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been made to find and establish a less noxious
replacement. Ionic liquids (IL) and highly
concentrated hydrogen peroxide (HTP) are such
promising candidates [10]. Hence, research on the
ignition behavior, the influence of catalysts, and
the combustion process itself is essential to
understand and optimize the application of this
fuel-oxidizer combination in satellite thrusters or
launcher engines [11]. In order to establish an
appropriated method for reproducible data
acquisition, an optically accessible drop test
chamber for hypergolic ignition experiments was
designed, manufactured and applied [12][13].
Recently novel hypergolic propellant combinations
consisting of hydrogen peroxide and ionic liquids
with a thiocyanate anion were found [14].
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ABSTRACT:
The hypergolic reaction between the recently
developed green propellant combination consisting
of an ionic liquid and highly concentrated hydrogen
peroxide was investigated for several ratios of
oxidizer and fuel, drop sizes and heights of fall.
The influence of the catalytic copper additive on
the ignition delay time (IDT) was analysed. Flame
emission/absorption spectroscopy revealed the
chemical constituents. All spectra were dominated
by sodium D-lines at λ= 589nm. Further lines of
alkali metals such as lithium and potassium were
found. The copper additive showed its
characteristic lines accordingly to its amount in the
fuel. Emission spectra of the ultraviolet regime
showed the characteristic OH* molecular lines
around λ= 306nm with its temperature dependent
intensity ratios [1][2]. The catalytic additive copper
increases the flame temperature while it decreases
the IDT from 31 ms for pure ionic liquid to 15 ms
(5% mass fraction).

2. EXPERIMENTAL
Drop tests were conducted in compliance with
safety regulations. All experiments took place in a
ventilated fume hood that also protects against
explosion and harming due to moving of small
parts (Figure 1).
2.1. Drop test chamber design
Several requirements on the chamber design had
to be identified in order to obtain sufficient output
under reproducible conditions. These standards
are derived from the scientific objectives the setup
has to fulfil and the theoretical background of its
constituents. Therefore, the chamber has to

1. INTRODUCTION
Hypergolic propellants are widely applied in space
propulsion systems. Due to their storability,
reliability, and ability for spontaneous ignition,
these fuels are preferred for long time missions.
The conventional hypergolic combustion process
was investigated numerically [3][4] as well as
experimentally under laboratory [5] and test bench
conditions [6][7]. However, the conventional
hypergolic derivatives of hydrazine and the
associated oxidizers are very toxic and harmful to
the environment [8][9]. Therefore, efforts have

-
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be fully enclosed and the height and size of the
droplets have to be adjustable.
has to withstand pressure peaks during ignition
as well as pressure values of 0.3 bar or lower.
be optically accessible for absorption and
emission measurements from the UV to the
NIR regime of photon wavelengths.

In order to allow for spectral analysis of the
occurring combustion, the window glass must have
a transmission of 90% or higher for wavelengths
ranging from 300 to 800 nm. Furthermore, the
glass thickness has to ensure a particular pressure
resistance.
The syringe pump system is a central design
aspect of the chamber. It determines the amount of
fuel and oxidizer that react with each other. The
system consists of a syringe, a cannula, and a
watch glass dish. In order to create a reliable and
constant drop size, medical cannulas are used.
The syringe creates a drop that falls onto the predropped component that is stored in the watch
glass.
An extinguishing and cleaning system works
automatically and remotely controllable using a
metal bracket connected to a small motor in order
to rotate the dish. A water nozzle connected to a
pipe with an electromagnetic valve is placed below
the dish. After combustion, the dish can be turned
upside down and sprayed down by the nozzle to
remove residue and extinguish flames.

Figure 1. Drop test setup with optical instruments.

-

be accessible for cleaning and maintenance.
be remotely operable.
be suited for a variety of chemical components.
ensure inside temperature and pressure
measurements.
be light and compact enough in order to be
easily moveable.
cool the fuel and oxidizer if necessary.

2.2. High speed visualization

The chamber is depicted in Figure 2. It consists of
a 216 mm long section of a 150 x 150 x 5 mm
square aluminium profile with windows on three
sides to allow optical access. One side has a panel
that can be removed entirely to allow physical
access. On the back side are connections for both
water and vacuum pump. The open ends of the
profile are closed with two 150 x 150 x 10 mm
aluminium plates. Placed on top of the chamber is
a syringe pump that is used to inject the
propellants into the chamber. The top plate also
has connections for a pressure transducer, a
barometer, a thermocouple and a pipe to feed in
the inert gas.

High speed video recording has been conducted in
order to determine the drop impact and IDT using a
Photron FastCam models SA5 and SA-X2. The
former is a monochromatic camera which records
with a frame rate of 7.000 Hz when using the full
chip at a maximum resolution of 1024 x 1024
pixels. The model SA-X2 is a color camera
provides a maximum frame rate of 12.500 Hz when
using the full sensor area of 1024 square pixels.
Both camera systems are connected to a control
computer and operated using the firm ware
Photron FastCam Viewer (PFV) version 3.50. A 1.5
Watt LED attached to the camera is used to
sufficiently illuminate the chamber interior.
Furthermore, the lens aperture is slightly closed in
order to increase the depth of field and thus to
ensure proper focus of the drop impact place. A f =
100 mm lens is used, allowing the camera to be
placed outside the fume hood on a stable tripod. In
order to properly visualize the surface of the liquid
at the bottom of the dish, the camera is placed at
an angle pointing through the front window. At a
frame rate of 3.600 fps and an exposure time of
3.600-1 s, the image is found to be sufficiently
bright while providing a high enough temporal
resolution for our purposes.
Using the PFV software, a trigger signal was
created for the exact time when a change occurs in
the viewing field of the camera. To do so, an area
as well as a threshold was defined, that tells the
software which percentage the average of the
image bin entries in the above mentioned area
should stray from the pre-determined background
before the recording is triggered. This trigger signal
is then passed to the spectrograph via BNC bus in
order to trigger the camera and spectrograph
system when the drop falls into the frame.

Figure 2. Optically accessible drop test chamber for
hypergolic ignition experiments.
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2.3. Flame emission spectroscopy

proximity-focused microchannel plate (MCP) image
intensifier. Its width of 18 mm limits the total active
surface area of the CCD intensifier combination to
18.0 x 6.7 mm.
The camera head is cooled by a multi-stage peltier
element and a cooling fan. The ST133 controller
provides the high voltages required for the
intensifier and controls the exposure timing, scan
control and temperature of the ICCD.

The spectroscopy subsystem consists of different
components as shown in Fig.Figure 3. We used
the Princeton Instruments model SpectraPro2756
in combination with the PI-Max 2 intensified CCD
(ICCD) camera and the ST133 controller. The
SP2756 is a Czerny-Turner-design spectrograph
with a focal length of 750 mm and an aspect ratio
of f/9.7. It has an interchangeable triple grating
turret with configuration properties listed in Table 1.
The given linear dispersion and spectral coverage
is for a focal plane of 26.8 mm. The SP2756 is
configured with a side entrance slit for the
incoming light and a front flange port where the
split up light exits and the CCD camera is attached.

3. RESULTS AND DISCUSSION
The presented drop tests were conducted with
96.1 wt.% hydrogen peroxide and the ionic liquid
1-ethyl-3-methylimidazolium thiocyanate (EMIM
SCN). As additive copper (I) thiocyanate (Cu SCN)
was used. A few millilitres of one of the two
propellant components where stored on the glass
dish inside the drop chamber. In order to induce
the hypergolic ignition, a well-defined amount of
the second component was then dropped onto the
same dish which triggered the optical instruments
for measurement (Figure 4).

Figure 3. Schematic of the spectroscopy system
components.

The slit width can be manually adjusted from
10 µm to 3 mm. The light signal coming from the
flame emission is passed on out of the fume hood
to the spectroscope via glass fibre waveguide.

Table 1. Spectrometer gratings and the resulting linear
dispersion and coverage.

Grating
[gr./mm]

Blaze
[nm]

Lin. dispersion
[nm/mm]

sp. range
[mm]

150
600
1800

500
500
500

8.8
2.16
0.64

235
57
17

Figure 4. Before ignition: A drop of high-test peroxide
(HTP) falls onto the ionic liquid EMIM SCN.

3.1. Ignition process visualization
Using high-speed camera systems the ignition
process and flame development were recorded
and analysed. Decisive moments and time regimes
are depicted in Figure 5. The moment of contact
between fuel and oxidizer is defined as t 0 (not
shown here) [12][13]. The touchdown impact
depends on drop size and height of fall, i.e. mass
and velocity.
Hence, instantly after the first contact between
both constituents, the mixing phase begins. After
several
milliseconds,
exothermal
chemical
reactions induce a rapid heating and the phase
transition from liquid to the gaseous state. Once
the ignition temperature is reached, a highly
energetic explosion occurs with a characteristic
flame emission.

The PI-Max 2 system consists of a CCD sensor
and an image intensifier, housed inside the camera
as well as the ST 133 controller. The CCD sensor
is the CCD30-11 front-illuminated open electrode
high-performance
CCD
sensor
by
e2v
technologies. It has a size of 1024 x 256 pixels
with a square pixel size of 26 µm, resulting in a
total area of 26.6 x 6.7 mm. It is oriented in a way
that the resulting spectral lines are parallel to the
shorter side of the sensor. Its spectral range is
from 200 to 1060 nm and it is specifically made for
near UV spectroscopy applications. Its quantum
efficiency is described elsewhere [15]. The image
intensifier is a HQf Gen III filmless intensifier that is
fibre-optically coupled to the CCD array. It is a
3

The time between first contact of oxidizer and fuel
and the explosive ignition is defined as the ignition
delay time (IDT). However, in order to guarantee a
smooth and safe combustion, it is the goal to
shorten the IDT as much as possible. Using the
catalytic properties of a copper additive, the hence
decreased ignition threshold was examined using
optical methods.
All experiments were carried out under ambient
pressure and temperature conditions.

more detailed analysis can be found in [12].
However, the addition of the catalyst copper to the
liquid fuel EMIM SCN has a significant effect on
reducing the IDT (Tab. 2). While the entire lack of a
catalyst results in an IDT of 31.3 ± 3.8 ms, reduces
a weight percentage of 1% of Cu in the fuel the
IDT to 16.2 ± 2.0 ms. Moreover, the addition of
5 wt.% Cu in the fuel decreases the IDT to 13.3
± 1.1 ms, indicating a saturation effect in IDT
reduction by adding this amount of the catalyst Cu.
Table 2. Ignition delay times (IDT) for varying amount of
the copper additive, the drop order, ROF and drop height
(impact velocity).

Additive
content

drop
order

ROF

[wt.% Cu
SCN]

drop
height

IDT
[ms]

[mm]

1
5

O. on F.
O. on F.
O. on F.

0.12
0.12
0.12

61
61
61

31.3 ± 3.8
16.2 ± 2.0
13.3 ± 1.1

-

F. on O.
O. on F.

6.11
0.12

61
141

65.3 ± 7.0
31.0 ± 6.5

The visual influence of Cu in the fuel is depicted in
Figure 6: An additional weight percentage of 5% in
the fuel results in green flame emission. The plain
flame emits mainly in the yellowish wavelength
regime.

Figure 5. Ignition process and flame development.
Frame a shows the liquid-gas phase transition while both
constituents are still heating up. Frame b depicts the
moment of ignition at the temperature threshold. This
time after touchdown at t0 defines the ignition delay time
(IDT) (Lauck & Balkenhohl et al. [12][13])

Figure 6. Flame emission visualization of the reaction
between HTP and the ionic liquid fuel EMIM SCN. The
fuel consists no catalyst (a), 1 wt.% Cu (b), and 5 wt.%
Cu (c).

3.2. Ignition delay time manipulation
3.3. Flame emission spectroscopy

Not only was the particular influence of the catalyst
copper examined; the general impact of drop size
and height, drop order and mixture ratio on the IDT
was also investigated. Table 2 depicts results of
IDT measurements for various parameters. Each
result is an averaged value of at least 30 single
measurements. Obviously, the ignition delay time
IDT is reduced by half when a drop of the oxidizer
HTP falls onto the liquid fuel, compared with vice
versa. The impact velocity (drop height), on the
other hand, does not essentially affect the IDT. A

In order to obtain a more detailed insight into the
chemistry of the hypergolic combustion, flame
emission spectroscopy was carried out during
ignition and rapid combustion of the propellants.
By stitching together and summing up multiple
spectral measurements, several spectra for the
hypergolic flame emission of HTP and EMIM SCN
with varying degrees of Cu SCN added were
obtained. The 600 g/mm grating was used for
optimal results. Each of these spectra consists of
4

data from at least 50 ignition events. Fig. 7 shows
a spectrum of an ignition event of pure EMIM SCN
and a spectrum of an ignition with 5 wt.% Cu SCN
added to the fuel.

The OH* band
The ultraviolet regime of the spectrum was
dominated by the emission band of the OH radical:
A short-lived combustion product that emits
depending on the pressure in a nonlinear manner
[16]. The spectrum depicted in Fig 9 was recorded
using a grating with 1,800 gr./mm. The amount of
Cu in the liquid fuel EMIM SCN was 5 wt.%. It
reveals three major emission lines. Gref is a
temperature invariant signal yet G0 and G1 change
their intensities for different flame temperature
values [2][17].

Alkali metals
Both depictions in Fig. 7 are dominated by two
emission bands, the sodium (588.9 nm and 589.5
nm) and potassium (766.4 nm and 769.8 nm)
doublets. The former is a synthesis remnant that
causes the orange flame colour. This bright
emission band consists of the well-known Na D1
and D2 lines. The degeneration of both the Na and
K band is caused by the two possible rotational
states of the outer shell electron (parallel and antiparallel to the nucleus rotational axis). Its
Boltzmann distribution can be applied for
temperature determination. However, time and
spatial resolution of the measurements were not
sufficient for a conclusion regarding thermal
equilibrium which is prerequisite for thermal
measurements.

Figure 9. UV-regime of the flame emission spectrum.
The line Gref is temperature invariant while G1 and G0
differ in their intensity regarding flame temperature
[2][17].

This behaviour was used to determine flame
temperature for the combustion of EMIM SCN with
a fraction of 0 wt.%, 1 wt.% and 5 wt.% Cu.
Results are shown in Tab. 3.
Table 3. Measured intensity ratios of the variable
emission lines G0 and G1 regarding Gref as well as the
derived flame temperature for all three values of the
added amount of Cu SCN.

Figure 7. Flame emission spectra for the hypergolic
ignition without catalyst (above), and with 5 wt.% Cu
catalyst (below). Sodium and potassium lines clearly
dominate the visible wavelength regime.

However, emission spectra recorded during the
ignition process of EMIM SCN with the added
catalyst show a variety of copper and copper oxide
lines (Fig. 8). Furthermore, traces of Lithium
(doublet at around 670.7 nm) were also revealed
by flame emission spectroscopy.

Int. G0/G1
T [K]

0 wt.%
Cu SCN

1 wt.%
Cu SCN

5 wt.%
Cu SCN

0.77
2,800

0.79
2,900

0.86
3,300

It was found that an increased fraction of the Cu
catalyst results in an increased flame temperature.
However, due to a relative uncertainty in the
spectral resolution the systematic error of the
temperature values was estimated 10%. Each
spectrum was corrected using a previously derived
devise function. Furthermore, the recorded data
were background and flat field corrected. All
temperature values were in accordance with
models generated using LIFBASE software for
temperature and pressure dependent emission of
diatomic molecules [18].

Figure 8. Spectral details recorded during ignition with
5 wt.% Cu additive.
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4. CONCLUSION
The previously described experiments proved the
ability for hypergolic ignition of highly concentrated
hydrogen peroxide with EMIM SCN. This is a
decisive step towards the replacement of the toxic
and
dangerous
hydrazine
derivates
with
environmentally friendly and less toxic propellants.
Moreover, the copper additive dissolved in the
ionic liquid accelerated the reaction and increased
the flame temperature.
The new drop test chamber proved its ability for
versatile experiments on hypergolic ignition tests.
However, future investigations will be conducted
using an extended parameter range. Pressure and
temperature inside the chamber are to be
systematically varied and examined. Particular
attention has to be paid for further improvement of
combustion and ignition performance. New
catalysts have to be tested and the time resolution
of the optical methods will be increased in order to
better understand the reaction chemistry.
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