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Abstract

The Computation method of Solid Ducted Rocket (SDR) is a complex problem. It needs to effectively solve the
two mixing and combustion processes, and is also affected by many factors such as the overall scheme and
propellant type. In order to find a suitable method, physical model, simplified hypothesis, control equation,
turbulence model, combustion model, etc. were investigated. Subsequently, calculations were carried out based
on the Vanka model, and finally the results of pressure, temperature and combustion efficiency were obtained.
The results show that the proposed method is practicable, and the accuracy and efficiency are ideal.
Combustion efficiency is only 77.4%, and the Vanka model must be further improved by the air and gas intake
modes. The results can provide reference for relevant research.
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1. Introduction

Solid Ducted Rocket (SDR) is a new type of power plant. It is an air breathing engine that works by using
ram air to meet oxygen demand, thereby greatly increases the specific impulse of the propellant and reducing
the mass of the engine [1]. SDR has many advantages and has been widely used in many equipment fields,
including ground-to-ground missiles, ground-to-air missile, air-to-air missiles, etc. However, the use of ram air
also brings many difficulties, such as air intake design, ballistic planning and engine performance, and so on.
Among the current challenges, high-performance engine design is one of the key points and difficulty of
research. As we all know, the experiment’s advantage is that the data are accurate, but it also has many
shortcomings such as large workload, long cycle, and high cost, and it is also subject to testing techniques and
other factors. In order to quickly promote the research process, the most common method in the actual work is
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the numerical calculation. Researchers have done a lot of work on the accuracy and efficiency of numerical
methods, and have achieved a series of results [2, 3, 4]. On the whole, the focus of numerical method research
covers control equations, turbulence models and combustion models.

At present, there are three methods of the numerical problems, direct numerical simulation (DNS), the large
eddy simulation (LES) and the Reynolds averaged Navier-Stokes equations (RANS). Because the
computational resources required and time consuming are huge for DNS and LES, and only the RANS model
can be applied in practical projects. The discrete ways of Navier-Stokes (N-S) equations can be used in a
variety of methods, including finite volume method, finite element method, etc. Lagrangian equations are
widely used for the calculation of discrete terms, and it also considers the effects of vortices.

For the analysis of turbulent motion, the current method commonly used in engineering calculations is to
introduce a turbulence model to close the Reynolds equation, which is the RANS method. There are various
turbulence models, which can be divided into zero equation, one equation and two equations according to the
number of equations.

Combustion models include gas-phase combustion models, solid particle ignition and combustion models.
For gas-phase combustion simulation, premixed combustion or non-premixed combustion model can be used,
which needs to be determined according to actual conditions. In contrast, solid-phase combustion simulations
are complex and usually involve two stages of ignition and combustion. Among the ordinary particles, the
combustion of boron particles is the most complicated, and the research is gradually deepening [5].

Numerical methods should be analyzed before the practical application, and the key is accuracy verification.
But different physical models have different numerical methods. When the experimental data are incomplete,
the calculation results are difficult to be accepted. In this paper, the author attempts to investigate a high-
confidence numerical method for the Vanka model, and the research results provide reference for subsequent
related research.

2. Computation Method

In this paper, the computation method consists of six parts, namely physical model, hypothesis, governing
equation, turbulence model, combustion model, calculation settings, respectively.

2.1. Physical Model

The main parameters of the Vanka model are given in Fig.1. [6]. It can be seen that diameter and length of
the secondary combustion chamber are 0.1524 m and 0.8636 m, separately. There are two intakes. The angle of
the intake is 45 degrees, and the axis width is 0.06985 m, and the circumferential width is 0.0508 m. The
distance between head and the inlet is 0.0508 m. The fuel nozzle diameter and nozzle critical diameter are
0.01143 m and 0.064 m, separately.

2.2. Hypothesis
To simplify the calculation, this paper makes the following hypothesis [7]:

e Steady flow. In the actual process of flight, inhalation air flow rate is subject to the variation in the flight
speed, altitude, attack angle and sideslip angle. It also led to changes in chamber pressure and the air
fuel ratio of the combustion. At the same time, an unstable phenomenon happened in the process, so the
combustion chamber flow is unsteady in the strict definition. But in transient stability condition, this
hypothesis is reasonable as the balance speed is far greater than that of external factors. It is also
beneficial to optimization of computing time and efficiency.
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Fig.1. Calculation Structure

e Ideal gas. The combustion chamber gas is assumed to be the ideal gas, and meet with state equation
p=pRT. But R is the average of gas, oxygen and products. In other words, all components in accordance
with the state equation of the ideal gas

o Insulated wall. It is isentropic adiabatic flow, and there is no heat exchange between the flow field and
environment.

e Gas gravity forces can often be ignored because of the smaller density, so the influence of body force
such as air gravity also does not consider. The erosion effect of combustion also does not take into
account in the computation method.

2.3. Governing Equations

Nomenclature

Q conserved quantity

n normal vector

F flux vector

Yo mass fraction of any kind of product
Yr mass component of any kind of product

The three laws of fluid motion are conservation of mass, momentum and energy conservation. Based on the
three laws, N-S equations, which are the most complete form of the continuum flow, is established by using the
mathematical description of fluid motion under considering the fluid viscosity, thermal conductivity and other
factors [4, 8]. The conservation integral form of N-S equations in Cartesian coordinates as showed in Eq 1.
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2.4. Turbulent model

The fluid flow can be divided into two kind states, laminar and turbulent. When the Reynolds number is
enough in the viscous fluid, the flow will lose its stability and the state will change from laminar to turbulent. It
is well known that the gas flow and burn in the combustion chamber are the turbulent state. There are large-
scale recirculation zones and vortices in the flow field, so that the diffusion of momentum and other scalars is
significantly enhanced throughout the field. Therefore, the choice of a suitable turbulence model is one of the
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key steps in the computation model. The k- model has a wide application range and precision in the near-wall
free flow. In the k-o SST model, the shear stress transport mode uses the Wilcox k- mode in the near wall,
and uses the k- mode in the free shear layer and the boundary layer edge. The turbulence model in this paper
uses k-o SST, and the turbulent energy transport equation and the turbulent ratio dissipation rate equation are
shown in Eq 2 and Eq 3, respectively.

opk 0

L—i__ pU k— (/l'l+o-klut) tu IJ ﬂ pa)k (2)
ot X, X

opw O po,, Kow

———+—| pUj0- (u+%ﬂt)— P, - Bpw’ +2(1- F) —= ©)
ot OX J X; @ aXJﬁXj

In the formula, end of the right representative cross diffusion, and the remaining parameters specific forms
can be found in the reference [4, 8].

2.5. Combustion Model
The purpose of this paper is to investigate numerical methods. Many different simplified or approximate

ways have been proposed. In combustion model, ethylene are provided in calculation by properties of matter
representativeness analysis, and the reaction between the fuel and the air is

C,H, + 30, = 2CO,+ 2H,0 @)

In order to combustion simulation, reactants parameters should be pre-given, which are shown in Table.1.

Table 1. Reactants Parameters

Parameters Air Ethylene
Molecular weight 25.36 28.00
Temperature(K) 556 556

Specific heat at constant pressure(J.K*.kg?)  927.00+2.58T+3.82x10°T?  404.00+4.36T-1.35%10°T?
Burning heat(J.kg™) - 4.895%107

equivalence ratio - 15.58

The combustion product molecular weight is 25.55, and the chamber pressure is 5.0<10° Pa.
The reaction rate is described by the eddy dissipation model, material i production rate in reaction r is given
by Eq 5 [9, 10].

Y
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In the above formula, A, B is the calculation empirical parameters, the values are 4 and 0.5 in this paper,
respectively.

2.6. Mesh And Boundary Settings
Grid division rationality is another influence factor of calculation accuracy. This paper uses the size function
of the GAMBIT control mesh generation [11]. The structured grid is employed in most areas and grid

refinement technology is selected for rather change part. In the end, the structure divided into 115623 points,
449404 faces, 172329 cells, and the final grid as showed in Fig.2.

.2

Fig.2. Computational Grid

To solve the equations of combustion, the boundary conditions must to be given, and its rationality will
directly determine the convergence and accuracy. According to the working state of the engine and the physical
characteristics, boundary conditions are determined as follows:

e  Wall condition. The wall is no slip (o =0), adiabatic (6T /6 =0), non-catalytic (6C/éon=0), and also
ignores the change of total pressure at the surface normal direction of the first layer (op/on =0).

e Mass flow condition. There are two entrance boundaries, the gas and air, respectively. The fuel enters
the chamber at a certain flow rate and direction. The flow rate mainly depends on the fuel surface
retreating rate of the propellant. The required parameters for the calculation are: mass flow rate, total
temperature, total pressure, flow direction, etc. The air comes from the inlet outlet, so the mass flow
boundary is still selected for the calculation.

e QOutlet condition. The outlet is end of the expansion section of the nozzle. So all the boundary
parameters can be obtained by the numerical extrapolation because the supersonic flow in this section. If
the outlet pressure is less than that of the environment under the subsonic condition, boundary pressure
is equal to the external pressure and its value determined through the design height interpolation
‘American Standard Atmospheric 1976°.

3. Result Analysis

It's necessary to initialize the flow field parameters when the time correlation method is used to calculate the
stationary problem. In theory, the flow will tend to a certain state regardless of the initial condition, but in the
practical application, it will directly affect the convergence and efficiency. In this paper, the flow field is
initialized by entrance conditions at the beginning of calculation, and other working conditions can choose the
representative results in order to accelerate the convergence speed and reduce the calculation time.
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The pressure distribution in the computation domain is illustrated in Fig.3. It can be observed that the value
is about 500000 Pa, and is basically the same as the set value. This shows that the calculation settings used in
this paper are correct. Pressure distribution is evenly except the near the inlet, which located at the head of the
chamber and its pressure is increased cause by air injection. Gas expansion has caused pressure sudden drop in
the nozzle area and the outlet pressure average fall to 346995 Pa. The calculation results are basically
consistent with the theoretical analysis.

Pa 600000 Pressure
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1 520000 e

=1 480000 j
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Fig.3. Pressure Distributions

The average values of pressure and Mach number at various x-coordinates are listed in Table 2. The results
also verified the above conclusion. At the same time, it's also can be noted that average pressure of the
cylindrical section is drops slowly along the flow direction. Theoretically, since the flow cross-sectional area
has not changed, the value should not change. Therefore, the cause of the above phenomenon may be a
calculation error. This result also demonstrates that the chamber pressure is the largest, and chamber strength
should be guaranteed to meet the design requirements.

Table 2. The Average Values of Pressure and Mach number at Various X-coordinates

x-coordinate(mm) Average pressure(Pa) Average Mach

-5 565885.19 0.77271
50 559993.00 0.16134
150 548099.69 0.14157
200 546058.81 0.14236
300 544948.38 0.14257
400 544634.63 0.14085
500 544473.13 0.13934
600 544316.88 0.13832
700 544162.19 0.13770
800 544099.69 0.13734
863 346995.31 1.05601

The flow speed in the combustion chamber is subsonic, and its change is very small. The flow in the nozzle
is gathering speed and meets congestion state in the throat, which showed in Fig.4. This phenomenon is in
agreement with the trend of cross-section changes. It is necessary to pay attention to the scouring effect of the
high-speed airflow on the nozzle, and to rationally design the expansion ratio of the nozzle to ensure the
optimal performance of the domain.
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The velocity vector in the z=0 plane is given in Fig.5. As can be seen from the figure, the gas is turned on the
upper side of the Y-axis, because the speed difference between the gas and the air is small, and the air inlet and
the fuel inlet are located on the same side. This phenomenon will cause a certain impact on combustion
between C,H, and oxygen. Specifically, this phenomenon promotes an increase in combustion efficiency on the
one hand, but it also easily causes uneven combustion. Specifically, this phenomenon is advantageous for
promoting combustion and improving energy conversion efficiency, but it is also liable to cause uneven
combustion [12]. In actual design, multiple factors should be considered comprehensively.
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Fig.5. Velocity vector in the z=0 plane

To illustrate the above result, temperature distribution of the domain and the plane in z=0 are shown in Fig.6
and Fig.7, respectively. It was clear from figures that temperature distribution is clearly uniform caused by
intake mode. In addition, the high temperature zone is mainly concentrated on the side of the chamber, and the
maximum temperature can reach about 2500 K. The reason is that the amount of fuel is large and the
combustion is sufficient. This phenomenon has two main effects, one is that the combustion efficiency is low,
and the other is that it is difficult to properly prevent heating.

K Temperature

Fig.6. Temperature Distribution
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Fig.7. Temperature Distribution in the z=0 plane

The mass fraction distribution of the reactant and main product (CO,) is presented in Fig.8 and Fig.9,
respectively. It can be seen from the figure that the distribution is uniform, whether it is the reactant or the main
product, and the trend is consistent with the previous conclusions. This again proves the correctness of the
method.
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Fig.8. Mass Fraction Distribution of the Reactant
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Fig.9. Mass Fraction Distribution of the CO,

Mass fraction of C,H, at the center line is shown in Fig.10. It can see that the concentration of the head
region is raised to about 0.5. The main reasons are that the mixing in these areas is not sufficient, and the
consumption is less than the effect of fuel injection and diffusion. As the gas flows toward the nozzle, the effect
of consumption becomes more pronounced, and the effect of injection and diffusion is gradually weakened.
With the combination of the two factors, the C,H, will be consumed in an area. In this paper, the reaction is
basically completed at the head distance of 200 mm.
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Fig.10. Mass Fraction Distribution of the C,H, at Center Line

The combustion efficiency is defined as

m.,
= T 100%
Uy b (6)

In the formula, the subscript i indicates a reactant or product formula, 0 stand for theory value, 1 represents
the actual production

The CO; is selected, and the combustion efficiency is 77.4%. Current research has shown that efficiency has
to be greater than 85%, or even close to 90%. This shows that the design of the Vanka model is not reasonable
and requires research on combustion organization technology. The result agrees well with the existing
conclusions.

4. Conclusion

In this paper, the research progress of the computation method of SDR is briefly described. Then the
numerical method is established based on VVanka model. The pressure, temperature and velocity distribution of

the example is given. Finally, the combustion efficiency is calculated. The conclusions of this study are as
follows:

e The computation method in this paper is correct and effective, and the results can provide reference for
related work.

o Combustion efficiency is only 77.4%, which is far below the acceptable level, and the Vanka model
must be further optimized for performance.

e  The combustion efficiency of the SDR can be improved by optimizing the air and gas intake modes.
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