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Abstract

A new composition of Hydroxyl Ammonium Nitrate (HAN) based solution containing Ammonium Nitrate (AN), Metha-
nol, and Water (H20) was developed for a monopropellant of reaction control system (RCS) as an alternative to conven-
tional Hydrazine. Burning rate of the solution is moderate at operating pressures of RCS thruster. Comparing this solu-
tion with hydrazine, Isp is 20%higher, the density is 1.4 times, the freezing point is much lower, and the toxicity is low,
which make this solution promising for RCS propellant.

Combustion mechanism of this solution was investigated. Burning behavior was observed using a medium speed cam-
era, and temperature profile of combustion wave was measured with a fine ¢2.5 microns thermocouple. From these re-
sults, the instability of liquid interface may trigger jumping of burning rate to violently high region, and methanol was

found to be effective to reduce the bubble growth rate in the solution.
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1. Introduction
HAN-based solution has been considered as candidates

for a monopropellant and a liquid oxidizer of hybrid rocket
because of its promise in the area of storability, environ-
mental/health, performance, density and thermal manage-
ment. However, HAN—based solutions often exhibit ex-
tremely high burning rates and such characteristics some-
times bring serious accident, which has retarded the use of
the solutions to those applications. Recently, methanol ad-
dition was found to be effective to reduce the burning rate,
and this study started to make the burning rate of HAN—
based liquid oxidizer lower with methanol, and then found
the great possibility of the HAN—based liquid oxidizer for
RCS monopropellant as an alternative of hydrazine. It was

found that a certain range of HAN/AN/H20O/Methanol
compositions has moderate burning rate and excellent
properties in Isp, density, viscosity, melting point and reac-
tivity with catalysts. As a monopropellant, the HAN-
based solution has low toxicity and densityXIsp is well
above that of hydrazine.

The combustion characteristics and mechanism of HAN
—based solution have been studied by several researchers
for many years. B. Reed, et al.V) evaluated the seven candi-
dates of fuel content, which were Methanol, Ethanol, 1—
Propanol, 2—Propanol, 1-Butanol, HEHN (Hydroxy ethyl
hydrazine nitrate) and Glycine. As a result, methanol was
selected as the best fuel content, because of the good han-
dling, storage, ignition, and combustion characteristics. Y.
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P. Chang, K. K. Kuo, et al? studied the combustion charac-
teristics of HAN—-AN-Methanol-Water solutions be-
tween 0.74 and 7.3 MPa. Combustion behaviors were influ-
enced by the content of water and methanol, and there
was a change in the combustion mechanism at the pres-
sure of the slope break point. Further, T. A. Litzinger et
al3 proposed chemical kinetics of HAN decomposition.
The eight reactions were chosen as the reduced reaction
model for HAN decomposition, and the numerically simu-
lated mass fractions of main species in both gas—phase and
condensed—phase coincided with the experimental data.

Regardless of these studies, the combustion mechanism
still has not been clarified completely, especially the
mechanism of inducing extremely high burning rate of
HAN solutions. Further, the action mechanism of metha-
nol to reduce the burning rate is not understood fully. In
our study, temperature measurements with a fine ¢$2.5 mi-
crons thermocouple and medium speed camera observa-
tion of the combustion wave were conducted. The depend-
encies of the combustion wave structure upon pressure
and composition were obtained. In all cases, two—phase re-
gion was observed above the liquid phase, and it was
found that the color and size of bubbles changed signifi-
cantly. Transient phenomena from low burning rate re-
gion to extremely high burning rate region were also ob-
served. At a critical pressure, such large bubbles started
to enter into liquid phase and the combustion wave began
to propagate at extremely high burning rate. To investi-
gate the effect of methanol to reduce the burning rate,
comparison between the experimental results of the solu-
tions with and without methanol was made. From the re-
sult of temperature measurements, it was found that the
burning rate was little governed by the heat flux from gas
phase flame and the burning rate may depend upon the
liquid phase phenomena. Therefore, bubble growth rate
which is affected by pressure and solution composition
seems to be the rate—determining step. In the generality,
the bubble growth is governed by the evaporation process
and the successive chemical reactions. However, in this
case, the effect of the latter may be small because the heat
flux from gas phase flame is hardly effective to the burn-
ing rate. Evaporation rate under superheat depends upon
thermophysico—chemical properties of solution, and
methanol addition reduces the evaporation rate according
to Van Stralen’s equation?.

2. Experimental & Results
2.1 Samples

Compositions of sample solutions are summarized in Ta-
blel.Mass ratio among HAN, AN, H20 are fixed at 95/5/8.
Sample#1does not include methanol and is originally de-
veloped as a liquid oxidizer of which melting point is below
—10C Methanol content of sample#3 is equivalent to stoi-
chiometric ratio against “HAN + AN’contents, thus, sam-
ple#3 indicates the highest Isp within these combinations.
[Tablel]

In previous study®, linear burning rates in glass tube
were measured in a strand burner purged with nitrogen
gas. The burning rates of sample#1 and #3 are shown in

Table1 sample Composition (unit : mass ratio)
Sample HAN AN H20 Methanol
#1 95 5 8 0
#3 95 5 8 21
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Figure 1 Regression rate of sample

Fig.l. Sample #1 has apparently two regimes. At a certain
critical pressure, regression rate jumps from moderate
rate, below 10 mm s~!to extremely high rate. Sample #3
has not such a critical pressure as sample #1 has, and the
burning rates can be fairly lower than that of the solution
without methanol especially at the operating pressures of
RCS thruster, below 1.5 MPa. And, the burning rates of
sample#3 below 1.5 MPa are not obtained because sample
#3 has deflagration limit at around 1.5 MPa. [Figurel]

2.2 Observation of Combustion Wave

The combustion waves of HAN—based solutions in a
glass tube, whose diameter was 12 mm, were recorded
with a high resolution camera in a chimney type strand
burner purged with nitrogen gas. And, the solution was ig-
nited with nichrome wire. [Figure2] As shown in Fig.2(a),
the burning surface of sample #1 at the low burning rate
is relatively stable, and gas—liquid two—phase region is
formed by the accumulation of fine bubbles just above the
uniform region of liquid. The bubbles color is transparent
and the thickness of the transparent bubbles is about 1.5
mm, and then, the bubbles change to brown color. In Fig.2
(b), at the high burning rate of sample #1, large and brown
bubbles are observed throughout the combustion wave. In
the case of sample #3, the structure of the combustion
wave of Fig.2(c) at the low burning rate resembles with
that of Fig.2(a). In Fig.2(d) at the high burning rate, the in-
terface vibrates owing to the bust of large bubbles.

Transition behavior from low burning rate to high burn-
ing rate, which corresponds from Fig.2(a) to (b), was ob-
served with the medium speed video camera at 500 fps.
After the stable burning at 2.3MPa, the pressure in the
burner was raised gradually on purpose. The turbulence
of the gas phase was enhanced, and at a critical pressure
sudden invasion of a large bubble into liquid phase was ob-
served. This invasion triggered increasing drastically the



Sci. Tech. Energetic Materials, Vol. 70, No. 2, 2009 29

(a) Sample#1(rb=2.0mm/s @2.2MPa)

(b) Sample#1(rb=107mm/s @3.4MPa)

(c) Sample#3(rb=0.7mm/s @2.3MPa)

(d) Sample#3(rb=50.5mm/s @6.0MPa)
Figure2 Photograph of the combustion wave

burning rate.

2.3 Temperature Profiles

Temperature was measured with ¢2.5 microns S—type
thermocouple in a glass tube. Representative temperature
profiles are shown in Fig.3 x=0 denotes the point where
the temperature rises from boiling point97. [Figure3]

Figure3(a) is the temperature profile of sample #1, at
the low burning rate (0.7mm s~ !@1.1MPa). As shown in
Fig.3(a), temperature starts to rise from the initial tem-
perature gradually, and there is the inflection point at the
boiling point of the solvent, and then the temperature in-
creases to the adiabatic flame temperature abruptly. In

Fig.3(b), the case of sample#3, the gradient rising to the
flame temperature is similar with sample #1, 6.0~7.0x107
K m~% Small temperature increase from —0.5 mm to Omm
of the distance in Fig.3(b) is neglected because the tem-
perature increase is much lower than adiabatic flame tem-
perature.

3. Discussions
The combustion mechanism of HAN-based solution

based upon the experimental results is discussed here.
The typical structures of combustion wave are illustrated
in Fig4. The dotted lines denote interface between liquid
phase and two phase regions. [Figure4]
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Figure3 Temperature profiles of the combustion wave

Gas

@) (i) (iii)
(i) Sample#1&#3(Low Burning Rate)
(ii) Sample#1(High Burning Rate)
(iif) Sample#3(High Burning Rate)
Figure4 Structure of the combustion wave

The structures of combustion wave are classified into
three types. As shown in Fig.4(i) at low burning rate, fine
transparent bubbles are formed above the interface be-
tween liquid phase and two—phase region, and then the
bubbles turn into brown color, and the product gases dif-
fuse into gas phase. In this case, the layered structure of
combustion wave may be considered as quasi one—dimen-
sional. In fact, preheat, evaporation and combustion chem-
istry proceed successively and hot gases never contact di-
rectly liquid phase because there is two—phase region be-
tween hot gases and liquid phase. In Fig4(i) of sample #1
at high burning rate, large and brown bubbles exist
throughout the combustion wave. These bubbles including
hot gases propagate through liquid phase very fast. Hot
gases in the bubbles contact with liquid directly and the
superheat induces rapid new bubbles generation and de-
velopment. Large bubbles form three dimensional inter-
faces between liquid phase, and this increase of interface
(eventually burning surface) also contributes to the in-
crease of the regression rate. In Fig.4(iii) of sample #3 at
the high burning rate, bubble color is less dark than that in
FigA(i). The interface vibrates strongly, and large bubbles
invade into liquid phase and new small bubbles generate
as shown in Fig.4(i), however, the new bubble growth is
relatively slow. Therefore, the surface regression rate may
be reduced due to the slower bubble growth rate than
that in Fig.4(ii). From these results, the methanol may be
effective to suppress the growth rate of small bubbles.

At low burning rate, the heat flux from gas phase flame
of sample #3 is larger than that of sample #1, estimated
with the temperature profile and the averaged thermal

conductivity. However the burning rate of sample #3 is
slower than that of sample #1. The burning rate may
hardly depend upon the gas phase reaction, and the evapo-
ration rate is considered to be the rate determining step in
this case.

Evaporation carries out bubble growth, and the bubble
growth rate? is, in general, proportional to superheat, 4,
and the bubble radius, R, in a single solvent which corre-
spond to sample#1 is expressed in the following,
ro=(12) o) 0

Vs ogl

Here, k is liquid thermal conductivity, o: is liquid density,
0g 18 gas density, ¢ is liquid specific heat at constant pres-
sure, [ is latent heat and ¢ is time. In the binary solution,
Eq (1) is to be extended to Eq (2).
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Here, Subscript m means the parameter of mixture lig-
uid. D is mass diffusivity of more volatile component, A7 is
temperature difference between dew temperature of va-
por in a bubble and a boiling point of bulk liquid in binary
mixture and Gis vaporized mass diffusion fraction for the
individual bubble, and Py is ambient pressure, xo is mass
fraction of more volatile component in originally homoge-
neous liquid, T is saturation temperature at ambient pres-
sure and K is equilibrium constant of more volatile compo-
nent in binary mixture. Based on the assumption that
HAN and AN have small effects on the evaporation rate of
solvent, Romomeon/Rimowas evaluated to be approxi-
mately 0.8 at 2.2MPa.

Transition phenomena from the low burning rate to the
high burning rate, which corresponds from (i) to (i) in
Fig4, is illustrated in Fig.5. The ambient pressure was in-
creased gradually from 2.3 MPa. Fig.5(1) shows the stable
burning at 2.3 MPa (rb=3.0mm s !). Hydrodynamic insta-
bility is enhanced with increasing pressure, and the large
bubbles having high temperature within them start to in-
vade into the liquid phase (Fig.5(2)). Contacting of the hot
gases included in the large bubble to the liquid generates
new bubbles in the vicinity of the large bubbles. And these
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Figure 5 Transition process

new bubbles develop so quickly due to the severe super-
heat (Fig.5(4)), and the extremely high regression rate is
established in this manner (Fig.5(5)). [Figure5]

Based upon the Landau Instability theory®9, the impor-
tant factor for the hydrodynamic instability is inertial mo-
tion of product gases. The motion of gas in parallel direc-
tion against the surface and the local accumulation of mass
enhance the motion of liquid and the instability of the lig-
uid surface. The viscosity of product gas is effective for
stabilizing, and the motion of fluid is retarded by high vis-
cosity gas. The vapor viscosities of water and methanol
are nearly same and increase with temperature. There-
fore, the liquid surface will be stabilized if the temperature
of the product gases is high. In the combustion of sample #
3, the flame temperature, which was obtained by the tem-
perature measurement of combustion wave, was higher
than sample #1. In addition, the average viscosity, which is
estimated from the chemical equilibrium composition, of
sample #3 product gases is higher than that of sample #1.
For example, the viscosity of sample #3 is 0.88 mill poises
when that of sample #1 is 0.48 mill poises. Thus, methanol
addition should be effective to alleviate the motion of gas
and stabilizes the surface.

4. Conclusions
The linear burning rate of sample #1 was reduced by

the addition of methanol. The curves of pressure depend-
ency of linear burning rate get to be smooth without criti-
cal pressure and the linear burning rates decrease at all
pressures. Burning rate depends upon not the gas phase
flame but the evaporation process. Methanol reduces the
burning rate by the decreasing of evaporation rate and the
stabilization of the liquid surface. Hydrodynamic instabil-
ity is the trigger to jump into the extremely high burning
rate region.
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HAN R IR AHEE A O IR BeRs Pk

Brage ", Whihe ™, DIz, PIE=E=>, W &

W7 vE=T L, A¥J—), BIXUK%ZETHydroxyl Ammonium Nitrate (HAN) ZO#H L Winiix, itk
KoY b BHEAER L U CRBhEE S 2574 (RCS) @ 1iE#EH & LCHRE IR, ZOHANRIEER T K5
VU EHANRT, Ispld20% s <, BRI 445, KM@ AIEWEERT. FLT, FMLEL, RCSOHEEHK & L
TOHEETH S, T/, ZOHEHFOBRBEHE IZRCSOEBITE NI TR 2 lZ /R L TW5.

HANZRBEHEOMBEZ OV TIE, TNETIXE L OMFEEICE > THIES N T E 72D, ZOMBER = X 2K S
PIZENTW RV, KFFFETIE, H#EEED A T TREORT ZBIE L, RO % FifEe2. 53 7 1 ¥ DML
B THU L7, TRODERICEDE, X7 ) — VOBRBEAEIRIZIR Z BB OBIE S EDOFEHMEIT D W THGR
7o, Fle, BRBEEEOZWAR EAOERIZOVWT L HERT 5.
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