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This study investigates the feasibility and performance of a missile propelled by a
Hybrid Rocket-Based Combined Cycle (HRBCC) engine, which combines hybrid
rocket and air-breathing engines. The HRBCC engine could enable intra and
extra-atmospheric hypersonic flight in the future. Using a hybrid rocket engine
could bring several advantages as reduced costs, increased reliability and
simplicity. This research presents the unique feature of the hybrid rocket
engine developed by HyPrSpace and explains its benefits for the conception of
a HRBCC system. The performance of the missile was studied in two operational
modes: pure rocket and ramjet. The results were then used to develop an in-
house code that compared the trajectory of different missiles. Our findings
indicate that HRBCC engines provide several advantages over other propulsive
technologies and can meet the requirements of various military applications.
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1 Introduction

Although multi-stage launchers remain the primary means of space transportation, the
cost of their production have continued to rise (Munoz, 2011). To address this issue,
engineers are developing reusable launchers, with the rocket-based combined cycle (RBCC)
engine emerging as a promising technology for reusable single-stage to orbit (SSTO), two-
stage to orbit (TSTO) launchers, and hypersonic vehicles (Zhangtian et al., 2019; Zhang et al.,
2020; Rui et al,, 2021). The RBCC engine combines several propulsion systems which operate
continuously without interrupting the propulsion in a very large range of speed. The
propulsion systems combined usually includes a ramjet, a scramjet, and a liquid rocket
engine, enabling a multimodal operation. From take-off to Mach 2, the engine operates in
ejector mode, followed by ramjet mode from Mach 2 to Mach 5, scramjet mode from Mach 5,
and pure rocket mode at atmospheric exit. By combining several engines into one single
system, RBCC engines offer an efficient and versatile solution for propulsion, which may
help to reduce the cost of space exploration.

Even if the RBCC engine has been studied for several years, its development is hindered
by technical obstacles, like the engine’s ejector mode and its difficulty to produce enough
thrust for an efficient acceleration (Zhangtian et al., 2019). Currently, the most advanced
RBCC engine in development is the Synergetic Air-Breathing Rocket Engine (SABRE) by
Reaction Engines Limited, designed to power the reusable SKYLON SSTO (Aggarwal et al.,
2015; Davies et al., 2015). While SABRE has the potential to revolutionize hypersonic and
suborbital flight, like most RBCC engines, it relies on a liquid rocket engine, which can be
complex, requires a large volume of fuel, and raises safety concerns associated with the
storage of oxidants. With the development of new technologies, it is interesting to explore
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Specific impulse comparison for different type of propulsion. Reproduced from Foster et al. (2012).

alternative propulsion systems, such as hybrid rocket engines.
Hybrid RBCC (HRBCC) engines offer a number of advantages
that include reduced costs, increased reliability, and greater
operational flexibility. While RBCC engines have been studied for
several years, only a few studies have explored the use of hybrid
rockets in this context. In 2013, Chang et al. (2018) presented the
first concept of a HRBCC propulsion system, which featured a
hybrid rocket engine embedded in the ramjet/scramjet duct, similar
to other RBCC engines.

However, this work proposes a new design concept for the
HRBCC system where the rocket and air-breathing engines share
the same combustion chamber. Thus, this study aims to conduct a
preliminary analysis of the performance benefits of this engine type,
comparing it with solid engines. For simplicity, the HRBCC engine
in this study operates in two modes: the pure rocket mode (from
take-off to Mach 2) and the ramjet mode (from Mach 2 to total
combustion of the propellant). These modes were chosen to simulate
the operation of a missile engine.

The content of the paper is organized as follow: Section 2
formulates the interest of the HRBCC engine and discusses the
unique features of the hybrid rocket used. Section 3 presents the
comparative study. Section 4 describes the approach used to
determine the performance of both pure rocket and ramjet
modes. Finally, Section 5 introduces the results and engage a
discussion on their implications.

2 Interest of the HRBCC engine
2.1 RBCC engine

Currently, no engine by itself is capable of providing both a
high Thrust to Weight Ratio (TWR) and a large specific impulse
across the entire Mach range (Murthy and Curran, 1991; Daines
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and Segal, 1998). As shown in Figure 1 (Zhangtian et al., 2019), air-
breathing motors have a good specific impulse but are only
functional over a limited Mach range. In contrast, rocket
engines have the best TWR but a very low specific impulse over
the entire Mach range. However, the RBCC engine has the
potential to bridge this performance gap by combining air-
breathing and rocket engines. It behaves as an augmented
rocket from take-off to supersonic speed, a ramjet/scramjet in
supersonic/hypersonic flight, and a pure rocket when the density of
air becomes too low. This makes it possible to obtain an engine
with both good TWR and specific impulse across the entire Mach
range, all sharing roughly the same system hardware. Thus, the
RBCC engine has the potential to propel single-stage launchers
(SSTOs) and hypersonic vehicles.

RBCC engines offer a significant advantage for hypersonic
missiles. They allow for increased efficiency, leading to longer
ranges and the ability to strike targets that would otherwise be
out of reach. They can also achieve even higher speeds than
traditional rocket engines, making them more difficult to
intercept and giving them a greater advantage in combat.

Even if the realization of single-stage launchers (SSTO) has
always been a very attractive idea and the dream of many engineers,
its propulsion by rocket engines alone makes its use very inefficient.
According to (Escher, Hyde, Anderson), the propellant carried by an
SSTO using rocket propulsion alone can represent up to 90% of the
initial mass of the vehicle, leaving only 10% of the total mass for the
rocket structure, electronics, and payload. However, RBCC engines,
with their higher specific impulse, can reduce the propellant mass
ratio from 90% to 70%. Thus, this type of engine could be a starting
point for SSTO propulsion. However, as explained by Dorrington
and Tec (1990), the mass of propellant on board is not the only
figure of merit to consider, or even the most appropriate. The use of
RBCC engines involves several drawbacks. Indeed, these engines are
much heavier than rocket engines, they require larger volumes of
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HyPrSpace's engine.

propellant (structural stresses), and are subject to more severe
conditions at the exit of the atmosphere (stresses on thermal
protection).

Typically, RBCC engines rely on liquid rocket engines. Due to
their ability to achieve the highest achievable specific impulses, their
on-off and throttled operation and as a well-known technology,
these engines appear to be the most natural solution for RBCC
engines. However, liquid rocket engines are highly complex and
subject to operational, safety, and environmental concerns. As an
alternative to liquid rocket engines, hybrid propulsion is presented
here. While hybrid propulsion was once known for its technological
barriers, it is currently experiencing a strong revival due to its several
advantages.

2.2 Hybrid propulsion

2.2.1 Definition

Rocket engines are typically classified based on the chemical
state of their propellants. In a hybrid engine, the oxidizer is typically
stored in liquid form in a tank, while the fuel is stored in solid form
in the combustion chamber.

2.2.2 Advantages

Several works have already mentioned the various advantages
and disadvantages of hybrid propulsion (Altman, 2003; Chiaverini
2007; Sutton and BIBLARZ, 2017; Ruffin, 2018;
Palateerdham et al., 2020) summarized below:

and Kuo,

2.2.2.1 Thrust modulation

Thrust can be modulated by controlling the oxidizer flow in a
much simpler way than for a liquid engine, which requires
synchronization of two propellant flows. This feature makes the
engine easily adaptable to a wide range of missions.
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2.2.2.2 Low cost

The total cost for hybrid systems is advantageous compared to
its safety features and inert propellant. Since its manufacture does
not require large structures, the fuel plant can be located near the
launch site. In addition, the system can tolerate larger design
margins, resulting in lower manufacturing costs.

2.2.2.3 Grain robustness

Unlike solid engines, grain cracks or flaws are not catastrophic as
the propellant is inert. On the contrary, cracks in the grain of solid
engines have the effect of increasing the wet surface and thus
increasing the pressure in the chamber, beyond the design
conditions.

2.2.2.4 Safety

Fuel is inert and can be manufactured, transported and handled
safely. As the fuel and oxidizer are in different and separate phases,
the chances of explosions are very low (“intimate” mixture between
oxidizer and fuel almost impossible) and has very few failure modes.

2.2.2.5 Temperature sensitivity

Since the effect of temperature on the combustion rate is small,
the variation in ambient temperature during launch has very little
effect on the pressure in the combustion chamber. Thus, the worry
about designing solid motors to achieve Maximum Expected
Operating Pressure (MEOP) is greatly reduced.

2.2.2.6 Propellant versatility

The selection of propellant is much greater than for liquid or
solid propulsion. Compared to liquid or solid engines, energetic
metals can be added to the fuel to improve both performance and
density without the need for abrasion.

2.2.2.7 Environmental friendliness
used for the hybrid
environmentally friendly as the products and reactants are non-

Several propellants engine are

toxics.

2.2.3 Disadvantages

However, conventional hybrid have several

disadvantages compared to their liquid and solid counterparts,

engines

which explains the lack of attention this propulsion system has
received in the past.

2.2.3.1 Low regression rate

A larger burning area is required to attain the desired fuel mass
flow from the grain in hybrid rockets. Non-etheless, the regression
rate of hybrid fuel surfaces is considerably slower than that of solid
fuels. This is due to the diffusive flame in hybrid fuels being more
distant from the burning surface when compared to the conductive
flame present in solid rocket engines.

2.2.3.2 Low combustion and mixing efficiency

In hybrid rockets, reactants are not intimately mixed or
compelled to combine as they are in solids and liquids.
Therefore, the than the
theoretical ones.

performances are quite lower
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RBCC configuration. Reproduced from Yang et al. (2023), with permission from Elsevier

2.2.3.3 A difficulty to be usable for large scale engines
High thrust-to-weight ratios and specific impulse are critical
metrics for measuring rocket engine performance, and achieving
them presents a significant challenge for hybrid propulsion. This
challenge is partly due to the lower energy density of the solid fuel
used. While hybrid rocket engines have found utility in small-scale
applications such as model rockets and experimental spacecraft,
scaling up poses additional challenges. Indeed, in some hybrid
configurations, the regression rate decreases as the motor is
scaled up, ultimately resulting in a decrease in performance.

2.2.3.4 A variation in the mixing ratio O/F

During operation, the mixture ratio can vary and have a
significant impact on the performance metrics, such as thrust
and specific impulse. The inability to maintain the oxidizer-to-
fuel ratio O/F at the optimal value during operation results in a
loss of combustion efficiency.

2.2.4 HyPrSpace Technology
Hybrid Propulsion for Space, or HyPrSpace, is an innovative
company that aims to overcome some of those existing

technological barriers with its hybrid engine technology.
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Specializing in the development of hybrid engines, the company’s
primary objective is to create cost-effective micro-launchers capable
of sending small satellites into low Earth orbit. HyPrSpace’s unique
engine design, as seen in Figure 2, features a pressurized tank placed
inside the fuel block, unlike conventional hybrid engines. Two fuel
blocks are inserted in the inner body, with the first block positioned
against the tank and the second in contact with the engine’s external
wall. The additional solid fuel element increases the burned surface
area and, thus, improves the heat transfer into the solid fuel
enhancing the regression rate. The central placement of the tank
within the combustion chamber allows for a higher flow of oxidant,
increasing the burned surface and compensating for the engine’s low
regression rate. The post-combustion chamber ensures optimal
combustion.

Musa et al. (2019) proposed and investigated a novel
combustion chamber design for a solid-fuel ramjet with a
configuration very closed to HyPrSpace’s engine. In their
configuration, they place a rod solid grain inside a tubular one.
They found that this configuration improved the performances of
the engine as well as its regression rate. These findings suggest that
this configuration has the potential to improve the engine’s

performance and could be applied to ramjet engines.
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TABLE 1 Missile’s characteristics according to their weight class.

10.3389/frspt.2023.1103981

Class Diameter Missile Propellant Propellant mass Thrust Burn Initial velocity
(mm) [ ESN( )] Mass (kg) fraction (kN) time (s) (m/s)
Light 180 50 10 02 16 15 0
Medium 350 ‘ 200 80 04 69 2.8 0
Heavy 920 ‘ 3800 2600 0.68 203 30.7 0

3 Comparative study and methodology

The objective of this study was to estimate the achievable
performance of a HRBCC engine in comparison to a solid
engine. The study involved a comparison of the performance of
missiles powered by both types of engines and an analysis of the
theoretical trajectory that each missile could reach. To this end, an
in-house code was developed using a two-dimension trajectory
model. In order to determine the trajectory reachable by the
HRBCC engine, the performance of both the ramjet and pure
rocket modes were evaluated. In the case of the pure rocket
mode, conducted on the choice of
propellant to determine the theoretical maximum performance

an investigation was

that could be achieved. Furthermore, a thermodynamic study of
the ramjet mode, analyzing each process of the thermodynamic
cycle, namely, compression, combustion, and expansion.

3.1 Missiles characteristics

To determine the suitability of HRBCC engines for various
missile types, a comparison of the performance of solid and HRBCC
engines was conducted. Three categories of missiles, based on their
weight (light, medium, and heavy), were examined. Their
characteristics are summarized in Table 1. These characteristics
were used to calculate the missile’s performance assuming both
engine types had the same features (diameter, mass, and thrust) and
were launched under identical conditions (launch angle and initial
velocity).

The propulsive performance of the missiles is defined by simply
specifying the following two parameters.

o The propellant mass fraction, noted &. This parameter
indicates the ratio of the useful propellant mass to the
initial mass and is defined as:

M,
==z 1
£ (1)
« The specific impulse, I, defined as:
Ft,
1 sp = g—]M,P (32)

Where ¢, is the burn time of the missile, F is the thrust, M pis the
propellant mass and g the gravity constant. A specific impulse of
approximately 245s was calculated for each missile, which is
consistent with the typical specific impulse of solid rocket
engines that use hydroxyl-terminated polybutadiene (HTPB) fuel.
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FIGURE 4
Flowchart of the numerical estimation.

Given HTPB’s high regression rate and safety profile, it is the most
commonly utilized fuel in hybrid rocket engines, and thus was
selected for use in this study.

3.2 Hypothesis

In order to give a first estimation of the performance achievable
by the RBCC engine, an in-house code has been implemented to
determine the trajectory of a missile powered by an RBCC engine.
For the determination of the trajectory, several assumptions were
taken into account.

o The Earth is flat and motionless.

o The calculation is based on a two-dimension oblique flight
model in the pitch plane.

o A windless and unaffected flight is considered, with the
longitudinal axis of the vehicle parallel to the trajectory at
all times.
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Ramjet schematic showing station numbering used for analysis. Reproduced from Zhang et al. (2023), with permission from Elsevier.

FIGURE 6
Schematic of 2D external compression air intake.

o The vehicle is launched from an inclined launch pad of 45°.

« Only two modes are used for the RBCC engine: pure rocket
mode (from take-off to Mach two) and ramjet mode (from
Mach two until total fuel consumption).

4 Performances study
4.1 Proposed design

Figure 3A Yang et al. (2015) shows the classical configuration of
an RBCC engine which consist of a rocket, inlet, mixing duct,
combustor and nozzle. Here, the rocket is embedded in the duct.
In Figure 3A, the RBCC engine is represented in an ejector mode. In
this mode, the inlet is open and the primary flow generated by the
rocket engine entrain the airflow into the mixing duct. The fuel is
injected in the combustor chamber, where it is mixed and burned
with the primary and secondary flux. Figure 3B shows the schematic
of the new design proposed for an HRBCC engine. The propulsion
subsystems are integrated into a single engine with only one flow
path: the air inlet, combustion chamber, and nozzle. The air intake is
axisymmetric, and a duct connects it to the combustion chamber.
Because the air-breathing and rocket engines share the same
combustion chamber, this engine is smaller than a classical

Frontiers in Space Technologies

RBCC engine. The combustion chamber has two solid fuel
grains, and the oxidizer tank is placed at the center, to simulate
the configuration of HyPrSpace’s technology. Furthermore, the
engine’s configuration allows for an easy integration of an
aerospike nozzle, which offers attractive features like altitude
compensation or a lighter and simpler design. However, these
nozzles are not widely used principally due to the difficulty of
cooling down their larger base aera.

4.2 Pure rocket mode

To determine certain characteristics of the combustion products
specific to the chosen propellant pair, the Chemical Equilibrium
Application (CEA) software developed by NASA (McBride SG,
1996) was used. This
parameters such as the molecular mass (MW), the temperature

software enables to calculate key

of the combustion chamber (T.) and the ratio of thermal capacities
(y) of the combustion products. A code was developed to plot these
parameters as functions of the O/F mixture ratio. With these
parameters, the characteristic velocity (c*) and thrust coefficient
(Ck), defined by Eq. 4.1, have been calculated.

—Tc
Y vw

=

< y

+1

2
y+1 (4.1)

|7 Jyyz<y+1> [1_%)#]

Where R is the gas constant, P, is the exit pressure and P. the

|~<

pressure in the combustion chamber. The specific impulse was then
plotted as a function of the O/F mixture ratio. The flowchart of the
numerical estimation is shown in Figure 4.

For military missions, the performance parameter used was the
volumetric specific impulse define by Eq. 4.2. This implies that, at
equal specific impulse, a larger volumetric specific impulse would
require a smaller volume of fuel. This is a significant advantage for
missiles where having a compact design is critical.

frontiersin.org


https://www.frontiersin.org/journals/space-technologies
https://www.frontiersin.org
https://doi.org/10.3389/frspt.2023.1103981

Hillion et al.
On = 0y~ B
On = Pnt+ wp
Vp = 180°- w,- 0,
o = sinv,
" sing,
xn] _ [—cnsinﬁn]
Yul 7 |—cpcospPn
xlip] _ [bnsin(Sn
Yiip| — b, cos8,
[xn ynl
FIGURE 7

Diagram of the internal angles for the final normal shock.

Lopratumenic = Lsp X Py (4.2)

4.3 Ramjet mode

The ramjet is one of the simplest engines since it consists
only of an inlet, a diffuser, a combustion chamber and a nozzle
[See Figure 5 (Zhang et al., 2015)]. It is considered to be the
engine of choice for supersonic flights. Since it uses ambient
atmospheric air, the ramjet does not require to carry an oxidizer
tank on board. It thus offers a saving of weight and space to
carry heavier payloads. However, despite their theoretical
simplicity, this engine is not capable of propelling a
stationary vehicle on its own. Thus, its application is limited
and generally reserved to a military use. Unlike the ramjet from
Figure 5, where the fuel is injected in the combustor in a liquid
form (Liquid Fuel Ramjet or LFR]), the ramjet studied here uses
a solid fuel and operates as a Solid Fuel Ramjet or SFR], which is
simpler than LFR] as it avoids fuel-control, fuel-storage and the
feed system (Krishnan and George, 1998). The thermodynamic
study presented in the next parts relied on the stations described
in Figure 5.

4.3.1 Thermodynamic cycle analysis

As ramjet performance decreases with increasing speed and
altitude, a thermodynamic study was carried out to determine the
ramjet performance under a wide range of flight conditions. Engine
operation follows the Brayton cycle consisting of four main
processes: Adiabatic compression in the air intake, isobaric
combustion in the combustion chamber, adiabatic expansion in
the nozzle and isobaric cooling in the atmosphere.
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[xlip ylip]

Based on an analysis of the thermodynamic cycle, it is possible to
determine the specific thrust and specific impulse of the ramjet for
different flight conditions, inlet pressure ratio (r) and air-fuel ratio
(f). Finally, the maximum specific thrust (F; = F/m) and specific
impulse (I,,) is obtained with optimal air-fuel ratio f for given flight
conditions. Specific thrust F; is defined as the ratio of thrust to
incoming airflow. It will also be assumed in the study that the nozzle
is adapted (ps = po), hence:

F,=V,-V,
F (4.3)
Isp ==
mrg

Where the upstream flow velocity V is known and the V4
nozzle outlet ejection velocity is obtained by cycle analysis. The cycle
analysis steps are listed below.

4.3.1.1 Compression process

The supersonic inlet of a ramjet engine achieves compression
through production of a series of shock waves. It is assumed that the
losses across these shock waves represent the upper limit of its
performance. Therefore, by determining the pressure losses, it is
feasible to estimate the inlet’s performance. To gain insight into the
critical role of geometry in the design of the inlet, an in-house code
was employed to generate a supersonic inlet based on a chosen
number of shock waves at a specific Mach number. The code relied
on the Oswatitsch method (Oswatitsch, 1980) represented in
Figure 6 (Heo et al., 2017).

The flow undergoes a transformation from supersonic to
subsonic via n — 1 oblique shock waves and a final normal shock,
i.e., n shocks in total. The total number of shocks #n, the ramp
angles (f,,f;,...,f,) and freestream Mach number M, are
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Volumetric Specific impulse vs. Mixture ratio.

preselected. The process starts by calculating all the shock angles
and subsequent flow properties for the given number of ramp
angles and number of shocks. Next, the geometry of the ramps is
constructed by defining the intersection of the normal shock
wave with the ramp as the initial point (x = 0, y = 0). This fixed
point is then used to calculate the position of the lip and the
location of the preceding changes in ramp angles upstream of the
normal shock using simple trigonometry, illustrated in Figure 7
for the normal shock and in Figure 8 for the oblique shock.
Hence, by using a backward iteration on the shock wave system,
it is possible to find the shape of the ramp capable of achieving

Frontiers in Space Technologies

the n shock waves. This method was used to evaluate the impact
of different ramp angles and number of shock waves on the inlet
performance.

The pressure losses can be determined using the compression
ratio 1 that refers to the amount of compression in the inlet. It is
defined as the ratio of the static pressure at the outlet of the air intake
to the static pressure of the upstream flow. It is possible to determine
the influence of the Mach number and shockwave number on
parameter 7. During a cruise flight, the flow conditions
(pro» Tvo and M) are known. For n shock waves, the compression
ratio could be written as:
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gobr_ Pn Pra P2 P (4.4)
Po Pn-1 Pn— P1 Po

With, for the oblique shocks:
Tt(i+1) = Tt(i)

2 -1
Pi+1 = P:(iy M,-zsinz g — L )
y+1 y+1

4 1 (4.5)
1+ Y—Mizsinz o
M. %sin*o = 2—_1
yMPsin? o — r—-
2
And for the normal shock:
th = TtO
2y y-1
n = Pn- Mn— Tl —
Pn=p 1<y+ 1 ! y+ 1)
: -1 (4.6)
1+ Y—MHZ
M2 = 2
" -1
),MTHZ _ yT

4.3.1.2 Combustion process
4.3.1.2.1 Temperature ratio. An energy balance of the

combustion chamber (first law of thermodynamics) gives:

titohes + rivehpy = (1o + it s (4.7)

Where hpr represents the calorific value of the fuel (37.9 MJ/kg
for HTPB). Here it was assumed that #1o + 717 = 1o and that the
heat capacity, denoted c,, is constant. In reality, the parameter c,
varies depending on the composition of the gases and the
temperature. In this study, an average heat capacity equal to
1140 J/(Kg K) has been taken. It will also be considered that air
behaves as a perfect gas, hence:
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T
n./lfhpR = Yi’loCPTt2<T—t3 - 1) (48)
2
The total temperature ratio T is defined as:
T
T=— (4.9)
Ty
Therefore, show the air-fuel ratio f can be defined as:
iy
= 4.10
f o (4.10)
So:
h
r=f PR 11 (4.11)
cpTro

The total temperature ratio can hence be estimated for any value
of the air-fuel ratio f.

4.3.1.2.2 Combustor exit mach number and pressure. As the
combustion occurs at constant static pressure, the conservation of
momentum applied to the chamber of combustion gives:

PPV

0=dV=0 (4.12)

So, with a constant pressure, the kinetic energy is conserved. The
application of the energy equation to the combustor gives:

M,

M3 =
Vr(1+ 52) - 2

(4.13)

2 2

Since combustion occurs at constant static pressure, we have
P3 = p2. The total pressure at the outlet of the combustion chamber
can therefore be written:

Y

Pis = pz(l + %Mzz) = (4.14)
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4.3.1.3 Expansion process
The expansion process in the nozzle is isentropic (so pi3 = p; = Cte;
T3 = Ty = Cte). This means that at any point of the flow:

Ty

)4

T=— B
;1M2
2

1+
(4.15)
-1
P:p“(“yz Mz)
Using Eq. 4.15, it is possible to express the temperature and the
Mach at the nozzle exit:

e
y=1{\po
4.16
o T (4.16)
! 1+ Y;IM 2
4
2
The speed of sound at the nozzle exit is written:
yR7T
as = JYRTy = \[—5F— 4.17
4 Y 4 1 + Y%IM42 ( )
Hence the speed at the nozzle exit:
yRTTtO
Vi=aiMy = \|——-M 4.18
e =@My =q T ETprp 4 (4.18)

It is therefore now possible to calculate the specific thrust of the
ramjet.

Using the previous equations, the thrust and the specific impulse
can be computed:

F
F, = m— = f(Po,Mo,Tto,ﬂ,f)
(¢}
4.19
. _F (4.19)
T fa
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5 Results and discussion

5.1 General

In this section, the results of the performance analysis of both
pure rocket and ramjet modes are presented. First, the performance
of two oxidants, H,0, and O,, for the pure rocket mode is discussed.
Then, the design of the air intake using the Oswatitsch method is
represented, giving insight into the limitations of supersonic inlets.
The results of the thermodynamic study for the ramjet mode are
then presented. Finally, the trajectories of both RBCC and solid
engines are plotted according to the missile class presented in
Section 3.

5.2 Propellant performance

As it is illustrated in Figure 9, liquid oxygen O, performs
better with HTPB than H,0,. However, it is usually more
important to consider volumetric specific impulse due to the
necessity of reducing weight in military applications. Figure 10
displays the volumetric specific impulse at sea level for both
H,0,/HTPB and O,/HTPB couples at a pressure of 34.5 bar as
function of the mixture ratio O/F. As a result, H,0, appears to
possess the highest volumetric specific impulse. Furthermore,
this propellant offers several advantages over liquid oxygen as it
can be stored at ambient temperature, is non-toxic and easy to
handle (Tacca and Lentini, 2010).

From Figure 10, the optimal mixing ratio was chosen by
selecting the maximum volumetric specific impulse, which was
found at O/F = 5.5. For this specific mixture ratio, the specific
impulse was determined and represented (green points) in Figure 9.
Therefore, the specific impulse at sea level for the H,O,/HTPB
mixture is approximatively equal to 260s for a mixture ratio of 5.5. In
comparison to the specific impulse of the solid engines previously
found in Section 3, which was about 240s, the H,O,/HTPB couple
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Ramp profile for n = 4 shockwaves at Mach 6.
provides a slightly better specific impulse. As hybrid engine are Figure 11 shows the specific impulse as function of the altitude
known to have better performances than solid rocket engine, this  for both H,O,/HTPB and O,/HTPB couples at their optimal
result was expected. mixing ratio. As the density of air decreases with altitude, fewer
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losses occur and the performance of the engine improve. These data
were used for the calculation of the trajectory of the HRBCC engine
during the operation of the pure rocket mode.

5.3 Inlet performance and considerations

Based on the method described Section 4.3.1.1, an in-house code
was developed to model the geometry of the inlet according to the
number of shock waves and Mach number and represent their
impact on the geometry design and performance. Figure 12 and
Figure 13 display the results for three oblique shockwaves and one
final normal shock (n = 4) at, respectively, Mach 3 and 6. The ramp
angles for both inlets were selected as equal to [12°, 16°, and 20°].

As the Mach number increases, it is important to notice that the
length and height of the inlet have to increase in order for the flow to
be “started”. The flow is said to be started when the shockwaves are
absorbed by the inlet. As explained by Heiser et al. (1994), this

10.3389/frspt.2023.1103981

phenomenon is desirable since the inlet can capture as much air as
possible, and because any normal shock waves that occur can be
managed within the internal path flow. It is reminded here that a
perfect gas model was used to determine the properties of the air
over the system shockwave. However, this is not accurate especially
at high speed and low altitudes where various physical phenomena
(boundary layer-shockwave interaction, air dissociation) occur.

Figure 14 displays the variation of the compression ratio with the
Mach number. The purple curve represents the ideal compression
(isentropic compression) that would occur without any pressure
losses. As the number of shockwaves increases, it is possible to
reduce pressure losses. While increasing the number of shockwaves
can help reduce pressure losses, this also requires a more complex
inlet geometry. Additionally, generating a high number of
shockwaves at low Mach numbers is not possible. To achieve
very good compression ratios over the entire Mach range, the
geometry of the inlet has to be variable. For the purposes of the
study, it was considered that the air intake had a variable geometry
and that only one oblique shock wave and one normal shock wave
were generated. Thus, it is possible to determine the compression
ratio 7 using the equation system from Eq 4.4 to Eq 4.6. However, by
choosing to generate only one oblique shock wave at the air intake,
the compression ratio will be very low, which will impact the
performance of the engine.

5.4 Results of the thermodynamic study

5.4.1 Compression

The properties of air across the supersonic inlet were calculated
and plotted in Figure 15, Figure 16, and Figure 17 by using the
system of equation from Eq. 3.2 to Eq. 3.3 The supersonic inlet
generates two shock waves, and the Mach number of the flow at the
inlet entrance is plotted as a function of the freestream Mach
number in Figure 15. As the flow becomes subsonic due to the
generation of the normal shock, the speed of the air at the entrance
decreases with an increase in static temperature and pressure (as
shown in Figure 16; Figure 17). This is explained by conservation of
the energy: the deceleration of the flow implies a conversion of the

0.60 -
I}
= 0.55
-
<
=
S 050
S
045
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FIGURE 15

Mach number at the inlet after n = 2 shockwaves vs. Freestream Mach number.
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Temperature at the inlet after n = 2 shockwaves vs. Freestream Mach number.
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Pressure at the inlet after n = 2 shockwaves vs. Freestream Mach number.

kinetic energy to heat which leads to an increase of the static
temperature and pressure. If more shockwaves were generated,
the temperature and pressure would be higher which would
impact the performances of the engine.

5.4.2 Combustion

Figure 18 shows the impact of increasing the fuel-air ratio on
the temperature in the combustion chamber. As the Mach
number increases, the temperature rises rapidly. Some values
of the air-fuel ratio result in temperatures capable of exceeding
3000 K, which is unbearable in practice. Yang et al. (2014)
conducted a thermodynamic analysis were they considered
the effect of the temperature limit on the performances of a
scramjet. Zhang et al. (2015) extended this work and included
the thermal choking boundary, which could, according to Daines
and Segal (1998), bring mechanical simplification and weight
reduction. While the current study does not consider these
parameters, they should be considered when evaluating
realistic design conditions.

Frontiers in Space Technologies

5.4.3 Expansion

The results of the specific thrust and specific impulse are shown
in Figure 19; Figure 20. As it can be seen, a smaller fuel-air ratio has a
higher specific impulse at low Mach numbers. However, with the
increase of the Mach number, the specific impulse for low fuel-air
ratio decreases rapidly. This is explained by the fact that the air
enters the chamber of combustion at already very high temperatures.
Thus, not enough heat is supplied to the combustion gas, reducing
the performances of the engine. In the same way, high fuel-air ratios
provide higher temperatures in the chamber of combustion. So, the
increase of the temperature along with the increase of the Mach
number does not have a great impact on the performances of the
engine and the specific impulse decreases slightly.

Figure 20 indicates that for the same thrust, a larger fuel-air ratio
necessitates a smaller air flow rate, which in turn requires a smaller
engine compared to a lower fuel-air ratio where a higher flow rate is
needed to achieve the same thrust. This finding enables the selection
of an optimal fuel-air ratio for a particular mission, thereby
providing an initial estimate of the required engine size.
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5.5 Trajectories for the RBCC and solid o A temperature of combustion of 2984 K
engines o A mixture ratio, O/F, of 5.5
o A specific impulse of 260s
The various characteristics calculated in the previous sections
for the pure rocket mode gave the following results for a pressure in In Figure 21; Figure 22; Figure 23, the trajectories for the solid-
the chamber of combustion of 34.5 Bar. propulsion missile and the combined cycle missile have been
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Trajectory of the RBCC and solid engine for the light missile.
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Trajectory of the RBCC and solid engine for the medium missile.

represented. For the HRBCC miissile, the trajectory is depicted in
orange when in rocket mode and in green when using the ramjet
mode. In that way, from take-off until reaching Mach 2, the missile is
in pure rocket mode. Once Mach 2 is reached, the inlet is opened, the
missile enters the ramjet mode and relies totally on the oxygen in the
atmosphere. Once all the propellant is consumed, the engine is
turned-off and the missile continues its course until impact. For the
same characteristics, it appears that the range reachable for the
HRBCC engine is greater than the solid’s ones. If the HRBCC engine
seems particularly advantageous for medium missiles, it reached a
smaller altitude for the heavy missile, due to the difficulty for the
hybrid rocket to accelerate efficiently the missile.

The results of this study must be interpreted with caution.
The analysis assumes that both missiles shared identical
characteristics, which could not be the case in reality. As it
was explained previously, the HRBCC engine is expected to be
heavier than the solid one. In the same way, the configuration
of the HyPrSpace’s engine would make the diameter of the
missile larger, impacting its drag and, hence, its performance.
In future studies, it would be more appropriate to compare
missiles with specific missions and investigate how the
resulting  performance impacts the engine design.
highly
questionable as several hypotheses were made to simplify its

Furthermore, the trajectory model wused is
complexity. The purpose was to provide a first approximation
of the achievable performance by the HRBCC system with no

intention of achieving precision. It was assumed that using the

Frontiers in Space Technologies

same model for both engines would suffice to gain insight into
the differing behaviors of each engine during flight.

The variation of the propellant mass fraction during the flight
has been analyzed for each missile propelled by an RBCC engine and
presented in Table 2. The purpose was to determine the impact of
the different modes (pure rocket and ramjet) on the propellant
consumption. As expected, the pure rocket mode resulted in a high
propellant consumption. For the light missile, the pure rocket mode
consumed 93% of the total mass propellant, while it was 46% for the
medium missile and 30% for the heavy one. These numbers depend
on the ability of the rocket engine to efficiently accelerate the vehicle
to the Mach of activation of the ramjet mode. In addition, by
requiring an oxidizer tank and all the elements that go with it,
the pure rocket mode increases the engine’s weight, impacting its
performance. Therefore, the RBCC engine usually uses an ejector
mode from take-off to supersonic speeds in order to reduce both the
weight and propellant consumption. According to Amar and Reddy
(2012), that mode is able to boost the performances of the rocket by
15%. However, it is one of the technical barriers that slows down the
development of RBCC engines. The major difficulty of this mode
comes from the relatively low thrust produced. Several studies have
been carried out those past years to improve the overall
understanding of the ejector mode and its possible enhancements
(Lehman et al., 2000; Han et al., 2002; Heiser, 2010; Lin et al., 2017).
In our future work, a study of the ejector-mode consumption and its
performances will be investigated to define its suitability for military
missions.
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Trajectory of the RBCC and solid engine for the heavy missile.

TABLE 2 Propellant ratio of the different modes according to the class weight.

Class Propellant ratio (pure rocket mode) Propellant ratio (ramjet mode) Total propellant ratio
Light 0.186 0.014 02

Medium 0.184 0216 0.4

Heavy 0.204 0.476 0.68

6 Conclusion

This work provides a first estimation of the performances of a
HRBCC engine. An overview of the several advantages and
disadvantages of the hybrid propulsion over its competitors has
been presented. Although liquid rocket engines have an efficient
system and are more controllable, they are highly complex and
subject to operational, safety and environmental problems. This is
not the case for solid rocket motors as their fuel and oxidant are stored
in a compact and solid way. However, the disadvantages of solid rocket
motors include the lack of control and the risk of a pressure burst due to
cracking of the grain. Hybrid propulsion is presented as an alternative
due to its advantages of greater safety in the manufacture, storage and
operation as well as being an inexpensive system in comparison with
systems of liquid propulsion whilst retaining equivalent performances.
Furthermore, hybrid propulsion addresses the challenges associated
with variable thrust, serial firing, and storage of non-toxic propellants,
which are not well-suited for solid rocket systems.

If several technologies barriers, like the slow regression rate or the
shift in the mixture ratio OF, have slowed down the development of

Frontiers in Space Technologies

hybrid rocket engines, those barriers are now being removed thanks to
innovative architectures like the one provided by HyPrSpace’s
technology. Due to its unique configuration, the engine is able to
reduce the various flaws, usually inherent to this type of propulsion,
making this technology relevant and advantageous.

A simulation of the inlet’s profile according to the number of
shockwaves generated has been developed. It was understood that
the design of the inlet played a critical role in the determination of
the engine’s performance. An analysis of the performance of the
pure rocket and ramjet modes was investigated. The study showed
the benefits of using a H,O,/HTPB couple over the usual O,/HTPB
mixture and allowed to give first estimations on the theoretical
performance of the pure rocket mode. Next, a thermodynamic tool
was developed to study the ramjet mode. This study provided first
estimations of the ramjet mode performance according to the fuel-
air ratio. In that way, the optimal fuel-air ratio could be selected
according to the type of mission and give first estimations of the
dimensions of the engine needed.

Finally, the performance results were utilized to compute the
trajectory of the HRBCC engine. In this model, only two modes
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were considered: the pure rocket mode and ramjet mode. The
HRBCC’s trajectory was then compared to missiles with similar
characteristics but propelled by solid engines. The results showed
that the HRBCC outperformed the solid engine and could prove
itself as a relevant technology for military applications. It was also
highlighted that this work suffered from several limitations. For
instance, the study assumed that the HRBCC engine possessed the
same characteristics as the solid engines, which is challenging to
achieve in reality. Additionally, the thermodynamic study of the
ramjet mode was based on a perfect gas model, which does not
accurately represent the complex phenomena that occur in this
flight regime. Finally, the several assumptions taken for the
trajectory model made the results found as unreliable in term
of precision.

With the current context, the need to develop cost-effective
and maneuverable vehicles capable to flight at high-speed has
been well understood. Those requirements could be completed
by using HRBCC engines that would be able to offer a
competitive advantage over existing platforms. Hence, this
research is intended as an initial assessment of the HRBCC
engine’s capabilities, paving the way for further research on the
subject.
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Nomenclature

a local velocity of sound, m/s

Cy thrust coefficient

¢* characteristic velocity, m/s

D diameter of the missile, mm

f air-fuel ratio

F thrust, N

F/my specific thrust, N/(kg/s)

g constant gravity, m/s

hpgr heat of fuel combustion, J/kg
h, total enthalpy, J/kg

I, specific impulse, s

L length of the missile, m

ritg entry air mass flow rate, kg/s
rity fuel mass flow rate, kg/s

M Mach number

M, total mass of the missile, kg
M, mass of propellant, kg

M, initial mass of the missile, kg
O/F oxidizer to fuel ratio of the motor,
p static pressure, Pa

p, total pressure, Pa

R gas constant

S section, m®

T static temperature, K

T, total temperature, K
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V air velocity, m/s

Greek

y ratio of specific heat, J/(kg.K)
& propellant mass fraction
7 inlet pressure ratio

T heat addition ratio

Subscript

0 free stream at the inlet entrance
1 isolator entrance

2 combustor entrance

3 combustor exit

4 nozzle exit

a ambient atmosphere

¢ chamber of combustion

Abbreviations

CEA Chemical Equilibrium Application
HRBCC Hybrid Rocket Based Combined Cycle
HTPB Hydro-Terminated Polybutadiene
RBCC Rocket Based Combined Cycle

SSTO Single Stage to Orbit

TSTO Two Stage to Orbit
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