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The simulation results for a set of thermochemical nonequilibrium models with a range
of fidelity is compared to experimental data for shock tube and double-cone flows. The
present work focuses solely on oxygen flows. The two-temperature (2T) model is the widely
used approach for hypersonic analysis and is presented as the computationally efficient,
lower fidelity modeling approach in this work. In contrast, the full state-to-state (STS),
master equation approach is presented as the higher fidelity modeling approach. Both ap-
proaches have several available methods for obtaining rate data that are investigated. The
STS method introduces a large master equation system that has been prohibitive due to
its computational expensive for design applications. The present paper aims to understand
the deficiencies of the standard 2T model when compared to detailed STS analysis. Ad-
ditionally, the STS rates allow for detailed investigation of the effects that nonequilibrium
and non-Boltzmann behavior have on the macroscopic behavior. This present work sug-
gests a modified 2T model, the 2T-NENB (nonequilibrium, non-Boltzmann) model, that
aims to capture STS model behavior in a computationally inexpensive, 2T model form.
The performance of this modified model is compared with standard 2T model results, full
STS model results, and experimental data. Additionally, areas of future improvement and
computational expense are discussed.

Nomenclature

A, B Millikan-White coefficients

E, Vibrational energy [J]

E*  Equilibrium vibrational energy [J]

K4 Total dissociation rate [cm?/sec]

kq; Dissociation rate from ith vibrational state [cm?/sec]
Ky Transition rate from vibrational state v to v’ [em?/sec]
I Reduced mass [kg]

P Pressure [atm]

p  Density [kg/m?]

T,  Translational temperature [K]

T, Vibrational temperature [K]

Ty Vibrational relaxation time [sec]

v Vibrational quantum state
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I. Introduction

Computer simulation plays a primary role in analysis and design of hypersonic vehicle systems. This
approach is taken due to the difficulties of reproducing high enthalpy flight conditions in ground test facilities.
Past missions, including Mars Science Laboratory! , Stardust? , and Orion® , have relied heavily on CFD

*PhD Candidate, Department Aerospace Engineering, 1320 Beal Avenue, and Member of ATAA.
tPost-doctoral Research Fellow, Department Aerospace Engineering, 1320 Beal Avenue, and Member of ATAA.
tProfessor, Department of Aerospace Engineering, 1320 Beal Avenue, and AIAA Fellow.

1 of 17

Copyright © 2016 by the American Institute of Aeronautics and AstrondMBgiigan Institute of Aeronautics and Astronautics
All rights reserved.

10.2514/6.2016-4023

Check for
updates


http://crossmark.crossref.org/dialog/?doi=10.2514%2F6.2016-4023&domain=pdf&date_stamp=2016-06-10

Downloaded by University of Michigan - Duderstadt Center on December 14, 2017 | http://arc.aiaa.org | DOI: 10.2514/6.2016-4023

modeling for analysis of the hypersonic phases of their missions. Thus, it is important to establish the
capability of CFD simulation to accurately predict the flow field and surface properties for hypersonic flow
conditions. Many hypersonic tunnel experiments have been performed at CUBRC,% 6 specifically utilizing the
CUBRC LENS-XX expansion tunnel. Previous comparisons between CFD and experimental data generated
under hypersonic conditions at CUBRC have been performed for various flow compositions.* Comparisons
for nitrogen flows have shown good agreement overall.> However, flows containing oxygen (both oxygen only
and air-like compositions) have not shown good overall agreement.>6 Tt is suspected that nonequilibrium
behavior of oxygen is a potentially significant contributer to the discrepancy in the results. Recent post-
normal shock results,” including the results in this paper, compare with shock tube experimental data from
Ibraguimova3® and show that state-to-state modeling describes nonequilibrium behavior more accurately
than the standard two-temperature modeling approach for hypersonic oxygen flows.

The two-temperature model is the widely used approach for hypersonic vehicle analysis.!* For vibrational
relaxation, the approach relies on a relaxation time equation that is a function of temperature to evolve the
Landau-Teller equation for vibrational energy. The Millikan-White (MW) vibrational relaxation parameter
formula is generally used, and correlates well with experimental data for many interactions.'®> However, the
05-0 system has a many body potential with a significant attractive component that is not consistent with
the Landau-Teller theory. The MW predicted vibrational relaxation of the O5-O system does not correlate
well with experimental data.? '® The O4-O system violates many of the assumptions that are present in the
underlying Landau-Teller theory that dictates the temperature dependence of the Millikan-White formula.
Park and others have adjusted the Millikan-White coefficients for O5-O to correlate better with experimental
data.'” However, the previous work has assumed the temperature dependence dictated by the Landau-Teller
theory. The vibrational relaxation of O2-O is studied in this work using recently developed rates from
a detailed quasi-classical trajectory (QCT) analysis.'® Chemistry is captured by reaction rates that use
Arrhenius-type rate coefficients. Additionally, the Arrhenius form uses the geometrically averaged temper-
ature of the translational and vibrational temperature (T, = /13T,) in order to capture nonequilibrium,
thermochemical coupling.

The state-to-state (STS) model is a higher fidelity approach to describing the vibrational energy mode.
The STS model is much more computationally expensive since the population of each vibrational state is
accounted for. The populations are evolved directly based on STS transition rates and dissociation rates.
This approach allows for multi-quantum transitions and non-Boltzmann distributions to be captured.!®>20
There are two widely used methods for deriving the required STS transition rates. They are the forced
harmonic oscillator (FHO) model of Adamovich?!?3and the (QCT) analysis.'® 27 The FHO model is a semi-
classical analytical method based on assumptions about the collision event and the form of the potential
energy surface (PES). The analytical form of the FHO method makes it very attractive due to the low
computational expense required to generate transition rates. The QCT method is more general and can
be performed on any PES. The QCT method simulates thousands of individual collision events to calculate
transition probabilities and rates for STS transitions and dissociation transitions. The QCT method is
computationally expensive, but the recent increase in computational power has made it tractable for some
systems. As mentioned, the results of a QCT analysis for O2-O are investigated. In particular, the QCT
transition rates will be reduced to a vibrational relaxation time, as well as used in a full STS analysis. The
05-05 system has not been analyzed using the QCT method to date. The STS rates for O2-O5 utilize the
FHO model.

STS rates allow for detailed information about the vibrational-translational energy transfer and dissoci-
ation. Specifically, an evaluation can be made for arbitrary combinations of translational temperature and
vibrational temperatures or population distributions. This detail understanding from high fidelity STS rates
allows for a reduced order model to be developed. It is desired to retain the framework of the 2T model
due to its widespread use. The presented work will develop a modified version of the 2T model named
the 2T-NENB (nonequilibrium, non-Boltzmann) model. The goal is to have a 2T-type model that is able
to provide results that closely mimic the full STS analysis. This is extremely advantageous for hypersonic
design work that can not currently handle the computational expense of full STS analysis.

In addition to shock tube flow comparisons, experimental data from CUBRC will be used for a double-
cone configuration comparisons. This experimental data set only contains surface data so it will be a good
evaluation of a hypersonic vehicle design scenario.

In summary, the presented work will focus on nonequilibrium modeling by comparing simulation results
with experimental data for hypersonic oxygen flows. First, the effect of nonequilibrium modeling fidelity
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is presented by comparing against the Ibraguimova experimental data for post-normal shock relaxation.
This will provide the evaluation of the 2T models against high fidelity STS results and experimental data.
Next, the effect of nonequilibrium modeling fidelity is presented using the CUBRC double-cone configuration
experimental data. Finally, suggestions will be made for the most effective nonequilibrium modeling practices
for oxygen flows as well as areas of future research for nonequilibrium CFD of hypersonic oxygen flows.

II. Thermochemical Nonequilibrium Modeling

The following subsections describe the various modeling methodologies for capturing thermochemical
nonequilibrium behavior. Special emphasis will be placed on the differences in the models regarding the
treatment of the vibrational nonequilibrium effect on vibrational-translational energy transfer and dissocia-
tion, in addition to the assumptions of the vibrational population distribution. These aspects are particularly
important for the relaxation behavior of oxygen flows.

A. Two-Temperature Model (2T)

In the two-temperature (2T) model, nonequilibrium in the energy modes is captured by separating the
translation energy, Fy(T}), and the vibrational energy, E,(T,). The other energy modes are modeled, however
they are assumed to be in equilibrium with either the translational or vibrational mode. The present work
assumes that the rotational energy mode is in equilibrium with the translational mode and the electronic
energy mode is in equilibrium with the vibrational mode. It should also be noted that the present work
accounts for only the ground electronic states. Molecular oxygen is known to have accessible, low-lying
electronic excited states, however that topic will be the focus of future investigations.
The vibrational energy evolution is governed by the Landau-Teller equation, Eq. (1).
dE, E;-E,

B 1
dt Ty (1)
The relaxation time, 7, in Eq. (1) can be obtained by various methods. The most widely used method is
the Millikan-White relaxation time shown in Eq. (2). The values for A and B are unique for each species-pair

interaction, and can be calculated based on the reduced mass and vibrational characteristic temperature,
A=0.00116120% and B = 0.015u7%.

pry = exp(A (T3 — B) — 18.42) [atm — sec] (2)

The Millikan-White relaxation time is modified with the collision-limited correction term shown in Eq. (3)
and Eq. (4). It is also referred to as the high temperature correction (HTC). The correction terms include
the number density, n, and the mean particle velocity, c. In this work, o7 is set to 3.0 x 1072! m? as proposed
by Park.!”

1
TPark = noy,c [Sec] (3)
2
s=or (20) e 0

The Millikan-White relaxation time equation is derived from Landau-Teller theory. The Landau-Teller
theory derives a particular temperature dependence for the relaxation time equation. The Millikan-White
relaxation time retains the dominant temperature dependence of the Landau-Teller theory, and is known to
describe many species interactions accurately, including the O-Os system. The present work adopts the
Millikan-White relaxation time for the O2-O system.'”-2®> However, the assumptions do not apply well to a
system containing a molecule and an open shell atom, like the O-O system.'%:24:26 These types of systems
deviate due to the effect of additional mechanisms such as non-adiabatic transitions and the possibility of
atom exchange. The experimental data for the O2-O system has been shown to not follow the Millikan-
White suggested behavior. Park!'” proposed new Millikan-White coefficients for O2-O, however, the same
temperature dependence was still assumed to be consistent with Landau-Teller theory. Os-Os has Millikan
White coefficients of A=135.91 and B=0.030. The widely accepted Millikan White coefficients for Os-O are
A=47.7 and B=0.059.
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In the 2T model, the dissociation process is treated by Arrhenius-type rate coefficients with the geomet-
rically averaged temperature of the translational and vibrational temperature (T, = /T;T,). The inclusion
of the vibrational temperature implicitly defines the effect that vibrational nonequilibrium has on the dis-
sociation behavior. The Arrhenius form is shown in Eq. 5. Additionally, the Arrhenius coefficients are
summarized in Table 1. When a molecule dissociates, its vibrational energy is lost, and this effect must be
accounted for in the model. Since the dissociating molecule could be at a low vibrational state or a high
vibrational state, an assumption must be made as to an average energy loss due to dissociation. The present
work assumes this vibrational energy loss due to dissociation to be 0.45 of the dissociation energy.

wmorn( %) [2]

S
C n Hd
05-05 (Park) 2.00x10%"  -1.5 59360
05-0 (Park)  1.00x10%2 -1.5 59360

Table 1. Arrhenius parameters of dissociation reaction, pre-exponential factor is in cm?/s/mole

One would expect that the vibrational-translational energy transfer and the dissociation would depend
on the vibrational population distribution. It should be noted that the 2T methodology assumes that
the vibrational population distribution is a Boltzmann distribution. This assumption is embedded in the
formulation of the Landau-Teller equation and the dissociation method.

B. State-To-State Model (STS)

A detailed QCT analysis was performed by Andrienko and Boyd!® for the O5-O system. The final results are
provided in a curve fit form as shown in Eq. 6 and Eq. 7. The transition rates for the O3-O2 system are taken
from FHO analysis.?! 2325 These rates are used in a master equation approach as outlined in Ref. 8. It can
be noted that a STS model explicitly represents the populations of each vibrational state. The evolution of
the population distribution is driven by the STS rates and dissociation rates. There is no assumption made
for the population distribution or the coupling between the vibrational relaxation and dissociation.

B T cm?
_ 12 _ 1 o
Ky =1x 10" “exp[A+ og(@) + Clog(z)] = 1000 [ 5 ] (6)
C 3
log(K aiss) = A+ Blog(T) = =[] (7)

C. Modified Two-Temperature Model (2T-NENB)

A modified two-temperature model is presented that attempts to address some of the short comings of the
standard two-temperature model. Previous work has shown that hypersonic oxygen flows can often contain
vibrational nonequilibrium behavior and non-Boltzmann vibrational population distributions.” %31 Both
of these features have a strong effect on the flow field solution and cannot be captured with the standard 2T
model.

In order for a thermochemical model to accurately represent hypersonic flows with oxygen, it needs
to account for vibrational nonequilibrium and non-Boltzmann vibrational population distribution effects.
The 2T-NENB (NonEquilibrium, Non-Boltzmann) model was developed by investigating the state-to-state
transition and dissociation rates. Specifically, the state resolved rates can be used to understand the influence
that vibrational nonequilibrium and non-Boltzmann distributions have on the macroscopic level vibrational-
translational energy transfer and the total dissociation rate. Formally, a complete master equation analysis
is required to capture the exact behavior of the effects in question. However, the present work is strictly
concerned with flows that are dominated by post shock relaxation behavior. This focus allows for a number
of assumptions to be made and a useful model to be developed.

One of the main areas of focus for this work is to apply the QCT calculated transition rates for O2-O from
Andrienko and Boyd.!® A set of state-to-state transition rates was constructed using an accurate many-body
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PES. The Varandas and Pais PES'® generates 47 vibrational states and a maximum of 236 rotational levels
for electronic ground-state molecular oxygen. Equation (8) presents the curve fit form of the vibrational
relaxation parameter obtained from the QCT results.!®

Pty = (ax?’ + bz + cx + d) x 1078 [atm — sec] (8)

Figure 1 compares the vibrational relaxation parameter from different methods for O3-O (O2-Og is also
shown for reference). The experimental data for O2-O is only available at relatively low temperatures
(less than 4000K), which makes it difficult to infer the correct temperature dependence. Park and others
have assumed the same form as the Landau-Teller temperature dependence. No temperature dependence is
assumed in the QCT method. The QCT results deviate from the Landau-Teller temperature dependence.
This is plausible, if not expected, given that the O5-O system does not adhere to the assumptions of Landau-
Teller theory.
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Figure 1. Vibrational relaxation parameter obtained from various
models

The equilibrium dissociation rate for O5-O has also been extracted from the QCT data. It is shown in
Table 2.

C n 04
Varandas PES  1.725x10'®  -0.4037 60540.0

Table 2. Arrhenius parameters of dissociation reaction, pre-exponential factor is in cm?/s/mole

The utilization of the state resolved rates is potentially very powerful. It allows any vibrational distribu-
tion to be evaluated for vibrational-translational energy transfer and total dissociation rate. The 2T-NENB
model takes the form of the standard 2T model but has modification terms to account for nonequilibrium
and non-Boltzmann effects. The dissociation behavior has a dominating influence on the overall solution.
The development of these dissociation modifications are shown in detail below.

The dissociation portion of the 2T model uses Arrhenius-type rate coefficients. Generally, the nonequi-
librium effect on the dissociation rate is captured by the use of a control temperature in the dissociation
rate equation. The most popular control temperature formulation is by Park (T, = v/T;T,). Other control
temperature formulations have been suggested.?? With accurate state-to-state rates from QCT for the Oy-O
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system and rates from FHO for the O5-O5 system, the best formulation can be selected. A range of trans-
lational and vibrational temperature combinations were used to determine the accurate total dissociation
rate. The focus of this specific exercise is to study the nonequilibrium effect on total dissociation rate. All
populations for this exercise are assumed to have a Boltzmann distribution. The effects of non-Boltzmann
distribution will be investigated later in this section.

Figure 2 shows the QCT generated total dissociation rate for a number of translational temperature
and vibrational temperature combinations for the O3-O system. The equilibrium total dissociation rate is
also plotted. The figure suggests that a non-symmetrical treatment of the control temperature is needed to
capture both heating and cooling behaviors properly.

: ; : : : _ Tt=2000 QCT

10 Feoeees RS ..... g ........ ........ RERRRERE Tt=3000 QCT |- 1

: A 1 : : [ | —Tt=4000 QCT
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Figure 2. O2-0O Total Dissociation Rate for Combinations of Trans-
lational and Vibrational Temperatures (Boltzmann)

Additionally, figure 3 compares the nonequilibrium effect predicted dissociation rates by the Park model
against the QCT based dissociation rates. The Park model captures the behavior near equilibrium for
heating flow conditions. However, the Park model deviates from the QCT based dissociation rates for strong
nonequilibrium conditions and cooling flows.

The presented work aims to develop a reduced order model based on the understanding of the detailed
QCT results. As previously mentioned, the developed model should fit within the 2T framework since it
has widespread use. The most efficient way to implement the nonequilibrium effect on dissociation rate
is to make a correction to the control temperature. The equation below presents the form of the control

temperature that was selected.
T,\"
To=T.|A+(1-4) |+~ (9)
T;

Figure 4 presents the final selection of the control temperature parameters. Specifically, during heating,
A=0.65 and B=3.0 and during cooling, A=0.2 and B=1.0 for the O3-O system. The same procedure was
applied to the O2-O5 system resulting in A=0.65 and B=3.0, and A=0.1 and B=1.0 for heating and cooling,
respectively. The presented model is able to capture the nonequilibrium effect on dissociation rate over a
larger range than the Park form of the control temperature.

Next, the state resolved QCT rates are used to determine the effect of a non-Boltzmann vibrational
distribution on the total dissociation rate. In principle, the vibrational distribution can be anything. How-
ever, in relevant hypersonic flow conditions, the distributions deviate from Boltzmann in very specific ways.
The presented work will focus on post shock relaxation conditions to guide the study of non-Boltzmann
distributions. Figures 5 and 6 show the typical evolution of the vibrational distribution after a shock. The
distribution quickly becomes overpopulated relative to the Boltzmann distribution after the shock. As the
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Figure 3. 02-O Total Dissociation Rate from QCT Analysis and
Park Nonequilibrium Model
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Figure 4. 02-O Total Dissociation Rate from QCT Analysis and
Presented Nonequilibrium Model

distribution evolves, the distribution becomes a Boltzmann for an instance before continuing to an underpop-
ulated tail distribution. This underpopulated tail distribution corresponds to a QSS or near QSS behavior
region. This evolutionary behavior of the population has been observed in other studies” ' and with other
species.3!

Now that the type and range of non-Boltzmann distributions have been identified, a model form must
be selected. In general, the distribution at a given time or space depends on the evolutionary history of that
particular set of molecules. The modifications proposed in this study aim to fit into the framework of the
standard 2T model. With this restriction, the only information about the vibrational population history is
in the form of the vibrational temperature. That means that an assumption about the population history
must be made in order to be useful in this framework. This could be considered the largest concession in
generality for this model. However, the loss in generality leads to more convenience and a much reduced
computational expense. Using the QCT rate results and post shock relaxation information as a guide, a
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scale factor has been placed on the total dissociation rate to account for non-Boltzmann distribution effects.
Specifically, the scale factor of the form (T,,,,,/T,)¢ was selected. This represents a temperature ratio
raised to a power, where T, ., is the critical vibrational temperature where the distribution switches from
overpopulated to under populated and C' is a constant parameter that controls the effect away from this
critical temperature. Notionally, this scale parameter will act to increase the total dissociation rate for an
overpopulated distribution and decrease it for an underpopulated tail distribution.

Figures 7 and 8 present the effect of both an overpopulated and underpopulated distribution. These
results are used in the selection of the nonequilibrium model parameters.
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Figure 7. Total Dissociation Rate from QCT Figure 8. Total Dissociation Rate from QCT
Analysis for an Overpopulated Boltzmann Analysis for an Underpopulated Boltzmann
Distribution Distribution

The study selected T, =3500K and C'=3.0 for both O3-O and O2-O3 systems. The T,,_ ., parameter
appears to be similar or be universal in some sense. These parameter values are selected with the assumption
of using it for a post shock, heating type flow. Application to a cooling flow is not investigated in the presented
work. The final form of the total dissociation rate is in the following form.

T . C
Ko = (774) KivnealT) (10)

D. Flow Solvers

The nonequilibrium modeling techniques in this work are applied to two different flow scenarios: 1D shock
tube flow and 2D double cone flow. Each flow scenario utilizes a unique flow solver and both will be described
in this section.
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1. 1D Shock Tube Flow Solver

In the present work, the post normal shock calculations use the jump conditions derived from the Rankine—
Hugoniot relations. The derivation assumes that the electronic and vibrational modes are frozen across the
shock wave. The flow downstream of the shock wave is calculated by solving the one-dimensional compressible
flow equations combined with the conservation equations associated with the vibrational energy mode. The
compressible flow equations are shown in equation 11.

a psu Ws
e pu®+p =1 0 |, (11)
pu(h+u?/2) 0

The variables p and ps are the densities of the mean flow and of the species s, u, P, h are the mean flow
velocity, pressure and enthalpy, wy is the production rate of species s due to chemical reactions. The
system of Euler equations 11 is closed by the ideal gas law. The conservation equations for vibrational
energy are formulated individually for the 2T and STS models and given in the following sections.

In the two-temperature (2T) model, nonequilibrium in the energy transfer is described by separating the
trans-rotational energy, e;(T"), and the vibration-electronic energy, e,(T,). The present work accounts for
only the ground electronic state. The conservation equation for vibrational energy has the following
appearance:

d (pey) _ €y — €y
Oz = PO,

+@OQCVDD67 (12)
v

where wo, = R (T,) n, — D (T,) no,no, D and R are the global dissociation and recombination rate coeffi-
cients evaluated at some effective temperature 7, defined below, n is the number density, e, and e} are the
mean vibrational energies evaluated at translational (T') and vibrational (T,;,) temperatures, respectively,
Cy p is the vibration-dissociation coupling coeflicient that indicates the average loss of vibrational energy in
collision of particles that leads to dissociation, 7, is the relaxation time of the entire vibrational manifold,
and D, is the classical dissociation energy of diatomic Oas.

The conservation of vibrational energy in the STS model is formulated for each vibrational energy level.
This approach significantly increases the number of equations to be solved, however it is explicitly
modeling the vibrational energy behavior. Additionally, the conservation equations for species densities,
given in Eq.(11) can be omitted. The system of equations for the STS model in this case accounts for the
conservation of momenta and trans-rotational energy as well as for number density of individual
vibrational states. The latter has the following appearance:

8877;) = Z (Rv,sn%ns - Dv,snvns) + Z (KU’,vn;ns - K’u,v’nvns) ; V="0...Umaz (13)

where summation takes place over projectile species, in the present case, O3 and O. The rates are provided in
a curve fit form as shown in equation 14 and 15 for bound-bound and bound-free transition rate coefficients.

Koy =107 x exp [Ay v + By /log(T/1000) + C. o log(T/1000)], [cm®/s], (14)
D, = A,TBexp (~C,/T), [em? /] (15)

2. CFD Flow Solver

The computational fluid dynamics (CFD) flow simulations in this study are performed using the CFD
code LeMANS.'2:13 LeMANS is a parallel, three-dimensional code that solves the Navier-Stokes equations
including thermochemical nonequilibrium effects on unstructured computational grids. LeMANS assumes
that the flow can be approximated as a continuum. The standard version of LeMANS utilizes the two-
temperature approach for nonequilibrium. In this approach, there is a translational temperature, T, and
a different vibrational temperature, T,,. The other energy modes are assumed to be in equilibrium with
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either the translational or vibrational temperature. For example, the rotational mode is assumed to be in
equilibrium with the translational mode (i.e. T, = Ty). The full details of LeMANS can be found in Ref.!2

LeMANS has been modified to also include STS modeling of the vibrational energy mode. A master
equation system is solved along with the flow equations. The inclusion of the STS modeling increases
the computational time of the analysis substantially. Inherently, there are more equations to solve (47
vibrational states). Also, the system of STS equations is very stiff and requires a conservative choice in time
step. Others in the industry have worked to improve the computational efficiency of the STS CFD method
through various methods.?® More work in this area is needed to reduce the computational expense of this
type of simulation. The presented work utilized a 2T model converged solution as the initial condition for
the STS analysis (assumed Boltzmann distributions). This significantly reduced the computational time,
but the solution time was still around 15 times that of the nominal 2T calculation.

III. Experimental Data

A. TIbraguimova Shock Tube Cases

The post normal shock flow calculations are carried out for an existing set of shock tube experiments
conducted by Ibraguimova et al.?* The flow conditions for the test cases are summarized in Table3. All
flow conditions have a pure O freestream composition. The set of test cases represents a relevant range of
conditions that might be experienced by a hypersonic vehicle.

Test case  Shock velocity [km/s] Pi[Torr] Ti[K] T3[K]

C1 3.07 2.0 295 5300
C2 3.95 1.0 295 8620
C3 4.44 0.8 295 10820

Table 3. Summary of flow conditions investigated3?

The purpose of this experimental data comparison is to evaluate how the standard 2T model and modified
2T-NENB model perform relative to the STS results and experimental data.

B. CUBRC Double-Cone Configuration

The double cone experimental data was obtained from the CUBRC LENS-XX expansion tunnel.’ The focus
of the work presented in this paper is on Run 87. The freestream flow conditions for Run 87 are shown in
Table 4 .

Test Case Total Enthalpy [A,f—;] Mach Number = Velocity [ =] P [Pa] T; T, Co, Co

Run 87 9.9 8.1 4,019 165 626 712 0.9245 0.0755

Table 4. Summary of flow conditions for Run 87¢

Run 87 is a double-cone configuration. Pressure and heat transfer data was acquired at many points along
the model surface. No flow field measurements were taken so only the experimental surface data will be used
for model comparison. A picture and diagram® of the double-cone configuration are shown in Figures 9 and
10, respectively.

IV. Results

The shock tube results focus on the effectiveness of the 2T modification (2T-NENB) when compared to a
full STS analysis and experimental data. The double cone case does not have flowfield data to evaluate the
nonequilibrium model details, only surface properties (pressure and heat transfer) will be used for comparison.
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Figure 10. Double-cone dimensions

Figure 9. Double-cone data points

A. Shock Tube Results

Figures 11 and 12 present the evolution of temperature and composition for the two modeling approaches
for Case C1. Case C1 is a mild nonequilibrium condition in comparison to C2 and C3. The results show
that the STS model produces a fundamentally different result than the 2T models. The restriction of the 2T
framework for the 2T-NENB model appears to be a hindrance for replicating the STS behavior. Interestingly,
the mild C1 case has the worst performance for the 2T-NENB model. It can be noted that the 2T-NENB
model results suggest that it has difficulty with the VT process early (when composition is correct) and has
issues with composition later in the analysis. Additionally, the population evolution is shown in Figures 21
and 22 for the STS analysis.

Tt - 2T-MW/Park
= = = = Tv-2T-MW/Park

6000 —=—— Tt-2T-NENB
I - - - Tv-2T-NENB 1 — s o
I - ———— Tt -STS-QCT Varandas - ‘ S
N\ — = = Tv-8TS-QCT Varandas H —
5000 T Tv - Shatalov Experiment I
08
T 4000 ) s
-E- S, .| = O,2T-MWPark
5 ) g S 06 = m == O 2T-MWPark
® 3000 7 & [ —=— o,2T-NENB
g i I - —# - O 2T-NENB
£ ~ o I —&— 0, STS-QCT Varandas
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L o
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L 1 . 1 J
07 107 3 10’
Time [psec]

107 ”
Time [usec]

Figure 11. Temperature profiles, C1 case Figure 12. Composition profile, C1 case

Figures 15 and 16 present the evolution of temperature and composition for the two modeling approaches
for Case C2. Once again there is a fundamental difference between the STS behavior and the 2T-MW /Park
model. However, the 2T-NENB does well in replicating the STS behavior. Specifically, the composition
profile comparison is almost identical. This is highlighting the importance of accounting properly for the
nonequilibrium and non-Boltzmann effects that are prominent in the near QSS region. There could be
improvement for the VT energy transfer around the peak T, region.

For reference, the population evolution is shown in Figures 17 and 18 for the STS analysis. These once
again show the non-Boltzmann behavior in the flow.

Figures 19 and 20 present the evolution of temperature and composition for the three modeling approaches
for Case C3. The difference in the behavior between the STS and 2T-MW /Park is significant once again.
However, the 2T-NENB is able to capture most of the behavior observed in the STS analysis. It is not as
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Figure 13. Vibrational population distribu- Figure 14. Vibrational state population evo-
tion evolution, C1 case lution, C1 case
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Figure 15. Temperature profiles, C2 case Figure 16. Composition profile, C2 case
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Figure 17. Vibrational population distribu- Figure 18. Vibrational state population evo-

tion evolution, C2 case lution, C2 case

precise as C2, but does retain the major features. Figures 21 and 22 present the vibrational population
distribution. The behavior is similar to that described for Cases C1 and C2.
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tion evolution, C3 case lution, C3 case

The shock tube flow comparisons show a distinct and fundamental difference between the STS and
2T-MW /Park modeling results. The 2T-NENB model shows promise as a computationally inexpensive
alternative to the high fidelity, STS model.

B. Double Cone Results

The CFD results shown are from an axisymmetric grid consisting of 250,000 cells. Additionally, the exper-
iments were designed to have laminar flow so the CFD model assumes that the flow is laminar. Figure 23
presents the pressure contours for the nominal flow field of Run 87 using the standard 2T model. The flow
field contains complex flow features near the double-cone transition. There is shock and boundary layer
interaction along with flow separation.

Figure 24 shows the translational temperature contours for the 2T-MW /Park model. Figure 25 shows
the vibrational temperature contours. The translational and vibrational temperature plots demonstrate the
nonequilibrium behavior that is present in the flow field, particularly, in the second (upper) oblique shock
region. The translational temperature rises quickly across the shock wave and then vibrational-translational
energy transfer acts to bring the two energy modes into equilibrium downstream of the shock.

The contour plots are not able to show the differences between the different models and no experimental
data was collected in the flow field. The model comparisons will be on made on the double cone surface
quantities. Figures 26 and 26 present the pressure and heat transfer distributions for the three modeling
types and the experimental data. The differences in the models are almost indistinguishable for surface
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Figure 24. Translational temperature contour plot for nominal
conditions

quantities. All of the models possess the same features as the experimental data, however they do not
capture all the features accurately. For example, the experimental data shows a sharp drop in heat transfer
around an axial distance of 0.065. The models have this feature but it does not occur until an axial distance
of 0.80. Given the similarity in the results presented, further work is needed to understand the differences
between the CFD results and experimental data. Near wall modeling and freestream conditions are potential
areas for future investigations.
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V. Conclusions

Vibrational thermochemical nonequilibrium modeling is a critical aspect of hypersonic vehicle design.
Namely, computationally efficient, reduced order models that accurately capture the relevant physics are
currently required due to the current computational hardware capability and high computational cost of
the high fidelity, state-to-state (STS) modeling. The two-temperature (2T) model is the state of the art
thermochemical nonequilibrium model for hypersonic design work. The 2T model is powerful, but it does
have its shortcomings. The 2T model is not able to capture some nonequilibrium and non-Boltzmann
behavior. The presented work extends the understanding of these aspects for oxygen containing flows.
Detailed STS, master equation analysis is used to evaluate the limitations of the 2T model and to suggest
a modification to capture additional effects of nonequilibrium and non-Boltzmann behavior that is present
in the detailed analysis. Quasi-classical trajectory (QCT) and forced harmonic oscillator (FHO) rates were
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used for the Os-O and O2-O systems, respectively.

The STS analysis allowed for the development of high fidelity macroscopic vibrational-translational (VT)
transfer rates and total dissociation rates under nonequilibrium and non-Boltzmann conditions. This level
of detail about rates is difficult, if not impossible, to capture through experimental methods. The detailed
information of these nonequilibrium and non-Boltzmann effects allowed for development of the 2T-NENB
model. Overall, the total dissociation rates are influenced more by these factors than the VT energy transfer.
This is reflected in the model details. Specifically, the VT energy transfer adopted the QCT based function
for the relaxation parameter. The 2T model already accounts properly for nonequilibrium and required
only a small modification factor for non-Boltzmann effects in the 2T-NENB variant. The total dissociation
rate utilizes a linear combination of translational and vibrational temperatures as a control temperature to
account properly for nonequilibrium effects. Additionally, a scale parameter is introduced to account for
non-Boltzmann effects.

Shock tube flow and double cone experimental data was used to evaluate the models for accuracy. The
shock tube results show that the 2T-NENB model is able to improve on the deficiencies observed in the
standard 2T model. The simple modification terms are able to account for nonequilibrium more precisely
and account for the impact of non-Boltzmann distributions. Future work may include incorporating more
complexity in order to better represent detailed physics in the thermochemical behavior. The double cone
analyses show some discrepancies between the various models and the experimental surface data. This
difference suggests that further investigation is needed in the near wall behavior of nonequilibrium CFD and
perhaps the determination of the freestream conditions of the experiments.
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