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The objective of this study is to evaluate the predictive capability and numerical efficiency of a newly developed
combined kinetic/continuum approach incorporated in the unified flow solver in application to complex expanding
nozzle-plume flows. The results of numerical simulations of a steady-state nitrogen flow expanding from a hypersonic
nozzle into a low-density stagnant gas are presented. The Euler equations are solved in high-density continuum
regions, whereas the direct solution of the Boltzmann equation is conducted in the low-density noncontinuum
regions. The appropriate set of equations, kinetic or continuum, are solved using a dynamically adaptive mesh and an
automatic domain decomposition feature. The nozzle rotational and vibrational temperature predictions are
compared with existing temperature data obtained in the NASA Electric Arc Shock Tube facility. A direct simulation
Monte Carlo solver, SMILE, was run for the plume domain to provide a reference numerical solution. Detailed
comparison of united flow solver predictions of plume macroparameters with those of SMILE is satisfactory in the
majority of the flowfield; in other parts, however, the differences are significant and clearly demonstrate the need for
proper treatment of the numerical parameters in the two methodologies.

Introduction

EFORE the 1960s, ballistic Earth entries were not a major

challenge to the computational fluid dynamics (CFD)
community because the requirements were such that the vehicles
quickly passed the most complicated transitional flow regime in the
80-100 km altitude range. However, with the recent Space
Transportation System (STS) missions, the transatmospheric flight
with hypersonic winged vehicles, as well as considering the space
missions proposed by various nations, the subject of rarefied-
transitional-continuum flow has experienced a renewed interest [1—
4]. Another important example of the continuum-rarefied flow
regimes is the high-altitude plume. The assessment of interaction
between the spacecraft and the plume requires an accurate
description of the resulting flowfield [5]. The numerical modeling of
such flows is complicated because of the changing flow regimes,
from continuum near the nozzle throat to free molecular at large
distances from the nozzle, with the transitional regime between them
[6]. From earlier studies, it is noted that the difficulty of modeling
thermochemical nonequilibrium in mixed continuum and rarefied
regimes of the gas is exacerbated by the difficulty in treating the
interfaces between the continuum and rarefied regions in the domain
of interest.
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The Knudsen number, based on local gradients of flow properties,
is ameasure of the local departure from equilibrium. Even though the
rarefied gas flow is typically associated with large Knudsen numbers,
the nonequilibrium conditions related to large property gradients also
occur in certain regions of continuum flow [7], such as inside shock
waves and mixing layers, Knudsen layers near the boundaries, and
sharp leading edges of hypersonic vehicles. Other important
examples of highly nonequilibrium phenomena in gas and vapor
systems include [8,9] plasma-enhanced chemical vapor deposition
and etching at low gas pressures, the microelectromechanical
systems due to their small sizes, the interactions of space vehicles
with space environments in the presence of electric and magnetic
fields, and finally, spacecraft thrusters and Earth entry vehicles.

The particle method known as direct simulation Monte Carlo
(DSMC) is widely used today for modeling the high Knudsen
number rarefied flows in which the continuum description based on
Euler/Navier—Stokes equations breaks down [10,11]. The DSMC
method tracks a large number of statistically representative particles,
whose motion and interactions are used to modify their position,
velocities and, where applicable, the reactive properties during
chemical reactions in the flowfield. DSMC decouples the molecular
motions from the intermolecular collisions over small time intervals.
For a large enough number of simulated particles (as the number
tends to infinity), the DSMC method has been shown to be equivalent
to the solution of the Boltzmann kinetic equation for a monatomic
gas with binary collisions [12,13]. In the DSMC method, the
computational time step must be less than the mean collision time,
and computational cells should be smaller than the mean free path of
the gas particles. It is well known that DSMC becomes impractical
for high density when the large number of computational cells and
small time steps are required (see, for example, [14]).

The development of hybrid methods coupling atomistic scale
models such as the DSMC with continuum models has been an
important area of research over the last decade [3,15]. The statistical
noise of particle methods is a serious shortcoming of hybrid solvers
based on DSMC, both low-speed flows [16] and, to a lesser extent,
supersonic flows [17]. The statistical noise is problematic in hybrid
solvers based on DSMC and has been a subject of research in the past
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(see, for example, [18]). These deficiencies in particle methods are
overcome using direct numerical solution of the Boltzmann
equation, which has been shown to be a viable alternative to DSMC
for both subsonic flow simulations [19] and high-density hypersonic
flow simulations [20].

The principal advantage of equation-based (integro-differential
Boltzmann equation and the partial differential equations of Navier—
Stokes and Euler) hybrid solvers for computing mixed continuum-
rarefied flows is that the coupling between the continuum and kinetic
noncontinuum solvers can be handled at the interfaces with much
greater ease. This is particularly true when the continuum Navier—
Stokes and Euler equations are solved using gas-kinetic schemes
using the distribution function. The single computational tool using
automatic domain decomposition into noncontinuum and continuum
parts is intended to compute flowfields having mixed regions of
continuum, transitional, and rarefied regimes [21-24].

The last decade has seen a resurgence of direct methods for the
numerical solution of the Boltzmann equation, describing the
evolution of the particle velocity distribution function in phase space
[25-28]. The Boltzmann equation methods spurred the development
of kinetic schemes for solving continuum equations of gas dynamics.
Among such schemes are gas-kinetic schemes with multitemperature
continuum models derived from the Boltzmann equation using a
first-order Chapman—Enskog expansion of an anisotropic velocity
distribution function. The model, extended to rotational non-
equilibrium, was applied to highly nonequilibrium shock wave
structures and compared favorably with DSMC solutions and experi-
mental data. The equations with generalization of the dissipative
coefficients based on the closed form solution of the Bhatnagar—
Gross—Krook (BGK) model of the Boltzmann equation were
employed in some of these gas-kinetic numerical schemes.
Calculations of the normal shock wave structure for monatomic and
diatomic gases in the Mach number range from 1.2 to 12.9 was found
to give satisfactory results [29,30].

These new techniques have been combined in a unified kinetic/
continuum flow solver (UFS) developed using adaptive mesh and
algorithm refinement (AMAR) methodology [24]. The UFS uses
direct the numerical solution of the Boltzmann equation in the kinetic
parts of the flow and gas-kinetic CFD schemes in the continuum parts
of the flow. UFS automatically detects the continuum and kinetic
regimes using continuum breakdown criteria and invokes the
appropriate solvers for different parts of the flowfields. The dynamic
grid adaption and automatic introduction and removal of kinetic
patches provide significant savings by limiting molecular scale
solutions only to the regions where they are needed. The UFS has
been validated and demonstrated for a variety of single-component
flows over a wide range of Knudsen and Mach numbers and extended
to multicomponent flows of atomic gases [31]. Extensions to
molecular gases with internal degrees of freedom have been reported
in [20,32].

An important flow problem that is difficult to simulate numerically
is the nozzle-plume flow at high altitudes involving the interaction of
high-density nozzle plume with the surrounding rarefied atmosphere.
Such an interaction is characterized by a number of important
physical phenomena. Rarefied plume expansion results in cooling of
molecules downstream of the nozzle exit. The molecular cooling
along the streamlines results in differences of translational tempera-
tures in the axial and radial directions, with the axial temperatures
higher along the nozzle axis and the radial temperatures higher at
increasing angles from the axis. Additional peculiarities appear in
molecular gases. Because of the finite rates of rotational and vibra-
tional relaxation, the rapid reduction of translational temperature
results in rotational and vibrational temperatures lagging the trans-
lational temperature downstream of the plume. Because of slow
vibrational relaxation, vibrational modes become essentially frozen
during gas expansion into the low-density region.

The interaction of the plume molecules with the freestream
molecules results in the formation of a hot mixing layer, whose
location depends primarily on the degree of plume underexpansion.
The increase in the translational temperature and the temperatures in
the internal energy modes in the mixing layer depends on the degree

of rarefaction of the surrounding atmosphere. Inside the mixing layer
in the nearly free molecular regime, the nonequilibrium is restricted
to the translational energy, the temperature increase caused by the
interpenetration of two molecular fluxes. For near-continuum flow,
however, the friction between the freestream and the plume increases
the translational temperatures, and subsequent translation-rotation
energy transfers increase rotational temperature, which typically lags
the translational temperature. The vibrational relaxation, frozen in
the axial direction in the plume, may somewhat accelerate in the
mixing layer, affecting the otherwise gradual increase of vibrational
temperature from its freestream value to the temperature in the
mixing layer. All these flow phenomena make underexpanded plume
flow an appropriate, although somewhat complex, problem for
verification and validation of numerical approaches and physical
models, which is the main scope of the present study.

The present study aims to further evaluate the accuracy and
performance of the coupled continuum/kinetic approach of the UFS
for nozzle-plume flows through detailed comparisons with
experimental data inside the nozzle and DSMC solutions in the
mixed continuum-rarefied plume region. A high-density nozzle test
case was selected for this study due to availability of experimental
data of rotational and vibrational temperatures measurements along
the nozzle axis in the NASA Electric Arc Shock Tube (EAST)
facility [33]. ADSMC code (SMILE) was used in the plume region to
provide reference solution of the complex flow of the high-density
nozzle flow exiting into a low-density stagnant gas resulting in a
plume interacting with the background gas.

Numerical Approach

This section describes the numerical approach used in UFS and
SMILE. Here we outline the overall structure of the UFS and
describe only the recently developed capabilities important for the
particular problem studied in this paper. The UFS uses direct
numerical solution of the Boltzmann transport equation (DNS-B) to
describe gas dynamics at atomistic scale. The Boltzmann equation
has the form [27]

38—{ + Ve €N = 1. 1) M

where r is the position vector in physical space, & is the velocity
vector, and 7 is the time. The distribution function f(z,r, &) is the
molecular number density in a six-dimensional phase space formed
by the three velocity and three space coordinates. The right-hand side
of Eq. (1) contains an integral operator describing the effect of binary
collisions on the distribution function.

For the numerical solution of Eq. (1), a Cartesian mesh in velocity
space is introduced with a cell size of 6¢ and nodes &,. Using this
mesh, Eq. (1) is reduced to a set of linear hyperbolic transport
equations in physical space with a nonlinear source term:
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where b is the impact parameter usually bounded by a certain value
b,, € is the azimuth impact angle, and g =|& —&|. The
postcollision velocities (&', £}) and the precollision velocities (§', &)
satisfy the momentum and energy conservation laws. The particular
form of the collision frequency (v) and inverse collision term (G)
depend on the intermolecular interaction potential. We use
conservative methods [24] to calculate contributions of individual
collisions. The multidimensional integrals were evaluated using
Korobov sequences [34]. The hard-sphere, Lennard Jones, and
Coulomb collision models have been implemented. The simple BGK
model has been used as well due to its efficiency. Table 1 summarizes
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Table 1 UFS solver attributes. 1) Adaptive mesh and algorithm refinement (AMAR) capabilities, dynamic load balancing for
multiprocessor simulations common to all solvers, 2) several options of intermolecular interactions for the Boltzmann collision integral
hard-sphere, Lennard Jones, Maxwell, inverse power, and Coulomb potentials, 3) BGK collision integral with Prandtl number
correction, and 4) the Kkinetic solver considers the Boltzmann equation in phase space as 3-D in physical space with three velocity
components

Kinetic solver

Continuum solver

Boltzmann collision BGK collision Navier—Stokes Euler gas-kinetic
integral integral gas-kinetic scheme scheme
3-D/2-D planar Yes Yes Yes Yes
2-D axisymmetric No Yes? No Yest
Rot. nonequil., 2T No Yes? No Yes?
Vib. nonequil. 3T No Yes? No Yest
Nonreacting gas mixtures Yes Yes No Yes
Reacting mixtures No No No Yes

“Represents specific capabilities used in the current study.

the different capabilities in UFS solver and the specific solvers
invoked for the present paper.

The numerical solution of Eq. (2) is split into two stages: free
motion and collisions [7]. The integration of the partial differential
equation can be performed using numerical methods of the
continuum gas dynamics. The advantage of equation-based kinetic
approach compared with particle-based methods (such as DSMC) is
the possibility of using explicit or implicit CFD numerical algorithms
and different types of computational mesh in physical space. The
explicit finite volume formulation of the collisionless part of Eq. (2)
can be written as

(7t~ 15)
VT + Z(gl ’ n)face-f:'c.t_'alcesface =0 (4)

face

where j denotes cell number in physical space. Here k is the time
index, * denotes the intermediate level, f*;., is the value of the
function on the cell face, n is the outward normal vector to the face, V
is the cell volume, and Sy, is the face surface area. For calculation of
the face values of the distribution function, standard interpolation
schemes of first and second order have been used in UFS. The
second-order scheme has three options: 1) no limiter, 2) the minmod
limiter, and 3) van Leer limiter. UFS uses a binary tree-based
dynamically adaptive isotropic Cartesian grid with a local mesh size
h. The grid is automatically generated in a computational domain
with embedded boundaries using the GFS engine [35].

The relaxation stage also uses explicit scheme with automatic
selection of the time step:

k k—1

ij X i =—viffik 4+ Gif )
For the present study, the transport and collisional relaxation are
computed as two stages. However, it is worth noting that with
conservatively calculated collision integrals, it is possible to use the
computational scheme without the transport/relaxation splitting.
This could be particularly useful for highly collisional flows. Further
details on the models used in the kinetic/continuum approach of UFS
can be found in [24].

The continuum flow solver used in the present study is based on
the kinetic-Euler scheme, which follows the equilibrium flux method
(EFM) by Pullin [36]. The internal energy modeling of rotational and
vibrational relaxation is implemented in the kinetic-Euler scheme.
The various solvers in UFS and their attributes are summarized in
Table 1. The attributes marked with asterisk in Table 1 are used in the
present nozzle-plume study. For the present study, the continuum
solver in UFS means the kinetic-Euler solver. Reference to the
Boltzmann solver in UFS is made for simulations of flowfield in
noncontinuum regions. UFS solver referenced in the paper means
that both continuum and Boltzmann solvers are used as required by
the flowfield.

Internal Energy Excitation in UFS

The internal energy associated with the rotationally and
vibrationally excited molecules can be implemented in primarily
two ways. The state-to-state kinetic approach, demonstrated for the
shock wave problem in [20], is for rotational nonequilibrium. The
state-to-state approach solves a kinetic equation for each excited
level and is computationally expensive. The other, a more simplified
approach of modeling the internal energy, was taken in the present
study. In the present study, we extended the Rykov model (R model)
[37], which was demonstrated to be efficient and accurate in a
number of studies on rotational excitation (see [38] and references
therein). The R model reduces the kinetic equation to a set of two
kinetic equations in the form

%+V'(§f0)=vr(f(r)_f0)+U[(f6—f0) (6)
Uosvegro=v(ni-n)+n(ri-n) o

where the relaxation frequencies v, and v, are determined from gas
viscosity through a parameter Z describing the number of elastic
collisions that occur for each rotational collision. The distribution
functions f§, f§, f1, and f} are related through the ratio of elastic-to-
nonelastic collisions Z, [38-40]. The vibrational-translational
exchange rates in UFS were taken from the work of Millikan and
White [41]. Further details of this approach can be found in [32].

Coupling Continuum and Kinetic Domains in UFS

The UFS is a fully coupled method of continuum and noncon-
tinuum solvers in which the boundary conditions are automatically
updated as the solution advances in time and reaches a steady state.
The continuum and kinetic domains are automatically detected in the
UEFS solver and the appropriate solver used. The initial conditions
dictate the choice of the solver (kinetic-Euler or Navier—Stokes,
BGK or full Boltzmann) at the outset of the calculations. The
switching of the solver takes place based on the criterion determined
from the following equation:

1
Sy =Kn|Vpl @®)

where p is the mass density and K is the local Knudsen number. If §
is greater than some threshold value, the kinetic Boltzmann solver is
used. Numerical experiments show that the heat flux is more
sensitive than pressure for different values of the S parameter. For an
extended rarefied region, the S values converge for various small
values. Decreasing S value, however, would incur greater
computational cost. The typical range for S can be from 0.1 to
0.001. The values of S used in the present study are 0.025, 0.033,
and 0.04.

The coupling of the Boltzmann and Euler solvers is as follows.
The boundary conditions for the Euler equations are determined from
the moments of the velocity distribution function in the two
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Fig. 1 Nozzle geometry adapted for experiments in NASA’s EAST
facility and plume computational domain at nozzle exit.

neighboring cells. From the known velocity distribution function,
parameters of the corresponding Maxwellian distribution are
defined. The boundary conditions for the Boltzmann equation are
obtained assuming Maxwellian velocity distribution function in the
continuum cells. Table 1 shows the details of the various solvers and
the specific features marked by asterisk in the Table used in the
present study.

Details of SMILE (DSMC) Solver

The benchmark numerical solutions were obtained with a direct
simulation Monte Carlo method solver SMILE [42]. The
axisymmetric capability of the DSMC-based code SMILE has been
used in this work. The relevant features of SMILE are parallel
capability, different collision and macroparameter grids with
automatic adaptations, and spatial weighting. Spatial weighting is
radial, with different weights assigned to different horizontal rows of
background cells. The total number of rows is 100, and a weight of 1
was assigned to the innermost 10 layers to avoid any nonphysical,
numerical effects associated with spatial weights near the nozzle
axis. The total number of collision cells were varied from 1 to
3 million, and simulated particles were varied from 4 to 12 million.
There was no noticeable effect of the variation in number of cells and
molecules on the flowfield. The results presented in this study are for
12 million molecules and 3 million cells.

The majorant frequency scheme [43] was used to calculate
intermolecular interactions. The intermolecular potential was
assumed to be a variable hard sphere [10]. Energy redistribution
between the internal (rotational and vibrational) and translational
modes was performed in accordance with the Larsen-Borgnakke
model [44]. Temperature-dependent relaxation numbers were used
in the present study. For rotational relaxation, an expression given in
[45] was used with the DSMC correction described in [46]. For
vibrational relaxation, a semiempirical expression [41] with a high-
temperature term [47] was used with the DSMC correction [48]. A
particle-selection methodology prohibiting double relaxation [49]
was used to provide meaningful rotational and vibrational relaxation
rates. For the background pressure case, a background pressure of
10% molecule/m? was chosen. The DSMC computations ran with a
time step size of 0.25 ns. The macroparameter sampling was started
after 200,000 time steps in the SMILE code.

Flow Conditions of Numerical Simulation

The nozzle experiments conducted in the NASA Ames EAST
facility were numerically simulated by Gillespie et al. [50] on a

computational grid that was a quasi-one-dimensional adaptation of
the two-dimensional nozzle. The area ratios of the quasi one-
dimensional adaptation of [50] were used in the present study to
generate the nozzle grid for the numerical studies. The nozzle profile
is shown in Fig. 1, and the nozzle area ratio is 8. The test gas is
nitrogen; the mass fraction of nitrogen atoms at the throat was set to
1.0E — 4. The flow conditions at the nozzle throat are as follows:
T, = 2800 K, py =10,335.1 kPa. The computational domain of
the high-density nozzle was extended beyond the exit plane to
simulate the plume flow. The UFS was used with the following
subsystems: 1) a kinetic-continuum-Euler approach, 2) a hybrid
approach that chooses the kinetic continuum or the Boltzmann solver
based on the breakdown criterion. The SMILE code was employed in
the plume region only, with the inflow conditions of the plume
extracted from the given UFS solution at the nozzle exit.

Initial and Boundary Conditions

Nozzle boundary conditions for the continuum solver are as
follows. The flow is assumed to be in equilibrium at the throat of the
nozzle and given by the experimental reservoir conditions. At the
symmetry axis, a symmetry condition was used. At the exit
boundary, the flow variables were extrapolated. The inflow
conditions for the plume simulations in UFS and SMILE (DSMC)
were taken from the continuum simulations of the flow inside the
nozzle, for the geometry presented in Fig. 1. These conditions are the
number density 1 x 10 m™3, the axial velocity 1900 m/s, the
translational and rotational temperatures set as 800 K, and vibrational
temperature is 2400 K. It was assumed that the plume region is
initially occupied by some background gas with a density of 1/100th
of the nozzle exit density, zero velocity, and a temperature of 300 K.
At the left boundary of the computational domain, background gas
parameters were set to maintain the initial background gas, and the
bottom boundary was assumed to be one of symmetry. At the other
boundaries, free exit (extrapolation) boundary conditions have been
set. A specular reflection boundary condition at the wall of the nozzle
was specified for the UFS solver. In SMILE computations, the plume
inflow boundary conditions are specified at a starting surface located
along the nozzle exit. At this surface, a Maxwellian distribution
function was used for molecular velocities, and a Boltzmann
distribution was assumed for internal, rotational, and vibrational
energies of molecules. The radially varying parameters of these
distributions were obtained from the UFS continuum computations.
At the outflow boundaries, a Maxwellian distribution with the
background gas parameters was assumed.

Computer Resource Requirements

A summary of grid/cell details and the computational resources
used by UFS and SMILE is given in Tables 2 and 3. Three UFS
computations and one SMILE computation were conducted and are
listed in the tables. The velocity grid shown for the UFS runs is
needed for kinetic cells only and not for continuum cells. The
Cartesian velocity points in the UFS were the same at all spatial
coordinates and do not vary from cell to cell. It was made sure that the
UFS solution did not change when the velocity grid points were
doubled, which is explained by the fact that the simulated
distribution function was adequately represented by the velocity grid
used. A similar study was conducted by increasing the UFS physical
grid size to ensure grid convergence.

Table 2 Grid size/cells details for UFS and SMILE (DSMC) for high-density plume with the stagnation properties:
T, =2800 K, p, = 10, 335.1 kPa, [33]

Type solver Type config Physical grid size Velocity grid size No. of molecules Kinetic Continuum
cells (no.) cells (no.)
UFS (computation 1) 2-D/Axi 13,400 32x32x16 n/a 3600 9800
UFS (computation 2) 2-D/Axi 14,200 32 x32x16 n/a 5520 8680
UFS (computation 3) 2-D/Axi 225,560 20 x 20 x 10 n/a 35,603 190,000
SMILE (computation 4) 2-D/Axi 3 million cells n/a 12 million molecules n/a n/a

(DSMC)
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Table 3 Computer resources used by UFS and SMILE for high-density plume with nozzle conditions 7\, = 2800 K,
po =10,335.1 kPa, [33]

No. of processors

Memory MB (max) Total simulation time

Type solver Processor speed
UFS (computation 1) 2.8 GHz
UFS (computation 2) 2.8 GHz
UFS (computation 3) 2.8 GHz
SMILE (computation 4) (DSMC) 2.8 GHz

24 1131 72 h
24 1260 120 h
128 1296 512h
14 500 420h

Note that the total simulation (computational) time is the product
of wall clock time and the number of processors. The computer
resource requirements of the UFS (computation 3) is 1.2 times higher
simulation (computational) time and 2.6 times the memory than that
used by SMILE. Because UFS has the option of starting and stopping
the Boltzmann solution at any time during a simulation, it is possible
to run the continuum solver in the entire domain until it is converged,
and then obtain the Boltzmann solution only in the kinetic domain,
which is coupled to the rest of the continuum domain. For the
computations 1 and 2 listed, the continuum solver was run for the first
7000 time steps, which took about a minute on the 24 processor
cluster, and then the Boltzmann solver was started in the kinetic
domain. For the UFS computation 3, the solution ran for 21,000 time
steps for the continuum solver (which was about 10% of the
total computational time) and 2000-3000 time steps for the
Boltzmann solver to converge. The UFS is a fully coupled method,
and the boundary conditions at the kinetic-continuum interfaces
are automatically updated as the solution advances in time and
reaches a steady state. The comparisons of results using UFS
computation 3 with the reference SMILE solution are shown in the
Results Section.

Results and Discussion
UFS Simulations in Nozzle and Plume

The results of UFS simulations using the gas-kinetic-continuum
solver are shown in Fig. 2. Figure 2 shows UFS-predicted
translational (7,) and vibrational temperatures (7',) and experimental
rotational (7)) and vibrational temperature measurements in the
nozzle section. The UFS prediction of translational temperature is
very close to the experimental rotational temperature measurements
at the two nozzle locations of approximately 4 and 6 cm. The
vibrational temperature prediction is essentially frozen along the
nozzle centerline and within the uncertainty of the experimental
measurements. In this connection, note that the vibrational-
translational exchange rates implemented in UFS were taken from
the work of Millikan and White [41], and as reported in an earlier

T, =2800 K ® Tv, Experiment (Gillespie)
Py =102 atm/10336.1 kPa L 2 Tr, Experiment (Gillespie)
————— UFS (Nozzle + Plume)
1 r k=== UFS (Nozzle)
0.9F
0.8
A e 8
o 0.7F
= =
E 0.6F Vibrational temperatures
3 o
s 0.5F
é’. 0 4_ Translational temperatures
o ik ~
F os3f
0.2F
I Rotational temperatures
01F
ob— v L1y
0 4 6 8 10 12

Length (cm)

Fig. 2 Comparison with experiment: temperatures along centerline
length of nozzle and plume. 7,, = 2800 K, p, = 10, 335.1 kPa.

work [51], slower vibrational—translational (V-T) rates of Blackman
[52] cause the vibrational temperatures predictions to be lower by
about 7%. The dashed line represents the translational and
vibrational temperatures along the nozzle axis (the solid line shows
the extension beyond the nozzle exit plane of 8 cm) that will be
discussed in the next section.

Figures 3-6 obtained by UFS show contours of density,
translational temperature, and Mach number inside the nozzle and
plume. The density, Fig. 3, in the nozzle throat is about an order of
magnitude higher than in the plume region. The translational
temperature, Fig. 4, is highest at the nozzle throat. As the flow
expands through the nozzle, the temperature sees a sharp decrease in
the nozzle. There is, however, an increase in translational
temperature in the region of the plume mixing layer, formed by the
nozzle exit gas turning upwards, away from the centerline, and
interacting with the background gas. Vibrational temperature, Fig. 5,
is essentially frozen in the nozzle and near the centerline of the plume
downstream. However, the region above the mixing layer in the
plume where the flow slows down exhibits a decrease in vibrational
temperature by an order of magnitude caused by vibrational-
translational exchanges. The flow Mach number (Fig. 6) increases as
the flow expands in the nozzle and in the plume. The region above the
mixing layer, however, shows a marked reduction in the flow Mach
number due to the interaction between the plume and the stagnant
background gas.

Two important features of UFS solver, the adaptive gridding of the
Cartesian mesh in the plume flowfield and the feature on automatic
detection of continuum-kinetic regimes of UFS, are shown in Figs. 7
and 8. The grid adaptation shown is based on local gradients of
density and velocities (# and v components). The Cartesian grid used
in UFS, Fig. 7, shows increased grid adaptation for higher flow
gradients, particularly so in the mixing layer. The upstream region
away from the centerline leading to the mixing layer has greater grid
densities than downstream. Figure 8 shows the UFS feature of
automatic detection of kinetic and continuum regions in the
flowfield. The kinetic region depicted in black was solved in UFS by
the Boltzmann solver, and the continuum region shown in white by
the gas-kinetic-continuum solver, the kinetic and continuum regions
depicting the relative measure of rarefaction. The computational cost
required by UFS in the kinetic vs continuum regions is estimated as
follows: a third of the simulated domain requires kinetic calculations
with the rest of the domain treated as continuum. Figure 9 shows the
Knudsen number in the plume, an indication of the region in which
the continuum equations will fail and a kinetic solver would be
necessary.

UFS and SMILE Comparisons in the Plume Domain

This section shows detailed comparison of flow predictions
obtained by UFS (continuum and kinetic solvers) and SMILE
(DSMC) for comparisons of density, translational, vibrational and
rotational temperatures, and Mach number in Figs. 10-19. Figures 10
and 11 show the comparison of number density contours in the plume
region for UFS and SMILE. Both solvers predict a very similar
flowfield, both qualitatively and quantitatively.

The translational temperature contours predicted by UFS and
SMILE in the plume region are shown in Figs. 12 and 13,
respectively. The mixing layer predicted by the Boltzmann solver of
UFS has slightly higher temperatures near the nozzle exit. Both codes
predict the mixing layer at an angle of about 40 deg. The general
trends of the temperature flowfields by both solvers are very similar.
The SMILE contours are smeared near the nozzle, evidence of the
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Fig. 3 Nozzle and plume density contours using UFS.
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Fig. 4 Nozzle and plume translational temperature contours using UFS.
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Fig. 11 Plume density contours using SMILE (DSMC).
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Fig. 13 Plume translational temperature contours using SMILE
(DSMC).
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Fig. 14 Plume vibrational temperature contours using UFS.
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Fig. 16 Plume rotational temperature contours using UFS.
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Fig. 17 Plume rotational temperature contours using SMILE (DSMC).

statistical sampling used in DSMC. The kink in the SMILE solution
in the upper left corner (Fig. 13) is related to the freestream
boundaries being a little too close.

The vibrational temperatures shown for UFS and SMILE in
Figs. 14 and 15 are very close in magnitude, as the temperature is
essentially frozen in the flowfield below the mixing layer. However,
vibrational relaxation takes place across the mixing layer. Both codes
predict similar vibrational temperatures in the region above the
mixing layer. The SMILE results shown in Fig. 15 were smoothed to
reduce the impact of the statistical scatter.

For this high-density flow, the rotational temperature fields
obtained by UFS and SMILE and shown in Figs. 16 and 17 follow the
same trend and magnitudes as the translational temperatures.
However, the region of high rotational temperatures in the mixing
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Fig. 19 Plume Mach number contours using SMILE (DSMC).

layer has a somewhat higher thickness as predicted by UFS. The
Mach number contours, Figs. 18 and 19, for UFS and SMILE show a
steadily increasing Mach number as the flow expands and a region
above the mixing layer that approaches the background gas
parameters. In the region below the mixing layer, the UFS
predictions show a faster expansion with slightly higher Mach
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numbers. A more detailed comparison of the UFS and SMILE results
are presented next.

Figures 20-24 show the axial and radial profiles of UFS and
SMILE predictions of density, multitemperatures, and flow velocity
in the plume region. For all the figures shown, the axial profile is
along the plume centerline, and the radial profiles are at axial
locations of x = 1.15 cm and x = 2.37 cm from the nozzle exit.
Each of the figures is marked to show the noncontinuum region in
which the UFS Boltzmann solver was used, the rest of the flowfield
computed by the continuum solver.

The density profiles of UFS and SMILE along the nozzle axis are
close to each other (Fig. 20a). Radial profiles of number densities
predicted by both codes at x = 1.15 and 2.37 cm, Figs. 20b and 20c,
show some difference in the magnitudes, with the maximum
deviation (28%) at x = 1.15 cm near the centerline. The density
decreases along the radial distance and beyond x = 0.5 cm, the
density is the lowest and close to the background density. Note that
the free exit boundary conditions were implemented in UFS at the top
and left boundaries of the domain so that the gas is allowed to freely
leave the domain.

Figure 21 shows the translational temperature profiles predicted
by UFS and SMILE. Although the magnitude and trend of the
centerline profiles near the nozzle exit are nearly the same, the
temperature predicted by UFS is higher than that of SMILE, beyond
x = 0.6 cm (Fig. 21a), with the maximum difference of about 10%.
Atx = 1.15 cm, the peak temperature predicted by UFS is higher by
14% than SMILE. At x = 1.5 cm (Fig. 21b), the UFS prediction
shows a sharp equilibration with the background gas compared with
the SMILE prediction, which is related to the issue of the free stream
boundary for the SMILE being a little too close, discussed earlier in
Fig. 13. The UFS solution also shows a slightly thicker mixing layer
compared with the SMILE. At the location downstream (Fig. 21c¢),
x = 2.37 cm, the peak temperature of UFS is shifted, and the mixing
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Fig. 20 Comparison of number density prediction of UFS with SMILE (DSMC) in plume region a) along centerline, b) at x = 1.15 c¢m, c) at

x = 2.37 cm. Nozzle conditions: T, = 2800 K, p, = 10, 335.1 kPa.
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Fig. 21 Comparison of translational temperature prediction of UFS with SMILE (DSMC) in plume region a) along centerline, b) atx = 1.15 cm, ¢) at

x = 2.37 cm. Nozzle conditions: T, = 2800 K, p, = 10, 335.1 kPa.

layer predicted by UFS is thicker. In contrast to the profile at
x = 1.15 cm, the peak temperature of SMILE at x = 2.37 cmis 10%
higher than the UFS prediction.

The vibrational temperatures predicted by both codes, Fig. 22, are
nearly the same. The vibrational temperature is frozen along the
plume centerline, Fig. 22a. In the radial direction at x = 1.15 cm,
Fig. 22b, the vibrational temperature is frozen to a distance of 1 cm
from nozzle centerline and beyond this distance undergoes fast
relaxation in the mixing layer with the temperature dropping rapidly.
Then the relaxation slows down until the gas equilibrates at a distance
of x=15cm. At x=237cm (Fig. 22c), the vibrational
temperature is frozen for most of the flow (up to a radial distance
of about 1.8 cm), and then undergoes rapid relaxation with a
consequent drop in vibrational temperature.

Contrary to the vibrational temperature, the rotational temper-
ature, Fig. 23, follows the translational temperature closely due to the
fast relaxation between the two modes. The profiles of rotational
temperatures are therefore close to those of translational temper-
atures. The peak rotational temperature observed at x = 1.15 cm
(Fig. 23b), however, is the same in UFS as that in SMILE.

The axial velocity component is shown in Fig. 24. The agreement
between UFS and SMILE is quite reasonable. The velocity increases
along the centerline as expected due to the expansion. In the radial
direction at x = 1.15 cm, the axial velocity component is high and
undergoes a gradual decrease until a radial distance of 1 cm. Then it
increases rapidly in the middle of the mixing layer and finally
drops as the flow reaches the stagnant background gas. A similar
behavior is seen in the radial distance at x = 2.37 cm, where the
velocities above the mixing layer are slightly higher than those of
SMILE.

Conclusions

A newly developed unified kinetic/continuum flow solver was
evaluated for a high-density nozzle flow expanding into a low-
density stagnant gas. The gas considered in this study is nitrogen with
rotationally and vibrationally excited molecules. The UFS
Boltzmann solver was used in the kinetic regions of the
computational domain, and the gas-kinetic-continuum solver was
used in the continuum regions. The UES predictions of translational
and vibrational temperatures in the nozzle match the existing
experimental measurements within the uncertainty range.

The DSMC code SMILE was used in the plume region to provide a
reference solution for UFS. From the comparisons of gas density,
mean velocity, translational, rotational, and vibrational temper-
atures, it may be concluded that the trends of the overall flowfield
were adequately captured by UFS. Comparisons between the two
codes allowed the evaluation of the accuracy of UFS predictions of
the location, thickness, and strength of the mixing layer; peak
densities; velocity; and the multitemperatures. The UFS flowfield
contours were smooth in both kinetic and continuum domains, which
is not the case with SMILE contours, which showed some statistical
noise.

Discrepancies were observed in the UFS and SMILE solutions at
specific locations in the plume flowfield. However, the vast majority
of the flowfield showed excellent agreement between the two codes.
The comparison of DSMC with direct Boltzmann solver in
multidimensional flow of molecular gas with internal degrees of
freedom has been reported for the first time. Because the numerical
methods and associated difficulties are significantly different
between the DSMC and direct Boltzmann, the discrepancies
observed in this study are subject to further research.
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Fig. 22 Comparison of vibrational temperature prediction of UFS with SMILE (DSMC) in plume region a) along centerline, b) atx = 1.15 cm, c) at
x = 2.37 cm. Nozzle conditions: T, = 2800 K, p, = 10, 335.1 kPa.
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Fig. 24 Comparison of axial velocity prediction of UFS with SMILE (DSMC) in plume region a) along centerline, b) atx = 1.15 ¢m, ¢) atx = 2.37 cm.

Nozzle conditions: T, = 2800 K, p, = 10, 335.1 kPa.

For the highest grid resolution considered in UFS and reported in
this study, the computational time is about 20% more than SMILE.
The use of a continuum solver in UFS for the initial steady-state
simulations could be used to accelerate the convergence of the
Boltzmann solution significantly. For large continuum regions in the
flowfield, the UFS solver can be faster than SMILE. However, for
large kinetic domains in the flowfield, further development is needed
to optimize the UFS algorithm to increase its efficiency.
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