
THE AMERICAN SOCIETY OF MECHANICAL ENGINEERS 	 91-GT-78345 E. 47 St., New York, N.Y. 10017

ES 	 The Society shall not be responsible for statements or opinions advanced in papers or in dis-
cussion at meetings of the Society or of its Divisions or Sections, or printed in its publications.

m	 Discussion is printed only if the paper is published in an ASME Journal. Papers are available
]^ - 	 from ASME for fifteen months after the meeting.

Printed in USA.

Computation of 3D Flow Phenomena in Axial Flow
Compressor Blade Rows

M.JANSSEN
Siemens UB KWU

Mulheim a.d. Ruhr/Germany

H.-J. DOHMEN
Universitat-GH-Duisburg

Duisburg/Germany

K. G. GRAHL
Universitat Bochum
Bochum/Germany

Abstract

The main subject of the present publication is
the comparison of results achieved with a 3D-partially
parabolic calculation procedure and experimental data for
the three dimensional flow in stationary and rotating
blade rows of axial flow compressors.

To set up the numerical solution procedure, the
Navier-Stokes Equations are written in - finite difference
form by applying the control-volume approach. The tur-
bulent flow effects are taken into account by using the
standard k — e model for the calculation of the turbulent
viscosity. For precisely introducing the boundary condi-
tions for arbitrary geometries, the differential equations
are transformed to a body-fitted coordinate system by a
very simple method. To construct the physical mesh,
the nonorthogonal curvilinear coordinates are taken as
solutions of a suitable elliptic boundary value problem.

The abilities of the developed computer program are
shown by comparing experimental and numerical results
for three applications. The first, most simple case deals
with the flow development in an isolated, stationary
blade row of cylindrical blades and uniform boundary
conditions upstream of the blade row. A more complex
flow is regarded by calculating the flow field through
highly turned, custom tailored airfoils working in a mul-
tistage environment. The flow conditions upstream of
the flow domain under consideration show a well devel-
oped end wall boundary layer at the hub, leading to a
strongly skewed inflow due to the superimposed tangen-
tial velocity component of the rotor upstream. The third
application regards the flow development in a rotating
axial compressor blade row in which the complexity of
the flow field increases by flow effects that are due to
centrifugal and Coriolis forces.

The comparisons between experimental and numerical
results show good agreements for all applications.

Nomenclature

c	 chord
cr 	specific heat at constant pressure
g	 geometrical derivatives
h	 blade height

J 	 Jacobian of transformation
k 	 kinetic energy of turbulence
M Mach Number
p 	 static pressure
Re Reynolds-Number
T temperature
u; velocity components
x; 	 cartesian coordinates
I'	 diffusion coefficient
S	 Kronecker-Symbol
e	 dissipation rate of kinetic energy of

turbulence
0	 general variable
A	 heat transfer coefficient
p	 dynamic viscosity

curvilinear coordinates
p 	 density
0 	 dissipation function

Introduction

The application of turbomachines is wide spread
throughout the field of energy production, air trans-
portation, chemical industry and several other branches of
applied mechanical engineering. The goals of research and
development are manifold and strongly dependent on the
special application. Higher pressure ratio per stage, an
increase in mass flow rate and higher efficiencies for a
wide operating range are some of the attributes asked
for modern turbomachinery. Two of the most impor-
tant restrictions for the development of turbomachinery
are low development costs and low development time.
These demands force the designer to minimize the time
consuming experimental work on test machines. With
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Table 1: Assignment of dependent variable, diffusion
coefficient and RHS to the conservation
equations

the rapid development of the theoretical design tools, for
example advanced streamline-curvature codes, Euler- and
N-S Solvers, appreciable part of the experimental work
may be substituted by computational calculations.

The improvement of the computational tools as well
as the computer systems is to our conviction the most
important task to be done in turbomachinery develop-
ment.

The numerical simulation of the complex nature of
flow phenomena within the cascades of multistage turbo-
machinery has been worked on intensively during the last
two decades. Even we are able to model or calculate
single flow effects, as there are for example tip clearance
flow, endwall- and blade boundary layer flow and inviscid
secondary flow, the calculation of the flow field resulting
from the interaction of these single flow effects as well
as the interaction of rotating and stationary blade rows
is not satisfactorily solved yet. The numerical solution
of the conservation equations for the three dimensional
viscous flow in multistage turbornachines does not render
possible by applying the computational tools and super
computers being available at present.

To investigate the flow field of a single blade row,
different methods are applicable. One of these methods,
being known as a time and computer storage saving one,
is the partially parabolic solution procedure. The present
paper briefly describes the theoretical background of the
developed partially parabolic procedure and compares the
results of computational calculations with experimental
data for two stators and one rotor of different axial
compressors.

Governing equations

The flow to be described is considered as a viscous,
compressible, 3D turbulent flow. The set of equations
is made up of the continuity equation, the momentum
equations, the energy equation and two transport equa-
tions to describe turbulent flow effects. According to
that we define the dependent variables to be the three
velocity components (u, v, za), the pressure (p), the tem-
perature (T), the kinetic energy of turbulence (k) and
the dissipationrate of kinetic energy (e). Furthermore we
are not going to take into account time dependent flow
effect.

Since the flow is regarded as stationary, the time
dependent terms within the equations will vanish. The
general conservation equation in conservative form is then
written as follows

a (Pu ; O)-'9 (P a0^=RHS (1)ax ; axi ate ;

Equation (1) as well as the following equations is
written in tensorial form.
The above equation is valid for all conservation equa-
tions. In substituting the general variable (0), the
diffusion coefficient (F) and the right hand side (RHS)
consistently (s. table 1), the general equation becomes
the special conservation equation for mass, momentum,
energy or turbulent transport quantities.

conservation 	 depen- 
Ision
diffu- IRHS

equation 	 dent 

continuity 1 0 0

x-momentum u(u l ) µ eft
a 	 ( I

"gu i )	 ap 	 R
axi 	 axl + ax +s

7	 7

y-momentum v(u 2 )

z-momentum w(u3 ) „

energy T cP/A
ap

[u; i_ + µ e f f ' ^]
p

kinetic 	 energy k µt/ok µt 	 ¢ — P e

of turbulence
dissipationrate E µi/o (ci • µt • 	 — P 	 c2 • e)

of k

The dissipation function 0 is given by the following
expression

2

( Oxj
)au;2 	 1

 (^Uj
	au;^ z ;

	where	 is known as the Kronecker Symbol.

According to Stephenson (1976) the constants for the
turbulence model are chosen to be

cµ =0,09 , ci =1,44 , c2=1,92
ok=1,0 	 , Q,=1,3

At this point it has to be pointed out, that the above
system of equations does not account for compressibil-
ity effect on the viscous terms within the momentum
equations as well as in the dissipation function.

For the flow calculation in arbitrary shaped geome-
tries we need to transform the system of equations onto
body fitted coordinates. One of these coordinates is
defined such, that it approximately coincides with the
main flow direction. The transformation of the general
differential equation onto the coordinates e' 2 and ,
where	 is chosen to be the one approximately pointing
in the main flow direction, yields,

( 	 — Fg ask 8) = 	 (2)

with the geometrical derivatives

g3=ate

	

and 	 9i = J ark

and the right hand side
S=ST +S•J

	with 	 ST a^ i [Fy3gj 5^ (1 - bk

2

D
ow

nloaded from
 http://asm

edigitalcollection.asm
e.org/G

T/proceedings-pdf/G
T1991/78989/V001T01A026/2400451/v001t01a026-91-gt-078.pdf by guest on 01 D

ecem
ber 2022



At this point it has to be pointed out, that the
Kronecker-Symbol is excluded from the summation con-
vention.

The first term of the left hand side represents the
convective influences. Regarding the momentum equations
the second term summarizes the normal stresses of the
transformed stress tensor. The right hand side of equa-
tion (2) is written such, that it is represented by two
terms. The first term, ST, contains the auxilliary ele-
ments of the transformed normal stresses, being zero for
an orthogonal grid. The second term, S, depends on the
conservation equation under consideration. For the special
conservation equation this term is given in table 2.

Table 2: Assignment of the second term (S) of the
RHS to the conservation equation

Conservation 1 2. term of RHS (S)

continuity 0
x-momentum a£ , (pgk;g'^ aa£ ) + g;^ Z
y-momentum
z-momentum
energy [u j ✓ a^, (Pgi) + /i ff fit] p
kinetic energy
of turbulence µ t o t — pe
dissipationrate
of k (cad 	 — oc9el

The transformed dissipation function becomes

= jz ^0^ i (uj9^) + 	 (u^9k)^ . ^^; (uk9 i.

Neglecting the diffusion terms of equation (2) in the
main flow direction leads to a parabolization of the
equation. This modification renders possible a forward
marching technique for the integration of equation (2) in
main flow direction. Discretizing the simplified differential
equation by application of the finite volume approach
yields the difference equation

aMOM = aROR + aLOL + a° Oo + aU Ou + b 	 (3)
with

am = aR +aL -1-a° +aU +aM —5e 0^ 1 0^ 2

and
b = 5RA l L 2 + aM-Onr-

where SR summarizes all terms of the right hand side
which do not contain the dependent variable 0. S o
contains all coefficients of the RHS-terms with the de-
pendent variable OM .

The algorithm used for the solution of the governing
equations is documented in detail in (Dohmen et al.,
1987) and is known as the SIMPLE-Algorithm (Patankar
and Spalding, 1972), which is based on a pressure
correction procedure. To account for upstream flow
effects, a 3D pressure correction-equation (Moore, J. and
Moore, J.G., 1979) is adopted. The parabolic procedure
herewith becomes a partially parabolic one. To solve a
three dimensional flow problem, the parabolic marching
procedure is repeated several times. After each parabolic
sweep the three dimensional pressure field is updated.

For a proper definition of the flow problem we have
to define the boundary conditions applied to solve the
system of differential equations. On the inlet plane the
flow field is described by the velocity vector, the static
pressure and the density. To calculate the turbulence
quantities k and e on the inlet plane we use some
empirical formulations which correlate k to the turbulence
intensity Tu. Upstream and downstream of the cascade
the periodicity condition is applied in tangential direc-
tion. On boundaries defined by a solid wall (hub, casing,
suction- and pressure side of the airfoil) the no slip
condition is applied. The boundary conditions for the
pressure equations is derived from the fact, that there is
no mass flow through solid walls. The kinetic energy of
turbulence, k, becomes zero at solid walls. The boundary
conditions for the dissipation of the kinetic energy of
turbulence, defined for the grid lines next to the walls,
are introduced by help of wall functions (Spalding and
Launder, 1972). To define the boundary conditions for
the temperature, the assumption of an adiabatic wall is
used. According to Spalding and Launder (1972) we ap-
ply wall functions to calculate the viscosity in the wall
near region.

Application of the numerical procedure

A) Stator having cylindrical blades

As a first application of the numerical procedure the
flowfield within the blade passage of an axial compressor
stator is considered.

The geometrical and aerothermodynamical boundary
conditions are taken from a stator that was experimen-
tally investigated by Hubert (1959). 	 The test section
shown in Fig. 	 1 is defined by a radius ratio of
Rh/R9 = 0.65.

Measuring) 	 Measuring
plan' -
	 plane

Z

Fixed Hub 	 RotatingJN Fixed
hub 	 hub

79	 II O.

'III

UN

Fig. 1: Test section geometric for investigations of stator
flow with tip clearance effects
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The number of cylindrical stator blades of type
NACA 8410 amounts to 36. To alter the tip clearence
height between blade tip and rotating hub (n = 0 — 6000
rpm) the vane carrier (b) is equipped with a changeable
ring (a).

The flow enters through an inlet system with guide
vanes. Throughout the experimental investigations the ge-
ometrical parameters like stagger angle (/3, = 120), aspect
ratio (h/c = 2), absolute air angle at inlet (0 i = 135)
and chord (c = 60 mm) as well as the flow parame-
ters Reynolds Number (Re = 1.4E05) and Mach Number
(M = 0.15) have been kept constant. The measuring
plane 1 (Fig. 1) was located 65 mm upstream of the
stator leading edge. The measuring plane 2 was located
20 mm downstream of the stator trailing edge. Fig. 2
shows the radial distributions for the velocity and pres-
sure at plane 1 which define the boundary conditions
at inlet for the calculation. The velocity distributions
show endwall boundary layers at hub and casing which
amount to approximately 25 % of the blade height.

Pu_Pi 3,0

9/2^W12

4 2,5

2,0

15

o^x ^
x ^ ^

°ox

0

The geometrical boundary conditions for the 2D grids
within the blade passage are defined by the geometrie of
the hub and casing wall and the pressure and suction
surface of the leaned blades. A total of 7605 grid nodes
were used with 39 grid points in axial, 15 grid points
in radial and 13 grid points in tangential direction. The
axial direction is subdivided into three regions. One
upstream of the blade row with 6 grid points, one
within the blade row with 28 grid points and one
downstream of the blade row with 5 grid points.

The grid points in tangential and radial direction are
highly densed near the walls. A squeezing of the grid
points is also chosen in the vicinity of the leading edge
and the trailing edge of the blade.

In the following the results of two test cases will be
presented. In test case "a" a quite simple flow field,
being produced by a stator row without tip clearence
and without a rotating hub, is considered.

Fig. 3 presents a comparison of numerical and ex-
perimental results for the circumferentially mass averaged
axial velocity component versus radius. Within the core
region of the flowfield the results compare fairly well.

W/ Wj

0 , 4 1 	 1	 1	 1	 1	 1 	 1

0,7 	 0,8	 0,9 	 1,0
z/RG

1,2

w/w1
1,
O

t 0,8

Fig. 2: Experimental data used to define the inlet
boundary conditions for the calculation

Before starting the flow calculation we have to set
up the computational grid. To precisely employ the
boundary conditions for the rotating hub we have to
make sure that one set of grid lines is parallel to the
circumferential direction. To keep the grid generation as
easy as possible, we decided to construct the 3D grid
by staggering the plane 2D grids in axial direction. The
direction of the normal vector of the 2D grids has to
be perpendicular to the circumferential direction.

For the flow domain upstream of the stator leading
edge and downstream of the stator trailing edge the
periodicity condition is employed.

Fig. 3: Comparison of the computed and measured axial
velocity (without tip clearance effects)

The rather poor results within the near wall regions are
mainly due to the coarse grid, what in case of the
casing didn't allow a proper resolution of the end wall
boundary layer. The extreme discrepancy of calculated
and measured results in the region near the huh is
not understood. In his work Hubert (1959) does not
give any explanation of the strong decay of the axial
velocity component near the hub. We suppose that the
transition from fixed to rotating hub was not accurately
manufactured and hence influenced the flowfield. The
radial distribution of the absolute air angle at the exit
plane is presented in Fig. 4. The calculated results
match fairly good with the measurements for the core
region and the region near the casing. As a result of
the axial flow component shown in Fig. 3, the calculated
absolute air angle near the huh is much smaller than
the measured one.

Case "b" considers a tip clearence height of 10 %
chord length (s/c = 0.1). Due to limitations in computer
performance the number of grid points in circumferential
direction had to be decreased to 11. The mesh point
distribution in radial direction is chosen such, that two
mesh points are located within the clearence gap.
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B) Stator having strongly twisted vanes

The endwall boundary layer strongly influences the
flow field in wall near regions. To investigate the in-
fluence of the endwall boundary layer in turbomachines,
Wisler (1977-1981) conducted extensive measurements on
a low speed model of a highly loaded multistage axial
flow compressor. Wislers work, which is well documented
in (Wisler, 1977-1981), was taken to define the geomet-
rical and aerothermodynamical boundary conditions of the
two following flow calculations.

Fig. 4: Comparison of the computed and measured flow
angle at exit (02 ) (without tip clearance effects)

Fig. 5 shows the circumferentially mass averaged axial
velocity versus radius. The influence of the clearence
gap on the axial velocity component is clearly seen by
the strong decrease near the hub. Even though the
computational results do not match the measurements
satisfactorily, the deformation of the velocity distribution
due to the clearence gap is qualitatively reproduced by
the computational result. As can be seen in Fig. 6
the absolute air angle at exit changes considerably in
the hub region. As a result of the increased tangential
velocity component due to the tip clearence flow, the
change in #2 goes up to about 50°. The comparison
with measurements shows a good agreement.

Fig. 5: Comparison of the computed and measured axial
velocity (tip clearance height h/c = 0,1)

Fig. 6: Comparison of the computed and measured flow
angle at exit (02 ) (tip clearance height h/c = 0, 1)

The calculation results discussed herein have been
conducted for the third stator of the four stage low-
speed-research compressor (LSRC) investigated by Wisler
(1977-1981). The stator under consideration will be
called STATOR A. A total of 12600 grid points were
used with 15 grid points in tangential direction, 21 grid
points in radial direction and 40 grid points in axial
direction.

The radial distributions of the circumferentially aver-
aged static pressure, total pressure and absolute air angle
upstream of the stator were used to set up the bound-
ary conditions for the numerical calculation. From these
data the velocity vectors were calculated to determine,
together, with the static pressure field, the boundary
conditions for the inlet plane.

Fig. 7 shows the circumferentially averaged radial
distributions of the velocity components u and w and
the dimensionless pressure, where p, e f stands for the
ambient pressure and UT for the blade tip velocity of
the rotor upstream.

1,0

z/RG8

0,6

0,4

0,2

0
0 10 20 30 -20 -30 -40 -50 1,1 1,2 1,3 1,4

—^ W -- U _^ P Pref
g/22

Fig. 7: Flow field data used to define the inlet
boundary conditions for the calculation
• Experimental data, - Calculation)

The stator under investigation works in a multistage
environment. 	 The influence of the downstream rotor
requires a partially parabolic calculation. To start the
numerical procedure we need a first guess for the three
dimensional pressure field. Taking the static pressure field
measured at the exit plane and chosing a linear increase
in pressure rise from inlet to exit of the cascade a first
estimate of the pressure field is established.

Regarding the axial velocity component w versus ra-

dius (Fig. 7) a well developed endwall boundary layer
is noticed at the casing wall. The hub boundary layer,
however, is rather thin. This flow behaviour is simply
due to the design of the test stage, shown schematically
in Fig. 8. The dotted line in Fig. S defines the
computational domain. The shroud of the stator prevents
the development of tip clearance flow. The relatively
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wide axial gap between the rotor disk and the shroud

explains the high velocity components near the hub. Due
to the well developed boundary layer at the casing, the
velocity triangles in the casing region show a very steep

angle of attack. The staggering of the profiles in the

casing region without considering the altered fow angle
would definitely result in a loss increase.

Computational
domain

Detailed experimental investigations (Wisler, 1977-
1981) show seperated flow regions at the suction side of
profiles near the hub. These separated flow regions were
not detected by the numerical calculation. To achieve
a converged solution even in case of local flow sepa-

ration, the well known FLARE-Approximation (Reyhner
and Fliigge, 1968) was used. This is one explanation for
the unsatisfactory results in the vicinity of the hub. The
main reason for this deficit is to the authors knowledge
the poor resolution of the blade boundary layer. This
is clearly seen by regarding the blade wake. Fig. 10

presents the blade wake versus the normalized spacing
for three radial locations. The chosen parameter that
defines the blade wake is the normalized total pressure
loss.

Trailing edge

R I i I S
	

' ■■■■M■■.■

RG
1 	^	 'I RN

R 	
z

N 0,85
R0

Axis of rotation

Fig. 8: Cross—section of compressor test stage

A 	 comparison 	 of measured (Wisler, 	 1977-1981) 	 and 	 cal-
culated 	 results 	 is shown in Fig. 	 9. 	 Presented 	 are 	 the
circumferentially averaged radial distributions 	 of 	 the 	 veloc-
ity	 components 	 in axial and tangential 	 direction 	 and 	 the
loss 	 coefficient 	 w, defined by

= Pte — A3

Pte — Ps2

1,0

0,8 •	 i
z/RG 

0,6

1

0,4 	

t —

02

0 	 •• r	•;
10 20 30 40 	 0 -10 -20 -30 -40-0.2 0,0 0,2 0.4

-y W 	 — U 	 —...-

Fig. 9: Comparison of the computed and measured flow
field at stator exit (• Experimental data,
— Calculation, - - - Experimental data at inlet)

The measurement is fairly good matched by the numer-
ical results in the casing region, whereas especially the
tangential velocity of the calculation close to the hub
compares rather poor with the measurements. A similar
tendency is observed by comparison of the total pressure
loss, presented by the loss coefficient w. The calculated

radial loss distribution shows maximum losses in the cas-
ing region. These losses are mainly a result of the
casing boundary layer which induces high secondary flow
components.

2,0

	

11,6 	
..

0,9 h
	1'20

	 0,6 	 0,8 	 1,0
lP

Fig. 10: Comparison of the computed and measured
total loss coefficient (• Experimental data,
— Calculation)

The numerical results for all radial locations show a
lower pressure drop in the region of the blade wake

than the measurements. 	 The high losses in the hub
region at 10 % blade height is a result of the experi-
mentally observed flow separation.

The loss increase in the casing region is directly
connected with the well developed endwall boundary layer
at the casing upstream of the stator. The retarded axial
velocity component results in an increase of incidence an-
gle, which leads to an increase in profile losses and, due

to the stronger flow deflection, induces high secondary
losses.

To reduce the high secondary losses in the casing
region Wisler proposed a modified stator geometry. The
modified stator is designed to fit the steep angle of
attack and to ensure a constant camber compared to
STATOR A. This is achieved by increasing the stagger
angle in the wall near regions and moving the stacking
point from 50 % chord to 30 % chord, what results
in an increased loading of the blade leading edge. The

thickness distribution as well as the camber of the
modified STATOR, called STATOR B, is equal to the
one of STATOR A.
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Fig.	 11 gives the circumferentially averaged distri-
butions of the calculated axial and tangential velocity
components (u, w) and loss coefficient w for STATOR B.
Detailed experimental data for the STATOR B config-
uration are not available. To be able to discuss the
influence of the geometrical modifications on the calcu-
lated results, the results of STATOR A are added in
Fig. 11 (see dashed line). The inlet conditions for the
two STATORS (A, B) are set to be identical. The dis-
tribution of the axial velocity component of STATOR B
shows a decrease of axial velocity in the wall near re-
gion and accordingly an increase of axial velocity in the
core region. The tangential velocity component in the
wall near region calculated for STATOR B is supposedly
larger compared to the one calculated for STATOR A.
This tendency is due to the unloading of the trailing
edge. Considering the distribution of the loss coefficient,
a decrease of losses is found within the wall near re-
gions. This tendency correlates with conclusions drawn
by Wisler as a result of his experimental work (Wisler,
1977-1981). Due to the unsatisfactory resolution of the
blade boundary layer a more precise interpretation of the
results is not possible, however, the results of calculation
show a physically meaningful and experimentally proved
influence of the endwall boundary layer on the secondary
losses.

1,0

z/R :s
0,6 --k—

---

0,2 —

0
10 20 30 40 	 0 -10 -20 -30 -0,2 0,0 0,2 0,4

—..-w 	 _^ V _-_ W

Fig. 11: Computed flow field data at stator exit
(- - STATOR A, - STATOR B)

In the casing region, where we see a well developed
endwall boundary layer at stator inlet a high percentage
of total loss is made up of secondary losses. This
phenomena is fairly well represented in the results of
calculation. On the other hand an appreciable difference
in calculated and measured loss is observed in the hub
regions, where flow separation plays an important role.

C) Flow effects within a rotating cascade

The flow field within a rotating cascade is, in addi-
tion to the flow effects in the already discussed stator
blade rows, strongly influenced by centrifugal and Coriolis
forces. The conservation equations (1), defined for a
general coordinate system, account for these effects by

the rotational term SR .

To validate the solution algorithm for the flow cal-
culation within a rotor blade row, a comparison with
experimental results is presented. The geometrical and
aerothermodynamical boundary conditions are those of the
axial compressor rotor investigated by Lakshminarayana
in 1974 (Pouagare et al., 1982). The experimental set
up of the single stage research compressor, mainly de-
signed for the supply of experimental data to compare
with calculations, is shown in Fig. 12 (Lakshminarayana,
1980).

Fig. 12: Cross-section of test compressor
(Lakshminarayana, 1980)

The compressor is equipped with an inlet guide vane
of 43 vanes, a rotor having 21 blades and a stator

being located far downstream of the rotor with 25 vanes.
The radius ratio is constant (v = 0, 5) over the entire
axial length with a casing diameter of 0,932 m. The
measurements are taken at an operating point which
ensures moderate blade loading. The rotational speed is

fixed to n = 1088 rpm. The Mach Number is lower than
M = 0, 3 throughout the compressor, what means that
compressibility effects are negligible. The tip clearance
height during operation lies between 0,25 and 0,3 cm.
The rotor blading is of Type NACA 65-010 with a
modified trailing edge.

All calculations were conducted with a computational
grid consisting of 32 grid points in axial direction and
11 grid points in tangential and radial direction respec-
tively. The flow domain in axial direction is subdivided
into a periodical inlet region (5 grid points in axial

direction), the cascade and a periodical outlet region
(4 grid points in axial direction). 	 The rather poor
resolution of the computational domain in radial and
tangential direction is due to the limitations on CPU-
time on the Burroughs Computer B6930. Due to the
coarse grid in radial direction the tip clearances have

been neglected.

The relative movement of the casing wall is ac-
counted for by explicitely setting the velocity at the
casing wall equal to the rotor tip-speed. Table 3 gives
the radial and tangential coordinates that define the lo-
cations for the measurements. These data are given in

dimensionless form, whereby the radial coordinate is re-
lated to the blade tip radius and the axial coordinate is
related to the local chord length.

Table 3: Axial and radial coordinates to define the
location of the measurements

z/RG x/l
0.583 — 0.75 0.17 0.40 0.60 0.80 1.049
0.670 — 	 0.75 0.17 0.40 0.60 0.80 1.061
0.750 —	 0.75 0.17 0.40 0.60 0.80 1.069
0.832 — 0.75 0.20 0.42 0.63 0.83 1.077
0.918 — 0.75 0.24 0.48 0.69 0.89 1.085

The origin of the axial coordinate is located at the

leading edge of the rotor. Fig. 13 shows the radial

distributions of the tangential and axial velocity compo-
nent at plane x/i = —0,75. These distributions, together
with the static pressure, define the inlet conditions for
the partially parabolic calculation. To nondimensionalize
the velocity components as well as the pressure, the tip
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speed velocity U re1 = 53 m/s is used. The inlet and
outlet conditions for the three-dimensional pressure field
is shown in Fig. 14, where a) marks the data for the
inlet plane and b) the one for the outlet plane. Fig.
15 presents a comparison of measurements and calcula-
tion for the axial velocity component. The axial velocity
component is plotted versus the nondimensionalized tan-
gential coordinate for several axial locations, whereby the
tangential coordinate is nondimensionalized such, that the
suction side is defined by cp = 0 and the pressure side
by cp=1.
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Fig. 13: Experimental data of axial- and tangential
velocity at inlet of calculation domain
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Fig. 14: Experimental data of static pressure at inlet (a)
and exit (b) of calculation domain

The uniform distribution at the inlet plane is influenced
by the pressure field due to the blade forces to become
an almost linear function of , with a maximum velocity
near the suction side and a minimum velocity at the
pressure side of the blading.

Fig. 15: Comparison of computed and measured axial
velocity for different radial positions (• Experi-
mental data, - Calculation, - - - Inlet data)

The calculated distributions compare fairly well with the
measured data throughout the calculation domain. Some-
what higher differences are observed near the blade sur-
faces at hub and casing. In the hub region the
difference might be explained by modelling the hub as a
flat plane. A further source of error in the casing region
is the neglection of tip clearance effects.

	Fig. 	 16 compares the nondimensionalized tangential
velocity distributions for the same axial and tangential
locations as for the axial velocity distributions. The
comparison shows a similar tendency as discussed for
the axial velocity component, with a good matching of
calculated and measured results in the core region and
somewhat higher differences in the wall regions near hub
and casing.
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Fig. 16: Comparison of computed and measured tangen-
tial velocity for different radial position (• Ex-
perimental data, - Calculation, - - - Inlet data)

Following the velocity distributions in axial direction
(from s/l = 0,17 to x/l = 0, 8) shows, that the nu-
merical procedure does reflect the physics of the flow
satisfactorily. The steepest gradient of the tangential
velocity versus tangential direction is, according to the
calculation, at approximately 25 % chord length. The
flattening of the velocity profiles after about 50 % chord
length is calculated pretty well, too.

w/U r
U/U r
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Fig. 17 shows the nondimensionalized static pressure
distributions for the same axial and radial locations as
previously shown for the velocity components.

putational system on a more powerful computer is in
process.
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Fig. 17: Comparison of computed and measured static
pressure for different radial positions (• Experi-
mental data, — Calculation, - - - Inlet data)

The comparison with the measured 3D pressure field
gives results similiar to the ones discussed earlier. It
is seen, that the pressure increases linearly from suction
to pressure side. The steep gradient at x/l = 0,17 is
again flattened out by moving through the cascade, what
reveals a high loading at the leading edge and a rather
low loading at the trailing edge of the airfoil.

For the calculations presented, the three dimensional
pressure correction equation converged after 5 to 10
iterations. The convergence criterion is satisfied if the
maximum pressure change of successive iterations is less
than 0,1 % of the absolute pressure.

The two dimensional pressure correction equation con-
verged after 4 to 9 passes. The convergence criterion is
satisfied if the mass source for every control volume is
less than 0,2 % of the mass flow entering the control
volume in main flow direction.

Conclusion

A 3D-Navier-Stokes solver was used to compute the
flow field within the blade passage of axial compressor
stators and rotors. The adapted partially parabolic
procedure is known as a computer time and computer
storage saving one. Depending on the special application
the designer is able to conduct calculations on a small
computer like the Burroughs B6930 or even a powerful
PC or a workstation.

The calculations presented herein show a fairly good
matching of computational and experimental results for
all three blade rows. Especially the calculations con-
ducted for the flow field within the rotor blade passage
show that the 3D pressure correction equation very sat-
isfactorily models upstream flow effects. Due to the
restrictions in computer storage we were forced to use
a relatively coarse grid in the wall near regions. This
explains the rather poor results of the calculation in the
wall near regions of the blade passage of the strongly
twisted stator blades. The implementation of the com-
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