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Outline of the Present Paper

The modern numerical methods for solving the governing equations of fluid flows extended
the reliability and applicability of Computational Fluid Dynamics (CFD) methods for various
practical problems in a unified manner, In the present paper, we consider the developments and
applications of such numerical methods for solving the compressible gas flows arising in vari-
ous physical and engineering problems. We also consier a development of a numerical algo-
rithm which may contribute to the construction of a rigorous numerical scheme for the
simulation of the multidimensional flow field. Accordingly, the present paper deals with fol-
lowing three different issues :

(1) The first part of the present paper is devoted to the numerical simulations of gas flows in
a semi-detached binary system. In this study, we try to introduce the latest available nu-
merical methods to solve the flow field with a high spatial resolution, which has not been
possible by the classical first order scheme nor by the conventional central difference
scheme with a linear artificial dissipation due to the limited stability bound for large spa-
tial gradient of the physical variables intrinsic to the problem. A higher order accurate so-

lution obtained here successfully suggests the existence of spiral shock waves in the



accretion disk which implies a new mechanism of the accretion phenomena,

(2) The second part of the paper is devoted to the numerical simulations of the flow field over
various complete aircraft configurations. The flow field over a complete aircraft has been
a long pacing item of CFD in aeronautical engineering, To this end, variogs numerical ap-
proaches have been proposed, such as the zonal approach or the use of the unstructured grid
systems. The present works, however, show that even with the conventional structured
approach, we can treat very complicated configurations in a simple but versatile manner
by employing a special class of transformation. Navier-Stokes simulations for different
configurations of complete aircrafts are successfully conducted to show the ability of the
present approach.

{3) The last part of this paper considers an algorithm development of numerical scheme.
Although many numerical methods have been proposed which have really extended the hori-
zon of CFD methods, it is still true that there are many issues which must be resolved for
the construction of truly reliable numerical schemes. One such remaining problem is how
to attain the rigorous multidimensional property of a numerical scheme. We here consider
the multidimensional extension of the conventional MUSCL approach for a finite volume
scheme,

Now let us explain the contents of the present paper in turn. We at first show the CFD appli-
cations to the astrophysical problem in sections 2 and 3. We consider the accretion flow prob-
lem which deals with the gas flows near the semi-detached compact binary stars. We assume
that the gas is ejected from one component of the binary stars (hereafter we call this compo-
nent as the mass-losing star) . If the temperature of the ejected gas is sufficiently low, then
the gas cannot escape from the binary system but is bounded by the combined gravitational
field of two stars and it will be attracted to the other component (hereafter we call this as the
mass-accreting star)., However, since these two stars are rotating each other, the ejected gas
cannot be reached directly to the mass-accreting star because the gas particle possesses the an-
gular momentum to the mass-accreting star. Gas particles attracted by the gravitational force
then form a disk structure around the mass-accreting component due to the excessive angular
momentum and this disk structure is called the accretion disk.

Of various modes of accretion, the accretion of gas flow onto a compact gravitating object
via the accretion disk is of great interest since it is believed to be the energy source of high-
energy radiating objects such as X-ray stars and quasars. The standard accretion theory as-
sumes the existence of an axi-symmetric thin Kepler disk around a compact mass-accreting
object. Gas flows in this accretion disk is believed to be highly turbulent. The Reynolds stress
is expected to play the central role in transferring the angular momentum of gas particles from

the inner circular orbit to the outer one. With this angular momentum transfer, the gas



particles in the accretion disk can move toward the central compact object.

Despite its high Reynolds number ( Re~10'*), the gas flow in the accretion disk is not yet
proved to be turbulent because it is a rotating supersonic fiow. Even if the flow is assumed to
be turbulent, the angular momentum could be transferred inward if fluid elements exchange the
angular momentum rather than the angular velocity between nearby orbits. In this case, a thin
ring structure will be formed in stead of the accretion disk. Thus the standard theory of the ac-
cretion disk still has many ambiguous problems which should be clarified.

In the course of the present study, we at first conduct numerical simulations of the gas flows
in the semi-detached binary system. A high spatial resolution as well as the required numerical
stability are both provided by using the Osher upwind scheme along with the preprocessing ap-
proach proposed by van Albada. The calculated results show that the ejected gas from the
mass-losing star forms the expected accretion disk around the mass-accreting star. Moreover,
the results indicate that there appear two or three spiral shaped shock waves in the accretion
disk.

Corresponding to these shock waves, a new scenario is proposed for the accretion mechanism
where gas can be accreted through the interactions with spiral shaped shock waves. These spiral
shaped shock waves can strip off the angular momentum of the gas particles and let the parti-
cles move inward. This angular momentum transfer due to the shock waves can operate even if
the flow in the accretion disk is not turbulent. With these results, we pose some questions re-
garding the validity of the fundamental assumptions of the standard accretion disk model.

Section 4 and section 5 are devoted to show the CFD applications in aeronautical engineer-
ing where the numerical simulations of gas flows around complete aircraft configurations are
concerned, As mentioned before, a flow simulation of a complete aircraft configuration has
been the long pacing item of CFD methods in the aeronautical engineering. We employ a versa-
tile transformation technique in generating structured grid systems around complete aircraft
configurations and also a finite volume upwind scheme, to realize this goal.

At first, an algebraic grid generation method using the multi-block transformation tech-
nique and an explicit upwind finite volume scheme to solve the Euler equations on this grid sys-
tem are developed. They are applied to solve the compressible inviscid flow over a short take-
off and landing aircraft. Subsequently, the grid generation method is replaced by an
interactive one to increase the geometrical flexibility, and the scheme is extended to solve the
viscous flows by adopting a planar Gauss-Seidel relaxation technique for achieving a rapid
convergence, This implicit scheme is applied to various problems such as the viscous supersonic
flow over a reentry vehicle and the viscous transonic flow over a short take-off and landing
aircraft.

Since the Reynolds number of flows over aircraft configurations is generally very high ( R .



~107), so that the flow fields are expected to be turbulent. The treatment of turbulence is also
very important in the aeronautical engineering because a significant amount of the total drag
exerted on the aircraft is due to the surface skin friction which is critically affected by whether
the boundary layer is turbulent or not. Usually, some kind of turbulence model is adopted in
the computation of high-Reynolds number flows because the direct simulation of ;curbu]ent flow
field is quite time consuming and is still out of the practical engineering scope.

In the aeronautical engineering, the zero-equation algebraic turbulence model of Baldwin-
Lomax is very popular due to its simplicity. This model has been applied to various problems
and the applicability of the model to various flow conditions has been well defined. However,
the multi-block structured grid system employed in the present computation does not allow us
to use this simple turbulence model. This is because the zero-equation model changes its form
in the boundary layer and in the wake region, while it is very difficult to identify whether a
fluid element is inside the boundary layer of one block or in the wake of another. Therefore, we
decided to adopt a more general formulation of the turbulence model, i.e. the g — w two-
equation turbulence model, in the present scheme at the sacrifice of computational cost.

It is shown in these sections that the combination of the present multi-block structured grid
system and the explicit,/implicit finite volume schemes to solve the Euler and Navier-Stokes
equations can really provide a practical means to simulate the flow fields over complete air-
craft configurations of real engineering interests within the framework of the structured appr
oach.

In section 6, we present an algorithm development for attaining a higher order spatial accu-
racy valid in the multidimensional numerical scheme. We consider the preprocessing part of a
higher order accurate cell-centered finite volume scheme in the multidimensional space. In the
cell-centered finite volume scheme, the so-called MUSCL (Monotone Upwind Scheme for
Conservation Law) approach is usually adopted to attain the higher order spatial accuracy. In
this approach, the local distribution of the dependent variable is fitted by a polynomial func-
tion of an appropriate degree whose coefficients are determined by the cell averaged values in
the nearby cells. Based on this distribution, the dependent variable at the cell interface is
found which is then used to provide the numerical flux function necessary for the finite volume
integration. The spatial accuracy of the scheme is related to the degree of the assumed polyno-
mial function. There is no ambiguity in this formulation so far as one dimensional problem on
the equally spaced grid is cosidered.

In applying this approach to the multidimensional problems, a dimension by dimension split-
ting approach is often adopted. In this approach, the unidimensional operator is sequentially
and independently applied to each spatial direction in the computational space instead of the

physical space. Obviously, the obtained solution critically depends on the nonuniformity of



grid spacing and also on the skewness of grid line. In the numerical method presented in section
4, the nonuniformity of grid spacing was explicitly considered. However, the method still ig-
nored the skewness of grid lines.

Here we try to improve the accuracy of the numerical scheme on a generalized curvilinear co-
ordinate system by considering the nonuniformity of grid spacing and also the skewness of grid
line, simultaneously in the preprocessing stage. For this end, the MUSCL approach is directly
extended to the multimensional space by taking a multi-variable polynomial function to fit the
local distribution of the dependent variable. A piecewise planar and a piecewise parabolic dis-
tributions of the dependent variable, corresponding to the second order and the third order
schemes, are considered. In fitting the local distribution, the polynomial function cannot be
determined uniquely even if its degree is prescribed. How to select the best one out of the pos-
sible candidates is discussed in view of maintaining the stability of the scheme,

Test calculations concerning the unsteady shock propagations over a single wedge are con-
ducted to verify the improved spatial resolution as well as the numerical stability of the pro-
posed method. We also compare the obtained flow fields with the results calculated by the
existing TVD or ENO schemes.

Finally in section 7, we give the comprehensive discussions of the problems treated in the
present paper and try to give some conclusions relating to the previous sections and also to the

perspective views gained during the present investigation.
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