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INTRODUCTION

During a two year grant period several research tasks have been completed
in a continuation of the long range objectives related to the development of
numerical methods for complex flow fields. The major emphasis has been the
background concept of algorithms which recognize the extent to which the pro-
cedure matches the physical description being evaluated. This has involved
extensions of our adaptive techniques to include finite element and Navier-
Stokes components, as well as peripheral study of analytical and machine
architecture possibilities for achieving accelerated convergence.

The physical impetus is the nature of fluid fields such that individual
events often occur in relative isolation and therefore with a scale unique
to the local physical feature. However, overlaps and interactions between
features do occur and are of some importance. The numerical stimulus is the
advantage that results from avoiding procedures carried out globally when a
specific aspect of the discrete methodology is present solely to meet a
local need. The research effort has focused on linking the two drives by
way of unstructured grid and descriptive equation modifications that are
introduced as the numerical integration is carried out and only where required
in a space/time domain.

In a broader sense this amounts to achieving robust integration while
ensuring computational efficiencies in both storage and time, and thus
attention has also been given to boundary condition and parallel processing
questions which are not limited to an adaptive approach.

Specific efforts have been devoted to embedded adaptation using finite
element methods for both two and three dimensional steady state Euler systems
[6, 11, 13], as well as finite difference methods for adaptive Navier-Stokes,
steady and unsteady, two-dimensional fields [2, 12, 14-19]. Each has been
demonstrated to be effective in terms of completed flow fields and their
comparative efficiencies when measured against equivalent accuracies and
resolution obtained with non-adaptive procedures. Non-reflecting outflow
boundary conditions have alsoc been given consideration for time consistent
schemes for viscous flow, and evaluations have been completed to map out the
behavior of various CFD algorithms on a number of parallel processor
architectures [10, 20].

EMBEDDED ADAPTIVE ALGORITHMS
Adaptive Finite Element Methods

Work was completed on the development of adaptive finite element method
(FEM) algorithms for 2 and 3 dimensional steady state Euler equations. The
technical results are completely summarized in the PhD thesis of Richard
Shapiro [11], as well as three papers at technical meetings [6, 9, 13]. A
paper delivered at the January 1988 AIAA Aerospace Sciences meeting in Reno
[6] and attached as Appendix 4 presents two-dimensional results for different
FEM formulations. A second paper [13] presented at the January 1989 AIAA
Aerospace Sciences meeting in Reno (Appendix 10) gave three-dimensional and
new higher order (biquadratic) two-dimensional FEM results. The investigation
into finite element algorithms led to an unanticipated inquiry into the source




of dispersion errors for discrete Euler algorithms. These results were presented
at the Second International Conference on Hyperbolic Problems; Theory, Numerical
Methods and Applications, held in Aachen during March 1988 [9], and the paper is
attached as Appendix 6. In the following paragraphs, the highlights of all

these findings are discussed. The interested reader is referred to Shapiro's
thesis or the papers for more details.

The major effort on developing adaptive finite element methods for the
steady state Euler equations was spent on two-dimensional geometries in order
to reduce computational expense and complexity. The ~eneral approach was to
use FEM discretization in space, Runge-Kutta integration in time with local
time stepping, characteristic boundary conditions on open boundaries, and
added second and fourth order dissipation terms for suppressing background
oscillations and capturing shock waves. Quadrilateral rather than triargular
elements were used since they require less computer memory and are easier to
generate. In theory, the quadrilateral elements are more accurate for a given
shape function, but in practice this effect may not be noticeable. Triangular
elements can be used where needed to fit body geometries.

The various topics which have been addressed for 2-D geometries included:

. °© For bilinear shabe functions, different choices of test functions were
analyzed and tried. The best choice was a constant test function which
gives a scheme equivalent to a cell vertex finite volume method.

o The idea of using a special element when the mesh is exactly Cartesian
was investigated. However, the saving in the overall operation count
was not big enough to justify the additional coding requirements, and
the idea was abandoned.

o Biquadratic shape functions were investigated for nopadaptive meshes.
The results for the two-dimensional test problems proved to be very
encouraging with significant saving in computational time for
equivalent accuracy.

o Two different smoothing formulations were tried, a "low" order and a
"high" order accurate version. It was found that the overall accuracy
of the different FEM discretizations is more effected by the accuracy
of the smoothing than the accuracy of the unverlying discretization
method for the convective terms.

o Numerous calculations were done for scramjet inlet geometries and a
bump in a channel. The adaptive FEM algorithm proved to be robust
and capable of capturing shocks and slip surfaces.

Based upon the experiences of the 2-D studies, 3-D calculations were under-
taken using the cell vertex FEM method. Calculations to verify the 3-D code
were done for a double-wedge compression surface. Both non-adaptive and
adaptive calculations were performed, but the latter should be con sidered as
a first attempt. Further refinement needs to be done on adaption criteria for
3-D flows. To our knowledge, this represents the first adaptive 3-D hexahedral
FEM calculations for the Euler equations. The final 3-D calculation was for a
scramjet inlet. The basic features of the flow were resolved, but the lack
of suitable computer capacity did not permit enough cells to be used. These
results are reported in [11l] and [13]. Calculations were initiated for a
delta wing with the aim to model the leading edge vortex. However, results
were not obtained by the conclusion of the grant. The effort will continue
in a subsequent grant.




_ Lastly, in the course of the development of the different FEM algorithms,
dispersion errors wer. evident for flows involving weak shock waves and ex-
. pansion fans. This led to a new analysis of dispersion phenomena using spatial
group velocity methods. The analysis correctly predicts whether dispersion
phenomena ("wiggles") will appear ahead of or behind the disturbance and also
predicts the wavelength of the oscillations. Differen* spatial discretizations,
mesh aspect ratios, and local Mach number all influence these effects in a pre-

dictable way described by the theory. The analysis and results are given in
[11] and {9].

Adaptive Navier-Stokes Methods

Our original embedded adaptation scheme (3) was limited to Euler modeling
and therefore the capture of features which represented either large disturbance
regions (e.g. the near field at an airfoil leading edge) or sharp discontinu-
ities (e.g. shocks and slip surfaces representative of wakes). Fundamental
aspects of the algorithm were formulated there to provide a proper data structure
for the inherent unstructured grid that results for arbitrary features, as well
as the modifications that might be required for internal interfaces created by
the embedded grid scales.

The extension of the concept to allow Navier-Stokes modeling introduced
a number of additional algorithm settings. These included:

o new discreteness modeling of the stencil for the second derivative
viscous terms, to ensure the individual integration of an unstructured
cell array, independent of each cell's neighbors for computational

O purposes

o allowance for multiple detection parameters, such as density differences
for discontinuities and stresses for viscous diffusion regions, and
their combined governance of the embedding needs within interaction
regions.

LN

o a directional embedding procedure in recognition of the frequent
presence of elongated features such as shock fronts and boundary
layers

o special implementation of turbulence models for consistency with
the apvearance of unstructured gridding and interfaces in regions
near a boundary and/or within the core of a trailing viscous wake

o alternate choices of appropriate orders of conservation and accuracy
for interfaces within interior and exterior regions of embedding with
respect to a given kind of feature

o combined use of redistribution and embedding in establishing the
initial stages of adapted regions with very highly concentrated fine
gridding in large Reynolds number boundary layers

o a spatial variation of time steps corresponding to the spatial
adaptation, to alleviate the stiffness associated with time accurate
computations

A number of fields were calculated to demonstrate the algorithm's
utility, including single element airfoils at transonic speeds (M =0.75,
‘ Reynolds number = 3.8 x 10%) and two element airfoils with different flap




settings at low speed (M=0.19, Reynolds number = 2.5 x 109). Detéil with
respect to separated regions, the presence and behavior of sepaFatlon bubbles,
gap flow between airfoil components, and shocks were captured with good
fidelity using two to four adaptation levels.

Different aspects of the work have been reported at a number of forums.
Fhe initial Navier-Stokes effort was presented in Honolulu (2) and unsteady
and turbulent modifications first appeared at an International Conference in
Williamsburg and since then in the published oroceedings (12) . Two
chapters of a book on viscous computations were prepared on invitation
(16, 17) and some essential elements of the approach were included at an
International Conference in Huntsville (14). A very detailed description
of the algorithm, development, validations and applications is the subject
of a doctoral thesis by Kallinderis (15), and final summaries have been
prepared for submission to the AIAA Journal (18) and the next Reno Aerospace
Sciences Meeting in January 1990 (19).

OUTFLOW BOUNDARY CONDITIONS AND
COMPACT HIGH ORDER SCHEMES FOR NAVIER-STOKES EQUATIONS

Non-reflecting Downstream Boundary Condition for the Wake Problem

As indicated previouslyl, the value of 2, the dimensionless decay rate,
and of w;, the dimensionless group velocity, for long wave perturbations was
to be computed for a range of the parameter M, € and K. This was done in
19882, The main result is that for subsonic flow with high Reynolds number
Q is practically a constant, 2 ~ 72/4, for all practical configurations
(.7 2k < .95 . The group velocity Wy, for M_ £ .3 and K > .7 is practically
linear in K with the slope depending on the Mach number. For laminar flows,
even for numerical boundaries relatively near the trailing edge of an air-
foil - say about 5 chords away - the drag parameter K is near 1, namely
K > .91. For this range of k,uﬁ_ is independent of M and is given approxi-
mately by

u)l = 1.15 - 2.1eK (1>K 2 .9)

The above values for 0 and w, are appropriate for using in the non-reflecting
boundary conditions when the algorithm used is time consistent. When, for
the purpose of accelerating convergence to steady-state, one uses time-
inconsistent schemes (such as by employing local time-stepping), one has to

find a new set of { and ml. This requires further investigation.

lFinal Technical Report, AFOSR Grant 82-0136, July 31, 1987.

2J.S.Danowitz, "A non-reflecting boundary condition for the compressible
Navier-Stokes equations for two-dimensional wake flows," M.Sc. thesis,
Tel-Aviv University, June 1988.



Compact High Order Schemes for the Euler Equations

It can be shown (9,11) that numerical approximations to the linearized
Euler equations of gas dynamics give rise to dispersive errors which in the
2-D supersonic case depend on a similarity parameter k = (Ay/Ax) -~ 1 (under
the assumption v <<u everywhere, where u and v are the x and y components of
the velocity vector). The difference between the dispersion relations of any
numerical algorithm and that of the original partial differential equations
can ke plotted as curves in the Fourier plane with K as a parameter.

In particular the results in (9,11) indicate that for central-difference

schemes, the dispersive errors are contributed mostly by the third power of
the errors in the Fourier variables 6 and ¢. It is, therefore, natural to
think of fourth order spatially accurate algorithms as having better dis-
persive properties. By utilizing the structure of the Euler equations one
can obtain, on a Cartesian grid, a fourth order approximation which instead
of using a 5x5 stencil (and 5x5x5 in 3-D) relies on a compact support of
3x3 (and 3x3x3 in 3-D). The advantages of the combination of fourth
order accuracy together with compact support are quite obvious in terms of
total computer work and memory.

In (7) we construct an implicit approximate factorization (AF)
algorithm and a 4-step Runge-Kutta scheme which have the above properties
of compactness and 4th order accuracy. In particular the following points
should be noted:

. The 2-D AF scheme is unconditionally stable, has a 3x 3 stencil and
at steady-state has a fourth order spatial accuracy. The temporal
evolution is time accurate either to lst or 2nd order through choxce
cf parameter. -

. In 3-D the AF scheme has almost the same characteristics as in 2-D
except that it is now only conditionally stable, with the stability

condition (the CFL number) being dependent on the "cell aspect ratios

Ay/80x and Az/Ax. The stencil is still compact and fourth order
accuracy at steady-state is maintained.

. In the Run?e-xutta case it is shown how the Jameson-Schmidt-Turkel

algorithms may be easily modified to our form which has, in addition

to the higher accuracy, markedly enhanced stability limits.

. Numerical experiments on a 2-D shock reflection problem (using the
AP scheme) show the expected improvement over lower order schemes,
not only in accuracy (measured by the Ly error) but also in the
dispersion.

lA.Jameson, W.Schmidt and E.Turkel, "Numerical solutions of the Euler
equations by finite volume methods using Runge-Kutta time-stepping
schemes," AIAA paper 81-1259, June 198l.




PERFORMANCE OF CFD ALGORITHMS ON PARALLEL PROCESSORS

The objective of this task is to explore how representative CFD
algorithms map onto different parallel processor architectures. A careful
analysis was made of an existing 3-D Euler solver using the Jameson cell-
centere/ finite volume method in order to profile the typical computational
loops in the program. The loops were characterized by the ratio of floating
point operations to memory references and the span of mesh points (memory
locations) required by the operation. Three characteristic loop structures
were identified.

1. The first is represented by the calculation of the pressure given
the values of the state vector. This has twice as many operations
as memory references and involves data only at a single point in
the grid (i,j,k).

2. The second is represented by calculating the surface flux integrals
for a cell given the flux vectors at cell centers. This operation
has about the same number of floating point operations as memory
references and involves the nearest neighbors of a mesh point (i,j,k
and i*¥1, j%1, k*1).

3. The third loop is represented by the tridiagonal matrix solver and
requires about one floating point operation for every two memory
reference. It requires accessing a line of data through the mesh
in each of three directions.

Although the analysis was done for an explicit Euler solver with residual
smoothing, the loop structures are typical >f other CFD codes using struc-
tured grids such as ARC3D.

In the first application, three smaller loops representing these com-
putational tasks were written on two distinctly different architecture
machines. The ALLIANT FX/8 has a shared memory and up to 8 processors
while the INTEL iPSC has a distributed memory with up to 32 nodes (for the
one we used). The loops are analyzed and reported in detail in [5, 8]. A
paper summarizing the entire study was delivered at the 3rd International
Conference on Supercomputing in Boston during May 1988 [10]. A copy is
attached as Appendix 7.

In a second investigation [20] a 2-D version of the Jameson algorithm
was implemented on a data-flow machine simulator using a new programming
language called Id World. Whereas the ALLIANT and INTEL machines execute
in parallel at the loop or subroutine level, a data flow machine executes
in parallel at the elementary instruction level. The investigation revealed
that CFD algorithms are suitable for data-flow architectures and such achieve
much greater parallelism than conventional machines now in production.




TURBULENT SPOTS IN LAMINAR FLOW

A new set of measurements has been carried out to describe the transition
crocess of a laminar flow over a flat plate as it evolves from a small ampli-
tude wave-packet which has keen generated by a controlled short duration air
culse, to the formation of a turbulent spot. The experiment was completed
under the same conditions as an earlier first set of data with the exception
that the initial amplitude level of the wave-packet was increased. The
measurements are more dense along the downstream direction (X) and include
a Y mapping of the flow field which was absent previously. Both streamwise
and spanwise velocity components (U and W respectively) were measured with
a V-shaped hot-wire anemometer while the transverse velocity component (V)
was obtained by using an X hot-wire anemometer. A theoretical model which
includes the flow divergent effect and a nonlinear analysis to capture the
subharmonic stage is now in preparation and will be reported on at a later
date. A summary of the results appears in Appendix 9.
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A Hybrid Expert System for Complex CFD Problems

John F. Dannenhoffer, III *

Judson R. Baron !

Computational Fluid Dynamics Laboratory
Department of Aeronautics and Astronautics
Massachusetts Institute of Technology
Cambridge, MA

Abstract

A new problem solving strategy for complex CFD sys-
tems is described, revolving around a new hybrid system
which incorporates the advantages of both convencional and
expert systems. The paper describes the structure of ex-
pert systems and subsequently their operation and illus-
trates the technique through a local compressible low anal-
ysis example. Comparison of the operations for forward-
and backward-chaining expert systems with conventional
systems leads to an understanding of the advantages and
disadvantages of each. Based upon these observations, a
new hybrid system and associated problem solving strategy
is described. Application has been made to complex grid
adaptation of the two-dimensional Euler equations, high-
lighting the high eficiency and flexibility of the hybrid sys-
tem.

Introduction

Recently, a great deal of attention has been focused on
expert systems, both because of their power and their mys-
tique. Early systems, most notably MYCIN[1] {for diagnos-
ing bactermia and meningitis infections) and DENDRAL(2]
(for predicting the molecular structure of compounds from
mass spectrograms), all dealt with expert domains in which
conveational systems (for example FORTRAN programs)
have not been successful. This led some to make the exag-
gerated claim that expert systems are sufficiently powerful
so as to replace conventional systems in the future. How-
ever despite their utility as a very powerful tool for some
applications, their direct use for most CFD problems would
probably be unwise due to their very low efficiency at repet-
itive numerical tasks.
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To circumvent this difficulty, several CFD researchers
have combined expert system and conventional techniques,
yielding hybrid systems. Three such efforts are described
heres.

The Brst of these is the work of Tong{3] in which he uses
an expert system to automate the design process for cool-
ing fans. His system basically consists of two components:
a conventional system to analyse a proposed geometry and
an expert system to alter the geometry based upon the ob-
served performance of the previous geometry and heuristic
design rules gleaned from a human design expert. Succes-
sive iterations between these two components resuits in the
evolution of an improved cooling fan.

The second exampie is the PAN AIR knowledge system
by Conner and Purdon[4]. Here thers are two major com-
ponents: an expert system with which a user consults in or-
der to set up a proper input file for the second component,
the PAN AIR program which is written using conventional
techniquee.

The third example is a sonal grid generation system dis-
cussed briely by Andrews(S|. Here an expert system is
used to divide complex two-dimensional flow fields into four-
sided, well-shaped sones; a grid generation program (which
uses conventional programming techniques) then generates
the final computational grid within each sone.

In each of these systems, the conventional and expert sys-
tem components are rather loosely coupled, that is there is
a limited interaction between the two components. Conner
et al and Andrews apply the two components successively
with the expert system performing the initial processing and
then conventional components acting on the expert system’s
outputs. Even in Tong’s work, where he alternately applies
the two types of components, the components act somewhat
independently.

In this paper a tightly coupled use of conventional and
expert system components is described. This new hybrid
system architecture gains its power by combining the ad-
vantages of each type of component at a lower level.
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This paper begins by describing expert systems, both in
terms of their components and their operation. Through a
case study, local compressible flow analysis, the operation
of an expert system is contrasted with the operation of a
conventional system, making the advantages and disadvan-
tages of each apparent. This then leads to the development
of the general hybrid system architecture which forms the
framework for the MITOSIS adaptive grid program 6]. The
paper concludes with a full description of the hybrid sys-
tem’s knowledge base that is used to accomplish adapta-
tion, both as initially set up and through various revisions
to demonstrate the ease with which experience can be built
into the program.

Expert Systems — Background

Expert systems are computer systems which approach
problems that are normally associated with human experts
by applying a reasoning mechanism to a body of knowledge
in its domain.

As shown in fgure 1, all computer systems, whether ex-
pert or conventional, are composed of three basic compo-
nents:

Facts — descriptions of the state of a physical or abstract
object or situation of interest. For example, the radius
of a circle or an employee’s name.

Relationships — statements concerning the interconnec-
tions of facts. For example, the circumference of a circle
is related to its radius by the algebraic relation ¢ = 2xr.

Control — statements concerning the order in which the
various relationships should be applied to specific facts
in order to accomplish a task, typically the latter being
the creation of new facts.

In conventional systems, programs consist of two major
components: the variables which contain the facts and the
program which contains both the relationships and control.
Typically relationships are coded as assignment statements

Expert System
4———— Knowledge base —————»= Inference Engine

FACTS RELATIONSHIPS CONTROL

Variables e Program —————e——=tn

Conventional System

Figure 1: System organisation

while control is coded implicitly through statement ordering
and explicitly as GOTOs, DO-loops, and subroutine calls.
The essential point is that the relationships and control are
intertwined.

In expert systems on the other hand, the rules are com-
bined with the facts in the knowledge base and controlisin a
separate component known as the inference engine. In this
way, the domain dependent information (facts and rules) is
segregated from the domain independent information (con-
trol).

The facts in an expert system, not unlike variables in
conventional programs, have names and values such as
airfoil-type:NACACO12 and Mach-number:0.80. As shown
here, the values can be symbolic or numeric or can have the
value UNKNOWN. The operation of many expert systems re-
lies heavily on allowing values to be unknown, and being
sought as part of the solutions. In addition to this simple
representation of facts, other expert systems include more
complicated representations such as object-attribute-value
triplets, frames, and semantic nets{7]. .

The relationships in an expert system describe cause-and-
effect or other relationshipe between facts in the domain,
known as rules. Expressed as if-then statements, rules typ-
ically take the form:

Rule:
1t preaise clause !
andif: preaise clause 2
then: action clause 1
andthen: action clause 2

In general, premise clauses are simple relational operators
which evaluate to either TRUE, FALSE, or UNKNGWN. In order
for a rule to be available for execution, it cannot contain
any false premise clauses.

The action part of a rule consists of one or more action
clauses, each of which either modifies facts in the knowledge
base, performs a user-defined function, or performs input
and/or output. In some expert systems, it is even possible
to create new rules or disable old ones. The standard func-
tions which are supported by most expert systems inciude
the arithmetic operations as well as other common math-
ematical functions such as root extraction. User-defined
functions are generally just implementation-language func-
tions which are executed based upon facts supplied through
the rules and which generate new facts that are stored in
locations specified by the rule.

The control in an expert system is done in the sinference
engine, whose responsibility it is to decide which rules in




the knowledge base are to be fired (executed) and in what
order; in other words to reason with the knowledge (the facts
and relationships). There are two basic strategies used in
inference engines: forward- and backward—chaining.

In forward-chaining, which is also known as data-driven
inferencing, the rules are applied to the currently known
facts such that all subsequently determinatle facts are
found. This is accomplished through the f{ollowing steps:

search — search through all rules, listing only those which
have true premises. If none qualify, execution of the
inference engine halts.

select — if the search list contains more than one entry,
select the most dominant entry from the list. This step
is also known as conflict resolution.

act — perform the actions in the action clauses of the most
dominant rule on the list, resulting in a modified set of
facts in the knowledge base. The process of executing
action clauses in a rule is also known as firing the rule.

repeat — return to the search step

The Digital Equipment Company uses an expert system
called XCON(8] for custom configuring VAX computer sys-
tems. This synthesis task, in which component compatibil-
ity is checked, power supplies and cabinets are assigned, and
cables are designed, is ideally suited for a forward-chaining
inference engine.

In backward-chaining, which is also known as goal-driven
inferencing, the procedure is inverse and begins with a goal.
The rules are applied backwards and those which assert a
value for the goal are selected. If the rules themseives ref-
erence facts with currently unknown values, these facts be-
come new goals and the processing continues recursively.
This type of inferencing strategy is particularly appropriate
for classification and diagnostic problems, One of the first
true expert systems, MYCIN([1], is"s backward-chaining sys-
tem whose domain of expertise is diagnosing bactermia and
meningitis infections.

In both chaining systems, the inferencing mechanism can
be summarised by matcA-select~act-repeat. The match step
searches through all of the rules, seeking those which match
either current data or goals, the select step uses a conflict
resolution strategy to pick s dominant rule from those iden-
tified in the match step, the act step performs the actions
in the then—~clause of the selected rule, and the entire cycle
is then repeated.

The examination of all the rules (or a subset of them) in
the match step is what gives expert systems their power and
at the same time makes them inefficient for repetitive tasks
which can be defined procedurally. Acceleration strategies
to circumvent this problem (for example, context limiting|9|
and the Rete match algorithm|10]) have been developed but

attribute | description
e speed of sound
A cross-sectional area of streamtube i

mass flow rate :

M Mach number :
P static pressure .
R gas constant 2
T static temperature 1
u velocity
¥ ratio of specific heats
P static density

Table 1: Initial set of attributes for the local compressible
flow analysis model problem

unfortunately even their use results in a -yntoin which is less
efficient for some repetitive rasks than is the corresponding
conventional system.

Model Expert Systems

Consider two expert systems, one forward-chaining and
one backward-chaining, which use a common knowledge
base to attack a model fluid mechanics problem. Though
the expertise hers consists mainly of simple algebraic sub-
stitutions, the examples do highlight the real strengths and
weaknesses of expert systems through the comparison of
their operation with that of conventional procedural sys-
tems.

The domain of expertise of these model expert systems is
local compressible flow analysis, that is those aerodynamic
and thermodynamic variables describing the relationships
governing the flow at a point in a streamtube. Initially the
conditions will be characterised by the attributes given in
table 1 and the relationships in table 2. It is assumed that
the values and relationships are all written in ‘a consistent
set of units {or are non-dimensional).

Since there is no provision for algebraic manipulations in
the inference engine as used here, each of the relationships
given in table 2 must be written as a series of rules, leading
to the rule set given in table 3. The attributes ¥ and R
were considered parameters whoss values would be assigned
a priori by the user and hence were not solved for in this
set of rules, although one could certainly do that if desired.

The appropriate form of the rule to implement p = pRT
is given by:




relationship I description
p = pRT ; state equation
a® = yRT l speed of sound relation
m = puA mass flow rate definition
M=3 Mach number definition

Table 2: Initial set of relationships for the local compressible
flow analysis model problem

rule number | rule statement

1 p = pRT
2 p=#r

3 T=2%

4 e =1RT
5 T=;"§

8 m = puA
7 p=a-

8 u=’%

9 A=£~
10 M=2

11 v = Ma
12 s= %

Table 3: Initial set of rules for the local compressible flow
analysis model problem

Rule {: 1if:

then: p < oRT

The lack of premises in rule 1 is tied to the lack of restric-
tions in using the relationship p = pRT; physically the only
restriction for using this rule is that the fuid is thermally
perfect. If one wanted to extend the present knowledge base
to include thermally imperfect gases, then physical restric-
tions would show up as premise clauses in the rules. Asa
result, rule 1 would be written as the two rules:

Rule 1a: if: gas is perfect

then: p < pRT
Rule {b: 4if: gas is imperfect
then: p<¢&---

This illustrates one of the real powers of expert systems,
that is, that the rules in the knowledge base should be con-
cerned with representing the physics and not the control
flow. Concerns about whether or not a rule applies to the
current situation (except for physical restrictions embodied
in premise clauses) are addressed by the controlling mecha-
nism in the inference engine.

It is instructive now to examine the operation of the
forward-chaining inference engine when applied to the
knowledge base given above in tables 1 and 3. Since the
order of rule application is heavily dependent on the data,
two cases will be examined, their difference being the initial
set of known facts.

In the first case, the attributes T', R, v, M, i, and A are
assumed to initially have known values, yielding the locus
of knowledge illustrated in figure 3. Facts are represented
by circles containing the attribute name and rules (whick
are numbered) are represented by groups of vertical and
diagonal links between the circles. For example the three
links emanating from the top of @ in the figure indicate that
a can be asserted using rule 4 given known values of T, R,
and 7.

The initial set of facts are shown across the top of the fig-
ure in a somewhat arbitrary order. As a result of the search
step in the first cycle, only rule 4 was triggered (met the
search criteria) to yield the value of a, the speed of sound.
Thus after the first cycle, the parameters with known values
are those shown on the top two rows of the figure. In like
maanner, the second cycle resulted in a value for & through
the triggering and firing of rule 11. This igure clearly shows
that in order to determine the value of p from the initially
known attributes with the original set of rules, one must
firss compute values for ¢ and then w.

In the second example, the initial set of facte consiats of
M, v, R, T, p, and A; the resulting the locus of knowledge




initial

cycle 1

cycle 2

cycle 3

cycle 4

Figure 2: Locus of knowledge for first forward-chaining ex-
ample

initial
cycle 1
cycle 2

cycle 3

cycle 4

Figure 3: Locus of knowledge for second forward-chaining
example

cycle 4 0 (R) (T)

cycle 3

cycle 2

cycle 1 [4 e 0

goal

Figure 4: Locus of knowledge for backward-chaining exam-
ple

{(shown in figure 3) differs significantly from the previous
case.

In summary, both forward-chaining expert systems start
with an initial set of facts and then use the rules to assert
all possible consequent facts. The exact locus of knowledge
is heavily dependent on the initial facts and to a somewhat
lesser degres on the conflict resolution strategy chosen.

Consider now a backward-chaining inference engine ap-
plied to the local compressible flow knowliedge base with
the same initial set of known facts as in the first example
above (T, R, 7, M, rh, and A). For an inference engine in-
vocation with p as the goal, the locus of knowledge is given
in figure 4. Here facts with known values are denoted by
an attribute name in a circle, while those whose values are
UNKNOWN are not circled. Rules are denoted in the same
way as in previous knowledge loci.

For this case, the original goal (p) is shown on the bottom
row of the figure. The search step in the first backward-

chaining cycle finds rule 1 which asserts a value for p. How-

ever in order to fire, a value must be known for p. There-
fore p is made the new goal and the .process repeats. At
this point there are two rules, 2 and 7, but rule 2 must be
excluded since it requires a value for p which is already a
goal. The cycling continues until rule 4 is found as a means
of calculating a value for a. Since all its inputs are known,
it can be fired, making the value of a available so that rule
11 fires, .... Eventually the value for the original goal p is
determined.

One of the particularly nice features of expert systems is
that the separation of knowledge from the control makes it
relatively easy to add new knowledge and hence new capa-
bility. For example in the local compressible flow example,
stagnation pressure (p,) and stagnation temperature (T,)
are easily added simply by defining two new attributes and
by adding new rules. These new rules, which are listed in
table 4, are derived from the energy equation and isentropic
relations.




rule number | rule statement
13 T, =T (1 + 13 M’
14 T=T,[1+35M]"
15 M= (3o
18 lh=p(3)TT
17 =p (£)7T \
18 T, = (';ﬁ)’f_:
19 T=T, (;;)L"

Table 4: Rules added to the local compressible low analysis
model problem

initial

cycle 1

cycle 2

cycle 3

cycle 4

cycle §

cycle 8 " N

Figure 5: Locus of knowledge for forward-chaining example
with extended knowledge base

With this expanded set of rules, the initial set of facts
from figure 3 now produces the locus of knowledge shown
in igure S, where the dotted lines simply denote the newly
added rules. It should be noted that the searches ia cycles
1 through 4 all contained two rules in their conflict set,
the rule which fires and rule 13; the firing of rule 13 was
arbitrarily delayed until cycle 8 by the conflict resolution
strategy.

Comparison of Expert and Traditional
Systems

The previous sections described expert systems both in
terms of their components and through the examination of
their operation when applied in various ways to a model
problem. Now consider the characteristics of expert ays-
tems in contrast to traditional procedural systems in an
attempt to elucidate the strengths and weaknesses of the
two approaches.

Virtually all of the differences between expert and proce-
dural systems grow out of their structural differences. Re-
call that expert systems consist of two parts: a knowledge
base containing both facts (attributes) and relationships
amongst the facts (rules), and a control strategy (inference
engine) which models one of a few general problem solving
strategies. On the other hand, procedural systems are seg-
mented differently: the variables (data) and the program
which includes both relational and control information.

One implication of this structural difference is that the
separation of rules from control in expert systems allows
relationships to be written in the form of cause-and-effect
statements which directly represent physical laws and/or
heuristics. As a result, the domain knowledge is explic-
itly stated in the rules, and modifications to the underly-
ing physical model or extensions to the system’s domain of
expertise is more easily accomplished with an expert sys-
tem than is possible with a traditional procedural system in
which the relationships are intermixed with coatrol.

A side benefit is that since the knowledge is explicitly
represented in the rules, it is relatively straightforward to
trace the locus of knowledge through the expert system.
Sometimes this is even done automatically by including an
explanation facility in the inference engine where the user
can ask questions such as *why is a value required for this
attribute?”® or *how was this conclusion reached?”. The ex-
planation facility answers such questions by tracing through
the rule and/or goal stacks created internally by the infer-
ence engines or by tracing through a list of rules which were
fired.

Another important implication of the separation of rela-
tionships and control in an expert system is that the con-
troller (inference engine) can directly mimic one of the prob-
lem solving strategies used most frequently by experts. Just
as human experts sometimes attack a problem forward from
the initial set of facts, using all appropriate physical laws
and heuristics, so too will a forward-chaining inference en-
gine work forward, choosing the appropriate rules to deveiop
all consequences of the initial data. On the other hand,
problems in which human experts work backward through
physical laws and heuristics in search of values for a par-
ticular goal are well suited to backward-chaining inference
engines. Of course, for efficiency some domains require a
combination of the two basic strategies (perhape applied




iteratively), resulting in inference engines which combine
elements of both forward- and backward-chaining.

The essential point is that either type of inference engine
applies only those rules which are appropriate to the cur-
rent situation, ignoring those in the knowledge base which
are currently superfluous. Thus one can start with virtu-
aily any set of facts and a forward-chainer will adapt its
application of the rules to match the given initial set. Sim-
ilarly, a backward-chainer will adapt its search through the
rules based upon the desired goal as well as the initially pre-
scribed data. In summary, expert systems do not require a
priors knowledge of which parameters are inputs and which
are outputs.

An unfortunate consequence of this adaptiveness is that
for tasks with known sets of input and outputs, expert sys-
tems are slow relative to procedural systems. This is due
primarily to the search which has to be undertaken in each
cycle on the inference engine. Additionally, tasks which
can be described procedurally, that is tasks which follow a
predefined recipe of operations and flow control based upon
simple comparisons, cannot be easily prescribed in an expert
system since by design the rules can reference facts but not
other rules. Hence for applications which require intensive
amounts of repetitive calculations which can be defined pro-
cedurally, the relative inefficiency of expert systems makes
them unsuitable.

It should be noted again that expert and procedural sys-
tems are simply alternative strategies for problem solving.
Either strategy can be used to solve any problem even
though the other may be easier to implement or may be
more efficient. In general, problems which require a large
amount of repetitive calculations (which can be prescribed
algorithmically) are better suited for procedural systems;
those for which the domain knowledge grows and/or those
in which the types of inputs are not known a prior are bet-
ter suited for expert systems.

A Hybrid Expert/Procedural System

The basic requirements of complex numerical pro-
cesses, particularly those in Computational Fluid Dynamics
(CFD), may be examined in order to determine the relative
suitability of expert and procedural systems. It turns out
that neither is completely satisfactory by itself, leading to
the development of a hybrid system.

As used here, the term complez numerical process refers
to a procedure which meets the following criteria:

¢ it is composed of a order ten sub-processes;

o its sub-processes are generally rather complicated, each
requiring thousands, millions, or even mors operations;

[1  preliminary airfoil design || 7  2-D design |
[ 2 planform design 8  3-D inviscid analysis ‘
'3  section extraction 9 3-D viscous analysis

i 4 section fairing !l 10 mechanical properties |
| § 2-D inviscid analysis E 11 graphics |
"6 2.D viscous analysie ;

Figure 6: Components of a typical wing design program

e its sub-processes are generally numeric in nature, that
is mostly composed of simple arithmetic operations and
simple logical tests;

¢ its sub-processes are relatively independent of each
other, that is they may viewed as black boxes with
the only communication between them being through
a prescribed set of inputs and outputs; and

o the order in which the sub-processes are executed is not
fixed but instead changes depending on results from the
various sub-processes.

If more than order ten sub-processes are present, one could
abstract the sub-processes at a higher level, essentially cre-
ating a hierarchy of complex numerical processes.

As an example of a complex numerical process, consider
the design of an aircraft wing as depicted in figure 8. At the
center of the figure is a large pool of data, containing all geo-
metric and aerodynamic properties which describe the wing
and its operation. Data in the central pool might contain
the shape of the wing (both planform and sections), free-
stream flight conditions, spanwise loading distribution, and
pressure distributions, etc. Values for many of the prop-
erties in the data pool may be unknown at early stages in
the design process, awaiting application of the various sub-
processes.

Eleven such sub-processes are shown surrounding the cen-
tral data pool in figure 8. Included in this list are two- and




three-dimensional analysis processes, processes to convert
two-dimensional to three-dimensional data and vice versa,
design modules, and graphics processors. Those included
are not meant to form an exhaustive set but are typical
sub-processes.

All sub-processes communicate with the central data pool
via a two-way link. Additionally, a sub-process cannot com-
municate directly with any other but instead must deposit
information into the central data pool for another sub-
process to extract. Though this communication stricture
may seem overly severe, it leads to substantial benefits in
the design and development of the overall process. First,
the function of each sub-process is completely independent
of other sub-processes, and can be developed and tested
individually. Second, because the inner workings of each
sub-process is unknown to the other sub-processes, the algo-
rithm followed can be changed as long as the output remain
identical.

The exact sequence of sub-processes used by a wing de-
signer cannot be prescribed a priors but instead is highly
dependent on the data which is output from prior sub-
processes. Very often the choice of which sub-process to
employ is heuristic in nature. Economical, political, and
technological concerns all impact the choice of sub-processes
which the designer chooses. For example, three-dimensional
viscous analyses are currently prohibitively expensive and
may be used only in the most necessary cases. Similarly,
though two-dimensional analyses are relatively inexpensive,
their use is somewhat limited by the assumptiors made in
their development.

The development of a complex numerical process such as
for the above wing design example can be accomplished in
a variety of ways; here two competing techniques will be
explored: procedural and expert systems.

First consider the traditional, procedural system. For the
execution of the algorithmically-based sub-processes, the
procedural system will be highly efficient, primarily dus to
the fact that procedural systems ¢ompile directly into ma-
chine instructions which more or less directly mimics the
algorithm.

At the same time, the data-sensitivity necessary to prop-
erly determine the order of execution of the sub-processes
is difficult to implement very well in a procedural system.
For a few sub-processes and a few possible conditions, this
can be handled with some [F-tests and GOTOs. However
as the number of sub-processes and possibilities increases,
the logic quickly become unmanageable, often making ex-
tensions nearly impossible to implement. Many large sys-
tems have been rendered inoperative (at least temporar-
ily) by adding just one small new featurs somewhers else
in the system because the reasons why and when certain
sub-processes were executed were obecured by the logical
structure of the controller.

Second, consider using an expert system. Here the con-

TEpest 1yitedm

control

procedare

procedure
D

Figure 7: Organisation of hybrid system

trolling logic concerning the execution order of the various
sub-processes is very easy to implement and extend through
the use of expert system rules. The logic is easy to decipher
because it is represented explicitly in the ruies.

Unfortunately the execution of the algorithms in the sub-
processes is considerably less officient in an expert system
than in a procedural system, mostly due to the search step
in expert systems.

Clearly neither procedural nor expert systems alone is
completely suitable for complex numerical processes and
hence a new hybrid system is proposed here, as shown in
figure 7.

At the center is the data pool which contains all infor-
mation to be shared amongst the procedures. Typically the
data consists of some global parameters which describe the
current problem as well as arrays which describe distribu-
tions.

Surrounding the data pool are a small number of inde-
pendent procedures which generally are both numerical and
algorithmic in nasure, making them ideal candidates for pro-
cedural system techniques.

The final component is the expert system (shown in fig-
ure 7 as a ring encircling the procedures), the purpose of
which is to control the flow of execution through the sys-
tem. As such it passes control information into and receives
status information out of the various procedures.

Both the flexibility and efficiency of the hybrid system
compare favorably with that of expert and procedural sys-
tems when applied to complex numerical processes. Ob the
one hand, since the majority of computer resources (CPU




time) are consumed by the execution of the sub-processes,
the efficiency of the hybrid system is essentially the same as
the efficiency of procedural systems and much greater thaz
that of an expert system. On the other hand, since the con-
trol of the execution order of the sub-processes is governed
by rules in the expert system, the flexibility and data sen-
sitivity of the hybrid system is much the same as an expert
system and much greater than is possible with a procedural
system.

The structure of the hybrid system developed here is dif-
ferent from the hybrid systems of Tong, Conner and Purdon,
and Andrews in one important respect — the level at which
the expert and conventional components are coupled. In
the other three systems, the components are coupled at a
very high level, that is a brief conceptual block diagram of
the data and processing lows through these hybrid systems
would include a very small number of blocks which were
conventionally programmed and others which included ex-
pert systems. The two types of components are of roughly
equal stature in that each contains processing and control
functions.

On the other hand, the hybrid system developed here is
coupled at a much lower level; the conventional procedures
are responsible for all CPU-intensive functions and the ex-
pert system serves a purely supervisory function, that is
it controls the order of execution of the various processes
based upon status information passed back from the pro-
cesses to the expert system. This separation of processing
and control is a major benefit of the new hybrid system
approach.

Application of Hybrid System to Grid
Adaptation

The effectiveness of the hybrid system approach has been
demonstrated by applying it to a two-dimensional grid
adaptation program, the MITOSIS system|[6]. This section
begins with a brief overview of the grid adaptation prob-
lem along with typical computed results from the MITOSIS
program. A discussion of how MITOSIS fite into the hy-
brid system strategy follows. The section concludes with a
description of the initial MITOSIS knowledge base as well
as additions which were included as experience accumualted
through the use of the MITOSIS system.

The Grid Adaptation Problem

The conflicting requirements of accuracy and efficiency
dictate that advanced calculation methodologies be em-
ployed for complex flow-flelds. One method of coping with
the accuracy/efficiency dilemma is to use an adaptive grid
technique such as MITOSIS in which an Euler flow is solved
using a Lax-Wendroff-type integration scheme on a succes-

sion of grids. For simple cases, the scheme consists of the
following steps:

1. initialize the fixed, coarse global grid using any stan-
dard grid generation method

2. integrate the Euler equations forward in time on the
current grid until the residual has fallen to some spec-
ified level and until the global convergence parameters
(such as lift and drag coefficients) have stabilized

3. stop if the converged solution is sufficiently close to the
converged solution on the previous grid, otherwise

4. search the flow field for local flow features, that is
regions where the changes in flow-field quantities are
large (for example shocks and stagnation regions)

5. divide cells near low features and fuse (un-adapt) cells
away from fiow features, so as to concentrate the com-
putational grid where required

8. go back %o step 2

More complicated cases require a slightly different set of
steps as descibed below.

Figures 8 and 9 show the original and final (after five
adaptation cycles) computational grids for an RAE-2822
airfoil at a free-stream Mach number of 0.75 and three de-
grees angle of attack. The differences in the Mach number
distributions for these two cases can be seen clearly in fig-
ure 10, indicating that the increased resolution, at least in
the vicinity of the shock, is required for this case. The Mach
number distribution obtained with the adapted grid is the
same as that obtained using a globally refined grid, but re-
quired about 100 times less computer time.

Initial
Mo = 0.75, a = 3°.

Figure 8: computational grid, RAE-2822,




Figure 9: Final adapted computational grid, RAE-2822,
Mg, =0.75,a = 3°.
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Figure 10: Mach number distributions (before and after
adaptation), RAE-2822, M, = 0.75,a = 3°.
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Figure 11: Organisation of MITOSIS

MITOSIS as a Hybrid System

The application of the hybrid system strategy to MITO-
SIS is shown schematically in figure 11. As with all hybrid
systems, the central data pool is surrounded by applica-
tion procedures, which in turn are surrounded by the ex-
pert system whoee responsibility it is to schedule (control)
the execution of the procedures. A brief description of each
of these components follows; a complete discussion is con-
tained in [11].

The center of the figure contains the central data pool
in which data which is to be communicated amongst the
procedures is stored. For MITOSIS this includes nodal ar-
rays containing the dependent and independent variables
throughout the flow field, data structure arrays which spec-
ify the interconnections of the nodes as well as information
used within the Euler integrator, problem parameters (such
as free-stream reference values, smoothing coefficients), and
convergence information (for example, iteration number,
normalised changes in the dependent variables from the pre-
vious iteration, etc.)

The procedures wh'zh surround the central data pool are
those which consume the vast majority of the computational
resources. The procedures in the figure, which are written
using conventional programming techniques, include E2CTRL
(the Euler integrator initialisation routine), E2MAIN (the
procedure which actually integrates the Euler equations one
iteration), F2GRAD (the procedurs which computes the first
difference of the refinement parameter), and G2WRIT (the
procedure which writes the current data structure to a disk
file).

The expert system is responsible for scheduling the execu-




tion of the various application procedures. The inferencing
mechanism used here js forward-chaiaing with the conflict
resclution strategy being such that the rule with the great-
est number of premise clauses dominates.

The Initial MITOSIS Knowledge Base

MITOSIS’ knowledge base consists of two parts: the
facts and the rules. The facts contain constants (the in-
put/output units of the printer, etc.) as well as those
which vary through the execution of the inference en-
gine. Amongst thess are the current convergence sta-
tus (conv-check), the lift coefficient (clift), the division
threshold (thr-divd), and the number of adapted cells
(ncells).

The initial MITOSIS knowledge base consisted of 10 rules
which are described in (11]; following is an abridged list
which serves to illustrate the controlling role of the expert
system. The rules are formatted such that lower-case words
represent variables and upper-case represents fixed coantrol
words. As with all computer processing, it is advantageous
to break the control problem into a series of smaller tasks,
herein called contezts. One could consider these contexts to
serve somewhat the same purpose as subroutines and pro-
cedures in conventional computer systems. The MITOSIS
knowledge base initialises the context to initial.

Each time that a new grid is established (either initially
or after an adaptation), various initialisations are required.
These are the subject of the first rale:

RULE SET CONTROL AND INDEX VECTORS
IFr context .EQ. "initial®
THER E2CTRL

ANDTHEN GISUNY terminal
ANDTHEN E2STAT printer

ANDTHEN SET iters +0.0

ANDTHEN SET conv-stage +0.0
ANDTHEN SET conv-check +0.0
ANDTHEN SET context “iategrate”

The actions performed by this rule are: set up the control
and index vectors for the Euler integrator (E2CTRL); out-
put the grid and solver status information (G2SUMY and
E2STAT); a~d initialise the attributes 1ters, conv-stage,
and conv-check. The rule concludes by switching the con-
text to integrate. Since this is the only rule associated
with contaxt initial, it is always the first rule to fire.

Rules with the context integrate are associated with in-
tegrating the Euler equations to steady state on a given
grid. There are four rules in this context, one each for the
four major types of processing which is to be done in this
context. The first rule in this context:

RULE TAKE ONE ITERATION

1

IF context .EQ. “integrate”
THEN E2MAIN delta-du clift cdrag
ANDTHEN E2WIND conv-stage conv-check
ANDTHEN E2HSPR

ANDTHEN ADD iters iters +{.0

is the one which calls E2ZMAIN to integrate the Euler equa-
tions one iteration. It then calls the convergence check-
ing algorithm (E2WIND), outputs convergence information
for the iteration just taken (E2HSPR), and increments the
number of iterations taken on this grid.

The second rule in context integrate is:

RULE CONVERGENCE DETECTED
IF context .EQJ. “integrate”
ANDIF conv-check .EQ. +1.0
THEN SET context "converged*

and is responsible for noting that the Euler integrator has
converged on the current grid by moniforing the value of
conv~check which is updated each time the rule discussed
previously is fired. Upon noting convergence, this rule
switches the current context to converged. This will al-
ways dominate the first rule in this context by virtue of the
fact that it has two premises whereas the other has only
one.

There are rules similar to the latter which are concerned
with detecting that the maximum number of allowable iter-
ations on any one grid has been exceeded, as well as that the
iteration process on the grid has diverged. In each such case
the solution file is dumped to a disk file and the processing
halts.

Another context, adapt, consists of three rules which are
associated with the grid adaptation process. In like manner
to the rules in context integrate, the proper operation of
the rules in this context requires that the rule with the most
premises dominates in the conflict resolver.

The first rule in this context is rec -
the grid, and is given by:

for adapting

RULE ADAPTATION WITH AUTOMATIC THRESHOLDS
IF context .EQ. "adapt*®

THEN ADD levels levels +1.0

ANDTHEN E2DATA density

ANDTHEN FIGRAD

ANDTHEN F3THRS thr-divd thr-fuse

ANDTHEN F2ADPT thr-divd thr-fuse ncells
ANDTHEN SHOW ncells

ANDTHEN SET context "initial®

This rule begins by incrementing levels, the number of
grid adaptation levels. It then calls E2DATA to write a
copy of the density into the work array which F2GRAD




subsequently uses to set up the refinement parameter (the
first-difference of density). The division and fusion thresh-
olds which are computed next (by F2THRS) are then passed
into F2ZADPT which actually adapts the grid. The execu-
tion of this rule completes by cutputting ncells and switch-
ing the context to 1nitial to start another cycle.

The determination that the solutions on successive grids
are essentially the same and thus further adaptation is not
required is the purpose of the next rule, given by:

RULE FINAL CONVERGENCE REACHED
IF context .EQ. “adapt”

ANDIF  delta-cl .LE. clift-tol
ANDIF  delta-cd .LE. cdrag-tol
THEN G2WRIT final-soln

ANDTHEN E2PRNT
ANDTHEN SET context "returan”

When this rule fires, it writes the final solution to unit
final-soln and switches the context to return for which
there are no rules and thus the inference engine stops.

The final rule in this context ensures that the number of
levels of adaptation does not exceed some specified maxi-
mum.

These rules simply describe the adaptation process enu-
merated above. As can be seen from these rules, the logic
associated with the grid adaptation strategy is represented
in a straightforward way. Tracing the order of execution of
the various processes is simplified by the logic being clearly
described by the rile text.

Building in Experience

In MITOSIS the philosophy was to develop a simple
adaptation strategy which worked well in the majority of
cases, and then to add new rules to handle those situations
which failed with access to only the initial knowledge base.
The ease with which expert systems are easily expanded as
knowledge about the domain is identified is a major reason
for using expert systems for control and hence the hybrid
system approach.

The first situation which was discovered for which the ini-
tial knowledge base was insufficient involves the solution for
cases where global parameters such as lift and drag coefli-
cients are not available. Here the rule to determine if global
convergence is achieved is clearly not applicable. To solve
this problem, two new rules were required:

RULE ADAPTATION WITH AUTOMATIC THRESHOLDS(2)
Ir context .EQ. "adapt*®

ANDIF  delta_cl .LE. clift_tol
ANDIF  delta_cd .LE. cdrag_tol
ANDIF clift .EQ. +0.0

.

ANDIF  cdrag .EQ. +0.0
ANDIF  levls .LT. max_levls
THEN ADD levls levls +1.0

ANDTHEN E2DATA density

ANDTHEN F2GRAD

ANDTHEN FITHRS thr_divd thr_fuse
ANDTHEN F2ADPT thr_divd thr_fuse ncells
ANDTHEN SHOW ncells

ANDTHEN SET context "initial®

and:

RULE FINAL CONVERGENCE REACHED(2)
IF context .EQ. "adapt®

ANDIF  deltm_cl .LE. clift_tol
ANDIF  delta_cd .LE. cdrag_tol
ANDIF clift .EQ. +0.0

ANDIF  cdrag .EQ. +0.0

THEN GAWRIT f£inal_soln

ANDTHEN E2PRNT
ANDTHEN SET context "returan“

These rules are very similar to two rules in the initial
knowledge base, except that they contain additional premise
clauses. Therefore, if c1ift and cdrag are both sero, these
rules will be found during the forward-chainer’s search step,
and will dominate since they contain more premises than the
corresponding rules in the initial knowledge base.

The second case that required a new rule concerned prob-
lems with bow shocks. The difficulty was linked to the fact
that the shock’s upstream motion that results after the lead-
ing edge grid is refined by adaptation passes through the
edge of the embedded region. As a result, conservation er-
rors are introduced by the approximations in the embedded
mesh formulation. To remedy this problem, a new rule was
added:

RULE GROW EMBEDDED REGIONS

IF context .EQ. “diverged®

THEN G2READ ocut-file

ANDTHEN E2DATA density

ANDTHEN F2GRAD

ANDTHEK F2THRS thr-divd thr-fuse

ANDTHEN F2ADPT thr-divd thr-fuse ncells
ANDTHEN GaGROW

ANDTHEN SHOW ncells

ANDTREN SET context "initial®

This rule’s action clauses specify that after reading the
previous good solution from disk (GZREAD), perform simple
adaptation, and then grow the embedded regions (GIGROW)
50 as to avoid (or lessen the chance of) the bow shock pen-
etrating the edge of the embedded region.

The creation of the rules resulted from the following sce-
nario. For each new (different) case that was executed using




the then-current version of the MITOSIS knowledge base
and as a result of problems that were encountered, an engi-
neer/CFD researcher determined the cause of the problem
and fashioned a remedy. The appropriate new rule(s) were
then added to the knowledge base (without any modification
of the MITOSIS program itself) and the case was re-run. By
following this process, the initial set of 10 rules has been ex-
panded to over 25, greatly expanding the robustness of the
adaptation process for a wide variety of flow field topologies.

It is largely because of the way in which an expert system
functions that adding such new rules proves to be a stright-
forward process. In principle, this could be implemented
with logi¢ in a conventional porogram (as the first version of
MITOSIS in fact did). However, the addition of knowledge
to conventional structures results in extremely cumbersome
codes which are unwieldly to maintain and difficult to un-
derstand.

Summary

o A new hybrid system is proposed to treat complex nu-
merical procedures. It consists of the three essential
components:

— a central data pool containing all problem data;

- any number of procedural elements (written in
conventional programming languages) in whkich
the vast majority of computational resources are
consumed; and

an expert system which schedules and supervises
the execution of the various procedural elements.

o The hybrid system is a powerful programming strategy
becausae it is:

— expandable - new rules concerning the scheduling
of the procedural elements for new problems can
be easily added;

efficient - the vast majority of computer resources
are consumed in the procedural elements and
therefore the efficiency corresponds to that of pro-
cedural systems.

understandsble - knowledge concerning the
scheduling of the procedures is explicitly stated

in the rules, making traces easier to understand.

maintainable - since procedures are oaly con-
nected through the central data pool, extensions
and maintenance are simplified.

dynamic - the system adapts to new input sets
and output sets, scheduling only those procedures
which are essential.

comprehensive — the expertise of more than one
expert can be combined, making each user effec-
tively more capable.
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e The hybrid system approach is quite effective, as
demonstrated by ite application to the MITOSIS adap-
tive grid program.

Acknowledgements

This work was supported by AFOSR Grant 82-0136,
Dr. James D. Wilson technical monitor.

References

i1] Buchanan, B.G., and Shortliffe, E.H. Rule-Based Ez-
pert Systems: The MYCIN Ezperiments of the Stan-
ford Heurmatic Programming Project. Reading, MA:
Addison- Wesley Publishing Company, 1984.

Lindsay, R.K., Buchanan, B.G., Feigenbaum, E.A.,
and Lederberg, J. Applications of Artificial Intelligence
for Chemical Inference: The DENDRAL Project. New
York:McGraw-Hill, 1980. .

Tong, S.S., “Design of Aerodynamic Bodies Using Ar-
tificial Intelligence/Expert System Technique®, AIAA-
85-0112, January 1985.

Conner, R.S. and Purdon, D.J., "PAN AIR Kaowledge
System”, ALAA-86-0239, January 1986.

(3]

(4]

(5] Andrews, A.E., “Progress and Challenges in the Appli-
cation of Artificial Intelligence to Computational Fluid

Dynamics”, AIAA-87-0593, January 1987.

Dannenhoffer, J.F., and Baron, J.R., *Robust Grid
Adaptation for Complex Transonic Flows”, AIAA-86-
0495, January 1986,

(¢}

{7] Harmon, P., and King, D., Ezpert Systems — Artifi-
cial Intelligence in Business, New York:John Wiley and

Sons, Inc., 1983

[8] Kraft, A. “XCON: An Expert Cogfiguration System at
Digital Equipment Corporation® In The Al Business:
The Commercial Uses of Artificial Intelligence, edited
by P. H. Winston and K. A. Prendergast, Cambridge,

MA:The MIT Press, 1984.

Winston, P.H., Artificial Intelligence, Reading, MA:
Addison-Wesley Publishing Company, 1984.

(9

(10] Brownston, L., Farrell, R., Kant, E., and Martin, N,
Programming Ezpert Systems in OPSS: An Introduction
to Rule-Based Programming, Reading, MA: Addison-

Wesley Publishing Company, 1986.

{11] Danpenhoffer, J.F., *Grid Adaptation for Complex
Two-Dimensional Transonic Flows”®, S¢.D. thesis, Mas-
sachusetts Institute of Technology, Cambridge, MA. (in

preparation)




APPENDIX =£ ;

AIAA 87-1167-CP

Adaptation Methods for
a New Navier-Stokes Algorithm

John G. Kallinderis
Judson R. Baron

Massachusetts Institute of Technology
Cambridge, MA

AJAA 8th Computational Fluid Dynamics Conference
June 9-11, 1987 / Honolulu, Hawaii




AIAA-87-1167-CP

Honolulu, June 1987

Adaptation Methods for
a New Navier-Stokes Algorithm

John G. Kallinderis®

Judson R. Baron!

Computational Fluid Dynamics Laboratory

Department of Aeronautics and Astronautics

Maassachusetts Institute of Technology

Cambridge, MA 02139

Abstract

Various adaptation techniques for the computation of 2-
D viscous flows are presented. - An initially coarse grid is
automatically embedded locally via a feature detection al-
gorithm to provide accurate predictions of boundary-layer
regions. The need for resolution in a specific direction can
be used to limit embedding to that direction. Lastly,within
appreciably viscous regions the full Navier-Stokes equations
are solved, while for the remaining areas the description
is reduced to the Euler equations. The current procedure
combines the three adaptation techniques -viscous, direc.
tional, and equation- and attains equivalent accuracy with
more than an order of magnitude increase in eficiency over
non-adaptive methods.

The basic algorithm uses a new finite volume scheme
that has been developed for the discretization of the vis-
cous terms and has the conservation property which is of
some importance when shocks are preseat. Example flow-
fields that are considered include circular arc cascades in
both subsonic and supersonic fow. Comparisons are made
with previous resuits.

INTRODUCTION

In recent years, considerable progress has been made in
the development of numerical methods for the solution of
the Navier-Stokes equations. Most of those methods how-
ever, are not practical for the calculation of complicated
flows in a design environment. The primary reason is that
the efficiency of the current algorithms is poor and makes

°“Research Assistant
TProfessor.Associate Fellow AIAA
Copyright @ Americsn Institute of Aeronautics sad Astro-
oautice, Ine., 1087, All rights reserved.

it difficult to obtain accurate results.Very fine resolution is
needed,which results in long computation times even with
the use of available supercomputers. An approach often
adopted is to nse a simplified set of equations to describe
the flow fleld (e.g. potential flow or Euler equations). Such
approximations have proven successful for specific kinds of
flow fields, but cannot cope with complicated flows as usu-
ally are the flows of engineering interest.

The classical way of achieving the needed resolution is
to cluster grid points in regions with high flow gradients.
This makes grid generation more dificult (especially in 3-
D). More important is that the specific clustering procedurs
may also create problems related to accuracy and stability
due to the resulting grid stretching and skewness. Even
for simple geometries, clustering also frequently results in
unnecessary resolution in some regions of the domain.

A promising approach is to embed an initially relatively
coarse grid locally in regions with large flow-gradients (e.g
boundary-layers, shocks, wakes etc). In order to accomplish
this the algorithm must sense high gradient regions and au-
tomatically must divide the grid-cells in such regions. This
approach has been used for the resolution of shocks in flow
fields described by Euler equations [1,4,5,8,9,12].

Flow flelds involving multiple scale phenomena, such as
represented by boundary layers and shocks, are of primary
interest here. In order to predict such flows accurately
and effciently, special adaptation techaiques as well as a
discretisation scheme for the viscous terms in the Navier-
Stokes system have been developed.

The mentioned inviscid adaptation method has been
extended to include viscous regions (viscous adaptation).
However, unnecessary and therefore inefficient embedding
is avoided by locally refining cells only in the direction of
flow gradients (directional adaptation). Similarly, the vie-
cous terms are evaluated only in those regions where vis-




cous stresses are sppreciable. Elsewhere the description is
reduced to the Euler equations (equation adaptation).

In order to correctly model shocks, a conservative dis-
cretization scheme is required. The present approach is
in extension of an existing fnite volume , Lax-Wendroff
'ype scheme 10 .with viscous terms added and suitably dis-
cretized.

The numerical scheme is presented first and validated by
comparison with existing solutions. Then the adaptive tech-
niques are described and computed results will be presented
to demonstrate their accuracy. Finally, the efficiency of
tiese techniques is discussed.

GOVERNING EQUATIONS

The Navier-Stokes equations written in cartesian two-
dimensional conservation form are :

oU [ 9F L 9G 3R S W
at 3z 3y A3z 3y
where
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are the state and the convective flux vectors in the x and y-
directions respectively. The viscous flux vectors are
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(3
where r,,, 7yy, T2y are the viscous stresses. For a perfect gas,
the pressure is related to the specific internal energy e by
p=(y-1) [e - (0/3) (w* + v?)]

After nondimensionalising the above equations, Mach and
Reynolds numbers appesar as parameters. Sutherland’s law
was used for the viscosity coeflicient for all computations.

NUMERICAL SCHEME

A previously developed explicit, finite volume numerical
scheme which was developed by Ni [10] for the Euler equa-
tions was used for the discretisation of the convective termas.
The method uses Lax- Wendroff type marching in time and
consiste of two basic operations. The first of these evalu-
ates the first order temporal terms at the grid nodes (e g.

at E in Figure 1). These terms involve first order spatia!
derivatives which are evaluated by averaging the surround-
ing primary control volume center values (e.g. at 3 througn
1). The second operation determines the seccnd srder texm-
poral terms at the grid nodes. These contributicns inv:ive
second order spatial derivatives which are caiculated :2ing
a spatially translated control volume fe.g. abed in Fig. 10,
This operation involves a piecewise integraticn arcund hls
secondary control volume.

Vliscous terms

The above Euler scheme has been extended by including
the viscous terms of the Navier-Stokes equations. Various
other extensions of Euler schemes without adaptation are
found in [8|(for the Ni-scheme) and {13|(for a Runge-Kutta
scheme).

The first order temporal viscous terms involve second or-
der derivatives, and the second order temporal terms involve
4th order derivatives. It is important to minimize the num-
ber of nodes which contribute to node E, thus only those
viscous terms which provide first order temporal accuracy
are kept, since our interest is in the steady state. The spa-
tially tranalated cell abed is used to compute them.

We illustrate the discretisation of the viscous terms by
consideration of the viscous term u,, at node E. Using
Green’s theorem for the volume abcd,we have:

(l/saled) (ul)d'
abed

(1/Sabed) [(83)edAYed + (83 )seAyae +
(6s)esA¥as + (¥3)daAyea)

]

Uss

} S

4~

Figure 1: Computational Grid




where Satcq 18 the area of the cell abed, QAyedg = ye — Y4,
etc. The first order derivative at the face cd of the control
volume abed, is evaluated employing the area EcFd. Similar
valumes are used for the other face derivatives. Thus,

(U)ed = (1,/83) updyr + v Ay + 4 dye + 414y

where S.4 is the 1rea :f £cF 1, and

Ayr = {Ayrr = Ayrpc)/2
Aye = (yu +ye)/2 - (yr +yr)/2
g, = (up+un +ur +up)/d

etc. The above discretization is conservative. The dis-
cretization of the convective terms allows odd-even modes
to appear in both directions but the discretization of the
viscous terms does not allow those modes to appear.

In order to accelerate convergence to the steady state a
multiple grid method (10] was used which acts only on the
convective terms. Its function is to accelerate the propaga-
tion of information by using coarser than the basic grids.

Odd-even modes were suppressed in the essentially invis-
cid portion of the flow with the aid of a nine-point Laplacian
smoothing operator of the form

p(Ua + Uy + U, + Us — 4Ug). For shock capturing the
following smoothing operator in conservative form was used

o(| Asp| AU+ | Ayp| 4,U)

where A,(.),A,(.) denote differences in the x,y direc-
tions. The pressure terms are necessary in order to switch
smoothing on and off at and away from the shock re-
_gions. Typical values for the smoothing coeficients were:
# =0.002,¢ =0.01

An important property of the above scheme is that all
operations can be performed in a piecewise sense within
each cell without the need for any information from the
outside. This is very useful in dealing with unstructured
grids, as will be seen in the following.

Solver Valldation

A test of the Navier-Stokes numerical scheme has been
carried out for problems for which comparisons with previ-
ous results were possible. The first case is a flat plate in
a supersonic flow at M., = 3. and Re = 10°( Fig 2) with a
65x65 grid.

Four quantities (po, To, /4, P ) Were specified at the in-
let plane, and a no slip condition, temperature, and ex-
trapolated pressure at the solid surface boundary. At the
upper boundary of the domain a tangency condition was
applied. All state variables were extrapolated at the super-
sonic parts of the exit plane, and in the subsonic parts the
pressure was fixed at the value in the immediately adjacent

supersonic part. In Figure 2 we compare the skin friction
distribution at the wall with that from |2].

A second case is a 10% circular arc cascade in a subscnic
flow of Mo = 0.5 and Re = 8 x 10° (see Fig 3) with 1 65x33
grid. The wall-pressure and Cy curves for this example 1ire
compared with i3,8,11] (see figure 3}. The agreement :s
excellent for both cases.

ADAPTIVE TECHNIQUES

Local Grid Refinement

Accuracy is achieved with a minimal amount of computa-
tional effort by embedding several levels of finer grids only
in those regions of the domain where important features
exist.This can be accomplished by eimply subdividing cells
of the initial coarse grid in both cell-directions (Fig 4). In
this way the embedded and initial grids are topologically
similar. This means that if the initial grid is uniform and
orthogonal, these desirable properties characterise the em-
bedded meshes as well. However, depending on cell and
feature orientation,there are situations in which resolution
is needed primarily in one direction in the vicinity of the fea-
ture. In that case it is advantageous to divide the cell only
in that direction and thus avoid the creation of unecessary
cells (Fig 4) (directional refinement).

Equation Adaptation

The magnitude of viscous stresses generally decreases
very rapidly away from solid boundaries. On the other hand
the evaluation of viscous terms is quite expensive. Thus the
approach here has been to introduce s criterion to monitor
the need for solution of the full Navier-Stokes equations,
and to do so only when required by the presence of shear.
The Euler equations then are applicable everywhere else.
This is a relatively easy procedure with the present explicit
algorithm because each cell is integrated independently at
each time-step. Essentially different integrators can be used
for cells in which different physics dominates.

Feature Detection

It is essential in the above adaptation technique that the
algorithm be able to sense the existence and track the evo-
lution of special features. The dominant features of interest
are shear layers and shocks.

There is a choice of low parameters that can be used to
detect the above features, including velocity, pressure, den-
sity and Mach number distributions. Variations which have
been examined include undivided and divided differences for
these parameters. Shear layers and shocks are very differ-
ent flow phenomena with completely different scales. Use
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Flgure 4: embedding subdivisions

>f only one of the above parameters is inadequate. A com-
bination of suitable parameters proves to be necessary.

In Figures 5 and 6 we illustrate the influence of various
criteria on the detection of a boundary layer and a shock
separately. Fig. S illustrates a subsonic flow field with a
boundary layer being the main feature , while Fig. 6 shows
the same fleld in supersonic flow. In the latter case, a shock
is formed at the leading edge and is reflected at the upper
boundary. Both of these flow flelds will be described in more
detail in the next sections. All the criteria are applied in
a directional sense (1,m being the cell-directions). The cells
within the boundary layer are generally much smaller than
those in the inviscid region. As a consequence, an undivided
difference of a detection parameter at an inviscid cell can
be of the same magnitude as those at a viscous cell. There-
fore divided differences are required for the correct capture
of shear layers. On the other hand, the use of parameter
gradients when detecting shock regions would lead to in-
creasing gradients after each adaptation and a decision to
continue adapting. Thus we have used both divided differ-
ences for shear layers and undivided differences for shocks.
It is evident that the use of density leads to conservative
number of embedded cells. More important is its inappro-
priatness for incompressible fow. Mach number is a poor
parameter for shock detection in the case of weak disconti-
nuities. However, pressurs and velocity differences perform
quite well in detecting shocks. Our current approach is to
use velocity gradients in order to detect the viscous regions
and velocity differences in order to detect shocks.

In addition to parameter selection a choice must be made
of threshold levels for the detection parameters. The thresh-
old is set by using average and standard deviation values
of the parameters. More specifically we use thAreshold =
Qove + acy where P,...,04 are the average and standard
deviation values of the detection parameter @, and a is a
weighting factor chosem empirically but found to be appli-
cable for a variety of flow flelds and conditions.

Data Structure

Very important considerations in the adaptive scheme re-
late to the storage aad availability of the information which
is necessary for the various calculations. A special data
structure is required to service the unstructured grid aris-
ing from adaptation. Since each cell is computed indepen-
dently of its neighbors, the grid-structure has no impact oa
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the solver, which remains the same for any grid topology. In
particular the pointer system is based here on cells rather
than blocks of cells, and this provides great fexibility. A
system of cellwise pointers, similar to finite element connec-
tivity arrays, keeps track of the information required by the
solver. In Figure 7 we illustrate the basic principle of storing
information at the cells of an unstructured grid. The four
nodes corresponding to each one of the cells are illustrated
(e.g. cell B has the nodes 2, S, 6, 3; and node 9 is appointed
to cells D and E)

Interface Treatment

The existence of embedded regions within the interior of
the domain introduces internal boundaries (Fig 8) which
must be treated carefully. Stability and accuracy are the
two important considerations in the numerical treatment at
such an interface. The use of directional refinement intro-
duces several additional types of interfaces and this imposes
another requirement on the choice of interface treatment.
The treatment preferably should be simple and easily ex-
tended to 3-D.

An interface poses problems in the basic solver for two
reasons. First is that there are cells containing five nodes,
whereas the scheme is designed for cells with nodes at only
the four corners. The second is that at the interface there
is an abrupt change in the sise of the cells. This poses
accuracy problems for a Navier-Stokes solver.

One way to approach interface problems, is to perform a
special integration for those cells which involve more than
four nodes. This is accomplished by modifying the scheme
in such a way as to include the additional interface nodes in
the integration procedure. It follows that a different integra-
tion then would be required for diferent types of interfaces.
This poses a number of problems when using directional em-
bedding as here and especially for 3-D fields, because many
different types of interfaces appear.

Our approach has been to treat all possible interface con-
figurations in a unique way. This is accomplished by disre-
garding ‘problematic’ interface ceils and using other existing
cells of the domain instead in order to perform the calcula-
tions at the interfaces. More specifically let us examine one
type of interface at Figure 8. The nodes s, are integrated
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Figure 8: Interface Treatment

using the parent cell B instead of cells C and D, and ignor-
ing the center node ¢. Thereafter the values at node ¢ follow
by interpolating from nodes a,b. The same approach is em-
ployed for all kinds of interfaces. This treatment is easily
extended to 3-D and has proven to be accurate and robust
in the cases considered so far, even when a shock intersects
an interface.

Adaptive Solution Procedure

The solution algorithm that was used consists of the fol-
lowing stepe:

1. Initialise the fleld with a uniform, orthogonal coarse
grid on which the Navier -Stokes description is applied.

2. Monitor the residual until it falls below a prespecified
value; detect the main flow features; refine the grid
locally

3. Continue the computation on the updated grid us-
ing Euler/Navier-Stokes solvers for the inviscid/viscous
cells.

4. Repeat steps 2,3 for a specified number of cycles.

S. March the solution to steady state

At each embedding level the error wave-lengths corre-
sponding to the cell-sises of that level are smoothed. In
that sense, adaptation plays the role of a muitigrid method.

Coupling of Grids

Two distinct types of cells are involved during the solution
procedure. There are the locally finest cells that are used
by the basic solver to integrate the equations, and the mul-
tiple grid coarser cells which are used by the multiple grid
algorithm after being created from the fine cells by deleting

Figure 9: Grids’ Coupling

every other grid line (Fig. 9). The locally finest cells may
belong to either an unembedded or an enrbedded region (see
Fig. 9).

The solution procedure starts from a sweep of the locally
finest (O-level) cells. Then the multiple grid accelerator is
used within the embedded regions (multiple grid level 1 in
Fig. 9). Finally the muitiple grid operator is used through-
out the whole domain (level 2 in fig. 8). Notice that the
interfaces are ‘invisible’ after completing the multigrid lev-
els within the embedded regions (level 1 in fig. 9).

RESULTS

Model problems with flow past a circular arc cascade in
both subsonic and supersonic flow have been used to evalu-
ate the accuracy and efficiency of the adaptation techniques.

Subsonic Flow

The flow at My = 0.5 and Re = 8 x 10° was calculated
using an initial 25x25 mesh with uniform spacing acruss
the boundary layer and up to three levels of embedding
allowed in both directions. The final grid is shown in Figure
10. The area near the trailing edge proves to need less
embedding because the boundary layer separates and the
fluid is virtually stagnant with negligible stresses . The
three peaks in the convergence history (Figure 10) mark
the upset introduced by the adaptive embedding of the grid.
It is to be noted that adaptation does not alter the overall
siope of the curve.

Indeed the presence of interfaces in the flow field does
not affect the solution. This is illustrated in Figure 11.
In the former we see the separated velocity profile at the
trailing edge station with three marks indicating the posi-
tion of the interfaces. In the latter the density contour plots




are shown, and in neither are kinks observed due to the in-
terfaces. Of cource, greater resolution is needed across the
boundary layer than in the streamwise direction. Applying
directional embedding across the boundary layer at the 3rd
‘evel results in significant savings in the number of cells,
with no apparent change in the results on comparing wall
shear distributions obtained using adaptation in either beth
{irectizns or directiznaily (Figure 12).

Supersonic Flow

An 8% circular arc cascade,with Ma = 1.4 and Re =
23 x 10 again with a 25x25 initial mesh was used with uni-
form spacing across the boundary layer and an allowance for
three levels of embedding in both cell-directions. An oblique
shock forms at the leading edge as expected and is reflected
at the upper symmetry boundary. The reflected shock then
interacts with the boundary layer at the trailing edge region.
In Figure 13 , the grid evolution is illustrated and demon-
strates how the embedded grids follow the detailed physics
of the flow. Figure 13 (e) provides an enlarged detail of
the grid near the surface. The boundary layer is essentially
‘lifted’ by the adverse pressure gradient which is induced by
the reflected shock. Simultaneously, because of the effective
corner which is formed by the boundary layer, compression
waves are formed upetream of the interaction region and
coalesce into a weaker shock which impinges on the upper
boundary. Note that passage of the shock through interfaces
does not induce any stability problems. Further flow details
are shown in the Mach number and pressure coeflicient, C,
contour plots in Figure 14 . Note that the slip line due to the
Mach reflection at the upper boundary is clearly observed in
‘the Mach number contour plot(Figure 14). Notice also the
deflection of the reflected shock at the shock/boundary layer
interaction region, and the separated recirculating region at
the trailing edge. Expansion fans are formed at the inter-
action region because of the effective wedge formed by the
separated boundary layer. The local embedding procedure
appears to be effective in capturing the detailed physics of
a flow fleld in the presence of rather complicated multiplie
-scale phenomena.

In order to evaluate the accuracy in this case, a glob-
ally fne grid (97x97) corresponding to two level embedding
was employed and the results were compared with those
obtained by using two levels of local, adaptive embedding.
Figure 15 compares the wall- pressure and wall-shear dis-
tributions. The agreement proves to be excellent.

ADAPTATION EFFICIENCY

The fact that the entire Navier-Stokes system is solved
only within the viscous regions leads to a 20% time savings
due solely to the equation adaptation scheme.
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The directional embedding which was applied in the sub-
sonic case at the 3rd level led to a 40% decrease in the
number of cells compared to the cells formed if embedding
in both directions was applied. This is not surprising in
view of the fact that a cell divided in both directions adds
three additional cells, while directional division adds only
one additional cell. This results in significant savings in the
number of cells, and especially so at the higher adaptation
levels when many new cells are created. Directional embed-
ding should be even more beneficial in turbulent boundary
layers where at least two nodes are needed inside the lami-
nar sublayer.

The subsonic case on a globally fine mesh would require
140 hours on a MicroVax computer, making the conserva-
tive assumption that the same number of iterations would
be required as for the embedded case. With adaptation in
both cell-directions, only 11 hours are required, and this re-
duces to 6 hours with allowance for directional embedding

at the 3rd level. Finally, 5 hours are required if equation
adaptation is also applied. Overall, the adaptive techniques
lead to a 28 times reduction in CPU time. The gain would
be appreciably larger if more than three adaptation levels
were permitted.

In the supersonic case,the reduction factor is 22. The
slightly smaller advantage follows from the fact that there
are more flow features to resolve, and these result in a larger
number of embedded cells.

CONCLUSIONS

A conservative finite volume discretization of the viscous
terms of the Navier-Stokes equations has been developed
using the same stencil as for the convective terms.

Grid and equation adaptation have been carried out for
muitiple and overlapping flow features.

The combined use of viscous, directional and equation
adaptation has indicated CPU time reduction factors of ap-
proximately 25 for subsonic and supersonic cascade exam-
ples for equivalent accuracies.
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Abstract

This paper presents a novel Sems-Implicit Navier Stokes Solver (SINSS). SINSS combines the ad-
vantages of implicit with those of explicit schemes: temporal integration is implicit in the direction
normal to a body and explicit in the direction(s) tangential to it. Numerical stiffness due to disparate
physical scales in the normal direction is eliminated, and the stability of the algorithm depends only
on relatively coarse streamwise grid spacing - not on the typically fine normal spacing. Approximate
factorisation is unnecessary and only one matrix inversion per stage is required.

The semi-implicit solver is applied to a finite volume formulation of the 2 — D thin layer Navier-
Stokes equations. Efficiency of the algorithm is studied by comparison of convergence histories of the
semi-implicit algorithm with those of a multigrid explicit scheme and a fully implicit approximately
factorised scheme. The effect of residual smoothing is also considered. Computations show that the
explicit, semi-implicit, and fully implicit schemes are of comparable efficiency for inviscid calculations.
SINSS is superior in high Reynolds number flows, where multigrid loses effectiveness and the implicit
scheme appears to have convergence problems.

1 Introduction

Fine spatial resolution for Navier-Stokes simulations is often necessary only in the direction normal
to a body. At the differential equation level this implies that only the boundary layer like viscous terms
need to be retained, leading to the so called thin layer Navier-Stokes equations. At the discrete level
this implies mesh cells will have a much smaller dimension in the normal direction compared to the
streamwise direction. Thus, the stability restriction for explicit schemes in body fitted grid systems is
usually dominated by the small normal spacing and results in numerical “stiffness” in the equations.

The SINSS solver eliminates the stability restriction due to the normal spacing by solving the flow
equations implicitly in the normal direction. However, the solver is explicit in the tangential {flow)
direction, thereby avoiding factorisation (AF) schemes, CFL limitations associated with the AF error,
and a second or second and third block-tridiagonal inversions in two or three dimensions. This scheme
was first presented by (Loyd et al. 86]. Details may be found in |[Loyd et al. 87|.

This paper presents the characteristics and efficiency of a semi-implicit algorithm as applied to a
popular multi-stage scheme. First, we present the Navier-Stokes equations, and a simple method of
implementing the thin layer approximation that preserves the conceptual simplicity and conservative
property of the finite volume approach. The semi-implicit algorithm is then derived by considering time
linearisation of only the cross flow flux terms. The CFL limit on the time step for explicit schemes
reduces to a one-dimensional CFL restriction based only upon the streamwise terms {Loyd et al. 87).

To evaluate the relative efficiency of the semi-implicit we compare convergence histories obtained
with it to those obtained with an explicit and a fully implicit solver [Beam & Warming 76]. Multigrid
(MG) and residual smoothing (RS) are applied in 