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Thermal dissociation model for thermal analysis

Koji Fujisato ™', Hiroto Habu 2, Atsumi Miyake *, Keiichi Hori >

ABSTRACT
Thermal dissociation model is proposed for the thermal analysis of Ammonium nitrate (AN)
on the assumption of one-dimensional inter-diffusion model in a sample pan. AN decomposition
was measured with a Pressure thermogravimetric analysis (TG-DTA), and the results well
coincide with the simulations which consider the thermal dissociation and the chemical
decompositions. The dissociation model needs only one parameter, diffusion coefficient at

atmospheric pressure, and then it is simple and useful for the other high energetic materials.

Keywords: thermal analysis, Ammonium nitrate, Pressure TG-DTA, thermal dissociation
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Nomenclature

A Arrhenius frequency factor

Aapp apparent Arrhenius frequency factor

Csur concentration of dissociated gas on the surface of condensed phase
Cex concentration of dissociated gas on at the exit of sample pan

d diameter of sample pan

) distance between condensed phase surface and exit of sample pan
Dap inter diffusion coefficient of dissociated gases into purge gas

Ea activation energy

FEapp apparent activation energy

G flow rate of purge gas

h height of sample pan

k reaction rate constant

M mass of sample

Mass mass change in thermogravimetric analysis

N thermal dissociation gas flux of ammonium nitrate

N decomposition gas flux of ammonium nitrate

P total pressure

Dsat saturated vapor pressure of the dissociated gas of ammonium nitrate
Q simulated heat value

R universal gas constant

o density

S bottom area of sample pan

T temperature

dT/dt heating rate

AT heat value measured by differential thermal analysis

X4 partial pressure of dissociated gas on the surface of condensed phase
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NH4+*NOs™ 2 NH;s() + HNOs(1) 2 NHs(g) + HNOs(g) (1
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Equilibrium of HNOs in liquid phase

2HNOs 2 NO2* + NOs™ + H20 (7
NO2t + NOs™ 2 N20s (8)
HNOs + H20 2 H30* + NO3~ 9)
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Cour 'L psat/RT ENE LTe, F72 CoxlT/N—V T AN L o TV EEROMREET A 035 S 4
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Purge gas

/\ NHH + HNOg
...... \_’/ N20+ H;O

Sample pan configuration.
Ny = Dgp M + x4, (Ny + Np) (10)
Dgp o< P71, TL75 (11)
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In pegr = 10040 — (12)

122000
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3. WERT L E=1 ADBESHT
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1 HET TOERBREMT

No. 1 2 3 4 5 6 7 8 9

P [MPa] 01 01 01 01 0.1 01 01 01 0.1
M [mg] 20 50 150 50 5.0 50 50 5.0 5.5
Almm)] 32 32 32 32 32 32 25 50 5.0
d [mm] 35 35 35 35 35 35 50 50 5.0

d7/dt [Kmin'] 5.0 5.0 50 15 20.0 5.0 50 5.0 10.0

G [Lmin1] 0.2 0.2 0.2 0.2 0.2 005 02 02 02

# 2 EET TOFERSEMT

No. 10 11 12
P[MPa] 0.6 2.1 8.1
M [mg] 5.5 5.5 5.5
hlmm] 5.0 5.0 5.0
d [mm] 5.0 5.0 5.0

d7/dt [Kmin'] 10.0 10.0 10.0
G [Lmin1] 0.5 1 1

This document is provided by JAXA.



FHM AT IE B SR JE B FE A

4. EREFHEOLRK

JAXA-RR-13-009

2 1% AN OYIHIE B2 2L S B840 TGA O ERRKE B (328 F L OFHF#E R @)
Th b, DEAMGEEIVEENENT I LR TEA LTS, EdEMKRIX
FHE TR b D BVREE L L FERIGE O FHOFIE L, FE
B No.1 T 95:5mol%., No.2 28 87:13mol% T -7=, ZiLHIx AN OEIRD K5y 13 E)
fREEDH G TH Y . RA0) TEMREEDO FE N IEMICHE SN TVWA Z L 2HE T T05, %
72 No.3 OBREED 513 69% TH ¥\ 5V DL RIS DR G H ERICHRE S TS &

HBRE R 2 EREICHE L TEY

A%

3 X FIREE 2 B L S BB A D TGA OEBRERGER LFHRABREHR TH D, o
R BR AR TR S I X AR EE Y BN DI 2T BT 5, Bt % 513E/L~— A T No.4: 91%,
No2: 87%, No.5: 81% & iR & iLlz, WTNOFEBR b FER RO T 7 7 AL E &
<—HL TRV, Bl X OMLZOS DR 5N IERICHE TE T D Z EN0nd,

20 : ‘ ‘
0 5k . experimfent ——
S calculation ---
_ =20 ‘
3 -60 \ i |
2 =
-80 : :
i t \
-120 i i
400 450 500 550 600 650
Temperature [K]
2 Effects of sample amount.
20 : ;
0 L experiment — |
B R calculation ---
.20 A S _
— N 5 N
= .40 N\ -2
@ 4— T
§ -60 \ 3...‘!\:;,_5
-80 \ \\ "\\
Sqoolasa b \‘ \ : A\
-120 ‘ : %
400 450 500 550 600

Temperature [K]
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6 Effects of pressure change.
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Decomposition of the high-performance oxidizer ammonium dinitramide in condensed phase
Hiroki Matsunaga*" %, Hiroto Habu*’, and Atsumi Miyake*'
ABSTRACT

Ammonium dinitramide (ADN) is the promising new energetic oxidizers for solid
propellant because of its high oxygen balance and high energy content, and halogen-free combustion
products. For practical use of ADN, one of the important characteristics is chemical stability. This
study focused on thermal decomposition mechanism of ADN. Its exothermal behavior and
decomposition products in condensed phase during constant rate heating were measured
simultaneously with differential scanning calorimetry (DSC) and Raman spectrometry. These
analyses showed that the decomposition of ADN proceeded via multiple stages. It was found that
one of the main reactions at beginning of ADN decomposition is generation of ammonium nitrate
(AN). With more heating, not only ADN decomposition but also the reactions involving AN

proceeded.

Keywords: ammonium dinitramide, solid propellant, thermal decomposition mechanism

B
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BThb. Ekary MEEERCTOERICHT EERERO DI LB R EEN T S
5. AP TIL ADN OEV IS B L, RAEEEBENEDSC)E 7~ o3t
LG, B AR O FEEAZER) & EENEHE T O o3 iR AL R D[RRI E 24T > 72. ADN

¥ BRIRENL KRR BREEE WML - SRS
(Graduate School of Environment and Information Sciences, Yokohama National University)
2 AARFANRAS R R
(Research Fellow of Japan Society for the Promotion of Science)
RIS R AT AR TR
(Division for Space Flight Systems, Institute of Space and Astronautical Science, Japan
Aerospace Exploration Agency)
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itk T D Z &b, EEas > hoEbHl & L TEMELAEIS b TR ST Tuv
5. UL, APITRBET A & UTHRBEZ AR T 5720, FRNGEL R EOREARTR T T
MBS TS, S5IT, AP Zh® & Uil R 2 A 9~ 5 078103 K EHER B
BT L VR EINDQ011 )R L, WES AP IZHEHERELIAMC & BREIFIBICH L TR AT
A TIMBLE RSN D K DIl ERERA~DA NI FEEZD EERNETHEDBIC
FHABHIR SN D FEICITRER2NTHA I, BHICREBHEZRAEL T Z By
BCThDH. FERMEERIC L 2REAMKBOZDIZIE e s 7 ) —bRRETH Y,
—DEPRIIMM O =R VX —WEIZ L D AP OB THD. Table 1 1o a o waEER0
TRNLX—WEORENRICEYEZRT. ZOPTEEAIE LTORMMO N H %D
X, BENTUANETHLIWETHD. HEET =7 A(AN, NHNO3)IEH < 2 HEI5
NTWDEWET, ~aZ v 7 ) —0RRAITHY, AP &l U Tk CLeMEnEn &
WORIRR DD, THVF—FEEL LOBRBEENMERNE WS REBHD. £, T
VE= LY =T 3 F[ADN, NH,N(NO,),, Fig. 1%, t RSV = A= 74— A —
R [HNF, N,HsC(NO,);, Fig. 21> %% o 2B 3 H e = f oL F—gfbFl & LTl sn <
W5 . ARWFFETIEL ADN Z ERHEEIRICEHA T2 2 L2 E S L. ADN e s 7Y
—, BT RLX—FE, BIEHENT U ATHY, ADN RHEEROLHES 1T AP RAEHEIRIC
VL9~ % Z & DA RLGA E 45 (Fig. 3).

% Z T ADN SHEEEROERICT, £3° ADN OEHN 2 BEOIEZITH > 2L & L
2. BEARHEERICRO DN HHEO—2 L LT, IFEKFORERNETOND. Bk 7
v MEEEICHW O D =R X —WEITATERTIAR 2 IS0 L THRE N E{L L, 2an
ah sy NE—X —OWRERCEEDIR TIZORN A Z ENEESIND. LER-T, Ik
RE DR A T = K I, SR, Breits OB ORI OW TR T 2 LERH 5. ARF
JECIX ADN OBV ifiiEIc5 B L7-. ADN OB OV TIE, T E Tlofix 72
FiEEZRWTEL OBFMTPATEE ", b OZEIC LT, ADN X N0, NO,,
NO, NH NO;(AN), HNO;, N,, HONO, H,0, NH; 7% EREx M ~5ff4 25 & ST
5. ZIVETITOIL T E BRI ORFHTIZ, BT & ARk T AR O [FIRHENE 2
WG B Z N 102D B ARERE O RERI AR BRAR D 720 ITIE, 3R OB R AL D 25k
COWTHHRT 2 LERH 5. BT OWE 2 —ERI Z & ICRE, o LelE b 5
w, BTV THRICRISBEIT L, BRSPS ONRWVATREER S H. & 2 TR

This document is provided by JAXA.



BT VR — RIS TR 25 AR EERF AT A R s 15

FETIX, BRI OW T INE TR VMR MAEZEL Z E 2B E L, REER
FHIEDSC) & T~ U Nt f b5 2 L TEMAIRROFREZEH) & EEfEfH I 5
VT B 53 fRAE R O [R5 M 2 3k A 7.

Table 1 REFEHRFEFEFRRT RN X —WHE (AP ITHEBENR)

Density Oxygen
Molecules Formula [ om] Balance [%]
AN Ammonium nitrate H,N,0O, 1.72 +20.0
HMX Cyclotetrametylene tetranitramine ~ C,HgN;Oq 1.91 -21.6
RDX  Research Department Explosive C;H¢N4Oq 1.82 -18.0
HNIW  Hexaazahexanitro isowurtiziane ~ CcHgN,0,, 2.04 -11.0
ONC Octanitrocubane CsNgO 46 1.98 0
ADN Ammonium dinitramide H,N,0O, 1.81 +25.8
HNF Hydrazinium nitroformate CH;N;Oq 1.86 +13.1
AP Ammonium perchlorate NH,CIO, 1.95 +34.0
- NO,
NH, N’NO2 OzN—FH N,H,
4 N
Fig. 1 ADN D#&i& Fig. 2 HNF O#Eid

240}
ADN/HTPB
220}
2,
~ ook AP/HTPB
180k
0 70 80 9%

Oxidizer [wt%)]

Fig. 3 NASA-CEA’IZ X 5 ADN/HTPB, AP/HTPB O tH /155 R
(Fx > 7NEF:5 MPa, B A H:50)
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2. EBRFE

BEEE LTI A T ADN 38 L OFEMEBE TH#MD AN 22D F AW

EMFIREFOBEEIERE O -0, BEEEFTR DTG-60 % V7o /R 2BV &1 E
(TG-DTA)Z1T->7=. #EHI S mg 27 /L2 =7 ABMcE/VICHRE L, FEEE 5 K min,
R 350°C, ¥+ U7 —H A% Ar(200 mL min™)& L7-.

FERF O EEE AL AR DO R 2L 2 HE R 55 7=, Mettler Toledo #1:#4¢ DSC27HP % > 7=
RSB EENE(DSC) R ER & Kaiser L RXN (2K 25 T~ V3 b & RIRFC T - 72
(DSC-Raman). Fig. 4 (2773 K 912, HP DSC827e (ZAFEN T AMD Z & WAKIA AT 5
EBRY M, FRPOvCEBE L —F %2 BN LBIEZ1T -7, DSC FiRaiiE, =R
Bl 28 5 mg, (/L% SUS & A » %1, IR EHFH % 95-350 °C, HRHEE % 5 K min”,
TPAR % N, (200 mL min) & L7z, T~ V0050 id L— 4 — R/ 400 mW, BREHHERT 1 s
L.

Fig. 4 DSC-Raman D %= EHE#S

3. BRLEBZE

3.1. ADN DOZ\£H)

ADN @ TG-DTA HIERE R % Fig. 5 1237 K 92 °C IZ81F 5 ADN DO FfFEIZ Hik 7~ 2 L
D%, EEELEFED 2 BEBEDIEE(140-175 °C, 175-220 °C)MBEH S . B — 27 IR D,
ADN OB RITEI OGN E R > THEITL TV D Z EavRraiz. £/, 220°C THE
B 100 % L2 0, FRTHH A LI Z LR35 Te,
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9 L
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Fig. 5 ADN ® TG-DTA HIE#E

3.2. ADN DEEHEHE S DFRAT

DSC-Raman {Z31F 5 F-iiH D DSC B VNOWE D T~ o A7 F L ORER 2L % Fig. 6,
TR,

92 °C Tl& ADN[N(NO,), JHI R D T < L HGEL 238U & 4L7-(Table 2). 7233, v |3 {H
fatRE) 2 R 7. (HiERE & SRR T2IREICTH Y, Ao ZES. F2, §
IEMRE ZRKT. EARE S ITESAOEEMEIIREI TH L. MfEIRENCIBIT 5 Z
FDs, as lTFENFI, XER, WA ET.

#9140 °C 225 1040, 710 cm™ (281 5 E— 7 BEDEIS WM L=, —FF, ZDIEND
ADN HIRD B — 7 13T R CRBEOZEB) TR L7z, £ LT 240 °C TIXTXTOE—7 3]
R gAY

BEAEOBFZE 22 L 0, 1040, 710 em™ Tid N(NOy),, NOsIZHIKT 5 T~ o BELELI &
NBN, BENEMLEZOIZZINSDOE—7 DHRTHATZZENG, 140 °C MHHEM LT
DIE N(NO,), TlE72 < NOy & FRICK SME CTHH Z b7, T T, NOs&F
Tr ADN OBVMRARM E LTIE, MBI AN BMERSh TV S M. Mg TiiZ olF
72 950, 1330 em™ I2HB W T T~ UHGELOMEI S 405 243, 950, 1330 ecm™ O B — 7 BRI,
SR E & HITMD NNOy, HkD B — 7 L [FRRIZIEAD LTz, —H, AND T v U AT [L
I Fig. 8 12779 & 912 1040, 710 cm™ D T~ U EGELONMRHR ) T OMITIFITBR S e ho
7o Lo T, 140 °C 2> BFRESEEN L= NOsICH KT 2 7~ U ELIF AN 2L 5 Z &
MWbholz. IHIZ, ADN, AN DSMCHRKT DH7-72 7 ~  BEELIZBH S e o Tz,

PLEX Y, ADN OEEEFIZI T 2BV RARMIL AN THY, AN & S HICHEIRIZR D
EORT D ENEZ L.
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Table 2 BEEZO5 OBV THAIENEZS v #ily—2

Raman shift

Identification 1
[cm™]

Vs 1N phase 1525

Vs in phase 1325

0 in phase 825, 755, 485
NO,

V,s out of phase 1435

v, out of phase 1170

4 out of phase 755, 485
Vs 955
N;

Vas 1040

Intensity [-]

o

500 1000 500
Raman shift [cm’l]

Fig. 8 Bl L7- AN D T~ A 1 (180°C)

T I OFER, FHERF ORENEF TIiX ADN O & AN OEHE O ABLl S 2
&5, ADN & AN O E7Z T < U BEL(ADN:1325 cm™, AN:1040 cm™)o &' — 27 3@ L
& TG ICB U 2 EEED 250 Abt, EHARG K minYEFOEHEH O ADN, AN &%
{t%ﬁﬁj L 72(Fig. 9). #J 140 °C 2>5 ADN DO L OV AN OB BLIH S A7z, F5IZ 160

\ZEET 5 F Tld, ADN OV & E AN OHMENE/VLT 111 OBfRE -7, 2T

1 mol @ ADN 2353 L C 1 mol ® AN M3 2 L 5 o’ #IT L CWA Z & 2. BE

FEEETOHRE VLY, ZoEERIC Té’f‘ﬂ’\ﬁﬁki}?}zﬁ%@zﬁ}z IIN,0 THDH. L
Telo>T, ZOFRMHEIZEIT D ADN ORGSO IXIZIE T TN
NH,N(NO,), — NH,NO, + N,O (1)
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THDHIENREINT. 160-190 °C TH ADN O3 L OV AN OB HERE L 7243, ADN
DOV EN AN OHINEZ EE->7-. ZHIX)DBISDIEINCEIK G & LT AN 24K L
72N ADN D433 JOVAN OZUE B [RIRFICHEIT L7 2 EWEZ LD,

190 °C LI - Cix ADN &I 26, I 52 AN OELEDZBMA L7-. AN O fif
b Z ORI O LS TH D Z L Rbovo7-. £72, ADN B2\ TiE 190 °C T TR
HFENEN LT Enn, RIS TR DEEOKISDEIT LI EnBEZbND. £
7=, ADN BT XCOWEN T AT HETHEE L2 &0vH, ADN 2 AN (S fiEd 5 KUk
2T, AN BAER LARWSRRIS b HEITE 5 2 L AVR S L. MEEE £ TORE 22
£V, ZOREETIE 2 BEEO T A ERBOSHBRI S, 1 2HIT N,O D4R, 2 2HIE
H,0, Ny, NO, DA TH 7. LLEDOFER LY, Z ORI T ORISR & 13872 5
HtE T ADN @ N,O 38 KON AN ~D43fif, % LT ADN, AN @ H,0, N,, NO, ~D53fiE
ThdZ ENfEEINT.

—_
N D © S
[en) (== [e) (=]

Mass of materials [mol%]
)
(e

o 200 250
Temperature ['C]

Fig. 9 EHRFE$(5 K min")® ADN, AN D%t
4. ¥

ADN OB MR DT, il ﬁ{mﬁﬂ%offﬂf&%miwacﬁf*ﬁm BT D o3l i) %
BUPL7=. TG-DTA DOfEH, ADN OBGRIZZEME CHEITT L Z RIS, Fiz,
DSC-Raman (Z X 2 Z\z&) & ERHEFH AR 0 [R] BRI E O G 5, ?@;V\ﬂ# B LFMAERY E L
TIX AN OBl S 7=, FiEFO ADN B0, AN BEOHEICOWT TG OfE R & &
DEDLZETERTDHIENTE, FEEE TOERT AT OME L EbETENEN
D BLPE T OB FRHERE I DWW THERE L7z, A& ORBRSMB VT, ADN OB RO HIH
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WREDSIMIIFIET TR AN & NoO ~DO3ETH D Z &b nroTz. @ikl T EIR A
LB/ DHE— RTO ADN @ AN & N,O ~D 53 LUV ADN, AN @ H,0, N,, NO, ~D
IIFRBOSHEITT 5 2 EMdB 2 b,

ZIVE TOMRIZ & - T, REREFRFS CTEEHAIR L 72ERD ADN HLRIZ DOV THREZE),
AR OKH, BEREFR IS DWW TR L, BV MR 2 m R a2 155 2 LR T
Tz, BB IND ORI E N — ZTINERFRTAA, IINFIR IR O 53 i ~ D 58
ONWTHIENTZ2HED L TETH 5.
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KT TE—RET, M BEET, R SR e, PR R

Crystal structure transformation and thermal decomposition behavior of

ammonium nitrate/potassium nitrate particles containing polymers

Seiichiro Nagayama*l, Katsumi Katoh™', Eiko Higashi*l, Katsuyuki Nakano™', Hiroto Habu"

Abstract

Ammonium nitrate (AN) has problematic properties for industrial application such as high
hygroscopicity and crystal structure transformation accompanied by volumetric change. In our previous
studies, we prepared spray-dried particles comprising three components: AN, potassium nitrate (PN) as a
phase stabilizer, and polymers (e.g. PVA, CMC, Latex), which was confirmed to provide effective moisture
proofing. In the present study, the crystal transformation behavior and the thermal decomposition behavior
of AN/PN/Polymer particles were investigated by differential scanning calorimetry (DSC).

The results showed that phase-stabilized AN could be successfully prepared by the addition of PN. In
addition, an intriguing possibility was identified in that CMCA and PVA, which were both added as
polymer components for moisture proofing, also acted as phase stabilizers for AN crystal transformation.
When the thermal decomposition behavior was investigated, two exothermic peaks were observed at
190-245°C (first peak) and 272—291°C (second peak) in the result of AN/PN/Polymer. It is possible that the
first peaks in the DSC curves for the AN/PN/polymer mixtures result from the reaction of AN with melted
PVA, or decomposition products and gases derived from CMC and Latex, and the second peak is due to

decomposition of AN on its own.

Keywords: Phase stabilized ammonium nitrate (PSAN), Crystal transformation, Thermal decomposition,

Gas generator, Spray dry.

B =

e T =0 AANERIBMEZ A L, S|IREHICIH W T O IREA L2 1 5 EAH RS 2
ZHRETEMMIZB T 2MEEL AT 5, Fox OBEOIE T, 2h b OMEE RIS 5720,
AN, FHZEAKITH LRI Vv APN)B LR Y ~—# : PVA, CMC, Latex)3—{&{k L7214
Ki-(AN/PN/Polyemen) A FHEE L, RV ~—DRRIC IV PHRMERR ET5 2 &2 5T LT,
AL, FA% L 7= AN/PN/Polyemer UKL 1-DFHEAFE 35 KL OBV iR 258, 2 DSC Z W THEIZ L
7o FEBROFEER, PN ORIV, EE-100° C OIREEIC AN HEROMEEB N EE ST,
FZELTND Z ERPHER SN, £72, PVA BL O CMC 1T AN (264 L ELh R
&> % FIREME S RIER S 4172, AN/PN/Polyemer DENV M RZEEN 2 BIZE L7 & 25, 190-245°C B LT

*1 f@[H K% (Fukuoka University)
*2 (R FH AT ZE 0 72 B FE % 4% (Japan Aerospace Exploration Agency)
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272-291°C (12 2 DDOFEE — 7 B S lc, RRMIOFREUL, AN & @R d 2\ WIZE g L7
U~—LDRUSHER L TV D RN H Y, EiRMOFEIT AN HE ORBGFICHKT 56
DEHELE LT,
1. IIC®HIC

HEET B = U A(AN)TZAEBRORE S B IR S 0 2 BRI L E Th 5. $£72, AN X
HEFIZLZMTH Y, FIREERHCERIEN AR Land, BEIE T Ny 78 23RS
ELTORMAPHIFFEN TS, —F, AN IZEWIRIEMES JOWIfEZ A L ClY, RHEOR
it & TR R L3RR LB LA 2 975, Bk EORRER S S, F£72, 30 C, 80 TH LW
125 CHEICEMEFHESEIEZ Y, FBEE T 2HEEZET D12, HEVEZT Ny 7T R
RAFNCKIAT2HE, AN ZrBRAILIRAE L, Ly MRICIT &N 52, M Xk 568
BTV hOMHEOFKR E 720, BEEOZLIZL Y BEREZ 52552 0T
%o ZDI2¥, AN OWEEMR X OMEEKIL, TEAHT S BTG _EHELE 2 L),

INOOREIZK LT, EHELIX, MEZEHTHLMHEES Y v APN)B LU LA B L
LRI ~—% AN LERA L, A7V —FRI7A4KEICTLY 3 ko n— KL =ih
(AN/PN/Polymer)Z #H#L L, AN OMHZENE L OB 2572 72[3-5], AFlOREE, FHR L7
AN/PN/Polymer f#0h. 1%, AN K0 bPHEMEZAL TWD Z LA MRINT,

AMFFETIE, AN/PN/Polymer KL DI FE(FHZEME) 25 2 Z L 2 HAY & L, /REE
BEEEFH(DSONC L 2B 2 EhE Lz, [, X0 SIRER TR E 22 LB L, Y
LR DB R BAE TR U~ — IR OB SV TR L7,

2. EBRFIE

2.1 ApIFAR

AREFEL T, AN (FIEHESE T34, PN (FBMESE T3 2 vy, RU~—k s LT,
RVE =L 7 /va—) W (PVA, FEHEE TE@)LRD), DR AT L a—RT7 2 E= A(CMCA,
FOYERISE T3 AERY), HARFL AF L m—2F R A(CMCNa, FIYEHISE T30 Ei) 5 X
T 77 A(Latex, MALRRT IV A(BR) TR ZZNENH Y, AN, PN, &R v —%ZhEi
9:1:0, 9:1:03 FBELN9:1:1 OEEILE 722 X HITIRE L7, 4 52O milli-Q KIZHEME(D 2 W
SRS HT, ZOKERE AT L— R 7 A Y —(PEE L3RRI TR S8, 3 o — 1k
L LIk %2 457, A7 L—R7 4%, F v 2 3—WNiRE 90°C, T ¢ A 7 [al#z%r 18,000 rpm @
FUECHEM Lz, 728, REERRLGEOEMIIEER[3-4]2 SRS iz,
2.2 BT

AFL—RTAI2L 0GR L 2ok 3 L OV AN B (FnG ik T3 @) o2 et L O
By iR E) & DSC & FWCElE2 L7z, DSCMIEICIX, ~ v 7 A = A(#)rLH DSC3100 %
W, BREMRSRICIE, A 3o A VERAER O 2 T 2 b 2 RS PRGBS 15 ul) & VT,
SR X 1-10 K/min & L7z,

3. MRBIUEE

3.1 MEEHDOBIE
DSC % VT AN Hifll, FR%L L 7= AN/PN 35 2 UY AN/PN/Polymer DARZE ENEZ G L 7=, 3k
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TR RIS A 25 AR 25

BHZ BT 5 =iE-150 °C @ DSC #h#f % Fig.1 (2R L7z,

AN B OHIERE R TIEL 30 °C, 80 CH LN 125 °C FHT IR IC sk 2 B v — 7 352
ST, O[22 T 5L, ZnbOWEE— 271X AN O IV A1 A5, T FH—II 8,
BELO NMHSIHEOHEBRIZEZNENRST D EEZ BN,

AT L —RIZAIZ X VAR L7= AN/PN TiE, AN B CEIEL S 7z 30 35 L 0N 80 °C AT DL L
E— 7 NEIE ST, 110 °C B L V125 °C fHTici B e — 7 NElEt S hui-, BEE ORFE[6] T,
PN OBIMEHEINT 212240 30 °C AT DWEE — 27 133K L, 80 °C fHir OAHIER 1L mnE Ml
V7ML EDRHESNTND Z LD, ABFZEICTEIZE S 4172 110 38 LT 125 °C T O E
E— 713NN M-I BEY -1 OMHEEBIZHEKT D LB 2 505, AN/PN/Polymer D54
IZBWTH, HMROFREHIIB T AN/PN & RO RENTND Z b, KU ~—I2Xd
PHESIT2 <, PN OFRICEIVERISKHEZEL L TWDLHDEBE 2 D, HE L OFET]
2L D&, AN OFBBEITT =0 AL 3 LR EREMNEN T U U BHESERHCIFET S
Yity, EREETR LHZET D, AR TS, EEEEEOMEE CEFEAEDIEZAR S, AN 2
FHZEEAL LTZ FIBEMEDS & 5,

AR K 912, WEdad AN/PN/Polymer DERIZEH) L AN/PN EJHELL TW 5723, AN/PN/CMCA
(9:1:0.3)(Fig. 1a)¥s LTV AN/PN/PVA (9:1:1)(Fig. 1b) T, HAaZZFEMPBEINT, b Ok
TIE, 100°C ELRIICIRIZ D RRENE — 7 MBIEE S LD DA T, AN/PN THIZZ ST 110 Ch &
W 125 CHHEDOWENE — 7 BEE STV, Z DOfE5IE PVA 7213 CMCA OFINC L - T
AN OB OFENELT L AR EZ "B T 50 L EZ bD,

CMCA & PVA HIEDFRZEALNFAZ DWW TIRFET 5 728D, PN & & £ 72V VR - (AN/CMCA (9:0.3)
1 L UVAN/PVA (9:1) & 8 LBV Eh 2 8l5 L=, = OfER, Fig2 12”7 XL 912, AN/CMCA C©
1% 30 5L 80 COWEL— 7 23, AN/PVA Tl 80 COWE L — 7 NEIE SN2 oz, ZO
251, AN/PN/CMCA ¥ JJUV AN/PN/PVA & R72 528 Tlidd 7%, PVA & CMCA BIA B %L
AR AEGT DTN B D,

[ I mW/mg "
I " & T
L\N 7\;\ TANPN O V'V

\jﬁw EN.(31) = AN/PN/PVA400 (9:1:1)

b
1 mW/mg

Endo..—. Exo.
Endo..— Exo.

—~

= =
E| ANpNPVAL0 ©103) YV | E
= Z [ AN/PN/CMCA (9:1:1)
E | AN/PN/CMCA (9:1:0.3) E
E L - A2
E AN/PN/CMCNa (9:1:0.3) 2 AN/PN/CMCNa (9:1:1)
= - N
<
5 AN/PN/Latex (9:1:0.3) 3 F ANPNLatex @:1:1)
25 50 75 100 125 150 25 50 75 100 125 150
Temperature [°C] Temperature [°C]

Fig.1 DSC curves of AN/PN/Polymer (heating rate = 2 K/min)
a: AN/PN/Polymer (9:1:0.3), b: AN/PN/Polymer (9:1:1)
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|: | mW/mg

e T

Endo..— Exo.

5
&
Z [ AN/CMCA (9:0.3) R
% s
= Vo
5 [ AN/PVA400 9:1) I
25 50 75 100 125 150

Temperature [°C]

Fig.2 DSC curves of PN-free samples (heating rate = 2 K/min)

3.2 BOfRIeE DBl
321 ARV ~>—HRINC X 28 HREE O

AN, AN/PN (9:1)3 X U8 AN/PN/Polymer (9:1:0.3)D#\H)2%68) 2 DSC & W THIZ Lz, HiRH
FE2  K/min (28 5%k DSC #ifR(150-325°C)% Fig.3 (&, & DR — 7 (T, &
L RV F—(E)B L OREENE(Opse) & Tablel [ZF &7, E, 1358725 FIE#HEIZBIT 5 DSC D
F—X4(1, 2, 5, 73 X010 K/min)% VT Kissinger {E[8]IC L W B H L7z,

AN B LT AN/PN OHIE DFERTIX, 264°C (ZHEE — 7 NBlIEL S 7= —J7, AN/PN/Polymer
TIE, RY~—ORHAITIK DT, 190-245°C (55 1 B—2) BLU272-291 °C (2 & — )T 2D
DIEENE— 7 DIBLEL 72 (Fig.3),

% 1 B —27 1% AN/PN/Polymer DA CHILE Sz Z &5, AN & Polymer D SICHKT 5 &
BAbND, H2E—7 O T, AN BHMOEALIZIEF CEEFRRICHY, =27 RbEh
EITWB, F£72, AN/PN/Polymer ® E, %, 115+12kJ/mol TH 1V, AN HM (112 kI/mol) & TV Vil
LT, ZOREEYD, AN/PN/Polymer THIZ INT-H 2 B — 71X, AN OEGRICH KT D &
Ezobhb,

E C1 mW/mg J\
\ i

N/PN

]

>

7

é

[ AN/PN/PVA

[ AN/PN/CMCA

Heat flow [mW/mg] Endo. . .Exo.

- AN/PN/CMCNa

[ AN/PN/Latex

150 175 200 225 250 275 300 325
Temperature [°C]

Fig. 3 DSC curves of AN, AN/PN (9:1) and AN/PN/Polymer (9:1:0.3) (Heating rate = 2 K/min)
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Table 1 DSC parameters of AN, AN/PN (9:1) and AN/PN/Polymer (9:1:0.3)

First peak Second peak
Sample
T,'[°C] _ Qosc [/g]  E,[kI/mol] T,'[°C]  Qusc [V/g]  E,[kJ/mol]
AN - - - 264.3 1920 112.0
AN/PN(9:1) - - - 266.0 2082 111.4
AN/PN/PVA(9:1:0.3) 223.4 471 163.9 290.6 1570 110.7
AN/PN/CMCA(9:1:0.3) 190.1 288 82.0 271.7 1580 119.9
AN/PN/CMCNa(9:1:0.3)  201.0 399 105.0 272.4 1746 103.8
AN/PN/Latex(9:1:0.3) 244.8 = 97.9 284.7 21477 127.8

"Heating rate = 2 K/min
“Qpsc could not calculate because the peaks overlapped.
“"Total Qpsc of the first and second peaks

322 RY ~v—RNEIC L 5%

RV v —mBRD AT L— RT A3 DSCHIE (2 K/min)Z Fhi L, BARJZEE)NC KITT R
V~—8ORBICOW TR LTe, &R Y ~—%25 A L72 AN/PN/Polymer (9:1:1)i% 185-246 °C
BLU272311 °C R — s BBES NI, B2 B2 SBEShH L) A TH, ko
AN/PN/Polymer (9:1:03) & [f] LB & S 257, Opse BED T, DIEIEAR V= —OUMEIZHENE
bt B BT, Bl213, Figd 17T X 512, CMCA OFMEZ X 0 26411k &4 DSC
WEETS &, CMCA BRI B0V, 1 E—=27 D Opee AL, T, FHA LI, #2E
—Z1EZOWOMN DR DD, R Y~ —OEWNMEARINT 5 LALFRRMAUCIT S Z &2, AN
ERY = —DJEERT EL, 1 E—27I1281F 5 Opse DM, T, MIEFLIEEEZEZOBND,
—%, AN OBGIRICHRT 5L B2 N5 2 B —2 TiE, N~ —IRIMEOHEIMIFENE 1
E—ZIZBVTAN DL D HRSNDT0, Opse BBD, T, 8 LR LIELEABND,

20 & 330

@ Second peak (250-2807C) b @ Second peak (250-280C)
1.8 7 § AFirst peak (180-240°C) 310 A AFirst peak (180-240°C) I
1.4 4 * — o ) .
5 : _ 270 3 e
w 12 .
3 5 250 1
% 1o : >
S ' =230 4
7 08 A A A
210 A —A
0.6 A A
0.4 A o 190 - A ) L
0.2 4 a 170
0.0 A - - - : 150 T T T T
0 2 4 6 8 10 0 2 4 6 8 10
Polymer addition [%] Polymer addition [%]

Fig. 4 Relationship between additive amount of CMCA and Opsc (a) and T, (b), (Heating rate =2 K/min)

323 R ~—DFHEIC L HEE
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Fig.3 3 J 8 Table 1 (27" L72 AN/PN/Polymer (BT 25 1 ©— 27 O T, &g+ 5 &, fHilziT,
AN/PN/CMCA 3 X8 AN/PN/Latex D% 1 £ —2 D T, 1% 190°C B L 245°C TH Y, RV ~—
ORI L > TR > T D, ZOFRIZONT, EELIIRY ~—HEHE OB fENFE L T
Wb EEBZ, BREARY ~—0DHIZx LT DSC HIEZZFEN L, AN/PN/Polymer & ik L7,

HIEOFER, PVA B TIL, 206°C [ZWEAE— 7 NEIEE S 7= (Fig.5), Z DWEE— 71X, PVA
DR EIFERET D ENOEMRIC L 2WE LB 2 b D, DR Y ~—(CMCA, CMCNa ¥
L O Latex) OFEFTlE, FEEAE — 7 2% 214-245°C (2B sz, ZOfERIE, CMCA, CMCNa,
Latex 7% PVA &EWEEE T L TS Z L2 R LT 5D,

ARV~ —HM O R (Table 2) & AN/PN/Polymer (Table 2) D & bbig 325 &, Bl SN KR U <
— DR & 5\ T ED T, & AN/PN/Polymer D5 1 B — 27 O T, 13— L T\ 5, M2 T,
HRY ~— DR JOBDRO T, 5 E, #8HIH L& 25, AN/PN/Polymer @ E, L AHBIN
HD T ENGDoT=(Fig. 6)y ZOFERLD, AN LRV ~—DOJSIER Y ~— DR £ 72 1325y
fREFPEIHEIE L T Y, AN/PN/Polymer D5 1 E— 27 121%, AN L@l L72R Y ~—H 5 W ER Y
~ —HIR OB R O UG BAFR LTV D ATREMER B 5

|:0.5 mW/mg

Endo. .. Exo.

| PVA400

Heat flow [mW/mg]

Latex

150 175 200 225 250 275 300 325

Temperature [°C]

Fig. 5 DSC curves of polymer alone (Heating rate = 2 K/min)

Table 2 DSC parameters of polymer alone

Sample 7, [°C’] Qosc [1/g'] E, [kJ/mol]
PVA 206.2 -0.054 416.0
CMCA 214.0 0.46 26.0
CMCNa 242.0 0.46 105.0
Latex 245.0 0.065 72.0

Heating rate = 2 K/min
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180
160 4 o
= "/PVA
£
2140 4
5
5
2 120 1
Z
= ;
Z 100 - @  CMCNa
uf " Latex
g0 { @
CMCA
60

0 50 100 150 200 250 300 350 400 450

E,of neat polymers [kJ/mol]

Fig. 6 Relationship of E, values between polymer alone and AN/PN/Polymer

4. ¥L®
AFZETIE, A7 L — KT A THl$ L 7= AN/PN/Polymer — A LK+ DARZ E MR L OB il

PE% DSC Z W THat L, L FORAAZST,

(1) FHHL L 7= AN/PN/Polymer DFHZEMEZFHII L7- & Z A, =RIE-100 °C OIEEEE I EAE — 7
NEIE SN AN OMEEBAIH STV D Z L 03 iR Sz, AN/PN/Polymer D% < I3,
AN/PN (FHZEALRHEET > E= 0 D) E RO ZFEBE TH o722 Lvh, PN ORI K W FHEE
fELizb DB 2 55, —JF, ANPN/CMCA (9:1:0.3) 35 KT8 AN/PN/PVA (9:1:1) DA T,
AN/PN TH. 615 125° CAHE O =1 OHEBABIZE SRS, AN/PN & TZEE) N2 -
THY, CMCA I LU PVA BIRIZAHZZEALRI RN & 2 v HEMED /RIE S U7z,

(2) FH4 L 7= AN/PN/Polymer DE i@ 2 Bl52 L7 &L 2 A, AN B LT AN/PN Tid, AN O#E;
R SRS 2 BN — 27 78 264 °C IZBIEL S 7=—J57C, AN/PN/Polymer Tl 190-245 °C (55 1
E— ) L TN272-291 °C ({2 B — )2 2 DD — 7 BNBIZE SN, 1 —21% AN
ERMELTZARY ~—HDWER Y ~—HROEBGIARY & ORISICHKRT D EE 2 b, K
U~—OEBLOBRMEIZE > T LLBEY Opse (L LTz, 2 E—27 D T,1%, AN H
DOFBALIZIEFR CIREFEKICH Y, E—27BIRbZNEETND Z LEND, AN OBRIZ
HRkT 5Bz 6D,

Bt
RBFIEL, (IR S L H R B T BB Y TR, = 2T,
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ADN/AN O #8533 B 4514
AR =R, EAm BT, SR R, LR BT, PE BZAT
Burning rate characteristics of ADN/AN

Koutarou Matsumoto*l, Kenichi Takahashi*l, Takuo Kuwahara*l,

Hidefumi Shibamoto > and Hiroto Habu">

Abstract

High performance and Low environmental impact is required for the future solid
propellants. Many of high energy material (HEMs) compose without halogen atoms. Additionally,
the propellants that used HEMs indicate high theoretical propulsion performance through the
calculation. Ammonium dinitramide (ADN) is one of the candidates of the new oxidizer for the
advanced solid propellant. However, the combustion characteristics of ADN should be understood
deeply for the practical use. In this study, the burning rate characteristics of the ADN/AN mixture
pellet were investigated to understand the effects of AN mass ratio in the mixture. The results
show that the burning rate of the ADN/AN pellet was decreased with increasing the mass ratio of
AN in the pellet. Additionally, the burning rate of ADN/AN pellet (AN mass ratio, 20 mass%)
was decreased 40 % compared with ADN at 2 MPa.

Keyword : Ammonium dinitramide, Ammonium nitrate, burning rate, Solid propellant

B
AKFFETIET v E=T LY =b7 I FKADN)ICHBT > E=U L(AN)ZREGTHZ & T,
ADN/AN O AN IR A BICHK T 2 RBEHEE R E 20 7. Z 0%, AND/AN O 85 E B 1
AN BEGEICHA L TP T 22D bhrole. £72, FESKET 0.1 MPa K * 1 MPa T
X AN JE & & 10 mass% CTHJ 30% 1K F L, 20 mass% THJ S0%{X F L7=. FPFHXIET 2 MPa
TlX, ANRAGE 20 mass% TR 40% K FL7=. FESKES 0.6 MPa & (X | MPa & thifg L C
2 MPa TiI AN BB =23 T 2 R BEEE O R s S iz,

*1 BARRZELZE METH LA
(Department of Aerospace Engineering, College of Science and Technology, Nihon University)
2 A K TSt
(Hosoya Pyro-Engineering CO., LTD.)
*3 T L 242 WE T B g A A ?Eﬁﬂ%lﬂhﬁﬁ FH Wk LFHRER
(Division for Space Propulsion and Propellants, Institute of Space and Astronautical Science, Japan
Aerospace Exploration Agency)
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1. FC®HIZ

BUE, AT THRARE XA —PECHETLIMERITOATVD. GTRLF—Y
Bid e rr7)—=TbhHV, FMROBEEEEK~OEHALN B NL TS, LB »> T,
SHEOEEMEER DB L ERBIE TN ZOCL, BTRXAX—WEHEICET 25T
cEETHH .

ADN(NH,N(NO))IFE =R V¥ —WE O —>ThH v, BiAl L L ToEmERNE,
RO EEHEERDO ER 2 OPEE L THHIN TS, ADN KA TH O, BEE
FETAEEL, BREMAEERTL I ENMBEN TS P Lav L, ADN O BRBEREEIC
DWTIEREZICAWZRAENZ V. ADN & RERICBRBER I TRl g 2Bk & L T AN 8 %
FToNs. ADNICANZRA LIS E, MASLHERAENET S, £/, ADNIZ AN &
BT HIETRERENENT DN, FEMITRIL T w. K% TIL, ADN/AN O
BRBEE R ISR T 5 AN OB EZH D=0 ANBABRZ LS TREEREZIT-
7.

2. £ B
PRBEEBRIC W72 ADN/AN XL > FO#pk % Table 1 273 . ADN/AN XL v b (X
ADN/AN ¥y RZJEMET 5 Z & T @7x10 mm 12k U7z, MREEEE RS ERICH A T
VRBRBESR % Fig. 1IZRT . BREERNITIZERZN) TEBELOME SN TWD . RO T
BT AT AT(300 fp)IZ Lo THRE L, BRESANENIENEBSFEZHWTEHEIL, PC
WZEiek L7z,

Strand bur{ler Pressure sensor

<= PC
Tablel Sample compositions [mass%]. Sample
Sample ADN AN [ 11— I: [
ADN 100 0 N,
ADNO90AN10 90 10 |-_4] Camera
ADNS0OAN20 80 20 ﬂNz

Figure 1 Strand burner.

3. ERBRRUER
Figure 2 (ZHRBESSINIE JJI2%f 9% ADN/AN XL v b O¥RBESH E %2 /R9°. Figure 3 (2 AN
RAREICX T 25 ADN/JAN XL v h OBRBEHEE OB EE2 7R .
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E E/D/u

E

~ 10 |

=

g5

E ) —o—ADN

R —0— ADN90AN10

ADNS0AN20

1 1 |
0.1 06 1 2

Pressure [MPa]
Figure 2 Burning rate of the ADN/AN pellets.

Figure 2 LV, ADNIZ AN ZEEGTHZ L CHRBEHERENR T T 22 RN brolz. BIE
HEME S DO PRBE R B TR BER T OB I L > TREDY, UTFToXTHRTZenTED Y,

) A4,
ppcp(rs _TO _Qs/cp)

(D

CIZTARBBEE, c IZHE, TIXRETHD. 7o, INT p X HER, s TR MEEHE,
g FRMERT. KKV, BEERMEERDOREREITK[ME LY RE~OEEBR g,,, K
HiRE T, REICBTDOREEAERE Q1L > TEMLT S, MEHRENMETFTLEZFEKD —2 &
LT, ANZRERALIZZ L TADNANRHE COBMSMIZ LD BEAENE T LI E0NE %
bivsd. E7z, ADN HAKIZKKJET THREET 5725, ADNIOANI10 J U8 ADNSOAN20 /& K&
JE T CIEBBE LR, BREBEHSNEZMELZE X, ADN90ANIO T4 0.2 MPa,
ADNSOAN20 () 0.3 MPa THREEL 7=. Z OfER NS, ANEAEICLH L T AND/AN O
RBERENIERT L, WRIRFRIEN R &L R LN biroTz.

Figure 3 K 0, BREEZRNJE 1 0.6 MPa J2 T 1.0 MPa C ADN/AN X L v ks O BRBE 3 £ 1T AN
Z 10 mass%iE BT 252 & TR 30%IK F L, 20mass%iE &3 5 &8 50 %K F L7, BREERR
W7 2 MPa T ADN/AN ~ L > F ORBEHE (T AN JE & & 20 mass% THJ 40%1X T L 7-.
UEXY, BREGHNENDPEWVWIEERERECRKTAMAOND Z DN D
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1.1
© 0.6 [MPa]

. 1 0 1 [MPa]
E 0.9 A2 [MPa]
on
=
‘208
L]
2
-5 07 B
=
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~

05

0.4 - -

0 5 10 15 20

Ean [mass%]
Figure 3 Relationship between &sn and relative

burning rate of ADN/AN.

Figure 4 IZ ADN/AN <L v M DBRBEDKEF Z 73 . Figure4 XV, ADN~<L v M, 0.6
MPa &% 8 2 MPa | CHER N MEFR CT&X 5. L2 L, ADN/AN XL v b{Z 0.6 MPa F TIL %
MFEAET, 2MPa FTHRNMER TE/Z. Z0OZ &b, Figl3 ICR SN D RBEEEKT
Iz ONTZRIKND —2L LT, BMERTILHE COMROFBEEIL LR ~DED T 1 —
RNy 7PNl ERELLRD.

ADN ADN90ANI10 ADNSOAN20

Figure 4 Combustion of the ADN/AN pellets
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4. FLOH
- ADN/AN XL v b OBRBEHE T ANIRAEZHINSE 2 EIKTT 5.
- BREEZRNJE /1 0.6 MPa & (8 1 MPa T ADN/AN XL v b D BREEH FE 1L AN JE A & 10 mass%
TH 30 %IE T L, ANIEBA & 20 mass% TIEA) 50 %I T L7z, 72, 2 MPa TIX AN &
& & 20 mass% CTHI 40%IK F L 7.
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