wo 2014/189451 A1 |[IN I NP0 0T 0O

(43) International Publication Date

(12) INTERNATIONAL APPLICATION PUBLISHED UNDER THE PATENT COOPERATION TREATY (PCT)

(19) World Intellectual Property Ny
Organization é
International Bureau -,

=

\

(10) International Publication Number

WO 2014/189451 A1l

27 November 2014 (27.11.2014) WIPO | PCT
(51) International Patent Classification: BZ, CA, CH, CL, CN, CO, CR, CU, CZ, DE, DK, DM,
CO06B 47/00 (2006.01) C06D 5/08 (2006.01) DO, DZ, EC, EE, EG, ES, FI, GB, GD, GE, GH, GM, GT,
C06B 47/02 (2006.01) F02K 9/42 (2006.01) HN, HR, HU, ID, IL, IN, IR, IS, JP, KE, KG, KN, KP, KR,
. . KZ, LA, LC, LK, LR, LS, LT, LU, LY, MA, MD, ME,
(21) International Application Number: MG, MK, MN, MW, MX, MY, MZ, NA, NG, NI, NO, NZ,
PCT/SE2014/050618 OM, PA, PE, PG, PH, PL, PT, QA, RO, RS, RU, RW, SA,
(22) International Filing Date: SC, SD, SE, SG, SK, SL, SM, ST, SV, SY, TH, TJ, TM,
20 May 2014 (20.05.2014) TN, TR, TT, TZ, UA, UG, US, UZ, VC, VN, ZA, ZM,
ZW.
(25) Filing Language: English
L ) (84) Designated States (uniess otherwise indicated, for every
(26) Publication Language: English kind of regional protection available). ARIPO (BW, GH,
(30) Priority Data: GM, KE, LR, LS, MW, MZ, NA, RW, SD, SL, SZ, TZ,
1350612-6 20 May 2013 (20.05.2013) SE UG, ZM, ZW), Eurasian (AM, AZ, BY, KG, KZ, RU, TJ,
TM), Buropean (AL, AT, BE, BG, CH, CY, CZ, DE, DK,
(71) Applicant: ECAPS AB [SE/SE]; P.O. Box 4207, SE-171 EE, ES, FL FR, GB, GR, HR, HU, IE, IS, IT, LT, LU, LV,
04 Solna (SE). MC, MK, MT, NL, NO, PL, PT, RO, RS, SE, SL, SK, SM,
(72) Inventors: BERGMAN, Goran; Uggleviagen 3, SE-155 Ela, 1(\)/[?1311\/[(}]{3 FIiIEBJ,SIiF:F%G:Fg)L (M, GA, GN, GQ, GW,
00 Nykvarn (SE). ANFLO, Kjell; Broddvigen 70, SE-136 ? ? P e ’
73 Haninge (SE). Published:
(74) Agent: BRANN AB; Box 12246, SE-102 26 Stockholm —  with international search report (Art. 21(3))
(SE). —  before the expiration of the time limit for amending the
(81) Designated States (unless otherwise indicated, for every claims and to be republished in the event of receipt of

kind of national protection available). AE, AG, AL, AM,
AO, AT, AU, AZ, BA, BB, BG, BH, BN, BR, BW, BY,

amendments (Rule 48.2(h))

(54) Title: DUAL MODE CHEMICAL ROCKET ENGINE AND DUAL MODE PROPULSION SYSTEM COMPRISING THE
ROCKET ENGINE

Fig. 2

(57) Abstract: The invention relates generally to dual mode bipropellant chemical rocket propulsion systems to be used in acrospace
applications for 1) orbit raising, orbit manoeuvres and maintenance, attitude control and deorbiting of spacecraft, and/or 2) propel -
lant settling, attitude and roll control of missiles, launchers and space planes. The present invention also relates to a dual mode
chemical rocket engine for use in such systems. The engine uses low-hazardous storable liquid propellants and can be operated
either in monopropellant mode or in bipropellant mode. The monopropellants used are a low-hazard liquid fuel-rich monopropellant,

and a low-hazard liquid oxidizer-rich monopropellant, respectively.



10

15

20

25

30

WO 2014/189451 PCT/SE2014/050618

DUAL MODE CHEMICAL ROCKET ENGINE AND DUAL MODE PROPULSION
SYSTEM COMPRISING THE ROCKET ENGINE

Field of the invention

The subject invention relates generally to dual mode bipropellant chemical rocket propulsion
systems to be used in aerospace applications for 1) orbit raising, orbit manoeuvres and mainte-
nance, attitude control and deorbiting of spacecraft, and/or 2) propellant settling, attitude and roll
control of missiles, launchers and space planes. The present invention also relates to a dual mode
chemical rocket engine for use in such systems. The engine uses low-hazardous storable liquid
propellants compared to the current state of the art and can be operated either in monopropellant
mode or in bipropellant mode. The monopropellants used are a low-hazard liquid fuel-rich mon-

opropellant, and a low-hazard liquid oxidizer-rich monopropellant, respectively.

Background of the invention

Dual mode rocket propulsion systems and dual mode rocket engines (also referred to as thrust-
ers) are known in the art. Currently, many spacecraft use dual-mode propulsion systems, with
bipropellant engines for larger thrust operations, and monopropellant engines for smaller thrust
or when minimum impulse bit is important. In the art the choice of propellants which are suitable
in both bipropellant and monopropellant engines are limited to a few very hazardous propellants.
Such bipropellants comprise hydrazine or a derivative thereof, such as monomethyl hydrazine
(MMH) and unsymmetrical dimethyl hydrazine (UDMH). An example of a dual mode thruster is
a thruster referred to as a Secondary Combustion Augmented Thruster (SCAT). A bipropellant
dual mode rocket propulsion system comprising a bipropellant thruster having dual mode capa-
bility (i.e. ability to operate either in monopropellant mode or in bipropellant mode) has been
described in e.g. US 6,135,393, wherein hydrazine is used as the fuel, and, preferably, nitrogen
tetroxide (NTO) as the oxidizer.

The mission requirements for a particular propulsion system requiring high performance are de-
fined by a set of figures of merit. One of the most important figures of merit is specific impulse
(Zsp) as it indicates the maximum velocity changes that the spacecraft can achieve, which is the

very objective of such propulsion system. Specific impulse is defined as the thrust developed by

an engine per unit of propellant mass flow rate. If the thrust is measured in Newton (N) and the
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flow rate is measured in kilograms (kg) per second (s), then the unit of measurement of specific
impulse is Ns/kg. For medium to large spacecraft with requirements of significant velocity
changes this is the most important parameter. For small spacecraft where dimensions may be
limiting, the density impulse, i.e. Ns per propellant volume, may be the dominant figure of merit.
Another figure of merit is the thrust of a rocket engine as it determines how long a maneuver will
take and what acceleration it will provide. Yet another parameter is the smallest or minimum
impulse bit (Ns) that the engine can generate as it determines how precise a maneuver can be

performed.

Both hydrazine (fuel) and nitrogen tetroxide (oxidizer), and their derivatives are extremely haz-
ardous for humans as they are highly toxic, carcinogenic, corrosive, etc., and they are associated
with significant concerns regarding the severe impact on the environment that they can cause in
the case of spillage and emissions. Therefore, the handling thereof and the safety requirements

are extremely demanding, time consuming and costly.

The ECHA (European Chemicals Agency) has within REACH (Registration, Evaluation, Au-
thorisation and restriction of Chemicals), which is the European Community Regulation on
chemicals and their safe use, identified hydrazine as a substance of very high concern which may
lead to that hydrazine may be banned for use in new development. Clean Space, which is an ini-
tiative by the European Space Agency (ESA), also calls for substituting conventional hazardous

propellants.

There is also a new law, Space Operations Act, in France, with respect to space debris, which

requires that the spacecraft shall be deorbited when no longer in use.

A significant achievement in the art is the feasibility to substitute hydrazine as a monopropellant
for many space applications. This has been successfully demonstrated using the HPGP® tech-
nology comprising the LMP-103S monopropellant blend (described in e.g. WO 2012/166046)
and corresponding thrusters (disclosed in e.g. WO 02/095207) ranging from typically 0.5 N to
200 N. A 1 N HPGP® propulsion system has been operational for several years in an earth orbit
in space on the main PRISMA satellite.

Accordingly, it is therefore desirable to provide a dual mode propulsion system avoiding the use

of hydrazine, nitrogen tetroxide, and derivatives thereof. However, so far, no viable rocket pro-



10

15

20

25

30

WO 2014/189451 PCT/SE2014/050618
-3-
pulsion systems, rocket engines, and corresponding alternative propellants with performance

comparable to the prior art hazardous hydrazine propellants have been realized.

Summary of the invention

The present inventors have found that a propulsion system with comparable performance (i.e. in
terms of total impulse for a given system mass) to the prior art dual mode chemical propulsion
systems can be achieved by a dual mode chemical rocket engine using storable low-hazardous

liquid propellants.

According to the invention a fuel-rich monopropellant, and an oxidizer-rich monopropellant,
respectively, are used in a dual mode rocket engine comprising primary and secondary reaction

chambers.

Accordingly, in one aspect the invention relates to a dual mode chemical rocket engine having a
first primary reaction chamber for a fuel-rich monopropellant comprising a catalyst for the fuel-
rich monopropellant, which first primary reaction chamber is connected to a secondary reaction

chamber having means for injection therein of a second, oxidizer-rich monopropellant.

In one embodiment of the inventive engine the means for injection enables injection of an oxi-
dizer-rich monopropellant from a propellant feed line from outside into the secondary reaction

chamber.

In a preferred embodiment of the inventive dual mode chemical rocket engine, the engine com-
prises first and second primary reaction chambers in parallel arrangement connected to the sec-
ondary reaction chamber: one or more first primary reaction chambers for the fuel-rich mono-
propellant comprising a catalyst for the fuel-rich monopropellant; and, one or more second pri-
mary reaction chambers for the oxidizer-rich monopropellant comprising a catalyst for the oxi-
dizer-rich monopropellant. This embodiment allows for using either one of the two monopropel-
lants, or, a combination thereof. In such embodiment, the means for injection of a second, oxi-
dizer-rich monopropellant into the secondary reaction chamber are located upstream of the sec-
ondary reaction chamber, and are formed of the downstream end of the second primary reaction

chamber(s).
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In bipropellant mode operation the inventive engine uses both a fuel-rich monopropellant and an
oxidizer-rich monopropellant. Operation of the inventive engine in bipropellant mode has the
advantage of increasing the thrust and specific impulse of the thruster than if operated in mono-

propellant mode.

In another aspect the invention relates to a dual mode propulsion system comprising the in-

ventive dual mode chemical rocket engine.

By means of the present invention, a unified propulsion system (UPS) based on "green" alterna-
tive monopropellants can be achieved, such as e.g. based on the HPGP® technology, i.e. a sys-
tem wherein all engines are capable of being operated on one and the same monopropellant.
Such a system can include small monopropellant thrusters together with larger dual mode thrust-

ers connected to the same propellant feed system.

The invention uses high performance, low-hazard and environmental benign alternative propel-
lants and has the potential to achieve substantial time and cost savings as compared to the prior

art dual mode rocket engines and propulsion systems.

A major advantage of the invention is that existing and well proven catalysts and catalyst beds
currently used for the respective monopropellants can also be used with the present invention.
The primary thermo/catalytic reactor specific to the fuel-rich monopropellant, and the oxidizer-

rich monopropellant, respectively, does therefore not require any modification.

In a preferred embodiment, the inventive propulsion system comprises low-hazard and environ-

mental benign propellants.

In a preferred embodiment of the invention LMP-103S (disclosed e.g. in WO 2012/166046) is
used as the fuel-rich monopropellant. Thrusters operated with LMP-103S has during hot firing
tests on ground and in-space firings demonstrated an improved specific impulse with >6%, and

an improved density impulse with >30%, as compared to hydrazine (monopropellant).

A preferred combination of environmentally benign propellants for use in bipropellant mode is
LMP-103S and H,0,, as the fuel-rich monopropellant, and oxidizer-rich monopropellant, respec-

tively. When used in bipropellant mode such combination, according to calculations performed
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with NASA-Glenn Chemical Equilibrium Program CEA2, results in an additional improvement
of the specific impulse of up to 20% over LMP-103S when used as a monopropellant only,
which is comparable with the specific impulse of the prior art bipropellant engines operated on
the highly hazardous conventional storable propellants, i.e. MMH and NTO. Furthermore, the
density impulse of the LMP-103S and H,O, propellant combination will exceed the density im-
pulse of the prior art bipropellant engine operated on conventional storable propellants with up to

5%.

The invention provides an enabling technology for substituting the conventional dual mode and
bipropellant rocket propulsion systems using highly hazardous storable liquid propellants with a
significantly reduced hazard and environmentally benign alternative propellants system with

comparable performance, and which also will significantly reduce and facilitate propellant han-

dling and fuelling operations.

In the present invention the term "monopropellant" has been used to denote both monopropel-
lants which are composed of more than one chemical compound, such as LMP-103S, which thus
could be regarded a monopropellant blend, and also to denote single compound monopropel-
lants, such as H,O, (which in practice however typically will be aqueous, and thus will also in-

clude some water).

The term "propulsion system" is used herein to denote the hydraulic architecture of the hardware
and its components for the purpose of generating propulsive thrust of a spacecraft, launcher atti-
tude control system etc., comprising propellant tank(s), pressurant tank(s), propellant and pres-
surant loading service valves, propellant and pressurant lines, isolation valve(s), propellant sys-
tem filter(s), pressure transducer(s), thrusters/rocket engines and other mission specific fluid

components required. Such system is schematically illustrated in FIG. 1.

Further advantages and embodiments will be apparent from the following detailed description

and appended claims.

Brief description of the attached drawings

FIGURE 1 is a simplified hydraulic schematic representation of an embodiment of the inventive

dual mode propulsion system.
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FIGURE 2 shows a preferred embodiment 100 of the inventive dual mode chemical rocket en-

gine comprising first and second primary reaction chambers 130 and 140, respectively.

FIGURE 3 shows an alternative embodiment 200 of the inventive dual mode chemical rocket

engine, having no second primary reaction chamber.

FIGURE 4 is an enlarged partial view of the alternative embodiment in FIG. 3, wherein the

means 125 for injection of a second, oxidizer-rich monopropellant can be seen.

Detailed description of the invention and preferred embodiments thereof

According to the invention liquid storable low-hazard liquid monopropellants are used. The
monopropellants used in an engine of the invention are a fuel-rich monopropellant, and an oxi-

dizer-rich monopropellant, respectively.

The inventive engine constitutes new propulsion technology enabling the use of low-hazard pro-

pellants in dual mode or bipropellant operation.

Suitable oxidizer-rich monopropellants have been disclosed in more detail in applicant's co-
pending PCT application entitled "Oxidizer-rich liquid monopropellants for a dual mode chemi-

cal rocket engine".

The inventive engine comprises a first primary reaction chamber 130 for the decomposition of a
fuel-rich monopropellant comprising a catalyst bed for the decomposition of said fuel-rich mon-
opropellant, which first primary reaction chamber is connected to, and opens into, a secondary
reaction chamber 150 having means 125 for injection therein of a second, oxidizer-rich mono-

propellant.

In one embodiment of the inventive dual mode chemical engine the oxidizer-rich monopropel-
lant is injected from outside into the secondary reaction chamber of the engine. In such embodi-
ment a fuel-rich monopropellant is used in monopropellant mode operation of the inventive en-

gine. An example of such embodiment is depicted in FIG 3.
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In a preferred embodiment of the inventive dual mode chemical rocket engine, the engine com-
prises first and second primary reaction chambers 130 and 140 in parallel arrangement connected
to the secondary reaction chamber 150: one or more first primary reaction chambers 130 for the
fuel-rich monopropellant comprising a catalyst for the fuel-rich monopropellant; and, one or
more second primary reaction chambers 140 for the oxidizer-rich monopropellant comprising a
catalyst for the oxidizer-rich monopropellant. In such embodiment, the means 125 for injection
of a second, oxidizer-rich monopropellant into the secondary reaction chamber are located up-
stream of the secondary reaction chamber 150, and are formed of the downstream end of the sec-
ond primary reaction chamber(s), which end opens into the secondary reaction chamber 150. In
such embodiment a fuel-rich monopropellant, or an oxidizer-rich monopropellant is used in

monopropellant mode operation of the inventive engine. An example of such embodiment is

depicted in FIG 2.

The catalyst(s) in the primary reaction chamber(s) would be the life limiting element of the
thruster, when exposed to the reactive decomposition and combustion species and operated at
higher temperatures than their current design limits. A major benefit of the invention is that the
temperature in the secondary reaction chamber can be significantly increased, while the tempera-
ture of the catalyst(s) in the primary reactor(s) can be kept essentially unaffected. Accordingly,
existing and well proven catalysts and catalyst beds currently used for the monopropellants can
also be used with the present invention. The first primary thermo/catalytic reactor specific to the
fuel-rich monopropellant, and the second primary thermo/catalytic reactor specific to the oxidiz-

er-rich monopropellant, respectively, does therefore not require any modification.

By means of the inventive engine design, conventional liquid fuel-rich monopropellants, and
corresponding conventional catalysts for such liquid fuel-rich monopropellants can be used in
the inventive engine in the first primary reaction chamber(s). Accordingly, as compared to a
conventional monopropellant engine for a liquid, oxidizer based monopropellant, such as e.g. a
liquid hydroxyl ammonium nitrate (HAN) or ammonium dinitramide (ADN) based monopropel-
lant, the catalyst for a corresponding monopropellant, as used in a first primary reaction chamber
of the inventive engine, will be subject to similar conditions, especially in terms of temperature,

as in the corresponding conventional monopropellant engine.
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The first primary reaction chamber(s) 130 and 140 preferably uses conventional technology for

the decomposition of conventional liquid, fuel-rich, monopropellant blends, such as e.g. HAN or

ADN based liquid monopropellants.

The first primary reaction chamber for the fuel-rich monopropellant can be based on similar re-
actor design as conventional reactors for ADN based and HAN based liquid monopropellants,
respectively, as currently used in corresponding liquid ADN and HAN monopropellant thrusters,

respectively.

A generally preferred embodiment of the inventive rocket engine comprises first and second
primary reaction chambers 130 and 140 in parallel arrangement connected to the secondary reac-

tion chamber 150.

While fuel-rich monopropellant blends, and oxidizer-rich monopropellant blends, respectively,
could be based on HAN, for the purpose of the present invention it is generally preferred that the
fuel-rich monopropellant blends, and oxidizer-rich monopropellant blends, respectively, be

based on ADN, unless otherwise indicated.

Embodiments with first and second primary reaction chambers in parallel arrangement

Embodiments comprising first and second primary reaction chambers 130 and 140 in parallel

arrangement connected to the secondary reaction chamber will now be described in more detail.

In addition to operation in monopropellant mode using a fuel rich-monopropellant, and operation
in bipropellant mode using both a fuel-rich monopropellant, and an oxidizer-rich monopropel-
lant, depending on the specific oxidizer-rich monopropellant, the engine may also be operated in
monopropellant mode using only the oxidizer-rich monopropellant, such as e.g. hydrogen perox-
ide. This mode of operation may be useful when a lower thrust is sufficient, as compared to that
of the fuel-rich monopropellant, or as redundancy, should e.g. the fuel-rich monopropellant no
longer be available or should there be a failure somewhere along the fuel-rich monopropellant

feed line.

The first and second primary reaction chambers 130 and 140 may each be comprised of one or

more reaction chambers in parallel, depending on the intended bed load of the relevant mono-
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propellant and desired heat transfer. For example, multiple first primary reaction chambers 130
for the fuel-rich monopropellant may be embedded into a second primary reaction chamber 140
for the oxidizer-rich monopropellant, or a honeycomb structure wherein the different primary

reaction chambers are placed in different cells of the honeycomb is also conceivable.

In a preferred embodiment the first and second parallel primary reaction chambers 130 and 140
are in coaxial arrangement. An example of such embodiment is shown in FIG 2. The coaxial
configuration also provides for a desirable heat exchange between the first and second primary
reaction chambers thus conditioning the decomposition gases for the secondary combustion in
the secondary reaction chamber. Such configuration also allows for a simple and effective injec-

tor 110 to be used.

In a preferred configuration of the coaxial arrangement, the reaction chamber 130 for the fuel-

rich monopropellant surrounds the reaction chamber 140 for the oxidizer-rich monopropellant.

In a preferred embodiment, a liquid, aqueous, ADN based monopropellant is used as the fuel-

rich monopropellant, such as e.g. LMP-103, LMP-103S, and FLP-106, especially LMP-103S.

In a preferred embodiment, hydrogen peroxide (H,0O) is used as the oxidizer-rich monopropel-

lant.

Hydrogen peroxide is probably the most studied monopropellant worldwide. However, the spe-
cific impulse of hydrogen peroxide as a monopropellant is relatively low and depending on the
concentration it is in the range of 1,600-1,800 Ns/kg. The relatively low specific impulse and
concerns about hydrogen peroxide’s storability has displaced it from the spacecraft reaction con-
trol system (RCS) in favour of hydrazine. Hydrogen peroxide can also be used as an oxidizer in
bi-propellant mode and it has been studied for propulsion purposes at least since 1934. Hydrogen
peroxide is reactive and decomposes slowly over time when stored even in its most stabilized
form. The concerns for the storability and the safe use of hydrogen peroxide have been debated
over the years. It is reported that these concerns might be exaggerated and that hydrogen perox-
ide can be handled safely. However, the toxicological and carcinogenic concerns of the current
state-of-the-art propellants have led to renewed interest in hydrogen peroxide during the last 10

years.
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In a preferred monopropellant combination a liquid, aqueous ADN based monopropellant is used
as the fuel-rich monopropellant, and hydrogen peroxide is used as the oxidizer-rich monopropel-
lant. The preferred monopropellant combination of a liquid, aqueous ADN based monopropellant
will provide for a system which can be operated either on monopropellant mode, using either the
liquid, aqueous ADN based monopropellant alone, or the oxidizer-rich monopropellant is H,O,

alone, or in bipropellant mode, using both monopropellants.

The H,0, is preferably of a concentration of at least 80%, and more preferably at least 90%.

According to a more preferred embodiment of the invention LMP-103S, and H,0,, provided that
the storability of H,O, is acceptable for the intended use, are used as fuel-rich and oxidizer-rich
monopropellants, respectively. Operation of the subject rocket engine in bipropellant mode using
the environmentally benign monopropellants LMP-103S and H,0O, would according to calcula-
tions performed with NASA-Glenn Chemical Equilibrium Program CEA2 result in an additional
improvement of the specific impulse of up to 20% over LMP-103S, when used as a monopropel-
lant only, which is comparable with the specific impulse of the prior art bipropellant engines
operated on the highly hazardous conventional storable propellants, i.e. MMH and NTO. Fur-
thermore, the density impulse of the LMP-103S and H,0O, monopropellant combination in bipro-
pellant mode will exceed the density impulse of the prior art bipropellant engine operated on

conventional storable propellants with up to 5%.

According to the present invention, a fuel-rich, liquid HAN based monopropellant blend could

be used in the same way as LMP-103S.

With reference to FIG. 2, a preferred embodiment of the inventive rocket engine 100 will now
be described in more detail. In such embodiment the rocket engine comprises one inlet port 101
for the fuel-rich monopropellant followed by a series redundant flow control valve 111 and pro-
pellant feed tubes 121, and one inlet port 102 for the oxidizer-rich monopropellant followed by a
series redundant flow control valve 112 and propellant feed tube 122 leading into two primary
reaction chambers 130 and 140; a first 130 for the fuel-rich monopropellant, and a second 140
for the oxidizer-rich monopropellant. The first and second primary reaction chambers 130 and
140 are arranged in parallel to each other wherein the first and second primary reaction chambers
130 and 140 are in coaxial arrangement. The reaction chamber 130 for the fuel-rich monopropel-

lant requires preheating prior to injecting the propellant for proper propellant decomposition ei-
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ther by means of an electrical heater or by the heat generated by decomposition in the adjacent

primary reaction chambers for the oxidizer-rich monopropellant.

The engine 100 and operation thereof will now be described in more detail. In bipropellant
mode, a fuel-rich monopropellant, e.g. an aqueous ADN-based monopropellant blend, such as
LMP-103S, is injected via injector 110 into the first primary reaction chamber 130, where the
monopropellant is thermo/catalytically decomposed (decomposition of ADN based monopropel-
lants have been disclosed in WO 02/095207) causing an exothermal reaction which produces
heat (up to 1,600°C for LMP-103S), and a fuel-rich gas which flows into the secondary reaction
chamber 150. An oxidizer-rich monopropellant, such as highly concentrated (> 90%) hydrogen
peroxide, is injected via injector 110 into the second primary reaction chamber 140, where the
oxidizer-rich monopropellant is thermo/catalytically decomposed causing an exothermal reaction
which produces heat (up to 900°C for 90% H,0,) and a surplus of oxygen which also flows to
the secondary reaction chamber 150. The preferred configuration of the first and second primary
reaction chambers 130 and 140 is a coaxial arrangement where the reactor for the fuel-rich mon-
opropellant 130 is surrounding the reactor for the oxidizer-rich monopropellant 140. An injector
110 of a simple design can be used with this coaxial configuration of the first and second prima-
ry reaction chambers, as shown in FIG 2. As the hot and reaming fuel-rich and oxygen-rich gas-
es, respectively, flow from the first and second primary reaction chambers 130 and 140, respec-
tively, and mix in the secondary reactor chamber 150, a secondary exothermal combustion takes
place wherein the stagnation gas temperature is significantly further increased (up to about
2,300°C for the combination ADN and H,0O;), which enhances the performance of the engine in
terms of fuel efficiency, i.e. specific impulse before the exhaust gases are accelerated through the

nozzle 170 thus generating thrust.

The inventive rocket engine 100 can also operate in monopropellant mode for lower thrust and
impulse bit by injection of only the fuel-rich monopropellant, e.g. an aqueous ADN-based mon-
opropellant blend, such as LMP-103S, into the first primary reaction chamber 130 where the
propellant is thermo/catalytically decomposed causing an exothermal reaction which produces
heat and a fuel-rich gas which flows into the secondary reaction chamber 150, where final com-
bustion takes place, before the exhaust gases are accelerated through the nozzle 170 thus gener-

ating thrust.
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The inventive rocket engine 100 can also operate in monopropellant mode for lower thrust and
impulse bit by injection of only the oxidizer-rich monopropellant, such as e.g. highly concentrat-
ed (> 90%) hydrogen peroxide, which is injected into the second primary reaction chamber 140
where the propellant is thermo/catalytically decomposed causing an exothermal reaction which
produces heat and gas which flows to the secondary reaction chamber 150, before the exhaust

gases are accelerated through the nozzle 170 thus generating thrust.

An additional benefit of the embodiment of the invention having first and second primary reac-
tion chambers is that the required preheating of a first primary reaction chamber for a fuel-rich
monopropellant can be achieved by the heat generated by the second primary reaction chamber,
such as e.g. when hydrogen peroxide is being used. The decomposition of the hydrogen peroxide
can be achieved by spontaneous catalysis only or supported by an electrical heater, the benefit
being that the thruster can be fired completely without reactor preheating or with significantly
limited electrical power and preheating time, the latter of which being of increased importance
the larger the thruster size. Electrical heaters are not shown in the figures but could be placed at

various positions as required.

In the above preferred embodiments having first and second primary reaction chambers 130 and
140 a monopropellant based on an oxidizer such as e.g. ADN or HAN is not being used as the
oxidizer-rich monopropellant, since there are no known catalysts that would withstand the condi-
tions during catalytic decomposition of such monopropellants (i.e. when formulated as oxidizer-
rich monopropellants), especially with regard to the associated high temperature and oxidative

species produced during decomposition of ADN and HAN.

The preferred oxidizer-rich monopropellant is H,O,.

Embodiments with no second primary reaction chamber

Alternative embodiments of the invention comprising no second primary reaction chamber 140,
i.e. having only primary reaction chamber(s) 130 for a fuel-rich monopropellant, will now be

described in more detail.
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Such embodiments of the rocket engine having no second primary reaction chamber(s) have the
capability to operate in either mono- or bipropellant mode using a liquid fuel-rich
monopropellant blend, and, in bipropellant mode, additionally using a liquid oxidizer-rich

monopropellant which is injected into the secondary reaction chamber.

The primary and secondary reaction chambers 130 and 150, respectively, are arranged in series

to each other.

According to an embodiment of the invention, and especially where long term storability is re-
quired, operation of the subject rocket engine in bipropellant mode uses as the fuel-rich mono-
propellant environmentally benign fuel-rich monopropellant LMP-103S, and, as the oxidizer-rich
monopropellant a novel oxidizer-rich, liquid, ADN-based monopropellant blend comprising 70-
90% ADN, 0-10% ammonia, and the balance water. Operation of the inventive rocket engine
using such monopropellants combination, according to calculations performed with NASA-
Glenn Chemical Equilibrium Program CEA2, would result in an additional improvement of the
specific impulse of up to 10% over LMP-103S, when used as a monopropellant only, which is
about 10% lower than the specific impulse of the prior art bipropellant engines operated on the
highly hazardous conventional storable propellants, i.e. MMH and NTO. Furthermore, the densi-
ty impulse of LMP-103S and the novel oxidizer-rich ADN-blend combination will be up to 94%
of the density impulse of the prior art bipropellant engine operated on conventional storable pro-

pellants.

Preferably, the novel oxidizer-rich ADN-based monopropellant blend comprises 70-80% ADN.
The preferred content of ammonia is within the range of 1-10% by weight, more preferably 5-

10% by weight, and especially 5-8 % by weight. The balance up to 100% is water.

A preferred oxidizer-rich ADN based monopropellant for use in the dual mode chemical rocket

engine comprises about 77% ADN, about 17% water and about 6% ammonia.

Fuel-rich HAN-based monopropellant blends can be used in the same way as LMP-103S, espe-

cially when long term storability is required.

Conversely, an oxidizer-rich HAN-based monopropellant blend could be used in similar way as

the novel oxidizer-rich ADN monopropellant blend, i.e. a HAN-based monopropellant blend
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comprising 70-80% HAN, 0-10% ammonia, preferably 1-10% ammonia, more preferably 5-10%

ammonia, and the balance water.

With reference to FIG. 3, a preferred embodiment of the inventive rocket engine 200 with no

second primary reaction chamber will now be described in more detail.

In such embodiment the inventive dual mode chemical rocket engine comprises a first primary
reaction chamber 130 for a fuel-rich monopropellant, and a secondary reaction chamber 150 for
the decomposition of an oxidizer-rich monopropellant which further combusts together with the

fuel-rich combustion gases from the primary reaction chamber.

An example of such embodiment is shown in FIG. 3, wherein the primary reaction chamber 130
and the secondary reaction chamber 150 are arranged in series. The rocket engine 200 comprises
one inlet port 101 for the fuel-rich monopropellant followed by a series redundant flow control
valve 111 and propellant feed tubes 121, and one inlet port 102 for the oxidizer-rich propellant

followed by a series redundant flow control valve 112 and propellant feed tube 122.

The engine 200 and the operation thereof will now be described in more detail. In bipropellant
mode, a fuel-rich monopropellant, e.g. an aqueous ADN-based monopropellant blend, such as
LMP-103S, is injected via injector 110 into the primary reaction chamber 130, where the
propellant is thermo/catalytically decomposed (decomposition of ADN based monopropellants
have been disclosed in WO 02/095207) causing an exothermal reaction which produces heat (up
to 1,600°C for LMP-103S), and a fuel-rich gas which flows into the secondary reaction chamber
150. An oxidizer-rich monopropellant, such as an ADN based oxidizer-rich monopropellant
blend, or highly concentrated (> 90%) hydrogen peroxide, is injected by means of a second
injector 125 into the secondary reaction chamber 150, in the secondary reaction chamber 150
downstream of the primary reaction chamber 130. A partial enlargement of injection means 125
is shown in FIG. 4. In the secondary reaction chamber 150 oxidizer-rich monopropellant is
atomized and decomposed thus generating a surplus of oxygen which mix in the secondary
reaction chamber 150 with the fuel-rich gases from the primary reaction chamber 130. A
secondary exothermal combustion takes place in the secondary reaction chamber, wherein the
stagnation gastemperature is significantly further increased (up to 2,300°C) which enhances the
performance of the engine in terms of fuel efficiency, i.e. specific impulse before the exhaust

gases are accelerated through the nozzle 170 thus generating thrust.
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The inventive rocket engine 200 can also operate in monopropellant mode for lower thrust and
impulse bit by injection of only the aqueous ADN-based monopropellant blend, such as LMP-
1038, into in the first primary reaction chamber 130 where the propellant is thermo/catalytically
decomposed causing an exothermal reaction which produces heat and a fuel-rich gas which
flows into the secondary reaction chamber 150, before the exhaust gases are accelerated through

the nozzle 170 thus generating thrust.

The inventive propulsion system

A simplified hydraulic schematic view of an embodiment of the inventive dual mode propulsion
system is shown in in FIG 1. Service valves 22 and 32 are used to load the propellants into pro-
pulsion system prior to operation. The fuel-rich monopropellant, e.g. LMP-103S, is contained in
the propellant tank 21, and the oxidizer-rich monopropellant, e.g. highly concentrated hydrogen
peroxide H,O,, or, alternatively, an oxidizer-rich HAN or ADN-based monopropellant blend is
stored in the propellant tank 31. A high pressure (i.e. of several hundred bars) pressurizing gas,
e.g. helium, is filled into the pressurant tank 10 via service valve 11 prior to operation of the pro-
pulsion system. The propulsion system is commissioned by venting the blanking gas in the pro-
pellant lines downstream of the isolation valves 24 and 34, thereafter performing priming of pro-
pellant to the thrusters prior to first firing. When firing any thruster the pressurant gas from the
tank 10 is regulated down to the rocket engines operating propellant feed pressure (i.e. tens of
bars) by a pressure regulator 12. The pressurant flows through the pressurant isolation valve 13
and further through the one-way valves 20 and 30 to the propellant tanks 21 and 31. Depending
on the operational modes, i.e. mono- or bipropellant mode, the propellant from either of propel-
lant tanks 21 or 31, or both, flow through the respective propellant filters 23 and 33 to the subject

engine(s) when firing.

The bipropellant Liquid Apogee Engine (LAE) 60 has an assessed thrust level between 50 N and
10 kN. In an inventive propulsion system, a bipropellant liquid apogee engine 60, when present,

is preferably a dual mode engine of the invention.

A preferred embodiment of the inventive Liquid Apogee Engine (LAE) 60 in FIG. 1 resembles
the rocket engine design shown in FIG. 2, but with the difference beeing that not one but

multiple first primary reaction chambers 130 for the fuel-rich propellant are embedded into the
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second primary reaction chamber for the oxidizer-rich monopropellant 140. The preferred
arrangement of having the fuel-rich first primary reactors embedded into the oxidizer-rich
second primary reaction chamber, and not vise versa, is due to the optimization the thermal
charachterisics of the design since the core of the fuel-rich reactors runs much hotter than the

second primary reactor for oxidizer-rich monopropellant.

The divert dual mode thrusters 50 have an assessed thrust level between 5 N and 50 N. In an
inventive propulsion system, a divert dual mode thruster S0, when present, is preferably a dual

mode engine of the invention, such as the engine 100 or 200.

The RCS thrusters 40 are preferable ECAPS 1 N to 22 N HPGP monopropellant thrusters oper-
ated on LMP-103S.

Any monopropellant rocket engines in the inventive dual mode propulsion system preferably use
a liquid, fuel-rich monopropellant, such as an ADN or HAN based monopropellant, or hydrogen
peroxide. Hydrogen peroxide monopropellant engines may be preferred as monopropellant

engines in systems comprising an inventive dual mode rocket engine using hydrogen peroxide as

the oxidizer-rich monopropellant.

The secondary combustion chamber 150 of the inventive engine is preferable fabricated from

rhenium lined with iridium to withstand the very high combustion temperatures.

The inventive concept is applicable to any liquid monopropellant composition comprising an

oxidizer and a fuel.

While monopropellants which are in liquid state between 0 and 30 bar at temperatures between 0
and 90°C are preferred, liquid monopropellants, such as densified nitrous oxide, are also con-

ceivable.
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CLAIMS

1. A dual mode chemical rocket engine (100, 200) having a first primary reaction
chamber (130) for a fuel-rich monopropellant comprising a catalyst bed for the fuel-rich mono-
propellant, which first primary reaction chamber (130) is connected to a secondary reaction
chamber (150) having means for injection (125) therein of a second, oxidizer-rich monopropel-

lant.

2. The dual mode chemical rocket engine of claim 1, wherein the means for injection
(125) are configured to enable injection of an oxidizer-rich monopropellant from a propellant

feed line (122) from outside into the secondary reaction chamber (150).

3. The dual mode chemical rocket engine of claim 1, comprising first and second pri-
mary reaction chambers (130, 140) in parallel arrangement connected to the secondary reaction
chamber (150):

one or more first primary reaction chambers (130) for the fuel-rich monopropellant compris-
ing a catalyst for the fuel-rich monopropellant; and,

one or more second primary reaction chambers (140) for the oxidizer-rich monopropellant

comprising a catalyst for the oxidizer-rich monopropellant.

4. The dual mode chemical rocket engine of claim 3, wherein a first primary reaction
chamber (130) for the fuel-rich monopropellant and a second primary reaction chamber (140) for

the oxidizer-rich monopropellant are arranged in coaxial geometry.

5. The dual mode chemical rocket engine of claim 4, wherein a first primary reaction
chamber (130) for the fuel-rich monopropellant is the outer reactor chamber, and a second pri-
mary reaction chamber (140) for the oxidizer-rich monopropellant is the inner reactor chamber in

the coaxial arrangement comprising the two primary reactor chambers (130, 140).

6. The dual mode chemical rocket engine of claim 4, e.g. a liquid apogee engine,
wherein two or more first primary reaction chambers (130) for the fuel-rich propellant are

embedded into a second primary reaction chamber for the oxidizer-rich monopropellant (140).
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7. A dual mode propulsion system comprising the dual mode chemical rocket engine
(100, 200) of any one of the preceding claims.
8. The dual mode propulsion system of claim 7, comprising a liquid storable low-

hazard fuel-rich monopropellant, and a liquid storable low-hazard oxidizer-rich monopropellant.

9. The dual mode propulsion system of claim 7 or 8, wherein the fuel-rich monopro-

pellant is ADN based or HAN based.

10. The dual mode propulsion system of any one of claims 7-9, wherein the oxidizer-

rich monopropellant is hydrogen peroxide based.

11. The dual mode propulsion system of claim 7, wherein the oxidizer-rich monopro-

pellant is ADN based or HAN based.

12. The dual mode propulsion system of any one of claims 7-11, comprising monopro-
pellant rocket engines (40) using a fuel-rich monopropellant mentioned in claim 8 or 9, or hy-

drogen peroxide.

13. A spacecraft comprising the dual mode chemical rocket engine of any one of

claims 1-6, and/or the dual mode propulsion system of any one of claims 7-12.

14. Use of a bipropellant combination consisting of a fuel-rich ADN, or HAN based
monopropellant blend, stored in a first separate tank, and highly concentrated hydrogen peroxide,
stored in a second separate tank, in the dual mode chemical rocket engine of any one of claims 1-

6, or in such engine contained in the dual mode propulsion system of any one of claims 7-12.
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