JOLIRNATL OF COMPUTATIONAS, PIIYSICS 120, 278-304 (1995)

An Adaptive Cartesian Grid Method for Unsteady Compressible
Flow in Irregular Regions*

Ricnarp B. PEMBER anp Jonn B, BELL

Lawrence Livermore National Laboratory, PO Box 808, 1316, Livermore, California 94550

Prar Coran

Depariment of Mechanical Engineering, University of California. Berkeley. Berkeley, California 94720

WiLLiaMm Y. CruTclFIELD AND MictagL L. WeLcoME

Lawrence Livermore National Laboratory, P.O. Box 808, L-316, Livermore, California 94550

Received November 19, 1993; revised November 28, 1994

In this paper we describe an adaptive Cartesian grid method for
modeling time-depandent inviscid compressible flow in irregular
regions. lit this approach a body is treated as an interface embedded
in a regular Cartesian mesh. The single grid algorithm uses an
unsplit second-order Goedunov algorithm followed by a corrector
applied to cells at the boundary. The discretization near the fluid-
body interface is based on a volume-of-fluid approach with a redis-
tribution procedure to maintain conservation while avoiding time
step restrictions arising from small cells where the boundary inter-
sects the mesh. The single grid Cartesian mesh integration scheme
is coupled to a conservative adaptive mesh refinement algorithm
that selectively refines regions of the computational grid to achieve
a desired level of accuracy. Examples showing the results of the
combined Cartesian grid integration/adaptive mesh refinement
algorithm for both two- and three-dimensional flows are
prSGI‘ItEd. = 1995 Academic Press, Inc.

L. INTRODUCTION

The modeling of inviscid compressible flows in irregular
regions is often required in engineering applications. In this
paper we present an adaptive Cartesian grid method for solving
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the time-dependent Euler equations in irregular domains for
rectangular and cylindrical coordinates in two space dimensions
and for rectangular coordinates in three space dimensions. In
this method, the fluid-body interface is represented on a regular
Cartesian grid in a volume-of-fluid manner. The basic integra-
tion scheme is an explicit two-step method. In the first step, a
higher-order Godunov method is used in which the fiuid-body
boundary is *‘ignored.”” In the second step, a correction is
computed in the irregular cells, i.e., where the fluid—body
boundary intersects the mesh. A redistribution procedure is
used in this step to maintain conservation while avoiding time
step restrictions arising [rom the small irregular cells. The single
grid integration scheme is coupled to an adaptive mesh refine-
mient algorithm that selectively refines regions of the computa-
tional grid (o achieve a desired level of accuracy while main-
taining conservation. We present examples showing the results
of the combined Cartesian grid integration/adaptive mesh re-
finement algorithm for both two- and three-dimensional and
axisymmetric flows. The numerical results demonstrate that the
algorithm is an effective means of calculating inviscid com-
pressible flows in domains with complicated geometric features.
Numerical results suggest that for smooth flows the method is
globally second-order accurate and first-order accurate at the
fuid-body boundary.

There are three general approaches for modeling fluid flows
of any type in domains with irregular boundaries. The first
approach is 10 use body-fitted structured or block structured
grids |34, 33, 14, 9, 22, 6]. Thompson ef al. |63] review the
state of the art in body-fitted grid methods through 1980. A
second approach is to use unstructured body-fiited grids of
trinngular or tetrahedral cells [36, 35, 43, 44]. Mavriplis [46]
discusses some of the current issues regarding these methodol-
ogies.

A third approach is to maintain a uniform rectangular compu-
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FIG. 1. Cartesian grid representation of geometry in a two-dimensional
computational cell. The fluid—body interface is denoted by the dashed line. In
the example shown, the boundary is approximated by a single line segment.

tational mesh and treat the geometric description as a special-
ized boundary embedded in the mesh (see Figs. 1 and 2). The
methods using this approach are generally called Cartesian grid
or Cartesian mesh methods. There are several reasons why
these methods are a useful alternative to body-fitted grid meth-
ods. They are generally implemented as an extension of an
existing scheme for regular domains on rectangular meshes.
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FI1G. 2, Cartesian grid represeniation of geometry in a three-dimensional
computational cell. The fluid-body interface is the surface bounded by the
dotted lire. In the example shown, the boundary is approximated by the non-
planar quadrilateral pgrs. The volume fraction is A = (volume under pgrs)/
(Ax Ay Az). In this particular example, the area fractions of the top, bottom,
left, right, front, and buck faces are 0, 1, 5, %, 4, and 4, respectively. The effective
surface normalisn = (4 — 4,4 — 3,0 - DHE — '+ G — >+ (0 — DHA,
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Therefore, implermnentation is a simpler task because there are
no metric terms and the data structures are sitnpler. They also
avoid the difficulties that structured body-fitted grid schemes
have with interpolation [49]. Finally, the specification of the
geometric description needed by a Cartesian grid method is
theoretically easier than the generation of a body-fitted grid
[46, 69] because it involves only a set of cells of co-dimension
one with respect to the problem domain, i.e., the cells at the
fluid—body interface.

Cartesian grid methods were first used in the context of
solving the equations of transonic potential flow by Purvis and
Burkhalter [55]; see also [65, 37, 60, 68]. The use of these
methods to calculate steady compressibie flows was first investi-
gated by Clarke et al. [19]; see also [29, 28, 27, 49]. The solvers
described in these references are based on central-differencing
technigues, Zeeuw and Powell [69] discuss an adaptive steady
Euler solver which uses upwind differencing. Coirier and
Powell [20] performed accuracy and efficiency assessments of
the method in [69], including a2 comparison of two ways of
handling the problem of arbitrarily small irregular cells: advanc-
ing the small cells at smaller time steps and cell merging of
smaller cells with full cells. They found that both methods were
globally second-order accurate and greater than first-order but
less than second-order in the irregular cells and that the cell
merging technique was more efficient without loss of accuracy.

In this paper we consider an explicit Cartesian grid method
for the time-dependent Euler equations in irregular domains,
The major issues in designing such a method are how to main-
tain accuracy, stability, and conservation in the irregular cells
at the fluid—body interface while using a time step restricted
by CFL considerations using the regular cell size alone, and,
if applicable, how to couple the method to an adaptive mesh
refinement scheme. Noh [50] did early work in this area in
which he used both cell merging techniques and a redistribution
methodology similar to that in [15] only in the most general
terms. More recently, there has been additional work on devel-
oping Cartesian grid methods in two space dimensions. Le-
Veque [40, 41] and Berger and LeVeque [10] have developed
explicit methods which use the large time step approach devel-
oped by LeVeque [39] to overcome the small cell problem.
Berger and LeVeque [11, 12] have also studied approaches in
which the small cell problem is avoided by the use of a rotated
difference scheme in the cells cut by the fiuid—body interface.
Both the large time step and the rotated difference schemes are
globally second-order and better than first-order but less than
second-order at the fluid-body interface. Chiang et al. [16] use
cell merging techniques to overcome the small cell problem.
Bayyuk et al. [2] adapt cell-merging techniques to a method
for moving and deforming bodies. Quirk [58, 56] also uses a
cell merging methodology which he has coupled to his variation
[57] of the adaptive mesh refinement algorithm of Berger and
Collella [8], Results for this method suggest it is globally sec-
ond-order accurate and first-order at the boundary, Two other
approaches for unsteady compressible flow are based on flux-
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vector splitting {Choi and Grossman [ 17]) and state-vector split-
ting (Oksiizoglu [52], Gooch and Oksiizoglu [30]). Neither of
these approaches avoids the small cell problem; in other words,
the time step used by these methods is restricted by the size
of the small cells. The state-vector splitting approach, however,
is promising because it extends to the Navier—Stokes equations.

The method presented here uses a different approach for
handling irregular cells which is based on ideas previously
developed for shock tracking by Chern and Colella [15] and by
Bell, Colella, and Welcome [7]. In this approach the boundary is
viewed as a “‘tracked front’” in a regular Cartesian grid with
the fluid dynamics at the boundary governed by the boundary
conditions of a stationary reflecting wall. The geometric de-
scription is specified by volume and area fractions for each
cell, 1.e., the fraction of the volume of the cell that is inside
the flow and the fraction of the area of each face of the cell
that is inside the fluid. The basic integration scheme is an
explicit two-step method. In the first step, a reference state is
computed using fluxes generated by a higher-order Godunov
method in which the fluid-body boundary is “‘ignored.”” In this
second step, a correction is computed to the state in each irregu-
lar cell. A stable, but nonconservative, portion of this correction
is applied to the irregular cell. Conservation is then maintained
by a variation of the algebraic redistribution algorithm in [15]
which distributes the remainder of the correction to those regu-
lar and irregular cells which are immediate neighbors of the
irregular cell, The redistribution procedure allows the scheme
to use time steps computed from CFL considerations on the
uniform grid alone. The basic integration methodology for a
single grid is coupled to the adaptive mesh refinement (AMR)
algorithm of Bell et al. [3], which is an extension to three space
dimensions of the AMR algorithm of Berger and Colella [8].
The AMR algorithm is modified to enforce a consistent descrip-
tion of the geometry across levels of refinement and to account
for the additional transport of conserved quantities across
coarse—fine grid boundaries arising from redistribution. The
algorithm is formulated for rectangular coordinates in two and
three dimensions and cylindrical coordinates in two dimensions.

We now outline the remainder of the paper. In the next
section we discuss the basic Cartesian grid integration method
for embedded fluid—body boundaries. In Section 3, we describe
the coupling of the basic integration algorithm to the adaptive
mesh refinement algorithm of Bell e al. [3]. Section 4 of the
paper presents numerical examples for both two- and three-
dimensional flows. Section 5 discusses conclusions, extensions
of the methodology, and further work in this area.

In this paper we do not consider detailed general approaches
for generating Cartesian grid descriptions of the fluid—body
interface. We note that the generation of the Cartesian grid
representation of a fluid—body interface has not been automated
in three dimensions to the same extent as the generation of
body-fitted grids, but progress is being made in this area (Melton
et al. [47]). Procedures for the two-dimensional case are de-
scribed in [2, 47, 58, 56, 69].
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2. SINGLE GRID ALGORITHM

In this section we describe the basic Cartesian grid integration
algorithm. Although the methodology is applicable to other
hyperbolic systems of conservation laws, such as those arising
in magnetohydrodynamics, we restrict the discussion in this
paper to gas dynamics. The methodology has been developed
for Cartesian grids in two and three dimensions and for cylindri-
cal coordinates in two dimensions. For clarity of exposition
we describe the method for the three-dimensional case. The
restriction to two dimensions is straightforward, and the modi-
fication for cylindrical coordinates is sketched in Section 2.7.
Hence, we want to solve
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In the remainder of this section, we first discuss the descrip-
tion of geometry used by the algorithm. An overview of the
single grid algorithm is then given, followed by a review of
the higher-order Godunov method [22, 61]. We then discuss
each of the steps in the single grid Cartesian mesh algorithm.
In discussing the algorithm in three dimensions, we assume a
uniform computational grid with cell widths Ax, Ay, and Az
indexed by i, j, and k. The algorithm for cylindrical coordinates
is presented in Section 2.7.

Without the use of special data structures in the implementa-
tion of the algorithm, there are certain limitations on the com-
plexity of the geometry. These limitations are discussed in
Sections 2.1, 2.4.1, and 2.6.1. The authors are working on
an implementation which overcomes these limitations; see the
discussion in Section 5.

2.1, Geometry: Terminology and Notation

The geometric description of the domain needed by the inte-
gration algorithm is provided by volume fractions and area
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fractions; see Figs. 1 and 2. The volume fraction A, is the
fraction of the computational cell A, that is inside the flow
domain. We let A}, denote the intersection of a computational
cell A;;; with the fluid portion of the computational domain.
Then

A= 1, dxdy defAx Ay Az. 2.2)

Thus, A, equals 1 for cells completely inside the flow domain
(“*fluid’” cells), O for cells completely outside the low domain
(“‘body’’ cells), and an appropriate fraction for cells which
have one or more faces that intersect the fluid—body interface
(*‘mixed’” cells). We also designate a cell with A = | with a
face aligning with the fluid—body interface as a mixed cell. The
area fractions 11254, @ j+ 124> and g; ik+12 Specify the fraction of
the area of each of the faces of each cell that lies on or inside
the flow domain (where i + 3, j, k refers to the face common
to cells A, 4, Ak, ete). Thus,

. : = dz R
Gie1r2.ik J(aa{j_*)n((x -;)-_r:xmn)dy fAy Az, (2.3)

where x,,.; is the value of x at edge i + %. @41, and a1
are defined similarly. By convention, the area fraction of a cell
face separating cells with volume fractions of 1 and 0 is 0.

In a mixed cell, the geometric information required by the
integration algorithm also includes an effective surface normal
and an effective frontal area, i.e., the area of the surface formed
by the intersection of the fluid and the body in the cell. Expres-
sions for both of these quantities in terms of area fractions can
be derived by integrating the gradient of a constant over the
portion of the cell inside the fluid and applying the divergence
theorem. For any constant ¢ we have

0= j”wdxdydz—ja( s

i

In particular, if ¢ = 1, we obtain the following formula for
the unit surface normal n/;, and the frontal area Af;, in a
mixed cell:

A{j.kn{i,k = Ay Azl yapn — Givyyzg)i

+ Ax Az{a o np — Aijrrnd) 2.4

T Ax Ay(aiji-1n = ijerin)k,

See Fig. 1 for a two-dimenstonal example. The above approach
is unnecessarily complicated for two space dimensions. How-
ever, in three dimensions, it is difficult, and perhaps not desir-
able, to describe the fluid—body interface on a rectangular mesh
as piecewise planar. The above expression for the surface nor-
mal reduces to the correct answer in the case of a planar interface
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and provides a consistent way of computing an effective normal
when the interface is not planar; in particular, the use of (2.4 is
essential for freestream preservation. See Fig. 2 for an example.

In practice, one does not directly use (2.2) and (2.3) to
compute volume and area fractions, but rather some approxima-
tion. In this paper, general approaches for generating the volume
fractions and area fractions are not considered, Some ap-
proaches we have employed under certain restrictive conditions
are the following. In two dimensions, if the fluid—body interface
crosses the cell boundary in exactly two places on distinct
edges, we approximate the interface by the line segment defined
by these two endpoints (Fig. 1). In three dimensions, we have
used a similar approach. We assume that the intersection of
the fluid—body interface with the computational cell is a con-
nected set (Fig. 2). We also assume that the intersection of the
boundary with any cell face is a connected planar region. Under
these assumptions, we can use linear approximations of the
intersections of the interface with each cell face, a nonplanar
quadrilateral representation of the fluid-body interface through-
out the cell, and integrate to get the area and volume fractions.

Our current implementation has the tequirement that a mean-
ingful surface normal be defined in each computational cell,
and, consequently, it does not in general account for long thin
sections of body (Fig. 3f).

2.2. Single Grid Algorithm: Summary
The single grid method consists of the following five steps:

{1) the computatlon of the cell edge fluxes FIA,,,
G i, and HE 1 5, using a higher-order Godunov integration
algorithm for rectangular grids [22, 61] which ignores the pres-
ence of irregular geometry. These are computed at all edges
of fluid as well as mixed cells, even if the cell edges lie partially
or wholly within the body.

(2)  the computation of the reference state U7} in all fluid
and mixed cells by

+1ref — +17.
U?,kre ui:Jr_‘(Ff 1/2{.& x+112,k)

n+1/2

+1/2
(Glnj 12k — |J+ll2i)

(2.5)
t .
+ K’ (Hfﬂf W = Hf;rkf'lfl)

Except for mixed cells and fluid cells that are immediate neigh-

bors of mixed cells, we set Uil = Ui

(1) the computation of an adjustment, M, 4, in the mixed
cells so that

(SM!‘JJZ
A Ax Ay Az

nhy — rnl.ref
Uuk - uk +

(2.6)
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FIG. 3. Limits on geometric complexity. The geometry in (a) is not prob-
lematic, (b) is problematic with respect to the extended state formulation for
computing the reference state (Section 2.4} but not the thin-wall algorithm
(Section 1.4.1). (¢) is disallowed because of the redistribution algorithm (Section
2.6). The redistribution algorithm may have difficulties with the geometries in
(d) and (g) (Section 2.6.1). In (f), a unique surface normal can be defined in
each cell only for the body on the right {Section 2.1).

is the correct and conservative but potentially unstable update
(because A;;; < 1) for U711

(4) the computation of the preliminary stable but noncon-
servative update in the mixed cells by

8Mi,j,k
AxAyAz

atly — n+ 1 ref
U:; kvp ik +

(2.7

(5) the reestablishment of conservation by redistributing
the amount by which conservation is violated, (1 — A;; )éM, ,,,
in a mass-weighted manner to fluid and mixed cells among the
26 neighbors of the mixed cell A;;,.

2.3. Review: Higher-Order Godunov Method

Betore discussing the details of the single grid method, we
briefly review the higher order Godunov method of Colella
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[22] on rectangular domains in the absence of irregular bound-
aries and its extension to three dimensions by Saltzman [61].
For the sake of brevity, we present the method for a scalar
conservation law in two dimensions, discuss extending the
method to three dimensions, and then we discuss the handling
of systems of equations. We do not consider here the issues of
fourth-order spatial slopes or additional numerical dissipation
mechanisms; see [21, 25, 61].

We first consider the method for a scalar conservation law
in two space variables,

B_L{ " dAf (1) + ag (w) =0, (2.8)
ar ax dy

where u, a(u) = df(u)/du, b(u) = dg(u)/ou € R. The quasﬂmear
form of (2.8) is then

du du du
U =0
PP

2.9
We assume a uniform computational grid with cell widths Ax
and Ay indexed by { and j. To advance the solution at time #,, we

use a time step Ar which satisfies the Courant--Friedrichs—Lewy
(CFL) stability condition,

At = o min (min (a(Auz))’ (b%‘%))

where o is a constant satisfying ¢ << 1. The algorithm consists
of four general steps:

(2.10)

{1} the calculation of limited central difference approxima-
tions, A i and A, in each cell ¢, j, where A,u/Ax and A u/Ay
are approximations of éu/dx and ou/dy at cell centers.

(2) the calculation of time-centered left and right states,

wiW?, . and w5, x, at all x-cell faces and bottom and top states,

ultlh e and ulih 4, at all y-cell faces. Since these values are
calculated using (2.9}, i.e., the linearized characteristic form of

(2.8), we refer to this step as the characteristic tracing step.
(3) the evaluation of numerical fluxes fi1'%, and g%/}, at
x~ and y-cell faces, respectively, using the solution of Riemann

problems. At each x-cell face, we solve the Riemann problem
defined by

u, ofw _
ot dx

(2.11)

and the left and right states wy7;, and ull7, », evaluate that
solution at x/t = 0 to obtain 1!7;, and compute fi7\7, =
FurrlE). At each y-cell edge, gifdf, is found in a similar
manter.

(4) the computation of uf;' by conservative differencing,
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Ar At
— 2 2
uif' = ul; + Ax (B — fRiEy + Ay(gﬁf-]f.'z = g,

Step {4) is self-explanatory. The solution of the Riemann
problem in step (3) for a scalar conservation law is discussed
many places in the literature; for example, see LeVeque [42].

Step (1) has the following details. Define A,,_u, A, ,u, and
A, by

A.t,*u = Wi T gy
Ax,+“ = Uppy T Uig

Ax.ru = li(AJ,Jru + Ax.—u)-
{(A.u),;; is then given by

(Ax“)f‘j = min(‘(A.t.c'H)I.jL 2|(A.r‘—u)i.j|’ 2|(Ax.+u)i.j|)
X Sgn((AJ.ru)!J)
= 0,

A, )i (A u); >0 (2.12)

otherwise.
A.u is computed in a similar manner.
A summary of step (2) completes the description of the

method, Using Taylor’s theorem, the differential equation, and
the values of A i we have

Wi = ul; T Py (% (] - 2_;“(“?; ) (Axu)i‘])
_ A (ag(u))"
2 o S

where P (w) = w if a(ul;) > 0 and 0 otherwise. We refer to
the term (dg(u)/dy),, as a “‘transverse derivative.”” We approxi-
mate (dg(u)/dy);; by

a n
(_*i(}“ ) = (g(RP,(uly, ) — g(RPYuly 1, ul DAy,

where RP,(itz, iy} denotes the solution of the Riemann problem
defined by

@+ag(u)=0

2.1
ot dy (213

and bottom and top states ug and u; evaluated at y/r = 0. Simi-
larly,

1 Ar
uiiBie = ulhy; — Py (5 (1 + Ax G(M?H.,.)) (Axu)i,J)
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_ & (83(11))"
2 ay Jf

where Pr(w) = w if a(uf;) < O and O otherwise, and where
(9g(u)/dv)%, ;is approximated in a manner similar to that above.
The expressions for w47, and ]} 17, 7 are similar to those of
M."’frlfzz.j,!_ and “."'LIJ"ZQ,,‘,R.

From the above we see that the flux at an edge is dependent
on the values of «f; in the six cells nearest the cell edge and
the values in additional cells which enter the central difference
approximations of the spatial derivatives. Setting A i or Au
to zero adds dissipation to the method. Setting both to zero
results in a scheme that is a first-order version of Godunov’s
method that has comer coupling, so that it is stable for CFL
numbers up to 1.0.

2.3.1. Review of Higher-Order Godunov Method: Extension
to Three Spatial Dimensions

We now constder the method for a scalar conservation law
in three space variables,

d h
| ), gG) | G0 _ (2.14)
at ax dy 0z
Saltzman |61] discusses the method in much greater detail.
The algorithm again consists of the same four general steps.
However, the tracing step is more complicated. We compute

+172 ,
iviz > fOr example, by

. 1 Ar
u?:llf?:j.k,l. = M?,j‘k + P, (‘2‘ (1 - K; a(ui.j,k)) (AJ'R)!J)

g(agw))" _A{(ah(u))"
2 ay Juyx 2 dz Sk

The transverse derivative terms are approximated as before,
i.e., by solving Riemann problems at the appropriate opposite
faces, evaluating g and /1 using those solutions, and differencing
the results in the appropriate manner. However, the two states
used in defining each Riemann problem must now be found by
using the characteristic tracing step from the two-dimensional
algorithm in order that the eight corner neighboring cells of
cell i, j, k are correctly coupled to the update of i, j, k. Hence,
for example, the value of uf,}}7,,, depends on the values of
uj;, in the nine neighbors of 7, j, & in the i-plane and the values
in additional cells which enter the approximations of the spatial
derivatives. In three dimensions, then, the flux at an edge is
dependent on the values of u7;; in the 18 cells nearest the cell
edge, plus the values in additional cells which enter the central
difference approximations of the spatial derivatives. Setting
A,u, A, or A to zero adds dissipation to the method. Setting
all three to zera results in a scheme that is a first-order version
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of Godunov’s method that has corner coupling so that it is
stable for CFL. numbers up to 1.0

2.3.2. Review of Higher-Order Godunov Method: Extension
to Systems

The issue of extending the higher-order Godunov method to
systems of equations is mostly one of extending the method to
a hyperbolic system of equations in one space variable. For the
details of extending the algorithm to systems, see the discussion
by Colella [22] and Saltzman [61], the detailed description
of the one-dimensional algorithm by Bell, Colella, and
Trangenstein [5], and the concise review of the one-dimensional
algorithm by Pember [54].

For the most part, any Riemann solver for systems can be
used in conjunction with the higher-order Godunov method
and the Cartesian grid method. Approximate Riemann solvers
are discussed many places in the literature, including [5, 24,
53, 59]. In our implementation for gas dynamics with a general
equation-of-state p = p(p, €), we use a solver described in {23]
which is based on the techniques in [5].

2.4. Calculation of Numerical Fluxes and Reference State

In the first two steps of the Cartesian grid algorithm for a
single grid, we use the unsplit second-order Godunov integra-
tion algorithm for rectangular grids [22, 61] to compute fluxes
for {7, and then we use those fluxes to calculate the reference
state U770 by

At ntl/2

ntlref " _ pntli2
Ui,j.k - (Fi'—ll2.j.k Ff+i.[2\j\k)

ik + A_x

Ar . " Ar N
+ A—y (Gf.f-lﬁz.k o Giﬂﬁz,k) + —A—Z (H i._:;izlfz —H .‘,}r,;:fuz)-
(2.15)

The higher-order Godunov algorithm is reviewed above in Sec-
tion 2.3. We modify the higher-order Godunov method in three
main ways in order to use it to compute the reference state in
fluid and mixed cells in the Cartesian grid integration scheme:

1. We must be able to calculate the numerical fluxes
Fiii o G, and HILE, at edges separating mixed cells
from body cells in order to use (2.15) as an update in mixed
cells. The flux calculations at these edges require that meaning-
ful values be defined in ail body cells that are ameng the
immediate 26 neighbors of a mixed cell. We call these extrapo-
lated values ‘‘extended states.”’

The extended states are found in the following way. In each
cell requiring an extended state, i.e., any body cell that is one
of the immediate 26 neighbors of some mixed cell, we define

n
Ai’.m,nUi_m_n
ext _ UhmmEnbhiijk)
gk

, 2.16
Al.m,n ( )

(| mmEnbali k)
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where nbh(i, j, k) represents the set of the 26 neighboring cells
of A;;;. By definition we are guaranteed that at least one cell
in nbh(i, j, k) has nonzero A, so that {2.16) is defined.

2. Wedonot want the extended states to affect the estimates
of the spatial derivatives in the fluid and mixed cells, and we
do not want any additional body cells to require extrapolated
values. Therefore, any of the central difference approximations
AUIAx, AUl Ay, and AU/ Az to the spatial derivatives aU/dx,
aU/ay, and dU/9z im a given cell are set to zero if the computa-
tion of that central difference uses values from a body cell.

3. The time step used to advance the solution is based on
a full cell CFL condition over the fluid cells, the mixed cells,
and the body cells which are immediate neighbors of mixed or
fluid cells. In calculating the stable time step, U7, is used in
the mixed and fluid cells, and U, is used in the body cells.

2.4.1. Geometry Limitations and *"Thin-Wall’” Algorithm

The current implementation of the algorithm described so
far requires that genuinely separate regions of the fluid (for
instance, in the case where a flat plate is embedded in the flow)
be separated in any direction by at least two computational
cells that are entirely contained in the body (see Figs. 3a,b).
This requirement is due to the construction of the extended
states. Because the central difference approximations to the
spatial derivatives are set to zero it any body cells are involved
in their computation, the extended states ultimately enter the
algorithm through the solution of Riemann problems. If neces-
sary, then, we can reduce the minimum number of cells needed
to separate truly disjoint regions of the fluid to one by the
following approach.

REFERENCE STATE CALCULATION: THIN-WALL ALGORITHM.

(1) Do not compute or use extended states.

(2) Use the higher order Godunov method to compute nu-
merical fluxes as before, with the following change:

Set the solution of any Riemann problem at an edge separat-
ing a body cell from a mixed or fluid cell 1o be the value of
the edge state corresponding to the non-body cell.

(3) Use (2.15) to compute the reference state.

We have found that the numerical solutions generated using
the extended state formulation of the scheme are generally
superior to those found using the thin-wall algorithm; hence,
this latter approach should be used only when the constraints
on the former are not satisfied.

Even if the thin-wall algorithm is employed, the current
implementation still requires that truly separate regions of the
flow be separated in any direction by at least one full body cell
(see Figs. 3b,c). The restriction is due to the redistribution
algorithm described below. See the discussion below in Sec-
tion 2.6.
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2.4.2. Discussion of Choice of Reference State

There is no rigorous justification for our choice of reference
state. Qur definition of reference state is motivated by three cri-
teria:

(a) The overall method is freestream preserving, i.e., con-
stant Hows parallel to a surface are maintained.

(b) Ineach mixed cell, U}/ — U7, as Ar— 0.

(2.17)

(c) The solution in the irregular cells is influenced by the
wall and the solution in the neighboring fluid cells in a reason-
able manner, regardless of cell size.

Condition (2.17b) disallows approaches such as defining the
reference state to be the average of the solution, or some inter-
mediate update, in nearby fluid cells. Further, the seemingly
reasonable alternative, namely, U7/}™ = Ul,,, is also disal-
lowed. This choice is the one used in the algorithm of Chemn
and Colella [15] and satisfies (2.17a), (2.17b). However, this
reference state natorally results in the computation of large
values of SM in the mixed cells; recall the definition of SM in
Section 2.2. Since only a fraction of the value of M in a mixed
cell can be included in the update to that cell, the values of the
solution in the mixed cell do not change as rapidly as they
should. The computed solution then has as an artifact that the
fluid—body boundary appears to be exerting drag on the flow,
and (2.17¢) is not satisfied.

The method described in Section 2.4, on the other hand,
computes a reference state that is a reasonable update to the
solution in the mixed cells regardless of the volume fraction.
There are undoubtedly other ways to compute the reference
state so that (2.17) is satisfied. The method used here, however,
is easy to implement and appears to be a simple, natural choice.

From the above discussion, we see that an alternative way
to formulate (2.17¢) is:

The components of U]7, — U™ computed by the

method should be small compared to the

corresponding components of UJT™ — U7,

(2.18)

Numerical tests (see Section 4.2.3) suggest that the method
satisfies this condition.

2.5. Calculation of oM

In this step we compute an adjustment, 8M, ;,, in the mixed
cells so that

M

Un+].* — Uy_1+l,ref + AL
Aj-f-" Ax Ay AZ

ik ijk

is the correct and conservative but potentially unstable update
for U},

To derive an expression for M, ;;, in mixed cell J, j, k, we
first apply the divergence theorem to each mixed cell to obtain
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the following conservative but potentially unstable update for
the state in A,

Ar
AvAyAz A,
(Ay Az (ai—h‘z.j,kFFj]l,'fz;:j,k - ai+h‘2,j.kF:l-:ll."‘22.j,k)
+ Ax Az (ai,jflfz‘kGET—lﬁz,k - ai,jHlZ,kGE;rli‘%Z,k) (2.19)

atl2 n+12
+ Ax Ay (as.j.ﬁ—mHU,k_m - ar’,j,k+i.’2H|'.]Jc+l.’2)

U{:-{»I.* —_ Un +

Lk ik

- (Fa Gs H)fA{jqkn{J;\)

(F, G, H), represents a numertcal approximation of the flux
(F., G, H} at the fluid—body interface. (F, G, H); is found by
evaluvating (F, G, H) with the solution of a Riemann problem
at the fluid—body interface with left and right states given by
Ui, and the state found by an odd reflection of the normal
velocity with respect to i/, and an even reflection of the other
state quantities. For the compressible Euler equations, the only
nonzero elements of (F, G, H), are the pressure terms appearing
in the momentum flux elements of F, G, and H. We can then
define 6M, ;; by

oM, = A-j.j,k Ax Ay Az (Lorh* — Ur_H-I,ref)

ijk i.qk

= A Ax Ay Az (Ul — [yt Lt

Lk
+ 172 + 142
+ Ar(Ay Az (ai—lfl‘j‘kF?—l,‘z,j,k - aj+lf2,j‘ka+lt‘2,j,k)
(2.20)

n+142 n+142
+ Ax Az (@i 124G s — Gk G living

n+lz mH1R2
+ Ax Ay (af.;'.k—qui.j.k—lfz ai.j.k+ln‘2Hi.j.k+lf2)

—{F, G, H)jA{j.k"{j.k)-
To compute the term (F, G, H),Al,n/,, appearing in (2.20)
for the equations of gas dynamics, we proceed as follows. The

equation to be solved in order to determine the pressure at the
fluid body interface is

U |, SFW) _

2.21
ot an 0. ( )
where
P pit
U=|pit], Fuy=| pi*+tp |,
pE phE -+ dip

r denotes the direction normal to the fluid-body boundary, #
is the velocity in that direction, E = e + 3%, and p = p(p, ¢).
To define the left and right states of the Riemann problem, we
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compute #;,, the component of the velocity in cell £, f, & at
time step 7 in the direction normal to the fluid-body interface:

(2.22)

ﬁ?ff.k = "j:‘r.j.k' (u, v, W)i.j.k-
We also compute

el = Ef — ol + i)+ ). (2.23)
The left and right states of the Riemann problem are then
defined in terms of p, #, and ¢ by

(p.d, €)= (Pl Bl0s €750)
e Tk T (2.24)
{p.d,e). = (i —80 €10

The pressure at the fluid—boundary interface, p/ ;- is found by
solving the Riemann problem defined by Eqgs. (2.21)—(2.24).
(F, G, H)Al,n\,; is then evaluated as
(F, G, H)AL
0
Ay Az (a1 — aiH,’Z,j,k)p{j,k

(2.25)
=| AxAz (a.‘,j—l.'u - ai.j+112.k)[’{j.k

Ax A}’ (ﬂ;.j.k—uz - ai.j.Hlfz)p{j,k
0

2.6. Preliminary Update and Redistribution

In the fourth and fifth steps of the single grid algorithm, the
values of M are used to obtain a stable but nonconservative
update in the mixed cells using (2.7); conservation is then
reestablished via the redistribution algorithm.

The preliminary update for the solution in mixed cell i, j, k
is given by (2.7), whereas the conservative update is (2.6).
Hence, the total amount of “‘mass’’ that should be in i, j, k in
order that conservation be maintained is

Ai.j,i’ Ax Ay AZU?,I&'*,
whereas only
Ai,j,k Ax Ay AZ U’S;g“’

is present after the preliminary update. (Throughout this discus-
sion, the term ‘‘mass” refers to integrated values of the con-
served gquantities, i.e., mass, momentum, and energy rather than
density, momentum density, and energy density.) Multiplying
both (2.7) and (2.6) by A,;x Ax Ay Az and subtracting the
former from the latter, then, results in the amount of ‘‘mass™’
lost by using (2.7):

Ai,j,k Ax Ay AZ(U?ﬂ’* - U?,Ikl'p) =(1- Ai.j.k) aMi.j.k-
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In order to maintain conservation, then, we must distribute (1 —
A 8M;;, onto the grid. In the general case for a moving
front [15, 7], we do this by decomposing these increments into
characteristic variables and distributing them to nearby cells ina
volume-weighted fashion. For the case of a stationary reflecting
wall, the redistribution procedure simplifies by not requiring a
characteristic-based approach; simply redistributing all of (1 —
A0 8M, ;, into the mixed and fluid cells among the immediate
26 neighbors of the mixed cell is sufficient. In addition, through
numerical experiment, we have found that a mass-weighted
approach to redistribution is superior to the volume-weighted
approach of [15, 7] in the presence of strong shocks.

We first define U{f}/** in all mixed cells and immediate
neighbors of mixed cells by

Urppre = ugtr if i, j, kis a mixed cell;

(2.26)
= Ui if i, j, kis afluid cell.
In all mixed cells we then define
mg= > AL AxAyAz,  (2.27)

(fm.myEnbhis,j.k)

where pith*# is given by (2.26). The amount of ‘‘mass’” to be
redistributed from the mixed cell [, m, r to the neighboring
mixed or fluid cell i, j, k is then

“mass’’ from i, m,ntoi,j, k

(1 - A-Lm.n) 6M.’.m,n (228)

red

Lmn

= pith** A Ax Ay Az

The total amount of “‘mass’ in cell I, m, n after redistribution,
Aivw Ax Ay AzUTEH. | is then given by

Ag‘j‘;[ Ax A}' AZU?)I]:
= A, Ax Ay AzU
+ A Ax Ay Azpl il

(I - Al,m.n) 8Mi.m,ﬂ

red

(o myEnbhG k), >0 Mo

Dividing both sides of this last expression by A;;, Ax Ay Az,

we obtain the following expression for the final update to the
cells affected by redistribution,

[ 23— n+l, A+l gk
Ui = U™ + pijy

(1 - A!.m.n) é\ﬂli.m.n (2‘29)

d
(LmmyEnLhG FA0A, , >0 M
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We note that the only cells affected by (2.29) are the mixed
cells and those fluid cells that are among the immediate 26
neighbors of at least one mixed cell.

The scaling of the volumes by p*'** in (2.27) and (2.29)
results in a redistribution scheme that is mass-weighted in con-
trast to the volume weighted scheme used by Bell et al. [7] for
shock tracking; i.e., replacing p™*!#* with *‘1’* in (2.27) and
{2.29) results in a volume-weighted redistribution scheme. As
noted above, the use of mass weighting in the Cartesian grid
integration scheme has so far been found to give superior nu-
merical results. In implementing mass-weighted redistribution,
there are also a number of options as to which value of p to
use, among these pf;; and pf7p*. Through numerical experi-
ments, we found that using p'f}/** resulted in a more robust
scheme in the presence of strong shocks than the schemes
resulting from using either pf;; and p?H}™. We note that for a
more general system of hyperbolic equations mass-weighted
redistribution may not be a meaningful choice. In fact, even
for gas dynamics, there are other possibilities such as total
energy weighung.

The redistribution scheme discussed above is fully conserva-
tive because it is equivalent to modifying the cell edge fluxes
caleulated in the higher order Gedunov predictor step in a
manner that yields the same numerical results.

2.6.1. Redistribution: Geometry Limitations and Stability

The current implementation of the redistribution algorithm
requires that genuinely separate regions of the fluid (again, for
instance, in the case where a flat plate is embedded in the flow)
be separated in any direction by at least one computational cell
that is fully contained in the solid body (see Figs. 3b,c). The
reason for this restriction is that in the current implementation
a mixed cell redistributes to all its neighbors even when they
are in truly distinct regions of the fluid. The algorithm also has
the requirement that every mixed cell have an adequate number
of fluid cells among its neighbors. Two possibly problematic
configurations are shown in Figs. 3d.e.

Chern and Colella [15] do not prove that the redistribution
algorithm is stable, and we are unable to provide a proof here.
We have used this algorithm not only for the results presented
in this paper in Section 4, but for other computations as well
[31, 45]. In doing so, we have not yet observed any stability
problems. A heuristic argument that the redistribution algorithm
is stable is simply that the algorithm aveids dividing by arbi-
trarily small cell widths or volumes; throughout the entire single
grid algorithm the only divisors are widths or volumes of full
fluid cells. Further, although redistribution moves mass into
mixed cells, the amount of that mass is roughly proportional
to the volume of the cell; hence, dividing that extra amount by
the cell volume in (2.29) should not be a problem.

2.7. Cylindrical Coordinates

The restriction of the Cartesian grid integration technique
described above to rectangular coordinates in two dimensions
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is straightforward. The treatment of cylindrical coordinates in
two dimensions introduces some additional issues. The discus-
sion here will be restricted to the special case of gas dynamics.
For cylindrical coordinates, the basic second-order Godunov
integration scheme uses a volume coordinate form of the equa-
tions, namely,

+——=0, (2.30)

where

p pu
pit pu?
U= o | F(U) = puw ,

pE puE + up
pU
el

G = pvi+p
pvE +up

E=e¢+ 3 + vy, p=pp e), uand v are the radial and
axial components of velocity, A, = r, and V, = 4. The rationale
for using this form of the equations is that it retains the higher
order discretization and that the discretization is free-stream
preserving; i.e., no pressure gradients are generated in a uniform
flow. The formulation of higher order Godunov methods for
the equations of gas dynamics in generalized volume coordinate
form is discussed in [21].

We now discuss the details of the single-grid algorithm spe-
cific to the implementation for cylindrical coordinates. We as-
sume a uniform computational grid with cell widths Arand Az
indexed by i and j.

2.7.1. Cylindrical Coordinates: Geometry

Volume and area fractions are defined as in the case of
rectangular coordinates. Equations (2.2} and (2.3) of course
must be modified to account for the cylindrical coordinate
metric terms. In particular, the volume measure r dr dz must
be used in finding volume fractions and the area measures »
dz and r dr must be used for computing r- and z-face area
fractions, respectively.

The calculation of the surface normal in a mixed cell is
different from that in the case of rectangular coordinates. The
two-dimensional analogue of (2.4) cannot be used. We require
anew quantity which we call the rectangular-coordinate volume
fraction, A®, defined by:
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Ag= [, drdzitraz.

To derive an expression for the surface normal (#,, ), we first
recall that by the divergence theorem

| iz = /, T

where dS,, denotes the surface measure for rectangular coordi-
nates. Letting ¢» = r and noting that r d5,, = 45, where d5,,
is the surface measure in cylindrical coordinates, we obtain

L{j drdz = me)n, das,,

5

= L( ) n, ds,..

Hence,

ai+]ﬂjri+lf2 + Au Ar) AZ:

RT) )

;;(nn n,) = ({a;- writi-ie

(2.3

(-1 — af,j+1/z)%('"i2+wz -

where A/ is the frontal area in the mixed cell and r;,,; is the
value of r at edge i + %

The quantity A, is also used in computing 6M; see below.

2.7.2. Cylindrical Coordinates: Numerical Fluxes and
Reference State

The computation of the numerical fluxes and the reference
state in cylindrical coordinates follows the same steps as in
rectangular coordinates. First, a two-dimensional analogue of
(2.16) is used to compute an extended state in each body cell
that is one of the immediate eight neighbors of at least one
mixed cell. Equation (2.16) is formulated under the assumption
that all computational cells have the same volume. The form
of (2.16) used for cylindrical coordinates must account for the
cylindrical coordinate volume measure.

We then use the unsplit higher-order Godunov method to
compute numerical fluxes Fi57, and pii%, at all r-cell edges
and Gi3'{h at all z-cell edges. The reference state is then com-
puted by conservative differencing of (2.30),

el n+lp2
ri—!.'2Fj—ln‘2.j rz’+11‘2Fi’+II2‘j

(”2)(?".3“.'2 - 7’%—1:2)

Urrtel = Uz, + At

Ar
+A—Z(Gﬁffi%z— G
0 (2.32)
A[ pr l]l'lzj p?:l]f?',j
Ar 0
0
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2.7.3. Cylindrical Coordinates: Calculation of M,
Preliminary Update, and Redistribution

In the computation of éM,; for mixed cells in cylindrical
coordinates, direct differencing of the pressure gradient in the
r direction is not appropriate. We instead need to account for
dp/dr in a volume-of-fluid manner. To derive an appropriate
expression accounting for dp/drin 8M,;, we proceed as follows.

For a mixed cell we rewrite dp/dr as

op _ AP _
ar a4V,

94, (2.33)
p A .

Integrating the first term on the right of.(2.33) over the fluid
pertion of the computational cell, we find

aA,p 142
L{J av, rdrdz = Qi hisin AZP.’+112.1

= G- tin AzpI2NE + Alnepls,
where pi?l, and p/7, are the pressures at "2 at r cell edges
found by the Godunov integrator, pi; is the pressure at the
fluid—body interface found by the solution of the reflecting wall
Riemann problem, and #, is the r-component of the surface
normal in (2.31). Integrating the second term on the right of
(2.33) over the fluid portion of the computational cell, we find

dA,
Poy rdrdz = p ;A7 Ar Az,

where 7 is an as yet to be specified estimate of the average
pressure in the cell over the time step. Consequently, p/dr in
the r-momentum term of &M is approximated as

a
Ai,j%(":?ﬂfz ri- uz) Az ( P)
ar /i

(2.34)

+1/2

= i nifivin AZP:HQ; Qi Fi-1n AZP. 12

—AZArAzp,; + A{jn,p{j.

We require that this expression results in the usuval differencing
in a fluid cell, ie., when A = a@_jp; = @p; = 1 and
A{j = 0, and that ap/dr = 0 when p is constant. We thus define
pij by
a+ 172 112

B, = ”*”“% (2.35)
From (2.31), (2.34), and (2.35), we see that indeed dp/ar = 0
when p is constant. The expression for dp/dr thus maintains
the free-stream preservation property of the basic Cartesian
grid integration scheme.
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The expression for M, in cylindrical coordinates is defined,
then, by

aMi,j = Ai\j?la(rilﬂ.'z - r?—uz) Az (U

7 _ Uﬂ?—l‘mf
+ Ar(Az (”i—uzai—uzJFlel.'fzz,j - r£+ll‘2ai+il2.jF?rll.'"22.j)
+ 30 hin — rhela-1nGih — ey Giiih)
0 (2.36)
(aplar),;
0
0

2 2
- As,jz(!’rwz Fiou) Az

— (F, G )AL, n),

i
where (dp/ar),; is given by (2.34) and (2.35). The expression
(F, G)Al;n/, can be expanded as

]

0

1 p .
(ai.j-lfz. - ai.j+l:‘2‘)§(r .2+112 -r ?—112)}7{.'

0

(F, G)fA{j.kn{.j =

The preliminary update and redistribution steps are two-
dimensional analogues of the steps in Section 2.6 in which
cylindrical coordinate volume measures are used instead of
rectangular measures.

3. COUPLING TO ADAFTIVE MESH REFINEMENT

In this section we describe how the Cartesian grid integration
scheme is coupled to the adaptive mesh refinement algorithm
described by Bell et al. [3], which is an extension to three
space dimensions of the AMR algerithm of Berger and Coiella
[8]. We briefly review the adaptive mesh refinement algorithm
and, in particular, those operations which must be modified in
order to incorporate the single grid Cartesian mesh algorithm
of Section 2. We then discuss the changes or additions needed
in order to incorporate the single mesh Cartesian grid algorithm.
AMR has been developed for both twe dimensions, including
cylindrical coordinates, and three dimensions. For clarity of
exposition we will describe the method for the three-dimen-
sional case. The restriction to two dimensions is straightfor-
ward. The extension of the basic AMR scheme to cylindrical
coordinates is discussed in Section 3.1.4. The extension of
AMR for cylindrical coordinates to a Cartesian grid setting
simply entails using cylindrical coordinate volume and area
measures in place of rectangular coordinate measures wher-
ever applicable.

It is possible to implement the AMR algorithm with the
Cartesian grid modifications in Fortran. However, there are
many operations in AMR even without the Cartestan grid en-
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hancements for which Fortran is ill-suited. In our implementa-
tion, we use an object-oriented, hybrid C+ +/Fortran approach
in which most single grid operations are coded in Fortran while
the driver, overall data and memory management, sparse data
structures, inter-grid communications, etc., are coded in C++.
Further, we make extensive use of a C++ library for many
basic grid manipulations. Crutchfield and Welcome [26] discuss
the implementation issues in more detail.

3.1. Adaptive Mesh Refinement: Review

The AMR algorithm uses a hierarchical grid structure which
changes dynamically and which is composed of grids of varying
resolution. The grid of coarsest resolution is referred to as the
level O grid. This grid by definition covers the entire problem
domain. There are also one or more additional levels of grid,
each finer than the rest. These finer levels of grid do not cover
the whole domain but only those regions where more resolution
is determined to be needed by a *‘grid generation’’ procedure
described below. The grid generation procedure is not just
performed at initialization but throughout the time stepping
process so that the grids can change dynamically in response
to the solution. The cell widths of all the grids at level L — 1 are
proportional by an even integer factor r,_, (called a * ‘refinement
ratio’’) to the cell widths at level L, i.e., Ax; = Ax;_/r_,, etc.
Further, each cell boundary of the level L — 1 cells coincides
with cell boundaries of level L cells, In other words, (r,_,)
cells at level L coincide spatially with exactly one cell at level
L — 1; we refer to the coarse cell as an “‘underlying coarse
cell”” and the fine cells as “‘overlying fine cells.”” Further, the
levels of grid are properly nested in that each cell in a buffer
of ri-; cells enclosing the grids at level L overlays a coarse
cell at level L — 1. The figures in [8, 3] illustrate these concepts.

The generation of grids at level L, L. = 1 proceeds as follows.
At level L — 1, a cell tagging procedure identifies level
L — 1 cells which need to be refined. Two different cell tagging
criteria are used. One is to tag cells for which an error estimate
found by a Richardson extrapolation procedure exceeds some
user-defined tolerance. The other is to use additional, optional
user-defined error or cell tagging criteria; for example, it might
be desirable to refine in regions containing large density gradi-
ents. The tagged cells are then clustered into logically rectangu-
lar grids that are subdivided to form level L grids. For the sake
of grid efficiency, a certain percentage of untagged cells are
clustered with the tagged cells during this process. Once the
new level L grids are defined, the solution is defined in any
new level L cells that were added through the grid generation
process by conservatively interpolating the solution from level
L — 1. The procedure is then repeated for all finer levels of
resolution. Additional steps are taken to ensure proper nesting
during the grid generation process.

We now outline the procedure to advance the solution on
level L one level L time step of size Ar from time ¢ to time ¢ +
At. 'This procedure is recursive with respect to refinement level.
Further details are given tn [8, 3].
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ALGORITHM TO ADVANCE SoLuTiON ON LEVEL L FROM TIME ¢
TO £+ Af

1. If it is time to regrid, generate new grids at level L.

2. Advance solution on each level L grid from time ¢ to
t+ At

(a) Set boundary conditions needed to integrate grid
in one of three ways:

i. Use physical boundary conditions, if appli-
cable,
il. Otherwise, use data from level L grids, if
available.
iii.  Otherwise,
A, Interpolate data in time on level L — |

cells underlying the level L boundary
cells.

B. Do conservative interpolation:
Interpolate the coarse cell data spatially
to get the values in the level L boundary
cells in a manner that maintains conser-
vation.

{b) Advance the solution on the grid from time ¢ to
t + Ar using the higher order Godunov method.
3. ForJ=1,r
(a) Advance the solution on level L + 1 from r +
(J— DA tot +J At/
4. Fix up conservation between level L and level L + 1 at
t + At in two ways:

(a) Average the fine grid solution onto coarse grid
cells:
In level L cells that underlay level L + 1 cells,

replace the solution in the level L cell by the average

of the solution in the overlying level L + 1 cells

(b)Y Reflux:
In level L celis that share a cell edge with a fine
grid interface but do not actually underlay level
L+ 1 cells, replace the effect of the coarse grid
flux at the shared cell edge with the effect of the
fine grid fluxes.

Regridding (step 1) is typically done every other time step, i.e.,
when J is even.

The meodifications to the AMR methodology in order to
extend it to the Cartesian grid scheme involve the following
operations: averaging of fine grid data onto coarse grid cells,
conservative interpolation, and refluxing. We now quickly re-
view these for both three dimensions and cylindncal coordi-
nates; the restriction to two dimensions is straightforward.

In our discussion, we use the following conventions: The
map between the index space of level L and level L + 1 is

Level L cell i, j, k is covered by the (r;)* level L + 1 cells
with indices {, m, n satisfying the conditions
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nislsrni+D—1, rgsm=n(+D-1,

rk=n=rk+1)—1 (3.1)

Further, the center of level L cell i, j, k is the physical
location (x, y, z):

(x,y,2) = ((i +0.5) Ax,, (j + 0.5) Ay, (k + 0.5) Az).

3.1.1. Averaging Down

After level L and level L + 1 grids have been advanced to
the same time, the solution in a level L cell that underlays level
L + 1 cells is replaced by the average of the overlying fine
grid solution as follows. We call this operation ‘‘averaging
down,”” for short, Let ¢, j, k denote the index of a coarse cell.
Let Ut and U/ denote the level £ and L + 1 solutions,
respectively. The averaging procedure is then given by

AGFI=1 (D1 ke l)-1 L4
UL, — E E Z Axpar Ay Az Uran (2
R ; Ax; Ay, A 2
1=ryi m=r;j n=rk QYL Az, .

3.1.2. Conservative Interpolation

When setting boundary conditions for fine grids or when
defining the solution on newly formed fine grids, the adaptive
mesh refinement scheme uses conservative interpolation to de-
fine the solution in a fine grid cell when coarse grid data alone
is available. Suppose that [, m, n is a fine grid cell at level L
with cell center (x;, v, 7). Let i, j, k be a coarse cell underlaying
{, m, n at level L — 1 with cell center x,, y;, z;. Let U and
U/t denote the level L — 1 and L solutions, respectively.

(1) Define limited central difference approximations

(AUl Ax o, (AU Ay, (AU Az,

to the spatial derivatives

autYax, UMy, Ut Yag,

at x;, y;, 7 of the coarse grid data using a procedure analogous
to (2.12).

{2) Define the fine grid data by

Ulyw = Uit + (o — xHA U )0l Axp
+ (¥, — yj)(AyUL-I):'_Lk/AyL—l
+(z, — Zk)(AzUL-I)f.j‘k/AZL—I-

(3.3)

If there is no cell £, j, k at level M for which I, m, r satisfies
(3.1), the procedure is repeated recursively from the finest
level possible.



ADAPTIVE CARTESIAN GRID METHOD

3.1.3. Refluxing

After level L and level L + 1 grids have been advanced to
the same time, the solution in a level L cell that shares a cell
edge with a fine grid boundary, but does not actually underlay
any level L + 1 cells, must be modified in order to maintain
conservation. The modified solution is found by replacing the
effect of the coarse grid flux at the shared cell edge with the
effect of fine grid fluxes. The general procedure for refluxing
can be found in [8, 3}. We explain one specific case and briefly
discuss how to generalize it.

Suppose coarse grid cell 4, j, k at level L shares its right x-
cell face with a level L + 1 grid boundary. Let Ff,,,, ;, denote
the flux at the right cell face of i, j, k used in the level L integration
step to update the solution in i, j, k from time 7 to ¢ + Ar. Let
U4, p denote the solution in i, j, k after the coarse grid integration
step. Let FiZl,.,, where [, m, nsatisfy Il = (n. + Di, rij=m=
R+ D= Landrk<n<=rik+ 1) — 1, denote the flux used
in updating the level L + 1 solution in cell /, m, i from time ¢ +
(J— 1YAt/r tot + J At/r,. We can then define the flux correction
8F f by
SFL = M Ay, AnFhnu

riH D=1 it =1

D IRD YD)

¥=lry m=rj n=rk

3.4
(_?I Aviri Az F f‘jllfzf.m,n) .
1

The solution in cell /, j, k is then updated by

SF L,

UL, Tk
- Ax, Ay, Az,

Ur;l (3'5)

The vpdate (3.5) is equivalent to repeating the integration of
the coarse cell using the sum of the fine grid fluxes to update
the cell instead of the coarse grid flux,

The refluxing strategy at upper y- and z-faces is similar; at
lower faces, the order of subtraction in (3.4) must be reversed.
Sums of expressions of the form (3.4) are used to define 8F if
the coarse cell has more than one cell edge in common with
the fine grid boundaries.

3.1.4. Cylindrical Coordinates

The only medifications needed for averaging down and re-
fluxing are that cylindrical coordinate volume and area mea-
sures need to be used in (3.2), (3.4), and (3.3).

The modification for conservative interpolation is slightly
more involved. The equations to compute the central difference
approximations (AU, /Ar and (A,U*");;/Az to the spatial
derivatives oU//or and 8U/az of the level L — 1 solution are
simply the two-dimensional analogues of (2.12). Equation {3.3),
however, must be replaced by the following procedure to ensure
that the interpolation is conservative:
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(1) Letr, zand r, 7, denote the centers of the coarse and
fine grid cells i, j and /, m, respectively.

(2) Define v} and vt by

vi= %((rz + %A"L)Z + (n - %AFL)Z)

vE =+ EAR ) + (i — 5 A ).
(3} Define Avt' by

Avi = (r+3An_ ) — (ri — %A’l—l)z-

(4) Define the fine grid solution in cell {, m by

Ub, = UL + (wf — vi DA U,/ AvE!

(3.6)
- Zj)(Az UL_I)&J.k/AZL—l-

+ (2w

3.2. Cartesian Grid Adaptive Mesh Refinement:
Summary

There are four modifications that are required to couple the
Cartesian grid integration method to the adaptive mesh refine-
ment algorithm. (Throughout the discussion on these modifica-
tions, we assume the convention of mapping between the index
space of level L and level L + 1 described in (3.1} and the
accompanying text.)

(1) Volume and area fractions must be consistent across
levels of refinement. Specifically, averages of overlying fine
grid volume and area fractions must equal the corresponding
underlying coarse grid fractions.

(2) The algorithm to average fine grid data onto coarse grid
cells must correctly account for mixed cells. Specifically, the
following expression replaces (3.2):

L+ D=1 (e 1)=1

uk 2 2 E

i= [A m=rpj n= ’L

A:L;In A-xL-H Avpa Azpy UfL:iln
i ,x Axg A}’L Az, ’

(3.7)

where A" and A**! denote the level L and L + 1 volume
fractions, respectively.

(3) Any central difference approximation used in conserva-
tive interpolation (3.3) is set to zero if the computation of that
central difference uses values from a body cell.

{4) The refluxing algorithm must be modified to account for
area fractions and augmented by a re-redistribution algorithm
to account for the effects of redistribution across coarse-fine
grid boundaries.

Modifications (1), (2), and {3) are self-explanatory. Modifi-
cation (4) is explained below. Note that the purpose of modifi-
cations (2) and (4) is to maintain conservation, and that modifi-
cation (1) is necessary to ensure that (2) and (4} do so.
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/ coarse/fine grid interface

coarse ——= “=— fine
cells L a b cells
containing 4 b 4 containing
solution | / solution
ﬂlllid body
AN
el N
/g d

fine = <=—underlying

grid < coarse

boundary ¢ \K cells

cells

FIG. 4. Categorization of coarse and fine cells near the intersection of a
coarse~fine grid boundary with the fluid—body boundary. The coarse and fine
cells at the top of the figure contain the best representation of the numerical
solution. The ceils in regions (a), (b), (c), and (d) are labeled.

into the exterior region. After the coarse (level L) and the fine
(level L + 1) grids have been advanced to the same tirne, the
only effects of redistribution that should be present in the solu-
tion (in order that conservation be maintained) in the cells at the
coarse—fine interface are those that resulted from redistribution
from the fine interior cells into the fine exterior cells (i.e., from
region (b) into region ()} and from redistribution from the
coarse exterior cells into the coarse interior cells (i.e., from
region (a) into regicn (d}). However, these effects have been
lost and must be recovered from the following reasons. The
effect due to redistribution from fine interior cells into the fine
exterior cells is lost because the fine exterior cells are only in
the fine grid boundary region; the coarse grid cells (region (a))
contain the actual solution. The coarse interactions have been
lost because the values on the coarse interior cells (region (d))
have been redefined by averaging the values of the overlying
fine interior cells (region (b)). In addition, the effects of redistri-
bution from the fine exterior cells {region (c)) into the fine
interior cells (regton (b)) and from the coarse interior cells
(region (d)) into the coarse exterior cells (region (a)) are present
in the solution and must be removed. These effects are present
simply because the redistribution algorithm (2.27) and (2.29)
applies to cells in the boundary region of the grid as well as
in the interior of the grid.

In summary, there are four basic coarse—fine re-redistribution
quantities that must be computed:

dR1,,. This represents the sum of the values redistributed
into the fine interior cells from the fine exterior cells over a
single level L time step. Their effect is present, but unwanted
in the solution, and must be removed.

8R{. This represents the values redistributed from the coarse
exterior cells into the coarse interior cells over a single level
L time step. Their effect is lost when the coarse values are
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redefined by averaging the overlying fine values and must be re-
covered.

SRE.,. This represents the sum of the values redistributed
from the fine interior cells into the fine exterior cells over a
single level L time step. Their effect must be recovered because
the solution in the boundary region is represented by the solution
on the underlying coarse exterior cells.

8R} . This represents the redistribution values from the coarse
interior cells to the coarse exterior cells over a single level L
time step. Their effect is present, but unwanted in the solution,
and must be removed.

We actually associate all four of the above corrections with
the coarse exterior cells. Specifically, we associate 6R{ and
SR! ., with the coarse exterior cell from which the redistribution
values come and the coarse exterior cell that underlays the fine
exterior cells from which the values come, respectively. Further,
we associate SRE and SRE,, with the coarse exterior cell that
receives values and the coarse exterior cell that underlays the
fine cells that receive them, respectively. In other words, all
four corrections are associated with the appropriate cells i, j,
k in region (a), satisfying (3.8). We define 6R};, by
5R:'fj,fc = (5R£)i,j.k - (6R£+l)i.j‘k + (5RE+|)L;¢& - (SRB::;.J:- (3.12)
Equations (3.13)—(3.16) below define the four components

of 8R};,. The following terms and notation, along with Fig. 4,
facilitate these definitions:

M5 4ocwax. This is the amount of “‘mass’” redistributed
from level L mixed cell &, $, 3 to level L cell &£, i, N while
advancing the level L solution one level L time step from ¢ to
t + Ar as computed by (2.28).

OM 545l e v, This is the amount of ‘‘mass’ redistributed
from level L + 1 mixed cell , ¢, H to level L + 1 cell &£,
A, N while advancing the level L + | solution one level L +
1 time step from ¢ + (J — 1) At/ry to ¢ + J At/r; as computed
by (2.28).

(a—d)y 55 . This is the set of level L cells &£, M, N in region
(d) to which ‘*mass’’ is redistributed from level L mixed cell
%, %, ¥ in region (a)

(a—d)y ¢ = nbh($, $, )
NAE, M N M, N € (@ and Ay > 0

(d—a)s 45. This is the set of level L mixed cells &£, M, N in
region (d) which redistribute *‘mass™ to level L cell $, $, I
in region (a):

(d-a)s 4% = nbh(¥, , H)
MAE, M, N) (L, M N E )
and 0 << Aggny < 1}
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(b—c)¥5x. This is the set of level L + 1 mixed cells &£, M,
N in region {b) which redistribute “‘mass’’ to level L + 1 cells
in region (c) overlaying level L cell #, $, K in region (a):

(b—c)¥5s = I, M, N) 1 (£, M, N) € (b}
and 0 < A‘ff.M‘N < 1 ElllCl
(£, M, N) € nbh(P, 2, R)y: (P, 2, R)
overlays (¥, $,30)
and Agg ¢ > 0}

(b—c)$% 5. This is the set of level L + 1 cells &, M, N in
region (c) overlaying level L cell &, $, X in region {a) to which
mass is redistributed from level L + 1 mixed cells in region (b):

(b—c¥fyn = {(£, M, N): ((£, M, N) overlays (F, $, K) and

A;g_lu‘_;\r > 0 and )
(£, M, N} E nbh(P, 2, R): (P9, R)E (b)
and 0 < Agaq < 1)}

{c—b)¥%s. This is the set of level L + 1 mixed cells &, M,
N in region (c¢) which overlay %, $, K in region (a) and which
redistribute ‘‘mass’” to level L + 1 cells in region {(b):

(c=b)5s = {(&, M. N): (&£, M, N) overlays ($, $, %)
and 0 < Agq e < D}

(c—b)§%s. This is the set of level L + 1 cells &£, M, N in
region (b) to which mass is redistributed by mixed cells in
region (c) which overlay %, $, i in region (a):

(b} = (L M, )1 (L, M, N) € (B)
and Agyx >0
(£, M, N)Enbh(P, 2, R): (P, 2, R)
overlays (%, $, )
and 0 < Agy g < 1)}

Using the forgoing terminology, we can now define the four
components of 8Rf;, in (3.12} as

ORDue= 2 Mg, (3.13)
@RDu= 2 oMb, (3.14)

(i\m,ﬂ)E(ﬂ-a),-.j_k

(SR"LH)a;ch = 2 Z

I=1 (l,m,n)E(c—h)fIk

PEMBER ET AL.

(3 e e

(0.4 K)Enbh(T,m.mi ey,

(SRLEH)EJ,,(» = 2 E

=1 men-of,

( > 6Mf;.}e:;.m,n). (3.16)
(I‘J.K)Enhh(f‘m.n)ﬂ(b-c)j"ﬁk
3.3.2. Redistribution of SMI57

If A;;; < 1, we must redistribute (1 — A, ;) SMESY to the
level L neighbors of i, j, k using volume weighted versions of
{2.27) and (2.29) as follows. We define

mi = A Ax Ay Az,

tevel L cells(d,mm)Snbhij,j.k)

(3.17)

Then, for all coarse cells (I, m, n) € nbh(i, j. k), the value of
Tk is modified by

(1 — Ay M

n+l — +1
Ui,m.rx - f.m,n + e
Mk

(3.18)

Further, if any of the level L cells /, m, n underlays a level A/
cell I, J, K, M > L, we modify the level M solution in /, J, K by

(1- A:‘,j,&) L) :"'Tfk_f

a1 — +1
Unl = Usth + =
m

ik

; 3.1

in other words, using the same equation as (3.18). The same
expressions are used because the total amount of mass redistrib-
uted to a cell $, $, K on level &, ¥ = L or M, with volume
fraction Ay gy 1S

(1- Ai,j,k) AM{‘j’f{f‘

red *
i.fk

Ag_g;{ AXy; Aygv AZgg

the update to the solution U is found by dividing this expression
by A‘;‘}m Axx Ayg AZ;f.

4. NUMERICAL RESULTS

In this section we present several numerical examples show-
ing the combined Cartesian grid integration/adaptive mesh re-
finement algorithm. Except as noted, the results were all ob-
tained using the extended state formulation of the integrator and
mass-weighted redistribution, In all the examples, we assume a
polytropic gas with vy = 1.4, the computational cells are square,
and the CFL number is (.9.



ADAPTIVE CARTESIAN GRID METHOD

L
Y

IS

FIG. 5. Density contours from the computation of a Prandtl-Meyer expan-
sion wave resulting from a Mach 1.2 flow turning through an angle of 30°.

4.1. Prandtl-Meyer Expansion

The first example is the calculation of the Prandtl-Meyer
expansion wave resulting from a Mach 1.2 flow turning through
an angle of 30°. The initial conditions of the calculation are
the exact solution. The calculation is terminated when an ap-
proximate numerical steady state is reached. Figure 5 shows a
contour plot of the density at late time for a uniform 160 X
80 grid; Fig. 6 displays the density in the mixed cells, i.e., the
density profile along the fluid—body interface. We performed
a convergence study of the algorithm using this problem by
doing calculations on 80 X 40, 160 X 80, and 320 X 160 grids
that were run until an approximate numerical steady state was
reached, i.e., for 250, 500, and 1000 time steps, respectively.
Two L, measures of the error in the solution at the final time

145 - —
1.40
1.35
1.3
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1.20
115
110
£.05
103
0.95
.90
0.85
0.80
075
0.70
0.65
0.60
0.55
0.50
645
.40

o35 L1 1 1 ! 1 L
20000 30000 40000  500.00 60000  700.00

..l x 103

%00.00

FIG. 6. Density profile along the fluid/body interface for the computed
flow displayed in Fig. 5.
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step were used, one over the entire domain and the other over
the cells at the fluid—body interface:

error = > {uf; — ug|A,; Ax Ay
1\,J>D

wall error = |ees; — wi;1Agy A,
A‘.‘J‘.>D.A{-J€bndry

where u° and u° are the exact and the computed solutions,
respectively. The error measures are tabulated in Table I for
two quantities, log,, p/p", a quantity which is proportional to
entropy and stagnation enthalpy, both of which are uniform
constants for the flow under consideration. The errors shown
in Table I have been divided by the exact values of these
two quantities. Under the assumption that the errors can be
expressed as A Ax?, the exponent 4 in 4 is computed by compar-
ing the errors for successive grid resolutions and tabulated. The
results for entropy suggest that the algorithm is second-order
accurate away from the fluid—body interface and first-order
accurate at the interface, although the results for stagnation
enthalpy are less favorable.

4.2, Unsteady Shock Reflection

The second example is the calculation of an unsteady shock
reflection resulting from a Mach 10 planar shock impinging on
a ramp inclined at a 30° angle to the direction in which the
shock propagates. This problem has been studied extensively;
see, for example, [66]. For the sake of discussion the pre-shock
values of density and pressure are gy = 1.4 and p; = 1.

This problem offers an opportunity to compare the results
of the Cartesian grid algorithm with the results of a “*body-
fitted”” grid method for which the body-fitted grid is quite
simple, namely, a rectangular grid in which the ramp is aligned
with the lower boundary of the problem domain. The higher
order Godunov method [22] coupled with AMR [3] is used as
the body-fitted grid method. In this approach, second-order
reflecting wall boundary conditions are used to model the ramp.

We note that startup errors are present in either approach.
These arise because the numerical traveling wave representation
of the incident shock takes several time steps to develop. The
occurrence of startup error in numerical solutions of this prob-
lem using shock-capturing methods is well documented |66,
22]. The only way to eliminate the startup error is to reinitialize
the postshock state after the traveling wave has developed. We
have chosen not to do this in the interest of providing an
unbiased comparison.

We examine the results of three sets of calculations, We use
the first set to qualitatively compare the Cartesian grid method
with the body-fitted grid method (Section 4.2.1). In the
Cartesian grid calculation, the incident shock is parallel to the
vertical axis while the ramp is modeled as an inclined wall. In
the body-fitted grid calculation, the shock is inclined at 30° to
the lower boundary. The second set of calculations is used for
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TABLE I

Results of Convergence Study for Prandtl-Meyer Expansion Test Problem

logw p/p” Stagnation enthalpy
Grid Error q Wall error q Error I Wall ervor q
80 % 40 0.00154 — 0.0233 — 2.22e-4 — 0.00314 —
160 x 80 0.00042 1.87 0.0108 1.11 8.05e-5 1.46 0.00193 0.70
320 X 160 0.00010 2.07 0.0049 1.14 2.70e-5 1.57 0.00124 0.63

a more detailed comparison of the two methods (Section 4.2,2),
In these calculations, the ramp is parallel to the bottorm boundary
(Fig. 10), and modeled either with reflecting wall boundary
conditions or as a Cartesian grid boundary. One final calculation
(Section 4.2.2) is used for examining the size of M in support
of the heuristic arguments in Sections 2.4.2 and 2.6.1.

4.2.1. Qualitative Comparison

We now compare results for the unsteady shock reflection
problem generated by the Cartesian grid method and by the
method of [22, 3]. Figure 7 shows density contours of the
solution obtained using the adaptive Cartesian grid algorithm.
The domain is 3.0 units X 2.5 units, the initial shock position
is 0.3 uvnits from the left boundary, and the time displayed is
t = 0.21. The body-fitted grid results at the same time are
displayed in Fig. 8. In the second calculation the ramp is repre-
sented by a reflecting wall boundary at the bottom of the domain
and the planar shock initially intersects that boundary at a
30° angle; outflow boundary conditions are used at the lower
boundary upstream of the initial shock position. Each calcula-
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tion uses the same size coarse level cells and the same refine-
ment ratios in building two levels of successively finer cells,
so that the effective resolution of the two calculations is the
same at each level of refinement. The two calculations can
serve, then, as a qualitative comparison of the Cartesian grid
method with an body-fitted grid method; a quantitative compari-
son is inappropriate, however, because of the different represen-
tation of the lower boundary upstream of the imitial shock
position. The base grid for the first calculation is 60 X 50 with
an effective resolution of 960 X 800 at the finest level; for the
second calculation, the grid is 70 X 20 at the coarsest level
and effectively 1120 X 320 at the finest, The grid locations at
all three levels are shown as boxes. In each figure, 30 density
contours are shown. The values of density in Fig. 7 range from
o to 15.8p, just inside the reflected shock at the beginning of
the ramp; in Fig. 8, they range from to gy to 16.0p,. The results
of the Cartesian grid calculation compare favorably with the
results of the other calculation. The solution shown in Fig. 8,
however, does show better resolution of the flow near the ramp
in the vicinity of the Mach stem and the slip line.

Figure 9 shows results at a slightly earlier time for the same
problem obtained using the thin-wall algorithm formulation
(Section 2.4.1) of the integrator. The calculation uses the same
gridding strategy as the Cartesian grid calculation described in
the previous paragraph. The results are nearly identical to those
displayed in Fig. 7 except in the vicinity of the leading edge
of the wall jet. In this region, the results shown in Fig. 7 are
a better match to the results in Fig. § than those in Fig. 9. In
particular, the results obtained with the thin-wall algorithm
show a numerical artifact of the fluid-body boundary exerting
drag on the wall jet.

Ve
LT

FIG.7. Density contours from a computation of a Mach 10 shock impinging
on a 30° ramp.

FIG.8. Density contours from a higher order Godunov/AMR computation
for the flow displayed in Fig. 7.
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TABLE 11

Results of Convergence Study for Unsteady Shock
Reflection Problem: Total Error

Body-fitted grid Cartesian grid

Grid L q L q
96 X 24 0.2859 — 0.4950 —
192 X 48 0.1408 1.02 0.1543 1.68
384 X 96 0.0657 1.09 0.0760 1.02

where bndry is the set of the bottommost row of cells containing
fluid and/or mixed cells. Tables Il and III display the values
of these two errors for the quantity p for the two sets of calcula-
tions. Assuming the errors can be expressed as AAx?, the expo-
nent g in A7 is computed by comparing the errors for successive
grid resolutions and tabulated.

Because of the shocks present in the solution, we see only
approximaltely first-order convergence in the L, norm for both
the reflecting wall and the Cartesian grid representations of the
ramp. The Cartesian grid calculations do produce larger errors
than the reflecting wall calculations. The difference in the errors
between the two approaches is not that large. However, we
note that the bulk of the error incurred by either approach is
in the vicinity of the incident and reflected shocks, the Mach
stem, and the slip line, and not at the ramp.

Density contours for both methods on a 384 X 96 grid are
shown in Fig. 10. The most notable difference in the numerical
results is right in the vicinity of the intersection of the Mach
stemn with the ramp. We see in the Cartesian grid calculation
that the Mach stem is skewed forward with respect to the Mach
stem in the reflecting wall case. We also see that the leading
edge of the wall jet exhibits the same skewing. Plots of the
density and the pressure along the ramp for both 192 X 48
grid computations are displayed in Fig. 11. The results for the
768 X 192 case are also shown for comparison. We note that
the magnitudes of the local extrema of density and pressure at
x == 0, 2,15, 2.6, and 2.7 are poorly approximated in the
Cartesian grid results. Curiously, the positions of the peaks at

TABLE 111

Results of Convergence Study for Unsteady Shock
Reflection Problem: Error at Lower Boundary

Body-fined grid Cartesian grid

Grid L q Lk q
06 x 24 0.7824 — 0.8576 —
192 x 48 04522 0.79 0.5482 0.64
384 X 96 0.2319 0.96 0.2590 1.08

PEMBER ET AL.

2.8 and 2.9 are more poorly approximated in the body-fitted
grid results. We also see the forward skewing of the Mach stem
in the Cartesian grid results.

The representation of the geometry we used in this section
truly is a simple rotation of the Cartesian grid representation
used in the previous section, and some additional comparison
of results is possible. In-Fig. 12, we plot the density and the
pressure along the ramp for the 768 X 192 case and the
Cartesian grid calculation in Section 4.2.1, which has an effec-
tive resolution of 960 X 800 on a 3-unit by 2.5-unit domain.
The Cartesian grid results compare favorably with the body-
fitted grid results. There is some oscillation in the Cartesian
grid results at the local extrema at x = 2.15 and 2.7. Further,
even with the increased resolution the local extrema at x =
2.15, 2.6, and 2.7 are still underresolved, and the positions of
the extrema at 2.6 and 2.7 lag those in the reflecting wall case.
The dip in the 768 X 192 results at x == 1.7 is due to startup error.

4.2.3. Analysis of the Magnitude of M

In this section we present numerical results which suggest
that the two-dimensional analogue of criterion (2.18), i.e., that
the components of Uff' — U#'™ computed by the method
should be small compared to the corresponding components
of U= — U1, is satisfied. We present two different measures
for determining if (2.18) is satisfied:

_ Zpea [UL — U

m (4.20)
Eu,ﬂea i = vy
and
‘U?}'Lr _ U?}-l.rcf‘ri
My = ———————— 4.21
‘U?j]'r —um ( )
such that (I, J) € ® and
|U?‘+J-1‘r - U?‘j-l,ref,rl = |U'r'|‘}-l‘r — UE;IJE{J V(i,j) (= g?"

where & denotes the set of all mixed cells and fluid cell neigh-
bors of mixed cells, and U’ denotes the rth component of U.
The two measures can be considered L, and L. norms. (We
chose the measure (4.21) rather than a simple maximum propor-
tion because that maximum could be arbitrarily large for arbi-
trarily small values of the two terms in the proportion.)
Figure 13 displays these measures as functions of time for
a computation on a uniform 240 X 200 gnd of the problem
discussed in Section 4.2.1 and displayed in Fig. 7. The values
of m; for p, pu, and pv are small and show linear growth in
time while the values for pE are somewhat larger, but still
small, and decay linearly in time. The linear growth is probably
due to the self-similar nature of the solution, i.e., the number
of cells for which &' = /" grows linearly in time. We lack
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FIG. 11. Density and pressures profiles along the fluid/body interface from FIG.
4 computation of a Mach 10 flow past a 30° ramp. The ramp is represented
either with reflecting wall boundary conditions (**192 X 48.Refl,”” **768 X
192"") or as a horizontal Cartesian grid fluid/body interface. (“*192 X 48.Cart™).
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FIG. 13. Values of m, (top) and n1. (bottom} from a computation of a
Mach 10 flow past a 30° ramp on a 240 X 200 uniform grid in which the
ramp is represented as an inclined Cartesian fluid/body interface as in Fig. 7.

an explanation why the value for pE should decay linearly. The
values of m. are all approximately O(1) at large time; all
these values are attained in the vicinity of the Mach stem. We
conclude for this calculation that (2.18) is satisfied in an I,
sense but not in an L. sense,
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FIG. 14. Density contours from an r — z computation of a Mach 1.597
flow past a cone with & semi-apex angle of 9.5°

4.3. Axisymmetric Flow Past a Cone

The third example is the computation of an axisymmetric
flow, M. = 1.597, past a cone with a semi-apex angle of 9.5°.
The initial conditions are those of an impulsive stari, ie., M =
1.597 throughout the domain. The flow is calculated using
the cylindrical coordinates formulation of the Cartesian grid
algorithm. The computation used a base grid of 192 X 96 cells
and adaptive mesh refinement with a single level of finer grids
so that the effective resolution is 768 X 384 cells. For the sake
of discussion the domain is 128 by 64 units, the base of the
cone has a radius of 6.86 units, and the upstream values of
pressure and density, p.. and p., are 1.0 and 1.4, respectively.
The apex angle is such that the leading part of the cone is
represented entirely by mixed cells; the first body cell is located
1.083 units downstream of the cone vertex.

Figure 14 depicts the density field at + = 206.1. The coarse
and fine grids are shown again as boxes. Thirty density contours
are shown. The density ranges from a minimum of 0.13g. in
the vortex adjacent to the base to a maximum of 1.27p, near
the z-axis just downstream from the recompression shock. The
results of the calculation appear to compare favorably with
the schlieren photograph of experimental results for the same
configuration shown in Kopal [38]. However, the computed
flow in the wake region is not as complex as the wake flow
observed experimentally because the computation is axially
symmetric and, hence, three-dimensional effects are not repre-
sented.

In Fig. 15, we examine the density more closely at several
axial locations along the cone at ¢ = 206.1. z is the distance
downstream from the cone vertex; r is the distance from the
cone centerline. At each axial location, values are plotted up
to and including the mixed cell adjacent to the body. We recall
that a conical shock weakens as one moves away from the
center of the disturbance. Hence we expect to see monotonically
decreasing profiles in density. We do at the first axial location.
At the second location, which cotresponds to the computational
cell just upstream from the first full body cell in the cone, we
see a large undershoot near the centerline. The undershoot spans
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FIG. 15. Density at late time at several axial locations for the Mach 1,597
axisymimetric flow past a cone with a semi-apex angle of 9.5°. z is the distance
downstream from the cone vertex; r 15 the distance from the cone centerline.

two computational cells (note that the cell width is 0.16667
units). This second location is the Jocation of maximum under-
shoot along the cone surface. As we move further downstream,
the undershoot continues to persist over the two computational
cells nearest the fluid-body boundary although its magnitude
lessens. The last position shown is just upsiream from the base
of the cone. The magnitude of the density undershoot appears
to be consistent with an explanation that the undershoot is
a wall heating error [51, 48] due to the underlying shock-
capturing method.

4.4, Three-Dimensional Flow Past a Cone-Cylinder

The last example is a three-dimensional flow, M. = 2.33,
past a cone-cylinder with a semi-apex angle of 8.58°. The initial
conditions are those of an impulsive start. The cone is given a
pitch of 0.06° and a yaw of 0.03° in order to eliminate both
planes of symmetry. The computation used a base grid of 36 X
12 X 12 and adaptive mesh refinement with two refinements
of 2 and 4 so that the effective resolution is 288 X 86 X 96.
For the sake of discussion the domain is 24 X 7 X 7 units, the
base of the cylinder is 1.8 units in diameter, and the upsiream
value of p is p. = 1.4. The vertex of the cone is aligned
with a grid line so that the surface normals are unambiguously
defined. The apex angle is such that the leading pan of the
cone is represented entirely by mixed cells; the first body cell
is located 0.792 units downstream of the cone vertex.

The density field of the flow at late time (r = 37.5) is shown
in Fig. 16. Four raster plots of longitudinal slices of the density
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field, one axial and three off-axis, are shown. The centers of
the cells in the four slices are, respectively, 0.7917, 0.5417,
0.2917, and 0.04167 units off-axis (note that the width of a
cell at the finest level is 0.08333 units). The jaggedness of
the boundary of the cone is an artifact of the graphics which
represents mixed cells as full cells. The three sizes of raster
cells correspond to the sizes of the computational cells used in
the different levels of refinement. The color map used in the
figure is a linear grey scale. The density ranges from a minimum
of 0.20p., (shown as black) in the wake region to 1,19p, (white)
on the surface of the cone near the base. The computed density
at the nose p is approximately (0.8p...

The development of the flow in time is shown in Fig. 17
through a sequence of raster plots of the density in an axial
longitudinal slice of the flow. The individual plots correspond
to times 1 = 7.5, 22.5, 37.5, and 54. The color map is a grey
scale modified to show more detail at the lower end of the
range. (For comparison, the bottom left plot corresponds to the
bottom right plot in Fig. 16.) The density ranges from 0.17p..
to 1.20p... The late time calculated results in the axial longitudi-
nal slice show qualitative visual agreement with the schlieren
photograph of the experimental results using the same configu-
ration reported in Shapiro [62].

In Fig. 18, we examine the density more closely in several
vertical slices of an axjal longitudinal slice at r = 435, x is the
distance downstream from the cone vertex; y is the distance
from the cone-cylinder centerline. At each axial location, values
are plotted up to and including the mixed cell adjacent to the
body. As in the axisymmetric calculation discussed in Section
4.3, we expect to see monotonically decreasing profiles in den-
sity. We do at the first two axial locations. At the third location,
which corresponds to the computational cell just npstream from
the first full body cell in the cone, we see a dramatic undershoot
near the centerline. The undershoot spans two computational
cells. This third location is the location of maximum undershoot
along the cone surface, As we move further downstream, the
undershoot continues to persist over the two computational
cells nearest the fluid-body boundary although its magnitude
lessens. As in the case of the axisymmetric calculation in Sec-
tion 4.3, the size of the undershoot is consistent with an explana-
tion that it is a wall heating error [31, 48]. The last position
shown is just upstreamn from the base of the cone. Downstream
of that location the density should be monotonically increasing
in the vicinity of the bonndary due to the presence of a rarefac-
tion. Hence, separating numerical artifacts from the solution is
more difficult along the surface of the cylinder and we do not
attempt to do so.

5. CONCLUSIONS AND DISCUSSION

We have presented an explicit, adaptive Cartesian grid
method for calculating time-dependent inviscid compressible
flows in irregular domains. The methodology is applicable to
rectangular coordinates in two and three dimensions, as well
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FIG. 16. Longitudinal slices of density field for a Mach 2.33 flow past a cone-cylinder with a semi-apex angle of 8.58°

as cylindrical coordinates in two dimensions. We believe a
strength of our approach is that the implementation of both the
single grid scheme and the modifications to the AMR algorithm
in three space dimensions or cylindrical coordinates presents
little additional complexity over the implementation in two-
gimensional rectangular coordinates. Some of the numerical
results (Section 4.1) suggest that the method may be globally
second-order accurate and first-order accurate at the boundary
in smooth flows.

We describe both a single grid algorithm and a coupling of
that algorithm to an adaptive mesh refinement scheme. The
single grid algorithm (Section 2.2) uses the higher order Godu-
nov method (22, 61] (Section 2.3) to which it is equivalent
away from the fluid—body interface. A variation (Section 2.6)

of the redistribution algorithm in [15] enables the algorithm to
remain stable using the full cell time step even in the presence
of arbitrarily small cells. The single grid algorithm is coupled
to an extension of the adaptive mesh refinement algorithm of
Bell et al. [3_] modified so that conservation is maintained in
the presence of geometrically irregular boundaries (Section 3},

We have used the algorithm to calculate two- and three-
dimensional flows (Sectton 4). The results show that the algo-
rithm is an effective means of calculating inviscid compressible
flows in irregular domains as long ‘as the lower resolution of
effects at the fluid-body interface is acceptable. The numerical
results for a Prandtl-Meyer expansion problem (Section 4.1)
suggest that for smooth flows the method is globally second-
order accurate and first-order accurate at the fluid—body bound-

FIG. 17. Time sequence of density field slice for a Mach 2.33 flow past a cone-cylinder with a semi-apex angle of 8.58°. The times shown are ¢ = 7.5,
22.5, 37.5, and 54 corresponding to top left and right. and bottom teft and right.
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ary. The method of computing the reference state (Section 2.4}
is an important factor in attaining reasonable numerical results,
since poor choices for the reference state can clearly result
in gross inaccuracies {Section 2.4.2). In two other examples
(Sections 4.3, 4.4) the method computes a numerical boundary
layer in that the density is underestimated along portions of
the fluid—body interface. The amount by which the density is
underestimated in these two examples is consistent with an
explanation that the undershoot is a wall heating error [51, 48]
arising because the underlying higher order Godunov method
is a shock-capturing scheme with inherent numerical viscosity.

Our methodology can be extended to different basic integra-
tion schemes. Although we present the single grid algorithm
as being built upon the higher order Godunov method in [22],
the method can in fact be used in conjunction with any reason-
able shock-capturing difference scheme on regular grids for
hyperbolic conservation laws as long a the alternate scheme
has some mechanism for generating a flux at a fluid-body
interface, i.e., in the case of gas dynamics, a pressure. A repre-
sentative, but far from exhaustive list of these methodologies
includes FCT [13], ENO [32], the Roe scheme [59], and
MUSCL [64]. Yee [67] gives a very thorough discussion of
modern shock-capturing schemes. The Cartesian grid exten-
sions to adaptive mesh refinement techniques, on the other
hand, are very specific to the approach in [8], although not
specific to the use of any particular underlying shock captur-
ing scheme.
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The authors are currently pursuing several areas of research
in Cartesian grid methods. We are developing an interface
between the code implementing the algorithms described in
this paper and a commercial CAD/CAM package so that the
volume and area fraction data needed by the code can be pro-
duced from a CAD/CAM description of the problem geometry.
The algorithm in this paper is also the basis for a code that
simulates a pulse combustor [45]. An implementation of a
compressible Navier—Stokes version of the algorithm is in prog-
ress as well. There are also investigations [1] in developing
Cartesian grid algorithms for incompressible flow using higher
order projection methods [18, 4]. We are also extending the
methodology to multifiuid flows [31] using a formulation in
which the base integration scheme is an operator-split Godunov
scheme rather than the unsplit scheme of [22, 61]. This formula-
tion also uses a simple extension for non-homogeneous hyper-
bolic systems. Finally, we are working on an implementation
of the algorithm that overcomes the current limitations on geo-
metric complexity (Sections 2.1, 2.4.1, 2.6.1), in particular,
the inability to handle long thin sections of body. The new
implementation uses domain-cut techniques similar to those
employed in the TRANAIR code [68]. In this approach, each
computational cell intersected by the fluid-body boundary is
divided into one or more regions, one tor each truly separate
region of the fluid intersected by the cell. Each region has its
own fluid state, geometry, and a list of the cells in the domains
of influence and dependence of the region.
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