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Validation of the Enhanced URANUS
Nonequilibrium Navier-Stokes Code
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The enhancements that have recently been implemented into the URANUS nonequilibrium Navier-Stokes code
in order to further improve the gas-phase modeling and the gas-surface interaction modeling are summarized.
Validation of the improved code was performed against various free-flight experiments such as BSUV II, MIRKA,
FIRE II, Stardust, the air nozzle flow experiment of Sharma/Gilmore, and the DLR body-flap experiment. The
flight experiments have been partially recomputed to demonstrate the influence of the enhancements. The influence
of the enhanced modeling on postshock, boundary layer and wake flow and aerothermal loads are discussed in
detail for low to high reentry velocities. To demonstrate the improved modeling and credibility of the enhanced code,
measured aerothermal loads were recomputed along the flight trajectories for a wide gas state and velocity range.

Introduction

HE objective of this article is to summarize the enhancements

recently implemented into the URANUS code and to report
new validation results. Many literature sources are provided that
describe the theory of the enhancementsin detail.

The enhanced URANUS code takes into account all internal de-
grees of freedom in the gas-phase modeling. Capitelli’s newly de-
termined collision integrals and the more accurate mixing rule of
Chapman-Cowling have beenimplementedin the updated transport
coefficient model. Locally and spectrally resolved plasma radiation
can be computed uncoupledand coupledto predictoptical measure-
ments or radiation cooling in high-velocity flows.

For a comprehensive validation of the enhanced URANUS code,
nonequilibriumflows with different thermophysicalprocesses were
studied for a large density and velocity range. First the thermochem-
icalrelaxationmodel was validatedfor an air nozzle flow experiment
at moderate temperatures. Then well-known high-speed free-flight
experimentsof ballistic capsules were recomputedto investigate the
influence of electronicexcitationand enhanced transport coefficient
modelingon these partiallyionized flows. The predictability of pres-
sure and partial catalyticheat flux along the forebody of the MIRKA
capsule with a C/SiC-TPS surface along the trajectory was inves-
tigated in some detail. In all capsule experiments measurements
were performed along the convex-shaped forebody under laminar
flow conditions.Hence, the free-flight validations are primarily per-
formed for these laminar nonequilibrium forebody flows, which
include postshock, stagnation-point,and expansion flows. Finally a
laminar separated, high-enthalpy,hot-surfacebody-flap experiment
is reconstructedto validate the enhanced URANUS code for a more
complex nonequilibrium flow.

Computational Technique

The Navier-Stokes code URANUS was developed for the ac-
curate simulation of nonequilibrium flows around reentry vehicles
over a wide altitude-velocity range.! The unsteady, compressible
Navier-Stokes equations in integral form were discretizedin space
using the cell-centered finite volume approach on structured grids.
Inviscid fluxes were calculated with Roe’s approximative Riemann
solver, and second-order accuracy is achieved using the MUSCL
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concept. Time integration was accomplished by the Euler backward
scheme, and the resulting implicit system of equations was solved
iterativelyby Newton’s method. Although the source term Jacobians
were implemented exactly, the Jacobians of the inviscid flux terms
were only computed approximately following Barth. The viscous
Jacobians were obtained from the thin-layer approximation of the
viscous fluxes. The resulting linear system of equations was solved
iteratively by Jacobi line relaxation, and an underlying subiteration
scheme was used to minimize the inversion error. The boundary
conditions were implemented implicitely to preserve the high con-
vergence rate of the Newton-like method. Slip and no-slip surface
conditions are available, and different models for surface catalysis
were implemented.

The nonequilibrium boundary layers were highly resolved and
as small as the mean free-path scale at the surface. Courant-
Friedrichs-Lewy numbers up to 1000 were obtained in nonequi-
librium computations. A sufficient convergence grade, which is
important for an accurate prediction of surface heat flux, was ob-
tained with the Newton-like method. The program was parallelized
by domain decomposition. To ensure portability, the MPI message-
passing paradigm was used. The parallel code maintains the sequen-
tial code’s convergence, and a nearly linear scale-up was demon-
stated for up to 512 processors on Cray T3E.

Enhanced Modeling

Thermochemical Relaxations

The coupled-vibration-cemistry-vibration (CVCV) gas-phase
model? was recently extended to include the influence of rotational
excitationof the molecules.? Starting from state-selectiverates, mul-
titemperature rates depending on the translational temperature as
well as on vibrational and rotational temperatures were obtained by
averaging over the distribution function of internal energies. The
model can be used for all types of reactions that are important in
high-enthalpy flows (e.g., dissociation, exchange, and associative
ionization reactions). Consistent with the modeling of the produc-
tion rates, the productionrates of vibrational and rotational energies
caused by chemical reactions were computed. Using quasi-classical
trajectory calculations, the parameters of the CVCV model were
newly calibrated for dissociation and exchange reactions* With
these improvements nonequilibrium flows experience more disso-
ciation because the dissociation energy is lowered by the rotational
excitation. The kinetics of the Zeldovich reactions are now in ac-
cordance with quasi-classicaltrajectory theory. The improved NO-
chemistry modeling in the URANUS code was validated indirectly
by means of a spectrometersimulation performed with the PARADE
radiation code® and the HERTA radiation transport code® for the
Bow Shock Ultraviolet Experiment II, where spectra in the wave-
lengthrange of NO have been measured.” With the exceptionof high
altitudeswhere weak radiationsignalsdo occur, good agreement was
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obtained between measured and simulated spectra along the trajec-
tory. Furthermore, the vibration-vibration (V-V) energy-exchange
model has been extended for low translational temperatures, which
occur in the vicinity of cold surfaces and in wakes.® Here the sig-
nificant decrease of the V-V transition probability with decreasing
translational temperature has been modeled according to Rapp.® It
is validated against Sharma/Gilmore’s air nozzle flow experiment.

Electronic Excitation

Up to now, electronic excitation has not been considered in the
URANUS code. For significantly ionized flows the influence of
electronic excitation on the ion chemistry of atoms was modeled
via the quasi-steady-state (QSS) theory of Park.!® The theory uses
the fact that population density change of an energy level occurs
much slower than the involved collision processes. The QSS theory
has been consistentlyimplemented in the multitemperature Navier—
Stokes code, which assumes Boltzmann distributions for the other
energies® According to CVCV-model principles, the influence of
electronic excitation on the ionization rate of atomic nitrogen and
oxygenis modeledby nonequilibriumfactors. The influence of elec-
tronic excitation on the postshockionization of atomic nitrogen and
oxygen was investigated for the FIRE II experiment.

Transport Coefficients

In dissociated and ionized reentry flows strong gradients are ob-
served in density, temperatures, and velocities. To describe the ex-
change of mass, momentum, and energy under these conditions,
Chapman-Cowling’s first approximations for the transport coeffi-
cients, translational thermal conductivity of heavy particles, vis-
cosity, and mass diffusion were implemented into the URANUS
Code, as well as the second approximation of thermal conductivity
of electrons.!' Results of the new model were compared with the
simplified model of Guptaand Yos for the Stardustcapsule flow. Fur-
thermore, Capitelli’s newly computed collision integrals have been
implemented into the URANUS and, code results were presented
by Fertig et al.!!

Gas-Surface Interaction Modeling

The finite rate catalytic behavior of a thermal protection system
(TPS) surface influences the surface heat flux significantly. Kinetic
gas-surface interaction models were incorporatedin the URANUS
code in order to take into account near-surface rarefaction effects
in leeward flows, base flows, and general reentry flows at high al-
titudes. A detailed catalysis model for SiO,-surfaces has been im-
plemented by Daiss!? into the URANUS code, which distinguishes
adsorption, desorption, and recombination reactions according to
the Eley-Rideal and Langmuir-Hinshelwood mechanisms, as well
as dissociative adsorptionreactions. Furthermore, an expression for
the estimation of the chemical energy accommodation coefficient of
the Eley-Rideal mechanism has been derived. This detailed model,
which consists of elementary reactions, is able to describe the non-
Arrhenius behavior of the recombination coefficients and has been
successfully validated for the shuttle reentry, from the slip-flow
range close to the perfect-gasrange.

Finite rate catalytic behavior can also be predicted by a purely
phenomenological or simplified global model, which attempts to
match newly available experimental data obtained in high-enthalpy
facilities for a large surface temperature range by a temperature-
dependent expression for the overall recombination coefficients of
the atomic species. In this simple single-step model the chemical
energy accommodation coefficient is assumed to be unity. We have
shown in the case of the shuttle windward flow that detailed and
global catalysis models nearly predict the same surface heat flux.
Because SiO,-coated surfaces generally behave weakly catalyticin
alarge surface temperaturerange and there is only a small windward
surface temperature variation, catalycity can even be modeled with
sufficient accuracy by constant overall recombination coefficients.

The catalytic behavior of C/SiC and SiC-surfaces investigated
here changes from weakly to strongly catalytic in a large surface
temperaturerange.!* Furthermore, for high surface temperaturenose
and body-flap regions the surface temperature can change signifi-
cantly and hence also the catalytic behavior. Therefore, the non-

Arrhenius behavior of recombination coefficients and overall re-
combination coefficients have to be taken into account by detailed
and global catalysis models, respectively.

Validation

The validation of the enhanced code is performed against vari-
ous free-flight experiments. These experiments have been partially
recomputed to demonstrate the influence of the enhancements. The
influence of the enhanced modeling on postshock, boundary layer
and wake flow and the aerothermalloadsis discussedin detail forlow
to high reentry velocities. To demonstrate the improved modeling
and credibility of the enhanced URANUS code, measured aerother-
mal loads are reconstructed along flight trajectories in a wide gas
state and velocity range.

Sharma/Gilmore Air Nozzle Flow

The Sharma/Gilmore air nozzle flow experiment'* is recon-
structed to validate the enhanced URANUS code for an expanding
airflow.® Total temperatureand pressure are 2500 K and 85.7 bar, re-
spectively. Nozzle geometry and Mach-number contours are shown
in Fig. 1a. Because of the low translational temperature, no signifi-
cant chemical reactions occur. The temperature distributions along
the nozzle centerline are shown in Fig. 1b. Measured rotational tem-
perature 7, and vibrational temperatures are accurate within =100
and =75 K, respectively. T, =T (where T -translational tempera-
ture) was computed by the URANUS code.

The measured rotational temperature 7, and the vibrational tem-
peratures of nitrogen 7, n, and oxygen T, o> can be reconstructed
with good agreement. As shown in Fig. 1b, the V-V exchangesignif-
icantly influences the relaxationprocess, whereas the C-V exchange
(not shown) is almost negligible. The V-V transition probabilities
of Rapp were used to compute the V-V energy exchange for the
low translational temperatures. Hence, this experiment is particu-
larly well suited to validate the V-V exchange model in the low
temperature range.

FIRE II

In 1964 the FIRE reentry experiment was performed in the
frame of the Apollo moon program. During Earth reentry, total and
radiative heat fluxes at the surface were measured. Nose radius and
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shoulderdiameterof the capsuleare 0.935and 0.672 m, respectively.
No ablation is considered in the computations. Instead, a radiation
equilibrium fully catalytic surface is assumed.

At an altitude of 67 km, the velocity was 11.25 km/s. The com-
puted radiative heat flux is about 15% of the total heat flux.® This
high velocity flow is completely dissociated and significantly ion-
ized (ionizationdegree of 10%) with significant thermal nonequilib-
rium in the postshock region and a region of thermal and chemical
equilibrium between the shock and the edge of the boundary layer
(Figs. 2b and 2¢). We investigated whether the newly implemented
electronic excitation influences the ionizationrate of atoms for this
significantly ionized flow.’

As shown in Fig. 2a, the QSS theory predicts a weak subpopula-
tion in the postshockregion and an overpopulationin the boundary
layer. Even though the subpopulationis weak in the postshock re-
gion, the global ionization rate, which is strongly dependenton the
populationof the upper energy levels, is significantly influenced. As
can be seen in Fig. 2b, the global ionizationrate computed from the
QSS theory is significantly smaller compared to the rate computed
from the Boltzmann distribution. Therefore, ionization is signifi-
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Fig. 2 FIREII: Influence of the electronic excitation on the ionization
of N and O.

cantly delayed by the electronic excitation in the postshock region,
ascanalsobe seen from the stagnationline mole fractiondistribution
of atomic ions N* and O* in Fig. 2c.

STARDUST

STARDUST will be the first mission to return samples from be-
yond the Earth-Moon system. The comet sample return capsule will
reenter Earth’s atmosphere in 2006. Preflight nose and shoulder di-
ameters of the capsule are 0.44 and 0.812 m, respectively.

The influence of mixing rules on postshock relaxation and sur-
face heat flux was investigated for the partially ionized flow around
the STARDUST capsule at an altitude of 84 km and a velocity of
13 km/s. The ionization degree was about 1%. Ablation was not
taken into account in the URANUS simulations. Instead, a radia-
tion equilibriumfully catalytic surface was assumed. Because of the
small nose radius, the radiative heat flux was neglected.

Using Capitelli’s newly computed collision integrals, the mix-
ing rule of Chapman-Cowling (C-C) was compared to the mixing
rule of Gupta and Yos.!! Figure 3a shows the temperature distribu-
tions along the stagnation streamline. Because of a more physical
model of the ambipolar diffusion, the upstream diffusion of elec-
trons is more physical for the C-C model. As can be seen in Fig. 3b,
the more accurate model for the transport processes leads to larger
mole fractions of N* and O* in the postshock region. In the very
hot nonequilibrium boundary layer (Fig. 3a) the mixing rules also
influence the heat flux to the surface because slight differences be-
tween heat conductivities computed with the C-C and Yos/Gupta
model arise by mass diffusion caused by oxygen dissociation. The
C-C model leads to a 0.9% lower stagnation-pointheat flux.

MIRKA Reentry Experiment

MIRKA is a German experimentalcapsule with a sphericalshape
of 1 m in diameter and a two-layer TPS that consists of a carbon-
phenolic ablator covered by an integral C/SiC heat shield. MIRKA
was successfully flown in October 1997.

An objective of the code validation was to investigate whether
the heat-flux distribution at a finite rate catalytic surface could be
reconstructed with the URANUS code using a simplified global
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catalysis model. The MIRKA experimentis well suited for the code
validation because of its simple geometry, laminar flow conditions
and integral C/SiC heat shield for which measured non-Arrhenius,
temperature-dependent overall recombination coefficients are
available.

A consistent postflight URANUS code validation has been per-
formed.'® The postflight trajectory was recomputed from measured
acceleration (error within 0.015 g), and stagnation-point pressure.
The upstream flow conditions were computed from measured sur-
face conditions and acceleration measurements and therefore do
not rely on standard atmosphere data used to compute the design
trajectory.

Pressure and temperature were measured along the surface. The
surface heat flux has also been reconstructedfrom temperature mea-
surements inside the heat shield within the HEATIN experiment
(thermocouple positioning errors of 0.3 mm typically lead to sur-
face heat flux errors of 5-10%).

A detailed computation of the aerothermal surface loads has been
performed with the URANUS code for several trajectory points.!
The temperature-dependert catalytic overall recombination coeffi-
cients for a SiC surface measured'® up to 1840 K were used within
the phenomenological catalysis model.

Figure 4 shows the time history of surface pressure and heat
flux along the design and postflight trajectories. The forebody sur-
face heat-flux distributions for three trajectory points are shown in
Fig. 5. Because of the flow expansionaround the forebody, the trans-
lational temperature drops significantly from the stagnation point
to the shoulder of the capsule, and therefore the catalytic behav-
ior changes from weakly catalytic in the stagnation-pointregion to
strongly catalytic in the shoulder region.

As shown in Fig. 5, the measured surface heat-flux distibution
can be reconstructed with good agreementalong the trajectory with
exception of the stagnation region under peak heating conditions.
Under the latter conditions the computed stagnation-point temper-
ature is as high as 2063 K. Therefore, surface oxidation reduction
reactions occur, which cannot be described with a catalysis model.
Presently, a detailed SiC surface reaction model is being developed
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for these high surface temperature conditions. In the following sec-
tion we will investigate whether aerothermal loads at nonconvex
SiC surfaces can be reconstructed accurately enough under more
complex flow conditions.

Body-Flap Experiment

A high-enthalpy hot SiC surface body-flap experiment has been
performed in the arc-heated DLR L3K plasma wind tunnel.!® This
experiment can be used to validate the thermochemical gas-phase
modeling and the phenomenologicalcatalysis model for a complex,
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largely separated, laminar flow along a body-flap model. The ge-
ometry of the small model is shown in Fig. 6. The nose of the
model is water cooled, and its surface temperature was measured
as 500 K. C/SiC plates (4 mm thick), coated with a thin chemi-
cal vapor deposition-SiClayer, cover the forebody-flap model. The
computations were performed for the model with a closed gap.
The model was placed in the plasma jet at an angle of attack of
15 deg. The flap-angle deflection was 20 deg. The reservoir condi-
tions were computed from measured mass flow and total pressure
assuming chemical equilibrium. The nozzle flow was computed us-
ing a quasi-one-dimensiond nonequilibrium code leading to the
upstream flow data: total enthalpy 14 MJ/kg, velocity 4160 m/s,
density 3.87 X 107 kg/m>.

The SiC-surface catalycity is again computed with the overall
recombination coefficients measured by Stewart.!* Furthermore,
radiation equilibrium is assumed at the surface without consid-
ering nonconvex radiation effects. The surface total emissivity
was 0.87.

The test time was 240 s, and surface temperature was measured
with an infrared-camerawith a measurementrange of 623-2273 K.
Very good repeatability of surface temperature measurements was
reported.'® Predicted and measured surface body-flap temperature
distributionsare shownin Fig. 7. As canbe seen, surface temperature
distributions computed for noncatalytic and finite rate catalytic sur-
face behaviors disagree to a large extent. In addition, the measured
surface temperature distributionis different form the computed re-
sults. This is probably because of significant longitudinalheat fluxes
in the 4-mm-thick plates that arise because of the very large stream-
wise surface temperature gradients along the small model. An im-
portant phenomenonin the body-flap flow is the very large stream-
wise variation of the catalytic behavior from weakly catalytic to
strongly catalytic, as shown in Fig. 8, and the associated stream-
wise transportof atomic nitrogen and oxygen in the boundary layer,
which strongly influences the surface temperature distribution.
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Fig. 8 Overall recombination coefficients and surface temperature
distribution along the body-flap surface.

This catalytic variation explains the streamwise surface temper-
ature shift between the noncatalytic and the finite rate catalytic
computation in Fig. 7. To reconstruct the measured surface tem-
perature distribution, it seems necessary to account for the thermal
flow-structure interaction. Recently the finite rate catalytic surface
temperature distribution was computed along the windward side of
the X-38 vehicle. Similar finite rate catalycity effects were found
along the SiC-coated body flap.!”

Conclusion

With the enhanced URANUS code high-enthalpy flows can be
computed that account for translational, vibrational, rotational, and
electronic energies. The transport coefficient modeling is enhanced
by Capitelli’s new collision integrals and by the more accurate mix-
ing rule of Chapman-Cowling. In addition global and detailed catal-
ysis models for SiO, and SiC surfaces have been incorporated.

Rotational excitation leads to higher dissociated flows and to sig-
nificant 7 — 7, nonequilibriumunder rarefied conditions, and elec-
tronicexcitationdelaysthe postshockionizationof atomsin partially
ionized flows. The enhanced transportcoefficient modeling allowed
a more accurate prediction of the thermochemical relaxation in the
shock region of partially ionized flows.

Finite rate catalysis strongly influences the surface heat flux in
nonequilibriumboundary layers and seems to be accounted for ac-
curately enough with global or detailed models.

Aerothermal forebody surface loads of the MIRKA capsule were
numerically reconstructed along the postflight trajectory with good
agreement. The surface temperature distribution of the body-flap
experiment was significantly determined by the large streamwise
variation of the catalytic behavior. Finite rate catalytic flap temper-
atures can exceed those computed with the fully catalytic design
assumption.
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