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Abstract

Among the green hypergolic propellants increasingly explored as less hazardous alternatives to conven-
tional in-space propellants like monomethylhydrazine and dinitrogen tetroxide, high-test peroxide (HTP)
and novel fuels offer promising reactivity and performance. This study investigates the hypergolicity
of green bipropellant combination dimethylthioformamide (DMTF)/HTP. Physical and thermochemical
properties were determined, and performance metrics estimated by simulation. Drop tests evaluated
ignition delay time (IDT), examining the effects of fuel additive concentration, drop height and con-
figuration, and mixture ratio. Adding 6 wt% copper(I) chloride to DMTF significantly reduced IDT
(13.71 £ 0.86 ms). Results indicate that DMTF/HTP may be a viable green hypergolic pair.

1. Introduction

Bipropellant propulsion systems consist of two liquid components, a fuel and an oxidiser, stored separately and mixed
in a combustion chamber where they ignite either spontaneously or with the help of an ignition system. They are an
integral part of numerous space missions, including orbital satellites, interplanetary spacecraft and probes [/1].

Hydrazine-based fuels are widely used in spacecraft chemical propulsion, with bipropellant systems commonly
employing combinations of monomethylhydrazine (MMH) and dinitrogen tetroxide (NTO). Their long-standing rep-
utation for high performance, reliability and storability has made them the preferred choice for decades. However,
Monomethylhydrazine (MMH) is classified as potentially fatal, carcinogenic, and highly toxic to aquatic life. Simi-
larly, nitrogen tetroxide (NTO) poses fatal toxicity risks and exhibits severe environmental hazards [23]. The haz-
ards associated with MMH and NTO necessitate the use of specialised protective equipment for personnel, such as
self-contained atmospheric protective ensemble (SCAPE) suits. The stringent safety protocols required for handling,
storage and transportation of these propellants significantly escalate operational costs [4]. This has created a focus on
developing safer, green alternatives with comparable performance, especially so as satellite subsystems are required to
be cheaper. Also, Hydrazine has been on the ECHA Candidate List of Substances of Very High Concern (SVHC) for
over a decade [5], due to its carcinogenicity and health hazards. This means that the use of hydrazine and hydrazine-
based chemicals may be restricted in the future under the REACH regulation; however, this has been the case for at
least a decade, with no significant regulatory enforcement having yet occurred.

Numerous studies in the literature have focused on the development of green hypergolic bipropellants using
High-Test Peroxide (HTP) as the oxidiser. Some of these studies are summarised in Table [T} with the name (where
applicable), composition, and ignition delay times on conventional drop testing and in impinging-jet injectors, of
various fuels that have been tested with HTP. Common factors in fuels with fast ignition delays include amine functional
groups and associated high pH, inclusion of sodium borohydride as an ignition promoter, and inclusion of metal cations
known to catalyse hydrogen peroxide decomposition.

The primary aim of this study is to investigate the feasibility of using DMTF and HTP as a combination of green
hypergolic bipropellants for spacecraft propulsion. Neat DMTF shows promise as an hypergolic fuel, due to its low
vapour pressure and toxicity, and inclusion of amide groups, analogous to the common features of other promising
hypergolics. However, little attention has been paid to DMTF as a potential green hypergolic fuel to date. To assess the
potential of DMTF as a potential hypergolic fuel with HTP, its physical and thermochemical properties were investi-
gated, and theoretical performance estimations are carried out using NASA ‘s Chemical Equilibrium with Applications
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Table 1: Ignition Delay Time data of Hypergolic Green Fuels.

Fuel HTP Drop test Injector Ref
(wt%) IDT (ms) IDT (ms)
U.S. Navy Block 0 (methanol + 22 wt% manganese acetate) 96.8 9-13 n/a l6H8]
Triglyme + 8 wt% NaBH,4 88.5 10.6 9 [9L10]
HKP110 (3-dimethylamino-propylamine + 10 wt% NaBH, 98 2 10 [11]
1-ethyl-3-methylimidazolium cyanoborohydride + 5 wt% NaBH, 95 73 n/a [12H14]
1,2-Diaminopropane (PDA) + 7 wt% NaBH4 95 3.13 unclear [15,/16]
Stock 1 (tetraglyme, tetrahydrofuran, NaBH,) 90 12 160¢ [17]
Stock 2 (tetraglyme, tetrahydrofuran, toluene, NaBH,) 90-98 5-16 1274 [17,/18]
Stock 3 (tetrahydrofuran, diethylenetriamine, NaBHy,) 95 9 67¢ [19]
1-ethyl-3-methylimidazolium thiocyanate ((EMIM][SCN]) 96.1 31.7 n/a [4,20]
[EMIM][SCN] + 5 wt% copper(l) thiocyanate (CuSCN) 96.1 13.9 n/a [4,20]
Dimethylthioformamide (DMTF) 95 28.8 n/a [21}122]

“Researchers specified this as 'rising time’

(CEA). Finally, the ignition potential of the propellants was examined through drop tests, and further attempts were
made to reduce the IDT by incorporating additives.

2. Propellant Characterisation

2.1 Green Oxidiser: High-test peroxide

HTP (also known as rocket-grade hydrogen peroxide (RGHP) in the USA [23]) is highly concentrated (85 - 98%)
aqueous hydrogen peroxide, and has been used in mono- and bipropellant rocket applications due to its relatively low
vapour pressure and non-toxic exhaust and decomposition products [12]; HTP catalytically decomposes into a high-
temperature mixture of steam and oxygen [24]]. Unlike NTO, HTP does not produce hazardous fumes or pose severe
long-term health risks from inhalation or skin exposure [25]]. However, HTP, as a strong oxidiser can cause chemical
burns upon contact [[26].

Some physical and thermochemical properties of HTP and NTO are presented in Table[2} Key advantages of HTP
over NTO as an oxidiser include its comparable density, allowing space-efficient oxidiser storage; its significantly lower
vapour pressure and boiling point, improving handling safety; and its high active oxygen content (47.1%), meaning a
significant portion of the propellant directly contributes to combustion. However, potential drawbacks include its higher
viscosity, affecting flow behaviour; higher surface tension, slightly affecting atomisation efficiency; and high freezing
point, requiring more rigorous thermal management. A well-publicised drawback of HTP is its slow decomposition
on storage. This can be managed by use of stabilisers such as colloidal stannate and sodium pyrophosphate [27]],
or judicious selection of hardware materials. Compatible materials include low-copper aluminium alloys (especially
1060, 1160, 1260, and 5254), 300-series stainless steels, tantalum, zirconium, and various fluoropolymers, including
PTFE, PFA, and PVDF, and polyethylene and Mylar [28]].

Table 2: Physical and thermochemical properties of 100 wt% H,0O, and N,O4 (NTO) [29:31]].

Property H,O, NTO (N,0O,)
Active oxygen content (%) 47.1 N/A
Molecular weight (g/mol) 34.015 92.02
Density at 20 °C (g/mL) 1.450 1.448
Freezing point (°C) -0.4 -11.2
Boiling point at 1013 mbar (°C) 150 21.2
Vapour pressure (mmHg) 6 1151
Specific heat at 25 °C (J/g-K) 2.6 1.55
Refractive index, nysp 1.4067 1.434
Viscosity at 20 °C (mPa-s) 1.25 0.47
Surface tension at 20 °C (mN/m) 80.4 27.5
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2.2 Physical and thermochemical properties of fuels

The comparative physical and thermochemical properties of DMTF and MMH are summarised in Table 3] MMH
offers superior energetic performance, with a higher enthalpy of formation and a lower freezing point. However, DMTF
exhibits a significantly higher flash point and lower vapour pressure than MMH, enhancing handling and storage safety.
Its higher density and lower viscosity contribute to improved volumetric efficiency and flow behaviour, supporting its
candidacy as a safer, more environmentally benign alternative.

Table 3: Physical and thermoochemical properties of DMTF and MMH [2,3236].

Property DMTF MMH
CAS Number 758-16-7 60-34-4
Molecular Formula C;H7NS  CHgN,
Molecular Weight (g/mol) 89.16 46.07
Freezing/Melting Point (°C) -8.5 -52.4
Boiling Point (°C) 58 - 60 88 -90
Vapour Pressure (mbar) 0.13 67
Density (g/cm?) 1.047 0.875
Dynamic Viscosity (mPa-s) 0.1 0.775
Autoignition Temperature (°C) - 182
Flash Point (°C) 99 -8

Enthalpy of Formation AH?

fuel

, (kJ/mol) -16 54.14

3. Methodology

3.1 Theoretical performance estimation by NASA CEA

This subsection presents estimated performance values for HTP and DMTF calculated using NASA CEA software.
CEA theoretical background and operational guidance are documented in NASA reference publications RP-1131 and
RP-1131-P2 [37}38]]. In these simulations, 98 wt% HTP was used as the oxidiser, with the remaining 2 wt% assumed
to be water. The frozen at throat setting was selected, as that tends to yield more realistic results for smaller rockets.
Additional input parameters, such as chamber pressure (9 bar) and expansion ratio (150), were adopted from the
specifications of a 10 N commercial bipropellant thruster produced by the Ariane Group [39].

3.1.1 Specific impulse and density specific impulse investigation

Figure [I] compares the vacuum specific impulse (Ispvac) and density-specific impulse (ofgpyac) of MMH/NTO and
DMTEF/HTP (98 wt% H,0,) propellant systems, as a function of oxidiser-to-fuel ratio (O/F). The Iy, o (solid lines;
left-hand y-axis) reaches a peak of approximately 336 s for MMH/NTO near O/F = 1.8, and 316 s at O/F = 4.0 for
DMTE/HTP. Despite its lower I yac, DMTEF/HTP demonstrates a superior density-specific impulse due to the higher
density of both the fuel and oxidiser. The p/y, vac (dashed lines; right-hand y-axis) reaches a peak of approximately 394
g-s/cm® for MMH/NTO, and 422 g-s/cm® for DMTF/HTP. Overall, while MMH/NTO delivers higher specific impulse
values, DMTF/HTP offers enhanced volumetric efficiency.

3.1.2 Effect of additives on performance indicators

Additives are often included to enable or enhance hypergolic ignition of candidate green fuels with HTP. Catalytic
additives, such as copper or manganese salts, accelerate HTP decomposition, releasing heat and oxygen that support
ignition. Energetic additives, like NaBHy, react exothermically with HTP, generating sufficient heat to achieve ignition.
These additives play a critical role in reducing IDT and ensuring reliable ignition performance.

As explained in subsection[d.2] CuCl, has been used to prepare fuel mixture with DMTF to obtain shorter IDT
than pure DMTF/HTP has been provided. This subsection explains the effects of additive CuCl, usage on theoretical
performance estimation using NASA CEA2. Therefore, the fuel mixture is simulated for three CuCI2 wt% amounts of
3, 6 and 9. The results for vacuum specific impulse are shown in Figure[2]and for density vacuum specific impulse are
shown in Figure 3]
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Figure 1: Theoretical Performance of DMTF & HTP (98 wt% H,0, and 2 wt% H,0) and MMH & NTO.
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Figure 2: Effect of CuCl, additive in DMTF with HTP (98 wt% H,0, and 2 wt% H,0O) on Specific Impulse.

For O/F below 3.5, the addition of CuCl, has no significant effect on (Is vac). However, for O/F ratios above 3.5,
increasing CuCl, reduces specific impulse. The peak Igpyac for pure DMTF is approximately 316 s at an O/F of 4.0,
whereas for 3%, 6% and 9% CuCl,, the peak values decrease to 314 s, 312 s and 311 s, respectively. I, increases with
increasing combustion chamber temperature and decreasing average molecular weight of exhaust products. For O/F
ratios below 3.5, DMTF with CuCl, additive exhibits higher chamber temperature values than pure DMTF, compensat-
ing for the slight increase in molecular weight of exhaust products. However, for O/F ratios above 3.5, the combustion
temperature of the additive-containing fuel becomes lower than that of pure DMTF. Since both parameters now act
against performance, the specific impulse of the additive-containing mixture drops below that of the pure DMTFE.

On the other hand, the presence of CuCl, in the fuel mixture increases the vacuum density-specific impulse
(olsp, vac)- This is expected, as CuCl, has a higher density than DMTF, leading to an overall increase in the mixture‘s
density-specific performance. The peak plg;, vac for pure DMTF is around 422 g-s/ cm?, whereas with 3%, 6% and 9%
CuCl,, the peak values increase to 426 g-s/cm?’, 432 g-s/cm? and 434 g-s/cm?, respectively.
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Figure 3: CuCl, effect on Density Specific Impulse of DMTF.

3.1.3 Exhaust products estimation by NASA CEA

Exhaust gas products at maximum I, condition were estimated using NASA CEA, after [40]]. This theoretical eval-
uation is based on equilibrium conditions. In reality, assuming frozen flow at the throat is crucial for performance
calculations, whereas a sliding equilibrium condition offers insight into theoretical chemical equilibrium behaviour.
So, simulation conditions are kept the same except for equilibrium conditions. This analysis does not assume frozen
flow at the throat. In both cases the exit temperature is approximately 944 K.

The exhaust products of DTMF/HTP mixture simulation are given in Table[d} and those where DMTF has 5 wt%
CuCl, added are given in Table[5] Molecules are listed in order of mass fraction, and molecular weights are included.

Table 4: Mass Fractions of the Exhaust Products for DMTF/HTP.

Molecule Mass Fraction Molecular Weight (g/mol)

H,O 0.56636 18.02
CO, 0.27346 44.01
SO, 0.12726 64.07
N, 0.02909 28.01
H,S 0.00183 34.08
S, 0.00114 32.07
CO 0.00048 28.01
H, 0.00032 2.02
S,0 0.00003 80.13
COS 0.00002 60.07
SO 0.00001 48.06

The primary exhaust species in both cases are water vapour (H,O, 56%), carbon dioxide (CO,, 27%) and sulfur
dioxide (SO, 13%), comprising 96% of products. Nitrogen (N>) and hydrogen sulphide (H,S) are present in smaller
amounts. When 5 wt% CuCl, is added to the fuel, copper(I) sulphide (Cu,S) and hydrogen chloride (HCIl) emerge
as additional exhaust species. No solid exhaust products were identified in the DMTF/HTP case. However, in the
simulation with 95 wt% DMTF and 5 wt% CuCl,/HTP, Cu,S is expected to form as a solid, constituting approximately
0.6 wt% of the total exhaust products as shown in Table 5] This highlights the chemical differences between the two
cases, particularly the role of CuCl, in modifying the exhaust composition. Understanding these variations is crucial
for assessing their potential impact on plume characteristics and combustion performance.

Hydrogen sulfide (H,S), carbon monoxide (CO), SO,, HCI and Cu,S are among the primary health concerning
combustion byproducts. These compounds, listed in Table[5] are formed during injector and thruster tests and would
require proper safety measures to mitigate exposure during testing on the ground.
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Table 5: Mass Fractions of the Exhaust Products for 95 wt% DMTF & 5 wt% CuCl,/HTP.

Molecule Mass Fraction Molecular Weight (g/mol)

H,O 0.56135 18.02
CO, 0.27007 44.01
SO, 0.12793 64.07
N, 0.0287 28.01
Cu,S 0.00569 159.16
HCl 0.00521 36.46
H,S 0.00039 34.08
CO 0.0003 28.01
H, 0.00019 2.02
S, 0.00015 64.13
S,0 0.00001 80.13

3.2 Drop Test Mechanism

Drop tests are a practical and efficient method for evaluating the hypergolic potential of a fuel and oxidiser [4,41]. In
these tests, a small droplet of fuel is released onto a pool or droplet of oxidiser and the reaction is observed to determine
whether spontaneous ignition occurs upon contact. Although drop tests do not replicate the high-pressure and dynamic
flow conditions of a thruster, they serve as a reliable first-step screening tool. Fuels that exhibit consistent and fast
ignition in drop tests are considered strong candidates for further evaluation under realistic propulsion conditions.

Drop tests were performed in the Engineering Materials Lab in Eustice building at University of Southampton.
The semi-automated drop test mechanism was designed and manufactured based on the design principles outlined
in [T1]). It is referred to as semi-automated because, while the trigger mechanism allows the drop tests to be conducted
automatically, the placement of propellants and the post-test cleaning are performed manually. A diagram and actual
test site image are shown in Figure @ The drop tests were conducted under a fume hood under ambient conditions,
because the primary objective was to identify new hypergolic propellant combinations.

The drop test setup was designed to ensure precise synchronisation between propellant release and high-speed
camera recording. A computer-driven motorised translation stage (MTS50/M-Z8, Thor Labs, 50 mm travel range)
controlled the syringe, releasing a drop of propellant while simultaneously triggering the high-speed camera using
a Transistor - Transistor Logic (TTL) pulse. The TTL signal (5V, 8 mA) was generated by the Thorlab‘s K-Cube
brushed DC servo motor controller and transmitted via a BNC coaxial cable to the trigger input of the Photron Fastcam
SA3, ensuring accurate timing between droplet release and video capture. The high-speed camera settings for the
experiments included a frame rate of 3000 fps and an aperture setting of f/16. Images were captured at a resolution of
768 x 768 pixels, and processed using Photron FASTCAM Viewer (PFV4). A polarisation filter was used to minimise
glare.

Fume Hood

I Translation Stage

I
'ITLTriggarT———rrmﬁmm,,,,,,,,,,,

I
I
I
I
I
Syringe : S
I
I
I
I
I

Computer

L

High-speed Camera

(a) Drop test mechanism diagram (b) Drop test experimental setup

Figure 4: Drop test system: Diagram (left) and actual test site (right).
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4. Results and Discussion

4.1 Drop Test Results

This section presents the results of the drop tests. To ensure accuracy in repeated tests conducted under identical
conditions, the uncertainties in time to vapour generation (TVG) and ignition delay time (IDT) measurements have
been evaluated based on the standard deviation of repeated measurements, following the method described in [42]. The
device uncertainty is determined by the time resolution of the high-speed camera, which corresponds to the theoretical
duration of a single frame. The total standard uncertainty is then calculated as the root sum square of the statistical and
device uncertainties [42].

(a) - 6.67 ms (b) 0.00 ms (c) 2.00 ms (d) 11.33 ms (e) 13.33 ms

Figure 5: Snapshots of a drop test using 95.41 + 0.27 wt% H,0O, and DMTF with 5 wt% CuCl,.

Figure[3]illustrates the procedure for determining TVG and IDT in drop tests. In Figure[5(a) shows the approach
of an oxidiser droplet towards the fuel on the watch glass. The fuel and oxidiser droplets are indicated with red dashed
lines. Figure[5(b) captures the frame where the fuel and oxidiser first come into contact; this frame is designated as the
zeroth millisecond and serves as the reference point in the calculation of both TVG and IDT. The mixture process of
propellants is given in Figure [5(c). The first visible vapour formation is depicted in Figure [5(d). The IDT is similarly
determined, as illustrated in Figure [5e).

4.2 Additive concentration in the fuel mixture

Literature suggests that an IDT of approximately 15 ms is generally required to ensure safe operation during thruster
tests [4,43]]. However, the IDT for the pure DMTF and HTP combination is around 27 ms. To mitigate this, CuCl,
was added to the fuel mixture to shorten the delay. The corresponding results are collectively presented in Figure [6]
The CuCl, concentration in the DMTF - based fuel was varied from 1 wt% to 9 wt% and each mixture was evaluated
with HTP using the drop test setup. (MAT and NaBH, were considered as additives, but were insoluble in DMTF.) The
oxidiser concentration employed in the tests was 95.41 = 0.27%.

Figure [6] illustrates the relationship between the CuCl, proportion in the fuel mixture (wt%) on the x-axis and
time (ms) on the y-axis. Two datasets are presented: TVG and IDT, represented by blue circles and orange squares
with error bars indicating statistical uncertainty over six tests.

As the CuCl, proportion increased up to 6 wt%, both TVG and IDT values decreased, down to minima of TVG
=12.13 + 0.83 ms and the IDT = 13.71 + 0.86 ms. However, for CuCl, > 6%, TVG and IDT increased slightly, which
can be attributed to the increased physical delay of the mixture, influenced by its viscosity and surface tension.

Higher CuCl, concentrations led to more vapour production and a brighter flame. However, at 9 wt% CuCl,, the
additive did not fully dissolve in DMTF, indicating that the solubility limit was reached. Figure[6]also shows that the
presence of any CuCl, in the fuel mixture significantly reduces the delay between TVG and IDT. For example, at 1
wt% CuCl,, TVG decreased from 18.67 ms to 15.28 ms, while IDT was reduced from 26.94 ms to 18.50 ms.

4.3 Effect of drop height

It was investigated whether drop height (the distance between the tip of the syringe and the top edge of the watch glass)
had an effect on the TVG and IDT. Drop height values tested were 250 mm, 225 mm and 200 mm, constrained by the
physical limitations of the drop testing apparatus.

These are shown in Figure[7] where the x-axis represents the drop height (mm), while the y-axis shows TVG (blue
circles) and IDT (orange squares) in milliseconds, with error bars representing measurement variability. The impact
velocities corresponding to the tested drop heights were calculated assuming free-fall motion under gravity, ignoring
air resistance. For a drop height of 250 mm, the impact velocity was estimated as 2.21 m/s. At 225 mm, the velocity
decreased to 2.10 m/s and at 200 mm, it further reduced to 1.98 m/s. It is apparent that average TVG and IDT values
increase with decreasing drop height: at 200 mm, TVG and IDT are approximately 14.2 ms and 16.0 ms, respectively.



DOI: 10.13009/EUCASS2025-019

HYPERGOLIC IGNITION OF DMTF AND HYDROGEN PEROXIDE

30 T T T T T T T T T T

& Average TVG
h § Average IDT

25 1

151 Q m m

Time (ms)

10

0 1 1 1 L L 1 1 1 1 1
0 1 2 3 4 5 6 7 8 9
CuCI2 Proportion in Fuel Mixture (wt%)

Figure 6: TVG and IDT measurements of various CuCl, additive proportions of DMTF in drop tests conducted with
95.41 £ 0.27 wt% HTP.

By 250 mm, TVG is reduced to around 12.5 ms, while IDT stabilises at approximately 13.8 ms. These results suggest
that increasing the drop height enhances the kinetic energy of the HTP drop, and thus the mixing and decomposition
processes, leading to shorter ignition times. This suggests that shorter TVG and IDT could be expected in injector tests,
where mixing efficiency can be better than drop tests. It is worth noting that in the experiments conducted in with
a reactive fuel, drop height did not appear to affect TVG or IDT.

17 = : =
d TV
i o7
168
15
m m
E ¢
o 14F
£ L
|7
13k @
0]
121
1 ! ! | ! ‘ ‘ ! ! ! |
200 205 210 215 220 225 230 235 240 245 250

Drop Height (mm)

Figure 7: Effect of drop height on ignition characteristics of DMTF fuel mixtures with 95.41 + 0.27 wt% HTP.

4.4 Effect of mixture ratio

In this subsection, the effect of mixture ratio (the ratio of the amount of oxidiser used in a drop test to the amount
of fuel) on TVG and IDT is investigated. According to drop size measurements performed using PFV4 software, the
average released HTP volume was 9.49 + 0.67 microliters (uL). Fuel volume was measured with a micropipette, and
mass calculated from the density of the fuel mixture.



DOI: 10.13009/EUCASS2025-019

HYPERGOLIC IGNITION OF DMTF AND HYDROGEN PEROXIDE

Figure [§] presents average TVG and IDT across different mixture ratios, illustrating the effect of the propellant
mixture ratio on the ignition characteristics of DMTF fuel mixtures in drop tests with 95.41 + 0.27 wt% HTP. No
significant variability was observed in TVG and IDT across mixture ratios between 0.99 and 4.55. Future studies could
examine mixture ratios outside this range, and at lower HTP concentrations.
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Figure 8: Effect of propellants mixture ratio on ignition characteristics of DMTF fuel mixtures for drop tests conducted
with 95.41 + 0.27 wt% HTP.

Other researchers tested a fuel mixture of [EMIM][SCN] and HTP, and found the IDT and TVG results remained
similar across mass ratios [44]. However, in experiments using an amine-type fuel containing NaBH4 with HTP, an
increase in TVG was observed as the mixture ratio increased, but only when the HTP concentration was below 90
wt% [11L145]].

4.5 Effect of test order (oxidiser onto fuel or fuel onto oxidiser)

The positions of the oxidiser and fuel mixture were varied during the drop tests, with two configurations tested: HTP on
the watch glass with fuel released from the syringe and fuel on the watch glass with HTP released from the syringe. The
mixture ratio was 1.89 in all the tests but the total fuel and oxidizer amounts were slightly different due to equipment
constraints. In the tests where fuel was dropped onto oxidiser, a significantly louder popping sound was observed,
indicating a more vigorous initial reaction.

Table 6: Comparison of DMTF fuel mixtures with 95.41 + 0.27 wt% HTP under different test orders.

Parameter/Test Condition Ox on Fuel Fuel on Ox
Fuel Mixture Volume (ul) 6.00 9.49
Oxidiser Volume (ul) 9.49 15.00
Mixture Ratio 1.89 1.89
Test Order Ox on Fuel Fuel on Ox
Average TVG (ms) 13.33 21.86
TVG Standard Deviation (ms) 0.97 1.51
Average IDT (ms) 14.93 24.52
IDT Standard Deviation (ms) 1.18 1.69

The data from these drop tests are presented in Table [f] TVG was approximately 8 ms longer, and IDT approx-
imately 10 ms longer, when the fuel mixture was released from the syringe, compared to the opposite configuration.
This suggests that the primary difference between the two cases lies in the TVG process, which is largely influenced
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by physical delay, which in turn is affected by the viscosity, surface tension and miscibility of the propellants [46], all
of which influence the interaction dynamics between the fuel and oxidiser.

(a) Fuel released onto oxidiser (b) Oxidiser released onto fuel

Figure 9: Effect of propellant release order on IDT.

In this study, viscosity measurements have not yet been performed. However, the literature shows that the
addition of metal salt additives to liquid fuels tends to increase the viscosity of the fuel mixture. For example, the
addition of 5 wt% CuSCN to [EMIM][SCN] increases the viscosity from 20.1 mPa s to 29.6 mPa s at 25 °C .
Similarly, the addition of copper(I) nitrate (CN) to monoethanolamine (MEA) based fuel significantly increases the
kinematic viscosity, from 30.07 cStat 1% CN to 119.14 cSt at 20% CN []ZE[] Thus, the fundamental difference in TVG
values is thought to be due to the higher viscosity of the fuel mixture compared to the oxidiser, as it contains CuCl,.

When the fuel came into contact with the oxidiser pool on the watch glass, the mixing, atomisation and reaction
occur more slowly, prolonging the time required for sufficient heat generation to initiate vaporisation. Similar trends
in IDT have been reported in the literature [[12,44]/47,48]|. Additionally, the fuel mixture remained concentrated in the
area where the drop initially landed, rather than spreading quickly, as illustrated in Figure[9}

4.6 Test medium comparison (watch glass or test tube)

Further tests were conducted to investigate whether using a watch glass or a test tube had any effect on the TVG and
IDT values (with DMTF with 6 wt% CuCl, as the fuel mixture, with a mixture ratio of 1.9 and a drop height of 250
mm). Data for this test are given in Table[7] and indicate that both TVG and IDT values are consistently higher in the
glass tube compared to the watch glass. On average, TVG in the glass tube is approximately 3.5 ms longer, while IDT
is 4 ms longer. The drop test results are shown in Figure[T0]

Table 7: Comparison of DMTF fuel mixtures with 95.41 + 0.27 wt% HTP in watch glass and test tube.

Parameter/Test Medium Watch Glass  Glass Tube
Average TVG (ms) 12.52 16.00
TVG Standard Deviation (ms) 0.73 0.73
Average IDT (ms) 13.95 18.08
IDT Standard Deviation (ms) 0.60 0.68

One possible explanation is that when using the watch glass, local mixing could have been enhanced, and in turn
enhance ignition. For the test tube, it may be that more thorough mixing occurs before ignition, which could explain
the greater pop noticed during the tests. Another possible explanation is that atmospheric oxygen may contribute to
the ignition, as suggested in [49)]]. In this case, more oxygen reaching the reaction site in the watch glass setup, with its
wider surface area, could partly account for the faster reaction observed in that case.

4.7 Fourier transform infrared spectroscopy (FTIR)

In Fourier transform infrared spectroscopy (FTIR) spectroscopy, infrared (IR) radiation is passed through a sample,
and the amount of each wavelength absorbed is measured. The resulting spectrum represents molecular ’fingerprint’
of the sample. FTIR analysis can be applied to solids, liquids or gases [50].
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(a) -10.67 ms (c) 12.67 ms (d) 21.33 ms

(e) -9.33 ms (f) 14.33 ms (g) 15.67 ms (h) 18.67 ms

Figure 10: Snapshots of drop tests. Top row: conducted on a watch glass. Bottom row: conducted in a test tube. Each
sequence shows the oxidiser drop approach, vapour formation, ignition, and combustion.

FTIR and similar techniques have been widely used to study the structural stability of fuel mixtures over time
[12,/51]. One study used FTIR to analyse the chemical stability of a fuel mixture containing N-methylimidazole,
N-methyldiethanolamine and a CuCl,-2H,0 catalyst, with no signs of chemical degradation between fresh and one-
month-old samples [52]. Similarly, FTIR spectroscopy has been applied to examine the stability of a catalytic additive
prepared for the [EMIM][BH3CN] ionic liquid with HTP, and found that when fresh and 30-day-old fuel samples
were compared, the only chemical change detected was a variation in the permeability of the C = N bond [12]. In
another study, FTIR analysis was performed for a fuel mixture of [EMIM][SCN] and 5 wt% CuSCN, showing that
the fuel mixture formed an ionic liquid containing the EMIM+ cation, SCN- and complex copper thiocyanate anions
[4]. FTIR analysis can thus be carried out at specific intervals to investigate whether a fuel mixture undergoes any
chemical changes over time, such as the formation of new bonds. These findings highlight the potential for chemical
interactions in fuel mixtures containing catalytic additives, and demonstrate the effectiveness of FTIR in assessing
chemical stability, providing valuable insight into fuel composition over time.

FTIR spectroscopy was conducted for CuCl,, DMTF and a 5 wt% solution of CuCl, in DMTF, using a Thermo
Scientific Nicolet iS5 spectrometer equipped with an iD7 ATR attachment. All measurements were conducted at the
School of Chemistry and Chemical Engineering at the University of Southampton. Figure[TT]presents these three FTIR
spectra. The top spectrum corresponds to CuCl,, displaying characteristic absorption peaks. The middle spectrum is
that of pure DMTF, showing the absorption bands. The bottom spectrum is of the Swt% solution of CuCl, in DMTFE.
The peaks observed at 518, 822, 913, 965, 1050, 1205, 1394, 1412, 1440, 1463, 1532, 2357, 2797, 2899 and 2938 cm™!
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Figure 11: FTIR Spectra of CuCl,, DMTF and 95 wt% DMTF and 5 wt% CuCl,.

were consistent between pure DMTF and the solution of CuCl, in DMTF. However, a new peak was detected at 1670
cm™!, which is commonly associated with C=O stretching in dimethylformamide [53,/54], suggesting the formation of
a new chemical complex in the solution.

To confirm the long-term stability of the CuCl,-DMTF fuel mixture, a detailed chemical stability analysis is
required. Additionally, spectroscopy can provide deeper insight into its composition and potential reactions. Further
research can explore new fuel formulations by testing DMTF with alternative additives, such as CuSCN.

5. Conclusion and Future Work

This study assessed the potential of DMTF and HTP as a green bipropellant combination for spacecraft propulsion.
NASA CEA simulations showed that the DMTFE/HTP system yields a maximum vacuum specific impulse of approx-
imately 316's and a peak density-specific impulse of 422 g-s/cm?, exceeding the volumetric efficiency of conventional
MMH/NTO despite slightly lower energetic performance. Drop tests confirmed reliable hypergolic ignition, with the
addition of 6 wt% CuCl, reducing TVG and IDT to 12.13 + 0.83 ms and 13.71 + 0.86 ms, respectively. Test conditions
such as drop height, release sequence and test medium were also shown to influence ignition behaviour.

The next step of the project is to perform injector tests to determine the ignition and combustion of the determined
propellant combinations in flow conditions. Toward this end, a simple material compatibility study will be performed
for DMTF, and solutions of CuCl, in DMTF. The injector test mechanism is being developed according to the materials
identified in the compatibility tests. Thruster tests will be performed according to the results obtained from the injector
tests.
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