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Numerical Simulation of Hot Gas Nozzle Flows
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A numerical method for the simulation of hot gas nozzle flows is explained. This method solves the Reynolds-
averaged Navier–Stokes equations in a finite volume context. Numerical simulations of the Vulcain and Vulcain
2 separated nozzle flows are presented. For these simulations, three different gas models were used: The gas was
assumed to be either a) a perfect gas, b) in chemical equilibrium, or c) in chemical nonequilibrium. Comparisons
with experimental data are provided. Free-shock separation, restricted-shock separation and cap-shock patterns
are discussed. Postcombustion in the shear layer where the hydrogen-rich nozzle gas mixes with the ambient air is
investigated.

Nomenclature
C , s, A = Arrhenius equation constants
c = sound speed, mass fraction
cF = skin friction coefficient
cp , cv = specific heats
D = diffusion coefficient
e = total energy
F = flux vector
h = enthalpy
J = cell volume
k = turbulence kinetic energy, reaction rate constant
Le = Lewis number
M = Mach number
M = mole mass
O/F = oxidizer/fuel mixture ratio
Pk = turbulence kinetic energy production term
Pr = Prandtl number
p = static pressure
Q = state vector
Re = Reynolds number
r = radius
S = source term vector
Sc = Schmidt number
T = temperature
t = time
V = contravariant velocity
v = velocity
ẇ = species rate of change
X = mole fraction
[X ] = species concentration
x = physical coordinate
α, β = turbulence model constants
γ = ratio of specific heats
ε = internal energy
κ = thermal conductivity
µ = viscosity
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ν = stoichiometric mole numbers
ξ = transformed coordinate
ρ = density
σ ∗ = turbulence model constant
τ = stress
ω = turbulence dissipation

Subscripts

a = ambient state
b = backward
cl = centerline
c = combustion chamber
f = forward
i , j , k = direction, species
, i = derivative in xi direction
r = reaction
S = species
T = turbulence
th = nozzle throat
w = wall

Superscript

v = viscous

Introduction

D URING the design phase of new rocket engine nozzles, ex-
tensive test campaigns have to be performed to clarify open

design questions. These tests (Fig. 1) can be very costly and time
consuming. However, only the full-scale test of a new design under
realistic conditions can provide the final confidence required for the
acceptance of new flight hardware. Nevertheless, a reduction of the
amount of testing is desirable from an economical point of view.

The physical understanding of the behavior of nozzle flows has
dramatically increased in the last decade, in part due to the success-
ful application of numerical simulation methods. These prediction
methods can aid in the interpretation of test data and may be used
to make cautious interpolations between experimental data. Thus,
they help in the design process of new rocket engine nozzles and
may reduce the number of tests required. Furthermore, they can be
used to study certain aspects of nozzle flows selectively by taking
out different levels of flow complexity, for example, combustion or
time accuracy.

During operation, mechanical and thermal loads affect the nozzle
structure and lead to its deformation. The combustion is unsteady
and turbulent. Fuel and oxidizer may exist in droplet form before
they evaporate and burn in a bright flame, emitting radiation. The
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Fig. 1 Vulcain test at DLR.

Fig. 2 Schematic view of FSS.

Fig. 3 Schematic view of cap-shock pattern in a parabolic nozzle.

Fig. 4 Schematic view of RSS.

gas molecules may be vibrationally and rotationally excited, dissoci-
ated, or ionized. The nozzle surface can be catalytic. The flow is not
axisymmetric, which is also valid for the separation line (“teepee”
pattern1), and is violently unsteady.

Because of the great number of physical phenomena involved,
flow simulations become very challenging or impossible if all rel-
evant mechanisms and scales have to be included and resolved.
The introduction of models reduces the computational require-
ment. Structural models, turbulence models, and combustion mod-
els, among others, are generally unavoidable when full-scale hot gas
nozzle flows are considered. Because no model is universal, and the
model assumptions are usually valid for only a number of test cases,
their validity and applicability should be reevaluated for every new
application. One of the many decisions that have to be made before
hot gas nozzle flows are simulated is how complex the gas model
shall be.

The classical shock pattern known for separated nozzle flows is
shown in Fig. 2. In thrust optimized parabolic nozzles, an internal
shock wave originating from the nozzle throat can interact with the
normal shock and cause the appearance of the cap-shock pattern
(Fig. 3). Depending on the flow momentum balance2 the flow can

Fig. 5 Schematic view of FSS with Mach disk in a parabolic nozzle.

separate from the wall without reattaching to it [free-shock sepa-
ration (FSS)] or with reattaching to it [restricted shock separation
(RSS), Fig. 4]. If the normal shock crosses the nozzle centerline
downstream of the reflection point of the internal shock wave at
the axis (Fig. 5), the shock pattern resembles that of the classical
Mach disk (Fig. 2). For RSS, the reattaching boundary layer, having
passed through the oblique shocks associated with boundary-layer
separation and reattachment, is very hot and exposes the nozzle wall
downstream of the recirculation bubble to large thermal loads.

It is not fully understood why the nozzle wall is also subjected to
large heat loads in case of FSS. The oblique shock associated with
flow separation is responsible for the high pressure and temperature
of the separated supersonic flow. The outer region of this separated
flow encounters violent turbulent mixing with entrained ambient air,
possibly causing post-combustion. If the flow separates inside the
nozzle, and the pressure ratio is held constant, the wall downstream
of the separation may be exposed to thermal loads high enough to
make the nozzle material glow. The mechanisms responsible for the
transport of the hot gases to the wall are not well understood. The
highly turbulent, three-dimensional, and unsteady nature of the flow
may offer an explanation. If the flow was steady and axisymmetric,
entrained cool ambient air would flow alongside the nozzle wall and
cool it. Gas radiation from the postcombustion zone is not strong
enough to serve as an explanation for the wall heat loads observed
in the experiment.

Earlier numerical simulations of separated nozzle flows do mostly
assume that the gas is perfect. Chen at al. presented numerical sim-
ulations of a scaled down J-2 nozzle using the perfect-gas equation
and the Baldwin–Lomax turbulence model (see Ref. 3). The sim-
ulations showed FSS during startup and RSS during shutdown. A
somewhat coarsely resolved simulation of the Vulcain nozzle with
a shock-capturing method showed RSS for Vulcain.4 Experimental
and numerical results for the Volvo Aero Corporation (VAC) S1
subscale nozzle were given by Mattsson et al.5 Hunter presented re-
sults for another cold gas subscale nozzle.6 He managed to achieve
excellent flow separation location predictions with a two-equation
explicit algebraic stress model. However, the nozzle he chose did
not feature RSS. A simulation of the space shuttle main engine
(SSME) nozzle with finite rate hydrogen/oxygen/air chemistry was
performed by Dougherty and Liu.7 A set of 25 reactions with full
H2/O2 chemistry and N2, N, and NO species was considered. The
focus was on the interaction of the nozzle plume with the freestream.

For the results presented in this paper the, European Aeronau-
tic Defence and Space Company (EADS-ST) Reynolds-averaged
Navier–Stokes (RANS) finite volume code DAVIS-VOL8−9 was
used. An earlier version of the same code was previously used for a
calculation of a fully attached film-cooled nozzle flow with H2/O2

chemistry and 13-reactions mechanism.9 For the present results, the
reaction mechanism and constants were kept unchanged. Inert ni-
trogen N2 was added to the 6-species model. The code was modified
to allow for the simulation of the ambient flowfield. To improve nu-
merical stability, new numerical schemes for discretization of the
convective flux differences were added. Also, the flux differences
in the circumferential direction were replaced by source terms. The
results presented in this paper are for the Vulcain10 and Vulcain 2
(Ref. 11) rocket engine nozzles. The influence of the complexity of
the gas model on the resulting separation shock pattern and the wall
heat loads was studied. The gas was treated as either a) a calorically
perfect gas with adopted ratio of specific heats γ , b) a gas mix-
ture in chemical equilibrium (“mixed is burnt”), or c) a chemically
reacting mixture of perfect gases (finite rate chemistry, chemical
nonequilibrium).
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Numerical Method
Governing Equations

The governing equations in conservative form were solved in
curvilinear coordinates. In the following, repeated indices indicate
summations (Einstein notation). The general form of the Navier–
Stokes, turbulence, and species transport equations is

J
∂Q
∂t

+ ∂Fi

∂ξi
= 1

Re

∂Fv
i

∂ξi
+ JS (1)

with state vector Q, convective (F) and viscous (Fv) flux vectors,
and source term vector S. J is the cell volume and Re is the Reynolds
number.

Navier–Stokes Equations

For the Navier–Stokes equations,

Q = [ρ ρv1 ρv2 ρv3 ρe]T (2)
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with

f ji = ξi,kτ jk (5)

κ∗ = κ

(
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PrT
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µ

)
(6)
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(
1 + σ ∗ µT

µ

)
(7)

where τ jk ( j, k: = x, y, z) are shear and normal stresses. T, j and
k, j are partial derivatives of temperature and turbulence kinetic en-
ergy in the j direction. Pr is the Prandtl number and σ ∗ = 0.5 is a
turbulence model constant. The source term

S = 1

r

[
0 0 0 p − 1

Re
(µ + µT )

v3

r
+ 2

3
ρk0

]T

(8)

is dependent on the local distance from the centerline r and was
derived under the assumption of axial symmetry and thin-layer vis-
cous terms in the circumferential direction. It replaces the convective
and viscous flux differences in the circumferential direction.12 The
contravariant velocity Vi is

Vi = ξi, jv j (9)

Turbulence Model Equations
For RANS simulations, the standard 1988 two-equation k–ω

model of Wilcox13 was used. The turbulence model state vector,
convective and viscous fluxes, and the source term are

QT = [ρk ρω]T (10)

Fi T =
[

ρkVi

ρωVi

]
(11)

Fv
i T = (

µ + σ ∗µT

) [
ξi, j k, j

ξi, jω, j

]
(12)

ST =




Pk − Reβ∗ρkω

α
ρ

µT
Pk − Reβρω2


 (13)

The k production term is based on the Boussinesq approximation
for the Reynolds stresses

Pk = (1/Re)τi jvi, j (14)

The eddy viscosity becomes

µT = ρk/ω (15)

Wilcox’s compressible dissipation was used to dampen the turbu-
lence production.14 Here, the model constants are modified

βcorr = β
[
1 − 6

5 αT F(MT )
]

(16)

β∗
corr = β∗[1 + αT F(MT )] (17)

F(MT ) = (
M2

T − MT
2
0

)
H(MT − MT 0) (18)

where MT = √
(2k/c2) is the turbulence Mach number, and H( ) is

the Heaviside function.

Species Transport Equations
If finite rate chemistry is considered, additional transport equa-

tions have to be solved.9,15 The state vector, convective, and viscous
flux vectors are

QS = ρ[c1 c2 · · · ]T (19)

Fi S = ρ




c1Vi

c2Vi

· · ·


 (20)

Fv
i S = ρ
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1ξi, j c1, j

D∗
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· · ·


 (21)

with Schmidt number Sc(Sc = Pr/Le) and diffusion constant

D∗
k = Dk + (Sc/ScT )(µT /ρ) (22)

The species molecular weight Mk relates the species mass fraction
ck = ρk/ρ (

∑
ck = 1) to the species mole fraction

Xk = (M/Mk)ck (23)

and the species concentration

[Xk] = ρk/Mk (24)

The mixtures molecular weight is obtained from M=
1/(

∑
ck/Mk). The source term is

SS = [ẇ1 ẇ2 · · · ]T (25)

with

ẇk = Mk
d[Xk]

dt
(26)

For a given system of reactions,
∑

ν ′
j X j ⇀↽

∑
ν ′′

l Xl (27)
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with stoichiometric mole numbers ν ′ and ν ′′, the reaction rates
are

d[Xi ]

dt
=

∑
for all reactions r that

species i participates in

(ν ′′
i,r − ν ′

i,r )




k f,r

∏
all reactants j

involved in reaction r

[X j ]
ν′

j,r − kb,r

∏
all products l
of reaction r

[Xl ]
ν′′

l,r




(28)

The chemical rate constants k are taken from an Arrhenius equation

k = CT se−A/T (29)

Gas Modeling
Calorically Perfect Gas

The ratio of specific heats γ is constant. Enthalpy h and internal
energy ε are functions of temperature T only. For µ, a polynomial
fit through data obtained from the Gordon and McBride computer
program16 (also see Ref. 17) for the given oxidizer/fuel mixture ratio
O/F is used. The static pressure p is computed from the perfect-gas
relation

p = ρT /γ M2 (30)

The thermal conductivity is

κ = [1/(γ − 1)PrM2]µ (31)

Gas Mixture in Chemical Equilibrium
If the mixture properties and composition varies noticeably in the

temperature and pressure range of interest, the perfect-gas equation
may not be accurate enough. If the mixture is in chemical equilib-
rium (mixed is burnt), the gas properties for a certain oxidixer/fuel
ratio O/F (dependent on density ρ and internal energy ε) can be
computed with the Gordon and McBride computer program16 (also
see Ref. 17) and stored in two-dimensional lookup tables. During the
run time of the flow simulation program, all relevant flow quantities
are interpolated from these lookup tables.

Chemically Reacting Mixture of Perfect Gases (Finite Rate Chemistry)
The term

(1/Sc)D∗
k ρhkξi, j ck, j (32)

is added to the last line of the viscous flux vector Fv
i [Eq. (4)].

The perfect-gas equation holds for each species and for the mixture.
Summation of the partial pressures and densities yields the mixture
pressure p = ∑

pk and density ρ = ∑
ρk . To compute the mixture

enthalpy the individual species enthalpies hk are weighted by the
mass fractions (h = ∑

ckhk). The multicomponent diffusion coef-
ficient Dk is computed from the binary diffusion coefficients Dkl

Dk = 1 − Xk∑
l(Xl/Dkl)

(33)

Polynomial fits are used for the species enthalpies hk , the binary
diffusion coefficients Dkl , the specific heats cp and cv , the thermal
conductivity κ , and the viscosity µ (Ref. 18). The polynomial coef-
ficients for hk , cp , and cv can be found in Refs. 16 and 17, whereas
the polynomial coefficients for the diffusion coefficients Dkl , κ , and
µ were obtained from the earlier version of the code.9 The Arrhenius
constants can be found in Ref. 19.

For the flow simulations presented herein, seven species (O2, H2,
OH, O, H, H2O, and inert N2) and 13 reactions (Table 1) were
considered. Except for the addition of inert nitrogen N2, this is the
same approach as that used in Ref. 9.

Table 1 Kinetic mechanism

Mechanism Reaction

1 H2 + O ⇀↽ OH + H
2 H2O + H ⇀↽ H2 + OH
3 H2O + O ⇀↽ 2OH
4 O2 + H ⇀↽ OH + O
5 H2 + H2 ⇀↽ 2H + H2

6 H2 + H2O ⇀↽ 2H + H2O
7 H2 + O2 ⇀↽ 2H + O2

8 H2O + H2 ⇀↽ H + OH + H2

9 H2O + H2O ⇀↽ H + OH + H2O
10 H2O + O2 ⇀↽ H + OH + O2

11 O2 + H2 ⇀↽ 2O + H2

12 O2 + H2O ⇀↽ 2O + H2O
13 O2 + O2 ⇀↽ 2O + O2

Fig. 6 Boundary conditions.

Boundary Conditions
The inflow and inlet conditions were computed with the Gordon

and McBride computer program16 (also see Ref. 17), under the as-
sumption of a one-dimensional isentropic expansion in chemical
equilibrium from the specified chamber conditions. The computed
conditions were prescribed directly. The inflow Mach numbers were
0.246 for Vulcain and 0.271 for Vulcain 2. A top-hat velocity profile
was used at the inflow boundary (Fig. 6) and one-seventh-velocity
profiles were used at the inlets. The turbulence levels were unknown
and had to be guessed.

The nozzle wall was treated as adiabatic, the only exception being
the wall upstream of the first inlet for Vulcain 2. This part was
treated as isothermal. The dissipation ω at the wall was set to a
finite value defined by the surface roughness.14 Walls were assumed
to be hydraulically smooth and noncatalytic.18 Neither turbulence
wall functions nor wall distances were needed. The centerline was
treated as a slip wall. At the outflow boundary, all flow quantities
were extrapolated.

At the farfield inflow boundary, the velocities were extrapolated
to the boundary for the finite rate chemistry computations. Because
the velocities were small, the acceleration from the ambient state to
the inflow boundary was then assumed to be isentropic. Temperature
and pressure at the farfield boundary were lowered accordingly. For
the other simulations, nonreflecting boundary conditions by Giles
were used20 (see Ref. 18).

When perfect-gas simulations were performed andγ was adjusted
to give better simulation results for the flow inside the nozzle, the
same γ had to be used for modeling of the ambient air. In the case of
chemical equilibrium computations, the gas lookup tables are gen-
erated for one fixed O/F . The ambient air had to be simulated with
the same O/F . Because the ambient pressure is essential for simu-
lations of separated nozzle flows, it was set to pa = 1 bar. The gas
tables were defined for T ≥ 400 K. As the ambient gas is entrained
into the nozzle, it accelerates and cools down. To avoid temperatures
below 400 K, the ambient temperature was set to Ta = 700 K. Given
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Table 2 Grid resolutions

Simulation Inside nozzle Total

Vulcain, equilibrium 160 × 160 42,688
Vulcain 2, perfect gas 128 × 60 13,200
Vulcain 2, equilibrium 496 × 80 67,200
Vulcain 2, chemically reacting 140 × 92 101,072
(fine grid) and 32 × 156

and 140 × 220

Fig. 7 Vulcain, partial view of computational grid; every fourth grid
line in x and every eigth grid line in y are shown.

Fig. 8 Vulcain 2, finite rate chemistry computational grid; every eighth
grid line is shown.

the comparatively high gas constant of the combustion gas, the ambi-
ent density at that temperature became ρa = 0.287 kg/m3. The same
pa and Ta were also chosen for the perfect-gas simulations. No gas
lookup tables were needed for the nonequilibrium computations.
For these simulations, the ambient state was defined by pa = 1 bar,
Ta = 350 K, ρa = 1.0 kg/m3, cO2 = 0.262, and cN2 = 0.738.

Because the gas composition at the inlets is significantly different
from the nozzle core flow, the full Vulcain 2 nozzle flow can only
be computed when the finite rate chemistry is considered. To allow
for perfect-gas and chemical equilibrium computations, a second
contour, Vulcain 2 clean, was chosen. This contour shows the same
wall pressure distribution as Vulcain 2, but does not feature inlets.

Gridding
The grid resolutions used are listed in Table 2. In addition, a

coarse grid (one-half of the resolution in both directions) was used to
study grid dependence for the finite rate chemistry computations. All
cases were computed on grids with different resolutions. The grids
chosen for the computations presented in this paper are fine enough
to allow for accurate predictions of the wall properties and the global
shock patterns, although certain aspects of the flow, for example, the
intensity of the internal shockwave, may be underpredicted. For the
turbulence model used, the laminar sublayer needed to be resolved.
This was achieved by keeping the nondimensional wall distance (in
wall units y+) of the wall next cell below 1.

For the Vulcain and Vulcain 2 clean computations, the computa-
tional domain was split up into two blocks (Fig. 7). For the Vulcain
2 computation, the two inlets had to be accommodated. The inlets
were treated as contour steps, necessitating two additional compu-
tational blocks (Fig. 8).

The spatial extents of the computational grids used are listed in
Table 3 and were chosen based on previous experience.18,21,22 They
were measured from the intersection of the nozzle exit plane with
the centerline. Massive grid stretching was used in the downstream
direction close to the outflow and in the radial direction close to the
far-field inflow boundary.

Solver
The EADS-ST finite volume multiblock structured grid RANS

code DAVIS-VOL8,9 was used to obtain solutions of the preceding

Table 3 Spatial grid extent in downstream direction I, radial
direction J, and upstream direction K in multiples

of the nozzle exit radius

Simulation I J K

Vulcain, equilibrium 18.5 4 0.5
Vulcain 2, perfect gas 5.5 4 1.2
Vulcain 2, equilibrium 18 3.5 0.4
Vulcain 2, chemically reacting 20.5 2.5 0.5

equations. An implicit Euler method was used for time integra-
tion. The Navier–Stokes convective fluxes were discretized with a
second-order accurate Roe scheme23 (for the chemical equilibrium
computations), or a second-order accurate symmetric total variation
diminishing (TVD) scheme24,25 (Vulcain 2 clean perfect-gas com-
putation, Vulcain 2 nonequilibrium computation). The turbulence
fluxes were computed with a second-order accurate Mach number-
based advection pressure splitting (MAPS) like discretization26

(Vulcain chemical equilibrium computation), a second-order ac-
curate scheme similar to the symmetric TVD scheme by Yee (see
Ref. 27) (for the Vulcain 2 clean perfect-gas simulation), a first-order
upwind scheme28 (for the Vulcain 2 clean chemical equilibrium
computation), or a second-order accurate Larrouturou scheme29

(for the Vulcain 2 nonequilibrium computation). The Larrouturou
scheme was also used for the species convective fluxes.29 All vis-
cous fluxes were discretized by second-order accurate central dif-
ferences. The steady-state solution was approached iteratively by
means of a Newton iteration. To this end, the system of equations
was linearized with respect to the primitive variables. The linearized
equations were discretized with first-order upwind schemes for the
convective terms and central differences for the viscous terms. The
resulting system was solved by a line Gauss–Seidel method. Be-
cause the code was not time-accurate, only steady-state solutions
were sought.

Nozzle Flow Results
Vulcain

Still photographs taken from video footage of a Vulcain test at
the German Aerospace Research Center (DLR) are shown in Figs. 1
and 9. Although the image resolution is not very good, the fuzzy
appearance of the flow for pc/pa = 20 and 50 is believed not to
be due to the video equipment used, but to the appearance of RSS.
The video observations suggest RSS for the pressure ratios 20 and
50 (O/F = 6.0), the cap-shock pattern for the pressure ratio 115
and O/F = 5.8, and a slightly deformed Mach disk for the pressure
ratio 115 and O/F = 6.8. This conjecture was made based on the
computational results shown later. The pressure ratios and O/F at
which the pictures were taken are approximate.

Different from Vulcain 2, the Vulcain nozzle does not feature
flow inlets anywhere else other than in the combustion chamber.
As shown by Knab and Weiland9 for an analogous nozzle flow,
where the finite rate and equilibrium chemistry models gave ap-
proximately the same results, the flow in Vulcain-type nozzles may
be considered to be close to equilibrium. Because the O/F is the
same everywhere in the nozzle flow (not the case for Vulcain 2,
where gas with different O/F is fed into the nozzle through inlets),
and if the goal is not to predict thermal loads in the separated flow
region at the nozzle exit, it is generally sufficient for accurate shock
pattern predictions to use the equilibrium-gas model and to model
the ambient air with the same O/F as the combustion gas inside
the nozzle. Therefore, the equilibrium-gas assumption was made for
the Vulcain computations presented in this paper. Lookup tables for
an H2/O2 system at four different oxidizer/fuel ratios O/F = 5.6,
5.8, 6.0, and 6.8 were generated. The inflow conditions for the six
different cases studied are listed in Table 4. The turbulence intensity
at the inflow was assumed to be 5%, and the turbulent length scale
was assumed to be 10% of the nozzle throat diameter. At the far-
field boundary, the turbulence kinetic energy k was set to zero, and
the dissipation rate ω was set to the same value as at the nozzle
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Fig. 9 Vulcain test at DLR.

Fig. 10 Vulcain, equilibrium-gas assumption, pseudoschlieren images of computational results.

Table 4 Vulcain, equilibrium gas
assumption, inflow conditions

pc, bar O/F pi , bar Ti , K

20 6.0 19.3 3360
30 6.0 29.0 3409
50 6.0 48.3 3470
115 5.6 111.1 3496
115 5.8 111.1 3533
115 5.8 111.1 3560

inflow boundary. For the following Vulcain 2 clean computations,
the same turbulence quantities were prescribed at the inflow and
far-field boundaries.

For pc/pa =20, 30, and 50, the simulations show RSS (Fig. 10).
Here, the reattached supersonic jet passes through a series of com-
pression and rarefaction regions. This is clearly revealed by the wall
pressure distributions (Fig. 11). The various oblique shocks preced-
ing every rarefaction area are visible in the pseudoschlieren images.
For pc/pa = 115, the Mach disk solution is obtained. The influ-
ence of the mixture ratio O/F on the shape of the internal shock
wave becomes obvious. As O/F was lowered, the reflection point
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a)

b)

c)

Fig. 11 Vulcain, equilibrium-gas assumption: a) wall pressure, b) skin-
friction coefficient, and c) wall temperature.

of the internal shock wave at the centerline moved downstream. At
5.6, the strong normal shock crosses the centerline slightly down-
stream of the reflection point. If O/F is lowered further, the Mach
disk solution would probably transform into the cap-shock solution.
However, as pointed out by Frey,30 a hysteresis region may exist.
The pc/pa where the transition from cap-shock pattern to Mach
disk occurs during startup may be higher than the pc/pa where the
back-transition from Mach disk to cap-shock pattern occurs during
shutdown. The video images in Fig. 9 were taken during the startup
phase. The pc/pa = 115 (O/F = 5.6) solution was obtained when
O/F was lowered from the pc/pa = 115 (O/F = 5.8) solution.

The location and size of the enclosed separation bubble can be
determined from the skin-friction distribution (Fig. 11). For all RSS
cases, the wall is exposed to higher temperatures than for the full
flowing cases (pc/pa = 115). Two oblique shocks can be associated
with the separation bubble, a separation shock, and a reattachment
shock. The reattaching supersonic jet, having passed through both
shocks, is heated up considerably. Also, the boundary layer is thinner
after reattachment than before separation. (Notice the higher skin-
friction coefficient cF .) Clearly, operating a nozzle in the RSS regime

a)

b)

Fig. 12 Vulcain, equilibrium-gas assumption: a) centerline pressure
and b) Mach number.

for a prolonged amount of time exposes the wall to high thermal
loads.

The static pressure on the centerline downstream of the shock
is higher for FSS (pcl/pa ≈ 2) than for RSS (pcl/pa ≈ 1) (Fig. 12).
The reflection point of the internal shock wave at the axis appears as
a sudden centerline pressure increase and a Mach number decrease.
A large backflow region with centerline Mach numbers around one
is positioned behind the normal shock for all RSS cases. This cen-
terline reverse flow is the manifestation of a strong ring vortex that
is located downstream of the normal shock.

A more detailed view of a typical RSS and a typical FSS solution is
given in Fig. 13. Another feature of the RSS flow, a small adaptation
shock, which is positioned at the nozzle exit and raises the jets static
pressure to the ambient pressure level, becomes visible.

Direct comparisons with video images taken during the experi-
ment (Fig. 9) are difficult. The visible wavelength is related to the
gas temperature, and the intensity is related to the density and the
temperature. According to Stefan–Boltzmann, the radiation inten-
sity is proportional to T 4. A visualization of ρT 4 should allow for a
crude comparison with the experiment (Fig. 9). Figure 14 reveals an
area of low-intensity radiation filling the entire nozzle exit diameter
for RSS and an area of high-intensity radiation behind the Mach
disk for FSS. Based on these numerical results, the nozzle flow was
assumed to be in RSS for pc/pa = 50 and FSS for pc/pa = 115.

Vulcain 2
Perfect Gas

For a fixed pressure ratio of pc/pa = 115.5, the influence of the
ratio of specific heats γ on the solution was studied for the Vulcain
2 clean contour. The inflow conditions are given in Table 5. For the
larger γ = 1.16, the reflection point of the internal shock wave at
the centerline is further downstream. The cap-shock pattern appears
(Fig. 15). For the smaller γ = 1.12, the reflection point is further up-
stream, and the Mach disk solution is obtained. Larger γ correspond
to smaller O/F .
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Fig. 13 Vulcain, equilibrium-gas assumption, pseudoschlieren images (close-ups).

Fig. 14 Vulcain, equilibrium-gas assumption, isocontours of ρT4.

Fig. 15 Vulcain 2 clean, perfect-gas assumption, pseudoschlieren images of computational results.

Table 5 Vulcain 2 clean, perfect gas
assumption, inflow conditions

pc, bar γ pi , bar Ti , K

115.5 1.12 111.0 3669
115.5 1.16 110.8 3669

Equilibrium Gas
As mentioned earlier, the Vulcain 2 clean nozzle flow can be mod-

eled accurately with equilibrium gas lookup tables if the interaction
of the ambient gas with the combustion gas is of no interest and the
ambient gas only imposes the ambient pressure. Computations were
carried out for a mixture ratio O/F = 7.2 and three different pres-
sure ratios (Table 6). Pseudo-schlieren images are shown in Fig. 16.
At this very large O/F , the reflection point of the internal shock

wave is far upstream and inside the nozzle. The Mach disk solution
is obtained for all investigated pressure ratios.

A close-up at the nozzle lip is given in Fig. 17. The oblique sepa-
ration shock heats up the gas to temperatures above 2200 K. With the
equilibrium approach chosen for these simulations, postcombustion
of remaining excess fuel with the oxygen of the ambient air cannot
be simulated.

Nonequilibrium Gas
Finite rate chemistry computations at O/F = 7.0 were carried

out for two different pressure ratios (Table 7). The inflow mass frac-
tions were cH2 = 0.0226, cO2 = 0.0304, cH2 O = 0.852, cOH = 0.0837,
cH = 0.00232, cO = 0.00924, and cN2 = 0 for pc/pa = 90 and cH2 =
0.0223, cO2 = 0.0282, cH2O = 0.858, cOH = 0.0809, cH = 0.00214,
cO = 0.00835, and cN2 = 0 for pc/pa = 125. The inlet conditions
were v = 1672m/s (M = 1), p = 12.7 bar, T = 485 K, and cH2 = 1
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Fig. 16 Vulcain 2 clean, equilibrium-gas assumption, pseudoschlieren images of computational results.

Table 6 Vulcain 2 clean, equilibrium
gas assumption, inflow conditions

pc, bar pi , bar Ti , K

95 91.2 3642
110 105.5 3662
115.5 110.8 3669

Table 7 Vulcain 2 clean, finite rate
chemistry, inflow conditions

pc, bar pi , bar Ti , K

90 86.4 3626
125 119.9 3671

at the first inlet, and v = 2112 m/s, p = 5.44 bar, T = 657 K,
cH2 = 0.464, cH2 = 0.536 at the second inlet. At both inlets, the fluid
was injected in the wall tangential direction. These inlet conditions
were kept unchanged for both pressure ratios. The inflow and in-
let data were computed with the Gordon and McBride computer
program16 (see also Ref. 17) under the assumption of equilibrium
chemistry and one-dimensional isentropic expansion. At the inflow
boundary, the turbulence Mach number was set to 10−5, and the
ratio of eddy viscosity to molecular viscosity was set to 10−6. The
corresponding k and ω values were also prescribed at the two inlets.
The inflow at the far-field boundary was considered to be laminar.

Different steps were taken to stabilize the subsonic part of the
solution (because steady-state solutions were sought) and to pre-
vent the buildup of excessive levels of turbulence in the shear layer
where the nozzle jet comes into contact with the ambient air.18 The
species equations have very strong source terms and are difficult to
handle numerically. This necessitates small time steps and makes
nonequilibrium chemistry computations considerably more com-
putationally expensive than equilibrium chemistry or perfect-gas
simulations.

Simulation results are shown in Fig. 18. For pc/pa = 90, the
flow separates noticeably upstream of the nozzle exit, and for
pc/pa = 125 the flow separates approximately at the nozzle exit.
The coarse grid result closely resembles the fine grid result, except
for the internal shock wave, which is not well resolved. In the fol-
lowing, if not specified otherwise, all results are for the fine grid
solutions. Isocontours of the mole fraction distributions are shown
in Fig. 19. Downstream of the nozzle throat, most of the oxygen has
reacted with the available hydrogen (Fig. 20) forming water H2O.
Because the fuel mixture is fuel rich, some hydrogen H2 is left over.
As the gas passes through the Mach disk it becomes heated up notice-
ably. The molecules crack up again, forming noteworthy amounts
of H, O, and OH. The fluid films injected at the two inlets are both

Fig. 17 Vulcain 2 clean,
equilibrium-gas assump-
tion, pc/pa = 115.5 (close-up
at nozzle exit).

hydrogen-rich and cool (Fig. 21). Because the amount of left-over
oxygen in the nozzle flow is close to zero, the hydrogen only burns
as it comes into contact with the ambient air’s oxygen (Fig. 22). The
temperature distribution in the postcombustion area looks signifi-
cantly different from the result obtained from the equilibrium-gas
simulation (Fig. 17). Downstream of the region where the gas is
heated up due to the passage through the oblique separation shock,
there is a secondary temperature increase. The mole fractions of hy-
drogen H2 and oxygen O2 decrease whereas the appearance of extra
water H2O is a clear indication of postcombustion. Because the sim-
ulations are steady-state solutions, the violent turbulent mixing in
the shear layer where the postcombustion takes place (Fig. 23) has
to be modeled by large amounts of eddy viscosity provided by the
turbulence model.

The ratio of specific heats

γ =
∑

ci cpi∑
ci cvi

(34)

is not constant (Fig. 24). The centerline γ is 1.2 in the combustion
chamber and rises to a maximum of 1.25 (Fig. 25). At the reflec-
tion point of the internal shock wave at the centerline, it reaches
a local minimum of 1.22. A strong discontinuity of γ can be de-
tected downstream of the Mach disk. It may be attributed to the
numerical method or to an under-resolved chain of chemical reac-
tions. Because, apart from the smeared-out appearance of the inter-
nal shockwave, the coarse- and fine-grid results are essentially the
same (Figs. 26 and 27), the grid resolution appeared to be sufficient.

Wall quantities are shown in Fig. 26. Experimental data for
two circumferential locations (ϑ = 90 and 270 deg) are given for
pc/pa = 125. All curves are discontinuous at the inlet locations. Al-
thought the gas films generated at the inlets do initially cool down
the wall by keeping the nozzle core flow at a distance, turbulent mix-
ing at the interface of the cooling film with the nozzle core flow does
eventually lead to a wall temperature increase further downstream.
This temperature increase starts earlier in the experiment than in
the simulation. For pc/pa = 90, the nozzle wall is exposed to high
thermal loads downstream of the separation line. As the ambient air
is entrained into the nozzle it oxidizes the leftover hydrogen and,
thus, heats up before it comes into contact with the nozzle wall. The
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Fig. 18 Vulcain 2, finite rate chemistry, pseudoschlieren images of computational results.

Fig. 19 Vulcain 2, finite rate chemistry, pc/pa = 125, mole fractions X.

turbulent diffusion provided by the turbulence model facilitates the
mixing of the ambient air’s oxygen with the nozzle flow’s excess hy-
drogen. Because unsteady three-dimensional computations are still
too expensive for general engineering applications, the crucial role
of the turbulence model becomes obvious once again. The standard
k–ω turbulence model used in the present computations does not
accurately predict all of the relevant flow phenomena. It remains
questionable whether all relevant aspects of hot gas nozzle flows
can be simulated by numerical methods in the near future. In the
meantime, only experiments can provide the flow data needed for
any qualification of new flight hardware.

The centerline static pressure and Mach number are shown in
Fig. 27. The static pressure behind the Mach disk is above ambient.

Fig. 20 Vulcain 2, finite rate chemistry, pc/pa = 125, centerline mole
fractions.

Fig. 21 Vulcain 2, finite rate chemistry, pc/pa = 125, close-ups at inlets.

The reflection point of the internal shock wave is visible in a pressure
increase and a Mach number decrease. For pc/pa = 125, a small
backflow region that can be associated with a small ring vortex is
situated downstream of the Mach disk.

Comparison
Finally, results obtained with the different gas models are com-

pared. The influence of the gas model on the wall pressure distribu-
tion is minimal (Fig. 28). Because at pc/pa = 115.5, the nozzle is
full flowing the difference in the wall pressure distribution between
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Fig. 22 Vulcain 2, finite rate chemistry, pc/pa = 125, close-ups at nozzle
exit.

Fig. 23 Schematic view
of postcombustion area at
jet boundary.

Fig. 24 Vulcain 2, finite rate chemistry, pc/pa = 125, ratio of specific
heats γ (1.2, . . . , 1.4, ∆0.02).

FSS and RSS is negligible. Because of the cooling film, the wall tem-
peratures predicted by the nonequilibrium computations are consid-
erably below the wall temperatures predicted by the two other gas
models. Also, as noted earlier, for the nonequilibrium model, the
wall temperature rises in the separated flow region, possibly due to
postcombustion of excess hydrogen. Comparing the perfect gas and
the equilibrium chemistry model, one finds a lower predicted wall
temperature for the latter. As mentioned in the discussion of the
Vulcain results, a limited variation of the fuel mixture ratio O/F
and the ratio of specific heats γ does not significantly alter the wall
temperature distribution, but has great impact on the resulting shock
patterns (FSS or RSS, cap shock or Mach disk).

Centerline distributions of static pressure, temperature, and Mach
number are shown in Fig. 29. The RSS solution, which was obtained
with the perfect-gas model andγ = 1.16, is noticeably different from
all other cases, which show FSS. For RSS, the normal shock is po-
sitioned considerably upstream of the location where the Mach disk
appears for FSS. Although the static pressure behind the normal
shock is approximately the same for RSS as for FSS, it reaches
a maximum of pcl/pa ≈ 6 for RSS at the downstream end of the
vortex ring. Correspondingly, the centerline temperature rises to a
second plateau point at x/rth ≈ 35. The strength of the vortex ring
may be deduced from the maximum centerline reverse flow Mach

Fig. 25 Vulcain 2, finite rate chemistry, pc/pa = 125, centerline ratio of
specific heats γ.

a)

b)

c)

Fig. 26 Vulcain 2, finite rate chemistry: a) wall pressure, b) skin-
friction coefficient, and c) wall temperature; ——, fine grid results and
– – –, coarse grid results.
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a)

b)

Fig. 27 Vulcain 2, finite rate chemistry: a) centerline pressure and
b) Mach number; ——, fine grid results and – – –, coarse grid results.

a)

b)

Fig. 28 Vulcain 2 and Vulcain 2 clean, comparison of a) computed wall
pressures and b) temperatures.

a)

b)

c)

Fig. 29 Vulcain 2 and Vulcain 2 clean, comparison of a) computed
centerline pressures, b) temperatures, and c) Mach numbers.

number of ≈2. However, downstream grid stretching was used for
x/rth ≥ 30, and the RSS result may, therefore, serve as a qualitative
reference only. Otherwise, independent of the respective gas model
used, the location of the strong normal shock is predicted for ap-
proximately the same location for pc/pa = 95 and 90 (equilibrium
and nonequilibrium solution) and pc/pa = 115.5 and 125 (perfect
gas with γ = 1.12, equilibrium, and nonequilibrium solution). Cen-
terline static pressure, temperature, and Mach number ahead and
behind the shock are about the same. The only noticeable differ-
ences between the various results are the resolution of the reflection
point of the internal shock wave at x/rth ≈ 18 and the postcombus-
tion discussed earlier.

The comparison illustrates how the use of gas models more elabo-
rate than the perfect-gas model (with adjusted ratio of specific heats)
is only justified when wall temperature predictions have to be made,
when the gas composition varies, and when combustion processes
play a role. Nevertheless, because uncertainty is involved when a
proper γ value is selected, the equilibrium-gas model should be
chosen over the perfect-gas model.
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Conclusions
A numerical method for the simulation of hot gas nozzle flows

was presented. Simulations of the Vulcain and the Vulcain 2 rocket
engine nozzles were performed with three different gas models: the
perfect-gas model, the chemical equilibrium model, and the chem-
ical non-equilibrium model.

For Vulcain RSS and FSS were shown in equilibrium-gas com-
putations. For Vulcain 2, the importance of the ratio of specific
heats for the appearance of either RSS or FSS was demonstrated
in perfect-gas simulations. The comparison of an equilibrium com-
putation and a chemical nonequilibrium computation revealed the
existence of a postcombustion area in the shear layer where the
hydrogen-rich nozzle gas comes into contact with the ambient air.

Because it became apparent that some of the assumptions made
in this paper, for example, the steady flow assumption, prohibit
the correct quantitative prediction of important physical processes,
such as the break-down of the cooling film, care should be taken if
the computations are used for qualitative predictions. The separated
flow region is dominated by strong shear layers and, hence, strong
instability mechanisms. The cooling film inside the nozzle does also
feature a distinct shear layer. The correct simulation of the turbulent
mixing processes in these shear layers appears to be a prerequisite
for the quantitative prediction of combustion phenomena and heat
loads.
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