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Modeling of ammonium dinitramide (ADN) combustion and its problems

Yu-ichiro Izato™ and Atsumi Miyake™"*

ABSTRACT

The purpose of this study was to develop a combustion model of ammonium dinitramide (ADN).
The combustion model include the elementally reactions, rate coefficients for every reactions, and
thermodynamic data of corresponding chemical compounds. Combustion reaction of ADN can be divide
two part, gas-phase (flame) and condensed-phase reaction. Past-study models for gas-phase reaction have
many estimate values and amount of elementally reactions are lacked. In condensed-phase reaction, there
are no elementally reaction models. A combustion model is improved on the basis of ab-initio calculation.
The heats of formation for both gas and aqueous-phase were calculated by quantum chemical calculation

with SCRF and the traditional atomization method.
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1. IL®I

PR, @V — W OB (R, ) P oRISHEEICET 2R RS E > TV 5,
ZIUELE TR — W E ORBERED, FRIARERBEEIEIC B W T, EEHORINC L > T v
TIETARENTNDZERHLNDIZARY 22BN LTHD Y, BAIF=FLX—E—
R OBRBESOCHIBEET VAR T D Z L 2B E L TIFEZ1T> T D, Afa T, B r /L ¥—
WEMRS L L TEMMLE BT HREERN DO—oThsT7 v E=U LY =5 I | (ADN) %
HEESEDIRBESUG T T /WIS DR L WFE RIS O W TG T 5,

ADN OWRBEIX, 722 KISHH (BEFE + #AH + &) 1210 2L RIG & Eh b 2§ Sksl
LNEMECR BN T 5 BUOSERGR R E L CET LT 20BN’ H 5, RISHERATIEY I 21—
vald, ZRAX—WENRORLELT, FIZIXABRET Y URHBMESe E%< o T
FHHTHELE SN TWAHIZHEL LT, HRAMICA T REAREKTHD, TORKE LT,
fift < R E FRRROBAMEFREEIIE U TR D 2 & RIS R OMIEMEOREN H 5 Z &
RENRFT ONDD, FRIRIG L 72 D RICBIT D50 7 SOSHERE D BRR D 72 STV e 2 &3
METH D, BEVET RTS8 2 I RAGK 3R R ORRBEROGBRRIY Z ZHFE TR E <Hf
HELTWDL—HT, TR —WE TR L e D EHR BT E & 5 A 72 RO HEAE O BRI
FRCREA E W R D, SOICERMBISICE LTI, EEEORITE & 7 AL HR 2 B S Bt
fRHEA TN D28, EEMEAE (AH, [EAE) BRAZICBI LTIt mic b BEmiE o —o>Th 5,
TRNVF —WE %G TEMICEERONTRERIS Th D, 2 b Z T 2 EHB R RS>
Ral—va BV UHRMELB B L ZHROKIEY I 2 b—2a UBARKETH LA, R
AN BT E A EFER S TWRYY, T EMFHRT 2 72012 S K BOG I & TEEMIFE SO 2 BRAF
THZEWRETH D, &2 TR CTIIFILFSUGE T MR OBLSIZHK > T, ADN Ok
FISETNAREEICBE L Cilan 9 5. SOy R 2 b—3 a3 VU B RSN &k, FOGK - 3
FENRT A —H ACFREOBI)FT — X D3 1T — X OMBEGOE I & &2ET, AL ADN O
KB X OBHEHEENENORIGZOWT, Tb 3 17— 22 EL, HAEDLEDZ L TR
JSET AR BT,

2. ADN OSAMRBEE T VKR

JT4E, Ermolin®, Thakere & 2, Lin & ¥ |2 Xk %5 ADN OBRBEE T L ARG SN TS, 2 b
ETVIERBERZ LSHIL TS S22, BECHALTEILICHEORIMRH S, BiR
I, ZAVBBRBERISET VH D% DFESIGET MZB W TR/ T A — X ITHEEE?Z <
BENDTE, BIOADN ICBHETARISET ANARELTNDHZ L ThHD.

Fig. 1 IZBEEDRBELUSE TV D & W CBER % & X = L — 3 > (CHEMKIN PRO” f#i /)
L 7o RICxE LT, B3RS0 HDN VB 2 EMIT 21T > 7 b D Tdh 5, ADN OIRBER
JSIZHBIT DY = 87 X N2 HDN O T 2 KRS DBEMIT#ERTH D, BIEDOET L

This document is provided by JAXA.



TR =S PR TR SRR S &

TIE, JRES 2 (OO HDNANH,=2NH,NO, D /R T A — X %

k=1.00x 10° s (1)
ERESNTWD Y, LavL, ZHIIRIEEZ2WHEEHB TH DL, ok o, HikosT
TIFRIUCZ LWBUENNT A —F ] LIe B SOGBEA SN D, £ 0 OB FHR R R
LThRYVETATHITHRTEZDD, EROIIITEEDOEWKISIZE L THMEERMLETH
Do Fx DWFIETIE, THOHERTA—=FZ2ER, D, vIal—a UER~DEENRS
WEOSZBI LT, ab-initio 3t RIZ L D HENRT A —F DEEEIT> T\ 5D,

3113 Gaussian {18 Gaussian 09° % 7=, # fﬁ%ﬁ%m%ﬁ@%ﬂH%ﬂqﬁVAW”
T O S RGEAL R L OEBfT 217> 720 =R F—13 LV IEE DR\ CBS-QB3 4% ¥ |2
VRDIZ, BEFALFREORR A RIS RIS DL T A — &%mm@%%wf%mbto

RRLBOG DA R 2 R T, ﬁmHmwMﬁNHM)+MmOH®izw%—$TVV¥W
Z Fig2 1T LT, WEBSOSEEREGHRIZ Lo T, REUSIZERM D 2 43+ & 1T NHNO, T7: <
MmQHﬁéﬁﬁé:&ﬁméntoL%%m FIZ LY, ZORILDEEEEIT

k=1.77 x T*% exp(13484/T), s~ @
ERE 0T, RHEEEIL, HEEMZ AW EEEE L e U CiE M b= r v X —, SR T
REERE BICRRHMEE LD, 20X, MRICH L TEEENOHEE T A —2 Gt HK
S RETT VIMELESNDMLERN D D,

Ahsolhnte Rate of Production HDN

HOM===HMMNO2Z+MNO2
HDOM+MH3=2==2MNHZMNO2

HOM -+ ===HMO3+MN2 0+
HOMN+OH===HMNMNOZ+HMNO 3
HOM+H===HMNMNO2+HMNO2
HDOM+MNHZ2==HMNMO2+MHZMNO2
AD+M===MNHI+HDMN+M
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BNV TARE L TWARERISET BEINCRET ARFICHOWTHT 5, BEEORETEE SN
TR DA ADN B L O HDN O B (K TdH 5, HDN 1 Fig.3 12”9 & 9 (2 B ARG 2 # o,
TNBBEMERIIENENSOSER R D Z ST 7, b RIEREEELZET
JAEDS, KV EREEE 7 ADNBRBEET VAT 5 ECE Th %, Figd X HDN, & HDN,, DOfif
HiE 5 HDN—HNNO, + NO, @ @& EMRIRIC 31T 230 EROWERTFIETH D, T OFBERIS I
ADN OHIHI RIS & L CHERKETH D, BT LEHEBRICE VMBS ORT vy
NI X =R E RO, BoRAEBRERREH O TCRNEE T A—F 2R/ L7, Figd
LV BEET AV THER STV HDNyy, OFFBEHREE X HDN, K0 & 1 HEL ERE W Z &3
Hoe TOZENDLREMEEERE LEET BV ETHDHZ ENbND, T HRERIGZ
W, RETVEEHIET 2 2 E RS H%ROBETH 5,
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\ZB T DAL DS 1% T — 2 O TFRITHEIZOW T, SCRF W= B b et R 21T - 72,

F %1% Gaussian 15! Gaussian 09 % fiv 7=, SCRF= (Solvent=water) @ | CEEE T R/ X —F
RPETH D CBS-QB3Y, G3'", G4E P ZHVWTULFEEOBRN 2T — 4 2 HH L, KL%
FEOAERT 2NV E— 3BT FEERE S 5 ARM-1 (Atomization reaction method) " % F\ T
ROTz, KRR EFEDER T XNV E—TROXI VR LT,

AH, =AH, +A,H (3)

A H = H o= H (4)

ZIZTALH L, KDERRATH Y Hyoy BE O H g FFHEIC X0 RO TR T 5 L O

solv

KA LFEREO AR T Z L E— (298K) TH %, Table 1 3 X2 (X540 « KFHF O(LFFEZ I
ZFNOBNET —2 ThbH, [KMOCFERICE L CHEAMITIBRE 2T EZ 5255, KEOLF
FEICEE L CIEERRE & DR NP KREV, ZORKIINS DB X BNDD, RRKOBERITAKERK
H{E PO ha E—N SCRF HAETIXELSFHMETE RN L eEXbND, ZHITEED
AT, WO AERIC X0 IECIRERES S AE SN TV AHICH B 59, SCRF §HHE Tk
ZOMPEFHHTERWVRICH D, WHETLFEREO EM ) %7 — 2 TR R0 b i
TARECTH Y, SBROI LRI BENMFIND,

cale,gas

Table | fLFHE (5KAH) ORI)FT—4

AH.,, .. [kI/mol] AH,,, [kI/mol]
CBS-QB3 G3 G4 Experiment
H,0 -243.6 -240.5 -240.1 -241.8"' -241.3
NO 86.7 91.3 89.0 90.25' 90.29°
NO, 25.0 34.1 29.4 33.18' 33.10°
NO, 58.4 91.5 70.8 71.13°
N,O 76.8 89.4 79.6 82.05"
N,O; -12.4 7.9 23 11.3"
HNO, -147.4 -132.5 -137.3 -135.06' -134.317
NH, -43.9 425 -42.6 -46.11" -45.90
NH,NO, 2426 -225.7 -229.3 NA
0, 3.5 4.7 1.0 0
Cation
H,0" 600.6 603.2 603.0 NA
NO," 952.9 961.5 950.9 967.8'
NH," 632.1 634.9 636.8 NA
Anion
NO, ™ -194.3 -185.9 -192.0 NA
NO, -324.3 -309.5 3143 NA
OH -133.6 -136.3 -144.7 -143.5"

' Reference [17]
? Reference [18]
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Table2 fb5FFE OKHH) OET)FT —%

AH,, . [KI/mol] A H,, [ki/mol]

CBS-QB3 G3 G4 Experiment

H,0 -262.0 -259.0 -257.6 -285.83'
NO 85.9 90.2 88.1 NA
NO, 22.1 31.1 26.6 NA
NO, 54.2 86.2 67.0 NA
N,0 71.7 84.4 74.6 56.1'
N,O; -20.9 1.8 -6.2 NA
HNO, -165.1 -150.4 -154.4 -49.6'
NH, -57.8 -56.3 -55.8 -80.29'
NH,NO, -299.4 -280.4 -281.9 -339.87'
0, 3.7 4.4 0.7 2.8

Cation
H,0' 276.7 279.1 279.1 NA
NO," 651.8 659.9 649.7 NA
NH,” 328.7 331.2 3333 231,77
Anion

NO, ~ -466.1 -456.9 -461.3 -104.6"
NO, ~ -581.8 -566.7 -570.3 -205.0"
OH "~ -478.6 -479.0 -482.8 -229.994"?

' Reference [17]
* The experimental values for ions assume AH °(H") = 0. To compare with the calculated
values, the estimated absolute value for A//°(H") must be added to (cations) or subtracted

from (anions) the given experimental heats of formation. This is required to properly

calculate deviations for ions. For example, calculated A H °(H") = 386.3 kJ/mol".
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F7o, BEEAEBOSITIZIBNTIE, KRS & L TA A SURDRERRE W LR TRI N
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RAEMBTHD, 0D, [HHGETIEBE I TV Rholo A F U KNP EE L EE 45
EEZDLN, TROLDETMENRSHORETH 5,

This document is provided by JAXA.



TR =S PR TR SRR S &

1E10

100000

—

=
=2

1E-5

L R R R R R R R Bl s R B R R R R R R R R L R

1E-10 " n . .
0.0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 4.0

1000/T [K]

Fig.5 HDN — HNNO,+NO, O ER ORI (I3« KM R - KR

4. L0

ADN DRBE T T AR KT D2 BUROFRE & e x ORI T 7 n—F IOV TE L iz,
SAGETT M LTI, EBREZ & DREOEE TP 2 EAMRTT MITEET 508,
ZOEEMICE L T3EmORM» H 5, HEEELEGLNTA—FIIEESNLIRETHY, K
BT HHEISET NEBINT LI EICEY, BEOEWET MEENATREL B2 5, EEfEESG
B LTIE, EHICHENS D, BT — 2R AR LTEY, SCRF 2 HW =B bL¥iE T

(B

DIREEES LR, RO EZOHEEERLRATHY, b0, FrioA 4

MG B RSO T LA B ORRETH 5,

1)

2)

3)

4)

5)

EE AN

V. P. Sinditskii, V. Yu. Egorshev, V. V. Serushkin, S. A. Filatov, Combustion of Energetic Materials
Controlled by Condensed-Phase Reaction, Combustion, Explosion and Shock Waves, 48, 2012, pp.81-99
P. Thakere, Y. Duan, V. Yang, Modeling of ammonium dinitramide (ADN) monopropellant combustion
with coupled condensed and gas phase kinetics, Combution and Flame, 161, 2014, pp.347-362

N. E. Ermolin, Modeling of Pyrolysis of Ammonium Dinitramide Sublimation Products under Low-
Pressure Conditions, Combust. Explos. Shock Waves, 40, 2004, pp.92-100

J. Park, D. Chakbaborty, M. C. Lin, Thermal decomposition of gaseous ammonium dinitramide at low
pressure: kinetic modeling of product formation with ab initio MO/cVRRKM calculations, Twenty-
Seventh Symposium (International) on Combustion/The Combustion Institute, 1998, p.2351-2357

R. J. Kee, F. M. Rupley, J. A. Miller, M .E. Coltrin, J. F. Grear, E. Meeks, H. K. Moffat, A. E. Lutz, G.
Dixon-Lewis, M. D. Smooke, J. Warnatz, G. H. Evans, R. S. Larson, R. E. Mitchell, L. R. Petzold, W.

21

This document is provided by JAXA.



22

6)

7)

8)

9)
10)

11)
12)
13)

14)

15)

16)

17)

18)
19)

FH UL T B SHE AT ST R JAXA-RR-15-004

C. Reynolds, M. Caracotsios, W. E. Stewart, P. Glarborg, C. Wang, C. L. McLellan, O. Adigun, W. G.
Houf, C. P. Chou, S. F. Miller, P. Ho, P. D. Young, D. J. Young, D. W. Hodgson, M. V. Petrova, K. V.
Puduppakkam, CHEMKIN-PRO Release 15082, Reaction Design, Inc, San Diego, CA (2008).

M. J. Frisch, G. W. Trucks, H. B. Schlegel, G. E. Scuseria, M. A. Robb, J. R. Cheeseman, G. Scalmani, V.
Barone, B. Mennucci, G. A. Petersson, H. Nakatsuji, M. Caricato, X. Li, H. P. Hratchian, A. F. Izmaylov, J.
Bloino, G. Zheng, J. L. Sonnenberg, M. Hada, M. Ehara, K. Toyota, R. Fukuda, J. Hasegawa, M. Ishida,
T. Nakajima, Y. Honda, O. Kitao, H. Nakai, T. Vreven, J. A. Montgomery, J. E. Peralta, F. Ogliaro, M.
Bearpark, J. J. Heyd, E. Brothers, K. N. Kudin, V. N. Staroverov, T. Keith, R. Kobayashi, J. Normand,
K. Raghavachari, A. Rendell, J. C. Burant, S. S. Iyengar, J. Tomasi, M. Cossi, N. Rega, J. M. Millam,
M. Klene, J. E. Knox, J. B. Cross, V. Bakken, C. Adamo, J. Jaramillo, R. Gomperts, R. E. Stratmann,
0. Yazyev, A. J. Austin, R. Cammi, C. Pomelli, J. W. Ochterski, R. L. Martin, K. Morokuma, V. G.
Zakrzewski, G. A. Voth, P. Salvador, J. J. Dannenberg, S. Dapprich, A. D. Daniels, O. Farkas, J. B.
Foresman, J. V. Ortiz, J. Cioslowski, D. J. Fox, Gaussian, Inc., Wallingford CT (2010)

J. D. Chai, M. Head-Gordon, Long-range corrected hybrid density functionals with damped atom—
atom dispersion corrections, Phys. Chem. Chem. Phys. 10, 2008, pp.6615-6620

J. A. Montgomery, M. J. Frisch, J. W. Ochterski, G. A. Petersson, A complete basis set model chemistry.
VI. Use of density functional geometries and frequencies, J. Chem. Phys., 110, 1999, pp.2822-2827.

A. Miyoshi, GPOP software, rev. 2013.07.15m5, available from the author.

M. Rahm, T. Brinck, Dinitraminic acid (HDN) isomerization and self-decomposition revisited,
Chemical Physics, 348, 2008, pp.53-60

L. A. Curtiss, K. Raghavachari, P. C. Redfern, V. Rassolov, J. A. Pople, Gaussian-3 (G3) theory for
molecules containing first and second-row atoms, J. Chem. Phys., 109, 1998 pp.7764-7776

L. A. Curtiss, P. C. Redfern, K. Raghavachari, Gaussian-4 theory, J. Chem. Phys. 126, 2007

J. W. Ochterski, Thermochemistry in Gaussian, Gaussian Inc. (2000)

R. W. Ashcraft, S. Raman, W. H. Green, Predicted reaction rates of HxNyOz intermediates in the
oxidation of hydroxylamine by aqeous nitric acid, J. Phys. Chem. A, 112, 2008, pp.7577-7593

N. R. Kumbhakarna, K. J. Shah, A. Chowdhury, S. T. Thynell, Identification of liquid-phase
decomposition species and reactions for guanidinium azotetrazolate, Thermochimica Acta, 590, 2014,
pp.51-65

N. Kumbhakarna, S. T. Thynell, Development of a reaction mechanism for liquid-phasedecomposition
of guanidinium 5-amino tetrazolate, Thermochimica Acta, 582, 2014 pp.25-34

D. D. Wagman, W. H. Evans, V. B. Parker, R. H. Schumm, 1. Halow, S. M. Bailey, K. L. Churney, R. L.
Nuttall, The NBS tables of chemical thermodynamic properties. J. Phys. Chem. Ref. Data, 11 supl.2,
1982, pp.67-72

NIST Standard Reference Database Number 69, http://webbook.nist.gov/chemistry/

T. R. Tuttle, S. Malaxos, J. V. Coe, A new cluster pair method of determining absolute single ion solvation

energies demonstrated in water and applied to ammonia, J. Phys. Chem. A, 106, 2002, pp.925-932

This document is provided by JAXA.



	AA1530055000(RR-15-004)★ 19
	AA1530055000(RR-15-004)★ 20
	AA1530055000(RR-15-004)★ 21
	AA1530055000(RR-15-004)★ 22
	AA1530055000(RR-15-004)★ 23
	AA1530055000(RR-15-004)★ 24
	AA1530055000(RR-15-004)★ 25
	AA1530055000(RR-15-004)★ 26



