Sci. Tech. Energetic Materials, Vol. 74, No. 1, 2013 17

Research
paper

Origin of hypergolic ignition of N.H/NO: mixtures

Yu Daimon*, Hiroshi Terashima**, and Mitsuo Koshi***

*Japan Aerospace Exploration Agency (JAXA), 2—1-1 Tsukuba, Ibaraki 305-8050, JAPAN

**The University of Tokyo, 7—3—1 Hongo, Bunkyo-ku, Tokyo 113-8656, JAPAN

Phone : +81-35-841-0355
T Corresponding address : koshi@rocketlab.t.u-tokyo.ac.jp

Received : November 25, 2011

Abstract
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Hydrazine (N2H4) has a unique characteristic inducing hypergolic ignition even at very low temperatures with nitrogen
dioxide (NOg2). In order to understand the chemical kinetic origin of this hypergolic nature, thermochemical data (heat of
formation, specific heat capacity, and entropy) for chemical species relevant to N:H4/NO: combustion are firstly
evaluated on the basis of quantum chemical calculation at the CBS-QB3 level of theory. Then, a preliminary detailed
chemical kinetic mechanism for gas-phase combustion of NoHs/NO: mixtures has been constructed. Kinetic simulations
indicated that sequential reactions of N2Hm+NO2 (m=4,3,2,1), that is, N2Hs+NO2=N2H3+HONO (1), N2H3+NO2=N2H3NO2=
N2Ho+HONO (2), N2H2+NO2=NNH-+HONO (3), and NNH+NOQO2=N2+HONO (4), are responsible for the hypergolic ignition
at low temperatures. Rate constants of these reactions were estimated based on the transition state theory and
unimolecular rate theory. The proposed mechanism can predict low temperature ignition of N2Hs+/NOzmixtures. The
origin of the low temperature ignition is the reaction sequence of hydrogen abstraction by NOz from N2H4, NoHs=>N>Hz=
>N>H>=>NNH=>N>. Large amount of heat is released during this reaction sequence, especially by the reaction (4) which

produces Nz, and the resulting temperature rise accelerates the reaction (1), which has a small activation barrier.
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1. Introduction
A bipropellant combination frequently

aerospace vehicles is hydrazine (N2Hs) as a fuel and
nitrogen tetroxide (N204), in fact the NO2-N20O4 equilibrium
mixture, as an oxidizer. This combination is known to be
hypergolic around room temperature and has been
extensively studied experimentally?™” . However,
chemical kinetics of N2Hs/NO2-N204 combustion is not well
understood, in spite of these experimental studies.

Ignition characteristic of N2Hs4/NO2-N:20s bipropellant
thruster used in aerospace vehicles is known to be very
sensitive to operating conditions, and detailed knowledge
of chemical kinetics is required for the optimal design of
the bipropellant thruster. Previous studies? ™ indicate
that the hypergolic initiation of N2Hs/N204 system occurs
in the gas phase. Therefore, the understanding of gas
phase chemical kinetics of this system is very crucial for
the improvement of the thruster performance. However,
information on chemical kinetics of N2Hs combustion is

used in

very limited and only few mechanism are found in the
literature.

After the vaporization of N2O4liquid, the equilibrium
between N204 and NOz largely exceeds to NO2. Therefore,
the hypergolic ignition could be explained by the gas
phase chemical reactions between N2Hs and NOs. In the all
of chemical kinetic mechanisms for N2H4+/NO: gas phase
combustion proposed previously®? 9, the combustion
proceeds on the chain reactions initiated by the production
of radicals from thermal decomposition of reactants. Since
decomposition of reactants could not occur at low
temperatures, the mechanism fails to explain the low
temperature auto-ignition.

According to the experiments on the gas phase
combustion by Sawyer and Glassman®, non-chain and
direct reactions between N2Hs and NOgz, which may be the
hydrogen abstraction by NO2 might play an important
role on the auto-ignition of N2H4+/NO: system. However,
there has been no available kinetic data on this and its
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consecutive reactions, NzHn+NQOo. Those elementary
reactions are not included in the previous mechanism, and
can be key reactions to the hypergolic ignition.

In this study, possible reaction pathways between N2H4
and NO: are explored by using ab-initio quantum chemical
calculations. Rate constants of the reactions are evaluated
on the basis of the transition state theory (TST). Reaction
pathways and their rate constants for the consecutive
processes are also examined. The reactions of N:Hj3
produced by the hydrogen abstraction are found to
proceed via the formation of a stable intermediate
(adduct) and rates of these reactions might be pressure
dependent. The master equation analysis is also
performed to evaluate these rate constants at pressure of
10 atm. Rate constants of further subsequent reactions of
NzH2+NO2 and N2H+NO:z are also evaluated by using TST
and VTST (variational transition state theory).
Elementary reactions studied are implemented into a
chemical kinetic mechanism of N2Hs combustion and
simulations are performed for examining the hypergolic
reaction at low temperature. During these N:Hs+NO:
reactions, several chemical species which has no
thermochemical data are produced. Thermochemical data
for those species are also evaluated in the present study.

2. Thermochemistry
Considerable thermochemical data are required as

inputs for the modeling of the chemistries of NoHs/NO3
combustion. In the present study, most of the data are
taken from the database presented by Brucat and
Ruscic. However, some of the thermochemical data for
molecules such as N2HsNO2, Ho2NN, HNNO, and NH20H are
not available in the literature. In addition, the some values
for enthalpy of formation are different from other
databases!?!®. The enthalpies of formation for selected
species relevant to N:Hs/NO: reactions have been
obtained by applying the ARM-1method (Traditional
Atomization Reaction Method) proposed by Astryan et
al.¥ in this study.

In the ARM-1,the atomization energy of a molecule M,
YDy (M), is given by a following equation :

YDo(M)=2>Eo(Theor,A) —Eo (Theor, M) 1)

Here, A denotes an atom involved in a molecule M,
Eo (Theor,A ) and Eo (Theor, M ) are theoretical energies of
A and M obtained by quantum chemical calculations. The
enthalpy of formation, 4H. (M,298K ), is estimated as

AH? (M 298K ) = AH (M,0K ) + Tecatc (M) — 2 Teexo (A) (2)

AHP (M0K ) =2 4H) (A,0K) — XD (M,0K ) 3)

where  Tecare (M)=H°(M298K)—H°(MO0K) is a
theoretical value of the thermal energy content for a
molecule M and can be obtained from quantum chemical
calculations. The Teexw(A)=H"(A,298K)—H"(M,0K)
values are the experimental values for the constituent
atoms in their reference states. These values are taken
from Ref. 14 as follows : Teexo (H)=1.012 |
Teexp (0 ) =1.037, and Teer (N) = 1.036 kcal mol’.Values of

Table1 Heats of formation at 298 K computed by the ARM—
1with CBS—QB3 energyies (kcal mol1).

Species Ref. 12 Reflll Ref13 This Work
N2Hz 49.83 50.47 50.9 47.96
H2NN - - - 71.22
N2Hs 4795 52.57 36.77 53.86
N2Hy 2273 22.67 22.78 23.75
HNO 25.32 2544 23.79 24.499
HON 60.79 - - 66.72

HNNO - - - 46.76

HNOH 21.53 - 21.05 21.99

HONO -185 - -18.31 —20.1

HNOO 56.1 - - 56.72
HNO2 -14.1 —-18.69 14.15 -12.29
NH:0 15.84 15.78 - 14.22

NH2NO 17.84 - - 17.84

NH20H - - - -11.12

N2H30NO - - - 41.19
N2H3NO2 - - - 22.89

enthalpy of formation of atom A at 0K, 4H/ (A,0K), are
also taken from Ref. 14: 51.63, 58.99, and 112.53 kcal mol?!
for H, O and N atom, respectively. Values of Eo (Theor, A ),
Eo(Theor,M ) and Teeac (M) are evaluated by quantum
chemical calculations at the CBS-QB3 level of theory in the
present study. Geometries of each molecules are optimized
at the level of B3LYP/6-311++G (3df, 3pd) level of theory
and resulting vibrational frequencies and moments of
inertia are used to calculate heat capacities, enthalpies,
and entropies. These geometries are used as input to CBS-
QB3calculations. Resulting enthalpies of formation are
listed in table 1 and compared with values of other
database!V™19,

3. Theoretical calculation of rate constants

for N.H.+NO. reactions (m=4,3,2,1)

Search of reaction pathways for the NoHs+NO2 and its
consecutive reactions have been performed at the B3LYP
/6-311++G (3df, 3pd) level of theory. Transition states are
extensively searched and if a transition state (TS) was
found, IRC (intrinsic reaction coordinate) calculation was
conducted in order to assign reactants and products of this
TS. Energies of those stationary states were calculated by
CBS-QB3method. All calculations were performed by
using GAUSSIAN 03 program suite. Rate constant for the
reaction having TS was calculated by using GPOP.
GPOP program suite can also be used for the reaction
without TS such as N2H3+NO: on the basis of VTST

(variational TST). A master equation analysis for
dissociation and chemical activation reactions was
performed by wusing a SSUMES (Steady-State

Unimolecular Master-Equation Solver) developed by

Miyoshi'®.

3.1 N:H.+NO:=N.H:+HONO (Reaction (1))
This can be the initiation of N:H4/NO: hypergolic
explosion. The reaction is endothermic by 3.98 kcal mol?!
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Figure 1 Energy diagram of N2H4+NO2 reactions. (CBS—QB3)

(based on CBS-QB3 energy at 0K). Since NOz is a radical,
relatively low activation barrier is expected. Indeed, two
TSs are found with activation barrier of 12.82 (TSI) and
9.77 (TS2) kcal mol?, respectively. IRC calculations
indicate those TSs correlate to stable adducts on both
reactant and product side, as shown in Figure 1. Both TSI
and TS2 correlate the same adduct on product side with
the energy of —6.92 kcal mol'. Adducts on reactant side
are different from each other for TS1 and TS2, though the
energy is very similar (-1.87 and —1.74 kcal mol"* for TS1
and TS2 channels, respectively). The energy diagram is
shown in Figire 1.

A simple TST calculation was performed in the present
study by neglecting the existence of these adducts. The
rate constants are corrected for tunneling by assuming
asymmetric Eckart potential'”?, but these corrections are
negligible because of rather loose TS (imaginary
frequencies of 708 and 332cm?, for TSland TS2,
respectively). Following modified Arrhenius expressions
are obtained.

TS1:k =489 x T3 exp (—5566/T")

3 1—1 -1
TS2:k=12.0 x T3 exp (—4076/T) 00

Another TS with the barrier height of 9.27 kcal mol?!
was also found, but this TS correlates to different
products, NoHs+HNO: which is 12.0 kcal mol'! endothermic.
No further study was performed for this pathway because
of its higher endothermicity.

3.2 N:H:+NO>=N:H:NO-=N:H.+HONO (Reaction(2))

N:2Hs produced by the reaction (1) will further react with
NOsa. Since both N2H3z and NO: are radicals, recombination
products are expected to form without any energy barrier.
Two isomers, NoHsNOz (4H=-35.79 kcal mol') and N:H;
ONO (4H=-1782 kcal mol'), are possible for the
recombination of N2H3 and NOs Production of those
adducts without energy barrier was confirmed by
performing scanning calculations of the potential energy
surface. N2HsNO: further decomposes to yield a reduced
product (N:H2), whereas N2Hz ONO will produce an
oxidation product (Nz2H30). A primary concern in the
present study is the exothermic process of the initial stage
of N2Hi reaction, and the fate of NoH3sNO: was searched in
detail. Investigation of consecutive reactions of N2Hz ONO
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Figure2 Energy diagram of N2H3+NO2=N:H3NO2=N:H2+
HONO reactions(CBS—QB3).

is open for future studies.

Two TSs were found for the decomposition of N2H3NO2
to produce N2Hz and HONO. One (Channel-1) leads to
formation of t-N:H2+HONO with a barrier height of 28.46
kcal mol™ (measured from N2HsNO2) and another (Channel-
2) is a pathway to produce c-N:H2+HONO with a barrier
height of 33.14 kcal mol™. Energies of these TSs are below
the reactant energy. Energy diagram of these reactions
are depicted in Figure 2.

Both channel 1 and 2 are exothermic (4H=-32.09 for
channelland 4H=-27.05 kcal mol! for channel2), and a
master equation analysis is required to evaluate the rate
constants of these chemical activation reactions.

At first, the high-pressure limiting rate constant for the
recombination of N2H3+NO: was calculated on the basis of
VTST method by using the GPOP program suite. The
reaction coordinate of the recombination was
approximated by a N-N bond length in the O:2N-NHNH2: (N2
H3NO3z) molecule, and partial optimization of the structure
at the fixed N-N bond length was performed at the B3LYP
/6-311++G (3df, 3pd) level of theory. Vibrational
frequencies and principle moments of inertia on each
position of reaction coordinate were used to calculate the
micro-canonical rate constant, k(E), for the recombination
reaction of N2H3+NOa2 Resulting VTST rate constant
(which is the high-pressure limiting rate constant) is
shown in Figure 3 as the 'Total rate constant’. Rate
constants of the chemical activation reactions for each of
three channels, (channels 1, 2 and recombination channel
of NoH3+NO2=N2H3NO:2) were calculated at p=10 atm by
using SSUMES program suite. Results are also depicted in
Figure 3.

Rate constants for the unimolecular dissociation of N2Hs
NO:2 were also calculated at p=10 atm for the three
channels using SSUMES and results are depicted in
Figure 4.

Large deviations from high-pressure limiting rate
constants at high temperatures are evident in this figure
and these are caused by non-equilibrium distributions of
internal energy even at p=10 atm. It is noted that such non
-equilibrium effect ie. deviation from high-pressure rate
constant, is more notable for the pathway with higher
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Figure 3 Rate constants for the chemical activation reaction
of N2H3+NO2.The "Total rate constant is the high—
pressure limiting rate constant calculated by VTST.
Other three rate constants are obtained by solving
master equations at p=10 atm.
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Figure4 Rate constants of unimolecular dissociation of N2Hs

NOs2. Broken lines are for high—pressure limiting
rate constants, solid curves are calculated at p=10
atm. Open circles: N2H3sNO2=t—N2H2+HONO, open
squres: N2H3sNOz=c—N:zH2+HONO, closed circles:
N2H3NO2=N2H3+NO2.

energy barrier.

3.3 N:H+NO.=NNH+HONO (Reaction (3))

Both t-N2Hz(trans) and c-N2Hz(cis) can be produced by
the reaction (2), as shown in Figure 2, but the production
rate of t-N2Hz is much faster because of the lower energy
barrier height. In the present study, t-N2H2+NO: reaction
was implemented in the modified chemical kinetic
mechanism. Adducts with shallow potential minima were
found both reactant and product paths. The TS has Cs
symmetry with its barrier height of 11.88 kcal mol!. The
imaginary frequency of this TS is 1509cm? and the
tunneling effect might be important at lower
temperatures. The rate constant obtained with Eckart
tunneling correction is as follow.

k=1.12x10"3T*" exp (= 3615/T") cm3mol's?!

V [keal/mol]

Figure5 Energy diagram of NNH+NO2=N2+HONO reaction.
(CBS-QB3)

3.4 NNH+NO:=N+HONO (Reaction(4))

This reaction has very large exothermicity (4H=-84.76
kcal mol')because of the production of N2. A TS with very
low activation barrier (1.93 kcal mol') was found. The IRC
calculation indicated that products of this reaction were N2
and cis form of HONO, ¢c-HONO, as shown in Figure 5.

TST calculation results in the following rate constant.

k=17.35xT** exp (— 842/T) cm3mol’s?!

t-HONO is slightly stable than c¢-HONO, but the
difference (043 kcal mol?) is small. The barrier height of
the isomerization reaction from t-HONO to ¢c-HONO was
found to be 10.36 kcal mol™. It is expected that c-HONO
produced by the this reaction has large excess internal
energy because of large exothermicity of the reaction.
Therefore, c-HONO produced is readily converted to t-
HONO.

4. Kinetic simulation of auto-ignition
A chemical kinetic mechanism for the N2Hi/NO:

combustion has been developed by modifying the
mechanism originally proposed by Ohminami et al9-19,
The modified mechanism (hereafter, mechanism A)
consists of 33 species and 239 reactions. Most of
elementary reactions for N-H species and their rate
constants in the mechanism were taken from Dean and
Bozzelli'?, The subset of Hz combustion in the mechanism
of Ohminami is replaced by a recent mechanism proposed
by an author!®, which is appropriate for high-pressure
conditions. It is noted that some of the rate constants for
the pressure dependent reactions in Ref. 12 are only given
at p=0.1, 1 and 10 atm. Those reactions include dissociation
of NoHa, N2Hs, and N2Hp, isomerization of N2Hs (HNNH) to
HaNN, and chemical activation reactions of NHz+NH2=N:
Hs+H, NH2+NH>=H2NN+Ho>. In the present study, a target
pressure is fixed to p=10 atm, and values of these rate
constants in Refl2 are used. The ignition delay times
obtained with the mechanism A are displayed in Figure 6
(broken line).

As can be seen, the delay time at T=800K is over 10 s
and it is found that no ignition is possible below 800K.

Reactions of N:H4s+NO:2 and subsequent reactions
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Ignition Delay Time [ s |

Figure 6 Ignition delay times of N2H4+/NO2=3/1 mixture at p=

10 atm. Broken line: mechanism A, Solid line:
mechanism B.

described in the previous sections are implemented into
the mechanism A. This modified mechanism (mechanism
B) includes the following elementary reactions.

N2H4+NO2 =N:H3+HONO 1)
N2H3+NO:2 =N2H3NO: (2a)
NzH3NO: =N2H>+HONO (2b)
N2H3+NO2 =N2H+HONO (2¢)
N2H2+NO:2 =NNH+HONO 3)
NNH+NO:; =N2+HONO 4)

Isomers of N:Hz and HONO (trans and cis) are not
distinguished in the mechanism B and rate constants of
reactions (2a), (2b), and (2c) are only given at p=10 atm.
Ignition delay times of a N2Hs4/NO2=3/1 mixture at p=10
atm were calculated for the adiabatic combustion (with
constant enthalpy and pressure). Results are depicted in
Figure 6. The ignition delay times were defined as the
time required for the 100 K temperature increase. As can
be seen in the figure, the ignition delay times calculated by
the mechanism A is much longer than those obtained by
the mechanism B. The ignition delay times obtained with
the mechanism A below 800 K are longer than 10 second,
and practically no ignition is possible. On the other hand,
the mechanism B gives the ignition delay time of 2.8 ms at
400 K. This indicates that the reactions of (1)-(4)play an
essential role for the hypergolic ignition of N2Hs at low
temperatures.

5. Concluding remarks
For the understanding of the chemical kinetic origin of

the hypergolic ignition of N2Hs/NO2 mixture, a preliminary
mechanism was constructed. The proposed mechanism
can predict possible ignition of N2H4/NO:2 even at room
temperature. The origin of the low temperature ignition is
the reaction sequence of hydrogen abstraction by NO:
from N:Hs, NoHs=>N:H3=>N:H:=>NNH=>N.. Large
amount of heat is released during this reaction sequence,

and the resulting temperature rise accelerates the
reaction (1), which has a small activation barrier.

Although the proposed mechanism successfully predicts
the hypergolic ignition of NoH4+/NO: reaction system, the
present mechanism is still ’preliminary’. Following
problems remain to be solved.

1) Calculations of the rate constants for chemical activation
and unimolecular reaction are required at wide range of
pressures to obtain the complete mapping of k(T,P).

2) Production of NH3 ONO and its consecutive reactions
have to be considered. Those reactions could be important
for the oxidation pathways of N2Ha.

3) Reactions of isomers of N2Hz and HONO have to be
included, though the importance of those reactions is not
clear.
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