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ABSTRACT
Hydroxylammonium nitrate (HAN)-based liquid propellants have many attractive
features. For gun propulsion applications, they have advantages in storage, logistics, and
demilitarization. For space propulsion applications, their high density, low toxicity, and
low freezing point are highly desirable. In this investigation, the combustion behavior of
three HAN-based liquid propellants were investigated.
The first propellant studied was XM46, whose fuel component is triethanol
ammonium nitrate [TEAN, (HOCH2CH2)3NHNO3,]. The flame structure displayed three
different stages: (1) nearly simultaneous decomposition of both HAN and TEAN
initiating in the liquid to produce gases around 300°C, (2) breakdown of heavy opaque
intermediate molecules into transparent species, and (3) reaction of transparent species to
form final products in the luminous flame. The pyrolysis data indicates that TEAN
participates in the first-stage combustion.
The second propellant was HANGLY26, with glycine as the fuel component. No
luminous flame was observed in any combustion tests. The burning rate of HANGLY26
exhibited four burning rate regimes with different pressure exponents for pressures
ranging from 1.5 to 18.2 MPa. The decrease of the burning rate pressure exponent with
increasing pressure at 3.9 MPa was caused by the higher percentage of the gaseous
products formed, which reduced the heat feedback. The increase of the burning rate
pressure exponent with increasing pressure at 8.8 MPa was due to a reduction of energy
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requirement of water vaporization. Thus, a higher percentage of the surface heat release
can be used to pyrolyze the active ingredients.
The third propellant was HAN269MEO15, with methanol as its fuel component.
An abrupt discontinuity of the burning rate curve was observed between 1.14 and 1.21
MPa. For tests of chamber pressures near 1.14 MPa, pulsating burning was observed.
The temperature of the products after the reaction front was bounded by the boiling point
of methanol and water, indicating the influence of the evaporating process of both
liquids.
The burning rate curves of the HAN-based liquid propellants shared features such
as dome-like burning rate curves, negative slope regions, and extremely high pressure
exponents. Staged combustion characteristics were commonly observed among these
three propellants, which result from the autocatalytic decomposition of HAN. Based
upon a simple kinetic model of HAN/fuel interaction proposed by the author, possible
ways of reducing autocatalytic characteristics are suggested. They are: utilization of
nitrous acid-scavenging fuel, consideration of fuels which would react more readily with
NO2, and the increase of fuel percentage in the propellant formulation to slightly fuel-rich
compositions.
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INTRODUCTION
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1.1 INTRODUCTION

Hydroxylammonium nitrate (HAN)-based liquid monopropellants represent a
collection of various propellants in which HAN acts as the oxidizing component. Fuelrich components are added in the blend to achieve higher energy release and higher flame
temperature.

Water is added to adjust the properties, such as viscosity and flame

temperature. The chemical structure of HAN is shown in Figure 1–1.

Figure 1–1: Chemical structure of HAN.

Researchers and scientists have considered HAN-based liquid propellants in
various propulsion systems. As indicated by Klein [1.1], using HAN-based propellants
for gun systems was first proposed by the personnel at Naval Ordnance Station, Indian
Head, MD. The use of liquid propellants in gun systems provides many logistic and
performance advantages over solid propellants [1.2]. For example, the storage of the
propellants is much more flexible since no propellant case is needed to hold the charge,
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which is formed by metering the liquid into the combustion chamber. Therefore, the
propellants can be stored in bulk and in any shape. The use of liquid propellants also
provides variable zoning capability by varying the amount of propellant pumped into the
combustion chamber. HAN-based liquid propellants have many desirable features for
gun propulsion applications, such as high energy, high density, low glass-transition point,
relatively stable, low toxicity, and easy demilitarization and disposal.
For in-space propulsion applications, HAN-based propellants are considered as a
potential replacement of hydrazine-based propellants [1.3-1.5].

Hydrazine-based

propellants are commonly used in the thrusters on satellites for orbit control, which are
volume-limited propulsion systems. For applications with volume limitation, simple
systems and propellants with high densities are desirable. Hydrazine-based propellants
can act as monopropellants, thus reducing the system complexity compared with bipropellant systems. In addition, they have satisfactory densities. However, hydrazine is
known to be very toxic. Extreme care is needed for the loading and unloading of the
propellant.

Unlike hydrazine, HAN-based propellants are much less toxic, easily

degradable, and of comparable performance, which make them a very favorable group of
candidates as the next generation liquid propellants for in-space propulsion systems.
In this research, three HAN-based propellants were studied. They are XM46,
HANGLY26, and HAN269MEO15. Their compositions are given in Table 1–1.
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Table 1–1: Compositions of three HAN-based liquid propellants.

XM46
HAN
Molecular

H
H N O

Structure

TEAN

H+NO 3

H

Wt. %

Water

HO CH2 CH2
HO CH2 CH2 N H+ NO3HO CH2 CH2

60.8

O
H

H

19.2

20.0

Glycine

Water

HANGLY26
HAN
Molecular
Structure
Wt. %

H
H N O H+NO3
H

60.0

-

H

H
N C C

H

H

14.0

O
O H

O
H

H

26.0

(cont. on next page)
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Table 1–1 (cont.)
HAN269MEO15
HAN
Molecular
Structure
Wt. %

AN
H

H
H N O H+NO3H

Water
O

H

H N H+NO3-

H C O H

H

H

H

H

69.7

Methanol

0.6

14.79

14.91

XM46 is the propellant blend for the Army’s regenerative liquid propellant gun
system. Gun prototypes have been built and test-fired [1.6-1.8]. It was found that the
combustion chamber experienced high-frequency, high-amplitude pressure oscillations.
Although it is possible to reduce the oscillation by hardware modifications [1.6, 1.7], they
may originate from the fundamental combustion properties of the propellant itself [1.9].
HANGLY26 and HAN269MEO15 were developed by private industry under
NASA contract [1.10, 1.11]. They are potential replacements of hydrazine-based liquid
propellants for in-space rocket propulsion applications. These propellants have been
tested in both laboratory and flight-like thrusters.

However, the knowledge of the

combustion behavior of the propellants can help refine the reactor design and thruster
scaling criteria.
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1.2 MOTIVATION

The motivation for the present study is two-fold.

First, HAN-based liquid

propellants have many attractive features, such as high density, low toxicity, and low
freezing points. However, these will be meaningless if the propellants cannot deliver a
reasonable propulsion performance.

Since the propulsion performance is largely

determined by the combustion behavior of the propellant, the understanding of
combustion behavior would be essential in the fine-tuning and improvement of
propulsion performance. Therefore, the investigation of the combustion behavior of the
HAN-based propellants is very important in the development of the propulsion system.
Besides the practical interest, the in-depth explanation of the observed
combustion behavior is a very challenging topic. The combustion of HAN-based liquid
propellants is a very complex process with many physical and chemical processes
involved. By identifying key processes and linking them to the observed phenomena, a
deeper understanding of the combustion process can be achieved. This information can
help the researchers and developers of the HAN-based propellants in their future
endeavor.
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1.3 LITERATURE REVIEW

1.3.1 Combustion Tests of HAN-Based Liquid Monopropellants

1.3.1.1 Strand Burner Tests

Oberle and Wren [1.12] measured the burning rate of LGP 1846 (which is the
same as XM46) by closed-chamber method. Tests were done at three propellant initial
temperatures: –25, ambient, and 60°C. They found that the pressure exponent of the
burning rate – pressure relation is approximately 2.0. While the authors attributed the
exceptionally high pressure exponent to the underestimation of burning surface area, their
conjecture also implied that increasing pressure should enhance the surface instability,
which is opposite to what Vosen [1.13, 1.14] suggested. The measured burning rate of
the propellant at 60°C initially was substantially higher than that of ambient temperature,
while that of -25°C was slightly lower that that of ambient temperature.
McBratney [1.15] measured the burning rate of LGP 1845 with 2% Kelzan gel
additive in a windowed isobaric chamber. The gelled propellant was placed in an acrylic
cell. He found that the burning rate increased with pressure to the 0.103 power. From
the video images, he observed that at 7 MPa, there was no luminosity above the
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propellant; at 10.3 MPa, a streamer-like flame fluctuated in position and duration, and at
pressure above 60 MPa, the flame was very bright and appeared to be continuous
McBratney and Vanderhoff [1.16] conducted combustion tests of slightly gelled
XM46 in a windowed chamber at the pressure range between 10 and 300 MPa. The
burning surface observed was flat, attributed to the increased viscosity by the addition of
gelling agents, which suppressed the surface instability. A slope break of the burning rate
vs. pressure curve was observed around 70 MPa.

After fitting the data with the

expression rb = Apn, it was found that A was around 1.12~1.26 and n around 0.16~0.21
for pressures below 70 MPa, while A was around 0.015~0.048 and n around 0.96~1.18
for pressure above 70 MPa. However, the possible effects of gelling agents on reaction
processes were not addressed.
Vosen [1.17] studied the burning rates and flame structure of both LGP 1846
(which is the same as XM46) and 9.1 M (mole/liter) HAN-water solution in a square
sample cell at the pressure range between 6 to 30 MPa. He reported that the apparent
burning rate of LGP 1846 decreases with increasing pressure between 6.7 and 30 MPa.
He found that the propellant exhibits different behavior in different pressure regimes. At
pressures between 26.7 MPa and 30 MPa, it has a smooth liquid-gas interface, with the
luminous flame located at some distance above the liquid-gas interface. Between the
luminous flame and liquid surface is a transparent region. The liquid-gas interface and
luminous flame oscillate both transversely and in the direction of burning. At pressures
below 23 MPa, the liquid-gas interface is corrugated. The region above the interface is
opaque, and there is no visible flame. After the tests, there is some liquid residue inside
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the strand burner. The calculated energy release during the test is also lower than that at
higher pressure. For 9.1 M HAN, a similar apparent burning rate trend was found, and
the liquid-gas interface was corrugated. However, the region above the interface was
opaque at all the pressures tested. The author believed that the decreasing burning rate
with pressure was due to surface instability, which is a function of density ratio across the
interface. A model of LGP 1846 combustion has been proposed. As shown in Figure 1–
2, HAN decomposes first near the interface involving liquid-phase reactions. Secondly,
TEAN, HAN decomposition products, and water exist in the region above the interface.
Finally, TEAN reacts with HAN decomposition products, producing a luminous flame
and releasing most of the energy.
In his later paper, Vosen [1.13] studied the concentration, pressure, and burner
size effects on the burning rate of HAN-water solutions. The ranges of concentration and
pressure were 3.12 to 13.00 M and 6 to 34 MPa, respectively. The general burning rate
trend of different concentrations is shown in Figure 1–3. The burning rate data reported
in Figure 1–3 were measured in a 1.0 × 1.8 mm burner. 3.12 M HAN was found to be
not ignitable. For 5.20, 7.02, and 9.10 M solutions, the apparent decomposition rates
decreased rapidly with increasing pressure up to 13 MPa. At pressures greater than 13
MPa, the apparent decomposition rates remained constant. The pressure-independent
decomposition rate increased with HAN concentration. The appearance of the interfaces
at different burning rate regimes was also different. At pressures lower than 13 MPa, the
interface was a curved, meniscus-like surface superimposed with small-scale
corrugations. As the pressure increased, the meniscus-like feature of the surface became

10

Products
Products
TEAN Decomposition
HAN Products + TEAN
HAN Decomposition
(Interface Position)
Liquid Propellant

Liquid
Propellant
Figure 1–2: Model of LGP 1846 combustion [1.17].
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Figure 1–3: Apparent decomposition rate of HAN solution at different concentration
[1.13].

less pronounced. At pressures higher than 13 MPa, the large-scale meniscus became
indiscernible, but the small-scale corrugations were still pronounced. For 11.05 and
13.00 M HAN, however, the decomposition rate decreased with pressure up to 34 MPa.
The burner size effect was examined by comparing the burning rate curves of 9.1 M
HAN in two different size burners, as shown in Figure 1–4. For both burners, the
burning rate trend was similar with the same pressure threshold of pressure-independent
burning mode, except that the magnitude of the burning rate was about 70% slower in the
small burner. Vosen attributed the result to less instability modes available in smallersized burner.
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Figure 1–4: Apparent decomposition rate of 9.1 M HAN in different sized burner [1.13].

To examine his hypothesis that the hydrodynamic instabilities control the
apparent decomposition rate, Vosen [1.13] plotted the burning rates against the estimated
density ratio across the interface, which is considered to be the main driving force for
hydrodynamic instabilities.

The density of the decomposition products (ρd) was

estimated using thermodynamic equilibrium code STANJAN assuming the major
decomposition products as H2O(g), H2O(l), N2O, N2 and HNO3. Figure 1–5 shows that
the mass burning rates correlate better with ratio of ρd to the density of unburned liquid
propellant (ρu) than with pressure.
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Figure 1–5: Burning rate vs. density ratio plot [1.13].

Vosen [1.14] studied the burning rate of LGP 1846 at the pressures between 6.7
and 34 MPa using a burner size of 1.8 × 1.0 mm. Instead of monotonically decreasing
with respect to pressure as reported in his previous study [1.17], he found that there is a
pressure-independent burning rate region from 26 to 34 MPa. During combustion events,
meniscus-like interfaces propagated through the liquid, which were similar to what had
been seen in his previous studies [1.13, 1.17]. The feature became less pronounced as the
pressure increased, eventually flattening as the pressure reached the constant burning rate
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region. He also found that the luminous flame appearing at higher pressures could not
propagate into the 1.8 × 1.0-mm burner used in the study. The regression rate of the first
front did not slow down due to the increasing distance from the luminous flame,
suggesting that the effect of heat feedback from luminous flame was minimal, confirming
staged-combustion behavior of LGP 1846. Comparing the results with his previous
study, where a 5.0 × 5.0-mm burner was used, Vosen concluded that the quenching
distance of the reaction generating the luminous flame was between 1.0 and 5.0 mm, and
the quenching distance of the HAN decomposition reaction was less than 1.0 mm. The
overall mass burning rate also has been plotted against estimated density ratio across the
gas-liquid interface. Believing that only HAN participates in the first-stage reaction, he
estimated the gas density by calculating the equilibrium composition of HAN-water
decomposition. However, the concentration used was not reported in his paper. The
burning rate correlates well with estimated density ratio, suggesting that the effect of
hydrodynamic instabilities is a possible controlling parameter.

The author further

estimated the laminar burning velocities by correcting the apparent burning rate with the
area ratio between surface area and burner cross-section area. Cases at the pressureindependent region were analyzed. Only one data point of laminar burning velocity was
found, and it compared well with the data of LGP 1845 droplets at 0.5-10 MPa [1.18] and
that of gelled LGP 1845 at 10-100 MPa [1.15], as shown in Figure 1–6. From the result
of Figure 1–6, he concluded that the laminar burning velocity of LGP 1846 is weakly
dependent on pressure. His conclusion would be more convincing if there were data
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Figure 1–6: Comparison of burning rate from different researchers as reported by
Vosen[1.14].

points in the pressure regime where the apparent burning rate curve exhibited a negativeslope.

1.3.1.2 Spray and Single Droplet Tests

Zhu and Law [1.19] observed the process of microexplosion and combustion of
LGP 1845 droplets at atmospheric pressure.

They found that the microexplosion

temperature of LGP 1845 is around 200°C, which is higher than the reaction initiation
temperature of ~120-150°C reported by Klein [1.20], who measured it at lower heating
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rate. They suggested the following droplet gasification and combustion mechanism from
the events observed in their experiments: (1) as the droplet enters the hot environment, it
experiences very little mass loss until the droplet temperature increases above a certain
level. After that, (2) the water in the droplet starts to evaporate. Nevertheless, the salt
also gasifies slightly because of the presence of the surrounding orange-colored flame
when the droplet is in oxidizing environment. (3) As the water evaporates, the salt
gradually concentrates. Once it reaches a critical concentration, the reaction accelerates
rapidly and causes microexplosion. The critical total salt concentration estimated is
about 88% by weight. Call, Zhu, Law and Deevi [1.21] extended the results to mild
elevated pressure (up to 4 atm). They found that (1) the elevated pressure suppressed the
internal gasification, which lessened the droplet expansion before rupture; (2) the
microexplosion time decreases with increasing pressure; and (3) gasification rate
increases with surrounding temperature. The increase is not totally due to enhanced heat
transfer, but also enhanced liquid-phase reaction.

However, no microexplosion

temperature was provided for elevated pressure.
Birk, McQuaid and Bliesener [1.22] studied the combustion of liquid gun
propellant sprays at pressures between 28 to 38 MPa.

LGP 1845, 1898 (having

diethylhydroxylammonium nitrate [DHEAN] as the fuel component instead of TEAN),
HAN-water solution, and TEAN-water solution sprays were tested to obtain better overall
understanding of the HAN-based liquid propellant combustion processes. They found
that the combustion of LGP 1845, 1898, HAN solution, and TEAN sprays was still
subcritical at pressures higher than the critical pressure of water, due to the increased
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critical temperature and pressure of nitrate salt solutions.

Water, nitromethane and

ethanol sprays were tested to observe the non-burning process of the spray under high
pressure. The water spray was subcritical, while those of nitromethane and ethanol were
supercritical.

The authors concluded that the atomization of subcritical sprays was

controlled by turbulent mixing, and that supercritical sprays were controlled by liquid
core break-up dynamics. Although they concentrated on spray combustion behavior,
there were some important findings demonstrating basic features of HAN-based
propellant combustion.

They found the penetration distances of LGP 1845, HAN

solution, and TEAN solution sprays were approximately the same. Therefore, the time
needed for LGP 1845, HAN, and TEAN to decompose at the same condition is similar.
Thus, the hypothesis that HAN decomposed first then reacted with TEAN may not be
totally correct.
Lee, Gore, Faeth and Birk [1.23] modeled the behavior of liquid propellant jets
using locally-homogeneous-flow (LHF) and thin laminar flamlet approximations. They
found a reasonable agreement between the theory and measurements. The theory further
predicted that the sprays are very sensitive to the injector exit conditions (e.g., degree of
flow development and turbulence level). It also predicted that the combustion volumes
decreased with increasing injector pressure.
In the HAN-based monopropellant study of Lee, Tseng, and Faeth [1.24], both the
combustion of individual drops and the structure of pressure-atomized combusting sprays
were considered. For individual drops, they found that the burning rate was about 10
mm/s. The process involved both the reaction within bulk liquid and gasification from
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the drop surface. At low pressure, the bulk liquid reaction dominated, causing bubble
formation and bursting. At high pressure, the conventional gasification was dominant.
For the structure of combusting sprays, they found that the LHF assumption might not be
valid; separated-flow effects appear to be important.
Lee and Faeth [1.25] further extended the work of their research group on the
structure of combusting HAN-based liquid propellant sprays. They found that the liquidcontaining region is two to four times larger than what was found in previous studies.
Also, the drop burning rate within the sprays was about 10 mm/s at about 5 MPa. The
sprays exhibited strong effects of separated flow, and the predictions using both the
deterministic separated flow (DSF) model and the stochastic separated flow (SSF) model
agreed well with measurements.
Carleton, Klein, Krallis and Weinberg [1.26, 1.27] studied the laser ignition of
HAN-based liquid propellants. A small droplet of liquid propellant was suspended in a
loop of platinum wire and ignited by laser focusing either on or adjacent to the droplet.
Different treatments, such as electrolysis and heat treatment, were applied to the droplet
before ignition. The permanent gas evolved was measured, which is an indication of the
extent of decomposition. The results showed an important role played by nitrous acid on
the decomposition reaction, which is consistent with the proposed reaction mechanism.
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1.3.1.3 Other Combustion Tests

Lee and Litzinger [1.28] studied the combustion characteristics of XM46, HAN,
and TEAN over the pressure range of 0.1 to 1 atmosphere (0.01 to 0.1 MPa) and at the
CO2 laser heat fluxes between 50 and 400 W/cm2 in air and inert gas environments. At
lower heat flux (100 W/cm2), no visible flame was observed for all materials tested; only
brown gas and smoke evolved. At higher heat flux (400 W/cm2), different events were
observed. For 13 M HAN, a brown gas was emitted after the water boiled away during
ignition delay. Then the sample ignited and a white flame appeared. For solid TEAN,
the crystals melted, emitting dark gas and smoke and exhibiting two sequential flames: a
blue flame appeared first and then a bright yellow flame, indicating fuel-rich combustion.
For XM46, a white flame (“HAN flame”) appeared first, followed by a blue flame (first
“TEAN flame”), and then a yellow flame (second “TEAN flame”).

From species

measurements, the authors found that the initial decomposition products of HAN are
H2O, NO2, N2, O2, NO, and N2O. The dominant products of subsequent reactions are
H2O and NO. The major species evolved from solid TEAN are H2O, H2CO, HCN, NH3,
NO, CH3CHO, CO, H2, CO2, CH4, C2H2, N2O and NO2. The species measurements of
XM46 flame revealed that, although HAN appeared to react first with TEAN following,
actually HAN and TEAN reacted simultaneously. The appearance of the flame showed
the dominance of the products from each propellant ingredient at different stages.
Carbon-containing species were found at the early stage (i.e., gas and smoke evolving
stage). The reaction rate of XM46 was found to be faster than HAN or TEAN alone; this
was attributed to the interaction between propellant components. Residues of XM46

20
from different stages, marked by the appearance of different colored flames, were
recovered. They were analyzed, showing different degrees of decomposition of TEAN at
different stages. The gas-phase temperature during a 100 W/cm2 heat flux test of XM46
was measured, showing that the temperature during H2O evaporation was ~400 K and the
maximum temperature was ~1250 K.

At 400 W/cm2, the temperature profile

corresponded well with visual observation and species measurements; temperature
gradually increased from 400 to 450 K before the appearance of HAN flame. As the
HAN flame appeared, the major increase of temperature started. The TEAN flame was
responsible for most of the temperature increase.
Lee and Litzinger [1.29] studied the thermal decomposition of HAN, solid TEAN,
and XM46.

Species were identified using FTIR spectroscopy.

The thermal

decomposition was facilitated by two heaters moving toward the sample and sandwiching
it.

Temporal evolutions of decomposition species and the induction times were

measured. The induction times of solid HAN were longer than those of aqueous HAN;
this was attributed to a stronger ion association. For the decomposition of XM46, the
early stage was dominated by HAN decomposition, and later by TEAN decomposition.
However, a lower species evolution rate of XM46 at the early stage compared with 9 M
HAN solution suggested that TEAN also participates in the HAN-dominated stage by
consuming important intermediates of HAN decomposition reaction.
Meinhardt, Brewster, Christofferson and Wucherer [1.10] conducted a study on
HAN-based propellants for the application of small satellite thrusters.

Blends with

different fuel components were evaluated through the measurements of properties and
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calculations of theoretical performance.

Among the propellant blends considered,

HAN/glycine blends were chosen in motor test firings. Reliable ignition and clean
combustion were achieved. No carbonaceous deposit was found in the catalyst.
Wucherer, Christofferson and Reed [1.11] formulated seven high-performance
HAN-based liquid propellants and conducted test firings in a catalytically ignited
laboratory thruster. Six of them demonstrated good handling, ignition and combustion
characteristics. A HAN/methanol formulation and a HAN/hydroxyethylhydrazine nitrate
formulation showed the potential to achieve better performance than hydrazine. Because
the flame temperatures of these high-performance propellants are higher than the
operating temperature of the common catalysts, further studies of high-temperature
catalyst materials are needed.

1.3.2 Chemical Kinetics of HAN Decomposition

1.3.2.1 Related Literature

Different researchers have used different diagnostic techniques to investigate the
chemical kinetics involved in the combustion of HAN-based liquid propellants.
Pembridge and Stedman [1.30] studied the oxidation of hydroxylamine by nitric
acid in acidic solutions. The concentrations of hydroxylamine studied were between
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0.001 and 0.2 M. The concentrations of nitric acid were between 2 and 7.5 M. The
literature before their study showed the following stoichiometry:

4NH3OH+ + 2HNO3 → 3N2O + 4H3O+ + 3H2O

( 1.1 )

However, they found the actual stoichiometry was

NH3OH+ + 0.5(1+z)NO3−
→ 0.25(3-z)N2O + zHNO2 + 0.5(1-z)H+ + 0.25(7-z)H2O

( 1.2 )

where z is a function of both concentrations of nitric acid and hydroxylamine. At about
4-5 M of nitric acid concentration, the reaction generated the maximum yield of nitrous
acid ([HNO2]∞/[NH3OH+]0). They also found that Eq. (1.2) is a nitrous acid-catalyzed
reaction, which exhibits an autocatalytic characteristic. Detailed kinetics were proposed
and studied.
Van Dijk and Priest [1.31] studied the chemical reaction of heated 11 M HAN at
both ambient (unconfined) and elevated pressure (between 2-7 kbar, or 200-700 MPa).
The Raman spectra at different conditions were recorded and analyzed. The sample was
loaded into a diamond anvil cell, sealed and pressurized to the specified pressure. After
that, no external adjustment of pressure was applied. Then the sample was repeatedly
heated to intended temperatures and cooled down to ambient temperature. Tests with an
unconfined environment were also performed. Comparing the results from both confined
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and unconfined cases, they concluded that (1) NO2 is one of the major intermediate
species but is absent in the final products; (2) N2O is one of the final products. Some of
the N2O existed in solid phase during the reaction in the confined cell; and (3) the
reaction at high pressure is apparently slower than that at ambient condition. They
attributed this to the increase of viscosity with increasing pressure.
Cronin and Brill [1.32] studied the thermal decomposition of HAN at the heating
rate of 130 K s-1 and different pressures ranging from 2 to 1000 psi (0.014 to 6.89 MPa).
The IR spectra of gas species evolved from the heating were measured and the relative
concentrations were deduced. They found that at pressure higher than 100 psi (0.69
MPa), the product concentration oscillated vigorously during the first few seconds of
thermolysis. The origin of the oscillation was unknown to the authors. They measured
the initial crossover times of HNO3 and N2O for different HAN concentrations and found
that the time decreased as the concentration increased.

Therefore, the initial water

concentration may play an important role in HAN decomposition kinetics. It was also
found that increasing heating rate and final filament temperature would increase the
frequency of oscillation. The dominance of HNO3 in the product gases suggests a rapid
proton transfer reaction. The measured species evolution profiles suggest that the N2O
production rate is slower than those of NO2 and HNO3 under the test conditions. That
there was no NO detected for all test conditions suggests that the concentration was less
than 2%.
Cronin and Brill [1.33] tried to differentiate the stages of decomposition of HAN,
TEAN, and LGP 1845 using different heating rates and pressures. They found that solid
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HAN started to decompose at around 180°C and the first exotherm of solid TEAN was
detected at around 250-350°C. For LGP 1845, whose water weight percentage is 3% less
than XM46, the tests were carried out for different heating rates and pressures. 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. Third, there is the partial
decomposition of TEAN at around 240-250°C. Finally, the sample ignites. 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.
Oxley and Brower [1.34] conducted thermal decomposition studies of solid HAN
at either 129 or 139°C. Evolved gases were characterized using FT-IR, and
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N tracer

was used for detail kinetic studies. They proposed a reaction scheme that differed from
that proposed by Pembridge and Stedman [1.30] because nitric acid was not in excess
amount and no water was present. Tests with several chemical compounds added in the
reaction glass capillaries were conducted to test the enhancement effect of those
compounds.

It was found that the addition of ammonium acetate suppressed the

decomposition of HAN, while the addition of hydrazine dinitrate and nitric acid greatly
shortened the induction time of decomposition.
Armstrong and Vosen [1.35] studied the structure of the XM46 combustion front
using high-speed color cinematography. They concluded that NO2 exists in a small layer

25
right above the gas-liquid interface. This layer was estimated to be 140 µm thick. The
accurate NO2 concentration could not be derived due to the three-dimensional shape of
the liquid-gas interface and a non-straight light path in the reaction zone, but an estimate
was given to be 0.14% mole fraction at the densest point. Beyond the small layer, the
absorption density decreased close to zero, indicating the disappearance of NO2. They
explained the phenomenon by three possible reactions consuming NO2: (1) dimerization
of NO2 to N2O4 (2NO2 = N2O4); (2) decomposition of NO2 to NO and O2 (2NO2 = 2NO +
O2); and (3) reaction of NO2 with water (3NO2 + H2O = NO + 2HNO3).
Beyer [1.36] 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 are 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 that reported for
aqueous HAN [1.37].
Klein [1.38] conducted a mechanistic study of the ignition and combustion of
LGP 1845 using an accelerating rate calorimeter. Three exotherms were found at 120,
180, and 220°C. The first one was assigned to HAN decomposition, the second to nitric
acid decomposition, and the third to TEAN decomposition. Klein concluded that the
reaction of LGP 1845 consists of three stages: (1) formation of the nitronium ion initiates
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the reaction in liquid phase; (2) ignition starts as HAN decomposition products react with
TEAN; and (3) the gaseous products combust subsequently.
Shaw and Williams [1.39] proposed a deflagration model for aqueous HAN. By
fitting the existing decomposition rate data, they found that the activation energy is in the
range between 14.5 ~ 17 kcal/mol (60.9 ~ 71.4 kJ/mol), and the pre-exponential factor is
in the order of 1010 m3/(kmol s), which is close to the published value for the bimolecular
reaction in an aqueous solution.

They also concluded that phase and chemical

equilibrium are not reached in the decomposition zone.
Rafeev and Rubtsov [1.40] studied the kinetics and mechanisms of the thermal
decomposition of melted HAN.

The decomposition tests were conducted in the

temperature range 84.8-120.9°C. They found that the decomposition proceeded with
autocatalysis. The initial decomposition rate was proportional to the square of nitric acid
concentration. Decomposition kinetics was proposed. They suggested that N2O5 was the
key intermediate at the initial stage of the process.
Schoppelrei, Kieke, and Brill [1.37] used a flow cell and FT Raman spectroscopy
to study the kinetic parameters of hydrothermal reactions. Decomposition reactions of
HAN solutions of concentrations from 0.76 to 1.74 m were studied in the flow cell at a
pressure of 275 bar (27.5 MPa). The pressure and temperature inside the cell were
monitored and controlled. By measuring the species concentration variation with time,
one can extract kinetic constants for a particular pressure and temperature. However, the
decomposition rate of aqueous HAN is too fast to be resolved by the instrument.
Therefore, another method was used. The induction times, which were defined as the
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times of first detectable rapid heat release, were measured for different temperatures and
pressures. The kinetic parameters, activation energies, and pre-exponential factors were
calculated using the energy balance of the flow cell. The activation energy calculated is
called “apparent activation energy” because it was believed that a series of reactions take
place before a critical concentration of a catalytic species was reached, which accelerates
the heat-generating reactions. The values of activation energy are around 129±29 kJ/mol
for 0.92 – 1.52 m HAN, and 66±8 kJ/mol for 1.58 – 1.74 m HAN. The pre-exponential
factors calculated are believed to be associated with the induction process rather than the
heat generation reaction. The authors also noted that the pre-exponential factors found
are 7 × 104 times smaller than that for the heat generation stage reported by Shaw and
Williams [1.39].
The kinetic parameters of the decomposition of dilute HAN solutions were
measured by Schoppelrei and Brill [1.41]. The activation energy of 103 ± 21 kJ/mol and
natural log of the pre-exponential factor ln(A/s)=21 ± 5 were obtained. Comparing with
existing data in the literature, they concluded that the following reaction

NH2OH + 2HNO3 Æ 3HNO2 + H2O

( 1.3 )

controlled the decomposition of dilute aqueous HAN. They also concluded that the
autocatalysis accelerated both the reaction rate and heat release of higher concentration
HAN, resulting in a lower activation energy, 66 ± 8 kJ/mol. It was pointed out that the
rate constants from their experiments were not high enough to support a self-sustained
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combustion. Low reaction constants were attributed to the excessive water in diluted
HAN solution suppressing the decomposition rate.
Lee and Thynell [1.42] studied the thermal decomposition of HAN solution at a
heating rate above 1500 K/s. The concentrations studied were 9, 10.7 and 13 M. The
final temperatures of the samples were between 120 and 180°C, and the samples were
under atmospheric conditions.

Comparing the results obtained with the existing

literature, the authors proposed the following stages as the sample undergoes the
decomposition: (1) as the sample heats up, proton transfer and subsequent reaction occur
while water evaporates. As a critical salt concentration is reached, the reaction rate is
greatly accelerated, forming a pool of highly reactive species HONO and HNO; (2) gas
species evolve and HAN is depleted, starting from about the first detection of gases until
HNO3 evolution reaches its maximum; (3) reactions occur among HAN decomposition
products. This stage is marked by the detection of NO2 while HNO3 is decreasing. At
this stage, NO also evolves in large concentration. The induction times of decomposition
for HAN solution and solid HAN were measured. In general, the induction time for solid
HAN is longer than that for HAN solutions for final temperatures less than 160°C; it
decreases with increasing HAN concentration for temperatures above 160°C. From the
induction time data, the authors found that the activation energy for 13 M HAN and solid
HAN are 12.84 and 11.22 kcal/mol (53.93 and 47.12 kJ/mol), respectively.
Thynell and Kim [1.43] studied the decomposition mechanism of HAN-water
solution and its variation with pressure by acquiring spectral transmittance data of gases
evolved from rapid thermolysis.

At 1 atm (0.1 MPa) and 180°C, staged HAN
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decomposition phenomena were found. First, due to proton transfer, water and HNO3
evolved simultaneously.

Second, N2O appeared a little bit earlier than NO, which

evolved in smaller quantity than water, HNO3, and N2O. Finally, the evolution of water,
NO, N2O, and HNO3 decreased as the evolution of NO2 was detected. The species
profiles are oscillatory. The oscillatory species profiles and delayed evolution of NO2
were attributed to the autocatalytic behavior of nitrous acid. A significant amount of
clear residue was recovered after the tests. As the temperature increased to 210°C, all
species evolved at the same time, and no residue was recovered.

As the pressure

increased, a second increase in species evolution profiles was observed, and NO2
appeared earlier and in a larger amount. Through the species evolution profiles observed,
the authors concluded that the first peak in species evolution profile is governed by water
content. The original water content accelerates the evolution of species; as water departs,
the species evolution decreases. The existence of a second peak in species evolution
profiles suggests that there may be other reaction pathways for radical build up as water
concentration decreases. Induction time was measured for solid and aqueous HAN at
temperatures between 140 to 180°C and 1 atm (0.1 MPa). It was shorter for aqueous
HAN than for solid HAN, attributed to the enhanced proton transfer in a less clustered
environment. For 2-µl samples, the induction time of 10.7 M HAN is shorter than that of
13 and 9 M HAN. No activation energy data were provided.
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1.3.2.2 Stoichiometry of HAN Decomposition

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

[Refs. 1.26, 1.38]

7 HAN Æ 4 N2O + N2 + 4 HNO3 + 12 H2O

( 1.4 )

[Ref. 1.41]

4 HAN Æ 3 N2O + 7 H2O + 2 HNO3

( 1.5 )

[Ref. 1.41]

4 HAN Æ 3.2 N2O + 7.2 H2O + 1.6 HNO3 + 0.4 O2

( 1.6 )

This shows that the chemical kinetics of HAN decomposition is extremely
complicated, therefore the final stoichiometry will change with respect to different test
conditions, such as pressure, heating rate, salt concentration, etc.

1.3.2.3 Kinetics of Aqueous HAN Decomposition

From various references [1.30, 1.37, 1.41, 1.44], the decomposition of aqueous
HAN can be summarized as follows. In the aqueous solution, the following equilibrium
exists:

NH3OH+ + NO3

−

NH2OH + HNO3

( 1.7 )
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Two competing global reactions are present in the decomposition of aqueous
HAN. They are nitrous acid generation (Eq. 1.8) and nitrous acid scavenging reaction
(Eq. 1.9).

NH3OH+ + 2HNO3 → 3HNO2 + H3O+

( 1.8 )

NH3OH+ + HNO2 → N2O + H2O + H3O+

( 1.9 )

The detailed mechanism of the nitrous acid generation is expressed as follows.

H+ + HNO2 + NO3

−

N2O4 + H2O

( 1.10 )

NH2OH + N2O4 → HNO + N2O3 + H2O

( 1.11 )

HNO + N2O4 → HNO2 + N2O3

( 1.12 )

N2O3 + H2O

( 1.13 )

2HNO2

In the mechanism described by Eqs. (1.10) through (1.13), nitrous acid is a
catalytst. Since nitrous acid is the net product of this reaction scheme, the generation of
nitrous acid is an autocatalytic reaction. N2O3 exhibits blue color with λmax=625 nm
([1.45] as cited in [1.46]).
The detailed mechanism of nitrous acid scavenging is expressed as follows [1.44]:

H+ + HNO2
NO+ + NH3OH+

NO+ + H2O
NH3ONO+ + H+

( 1.14 )
( 1.15 )
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NH3ONO+

NH2ONO + H+

( 1.16 )

NH2ONO → ONNHOH

( 1.17 )

ONNHOH → HON=NOH → N2O + H2O

( 1.18 )

It is noted that these reaction schemes do not account for the generation of
nitrogen.

For the experimental conditions in these studies [1.30, 1.37, 1.41, 1.44],

nitrogen was not observed in the product gas. Therefore, the reaction for its generation
was not included.

1.3.2.4 Kinetics of Solid HAN Decomposition

Many researchers have studied the thermal decomposition of solid HAN [1.34,
1.40, 1.43]. Similar to the kinetics of aqueous HAN decomposition, reaction initiates
from proton transfer reaction, as described in Eq. (1.19).

NH3OH+NO3

−

NH2OH + HNO3

( 1.19 )

Following the initiation are the generation and scavenging of nitrous acid. While
the researchers agree with one another on the nitrous acid scavenging, the kinetic
schemes for nitrous acid generation proposed by different researchers have some
discrepancy. Oxley and Brower [1.34] proposed the following reaction mechanism after
the proton transfer:
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NH2OH + HNO3 → HNO + HNO2 + H2O

( 1.20 )

HNO + HNO3 → 2HNO2

( 1.21 )

NH2OH + HNO2 → N2O + 2H2O

( 1.22 )

NH2OH + HNO → N2 + 2H2O

( 1.23 )

It is noted that the summation of reactions (1.20) and (1.21) gives the overall
reaction of nitrous acid production (1.8). Reaction (1.22) is the nitrous acid scavenging,
and reaction (1.23) accounts for the production of nitrogen. By so proposing the reaction
mechanism of the nitrous acid generation, the process is no longer autocatalytic. They
did not adopt the mechanism of Pembridge and Stedman [1.30] because no apparent
acceleration of gas bubbling was observed with the injection of NO2/N2O4 into the glass
capillary holding the HAN sample. Rafeev and Rubtsov [1.40] proposed a reaction
mechanism more similar to what Pembridge and Stedman [1.30] have proposed. The
reaction scheme after the proton transfer is:

HNO3 + HNO3

−H2O
+H2O

N2O5

NO 3− + NO +2

( 1.24 )

NH3OH+ + N2O5 → HNO3 + NH 3+ ONO 2

( 1.25 )

NH 3+ ONO 2 → HNO + H 2+ NO 2

( 1.26 )
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They proposed that N2O5 rather than nitronium ion ( NO +2 ) reacts with
hydroxylammonium ion because of Coulomb repulsion forces. The rest of the reaction
scheme is the same as reactions (1.10) through (1.13) for the generation of nitrous acid,
except it is H 2+ NO 2 instead of HNO2 + H+ to react with nitrate ion to generate dinitrogen
tetraoxide. However, the difference can be bridged through the following equilibrium
[1.34]:

H+ + HNO2

H 2+ NO 2

( 1.27 )

Similarly, reaction (1.9) for the scavenging of nitrous acid was also included. In the
author’s opinion, Rafeev and Rubtsov’s reaction mechanism is more probable, because
the autocatalytic behavior of HAN was also observed for solid HAN [1.40, 1.43]. The
observation made by Oxley and Brower [1.34] does not necessarily mean that N2O4 did
not play an important role in the autocatalytic decomposition of HAN. This is because
reaction rate of the rate limiting reaction (1.11) not only depends on the concentration of
N2O4, but also depends on the concentration of hydroxylamine, which is controlled by the
proton transfer process in the initial stage. In addition, the pre-equilibrium reaction
(1.10) will readjust the concentration of N2O4, which reduces the impact of the N2O4
injected.

However, the nitrogen production mechanism should be included, since

nitrogen was observed as one of the decomposition products [1.34, 1.38]. Therefore,
reaction (1.23) needs to be included in the mechanism of Rafeev and Rubtsov.
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The production of NO and NO2 can be achieved through reaction involving
various intermediate species. NO2 can be generated through the equilibrium reaction
with N2O4 [1.30]:

N2O4

2NO2

( 1.28 )

NO and NO2 can be generated together through the following reaction involving
another intermediate species, N2O3 [1.30, 1.40]:

N2O3

NO + NO2

( 1.29 )

NO can also be produced through the reaction of nitrous acid (HNO2) with
nitroxyl [1.43]:

HNO2 + HNO → 2NO + H2O

( 1.30 )

Nitrous acid can also undergo the well-known decomposition reaction [1.47]:

3HNO2 → HNO3 + 2NO + H2O

( 1.31 )
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1.3.3 Decomposition of Glycine

Johnson and Kang [1.48] conducted pyrolysis tests of glycine and other amino
acids in a helium environment at a temperature range from 700 and 1000°C. Their study
focused on the effect of amino acid structure on hydrogen cyanide (HCN) yield. It was
found that the HCN yields of α-, β-, and γ-amino acids follow the order of γ >> β > α.
The ratio between moles of HCN and amino nitrogen increased with increasing pyrolysis
temperature. For some cases, this ratio could approach 100%.
Simmonds et al. [1.49] studied the thermal decomposition of glycine and five
other aliphatic monoamino-monocarboxylic acids at 500°C. There are two major primary
decomposition pathways for aliphatic monoamino-monocarboxylic acids.

They are

decarboxylation and the reaction involving a loss of water. Decarboxylation generates
carbon dioxide and amines.
decomposition species.

Amines would decompose further to give other

The results of glycine decomposition indicated that methyl

radicals may be produced during pyrolysis.

Both radical and unimolecular

decomposition mechanisms are functioning in the pyrolysis of amino acids.
Ratcliff et al. [1.50] performed a mechanistic study on the pyrolysis of amino
acids. They confirmed that the major pathways of primary decomposition steps for
aliphatic protein amino acids are decarboxylation and condensation reactions. Other
minor pathways of primary steps and secondary steps were also identified.
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Chiavari and Galletti [1.51] pyrolyzed 19 α-amino acids at 600°C. Pyrograms
and mass spectra data for these amino acids were reported.

The formation of the

pyrolysis fragments was explained by four decomposition pathways.
Douda and Basiuk [1.52] studied the survivability of glycine and other amino
acids under high temperature and oxygen-free environments. The experiments were
performed at different temperatures starting from 400°C with 100°C increments. It was
found that glycine survival rate was about 4% at 400°C, which decreased to zero at
700°C.
A summary of the major decomposition pathways of glycine is given in Chapter
3.

1.3.4 Methanol Combustion and Oxidation

Aronowitz, Naegeli, and Glassman [1.53] studied the pyrolysis of methanol in the
temperature range between 1070 and 1225 K at atmospheric pressure. The pyrolysis tests
were performed in an adiabatic turbulent flow reactor. Methanol was vaporized and
injected into the inlet section. The turbulent mixing was accomplished by a carrier
stream of nitrogen. The pyrolysis products observed were carbon monoxide, hydrogen,
formaldehyde, methane, and ethylene. A kinetic scheme was proposed to interpret the
experimental data. The pyrolysis initiated with thermal decomposition, generating CH3
and OH. The reaction between OH radical and methanol and other chain-propagating
reactions further consumed methanol, generating carbon monoxide, hydrogen,
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formaldehyde, and methane. Reaction steps responsible for the generation of ethylene
were also proposed. It was concluded that H and CH3 are important radicals in the
methanol pyrolysis. Discussions regarding pyrolysis studies at temperature ranges higher
or lower and comparison with the authors’ study were given.
Akrich, Vovelle, and Delbourgo [1.54] studied the flame profiles and combustion
mechanisms of methanol-air flames under reduced pressure. Three flames with different
methanol-air ratios were stabilized on a flat-flame burner. The flame structures of these
flames were characterized by the measurement of temperature and species concentration
profiles. The results were discussed in terms of available oxidation kinetics.
Aronowitz, Santoro, Dryer, and Glassman [1.55] investigated the kinetics of
methanol oxidation using an adiabatic, turbulent flow reactor. The oxidation experiments
were conducted at atmospheric pressure, in the initial temperature range of 950-1030 K,
and the equivalence ratio range of 0.03-3.16. Detected major products included CO,
CO2, and H2O. Smaller amounts of H2 and HCHO (formaldehyde) were also detected.
The experimental data were correlated using semi-global modeling techniques, and
mechanistic concepts were discussed.
Bradley et al. [1.56] studied the laminar flame structure and burning velocities of
premixed methanol-air.

The burning velocities were measured over the ranges of

equivalence ratios from 0.7 to 1.3 and pressures from 0.089 to 0.25 atm. The profiles of
gas temperature, velocity and stable species concentrations were measured for flames of
equivalence ratios of 0.85, 1.0 and 1.25 at 0.089 atm. Chemical kinetics was studied and
compared with the experimental results. Two kinetic schemes were proposed. The first
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suggests that the first-step breakdown of CH3OH generates CH2OH only, while the
second suggests that the first-step breakdown generates both CH2OH and CH3O. They
concluded that the second scheme yielded prediction that is closer to the experimental
results.
Egolfopoulos, Du, and Law [1.57] conducted a comprehensive experimental and
numerical study on the kinetics of methanol combustion/oxidation. A detailed reaction
kinetic scheme was compiled. The scheme was used to calculate the laminar flame speed
at different conditions and compared with their experimental results. Counter-flow flame
technique was utilized to measure the laminar flame speeds in order to minimize the
flame stretching effects.
experimental data.

The calculated results were in good agreement with the

Further work of kinetic scheme validation was conducted by

comparing the experimental results using different techniques with the model prediction.
The study demonstrated that the congruence of the model predictions with the laminar
flame speeds is not a sufficient, although necessary, condition for the validation of
reaction scheme. The authors concluded that further investigation on the validation of the
rate constants of crucial reactions was needed.
From the combustion/oxidation kinetic scheme compiled by Egolfopoulos et al.
[1.57], methanol is attacked by H, O, OH, and HO2, generating hydroxymethyl radical
(CH2OH) and methoxy radical (CH3O).

CH2OH then either reacts with O2 or

decomposes to generate formaldehyde (CH2O). The decomposition of CH3O also gives
CH2O, whereas its reaction with H generates methyl radical (CH3).
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The combustion and oxidation of methanol has been studied extensively by many
researchers. Many of the past studies were cited in the paper of Held and Dryer [1.58],
including the measurement of the laminar flame speed at different conditions, flame
structure characterization, and tests performed in static reactors, flow reactors and shock
tubes. In their paper, Held and Dryer [1.58] compiled and updated a comprehensive
detailed reaction mechanism. The oxidation starts with initiation reactions, which is the
thermal decomposition of methanol. Two major initiation/decomposition pathways were
identified:

CH3OH + M

CH3 + OH + M

∆Hr=92.2 kcal/mol

CH3OH + M

CH2OH + H + M

∆Hr=98.0 kcal/mol

The first one is more probable than the second one. The radicals then attack the fuel,
generating smaller intermediates. The oxidation ends with a chain of aldehyde → CO →
CO2 reactions.

The prediction from the mechanism was compared with all the

experimental data available from the literature.

They found that the oxidation of

methanol is very sensitive to the kinetics of hydroperoxyl radical (HO2). They also
identified a couple of reactions in their kinetic scheme that require additional
investigation.
Alzueta, Bilbao, and Finestra [1.59] performed an experimental and theoretical
study of the methanol oxidation with and without the presence of nitric oxide (NO).
Experiments were conducted in an isothermal quartz flow reactor. The conditions of
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atmospheric pressure at the temperatures between 700 and 1500 K were investigated.
They found the onset temperatures for methanol conversion for different fuel/air ratio
were very similar in the absence of NO. At lean conditions, the presence of NO promotes
the oxidation of methanol. The interaction of NO with hydroperoxy radical results in net
increase of OH radical, which attacks methanol to promote its conversion.

NO + HO2
NO2 + H

NO2 + OH
NO + OH

At the richest condition, however, NO has an inhibiting effect on methanol
oxidation. Besides the reaction with HO2, NO could react with hydroxymethyl radical
(CH2OH), which becomes more important at fuel rich conditions:

CH2OH + NO

CH2O + HNO

HNO initiates a chain terminating sequence, causing the methanol conversion
inhibition.

1.3.5 Surface Instability

Landau [1.60] studied the instability of the premix flame front. By assuming thin
flame sheet, slow burning, and constant burning rate, he reduced the system into two
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incompressible flow regions separated by a surface, across which the density, velocity
and pressure may be discontinuous, but the conservation of mass and momentum still
holds. The stability of the system was studied with the standard techniques of linear
stability analysis. In the first part of the paper, Landau considered an invicid system
without gravity and surface tension. He found that the aforementioned system is always
unstable if the velocity increases across the interface, which generally is the case for
combustion front. In the second part of the paper, Landau extended his analysis by
including gravity and surface tension into the governing equations. He found that the
system is stable regardless of the wave number of the disturbance if the following
criterion is fulfilled:

m4 < 4γgρl2ρg2/(ρl-ρg)

( 1.32 )

where m is the mass burning rate, γ the surface tension, ρl the liquid density, and ρg the
gas density.
Armstrong and Vosen [1.61] relaxed the assumption of constant propagation
velocity by assuming the dependence on local pressure and temperature. The instability
map was represented as curves on reaction thermal sensitivity-wave number plane. Two
types of instability, namely cellular and pulsating, were found. The stability map was
reported for both types of instability.
Armstrong and Margolis [1.62] used an approach similar to that of Armstrong and
Vosen [1.61] to study the reactive/diffusive instability. It was found that a moderate level
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of thermal sensitivity has a stabilizing effect. However, as the thermal sensitivity further
increases, pulsating instability arises. It was also found that the increase of liquid- and
gas-phase Prandtl number extends the stability region.

1.4 OBJECTIVES

After reviewing the literature related to the combustion/reaction of HAN, fuel
components, and HAN-based propellants, several unanswered or unresolved questions
are identified. Based on these questions, a number of objectives are formulated.
The first objective is to conduct a detailed characterization of each HAN-based
liquid propellant, including the burning rate measurements, temperature profile
measurements in the reaction zone, chemical analysis of the pyrolysis products and/or
combustion products, and the identification of burning rate controlling mechanism.
The second objective is to investigate the staged combustion characteristics.
Vosen [1.17] observed that XM46 exhibited staged combustion characteristics. Whether
HANGLY26 and HAN269MEO15 exhibit staged combustion characteristics is one of the
questions to be answered. In addition, the physical and/or chemical processes to which
each stage corresponds need further investigation.
The third objective is to verify or modify the HAN/fuel interaction model. The
model proposed by Vosen [1.17] for XM46 is: HAN decomposes first near the interface
involving liquid-phase reactions without fuel participation. Secondly, unreacted fuel,
HAN decomposition products, and water exist in the region above the interface. Finally,
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fuel reacts with HAN decomposition products, producing a luminous flame and releasing
most of the energy. However, the experimental results of Birk et al. [1.22] suggest that
the model proposed by Vosen may not be totally true. The hypothesis that the fuel
components do not participate in the reaction until later in the combustion process needs
to be verified. The HAN/fuel reaction kinetics also needs to be studied.
The forth objective is to perform the analysis of the surface instability. Because
of the deformation ability of liquid, the assumed flat burning front may not realistic, and
the surface instability may arise from the hydrodynamic interaction between product and
unburned liquid. Although the surface instability has been theoretically analyzed by
various researchers [1.60, 1.61, 1.62], further physical interpretation of the theoretical
results is needed for their application to the real problems.
Chapter 2 describes the investigation of XM46, Chapter 3 HANGLY26, and
Chapter 4 HAN269MEO15. Chapter 5 provides the overall discussions of these three
HAN-based liquid propellants and further analyses.

Chapter 6 gives the major

conclusions and suggestions to future studies.
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Chapter 2

COMBUSTION BEHAVIOR AND FLAME STRUCTURE OF XM46 LIQUID
PROPELLANT
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and Flame Structure of XM46 Liquid Propellant,” Journal of Propulsion and Power, Vol.
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2.1 ABSTRACT

This investigation was focused on the combustion behavior of XM46. Regression
rate of XM46 has been characterized up to 207 MPa, displaying a complex burning
behavior with both negative pressure exponent and plateau-like behavior. The flame
structure displayed 3 different stages: 1) nearly simultaneous decomposition of both
HAN and TEAN initiating in the liquid to produce gases around 300 °C, 2) break-down
of heavy opaque intermediate molecules into transparent species, and 3) reaction of
transparent species to form final products in the luminous flame. The feeding tests
showed peculiar flashback phenomena, believed to be related to the interaction between
gas-phase radicals and unburned liquid propellant.

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,
N2O, N2, CO2, CO, H2O, HCN, and C2H4 when pyrolyzed at temperatures between 130
and 540 °C. The pressure dependency of the burning rate of the HAN-based liquid
propellant is highly nonlinear. Water evaporation has a noticeable effect on combustion
characteristics of XM46. Gas dissolution/desorption could also affect the burning rate.
The type of fuel ingredient was found to have a significant effect on the overall burning
characteristics.
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2.2 INTRODUCTION

Liquid propellant (LP) gun systems, using hydroxylammonium nitrate (HAN) as
one of the major propellant ingredients, were first proposed more than ten years ago [2.1,
2.2]. The attractive features include: high energy, high density, low glass-transition
point, relative stability, low toxicity, and easy demilitarization and disposal. HAN-based
propellants are also being considered as a replacement for hydrazine in space propulsion
systems [2.3-2.6]. Because of their potential in many propulsion applications, HANbased propellants have been of major interest to many researchers.
The XM46 liquid propellant, consisting of hydroxylammonium nitrate [HAN,
NH3OHNO3,

60.8%

by

wt.],

triethanol

ammonium

nitrate

[TEAN,

(HOCH2CH2)3NHNO3, 19.2%], and water [20%], was developed as a potential liquid
propellant for gun propulsion systems. The chemical structures of HAN and TEAN are
shown in Figure 2–1.
Many researchers have used different ways to measure the burning rate of XM46.
Oberle and Wren [2.7] deduced the burning rate from the pressure curves measured in
closed-bomb tests. They found a pressure exponent of nearly 2. The unusually high
pressure exponent was attributed to underestimation of burning surface area, which was
assumed to be the cross-sectional surface area of the sample holder. McBratney and
Vanderhoff [2.8] added gelling agents into liquid propellant to reduce the possible
surface agitation. The pressure exponent they found was considerably lower than that of
Oberle and Wren, and a slope break was observed around 70 MPa. Vosen [2.9] used a
strand burner to measure the burning rate of both an ungelled HAN-water solution and
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HAN

TEAN

Figure 2–1: Chemical structure of HAN and TEAN.

LGP 1846 (which has the same composition as XM46). He found a decreasing trend of
burning rate with increasing pressure from 7 to 30 MPa, and staged combustion
characteristics. He proposed the following physical model of the LGP 1846 combustion:
1) The first stage of combustion is HAN decomposition, in which TEAN does not
participate in the reaction. 2) Later in the combustion event, molten TEAN reacts with
HAN decomposition products producing a luminous flame. Vosen [2.10, 2.11] also
hypothesized that the decrease in burning velocity with increasing pressure is controlled
by surface instabilities of liquid-gas interface, which is a function of the density ratio
across the interface. Koch et al. [2.12] designed and built a liquid-propellant strand
burner with a precise liquid feeding system. Instead of containing a liquid strand inside a
tube or straw and allowing the flame to propagate down into the tube, the liquid was fed
upward to stabilize the burning surface at the exit port of the feeding tube. In this
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manner, the heat loss to the tube wall and confinement effects could be minimized. The
system yielded good burning rate results for nitromethane [2.13]. Jennings et al.[2.14]
attempted to use this technique to measure the burning rate of XM46, but found that the
burning surface could not be stabilized on the port of the feeding tube, no matter how fast
the liquid was fed. The reaction front kept regressing down into the tube at all feeding
rates attempted, and a dark-colored cone formed above the regression surface.
Reaction kinetics of XM46, HAN, or similar LP blends have been the focus of
various researchers. Klein [2.15] conducted a mechanistic study of the ignition and
combustion of LGP 1845 [63.2% HAN, 20.0% TEAN and 16.8% water] using an
accelerating rate calorimeter. He found that the reaction consists of three stages: 1)
formation of nitronium ions (NO2+) in the liquid phase initiating the HAN decomposition;
2) start of ignition as HAN decomposition products react with TEAN; and 3) subsequent
combustion of the gaseous products. Lee and Thynell [2.16] and Thynell and Kim [2.17]
studied the thermal decomposition of solid HAN and HAN-water solutions and found
that HAN decomposition consists of several stages: 1) proton transfer and subsequent
reactions occurring while water evaporates as the sample heats up. As the critical
concentration of HAN is reached, the reaction rate is greatly accelerated, forming a pool
of highly reactive HONO and HNO species; 2) evolution of gas species and depletion of
HAN; and 3) reactions among HAN decomposition products. The oscillatory nature of
species evolution profiles was observed, which was attributed to the autocatalytic
behavior of nitrous acid. At higher pressures, they found a second peak in the gas
evolution profile. A detailed HAN decomposition mechanism was summarized, but no
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rate constants were provided. Cronin and Brill [2.18] investigated the thermolysis of
LGP 1845 by measuring the temperature of the heated sample and evolved gaseous
species at different heating rates and pressures. For LGP 1845, they found four main
events during the process. First, water evaporates and increases the concentration of the
sample. Second, proton transfer between the cation and anion of HAN initiates the
decomposition of HAN. This happens at around 160 to 170 °C. The third step is the
partial decomposition of TEAN at around 240 to 250 °C. The last step is the ignition of
the sample. Lee and Litzinger [2.19] examined the combustion process of XM46 at
extremely high heating rates using a high heat-flux CO2 laser. Their results showed that
in the early stage of reaction, it was primarily HAN which reacted, and TEAN in the later
stage. The evolved gas species suggested the early decomposition of TEAN. Relatively
little work has been done on the reaction kinetics of TEAN. Beyer [2.20] used a shock
tube to measure the activation energy of TEAN powder under oxygen/Ar and nitrous
oxide/Ar environments. The activation energy of solid TEAN provided by Beyer is very
close to what was reported for aqueous HAN [2.21]. He suggested that the measured
activation energy (9.6 kcal/mol in nitrous oxide/Ar) was largely due to the melting of
TEAN; that is, the melting might be the rate limiting step, since the heat of fusion for
TEAN is 149 J/g or 7.55 kcal/mol.
This work is the continuation of our previous studies [2.14, 2.22]. The burningrate curve has been extended to a pressure of 207 MPa (30,000 psi) using a specially
designed ultra-high-pressure strand burner. The temperature profiles of the combustion
zone were measured at different pressures. Comparing the results of this study and our
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previous data revealed insights to the burning rate data, physicochemical processes, and
peculiar phenomena of XM46.

2.3 EXPERIMENTAL APPROACH

2.3.1 Liquid Propellant Strand Burner (LPSB)

A specially designed LPSB, which contains an accurate liquid feeding system,
was utilized to study intrinsic burning behavior of liquid propellants. The detailed
description of the setup can be found elsewhere [2.23]. The schematic diagram is shown
in Figure 2–2.
In feeding tests, the liquid propellants (LP) were fed up into a tube in order to
establish a stable flame at the port of the tube. Once the stable flame was established,
one could deduce the burning rate from the preset feeding speed.
The traditional static tests of stagnant LP strands can also be performed in the
LPSB. In static tests, experiments were conducted by filling liquid propellant into a
quartz tube (7 mm inside diameter) or a thin-walled cylindrical straw made from a
combustible wax paper. Each method has its own advantages and disadvantages. By
using the quartz tube, the propellant flame is confined in a one-dimensional reaction
zone. The combustion product gases are forced to accelerate in the vertical direction,
resulting in a stretched reaction zone. This stretching effect is beneficial for observation

Figure 2–2: Schematic diagram of liquid propellant strand burner (LPSB).
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of the combustion phenomena and is helpful to provide a comparison with onedimensional model simulations. In contrast, the unconfined burning of LP in combustible
straws minimizes heat loss from the propellant flame to the tube wall, thereby allowing
the liquid propellants to burn at their intrinsic burning rates.
The optically-accessible windows of the LPSB allow the visual observation of the
whole combustion event and the usage of non-intrusive diagnostic techniques. Also, in
some tests, thermocouples were installed in the center of the quartz tube to measure the
temperature profile across the burning surface of the propellant as well as the gaseous
flame. Although the test chamber itself can sustain pressures up to 70 MPa, all tests
conducted in this chamber were at pressures less than 35 MPa due to the limitations of
the optically accessible windows. The tests at pressures higher than 35 MPa were
performed in the ultra-high-pressure strand burner.

2.3.2 Ultra-High Pressure Strand Burner (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).

In order to examine the combustion

behavior at high pressures, an ultra-high-pressure strand burner (UHPSB) was designed,
constructed, and tested. Detailed description of this setup can be found elsewhere [2.23].
The schematic diagram of the UHPSB is shown in Figure 2–3.
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The UHPSB allows strand burning rates of propellants to be measured at
pressures up to 207 MPa (30,000 psi). Solid or liquid samples up to 65 mm long can be
tested. Liquid or gelled propellant strands can be contained in either quartz tubes or
combustible straws. To pass ignition power and diagnostic signals through the highpressure chamber wall, a custom-made 8-wire electrical feedthrough was utilized. A total
of three thermocouples (TCs), or up to four break wires (BWs) per sample can be
monitored using this setup. The control panel allows operation and observation of a
number of important functions from a remote site, including:
•

compressor power control for chamber pressurization

•

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
Segments of Bussman 0.25-ampere fuse wire threaded through the propellant

strands were utilized as break wires. Burning rate was deduced by measuring the time
delay between burnthrough of adjacent wires. Four holes were drilled or punched at
known intervals in combustible straws or quartz tubes, and the break wires were passed
through these holes. The holes were then sealed with a dot of epoxy to contain the liquid
propellants.

Thermocouple mounting was similar to the break wire mounting.

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.
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Since the test chamber was adapted from a high-pressure compressor storage tank
with a length of approximately 6 feet (1.83 m) and a 4-inch (101.6-mm) inside diameter,
the internal volume is very large. Therefore, pressure change due to heat and product
gases released during the combustion event was negligible.

The high-pressure gas

environment for combustion was determined by the gas input source to the compressor.
The gas environment used for XM46 tests was generally nitrogen, but other gases such as
air or argon could easily be substituted.
The control 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 set, then
the test triggered.

2.3.3 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
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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 6000 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.

2.4 RESULTS

2.4.1 Burning Rate Measurement in Static Tests

The burning rate versus 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 reported burning rate data by other investigators are shown
in Figure 2–4. As mentioned in the Experimental Approach section, the burning rate for
tests conducted in the ultra-high-pressure strand burner was deduced by measuring the
time delay between burnthrough of adjacent break-wires. Therefore, the reported burning
rates are apparent burning rates. Furthermore, in both UHPSB and LPSB, the effect of
liquid agitation near the reaction front may contribute to the increase of the actual
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Figure 2–4: XM46 burning rate as function of pressure (T=Troom).

burning surface area, which changes with respect to time. The apparent burning rate
reported in this study corresponds to the deduced linear regression rate parallel to the
tube/straw axis. In spite of the fact that the apparent burning rate may differ from the
actual burning rate to some extent, it is still extremely useful data for liquid-propellant
propulsion applications, since the tube cross-sectional area and liquid density are both
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known. The total mass burning rate of the liquid propellant at a given pressure can be
determined by the product of the apparent burning rate to these two known parameters.
In Figure 2–4, the curve fit for the present data displays four different burning
rate regimes. At low pressures, the rate of regression increased with rising pressure,
reaching a maximum close to 23 cm/s at 7 MPa. Beyond 7 MPa, the regression rate then
decreased with increasing pressure. A minimum regression rate was seen close to 28
MPa. At pressures between 28 and 100 MPa, burning rate is nearly constant. Finally, at
pressures beyond 100 MPa, burning rate increased with pressure again. It is important to
note that the burning rate of neat XM46 obtained in this investigation is significantly
higher than those reported by McBratney and Vanderhoff at ARL [2.8] for slightly gelled
propellants. This indicates the strong influence of gelling agents on the combustion
behavior of LP. In addition, for the low-pressure regimes, the present data are higher
than those of Vosen [2.11]. The difference is believed to be caused by the greater heat
loss from the reaction zone to his rectangular quartz channel. The single-droplet-burning
rate of LGP1845 (HAN 63.2%, TEAN 20.0%, water 16.8% by weight) measured by Lee
et al. [2.24] is also shown in Figure 2–4 for the purpose of comparison. In Lee’s study, a
single droplet was supported by a quartz fiber, which could have significant energy sink
effect when the droplet is in the burning mode. Before the droplet started to burn, Lee et
al. observed pronounced droplet swelling phenomena due to internal bubble formation
caused by bulk reaction within the droplet. We believed that these processes are caused
by energy transfer from the quartz fiber to the liquid propellant. The thermal diffusivity
value of a regular quartz fiber is many times higher than that of LGP1845. As stated by
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Lee et al., “The effective droplet burning rate involved both reaction within the bulk
liquid causing bubble formation and bursting, dominating the process at low pressures
…” In addition, their droplet was always exposed to a hot-gas environment; therefore,
the ignition heat source was always present. Thus, Lee’s burning rate data can exist for
pressures as low as 0.2 MPa, while in the present study, no self-sustainable combustion
was observed below the pressure of 1.82 MPa (265 psia).

2.4.2 Combustion Phenomena Observation

To observe the combustion phenomena and flame structure, static and feeding
tests were also performed in cylindrical quartz tubes. Because of the confinement of the
tube wall, all the product gases could only flow in the upward direction. This onedimensional situation allowed a better observation of the combustion event and enhanced
understanding of the reaction mechanism. All visual observations were conducted in the
LPSB.
Typical pictures of static burning events at two different pressures are shown in
Figure 2–5. In low-pressure regimes (below 28 MPa), no luminous flame was present.
The decomposition of the LP produced dark smoke with some liquid droplets entrained
within the gases; these droplets coated the interior surfaces of the tube and combustion
chamber. This smoke formed a dark opaque zone right above the decomposition front.
For tests at higher pressures, the dark smoke turned into transparent gases at some axial
distance above the decomposition front. The length of the dark opaque zone decreased
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(a) 17.3 MPa

(b) 31.1 MPa

Figure 2–5: Quartz tube tests of XM46.

with increasing pressure, eventually shrinking to the thickness of the liquid meniscus,
becoming almost negligible. The luminous flame did not appear above the transparent
zone until the pressure was greater than 28 MPa. Similarly, the length of the transparent
zone (between the end of dark opaque zone and luminous flame front) decreased as the
pressure was increased. The length of different zones at different pressures is shown in
Figure 2–6.
Some peculiar phenomena were observed in feeding tests.

First of all, the

reaction front could not be stabilized at the exit port of the feeding tube, no matter how
fast the liquid was fed. Furthermore, the reaction front propagated down into the feedline
at nearly constant speed for all the feeding rates tested. In the 27.7-MPa case, for
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Figure 2–6: Pressure dependency of height of reaction zones of XM46.

example, the burn back always occurred at a slightly higher (~ 1.6 cm/s) regression rate
than the feeding rate. 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. 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.
Second, a black cone was formed atop the reaction front, as shown in Figure 2–7.
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 Figure 2–7(a) (a 7.6 cm/s

(b) XM46 burning while fed at 15.2 cm/s.

Figure 2–7: Images of XM46 combustion at 27.7 MPa and two different feeding rates.

(a) XM46 burning while fed at 7.6 cm/s.
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feeding rate test) and Figure 2–7(b) (a 15.2 cm/s feeding rate test). In Figure 2–7(a), the
luminous flame initiates from the tip of the black cone. Figure 2–7(b), however, shows
that a luminous flame was not always directly in contact with the apex of this cone. In
most tests at higher pressures, these two inverted cones traveled together.

2.4.3 Temperature Measurements of Reaction Zone

The temperature distribution of reaction zone was measured using S-type
thermocouples with a quartz tube as a liquid-propellant holder. The measurements were
performed in both feeding and static test conditions. The burning rate, however, was
very fast such that the thermal wave thickness was on the order of a few micrometers.
Therefore, the sub-surface temperature profile and the surface temperature could not be
resolved by 25-µm thermocouples. Figure 2–8 shows typical temperature-time traces in
the reaction zone for static tests at two different pressures.

For each test, two

thermocouples were installed at two axial locations. At a relatively low pressure of 13.8
MPa (2000 psig), there was no luminous flame.

As shown in the first plot, the

temperature of the dark smoke (the initial temperature plateau) was around 300 °C. Later
in the event, both thermocouples, although at different locations, reached the same
maximum temperature (about 600 °C) at the same time. On the video, this corresponded
to the sudden clearing of the dark smoke after the regression front passed through the
whole column of liquid and reached the bottom of the tube. Because the whole column
of liquid was consumed by the advancement of the decomposition front, the gas in the
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tube at this stage became nearly stagnant; however, the reaction processes continued in
the gas mixture.

At a temperature of around 600 °C, the reaction simultaneously

converted all the dark chemical species into transparent ones everywhere inside the tube.
At a higher pressure (33.8 MPa, 4900 psig), the temperature jumped up to about
600 °C immediately after the regression front passed the thermocouple and gradually
increased to about 700 °C. Then the luminous flame appeared, bringing the temperature
up to around 1,700 °C. It is interesting to note that the temperature corresponding to start
of the transparent zone for tests at different pressures was very close to 600 °C.
The same thermocouple temperature measurements were also conducted in
feeding tests. As noted previously [2.14, 2.22], the XM46 liquid propellant exhibits
peculiar combustion behavior, such as burn-back (also called flashback) characteristics
and black cone formation above the liquid/gas interface. The temperature and species
profile measurements of the black cone can definitely help the understanding of the burnback phenomena.
In a typical feeding test, the temperature distribution in the reaction zone of the
XM46 is shown in Figure 2–9. 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. The temperature oscillations started at about 1.4 cm. This oscillation was
caused by the fluctuations of the narrow cone tip around the small thermocouple bead.
Another interesting observation was that the black cone temperatures at high-pressure
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Figure 2–9: Temperature distribution of XM46 reaction zone under feeding condition.

tests were roughly the same as the temperatures of dark smoke at low-pressure tests. This
implies that the species inside the dark-colored cone could be very similar to those in the
dark-smoke zone of the static tests for pressures below 28 MPa.

2.4.4 Pyrolysis Products Analysis

The pyrolysis products of XM46 at different temperatures were analyzed using a
Shimadzu QP-5000 GC/MS system. Figure 2–10 shows the amount of species (in moles)
evolved from 0.2 µl 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
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Figure 2–10: Mass spectrometer output for pyrolyzed XM46.

average number of moles evolved, are NO, N2O, N2, CO2, CO, H2O, HCN, and C2H4. 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 N2O 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 [2.16]. NO2
and HNO3 were not detectable, due to the limitations of the GC column for NO2 and the
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MS detector for HNO3. The amounts of four major HAN decomposition species, NO,
N2O, N2, and H2O, 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 for these species. The appearance of carbon-containing species at
temperatures below the generally-reported TEAN decomposition temperature of 240 to
250°C [2.18] indicated the interaction between TEAN and oxidizing species generated
from HAN decomposition [2.22]. This is also in agreement with the measurements of
Lee and Litzinger [2.19]. As the pyrolysis temperature increased, the oxidation of TEAN
by HAN decomposition products became more significant, generating more carboncontaining species. Although two of the major oxidizing species, HNO3 and NO2, can
not be detected, the decreasing trend of one of the detectable oxidizing species, N2O, is
consistent with the above arguments. The decreasing trend of N2O 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 N2O and water seems to be more favorable than the reactions
involving H−N=O and HO−N=O to form NO and water.
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2.5 DISCUSSION

2.5.1 Staged Nature of XM46 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
[2.9-2.11] 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 [2.19]. 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 2–10, 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
[2.18].
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
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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, NO2 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°C. The decomposition products are believed to
include brown-colored NO2 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
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increases, the residence time decreases, resulting in the reduction of the height of the
dark-opaque zone.

At around 600°C, all NO2 and carbon-containing opaque

intermediate species have been converted into transparent species.
c) 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.

2.5.2 Mechanism of Burn-Back Phenomena

The phenomena observed in feeding tests shed insights into the physicochemical
processes occurring in the reaction zone. Since the reaction front kept regressing down
into the feeding tube no matter how fast the liquid was fed, the net regression speed
(surface regression speed plus feeding speed) increased with increasing feeding rate. As
shown in Figure 2–9, the black-cone temperature was roughly at 300°C, the same as the
temperature of the dark smoke (Figure 2–8). This suggests that the composition of the
species inside the dark cone may be very similar to those of the black smoke seen in
lower-pressure static tests. The correspondence of higher burning rate with the existence
of either dark smoke in static tests or dark-colored cone in feeding tests indicated the
possibility that the burning rate is controlled by the concentration of radicals right above
the burning surface. Exactly how the feeding motion increases the concentration of
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radicals is still unclear at this moment. However, it is safe to postulate that the feeding
action enhances the radial motion of the fresh liquid propellant and thereby promotes the
mixing between unburned and partially-reacted liquid.

2.5.3 Controlling Parameters of the Burning Rate

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 Thynell [2.16]. 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
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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, ∆Hv, (see Figure 2–11), the
enthalpy increase from initial to surface temperature, the conductive heat flux from the
′ , and the heat
′ , the net radiative heat flux absorbed at the surface, q& ′rad
gas phase, q& ′cond

release in the surface layer, Qs, as shown by the following simplified energy flux balance
equation across the gas/liquid interface:

Ts
′′ + q& ′rad
′
ρ p rb  ∫ C p dT + ∆H v  = ρ p rb Qs + q& cond
 Ti


( 2.1 )

where ρp is the propellant density, rb the burning rate, and Cp the averaged constantpressure specific heat. At higher pressures, the liquid surface temperature is higher based
upon the observed trend of the dark-smoke zone temperature shown in Figure 2–11. 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 2–11, 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
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Figure 2–11: Variation of dark-smoke temperature and latent heat of water with pressure.

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
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burning rate determined from this complex relationship can vary with pressure in a nonconventional manner.
As pointed out by Harting et al. [2.25], 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 [2.16]), solid TEAN (68.5 kJ/mol [2.20]), 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 [2.10].

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.
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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, the dissolution of NO2 in water can generate nitrous acid [2.26],
which is known to enhance the HAN decomposition reactions:

2NO2 + H2O → HNO2 + HNO3

( 2.2 )

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.

2.5.4 The Effect of Fuel Components

Since TEAN also participates in the decomposition reaction, the fuel component
can play an important role in the early stage of the combustion event. To illustrate this
point, another HAN-based propellant, consisting of 60% HAN, 14% glycine [H2-NCH2COOH], and 26 % water by weight, was tested for studying the effect of fuel component
in the combustion of HAN-based liquid propellants. Since the weight fractions of HAN
and water in this propellant are comparable with those in XM46, the only significant
change is the replacement of TEAN by glycine. This propellant was formulated by
engineers at Primex Aerospace Company as one of the candidate monopropellants for
space thruster applications. The Primex propellant was tested by this research team using
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the same static test techniques with a quartz tubes as liquid propellant holders over the
pressure range of 1.4 to 7 MPa. The burning rate was found to be lower than that of
XM46 by two orders of magnitude, as shown in Figure 2–12. Based upon limited
feeding test results, the burn-back phenomenon was also significantly altered with the
change of fuel component. It is quite evident that the type of fuel ingredient in the HANbased liquid propellants can strongly affect the major combustion characteristics.

2.6 CONCLUSIONS

Based upon the experimental observations and measurements, several important
conclusions are summarized below.
1. The apparent burning rates of XM46 measured with combustible straws increase with
pressure when P < 7 MPa, decrease with pressure when 7 < P < 28 MPa, remain
nearly constant when 28 < P < 100 MPa, and increase again when P > 100 MPa. The
luminous flame was observed only when the pressure is above 28 MPa.
2. XM46 exhibits staged-combustion behavior as follows:
a) Decomposition of HAN and TEAN initiating in the liquid phase, producing darkcolored gaseous products (including NO2 and large carbon containing species) at
temperatures around 300°C near the LP surface.
b) Break-down of heavy intermediate opaque species into transparent molecules,
occurring around 600°C.
c) Final reactions between transparent species to produce a luminous flame.
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Similar combustion stages were observed over the pressure range tested, though the
heights of different zones varied with pressure.
3. The burn-back phenomenon is believed to be the result of interaction between the
pyrolyzed radical species and liquid propellant near the surface. Surface agitation
and radial motion of the liquid due to feeding can definitely enhance the reactions
resulting in the flashback behavior.
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, N2O, N2, CO2, CO, H2O, HCN, and C2H4 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.
6. The type of fuel ingredient in HAN-based liquid monopropellant could have a
significant effect on the overall burning characteristics, as demonstrated by the
replacement of TEAN with glycine.
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3.1 ABSTRACT

The combustion characteristics and reaction mechanism of a HAN-based liquid
propellant (HANGLY26, consisting of 60% HAN, 14% glycine and 26% water by
weight) were investigated. Combustion tests of liquid strands formed in test tubes were
performed in an optically accessible strand burner. Fine-wire thermocouples were also
installed in the strand to measure the temperature distribution of the reaction zone. The
burning rate of HANGLY26 exhibited four burning rate regimes for pressures ranging
from 1.5 to 18.2 MPa. No luminous flame was observed in any combustion tests. The
temperatures of combustion product in the test tube were found to be near the water
boiling points at pressures below 8.8 MPa. For pressures above 8.8 MPa, the product
temperatures were found to be lower than the boiling points of water. Slope break points
for burning rate were found to coincide with those of concentration curves of recovered
residues versus pressure. The observed slope breaks in burning rates are shown to be
associated with the reaction mechanism changes between adjacent pressure regimes.
Major species detected from the recovered liquid residues are nitrogen, nitric oxide,
carbon dioxide, and formaldehyde. The decomposition mechanism of glycine was also
studied.
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3.2 INTRODUCTION

Hydroxylammonium nitrate (HAN)-based liquid monopropellants have been
considered as potential candidates for the next-generation space propulsion applications
because of their high density, low toxicity, and low freezing point [3.1-3.3]. In these
propellants, HAN acts as the oxidizing component and fuel-rich components are added to
achieve higher energy release and higher flame temperature. Water is added to adjust the
properties, such as viscosity and flame temperature. The chemical structure of HAN is
shown in Figure 3–1(a).
HAN itself can be considered as a monopropellant.

The combustion

characteristics and the reaction mechanism of HAN have been extensively studied by
various researchers. Vosen [3.4] used a strand burner to study the apparent burning rate
of aqueous HAN solution with different concentrations. He found that the apparent
burning rate first decreased with increasing pressure, then remained constant once the
pressure exceed a threshold value around 13 MPa. The reaction front was able to
propagate through a rectangular tube with a 1.8 × 1.0-mm cross-section. Therefore, the
quenching distance of the HAN reaction is less than 1.0 mm, which was also explicitly
stated in his later work [3.5]. Many researchers have taken fundamental approaches in
the study of HAN reactions. For example, research investigations were conducted for
solutions of low concentrations of hydroxylammonium ion (HA+) combined with
-

different concentrations of NO3 [3.6-3.8]; pyrolysis of HAN in a nitrogen environment at
1 atm. and at 129°C or 139°C near its decomposition temperature [3.9]; an ignition and
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Figure 3–1: Chemical structure of HAN and glycine.

combustion study of HAN using accelerating rate calorimeter [3.10]; combustion of HAN
and HAN-based liquid propellant XM46 under extremely high heating rate at
atmospheric pressure [3.11]; confined rapid thermolysis studies of HAN [3.12, 3.13]; and
microexplosion studies associated with HAN-based liquid propellants [3.14, 3.15]. It has
been shown that HAN decomposition initiates in the condensed phase [3.10, 3.14]; that
the decomposition reaction exhibited autocatalytic behavior [3.6-3.8, 3.13]; and that
nitrous acid is an important reaction intermediate species [3.9].
The HAN-based liquid propellant investigated in this study consists of 60% of
HAN, 14% of glycine, and 26% of water by weight. This propellant (code-named by the
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authors as HANGLY26 hereafter) was developed initially by Meinhardt et al. [3.16]. The
chemical structure of glycine is shown in Figure 3–1(b) and (c). Glycine is one of the
amino acids, which contain an acid (−CO2H) and a base (–NH2) within the same
molecule. The proton transfer between acidic groups and basic groups could happen,
forming the dipolar ion or internal salt [3.17], as shown in Figure 3–1(c). A special
name, zwitterion, has been given to the internal salt of an amino acid. Johnson and Kang
[3.18] conducted pyrolysis tests of glycine and other amino acids in a helium
environment at a temperature range from 700 and 1000°C. Their study focused on the
effect of amino acid structure on hydrogen cyanide (HCN) yield. It was found that the
HCN yields of α-, β-, and γ-amino acids follow the order of γ >> β > α. The ratio
between moles of HCN and amino nitrogen increased with increasing pyrolysis
temperature. For some cases, this ratio could approach 100%. Simmonds et al. [3.19]
studied the thermal decomposition of glycine and five other aliphatic monoaminomonocarboxylic acids at 500°C. They found that the common decomposition pathway
for the amino acids studied is decarboxylation, generating carbon dioxide and amines.
Amines would decompose further to give other decomposition species. Ratcliff et al.
[3.20] extended the work of Simmonds et al. [3.19] and proposed primary and secondary
decomposition pathways for α-amino acids. Chiavari and Galletti [3.21] pyrolyzed 19 αamino acids at 600°C. Pyrograms and mass spectra data for these amino acids were
reported. The formation of the pyrolysis fragments was explained by four decomposition
pathways. Douda and Basiuk [3.22] studied the survivability of glycine and other amino
acids under high temperature and oxygen-free environments. The experiments were
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performed at different temperatures starting from 400°C with 100°C increments. It was
found that glycine survival rate was about 4% at 400°C, which decreased to zero at
700°C.
The researchers of General Dynamics-Primex Aerospace Company conducted test
firings using a flight-like thruster with HANGLY26 as the propellant [3.16]. The test
runs were performed both in continuous mode and in pulse mode. The liquid propellant
was ignited using preheated catalytic bed. Reliable ignition and clean, stable combustion
was achieved. The specific impulse (Isp) calculated from experiment data was in the
range of 190 to 195 sec. The exhaust plume was clean and no carbonaceous residue was
found in the catalytic bed.

Fundamental strand burner tests of HANGLY26 were

performed by Chang et al [3.23] and compared with that of XM46 [60.8% HAN, 19.2%
triethanolammonium nitrate, and 20% water by weight]. The burning rate was found to
be two orders of magnitude lower than that of XM46, but the flashback behavior of
HANGLY26 was observed to be much less severe than that of XM46. It is interesting to
note that although the weight percentages of HAN in these two propellants are nearly the
same, the difference of burning rates is very significant. The above fact prompts the
authors’ interest to further investigate the combustion characteristics and mechanism of
HANGLY26 in order to gain better understanding of the reason behind the difference.
In this study, the burning rate curve of HANGLY26 was extended beyond the
pressure range reported earlier by Chang et al. [3.23]. In addition, the temperature
profiles of the combustion zone were measured at different pressures. The chemical
analysis of the recovered liquid residues and the pyrolysis products of both fresh
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HANGLY26 and glycine were also performed to enhance the understanding of the
reaction mechanism of this liquid propellant.

3.3 EXPERIMENTAL APPROACH

3.3.1 Liquid Propellant Strand Burner (LPSB)

A specially designed LPSB, which contains an accurate liquid feeding system,
was utilized to study the burning behavior of liquid monopropellants. The detailed
description of the setup can be found elsewhere [3.23, 3.24]. The schematic diagram of
the setup can be found in Chapter 2, Figure 2-2.
All HANGLY26 combustion experiments were performed in LPSB.

These

experiments were conducted by filling liquid propellant into a glass tube (8 mm inner
diameter). By using the glass tube, the monopropellant flame is confined in a nearly onedimensional reaction zone. The combustion product gases were forced to accelerate in
the vertical direction, resulting in a stretched reaction zone. This stretching effect was
beneficial for observation of the combustion phenomena and was helpful to provide a
comparison with one-dimensional model simulations.
The optically accessible windows of the LPSB allowed the visual observation of
the whole combustion event and the usage of non-intrusive diagnostic techniques.
Although the test chamber itself can sustain pressures up to 70 MPa, all liquid propellant
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tests conducted in this chamber were at pressures less than 35 MPa due to the limitations
of the existing optically accessible windows.

3.3.2 Temperature Measurements in the Reaction Zone

Temperature profile across the burning surface of the propellant was measured
using fine-wire thermocouples.

S-type thermocouples were made of 25-µm pure

platinum and 10% rhodium/platinum bare wires using butt-welding technique under a
microscope. Thermocouples were threaded through two diametrically opposite holes
drilled on the tube wall, then sealed with beads of epoxy. The diametrically opposite
holes were located at about 22 mm from the top of the test tube. After the epoxy cured,
the location of the thermocouple was recorded.
An ice bath was utilized to provide the reference temperature point. It was found
that the electronic reference points were more susceptible to electronic noise, which is a
serious problem if instantaneous temperature measurements are required. The utilization
of ice bath together with aluminum foil shielding on the outside of the thermocouple
extension wire greatly reduced the electronic noise from electromagnetic radiation and
yielded very satisfactory signals. The thermocouple signal was amplified with a custommade 100x amplifier to further increase the signal-to-noise ratio, and then recorded using
a data acquisition system for further analysis.
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3.3.3 Chemical Analysis

A Shimadzu QP-5000 Gas Chromatograph/Mass Spectrometer (GC/MS) coupled
with a Shimadzu PYR-4A high-temperature pyrolyzer was used to identify and quantify
the chemical species composition in the samples of interest. Two modes of operation
were performed. One was to inject the sample directly into the injection port of GC. The
other was to put a small amount of sample 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 either in the injection port or in the pyrolyzer was carried into the GC
subsystem by helium, where different compounds in the gas were separated by the
capillary column. The separated compounds passed through the transfer interface and
went into the MS subsystem. The subsystem 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 subsystem can scan the ions
with M/Z between 10 and 700 at a maximum scanning rate of 6000 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
chromatogram peak and comparing the area with the calibration constant obtained using
the pure substance or samples with known concentrations.
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3.4 RESULTS AND DISCUSSION

3.4.1 Combustion Phenomena Observation

Combustion tests of HANGLY26 liquid propellant were conducted over the
pressure range between 1.5 and 18.2 MPa. From the combustion phenomena observed,
two pressure regimes (1.5 to 8.8 MPa and 8.8 to 18.2 MPa) were identified, which
corresponded to two distinct characteristics described below.
(1) Pressures Between 1.5 and 8.8 MPa: A typical image of the combustion event
is shown in Figure 3–2. No luminous flame was observed in this pressure regime. The
reaction of the propellant formed a dark cloud region on top of the regressing surface and
translucent brown colored gas beyond the dark cloud region. From the left-most image,
the region right beneath the dark cloud was translucent, but the image of the scale was
somewhat distorted.

This indicated the existence of gas bubbles.

The bubbling

phenomena at the regressing surface caused surface corrugation. Based upon the visual
observation of many test runs (not shown here), it is believed that the bubble size is larger
for tests conducted at lower pressures.

The dark cloud region exhibited pulsating

characteristics, that is, its length extended and retracted frequently, sometimes with
translucent pockets formed within the dark cloud region. The average height of the dark
cloud region was found to decrease as pressure was increased. The translucent pockets
within the dark cloud would move upward to escape the dark cloud region, resembling

Gas pocket

(b) t=48.160 s

(c) t=48.177 s

Translucent brown gas region
with relatively large droplets

(d) t=48.193 s

Liquid propellant

Figure 3–2: Test images of monopropellant HANGLY26 at P = 2.17 MPa. (grid size = 1 mm)

(a) t=44.827 s

Dark cloud region above
burning surface
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the upward motion of gas bubbles in the liquid. Occasionally, as shown in the three
consecutive images with 0.017 second apart on Figure 3–2(b), (c) and (d), droplets were
observed in the translucent brown-colored gas region, located above the dark cloud
region. The existence of these droplets indicated that regions above the burning surface
consisted of both gas- and liquid-phase material. Due to the continued combustion
process in the dark cloud region, energy was released, causing the gaseous products in the
dark cloud to expand vertically. Thus, the length of the dark cloud region changed with
time. Also some regions could have lower amount of liquid droplets than others, as
shown by the “gas pocket” in Figure 3–2(a). Because of the density difference, the
lighter materials (called “gas pockets”) may subsequently escape the dark cloud region,
resulting in the retraction of its length.
Another observed interesting phenomenon is related to the recovery of liquid at
the bottom of the test tube at the end of each test. The amount of recovered liquid residue
decreases monotonically as the chamber pressure increases. As indicated in Figure 3–3,
the amount of liquid residue recovered depends upon the liquid products generated at the
burning surface and the portion entrained by the gaseous products.
(2) Pressures between 8.8 and 18.2 MPa: For tests conducted in this pressure
range, the bubble size at the burning surface decreased to an indiscernible level, resulting
in a flat reacting surface (see Figure 3–4). However, there was still no luminous flame.
Unlike tests in the lower pressure range, no translucent brown gas was observed on top of
the dark-cloud region; instead, the dark-cloud region filled up the whole tube above the
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Liquid Propellant
(HANGLY26)

Reaction

(

Combustion Products
Liquid
products

+

Gaseous
products

)

Portion of liquid
entrained by gas flow
Recovered
liquid residues

Figure 3–3: Conservation of mass during combustion of the liquid propellant.
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Figure 3–4: Test images of monopropellant HANGLY26 at P = 11.8 MPa (grid size = 1
mm).

reacting surface. Liquid sample could still be recovered after each test, although the
amount was smaller as the pressure was increased.
The fact that no luminous flame was observed in the pressure range studied
prompts the question that whether the adiabatic flame temperature of this particular
propellant is high enough to generate luminosity. According to the calculations using the
NASA CEA chemical equilibrium code, the adiabatic flame temperature of HANGLY26
is 1,300K, which is high enough to generate luminous flame. Furthermore, as shown in
the later section, the product temperatures measured in the combustion tests were very
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low in comparison with the theoretical flame temperature. Therefore, we can conclude
from both the visual observation and temperature measurements that the chemical energy
of this propellant was not totally released in the tube tests, since the second stage reaction
was not triggered by any catalysts.

3.4.2 Pressure Dependency of Burning Rate

The burning rate was measured in static tests by filling the propellant into a 10mm OD and 8-mm ID glass tube and allowing it to burn down into the tube. The burning
rate as a function of pressure up to 18.2 MPa together with the data of our previous study
[3.23] is shown in Figure 3–5. As seen in the figure, the burning rate can be fitted into
four power-law regions: (1) 1.5 <P ≤ 3.9 MPa, (2) 3.9 < P ≤ 8.8 MPa, (3) 8.8 < P ≤ 11.6
MPa, and (4) 11.6 < P ≤ 18.2 MPa. The burning rate correlation as a function of chamber
pressure is shown as follows:

rb (mm/s) = 0.695[P(MPa )]

1.342

1.5 < P ≤ 3.9 MPa

rb (mm/s) = 2.217[P(MPa )]

0.482

3.9 < P ≤ 8.8 MPa

rb (mm/s) = 4.228 × 10 −6 [P(MPa )]

6.598

rb (mm/s) = 138.5[P(MPa )]

− 0.458

8.8 < P ≤ 11.6 MPa

( 3.1 )

11.6 < P ≤ 18.2 MPa

The combustion of liquid monopropellant is a very complex phenomenon,
involving not only the chemical reaction, but also the fluid dynamics, heat and mass
transfer, etc. To understand the reason for the different burning rate trend at different
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Figure 3–5: Burning rate of HANGLY26 monopropellant as function of pressure.
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pressure regimes, one needs to look at different aspects of the burning process. In order
to achieve this goal, different diagnostic techniques are utilized to investigate various
aspect of the combustion process. In the following sections, the results from different
diagnostic techniques are discussed. After that, the underlying mechanism for the trend
of burning rate is discussed.

3.4.3 Temperature Distribution in the Reaction Zone

Temperature distributions inside the reaction zone were measured using 25-µm Stype thermocouples. Four typical temperature traces corresponding to the tests conducted
at pressures equal to 2.1, 5.4, 8.7, and 10.0 MPa are shown in Figure 3–6. In Figure 3–
6(a), the sample temperature increases abruptly as the burning surface approaches to the
bead location. The temperature reached a peak, then dropped down, and then leveled off.
The temperature-time trace, shown in Figure 3–6(a), clearly indicates that thermocouple
bead temperature corresponds to the boiling temperature of the water at the averaged
chamber pressure for a significantly long period. The phase change process seems to
dominate the temperature trace recorded by the thermocouple. The thermocouple traces
at higher-pressure tests shown in Figure 3–6(b) and (c) revealed the same type of
behavior. The only difference is that near the end of the test of case (c), the chemical
reaction converting darker colored material to translucent gaseous products could
released more thermal energy during this conversion period.

This resulted in a

temperature rise near the end of the test. For Figure 3–6(d), it is important to note the
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Figure 3–6: Typical temperature and pressure traces at different chamber pressures.
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major difference between this case and all three other cases [(a) through (c)]. Instead of
being at water boiling point, the temperature trace of the combustion product for case (d)
was below the boiling temperature. For the first three cases (pressure < 8.8 MPa), there
must be a significant amount of steam generated from the water boiling process, since the
temperature of products are so close to that of the boiling temperature of the water. For
case (d), less steam was evaporated from the water in the LP, since the mixture
temperature is below the boiling temperature of the water at the test chamber pressure
condition. Corresponding to this situation, less energy from the combustion product is
utilized to vaporize the water; hence a higher percentage of energy feedback from the
combustion zone above the surface can be used for pyrolyzing the HAN and glycine
components at the burning LP surface at higher rates. This effect causes a significant
increase in the pressure exponent for the third burning rate region with pronounced slope
break point at 8.8 MPa, as shown in Figure 3–5. This high pressure-exponent region can
therefore be considered to be associated with the steam suppression mechanism.
It is very unusual for a combustion system to have product temperatures so close
to the water boiling point. As we pointed out in the discussion of Figure 3–6(c), the
continued chemical reactions above the burning surface converted dark cloud into
translucent gas, causing a temperature rise near the end of the test. Obviously, the
combustion front was just the first stage of the reaction, which released only a portion of
the chemical energy. The first-stage reaction zone exhibited nearly isothermal domain
with a temperature on the order of 600K. Therefore, the energy released during the first
stage combustion can be estimated as the sensible enthalpy change from 300 to 600K if
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the product composition is known. The product composition was approximated by water
plus the major pyrolysis products at 600K. Thus, the sensible enthalpy change was
estimated to be 664 kJ/(kg of propellant). If all the water in the sample (26% by weight)
went through the vaporization process at 8.7 MPa, the energy required would be 363
kJ/(kg of propellant). This corresponds to about 55% of the heat released in first-stage
reaction. This percentage is extraordinarily high for monopropellant combustion. Also,
the percentage of energy required for water vaporization for the complete reaction,
estimated using CEA code, is about 21% of the total energy release from initial
temperature to the adiabatic flame temperature. This percentage is still a significant
portion.

In any case, this liquid monopropellant combustion process is somewhat

peculiar in comparison with regular liquid fuels since it contains a considerable amount
of water. The boiling processes of water indeed have a significant effect on the burning
rate of the liquid propellant.
The fluctuation in the trace near the reacting front may represent the temperature
variation inside the reaction zone. The thermocouple may be intermittently in contact
with liquid and gaseous products, causing variations in the measured temperature-time
traces. However, detailed examination of the temperature traces reveals that the variation
can be as large as 489°C. The validity of temperature non-uniformity in the reaction zone
to such extend is questionable. Furthermore, it was found that for some cases the
temperature trace was momentarily lower than the propellant initial temperature after the
reaction front reached the thermocouple bead. If we accept that the traces truly represent
the temperature, it is hard to explain why the temperature could be lower than the
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propellant initial temperature. Therefore, it is believed that temperature non-uniformity
was not the real reason causing the fluctuation in the temperature traces.
Another explanation for the fluctuation in the trace near the reacting front is
believed to be due to the electrochemical effect between two sides of the thermocouple
wire and the liquid in the reaction zone. It was observed that, when 10%Rh/Pt and Pt
wires dipped into HANGLY26 without touching each other, there was a voltage about 6
mV between two wires. However, the electrochemical effect was not detected before the
combustion test. In other words, the S-type thermocouple output voltage gave the correct
reading at the room temperature. The reason that the electrochemical reactions affect the
thermocouple reading is explained as follows. Figure 3–7(a) shows the configuration of
the S-type thermocouple in the test tube with the electric current caused by
electrochemical effect and Seebeck effect indicated.

Figure 3–7(b) shows the

corresponding circuit diagram. The electrochemical (EC) effect was simulated by a
battery and the ion diffusion process by a resistor, while the Seebeck effect was simulated
by another battery. R1, R2, and RM are the resistances of thermocouple junction, ionic
liquid, and voltmeter, respectively. I1 is the current through the voltmeter, and I2 the
current through thermocouple (TC) junction. From the circuit diagram, the current I1 and
I2 can be found as

I1 =

(VTC + V EC )(R1 + R2 ) − V EC R2
(RM + R2 )(R1 + R2 ) − R22

( 3.2 )

Liquid
Propellant

Current

Pt wire

Current

Connected to
voltmeter

VTC

Ion
Diffusion

R2

VEC

I2

Pt

RM

I1

(b) Circuit diagram of the TC measurement

10%Rh/Pt

R1

TC Junction

Figure 3–7: Thermocouple measurements in electrochemically active environment.
(Note: The size of the thermocouple in Part (a) is significantly exaggerated.)

(a) Configuration of S-type thermocouple
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I2 =

(VTC

+ V EC )R2 − V EC (R M + R 2 )
R − (R M + R2 )(R1 + R2 )
2
2

( 3.3 )

The impedance of the voltmeter is generally much higher than the resistance of
the circuit, namely

RM >> R2 , R1

Then the expressions for I1 and I2 reduced to

I1 =

VTC (R2 + R1 ) + V EC R1
R M (R2 + R1 )

( 3.4 )

I2 =

VTC R2 − V EC R M
− R M (R2 + R1 )

( 3.5 )

And the voltage measured by voltmeter is

VM = I 1 RM = VTC +

VEC R1
(R1 + R2 )

( 3.6 )
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Before the combustion tests, the thermocouple was placed in the quiescent liquid.
The resistance for current flow through the liquid would be much higher than the direct
contact of the metal wires, which means R2 >> R1. Therefore, the voltage measured by
voltmeter would be

VM = I 1 RM = VTC

( 3.7 )

However, in the neighborhood of the reaction front, there was a significant
amount of liquid agitation due to the expansion of gas generated from either the
evaporation process or chemical reaction. The liquid motion helped to move the ions
around, which increased the effective ion diffusion velocity. The increased diffusion
velocity corresponded to a decreased electrical resistance R2. If R2 decreases to a level
comparable to R1, then the second term in Equation 3.6 becomes non-negligible. On the
other hand, the reaction could generate intermediate species and ions that have higher
electrochemical potential. In other words, VEC in the equations could also be varied due
to the approach of the reacting front. Therefore, the contribution from electrochemical
reaction to the current I1 cannot be neglected. Since the concentration of ions and
intermediate species and the flow near the reacting front was not steady, the contribution
from electrochemical effect was not constant either.
temperature traces was observed.

Therefore, fluctuation of
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3.4.4 Chemical Analysis of the Residues Recovered from Combustion Tests

The liquid residue in the glass tube recovered from a given test was collected
immediately after the combustion test for chemical analysis. The residues differ from the
fresh liquid propellant in color. The former looks somewhat yellowish, and the latter is a
clear liquid. The recovered samples, consisting of water and other dissolved reaction
products, were analyzed using a Shimadzu QP-5000 gas chromatograph/mass
spectrometer. Measured amounts of samples were injected into the injection port of GC
system, whose temperature was set at 200°C. From the discussion of previous section,
the product temperature was in the range of 200 to 300°C. Since the injection port
temperature is lower than the product temperature, the species detected should represent
the original dissolved species in the liquid sample. In the chemical analysis, water was
not measured because the variation of the dissolved species can shed more light in
enhancing the physical understanding. In addition, water signal would be several orders
of magnitude higher than those of other species and would cause the saturation of the
sensor, which would result in significant wear of the equipment.
To show the difference between the liquid recovered from the tube tests and the
fresh propellant, two chromatograms are shown in Figure 3–8. Since the injection port
temperature was set at 200°C, which is higher than the decomposition temperature of
HAN at 145°C, the fresh propellant would decompose in the injection port and give
pyrolysis products. However, the injection port is not designed for pyrolyzing purposes;
therefore, the propellant may not be pyrolyzed in a very short time period. Due to the

N2O

CO2
CH2O
HCN
HCOOH

Full scale intensity =

min

CO2

N2O
HCN
min

Figure 3–8: Comparison of chromatograms of recovered liquid sample with fresh propellant.

(b) Multi Ion Chromatogram of fresh HANGLY26 liquid monopropellant

N2 &
NO

Full scale intensity =

(a) Multi Ion Chromatogram of Recovered liquid sample from test #113 conducted at Pmean= 2.28 MPa (331 psia)

N2 &
NO
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slower pyrolysis process, the peaks of major pyrolysis products, like nitric oxide and
carbon dioxide, appeared to be broadened with even double-peak phenomena. Both the
chromatograms of fresh propellant and recovered liquid from combustion tests exhibited
the peaks of nitrogen, nitric oxide, carbon dioxide, nitrous oxide, and hydrogen cyanide.
However, only the chromatograms of recovered liquid samples have the peaks of
formaldehyde and formic acid. Furthermore, the chromatogram of residue has much
more noticeable peak of carbon dioxide than nitrous oxide, while that of fresh propellant
has just the opposite. Based upon the aforementioned differences, it can be concluded
that if there is still some unburned propellant in the recovered liquid, the concentration is
relatively low. This observation also implies that the material in the recovered liquid
samples is quite different from that of fresh LP. Since the recovered residue showed
significant amount of gaseous chemical species, their presence in the residue is caused
either by condensed phase reaction or by absorption of gas-phase products into the liquid
propellant during the combustion process.
In Figures 3–9, 3–10 and 3–11, the concentrations of the chemical species in the
recovered liquid samples were plotted against the chamber pressure of various tests. For
most chemical species analyzed, calibration constants were determined using high purity
ingredients. The errors of calibration constants are within 5%. However, the calibration
constants for nitric oxide and hydrogen cyanide were estimated, due to the unavailability
of the high-concentration samples of these toxic gases. The calibration constant of
carbon monoxide was used to estimate the calibration constants for nitric oxide and
hydrogen cyanide, because of the similarity of the molecular structure between nitric
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Figure 3–9: Species concentration of HANGLY26 propellant residue.
(* denotes species with estimated calibration constants. Vertical dotted lines correspond
to burning rate slope break points.)
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Figure 3–10: Species concentration of HANGLY26 propellant residue.
(* denotes species with estimated calibration constants.)
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Figure 3–11: Species concentration of HANGLY26 residue.
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oxide and carbon monoxide, and the similarity of covalent bonding between hydrogen
cyanide and carbon monoxide (H−C≡N and C≡O).

To obtain the general trend of

concentration variation with pressure, it is reasonable to use the estimated calibration
constants for these two species. The error bar of each data point, estimated by the
standard deviation of the concentration measurements of the corresponding liquid
residue, was also indicated in the figures. For the majority of the recovered samples, the
error bars for major species in Figure 3–9 were less than 30% of the average measured
concentration. The reason for other recovered samples not to have the satisfactory
reproducibility was due to extremely small amounts of recovery. Because the amounts
were low, the flushing of the injection syringe with the sample was not sufficient to
eliminate contamination. Furthermore, low amounts make the precise control of the
injection volume difficult. Although not all of the data points gave the satisfactory
reproducibility, they still gave a good representation of the overall trend.
On these figures, the slope-breaking pressures of the burning rate curve were also
indicated by vertical broken lines. These species evolved from recovered liquid samples
and were grouped according to their concentration levels. Species with the concentration
about 1M (Molar, or mole/liter) are nitrogen, nitric oxide, carbon dioxide, and
formaldehyde. Species with the concentration between 1M and 0.01M are formic acid,
nitrous oxide, hydrogen cyanide, and carbon monoxide. Species with concentration
lower than 0.01M are methanol, nitromethane, acetic acid, and acetonitrile. The data
were curve-fitted with power-law expressions at different pressure ranges. While most of
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them were good fits, some of them were marginal, due to the scattering of the data. For
latter cases, dash-dot lines were used to show the curve-fit.
It is interesting to note that in Figure 3–9 the first slope break of the concentration
vs. pressure curve coincides with the slope-break pressure of the burning rate curve in
Figure 3–5.

To verify that the concurrence is statistically meaningful, the 95%

confidence intervals [3.25] of the slopes between 2.0 and 3.9 MPa (m1) and between 3.9
and 8.8 MPa (m2) were shown in Table 3–1. The change of slope would be statistically
significant if these two confidence intervals do not overlap with each other. As shown in
the table, there is no overlap between the confidence intervals of m1 and m2 for each
species. Therefore, the difference of slopes at pressure equal to 3.9 MPa is statistically
significant.

This agreement in the slope break point between two separate sets of

measurements strongly suggests the change of reaction mechanism from one pressure
regime to the other regime.
Furthermore, the slopes of the major species concentration vs. pressure plots in
Figure 3–9 for the pressure range below 3.9 MPa are quite similar, implying that they are
nearly parallel curves. The same is true for the pressure range between 3.9 and 8.8 MPa.
This further indicates that the ratios between any two of the species in Figure 3–8 are
relatively constant at the pressure range below 8.8 MPa.
Figure 3–10 and 3–11 shows the other species detected in the recovered liquid
samples. Due to low concentration, the signal-to-noise ratio for these species was lower,
causing higher scattering in the data. Similarly, segments of power-law curve-fit were
performed on each of these species, and the curve fits with less confidence are shown in
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Table 3–1: 95% Confidence intervals of the slopes in different pressure regime.

Species

Lower bound

Upper bound

Lower bound

Upper bound

of m2

of m2

of m1

of m1

Nitrogen

-6.105

-3.63

-3.41

1.15

Nitric oxide

-4.96

-2.84

-1.13

0.26

Carbon dioxide

-4.97

-3.20

-1.88

0.30

Formaldehyde

-5.10

-2.80

-2.77

1.64

dash-dot lines. In these two figures, nitrous oxide was the only species that clearly
exhibited a difference in the slope of the curve fit between different pressure regions.
The trend of nitrous oxide was very similar to those of the species in Figure 3–9. The
atom counts of recovered liquid residues are shown in Figure 3–12. Similar to species
concentration curves, the atom counts also exhibit slope breaks at pressures where the
burning rate exponent change values.
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Figure 3–12: Atom counts of recovered residue.
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3.4.5 Pyrolysis product analysis of HANGLY26 and Glycine

In order to determine the type and amount of various chemical species generated
from the liquid propellant, pyrolysis analysis was performed on HANGLY26 at
temperatures above 403 K (in the neighborhood of HAN decomposition temperature of
418 K) and the results are shown in Figure 3–13. To avoid data clustering, the data of
these species were split into two plots. Among the products, nitric oxide, carbon dioxide,
nitrous oxide and nitrogen are the ones having higher concentrations. For these species,
the amount evolved increased rapidly as the pyrolyzer temperature increased from 403 to
473 K (130 to 200 °C). Beyond 473 K, the amount of evolved nitric oxide increased
slightly with increasing pyrolyzer temperature, while that of nitrous oxide decreased
slightly. On the upper plot, hydrogen cyanide and carbon monoxide were less significant
at lower temperatures. Hydrogen cyanide and carbon monoxide have almost followed
the same curve except that CO was not detected for pyrolyzer temperature below 573 K
(300°C). On the lower plot, the amount of formaldehyde, methanol, acetonitrile and
nitromethane are shown. It is interesting that formaldehyde was detected only at the
pyrolyzer temperature of 573 K (300°C), and methanol exhibited a peak at 673 K
(400°C). Apparently, the production of formaldehyde and methanol was most favorable
near these temperatures. Compared with the results of residue analysis discussed in
Figures 3–9 through 3–11, the pyrolysis analysis of HANGLY26 did not reveal any new
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Figure 3–13: Pyrolysis products of HANGLY26 as a function of pyrolyzer temperature.
(* denotes species with estimated calibration constants. HAN decomposition temperature
~ 418 K, glycine decomposition temperature ~ 475 K)

species, which is an indication that the absorption of the gaseous products into liquid
residues may be negligible. From the results of HANGLY26 pyrolysis, there are several
specific temperatures worth noticing.

On the top portion of Figure 3–13, 473 K

(200°C)and 673 K (400°C) were common slope breaking points for species on the plot.
Furthermore, 673 K (400°C) coincides with the peak location of the methanol curve.
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To examine the conservation of atoms, the total amount of each atom in moles
was calculated from the amount of different species. The result is shown in Figure 3–14.
It can be seen that the general trend between different atoms is similar: rapid rise between
403 to 473 K (130 and 200 °C), relatively flat between 473 and 673 K (200 and 400 °C),
and gradual rising beyond 673 K (400 °C). It is noted that the moles of atoms from the
pyrolysis products was lower that of original HANGLY26 monopropellant. While it is
understandable for hydrogen and oxygen atoms because of the lack of water
quantification, the data of carbon and nitrogen atoms can be resolved through further
analysis. While looking at the data of carbon atoms, it can be found that the moles in the
products were really close to that of the propellant when the pyrolyzer temperature was
higher than ~900 K. Considering the fact that some of the calibration constants are
estimated values, it can be safely concluded that all the carbon in the propellant was
converted into gas phase in the pyrolyzer for temperatures higher than ~900 K. If all the
carbon atoms were converted into gas, most likely the propellant was totally pyrolyzed
into gaseous products. For pyrolyzer temperatures below ~900 K, the LP was not totally
pyrolyzed into gaseous products. This means that some material was left in the sample
holder and not detected by GC/MS system. The carbon-atom curve can be viewed as the
curve of the degree of sample-to-gas conversion. The degree of conversion increased
with increasing pyrolyzer temperature between 403 and 473 K, since the energy available
for conversion was increased. Between 473 and 673 K, the degree of conversion remains
relatively constant. However, these reactions were not able to convert all the propellants
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into gaseous products. As the temperature increased beyond 673 K, another set of
reactions was triggered, and the degree of conversion gradually increased to 100% as the
pyrolyzer temperature approached ~900 K. The moles of nitrogen atom in pyrolysis
products for temperature higher than ~900 K, nevertheless, were lower than that in the
HANGLY26. As mentioned in our previous study [3.23], some nitrogen containing
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species were not detectable due to system limitation. This may account for the fact that
the moles of nitrogen atom were not at the same level of the original propellant.
Similarly, pyrolysis analysis was performed on aqueous glycine and the results
normalized to 1 gram of glycine are shown in Figure 3–15. The purpose of these tests is
to understand the role of fuel component during the pyrolysis of the liquid
monopropellant. To ensure a higher accuracy of the sample amount, glycine was first
dissolved into water with the weight percentage and density measured. The amount of
glycine injected into the pyrolyzer can then be calculated as the product of the injection
volume, density and weight percentage. Again, the results were split into two plots for
clarity. The traces of some species, such as carbon dioxide, ammonia, acetonitrile, and
hydrogen cyanide, exhibited some slope breaks.

The slope-breaking point of each

species, however, did not coincide exactly with one another, as was the case of
HANGLY26 pyrolysis analysis. The first slope-breaking points of these species were at
about 623 to 673 K, which is about the same as the second slope break temperature of
HANGLY26 at 673 K. Besides the aforementioned species, carbon monoxide, methane,
propene, nitrous oxide, nitric oxide, nitrogen, ethane, and ethene were also evolved from
the pyrolyzing glycine. Among them, methane, propene, and ethene started to evolve as
the pyrolyzer temperature increased beyond 723 K (450°C) and ethane started to evolve
beyond 773 K (500°C). The detection of methane at temperature higher than 723K
suggested that methyl radical might be formed during the pyrolysis [3.19]. The amount
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of nitric oxide, nitrogen, and nitrous oxide species did not change with the pyrolyzer
temperature very much.
Figure 3–16 shows the moles of different atoms totaled from evolved species
from 1 gram of glycine. Also shown in the figure are the total moles of each atom per
gram of glycine. The level of the atoms evolved from the sample was much lower than
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(Glycine decomposition temperature ~ 475 K)

that of the total atoms in the fresh sample. This means that a significant fraction of
material was not pyrolyzed into gaseous products, which was in agreement with the
observation that some ash-like material was left on the sample holder after the pyrolysis
tests of glycine. Except for hydrogen atom in the temperature range of 473 to 523 K, the
curve for every atom exhibited two slope-break points at 623 and 823 K. These curves
can be viewed as the curve of the degree of sample-to-gas conversion. As the pyrolyzer

140
temperature increased, the degree of conversion increased since the energy available for
conversion was also increased. The relative independence of the degree of conversion on
the pyrolyzer temperature at the range between 623 to 823 K was similar to the results of
HANGLY26 pyrolysis analysis.
The glycine decomposition mechanism modified from that proposed by Ratcliff et
al.[3.20] is shown in Figure 3–17. Following the convention of [3.20], the species in the
square brackets are those which were not detected, but their existence were inferred. The
first primary decomposition pathway is decarboxylation, generating methylamine.
Decarboxylation is accomplished by either unimolecular decomposition or heterolytic
cleavage [3.19].

The second primary decomposition pathway is the formation of

dipeptide, releasing water. With an additional dehydration reaction and ring closure,
diketopiperazine is formed. The third primary decomposition pathway is the formation
of a lactone, releasing ammonia.

H
+

NH 3 CH 2 CO -2 → H C

C

O + NH3

O

The lactone further decomposes to give formaldehyde and carbon monoxide.
After the primary decompositions, there are several secondary reaction pathways
producing the observed products.

Hydrogen cyanide is produced through the

dehydrogenation of methanimine (CH2=NH), which can be generated through three
different pathways. Methanimine can be generated either through the dehydrogenation of
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methylamine, or the cleavage of diketopiperazine through A, or cleavage through B to
give an lactam intermediate, then decomposes to give methanime.

Acetamide

(CH3CONH2) is formed through the bond cleavage of dipeptide, or the cleavage through
B of diketopiperazine without ring closure. Acetamide then undergoes a dehydration
process to give acetonitrile (CH3CN).
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From the high yield of carbon dioxide and ammonia, the first and third primary
reaction pathways are more favorable than the second primary pathway. When the
pyrolyzer temperature was higher than 723K, the formation of methane was observed.
As suggested by Simmonds et al. [3.19], the production of methane could be explained
by radical intermediates; their isotope results also supported the generation of methyl
radicals during pyrolysis. It is proposed that the methyl radicals are generated by the
homolysis of methylamine, since it would be difficult to generate methyl radicals directly
through the homolysis of glycine. However, there is not enough evidence to confirm this
postulation.

3.4.6 Controlling Mechanisms of the Burning Rate of HANGLY26

After reviewing all the results from different diagnostic techniques, a further
discussion on the controlling mechanisms of the burning rate of HANGLY26
monopropellant is provided as follows.
The visual observation, the temperature measurements of the reaction zone, and
the recovery of the liquid residues suggested that the products of HANGLY26 reaction in
the strand-burning tests comprised both liquid and gaseous products. It is useful to first
consider the mass conservation of the two-phase combustion products generated from the
liquid propellant (HANGLY26). A simple sketch is prepared and shown in Figure 3–3.
The products generated in the reaction are either liquid or gaseous products. A portion of
the liquid products was recovered, while the rest was entrained with the gas flow.
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Therefore, the amount of the recovered liquid residue depends upon the amount of liquid
products generated and the portion entrained by the gas flow.
To further elucidate the effect of different parameters on the burning rate pressure
exponent, one can write down the simplified energy flux balance equation across the
control volume from a cold, unburned station to the top of reacting surface [3.23]:

Ts
′′ + q& ′rad
′
ρ p rb  ∫ C p dT + Yw ∆H v  = ρ p rbQs + q&cond
 Ti


( 3.8 )

Where ρ p denotes propellant density, ∆H v heat of vaporization of water, Yw the mass
fraction of water vapor produced by evaporation process, and Qs the surface heat release
per unit mass of propellant (considered positive for exothermic process) to form
combustion products with all the water in liquid state. Some portion of the water then
evaporated into steam, which has a mass fraction of Yw in the product mixture
′′ heat feedback by conduction, and q& ′rad
′
immediately above the burning surface, q&cond
radiative heat feedback. The conductive heat feedback can be further expressed as

′′ = λ gas / liquid
q& cond

∂T
∂x

s , product
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Where λ gas / liquid is the thermal conductivity of the liquid and gaseous product mixture,
“s” denotes the gradient evaluated at the reacting interface, and “product” denotes the
gradients at the product side.
Because of a relatively low temperature on the product side, the radiative heat
flux term can be neglected. Therefore, burning rate rb can be expressed as

λ gas / liquid
rb =

∂T
∂x

s , product

ρ p  ∫ C p dT + Yw ∆H v − Qs 
 Ti

Ts

( 3.9 )

Burning rate exponent n is the slope of rb on the log-log plot, therefore:

n≡

∂ ln rb ∂ ln λ gas / liquid
=
∂ ln P
∂ ln P

 ∂T


∂ ln
 ∂x

s , product 

+
∂ ln P

( 3.10 )

Ts
∂ ln ∫ C p dT + Yw ∆H v − Qs 
 Ti

−
∂ ln P

Therefore, abrupt change of any term on the right-hand side of the equal sign can
cause the abrupt change of the pressure exponent, exhibiting a slope break on the burning
rate plot.
At 3.9 MPa, there is a pronounced slope break on both the burning rate plot and
the species concentration plot of the recovered residues. This implies the change of
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pressure exponent of the burning rate curve was associated with the change of reaction
mechanism. Furthermore, the decay of the concentration beyond 3.9 MPa for all the
major species (Figure 3–9) suggests that the liquid products decrease with increasing
pressure.
The variation of the mass fraction of the liquid in the product mixture would
change the thermal conductivity of the mixture.

Generally speaking, the thermal

conductivities of liquids are much higher than those of gases. In the current study, if the
major pyrolysis products of HANGLY26 were used to estimate the thermal conductivity
of the gaseous products, and saturated water to estimate the thermal conductivity of the
liquid products, then it is shown that the thermal conductivity of the liquid is roughly an
order of magnitude higher than that of gaseous products. For a gas/liquid mixture, the
upper bond of its thermal conductivity can be estimated as that of the liquid, and the
lower bond the thermal conductivity corresponds to that of the gas. In other words, the
thermal conductivity of gas/liquid mixture should approach that of the gas as the gas
mass fraction approaches unity, and approach that of the liquid as the liquid mass fraction
approaches unity.
Test results suggest that a change of reaction mechanism causes the change of
liquid mass fraction in the product mixture, which in turn induces the abrupt change of
thermal conductivity of product mixture. This resulted in the slope break of pressure
exponent, n. As shown in Equation 3.10, an abrupt change of the term associated with
thermal conductivity would cause a change in burning rate exponent. To illustrate the
feasibility of this hypothesis, the change of thermal conductivity needed to produce the

146
slope break of the burning rate plot was evaluated. At 3.9 MPa, the burning rate slope
changed from 1.342 to 0.482 with ∆n equal to −0.860. From Figure 3–9, it is reasonable
to assume that λ gas / liquid at the pressure range between 2.0 and 3.9 MPa is relatively
constant, because the species concentrations of the liquid residues do not change much in
this range. Therefore, (∂ ln λ gas / liquid ) (∂ ln P ) would be close to zero between 2.0 and 3.9
MPa.

To produce a slope change of −0.860 caused by the change in the thermal

conductivity from 3.9 to 8.8 MPa, the corresponding values of thermal conductivity λ1
and λ2 must be related by

ln λ2 − ln λ1
= −0.860
ln 8.8 − ln 3.9

where λ1 is the product thermal conductivity at 3.9 MPa, and λ2 at 8.8 MPa. From the
above equation, we can determine the ratio of λ1 / λ2 to be around 2.0. This implies that
the variation of effective thermal conductivity of the gas/liquid mixture does not need to
be one order of magnitude. Therefore, the slope change caused by the variation of
thermal conductivity is realistic.
As the pressure increased beyond 8.8 MPa, there was abrupt increase in the
pressure exponent of the burning rate curve. As demonstrated by the temperature traces,
for pressures greater than 8.8 MPa, the boiling temperature of water is higher than the
product temperature.

This means the reduction of steam generation across the

liquid/product interface. Therefore, less energy is required to vaporize the water in the

147
liquid propellant.

Thus, higher percentage of energy feedback flux can be used to

decompose the HAN and glycine compounds in the LP, causing the pressure exponent to
increase significantly. As pointed out by one of the reviewers, the reduction of steam
generation should correspond to higher percentage of liquid products. However, it does
not contradict our observation that the amount of the recovered liquid residues decreased
with increasing chamber pressure.

As illustrated in Figure 3–3, not all the liquid

products were recovered in the residue; some of them were entrained with gas flow. As
shown in the burning rate plot, the burning rate increases with the pressure, resulting a
stronger blowing effect to entrain the liquid products. Therefore, the volume of the
recovered liquid residue is a function of many parameters, including the amount of liquid
products generated in the burning process. Therefore, the observation that the amount of
recovered liquid residue declines with increasing pressure does not conflict with the
mechanism proposed.
The slope breaking mechanism at 8.8 MPa can be examined by the energy flux
equation. From Equation 3.10, the change of water vaporization percentage contribute to
the change of slope through the last term of the equation, which can be rearranged as
follows:
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Ts
∂ ln ∫ C p dT + Yw ∆H v − Qs 
T
 i

−
∂ ln P
Ts
Ts
Ts

∂ ln ∫ C p dT + Yw ∆H v − Qs   ∂ ∫ C p dT + Yw ∆H v − Q s  ∂ ∫ C p dT 
 Ti
 ⋅   Ti
  Ti

=−

Ts
Ts
∂
ln
P
∂ ∫ C p dT + Yw ∆H v − Qs  
∂ ∫ C p dT 
 Ti
 
 Ti

Ts
Ts




∂ ∫ C p dT + Yw ∆H v − Qs 
∂ ∫ C p dT + Yw ∆H v − Qs 
∂ (Yw ∆H v )
∂Q s 
Ti
Ti




+
+
⋅

∂ (Yw ∆H v )
∂ ln P
∂Q s
∂ ln P 

 ∂ Ts C dT 

  ∫Ti p  ∂ (Yw ∆H v ) ∂Qs 
1
≈− T
+
−

∂ ln P
∂ ln P 
 s C dT + Y ∆H − Q   ∂ ln P
p
w
v
s
 ∫Ti



( 3.11 )

The contribution from evaporation process is

∂ (Yw ∆H v )
 C dT + Y ∆H − Q  ∂ ln P
w
v
s
 ∫Ti p

∂ (Yw ∆H v ) ∂ ln (Yw ∆H v )
1
=− T
s
 C dT + Y ∆H − Q  ∂ ln (Yw ∆H v ) ∂ ln P
w
v
s
 ∫Ti p

∂ ln (Yw ∆H v )
1
=− T
⋅ (Yw ∆H v ) ⋅
s
∂ ln P
 C dT + Y ∆H − Q 
w
v
s
 ∫Ti p

1
 ∂ ln Yw ∂ ln ∆H v 
=− T
⋅ (Yw ∆H v ) ⋅ 
+
∂ ln P 
 s C dT + Y ∆H − Q 
 ∂ ln P
w
v
s
p
 ∫Ti

−

1

Ts

( 3.12 )

The terms in front of the square bracket are all properties of the material or
quantities resulting from natural processes, therefore they should be continuous functions
of pressure. However, the first derivative may exhibit discontinuity. As discussed
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previously, the first term in the bracket may have a sudden decrease, resulting a slope
increase in the burning rate plot.

As shown in Figure 3–9, the concentration of

formaldehyde showed a sudden break-off at 8.8 MPa from its decreasing trend at lower
pressures. It is reasonable to speculate that more hydrogen atoms were used to form
formaldehyde than water vapor. Thus, the first term in the bracket can be a negative
quantity after 8.8 MPa. This effect can therefore result in a slope break at 8.8 MPa.

3.5 CONCLUSIONS

Based upon the experimental observations and measurements, several conclusions
are summarized below.
1. The combustion tests were performed at pressure range between 1.5 and 18.2 MPa.
Four burning rate regimes were identified. Below 8.8 MPa, the reaction of the
propellant formed a dark cloud region on top of the regressing surface and a
subsequent translucent brown-colored gas region.

Higher than 8.8 MPa, no

translucent brown gas region was observed on top of the dark-colored cloud region;
instead, the dark-colored cloud filled up the whole tube above the reacting surface. It
is possible that due to the stronger blowing effect at high pressures, the translucent
brown gas did not have a chance to form in the tube with limited length.
Nevertheless, no luminous flame was observed from the whole length of the viewing
window at all pressures tested.
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2. Various amounts of liquid residues were recovered from tests conducted at different
pressures. The compositions of the residues were analyzed using a GC/MS system.
Species in the recovered liquid residues were identified and their concentration
quantified. The major species were found to be nitrogen, nitric oxide, carbon dioxide,
and formaldehyde.
3. At the slope break point of 3.9 MPa, there is a noticeable change of dependency of
species concentration on pressure detected from the recovered residues. This implies
the change of pressure exponent of the burning rate curve was due to the change of
reaction mechanism. It is believed that more gas-phase products are formed in the
pressure regime above 3.9 MPa. For pressure lower than 8.8 MPa, the combustion
product temperature beyond the liquid/product interface was found to be the same as
the boiling point of water at the test chamber pressure. This indicates the dominance
of water evaporation process at low pressures.

Beyond 8.8 MPa, the product

temperature was found to be lower than the boiling point of water. This implies that
less energy flux is required to vaporize the water in the liquid propellant. Thus,
higher percentage of energy feedback flux can be used to decompose the HAN and
glycine compounds in the LP, causing the regression rate to increase significantly.
This explains the slope break points at 3.9 and 8.8 MPa for the burning rate curve.
4. The pyrolysis products of HANGLY26 revealed similar products of those found in
the recovered liquid residues. In the pyrolysis study of HANGLY26, there are two
threshold temperatures (473 and 673 K); these two temperatures were determined
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from the concentration variations with temperature. Above ~900 K, the HANGLY26
fully pyrolyzed into gaseous products.
5. The pyrolysis products of glycine at different temperatures were analyzed. The
results were in agreement with the literature.

The detection of methane at

temperature higher than 723K suggested that methyl radical might be formed during
the pyrolysis. It is postulated that methyl radical was formed by the homolysis of
methylamine. More investigation is needed to confirm this postulation.
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Chapter 4

COMBUSTION CHARACTERISTICS OF HAN269MEO15
LIQUID MONOPROPELLANTS

4.1 ABSTRACT

A HAN/Methanol-based liquid monopropellant (HAN269MEO15, consisting of
69.7% of HAN, 0.6% of AN, 14.79% of methanol, and 14.91% of water by weight) was
investigated in this study. The combustion characteristics were studied through the
combustion tests, temperature measurements, and chemical analysis of the recovered
residue and pyrolysis products. The burning rates were measured in the pressure range
between 0.74 and 6.4 MPa. An abrupt discontinuity of the burning rate curve was
observed between 1.14 and 1.21 MPa. For tests of chamber pressures near 1.14 MPa,
pulsating burning was observed. The temperature of the products after the reaction front
was found to be bounded by the boiling point of methanol and water, indicating a strong
influence of the evaporating process of both liquids. The pyrolysis products detected are
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nitric oxide, nitrous oxide, nitrogen, carbon dioxide, methanol, carbon monoxide,
methane, propene, hydrogen cyanide, and acetonitrile.

The species detected in the

recovered liquid residues, in the order of decreasing abundance, are nitric oxide, carbon
dioxide, nitrogen, hydrogen cyanide, carbon monoxide, methanol, nitrous oxide, and
acetonitrile.

No significant change of trend was observed in the concentration vs.

chamber pressure curves, indicating that the abrupt burning rate increase was not
triggered by a reaction mechanism change as the pressure increased beyond 1.14 MPa.
The experimental results were discussed with the reaction kinetic information available in
the literature.

4.2 INTRODUCTION

Space transportation has always been costly and non-accessible to most of the
people.

There were lots of activities aiming on reducing the cost of future space

transportation [4.1-4.3]. For a space transportation vehicle, the propulsion system is one
of the most important parts during its design, development and operation phases [4.1].
Therefore, the propulsion technologies will be the major investment area for the nextgeneration reusable launch vehicles (RLVs) [4.2]. For space transportation vehicles, the
propulsion system consists of an earth-to-orbit system and an in-space transportation
system. Hydroxylammonium nitrate (HAN)-based liquid monopropellants have been
considered as potential candidates for the next-generation in-space transportation system
because of their high density, low toxicity, and low freezing point [4.4-4.6]. HAN-based
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liquid propellants (LP) represent a family of monopropellant formulations, with the HAN
oxidizer as the primary component and a smaller percentage of hydrocarbon fuel
components. Researchers in private industries [4.7-4.10] have formulated and tested
various blend of HAN-based liquid monopropellants.

One of them, designated as

HAN269MEO15, was investigated by Wucherer et al. [4.10].

HAN269MEO15 is

composed of 69.7% of HAN, 0.6% of AN, 14.79% of methanol, and 14.91% of water.
Theoretical calculation of vacuum specific impulse was 269.1 sec at the conditions of
chamber pressure Pc=200 psia and nozzle expansion ratio Ae=50.

The chamber

temperature was calculated to be 3504°F. Test firings were conducted with catalyst-bed
thrusters. They found that the monopropellant was able to be safely ignited. However,
rough combustion and/or pressure spikes were observed in their test firing. Significant
melting of the catalyst bed was observed, and the rough combustion/pressure spikes were
attributed to the degradation of the catalyst bed. Although the performance of the
catalyst bed is essential, the fundamental understanding of the combustion behavior of
the monopropellant would shed light on the interpretation of the experimental results as
well as the selection of a proper catalyst.
Because many HAN-related works have been reviewed in the previous chapters, it
is not repeated here. Methanol, the fuel component of the liquid propellant discussed in
this chapter, is one of the commonly available chemicals.

In mid to late 1970s,

researchers started to look at the combustion mechanism and reaction kinetics of
methanol combustion and/or oxidation because methanol is a possible alternative for
fossil fuels. Some of those research activities include Aronowitz et al. [4.11, 4.12] and
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Akrich et al. [4.13]. Because methanol is one of the simplest hydrocarbon compounds,
its oxidation and/or combustion continued to be an ideal model for kinetic research and of
great interest of many researchers [4.14-4.22]. Different experimental techniques were
utilized, including flat flame burners [4.14-4.16], constant-volume stirred reactors [4.19],
shock tubes [4.18], isothermal flow reactors [4.20, 4.22], and the counterflow twin flame
technique [4.17].

Detailed kinetic schemes were compiled and validated against

available experimental data [4.17, 4.21]. The reaction initiated with the methanol thermal
decomposition:

(a)

CH3OH (+ M)

CH3 + OH (+ M)

∆Hr=92.2 kcal/mol
( 4.1 )

(b)

CH3OH (+ M)

CH2OH + H (+ M) ∆Hr=98.0 kcal/mol

Reaction (4.1a) is more probable than (4.1b). The radicals generated further attack on
methanol and hydroxymethyl radical (CH2OH) to produce methoxy radical (CH3O),
formaldehyde (CH2O) and other smaller intermediates. Hydroxymethyl radical reacts
with oxygen, generating hydroperoxyl radical (HO2), which plays an important role in
methanol oxidation.

CH2OH + O2

CH2O +HO2

( 4.2 )

The oxidation ends with a chain of formaldehyde → CO → CO2 reactions. Hjuler et al.
[4.20] and Alzueta et al. [4.22] studied the interaction between nitric oxide and methanol
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oxidation processes. The conditions and the emphases of these two works are different,
but the mechanism of the interaction is the similar. Nitric oxide is oxidized to nitrogen
dioxide by hydroperoxyl radical (reaction 4.3a). Nitrogen dioxide further reacts with
hydrogen atom, generating nitric oxide and hydroxyl radical (reaction 4.3b).

(a)
(b)

NO + HO2
NO2 + H

NO2 + OH

( 4.3 )

NO + OH

At fuel lean conditions, the aforementioned kinetic mechanism results in an increase of
hydroxyl radical, which attacks methanol and promotes its oxidation.
It has been observed [4.20] that under certain fuel lean conditions, the interaction
between nitric oxide and the methanol oxidation process promotes not only the oxidation
of methanol, but also the oxidation of nitric oxide to nitrogen. In other words, the
oxidation of methanol and nitric oxide are mutually promoted.
At rich conditions, however, NO has an inhibiting effect on methanol oxidation
[4.22]. Besides its reaction with HO2, hydroxymethyl radical (CH2OH) could react with
NO, which becomes more important at fuel rich condition:

CH2OH + NO

CH2O + HNO

( 4.4 )

HNO then initiates a chain terminating sequence, inhibiting methanol conversion.
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In this chapter, the fundamental burning rate of the propellant and its burning
phenomena will be presented. Furthermore, the results of temperature measurements in
the reaction zone and chemical analysis of the recovered samples and pyrolysis products
will be discussed.

After reviewing all the experimental data gathered, an in-depth

discussion will be given.

4.3 SAMPLE PREPARATION

The HAN269MEO15 sample used in the study was prepared at the High Pressure
Combustion Lab (HPCL) of The Pennsylvania State University following the procedure
provided by Primex Aerospace Company – a division of General Dynamics. A batch of
200 gram of propellant was prepared each time. To produce 200 grams of propellant,
170.42g of 13M HAN and 29.58 g of reagent-grade methanol was mixed. The 13M
HAN used was manufactured by Olin, and has 81.8 wt % of HAN, 0.7 wt % of
ammonium nitrate (AN), and 17.5 wt % of water. The reagent-grade methanol was
manufactured by J. T. Baker, and was assumed to be 100%. Knowing the composition of
13M HAN and methanol, the composition of HAN269MEO15 can be calculated from the
amount of 13M HAN and methanol used. The composition is shown in Table 4–1.
Appropriate amount of 13M HAN was first weighed out in a 250-ml glass beaker
on an electronic scale, which is accurate down to 0.01 gram. While the beaker was still
on the scale, the appropriate amount of methanol was poured in.

The amount of
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Table 4–1: The composition of HAN269MEO15 in weight percentage
HAN
69.70%

AN
0.60%

Methanol
14.79%

Water
14.91%

methanol added was monitored by the weight of the mixture displayed on the digital
readout of the scale. A disposable pipette was used for precisely adding the last drop or
two of methanol. Extreme care was exercised in measuring the material so that the
composition was accurate up to the accuracy of the electronic scale. Once the methanol
has been added, it was gently stirred to insure complete mixing. This procedure was
designed to minimize the error due to the evaporation of methanol.

4.4 EXPERIMENTAL SETUP

To conduct liquid strand burning tests, the liquid propellant was poured into an 8mm ID quartz tube. It was ignited on the top, and burned down into the tube. The liquid
was ignited by an electrically heated nichrome wire or assembly of the nichrome wire
with a small piece of JA-2 solid propellant. The modified double-based JA-2 solid
propellant was ignited by the heated nichrome wire.

Tests were conducted in the

specially designed liquid propellant strand burner (LPSB) at the HPCL. The strand
burner has four windows, allowing both visual observations of the combustion event and

163
non-intrusive diagnostics. Although the chamber itself can sustain a pressure up to 70
MPa, it was used up to 35 MPa due to the limitation of optically accessible windows.
The combustion event was captured by a Pulnix CCD camera and recorded on
videotape. The video images were later analyzed to obtain the position-time trace of the
reaction front for deducing the burning rate of the liquid propellant. The instantaneous
chamber pressure was measured using a Setra 206 pressure transducer. For most of the
tests, the chamber pressure was relatively constant due a large chamber volume with a
moderate rate of product gas generation. The output voltage from the pressure transducer
was recorded by a Nicolet MultiPro data acquisition system.

The time scales on

videotape and data acquisition system were synchronized through a triggering system,
which leaves both a visual signal on the video image and a voltage signal on the data
acquisition system. For most of the tests, the image of the two moving needles of a
timing clock, having a resolution of 10 ms, was superimposed right besides the viewing
window of the liquid strand burner. The pressure traces were saved in the hard disk drive
of the computer of the data acquisition system for data analysis.
In order to measure the temperature distribution within the reaction zone, a 25-µm
S-type bare-wire thermocouple was threaded through two diametrically opposite holes
drilled on the tube wall, then sealed with beads of epoxy. The epoxy material has no
influence to the liquid propellant burning behavior, based upon the comparison of the
regression rates with and without the fine-wire thermocouple installation.

The

thermocouple was connected to R/S-type extension wires, which are connected to a
custom-made amplifier (with a 100-time amplification factor) for better voltage
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resolution and higher signal-to-noise ratio.

The amplified thermocouple signal was

recorded by the Nicolet MultiPro data acquisition system for data analysis.
In the beginning part of the test series with fine-wire thermocouples, it was found
that the ignition current through the nichrome wire can generate high level of unwanted
noise in temperature-time traces.

To overcome this difficulty, two options were

available: one is to apply a layer of insulation material (such as silicon dioxide) on the
bare wire, the other is to quickly turn off the ignition power before the combustion front
reached the thermocouple wire. The first option was not favorable, since by applying an
insulating coating to the fine-wire thermocouple, the thermocouple response time is
increased, leading to an undesirable situation for detailed temperature measurements
across the thermal wave front adjacent to the burning surface. Therefore, the second
option was pursued. Several attempts were made to manually shutdown the ignition
power before the combustion front reached the thermocouple wire location. However,
these attempts were unsuccessful because of the extremely fast regression of the reaction
front and the limitation of human reaction. In order to isolate the thermocouple signal
from the ignition noise, an ignition control system that will automatically shut down the
ignition current at a pre-specified time after the start of ignition was designed and
constructed. The circuit diagram of the ignition control system is shown in Figure 4–1.
The system consists of four main parts: constant-voltage power supply circuit, a #556
chip with time-setting resisters and capacitors, a #4011 chip, and electrical relay. The
function of the constant voltage power supply circuit is to convert 110V AC current to a
steady 12VDC power supply. This power supply provides the voltage and current needed
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Figure 4–1: Circuit diagram of ignition control system.
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to sustain the function of these two chips and the electrical relay. The #556 chip actually
consists of two independent circuits that generate a low-to-high square wave of a fixed
duration once the trigger pins receive a high-to-low pulse. The duration of the square
wave is determined through the following equations:

t1 = 1.1R1C1
t 2 = 1.1R2 C 2

Therefore, using one of the outputs of #556 chip to control the electrical relay, the
heating time can be controlled and varied with a variable resister. However, the above
equation is true only if the pulse length of the trigger signal is negligible compared with
the length of the output square wave. The #4011 chip was utilized in conjunction with
#556 chip to form an extremely short pulse for energizing and de-energizing the
nichrome wire, as shown in Figure 4–2. The ignition control system described was tested
and utilized successfully in the temperature measurement of the reaction zone. The
results of thermocouple measurements are discussed in a later section.
The chemical analysis of the recovered residues and pyrolysis products of
HAN269MEO15 was performed using Shimadzu QP-5000 GC/MS system. A detailed
description of the GC/MS system can be found in Chapter 3.
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Figure 4–2: The logic circuit outputs.

4.5 RESULTS

4.5.1 Theoretical Adiabatic Flame Temperature and Product Composition

Theoretical adiabatic flame temperatures and product compositions were
calculated using NASA CEA chemical equilibrium code at pressures between 0.74 and
6.4 MPa.

The results are shown in Figure 4–3.

The theoretical adiabatic flame

temperatures at this pressure range are around 2100 K.

Major product species, in
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Figure 4–3: Theoretical flame temperature and product composition as a fucntion of
pressure.

decreasing order of mole fraction, are water, nitrogen, carbon dioxide, and oxygen. The
minor products, whose mole fractions are less than 1%, are OH, hydrogen, nitric oxide,
and carbon monoxide. The theoretical mole fractions of most product species do not
change very much with change of pressure.
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4.5.2 Combustion Phenomena Observation

Combustion tests of HAN269MEO15 were conducted in LPSB over the pressure
range between 0.74 and 6.4 MPa. The combustion phenomena of tests conducted at
pressures higher than 1.21 MPa are very different from those at pressure lower than 1.14
MPa. These two distinct characteristics are described below.
(1) Pressures Between 1.21 and 6.4 MPa: Typical images of combustion events at
pressures higher than 1.21 MPa are shown in Figure 4–4. As shown in Figure 4–4(b),
the reaction of this liquid propellant formed dark colored products on top of the
regressing surface. For some tests, tilted regressing surface with varying angle and
direction was observed. After the regressing front consumed all the liquid propellant,
downward propagating luminous flame was observed, as shown in Figure 4–4(c).
Luminous flame was resulted from the ignition of the quiescent dark-colored products by
the heated nichrome wire. Because burning rates in this regime were very fast, the
duration of the event was extremely short such that it was not possible to manually shut
down the ignition switch before the re-ignition of the products.

For temperature

measurement tests, the ignition control circuit described in Section 4.4 was utilized.
Therefore the nichrome wire de-energized right after the onset of ignition. For these tests
at this pressure regime, no luminous flame was observed. The phenomena observed for
temperature measurement tests reconfirmed origin of the luminous flame. The liquid
residue was recovered at the bottom of the quartz tube for a broad range of test
conditions. Figure 4–5 shows a typical distance-time trace of the regressing surface at
2.9 MPa. The burning rates were determined by a linear regression of the distance-time

6.44 sec

6.26 sec

6.79 sec

Luminous flame after LP burnout

Figure 4–4: Typical quartz tube test images of HAN269MEO15 at P = 4.09 MPa.
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Figure 4–5: A typical plot of distance and pressure vs. time traces.

trace, and the corresponding pressures were determined by averaging the pressure-time
trace over the same time period.
(2) Pressures Between 0.74 and 1.14 MPa: At pressures lower than 1.14 MPa, the
burning phenomena of the propellant were quite different from those at pressures higher
than 1.21 MPa. While the reaction still produced dark colored products, the liquid
propellant did not burn in a smooth manner. The reaction front regressed quickly for a
short period of time, stopped momentarily with the reaction surface still churning and
oscillating, then quickly regressed again, then stopped, and so on. Figure 4–6 shows the
typical images of tests within this low-pressure range (P < 1.13 MPa or 163 psia). The

t=16.63 sec

t=16.72 sec

the dark-colored products.

Figure 4–6: Typical quartz tube test images of HAN269MEO15 at P = 1.13 MPa, showing significant variation in the height of

t=15.83 sec
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first and third images were taken at the fast regressing periods.

The dark colored

products didn’t fill up the tube; the translucent brown gases evolved on top of the dark
colored products. The length of the dark-colored products varied with time in a pulsating
manner. The second image was taken during the period that the regression stopped. A
layer of dark material can still be observed on top of the regressing surface. On top of
that were the translucent brown gases. Although the regression had temporarily stopped,
the image of the scale beneath the regressing surface was distorted, indicating some
density inhomogeneity. The inhomogeneity might be caused by the condensed phase
reaction right beneath the regressing surface, which later in the event trigger a faster
regression again. In this low-pressure range, no luminous flame was observed during the
combustion tests. Similarly, liquid residues were recovered from all the tests conducted
in this pressure range.

4.5.3 Oscillation burning front

It is very unusual to observe pulsating burning behavior in liquid propellant
combustion. In order to gather more understanding of this unusual phenomenon, detailed
distance-time traces from cases exhibiting pulsating characteristics were sampled and
examined. The instantaneous location of the regressing front was sampled from video
image. The image was recorded and played back on a high-end VCR, which recorded the
image at 60 field/second. The image was stepped one field at a time and the front

174
location was written down. The sampling rate was dictated by the 60 field/second rate,
and the highest frequency can be analyzed was 30 Hz.
Figure 4–7 shows an oscillating distance versus time trace of a test with chamber
pressure at 1.14 MPa. As shown in the figure, the instantaneous distance-time trace is
actually not a straight line. The instantaneous surface location can be regarded as an
oscillation over the mean position. The oscillation curve, which is the result of the
instantaneous trace subtracted by the moving average of one-second interval, is shown in
Figure 4–8. It can be seen that there were some semi-periodical characteristics of this
oscillation. An FFT analysis was performed on the resulting trace and it is shown in
Figure 4–9. Because of the semi-periodical characteristics of the curve, there was more
than one significant frequency. The frequencies corresponding to two of the highest
intensities are 1.72 and 3.44 Hz.
The trace and spectrum of another pulsating burning case tested at 0.74 MPa are
shown in Figures 4–10 and 4–11. As can be observed on Figure 4–10, the magnitude of
fluctuation was smaller than that of Figure 4–8. The oscillation seemed to be more
random without periodical feature. The irregular feature of the oscillation can also be
seen on the spectrum. On Figure 4–11, the peaks at 1.3 and 3.0 Hz are relatively wide,
and there are significant peaks in the neighborhood of 5 Hz and 9 Hz.
From the comparison of two tests shown above, the magnitude of the oscillation
in the distance-time trace increased as the chamber pressure increased. Meanwhile, the
oscillation became more periodic-like as the pressure increased toward the narrow
transition zone from slow-burning mode to fast-burning mode. Therefore, the transition
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mechanism could be closely associated with the development of the strong oscillatory
burning. More discussion will be given after the results of temperature measurements
and chemical analysis were described.

4.5.4 Pressure Dependency of Burning Rate

The burning rate results for the pressure range between 0.74 and 6.4 MPa (116
and 928 psia) are shown in Figure 4–12. As shown in the figure, most of the data were
obtained from tests without thermocouple inserted in the sample. The data from tests
with thermocouple inserted showed good agreement with the rest of the data. Therefore,
the insertion of the S-type thermocouple does not change the deduced burning rate, which
indicates that the effect of thermocouple insertion on the reaction kinetics is minimal.
The burning rate was fitted into 5 pressure regimes, as shown in the following equations:

rb (mm / s ) = 8.493[P( MPa)]

1.224

(0.8 < P < 1.13 MPa)

rb (mm / s ) = 0.617[P( MPa)]

22.80

(1.13 ≤ P < 1.27 MPa)

rb (mm / s ) = 136.0[P( MPa)]

0.584

(1.27 ≤ P < 1.93 MPa)

rb (mm / s ) = 203.1[P( MPa)]

−0.026

(1.93 ≤ P < 2.84 MPa)

rb (mm / s ) = 306.4[P( MPa)]

-0.42

(2.84 ≤ P < 6.4 MPa)

( 4.5 )
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It should be noted that the pressure exponent of the second segment of the curve
fits was extremely high, and that the pressure range for this segment is extremely narrow,
only 0.14 MPa (20 psi). Experimentally it is very difficult to control the chamber
pressure to fall within such narrow pressure range. Because of the extremely narrow
pressure range, the continuity of the burning rate curve in this segment is questionable.
Therefore, a dashed line was used to represent the proposed power-law curve fit in this
pressure range. Obviously there is a major mechanistic change in the burning behavior in
the region for pressure below 1.13 MPa (164 psia) and the region above 1.27 MPa (184
psia). Discussions regarding the possible mechanistic changes across this range are given
in the later section.
Another interesting observation is that the pressure range where the burning rate
curve exhibited a significant increase and the combustion exhibited pulsating
characteristics (1.13-1.27 MPa or 164-184 psia) is very close to the range where a motor
test exhibited rough combustion and pressure spikes, as shown in Figure 4–13 [4.10].
Although Wucherer et al. [4.10] emphasized the importance of a compatible catalyst
material; the aforementioned agreement in the pressure range from different sets of
experimental data indicates the importance of in-depth understanding of the fundamental
combustion characteristics of the propellant on the development of a reliable thruster.
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Figure 4–13: Pressure-time trace of a motor test using HAN269MEO15 as the propellant
[4.10].
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4.5.5 Temperature Traces in Reaction Zone

In order to gain deeper understanding of the physicochemical processes involved
in the combustion of the liquid propellant, temperature traces of the reaction zone were
measured using S-type fine-wire thermocouples. At least one test with thermocouple
installed in the sample was conducted in each of the pressure regimes shown in the
burning rate plot (Figure 4–12). Figure 4–14 shows temperature-time traces obtained
from these tests. Also shown on the figure are the boiling points of water and methanol
at the corresponding average chamber pressures. The boiling point of water was obtained
through table look-up, and that of methanol was calculated through the following
correlation [4.23]:

log10 P = A −

B
T +C

where P is the vapor pressure in bar, T in Kelvin. The coefficients A, B, and C for
methanol are shown in Table 4–2. As expected, the boiling point of water was higher
than that of methanol. It is noted that the temperatures of the products for these plots
were in the neighborhood of the boiling points of water and methanol. Because the
product temperatures were below the water boiling points at the corresponding chamber
pressures, the dark-colored products on top of the regressing front consisted of both
liquid and gas phase materials. Furthermore, since the temperature was far below the
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Table 4–2: Parameters for estimation of vapor pressure.
Temperature Range (K)

A

B

C

353.4 - 512.63

5.15853

1569.613

34.846

theoretical flame temperature of 2100 K, it is obvious that the chemical energy stored in
the propellant was not totally released during the reaction of the regressing front.
Figure 4–14(a) shows the temperature-time trace obtained from a combustion test
with an average chamber pressure of 4.38 MPa (636 psia). When the thermal wave front
approaches the fine-wire thermocouple, the temperature reaches a small peak around
133°C and then drops down before the major temperature rise to a quasi-steady level of
220°C. Thermocouple did not break, and continued to provide information until the end
of test run. The temperature of the products was between the boiling points of water and
methanol. In the beginning of temperature plateau region, there was some fluctuation;
however, it died out gradually as the thermocouple moved away from the regressing
front. The fluctuation was not due to electronic noise, since the fluctuation did not
exhibit a characteristic frequency of 60 Hz, and the fluctuation did not appear before the
front reached the thermocouple and after the front propagate away from the
thermocouple. The fluctuation was possible due to the non-uniformity of the product
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Figure 4–14: Temperature traces of the reaction zone from different tests.
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Figure 4–14 (cont.)

temperature. Thermocouple could be in contact intermittently with partially reacted
liquids and product gases, causing the observed fluctuation.
Figure 4–14(b) shows the measured temperature-distance trace corresponding to
the averaged chamber pressure of 2.63 MPa (382 psia). The major temperature-distance
characteristics are similar to the one shown in Figure 4–14(a). One of the differences
from Figure 4–14(a) is that spikes of the temperature fluctuation was able to exceed the
boiling point of water. These spikes seemed to indicate discrete heat release resulting
from a second stage combustion between methanol and HAN-decomposition products.

189
Figure 4–14(c) shows the measured temperature-distance trace corresponding to
the averaged chamber pressure of Pmean = 1.82 MPa (264 psia). In this case, there was no
initial temperature rise before the major dip in temperature trace.

The fluctuation

persisted throughout the trace. An interesting characteristic of the temperature-time trace
is that the product temperature was almost right at the boiling point of methanol at the
average chamber pressure. This characteristic was not observed in other temperaturetime traces.
Figure 4–14(d) shows the case of Pmean = 1.14 MPa (166 psia), which is almost
right at the slope-breaking point of the low burning rate regime and high pressureexponent regime. The measured steady-state temperature was around 170°C, which is
slightly below the boiling point of the water of 185°C at Pmean. However, some spikes in
the product portion of the trace went up to temperatures higher than the water boiling
point. The trace in the product portion seemed to display some periodical characteristics.
Figure 4–14(e) shows the temperature trace of the case for Pmean = 0.74 MPa (107
psia). The temperature-time trace showed lots of fluctuation near the front zone. The
temperature trace in the final product portion was around 150°C, which is slightly lower
than the boiling point of water at 166°C. Similar to other low-pressure tests, the final
product portion exhibited periodic characteristics.
In Figures 4–14(d) and (e), there were some exceptional fluctuations whose
magnitudes were more than 100°C. A temperature non-uniformity to this extent would
be unreasonable. As discussed in Chapter 3, there could be electrochemical effects
between the species in the reaction zone and thermocouple causing the observed
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fluctuation in the thermocouple output. This effect was amplified by the random motion
near the regressing front.
A common characteristic observed in the temperature traces shown is that the
temperature of the products after the reaction front was bounded by the boiling point of
methanol and water. This indicates a strong influence of the evaporating process of both
liquids. As shown in Table 4–3, the ∆H vap of methanol is 1/3 to 1/2 of those of water in
the present range of pressure studied. The fact that the heats of vaporization for both
liquids are comparable further strengthens the aforementioned observation.

4.5.6 Pyrolysis Analysis of the HAN269MEO15 Liquid Propellant

To understand the reaction kinetics occurring in the reaction zone, pyrolysis tests
at different pyrolyzer temperatures were performed.

The pyrolyzed products were

analyzed with Shimadzu QP-5000 GC/MS system.
The amount of each species evolved from 1-gram sample at different
temperatures is shown in Figure 4–15. To avoid data clustering, the data of these species
were split into two plots. The pyrolysis products detected are nitric oxide, nitrous oxide,
nitrogen, carbon dioxide, methanol, carbon monoxide, methane, propene, hydrogen
cyanide, and acetonitrile. Note that the amounts of nitric oxide and hydrogen cyanide are
approximate values, since high-concentration calibration gases for these two are not
available due to high toxicity. Calibration constant of carbon monoxide was used as
estimation because of the similarity of the molecular structure between nitric oxide and

191

Table 4–3: Heats of vaporization at different pressures for water and methanol

Water

Methanol

Pressure, MPa ∆H vap , kJ/kg Pressure, MPa ∆H vap , kJ/kg
0.74

2059.5

0.74

944.5

0.95

2023.9

0.95

914.8

1.23

1983.3

1.23

879.9

1.59

1937.6

1.59

839.7

2.04

1887.3

2.04

793.9

2.64

1828.4

2.64

737.3

3.40

1761.9

3.40

668.5

4.38

1685.5

4.38

579.1
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Figure 4–15: Pyrolysis products at different temperature.
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carbon monoxide, and the similarity of the chemical bond (H−C≡N and C≡O). Nitric
oxide, nitrous oxide and nitrogen exhibited increasing trend between 403 and 473 K.
This trend corresponds to HAN decomposition. As temperature increased, it promoted
the decomposition to further completion. The curves for nitric oxide, nitrous oxide and
nitrogen leveled off beyond 473 K. It is expected because the HAN decomposition was
completed as the pyrolyzer temperature increased beyond 473 K.
There are a few interesting features displayed on Figure 4–15. Methanol was
detected in the products for the pyrolyzer temperatures between 130 and 600°C (403.15
and 873.15 K). This implies that methanol was not completely reacted with HAN
pyrolysis products in the aforementioned temperature range. The trend of methanol as a
function of pyrolyzer temperature was peculiar, too. The amount of methanol decreased
as the pyrolyzer temperature increased from 130 to 150°C (403.15 to 423.15 K). From
150 to 300°C (423.15 to 573.15 K), the amount of methanol in the pyrolysis products
gradually increased as the pyrolyzer temperature increased. Beyond 300°C (573.15 K),
the data exhibited a lot of variation, therefore the trend was a little uncertain. The
increasing trend between 150 and 300°C could be attributed to the shortened duration of
methanol staying in liquid state. Since there are lots of condensed phase reactions
involved in HAN decomposition, the chances of methanol being reacted with HAN
decomposition products would increase if methanol stays in liquid state longer. Besides,
the gas phase reaction would possibly have been quenched in the pyrolyzer due to low
pressure and dilution of helium carrier gas. Figure 4–16 shows the percentage of the
methanol in the fresh propellant detected by GC/MS. At 130°C, there was 66% of the
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methanol not reacted. The percentage dropped to 20% at 150°C, and slowly increased to
35% at 300°C.
Anther feature is that the curves of hydrogen cyanide and acetonitrile exhibited
peaks at the pyrolyzer temperature of 400°C (673.15 K). This seems to indicate that
temperatures around 400°C (673.15 K) were most suitable for the production of hydrogen
cyanide and acetonitrile.

4.5.7 Residue Analysis of HAN269MEO15

As discussed in Section 4.5.2, residues were recovered from all the tests
performed. As pointed out in Chapter 3, Figure 3-3, the residues recovered represent a
portion of the liquid phase products which was trapped in the test tubes. Therefore, the
species in the residue represent those present in the liquid phase products. In order to
obtain more understanding of the combustion behavior of the liquid propellant, the
residues were analyzed using GC/MS system.
The species detected in the recovered liquid residues, in the order of decreasing
abundance, are nitric oxide, carbon dioxide, nitrogen, hydrogen cyanide, carbon
monoxide, methanol, nitrous oxide, and acetonitrile. Their concentration versus the
pressure of the particular test from which the residue is recovered is plotted in Figure 4–
17. The species detected included all of those found in the pyrolysis products except
propene and methane. This is reasonable because propene and methane was not detected
unless the pyrolyzer temperatures were higher than 400°C (673.15 K), while the product
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temperatures measured were about 150~220°C. The concentrations of nitric oxide and
carbon dioxide were in the order of 1 M (mole/liter), those of nitrogen and hydrogen
cyanide were in the order of 0.1 M, and those of carbon monoxide, methanol, nitrous
oxide and acetonitrile were in the order of 0.01 M or smaller. The concentration plots of
these species were fitted with one segment of linear curve on the log-log plots. Because
of the lower concentration and higher scattering, the curve fits for methanol, nitrous
oxide, and acetonitrile were plotted in dash lines. The curves for 5 of the most abundant
species in the residues exhibited a declining trend with respect to increasing chamber
pressure. Among them, the slopes of the curves were almost the same except nitric
oxide, whose slope was slightly steeper than the others’ were.

The slopes of the

concentration curve of these 5 species together with the 95% confidence levels are shown
in Table 4–4. As shown Figure 4–17 and Table 4–4, the slopes of these curves are not
steep and there are no significant change of trend within the pressure range studied. The
aforementioned evidence suggests that there is no significant change of reaction
mechanism within the pressure range studied.
Although the species detected in residues were very similar with those of
pyrolysis products, their abundance relative to one another was different. Table 4–5
shows the relative abundance of the species detected in residue and pyrolysis products.
For residues, the relative abundance was calculated by averaging the concentration for
each species, and then divided by the sum of the average concentrations of all species.
For pyrolysis products, the moles of each species evolved at temperatures between 150
and 300°C (423.15 and 573.15 K) were averaged, and then divided by the sum of average
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Table 4–4: Slopes of the concentration vs. chamber pressure curves for 5 major species.

Lower bond of 95%

Upper bond of 95%

Species

Slope

confidence interval

confidence interval

NO

-0.58369

-0.81294

-0.35445

CO2

-0.21045

-0.32254

-0.09836

N2

-0.23955

-0.43767

-0.04142

HCN

-0.3234

-0.46395

-0.18286

CO

-0.30439

-0.514

-0.09478
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Table 4–5: Relative abundance of the species detected in residues and pyrolysis products.

Pyrolysis products

Residue

NO

0.34

NO

0.61

N2O

0.34

CO2

0.30

CH3OH

0.20

N2

0.054

N2

0.12

HCN

0.016

CO2

0.0061

CO

0.011

CO

0.0016

CH3OH

0.0079

HCN

0.00094

N2O

0.0045

CH3CN

3.63×10-5

CH3CN

0.0017
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moles. From Table 4–5, it can be found that nitric oxide was most abundant in both
residues and pyrolysis products. Nitrous oxide was at the same level with nitric oxide in
pyrolysis products; however, it was two orders of magnitude smaller than nitric oxide in
the residue. Carbon dioxide, on the other hand, was two order of magnitude smaller than
nitric oxide in pyrolysis products but comparable with nitric oxide in the residue. The
difference was possibly due to the pressure difference between the conditions under
which the products were generated. In the pyrolyzer, the pressure of helium was below
atmospheric pressure; while the chamber pressures during the combustion were elevated
to several times of the atmospheric condition. The gas phase reactions would be more
pronounced at elevated pressures. Therefore, it is possibly the gas phase reactions which
are responsible for the generation of carbon dioxide.

4.6 DISCUSSION

4.6.1 Methanol Oxidation during the Propellant Combustion Process

From the kinetics of methanol oxidation in the existing literature, its oxidation can
be described as many steps of hydrogen abstractions of methanol and its derivatives by
various radicals, such as H, O, OH, and HO2. There is no direct reaction between oxygen
molecule and methanol in the kinetic scheme proposed.
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In their thermal decomposition study of HAN, Thynell and Kim [4.24] observed
NO, NO2, N2O, and HNO3 in the decomposition products. Among them, NO2 is the most
probable oxidizer for methanol, because NO2 is a strong oxidizing agent [4.25]. To the
best of the author’s knowledge, there is no direct reaction of NO2 with methanol reported
in the literature. Considering the fact that oxygen molecule does not react with methanol
directly in the methanol oxidation mechanism, it is a reasonable assumption to make for
the combustion of HAN269MEO16. The oxidation of methanol for the combustion of
the liquid propellant can be understood as follows.

In the combustion of

HAN269MEO15, NO2 might have to decompose to O or O2 to oxidize the fuel, as
indicated in the following reaction kinetics reported in the literature [4.26]:

(a) NO2 + M → NO + O + M
( 4.6 )
(b) NO2 + O → NO + O2

The oxygen atom can attack methanol and its derivatives to facilitate the oxidation
mechanism, while oxygen molecule can react with hydroxymethyl radical (CH2OH) to
form hydroperoxyl radical (HO2), which play an important role in the methanol oxidation
mechanism [4.21]:

CH2OH + O2

CH2O + HO2

( 4.7 )
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Once a proper pool of radicals is formed, the methanol can be oxidized as
discussed in the literature.
From the mechanism proposed by Pembridge and Stedman [4.27] and Stedman et
al. [4.28], N2O4 is the intermediate in the autocatalytic generation of nitrous acid. NO2 is
in equilibrium with N2O4 [4.28]:

N2O4

2NO2

( 4.8 )

NO2 can also be generated through the following reaction

2HNO2 → NO + NO2 + H2O

( 4.9 )

In any rate, the consumption of NO2 will reduce the concentration of nitrous acid,
hence reduce the autocatalytic decomposition of HAN.
From the pyrolysis results (Figure 4–16), about 65~80% of methanol was
consumed during pyrolysis at the temperature range between 150 and 300°C (423 and
573 K).

In the literature, the thermal pyrolysis of methanol was conducted in the

temperature range of 1070-1225 K [4.11]. Therefore, the thermal decomposition of
methanol was probably not responsible for the consumption of methanol in the current
study. Thus, methanol was consumed by its reactions with HAN or HAN decomposition
products. Since the pressure in the pyrolyzer is very low, we can safely assume that gas
phase reactions were quenched. Therefore, the reactions consumed methanol during
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pyrolysis must have happened in the liquid phase. Because liquid phase reactions are
relatively independent of the pressure, it is very probable that the same liquid phase
reactions also occur in the combustion tests at elevated pressures.

4.6.2 Possible Mechanisms of the Pulsating Burning Phenomena

Near the pressure where abrupt burning rate increase was observed, also noted
was another phenomenon of pulsating burning behavior. In order to understand the
possible mechanisms behind the phenomenon, the fluctuation of distance-time trace of
the burning front was compared with corresponding temperature time trace. Figure 4–18
shows the comparison of the traces from a combustion test conducted at 1.14 MPa. A
correlation between the temperature fluctuation and burning front fluctuation can be
observed, i.e., most of the peaks of the burning front fluctuation corresponded to the
peaks of the temperature trace.
The pulsating burning can be link to interface instability.

As described by

Armstrong and Margolis [4.29], when considering the dependency of the local flame
propagating speed on the local temperature, pulsating unstable modes can be obtained at
certain conditions. This type of instability arises from the interaction between the flow
field and the chemical reactions. The positive correlation between the burning front
fluctuation and the temperature trace indicates a strong interaction between them.
Therefore, surface instability is one of the mechanisms needed to be considered. Another
thing to be noted is that the temperature traces were obtained from a thermocouple at a
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fixed location. As the front propagated downward, the thermocouple was gradually away
from the burning front. Therefore, the temperature fluctuation observed was not exactly
at the burning interface. However, the positive correlation between the fluctuations of
temperature and burning front implies that the temperature in the bulk region between the
burning interface and the thermocouple rose simultaneously. Hence, the reaction in a
bulk region above the burning interface and its interaction with the flow field and
instability also need to be considered.

4.7 CONCLUSIONS

The combustion characteristics of HAN269MEO15 were characterized at pressure
range between 0.74 and 6.4 MPa. Combustion tests were conducted with temperature
measurements of the reaction zone. Chemical analysis of both recovered liquid residues
and pyrolysis products were performed. Through these efforts, several conclusions were
obtained:
1. Two distinct regimes are identified. At pressure between 1.21 and 6.4 MPa, the
combustion of HAN269MEO15 produced dark-colored products on top of the
regressing surface. The burning rate is at the order of 100 mm/s. Below 1.14
MPa, the burning rate of the propellant is at the order of 10 mm/s.

The

combustion produced dark-colored products, followed by translucent brown gases
on top of the dark-colored products.

Near the pressure of 1.14 MPa, the

combustion exhibited pulsating burning characteristics. The burning rate increase
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of an order of magnitude across a very small pressure difference indicates a
discontinuity in the apparent burning rate curve.
2. Temperature-time traces in the reaction zone were measured. It was found that
for most of the time, the temperatures of the products were between the boiling
points of water of methanol at the averaged chamber pressure. It was concluded
that the boiling processes of both liquids have significant influence on the
combustion behavior of the propellant.
3. The pyrolysis products of HAN269MEO15 between 130 and 800°C (403 and
1073 K) were analyzed using a GC/MS system. The pyrolysis products detected
are nitric oxide, nitrous oxide, nitrogen, carbon dioxide, methanol, carbon
monoxide, methane, propene, hydrogen cyanide, and acetonitrile. The amounts of
methanol detected at pyrolyzer temperatures between 150 and 300°C (423 and
573 K) were 20 to 35% of the original amount in the propellant.

The

consumption of methanol during pyrolysis tests indicates that the initiation of
methanol oxidation of the propellant combustion happened in condensed-phase.
4. Liquid residues were recovered from combustion tests and the chemical species in
the residues were analyzed. The species detected included all of those found in
the pyrolysis products except propene and methane. The concentrations were
plotted against the chamber pressures of the corresponding tests.

The

concentration curves did not exhibit significant changes of slope.

The

aforementioned evidence suggests that there is no significant change of reaction
mechanism within the pressure range studied.
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5. Through review of the reaction kinetics in the existing literature, methanol is
oxidized through a series of hydrogen abstraction reactions. The most probable
oxidizing species in the current combustion system is nitrogen dioxide (NO2).
6. Possible mechanisms for the pulsating burning were identified. The pulsating
burning arises from the interaction of the reaction with the flow field, causing an
instability phenomenon. The instability could be on the burning interface or the
bulk region above the interface.
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Chapter 5

DISCUSSIONS OF RESULTS

Results of three different HAN-based liquid monopropellants have been reported
in the preceding chapters. Although their cofmbustion behavior has been discussed in
detail, some additional discussions are provided in this chapter. Furthermore, interfacial
stability of liquid propellant is considered and the effects of gravity, surface tension and
viscosity on the stability are analyzed.

5.1 COMPARISON OF BASIC PROPERTIES

Table 5–1 shows the comparison of the basic properties of the three HAN-based
liquid propellant studied. It is noted that the densities of XM46 and HANGLY26 are
essentially the same within the second digit, and the density of HAN269MEO15 is
smaller than the other two. Since the fuel components of XM46 and HANGLY26 are
both ionic (glycine forms internal salt, or zwitterion, in regular conditions [5.1]) while the
fuel component of HAN269MEO15 is a polar molecule, it is not surprising that the
density of HAN269MEO15 is the lowest among the three. The weight percentages of
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Table 5–1: Basic properties of three HAN-based liquid propellants.

XM46

HANGLY26

HAN269MEO15

Density

1.43 g/cc

1.43 g/cc

1.36 g/cc

HAN wt% and concentration

60.8% / 9.05 M

60.0% / 8.93 M

69.7% / 9.88 M

Fuel w% and concentration

19.2% / 1.29 M

14.0% / 2.67 M

14.8% / 6.29 M

Water w% and concentration

20.0% / 15.88 M

26.0% / 20.62 M

14.9% / 11.27 M

Adiabatic flame temperature*

2030 K (1757°C)

1300 K (1027°C)

2090 K (1817°C)

Equivalence ratio§, φ

1.0

0.67

0.95

*

Calculated at the pressure of 7 MPa.

§

Equivalence ratio defined as φ ≡

(mfuel

(mfuel

mHAN )
mHAN )stoi

HAN for XM46 and HANGLY26 are very close, whereas that of HAN269MEO15 is
higher than the other two. Therefore, it is hard to draw further conclusions from the
burning rate comparison between HAN269MEO15 and the other two HAN-based
propellants. In terms of their adiabatic flame temperatures, XM46 and HAN269MEO15
are comparable, while HANGLY26 has a lower adiabatic flame temperature. This can be
attributed to a lower equivalence ratio and a higher weight percentage of water for
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HANGLY26. None of these propellants is fuel-rich. The equivalence ratios of XM46
and HAN269MEO15 are very close to unity, while the equivalence ratio of HANGLY26
is 0.67, indicating an oxidizer-rich formulation.

5.2 BURNING RATE COMPARISON OF HAN-BASED LIQUID PROPELLANTS

Figure 5–1 shows the burning rate curves for three HAN-based liquid
monopropellants studied. Both HAN269MEO15 and XM46 exhibit dome-like (concave
downward) features in portions of their burning rate curves, whose maximums are of
comparable magnitude.

Although HANGLY26 does not exactly have a dome-like

portion of the burning rate curve, the portion of the curve at highest pressure regime does
exhibit a negative slope. Both the curves of HANGLY26 and HAN269MEO15 have
regimes with extremely high pressure exponents. In summary, the burning rate curves of
the HAN-based liquid propellants shared some common characteristics, such as domelike burning rate curves, negative slope regions, and extremely high pressure exponents.
Among the three propellants studied, HANGLY26 has the slowest burning rate
with order-of-magnitude differences from the other propellants for most pressures.
Although one may be tempted to attribute this difference to the difference in adiabatic
flame temperatures (see Table 5–1), the product temperatures right above the regressing
front did not exhibit significant difference for different propellants. The reason that
HANGLY26 has a much slower burning rate can be explained as follows. As shown in
Figure 3-13, the amount of major pyrolysis species of HANGLY26 increased by more
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Figure 5–1: Burning rate comparison of three HAN-based liquid propellants.

than one order of magnitude as the temperature increased from 403 to 473K, while the
increase for HAN269MEO15 was less than one order of magnitude (see Figure 4-15).
This indicates that HANGLY26 probably has higher apparent activation energy than
HAN269MEO15. Because the surface temperatures for the combustion of HANGLY26
and HAN269MEO15 are comparable (see Figure 3-6 and Figure 4-14), higher activation
energy corresponds to a slower reaction rate, thus a slower burning rate. The fact that
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HANGLY26 has the lowest energy content among these three propellants may also
contribute to the observed difference in burning rates.
Although the burning rates of both XM46 and HAN269MEO15 in the dome-like
portion of the curves are of the same order of magnitude, no further explanation can be
provided since the weight percentages of HAN in these two propellants differ
substantially. The difference between the low-pressure deflagration limits of XM46 and
HAN269MEO15 can be explained as follows. In their thermal decomposition studies of
HAN-based liquid propellants, Lee and Litzinger [5.2] found that during XM46 thermal
decomposition tests, the evolution rates of these species found in HAN decomposition
were lower than that of 9 M HAN solution. They attributed this observation to the
consumption of the important intermediate species by TEAN. Due to this effect, the rate
of HAN decomposition is retarded, thus XM46 exhibits a higher low-pressure
deflagration limit.
A word of caution needs to be provided regarding the applicability of the burning
rate data to real applications.

The focus of this research is on the fundamental

combustion characteristics of HAN-based liquid propellants. Cares were taken to ensure
similar conditions for different propellants during the combustion tests.

These

conditions, however, may not be good simulations for the real applications. While the
burning rate data obtained in this research remain invaluable, exactly how to apply the
data depends on the conditions of the propellant combustion. Therefore, care must be
taken in applying the burning rate data in the real application.
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5.3 A SIMPLIFIED MODEL OF HAN/FUEL INTERACTION

From the burning rate data and pyrolysis data of three HAN-based liquid
propellants, the participation of fuel components cannot be neglected during any stage of
the combustion process. With the inclusion of fuel, the underlying reaction mechanism
for propellant combustion becomes very complicated and fuel component specific.
However, the general effect of fuel can be modeled as follows. Following the notation of
Pembridge and Stedman [5.3], the decomposition mechanism of HAN can be written as:

H+ + HNO2 + NO3

k5

−

k6

k7

N2O4 + H2O

( 5.1 )

NH2OH + N2O4 → HNO + N2O3 + H2O

( 5.2 )

HNO + N2O4 → HNO2 + N2O3

( 5.3 )

N2O3 + H2O

( 5.4 )

2HNO2
k3

HNO2 + NH3OH+ → N2O + H2O + H3O+

( 5.5 )

Pembridge and Stedman [5.3] proposed that Eq. (5.1) is a rapid pre-equilibrium
reaction, Eq. (5.2) is the rate determining reaction, and Eqs. (5.3) and (5.4) are also rapid
reactions. Equation (5.5) represents the nitrous acid scavenging reaction.
In order to model the interaction between HAN and fuel components, several
additional assumptions are made. It is assumed that the species which oxidizes the fuel is
nitrogen dioxide, which is generated through the decomposition of N2O4 (see Eq. (5.6)).
In addition, a one-step oxidation reaction of the fuel is assumed (see Eq.(5.7)).
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Therefore, the HAN/fuel interaction is modeled by including the following reactions into
the HAN decomposition scheme:

N2O4

k1
k2

2NO2
k10

NO2 + Fuel → Products

( 5.6 )
( 5.7 )

To simplify the problem, a steady-state assumption is made on NO2, N2O4, N2O3,
and HNO in the manner similar to the analysis of Ref. 5.3. After utilizing the steadystate conditions of these species and some algebraic manipulation, the following
equations are obtained:

d [HNO 2 ]
= 3k 7 [ NH 2 OH][ N 2 O 4 ] − k1 [ N 2 O 4 ] + k 2 [ NO 2 ] 2
dt
− k 3 [HNO 2 ][ NH 3 OH + ]
k 5 [H + ][HNO 2 ][ NO 3− ] − k 6 [ N 2 O 4 ][H 2 O]
− 2k 7 [ NH 2 OH][ N 2 O 4 ] − k1 [ N 2 O 4 ] + k 2 [ NO 2 ] 2 = 0
2k1 [ N 2 O 4 ] − 2k 2 [ NO 2 ] 2 − k10 [ NO 2 ][Fuel] = 0

( 5.8 )

( 5.9 )
( 5.10 )

Combining Eqs. (5.9) and (5.10), a quadratic equation of [NO2] is obtained. From
this quadratic equation, [NO2] is solved:
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[ NO 2 ] =

1  k10
[Fuel](1 + b)
−
2  2k 2

2
 ( 5.11 )
 k10

k k [H + ][HNO 2 ][ NO 3− ] 
+ 
[Fuel](1 + b)  + 4 1 5

k 2 k 6 [H 2 O] + 2k 7 [ NH 2 OH] 
 2k 2



where b =

k1
k 6 [H 2 O] + 2k 7 [ NH 2 OH]

Combining Eqs. (5.8), (5.10) and (5.11), the rate equation for nitrous acid is:


 k
3k
d [HNO 2 ]
= − 1 + b 7 [ NH 2 OH] ⋅ 10 [Fuel]
dt
k1

 4
 k
⋅ − 10 [Fuel](1 + b)
 2k 2

2

 k10

k1 k 5 [H + ][HNO 2 ][ NO 3− ] 

+ 
+
+
[Fuel](1 b)  4

k 2 k 6 [H 2 O] + 2k 7 [ NH 2 OH] 
 2k 2



k 5 [H + ][HNO 2 ][ NO 3− ]
k 6 [H 2 O] + 2k 7 [ NH 2 OH]
− k 3 [HNO 2 ][ NH 3 OH + ]
+ 3k 7 [ NH 2 OH]

( 5.12 )

It is shown that the nitrous acid production rate is a not only a function of kinetic
constants related to HAN decomposition and concentrations of species that commonly
exist in HAN solution, but also a function of fuel concentration and kinetic constant of
the reaction between nitrogen dioxide and fuel.
It is also noted that the existence of fuel reduces the production rate of nitrous
acid. Equation (5.12) can be written as
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 x
3k
d [HNO 2 ]
= − 1 + b 7 [ NH 2 OH] ⋅
dt
k1

 2
2



x
x


⋅ − (1 + b) + (1 + b)  + a 
k2
k2 



+
−
k [H ][HNO 2 ][ NO 3 ]
+ 3k 7 [ NH 2 OH] 5
k 6 [H 2 O] + 2k 7 [ NH 2 OH]
− k 3 [HNO 2 ][ NH 3 OH + ]
where

x=

k10
[Fuel]
2

a=4

k1 k 5 [H + ][HNO 2 ][ NO 3− ]
k 2 k 6 [H 2 O] + 2k 7 [ NH 2 OH]

The first term on the right-hand side is always negative. To investigate how the
first term change with x, the first derivative of the nitrous acid production rate with
respect to x is determined:


3k
∂  d [HNO 2 ] 

 = − 1 + b 7 [ NH 2 OH]
∂x 
dt
k1





2
 k2 
1 (1 + b) x 
1
 +
⋅
− 2 + 1 + a
2
2 k2 
 (1 + b) x 
 k2 

1 + a


 (1 + b) x 

 1 (1 + b) x 
3k
1
= −1 + b 7 [ NH 2 OH] ⋅
− 2 + c + 
k1
c

 2 k2 
 k2 

where c = 1 + a
 (1 + b) x 









2

( 5.13 )
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One can observe that Eq. (5.13) is always less than zero because the
inequality c + 1 c > 2 for all c > 0, c ≠ 1 . Thus, any increase of x, i.e., increase of
k10 or [Fuel], reduces the production rate of nitrous acid.
Similarly, the consumption rate of hydroxylammonium ion can be solved:

d [ NH 3 OH + ] k 7
= [ NH 3 OH + ] ⋅ b
2
dt
 k
⋅ − 10 [Fuel](1 + b)
 2k 2

2

 k10

k1 k 5 [H + ][HNO 2 ][ NO 3− ] 
+ 
[Fuel](1 + b)  + 4

k 2 k 6 [H 2 O] + 2k 7 [ NH 2 OH] 
 2k 2



k 5 [H + ][HNO 2 ][ NO 3− ]
k 6 [H 2 O] + 2k 7 [ NH 2 OH]
− k 3 [HNO 2 ][ NH 3 OH + ]
− k 7 [ NH 3 OH + ]

( 5.14 )

From Eq. (5.14), the consumption rate of hydroxylammonium ion is also reduced
when compared with the consumption rate without fuel interaction.
Evidently, this model is very simple and will be subjected to future verification.
Its applicability is also limited to conditions that steady-state assumption holds.
Nevertheless, it shows that the production rate of nitrous acid is reduced by the existence
of fuel components and that the increase of fuel concentration and kinetic constant of
oxidation decrease the production rate of nitrous acid.

This understanding of the

fundamental behavior can help with the future development and formulation of HANbased liquid propellants.
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5.4 STAGED COMBUSTION CHARACTERISTICS

Phenomenologically, the three propellants studied all exhibited staged combustion
characteristics.

For XM46 (see Figure 2-5), the first stage of the combustion,

corresponding to the regression front, was the decomposition of HAN and TEAN with
the decomposition of HAN dominating. The first stage combustion generated darkcolored products, which are believed to be carbonaceous intermediates and NO2. At
some distance above the regression front, the second stage of the combustion converted
dark-colored products into transparent species, bringing the temperature to a higher level.
Finally, luminous flame appeared on top of the transparent zone, marking the onset of the
third-stage combustion. Between stages, the product temperatures were almost constant
or varied slowly. For HANGLY26 (see Figure 3-2, Figure 3-6(c) and (d)), the second
stage was inferred by the temperature rise of the products of the first stage reaction after
all the liquid propellant was consumed. Although no luminous flame was observed in
any of the tests conducted, it is hypothesized that the third stage combustion would have
been observed if more tests were conducted at much higher pressures. This hypothesis is
plausible because the theoretical adiabatic flame temperature for HANGLY26 is 1027°C,
which is much higher than the product temperature of the second stage around
400~500°C. The combustion of HAN269MEO15 (see Figure 4-4) also produced darkcolored products at temperatures in the neighborhood of the boiling points of water and
methanol, indicating a similar first-stage combustion. However, it might not have the
stage that converted dark-colored products to transparent products, because the product
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temperature did not exhibit a rise after the events. Nevertheless, the appearance of final
luminous flame is possible, as demonstrated by the re-ignition of the quiescent first-stage
products by the nichrome wire.
After the first-stage combustion, the HAN component in the propellant should all
be consumed, because the temperature after the regression front is generally in the
neighborhood of 200~300°C. From the pyrolysis data of the three liquid propellants, the
amounts of major HAN-decomposition products did not vary significantly for the
pyrolyzer temperatures higher than 200°C, indicating a total conversion of HAN into
various gaseous products. Therefore, in the temperature range after the regression front,
HAN should all be converted into various products.

The pyrolysis data of liquid

propellants also indicated the participation of fuel components in the first-stage
combustion, because at the pyrolyzer temperatures around 200~300°C, carbon-containing
species were detected among the pyrolysis products. Since only fuel components contain
carbon atoms, they must have participated in the first-stage combustion.

Fuel

components were either thermally decomposed or partially oxidized, since full oxidation
would have released more energy and brought the product temperature after the first
stage closer to adiabatic flame temperature.
What exactly corresponded to the second and third stage combustion is not fully
understood.

It is very likely that the region right after the first-stage combustion

consisted of both liquid and gas materials. Because the products after the second-stage
combustion appeared to be clear and transparent, they should be gaseous. The second
stage could involve the physicochemical processes which convert liquid droplets into
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gases and raise the transparent product temperature. The third-stage combustion is a gasphase reaction to generate luminous flame. In terms of chemical reaction, since the
temperature was getting higher after each stage, these stages should the represent
different extent of oxidation of the fuel and/or its fragments, because additional chemical
energy was released with further oxidation and transferred to sensible enthalpy. The
lengths of the different zones correspond to the induction time of the combustion stage
converting the product of this zone into the next zone.
Although the sequential reaction characteristics of the combustion of the HANbased liquid propellants were well recognized, the global phenomena of staged
combustion of HAN-based liquid propellant would not have been observed if the
induction times of the second and third stages are very short. As demonstrated by the
pressure dependency of the lengths of different zones (Figure 2-6), different stages could
coalesce into one if the induction time is sufficiently shortened by the increase of
pressure. Since the regression of the front was driven by the first-stage reaction, namely
HAN decomposition, the reaction time scale associated with the aforementioned reaction
must be significantly shorter than the induction times of later stages.
The time scale for first-stage combustion was estimated using the thermal wave
thickness and apparent burning rate:

t1st =

l th
rb

( 5.15 )
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By assuming an exponential temperature profile beneath the regression front, the
thermal wave thickness was estimated at the location where the temperature difference
from the initial temperature is 0.01 times of the difference between surface temperature
and initial temperature. Therefore,

 rl 
exp − b th  = 0.01
 α 
4.61α
⇒ lth =
rb

( 5.16 )

Substituting Eq. (5.16) into Eq. (5.15), the following expression is obtained:

t1st =

4.61α
rb2

( 5.17 )

The time scale for second-stage combustion was estimated as the time needed for
the conversion of the quiescent dark-colored products to transparent products. The
beginning of this period was marked by the consumption of the liquid propellant by the
first-stage combustion.

The end of this period was marked by the appearance of

temperature peak corresponding to the conversion of dark-colored products into
transparent ones after the consumption of liquid propellant.
Using the method described above, the reaction time scales corresponding to the
first and second stages of combustion for XM46 at 13.89 MPa were estimated using the
temperature traces shown in Figure 2-8(a) and the burning rate at this pressure. The
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thermal diffusivity of XM46, calculated from the properties found in [5.4], is 0.0011
cm2/s.

From the burning rate data of Figure 2-4, t1st was estimated to be around

2×10−5 sec, or 2×10−2 msec. The reaction time scale for second-stage combustion, t 2 nd ,
was estimated to be around 60 msec. Therefore, the reaction time scale for the secondstage combustion was about three orders of magnitude higher than that of the first-stage
combustion. The reaction time scale estimations confirmed the logical deduction from
the observed staged-combustion characteristics.
Since the first stage was dominated by HAN decomposition and the later stages
by fuel oxidation, the reaction time scale for fuel oxidation was much longer than that of
HAN decomposition.

The difference was related to the capability of HAN

decomposition to initiate and propagate at relatively low temperatures.
temperatures, the ordinary gaseous flame would be quenched.

At these

This capability was

demonstrated by a relatively low product temperature after the first-stage combustion and
the flashback phenomena of XM46. Although one could attribute the difference solely to
a very low activation energy for HAN decomposition, the differences between the
burning rate trend of XM46 and the trend of the product temperature after the first-stage
combustion seem to indicate an additional effect.

Form Figure 2-11, the product

temperature after the first-stage combustion increased with increasing chamber pressure
between 7 and 18 MPa. In this pressure range, however, the apparent burning rate
decreased with increasing chamber pressure (Figure 2-4). Because it is expected that the
surface temperature follows a similar trend to the product temperature, increasing the
product temperature should give a increasing burning rate if low activation energy is the
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only reason contributed to the reaction time scale difference. The additional effect was
the autocatalytic characteristic of HAN decomposition [5.3, 5.5].

Because of the

existence of the catalyst generated in the decomposition process, the apparent activation
energy could be varied at different pressure. In addition, the propagation of the reaction
front was not only driven by the temperature gradient, but also by the diffusion of the
catalyst. The diffusion-controlled traveling reaction front of HAN decomposition has
been demonstrated in a nearly isothermal dilute solution [5.6, 5.7, 5.8]. Therefore, the
propagation of the HAN decomposition did not totally rely on the temperature gradient,
resulting in its capability to propagate under relatively low temperature condition.
In summary, all of the three HAN-based liquid propellants exhibited stagedcombustion characteristics.

The first stage was dominated by HAN decomposition,

followed by the oxidation of fuel to different extents at later stages. The observed staged
combustion characteristics were the result of the reaction time scale differences between
the first stage and later stages. The differences were related to the capability of HAN
decomposition to initiate and propagate at relatively low temperature, which is the result
of the autocatalytic characteristic of the HAN decomposition.

5.5 PERFORMANCE OF LIQUID PROPELLANTS

In rocket propulsion, a major figure of merit is specific impulse, which is defined
as [5.9]:
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I s = F m& g 0 = v 2 g 0 + ( p 2 − p3 )A2 (m& g 0 )

( 5.18 )

where

F: thrust
m& : propellant mass flow rate
g 0 : standard acceleration of gravity
p 2 , v 2 , A2 : pressure, exhaust velocity, and area at the exit of the nozzle,
respectively.
p3 : atmosphere pressure

If p 2 equals to p3 , the specific impulse is proportional to the exhaust velocity v 2 .
Assuming ideal gas and isentropic expansion, the exhaust velocity can be expressed as
[5.9]:

v2 =

γ −1


2γ Ru T1   p 2  γ 
1−  
(γ − 1) M w   p1  



( 5.19 )

where γ is the specific heat ratio, Ru the universal gas constant, M w the molecular
weight of the gas, and T1 and p1 are the temperature and pressure at the entrance of the
nozzle, respectively. From equation 5.19, the specific impulse is proportional to the
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square root of the nozzle entrance temperature and inversely proportional to the square
root of the molecular weight of the gas.
For gun propulsion systems, the goal is to provide enough kinetic energy to the
projectile. Thermodynamically, this can be modeled by a constant-volume heat addition
of the gas in the combustion chamber, followed by an adiabatic expansion of the gas.
The work done by the expansion of the gas is the source of the kinetic energy of the
projectile. The work done per unit mass of the gas is [5.10]:

γ −1
Ru T A   V A  
1 −   
w=
M w (γ − 1)   VB  



( 5.20 )

where subscript A denotes the properties of the gas after the heat addition and before the
expansion, and subscript B denotes those after the expansion. From equation (5.20), the
work is proportional to the quantity Ru T A M W , which is called the impetus of the
propellant [5.10]. Impetus is a figure of merit for a propellant in gun propulsion.
From the previous discussions, although the figures of merit for rocket and gun
propulsion are derived from different configurations (open and closed systems) and
different quantities (force and work), they show that, for both propulsion applications, the
propelling gas with a higher temperature and a lower molecular weight gives a better
performance.
Although the HAN-based liquid propellants investigated in this study have
suitable adiabatic flame temperatures for propulsion applications, the staged combustion
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characteristics could hinder the performance of the propellants. Because of the induction
time between stages, the time needed for the products to reach the final flame
temperature is prolonged. In rocket propulsion systems, this may result in a loss in the
specific impulse because the products may not have enough time to reach the final flame
temperature before entering the nozzle. Another view is that this may increase the weight
of propulsion system due to the length requirement of the combustion chamber for
complete combustion, which is not desirable either. In gun propulsion systems, the
problem is less severe, because the propelling process can be modeled as the gas
expansion in a closed system. All the energy released is considered as heat addition to
the closed system, which contributes to the work done on the projectile. However, the
staged combustion characteristics can result in a less efficient propulsion system. This is
because the projectile may start moving due to the first-stage heat release. In other
words, the heat release at later stages is added to a system with a larger volume. This
means that the pressure will not rise as high as the situation where all the heat is released
in a single stage, resulting in a less efficient propulsion system. Therefore, stagedcombustion characteristics are not beneficial to both rocket and gun propulsion systems.
In order to enhance the performance of HAN-based liquid propellants, the stagedcombustion characteristics need to be reduced or minimized.
As discussed in Section 5.4, the staged combustion characteristics resulted from
the sequential reaction kinetics and the time scale difference between HAN
decomposition and the oxidation of the fuel components. In order to reduce or minimize
the staged-combustion characteristics, the time for the fuel oxidation in the second and
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the third stage needs to be reduced, and/or the time scale for HAN decomposition needs
to be prolonged.

In other words, the faster fuel oxidation and slower HAN

decomposition are desirable.
As discussed in Section 5.4, one of the reasons that the HAN decomposition is
much faster than the fuel oxidation is its autocatalytic characteristic. Because of the
existence of the catalyst, the apparent activation energy is reduced, enabling the onset of
the reaction at relatively low temperatures.

If somehow the concentration of the

autocatalyst near the front can be reduced, the apparent activation energy will be
increased. Because of the increase of the apparent activation energy, the temperature
needed to develop a self-sustainable front is higher.

Therefore, higher surface and

product temperatures of the first stage combustion can be expected.

With higher

temperatures, the oxidation of the fuel is promoted and the time scale shortened. With
the difference in time scale reduced, the stage-combustion characteristics are expected to
be reduced, rendering higher performances in propulsion system.
Following this line of thought, several possible ways to improve the performance
are suggested as follows. The first possible way to improve the performance is to find
fuel components that have the nitrous acid-scavenging capability (but without the
autocatalytic side of the reaction).

Nitrous acid is the catalyst in the autocatalytic

decomposition of HAN [5.3]. Therefore, fuel components that consume nitrous acid will
lower the concentration of the autocatalyst around the decomposition front.
The second way is to find fuels that react easily with NO2. As discussed in
Section 5.3, the interaction of fuel components with HAN could reduce the production
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rate of nitrous acid, and the increase of (k10[Fuel]) decreases the production rate of
nitrous acid according to the proposed model. With the reduction of nitrous acid, the
autocatalytic characteristic is reduced and the decomposition of HAN retarded. Choosing
fuel components that are readily oxidized by NO2 is essentially increasing the value of k10
in the proposed model.
Similarly, the third possible way to improve the performance is to change the
propellant formulation to slightly fuel-rich composition. Increasing the fuel percentage
essentially means increasing the concentration of fuel ([Fuel]) in the proposed model. It
is noted that while the increase of the fuel concentration might reduce the autocatalytic
characteristic of HAN decomposition, it also increases the possibility of soot formation
during the combustion process. Therefore, it is obvious that there is a limit in applying
this proposed method. Intuitively, slightly fuel-rich compositions could be considered for
future applications, especially for fuels generating hydrogen gas.
In summary, the staged-combustion characteristic of the propellants was not
beneficial for the performance in either rocket or gun propulsion systems. Because the
staged-combustion characteristic was the result of the autocatalytic decomposition of
HAN, the reduction of the autocatalytic behavior improves the performance of the
propellants. Based upon the simple kinetic model of HAN/fuel interaction, three possible
ways of improvement are proposed. The first is utilization of nitrous acid-scavenging
fuel, the second is the consideration of fuels which would react more readily with NO2,
and the third is the increase of fuel percentage in the propellant formulation to slightly
fuel-rich compositions.
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5.6 SURFACE INSTABILITY

In addition to the chemical mechanism discussed in the previous section, surface
instability can contribute to the variation of the burning rate measured. Vosen [5.11,
5.12, 5.13] has pointed out that the measured burning rate (apparent burning rate) may
not be the true linear burning rate due to surface corrugation. If the true linear burning
rate normal to the surface is constant everywhere on the surface, a corrugated surface will
give an enhanced mass burning rate. The enhanced mass burning rate divided by the
density of propellant and the apparent burning area (cross-sectional area) will give an
apparent burning rate higher than the true linear burning rate. In this section, some of the
classical linear instability theories on combustion front are reviewed and discussed.

5.6.1 Landau Instability

Landau [5.14] studied the instability of the premix flame front. In his analysis, he
assumed that the flame is very thin, such that it can be considered as a hydrodynamic
discontinuity. The temperature gradient was assumed to be present only in the flame. In
other words, the temperatures of the reactant and product are uniform. Therefore, the
energy equation is not considered in the analysis. Furthermore, the propagation speed
normal to the front was assumed to be constant. Landau assumed that the flow is
incompressible in both reactant and product regions since the velocity of the product
would be much smaller than the speed of sound if the combustion front propagates
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slowly. The flow field he considered is two-dimensional, as shown in Figure 5–2.
Hereafter, subscript 1 denotes the properties in the reactant side, and subscript 2 denotes
those in the product side.
With the aforementioned assumptions, the governing equations can be written as

∂u j

∂v j

=0
∂x
∂u j
∂u j
1 ∂p j
+uj
+ vj
=−
∂t
∂x
∂y
ρ j ∂x

∂x
∂u j
∂v j
∂t

+

+uj

∂v j
∂x

+ vj

∂v j
∂y

=−

( 5.21 )

1 ∂p j
ρ j ∂y

j = 1,2

The boundary conditions and interfacial conditions are

u1 → U 1 , v1 → 0 as x → −∞
u 2 → U 2 , v 2 → 0 as x → ∞
ρ1u1 = ρ 2 u 2 = m = const at x = 0
p1 − p 2 = ρ 2 u 22 − ρ1u12 at x = 0
ρ 2 u 2 v 2 − ρ1u1v1 = 0 at x = 0

( 5.22 )
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Figure 5–2: Schematic diagram of the Landau instability analysis

The trivial solution of this system is

m = ρ1U 1

m = ρ 2U 2

u1 = U 1

u2 = U 2 =

v1 = 0

v2 = 0

p1 = p 0

ρ

p 2 = p 0 − ρ1U 12  1 − 1
 ρ2


ρ1
U1
ρ2

( 5.23 )
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Assuming infinitesimal perturbations are added to the trivial solution:

u1 = U 1 + u1′

u 2 = U 2 + u 2′

v1 = v1′

v 2 = v 2′

p1 = p 0 + p1′


ρ
p 2 = p 0 − ρ1U 12  1 − 1 + p 2′

 ρ2

( 5.24 )

where primes denote the perturbation components which are much smaller than the trivial
solution terms.
Substituting these terms back into the governing equations, boundary conditions
and interfacial conditions and eliminating higher order terms gives
∂u ′j

∂v ′j

=0
∂x
∂u ′j
1 ∂p ′j
+ u ′j
=−
∂t
∂x
ρ j ∂x
′
′
∂v j
∂v j
1 ∂p ′j
+ u ′j
=−
∂t
∂x
ρ j ∂y
j = 1,2

( 5.25 )

u1′ → 0, v1′ → 0, p1′ → 0 as x → −∞
u ′2 → 0, v 2′ → 0, p 2′ → 0 as x → ∞
∂ζ
u1′ = u 2′ =
at x = 0
∂t
∂ζ
∂ζ
= v 2′ + U 2
v1′ + U 1
at x = 0
∂y
∂y
p1′ − p ′2 = 0 at x = 0

( 5.26 )

∂x
∂u ′j

+
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Using the method of normal modes, the solution was found to be

iky − UΩ x + Ωt

u1′ = Ae iky + kx +Ωt

u 2′ = Be iky − kx + Ωt + Ce

v1′ = iAe iky + kx + Ωt

v ′2 = −iBe iky − kx + Ωt −

Ω

p1′ = − Aρ1 U 1 + e iky + kx +Ωt
k


Ω

p ′2 = − Bρ 2 U 2 − e iky − kx + Ωt
k


2

iΩC iky − UΩ2 x + Ωt
e
kU 2

( 5.27 )

and ζ = Deiky + Ωt

Substituting into interfacial conditions gives

A = B + C = DΩ
Ω
Ω


− Aρ1 U1 +  = − Bρ 2 U 2 − 
k
k


iΩC
iA + U1ikD = −iB −
+ U 2ikD
kU 2

( 5.28 )

Eliminating A, B and C gives

{Ω (U
2

1

}

+ U 2 ) + 2ΩU 1U 2 k + k 2U 1U 2 (U 1 − U 2 ) D = 0

( 5.29 )

Since D = 0 gives the trivial solution, the summation of the terms in the square
bracket needs to be zero. Solutions of Ω/k are
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2
2
2
Ω − U1U 2 ± (U1U 2 ) − U1U 2 (U1 − U 2 )
=
k
U1 + U 2

( 5.30 )

For combustion system, exothermic reactions are involved in the flame front.
Therefore, product temperatures are generally higher than reactant temperature, and
product densities are lower than reactant densities. Therefore, U2 > U1, which in turn
means

(U1U 2 ) 2 − U1U 2 (U12 − U 22 ) > U1U 2 . Thus, there will always be a positive root for

Ω/k. The system is always unstable.
The physical interpretation of the Landau instability can be understood as follows.
Landau’s formulation considered only continuity and momentum equations. Therefore,
the instability is purely hydrodynamic. The instability arises from the inertia of the fluid.
On the interface, the perturbed velocity components and surface location are

u1′,0 = Ae iky + Ωt = Ae Ωt (cos ky + i sin ky )
v1′,0 = iAe iky + Ωt = Ae Ωt (− sin ky + i cos ky )
ζ = De iky +Ωt = De Ωt (cos ky + i sin ky )
∂ζ
⇒
= ikDe iky + Ωt = Dke Ωt (− sin ky + i cos ky )
∂y

( 5.31 )

It is found that the velocity component v1′,0 and the y-derivative of the surface
location ∂ζ ∂y are of the same functional form. Therefore,
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∂ζ ∂y > 0 ⇒ v1′,0 > 0 ; and
∂ζ ∂y < 0 ⇒ v1′,0 < 0

( 5.32 )

As shown in Figure 5–3, the y-velocity component at the interface is going
upward at point I, and going downward at point III.
As dictated by the tangential momentum conservation across the interface,

v1′ + U1

∂ζ
∂ζ
at x = 0 ; or
= v2′ + U 2
∂y
∂y

∂ζ
v2′ , 0 − v1′, 0 = −(U 2 − U1 )
∂y

( 5.33 )

Therefore, the difference of y-velocity components across the interface is of the
opposite sign with the slope of the perturbed interface (if U2 > U1). With suitable initial
disturbance, (U 2 − U1 ) ∂ζ ∂y may be significant enough that v2′ , 0 < 0 for v1′, 0 > 0 and
v2′ , 0 > 0 for v1′, 0 < 0 , as shown in Figure 5–3. In this case, the motion of the product in ydirection causes the mass to accumulate toward point II. The accumulation further
pushes the interface around point II into the reactant region, causing the increase of the
magnitude of ∂ζ ∂y .

As the slope increases, the y-velocity difference across the

interface intensifies further and forms a vicious cycle. Therefore, the system becomes
unstable.
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Figure 5–3: Physical explanation of Landau instability.
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In the second part of his paper, Landau included gravity and surface tension in his
analysis to simulate the combustion of liquids. With similar assumptions, the governing
equations become

∂u j

∂v j

=0
∂x
∂u j
∂u j
1 ∂p j
+uj
+ vj
=−
−g
∂t
∂x
∂y
ρ j ∂x

∂x
∂u j
∂v j
∂t

+

+uj

∂v j
∂x

+ vj

∂v j
∂y

=−

( 5.34 )

1 ∂p j
ρ j ∂y

j = 1,2

The trivial solution of the system is

m = ρ1U 1

m = ρ 2U 2

u1 = U 1

u2 = U 2 =

v1 = 0

v2 = 0

p1 = p 0 − ρ1 gx

ρ

p 2 = p 0 − ρ1U 12  1 − 1 − ρ 2 gx
 ρ2


ρ1
U1
ρ2

( 5.35 )

Similarly, perturbation terms can be added to the terms of trivial solution.
Substituting into the governing equations gives
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∂u′j

∂v′j

=0
∂x
∂u ′j
1 ∂p′j
+ u′j
=−
∂t
∂x
ρ j ∂x

∂x
∂u ′j
∂v′j
∂t

+

+ u ′j

∂v′j
∂x

=−

( 5.36 )

1 ∂p′j
ρ j ∂y

j = 1,2

which is the same as the case without gravity and surface tension. The reason why the
gravitational acceleration does not appear in the equations is that it is cancelled out by the
derivative of the pressure in the trivial solution. However, the gravitational force and
surface tension have influence on the normal momentum conservation across the
interface. The interfacial conditions are:

∂ζ
∂t
∂ζ
∂ζ
v1′ + U1
= v2′ + U 2
∂y
∂y

u1′ = u′2 =

at x = 0

( 5.37 )

∂ 2ζ
p1′ − p2′ = (ρ1 − ρ 2 ) gζ − γ 2
∂y

Here, γ denotes surface tension.
Because the governing equations for perturbation terms are the same as those of
the system without gravity and surface tension, the solutions for the individual terms are
the same. Substituting them into the interfacial conditions gives the following equations:
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A = B + C = DΩ
Ω
Ω


− Aρ1 U1 +  + Bρ 2 U 2 −  = (ρ1 − ρ 2 )gD + γk 2 D
k
k


iΩC
iA + U1ikD = −iB −
+ U 2ikD
kU 2

( 5.38 )

Eliminating A, B, and C, the following equation is obtained:

 2

k 3U1U 2
+ k 2U1U 2 (U1 − U 2 )  D = 0
Ω (U 1 + U 2 ) + 2ΩU1U 2 k + (U 2 − U1 ) kg + γ
m


( 5.39 )

Here m is the mass flux, m = ρ1U1 = ρ 2U 2 . The solutions for Ω are



k 3U1U 2
− U1U 2 k ± (U1U 2 k ) 2 − (U1 + U 2 ) (U 2 − U1 )kg + γ
+ U1U 2 k 2 (U1 − U 2 )
m


Ω=
U1 + U 2

( 5.40 )

From the above equation, it can be shown that if Ω’s are complex numbers, then
the real parts of them are negative numbers; hence the system is stable. If Ω’s are real
numbers, they cannot both be positive numbers, because the summation of the two roots
is
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Ω1 + Ω 2 =

− 2U1U 2 k
<0
U1 + U 2

( 5.41 )

Therefore, these two roots are either both negative or of different signs. If the
system is stable, the corresponding Ω’s must both be negative. In other words, the
product of these two roots is positive. Hence, the stability criterion for this system is

k 3U1U 2
(U 2 − U1 )kg + γ
+ U1U 2 k 2 (U1 − U 2 ) > 0
m

( 5.42 )

The above inequality is equivalent to

2

 kγ   U 2  kγ  U1  γ g

 − 

− 1
+ 1 −
>0
2
 mU1   U1  mU1  U 2  mU1 U1

( 5.43 )

Figure 5–4 shows the stability boundaries of this system. The neutral stability
curves are presented as curves in the

different c value, where c =

U2
kγ
–
plane. Each curve corresponds to a
U1
mU1

γ g
. It is found that the gravity-stabilized region was
mU 1 U 12

extended by the increase of c value. It appears that the surface tension-stabilized region
is not extended by the increase of c because the wave number is normalized by

γ
.
mU 1
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Figure 5–4: Stability boundaries: invicid, different c.
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From the physical point of view, the inclusion of gravity and surface tension does
not change the mechanism of the instability. The instability still arises from the inertia of
the fluid motion. Gravity and surface tension serve as stabilizing factors, since both of
them tend to cause the surface to be flat as undisturbed. However, gravity has more
pronounced stabilizing effects on small wave number disturbances, while surface tension
has more pronounced effects on large wave number disturbances. As can be seen in
Figure 5–4, the stable region increases with decreasing wave number for

increases with the increasing wave number increases for

kγ
<10-1, and
mU1

kγ
>10.
mU1

5.6.2 Extension of Landau Instability

To examine the hydrodynamic instability of a more realistic system, Landau’s
analysis was extended by including the viscosity in the formulation. The governing
equations of this system are

∂u j

∂v j

=0
∂x
 ∂ 2u j ∂ 2u j
∂u j
∂u j
1 ∂p j
+uj
+ vj
=−
− g + ν j 2 + 2
 ∂x
∂t
∂x
∂y
ρ j ∂x
∂y


∂x
∂u j
∂v j
∂t

+

+uj

j = 1,2

∂v j
∂x

+ vj

∂v j
∂y

 ∂ vj ∂ vj
1 ∂p j
+ ν j 2 + 2
 ∂x
ρ j ∂y
∂y

2

=−

2











( 5.44 )
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Similar to previous cases, subscript 1 denotes reactant, and 2 denotes product.
It can be shown that the trivial solution for invicid case with gravity and surface
tension also fulfills the above governing equations because there is no velocity gradient.
Similarly, perturbation terms are added and plugged into the governing equations. After
crossing out the higher order terms, the governing equations for perturbation terms are

∂u′j
∂x
∂u′j

+

∂v′j
∂x

=0
∂u′j

 ∂ 2u ′j ∂ 2u ′j
1 ∂p′j
+U j
=−
+ ν j 2 + 2
 ∂x
∂t
∂x
ρ j ∂x
∂y






 ∂ 2 v′j ∂ 2 v′j 
∂v′j
∂v′j
1 ∂p′j
+U j
=−
+ ν j 2 + 2 
 ∂x
∂t
∂x
ρ j ∂y
∂y 

j = 1,2

( 5.45 )

All the perturbation terms vanish at far field.
Using the method of normal modes, the solution of the above governing equations
is:
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p1′ = Aeiky + kx + Ωt
u1′ = Be iky + αx + Ωt −

p2′ = Ce iky − kx + Ωt
A

e iky + kx + Ωt

Ω

ρ1  U1 + 
k

iαB iky + αx + Ωt
iA
v1′ =
e
e iky + kx + Ωt
−
Ω
k


ρ1 U1 + 
k


where α =

U1 + U12 + 4ν1 (k 2 ν1 + Ω)
2ν1

u 2′ = Deiky +βx + Ωt −

C

e iky − kx + Ωt
Ω

ρ 2 U 2 − 
k

iβD iky +βx + Ωt
iC
v2′ =
e
e iky − kx + Ωt
+
Ω
k


ρ 2 U 2 − 
k


where β =

U 2 − U 22 + 4ν 2 (k 2 ν 2 + Ω)
2ν 2

ζ = Eeiky + Ωt
( 5.46 )

Because of the inclusion of viscosity, the interfacial conditions need additional
attention. The continuity is still the same:

u1′ = u2′ =

∂ζ
at x = 0
∂t

( 5.47 )

To consider the conservation of normal and tangential momentums, one has to
first consider the stress in the flow field. For incompressible flow, the stress tensor can
be expressed in tensor (or indicial) notation:

 ∂u ∂u j 

σij = − pδ ij + µ i +
 ∂x

∂
x
i 
 j

( 5.48 )
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Consider an infinitesimal surface in a two-dimensional flow field, as shown in
Figure 5–5. Then it can be shown that the normal and tangential stresses are

σ n = − p + 2µ

 ∂u ∂v 
∂u
∂v
cos 2 θ + 2µ sin 2 θ − 2µ +  sin θ cos θ
∂x
∂y
 ∂y ∂x 

 ∂u ∂v 
 ∂u ∂v 
σ s = 2µ −  sin θ cos θ + µ +  cos 2 θ − sin 2 θ
 ∂x ∂y 
 ∂y ∂x 

(

)

( 5.49 )

When θ is very small, sin θ ≈ tan θ and cos θ ≈ 1 . Therefore,

σ n = − p + 2µ

 ∂u ∂v 
∂u
∂v
+ 2µ tan 2 θ − 2µ +  tan θ
∂x
∂y
 ∂y ∂x 

 ∂u ∂v 
 ∂u ∂v 
σ s = 2µ −  tan θ + µ +  1 − tan 2 θ
 ∂x ∂y 
 ∂y ∂x 

(

( 5.50 )

)

The conservation of normal momentum can be written as

σn

x =ζ +

− σn

x =ζ −

∂ 2ζ
+γ 2
∂y


∂ζ ∂ζ 
= ρ 2  u2 − v2
− 
∂y ∂t 


2

x =ζ +


∂ζ ∂ζ 
= ρ 2 U 2 + u 2′ − v′2
− 
∂y ∂t 

≈ ρ 2U 22 − ρ1U 22


∂ζ ∂ζ 
− ρ1  u1 − v1
− 
∂y ∂t 

2

x =ζ +

2

( 5.51 )

x =ζ +


∂ζ ∂ζ 
− ρ1 U1 + u1′ − v1′ − 
∂y ∂t 


2

x =ζ −
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Figure 5–5: An infinitesimal surface in a two-dimensional flow field.

In the equation, u ′2 and u1′ are cancelled out with ∂ζ ∂t because of continuity,
and terms of v1′ (∂ζ ∂y ) and v2′ (∂ζ ∂y ) are dropped because they are higher order terms.
Substituting perturbed velocities and tan θ = ∂ζ ∂y into the expression of normal
stresses, one can obtain the following expressions after neglecting higher order terms:

σn
σn

x =ζ +

x =ζ −

∂u ′ 

≈ − p2 + 2µ 2 2 
∂x  x =ζ +

∂u ′ 

≈ − p1 + 2µ1 1 
∂x  x =ζ −


( 5.52 )

Therefore, the final form of the conservation of normal momentum becomes
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p1′ x =0 − − p2′

∂u ′
+ (ρ 2 − ρ1 )gζ + 2µ 2 2
∂x

x =0+

x =0 +

∂u ′
− 2µ1 1
∂x

x =0 −

∂ 2ζ
+γ 2 =0
∂y

( 5.53 )

The conservation of tangential momentum can be written as

σs

x =ζ +

− σs

x =ζ −

 

∂ζ ∂ζ  ∂ζ
= ρ 2  u 2 − v 2
−  u 2
+ v 2 
∂y ∂t  ∂y
 x =ζ +
 
 

∂ζ ∂ζ  ∂ζ
− ρ1  u1 − v1
−  u1
+ v1 
∂y ∂t  ∂y
 x =ζ −
 

( 5.54 )

With similar procedures, the final form of the conservation of tangential
momentum is expressed as follows:

 ∂u′ ∂v′ 
 ∂u ′ ∂v′ 
µ2  2 + 2 
− µ1  1 + 1 
 ∂y ∂x  x =0+
 ∂y ∂x  x =0−
 ∂ζ
= ρ 2U 2 U 2
+ v2′
 ∂y


 ∂ζ

 − ρ1U1 U1
+ v1′ x =0− 
x =0 + 

 ∂y


( 5.55 )

Besides normal and tangential momentum conservations, the non-slip condition at
the interface needs to be applied:

U2

∂ζ
+ v2′
∂y

x =0+

= U1

∂ζ
+ v1′ x =0−
∂y

( 5.56 )
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Therefore, the tangential momentum conservation becomes:

 ∂u ′ ∂v′ 
 ∂u ′ ∂v′ 
µ2  2 + 2 
− µ1  1 + 1 
=0
 ∂y ∂x  x =0+
 ∂y ∂x  x =0−

( 5.57 )

Substituting the solution of all the perturbation terms into interfacial conditions,
the following equations are obtained:

−A
Ω

ρ1 U1 + 
k


+B=

−C
Ω

ρ 2 U 2 − 
k


+ D = ΩE



kC
A − C + (ρ 2 − ρ1 )gE + 2µ 2 β D +

ρ 2 (U 2 − Ω k )



kA
 − γk 2 E = 0
− 2µ1  αB −
ρ1 (U1 + Ω k ) 



ikC
iβ 2 D
ikC
µ 2 ikD −
+
−

ρ 2 (U 2 − Ω k )
k
ρ 2 (U 2 − Ω k ) 



ikA
iα 2 B
ikA
− µ1 ikB −
+
−
=0
ρ1 (U1 + Ω k )
k
ρ1 (U1 + Ω k ) 

iβ D
iC
iα B
iA
U 2ikE +
+
= U1ikE +
−
k
ρ 2 (U 2 − Ω k )
k
ρ1 (U1 + Ω k )

( 5.58 )
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These equations can be rearranged and represented in matrix form:

−1


Ω

 ρ1 U1 + 
k



0



2µ1k

1 + 
Ω
 ρ1 U1 + 
k



2µ1ik

 ρ U + Ω 
 1 1 k 

i

 ρ U + Ω 
1
1
k



1

0

0

− 2µ1α

iα 2 

− µ1  ik +
k 

− iα
k






−Ω

  A
 
2  B 
(ρ2 − ρ1 )g − γk 
 =0
 C 
 D
 
0
 E 



ik (U 2 − U1 ) 


−Ω

0

−1
1
Ω

ρ 2 U 2 − 
k

2µ 2 k
2µ 2β
−1 +
Ω

ρ 2 U 2 − 
k


− 2µ 2ik
iβ 2 

µ 2  ik +
Ω
k 


ρ 2 U 2 − 
k

i
iβ
Ω
k


ρ 2 U 2 − 
k


( 5.59 )

To have non-trivial solutions of variables A through E, the determinant of the
coefficient matrix has to be zero. From this condition, the disturbance growth rate Ω can
be solved as a function of m(=ρ1U1=ρ2U2), U1, U2, ν1, ν2, γ, g, and k.

Using

Buckingham’s pi theorem, the above system can be reduced to

π 6 = f ( π1 , π 2 , π 3 , π 4 , π 5 )
π1 =

U2
U1

π2 =

ν2
ν1

π3 =

gν 1
U 13

π4 =

γ
mν 1

π5 =

ν1k
U1

π6 =

ν1Ω
U 12

( 5.60 )

The values of π6 were solved numerically with different sets of specific π1
through π5 . With further iterations, the neutral stability locus (where Re(π6 ) = 0 ) in
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(π1 , π 2 ,L , π5 ) space can be found. However, with 5 degrees of freedom, it is very
difficult to present the overall neutral stability locus. Furthermore, the time and effort to
construct a complete stability locus would be enormous. Therefore, an alternative way of
presenting the results was adopted. The neutral stability curves on π1 - π5 plane are
plotted. Curve corresponding to π 2 = π3 = π 4 = 1 was chosen to be the base curve. To
present the effect of individual parameters on the neutral stability curve, one of the three
parameters was varied while the other two were hold constant. In order to compare the
results with those of the invicid system with gravity and the surface tension effect, the
horizontal axis of the plot was changed to (π 4 ⋅ π 5 ) = kγ mU 1 , and the three parameters
chosen were π 2 , π 4 , c(= π3 ⋅ π 4 =

γ g
).
mU1 U12

Figure 5–6 shows the neutral stability curves for c=1, π 4 = 1 , and different π 2 .
First of all, the neutral stability curves still exhibit similar trend when compared with the
invicid system. In general, the inclusion of viscosity extends the stable region. As π 2
increases, the curve moves upward, extending the stable region. Although it has not been
rigorously proven, the trend implies that as π 2 → 0 , the neutral stability curve
approaches the invicid curve.

The variation of the neutral stability curve with π 2

suggests that the viscosity of the product has more significant stabilizing effect than the
viscosity of the reactant. As discussed previously, the instability arises from the inertia of
the fluid. The velocity difference in y-direction across the interface is amplified by the
velocity difference of the mean flow, causing local accumulation in the product region.
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Therefore, it is reasonable that the viscosity of the product has a more significant
stabilizing effect, since it will retard the motion of the fluid in the product side and
alleviate the local accumulation. Another feature noted is that the curves of different π 2
converge as (π 4 ⋅ π 5 ) decreases.

Because (π 4 ⋅ π 5 ) can be interpreted as the non-

dimensional wave number, this indicates that viscosity has more pronounced stabilizing
effects on high wave number modes.
Figure 5–7 shows the curves of various π 4 . Features similar to Figure 5–6 are
observed. As π 4 increases, the curve approaches the invicid curve. Because both
viscosity and surface tension have a stabilizing effect on high wave number modes, the
effect of surface tension becomes more pronounced as π 4 increases.

Thus, as π 4

increases, the influence of viscosity on stability reduces, resulting in the observed trend.
Figure 5–8 shows the effect of c variation on the neutral stability boundary.
Plotted together with these curves are the invicid curves of corresponding c. Similar to
what is observed in Figure 5–4, the increase of c moves upward to the portion of the
curve corresponding to small wave numbers, and the curves of different c converge as the
non-dimensional wave number increases.

As the non-dimensional wave number

decreases, the curve converges with the invicid one of the same c value.
One thing that needs to be pointed out is that the instabilities discussed so far are
all cellular instabilities. That is, for a set of parameters to give an unstable mode, the
solution is not oscillating (Im(Ω)=0). This is because the instability arises from the
inertia of the fluid. No forces other than gravity and surface tension can pull the bulged
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surface back and cause oscillation. When the system is unstable, the inertia outplays
gravity and surface tension; hence there are no oscillating instability modes.

5.6.3 Reactive/Diffusive Instability

Armstrong and Margolis [5.15] further extended the linear instability analysis of
the combustion front. In their mathematical model, they included not only the gravity,
surface tension and viscosity, but also the energy equation and thermal conductivity.
Burning rate was assumed to be a function of local surface temperature, which essentially
relaxed the assumption of constant burning rate on the interface.

After non-

dimensionalizing the governing equations and applying procedures similar to the linear
instability analysis discussed in the previous sections, a system of algebraic equations
was obtained.

The behavior of the system of equations was controlled by many

parameters, including those that appeared in hydrodynamic stability analysis: density
ratio across the interface, non-dimensional gravity, and surface tension. Because of the
addition of the energy equation, ratios of the thermal diffusivity, heat capacity and
temperature across the interface and Prandtl numbers of reactant and product (Prl and Prg,
respectively) come into play. The temperature dependency of the burning rate affected
the stability of the system through the temperature sensitivity of the burning rate (Ξ).
Constructing the stability map on a multi-dimensional space is time consuming
and difficult to present. Because their focus was to study the effect of reaction and
diffusion, Armstrong and Margolis presented the stability map as curves on Ξ-wave
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number (k) plane with different values of Prl and Prg. Their results are shown in Figure
5–9. As shown in the figures, in addition to the cellular stability boundary, a pulsating
stability boundary was discovered.

At moderate temperature sensitivities, the

temperature dependency of the burning rate served as a stabilizing effect.

As the

temperature sensitivity of the burning rate increases, the interaction between the
temperature field and the temperature dependency of the burning rate overcompensated
the disturbances, causing the system to be unstable.
In Figure 5–9(b), the effect of diffusivity (thermal and momentum) is shown.
The solid lines correspond to Prl = Prg = 1, and dashed line to Prl = Prg = 10. As the
Prandtl numbers of product and reactant increases, the stability boundary extended. This
is reasonable because the viscosity has a stabilizing effect on the flow field.

5.6.4 Limitations and Possible Future Extensions of Instability Analysis

Through the analysis of linear instability, one can understand the basic
mechanism of how a system becomes unstable and what parameters and conditions
promote or suppress the instability. From the discussion in the previous sections, the
major destabilizing factor is identified as the fluid inertia. Gravity has a stabilizing effect
on long-wavelength disturbances, while surface tension and viscosity have stabilizing
effects on short-wavelength disturbances. The positive temperature sensitivity of the
burning rate is stabilizing at medium range but can trigger pulsating instability as it goes
higher
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of Armstrong and Margolis

(a)

(b)
Figure 5–9: Reactive/diffusive stability map [5.15].

263
and higher.

While all the analysis gives us a better idea on the dynamic of the

combustion front, it has some limitations. The analysis is based upon the assumption of
infinitesimal disturbances. As is commonly observed in the above analyses, one of the
results from this assumption is that all of the coefficients determining the magnitude of
perturbation terms are indeterminate. Because of that, the surface area enhancement by
instability cannot be resolved in the scope of linear analysis. Furthermore, for conditions
which are unstable, the analysis predicts an exponential growth of disturbances. As the
disturbances grow, they eventually will be big enough to violate the assumption. At the
stage when the disturbances are not infinitesimal, the non-linear terms cannot be
neglected. The non-linear effects provide additional dissipation mechanism to stop the
exponential growth of the disturbance, and the system reaches a statistically stationary
state.

Because the observed apparent burning rate did not exhibit exponential

acceleration, the instability of the reacting front would be in the non-linear regime.
Obviously non-linear simulation is needed to interpret the burning rate data in terms of
surface instability. However, it is beyond the scope of this study.
As discussed previously, the diffusion of the catalyst for the autocatalytic
decomposition of HAN could play an important role in the linear burning rate of HANbased liquid propellants. Therefore, in the future surface instability study, the mass
diffusion could be one of the areas to be explored. The tube confinement effect should
also be addressed.
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Chapter 6

CONCLUSIONS AND RECOMENDATIONS FOR FUTURE WORK

6.1 CONCLUSIONS

The combustion behavior of three HAN-based liquid propellants was investigated
through high-pressure combustion tests, temperature measurements of the reaction zone,
and chemical analysis of the species in recovered residues and in the pyrolysate of fresh
liquid propellants. The burning rate characteristics of these propellants as functions of
pressure were determined, and the controlling mechanisms of the burning rate were
investigated. The major findings for each individual propellant were summarized at the
end of preceding chapters (Chapter 2 for XM46, Chapter 3 for HANGLY26, and Chapter
4 for HAN269MEO15). Therefore, they are not repeated here. After comparing the
experimental results of these propellants and performing further analyses, several
additional conclusions can be summarized as follows.
1) The burning rate curves of the HAN-based liquid propellants shared some
common characteristics such as dome-like burning rate curves, negative slope
regions, and extremely high pressure exponents. Among the three propellant
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studied, HANGLY26 has the slowest burning rate with order-of-magnitude
differences from the other propellants for most pressures. This effect is attributed
to a higher apparent activation energy.
2) A simplified kinetic model of HAN/fuel interaction was proposed. Using the
steady-state assumption, the production rates of nitrous acid (HNO2) and
hydroxylammonium ion (NH3OH+) were solved in terms of reaction rate
constants and concentrations of stable species. It was shown that the production
rate of nitrous acid is reduced by the fuel oxidation reaction. In other words, the
increase of fuel concentration and/or kinetic rate constant of oxidation reaction
decrease the production rate of nitrous acid. Since nitrous acid is an important
species in the autocatalytic HAN decomposition reaction, the rate of production of
this species has a dominant effect on liquid propellant burning characteristics.
This understanding of the fundamental reaction mechanism can help the future
advancement of HAN-based liquid propellants.
3) All of the three HAN-based liquid propellants exhibited staged-combustion
characteristics.

The first stage was dominated by HAN decomposition with

partial oxidation of the fuel component, followed by further oxidation of the fuel
to a greater extent at later stages. The observed staged combustion characteristics
were caused by mainly by differences in the reaction time scales between the first
stage and later stages. The much shorter reaction time scale of the first stage was
caused by the autocatalytic characteristics of HAN decomposition, which enabled
the first-stage reaction to initiate and propagate at relatively low temperature.
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Because the temperature after the first-stage combustion was relatively low, the
reactions at the later stages were not highly promoted, resulting in a much longer
reaction time scale.
4) The staged-combustion characteristic of the propellants is not beneficial for the
performance of either rocket or gun propulsion systems.

Because the

autocatalytic decomposition of HAN is one of the main causes of the stagedcombustion characteristic, the reduction of the autocatalytic behavior improves
the performance of the propellants. Based upon the simple kinetic model of
HAN/fuel interaction, three possible ways of improvement are proposed. The
first is the utilization of nitrous acid-scavenging fuel; the second is the
consideration of fuels which would react more rapidly with the HAN
decomposition species such as NO2; and the third is the increase of fuel
percentage in the propellant formulation to slightly fuel-rich compositions.
5) The linear instability of the combustion front was studied by extending Landau’s
stability analysis. The stability maps were presented and discussed. Landau
instability arises from the inertia of the fluid. It is found from this study that
gravity has a stabilizing effect on long-wavelength disturbances, while viscosity
and surface tension also have a stabilizing effect on short-wavelength
disturbances.

The study of reactive/diffusive instability by Armstrong and

Margolis was reviewed.

As indicated by them, the positive temperature

sensitivity of the burning rate has a stabilizing effect but can trigger pulsating
instability as its value becomes higher than a certain level. The assumption of
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infinitesimal disturbances limited the direct use of the results obtained from the
instability analysis on the interpretation of the observed burning rate data. Nonlinear simulation and the consideration of mass diffusion of the autocatalyst are
suggested as possible areas for future instability analyses.

6.2 RECOMENDATIONS FOR FUTURE WORK

The combustion of HAN-based liquid propellants is a very complex phenomenon.
In order to better interpret the observed behavior and results, fundamental research of
reaction kinetics of HAN decomposition products with various fuel components is
needed. This includes experiments producing data useful for the estimation of different
kinetic parameters, construction of a more detailed kinetic scheme, validation of the
kinetic scheme through numerical simulation, comparison with existing experimental
data, and sensitivity analysis of different reaction pathways. The results of fundamental
research on reaction kinetics can serve as a knowledge base for other investigations, such
as the combustion front instability and optimization of the propellant formulation.
Meanwhile, works on alternative propellant formulations are also needed. This includes
the search for fuel components that react more readily with HAN decomposition products
and/or NO2, the search for additives to give better propellant performance, and testing of
slightly fuel rich formulations. In addition, the instability analysis incorporating the mass
diffusion of the catalyst of the autocatalytic decomposition of HAN and non-linear
instability simulation are also possible areas to explore.
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