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1. Introduction

The purpose of this AFOSR research program was the development and
application of primitive wvariable composite velocity and pressure flux-
wector splitting formulations that allow for efficient numerical evaluation
zand prediction of viscous interacting flows. Three-dimensional separated
flows over cone-cylinder-flare and afterbody configurations, shock-shear/
boundary layer interaction, high frequency laminar flow breakdown and
transitional behavior, and unsteady viscous/inviscid interactions associated
with regions of flow reversal and shock boundary layer coupling, as occur in
supersonic inlets and in corner regions, are the primary topic areas.

A reduced form of the Navier Stokes equations, termed here RNS, is the
foundation for all formulations. The RNS system is a composite of the full
Euler and boundary layer/triple deck models. The flux-splitting or composite
velocity procedures are designed to optimize the numerical representations
of wviscous and inviscid regions, respectively. These techniques can bev
viewed as a composite or single system ’'matched interacting boundary layer-
inviscid flow’ solver or as a full elliptic version of parabolized Navier
Stokes or PNS methodology. Both methods are applicable across the entire
rach number range, i.e. from incompressible to hypersonic, and the same code
has been applied at both ends of the spectrum.

These formulations have been shown to be applicable to a high degree of
accuracy for (a) flows with moderate to large regions of axial and secondary
flow reversal, for (b) capturing sharp shock wave interactions and contact
discontinuities, and (c) for steady and transient behavior associated with
shock-boundary layer interaction. The RNS system has also been shown to
accurately represent the full NS system for this class of flow problems,
and, with a deferred corrector procedure, full NS solutions can be
recovered, The RNS procedure allows for simplification of numerical
boundary conditions and does not require the introduction of added
artificial viscosity in shock and strong pressure interaction regions. This
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allows for fine mesh calculations that minimizé numerical viscous effects,
which can overwhelm the influence of physical viscosity with large transient
effects, in reverse flow regions, and with shock-boundary layer interaction.

Several solution procedures for the discrete system of quasilincarized
equations have been applied. For steady flow, space marching global
relaxation techniques have been demonstrated successfully for both the
pressure variable flux-split and composite velocity formulations. For fully
supersonic conditions or for very large free stream mach numbers, where
subsonic  viscous layers are very thin and where the effects of geometry do
not have a significant influence on the axial flow bLehavior, a single pass
will suffice to obtain the exact or a very good approximate solution. For
subsonic or transonic flows, a multiple pass or full relaxation strategy is
required.

For fine meshes, a unidirectional or semi-coarsening multigrid strategy,
that is particularly effective when full multigrid methods fail, as with
significant grid stretching, and a sparse matrix direct solver strategy,
that is particularly effective for very strong interactions occuring in very
local domains, where relaxation methods fail or stall, have been representd.
These are currently being applied for two-dimensional transient and three
dimensional steady computations with reverse flow and shock-boundary-laver
interactions.

Specific problem areas under investigation include (a) three-dimensional
separated flows on afterbody or boattail geometries, (b) transient viscous
flows in supersonic 1inlets, (c) shock-boundary-layer interaction in
supersonic flows along compression ramps and over cone-cylinder-flare
configurations; high temperature wall and real gas effects are under
consideration. These flows involve shock-boundary-layer, shock-shock and
transient shock boundary-layer interactions and exhibit large regions of

confined flow reversal and in some cases vortex breakup.




The following topic areas have been presehted during the period of the
grant. The references in brackets are given in section 5

Pressure Relaxation and Flux Vector Splitting [1,13,16,17,20,23-25]

Semi-coarsening Multigrid/Laminar Flow Breakdown [©.13,23-25]

Multigrid Domain Decomposition [23-25]

Transient (RXNS) Supersonic Inlet Unstart/Restart and Diffuser Flow

[{1-5,8-11,14,17,26]

Sparse Matrix Solvers for Complex Viscous Interactions [8-11,14,15]

Blunt Body Considerations [16,18]

Supersonic Cone-Cylinder-Flare and Shock  Interaction  Analysis

(8,12,15,20-22]

Thfee Dimensional Separated Flow Solutions [6,7,15,19-21]

During the two-year grant period, there have been numerous (26)
publications, presentations, dissertations, and other interactions resulting
from the research activity. These are listed in Sections (3,5). A review
of progress associated with selected research investigations is presented in
Section 2. A summary of research highlights, Section 4, concludes the
discussion.

2. Progress

2.1 Transient flows in supersonic inlets

In order to demonstrate the effectiveness of the transient RNS
formulation for capturing sharp moving shocks, associated shock boundary-
layer interaction and unsteady separation, the supersonic flow in two
dimensional and axisymmetric inlets, with and without a centerbody, has been
evaluated. The main emphasis of these studies has been to accurately
predict the transient dynamics of the inlet, vis-a-vis, start and unstart.
Inviscid, as well as viscous, laminar and turbulent flow models have been
considered. The dynamics of the inlet is greatly influenced by the back
pressure, mass bleed and throat area or control mechanism. Changes in back
pressure, mass bleed and throat area are typically employed for control
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pur «ses. Although both inviscid and viscous computations capture the
qualitative mechanics of start and unstart, the structure of the flow and
the quantitative conditions required for start and unstart are significantly
influenced by the transient shock boundary-layer interaction.

In all of the computations, the internal and external flow, outside of
the cowling, have been coupled and computed simultaneously. The solution
for any time step has been obtained using a domain decomposition strategy,
where each domain 1is resolved by a sparse matrix direct solver. The
decomposition strategy 1is devised in such a manner that the computation c¢”
the shock 1is always carried out implicitly, even when the shock is moving
across the domain boundaries. This allows for the use of large time steps.
For inviscid analysis, in the unstart mode, i.e. for a sufficiently large
back pressure, a curved shock stands ahead of the inlet and mass spi.lage
occurs around the cowl. This shock is swallowed by lowering the back
pressure or mass bleed. The inviscid computations respond rapidly to small
changes in back pressure by moving the shock in and out of the inlet.

For viscous flows the situation 1is significantly different as the
transients depend wupon the flow Reynolds number, throat radius and mass
bleed. In fact, the inviscid and viscous solutions are contradictory for
some flow conditions. An inviscid model may lead to a solution that
indicates operation at design conditions with no spillage, while the viscous
flow solution, for the same throat area and back pressure, predicts inlet
unstart, with mass spillage around the cowl 1lip. Furthermore, these
solutions are greatly influenced by the turbulence model. It should be
emphasized that the Reynolds number of the flows considered to date are such
that the unsteady flow effects do not influence the transient dynamics of
the inlet.

a. Two-dimensional inlet

This 1is the simplest illustration of inlet dynamics and also simulates
the flow in a shock tube, where the reflected shock strongly interacts with
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the developing boundary-layer. If the flow is initiated at the unstart
solution and the back pressure is then reduced, the shock is swallowed. At
the 1lip of the cowl, a y or lambda shock is formed due to the shock
boundary-layer interaction. When the shock is close to the lip of the cowl,
it can be expelled by a further increase in the back pressure. This results
in the shedding of a vortex which dissipates downstream, see Figs. la-b.
However, when the shock has moved further into the inlet, further increase
in back pressure does not result in moving the shock outside the channel.
The size of the reverse flow region depends upon the back pressure.
Pressure contours at non-dimensional time 5.52 are depicted in Fig. lc. An
increase in the back pressure somewhat enlarges the recirculation bubble and
results in the formation of a ’'bulge’, where fluid with higher stagnation
pressure tends to collect (see Fig. lc). This phenomena has been observed
in a shock tube by M. Herman (NACA TM 1418) who used Schilieren photography,
figure 1d.

Any attempt to move the shock out of the channel, e.g., by increasing
the back pressure, results in ‘divergence’ of the solution. Pressure
contours and skin friction coefficient just before the solution diverged are
shown in Figs. 1le and 1f. This ’'divergence’ can be eliminated by mass
bleed; however, this does not result in an unstart mode. An examination of
the solution prior to 'divergence’ indicates that breakup of the main
recirculating eddy occurs at this point. Further analysis is required to
resolve this behavior. This 'divergence’ which occurs with both laminar and
turbulent models, can be caused by several effects, 1i.e., (i) the
recirculation bubble can not accomodate to the increasing amount of the high
stagnation pressure fluid and after some stage bursting occurs, (i1) the
eddy breaks up and two or more shedding eddies form, or (iii) a finite time
singularity occurs in the equations. For the resolution of this phenomena,
these computations must be repeated with much finer spatial grids and
decreasing time steps in what amounts to a direct numerical simulation. The
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RNS procedure is quite versatile. The code has been adapted to compute flow
in multiple inlets, The effect of wunstart at one inlet on another is
examined. Typical results are depicted in Fig. 1lg.

b. Axisymmetric inlet with a centerbody

The general behavior of the axisymmetric flow is similar to tha: found
for the tweo dimensional 1inlet and for the case of unstart is depicted in
Figs. (2a-b) The shock waves in the axisymmetric case are weaker, and for
the same mach number, the y or lambda shock at the lip is weaker and the
recirculation region 1is smaller. Any attempt to unstart the axisymmetric
inlet, by increasing the back pressure, resulted in difficulties similar to
those encountered in 2D. The regtart and unstart of these inlets can be
achieved by changing the throat area. As before, a slight reduction of the
throat can initiate unstart; however, a large increase in throat area is
required for restart. This suggests the existence of a hysteresis phenomena
linking the unstart and restart states of the inlet.

c. Effect of bleed

Most of the inlgts can be restarted with sufficient mass bleed. This
also results in the elimination of the bulge. The second leg of the lambda
shock, that was originally straight, now becomes curved. Velocity vectors
and pressure contours are depicted in Figs. (2c¢c-d). This leg always
terminates at the location where the mass bleed vanishes. Similar phenomena
have been observed by Sajben et al experimental results at McDonell-
Douglas, see AIAA Pap. No. 90-0379.

d. Diffuser flow

The pressure flux-split solution technique has also been applied for
flow in diffusers with inlet swirl. The centrifugal force associated with a
swirling velocity component pushes the fluid towards the diffuser wall. As
a result, the wall boundary layer is less likely to separate, even if the
divergence angle is large and a high pressure recovery coefficient is
observed. However, a large amount of swirl reduces the axial velocity near
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the centerline, where a reversed flow region is now induced. The flow under
such conditions 1is very complex. The central recirculation region is
generally one of a high velocity gradient and intense negative shear.
Moreover, there is a significant adverse pressure gradient in the diffuser.
These conditions promote flow instability and turbulence production.
Analytical solution of such a complex flow field 1is not possible.
Experimental techniques also pose difficulties. Numerical techniques
provide a feasible alternate to estimate the flow behavior. However,
improved turbulence flow modelling is required. Both the Baldwin-Lomax and
the standard k-¢ model have been applied.

Turbulent flow in a wide angle (45°) diffuser (area ratio of 4) has been
computed. The inlet profiles for the axial and swirl velocity are assumed
constant. For large swirl velocity a central recirculation region is formed
at the center of the diffuser. For these computations a sufficiently fine
grid is required close to the surface and centerline. A comparison with
results from the teach code is depicted in Fig. 2e. The solutions agree
quite well., For the k-¢ model, the solutions exhibit sensitivity to inflow
conditions on both k and ¢. Two different inflow profiles have resulted in
tocally different solutions, as seen in the streamline plots (Fig. 2f). For
a more accurate prediction, flow conditions obtained from experimental data
are required. The effect of grid resolution was examined by considering a
fine mesh. A central toroidal recirculation =zone 1is formed near the
centerline (Fig. 2g). A forward flow region exists within the recirculation
zone. The boundaries of the central recirculation zone on the coarse and
fine grids are about the same; however, the coarse grid calculations do not
predict the confined forward flow region within the central recirculation
zone. Similar toroidal recirculation zones have been observed in
experimental studies; however, in many cases, the computational results fail
to predict the toroidal nature of the central recirculation zew2. This is
probably due to the presence of artificial viscosity, and the coarseness of
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the grids that are typically used in these calculations. The present study
supports the notion that for swirling flows the sensitivity to the turbulent
closure model and to the grid is quite severe.

e. Three-dimensional inlet

In the present study, the three-dimensional version of the pressure
flux-split scheme has been applied to compute inviscid and viscous flow
fields, The scheme 1is applicable to subsonic, transonic and supersonic
flows, and has been extended to high Mach number (Mach > 5) flow fields.
The three dimensional scheme also uses flux splitting only along the primary
flow direction. The continuity equation is cell centered and the momentum
equations in the two cross-plane directions are written at appropriate half
points using a trapezoidal or box rule. This maintains second-order
accuracy. In the vicinity of an oblique shock, the accuracy of the scheme
is 1lowered by applying pressure-based flux-splitting in the appropriate
direction(s).

This formulation has been applied for high Mach number flow in three-
dimensional inlets. As a first step, three-dimensional flow along a
symmetric corner formed by two intersecting wedges has been examined.
Corner flows exist in fuselage wing junctions, in rectangular inlet
diffusers and various other aircraft components, Corner flows are
characterized by strong three-dimensional viscous-inviscid interactions. In
supersonic flow, the flow behavior is furither complicated by the presence of
shock waves. Inviscid flow at a freestream Mach number of three has been
computed. To capture the three dimensional intersecting shock pattern,
pressure flux-splitting is appropriately employed in all three directions.
Figure 2h depicts the shock pattern at various axial locations. Additional
computations at higher Mach numbers and comparison of viscous flow
calculations with  experimental data will be presented in a future

publication.




2.2 Superso- ¢ flow past a cone-cylinder-flare

Axisymmetric laminar flow past a cone-cylinder-flare configuration at

M, = 3 has been computed. Additional solutions for this configuration of an

angle of attack have also been obtained. These are shown in figure 3a. In
these calculations, the outer bow shock 1is fitted and the imbedded
recompression shocks are captured. It can be seen that for these flows,
with strong viscous/inviscid interaction, the flow behavior and shocks are
captured quite well. It should be noted that the RNS global relaxation
procedure converges much faster at higher mach numbers. Very recently,
additional results for flows over a two-dimensional compression ramp at

Mm = 6, and a variety of Reynolds numbers, have also been obtained for both

cold and hot walls. These results are depicted in figures 3(b-c). In these
computations, all shocks have been captured. Flow reversal due to shock-
boundary-layer interaction in the compression corner is quite evident.

A finite difference implementation of RNS equations, flux-split in each
direction, has been applied (Ref. 22) vo various compression corner
geometries in supersonic flow from Mach 2 to Mach 14. Very good agreement
with experimental and other computations has been obtained for attached and
recirculating flows. Figure 3d contains a flooded contour plot for Mach 3.0
flow over a 10 degree ramp, showing the overall flow features, and also a
comparison of the surface pressure and skin friction with the data of Hung
and MacCormack. The separation and reattachment points are accurately
predicted. Figure 3e shows the strong shock waves which are captured
sharply (about & grid points) for Mach 14.1 flow over a 15 degree wedge.
Again, excellent agreement of surface pressure and skin friction with
experiments of Holden and Moselle and computations of Rudy, Thomas, and

Kumar have been obtained.
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2.3 Three-dimensional separated flows

Three dimensional computations for laminar flow past afterbody and cone-
cylinder-flare configurations of circular, elliptic and hyperelliptic cross-
sections have been considered. A semi-coarsening multigrid procedure has
been applied <o improve the convergence acceleration for three-dimensional
tlows. At any axial location, the cross-plane solution is obtained by using
the sparse matrix solver. In order to reduce the computational cost of the
direct solver and allow for fine mesh analysis, advantage is taken cf the
similarity of the coefficient matrix at neighboring cross-planes. The
governing equations are written in delta form and a preconditioner based on
the Jacobian, computed at the inflow, is used to drive the residuals to
Zero. For separated flows, the preconditioner 1s wupdated at selected
stations. The freezing of the preconditioner leads to the loss of pure
quadratic convergence of the Newton iteration. However, it results in a
significant savings in the overall computationzl cost. The use of the
multigrid further accelerates the convergence.

Typical results and the convergence acceleration using the multigrid
procedure are depicted in Figs. 4(a-c). The extent of the reverse flow
region 1is significantly influenced by the conservation and non-conversation
form of the convective terms. On coarse grids, the solutions are in
considerable disagreement, however on finer grids these differences are
reduced. It is significant that extremely fine meshes are required in order
that the separated flow solutions can be considered to be accurate even for
engineering purposes. This resolution becomes even more stringent with
unsteadiness in the reverse flow regions. Further evaluation is still
required. Additional solution on turbulent shock-boundary-layer interaction
are depicted in Fig. 4(d-e).

The effect of three-dimensionality on laminar flow breakdown (observed
for some two-dimensional configurations) has also been investigated for a
trough configuration, with variable aspect ratio. The relief effect,
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provided by the three dimensionality, has little influence on the laminar
flow behavior that was previously established in the two-dimensional
calculations. Further study is required to determine whether this phenomena
is problem dependent or whether fine resolution is required in order to
resolve this three-dimensional reverse flow interaction.

2.4 Multigrid Domain Decomposition

In order to optimice grid refinement for shock and boundary-layer
interactions, adaptive grid generation, and segmental grid refinement,
multigrid-domain decomposition strategies have been considered by a number
of authors. In most of these investigations, the grid refinement is based
on an estimate of the truncation error in the discrete approximation of the
governing equations. Since this error includes contributions resulting from
the coarseness of the grid, in all independent directions, it is not
possible to identify which direction(s) actually need(s) refinement. There
is no adaptivity in the directionality of the refinement. 1In order to
resolve a simple boundary-layer, such methods would refine grids in all
directions. This is not computationally efficient and would not be
appropriate for detailed analysis of shock and separated flow interactionms.

A new technique, that allows for an adaptive direction - selective grid
refinement, and which insures that the refinement is carried out only in the
direction of the sharp gradients, is under investigation. This procedure is
made possible by decomposition into multiple domains based on the disparate
refinement requirements in different regions. Such a procedure optimally
resolves the flow field and, in addition, allows for uniform grids within
each domain. The procedure requires appropriate attention to boundary and
interface conditions at the various 1local domain boundaries. The RNS
methodology 1is particularly effective in this regard. With this procedure
the appropriate scale lengths are automatically and adaptively prescribed.

They agree quite well with the asymptotic theories for the trailing edge
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flow and will provide an effective means to analyze local unsteadiness and
strong spatial viscous interactions.

In most flow problems, the regions of large gradients constitute a small
portion of the flow domain. The adaptive multigrid domain decompecsition
procedure provides optimal resolution by dynamically identifying the r:zgions
of large gradients through a truncation error estimation proczdure.
Preliminary coarse grid solutions that are relatively inexpensive to compute
are used for this purpose. Relevant sections are then refined to form
successive multigrid 1levels, Each multigrid 1level comprises several
subdomains, formed according to .ue directional refinement requirements,
This method provides several advantages in addition to significantly
reduces computer resource requirements. It removes any ambiguity relating
to the placement of the outflow boundary. It allows for the application of
different solvers in different subdomains. This can be significant for very
strong interactions. The diffusion terms neglected in the RNS approximation
can be included through a deferred corrector after the base RNS solution has
been computed. The multigrid transfers play a dual role: 1) inforzation
about the outflow boundary location is directed to the fine grid rezions,
and 2) information 1is transported back from the fine grid regions :o the
global (inviscid) coarse grid. This accounts for the viscous-inviscic
interaction that is typical of many flows of interest. The use of the RNS
system allows for a clear prescription of boundary conditions. There is mno
need for special interpolation formulae in order to maintain conse:ration
properties (Ref. 23, 24).

For example, in a back step channel flow, the outflow boundary has been
placed far downstream and the calculation is still very efficient. The
effects of the terms neglected in the RNS approximation can be significant
in confined regions of some flow fields. This effect can be captured by

including the deferred corrector in appropriate subdomains. Figure 5a shows
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the effect, on the backstep channel flow, of including the Vex term as a

deferred corrector. Quantitatively, the difference in the solution is not
significant, but qualitatively there is a difference. The inclusion of the

Vg term leads to a secondary vortex within the primary separation bubble.

The local fine grid subdomain allows for the resolution of this secondary
recirculation zone.

The non-reflectivity of the outflow boundary condition is another
important aspect resulting from the RNS formulation. The calculation for
the backstep channel has been performed with the outflow at two different

locations, i.e., x = 7.0 and x = 15.0. It is significant that for the
max max

Xpax = 7.0 case, the flow is separated at the outflow boundary. Figure 5b

shows a comparison of the streamlines obtained from these two computations.
Note that there is hardly any difference between the two contour patterns.
Figure 5c depicts the streamline contours for the same complex double

recirculation (Re=800) flow, only with the outflow boundary at X ox = 30.

These results are in excellent agreement with those of Figure 5b. Figure 5d
displays the many grid zones that are obtained for the backstep geometry.
Note that the fine grid extent continuously reduces as the flow progresses
downstream. Comparison with full NS solutions are excellent (Ref. 25);
however, the present formulation requires an order of magnitude less
computational time and 1is started with more severe initial conditions.
Figure 5e depicts the grid and trailing edge triple deck structure that is
generated with this procedure for the flow past a finite flat plate. Figure
5f shows the excellent comparisons for the severe trailing edge pressure
gradient. These trailing edge calculations, with large numbers of mesh
points placed appropriately, are computationally inexpensive, e.g. 1 to 2

minutes on an IBM workstation. This procedure has now been established as a
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valuable tool for future analysis of high frequency flow behavior and strong
viscous interaction.
3. Interactions

During the period of this annual report there have been interactions
with several outside researchers; in addition, one Ph.D graduate, Dr. T.
Liang has accepted employment with the GE Aircraft Engines, CFD branch. Dr.
Eric Bender, at General Dynamics, is continuing his investigation on the
application of RNS direct solver procedures for chemically reacting flows.
A paper was presented at the 1990 AIAA Fluids meeting in Seattle. There
were also many fruitful discussions concerning a possible joint effort. The
PI's have had extensive discussions with Drs. Luke Schutzenhofer, Helen
McConnaughy and Kevin Tucker regarding code validation for application to
flows in engine geometries.

RNS procedures for internal flows are under investigation at the NASA
Lewis Research Center by T. Bensen, J. Adamcyzk, and by D.R. Reddy at
Sverdrup, a Lewis contractor. A number of meetings have taken place with
these researchers. A seminar was given by one of the PI's (SGR) at
Sverdrup. Several related papers on supersonic inlet unstart/restart have
either appeared or have been submitted for publication. Applications to
turbomachinery are also being considered.

Several researchers from NASA Lewis, WPAFB and AFIT have developed
interest in the composite and RNS techniques. Mark Celestina of Sverdrup
and Philip Morgan from WPAFB have initiated studies in our Ph.D program.
Mary Brown originally from Elgin AFB, has started MS work on applications to
supersonic blunt bodies. Prof. C. Fletcher of the University of Sydney has
devoted a complete chapter on RNS techniques and solutions in a recent book
on computational fluid dynamics. One of the PIs (SGR) and Dr. John
Tannehill of Iowa State University have been invited to provide an article
on "PNS/RNS Computational Methodology" for the 1992 Volume of Annual Review
in Fluid Mechanics.
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Roger Cohen who spent two years at the University of Cincinnati as a
Fulbright fellow, 1is currently finishing his Ph.D under the supervision of
Prof. Fletcher at the University of Sydney in Australia. He has presented
two recent papers on RNS direct solver solutions at the International CFD
Conferences in Brisbane and Tokyo. Roger is also investigating other re-
ordering techniques and the application of conjugate gradient methods to
further enhance the RNS direct solver approach.

Dr.’s H.C. Raven and M. Hoekstra of the Maritime Research Institute in
Netherlands are also continuing the successful application of RNS techniques
to the solutions for hydrodynamic (ship) computations. Recently they
presented their work at a ship hydrodynamics workshop in Sweden. Prof. A.
Roberts and his associate at the University of Glasgow have also expressed
considerable interest in the RNS solution methodology for high speed flows.
They have recently presented PNS computations at the 12th INCFM Conference
at Oxford University and very interesting discussions were initiated to
extend their calculations for viscous interactions where RNS methods are
required. For high mach number supersonic and hypersonic flows, the RNS
formulation is also being considered by several investigators at UTRC and by
Dr. D.R. Reddy of Sverdrup.

4, Highlights of Research Progress

(a) For transient flows in supersonic inlets, it has been found that shock-
boundary-layer interaction significantly influences the processes of
unstart and restart. With an increase in back pressure, it is found
that high stagnation pressure fluid tends to collect within the
recirculation eddy near the foot of the lambda shock. This eddy has a
tendency to break into multiple zones. The inlet can be restarted with
sufficient mass bleed. It is found that the lambda shock always
terminates precisely where the bleed vanishes. A similar phenomenon
has been observed in Sajben’s experiments at McDonell Douglas. A small
reduction in throat area can also initiate unstart; however, it has
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(b)

(c)

(d)

(£)

been shown that a much larger increase in throat area is required for
restart. This suggests the existence of a hysteresis curve connecting
the start and unstart limits.
The prediction of laminar flow breakdown in a three-dimensional trough
with spanwise wvariation of depth, suggests that transition within the
recirculation region first 1initiates near the symmetry plane. This
result is clearly problem dependent and further analysis is required.
Three-dimensional separated flows for subsonic and supersonic
freestream conditions have been computed with both laminar and
turbulent models. Artificial wviscosity is mnot required for these
computations.
Adaptive and fixed domain decomposition strategies for fine mesh
evaluation of strongly interacting flows have been developed. When
combined with a direct solver, for subdomain with large transients or
strong viscous interactions, this procedure leads to an efficient and
robust solution algorithm. Flows with moving shocks, recirculation
regions, lambda shocks have been computed by this technique.
The pressure-split flux vector procedure has now been extended to
arbitrary non-orthogonal coordinates and to regions where the main flow
direction is not locally along the surface or in the primary flow
direction, e.g. blunt body flows. The role of the RNS boundary
conditions in the formulation of the difference approximations has also

been clarified.
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David Brown, M.S. 1991 Ph.D Student
K. Srinivasan, M.S. 1991 Qualified Ph.D Student

20




I9TUT 8yl jo 3aeasun Juranp Julppays xa310p ‘e[ 2aInJIg
00°L SLO 0S0 X 5S¢0
1— 1 T 1 — 1 1 ¥ T _ ¥ 1 T ¥ — T 1 T A
— 0¥00°0-
)
P=OWIL A
gg=ew|] g
l=eu| | —v— ONO0.0...
00000~
f 2 =
—=r v - ™ 7 v - ONOO.O
=1 0¥00°0
000¢l #0Y "2'L=Id/Ad 'G'Z #UoeW -
Uollou) uys Bujimon

=% 1|0




3urppays x@3110a Buranp uoTINQIIISTP 2anssaiyg

‘41 2andyg
SLO 080 S¢0 000 X S¢0-
.._-_l_-.._____~___~“~ﬂ~IJ..AIA§O.—.
—10°¢
-1 0°€
ld/d
. -
p=8Wi{ | :
g¢=oull}] —g— -0
=8| —F— ,
= 0°S
¢'L=1d/dd '000¢1 #°4 'G 2 #Uuoen -
-1 09
L
ainssaid Bujjmon 0¢

*x |0




I9TUT ue ur d0ys epque] ‘o] 3and1y

00°1 SL'0 050 520 000 X 52°0-

— | | ) — | ] | — | | 1 | L . | | § | § | § — | | | } ] — | |
SL0 { b
LET Z .
LYo € "
£9°0 1 4
veig fons |

4

oleld /
reld el (85 LX09:PHO 9002 | AoH) -
('9=id/9d’'S ‘2 Yoew) (zg'g=ewwj} He}sel) sinouoo seid |

000

oL0

020

0€0

or0

050

090

oL0

08°0

060

00°tL

oL’




(uewisy ‘K) 3uswriadxa aqni }ooys uf Jdooys epque] -p1 2and1y




uoTIDBIVIUT A2ABT-A1BpPUNOQ I0YUS 03 3Np dnyea1q xa310p 3] 21n3Tg

00°L SLO 0S50 520 000 §20-

T e e e e e L

T T 0500
\

\

\.

————
——

0800

.

-~

(g Lyly=2wl}) Uoouf UIMS

ooL0




I9[ur uv ur dnyLadiq Xa310A Apeaijsup *31 2andry

00°1 SL0 050 520 000 520
_ 1 1 ] ) i 1 1 i 1 I—l . i 1 * LR i 1 ~ L 1 LI — L ! oo.o

—40L0

=1 020

=1 0E0

R SR

—10v°0
-1 0S80

-1 080

=10L0

10870

=1 060
< © L
M)
CLY v=dWN ‘0002 | #od '2°L=1d/9d 'S 2 #yoew T
(Pereujwle) UonoNS LelsuN) sinojuoo ainssaiy 0t |

001

10]d INOUOD =% Laour




Fr6. 15 C MUTIPLE i s TrERACTIONS W7 OMOCKS

Two Inlet Model
Pressure Levels

Mach# 2.5, Inviscid, Grid:50x160

. 0.98
Pb/Pi=7.2 0.84

B 0.89

{ 0.85
0.80
0.75
0.71
0.66
0.62
0.57
0.52
0.48
0.43
0.39
0.34
0.29
0.25
0.20
0.15
0.11

Pb/Pi=7.8




me“t”lllm JS
mm” R g
H ”HI f [re oy I "

3 IR 1, “\&
8 VB
FAMANNIEW H@

AN
82 AN
S

>8 \

20 \\\\.

29 ‘?..\




v 2 0=1e0iy 1
" §°C #UoeN '00000¢C #3Y
'0Z2=3Ul|l LeISUN SI0j08A A}100|aA

10]d I010BA #¢ }|d'p.




P22Tq ©03 °np 3aTuT ue UT doYys epqueq] -dz a2indTg

. X
00°1 SL0 0S°0 G20 000 GZ0-

— i i ! I _ 1 1 { { I _ 1 ! 1 1 _ i i OO .O
uonons Agq uelsal

. o_.o\n

—1 020

— 0E0

—10¥0

|

0S0

L

080

0L0

I T

080

—1060

e
aleld jel}

. 00°L
(00021 #heyd "2'L=1d/9d 'S g #yoew) -
(2§ '9=8wi} Jelsal 18|u|) SINOIUOD BINSSald 0Ll

10d JNOJUCO % }|d




8.plt *»* vector plot

(LLE SR B I N R S B | 1

CIREE R B I B S S | ]

flat plate

e

8 A S T T L S Y \ \ \ Y
O -
— O
QU QN N N O S Y \
N .
O It
" >... NASNE N U U N O N N ¥ \ \
Qo Q Q _
.g q: 8 NAACE N O O N A N \ \ \
-+ CD‘ N R
T w C
T — O N\ANAE N N N N N T L SN 1
7 X = _
= o a \A\NS RN U U U W R W \
w2 -
5 B R R R I TP \
o - i
Q3 M
> TS p
5 < SRR I O !
0 |
9 & afttterrr et |
Aatttirerr et T
Attt j
1 | ] attittdtt it 1.1t 4 |
o O o O (& o (]
™ aY) — o (o)) o] o~
— — - — (] o o

0.75

0.50
shock location

-

Shock-boundary-layer interaction in the bleed zone

0.25

Figure 2d.




SV N}\HQNJR« v P I R a

WG & b ()

000 00°2 b0

-55 % 5€ PUD (3poo yoea ) g ey~

_19pOW sd3 A saulweang

3 Oy

=~ 870

ISPOW XewWwOo uiMpieg 1

L/L:A/X B1€0S “0BXSHIPLD 72
000°921 #3y "

ims Bap G "Jasnyip Bap S - 91

soUl| weang




AMOZS  HISOAY VO SL23AT FUAONS MOTINL fer 91
0's 0v o€ 02 ot X  Qo-
— L] 1 T ) — ¥ Ll L ¥ — T T T 1} — L L L) L] - 1) L) \] 1] — 1 =)
/l\\l §
= 0
~ 80
.
-2l
(2 #molu1) 19po uoyisdy -y ] gl
000'321 #°oY -
lims Bap Sy ‘Jesnyip Bap Gy —o0¢2
Seu)| weansg 1 A
<2
0w o€ 0z o1 X 00-
-0
L
(L# moyu) 1spop uoysdy - 4 - 890
0BXS¥:PUD 000°'92| #ey -
HIMS B3p S “sesnyp Bep oy ~ 2

Seul| weang -




<80

ISPON Xewo" uimpieg 1

L/LTAZX @103 "0BXShip1n T et
000'321 #3yY .

PIms Bop Gt Jasnyip Bap ot -9
SBull wesang ]

ISPOW XeWwo uimpeg

06 X 06 ‘PO 0009z 4oy ] e

lIMs Bap g ‘Jasnyip Bep g -2l
Sauljweang y

— 9l

4 A

B 102

A -t

MY HISOSL S Mol mpi i Gy Dz 4y




LITVY VEY VLTS Y Mo SMARLLE) AP ye

GG X GG X Zypue
PIOSIAUL "€ #UOBN
sabpam (Bapgy - g) Bunossiaiui

sJnoon) Alsua

[ ud-man || g (QE)




(payolang-u)
E6XL¥X8E AIHD
o§=0'¢C= ...—2




ﬁaugg;igi 9

, [res pge2 “oon*ci = 3y
; ‘9 = K 3B SA9U10D UOISE2iIULID UT UOTIITBISIUT 12.2]-112puUncc-3d0yg ‘q¢ 31n3d13

00t} 050!} 0004 0560 0060

0000

G200

0500

G400

06!l O

S¢i 0

YA DI ) umolIyIsEg  SIERal | lpd ||




[Tem 304y “000°0ST = =¥

‘g = ]y 3B 5$12U10D UO01SSa1dwOd UT UOT3IDBIIIUT I3iB]-AlEpuUnog-3doyg - °¢ 2ian8r13]
X
oy'| gL gc't o0 001 g6 0
— ) | R 3 | § | § — ) 4 L § L § — | 4 L B | L ) - B 3 . . OOQO
000061 =9y
jlem Olnjeqeipe 0500
L2°L
a1 Gop gz 01 = 9|bue
Si'l ‘q =
20z 909 W QoL o
682
(9°C
57 gL 0
it’e
62¢
99'¢
<EE M 002 0
ozZ'v |
iv'e
SLy 0620
20'S
00g o
k.62
0se o

MO|4 poajeledag 10} sauljwesl}S / ainssald




LY §t ot 50
P | L A 1 T S S Y
-] 3
- 00000 .
- §T
.
- 2000 il
3 - 80
= 09000
9 Tl
uoIOLY UNS
-3¢ 4 I_} (14 -4 o' S0 00
—a 1 " i1 Ao 2 A 5 A 00
$0
VA
o

SINOJUOY) 8INSSdId

Jauwio) uoissaidwo) eaibeqg 0ol °

€ UOB 10} S)nsay SNY 7= 2




$To

TP rTYeTY

——rrr
2
(-5

- SL0

‘o) toy

L0

18U109) uoissasdwon) @aibaqg G ‘L' | UdeW JOj UOIINIOS SNY 2 94




moly poivaedos (-¢ uorinyosaa y31H

‘B 2andty

b

swiod £IX19X[y2
000'01=8Y £'0=Yoen

e 20

*x JEEUJ

101d|




Apoqid3je UO UOTIOTIJ UTYS (-§ uoTINTOsax Y3TH *qy 2and1yg

0'L 00 O'L- 0¢- 0€-
1 1 — 1 1 ] 1 — 1 1 1 H — 1 1 1 1 — i L 1 1 — 1
- 21
¢00- L — 8°0-
100~ 2 I
100- € - $0-
100~ ¢ I
000- § — 00
500 9 i
oo L .
020 8 ~ 0
SE0 6 i
n jans — 80
— ¢°l
— 9|
L
— 0°¢
— v°C
G,'0=99 88 '0=1e :Apoqiaye — 82

000'0L=8Y £0=yoe|
SINO1UOY) ALI00|BA

8sd|||B |8A x« N0 10|d




gouabiaAuo]) puUBI NN - UDN0BS-X O11dI||3 Ulim Apogualy -»» 8inbi4

SUO|1eID)| Pl BUlH JUB|eAINb]

5. 0§ 52 0

] T T T T l T T T T [ ! ¥ ' _< _.ooo.o
i swiod pub £|X|9XI¥Z ]
: 000'0L=8Y ' €0=N ]
" (s[eAa] pUb ) puBRINW — 7 L0000
n p1ib a|buls | 100
i i 5y
_ - D
- . 25
- ] . Q.
3 10§
i 7 Z
: 1 8
- : 3
- | ) . . ) l . . ) ) I . y . 3 |




(3uaTnqany) 90T = @4 ‘G8" = W UOTIDLIdIUT 10Le|-AITPUnOq d0Yys -py 2andry

¢ 00 S'¢-
1 f 1 1 1 | 1 1 1 1 | 1 1 1 1

S0°0-
L0'o-
00°0-
€00
cLo
(A
0€0
6€°0
Lv¥o
8s0
S90
LAY
€80
¢6'0
10°L
60°L
8L'L
Le

n |eA87

- 0L

—TO0uLwaoa<ooo~@WITMN —

y=u 'dAy 88°0=d9 ¥58 0=ie :Apoqiayy /

930°[=8Y G8 '0=Uoen
SINOJUOD) ALIOO|BA asimwesnS

suel) dAY [8A #¢ JNOO  10[dj




(3uarnyany) uorideaajur iakeT-Lazpunoq }doyg -y 2In8T4

§¢ 00

¥9°0
890
L0
¥LO
8L0
180
¥8°0
88°0
L6°0
¥6°0
60
1071
y0°l
L0°1
LiL
said A9

)

- 00

LwoOooOoOon<oo™~S OWSTON —

y=u 'dAy 88'0=a9 S¥8'0=1e
930°'L=9Y4 G8 '0=Uoen
ApOQialy JOAD MO|H JO SINOLUOT) 8iNssald

sueJ} dAy said «« N0 101d)




(oov=ey

(00v=0Y

, (D@ noylim) uoiinjos eseq SNY
‘de)s Dujoe) premyoeg) seuljueens

10106400 paLeeq A + SNY
‘dejs Buioe) premxoeg) seulweellS
es ainbi4

ot

o't




(0" L=xewyx

?0G°0 '20S°0 'S0 '6¥°0 'St'0 'Ov'0 "SE'0 '0€°0 'SZ°0 ‘020 'SL'0L0
"G00 '0°0 "S00°0- "LO"0- "SL0'0- '20°0- "GC0°0- "€0°0- 3Je sanjeA |aAa7
. SINOJUOY) BuNweaNg

(008=9y) daig Buioeq piemyoeg

UONIPUOD A1epunog MOKINO JO 108Y3 Qg ainbi4

-




0¢e

Y 0z X g1 oL

iﬂ!

N

*192=0Y ‘(de)s Buioe} premxoegq) sioAs| publINN
oG a.nb14

-1 01

-1 St




1000°€-
1005 ¢-
foo0 e
100S°L-
1000° L-
1000°§-
1618°S-
30000
3000°S
3000°L
30061
3000°¢
3005°¢

3000°€ H

3005°€

3000'¥ *

3005

3006'¥
3000'S |
3020°S §

30¥0°S

00l X Gl 0'S Gz

¥06°0 ‘20570 ‘005°0 ‘06+°0 ‘0S¥'0 ‘00¥°0 ‘0SE€°0 ‘00€°0 ‘052°0 ‘002°0 ‘0S1L°0
‘00L°0 ‘S0°0 ‘0°0 ‘S00°0- ‘0L0"0- ‘G100~ ‘020°0- 'G20°0- "0E0°0- 816 SAN[eA |9AST]

(0"0e=xew X ‘008=0Y) dols Buioey pJemyoeg - SINOJUOD uoldUNJWEBSNS
PG @inbid

00

1

oS




ov

0'¢ X 02 0l 00

SEsE= ¥

,|JA¥II

—]

(;01=0Y moyj obpe Buijre. 1) sieAs| pubIINN
oG eunbi4

00

o'l

0¢

ot




0'¢ S|

juswisulal jjng e
AuAndepe jeuoisuswip om| -----
Alialldepe jeuoisuawip su) ——

(;01=3Y :mo|j abpa Bujjies|) uoneuea 95 jo uosuedwo)

JG inbi4

0200-

01L00-

000°0-

0100




