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Development of a Linearized Unsteady Euler Analysis
for Turbomachinery Blade Rows

Summary

Progress toward the development of a linearized, unsteady, aerodynamic analysis for
axial-flow turbomachinery blading is outlined in this report. The linearization is based on
the Euler equations of fluid motion and is motivated by the need for an efficient aerodynamic
analysis that can be used in predicting the aeroelastic and aeroacoustic responses of blade
rows. The field equations and surface conditions required for nonlinear and linearized, invis-
cid, unsteady, aerodynamic analyses of three-dimensional flows through single, stationary or
rotating, blade rows operating within cylindrical ducts are derived. Also, a description of the
approximate far-field conditions that are currently available for completing these unsteady
aerodynamic formulations is given.

An existing numerical algorithm for determining time-accurate solutions of the nonlinear
unsteady flow problem is described, and a numerical model, derived from this nonlinear flow
solver, is formulated for the first-harmonic, linear, unsteady problem. In previous work at
NASA Lewis, two-dimensional versions of the nonlinear aerodynamic and numerical models
have been implemented into a time-accurate, unsteady flow code, known as NPHASE. Under
the present effort, the linearized aerodynamic and numerical models have been implemented
into a corresponding first-harmonic, unsteady, flow code, called LINFLUX. At present the
NPHASE and LINFLUX codes apply to two-dimensional flows, but extensions to three-
dimensional flows are planned as future work.

The three-dimensional aerodynamic and numerical formulations and the two-dimensional
LINFLUX analysis are described in this report. Numerical results for two-dimensional un-
steady cascade flows, excited by prescribed blade motions and prescribed aerodynamic dis-
turbances at inlet and exit, are also provided to illustrate the capabilities of the LINFLUX
analysis. The present capabilities for predicting unsteady subsonic flows produced by blade
vibrations and acoustic excitations are quite good, but additional work will be required so
that accurate predictions of unsteady transonic flows and unsteady flows excited by entropic
and vortical gusts can be determined. Additional work will also be required to improve the
computational efficiency of the LINFLUX analysis.



1. Introduction

The development of theoretical analyses to predict unsteady flows in axial-low turboma-
chines has been motivated primarily by the need to predict the aeroelastic (flutter and forced
vibration) and aeroacoustic (sound generation, transmission and reflection) behaviors of the
blading. For the most part, the blades of an isolated two-dimensional cascade have been
considered, viscous effects have been neglected and the unsteady fluctuations have been as-
sumed to be sufficiently small so that a linearized treatment of the unsteady flow is justified.
To determine the aeroelastic and aeroacoustic characteristics of the blading, the resulting
analyses must be useful for predicting the unsteady loads that act on the blades and the
unsteady pressure fields that exist upstream and downstream of the blade row and arise from
various sources of unsteady excitation. These sources include prescribed structural (blade)
motions and the external aerodynamic excitations associated with fluctuations in total tem-
perature and total pressure at inlet and fluctuations in static pressure at inlet and exit. In
particular, for blade flutter applications it is only necessary to predict the unsteady blade
loads that arise due to prescribed blade motions, whereas for forced vibration and aeroa-
coustic applications the unsteady blade loads and unsteady pressure fields, respectively, due
to incident entropic, vortical and acoustic disturbances are also required.

Until recently, the inviscid unsteady aerodynamic analyses that have been available for
turbomachinery aeroelastic and aeroacoustic design applications have been based on classical
linearized theory (see [Whi87] for an informative review). Here the steady and harmonic un-
steady departures of the flow variables from their uniform free-stream values are regarded as
small and of the same order of magnitude, leading to uncoupled, linear, constant-coeflicient,
boundary-value problems for the steady and the complex amplitudes of the unsteady dis-
turbances. Thus, unsteady solutions based on the classical linearization apply essentially to
cascades of unloaded flat-plate blades that operate in an entirely subsonic or an entirely su-
personic environment. Very efficient semi-analytic solution procedures have been developed
for two-dimensional attached subsonic and supersonic flows and applied with some success
‘n turbomachinery aeroelastic and aeroacoustic design calculations. It should also be men-
tioned that extensive efforts (as reviewed by Namba [Nam87]) have been made to develop
three-dimensional unsteady aerodynamic analyses, based on the classical linearization.

Because of the limitations in physical modeling associated with the classical linearization,
more general two-dimensional inviscid Jinearizations have been developed. These include the
effects of important design features such as real blade geometry, mean blade loading, and
operation at transonic Mach numbers. Here, unsteady disturbances are regarded as small-
amplitude harmonic fluctuations relative to a fully nonuniform, potential, steady flow. The
steady flow is determined as a solution of a nonlinear inviscid equation set, and the unsteady
flow is governed by linear equations with variable coefficients that depend on the underlying
steady flow. This type of analytical model is often referred to as a linearized potential model,
although the potential flow restriction only applies to the steady background flow. It has
received considerable attention in recent years, and solution algorithms for the nonlinear
steady and the linearized unsteady problem have reached the stage where they are being
applied in turbomachinery aeroelastic and aeroacoustic design studies. We refer the reader to
the review articles by Verdon [Ver92, Ver93] for a description of the model and its application
to turbomachine cascades.



Linearized potential methods are based on the assumption of an isentropic and irro-
tational mean or steady background flow. Although these assumptions lead to significant
computational efficiencies, they also limit the range of application of the resulting analyses.
In particular, a more general linearization is required to predict three-dimensional unsteady
flows in which the effects of mean swirl are important, and two- and three-dimensiona) flows
in which strong shocks occur. For such flows, the nonlinear Euler equations are required to
model the nonisentropic and rotational mean flow, and linearized versions of these equations
are required to model the unsteady perturbation.

Recently, much attention had been given to the development of two-[HC93a. HC93b.
KK93] and three-dimensional [HL92, HCL93] linearized Euler analyses. In these analyses. as
in the earlier linearizations relative to potential mean flows, the linear unsteady equations are
developed in the frequency domain and analytic far-field solutions are matched to numerical
near-field solutions to limit the computational domain to a single blade-passage region of
finite extent in the axial direction. Unlike the classical and potential-based linearizations.
the linearized Euler equations are solved on a grid that deforms with the blade motion so
that troublesome extrapolation terms in the blade surface conditions can be replaced by
more tractable source terms in the field equations [HC93a]. Also, shock and wake effects
are “captured” within a conservative finite-volume discretization, rather than “fitted” by
imposing shock and wake jump conditions. Finally, because of the large number of unknowns
in the discretized equation set, the first-harmonic linear equations are solved using pseudo-
time as an iteration technique rather than by direct matrix inversion.

Under the present effort work has been initiated to develop a three-dimensional linearized
unsteady aerodynamic analysis for turbomachinery blade rows that accounts for the effects
of real blade geometry, mean blade loading, mean swirl and strong shocks. It is based on the
Euler equations of fluid motion and the high-resolution, wave-split, implicit time marching,
numerical scheme developed by Whitfield, Janus and Simpson [WJS88]. Here, the time-
dependent Euler equations are written in strong conservation form in terms of curvilinear,
computational coordinates and solved using an implicit time-marching procedure. A three-
point, backward difference approximation, which is second-order accurate, is used to ap-
proximate time derivatives, and a cell-centered, upwind, finite-volume discretization is used
to approximate spatial behavior. In the spatial discretization, fluxes at the cell interfaces
are evaluated using a flux-splitting technique in which the eigenvalues of the flux Jacobian
matrices control the direction of spatial differencing. The nonlinear discretized equations
are solved at each instant of time using a Newton iteration procedure, that involves an ap-
proximate factorization of the residual equation. Gauss-Seidel sub-iterations are applied to
reduce the approximate-factorization errors.

The wave or flux splitting used in [WJS88] allows flow discontinuities to be captured in
one computational cell, if the grid is well aligned with the discontinuity. In addition, since
the splitting scheme is based on a local eigenvalue decomposition of the Euler equations, the
mean flow can be interrogated to determine the shock locations. A change in sign of the
eigenvalues associated with acoustic waves indicates a change from supersonic to subsonic
flow, and therefore the existence of a shock. This feature could facilitate shock fitting in the
future via the imposition of shock jump conditions at mean shock locations.

Based upon the foregoing numerical scheme, Huff, Swafford and Reddy [HSR91] have con-
structed an implicit, multi-block, finite-volume analysis and computer code, called NPHASE.



for time-accurate resolutions of nonlinear, two-dimensional, unsteady flows through vibrating
cascades. NPHASE is a robust analysis with a demonstrated capability to predict transonic
Aows with sharply defined shocks. It has also been modified by Sreenivas, Whitfield, and
Huff [SWHO3] to provide a linearized unsteady analysis in the time-domain. Under the
present effort, a linearized, frequency-domain, unsteady aerodynamic model has been for-
mulated, and a two-dimensional version of this model has been implemented into a computer
code called LINFLUX. The LINFLUX code has been constructed by making the appropriate
modifications to the NPHASE analysis.

In this report we will describe the nonlinear and linearized, three-dimensional. unsteady,
aerodynamic and numerical formulations that form the foundation for the present effort. We
will also present numerical results, based on the two-dimensional versions of these models
that have been implemented into the LINFLUX code. In § 2 of this report the three-
dimensional, unsteady, fluid-dynamic problem is described and various mathematical con-
ventions, 1.e., nomenclature, reference frames, independent variables, etc., are established.
Starting from the integral conservation laws and the thermodynamic relations for a perfect
gas, the field equations and surface conditions that govern nonlinear inviscid flow through a
single rotating blade row operating within a cylindrical duct are presented in § 3. The small
unsteady-disturbance approximation is introduced in § 4, leading to a nonlinear bound-
ary value problem for a zeroth-order flow, that is steady in the rotor frame of reference.
and a linear, variable-coefficient, boundary-value problem, in which the variable coefficients
depend upon the steady background flow, for the first-order unsteady perturbation. The
approximate far-field conditions available to complete the nonlinear and linearized unsteady
aerodynamic formulations are described in some detail in § 5. The lack of suitable far-field
conditions for three-dimensional flows is probably the most important impediment to the
development of useful three-dimensional, unsteady aerodynamic analyses. Numerical mod-
els, based on the work of [WJS88] and [HSR91], for solving the nonlinear and the linearized,
frequency-domain, unsteady aerodynamic equations are described in § 6. The application of
the LINFLUX code to two-dimensional, unsteady cascade flows excited by prescribed blade
motions and prescribed aerodynamic disturbances at inlet and exit is presented in § 7.

The numerical results presented In § 7 pertain to two-dimensional unsteady flows through
the so-called Tenth Standard Cascade Configuration [FS83, FV93]. In particular, we con-
sider unsteady subsonic and transonic flows driven by prescribed bending and torsional blade
vibrations and, for purposes of comparison, present results determined using the linearized
Euler analysis LINFLUX, the time-accurate, nonlinear, Euler analysis NPHASE [HSR91],
and the linearized potential analysis LINFLO [Ver92, Ver93]. We also consider unsteady
subsonic flows excited by acoustic disturbances at inlet and exit and by entropic and vorti-
cal disturbances at inlet, and present results, determined using the LINFLUX and LINFLO
codes. The unsteady aerodynamic predictions given in § 7 indicate that the present LIN-
FLUX analysis provides accurate aerodynamic response predictions for unsteady subsonic
flows driven by prescribed blade motions or by acoustic excitations at inlet and exit. However,
improvements in shock modeling will be required to allow accurate resolutions of unsteady
transonic flows, and improvements in the numerical representation of blade-surface bound-
ary conditions will be needed to accurately resolve unsteady flows excited by entropic and
vortical disturbances. The computational efficiencies of the LINFLUX unsteady transonic
and gust response calculations must also be improved.



2. Unsteady Flow through a Rotating Blade Row

2.1 Physical Problem

We consider time-dependent adiabatic flow, with negligible body forces, of an inviscid,
non-heat conducting, perfect gas through a single rotating blade row such as the one shown in
Figure 1. In particular, we will be concerned with a blade row operating within a cylindrical
duct of radius r = rp(£) and mounted on cylindrical hub of radius r = ri(€), where £
measures axial distance and r measures distance radially outward from the £-axis. The
blade row consists of N distinct blades which rotate about this axis at angular velocity .
In the absence of unsteady fluid dynamic forces, the blades are assumed to be identical in
shape, identical in orientation and equally spaced around the rotor. The mean or steady
state position of the nth blade, in the rotor frame of reference, is described by an equation
of the form
2mn

F(r,8,6) =0+ N +f(r,é)=0, n=0,1,2,... , N—-1, (2.1)
where 6 measures angular distance in the direction opposite to the direction of the rotation
and n is a blade number index which decreases in the direction of rotation.

For aeroelastic and aeroacoustic applications we are interested in a restricted class of
unsteady flows; i.e., those in which the unsteady fluctuations can be regarded as pertur-
bations, not necessarily small, of a background flow, that is steady in the rotor frame of
reference. Thus, we will consider primarily situations in which the blades rotate at con-
stant angular velocity and in which the background flows far upstream (say £ < £_) and
far downstream (£ > £,) from the rotor are at most a small perturbation from a steady,
axisymmetric, swirling flow. This perturbation stems from the interaction between the fluid
and the blading and is steady in the rotor frame of reference.

The time-dependent or unsteady fluctuations in the flow, as seen by an observer attached
to the blade row, arise from one or more of the following sources: prescribed vibratory blade
motions, and prescribed upstream total temperature, total pressure and static pressure dis-
turbances and downstream static pressure disturbances, that carry energy toward the blade
row. For the most part, we will restrict our consideration to temporally and circumferentially
periodic, unsteady excitations that are of small-amplitude.

For example, we will consider prescribed blade motions of the form

R(r,0 +2rn/N, &, t) = Re{R(r,0,{)expli(wt + no)]}, xon B, n= 0,1,2,... ,N —1,
(2.2)
where the vector R is the displacement of a point on a moving blade surface relative to its
mean position in the rotating frame; R, (|JR| ~ O(¢)), is a complex displacement-amplitude
vector; w is the temporal frequency of the blade motion relative to an observer in the rotor
frame; o is the phase angle between the motions of adjacent blades; Re{ } denotes the real
part of { }, and B denotes the zeroth (n = 0) or reference blade surface.
The unsteady flows in the far upstream and far downstream regions are in part, pre-
scribed as a fluid dynamic excitation and, in part, depend upon the interaction between
the fluid and the blading. Typically, an unsteady aerodynamic excitation is represented
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as a linear combination of fundamental disturbances that are harmonic in time and in the
circumferential direction. For example, a fundamental pressure excitation would be of the
form

Br x00 (%, ) = Re{przoo(r) expli(wt + m8) + xm€l}, €5 & (2.3)

Here przoo(X,t) is an incident pressure disturbance, i.e., a pressure disturbance that travels
towards the blade row from far upstream (§ < ¢_) or far downstream (€ > &4), w is the
temporal frequency of the disturbance, and m is the number of complete disturbance cycles
that occur over one revolution, i.e., in the interval 0 < 0 < 2r. The quantities w and m are
prescribed, and prFoo(r) and Xm are determined from the equations that describe the fluid
motion in the far field. Note that the interblade phase angle, o, of an incident disturbance
is 2rm/N.

For aeroelastic and aeroacoustic investigations, the applications of primary interest here,
the goal is to predict the unsteady fluid dynamic loads that act on the blades and the
unsteady pressure fluctuations that carry energy away from the blade row, respectively, for
various prescriptions of the foregoing excitations.

Two-Dimensional Approzimation

In the present study we will provide fluid dynamic and numerical formulations for solving
the physical problem just described. In addition, these formulations will be implemented
into a two-dimensional unsteady Euler code, with the development of a three-dimensional
code planned as future work. The two-dimensional unsteady flow problem is derived by
considering the flow in a thin cylindrical annulus having inner and outer radii, r = 10 —
Arg and r = 7m0 + Aro, respectively; assuming that the radial components of the blade
displacement and the fluid velocity are negligible, 1.e., R -e, = 0 and V -e, = 0; and
setting Vw = §2 X To = Qroes, where Vi is the absolute velocity of the blade row in the
circumferential direction, and is constant, if 2 = 0.

If we unwrap the cylindrical annulus, set 7 = rf, e, = éq, V, = Vs, etc., and regard
¢ and 7 as Cartesian coordinates in the axial and tangential directions, respectively, we
are effectively considering the flow through a rectilinear, two-dimensional cascade consisting
of an infinite number of equally-spaced blades (see Figure 2). The mean or steady-state
positions of the blade chord lines coincide with the line segments n = {tan® + nG,0 <
£ < cosO,n =0, +1, +2, ... , wheren is the blade number index, © is the cascade
stagger angle, and G = Ge,, is the cascade gap vector which is directed along the n-axis with
magnitude, G, equal to the blade spacing.

The vibratory blade motions, ie.,

R(x +nG,t) = Re{R(x)expli(wt + no)l}, x € B,n=0, +1,+2... (2.4)

are prescribed functions of position X and time t, and, for a two-dimensional flow, small
unsteady disturbances far from the blade row can be represented as the sum of independent
entropic, vortical and acoustic modes of fluid motion. The entropic, S—oo(X,1), vortical,
¢_.(x,t), and acoustic, Pr.soo(X, 1), excitations are prescribed functions of x and t, that
satisfy the fluid dynamic field equations and describe disturbances that carry energy toward



the blade row. For example, the fundamental external aerodynamic excitations can be
described by equations of the form

$-o(X,t) = Re{s_q, expli(K_o - X + wi)]} , (2.5)
Coca(,t) = RefC_, expli(Koo - x + wt)]} . (2:6)

and
Prroo(X,t) = Re{pr300 expli(kzo0 - x + wt)]}. €3 & (2.7)

Here s_, C-w and przo are the complex amplitudes of incident entropic, vortical and
pressure fluctuations, respectively, and Kz, are the wave number vectors for these distur-
bances. The interblade phase angle, o, of an incident disturbance is given by £ze - G.
Also, the temporal frequency and wave number of an incident entropic or vortical distur-
bance are related byw=~k_ - V_w, where V__, is the uniform relative inlet velocity,
but a more complicated relationship exists between w and Kfoo for an incident pressure
disturbance [Ver89b)].

2.2 Mathematical Conventions

In this report all physical variables are dimensionless. Lengths have been scaled with
respect to a reference length L*, time with respect to the ratio L*/V* where V" is a reference
flow speed, velocity with respect to V*, demnsity with respect to a reference density 2,
pressure, with respect to p*(V*)?, specific internal energy and enthalpy with respect to
(V™). Here, the superscript  refers to a dimensional reference value of a flow variable. The

variables are based upon the far upstream mean-flow conditions. Also, in the present report,
vector and tensor quantities are written in bold-face type.

In anticipation of the small unsteady-disturbance approximation, which will be intro-
duced in §4, the symbol ~ will be used below to denote a fully nonlinear time-dependent
fluid property, and, with the exception of the density, upper and lower case Roman letters wil]
be used to represent the various nonlinear flow variables and their small-disturbance coun-
terparts, respectively. Thus, for example, P and P will refer to the nonlinear time-dependent
fluid pressure and the pressure in a background flow, that is steady in the rotating frame of
reference, respectively, and  and p will refer to the time-dependent, small-disturbance, un-
steady pressure and its complex amplitude. The corresponding symbols for the fluid density
are p, p, p and P, respectively. The subscripts —oo and +00 will be used to denote values of
the flow variables far upstream and far downstream from the blade row.

In addition to these notations for the fluid dynamic variables, upper case script letters
(e.g., S) represent instantaneous surface (blade, wake and shock) locations, whereas corre-
sponding upper case block (S) letters refer to steady-state surface positions. The vector,
R(x,t),x € S or Rs, measures the displacement of 2 point on a moving surface relative to
its mean or steady-state position.

Reference Frames

For the most part, we will be conducting our analyses in a coordinate frame that rotates
with the blade row, l.e., at angular velocity £2, but we will also have occasion to work in a

7



space-fixed or inertial reference frame. Thus, we introduce the temporal coordinate t, the
rotating cylindrical spatial coordinates , 6, &, and the space-fixed cylindrical coordinates
r, 84, £, where g4 = § — Qt. The coordinates ¢ and r measure distance along and normal,
respectively, to the axis of rotation and the angular coordinates, 9 and 64 measure angular
distances in the direction opposite to the direction of rotation. We will also use rotating
(z1,Z2,73) and space-fixed (zf,z4,z4) Cartesian coordinates in which the z;- or zf-axis
coincides with the axis of rotation, i.e., 2 = fleg = Qe,,. The Cartesian (z1,%2,23) and

cylindrical (r,9,€ ) coordinates of a point are related by
g, =£( , Ty=rsinb and z3=—rcosf (2.8)

or
=2, , 0=tan(~zs/as) and r=[(z2)2+(z3)2]"2 (2.9)

We will require equations that describe the fluid motion in both the space-fixed or inertial
reference frame and the rotating reference frame. Gradient operations, e.g., Vf,V-F and
V x F, where f and F are arbitrary scalar and vector functions, respectively, are invariant
under a transformation from one rotating reference frame to another, as is the total time
derivative df /dt of a scalar quantity. Local time derivatives of scalar and vector quantities

and total time-derivatives of vector quantities are not invariant under such a transformation,
but are related by

of _Q)i
Bt | s Ol (2 xx-9)f
JoF oF
—é—t-\#_-gt-x—(nxr-V)F+ﬂxF, (2.10)
and
dF dF
-d—t-A——d-t—-i-nXF

Here, for example, dF /dt|, and dF /dt are the time derivatives as seen by observers in the
space-fixed or inertial and the rotating reference frames, respectively. If the position vectors,
<A = x + £2 x rt and X track the motion of the fluid particle, then dF/dt|, and dF/dt are
material or convective derivatives of F. In this case, we will use the symbol D/Dt in place
of d/dt to emphasize that the total time derivative is a material derivative.

The fluid velocities, accelerations and vorticities as seen by observers in the spaced-fixed

and rotating frames are related by

~ DxA D ~
A_ _(Z — .
= 51, (Dt+9><>x ViQxr, (2.11)
XA DVA D g e d bd
A= =(—D—Z+Qx)(V+.Q><r)=A+2.QxV+.er+ﬂx(.er), (2.12)
and 4 ) 3 ) )
¢ O VAU (V42xn) =V xV+22=(+20. (2.13)



Here VA A4 and &A are the velocity, acceleration, and vorticity, respectively, as seen by an
observer in the inertial frame; V, A and ¢ are the velocity, acceleration, and vorticity seen by
an observer fixed in the rotating frame; € is the angular acceleration of this rotating frame;
and r is the radial position vector. Quantities measured with respect to the inertial frame will
be referred to as absolute flow quantities; those measured in the rotating frame, as relative
flow quantities. The terms 202 x V., §2 x (£2 x r), and 2 xrin equation (2.12) represent
Coriolis, centripetal and Euler accelerations, respectively. Note that, if V x V4 = 0, the
flow is irrotational in the space-fixed system, but it is rotational with ¢ = —242 relative to
an observer in the rotating frame.

Spatial Independent Variables

To describe flows in which the fluid domain varies with time; e.g., unsteady flows over
vibrating solid bodies, it is useful to consider two sets of independent variables, say (x.t)
and (X,t), where the position vectors x and X refer to locations within the rotating frame
of reference. The vector x(X,t) refers to the instantaneous location of a moving field point,
say P, at time ¢, whereas X refers to the reference position of P. Thus,we can write

x =x(X,t) = x4+ R(X,t), (2.14)

where R(X,t) is the displacement of the point P from its reference position.

This representation is motivated by the need to conveniently account for solid body
motions in unsteady flows. In particular, the vectors xs(Xs,t) and Xs denote position vectors
to a point on a moving surface S and to the location of this point on the reference surface
S, respectively, and Rs = xs — Xs is the displacement of a point on the moving surface S
relative to its stationary or reference position on S. It is assumed that R(X, ¢), is continuous,
single valued, and that (2.14) can be inverted to give the reference coordinates X, of a moving
field point in terms of its current position, x, and the time ¢; i.e., the functions % = %(x, t)
are also continuous and single-valued.

The behavior of fluid properties may be followed along the path of the moving point,
P, or at fixed spatial locations. For example, the fluid density, 5, may be expressed as a
function of X and ¢, where X is the reference location of P, or as a function of x and ¢, where
x is the position of P at time ¢t. Associated with these two descriptions are two derivatives
with respect to time; 0( )/0t|4, the derivative with respect to time keeping X constant, and
d(  )/0t],, the derivative with respect to time keeping x constant. The former is the rate
of change in a quantity as observed when following the motion of a moving point; the latter,
the rate of change as observed at a fixed point x in space. These derivatives are related by

8 )| _a)
ot | ot

+(R-Vx)( ) (2.15)

X




3. The Nonlinear, Time-Dependent, Aerodynamic Equations

The description of the foregoing physical assumptions and mathematical conventions
brings us to a convenient starting point for presenting the equations that govern the unsteady
flow through the blade row. These are determined from the conservation laws for mass,
momentum and energy, and the thermodynamic relations for a perfect gas. We will write
the governing equations, first, in terms of dependent and independent variables measured
with respect to an inertial reference frame, and then, in terms of variables measured with
respect to a reference frame rotating with the blade row at angular velocity £2.

3.1 Conservation Laws and Thermodynamic Relations

We consider an arbitrary moving control volume, V(t), which is bounded by a moving
control surface S(x*,t) = 0. The conservation laws for the fluid within V at time t can be
written as

d [ - . - A
— | 7 S(VA — . = ‘
dt‘/vpdVA-%/Sp( R*) ndS =0, (3.1)
d [ =54 =17 A A _ ph _ > 3
dtfvpv dV1A+/"Sp[V 2 (VA-R )]-ndS——/SPn-dS, (3.2)
and p
© ~ A ~ A "A_'A N - ~~A. Qe
= /v FEAQV|, + fs SEAVA - R") - nds = /5 PVA . ndS . (3.3)

Here d/dt|, is the time derivative taken relative to an observer fixed in the inertial reference
frame, and p, VA, Pand Ef = E+ (V4)2/2 are the fluid density, absolute velocity, pressure

and absolute specific total internal energy, respectively; R* is the absolute velocity of a field

point lying on the control surface S; V4 — R* is the fluid velocity relative to the moving
control surface; n is the unit outward normal vector to the control surface; and ® denotes
the tensor or dyadic product of two vectors.

The first and second terms on the left-hand-sides of the integral mass (3.1), momentum
(3.2) and energy (3.3) conservation laws represent the time rate of increase of a conserved
quantity, (1.e., mass, momentum or total internal energy) within the control volume and the
efflux of that quantity through the control surface, respectively. The surface integrals on
the right-hand-sides of (3.2) and (3.3) represent the externa) force acting on the fluid within
the control volume V, and the rate at which this force does work on the fluid within V,
respectively. In the absence of viscosity, discontinuities in the Aow variables can occur. The
integral forms of the conservation laws are therefore required to describe the flow over the
entire domain of interest. These forms provide corresponding differential equations in regions
where the flow variables are continuously differentiable and “jump” conditions at surfaces
across which the flow variables are discontinuous, l.e., at vortex-sheets, and at shocks.

Rotating Frame Variables

We can express the conservation laws in terms of variables that are measured in the
rotating reference frame by making use of (2.10) and substituting the dependent variable

10



relations:

VA=V 4+02xr
and L . (3.4)
EF =E+(VY?2=E;+V .02 x r+ (2 xr)?/2
into equations (3.1) - (3.3). Here V is the relative fluid velocity and By = £ + V2/2 is the
relative total specific internal energy. After carrying out the algebra we find that

d . .~ .
E/l}ﬁdv+jsp(v—k)-nd5= 0, (3.5)

d [ .- i - . ~ . d .
- oVd oV A . = — 0 — | — ) }
dt/vp V+A[p ® ( R) + PI] - ndS QX/vdeV (dt+0x) /vp(.er)dl/

- [4(2 xr)®(V - R)] - nds,
(3.6)
and

d [.- e d .. )
R 7 Y - R —_ = . D) )
dt/vaTdV—f—L PEr(V ~ R) + PV] . nds = /vp[v 2 x 1+ (2 x r)2/2)dV

_/S{;;[v. 2 %1+ (2x1)*/2)(V-R)+ P2 xr} - nds,

(3.7)
where d/dt is the time derivative measured by an observer in the rotating frame and R is
the relative velocity of a point on the moving control surface S(x,t). Note that the left-
hand-sides of (3.5) ~ (3.7) are identical in form to (3.1) - (3.3). The source terms on the
right-hand-sides of (3.6) - (3.7) account for the rotation of the blade-row fixed reference
frame.

The integral conservation laws can be written in various alternative forms. For example,
we can interchange the order of time differentiation and volume integration for the volume
integrals appearing in (3.5), (3.6) and (3.7) by employing a modified version of the Reynolds
transport theorem (see [Ari62] p. 85 or ([Mou84] p. 51), i.e.,

%/v( )dV:/v(%l +Vy [R®( )J)dV-, (3.8)

where R @ () reduces to 'R( ) if the quantity within the parantheses is a scalar. We can
also apply Green’s theorem, Le.,

/Sn-( )dS:/vi-( )dy (3.9)

to convert surface integrals in (3.5)(3.7) to volume integrals.
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Thermodynamic Relations

In addition to the conservation equations, some relations from classical thermodynamics
are needed to complete the specification of the unsteady fluid dynamic problem and to
enhance our understanding of unsteady flow processes. In particular, we require the equation
of state for a thermally perfect gas,

p=~ty- 15T, (3.10)
and the relation between the specific internal energy and the temperature for a calorically
perfect gas, i 3 i

E=yT=(r-D)7"Pl5 (3.11)
Here T is the temperature and ~ is the specific heat ratio (constant pressure to constant
volume) of the fluid . It follows from (3.10) and (3.11) that the pressure can be expressed
in terms of the dependent variables p, V4 and E# or p, V and Er as follows:

p=(y-1pEE—-(V/2A=(- Da(Er - V?*/2) (3.12)

Equation (3.12) can be substituted into the conservation laws (3.1) through (3.3) or (3.5)
through (3.7), to provide independent equations (two scalar and one vector) for the unknown

variables p, V4 and E¥ or b, V, and Er.
The enthalpy, H, of 2 fluid particle is defined by

A=E+P[p, (3.13)
and it follows from (3.10), and (3.11)
H=T=v"(r=1DP/p (3.14)

P:lthough enthalpy and temperature are different fluid dynamic properties, the relationship
g = T applies here because of the scalings used to non-dimensionalize the various flow
variables. The total and relative total specific enthalpies of the fluid are given by

HA=H+ (V2= E£+PJp (3.15)
and
ﬁT=ﬁ+V2/2=ET+P/;3=f{;—V-nxr—(nxr)Z/z. (3.16)
We will also find it useful to introduce the fundamental thermodynamic identities
748 = dE + Pd(p™") = dH - 5 'dP, (3.17)

where S is the specific entropy of the fluid. It then follows from (3.10) through (3.17) that
the entropy is related to the pressure and density by the differential expression

43 =~"'dP/P —dp/p . (3.18)

Equation (3.18) can be integrated to relate the change in entropy between any two equilib-
rium states to the corresponding changes in pressure and density; 1.€.,

P ~ (P5 e )net (3:.19)

where the subscript refers to a reference thermodynamic state.
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3.2 Field Equations

Equations that describe inviscid fluid motion at the field points, x = X + R(X, t), i.e.,
the Euler equations, are obtained from the integral conservation laws, e.g., (3.1) - (3.3), by
applying the transport theorem (3.8) to interchange the order of time differentiation and
volume integration and Green’s theorem (3.9) to convert the surface integrals to volume
integrals. After taking the limit of the volume integrals as V(t) — 0, we find that the
conservation laws, expressed in terms of the dependent variables 5, V and Er and the
independent variables x and t, have the form

9 . L
a—f + Vi (RB) + Vi - [(V~ R)j| = 0. (3.20)
X
55‘7 - g - - g 7 ~ ¢ -
TS +Vx-(’R®pV)+Vx-[(V-’R,)®pV+PI] = —p[2.Q><V+.er+.Q><(.Q><r)] (3.21)
X
and
a(ﬁET) y ) >\ 5% = [ ‘ ¥
ot | TV (REED)+ Ve [(V=R)5Er+ V) = —; V- (@2xr)-2xr. 0x V] .
X

(3.22)
The right-hand-sides of the momentum (3.21) and energy (3.22) equations have been sim.
plified by making use of (3.20) and (3.20) and (3.21), respectively, and performing some
algebra. The source term on the right-hand-side of the momentum equation (3.21) accounts
for the Coriolis, Euler and centripetal accelerations experienced by a fluid particle. To pro-
vide a complete set of governing equations, the conservation laws must be supplemented by
the thermodynamic relation (3.12) which relates the fluid pressure to the density, relative
total specific internal energy and the relative flow speed.

Equations (3.20)-(3.22) apply at all points within the fluid domain at which the fluid
motion is continuous and differentiable. The displacement field R([x(X,t)] is regarded as a
known quantity and is usually prescribed so that field points that lie on moving solid surfaces

(3.20) - (3.22). However, at this point, we have chosen to retain these terms so that there is
2 direct correspondence between the differential and the integral [(3.5) - (3.7)] forms of the
conservation equations. Also, equations (3.20) - (3.22) have been written in terms of the
independent variables x and ¢. The conservation laws could also be written using X and ¢t as
independent variables by introducing the spatial coordinate transformation x — x. We will
adopt this strategy in deriving the linearized Euler equations in §4.

Conservative forms of the governing differential equations are usually preferred for nu-
merical simulations so that shocks and wakes can be “captured”, but the convective forms
of these equations are also useful, particularly in establishing analytic far-field conditions.
These follow from (3.20) - (3.22) after applying some straightforward algebra. The convec-
tive form of the mass balance equation is

~

D ._ .
—— N . = .2.
D tAVx V=0, (3.23)
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where D/ Dt = 0/8t|, + V - Vy is the material or convective derivative operator relative to
an observer fixed in the rotating frame. The convective form of the momentum equation,
i.e.,
.DV . .
p-ﬁt-+vxp=—p[2rzxv+nxr+nx(nxr)], (3.24)
is obtained by combining (3.21) and (3.23), and the convective form of the energy equation,
i.e.,

.DE . -
= . 2
o PV, -V, (3.25)

is obtained by combining (3.22), (3.23) and (3.24) and performing the necessary algebra.
Alternative convective forms of the energy equation can be determined by combining the
thermal energy equation (3.25) with (3.23), (3.24) and the thermodynamic relations (3.17).

We find that . . - -
.DE = . ..DS .DH DP
i— + PV Vel =p———7=0. :
"Dt x o =P D~ Dt (3.26)
In particular, the entropy of each fluid particle must remain constant in continuous regions
of the inviscid flow. It also follows from equation (3.19) that, in such regions, the pressure
and density of each fluid particle are related by the isentropic equation of state; i.e., Pp 7 =

constant.
Surface and Far-F ield Conditions

For application to turbomachinery blade rows the foregoing field equations must be sup-
plemented by boundary conditions at the moving blade surfaces and conditions on the flows
at the inflow and outflow boundaries. Transient unsteady aerodynamic behavior is usually
not of interest in turbomachinery aeroacoustic and aeroelastic calculations. Therefore, for
such applications, a precise knowledge of the initial state of the fluid is not required.

For inviscid flows the flow tangency condition applies at the moving blade surfaces, 1e.,

(V-R)-n=0, x € Bx (or X € Bn), (3.27)

and at the stationary duct walls, 1.e.,

V-n=0, atr=rygandr=T7p- (3.28)

The blade velocity R in (3.27) is a prescribed quantity [cf. (2.2) or (2.4)].

We also require conditions on the flow far upstream and far downstream from the blade
row, i.e., at the inflow and outflow boundaries of the computational domain. Typically the
circumferentially- and temporally-averaged values of the total pressure, total temperature
and the inlet flow angle are specified as functions of radius at the inflow boundary. At
the outflow boundary, the circumferentially- and tempora,lly-averaged pressure 1s specified,
consistent with radial equilibrium. In addition, total pressure and total temperature fluc-
tuations at inlet, and the pressuré fluctuations at inlet and exit, that carry energy towards
the blade row, must be specified. Again, it should be noted that the unsteady excitations
must be prescribed as solutions of the fluid-dynamic field equations. As discussed in §5, such
prescriptions are only possible under restrictive assumptions about the flows far upstream
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and far downstream of the blade row. Total pressure and total temperature fluctuations at
exit and unsteady pressure disturbances at inlet and exit that carry energy away from the
blade row must be determined as part of the unsteady solution. This is usually accomplished
by extrapolating numerical “near-field” solutions through the inflow and outflow boundaries.

In principle, jump conditions should be imposed at vortex sheets (“viscous layers™) and
shocks. but the usual procedure in numerical calculations is to capture such discontinuities
by solving the conservation forms of the field equations (3.20) - (3.22) over the entire fluid
domain. However, for the sake of completeness, we will describe the jump conditions that ap-
ply at surfaces of discontinuity. These conditions are obtained from the integral conservation
laws (3.1) - (3.3) or (3.5) - (3.7) by considering a control volume that contains a segment
of such a surface, and taking limits, first, as the lateral extent of this volume normal to the
surface segment approaches zero, and, then, as the area of the segment approaches zero.
The resulting jump conditions for conserving mass, momentum and energy at a surface, S.
across which the flow variables are discontinuous are

M]=0, (3.29)
M;[VA] + [PIn = M,[V] + [P]n = 0 (3.30)

and
MEF] + [PVA] - n = M, [E7] + [PV]-n=0, (3.31)

respectively. Here [ ]| denotes the jump in a flow quantity as experienced by an observer
when moving across the surface of discontinuity S in the n-direction and

My=p(VA-RS) n=p4(V-Rs)n, xes (3.32)
is the fluid mass flux through the surface.

Equations (3.29) - (3.31) have been derived by setting the field point velocity R in the
integral conservation laws equal to the surface velocity Rs. Thus, these equations are applied
at points, X € § (or x € S), that lie on a moving “boundary layer”, wake or shock surface.
In the present application the surface velocity vector R is prescribed at blade surfaces, but
at wake and shock surfaces it must be determined as part of the overall time-dependent,
solution for the unsteady flow.

Since vortex sheets support a jump in tangential velocity, i.e., [V]-7#0, it follows that
the conditions

M;=p3(V-Rs) n=0 (3.33)
[Pl=0 (3.34)

and N
[Vl'n=0, (3.35)

prevail at vortex sheet boundary-layer and wake surfaces. Since the vortex-sheet boundary
layers coincide with the blade surfaces, (3.33) is equivalent to the inviscid fAow tangency
condition. At shocks, the mass flux is generally nonzero (i.e., M; # 0). Hence, it follows
from (3.30) that the tangential component of the fluid velocity V - 7, must be continuous
across shocks. The remaining jump conditions, along with the thermodynamic equations of
state, are then required to determine the shock velocity, Rs, and the changes in the normal
component of the fluid velocity and the thermodynamic properties of the fluid as 1t passes
through the shock.
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3.3 Matrix Forms of the Governing Equations

The conservation equations are often written in matrix form. For example, we can write
the integral conservation laws (3.5) - (3.7) and the corresponding differential expressions

(3.20) - (3.22) as

d [ = L 5

L vadv + ]S [, — URa Iz, dS = [v §dv (3.36)
and 90| @ 9

S| a0 e UR.,)=$ (337)

respectively. Here, the column vectors U.F;, and S are referred to as state, extended flux.
and source term vectors, respectively, Rz, ] = 1,2,3 are the Cartesian components of the
vector R, and a summation over repeated indices is implied.

The state vector, U, the extended flux vector, i:’j, j=12.3 and the source term vector,
S are defined by

and ‘ (3.38)
[ 0

0

520V, + Qza + Q*22)

e
]

—5(20Vs, + Qz, — Q'23)

L H(Uwa Ve, — 72Ves) T 0%(z25 Vs, + 73V

The flux vectors fi‘j can also be expressed as explicit functions of the state variables U,

i=1,2....5 and the source term vector & can be expressed as an explicit function of the

PN
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state variables and the spatial coordinates T 1=1,2,3 le.,

[ On ] ( 0 -
Oj+102/01 +p6lj 0
Fj(ij) = [r"-j+1(/‘r3/(;‘"1 + p(‘jg] and S(ﬁ,X) = QQ[:r]l'Q + ZQ[:'.; + Q(:“—II()\
[7].+1[:f4/6f1 + P53j Q2C~/‘11‘3 - 2Q[}3 - QC‘HIQ
L Ui(Us + P)/T ] | Q2(Usz, + Uyzs) + YCszs — Uyzy) ]
(3.39)
where ) ) ) ) ) ~
P=(y=-1Us - U7 (U} + U2 + 02)/2) (3.40)

Our derivation of the field equations and surface conditions that govern the nonlinear,
time-dependent, inviscid flow through a blade row operating within a cylindrical duct is
now complete. The nonlinear, unsteady flow problem is formidable, and, to date. there
has been relatively little attempt to apply time-accurate numerical simulations of unsteady
flows in turbomachinery aeroelastic and aeroacoustic response studies, not only because of
the associated mathematical complexities, but primarily because the computing resources
needed for such simulations prohibits their use in detailed parametric investigations. Thus.
in the next section we will make use of additional simplifying assumptions with the inten-
tion of providing a useful unsteady fluid dynamic model for turbomachinery aeroelastic and
aeroacoustic design applications. In particular, we will restrict our consideration to small-
amplitude, temporally and circumferentially periodic, unsteady excitations, and unsteady
perturbations of a nonlinear background flow that is steady in the blade-row fixed. reference
frame . In particular, the unsteady perturbations in the flow are assumed to be driven by
prescribed blade motions of the form (2.2) and/or external aerodynamic excitations of the
form (2.3).
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4. The Small Unsteady-Disturbance Approximation

4.1 Mathematical Preliminaries

The computational resources required to simulate nonlinear inviscid and viscid unsteady
fAuid dynamic behavior will continue to prohibit the use of such simulations in repetitive
aeroelastic or aeroacoustic design studies. Therefore, approximate analyses. based on the
small-unsteady-disturbance assumption, are still needed to provide efficient predictions of
unsteady aerodynamic response phenomena. Indeed, small-disturbance or linearized inviscid
analyses have played and, for the forseeable future, will continue to play the central role in
aeroelastic and aeroacoustic design calculations.

Thus, we consider inviscid unsteady flow through a three-dimensional blade row rotating
at constant angular velocity, 2, and seek approximations to the nonlinear, time-dependent,
governing equations, which are valid for small-amplitude [i.e., of O(€) << 1] unsteady exci-
tations. If the excitations are of small amplitude, the unsteady part of the inviscid flow can
be regarded as a linear perturbation of an underlying, nonlinear, zeroth-order, background
flow. If the blades are identical in shape and orientation and equally spaced around the rotor,
and the prescribed mean flow conditions at inlet and exit are axisymmetric, i.e., functions
only of 7 and &, then the background flow will be steady in a reference frame that rotates
with the blade row.

To determine approximate equations that describe the inviscid unsteady perturbation we
must first expand the dependent flow variables in asymptotic series in €. Thus, we consider
dependent variable expansions of the form

Vix(x,t),t] = V(X) + Vx(F 1)t +... = V(&) + VR, t), 8]+ - - (4.1)

Here V(x,1) is the nonlinear unsteady velocity at the instantaneous position x of a moving
field point, V(X) ~ O(1) is the zeroth-order or steady velocity at the reference position
%, of this point, V[x(x,1),t] ~ O(e) is first-order, unsteady, perturbation to the steady
velocity at X at the instantaneous location, x, and the dots refer to higher order terms.
We take the reference position X of x to be the mean or steady-state position, and assume
that |R| ~ O(e). The asymptotic expansion (4.1) has been proposed only recently [HC93a]
and [Gil93], and offers several advantages when used 1n conjunction with modern numerical
solution procedures. According to this expansion gV /dtl, = 0and therefore, it follows from
(2.15) that 9V /0tly = —(R-V3z)V.

If weset R = 0,thenx =X, and (4.1) becomes identical to the asymptotic expansion used
‘0 classical linearized analyses [Whi87] and in earlier linearizations relative to nonuniform,
potential mean flows [Ver92, Ver93]. The latter leads to a set of linearized unsteady field
equations, that apply at fixed points in space, and precludes the need to define a displacement
field R(X.t) over the entire solution domain. However, Taylor series expansions, €.g..

Ps=(P+R -VP+...)s (4.2)

are required to refer information at moving blade surfaces to the mean blade positions.
As a result extrapolation terms of the form (R - V)V and (R - V)P appear in the blade
boundary conditions and in the expression used to evaluate the pressure at a moving blade
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surface. These terms are difficult to evaluate accurately. Consequently, recent linearized
solution methods [HC93a, HC93b, KK93. HL92] have employed the more general asvmptotic
expansion (4.1). With this expansion, if the displacement field R(%, ¢) satifies the condition
R(x.t) = Rp,(X,t) for X € B,, extrapolation terms will not appear in the blade boundary
conditions or surface pressure expressions. Instead, source terms, which are easier to evaluate
accurately. will appear in the field equations for the linearized unsteady flow.

Up to this point we have expressed the fluid dynamic equations in terms of the indepen-
dent variables x and ¢. However, the use of dependent variable expansions of the form (4.1)
renders it more appropriate to express the steady and linearized unsteady equations in terms
of the independent variables % and . The temporal derivatives J( )/9t|, and 9( )/Ot|4
transform according to (2.15); the gradient operators, according to

Vil )R Vel )= (Vi8R) Vi )+... . (4.3)

The equations that govern the zeroth-order steady and the first-order unsteady flows are
obtained by substituting the series expansions for the dependent flow variables, e.g., (4.1)
and the independent-variable relations (2.15) and (4.3) into the nonlinear, time-dependent,
governing equations; equating terms of like power in ¢; and neglecting terms of second and
higher order in e. After carrying out this procedure, we find that nonlinear and linear
variable-coefficient equations are obtained, respectively, for the zeroth- and first-order flows.
The variable coefficients that appear in the linearized unsteady problem depend upon the
zeroth-order, steady background flow.

We will write the steady and linearized unsteady equations in terms of the rotating frame
dependent variables, i.e., the relative velocity [cf. (4.1)] and the relative total specific internal
energy

Er(x,t)=E+ V2 =E+V¥24+6+V.v4 . =Er(x)+ér(%,t)+... . (4.4)

It follows from (3.4) that the perturbation absolute velocity and specific total internal energy
are given by
vA(x,t) = V(x,1) + Q x (r—r)
(4.5)
=6+ VA VA= 4V QA XF+V-Q x (r—r),

where r = r(x) and t = r(X).
Consequences of the Small Unsteady Disturbance Approzimation

A significant simplification offered by an unsteady aerodynamic linearization is that the
fluid dynamic responses arising from various sources of unsteady excitation are not coupled,
and hence, they can be determined separately. Indeed, it is usually sufficient in turboma-
chinery applications to develop solution procedures for a single harmonic (in space and time)
component of a given unsteady excitation. Solutions for an arbitrary independent excitation
and for arbitrary combinations of various independent excitations can then be obtained by
superposition. It should be noted, however, that the linearization does limit the unsteady
aerodynamic response phenomena that can be analyzed, since nonlinear inviscid unsteady
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aerodynamic phenomena, such as phenomena associated with the appearance and disappear-
ance of shocks or the effects of inlet flow distortion on blade flutter, cannot be taken into
account.

Since the background fow is steady in the rotor fixed frame and the equations that govern
the first-order unsteady flow properties are linear, the fluctuations in the unsteady flow prop-
erties caused by an unsteady excitation that is harmonic in time must have harmonic time
dependence. We can take advantage of this feature by introducing a complex representation.
for the first-order flow properties, €.8.,

V(x,t) = Re[v(X) exp(iwt)] , (4.6)

where w is the temporal frequency of the unsteady excitation ‘n the blade-row fixed frame.
and adopting the convention that the real parts of the various complex quantities represent
the actual time-dependent physical quantities. The complex representation (4.6) can be used
to remove explicit, physical, time dependence from the linearized unsteady problem: thereby,
facilitating the determination of a solution.

As a consequence of our assumptions regarding rotor geometry and the mean inlet and
exit flow conditions, the steady background flow will be periodic from blade-to-blade. Thus,
for example, we can write

V(f,9+27m/N,§—) =V(f,5,£) . (4.7)

where 7. 0, £ are the cylindrical coordinates of the position vector %. If, in addition. the
unsteady excitation is harmonic in time and in the circumferential or g-direction, then the
first-order unsteady fow will exhibit a phase-lagged, blade-to-blade periodicity, le.,

v(F,é +27n/N, £) = V(F,é,g) exp(ino) - (4.8)

Here ¢ = 27m/N 1s the phase angle between the unsteady motions in adjacent blade pas-
sages, IV is the number of distinct blades in the three-dimensional array and m is the number
of disturbance cycles over one revolution, 0 < 8 < 27. Conditions (4.7) and (4.8) allow a
numerical resolution of the steady and the linearized unsteady flows to be limited to 2 single
extended blade-passage region and permit fluid properties at a point in the nth blade passage
to be evaluated in terms of information available at the corresponding point in a reference
{(n = 0) passage.

4.2 The Steady Background Flow

The field equations and surface conditions that govern the zeroth-order or steady back-
ground flow are obtained by substituting the expansions (4.1) into the appropriate time-
dependent nonlinear equations and retaining only the zeroth-order terms. The zeroth-order
flow serves as the background flow for the unsteady perturbation. Therefore, a solution to
the zeroth-order problem is required to determine the variable coefficients that appear in the
linearized unsteady problem.

The conservative forms of the differential mass, momentum and energy equations for the

steady background flow are
Vi (V) =0, (4.9)
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Vi (VOIV)+ VP =520 x V4 Q x (Q x )], (4.10)

and
Vi (VBET +PV)=/Q xF-QxV . (4.11)

The convective forms of these equations are

V. -Vzp+pVg- V=0, (4.12)
p(V- V)V + VP = P22 xV +Q x (Qx7t), (4.13)

and
V.ViS=0. (4.14)

Here p, V, P, Er and S are the density, relative velocity, pressure, relative total specific
internal energy, and entropy, respectively, in the steady background flow, = r(%), and the
steady pressure can be determined in terms of the dependent variables 5 and E7 or 5 and
S, by using (3.12) or (3.19) respectively.

Surface and Far-Field Conditions

In principle, surface conditions for the steady background flow follow from (3.29) through
(3.35) and are imposed at the mean or steady-state positions of the blade, wake and shock
surfaces. Mean blade positions are prescribed, but the mean wake and shock locations must
be determined as part of the steady flow solution. However, the usual practice in nonlinear
inviscid calculations is to capture shocks and wakes by solving the differential forms of the
conservation laws throughout the fluid domain. Since we will follow this practice in the
present study, shock and wake conditions will not be explicitly imposed.

By assumption, the steady background flow remains attached to the blades and the duct
walls. Therefore, the conditions

V:-n=0, forx € B,, r=ry,andr =rp (4.15)

apply at the mean blade surfaces and at the inner and outer walls of the duct.

Conditions must also be imposed on the steady background flow far upstream and far
downstream from the blade row. Steady-state non-reflecting inflow and outflow boundary
conditions can be constructed [SG91] in which circumferentially averaged values of total
temperature, total pressure and the flow angles are specified as functions of radius at the
inflow boundary, and the circumferentially averaged value of the pressure is specified at the
outflow boundary, consistent with radial equilibrium. Circumferential harmonics of the mean
flow variables are not set to zero but are allowed to evolve to values that are consistent with
the existence of an infinite annular duct upstream and downstream of the computational
domain.

Finally, the periodic condition (4.7) can be imposed to restrict the steady flow solution
domain to a single extended blade passage region, i.e., a region of angular pitch Af = 27 /N.
Since inlet and exit conditions are imposed at finite distances from the blade row, say at
§ = €. and ¢ = £, respectively, the solution domain is a single extended blade passage
region of finite axial extent.



4.3 The Linearized Unsteady Flow

The differential equations that govern the first-order or linearized inviscid unsteady flow
are determined by substituting the asymptotic expansions for the flow variables (e.g.. (4.1))
and the independent variable transformation (x — X) into the full time-dependent governing
equations derived from the mass, momentum and energy conservation laws [i.e., (3.20), (3.21)
and (3.22)], subtracting out the corresponding equations for the zeroth-order background
flow, and neglecting terms of higher than first order in €.

This procedure provides the following system of linearized Euler equations for the un-
steady disturbance field:

op . . : _
2| Vs (Y V) R Ve+[(Vx®R)-Val-(aV) =0,  (416)
X
J . . _ . . . =
E(PV*'PV) +Vx- [VO(EY +5)+7 @V + 5
X
_ . ) (4.17)
— R V(pV)+[(Vz®@R)- Vsl (pPV OV + PI)
—2Qx V + 9 x (D x )] — p[2€2 x v +Q x (Q x AT)] ,
and 3
Z(3Er +pér)| + Vo VOB sér) + VpEr + P + V]
X
(1.18)

— R V(pEr) +[(Vz®@R) Vsl [(pET + P)V]

+ﬁ[ﬂxi-ﬂxf/+ﬂxAE-QxV]+ﬁQ><f'-Q><V.

Here p. v, p and er are the time-dependent first-order density, relative velocity, pressure
and relative total specific internal energy, respectively, and AF = r[x(%,1),t] - r(x). After
expanding the equation of state (3.12), we find that the first-order pressure, density and
total internal energy are related by

5= (y—DpEr—V-v)+pEr -V?/2)] . (4.19)

The terms that depend on the blade motion, i.e., the terms containing R’R or §2. are
regarded as source terms and have therefore been placed on the right-hand-sides of equations

(1.16) — (4.18).
Convective Forms of the Linearized Unsteady Equations

The convective forms of the first-order unsteady equations follow after applying the
asymptotic expansions for the dependent flow variables and the independent variable trans-
formation X — X to equations (3.23), (3.24) and (3.26). We find that

D . _ L : _ _
—5€-+V'Vxﬁ+PV>‘c'V+PVx‘V=R'V2P+[(Vi®R)'Vi]'(PV) . (4.20)
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Dv . .
0 {Et_ +(v- V)‘c)VJ +o(V- Vi)V + Vip
. ) i (4.21)
=AR-V)V+i[V- (V8 R) ViV + (Vi3 R) - VyP
—[){‘ZQ><\"r+Q><(Q><Af')]—,5[29><V+Q X (2 x )],
and b
Ff+(o-vi)5=R-v,-(s+[v-(v,-(@7z)-v,-(]s (4.22)

where 3 is the first-order entropy. In equations (4.20) - (4.22) D/D¢t = 9/otly + V- Vg is
a convective derivative operator based upon the mean-flow, relative velocity.

To complete the system of convection equations we require an additional equation relating
the first-order density, pressure and entropy. This is obtained by expanding the thermody-
namic relation (3.19), using (4.1), to obtain

F=pyTBIP — 5= A% — i =0, (4.23)
Harmonic Unsteady Ezcitation

If we assume that the excitation driving the linearized unsteady flow is harmonic in time
with temporal frequency w, then we can express each unsteady flow variable as the real part
of the product of a complex amplitude, which depends only on the spatial coordinates %. and
the exponential function exp(wwt), cf. (4.6). In this case the local, 0/0t|, and convective.
D/Dt, time derivatives of, say, the first-order unsteady pressure are given by

% = Re{iwpexp(iwt)} (4.24)
and - b
%? = Re{(iw+ V - Vx)pexp(iwt)} = Re {—Dw—: exp(iwt)} , (4.25)

where D, /Dt = iw + V . Vs,

If we now replace the first-order unsteady flow properties in the linearized field equations
by their complex representations, we arrive at time-independent, linear, partial differential
equations for the complex amplitudes of the first harmonic unsteady flow variables. For
example, the conservative forms of the first-order equations have the form

wp+ Vs (pV +pv) =iwR - Vi5+[(Vz @ R) - Vsl pV (4.26)

w(pV +pv) + Vi - [V (pV + pv) + v @ 5V + ]

=iwR - Vx(pV)+[(Vx @ R)- V](5V & V + PI)

-
o
-1
~—

—p[QQ><V+Q><(Qxf)]—p‘[‘zva-{-Qx(Qfo‘)],
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and
iwlpEr + per) + V- [V(pET + per) + VPET] + V- (PV +pV)

— iwR - Vz(pEr) + (Vx @ R)- Vsl (pEr + P)V (4.28)

+p[ﬂxf-9xv+Qfo‘-QxV]+pQ><i~-Q><V

where

p= (7—1)[ﬁ(eT—V-V)+p(ET—V2/‘2)]- (4.29)
Boundary Condzitions

Conditions on the unsteady perturbation at the moving blade surfaces, X € B, or X € Bn,
are obtained by substituting the asymptotic series expansion (4.1) and the relation between
the unit normals at points X =X+ R(X,t) and X on the instantaneous and reference surface
positions, i.e.,

nsnzngn—VT®'R-an+'-- , (4_30)

into the full time-dependent surface conditions, subtracting out the corresponding zeroth-
order conditions and neglecting terms of higher than first order in €. In equation (4.30) Vr
involves only derivatives along a reference blade surface, B,. Thus, if 7 and v are orthogonal
unit tangent vectors at a point on By, we can write

9] 0

Vr=T—+V;- 4.31

T or TV (+:31)

It follows from the nonlinear unsteady (3.27) and the seroth-order, steady (4.15) flow

tangency conditions, that the linearized unsteady flow tangency condition can be expressed
as

v-n=[1'z+v-vT®R]-n,ieBn. (4.32)

Condition (4.32) indicates that the normal component of the unsteady velocity at a reference
blade depends upon the seroth-order velocity, V, and the prescribed blade displacement R.
We must also impose flow tangency conditions at the duct walls. Since these walls are
assumed to be stationary, the appropriate conditions are

¥.n=0, forr=rgandr =70 (4.33)

If the unsteady excitation is harmonic in time, then the linearized flow tangency condi-
tions can be written as

v-n=[in+V~VT®R]-n, % on B (4.34)

and
v-n=0, r=r7H,TD (4.35)

where v(X) and R(X), X € B, are the complex amplitudes of the unsteady velocity fluctuation
and the unsteady blade displacement, respectively.

In addition to the foregoing surface conditions, phase-lagged periodicity {cf. (4.10)] and
far-field conditions must be imposed on the linearized unsteady flow. The latter conditions
will be discussed in some detail in §5.



4.4 Matrix Forms of the Steady and Linearized Unsteady Equations

The nonlinear, time-independent Euler equations (3.20)~(3.22) have been written in ma-
trix form in (3.37). For small-amplitude unsteady perturbations of a nonlinear mean or
steady background flow, the state vector U in (3.37) can be approximated by the asymp-
totic series

Ulx(%,1)] = U(R) + d[%(x. ¢), ¢ + ... . (4.36)

where U(X) is the vector of conservation variables for the steady background flow at %
and u[x(x.t),] is the vector of conservation variables for the first-order unsteady flow at
X = X+ R(X.t). The flux F; and source term, S, vectors can be approximated using Taylor
serles expansions about the mean flow, U, and the reference spatial location, x. i.e.,

- OF; .
F](U) = FJ(U)+8_[JJU+

and (4.37)
S(U.x) = S(U,x) +%ﬁ+(n-vi)s+...

The Jacobian matrices F;/0U = {0F.;/0U;} and 8S/9U = {0S:/0U}, where the sub-
scripts 2 and k refer to the ith row and kth column, respectively, depend only upon the mean
flow solution, U and the reference spatial location %.

In terms of the physical variables

[ h ] [ Piz, + BV, ]
poz, + Ve, POz, Vo, + pVe, 0, + pV;, Vi, + 564
u=| pv, + 5V, |, %%ﬁ = | PO Vo, + Vi O, + Ve, Ve, + pbn | |
PVz, + pVz, POz Ve, + pVe 0, + VL, Vy, + péja
| pér + pBr | | PhrVe, + pHrb., + pHIV
I 0 | ( 0 ]
0 0
%ﬁ = | HUPOn V) + W2, | (R-V4)S = VR, (4.38)
—2Q(pt,, + pVi,) + Q%573 HR..
pofa ) | PO(Vey R + Ve, Rey) |

where p is given by (4.19), Hr is the relative total specific enthalpy [cf. (3.16)] in the steady

background flow and N
hr=ér+ 57 (Pp/p+p) (4.39)
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s the first-order relative total specific enthalpy.

After substituting the expansions (4.36) and (4.37) and the transformation relations
(2.15) and (4.3) into the nonlinear field equation (3.37), we find that the zeroth-order. steady
background flow and the first-order unsteady perturbation are governed by the equations

0
EEFJ' =5 (4.40)
and
Ju d (0F;.\ 4 ] 6_7_3_ — | 25_~
ot X+ 9z, (aUU) = (’R-Vx)U+ (aa’c]- Vx> F, + aU“+ ('R—-V,—c)S : (4.41)

respectively. If the excitation driving the linearized unsteady flow is harmonic in time with
temporal frequency w, we can set

& = Re{uexp(iwt)} and R = Re{Rexp(iwt)} , (4.42)

where the components of the state vector u are the complex amplitudes of the linearized
unsteady conservation variables. In this case we can write the linearized unsteady equations
in the form

: o (OF; : OR ds
i = (=u] = . Vg)U — Vx| Fj+ 3 - Vs 4
wu + 7%, (OU u) w(R-Vz)U+ (6@ x) i+ aUu +(R-Vg)S, (4.43)
The general solution procedure is first to solve for the nonlinear mean flow, and then,

for the unsteady perturbation. The steady solution is used to form the Jacobian matrices
9F;/0U and 0S/0U that appear in the linearized unsteady equation, (4.43).

Forms of the Equations Used in Numerical Calculations

For numerical calculations it is preferable to express the first harmonic unsteady equations
in strong conservation form. This can be accomplished by multiplying the terms the steady
equation (4.40) by V- R, adding the result to the right-hand-side of the linearized unsteady
equation (4.43) and performing some algebra. This procedure results in a first harmonic
unsteady equation of the form

, 8 (6F; \ _ . o Y
iwu + 55;(—6—6‘1>_—ZW(VX R)U+M—_aa?j(RxJU)
(4.44)
8 [0R., | 9 S
b o | GaEn (T OB, + 7 (8:5) + 5

The first term on the right-hand-side of (4.44) is associated with temporal changes in the
dependent variables within a moving control volume; the second, third and fourth terms,
with fluxes across the control surface that bounds this volume; and the last term, with the
changes in the source term, associated with the rotation of the reference frame, caused by
the unsteady perturbation,.
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For the numerical integration of equations (4.40) and (4.44), it is convenient to make the
state vectors U and u pseudo-time dependent, as first suggested by Ni and Sisto [NS76].
Thus, we set

U(x,t,7) = U(x,7) 4+ Re{u(x, ) exp(iwt)} , (4.45)

and write the steady and linearized unsteady equations in the form

au|  oF,
+ —_—

3| T (4.46)
and
g—l:- ] + wu + 3_05; (% . u) = —w(Vx-R)U + iwta%(ﬁrJU)
| (4.47)
+5§7 [‘gf: F, - (Vs R)FJ} + O%(RIJS) + 2o

Now, both the nonlinear mean flow equation and the linearized Euler equation contain
explicit pseudo-time derivative terms, that allow iterative solutions to be determined using
conventional time-marching algorithms. The equations are marched forward in pseudo time
until the steady and the complex amplitudes of the unsteady conservation variables reach
steady state values. Because we are only interested in the steady state values of U and u,
there is no need to march the equations time accurately. Therefore, acceleration techniques
such as multiple-grid and local time stepping can be applied to greatly reduce the computing
time needed to solve an unsteady flow problem.

For finite volume calculations integral forms of (4.46) and (4.47) are required. These may
be found by direct integration, and are given by

d
d—T/dev+/st"”1dS = [ sav, (4.48)
and
al OF; .

(57],-( +zw> /vudv+/5 (—a-ﬁu) ng,dS = —W/V(V,-c "R)U4QY
(4.49)

| OR,, ? oS

+[S [ZwRIJU -+ 57, F,. - (V)—( . R)FJ] andS +/\; [T@(R%S) + ()—UUJ dVy .,

where all terms on the right hand side of (4.49), except the last, depend only on the mean
flow and displacement field, R(x).



5. Far-Field Behavior

Conditions on the linearized unsteady flow at the computational inflow (at £ =E-) and
outflow (£ = &4+) boundaries are needed to allow the computational domain to be reduced to
one of finite extent in the axial direction. Specifically, we must be able to prescribe incoming
aerodynamic disturbances (excitations) as solutions of the governing equations, and the
computational inflow and outflow boundaries must be transparent to all outgoing waves. sO
that spurious. nonphysical reflections are not generated. An approach, that has been applied
successfully 1in two-dimensional unsteady flow calculations, is to determine analytic solutions
for the unsteady flow variables far upstream and far downstream of a blade row, and to
match these solutions to a qumerical near-field solution [Ver89b). Unfortunately, analytic
solutions for three-dimensional unsteady disturbances are only available for the special case of
a uniform, axial, steady background flow. Thus, at present, approximate far-field conditions
must be applied 1n computational simulations of three-dimensional flows.

In this section, equations that describe the steady and linearized unsteady flows in the far
field (i.e., for & $ €;) of a blade row operating within a cylindrical duct will be examined. We
will write these equations for a stationary (£2 = 0) frame of reference, but as a convenience,
we will omit the superscript A 1n describing absolute vector quantities and the subscript
A in describing convective time derivatives [cf. (2.10) and (2.11)]. Thus, in this section,
vector quantities, €.g., the fluid velocity, V, and the time derivatives D /Dt and 0/0t,
are measured relative to the stationary frame (2 = 0) and are, therefore, absolute flow
quantities. In addition, we will consider fixed computational domains, i.e., R =0, in the
regions far upstream and far downstream of the blade row.

We assume that, in the far field, the mean or steady flow quantities are at most dependent
only on radial position, the mean fow is isentropic, and that the radial component of the
steady velocity 1s negligible, 1.e.,

V =~ Va(r)es + Ve(r)ee - (5.1)
Under these conditions [cf. (4.13) and (3.18)]

__,dP _d(ptP) -
180 TR e VNI A ) 7 2
== 1 rTVg (5.2)

As a consequence of the foregoing mean-low assumptions, the first-order equations of
motion (4.22), (4.21), and (4.20) reduce to

Ds
=2 =o, 5.
Dt (5-3)
% + f’f—aa;V + (3Vh — Bo)r ™ Voer + 57 Vb — (prA?) " Vipe, =0, (54)
and Y
5’;’ L APV TV =0 (5.5)

We have made use of the first-order equation of state (4.23) and the mean-flow isentropic
relation, dP/dp = A? in deriving the momentum (5.4) and continuity (5.5) equations. and
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D /Dt =8 [t +r V30 /90 + V:8 JOE. (5.6)

The linearized unsteady flow in the far-field can be determined by solving the system of
convection equations (5.3), (5.4) and (3.5), for the first-order unsteady entropy (3), velocity
(V) and pressure (p). It follows from (5.3) that an entropic disturbance is convected by the
mean flow, and it therefore has a general solution of the form

5(x,t) = 3(r,r — Vpt, & — Vit) (5.7)

If the mean flow is uniform, i.e., V = Ve, the unsteady equations (5.3)~(5.3) have
analytic solutions, which will be examined in detail in §5.1. These give some insight into
three-dimensional unsteady flow behavior within a cylindrical duct. Analytical approaches
for three-dimensional mean flows with axial shear and swirl will be discussed in §5.2. Another
important situation in which analytic far-field solutions can be determined, is one in which
the radial component of the unsteady velocity can be regarded as negligible [i.e., o, ~ O(€?)].
This “two-dimensional”, unsteady-flow approximation will be examined in §5.3. Finally, the
techniques used for formulating and implementing numerical far-field boundary conditions
will be discussed in §5.4.

5.1 Uniform Mean Flow in a Cylindrical Duct

First, we consider the unsteady perturbation of a uniform flow in a cylindrical duct, with
velocity V = Vie;. In this case the unsteady equations (5.4) and (5.5) reduce to

Dv .
AR S L v 3
D1 +p Vxp=0, (5.8)
and b
5? +pA V-V =0, (5.9)
where )
D /Dt =0 [ot| + Ve0 [O¢ . (5.10)
After taking the curl of each term in the momentum equation (5.8), we find that
D¢ ]
B = 0, (5.11)

where { = V x v is the unsteady vorticity. In addition, after applying the operators
—pA*V - () and D( )/Dt to the terms in the momentum (5.8) and continuity equations
(5.9), respectively, and combining the resulting equations, we find that
D?* . .
D~ AVip =90, (5.12)
Equations (5.3), (5.11), and (5.12) indicate that first-order entropic, vortical and acoustic
perturbations of a uniform mean flow are independent modes of unsteady motion. Entropic
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and vortical disturbances are convected by the mean flow, and therefore have general solu-

tions of the form o
5 =3(r,0,6 - Vet) and ¢ =¢(r.0,6— Vet) . (5.13)

Pressure disturbances are governed by a convected wave equation, and, as a consequence,
such disturbances exhibit a more complicated behavior than entropic or vortical disturbances.

The unsteady perturbation can also be expressed in terms of independent entropic. rota-
tional velocity. Vg, and irrotational velocity, V 6, disturbances. Following Goldstein [Gol76].
we introduce the velocity splitting

V=Vr+ Vo, (5.14)

where the rotational velocity is divergence free, 1.e., V- Vg =0, and the velocity potential
and pressure are related by

. _D¢ .
p=— —Ii-t- . (7) 13)
It follows from equations (5.8) and (5.9) that
D3
—gtﬁ —0 or Vr=va(r6,6-Vit), (5.16)
and -
D*¢ -
W+A2v§¢=o. (5.17)

Thus the rotational velocity, like the entropy and vorticity, is a convected quantity and the
velocity potential, like the pressure, is governed by a convected wave equation. The solution
to this equation can be used to determine the irrotational component, V; = Vo, of the
unsteady velocity as well as the unsteady pressure.

For turbomachinery applications it s usually appropriate to restrict consideration to un-
steady perturbations that are harmonic in time and periodic in the circumferential direction.
Thus, e.g., we can write

p(x,t) = Re {p(x) exp(iwt)} = Re {[ i (T, &) exp(im())] exp(iwt)} , (5.18)

m=--00

where p(x) is the complex amplitude and w is the temporal frequency of the unsteady pressure
fuctuation, and m is an integer equal to the number of complete cycles or “lobes” in the
interval 0 < 6 < 2 of the mth component of the unsteady pressure disturbance. It follows
that convected quantities, say entropy and rotational velocity, have complex amplitudes of
the form

s(x) = { i sm(r)exp(imO)] exp(zke) (5.19)

m=—0Q

and

(1)
S
o
S—r

va(x) = { i VRm(T) exp(imG)} exp(ike€) (5.

m=-—00

where k¢ = —wV{l.
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An analytic solution to the convected wave equation (5.
can be determined using the method of separation of variable
solution for the functions Pm (7, €) of the form

12) for the unsteady pressure
s [TS62, VTMS2], leading to a

Pm(7'~ 5) = Zo=o am,n[']m(km,nr) + Qm,n}/m(km,nr)] exp(va.nf)
(5.21)
= Z?:O am,nEm.n(km,nr) exp(Xm,nf) .
Here ap, ny, Q. and kmn are constants, J,, and Y., are Bessel functions of order m of the

first and second kinds, respectively, E(k, ,r) is referred to as a “characteristic E-function”.
and

Xmn = Bnn+ ihema = (1= M) iMwA™ T /(1 — M2)k2  — o242 . (5.22)
3 m,n

where M = V; /A is the Mach number of the steady background flow. Note that Xm,n 1S purely
imaginary whenever w/A4 > (1 — M*)M2,. .. Under this condition, the two-components of
the m, nth pressure pattern propagate unattenuated along spiral paths normal to the lines
Kemnl+mb+wt = constant. Ifw/A < (1 ~M?)kpm 1, Xm,n is complex and an m, nth acoustic
disturbance grows or decays exponentially along the duct depending on whether the — or +
sign is applicable. The appropriate sign, — or + in (5.22), is determined by the conditions
imposed on the propagation of an acoustic wave. For example, an acoustic excitation must
either attenuate as it approaches the blade Tow, or propagate carrying energy toward the
blade row. Thus, for a subsonic mean flow (M < 1) the — sign must be selected to describe
an acoustic excitation from upstream; the + sign, to describe an acoustic excitation from
downstream.

The constants, &, , and @m.», in Equation (5.21) are determined by applying boundary
conditions at the inner (hub), r = rg, and outer (casing), 7 = rp, walls of the duct. The
so-called “hard wall” conditions,

@ =0 at r=ryg and r=rp, (3.23)
or
will be used here, but “soft-wall” boundary conditions, in which an acoustic impedence is
specified along the walls, could also be applied. Conditions (5.23) lead to two simultaneous
equations for determining the k,, ,, and @mon, i.e.,

Jr/n(ﬂkm,nrD) + menyn,a (/‘km,nrD) =0 (5.24)

and
']r,n(kmmrD) + Qm,nYT;(km,nrD) = 0«, (525)

where 4 = ry/rp and the primes indicate differentiation with respect to r. This system has
a nontrivial solution if and only if the determinant of the coefficients is equal to zero, i.e.,

Jrln (,Ukm,nrD) YT?I'L(/J'km.nrD)
=0. (5.26)

J',In(km‘nTD) Y;;(km,nrD)
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CHARACTERISTIC NUMBERS
Ordered by Magnitude

m n  kmaTD \ m n  kmaD m n  kma™D l m n kmaTD
T 0 1353429 || 1 2 12.702435 | 11 1 17.518303 19 0 21.182236
9 0 2.682314 (|11 0 12.826052 || 16 0 18.063198 7 3 21.332603
3 0 3.957204 2 2 12.951395 9 1 18.444412 S 3 22127346
4 0 5.178097 || 3 2 13.342711 | 12 1 18.689379 15 0 22.135438
5 0 6.335176 || 8 1 13.802131 || 1 3 18.907080 20 0 22219130
1 1 6576327 |12 0 13.878820 | 2 3 19.077499 12 2 22.223667
9 1 7.060908 || 4 2 13.896018 || 3 3 19.390278 9 2 22.999720
6 0 7.462803 | 5 2 14.542588 || 10 1 19.682482 16 1 23.256639
3 1 7.844923 |13 0 14.927908 | 4 3 19.707966 13 2 23.469107
- 0 8.560980 | 9 O 15.067202 || 13 1 19.856277 10 2 23.845039
4 1 8.830198 | 6 2 15.395325 || 18 0 20.144039 17 0 24.381201
§ 0 9.639520 (|14 O 15975153 | 5 3 20.197436 14 2 24.771610
5 1 9987278 | T 2 16.277517 || 6 3 20.736031 11 3 24.823000
6 1 11.232715 110 O 16.305273 || 11 2 20.896011 1 4 25.190264
7 1 12.507607 || 8 2 17.336420 || 14 1 21.001701 2 4 25.360685

Table 5.1: Roots of the determinant equation (5.26) with ¢ = 0.5 arranged in order of
increasing magnitude (only the first 60 are shown).

The trancendental equation (5.26) has a countably infinite number of distinct roots kmn"D
for each integer m, which can be placed in increasing order of magnitude and numbered
n=012 ... . The functions Emn{kmar) then have n zeros in the interval rg <1 <7D-

A solution scheme for determining the roots of (5.26) is given In [VTM82]. It involves a
combination of a fixed point iteration for each of the roots, along with a bisection algorithm
for calculating roots that are either skipped by the iteration routine or occur in regions in
which the iteration has difficulty in converging. Ordered results of this algorithm are shown
in Table 5.1 for p = 0.5 Once the roots have been found and the constants @m.n have been
evaluated, the radial mode shapes or characteristic E-functions, can be determined. A few
of these functions, normalized by their largest value, are shown in Figure 3.

As indicated by the foregoing results, a general acoustic perturbation of a uniform mean
flow in a cylindrical duct consists of a combination of “spinning” modes, each containing m
lobes and having a radial dependence described by linear combinations of mth order Bessel
functions of the first and second kinds. These modes either decay as the move axially away
from their source of origin, or propagate along spiral paths, unattenuated in amplitude.

5.2 Unsteady Perturbations of Nonuniform Mean Flows

If the underlying steady flow is not uniform, the equations of motion for three-dimensional
unsteady disturbances do not reduce to a simple convection equation for the unsteady vor-
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ticity nor to the standard convected wave equation for the unsteady pressure. The entropy
i1s still a purely convected quantity with general solution given by (5.13); but vortical and
acoustic disturbances are not independent modes of unsteady motion, and it is not possible
to determine analytic solutions for these first-order unsteady flow variables. However, by
assuming an exponential dependence for the temporal, circumferential, and axial behaviors
of the unsteady perturbation quantities, the first order momentum and continuity equations
can be reduced to a single, but complicated, second-order, ordinary differential equation for
the radial behavior of the pressure. This equation along with the boundary conditions at
the duct walls provides an eigenvalue problem for the unsteady perturbation, which must
be solved numerically. A technique for determining this eigenvalue problem for a mean flow
with axial shear and swirl is given below.

We consider a steady background flow containing both axial and swirling components of
velocity, but no radial component. The steady velocity and thermodynamic properties are
described by equations (5.1) and (5.2), respectively. If we assume that the first-order un-
steady entropy, velocity and pressure consist of a superposition of fundamental disturbances
that vary harmonically in time and in the circumferential direction and exponentially in the
axial direction; e.g.,

P(r,0,6,2) = Re{p(r) exp[x(r)¢ + i(m + wt)]} . (5.27)
and set
A=i(w+mrp) + xVe, (5.28)
the unsteady equations (5.3)-(5.5) reduce to
As =0, (5.29)
d
Av, — 2r 1 Woug + r 1 Vis = — 51 (j—f + ﬁép) + (prAH)"Wrp, (5.30)
Avg + (7‘“11/9 + %) v, = —im(pr)p, (5.31)
Ave + %vr =—p""xp, (5.32)
dr
and
= A2y—1 2y-17,2 dv, -1 dx -1 = o
AMPA ) 'p+ (rAD Wi, + ot + E{v, +1mrTvg + xyve = 0. (5.33)

The unsteady solutions will be composed of convected (A = 0) and nonconvected (A#0)
components. The entropy is a convected disturbance with axial wave number

Ke = —1x = —(w + mr'lVg)Vs"l , (5.34)

which, in this case, varies with radial position. Other convected disturbances can be deter-
mined as solutions of the momentum and continuity equations. For example, the assumption
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A = 0 applied to the circurnferential (3.31) and axial (5.32) momentum equations results in
inconsistent equations for v and p unless the steady flow satisfies the condition

d‘/@ dV
—11/ . -1 _ —11/ I3 P
(7‘ Ve + ———dr ) (w + mr [/9) = —mr VE _—dr . (5.

Ut
(W%
Ut

~

If (5.35) is not satisfied, then v» = p = 0, and the radial momentum (5.30) and continuity
(5.33) equations have solutions of the form

Ve d mVaVes (5.36)
vy = —s and vg= .
) £ 2w +mrtVp) >
If. in addition to A = 0, there are no entropic perturbations, then vg = 0. The axial

disturbance velocity ve will also be zero, implying no disturbances, unless w + mr~tVy =0,
whereupon ve is arbitrary, and the axial wavenumber of this disturbance is zero. This
condition can be satisfied if the swirl velocity is linearly dependent upon 7, €.8, if Vg = Qr,
where 1 is a constant angular velocity. This situation is designated as “solid-body swirl,”
and according to Kerrebrock [Ker70], reasonably represents the flow behind a high work
blade row.

[f there is no axial shear in the mean flow, i.e., dVg/dr = 0, then the condition (5.33)
is satisfied for the cases of solid-body swirl, if w = —mf}, and “free-vortex” swirl, which is
described by Vs =T/r and approximates the flow directly behind a fan rotor [Ker70]. Under
either of these circumstances, the circumferential and axial momentum equations become
simple multiples of each other, and either vy or p cal be specified independently.

Finally, if the circumferential component of the steady velocity is zero (Vo = 0) and
m # 0, it follows from (5.31) and (5.32) that v, =0 and p = 0 and from (5.33) that

ve = m(wr)™ Veve - (5.37)

This solution describes an unsteady velocity disturbance that carries no pressure and 1s
convected at the mean flow velocity.

Nonconvected disturbances (A # 0) are isentropic, i.e., s = 0. For such disturbances
equations (3.30) - (5.32) can be solved simultaneously to give v, Vg and v¢ in terms of p and
dp/dr, as long as

D=)+2r"1V; (r'1V9 + d—gg) #0, (5.38)
and the results can be subtituted into (5.33) to determine a second-order differential equation
for p(r). It can be shown that the condition D = 0 leads to the trivial solution in which
all unsteady variables are zero. If D # 0 and we assume that x is a constant, the unsteady
velocities are given by

v, = —A(pD)! dEP; —Vr M VeAT - 2im()\r)—1]p] ) (5.39)

d avi\ | .
ve = (pD)” {(rlve + {f) % —r7 {VfA“2 (r“‘Ve + —ﬁ) + zmkﬂ p, (540
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and

o dVe | d
ve = (pD) l—i[—p—

dr idr

After substituting these expressions into the continuity equation and performing the neces-
sary algebra we find that

r (V(;A'Q - Qim(/\r)‘l) p] —x(pM)7Ip . (5.41)

m‘*‘fl(r)a— + fa(r)p = 0, (5.42)

where

Alr) = PATD— AED)] = r V(oA — 2imA )
Ve

—im(Ar)7! (r‘% + %) +roH ATV + 1) - Ay .

dr
and J
fo(r) = =pA~' Do [A(pDr) (Vo A7 — 2imA 1)

—r VATV + 1)(VEA? — 2imA~1r™Y)

v, (5.44)
+imA~1r? [V(;QA‘Z (r“lVb + y ) + im)\}
r

+r-lvg‘% e 2imA~'r7!) + A72D(x% — A?A7Y),
Equation (5.42) is a rather complicated ordinary differential equation which must be solved
numerically subject to boundary conditions at the hub (r = ry) and duct (r = rp) walls.
Nentrivial solutions of the resulting eigenvalue problem determine the radial modes p(r)
corresponding to the eigenvalues y, which determine the attenuation constants and/or the
axial wavenumbers of the nonconvected disturbances.

It is interesting to compare the foregoing results to those arising from this same process
carried out for a uniform steady flow. If V; is a constant, V3 = 0 and A = 0. It then follows
from (5.30) - (5.32) that p(r) = 0, the velocity of this pressure-less disturbance (i.e., the
rotational velocity) is convected by the mean flow, and this velocity has a solution of the form
(5.16). If X # 0, the velocity components are given by Eq. (5.39) - (5.41) with dVe/dr and
Vs set equal to zero, and p(r) is governed by the second-order ordinary differential equation

dp _,dp 2 2 -2 = 4=
F-}-r E_*_(k —mr 4)p=0, (5.45)

where
B = A7 (A% = VAR ~ 2iVex + W (5.46)

Equation (5.45) is Bessel’s equation of order m and has a solution of the form indicated in
(5.21), and (5.46) yields solutions for x of the form (5.22).
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5.3 Two-Dimensional Flow in a Cylindrical Annulus

In deriving equations (5.3) through (5.5), we have assumed that the radial component
of the steady velocity is zero [cf. (5.1)]. If we also assume that the radial component of
the unsteady velocity is negligible, i.e., vr ~ O(€?), we can obtain analytic solutions for the
first-order unsteady flow variables in the far field that account for the effects of mean swirl.
Thus, if & ~ O(€?), we find from (5.4) and (5.5) that the axial and circumferential variations
in the unsteady velocity and pressure, within the cylindrical annulus ro — dr < r <o+ dr,
are determined by the equations

Dy o -
" —pVx,P (5.47)
Dp .
T)% = —pAZVXo v (548)
where xg = (ro,&,8), D/ Dt is defined in (5.6), v = V¢ee + Voes, and
a ., 0
Vx, = e58—§ +7T 16955 (5.49)
In addition, the radial component of the first-order momentum equation (5.4) reduces to
-1 < _ oz 1 [, -1 4-2y25 9p -
r Vy(Ves —209) =9\ T A™*Vip — 3 (5.50)

We can unwrap the cylindrical annulus, set e, = eg, Vy = Vs, v, = vg, and a/on =
r=19/98, and regard § and 7 as Cartesian axial and tangential coordinates such that e¢ x
e, = e, points out from the page. In this case equations (5.3), (5.47) and (5.48) govern
the two-dimensional, linearized, unsteady perturbation of a uniform stream flowing at an
angle Q@ = tan~1(V,/V¢) to the axial direction. As for the case of uniform mean flow in a
cylindrical duct, the unsteady vorticity ¢ = V x v = (e, (or —(Ce,) associated with this
two-dimensional flow is convected by the mean flow, the pressure is governed by a (two-
dimensional) convected wave equation, and the unsteady velocity can be decomposed into
rotational, Vg, and irrotational, v; = V ¢,components. The rotational velocity determines
the unsteady vorticity and is convected by the mean flow, the velocity potential determines
the pressure and 1s governed by a convected wave equation.

For an unsteady perturbation that is harmonic in time and periodic in the tangential, 7,
(or circumnferential, §) directions the (two-dimensional) solutions for the complex amplitudes
of the first-order unsteady entropy and rotational velocity are

oo
s(xo) = Y sml(ro)expli(kemé+ Kam)] (5.51)
m=-—0co
and -
vR(Xo) = Z VRm(T0) expli(xem€ + nn,mn)l (5.52)
m=-—00
where knpm = MTo 1 is the “circumferential” wave number of the mth disturbance, and
Kem = —(w + n,,,mV,,)VE'I ‘s the axial wave number of the mth entropic and rotational

velocity disturbances.
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The solution of the two-dimensional convected wave equation for the complex amplitude
of the pressure, as determined by the method of separation of variables, is

pxa) = 3 pn(ro)exp(xn +iknr) 5.5
wheré
Xm = Bm+ikem = Fdpm +iM26, cos Q) |
bm = (WV '+ KkymsinQ)/(1 — M2 cos? Q) | (5.54)
d7, = (1 - M?cos® Q)12 — M?62

and dr, is the principal root of d7, ; i.e., dm = |d| if @2, > 0 and d, = 1|d,,| if d2, < 0,

If 2, # 0, each fundamental solution describes two wave-like disturbances which, depend-
ing upon the sign of d?,, either grow or decay exponentially in the axial direction (&2 > 0)
or propagate carrying energy away from or toward the blade row (d%, < 0). The condition
d?, = 0 which divides these two types of behavior is referred to as the “cut off” or acoustic
resonance condition. In each case, d2, > 0, d2, < 0 or d2, = 0, we can write

Pm(X0) = pm(ro) exp[(hmdm + iM?8, cos Q)€ + ikymy] | (5.55)

where the correct value of A, (i.e., +1 or —1) for d?, # 0, must be determined by whether
the pressure wave travels in the positive or negative axial directions.

The two-dimensional, far-field, conditions account for the effects of mean swirl, and for
this reason they are often applied (in “strips”) in three-dimensional unsteady flow calcula-
tions. These conditions do not properly account for the radial dependence of the unsteady
flow variables. Consequently, solutions determined using this quasi-three-dimensional (or
strip theory) approach may be of limited use for forced vibration and aeroacoustic response
studies in which the excitation frequencies of interest are usually high, i.e., w ~ O(10).

5.4 Numerical Far-Field Boundary Conditions

The development of numerical far-field boundary conditions typically involves an exam-
ination of an approximate set of linear unsteady equations followed by a decomposition of
the unsteady disturbances into incoming and outgoing waves. The incoming and outgoing
disturbances at the far-field boundaries are determined by the characteristics of the gov-
erning equations. The characteristic values or eigenvalues represent the velocities of the
fundamental disturbance waves, and the eigenfunctions describe the shapes of these waves.
Conditions must be formulated to neutralize undesired incoming disturbances. Such condi-
tions are termed “non-reflecting.”

We can write the first-order unsteady equations (5.3) - (5.5), in matrix form, i.e.,

o0u® on? au? aur

- - 17 il af = .
5t +A57‘ + Br 50+C6§ + Du 0 (

(1]
Ut
N
~—
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where _
s 0o 0 00 O W
Dy 60 0 00 p7!
af = { Vg ¢, A=|0 0 00 O (5.57)
Vg 0 0 00 O
D | 0 pA* 0 0 0 ]
Vv, 0 0 0 0 Ve 0 0 0 0 ]
oV, 0 0 O 0o V 0 O 0
B=|0 0 Vi 0 pt ], C= 0 0 Ve O 0 , (5.58)
0o 0 0 VWV 0 0 0 0 V p!
0 0 pA* 0 V 0 0 0 pA* V;
and
0 0 0 0 0 ]
r‘l‘/}f 0 —2r-1Y, 0 —(pr)! ATV 2
D= 0 r=1V, + dVy/dr 0 0 0 (5.59)
0 dVe [dr 0 0 0
0 proi(VE + A?) 0 0 0 |

The components of the column vector {i are the primitive unsteady flow variables; those of
the matrices A, B, C and D are determined by the mean or steady background flow.

One-Dimensional Conditions

We assume that o, ~ O(€®), the unsteady entropy, circumferential velocity and pres-
sure are related by (5.50), and the circumferential variations (9 /06) in the unsteady flow
properties are of O(¢?). Then, the components of the column vectors AduP?/dr + Dd? and
Br—100?/90O are at most of O(¢?), and the system of equations (5.56) for the first-order
unsteady flow variables can be approximated by

au? on?

—+C—=0. 5.60

TR (5.60)
Note that, although we have assumed ¥, ~ O(€?) in deriving (5.60), a convective equation
for v, has been retained within this system of equations.

The matrix C can be diagonalized by employing a similarity transformation, 1.e..

S-1CS = A (5.61)

where S contains the eigenvectors of C as its columns and A is a diagonal matrix whose
elements are the eigenvalues of C. Premultiplying (5.60) by S-1 and transforming to the
characteristic variables & = 87107 results in
dc Jc
— 4+ A— =
at o€
Equation (5.62) leads to an application of “one-dimensional” boundary conditions to the

three-dimensional unsteady problem. Such an application is effective if the unsteady distur-
bance waves travel along lines that are nearly parallel to the £-axis. The matrix S 1s used

0 (5.62)
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in transforming from characteristic to physical variables via the equation &” = S¢&. In the
present application S and its inverse, S™!, are given by

[1 00 0 0 ] [1 00 0 0
010 0 0 010 0 0
S={001 0 O and ST'=1001 0 0 (5.63)
000 1 1 0 00 1/2 (2pA4)7!
10 0 0 pA —pA | 10 0 0 1/2 —(2pA4)7!
The five eigenvalues of the matrix C are
M=d=X=V:, M=V;+A4, and M=V —A. (5.64)

For subsonic flow, the first four eigenvalues of C are positive and the fifth is negative.
Therefore, at the inlet boundary, there are four waves entering the computational domain
which must be specified, and one wave exiting which is extrapolated from the interior. At
the downstream boundary, waves corresponding to the first four eigenvalues are exiting the
domain and are therefore extrapolated, while the wave corresponding to A5 must be specified.
For example, if it is assumed that there are no external excitations, then the conditions
€1 = C; = C3 = ¢4 = 0 are specified at the upstream boundary, and é = 0 is specified at the
downstream boundary. These conditions imply that

§=0, 0. =0, 9=0, % =¢, and p= —pAG, (5.65)
at the upstream boundary where the value of & is extrapolated from the interior of the
solution domain. At the downstream boundary

§=¢, Ur=¢C, Ug=C, U¢=¢, and p=+pAé,, (5.66)
where. here, the values of ¢, é;,¢3, and ¢4 are extrapolated from the interior.
Two-Dimensional Conditions

The one-dimensional boundary conditions are useful if all unsteady disturbance waves
travel nearly in the positive or negative axial directions. Two-dimensional conditions which
allow for both axial and circumferential variations in the unsteady disturbances can be
determined by analyzing the coefficient matrices B and C in (5.56). The approach is de-
tailed in [Gil90], and its application to three-dimensional flow which yields “quasi-three-
dimensional” boundary conditions is discussed in [SG91].

In developing the two-dimensional far-field conditions, the equations of motion (5.56) are
approximated by

14 114 J11P
%1;+Br"%%+c%“§— =0 (5.67)

This approximation is equivalent to setting ¥, = 0 in the circumferential and axial momentum
equations in (5.4) and in the continuity equation (5.5), assuming that (5.50) holds, and
replacing the radial momentum equation in (5.4) by Dv,/Dt = 0. If we consider a wave-like

solution of the form
u”(¢,0,t) = uexp[x€ + i(mb + wt)] , (5.68)
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where y,m and w are constants, and substitute (5.68) into (5.67), we find that
[iwI+ imr !B+ xClu=0, (5.69)

where I is the identity matrix. In general, w and m are specified, and x must be determined.
A right eigenvector u? of the system (3.69) is determined by solving the equation

[iwI + imr™'B + xClu® = 0 (5.70)

indicating that uf® corresponds to the eigenvalue —iw of the matrix [imr~'B + xC]. Pre-
multiplying (5.70) by C! yields

C'[iwI + imr~'B + xClu® =0 (5.71)

<o that uf is also the right eigenvector of the matrix [iwC™! + imr~!C™'B] corresponding
to the eigenvalue —x. The perturbation vector i can be expressed as a linear combination

of the right eigenvectors uf ,n=12...,5 with eigenvalues —xa, 1.€.,
5
uwP = (Z anul exp[xné]) expli(mb + wt)] . (5.72)
n=1

Analogously, a left eigenvector ul of the matrix [imr~'B + xC] corresponding to eigen-
value —iw is defined by
ulliwl +imr B+ xC] =0, (5.73)

and a left eigenvector v of the matrix iwC-1 +imr~1C~'B corresponding to the eigenvalue
—v is defined by
vEC Y iwIl 4+ imr'B + xC] =0 (5.74)

The right and left eigenvectors corresponding to the eigenvalues x; are thus uf and vi =
uLC. It can be shown that the scalar product vZ - uff = 0 for m # n, so premultiplying
(5.72) by vE results in

L

L. aP = an(vE - uf)exp[xat] expli(mf +wt)] ,n=1,2,...,9 (5.73)

n

v

Nonreflecting boundary conditions are found by identifying which of the 5 modes correspond
to incoming waves at the boundaries, and specifying the constants an in (5.75) for those
waves.

For the two-dimensional system (5.69), the eigenvalues are found from the determinant
of the coefficient matrix, which yields

{z’(w +mr V) + Xnvé]a {[l(w +mr V) + xn‘/gr + A¥(mPr7? - xi)} =0 (5.76)

This equation is a dispersion relation that relates the wave number of a given disturbance
to its frequency. Three of its roots are identical, and are given by [cf. (5.34)]

X123 = —Hw+ mr Vo)Vt = ke (5.77)

40



indicating that the disturbances associated with these roots are convected by the mean flow
and that they do not decay with axial distance. The remaining two roots are found by
solving the quadratic in (5.76), which gives,

(A% = V¥)xas = i(w + mr Vo)V, F (A2 - V2)d,, (5.78)

where

(A* = V¥)dm = AJ(A2 = V2)(mr1)? — (v + mr-1V;)2. (5.79)

These results become identical to those given in (5.54) if we replace mr-! by x, and Vj by
Vy- The corresponding right eigenvectors are given by

1 0 0 0
0 1 0 0
e I A . B
0 0 1 P Xu5
0 0 0 —(27 + xa,5V%)
(5.80)
where v = w + mr~1V,. The left eigenvectors vL are given by
vi = {100 0 0}
vi = {010 0 0
5.81
v o= {0 0 (V) 1 () >80
and

Vis = {0 0 im(En)T —i () (A (42 =V xas - v}

The first eigenvector is associated with an entropic disturbance, the second and third with
vortical disturbances, and the fourth and fifth with downstream and upstream moving acous-
tic disturbances.

Assuming that there are no specified external disturbances entering the domain. it is
necessary to specify

Vi P =0,n=1,234 and vE P =0, n=3 (5.8:

(1]
o0
(V]
~—

at the upstream boundary and downstream boundaries, respectively.
Alternative Technigues

Both the one-dimensional and the two-dimensional far field conditions presented above
provide only approximate representations of the three-dimensional, unsteady flow behavior
in the far field of a blade row operating within a cylindrical duct. Since the full system of
equations contains variable coefficients, an extension of these techniques to three dimensional
flows is not readily apparent. One alternative approach used in flutter calculations is to
stretch the computational grid in the axial direction so as to dissipate acoustic response waves
that travel away from the blade row and thereby prevent the occurrence of any reflected
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waves. This approach can not be used in forced vibration or noise generation studies, in
which external aerodynamic excitations and far-field acoustic responses must be accurately
modeled.

Current aeroacoustic analyses make use of the three-dimensional analytic solutions avail-
able for uniform axial mean fAows. This has the benefit of accounting for the radial behavior
of acoustic disturbances, but ignores the effects of mean swirl. As such, it is only useful
in special situations, €.8., to represent the unsteady flow ahead of the first blade row of a
machine. The technique generally employed in modern computational simulations is to use
the analvtic solutions available for two-dimensional flows 1 a strip-theory fashion. This
quasi—three-dimensional approach [SGI1] incorporates the effects of mean swirl, but it does
not properly account for radial variations in the unsteady flow quantities. An examination
of radial mode behavior in uniform, axial, mean flows (e.g-, see Figure 3) indicates that this
approach may not be very useful for aeroacoustic response studies.

Another approach that has been tried for two-dimensional flows is due to Hall and
Clark [HC93a], wherein the fluid dynamic field equations are first discretized and an eigen-
value analysis 1s performed on the resulting set of discretized equations. This method com-
putes the eigenvalues and eigenvectors of the discretized system, and any incoming distur-
bances are then specified at the boundaries. Since the orders of the matrices involved in this
type of analysis are quite large, the method is computationally :ntensive. The technique also
requires constant coefficient matrices, and thus it contains the same difficulties for nonuni-
form mean flows as the analytical and characteristic-based methods described herein.

One potentially promising approach to finding useful three-dimensional solutions for far-
field unsteady disturbances is to develop reliable methods for solving the ordinary differential
equation (5.42) for the radial behavior of the unsteady pressure In a nonuniform mean flow.
By integrating this equation numerically, subject to boundary conditions at the duct walls.
both the eigenvalues and the radial mode shapes can be determined. In principle, the
resulting far-field solutions can be coupled to an interior numerical solution to complete the
description of the unsteady flow field.
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6. Numerical Model

The governing equations for the nonlinear three-dimensional unsteady flow problem were
formulated in §3; those for the three-dimensional steady and linearized unsteady flow prob-
lems., in §4. In this Section, approximate representations of these equations will be developed
using both finite difference and finite volume discretizations. Also, the particular finite vol-
ume model used in the development of the NPHASE and LINFLUX codes will be described.

The numerical model for solving the three-dimensjonal unsteady, steady and linearized
unsteady flow problems is based on the nonlinear, time-marching, Euler analysis originallv
developed by Whitfield, Janus and Simpson [WJS88], and subsequently extended for turbo-
machinery unsteady aerodynamic applications by Huff, Swafford and Reddy [HSR91]. The
latter authors provided an implicit, multi-block, finite-volume analysis and computer code,
called NPHASE, for predicting nonlinear, two-dimensional, unsteady flows through vibrating
cascades. This analysis has been shown to be robust, with a proven capability to predict
transonic flows with sharp shock definitions, and accurate, allowing second and third-order
spatial discretizations. A detailed description of the latest version of NPHASE can be found
in [SLH*94] and the references cited therein. Under the present effort the NPHASE code
has been modified to take advantage of the efficiencies inherent in a linearized unsteady
aerodynamic formulation. The linearized version of NPHASE is called LINFLUX.

6.1 Discretization of Physical Domain

In order to develop a discrete approximation to the governing equations, the physical
domain must first be described as a set of discrete points, that form a computational mesh
or grid. For the NPHASE and LINFLUX analyses, the computational mesh is a sheared
H-mesh, typically generated using the IGB grid generation package of [BH92]. This struc-
tured mesh defines a curvilinear coordinate system, the boundaries of which lie along the
boundaries of the physical domain, such that there is a one-to-one transformation from
points in the physical domain, (x), to points in the computational domain, (a). Such a
transformation allows clustering of grid points in regions where flow variables undergo high
gradients and accounts for any grid point motion. A time-dependent coordinate transfor-
mation, (X,t) — (a,t), from the physical domain, in which the grid deforms with the blade
motion, to the computational domain, in which the grid is fixed, can be applied to simplify
the implementation of numerical differencing and boundary conditions. The numerical grid
is usually defined to be uniform, orthogonal and stationary in computational space for con-
venience in defining finite-difference approximations. This type of coordinate transformation
is described by Anderson, et al. [ATP84] and illustrated in Figures 4a and 4c.

Finite-Difference Coordinate Transformation Metrics

For finite difference approximations, expressed in the computational domain, we consider
a transformation (X — A) of the governing equations from physical (x,t) to computational
(. t°) coordinates. Note that time is defined to be the same in the two coordinate systems,
but has been given separate symbols, ¢ and ¢°, to avoid confusion. For arbitrary physical
domains the transformation from physical to computational coordinates must, in general,

43



be defined numerically, and is typically
by Thompson,
A — X, contains all the info
pace and to determine
f the forward transformation, X —
itten in terms of

equations, as described
inverse transformation,

of the grid points in physical s
1.2.3. However, the metrics 0
are Wr

the governing equations

values of the forward metrics daj/Ot and J
For a formulation based on the different
metrics are obtained by consl

coordinate systems, 1.€.,

done by solving a set of e

et al. [TTMT7T]

lliptic partial differential
, for (x,t) in terms of (a,t%).
rmation needed
the metrics 0zx/0t¢ and dzi/0aj. 1 k=
A appear explicitly when
computational coordinates; therefore, the
a;/0z; must a
ial form of the gove

This

to describe the location

Iso be determined.
rning equations the forward
dering total differentials in the two (physical and computational)

r dt " 1 0 0 0 ‘| r dtc -]
dn 0m Oz On
dl'1 ot 801 aaz 603 dal
K= 15| om 0m dm Imy -1 o4
2 8tc aoq 8(12 803 o2
| dea dzy Oz3 0z 03 || dos |
I | B¢ dar 0oz Ocs |
and
- di 1 [1 0 0 0 | r dt W
far oy 001 O
don 5t 0z Oz2 013 dz
dA= 1=ty O de D) ) g =y (62
2 8t 63?1 6.’122 81’3 ?
| dos oz Oag Qg Doa | | das |
I | 3t bz 0z 913

where J** and I°% are the matrices of the forward , (X, t) = (o, t%)
(x,1), transformations, respectively. The two matrices J** and
1.e.,

and the inverse, (o, ) =
1°% are inverses of each other,

37 = (I%%)7! . (6.3)

Equation (6.3) provides the needed relationships between the forward, da;/0zk, and inverse,
) daj, metrics. The Jacobians J=& = det(IJ*%) = (1e%)~! and I°* = det(1°%) (J=)

of the forward and inverse transformations are referred to as metric Jacobians.

Finite Volume Geometry

For a finite volume discretization, based on the integral forms of the governing field
equations, the geometries of the mesh cells in physical space are required. The mesh points
define the eight vertices of the non-overlapping hexahedral cells which A1l the physical solu-
tion domain. Cell faces are surfaces of constant computational coordinate, so that each cell
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is bounded by the six surfaces, say o; = I,7 =1 and oy = J,J—1land a3 = K, K — 1. The
connectivity of the cells is thus known from the computational coordinates, with neighboring
cells given by changing a computational coordinate by one.

The geometric properties of the cell are computed from the locations of the cell vertices.
For example. the area vector of a cell face is given by the cross product of the directed line
segments that cross the cell face from “lower left” to “upper right” and from “lower right” to
“upper left”. Let subscripts correspond to mesh indices, then the area vector of a constant
aq face is

Ar= s (X1okx — Xru-15-1) X (Xrg-15 — X1.0K-1) (6.4)

(SN

and similar expressions exist for constant a, faces, A;. and constant as faces, Ay. The
components of the area vectors can be treated as a matrix, with A;; being the area of
the constant «; face projected in the z; direction. These area vectors are illustrated for a
two-dimensional geometry in the accompanying sketch.

)

L.

Two-dimensional cell with face area vectors.

The cell volume can be computed from the six face area vectors and the location of the
mid-points of the faces. Let the mid-point of a constant a; = I face be X 4, so that the
distance between mid-points across the cell in the a; direction is

AX[ = X7 mid — X[~1,mid (6.5)
The cell volume is then

1
¥ = —6- [(A[ “+ A[._l) . AX[ + (A.J + AJ_]_) . AXJ + (AK -+ AK-—l) . AXK] (66)

which is equivalent to adding the volumes of the pentahedrons defined by each cell face and
the center point of the cell.



6.2 Nonlinear Analysis

The equations that describe nonlinear, inviscid, unsteady flow through a rotating blade
row have been given in §3 of this report. For cascades in which the blades are vibrating, the
points, X, move in physical space, ie., x = X+ R(X,1) is the instantaneous position of a
moving field point having its reference position at X. Currently, two methods are used for de-
termining the unsteady displacement field, R(x,t). The NPHASE code originally contained
the grid motion formulation of Huff [Huf87], which is based on an algebraic description. As
part of the present effort a grid motion formulation, based on a displacement field that is
determined as a solution of Laplace’s equation subject to Dirichlet boundary conditions at
the blade surfaces and 1n the far field, was incorporated into NPHASE. The latter formula-
tion, which is described in §6.3, is more robust than the algebraic formulation in that larger

amplitudes of blade motion can be considered without grid line intersections occurring.
Finite Difference Approzimation

Since the mesh is time dependent, a time-dependent coordinate transformation, (X,t) —
(a,t°), from the deforming mesh in the physical domain to the fixed mesh in the computa-
tional domain is applied. The Euler governing equations (3.37) can be written in terms of
the computational coordinates c and t¢ by applying the chain rule of partial differentiation,

le.,
o 9 Oa; O d _ Oq 0 _
=5 " 5t 90, ™ Bz 0u.0a; (67)
leading to equations of the form
8 da; 0\ ¢, 99 0 & _ & .
(Btc T 5t 3a,—) Ut erday =0 (6:8)

Equation (6.8) can be written in strong conservation form by multiplying all terms by
(Jry bt =17 and making use of the tensor identities

d Ja; ore= 0 da;
—{1==)=0 d — 1= = 6.9
3o, ( azk) and i Ba, ( ot ) (6-9)
After applying the necessary algebra, we find that
95+ 2R =5 (6.10)
ot Baj 7T '
where 5 3
& eU, F, =17 [ S20+ S2F ), end § =15 . (6.11)
ot Jzx
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Finite Volume Approzimation

In order to apply a finite volume discretization, the Euler governing equations (3.37) must
be written in terms of the cell geometry. For example, in three dimensions the cell geometry
is defined by ¥, the cell volume, 9;, the volume swept out per unit time by the constant q;
face as the cell interface moves, and A;y, the area of the constant «; face projected in the z;
direction. Thus, we can write the finite volume spatial discretization of equation (3.37) as

U
ot

(84

=-R (6.12)

N

= —6;F; +

where

U=0U0 , F;=—4,0+A4,F, , and =083 (6.13)
In equation (6.13) the vectors U and § represent averages over the cell volume of the con-

served quantities and the source terms, respectively. In equation (6.12) the vector E:‘j is the
flux across a constant «; face; the symbol §; represents the difference across adjacent cell

interfaces, i.e. 6;( ) = ( )jz1y2 — ( )j=1/2; and R is referred to as the residual. The
repeated ; index implies summation over all computational coordinate directions, so that
the term 6jf’j is the net flux through the cell. Since the grid deforms as the blades move,
the cell geometry terms, ¥, ¥, and A}, are time dependent.

The finite difference and finite volume discretizations are seen to be related if the transfor-
mation metrics of the finite difference discretization are interpreted in terms of cell geometry.
For example, in three dimensions 9 is analogous to 1%, 9; is analogous to —I **Ja;/0t, and
Ajk is analogous to I®*0a;/0z. This interpretation shows the similarity between the finite
difference definitions in equation (6.11) and the finite volume definitions in equation (6.13).

In the NPHASE analysis [HSR91], the fluxes at the cell interfaces are computed from
the values of the state vector on either side of the interface using the approximate one-
dimensional Riemann solver developed by Roe [Roe81]. The interfacial flux is computed by
multiplying the difference in the state vector across the interface by a flux Jacobian matrix
representing the local interface conditions. The eigenvalues of this lux Jacobian matrix are
used to determine which characteristic modes are included, thus controlling the direction
of spatial differencing. This technique is known as flux difference splitting and results in a
first-order accurate spatial differencing scheme. Higher order accuracy 1s obtained by using
a corrective flux, which is limited by a TVD scheme [0C84] to control dispersive errors. This
flux differencing scheme is described in §6.4 for the steady and linearized unsteady fluxes.

The NPHASE time differencing is based on the three level Beam-Warming [W B77] rep-
resentation of the time derivative. Thus, if we let the superscript n refer to the current or
nth time level, we can write

sntl znza ] 8(AT") ou” s ne1
-U =AU = — [0Ar=——Z L At + JA 14
U =at" = — (@A S + A+ AT ) , (6.14)

where © and ¥ are constants that define the relative weighting of the time levels. For
example, setting © = 1 and ¥ = 1/2 results in the second-order accurate, implicit, three
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point backward difference scheme currently used in the NPHASE code. The time derivatives
on the right hand side of Equation (6.14) are expressed in terms of the residual of the
governing equation. as defined by Equation (6.12). Collecting terms and substituting for ©
and ¥ results in _ -
3AU - AU = n+l 3

AL =-R (6.15)
where the differences on the left hand side involve both the state vector and the cell volume.
Separating the time dependence of the state vector and the cell volume results in

. O 9Ate zemt VT o ur 4, 9!

T+l n _ n__ n—1 n+l _ ~9n _

e T T (0" -0+ 5o (19 0"+ 3 ) =0. (6.16)
X . . = n+l =z n+l -~ . ~

Equation (6.16) 1s nonlinear, since R~ = R (U7+1) is a nonlinear function of U™

Therefore, it is solved using a Newton iteration procedure 11 which the residual equation
‘s linearized using flux vector splitting and the flux terms are approximately factored to
facilitate the numerical solution of the resulting linear, block-tridiagonal, system of equa-
tions. Symmetric Gauss-Seidel sub-iterations (cf. §6.4) are used to reduce the approximate
factorization error.

The field equation (6.12) must be solved subject to flow tangency conditions (3.27) and
(3.28) at the blade surfaces and the duct walls, and far-field conditions at the inflow and
outflow boundaries. The far-field conditions must permit the prescription of external un-
steady aerodynamic excitations, and allow unsteady disturbance waves coming from within
the solution domain to pass through the inflow and outflow boundaries without reflection.

The flow tangency condition in the original NPHASE analysis was based on characteristic
theory, and one phantom cell was used in its numerical implementation. This condition was
changed to a two phantom-cell, pressure-symmetry, condition, which lowers the spurious
numerical entropy and vorticity that is generated at a blade surface. The current NPHASE,
multi-block, nonlinear analysis uses the solution from the previous time step when computing
across a block interface, thus introducing a time lag at the periodic block boundaries. In
the original NPHASE analysis the computational mesh was stretched in the axial direction
to dissipate outgoing waves. As part of the current effort, far-field conditions based on one-
dimensional characteristic theory, cf. equation (5.60), and on approximate two-dimensional
characteristic theory [Gil90], were implemented. These conditions allow for the prescription
of incoming unsteady excitations, but result in reflections of outgoing disturbances, if the
latter have significant variation in the circumferential direction. As a result we used the
stretched mesh capability for the NPHASE blade vibration calculations reported in §7.

6.3 The Steady and Linearized Unsteady Analyses

The field equations that govern the nonlinear steady and the first-harmonic unsteady
flows through a blade row rotating at constant angular velocity (2 have been given in §%,
as equations (4.46) and (4.47), respectively. These equations have been written in strong
conservation form in which terms that depend upon the blade motion, 1.e., upon 2 and/or R
are regarded as source terms. The dependent unsteady flow variables u and the displacement
field R are assumed to be of O(¢) and 7 is a pseudo time variable. The displacement field
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must be prescribed throughout the solution domain, i.e., a single, extended, blade-passage
region of finite extent in the axial direction. In addition, the steady and linearized unsteady
field equations must be solved subject to appropriate conditions at the blade surfaces, the
duct walls, the blade-to-blade periodic boundaries, and the inflow and outflow boundaries
of the computational domain.

Deforming Grids and the Dual Coordinate Transformation

The equations that describe the steady and linearized unsteady flows have been written
in terms of the independent variables X and t, where X is the reference or steady state
position of a moving field point. This description is based on an independent variable
transformation suggested by Hall and Clark [HC93a] and by Giles [Gil93). 1t allows linearized
unsteady flow solutions to be determined on a fixed domain or grid in reference physical
space (cf. Figure 4b) without introducing difficult extrapolation terms in the blade surface
conditions. The transformation from the instantaneous spatial coordinates, x(x%,t) to the
stationary reference spatial coordinates, %, contains the information that describes the blade
motion and the corresponding grid deformation. The time-dependent locations of the grid
points, i.e., X(%,t) = % + R(X,t), define an elastically deforming grid in physical space (see
Figure 4a) which, if R = 0, overlays the fixed undeformed grid (Figure 4b) used for the mean
flow solution . The deforming grid moves in physical space in response to the unsteady blade
motion; whereas the reference grid is stationary.

Because of the transformation (x,t) — (%,1), the geometric terms required to define the
spatial discretization are time independent. For a finite volume discretization, this means
that the mean cell volume and face areas are used in computing the steady and linearized
unsteady flow. For a finite difference discretization, the coordinate transformation from the
reference physical coordinates to computational coordinates, lLe, X — a, is independent of
time. This dual coordinate transformation, (x,¢) — (X,t) and X — a, results in governing
equations for the steady and linearized unsteady flows that are based on the same grid
geometry, with source terms, resulting from the grid deformation, appearing in the linearized
unsteady equation.

The field (or grid) point displacement R(%,t) = Re{R(%) exp(iwt)} must be prescribed.
For unsteady flows through vibrating blade rows the vector R should be defined so that
the physical solution domain conforms to the motions of the blades, i.e., a field point on a
moving blade surface should have the same X-coordinate for all time, and this coordinate
corresponds to the physical mean or steady state position of the point in the rotating frame
of reference. Throughout the remainder of the computational domain, R can be defined in
whatever manner is most convenient for implementing the flow boundary conditions.

The blade motion and, therefore, the deformation field, are harmonic in time, so the
instantaneous position x of a feld point in physical space is given by

X = X + Re{R(X) exp(iwt)} . (6.17)

The deformation field at the grid boundaries is defined in a manner that facilitates imple-
mentation of the flow boundary conditions. At the blade surfaces, % € B.,., we set

R(x) = Rg, (%), (6.18)
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and., since the duct walls are rigid, we set
R(i) =0, at Tr=TH,TD - (6.19)

As a convenience in imposing the inflow and outflow boundary conditions, the deformation
field is assumed to vanish at the far field boundaries, 1.€.,

R(x)=0 for 56z, (6.20)

where £_ and £, are the axial coordinates of planes parallel to the blade row that form
the inflow and outflow boundaries of the computational domain. Also, as a convenience
in imposing the phase-lagged, periodic, boundary conditions, the deformation field R(X) is
assumed to satisfy the condition

R(7,0 + 27/N,€) = R(7, 8,&) exp(ino) (6.21)

The displacement or deformation field in the interior of the computational domain can be
chosen arbitrarily, and is defined here by solving Laplace’s equation to obtain the smoothest
possible distribution within the field and to place the maximum displacements on the bound-
aries. Thus to prescribe the deformation field R(X) we require a solution of the equation

VIR =0 (6.22)

over a single, extended, blade-passage region, subject to the Dirichlet boundary conditions
(6.18)-(6.20) and the phase-lagged periodicity condition (6.21).

Finite Difference Approzimation

To write the steady and linearized unsteady equations in terms of computational co-
ordinates we employ a time-independent, spatial coordinate transformation, % — a, from
reference physical space to computational space. Because the unsteady grid deformation
was absorbed into the definition of the x & X transformation, there is no unsteadiness 1n
the % < a transformation. Also, the pseudo time variable 7 is defined to be the same 1n
all coordinate systems. The steady (4.46) and first-harmonic unsteady (4.47) equations can
be written in terms of the computational coordinates by applying the chain rule for the
stationary X — & transformation, i.e.,

a Oa; 0
g =i, (6.23)
3:Ek 3:rk aaj ‘
and manipulating the resulting expressions into strong conservation form by using the tensor
identity
a ~0a;
— (== )=0. 6.24
8(11' ( aik) ( )

where I*% is the Jacobian of the inverse transformation & — X.
After performing the required algebra we find that the zeroth-order or mean flow equation
becomes _
au

ou| | OF;
or

=S, 6.25
Gaj ' ( )

(83
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where

U=/"U,F, = I“g—;’ipk and S = /%S (6.26)
The perturbation equation is
I S I
7 | o da; OU da; (6.27)
+ I*[—iw(Vs-R)U + (Vg ‘R)S+(R- Vx)S],
where ) _ a0 . 8a; OF
a = [y, szf‘”ﬁszlwa—j:a—lju,
and (6.28)
2 = Ia'g_;f‘f —iwR, U — %Fmﬂvx ‘R)F}

The right hand side of equation (6.27) contains source terms, due to the grid deformation,
which depend upon the specified deformation field and the mean flow solution.

Finite Volume Approzimation

In order to apply a finite volume discretization, the integral forms of the governing
equations for the steady (4.48) and the linearized unsteady (4.49) flows must be written
in terms of the cell geometry. For example, in three dimensions the mean cell geometry
is defined by 9, the mean cell volume and Ajk, the mean area of the constant a; cell face
projected in the Z; direction. Thus, we can write the finite volume spatial discretization of
equation (4.48) as .

%TJ‘ =-6F;+S=-R (6.29)
a

where

U=9JU, F;=A,F,, and S=4s (6.30)

Here, the vectors U and S represent averages of the state and source-term vectors, respec-
tively, over the mean cell volume and R is the residual, which should not be confused with
the complex amplitude (R) of the grid-point displacement field. The vector F; is the flux
across a constant a; face, and the symbol §; represents the difference across adjacent cell
interfaces, i.e. §;( ) =( )12 —( )i-1/2- The repeated j index implies summation over
all computational coordinate directions, so that the term 6;F; is the net flux through the
cell, which is balanced by the source term once the pseudo-time integration converges.

In addition to the metrics 9 and Ajk, that describe the mean cell geometry, the pertur-
bation equation contains terms that depend upon the displacement R, which must also be
interpreted in terms of cell geometry. For example, in three dimensions AY ~ 9 — 9 is the
instantaneous cell dilatation, ¥; = iwA ;. R,, is the volume swept out by the constant «; face

-
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per unit time, and the ajx = Ajk — A;i are the perturbations in the cell-face area vectors.
Thus we can write (4.49) as

oa| . . JS _ . - .
—"‘:1_ 4+ wu + 6jfj - —u= —lw(Aﬁ)U - 5ijd + (A‘&)S +79(R- Vx)S (6.31)
07 o ou
wheré
3 = A AL 5d ; -
a=vu, i = Ajkfk = Ajk—a—ﬁ-u ,and fj = —ﬂjU + aijk . (632)

Written in terms of a residual, equation (6.31) becomes

QE
or

. 8S _
= —iwd — 6f; + ZEU - iw(ANU — &F + (A9)S + IR Vi)S =—F (6.33)

o

The flux term, f;, on the left hand side of (6.31) is computed using flux difference splitting.
The terms on the right hand side of equation (6.31) are grid-deformation, source terms, and
are determined by the mean-flow state vector, U, and the deformation field, R.

The pseudo-time differencing is accomplished by setting © =1and ¥ = 0 in equa-
tion (6.14), resulting in a first-order accurate, implicit, two point, backward, difference
scheme. The pseudo-time difference expressions for the steady and linearized unsteady equa-
tions are

AU _yr+tt - Ur Aa” u™tt —u”

=7 —_R*™ and — =7 = g+l :
At Ar and AT At o (6.3¢)

respectively, where the mean cell volume is independent of the pseudo time. The steady
equation is nonlinear because R**! is a nonlinear function of U™, Newton iterations are
used to solve this nonlinear equation for the residual in terms of the state vector. The residual
equation is linearized using flux vector splitting, and then approximately factored to facilitate
the numerical solution of the resulting linear block tridiagonal equations. Symmetric Gauss-
Seidel sub-iterations are used to reduce the approximate factorization error. This iteration
procedure 1s described in §6.4.

The steady field equation (6.29) must be solved subject to flow tangency conditions (4.8)
at the blade surfaces and duct walls, blade-to-blade periodicity conditions (4.7) and far-field
conditions at the inflow and outflow boundaries. Similarly, the unsteady field equation (6.31)
must be solved subject to the flow tangency conditions (4.32) and (4.33), the phase-lagged
periodicity conditions (4.8) and far-field conditions that allow the prescription of unsteady
excitations and the passage of unsteady disturbance waves coming from within the solution
domain through the inflow and outflow boundaries without reflection.

The flow tangency condition, now used in the NPHASE analysis, is based on charac-
teristic theory, and a two-phantom-cell, pressure-symmetry implementation, which lowers
the spurious Lumerical entropy and vorticity generated at the blade surfaces. The steady
far-field conditions are based on one-dimensional characteristic theory, whereas the unsteady
far-field conditions are based on the analytic two-dimensional, single-frequency conditions
described in §5.3 and 5.4.
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6.4 Discretization Scheme

In the nonlinear unsteady analyses of [WJS88] and [HSRI1] a cell-centered finite-volume
method is used to spatially discretize the governing equations. The residuals due to net
fluxes at the cell interfaces are obtained by flux-difference splitting, obtaining an approxi-
mate Riemann solution with Roe averaged variables [Roe81]. A corrective flux is used to
obtain higher order spatial accuracy. This particular numerical approach offers the ability
to capture discontinuities within a few mesh points without producing spurious non-physical
oscillations.

Evaluation of Steady and Linearized Unsteady Fluzr Terms

The flux vectors associated with changes in the steady and unsteady state variables, i.e.,
F; and f; in equations (6.29) and (6.31), respectively, are evaluated using a flux splitting
procedure, which is based on fluxes normal to the cell faces. The inviscid flux vectors, F,
are homogeneous in U of degree one, i.e., F; = (0F+/0U)U. Thus, in computational space,
the flux vectors for the steady and first-harmonic unsteady flows [cf. (6.30) and (6.29)] can
be written as

_ _ - OF JF; .
F, = A,F, = Ajka—U"U = 55U, (6.35)
and OF,  OF
- - -~ k i :
fj = Ajkfk = A]'k%u = a—ljju s (636)

the transformed flux vectors F; and f; to the cell face geometries, A,;, and the dependent-
variable state vectors, U and u, in reference physical space. Both the steady and unsteady
fluxes are computed by using flux difference splitting to solve an approximate Riemann
problem, as outlined below.

The flux splitting is based on a similarity transformation of the computational flux Ja-
cobian matrix 9F;/0U. We set

so the functional relations F]-(_U) andﬁfj(u) are identical. Equations (6.35) and (6.36) relate

% = (TAT), (6.37)

where T is the matrix of right eigenvectors, A is the diagonal matrix of eigenvalues, and T-!

Is the matrix of left eigenvectors, of the flux Jacobian matrix, 0F;/0U. From equation (6.35)

it can be seen that this transformation is determined by the Ajx and the physical flux

Jacobian matrix (8F%/0U). The fAux Jacobian matrix is split into the sum of right and left
traveling modes, i.e.,

F*

—

ou

where A™ and A~ are diagonal matrices containing the positive (+) and negative (—) eigen-

values, respectively. Positive eigenvalues correspond to right traveling disturbances and

negative eigenvalues correspond to left traveling disturbances. The sign of the wave speed

= (TAT™); (6.38)



(i.e., AT or A7) determines the direction :n which spatial differencing is applied. Thus. the
Aux vectors can split according to

I T ) ) |
F,=35U= (aU + aU)U (6.39)

with the (+) terms using information from the negative coordinate direction and the (—)
terms using information from the positive coordinate direction.

A cell-centered finite-volume discretization requires that the fluxes at the cell surfaces
be computed in terms of values of the state vector :n the cell volumes. One method of
determining these fluxes is to solve an approximate Riemann problem. Roe [Roe31] solved
this problem by defining a flux Jacobian matrix representing average interface conditions.
Let the values of the state vector on opposite sides of a cell interface be denoted by the
subscripts L and R, and the value of the flux vector at the interface by the subscript /. An
intermediate state vector, URoe; based on U and Ug 1s defined using the following relations

nd Vi = J/PrVL+ VPRVR VoLErLt+ v prETR
N VL + VPR '
(6.40)

The flux at the interface 1s constructed from the flux in the cell on either side of the interface,
plus the flux due to waves approaching the interface due to the jump in the state vector across

PRoe = VPLPR and ETRoe =

the interface. ) .
We have chosen to evaluate the flux vectors, F and f, based on U = Uy and the flux
Jacobian matrices based on left traveling disturbances. Thus, we set

_ oF
Fr= F(UL) + (-é-ﬁ

) (UR - UL) ’ (641)

U=Uroe

and
. oF )
fi = f(uL) + (——' ) (uR - uL) , (6.42)
6U U=Uroe

where the disturbances with negative wave speed have been arbitrarily chosen to construct
the fluxes, F and f;, at the interface, I. The fluxes could have been constructed from the
disturbances at positive wave speeds, Or an average of the disturbances traveling at positive
and negative wave speeds.

An alternative method of flux splitting is the fux vector splitting proposed by Steger
and Warming [SW81]. This method is used in the approximate factorization of the time
integration scheme. As in flux difference splitting an eigenvalue decomposition of the flux
Jacobian matrix 18 used to distinguish between left and right traveling disturbances. The
interfacial flux is based on values of the state vector on either side of the interface, split

according to the sign of the wave speed, 1.e.,

— + _ -
_ oF oF .
Fr= (B—ﬁ U=UL> UL + (56 U=UH) Ur (643)

This flux formulation, as written, results in a first order spatially accurate scheme, but it 1s
only used in the approximate factorization, and does not appeat .0 the converged solution.

54



Spatial Differencing and Corrective Fluzes

Once the fluxes have been computed, they are spatially differenced to compute the net
flux through the control volume. The difference expression is

§F, = z [Fj oy FJ-;J__%] (6.44)

where ; corresponds to the computational coordinate direction, and fractional grid indices in-
dicate cell interfaces. This difference approximation is first-order accurate if the flux is based
only on information from adjacent cells, but higher order spatial accuracy can be achieved
by adding a corrective flux. The corrective flux brings in information from additional neigh-
boring cells, but requires the use of a flux limiter to control dispersive errors. Various flux
limiting schemes exist, and the choice between them is not clear. The NPHASE code cur-
rently supports min-mod [OC84], Superbee [Roe85], and Van Leer flux limiters [VL74], with
Van Leer being preferred.

In the present implementation flux limiters are used in the steady analysis, but not in
the linearized unsteady analysis. The limiters used in the steady analysis are activated by
changes of sign in the jumps in characteristic variables at adjacent interfaces, such as occur
at shocks and at stagnation points. The corrected steady flux is given by

_ oF
4 F;(U;) + (a_lf

where the limited jumps in the characteristic variables are

F,|

B ]
) (Ui —U;) + ;Tle* — o7, (6.43)
U=Ux.. 2

+ + + - _ - - )
o = L(aj_%,aj+;_) and o —-L(crj+;_,a'j+%)] , (6.46)
and the jumps in the characteristic variables at the j — 2 cell interface are given by
£ _ atmel -
g =AT7 (U g,y - U 2 ) (6.47)

The matrices T and A in (6.47) are computed based on Roe averaged variables, and the
function L in (6.46) is a generic limiting function. For example, the Van Leer limiter can be
expressed as

o107 + loTog]
?

Loy, 0) = (6.48)

: ot + 037
where the superscript n refers to the nth component of the column vector.

No flux limiter is used for the perturbation fluxes, so the corrective flux is comprised
of left traveling waves at the upstream interface of the adjacent upstream cell and right
traveling waves at the downstream interface of the adjacent downstream cell. These waves
at adjacent cell interfaces are approximated using the Roe averaged matrix at the current
interface. Thus, the corrected perturbation flux is given by

. oF
fj\”% = f(uj)+(%U=UR ) (w1 —uy)

(6.49)

) (W42 — uj4q)
U=Ug,.




This expression results in second order spatial accuracy.
Evaluation of Grid Deformation Source Terms

In the linearized unsteady analysis source terms arise from the grid deformation because
the governing equations are expressed 1 reference physical coordinates. These source terms
are due to changes in cell volume, cell face areas, and cell radial location. The volume source
term is given by —w(AY)U+ (A9)S, where A9 represents the first order. in R, perturbation
in cell volume, as determined by equation (6.6). The cell, face-area, source term, ff. accounts
for the mean flux through the moving cell faces, and is defined in equation (6.32). The
perturbations in projected face area, d;k, are computed using first order expansions in R
for the area of a cell face, as defined in equation (6.4). The swept volume is given by
V; = iwAjxRz,, where the displacement R is taken to be the average over a cell face. The
remaining grid deformation source term [cf. (4.38)] accounts for changes in radial location.
In finite volume form this term is 9(R - V)3 where R is based on the average displacement
of the cell vertices.

Pseudo-Time Integration

Solutions to the nonlinear steady and linearized unsteady flow problems are obtained
by integrating in pseudo time until a converged steady state solutions are determined.
The pseudo-time integrations are performed using an implicit, approximately-factored
method [VW93]. For the steady analysis, the implicit pseudo-time discretization results in a
nonlinear equation that is solved using Newton iteration. For both the steady and linearized
unsteady analyses, the approximate factorization error is reduced using Gauss-Seidel sub
-terations. as explained below. The implicit time discretization requires evaluations of flux
Jacobian matrices. These are calculated analytically based on Steger-Warming flux-vector
splitting, as opposed to a more computationally expensive numerical calculation of these
matrices. based on Roe-averaged flux-difference splitting. A simplification in the linearized
unsteady analysis resulting from the transformation to reference physical coordinates is that
cell geometric quantities do not vary with time, even though the computational domain
deforms with time in physical space.

The particular time discretization scheme chosen for the nonlinear steady analysis, k. (6.34).

is expressed as

L(U™) = (U = U")/0+R* =0, (6.50)
where L is nonlinear in Untl, since R**! is a nonlinear function of U™, and
~ ATO AT
6= _-=2T 6.51
(1+¥)9 v (6:51)

since the constants © = 1 and ¥ = 0 were chosen to define the time discretization.
Equation (6.50) 1s solved using Newton iteration. Let the superscript p denote the Newton
iteration index, then the iteration formula 1s

oL
ou

) (U - UPY) = -L(UT) (6.52)
U=U0r-?
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where U® = U™ and AUP = U? — U”"! {5 the Newton update to the state vector. Once the
Newton iteration converges, AU? = 0 and U? = U™*!. The flux terms on the left hand side
of equation (6.52) are computed using flux vector splitting, for convenience in defining the
approximate factorization, while the flux terms on the right hand side are evaluated with
flux difference splitting, corrected for higher order spatial accuracy.
The Newton iteration matrix in (6.52) is given by
gL . .. OR ..
ST=07+ (6.53)
where the residual, R, is defined in (6.29). The change in the residual due to the Newton
update thus depends upon a change in the net flux and a change in the source term. The
change in the net flux due to the Newton update is

o
@[ - AU”}, (6.54)

ou

and is evaluated using flux vector splitting. To apply flux vector splitting, the geometric
terms defining OF /90U must be evaluated at the proper location. For example, consider the
flux crossing the j — 1/2 and j + 1/2 cell faces, which are the boundaries of the cell in the
@; computational coordinate direction. When evaluating flux Jacobians using flux vector
splitting, let the first subscript indicate the cell index and the second subscript indicate the
interface index. The flux in the a; direction as evaluated using (6.54) is

_ + - -
oF>~! ) (aFP-l )
AU?} + ] AU?
\BU Ji+1/2 ( ]) U J+1,5+1/2 ( JH)J

( oF?~! ) i ( oF?! ) ¥ ’
- == AU?) + - AU?_ ,
ou 5J=1/2 ( J) ou J=-1,5-1/2 ( ’ 1)

-

which is based on the flux vector splitting given in (6.43). The Newton iteration formula is
thus

N1 aF?—l 651)—1 -1 -1 n N r—1 =
OTIAUP + ¢ | T —AUP| — 5 —AUP = —07 (UP —U") - R*? (6.56)

where the repeated j index for the flux term implies summation over all coordinate directions.
Once the Newton iteration converges, Equation (6.50) is satisfied.

For the linearized unsteady analysis, the particular time discretization scheme chosen,
cf. (6.34), can be expressed in the form

L) =07 (u™ —u™) + ¥ = 07 Au+ "1 = 0 (6.57)

where Au is the pseudo-time update, and L is linear, since **! is a linear function of u™*?.
Equation (6.57) is solved by using a Taylor series expansion in pseudo time for the residual,
le.,
or .
=1 4 (u"“L1 - u”) +.... (6.53)
Ju
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This can be combined with (6.57) to obtain

] oF
(@“11 + 5—3) (u*t - ut) = -1 (6.59)

The flux terms on both the Jeft- and right-hand-sides of equation (6.59) are computed using
flux difference splitting and the approximations to the flux terms on both sides are corrected
for higher order spatial accuracy. This is feasable for the linear problem, since the flux
Jacobian matrices are evaluated only once, and it leads to much better convergence rates for
linear unsteady solutions.

The residual T in (6.57)—(6.59) is defined in (6.33). The change in the residual due to the
pseudo-time update thus depends upon changes in the volume term, the net flux term, and
the source term, i.€.,

%Au = jwdAu + 6; [%%Au”} - g%Au" , (6.60)
where the flux term is evaluated using flux difference splitting. The pseudo-time update
formula is thus

O-1Au" + iwdAu" + §; P——iAu"] ~ QgAu" = —r" (6.61)

where the repeated J index implies summation over all coordinate directions. Since the un-
steady problem is linear, Newton iterations are not required. However, the current LINFLUX
implementation uses explicit boundary conditions, which are incorporated into a Newton-
like iteration procedure, so that the boundary conditions can be treated in a semi-implicit
manner.

The coupling between adjacent cells introduced by the flux terms makes equations (6.56)
and (6.61) expensive to evaluate, so the flux evaluation is approximately factored into the
product of a positive and negative operator. In order to reduce the error introduced by
the approximate factorization, Gauss-Seidel sub-iterations [WT91] are used as part of the
time stepping procedure. The approximate factorization equation for the Newton iteration
procedure used in the nonlinear steady analysis is

((:)"I + %%) AUP & D, AU - M, AU + M7 AU, = _o-urt UM -R,
| (6.62)

and the approximate factorization equation used for the pseudo-time stepping in the lin-
earized unsteady analysis 1s

N — af n n n - n =n q
(@ T+ B_l;) Au" =~ D;Auj — MT_,Auj, + Mj,Aufy, =T (6.63)
In both equations the j subscript 1s the grid index corresponding to the a; computational
coordinate direction and, in the steady equation, p 1s the Newton iteration index. For the

Newton iteration procedure, the D and M matrices are evaluated based on the state vector
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UP~! at the previous Newton iteration. The D matrix represents the diagonal elements
of the iteration matrix. The M* and M~ matrices represent the off-diagonal elements
of the iteration matrix in the negative and positive computational coordinate directions.
respectively.

Introducing { as the Gauss-Seidel iteration index the sub-iteration formula is given by

D;AU> - M, AU, + M7 AURS! = —Lr-!
D,AUP™! + My AURT! - Mf AUY, =~ (6.64)
AUPI+2 = AUP.H—I _ AUp,l

The first sub-iteration is over positive grid indices and the second sub-iteration is over neg-
ative grid indices. The sub-iteration procedure is thus an LU decomposition of the Newton
iteration or pseudo-time matrix, with forward and backward substitution. Once the Gauss-
Seidel sub-iteration converges, equation (6.56) or (6.61) is satisfied.

Once the solutions converge to a steady state, any error introduced by the Newton
iteration or the approximate factorization vanishes. Only the error in the residual calculation
of equation (6.29) or equation (6.33) remains. These residuals are calculated using flux
difference splitting with a corrective flux, as given by (6.45) and (6.49), to obtain second
order spatial accuracy.



7. Numerical Results

Unsteady aerodynamic response predictions will be presented for two-dimensional flows
through a compressor-type (Moo < M _oo) cascade undergoing prescribed blade motions and
subjected to various incident aerodynamic excitations to demonstrate the current capabilities
of the linearized Euler analysis and code, LINFLUX. The cascade, known as the Tenth
Standard Configuration [FS83, FV93] is assumed to be operating at subsonic uniform inlet
and exit conditions. We will consider unsteady flows excited by prescribed blade motions
for the Tenth Standard Cascade operating at an inlet Mach number M_,, and flow angle,
Q... of 0.7 and 35 deg respectively, and at an inlet Mach number and flow angle of 0.8 and
58 deg. In the first case the steady background flow 1s entirely subsonic; in the second, 1t
is transonic with a normal shock emanating from the suction surface of each blade. For the
unsteady flows excited by external aerodynamic excitations, the Tenth Standard Cascade
is operating at M_co = 0.5 and Q_., = 55 deg, and the steady background flow is entirely
subsonic.

In addition to the LINFLUX results for the Tenth Standard Cascade, for purposes of
comparison, we will also present nonlinear unsteady aerodynamic response predictions for
the flows excited by blade vibrations, as determined using the NPHASE code [HSR91], and
linear response predictions for blade vibrations and external aerodynamic excitations, as
determined using the LINFLO analysis [Ver92, Ver93]. In the latter, the unsteady flow is
regarded as a small perturbation of a potential steady background flow. The steady version
of the NPHASE analysis is used to provide the steady background flow information for the
LINFLUX calculations; the full-potential analysis CASPOF [Cas83] is used to provide this
information for the LINFLO calculations. Because appropriate unsteady far field conditions
have not yet been incorporated, at present, the NPHASE analysis cannot be applied to
predict unsteady flows excited by external aerodynamic excitations.

71 Flow Configuration and Computational Meshes

The Tenth Standard Cascade has a stagger angle, O, of 45 deg and a gap/chord ratio, G,
of unity (see Figure 2). The blades are constructed by superposing the thickness distribution
of a modified NACA four-digit series airfoil on a circular-arc camber line. The thickness
distribution is given by

T(z) = Hr[2.969z"/% — 1.26z — 351627 + 2.843¢° —1.036z%], 0<z<1l.  (T1)

where Hr is the nominal blade thickness. The coefficient of the z* term in (7.1) differs from
that used in the standard NACA definition (i.e., —1.015) so that the blades close at z = 1
in wedge-shaped trailing edges. The camber distribution is given by

Clz)=He— R+ R —(z— 0.5)4%, 0<z<1, (7.2)

where Heo (> 0) is the height of the camberline at mid-chord and R = (2Hc)"'(HE +0.25)
is the radius of the circular-arc camber line. Thus, the surface coordinates for the reference
(n = 0) blade are given by

[z, Yl =2 F 0.5T(z)sind, C(z) £ 0.5T(z)cosd), 0<z<1, (7.3)
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where § = tan~!(dC/dz). The Tenth Standard Cascade is defined by setting Hr = 0.06 and
He =0.05, and is, therefore, a cascade of modified N ACA 5506 airfoils.

Steady and linearized unsteady solutions were determined, using NPHASE and LIN-
FLUX, respectively, on H-type meshes. The meshes used in the blade vibration and acoustic
excitation studies are shown in F igure 5. These meshes consist of 155 axial lines and 41 lines
in the blade-to-blade direction, and extend one axial chord upstream and downstream from
the blade row. For the subsonic calculations (Figure S5a) the average normal grid spacing
adjacent to a blade was 0.1% of chord, and 55 points were placed on the blade surfaces.
For the transonic calculations (Figure 5b) the average normal grid spacing adjacent to a

1e., 241 x 81, with a smoother variation in grid distribution, was needed for the entropic
and vortical gust calculations. Nonlinear, unsteady, aerodynamic solutions were also deter-
mined using the NPHASE analysis. The nonlinear unsteady subsonic and transonic solutions
were determined on 121 x 41 and 241 x 81 H-meshes respectively. Since NPHASE does not
have fully nonreflecting, unsteady, far-field conditions, the H-meshes were stretched with
increasing axial distance from the blade row and extended to five axial chords upstream and
downstream from the blade row to dissipate outgoing waves.

The full potential steady (CASPOF) and the linearized unsteady (LINFLO) solutions
were determined on composite meshes [Cas83, UV9I1] consisting of local C-meshes embedded
in global H-meshes. The C-meshes are used to accurately resolve the steady and unsteady
flows around blade leading edges and through normal shocks, and to permit shock fitting in
LINFLO calculations. The H- and C-meshes used in the LINFLO calculations consisted of
155 axial and 41 tangential lines and 101 radial and 11 circumferential lines, respectively.
Coarser H- and C-meshes were used in the CASPOF calculations. In both cases, the H-mesh
extended one axial chord upstream and downstream from the blade row and, for transonic
flows, radial mesh lines were concentrated near shocks.

The computing times, reported herein, pertain to calculations performed on an IBM-
370 Workstation. Converged, NPHASE, steady inviscid solutions were obtained after 1,000
pseudo-time iterations. The steady subsonic solutions on a 12] x 41 mesh required ap-
proximately 18 CPU minutes to converge; the steady transonic solutions (241 x 81 mesh),
approximately 75 CPU minutes. The LINFLUX calculations for unsteady subsonic flows
excited by blade vibrations or acoustic excitations were performed on a 155 x 41 H-mesh
and required about 5 CPU minutes to converge. Those for transonic flows excited by blade
vibrations, also performed on a 155 x 41 mesh, required approximately 20 CPU minutes.
The calculations for unsteady subsonic flows driven by an entropic or vortical gust, which
were performed on a 241 by 81 mesh, also required about 20 CPU minutes to converge

The NPHASE nonlinear unsteady calculations were started from the appropriate steady
solution, and performed using 1,000 time-steps per cycle of blade motion with 3 Newton
iterations per time step and 3 symmetric Gauss-Siede] iterations per Newton iteration. Four
cycles of motion were used to converge the nonlinear inviscid solutions to a periodic state.
The subsonic inviscid unsteady calculations were performed on a 121 x 41 H-mesh and
required about 40 CPU min per blade passage to converge, and converged transonic inviscid
solutions, performed on a 241 x 81 H-mesh, required approximately 180 CPU min/blade
passage. The number of blade passages required for a nonlinear unsteady calculation depends
upon the interblade phase angle of the unsteady excitation. For example, if o = 60 deg, six
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passages are needed. Steady full potential solutions were obtained, using CASPOF, within
10 CPU seconds, and LINFLO, linearized, inviscid solutions required about 90 CPU seconds
per unsteady case.

7.2 Blade Vibration

First, we consider unsteady flows excited by prescribed single-degree-of—freedom, har-
monic, blade motions at small amplitude. The motions considered are pure translations
normal to the blade chords (bending) and pure rotations (torsion) about axes at the blade
midchords. Blade motions are termed subresonant, if all acoustic response disturbances at-
tenuate with increasing axial distance from the blade row; superresonant (m,n), if m and
n such disturbances persist 1n the far upstream and far downstream regions, respectively,
and carry energy away from the blade row; and resonant, if at least one acoustic response
disturbance persists 1 either the far upstream or far downstream regions and carries energy
along the blade row [Ver89b).

For the subsonic cascade configuration with M_e = 0.7 and Q_ = 35 deg and exit
flow conditions, as determined by a full-potential calculation, of M_ = 0.446 and Q- =
10.2 deg, the resonant interblade phase angles (in degrees) are 0 o = —26.93w, 60X =
117120, 0500 = ~31.80w and 0l = 59.79w. The subscripts refer to the far upstream (—o0)
or far downstream (+00) regions and the superscripts indicate that there are two resonant
interblade phase angles associated with each of these regions. For the transonic configuration
with M_oo = 0.8, Qoo = 58 deg, M1 = 0.432 and Q40 = 40.3 deg, the resonant phase
angles are 0_ = —98.94w, ot = 2017w, 040 = —35.92w and 0t = 66.22w. In both
cases the blade motions at interblade phase angles lying between the Jowest (07,) and
highest (0%o0) resonant interblade phase angles are superresonant.

Subsonic Flow (M- = 0.7, oo = 55 deg)

The steady Mach number contours and blade-surface Mach number distributions for the
subsonic operating condition (M-c = 0.7, Q = 55 deg) as determined by the nonlinear Euler
analysis are shown in Figure 6, along with the surface Mach number distributions predicted
using the CASPOF analysis. The Euler analysis predicts a mean flow exit Mach number,
Moo, and flow angle, Q4o0 of 0.450 and 39.8 deg, respectively, and introduces spurious
total pressure losses of approximately 1.5% and 0.01% on the suction and pressure surfaces,
respectively, of each blade. The potential analysis predicts a mean fow exit Mach number
and flow angle of 0.446 and 40.2 deg, respectively.

Unsteady response predictions for this subsonic NACA 5506 cascade are shown in Fig-
ures T through 10. Contours of the out-of-phase (with blade displacement) component of
the unsteady pressure, i.€., Im{p}, as predicted using the LINFLO and LINFLUX analyses.
for an out-of-phase (0 = 180 deg) torsional blade vibration at unit frequency are shown in
Figure 7. The results of the two linearized analyses are seen to be in very good agreement
for this subresonant blade motion.

Pressure displacement function distributions (wc) and work per cycle (Wc) predictions
[Verg9a, Ver93] for in-phase (¢ = 0 deg) and out-of-phase torsional blade vibrations are
shown in Figure 8. The results of the nonlinear Euler analysis NPHASE, the linearized Euler
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analysis LINFLUX, and the linearized potential analysis LINFLO are seen to be in excellent
agreement for the superresonant (1,1), in-phase vibration, and in excellent agreement along
the pressure surface for the subresonant, out-of-phase vibration. However, differences exist
along the blade suction surface between the results of the two Euler analyses and those of
the potential analysis, for the out-of-phase motion.

The blade motions considered in F igure 8 are both stable, Le, Wo < 0. The pressure
displacement function curves for the in-phase torsional motion reveal that the local unsteady
loads over most of the blade surface tend to suppress this motion, but those along the suction
surface from approximately 15% to approximately 45% of chord support the motion. For
the out-of-phase torsional motion, the pressure displacement function curves reveal that the
local unsteady loads over the entire suction surface and most of the pressure surface tend to
suppress the in-phase torsional motion, especially those in the vicinity of the blade leading
edge.

Similar results for bending vibrations are shown in F igure 9. The results of the two
linearized analyses for the in-phase bending vibration are in good agreement, whereas those
of the nonlinear Euler and the linearized potential analysis are in good agreement for the
subresonant, out-of-phase motion. For the latter motion, the results of the two linear analyses
show significant differences on the suction surface from a blade leading edge to approximately
20% of blade chord. The two bending vibrations are stable, but the local unsteady loads
over the aft part of the suction surface are destabilizing for the in-phase motion.

Numerical results are given in Figure 10 indicating the behavior of the aerodynamic work
per cycle versus interblade phase angle for the subsonic NACA 5506 cascade undergoing
pure torsional (Figure 10a) and pure bending (Figure 10b) vibrations at unijt frequency. The
work per cycle predictions are given for an interblade phase angle range from —90 deg to
270 deg. The vertical lines above the curves in F igure 10 indicate the resonant interblade
phase angles for a unit-frequency excitation. NPHASE, nonlinear, unsteady results are
given for o = 0 deg, +60 deg, +90 deg, 120 deg, 180 deg, 240 deg and 270 deg; LINFLUX
results, at 15 deg intervals in interblade phase angle, and a sufficient number of LINFLO
results have been determined to essentially define W as a continuous function of o. The
results determined using the three analyses are in very good agreement, except for those
at 0 = 120 deg, which is near the upstream resonance condition o = oi’oo = 117.12 deg.
Note that resonance phenomena are not accurately modeled by the current version of the
nonlinear analysis, because this analysis is applied on a stretched mesh with coarse axial
spacings in the far field.

The work per cycle results in F igure 10 indicate that the single-degree-of-freedom tor-
sional and bending blade motions at unit frequency are stable (W, < 0) and that the
torsional vibrations have the lower stability margin. They also indicate the rather com-
plicated nature of the global unsteady aerodynamic response, which is associated with the
different acoustic responses (i.e., subresonant, superresonant (1,0), etc.) that occur at dif-
ferent interblade phase angles. Note the abrupt changes in the global unsteady aerodynamic
response behaviors, as predicted by the linearized analyses, at the interblade phase angles
at which acoustic resonance occurs.

In general, the results of the three analyses, LINFLUX, NPHASE and LINFLO, for
the subsonic unsteady flows considered in F igures 8 through 10, are in good agreement.
Differences exist, however, and the reasons for these are not clearly understood at the present
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time. One possible cause is that different meshes, i.e., an H-mesh, a stretched H-mesh and a
composite H/ C-mesh, respectively, are used in the three analyses. Another, is the different
methods used to model unsteady disturbances in the tar-field. Analytic, non-reflecting, far-
field conditions are applied in the two linearized calculations, whereas an axially stretched
mesh is used in the nonlinear calculation to dissipate outgoing disturbance waves. In future
work, analytic far-field conditions should be incorporated into the NPHASE analysis so that
the nonlinear and linearized Euler predictions can be determined on the same meshes. Then,
f differences between the nonlinear and linear Euler results still persist for small-disturbance,
unsteady. subsonic flows, they will indicate that errors have been introduced in deriving the
LINFLUX analysis from the nonlinear NPHASE analysis.

Transonic Flow (M_e = 0.8, =38 deg)

The steady Mach number contours and blade-surface Mach number distributions, as
determined by the nonlinear Euler analysis, NPHASE are shown in Figure 11, along with
surface Mach number distributions predicted by the CASPOF analysis. The Euler analysis
predicts a mean flow exit Mach number M, and flow angle Q4o of 0.429 and 39.8 deg,
respectively. The Mach numbers at the base of the shock are 1.26 on the upstream side and
0.834 on the downstream side. Spurious total pressure losses of approximately 2.5% on the
suction surface and 0.1% on the pressure surface are present in the Euler predictions. The
total pressure loss on the suction surface 1s increased approximately 1.0% by the shock to
approximately 3.5% downstream of the shock. The potential flow analysis predicts a mean
flow exit Mach number and flow angle of 0.432 and 40.3 deg, respectively. The Mach numbers
at the base of the shock are 1.292 and 0.794. The surface Mach numbers predicted by the
two analyses are in good agreement, except for those on the suction surface just downstream
of the leading edge and in the vicinity of the shock, where small differences exist.

Unsteady aerodynamic response predictions for the transonic NACA 5506 cascade are
given in Figures 12 through 15 for blades undergoing pure torsional and pure bending vibra-
tions at unit frequency. Contours of the out-of-phase component of the unsteady pressure
response, | m{p}, as predicted using the LINFLO and LINFLUX analyses, for an in-phase
(0 = 0 deg) torsional blade vibration are shown in Figure 12. The pressure contours pre-
dicted by the two analyses for this superresonant (1,1) excitation are in reasonably good
agreement, except in the immediate vicinity of the shock. It should be noted that shock
fitting is used in the LINFLO analysis leading to discontinuous, first-harmonic, unsteady
pressures and impulsive anharmonic pressures that depend on shock displacement. The an-
harmonic pressures are not depicted in Figure 12. Shocks are captured 1n both the nonlinear
and linearized Euler analyses so that the first-harmonic unsteady pressure responses are
continuous, but undergo large changes in the vicinity of a shock.

Pressure-displacement function distributions and work per-cycle predictions for the tran-
sonic cascade undergoing in- and out-of-phase torsional blade vibrations at w =1 are shown
in Figure 13. These superresonant blade motions are stable, and, according to the linearized
potential analysis, the impulsive shock loads, indicated by the delta functions in Figures 13,
contribute significantly to the stability margins. The shock impulse, predicted by LINFLO,
depends upon the product of the steady pressure jump across the shock and the shock
displacement. The shock capturing used in the Euler calculations is based on the use of
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directionally-dependent flux evaluations. The directional differencing used in the nonlinear
unsteady analysis is based on the nonlinear unsteady flow properties. whereas that used
in the linear analysis is based upon the underlying steady flow properties. Although the
time-accurate, nonlinear analysis predicts a pressure response with a sharply defined shock
at each instant of time, shock effects are smeared in the pressure displacement function pre-
dictions, because these are based on an integration in time of the local unsteady response
over a complete cycle of blade, and therefore shock, motion.

For the torsional motions considered in Figure 13, the results given by the nonlinear
Euler analysis, the linearized Euler analysis, and the linearized potential analysis are in good
agreement in subsonic regions, i.e., along the blade pressure surface and along the suction
surface downstream of the shock. However, the results in the supersonic region upstream
of the shock and in the vicinity of the shock show substantial differences, particularly those
for the superresonant (1,0), out-of-phase, torsional blade vibration. Differences between
the nonlinear and linearized Euler analyses are due in part to the different methods used
to prevent disturbance reflections at the inflow and outflow boundaries, i.e, the use of a
stretched mesh and the imposition of analytic far-field conditions, respectively, and to the
different discrete approximations used in the vicinity of the shock. The differences between
the results of the two linearized analyses are due primarily to the different methods (i.e.,
shock capturing and shock fitting) used in modeling unsteady shock phenomena. The shock
capturing method currently used in the linearized Euler analysis is easy to implement, but
it does not properly account for shock motion. Therefore, it does not lead to the prediction
of a concentrated, anharmonic, pressure load at the shock.

A similar set of results for bending vibrations is shown in Figure 14. These blade motions
are also stable, even though the shock impulse, as predicted using LINFLO, is destabilizing
for the out-of-phase motion. The results of the three analyses, particularly those of the
nonlinear and linearized Euler analyses show significant differences in the vicinity of the
shock and, for the in-phase motion, in the vicinity of the blade leading edge. The shock
modeling effort in the linearized Euler analysis is continuing with the goals of achieving
consistent and good agreement between the nonlinear and linearized Euler predictions in the
vicinity of a shock. Also, an effort will be initiated to include analytic far-field conditions
in the nonlinear code (NPHASE) so that the nonlinear and linear Euler calculations can be
performed on the same mesh. This could eliminate the differences between the nonlinear
and linearized Euler solutions at blade leading edges.

Work per cycle versus interblade phase angle predictions are given in Figure 15 for the
transonic NACA 5506 cascade undergoing pure torsional and pure bending blade vibrations
at unit frequency. The three analyses, NPHASE, LINFLUX and LINFLO, provide results
that show similar trends, and indicate that the unit frequency, bending and torsional vibra-
tions of the transonic cascade are stable.

7.3 Aerodynamic Excitation

We proceed to analyze unsteady flows, excited by external aerodynamic disturbances.
through the Tenth Standard Cascade operating at M_o, = 0.5 and Q_,, = 55 deg. The
steady Mach number contours and surface Mach number distributions for the NACA 5506
cascade, as determined by the NPHASE analysis, are shown in Figure 16 along with the
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surface Mach number distributions determined using the CASPOF analysis. The nonlinear
Euler analyis predicts a mean flow exit Mach number and flow angle of 0.351 and 39.9 deg,
respectively. The potential flow analysis predicts a mean flow exit Mach number and flow
angle of 0.349 and 40.2 deg, respectively.

Acoustic Ezcitations

First, we consider unsteady flows excited acoustic disturbances, that carry energy towards
the blade row from far upstream (—o0) or far downstream (+00). For subsonic inlet and
exit conditions (Mze < 1) the axial wave number of a propagating acoustic excitation 1s
given by (3.54) with d? <0, ie.,

The tangential wave number of the disturbance is £y = oG~!. Note that for a given temporal
frequency, interblade phase angle and mean-flow, operating condition, |ke,4oo] > |Kg —ools
because a disturbance coming from downstream travels against the steady flow direction.
This implies that, for the same flow conditions, greater mesh resolution is required to resolve
upstream traveling acoustic disturbances.

We will consider acoustic excitations from upstream and downstream at a reduced fre-
quency w = 5 and interblade phase angle o = —90 deg. For the upstream excitation, the
wave number magnitude is | —oo| = 1.68, corresponding to a wavelength of 3.73 blade chords,
and the propagation angle of the excitation with respect to the positive axial direction is
69.0 deg. The unsteady pressure fields and surface pressure distributions on the reference
blade, as predicted by the linearized Euler analysis and the linearized potential analysis, are
presented in Figures 17 and 18. The results of the two analyses are seen to be in excellent
agreement.

For the downstream excitation, the wave number magnitude is 2.71, corresponding to 2
wavelength of 2.32 blade chords, and the excitation propagation angle with respect to the
positive axial direction is 144.6 deg. The pressure fields and pressure distributions on the
blade as predicted by the linearized Euler analysis and the linearized potential analysis are
presented in Figures 19 and 20. The results of the two analyses are again In very good
agreement, however the agreement for the downstream excitation is not as good as that
for the upstream excitation. The discrepancy may be due to the shorter wavelength of the
downstream excitation requiring greater mesh resolution to reduce discretization errors to
negligible levels.

Entropic and Vortical Fzcitations

Small-amplitude entropic and vortical disturbances are convected at the velocity of the
steady background flow. A single harmonic component of either one of these disturbances
is described by specifiying the temporal frequency, w, interblade phase angle, o, and the
complex amplitude, $-c0 OF ¢_.. lcf. equations (2.5) and (2.6)]. For a vortical excitation
we can prescribe the complex amplitude of the normal component of the rotational velocity,
i.e.. VR -0 ' €N, where

VAo = im0 X Coo)/ Rmcol” (7.5)
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in lieu of prescribing the vorticity. The component of the gust velocity in the inlet free-stream
direction, v _o - €7, is determined by the divergence-free condition, i.e., ik_,, - VR —oo =
The wave number k_,,, of a harmonic entropic or vortical excitation has a component
Kn~ = 0G™! in the cascade tangential or n-direction and a component k7 = -Vl =—u
in the inlet free-stream direction. Therefore,

Keww = —(wsecQ_o, + oG- tan O_)e; + oG le,
(7.6)
= —wer+ (wtanQ_o, + oG ! sec D_w)en .

To consider a gust that models the first harmonic component, i.e., the component at
the blade passing frequency (BPF), of a wake excitation from upstream we would set
0 = Kp-ooG = —QWG/GEXC and w = —Kp -0 VEXC = 27"VEXC/GEXC- Here GEgxc is the
blade spacing in the upstream row which moves at constant velocity Vexce, = Vwe, in
the circumferential direction relative to the reference blade row, and Kp—co = —27/GExc
is the circumferential wave number of the fundamental or first-harmonic disturbance. In
the present study, an interblade phase angle of o = —180 deg was chosen to represent the
first-harmonic component of a wake excitation from an upstream blade row with one-half the
number of blades as in the reference blade row. The temporal frequency was set at w = 5,
which corresponds to an upstream flow coefficient, i.e. ratio of mean flow axial speed to
wheel speed, V_., cos Q_o,/Viv, of 0.3604. The wave number magnitude, |k_.|, of this gust
excitation is then 5.25, and its direction of travel relative to the axial flow direction, i.e.,
o = tan"!(ky oo/ K¢ 00 ), is 36.5 deg.

Results of the LINFLO and LINFLUX analyses for the convection of entropic [with
S-0c = (1,0)] and vortical [with v _o - ey = (1,0)] gusts at BPF, ie, w = 5 and o =
—180 deg, through the NACA 5506 cascade operating at M_,, = 0.5 and Q_,, = 55 deg,
are given in Figures 21 through 24. It should be noted that the LINFLO predictions for the
unsteady entropy and vorticity contours are based on closed form solutions in which these
unsteady flow quantities are expressed as explicit functions of the drift and stream functions
of the steady background flow (see [Ver93]). The predicted entropy fields for a prescribed
entropic excitation at inlet are shown in F igure 21. The two linearized predictions for the
in-phase component of the unsteady entropy are in very good agreement. However, the
linearized Euler results show spurious distortions in the entropy contours, that are caused
by numerical losses, in the vicinities of the blades and along the blade wakes. A spurious
production of entropy is also present in the steady background flow predicted with the
nonlinear NPHASE analysis, and this is believed to contribute to the distortions in the
unsteady entropy contours. '

The interaction of vortical gust with the NACA 5506 cascade is depicted in Figures 22
through 24. The predicted vorticity and pressure fields, represented via contour plots of the
in-phase components of these flow variables, are shown in F igures 22 and 23, respectively; and
the predicted unsteady pressures acting on the surfaces of the reference blade, in Figure 24.
The vortical gust predictions in Figure 22 are in good qualitative agreement, but the results
of the linearized Euler analysis show severe distortions in the vorticity contours in the vicinity
of the blades and their wakes.

The ability to accurately predict the response of real blade cascades to entropic and
vortical excitations using LINFLUX is currently impeded by the use of first-order accu-
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rate, blade-surface, boundary conditions in both the nonlinear steady and the linearized
unsteady Euler analyses. These conditions result in the production of spurious steady and
first-harmonic, unsteady entropy and vorticity near blade surfaces. Also, the entropy and
vorticity, produced artificially by numerical losses, in the steady background flow are be-
lieved to interact with the unsteady entropic and vortical disturbances to further distort the
unsteady predictions.

Because of the foregoing limitations, the vorticity contours (Figure 22) predicted by the
LINFLUX analysis differ from those predicted by LINFLO. However, this disparity between
the predicted vorticity (excitation) fields does not seem to have a strong impact on the
resulting unsteady pressure response. Lhe unsteady pressure fields (Figure 23) and surface
pressure distributions (Figure 24), predicted by linearized Euler and potential analyses for
the vortical gust at w = 5 and ¢ = —180 deg, are in good agreement. Nevertheless, the
LINFLUX capabilities for predicting unsteady flows excited by vortical disturbances must
be improved to provide a more accurate description of the convection of a vortical gust
through a blade row. Also, the present LINFLUX gust solutions are very sensitive to the
ssmoothness” of the mesh, and they require excessive computing times to converge. These
issues should be addressed in future work.
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8. Concluding Remarks

Accurate and efficient, three-dimensional, unsteady, fluid-dynamic analyses are needed
to enhance our ability to understand and predict the aeroelastic (flutter and forced vi-
bration) and aeroacoustic (noise generation, transmission and reflection) characteristics of
turbomachinery blading. Such analyses must account for nonisentropic and rotational invis-
cid effects to model swirling flows with strong shocks and, eventually, for viscous effects to
model separated flows. Motivated by these needs, independent, but coordinated, research

steady aerodynamic and numerical models, based on the Euler equations of fluid motion, for
three-dimensional flows through single blade rows operating within cylindrical ducts. These
models have been implemented into the two-dimensional, linearized, unsteady, aerodynamic
code LINFLUX, and the LINFLUX code has been evaluated via application to benchmark

unsteady cascade flows.

frame of reference. This leads to time-independent, nonlinear, governing equations for the
steady background flow, and time-independent, linear, variable-coeflicient, equations for the
first-harmonic, unsteady perturbation. The variable coefficients in the unsteady equations
depend upon the steady background flow. This type of linearization accounts for the effects
of real blade geometry, mean blade loading, mean swirl and strong shocks and their motions
on the unsteady aerodynamic responses to prescribed structural and external aerodynamic
excitations.

In the present formulation, both the steady and unsteady equations are expressed in terms
of spatial independent variables that describe the reference or steady-state positions of the
moving field points that make up the physical solution domain. Thus, both sets of equations
are solved on a fixed grid in reference physical space to determine the values of the steady and
unsteady flow variables at the mean and instantaneous positions, respectively, of the moving
field points. This approach [HC93a, Gil93] in which the time-dependent deformation of the
physical domain is represented by source terms in the unsteady field equations, simplifies the
imposition of the blade-surface or near-field boundary conditions. Far-field conditions that
account for the effects of mean swirl and the radial dependence of the steady and unsteady
flow variables must still be developed to complete the formulation of the three-dimensional
steady and first-harmonic, unsteady flow problems.

The numerical models developed herein for determining the steady and linearized un-
steady flows are based on the nonlinear, time-accurate, Euler analysis developed in [WJSs8s].
It involves a time-independent transformation from reference physical to computational co-
ordinates and a pseudo-time marching procedure in which the steady and the first-harmonic,
unsteady flowss are determined by marching implicitly in pseudo-time, using local time step-
ping, until converged steady-state solutions are determined. The pseudo-time derivatives are
approximated by first-order difference approximations, and, except for this change, the nu-
merical model for the steady flow is essentially identical to the one used in (WJS88] for
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nonlinear unsteady flows. The linearized unsteady equations contain source terms, that
depend on the blade motion, and the spatial differencing directions used to evaluate the
unsteady flux vectors are based on the steady flow solution.

In previous work [HSR91] the time-accurate, nonlinear, numerical model of [WJ S88) was
implemented into the multi-block, finite-volume code, called NPHASE, to provide a two-
dimensional, unsteady aerodynamic analysis for vibrating cascades. The NPHASE code has
been used as the basis for implementing the steady and linearized unsteady aerodynamic
models, described in this report. In particular, nonlinear steady flows are predicted using a
slightly updated version of NPHASE, and linearized unsteady flows are determined using a
new code, called LINFLUX, which has been constructed, from the original NPHASE anal-
ysis. As part of the present effort, the surface-boundary-condition implementation used in
NPHASE has been modified to reduce spurious numerical losses, and one- and approximate,
two-dimensional, far-field conditions [Gil90] have been incorporated to allow application to
unsteady flows excited by external aerodynamic disturbances. Unfortunately, the latter
conditions have been found to result in significant reflections, at the inflow and outflow
boundaries, of outgoing unsteady disturbance waves. Consequently, exact, single-frequency,
far-field conditions have been constructed and implemented into LINFLUX. These conditions
seem to eliminate the non-physical reflections, indicating that similar conditions should be
incorporated into the NPHASE analysis in the future. :

To evaluate the capabilities of the LINFLUX analysis, we have applied it to benchmark,
two-dimensional, unsteady cascade flows. In particular, we have considered subsonic and
transonic flows through the Tenth Standard Cascade Configuration in which unsteady aero-
dynamic responses are excited by prescribed blade vibrations, acoustic disturbances at inlet
and exit, and entropic and vortical disturbances at inlet. For each example, LINFLUX pre-
dictions have been compared with other analytical predictions; namely, predictions based
on the time-accurate, nonlinear, analysis NPHASE, and/or those based on the linearized
potential analysis LINFLO [Ver92, Ver93].

The results of this study indicate that LINFLUX gives response information that is in
close agreement with the results of the earlier analyses, NPHASE and LINFLO, for unsteady
subsonic flows excited by blade vibrations or acoustic disturbances that travel towards the
blade row. However, improved LINFLUX capabilities are needed for transonic flows and for
flows excited by vortical gusts. In particular, the shock modeling or directional differencing,
used in LINFLUX, should be modified so that LINFLUX and NPHASE will provide consis-
tent response information in the vicinities of shocks for unsteady transonic flows. Also, the
LINFLUX code should be modified to allow more accurate predictions of the unsteady flows
excited by vortical gusts. This will probably involve the implementation of higher-order sur-
face boundary conditions to reduce the amount of spurious numerical entropy and vorticity
that is generated at blade surfaces. Future work should also be directed towards implement-
ing accurate far field conditions into NPHASE. This would allow NPHASE to be applied to
unsteady flows excited by incident aerodynamic disturbances. It would also allow LINFLUX
and NPHASE calculations to be performed on the same mesh, which should help to clarify
the discrepancies, cited in this report, between the nonlinear and linear Euler predictions
in the vicinities of blade leading edges and in the supersonic regions of unsteady transonic
flow fields. Finally, steps will also have to be taken to improve the efficiency of LINFLUX
transonic and vortical gust calculations.
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The primary reason for developing nonlinear and linearized unsteady Euler analyses for
blade rows is the need to predict three-dimensional unsteady flows in which the effects of
mean swirl and radial variation are important. Thus, the follow-on to the present research
effort will be directed towards implementing the aerodynamic and numerical formulations,
outlined in this report, into a three-dimensional version of the LINFLUX code. In addition
to the problems associated with the numerical modeling of shocks and vortical gusts, another
major difficulty must be overcome. This involves the development and implementation of
appropriate far-field conditions for three-dimensional steady and unsteady flow calculations.
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pressure distributions due to the interaction of a vortical gust

Figure 24. Unsteady surface
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(VR.-oo ey = (1,0), w=25 0=—"T
5506 cascade.
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Figure 1: Rotating axial compressor blade row operating within a cylindrical duct.
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Figure 2: Two-dimensional section of a transonic cOmpressor blade row viewed (from hub
to tip) in rotating frame. A normal shock (Sh,) impinges on the suction surface of the nth
blade, and a vortex sheet wake (W,,) extends downstream from the trailing edge of the nth

blade.
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Figure 6: Mach number contours and blade surface Mach number distributions for steady
subsonic flow at M_e = 0.7 and Q_o, = 55 deg through the NACA 5506 (10th Standard)

cascade.
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Figure 7: Contours of the out-of-phase component of the unsteady pressure, i.e., Im{p}, for
the subsonic (M_o, = 0.7, _, = 55 deg) NACA 5506 cascade undergoing an out-of-phase
torsional blade vibration about midchord (@ = 2 deg, w = 1, 0 = 180 deg): (a) linearized
potential analysis (LINFLO); (b) linearized Euler analysis (LINFLUX).
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Figure 8: Pressure-displacement function distributions and work per cycle predictions for
the subsonic (M-c = 0.7, Qoo = 55 deg) NACA 5506 cascade undergoing torsional blade
vibrations about midchord at o = 2 deg and w = 1: (a) in-phase (0 =0 deg) torsional blade
motions; (b) out-of-phase (o = 180 deg) motions.
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Figure 9: Pressure-displacement function distributions and work per cycle predictions for the
subsonic (M_,, = 0.7, _,, = 55 deg) NACA 5506 cascade undergoing bending vibrations
at hy = 0.01 and w = 1: (a) in-phase (¢ = 0 deg) bending motions; (b) out-of-phase (0 =
180 deg) motions.
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Figure 10: Work per cycle vs. interblade phase angle for the subsonic (Mo = 0.7, Q-0 =
55 deg) NACA 5506 cascade undergoing blade vibrations at w = 1: (a) torsional vibrations
about midchord with a = 2 deg; (b) bending vibrations with h, = 0.01.
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Figure 11: Mach number contours and blade surface Mach number distributions for steady
transonic flow at M_,, = 0.8, and Q_, = 58 deg through the NACA 5506 (10th Standard)

cascade.
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Figure 12: Contours of the out-of-phase component of the unsteady pressure, [ m{p}, for the
transonic (M—_o = 0.8, 100 = 58 deg) NACA 5506 cascade undergoing an in-phase torsional
blade vibration about midchord (@ =2deg,w=1,0= 180 deg): (a) linearized potential
analysis (LINFLO); (b) linearized Euler analysis (LINFLUX).

90



— —— Nonlinear analysis (NPHASEg)(
)

Linearized analysis (LINFLO
LINFLU

Linearized analysis

Suction surface

1—0.246(r — 7g3)

: We = —0.74 (NPHASE)

i Wc = —0.98 (LINFLO
We = ~0.92 (LINFLUX)

10.0
(a)
5.04
o] ~2we
-5.04/
—10.0
10.0
(b)
5.04
Pressure
_ surface
|la|~2we
—5.01
—10.0

We = —2.08 (NPHASE)
We = —1.36 LINFLO;(
We = —1.62 (LINFLUX)

-’j'—--

| Suction surface

/
/

—0.608(7 — 7s4)

0.0

0.2

0.4 0.6 0.8

1.0

Figure 13: Pressure-displacement function distributions and work per cycle predictions for
the transonic (M_,, = 0.8, Q_., = 58 deg) NACA 5506 cascade undergoing torsional blade

vibrations about midchord at & = 2 deg and w = 1: (a) in-phase (0 = 0 deg

motion; (b) out-of-phase (o = 180 deg) motion.
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Figure 16: Mach number contours and blade surface Mach number distributions for steady
subsonic flow at M_o = 0.5, and Q_co = 99 deg through the NACA 5506 cascade.
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Figure 17: Contours of the in-phase component of the unsteady pressure due to the interac-
tion of an acoustic excitation from upstream (Pr-0 = (1,0),w =5, 0 = —90 deg) with the
subsonic (M_o = 0.5, Q_o, = 55 deg) NACA 5506 cascade: (a) LINFLO calculation; (b)
LINFLUX calculation.
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0.5, Qo = 95 deg) NACA 5506 cascade.
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Figure 19: Contours of the in-phase component of the unsteady pressure due to the interac-
tion of an acoustic excitation from downstream (Pr4eo = (1,0), w =5, 0 = —90 deg) with
the subsonic (M_,, = 0.5, N_., = 55 deg) NACA 5506 cascade: (a) LINFLO calculation;

(b) LINFLUX calculation. o7
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Figure 20: Unsteady surface pressure distributions due to the interaction of an acoustic
excitation from downstream (praco = (1,0), w = 5, o = —90 deg) with the subsonic (M-o

= 0.5, Qoo = 55 deg) NACA 5506 cascade.
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Figure 22: Contours of the in-phase component of the unsteady vorticity for a vortical gust
(VR-oo - €N = (1,0), w =9, 0 = —r) interacting with the subsonic (M_0o = 0.5, 00 = 53
deg) NACA 5506 cascade: (a) LINFLO calculation; (b) LINFLUX calculation.
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Figure 23: Contours of the in-phase component of the unsteady pressure response for a
vortical gust (VR,-o -en = (1,0), w =5, 0 = —7) interacting with a subsonic (M_o, = 0.5,
Q_c = 55 deg) NACA 5506 cascade: (a) LINFLO calculation; (b) LINFLUX calculation.
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