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Abstract.

A preliminary validation study of three DSMC chemistry models, two recadtane standard, is presented. First the 2D
geometry and numerical approach used to simulate the shock exptriimearified. Next, 2 different vibrational relaxation
models are validated by comparison with data for the M=9.3 case whes@cdition is small in the nonequilibrium region of
the shock. Finally, the 3 DSMC chemistry model results are compareldddvi=13.4 case where nonequilbrium dissociation
(in the region where the vibrational temperature is greatly different ferrtitational and translational temperature) is
important. It is shown that the peak vibrational temperature is very semsitivibrational favoring in the chemistry model
and that the vibrationally-favored KSS model predicts the measurddopeta well.
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INTRODUCTION

Modeling of chemical reactions in the direct simulation Ne@arlo (DSMC) method [1] has a 40-year long history.
Starting from the simplest model with the probability désed by a Heaviside step function and depending only
on the line-of-centers collision energy, reaction modelsehgrown over the years in their physical adequacy and
sophistication. Many of them include such features as tidmal favoring and discrete internal energy modes.
Nevertheless, the total collision energy (TCE) model [2}til the most widely used chemical reaction model in
the DSMC community. In the broader research field of nonddaitim chemistry modeling in general, much effort
and attention has been devoted to so-called vibratiorediggon coupling and to vibrational favoring of diatomic
dissociation reactions. Although a number of reasonabldetsdofor both DSMC and continuum reacting flowfield
simulations have been proposed, progress has been greatigehed by a dearth of experimental data for non-
equilibrium conditions that is of sufficient detail to disgiuish between models. Most comparisons for proposed
models have been with other models’ predictions or with Q@Ts{milar) theoretical predictions for state-specific
rates, state-specific cross sections, or two-tempera2iiergtes.

The present preliminary study is motivated by valuable meageasurements from lbraguimova et al. [3, 4] which
provide accurate vibrational temperatures ofi® a shock under non-equilibrium conditions. In additidme data
provide dissociation rate coefficients at high temperatwé&h various ratios ofT,/T, thus allowing both two-
temperature values and reasonable extrapolations to thigbeigm values for the limifTy, — T. The present objective
is to provide a DSMC simulation of the shock cases and to al@wmeasurements to validate and distinguish between
some key models.

NUMERICAL MODELS

The DSMC code SMILE [5] is used with the VHS collision moded fiotermolecular collisions. Since the focus here

is high-temperature reacting flows, such as in a bow shocks Yarameter values are selected that are reasonable
for the high-temperature regime for the collision pairs{Q and G-O) of interest. Literature predictions for the
viscosity of air species-pairs by Capitelli [6] are usedd &HS parameters that match the defined viscosity in the
2,000 K to 10,000 K range are selected (see Table 1). Not¢htbagh a reference temperaturelpfi = 273 K is used

for convenience (since many DSMC codes useThisvalue), the values of selected reference diamdtgrand the
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TABLE 1. High temperature VHS pa-
rameters for oxygen collisions. Upper num-
bers,dres in A, lower numbersgo.

| o o
0 3.458 3.442
0.76 0.75
0, 3.442 3.985
0.75 0.71

exponent in the viscosity-temperature dependenpeoduce the desired viscosity values at high temperaturesia
not match known viscosities at lower temperatures.

A discrete description of rotational and vibrational enesg7] is used. The rotational relaxation is done with
the Larsen-Borgnakke (LB) model and assuming a temperdggendent rotational relaxation number [7] based on
Parker expression [8]. Two different vibrational energlaxation models are used. Both use anharmonic oscillator
(AHO) energy levels. The first model, called LB hereaftedis&ibutes energy between translational and vibrational
modes according to the Larsen-Borgnakke principle [9, ®ifh the temperature-dependent vibrational relaxation
numberZ, defined to match the literature relaxation time temperatoreelation for Q given in [11], with a high-
temperature limit as per [12]. The second model, denotediQ& guasiclassical state-to-state vibrational relaratio
model including both V-V and V-T transfers [13].

Three different DSMC models for chemical reactions weredu3ée first is the TCE model [2] with appropriate
modifications [14] for quantized vibrational energy. Thguathble parameters used for the TCE model &re:
0.10547 ni/s, B = —3.3999,E, = 8.198x 10 19], ¢ = 2 for 0,+0, dissociation reaction [3] and = 0.20637x
10719 m¥/s, B = —0.6828, = 2 for O,+0 reaction. These ensure that the model would reproduceetietion
rate coefficienty in the equilibrium limit in the range 5000-15,000 K. The sedds the Quantum Kinetic (QK)
model, which has been discussed in some detail elsewherel §15As has been shown, the QK model provides
a very reasonable match with known dissociation rate caefiis at equilibrium without an a priori knowledge of
the Arrhenius values. In this case, the-® 0O, equilibrium dissociation rate coefficient from [4] is assdno be
2% 1071° m¥/s at 5000 K and 78 m3/s at 10,000K ; the QK prediction using the present VHS dolliparameters is
920 m3/s at 5000 K and 2'8 m3/s at 10000K. Note that the QK for the present work was modffiedse with AHO
energy levels for consistency (indications show that déffices in the results based on the SHO level scheme are very
minor). The third model [17] provides a DSMC implementatifra literature two-temperature kinetic model [18].
Here again the model parameters as defined so as to match Ehexd@el and measured rates [4] in the equilibrium
limit.

The key feature of the state-specific model [17] is that isugBrational favoring. Unlike the TCE and QK models,
where two collision pairs that have the same total eneEyy+ Eyin + Erot for TCE andE + Eyip 1 for QK) but
different initial vibrational energy (or level) (i.e., collision 1 has higlv but low E;; while collision 2 has low but
high E;;) will have the same probability of reaction, the state-ffizemodel considers the initial vibrational level in
addition to the total energy, so collisions 1 and 2 would haany different reaction probabilities. Note that a number
of previous DSMC chemistry models [19, 20] have also inctlidhés favoring effect in various ways.

Recombination reactions are not presently included. Beatithe low pressures and the short post-shock times
relevant to the measurements, recombination is believledye a negligible effect, but further work is needed to test
this assumption.

FLOW CONDITIONS

The two shock conditions simulated here are based on twe dem@ the measurements in Ref. [4]. Both have an
inflow of pure @ at T=295K. The low-speed case has initial velocity of 3.07&«(Mach number M=9.3) and the
high-speed case has initial velocity of 4.44 km/s (M=13M4)e corresponding gas pressures are 2 torr and 0.8 torr.
In order to simulate the normal shock wave and relaxationtfreeasured in a shock tube, the present study uses a
planar 2D configuration, with the free stream conditiongesponding to the experimental ones, and a shock wave
formed by the interaction of the hypersonic gas flow and aareptlar body. To minimize the impact of the body,
specular reflection of gas molecules on the wall is assunretlaavery small Knudsen number of about 204 is
used. The full size of the rectangle in the direction perpandr to the flow is 12 cm and 30 cm for M=9.3 and 13.4,



respectively, although only half of the body was modeledtdibe symmetry of the problem.

Sensitivity study of modeling results to the numerical pagters of the approach has been conducted. Convergence
of results in terms of the number of simulated particles anilision cells was achieved for a total of about 80 million
particles and 7 million cells. The average number of pati¢h a volume with a linear size of the gas mean free path,
A3, was about 3, which was shown in an earlier work [22] to be ciefiit for modeling shock waves. An example of the
grid and particle convergence study is shown in Fig. 1 (kb also illustrates the computational domain used in this
work. It is clearly seen that the vibrational temperaturklfias well as other gas properties, not shown here) agree for
the baseline model, upper half of the figure, and a case wiverérhes more particles in &3 volume and two times
finer collision cell size was used, lower half of the figureeTimpact of the Knudsen number was also tested, and the
results are summarized in Fig. 1 (right). The profiles of titaltgas number density and @ibrational temperature
along the stagnation streamline for the baseline Knudserbeuandkn ~ 10~* show that virtually no difference is
observed inside the shock and immediately after it. Theaevisry small difference between number densities further
away from the shock, obviously related to the proximity @ tiall in the baseline case, but the vibrational temperature
is unaffected. All this indicates that the chosen 2D setignal adequate comparison between computed vibrational
temperatures along the stagnation streamline and norraek steve measurements in a shock tube [4].
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FIGURE 1. Theimpact of the number of particles and cells on vibrational temperfi¢loigleft) and of Knudsen number on gas
properties along the stagnation streamline (right) for M=13.4 and LB/TGéets.

M=9.3 SHOCK WAVE

Consider first the flow of non-reacting molecular oxygen fard/B. In this case, the dissociation reactions were turned
off, while all other conditions were the same as for the basdl1=9.3 flow. The profiles of gas macroparameters
along the symmetry axis are presented in Fig. 2 (left). Treergaan free path in the free stream is about 0.02 m,
and the distance of about AGrom the shallow part of the shock to the peak translatiomaierature is consistent
with a number of earlier studies of the normal shock wavectire [1]. The rotational relaxation time is on average
only about a factor of five larger than the translational @mal thus the rotational temperatUrg only slightly lags
behind translational temperatufg,. They equilibrate after the first 30of the shock front, and coincide after that.
As expected, the vibrational relaxation is much slower tthenrelaxation of the other two modes; all three modes
equilibrate after about 2,0Q0 It is important to note that even though a two-dimensioe#lis is used instead of a
one-dimensional solution with exact Rankine-Hugoniotditons for M=9.3, the mode temperatures after the shock
for a plateau at a value of about 4,400 K, which agrees withRé&ekine-Hugoniot solutions for a variable specific
heat ratio with the number of vibrational degrees of freedgmdefined by the expression for a simple harmonic



oscillator, & = W%;fl)_l Here, B,ip is the vibrational characteristic temperature, dnis the gas temperature.
The gas bulk velocity in the free stream directibl, reaches its Rankine-Hugoniot value of about 360 K in thereg

where the mode temperatures merge. After that, the velatitpst linearly decreases to 0 at the stagnation point at
X =0. The decrease is fairly slow as the region between the siutkhe body is much noticeably than the thickness
of the shock front. Generally, these results once more cortfiat the impact of the body on the shock wave structure

along the stagnation streamline is relatively small.
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FIGURE 2. Gas properties along the stagnation streamline for non-reacting (lefteanting (right) flow for the M=9.3 case.
LB model of VT energy transfer and TCE model of chemical reaction.

The gas properties for the reacting flow are shown in Fig. ghtji In this case, the flow velocity profile is
qualitatively similar, although with somewhat lower vaduienmediately after the translation-rotation relaxatioont
than for the non-reacting flow. The major difference of thacting flow is that there is no clear density plateau in
the after-shock region. A fairly large number of dissodatieactions results in gradual increase in density between
the shock front and the body (the density here is normalizetthé free stream value). The increase in the number of
dissociating oxygen molecules is illustrated by the atooxiggen mole fraction, X[O], which rises from zero in the
free stream to over 20% near the wall. Note also that evergtihthie increase in X[O] is observed in the region of
strong translation-rotational non-equilibrium, the nwenbf reactions there is relatively small, and the gas ptaser
to the left of the translational temperature maximum maydresiclered independent of chemical reaction. Comparison
of translational temperatures for the reacting and nontireggases (cf. Fig. 2, left and Fig. 3, left) indicates tat
chemical reactions lower the translational temperatuad by only about 200 K.

The impact of chemical reactions becomes more pronounacgdsitceam, where the maximum rotational tempera-
ture decreases from almost 5,200 K for non-reacting cadeaat#,800 K for reacting case. It is even more significant
in the region of maximum vibrational temperature. Chemiealctions reduce that maximum by almost 800 K. The
rotational relaxation length is virtually independenttod dissociation process, while the vibrational relaxaksmgth
somewhat increases in the reacting case, obviously, dirceilbbrational relaxation rate strongly increases with-tem
perature. Since the TCE model does not include vibratiomadring, the dissociation modeled with TCE does not
cause non-equilibrium between vibrational and transtationodes. This is clearly seen in Fig. 3 (left): all mode tem-
peratures are equal after they merge about 3 mm downstre@amtifie vibrational temperature maximum. The slow
decrease of gas temperature after that is related to theferasf thermal and kinetic gas energy to the potential gnerg
of newly created atoms.

The fact that the translational and internal temperaturesegual generally does not guarantee that the veloc-
ity/energy distribution of the corresponding modes is MakiBoltzmann. In order to analyze how close the energy
distributions to the equilibrium form, the computationslirded sampling of velocity and internal energy distribnti
functions. The computations showed that downstream frenptiint where the translational and rotational merge, the
velocity distribution is Maxwellian in all directions, artte rotational energy distribution is Boltzmann. The vibra
tional distribution, however, to a large extent dependshenmhodel used. An example is presented in Fig. 3 (right),
where vibrational populations are presented for the LB afidni@dels in a location downstream of the point where
the translational and rotational modes equilibrate. Th& itddel of chemical reactions is used with both vibrational
energy models. For comparison, the Boltzmann vibratiofgttidution functions at the corresponding vibrational
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FIGURE 3. Temperatures of different modes for LB/TCE models at M=9.3 (lefij &ibrational level populations for two
vibrational energy transfer models.

temperatures are presented. It is clear that a stronglhyenaiiibrium vibrational population is obtained when the LB
model is used, with underpopulated low (except for the gdostate) and overpopulated high vibrational levels. The
main reason for such a non-equilibrium is the lack of vilanaail-vibration energy transfer, that was shown previously
[20] to quickly equilibrate vibrational population in hyps®nic flows. In the QC model, that takes into account both
VT and VV energy transfer, the calculated vibrational dlsttion is close to Boltzmann.

Let us now analyze the impact of vibrational energy tranafet chemical reaction models on vibrational tempera-
ture along the stagnation streamline. Comparison of aixaensidered for M=9.3 flow in presented in Fig. 4 (left).
As before, the results are presented along the stagnateamdine, and the shift in X is related to different stanfil-of
distances for different models (the wall is at X=0). The dtaff distance generally decreases as the number of disso-
ciation reactions increases [21], and that is what obsdnvEi). 4. The total number of reactions for the TCE model is
about a factor of two larger than for the QK model, and thedst@iifi distance for the former is about 2.5 mm smaller.
The maximum in vibrational temperature also strongly delgesm the number of reactions. For the TCE model, it is
about 200 K lower. Also note that the model of vibrationalrggedransfer, while only slightly changing the stand-off
distance and the slope of the shock, does impact the maxinitnational temperature. This is attributed to the fact
that the LB model is characterized by strong non-equilitorin the shock as compared to QC, and thus larger number
of molecules with high vibrational energies. Even though TCE and QK models do not have vibrational favoring,
they are strongly influenced by the number of molecules wigfhér reaction energy (total in TCE and translation-
vibration in QK). Thus more reactions occur inside the shockhe LB model, which lower the resulting vibrational
temperature.

Comparison of numerical and experimental profiles of vibredl temperatures in shown in Fig. 4 (right). In this
figure, the numerical profiles are shifted to match the céptigt of the shock front. The initial slope of the shock is
very similar for the TCE and QK models. Both chemistry moddiightly underpredict the experimental slope, which
is in fact close to the non-reacting case. This may be anatidic that TCE and QK models overpredict the number
of dissociation reactions inside the shock. They undeipréide maximum vibrational temperature due to the same
reason. Note that the QK model is somewhat closer to the impetal value 0f~4,300 K, although the aftershock
decrease in vibrational temperature is slower in the coatjmut than in the experiment. This may indicate that more
dissociation occurs in the actual flow than predicted in iheukation, likely due to the impact of £-O reactions.
Further downstream, the experimental values are closéetortes predicted with the TCE model.

M=13.4 SHOCK WAVE

For the M=9.3 flow considered in the previous section, theatimtion becomes important after the translational and
rotational temperatures have peaked. In the second testioder consideration, M=13.4, the chemical reactions are a
key factor even before the translation-rotation equilibriis reached. This is clearly seen in Fig. 4, where gas densit
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FIGURE 4. Vibrational temperature profiles for M=9.3: the effect of numericabel (felt) and comparison with measurement
[4] (right).

bulk velocity, and atomic oxygen mole fraction (Fig. 4, Jefhd mode temperatures (Fig. 4, right) are presented along
the stagnation streamline. By the time the flow velocity iarmies after-shock value, and the rotational temperature
reaches its maximum, the atomic oxygen mole fraction reabt which is almost an order of magnitude larger than
that for the M=9.3 case. The oxygen mole fraction quicklychess 0.5 and then the rate of increase significantly drops,
as the gas temperature decreases from over 8,000 K to les4,0G0 K. Similar to M=9.3 flow, the bulk flow velocity
slowly decreases from it after-shock value to about O neamthll. The gas density increases by about a factor of
20 behind the shock wave. Note that significantly largerdiational and rotational temperatures, as compared to the
M=9.3 case, cause a much faster vibrational relaxatiotn wfirational mode equilibrating with the other two shortly
after the maximum vibrational temperature has been read¢hather temperature decrease is relatively small, from
about 4,000 K at the merging point of vibrational and tratisteal temperatures te3,600 K near the wall (X=0. not
shown here).
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FIGURE 5. Gas macroparameters for M=13.4, computed with LB and TCE models.

Finally, let us compare the computed and measured vibttemperatures for the M=13.4 case. The comparison is
presented in Fig. 6, where the results of three differentatsoof chemical reactions are shown. For all reaction medels
the QC model of vibrational relaxation was used. One impdrtanclusion that may be drawn from these results is
that both models that do not take into account vibratiosatigation favoring, TCE and QK, largely underpredict
vibrational temperature behind the shock, with the maximdifference of almost 2,000 K. The difference in the
relaxation zone is about 1,000 K. The main reason for themdiffce is a significant overprediction of dissociation



reaction rates by models that do not consider vibrationadrfag (see [23] for more detail). Note that the profiles
for the TCE and QK models are fairly close, with maximum- vib for the TCE model being about 200 K
lower (this is similar to the low-velocity case). The stafeecific model that takes into account the dependence of
reaction rate on the separation of vibrational and traiosiaibtational temperatures, predicts the maximum vibret
temperature very well. The after-shock relaxation is slofee that model due to underprediction of the number of
0,+0 dissociation reactions. The after-shock plateau of alBda@0 K for the state-specific model is close to the

corresponding experimental value.
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FIGURE 6. Comparison between computed and measured [4] vibrational tempepatfiles for a M=13.4 shock.

CONCLUSIONS

Most validation studies for dissociation models eitheuatijhe overall (equilibrium limit) dissociation rate cfieient

as one of the adjustable parameters or simulate condititiesernthe degree of vibration-translation nonequilibrium
is not known. The measurements from [3] validate the vibreti relaxation models used. They also allow a rare
opportunity to independently fix the value of the equililnidimit dissociation rate coefficient and simultaneously
know the value of the vibrational temperature through theckh Thus, the nonequilbrium vibration-dissociation
coupling aspects of a given model can be validated. Signifia@rk remains to be done on this comparison case,
such as checking the role of recombination, investigatiregrange of validity of the assumed-@ rate parameters
used, and simulating addition Mach number cases. The prelmnresults presented here are very encouraging and
indicate the important role of vibrational favoring for atlimic dissociation reaction model.
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