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INTRODUCTION

The phenomena of rotating stall represents a potentially serious problem
which must be recognized during the design and operation of a compression
system. In general, gas turbine systems are at optimum performance when the
compressor is operating at or near its maximum attainable pressure ratio.
However, as the pressure ratio increases, the danger of perturbations driving
the compressor into the stall regime also Increases. Therefore, the operating
pressure ratios are generally kept below some specified margin to prevent the
compressor from penetrating into the stall region.

1f the compressor does penetrate into the stall region, stall may manifest

itself in one of several ways. In the first mode, all blade passages show

separation and both the mass flow and pressure ratio across the blade passage

show a marked decrease. Although separation surely does have an unsteady
aspect, the effects of this stall mode can be modeled via a steady analysis. A
second mode of stalled behavior is that of rotating stall. In rotating stall,
a major separation region appears in one or more adjacent passages and this
separation zone then propagates circumferentially with time. As the zone
propagates to an adjacent passage, an original passage 'unstalls' and the
process continues. Stall may appear as a single propagating cell or multiple
propagating cells. When rotating stall is present, the average mass flow over
the annulus remains essentially constant, as does the pressure rise, although
both the mass flux and pressure rise are at values for lower than the normal
operating point values. However, on a passage-by—-nassage basis, the flow is
unsteady. For passages containing a stall zone, the pressure ratio and mass
flux show significant decreases from those values in an unstalled passage. As
the zone progresses from passage to passage, each individual passage
experiences a significantly unsteady process.

The final mode of stall is termed surge. In surge, the annulus averaged
mass flux and pressure rise undergo large amplitude oscillation. This is in
contrast to rotating stall where the annulus averaged quantities do not exhibit
a significant amount of unsteadiness. Whereas, in rotating stall the majority
of the passages are operating in an unstalled node, surge affects the annulus
as a whole as all passages contlinuously exhibit these unsteady effects.

The focus of the present investigation is rotating or propagating stall.
Based upon flow processes associated with {t, rotating stall is obviously a

flow situation to bhe avolded if possible, Rotating stall is assoclated with
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decreased compressor performance which, in itself, is a significant problem.
However, the large unsteady effects associated with rotating stall can be a
factor in blade fatigue and can be a precursor to destructive failure of the
component. Therefore, analyses and experiments which shed further light on
rotating stall phenomena represent important additions to the knowledge base.

The problem of rotating (or propagating) stall is a very difficult one
containing considerable complexity. Since rotating stall {s initiated from
separated flow, viscous effects which lead to and then control separation are
important. As previously discussed, rotating stall is an unsteady process when
viewed on a passage-by-passage basis. The unstalled passages are fully flowing
whereas those passages which are stalled contain relatively large separation
zones. Therefore, large scale unsteady separation is a basic feature of the
process. Since stall may occur at significantly off-design conditions, the
oncoming flow may be at significant flow incidence relative to the design
condition. Three-dimensional effects may be important; in particular, part
span stall in which a stall cell occurs over only a portion of the blade
passage, as well as full span stall, are both observed. Finally, in actual
operation stall may be a multi-blade row phenomena in which the presence of
additional blade rows significantly affects the observed flow patterns, with
the interaction effect being dependent upon blade spacing.

The work discussed in the present report details a study of the
propagating stall problem via the unsteady two-dimensional Navier-Stokes
equations. In this work, the Navier-Stokes equations are applied to a
multi-passage configuration. Periodic conditions are applied over N passages,
which allows the flow from passage to passage to differ. A disturbance is

initiated in one of the passages and the resulting behavior is observed.

BACKGROUND

Since its recognition in the early 1950's, rotating stall has been the
subject of a large number of analytical, numerical and experimental
investigations. Two early works discussing this problem are given in
Refs. 1 and 2, which considered the basic mechanisms of rotating stall. Based
upon simplif{ed models, Refs., 1| and 2 considered procedures which deduce the
features of stall propagation iIn single blade rows, such as the dependence of
the extent of the stalled region upon operating conditions and the stall

propagation speed. Reference 2, in particular, reviews several of these early
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approaches. In general, these approaches require steady state blade row
characteristics which must be obtained from experimental data or an alternate
analysis. The required features include flow exit angle and flow loss
characteristics as a function of inflow conditions. The flow upstream of the
blade row is modeled as a potential flow and that downstream of the blade row
is modeled as a rotational inviscid flow using linearized equations. The blade
row 1s considered to be an actuator disk with specified loss and flow turning
characteristics. The flows upstream and downstream of the blade row are joined
by the actuator disk characteristics. As discussed in Ref. 2, these models
give a boundary equation at the actuator disk. In general, this boundary
equation is both unsteady and nonlinear. If the boundary equation is
linearized, the solution may be expressed as a series of waves of wave number
k, and complex frequency w; the real portion of w represents the growth or
decay with time. The ratio of the imaginary portion of w to k is the
propagation velocity, Vp. The linearized approach gives a curve in (k,w)

space which marks the boundary between stable and unstable waves. For the
linearized theory there is no mechanism to limit growth and, therefore, no way
of determining which of the unstable waves the nonlinear system will select.
Also, as discussed in Ref. 2, {f the nonlinear equation is chosen for analysis,
wave length, wave shape and wave amplitude can be calculated subject to
specific assumptions.

A later analysis with the same basic type of model which considered a
nonlinear flow was performed by Takata and Nagano (Ref. 3). Takata and Nagano
again divided the flow into two distinct regions separated by the cascade
actuator disk. Upstream of the disk the flow was assumed irrotational.
Downstream, a rotational inviscid analysis based upon numerical solution of the
vorticity transport equations was used. Again, the two regions were connected
by specific cascade loss and flow turning characteristics. This approach
included nonlinear effects in the downstrean region, as well as in the cascade
characteristics. A time marching solution was then used to investigate
stability characteristics. In Refs. 1-3, as well as other efforts of this
type, the major focus was predictinn of propagatica speed, number of stall
cells, wave form, etc.

Another early effort including nonlinear effects {s that of Adamczyk
(Ref, 4) who considered the result of a specified inlet plane disturbance upon
a cascade flow field. Vorticity transport equations were used both upstrean
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and downstream of the cascade and, as in Refs. 1-3, the regions were connected

by equations expressing the blade passage characteristics. A seriles of

calculations were made with specified streamwise disturbances and it was shown

that under certain conditions a propagating veiocity disturbance at the rotor

inlet plane appeared. This approach which solves the governing differential .

equations in both the upstream and downstream regions has the potential to

treat arbitrary inlet distortion effects. ’
An early effort concentrating upon rotating stall inception was that of

Nenni and Ludwig (Ref. S5). In Ref. 5, time—dependent small disturbances were

" n

superimposed on a steady mean flow through a blade row and the growth of the

disturbances with time was determined for various flow configurations. The

O W -
-2

theory was developed for both an isolated blade row and a two blade row

3

configuration. In contrast to Refs. 1-3, this utilized a two-dimensional

222

finite thickness actuator sheet. The method of analysis determined solutions

- W
!

for disturbance velocities upstream and downstream of the actuator based upon

the linearized Euler equations. These solutions contain three unknown

G

constants that are determined by boundary conditions. The boundary conditions

are imposed via matching conditicns across the actuator disk which embody the

-

SRS Y %

blade row aerodynamic characteristics. Substitution of the general solutions

Y
for velocity components into the matching conditions yields a set of three ‘
homogeneous equations at the cascade inlet boundary which in turn yields a .ﬁ
neutral stability condition. Provided accurate blade row loss and turning :
characteristics were known, this approach gave reasonable results for incipient E;

stall for a series of calculations. This approach was extended to compressible

I'.'F

subsonic flow for single blade rows in Refs. 6 and 7 and to compressible flow

with two blade rows in Ref. 8. ;
While the works of Refs. 1-8 and other work of this type demonstrate sone f
of the important features of rotating stall, the common approach is an inviscid ;’
one with empirical cascade turning and loss characteristics. Although inviscid N;
flow {s a reasonable assumption upstream of the blade row, it is not downstrean :5
of the blade row where nonuniform flows associated with wakes and stall cells ::b
are important. A second drawback of this common approach is the use of an S;
empirical cascade model. 1Tt is in the blade passage region where the stall P
process 1is initiated and use of an actuator disk model here requires a specific f
data base. Furthermore, these approaches do not consider the basic process g
within the cascade and, therefore, do not give clear guidance as to how the h}
rotating stall process may be suppressed. rw‘
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More recently, the emphasis has been on two somewhat different
approaches. The first approach, followed by Greitzer, Moore, Cumpsty and their
colleagues, is based upon a combination of empirical observation, compressor
charactefistjcs and flow modeling (e.g., Refs. 9-13). Ref. 9 presents a
comprehensive review of a variety of approaches to the rotating stall problem.

A different approach which has been pursued recently is based upon a
solution of the Navier-Stokes equations via the vortex method (Refs. 14 and
15). 1In brief, these techniques are based upon the random vortex method (e.g.,
Refs. 16 and 17). These approaches considered incompressible flow governed by
the Euler equations. Viscous effects near the blade surface are modeled by
creating a chain of vortices at the blade surface so as to produce the correct
total circulation and to satisfy the no-slip wall boundary condition. The
vortices created at the walls were released into the main flow at'locations
downstream of the flow separation point which were determined by an integral
boundary layer technique. Vortices in the flow were moved in time in
accordance with the local velocity field. 1In these simulations, a disturbance
was introduced into the steady flow field and the calculation was then allowed
ta proceed in time. Three different types of flow patterns were noted. In the
first case, no instability was noted; the flow elther remained attached or
showed slight separation. The second pattern gave a propagating region of
reversed flow with one or two passages reversed and the other passages full
flowing. As the calculation proceeded with time, the 'stall zone' propagated
through the computational domain. The final pattern showed all passages
stalled. Calculations were made to assess the influence of stagger, incidence,
blade camber, etc. on the flow pattern.

The work described in the present report details the application of a
two-dimensional, unsteady Navier-Stokes analysis to the rotating stall
problem. Prior to discussing the work in detail, it is useful to discuss both
the potential and the limitations of such an analysis. Regarding first the
limitations, it is clear that a two-dimensional simulation does not contain all
the relevant flow physics. A variety of experiments indicate the presence of
strong radial flows when a stall cell is present; a two-dimensional analysis
cannot model these three-dimensional effects. However, in many cases of
practical Interest, much of the flow is essentially two-dimensional. 1In the
early stages of rotating stall, or for conditions at which rotating stall first
occurs, the propagating stall zone {s expected to be relatively weak and the

flow is expected to remain essentially two-dimensional. Therefore, a
-5
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5 two—-dimensional approach to the early stages of this process or to conditions
-f at which this process first occurs, i.e., incipient rotating, is a reasonable
‘ﬁ one. A second major limitation of a Navier-Stokes procedure {s that of
2 turbulence modeling. Appropriate turbulence modeling for highly three-
dimensional, unsteady flows, such as those found in a fully developed rotating A
‘: stall cell, is still a significant problem. However, as in the case of the ‘
h: two-dimensional limitation, the turbulence model is not a major problem for
&; calculation during the inception period. A final limitation is that of
& computer run time. In this regard, significant progress has been made over the ;
$| last few years in hardware, software and algorithm technology and cost per
] calculation is expected to continue to decrease. .
hA In regard to the benefits of the present approach, the present approach '
o considers a simulation based upon solution of the Navier-Stokes equations.
a When combined with a suitable turbulence model, these equations represent the
j actual flow physics. Although two-dimensional and turbulence model A
:‘ assumptions, along with grid resolution questions, still must be addressed, the )
present Navier—Stokes approach represents an initiation of a basic study of :
o this very complex problem. Whereas actuator disk type approaches (e.g., Refs. .
; 1-8) require cascade turning and loss correlations as a function of flow
¥ conditions, the present approach models these properties via a solution of the !
: governing partial differential equations. In this manner, the present ,
> Navier-Stokes approach has the potential for assessing the effect of geometric
; and flow condition details. Although the vortex method approach of Refs. 14 %
- and 15 does not require cascade loss and turning data, it also has ;
limitations. As applied in Refs. 14 and 15, in the absence of separation the :
) vortex sheet representing viscous effects is confined to an infinitesimal sheet ;
.: at the wall; vortices are only allowed to enter the passage flow downstream of :?
K, separation. In many cases of practical interest much, if not all, of the
] cascade passage contains viscous effects and therefore, vorticity is contained ]
;‘ throughout the passage flow field. Furthermore, it is not clear how to extend K
\ the vortex method to turbulent flow without having shed vortices represent the K
: entire length scale of turbulence, thus forming a 'two-dimensional direct E

simulation'. Finally, it 1s not clear how to extend the vortex method to three
dimensions. The Navier-Stokes approach can include inlet distortion and large

amplitude disturbance effects and has the potential for extension to three

: dimensions. Clearlv, the Navier-Stokes approach has considerahle potential y
advantage over more approximate approaches.
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The work presented herein represents a first application of the
Navier-Scokes equations to the rotating stall problem. Details of the
equations, analysis, numerical method, grid and results are given in the

following sections.

ANALYSIS

General

The analysis used in the present effort 1is based upon a solution of the
unsteady Navier-Stokes equations in conjunction with an appropriate turbulence
model. The basic code has been used for a variety of applications such as
cascade flow simulation (e.g., Refs. 18-21). The code solves the full ensemble
averaged Navier-Stokes equations with high near wall resolution; typically the
first grid point off a solid surface is placed within the viscous sublayer.
Versions of the code are available both for two- and three-dimensional flows.
When steady solutions are sought, the procedure utilizes a matrix
preconditioning technique to accelerate convergence to steady state (e.g.,
Refs. 22 and 23). Use of this technique has allowed convergence to be obtained
for engineering purposes within eighty to two hundred time steps, depending
upon flow configuration and conditions. For unsteady flows the time step must
resolve the transients of interest. As will be discussed, the code was
vectorized for ef icient CRAY operation under the present contract effort.
Two-dimensional cascade flows in which a mixing length model is used and a
constant total temperature assumption {s invoked require approximately 0.4
seconds of CRAY CPU time per time step for a grid of 3500 points. Details of

the equations, analysis, boundary conditions, etc., follow.

Governing Equations

The equations used are the ensemble-averaged, time-dependent Navier-Stokes

equations which can be written in vector form as
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where p is density, ﬁ is velocity, P is pressure, % is the molecular stress
tensor, #T is the turbulent stress tensor, h is enthalpy, 6 is the mean heat
flux vector, 6T is the turbulent heat flux vector, ¢ is the mean flow
dissipation rate and € is the turbulence energy dissipation rate. 1If the flow
is assumed-as having a constant total temperature, the energy equation is

replaced by
2
Te = T + % = constant (4)
2CP ‘

where T, is the stagnation temperature, q is the magnitude of the velocity

and Cp is the specific heat at constant pressure. In most cases considered

in this work, the total temperature has been assumed constant. This assumption
was made to reduce computer run time when the constant T, assumption was
warranted. A number of terms appearing in Equations (1-3) require definition.

The stress tensor appearing in Equation (2) is defined as
= 2uD - (; T KB)V'G? (5)

3
where Kg is the bulk viscosity coefficient, f is the identity tensor and D is

the deformation tensor, defined by

< + +
D = ql (wy + (vinT) (6)

In addition, the turbulent stress tensor has hean mndeled using an

isotropic eddy viscosity such that

(upeeH? (7)
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where ut, the turbulent viscosity, is determined by a suitable turbulence
model. Turbulence modeling is described in the next section.

Equation (3) contains a mean heat flux vector defined as follows:
§ = -xvT (8)
and a turbulent heat flux vector defined as
6T = —TyT (9)
where x and kI are the mean and turbulent thermal conductivities,

respectively.
Also appearing in Equation (3) is the mean flow dissipation term ¢.

¢ = 2;3:3 - (; u - Kg )(v-)2 (10)

The equation of state for a perfect gas
P = oRT (1)
where R is the specific gas constant, the caloric equation of state
e = C,T (12)
and the definition of static enthalpy
h = C,T (13)

supplement the equations of motion.

Numerical Method

In regard to the numerical method, the basic method used is that of Brilev Y
and MeDonald (Refs. 24-26) which is a Linearized Block Implicit ADI procedure.

T™is method has heen the focus of considerable {ntensive improvement over the
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last several years. Since {ts original introduction, the method has been
generalized so as to apply In an effective and robust manner to highly
stretched grids, as well as to grids having regions of significant nonorthogon-
ality. Particular attention has been placed Gpon convergence acceleration with
highly stretched grids, as well as to matrix preconditioning for low Mach
numbers. In addition, considerable effort has focused upon CRAY vectorization.

The method can be outlined as follows: the governing equations are
replaced by an implicit time difference approximation, optionally a backward
difference or Crank-Nicolson scheme. Terms involving nonlinearities at the
implicit time level are linearized by Taylor series expansion about the
solution at the known time level, and spatial difference approximations are
introduced. The result is a system of multidimensional coupled (but linear)
difference equations for the dependent variables at the unknown or implicit
time level. To solve these difference equations, the Douglas-Gunn procedure
for generating alternating—direction implfcit (ADI) splitting schemes as
perturbations of fundamental implicit difference schemes is introduced in its
natural extension to systems of partial differential equations. This ADI
splitting technique leads to systems of coupled linear difference equations
having narrow block-banded matrix structures which can be solved efficiently by
standard block-elimination methods.

The method centers around the use of a formal linearization technique
adapted for the integration of initial-value problems. The linearization
technique, which requires an implicit solution procedure, permits the solution
of coupled nonlinear equations in one space dimension (to the requisite degree
of accuracy) by a one-step noniterative scheme. Since no iteration {s required
to compute the solution for a single time step, ard since only moderate effort
is required for solution of the implicit difference equations, the method is
computationally efficient; this efficiency is retained for multidimensional
problems by using ADI matrix splitting techniques. The nethod is also
economical in terms of computer storage, in its present form requiring only two
time levels of storapge for each dependent variable. Furthermore, the splitting
technique reduces multidimensional problems to sequences of calculations which
are one-dimensional in the sense that easily-solved narrow block-banded
matrices associated with one-dinensional rows of grid points are produced.
Consequently, only these one-dimensinnal probleams require rapid access storage

at any gi{ven stage af the solu-ion procedures, and the renaining flow variables
_1{].~
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can be saved on auxiliary storage devices if desfred. Since each one-
dimensional split of the matrix produces a consistent approximation to the
original system of partial differential equations, the scheme {s termed a
consistently split linearfzed block implicit scheme. Consistent splitting has
been shown by a number of authors to considerably simplify the application of
the intermediate split boundary conditions. Further details of the procedure

are given in Refs. 24-26.

Boundary Conditions

E
E
!
§
!
s

Boundary conditions play a major role in obtaining accurate solutions and
rapid numerical convergence. The boundary conditions used are based upon the
suggestion of Briley and McDonald (Ref. 27). For situations having a subsonic
inflow such as those considered in the current effort, total pressure, total
temperature and flow angle are specified on the upstream boundary as boundary
conditions. Since a fourth numerical condition {s required, the second
derivative of pressure is usually set to zero. For subsonic outflow
conditions, static pressure is set as a boundary condition and second
derivatives of temperature and velocity components are set to zero. The
periodic boundaries are treated implicitly, i.e., the values of corresponding
grid points on the boundaries are set to be equal during the solution process.
At solid boundaries, i.e., the blade surface, no slip conditions are enforced
and the blade wall temperature is specified. It should be noted that the
present approach utilizes very high grid resolution near the blade surface to
allow adequate specification of this {mportant region. In general, at least
one grid point falls within the viscous sublayer, y*<l10. This allows rigorous
specification of no slip conditions without resorting to wall function
formulations. Although wall function formulations may be viable in some cases,
such as attached, two-dimensional flow, their application to three-dimensional,
unsteadv and/or separated flows is much more questionable. As a final wall
conditinn, the normal pressure gradient 1is set to zero. Both the upstream and

downstream houndaries have boundary conditions associated with them which are

: : : 2.9
nonlinear functions of the dependent variables. These are the specification of ‘ e
. :\l
total pressure on the upstream houndary and static pressure on the downstream ‘ 3
‘ oy
boundary. These nonlinear boundary coaditions are linearized in the same A

.
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manner as the govering equations (via a Tavior expansion of the dependent Ly
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' variables in time), and then solved implicitly along with the interior point
A

2.'_’ equations.

»

‘I;" Dependent Variables and Coordinate Transformation

N
158 The governing equations, Equations (1-3), are written in general vector
kN form and prior to their application to specific problems it {s necessary to

decide upon both a set of dependent variables and a proper coordinate

N
:;. transformation. The specific scalar momentum equations solved are the x and z
‘::: Cartesian momentum equations. The dependent variables chosen are the physical
JI
N Cartesian velocities, u, w and the density p. If the energy equation is solved,
) enthalpy i{s added to the set of dependent variables. .
el
"i‘:u The equations are then transformed to a general coordinate system in which
A ) .
3’ the general coordinates, yl, are related to the Cartesian coordinates x,, x,
W
K, and xj3 by

= 5ol .

;-\ yl =y (xl’ X2y X3, t); j=1, 2, 3 (14)

N
SRS
e .
,./-: T=t

'rjj As implied by Equation (14), the general coordinate yJ may be a function
::: of both the Cartesian coordinates and time. The governing equations can be

N .

~ expressed in terms of the new independent variables yJ as

"%

n
Ly W + W aF 3H

—+ £ + £ + £

o st tae 3 Fae

B

Al W JF 3H

+n +one— + np— (15)
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through a straightforward application of chain rule differention. In Equation
(15)

and

T E_ R _ W, W wTT T v WA
©
©
ol

puw 0 0 .
3
4 R = ( pw ) » Fy o= ( Txx ) ,» Hy = ( Txz ) (16)
E DWZ*P Txz Tzz

Notice that the metric coefficients (F,,n)xl appear outside the
derivatives. Experience of Ref. 19 shows the results obtained via the

so~called 'semi-strong' conservation form given above are less sensitive to the

method used to evaluate the mnetric coefficients than are results obtained via
the so-called 'strong' conservation form, since less differentiation of the
metric occurs with the semi-strong form. Both forms can return uniform flow in

a nonuniform mesh, but to achieve this the strong form requires that a further

'conservation' condition on the metric coefficients be satisfied. In the
current applications, the computational coordinates, £, n, are independent of

time.

As discussed in the Background section, turbulence modeling for complex
flows still remains an important issue. Althoush versions of the existing SRA
Navier-Stokes code contain both mixing length and two equation turbulence
models, the present effort used a simple mikins length model. The model was
divided into wall and wake regions. 1In both recions the turbulent viscosity

wis related to the mean flow field via
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1
up = p2? (UL 4 2uyy Bug /2 (17)
W 3xj axy  3xy

4 where ut {s the turbulent viscosity, p is the density, £ is the mixing

; length, uy is the fth velocity component and xj is the 1th cartesian

direction. Summation is implied for the repeated indices. The question now

- arises as to specification of & For the reglon upstream of the trailing edge,

. the mixing length is specified in the usual boundary layer manner; i.e.,

3 +
N - _~zv/27
L= (l-e ) WKoe (18)

* is the dimensionless normal

where « is the von Karman constant and z
coordinate, zu;/v. In boundary layer analysis, 2p,x is usually taken as
0.0968 where 6§ is the boundary layer thickness taken as the location where
u/ug = 0.99. However, this definition of § assumes the existence of an outer
flow where the velocity ug 1is independent of distance from the wall at a
glven streamwise station, i.e., it assumes u, is only a function of the
™ streamwise coordinate. Although a boundary layer calculation will yield
solutions in which u approaches u, asymptotically at distances far from the
> solid no-slip surface, Navier-Stokes solutions for cascade flow fields do not
in general predict a region where u asymptotes to a constant value.
- Furthermore, measurements of the flow also show no such region to exist in
general. Obviously, a proper choice of § for the Navier-Stokes cascade
. analysis is not straightforward. The present formulation is based upon
. previous efforts at SRA which have given good results for boundary layer
velocity profiles and skin friction coefficient for a variety of
configurations. This formulation sets the boundary layer thickness by first
. determining up,x, the maximum streamwise velocity at a given station and then

S setting & via

§ = 2.0 2z (19)

>

(u/upax = k1)

i.e., 6 was taken as twice the distance for which u/uy,y = ky where k| was

taken as 0.90,
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The region downstream of the blade trailing edge follows the model of Rudy
and Bushnell (Ref. 28). In brief, this approach calculates two mixing lengths;
one of which is appropriate for the far wake and one of which is appropriate
for the near wake. At each station both are calculated and the minimum of the

two values used. Results shown in Ref. 28 as well as unpublished results

| L AL RA SR = BN

obtained at SRA indicate this is a viable engineering approach for a variety of

by
N

cases considered to date.
Obviously, the use of a mixing length is not appropriate for the fully
developed rotating stall simulation. However, it is a reasonable approach

prior to formation of the major fully developed stall cell.

Numerical Dissipation

The final item to be considered is numerical or artificial dissipation.
To the authors' best knowledge, all Navier-Stokes numerical analyses which are
applied*to the high Reynolds number problems typical of turbomachinery
application require some artificial dissipation to suppress nonphysical spatial
oscillations. Such artificial dissipatfion could t2 added via the spatial
differencing formulation (e.g., one-sided difference approximations for first
derivatives) or by explicitly adding an additional dissipative type term. The
present authors favor the latter approach since, when an additional term is
explicitly added, the physical approximation being made is usually clearer than
when dissipative mechanisms are contained within numerical truncation errors,
and further, explicit addition of an artificial dissipation term allows greater
control over the amount of nonphysical dissipation being added. Obviously, the
most desirable technique would add only enough dissipative mechanisms to
suppress oscillations without deteriorating solution accuracy.

The approach used in the present effort is based upon use of a second
order anisotropic artificial dissipation term. This approach has given

gquantitatively accurate predictions for a series of cascade and isolated

airfoil calculations for surface pressure, boundary layer velocity profile,
surface heat transfer, etc. (e.g., Refs. 19, 20, as well as yet unpublished SRA

comparisons).

S L EE L,

_l S_

AR R ok g g

N L T A R Y e e e N A LGN LN
o y




PO

e

| e v

o7, J.n

S %8l Al Bt B A0l Bt A R Al s “Bal - B “pg- PR
X RN NN AR ) ) byt BBt a3 8 Eub 4ad fad hov .8 god . gt A gut s v

In this formulation, the terms

2

2
- -1
pn 1 d 3_% , pn d ji:g
X 09X z 3z

are added to the governing equations where ¢ = u, v and p for the x-momentum,
z-momentum and continuity equations, respectively. The exponent, n, is zero
for the continuity equation and unity for the momenta equations. The
dissipation coefficient, d,, is determined as follows. The general equation
has an x~direction convective term of the form ad¢/3dx and an x—~direction

diffusion term of the form 3(b3¢/3x)/3x. The diffusive term is expanded
3(b3¢/3x)/3x = b3%¢/3x? + 3b/ax 3¢/ ¥ (20)

and then a local cell Reynolds number Rep, is defined for the x-direction by

Re <12 - 3b/ 3x| Ax/b (21)

where b is the total or effective viscosity, including both laminar and
turbulent contributions, and A&x is the grid spacing. The dissipation
coefficient, dy, is nonnegative and is chosen as the larger of zero and the
local quantity ue(oxReAx - 1). The dissipation parameter, oy is a specified
constant and represents the inverse of the cell Reynolds number below which no
artificial dissipation is added. The dissipation coefficient, d,, is
evaluated in an analogous manner and is based on the local cell Reynolds number
Rep,, grid spacing Az for the z-direction, and the specified parameter og.
It should be noted that calculations have been run with artificial dissipation
added in the conservative form a(o""ldx 3¢/ 3x)/Ix, and no significant
difference between the forms was noted.

In regard to the chcice of constants o, and 0,, a variety of parametric
studies have indicated that once dy, and 0, are set to values between 0.l
and 0.05, a further decrease does not significantly affect the results. As
will be discussed, most calculations were run with the constants Oy, 0, in
this range. However, in the compressor cascade chosen, a higher value was
required in the immediate vicinity of the leading edge stagnation point; i.e.,

x/c < 0.02. A variety of computations performed at SRA in Refs. 19-21, as well
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a‘ as unpublished results under Navy contract NO0OO14-85-C-0499 show this choice to '
» gilve results which compare very well with experimental data even in the leading

: edge stagnation region. *
i CODE VECTORIZATION AND MODIFICATION

I\ A major task under this contract effort was vectorization and modification N

of the single passage cascade Navier-Stokes code. The basic code used was

E originally developed as a research code with the major concern on code E
.: flexibility and generality (Ref. 29). The code was rewritten for specific i’
; application to the cascade problem but without vectorization (Ref. 30). The .

revised code still retained considerable generality as a cascade code and the

run time for a grid of 3500 points was reduced from approximately 20 CRAY-1 CPU

s
. e gag

- seconds per time step to 5 CRAY-l1 CPU seconds per time step. The present :
f effort envisioned a series of unsteady, multiple passage simulations. Since .
the calculations required temporal accuracy, the matrix preconditioning
’: techniques of Refs. 22 and 23 could not be used. Therefore, in order to N
i utilize computer time efficiently, the first step in the present program was to N
j extend the code to allow a multiple passage capability and vectorize the .
F revised code for efficient CRAY operation. In addition, an axial velocity
.s density ratfo (AVDR) was incorporated into the code to include converged 3
ﬁ endwall effects on the stream surface being analyzed. These items are now )
,g outlined in brief.
. Multiple Passage Capabilty :
N v
_: Prior to the present effort, the cascade code had been restricted to a Y
‘ single passage configuration, such as that shown in Fig. 1. Figure 1 shows a ‘
) 'C-grid' although both 'C-grid' and 'H-grid' capabilities are currently :
3 available. As shown in Fig. 1, the grid consists of two sets of lines; the ;
‘: first being pseudo-azimuthal lines such as JLK and the second being 3
pseudo~radial lines such as FG. A description of the grid generation procedure )
'ﬂ is given in Ref. 19. It should be noted that for purposes »f clarityv, not all .
'; points have been included in this figure. E
; Under the present effort the code was first extended t» allow calculation X
- for multiple passage configurations, such as that shown in “ig. 2. In this 2
-17- s
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»
case the periodicity condition is imposed on line segments AGB and DE. The E
passages need not have identical flow fields. However, {f {nitial conditions t
and boundary conditions for each passage are set to be identical, an :
identically periodic flow field should emerge. i
A calculation demonstrating the multiple passage capability {s presented 'E
in Fig. 3. This calculation represents a converged solution for the subsonic N
compressor cascade of Hobbs, Wagner, Dannenhoffer and Dring (Ref. 31); this P’
case was used as a base case in Refs. 19 and 30, where it was shown that the %
surface pressure calculation by the SRA Navier-Stckes code was In good :
agreement wih experimental data. Figure 3a shows the grids used. In brief, :
the grid is a 'C' type grid for each passage. A total number of 3390 grid r
points were used for each passage with a highly stretched grid bhawving very g
strong resolution both near the blade and in the vicinity of the blade leading \
edge. For example, the first point off the surface is a distance of 0.8 x 10-" h:
chords from the surface, and in the leading edge region grid polnts along the L
blade are spaced at a distance of 0.0023 chords apart. :
The calculation was run as a low Mach number calculation at Reynolds 2
number based upon chord of approximately 0.6 x 103, The flow field contours ET
are plotted in Figs. 3b-3d. As can be seen, the flow is identical from passage p
to passage and, although not shown, is also identical to the single passage :
calculation within truncation error. The pressure coefficient at the leading ;
edge stagnation point, 1Is calculated to be 1.0l, which gives a pressure at the ;
stagnation point very close to the freestream stagnation pressure. The surface K
pressure distribution corresponds to that of Ref. 19, which is in good j
apreenent with data. The velocity vector plot is given in Fig. 3e. These ?j
results demonstrate the developed multiple passage capability as the computed !
flow fields were identical from passage to passage. As will be shown later,
pissage-to-passage identical flows have been obtained for up to five pasages.
“
.
Code Vectorization .
As previously discussed, a significant portion of the present effort :
consisted of restructuring and recoding the existing SRA Navier-Stokes conmputer
code for effective operation on the CRAY family of computers. The code f.
veactorization consisted of several distinet parts.  Firs:, all DD looaps ;'
throusghont the code were rearranved for eflective vectorization; this often f
required chanving the order 0 foaer ad onter loopse Secondly,) the bhasic oade ’
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E
E was restructured so that {in each ADI sweep, the coefficients for the linear

! equations, which represented the governing equations, were computed {n a vector
manner. In other words, the coefficients for multiple lines were computed
simultaneously. Finally, vectorized matrix inverters which could solve a set

of multiple lines simultaneously were developed. As a result of vectorization,

- - W -

run time was reduced by approximately a factor of ten. The multiple passage

capability of the vectorized code has been validated by computing the flow
about the Stephens-Hobbs (Ref. 31) cascade using an H-grid coordinate system.
A computer sketch of the grid for a five passage configuration is given in

Fig. 4. 1In order to demonstrate the passage-to-passage repeatability, two

T R BB o»o»

five-passage calculations were carried out. 1In one case, the flow condition
was the design condition (i.e., inflow angle = 38.0°) while in the-other case,
the flow condition was severely off-design (i.e., inflow angle = 57.7°). The
grid geometry for five-passage cascade {s shown in Fig. 4. The grid geometry
and upstream and downstream boundary conditions for all passages are identical
to one—another. The u-velocity contours and w-velocity contours for design
flow conditions and severely off-design flow conditions are shown in Figs. S

and 6, respectively. The contour plots for both conditions {llustrate

RS TERV T W W W R

identical flow characteristics from passage to passage, Iindicating the effects

of computational error to be insignificant. The u-w vector plot of the

e LN

off-design calculation case s shown in Fig. 6c.

AVDR Effects

The present analysis considers a two-dimensional flow field which
essentially consists of flow in an assumed stream surface extending between two
or more blades. In general, three-dimensional effects are present and one
method which includes one of the important three-dimensional effects occurring

in cascades or blade rows {s based upon the axial velocity density ratio (AVDR)

" F R F RETEm T W W N R OLWAT. S %" ®

concept. A description of this approach 1s well as derivation of the baslic
equation s piven in Ref. 32, 1In brief, this technique includes the effect of
flow acceleration or deceleration through the passape due to endwall

contraction or expansion and endwall boundary laver yrowth bv adding a term of
ou db R ' ,

the form Nl v to the continuitv equation, where b represents the thickness of
) (D

't L ey . . - .3 - [ o . . -

e stream surface ander consideration, 19 av avisvimetric stream surface {s
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considered, the added term has the form g%-%gi, where r i{s the radial location

of the stream surface. 1In addition, terms corresponding to components of
centrifugal and Coriolis accelerations in the stream surface ca6 be included.
As discussed in Ref. 32, this additional term in the continuity equation leads
to additional terms In the momenta and energy equations when they are written
in conservation form. The existing code now allows specification of a stream
sheet thickness, b, as a function of axial location to include this effect.

The effects of the addition of the Axial Velocity Density Ratio (AVDR)
terms to the code are shown in Figs. 7-8., Pressure coefficient (Cp) agalinst
axial distance from leading edge for design calculations with AVDR terms and
without AVDR terms is shown in Fig. 7 for the Stephens-Hobbs on design H-grid
calculation. As the axial velocity density ratio is raised, the contraction
effects of thickening -~f4e-wall boundary layers are manifested as a gradual
decrease in suction surface pressure. The pressure rise attained at the
trailing edge by the diffusing suction surface flow governs the pressure levels
on the pressure surface, which tends to fall uniformly with increase in axial
velocity density ratio. Comparison of the averaged mass flux for two steady
state calculations, one with AVDR terms and the other one without AVDR terms,
along a single-passage cascade 1s shown in Fig. 8. 1In the axial direction
regions where db/dx = 0 (i.e., entrance and discharge regions), the averaged
mass flux was constant. For the case where AVDR terms were set to zero within
the passage, mass flux varied within the passage due to blockage effect of the
hlades. However, upstream and downstream of the blades mass flux was constant
with the upstream and downstream values being equzl. For the case where AVDR
terms were non-zern, these terms were still set to zero both upstream and
downstream of the passage but were non-zero within the passage. In this case,
the mass flux upstream of the passage differed from that downstream.

In viewine the computed surface pressure distribution, the distribution is
very similar to that obtained with the 'C-grid' and which compared favorably
with data (Ref. 19). A major difference occurs in the immediate vicinity of
the leading edge, where the stagnation computed with the 'H-grid' is
approximately 1.21; this is considerably higher than the expected value of 1.04
based upon the inflow Mach number of 0.4. 1In this regard, it should be noted
that the pressure coefficient, C,, is defined as (p-pm)/i oo w2, Al though
this unrealistically high value of stagnation point pres;ure coefficient is

confined to the immediate vicinisv of the leading edve stacnation poiat and

~30-
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drops very rapidly as one proceeds away from the stagnation point, this has
been characteristic of the present experience with the 'H-grid' calculations.
Previous experience with 'C-grids' indicates very close agreement between
computed stagnation point pressure and that expected from inviscid

considerations.

PRELIMINARY RESULTS

Results obtained under the present effort fall into three categories.
These are (i) general results obtained during the course of deck development,
modification, etc., (ii) inlet distortion, and (iii) the rotating stall study.
In regard to the first of these, several cases have been discussed previously,
These include the multiple passage capability (Figs. 3-6) and the AVDR
capability (Figs. 7 and B8). 1In addition, a series of calculations were
performed to demonstrate calculations including the energy equation and
comparison between 'H'-grid and 'C'-grid results. The energy equation showed
expected temperature contours in the flow field and inclusion of wall heat
transfer did not show any significant effect on the wall pressure
distribution. The cases considered were purely demonstration cases and
therefore are not presented here. However, a comparison with data for the C3X

turbine cascade is given in Ref. 20,

INLET DISTORTINAN RESULTS

Inlet distortion calculations were performed in the current program for
two reasons. First of all, inlet distortion and its effect upon cascade
performance {s a subject of interest in its own right. Although most cascade
analvses have assumed flow to be periodic on a passage-to-passage basis and
also assume uniform inflow conditions, this is clearly not the case often faund
in practice. In practical situations, upstream obstructions such as struts,
upstream flow nonuniformities, downstream pressure nonuniformities, etc.,
clearly provide nonuniform inflow conditions and negate single passage
periodicity. Therefore, the inlet distortion problem is one of considerable
fnterest which has received relatively little attention to date. A second
reason for investigating the inlet distortion problem under the current effort

is to consider a possible mechanism for introducing a distarbance to initfiate
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rotating stall and to assess relevant time scales. As will be discussed, both
steady and unsteady inlet distortion flows were considered under the present
study.

A sample inlet distortion calculation was performed for a two passage
Stephens/Hobbs configuration in which the undistorted flow was at design,

@y = 38°. To demonstrate the inlet distortion capability, a total pressure
deficit of one-—half the inlet head was introduced on the inflow boundary of the
upper passage while the inflow condition on the inlet boundary of the lower
passage was kept uniform. The effects of this inlet total pressure distortion
are illustrated in Fig. 9, which shows the distribution of the total pressure
coefficient contours for the flows with and without inlet distortion. The
effects of the inlet total pressure distortion on the blade surface pressure
distribution are illustrated in Figs. 10a and lOb. As can be seen, although no
distortion has been imposed along the inlet of the first passage, both blades
are affected. Further indications of the effects of the inlet distortion on
the passage flows are given in Figs. lla-c, which are the contours of the
static pressure coefficient, the u-velocity component and the w-velocity
component., It appears that the transverse (i.e., w) velocity component {is
laast sensitive to the total pressure distortion.

The previous case concerned inlet distortion applied to a design case
condition. The next case considered was the off-design case, again with a
time-independent inlet distortion. 1In this case, a stationary inlet distortion
was introduced in terms of a combination of total pressure and flow angle along
the inlet section. Figure 12 is a schematic of the imposed distortions in
inflow angle and total pressure. This distortion covers a circumferential
length of two and one-half passages. The inlet distortion calculation was
initiated from an asymptotic steady state solution of a highly loaded case
without distortion (ajfiow = 50° where desizn inflow is 38°). Under these
flow conditions, the cascade does not operate effectivelv and the generated
static pressure recovery is considerably less than that obtained at design.
Then, the distortion was imposed and the calculation proceeded until a new
steadv-state was reached., The effects of the inlet distortion on the blade
surface pressure distribution are illustrated in Fig. 13. 1Tt can be seen that,
Although the inlet distortion was applied to only dne-half of the total inlet
circumferential length, the surface pressare of all the blades is affected. It

shoatld also he aosted that the nmavirnm o fect o8 distorting occurs at blade
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passages four and five, which are the locations to which the upstream

distortion is convected by the mean flow, as shown in Fig. !4. This is more

clearly shown in the velocity plots of Figs. 15a-15c. For the purpose of

comparison, both the no-distortion and with-distortion cases are given in

Figs. 15a-15c. These figures indicate that the nost salient feature of the
distorted flow field is the appearance of larger separation zones on the
suction sides of the tralling edges of all blades. The separation bubbles in
passages two and three are relatively larger, covering approximately 50 percent
of the chord and elongating into the wake.

The final inlet distortion case focused upon unsteady response of a
cascade subject to change in inflow conditions. A single passage cascade
subject to a total pressure distortion on its inlet boundary was used for this
test case. The initial condition for the single passage case is shown in Fig.
16b. This is the steady-state solution of a single-passage cascade subject to
an inlet distortion. Subsequently, this upstream disturbance is removed over a
short period of time and the relaxation of the flow is followed up to t = 7,2,
For purposes of comparison, the eventual steady-state is also given in Fig.
16a., The relaxation process of the reversed flow zone is 1llustrated by the
time history of the contours of axial velocity (Fig. 17), circumferential
velocity (Figs. 18 and 19}, velocity vector field (Figs. 20 and 21) and
pressure coefficients on the blade surface (Figs. 22a and 22b). From these
figures, it can be seen that following the removal of the inlet distortion, the
large separation region on the suction side is shrinking (t = l.4, 3.2),
subsequently, the flow becomes essentially attached to the blade, however, a
zone of reversed flow appears in the near wake region (t = 4.0) and eventually
disappears (t = 4.8, 7.2). It can be seen from Fig. 21 that the revolving
sense of the apparent vortex for t = 3.2 (separation zone on suction surface)
is opposite to that of the vortex for t = 4,0 (reversed-flow zone in near
wake). Based on this investigation, the relaxation time is estimated to be at

“

‘east 7 dimensionless time units (the axial chord length is 1 and the inflow

(I Y L B
R

axial velocity is 1), which should give an estimate of the time required for a

e

passage to recover to full flow after the rotating stall cell has passed.

ROTATING STALL RESULTS

N L

The major focus of the present program is the application of the

“avisr-Stokes analysis to the rotating stall problem. A< has heen discussed in

~43-
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the previous sections, considerable effort was required prior to addressing the
rotating stall problem. This preliminary effort consisted of code
vectorization, extension to multiple passages, {nlet distortion and inlet
relaxation time. The present report section details the application of the
Navier-Stokes analysis to the rotating stall problem.

In applying the Navier—-Stokes equations to the rotating stall problem, {t
is necessaryv to decide whether to use the energy equation, Eq. (3), or to make a
constant total temperature assumption. Although including an energy equation

does relieve an approximation, it also considerably increases computer run time,

perhaps by an additional fifty percent. When written in terms of total

temperature, the energy equation becomes K
nc, T 3Ty s U4 :
S A/ LA b L I e -
o
Dt at I %, 3y (22)

Considering the term for the time derivative of pressure, Briley, McDonald and

Shanroth (Ref. 23) have shown that when appropriately nondimensionalized, the

P L2 LS

v

v

term has the form (v ~ 1) Mrzo an/at where M is an appropriate

reference Mach nunher and Cp is a pressure coefficient. For the relatively ;_
low Mach flows where Lhe time rate of change pressure is small, as s true in ;:
the cases of rotating stall initiation considered here, the total temperature E
approximation should siill be reasonable and it 1s used here to conserve ‘

computer time. However, the option to solve for the energy equation 1s included ,{
in the code and cac be {nvoked. Tt 1s expected that for calculations which lead
to stronger stall, the constant total temperature assumption may become
inappropriate and an enerygy conservation equation would need to be included. *
The rotating stall problem is a very complex one; most previous efforts K
have approached the problea via linearized inviscid equations with the blade row
represented by an actuator disc (e.g., Refs. 1-8), approaches bhased upon

component modeling (e.o., Reis. 9-13) and approaches based upon vortex method

simnlation (Refs. [4 and 15). The present approach s based upon a

Navier-Stokes simniation. Advantares and Timitations of the present approach

AP T Sl B

have been discussed in the Background section and will not he repeated here.

The case considercd {3 that of ludwig, Nenni and Arendt (Ref. 33) which is -

.

stator set No.o 1 frona =79 jet engine. The coordinate for the midspan ;
sreometry was faandsteed be Lo Smith and Mo Soo of General Flecteic Company gﬂ
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(Ref. 34). Prior to considering a multipassage calculation, a series of ':
calculatio.s were performed with a single passage configuration. The stagger -
angle was 40° and solidity was 0.85. The grid used in both the single and 4 ::
multiple passage configuration is shown in Fig. 23. . ::
In regard to the type of grid to be used, previous results have been L;
obtained with both a C grid and an H grid. The advantage of an H grid is that .
it allows the upstream grid boundary to be placed at an arbitrary distance i
upstream of the cascade entrance plane. In contrast, as the upstream boundary :
of the C grid is moved further from the entrance plane, the grid becones ?_
: increasingly non-orthogonal, thus effectively limiting placement of the s
upstream boundary. Allowing the boundary to be placed far upstream allows the :‘
flow upstream of the cascade entrance plane to react to individual separated .:
passages. The disadvantage of the H grid is the rapidly changing.coordinate bi
metric coefficients in the blade leading edge region and the metric singularity '
at the leading edge branch point. These may affect both numerical stability i
and accuracy. Since the rotating stall study is a study of an instability ﬁ
leading ton a propagating stall cell, the decision was made to utilize a C grid :
but to place the inflow boundary as far upstream as possible without having the ;
grid become unacceptably non-orthogonal. %
The grid contains 149 pseudo radial lines and 35 pseudo azimuthal lines, ::
giving a total number of 5215 grid points per passage. As can be seen, very :ﬂ
high resnlution in the pseudo-radial direction is obtained in the vicinity of ;
the blade, with the first point from the blade being approximately 0.1x10™3 N
chords from the blade, High streamwise resolution is found in the leading and :f
trailing edpe regions. :t
In order to qualitatively assess the performance of the numerical :
simulation, five different cases were carried out for a single passage flow: -
(V) ay =577, (2) ap = 58,5°, (3) a; = 59°, (4) a; = 60°, and (5) a; = 61°, }
where ayp is the inflow angle at the inflow houndary. The relationship between ?
ap and the rortatins stall inceptian boundarv is {llustrated in Fig. 24, which :
is taken from the CALSPAN report (AFAPL-TR-73-35). The parametric locations of >
simulated cases are also indicated in this fiyvare.  The yeal of the current :f
simulations s to asgess rthe gqualitative consistency between the experimental 2
results and the namerical resultys Insofar as the inception of unsteadv stall is ?
concerned s As Wit b denanst rated in the fallowing resulos, although only a ’
sinele passare was oonsidered) the resalts indicatad hy the numerical :?
simglart fon ol oen e Tt e g Ead et ed By the e et S, :
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For cases (1)-(4), the numerical simulations all reach asymptotic steady
state., The surface pressure distribution, the contours of axial velocity and
the contours of transverse velocity are shown in Figs. 25-27, respectively. It
should be noted that the present calculations were run at a low subsonic Mach
number, M = 0.4, to allow transient accuracy without unrealistically limiting
the allowable time step. For M = 0,4, the stagnation point Cp, which is

defined as (P - Pm)/(l/Zmpqu) should be approximately 1.045. The

STAG

computed C, is slightly above this value. As the inflow angle increases, a

P
small recirculation region starts to develop on the suction side of the
trailing edge. The recirculation zone is indicated by the zero-value contour
line (a solid line) in Figs. 26 and 27. The scale of the wake also increases
with increasing inflow. Although cases (1)-(4) clearly converge to a steady
state solution, in case 5, a; = 61°, the numerical simulation does not lead to
an asymptotic steady state, in fact, the monitored {low quantities exhibit
significant unsteadiness. Fig. 28 shows the surface pressure distribution at
various times over a non-dimensional time span of 18.35. The time station at
t = 0 is arbitrarily chosen. It should be noted, by comparing Fig. 28

(a; = 61°) and Fig. 25d (a; = 60°), that the lift at a; = 61° is smaller than
the lift at a; = 60°. A clear indication of the existence of the unsteady flow
at a; = 61° is given in Figs. 29 and 30. Again, the recirculation regions are
indicated by zero-value contour lines in axial and transverse velocity contour
plots. At t = 0 there is a large separation zone attached to the suction side
of the tralling edvue region. Subsequently, it breaks away from the trailing
edge so that a relatively smaller separation region still attaches to the
trailing edge while a recirculating zone of significant size appears in the
near wake region. The flow situation at t = 14.35 is further illustrated in
Fig. 31, which is a velocity-vector field. Three recirculation zones are
clearly discernabla, This set of simulations indicate that the inception
boundary of unsteady stall for a flow with single passayge perindicity, which
may or may not be related to rotating stall, is approximatelv at a; = 60°, 1t
is of interest to note that this is the approximate inflow of the rotating

stall boundary as siven by the experimental resialts depictad in Fig. 24,

Single Passage Calculation with Injection

Fallowing the sintle passave calcealation, attention «2ifredl to sindle
5 0 } ] 4

passase caloularions with wall traaspiration, I faitiar i a rotatinge stall
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simulation, the {ntent {s to first obtain a five passvase flow {n whis» wach
passage contalns an identical flow field. The intent {< then to Iatroduce a
disturbance, locally create a stalled passage and then follow the flow
development in time. An obvious question arises in terms of hoyw to introduce
the disturbanc three obvious possibilities exist.s The first possihility

! N

would introduce a disturbance in total pressure and/or 1w Incidence at the

inflow boundary; such a calculation has been dewosnstrated in the relaxatfon

calculation previously discussed (Figs., 16-22). The second approach would

‘{; introduce a static pressure disturbance at the outflow boundary. The final
approach, which is the one used, would introduce a disturbance in the flow

: field. The disturbance chosen was suction surface wall transpiration over the

A

;5 aft 50 percent of the axtal chord.

¥y Prior to introducing the disturbance for a nultiple passage calculation,

‘i the effect of a wall transpiration disturbance on a single ; issage flow field

‘2 was considered. Two series of time accurate unsteady calculations were

‘E performed for single passage cascade flows. In the first series of

5 calculations, the bascline flow is the steadv-state solution for inflow angle

i of 57°. In the second series of caleulations, the baselin: flow is the

steady-state solution for inflow angle of 60°. Ar snme iastant, a disturbance
) o ¥

. was then applied to these baseline flows through the specification of the wall
- boundary condition on the suction side of the bilade. Mure specifically, an
injection toward the upstrean direction was introduced (Uwall = =0.039,
o Wwall = 0) in the *railiag cdye region,  The spitial extoat af the injection s
-
al I - .
N about 50 percent of the axiil chord lTength.
.
"
- . . 0 ) : . s
n The first case considered is that of 577 inf aw, A steady calculation was
.
-t obtained at 577 wia the Narsior=Stokes solver a<y a mitris precondicioning
3 technique saitable for steady solat fone (eao., =4 22 ant 23). The solution
.
&
. was then continned in roal time to t = 4.0 wher 2 wall jer wis applied.  The
}
A inclusisn of 1 wiall Jer led to a change in the Tiow fiel ) fowever, 1 new
.
b’ ateady state was roached hyeoros m o0, Mg b sttt ine ol W 0 gnin g
corresponds roonchte o thayr b s rel poation oo apst rean Jdistortian shown
. in Figs, [6=2000 o warface pressare JAgtrihestag i whm i Fiel 2000 A
y
carofal cvamia et T s e cons iAo e ah o e T ey r o 0t and e = 800
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and t = 8.0. After t = 8.0 the only significant changes occur in the wake
region where the disturbance is continuing to move downstream.

The second case considered is that of 60°.inflow. In this case, the wall
jet is applied from a converged solution at t = 0.,0. In contrast to the 57°
case, introduction of the wall jet led to a solution which exhibited periodic
shedding and did not reach a steady state. Computed pressure distributions for
the wall jet on calculations are given in Figs. 35a - 35j. The calculation was
also run with the jet removed at t = 24,0 and the surface pressure returned to
its original state as shown in Figs. 35h' and 35i'. Velocity contours of the U
and W velocity components are presented in Figs. 36 and 37. Contours of
streamwise velocity at different times with wall jet disturbance and without
0.0 (Fig 36a) the flow is attached and there
4.0 (Fig. 36b), after +he disturbance has

are shown in Fig. 36 a-i'. At t

i1s no reversed flow region; at t
been in effect for 4.0 non-dimensional time span, a large separation zone is
developed. The zero contour line is shown by a solid line which delineates
the reversed flow regions at t = 8.0, 12,0, 16,...36.0 (Figs. 36c¢c-j). The
large separation zone, started at t = 4,0, split into two or more separation
zones floating into downstream. Figs. 36h'-i' show the contours after the
disturbance has been removed. It can be seen that the flow returns to its
initial flow field implying the uniqueness of the solution under the given
inflow angle of 60.0 degrees. Contours of transverse velocity for this series
of calculations are shown in Figs. 37a-i'. It should be noted that once the
wall jet problem 1s established the unsteadiness does not propagate upstream of

the blade (see Figs 36e-j).

Multiple Passage Calculations

The final set of calculations considered were made for a multiple passage
configuration. The configuration used was a five passage configuration in
wnich each passage was that of stator No. | of Ref. 33. This stator blade was

geonetrically identical to that of the fifth stage stator blade of a J-79

-
conpressor but with size reduced by a factor of 1.67. The tests of Ref. 33 ”
. rl
were ran at relatively low Mach number, Mg = 0.075. Calculations were run at ¢
»
a higher Mach number, M, = 0.4, to avoid very small time increments which are ‘o

required at lower MMach numbers due to stiffness of the equations at low *ach
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Fig, 36 - Contours of
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numbers. At M, = 0.4, time increments of 0.02 were taken where a unit time
increment {s based upon axial chord and upstream axial velocity. In this
regard, it shéuld.be noted that typical inlet Mach number conditions for actual
operation are found in the high subsonic or low superscnic regime. Therefore,
in practice, the restriction to moderate Mach numbers or above, if reasonable
time steps are to be taken, does not represent a practical drawback. In regard
to the comparison with data in the present effort, the difference in inflow
Mach number condition should not be significant since the calculation was
performed for flow conditions where the compressibility effects were of minor
importance.

Calculations were run for a solidity of 0.85 and a stagger angle of 40°
over a range of inflow angles. The experimental data for this configuration is
shown in Fig. 24. As can be seen in this figure, at 40° stagger, no stall was
observed for inflow below 58.5° and steady rotating stall was observed for
inflow above 60°, 1In addition, at this inflow angle stal] was observed to
occur experimentally in a sharp and definite manner. Calculations were
performed at various inflow angles by first obtaining a steady solution at that
inflow angle, 1if such a solutfon existed. If a time periodic solution existed,
the solution was run until a time periodic solution was obtained. 1In either
case, a wall jet disturbance was then introduced along the suction surface of
the second blade in the manner discussed in the single passage calculation.
Subsequently, a stall zone appeared and if the stall zone propagated, the
disturbance was removed and the evolving flow field observed. These results

were then analyzed; details of cases considered follow.

Case No. 1 - 57°

The first case considered is that of 57° inflow. As can be scen in Fig.
24, no rotating stall should be obhserved under these conditions. The
calculation was initiated, run to steady flow and then a disturbance {introduced
into the second passage. The disturbance consisted of wall blowing at a rate
of 5 percent of the upstream velocity over the aft fifty percent of the suction
éurface. The steady solution prior to introduction of the disturbance is shown
in Fig. 38. Figure 38a gives U-veloclity contours, Fig. 38b gives W-velocity
contours and Fig. I8¢ glves surface pressure coefficient., Identical flow was

found in each passage.
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A jet was then introduced on the second blade suction surface and within
efght time units a new steady solution was obtained. This new flow was not
periodic on a passage-by-passage basis. Contours of the U-velocity component
and the W-velocity component are shown in Fig. 39a and.39b, respectively.
Clearly, a disturbance 1is present. The major disturbance 1is on the second
blade, however, changes are also noted on both the first and third blade flow
fields. A distinct and observable separation zone appears in the aft region of
the second blade suction surface. 1In addition, the leading edge regions of
both the first and third blades are affected. The effective incidence on the
first passage 1s decreased and that on the third is increased. This is
consistent with the usual explanation of the rotating stall process occurring
due to change in incidence of neighboring passages. This increase in incidence
of the third passage will tend to stall the third passage. This third passage
stall tends to relieve the second passage stall and, therefore, after some time
period the stall zone originally observed on the second blade will proceed to
the third blade (e.g., Ref. 1) Although this basic flow disturbance pattern is
clearly observed in Figs. 39a and 39b, no propagation was observed and a new
steady flow pattern was attained. This is consistent with the data as shown in
Fig. 24. The calculation was continued for an additional eight time units; no
significant change was noted. Surface pressures relating to the new flow state

are given in Fig. 39c.

Case No. 2 - 61°

The second case considered was for an inflow of 61°., Again, a five
passage configuration was used. With the exception of the flow inflow angle,
conditions were identical to that of Case No. l. A solution without any
disturbance present is shown in Fig. 40. As in the case of the single passage
60° calculation, a separated zone was observed. It should be noted that all
passages had nearly identical flows. Since the periodicity conditions were set
at both plitchwise boundaries, since the geometry and computational grid of all
passages were identical and since inflow and outflow boundary conditions were
uniform along the entire domain, identical solutions would be expected in the
absence of roundoff error. Such a set of solutions i{s shown in Figs. 40a-c.

It {s possible that with continuing running of the solution, roundoff error
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' would develop passage-to-passage differences. However, this question was not

pursued in the present study. At t = 4.0 a disturbance in terms of a 0.02

M
\ suction surface blowing was introduced on the second blade. This was
E maintained until t = 8.0, when it was removed.
{ Table 1 presents the developing pattern between t = 12 and t = 36. As can

be seen, the large separation region propagates in the direction from blade 1

to blade 5. A representative flow pattern is shown in Figs. 4la and 4lb. It
K 1s clear that each passage at all times does contain separated flow and
h although the region of most intense flow separation does propagate, passages do

not fully recover. This is not usually the behavior associated with rotating
f stall,
K)

Case No. 3 - 60° Inflow
)
i Based upon the previous two cases, the third case was chosen at an
bt intermediate inflow angle. Clearly, 57° inflow does not lead to any propagation

whereas 61° leads to a definite propagation. However, in this latter case no
L complete recovery was ever attained in any passage. Therefore, the third case
! Table 1| - Blade flow properties for 61° case; X indicates large
» separation zone, O indicates small separation zone.
-
§ BLADE NUMBER
"
- t 1 2 3 4 5
‘ 12 0 0 0 X X

16 X 0 0 X X
> 20 X X 0 0 X
24 X X X 0 0

", 28 0 0 X X 0
. 32 0 0 X X 0
E 36 0 0 0 X X
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was run at 60° inflow. At 60° inflow no significant separation zone existed
with no disturbance applied. The velocity contours for this steady undisturbed
flow are shown in Figs. 42a and 42b. The disturbance again was introduced as a
wall blowing disturbance on the suction surface of the second blade. In brief,
upon introductfon of the wall disturbance a significant separation zone
appeared and in this case propagated toward blade 3. The wall disturbance was
maintained until the separation zone reached blade 3 with some effect noted on
blade 4. At that point the disturbance was removed and though some propagation
continued, the disturbance rapidly died. Contours of the flow development with
the wall disturbance on are shown in Figs. 43a and 43b. As can be seen, the
upstream incidence of blades 1, 2 and 3 are affected by the blade 2 wall
blowing disturbance, however, the stall propagation was limited. Surface
pressure plots for the five blades are shown in Fig. 43c. Furthermore, as
shown in Figs. 44a and 44b, upon removal of the disturbance the separation zone

disappears.

Case No. 4a - 60.5°

The final case considered was for an inflow of 60.5°. As will be
described, three separate cases were run at this inflow angle. All cases were
initiated from a solution obtained by first performing a 60.5° inflow five
passage calculation and then introducing a wall blowing effect on the aft
portion of the second passage. The flow pattern prior to the initiation of
wall blowing is shown in Figs. 45a and 45bh. As can be seen, even in the
absence of any wall blowing disturbance, a small separation region is clearly
visible. 1In addition, the flow is essentially identical on a passage-to-
passage basis. The Case 4a calculation was then initiated by introducing a
disturbance in the second passage. The disturbance was held until t = 24 (see
Figs. 45c¢ and 45d), when {t was removed. The calculation was then allowed to
proceed. The time step taken in all runs was 0.02. The results at t = 32.0
are shown in Figs. 46c and 46d. These results show separated flow on the first
and fourth blades. As time proceeded, the pattern changed as shown in Figs.
46:-46p. Although the pattern did show a propagation of the separatinn zone(s)
from passage to passage, the propagating pattern was in continuous change.
Although the strength of the separated zone did not decrease with time as was

the case for 60° inflaw, an unchanginy propagating pattern did not energe.
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The calculation was run for nearly two cycles. Rather than continue this case,

two other cases were run at the same flow conditions but with different initial
disturbances. This was done to ascertain the dependence of the developed flow
on the initial disturbance and in particular to try to reinforce the initial

disturbance so as to obtaln a single coherent propagating pattern. One of the
cases, Case 4b, was continued for more than three cycles of propagation. These

other two cases are now described.

Case No. 4b - 60.5°

As previously discussed, Case 4a showed development of a propagating stall
region, however, an unchanging coherent pattern was not obtained. * In Case 4b,
the initial disturbance was reinforced at time t = 24.0, by removing the wall
blowing in the second passage and introducing wall blowing in the fourth
passage. The fourth passage wall blowing was maintained for 8 units of time
and then was removed at t = 32,0, The flow field at t = 24,0, which was the
last time step having second passage wall blowing, is given in Figs. 47a and
47b. At this time, passages 2 through 5 show some separation due to the
passage number 2 disturbances, whereas the effect of this disturbance is to
unload the first blade and have this passage flowing without separation.

The flow pattern at t = 32,0, which is eight time units after the jet has
been removed from the second blade and imposed on the fourth blade, is shown in
Figs. 47c¢ and 47d. As can be seen, the separation zone has been strengthened
considerably and is particularly strong at the fourth passage. The disturbance
then is removed; results at successive times are presented in Figs. 47e-47rr.
As can be seen, the separated flow reglion propagates from blade to blade for
approximately thr2e complete cycles, where each cycle represents propagation
through the entire computational domain. For example, Figs. 47q and 47¢
(t = 60) represent an approximate cycle of propagation past the flow
represented at Figs. 47e and 47f. It should be noted that at 60.5°, Case 4b
conditions, the disturbance continues to propagate with undiminished strength.
This clearly shows a rotating stall behavior. In addition, the pattern
remained essentiallyv identical as it propagated, {in contrast to the changing
propagatine pattern of Case 4a.

To show a more complete picture of the flow 2t a specific instance of
tine, static pressure contours and velocity vector plots at t = 76.0 are given
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in Figs. 47ss-47xx. The velocity component contours for this flow are given in
Flgs. 47y and 47z. Figure 47ss shows the static pressure contours; the
distortion In the upper passages due to the sgparated zones is evident.
Distortion also appears on the inlet plane. Vector plots for each of the
blades are presented in Figs. 47tt-47xx. The larger separation zones for

blades 4 and 5 are clearly evident.

Case No. 4c - 60.5°

The final case, Case 4c, was a continuation of the sensitivity of the
resulting pattern to the initial disturbance. The calculation was initiated
from the flow shown in Figs. 47a and 47b. The disturbance was then reinforced
by continuing the wall blowing on blade 2 and adding wall blowing on blades 3
and 4. The wall blowing was then removed and the resulting flow field showed a
propagation disturbance field. The results were very similar to those of Case
No. 4b with the same flow patterns and propagation speed, so these results will
not be repeated here. A typical flow pattern is shown in Figs. 48a and 48b.
The main conclusion is the similar pattern to Case 4b which was developed from

a very different initial disturbance.

Rotating Stall Cases - Summary

T at T e T et A

Cases -4 present a variety of calculations for Stator Set No. 1l of Ref.
33. All cases were run at 40° stagger and a solidity of 0.85 with the inflow
varied between 57° and 61°. The limitations of the present two-dimensional
modeling have been addressed in the Background section. It is clear that the
present two-dimens{nnal approach does not address {mportant three-dimensional
effecta which are present in fully developed stall, In addition, there are the
usual nrohlens associated with turbelence models tor complex flows.
Nevertheless, it is reasonable to expect that the present approach would
~imulate econditions at which rotatine stall first occurs,

The rases considered were at 57°, Al°, 60° and 60.5°. As has been shown,
these relatively small changes in incidence showed dramatic changes i{n flow
behaviar,  Considering first the experimental data shown in Fig. 24, at 40°

stamyrer no rotating stall was observed helow 58.5° inflow angle and steadv

rotarins 341l was ohserved ar oapprosimately 607 inflow., Therefore, the
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:: experiments show the region 57°<Ca<6l® to be a region of rapid flow behavior
R change.
The results at 57° showed that introduction of a disturbance gave
:E significant change in the passage-to-passage flow but no propagation of the
:; disturbance from passage to passage was noted. At 60° introduction of a
E: disturbance again led to a loss of passage-to-passage symmetry and developnment
Il of a flow separation region. Although the region did progress in the
;: passage~to-passage direction, once the disturbance was removed the flow
T

returned to its original state; the propagating region generated by the

LA
b
ALd 2

disturbance was not self sustaining.

[

The 60.5° case showed a markedly different behavior. Introduction of the
disturbance led to a passage—to-passage asymmetry and propagation 'of the

stalled region., However, in contrast to the 60° case, propagation continued

SRR

even when the disturbance was removed. Three different types of disturbance

were introduced and all showed propagation; two of the three showed the same
flow pattern as the stall region propagated through the set of blades. One of
the calculations followed the propagation over three complete cycles, during
which time the disturbance showed no significant attenuation. This would
associate 60.5° inflow with the inception of rotating stall for five passage
periodicity. This is in good agreement with the inception noted experimentally
in Fig. 24. 0Of course it must be noted that the present calculation assumes
five passage periodicity and the effect of this assumption must be explored,
nevertheless, the results give very good correspondence to the stall inception
data.

The A1° case showed all passages to be scparated prior to introduction of
a2 disturbance. The calculation did not converge to a steady flow but showed

vortex shedding from the blade trailing edge. When a disturbance was

introduced and then removed, a difference in the size of the separation zone on ¥
a1 passage-to-passage basls appeared and this pattern propagated through the :
five blade cascade passage. However, all passages showed some separation at E
all times, .
In regard to the flow physics, the calculations do show that rotating 7:
stall ecan be {nitiated by a local disturbance imposed within a single passage, ;'

Under appropriate conditions, this local disturbarce will amplify and lead to 2

-

PN

h 3

larse scale geparated zone that will propasate through the cascade. The

~_
4

aresent reanlts show this to oceur both for a case where no separation is
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present prior to the introduction of the disturbance, 60.5° inflow, and for a
case where all passages contain separated flow prior to introduction of a
disturbance, 61° inflow. The present study has not progressed far enough to
make an assessment of the effect of the type of disturbance, the size of the
separation zone prior to propagation, etc. upon the stability boundary. The
calculations do confirm the stall propagation mechanism to be a change in
effective incidence due to blockage, as it {is the induced change in upstream
incidence which causes recovery of the initially stalled passage and appearance
of the stalled region in an adjacent passage. 1In all of the previously
discussed numerical simulations, the static pressure at the quarter-chord point
on the suction side of the blade has been stored for each time step on the five

blades. A comparison between these pressure-time records and the ‘corresponding

flow patterns in terms of the contours of the velocity components indicates

that the blade immediately ahead of the propagating stall at first experiences

an increase in the static pressure at the suction side quarter chord point.

S, A

Subsequently, such an increased pressure 1is associated with the stall of this .
blade. Later, when the stall region starts to shrink, the pressure in the .
leading edge region also begins to decrease, until the stall region {is .
propagated to the next blade. A typical pressure-time variation during the
onset—-development-decay cycle of the stalled reglon is illustrated in Fig. 49.
Since the variation of the pressure in the leading edge region is directly
related to the angle of attack, passages ahead of the propagating stall

experience an {ncreased incidence leading them to stall, whereas passages

oy - )

behind the propagating stall region experience a reduced incidence leading to
recovery from stall. Although not as clear, the increase in incidence for the :
passages showing trailing edge separation can also be inferred from the u and w :

-
a4

velocity component contour plots. Finally, as shown in Fig. 50, the decreased
loading on blades having trailing edge separation is obvious from the surface -
pressure plots. Figure 50 compares surface pressure on blades ! and 3 for the :;
60.5° inflow case corresponding to Figs. 47g and 47h. Furthermore, the

propagation velocity appears to be approximately 0.23 times the undisturbed
upstream tangential velocity. This can be interpreted as 0.23 times the wheel b
speed. In comparison with the results of the vortex method (Refs. 14 and 15);
this propagation speed seems somewhat low. For example, the vortex method

calculations of Spalart (Ref. 14) and Speziale et al. (Ref. 15) appeared to

give propagation specd values of 2.38 times the wheel speed and between 0,28
-1 3G~
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and 0.47 times the wheel speed, respectively. The present results are lower,
however, the results of Ref. 14 were for a cascade of cambered NACAOO09 airfoils
and those of Ref. 15 were for cascades of cambered and uncambered NACAOO!L2
airfoils. Another analysis is that of Takata and Nagano (Ref. 3) which gilves
propagation velocity of approximately 0.35 times the blade speed.

Experimental data for stall propagation shows a wide range of results.
For example, a compilation of early data glven in Ref. 2 shows propagation
speeds between 0.3 and 0.7 of the wheel speed with a significant dependence on

disturbance wavelength, blade row geometry, flow conditions, etec. Day and

Cumpsty (Ref. 35) took detailed flow measurements for stalled axial flow

el

compressors having one to four stages. For the single stage compressors -
tested, the rotational speed varied between 19 percent and 66 percent
rotational speed; obviously, the ratio of propagation speed to wheel speed does
show considerable variation.
The separation zones of the present simulation are significant but do not
dominate the entire passage. Results showing velocity vector plots which
clearly delineate the separated zones have been presented on Figs. 47tt-47xx.
Obviously, none of the passages are fully stalled under these flow conditions,

therefore, the results represent an incipient rotating stall case.
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CONCLUDING RFEMARKS
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An existing two-dimensional Navier-Stokes cascade analysis has been

-
»

hag

rewritten for effective use on the CRAY series of computers. The resulting

:{ 1..\‘

vectorized code represents a very efficient cascade code which for two momentun

*
.
L]
. &

and a continuity equation requires approximately 1x10~" CPU seconds per grid :t

point per time strp. In conjunction with the code vectorization, the code has :ﬁ

been extended to allow multiple passage calculations without requiring !.J

passage—to-passage periodicitv. Rather, in its present form the code allows izf

periodic boundary conditions to bhe set for an arbitrary number of hlade i:i

]

passages. This capability allows phenonmena which are not periodic on a f::

passage-to-passage basis, such as inlet distortion and rotating stall, to be !_‘

simulated. I[n addition, an 'H-yrid' capability and axial velocity density ';i

ratio (AVDR) effects were incorporated into the code. ii'
.

Cases were run demonstrating both inlet distortion and propagating stall :f:

%

capabilitv. Demonstration inlet distortion cases were made for both two blade
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and five blade periodicity. Distortion in terms of both inflow total pressure

and inflow angle was considered. The propagating stall calculations were run
for a J-79 compressor stator set which had been the subject of extensive
experimental investigation. A stagger angle of 40° and a solidity of 0.85 was
chosen and a series of calculations run over a range of inflow angles between
57° and 61°. In each case a steady solution which was blade-to-blade periodic
was obtained and a disturbance was Introduced. The disturbance consisted of a
small amount of wall transpiration on the aft portion of the second blade
suction surface. The results showed no propagating stall at 57°. At 60°
inflow a propagating stall cell could be initiated by introducing wall
transpiration on the suction surface of one of the blades. However, when this
disturbance source was removed, the propagating stall cell disappeared. When
the Iinflow angle was increased to 60.5°, the disturbance initiated a
propagating stall pattern which continued even after the disturbance was
removed. The zone propagation continued for three complete cycles without any
significant decrease in intensity; the calculation then was discontinued.

The present results represent to the best of the authors' knowledge the
first simulation of rotating stall from a finite difference solution of the
Navier-Stokes equations. Although certain approximations in regard to
two-dimensional flow, turbulence modeling, etc., are obviously present, the
results show good agreement with data for rotating stall inception and show the

physical features of the process.
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