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Abstract. The potential for secondary-combustion with low-temperature solid propellant in gas generation
is a potential risk to ejection application. This study performed a three-dimensional dynamic numerical
simulation with Re-Normalization Group turbulence model and finite-rate/eddy-dissipation model of a two-
step reaction mechanism to better understand the interaction between secondary-combustion and ring-
cavity structures, and combustion effect on the loads and interior ballistic stabilization during ejection. The
dynamic zone of rail cover was modelled as a rigid body, and its motion was coupled with the secondary-
combustion flow in the initial chamber based on the dynamic layering method. A comparison between the
numerical results and experimental data in published literature showed good agreement. Four different ring-
cavity volume geometries were simulated, including no ring-cavity. Results showed that three-stage high-
temperature zone can be divided in the initial chamber at the founding time in the four cases, which are a pair
of spherical high-temperature zone, high-temperature zone with skirt touching walls and high-temperature
zone reverse from rail cover. Additionally, increasing ring-cavity volume can accelerate the axial and radial
hot gas velocity on the ring-cavity cross-section and postpone secondary-combustion process. It was also
found that larger ring-cavity volume structure can smoothen the pressure and acceleration curves, reduce
the out-tube-velocity and delay the out-tube-time.
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1. Introduction

Low-temperature solid propellant gas ejection has attracted tremendous attention in the past
two decades because of its outstanding features, which include the advantages of compacted
powers, high density, small volume, more flexibility, lower cost and providing large volumes of
gas in milliseconds [1,2]. Many applications of this technique can be found such as carrier-based
aircraft take-off, aircraft seat ejection and other weapon launch fields [3-6]. The research on
low-temperature solid propellant, whose binder is hydroxyl terminated polybutadiene (HTPB)
and oxidizer is ammonium perchlorate (AP) can be traced back to the 1970s. However, due
to inadequate understanding of the mechanisms of combustion of the low-temperature solid
propellant, it is difficult to control the combustion and the load is sometimes over-pressure. The
phenomenon of over-pressure has restricted the deployment of the low-temperature propellant
in the initial chamber of gas ejection and in other applications.

Secondary-combustion is the main cause of pressure fluctuation in the initial chamber in
gas ejection. Thus the physical and chemical mechanisms of low-temperature solid propellant
are the necessary theoretical basis for improving the load. During the primary-combustion,
because the environment is poor in oxygen and low in temperature, the combustion of low-
temperature solid propellant is not complete. The primary-combustion products, containing
a large amount of unburned gases, enter into the initial chamber from the gas generator and
mix with fresh air to complete the combustion which is the secondary-combustion process.
The combustion process not only releases a lot of heat but also produces pressure overload. A
wide range of studies have been conducted on the secondary-combustion of solid propellants.
The existing research shows that the physical and chemical characteristics of the compounds,
combustion products of low-temperature propellant and structures of the combustion chamber
have profound influence on the pressure fluctuation and combustion progress, such as spherical
propellant granules [7], length of charge [8] and so on. In addition, the initial arrangement of the
propellant [9], initial temperature [10], pressure [11], reaction zone thickness [12], and thermal
decomposition of ammonium perchlorate [13] would affect the propellant primary-combustion
process, and would further impact the pressure in secondary-combustion.

In recent years, passive control methods of combustion instability has been paid more and
more attention because active control measures to suppress combustion instability involve
cost and maintenance [14, 15]. Some of the most commonly used passive control components,
for example, modifying the time delay [16], adding acoustic dampers [17], adding quarter-
wave tubes, Helmholtz resonators [18], and shielding the fuel injectors with baffles [19] are
recommended. Obstacles are placed in the combustion chamber, especially in rocket motors and
confined space, to mitigate pressure instability. The obstacle configuration is chosen based on
the resonant mode shapes within the rocket motor, so as to interrupt the pressure oscillations by
modifying the vortex shedding. In recent years, perforated plates have been successfully used to
suppress non-premixed swirl combustion instabilities under acoustic excitation [20]. The peak
dynamic pressure absorption capability of plates with heterogeneously distribution holes under
bias flow was evaluated, simulation and experimental results showed that plates with larger holes
could reduce the pressure amplitude in the combustion chamber by approximately 70% [21, 22].
In another study, by installing a single-layer perforated plate upstream of the intake section of a
lean premixed combustor, Tran et al. [23, 24] reduced the low-amplitude pressure fluctuations.
Scarpato et al. [25] also found that the back-cavity of the perforated plates could suppress non-
premixed swirl combustion instabilities.

Most of the previous studies have considered the passive control of combustion instabil-
ity in the premixed combustor. Particularly, few researches are presented on passive control of
non-premixed combustion by modification in confined combustion chamber. Attracted by this
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Figure 1. Structure of ejection system.

interesting structure in controlling the combustion instability, we promote a ring-cavity obsta-
cle for low-temperature solid propellant combustion in confined space to investigate its influ-
ence on secondary-combustion and additionally the effect on the pressure load and interior
ballistic stabilization during ejection. The objective of this study is to extend the understand-
ing of specific physical mechanisms which contribute to the process of secondary-combustion
high-temperature zone propagation by adding ring-cavity in confined initial chamber. The ef-
fects of low-temperature propellant, considering of H,/CO-0, mixtures in various structures,
are covered by numerical simulation of Semi-Implicit Method for Pressure-Linked Equations
Couple (SIMPLEC) algorithms [26]. For the SIMPLEC algorithms, one of the limitations is that
the new velocities and corresponding fluxes do not satisfy the momentum balance after the
pressure correction equation is solved. However, SIMPLEC can be used in the low-Mach num-
ber compressible flow by multiple solves of the momentum predictors and the pressure correc-
tors per time step until the residuals of all variables reduce to a desirable value [27]. In our re-
search, experimental data in published literature is compared with and a parametric study is
conducted in order to find out the relationships between secondary-combustion and ring-cavity
volumes.

Our paper is structured as follows: the detailed description of confined initial chamber struc-
ture and its working process are given in Section 2. Section 3 pertains to the modelling and anal-
ysis method of secondary-combustion. In Section 4, we first show the validation of no ring-cavity
initial chamber with experimental data, then we make a particular discussion on the ring-cavity
volume effect on the pressure and temperature loads, species in the initial chamber and interior
ballistic variations. Conclusions are presented in Section 5.

2. Ejection system description

The structure of gas ejection is illustrated in Figure 1. Paired adaptors, which are set between
aircraft and canister, are used to protect the aircraft wall. The aircraft sits on the rail cover during
the ejection process. Launch canister is split into two parts by rail cover, which are launch canister
upside and initial chamber downside, respectively. Figure 2 is a schematic cross-section drawing
of the initial chamber with no ring-cavity. Gas generation is set at the internal centre of the initial
chamber. The deflection cone is set under the nozzle outlet of gas generation. Ejection working
process begins from the low-temperature propellant primary-combustion in the gas generator.
While the jet flows feed into the initial chamber through the nozzle, they meet the cone deflection
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Figure 3. Flow configuration with no ring-cavity.

and separate. Part of it passes through the cone deflection and hide under it. Most of the jet
flows go up and promote the upward movement of the rail cover. The volume of initial chamber
increases during ejection. While jet flows exhausted from the gas generator meet the fresh air in
the initial chamber, the secondary-combustion phenomenon could be triggered.

3. Simulation and analysis methods

3.1. Physical models

The flow configuration, structure meshes and coordinate system in the present research are
shown in Figure 3. The nozzle is located on z = 8.5d from the base plate. d is the throat diameter,
which is 68 mm. The diameter of the initial chamber is 15d, and height is 19d. The deflection
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Figure 4. Structures of four different ring-cavities.

cone is located on z = 4.8d with 130° angle of cone. We consider four different ring-cavity
structures, whose volumes are zero, 0.24 m?, 0.36 m® and 0.48 m3, as shown in Figures 4(a)-(d).
Considering the complexity of the system, the ejection process is analysed based on the following
assumptions:

(1) The system is perfectly sealed regardless of gas leakage during the entire period.

(2) The grain burns completely, and all combustion products are in the gas phase.

(3) The mechanical parts of initial chamber are in excellent physical and mechanical states
regardless of gas ablation on the wall.

3.2. Governing equation

A three-dimensional finite-volume model is established to analyse the secondary-combustion
process in the initial chamber. The governing equation for mass, momentum and energy of the
initial chamber fluid regions are as follows:

9 n
5, Om) + V- (omTm) =0 (M
9 o
57 OmIm) + V- (mUmTm) = =Vp+ V- (VO + Ty)] + pg + F @
9 .
&Z“iﬁihi+V'Z(aiﬁi(Pihi+P))ZV'(_Zhi]i) 3)
1 l 1

where 7, is the multi-species averaged velocity in initial chamber, F is body force of multi-
species, a; is the ith species mass fraction, h; is the ith species enthalpy, J; is the ith species
diffusive flux. For other parameters related to (1)-(3) refer to [28].

The conservation equation is

0 . o
5, PYD+ V(DY) =~V Ji + Ri+ S 0

where R; is the net rate of production of species i by chemical reaction and S; is the rate of
creation by adding from the dispersed phase. The equation of this form will be solved for N —1
species where N is the total number of fluid phase chemical species present in the system. J; is
the diffusion flux of species i, which arises due to gradients of concentration and temperature. In
our case, we use Fick’s law to model mass diffusion due to concentration gradients, under which
the diffusion flux can be written as
= I vT

]i:_p(Di,m"'_)VYi_DT,i_ (5)
SCt T
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where D; ;, is the mass diffusion coefficient for species i in the mixture, and D7 is the thermal
diffusion coefficient, Sc; is the turbulent Schmidt number, Sc; = u:/pDy, i, is the turbulent
viscosity, D, is the turbulent diffusivity. In this study, the value of Sc; is 0.7.

3.3. Finite-rateleddy-dissipation model

Consider the rth reaction written in general form as follows:

kr N
Zv Ml_Zu”M (6)
ky i=
where N is the number of chemlcal species in the system, v} _is the stoichiometric coefficient for
reactant i in reaction r, v} is the stoichiometric coeﬂiaent for product i in reaction r, k; is the
rate constant for reaction r
The molar rate of creation/destruction of species i in reaction r is given by

= -r no r N . n/',r_k N ) n,{,r
Rir= (Vi,r Ui,r) f,rjl:ll[cj,r] J b,rjl:ll[cj,r] J (7)

where c;j,, is molar concentration of species j in reaction r (kmol/m3), 17’ is the rate exponent
for reactant species j in reaction r, '’ i is the rate exponent for product spemes jinreaction r.
The rate constant for reaction r, k;, is computed using the Arrhenius expression

ky = ATTag=N/RT (8)

where A is pre-exponential factor, T, is the temperature exponent, N is the activation energy for
the reaction, R is universal gas constant.

For the eddy-dissipation model, the net rate of production of species i due to reaction r, R; ,
is given by the smaller of the two expressions below:

Ri,= (v” - v} )MwiApEmin _Yr 9)
' ’ k R URrMWR
ZYP
Riy = (0], ~ v} )My ABp* kTw, (10)

where Yp is the mass fraction of any product species P, Yg is the mass fraction of a particular
reactant R, A is an empirical constant equal to 4.0, B is an empirical constant equal to 0.5.

The chemical reaction rate is governed by the large-eddy mixing time scale, k/&, combustion
proceeds whenever turbulence is present, k/¢ > 0, both the finite-rate reaction rates (7) and eddy-
dissipation (9) and (10) rates are calculated. The reaction rate is taken as the minimum of these
two rates. In practice, the finite-rate kinetics act as kinetic “switch”, preventing reaction. Once
the reaction is ignited, the eddy-dissipation rate is generally smaller than the Arrhenius rate, the
reactions are mixing-limited.

3.4. Turbulence model

Re-Normalization Group turbulence model [29] is adopted to simulate the small scale mo-
tion, the rapidly strained swirling flows in the initial chamber. The transport equations for Re-
Normalization Group turbulence model are expressed as follows

0pmk Opmuik 0 ( ,ut)ak
Opmuik _ 0 P 11
or  ox;  om |\FT o) ax ) TR PmE ()
0pme _0pmuie _ 0 ( m)és «
ome | Opmtit _ O N[ L) E i p-C 12
ot ox,  ox (Mo, )ox +k( 16Pk = CocPme) e
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Figure 5. Pressure variation of nozzle inlet.

Table 1. Species and mass fractions of nozzle inlet

Species H,O CO H, CO, N, HCI
Mass fraction 0.004 0.564 0.05 0.002 0.26 0.12

3.5. Boundary condition and simulation models

Based on the working condition in the confined space, a no-slip wall which indicates that the
fluid sticks to the wall, is applied to all the wall boundaries in the initial chamber. The material
of the initial chamber, gas generator, deflection cone and ring-cavities is steel. Rail cover wall
will move upwards while the pressure in the initial chamber is increased enough to promote the
movement of the aircraft. Pressure inlet is used for the nozzle inlet boundary of gas generator.
The nozzle inlet pressure variation with time is shown in Figure 5. The temperature of the
nozzle inlet is 1500 K within 50 ms after the low-temperature solid propellant combustion, this
is coupled into Fluent by UDF at each time step. The mass fractions of nozzle inlet species are
listed in Table 1, computed by CEA software, which are used to calculate chemical equilibrium
product concentrations from the reactants and determine the thermodynamic and transport
properties for product mixture [30]. The initial air pressure in initial chamber is 0.101 MPa, and
the temperature is 300 K. The mass fractions of N, and O in the initial chamber are 0.77 and
0.23, respectively. In this research, finite-rate/eddy-dissipation model, which is intensely coupled
with turbulent flow, is used to calculate the secondary-combustion reaction rate in the initial
chamber. Two-step hydrogen-air and carbon monoxide-air chemical models are used to simulate
the secondary-combustion. Combustion mechanisms and rate parameters are shown in Table 2.

3.6. Dynamic layering method

In this section, we present the dynamic layering method which is used to simulate the rail
cover movement. The principle of the method is shown in Figure 6. While the initial chamber
is expanding during ejection, the mesh cell height is enlarged. To ensure the accuracy of the

C. R. Mécanique — 2021, 349, n° 2, 391-413
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Figure 6. Mesh movement of dynamic layering method.

Table 2. Rate parameters for secondary-combustion mechanism

Step Reaction A (m, kg, mol, s, K) N T, (K)
1 2CO0+05=2C0,+M 2.24 x 1012 1.7 x 108 0
2 2H, + 0, = 2H,0 9.87 x 108 3.1x 107 0

Note: [M] = 0.5H,0.

simulation, the cell layer of grid closed to the moving boundary is split into two new units with
the adjacent layer j based on the unit height of boundary layer i.
As shown in Figure 6, while the cells in layer j are expanding, the cell heights are allowed to
increase until
Bmin > (1 + @) Bigeal (13)
where hp,j, is the minimum cell height of cell layer j, hjgeq is the ideal cell height, and a; is the
layer split factor. In our case, we defined the hjgeq = 0.005 m and as = 0.4.

3.7. Calculation method

The simulation of secondary-combustion in initial chamber is stated by solving mass, momen-
tum and energy equation. The governing equations are solved by commercial software package
Fluent. SIMPLEC algorithm is chosen to solve the pressure-velocity coupled equation. The con-
vective term and diffusion term are computed by a second-order upwind scheme and central
difference scheme, respectively.

4. Results and discussion
4.1. Validation

To validate the numerical simulation method, we compared our three-dimensional no ring-
cavity model with experimental data in published literature [31, 32]. Figures 7(a) and (b) are
comparisons of monitoring pressure and temperature curves with experimental data [31, 32].
As shown in Figure 2, the monitoring point is set as the literature illustration, which is one fifth
under the rail cover. The p—t curves in Figure 7(a) show that the increase in simulation pressure
is consistent with the experimental results, both of which climb from zero to 0.89 MPa in 0.15 s,
and then goes down. After that, the pressure curves climb again and attain the second pressure
peak at approximately 0.7 s. Figure 7(b) compares the temperature curves with the experimental
results. The plots show that simulation results are consistent with experimental data. Both climb
first, before going down. Although there are some differences in pressure and temperature plots
compared to the experimental results, the key features of the pressure and temperature loads
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Figure 7. Comparisons of monitoring point pressure and temperature curves with experi-
mental data [31, 32].

in the experiment are reproduced by the simulation. In particular, the double pressure peak
phenomenon is reproduced in Figure 7(a).

4.2. Development of secondary-combustion fluid fields

We are interested in the ring-cavity structures on the secondary-combustion in the initial cham-
ber. To study this, we considered four different ring-cavity geometric variations consisting of the
same basic initial chamber, but with differently shaped ring-cavities (Figure 4). In the following
sections we describe the configurations of fluid zone and present the associated relationship.

To study the ring-cavity influence on the velocity fields, we choose the case of 0.24 m? ring-
cavity as a representative. Figures 8 and 9 are the cross-section velocity fields with 0.24 m® ring-
cavity. From the velocity fields, we can see that the gas velocity is reduced by the expansion from
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(a) t=10 ms (b)t=20ms (c) t=50 ms (d) t=80ms

Figure 8. Sequence of instantaneous velocity fields showing the numerical secondary-
combustion propagating with 0.24 m® ring-cavity on YOZ cross-sections.

1 -
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(a)t=10ms (b) t=20 ms (c)t=50ms (d) t=80 ms

Figure 9. Sequence of instantaneous velocity fields showing the numerical secondary-
combustion propagating with 0.24 m? ring-cavity on cross-section rotating 5° from YOZ
plane.

the nozzle. In Figures 8 and 9, most of the initial chamber are subsonic except the outlet of the
nozzle. The ring-cavity changed the flow pattern. With ring-cavity cross-section, the gas flows
along the wall of the ring-cavity, whereas gas flows along the wall of tube without ring-cavity.

Previous research [31, 32] suggested that secondary-combustion activity occurs in the first
0.2 s. Before the high-temperature zone surrounding gas generator, combustion is most intense
than at any other time during ejection. So we choose the fluid sequence at the founding time
to analyse the ring-cavity structure’s influence on the secondary-combustion, load and interior
ballistic stabilization.

Figures 10(a)—(d) are a sequence of instantaneous oxygen fields without ring-cavity on YOZ
cross-sections. From the cross-section, we can see that oxygen consumption is initially along the
cone wall, and then along the tube wall.

Figures 11(a)-(d) are a sequence of instantaneous streamlines and temperature fields show-
ing the numerical secondary-combustion gas propagating without ring-cavity on YOZ cross-
sections. In this no ring-cavity configuration, the secondary-combustion flow propagation can
be discussed in terms of three stages: (1) a pair of spherical high-temperature zone, (2) high
temperature with skirt touching side walls, (3) high-temperature reverse from rail cover. Some
of these stages are similar to premixed combustion studies [33, 34]. Before discussing each of the
three stages, we comment briefly on the jet flow behaviour as shown in the temperature maps.
During the primary-combustion in gas generator, the combustion of low-temperature propel-
lant is incomplete due to the oxygen-poor environment and low temperature. After the primary-
combustion, jet flows with incomplete combustion products are squeezed out from the gas
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(a)t=10ms (b) t=20 ms (c)t=50 ms (d) t=80 ms

Figure 10. Sequence of instantaneous oxygen fields showing the numerical secondary-
combustion propagating with no ring-cavity on YOZ cross-sections.

T/K 300 460 620 780 940 1100 1260 1420 1580 1740 1900 2060 2220 2380 2540 2700

(a)t=10ms (b)t=20ms (c) t=50 ms (d) t=80 ms

Figure 11. Sequence of instantaneous streamlines and temperature fields showing the
numerical secondary-combustion propagating with no ring-cavity on YOZ cross-sections.

generation and mixed with fresh air in the initial chamber to complete the combustion process,
which releases lots of energy and results in the temperature increasing. Due to limited oxygen
content in the confined initial chamber, the secondary-combustion process will end when oxy-
gen is exhausted. In Figures 9(a)-(d), jet flows from the gas generator nozzle meet the deflection
cone and then are separated into two branches. Most of the jet flows go down along the coni-
cal surface and expand in the initial chamber. The other jets cross over the deflection cone and
gather under it. As the low-temperature propellant continues burning, more and more jet flows
go into the initial chamber. The jet flows feed into the confined initial chamber space.

As shown in the no ring-cavity case in Figures 9(a)-(b), the secondary-combustion high-
temperature zone propagated in the initial chamber develops into a pair of spherical high-
temperature zone, which expands at ¢ = 20 ms, and begin to evolve into hot gas with their skirt
touching the side walls at ¢ = 50 ms. In the first stage, the hot gases expand outwards, restricted
by the deflection cone, without any effect of the ring-cavity. Spherical high-temperature zone
development in the confined space can also be found in a narrow tube flame acceleration
with premixed combustion [33]. However, in our study, there are two spherical shapes which
are asymmetrically distributed. Additionally, each of the spherical hot gas contains two reverse
vortices influenced by the deflection cone surface. Taking the left hand side for example, the
bigger vortex is higher than the deflection cone, and the other is under it. As pressure increases,
burned gases expand and the bigger vortex is enlarged by gas expansion at ¢ = 50 ms. Meanwhile
the bigger vortex core has little change. The smaller vortex core is extruded lower and approaches
the base plate, influenced by the bigger vortex expansion.

C. R. Mécanique — 2021, 349, n° 2, 391-413
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Figure 12. Sequence of instantaneous oxygen fields showing the numerical secondary-
combustion propagating with ring-cavity volume of 0.24 m® on YOZ cross-section.

As stated in [34], the high-temperature zone skirt refers to the secondary-combustion high-
temperature zone front moving towards the wall. In stage (2) shown in Figure 9(c), high-
temperature zone with skirt touching side walls, the secondary-combustion high-temperature
zone is significantly elongated along the initial chamber side walls, which is the same as in narrow
long tube high-temperature zone acceleration [35]. As the pressure of low-temperature propel-
lant increases, jet flows stretch the high-temperature zone in the initial chamber. The secondary-
combustion high-temperature zone near the initial chamber wall are inclined to the chamber
axis and makes an acute angle with the wall due to the sidewall effects, as shown in ¢ = 50 ms.
Restricted by the sidewall, the bigger flow vortex is not only closed to the initial chamber wall but
also raised to the vortex core compared with ¢ = 20 ms.

The secondary-combustion high-temperature zone is reversed from the rail cover and forms
a moustache-shaped high-temperature zone at ¢ = 80 ms which is stage (3). Once the high-
temperature zone reaches the rail cover, the high-temperature zone suddenly changes expansion
direction due to the restriction of area. The high-temperature zone is mainly propagated from
axial expansion to radial expansion. A moustache-shaped unburned area is formed and high-
temperature zone moves towards the gas generator, as shown in Figure 9(d). Taking the left hand
side for example, the bigger vortex core is raised and extruded close to the initial chamber wall,
while the smaller vortex still stays under the deflection cone. The temperature maps also show a
noticeable shear layer which is formed along the extension cord of the deflection cone. This can
explain why a temperature gradient exists between the two vortices.

Figures 12 and 13 are a sequence of instantaneous oxygen fields with ring-cavity volume of
0.24 m® on YOZ cross-sections and rotating plane. From the oxygen fields of cross-section in
Figures 12(a)-(d), we can see that the ring-cavity cross-section can store oxygen compared with
no ring-cavity cross-section in Figures 13(a)-(d) during ejection.

Figures 14 and 15 are the sequences of instantaneous streamlines and temperature fields
showing the numerical secondary-combustion high-temperature zone propagating with ring-
cavity volume of 0.24 m® on XOY cross-section and 5° rotating cross-section from the YOZ plane,
respectively. From these two cross-sections in the initial chamber with ring-cavities, we can see
that the temperature fields and flow patterns have little difference at ¢ = 80 ms.

On the YOZ cross-section in Figure 14, there are also three-stage high-temperature zones in
the initial chamber: a pair of spherical high-temperature zone, high-temperature zone with skirt
touching walls and high-temperature zone reverse of rail cover. At ¢ = 10 ms and ¢ = 20 ms, with
the low-temperature propellant combustion, the burned jet flows expand in the initial chamber
and form a pair of spherical high-temperature zone. There are two pairs of vortices which dis-
tribute on both sides of the deflection cone. Take the left hand side for example, the vortex core
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Y/OZ 0 0.023 0.046 0.069 0092 0.115 0.138 0.161 0.184 0.207 0.23

(a)t=10ms (b) t=20ms (c) t=50 ms (d) t=80 ms

Figure 13. Sequence of instantaneous oxygen fields showing the numerical secondary-
combustion propagating with ring-cavity volume of 0.24 m3 on cross-section rotating
5° from YOZ plane.

T/K 300 460 620 780 940 1100 1260 1420 1580 1740 1900 2060 2220 2380 2540 2700

(a)t=10ms (b) t=20 ms (c)t=50ms (d) t=80 ms

Figure 14. Sequence of instantaneous streamlines and temperature fields showing the
numerical secondary-combustion propagating with ring-cavity volume of 0.24 m® on YOZ
cross-section.

location is the same as the no ring-cavity case at t = 10 ms and ¢ = 20 ms in Figures 11(a) and (b).
In particular, an important feature of this flow streamline is that the burned gas not only goes up
into the unburned region, but also is propagated into the ring-cavity, as shown in Figures 14(a)
and (b). While the jet flows from the gas generator increased, the flows touch the initial chamber
wall and gas generator wall at ¢ = 50 ms, which is different from the no ring-cavity case in Fig-
ure 11(c). The flow streamline patterns tend to be concave near the ring-cavity wall downside.
This behaviour can promote the high-temperature zone to be more close to the gas generator.
From the streamlines near the gas generator at ¢ = 50 ms, we can see that the high-temperature
zone near the gas generator comes from the rebounding gases of rail cover, and not from re-
bounding flows of the ring-cavity wall. This will be discussed in the following. Additionally, there
are small vortices at the entrance of the ring-cavity at ¢ = 50 ms, which disappear at ¢ = 80 ms.
This may be caused by the enhanced reverse flow from the rail cover.

On the other hand, the flow developments on no ring-cavity cross-section rotating 5° from
YOZ plane in Figure 11 are different from the ring-cavity cross plane in Figure 14. On no ring-
cavity cross-section in Figures 15(a) and (b), the temperature maps and streamlines are the same
as ring-cavity cross plane in Figure 14 at f = 10 ms and ¢ = 20 ms. There is also a pair of spherical
high-temperature zone which distributes on both sides of deflection cone. At ¢ = 50 ms, burned
gases have surrounded the gas generator downside in Figure 15(c), while there is a temperature
gradient near the gas generator in Figure 10(c). From the comparison between Figures 14(c)
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T/K 300 460 620 780 940 1100 1260 1420 1580 1740 1900 2060 2220 2380 2540 2700

(a)t=10ms (b) t=20 ms () t=50ms (d) t=80 ms

Figure 15. Sequence of instantaneous streamlines and temperature fields showing the nu-
merical secondary-combustion propagating with ring-cavity volume of 0.24 m? on cross-
section rotating 5° from YOZ plane.

bl '

Y/O2 0 0023 0.046 0.069 0092 0.115 0.138 0.161 0.184 0.207 0.23

(a)t=10 ms (b)t=20ms (c) t=50 ms (d) t=80 ms

Figure 16. Sequence of instantaneous oxygen fields showing the numerical secondary-
combustion propagating with ring-cavity volume of 0.36 m® on YOZ cross-section.

and 15(c), it can be deduced that: (1) burned gases in ring-cavity plane propagate faster than no
ring-cavity plane due to the blockage of obstructions; (2) gases surrounding the gas generator
in Figure 14(c) is extruded by burned gas near gas generator in Figure 11(c), which causes a
temperature gradient in Figure 13(c). Compared with no ring-cavity case in Figure 11(c), the
secondary-combustion high-temperature zone encircles the gas generator in the lower side in
Figure 15(c), while there is a temperature gap in no ring-cavity case in Figure 11(c). It could be
concluded that the ring-cavity can accelerate the secondary-combustion axial and radial flow on
the ring-cavity cross-section. At ¢ = 80 ms in Figure 15(d), the high-temperature zone flows along
the initial chamber wall and gets to the rail cover wall. Restricted by the region wall, the burned
gases form reverse jet flows and a new pair of vortices form on both sides of the gas generation
head. In particular, an important feature of this reversed flow is that it contains not only hot
burned gases, but also the cold fresh unburned air. This phenomenon is similar to the results by
Kurdyumov [36] and Xiao Huahua [34] in channel flame dynamics. This flow behaviour creates
the temperature gradient between the bigger vortex near the ring-cavity and the new vortex at
the head of the gas generator. It can also be shown that although there is no real relation between
the hot gas near the ring-cavity and under rail cover, the hot gas reverses from the rail cover in
Figure 14(d).

Figures 16 and 17 are a sequence of instantaneous oxygen fields with ring-cavity volume of
0.36 m® on YOZ cross-sections and rotating plane. From the oxygen fields of cross-section in
Figures 16(a)-(d), we can also see that the ring-cavity cross-section can store oxygen compared
to no-ring-cavity cross-section in Figures 17(a)—(d).
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Y/OZ 0 0023 0.046 0.069 0.092 0.115 0.138 0.161 0.184 0.207 0.23

(a)t=10 ms (b) t=20 ms (c) t=50 ms (d) t=80 ms

Figure 17. Sequence of instantaneous oxygen fields showing the numerical secondary-
combustion propagating with ring-cavity volume of 0.36 m3 on cross-section rotating
5° from YOZ plane.

T/K 300 460 620 780 940 1100 1260 1420 1580 1740 1900 2060 2220 2380 2540 2700

(a)t=10ms (b) t=20 ms (c) t=50 ms (d) t=80 ms

Figure 18. Sequence of instantaneous streamlines and temperature fields showing the
numerical secondary-combustion propagating with ring-cavity volume of 0.36 m® on YOZ
cross-sections.

T/K 300 460 620 780 940 1100 1260 1420 1580 1740 1900 2060 2220 2380 2540 2700

(a)t=10ms (b) t=20 ms (c)t=50ms (d) t=280 ms

Figure 19. Sequence of instantaneous streamlines and temperature fields showing the
numerical secondary-combustion propagating with ring-cavity volume of 0.36 m® on a
cross-sections rotating —5° from YOZ plane.

Figures 18 and 19 are sequences of instantaneous streamlines and temperature fields showing
the numerical secondary-combustion propagating with ring-cavity volume of 0.36 m® on XOY
cross-section and —5° rotating from YOZ plane. From these two cross-sections with ring-cavity
in initial chamber, we can see that the temperature fields and flow patterns are similar as in
the case with ring-cavity volume of 0.24 m>. There are also three stages of high-temperature
zone propagation, a pair of spherical high-temperature zone, high-temperature zone with skirt
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Y/O2 0 0023 0.046 0.069 0.092 0.115 0.138 0.161 0.184 0207 023

(a)t=10 ms (b) t=20 ms (c)t=50ms (d) t=80 ms

Figure 20. Sequence of instantaneous oxygen fields showing the numerical secondary-
combustion propagating with ring-cavity volume of 0.48 m® on YOZ cross-section.

T/K 300 460 620 780 940 1100 1260 1420 1580 1740 1900 2060 2220 2380 2540 2700

(a)t=10 ms (b) t=20 ms (c) t=50 ms (d) t=80 ms

Figure 21. Sequence of instantaneous streamlines and temperature fields showing the
numerical secondary-combustion propagating with ring-cavity volume of 0.48 m® on YOZ
cross-sections.

touching walls and high-temperature zone reverses from rail cover. On the first stage at = 10 ms
and ¢ = 20 ms in Figures 18(a) and (b), there are a pair of spherical high-temperature zones and
the flow patterns are the same as that of the ring-cavity volume of 0.24 m? case. At t = 50 ms,
although the streamlines and temperature maps are similar to the 0.24 m® ring-cavity case,
the high-temperature zone height of 0.36 m® case is lower. At ¢ = 80 ms, the extend of high-
temperature zone reverses from rail cover are less than 0.24 m® case. Influenced by the reversed
flows, the vortex cores at the headside of the gas generator are higher than 0.24 m? case. It can
be concluded that larger ring-cavity volume can accelerate the secondary-combustion axial
propagation.

Figures 20(a)-(d) are a sequence of instantaneous oxygen fields and temperature fields with
ring-cavity volume of 0.48 m® on YOZ cross-sections. We also can see that the ring-cavity cross-
section can store oxygen compared to no-ring-cavity case in Figures 10(a)-(d). The oxygen
consumption process will be discussed in the following.

Figures 21(a)-(d) show a sequence of instantaneous streamlines and temperature fields gener-
ated as the secondary-combustion develops with ring-cavity volume of 0.48 m® on a YOZ cross-
section. In this ring-cavity volume of 0.48 m3 configuration, the secondary-combustion flow
propagated can also be discussed in terms of three stages: a pair of spherical high-temperature
zone, high-temperature zone with its skirt touching walls and high-temperature zone reverses
from rail cover. On the first stage at 10 ms and 20 ms in Figures 21(a) and (b), there are a pair of
spherical high-temperature zones and the flow pattern is the same as the ring-cavity volume of
0.24 m® and volume of 0.36 m3. In addition, the secondary-combustion high-temperature zone
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radial velocity of 0.48 m?® case is the fastest in the four structures. The secondary-combustion
high-temperature zone front has nearly got the rail cover wall at ¢ = 50 ms in Figure 21(c), while
there is a short distance between the high-temperature zone front and rail cover in the other
three cases. In Figure 21(d), the secondary-combustion high-temperature zone almost embraces
the gas generator.

We can conclude from the above results that there are three stages of secondary-combustion
high-temperature zone, and the second and third stages are relatively insensitive to the ring-
cavity volume. Larger ring-cavity volume can change the high-temperature zone structure be-
tween gas generator and initial chamber wall. Additionally, increasing volume can accelerate the
axial and radial secondary-combustion velocity on the ring-cavity cross-section. However, the
ring-cavity volume has little influence to the combustion and vortex structure under the deflec-
tion cone.

4.3. Discussion of load and species variation in initial chamber

To make a deep analysis on the ring-cavity effect on the load and interior trajectory, we discussed
the load, species, and interior ballistic variations during ejection. Figures 22(a) and (b) are
pressure and temperature load comparison of four different ring-cavity structures in the initial
chamber. From the pressure load curves, we can see that as the ring-cavity volume increasing,
the two pressure peaks fade away. In the four cases, volume of 0.48 m® ring-cavity case has the
smoothest pressure curve.

In the no ring-cavity case in Figure 22(a), the first pressure is 0.9 MPa at ¢ = 0.18 s; while the
case with ring-cavity volume of 0.48 m3 is 0.78 MPa at ¢ = 0.3 s. This trend can be concluded
according to the pressure plots, that the first pressure peak is decreasing and the first peak time
is delayed. This tendency is also applicable to the secondary pressure peak while the ring-cavity
volume changes from 0 to 0.36 m3. However, the secondary pressure peak is not reduced in the
0.48 m® case compared to 0.36 m3. Another difference with the first pressure peak variation is
that the time of secondary pressure peak is maintained at 0.76 s in the four cases. Additionally,
the first and secondary pressure peak in Figure 22(a) can be expressed by

p1=0.87994 -0.16738x(0 = x < 0.48) (14)
p2 =0.82974 - 0.57223x + 1.09691x%(0 < x < 0.48) (15)

while p; (MPa) is the first pressure peak, p, (MPa) is the secondary pressure peak, x (m3) is
volume of ring-cavity.

In the temperature curves in Figure 22(b), we can see that the temperature peak is unchanged
in the four ring-cavity cases. The maximum temperature is 2900 K. But the time of temperature
peak is delayed with increase in ring-cavity volume.

Compared to loads of four ring-cavity cases, there are clear pressure and temperature distinc-
tions between the cases with no ring-cavity and ring-cavity cases. The load plots show that ring-
cavity structure can have an effect on the pressure peak and the temperature peak time. These
differences can offer clues into the load design in confined combustion chamber.

Figures 23(a)-(d) are the mass fractions of species in initial chamber during ejection. Fig-
ure 23(a) is the O, curves in the initial chamber during ejection. From the O, curves, we can see
that O, mass fractions of four cases all decrease from 0.23 to 0 before ejection is finished. Addi-
tionally, the assumption rate of O, in initial chamber is different, the smallest ring-cavity volume
has the fastest assumption rate. For the no ring-cavity case, the workout time of O, is t = 0.21 s,
while for the 0.48 m® case t = 0.7 s. O, is closely related to the secondary-combustion process, so
we can preliminarily conclude that adding ring-cavity volume could postpone the combustion
process.
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Figure 22. Load comparison in initial chamber.

Figures 23(b)-(e) are the reactant and product mass fraction curves in reactions of CO + Oz =
CO; and H; + Oy = H,0 during ejection. From the CO and H; mass fraction curves, we can see
that in the four cases reactions increase slowly from the beginning to 0.25 s, then increase faster
from 0.25 s to 0.75 s, and finally maintain stable values, which are 0.46 for CO and 0.042 for Hy,
respectively. These two stable values are close to the mass fractions of nozzle inlet. Considering
O, mass fraction variation during the ejection, we can conclude that the secondary-combustion
has a close relationship to the reactant curves. At the beginning, CO and H, take part in the
chemical reactions, so that reactant curves increase slowly. As the O, is working out, the mass
fraction curves of reactants increase faster. Additionally, the larger ring-cavity volume, the faster
the increase in mass fraction of reactant, which further proves that adding larger ring-cavity
volume could postpone the combustion process.

Product curves of CO, and H,O in Figures 23(c) and (e) increase from the beginningto t = 0.2 s,
then decrease from ¢ = 0.2 s to ¢ = 0.75 s, and finally keep stable values, which are 0.04 for
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Figure 23. Mass fractions of species in initial chamber.

CO; and 0.03 for H,O, respectively. The increase of CO, and H,O at the initial time could be
attributed to two aspects: first, the CO, and H,O from nozzle of gas generator is ejected into
initial chamber during the whole ejection process; second, secondary-combustion produces
combustion products in reactions of CO + O, = CO, and Hj + O2 = H,0. Influenced by the two
factors, product curves of CO, and H, O increase from beginning time to ¢ = 0.2 s. After t = 0.2 s,
O, in initial chamber is worked out gradually. CO, and H,O in initial chamber mainly come
from the nozzle outlet of gas generator. The low mass fraction species, such as CO, and H;O,
are diluted by other high mass fraction species. The curves of CO, and H,O begin to go down.
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Figure 24. Interior ballistic curves with different ring-cavity volume.

Finally, the mass fraction of species maintains a dynamic balance, which shows a stable value in
species mass fraction curves.

4.4. Discussion of interior ballistics

Figures 24(a)—(c) show interior ballistic curves with four different ring-cavity volumes. The veloc-
ities and locations of rail cover with ring-cavity cases behave more similarly to the no ring-cavity
case in Figures 24(b), (c). However, the peaks and valleys of acceleration have significant differ-
ences in Figure 24(a).

On account of the aircraft sitting on the rail cover, we use interior ballistic parameters of
rail cover to present the aircraft interior trajectory. Acceleration of rail cover is presented in
Figure 24(a). The curves with ring-cavity are qualitatively different from the no ring-cavity case.
These plots reveal that larger ring-cavity structure could reduce the first acceleration peak and
smooth acceleration plot during ejection. In no ring-cavity case, the first acceleration peak is
59 m/s? at t = 0.18 s, while the case with ring-cavity volume of 0.48 m3 is 50 m/s? at £ = 0.3 s. The
tendency of secondary accelerations in the four cases is that the peaks decline while ring-cavity
volume changes from 0 to 0.36 m3, and then increase in the 0.48 m® ring-cavity volume case.
From the four acceleration curves, we can see that the acceleration of 0.48 m? case is smoother
than that of any other curves.

Figure 24(b) presents the velocity plots comparison during ejection in the four cases. From
the velocity curves, we can see that adding ring-cavity volume can reduce the out-tube-velocity.
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For no ring-cavity case, the out-tube-velocity is 41.9 m/s; while for the 0.36 m® ring-cavity volume
case is 41 m/s. With the ring-cavity volume increasing from 0.36 m® to 0.48 m?, the out-tube-
velocity is kept at 41.9 m/s nearby. Figure 24(c) depicts the location of rail cover of four cases
during ejection. From the location curves, we can see that adding ring-cavity volume can delay
the out-tube-time.

5. Conclusions

(1) This work focused on the effect of ring-cavity on secondary-combustion and interior bal-
listic stabilization with low-temperature solid propellant in gas ejection. Numerical simulation
analyses are based on the good agreement between numerical pressure and temperature loads
and experimental data in published literature. We analysed the development and propagation of
secondary-combustion in initial chamber at founding time with four different ring-cavity struc-
tures, and their effects on the loads and species in the initial chamber and interior ballistics dur-
ing ejection.

(2) Streamlines and temperature fields revealed the development and propagation of
secondary-combustion high-temperature zone in initial chamber. The secondary-combustion
process at founding time can be divided into three stages: a pair of spherical high-temperature
zone, high-temperature zone with skirt touching walls and high-temperature zone reverses from
rail cover. Larger volume ring-cavity can accelerate the axial and radial secondary-combustion
high-temperature zone velocity on the ring-cavity cross-section.

(3) The expressions of two pressure peak values varying with ring-cavity volume in initial
chamber are presented. Load and species characteristics are closely related with the volume of
ring-cavity. Larger volume of ring-cavity can reduce the pressure peaks and postpone tempera-
ture peak time. However, there is little influence on the temperature peak during ejection.

(5) By monitoring the species mass fraction variations in initial chamber, we can conclude that
larger ring-cavity volume can slow the consumption of O, while ring-cavity volumes change from
zero to 0.48 m3, which proves that adding larger ring-cavity volume can postpone the combustion
process.

(6) Comparing four different ring-cavity interior ballistic plots, there are clear distinctions
between ring-cavity cases and no ring-cavity cases. The acceleration plots show that adding ring-
cavity in the initial chamber could decrease the acceleration peaks and increase the acceleration
valleys, and further smooth the acceleration curves. In four cases, adding 0.48 m® ring-cavity
volume can get the smoothest acceleration curve. For the velocity and location of rail cover during
ejection, adding ring-cavity can reduce the velocity of out tube and delay the out-tube-time.

The development of ring-cavity is meant to extend the secondary-combustion controlling
strategy and better improve the working performance in confined space.
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