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1 Statement of Problem

Since its production, XM46 liquid propellant, consisting of hydroxylammonium nitrate [HAN,
NH3;OHNO;, 60.8% by wt.], triethanol ammonium nitrate [TEAN, (HOCH,CH;);NHNO;,
19.2%], and water [20%], has been of great interest to the U.S. Army because of its desirable
features such as high energy density and relatively low flame temperature. Numerous studies
have been conducted to understand the complex properties of this liquid monopropellant. In this
investigation, the intrinsic burning rates of XM46 were studied and different diagnostic
techniques were applied to the study of its combustion behavior. Both traditional static burning
tests in tubes and feeding tests were performed. However, XM46 exhibits many unconventional
characteristics. First, the burning rate versus pressure curve has regions with positive and
negative pressure exponents. Second, when tested with feeding techniques, XM46 exhibits
flashback characteristics even with a relatively high feeding speed (~ 15 in/s). The reaction front
keeps regressing into the feeding tube at a nearly constant speed at all the pressures and feeding
speeds tested. Therefore, it is desirable to characterize the conditions of the flashback, and
identify possible reasons. Through an in depth examination, the possible controlling parameters
of the burning rate were identified and investigated. Also, to study the effect of fuel components
on the characteristics of the HAN-based liquid propellants, including the burning rate and flame
structure, another liquid propellant blend with glycine (H,-NCH,-COOH) instead of TEAN as
the fuel component was tested.

2 Method of Approach

Two strand burners — the liquid propellant strand burner (LPSB) and an ultra-high pressure
strand burner (UHPSB) were used to test the combustion characteristics of HAN-based liquid
propellants. The LPSB contains an accurate liquid feeding system, enabling the stabilization of
the flame at a fixed location and observation and measurement of combustion phenomena
through the optically-accessible windows. For testing at pressures higher than 35 MPa, the
UHPSB was used, up to a maximum pressure of 207 MPa. A Shimadzu QP-5000 Gas
Chromatograph/Mass Spectrometer (GC/MS) system coupled with a Shimadzu PYR-4A high-
temperature pyrolyzer was used to identify and quantify the pyrolysis species of propellants at
temperature of interest

2.1 LPSB

Figure 1 is a schematic diagram of the LPSB. As shown, the LP is fed by a piston through a feed
line to a transparent tube contained within a test chamber. The chamber is pressurized with
nitrogen drawn from an ultra-high-pressure compressor and reservoir system, which can store
gas at pressures up to 207 MPa.

Four windows on the combustion chamber allow visual monitoring as well as optical diagnostics
such as UV/Visible absorption spectroscopy. Additionally, there are numerous ports for pressure
transducers and thermocouple placement throughout the test rig. Optional heat exchangers
surrounding the propellant feed lines can be used with a constant-temperature bath to
precondition the liquid propellant to temperatures between —80 and 45 °C. Using this system,




the combustion behavior of an LP can be studied as a function of initial temperature. Static tests
and feeding tests were performed using this test rig.

Both quartz tubes and combustible straws were used to measure burn rates in static tests. The
inside diameter of the quartz tubes was 7 mm; the length was approximately 75 mm.
Combustible straws were fabricated from wax paper wrapped twice around a 6.5-mm mandrel.
A very thin layer of contact adhesive was used to seal the layers together. Three breakwires
mounted across the straws were used to measure the regression rate. Purge flow from the base
prevented flame-spreading down the straw sides and kept the chamber clear of smoke. The
quartz tube or combustible straw was mounted on the center of the base insert block to the LPSB,
in place of the feeding tube. The liquid strand was totally visible through the viewing window to
allow visual observation and analysis.

In feeding tests, liquid propellants were fed up through a tube in order to establish a stable flame
at the exit port of the tube. Once a stable flame was established, one could deduce burning rate
from the preset feeding speed. To prevent the flame from propagating all the way into the LP
reservoir, the feed line was designed to include a high-pressure purge system. If the flame
proceeded into the feed line, the feeding action was halted and high-pressure nitrogen was
introduced from the flame extinguisher line through a check valve into the LP feed line beneath
the base of the test chamber, purging the reacting propellant from the system before it could
affect the reservoir.
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Figure 1. Schematic diagram of liquid propellant strand burner used in combustion study.




2.2 UHPSB

Conventional vented strand burners generally have pressure limits of less than 70 MPa (~10,000
psi). However, pressures generated inside gun chambers are much higher, possibly exceeding
700 MPa (~100,000 psi). Gaining more knowledge of high-pressure reaction mechanisms can
also be useful in understanding detonation initiation and reaction processes for energetic
substances. The optically accessible LPSB used in this study was limited to pressures less than
35 MPa by the windows, so in order to examine the combustion behavior at high pressures, an
ultra-high pressure strand burner (UHPSB) was designed, constructed, and tested.

The UHPSB and its remote control system comprise a unique facility established at the High
Pressure Combustion Laboratory (HPCL) of Penn State University that allows regression rates of
strand propellants to be measured at pressures up to 207 MPa (30,000 psi). Two solid or liquid
strands up to 65 mm long can be tested simultaneously to minimize gas usage and maximize data
return. Adapted from an existing high-pressure compressor storage tank with a large internal
volume, the UHPSB provides a nearly constant-pressure testing environment.

Liquid or gelled propellant strands can be contained in either a quartz tube (for simplicity) or
combustible straws (to minimize heat loss and confinement effects). To pass ignition power and
diagnostic signals through the high-pressure chamber wall, a custom-made 8-wire electrical
feedthrough was utilized. The control panel allows operation and observation of a number of
important functions from a remote site, including:

e compressor power control
exhaust valve actuation
electrical continuity test on TC/BW/ignition
trigger output from ignition switch for data acquisition system activation
Variac or DC power source control for igniter power input
The burning of the propellant was monitored using multiple breakwires. Segments of Bussman
0.25-amp fuse wire were utilized as break wires threaded through the propellant strands.
Burning rate was deduced by measuring the time delay between burnthrough of adjacent wires.
For solid strands, up to 4 holes were drilled or punched at known intervals, and the break wires
were passed through these holes. Break wire holes in combustible straws or quartz tubes were
sealed with a dot of epoxy to contain liquid propellants. Thermocouple mounting was similar to
the break wire mounting. A total of three thermocouples (TCs), or up to four break wires (BWs)
per sample can be monitored using this setup. Also, the number of break wires can be increased
with simple modifications to the sample base. As configured, the UHPSB used a nichrome hot-
wire ignition system. Electrical energy was supplied by either a Variac or DC power source at
the control panel. In some cases, a solid propellant initiator consisting of an easily-ignitable
solid propellant disc (e.g., NOSOL-363) was attached to the nichrome wire to ensure uniform
ignition. In addition, the system can be easily reconfigured to use any other type of initiator or
electrically actuated igniter.

Since the test chamber was adapted from a high-pressure compressor storage tank with a length
of approximately 6 feet and a 4-inch inside diameter, the internal volume is very large.
Therefore, there is negligible pressure change due to product gases released during the
combustion event. The high-pressure gas environment for combustion was determined by the




gas input source to the compressor. The environment was generally nitrogen, but other gases
such as air or argon could easily be substituted.

A schematic diagram of the UHPSB is shown in Fig. 1. It can be seen that the controls and data
acquisition systems are located in another building apart from the one containing the UHPSB test
chamber. Both the compressor and the exhaust solenoid valve (SV1) can be remotely operated
to increase or decrease the chamber pressure to the desired level. To run an experiment, the
igniter power input is then set, and the test triggered.
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Figure 2. Schematic diagram of UHPSB.

2.3 GC/MS with Flash Pyrolyzer

A Shimadzu QP-5000 Gas Chromatograph/Mass Spectrometer (GC/MS) system coupled with a
Shimadzu PYR-4A high-temperature pyrolyzer was used to identify and quantify the pyrolysis
species of propellants at temperature of interest. A small amount of sample was placed in a
platinum cup and dropped into the pyrolyzer at a preset temperature. The maximum temperature
of the pyrolyzer is 800°C. The gas evolved was carried into the GC sub-system by helium,
where the different compounds in the gas were separated by the capillary column. The separated
compounds passed through the transfer interface and went into the MS sub-system. The sub-
system ionized and/or fragmented the compounds by electron beam, and scanned through the




specified mass-to-charge ratio (M/Z) range to determine the mass spectrum of the compound.
The MS sub-system can scan the ions with M/Z between 10 and 700 at a maximum scanning rate
of 6,000 amu/s. The mass spectrum measured was compared with spectra of known substances
by software to identify the species. Each compound was quantified by integrating the area under
its chromatograph peak and comparing the area with the calibration constant obtained using the
pure substance.

3 Review of HAN-based Liquid Propellant Kinetics

Different stoichiometries of HAN decomposition have been reported by different authors:

7HAN — 4N,0 + N, + 4HNO; + 12H,0 (R D
4 HAN = 3 N,0 + 7 H,0 + 2 HNO; R2)°
4 HAN > 3.2 N,O + 7.2 H,0 + 1.6 HNO3 + 0.4 O, (R 3)°

The above variations show that the chemical kinetics of HAN decomposition is extremely
complicated; therefore, the final product composition will change with respect to different test
conditions, such as pressure, heating rate, salt concentration, etc.

Klein' has developed a detailed 3-stage decomposition process of HAN. The initiating stage is a
proton transfer that occurs in the condensed phase as the HAN produces hydroxylamine
(NH,OH) and nitric acid. Further breakdown of these compounds results in HNO and HONO
production. These reactive species are important in the second stage, which is characterized by
the rapid depletion of HAN, and production of more nitric acid and HONO as well as N>O, H,O
and NO.

In the pyrolysis study by Lee and Thynell4, the product species of decomposed HAN was
measured using rapid thermolysis/FTIR. HAN was pyrolyzed at temperatures from 120 to 180
°C. Results showed the major species to consist of H,O, N,O, NO, HNO3, and NO,. These
species may well represent the condensed phase pyrolysis products near the initial pyrolysis front
around 120 °C in the subsurface region. A more detailed three-step mechanism was proposed
based upon Klein’s kinetics.

Cronin and Brill’ examined the pyrolysis products of HAN, TEAN, and LGP1845 (3% less water
than XM46) by heating samples on a nichrome ribbon filament at rates from 20-400 °C/s. They
found four main events during the process. First, water evaporates and concentrates the sample.
Second, proton transfer between the cation and anion of HAN initiates the decomposition of
HAN. This happens at around 160-170°C. The third step is the partial decomposition of TEAN
at around 240-250 °C. The last one is the ignition of the sample. Increasing the heating rate
speeded the reaction through the steps described above toward combustion. Increasing the
pressure reduced the water departure amount by raising the evaporation temperature, and seemed
to cause the HAN decomposition temperature to go toward the TEAN-oxidizer exotherm.

Beyer6 used a shock tube to measure the activation energy of TEAN powder under oxygen/Ar
and nitrous oxide/Ar environments. The activation energies measured under oxygen/Ar and
nitrous oxide/Ar environment is 9.6 and 16.3 kcal/mol (40.3 and 68.5 kJ/mol), respectively. The
author suggested that the activation energy measured was largely due to the melting of TEAN;
that is, the melting might be the rate-limiting step. He also suggested that TEAN reacts rapidly




after it is melted. It is interesting to note that the activation energy of solid TEAN provided by
Beyer is very close to what reported for aqueous HAN.’

As summarized by Thynell et al., the reaction kinetics of HAN decomposition start with proton
transfer:

NH;0H"-NOj; <> NH;0 + HNO; R4
The ammonium oxide is generally unstable; in dilute solutions, it is quickly rearranged into
hydroxyl amine:

NH,"O"— N H,0H (R5)
The nitric acid can further decompose to nitronium ion and hydroxyl ion:
HNO; <> NO," + OH (R 6)
The reaction between the ammonium oxide and nitronium ion can form nitrous acid:
NH;0 + NO," — H,NO" + HNO; (R7)
The hydroxyl ion initiates the formation of nitroxyl (HNO) via the following reaction:
H,NO* + OH — H,0 + HNO (R8)

To form N,0, several additional reaction steps involving HAN are required. HAN can be
attacked by nitrous acid by the following reaction:

NH;0H -NO; + HNO, — H;0* + 0=N-NH-OH + NO;’ R9)
and through a simple molecular rearrangement, hyponitrous acid is formed by:
O=N-NH-OH — HO-N=N-OH (hyponitrous acid) R 10)
Hyponitrous acid is catalyzed by nitrous acid to form nitrous oxide and water:
HO-N=N-OH — N,O + H,0 (R11)
The reaction of HAN with HNO may cause the release of N by
NH;0H'-NO;™ + HNO — H;0" + N, + H,0O + NO5 (R12)
The production of NO and NO, are attributed to the following reactions:
HNO + HNO, — 2 NO + H,O R13)
2 HNO; —» NO + NO; + H,O (R14)

4 Experimental Results

4.1 XM46

The combustion characteristics of XM46 were studied using a variety of complementary
methods. Regression rate in both static and feeding tests was examined. Pyrolysis products
were analyzed as a function of temperature, and the thermal wave during regression was
measured.

4.1.1 Burning Rate Measurements

Two different strand burner systems were used to perform both static and feeding tests over a
wide range of initial pressures.




4.1.1.1 Static Tests

The burning rate vs. pressure curve for XM46 was extended up to 207 MPa with the test results
obtained from the UHPSB using combustible straws. The extended results together with
previous data are shown in Figure 3. The curve displays two different burning rate regimes. In
the lower pressure regime (for P < 28 MPa) with no luminous flame present, the rate of
regression first increases with pressure until a maximum rate of 23 cm/s is reached at 7 MPa.
Beyond 7 MPa, the regression rate then decreases with increasing pressure. A localized
minimum regression rate occurs near 28 MPa. In the higher pressure regime ( 28 < P < 200
MPa) with the presence of luminous flame, the curve exhibits a small hump before rising with
respect to pressure for P > 80 MPa. It is important to note that the burning rate of neat XM46
obtained in this investigation is significantly higher than those reported by researchers at ARL’
for slightly gelled propellants. This indicates the strong influence of gelling agents on the
combustion behav10r of LP. In addition, for the low-pressure regime, the PSU data are higher
than those of Vosen.'® The difference is believed to be caused by the greater heat loss from the
reaction zone to the rectangular quartz channel used by Vosen.

4.1.1.2 Feeding Tests

Another phase of the study was the attempt to stabilize a flame at the top of the feeding tube by

XM46 with 1% Rhamsan gel (McBratney and Vanderhoff, ARL)
XM46 with 2% Kelzan gel (McBratney and Vanderhoff, ARL)
XM46 (Vosen, Sandia)

XM46 (PSU)
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Figure 3. XM46 burning rate as function of pressure (T=T;oom).




feeding the propellant into a flame at its burning rate. Using the burn rates seen in the static tube
tests as the feeding rate, the “burn back” phenomenon was observed. This implies that the
propellant surface regressed faster than the feeding rate. A series of tests were conducted with
increasing feeding rates, however, with each case the burn back phenomenon occurred at a
constant velocity down the feed line. Namely, the distance versus time plot of the regressing
surface is a straight line.

The feeding rate was increased in subsequent tests from 5 to 25 cm/s for a series of initial
chamber pressures (20.7, 24.1, 27.7, and 31.1 MPa). In the 27.7 MPa case, for example, the burn
back always occurred at a slightly higher (~ 1.6 cm/s) regression rate than the feeding rate.
Figure 4 shows the burning rate as a function of feeding rate. A data point on the 45° line would
imply a stabilized flame at the exit port of the feeding tube. However, all of the data exists
above this line. The slope of the curve fit for the 27.7 MPa tests data is nearly unity which
implies that regardless of the propellant feeding rate, the reaction proceeds down the tube at
approximately 1.6 cm/s. This value appears to be a constant liquid-phase chemical reaction-front
velocity against the moving liquid surface. The data from tests at other initial chamber pressures
showed very little difference in their burn back velocities into the moving liquid propellant from
those of the 27.7 MPa test condition, with the exception of one data point at 20.7 MPa. Another
data point at this pressure, however is located directly on the trend line amongst the other data
points. Though the tube tests (unfed) showed an increase in burning rate as the pressure lowered
below 28 MPa, the rate at which the burn back phenomenon occurred in feeding tests remained
largely constant, even at lower pressures.
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Figure 4. XM46 burn rate plotted with propellant feed rate.

Another phenomenon seen throughout the feeding tests was the presence of a black cone atop the
decomposing liquid propellant surface; the black cone was not present at all in the static tube
tests. The height of this cone increased as the feeding rate increased. This is clearly seen in Fig.
5a (a 7.6 cm/s feeding rate test) and Fig. 5b (a 15.2 cm/s feeding rate test). In Fig. 5a, the
luminous flame initiates from the tip of the black cone. Figure 5b, however, shows that a
luminous flame was not always directly in contact with the apex of this cone. As the black cone
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(a) (b)
Figure 5. XM46 burning at P = 27.7 MPa while fed (a) at 7.6 cm/s; (b) at 15.2 cm/s.

regressed downward with the gas-liquid interface, the flame generated in the plume above the
feeding tube could propagate down to meet the tip of the cone. In most tests at higher pressures,
these two inverted cones traveled together. It has also been observed that gas-liquid interface
could be tilted from a horizontal position. However, the tilted plane was not always at the same
orientation, which indicates it was not due to asymmetry of the feed system.

4.1.2 Temperature Measurements of the Reaction Zone

In a typical feeding test, the temperature distribution in the reaction zone of the XM46, deduced
from the voltage-time trace recorded from a S-type fine-wire thermocouple, is shown in Fig.6.
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Figure 6. Temperature distribution of XM46 reaction zone under feeding condition.




The test was conducted at a pressure of 27.7 MPa, and a feeding rate of 10.16 cm/s. For this
particular test condition, the cone height was 1.5-1.7 cm. Inside the cone, the temperature was
around 300 °C. The temperature gradually increased in the top few millimeters, then suddenly
jumped to luminous flame temperature. Oscillations starting at about 1.4 mm when the
temperature begins to rise are caused by unstable fluctuations of the narrow cone tip about the
small thermocouple bead.

4.1.3 Pyrolysis Products Analysis

The pyrolysis products of XM46 at different temperatures were analyzed using a Shimadzu
QP-5000 GC/MS system. Figure 7 shows the amount of species (in moles) evolved from 0.2 ul
of XM46 at different pyrolyzer temperatures from 130 to 540°C. The major product species
detected in these tests, listed in the order of decreasing average number of moles evolved, are
NO, N,0, N,, CO,, CO, H;0, HCN, and C;Hy. As noted in the figure, the amounts of NO and
HCN species are approximate values, since high concentrations of these toxic gases were not
available for calibration. The appearance of NO and N,O at temperatures as low as 130 °C is
consistent with what was observed in the pyrolysis tests of HAN-water solutions by Lee and
Thynell.4 NO, and HNOj; were not detectable, due to the limitations of the GC column for NO;
and the MS detector for HNO;. The amounts of four major HAN decomposition species, NO,
N0, N,, and H,O did not change much with pyrolysis temperature. Carbon-containing species,
however, showed a stronger dependence on the pyrolysis temperature. At least an order of
magnitude change of the amount over the temperature range from 130 to 540 °C was observed
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Figure 7. Mass spectrometer output for pyrolyzed XM46.
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for these species. The appearance of carbon-containing species at temperatures below the
generally-reported TEAN decomposition temperature of 240 to 250 °C? indicated the interaction
between TEAN and oxidizing species generated from HAN decomposition.'’ This is also in
agreement with the measurements of Lee and Litzinger.'* As the pyrolysis temperature
increased, the oxidation of TEAN by HAN decomposition products became more significant,
generating more carbon-containing species. Although two of the major oxidizing species, HNO;3
and NO,, cannot be detected, the decreasing trend of one of the detectable oxidizing species,
N,O, is consistent with the above arguments. The decreasing trend of N,O and increasing trend
of NO as the pyrolysis temperature is increased suggest multiple temperature-sensitive reaction
pathways. At low temperatures, the decomposition reaction of hyponitrous acid (HO-N=N—-OH)
to form N,O and water seems to be more favorable than the reactions involving H-N=0O and
HNO; to form NO and water.

4.2 Results from an Alternative HAN-Based Propellant

An alternative propellant, consisting of 60% of HAN, 14% of glycine (H,-NCH>-COOH), and
26% of water by weight, has been considered as a potential rocket propellant of satellite thrusters
by Primex Aerospace Company. Because of the similarity of the weight percentage of HAN
between XM46 and this propellant (referred as Primex propellant hereafter), tests were done on
Primex propellant to compare with XM46 and to further investigate the effect of fuel
components on overall performance of HAN-based liquid propellants. Tests were performed
over the pressure range between 1.5 MPa and 14.5 MPa.

4.2.1 Phenomenological Description of Combustion behavior

From the combustion phenomena observed, two pressure ranges were identified. In each
pressure range, the combustion of Primex propellant showed different characteristics.

4.2.1.1 Test Results for Pressures Between 1.5 and 8.8 MPa:

Figure 8. Primex test images at 2.17 MPa. Figure 9. Primex test image

at 11.8 MPa.
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A typical image of the combustion event is shown in Figure 8. No luminous flame was observed
in this pressure range. The reaction of the propellant formed a dark colored region on top of the
regressing surface and brown-colored gas afterwards. From the left-most image, the region right
beneath the dark cloud was clear, but the image of the scale was distorted. This indicated the
existence of gas bubble. The bubbling at the regressing surface caused surface corrugation.
Bubble size increased as the pressure decreased. On top of the regressing surface, the reaction
formed a dark cloud, which is believed to be liquid with gas generating inside. Left-most image
showed a gas pocket formed in the cloud region and a drop of dark-colored liquid formed due to
the gas spewing. The two images right besides the first one are two consecutive frames later in
the event, showing a liquid column formed by gas spewing process, and later breaking up into
two drops. Due to the gas generation process, the height of the dark-colored cloud was changing
with time. However, the average height of the dark-colored cloud was decreasing with
increasing pressure. After the tests, there were some liquid left on the bottom of the quartz tube.
As the pressure decreased, the amount of liquid increased.

4.2.1.2 Test Results for Pressures Higher than 8.8 MPa:

For tests in this pressure range, the bubble size decreased to an indiscernible level, resulting a flat
reacting surface. Unlike tests in the previous pressure range, no clear brown gas was observed
on top of the dark-colored cloud; instead, the dark-colored cloud filled up the whole tube above
the reacting surface. It was most likely that as the pressure exceeded a threshold, a change of
reaction mechanism happened and accelerated the generation of dark-colored cloud. This
corresponded to a rapid increase of the burning rate as described in next section. Right after the
front reached the bottom of the tube and the whole column of liquid was depleted, the dark cloud
turned into transparent gases, which was similar to the phenomena of XM46 combustion at
pressures below 28 MPa.

4.2.2 Burning Rate vs. Pressure Correlation

The burning rate as a function of pressure up to 14.5 MPa is shown in Figure 10 together with
the burning rate of XM46 at the same pressure range. As seen in the figure, the burning rate can
be fitted into four power law regions. An extremely high pressure-exponent of 5.5 was observed
between 8.8MPa and 12.2 MPa, and the trend seemed to level off beyond 12.2 MPa. At
pressures below 8.8 MPa, the burning rate of XM46 is roughly two order-of-magnitude higher
than that of Primex propellant, however, the difference shrinks to about five times at pressure
around 13 MPa.

4.2.3 Combustion Zone Structure Measured by Microthermocouple

Temperature distributions inside the reaction zone were measured using 25-um  S-type
thermocouples. Typical temperature traces corresponding to each of the burning rate region
described in the above paragraph were shown in Figure 11. For pressures between 1.5 and 2.8
MPa (Figure 11(a), P = 2.1 MPa), once the front reached the thermocouple, the temperature rose
to a temperature slightly higher than the boiling point of the water at the chamber pressure, then
dropped back to the boiling point. This is a confirmation of the visual observation that the dark
cloud consists of both gas and liquid phase. However, in the region close to the regressing front,
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Figure 10. Burning rate comparison between XM46 and Primex propellant.

fluctuations of high frequency were observed. Since the trace before and after this region did not
have extensive fluctuation, the possibility of outside noise was ruled out. It is probably due to
both the bubbling process and the ions generated in condense phase reactions. Because of the
fluctuations, the surface temperatures could not be defined very well.

There was no significant distinction between the temperature traces in the pressure range
discussed in the previous paragraph and that between 2.8 and 8.8 MPa. As the pressure
increased, the temperature overshoots above the boiling point of the water increased (see Figure
11(b)), so did the length of the region with high-frequency fluctuation.

In the pressure range between 2.8 and 12.2 MPa, the characteristics of the temperature traces
changed significantly. As shown in Figure 11(c), the high-frequency fluctuation of temperature
trace extended to the sixth second, then it diminished with a second temperature rise observed.
Compared to the video record, the second temperature rise corresponded to the conversion of
dark-colored cloud into transparent gases after the whole column of liquid was consumed by the
regressing front. Therefore, this high-frequency fluctuation section of trace corresponded to the
temperature of dark-colored smoke in the tube. From Figure 11(c), the temperature did not
exceed the boiling point of water most of the time in this period. It suggested that, although the
dark-colored cloud was most likely to be a two-phase mixture, the condensed-phase reactions
were dominating.
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Based upon the available data, the temperature trace for tests at pressures above 12.2 MPa
seemed to be similar to those at pressure range between 8.8 and 12.2 MPa. Figure 11(d) shows
the temperature trace measured at 14.2 MPa. The period of high-frequency fluctuation was
shorter because of higher regression rate. The amplitude of the fluctuation was somewhat higher
than that of Figure 11(c).

5 Discussion of Results

5.1 Staged Nature of HAN-based Propellant Combustion

As mentioned in the introduction and seen in the present study, XM46 liquid propellant exhibits
staged combustion characteristics. It was proposed in the literature'®' that in the reaction zone,
HAN decomposed first, followed by a region with mixed HAN decomposition products and
dispersed molten TEAN droplets; then the TEAN decomposed and reacted with HAN
decomposition products producing a luminous flame. This interpretation, however, has difficulty
explaining other phenomena reported in the literature, such as early appearance of carbon-
containing species for high heat-flux laser heating experiments.12 Therefore, one should consider
the possibility of the simultaneous TEAN decomposition with HAN. Furthermore, the results
from this study on XM46 strongly suggest that TEAN decomposes nearly simultaneously with
HAN. As shown in Figure 7, carbon-containing species were observed in the gas evolved from
the XM46 sample heated to 130 °C, which is below the HAN decomposition temperature of 160
to 170 °C. The minimum temperature of 130 °C for observing carbon-containing species is also
lower than the TEAN decomposition temperature around 240 to 250 °C.

From the measured temperature plateau around 300 °C at pressures up to 17.5 MPa, it can be
postulated that the reaction rates in the dark-smoke zone are extremely slow. Since this
temperature is higher than the reported TEAN decomposition temperature, it is most likely that
there are no intact TEAN molecules in the dark-smoke region.

Another piece of evidence for simultaneous decomposition of TEAN and HAN is the very dark
color of the product gases generated from the decomposition reactions. Among many
decomposition species of HAN, NO; is the only significant source of color, a brown-colored gas.
The dark-colored smoke must have substantial contribution from TEAN decomposition products,
since TEAN is the only carbon-containing component of XM46. Based upon the above
observation and interpretation, it is a logical deduction that TEAN also participates actively in
the initial decomposition stage of XM46.

From the above reasoning, it is proposed that the reaction of XM46 consists of the following

steps:

a) The initial decomposition of both HAN and TEAN is most likely initiated in the liquid phase,
since the temperature gradients in liquid and gas phases are extremely steep and the
temperature of the gaseous decomposition products very close to the surface is around 300
°C, which is significantly higher than the observed initial decomposition temperature of 130
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°C. The decomposition products are believed to include brown-colored NO; and heavy
intermediate opaque carbon-containing species.

b) At low pressures (below 28 MPa), heavy intermediate species can have long residence time
before breaking down into transparent molecules. This causes formation of a thick dark-
opaque zone above the burning surface. As pressure increases, the residence time decreases,
resulting in the reduction of the height of the dark-opaque zone. At around 600 °C, all NO,
and carbon-containing opaque intermediate species have been converted into transparent
species.

After a short induction period, the reaction between transparent species can produce a steep

temperature gradient associated with the appearance of a luminous flame. The duration of the

induction period is also a function of pressure. At very high pressures, the two steep temperature
regions can even coalesce into a single temperature jump region.

5.2 Mechanism of Flash-back Phenomenon

In the initial feeding tests, the feeding piston was advanced in a stepped motion. In this mode,
the controller allowed the feeding rate to be adjusted during the test. It was initially believed that
the resulting pulsating nature of the liquid surface was the cause for the continued burn back of
the LP. Systems were designed to dampen the pulsation of the surface. One such design utilized
two relatively large reservoirs mounted in parallel with the burning tip. Another design was to
feed the LP by gravity from the two side reservoirs to the central tube resulting in smooth
upward feeding of the propellant. It also provided a discontinuity between the stored propellant
for combustion and the propellant in the supply lines to prevent burn back into the feeding
apparatus. These designs did not, however, prevent the flame from regressing and propagating
into the two reservoirs and the supply lines.

All subsequent tests were conducted using a constant-rate feeding mode of the piston. One
disadvantage of this mode is that the feeding rate cannot be adjusted during the test. In order to
maintain the LP surface at a fixed position, the chamber pressure was to be adjusted during the
test. However, the burn back-event was too rapid for altering the chamber pressure. Tests were
performed using feeding rates as high as 35.5 cm/s; yet even at such high feeding rates, the burn-
back phenomenon still occurred.

It was also considered that the continued burn-back could be caused by increased heat feedback
from the tube walls. To examine this possibility, end sections of the feeding tubes were
fabricated from materials with lower thermal conductivity than quartz, including Pyrex and a
high-temperature carbon phenolic ablative material, MXB360. When these sections did not
resolve the problem of burn-back, an actively cooled tip utilizing a water flow was constructed.
With these changes having no impact on the burn-back problem, heat feedback from the tube
walls was ruled out as the major cause of the continued regression into the feeding tube. The
main reason for burn-back is therefore believed to be the liquid-phase reactions enhanced by
surface agitation. This subsurface reaction could be suppressed by several methods, including
the increase of LP viscosity, the replacement of TEAN with a more reactive compound which
can react in a more compatible manner with HAN, or the use of catalysts to promote surface and
gas-phase reactions.
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5.3 Controlling Parameters of Combustion

The mechanism through which the pressure affects the burning rate of XM46 is not totally
understood. However, some possible controlling mechanisms have been identified after
reviewing the results of this investigation together with existing literature.

HAN-water solution, when heated, is known to undergo a series of liquid-phase reactions, as
summarized by Lee and T hynell.4 Therefore, it is reasonable to assume that the decomposition
front of XM46 combustion is initiated and controlled by liquid phase reactions. However, the
pressure does not directly affect the species concentrations in the liquid phase. Therefore,
pressure affects the burning rate in an indirect manner.

Some possible mechanisms through which the pressure affects the burning rate of XM46 are: (1)
increasing gas phase heat release rate with increasing pressure; (2) increasing gas-phase heat
conduction, and thus heat feedback, with increasing pressure; (3) decreasing latent heat of water
with increasing pressure; and (4) increasing gas dissolution rate or decreasing gas desorption rate
with increasing pressure. Mechanisms (1) and (2) are generally tied together, because the heat
release in the gas phase provides the energy for conductive heat transfer back to the unburned
propellant. Unlike the conventional propellant combustion situation, the burning rate of the
propellant is a highly nonlinear function of pressure due to its dependency on multiple
parameters, including: the pressure dependent latent heat of water, AH,, (see Figure 12), the
enthalpy increase from initial to surface temperature, the conductive heat flux from the gas
phase, ¢’ ,, the net radiative heat flux absorbed at the surface, ¢7,,, and the heat release in the

surface layer, Q,, as shown by the following simplified energy flux balance equation across the
gas/liquid interface:
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Figure 12. Variation of dark-smoke temperature and latent heat of water with pressure.
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where p, is the propellant density, r, the burning rate, Cp the averaged constant-pressure specific
heat, and Y;, V; the mass fraction, the diffusion velocity of i-th species, respectively. Subscripts
“4+” and “~* denote the position just right above or below the interface. At higher pressures, the
liquid surface temperature is higher based upon the observed trend of the dark-smoke zone
temperature shown in Figure 12. It should be noted that the measured dark-smoke zone
temperature is not exactly the surface temperature. However, the surface temperature should
follow a similar trend, based upon the temperature continuity requirement at the gas/liquid
interface.

As shown in Figure 12, the latent heat of water decreases with increase in pressure. The
temperature of the dark-smoke zone increased more than 80 °C with increasing pressure in the
range from 7 to 17.5 MPa. Since the dark-smoke zone temperature increases with pressure, the
enthalpy difference from the initial temperature to the surface temperature should also increase
with pressure. The value of Qs should increase with pressure. As pressure is increased, the
temperature within the surface reaction zone increases, thereby promoting the reaction of the
decomposition species in the liquid, as well as increasing the collision rate and the heterogeneous
reaction rate of gas-phase molecules on the liquid surface. In addition, both the conductive heat
flux from the gas phase and the net radiative heat flux absorbed at the surface are functions of
pressure. Therefore, Eq (1) is a highly nonlinear pressure-dependent equation; the burning rate
determined from this complex relationship can vary with pressure in a non-conventional manner.

As pointed out by Harting et al.,!* the evaporation of water can play an important role in HAN-
based liquid propellants. The heat released during HAN and TEAN decomposition has to
vaporize the water and to increase the sensible enthalpy of the combustion products. Due to the
decrease of the latent heat of water with pressure, the sensible enthalpy of the products will be
higher. According to the CEA calculation, the total heat of reaction of XM46 combustion is
5,116 kJ/kg. However, much of the energy is released in the gas phase region away from the
decomposition front. Therefore, the latent heat of water (1,551 kJ/kg at 6.9 MPa) can be a
significant portion of the heat release in the decomposition zone.

Another point worth noting is that the activation energy of solid HAN (47.12 kJ/mol)*, solid
TEAN (68.5 kJ/mol)®, and the latent heat of water converted to a molar basis (40.63 kJ/mol at 1
atm) are all on the same order of the magnitude. Therefore, the change in the latent heat of water
can affect the balance between decomposition and evaporation processes. Other physical
processes can also play a role in the burning rate trend of XM46. Surface instability has been
identified as one of the controlling mechanisms of the liquid propellant apparent burning rates.™*
The decrease of burning rate as pressure was increased from 7 to 28 MPa can be attributed to the
suppression of the surface ripples as the gas/liquid density ratio across the interface increased.
However, it is hard to explain the burning rate trends observed at other pressure ranges in this
study using the surface instability interpretation alone.

The gas dissolution/desorption process can also affect the burning rate in different ways. First,
the dissolution of some gas species could generate radicals to accelerate reactions. For example,
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the dissolution of NO; in water can generate nitrous acid,”® which is known to enhance the HAN
decomposition reactions:

2NO; + H,0 — HNO; + HNO; R 15)
Second, as pressure increases, the product concentration in the gas phase becomes higher; this
increases the probability for product gas dissolution gas into the liquid phase, which in turn could
retard the forward reaction.

From Figure 10, the burning rate of Primex propellant was found to be two orders of magnitude
lower than that of XM46 for P < 8.8 MPa. Therefore, if the thermal diffusivity of Primex
propellant is on the same order of magnitude as the thermal diffusivity of XM46, the thermal
wave thickness of the Primex propellant would be much thicker than that of the burning XM46.
However, as observed in temperature traces of Primex propellant tests, the thermal wave is
extremely thin, and the preheating zone near the burning surface could not be easily analyzed.

Instead of heat-feedback from the gas phase, chemical species diffusion could be the controlling
process of the regression front propagation. Similar to the premixed laminar gaseous flame'®, the
diffusion process could control the regression rate. The situation here is more complex. The
existence of a two-phase region above the regression front suggests that the front propagation is
controlled by condensed phase reaction, and is driven by condensed phase diffusion. As well
described in the literature>*”®, HAN decomposition has autocatalytic characteristics, with
nitrous acid serving as the catalyst. As given in Section 3, nitrous acid accelerates the
decomposition of HAN. Moreover, HAN decomposition can be initiated with sufficient amount
of NO, in the surrounding,2 which generates nitrous acid when it is dissolved into water.”> The
reaction mechanism (R 9) as summarized by Thynell also shows the possibility of reaction
initiation by nitrous acid without external heat source. Since the reaction could be accelerated,
even initiated by one of the decomposition products, it is plausible that the concentration
gradient of one or more species could be the driving force of the front propagation.

5.4 Effect of Fuel Component

Since TEAN also participates in the decomposition reaction, the fuel component can play an
important role in the early stage of the combustion event. Since the weight fractions of HAN and
water Primex propellant are comparable with those in XM46, the only significant change is the
replacement of TEAN by glycine. With the data of Primex propellant, one can study the effect
of fuel component. The burning rate was found to be significantly lower than that of XM46.
Based upon limited feeding test results, the flashback phenomenon was also significantly altered
with the change of fuel component. It is quite evident that the type of fuel ingredient in the
HAN-based liquid propellants can strongly affect the major combustion characteristics.

6 Summary

Based upon the experimental observations and measurements, several important
conclusions are summarized below.
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1. XMA46 exhibits some unconventional characteristics, such as flashback behavior and negative
pressure exponent. The characteristics are believed to be caused by the complex physical
and chemical process occurs in condense phase region.

2. The intrinsic burning rates of XM46 measured with combustible straws increase with
pressure when P < 7 MPa, decrease with pressure when 7 < P < 28 MPa, exhibit a hump-like
shape when 28 < P < 80 MPa, and increase again when P > 80 MPa. The luminous flame
was observed only when the pressure is above 28 MPa.

3. TEAN participates in the decomposition reactions of XM46 initiated in the liquid phase,
producing dark-colored gaseous products (including NO, and large carbon containing
species) at temperatures around 300 °C

4. Pyrolysis tests of XM46 were conducted in a specially designed pyrolyzer used in
conjunction with a gas chromatograph/mass spectrometer. The major pyrolysis products
observed were NO, N,O, N, CO,, CO, H,O, HCN, and C,Hs when pyrolyzed at
temperatures between 130 and 540 °C.

5. A number of physicochemical processes which could have significant influence on burning
characteristics of the HAN-based liquid propellant was considered. Unlike the conventional
solid propellant combustion situation, the pressure dependency of the burning rate of the
HAN-based liquid propellant cannot be represented by a simple function. Water evaporation
below the critical point seems to have a noticeable effect on combustion characteristics of
XM46, since the latent heat is on the same order of magnitude with HAN and TEAN
activation energy and the amount of heat release in the decomposition zone. Gas
dissolution/desorption could also affect the burning rate. From the temperature traces
measured from slower-burning Primex propellant, the chemical species diffusion process of
certain products, such as nitrous acid could play an important role in controlling the rate of
regression front propagation. These species can introduce autocatalytic reaction effects in
HAN-based solutions.

6. The type of fuel ingredient in HAN-based liquid monopropellant has a significant effect on
the overall burning characteristics, as demonstrated by the replacement of TEAN with
glycine.
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