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Figure 5a.  Instantaneous centerline pressure (y=0) as a function of x.

Figure 5b.  Pressure contours at t=56.0.
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Figure 2c.  Pressure as a function of x at y=0.2.

Figure 3a. Velocity profile at x=0.11 compared               Figure 3b. Pressure at middle of shear layer for

with the exact solution from White [15].                         conservative variable limiting.

Figure 4.  Velocity profiles for turbulent flat plate using Cartesian and Triangular grids
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Figure 1a.  Pressure at middle of shear layer for               Figure 1b. Pressure at middle of shear layer for

characteristic variable limiting                                          conservative variable limiting.

Figure 2a.  Zoom of grid made up of triangles and quadrilaterals.

Figure 2b.  Pressure contours of showing the oblique shock.
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hierarchy of computers ranging from a LINUX based PC
to massively parallel computers such as the IBM SP2,
Intel Paragon, CRAY T3D, and SGI Power Challenge
Array with excellent scalability.
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Note that the second term in the first two equations
above can be combined using the absolute value of the
eigenvalues.  This modification to the Roe’s scheme
only changes the net numerical diffusion added to the
scheme and no longer has the property that
F q F q A q qR L n R L( ) ( ) ( )− = −  for non-constant left and

right states; however, in all the cases tested, the use of
this Riemann solver doesn’ t effect the solution as
compared with the conventional scheme.  One must also
note that the scheme is still second order, since the flux
calculations as well as ∆q is calculated by a second
order approximation.

Once the solution to the Riemann problem is found, the
inviscid flux at the integration node is known; thus,
together with the viscous fluxes, the entire right hand
side is known and can be updated using an explicit or a
pointwise implicit time stepping scheme.

Results

Several preliminary results are shown for demonstrating
the method described above.

1.  Ramp problem with combination of triangular and
quadrilateral cells in a single grid.  Figure 2a shows
a portion of the grid in the computational domain
which clearly shows a mixture of triangular and
quadrilateral cells.  Figure 2b shows the pressure
contours and Figure 2c shows a pressure along the
line y=0.2.  This simple example shows the grid
transparent nature of the methodology as well as the
robustness of the TVD interpolation.

2.  Laminar boundary layer problem.  The initial
viscous tests are being conducted on a simple 2-D
Mach 2.0 flat plate at Re = 1.85x106/m.  The
geometry corresponds to that used in Chakravarthy
et al. [14].  The computational grid is 0.31m in the
x-direction and 0.1m in the y-direction.  The grid is
evenly spaced in x (50 points) and clustered in y
(100 points) with a minimum step size of 0.0001.
Figure 3a shows the solution for the velocity profile
at x=0.11 as compared with that from White [15].
Figure 3b shows the self-similar behavior of the
velocity profile at several x stations. The non-
dimensional adiabatic wall temperature computed
by CFD++ is 1.68 which is very close to the 1.6788
from Whites [15] (recovery factor= Pr , Pr=0.72)

3.  Isothermal cold wall . A Mach 2 laminar boundary
layer was run in the same computational box as (2).
The isothermal wall temperature was set to that of
the free stream ( T Tw = ∞ ).  The non-dimensional

heat transfer at the wall (kdT/dy)y=0 at x=0.31 is

computed by CFD++ to be 0.002931 which
dimensionally becomes 3290.634 W/m2 .  The
Stanton Number normalized by the square-root of
the Reynolds number at a this location is given as:

 C

k
dT

dy

U c T Th

y

p aw w

Re
( )∞

=

∞ ∞
=

−
0

ρ

 

 The Reynolds number for the current run is
1.85x106 /m,  The density is 0.046347 kg/m3, the
velocity is 684.71 m/s, and the temperature is
282.353 oK.  Substituting these into the above
equation and the normalized Stanton Number is
computed as 0.394 which is very close to the value
given in Figure 7-4 in White[15].

4.  Turbulent f lat plate problem.  A one-equation
pointwise turbulence model given in Goldberg [16]
is used on the adiabatic Mach 2.0 flat plate.  Two
computaional grids were used for the problem.  The
first was similar to the computational box used in
(2) but with a minimum y spacing of 0.00001 and
the second was a triangular grid derived from the
first grid.  Figure 4 shows the velocity profile
solution based on the two grids.  The two solutions
are almost identical which shows the unification
power of CFD++ even for viscous problems.

5.  2-D supersonic Shear Layer.  A case taken from
Peroomian and Chakravarthy[11].  This is a
supersonic shear layer perturbed by the dominant
frequency and eigenvectors at the left edge of the
computational domain.  Figure 5a shows the
centerline pressure.  The growth rate measured
matches within 1% to that from linear analysis.
Figure 5b shows the pressure contours in the
computational domain which clearly shows the
expansion-compression structures which are
characteristic of acoustic instabiliti es.  This problem
was carried out using the characteristic variable
limiting and a second order Runge-Kutta integration
to ensure an accurate temporal evolution.

Currently 3-D calculations are being conducted on Fast-
Back car geometry simulated in [17], and two-hole and
nine-hole injector geometries simulated in [18] and [19].

Conclusions

This paper has presented grid-transparent aspects of a
brand new general and versatile CFD capabilit y.  The
implementation includes a unified computing
frameworks also and the software can run on the entire
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spatial directions ( A f q B g q C h q= = =∂ ∂ ∂ ∂ ∂ ∂/ , / /and )
and the motion of the grid normal to the cell face, nt ,i.e.

A n An Bn Cnn t x y z= + + +

Roe’s scheme assumes that coeff icient (Jacobian)
matrix, An, has constant values and that the solution of
the equation is governed by the linear constant
coeff icient jump conditions.  For linear equations, the
total jump in fluxes across all the waves can be written
in terms of the Jacobian matrix:

F q F q A q q R L qR L n R L( ) ( ) ( ) ( )− = − = Λ ∆

Roe found that a special density weighted averaging
based on the left and right states would make the above
equality hold for the nonlinear Euler equations.  This
density weighting is given below:

ρ ρ ρRoe R L=

u
u u

v
v v

Roe
R R L L

R L

Roe
R R L L

R L

=
+
+

=
+
+

ρ ρ
ρ ρ

ρ ρ
ρ ρ

w
w w

Roe
R R L L

R L

=
+
+

ρ ρ
ρ ρ

h
h h

Roe
R R L L

R L

=
+
+

ρ ρ
ρ ρ

where h is the enthalpy of the gas.  The speed of sound
based on the Roe averages can be found using the
following equation:

c h u v wRoe Roe Roe Roe Roe= − + + −{ ( ) / } ( )2 2 2 2 1γ

For this linearized problem the jumps across the left
running and right running characteristics can be written
as:

∆

∆

f r

f r

i
i i

i

i
i i

i

− −

+ +

=

=

∑
∑

λ α

λ α

where r i is the right eigenvalue vector corresponding to
the positive (λ+) or negative (λ-) eigenvalues, and αi is
the product of the left eigenvector (l i) and ∆q.  For the
sake of completeness the eigenvalues and right and left
eigenvectors for the Euler equations with two additional
transport equations are given below:

λ
λ
λ

1

5

2 4 6 7

= −
= +
= = −

( )

( )

, ,

U c S

U c S

US ii

where S is cell face area and U n un vn wnt x y z= + + +
� � � �

.A

modification is done to the eigenvalues at sonic
rarefactions in order to add some dissipation to the
problem (where the actual eigenvalue might be very
close to zero):

λ λ λ λ λi
i R i L

i L i R
q q

iff q q± = ± − < <( ) ( )
( ) ( )

4
0

This scheme is easy to implement in a structured grid
framework since line-by-line methods can be
implemented in order to cut down on the storage needed
for the polynomial coeff icients.  However, in an
unstructured grid framework, storage must be allocated
for the polynomial coeff icients for each cell i f both qL

and qR are needed simultaneously at a given face, or they
have to be recomputed leading to computational cost.
We minimize both memory and computational cost.  For
example in a 1,000,000 point 3-D calculation (5
equations) and linear polynomials (3 coeff icients b1, b2,
b3) nearly 120 MB of storage is needed.  A problem with
extra species and turbulence equations can quickly
increase this storage to be in Gigabytes.  In order to cut
down on this storage, Roe’s Riemann solver is modified
so that a cell by cell approach can be taken.  As show
above Roe’s scheme can be written as follows:

f q
f q f q

r r
R L R

i
i i

i

i
i i

i( )
( ) ( )

=
+

−
−+ −∑ ∑

2 2

λ α λ α

which can be also written as:

f q
f q f q

r l q q r l q q
R L R

i
i

i
R L

i

i
i

i
R L

i( )
( ) ( )

( ) ( )

=
+

−
− − −+ −∑ ∑

2 2

λ λ

We reiterate that here qL and qR are the second order
approximate values of the dependent variables at the cell
face centroid and the left and right eigenvectors as well
as the positive and negative eigenvalues are calculated
using the Roe’s density weighted average using qL and
qR.  The following modification is made to this scheme.
If the calculations of the left and right eigenvectors as
well as the eigenvalues are done using the cell average
values, then a cell by cell approach can be adopted and
the polynomial coeff icients need not be stored.
Therefore one can carry out the Riemann solver
calculation in two steps:

f q
f q

r l q r l q
R R

i
i

i
R

i

i
i

i
R

i
1 2 2
( )

( )
~ ~ ~ ~ ~ ~

= −
−+ −∑ ∑λ λ

f q
f q

r l q r l q
R l

i
i

i
L

i

i
i

i
L

i
2 2 2
( )

( )
~ ~ ~ ~ ~ ~

= +
−+ −∑ ∑λ λ

f q f q f qR R R( ) ( ) ( )= +1 2
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for each face.  This procedure is only for second order
and for higher orders one must actually first find the
polynomials for the conservation variables, decode them
at the centroid and then recompute the polynomials for
say the primitive variables.

In order to avoid these types of complications, the
following procedure is devised to limit the polynomial
coefficients of the conservation variables.

Primitive Variables—Let the matrix, M, be the Jacobian
matrix dQ dq/  where Q is the vector representing the

primitive variable and q is the vector representing the
conservation variables.  Then, the “primitive-variable”
limiting is done by multiplying each one of the
conservation variable ∆q’s by this matrix and then
limiting the resulting values. Finally these limited values
are multiplied by M-1 in order to get back the ∆q’s for
the conservation variables.

Characteristic Variables—Let A,B and C represent the
flux Jacobian matrices in the three spatial direction.  For
each face, the conservation variable ∆q’s are multiplied
by the left eigenvectors of the matrix Anx + Bny + Cnz.
The limiting is applied to these values and then
multiplied by the right eigenvectors of the above matrix
to recover the limited conservation variable ∆q’s.
Alternatively, if one was limiting polynomial
coeff icients, then each coeff icient (which correspond to
the derivatives) will be multiplied by the left
eigenvectors of the corresponding Jacobian matrix.  For
example, the coeff icient b1 would be multiplied by the
left eigenvectors of the Jacobian matrix A.

These two methods are quite eff icient and only add a
small overhead to the code.  For example the CPU time
per time step on a 175 MHZ Indigo 2 for a 2-D
compressible shear layer calculation with second order
Runge-Kutta integration (full results will be shown later)
which had 40800 grid cells (240x170) is the following:

Limiting Method CPU time/step

Characteristic 41.8 sec

Primitive 37.2 sec

Conservative 33.6 sec

As you can see in 2-D, this type of characteristic
variable limiting can be achieved with less than 25%
added over head and primitive variable limiting for
nearly 12% overhead.  The characteristic variable
limiting was tested on the shear layer problem for which
Peroomian and Charkravarthy [11] had shown that
simple conservation variable limiting and interpolation
would give rise to oscill ations in pressures and

eventually numerically negative pressures.  The pressure
in the center region of the shear layer at t=0 and after 10
time steps is shown if Figure 1a and 1b for conservation
and characteristic variable limiting.  It is clear that the
characteristic variable limiting greatly reduces the
oscill ations seen in the pressure when conservation
variable limiting is used.

Once the limited polynomials are computed, the goal
then is to find the values of the fluxes at each integration
point.  For each integration point, there are two possible
values from the polynomial evaluations.  A value from
the left (from that cell ’s polynomial) and a value from
the right (from a neighboring cell ).  For the viscous
fluxes a simple average of the two values is taken;
however, for the inviscid fluxes a Riemann solver is
invoked in order to insure a correct signal propagation
of the hyperbolic (inviscid) terms.

Compact Storage Riemann Solver

A Riemann solver is a routine which exactly or
approximately solves the Riemann problem (constant
states to the left and right of a discontinuity).  The
Riemann solver in this code approximates the solution of
the Riemann problem along the t=0 line and uses those
values of fluxes for the cell -face centroidal fluxes.  The
Riemann flux, f(qR), at the t=0 line can be expressed as
follows:

f q f q f

f q f q f

R
L

R
R

( ) ( )

( ) ( )

= +

= −

−

+

∆

∆

where ∆f + is the change in fluxes across the right
running characteristics and shock waves (positive
eigenvalues) and ∆f - is the change in fluxes across the
left running characteristics and shock waves (negative
eigenvalues).  These two equations can be combined
into a single equation:

f q
f q f q f fR L R( )

( ) ( )= + − −+ −

2 2

∆ ∆

In Roe’s scheme, all the waves are treated as linear
discontinuous waves.  The Euler equations are written in
quasi-linear form and only the direction normal to the
cell face is considered.  For the Euler equations in
multiple dimensions, the Roe’s equation which is solved
is:

∂
∂

∂
∂

q

t
A

q

n
n+ = 0

where n is the normal direction to the cell face and An is
a combination of the Jacobian matrices in the three
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the first to introduce the multi -dimensional interpolation
based on the cell averages.  The limiters introduced in
that work grouped the polynomial coeff icients (L1

norms) in hierarchical fashion, i.e. first derivatives
together, second derivatives together and so on, and
compared them to the neighboring cells.  Peroomian and
Chakravarthy [11] showed that although that type of
limiting was adequate for blunt body calculations, it
could fail i n cases where different types of phenomena
were giving rise to the gradients in the different spatial
directions.  They showed that in such cases only a
coeff icient-by-coeff icient approach can give adequate
results.  In order to unify the treatment of the grid and
cell topologies discussed, it is necessary to develop a
limiting algorithm that equally applies to all cell types
supported by CFD++.  In CFD++, instead of limiting the
polynomial coeff icients directly a slightly different
approach is taken.  For each cell -face a quantity ∆q is
calculated which represents the difference between the
cell centroidal value and the cell face value computed by
the average polynomial for that face.  This change from
the centroidal value is compared with a similar quantity
derived from the other polynomial sets (polynomials
from vertices not included in the particular face).  This
comparison is done using a continuous or  minmod
limiters which are explained below.  This comparison
boils down to comparing the in-face and out-of-face

contributions to the average of the quantity ∇ ⋅
�
F

where 
�
F q q dx i dy i dz ic face face face= − + +( )(

� � �
) .  One notes here

that this limiting process is different from the traditional
TVD limiting found in Chakravarthy [4].  In these
traditional limiting methods, limiting process is carried
along a line that joins the centroids of the two cells
sharing the common face.  This roughly corresponds to
finding a value at the midpoint of the line joining these
centroids which can be far off f rom the cell -face centroid
location in high aspect ratio viscous grids.  In CFD++
this is avoided by finding the ∆q’s at the cell -face
centroidal locations.

The scheme can be summarized as follows:

1. Compute all vertex polynomials.

2. Compute in-face and out-of-face ∆q’s for each face.

3. For each face compare the in-face and out-of-face
quantities using following limiters.

( )∆
∆ ∆

∆ ∆q
q q

q cmp qTVD

if of

if of=
+sign sign

min
( ) ( )

,
2

(Minmod limiter)

[ ]∆ ∆ ∆
∆ ∆

∆ ∆
q q q

q q

q q
TVD if if

if oif

if of

= +
+ +

sign sign( ) ( )
ε

(Continuous limiter)

where cmp is known as the compression parameter and
takes on the values between one and two and ε is a very
small number which is used to avoid division by zero in
the numerical implementation of the continuous limiter.
Both limiters set the value of the slope to zero when the
slopes being compared have opposite signs, this is the
basic difference between TVD interpolation and ENO
interpolation; however, when the two slopes have the
same sign, the limiting applied is different in the two
cases.  Say we are comparing slope  u to slope v which
have the same sign.

4.  Once the TVD ∆q’s are calculated for each cell face,
a weighted average of these quantities is as follows.

∆qTVD TVD TVD=
+

+
−

− ≤ ≤
1

2

1

2
1 1

φ φ
φ( ) ( ) .in face out of face

The quantity φ is a weighting parameter which is taken
from uni-directional concepts.  For the viscous fluxes a
simple average of all the vertex polynomials (non-TVD)
of a face are used for the evaluation of the viscous
fluxes.  The derivatives of the temperature and three
velocity components in the viscous fluxes are
constructed from polynomial representations of the
conservation variables.  In the above discussion a full
three-dimensional case was explained.  Obvious
simpli fications exist for the two and one-dimensional
cases and are coded in CFD++ to achieve computational
efficiency.

Up to this point, we have considered polynomial limiting
based on the conservation variables.  Several different
researchers [11-13] have shown that for certain
problems the choice of variables to be limited can make
a big difference in the values of some of the variables
within the flowfield.  Since the code updates cell
averages, and at a given time step only the cell -averages
of the dependent variables are available, several
diff iculties arise if limiting of primitive variable or
characteristic variables are to be achieved.  If
conventional means were followed, up to second order,
the cell average values of the conservation variables are
equal to the cell centroidal values.  One could decode
the primitive variables from them and run the
polynomial interpolation on these variables and then
limit the slopes of the primitive variable polynomials.  If
the conservation variables were desired, the process
would be similar; however, due to the fact that direction
normals are involved in decoding the characteristic
variables in multi -dimensional problems, different sets
of geometrical quantities (such as normals) must be used
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where R is the gas constant.  The source terms can be
written as:
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where gx, gy and gz are body forces and can be activated
if necessary, and Ωi are the source terms such as
production and dissipation of turbulence.

Finite Volume Framework

The equations are discretized using a finite volume
implementation.  Assume we have a computational cell
with a volume, V.  The differential form of the equations
are integrated over this volume in the following way:

∂
∂

∂
∂

∂
∂

∂
∂

q

t

f

x

g

y

h

z
S dxdydz

V
+ + + −







 =∫∫∫ 0

where f, g, and h are now the full fluxes (viscous and
inviscid taken together).  The spatial terms can be
rewritten in the following way:

∂
∂

∂
∂

∂
∂

f

x

g

y

h

z
F F fj gk hl+ + = ∇ = + +.

� � ��
where

Next Gauss’s and Leibnitz’s rules are applied.  Gauss’s
rule allows the volume integral to be written as a surface
integral and Leibnitz’s rule allows the time derivative to
be taken outside the integral with the addition of the
proper term within the integral.  Therefore the equation
now can be written as the following.

∂
∂t

qV F n n q dA SdVtA V
( ) ( � � )+ ⋅ + =∫∫ ∫∫∫

�

where q  is the cell average of the dependent variables,
	
n  is the outward pointing unit normal and 

	
nt  is normal

movement of the control volume.  These quantities are
defined as the following:

q
V

qdV
V

= ∫∫∫
1


 
 
 
 
 
 

n n j n k n lx y z= + +

� � 
 � 
 � 

n xn yn znt x y z= − − −

Spatial Discretization using Vertex-or iented Multi-
Dimensional TVD Polynomials

The integral term, ( � � )
�
F n nt q dAA ⋅ +∫∫ , in the equations is

evaluated by a midpoint rule formula:

( � � ) ( � � ) ( � � )
� � �
F n n q dA F n n q dA F n n q AtA tA i i t i ii

⋅ + = ⋅ + ≈ ⋅ +∫∫ ∫∫∑ ∑
Faces Faces

where i denotes the centroidal location of each face.
This yields a second order approximation to the integral
of the fluxes over the cell faces.  In our formulation the
cell averages of the dependent variables (conservation
variables) are updated; therefore in order to find
pointwise values at the cell -face centroids, polynomials
are constructed from the cell -average values.  If the cell -
average values are used as approximations for the cell -
face centroidal values, then the scheme becomes a first
order scheme.  For a second order approximation a
linear multi -dimensional polynomial can be constructed
in the following way:

B x y z b b x x b y y b z zc c c( , , ) ( ) ( ) ( )= + − + − + −0 1 2 3

where (xc,yc,zc) is the centroid of the cell for which the
polynomial is being constructed.  The approach taken in
CFD++ is to evaluate a polynomial for each vertex of a
given cell , i.e. a vertex-oriented polynomial.  For
example, a tetrahedral element has four vertices and thus
four polynomial constructions.  For the elements
considered in CFD++, each vertex is part of three faces
in 3-D.  The above polynomial has four coeff icients
which need to be solved for; therefore, for each vertex
the three neighboring cells (of the three faces) are used
along with the cell it self to come up with the polynomial
coeff icients.  Thus a linear fit of the four data points is
achieved.  For vertices where any of the faces are
boundaries, a polynomial is not initially constructed.  At
boundaries, after an extrapolation is done to compute
boundary conditions, these boundary conditions can then
be included in polynomial evaluations.  Thus at the
boundaries two modes are used, i.e. including or
excluding the boundary points in the evaluation of the
polynomials.  CFD++ has the abilit y to detect
geometrically “unsuitable” cell neighborhoods for which
a least squares polynomial is constructed for each
vertex.

It is well known that polynomial evaluations can
introduce new minima and maxima in a given data field.
In order to avoid this phenomenon which can cause
oscill ations near discontinuities, limiters are introduced
which limit the slopes by comparing them with their
counterparts from other vertex polynomials within that
cell .  Various limiting recipies have been given in the
literature but they are mostly based on uni-directional
interpolation.  Harten and Chakravarthy [5] were one of
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method is used for limiting the polynomial coeff icients
so that characteristic and primitive variable limiting is
achieved with only a very small added overhead.  The
code is written so that it can eff iciently handle 1-D, 2-D
as well as 3-D calculations.  The numerical framework
incorporates a “grid-transparent” approach which allows
the solver to handle structured, unstructured, and hybrid
grids.  The code can also handle multi -block versions of
the above grids. Its methodology is labeled grid-
transparent because it is equally applicable to
hexahedral, triangular prism, and tetrahedral elements in
3-D, quadrilaterals and triangles in 2-D and line
elements in 1-D.  The finite volume framework adopted
for the integral conservation laws updates cell averages
in time insuring correct signal propagation via a
modified Roe’s Riemann solver which reduces the
storage of the code immensely.  In order to handle
turbulent flow problems, pointwise turbulence models
are employed which do not require information about
distance to wall .  This feature is also advantageous for
multi-CPU implementation.

In what follows, the numerical framework summarized
above will be discussed in some detail .  Numerical
examples will be given to justify the different aspects.

Governing Equations and Numerical Scheme

The conservation form of the governing differential
equations currently supported by CFD++ can be written
as the following:

∂
∂

∂
∂

∂
∂

∂
∂

q

t

f f

x

g g

y

h h

z
Si v i v i v+

−
+

−
+

−
=

( ) ( ) ( )

where the vector q represents the dependent
conservation variables; f, g, and h represent the fluxes in
the three spatial directions; and S represents the source
terms.  The subscript i and v are for the inviscid and
viscous terms respectively.  For the Reynolds-averaged
Navier-Stokes equations the dependent quantities and
the inviscid fluxes can be written as the following:
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were e is the total energy; ρ is the density; u,v and w are
the x, y and z-direction velocities respectively; p is the
pressure; and σi’s represent color tracers or turbulence
transport quantities such as turbulent kinetic energy and
“undamped” eddy  viscosity in the pointwise turbulence

models.  The infrastructure for inclusion of multiple
species exists in the code.  The first five rows represent
the standard Euler equations with the first being the
energy equation followed by the continuity and three
momentum equations.  The equation of state that couples
pressure to density and temperature is the perfect gas
equation of state (p=ρRT) which can be written in terms
of the conservation variables in the following way:

p e u v w= − − + +( )( (( ) ( ) ( ) )γ
ρ

ρ ρ ρ1
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were γ is the ratio of the specific heats.  The viscous
terms are defined as follows:
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where T is the temperature, K is the coeff icient of
thermal conductivity, D is the coeff icient of diffusivity,
and the viscous stresses τij can be defined as:
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where the Stokes theorem for gases is assumed to hold
true, thus relating the second coeff icient of viscosity, κ,
to the dynamic viscosity, µ, i.e. κ=2/3 µ.  The
temperature can be related to the conservation quantities
via the equation of state:
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Abstract

A new “grid-transparent” methodology is introduced for
the solution of the compressible Navier-Stokes
equations.  This methodology unifies the treatment of
different type of grid topologies such as structured,
unstructured, and hybrid multi -block grids.  The solver
handles any mixture of tetrahedral, hexahedral and
triangular prism cells in three dimensions, any mixture
of quadrilateral and triangular cells in two-dimensions
and line elements in one-dimension.  Thus the “grid
transparent” label.  This methodology has been
implemented in a new CFD code (CFD++) using a finite
volume formulation.  The spatial discretization is
achieved through a new multidimensional vertex
oriented TVD scheme along with a modified compact
storage Roe’s Riemann solver.  New concepts in
polynomial limiting are introduced which enable
eff icient limiting using characteristic and primitive
variables.

Introduction

Real world engineering applications involve very
complex geometries.  Flow through a device which has
complex machinery and moving parts, or flow over an
object with complicated geometry can present a
challenge to many of the numerical algorithms used in
the current state of the art in CFD.  Another challenge is
to be able to model the many features of a flow field
correctly.  For example, it might be advantageous to
have a structured body fitted grid in the viscous layer
around an immersed object connected to a outer portion
which is unstructured.  Almost all CFD algorithms
currently in use will use different types of methodologies
for the structured and unstructured portions of the grid.
In this paper a new “grid-transparent” methodology is

introduced which is equally applicable to structured and
unstructured grid topologies.

CFD techniques for the compressible Euler and Navier-
Stokes equations have been the focus of many
researchers.  From the Total Variation Diminishing
(TVD) schemes introduced by Harten [1], Osher and
Chakravarthy [2] [3] and Chakravarthy [4] and to the
Essentially Non-Oscill atory (ENO) schemes [5-10], the
goal has been to obtain robust and accurate solution
methodologies which span the subsonic to hypersonic
flow regimes.  With the notable exception of [5] and [6],
the formal extension of the methods presented in the
above references to an unstructured framework or
unified-grid framework is not obvious.  Many
conventional discretizations on triangles and tetrahedra
are formally lower order accurate than nominally
assumed.  In addition, many limiting techniques
introduced in these papers do not have direct extensions
to tetrahedral and triangular elements.

Many challenges exist in deriving numerical schemes
which unify cell and grid topologies.  Many of the
concepts and algorithms derived for structured grids
cannot be used in such a framework.  For example,
approximate factorization methods, uni-directional
interpolation and limiting, etc.  Many of the issues are
addressed in the following paper by introducing a “grid-
transparent” CFD methodology.

In this methodology, the numerical solution of the
Reynolds-averaged Navier-Stokes equations is based on
an integral form of the conservation laws that is
discretized in space using a new second order multi -
dimensional vertex-oriented TVD (Total Variation
Diminishing) scheme coupled with suitable pointwise
implicit or explicit time integration.  A new eff icient


