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Conclusions
In wide ranges of the mixture ratios, fill pressures, and ob-

turator mass, thermally choked combustion is initiated by the
shock generated on the upstream surface of the obturator when
the obturator reaches the combustible mixture in the ram-ac-
celerator tube. This occurs as long as the shock generated on
the obturator surface is strong enough to ignite the mixture.
However, sustainability of the thermally choked combustion
and the near-normal shock on the projectile strongly depends
on the following two key factors: 1) the energy release rate in
combustion process and 2) the separation speed between the
obturator and projectile. If energy release in the combustion
process is too strong or the obturator does not separate fast
enough from the projectile, the shock overtakes the projectile.
If energy release is too weak or the obturator separates too
fast from the projectile, the shock falls off the projectile. The
basic understanding of the initiation mechanism and the ad-
ditional analyses based on the different simulations discussed
in this study provide important guidelines on how to select the
different parameters to achieve a sustained near-normal shock
and projectile acceleration.
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Nomenclature
NPR = nozzle pressure ratio, pt,Jpa
pa = ambient pressure
ptj = jet total pressure
pt>n = average total pressure at the nozzle entry
xk, x, y, z = Cartesian coordinates, k = 1, 2, 3

Introduction

T HE development of exhaust system for future supersonic
transport aircraft is closely connected with jet noise re-

duction. One of the ways to solve this problem assumes the
use of an ejector nozzle, where a noise suppression effect is
partly achieved by mixing a high-speed jet with ambient air.
Experimental investigation of thrust and acoustic characteris-
tics of a noise-suppressing nozzle (NSN) is a rather difficult
task; therefore, it's necessary to combine wind-tunnel tests
with numerical simulations. First-stage calculations based on
a three-dimensional Euler equation system (EUL) for inviscid
compressible perfect gas are published.1 This Note presents
second-stage calculations that use a three-dimensional Favre-
averaged Euler equation system describing turbulent flows of
inviscid compressible perfect gas, i.e., only free turbulence is
considered, boundary layers are not simulated. This equation
system is closed using a (q — cj) model of turbulence.2 The
effects of turbulence compressibility are described by a simple
TRB approach.3 A new version of the computational fluid dy-
namics (CFD) code has been prepared by Yatskevich. The ob-
jective of this publication is to compare results using the same
geometry and grid, but different physical models of the flow.
It allows one to evaluate the turbulence contribution to NSN
integral characteristics.

Basic equations and the CFD method are described in Ref.
1. A mathematical model of the nozzle was created in accor-
dance with the plots for the real experimental model manufac-
turing.1 It consists of several parts: duct, lobes, ejector, central
body, flaps, etc. The computational grid in the nozzle was con-
structed with the use of a multiblock approach. The total grid
consists of 137 blocks (650,000 cells).1 The size of the com-
putational cells in the region of mixing is about 1/16 the dis-
tance between neighboring lobes. The outer boundaries of the
computational domain are distanced from the NSN surface to
remove the influence of boundary conditions on the flow inside
the nozzle. This distance is equal to the characteristic length
of the task, the full length of the NSN model (~0.5 m). The
largest computational cells (near the outer boundaries) are ap-
proximately 65 times larger than the cells in the region of
mixing.

Results of Calculations and Experiments
Calculations were made at different values of nozzle pres-

sure ratio (NPR), and different Mach numbers, Ma, for the
ambient flow. The most interesting case for comparison in this
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Fig. 1 Wake after the lobes in the mixer: a) Euler and b) tur-
bulent viscosity.

Note is Ma = 0, when the Euler solution produces the maxi-
mum mistake because of the ejection, which is impossible to
take into account.1

Another subject of great interest is the flow after the lobes.
It's a well-known fact that the flow in the mixer after the lobes
is characterized by numerous vortices that provide the mixing
process. The CFD is shown in Fig. 1. Figure 1 contains two
parts: Fig. la was prepared using the Euler equation system1

(EUL), Fig. Ib is the result of calculations with turbulent vis-
cosity taking TRB into account. It's easy to conclude that vis-
cosity provides a smoother solution for the vortex sheet shape.
Let's consider Fig. 2, where EUL results are combined with
TRB and experimental ones.1 The TRB of the vortex sheet
slices are slightly closer to experimental data than that of the
EUL. The wake cross section at the exit of the mixer is shown
in Fig. 3. The EUL solution is compared with TRB. It is sub-
scribed that the wake "surface" isn't smooth and that it con-
tains some picks that create their own picture of interaction.1
It is concluded that picks are the result of instability that is the
feature of the Euler-obtained wake, and it is very similar to
the Kelvin-Helmholtz phenomenon. Turbulent viscosity
smooths the mixing layer in the CFD solution and diminishes
the intensity of the previous picks. The results corresponds to
the physical understanding of the phenomenon. On the basis
of a time-averaged equation system, it is impossible to model
the instability of the mixing layer because of the turbulent
pulses generating inside this layer. Thus, the solution of the
equations with viscosity must be smoother than the same so-
lution in the inviscid case. The comparison in Fig. 3 confirms
this idea.

Another important subject is the comparison of pressure
measured in the experiment and that obtained by CFD. In Fig.
4, the total pressure distribution at the exit of mixer is dem-

Fig. 2 Comparison of CFD and experimental data at the exit
section: a) Euler, b) turbulent viscosity, and c) smoke screen.

b)

Fig. 3 Cross section of the wake slice: a) Euler and b) turbulent
viscosity.
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Table 1 Comparison of static pressure obtained by pressure
dots, PSP methods, and CFD

Numbers of pressure dots

EUL
TRB
Taps
PSP

0.909
0.947
0.965

0.929
0.833
0.892

0.867
0.747
0.708
0.72

0.907
0.715
0.723
0.774

1.012
0.967
0.945
0.943

0.977
1.034
1.008
1.015

Z, mm

Fig. 4 Total pressure distribution at the exit section of ejector:
---, Euler; ——, turbulent viscosity; n, experiment.

extremely large shift shows that turbulence viscosity is too
large and will result in additional thrust loss.

Conclusions
Results of calculations using a Favre-averaged Euler equa-

tion system closed by the (q — co) model of turbulence show
that 1) the main features of the flow in the nozzle mixer pre-
dicted earlier are confirmed, 2) the wake surface obtained in
the TRB case is smoother than that in the EUL, 3) taking
ejection into account improves the distribution of the static
pressure on the wall, and 4) a detailed description of the total
pressure distribution requires that the turbulent model be cor-
rected.
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Fig. 5 Nozzle thrust losses: - —, Euler; ——, turbulent viscosity;
•, experiment.

onstrated, and the function of nondimensional total pressure
(Ptj ~ Pa)/(Pt,n ~ Pa) is used. TRB data are compared with
those of EUL and are depicted as having a black-white tone
distribution. The chart in Fig. 4 shows the values of nondi-
mensional total pressure along the white line in the middle of
the figure. The solid line corresponds to the TRB data, the
dashed line to the EUL ones, and the square markers are the
experiment. It is obvious that the TRB data are in a poor qual-
itative agreement with the experiment. Turbulence viscosity in
this case is too large to provide a good description of the
mixture process after the lobes. This problem is the subject for
future turbulence model investigations.

Comparison of the static pressure distribution along nozzle's
side wall is shown in Table 1 for NPR = 2.75 (the averaged
Mach number at the exit of the mixer is about 0.8). Experi-
mental pressure distribution is obtained by the pressure taps
with numbers 1-61 and by using pressure sensitive paints
(PSP) technology. TRB data are much closer to the experiment
(—5%) than those of EUL (up to 25%). Ejection caused by
turbulent viscosity provides an additional rarefaction in the
mixing area (dots 2 -j- 4).

In Fig. 5, the TRB (solid line) and the EUL (dashed line)
data for the thrust loss coefficient are compared with the ex-
perimental ones (•). When turbulence viscosity is taken into
account, the computational curve is shifted and comes closer
to experimental points. This indicates that ejection works. An
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Introduction

R OCKET-based combined cycle (RBCC) concepts attempt
to improve the performance of launch vehicles at all

points in the launch trajectory and make highly reusable launch
vehicles a reality. The strutjet RBCC concept consists of a
variable geometry duct with vertical struts inside that function
in ducted rocket, ramjet, scramjet, and pure rocket modes.1

These struts have rocket and turbine exhaust nozzles imbedded
within them. The rocket flows induce an ejector effect with
the ambient air at subsonic flight velocities. In ramjet and
scramjet modes, the fuel-rich nozzle flows react with the am-
bient air, producing an afterburner effect. As shown in Fig. 1,
the four primary rocket flows exit at the end of the strut with
three turbine exhaust nozzles in between them. The strutjet is
designed to mix the fuel-rich flows (rocket and turbine exhaust
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