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Ignition delay is one of the most important parameters characterising hypergolic propellants. This parameter

has a strong impact on thruster operation, especially during the cold start. Ignition delay influences the intensity
of pressure rise and its peak values during the start of a thruster. High-pressure levels cause stress inside the
chamber wall, which directly affects durability and safety. One of two measurement techniques is usually chosen
to determine the ignition delay: visual and pressure-based methods. Visual methods are based on high-speed
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imaging and subsequent image analysis. In the pressure-based method, the pressure trace is analysed. In this
study, both techniques were used together and compared in terms of ignition delay determination of hypergolic
propellants igniting during the drop tests. The advantages and disadvantages of both techniques were indicated
and described. In the setup used in the study, the visual method was found to be more accurate and reliable.
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1. Introduction

The ignition delay of hypergolic propellants is usually
determined by a so-called drop-test method where a drop of
oxidiser (or fuel) is dropped into the fuel (or oxidiser) pool
[1-5, 7-9, 12, 18, 19, 23-25, 33, 34, 37-39]. In such an
arrangement, the ignition delay is determined as the time
between the contact of the oxidiser with the fuel and the
start of combustion (SOC). In this study, we focus on the
determination of SOC.

Alfano et al. [2] used a high-speed camera, two photodi-
odes and a laser diode to determine the ignition delay and
chemical delay in the drop tests. Based on the registered sig-
nals, they identified the moment of droplet impact, gas emis-
sion near the surface, and light emission from combustion.

Blevins et al. [3] used high-speed photography and
Schlieren techniques to determine hypergolic ignition delay
between hydrogen peroxide (an oxidiser) and N,N-di-
methylbutylamine and N,N-dimethylhexylamine (fuels).
The amines were mixed with a catalyst (cobalt 1l 2-ethyl-
hexanoate) and mineral oil, acting as a stabiliser (prepared
as mixtures in a 65% to 35% ratio). The catalyst and stabi-
liser constituted 5% of the final fuel mixture. The Schlieren
imaging enabled the visualisation of enhanced gas-phase
generation, which was associated with the decomposition
time. Thus, the reported results included both decomposi-
tion delay and ignition delay.

Another work utilising the drop test method to measure
ignition time delay was conducted by Kang et al. [20]. They
tested the ignition of three different fuels with hydrogen
peroxide (90%, 95%, and 98%) acting as oxidiser. To
measure the ignition delay, they used a high-speed camera
with an additional halogen lamp to illuminate falling drop-
lets. Mahakali et al. [24] also used the drop-test method
with a high-speed camera to determine the existence of
ignition and ignition delay for a group of fuels (triglyme,
dimethyl formamide, and dimethyl sulfoxide) with the
addition of sodium borohydride (in various concentrations).

They used hydrogen peroxide with a concentration between
87.4% and 88.5% as the oxidiser.

McCrary et al. [25] employed the drop test technique
with a high-speed camera to measure the ignition delay of
synthesised fuels with various oxidisers (99.5% white fum-
ing nitric acid (WFNA), inhibited red fuming nitric acid
(IRFNA), and 70% nitric acid (NA). In their setup, the
oxidiser drops were dropped onto samples of the fuels.
Ramachandran et al. [34] used the drop test technique to
measure ignition time delay for WFNA and amine-borane
with a high-speed camera and an LED light array to illumi-
nate the fuel sample and the oxidiser.

Wang and Thynell [37] used a similar method to meas-
ure the ignition delay of MMH with three different mixtures
of nitric acid and water (30% H,0, 10% H,0, and WFNA).
However, they also measured signals from thermocouples
(located at two distances from the fuel pool), photodiodes,
and a microphone. They compared the measurements from
the photodiode with the signal from the microphone and
thermocouples. The signals correlated differently depend-
ing on the propellant type, exhibiting sensitivity to the fuel-
oxidiser interaction type.

Zarbo et al. [38] studied the effect of humidity and wa-
ter on the reaction between two pairs of fuel and oxidiser:
MMH-RFNA and TEAB (triethylamine borane)-WFNA.
The measurements were conducted in a dedicated and de-
veloped drop-test stand using a high-speed camera, a piezo-
electric sensor to detect droplet impact, and a photodiode to
detect the onset of ignition. Zhan and Shreeve [39] also
used the drop-test method with a high-speed camera to
determine the ignition delay of nine fuels (with three boron-
based additives) with WFNA.

Ak et al. [1] used a high-speed camera to measure the
ignition delay for 85% hydrogen peroxide and ethanola-
mine in open-cup drop-test experiments. They assessed the
influence of oxidiser and fuel temperature on the ignition
time delay. Chambreau et al. [4] applied Fourier-transform
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infrared (FTIR) absorption spectroscopy using a rapid-scan
spectrometer to observe drop-test experiments for 1-propar-
gyl-3-methyl-imidazolium dicyanamide or MMH with WFNA
or RFNA. Chowdhury et al. [5] used the drop test with
high-speed photography to observe photodiode signal and
laser-induced fluorescence to study the mixing between the
liquids. In the drop tests, they used two fuels: 1-ethyl-3-
methyl-imidazolium dicyanamide and 1-butyl-3-methyl-
imi-dazolium dicyanamide, reacting with 70% and 90%
WFNA.

Coil [7] used the drop test to study the ignition of gelled
methyl ethyl imidazolium dicyanamide (fuel) with nitric
acid (oxidiser). They applied high-speed photography and
a photoresistor to determine the ignition delay. Dambach et
al. [8] used the drop-test technique with a high-speed cam-
era to observe the ignition process of several selected fuels
with RFNA and determine ignition delay. Davis and Yil-
maz [9] used a high-speed camera and photodiode to ob-
serve the ignition delay of hydrazine and hydrogen perox-
ide in the drop tests.

Jyoti et al. [18] used the drop-test method with a high-
speed camera to measure the ignition delay of gelled etha-
nol and 90% hydrogen peroxide. Kang et al. [20] also em-
ployed the drop test with a high-speed camera for a prelim-
inary approximation of the ignition time delay of a devel-
oped fuel with 95% and 98% hydrogen peroxide. Zhao et
al. [40] used a high-speed camera in a drop test to observe
the ignition and combustion process of specially prepared
compounds with HNOa.

Park et al. [31] utilised a drop-test technique with a la-
ser, photodiode, and fast camera to observe the ignition
delay of 95% hydrogen peroxide with LiINO3z and NH4;NO3.
In their tests, the fuels contained different amounts of water
(0.5%, 1.0%, 5.0%, and 20%). Several high-speed cameras
(infrared, monochrome, and colour) and sensors with
a laser and LED lamp were used by Nath et al. [30] in drop
tests of hydrogen peroxide and high-density polyethylene
mixed with NaBH,. Mota et al. [27] used three high-speed
cameras operating in visible, schlieren, and infrared spectra
(IR) modes to observe the ignition delay in drop tests of
several selected fuels with hydrogen peroxide. Khomik et
al. [22] also employed a high-speed camera to observe the
ignition time delay in open-cup drop tests.

Pourpoint and Anderson [33] tested the ignition delay of
catalytically promoted fuels with highly concentrated hy-
drogen peroxide (92% to 98%) using an impinging jet appa-
ratus with a high-speed camera. James et al. [16] also used
a high-speed camera to observe the ignition delay in im-
pinging-jets tests with gelled hypergolic propellants. Simi-
larly, DeSain et al. [10] used a fast camera to determine the
ignition time delay in their experiments. He et al. [14] also
employed a high-speed camera to observe the ignition of
gelled hydrogen peroxide with various fuels.

As far as ignition delay studies are concerned, there are
two main methods that are usually used for the determina-
tion of the start of combustion: visual [3, 5, 8, 9, 12, 16, 18,
19, 23, 24] and pressure-based [11, 15, 29, 32]. Visual
observation has one strong advantage — one recording can
be used for both the determination of the time of contact
between an oxidiser and a fuel and the start of combustion

[1, 25, 33, 34, 37, 39]. With a known frame rate and a num-
ber of frames between these two detected incidents, ignition
delay can be calculated. The second method is based on
data analysis from a pressure sensor. The pressure inside
the chamber increases during combustion in a constant
volume chamber. The time, which represents the beginning
of combustion, may be defined by the intersection of two
lines. The first line represents the average pressure before
combustion, while the second is tangent to the pressure curve
at its maximum slope. For the detection of the instant contact
(between the oxidiser and the fuel), we used high-speed
cameras. However, some researchers use photodiodes [9].

The presented literature shows that, in the drop tests, the
optical methods are preferred. However, most studies on
hypergolic ignition were performed in an open environ-
ment. The pressure-based method, in turn, is only applica-
ble in enclosed-volume research devices, such as constant-
volume chambers [17, 29], rapid-compression machines
[26], or shock tubes [11, 15]. Both of these techniques
could be applied in this study, as the drop tests were per-
formed in a constant volume vessel. It should be noted that
other methods for estimating ignition delay also exist.
Szwaja and Szymanek [35] also used registered pressure
trace, but indirectly. First, they calculated heat release,
which was then used to determine ignition delay. Chwist
[6], in turn, used ANSYS Chemkin Pro for this purpose,
which numerically calculates ignition delay.

The goal of the study was to assess and compare both
methods in terms of determining the ignition delay of hy-
pergolic propellants by the drop-test method. The data from
the pressure sensor and high-speed camera images were
taken simultaneously. Thus, both methods were used to
determine ignition delay for the same cases, and a direct
comparison of these two methods could be made.

For this verification, prospective “green” propellant was
chosen, as these kinds of fuels and oxidisers have received
much attention recently [28, 36]. Pyridine (with the addi-
tion of a catalyst) was used as a fuel, while the HTP (high-
test peroxide, also named RGHP — rocket grade hydrogen
peroxide [9]) was selected as an oxidiser.

As discussed earlier, most researchers conducted their
experiments in an open environment, which means that the
reported results were limited to atmospheric conditions [5,
8, 10, 16, 18, 20, 23, 24]. Only a small part of studies have
investigated the effect of pressure and temperature on igni-
tion delay [9, 10, 33]. The verification tests presented here
were performed for different environmental pressures (0.1,
1, and 2MPa absolute pressure) and fuel temperatures (295
and 353K) to make our comparison more universal. In all
tests, the oxidiser temperature was 293K (in a syringe). Ak
et al. [1] performed experiments that showed low depend-
ence on ignition delay from oxidiser temperature and high
dependence on fuel temperature.

2. Materials and methodology

2.1. Experimental setup

The research was performed using a specially modified
constant-volume chamber initially designed for spray tests
of marine engine injectors [13]. The chamber was adapted
for the drop-test method by providing an oxidiser dosing
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unit (Fig. 1) and a fuel pool with a temperature control (Fig.
2). The chamber was pressurised with air. The droplet re-
lease and the ignition process were observed through the
quartz window by the high-speed camera. The test chamber
was also equipped with fast-access entry, which allowed us
to refill the fuel after each test.

The dosing system was composed of a high-pressure sy-
ringe, a holder for the syringe, which also holds a linear
module with a stepper motor (Fig. 1). The stepper motor
drives the linear module coupled with the syringe. The
holder was designed to eliminate vibrations generated by
the stepper motor.

Stepper motor

Ball screw

High-pressure syringe

Optical access for the
camera

Optical access for the
illumination

Fig. 1. Modified constant volume chamber for drop-test studies

The vessel was also equipped with a pressurised gas de-
livery system, an electric heater, and a thermocouple with
a temperature controller. The thermocouple was placed one
millimetre under the bottom of the fuel pool.

Two holes in the chamber were filled by quartz win-
dows. One window was used to illuminate falling droplets,
while the second one provided optical access for a high-
speed camera. The fuel pool was made of stainless steel,
and it was thermally insulated from the bottom of the
chamber. The electric band heater was wrapped around the
fuel pool (Fig. 2).

Syringe tip

Fuel pool

Electric heater

Fig. 2. Fuel pool with a heater for temperature control

The pressure inside the chamber was measured by a pi-
ezoelectric pressure transducer (KISTLER 601CA). The
pressure and temperature signals were recorded by a data
acquisition system (DEWETRON DEWE-50-PCI-16). The

pressure signal was recorded at a frequency of 10kHz. The
pressure transducer, charge signal converter and amplifier
were configured to measure pressure within the range of 0-
5MPa (absolute). The data acquisition started 1 second
before the trigger signal and ended 0.5 seconds after that
signal. The trigger signal was generated based on the pres-
sure measurement — when the pressure increase was higher
than two kilopascals (above the environmental pressure) for
at least three milliseconds.

High-speed camera (Photron SA 1.1) operated at
a frame rate of 10 kHz. This frame rate allowed us to de-
termine the moment of self-ignition with an accuracy of 0.1
ms. In order to capture contact of a drop with a pool and the
start of combustion, the camera was set to continuous re-
cording and storage mode (operating in a loop limited by
the camera memory). The trigger signal was set at the end
of the recording. These settings enabled the recording of
more than 1 second, which was enough to capture both the
moment of contact of the fuel with the oxidiser and the start
of combustion.

2.2. Visual analysis

Based on the recorded images, the time of contact be-
tween the oxidiser droplet and the fuel, as well as the mo-
ment of occurrence of visible effects of the combustion
process (identified here as the start of combustion), were
determined. Two effects of combustion could be noticed,
i.e., increased emission of visible light (Fig. 3) or fast in-
creasing expansion of gases, which caused braking of the
fuel surface (Fig. 4).

Fig. 3. Beginning of combustion with light emission (two consecutive
frames)

Fig. 4. Beginning of combustion with a brake of the liquid surface caused
by decomposition or combustion gases (two consecutive frames)

With determined time of contact and SOC as well as
known frame rate, the ignition delay (ID) was calculated
according to the equation (1):
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ID = nign_fncon (1)
where: njg, — number of the frame with the identified start
of the combustion; n.,, — number of the frame with the
identified beginning of contact between the oxidiser drop
and the fuel pool; f - frame rate.

2.3. Pressure-trace analysis

In the pressure-based method, SOC is determined based
on the analysis of the recorded pressure curve. For this
purpose, two lines need to be drawn. The first line corre-
sponds to the average pressure level before combustion.
The second one is tangent to the pressure curve at its maxi-
mum slope, associated with the fastest pressure increase due
to the combustion process. The time at the intersection of
these two lines is defined as the start of combustion (Fig. 5).

1.95
1.94 ,
. e ot N NS
|
1.93 ’ ]
T 192 /
E’ 191
g 1.90 I/ Measured pressure 1
a — = = = Avg. pressure before ignition
< 1.89 — - — - Tang. to pressure curve
a - ’ - -+ Start of combustion
2 Sy - === p——— e —— ————
1.88 7
1.87 :
0.8 0.9 1.0 1.2 13 1.4

1.1
Time [s]

Fig. 5. Example pressure trace in the chamber, with a cross of two lines to
determine the start of combustion; time measured from the start of the data
acquisition

Note that the time reported in Fig. 5 was measured from
the start of the data acquisition. To calculate the ignition
delay, the time of contact between the oxidiser and the fuel
needs to be determined as well. However, based on pressure
trace analysis, it is impossible to determine the moment of
contact between oxidiser and fuel. It is necessary to use
high-speed imaging anyway. These two measurement
methods need to be used together and synchronised in order
to combine the data obtained by them. With a known start
of combustion and a time of contact of the oxidiser with the
fuel, the ignition delay can be determined.

2.4. Measurement procedure
The measurement procedure included the following
steps:
1. Setting the temperature of the pool (temperature was
measured by type J thermocouple placed 1 mm below
the bottom of fuel pool)
Opening and cleaning the chamber and windows
Filling up the syringe with HTP (if needed)
Filling the pool with the fuel
Closing and pressurising the chamber
Setting up data acquisition and trigger mode
Moving the syringe piston for dropping a drop of the
oxidiser
Saving data (camera recording, pressure data)
9. Scavenging the chamber and releasing the combustion
gases into the exhaust-extraction duct.

Nogakrown

®©

Steps 2-9 were repeated seven times for each measure-
ment point.

3. Results

3.1. High-speed imaging

Based on recorded images for pyridine and HTP, the ig-
nition delay was calculated. (as described in chapter 2.2).
Figure 6 shows the determined ignition delay obtained at
three different environmental pressures and for two differ-
ent fuel temperatures.

6 I
—— 295K
5
\ —&— 353K
4 —

ignition delay [ms]
w

0'\\k —

0.0 0.5 1.0 1.5 2.0
Enviromental pressure (absolute) [MPa]

Fig. 6. Ignition delay; calculated using SOC determined by high speed-
imaging for two different fuel temperatures

3.2. Pressure-based SOC determination

The ignition delay was also determined using recorded
pressure data for the same cases. In this procedure, the
ignition delay was calculated by combining two methods.
The moment of contact of the oxidiser droplet and fuel in
the pool was determined by the high-speed camera, while
the SOC was determined based on pressure recording (as
described in section 2.2). The results of the calculations for
two different fuel temperatures are presented in Fig. 7.

30 I

N
wv

R —&— 295K
—&— 353 K

T~ _»

N
o

ignition delay [ms]
=
wv

10 o
5
0

0.0 05 1.0 15 2.0

Enviromental pressure (absolute) [MPa]

Fig. 7. Ignition delay versus absolute pressure for two different fuel tem-
peratures (SOC determined by pressure-based method)

In the current setup used for drop-test studies, the mass
of the fuel was small compared to the volume of the cham-
ber (and thus the mass of the enclosed air). Moreover, ener-
gy initially released in one point of the chamber (at the
droplet impact point) couldn’t rapidly increase temperature
and pressure. The whole fuel needed to be consumed until
the pressure change was high enough to distinguish it from
the noise signal. Thus, the values presented in Fig. 7 are
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much higher than those obtained with the visual method
(see Fig. 6).

4. Discussion

This section aims to discuss the advantages and disad-
vantages of the two techniques that were used.

With increasing temperature of the fuel pool, self-
ignition delay decreases. This effect could be strengthened
by the increasing concentration of catalytic additives in the
fuel due to its intensive evaporation at high temperatures.
The effect of fuel evaporation at high temperatures leading
to an increased concentration of the catalytic additive (man-
ifested by the white colour of the fuel pool) is shown in Fig.
8. The brighter colour of the droplet suggests that the tem-
perature from the pool influenced the oxidiser as well,
which supposedly started to decompose already during the
free fall.

T=295K

T=353K

Fig. 8. Droplet of the oxidiser and the fuel pool for different fuel tempera-
tures at 1 MPa absolute pressure

The fuel evaporation seemed to be decreased at in-
creased pressure inside the chamber, which is presented in
Fig. 9.

0.1 MPa 1 MPa 2 MPa

Fig. 9. Droplet of the oxidiser and the fuel pool at different pressures; fuel
temperature 353 K

Regardless of these issues, other aspects could also be
the reason for the poor repeatability of the results. One of
them is the lack of temperature compensation in the pres-
sure transducer. In some cases, droplets splashed from the
pool and fell onto the sensor’s surface, causing pressure
curve breakdown (a sudden pressure drop). This effect is
shown in Fig. 10. An additional issue during the estimation
of SOC from the pressure curve is the shape of the recorded
data. The recorded data was affected by a strong noise sig-
nal. Thus, the data from the piezoelectric transducer needed
to be filtered. For this purpose, a simple moving average
filtering algorithm with five symmetrical points was used.
With repeating filtration cycles, filtered curves became
smoother, but the large time-scale pressure changes were
also affected. These were extended in time. The influence

of the number of filtrations on the pressure curve is pre-
sented in Fig. 11. Note that time is measured from the be-
ginning of the recording.

1.96 T T T 1
| Measured pressure
1.95 = = = = Avg. pressure before ignition
[ p— Tang. to pressure curve
1.94 R Start of combustion
s AT
[-%
= 1.93 \ sudden
A\ pressur
© 1.92
5 A\ drop
g 1.91 |
a / \’\
1.90 / A\ - -
—orslos At === =l = = — 4 )\r-‘?/c-/-'
1.89 ; A
1.88 —
0.8 0.9 1.0 1.1 1.2 13 1.4

Time [s]

Fig. 10. Pressure curve breakdown caused by the droplet impact onto the
sensor’s surface
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1.86 1e5 filtration cycles
0.8 0.9 1.0 1.1 1.2 13 1.4
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Fig. 11 Example pressure curve — raw data (no filtration) and filtered
versions; time measured from the start of the data acquisition

Due to the effects of filtration on the large time-scale
pressure features, the ignition delay was also affected. The
ignition delay dependence on the number of filtration cy-
cles is shown in Table 1.

Table 1. Ignition delay for different numbers of filtrations calculated from
the same pressure curve

No. of filtrations Ignition delay [ms]
0 18.9
10 46.6
100 51.4
1000 45.9
10000 34.7
100000 16.5
1000000 -80.7

Due to the strong noise signal determination of SOC for
non-filtrated data, it is strongly problematic. Increasing the
filtration number, in turn, advances the SOC. With an in-
creasing number of filtration over 10 the estimated ignition
delay decreases even to nonphysical results, as in the case of
10° filtration. It might be speculated that the other type of
filtration could perform better, and the issue of advancing the
SOC could be avoided. However, the Butterworth filter used
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in a similar setup also resulted in a delayed start of combus-
tion compared to the visual ignition effects [21].

The other issue affecting the quality of pressure data,
specifically the signal-to-noise ratio, was a decreasing
combustion intensity with increasing fuel temperature. This
was mainly caused by the evaporation of the fuel. This
effect had a much lower influence on the optical method
than on the pressure-based technique. An example pressure
curve (environmental pressure: 1 MPa, fuel temperature
353 K) after 1000 cycles of filtrations is presented in Fig.
12. As one may observe, the shape of the curve is entirely
different than that shown in Fig. 11 (environmental pres-
sure: 2MPa, fuel temperature: 333 K). In that case, the start
of combustion could not be appropriately determined using
the pressure data.

0.11 T T T T
| Measued pressure
0.10 - — — = Avg. pressure before ignition | |
_.0.09 T
©
a
S 0.08 'L | e
]
= 0.07 H
! HH M |
30.06 f ' i YRR .u,
0.05
0.04

0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
Time [s]

Fig. 12. Determination of SOC for 0.1 MPa absolute pressure and fuel
temperature of 353 K

All presented reasons caused low repeatability of the re-
sults, especially those obtained using the pressure-based
method to determine the start of combustion. The coeffi-
cient of variation for both methods is shown in Fig. 13.

150% I

—— 295K
—— 353K

- —@ - 295K (image)
- -l - 353K (image)

.2100% T

50%

Coefficient of variation [%]

0%

0.0 0.5 1.0 1.5 2.0
Enviromental pressure (absolute) [MPa]

Fig. 13. Coefficient of variation of ignition delay for visual (dashed lines)
and pressure-based methods (solid lines)

High-speed imaging-based ignition delay determination
provided high repeatability of the results. The cases where
the result deviated from the average could be associated
with a specific aspect of the measurement, e.g. imprecise
impingement point. Table 2. shows the cases when the
droplet didn’t impinge in the center of the fuel pool and
reports the measured ignition delay. It also shows the aver-
age ignition delay (for seven repetitions) determined at the
corresponding measurement point.

Table 2. Droplet impingement location and the corresponding ignition

delay values
Parameters (fuel temper- | A photograph Measured Average
ature and pressure in the of droplet ignition ignition
chamber) impingement delay delay
T=295K
p =2 MPa 3.1ms 2.2ms
T=333K
p=1MPa 2.2ms 1.6 ms

An additional issue during the data analysis was related
to the droplet oscillation. Figure 14 shows the evolution of
the oscillating droplet prior to the impingement. The time
displayed in each photograph represents the time remaining
to the contact between the oxidiser and fuel.

t=-62.7ms t=-47.7ms t=-32.7ms

9 mm
. |

Fig. 14. Evolution of the oscillating droplet prior to the impingement

t=-17.7ms

t=-2.7ms

When using the visual method, the aspect of the oscillat-
ing droplet could be evaluated quantitatively by determin-
ing the droplet’s geometrical features at the instant of the
impingement, as was done in our previous study [21]. If the
pressure method is applied, high-speed imaging would also
be required.

In general, the repeatability of the results obtained using
pressure-based SOC determination was much worse than that
observed for visual SOC determination. Moreover, the igni-
tion delay values obtained using the pressure-based method
are much higher than those obtained by the optical method.

These observations suggest that the pressure-based
technique is not acceptable for quantitative ignition delay
measurement in the current setup.

5. Conclusions

Simultaneous image acquisition and pressure measure-
ments enabled the direct comparison of two approaches for
the start of combustion (and ignition delay) determination.
Moreover, the study revealed other aspects which should be
addressed when performing drop tests at high temperatures.
The crucial aspect is that the delay between the fuel deliv-
ery and the test cannot be too long due to fuel evaporation
and increasing concentration of the additive.

In terms of the start of combustion and ignition delay
determination, the presented analysis allows us to conclude
that the visual method is more reliable, accurate and better
suited for the setup and propellants used in the study —
mainly due to the relatively large volume of the test cham-
ber (compared to the amount of fuel and the size of the
fuel-oxidiser contact zone).

The advantages of this method were summarised as fol-
lows:
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— high repeatability of measurement results

— no need for synchronisation of a high-speed camera
with a pressure transducer

— easier evaluation of test quality (size and shape of the
droplet, place of droplet impact, amount of fuel in the
pool, etc.).

The main disadvantage of this technique is the need for
a manually generated trigger signal, which could be over-
come by using an additional photodiode triggering system.

The advantages of the pressure-based method are as fol-
lows:

— automatic trigger generation based on pressure
— additional information on combustion process dynamics.

In the setup used in the study, the pressure-based meth-
od had several disadvantages that make this method useless
for ignition delay determination, especially when quantita-
tive measurement is needed:

— high noise signal need for filtration
— sensitivity to droplets splashing onto the pressure sensor
surface

— the necessity of using the optical technique for the de-
termination of the time of contact between the fuel and
the oxidiser

— low repeatability of results.

Based on the observed features of both techniques, the
visual method shall be considered a better and more accu-
rate option for ignition delay determination of hypergolic
propellants. The optical method is sufficient to determine
the ignition delay without any additional instrumentation.
However, even in the visual determination of SOC, the
pressure signal can be useful for triggering and data-
collecting automation.
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Nomenclature

FTIR  Fourier-transform infrared
HTP  high-test peroxide

ID ignition delay

IRFNA inhibited red fuming nitric acid
MMH  monomethylhydrazine

NA nitric acid

RFNA
RGHP

red fuming nitric acid

rocket grade hydrogen peroxide
SOC  start of combustion

TEAB triethylamine borane

WFNA white fuming nitric acid
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