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Abstract

A supersonic flow past a swept or unswept ramp with the free jet ejected
from the ramp end is simulated numerically employing the Piecewise Linear
Method within the framework of the Euler equation. Results of simulation in
the two-dimensional flow configulation predicted that a refected shock wave in-
teracted with the free jet resulting a pressure disturbance in the flow. Results of
the simulation for the swept ramp predicted that a spiral flow emerged from the
ramp-side involved the free jet resulting in a pair of unified intensive vortices.
This vortex stretched the fuel jet crosswise and lifted it up. Such a stretching
motion of the vortex effected the increase of the contact surface of the main
flow and free jet, i.e., air and fuel. Thus the effectiveness of the swept ramp in-
jector for the mixing enhancement of fuel-air was asserted. Further studies
based on the Navier-Stokes equation is necessary, which will reveal whether or
not the pair of vortices is stationary.

1. Introduction

Research and development for advanced aerospace propulsion system has been exten-
sively performed in Japan and abroad, especially in the United States. One of the proposed
air breathing engines is a hydrogen-fueled supersonic combustion ramjet (scramjet) engine
that is capable of propelling a vehicle at hypersonic speed in the atomosphere or beyond the
atmosphere into orbit. One of the most important requirements of the scramjet engine is a
high efficiency of fuel-air mixing (mixing enhancement) and reactions taking place in the en-
gine. The research has recently been directed toward the development of various models of
the scramjet engine with which such a high efficiency is fulfilled.
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It is well known that the spreading rate of supersonic mixing layer decrease with increas-
ing Mach number”. This decrease is attributed to the stabilization of the supersonic flow®.
Thus the fuel-air mixing enhancement may be realized in an instabilized flow, in turbulence
or in the secondary flow with vorticity induced in the flow. Many experiments revealed that
mixing enhancement could be acheived through the interaction of parallel jet and transverse
jets”, through the interaction of shock wave:and jets”, and through the strong shear layer
produced in the flow”.

Researchers at NASA Langley Research Center devised a parallel injector ramp as a
model of actual combuster configulation®. In this combustor configulation supersonic intake
flow past the ramp decelerates slightly through the oblique shock and then it accelerate
through the Prandtl-Meyer expansion around the corner of the back step of the ramp. The
oblique shock wave reflect at the upper wall of the combustor and this reflected wave inter-
acts with the expansion fan. The reflected wave further reflects at the lower wall of combus-
tor behind the ramp. Fuel (hydrogen) is injected from the end-wall of the ramp into the ine-
raction zone of shock wave and expansion fan. The reflected shock wave ineracts with the
fuel jet, enhancing fuel-air mixing. Swept ramp causes a streamwise vortex as well as a cross-
weise vortex. These vortices interact with the fuel jet, resulting in pronounced fuel-air en-
bancement. Such a circulation may be useful to sustain the combustion flame. Experiments of
fuel-air mixing and combustion yielded satisfactory results®.

Numerical simulation of the flow in the abovementioned combustor configulation was
also carried out extensively”, using the three-dimensional Navier-Stokes equation and Bal-
dwin-Lomax turbulence model®. A comparison of the results of numerical simulation with
the experiment showed an apparent discrepancies, for example, the shock angle of the ob-
lique shock wave and the position of the interaction zone of shock wave and expansion fan.
These discrepancies may be attributed to techniques of numerical simulation and will be im-
proved eventually.

Present authors are interested in the abovementioned combustor configulation and want
to know the details of the flow field in the combustor. So the authors intend to perform such
an improvement themselves, aiming at an accurate prediction of shock waves and expansion
waves. Present numerical simulation is directed to grasp the overall structure of the flow field
rather than the details of mixing enhancement. Numerical simulation is carried out with in the
framework of the Euler equation. Since the Pieceweise Linear Method (PLM)Q) yields good
results for the numerical analysis of shock waves and expansion waves, PLM is employed in
the present numerical simulation.

2. Numerical Analysis

A. Basic Equation

Flow field of the model combustor with parallel injector ramp is very complex, involving
interaction of reflected shock wave with expansion wave and interaction of fuel jet and vor-
tices emerged from ramp side. In order to describe the overall flow field, the three-dimen-
sional Euler equation is employed. The governing equation is written in the conservative
form;
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Notations used in the equation are conventional ones. The ratio of specific heats y is con-
sidered to be constant, y = 1.4.

B. Piecewise Linear Method

Godunov’s method (see Holtm)) can be improved, approximating flow properties in the
cell by linear functions'”. This improved method is called as Piecewise Linear Method
(PLM), which retains higher order accuracy. Colella and Woodward'” extended this idea fur-
ther and proposed Piecewise Parabolic Method (PPM). In Godunov’s method unsteasy flow
is resolved to the Riemann problems (shock tube problems) of many cells where the boun-
daries of each cell are regarded as menbranes in the shock tube. Speed up of the Godunov’s
method was done by Gottlieb and Groth" and further by Collera' and Collera and Glaz"
employing approximate Riemann solver. Since the results of PPM'® showed no remarkable
improvement to the PLM, we employ the PLM in the present numerical analysis of the three-
dimensional flow.

Introducing the time splitting method proposed by Strang”), the basic equation (1) can
be splitted to three one-dimensional partial difference equations,
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If Egs. (3) to (5) yield
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solution of Eq. (1) can be given by
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where U” and U™ are respectively the solution of Eq. (Dyat =™

ference operator S, can be expressed as

(= "+ Ai). The dif-

Sae = SuShSaShe S ©)
72 )
where the operator S, retains the second order accuracy.
Employing the time splitting method, the three-dimensional problem is thus reduced to

the one-dimensional problems. The numerical simulation proceeds through the following five
steps; we assume that we know all U™:

1. Obtain the distributions of p, 0, and u in the cell of simulation.
2. Obtain the value of p, o, and u at the boundaries (right and left) of the cell at 4#/2.

3. Solve the Riemann problem, employing the p, o, and u at the both side of the bound-
ary (this boundary is equivalent to the membrane of shock tube) as the initial condi-
tions and obtain the values of p, p, and u after breakdown of the membrane.

4. Evaluate F"*"? at the boundary.

5. Obtain U™, using the difference equation
U = UL+ 4L F 1~ Fyr)
j
where the subscript r and 1 denote the right and left boundaries, respectively.

For the sake of time saving Riemann problem is solved employing the Rankine-Hugoniot re-
lation solely'®. Details of the numerical procedure are shown in references 9. The PLM
method was applied to the one-dimensional shock tube problem and the accuracy and the
tractability of the method were asserted.

C. Items of numerical simulation

Two dimensional flow:

It is very important to know how fuel-jet interacts with the reflected shock wave and the
expansion fan around the ramp end. Since in the two-dimensional configulation fine numeri-
cal meshs are available, reflection point of oblique shock wave and the abovementioned inter-
action zone can be predicted unambiguously. So numerical simulation of two-dimensional
flow configulation (see Fig. 1) is performed as the first step. Initial conditions and fuel/air
flow rate are taken from the experimental condition at the NASA Langley Research Center”.
We consider the two-dimensional flow field where parallel injector ramps are equiped upper
and lower walls of the two-dimensional duct. The flow field below the plane of symmetry is
the domain of simulation. Dimensional sizes of the ramp and flow field are as follows:
streamwise length is 14 cm, hight of the flow field is 3.9 cm, length of the ramp is 7 cm, hight
of the ramp is 1.3 cm, and the wedge angle of the ramp is 10.3 degree. Two uniform flow
conditions are chosen: Mach number, velocity, temperature and pressure are respectively M
= 2.0, u = 1950 m/sec, T = 1023K, and p = 10.2kPa and M = 3.0, u = 1950 m/sec, T =
1023 K, and 10.2kPa. Fuel is injected parallel to the ramp; M = 1.7, u = 1747 m/sec, v =
308 m/sec, and p = 32.52kPa. The width of the nozzle of fuel jet is set so that air/fuel mass
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flux ratio may yield stoichiometric H, — O, ratio. The boundary conditions of the upstream
boundary located a little (0.4 cm) upstream of the leading edge of ramp are given by inflow
conditions. The boundary conditions of the downstream boundary are given by the outflow
conditions. The boundary conditions of solid walls as well as the surface of symmetry are
given by slip conditions except for the fuel jet exit.
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Fig. 1 Schematic drawing of two-dimensional injector ramp.

Three-dimensional flow:

Although fundamental phenomena taken place in the interaction zone can be revealed
through the two-dimensional analysis, the flow past the swept ramp is substantially three-
dimensional. The interaction of fuel-jet with the spiral flow emerged from the ramp-side may
be also essential to the mixing enhancement. In order to perform the three-dimensional ana-
lysis the scheme of PLM is extended to three—dxmensxonal one. Such an extension is formally
possible employing the time splitting method"”, while we must employ coarse cells in the
simulation due to the restrictions on the memory storage and the simulation time. Such a
coarse cells may yield less unambiguous shock waves and expansion waves. Numerical simu-
lations are carried out for the swept (see Fig. 2a) and unswept (see Fig. 2b) ramps. The do-
main of simulation is shown in Figs. 2a and 2b, where the X-Y cross section at Z = Ocm
means the surface of symmetry of one ramp and the X-Y cross section at Z = 2.2 cm means
the surface of symmetry of two ramps. The width of the swept ramp at the leading edge is
2.2 cm and the swept angle is 80 degrees. The width of the ramp-end is 0.8 cm, which is same
as the width of the unswept ramp. Initial conditions and boundary conditions are same as the
one of the two-dimensional analysis, while the radius of the injector is 0.7 cm. The cell num-
ber in the X, Y, and Z directions are 40, 60, and 34, respectively.
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Fig. 2a The domain of simulation (swept ramp); the presented domain is one-eighth of the whole flow
field.
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Fig. 2b The domain of simulation (unswept ramp); the presented domain is one-eighth of the whole
flow field.
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3. Results and Discussion

A.  Results of two-dimensional flow

Results of numerical simulation are shown in Figs. 3 — 5 for the case of M; = 2.0. In
Figs. 3a and 3b are shown the pressure and density conrours, respectively. Stream lines are
shown in Fig. 3c. The numerical results of PLM yield the sharp oblique shock wave, which
has the shock angle of 39° corresponding to the theoretical value for M, = 2.0 and 6 = 10.3°
The reflection point of the oblique shock wave (about 5.0 cm downstream from the upstream
boundary) agrees well with the experimental results of Northern et al. (see Fig. 9 in Ref. 6).
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Fig. 3¢ Stream lines expressed by volocity vectors.
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As shown in Fig. 3c the intake flow is passing through the oblique and the reflected shock
waves without noticeable deceleration. The reflected shock wave is passing through the ex-
pansion wave around the corner of the ramp and interacts with the fuel jet. The jet plume of
fuel collides with the lower wall and reflects upperward.

The flow field in the vicinity of the fuel jet is shown in Fig. 4, which is an enlargement of
Fig. 3b. The stream lines (Fig. 3c) are folded in the figure. In this figure the contact surface of
the main flow and the fuel jet is depected (indicated by the arrow). In Figs. 5a pressure and
density along the upper wall are shown. We can find the positions of shock wave and expan-
sion wave from this figure; they are about 5.0 cm and 9.8 cm from the upstream boundary,
respectively. Figure 5b shows pressure and density along the lower wall (behind the ramp).
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Fig. 4 Density contour and stream lines in the vicinity of the exit of fuel jet; the arrow indicates the
contact surface of air and fuel; Ao = 1.2 X 107> kg/m3
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Fig. 5a Pressure and density distributions on the upper boundary of the domain of simulation.
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Fig. 5b Pressure and density distribution on the lower wall behind the fuel injector.
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Fluctuation in the pressure along the lower wall takes place after the reflected (oblique)
shock wave reaches the reflected jet plume (see Fig. 3a); Since the present analysis is based
on the Euler equation, discussion on this point should be restriced to a qualitative one. The
two-dimensional analysis predicts that the oblique shock wave emerges and reflects as ex-
pected and the interaction of shock wave with the fuel jet induces pressure (or density) fluc-
tuation.

Numerical simulation for M, = 3.0 yielded similar results as the case M, = 2.0. But the
shock angle was 28° and the reflected oblique shock wave reached in the vicinity of down-
stream boundary of computational domain. No significant interaction was predicted for the
present ramp with the wedge angle 6 = 10.3° which was design for M, = 2.0.

B.  Results of three-dimensional flow

Pressure and density contours and stream lines on the streamwise plane (X-Y plane)
were similar to the results shown in Fig. 3. Features of the three-dimensional flow, such as
spiral flows, can be well expressed on the y-z plane perpendicular to the main flow (see Fig.
2). The direction of view is shown in Fig. 2. Stream lines on the Y-Z plane are presented in
Fig. 6 where 6a, 6b, 6¢ and 6d are corresponding to X = 2.8 cm, 7.0 cm, 8.4 cm and 11.2 cm,
respectively; the ramp-end is located at X = 7.4 cm. Results of the swept and unswept ramps
are paralleled in the figures.

Fig. 6a: X = 2.8 is located slightly downstream from the leading edge of the ramp. Flow
along the ramp is expanding at the corner of the ramp side and is accelerated crosswise, for-
ming a vortex perpendicular to the main flow. The combination of the main flow with this
vortex results in a spiral flow along the side-wall of the ramp. The vortex emerged from the
flow passing through swept ramp is obviously more intensive than the vortex from the flow
passing through the unswept ramp. Fig. 6b: X = 7.00 cm is located slightly upstream of the
ramp-end. The vortex along the swept ramp grows up, involving the most part of the fluid
between the ramps and inducing the cross flow on the ramp.

On the other hand the vortex along the unswept ramp is localized at the corner of the
ramp-side. Fig. 6¢: X = 8.40 cm is just downstream of the fuel injector. The vortex along the
swept ramp grows up further; the upper part of the vortex interacts with the jet plume ex-
tending fuel jet outward, while the lower part of the vortex is gliding beneath the jet plume.
Similar vortex motion is seen for unswept ramp but the size of the vortex is much less than
the case of swept ramp. Fig. 6d: X = 11.20 cm is located slightly downstream of the interac-
tion zone of reflected shock wave with the reflected barrel shock. Here the vortex is involving
the fuel jet and results in a unified vortex. This unified vortex effects the mixing enhance-
ment. For the case of unswept ramp two localized vortexes emerge and less efficient mixing
enhancement of fuel and air is predicted.

Since the intake flow (air flow) and the fuel jet have the different stagnation pressures,
contact surface of the air flow and the fuel flow can be predicted tracing the density contours
(see Fig. 4). Figure 7a shows the density contour just behind the fuel injector. A steep change
in density around the ramp-end may be caused by the vortex motion (see Fig. 6¢). The core
of the fuel jet, i.e., the barrel shock is not as jet involved in the vortex. As shown in Fig. 7b,
the fuel jet is eventually involved in the vortex. The vortex finally lifts up the fuel jet upper-
ward. The barrel shock is merged into the vortex. So the concentrated iso-density curves indi-
cates the contact surface. The vortex effects the mixing enhancement streching the fuel jet
crosswise and lifting up in the main flow. For the case of the unswept ramp such a extension
of the contact surface is more deficient. Roughly speaking the contact surface of the swept
ramp is 1.5 times of the contact surface of the unswept ramp.
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Fig. 6b Stream lines on the Y-Z plane expressed by volocity vectors
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Fig. 7a Density contour on the Y-Z plane; X = 8.05cm, 4o = 1.0 X 107 kg/n*.
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Fig. 7b Density contour on the Y-Z plane; X = 12.25cm, 4o = 1.0 X 1072 kg/n?’.
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Since the X-Y plane at Z = 0 is regarded as the surface of symmetry in the present
simulation, two symmetric vortices emerge in the flow. But these vortices may be unstable
like the Karmann vortices. Such a phenomenon can be simulated employing Navier-Stokes
equation. Moreover the formation of the vortex along the ramp-side may be attributed to the
virtual viscosity inherent to the numerical simulation. Such a sizable vortex, however, may be
expected to take place in the actual flows.
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