Unstructured Grid Simulations of Supersonic Mixing Using Ramp Injectors
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Abstract

This paper reports the grid resolution issues on the
supersonic mixing simulation inside the engine for
future acrospace vehicles. Unstructured finite volume
method is used for the simulations. Three types of
grids are used, namely, hybrid unstructured grids
composed of prism and tetrahedron cells, locally
refined grids, and hexahedral grids. Hexahedral grids
are used to take advantage of fine distribution
naturally behind the edge of the ramp where the
vortex is generated. These latter two grids show much
improved evaluations of the vortex motion and the
mixing of the injected and the main flows.

1. Introduction

Innovative propulsion systems are required for future
aerospace vehicles such as SSTO or TSTO,
Supersonic combustion ram (SCRAM]} jet engine!’”
and rocket based combined cycle (RBCC) enginel!
are suggested as candidates for the vehicles. The key
technology for the success of the both types of engines
is the mixing of fuels and oxidizer (air) at supersonic
speeds inside the engine. Numerical simulations have
the advantage of changing the configuration of the
engine or changing the physical conditions of the
injection flow. However the simulation of supersonic
mixing is difficult even for the state-of-the-art
simulation technique and the validity of the simulation
should be carefully examined for basic problems. The
supersonic mixing of the injected and main flows
modeling the internal flow of the engines is simulated
using unstructured CFD method. The results are
compared with the experiment™™” which was
conducted at the propulsive engineering laboratory of
Tohoku University. Figurel shows the test section for
the experiment. The ramp injector, which is shown in
Fig. 2, is located inside the test section. The ramp
angle against the lower wall is 30 degrees. The device
is expected to enhance the mixing due to the

longitudinal vortices generated at the edge of the ramp.

In this simulation, both the main flow and the
injection flow are used as air. Different types of the
grid and the resolution issues are focused on for the

accurate evaluation of the vortex decay and the mixing.

Fig. 2 Schematic of the ramp injector

2. Test section details and computational grids

The test section of the wind tunnel shown in Fig.1
starts at the nozzle exit and the shape of the section is
a rectangular duct with 330[mm] length, and 30{mm]
width and height. This ramp angle is 30 degrees
against the lower wall. The length of the main flow
direction (X-axis) and the width (Y-axis) are both
12{mm]}, the height (Z-axis) is 5.2[mm]. The
diameters of the two-jet orifices are both 3.5[mm].
The length from the entrance of the test section to the
injector’s back-end is 225[mm}, the length from this
position to the exit of the test section is 105[mm].

Three types of the grids are used. First type is
hybrid unstructured grids composed of prism and
tetrahedron cells. Second type is the locally refined
grid of the first type’s grids. Last type is multi-block
structured grids and covered to a single-block
unstructured grids. These grids are respectively called
“hybrid grids”, “refined grids”, and “hexahedral grids”
in this paper. The “hexahedral grids” is used to take
advantage of naturally fine distributions behind the
edge of the ramp where the vortex is generated. An
unstructured-grid approach for a structured-like grid
has an advantage that it does not deteriorate the
accuracy at the block interfaces.
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The information of the grids is showen in Table 1.

Table 1 Number of grid points and cells

Hybrid Refined Hexahedral
Grid Points 529380 2780654 1242972
Total Cell 1376468 | 13755032 1210233

(a) Hybrid grids

(¢) Hexahedral grids

Fig. 3 the Y-section and Z-section crossed the
ramp orifice’s center

3. Numerical Algorithms

Three-dimensional Navier-Stokes equations for ideal
gases are used as governing equations for the
numerical simulations. The equation of the mass
conservation for jet flow is simultaneously solved.
The k- turbulence model”! is used. The governing
equations are expressed as follows.
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Cell-vertex finite-volume formulation is used for the
spatial discretizations. Numerical fluxes for the invicid
terms are the SHUS scheme and spatially 2nd order

accuracy is attained by piecewise linear
reconstructions of the primitive variables. The
Venkataktishnan’s limiter is used. As a time

integration method, Matrix-Free Symmetric Gauss-
Seidel is used.

4. Flow conditions

Mach number of the main flow is set to 2.35 and
Mach number of the injected flow is set to 2.0, as in
the experiment. The dynamic pressure ratio of the
injected flow to the main flow is 1.7. Reynolds
number is 3.323 X 10° based on the height of the
rectangular duct.

5. Results
5-1. Validation of grid relativity

In this section, the results on the three types of grids
are compared.
Density_¢ontour plots and Schlieren photograph
obtained by the experiment

Figures 4 (a)-(c) show the density contour plots in
the Y-constant section passing the center of the ramp
orifice. Figure 4 (d) shows the Schlieren photograph
obtained by the experiment. The separated shear layer
from the apex of the ramp is not observed on the
initial hybrid grids in Fig. 4 (a) but it is clear in the
results using the refined grids and the hexahedral
grids shown in Figs. 4 (b) and (c). As for the
resolution of the reflected shock wave from the lower
wall, the results on the refined grids in Fig. 4 (b) is
better than that on the hexahedral grids in Fig. 4 (c).
The grid lines are not aligned for the oblique shock
waves for the hexahedral grids and that is why the
shock wave are smeared downstream. On the other
hand, undirectional tetrahedral grids in the hybrid
grids and the refined grids are better for the resolution
of the oblique shock waves. The hexahedral grids
have another defect, that is, many grid points are
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distributed at unimportant or smooth flow region. It

can be judged from Figs. 4 (a)-(c) that the refined grid 0.40- T
is desirable for both the separated shear layer and the 038 * Hybrid |
. . .35 - Refined
shock waves. The resolution can be further improved v  Hexahedrsl
by adaptively refining the grids for the shock waves. °'3°} i\
But from the viewpoints of the computational costs, 0.25+ §
the tetrahedral and prism cells are expensive Q" 0201 .g
compared with hexahedral grids with the same — z v .
number of grid points. 1 4 . .
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,MEWH&E;Ldg" ‘ds o ) Fig. 5 wall pressure distribution (Y=0 line)

Velocity fields

Figures 6 (a)-(d) show the velocity vectors projected
to streamwise-cross section (X-constant) at Xe/dj=4.3.
The counter rotating vortices are well captured in all
the simulations, which are generated at the apex of the
ramp.

(d) Schlieren photograph obtained by the exp

Fig. 4 density contour plots and Schiieren photograph
(Y-section crossed by the ramp orifice’s center)

Wall pressure distributions
Figure 5 shows the wall pressure distribution for the

experiment and the simulations at the mid-span (Y-
symmetry plane). The horizontal axis is the X-
coordinate normalized by the diameter of the jet
orifice. The vertical axis is the wall pressure
normalized by the total pressure of the inlet air,
namely, atmospheric pressure.

The sudden pressure increase at the foreface of the (c) Hexahedral
ramp is due to the shock wave ahead of the ramp. The V=29 mm]
rapid decrease just after the peak is due to the flow '
expansion at the apex of the ramp. Several
recompressions are observed behind the ramp due to
the reflected shock waves.

Only small numbers of points are available in the
experiment and it is difficult to compare simulations
with the experiment in detail. The quantitative s AR
discussion requires further checks of the accuracy for
both the simulations and the experiment.

Z=30[mm

(d) Experiment

Y- 9fmm}

Fig. 6 Velocity vectors at Xe/dj=4.3
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Figures 7 (a)-(d) shows the iso-surface of the
velocity components in Y-direction (component v).
The measurement area is in the framed red line of the
bottom figure. The cyan region shows the iso-surface
on which v=-50 and the yellow region shows the iso-
surface on which v=50. In Fig. 7 (d) showing the
experimental result, the yellow surface exists over the
cyan surface at the left side of the symmetry plane
(positive Y), on the contrary, the cyan area exists over
the yellow area at the right side of the symmetry plane
(negative Y). It means the flow run apart near the
lower wall and the flow run ahead at the upper region
in the regions considered in Figs. 7. They are again
due to the pair of vortices generated at the apex of the
ramp.

In the result on hybrid grids, the characters are not
captured. While in the results on the refined grids and
the hexahedral grids, they are correctly simulated and
it shows the significant importance of the grid
resolution near the shear layers from the apex of the
ramp.

ou

Y=9{mm)
=9(mm)

Xe/dj=0 Xe/dj=11
Fig. 7 velocity isosurface(v=-50,50{m/s])

Mass-fraction contour plots
Figures 8 and 9 are the mass-fraction of the

computational results and the experiment at Xe/dj=15
and 30, respectively. In the experiment, the mass-
fraction is calculated by using the density distribution
of helium that is obtained by gas chromatography’s
method although all the above results use air as the

injected gas. And so, quantitative comparison is
impossible for Figs. 8 and 9 but qualitative
comparisons are shown.

At Xe/dj=15 (Fig.8), twin injected flows are
independent and the mixing has not occurred so far in
Figs. 8 (b), (c¢) and (d). The contour lines by the
hybrid grids is laterally extended and they
qualitatively differ from others.

At Xe/dj=30 (Fig.9), the merging of the twin
injected flow proceeds and the resulting contours do
not show independent cores in the experiment in Fig.
9 (d). At this section, the result by the hybrid grids
happens to be similar to the experiment, but it is
thought from the comparison of Fig. 8 (a) and Fig. 9
(a) that excessively diffused vortices are just
conveyed downstream. In Figs. 9 (b) and (c), the
vortex merging proceeds but independent cores still
exist. It is due to the difference of the injected gas
flow from the experiment. The higher density in the
simulation results in the less vortex merging, although
the dynamic pressure ratio of the main flow to the
injected flow are the same as the experiment. In
addition, the flow asymmetry is observed in Fig. 9 (c),
and it requires further investigation on the grid
resolutions.

(b) Refined

(2) Hybrid

() E‘e'rimeht
A am
0 p jet/ ( 0airt 0 jct) 1

(c) Hexahedra

Fig. 8 mass-fraction (Xe/dj=15)

-436-



(b') Reﬁned

S

(c) Hexahedra

'(d) Experiment
0 pjet/ (pair+pjet) » 1

Fig. 9 mass-fraction (Xe/dj=30)

5.2, Vortex mation and the mixing of the main
flow and the injected flow

It is concluded from the above discussion that the
locally refined grids for the hybrid grids is the best
among the three simuiations. In this section, the
relation between the longitudinal vortex and the
mixing of the main flow and the injected flow is
examined with the results on the refined grids. The
mass-fraction at the Y=0 cross section and the Z-
constant cross section passing the center of the orifice
are shown in Figs. 10 (a) and (b).

The contour lines near the lower wall in Fig. 10 (a)
section is first deflected upward and then pressed to
downward. The upper boundary is also deflected
upward and downward. They are due to both the

rolling up of the vortex and the shock wave
impingement to the jet flow. In Z-constant section, the
symmetrically separated high mass-fraction regions
are observed downstream corresponding to the
deflected contours in Fig. 10 (a). In addition the high
mass-fraction regions begin to merge near the exit
plane in Fig. 10 (b).

The relations between the vortex motion and the
mixing are examined by investigating the flows in X-
constant cross sections. Figures 11, 12 and 13 show
the mass-fraction, the total-pressure and the velocity
vector’s, respectively. The growth of the vortices is
seen in Figs.12 and 13. The vortex shape is similar to
the mass-fraction distributions, which directly show
the degree of the mixing. So, the vortex motion is
closely related to the mixing of main flow and
injected flow. The figures show the longitudinal
vortex motion efficiently enhances the mixing. When
the vortex is decayed and diffused, the mass fraction
approaches homogeneous and the mixing is enhanced
more.

i
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(b) Z-constant cross section (passing the center of the
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Fig. 10 mass-fraction of Y-section and Z-section
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Xe/dj=20

Xe/dj=25

Fig. 11 mass-fraction of X-section
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Fig. 12 total-pressure contour plots of X-section
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6. Summary 8) Kitazume, Y., and Miyaji, K., “Grid Resolution

In this paper, the computations of the supersonic
mixing using longitudinal vortices are carried out to
simulate the internal flow of the future aerospace
engine. With the aim of the accurate simulation of
the mixing of the main flow and the injected flow, the
grid resolution issues are mainly discussed. The
conclusions of the paper are summarized as follows.

Both the refined grids and the hexahedral grids
simulate the separated shear layers behind the
ramp, but the resolution is not satisfactory for the
second reflected shock waves in hexahedral grid.
Moreover, many grid points are used at
unimportant or smooth flow region for the latter
grid.

*  In the refined grids, the grid points are efficiently
distributed and the resolution of both the
separated shear layer and the shockwaves are
well captured. The computational cost for the
grid is, however, high compared with the
hexahedral grids with the same number of grid
points.

» It has been shown that a pair of vortices
generated at the edge of the ramp efficiently
mixes the two flows. The mixing is enhanced as
the vortices diffuse downstream.
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