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Abstract. Numerical simulations are presented of steady state, hypersonic dytritrogen flow for conditions under
which there is considerable thermal dissociation. The objective is to stater the thermodynamic nonequilibrium phe-
nomena encountered along the trajectory of hypersonic aerosplaictese The internal energy relaxation processes of vi-
brational energy transfer, dissociation and recombination were traabeg state-to-state kinetics of diatomic nitrogen. The
state-specific rates were incorporated into a solution of the master kinetiti@gs coupled to the fluid dynamic equations
to describe the thermo-chemical nonequilibrium phenomenon in high tatope hypersonic flowfields. The influence of
multi-quantum vibrational energy exchange was assessed for vilahtieating and cooling conditions. The nonequilibrium
vibrational energy distributions were evaluated under multiple-quanturatidbal-translational (VT) and vibration-vibration
(VV) energy exchanges. The competing effects of resonant amadesmnant VV exchanges and VT de-excitation rates were
studied for flow conditions with Treanor distributions, typically encounténezkpanding nozzles. For simulations of vibra-
tional cooling flows with double quantum transitions, additional up-pumpingnergy in the intermediate quantum levels
was observed due to enhanced VV exchanges. Results of the disgpfi@tifield simulations were compared with two dis-
sociation models for nitrogen, (a) Park model and (b) depletion motielsiate-specific dissociation and recombination rates
were employed in the study of vibrational bias and depletion effects. tiioi bias was strong for both the dissociation and
recombination processes in nitrogen at temperatures ranging fr@® & @0,000 K. The shock-standoff distance of the full
state-kinetic implementation and the depletion model were consistent witlotreatand resulted in a greater shock-standoff
distance compared with the Park model for a Mach 19 nitrogen flow gestnésphere cylinder of radius 0.1524 m.

INTRODUCTION

The presence of shock waves in high speed flow of air presemsiderable difficulties for accurate numerical
simulation of the flowfield. The shock wave redistributes ltigh kinetic energy of the oncoming flow into various
internal energy modes, which relax relatively slowly, lieagdto significant chemical and thermal nonequilibrium in
the stagnation region. In the gas kinetic description,rintdecular collisions change the translational, rotalpn
vibrational, and electronic energies of the collision pars. The probabilities of these elementary processesr diff
significantly, giving rise to widely separate relaxatioméis for the internal modes. Thus it becomes important to
account for the rates of relaxation processes to prediaighequilibrium behavior of these kinds of flows.

For nonequilibrium hypersonic flow calculations in the éoatim flight regime, the translational and rotational
mode are assumed to be in thermodynamic equilibrium and esegymated with a single tanslational-rotational
temperature. However, the vibrational relaxation procgsh its slower relaxation time scales stays in a state of
nonequilibrium in the high altitude hypersonic flowfieldsyp¢rsonic codes routinely use Landau-Teller model
to describe the vibrational relaxation and assign a singdeational temperature to characterize the vibrational
temperature. However, at higher vibrational energies where is thermal dissociation of the diatomic molecules,
there are serious modeling difficulties to simulate theatiigion process from a single vibrational temperaturethas
on the Landau-Teller relaxation model. Generally, the-catatrolling temperature to determine the Arrhenius rates
for dissociation is taken to be the geometric mean of thestational-rotational temperature and the single vibratio
temperature. This model known as the Park model [1] is usbgpersonic codes today due to its simplicity. However,
the Park model lacks a physical basis and has been shownnad®irate for a wide range of temperatures [2].

In recent years several studies were attempted to modelliregional kinetics and dissociation using state-to state
kinetic models. See for example Refs. [3, 4]. In the stateic modeling, the processes of vibration-translatio [V



vibration-vibration (V-V), and state-specific dissoaatiand recombination are used to describe the internal gnerg
model relaxation at high temperatures. In the upper quatgueais, the V-T processes dominate the energy transfer.
Dissociation is a reactive process with an activation gnsgjcally over an order of magnitude greater than the gnerg
associated with V-T exchange. Non-reactive kinetic preesgend to bring about an equilibrium distribution in the
vibrational manifold, whereas, the dissociation processupbs it. [5]. Under certain conditions, the V-V processe
may play an important role by accelerating the reactiorst46.

A diatomic molecule dissociates if its internal energy @dsthe dissociation ener@y. In general, three limiting
dissociation paths are possible [7]; these being: (1) diaton from the electronic and vibrational ground state du
to rotational excitation, (2) dissociation of a non-ratgtimolecule from the electronic ground state; in other words
the mechanism is breaking of the bond due to molecular vibrst and (3) dissociation of a non-vibrating and non-
rotating molecule during transition from the electroniognd state to the excited repulsive state. None of the above
mechanisms exist in pure form, hence the present studydensshermal dissociation according to the mechanism of
vibrational excitation with possible rotational excitatior deactivation.

In the work of Josyula and Bailey [8], the generalized dépteequations, considering the state-to-state kinetics of
dissociating nitrogen under the restriction of single quanexchanges, were solved to predict the extent of populati
depletion in the vibrational manifold. The model helps @iplthe restricted success of Park’s dissociation model in
certain temperature ranges of hypersonic flow past bluny.dadhe range of 5,000-15,000 K, the depletion model
yielded a substantial rate reduction relative to Park’sldxjium rate at lower temperatures and a consistent value a
the high end.

The relative importance of V-V exchanges was quantified fssatiation from last quantum level. Multiquantum
V-T [9], and V-V processes [10] were modeled by simulating thaster kinetic equations coupled to fluid dynamic
equations to quantify the thermal and chemical nonequuilibreffects prevalent in hypersonic blunt body. However,
the effects of multiquantum exchanges in nitrogen gas fpehsonic nozzle and blunt body flows was not found to be
very significant in the thermal relaxation process.

Billing [11, 12] advanced state kinetic modeling by using semiclassical theory approach to calculate transition
rates for atom-diatom and diatom-diatom collisions. Thipraach was extended by Macheret and Adamovich [13],
developing a theory of dissociation of diatomic moleculesdadl on the anharmonicity-corrected and energy-
symmetrized forced harmonic oscillator (FHO) quantumisgdll4] in conjunction with free-rotation or impulsive
energy-transfer models. The model predicts state sped#godiation rates by accounting for molecular rotation
and three-dimensional collisions and has the advantageiofjlcomputationally tractable without any adjustable
parameters.

In summary, three different approaches to modeling dissioci in nonequilibrium hypersonic flows have been
mentioned. The first is the empirical model of Park used inyrtaypersonic codes today due to its simplicity. The
second approach defines the nonequilibium depletion fheteed on vibrational state kinetic rates. The third apgroac
incorporates state-specific dissociation rates obtaireed fhe semiclassical dissociation model [13] into a sotutif
the master kinetic equations coupled to the fluid dynami@tons. The present study considers the third approach:
study of state-specific vibrational, dissociation and melsimation rates for diatomic nitrogen to describe the theerm
chemical nonequilibrium in hypersonic blunt body flows. TihBuence of vibrational bias and depletion will be
studied. Finally, the result of coupling the state-spedifites to fluid flow equations will be compared to results
obtained with simplified dissociation models for a Mach 1t8agjen flow past a hemisphere cylinder.

ANALYSIS

The global conservation equations in mass-averaged teliocm to simulate a blunt body flow are presented in this
section. The inviscid Euler equations were coupled to thetenginetic equations to describe a high temperature
hypersonic flow in thermo-chemical nonequilibrium. The eguilibrium state is simulated for the V-T process,
dissociation and recombination processes with statetikiraes.
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Eqgns. 1 to 3 describe the conservation of mass, momentumrengyein the flowfields of interest. Eqn. 1 is discussed
further in the following section. Egn. 2 and 3 represent thieservation of total momentum and energy, respectively.
A microscopic kinetic approach was taken by treating theemuae as anharmonic oscillator, calculating the state
populations using the master equations.

The conservation Egn. 1 is written for the mass density imtura leveln. The source ternay, derived from the
vibrational master equations is made up of the relevanggrextcchange processes consisting of the V-T, dissociation,
and recombination processes. The equations governingsbecihtion process considering dissociation to takesplac
from any vibrational level:

No(n)+M = 2N+ M 4)

For this reaction, the state-specific dissociation andmixoation rate coefficients dd, — N, andN, — N collisions
were implemented in the master kinetic equations deschieémv.

The kinetics of the particle exchanges among the quantutesstre simulated using the vibrational master
equations, the population distributions are calculatat y&i5]:
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The V-T process is associated with the rate coeffidigntwhere the molecule loses or gains a vibrational quantum.
The de-excitation rate fromf to n for colliding molecules is denoted ly (n" — n), the inverse collision from — n’
by kyt(n — n’). The dissociation rate coefficiekip andkp are the state-specific rate coefficients fpr— N, and
N> — N collisions, respectively. Consistency of the rate coeffitiwith the principle of detailed balance is enforced.
The recombination rate coefficiekir andkar are the state-specific rate coefficientsior— N, andN> — N collisions,
respectively.

Vibrational transition rate coefficients for V-T procesg éaken from the work of Adamovich and Rich [14] and
state-specific dissociation rate coefficients are takem fdacheret and Adamovich [13].

State-Specific Dissociation and Recombination Kinetics

The state specific dissociation rates from the semicldsieary of dissociation developed by Macheret and

Adamovich [13] gives:
05 o0
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where, the expression for the dissociation cross-secssaming free-rotation approximation of diatom-atom eolli
sion:

Ouiss(i, E, T) ~ 1R, (_IE_)Z;Z/;dy/Olde/;dS /OndeZP.f(E,e,z?,d),y) )

and for the diatom-diatom collision is:
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In the aboveg, &, and ¢ are the fractional rotational energy, rotational angled angular momentum vector,
respectivelyE is the total collision energy) is the potential energy for the 3D molecule-molecule cialtis, P ¢ is
the probability of the transition processis a function of the impact paramet®;, is the hard sphere diameter, and
i is the index of the initial vibrational quantum level, ands the index of the quantum level. The above equations
were derived (See Refs. [11, 12, 13]) by evaluating the goitiias of vibrational transitions including dissociati,



an energy transferred to a classical initially non-vibrgtbscillator was calculated. To accomplish this, a poatnti
energy surface was determined and then classical equatiomstion were integrated for the system.

A Monte Carlo integration was performed to solve Egns. 7 ardkgails of which are given in Refs. [11, 12]. The
multi-dimensional Monte Carlo integration is implementsdrepeated sub routine calls to one dimensional random
number generation by using a different seed each time. Téels ®ubroutine call returns a random value for use as a
given parameter of the phase space and also returns a raeeadnfos the random generation of next parameter. Thus
a 8 or more dimensional parameter phase space point is @drfdte process is continued to generate the next phase
space point. The reason for this to achieve as much randemasgmssible in phase space to avoid any hidden intrinsic
correlations in the phase space. We intend to save the ppase data and examine the clustering in it in near future.

The recombination rates are determined by first determittiegequilibrium constant at different translational
temperatures. At equilibrium, the state populations invibeational quantum levels are in a Boltzmann distribution
such that .
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To determine the equilibrium constant, the Saha equatiainvaked in the following analysis [16]. The state-specific
recombination coefficient is written as
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where the partition functiorgy = zsgsexp(ki;) ~ gs. Heresdenotes all the internal states considered for dissoaiatio
The atomic degeneraoys=4.

ke [V, T] = ka[v, T] exp(B(Do — £[V])) (10)

RESULTS AND CONCLUSIONS

Multiquantum vibrational transitions in Nozzle Flow

Numerical simulation of the highly nonequilibrium flowfialdn hypersonic expanding nozzle flows impact pre-
dictions of engine thrust in aerospace vehicles. The teatpess in the nozzle throat are at equilibrium and as the
flow expands in the nozzle, the vibrational temperaturezigeaear the throat and the translational temperature drops
sharply.Tf; > T during the nozzle expansion process results in the coofittgeovibrational energy modes.

Fig. 2 shows the interplay of VT and VV processes in non-dgpiiim conditions. Fig. 1, a reference to Fig. 2
is a schematic of a nozzle and the temperature variatiorgatwn axial length. Fig. 2 depicts the effects of VT and
VV processes for conditions that exist along the length efrtbzzle wherf, is high and held constant (vibrational
freezing) at 10,000 K and the translational temperaturduglly falls along the length of the nozzle, the temperature
at three axial locations selected @s;5,000 K, 2,500 K, and 1,500 K. As the translational tempegatjoes down, the
contributions due to VT transfers go down but those due torrast VV exchanges increase: Fig. 2a shows the VT
curve above the others (Fig. 2b,c,d) and Fig. 2b shows thatitower levels, the resonant contributions overtake the
VT and non-resonant VV contributions. As the differenceilorational and translational temperatures increases, see
for example Fig. 2d, there is a sharp increase in the resdhanbntributions in the lower levels, then they drop in the
intermediate levels, and at the higher levels overtake timerasonant contributions. It is also noted that VV and VT
curves cross over aroune10 for Tf;=2,500 K and 5,000 K denoting the end of the plateau regiohadyeginning
of the VT dominant Boltzmann distribution region. Howevat,all vibrational temperatures, the nonresonant and
resonant VV curves cross over arowsdl0 beyond which the VT effects are dominant.

State-Specific Dissociation and Recombination Rates

Fig. 3 depicts the state specific dissociation rate coefffisiefN, — N, collisions given by Ref. [13] at temperatures
of 6,100, 10,000, 15,100, and 21,100 K. At all the tempeestironsidered, the rate coefficient is highest in the
upper vibrational levels. To determine the vibrationakhism dissociation, however, it will be necessary to consider
the population density in the vibrational levels as wellpediscussed further. There is a scatter in the predictions
due to the level spacing and also due to the Monte Carlo mdtradetermining the state specific rate coefficients.
Fig. 4 shows the state specific recombination coefficienédueted in the present study using the method outlined
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in the earlier section. The highest coefficients at all terajpees are in the upper vibrational levels. Unlike the
dissociation process, assessment of bias for the recotitrinaocess does not depend on the vibrational population.
It is concluded that the recombination is strongly biaseithéoupper vibrational levels.

With the availability of state-specific dissociation andambination rate coefficients, it is now possible to assess
the effect of vibrational bias on the dissociation. Theestgiecific dissociation frequency given by the product ef th
vibrational population and rate coefficient provides aimeeste of vibrational bias on dissociation. Itis seen from. Bi
across the range of temperatures considered in the praadgt(6,100 to 21,100 K) that the dissociation take place
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primarily from the upper vibrational levels, hence the wiftwnal bias may be considered to be strong for dissociation

A Mach 19.83 nitrogen flow past a hemisphere cylinder was idensd in this study. The maximum shock
temperature was 20,000 K and the dissociation reactiorhénitrogen molecule considered was,

Np+M = 2N+M (11)

The radius of the hemisphere was 0.1524 m. Freestream peesditemperature were 27 Pa and 300 K, respectively.
Three different approaches to modeling dissociation wensidered. The first is the empirical model of Park used
in many hypersonic codes today due to its simplicity. Thewal source terms were derived from the law of mass
action. The reaction rates and equilibrium constants vedert from the work of Park [17]. The vibration-dissociation
coupling for the diatomic species was achieved by the twaprature model suggested by Park [Tigks = /T Ty
whereTest is the rate-controlling temperature for the forward rateéhaf dissociation-recombination reactions. The
second approach defines the nonequilibrium depletion fdased on vibrational state kinetic rates as discussed in
Ref. [2]. The third approach incorporates state-specifisatiiation rates obtained from the semiclassical dissonia
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FIGURE 6. Blunt-body flow: Variation of translational temperature in the shock lagettHree different dissociation models,
Mx=19.83,pe = 27 Pa,Te = 300K, r=0.1524m

model [13] into a solution of the master kinetic equationsped to the fluid dynamic equations. The master kinetic
equations consisted of state-specific vibration, dissotiaand recombination rates.

Shown are results from three different methods of modelibgthe Landau-Teller vibrational relaxation with Park
dissociation model, (2) a dissociation model that accofamtthe depletion (3) the present state-specific vibratitis,
sociation, and recombination implementation of the madtestic equations coupled to the fluid dynamic equations,
as discussed earlier.

An earlier study [2], considered depletion effects in thbrational quantum levels of a molecule caused by
dissociation loss to the continuum. The model reduced thk'sPequilibrium dissociation rates in the temperature
range of 5,000-15,000 K; in the lower temperature range ¢ldection was substantial but the rates were consistent
with Park’s rates in the high temperature regime. Applaratf the model to a Mach 19.83 pure nitrogen flow predicted
an 8% greater shock standoff distance due to lower dissocisates compared to standard Park’s two-temperature
model as seen in Fig. 6 which depicts the variation in thestedional temperature along the stagnation streamline
of the hypersonic blunt body flowfield. The current stateefffiedissociation and recombination rate-implementation
provides a justification of the earlier depletion model, @srsfrom the consistency of the shock stand-off distances.
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Fig. 7 shows the population distribution at two locationangl the stagnation streamline - the post shock location
and the stagnation streamline. The population distributiear the surface approaches Boltzmann. However, at the
high temperature post-shock location, the populatiorridigion is non-Boltzmann with the population decrease at
the higher levels depicting significant depletion due tcadsation.
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