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ABSTRACT:  

The global search for green alternatives to the 

highly toxic monopropellant hydrazine (N2H4) is still 

ongoing. Different alternatives for hydrazine with 

different degrees of maturity are currently under 

investigation. One of these alternatives are 

mixtures of nitrous oxide and fuels. These 

propellants offer a high performance (Isp approx. 

300 s), low propellant costs and are non-toxic. In 

the frame of the ESA activity “High Performance 

Propellant Development”, DLR investigates a 

premixed N2O/C2H6 propellant and assesses the 

safety and performance properties of the mixture.  

To study the propellant properties DLR built a 

liquefaction and mixing setup which allows 

condensation, pressurization and mixing of liquid 

N2O and C2H6. The produced propellant mixture 

was used to feed a thermal stability, a material 

compatibility as well as a priming/water hammer 

test setup. Furthermore, the gaseous propellant 

was used to conduct ignition test under vacuum 

conditions. A last work package included hot runs 

with liquefied N2O/C2H6 propellant supplied to a 

monopropellant like setup from a single tank. 

Despite the premixed nature of the propellant, the 

thermal stability tests showed no decomposition or 

combustion of the propellant. The compatibility 

testing of the propellant with metal alloys Al 2219, 

Ti64, and stainless steels SS 316 and CRES-15-5 

showed no degradation of the material or 

propellant. In addition, the polymers PTFE 

(Polytetrafluoroethylene), Kalrez and FEP 

(Fluorinated ethylene propylene) were tested, here 

only FEP was incompatible with the propellant. 

The priming/water hammer tests also showed no 

decomposition or combustion of the propellant, 

even for supply pressures of up to 60 bar. 

The ignition tests under vacuum conditions showed 

a reproducible, good ignitability of the propellant in 

a 22 N research thruster. The mixture was ignitable 

for mass mixture ratios of ROF=4 to 11 while the 

mass flow was changed in between 4 g/s and 10 

g/s. 

The final task was to conducted a series of hot gas 

combustion tests with an experimental 22 N 

thruster. The thruster was fed from a tank with 

liquified, premixed propellant. During 40 test runs, 

the propellant showed a reliable ignition and 

combustion behaviour. The mixture ratio of oxidizer 

to fuel in the test runs was in between 5.4 and 9.9 

and showed very low combustion roughness and 

high combustion efficiencies (up to 96 %). 

Due to the positive results of the activity, the next 

step is the development of higher TRL thrusters 

and propulsion systems for the N2O/C2H6 

propellant. 

Symbols and Abbreviations 

𝐴𝑜𝑟𝑖𝑓𝑖𝑐𝑒 
Orifice cross-sectional area 

[m2] 

𝐴𝑡 Nozzle throat area [m2] 

𝑐 
∗ 

Characteristic exhaust velocity 
[m/s] 

Cd 
Discharge Coefficient of 

restriction 

DLR German Aerospace Center 

𝑑𝑡 Nozzle throat diameter [m] 

diElement 
Inner diameter of test element 

[mm] 

dorifice Orifice diameter [mm] 
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ESA European Space Agency 

𝜂𝑐∗ 
c* or combustion efficiency 

(𝑐𝑒𝑥𝑝
∗ /𝑐𝑡ℎ𝑒𝑜

∗ ) 

𝜀 
Expansion ratio ( 

𝐴𝑒/𝐴𝑡) 

HyNOx 
Hydrocarbons and Nitrous 

Oxide 

Isp Specific impulse [s] 

LElemente 
Length of adiabatic 

compression test element [m] 

𝑚̇ Propellant mass flow [kg/s] 

MIST Mixing and liquefaction setup 

ROF 
Mass mixture ratio (Oxidizer to 

fuel ratio) 

𝑃𝑐𝑐 
Combustion chamber pressure 

[bar] 

PInit Initial Pressure 

ΔP 
Pressure drop across 

orifice/restriction 

P&ID 
Piping and instrumentation 

diagram 

𝜌𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑎𝑛𝑡 
Density of the propellant 

[kg/m3] 

Ton 
Flow control valve opening 

time [ms] 

Toff 
Flow control valve closing time 

[ms] 

1. INTRODUCTION 

Since the early days of spaceflight hydrazine 

(N2H4) is used as a monopropellant to power 

rockets, satellites or probes [1–3]. During the 50s 

and 60s of the 20th century a large number of 

different propellants were tested to be used as a 

monopropellant [2]. Among these propellants, 

hydrazine proved to be the best choice. N2H4 

offered a good performance, long term storability, 

handling with a very low risk of explosions and 

relatively low costs. These characteristics make 

hydrazine the commonly used monopropellant to 

the present day. Additionally, space flight and the 

operation of satellites are business areas which are 

strongly focused on reliability. Thus, the 

development and qualification of new propellants 

and suitable thrusters is time consuming and 

generates high costs. 

However, during the last decade several things 

changed. The high toxicity of hydrazine became a 

growing point of concern. In the EU the so-called 

REACH (Registration Evaluation Authorization and 

Restriction of Chemicals)-Regulation [4] came into 

effect and hydrazine was included in the list of 

substances of very high concern (SVHC). Thus it 

becomes more and more likely that the use of 

hydrazine will be limited or prohibited in future, 

even though exceptions for the space industry 

might be given [5].  

To compensate a possible prohibition of hydrazine 

several so-called green propellants are under 

development or qualification. Among these green 

alternatives to hydrazine are monopropellants as 

e.g. ADN-based propellants [6–8], H2O2 [9–12] or 

HAN based propellants [13–15] as well as 

bipropellants e.g. H2O2 and ionic liquids [16–19] or 

H2O2 and fuels [20–22].  

1.1. Mixtures of hydrocarbons with nitrous 

oxide (HyNOx) / nitrous oxide fuels blends 

(NOFBX) 

A class of low cost and high performance 

propellants are mixtures of nitrous oxide (N2O) and 

fuels, also known as nitrous oxide fuel blends [23–

25]. Those propellants are no single species 

monopropellants, but mixtures of the oxidizer (N2O) 

and one or more fuels (e.g. C2H2, C2H4 or C2H6). 

Nitrous oxide/fuel propellants are stored premixed, 

i.e. monopropellant-like in one tank. In comparison 

to a classical bipropellant system, only a single 

tank, feeding line and valve is needed. Thus, these 

propellants are sometimes called “premixed 

monopropellants”, offering a monopropellant like 

system while having a bipropellant performance (Isp 

up to. 320 s). To simplify the liquefaction of the 

propellant, the components can be cooled down 

and mixed. The high vapor pressure of the mixtures 

(approx. 50 bar at 20°C) offers a self-pressurizing 

propulsion system without any external pressure 

supply. Beside the mentioned advantages, nitrous 

oxide fuel blends provide some non-minor 

challenges: Very high combustion temperatures 

(approx. 3000 K) require an active cooling of the 

nozzle and combustion chamber. Furthermore, the 

propulsion system needs proper flashback 

arresters and newly designed ignition and injection 

systems. If a flame flashback or an unwanted 

ignition occurs, the flame could propagate into the 

propellant tank and destroy the entire spacecraft. 

The most known nitrous oxide fuel blend is NOFBX 

from Firestar/ISPS [23,24]. Furthermore, DARPA 

and Boeing worked on a nitrous oxide acetylene 

propellant mixture. During a test campaign with the 

propellant mixture called NA-7 several explosions 

occurred [26,27]. Prior to the activities described in 

this paper, during an ESA activity also mixtures 

consisting of nitrous oxide and ethanol were 

examined [25,28,29]. 

The German Aerospace Center (DLR) in 

Lampoldshausen and Stuttgart are working on 

premixed propellants consisting of dinitrogen 

monoxide/ethene and dinitrogen monoxide/ethane 

[30–33]. Up to now, the main research activities 

were the measurements of ignition delay times and 

of laminar flame velocities, as well as calculation of 

thermodynamic data and the development of the 



 

3 

reaction mechanism to describe and model the 

measurement results and to predict the combustion 

behaviour over a wide range of conditions [34,35] 

These results helped to develop suitable flame 

arresters [36,37]. Furthermore combustion tests 

were conducted to analyse the propellant 

performance and to develop experimental thrusters 

[31,32].  

1.2. Activities in ESA’s High Performance 

Propellant Development Project 

In the frame of the ESA activity “High Performance 

Propellant Development”, DLR’s research activities 

were extended to assess the miscibility, thermal 

stability and material compatibility of liquid 

N2O/C2H6 mixtures. Furthermore, the stability to 

stimuli (water hammer/adiabatic compression) of 

the propellant was assessed and vacuum as well 

as atmospheric combustion tests with the 

propellant mixture were conducted. Figure 1 shows 

the work breakdown structure of the project. The 

first work package (WP 1000) was dedicated to 

reporting and management. In the second work 

package (WP 2000) the propellant requirements, 

the development plan and a theoretical safety 

assessment of the chosen N2O/C2H6 propellant 

was conducted. In the frame of the third work 

package (WP 3000) the already existing 

liquefaction setup for N2O and C2H6 at DLR was 

modified and optimized, the thermal stability and 

material compatibility setups were built and 

prepared and the material samples were prepared. 

Then the material compatibility testing was 

conducted and the post-immersion analysis took 

place. The fourth work package (WP 4000) dealt 

with the stability to stimuli of the premixed 

N2O/C2H6 propellant. Here an adiabatic 

compression setup was built, followed by the 

corresponding adiabatic compression tests. 

Finally, the propellant miscibility and thermal 

stability was assessed. 

The fifth and final work package (WP 5000) centred 

around hot gas combustion testing with the 

premixed propellant. Here vacuum ignition tests as 

well as hot firing tests with liquid, premixed 

propellant under ambient conditions were 

performed. 

 

 

 
Figure 1: Work Breakdown Structure and Workpackages of the Project 
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2. WP 2000: Propellant and requirements 

definition  

This work package focussed on the theoretical 

assessment of the propellant’s performance as well 

as on the theoretical safety assessment. 

2.1. Propellant definition 

Figure 2 gives the theoretical Isp and the 

combustion temperature of the N2O/C2H6 

propellant depending on the mixture ratio (ROF). 

The calculations were performed with NASA CEA 

[38] for a chamber pressure of 10 bar, an 

expansion ratio of 50 and a frozen flow at the 

nozzle throat. As Figure 2 shows, for a mass 

mixture ratio (oxidizer to fuel, ROF) of 7, a 

maximum theoretical Isp of 301 s is achieved. Thus, 

the premixed liquefied N2O/C2H6 propellant 

investigated in the project was aimed to have a 

mixture ratio of approximately 7. According to 

mixture data of Refprop [39] the density of the 

propellant mixture at 39 bar, 273 K and ROF=7 is 

728 kg/m3.  

 
Figure 2: Specific impulse and combustion 
temperature (epsilon=50, 10 bar, frozen at 

throat) 

2.2. Propellant safety assessment 

Chemical and physical properties as well as safety 

of N2O and C2H6 alone, and their mixtures were 

assessed theoretically in WP 2400 to be able to 

give guidelines how to handle safely the propellant 

mixture and how to prepare safe experimental test 

environments.  

For safe storage and handling of Nitrous Oxide 

exists effectively an European standard through 

public available document of European Industrial 

Gases Association (EIGA) [40]. Also, the 

Compressed Gas Association (CGA) published 

and updated regularly at least the following 

standards for nitrous oxide: CGA G-8.1–2013, 

Standard for Nitrous Oxide Systems at Customer 

Sites; CGA G-8.2–2017, Commodity Specification 

for Nitrous Oxide; CGA G-8.3–2019 Safe Practices 

for Storage and Handling of Nitrous Oxide. 

This information should be considered in design of 

experimental test environments, e.g. through 

selection of only compatible materials, and to train 

people to safely use, handle and store nitrous oxide 

and its mixtures.  

Most relevant chemical and physical properties of 

pure substances N2O and C2H6 are known in 

contrast to mixture properties. 

For example, NIST Standard Reference Database 

[39] contains standard fluid thermodynamic and 

transport properties of single components and the 

according program REFPROP allows calculation of 

temperature and pressure depending mixture 

properties and phase change data as vapor 

pressure or the calculation of the whole phase 

diagram under the assumption that selected 

parameters of equation of state or mixture rule 

describe the mixing behaviour of the two 

components well enough.  

Some calculation results, as about vapor pressure, 

will be discussed later in comparison with 

experimental measurements and tests of WP 4000. 

2.3. TNT equivalent calculation 

To compare effects, which potential explosive 

propellant mixtures can have on its surrounding, in 

comparison to effects, which the well-known 

explosive 2,4,6-trinitrotoluene (TNT) has, the so 

called “TNT equivalent” was calculated, which is 

equating properties of an explosive to TNT. 

However, there exist to our knowledge no 

international agreed definition or norm for the term 

TNT equivalent or its calculation. As result this term 

is often misused and misinterpreted, when the 

property in question and basis for the equivalence 

is not defined or given [41,42]. 

Some use TNT equivalent to compare occurring 

blast waves during explosion or detonation of 

substances and investigate the resulting craters 

and structural response of building [41]. Other 

determine a TNT equivalent by several calculation 

procedures or more or less defined tests such as 

the sand crush test or the plate dent test [42]. But 

these experimental tests and calculations do not 

necessarily measure the same output property of 

the same sample substance. For example, the 

plate dent test is a reasonable measure of 

Chapman–Jouguet (CJ) pressure, where on the 

other hand test results of sand crush test do not 

correlate with Chapman–Jouguet pressure. These 

results correlate better with the heat energy 

released by the explosive. 

In this project the enthalpy of combustion ΔHC of a 

gaseous N2O/C2H6 mixture for a constant-volume 
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combustion was calculated and divided by enthalpy 

of combustion ΔHC of 2,4,6-trinitrotoluene as 

approximate of the TNT equivalent for gaseous 

deflagrations, as well as gaseous detonations. 

Additionally, the Chapman–Jouguet detonation 

velocity was calculated, too and compared with the 

detonation velocity of TNT. 

The calculations were performed with Gaseq 

Equilibrium Program Version 0.79 [43] for a 

gaseous N2O/C2H6 mixture of an equivalence ratio 

of 1.46 (Mass ratio of oxidizer to fuel (ROF) of 7, 

corresponding to 4.79452 mol N2O and 1 mol C2H6) 

and a starting temperature of 300 K and a pressure 

of 1 atm under adiabatic and constant volume 

conditions.  

State of the art thermodynamic properties were 

used to calculate the combustion process and the 

composition of the gaseous combustion products.  

For the calculations the following fuel rich gaseous 

combustion products were considered: nitrogen 

(N2), water ( H2O), hydrogen (H2), hydrogen atoms 

(H), hydroxyl radical (OH), oxygen atoms (O), 

carbon dioxide (CO2), carbon monoxide (CO), 

cyano radical (CN), hydrogen cyanide (HCN), 

ammonia (NH3), methane (CH4), ethene (C2H4), 

ethyne (acetylene, C2H2), methyl radical (CH3), 

formaldehyde (CH2O), formyl radical (HCO), amino 

radical (NH2), nitrene (imidogen, NH), nitrogen 

atoms (N), nitric oxide (NO), methylidyne 

(hydridocarbon, CH), carbene (CH2). Additionally, 

CJ-detonation properties were calculated with the 

same assumptions and input parameter. 

For comparison the defined energy equivalent of 

TNT given by NIST in its Guide for the Use of the 

International System of Units (SI) [44] is used. Here 

the energy equivalent of a ton of TNT as 4.184 

E+09 Joule, resulting in an energy equivalent of 

4184 kJ/kg TNT, which is equal to 1000 kcal/kg 

TNT.  

In Table 1 the calculation inputs and outputs, as 

well as the calculated TNT equivalents are shown. 

 

 

 

 

 

 

Table 1: Input parameters and calculation of TNT 

equivalent of HyNOx propellant 

Educts, 

gaseous 

4.79452 mol N2O, 1 mol C2H6  

( Φ = 1.46, ROF = 7) 

Educts 

temp. 

300 K 

 Adiabatic T & 

composition at 

constant V 

Adiabatic 

T & 

compositio

n at 

constant V 

CJ-

detonatio

n with 

rich 

products 

Educts 

pressure 

1 atm 60 atm 1 atm 

Products 

temperature 

3497 K 3979 K 3704 K 

Products 

pressure 

21 atm 1373 atm 40 atm 

Enthalpy 

Products in 

gas. state 

590.78 kcal/kg 620.83 

kcal/kg 

738.60 

kcal/kg 

Enthalpy 

Educts in 

gas. state 

307.36 kcal/kg 307.36 

kcal/kg 

307.36 

kcal/kg 

Enthalpy 

difference 

283.42 kcal/kg 313.47 

kcal/kg 

431.24 

kcal/kg 

TNT-

Equivalent  

0.28 0.31 0.43 

CJ velocity   2298.53 

m/s (Ma= 

8.386) 

Ratio CJ 

velocity to 

CJ velocity 

of TNT 

  0.33 

Free 

Energy 

Products in 

gaseous 

state  

  9025.02 

kcal/kg 

Free 

Energy 

Educts in 

gaseous 

state 

  -81.31 

kcal/kg 
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3. WP 3000: Material compatibility  

WP 3000 centred around material compatibility 

investigations with the polymers PTFE, FEP and 

Kalrez as well as with the metals Ti-6Al-4V, SS316, 

CRES 15-5PH and AA21219-T85. 

3.1. Materials and specimens 

Materials compatibility testing comprises three 

phases: pre-immersion inspection, immersion in 

the propellant, and post-immersion inspection. 

Materials employed for the material compatibility 

testing were the three polymeric materials PTFE, 

FEP and Kalrez® 1050 LF and the four metallic 

materials Ti-6Al-4V, SS316, CRES 15-5 PH in 

solution-treated condition, and AA2219-T85. O-

rings of the selected polymeric materials were used 

as test specimens (see Figure 3).  

Specimen geometry of the metallic materials was a 

bar with a length of 40 mm and a width of 5 mm for 

both the tensile tests and the immersion tests, as 

shown in Figure 4. The thicknesses of the 

specimens were 2 mm for SS316 and CRES 15-5 

and 3 mm for Ti-6Al-4V and AA2219. 

   
Before 

immersion 
Before 

immersion 
Before 

immersion 

   
After 

immersion 
(a) PTFE 

After 
immersion 
(b) Kalrez® 

After 
immersion 

(c) FEP 
Figure 3 O-ring specimens of polymeric 

materials 
 

  
(a) Ti-6V-4Al (b) SS316 

  
(c) CRES 15-5 (d) AA2219 

Figure 4 Test specimens of metallic materials 
after immersion 

3.2. Immersion tests 

The immersion tests were conducted with a 

dedicated test setup also used for the thermal 

stability tests. Every tested material was placed in 

its own sample container in which the specimens 

of one material were immersed together. The 

sample container could be filled via a pneumatically 

operated ball valve. The sample containers were 

equipped with a thermocouple and a pressure 

transducer to measure the internal temperature 

and pressure. To accelerate aging of the propellant 

and the metallic samples, the immersion test was 

conducted at an elevated temperature of 70°C for 

about 48h. At this temperature the propellant is in 

supercritical condition. In case of the polymer 

materials, it was decided to immerse them in the 

liquid propellant. Therefore, the temperature was 

set to 30°C and the test duration was 14 days. The 

specimens were immersed to liquid HyNOx at a 

ROF around 7 ± 2. In every test run, a container 

without a material sample was also filled with 

propellant and exposed to the same conditions as 

the filled container with the sample to serve as a 

reference case. The success criteria for the 

immersion tests were based on changes of the 

propellant composition. Before and after the 

immersion tests the propellant was sampled and 

the ROF and trace gases were determined by 

means of gas chromatography. The trace gases of 

interest were nitrogen and carbon dioxide, which 

could occur when the HyNOx propellant 

decomposes or reacts. The success criteria in 

terms of propellant decomposition is based on a 

maximum decomposition rate of 1 wt% per year for 

a certain surface (of the specimens) to volume (of 

the propellant) ratio. For metals a ratio of 1 cm-1 is 

assumed, for polymers 0.1 cm-1. The maximum 

acceptable decomposition rate is adapted to the 

shorter test duration at an elevated temperature. 

The fraction of propellant that is allowed to 

decompose complies with the ratio of the actual 

test duration and one year. In addition, for every 

additional 10 °C above the worst-case maximum 

storage temperature of 30°C an acceleration of the 

decomposition by a factor of 2 is considered. This 

leads to an acceleration factor of 16 in case of the 

tests with the metallic specimens at 70°C. 

Consequently, during the material compatibility test 

with the metallic specimens a fraction of the 

propellant of 0.08 wt% is allowed to decompose. In 

case of the polymers a decomposition up to 0.17 

wt% of the propellant would be acceptable. The 

acceptable decomposition rate of the polymers 

also includes a correction factor because of the 

different surface to volume ratio between the 

assumption and the actual configuration of our 

tests.  

Temperature and pressure were monitored during 

the test duration, but no change related to a 

possible decomposition of propellant were 

detected. Further, the gas chromatography 
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analysis did not detect an increase of the trace 

gases above the allowed margins. Therefore, it is 

concluded that the propellant composition did not 

change due to the contact with the structure of the 

materials. 

3.3. Pre- and post-immersion inspection 

Test procedures 

To investigate the compatibility of the propellant 

with the selected materials, tensile tests were 

conducted on the polymeric and the metallic 

specimens before and after the immersion tests, 

respectively. Tensile tests of polymeric materials 

were performed on the O-rings under displacement 

control with a displacement rate of 500 mm/min, 

and tensile strength, elongation at break, and the 

stress at 100% elongation were evaluated. Five as-

received and five immersed O-rings were tested. 

For the metallic materials, displacement controlled 

tensile tests were carried out on four specimens 

each in as-received and immersed conditions with 

a displacement rate of 1 mm/min. Strain was 

measured by a laser extensometer with a gage 

length L0 of 8 mm. Tensile strength and 0.2% yield 

strength were evaluated. Due to the specimen 

geometry without a reduced area, final fracture can 

occur outside the gage length. Elongation at break 

was evaluated only when the final fracture occurred 

within the gage length.  

Test results 

All FEP O-rings were damaged during the 

immersion test, while PTFE and Kalrez® O-rings 

kept their shape after the immersion test, as shown 

in Figure 3. Therefore, tensile tests were carried 

out only on PTFE and Kalrez® O-rings.  

The tensile test results are shown in Figure 5 and 

Figure 6. In the diagrams, the error bars indicate 

the standard deviation. The tensile strength of 

PTFE O-rings hardly changed, but the value of the 

stress at 100% elongation were slightly reduced, 

and the elongation at break was increased 

significantly by ca. 31%. For Kalrez® O-rings, the 

tensile strength and the value of the stress at 100% 

elongation was significantly reduced after 

immersion. The elongation at break of the 

immersed Kalrez® O-rings was increased by ca. 

13%. As a conclusion of the tensile tests, it is 

obvious that FEP is not compatible to the 

 
Figure 5: PTFE Tensile test results 

 
Figure 6: Kalrez® tensile test results 

 
Figure 7: Tensile tests Ti-6Al-4V 

 
Figure 8: Tensile test SS316 

 
Figure 9: Tensile test Cres 15-5 

 
Figure 10: Tensile test AA2219 

Tensile strength Stress at 100% ε
Elongation

 at break

0

5

10

15

20

25

30
 Pre-immersion

 Post-immersion

S
tr

e
s
s
 (

N
/m

m
2
)

PTFE

0

50

100

150

200

250

300

350

E
lo

n
g
a

ti
o

n
 (

%
)

Tensile strength Stress at 100% ε
Elongation

 at break

0

5

10

15

20
 Pre-immersion

 Post-immersion

S
tr

e
s
s
 (

N
/m

m
2
)

Kalrez

0

50

100

150

200

250

300

E
lo

n
g
a

ti
o

n
 (

%
)

Tensile strength 0.2% yield stress
Elongation

 at break

0

200

400

600

800

1000

1200
 Pre-immersion

 Post-immersion

S
tr

e
s
s
 (

M
P

a
)

Ti-6Al-4V

0

10

20

30

40

50

60

70

80

90

100

E
lo

n
g
a

ti
o

n
 (

%
)

Tensile strength 0.2% yield stress
Elongation

 at break

0

200

400

600

800

1000
 Pre-immersion

 Post-immersion

S
tr

e
s
s
 (

M
P

a
)

SS316

0

10

20

30

40

50

60

70

80

90

100

E
lo

n
g
a

ti
o

n
 (

%
)

Tensile strength 0.2% yield stress
Elongation

 at break

0

200

400

600

800

1000

1200  Pre-immersion

 Post-immersion

S
tr

e
s
s
 (

M
P

a
)

N/A

Cres 15-5

0

10

20

30

40

50

60

70

80

90

100
E

lo
n

g
a

ti
o

n
 (

%
)

Tensile strength 0.2% yield stress
Elongation

 at break

0

200

400

600
 Pre-immersion

 Post-immersion

S
tr

e
s
s
 (

M
P

a
)

N/A

AA2219

0

10

20

30

40

50

60

70

80

90

100

E
lo

n
g
a

ti
o

n
 (

%
)



 

8 

propellant, and PTFE and Kalrez® are affected in 

terms of their mechanical properties by being in 

contact with the propellant, although their O-ring 

shapes were not changed due to the immersion in 

the propellant. The tensile test results of the 

metallic materials are shown in Figure 7, Figure 8, 

Figure 9 and Figure 10. 

The specimens of Cres 15-5 and AA2219 fractured 

outside of the gage length, and their elongations at 

break could not be evaluated. As displayed in 

Figure 7 to Figure 10, the measured mechanical 

properties of the post-immersion samples were not 

changed compared to those of the pre-immersion 

samples. Therefore, it can be concluded that 

immersion in the propellant has no significant 

influence on tensile strength, yield stress, and 

elongation of the selected metallic materials. 

4. WP 4000: Stability to stimuli 

The fourth work package focussed on the 

propellant’s sensitivity to external stimuli. Here 

adiabatic compression tests, miscibility 

investigations and thermal stability test were 

conducted.  

4.1. Adiabatic compression test setup 

In the frame of the safety assessment, the 

behaviour of the liquid premixed propellant in 

regard to priming and adiabatic compression was 

investigated. Furthermore, commissioning and 

reference tests with water and N2O were 

conducted. To conduct the investigations a 

dedicated setup was designed. The setup consists 

of a test element, a dosing tank, ball valves, 

connections to the pressurization or vacuum pump 

and several pressure and temperature sensors. 

Figure 11  shows a picture of the setup and gives 

the corresponding piping diagram with the specific 

elements. The test element (red rectangle) is 

closed on one side and connected to a ball valve 

(blue rectangle) on the other side. Two different 

test elements with a length of 0.75 m and an inner 

diameter of 4 or 11 mm were used. A dynamic 

pressure transducer (model 113B23 by PCB 

piezotronics) with a measurement range up to 690 

bar is located at the closed end. The pneumatic 

operated ball valve is supplied with helium and a 

small puffer tank was installed close to the valve 

(marked in green) to allow short opening/closing 

times. Hence, the valve acts as a fast opening 

valve (FOV) with a minimum opening time of 12 

ms. On the left side (see Figure 11), the valve is 

connected to the dosing tank highlighted by the 

orange rectangle, which contains the liquid to be 

tested. The dosing tank can be closed from two 

sides and be pressurized with helium or nitrogen. 

The connection to the vacuum system is only partly 

visible in Figure 11, as the valve is located in 

between the orange and blue rectangle. In certain 

test configurations a needle valve was mounted 

shortly upstream of the FOV. The needle valve 

served as an orifice, to restrict the maximum 

pressure peak. The restriction was intended to 

protect the setup and measurement equipment 

from destruction due to the high resulting pressure 

peaks during the commissioning tests. The most 

critical condition regarding the priming/adiabatic 

compression is when the needle valve was 

removed. In this case the orifice diameter was 4 

mm (see Table 2) 

For an experimental run, the test element was 

evacuated. By using the dosing tank, the amount 

of liquid to be tested is dosed and pressurized to 

the desired supply pressure. Then the liquid is 

transferred to the FOV. When the FOV is opened, 

the resulting pressure peak is recorded by the 

dynamic pressure sensor (Pdyn) at the end of the 

test element. The data acquisition rate of the 

dynamic pressure was 100 kHz. 

Table 2 shows the test matrix of the conducted 

adiabatic compression tests. As inert fluids water 

and nitrous oxide were tested. The test element 

diameters were varied as well as the orifice 

diameters. In case of the water tests, the initial 

pressure was increased in several steps until 

similar supply pressures as in the N2O and HyNOx 

experiments were present. In case of the N2O and 

HyNOx the initial pressure was chosen 10 bar 

above the N2O vapour pressure at the given 

ambient temperature.
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Figure 11: Test setup picture (left and bottom) and corresponding piping and instrumentation diagram 
(upper right) 

4.2. Adiabatic compression test results 

Table 2: Test matrix adiabatic compression test 

Liquid Lelement 
[m] 

dielement 
[mm] 

dorifice 

[mm] 
PInit 

[bar] 

H2O 0.75  4 / 11 1.5  – 4  3 - 60 

N2O 0.75  4 / 11 1.5  – 4  50 - 
60 

HyNOx 
(ROF 
~7) 

0.75  4 / 11  0.5 -  
4  

50 - 
60  

Initial tests with water were compared to similar 

investigation available in literature [45,46]. With the 

4 mm test element a demonstration of the water 

hammer effect was achieved (see red curve in 

Figure 12). Here, water was pressurized with 20 

bar and rushed into the evacuated test element. 

Further tests with HyNOx show a different 

behaviour, which can be seen as blue line in Figure 

12. At ambient temperatures the HyNOx propellant 

has a much higher vapor pressure than water. As 

a result, the pressure peaks observed with water 

do not occur due to HyNOx’ instant evaporation 

when the FOV is opened. The pressure peaks are 

damped by the evaporating liquid and this leads to 

a pressure gradient instead of a sharp pressure 

peak. All priming experiments conducted with the 

liquefied N2O/C2H6 propellant and different orifice 

diameters did not produce any pressure peaks. 

Moreover, no self-ignition or evidence of a 

decomposition of the propellant was observed. 

Therefore, HyNOx is regarded safe in terms of 

adiabatic compression of the priming operations 

regarding the presented boundary conditions. 

However, other critical conditions leading to 

adiabatic compression such as the fast closure of 

a valve have not been investigated and the 

behaviour of the propellant under these conditions 

is unknown. 

 
Figure 12 Priming test with water and HyNOx 

4.3. Miscibility test setup 

To produce the liquid N2O/C2H6 propellant, a 

specific setup was built and continuously 

optimized. The setup consists of a N2O and C2H6 

gas supply system, fridges to condense N2O and 

C2H6, a nitrogen or helium supply, transparent 

metering tubes to adjust the mixture ratio of the 

resulting propellant, several temperature and 

pressure sensors and gas sampling ports. The 
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piping and instrumentation diagram of the setup is 

shown in Figure 13.  

The numbers in Figure 13 correspond to specific 

step during the propellant preparation procedure. 

The propellant mixing procedure and the different 

parts of the mixing setup are described as follows: 

1. Evacuation of the whole setup via vacuum 

pump. Filling of the tanks inside the fridge with 

gaseous N2O and C2H6. Due to the 

temperature gradient (ambient temperatures to 

fridge temperatures) a liquefaction of the two 

gases takes places. 

2. After approximately 60 minutes a transparent 

polycarbonate tube is filled with N2O from the 

cooled tank in the fridge. The polycarbonate-

tube is used to pre-dose the N2O and to adjust 

the later mixture ratio. 

3. Adjustment of the liquid N2O filling level by 

using the venting valve VabN2O. 

4. Filling of the polycarbonate-tube to pre-dose 

the C2H6 according to the wanted mixture ratio. 

5. Adjust the liquid C2H6 filling level with the 

venting valve VabC2H6. 

6. Waiting for the end of boiling of N2O and C2H6 

inside the tubes (approx. 5 min). Noting 

temperature, pressure and filling level of N2O 

and C2H6. Calculation of the mixture ratio  

(ROF) via Refprop [39] with the precise data for 

pressure, temperature and thus density for the 

liquid and gaseous filling level of the tubes.  

7. Mixing of the two fluids via opening of valve 

VMix, opening of the connecting gas bridge 

(VGas-Mix). 

8. Waiting for the end of boiling in both connected 

tubes. 

9. Pressurization of the propellant mixture with 

approximately 60 bar N2; Waiting period of 30 

min to allow condensation of gaseous N2O and 

C2H6. 

10. Transfer of the complete propellant mixture to 

the tank in the tank section. 

11. After waiting additional 30 min, filling of the 3 

ml tube section in between VZuend and VEnt with 

liquid propellant. 

12. Closing of VZuend and opening of Vent to take a 

sample of the liquid propellant. Due to the 

volume change the propellant evaporates into 

sample container. 

13. Venting of gas sample container to 1 bar due 

to safety reasons, removing gas sample 

container. Connecting new evacuated gas 

sample container. 

14. Gas chromatography of the samples to 

analyse the mixture ratio (ROF) and compare 

it to the calculated values.  

15. Repetition of step 11 till 14 to take several 

samples of the propellant.
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Figure 13: Piping and instrumentation diagram of propellant mixing and sampling setup 

4.4. Miscibility test results 

The mixing and liquefaction setup (MIST) was used 

to produce all needed propellant mixtures for the 

different test activities (adiabatic compression, 

material compatibility, thermal stability and hot 

firing). The setup was built and first propellant 

mixtures were produced. Based on results of the 

gas samples and the setup’s behaviour, several 

modifications and improvements took place. 

During this iterative building, testing, sampling, 

improving cycle of the setup in sum 28 different 

N2O/C2H6 mixtures were produced. The mixing 

setup was modified 8 times, up to the point where 

thy HyNOx composition was reproducible and 

predictable. The final version of the setup is shown 

in Figure 13 and made a reproducible production of 

the propellant at the desired mixture ratio possible. 

To assess the propellant composition, the setup 

allowed sampling of liquid and gaseous propellant 

at different positions. Overall 53 propellant samples 

were analysed via gas chromatography (gas 

chromatograph Clarus 580 Perkin Elmer) at DLR’s 
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chemical propellant technology department. The 

global propellant mass mixture ratios (ROF) after 

mixing the propellant lay in between 1.5 and 8.3. 

During all tests no phase separation of the liquified, 

mixed gases was visible. Via N2 pressurization with 

more than 10 bar above N2O vapor pressure at the 

current temperature, nearly all gaseous N2O and 

C2H6 condensates. This condensation process was 

confirmed by gas sampling of the gas phase. 

These gas samples showed that - depending on 

the elapsed time allowing condensation - in 

between 77% and 98% of the gas phase consisted 

of N2.  

The liquid propellant samples taken one after each 

other (with N2 pressurization) from the 3 ml mixing 

volume (see Figure 13) showed no mixture ratio 

shift in between each sample. Furthermore, the 

mixture ratio (ROF) of the liquid propellant stayed 

constant at ROF=6.7 for at least 68 h when 3 

samples were taken after 1 h, 2 h and 68 h. As 

result of this investigation, it is assumed that a 

stable solution of N2O and C2H6 is formed.  

In addition, the vapor pressure of the propellant 

mixture in the tubes after mixing is slightly higher 

than the vapor pressure of pure N2O (N2O has a 

higher vapor pressure than C2H6). This additionally 

indicates that the liquids form a stable solution. 

Figure 14 shows two different propellant mixtures, 

one in the transparent tubes of the mixing setup 

and the second in the thermal stability test setup. 

Table 3 shows an overview of the produced and 

analysed propellant mixtures during the iterative 

improvement process of the setup. Initially the 

setup allowed only gaseous sampling, while later 

on the propellant could be sampled directly from 

the liquid phase in the mixing tank (see Figure 13). 

To analyse if a mixture ratio shift during the 

sampling process occurs, always more than one 

sample was analysed. 

Table 3: Produced and analysed propellant 

mixtures 

Mixture 
No. 

Number of gas 
samples 
analysed 

Number of 
liquid samples 
analysed 

3 6 0 

4 6 0 

5 4 3 

6 4 3 

7 2 6 

8 2 6 

9 0 0 

10 0 5 

11 0 6 

 ∑=24 ∑=29 

 
Figure 14: Liquid propellant in mixing setup (left) 
and liquid propellant in test tube of thermal 
stability setup to determine vapor pressure 
(right) 

4.5.  Thermal stability test setup 

Initial tests were conducted to investigate the 

thermal stability of the HyNOx propellant. The test 

series is geared to the test 3(c) in the UN 

“recommendations on the transport of dangerous 

goods” [47]. This test is “used to measure the 

stability of the substance when subjected to 

elevated thermal conditions to determine if the 

substance is too dangerous to transport.” In the 

original test, 50 g of the substance of interest is 

placed inside a lipless beaker and closed with a 

stopper. A known inert reference is placed in a 

similar second container. Thermocouples are 

placed inside the sample and reference container, 

as well as on the outside. Both containers are 

placed in an electric oven and heated up to 75 °C 

for 48 hours. Then the temperature is recorded. 

The test considered as failed if an ignition or 

explosion occurs or if a temperature difference (i.e. 

self-heating) of 3 °C or greater is recorded. The 

thermal stability test is suitable for liquid or solid 

samples but needed to be adapted to HyNOx as 

the N2O/C2H6 propellant is a liquefied gas under 

pressure. The tests were performed with HyNOx at 

a ratio of oxidizer to fuel (ROF) of around 7. Test 

temperature and duration were similar to the 

original UN test 3(c). At these conditions our 

propellant is expected to be supercritical. Pure 

ethane and pure nitrous oxide were taken as 

reference materials.  

The thermal stability set up consisted of two 

containers: one for the propellant (test tube) and 

one for the reference. In Figure 15 the piping and 

instrumentation diagram (P&ID) of the thermal 

stability setup is shown. Both containers were 

equipped with a thermocouple type K, a 200 bar 



 

13 

STS TM pressure transducer and a pressure 

relieve valve for safety reasons. The sample 

containers were placed inside a water bath and the 

water bath can be set to a certain temperature 

using a thermostat. The containers could be filled 

via ball valve, while the overall inner volume of the 

containers is 18.4 ml. For the tests a HyNOx 

mixture with an ROF close to 7 was produced with 

the MIST setup. 10 ml of HyNOx were dosed into 

the test container using helium as pressurization 

medium. The tests were conducted for 45 h at an 

elevated temperature of 75 °C. During the tests 

pressure and temperature inside the containers 

were monitored. Further the propellant composition 

was analysed before and after the test using gas 

chromatography.  

 

Figure 15 P&ID diagram thermal stability setup 
The success criteria in terms of the propellant 

composition was defined on a maximum 

acceptable decomposition rate of 1 wt% per year 

at normal ambient temperature. Further, it was 

assumed that the elevated temperature 

accelerates the aging of the propellant by a factor 

of two for every additional 10°C. Starting from a 

worst-case temperature of 30°C, the aging in the 

thermal stability test is accelerated by the factor of 

22.6. Hence, in our test conditions the propellant 

would declared failed if more than 0.12 wt% 

decompose.  

4.6. Thermal stability test results and vapor 

pressure 

Figure 16 shows the recorded pressure data 

plotted over the corresponding temperature inside 

the container filled with HyNOx. The red curve 

indicates the heating process, the black curve 

indicates the measurement data during the time at 

the elevated temperature and the blue curve 

corresponds to the cooling at the end of the test 

run. During the heating, the propellant’s pressure 

increases from 63 bar at ambient temperature up 

to 135 bar at 75°C. It can be assumed that the 

whole sample container is exposed to the water in 

the bath during the heating process, which results 

in an evenly distributed, slowly rising temperature 

in the container. As Figure 16 shows, at the 

elevated temperature level, the pressure is slowly 

decreasing. This is related to a small leak of the 

setup and also a decreasing water level in the 

water bath. The water bath was refilled several 

times during the test and thus the pressure loss 

was partly recovered. At the end of the test the 

water bath was emptied and the sample container 

cooled down. It must be mentioned, that with this 

cooling procedure the temperature decreases 

faster compared to the heating period and it cannot 

be assumed the container has the same 

temperature at every position. This explains, why 

the pressure at the low temperature is higher than 

the initial pressure during the heating. 

During the tests, no explosion or increase in 

temperature and pressure of the propellant or the 

reference substances were observed. Also, the 

composition of the propellant did not change more 

than the acceptable margins. Therefore, HyNOx 

passed the thermal stability test.  

In addition, by using the described setup (Figure 

15), the vapor pressure at different temperatures 

was determined. To conduct the vapor pressure 

determination, a certain amount of HyNOx was 

filled into the test tube. For these tests, the 

N2O/C2H6 propellant was not externally 

pressurized to achieve an equilibrium between the 

gas and liquid phase. The filling process and 

existence of both liquid and gaseous phases was 

confirmed using a transparent tube (see Figure 14 

right picture). Unfortunately, this tube could not be 

used for tests at elevated temperature, because 

the transparent polycarbonate tube was not able to 

withstand the pressure at the elevated 

temperatures. So, for the presented tests regarding 

the vapor pressure determination, a stainless-steel 

tube was used and immersed into the water bath to 

set to a certain temperature. The filling process 

was conducted simultaneously to the pre-test with 

the transparent tube.  
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In Figure 17 the determined vapor pressured for 

HyNOx at an ROF of 7.2 between 9°C and 42 °C 

are shown (green circles). The experimental data 

of Corvaro et al. [48] at lower temperatures and 

ROF=7 are drawn as red squares. The red 

triangles mark the data of Corvaro et al. for the 

conditions where all their liquid mixture was 

evaporated (in their paper indicated as 

“superheated vapor”). A power law fit for our 

experimental measurements and the liquid/gas 

experimental data of Corvaro is indicted as green, 

dotted line. Furthermore, the vapor pressure of a 

N2O/C2H6 mixture at ROF=7 calculated via Refprop 

[39] is shown (yellow dotted line). Refprop uses a 

mixture model according to Kunz and Wagner [49].  

Both, the calculated vapor pressure via Refprop 

(yellow dotted line) and the Power law fit of the 

experimental data (green, dotted line) agree quite 

well, with maximum deviations of 4 bar at 265 K.  

 

 
Figure 16: Temperature-pressure diagram 
during heating of HyNOx-propellant 

 

These deviations could be caused by different test 

setups, the fitting process and slightly different 

ROF values. Moreover, the resulting vapor 

pressure is higher than the individual vapor 

pressure of the pure fluids at certain temperatures. 

This means, the actual vapor pressure of HyNOx 

has a positive deviation from the vapor pressures 

calculated according to Raoult’s law [50].

 
Figure 17: Vapor Pressure of N2O, C2H6 and the propellant mixture at ROF=7.2 compared to literature data 
of N2O/C2H6 mixtures at ROF=7 [48] and NIST/REFPROP [39] calculations with ROF=7 
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5. Thruster Testing 

This section describes the combustion tests with 

the premixed HyNOX propellant by using a 

research thruster. The experiments were 

conducted under vacuum and atmospheric 

conditions at different test benches of DLR’s M11 

test facility [51,52]. Figure 18 shows the used 

research thruster with the main parts and the 

instrumentation. The thruster’s design point is 22 N 

at a mass flow of 7.5 g/s and a mixture ratio (ROF) 

of 7.  

As shown in Figure 18, the propellant feeding line 

is connected to a porous injector which also acts as 

a flame barrier [36,37,53]. Via two thermocouples 

the propellant inlet temperature is monitored. 

Furthermore, the combustion chamber is equipped 

with thermocouples at different axial positions and 

a pressure sensor. Combustion of the propellant is 

initiated via automotive glow plug. At the end of the 

combustor a nozzle section for atmospheric tests is 

mounted. In addition, the thruster comprises a 

regenerative cooling system which was 

disconnected for the vacuum and hot fire tests 

during the described activities.  

5.1. Vacuum ignition test setup 

Figure 19 show the simplified piping and 

instrumentation diagram (P&ID) of the vacuum test 

setup. Gaseous nitrous oxide, ethane and nitrogen 

were fed from the test bench’s supply system. The 

mass flow and mixture ratio of N2O and C2H6 was 

set by pressure regulators and control valves in the 

feeding lines of the test bench. The mass flow 

measurement was performed by two Coriolis mass 

flow meters in the corresponding feeding lines. 

Approximately 0.3 m upstream the injector both 

gases were mixed in a tube cross section. So, in 

this setup the gaseous propellant was premixed 

just upstream the injection system. Via nitrogen 

supply the feeding lines and thruster could be 

purged before and after the test runs. In parallel to 

the mass flow measurement (MF-N2O, MF-C2H6), 

the propellant feeding pressure (P-PROP-IN) and 

temperature (T-PROP-IN) as well as the 

temperatures of the propellant at the injector head 

(T-INJ-01, T-INJ-02) were measured. As shown in 

Figure 18, the chamber pressure and temperatures 

were recorded as well. The thruster setup was 

mounted inside the vacuum test bench M11.2 [52]. 

Before each ignition test, the chamber was 

evacuated via vacuum pumps to reach a pressure 

below 10 mbar. The test sequence started with a 

10 s preheating of the glow plug, then the N2O and 

C2H6 main valves were opened and kept open for 

6 s. In parallel to the data acquisition, two video 

cameras were used to monitor the thruster 

operation (see Figure 22) through windows of the 

vacuum chamber. 

 

 
Figure 18: Research thruster with 
instrumentation 
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Figure 19: Simplified P&ID of the used test setup for vacuum tests 

5.2. Vacuum ignition test results 

Overall 33 successful ignition tests of the premixed 

gaseous HyNOx propellant under vacuum 

conditions were performed. During the tests the 

mass flow was varied in between 4.5 g/s and 9.2 

g/s, with mixture ratios (ROF) in between 4 and 15. 

Figure 20 shows typical test data, in the upper 

diagram the propellant inlet pressure (red) and the 

chamber pressure (blue) is shown. The rise time to 

90% of the chamber pressure was up to 700 ms 

due to the length of the tubing in between the valve 

and the thruster (approx. 2 m). Ignition took place 

when a chamber pressure in between 1.4 and 1.8 

bar was reached.  

The lower diagram in Figure 20 shows the ambient 

pressure inside the vacuum chamber during the 

test run. In this case the pressure at ignition was 3 

mbar. 

Figure 21 shows successful (red squares) and 

unsuccessful (blue squares) vacuum ignitions 

depending on mixture ratio and mass flow. The 

propellant shows a good ignitability in a wide range 

of mass flows and mixture ratios. The lower limit for 

ignition regarding the mixture ratio was 4, while 

below a mixture ratio of 5 the thruster showed a 

strong combustion roughness and, in some cases, 

a flame out. 

 

 
Figure 20: Feeding pressure and chamber 
pressure (top) and ambient pressure inside the 
vacuum chamber (bottom) 

Thus, for a stable thruster operation it is 

recommended to stay above ROF=5. To assure a 

proper ignition, the mass flow of the unburnt gas 

should be selected such that the needed 1.4 bar 

chamber pressure is achieved. In our case that 

resulted in a minimum mass flow of approximately 

4.5 g/s.  
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Figure 21: Successful and unsuccessful vacuum 
ignitions depending on mass flow and mixture 
ratio 

An image of the thruster operating under vacuum 

conditions is given in Figure 22. As the thruster’s 

nozzle was designed for atmospheric operation, 

the strong expansion of the exhaust downstream 

the nozzle can clearly be seen. 

 
Figure 22: Thruster during firing in vacuum 
chamber 

5.3. Atmospheric hot firing test setup 

Subsequent to the vacuum ignition tests, 

atmospheric tests were conducted. The 

atmospheric hot firings were performed with 

premixed propellant fed from one single tank. By 

using one tank, a typical monopropellant 

propulsion system should be simulated and steady 

state firings as well as pulse mode firings in blow 

down operation were conducted. The piping and 

instrumentation diagram of the hot firing setup is 

shown in Figure 23. Prior to fuelling, the setup was 

evacuated up to V_FCV. Following the evacuation, 

the 150 ml propellant run tank was fuelled by the 

mixing setup (see Figure 13) using V_Fill. For each 

test series 100-150 ml of liquid propellant with 

different mixture ratios (see Table 3) were 

produced. The propellant condition was monitored 

via temperature and pressure sensors (TTank and 

PTank). During the hot runs the thruster was fed with 

propellant vapor taken from the upper part of the 

run tank (see Figure 23). The mass flow into the 

thruster was calculated by the measurement of the 

pressure drop across a calibrated orifice (Ppre orifice, 

Ppost orifice). To derive the propellant density, the 

temperature of the propellant upstream the orifice 

(Torifice) was measured as well. Furthermore, the 

thruster feeding pressure (Pfeed), the injection 

temperature (Tinject), the thruster wall temperature 

(Tcc) and the chamber pressure (Pcc) were 

recorded. A connection to the test bench’s nitrogen 

supply allowed purging of the thruster prior and 

after each test run. The thruster was operated in 

blow down mode from the run tank. Steady state 

firings and pulse mode firings with different pulse 

lengths were performed (see Table 4). To assure a 

proper ignition, the glow plug was activated 10 s in 

advance to opening the FCV. During most of the 

steady state operations, the glow plug was 

deactivated 1 s after opening of the FCV and 

ignition of the propellant. For the pulse mode tests, 

the glow plug was kept activated during the whole 

test sequence. 
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Figure 23: P&ID of hot firing test setup 

5.4. Hot firing test results: steady state and 

pulse mode 

Table 4 gives an overview of the conducted tests 

with the ton and toff times, the number of pulses, the 

initial liquid ROF of the propellant and the number 

of test firings. In sum 40 pulse mode and steady 

state firings were performed while the mixture ratio 

of liquid propellant was in between 5.4 and 9.9. 

Table 4: Overview of conducted hot firing tests 

under atmospheric conditions 

ton 
[ms] 

toff 
[ms] 

Pulses 
Initial 
Liquid 
ROF 

No. of 
Tests 

1.000 0 1 7.1 1 

5.000 0 1 7.1 3 

20.000 0 1 7.4 1 

10.000 0 1 7.4 5 

1.000 1.000 10/1 7.3 2 

100 900 10 7.3 1 

500 500 10 7.3 1 

750 250 10 7.3 1 

500 500 10 7.5 2 

250 750 10 7.5 2 

100 900 10 7.5 2 

50 950 10 7.5 1 

20.000 0 1 7.5 1 

10.000 0 1 7.5 1 

10.000 0 1 6.5 4 

10.000 0 1 9.9 4 

10.000 0 1 5.4 4 

10.000 0 1 7.7 1 

10.000 0 1 6.8 1 

500 500 10 6.8 1 

250 750 10 6.8 1 

    ∑ 40 
tests 

 

Figure 24 shows the pressure at the tank, the 

feeding line and inside the combustor during a 

typical 10 s steady state hot firing in blow down 

mode. Due to the small run tank (150 ml), the 

resulting low amount of propellant and the cooling 

of the run tank caused by evaporation of the 
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propellant, a significant pressure decay is visible 

during the run time. Figure 24 shows the first test 

with a fully fuelled propellant tank, here the over-

pressurization with He and the propellants’ 

evaporation delay is visible [54–56]. The 

evaporation delay describes a phenomenon where 

the propellant initially starts to boil at the liquid 

surface only. If now larger quantities of propellant 

are drained and a further pressure drop above the 

liquid surface occurs, the whole liquid propellant 

volume starts boiling. The intensified boiling 

process results in a slower pressure drop inside the 

observed volume. 

 
Figure 24: Pressure data during 10 s blow down 
operation of thruster (liquid propellant ROF=6.8) 

As Figure 24 also shows, during the combustion 

process no strong peaks or oscillations in the 

chamber pressure are visible. This is caused by the 

gaseous, premixed state of the propellant mixture 

as no oscillations are caused by evaporation or 

mixing processes. The analysis of the chamber 

pressure shows a combustion roughness lower 

than 2%.  

Figure 25 shows the corresponding mass flow to 

the pressure data shown in Figure 24. The mass 

flow is calculated via equation (1) and the density 

for the corresponding temperature and pressure is 

obtained via Refprop database [39]. If now the 

propellant is still pressurized with N2 or He above 

the current vapor pressure, Refprop calculates the 

density values for the liquid propellant as it is 

assumed that under the higher pressures a liquid 

mixture flows through the orifice. In reality, of 

course, initially only N2 or He with probably some 

droplets of propellant mixture pass the orifice. 

Thus, initially the mass flow values in Figure 25 

show a peak and most likely the shown mass flow 

during the first 1-2 seconds is not correct.  

𝑚̇ = 𝐶𝑑 ∙ 𝐴𝑂𝑟𝑖𝑓𝑖𝑐𝑒 ∙ √2𝜌𝑝𝑟𝑜𝑝𝑒𝑙𝑙𝑎𝑛𝑡 ∙ ∆𝑝 (1) 

Figure 26 gives the calculated c* values for the test 

run shown in Figure 25 and Figure 24, c* was 

calculated according to equation (2): 

𝑐∗ =  
𝑃𝑐𝑐 ∙ 𝐴𝑡

𝑚̇
 (2) 

Due to the faulty calculation of the mass flow during 

the first two seconds of the hot run, the initial c* 

shows large fluctuations (see Figure 26). Thus, the 

average c* was evaluated in between t=2 s to t=10 

s as marked in Figure 26. The average c* and ηc* 

values for the conducted test runs with different 

mixture ratios can be found in Table 6.  

 
Figure 25: Propellant mass flow during 10 s blow 
down operation (liquid propellant ROF=6.8) 

The average c* for the test shown in Figure 26 is 

1578 m/s which results in a combustion efficiency 

ηc*of 95.6 %.  

Figure 29 shows a picture of the thruster during a 

10s hot firing.  

 

 
Figure 26: c* evaluation during 10 s blow down 
test (liquid propellant ROF=6.8) 

In addition to the steady state firings, the thruster 

was operated in pulse mode. The different pulse 

lengths and ton/toff times are also shown in Table 4. 

Due to the used FCV, which was a slow-moving 

ball valve pressurized with nitrogen, ton times below 

250 ms resulted in no propellant mass flow. Thus, 

the shortest pulse mode with thruster operation 

was ton=250 ms, toff=750 ms.  

In addition, the feeding line length in between the 

FCV and the thruster was approximately 0.6 m. So, 

depending on the propellant mass flow and density, 
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40-200 ms passed until the propellant entered the 

thruster.  

 
Figure 27: Pressure data during pulse mode 
operation, ton=0.5 s toff=0.5s, 10 pulses (liquid 
ROF=6.8) 

Figure 27 shows the tank, feeding and chamber 

pressure during 500 ms ton/500 ms toff 1Hz pulse 

mode operation. The tank, feeding and chamber 

pressure show decreasing values as the pulse 

mode test were also conducted in blow down mode 

from the self-pressurizing tank. As the tank 

temperature drops and the liquid propellant volume 

reduces, the pressure in the tank also decreases. 

Due to the mentioned limitations of the setup (FCV 

inertia and line length), the rise time to 90% of the 

chamber pressure is approximately 200 ms. Figure 

28 shows the corresponding mass flow for the 

shown pulse mode test. As the mass flow indicates, 

due to the setup volume and the valve inertia, the 

mass flow in between two valve openings does not 

drop to zero. Nevertheless, these first test show 

that the thruster can be operated with the HyNOx 

propellant in pulse mode.  

The steady state and pulse mode operation 

resulted in a maximum temperature increase of 

90°C at the chamber walls. As in between the test 

runs the thruster was cooled via nitrogen purge, 

maximum wall temperatures of 150°C were not 

exceeded. 

 

Figure 28: Pressure data during pulse mode 
operation, ton=0.5 s toff=0.5 s, 10 pulses (liquid 
ROF=6.8) 

During the test series where a liquid propellant of 

ROF=6.8 was used, in between the single steady 

state or pulse mode firings, gas samples from the 

propellant tank were taken. To collect the gas 

samples, in between the thruster and the FVC a 

ball valve to close the connection to the thruster 

and a gas sampling port was installed (compare 

Figure 23).  

 
Figure 29: Experimental thruster during hot firing 
(liquid propellant ROF=6.8) 

The results of the gas samples are shown in Table 

5. The table shows the overall propellant burnt in  

these test series, the overall run time and the 

mixture ratio (ROF) of the gaseous samples as 

analysed via gas chromatography.  

Table 5: Gas samples taken during the test run with 

liquid propellant ROF=6.8 and a tank filling level of 

100.5 ml 

Gas 
sample 
No. 

Overall 
propellant 
burnt  
[ml] 

Overall run 
time  
[s] 

Gas 
sample 
ROF after 
test 

1 53 10 9.6 

2 76 15 11.2 

3 88 17.5 14.3 

 

The samples were taken consecutively after a 10 s 

steady state burn, then after a first and a second 

pulse mode operation. What Table 5 clearly 

indicates is that the mixture gets leaner and leaner 

during draining of the tank (ROF gets larger). To 

examine why the gaseous propellant gets leaner 

and leaner, the theoretical propellant data was 

analysed by using Refprop [39] (see Figure 30).  
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Figure 30 shows the mixture ratio of the liquid 

propellant (horizontal axis) and the mixture ratio of 

the propellant vapor above the liquid phase 

(vertical axis). The red line indicates the 

propellants’ composition for a temperature of 273 

K at saturation properties. The blue line in Figure 

30 indicates a (theoretic) propellant mixture, where 

the liquid and vapor phase have the same 

composition for all liquid mixture ratios. As the 

Refprop data of the propellant in  Figure 30 show, 

the liquid phase is leaner than the vapor phase for 

mixture ratios larger than ROF=2. That means for 

ROF>2 the vapor phase consists of propellant with 

a richer mixture ratio than the liquid. So, in 

consequence for liquid mixture ratios larger 

ROF=2, the vapor phase is richer than the liquid 

phase. If now more and more propellant is taken 

from the tank in the gas phase, the remaining liquid 

propellant gets leaner and leaner. In relation to the 

liquid propellant, a larger portion of C2H6 

evaporates and is taken from the liquid. This 

agrees with the gas sampling, as the sampling 

results in Table 5 show that the mixture gets leaner 

and leaner. At least these findings do not detract 

the usability of the propellant: as the N2O/C2H6 

burns up to very lean mixture ratios (theoretically 

up to ROF=100) the propellant in the tank could be 

used nearly completely. Furthermore, the results of 

Table 5 and Figure 30 explain the slight decay of 

the c* values in Figure 26 – as the mixture ratio gets 

larger with advancing test time, the theoretical and 

experimental c* is reduced [38]. 

Table 6 gives the average c* values of the 

experiments and the calculated combustion 

efficiency ηc* for the steady state blow down firings. 

Depending on the initial liquid mixture ratio, c* 

values in between 1469 m/s and 1578 m/s with 

combustion efficiencies in between 92.1 % and 

95.6% were achieved. 

In sum during the atmospheric hot firings campaign 

1.4 l of propellant were produced. Approximately 

1.2 l of propellant were burned in the thruster 

during roughly 300 s of hot firing. For all tests the 

glow plug was a reliable ignition source and the 

porous injector worked flawless. 

Table 6: Average c* and combustion efficiency of 

10 s steady state blow down tests 

Initial Liquid 
ROF 

Average c* 
[m/s] 

Combustion 
efficiency ηc* 

6.5 1519.7 93.7 % 

9.9 1486.6 93.8 % 

5.4 1469.4 92.1 % 

7.7 1526.8 95.0 % 

6.8 1578.2 95.6 % 

6. Summary 

In the frame of the ESA activity “High Performance 

Propellant Development” a premixed propellant 

consisting of N2O and C2H6 was extensively 

studied. The propellant offers a theoretical Isp 

above 300 s, consists of non-toxic, green 

components and is available at low cost. 

Furthermore, self-pressurized propulsion systems 

are realizable. Challenges of the propellant mixture 

are the hazards of unwanted ignition and 

corresponding explosion of the premixed 

monopropellant. In addition, high combustion 

temperatures have to be addressed. 

In the frame of the activity the propellant’s 

sensitivity and its behaviour in experimental 

propulsion systems was investigated. The 

following tasks were performed: 

6.1. Theoretical assessment of the propellant 

properties 

In a first work package, the theoretical propellant 

properties were assessed. First the propellant is 

non-toxic and non-carcinogenic. The highest 

specific impulse of approximately 300 s (10 bar 

chamber pressure, expansion ratio = 50) is 

achieved for a mixture ratio of ROF=7. A big 

advantage of the propellant is the possibility to 

allow self-pressurized propulsion systems due to 

its high vapor pressures. According to Refprop 

calculations, the density of the propellant is 728 

kg/m3 at 273 K and 39 bar. 

As approximate of the TNT equivalent for gaseous 

deflagrations, as well as gaseous detonations, the 

enthalpy of combustion ΔHC of a gaseous 

N2O/C2H6 mixture for a constant-volume 

combustion was calculated and divided by enthalpy 

of combustion ΔHC of 2,4,6-trinitrotoluene. Here 

TNT equivalent values between 0.28 and 0.31 for 

a mixture of ROF=7 at 300 K and a pressure of 1 

 
 
Figure 30: Composition of liquid propellant and 
propellant vapor for 273 K 
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to 60 atm were obtained. The TNT equivalent 

calculated by using CJ-detonation velocities was 

0.43 with a CJ detonation velocity of 2300 m/s 

(Mach 8.4). 

6.2. Material compatibility of the propellant 

In a specific setup, the material compatibility of the 

N2O/C2H6 propellant with the metallic materials Ti-

6Al-4V, SS316, CRES 15-5 PH and AA2219-T85 

as well as the polymers PTFE, FEP and Kalrez® 

1050 LF was assessed. During the accelerated 

tests all four metals showed compatibility with the 

propellant mixture. No degradation or change in 

material properties was visible. Regarding the 

polymers, FEP is not compatible, and PTFE and 

Kalrez® are slightly affected in terms of their 

mechanical properties, although their shapes were 

not changed due to the immersion in the propellant. 

6.3. Miscibility of the propellant 

In DLR internal projects prior to the start of the 

described activity, a liquefaction and mixing setup 

was built. This setup was modified and optimised 

several times until a reproducible, liquid propellant 

mixture was obtained. The propellant was 

produced in different mixture ratios and the 

composition was assessed via gas 

chromatography. For at least 68 h the propellant 

remained in liquid, premixed state and did not show 

any demixing during several propellant sampling 

processes. Additionally, during all tests no phase 

separation in between the two propellant 

components was visible, Thus, it is assumed that 

the N2O/C2H6 mixture forms a stable solution. 

6.4. Thermal stability of the N2O/C2H6 mixture 

In addition to the miscibility investigations, the 

thermal stability of the propellant was assessed. 

The thermal stability test setup was connected to 

the miscibility setup and fed with liquid propellant 

mixture. By using a temperature-controlled bath, 

the propellant mixture was heated up to 75°C and 

the temperature was maintained for 45 h. The 

heating of the propellant resulted in pressures of up 

to 138 bar. During the heating period no additional 

pressure increase due to propellant decomposition 

was observed. After 48 h the propellant mixture 

was cooled down to ambient temperatures and gas 

samples of the propellant were taken. The gas 

analysis of the samples also did not show any 

decomposition of the propellant mixture. Thus, the 

propellant is thermally stable under the 

investigated conditions. 

6.5. Sensitivity to adiabatic compression  

To test the premixed propellant’s sensitivity to 

adiabatic compression, a specific priming test 

setup was built. The setup was pretested with 

water to generate reference data. When tested with 

HyNOx propellant, the pressure peaks previously 

observed with water did not occur. The different 

behaviour in between water and the N2O/C2H6 

propellant is most likely caused by an instant 

evaporation of the propellant when the fast opening 

valve opens. The maximum pressure is damped by 

the evaporating liquid propellant and leads to a 

pressure gradient instead of a sharp pressure 

peak. All priming experiments conducted did not 

result in pressure peaks with the HyNOx propellant. 

Moreover, no self-ignition or evidence of a 

decomposition of the propellant was observed. 

Therefore, HyNOx is regarded safe in terms of 

adiabatic compression at the priming operation. 

6.6. Hot firing thruster test under vacuum and 

atmospheric conditions 

Hot firing tests with premixed N2O/C2H6 propellant 

were conducted under vacuum and atmospheric 

conditions. For both test series an experimental 22 

N thruster was used. The vacuum tests showed the 

propellant’s ignitability under vacuum conditions. 

The mixture showed a good ignitability for mixture 

ratios (ROF) larger 5 and pressure levels in the 

thruster above 1.4 bar. For mixture ratios below 5 

a rough combustion or a flame extinction in the 

thruster was observed. In sum 33 vacuum ignition 

tests were performed. 

For the atmospheric tests, a run tank was filled with 

liquid propellant mixture and the thruster was fed 

from the gas phase above the liquid propellant 

mixture. With this setup the self-pressurization of 

the propulsion system was simulated. The tests 

showed a reliable ignition of the gaseous, premixed 

propellant via glow plug and a safe operation of the 

flame arrester/porous material. Furthermore, the 

propellant showed average c* values up to 1578 

m/s and combustion efficiencies in between 92.1 

and 95.6 %. Due to the gaseous, premixed state of 

the propellant, a very smooth combustion was 

achieved with a combustion roughness below 2% 

of the chamber pressure. Gas sampling during the 

test series showed that the evaporating propellant 

mixture gets leaner and leaner as less oxidizer is 

present in the gas phase than in the liquid phase. 

As the N2O/C2H6 mixture also burns under very 

lean conditions, it was possible to operate the 

thruster until very low tank pressure levels down to 

nearly 1 bar. As consequence the propellant in the 

tank can almost completely be burnt in the thruster. 

As concluding remark from the authors: despite the 

overall positive results of the whole activity, the 

propellant should always be handled with great 

care. As it is a highly energetic material, all 
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propellant related handling steps should be done 

with extensive safety precautions. During the 

investigations summarized in this paper, the 

premixed liquid propellant was always contained 

behind blast shields, protective glass or handled 

under remote control. Until the sensitivity of the 

HyNOx propellant is not studied in even greater 

detail, these safety precautions are strongly 

recommended. 

7. Future development needs and outlook 

The promising results of the described activities 

provide a solid foundation for further developments 

regarding premixed, green HyNOx propellants. 

Follow on activities should focus on two aspects: 

the propellant itself and the corresponding 

propulsion hardware. 

Regarding the propellant, the specific fluid 

properties should be investigated in detail, e.g. the 

ignition temperature, the sensitivity to electrostatic 

discharge, the vapor pressure depending on 

mixture ratio and the evaporation process should 

be investigated and modelled. Regarding the 

thruster and propulsion system, first the 

redundancy and operation limits of the porous 

flame arresters should be investigated in detail. 

Furthermore, a regenerative cooling system should 

be developed as well as suitable tanks, valves and 

propulsion system hardware should be found, 

tested and finally qualified. 

To assure an efficient development, further 

activities should be performed in close cooperation 

between ESA and industry. 
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