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Numerical Flowfield Analysis of the Next
Generation Vulcan Nozzle
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For numerical simulations of reacting, viscous nozzle flows in advanced rocket nozzles, a numerical
method has been developed. The code is based on the well-established DLR Euler/thin layer Navier -
Stokes code NSHYP that was originally written for hypersonic re-entry flow simulations. The code solves
the three-dimensional, time-dependent Euler and thin-layer Navier- Stokes equations in conservation-law
form. Hydrogen and oxygen are considered as fuel and oxidizer, respectively. The passive scalar approach
accounts for the multicomponent diffusion effects. Turbulent transport is described with an algebraic
eddy-viscosity, and a &-e two-equations model. Calculations of conventional bell nozzles were performed.
Results of Vulcan Mark 1 nozzle flow simulations are shown and compared in detail with another well-
established numerical approach, based on the method of characteristics. A modified Vulcan engine is
proposed, where the gas generator exhaust gases are injected into the main nozzle. Results of an engine
analysis are presented. Based on this engine analysis, numerical flowfield calculations of the modified
nozzle were performed and are presented.

Nomenclature
c = mass fractions
D = diffusion coefficient
E,F,G = fluxes
e = absolute specific energy
F = thrust
h = specific enthalpy
/ = specific impulse
k = turbulent kinetic energy
m = mass flow
p = pressure
q - conservative variables
R = specific gas constant
Re = Reynolds number
r = mass ratio oxidizer/fuel
''throat = throat radius, Vulcan r^toai = 0.1312 m
S = diffusive flux
T = temperature
t = time
M, v, w = velocity components
x, y, z = Cartesian coordinates
e = dissipation
gar = area ratio
er = emission coefficient
es = internal, specific energy
K = isentropic coefficient
A = heat conductivity
IL = dynamic viscosity
£ 77, £ = transformed coordinates
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Subscripts

= density
= shear stress

5
t
vac

= combustion chamber
= H2 element
= laminar
= O2 element
= specific
= turbulent
= vacuum

Introduction

THE reduction of Earth to orbit launch costs in conjunction
with an increase in launcher reliability and operational

efficiency are the key demands on future space transportation
systems. This article discusses a potential gain in integral per-
formance data that can be achieved with open-cycle engines,
where turbine exhaust gases are dumped into the ambiance.
Based on an existing engine concept, the European Vulcan
engine, a modified version was designed by the authors. The
only modification is the turbine exhaust gas injection into the
main nozzle.

Flowfield calculations of this modified engine were per-
formed to show the potential performance gain that can be
achieved with the turbine exhaust gas injection.

Numerical Model
The fluid is assumed to be a viscous, reacting mixture of

perfect gases.1'2 Furthermore, thermal and chemical equilib-
rium of H2-O2 mixtures are assumed, since performance losses
because of chemical nonequilibrium effects can be neglected
in high-pressure rocket engines.3

The motion of this fluid is governed by the Navier-Stokes
equations, including the conservation laws of the individual
species. External forces and heat sources are not taken into
account. In case of chemically reacting flows, species conser-
vation equations must be solved for all species present in the
fluid. Assuming constant mass diffusion coefficients for all
species, the system of species conservation equations can be
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reduced. Here, only two equations for element mass conser-
vation of hydrogen (H2) and oxygen (O2), respectively, have
to be solved. The complete three-dimensional, unsteady, com-
pressible Navier-Stokes equations can be written as

dq,dE,dFdG- dE dF dGv— _i_ — _j_ — _j_ — — —— -j- —— -f. —— 1 j \
dt dx dy dz dx dy dz

with the vector of the conserved variables q and the convective
fluxes

PHI
pu
pv
pw
e

pu2 + p
puv
puw

(e + p)u

F = pvu
pv2 + P

pvw
(e + p)v

G = pwu
pwv

pw2 +p
(e + p)w

and the viscous fluxes Ev, Fv, and Gv

+ VTyx + WTZX Af + ( P D)

Because of the similarity of Ev, FV9 and GV9 only Ev is shown
here,

At high Reynolds numbers it has been shown by an order
of magnitude analysis4 that viscous effects in streamwise and
circumferential directions can be neglected. Additionally, grid
spacings in these directions are, in general, so large that vis-
cous effects cannot be resolved sufficiently. This simplification
leads to the thin layer Navier-Stokes equations, which can be
written in nondimensional, conservation-law form for gener-
alized curvilinear coordinate systems as

dt drj
d& I dS

Re* d£ (2)

Here, E, F, and G are the inviscid fluxes in the streamwise £
circumferential 17, and wall normal direction f., respectively. The
vector S represents the viscous flux in the wall normal direction.

The time derivatives are approximated by the first-order Eu-
ler implicit formula. The spatial, inviscid fluxes are discretized
in the form of the upwind Harten and Yee approximation,1
which is a high-resolution, second-order, total variation dimin-
ishing (TVD) scheme. Viscous fluxes are discretized with sec-
ond-order accuracy central differences.

Thermodynamic and Transport Properties
To complete the set of equations, further relations are needed

to describe the thermodynamic and transport properties of the
fluid.

The implementation of perfect or equilibrium gas equations
of state requires the knowledge of pressure and temperature as
a function of density and internal energy. The latter can be
obtained from the conserved variables according to the rela-
tion:

1 (puf + (pv)2 + (pw)2

o ~2 (3)

In the case of calorically perfect gases, the previous relations
can be directly calculated from e, = cvT and p = (K — l)pes.
At temperatures above 800 K, the vibrational energy modes of
molecules become excited, absorbing some energy that would
usually transfer to the translational and rotational motion. Fur-
thermore, chemical reactions, occurring at higher temperatures,
absorb extra energy because of the dissociation of molecules.
Therefore, temperature increase, e.g., from shocks, will be
lower as predicted using the calorically or thermally perfect
gas assumptions. For the simulation of high-pressure, H2-O2
rocket nozzles flows, these effects are reasonably simulated
under the assumption of a local thermochemical equilibrium.3
The following species are considered to be relevant for hydro-
gen/oxygen systems up to temperatures of 3600 K: H2O, H2,
H, O2, O, and OH. Temperature dependences of the equilib-
rium constants are taken from the literature. Internal energies
and enthalpies of the individual species are calculated with
relations of the statistical thermodynamic5 in terms of partition
functions.

The transport coefficients of the individual species are cal-
culated with relations of the gas kinetic theory,5 where inter-
molecular forces are described by the Lennard-Jones (6-12)
potential.

The mixture transport coefficients for a multicomponent
mixture are defined by means of the Wilke rule.5 The diffusion
coefficients follow from a constant Lewis number assumption
for the case of Le = 1.

Turbulence
Turbulent transport is simulated with an algebraic eddy-

viscosity model and with a £-e two-equation model. The al-
gebraic eddy-viscosity model is taken in a form of the
Baldwin-Lomax model.5

The two-equation model is a low Reynolds number model
that takes into account the damping effects of the nozzle
walls.5 This model requires a complete resolution of the
boundary layer down to its laminar sublayer (wall-nearest grid
point in the order of y+ = 0.1). Dirichlet conditions for the
velocities (u = v = w = 0) and the turbulence variables (k = e
= 0) are used. Turbulent coefficients of heat conductivity and
diffusion are calculated under the assumption of a constant
turbulent Prandtl and Lewis number (Prt = 0.9, and Let = 1.0).

Computational Results
Vulcan Mark 1 Nozzle

Calculations of the European Vulcan Mark 1 nozzle were
performed. Results of these calculations are compared with
corresponding data obtained by the NASA TDK program.2 The
plenum chamber parameters chosen for these calculations are
given in Table 1. The basic design of the Vulcan Mark 1 en-
gine is shown in Fig. 1, together with the finite difference mesh
used for these simulations. Wall-nearest grid points are located
at a normalized distance of y+ « 0.1. Various finite difference
meshes were chosen for the numerical simulations to study
their influence and to ensure mesh-independent results on in-
tegral performance data, starting with 100 grid points in a
streamwise direction and 35 grid points in a wall-normal di-
rection.8 Figures 2-4 show different flow parameter on the
centerline and at the wall of the Vulcan nozzle. Additionally,
TDK calculation data are included where chemical equilibrium
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Table 1 Plenum chamber data
Vulcan engine______

T^K / > c , b a r O / F *
Vulcan 3538.0 102.0 6.0
aOxidizer/fuel.

culations. In the case of chemical equilibrium, all mass
fractions continuously decrease in the flow direction, whereas
the nonequilibrium values start to freeze shortly behind the
nozzle throat. Since the mass fractions of the frozen dissoci-
ation products are rather low downstream of the throat area,
their influence is negligible.

An adiabatic wall condition was assumed in these simula-
tions. The influence of wall cooling on engine performance
was studied previously3 (calculations of nozzles with adiabatic
and fully regeneratively cooled walls showed no differences

5000.0

4000.0

:r 3000.0

* 2000.0

1000.0

0.0

——— TDK, eq.
——— NSHYP, eq.
—-- TDK, kin.

-4.0 0.0 4.0 .8.0
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Fig. 3 Axial velocity on the centerline.

Fig. 1 Vulcan Mark 1 engine with finite difference mesh (number
of grid points in streamwise, wall-normal, and circumferential di-
rection 205 100 3).

3500.0

o> 2500.0

I

1500.0

500.0

—— TDK,eq.
—— NSHYP, eq.
—— TDK, kin.

102'°

10"

10UJ

10'1

—— TDK,eq.&kin.
—— NSHYP

• experimental data [9]

-4.0 -2.0 0.0 2.0 4.0 6.0 8.0 10.0 12.0 14.0 16.0
x / throat radius

Fig. 4 Pressure values at the wall.
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Fig. 2 Temperature on the centerline.

and chemical nonequilibrium models were used to describe the
thermodynamic properties of the flow. Comparison of the pre-
sented flow data reveals good agreement of the different nu-
merical approaches. The experimental pressure values in Fig.
4 were taken from the literature.9 These data are slightly scat-
tered around the numerical values, probably because of mea-
surement uncertainties in the experiment. Furthermore, these
results indicate that in high-pressure H2-O2 rocket engines,
chemical kinetic effects have only minor influence on the
rocket performance. This becomes even more clear when look-
ing at the species mass fractions on the centerline of the noz-
zle, as shown in Fig. 5, obtained from TDK and NSHYP cal-

H, Kin.
H2, kin.
H2O, kin
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OH, kin.
O2, kin.

o- - -o H, eq.
*---*O2.eq.
A- - -A O, eq.
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Fig. 5 Mass fractions on the centerline, r = 6.0.
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Table 2 Vacuum performance parameters of the Vulcan nozzle

NSHYP

TDK

Laminar
Turbulent
Laminar
Turbulent

m, kg/s
238.4
238.4
236.1
236.0

Fvac,kN
1042.0
1035.5
1041.5
1034.1

/vac, nVs
4369
4343
4412
4385

L-JK

b)
Fig. 6 a) Vulcan Mark 1 engine and b) its modified version with
turbine exhaust gas injection.

in integral performance data, since the heat fluxes across the
wall are transferred back to the fuel mass flow. In the case of
combined regeneratively and dump cooled nozzle walls, as
realized in the Vulcan engine, a decrease in performance data
of ^0.5% can be observed because of the loss of heat across
the dump cooled nozzle walls3). Table 2 summarizes the over-
all performance parameters obtained by the two different sim-
ulations. Differences in integral performance data of both nu-
merical approaches are less than 1%.

5 1O 15
normalized length

Fig. 7 (228 • 150 • 3) finite difference mesh for the modified Vulcan
nozzle.

Modified Vulcan Nozzle
In the Vulcan Mark 1 engine the turbine exhaust gases of

the gas-generator are ejected through small conical nozzles
with low exit area ratios into ambiance. In a proposed Mark
2 version the exhaust gases are injected into the main nozzle,6
where they are used to establish a cooling layer of the diver-
gent nozzle contour downstream of the injection plane. Ad-
ditional new design features of the Vulcan Mark 2 engine are
higher chamber pressure, higher mixture ratio, a new oxygen
turbopump, and some variations of geometrical data.6

To show the efficiency of turbine exhaust gas injection, a
numerical analysis of a modified Vulcan nozzle was per-
formed, where the turbine exhaust gases are injected into the
main nozzle at an area ratio of eu = 20.0. This numerical
simulation is based on engine data obtained from an engine
analysis of a modified Vulcan engine configuration,7'8 where
all engine design data except those of the turbine exhaust gas
injection were taken from the current Vulcan Mark 1 engine
design.

Figure 6 shows a sketch of the current Vulcan Mark 1 engine
and its modified version. Before injection, the turbine exhaust
gases are mixed with pure hydrogen that is used for dump-
cooling of the divergent nozzle wall from e^ = 5.0 to e^ =
20.0 (this design of the modified engine is not equal to the
current Vulcan Mark 2 design, where this dump-cooled hydro-
gen is injected separately at a location slightly before the tur-
bine exhaust gas injection location). This mixture is expanded
through a small toroidal nozzle and injected in the main flow
direction into the main nozzle. Equal pressure values are as-
sumed as injection criteria for minor perturbation of the main
flow. Furthermore, turbine exhaust gases are injected into the
main nozzle with supersonic conditions, so that any instability
occurring at the injection location cannot influence the tur-
bines. Further details concerning the engine analysis can be
found in Refs. 7 and 8.

The injection area of the secondary flow results in A(<5ai_2o.o)
= 0.0591 m2, which leads to a secondary nozzle exit width of
approximately Ar = 16 mm. The Calculation of the modified
nozzle contour further downstream leads to a constant thick-
ness of 16 mm, which must be added to the original Vulcan
Mark 1 nozzle contour. Figure 7 shows a finite difference mesh
of the modified nozzle, including five numbered cross sections
for further evaluation. The main flow is resolved upstream of
the injection cross section with 100 grid points in wall-normal
direction (wall-nearest grid point at v+ « 0.1). The injection
slot with a thickness of Ar = 16 mm is resolved with 50 grid
points in wall-normal direction. Downstream of the injection
cross section, 150 grid points are used in wall-normal direc-
tion, again with a wall-nearest grid point at y+ « 0.1. The
main flow direction is resolved with 228 grid points. Several
numerical simulations were performed to study the influence
of the viscous terms in streamwise and circumferential direc-
tions (thin layer Navier-Stokes equations vs full Navier-.
Stokes equations). The evolution of the mixing layer near the
injection location showed a slight influence, whereas integral
performance data were not influenced.8 The relevant flow data
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Table 3 Injection location modified Vulcan nozzle____

Area ratio main nozzle, injection 20.0
Area ratio secondary nozzle, injection 1.3
Pressure 0.877 bar
Total temperature one-dimensional, secondary flow 700 K
Temperature one-dimensional, secondary flow 457.3 K
Mach number one-dimensional, secondary flow 1.65
Mixture ratio, secondary flow 0.707
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N
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c 5.0

4.0
"0.0 500.0 1000.0 1500.0 2000.0 2500.0 3000.0

temperature / (K)

Fig. 8 Laminar temperature profiles in different cross sections
in the modified Vulcan nozzle, injection section at 1) x = 6.58, 2)
x = 7.9, 3) x = 10, 4) x = 12.2, and 5) * = 15.74.
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Fig. 9 Laminar mixture ratio profiles in different cross sections
in the modified Vulcan nozzle, injection section at 1) x = 6.58, 2)
x = 7.9, 3) x = 10, 4) x = 12.2, and 5) x = 15.74.

needed for the numerical simulation of the exhaust gas injec-
tion are summarized in Table 3.

Typical Reynolds numbers in these rocket nozzles are in the
order of 107, calculated from chamber stagnation conditions
and the nozzle throat radius. Thus, the flow will be turbulent
throughout the nozzle. However, to show the influence of tur-
bulence on the flow development, first laminar flow results will
be presented. Laminar calculations of the modified Vulcan
nozzle reveal no significant mixing of both mass flows. A weak
mixing normal to the main flow direction in the vicinity of the
shear layer can be observed, resulting in a strong decrease of
main flow temperature in this zone.

A detailed view of the laminar shear flow development is
given in Figs. 8 and 9, where profiles of temperature and mix-

ture ratios are shown in different cross sections. The latter are
marked in Fig. 7. The main combustion chamber mass flux
and the turbine exhaust gases can be even distinguished in the
nozzle exit. The profiles of the mixture ratios, shown in Fig.
9, reveal a low molecular diffusion, since diffusion velocities
are an order of magnitude lower than the average flow veloc-
ities. The temperature spike in curve 1, Fig. 8, results from the
adiabatic wall condition used in this numerical simula-
tion (the spike indicates the wall of the main nozzle, this is
the cross section where turbine exhaust gases are injected, see
Fig. 7).

The numerical simulation of the turbulent nozzle flow attests
to an intensive mixing of both mass flows downstream of the
injection plane, resulting in rising gas temperature values near
the wall. In addition, the growth of mixing layers leads to an
increase of the mixture ratio near the nozzle wall. The strong
influence of turbulent fluctuations becomes obvious by com-
paring the laminar flow profiles, as shown in Figs. 8 and 9,
with corresponding flow profiles of the turbulent calculation,
shown in Figs. 10-12.

Figure 13 shows adiabatic wall temperature of the modified
Vulcan nozzle assuming laminar and turbulent flow develop-
ment. Furthermore, the Vulcan Mark 1 wall temperature ob-
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Fig. 10 Turbulent temperature profiles in different cross sections
in the modified Vulcan nozzle, injection section at 1) x = 6.58, 2)
x = 7.9, 3) x = 10, 4) x = 12.2, and 5) x = 15.74.
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660 HAGEMANN, KRtfLLE, AND HANNEMANN

7.0

1
1
c 5.0

4.0

\

—— 1)
—— 2)
—— 3)
— 4)
— 5)

0.0 2.0 4.0
mixture ratio

6.0 8.0

Fig. 12 TUrbulent mixture ratio profiles in different cross sec-
tions in the modified Vulcan nozzle, injection section at 1) x =
6.58, 2) x = 7.9, 3) x = 10, 4) x = 12.2, and 5) x = 15.74.
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Fig. 13 Wall temperature of laminar and turbulent nozzle flow
calculations.

tained from a turbulent nozzle flow calculation is also included
to show the significant drop in temperature.

Corresponding effects on the skin friction coefficient are
given in Fig. 14. Comparison of the laminar and turbulent
solutions for the modified Vulcan calculations reveals a strong
increase of the skin friction coefficient because of turbulence,
inducing higher friction losses. Comparison of the turbulent
solutions for both nozzles, Mark 1 and its modified version,
shows the drop of the skin friction coefficient downstream the
injection plane for the modified nozzle. These results indicate
lower friction losses in the modified Vulcan nozzle.

Table 4 summarizes performance characteristics for both en-
gines. The overall performance data of the Vulcan Mark 1
engine follow from the parameters for the main nozzle, given
in Table 2, and performance data for the two exhaust gas noz-
zles, summarized in Table 5. The latter data were obtained
from one-dimensional calculations assuming chemical equilib-
rium and an overall nozzle efficiency of r)CF = 0.9 (Ref. 7).

Comparison of the specific impulse reveals a significant per-
formance gain of the modified Vulcan engine over the Mark
1 engine for both laminar and turbulent flow. Reduced friction
losses because of lower gas viscosities near the wall, caused
by significantly lower mixture ratios and gas temperatures at
the nozzle wall, downstream of the injection location are the
main improvements obtained by the modification.

An additional numerical simulation of the modified Vulcan
nozzle was performed assuming radiation cooling of the di-
vergent nozzle wall downstream of the injection location, with
an emission coefficient of er = 0.85 for the nozzle wall. Figure
15 shows the calculated wall temperature for both, adiabatic
and radiation cooled wall, with the wall temperature profile for
adiabatic wall condition already shown in Fig. 13. Radiation
effects lead to a slight decrease in wall temperature. However,
it should be pointed out that the equilibrium chemistry as-

Table 4 Calculated performance data Vulcan
Mark 1 and modified Vulcan engine

/vac

Laminar
Turbulent

Vulcan Mark 1,
m/s

4296.4
4271.4

Modified Vulcan,
m/s

4311.4
4290.2

Table 5 Performance data Vulcan
Mark 1, exhaust gas

Turbine
exhaust gas

Mass flow 9.56 kg/s
Specific impulse, vacuum 2485.3 m/s
Res. thrust 23.8 kN
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—— Vulcan Mk.1, turbulent
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Fig. 14 Skin friction coefficient assuming laminar and turbulent
flow.
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Fig. 15 Radiation cooling effects on wall temperature, turbulent
flow.
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sumption in the boundary layer leads to unphysically large heat
fluxes or temperature drops, since heat release because of re-
combination is overestimated.

It is clear that adiabatic wall conditions cannot be realized
in real hardware. Temperatures of the cooled nozzle walls are
in the range of 600-900 K. In case of dump cooled nozzle
walls as realized in the Vulcan Mark 1 engine, specific im-
pulses of the engine will be ^0.5% lower than in case of
adiabatic or regeneratively cooled walls3'7 (performance con-
tribution of the dump cooling fluid is included). Thus, the per-
formance gain for the modified version would be slightly
higher than predicted within this study.

Conclusions
A numerical method has been developed for the simulation

of modern rocket engine nozzle flows. The code solves the
three-dimensional, time-dependent Euler and thin-layer
Navier-Stokes equations in conservation-law form. Diffusion
effects are included by solving two transport equations for the
element mass conservation of hydrogen and oxygen, respec-
tively.

Various simulations of a conventional, bell-type nozzle were
performed for the validation of the numerical method. The
comparison of the NSHYP results with the data obtained with
the NASA TDK program for the Vulcan nozzle are in very
good agreement.

Numerical nozzle flow simulations based on an engine cycle
analysis of a modified Vulcan engine were performed. The
results of these calculations indicate that an effective film cool-
ing of the divergent nozzle part can be realized with the turbine

exhaust gas injection, which dramatically reduces the adiabatic
wall temperature. In addition to the lower wall temperature,
reduced mixture ratios near the wall lead to an additional re-
duction of the friction losses. The comparison of the overall
performance data for both engines, Vulcan Mark 1 and its
modified version, shows a gain in overall performance values
for the modified engine.
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