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Abstract

This paper presents a quasi-stationary one-dimensional mathematical model of the combus-
tion chamber of a hybrid rocket engine. The model is based on stationary balance equations,
considering time-varying input parameters. It makes it possible to quickly estimate the vari-
ability of parameters such as pressure, velocity, or temperature of gases inside the combustion
chamber during engine operation. In addition, the assumption of a global paraffin oxidation
reaction in nitrous oxide allows the determination of the composition of the exhaust gases. The
results are consistent with numerical data from other researchers available in the literature.
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1 Introduction

Conventional rocket fuels are liquid or solid fuels. Today, a growing body of work in the aviation
literature is concerned with experimental and theoretical research into the possibility of improving
the efficiency and reducing the cost of rocket flight by using hybrid systems in which the fuel and
oxidizer are in two different phases (solid and liquid) [1-5]. The main criteria for the use of this
type of rocket propulsion are the simplicity of the system itself and the associated lower cost and
operational safety of the entire device. The advantages of hybrid engines over solid-fuel engines
are easier control of operation, easier transportation and safer storage of non-explosive fuel. The
disadvantage, on the other hand, is lower thrust due to poorer mixing of combustion products.
The purpose of this paper is to present a method for numerical modeling of the combustion
chamber of a hybrid rocket engine as a simple tool for the initial design stage to improve the
efficiency and quality of the fuel combustion process in an aircraft rocket engine during flight.

2 Mathematical model

The general assumption of the model is that for each time step of the simulated flight process,
the phenomena occurring in the combustion chamber are treated stationary. Due to the simplicity
of the rocket engine design (a tube filled both on the outside and in the core with solid fuel,
see Fig.1), the mathematical model can be simplified to the one-dimensional case, where the
privileged direction is the direction of gas flow along the rocket. Such approach can give the
solution as fast as the simplest 0D models [3,6] but with more information about the changing of
the parameters along the rocket length, and it simultaneously is not such time demanding as 2D
or 3D ones using full turbulence and chemical kinetics modeling.
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Figure 1: Scheme of the hybrid rocket engine, according to [7]
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The model is therefore based on one-dimensional equations of mass, momentum and energy
balance of gases, respectively [8]:
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where p is the density of the gases [m®/kg], w their velocity [m/s], p the pressure [Pa], u the specific
energy [J/kg], » the position along the flow [m], A the cross-section area of the chamber [m?], C
the wetted perimeter [m], g the gravitational acceleration [m?/s], Q. . is the volumetric heat flux
delivered to the system due to combustion [W/m?]. The pressure loss due to friction 7,, [Pa] can

be defined as:
pw?
Tw = P
2

(4)

where f is a friction factor.

The solid-gas phase transition is modeled by the source term Q = f (120, [kg/(m?s)], defined by
the so-called regression function of solid fuel mass loss due to reaction with the oxidant [9,10]. Based
on previous work [11,12], it can be assumed that after leaving the tank, the two-phase (liquid-
vapor) oxidant mixture in the form of nitrous oxide expands and finally enters the combustion
chamber in gaseous form. Therefore, the oxidation reaction of paraffin (gas) in an atmosphere of
N-2O (gas) can be written as:

C,H,, +aNs + bOy — ¢CO3 + dH50 + eC,H,;, + fNo + gOg, (5)

whereby, for simplicity, it is assumed that it occurs instantaneously, i.e. the kinetics of the chemical
reaction are not included in the calculations. The heat delivered to the chamber due to oxidation
is determined from the regression function of fuel loss as

Qcomb = mfuelhcomby (6)

whereby the enthalpy of combustion of solid fuel here is heomp = 42MJ/kg. Analyzing the system
chemically, the mass balances of the individual components are additionally considered:
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where Y}, is the mass fraction of the k-th component in the mixture, ns is the number of considered
chemical components. The source therms for each component Q. are determined from the global
oxidation reaction of paraffin (CzoHgz). Other heat sources present in the energy balance equation
(3) remain to be determined. The heat absorbed from outside is neglected, while the heat lost due
to radiation (grqq, [W/m?]) is determined using the Stefan-Boltzman formula [13]:

(jrad = —o¢ (T4 - Tfll)all) ) (8)

where o is the Stefan-Boltzman constant [W/(m2K?)], € is the emissivity.
To close system of equations the gas mixture is treated as a perfect gas described by the equation

of state: R
p i
- = T

where M, is the mixture molar mass [kg/kmol] defined as:

1
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and M}, is the molar mass of k-th substance. It is easy to rewrite the energy balance equation (3)

in the formula with temperature T instead of specific internal energy w by using the definition of
specific enthalpy h [J/kg]:

M iz = (10)

h=u+pv=u+p/p, (11)

which for gas can be also calculated from:

h=¢,T, (12)
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where ¢, [J/(kgK)] is the mass specific heat at constant pressure. For gas mixture this can be
defined as:
cp = Zchpk, (13)
k

where an individual heat capacities can be estimated basing on NASA polynomials [14]. By
differentiating the equation of state (9) the following expression:

do_ (0p\[ dp , (00| dT
dz <8p) o dz * <8T p dz (14)

can be used in the set of basic balance equations (1-3) with a vector of unknowns:

X" = [p, T, w] (15)
reducing it to a system of linear equations with its derivatives as new unknowns:

N . dX
AY* =B, Y'= Fe (16)
whereby heat lost due to radiation is treated explicitly. What remains to be calculated is the vector
of unknowns X, which can be determined using the Runge-Kutta method for solving a system of
ordinary differential equations [15].

For given time-varying input profiles of velocity, pressure and temperature, the distribution
of these parameters along the combustion chamber are calculated. In addition, the distribution
and change over time of the chemical compounds concentration is also obtained. The correspond-
ing procedures were prepared in the FORTRANO90 language and implemented into an in-house
numerical code.

3 Results

For the given varying profiles of pressure and oxidant mass outflow from the nitrous oxide tank [11,
12] (Fig. 2), the distribution of gas mixture parameters along the combustion chamber length were
obtained.
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Figure 2: Time varying initial boundary conditions for mass flow rate of nitrous oxide and its
pressure.

The combustion chamber with diameter of 0.1m and length of 0.7m were considered. Addi-
tionally, two paraffin solid fuel sources placed in the core and at chamber internal walls were taken
into account. Fig. 3 shows the variation of selected parameters in time and space (along the axis
of the rocket engine). As can be seen, the maximum temperature of exhaust gases exceeds 2700°C
and occurs after 3s of the flight (Fig. 3 left graph), and at this time the maximum gas velocity
takes place and its value is about 160m/s (Fig. 3 right graph). Therefore, based on the presented
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assumptions, it can be concluded that this time corresponds to the most intense combustion pro-
cess of the rocket fuel. This also manifests itself in the distribution of water vapor content in
the exhaust gas - its maximum value is about 12.5% by weight for 3s of the process (Fig. 4 right
graph). After that time, the values of the mentioned parameters decrease, which is associated with
the burning of the fuel source (core and external fuel grain). There is, however, an increase in
the proportion of oxygen in the mixture (Fig. 4 left one), which also confirms the fact that the

oxidation process is progressing.
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Figure 3: Distribution of the temperature (left) and exhaust gas velocity (right) along the rocket
combustion chamber during the flight.
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Figure 4: Distribution of the oxygen (left) and vapor (right) mass fractions along the rocket
combustion chamber during the flight.
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Figure 5: Distribution of the exhaust gas temperature and its pressure (left) and chemical com-
pounds (right) at the outlet from rocket combustion chamber during the flight.



260 Prague, February 21-23, 2024

Fig. 5 shows the variation of selected parameters over time at the outlet of the combustion
chamber. As can be seen, even the implementation of the simplest radiation model into the
numerical code reduces the gas temperature by about 50°C (max. value 2750°C vs. 2700°C -
Fig. 5 left graph). From the distribution of both the temperature (Fig. 5 left) and the content
of individual gas components (Fig. 5 right), it can be deduced that the combustion process up to
about 5s is sub-stoichiometric (excess of C,Hy, in the mixture), at 5s the oxidation is most intense
(the temperature reaches the maximum what is associated with an approximately stoichiometric
process), and after about 21s the fuel burns out while the fraction of Og in the mixture reaches
the initial value.

The obtained results are consistent with those of other authors analyzing more complicated
models. Uddanti et al. [16] created a 2D model of the rocket and using ANSYS FLUENT software
for stationary calculations, obtained a maximum gas temperature of 3400°C at a maximum mixture
velocity of about 200m/s. Moreover, these values appear in the exit area of the chamber. Obtained
the average temperature at the outlet in their 2D CFD model reached value of 2230°C. In presented
1D quasi-stationary model this value is obtained at 8s of the flight. Our maximum value for
temperature and velocity are about 2700°C and 160m/s, respectively, what gives the differences
between obtained maximum values at the level of 20% for both parameters. In contrast, Rampazzo
et al. [2] under similar assumptions showed a maximum temperature of 3100°C and a velocity of
about 150m/s. In contrast to proposed model it gives the differences about 13% with respect
to the predicted temperature and 7% according to calculated velocity. It is worth noticing that
other authors used full 2D flow models taking into account both turbulence and chemical kinetics
modeling at stationary flow conditions. The proposed 1D model is a quasi-stationary model that
gives averaged parameters close to the results of other authors in a much shorter time. This is a
clear advantage of using this type of approach.
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Figure 6: Distribution of the exhaust gas temperature and pressure (left) and chemical compounds
(right) at the outlet from rocket combustion chamber during the flight.

In Fig. 6 simulation results of the oxidation process for the case with other fuel loading are
presented. Compared to the previous test this one has over two times lower weight of core fuel. As
it can be seen the combustion process in this case takes two seconds longer in comparison to the
previous case (around 22s vs. 20s). The total mass of the rocket is lower, but it gives the smaller
value of the velocity of exhaust gas (the average area is greater, so for the same mass flow rate the
average velocity is lower - see Fig. 7) .
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Figure 7: Distribution of the exhaust gas velocity and density at the outlet from rocket combustion
chamber during the flight for heavier (left) and lighter (right) weight of the core fuel.

4 Conclusions

The presented numerical analysis shows that the adopted approach reduces the complexity, and
thus reduces the computation time of numerical simulation of the combustion process in a hybrid
rocket engine. The chosen method for prediction of distribution of exhaust gas parameters along
the rocket combustion chamber during its flight can be a useful tool at the early stage of rocket
design and avoids time-consuming, unstable and full-scale detailed phenomena analysis. In the
future, to improve the accuracy of the model, it can be extended by more detailed kinetics of
paraffin oxidation in nitrous oxide taking into account more sophisticated radiation model. To be
more comparable and more practical, it should be also extended to include a nozzle module to
obtain more practical parameters of the rocket, as thrust, and total and specific impulse.
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