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Abstract

In chemical propulsion, propellant masses are generally the largest part of the overall weight. Hence,
combustion efficiency is a key aspect of the system'’s performance and small improvements within the
combustion process can result in significant changes in project costs or mission longevity. To analyze
detailed chemical and physical processes, direct measurements are cost-intensive and limited to lab-
scale devices. Numerical investigations have therefore become a widely used tool to simulate the inner
flow and combustion of propulsion systems. In hybrid rocket engines, post-combustion chambers are
used to improve the mixing and combustion process. Nevertheless, these components imply additional
structural mass and engine length. This study analyzes the influence of different post-combustion
chamber lengths on the combustion efficiency. The simulations were performed in two-dimensional,
axisymmetric domains with fuel mass flow and detailed combustion modeling. The efficiency is shown
to increase linearly with increasing post-chamber length. However, it is significantly influenced by
turbulator components. With these results, the qualitative influence of post-combustion chambers is
analyzed, enabling optimization of engine design while ensuring sufficient combustion efficiency.

Keywords: hybrid rocket propulsion, computational fluid dynamics, post-combustion chamber design,
numerical performance analysis, combustion modelling

Nomenclature

Abbreviations T Temperature

CFD Computational fluid dynamics M Mach number

DLR German Aerospace Center ¢ Time

HRM Hybrid rocket motor Greek

HTPB Hydroxyl-terminated polybutadiene c Nozzle expansion area ratio
LFI Low frequency instability " Specific heat ratio

RANS Reynolds-averaged Navier Stokes T Vandenkerckhoven function
SRM Solid rocket motor n Efficiency

Latin p Density

A Area Subscripts

c* Characteristic velocity a Ambient

Cr Thrust coefficient c Combustion, Combustion chamber
o Thrust e Exit

H Enthalpy id Ideal

m Mass pce Post-combustion chamber
™m Mass flow s Specific

D Pressure t Nozzle throat

R Gas constant w Wall
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1. Introduction

Since 2009, the German Aerospace Center (DLR) is developing the AHRES software for the preliminary
design of hybrid and solid rocket engines [1]. To validate the calculations, test firings are performed at
DLR-site Trauen and numerical simulations are conducted with the DLR TAU-Code [2]. Since common
hybrid rocket motors (HRM) combine a liquid oxidizer and solid fuel, they inherit advantages of both
liquid and solid rocket motors (SRM). While the spatial separation of the propellants ensures high safety
for storage, handling and transportation, the liquid oxidizer potentially enables shutdown, reignition and
thrust throttling. Therefore, these engines show higher flexibility and a significant higher safety than
solid motors. The fluid system of hybrid motors needs to be designed for only one liquid phase, leading
to a simpler architecture and fewer rotary components compared to liquid engines. Subsequently, HRM
tend to be more robust and fail-safe. Another key aspect is the variability of propellants leading to
non-toxic combinations. Hence, environmental impact can be reduced at ground level as well as high
altitudes, where the influence of exhaust gases is strongly increased. Combustion efficiencies of certain
propellants, commonly given by the specific impulse, are higher than those of SRM. Nonetheless, liquid
rocket efficiencies are not yet reached. All of these aspects decrease developing and operating costs,
making hybrid motors a promising alternative to common chemical propulsion systems.

Despite the advantages of hybrid propulsion, its complex combustion process leads to nonlinear behav-
ior when scaling up from laboratory to an operational scale. However, most studies in past and current
research where conducted for laboratory scale engines. This is considered as one of the main reasons
HRM did not yet reach their full potential and therefore commercial applications [3]. The combustion
within the engines is characterized by a diffusion flame with an oxidizer rich core flow and a fuel rich
zone within the boundary layer. A detailed understanding of the internal flow dynamics is therefore
mandatory to further push the boundaries of current hybrid propulsion limitations, including their scal-
ability. Considering upscaled HRM, the combustion efficiency represents a key aspect due to the high
fraction of propellant mass in chemical propulsion systems.

The diffusion flame characteristics cause the flame zone to be more distant to the fuel surface compared
to SRM. This leads to a reduced heat transfer and subsequently reduced fuel gasification and fuel mass
flow. In the following, this mass flow blocks a certain part of the heat transferred to the surface [4]. The
respective low regression rate of HRM is a widely investigated disadvantage. Besides the used solid fuel,
especially the fuel geometry is of key importance, since complex geometries can enhance turbulence
and therefore heat transfer. Different helical or ssgmented geometries have been investigated, showing
significantly increased fuel regression rates [5, 6]. Since mixing of the reactants within the flow is
important to ensure complete combustion, there is a need for detailed analysis of combustion evolution
along the engine axis. In this context, unburnt fuel needs to be reduced as much as possible before
the mixture exits the engine nozzle. Besides complex fuel geometries, this can be addressed by adding
additional components after the combustion chamber, such as turbulator plates and post-combustion
chambers. Although post-combustion chambers are suspected to induce low-frequency instabilities
(LFI), they are predominantly used to improve mixing of unburnt reactants [7]. Moreover, they decrease
the oxidizer mass fractions in the HRM-typical core stream and enhance combustion efficiency. The
influence of different chamber lengths is investigated in the following, including efficiency evaluation
based on numerical results.

2. Performance Evaluation

Besides the classification of propulsion systems in thrust classes, combustion efficiency is often used to
categorize rocket engines. The most comprehensive parameter describing the complete performance is
the specific impulse I, defined as

Isp - = CVF c* (1)
The first definition of the specific impulse as the ratio of thrust ' to nozzle mass flow 7 gives an

indication for the overall efficiency of the propulsion system. Assuming ideal processes within the
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engine, the I, is also commonly used to evaluate and compare propellant combinations. As such, this
parameter comprises both main processes included in chemical propulsion. First, the transformation of
chemical into thermal energy, and second, the transformation of thermal into kinetic energy. In rocket
propulsion, two parameters were introduced to directly describe the specific impulse as defined in the
second definition of Equation fil. Here, C represents the thrust coefficient which is generally defined
as the ratio of thrust F' to the product of chamber pressure p. and nozzle throat area A;:

F

C =
d Pec At

(2)

Hence, it compares the transformed kinetic energy to the conditions within the combustion chamber and
can be interpreted as a nozzle performance parameter. The second parameter is called the characteristic
velocity ¢*. Combining equations fil and P, it can be defined as:

e A
* P t (3)

CcC =

m

As can be seen, the characteristic velocity compares mass flow and chamber pressure. Therefore, it
describes the first process of chemical energy transformation into thermal energy and represents one
of the main parameters of this study that focuses on the combustion efficiency. Generally, the chamber
pressure p. represents the global chamber pressure but can be resolved locally in terms of numerical
simulations. With the nozzle throat area and the nozzle mass flow being a constant scalar value, local
evaluation of the characteristic velocity would directly result in a scaled pressure field of the analysed field
domain. Hence, the characteristic velocity is more suitable to compare different propellant compositions
as well as to analyze an engine test firing independent of nozzle influence.

Local resolving of the characteristic velocity was conducted by Bendana et al. [8] applying laser absorp-
tion spectroscopy. Via measurements of local temperature 7" and gas composition, the characteristic
velocity was determined by

K41
. |RT (k+1\*T R,T.
B ()T ®

with R, representing the specific gas constant, « the heat capacity ratio and T,. the chamber temperature.
This equation assumes Mach 1 in the nozzle throat, as well as isentropic and therefore adiabatic flow.
The parameter I" represents the Vandenkerckhove function defined as

2\ =D
F_\/E<f$+1> (%)

However, measurement of local gas composition and temperature is usually conducted in laboratory
engines and often limited to a reduced number of species. The resulting field of resolved characteristic
velocities does not define the overall combustion efficiency and mainly depends on local flow and vortex
formation. Hence, this method is not suitable for the evaluation of CFD-based field solutions.

2.1. Combustion Efficiency

While focussing on the combustion process itself, its efficiency can be defined in different ways that
always follow the idea of transformation of chemical energy, stored within the propellants, into thermal
energy.

_ Thermal energy usable for kinetic expansion
~ Chemical energy stored within the propellants

e (6)
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In terms of the combustion temperature, the efficiency may be defined as the ratio of actual to ideal
combustion temperature. This expression is normally derived from thermodynamic cycle processes,
assuming ideal gas behavior. While expanding the fraction as shown below, this definition can be
transformed into using the characteristic velocity defined in equation M.

2
VR T N 2
e = T _ ( r ) _ <C) (7)
) Tc,id <\/Rs Tcn‘,d)Q C;'kd
r

Rust et al. [9] analyzed mixing and combustion in the context of supersonic combustion and defined a
mixing efficiency of fuel and oxidizer as the ratio of fuel concentration to overall fuel mass flux. Following
this, combustion efficiency is defined by means of residual fuel inside the stream. Due to the large vortex
formation within the post-combustion chambers, this approach could lead to partially decreasing effi-
ciencies along the engine exit. Similar to this but focussed on chemical reaction advancement, Castifieira
and Edgar [[10] defined the combustion efficiency as the ratio of carbon mass flows of produced carbon
dioxide as the end product of complete combustion and carbon fuel mass flow.

me (CO2, out)

(Gt in) ©

Ne =
Assuming the total carbon inflow resulting from fuel pyrolysis, the respective calculation is given by

Mo
_ MCO?
Ne = e
4-—-C<
Me, g

(YC02 m)out

9)

(YC4H6 mf)in

Hence, locally resolved numerical data is used for the evaluation of the combustion efficiency. However,
Equation g will lead to relatively low values since only complete reactions are considered, while inter-
mediate products do not contribute to the efficiency. Each approach mentioned above refers basically
to Equation [ and illustrates a parameter to evaluate the advancement of combustion processes.

2.2. Variable Evaluation

In the evaluation of the simulation results, every quantity ¢ is integrated along the nozzle exit plane
according to

- 1
¢:Z/¢dA (10)

Hence, spatially resolved variables are considered, which is the main advantage of numerical tools com-
pared to highly complex and therefore cost-intensive or even unfeasible measurement techniques. For
example, engine thrust is calculated via integration of the momentum conservation without gravita-
tion.

Zﬁ:%/ padv+f ﬁp(*-ﬁ)ds+fpﬁds

cs

Assuming steady state conditions as well as symmetric forces in radial and tangential directions, the
equation is reduced to the following.
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F, :?{ vipd5+?{ png dS (12)

This equation subsequently results in the equation for the axial direction on the nozzle exit area:

F,=2n /(Tpvz. +rp)dr — p,Ae (13)

Using this representation, the actual engine thrust derived by the CFD results can be evaluated.

3. Simulation Domain

A generic hybrid rocket engine was designed as the simulation reference within this study. The motor
comprises a telescope geometry and produces a nominal thrust of 200 N. Burn time and chamber
pressure are set to 10 s and 20 bar respectively, and the fuel block length is 140 mm. The engine uses
highly concentrated hydrogen peroxide as oxidizer and hydroxyl-terminated polybutadiene (HTPB) as
solid fuel. This propellant combination is widely used and analyzed, also within the AHRES program
of the DLR [11]. In the following, the generic engine design, numerical settings and the convergence
study are described.

3.1. Generic Engine Design

Thermodynamic properties required for the preliminary design were calculated by the CEA Code (Chem-
ical Equilibrium with Applications) [12]. According to Chiaverini et al. [13], the main pyrolysis product
of HTPB can be assumed to be 1,3-butadiene. The oxidizer decomposes catalytically and exothermically
to gaseous oxygen and water, according to

Propellant composition and the respective conditions are summarized in Table fil. Mass fractions are cal-

culated according to a concentration of 87.5-wt.% of the hydrogen peroxide. The pyrolysis temperature
of HTPB was set according to Reference [14].

Table 1. Propellant composition and boundary temperature

Parameter Value Units
Mass fraction H,0O 0.58 -
Oxidizer Mass fraction O, 042 -
Catalytic temperature 923 K
Mass fraction C,Hg 1.0 -

Fuel

Pyrolysis temperature 1050 K

Based on the values mentioned above, the engine parameters are calculated according to the following
procedure. The thrust coefficient is determined according to Equation 2 assuming steady and isentropic
flow, which leads to

2 9 2 m+i K—1
K " Pe) "
Cpr = . 1= (22
F k—1 (Ii+1> [ <p0>

Assuming a well-adapted nozzle and nearly ideal nozzle expansion to ambient pressure, the second term
of Equation [L5 can be neglected.

Pe — Pa Ae
+ e 15
DPec At ( )
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The nozzle expansion area ratio is subsequently calculated via

2
e=fe__I° (16)

)

Pc

Oxidizer and fuel mass flow are determined via the oxidizer-to-fuel (O/F) ratio given by the CEA code for
maximum I, and the total mass flow as a function of desired engine thrust. Combining the Equations
and [, the total mass flow is given by

A
Miotal = I - % (17)

:

The fuel geometry is subsequently calculated by assuming a typical and axially constant regression
rate and necessary fuel volume for the specified burn time. The calculations described above define
most of the engine inner geometry. Additionally, the injector and the post-combustion chamber are
designed to provide axial oxidizer inflow and enhanced propellant mixing, respectively. The engine data
is summarized in Table 2.

Table 2. Engine design parameters and calculation results

Parameter Value Units Ref.
Fuel regression rate 0.5 mm/s -
Chamber pressure p, 20.0 bar -
Specific heat ratio « 1.135 - [12]
Thrust coefficient Cr 1.424 - Eq.
Nozzle expansion area ratio ¢ 393 - Eq.
Characteristic velocity c* 1593.27 m/s [12]
Mixture ratio 6.8 - [12]
Fuel mass flow i 11.75 g/s Eq.
Oxidizer mass flow 11, 79.93 g/s Eq.

Several post-combustion chamber lengths ranging from 13 mm to 4 mm with and without a turbulator
plate separation towards the combustion chamber are designed. The engine properties described above
as well as mesh generation parameters are held constant throughout each simulation.

3.2. Numerical Setup

The DLR TAU-Code uses the Reynolds-averaged Navier-Stokes equations (RANS). For robust modeling
of the viscous flow, a single transport equation in the form of the negative Spalart-Allmaras model is
used [15]. The model is based on the standard S-A model for compressible flow with minor modifications
to avoid negative values of the transport variables to increase numerical stability. This one-equation
model allows efficient turbulence modeling and is widely used and verified for different applications [2].
Additional simulations on the reference mesh were conducted using a two-equation model. The Shear-
Stress Transport turbulence model presented by Menter [16] is applied here, allowing for more detailed
calculations of vortices in the flow domain. It combines the k& — ¢ model, which accurately predicts
turbulence behavior in attached freestream-regions, with the k¥ — w model, correcting the flow in the
inner regions of the boundary layer [17].

The chemically reactive flow is modeled using a reaction rate mechanism. The Westbrook and Dryer
multistep mechanism is applied, representing the combustion of 12 species with 22 reactions in to-
tal [18]. This simplified mechanism enables analysis of unstable, intermediate combustion products
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Fig 1. Simulation domain with boundary conditions

Table 3. Total numbers of cells for the mesh convergence study

Mesh R-1 R-2 R-3 R-4
Number of Cells 205308 262179 293104 320768
Ratio 100.0 % 127.7 % 142.8% 156.24 %

without introducing an excessive nhumber of reactions to be solved in each numerical iteration. Reaction
rates are calculated via a modified Arrhenius-type law.

—F
k., = AT" -exp (R ‘;f) (18)

The respective unit depends on the reaction order n,, which in turn defines the unit of the pre-
exponential coefficient A,.. The parameter E, represents the activation energy. It is noted that the
Westbrook and Dryer mechanism over-predicts the formulation of carbon monoxide [19]. The devia-
tions are most noticeable for the two-step mechanism, which is also presented in [18]. Although the
applied multistep mechanism reduces this trend, certain deviations in carbon monoxide mass fractions
are still present.

3.3. Mesh Generation

The boundary conditions of the reference simulation and their respective walls are summarized in Fig-
ure [ll. Besides the propellant specifications from Table [I], the injector and nozzle walls are modeled as
isothermal walls considering friction and an ablative surface temperature of T,, = 1000 K. Fuel pyrolysis
is simplified by assuming a uniform effusive mass flux on the frictional fuel walls. On the nozzle exit, a
supersonic boundary is set to allow for calculation of exit pressure instead of specifying a fixed ambient
pressure.

In total, four different meshes were analyzed to ensure efficient simulation time without significant
deviations due to the spatial resolution. A hybrid mesh structure with quadrilateral cells within the
boundary layer and triangular cells in the field is used for each simulation case. The respective total
numbers of cells are summarized in Table § with the starting mesh being referred to as R-1 and three
refined meshes noted as R-2, R-3 and R-4.

3.4. Convergence Study

The simulation results show generally high agreement as can be seen in Figure R(a). Here, the oxygen
mass fraction is plotted over nozzle exit radius as an example for the main variables used for further
calculations. As expected, the meshes with a higher number of cells are showing spatial convergence,
while especially the R-1 mesh shows significantly smaller mass fractions. Based on these simulations,
the R-3 mesh was selected as a reference in the following simulations, showing negligible errors com-
pared to the fine mesh (R-4) but higher accuracy compared to the coarser meshes (R-1 and R-2).
Additionally, temporal influence was analyzed in the form of solver iterations using local time-stepping
for faster convergence. The respective variables that are being used within this study tend to converge
after three to four million iterations with a relative error of less than 1 % compared to the asymptotic
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Fig 2. Convergence behaviour of selected mass fractions

Table 4. Summary of numerical results for different post-combustion chambers (PCC)

Case L,..(mm) c*(m/s) F(N) n.(%)

Reference R-3 13.0 1577.54 191.77 77.49

Menter-SST T-1 13.0 1574.23 188.28 77.52

S-1 10.0 1576.49 191.57 77.14

Shorter PCC S-2 7.0 1575.89 190.46 76.66

S-3 4.0 1575.24 190.37 76.21

S-4 13.0 1572.24 186.44 71.39

Shorter PCC without turbulator plate >3 10.0 1571.56 186.00 70.98
S-6 7.0 1570.92 185.50 70.63

S-7 4.0 1570.23 184.92 70.21

value. More sensible values, e.g. heat fluxes, may still vary in certain ranges, but do not affect overall
mass fractions as can be seen in Figure R(b). Here, the root-mean-square error is calculated for the
reference mesh R-3 at nozzle exit, which is where most of the values are evaluated.

4. Results

A representative temperature field of the R-3 domain is shown in Figure B(a). Two flame zones result-
ing from the telescope fuel geometry are clearly visible within the combustion chamber. Downstream,
the mixing of the flow advances resulting in a more uniform temperature field before decreasing due
to nozzle expansion. The turbulator plate causes two large vortices and respective counter-vortices
towards the chamber edges, visible in Figure B(b). Although the two-dimensional representation does
not account for three-dimensional mixing, the turbulator plate influences the cross-sectional flow field
significantly. An overview for all simulation cases and their respective chamber length, characteristic
velocity, thrust according to Equation L3 and combustion efficiency according to Equation g is summa-
rized in Table H. As mentioned above, R-3 refers to the reference case. The cases applying shorter
post-combustion chambers are referred to as S-1, S-2 and S-3 ranging from 10 to 4 mm, in descending
order. The complete length range (13 to 4 mm) was used in simulations without a turbulator plate
downstream of the combustion chamber noted as S-4 to S-7. Finally, the reference mesh simulated
with a two-equation turbulence model is referred to as T-1. The cases with the longest and shortest
post-combustion chamber are illustrated in Figure .
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Fig 3. Comparison of post-combustion chamber designs

4.1. Varying Post-Combustion Chamber Length

Varying post-combustion chambers are shown in Figure J with different lengths for the reference case
and the S-2 case as well as a post-combustion chamber without a turbulator plate, noted as case S-7.
Temperature fields within the chambers are relatively similar, except for the case S-7. Here, both flame
zones are less mixed than in the previous cases, causing the flame zones to be clearly distinguished
downstream of the nozzle throat. This in return leads to a reduced mixing and therefore combustion
efficiency. As expected, the carbon dioxide distribution within the flow field of the cases R-3, S-3,
S-4 and S-7 correlates with the temperature fields. The respective mass fractions at nozzle exit are
shown in Figure 5. Generally, oxidizer mass fractions increase and combustion products decrease with
shorter chamber lengths. The large differences in the S-7 case support the significant influence of the
turbulator plate. The insufficient mixing of the propellants is directly visible in the oxygen and 1,3-
butadiene mass fractions. While the core stream is apparent in each simulated case, which is partly
due to the axisymmetric definition of the simulation domain, it is mostly distinct in the cases S-4 to S-7.
According to this, the fuel mass fractions illustrated in Figure show higher values outside the core
stream. The same behavior can be seen at the combustion end products, namely H>O and CO,, which
are significantly lower compared to the cases S-1, S-2 and S-3.

The effect of varying post-combustion chamber length on the combustion efficiency 7. is illustrated in
Figure B(a). Here, the definition from Equation § was used to evaluate the combustion via steady-state
mass fractions. The increase in efficiency shows linear behavior within the analyzed length between
0.13 and 0.14 %/mm. Hence, the direct effect of chamber length only represents a small enhancement
for the combustion process. In contrast to this, the cases inhabiting a turbulator plate show a significant
increase in efficiency of over 6 %. The same behavior was shown to be present for the actual engine
thrust given in Figure @ Considering the fact that the axisymmetric model of the simulation domain
cannot properly display the turbulator plate, the effect is assumed to be even higher in real engines.
Generally, these turbulator plates are designed with a specified number of ports, aligned circumferen-
tial on the cross-section between combustion and post-combustion chamber. The size of the ports is
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Fig 4. Carbon dioxide field solutions of the cases with the longest and shortest post-combustion chamber
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Fig 5. Nozzle exit mass fractions in different post-combustion chambers

designed to not choke the flow crossing the turbulator section. Thus, the flow is strongly redirected and
more vortices appear within the post-combustion chamber resulting in increased mixing. This effect
cannot be fully described by axisymmetric simulations.
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Fig 7. Oxidizer and fuel mass fractions at nozzle exit of reference mesh with one- (R-3) and two-
equation (T-1) turbulence model

4.2. Turbulence Modeling Influence

As mentioned within section @, the reference test case was also simulated using a two-equation
turbulence model noted as case T-1. The results are compared in Figure 7. Here, oxidizer and fuel mass
fractions at nozzle exit are plotted over the nozzle exit radius. While the flow fields are generally similar,
small deviations appear, which are a result of different vortex sizes and flow paths. Considering the
composition at nozzle exit, the core flow is more distinct than that of the reference case. However, this
does not lead to less mixing or combustion, since the overall efficiency given in Table i is slightly higher
with the two-equation model. The combustion efficiency is therefore not significantly influenced by the
choice of the two turbulence models in the case of the present axisymmetric simulations. Nonetheless,
the influence must be analyzed within three-dimensional simulations, where the flow field within the
post-combustion chamber is assumed to be more turbulent.

5. Conclusion

Different definitions of combustion efficiencies are always based on energy conversion from chemical
towards kinetic energy. Nonetheless, the calculation procedures vary depending on the focus of each
study and its available data. The commonly used efficiency of the characteristic velocity was shown to

HiSST 2024-120 Page | 11
Numerical Study on Post-Combustion Chamber Impact on Hybrid Rocket Performance Copyright © 2024 by the author(s)



HiSST: International Conference on High-Speed Vehicle Science Technology

be less suited for numerical studies, since its main definition is based on global engine values. Therefore,
a spatially resolved c* field can be reduced to a scaled pressure field. A detailed analysis of the reactive
flow was conducted using the gas composition, especially carbonaceous species, to obtain detailed
insights into the effect of chamber design. The results presented above offer a qualitative overview of
the post-combustion chamber length impact on combustion efficiency. The chamber length was shown
to have only a limited influence on the combustion efficiency. In contrast to this, n. strongly depends
on the turbulator plate, which separates the combustion chamber and post-combustion chamber. It is
noted that the applied reaction rate mechanism tends to overestimate the presence of carbon monoxide.
This is the main reason why the compared efficiencies with a range of 70 % to 78 % are below common
combustion efficiencies. In the definition of Equation [, the carbon monoxide in the flow exiting the
nozzle counts as unburnt and does not contribute to the combustion efficiency. A quantitative analysis
of a propulsion system should therefore be conducted with a more detailed or adapted reaction rate
mechanism. Also, the more complex turbulence field of three-dimensional flows must be considered to
evaluate relevant fuel geometries and to optimize the systems weight.
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