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Abstract:

Combustion characteristics of pelletized ammonium dinitramide (ADN) and ADN-based
propellants have been studied. Micron-meter-sized particles of Al, Fe,Os; TiO, NiO,
Cu(OH)NO;, Cu and CuO, and nano-meter-sized Al (Alex) and CuO (nanoCuQO) were em-
ployed as the additives for pelletized ADN. Only nanoCuQ and Alex show the remarkable
effects, so they are also added to ADN-based propellant. The binder of ADN-based propel-
lant is thermoplastic elastomer (TP), and three kinds of mixtures (TP:ADN = 30:70, 20:80
and 10:90 mass%) were prepared .The burning rates of pelletized ADN and ADN-based
propellants were measured under the pressure range from 0.6 to 6.2 MPa, and the surface
temperature profiles were obtained about ADN-based propellants. Nano-sized CuO en-
hanced the burning rate of pelletized ADN. Alex-incorporated ADN burned with flames
even at 0.55 MPa under which pure ADN does not form the flame. Burning rate of non-
additive ADN-based propellants has extremely high pressure dependency. In the case of
TP/ADN (30:70), burning rate jump are found from the critical pressure approximately 3.2
MPa. The temperature profiles of TP/ADN (30:70) were measured, and the combustion
structure was discussed. Both nanoCuQO and Alex improved the burning rate characteris-
tics, and the pressure exponents are 0.54 and (.76 respectively.

Keywords: ADN, burning rate, surface temperature; burning rate modifier; nanoparticle

1 Introduction

The development of environmentally friendly propellants should be encouraged in addition
to improvements of the prolusion performance. ADN is considered as the most expected sub-
stitution of AP because it has the high oxygen balance and formation energy. The manufacture
process of ADN has been improved over the last twenty years and the cost has become cheaper
than before. In spite of these advantages, ADN has not been put into practical use for solid
propellant due to low thermal stability and undesirable combustion characteristics. This re-
search aims to comprehend combustion wave structure of ADN-based propellants.

There are several reports about ADN-based propellants. Parr et al. investigated about the
flame structure of ADN/binder-sandwich-propellant with PLIF below 1.5 MPa [1]. It was re-
ported that ADN showed weak diffusion flame that are too far from the surface to control the
burning rate. Price et al. reported the burning behavior of various compositions [2, 3]. They
used PBAN and HTPB as the binder and also investigated about the effects of ultra-fine Fe,0O3,
Al and Alex as the additive. They concluded that the pressure exponents are high at any com-
position. Korobeinishev et al. studied about Polycaprolactone/ADN propellant and the effect of
CuO as the burning rate catalyst [4]. The stoichiometric composition was formulated and 2
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mass% of CuO was added in it. They reported that CuO can suppress the pressure exponent
and CuO enhances the condensed phase reaction catalytically. Weiser et al. studied about Par-
affin/ADN, and the mass ratio was 10 and 90 % respectively [5]. They measured real-time
temperature profile and the gas species during decomposition with UV/VIS and IR spectra.
Menke et al. developed GAP/HMX/ADN propellant [6] and they suggested the new curing
system. GAP/HMX/ADN propellant shows practicable pressure exponent (n=0.52). Wingborg
et al. conducted the motor test with GAP/ADN (30:70 mass%) propellant [7]. This is the first
report of firing test of ADN-based propellant and the specific impulse was 233 s. The same re-
search group reported the ballistic properties of ADN/AI/HTPB propellant [8]. The burning
rate is 12.8 mm/s at 6 MPa and the pressure exponent is 0.9. These values are almost the same
as our experiment [9] of ADN/HTPB propellant which does not contain Al.

Additives are important factor for development of solid propellants. Strunin et al. reported
about the effects of additives for ADN-pellet, and they added Al, Cu,0 and K,Cr,07. K,Cr,O5
is effective catalyst for AN, however it has no effects on the burning behavior of ADN. They
reported that Al (20 mass%) and Cu,O (2 mass%) accelerated ADN burning rate.

There are many studies of combustion catalyst for AN, AP and double-base propellant.
Recently, nanoparticles of metal and metal-oxide are attracting attentions as burning rate modi-
fiers. These materials were employed in this report. Many kinds of additives are added to
ADN-pellet and ADN-based propellant, and the burning rates were measured. In addition,
burning surface temperature profiles of ADN-based propellant were obtained to analyze the
combustion wave structures.

2 Experimental

2.1 ADN pellets

ADN was synthesized in house and the melting point was 360-363 K, which means that
the purity is high enough because that of highly purified ADN is 365 K. UV-spectroscopic
analyses indicated approximately 96-99 % purity and the impurity was identified as ammoni-
um nitrate by the TG-DTA thermal analysis. ADN were ground before mixing with additives.
Micron-meter-sized particles of Al, Fe,O3, TiO,, NiO, Cu(OH)NO;, Cu and CuO, and nano-
meter-sized Al (Alex) and CuO (nanoCuQO) were selected for the additives. The content frac-
tion of additives is 2.0 parts of ADN. As for Alex and nanoCuO, 0.5 parts-incorporated sam-
ples were also prepared. These additives and ADN were mixed in dichloromethane and dried in
vacuum. The obtained powder was pressed under 110 MPa, and the density was 1.65-1.75
g/cm3. The diameter of the pellets was 6.0 mm and the length was 20 mm. Samples were
burned in a strand burner purged with nitrogen. Burning rate was measured with the pictures
recorded with high speed video camera.

2.2 ADN-based propellants

Thermoplastic elastomer (TP) which consists mainly of
paraffin was employed as the binder. Rubber-like and low-
melting TP shown in Fig. 1 was supplied for this study by
Katazen Co., Ltd. It was specially prepared to show the
lower melting point than ADN and the melting temperature
was 343 K. TP/ADN samples have been prepared by the
following procedures, ADN were well mixed with the melt-
ed TP at 343 K and the mixture was casted and pressed in a
mould. Additives are dispersed in melted TP before addition  Figure 1: Thermoplastic elastomer
of ADN. The strand sample was solidified after cool down
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to the room temperature. No changes were observed apparently while the propellant was stored
at room condition for a month. Table 1 shows the composition of samples. Burning rate was
measured with the same method as that of ADN pellet. Surface temperature profiles of
TP/ADN (30:70) were also measured. Thermocouples which are Pt—Pt/Rh (13 %)-25 pm-dia
are embedded into the sample.

Table 1: Sample Composition

Sample Binder Oxidizer Additive Mass ratio
TP/ADN (30:70) TP ADN - 30:70
TP/ADN (20:80) TP ADN - 20:80
TP/ADN (10:90) TP ADN - 10:90
TP/AP (20:80) TP AP - 20:80
TP/ADN/Alex TP ADN Alex 30:70:2
TP/ADN/nanoCuO TP ADN nanoCuO 30:70:2
3 Results

3.1 ADN pellets

Burning rates of pelletized ADN with and without additives are shown in Fig. 2-5. In Fig.
2, the additives are micron-sized Al, Fe,03, TiO,, NiO and CuO. Fe,Os has the most negative
effect among them and the burning rate slows down under all experimented pressures com-
pared to no-additive sample. Burning rates of copper compounds are compared at Fig. 3. These
additives generate more smoke than no-additive sample during the combustion and darkzones
can clearly be seen above 3 MPa. Cu has a little higher effect than CuO above 1 MPa. Cu is
easily oxidized by ADN, and the color of the mixed powder turns smoky blue after drying of
dichloromethane. The burning rate of Cu(OH)NO; decreases above 2 MPa. These copper com-
pounds generate residues during combustion, and the color was black which seems CuO at all
compounds.

In Fig.4 normal CuO and nanoCuO were compared. The mass amounts of additives were
2.0 and 0.5 parts of ADN weight. Burning rates of CuO-0.5 parts sample is a little faster than
CuO-2.0 parts. On the other hand, nanoCuO drastically enhance the burning rate particularly
below 3.2 MPa. Therefore, nanoCuO is superior to normal CuO to enhance the burning rate.

50 50
E x E
£ /_\ £
2 2
s — s
50 /ﬂ/A,—‘—no_addrmve o0
£ . 1 —#=Al_2parts £ |
E 10 CuO_2parts § 10 =@=n0_additive
5 Fe203_2parts m Cu_2parts
TiO2_2parts CuO_2parts
== NiOQ_2parts —a— Cu(OH)NO3_2parts
5 — 5
0.5 1 3 5 10 0.5 1 3 5 10
Pressure [MPa] Pressure [MPa]
Figure 3: Effects of normal additives Figure 2: Effects of copper compound
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In Fig.5, burning rates of samples incorporated with Alex were shown. Alex was added 0.5
and 2.0 parts of ADN weight. Alex-0.5 parts was close to normal Al-2.0 parts. Figure 6 is re-
corded photos of ADN (upper) and ADN incorporated with 0.5 parts-Alex (lower). ADN does
not form the flame below 1.8 MPa, however Alex can be ignited in the gas phase even at 0.55
MPa and it helps to form the flame at higher pressure. The results of Alex-2.0 parts are scat-
tered below 3.2 MPa because the burning rates vary depending on the presence or absence of
flames. A little different of the experimental condition influences the formation of flame. In the
case of Alex, combustion residues are not found though normal Al agglomerates and it remains
inside the combustion chamber.

.5 -

50 50
£ £
@] ]
s g
0 =f=—n0_additive 20
é 10 == CuQO_2parts é |
5 nanoCuO_2parts 5 10 ====n0_additive
==nanoCuO_0.5parts iiex_gﬁpirts
ex_2parts
. === CuQ_0.5parts ; | i Al 2parts
0.5 1 3 5 10 0.5 1 3 5 10
Pressure [MPa] Pressure [MPa]
Figure 4: Effects of nanoCuO Figure 5: Effects of Alex
V;
IA—l
| 60mm

0.6 [MPa] 0.7 1.0 3.2 6.2

Figure 6: Photos of ADN (upper) and Alex-incorporated ADN (lower)
3.2 ADN-based propellants

The linear burning rates were plotted in Fig.7. The results of TP/ADN (20:80) and (30:70)
increases from approximately 3 MPa. TP/ADN (10:90) has not measured enough, but accord-
ing to Weiser et al. Paraffin/ADN (10:90) [5], which is almost the same composition as
TP/ADN (10:90) shows plateau between 2 and 3 MPa and the trend changes and increases
from 3 MPa. The surface temperature profiles of TP/ADN (30:70) were obtained with 50pum-
dia-thermocouples and the results are shown in Fig.8. Temperature-constant-region was found
at 1.3 and 2.1 MPa, and the temperature was between 700 and 800 K. However, there is no
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such region at 4.8 MPa. Figure 9 is the result
measured with 25um-dia-thermocouple at 3 and
4 MPa where the burning rate behavior changes.
Stepwise curve are found at the temperature
range 750-1050 K on the result of 3 MPa The
adiabatic temperature seems to be around 1800
K on both profiles.

Figure 10 shows the burning rate of
TP/ADN (30:70) with Alex and nanoCuO. Both
additives enhanced the rates and peculiar behav-
ior between 2.1-3.4 MPa was improved. The
pressure exponents were 0.76 and 0.54, respec-
tively. TP/ADN/Alex extinguishes at 0.95 MPa.
nanoCuO has little effect above 3 MPa, however
it enhances below 3 MPa and stable combustion
is observed even at 0.95 MPa.

2000

—1.3MPa

J —2.1MPa

1600
E —4 8MPa
[0
—
5 1200 |-
St
a
g 800 .
= H Gasification

400 .

point
0 | | | | |
0 02 04 06 08 1 12

Distance [mm)]

Figure 8: Surface temperature of TP/ADN
(30:70) at 1.3, 2.1 and 4.8 MPa

4 Discussion

ADN-based propellant show high pressure
exponent in all of the compositions (Fig. 7). The
burning rate behavior involves plateau and mesa
type. Particularly, TP/ADN (30:70) shows the
burning rate jump between 3 and 4 MPa.
nanoCuO and Alex enhanced the burning rate of
both pelletized ADN and ADN-based propel-
lants. It is important to comprehend the mecha-
nism to improve their characteristics.

In Fig. 9, gasification temperatures can be
found at 1050 K on the profile of 3 MPa, and
750 K at 4 MPa. The temperature difference is
wide though the pressure increases only 1 MPa.
The combustion wave structure changes at this
pressure. Below the gasification point, there is a
noticeable difference between 3 MPa and 4 MPa,

Temperature [K]
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50
TP/ADN(10:90)

20
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10 o a2
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Burning rate [mm/s]

TP/AP(20:80)

TP/ADN(30:70)
1 e

0.4 1 3 5 10
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Figure 7: Burning rate of TP/ADN and TP/AP
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Figure 9: Surface temperature of TP/ADN
(30:70) at 3 and 4 MPa
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Figure 10: Effect of Alex and nanoCuO for
burning rate of TP/ADN (30:70)
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which is indicated as zone X on Fig. 9. The temperature range is approximately from 750 to
1050 K and the width is 50um, which close to ‘Aerosol zone’ reported by Sinditskii et al [10].
According to the report, aerosol zone is between burning surface and first flame zone on
pelletized ADN combustion. The initial temperature of aerosol zone is the range of 850 — 900
K at 3 MPa. This value is about 100 — 150 K higher than the initial temperature of zone X. The
first reaction depends only on the heat of condensed phase reaction, and it is not influenced by
heat feedback from the gas phase, thus the achieving temperature can be calculated by specific
heat of ADN (2.0 J/g*K) referred from [10] and that of binder (2.2 J/g*K). The calculated tem-
perature of ADN/TP (70:30) is between 671 and 706 K. This is good agreement because the
binder does not become the same temperature as ADN, and the calculated temperature should
be lower than experiments. The final temperature of aerosol zone which equals the initial tem-
perature of first flame zone is 1300 K in the case of pelletized ADN. This temperature depends
on the composition, and in the case of ADN/TP (70:30) it seems to be 1050 K at 3 MPa be-
cause each experiment at 3 MPa shows the same temperature though at 4MPa it changes varia-
ble. Aerosol zone of pelletized ADN become narrow upper 4MPa and can be found as the
break of the temperature profile. In Fig. 9, the small broken line can be recognized just below
the gasification point, and the temperature is 750 K. It shold be more studied why aerosol zone
disappears at 4MPa. However one reason can be raised from Fig.8. Comparing 1.3 and 2.1
MPa above the gasification point, the temperature gradient increases with the pressure increase.
Accordingly, the increased heat feedback from gas phase reaction goes through the aerosol
zone. Once the flame achieves the condensed phase reaction zone, it might be difficult that
aerosol zone be formed again. From the above discussions, the combustion wave structures can
be described like Fig. 11 and 12. Zone X is written as aerosol zone.

Gas phase reaction
z0ne
750 - 1800 K

Gas phase reaction zone
1050 > 1800 K

Final Flame zone
1800K Final Flame zone
1800K

Temperature
Temperature

Condensed phase
reaction zone
500 = 750 K

Condensed phase
reaction zone
500 > 750 K

Aerosol zone
750 - 1050 K

No reaction zone No reaction zone

Distance Distance

Figure 11: Conbustion wave structure (P <3 MPa) Figure 12: Conbustion wave structure (P > 4MPa)

First reaction occurs quickly at condensed phase at 500 K or lower and the temperature is
raised to 700 — 800 K. It is sometimes difficult to find this zone at higher than 4 MPa. Next
step is slower than condensed phase reaction, and it is known as aerosol zone or fizz zone for
double-base propellants. Decompositions proceeds relatively slowly, and the temperature grad-
ually increases below 3 MPa. When the temperature reaches the ignition point which seems to
be 1050 K, the gas reactions start. It is the important point that ADN is not directly heated by
the gas phase reaction. It might be covered by the melting binder in the aerosol zone. On the
other hand, aerosol zone is not be formed upper 4 MPa at which the heat feedback enhances
the degradation of ADN directly, and the gasification becomes very high rate and the binder is
blown off before enough mixing with ADN and degradation. It can be confirmed by Fig. 9 and
8. At Fig. 9, the gas reaction zone of 4 MPa is wider than that of 3 MPa, and the achieving
temperature of gas phase reaction zone is 1600 and 1700 K, respectively. At 3 MPa, ADN and
binder are well mixed each other in the aerosol zone, so it takes shorter time for reaction and
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the achieving temperature becomes higher than 4 MPa. At Fig. 8, the rate of temperature in-
crease of 4.8 MPa is slower than that of 2.1 and 1.3 MPa. Gas phase reaction is different from
pelletized ADN because the released gases are pre-mixed. This reaction is faster and the reac-
tion heat is higher than pelletized ADN, thus the temperature gradient and heat feedback are
high.

The contribution of additives for combustion wave structure of ADN-based propellant is
future work.

5 Conclusion

nanoCuO and Alex has remarkable effets on the burning behavior of pelletized ADN and
ADN-based propellant. nanoCuO is the most effective to enhance the burning rate of pelletized
ADN particularly below 3 MPa, and more effective than normal CuO. Alex was ignited in the
gas phase even at low pressures under which pure ADN does not form the flame.

Burning rates of ADN-based propellants were obtained and they have critical pressure be-
tween 3 and 4MPa. The combustion wave structure of ADN-based propellants was presented
based on the surface temperature measurements.
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Changes of thermal behavior of high performance oxidizer ammonium dinitramide with aging
Hiroki Matsunaga*', Hiroto Habu**, and Atsumi Miyake*'
ABSTRACT

Ammonium dinitramide (ADN) is one of the promising new energetic oxidizers for solid
propellant. For practical use of ADN, one of the important characteristics is chemical stability. ADN
is known to degrade to ammonium nitrate (AN) during long term storage, which will affect to
performance of rocket motor. In this study, to get better information about aging effects on thermal
behavior of ADN, thermal behavior and decomposition gases from ADN and nitrates mixtures
during constant rate heating were measured. From the results of these analyses about ADN and
nitrates mixtures, the exotherm and gas generation at low temperature side could not be observed.
Two possible reasons were proposed, decrease in the acidity of the material due to the

presence of AN, or inhibition of the acidic dissociation of dinitramic acid by NOs".

Keywords: ammonium dinitramide, solid propellant, thermal decomposition, aging
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DIKTB LY = b T 2 REROBFEEOIHINE 2 b,
1. IIL®IZ

AR T 7y N HEESR OB ANT B AR L 0 SR OBEE T ANAER T H 2 L ARD 5

Do iﬁf@l%%@% , BWBENT VR, XA —FHEELZAFL, K THD
LD, BEFRERT =7 A(AP, NH4CIO,) ZFR{LAI & Uiz AP SRHEERK ST A CIA <
Ao Tngd,

LarL, APITBBEN A & L CHlEMBE AT 57280, BHEGEINL EORREAR T TH
SEMEN TS, IBHIT, AP Zth & Uil RMIEE 2 il 9 5 78103 K EHER B
JFE D RESNDEPA, 2011 )72 Y, BES AP I3HEHERELIAMC b BREERIBEIC R LT
TATRMELE RSN D X9l oT, TDW, %i%\/vﬂe“—ﬁwfﬁi“ﬁﬁ@d\ém
EAHEEIE OB RO BTN D, [ERHEESRIC X 2 RBEAMRO 7012 iZ e 7
7V —ERRETH Y, ME— DRI O = F—WHEIZ L 5 AP 0)1&’&.’%@%50 h
F TICHEMERE TIRRBI AN Th S HEEIROBIRICHT £ < OBFEM T TE iz 2,

Table 1 (2125 2GRV RLF—MEORENRICEMZ =T, ZOF TRbAI
ELTCOMMAOMREMLEN S D DL, BBEANT U ANETHLIWETHD, HET VE=U
A NHNO;ANTEH LS LN TWAEYMET, ~arr 7 ) —0{bAIThHH, AP Lk
e U CIRAAS TREMERE N E WS FLENRH 503, TRV F—HE R L ORBEME T &
WO RENDH D, ToEZT LY =T I F[ADN, NHN(NO,),, Fig.1] *"i3ifidm— L
XAl & L THRICHIfF SN TV AW E ThH 5, ADN O ERYME% Table 2 12759, ADN
Fe s 7Y —, BRI FX—EE, BRENTATHDLZ LD, APIZRDL D EIE
vy FORREARIE LTI STV D,

AHFFETIX, ADN RHEEROFZMIZAT, £7° ADN O FHEOREEZ1TH 2
Ll L7, BEERHEERICRO ONDMEDO—o & LT, HBREOZEENZET LD, [H
R sy MEEIKICH N DD =L F— BT ISR 2 100 L THEE L L,
Fhpnaly NE—Z —DOMWRRZRIEDIR TIZ SRR D Z EBNEInd, Lo T,
BRI D3 A 71 = X I, SRR, Byt OFUELOMERRIZ O W TR T A LN H 5,
T E TOMFFET ADN (ZEMHFETICHEET T =7 AAN)ICHIRT D 2 L Nbho iz
9 F72, AN ZIEAT 5L, ADNHEEKOEJGENFFE A RE <25 2L "B LU ADN
DORBERE N LR T4 5 28 ORHESN TV 5, ABFFETIE, ADN OB fRHEC
5.z 2 &R EL ORI OV TR L7,
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Table 1 REMNRIFER R RV —WE (AP ITHEHER)

Molecules Formula I/)geré:ltz Ba?;:;i e?%
AN Ammonium nitrate H,N,0; 1.72 +20.0
HMX  Cyclotetrametylene tetranitramine ~ C,HgNgzOq 1.91 -21.6
RDX  Research Department Explosive C;HNOg 1.82 -18.0
HNIW  Hexaazahexanitro isowurtiziane =~ CcHgN,,0, 2.04 -11.0
ONC Octanitrocubane CsNgOy 1.98 0
ADN Ammonium dinitramide H,N,O, 1.81 +25.8
HNF Hydrazium nitroformate CHN;Oq 1.86 +13.1
AP Ammonium perchlorate NH,CIO, 1.95 +34.0
+ /N 02
NH, | N{
NO,
Fig.1 ADN D&
Table 2 ADN O E 724
Property Ref.
Molecular formula H,N,O,
Appearance white crystal
Molecular weight 124.07
Density /g cm 1.82 [19]
Melting point /°C 93.5 [19]
Heat of formation /kJ mol! -148 [19]
Water solvent (20 °C) /wt.% 78.1 [20]

ADN DE\S3 fRrtE

ADN OEMRHREIZOWTIE, TAVE TICHRA R FEEZ AV TEZ L ORGP T TE
7= 10280 2 B ORFSEIZ L ALE, ADN iE N,O, NO,, NO, NH4NO;(AN), HNO;, N,
HONO, H;O, NH;7 Etkx HA~IEST % L ST o,

WEAREE DS P CIE, RAEBKFE-ARAM 5 3 HT(TG-DTA-IR), /R AEEAKFE-H &5 47
(TG-DTA-MS)% M\, & -1 (5 K min ) D EGEE), ARk A 2 o [RIRHHIE 24T > 72, ADN
?» TG-DTA-MS HIEHE £ % Fig2 (w7, BEAEOMHZE ' 2P0 A8 T, HiEH o ADN ©
BRI 2 LL T O X 9 ITHEE L7z,

£, ADN IEK 90 °C TRl L, fho7 o= A L [AEEIC NH; & HDN[HN(NO,),]IZ
fighfe3 5 (D)o

NH,N(NO, ), — NH, + HN(NO, ), 1)
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BT, ARIRARI(150-175°C) Tk HDN O — 58233 fi# 5%, HDN %58 /) 22 [k (pKa=-5.6)> T
HH7, KQ2)D L HIZHDN IZHHIZ L » THfEnMettd 5,

HN(NO,), +H* - N,0+NO" +H,0 - N,0+HNO, +H' @)

170°C DI O S3HTIZI N T AN DIFENFER SN Z &b, RIRATIEXG) D L 9
72 AN OAEREOS HEEITT 5,

NH, + HNO; - NH,NO;, 3)

Fiz, BT AGHTICZENT NH; BBl ST, 2 b ORISTEEHEFH TORIGTH 5
EEZLND,

EIRMITCIX, 2 FEEOSOGOHEITHEM 7=, 1 -DHIZ HDN @ N,O & EFffEFE 5y ~D
DHETE D, ARIRM & IXERAR D W AERFERZ R L7 Z &b, ARIEM & 1T 872 & T
DRIGTHD EEZBND, 2 2HOKEE HDN O fi#l2 X 0 4 U7 AN, HNO;, NH; D
NO,, Ny, HyO ~DOREIGTIH 5, il oo SOt CEEMEAH H D9~ T OB N A A~ fif
T %,

AT, LA RS it A 5T ADN ORRRFE(LAERY O AN 2 IZ T HEBIZ DT
Rt L7z,

m/z=17
m/z=18 A
L
>
2 m/z=28 M‘I/\
=]
8
=] _
= mz=30 M
m/z=44
m/z=46 P
c\o = 1 A 1 A 1 A 1 A 1 1 1
100 11
2 sof s
= R <
) 60 1 &=
2 40k {8
= 20b 13
O- 1 A 1 A 1 A 1 i I i I i 1 $
0 50 100 150 200 250 300 350

Temperature /°C
Fig.2 ADN @ TG-DTA-MS I &5

2. EEBRHE

HIEFEE U Ok T ADN 3 X OFDEHIIE T3 AN, #EEEY U 7 AKN), 4
fz) KU 7 A(NaN), SiO,, a-AlOg Z AR I2Z D F F AV 72, AN X ADN ORRRFZE LA
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T 5 97 Linh, ADN LIRAT 5 2 L TRIIETE% O ADN %3 L 7=, KN, NaN,
Si0,, a-AlOs bkt % & LT ADN &iRG L7,

B RFFEINIE O 725D, Mettler Toledo #1% HP DSC827e % W 7o El & L oR & A B G
HE(SC-DSONT & 2 FRFAER A 1T o 72, SIL#18¢ SUS303 & /LZ#E 249 1.5 mg FFfE L T
B L, IREHDE% 25-350°C, FUR#EEA 1, 3, 5, 10Kmin' & L7,

TERF IR OB IR A 4B T 572, REBKFE-HRIM 5 98T (TG-DTA-IR),
TRAEBKAE-E BT (TG-DTA-MS)Z iV 72, TG-DTA-IR T, BERWERTRUR K
DTG-50 (& & BAERT R IRPrestige-21 Z #fi L7 G23E 2 vz, #BEH 4 mg 2712
= LBAMCE VISR L, FHEHE 5 K min”, BEEIEFE 300°C, ¥+ U7 —H 2% Ar(20 mL
min") & L7z, TG-DTA-MS (3 U 47 BURZEEAKFF TG8120 | BitflfEpifin 2 7 u~ K7
7 7 &B5HTRE GCMS-QP2010 Z 825 L1T - 72, 3B 4 mg 2 7 v X = v AR licE VITFE
B L, FEHE S Kmin', BEEE 300C, ¥+ U7 —H A% He(200 mL min")& L7-,

3. MRLEL

ADN/AN(10:0, 8:2, 5:5, 3:7, 0:10, FEH:Lb)D SC-DSC(5 K min)DHI7EHKE 4 Fig.3 |2R
9, ADN Z & TiETI%, 130-210°C (55 1 E'—2) T ADN D43, 210-260 °C (552 ©*—
7) T ADN ORAERH TdH D AN ORICHKT 5 & SN D HE CPRER Sz, 6
1 ©'— 7 OFEBFIRIRE Tpse, ©— 7 IE T, FEEAE Opsc & Table 3 IR, ANIEAIZX
D, BROIET, Tpse, T, D LEF, Opsc DIEFABHIS NIz, Tpse, Ty Opsc PEALEIT,
AN OEIEHNE & HITKR&E L o7, £72, ADN O | B'— 7 TIHEE OB ER -
THI S L7273, ADN/AN Tlid 1 BB O BB Sz, LED X 1T, ANZIMMZ 5T &1
£ U ADN OEVFAEEN DL T 5 Z b oTz,

L\ ADN/AN=10/0

LV SN~
_¢4Wg'1
| ADN/AN=8/2 j\_ —

- ADN/AN=5/5 _/\_/ \
L —~—

| ADN/AN=3/7 g
N N

Heat flow /W g’

ADN/AN=0/10

50 100 150 200 250 300 350
Temperature / "C
Fig.3 ADN/AN @ DSC

13

This document is provided by JAXA



14 FHITZEI T B R ARSI JEBR T TS JAXA-RR-12-005

Table 3 ADN/AN @ DSC Il & k& 5

(W;Zﬁprlzﬁo) Tosc°C T,PC Opsc/kl g
ADN/AN (10/0) 124 161,177 22
ADN/AN (8/2) 133 178 1.9
ADNJ/AN (5/5) 140 185 1.6
ADN/AN (3/7) 155 200 0.7

KIZ, ANREROBZEBOLZALIZHONT, OELDOER, QORSHEM~DRE, QMG
PE~DR B LT,

O BEEELDER

AN ZIBA LT-3BHI B W TR S - BeEB 025 k2 AN HSE T 57>, ADN &k
ThoHrNEET 5729, ADN [ZHEE&E(8:2) T AN, Si0,, a-Al0y ZiRA LizilkHZ o
T SC-DSC FRABR 1T\, fEFR A LE L2, ADN HRB L OE R 8.2 OFKRARE
® DSC HIERE K% Figd 12, Tpse, T,, Opsc % Table 4 (2739, Opse DK F ik & DIRAE
IZBWTHBUHIS Lz, LTei» T, _n FADN EIZH KT H2EMTH D Z LRI AT,
—Ji, WRAET, Tpse, T, D LEF, E—27RROZE{GIT ADN/AN (2B W TOLEHI S 1,
AN DB THDH Z LRl

I4Wg‘1

AN ADN f\/\,_\
Y
| ADN/AN=8/2 _/\ N

ADN/SiO,=8/2 /\_
.

— —’-\’\
I ADN/A1203=8/2/\/\
H—

Heat flow /W g'l

=30 T00 150 200 250 300 350
Temperature /' C

Fig.4 ADN, ADN/AN, ADN/SiO,, ADN/a-Al,0; ® DSC #hfi
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Table 4 ADN, ADN/AN, ADN/SiO,, ADN/a-Al,O; ® DSC I & ik 5

(W;ZEPE;O) Tosc°C T,PC Opsc/kl g
ADN/AN (10/0) 124 161,177 22
ADN/AN (8/2) 133 178 1.9
ADN/SIO, (872) 120 163 1.9

ADN/o-ALOs (8/2) 127 170 2.0

& 512, ADN/KN, ADN/NaN (22T & BEE O 217\, ADN/AN & bl L7z, ADN
iR L OV ADN/BEIEIE(7:3, /v EH)D DSC JIERE R A Fig.5 12, Tpse, Tp, Obsc & Table 5
27”89, ADN/KN, ADN/NaN (2B T ADN/AN [AER, Tpse, T, P EH, ©— 2RO %E
BB E T, LB >T, ZRHDOEEOBERDO—> L LT NOyOFENRE X b,

14Wg’l
i \ ADN

an'a ’/I\/\\

| ADN/AN /\
/\’\
ADN/KN J\
N -

| ADN/NaN /\M
N

" 1 " 1 " 1 " 1 " 1 " 1
50 100 150 200 250 300 350
Temperature /°C

Heat flow /W g'1

Fig.5 ADN, ADN/AN, ADN/KN, ADN/NaN ¢ DSC Hi##

Table 5 ADN, ADN/AN, ADN/KN, ADN/NaN @ DSC HI|E#& -

(msoj?fizo) Tosc°C T,PC  Opsc/k) g
ADN/AN (10/0) 124 161,177 22
ADN/AN (7/3) 137 178 1.9
ADN/KN (7/3) 131 185 1.6
ADN/NaN (73) 126 200 0.7
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© FULHEHE~DRE

ADN DS RS~ D S8 2 W5t % 723D, ADN/AN (29U T TG-DTA-MS F-iR 5B (5 K
min)Z 17V, ADN Bk & Heilz L7-, ADN/AN(7:3, /L) DHIERS B4 Fig.6 (2737, ADN
HARTIT Fig2 D X 5122 BefEoRE, EEid B KO3 B T AP Bl STz, —
75 ADN/AN T, MR 7= ADN/AN (6:4, B E)OFEE DL FEE, REBLORERE
BT 1 BB o 2B S, £ 0¥ — 7 1L ADN RO EiRMo v —27 LHFEELTH - 7=,
R A DB BEHT OFER, HAERIZHOWT HIREMATIZBR S, EREES b 21t
L7-, £72, ADN I X N ADN/AN OEV AR T A D IR F o3 M DGR % Fig.7, 8 1TR
T RO AT RILIND T AN ZIRA L1256 TH AR A OFEICZLIZEH S e o
Teo AEXYD, AN |Z ADN OE IR E AL KITT 2 &, FICIRIEMIZE 1T 5 ADN
D N,O ~D 3R EOG[F(6) Z T 5 Z & RE X b,

m/'z=17

m/z=18 L

L
2
7 m/z=28
5 I N
= m/z=30 P
m/z=44
m/z=46 T
1 " 1 " 1 " 1 " 1 1
= O 1t
2 20F 44
o 40F J ;‘:
2 60F 18
< o
= 8 {z
100 1 R 1 R 1 R 1 R 1 R 1 Lﬁ
0 50 100 150 200 250 300
Temperature /"C

Fig.6 ADN/AN(7:3, <E/VLH) TG-DTA-MS Il & H
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Fig.8 ADN/AN(7:3, E/VE)DEGRARAT A D IR A7 kL

%72, ADN/KN @ TG-DTA-MS(5 K min YD RIEHE % Fig.9 (2~ T, 1EA L ADN/AN
[Fkk, E/LHT 73 ThHD, ADN/AN RERIC, (RIRMIOFE, BEERED, T AR B S
NI o7z, EHIZ, ADN/NaN [ZOWT b RBEDFRER DG iz, 2 b DR KLY, ADN
DARIRA T OB R FUE[(6)]75 NOs DB L v Il S d Z L nEz bz,
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m/z=17
L m'z=18 N\
2
§z m'z=28 L
L
= m/z=30 o~
m/z=44
m/z=46
1 " 1 1 1 1 1
s ¢ !
2 20F J Lj:
S 40F le
2 60k A
= 1%
100 . 1 . 1 . 1 . 1 . 1 . 1 Lﬁ
0 50 100 150 200 250 300
Temperature /°C

Fig.9 ADN/KN(7:3, <E/V)D TG-DTA-MS HIE s 5

UEOFRER LY, ADN ORI OB RSOOSR S o R 2B LT,

£, EEEORE DV THLRITEMREORENEZ bRD, RO X 91T, ADN D%y
FREOSITIRIC L DR S5 >, ADN I 3fifiE L, NH; & HDN ICfigffid % & ST b,
HDN (398 /172 (pKa=-5.62) Td 5 7=, ADN O/fEMEHE S5, —J7, ADN/AN jR
A%, ADN & AN MBFEIFICZENZH HDN & HNO;(pKa=-1.3)Zfi##f9 %5, HDN & H~
FR TR A DKUY HNO; IZIR G T2 2 & CROMIRE MK T L, ARIRM O SO [(6)] 238 S+
L2 ENEBEZLND,

FRTRE DX T OIEDOER & LT NOy DREREZ HND, R(6)I2KIT5H HIEX HDN O
FRAREEIC LV e S D, L L, NOs OFFFEIC X 0 (@)D EUGIZ K ) HDN D BEFFEEN I
fil =S4, R(O)DDRPISHIH S D Z LB b D,

HN(NO,), + NO; = N(NO,)’ + HNO; )

@ RISHE~DRE

AN 78 ADN OB 5 SOt~ G- 2 2 5B 2 it 9 272, SC-DSC LV 15§ b7k
BE O CTHERMENT 21T > 72, ADN/AN(10:0, 8:2, 6:4, 5:5, 3:7, EE)IZIHOWTHIE
WHEE 1, 3, 5, 10 Kmin THIEZITV, 156172 %8258 % Friedman 75 > X 0 fighr L 7=,
Fig.10 [Zf#AT I & 0 15 B 4172 ADN/AN OBV R I 2 BUSHR & IEME b= 31— D Btk
ZRT T, MOB#Ea<0.15 122V T ADN:AN 28 10:0 225 5:5 OFREHZ DWW TIRIEME(E = 2L
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=% AN OB R T SIS o 72, —J7, ADN:AN=3:7 ORENCIE Z Offf
BRI SNI2hroTz, LIed>T, AN ZEET 5L, ADN &8 KREWVe &, e#lick
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ADN/AN @ SC-DSC HE#RBRIC LV, ADN OEEEhICH 2 5 AN B L et Lz, &
SNEZED S S, EUEOKRT, BEAFIBEED LA, v¥—7BROZL, v—27RED
EFIZANICR D Z LD o Te BT AW OFER KV, 3 RERE~ DB 2 LT,
AN |2 XV ¥ElZ ADN OIRIRANZIS T 5 N,O ZAERT A e Z2 il Sivd 2 ERbhoT,
ZOHER E LT, AN O L 0 4 U5 HNO; IZ L B RDERTRE DK T, NO;IZ & 5 HDN
DERFRBERUS OB E 2 Sz, S 512, DSC OHEHMEHHE LY, ANIZXLY ADN
DENKET D RUSHEN AT D Z L RS Tz,
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Ignition Characteristics of Mg-Al Particles in ADN/AN based Propellants

Koutarou Matsumoto*l, Takafumi Sasaki*l, Yoshiki Katou*l, Syou Oide*l, Kenichi Takahashi*l,
Takuo Kuwahara*l, Xiuchao Yu*z, Hidefumi Shibamoto*z, Hiroto Habu"

ABSTRACT

Solid rockets are required ‘environmentally friendly’, ‘high performance’, and ‘low cost’ at
the present day. Ammonium dinitramide (ADN) is a new oxidizer for the solid propellants.
Ammonium dinitramide is the environmentally friendly oxidizer because ADN has no halogen.
Ammonium dinitramide based propellants have higher performance than ammonium perchlorate
(AP) based propellants. However, ADN is more expensive than AP. Therefore, we suggested
ADN/ammonium nitrate (AN) based propellants. Ammonium nitrate is the very inexpensive
oxidizer which has no halogen. The solid propellants are added the metal particles in order to
achieve the high performance. However, ignition and combustion characteristics of the metal
particles contained ADN/AN based propellants are not investigated. In this research, we
investigated reaction and ignition characteristics of magnalium (Mg-Al) particles in ADN / AN. As
a result, it is considered that Mg-Al particles reacted with the decomposition products of ADN/AN.
Ignition delay time of Mg-Al particles increased with increasing the concentration of AN. Ignition
delay time of Mg-Al particles increased at the concentration of AN between 20 mass% and 60

mass%o.

Keywords: Solid propellant, Ammonium dinitramide, Ammonium nitrate, [gnition, Magnalium
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B
AWFFETIX, ADN/AN RH#fEEIKITIEG SN E&BA O F KL H 57201,
ADN/AN/Metal 18 G708} 2 TRV HT B L O K EBRZ 1T o 7. BV EBR L 0, Mg-Al
Ki7-1Z ADN/AN 3R & OB L, Al Kif-1Z ADN/AN S A plii & 13 L Tunen
EEZOND. HKIERELD, ANIBAEEDNKEL 2D L, ADN/AN 53f#H A H1TD Mg-Al
K D%FKEBNUEMNELS 705 Z Evbhotz. 72, Mg-Al Ki+ D% KENFEIT AN /&
H 8 20~60 mass%] CRE S LT D2 ERbhoie.

1. XL ®IZ

BIAT oD [8 (A HE R I LA DB 35 R 7 o F = 7 (AP : NH4ClOy) & FIV TV 5 . AP % 1]
W2 AP RHEESE IR BE A I 2 B OELKFEMHC) Z Ede. 2 O HCl IXFEMER O 2K
D—DThd. ZNET, BEERHERTICEBRTSORMME RS S & H3RENTD
AT E 7228, HCl OARRIE 40 Tk 7w,

Pl OFERHEEIRIZ I, ERERFEAMEME X MERZENR TV, T, AP IZEDD
HLWEBRLAIO—>L LT, TorE=U ALY = F7 2 FADN : NH,N(NO,),) 2 EH & Ty
% D19 ADN 135 FHICHEEIRF 2 S £ R0, HCL 28ET 52 LR, ko T,
ADN | AP L bbilg U C, RERBEAMRBILAITHSD. £, ADN RHEMERIT AP RHEMESK
L REELL EOHEMENEREA A L TV 5. Figure 1 |12 NASA-CEA'™) L V) kb 7= BLZ2 e e /) &g

360

340

—— ADN/HTPB
AP/HTPB

P, =5.0[MPa]

220 AJA, =100 [-]

200 1 1 1 1
50 60 70 80 90 100

&(Oxide) [mass%o]

Fig.1 Vacuum specific impulse of the solid propellants

ADN RH#HEEK D a A N2z 551k E LT, ADN O —¥ZHE27 & =17 A(AN :
NHNO:)ICE X #a 2 5 HIENZET 5N 5. AN IX ADN & RERICHFPICERR 428 £ 72

This document is provided by JAXA



LB TR 24 RS 25

W DIRBRE AR RBLFI TH S P, £, AN OffilsIZ AP D 105D 1 FRETHS. L
7oy T, AN Z N5 2 & THEIAHEEIR O JFA B2 2 MERBS TRETH 5. LXKV, ADN
D—#h% AN (2B X iz 7- ADN/AN RHEESR IS H L .

BRE 7y M, #EEERFIZT VI =0 AANVFEOBBRL T ZIRAT 5 2 & THEMEMERE
il ESETWD Y. Lavl, &BkiT%2IRE L= ADN/AN RS OMRBERE I B9 5 bF
R I DI, E T, Bk AIRA L7 ADN/AN RHEMEIR O 35 KRt B9 2 RS2
HIXFZEAL LR, £ T, Fxld ADN/AN RHEERF COBBR T OFKFFHEICER L
7.

AWFFETIX, ADN/AN IRAL EBRBRL T OF KFEORBEBREZRD 2D,
ADN/AN/Metal A2 8UEL7-. ADN/AN & &JFRiDRISICOWVW TS 701,
ADN/AN/Metal {E550EH % VN C TG-DTA Vi 2 217> 7. S 51T ADN/AN 53 ff 77 A
HCOERRL D3 BN 2 3R 5 72912, ADN/AN/Metal R4 706 2 ke TER
JFNIZTE T S EKEREITo 7.

2. TG-DTA #53HrEBR
2.1 EEBRGTIE R OFEERSE
ADN/AN ZHEMEZEDOBRBER FI1L ADN/AN 23ftfiE L, W THLEBEZBND. LTcho
T, ADN/AN & &R O i :ou\féﬂ&éaz\gﬁ%é % ZC, TG-DTA i IR
ZiTo7-. Table | IZFBHAM A RT. F£72, Table 2 (BT FHBRSMF2 7.

Table 1 Sample compositions [mass%]

Sample ADN AN Metal
ADNS80 80 0 20
ADNG60AN20 60 20 20
ADN40AN40 40 40 20
ADN20ANG60 20 60 20
ANSO 0 80 20

Table 2 Experimental conditions

iR K] 773
FIEHEE [K/min] 20
R Al BA
IR AT A He
J£71 KREE
EJERLT Mg-Al (28 [um])

AL (16 [um])
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Figure 2, 3 |2 ADN/AN |2 Mg-Al $7 % R4 L7230E > DTA #h# & O TG Btz 7.
Figure 2 Y, ANSO X 448 K THRELE —7 Z/rd 2 LD 5. AN HIKOD DTA i CI%
N — 7 PBROLNIRNT LG, Mg-Al KL 71X ADN/AN AR & O LT\ b L&
Zbhn Y. Linl, 723 K T2 U U AMg-AN)DRLSIZ L WAL — 27 BR LD Z
L5, ADN/AN H1C Mg-Al Bi I RIITBib L TWhWineE&Ex ohd. £z, £2TO
FHRCTHRI 700 K TRV — 7 BRIV D. TV, iR~ 7R T L 6 KF D3RI L 5

WECTHD EEZLND.
461 [K] N\
i 471 [K] T
= 3
= 476 [K] T —— ADNS0
E —— ADN60AN20
5 . 452 [K] ADN40AN40
= —T TN
= E —— —— ADN20AN60
l 448 [K] —— ANS0
300 400 500 600 700 800
Temperature [K]
Fig.2 DTA curves of ADN/AN/Mg-Al
20
—— ADNS0
0 —— ADN60AN20
ADN40AN40
=z 20T —— ADN20AN60
S
2 ——ANRS0
S 40 t
g
E _60 | x
80 X
_100 1 1 1
300 400 500 600 700 800

Temperature [K]

Fig.3 TG curves of ADN/AN/Mg-Al
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Figure 4, 5 {Z ADN/AN (T ALKL 12 1RA L72#EHD DTA B & OV TG #if % 7~ 3. Figure 4,
5 X0, ADN/AN ORI A L ALK IIFE A ERIGL T aWnWEEZ b5, Lizho
T, ADN/AN/Mg-Al IZAFEHTlE, Mg-Al K10 Mg %5773 ADN/AN SRy & i
LizEB2b5.

470K]
T ~ f\’
S 477[K]
E‘ - /\r ADNSO0
= —ADN
> 479 [K]
E —— ADNG60AN20
E s 484[K] ADN40AN40
5 = a Vs —— ADN20ANG60
! —— ANS8O
514 [K]
300 400 500 600 700 800
Temperature [K]
Fig.4 DTA curves of ADN/AN/AI
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- 40 —— ANSO
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Fig.5 TG curves of ADN/AN/AI
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3. ADN/AN 53R A BT D Mg-Al BiF D 735 KB BERE
3.1 A& KEIURFH]
H GBIV 1 IX BRI OB IURERT 1, & ALSR003E KB « TRERR S h D 19 DI
DOAICEARZ T

T, =7,+7, )

YRR A KEEARF RN B KL 7 O E B R FOWHEIERICE T L BN TH S, L
Mo T, WHAGEE CIIERBR T 15 KT D2 LN, 2T, AHFETIIEKERT
BG LT —2 X0, HKLRWEERD 100 %D R 2 WERg s kBN & Lz, £7-,
50 %D EE & 75 KB & L7=. Figure 6 1245k L72RWWVHESR & USR] O BIfR &2 7.

100
NV E 5 ADN20ANG60
80 F
70 t
60
50
40 |
30 t
20 t
10 t
0 . . .

0 0.05 0.1 0.15 0.2

Time 7 [s]

No ignition probability [%]
A
L 4

Fig.6 The definition of physical ignition delay time

PLEX Y, AbFMaE KEAREIER(DZHAWT, UTo X HickeEs.

T, =T,7, 2

3.2 FEBRTIE R OVEBR S

ADN/AN RH#EMESRITIR G S - BAL - IIHEER R I O HEH L, Rk Fox
P CTERTHEEZOND. 2T, ADN/AN RHAEMEIRE 2 i 5 72D12, ADN/AN
FHEESE D 5 ADN/AN/Mg-Al #H 0 L, iRIEKRECERET 7. HIRE TERIFIC
WFESEDHZ LT, SRR FPIHEEREROWEMAN O EMH~EH T 2B B 2T 5.
F 72, Mg-Al ki 7-JEPHIC ADN/AN 23R A AR S5 728, ADN/AN S3fif 7 A CTo
Mg-ALKIF DK ZBETH LN TE D, AERTIE, iRAEXFE AL Z@E L T b
Mg-AlLKL 72375 KT % F TOREM D B 25 KIENUR I & R 7=, Table 3 (Z3UEH %, Table 4
(ZEBREAF 2R
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Table 3 Sample compositions [mass%]

VRR 24 AR FERTFERCR B

Sample ADN AN Metal

ADNR80 80 0 20
ADNG60AN20 60 20 20
ADN40AN40 40 40 20
ADN30ANS50 30 50 20
ADN20ANG60 20 60 20

ANS8O 0 80 20

Table 4 Experimental conditions

PR AT A

FFNTEE [K]

1650

B JEHL TR [um]

29

Figure 7 S2BRIEIE 2 7R~ 47. A5 KEBRITAMAL T 10 BT o 72, BRIFPIZERN)FH TE

L7z, Mg-AlLKLFDEKDEEFIINA A= RARXAZIZL > TRE L7z,

Sample

Ignition

N, gas
[——3

Fig.7 Experimental apparatus

\ﬁ

High speed camera

Thermo-couple

—
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3.3 EBRE R LSS

Figure 8 {2 ADN/AN 3 fi# 77 A H1C D Mg-Al KL 0045 K FURF ] M OMBZERAE D HUIREH]
IR

0.1

0.08

0.06

Delay time 7 [s]

0 10 20 30 40 50 60 70 80
E(AN) [mass%]
Fig.8 Ignition delay time and chemical ignition delay time of Mg-Al particle

Figure 8 X ¥, ADN/AN 43 fif 17 At T Mg-Al i D75 KIBEIFREIL AN IRABNE L 72
HEREL D, o, ALFAEKENRFRIZIEE A EZL L2V, Mg-AURL - D3 KIEFLIE
fflE AN IR A & 20~60 mass%[H CRE S EL L TWD . HKENRFHNE o ER O
—& LT, ADN/AN 3 A & Mg-Al R+ DRGSR+ AM 2B -7 2 L RN E 2
SIS, Mg-AlLKRL XK BET 8B -CTh D, Lo T, KISERDHN Mg-Al KiJE
HEBoTlo®, @RI AOEEPIH S, HAENRHNRES kol BxbN5.

4. #Ewm
© Mg-AlLK.F1% ADN/AN O3 AR E L TWDH EEZ IS,
« ADN/AN %577 AT D Mg-AlL ki D35 KENFFEIX ANBA BN E L b LR b,

« ADN/AN %3fif 1 A H T Mg-Al K+ D75 KIEIFREIEL AN IR A £ 20~60 mass%H TR
LT B,

KTzt 512H720, MIEESIRF=F « RRIRITIERICAOITEREZ BIEV B LEL
. DEYVIEHBLET.
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Preparation of ammonium nitrate/potassium nitrate particles containing polymers
and evaluation of its hygroscopicity

Seiichiro Nagayama'', Katsumi Katoh™, Eiko Higashi ', Katsuyuki Nakano ',
Masahiko Hayashi™!, Kosuke Kumagae?, Hiroto Habu™, Yuji Wada™, and Mitsuru Arai”

Abstract

Ammonium nitrate (AN) shows promise as a gas generator component because of its affordable price.
However, handling this compound is problematic because it is highly hygroscopic and hence undergoes
aggregation and solidification. In this study, in order to prevent the hygroscopicity of phase-stabilized
ammonium nitrate (AN/KN), we prepared particles from a combination of AN/KN and a polymer
(moisture-proof agent) by the spray drying technique and investigated the hygroscopicity. A white powder with a
particle diameter of about 20—40um was successfully prepared by spray drying water solutions (or water
dispersions) containing AN/KN and each of the three types of polymers. The results of elemental analysis by
Scanning Electron Microscope/Energy Dispersive X-ray spectrometry (SEM/EDX) indicated that each
component was homogeneously distributed in the particles. Particle aggregation was hardly observed, and the
moisture absorption amount was lower than that in the case of the polymer-free (blank) sample. Even under
high-moisture conditions, the particles did not deliquesce immediately and retained their original shape, unlike
the blank sample.

Keywords: Ammonium nitrate, Spray dry, hygroscopicity, SEM/EDX
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1. XU®iC

IR T =0 AAN)L LA L L COBRRE A 2 A AR OME THY IEF ARl TDOAF ]
REZRZ LMD SRR FE 3 RS E TIRIAS VOBV TN D F T JRBEREI & B IRIE DR A L7 WS DO B
DR JER BBy BT Ny 7 ARG AR LU TE S TE B AR r s T K7 E OB LA ORFE
MERELTHE R 28O TS, — 5 T,AN 13,100°CEL T O ML RIR Sl CIARTEZ b 2 ORI & 2,
BHDNT, B WIER AT L TSI RL T [F LB L E L T 270 8 ORUEN O, FT- RBEEL LT L &
TR IR Y T =L 78 O RIRAISC A BB L LR A T HZ L TR 2 EXE 20571k P dD
UNIHERESR D /3 BF TII B R ER T B =0 DR EORRLHI L 32 7 IEREDRE SN TERY & KMER
PRBE |2 -2 DRI DRI L DFFEDM T TS 7O F7- MBI BIL CId e VD Ao L7
EETINTHILCE ST 2208 T& O AN 24 AR AAISE O A A 554 123,262
IMUT= AN THDHFHZE AN FANWDZ L2725, — 057 C 3Bt O Wi 0B b2 B 132 7RI B L T, BERE
DIFFEMNEE A E IR THAER R ENTKRRES 0 —T T8 D AN KL f-Ea—T 407357515 LIS
PG Y S W N A Nl SYANTAN

Fex O N —T7TIL,ZD AN OURIEVEICBE T RIS L TR 4 gtz B R ~—%L AN 73—
LT PR T D2 & TR I TE DD TR NEWVIBERBICE 5722 Z TARMFZE TIL,AN
DO LE HEL AT L —RIA128D AN BLORI~—03— R b U7k 2L 8L L 7ok 7 D Sk
WPER D DN BB RSV THRE A T o 72,

2. EBGE
2.1 HApEFRR

B OFARUNNIAT L —R T % W, A7V — R A TR B SR A VA R E 7130 S, e sl
TRIRF R P IS B LIRS IR 72155 71k Th D, FEBRIEE TP T (@O T —R
T4 —(Fig. )& H o, BURGR 1T 170°C, 258 NERE L 90°C —EEL, 7T 4 A7 [EHEHUT AR IC
18000rpm & L 5K DKL BE 3 151V 56 D A 24000rpm & LTz,

FRLGF TITI W CANCRDGHIEE T3 (R +H8), M1 22 EAL AT HhElE 1 T (KN, FIYEAIEE T2 WK
8, 3 LORY < —Z VMR (B DU NI BOS BT KEIRIZ T L TAT L — R A% T o7, ANKN, & FiRY~
—DEEIIT,9:1:03 BE 9:1:1 L7z, RU~—ITIL, WLRF L AF L n—2T o E=7 L(CMCA, Tl
JEMFE TR AL, LR F 2 AT L b —AF R A(CMCNa, FiElSE T30k )+ 5Y), Latex(IBA L%
FIINARER)RM)D 3 BEEERENH W, £, 770 7B EL TR v — &2 B 0k
(AN:KN=1:9)Z 7R 5L 7=,

Fig.1 Structural aspect of spray dryer
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2.2 REHERBLOTLRMARZHT

ATV —=RIAZ DR A(AT L —RT7AREhH O K R g4 & A A #E - BAMEE(SEM,JEOL DATUM Ltd.#t:
B FVTRBIZE L7, 554072 SEM G DRL TR ZFHAIL, A7 L —RIABEIORLE A2 L7z,
i+ D TTHE A 2 TR — WO X #R5HT(SEM/EDX, SEM #45:FEI 48, EDX #54y:EDAX #t
a2 MW TBIZE LT, (MO Hrb IR EEIX 10kV ELT,

2.3 WBIEDBIE

— BRI R LI T v — 2 —NICAT L — R I AR B Ik U TR A4 1 2381 D B A b DR &
Z A L7 AR KRR DIFAE T DB SN 22 M ClL, — E OB EZ RO ENMOHNDZEND 12,
AR TIZREEAVY LB IOHEAL T N Y L2 Z NN TT o —2—NERE 40%rh LY 70%rh
\ZFREEL Tz

72 R BN IR+ SR A A R SR SE(ESEM,FEI #E8, Quanta FEG-200F)% iV CHREAIICHE]
U7 R B, ZEE N ORI % 400Pa, 258 IR 2-3 3 CIZFHE L AR 83.55%rh DSET
TIT78o7z.

3. WRBLUEBE

3.1 REBlLE

ATV —RIADFERATNDOR~—%H 256 THIOSLELTE AORL 2GR T HIENTE
72 B ORE L LB IR = — RSO BT, Fig.2 (R T IO R oG L b I B L35 — 5,8 )<
—ZE BN IR, Z D IR E T B ER S o T

FHRL 7-5Bt O R R IER SEM ICXVBIER L 7L A Fig.3 IO T 5910, 2 TCOAT L —RIA B DR 1
AR, BERERIR T o7 F72, K~ — %8 FAR VBB Tl 77 L AN LIRE 72 > TV B ER A A3 2 < 8
LBINT=DITH LA~ — 2 G il CIE O IO REEIRI LA LB SN2 Do T R~ — 2 G TealE T
IX,AN DR O FEDS IR S AT 72D IR - DEHE DI b DL HEER LT,

PR %2, B ENDLIR)~— O T T 5L,CMCNa D& TIEWNEHA P22 Thd —
77,CMCA X° Latex % & Eeal B ClI, NEBIZH 28 L > TR LT B2 WriE 28 L QWD ZEN b o7 (Fig.4).

Fig.2 Picture of the prepared sample
Upside: polymer-free sample (AN/KN (9:1)), Downside : polymer-containing sample (AN/KN/CMCA (9:1:0.3))

This document is provided by JAXA



36 FHMLZE M B ERAET ST R JAXA-RR-12-005

Fig.3 SEM image of the prepared sample
Left side: polymer-free sample (AN/KN (9:1)),
Right side: polymer containing sample (AN/KN/CMCA (9:1:0.3)).

Fig.4 SEM image of the prepared sample
Left side: AN/KN/CMCNa (9:1:0.3), Right side: AN/KN/CMCA (9:1:0.3).

3.2 R TRR

FHBETHELNTZ SEM Hi§ 4 TSR F(EE D 500 f#)ORIE A E URLE 434 2 55 HH L 7= (Table1).Z
DR BB AT L —RTAREHI AR 20~40pum OFPHANIC RS ZLIFAETHIEN D o7 —F R~
—|Z CMCNa Z AW =3B ORI E MO BB DS /N EWME T 238 5 73, Z UE CMCNa KR DR AN &<
DB F U T 4 A2 DElHEE(18000rpm) TlEE kL CEZRH o 727280, [HllinEk 2 24000rpm |2 _EIF7-Z L2k
DIEFEIRFOW D/ NS o T2 I L Db DB 2 b D,

3.3 JLHRMALHT

SEM/EDX % FA\NCRL - 3% [l O 0.3 /0 A A L2 LT B E A& 5% Table2 (TR L 72 3 H O BEGREIZA T L —
RZAFE R OB KL D 53 F REAL N OHEF L2 fH CTh D Latex D45+ RN R Th o727
,Latex B D ITH /3% EDX (X3 HTL, Z DEATTITHER L2 EL 72> TND.ZDORNG, R~ — "G
FALTUVRY AN/KN Th R ZE DR S, RY ~—% 5 il B CH AR IC IR B OFIE DN BRI S Bz
DAY IND . Z AT, E R BB A B R I B E T BB — R T —F 2 N TEY, ZOREIZ L, AT k-
RFBOEIEDELS RHELON OB ATREMENH 5 R~ — % & Teal Bl R #E (mol%) 5 AN/KN TS
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TR FE (mol%) & 2L 5 [ &, A TOREF TR BFRE LTV MEA /R T 282D, A7 L — R A3 EHE AN KN $5
FOR) =R — KL LIRL - CThDHEE 2 HND.

Tablel Particle diameter of the prepared sample

Sample (Weight ratio) Median size[pm] Modal diameter[um]
AN/KN(9:1) 38 40
AN/KN/CMCA(9:1:0.3) 29 21
AN/KN/CMCA(9:1:1) 33 33
AN/KN/CMCNa(9:1:0.3) 25 16
AN/KN/CMCNa(9:1:1) 19 11
AN/KN/Latex(9:1:0.3) 30 38
AN/KN/Latex(9:1:1) 29 27

Table2 Element distributions of the prepared sample

Sample (Weight ratio) C [mol%] N [mol%] O [mol%)] Na [mol%] K [mol%]
Theoretical value 8.2 39.3 494 0.1 2.9
AN/KN(9:1)
Experimental value 0.0 38.4 60.0 0.0 1.6
Theoretical value 11.7 34.0 47.6 0.1 6.5
AN/KN/CMCA(9:1:0.3)
Experimental value 1.6 374 59.5 0.0 1.6
Theoretical value 8.5 42.1 47.0 0.3 2.1
AN/KN/CMCNa(9:1:0.3)
Experimental value 1.6 37.2 59.5 0.2 1.6
Theoretical value 9.1 42.1 46.8 0.1 1.9
AN/KN/Latex(9:1:0.3)
Estimated value 3.2 373 58.0 0.0 1.6

3.4 Wimt

ATV —RTARE e — ESE 40%rh IR FFLT=T V7 — 2 — NI 8 RERI TR L AT AT % O R 2 (LD
B OB A R L7 45 % Fig S(ZERNCRUIZ.Z OIS R~ —ZRINLIZ 2 TOAT L —R T A3
BECIE, R~ — RO E L CWE D PIHISN D Z L3305 FFIT Latex % FAVWZalkbClL, R~
—ARIRINOFELD 1/10 FLE FTRIEEAME FLTEY, BV R RS MRS Latex LA ORY~—1%
ETKEMETHLDIZRL, Latex 1R THDHT28, 22 K DK 53 Z WAL L Wi & A3/ NEL7p o 72 /]
BEMEN DD . — 05 1B 70%rh DA T (Fig.5, 4 X) Tlid, RV~ —D A B 2R 72 2 CTOREHCUIBMEN &
O, FBIEICH Z LU VSR L7272 AN IR E 65%rh (UTBEifE S 528,20 XH70 i E 5 F T,
SRIFERLT=T > — 2 —Z XD M FEBR CIE IR A DS R ESWR MR TE AN e B 2 HiD.

ZD7-8,ESEM % FHUN T i 4o 7 (83.55%rh) 12 361 Al i F A B A I8 L R ~ — DA B2
LB D Il A1 T 7=, Figure 6 (ZWIfFEFEOBLEME A R U R~ — & £ e el CiE, £
BRBR MG IR A BRIAL,5 B ICIXi & 72 > 7= (Fig.6, EY).Latex & Teilll Tl M oRGEIZ L
U RLA- R D TR DI DT DN KL [R £ G 3 DR 3Bl S 72 (Fig.6 T BO).LOL7ZR D, &
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Fig.5 Water absorption amount after storage for 8 h

Left side: 40%rh, Right side: 70%rh

Fig.6 SEM image of deliquescence progress

Upside: polymer-free sample (AN/KN(9:1)), Downside: polymer-containing sample (AN/KN/Latex(9:1:0.3))
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4, FE®H
AHFZETILAN OF5IRbE HHEL AT L —RFA128) AN/KN ERU~—(CMCA, CMCNa, Latex)?)s—
AL LR T2 3L, FASLL 72k 1 0 B M2 D OB IR RO W TR R TR~ T Z OFE R LT
Y ILZVIAY S Y d Wil
(1) AL —=RIADRERNTNDORY v —%2 NG E THIHEIHELT, Kifk 20-40um O H A ORL -4 L
THIENTET.
(2) RV~—% B FRVAT L —RITAG B CIIh R L OBEE N BIES DI L TR~ —Z2 5 ikl
TIHEENZEA L RIS oTz,
(3) KL Tl D ILIEIHTHD, BRI — B L T-hE T Ch D LRS-
(4) 1RFE 40%rh OF 27 —2—PNIZE B AT L, B 2 b DB E AR L =L 2 A, R~ —EIncky
19312 5 Y [T s I N/ 1<V g W
(5) YBJE 83.55%rh DK H TIL AV~ —Z 5 R WVREIOSE, BEIZEIEL 72DI1Z%f L, Latex 235 £
DREFCIT A 2K b 15 43P L, #ifiEdIOki I IRE B o 7.

i3
ABFFE IR, (P HE e WL pE 2 - B AT IR B [ (S BOISTYDAFZE B Ak 2 k> T T 7. 2 IC#t B A &
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Low cost gas generator solid propellant

Hiroto HABU', Katsumi KATOH?, Koji FUJISATO?, Seiichiro NAGAYAMA?
Kunihito TANAKA®*, Masuhiro KOGOMA* Shinichiro TOKUDOME' and Keiichi HORT'

Abstract

The cost reduction is currently important for the development of space launch systems. The solid motor side jet
system is loaded the low temperature gas generator propellant (GGP) which includes a special purpose material. The
combustion gas temperature of GGP should be controlled up to 1400 K because of the system requirement.

The objective of this research is to find the substitution of the composition for GGP to reduce the cost. That is why
ammonium nitrate (AN) is selected as an oxidizer for GGP. The composition and combustion characteristics of AN based
GGP for the launch vehicle side jet system were investigated. The burning rate was measured by the strand burner.

Key Words: Ammonium Nitrate, Solid propellant, thin layer coating

1. FC®IZ

A7 varaly ME, BOSENIE THEA L
FCERBERe Sy Ml A S SIS, K=
A MeEERULEHF LW 7 FOBKTH .
ARFFRIEY TV AT AL L CEHERMEBESITICHD
R 2R & L TR, FEMEEROKa =
MEIZBH L THRET 21T TV 5. IZLOIZZNET
DB RICBI L TR 5.

M-V a7y MIEE 1 BB LOE 2 BIciEon
— VIR 22 5] 2 it A BE A O A B HEXE R SR &
AT e, YEEHBIHEE R I, MES 7 AN 4 R
#> /3L 7 (Hot Gas Valve : HGV) &l L T =72,
FHEE R FHHERESE 10 SR T AR E DR R
= % b— & [E A HEESE(Gas Generator Propellant: GGP)
ZEA LTV, GGP IZiE, BT AJEE LR EH
JFE e i S 2 BRBE IR EE #1141 (Coolant Material
CMBMEFENTWD. C/M IZRALKFZZROWE T
HY, ALZTITIRBIICES RS D, £ 1LITRT
91, M-V AIZER STz GGP-3A L IFEIEN
ZHEHESKITIL CO/M 1L 16% 5 4TV 2. C/M IXBIfE

DEZAWANIHED LW, ZOWEIZOWTIT
IR hay bhe—ARBEHELWET TR, O0EEDT
i A IR & 7 0 1 HE S SR R IR 2 R 2 72 D AT B
WRH 5. Hikary v AT AOKa A MEER
ZLTY R EHOBENSRBMEOMRFNLE E
nas.

71 M-V H GGP-3A DfHAk

Chemicals Mass Ratio, %
AP 60
HTPB 24
Coolant Material 16

PLEo#S»s, AN EATHEICEN M EO
MEtAMEE L 7o TE T2,

g7 > & =7 LA(Ammonium Nitrate : AN)IE, %2
72 EAl e L THLS Mo TE Y, FEEEKE
LTI E LTHASHWLR TS, =
& 21X ANFO(RHZIMAIIESE), & KIS e & iy %2
7 KO FEE UG HEFIZIR. HEB AW
TeOICREEEINTEY, ENCHEREICTHETRE
ThbH. AN I, DFCHERR 2820w,

1 FHIZEF B 4% (Japan Aerospace Exploration Agency (JAXA))

2 &R (Fukuoka University)
3 WU K% (The University of Tokyo)
4 K% (Sophia University)

This document is provided by JAXA



42 FHITZEI T B R ARSI JEBR T TS JAXA-RR-12-005

THEOREREEE 25 EFAHER, Bikar vk
i DUV TITRBEMEREDS AP 12> TRV, $1
Wt %2 H 9 57 EomtEmo b AIC# S 5.
FOTEDFEHRBIZITERAINL TR, EZAR
HHECTEELRREL L ELRSELHZEL
AN(PSAN)R®, T 6 DERRALHE A 22 E3 AR L T
D, AN ODHBIZOWTIEREINTWSH L ZATH
2.

2. BHIREM
ARFZET A GGP OMESMTTTH S, /M DX
DPYIZAN ZEHTHZ EI2L Y, GGP DIK= A |k
{bZAHVY, AN OARIER IR B AR O RE IR B e P &
FIT 22 N HWWO—2>THD. KB TIL,
HTPB/AN/AP @ 3 {5y B AHEHESE DR SERFE DT
RBICHESE, EifEa v MliBhHEdE R~ H "l 6E
PEIZOWTHRA 21T 72, ARG TIE, ARG
BT AT, RO Z IR, BRGEHE R

T 5 RERMIEAT OFE R A RIS 5.

3. ER
3.1 HRROmBE
GGP DMK A D b CTHrE K RIEE T — > DFE
EE D, EREILMEBMREHI LS, (b Gt
B K o TR i T D EEE T o 7. HEdE
HICEDDINAAL VX OEEILEHEBEL T 23~
25%D 3 KHEL L, FRDWALAIOMREIL AN/AP DD

BHAENT AT U THEOMAE DY 2B L7z,

LR AR 1 1I2F & D7, OxMR % Oxidizer Mass
Ratio DIETH YV, AN/AP DIRALEET. ARIFET
IZ OXMR OFIFHZ 0.1 705 2.0 & L7z, fLRIZ SN T
1, AL AT R LT B S T BV J IR S A3 1400K

UTFTH 7 NoilfErTREeilaa bt zhlit L.

3.2 HEERORE

FER LM BHIU T O®Y TH 5.

NAVHE  BRRORMKBER) 740z
(HTPB) /ISR #L P-41 Zfi [ L7=.
AN : A TT Vo5, BERMOAT >
LVAA Yy alZCRimgiT & To72. Ay vath g X
13#40 TH Y, A v 2o TR 350 um UL ED
WrZ2#A Lz, REWVKRLFZ28H LB mE, B
HEMRBRTHD. AN ITREER S D720, RIF L
T ERREEE NS T LIk TERE L/ EL
THZENTEDL, —MRANTHAKLE V ITHY #
WREBENLTHD.

AP : HAZ—VU » b (BF) ORI 100um OH D
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21 HEEIEAH AR
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7o, HEEEROREICE L T, wikky (Zohs
IZ AN & AP) LA U X DIRFERIGIZ L > THRET
TRV HD ZEND, FIEEOYITE LTS
2 Z 3% T TEA3 1400K LU & 72 DAk & FdE i
24%, 25%Mp AV S 2L L. 10D
TP2315, TP2415, TP2515 ZHiH L, Zh 5D
Lo TS U FOEEEIG & IRBEEE OBIMR 2 i~
LZEEMoT. —H, N UFOEIGEEELT
AN & AP OEIG LIRBEEHEOMHBEZ T2 7201
TP2508 35 L TOY TP2511 A L7z, Wi gk
RKIBEIT 1400K LLFTHDH. Zh oY 7Rt
WTIER 2D X2 25D 7 —TF1245F 7. Group
AL AN/AP DIRAGHEIEEZ—EL LT, XM U FDHE
BILE /T A X LTS, —F, Group B I3/ 31 v
X OE et E—EIC E&q’tﬁl@/ﬁ tea T A&
L.
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B4 REEHEIC KT AN/AP IRALLL O S

X 3ITRENDFERND, A X OEREDMKT
T % & RBEEEE NN 2 H D 2 kﬁxméﬂ
7o ZHUE—BRNICA LN A THSD. K3IT
LWk 91T, SMPa 21T D IREEHE 1T, /\4/5"
BRI 78 23 mass%7)» B 25 mass% O #iH T 4 40%
BREOERTHD. JENFHEHITB L% 06 725 Tk
0, ORENBENREVHITH D, —F, 41X
FR AL DIR G HL D 72 BN RBE R FE (2 KT T 5803 i
< FEh=. £ 305 5MPa ORBEEEE L 1.98 mm/s H»
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TP2508:0.43 L 72~ 7-.

VAT AEHEE 2D LTINS X O s
EMEEABRELZEA L L, ANAP ORAE FE T
AR & TIRBERE OFEEEITH) Z NS 52 5.

5. HEEBERMNFOREE (SEOEED

HTPB/AP/AN #HEEIROREICB WL, =hE
NOBEREZRHWTE . LnL, FiZ AN 1220 T
I TIRERTE DRI, TROIENE, WfErE & o 7
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