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• Requirements and Specifications for Propellants
• Jet Fuels

• Volatility, Fluidity, Stability, Lubricity, 
• Flammability , Emissions

• Rocket Propellants
• Performance
• Storage
• Ignition

• Specifications 
• Jet Fuels  (properties)
• Rocket Propellants

• Thermodynamic Specifics of Operating Conditions
• Critical conditions

• Bio Fuels (Surrogates)

Aerospace Propellants
Content
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Propellants

• JET A-1 /(JET A): Standardized propellant 
widely used in civil aircraft 

• JP-8: Similar to JET-A1 but with corrosion-
prohibiting and anti-icing additives 

• JP-5: high flash point kerosene primarily used 
on air-craft carriers

Major Specification Items are:
• Flash Point and Auto-ignition Temperature
• Freezing Point and Pour Point
• Adiabatic Burn Temperature
• Density
• Specific Energy

Jet Fuels
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Fuel Stability: 
• Jet fuels are transported and stored for quite a long time 

until they are consumed and therefore have additives to 
prevent 
• corrosion of materials used in stank, supply lines, valves, seals, 

etc..

• aging and particulate deposition in lines, filters, etc..
• oxidation in the tanks since these are open to atmosphere

• Some engines use fuel as coolant 
• fuels have to be thermally stable to prevent coking

Lubricity:
• quite often fuel is used as lubricant and should thus have sufficient lubricity and therefore fuels with higher 

viscosity are favored
• however the distillation curve requirement sets a limit  there

Propellants
Requirements for Jet Fuels

Filter clogging due to bacteria and 
particulate deposition
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Fluidity: 
• Jet fuels have to function in summer and in winter and thus viscosity, freezing point and pour point are 

used to characterize the fluidity of a fuel

Propellants
Requirements for Jet Fuels

JET A-1 Data
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Volatility
• Fuels have to vaporize before they burns therefore 

they have specific requirements for
• vapor pressure, volatility
• distillation curve 

• However, too high volatility may cause losses or 
vapor lock 

• Wide-cut jet fuels (bend of kerosene and gasoline 
with broader vaporization curve) are better suited 
for cold conditions than classical kerosene-type jet 
fuel

Propellants
Requirements for Jet Fuels
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Propellants
Boiling Curve of Different Fuels
• Hydrocarbon mixtures may have a strange 

phase diagram due to their different phase 
change conditions

• Consequences for propellant classification as to 
flash point, dew point, pour points

• Impact on droplet vaporization and mixing 
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• Criconbar:  maximum pressure at which liquid and vapour may 
coexist (point N)

• Cricontherm: maximum temperature at which vapor and liquid 
may coexist (point M)

• Isothermal retrograde region (blue) where 
liquid condenses when pressure decreases 
(path from A to B to D. Condensation begins 
at point B and the maximum liquid occurs at 
point D well below the pressure that liquids 
first start to form. 

• Isobaric retrograde region (green) where liquid 
vaporizes as temperature decreases. If we 
come into the phase envelope from the other 
side, the amount of liquid increases as we 
increase temperature.

• In facilities operations, the understanding of 
where the process is on a phase diagram can 
often help the engineer and operator to avoid 
extremely embarrassing design and operating 
mistakes. 

Propellants
Hydrocarbon Mixtures
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Flammability 

Propellants
Requirements for Jet Fuels
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Propellants
Requirements for Jet Fuels

Emissions

Typical emission per operation hour

~ 850 to air

~ 2.7 to 
kerosene

~ 130 to hot gases

~ 723 to air

8.8 to CO2
3.3 to H2O
30 kg NOx
2.0 kg SO2
0.4 kg HC
0.1 kg PM + soot
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Propellants
Requirements for Jet Fuels

Emissions
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Propellants
Jet Fuels
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Propellant Additives
Jet Fuels
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Certification Sheets of JET A-1                     (1/2)

Propellants
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• Although the fuel seems to be 
standardized its composition may still 
vary to a certain extent.

• There could a couple of hundred 
different species depending on the 
field the crude oil came from.

Propellants
Certification Sheets of JET A-1                     (2/2)
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Solid Rocket Engines
Solid Propellant Rocket Engines
Oxidizers
• Ammonium Perchlorate NH4ClO4 (AP)
• Nitronium Perchlorate NO2ClO4  (NP)
• Cyclo-trimethylene-trinitramine C3H6N6O6 (RDX)
• Cyclo-tetramethylene-tetranitramine C4H8N8O8 (HMX)

HMX

RDX

Fuels
• Aluminum
• Magnesium
• Boron

Binders
• Hydroxyl-terminated Poly-

butadiene    (HTPB)
• Polybutadiene acrylic acid 

acrylonitrile prep-polymer 
(PBAN)

Typical AP-based Propellant:
• 18 % Aluminum 
• 69% AP
• 10% Binder
• 2 % Isodecyl Pelargonate (Plasticizer)
• 0.5 % Iron oxide (Burn Rate Catalyst)
• 0.2 % Aziridine (Bonding Agent)
• ……….
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• Processing
• Ingredient, density, reactivity, particle size/packing fraction, solids, loading 

effects

• Mix procedure, mix temperature(s), order and number of addition, blade rpm, 
blade times, vacuum mixing, hold/purge times

• End-of-mix viscosity, pot life, rheological behavior, castability

• Cast technique, cure temperature, pressure and time, cure kinetics 

• Aging behavior
• Oxidative cross-linking (hardening), hydrolytic (typically softening), 

decomposition, reaction with contaminants

• Effects of temperature, humidity, vacuum, atmosphere

• Plasticizer migration, oxidizer dissolution, or recrystallization, stabilizer depletion

• Effect on performance, ignition, mechanical, bond-line, ballistic, and hazard 
properties

Solid Rocket Propellants / Additional Ingredients Issues

Solid Rockets Engines
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Possible configurations of programmed thrust control during the propulsive mission.

Propellant  Grain



Professorship for Suistainable Future Mobility (Prof. Jocher)
Fakultät für Luftfahrt, Raumfahrt und Geodäsie
Technische Universität München

Aerospace Propellants    19Aerospace Combustion
Prof. Dr.-Ing. O. J. Haidn, Dr. – Ing Daniel Martínez Sanchis, Dr. – Ing Andrej Sternin

Avio Production Facility at 
Collefero

• 1. Segment Ariane 5  ~ 25 t

• Zefiro 23 ~ 23 t 

• Zefiro 9    ~  9 t

Ariane 5, 1. segment

Mandrel for Ariane 5 
1. segment

Pictures: 
Avio

Solid Rocket Motors
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• Bonding agent
• Promotes adhesion between binder and solid particles, generally required with HTPB 

propellants
• Tepanol

• Plasticizer
• Increases propellant strain 
• Inert plasticizers
• Energetic plasticizers to tailor energy/hazard sensitivity

• Stabilizers

• Anti-oxidants, thermal stabilizers, free radical scavengers, metal sequestering 
agents, et..

• Processing aids
• Cure retarder (pyrocatechol, iso-cyanate blockers)
• Lecithin, silicon oil (chains of –Si-O-Si-O- with methyl or phenyl groups attached)

Composite Propellants / Binder System Ingredients

Solid Propellants
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• Processing

• Ingredient, density, reactivity, particle size/packing fraction, solids, loading effects

• Mix procedure, mix temperature(s), order and number of addition, blade rpm, blade 
times, vacuum mixing, hold/purge times

• End-of-mix viscosity, potlife, rheological behavior, castability

• Cast technique, cure temperature, pressure and time, cure kinetics 

• Aging behavior

• Oxidative cross-linking (hardening), hydrolytic (typically softening), decomposition, 
reaction with contaminants

• Effects of temperature, humidity, vacuum, atmosphere

• Plasticizer migration, oxidizer dissolution, or recrystallization, stabilizer depletion

• Effect on performance, ignition, mechanical, bondline, ballistic, and hazard 
properties

Composite Propellants / Additional Ingredients Issues

Solid Propellants
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For simple motors, burning rate can be modeled as Rb=a*Pcn
• Mix to mix and lot to lot variations must be tracked for some programs while 

others may not be sensitive to wide variations in burning rate 

• Contaminants, particle shape variation, and particle size distribution variation 
can all contribute to an out of spec burning rate

• Mixer size changes can result in burning rate changes due to shearing 
properties at different scales and speeds

• Different burning rate measurement devices have different scale factors to full 
scale motors

• A consistent and adequately accurate burning rate measurement program 
should be devised for each program

Burning Rate rb

Solid Propellants
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Stable coupling (semi-confined volume) only for n<1 . 

Solid Propellants
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Heat Flux Method

• Physics based model

• Requires extensive propellant and thermal data to do accurately

• Simplified form shown below
• ignition delay is given, solve eqn. 1 for required heat flux
• Eqn 2 is used to determine required igniter mass flow rate

Rough Igniter Sizing Methods
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ti : ignition delay 
Tc : Tautoignition - Tambient

ρ : propellant density 
cp : specific heat at constant pressure 
λ :  coefficient of thermal conductivity 
q :  heat flux required for ignition 

Qign : available energy of igniter charge 
Ap : port area 
mi :  mass flow rate required for ignition 

Solid Rocket Motors
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Critical Pressure Method (Von Elbe Equation) 

• At low pressures, propellant ignition energy requirements are driven by the current 
chamber pressure 

• Typical propellants have critical pressures of 50 – 200 psia

• The igniter should pressurize the chamber to the critical pressure for several 
milliseconds to ensure the propellant will ignite 

• Von Elbe (ARC, 1963, Ref. 3) developed following equation 
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λ: propellant heat conductivity, Btu/hr-ft-°R 
n : propellant exponent 
c : propellant specific heat of solid, Btu / lbm-°R 
ρ : propellant density, lbm/in3

As : surface area exposed to igntor products

V : Motor Free Volume, in3

R = Propellant gas constant, ft-lbf/lbm-°R 
T = Propellant flame temperature, °R 
r = propellant burning rate 
p = chamber pressure

Igniter Design Procedure

Solid Rocket Motors
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Determine mass required for successful ignition 

• Scale from prior experience, or 

• Use methods described earlier, or 

• Estimate mass flow rate (Pyrogen Grain) and ensure this mass flow is 
present for sufficient time (several milliseconds). 

Critical Pressure Method (Von Elbe Equation) 
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g : gravitational constant, 32.2 lbm-ft/lbfs2

C* : Characteristic velocity, ft/s 
At : Motor throat area, in2

P* : Critical pressure, psia

Igniter Design Procedure

Solid Rocket Motors
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Solid Rockets Engines
Solid Rocket Propellants / Additional Issues

Favorable bi-model AP particle size distribution:
wide-cut at the larger diameter, narrow cut around 10 μm

A large effort went into investigation of nano-Al. 
However, Al particles develop almost immediately 
a layer of Al2O3 with a thickness of ~ 5 nm. 
Unfortunately, Al2O3 has a higher melting point 
than Al and thus this oxide layer prohibits fast 
combustion. Additionally, the oxide layer reduces 
the mass fraction of Al in the motor. 

 Favorable Aluminum particle diameters should 
be in the 20 – 100 μm range.

For AP however, a bi-
model size distribution 
is essential for 
agglomeration 
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Liquid Rocket Propellants

Propellants

Fuels
• Hydrogen
• Methane
• Kerosene (RP-1) 
• Hydrazine
• Mon-methyl Hydrazine
• Unsymmetrical Di-methyl 

Hydrazine

Oxidizers
• Oxygen
• Nitrogen-tetroxide (NTO)
• Nitrous Oxide

*Hydrazine and its derivatives, although highly toxic and carcinogenic are still in use and will be for quite a while 
since they react hypergolic with nitrogen-tetroxide which makes them favorable for long-time in-space 
applications (satellites). 
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• Way of ignition
- hypergolic (auto-ignition, no external energy input)
- catalytic (external energy transfer)
- thermal, electric (external energy transfer)

• Storability 
- earth storable (stabil between  -30 - + 70°C)
- space storable (liquid in orbit,  -160  - - 140°C)
- cryogenic (liquified gases, < -170°C)

• Energy content level (pc/pe = 68)
- Isp < 280 s low energy level propellant combination
- 280 s < Isp < 330 s mean energy level propellant combination
- Isp > 330 s high energy level propellant combination

Classification of propellants for rocket engine application 
Propellants



Professorship for Suistainable Future Mobility (Prof. Jocher)
Fakultät für Luftfahrt, Raumfahrt und Geodäsie
Technische Universität München

Aerospace Propellants    30Aerospace Combustion
Prof. Dr.-Ing. O. J. Haidn, Dr. – Ing Daniel Martínez Sanchis, Dr. – Ing Andrej Sternin

Requirements for liquid propellants

• High energy content (heat release, high combustion temperature, low molecular weight of products

• High propellant density and low vapor pressure (tank size and wall thickness) 

• Good ignition characteristics (low ignition delay) an stable combustion

• Low viscosity ( small pressure loss in cooling channels)

• Optimum combination of heat capacity and thermal conductivity for  effective cooling performance 

• No thermal induced cracking tendency (propellant/material compatibility)

• Known and sufficient lubrication capability

• Low toxicity of propellant, its vapor and reaction products  

• Easily available at low cost

Propellants
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Propellants
Rocket Propellants
All cryogenic propellants (CH4, H2, O2) are provided as liquids and thus are already in a very clean state. 
Nevertheless, the quality specification for H2 and O2 is 3.0  which means 99.9%.
Methane isn’t flown yet and in its liquid state it is around 99.5% as well.  
Be careful since all impurities will change the thermodynamic properties of the mixture which may have 
severe consequences for cooling capabilities or atomization and vaporization etc.

Test ParagraphLimitsProperties
4.3.298.3MMH (% by wt)

4.3.21.5 maxWater (% by wt)

4.3.310 maxNon-volatile residue (mg/l)

4.3.410 maxParticulate (mg/l)

NASA specification for MMH
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Propellants
Rocket Propellants

4.3.2 MMH assay and water. The propellant and water content of the sample shall be determined by one of the Gas 
Chromatographic (GC) methods described in Appendix A. In case of a dispute, the packed column method (A.2.1) shall be 
the referee.
4.3.3 Non-volatile residue (NVR). The NVR of the propellant shall be determined in duplicate by either of the methods 
described in Appendix B. In case of a dispute, the dropwise method (B.2.1) shall be the referee.
4.3.4 Particulate. The propellant sample shall be tested gravimetrically for contamination in accordance with ASTM D2276, 
with the following exceptions: 
a. Mix the sample thoroughly by shaking the sample container.  Immediately pour 500 mL of the sample into a clean 500 

mL graduated cylinder. Use this 500 mL of propellant for the particulate analysis. 
b. b. Use a Mitex disc PTFE hydrophobic, 10 μm, 0.47 millimeters (mm), white filter or equivalent instead of that 

specified in ASTM D2276.
c. Set the oven temperature to 70°C (158°F).
d. Filtered American Chemical Society (ACS) grade isopropyl alcohol shall be used for rinsing the sample bottle and filter 

holder instead of petroleum ether specified in ASTM D2276.

Excerpt of NASA specification to perform the testing of MMH
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Propellants
NASA specification for RP -1
RP-1 (Rocket Propellant 1) has been developed to 
fulfil the needs for the Apollo program

• No sulfur content to avoid cracking and 
polymerization

• alkenes and aromatics at very low levels to minimize 
polymerization and as a result RP-1 is less toxic than 
various jet fuels

• Minimize n-alkanes and maximize highly branched 
and cyclic molecules (ladderanes were favored) to 
increase resistance to thermal breakdown

• remaining hydrocarbons are at or near C12 mass. 
Because of the lack of light hydrocarbons, RP-1 has a 
high flash point and is thus less of a fire hazard than 
some jet fuels
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Propellants
NASA specification for RP -1

Identification of Species of 2% or higher 
(which represent 59% of the fuel)

† The peak consists of two 
coeluting solutes

RP -1 fuel
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Propellants
NASA specification 
for RP -1

Identification of Species of 1% or 
higher (which represent 18.7 % of 

the fuel)

†signifies uncertainty in the 
location of the double bond 

or the methyl group
Light fraction of constituents of 
lightest components which 
represent 1.7 % of the fuel. 

Heavy fraction of constituents of heaviest 
components. No mass % tabulated.

†location of double bond not clear
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Propellants
NASA specification for a Surrogate RP -1
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Propellants
Performance of Rocket Propellants
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A key driver for the 
choice of propellant 
is their 
performance
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Mass [kg]Isp vac. [s]
Vac. thrust 

[kN]
pc [bar]O/FPropellantsEngine

210043413501156,1LOX/LH2Vulcain 2

352645222782066,0LOX/LH2SSME(Bl. 2)

68004203312966,0LOX/LH2RS68

550465180605,8LOX/LH2VINCI

17245199395,5LOX/LH2RL 10A

975033780602452,63LOX/KeroseneRD 170

128031616701471,90NTO/UDMHRD 253

Propellants
Propellant / Engine Performance Data



Professorship for Suistainable Future Mobility (Prof. Jocher)
Fakultät für Luftfahrt, Raumfahrt und Geodäsie
Technische Universität München

Aerospace Propellants    39Aerospace Combustion
Prof. Dr.-Ing. O. J. Haidn, Dr. – Ing Daniel Martínez Sanchis, Dr. – Ing Andrej Sternin

• Critical point at end of vapor 
pressure curve

• Densities of liquid and gaseous 
phase become identical

• Critical temperature indicates 
temperature below which a gas can 
be liquified

• Trans-critical state describes a fluid 
which is above its critical pressure 
but below its critical temperature 

• Super-critical describes a state 
where both pressure and 
temperature are above their critical 
values

Liquid Propellants – critical conditions 

Propellants

as
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• At near-critical conditions the 
latent heat vanishes and almost 
all thermo-physical properties 
undergo significant changes 

• For super-critical conditions 
surface tension has vanished 
(important for injector design)

• For regenerative cooling cycles 
critical conditions are essential 
for efficiency and performance 

 

Gas

Supercritical fluid

• Operation at super-critical 
pressures avoids phase change 
phenomena (competition between 
very efficient bubble boiling and 
the poor efficiency film boiling) 

12,9 bar

33,0 K

23,0 bar

684 K

46,4 bar

190,6 K

Thermodynamics
Liquid Propellants – critical conditions 

Typical thrust chamber 
injection conditions
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• At near-critical conditions the latent heat 
vanishes and almost all thermo-physical 
properties undergo significant changes 

• For super-critical conditions surface 
tension has vanished (important for 
injector design)

• For regenerative cooling cycles critical 
conditions are essential for efficiency and 
performance 

• Operation at super-critical pressures 
avoids phase change phenomena 
(competition between very efficient 
bubble boiling and the poor efficiency film 
boiling) 

Liquid Propellants – critical conditions 

Propellants

 

Gas

Supercritical fluid

Typische Brennkammer 
Einspritzbedingungen 12,9 bar

33,0 K

23,0 bar

684 K

46,4 bar

190,6 K

Typical thrust chamber 
injection conditions

Tcrit

pcrit
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0.83                      1.03                            2.03                       2.03

GN2                 GN2                             GN2                    GN2+20%He

0.0 mm
to

1.9 mm

7.4 mm
to

9.5 mm

15.0 mm
to

17.1mm

22.6 mm
to

24.7mm

LN2 into:

pr

D: 0.25 mm

Re: 3350 - 4090

TLN2 = 87K

TC = 292K

N2:

pcr=3.39 MPa
Tcr=126 K

He:

pcr=0.23 MPa
Tcr=      9 K

Flow Visualization: 
Shadowgraphs  Edwards AFB

Propellants
Liquid Propellants – critical conditions 
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Phase boundary for LOX/H2 even for p>pcrit, but not for  LOX/CH4

Propellants
Liquid Propellants – critical conditions 

System H2/O2

Temperature [K]

M
ol

 fr
ac

tio
n

M
ol

 fr
ac

tio
n

System CH4/O2

Temperature [K]
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Surface Tension Macleod-Sudgen correlation for 
CH4/O2 mixture

   gmgifmfi

N

i
i xxP ,,,,

1

4/1  


Liquid Propellants – critical conditions 

Surface tension vanishes 
near critical conditions

Propellants
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Modeling Phase Equilibria
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Multicomponent mixture: 
to the phase equilibrium 

modeling

Propellants
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Vapor-liquid equilibria of binary mixtures, critical points 
and vapor pressure lowering of mixtures 
• n-heptane/n-dodecane, xn-C7H16: 0.95-0.3
• n-heptane/n-hexadecane, xn-C7H16: 0.9-0.1
• n-dodecane/n-hexadecane, xn-C12H26: 0.99-0.9

Propellants
Liquid Propellants – critical conditions 

It is important to know that  going through 
critical conditions in a process yields substantial 
variations of thermo-physical fluid properties 



Professorship for Suistainable Future Mobility (Prof. Jocher)
Fakultät für Luftfahrt, Raumfahrt und Geodäsie
Technische Universität München

Aerospace Propellants    47Aerospace Combustion
Prof. Dr.-Ing. O. J. Haidn, Dr. – Ing Daniel Martínez Sanchis, Dr. – Ing Andrej Sternin

)( bVV

a

bV

RT
P







Redlich-Kwong-Soave EOS

Condition of Stability limit

Helmholtz energy 

Critical Point Modeling

Multicomponent mixture:
to the critical point calculation
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Propellants
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Propellants
Bio-Fuels (Surrogate Fuels)
• Phase 1 bio-fuels very similar to 

conventional fuels but have 
renewable sources. Hence, no 
changes in the processes and 
combustion devices are 
required. 

• Since 2009 five fuels have been 
qualified and these are blended 
with conventional fuels.

• Phase 2 bio-fuels will be 
designed such that they meet 
future requirements for 
reduced emissions, and will 
most likely necessitate a re-
design of combustion devices. Process path of renewable fuels
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Propellants
Production Routes of Biofuels
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Propellants
Impact of Biofuels on Engine Operation
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Propellants
Cost of 
Biofuels
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Propellants
Operation Profile During 
Testing of Biofuels
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Surrogate Fuel Design

Physical properties: 
formation enthalpy, combustion enthalpy, distillation curve, 

two-phase diagram, density, …

AromaticsAlkanes Naphthenes

Determination of  Fuel Composition

INPUT FORMULA OF SURROGATE

Chemical properties: 
heat release, ignition delay times, laminar flame speed, 

Concentration profiles, sooting tendency factor, …

% % %

Validation for practical fuel

Detailed Model A

Generation of Reaction Mechanism
Detailed Model B Detailed Model C Detailed Model D

Thermodynamic and Transport Properties, Reaction Rates

Validation for each 
hydrocarbons and for mixture

Propellants
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Vortragstitel 55

Universal fundamental values to characterize the blend 

Standard Properties Requirements
Combustion Emissions

C/H ratio
Combustion enthalpy

Flame speeds
Ignition delays

% of n/i-paraffins 
naphthenes 

aromatics

Sooting tendency
NOX
CO2

S

Atomization
& Evaporation

Density
Distillation curve

Phase equilibrium
Surface tension 

Viscosity
Diffusivity

BLEND

Standard Properties Requirements
Combustion Emissions

C/H ratio
Combustion enthalpy

Flame speeds
Ignition delays

% of n/i-paraffins 
naphthenes 

aromatics

Sooting tendency
NOX
CO2

S

Atomization
& Evaporation

Density
Distillation curve

Phase equilibrium
Surface tension 

Viscosity
Diffusivity

BLEND

Propellants
Surrogate Fuel Design
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ANNEX :   JET A-1 Specification
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ANNEX :   JET A-1 Specification
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ANNEX :   JET A-1 Specification
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Reminder
What you should not forget
• What are typical requirements for jet fuels ?
• What is typical ratio of mass of air and mass of fuel going through the engine of a 

long-range aircraft ?
• Name one production route for a bio-fuel ?
• Name a typical oxidizer and a fuel for a solid rocket motor.
• Name a few manufacturing challenges of a solid fuel.
• Which are the most common propellants for liquid rocket engines ?
• Why is a standard JET-A1 kerosene not suited for rocket engine applications ?
• Can you draw a performance diagram of typical rocket engine propellants ?


