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Decomposition of a Double Salt lonic Liquid
Monopropellant on Heated Metallic Surfaces

Steven P. Berg® and Joshua L. Rovey?
Missouri University of Science and Technology, Rolla, Missouri, 65409

A monopropellant consisting of 59% hydroxylammonium nitrate and 41% 1-ethyl-3-
methylimidazolium ethyl sulfate by mass is tested for decomposition on heated platinum,
rhenium, and titanium surfaces. It was found that the propellant decomposes at 165 °C on
titanium, which is the decomposition temperature of HAN. The onset temperature for
decomposition on platinum was 85 °C and on rhenium it was 125 °C. This suggests that
platinum and rhenium act as catalysts for the decomposition of the monopropellant. From
the experimental data, Arrhenius-type reaction rate parameters were calculated. The
activation energy for platinum was 3 times less than that of titanium suggesting it could be a
prime choice for catalyst material in further thruster development.

Nomenclature

activity coefficient, [mL/mol-sec]
specific heat of species i, [J/kg-K]
activation energy, [J]

reaction rate coefficient, [1/sec]
Boltzmann constant, [m?-kg/sec®-K]
number of moles of species i, [mol]
heat transfer rate, [W]

heat flux, [W/mm?]

heat transfer rate due to electrical heating, [W]
reaction rate, [mol/m-sec]
temperature, [K]

heating rate on blank surface, [K/s]
electrical heating rate, [K/s]

self heating rate, [K/s]

melting temperature, [K]

time, [sec]

volume, [m?]

heat of reaction, [J/mol]

resistivity, [Q-m]

thermal conductivity, [W/m-K]

=

EmoO >

-_
[T | I T T |

> ?Qﬂ =z
|

B

&

=3
I

Downloaded by Joshua Rovey on August 1, 2016 | http://arc.aiaa.org | DOI: 10.2514/6.2016-4578
3

F

AT A< A S

I. Introduction

ULTI-mode spacecraft propulsion is the use of two or more propulsive devices on a spacecraft, specifically
making use of a high-thrust, usually chemical, mode and a high-specific impulse, usually electric mode. This
can be beneficial in two primary ways. One way a multi-mode propulsion system can be beneficial is by designing a
mission such that the high-thrust and high-specific impulse maneuvers are conducted in such a way that it provides a
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more efficient trajectory over a single chemical or single electric maneuver." The second is to increase the mission
flexibility of a single spacecraft architecture in that both high-thrust and high-specific impulse maneuvers are
available to mission designers at will, perhaps even allowing for drastic changes in the mission plan while on-orbit
or with a relatively short turnaround from concept to launch.>’ For the second method, it is extremely beneficial to
utilize a shared propellant for both modes as this provides the highest flexibility in terms of mission design choices.
Two propellants have been developed which may function and theoretically perform well in both a chemical
monopropellant and electric electrospray mode.® These propellants, based on mixtures of ionic liquids
[Emim][EtSO,] and [Bmim][NOs] with ionic liquid oxidizer hydroxylammonium nitrate (HAN), have been
previously synthesized and assessed for thermal and catalytic decomposition in a microreactor.’ This paper presents
results of further experiments to characterize the decomposition of the [Emim][EtSO,]-HAN monopropellant,
specifically on catalytic surfaces relevant to application in a microtube thruster'®*? or similar geometry such as
channels in a monolith catalyst. The electrospray capabilities of the propellants have been investigated previously.*?

Hydrazine has been the monopropellant of choice for spacecraft and gas generators because it is storable, easily
decomposed to give good performance properties, and has extensive flight heritage.** However, hydrazine is also
highly toxic and recent efforts have been aimed at replacing hydrazine with a high-performance, non-toxic ‘green’
monopropellant. Many of these efforts have focused on energetic ionic liquids, which are essentially molten salts
with an energetic functional group and thus capable of rapid decomposition into gaseous products under proper
stimulus. The energetic salts hydroxylammonium nitrate (HAN), ammonium dinitramide (ADN), and hydrazinium
nitroformate (HNF) have received attention for this purpose.***” All of these salts have melting points above room
temperature, and it is therefore necessary to use them in an aqueous solution to create a storable liquid propellant.
Typically, these oxidizer rich ionic liquids are also mixed with a compatible fuel component to provide improved
performance. The main limitation to the development of thrusters for these monopropellants has been excessive
combustion temperatures, but recent efforts in materials and thermal management have mitigated some of these
issues and flight tests have been conducted or are scheduled.*”™® These propellants, while performing well for
chemical propulsion, fundamentally will not perform well in an electrospray thruster; therefore, for a proposed
multi-mode monopropellant/electrospray system, novel system-specific propellants will be needed and the first
generation has been synthesized.®*

Recent efforts have placed a greater emphasis on smaller spacecraft, specifically microsatellites (10-100 kg) and
nanosatellites (1-10 kg), including the subset of cubesats. Many different types of thrusters have been proposed to
meet the stringent mass and volume requirements placed on spacecraft of this type. Electrospray, in particular, may
be well suited for micropropulsion, and has been selected for these types of applications.?>** Many types of thrusters
have been proposed for chemical propulsion for small spacecraft. One type is the chemical microtube.’**? This type
of thruster is simply a heated tube of diameter ~1 mm or less that may or may not consist of a catalytic surface
material. Additionally, from a multi-mode system standpoint, there is no fundamental reason why this geometry
could not be shared with the electrospray mode as capillary type emitters can be roughly the same diameter tube.?

Due to the stringent mass, volume, and power requirements on micropropulsion systems, the required preheat
temperature and overall length of the tube to achieve peak performance is important. However, in order to assess
these requirements, and in turn design an experimental thruster, basic properties of the propellant decomposition and
burning behavior must be determined. This paper presents results on the experimental determination and assessment
of the decomposition characteristics of the [Emim][EtSO,4]-HAN propellant on various catalytic surfaces through the
use of a batch reactor. These measurements, taken together, can be used directly or compared to existing models of
HAN propellant decomposition to aid the design of a catalytic microtube thruster. Section Il will describe the setup
of the experiment, Section Il will present the results of the experiments, Section 1V will discuss the results
including relevant development or selection of decomposition model parameters, and Section V presents the
conclusions of this study.

1. Experimental Setup

The batch reactor used in this study is similar in function to that used in the previous studies with the same
propellant or other HAN-based propellants.®*® The previous study on catalytic decomposition with the
[Emim][EtSO,] blend used a syringe to inject a droplet of the propellant onto pre-heated catalyst particles.
Decomposition rate was determined by measuring the pressure change inside the reactor.® This was done with
application to a conventional monopropellant thruster in mind. In a chemical microtube, the monopropellant
decomposition is initiated through heat and catalytic activity from the chamber walls instead of from many small
catalyst particles packed into the chamber as in a conventional thruster. The batch reactor in this study therefore uses
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heated metallic surfaces to generate decompaosition of the monopropellant in order to best provide data for use in the
design of a monopropellant microtube.

The reactor consists of a large (~1L) chamber with feedthroughs to accommodate heating of the catalyst surface
and measurement of the surface temperature. Additionally, a gas feedthrough is used to evacuate the air in the
chamber via mechanical vacuum pump, as well as to backfill with argon gas back to 15 psia pressure. The
experimental setup in the lab is shown in Fig. 1. The propellant itself is held in place on top of the catalytic surface
via the sample holder geometry shown in Fig. 2. The sample holder is a quartz tube with an inner diameter of 5.33
mm. The catalytic surface material is sandwiched between two sheets of Teflon material and the top sheet has a
cutout of same diameter to the outside diameter of the sample holder cylinder. Additionally, a single strip of Teflon
tape is wrapped around the base of the cylinder for experiments. This, combined with the high viscosity of the
propellant, was found to provide an adequate seal to keep propellant from leaking out of the containment region
provided by the cylinder. The catalytic material is heated by applying a voltage directly across the metallic material.
For each experimental run, 50 pL of propellant is injected into the sample holder. The batch reactor is then closed
off, evacuated, and back filled with argon. Finally, power is provided to the catalyst material until propellant
decomposition is initiated. A thin wire type-K thermocouple measures the temperature of the catalyst surface
throughout the duration of the experiment.

Figure 1. Photograph of the Batch Reactor Experiment in the Lab Showing Atmosphere Control Panel (left),
Sample Holder (bottom), Pressure Measurement (right), and Temperature Measurement (top).

As mentioned, the propellant used in
this study is a blend of
hydroxylammonium nitrate (HAN) and

Sample Holder

1-ethyl-3-methylimidazolium ethyl
sulfate ([Emim][EtSO,4]) consisting of Catalyst
59% oxidizer and 41% fuel by mass. The Surface Teflon

synthesis procedure is described in detail
in the previous studies.®™® Three catalyst
materials are  selected for this
investigation: titanium, platinum, and
rhenium. Rhenium was found from the
previous study to be a good candidate

catalyst material.” Platinum was the _Il
material selected for the previous . .
microtube thruster experiments®*? and Figure 2. lllustration of the Sample Holder Geometry.

is also a candidate for HAN propellant
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catalyst applications.™ Titanium is selected for this study to provide a measure of thermal decomposition absent
catalytic activity since it is known to be compatible with HAN propellants for long term storage.'*? The properties
relevant to this study for each material are given in Table 1. For the experiment, a 25 mm x 8 mm strip of 0.025 mm
thick material is used for platinum and rhenium. For titanium the dimensions are the same except for the thickness,
which is 0.05 mm.

Table 1. Thermal and Electrical Properties of Catalyst Materials Used in This Study.

p [Q-m] x 107 K [W/m-K] T [K]

Platinum 1.04 71.6 1968

Rhenium 1.85 71.0 3382

Titanium 4.27 20.8 1868
I11. Results

Results from the batch reactor experiment described in the previous section are presented here. All
decomposition experiments are conducted in a 15 psia argon internal atmosphere and with 50 uL of propellant. For
comparison, an 80% HAN/water blend and pure [Emim][EtSO,] are also tested for decomposition with the same
conditions used for the HAN/[Emim][EtSO4] monopropellant blend. Results are displayed in terms of heat flux,
which is calculated using the input current, material electrical resistivity and catalyst surface geometry. Due to
differences in the material properties, exact heat flux could not be precisely replicated for all materials; however,
relevant points will be addressed in the discussion section.

Sample results for the decomposition of the

HAN/[EmIim][EtSO,4] propellant on the catalyst 300 5 : P

surfaces are shown in Fig. 3. The figure shows the 275 3| — Platinum

temperature indicated by the thermocouple as a 2503 |~ Rhenium -l
function of time after power is applied through the 3 Titanium . —~
catalyst surface. The results shown in the figure 225 3 j;'r =

are for calculated input heat flux of 7.2, 7.9, and 13 O 2003

mW/mm? for platinum, rhenium, and titanium, ° 1753 -~

respectively. For all surface materials, the 2 41503 // /

temperature increase is roughly linear initially, ] 125 3 ) /

followed by a transition to another roughly linear g 3

region of higher slope, indicating exothermic = 1003

decomposition of the monopropellant. The 753 ;o

temperature at which decomposition of the 503 /o

propellant occurs, which for purposes of this study 25 _E,,/ '

is taken as the start of the transition from the initial 3

linear temperature slope, is lowest for platinum 0 Tt rrrrrrrrrrrore
surface material at 85 °C, followed by rhenium at 0 2 4 6 8 10 12 14 16 18
125 °C and titanium at 165 °C. Since the rate of Time (sec)

temperature increase during decomposition is ~ Figure 3. HAN/[Emim][EtSO,  Monopropellant
driven by the exothermic reaction of the  Decomposition on Platinum, Rhenium, and Titanium
monopropellant also of note is that the rate of  Surfaces.

temperature increase is highest for platinum, which

shows a sharp increase in temperature just after decomposition onset. Both rhenium and titanium show a longer
transition region and peak at the end of the decomposition event.

The decomposition of the HAN/[Emim][EtSO,4] propellant is investigate further by conducting the experiment at
various power input levels. Table 2 shows the results for each material at varied heat flux, which is again calculated
from the input current and material properties. Results are shown in terms of temperature slope for the region before
decomposition onset, during decomposition, and for the same input power with no propellant present. Additionally,
for the case with no propellant present, the test is conducted at vacuum (~107 torr) instead of 15 psia argon.
Temperature slope before decomposition and for the blank cases is taken as the line between pointsatt=0and t= 2
seconds. Temperature slope during decomposition is calculated by taking the line between two points as determined
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by visual inspection of the temperature vs. time ~ Table 2. Rate of Temperature Change Before and During
results similar to Fig. 3. Cases that did not result ~ Decomposition Events for Each Catalyst Surface at
in decomposition during the test window of 18  Various Input Power.

seconds are given a dash-mark in the table.

From the results shown in Fig. 3, platinum has -,

the highest rate of temperature change during SR P : o
decomposition at 338-372 °C/sec. Tests on (mW/mm?) Te CCls)  Ts CCl8)  Tuan (°CI5)
rhenium show higher rate of temperature change Platinum

compared to titanium during the decomposition

event, 51 °C/sec vs. 41.5 °C/sec respectively. 3.2 75 i 10.0

Additionally, at similar heat flux, the platinum 4.4 9.5 354 17.7

cases have a higher temperature slope before 5.0 10.0 363 27.0

d_eco_mposition compared to both rhenium and 6.0 15.0 338 31.7

titanium. For example, the temperature slope for

heat flux of 3.2 mW/mm? is 7.5 °C/sec for 72 21.5 372 37.5

platinum and 6.0 °C/sec for rhenium; and, the Rhenium

temperature slope is 10 °C/sec for platinum at 5 1.4 33 i} 6.0

mW/mm? heat flux and 6.7 °C/sec at 5.4 ' ' '

mW/mm? for titanium. This trend is true for all 3.2 6.0 ) 11.0

cases tested. Tests on rhenium also show a 4.3 9.3 - 18.5

slightly higher rate of temperature change prior 5.7 11.7 52 34.7

to decomposition onset compared to titanium,

for example 9.3 °C/sec at 4.3 mW/mm? on 7.9 13.5 50 44.0

rhenium versus 8.5 °C/sec at 7 mW/mm? on Titanium

titanium. 5.4 6.7 - 23.3
More information about the propellant

decomposition process may be obtained b 7.0 8.5 i 35

p p y y

observing the decomposition of the constituent 8.8 9.7 40 41.7

fuel and oxidizer. As mentioned, an 80% HAN 10.9 10.0 41 525

by mass HAN/water solution and pure

[Emim][EtSO,] are tested for decomposition. 130 11.0 43 603

Results on platinum at heat flux of 7.2 mW/mm?

are shown in Fig. 4. From the figure, the

decomposition onset of HAN/Water is virtually 250

the same as that of the HAN/[Emim][EtSO,] 225

monopropellant blend. The temperature rate of

change is the same value of 21.5 °C/sec, the 200

onset temperature is 85 °C, and the temperature 175

slope during decomposition is slightly lower for

HAN/Water at 283 °C/sec. The behavior of 150

temperature data after the decomposition event
for HAN/Water is noticeably erratic; this will be

Temperature (°C)
o
[4,]

Jlllllllll NN NN NN NN NN ANNNRENEE]

discussed in the next section. Pure 100

[Emim][EtSO,] does show an exothermic 75

decomposition peak, which has previously been ‘g"f — [Emim][EtSO,/HAN

observed qualitatively during spot plate tests.’ 50 - — HAN/Water

This occurs at roughly 140 °C on platinum, well 25 u-", [Emim][EtSO,]

above the decomposition onset of 85 °C for 0
L L L LU WL LA L L L L L |

HAN/Water and HAN/[Emim][EtSO,] blend.

o

1 2 3 4 5 6 7 8 9 10

IV. Discussion . _ Time (sec) _
Figure 4. Decomposition of HAN/[Emim][EtSO,]

Monopropellant and Constituent Fuel and Oxidizer

Results from the preceding section are on Platinum.

discussed, with particular attention paid to
developing insights for the development of a
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microtube thruster. However, there is no reason why the results could not also be used, at minimum qualitatively, for
catalyst development, particularly monolith catalysts. The results and trends seen in the previous section will first be
discussed, followed by elucidation of these results into Arrhenius type reaction rate data.

A. Discussion of Experimental Results

The most significant result of the experiment is the fact that the lowest onset temperature and fastest
decomposition rate of the monopropellant is obtained through the use of platinum material. Given that both platinum
and rhenium show both lower onset temperature and faster decomposition rate than titanium, it is apparent that they
do act as a catalyst for the monopropellant decomposition. The fact that the rate of temperature increase prior to the
onset temperature is also greater for platinum and rhenium compared to titanium is likely indicative that the
monopropellant is undergoing an exothermic adsorption process onto the metallic surface.

Further quantitative assessment of catalytic capability of platinum and rhenium requires the assumption that
titanium does not act as a catalyst material for the HAN/[Emim][EtSO,4] monopropellant decomposition. The onset
temperature for decomposition on titanium material was found in this study to be 165 °C. This agrees with the
literature for the exothermic decomposition temperature for other HAN-based propellants, as well as HAN itself by
thermal decomposition initiation means alone.*>* Typically, for HAN-based propellants the initial step in the
reaction is assumed to be the initial HAN decomposition step regardless of the fuel choice.'®?*% This is mainly due
to the fact that the fuel typically is not decomposed thermally, but through reaction with HAN decomposition
intermediate species.”® Results show that [Emim][EtSO,] decomposes at much higher onset temperature than HAN
for a particular catalyst, although it does appear to be catalyzed by platinum, as evidenced by the exothermic peak at
140 °C for pure [Emim][EtSO,] but no such peak at at least 165 °C on titanium. Additionally, the HAN-water onset
temperature is exactly the same as the HAN/[Emim][EtSO,4] propellant as seen in Fig. 4. It can therefore be
reasonably concluded that titanium does not act as a catalyst for this monopropellant and that the fuel does not
decompose thermally prior to the first step in HAN decomposition.

B. Elucidation of Arrhenius-Type Reaction Rate Data

Decomposition of HAN-based propellants, even assuming the fuel does not participate in the decomposition
initiation, is comprised of many reaction steps.'®?® Without knowledge of the intermediate species, or post-reaction
species it is not possible to determine a multi-step reaction mechanism from the data garnered in this experiment
alone. However, in order to aid preliminary thruster design predictions it is useful to develop Arrhenius-type
reaction rate equations for the decomposition of this monopropellant on various catalyst surfaces. Using the
temperature vs. time data from this study it is possible to determine the activation energy and frequency factor for
use in Eq. (1),

E

k'= Ae’ 1)
The energy balance for the system described in the experimental setup is Eq. (2),

d_T: Q+(-AHg)(=1V) @)
dt > NC,;

where the contribution to temperature change is heat transfer from the electrical heating and self-heating from the
exothermic decomposition of the monopropellant, Egs. (3) and (4), respectively,

T = S ©)

Z NiCp,i
-

It is clear from the results that prior to the onset temperature the electrical heating rate is much greater than the self-
heating rate and this region is therefore described fairly accurately by Eq. (3) except perhaps for the cases where
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catalytic activity is observed. After the onset temperature is achieved the self-heating rate described by Eq. (4)
clearly dominates the electrical heating rate. This data can therefore be used to determine the targeted reaction rate
parameters. Substituting the Arrhenius rate equation into Eq. (4) and taking the natural logarithm of both sides gives

Eq. (5),

CAH )V +InA+InCA—£ (5)

> NC,,; ksT

Since all parameters are constant aside from the  Table 3. Arrhenius Rate Equation Parameters
temperature and self-heating rate, the activation  Calculated from Experimental Data.

energy is then the slope of the line of a plot of InT,

InT, =1In

and 1/T. The activity coefficient can then be solved Mat.erlal Elks (K) A (mL/moI-sec)lz

for by substituting the result back into Eq. (5). Platinum 10771 + 503 (3.87+£0.23)x 10
The results of these calculations are shown in Rhenium 16170 + 107 (1.02 + 0.26) x 10

Table 3. For the calculation of activity coefficient, Titanium 30111 + 797 (1.31 + 0.26) x 10%

the propellant specific heat was determined from Eq.
(3) from the titanium data only since adsorption does
not occur and the only heating during the initial phase is due to electrical heating. The value of specific heat for this
monopropellant is calculated to be 95.7 £+ 8.6 J/mol-K. Results show what is expected from the assumed catalytic
activity described previously, namely that the platinum surface yields the lowest activation energy, followed by
rhenium.

V. Conclusion

A monopropellant blend of hydroxylammonium nitrate and [Emim][EtSO,] was tested on platinum, rhenium,
and titanium surfaces in order to garner data for use in microtube thruster or monolith catalyst bed design. When
heated on a titanium surface, the monopropellant decomposes at 165 °C, which agrees with the known
decomposition temperature for hydroxylammonium nitrate. Furthermore, the fuel decomposes exothermically at a
much higher temperature, which suggests that the reaction mechanism for this monopropellant blend is initiated by
HAN decomposition and intermediate species react to decompose the fuel, which agrees with insights from other
studies utilizing different fuels.

It was found that platinum and rhenium exhibit catalytic activity for the HAN/[Emim][EtSO,] propellant blend,
with platinum initiating decomposition at 85 °C and rhenium at 125 °C. Use of these materials will therefore lessen
power requirements to start monopropellant rocket engines using this propellant. Platinum initiates the highest rate
of reaction, but the material melts at near the flame temperature of the propellant . The flame temperature, however,
could be reduced by increasing the fuel mass fraction in the monopropellant bend. Since the decomposition is likely
initiated by HAN decomposition and the fuel is then attacked by the reaction intermediates, increasing the fuel ratio
of the monopropellant blend could allow use of platinum as a catalyst to start the thruster and thus reduce overall
propulsion system power requirements.
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