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Computation of Viscous Flows in Turbomachinery Cascades
with a Space-Marching Method

M. Pouagare,* B. Lakshminarayana,t and T. R. GovindanJ
The Pennsylvania State University, University Park, Pennsylvania

A space-marching method was used to predict the viscous flowfield in turbomachinery cascades. Departure
solutions were suppressed by modifying the streamwise pressure gradient term in the momentum equations. For
staggered cascades a nonperiodic grid system was employed, and appropriate approximations were used in place
of the periodicity boundary conditions upstream and downstream of the cascade. The laminar flow through a
flat-plate cascade at 45-deg stagger and through a symmetric cascade at zero incidence and stagger was tested
first. The method was then used to predict the turbulent flow through compressor cascades composed of NACA
65-series blades. The predicted drag coefficient, turning angle, boundary-layer momentum thicknesses, and
velocity profiles were compared with the experimental data; the agreement was good in most cases. The solution
of the cases presented was obtained in less than 1 min of CPU time on an IBM 3081 computer.
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Nomenclature
= angle of attack
= parameters determining the numerical
scheme employed

= chordlength
= drag coefficient, Eq. (26)
= pressure coefficient, = (p —p\)/l/2pQi
= diffusion term; drag force
= vectors in the governing equations
= specific internal energy and total fluxing
energy

= Jacobian of the grid transformation
= coefficient of thermal conductivity
= turbulence length scale in a boundary
layer

= semiwake width
= Mach number
= streamwise station
= static pressure
= assumed initial static pressure
= Prandtl number
= streamwise velocity
= velocity defect at the center of the wake
= dependent vector in the governing
equations

= distance normal to the wall
= Reynolds number, =Q{C/v
= vector containt artificial damping
terms, Eq. (12)

= blade spacing
= velocity in the x and y directions,

respectively
= contravariant velocity component along

the £ coordinate, =
= friction velocity
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Superscripts
n
o
Subscripts
c
P

ss,ps

TE
xy,to
1,2

= contravariant velocity component along
the rj coordinate, -i\xu + t\yv

= Cartesian coordinates; x is the axial
direction, and y the transverse direction

= distance from the leading edge measured
along the chordline

= angle of the grid lines with the x
coordinate

= flow angle (see Fig. 1)
= ratio of specific heats
= change in the global mass flow
= total pressure difference across the
cascade

= boundary-layer thickness
= loss coefficient, Eq. (25)
= momentum thickness normalized by C
- stagger angle (Fig. 1)
= eddy viscosity
= kinematic viscosity
=body-fitted coordinate system
= metric coefficients in the grid transfor-
mation

= density
= angle between £ and rj grid lines
= viscous dissipation terms in the energy
equation

= fraction of streamwise pressure gradient
kept implicitly

= streamwise station index
= vectors in the governing equations in the

computational domain

= correction values
= quantity at the first grid point away from
the wall

= suction side and pressure side, respec-
tively

= trailing-edge values
= quantities in the (xfy) and (£,77) coor-
dinates, respectively

= upstream and downstream of the
cascade, respectively

= quantity at the edge of the boundary
layer
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Introduction

AKNOWLEDGE of the flowfield through a cascade of
blades is essential for turbomachinery design. In the early

stages of jet engine development, turbomachinery designers
depended largely on experimental data to derive the perfor-
mance characteristics of cascades. However, experimental
data are difficult and time-consuming to obtain. This diffi-
culty has motivated research to predict the performance of
cascades with numerical methods.

In the past two decades, considerable progress has been
made in the prediction of the inviscid flow through cascades.1
However, little progress has been made in predicting the
viscous flow. The existing time-marching algorithms that can
predict the viscous flow are expensive.2'3

The boundary-layer approximation,4 though economical, is
difficult to implement in internal flows because of the
displacement effects of the boundary layer on the inviscid
flow.

This paper presents an economical algorithm for the predic-
tion of the viscous flowfield through turbomachinery
cascades. The algorithm is based on the parabolized Navier-
Stokes equations, which are solved with the space-marching
technique developed by Govindan.5

The present algorithm requires a knowledge of the stream-
wise pressure gradient, as the boundary-layer approximation
does; but, unlike the boundary-layer approximation, the pres-
ent algorithm solves the equations in the entire flowfield.

Space- (or parabolic-) marching techniques have been
widely used for the prediction of the flow through curved
channels. However, the prediction of the flowfield in cascades
presents difficulties that are not found in the prediction of the
flowfield in curved channels. The most distinct differences are
the following:

1) Periodicity of the flow must be enforced upstream and
downstream of a cascade.

2) The stagnation point at the leading edge of a cascade
causes strong stream wise pressure gradients.

3) The rapid change in the boundary shape near the leading
edge of a cascade introduces additional problems.

4) It is difficult to keep the grid orthogonal everywhere in a
cascade.

The abovementioned problems must be overcome for the
accurate prediction of the viscous flowfield in cascades.

The method was first tested in two hypothetical cases. The
first case was a flat-plate cascade with zero thickness, a zero
angle of attack, a space-to-chord ratio of unity, and a stagger
angle of 45 deg. This test case was used to study the problems
associated with the stagger angle (nonorthogonal grid) and the
periodicity boundary condition. The second test case was an
NACA 65-010 cascade with zero inlet and exit flow angles,
zero stagger, and a space-to-chord ratio of unity. This test case
was used to study the problems associated with the leading-
edge stagnation point and the rapid changes in the boundary
shape near the leading edge. Finally, the method was tested for
cascades used in practice. The predicted exit flow angle, d:
coefficient, boundary-layer profiles, and boundary-la
momentum thicknesses were compared with the available
perimental data; agreement between them was found to
good.

A modified version of the space-marching code developed
by Govindan5 was used in the computation.

The Governing Equations
and the Space-Marching Method

Details of the space-marching method are given by Govin-
dan,5 therefore, only a brief description will be given in this
section. Some modifications made to this code are also
described in this section.

The nondimensionalized, steady, two-dimensional, com-
pressible Navier-Stokes equations can be written in

conservation-law form as follows:

dE(q) [ dF(q) = 1 f dT(q) | __
dx dy Re L dx dy

where
q=[p,pu,pv,pej]T

(D

(2)

The vectors E, F, T, and P are given in the Appendix. The
fluxing internal energy (pe/) was used instead of the more
commonly used total energy e. The use of pet instead of e as an
independent variable was found to improve the solution for
low Mach number flows.

To facilitate the application of the boundary conditions, a
body-fitted coordinate system was used. The body-fitted grid
in the physical domain was transformed into a rectangular
grid in the computational domain by the transformation

(3)

where £ is the coordinate in the near-streamwise direction, and
rj the coordinate in the transverse direction.

Equation (1) was transformed into the body-fitted coor-
dinate system (£,17). The resulting equation can be kept in the
same form as Eq. (1)

dE(q) dF(q)
Re (4)

where

- ,
J

and J is the Jacobian of the coordinate transformation given
by

T__ > __ £ • /C\

For flows with a dominant flow direction, the Navier-
Stokes equations can be parabolized by neglecting the stream-
wise diffusion terms. Also, the stream wise pressure gradient in
the momentum equation must be evaluated in a special way in
order to avoid departure solutions.6'7 Therefore, the Navier-
Stokes equations were parabolized by dropping the term
dT/d% in Eq. (4), and by writing the term dE/d% as

(Ps) (6)

2co-l)p, (e+p)u]T

where w is given by7

(7)

(8)

(9)

and is required to prevent branching.
The parabolized Navier-Stokes equations are written as

dP(q)
ft, Re (10)
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Equation (10) is a well-posed initial value problem that
governs the evolution of the flux vector Es. Starting from an
initial tj line, the solution is marched downstream^ in the £
direction, which is the "time-like" coordinate. Ep(ps) is
estimated from the pressure at (n+ 1) calculated from an in-
viscid code and the pressure at (n - 1) calculated by the present
method.
The Numerical Technique

Following Beam and Warming,8 Eq. (10) is finite-
differenced as follows:

dq dq

where

1+6,

» = -=——F, N=-ED,

(ID

The parameters b{ and b2 determine the scheme employed.
The present results were obtained with b{ = l9 b2-l/i cor-
responding to a three-point backward implicit scheme with a
truncation error 0(A£3).

In order to prevent the uncoupling of the odd and even
points, a second-order artificial dissipation term was added to
Eq. (11) on both the explicit and implicit sides. This term has
the form

S=— 32p d2(pu) 32(pv)
V a,2 a,2 an2' J (12)

where al9 a2, a3, and <74 are the damping coefficients. The
coefficients <r2

 and ^3 were carefully chosen so that the damp-
ing terms S2 and S3 were much smaller than the second-order
viscous terms in regions where viscous terms are significant.

Global Mass Flow and Pressure and Velocity Corrections
In calculating a flowfield with a space-marching method, an

initial velocity profile must be specified at the initial station.
This specification determines the global mass flow in an inter-
nal flow computation. Furthermore, the stream wise pressure
gradient is approximated from the assumed pressure field.
However, in an internal flow computation, the specification
of the global mass flow and the streamwise pressure gradient is
mutually exclusive. In an internal flow computation where the
global mass flow is specified and the streamwise pressure gra-
dient approximated, requirements of uniqueness of the solu-
tion and the linearization errors in the numerical scheme lead
to a slow loss of the global mass flow constraint.5 Mainte-
nance of this constraint is important in internal flow computa-
tions, and, therefore, the streamwise pressure gradient must
be adjusted to prevent loss of the constraint. In the present
algorithm, this is done as follows:

1) After the solution is found at a particular streamwise sta-
tion n, the change in the total mass flow is calculated, and the
corrections to the streamwise pressure gradients and the
velocity are derived from the following approximate formulas:

uf= - PU -Px, vc=- ty (13)

2) The pressure correction is used to correct the streamwise
pressure gradient to be used in the solution of the next stream-
wise station n+ 1. The velocity corrections are used to correct
the velocity at the current streamwise station n.

The corrections to the presure gradient and velocity were
found to be small at each streamwise station.

The Grid System
For the numerical solution of the flowfield in cascades, the

most convenient body-fitted grid is the H-type grid (see Fig.
1). The periodicity boundary condition upstream and
downstream of the cascade requires that the two extremes of
the 77 lines be periodic points. This implies that the £ and 77
lines intersect approximately at an angle equal to the stagger
angle. The nonorthogonality of the £ and q lines should not
present any problems since the transformation expressed by
Eq. (3) is general, and no assumption of orthogonality was
made. However, only a simplified form of the Navier-Stokes
equations is being solved, and the approximations made are
not necessarily independent of the coordinate system. In order
to see this dependence, consider the flow over a flat plate with
the x and £ coordinates along the flat plate, the y coordinate
normal to x, and t\ forming an angle </> with £ (see Fig. 2). For
this geometry, the coordinate transformation is given by

(14)

Consider the diffusion term in the Ar-momentum equation
for incompressible flow

The xy index indicates that the diffusion D is considered in the
x,y coordinate system.

Transforming Eq. (15) to (£,77) coordinates, and assuming
that all metrics are constant throughout the domain of in-

Fig. 1 H-type periodic grid.

Fig. 2
plate.

0 I 2 3 4 5 6 7 8
Nonorthogonal £-17 coordinate system for the flow over a flat
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Fig. 3 H-type nonperiodic grid.

initial Line:
ftiM.Pfrom
inviscid solution

Fig. 4 Boundary conditions for the nonperiodic grid.

terest, the following expression is obtained:

(16)

After neglecting the stream wise diffusion terms, D^ becomes

(17)

When Dft is transformed back to (x,y) coordinates, Dxy
will be obtained as given by Eq. (15). However, transforming
D^ back to (x,y) coordinates, the following expression is
obtained:

' SxdyJ (18)

For the particular example of the flat plate (Fig. 2), Eq. (18)
becomes

(19)

Equation (19) indicates that, depending on the angle </>, part of
the stream wise diffusion is retained in D*y and D^. Only when

(j> -90 deg (i.e., when £,77 is an orthogonal coordinate system),
the stream wise diffusion terms in D*y and D^ are zero.

A similar analysis of the streamwise pressure gradient term9

showed that the assumption made concerning this term is
strictly valid only for an orthogonal (£,77) grid system.
Therefore, the basic assumptions used to parabolize the
Navier-Stokes equations do not hold for a nonorthogonal grid
system.

Numerical experiments of the laminar flow on a flat plate
(Fig. 2) indicated that the solution depended on the angle <£,
and that the correct solution (Blasius solution) was obtained
only with 0 = 90 deg.

In a recent publication, Degani and Steger10 compared the
results of the thin Navier-Stokes equations with those of the
full Navier-Stokes equations for the flow over a ramp. They
indicated that the agreement between the two sets of results re-
mained good only when the £ and 77 lines intersected at an
angle greater than 70 deg. Further discussion on the use of an
orthogonal grid and parabolizing errors which may be in-
troduced in a transformation can be found in Refs. 11 and 12,
respectively.

As has been shown, it is important to keep the £ and 77 lines
as close to being orthogonal as possible. For the flow through
staggered cascades, this requires the use of a nonperiodic grid.
In the present investigation, a nonperiodic grid is generated
algebraically as follows (see Fig. 3):

1) The x coordinate is aligned with the chordline.
2) The lower boundary is formed by a straight line AB form-

ing an angle al with the x axis, the suction side of the airfoil
BC, and a second straight line CD forming an angle a2 with
the x axis.

3) The upper boundary is formed by a straight line EF
parallel to AB, the pressure side of the airfoil FG, and a sec-
ond straight line GH parallel to CD.
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4) The rj lines are straight lines drawn normal to the lower
surface along AB and CD. Along BC, the 77 lines are drawn
normal to the suction surface wherever the slope of the surface
tana satisfied the condition

< tana < tanc^

If tana > tanaj , the 77 lines are drawn parallel to the normal on
AB, and if tana<tana2, the t\ lines are drawn parallel to the
normal on CD.

5) Angle a! need not be related to the flow direction; a! is
that angle which permits most rj lines to be normal to the £
lines. Angle a2 is more difficult to find; it has to follow the
direction of the exit flow. A detailed discussion on a2 follows
in the next section.

6) The spacing in the 77 direction is found. Grid points are
clustered near the two extremes of the 77 lines through an ex-
ponential function. When the spacing in the 77 direction is
found, the £ lines are drawn. The grid system generated by the
preceding method is nearly orthogonal in the whole domain
except in the immediate vicinity of the leading edge.

Initial and Boundary Conditions
Initial Conditions
^ The required inviscid pressure distribution for calculating

Ep (ps) is obtained from a modified version of the Douglas-
Neumann cascade program. The space-marching solution
starts from the initial line AE as shown in Fig. 4. All of the re-
quired quantities (p,u,v,p) are obtained from the inviscid solu-
tion. The present method does not capture the elliptic effects;
these are all included in the initial pressure distribution
prescribed. Therefore, the calculation need not start from far
upstream of the leading edge. The solution can start from
anywhere upstream of the leading edge or even just at the
leading edge.

Boundary Conditions Upstream of the Leading Edge
The most appropriate boundary condition upstream of the

leading edge is the periodicity condition. However, the grid
system employed does not allow for the application of the
precise periodic boundary condition. In the region of bound-
ary lines AB and EF, the viscous effects are negligible, and,
therefore, the known inviscid values of velocity, pressure, and
density are used on these lines as boundary conditions. The
periodicity condition is thus satisfied since the inviscid solu-
tion is periodic.

Boundary Conditions on the Blade Surfaces
In a viscous calculation, no-slip boundary conditions must

be used on solid surfaces. However, in the present investiga-
tion the tangency inviscid condition was used near the leading
edge (BB' and FF' in Fig. 4). The flow in the interior points
does not follow the rapid change of the boundary shape if the
no-slip condition is applied in this region. The extent of BB'
and FF' is approximately 5% of the chord. Downstream of B*
and F'j the no-slip boundary condition is used for laminar
flow, for turbulent flow a slip condition is used. The latter is
discussed in the next section. The use of an inviscid boundary
condition during the initial 5% of the chord does not affect
the final solution since the boundary-layer thickness in this
region is smaller than the distance between the wall and the
first grid point away from the wall. The authors feel that the
inviscid tangency condition near the leading edge can be
avoided if a large number of grid points is used in this region
and the thin boundary layer is properly resolved.

Boundary Conditions Downstream of the Trailing Edge
The most appropriate boundary condition downstream of

the trailing edge is the periodicity condition. However, as in
the case of the upstream boundary condition, the grid system
employed does not allow for the application of the precise
periodic boundary condition. The problem downstream is
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Fig. 5 Axial velocity profiles in a flat-plate cascade at 45-deg stagger.
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more severe than that upstream of the cascade, since the in-
viscid solution cannot be used because of the presence of the
wake in this region. Instead, lines CD and GH are chosen to be
along the exit flow direction as estimated from experimental
data or correlations. The normal derivative of the streamwise
velocity, density, and pressure is zero along DC and GH,

dp dp dQ _ . A

dij drj dvj

This boundary condition is an approximation to the true
boundary condition that should be used in the wake region; it
is not valid when the wake center follows a highly curved path.

Turbulence Closure Model
In order to model the effects of turbulence, Prandtl's

mixing-length hypothesis is used for the boundary layer and
wake.

For the boundary layer, the eddy viscosity is calculated
from the formula

with
for r/6< 0.219

= 0.095 for r/d> 0.219 (20)

where Q is the streamwise velocity, r the normal distance from
the wall, and K the von Karman constant (* = 0.41). For the
wake, HT is calculated from the formula13

= pcLQgRe, with c = 0.094 (21)

where Qs is the velocity defect at the center of the wake, and L
the wake semiwidth; L is defined as the distance between the
center of the wake and the point where the velocity defect is
equal to Qs/2.

The calculation of the eddy viscosity is lagged one stream-
wise step. The mean flow equations are first solved at station n
using the eddy viscosity derived at the previous station n- 1.
the derived mean flow quantities at station n are then used to
calculate the eddy viscosity to be used at station n +1.

In order to avoid the use of a large number of grid points
near the wall, a wall function is used to estimate a slip velocity.
Following Kreskosky et al.,14 the wall slip velocity is derived
by assuming that the velocity profile is logarithmic at the first
grid point away from the wall. Therefore, the velocity gradient
at the first grid point away from the wall is given by

£/> _
dr (22)

The index p indicates the quantities at the first grid point away
from the wall. Using a backward finite difference, the wall slip
velocity is estimated from Eq. (22) as

M*

K
(23)

The friction velocity w« is found from the law of the wall writ-
ten at the first grid point away from the wall:

(24)

The first grid point away from the wall is chosen such that it is
outside the laminar sublayer and in the law-of-the-wall region.

Results and Discussion
Flat-Plate Cascade at 45-deg Stagger

This method was first tested for the laminar flow (Re= 104)
through a flat-plate cascade with zero thickness, a zero angle
of attack, a space-to-chord ratio of unity, and a stagger angle
of 45 deg. For such a cascade, the inviscid flow solution gives
uniform pressure everywhere, and, thus, if the boundary-layer

Fig. 6 Velocity vectors
in a symmetric cascade.

f f
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approximation is employed, the viscous solution is given by
the Blasius solution.

When the periodic grid (£ and rj lines intersecting at 45 deg)
was used in the solution, the growth of the boundary layer on
the lower surface was very different from the growth on the
upper surface, and both were very different from the Blasius
solution. This resulted from the nonorthogonality of the grid.
The growth of the boundary layer was very different on the
two surfaces because the term 2cot<t)(d2u/dxdy) in Eq. (19)
had a different sign on each surface ($ = 45 deg on the lower
surface, and 135 deg on the upper surface).

The axial velocity profiles obtained with the nonperiodic
grid are compared with the Blasius solution in Fig. 5. One
hundred-streamwise steps per chordlength and 49 grid points
in the rj direction were used in the computation. Figure 5
shows that the present solution captures the core flow ac-
celeration resulting from the development of the boundary
layers on the two surfaces. Considering that there are only
2-12 grid points in the boundary layer, the results of the space-
marching method are reasonably close to the Blasius solution
if the core flow acceleration is neglected.

Symmetric Cascade
The method was tested next for the laminar flow (Re= 104)

through a cascade composed of NACA 65-010 airfoils, with
zero inlet and exit flow angles, zero stagger, and a space-to-
chord ratio of unity. One-hundred steps per chordlength and
49 grid points in the 77 direction were used in the computation.
Figure 6 shows the calculated velocity vectors. The space-
marching method responds well to the strong streamwise
pressure gradients present near the leading edge, and captures
the acceleration of the core flow resulting from the develop-
ment of the boundary layers on the two surfaces. The flow
follows the boundary shape everywhere, including the leading-
edge region.

Herrig et al.'s Cascade15

The turbulent flow through a cascade composed of NACA
65-010 airfoils, experimentally tested by Herrig et al.,15 was
computed with the present method at two different angles of
attack (a = 4 and 8 deg). The parameters of the two cases are
given in Table 1. Two-hundred steps per chordlength and 49
grid points in the T\ direction were used in the calculation.
The predicted momentum thicknesses on both surfaces at the
two angles of attack are shown in Fig. 7. Using the predicted
momentum thicknesses at the trailing edge, the loss coefficient
f was calculated from SpeidePs16 formula

flps)TE
cosjp2cos~

(25)

Then, the drag coefficient was calculated from the
relationship

(26)

where 0OT = (tan^ + tan02)/2.
The predicted CD as well as the predicted turning angle are

compared with the measured values in Table 2. The agreement
between the predicted and measured values is good. The dif-
ferences in the values of CD cannot be considered high since
CD is a small quantity and difficult to measure.

Table 1
Angle of attack, deg
Inlet flow angle, deg
Space-to-chord angle
Stagger angle, deg

Cascade parameters
4

30
1

26

8
30

1
22

Peterson's Cascade17

Peterson measured the boundary layer developing on a
cascade composed of NACA 65-410 airfoils. The parameters
of the cascade were as follows: a =10 deg, X = 45 deg, and

Two-hundred steps per chordlength and 49 grid points in
the rj direction were used in the calculation. The solution was
started at 5% of the chordlength downstream of the leading
edge on the lower surface (see insert in Fig. 8).

The predicted streamwise velocity profiles as well as those
obtained from the Douglas-Neumann inviscid code are shown
in Fig. 8. This figure shows that the viscous effects alter the in-
viscid velocity distribution. This is prominent at the trailing-
edge region.

The predicted boundary-layer profiles on the suction and
pressure sides are compared with those measured in Figs. 9

0.005
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00 0.1 0.2 03 03 O5 06 07 Ofl 0.9 1.0

Fig. 7 Boundary-layer momentum thickness in Herrig et al.'s
cascade.15
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Fig. 8 Streamwise velocity profiles in Peterson's casade.17

Table 2 Predicted and measured CD and 02 ~0i
for an NACA 65-010 cascade

a,
deg
4
8

CD
measured,

0.0125
0.0125

CD
predicted,
0.0152
0.0150

02-01
measured,

deg
3
7

-02-01
predicted,

deg
2.5
6.6
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Fig. 9 Boundary-layer profiles on the suction side of Peterson's
cascade.17
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Fig. 10 Boundary-layer velocity profiles on the pressure side of
Peterson's cascade.17
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Fig. 11 Boundary-layer momentum thickness in Peterson's
cascade.17

and 10, respectively. The agreement between the two is good
on the suction side. However, on the pressure side, the agree-
ment is good only at z/C=0.9. The data at the last three loca-
tions on the pressure side (z/C=0.8, 0.9, 0.98) does not seem
correct since the velocity defect near the wall decreases with in-
creasing z'/C.

The predicted and measured momentum thicknesses are
compared in Fig. 11. The agreement is good up to 80% of the
chord.

One possible reason for the discrepancies between the
predicted and measured values is the inaccurate initial inviscid
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Fig. 12 Blade pressure distribution in Peterson's cascade.17

pressure distribution. Figure 12 shows the measured blade
pressure distribution as well as that predicted from the
Douglas-Neumann program. The pressure gradients are com-
parable only on the suction side up to 80% of the chord. The
results of the space-marching code can be improved through
the employment of a global iteration scheme.

Concluding Remarks
The present investigation has demonstrated that the space-

marching method can predict the viscous flow in tuf-
bomachinery cascades. The necessity of keeping the grid
nearly orthogonal has been demonstrated. A nearly ortho-
gonal, nonperiodic grid system for cascades has been proposed
along with the boundary conditions that must be used.
Second-order artificial damping terms were used to avoid un-
coupling of the odd and even points in the inviscid region of
the flowfield.

Rothmayer and Davis18 showed that the interaction
mechanism in a cascade tends to become very localized as the
cascade spacing decreases. In addition, the region over which
upstream influence is important becomes smaller for decreas-
ing cascade spacing. This confirms the usefulness of the space-
marching technique to cascade flows. The technique presented
in this paper incorporates the localized interaction and
neglects only the interaction that involves upstream influence.
It should be easier to correct the marching technique to allow
for upstream influence in a cascade, as opposed to external
flows.

Presently, this method cannot be used in cascades where the
flow is separated and/or when the cascade blade has a blunt
leading edge.

One of the major advantages of the method is that it is
economical; the solution for Peterson's cascade on a 306 x 49
grid was obtained in about 50 s of CPU time ori an IBM 3081.
The accuracy of the method is good, but can be improved
upon by using a global iteration technique.

Appendix
The vectors E, F, T, and P in Eq. (1) are given by the

following expressions:

E =

pu

pu2+p

puv
(e+p)u

F =

pv

puv

OV2+P

(e+p)e _
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T =

du 2 du dv

ky de,

r> __
dv du dv

de,

where \l/{ and \l/2 are composed of the viscous dissipation terms
in the energy equation and are given by

du 2

2 /du dv \ /dv du \
—nv(—- + -T-) +M«(-t~ + ̂ — )3 \ dx dy / \ dx dy /

The equation of state for a perfect gas closes the above system
of equations and can be written as follows:

p=(y-l)pei
with

e
P
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