REPORT DOCUMENTATION PAGE A LA,

Public reporting burden for this collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and
maintaining the data needed, and completing and reviewing this collection of information. Send comments regarding this burden estimate or any other aspect of this collection of information,
including suggestions for reducing this burden to Department of Defense, Washington Headquarters Services, Directorate for Information Operations and Reports (0704-0188), 1215 Jefferson Davis
Highway, Suite 1204, Arlington, VA 22202-4302. Respondents should be aware that notwithstanding any other provision of law, no person shall be subject to any penalty for failing to comply with a
collection of information if it does not display a currently valid OMB control number. PLEASE DO NOT RETURN YOUR FORM TO THE ABOVE ADDRESS.

1. REPORT DATE (DD-MM-YYYY) 2. REPORT TYPE 3. DATES COVERED (From - To)
21-12-2011 Conference Paper

4. TITLE AND SUBTITLE 5a. CONTRACT NUMBER
Investigation of Nonequilibrium Effects in Axisymmetric Nozzle and Blunt Body 5b. GRANT NUMBER

Nitrogen Flows by Means of a Reduced Rovibrational Collisional Model 5c. PROGRAM ELEMENT NUMBER
6. AUTHOR(S) 5d. PROJECT NUMBER

Alessandro Munafo, Michael G. Kapper, Jean-Luc Cambier, and Thierry E. Magin

5f. WORK UNIT NUMBER
23041057

7. PERFORMING ORGANIZATION NAME(S) AND ADDRESS(ES) 8. PERFORMING ORGANIZATION
REPORT NUMBER

Air Force Research Laboratory (AFMC)
AFRL/RZSS

1 Ara Drive

Edwards AFB CA 93524-7013

9. SPONSORING / MONITORING AGENCY NAME(S) AND ADDRESS(ES) 10. SPONSOR/MONITOR'S
ACRONYM(S)

Air Force Research Laboratory (AFMC)

AFRL/RZS 11. SPONSOR/MONITOR'’S
5 Pollux Drive NUMBER(S)
Edwards AFB CA 93524-7048 AFRL-RZ-ED-TP-2011-585

12. DISTRIBUTION / AVAILABILITY STATEMENT

Distribution A: Approved for public release; distribution unlimited. PA# 12029.

13. SUPPLEMENTARY NOTES
For presentation at the 50™ AIAA Aerospace Sciences Meeting, Nashville, TN, 9-12 Jan 2012.

14. ABSTRACT

A vibrational collisional model is proposed to study the internal energy excitation and dissociation processes in 2D axisymmetric
nonequilibrium nitrogen flows. The chemical database for theN+N2 system recently developed at NASA Ames Research Center
provides rate coefficients for rovibrational dissociation and excitation. Vibrationally averaged rate coefficients for N +N2 inelastic
collisions are computed based on the hypothesis of equilibrium between translational and rotational modes. Inelastic N2 +N2
collisions are also considered based on literature data. The governing equations for 2D inviscid axisymmetric nonequilibrium
flows are discretized in space by means of the finite volume method. Time integration is performed through the use of the operator
splitting approach. Applications to the supersonic flow through the converging-diverging nozzle of the NASA Ames EAST
(Electric Arc Shock Tube) facility and to the flow over a sphere, show that populations of vibrational levels experience departure
from a Boltzmann distribution. For the nozzle case, experimental data are available and have been compared against
computational results. A good agreement between the two is observed.

15. SUBJECT TERMS

16. SECURITY CLASSIFICATION OF: 17. LIMITATION 18. NUMBER | 19a. NAME OF RESPONSIBLE
OF ABSTRACT OF PAGES PERSON
Dr. Jean-Luc Cambier
a REPORT b. ABSTRACT C. THIS PAGE 19b. TELEPHONE NUMBER
SAR 18 (include area code)
Unclassified Unclassified Unclassified N/A

Standard Form 298 (Rev. 8-98)
Prescribed by ANSI Std. 239.18




Investigation of Nonequilibrium Effects in
Axisymmetric Nozzle and Blunt Body Nitrogen Flows
by means of a Reduced Rovibrational Collisional
Model

Alessandro Munafo*

von Karman Institute for Fluid Dynamics, Belgium
Michael G. Kapper'

von Karman Institute for Fluid Dynamics, Belgium
Jean-Luc Cambier?
Edwards Air Force Research Laboratory, USA
Thierry E. Magin®

von Karman Institute for Fluid Dynamics, Belgium

A vibrational collisional model is proposed to study the internal energy excitation and
dissociation processes in 2D axisymmetric nonequilibrium nitrogen flows. The chemical
database for the N + N2 system recently developed at NASA Ames Research Center pro-
vides rate coefficients for rovibrational dissociation and excitation. Vibrationally averaged
rate coefficients for N 4+ N3 inelastic collisions are computed based on the hypothesis of
equilibrium between translational and rotational modes. Inelastic N2 4+ N2 collisions are
also considered based on literature data. The governing equations for 2D inviscid axisym-
metric nonequilibrium flows are discretized in space by means of the finite volume method.
Time integration is performed through the use of the operator splitting approach. Appli-
cations to the supersonic flow through the converging-diverging nozzle of the NASA Ames
EAST (Electric Arc Shock Tube) facility and to the flow over a sphere, show that popu-
lations of vibrational levels experience departure from a Boltzmann distribution. For the
nozzle case, experimental data are available and have been compared against computational
results. A good agreement between the two is observed.

*PhD. candidate, Aeronautics/Aerospace department, von Karman Institute for Fluid Dynamics, Chaussée de Waterloo 72,
1640 Rhode-Saint-Genese, Belgium, AIAA member.

TPost doctoral fellow, Aeronautics /Aerospace department, von Karman Institute for Fluid Dynamics, Chaussée de Waterloo
72, 1640 Rhode-Saint-Genese, Belgium.

tSenior research scientist, Air Force Research Laboratory, 10 E. Saturn Blvd., Edwards Air Force Research Laboratory, CA
93524, USA

§ Assistant professor, Aeronautics/Aerospace department, von Karman Institute for fluid dynamics, Chaussée de Waterloo
72, 1640 Rhode-Saint-Genese, Belgium, AIAA member.

Distribution A: Approvedfor public releasedistributionunlimited
1 of 7

American Institute of Aeronautics and Astronautics


Cambier Jean-Luc
Typewritten Text

Cambier Jean-Luc
Typewritten Text
Distribution A: Approved for public release; distribution unlimited.


NYDIQOT I TS T IR oY b RIERQS

Nomenclature

inviscid flux vector (axial direction)
inviscid flux vector (radial direction)
right eigenvector matrix

left eigenvector matrix
right-hand-side residual vector
source term vector
conservative variable vector
nozzle cross sectional area
frozen speed of sound

upwind wave speed

energy or specific total energy
specific energy

degeneracy

specific total enthalpy

specific enthalpy

axial direction cell index
rotational quantum number
radial direction cell index

rate coefficient

cell side length

molecular mass

mass

pressure

partition function

specific gas constant

radial coordinate

temperature
t time
U velocity component
v, w  vibrational quantum number
T axial coordinate
Subscripts
* dissociated state
00 free-stream value
b backward
f forward
J rotational quantum number
L left state
n cell side outward normal direction
R right state
r radial direction
v, w  vibrational quantum number
T axial direction
Conventions
C convection
D dissociation
S source
VT vibrational-translational energy exchange
VV  vibrational-vibrational energy exchange
Symbols
«@ parameter used in the reconstruction procedure
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variation

variation

eigenvalue matrix

cell volume

density

symmetry factor

characteristic rotational temperature

TAT D>

Superscripts

a atomic impact process
axi axisymmetric

chemistry

molecular impact process
vibration

formation

time-level

translation

*3=<Ea
e}
=

I. Introduction

Possible applications of atmospheric entry flows are the design of space vehicle heat shields and interpre-
tation of experimental data acquired in high enthalpy facilities, such as shock tunnels and plasma torches.
The surface heat flux experienced by a spacecraft during his re-entry represents the main design parameter.
Its value must be accurately predicted in order to avoid mission failure and also to reduce the margins to en-
able carrying more payload. In order to achieve this point, an accurate modeling of collisional and radiative
processes occurring in shock layers is needed. There, the flow experiences a sudden increase of temperature,
pressure and density while crossing the shock wave. Atom and molecule collisions start occurring at higher
frequencies and energies. This leads to excitation of internal degrees of freedom and to molecular dissocia-
tion as well. If the re-entry speed is high enough, ionization may also occur. The flow becomes therefore a
partially ionized gas, where radiative transitions take place. Their influence on the medium dynamics and
surface heat flux increases with the increase of the entry speed. As an example, for an Earth re-entry at
11 km/s, the radiative heat flux constitutes approximately 60% of the total heating. The accurate description
of all these phenomena is extremely complex because of nonequilibrium. This occurs in flow regions (such as
shock waves and boundary layers) where the characteristic time-scales of collisional and radiative processes
become of the same order of magnitude of flow macroscopic time-scales (time needed for a fluid particle to
cross a certain region). Therefore, understanding nonequilibrium is crucial for a correct modeling of shock
layers. Nonequilibrium plays an important role also in expanding flows, such as those occurring in nozzles
installed in high enthalpy facilities. When heat flux and pressure measurements are performed on the model
being tested, it is required to know the degree of nonequilibrium in the free-stream (generated by the nozzle)
if an extrapolation to flight of ground testing data is desired.

Multi-temperature models [I] were proposed as a simple approach to overcome all difficulties related to
the modeling of nonequilibrium. They are based on Boltzmann distributions of the internal energy levels at
their own temperatures and are valid only in case of small departure from equilibrium [2], since the details
of energy level dynamics are not taken into account. These models are widely used outside of their range of
validity because of the lack of more accurate physical models, but also because of the ease of implementation
and reasonable amount of CPU time required for 3D simulations.

State-to-state or collisional models [3HI5], in contrast to the multi-temperature formulation, treat each
energy level as a separated pseudo-species. This approach provides more flexibility and accuracy, since
effects of non-Boltzmann distributions are accounted for. The price to pay is that a very large number of
processes have to be considered and, for each one, rate coefficient values have to be obtained by means of
quantum-mechanical calculations. Also, the number of equations to be solved rapidly increases with the
number of internal energy levels.

The main purpose of the paper is to show that, despite the higher computational time required, the
application of collisional models to multi-dimensional nonequilibrium flows has become feasible. The results
shown represent the outcome of on going research activity and are limited to inviscid flows.

The paper is structured as follows. Sect. [l describes the physical model adopted (collisional processes,
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rate coefficient expressions and governing equations in conservation law form). The numerical method is
outlined in Sect. [[IIl Computational results are discussed in Sect. [Vl Conclusions are given in Sect. [Vl

II. Physical modeling

It is assumed that the flow conditions are such that the translational and rotational degrees of freedom
of molecules are in equilibrium. This hypothesis is not always verified across shock waves [2], while it holds,
in general, for an expansion through a converging-diverging nozzle in view of the fast and efficient energy
exchange between rotation and translation at temperatures and pressures typical of nozzles installed in high
enthalpy wind tunnels.

Chemical database

The starting point for the development of the vibrational collisional (VC) model in use is the chemical
database recently developed at NASA Ames Research Center [3H6], providing rate coefficients for the follow-
ing processes involving the rovibrational levels of the nitrogen molecule in its ground electronic state:

e Rovibrational dissociation:
kau —*
Na(v,J) +N == N4+N+N, (1)

pvJ—=

e Rovibrational excitation:

k?u‘l—»u’.l’
No(v, J)+N = = No(v',J) +N, 2)

bvJ—v’J!

withv =0,...,0max, V' >0, J =0,..., Jmax(v) and J' = 0,..., Jpax(v'). Rate coefficients for rovibrational
dissociation and excitation are computed by means of the quasi-classical trajectory (QCT) method after
generating realistic nuclear interaction potentials by means of quantum-mechanics. Their values are available
within the range 7500 — 50000 K (see [3H6] for more details).

The energy of a rovibrational level vJ is written as:

E'uJ = Ev + AEvJ (3)

where E‘U = F,0 is the vibrational energy and AFE,; = E,j — E’v is the rotational energy. The splitting in
eq. (B) is not unique and other choices are possible [16].

Fig. [ shows the energy and energy spacing as function of the vibrational quantum number. Anhar-
monicity effects can be noticed starting from low quantum states.
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Figure 1. Vibrational energy levels and spacings.
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Vibrational collisional model
The VC model accounts for the following processes:
e Atomic impact dissociation (D,):

R
Nao(v) +N = N+N+N, (4)

k?uﬂ*

Molecular impact dissociation (Dy,):

7.m

[ i
Na(v) + Ny = N+N+ Na, (5)

k;,nva*

Atomic impact vibrational-translational energy exchange (VT,):

N (v >+Nk“2\“’ No(v) + N, (6)

bv—v’

Molecular impact vibrational-translational energy exchange (VT,,):

k v—av—1
No(v) + N2 &= Ny +Na(v 1), (7)

kb v—v—1

e Vibrational-vibrational energy exchange (VV):
key S 2r
No(v) + No(w —1) = Na(v —1) + Np(w), (8)
Ry S 20
with v =0,..., Umax (except for eq. ) where v =1,...,Vmax), ¥ =0+ 1,..., Umax and w = v, ..., Umax-

Rate coefficients and species production rates

Forward rate coefficients for D, and VT, processes in eqs. ([{l) and () are obtained by averaging rovibrational
rate coeflicients for dissociation and excitation (k;?v J—sx and k‘?v J—svr s, Tespectively) over a Boltzmann
distribution for rotational levels of each vibrational quantum state [I7]:

Jmax (v)
- AE,;
k?v—)* = Z GvJ €X p( ksT ) kva—)*a (9)
U J=0
~ me(v) max (
;}v_w, - Z GvJ €XP ( ) Z k;fUJ—YU'J’ v="0,...,Vmax;, U < (10)
U J=0

where kg is the Boltzmann constant, g, is the energy level degeneracy (equal to 6 (J + 1) for even J and
3(J+1) for odd J) and @, is the rotational partition function of the vibrational level v [I7]:

Jmax('U)
A AEvJ
Qv = Jz:% guJ €XP <— T ) (11)

Backward rate coefficients are computed by means of micro-reversibility [17]:

Booe _ QQu o By -2Bn (12)
oo Q0" kT )
];,av o Ev — Ev/
J); = 9 eXpl\———F—FF 1], V :0>~-~7Umax (13)
k?v—)v’ QU’ kBT
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where Ey is the formation energy of the nitrogen atom, gy = 12 the degeneracy of its ground electronic state
(N1S nuclear and electronic spin contributions) and Q% and Qﬁb are the translational partition functions
of the N atom and Ny molecule, respectively:

27T’I’YLN]{ZBT 3/2 27T’I’YLN k’BT 3/2
Qk = 2 ) Q’f\b = higz (14)
P P
where hp is the Planck constant.
Rate coefficients for Ny + Nj inelastic collisions are not available in the NASA Ames database. It is for
this reason that data from literature are considered for D,,, VT, and VV processes. B
The estimation of rate coefficients for the Dy, process is performed by multi-plying k2, in eq. (@) by
the Park factor fpa = 0.23 [I§]:

}nv%* = fPark ];?v%* (15)

while the backward rate coefficient is obtained by means of micro-reversibility:

];znve* Qf\IQ Qv _Ev —2EN (16)

= = exp
k;ﬂv—w (QN Qf\l)z kT

Though not rigorous, this approach allows to take into account that Ns is a less effective collision partner
than N for dissociation.

The computation of forward rate coefficients for VT, and VV processes is performed by adapting the
existing set of Billing data [I9] (based on Herzberg [20] vibrational energy levels) to the vibrational levels of
the NASA Ames database. The procedure is similar to that in [2I] and makes use of the so called scaling
laws taking into account for anharmonicity effects [22]. Backward rate coefficients are always obtained by
means of micro-reversibility:

];;mv v— v Ev - Evf

b vovol NQ exp - , (17)
k?v—w—l v—1 ksT

]; YT ~'u ~w7 E’u wa - E'uf - Ew

ﬁi’;?;lw = Q @ “Lexp — * ! ! ;o ov=1,... , Vmax, W>0 (18)
kfv%'ufl Qv—l Qw kBT

The species production rates for the N atom and vibrational levels of Ny read:

Vmax VUmax
wy = 2My > @) +2My Y @, (19)

v=0 v=0
@y = =My, (@ O o) @y T+ @y (20)

with the partial contributions from all processes given by:

P = X (IR R — XN R ) (21)
P = Xl (R RP oo — XN R ) (22)
(IJVTa - [XN] ([ ~v] ~.€;v—>v’ - [Xv’] ig;l?v—)v’) ) (23)
BT = X (K kamt = (Kol ko ) (24)
& = Y () Faml BrSi 2 + Kot K BiSl 2 ) s 0 =0, Vina (25)

where [Xx] = pn/My and [X,] = p, /My, are the concentrations of the N atom and Ny vibrational levels,
respectively.

6 of T

American Institute of Aeronautics and Astronautics



Thermodynamics

The mixture density is obtained by adding the contributions from the N atom and Ny vibrational levels
p = PN + pN,, where:

Umax
PN, = Z p~v (26)
v=0
and the static pressure follows from Dalton’s law p = pnRxT + pn, B, T (where Ry and Ry, are the specific
gas constants). The mixture total energy density is computed as:

Umax

3 3 . 1
PE = SoNBNT + S, BT+ Y pu(@ + Aey) + puhf + 5p (0} + ) (27)
v=0

where u, and wu, are, respectively, the axial and radial velocity components, hl{I is the specific formation
enthalpy of the nitrogen atom and €, and Ae,, are, respectively, the specific vibrational and rotational energy
of the vibrational level v:

ksT? 0lnQ,
v = ’ A v T = ’
€ mn, ¢ ( ) MmN, oT

=0,...,Vmax (28)

The mixture total enthalpy density pH is obtained by adding the pressure to the total energy density.
_In order to simplify computations, the rigid rotor model is used in eqs. ([I2), (I3)), (1), (I8) and @8] for
Q. and Ae,. In this case one has:

T

U:
0l '’

Q Ae, = Ry, T, v=0,...,Unax (29)
where o is the symmetry factor (equal to 2 for a homo-nuclear diatomic molecule such as Ny), while 6, is
the characteristic rotational temperature (computed from the rovibrational energy levels as (Eg; — Eoo)/kB).
The atomic nitrogen degeneracy gy in eq. ([I2)), must be modified accordingly and set to 4.

Preliminary computations performed on quasi 1D nozzle and normal shock wave flows, have allowed to
verify that the aforementioned simplification could be applied for the cases under investigation.

Governing equations

The governing equations for 2D axisymmetric inviscid nonequilibrium flows, written in conservation law
form, read:

ory orF  orG

ot + ox + or
where U, F and G are, respectively, the conservative variable vector and the inviscid flux vectors along the
axial and radial directions. Their expressions are given by:

S (30)

U = [px po  pus pu. pE ], (31)
F = [pnus potts ptpud  pugue  pugH 1T, (32)
G = [ PNUp ﬁvur PUz Uy p + Pug PUTH ]T7 v = 07 -+ Umax (33)

The source term S in eq. ([B0) comprises the effects of the collisional processes previously described and an
additional contribution due to the hypothesis of axisymmetric flow configuration:

S = Schem + Saxi (34)

with the chemistry Sh*™ and axisymmetric S* terms in eq. ([B4) given by:

Shm = [rwny r@, 0 0 0% v=0,... Unax, (35)
s = (000 p o] (36)
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ITI. Numerical method

Numerical solutions to eq. (30) are obtained by means of a 2D multi-block parallel Finite Volume code
developed for the application of collisional-radiative models to nonequilibrium flows [23H25].

Governing equations are discretized in space by means of the Finite Volume Method. This leads to the
following semi-discrete equation for the cell i, j (see Fig. [2) conservative variable vector:
ou; ;
ivj 6t ! = _R1,.7
where (2; ; is the cell volume and R; ; is the right-hand-side residual made up convective and source term
contributions:

Q (37)

Rij=Recij +Rsij (38)

with:
Reij = Foipgilivgi+Fuigilig;+Fuijialijes +Foijgli; s (39)
Rei; = —Si;Q; (40)

Ineq. ([39), the tilde symbol (7) indicates that a numerical flux function is used for the evaluation of convective
fluxes at cell interfaces whose lengths are indicated by [ (indices in eqgs. ([BY) - ([0) refer to Fig. ().

ij+1
.

Figure 2. Sketch of cell ordering for the 2D structured grid code in use.

Once the right-hand-side residual split realized, the solution vector within the cell 7, j is updated at its
new value at time level n + 1 by adding contributions from the convection and source term steps:

UL = UL, + 6.0 + U, ()

In eq. (HIl), the two contributions to the solution update are computed independently as follows. During
the convection step, the presence of source terms is neglected and the solution update is computed explicitly
according to:

At;
5. U7, = ——“IR"

Q. . ci,j (42)
Z’J

The convective time-step At.; ; in eq. ([#Z) is computed by means of the usual CFL-like condition [26] by
imposing for each cell the maximum allowable time-step allowing for local stability (local time-stepping).

Once this done, the source term step is performed by neglecting flux contributions. Due to the stiffness
associated to the source term, the solution update is performed by treating it implicitly:

0 Uz; = <—Atsi,j —Ji,j) S (43)

where J = 9S/0U in eq. ([@3)), is the source term Jacobian matrix. In order to enhance stability and reduce
CPU time, the aforementioned quantity is computed analytically. The source time-step Aty; ; in eq. (@3)
should be computed from stability considerations on the ODE system dU/dt = S, and not from the CFL
number. However, in the present work the simplifying assumption Atg;; = At.;; was adopted, since for
the cases under investigation it did not lead to a too severe restriction on the time-step.
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The approach here used for time-marching (known as operator splitting [26], has the disadvantage, when
compared with a fully implicit method, of having a narrower stability region. However, this can be enlarged
by using multi-stage time-stepping schemes (such as the second order two stage Adams-Bashforth method
[23] used in the present work), that are known to have a wider stability region than the single-stage scheme of
eq. (4d)). Moreover, the application of the operator splitting approach does not require the iterative solution
of large and sparse linear algebraic systems, making the solution update much cheaper than what an implicit
method requires.

The numerical flux in eq. [#2) is computed by means of Roe’s approximate Riemann solver [27]:

1 PN
Fnzi(FnL‘FFnR)_ K7L|An|Ln(UR_UL) (44)

N | =

In eq. (), the normal physical flux F,, is computed according to F,, = Fn, + Gn, (with n, and n, being
the axial and radial components, respectively, of the cell interface outward normal vector), K,,, L, and A,
are the right and left eigenvector and eigenvalue matrices projected along the cell interface normal direction,
while the circumflex accent (7) is used to denote the Roe-averaged state (computed by using the linearization
procedure given in [28]). The meaning of L and R letters is obvious (i.e. they correspond to the i and
i + 1 states, respectively, if the flux is being computed at the interface i + 1/2,j). Due to the strength of
the shocks involved, an appropriate entropy fix is required to avoid numerical instabilities resulting from
even-odd decoupling. As prescribed by Quirk [29], pressure disturbances along the shock front are diffused

away with targeted application of the HLLE Riemann solver [30]:

o bJanR —b"F, 1 bt~

" bt — b p—p-(Or~ UL (4)

where the upwind wave speeds b are given by:
bt = max(0,V, g+ an, Vi + @), (46)
b= = min(0,V, 1 —a,V, —a) (47)

In eqs. (#Q) - ), V,, is the normal velocity computed as V,, = uzn, + u,n,, while a represents the frozen
speed of sound of the mixture.

High-order spatial resolution is achieved by means of parabolic interpolation of the left and right states
at the cell interfaces via:

1
U, = 6(2U1‘717J‘ + 5Ui,j — Ui+1,j) (48)

The use of eq. () makes the scheme 3rd-order accurate in space [3I]. Due to the limiting required for
strong nonlinear waves, the reconstructed left and right states must be modified according to:

Uy + median(Ug, U, ;, UY) (49)

with:
UMP = Ui,j + minmod[UiH,j - Ui,ja a(Um- - Uiflﬁj)] (50)

being the monotonicity-preserving (MP) limit [32] and minmod(a, b) = % (sgn(a)+sgn(b))min(abs(a), abs(b)).
For the present work, the parameter a has been set to 2. The right state can be easily found from symmetry.
Due to the non-linearity of the limiter, the reconstruction is performed on the characteristic variables,
requiring a full diagonalization of the governing equations. More details are given in [23].

IV. Computational results

The VC model described in Sec. [Mhas been applied for the computation of the following 2D axisymmetric
inviscid flows:

e Supersonic flow through a converging-diverging nozzle,

e Flow over a sphere.
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For the first test-case, the nozzle of the NASA Ames EAST facility has been chosen (see Fig. []), while for
the second one a sphere of radius R = 0.5m has been considered. In order to get more physical insight
from both simulations, a vibrational temperature 7V has been extracted from the vibrational energy level
populations by solving the following algebraic non-linear equation:

f A, E, ix E, exp (— kf;"" )

=0 =0
U‘vm&x = vvmu E (51)
Z Ty Z exp | ——
v=0 v=0 ( kBTv)
at each mesh cell.
14
12
10
T ]
N
< i
4]
2_
0 T T T T T T T T T T T
-0.02 0 0.02 0.04 0.06 0.08
z [m]

Figure 3. Normalized area distribution of the EAST facility nozzle.

Nozzle flow

The flow is supposed to be in equilibrium at the nozzle inlet. The reservoir total pressure and temperature
are, respectively, pgp = 100 atm and T, = 5600 K and correspond to actual operative conditions of the EAST
facility. For the latters, experimental data on vibrational energy level populations (measured by means of
Raman spectroscopy) are available [33].

Computations were run by using the 4-block mesh shown in Fig. @ Each block consists of a 50 x50
cell grid. In order to assess the solution accuracy on that grid, a convergence study has been performed by
doubling the number of cells (for each block) in both radial and axial directions. The solutions obtained by
using the original and finer grids did not show appreciable departure from each other, hence justifying the
use of the original grid.

Figs. Bl - [6 show the velocity magnitude and temperature (translational and vibrational) fields together
with the distribution of the same quantities along the nozzle axis. The flow remains in thermal equilibrium
for all the converging part of the nozzle, as can be appreciated from the temperature distribution. Once
it crosses the throat, the expansion becomes significant and nonequilibrium effects start to appear. This is
caused by the reduction of the flow macroscopic time-scales due to the velocity increase. The translational and
vibrational temperatures start deviating from each other, with the latter becoming frozen around = ~ 4 cm.
Downstream this location, the flow further expands as if the inelastic collisional processes taken into account
(see Sec. [[I) were not occurring.

Figs. [1] show the mass fractions of the N atom, N9 molecule and the first 9 vibrational levels of the latter.
The degree of recombination is quite low. This is due to the fact that the flow in the reservoir is weakly
dissociated as an effect of the high and low values of total pressure and temperature, respectively. Despite
that, an accurate prediction of the aforementioned quantity is always needed, since a too approximated
prediction of the flow outlet conditions can lead to an erroneous interpretation of experimental data acquired
in high-enthalpy wind tunnels. From the same figures, one can see that the relative population of the ground
state increases, while those of excited states experience depletion.
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-0.02 0 0.02 0.04 0.06 0.08

Figure 4. Multi-block mesh used for the EAST facility nozzle (4 blocks — 200x 50 cells).

This does not mean that the recombination occurs mainly in the ground state. As a matter of fact,
the observed behavior of the excited vibrational levels is a consequence of the concurrent action of Dy, Dy,
processes, leading to the formation of vibrationally excited molecules, and VT,, VT,, and VV inelastic
processes that, as an effect of the cooling the flow is undergoing, lead to an increase of the population of
low-lying levels.
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a) Velocity. elocit; ong nozzle axis.
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Figure 5. Velocity field.

The usage of a VC model allows for a detailed investigation of the energy level dynamics. Moreover, since
no hypothesis is done on the population distribution, it is possible to check the approximation introduced
by classical multi-temperature models (where a Boltzmann distribution at its own temperature is supposed
to exist for each species internal degree of freedom). Fig. Rl shows the evolution of the distribution along the
nozzle axis. At the inlet, where equilibrium is imposed, all levels lie along a straight line. When the flow
begins to expand in the converging portion of the nozzle, the shape of the distribution remains the same. Only
the slope changes as an effect of the cooling. A small overpopulation starts to appear (for high-lying levels) at
the throat and this becomes more and more pronounced when the flow becomes supersonic. At the outlet, the
ground state and low-lying levels are aligned along a straight line (whose slope is proportional to the inverse
of the vibrational temperature TV previously shown) while high-lying levels experience overpopulation. The
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latter is an indication that lumping all the levels within a Boltzmann distribution (as done within the context
of multi-temperature models) is not possible (for the reservoir conditions adopted here).
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Figure 6. Translational and vibrational temperature fields.
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Figure 7. Mass fraction evolution along the nozzle axis.

The computed population distributions have been compared against experimental data. These have been
obtained by means of Raman spectroscopy [33] at the locations provided in Table [l
Table 1. Locations of experimental data acquisition.

1 2 3
zem] -06 24 54

Fig. [@ compares the computed and experimental normalized population distributions for the first 10 vi-
brational levels of the Ny molecule. The agreement is excellent for the first location (converging portion
of the nozzle), where the flow is close to equilibrium. For the second and third location, the agreement is
good for the ground state and the first four excited levels, while discrepancies start to appear for the higher
states. In this zone (where measurement errors are more significant), the computational model adopted
predicts a Boltzmann distribution at the temperature 7"V, while an overpopulation appears in experimental
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data. The latter could be due to the presence of some nonequilibrium at the nozzle inlet. This possible
source of disagreement is totally neglected in the computations, since equilibrium is assumed at nozzle inlet.
Moreover, the actual flow in the facility is characterized by the presence of viscous effects and unsteadiness.
None of these factors are taken into account within the computational model adopted. In view of that, the
comparison between computational and experimental data can be considered satisfactory.
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————— z=>54cm, ---- z =8.3cm).
1 1
) 0.14
—  0.14 —
T T
g ] z
1 0.014 ]
< (4 < E
~ ~ ]
S s ¢
IS 0.014 = T
] 0.001
Oml T T T T T T T T T OmOI T T T T T T T T T
0 1 2 3 4 5 6 7 8 0 1 2 3 4
v [-] v [-]
(a) Position 1 (z = —0.6cm). (b) Position 2 (z = 2.4cm).
13
0.1—5
-
£ o1 3
£
) ]
N t {
0.0014 f
0.0001 - T T T T T

-

1 2 3 4 5 6
v [-]
(c) Position 3 (z = 5.4cm).

Figure 9. Comparison between computed and experimental normalized vibrational energy level population distribu-
tions.
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Flow over a sphere

For the computation of the inviscid 2D axisymmetric flow over a sphere, the free-stream conditions provided
in Table 2l have been adopted:

Table 2. Free-stream conditions.

Poo[Pa]  Too [K] Vo [m/s]
133 300 9,000

A 12-block mesh (see Fig. [[0)), with each block consisting of a 90x 30 cell grid, has been used.

0 T T
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Figure 10. Multi-block mesh used for the sphere (12 blocks — 90 x 360 cells).

Figs. [T - show the temperature distribution and their evolution along stagnation line, respectively.
At the shock location, the vibrational temperature is frozen and maintains its free-stream value. Behind the
shock, excitation occurs at the beginning mainly through VT, processes.
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Figure 11. Translational and vibrational temperature fields.
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Figure 12. Temperature evolution along the stagnation line.

Once molecules are sufficiently excited, they start to dissociate. In this phase, as soon N is formed because
of dissociation, VT, processes start to occur as well. The collisional excitation leads to an initial increase
of the vibrational temperature since medium and high-lying are being populated. On the other hand, the
dissociation causes a depletion of the population of vibrational levels and tends to decrease the vibrational
temperature value. After an initial stage where molecules are being excited, the dissociation becomes the
dominant mechanism and causes the vibrational temperature (as shown in Fig. [IZ) to reach a maximum
and then relax and assume the same value as the translational temperature. Since the flow is inviscid,
no boundary layer is present, and the wall temperature assumes the value corresponding to equilibrium
conditions downstream the shock. It is interesting to notice that, as opposed to the results obtained by means
of multi-temperature models, the vibrational temperature does not become higher than the translational one.
The aforementioned behavior is not physical and is due to the use of too approximated formulations for the
chemistry-vibration coupling source term [I]. When one uses a VC model (like in the present case), there is
no need for this macroscopic source term, since energy levels are treated as pseudo-species and the chemistry-
vibration coupling is consistently and intrinsically contained in the rate coefficients for dissociation from all
vibrational levels.

The dynamics of the macroscopic dissociation of the Ny molecule can also be appreciated from Fig. [I3]
showing the evolution along the stagnation line of the mass fractions of the N atom, Ny molecule and the
first 10 vibrational levels of the latter. These provide a confirmation to what was mentioned before, that is,
macroscopic dissociation proceeds through an initial stage of excitation followed by a second phase where
dissociation from all vibrational levels becomes the dominant mechanism.
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Figure 13. Mass fraction evolution along the stagnation line.
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Fig. [4] shows the evolution of the vibrational energy level population between the shock and wall
locations. The initial shape corresponds to a Boltzmann distribution at the free-stream temperature. As
soon as the flow crosses the shock, collisional excitation (through single and multi-quantum transitions) starts
populating medium and high-lying levels. At this stage the population of vibrational levels strongly deviates
from a Boltzmann distribution. After that, No molecules start dissociating and the population of vibrational
levels approaches the Boltzmann distribution corresponding to the post-shock equilibrium state. The present
analysis, despite the simplicity of the flow field being computed, shows that macroscopic dissociation in a
shock layer flow does not occur through a sequence of Boltzmann distributions of vibrational levels.
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Figure 14. Population evolution along the stagnation line (— z = —0.55m, — — —z = —0.53m, — - — z = —0.525m,
—e— z=-052m, — — . — — z = —0.515cm, ---- z =0m).

V. Conclusions

A vibrational collisional model has been developed and applied for investigating nonequilibrium effects
in 2D axisymmetric inviscid flows. Applications have considered the supersonic flow through a converging-
diverging nozzle (EAST facility of NASA Ames Research Center) and the flow past a sphere. In both
cases, the detailed analysis of the vibrational energy level dynamics has shown that, both macroscopic re-
combination and dissociation do not proceed through a sequence of Boltzmann distributions at their own
temperatures (as supposed within the context of multi-temperature models).

The computed vibrational energy level population distributions for the EAST facility nozzle have been
compared against experimental data. Despite the simplifying assumption introduced in the modeling phase
(inviscid and steady flow) a fair agreement has been observed.

Future work will focus on the implementation of viscous effects and comparison with results obtained by
means of multi-temperature models.
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