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Computation of a Nonequilibrium Expansion Flow
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The simulation of the � ow inside the propulsion system is of essential interest, for the design of airbreathing
hypersonic vehicles. To compute accurately the expansion � ow of a hydrogen/air mixture at high temperatures, the
chemical and vibrationalnonequilibriumeffects must be taken into account. A � nite element code is used to model
chemical reactions considering � nite-rate chemistry and vibrational relaxations according to the Landau–Teller
theory (Landau, L., and Teller, E., “Zur Theorie der Schalldispersion,” Physikalische Zeitschrift der Sowjetunion.
Vol. 10, No. 1, 1936, pp. 34–43). The computational domain is discretized by applying unstructured adaptive
grids. Different test cases are computed, and the results are compared with measured and numerical data. In
one test case, a remarkable difference between the rotational and vibrational temperature of a hydrogen/air
nozzle � ow is seen. This difference in the experiment is also supported by the computation. Because the applied
relaxation rates are small compared to other data given in literature, the thermal nonequilibriumeffects gain more
importance.

Nomenclature
cp = speci� c heat at constant pressure
cv = speci� c heat at constant volume
et = speci� c total energy
erot = speci� c rotational energy
ev = speci� c vibrational energy
F j = � ux vector
h t = speci� c total enthalpy
H = vector of source terms
h0

t = heat of formation
I = identity matrix
k f;r = forward reaction rate of reaction r
kb;r = backward reaction rate of reaction r
Mi = molar mass of species i
M = mass matrix
ML = lumped mass matrix
N = form function
Nr = number of reactions
Nsp = number of species
Nvsp = number of species with vibrational relaxation
p = pressure
q = heat � ux
R = speci� c gas constant
< = universal gas constant
T = rotational temperature
Tv = vibrational temperature
U = conserved variables
v = velocity
X = molar fraction
x = Cartesian coordinate
Y = mass fraction
0 = computational boundary
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±i j = Kronecker delta
2 = characteristicvibrational temperature
¸ = thermal conductivity
¹ = viscosity
º = Runge–Kutta level
º 0; º 00 = stoichiometric coef� cients
½ = density
¾ = stress tensor
¿ = relaxation time
Ä = computational domain
P! = chemical production rate

Introduction

B ECAUSE of a lack of full-scale ground-based test facilities
for high-enthalpy� ows, the design of airbreathing hypersonic

spacecrafts requires ef� cient and accurate numerical methods. The
following results were obtained in a research program that devel-
ops computational � uid dynamics (CFD) codes while experimental
projects are conducted supplying a database for validation of those
codes.The presenteffortdealswith thecomputationof singleexpan-
sion ramp nozzle (SERN) � ows considering the high-temperature
effects of a burning hydrogen/air gas mixture.

Because inlet and exhaustmomentum of a hypersonicvehicle are
of the same magnitude, the nozzle performance has a strong in� u-
ence on the net thrust. To predict the nozzle � ow� eld accurately, it
is necessary to consider the physical and chemical effects of high-
enthalpyexpansion � ows. At the beginningof the expansion,a con-
siderable fraction of the combustion products is dissociated. The
vibrationaldegreesof freedomof two and three atom molecules are
exciteddue to the high temperature.During expansionin the nozzle,
the velocity of the gas increases and the density decreases rapidly.
As a result, the gas molecules are not able to remain in a state of
equilibrium because of an insuf� cient number of collisions. It is
known that chemical nonequilibriumshould be taken into account
for nozzle computation,1;2 but the importance of thermal nonequi-
librium is weighted differently.1;3 In particular Grønland 1 reported
a loss of about 1% of the gross thrust as consequence of thermal
nonequilibrium.Because the experimental investigationof a nozzle
� ow conductedwithin a complementary project 4 showed a notice-
able amount of thermal nonequilibrium, the code was extended to
take thermal nonequilibriumeffects into account.
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Governing Equations
The governingequationsare theconservationequationsfor chem-

ical and thermal nonequilibrium� ows. The equations are written in
a nondimensionalform by introducingthe Reynolds number Re, the
Mach number M , the Prandtl numberPr, and the Lewis number Le.
A Lewis number of unity is assumed, to simplify the calculationof
molecular diffusive � uxes.

Continuity equation:

@½

@t
C r ¢ .½v/ D 0 (1)

Species continuity equation:

@.½Yk/

@ t
C r ¢ .½vYk/ C 1

RePr
r ¢

³
¸

cp
rYk

´
D wk (2)

Momentum equation:

@.½v/
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C r ¢ .½vv C pI ¡ ¾ / D 0 (3)
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Energy equation:
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with the heat � ux q

q D ¡ 1
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¸rT ¡ ¸

cp

NspX

k D 1

hkrYk (6)

Vibrational energy balance:

@.½Yk evk /

@t
C r ¢ .½Ykvevk/ D wvk (7)

The total energy et includes the energy of motion of the gas, the
energy of rotational degrees of freedom, and the heat of formation
of the molecules

et D v
2

C erot C
NspX

k D 1

h0
f;k Yk (8)

with

erot D
NspX

k D 1

T Ykcvrot; k (9)

The vibrational energy ev of an harmonic oscillator is according to
Einstein’s formula (see Ref. 5)

ev D 2R

e2=Tv ¡ 1
(10)

for molecules of two atoms, and

ev D 21 R

e21=Tv ¡ 1
C 22 R

e22=Tv ¡ 1
C 23 R

e23=Tv ¡ 1
(11)

for H2O. Herein 2i are the characteristic vibrational temperatures
given in Table 1, and Tv is the vibrational temperature of the
molecule or vibrationalmode, respectively.

The thermal conductivity ¸ and the molecular viscosity ¹ are
determined with respect to the temperature and the composition
of the gas. The molecular viscosity of pure species is given by

Table 1 Characteristic vibrational
temperatures5

Characteristic vibrational
Molecule temperatures 2/K

N2 3353
H2O.º1/ 5260
H2O.º2/ 2294
H2O.º3/ 5400
H2 6130
NO 2700

polynomial� ts. The viscosityof the mixture is calculatedaccording
to Wilke’s rule (see Ref. 6)

¹m.T ; X i / D
NspX

i D 1
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X i ¹iPNsp

j D 1 X j 8i j

!
(12)

where
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Because of the relation between 8 j i and 8i j

8 ji D Mi =M j ¢ 1=.¹i =¹ j / ¢ 8i j (14)

only the upper triangle of 8 ji must be determined. Following Reid
et al.,6 the thermal conductivity is computed by

¸m .T ; X i / D 1
"

NspX

i D 1

Á
X i ¸iPNsp

j D 1
X j 8i j

!

; " D 1:065 (15)

where 8 of Eq. (13) is used and " is set to 1.065 (Ref. 7). The
equation system is closed by the thermal equation of state

p D RT½ (16)

the chemical source terms wk , and relaxation of vibrational energy
wvk , which are described in the next section.When a � ow in thermal
equilibriumis considered,thebalanceequationof vibrationalenergy
is neglected and the contribution of vibrational energy is added to
the total energy in Eq. (5).

Chemical Source Terms
The chemical source terms wk are calculatedby � nite rate chem-

istry for the species H2, O2, H2O, N2 , NO, OH, N, O, and H. This
reaction set was designed for expansion � ows of hydrogen and air
by Mühleck.8 The reaction rate of an arbitrary reaction

NspX

k D 1

º 0
k;r Bk

k f

*)
kb

NspX

k D 1

º 00
k;r Bk r D 1; : : : ; Nr (17)

is given by

P!r D k f;r

NspY
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½Yk

Mk

º 0
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½Yk
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º 00
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(18)

where the forward reaction rate k f;r and the backward reaction rate
kb;r are computed according to Arrhenius’s law:

k f;r D A f;r ¢ T n f;r ¢ exp.¡E f;r =< ¢ T / (19)

kb;r D Ab;r ¢ T nb;r ¢ exp.¡Eb;r =< ¢ T / (20)
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The parameters A, n, and E are shown in Table 2. The total source
term for a specie is given by the summation of the source terms for
every reaction, that involves this specie:

wk D P½k D Mk

NrX

r D 1

¡
º 00

k;r ¡ º 0
k;r

¢
¢ P!r (21)

Vibrational Relaxation
A fairly simple model proposed by Pirumov and Roslyakov5 is

used to describe the detailed relaxation mechanism. Pirumov and
Roslyakov gave a compilation of vibrational relaxation parameters
for expansion � ows of various combustion products obtained by
experiments. The equations and parameters used in the following
section are the processes of their model concerned with combus-
tion products of H2 in air. The equations are valid for a Boltzmann
distribution of the energy and molecules that can be treated as har-
monic oscillators. The energy exchange between vibrational and
translationalenergy according to the following processes:

N2 C M *) N2
¤ C M ¡ 2330cm¡1

H2O C M *) H2O
¤ C M ¡ 1595cm¡1

H2 C M *) H2
¤ C M ¡ 4260cm¡1

NO C M *) NO¤ C M ¡ 1876cm¡1

is taken into account. The source terms of these processes are de-
termined by the Landau–Teller theory9

wvk D
¡
e0

vk ¡ evk

¢
8i (22)

where the rate 8 of the i th relaxation process is calculated by

8i D p
NvspX

k D 1

X j

¿i j

(23)

where ¿i j is the reaction rate of the j th species in the i th relaxation
process. The parameters that are used to compute ¿i j are given in
Table 3.

Table 2 Finite-rate chemistry8

No. Reaction A f n f E f =< Ab nb Eb=<

1 H C H C M *) H2 C M 6.4e17 ¡1 0 5.5e18 ¡1 51,987
2 O C O C M *) O2C M 6.0e13 0 ¡503.3 7.2e18 ¡1 59,340
3 H C O2 *) OH C O 2.2e14 0 8,455 1.5e13 0 0
4 H2 C O *) OH C H 1.8e10 1 4,479 3.0e13 0 4,429
5 OH C H2 *) H2O C H 2.2e13 0 2,592 8.4e13 0 10,116
6 H2O C M *) H C OH C M 5.2e21 ¡1.5 59,386 2.2e22 ¡2 0
7 O C H C M *) OH C M 7.1e18 ¡1 0 8.5e18 ¡1 50,830
8 H2O C O *) OH C OH 5.8e13 0 9,059 6.3e12 0 549
9 H2 C O2 *) OH C OH 1.7e13 0 24,232 5.7e11 0 14,922
10 N C O2 *) NO C O 6.4e9 1 3,170 2.4e11 0.5 19,200
11 N C NO *) N2 C O 1.6e13 0 0 5.0e13 0 37,940
12 N C OH *) NO C H 4.5e13 0 0 1.7e14 0 24,500

aUnits are mole, caloric, second, Kelvin, and cubic centimeter. Third-body ef� ciencies for reaction 1 are 2 for
H2 and 6 for H2O, for reaction 6 are 6 for H2O, and for reaction 7 are 5 for H2O.

Table 3 Relaxation time5

¿= (atm ¢ s) of process

Molecule 1 2 3 4

N2 220T ¡1=3¡24:81 ¡36:8T ¡1=3¡10:85 100T ¡1=3¡20:3 100T ¡1=3¡18:3
H2O 33:5T ¡1=3¡16:55 ¡36:8T ¡1=3¡13:15 100T ¡1=3¡21:67 100T ¡1=3¡18:3
H2 86:9T ¡1=3¡19:94 ¡36:8T ¡1=3¡10:85 100T ¡1=3¡21:67 100T ¡1=3¡18:3
NO 223:9T ¡1=3¡24:96 ¡36:8T ¡1=3¡10:85 100T ¡1=3¡20:3 ¡14:9

Numerical Method
Because of the chemical and vibrational source terms in the con-

servation equations, the equation system is a so-called stiff system.
To solve this stiff system of equations, a semi-implicit method is
applied. 10 The employed � nite element algorithm is based on the
Galerkin weighted-residual method (see Ref. 11). The time inte-
gration is achieved by a Runge–Kutta time-marching scheme (see
Ref. 12). The weak Galerkin formulation leads to

Z
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Z

Ä
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@x j

QF j dÄ (24)

C
Z
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N QH dÄ ¡
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0
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where the conservative variables U, the � uxes F j , and the source
terms H are represented by a C0 linear approximation:

QU D
X

K

NK UK (26)

where UK denotes the nodal values of U . The spatial integrationof
Eq. (24) results in

M
@U
@t

D R j .F j / C MH (27)

In the semi-implicit procedure the source terms are determined at
the time n C 1, whereas the � ux terms are computed at the time n

M
@U
@t

D R
¡
Fn

j

¢
C MHn C 1 (28)

The linearizationof the source terms

Hn C 1 D Hn C @H
@U

1U (29)

and substitution of the time derivation by a Taylor series yields the
scaled equation
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³
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¡
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¢
C MHn (30)
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The integration in time is performed by a Runge–Kutta scheme
applied to every node K

U.º C 1/

K D Un
K C S¡1®º1tK

£
M¡1

L R
¡
U.º/

K

¢
C Hº

K C
¡
D.2/

K ¡ D.4/

K

¢¤

Un C 1
K D U.5/

K º D 0; ¢ ¢ ¢ ; 4 (31)

In Eq. (31), a local time step 1tk is used, the element mass ma-
trix M is replaced by the lumped mass matrix ML , and S denotes
I ¡ 1t .@H=@U/.

Arti� cal viscosity is added to the scheme by the damping terms
D.2/

K and D.4/

K . The termD.2/

K representsthe nodalvalueof a nonlinear
shock-capturingterm13:

D.2/

K D c.2/

d M¡1
L

X

e

Se

1te
.M ¡ ML /Un C 1 (32)

where Se and 1te are elemental averaged values and c.2/

d denotes a
constant diffusion coef� cient. The nodal quantity SI is given by

SI D

­­­­­
X

e

.M ¡ ML /p

j.M ¡ ML /pj

­­­­­ (33)

scaled from zero in smooth � ow regions to one near discontinuities.
D.4/

K denotes a linear fourth-order, high-frequencydamping term
also given by Morgan and Peraire,13

D.4/

K D M¡1
L

X

e

Â .4/

1te
.M ¡ ML /

µ
M¡1

L

X

e

.M ¡ ML/U

¶
(34)

To reduce overshootsnear shock waves, strong contributionsof D.4/

K
are suppressed by de� ning

Â .4/ D max
¡
0; c.4/

d ¡ c.2/

d Se

¢
(35)

with c.4/

d as a user-speci�ed constant.

Boundary Conditions
The convective � uxes within the boundary integral of Eq. (24)

are corrected by use of a linearized characteristics analysis. Along
walls without friction, the velocity is set tangential to the wall and
otherwise to zero.11

Mesh Generation
The described numerical method is well suited to work with un-

structured meshes and reaches an accuracy of second order.13 The
discretization for arbitrarily shaped computational domains is ac-
complished by an automatic mesh generation scheme following the
generalizedadvancing-frontmethod.14 Points and elementsare gen-
eratedsimultaneouslyand, therefore,signi� cantchangesin the local
mesh structure are possible. On the surface of bodies, rectangular
elementsare used to providean ef� cient discretizationof the bound-
ary layer, whereas the remaining part of the domain is discretized
by unstructured triangular elements.

The automatic mesh generation scheme offers the ability to im-
provethesolutionby remeshingthecomputationaldomain.To deter-
mine the nodal valuesof the mesh parameters in an optimal manner,
it is necessary to apply a method of error estimation. Therefore, the
form function of a � nite element is treated as a Lagrange polyno-
mial. It is possible to determine the interpolation error between an
arbitrary twice differentiable function and a Lagrange polynomial.
This leads to an expression that depends on the second derivativeof
a scalar key variable, for example density, pressure, or Mach num-
ber.The optimizednodalvaluesof the mesh parametersare achieved
when the interpolationerror is uniformlydistributedwithin the com-
putational domain.

Fig. 1 Comparison between different re� ned grids and the theoretical
solution.

The remeshingprocedurestartsgenerallywith a coarsegrid.After
computation of the solution on this grid, the grid is re� ned, and
the next computation cycle is started. During the re� nement, the
computational mesh that was used to compute the present solution
is now acting as a backgroundgrid providingthe spatial distribution
of the mesh parameters. This re� nement is applied repeatedly until
the solution is not altered due to a � ner grid. An example for this
procedure is shown in Fig. 1. The code was used to compute a
potential � ow around a semi-in� nite half-body (superposition of
uniform � ow and a source).15 The width of the body for x ! 1 is
0:04 m and the Mach number of the freestream is Ma D 0:2. In
Fig. 1 the results for

cp D
p ¡ p1

½1
¡
v2

1=2
¢ (36)

on a symmetrical streamline and the body surface are plotted vs the
longitudinal coordinate. The solid line is the solution given by the
theory of potential � ows. The symbols are the computed solution
with a grid of 2377, 5910, and 9968 nodes. For graphical clarity
every third point is shown. It is obviousthat the solution is improved
by the � rst remeshing.The resultsof the secondmesh are nearlygrid
independentbecausethey are in goodagreementwith the theoryand
a further remeshing does not improve the solution.

Computational Results
First, two test cases for nonequilibriumnozzle � ows taken from

literature were studied and compared to the computational results
of the present work. In a second step, the reactive � ow of a SERN
nozzle in thermal nonequilibrium was numerically simulated and
compared to experimental results.

Nozzle Flow in Chemical Nonequilibrium

For the validation of the � nite-rate chemistry model, a nozzle
� ow of a stoichiometric hydrogen/air mixture that was numeri-
cally investigatedby Walther 16 is computed. The two-dimensional
converging–diverging nozzle consists of a plain and a curved wall.
The shape of the nozzle and the computed Mach number distri-
bution are shown in Fig. 2. The area ratio is 13:9, and the total
length 12:3 m. Walther performed a two-dimensional Euler calcu-
lation using a � nite-rate chemistry model and Moretti’s ¸ scheme.
As boundary conditions, at the inlet, a total temperature of 2780 K
and a total pressureof 8 bar were taken. In Figs. 3 and 4 the compo-
sition along the curved wall of Walther’s computation is compared
to the results of the present solver at the same conditions.The com-
parison shows a good agreement for the species H2 , O2, H2O, and
OH. The differences between the mass fractions of H and O is due
to Walther’s reduced � nite-rate chemistry model. He used only six
reactions for the H2/air system. In particular reactions 1 and 2 in
Table 2 are neglected.Three-body reactions provide the possibility



LINK AND KOSCHEL 1357

Fig. 2 Computed Mach number distribution of Walther’s16 nozzle.

Fig. 3 Computed composition along the curved wall of Walther’s16

nozzle.

Fig. 4 Composition reported by Walther.16

of recombinationof H and O and lead to a smaller mass fraction of
these species.

Nozzle Flow in Thermal Nonequilibrium

A test case for � ows in thermal nonequilibrium was published
by Sharma et al.17 In their studies, the � ow of puri� ed N2 in a pla-
nar and symmetrical nozzle was experimentally and numerically
investigated. The converging–diverging nozzle had a total length
of 10.8 cm and an area ratio of 11:7. The conditions at the in� ow
boundary are a total temperature of 2800 K and a total pressure of
103:6 bar. For validation purposes, the � ow in the nozzle is com-
puted by the presented solver including the � nite-rate chemistry
model and the thermal nonequilibrium model. The allowed impu-
rities of 10 ppm are arbitrary distributed among the other species
of the H2/air system. The nozzle shape and computational results
of vibrational temperature and Mach number are shown in Fig. 5.
The upper contour plot in Fig. 5 is the vibrational temperature with
a spacing of about 30 K between the lines. The lower part is the

Fig. 5 Upper part: computed contourplot of vibrationaltemperature;
lower part: computed contour plot of Mach number of Gillespie and
Sharma’s nozzle � ow.18

Fig. 6 Computed vibrational and rotational temperature on the cen-
terline of the nozzle compared with data published by Gillespie and
Sharma.18

Mach number with a spacing of about 0.2. The computed rota-
tional/translational and vibrational temperatures on the centerline
of the nozzle are compared with the data reported by Gillespie and
Sharma18 in Fig. 6. Gillespie and Sharma’s data of the vibrational
temperature are measured by a method using spontaneous Raman
scattering,whereas the rotational/translationaltemperatureare sam-
ples of numerical results. The rotational/translational temperatures
in Fig. 6 are in good agreement. The measured vibrational temper-
ature is hardly lower than the computed one, but this tendency can
be seen in Gillespie and Sharma’s numerical results as well.

Numerical Investigation of a Reactive SERN Nozzle Flow
in Thermal Nonequilibrium

The experiment was performed by Weisgerber and Fischer4 and
Weisgerber et al.19 at the DLR, German Aerospace Research Cen-
ter, Cologne. The nozzle � ow was investigated by wall pressure
measurement and temperature probes in the nozzle wall. At the
outlet of the SERN nozzle, the pro� le of velocity was measured
by a laser-2-focus (L2F) system, and the pro� le of rotational and
vibrational temperature of the N2 molecule was obtained by coher-
ent anti-Stokes Raman scattering measurements. At the inlet of the
nozzle, the same measurements were used; however, due to beam
distortion, the examination of velocity and temperature was only
possible in the middle of the inlet cross section. A matrix burner
was used to provide a uniform mixture of combustion products of
hydrogen/air combustion at the nozzle inlet. Because of the high
total temperature of the combustion products, the nozzle walls had
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to be cooled. Because of insuf� cient experimental data for the noz-
zle inlet, some assumptions are necessary to determine the inlet
conditions for the computation. It is assumed that the total pressure
and the total temperature are constant in the inlet cross section and
that the boundary-layer thickness is negligible.The compositionof
the gas at the inlet was not analyzed in the experiment.Therefore, it
is assumed to be equal to the composition in chemical equilibrium.
The boundaryconditionsthat are used in the computationsare given
in Table 4.

The nozzle � ow is computed by solving the Navier–Stokes equa-
tions for chemically reacting � ow in thermal nonequilibrium. The

Table 4 Inlet boundary conditions

Condition Value

Mass fraction
H2 0.598e¡3
H 0.154e¡4
O2 0.266e¡2
O 0.692e¡4
H2O 0.248
OH 0.219e¡2
N 0.128e¡7
NO 0.212e¡2
N2 0.744

Total temperature Tt , K 2376 k
Total pressure pt , Pa 11e5

Fig. 7 Computational grid.

Fig. 8 Computed Mach number distribution.

Fig. 9 Computed contour plot of OH mass fraction.

turbulence in the boundary layer is modeled by a Baldwin–Lomax
turbulence model (see Ref. 20). The pressure at the nozzle outlet
is � tted in such a way that the � ow in the boundary layer does not
separate.The computationalgrid that is used is shown in Fig. 7. The
computed Mach number distribution,as shown in Fig. 8, illustrates
that the measuring � ange that is mounted at the end of the nozzle
generates a shock due to the sharp bend of the wall.

The in� uence of the chemical reactions are shown in Figs. 9
and 10. As shows in Fig. 10, the radical OH decreases strongly
throughout the nozzle while H increases slightly. This behavior is
often detected in nozzle � ows.1;16 According to Grønland,1 the in-
creasingH mass fraction is a consequenceof the decreasingnumber
density that results in slower three-body reactions.

The comparison between the measured and the computed wall
pressures in Fig. 11 shows excellentagreement. In Fig. 12, the mea-
sured and calculated temperature pro� les of rotational/translational
and vibrational temperatureat the nozzle exit are shown.The differ-
ence between the rotational/translational and vibrational tempera-
ture at the exit is remarkablebecauseof the high water content in the

Fig. 10 Computed composition in the middle of the nozzle vs nozzle
length.
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Fig. 11 Computed and measured pressures along the wall.

Fig. 12 Computed and measured pro� le of rotational and vibrational
temperatures of N2 molecules at the outlet of the nozzle.

Fig. 13 Computed and measured velocity pro� le at the outlet of the
nozzle.

gas. Water is known as very effective for deexcitationof the excited
N2 molecules. The drop of the temperatures in the vicinity of the
walls is a consequence of the cooling, whereas the sharp rise of
the rotational/translational temperature at y ¼ 0:07 m is a result of
the shock in the � ow� eld. The computed rotational/translational
temperature pro� le agrees very well with the measurement. The
comparison between measured and calculated vibrational tempera-
tures show a about 10% lower temperature in the computation.The
relaxation of N2 in the mixture is obviously overestimated, but if
Pirumov and Roslyakov’s5 relaxation rate is compared with other

data in the literature, often an even larger deexcitation of the N2

molecule is found.21

In Fig. 13, the velocity pro� les at the nozzle exit are shown. The
computed velocities are about 5% higher than the measured one,
but the shape of measured and computed pro� les and, thus, the
boundary-layer thickness are equal. One reason for this difference
of the velocities is the experimental error. Because of the slippage
of the particles that are needed for the L2F measurements, the er-
ror of measurement is about 1.5% (Ref. 19). The remaining error
is inexplainable and may be a result of the incomplete boundary
conditions at the nozzle inlet.

Conclusions
A � ow solver on unstructured grids for a chemical and thermal

nonequilibrium is presented. The validation of the code was done
for two test cases published in the literature. Then a basic nozzle
experiment was computed and compared to the measured results.
With respect to the available experimental data, the computed and
measured results are in good agreement. Although state-of-the-art
measurements were used to investigate the experimental con� gura-
tion, it was not possible to examine the � ow in all details. In particu-
lar, detailed information about the nozzle inlet and the composition
in the nozzle � ow� eld would be valuable for the code validation.
The dif� culties encountered during the experimental investigation
show the need of further experiments for CFD validation. Never-
theless, the computationof SERN nozzles of realistic length can be
performedby the presentcodewith a satisfyingaccuracyto estimate
the thrust losses caused by thermal nonequilibrium.
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