamber and the geometry play a significant role in the combustion
and heat release of the coupled combustion between oxidizer and fuel [3]. Chiaverini
et al. [4,5] found that heat radiation of gaseous combustion products, e.g., CO,, H,O
and CO have a vital effect on the regression rate and heat release of HTPB propellant
in a hybrid rocket motor. Research studies reveal that heat release rate and combustion
efficiency in solid ramjet motors are mainly affected by the oxidant inflow mode and
combustion chamber geometry [6-12]. Some other studies showed that local heat release
rates are maximized when the solid fuel is fully reacted with high-velocity inflow air [13].
Hu [14] found that for rocket-based combined cycle (RBCC), an ejecting rocket’s heat
release and combustion efficiency was enhanced with more fuel injected into the front of
the combustion chamber. The studies [15-17] on micro-combustor showed that the length
of the combustion chamber affected combustion efficiency by changing the residence time
and thermophysical properties of the reacting species. Some studies [18,19] found that
the addition of syn-gas (i.e., Hy and CO) increased the concentration of small radicals and
accelerated the propagation velocity of laminar flame. Therefore, the combustion heat
release rate was greatly enhanced.

Recent studies on solid fuel ramjet engines showed that increasing the mass flow rate,
swirl number, and temperature of the inlet oxidizer gas can improve the heat and mass
transfer between the burning surface of the solid fuel and the gas phase region [20,21].
Oxidizer inlet conditions also significantly affect the motor’s regression rate and heat release
characteristics [22-24]. Numerical simulation of hydrogen-fueled scramjet showed that
the combustion chamber cavity caused a high-pressure gradient and significant horizontal
flow and strengthened mixing between air and hydrogen, resulting in a higher combustion
heat release rate [25].

In summary, the research studies on hybrid rocket motors and solid ramjet motors
revealed the important effect of inflow oxidizers on combustion heat release characteris-
tics. They provided a reference for the heat release characteristics of the SOFSM system.
However, most current research studies used global reaction mechanisms and a steady
combustion model. The temporal and spatial distribution characteristics of heat release of
the coupled combustion process of the SOFSM system under mixing and heat transfer are
rarely reported [26,27]. The coupled heat release and transfer characteristics are obtained
with the dynamic mesh technique in the present study. Compared with the previous com-
bustion model and studies, the interaction between coupled combustion and heat release
and transfer is numerically investigated. A dynamic simulation of the coupled combustion
process is realized with a two-dimensional transient combustion model. Better insight into
the heat release and heat transfer process in coupled combustion in the SOFSM is provided.

A two-dimensional transient combustion model based on a detailed reaction mecha-
nism is used in this study to reveal the heat release characteristics of coupled combustion
in the SOFSM system. The impact of different oxidant gas inlet flow rates on the spatial
and temporal distribution characteristics of the heat release rate is studied numerically.
Mixing and heat release variations between gases under different operating conditions
are explored. The intrinsic mechanisms for the regression of the burning surface of the
fuel grain are correlated with mixing and heat release. This study aims to provide a better
understanding of the micro-scale mechanisms of mixing, heat transfer, and combustion
reactions in the SOFSM system.
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2. Formulation of the Model
2.1. Conservation Equations
2.1.1. Equations of Gas Phase

The internal flow and heat transfer in the SOFSM is computed by solving the con-
servation equations using the ANSYS Fluent software. The equations are solved by the
semi-implicit method for pressure-linked equations (i.e., SIMPLE) method with second-
order precision. The equations of the gas phase are expressed as follows [28].

Conservation of mass equations

%‘Z +div(pl) =0 1)

Conservation of momentum equation,

asztx +div(uyu) = %[div(ygradux) + Sy, — g—ﬂ 2
9 . .
S+ div(uyu) = %[dw(ygraduy) + Su, — g—;}
Conservation of energy equation,
@ +div(pUT) = div (?gradT) + St (3)
p

Additional ideal gas equation of state,
p = pRT (4)

where u is velocity, uy, u, are the velocities in x, y direction, respectively, p denotes the
pressure, p and p denote the density and dynamic viscosity of the fluid, respectively. ¢ is
the specific heat at constant pressure. R is the gas constant, A denotes the second molecular
viscosity, T represents the temperature and Suy, Suy and St are the source terms.

2.1.2. Gas-Solid Boundary Conditions

A coupled combustion zone is formed when diffusive mixing occurs between the
inflow oxidizer and pyrolysis gas emitted from the solid propellant [29,30]. The heat
released from the coupled combustion of oxidizer and fuel in the flow field is transferred to
the solid propellant, and the conservation equation at the gas-solid interface is solved.

Psi’ = Png (5)
oT oT ;
gy TN (ay)s +pst (hrg — hrs) ©)

where r represents the regression rate of the propellant, p; represents the density of the
propellant, p; and V are the density and velocity of the gas phase, respectively. A¢ and As
are the thermal conductivity of the gas and solid region, respectively. ht ¢ is the enthalpy of
the gas at temperature T, It s is the enthalpy of the solid propellant at temperature T.

2.1.3. Thermal Decomposition Model of Propellant

In the present numerical simulation, the method of equivalent source term [26,27]
is used to describe the thermal decomposition of the fuel-rich propellant. The pyrolysis
model of the rich fuel is shown in Figure 2. The juxtaposed black rectangles in the figure are
a schematic representation of the lowest layer of the grid in the computational grid at the
fuel-rich burning surface, whose upper boundary is the propellant-burning surface. The
axial spacing of the source term grid is uniform across the whole domain with a width of
5 mm while the total length of the computational domain is 650 mm. In the present study,
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the source terms of mass, momentum, energy and components are added to the first layer
of the grid, pyrolysis products are injected into the combustion chamber through the lower
boundary of this layer of the grid.

)

I

Lowermost grid of fuel-rich grain
Source term: S, S, S,, S, S Burning surface

Fuel-rich propellant pyrolysis products

Mainstream area

Figure 2. Pyrolysis model of fuel-rich propellant.

The source terms related to solid fuel decomposition are shown below,
Mass source term,
Sm=m=pstAs/Vc (7)

where r is the regression rate of the propellant, p; represents the propellant density, A is the
surface area of the source term grid at the burning surface, and V. represents the volume of
the source term grid.

Momentum source term,

Sy =muy/V, = Ps’.’Afux/Vc (8)

Sy = muy,/V, = psi’Afuy/VC 9)

where the symbols have the same meanings in the above equations.
Energy source term,
SE = psf’Afhi/Vc (10)

where /; is the reaction heat of decomposition of the i-th species.
Component source term,
Si = pstAfYi/ Ve (11)

where Y; denotes the mass fraction of the i-th gas phase component.

2.1.4. Turbulence Model

Considering the effect of the Reynolds number and the compressibility of shear flow,
the standard k-w turbulence model was widely used [31,32]. Since the present study is
mainly concerned with mixing and combustion within the boundary layer, the standard
k-w turbulence model in two-equation form shown as follows is used,

] ok

d 0
E(Pk)Jrafxi(Pkui) = 8x]<rkax]> + Gk — Y + Sk (12)

ox; x; dx

0 0 ok
*(pw)ﬂ'i‘(pwui) = <Fw‘> + Gw — Yo + Sw (13)
]
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where Gy denotes the turbulent kinetic energy; G, denotes generated by the w equation;
I'y and I', denote the diffusivity; Yy and Y, are the turbulence terms due to diffusion; Sy
and S, are source terms.

2.2. Combustion Reaction Model
2.2.1. Detailed Reaction Mechanism

The propellant combination used in this study includes AP oxygen-rich gas as an
oxidizer and TAGN fuel-rich as fuel. The composition of the AP/TAGN propellants can
be found in our previous studies [26,27]. The present study used a mechanism involving
190 elementary reactions and 37 inlet components from a previous study [26]. The mass
fractions of the inlet species of the oxidizer and fuel propellant are shown in Table 1.

Table 1. Gas phase inlet components.

Components Mole Fraction Components Mole Fraction

H,O 0.2945 CO, 0.0063

0, 0.11 CcO 0.049

HCl1 0.045 H, 0.145
NH; 0.04 N, 0.1945
NO, 0.03 Cl, 0.01
N,O 0.015 ClO, 0.01

N, 0.2095 HCIOy4 0.01

ClOo 0.015 NO 0.005

2.2.2. Regression Rate Model

The Arrhenius rate model is often applied to describe the regression rate in the
propellant. Carro demonstrated the feasibility of determining the combustion time by
changing pressure during combustion [33]. In this work, the regression rate in Arrhenius
form is fitted from experimental data measured in a closed combustion chamber, shown in
Figure 3. The time of combustion and the consumed thickness of the propellant are recorded
in experiments. The pressure transducer measures the pressure in the high-pressure burner
during propellant combustion. By dividing the propellant consumption thickness by
the combustion time, the average regression rate of solid propellants is calculated. The
combustion time is calculated by monitoring the pressure variation in the high-pressure
closed burner during combustion. The final regression rate is obtained by taking the
average of three parallel experiments under the same conditions. The burning surface
temperature is measured by using a Pt/Rh micro-thermocouple. The calculated regression
rates and measured temperatures of the burning surface are fitted into the regression rate
model, as shown in Equation (14).

# = 48.91 exp(—21,986.4/ (RTs)) (14)

where 7 is the regression rate; R denotes the gas constant, Ts denotes the burning surface
temperature of propellant. Coupled combustion experiments are conducted under the
condition of low flow velocity to modify the regression rate model. Equation (14) is
modified using the measured experimental data of regression rate under the effect of inflow
oxidizer gas of coupled combustion, and the Equation (15) of the coupled combustion
burning surface regression rate is obtained,

7 = 53.23exp(—22,976.98/(RT;)) (15)
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Figure 3. Combustor for burning rate measurement.

2.3. Model Formulation and Boundary Conditions
2.3.1. Physical Model of the Segregated Solid Motor

The physical model for the coupled combustion of TAGN-based propellant is shown
in Figure 4. The combustion chamber length L = 650 mm. The TAGN-based propellant
length is 400 mm. The radius of the oxidant gas phase inlet is 12 mm. The radius of the
outlet of the combustion chamber is 44 mm. The source term method is used to simulate
the decomposition process of TAGN-based propellant. Figure 4 shows the schematic
coupled combustion process of the high-temperature inlet oxidizer and the solid propellant.
TAGN-based solid propellant pyrolysis process produces fuel-rich gas mixed with a high-
temperature inlet oxidizer reaction, forming a high-temperature coupled combustion region.
The decomposition of the solid propellant continuously generates fuel-rich gas species. As
a result of the coupled combustion, the solid phase is heated up. The heat feedback from
the gas phase accelerates the propellant regression. Fuel gas species are transported from
the burning surface to the gas phase region. The heat and mass transfer in the coupled
combustion region are in opposite directions and are affected by flow and mixing processes.

Pre-combustion chamber
\. Direction of burning surface regression Post-combustion chamber

Oxidizer-rich
gasl linlet

A _ S

Fuel-rich’ propeilan Burning surface

Coupled combustion

1

|

i 3 O

| A | & csion
i Oxidizer gas 0O, g

L

Ll . .
Symmetric axis

Figure 4. Physical model of the coupled combustion process.

2.3.2. Boundary Conditions for Numerical Simulation

This study considers the mixing and reaction between the AP-derived oxygen-rich gas
species and the TAGN-derived fuel-rich gas species based on a two-dimensional coupled
combustion model. A mass flow rate inlet with zero radial velocity is used for the oxidizer gas.
The equivalent source term method describes the decomposed fuel gas entering the gas-phase
mainstream. The source terms of mass, momentum, energy, and components are added by
compiling and loading a user-defined function (UDF) file. A slip-free adiabatic wall surface is
used for the wall boundary condition. The combustion chamber outlet is set as a pressure
outlet, where pressure is calculated using a UDF file specifically written for the combustion.
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2.3.3. Cases and Conditions for Numerical Simulation

Since the previous studies revealed the importance of oxidizer mass flux on the
combustion of hybrid or solid ramjet motors, thus the impact of varying oxidizer inlet mass
flux on combustion and heat release characteristics of the SOFSM is investigated in this
study. The mass flux of oxidizer gas, Gox, is varied from 200 kg/(m?-s) to 400 kg/(m?:s),
which has been used in our previous experimental study on small propulsion systems [26].
The initial temperature of the oxidant, pressure and diameter of the oxidizer inlet is kept
constant in the numerical simulations.

3. Results and Discussion
3.1. Model Verification

A two-dimensional unstructured grid is adopted in the present study. Grid indepen-
dence is verified for three groups of grids shown in Figure 5 with grid numbers 33,213,
100,083, and 273,726, respectively. The flow velocity, temperature, O, mass fraction and CO
mass fraction obtained with three different grids at the symmetry axis of the combustor
are shown in Figure 6. With the increase in grid number, the results are in good agree-
ment. Grids #2 and #3 show excellent consistency in flow velocity, temperature, O, mass
fraction and CO mass fraction distribution. The maximum relative deviation is 3.4% for
temperature, 4.2% for velocity, 3.5% O, mass fraction and 2.8% CO mass fraction. Therefore,
considering the calculation accuracy and efficiency, grid #2 is used as the calculation grid
in the following simulations.

Figure 5. Grids used for independence test.
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Figure 6. Grid independence test.
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To test the reliability of the regression rate model, combustion tests under low flow
velocity conditions were carried out on the coupled-combustion experimental facility in
Figure 7. The coupled combustion reactor in Figure 7 mainly consists of an oxidizer gas
generator and a fuel-rich combustion chamber. During the experiment, the AP-based
propellant in the gas generator was ignited to generate a high-temperature oxygen-rich gas
mixture, whose mass flow rate was regulated by adjusting the area of the burning surface
and pressure of the gas generator. The mass flow rate of the high-temperature oxidizer-rich
gas was determined based on mass conservation using the consumed mass of the AP-based
propellant, which was calculated with the regression rate, the burning surface area and
the density of the propellant based. The regression rate of the rich fuel was determined
by dividing the consumed height of propellant grain by the combustion time, which was
determined with the pressure plot obtained in the combustion experiments. Table 2 shows
the experimental cases and results. The pressure of the combustion chamber was stable,
with the inlet mass flow rate of oxidizer gas increasing from 8.00 g/s to 9.70 g/s. The
simulated regression rates are compared for different oxidant inlet mass flow rates and
pressures. The experimental regression rates were obtained using the method stated above
in Section 2.2.2 Regression rate model. Figure 8 shows the simulated regression rates in
comparison with the experimental results. The simulation and experimental results are in
excellent agreement, with a maximum error of 3.11%. It is found that the regression rate
model shown in Equation (15) is sensitive to the inlet mass flow rate of the oxidizer gas.
Except for the case of a mass flow rate of 8.00 g/s, the numerically predicted regression
rates are slightly higher than the experimental results. For low mass flow rate, as the mixing
and heat transfer is weak, the experimental results are higher than the predicted regression
rate. However, by increasing the mass flow rate of the oxidizer gas, the mixing and reaction
of the oxidizer gas and the fuel-rich gas are enhanced. Therefore, the regression rate of the
numerical simulation is slightly higher than that obtained from experiments.

(P @ Pressure transducers Computer —

S v =

24V DC Coupled
power supply combustor ﬂg
Ll

—

-

e .
L= N

Static test-firing Viewing Signal
facility | = window  collector

™~

Figure 7. Low flow velocity coupled-combustion experimental facility.

Table 2. Conditions and results of model validation.

Regression Rate/(mm-s—1)

Inlet Flow Rate/(g-s—1) Pressure/MPa
Experiment Simulation
8.00 1.65 1.80 1.74
8.90 1.65 191 1.96

9.70 1.65 2.16 2.18
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Figure 8. Model verification of the regression rate model.

3.2. Flow and Heat Transfer Characteristics

The transient flow and mixing characteristics are analyzed for different inlet mass
fluxes. Figure 9 shows the temperature distribution throughout the flow field with the
inlet mass flux of the oxidizer gas varying between 200 kg/(m?-s) and 400 kg/(m?s). At
the initial stage of combustion, i.e., t = 0.6 s, the high-temperature region, i.e., the belt-
like coupled combustion region, is located near the burning surface. With the regression
of the burning surface, the high-temperature region gradually moves away from the
propellant grain. The coupled combustion zone area expands rapidly and stabilizes after
t = 1.8 s. With Gox increasing from 200 kg/ (m?-s) to 400 kg/ (m?-s), there is an obvious
re-development region at the end of the high-temperature coupled-combustion region,
which gradually moves toward the exit of the combustion chamber with time. This is
because vortex structures are formed near the ends of the propellant grain as the mass flux
of the oxidizer increases. The re-development region enhances mixing and combustion in
the post-combustion chamber.

(a)
Temperature / (K) BTN | .

400 800 1200 1600 2000 2400 2800 3000

t=0.6s

=1.2s

=1.8s

i ———

(b)
Temperature / (K) N | T

400 800 1200 1600 2000 2400 2800 3000

06—
12—
s e ———
ris ||| ———

Figure 9. Effect of oxidizer gas mass flux variation on transient temperature distribution.
(a) Gox = 200 kg/(m?-s). (b) Gox = 400 kg/(m?-s).
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Figure 10 shows the effect of oxidizer gas mass flux variation on transient velocity
distribution. As the burning time increases, more gaseous products are generated, which
increases the volume flow rate in the internal flow field. Therefore, flow velocity increases
gradually with combustion time. With the mass flux of the oxidizer increasing from
200 kg/ (m?-s) to 400 kg/ (m?-s), velocity near the oxidizer inlet increases significantly. In
the case with Gox = 400 kg/(m?-s), the axial velocity first decreases till the middle of the
burning surface. Then it increases as the coupled combustion process generates more
gaseous products.

(a)
Velocity /(ms™) _I |-

10 20 30 40 50 60 70 80

N I =<
1=0.6s ——— —
[ R =
L — —————— — ==
‘7’5;1_»L - _— . — v;.:_él._:

=185

(b)
Velocity /(mes~!) I | .

10 20 30 40 50 60 70 80

t=0.6s

=1.2s

=1.8s

=2.4s

Figure 10. Effect of oxidizer gas mass flux variation on transient velocity distribution.
(a) Gox = 200 kg/(m?-s). (b) Gox = 400 kg/(m?s).

It should be noted that there exist vortex structures in both the pre- post-combustion
chambers. As combustion time increases, the vortex in the pre-combustion chamber is split
up into two smaller vortexes, while the vortex in the post-combustion chamber becomes
larger and closer to the exit of the combustor. The formation and evolution of vortex
structures strengthen local mixing and combustion near the two ends of the propellant
grain. However, the inhomogeneity of the combustion and heat release characteristics of
the coupled combustion process is strengthened.

In the present study, the mixing effect and the ratio of oxidant to fuel are characterized
by mixing degree, I, and oxidant richness index, ro/, respectively. I;; = 1.0 means perfect
mixing, while I;;, = 0 represents the worst mixing condition. In addition, rg/ is 0.5 repre-
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senting adequate mixing of oxidizer and fuel gas. The detailed definitions of mixing degree
and oxidizer richness index can be found in our previous study [27]. Either the smaller
or larger value of the oxidizer richness index means incomplete combustion. Figure 11
shows the transient distribution of I, in the combustion chamber. It is found that there
exists a belt zone with the highest mixing degree. In the flow direction, the mixing degree
increases as the mixing process is improved. As the combustion progresses, the belt region
expands but moves away from the burning surface. With oxidant mass flux increasing
from 200 kg/(m?-s) to 400 kg/(m?-s), the mixing degree becomes higher.

, NN .

0 0.1 0.2 0.3 0.4 0.5 0.6

t=0.6s

=1.2s

=1.8s

=2.4s

=0.6s

t=1.2s

=1.8s

|

=2.4s

Figure 11. Transient distribution of mixing degree at different oxidant gas mass flux.
(a) Gox = 200 kg/(m?-s). (b) Gox = 400 kg/(m?-s).

Meanwhile, the belt-like region with the highest mixing degree moves towards the
burning surface of the propellant grain. The analysis shows that the mixing between
oxidizer gas and fuel gas is enhanced at a higher mass flux of oxidizer gas. The coupled
combustion process is thus significantly strengthened.

Figure 12 shows the transient variation of oxidizer richness index, ro/ at different
mass flux of oxidizer gas. For fixed mass flux of oxidizer gas, the region with oxidizer
richness index, ro/r close to 0.5 becomes larger with the increase of combustion time. It is
noteworthy that the effect of inlet oxidizer mass flux on oxidizer richness index distribution
is different for different combustion stages. For the initial combustion stage, the region
with ideal ro/r = 0.5 is larger for Gox =200 kg/ (m?-s) than Gox = 400 kg/ (m?-s). However,
for the medium to final combustion stage, increasing the inlet mass flux of oxidizer gas
results in better distribution of the ideal oxidizer richness index, which means the oxidant
to fuel ratio is closer to the stoichiometric value for complete combustion. The different
distribution of oxidizer richness index, ro/r shows the complex interaction between flow
and combustion reactions.
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Figure 12. Transient distribution of oxidizer richness index at different oxidant gas mass flux.
(a) Gox = 200 kg/(m?-s). (b) Gox = 400 kg/(m?-s).

Based on the energy balance at the burning surface, the thermal feedback from the
gas phase to the propellant grain is considered in the burning surface heat flux, calculated
using Equation (16). Considering the heat flux continuity throughout the gas and solid
phases, the convective heat flux is equal to the heat flux via heat conduction. Therefore, the
convective heat transfer coefficient is calculated using Equation (17).

g=h(T;—T,) (16)
A oT

pe__ A o7 17

(Tf - TS) dy a7

where Ty and T are temperatures of fluid and solid surface, respectively, h represents
the heat transfer coefficient, dT/dy represents the gradient of fluid temperature normal
to the burning surface, A represents the thermal conductivity of the fluid, & is the heat
transfer coefficient.

The influence of the mass flux of oxidizer gas on the axial distribution of heat transfer
coefficient at different combustion times is shown in Figure 13. It is found that heat transfer
coefficients at the two ends of the propellant are higher than those in the middle part of
the propellant. This can be explained by the vortex structures formed at the pre-and post-
combustion chambers. Observing Figure 10, it can be found that large vortex structures
are formed near the ends of the propellant, which enhances the heat transfer process. As
the combustion progresses (i.e., t = 0.6 s to t = 2.4 s), the heat transfer coefficient decreases
substantially. In addition, Figure 13a shows that the heat transfer coefficient varies very
slightly after t = 1.2 s for Gox = 200 kg/(m?-s). This is because for low inlet mass flux of
oxidizer gas, the combustion reaction and heat release rate decay fast with combustion time.
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Figure 13. Temporal distribution of heat transfer coefficient at different combustion time.
(a) Gox = 200 kg/(m?-s). (b) Gox = 400 kg/(m?-s).

For Gox = 400 kg/(m?s), the average heat transfer coefficient is much higher than that
at Gox = 200 kg/(m?-s). Particularly, the distribution of the heat transfer coefficient across
the burning surface becomes highly non-uniform. Figures 11 and 12 show that higher
mass flux causes a better mixing effect between gaseous species. The local convective
heat transfer near the vortex structures is thus enhanced. Similarly, Figure 13b shows heat
transfer coefficient decreases significantly with combustion time as combustion reaction
rates decay with the consumption of oxidizer gas.

Moreover, the expanding flow channel area leads to lower flow velocity near the
burning surface, convective heat transfer thus decreases greatly. Figure 14 shows the
average heat transfer coefficient variation at different oxidizer mass flux and times. The
heat transfer coefficient is obtained by taking the average of the heat transfer coefficient
along the flow direction. It can be seen that there is an intersection point at ¢ = 1.2 s. Before
t = 1.2 s, increasing oxidizer mass flux results in a higher heat transfer coefficient. However,
heat transfer coefficient decreases after t = 1.2s. As mentioned above, the decreasing
reaction rate and expanding flow channel area leads to heat transfer deterioration at late
stage of the coupled combustion process.
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Figure 14. Impact of oxidizer mass flux on average heat transfer coefficient under different combustion
time.
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3.3. Combustion and Heat Release Characteristics

In the coupled combustion process of the segregated solid motor, the fuel-rich propel-
lant is heated up by gas-phase combustion heat and thermal decomposition heat. Therefore,
the temperature and regression rate of the burning surface reflects the combustion heat
release characteristics. Figure 15 shows the impact of inlet mass flux on the burning surface
temperature and regression rate at different combustion times. The temperature and re-
gression rate are obtained by taking averages along the burning surface. Figure 15a shows
that for a fixed time, the burning surface temperature (Ts) increases with the mass flux of
inlet oxidant gas. However, as the combustion progresses, the Ts gradually decreases as the
combustion reaction rate is slowed down in the late stage of regression. Figure 15b shows
the variation trend of the regression rate of the burning surface, which is similar to that of
the temperature of the burning surface. Remarkably, the increase of Gox leads to a slower
temperature and regression rate decrease. Since the pyrolysis of the TAGN-based fuel-rich
propellant is partially driven by combustion heat from gas-phase combustion, the analysis
indicates the increase of Gox is beneficial in enhancing coupled combustion processes.

(a) (b)
48
1 140 L —a— Gox=200 —a— Gox=200
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Figure 15. Effect of oxidizer mass flux on coupled combustion characteristics. (a) Temperature of the
burning surface. (b) Regression rate of the burning surface.

Figure 16 presents the impact of oxidizer mass flux on the gas-phase temperature
sampled at different four positions along the flow direction. As discussed above in Figure 9,
the high-temperature region is mainly located in a belt-like coupled combustion region.
The maximum gas phase region temperature is thus obtained by taking the maximum
temperature in the radial direction of the belt-like region. Figure 16a shows that the
maximum gas phase region temperature Ty increases rapidly before t = 1.6 s and reaches a
stable value as the combustion progresses (i.e., t = 1.6 s to t = 2.4 s). Due to the entrainment
effect of the vortex structure, the temperature difference is obvious at X = 150 mm, i.e.,
at the left end of the propellant. As the sampling distance increases from X = 150 mm
to X = 550 mm, more combustion heat is released, so gas-phase reactions are accelerated.
Therefore, the effect of Gox on gas phase region temperature distribution is weakened. It
can also be found from Figure 16 that temperature distribution along the flow direction
is quite unevenly distributed. The results agree well with the non-uniform distribution
of burning surface temperature and regression rate, as shown in Figure 15. As shown in
Figure 17, vortex structures are formed near the front end of the propellant grain. At the
initial combustion stage, i.e., t = 0.6 s, the velocity streamlines distribution varies slightly.
However, for the late combustion stage, i.e., t = 1.8 s, with the proceeding of the combustion
process, the flow field varies significantly for different mass fluxes of oxidizer. With the
increase of oxidizer mass flux, residence time and mixing time between oxidizer and fuel
species are shortened, resulting in weakened vortex structures, as shown in Figure 17.
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Therefore, the flame temperature of the gas phase decreases with the increase of mass flux
of the oxidizer.
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Figure 16. Impact of oxidizer mass flux on the maximum gas phase temperature distribution.
(a) 150 mm from oxidizer inlet; (b) 250 mm from oxidizer inlet; (c) 400 mm from oxidizer inlet;

(d) 550 mm from oxidizer inlet.

t=0.6s =1.8s

Figure 17. Contours of initial and stabilizing moments of burning surface regression for different
oxidant fluxes.

The previous discussion shows that the coupled combustion in the transient flow
field is stable after t = 1.6 s. Therefore, Figure 18 shows the radial distributions of O,,
CO, and maximum gas phase region temperature of gas-phase sampled att = 1.8 s and
X = 350 mm, i.e., the middle of the solid propellant grain. Due to the mixing and con-
sumption of O, with fuel gas species generated by the fuel-rich TAGN propellant, the mass
fraction of O, gradually decreases along the radial direction. Meanwhile, the mass fraction
of CO, and gas phase region temperature at this location first increases to the maximum
and then gradually decays. With increasing inlet oxidizer mass flux, the O, content in the
bulk flow increases resulting in higher CO, content in the gas phase. The results indicate
that increasing inlet oxidizer mass flux provides more sufficient oxidizer species and better
mixing with fuel gas species. The chemical reactions in this region are more intense to
release more heat. Therefore, the maximum gas phase region temperature, Ty as shown in
Figure 18, increases significantly with the mass flux of inlet oxidant.
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Figure 18. Distribution of O;, CO, and Ty along the axial direction for different oxidant fluxes.

Figures 19 and 20 show the reaction rate distribution of two typical oxidation reactions
of H, and CO, i.e., R-8 (H, + OH = H,O + H) and R-27 (CO + OH = CO; + H) in Y direction
with X = 350 mm. It can be seen that both R-8 and R-27 reaction rates decrease with
combustion time as oxygen is consumed. With the mass flux of oxidant increasing from
Gox =200 kg/ (m?-s) to Gox = 400 kg/ (m?-s), the reaction rates of R-8 and R-27 increase
significantly att = 0.6 s. For t = 1.2 s to t = 2.4 s, the oxidation reaction rates hardly vary
with the increase of Gox. This is because, with the progress of combustion, the oxidizer gas
is consumed very fast. As shown in Figure 21, the concentration of O, quickly decreases
while the concentration of CO increases due to the lowered oxidation rate with combustion
time. The variations of O, concentration and oxidation reaction rate directly affect the
heat release rate of coupled combustion. To analyze heat release characteristics of coupled
combustion reactions of AP/TAGN segregated solid motor, the rate of combustion heat
release of coupled combustion is defined as follows,

qr = ﬂQch/V (18)

where g, represents the heat release rate, 7 is the fuel gas conversion, Q, is the combustion
reaction heat, V is the volume of the combustion chamber.
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Figure 19. Reaction rate of R-8 in the radial direction.
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Figure 20. Reaction rate of R-27 in the radial direction.
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Figure 21. Content of O, and CO at different combustion times. (a) Content of O,. (b) Content of CO.

Figure 22 indicates that the heat release rate in the coupled combustion region fluctu-
ates greatly along the flow direction at ¢ = 0.6 s. The maximum heat release rate appears
near the left end of the propellant. In addition, oxidizer gas concentration is also high at
this position. Figure 22 shows heat release rate is not evenly distributed along the flow
direction due to the non-uniform temperature and O, concentration. With the increase of
combustion time (i.e., t = 0.6 s to t = 2.4 5), the heat release rate of the gas-phase reaction
decays rapidly as the combustion reaction rate is slowed down.

Meanwhile, the heat release rate distribution near the left end of the propellant grain
becomes flat due to the consumption of oxidizer species. For combustion time at# =1.2 s
and t = 1.8 s, the impact of vortex mixing in the post-combustion chamber is still important.
Therefore, the heat release rate in the post-combustion chamber is higher than in other part
of the combustor because of the enhanced mixing and combustion processes. However, for
combustion time t = 2.4 s, as discussed above in Figure 15, the temperature and regression
rate of the burning surface decrease to a very low level. The heat release rate thus decreases
significantly with a relatively even distribution along the flow direction.
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Figure 22. Variation of axial distribution of heat release rate with time for Gox = 200 kg/(m?-s).

Figure 23 shows the impact of the inlet mass flux of oxidizer gas, Gox on the mass
fraction of O, and CO with combustion time ¢ = 1.8 s. As Gox increases, the mass fraction of
O; increases throughout the combustion chamber, while the mass fraction of CO decreases
greatly. The results show that the oxidation rate of CO is accelerated by enhanced mixing
and higher concentration of O;. Therefore, the combustion heat release rate is also enhanced.
As shown in Figure 24, with the inlet mass flux increasing from Gox = 200 kg/(m?:s) to
Gox =300 kg/(m?-s), the combustion heat release rate increases significantly, particularly
in the pre- post-combustion chambers due to the formation and expansion of the vortex
structures. However, with the inlet mass flux increasing from Gox = 300 kg/ (m?-s) to
Gox = 400 kg/(m?s), the heat release rate varies slightly. The main difference in heat
release rate for Gox = 300 kg/(m?-s) and Gox = 400 kg/(m?-s) lies near the left end of the
propellant, which is mainly affected by vortex structures in the pre-combustion chamber.
The combustion heat release rate is much higher in the pre-combustion chamber than in
other parts. This is mainly because the concentration of O; is higher in the pre-combustion
chamber. Moreover, species mixing between oxygen and fuel gas is also better in the
pre-combustion chamber.
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Figure 23. Impact of oxidizer gas mass flux variation on O, and CO content. (a) Content of Oj.
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Figure 24. The impact of inlet mass flux of oxidant on heat release rate.

4. Conclusions

Heat release characteristics in coupled combustion processes are numerically investi-
gated, and the effect of the vortex structure on heat release and the effect of oxidizer flux
variations on heat transfer coefficients and reaction rates are revealed. Compared with the
steady combustion model proposed by previous scholars, the two-dimensional transient
combustion model based on a detailed reaction mechanism is established in this paper,
which provides an intuitive description of the real-time changes of the flow field during
the coupled combustion process. Heat release characteristics, heat transfer coefficients
and reaction rates other parameters also show different changes with the regression of the
burning surface. The numerical simulation based on this model provides better insight
into the dynamic coupled heat release and transfer process under the influence of coupled
combustion. A better understanding of the micro-combustion mechanism of SOFSM is
obtained. The main conclusions are as follows.

1. Vortex structures are formed and evolved in the pre-post-combustion chambers. The
formation and evolution of the vortex structures enhance the local mixing and com-
bustion reactions through the combustion chamber. However, the non-uniformity of
heat release rate distribution is also exacerbated by the re-developed vortex structures.

2. Mixing is inhomogeneous in the coupled combustion process. There exists a narrow
belt-like region with an excellent mixing effect. In the flow direction, the mixing
degree increases as the mixing process is improved. With the increasing mass flux
of the oxidant, the mixing in the belt-like coupled combustion region is enhanced.
Coupled combustion is thus significantly strengthened. As combustion proceeds, the
belt-like zone expands but moves away from the propellant grain.

3. Heat transfer coefficients at the two ends of the propellant are higher than those in the
middle part of the propellant due to the vortex structures formed in the combustion
chamber. The heat transfer coefficient is enhanced by increasing the mass flux of the
oxidant in the initial combustion stage but is weakened in the late combustion stage.
As the combustion progresses, the heat transfer coefficient decreases substantially due
to decelerating reaction rate and enlarging flow channel area.

4. As the combustion progresses, the temperature of the burning surface gradually decreases
as the combustion reaction rate is decelerated. Increasing oxidizer mass flux leads to a
slower decrease of temperature and regression rate with combustion time as mixing and
combustion reaction are enhanced. Due to the entrainment effect of the vortex structure,
temperature distribution along the flow direction is quite unevenly distributed.

5. Increasing inlet oxidizer mass flux leads to a higher combustion heat release rate as
the coupled combustion reactions are accelerated by higher oxygen concentration and
better mixing. Therefore, the maximum gas phase region temperature increases signif-
icantly. The heat release rate in the coupled combustion region decreases significantly
as oxygen is consumed. The maximum combustion heat release rate appears near the
ends of the propellant, where the existence of vortex structures enhances the mixing
and combustion process.
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