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Euler Solutions for Highly Loaded Turbine Cascades
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This paper discusses the numerical formulation aspects of computing flowfields in several highly loaded tur-
bine cascades. The theoretical formulation for the integration of the Euler equations utilizes a generalized
transformed body-fitted coordinate system and an unsplit explicit MacCormack’s scheme (based on centered flux
balancing) to achieve steady-state solutions. Computational results have been generated for subsonic and
transonic flows in several high-turning-angle and high-solidity turbine cascades that are representative of ad-
vanced turbine technology. The results of the computational simulation have been favorably compared with
measured surface pressure data, outflow angles, and outflow Mach numbers for C- and H-grid topologies.

I. Introduction

HE complexity of the flow processes in gas turbine

engine components has motivated the development of
computational methods as design analysis tools. In par-
ticular, an .accurate and cost-effective three-dimensional
viscous solution technique to predict flow behavior in
cascade flowfields is a very useful design and analysis tool
for gas  turbine engine applications. Three-dimensional
viscous cascade flow computation can be broken up into
several selected technical efforts that address key aspects of
the overall problem. One of these tasks relates to the model-
ing issues of the flow in a high-solidity and high-turning-
angle cascade (as is found in highly loaded turbine stages).
There - are several critical numerical issues that demand
careful study in the context of a highly loaded cascade
geometry. These are issues that are introduced due to the
specific geometrical complexity and are generally not en-
countered in the context of a simple problem. !

This paper deals with the details of such an effort related
to a two-dimensional Euler cascade code formulation that
has been developed as a step toward developing a viscous ap-
proach. The discussions that follow this section address the
overall computational approach (including grid generation
procedures) for predicting subsonic and transonic flow
behavior (including shocks) in several high-solidity and high-
turning-angle cascade passages. The test cases that were
selected for simulation are those blades that were tested
under the NASA EEE (Energy Efficient Engine) program*
and are considered to be representative of advanced turbine
technology. In particular, this paper highlights the numerical
issues and relevant results of simulating the cascade passages
using both’ an algebraically constructed nonorthogonal H-
grid topology and a numerically generated C-grid topology
(with a near-orthogonal grid at the cascade surface). The
relative merits of the two approaches are discussed here to
evolve some basic understanding of the problem. Also
reported here are numerical studies that relate to the choice
of the artificial damping procedures commonly employed to
prevent the appearance of wiggles in regions containing
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severe pressure gradients in the neighborhood of shock
waves or stagnation points and also to prevent wiggles in
smooth regions of the flow with large turning angles (e.g.,
high-turning-angle cascade geometries). The magnitude of
the loss in stagnation pressure is utilized to evaluate various
available smoothing procedures for such computations.

This paper is divided into several sections. Section II deals
with the details of the numerical formulation for the Euler
code and the details of the grid generation procedures for the
selected test cases. Section III enumerates the various test
problems that were analyzed and details the comparisons of
the predicted solutions with the measured data for all of the
selected test problems. Finally, Sec. IV enumerates some of
the important conclusions relevant to the inviscid flow
simulation for cascade applications.

II. Numerical Approach

MacCormack’s explicit, unsplit time-marching method was
utilized to simulate inviscid flow in the cascade geometries of
interest. For further details of the scheme, the reader is
referred to Refs. 1-3. Highlights of the scheme are outlined
below.

Artificial Damping Procedure

To prevent the appearance of wiggles in regions containing
severe pressure gradients in the mneighborhood of shock
waves or stagnation points and also to prevent wiggles in
smooth regions of the flow with large turning angles (e.g.,
high-turning-angle cascade geometries), it has proved
necessary to augment the numerical scheme with the addition
of an artificial dissipative term. In the past, extensive
numerical experiments have been performed to determine a
suitable form3%% for the dissipation term. During our
numerical investigation, we experimented with three versions
of the dissipation term. The first was that used in our prior
attempt,? the second form that used by Chima,’ and the
third that used by Jameson et al.% Jameson’s smoothing ap-
proach was found to yield the best performance relative to
the numerical error in the stagnation pressure conservation
for all of the cascade computations performed.

Boundary Treatments

At the cascade inlet total pressure, total temperature, and
the tangential component of velocity (at the inlet boundary)
are specified. The normal component of velocity at the inlet
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boundary is computed as part of the solution procedure us-
ing a local characteristic treatment®’ for subsonic inflow
conditions.

The downstream boundary is updated by utilizing a com-
bination of extrapolation procedure and specified
downstream pressure for subsonic exit flow. No variations in
these boundary approaches were investigated, since our
previous effort in this area® has suggested these procedures
to be adequate from a computational efficiency standpoint.

On the blade surfaces, flow tangency is enforced by an
even reflection of the tangential velocity from the interior
point and an odd reflection of the normal component of
velocity. Surface pressures are computed using the normal
momentum equation at the wall surface (as discussed in Ref.
3). The wall temperature is found from the surface velocities
and the surface total temperature, which must equal the inlet
total temperature in steady state. Several variations of these
boundary conditions were also attempted to assess their im-
pact on the conservation of total pressure. These approaches
basically related to various ways of determining the den-
sity/temperature at the wall. Extrapolation of the entropy (ex-
pressed as p/p") or the density from the interior to the wall did
not yield any improvement/deterioration of the computed
results.

The periodic boundaries are treated by either differencing
across the periodic line using the MacCormack’s scheme (for
H-grid topology) or by an averaging procedure (for C-grid
topology) The latter is a convenient way to handle the
periodic boundary for C-grid topology offering simplicity in
coding procedure.

Grid Generation Procedure

An accurate computation of two-dimensional inviscid flow
through cascades of high-solidity and large-camber airfoils,
as are found in highly loaded turbine stages, requires a grid
topology with several desirable properties. While defining a
desirable grid topology is essential for accurate flow com-
putations, generating such a topology that meets all of the
requirements is a topic of current research. The grid
generator code ““GRAPE,” originally developed by Soren-
son® and later modified by Chima® for cascade flows, was
considered adequate for near-term evaluation. In an effort to
develop an understanding of the effect of grid topology on
the computed solution for cascade problems, a sheared
algebraic grid generator code was also developed. This code
generates a nonorthogonal H-grid (commonly known as
sheared grid) for blade-to-blade computations.

III. Results and Discussion

. The objective of the present paper is to assess the perfor-
mance of MacCormack’s algorithm:for the high-turning and
high-solidity cascade blades considered to be representative of
advanced turbine technology. This numerical algorithm was
developed and successfully tested® for capturing many
physical phenomena that are common to turbomachinery
flows (such as shocked flow, shock boundary-layer interac-
tion, separated flow, and turbulence effects). Those test cases,
however, were confined to simple geometrical configurations
such as flat plates and flat plates with a bump of varying
thickness ratio. The intent there was to develop a basic viscous
two-dimensional code and to assess its capability relative to
the accuracy of the flow predictions. ‘

The issue of accurate simulation of flow containing complex
geometries is very closely coupled with the quality of grid
topology that is utilized for solving the conservation equa-
tions. Grid skewness relative to flow direction, its smoothness,
and its aspect ratio all play a very dominant role in generation,
distribution, and accumulation of numerical error in a com-
putational procedure. Thus, one attempts to minimize such er-
rors before evaluating an algorithm’s capability. There is
growing evidence in recent research works!'®!! indicating that
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the grid generation procedures (and possibly appropriate im-
plementation of boundary conditions) might play a more
dominant role than the algorithm itself in contributing to
numerical accuracy/inaccuracies of flow computations in the
context of a complex physical and geometrical environment.
The scope of the present technical effort, however, precluded
any substantial effort in the area of grid generation pro-
cedures. The technical effort in this phase of the program was
structured to evaluate the capability of the numerical
algorithm by utilizing available grid generation procedures. As
discussed before, the GRAPE code®® was modified and
adopted for this purpose. It was, however, considered essen-
tial to demonstrate the influence of grid topology for this class
of cascade problems in an effort to evaluate and thus recom-
mend future directions. For this reason, an Euler code based
on a nonorthogonal H-grid topology (also termed as sheared
grid topology) was also developed. C-grid topology (utilizing
GRAPE code) was selected for evaluation, since it has distinct
advantages over an o-grid topology for viscous flow computa-
tions. The technical discussions that follow relate to computa-
tional results using both the C- and H-grid topology for all test
problems.

Stator Cascade Computations

The first two test cases relate to a turbine stator cascade. In
this cascade, the flow enters at zero angle of incidence at low-
subsonic flow condition M~0.1-0.2 and exits at high-
subsonic flow condition M, ~0.7-0.9. Further details of these

Fig. 1 C-grid topology for stator cascade using 115x25
grid lines, (J;,hiower =20, (7, te)upper =96, minimum spacing
off surface =0.0035 chord. )
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Fig. 2 Influence of smoothing procedures on the predicted numerical
error in the conservation of total pressure on the stator airfoil surface
at exit Mach number of 0.84 for stator cascade.
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Fig. 3 Predicted surface pressure distribution for stator cascade at
exit Mach number of 0.84.

test cases are given in Ref. 4. For this problem, a C-grid
topology with 115x25 nodes (Fig. 1) was generated using
GRAPE with an initial spacing away from the body of 0.0035
axial chord. In general, an Euler solver is deficient in proper
handling of a blunt trailing edge, since there is no physical way
to impose the appropriate Kutta condition that can recover the
lift associated with such a blade. For all problems studied
here, the effect of an unphysical blunt trailing edge was found
to be confined near and downstream of this point. The
downstream effect was caused by the convection of the
spurious entropy generated at the trailing edge.

Stator Cascade Results for Exit Mach Number
of 0.84 Using C-grid

The first test case with an inlet Mach number of nearly 0.1

and an area-averaged exit Mach number of 0.84 was selected .

for extensive numerical experimentation relative to boundary
approaches and numerical damping procedures. The intent
here was to assess the code performance relative to conserva-
tion of mass and stagnation pressure. For this purpose, the
number of grid nodes were kept fixed at 115x25 (same as
Fig. 1), while a series of runs were made to establish the per-
formance behavior for the Euler code. For all of the cases
studied here, the upstream boundary treatment utilized a
local one-dimensional characteristics update procedure, the
downstream pressure was imposed, and the periodic bound-
aries were obtained by an averaging procedure. The results
of these numerical experimentations are summarized in the
following paragraphs.

Of all numerical variations attempted during this effort, the
most substantial improvement in stagnation pressure accuracy
was obtained by the appropriate choice of the numerical
smoothing procedure. Three variations of the numerical
smoothing procedures were attempted. These were based on
pressure sensors using a second-difference smoothing,® a com-
bination of second- and fourth-difference smoothing as im-
plemented by Chima,’ and a combination of second- and
fourth-difference smoothing as implemented by Jameson et
al.® During these experiments, the numerical error in stagna-
tion pressure conservation at the pressure and suction surfaces
was monitored for evaluating the various schemes. The results
are shown in Fig. 2. The first procedure utilized in our original
Euler code yielded a maximum inaccuracy of nearly 5% on the
suction surface and a nearly 2.5% inaccuracy on the pressure
surface (excluding the region near the blunt trailing edge) as
shown in Fig. 2. This situation was further-improved when

Chima’s procedure’ was adopted and yielded nearly 2.5% -

maximum error on the suction surface and virtually none
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(~0.2%) at the pressure surface. A further improvement was
accomplished when Jameson et al.’s smoothing procedure®
was adopted in our code. This yielded a maximum error of
~1.5% at the suction surface.

A more careful examination of the results shown in Fig. 2
suggests that for all cases the primary source for numerical en-
tropy generation is on the suction surface at an axial location
of x=0.3 measured from the leading edge of the airfoil. Refer-
ring to Fig. 1, this location appears to be coincident with high-
curvature region on the surface. There can be at least two
sources of such numerical errors in a high-curvature region.
One of them is an inadequate treatment of the boundary ap-
proaches, while the second relates to an inadequate grid
resolution in the high-curvature region. A limited attempt was
made to reformulate the surface boundary treatments in an ef-
fort to identify the source of this problem. These attempts
were directed toward such modifications as replacing the
specified total surface temperature by an interior extrapolated
density or an extrapolated entropy expressed as p/pY and im-
provéd evaluation of the curvature term in the normal
momentum equation at the surface. No significant improve-
ment in stagnation pressure error was observed due to these
efforts.

Figure 3 shows the predicted pressure on the cascade surface
ds compared to experimental data* using Jameson’s damping
approach. The overall comparison appears to be good except
at the suction surface between axial locations at x=0.5-0.6.

Figure 4 shows a vector plot of the entire computational do-
main for this test case. The essential features of the flow are
obvious, such as excessive flow turning on the suction surface
near nose region, leading-edge stagnation point location, and
fairly uniform exit flow. The details of the computed exit flow
for this test case were compared with experiments. These
relate to the predicted and measured outflow angle and exit
Mach number. The predicted values were computed by
averaging in-a manner like that used in the experiments, ¢.g.,
area-averaged exit Mach number and mass-weighted area-
averaged outflow angle. The predicted outflow angle of 10.5
deg compares well with the experimental value 11.0:0.4. The
predicted exit flow Mach number of 0.83 compares well with
the experimental value 0.84 +0.02.
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Figure 5 shows the Mach number contour plot for the
flow inside the cascade depicting an accelerating flow from a
small inlet flow Mach number (~0.1) to the downstream exit
Mach number (~0.8) for the entire computational domain.
Further detailed comparison with experiments is not possible
because such extensive flow information was not obtained
during the experimental procedure.

Stator Cascade Results for Exit Mach Number
of 0.84 Using H-grid

In an effort to understand the impact of grid topology on
the predicted solution for this problem, the Euler code was
also exercised using the H-grid system. In this version of the
Euler code, all of the numerical formulations are similar to
those in the Euler code based on the C-grid. There was also
another reason to run this version of the code for all of the
test problems, related to the ease of refining the grid size in
H-grid topology rather than in C-grid topology. It was found
that local grid refinement utilizing the GRAPE code is a par-
ticularly tedious (if not difficult) task if the refinement is re-
quired at any arbitrary location. In contrast, the sheared grid
code is very convenient for doing this. Thus, for this com-
putation, a 100x 33 nodes H-topology (with 60 points on
each surface as compared to nearly 40 points using C-grid
topology) was selected.

The predicted result is shown in Fig. 3. It shows the
predicted surface pressure for the cascade as compared to the
measured data using the H-grid topology. It is noted here
that the grid refinement in the context of this topology has
indeed resulted in better comparison with experiments in the
region of high curvature (as discussed above).

Figure 6 is a contour plot for the entire computational do-
main for this computation. Except for minor details at the
blunt trailing edge, the overall predicted contour lines com-
pare well with computations based on the C-grid.

Stator Cascade Results for Exit Mach Number of 0.97

In the experimental project* the same stator cascade as
discussed above was tested at higher exit Mach numbers in
an effort to simulate the effect of slight amount of blade
twist from the tip to the root section (thus increasing the exit
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Fig. 6 Predicted Mach number
contour lines for the stator cascade
at exit Mach number of 0.84 using
H-grid topology.
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Fig. 7 Predicted surface pressure distribution for stator cascade at
exit Mach number of 0.97.

Mach number for the blade). The computational codes were
similarly exercised to simulate this effect by appropriately
lowering the downstream pressure. For the same grid
topology as in Fig. 1, the downstream conditions were
changed from p/p,=0.63-0.54. The resulting predicted
pressure is shown in Fig. 7. Also shown in this figure is the
measured data under identical conditions. The predicted
pressure once again shows the same trend as in the last case
in the high-curvature region of the suction surface. This was
anticipated, since no changes in the grid topology were
made. The overall computed flow behavior at exit was found
to be 10.95 deg as compared to the experimental value of
10.5+0.4 for outflow angle and 0.95 as compared to the ex-
perimental value of 0.97 +0.02 for exit flow Mach number.
The computation also supports the experimental observation
that the outflow angle is relatively insensitive to the variation
in the exit Mach number for this cascade.
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Fig. 8 C-grid topology for rotor cascade using 109 x 25
grid lines, (J)iower =17, Jge)upper =97, minimum spacing
off surface =0.0035 chord.
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Fig. 9 . Predicted surface pressure distribution for rotor cascade at
exit Mach number of 0.76.

As before, the same problem was simulated using sheared
grid topology. The results so obtained are also presented in
Fig. 7 to show the surface pressure. As observed before, the
pressure predicted at the suction surface is better than the
coarse C-grid topology for the same problem. The other flow
properties are as well predicted by the H-grid topology as by
the C-grid counterpart.

Rotor Cascade Computations

The next two selected test cases relate to a rotor cascade
geometry. These test cases are significantly different from
the prior test cases in many ways, such as inlet flow angle,
cascade geometry, and test conditions. The discussions that
follow will confirm the validity of the Euler codes developed
during the technical effort for a wide range of flow condi-
tions and geometrical configurations.

Figure 8 shows the C-grid topology generated by the
GRAPE code to simulate the flow details in this cascade.
The computational grid consists of 109x 25 grid lines in a
computational domain consisting of —1.0<x<1.5 (where x
is normalized with the cascade axial chord). A minimum grid
spacing of 0.0035 chord length was used as an initial spacing
away from the body surface. All attempts were made to ob-
tain a good-quality grid topology within the framework of
GRAPE capability. This required several iterative attempts."
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Fig. 10 Predicted velocity vector details for the rotor cascade at exit
Mach number of 0.76 using C-grid.
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Fig. 11 Predicted Mach number contour lines for the rotor cascade
at exit Mach number of 0.76 using C-grid.

Rotor Cascade Results for Exit Mach Number
of 0.76 Using C-grid

The Euler code based on C-grid was run for the first test
case involving this rotor cascade geometry. This test case
corresponds to an inlet incidence angle of 47 deg (measured
from the axial direction), an inlet flow Mach number of ap-
proximately 0.25, and an exit static to inlet total pressure
ratio of ~0.76. An initial guess of uniform flow everywhere
based on the inlet conditions was used to start the computa-
tional calculations. Figure 9 shows the predicted pressure
distribution on the airfoil surface as compared to the ex-
perimental data.*
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Fig. 12 H-grid topology for rotor cascade using 100 X 33 grid lines,
Je =25, J,, = 85, minimum (Ax);, = 0.01, minimum (Ay) at both upper
and lower surfaces =0.005.
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Fig. 13 Predicted surface pressure distribution for rotor cascade at

exit Mach number of 1.044 using C-grid topology (solid line is com-
puted result, symbols are experimental data).

The other details of the predicted flow in this cascade at
this test condition are shown in Figs. 10 and 11. These are
the details of the overall flow behavior in the cascade. For
example, Fig. 10 shows the velocity vector plot in the entire
computational domain. The location of the stagnation point
on the lower surface can be seen by the change in vector
direction. Also obvious are the flow acceleration on the up-
per surface, the large turning angle at the leading edge, and
the uniformity of the flow at the exit boundary. Also, for
this case, the predicted area-averaged exit Mach number and
outflow angle compare very well with the measured data.
The measured mass-weighted area-averaged exit flow angle
of 14.25 deg was corrected by +2.5 deg by the experimenters
due to an experimental error. The new measured value of
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Fig. 14 Predicted surface pressure distribution for rotor cascade at
exit Mach number of 1.044 using H-grid topology (solid line is com-
puted result, symbols are experimental data).

16.75 deg compares very closely with the predicted 16.84 deg
for this case. Finally, Fig. 11 -shows the Mach number con-
tour lines in the entire computational domain. The
characteristics of this flow are obvious from this figure, i.e.,
a major portion of the suction surface near leading edge and
a major portion of pressure surface near trailing edge have
large amounts of flow accelerations.

Rotor Cascade Results for Exit Mach Number
of 0.76 Using H-grid

As outlined before, it was found useful to simulate the
foregoing test problem using H-grid topology having a grid
that has more resolution than the C-grid system studied
before. Figure 12 shows such an H-grid topology for blade-
to-blade computation using 100x 33 grid lines. This grid
topology has 25 expanding x-grid lines upstream (with
minimum Ax=0.01), 60 x-grid lines on the surface
(minimum Ax=0.01 at both leading and trailing edges), and
the rest in the downstream domain. In the y direction, a
minimum grid spacing of Ay=0.005 was used on both the
upper and lower surfaces. The computational domain was of
the same size as in C-grid simulation, i.e., 0=x=<2.5.

The predicted pressure as shown in Fig. 9 compares well
with the experimental data thus indicating the ap-
propriateness of grid resolution for this simulation. The two
sets of data shown in Fig. 9 (marked by squares and circles)
relate to adjacent cascade passages that indicate the extent of
periodicity between the two adjacent flow passages.

Rotor Cascade Results for Exit Mach Number of 1.044

The next test case that was considered for the rotor
cascade corresponded to a higher exit Mach number of 1.044
than that of the last case (of 0.76). At this supersonic exit
condition, there can be a trailing-edge shock that will reflect
off the suction surface of the adjacent blade. According to
the flow visualization experiments,* the detailed nature of
the shock pattern system is dependent on the magnitude of
the exit Mach number. At higher supersonic exit Mach
numbers, the strength of the trailing-edge shock can be
significant. Unfortunately, these experiments did not attempt
to gather some quantitative information (in terms of either
careful pressure and/or velocity measurements) to address
this issue. Schlieren observations reported at exit Mach
numbers higher than 1.099 show trailing-edge shock of in-
creasing strength, its interaction with suction surface bound-
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ary layer, and subsequent reflected shock-wave pattern. Flow
visualizations were also reported indicating possible laminar
separation at subsonic exit conditions in the adverse pressure
gradient region of the suction surface. These flow visualiza-
tions also indicated a second separated zone farther
downstream at supersonic exit conditions caused, possibly,
by the interaction of the trailing-edge shock from one blade
and the boundary layer on the suction surface of the adja-
cent blade. It is quite obvious that any substantial separation
involving either will require a viscous simulation. The good
comparisons of the predicted pressure and experimental data

at the subsonic exit condition (as reported in the last test

case) suggests that the flow separation of the first kind is
possibly not very dominant, at least as far as pressure predic-
tions are concerned.

Figure 13 shows predicted pressure on the airfoil surface
as compared to the data. It is observed from this figure that,
while all of the essential features of the measured surface
pressure are present in the predicted pressure, the
magnitudes of such pressures are highly diffused. As will
become clear later, the difficulty associated with the poor
agreement of this simulation with experiments in a high-
gradient region of the suction surface has been traced to
poor grid resolution in this region. It will be shown later (as
in other cases) that a reasonably good comparative agree-
ment with the data can be obtained with appropriate grid
refinement using H-grid topology.

The computation predicts mass-weighted, area-averaged
exit angle of 17.3 deg as compared to measured value of 17.8
deg and an area-averaged predicted exit Mach number of
0.99 as compared to measured data of 1.04.

This test case was further simulated by using the H-grid
topology to assess improvements in the predicted pressure
using appropriate grid resolution on the suction surface. The
resulting predicted pressure is-shown in Fig. 14. It is noted
that this predicted pressure is significantly better on the suc-
tion surface where rapid variation in pressure occurs, as
compared to the coarse C-grid simulation discussed above.
The agreement of the predicted pressure with experiments
for this case is good.

IV. Conclusions

The important conclusions obtained by computationally
simulating several test cases (see Ref. 12 for more details) en-
compassing subsonic and transonic flow in high-turning-
angle and high-solidity cascades can be summarized as
follows:

1) Of all smoothing procedures attempted, the Jameson
et al. procedure® yielded significantly improved stagnation
pressure accuracy for all computations. The basic improve-
ment seems to be associated with the addition of a damping
term based on the fourth differences in the flux conserva-
tions with optimized coefficients. A similar observation is
also reported by Rizzi.!?

2) Of the two grid topologies studied here (C- and H-grid)
the C-grid computational approach was found to yield
enhanced convergence for identical flow problems. An
analysis of the results obtained suggests that such im-
provements in convergence are bascally realized by proper
treatment of the leading and trailing edges in the C-grid
topology. Convergence problems with the H-grid topology
seem to be associated with skewed grid structure in these
regions. ’

3) A properly resolved (with appropriate grid sizes to
resolve high-flow gradients) computational approach based
on either C- or H-grid topology can predict overall flow
properties reasonably well.
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4) The predicted numerical results showed consistently

-better stagnation pressure accuracy when C-grid topology

was used (using the same damping formulation) as compared
to the H-grid topology.

5) Of all the airfoil surface boundary conditions at-
tempted, specification of the total wall temperature (in an in-
viscid model), reflection for tangential and normal velocities
in conjuction with normal momentum equation yielded the
best numerical results relative to the conservation of total
pressure. Further variations of these did not improve the
quality of the numerical results. )

6) The C-grid computations reported here show a max-
imum of less than 2% in stagnation pressure error on the air-
foil surface and a maximum of less than 1.5% in mass flow

-error for all stator cascade test cases (excluding regions af-

fected by the blunt trailing edge). For rotor cascade test
cases, these numbers are 3% for stagnation pressure error
and less than 0.5% in mass flow error.

7) The H-grid computations reported here show a max-
imum of 3% in stagnation pressure error at the surface and a
maximum of 2% in mass flux error (excluding the region af-
fected by the trailing edge) for stator cascade test cases. For
rotor cascade test cases, these numbers are 5% for the
stagnation pressure error and 1.6% in mass flux error (ex-
cluding small leading- and trailing-edge regions).
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