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Block 19, continued.

energy representation. The two subdomains were taken to be the wake and outer
flow region because of the large difference in scales between those regions. The
wake spanned approximately 20% of the stator pitch at the measurement plane.

The first mode of the full domain decomposition represented 25% of the
energy of the data compared to 33% and 17% for the wake and outer flow subdomain
first mode energy contributions, respectively. The eigenspectra of the outer flow
decomposition were similar to the calculated spectrum of the quasi-homogeneous
interior region of the Burgers' equation simulation of Chambers et al. (1988).
Consistent with those results was the relatively slower convergence of the PSD
reconstructions (four terms to characterize over 50% of the energy). The
eigenspectra of the full domain and the subdomain which included the wake region
began leveling off at high frequencies (above 200 Hz). This was attributed to
the wake contribution to the energy at those frequencies. Contrary to the
-expected lower frequency/lower mode correspondence (characteristic of the outer
flow domain), the wake region was represented at high frequencies by the lowest
eigenmodes, The POD modes were so efficient in representing the high frequency
energy of the wake region that the behavior of the eigenspectra above mode 4 was
similar to the eigenspectra of the outer flow subdomain.

Large distinct low frequency peaks (below 200 Hz) were found in many of
the eigenmodes although not consistently at the same frequencies. These peaks
were considered the result of either inlet flow disturbances or migration of
passage generated flow structures. More detailed measurements are needed
however, to determine the nature of the source of these low frequency (apparently
large spatial scale) structures.
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1 Introduction

The flow and heat transfer that occur in a turbine represent one of the most complicated environ-
ments seen in a practical machine. The flow is unsteady, transonic, three-dimensional, turbulent,
non-isothermal and subject to strong body forces. The principle factor that limits the efficiency of
gas turbine engines is the inability of turbine components to withstand high temperatures and large
heat transfer rates. Turbine performance is also limited by the aerodynamic losses of the working
fluid. Accordingly, attempts to understand, predict, and control these phenomena have played a

central role in gas-turbine research.

Satisfactory turbine designs have been achieved due to the development of a sound understanding
of the flow and heat transfer mechanisms that define the mean-flow performance and 1o advances in
materials and manufacturing processes. Rising fuel costs and concerns about noise and combustion
emissions spurred a flurry of more detailed turbine research activities especially since the early
1980’s. Current research activities have been dir..ted at moving beyond the mean-flow mechanics
into investigations of the time-dependent aspects of the flow. Some of these aspects lie in the realm

of deterministic unsteady fluid mechanics, while others belong to the subject of turbulence.

Examination of the flow through a stationary row of blades has been carried out for a number
of blade row geometries, both annular and linear, using a broad range of experimental techniques.

These methods have included both qualitative and quantitative measures of the flow. Qualitative
measures have primarily consisted of flow visualization utilizing smoke in the mainstream and oils
and other substances on surfaces (summarized by Sieverding 1985). Quantitative measurements
have primarily consisted of five and three hole pressure probe measurements of static pressure,
total pressure, and mean velocity (examples include Dring et al. (1986), Moustapha et al. (1985},
Gregory-Smith and Graves (1983), Moore and Adhye (1985), and Sieverding et al. (1984)). In
addition, hot-wire anemometry with single and multiple hot-wire and film probes (for example,

Sharma et al. 1985, Hodson 1985, Gregory-Smith and Graves 1983, Gorton and Lakshminaravana




1976 and Raj and Lakshminarayana 1973) and laser-Doppler velocimetry (LDV) (Bailey 1979} have
been used to determine flow velocities and Reynolds stresses. The results of the former studies of
turbine passage flow have illucidated the non-uniformity and unsteadiness including the production
of passage and horseshoe vortices. The appearance of these flow structures results in high loss regions

in blade row exit flowfields as illustrated by total pressure loss contours {v. Dring et al. 1986).

To complement the studies of turbine aerodynamics, turbine heat transfer investigations have
been carried out by a number of researchers. One of the most important influences on the local
heat transfer to a turbine blade or vane is the time-unsteady condition of the flow as it enters the
blade row (Graham 1980). A categorization of the different contributions to the unsteadiness was
given by Evans (1975) as a separation of the random turbulence from the inherent periodicities of a
flowfield. The aggregate affects of such flow unsteadiness on heat transfer has been shown to have a
significant effect on the heat transfer through experimenta!l studies using thermocouple instrumented
airfoils (e.g. Graziani, et al. 1980 and Blair et al., 1989a,b). Higher resolution turbine rotor heat
transfer measurements (Dunn 1986, Dunn et al. 1986 and later Guenette et al. (1989) and Dunn,
et al. 1990) clearly demonstrate the importance of the random velocity components to the unsteady
heat transfer. It is expected that the flow seen by a given blade would contain the blade passing
periodicities (along with its harmonics). However, strong heat transfer signals are seen across a wide

frequency spectrum, both above and below that of blade passage.

Even in the absence of viscosity, the pressure fields generated by interactions between rotor and

stator blade rows can be expected to produce time varying phenomena whose frequency spectrum

will contain more than harmonics of the blade passing frequency. When viscous effects are added
to this picture, even at the level of laminar flow, a wide variety of new time dependent phenomena
can be expected which originate from wake and secondary flow generation. These non-uniformities,
when cut by a moving blade row propagate downstream carrying with them pressure 2n.é velooily
distributions of great complexity. 'II:he boundary layers which then develop in response to this time

dependent outer flow are themselves unsteady, and exhibit phenomena of transition, separation and




reattachment (v. Mayle 1991).

The real turbine flowfield contains the additional complexity of turbulence. Any attempt to
interpret flowfield measurements on the basis of deterministic frequency content will be inadequate,
no matter how faithfully it models the physics of the inviscid and laminar-viscous aspects of the flow.
To understand properly what is happening, it is essential to know how the turbulence is generated,
how it propagates, and how it modifies the flow. It is possible of course, to apply time averaging
and phase locked averaging to identify steady mean and periodic components while identifying the
remainder of signals as the contribution to turbulence. This procedure. however, leaves unanswered

questions about the turbulence itself, especially regarding its spatial and temporal character.

It was hypothesized at the beginning of this investigation that there exist tyvpical wake and
passage flows which possess characteristics important to the rotor dynamics. Thus, applying a
technique for identifying the migration and content of coherent structures comprising the turbulence
contribution to the overall velocity signals was deemed necessary for a more complete understanding
of turbine flowfields. An application of the proper orthogonal decomposition (Lumley 1967) to
simultaneous multi-point hot-wire measurements was used to investigate the hypothesized existence

of coherent structures in an annular stator exit flowfield.

The application of the Karhunen-Loéve expansion (Loéve 1955) to flowfields was recommended by
Lumley (1967) to objectively identify coherent structures. The expansion, referred to as the proper
orthogonal decomposition (POD), identifies the coherent structure as the function for which the
mean square projection on the field will be maximized. For a field of finite extent and energy, such

as the flow analyzed in this study, the POD yields an infinite number of such candidate structures

where each successive mode contains less energy. Therefore, aithough in general an infinite number
of modes result from the POD, a finite (and often small) number of modes is generally sufficient to
characterize the flowfield. An exception is that the POD for stationary or homogeneous 'directions’

degenerates to a harmonic decomposition where the modes are continuous functions of frequency or

wavenumber.




The traditional techniques of identifying coherent flowfield structures include Conditional Aver-
aging (CA) (see Antonia 1981) and Stochastic Estimation (SE) (Adrian 1979). Both CA and SE
require a subjective condition on which to base the average or estimate. It is not always apparent
what the choice should be and different selections can strongly affect the analysis result. Stochastic
Estimation and Conditional Averaging yield an identification of coherent structure whose usefulness
is unclear. The identification of coherent structures in fluid flows is useful only if the dvnamics
of such structures can be determined. Application of Dynamical Systems Theory to the equations
resulting from the Galerkin Projection of the POD modes on the Navier Stokes equations has been
shown to be a useful tool for determining the dynamics of flow structures (v. Sirovich 1987, Aubry

et al. 1988 and Glauser et al. 1989).

The proper orthogonal decomposition has, since Lumley first proposed its use, been applied to
pipe flows (Bakewell and Lumley 1967, Herzog 1986), axisymmetric free shear flows {Glauser 1987),
and more recently. to the lobed mixing layer flowfield (Ukeiley et al. 1991). The application of the
POD to measurements of an annular stator exit flowfield is the subject of this study. It is hoped
that this coherent structure identification will result in an increased understanding of the turbine

flowfield dynamics.

Applying the POD to experimental data requires the measurement of the cross-correlation tensor.
It was originally thought that it would be necessary to use flying cross-wire probes in order to
measure the stator exit flowfield without the rectification brought on by the expected high turbulence
intensities. The choice of cascade and some preliminary measurements using a stationary cross-wire
probe justified the use of stationary probes, since the turbulence intensity was low to moderate.
In order to eliminate the cross-flow errors associated with measuring three dimensional flows with
cross-wires, and to measure directly all three velocity components, triple-wire probes were used
for this study. The flowfield was traversed with two triple-wire probes in order to measure the
three-component cross-correlation tensor. A unique multiple-wire probe calibration technique was

developed for the application of the triple-wire probes used for this study and is outlined within.
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In the following sections, the Proper Orthogonal Decomposition is briefly reviewed and the
experimental program is described in detail. A list of project persor.nel and publications follow the
technical discussion. It should be noted that the bulk of the results have not yet been published,

and hence the detailed presentation.




2  Proper Orthogonal Decomposition

2.1 Theory

Lumley (1967) proposed the use of the proper orthogonal decomposition (POD) to objectively iden-
tify coherent structures in flowfields. George (1988) provided a useful summary of the application
of the POD technique to turbulence. Some of the details applicable to this application are included
below.

Formulation of the POD consists of maximizing the mean squared projection of the candidate
structures on the flowfield. The normalized projection of a candidate structure o on the field u is

given by the inner product

_ _Jé1()ui)d() -
C T U 60080040 2

where the asterisk denotes the complex conjugate. The subscript (i or }) indicates coordinate di-
rection while the independent variable (-) is a representation of the appropriate spatial or temporal
"location’. The projection is normalized to eliminate amplitude dependence and emphasize instead
the degree of projection.

Maximization of the mean squared projection

3= 57 = LEOUOE0) [ i uiHd() (2:2)
[ 45()85()d()

yields the proper orthogonal decomposition (Lumley 1967). Noting that the ensemble average (de-

noted by the overbar) can be applied directly to the integrand, this equation simplifies to

s = LLEIOBR (. D))
[ é;0)8;0)d()

where
Ris(,) = wlu(7) (2.4)

is the two-point cross-correlation tensor of the field u.




The Calculus of Variations can be used to achieve the maximization in a straight forward way
as outlined in appendix (A). The characteristic eddies represented by the functions ¢ can be found

from the resulting integral equation
[ Rusts 65040 = 2t 25)

This is a homogeneous linear integral equation of the second kind and furthermore for fixed inte-
gration limits, (as for experiniental data), the equation is referred to as Fredholm’s equation in the
context of linear integral equation theory (Lovitt 1950).

Since the kernel (R; (-, ")) of this integral equation is symmetric, Hilbert-Schmidt theory pro-
vides several important properties of the eigenvalues and eigenvectors (Lovitt 1950). The immedi-

ately useful of these applications to turbulence study are summarized below (Lumley 1967).

e There are a denumerable set of solutions to Eq. (2.5) (denoted as éf"’ corresponding to the

ey ealuy V= 2,
o The set of solutions can be chosen such that the functions ¢£"), n=1,2,...) are ortho-norm=:l:
[6P0600d0) = 8,0 (26)
e The vector ficld u, can be expressed as a linear combination of the eigenfunctions ¢! as

wu()=_ andi™() (2.7)

where the random coeflicients given by

a, = '/u,-(.)¢£")'(-)d(A) (2.8)
are uncorrelated (i.e. apay = A(")ép'q). This representation converges optimally fast in the

mean square sense.
o The kernel (R, (-, ’)) can be expressed as a bilinear combination of the eigenfunctions éf") as
Rig(- )= aMe™ (el () (2.9)

n

which is uniformly and absolutely convergent.

7
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e The eigenvalues are positive, their sum is finite and they may be arrranged in order of their

magnitudes, 1.e.

AN > g (2.10)
YA < e (2.11)
n
and
AW S 2@ 5 (2.12)

Lumley (1970) referred to the eigenfunctions (or modes) identified througl the POD as the
characteristic eddies. Subsequent advances in relating the eigenmodes to flowfield dynamics were
summarized by George (1988) and Moin and Moser (1989). The significance of the eigenvalues can

be found by evaluating the total energy in terms of the field given by Eq. (2.7)

OO = Y and™() Y ame™ (). (2.13)

Since the eigenfunctions are orthonormal, this reduces to

w(uw() =Y od=3 A" (2.14)

L L

Thus the eigenvalues ate the energy in the various modes and the sum is the total energy of the field

being considered.

2.1.1 Stationary and Homogeneous Directions

Let § represent all the coordinates for which the random vector field is stationary or homogeneous

(henceforth referred to as statistically steady (Tennekes and Lumley 1972) for brevity) and let &

comprise all the coordinates for which the field is inhomogeneous. In view of these definitions.

Eq. (2.5) can be written as
//Rdj(f.il, 7 - 9N §)AF)d(E) = WM (E, §). (2.15)

Note that the expression




NN BN B i T =N R EN =

S N S Ea

[ Rsta 2.7 - 9o 9)d@)
in Eq. (2.15) is a convolution integral (Lumley 1970). Taking the Fourier Transform of both sides
of Eq. (2.15) and employing the convolution property to transform the convolution integral (v.

Oppenheim and Willsky 1983) yields
/S.-J-(i.i’, by (z, kyd(3) = A (b)eM(z, k) (2.16)

where
S, (%, # k)= /R,,-j(i,i’,r" e=2mk P (7) (2.17)
is the cross-spectral tensor (7 = ¥ — ). The solutions @:")(i,l}) to Eq. {(2.16) are spectral repre-

sentations of the original eigenvectors
(7, k) = /¢§")(5,g)e-ﬂ"""*d(f). (2.18)

and are designated eigenmodes.

The POD has been shown to degenerate to a harmonic decomposition for field directions which
are statistically steady. This is consistent with the traditional analysis of homogeneous turbulence
using spectral methods. In periodic directions, the Fourier transform reduces to a Fourier series and
the spectra would no longer be a continuous function of frequency. The dimensionality of the POD
can thus be reduced by first using Fourier analysis in the stationary, homogeneous and periodic

directions before solutions in the inhomogeneous directions are pursued.

2.1.2 This Application

The stator exit velocity field cross-correlation measurements were taken at the midspan across one
stator pitch. The velocity field was considered stationary in time and inhomogeneous in the azimuthal

direction. Equation. (2.16) was therefore reduced to

/S.J(o, 0, f)¢;"’(0',f)do' =AM, f) (2.19)
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where the frequency f arose from the Fourier transform of the correlation tensor R, ;(6,9',t' —t)
as indicated by Eq. (2.17). Three velocity components were measured at each location so that the

indices i and j take on the values 1,2 and 3.

2.2 Numerical Approximation

The discrete nature of experimental data necessitate a numerical approximation to Eq. (2.19). Since
the kernel is known for only discrete values of the independent variable, a quadrature rule must be
applied to the integral. In addition, digitization of the velocity signals result in a discretization of

the spectral tensor. Consequently, the resulting equation for Ng¢ circumferential locations is

Ne
3 WS k(60 0,)000(00) = ALVR)6) (=10 A (2.20)

m=1
where

Su;k(01,6m) = Sij(61.0m kASf)  (k=0,... N -1). (2.21)

is the spectral tensor defined by Eq. (3.9) where Af is given by Eq. (3.11). For each frequency
(indicated by the subscript k), Eq. (2.20) can be written in the nomenclature of matrix eigenvalue
problems as (v. Baker 1977)
KDf = Axf (2.22)
where
Sii S12 Si3
K=1|5;, S:2 S:3 (2.23)

S3; Sa2 Sas

W1 o (¢}
D=| o W, o (2.24)
o o W;,
10




and

@,
f=1&, (- (2.25)
- &)
The submatrices S, ; are Ngx Ng matrix representations of the measured spectral tensors S; j x(61, 6m).
The subvectors &; are vector representations of the eigenmodes at each of the measurement loca-
tions:

T
D= | &;k(0) ®;4(02) - q>,_k(e,\,,)] : (2.26)

The weight matrix D comprises the submatrices
W, = diag(w;,wy, - -, wn,) (2.27)

which are determined by the choice of quadrature rule used. There are Ng eigenvalues A(k") and
corresponding eigenvectors TR satisfying Eq. (2.22).

The success of the approximation of Eq. (2.19) by Eq. (2.22) hinges to a great extent on the
choice of quadrature rule (Baker 1977). Since K is Hermitian, choosing a rule with u; > 0 Vj such
that D > o is advantageous. For although K D is not Hermitian, the matrix D} K D? is Hermitian

and is similar to KX D. So muliiplying both sides of Eq. (2.22) by D: vields

K¥=Acf (2.28)
where
K = D}k D} (2.29)
is a Hermitian matrix, and
f=Diy. (2.30)

The numerical solution of this reformulated problem can exploit the symmetry properties of the
Hermitian matrix involved. After obtaining an eigenvector f the desired function, f can be recovered

from

f= D—é} (2.31)




Since D is diagonal, D% and D4 are easily produced once a quadrature rule has been chosen.
The trapezium quadrature rule with the weights

Af

Al
WJ =diag(T,A9,...,A0,T) (232)
was used for the numerical POD application of this study. The azimuthal probe spacing
Ab =014y -6 (2.33)

arises in this context from the numerical approximation of the integral with data at Af intervals.
Solution of the Hermitian matrix eigenvalue/eigenvector problem was achieved using the IMSL
Inc. subroutine EVEHF. The routine EVEFH can be used to solve for any number (up to the
matrix order) of the largest or smallest eigenvalues and their corresponding eigenvectors. Since the
modes with the highest energy were of interest in this study, a number of the largest eigenvalues
and corresponding eigenvectors were determined. Another IMSL Inc. subroutine, EPIHF, was used
to compute the performance index for the complex Hermitian matrix eigensystem after EVEHF
was executed. Although the performance index is machine dependent, the eigensystem analysis is
considered excellent if the function EPIHF returns a value less than one and good if the performance
index is between one and 100 (Smith et al. 1976). When the POD was applied on the data of this
study, the performance index was typically less than one and always much less than 100 so the
results of the eigensystem analysis were assumed to have reasonable numerical accuracy based on

the input data.
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3 Spectral Analysis

Since the flow is assumed stationary in time, it is appropriate, as discussed in section 2.1.2, to first
transform the time series using spectral analysis. The Fourier transform of a signal u;(z,1} is defined
as

(%, f) = /co e Ity (z,t)dt. (3.1)

—o0

Since the Fourier transform of the random signal u(#,1) is also random., it is u-.7ul examine

u, (¢ f)u / / eIty (F ), (2, ) dtdt. (3.2)

where the overbar denotes the ensemble average and the asterisk denotes complex conjugation. For

stationary processes, the cross-correlation is given by
Rij(z,2,7) = wi(E )uy(Z,1) (33)
where 7 =t/ — t. Substitution of this expression into Eq. (3.2) yields
(%, f)u (%, / / e IR (3,3, T)dtdt. (3.4)

A change of variables to £ =t 4+t and v = t/ — t transforms the integral to

] 0 T+
w(z, f)ej(@’, f) = lim —/ [/ d{} &J(E.i",f)e'ﬂ"f’dr +

T

TlewE/ [/Tw dg] R, ;(z,% 1) dr. (3.5)

Integrating over £ and combining the remaining integrals reduces this integral to
wi(z, fu (2, f) = hm / (T- | 7 DRij(2,%,7)e~ 2" 7dr. (3.6)

An estimate of the cross-spectra (the Fourier transform of the cross-correlation) for finite record

length signals is thus (v. George et al. 1978)

WEN YT T
Siy(2,2', f) = ﬂz—f%{—) =/ (1 - l%) R, (#,#, 7)™/ dr. (3.7)
-T
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This spectral estimate approaches the true spectra as the record length T increases. The record
length must, however, be long enough to insure that the factor (1 - 1,;.—1) is approximately one
for any region in which R, ;(#,%’,7) is nonzero (Tan-atichat and George 1985). This is especially
important if the cross-spectra is to be estimated since the cross-correlation may peak far from the
origin. For this flow, the two probe locations were in the same plane 10% axial chiord downstream
of the stator trailing edge and therefore the cross-correlation would not peak significantly far from
the origin.

The spectra of the digitized experimental data can be found by approximating the transform of

Eq. (3.1) with the Discrete Fourier Transform (DFT)

N-1
# k(2) = DFT {u, n(#)} = ALY win(@)e™F . (k=01 N -1 (3.8)

n=0
which is typically implemented via a Fast Fourier Transform (FFT) code. The spectrum can then

be approximated by

il (7))

Sigk(2,3) = T (3.9)
here T is the record length, N is the number of points in the record, and
T
At = .
- (3.10)

is the time spacing between samples. The asterisk denotes complex conjugation. The spectra is

defined at the discrete frequencies fi = kA f where

Af = (3.11)

1
T
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4 The Experiment

4.1 Experimental Facility

4.1.1 Windtunnel

The measurements of this study were taken in a newly developed large-scale annular stator cas-
cade windtunnel constructed in the State University of New York at Buflalo, Turbulence Research
Laboratory (TRL). The facility (shown schematically in Fig. (4.1) was operated in the open loop
suction mode. The nose cone and test section geometry are duplications of the United Technologies
Research Center (UTRC) Large Scale Rotating Rig (LSRR) nose cone and first stage stator. The
LSRR is a large-scale one and one-half stage turbine model (See Dring et al. 1986 for more details).
A duplication of the first stage stator of the LSRR at UTRC was chosen for this study because its
large size provides good spatial resolution measurements and because it is heavily documented with
both heat transfer and aerodvnamic data. The five foot diameter test section contained twenty-two
cast epoxy stator airfoils and had a hub-to-tip ratio of 0.8. The nominal operating conditions are
summarized in Table (4.1). The vanes accelerate the incoming axial flow through approximately
seventy degrees of turning. The six inch annular test section was unobstructed for five axial chord
downstream of the airfoils before entering an eight foot long conical annulus leading to a centrifugal

blower. The Buffalo Forge Co., BL 730, Class 3 blower was driven by a Wer Industrial, 50 hp dc

motor, controlled with a Fincor, Class 3000, dc Motor Controller.

The blower inlet section was designed to have less than six percent area change overall in order
to minimize flow separation. To optimize the blower performance, eighteen straightening vanes
were placed at the beginning of the inlet cones and the blower inlet vanes were reversed. The flow
exited the tunnel through a straight angle diffuser into the laboratory. To facilitate transducer
implementation within the passage, the test section was separable from the conical blower inlet

section and both were mounted on wheels on a track. A flexible coupling between the blower and
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h-

the inlet cones was used in order to minimize blower induced vibrations upstream. A steel cable

connection to the floor was used to keep the blower inlet cones from making direct contact with the

blower

Measurement
/Plones
\ 4 Blower —\
Fiow
——>

Straoightening
Vanes

Figure 4.1: Windtunnel schematic (top view).

4.1.2 Probe Traverses

A four inch thick disk equal in diameter to the hub, located two inches downstream of the stator
trailing edge was used to traverse the transducers. Two traverses were located on the disk in order
to locate two probes within the annulus. One traverse (Traverse 1, Fig. (4.2)) provided only radial

probe motion and was fixed to the disk. The second traverse (Traverse 2, Fig (4.2)) provided
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Table 4.1: Test Section Geometry and Nominal Operating Conditions

Number of Airfoils 22

Axial Chord 150.6 mm
Aspect Ratic; 1.01

Tip Diameter 1.52 m
Hub/Tip Ratio 0.8

Inlet Flow Angle 90.0 deg
Exit Flow Angle 22.5 deg
Average Inlet Velocity 20 m/s

Chord Based Reynolds Number 5.2 x 10°

both radial and circumferential probe motion, relative to the disk. The traversing of each of these
motions was performed using computer controlled stepper motors. The disk was positioned by
hand through a gear box froin outside the tunnel. A Litton shaft encoder output was used to infer
the circumferential orientation of the disk to within 0.01 degrees. This arrangement of traverses
facilitated two-point cross-correlation measurements using two probes. Since Traverse 2 positioning
was dependent on Traverse 1 circumferential positioning, circumferential movement of Traverse 1
was added to the Traverse 2 position before relocating Traverse 2. The data collection software was
written to account for any such dependencies between traverses so that no motion was repeated for

a given pair of probe locations.

4.2 Instrumentation

The triple-wire probes used for this study were molded using techniques similar to those of Ukeiley et
al. (1990). Tempered steel music wire with a diameter of 0.020 inches was used as prong material.
The prongs were suspended in the mold in order to have an exact match to the probe holder
electrical sockets. Two plexiglass mold halves with the cylindrical probe shape machined into them

and aluminum end plugs with identical hole patterns for the prong suspension comprised the mold.
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Disk

Traverse |
Stepper Motor

Probe 1—7

Traverse 2
Stepper Motors

Figure 4.2: Windtunnel probe traversing mechanism.

The probe diameter was offset so that the surface would be flush with the outside of the probe
holder when in place (see Fig. (4.4)). A 10 cc syringe was used to inject the epoxy resin (Araldite
AW 106/HV 953) into the mold. The probes were removed from the mold in as little as six hours
and were hard within a day at room temperature.

After molding, the probe body was tapered on a lathe in order to minimize flow blockage. The
prongs were bent approximately 70 degrees to be aligned with the mean stator exit flowfield as
shown in Fig. (4.4). To eliminate sensor breakage due to prong vibration (primarily caused by
the calibration rig), a sewing thread reinforced epoxy ring (not shown in Fig. (4.4)) was placed
around the prongs between the prong ends and the probe body. Alignment of the prongs in the
circular pattern shown in Fig. (4.4) after bending was assisted by using an aluminum template
with a corresponding circular hole pattern. One of the template surfaces was ground at an angle
cos~1(1/V/3) (= 54.7) degrees relative to the prongs so that it could be used as a guide in grinding the
prong ends. Each pair of prongs was ground approximately 0.005 inches shorter than the previous
pair so that the overlapping wires would not touch. To insure integrity of the prong bends and
grinding. the template was left on the prongs while the epoxy reinforcing ring hardened.

Probe holders were made of gold plated lead sockets (Samtec SC-1W1-GG-1) epoxied within a 1/4
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Figure 4.3: Triple-wire probe mold, (mating plexiglass part not shown).

inch diameter brass tube. The lead sockets were permanently co-axial wired to three BNC female
bulkhead receptacles mounted o a small rectangular fiberglass plate. The electrically insulating
fiberglass plate maintained anemometer ground isolation.

The probes were wired with 6.35 mm long, 5 micron diameter tungsten wites which were copper
plated for a sensor length to diameter ratio close to 200. Each hot-wire was operated in the constant
temperature mode at an overheat ratio of 0.8 using a DISA 55M01 Main Unit. 55M10 CTA Stan-
dard Bridge, and 5m Cable Compansation units. To minimize temperature drift, the anemometer
electronics were housed in a chamber maintained within one half degree of 30°C. It was found
that the wires did not have consistent constant angle :alibrations for typically two days after the
initial heating. This anemometer output drift was attributed to relaxation of internal stresses and
oxidation of the wires (Fabris 1978). Thus, no wire was used until after it was heated for at least two
days, and until constant angle calibrations before and after the two hour long angle calibration were
essentially identical. This check, of course, also verified the angle positioning accuracy. The problem
of constant angle response drift over time seems to be less important for cross-wire and single wire
probes but common for triple-wire probes. It is suspected that the short duration of the calibration
of single- and cross-wire probes precludes noticing response drift except when recalibrations during
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and after measurements are compared to previous calibrations.

~
o.
—

Side View i

!

Wire 1
Wire 2
Top View Wire 3

Figure 4.4: Triple-wire probe schematic.

The velocity of the calibration jet was inferred from the plenum pres-ure using Bernoulli’s equa-
tion. The pressure was digitized from a Validyne DP103-14 pressure transducer and Model CD23
Carrier Demodulator. The pressure transducer was calibrated against a Meriam Instrument Co.,
Model 34FB2, micromanometer which has an accuracy of 0.001 inch of water. The calibration jet
and test gas operating temperatures were measured using the digitized output of a Chromel-Alumel
thermocouple with an ice water reference junction. The thermocouple output was amplified for
digital recording using an Analog Devices, Model 2B5A4, Four Channel Isolated Thermocouple/mV
Conditioner which had a maximum gain of 1000. The thermocouple was calibrated versus a mercury
thermometer. Both the pressure transducer and the thermocouple calibrations were represented by
a least squares fit to a quadratic equation and were verified repeatable over the course of weeks of
measurements.

All digitized data were recorded using a SUN Microsystems minicomputer via a Phoenix Data
Inc., simultaneous sample and hold, 15 bit A/D system after analog filtering using phase matched
8-pole Bessel low-pass anti-aliasiné filters manufactured by Frequency Devices (v. Glauser 1987).

To eliminate the problem of ground loops, the analog ground of all devices was connected to one
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source via a bank of isolated ground electrical receptacles.

4.3 Sampling Criteria

The A/D used for this study had a maximum sampling rate of 325 KHz which, when divided by the
number of channels to be sampled, yields the maximum sampling rate of any of the channels. Using
two triple-wire probes, a pressure transducer and a thermocouple limited the sampling frequency
to just above 40 KHz. The acceptability of this limited sampling frequency was investigated via
consideration of the physical limitations imposed by the flow and probe geometry.

The probe dimensions set a restriction or the irequencies of the flow fluctuations due to their
spatial filtering. The smallest ¢patial scale resolvable by a probe is twice the spatial dimensions of

the transducer. This imposes a limit on the frequcicies resclvable by the probe of

U,

fe= 2, (4.1)

where U, 1s the characteristic mean convective velocity, and {, is the characteristic transducer size.
In this experiment, [, ~ 2 mm and U, >~ 55 m/s. This would suggest that the measurements should
be low-nass filtered with a 13.8 KHz cutoff frequency before recording due to the limited probe
spatial resolution.

Similar to the time scale associated with transducer spatial filtering is that associated with
multiple-probe measurements of eddies. The spatial extent of the eddies simultaneously sensed by
two probes is determined by the probe spacing ({,) and the characteristic mean convection velocity
(Uc). Assuming the turbulence field is eflectively “frozen” as it passes the probes, the minimum

eddy time-scale resolvable by both probes is given by

1l

(4.2)

fe U
where f, i1s the associated maximum frequency. For this experiment the apparatus limited the
spacing to 1.4 cm. Thus the maximum resolvable flow frequency was reduced to approximately

3.9 KHz.
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Preliminary measurements using one triple-wire probe, at 60 KHz while filtering at 25 KHz
were used to determine the extent of the energy content at high frequencies. It was found that
below 5 nHz, the spectra had approximately one decade of -5/3 character. Above 5 KHz there
was broadband noise which was identified to be a combination of prong and/or wire vibration and
electronic noise at 12 KHz and 16 KHz. The proposed frequency limit set by the minimum probe
spacing was deemed acceptable and so the anti-aliasing filters were set to cut-off at 4 KHz. In order
to more than satisfy the Nyquist criterion, a 10 KHz sampling frequency was then used.

The record length and number of blocks were determined from the integral scale and the statistics

required for the ensuing analysis (v. George et al. 1978). The integral scale
o
I :/ r(Z,7)dr (4.3)
0

can be expressed in terms of the correlation coefficient

C(z,7)

r(E.r)= = (4.4)
where
C(z.7) = [u(z,t) = Wu(z,t+ 1) - T (4.5)
is the covariance and
o? = C(0) = [u(Z,1) — 5)2 (4.6)
is the variance of the signal u(z,t). Combining Eqgs. (4.4) and (4.3) yields
I fo“cii,r)dr 4.7)
For experimental data, it is convenient to calculate the integral scale from the spectrum
oo
S, f) = /_w C(z,7)e 7?7 dr (4.8)

which 1s the Fourier transform of the correlation. Since C(Z,7) 1s even and real, the spectrum is

also even and real. so that Eq. (4.8) reduces to

oc

S(imf):?/ C(z,7)cos2nfrdr (4.9)
0
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Since S(0) is exactly twice the integral in Eq. (4.7), the integral scale can be written in the form

_ 5(z,0)
=== . (4.10)

The spectrum of the digitized experimental data was found using Egs. (3.8) and (3.9) as outlined in
Chapter (3). The spectrum at the origin was extrapolated from the first two points of the spectrum
since the dc value was zero for the spectrum of the fluctuations (u(Z,t) — 1).

The resulting evaluation of Eq. (4.10) yielded an integral scale of approximately 0.6 ms. Thus
recording 1024 samples per record at 10 KHz results in over 100 integral scales per record. Waiting
one record length between blocks insured statistical independence of the ensembles. In reality, th:e
processing of each block increased the interblock temporal spacing to several record lengths.

The accuracy of measurements of statistical quantities such as spectra are dependent on the
number of ensembles used for the estimate. The second order statistics required for the "OD
implementation can be estimated with good accuracy using 300 or more blocks.(v. George et al.
1978 and Tan-atichat and George 1985). In light of the computational requirements. the spectral

estimates derived in this study were ensemble averages of 300 individual spectra.

4.4 Hot-Wire Implementation

Calibration of cross and triple-wire probes is commonly performed in two parts: a nuinal wire
calibration of each wire and a subsequent angle calibration. The normal wire calibration consists of
a measurement of the wire voltage for many (typically twenty or more, v. Swaminathan, Rankin and
Sridhar 1984) velocities normal to the wire for each wire. A response equation such as a version of
King’s Law (King 1914, Sidall and Davies 1972) or a polynomial (George et al. 1987) is fit to normal
wire calibration data. The angle calibration data consists of measurements of wire voltages for a
large range of velocity directions (at a number of velocity magnitudes for low speed applications).
The angle calibration voltage data is then converted, via the normal response equation. to effective
normal velocities. The yaw (and sometimes pitch) parameters of an angle response equation (such as

Jorgenson’s, (1971) or a cosine law (Hinze 1959) are then determined using a regression technique.
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The usual multiple-wire calibration techniques using the aforementioned procedure require the
wire angles to be known a prior:. Mutually orthogonal wires are often assumed in order to have
an analytical decoding algorithm for triple-wire probes. Orthogonality of cross-wires need not be
assumed in order to have an ar;alytical decoding scheme, however. The errors incurred by calibrating
non-orthogonal triple-wire probes using the response equations assuming mutually orthogonal wires
may exceed 10% (Lekakis et al. 1989). Successful calibration of non-orthogonal triple-wire probes
has been achieved using sophistocated curve fits (Butler and Wagner 1983) and iterative solutions

to Jorgenson’s equations (Lekakis et al. 1989). The analyses discussed by these researchers also

requires prior knowledge of the wire angles.

The wire angles of commercially available probes are given only to some known tolerance by the
manufacturers, and independently made or repaired probes have unknown wire angles. Determina-
tion of flow-wire orthogonality is consequently determined using optical techniques or maximization
of the anemometer voltage for a given velocity. A calibration method which determines wire angles
and yaw factors, without the use of normal wire calibrations, would eliminate a source of error and

save time.

A calibration method for multiple-wire probes which determines wire angles and yaw factors,
without the use of normal wire calibrations was developed. This improved calibration technique,
eliminates the error associated with either wire measurements or assumed wire orthogonality. Ad-
ditionally, this new method saves time since a constant angle calibration can be performed on all
wires at once in lieu of the traditional normal wire calibrations of each wire. The development of

such a calibration using the modified cosine law {Hinze 1959) is outlined below.

4.4.1 Response Equations

The wire orientations can be expressed in terms of the direction cosines in cartesian coordinates as

w; = cosﬁ,'li'-i-cosﬂ,,zj+cosﬂ.,3l'. (4.11)
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Similarly, the normalized velocity is given by

U ] ] .
U:cosa,i+cosazj+cosoak. (4.12)

Taking the dot product of the wire orientation and the normalized velocity yields an expression for

the angle between the flow and each wire orientation (v;) given by

3
cos'y.-:z:cosajcosﬂ,-d. (4.13)
j=1

For low speed flows (U < 5m/s) the vaw sensitivity of a hot-wire is largely velocity dependent
(Beuther et al. 1987), and due to the increased relative effect of the prongs for low speed applications,
the pitch sensitivity of the wires comprising the probe is significant (Jorgenson 1971). For high speed
flow applications however, the yaw sensitivity of a hot-wire is virtually independent of velocity and
the pitch sensitivity is negligible. Thus for high speed flows (for which the calibration described
below was used), Jorgenson’s (1974} equations reduce to the modified cosine law of Hinze (1959).
Thus, the angle calibration required for the analysis presented herein can be performed at a velocity

magnitude representative of the application flow speed. The modified cosine law for each wire can

be expressed as

, 2
Uegyi
(%) =14 (k2 -1)cos?; (4.14)

where Uessi is the effective normal velocity of wire i and v, is the angle between wire i and the
instantaneous velocity. The yaw factor k; account for heat transfer due to the velocity component
along the wire.

Substitution of Eq. (4.13) into Eq. (4.14) yields the angle response equation

2

Uc R 2 >
(_é_f) =1+(k2-1) ZCOSOJ‘COSﬁiJ . (4.15)

j=1

Traditional measurements of normal wire and yaw calibration data can be used to determine (via, for
example, a Least Squares optimization) the yaw factors (k,) and the wire orientation angles (4, ;).
This was the approach used by LeBoeuf and George (1990) for cross-wire probes and LeBoeuf

(1990) for triple-wire probes. However without prior knowledge of the wire angles and since the

implementation flow should never be normal to any of the wires (since it would typically be at too

25




high a yaw angle on other wires) it is advantageous to use constant angle calibrations at known
probe angles without assuming orthogonality to each wire.
The fina) derivation of the response equations requires the use of a normal wire response equation

such as King’s Law (King, 1914) or the more general polynomial (v. George et al., 1987):

Re? =S A1iNu} (4.16)

=0

where, for best accuracy (Beuther 1980), the Reynolds number

Re; = &%i (4.17)

is evaluated at the ambient temperature (T4) and the Nusselt number

hid;
Nuy; = — (4.18)
ko
is evaluated at the film temperature (7 ; = T°+QT“ ¢, T,,i = wire operating temperature). The heat

transfer coefficient (h;) can be eliminated from the Nusselt number in terms of the wire voltage E,,. ;

since
g
hi= —————— 4.19
(Tu i~ Ta)”dzLx ( )
and
E2? .
= —2. 4.20
=R, (4.20)
The Nusselt number can then be expressed as
N Eu, (4.21)
Uy = .
‘7 wRy iLikai(Ty s — Ta)
where
R.i = resistance (4.22)
d; = diameter (4.23)
L; = length (4.24)
and
ko, ; = thermal conductivity of air at the film temperature (4.25)
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of wire i. The kinematic viscosity (v) is, as noted above, evaluated at the ambient temperature.
The unknown wire temperature (7, ;) can be eliminated from Eq. (4.21) in terms of known quan-
tities. For constant temperature anemometry (CTA), the wire temperature (7, ;) (and consequently

resistance (R, ;}) is constant. The resistance overheat ratio is given by

Ryi— Ry,
a; = ———— (4.26)
Ry, i
where R, ; is the wire resistance at the setup ambient temperature (T,0). The wire resistance can

be expressed to a first approximation as
Ru a= R\u‘;,{[l + O(Tu.,i - Ta,O)] (427)

in terms of the temperature coefficient of resistivity (a). Combining Egs. (4.26) and {4.27) and
solving for the wire resistance yields
a;
Tus=—+ Tao- (4.28)
Substitution of Eqgs. (4.17), (4.21) and (4.28) into Eq. (4.16) yields

Ueridi\* _ E: . :
(-—-—-—e”' > =) A — o
v vt WRw,iLila,i(T; +7a0 - 1o}

(4.29)

The constant wire geometry parameters (d, and L;) and the wire resistance (R, ,) can be factored

into the polynomial parameters such that the normal wire response equation reduces to

m
’ ’ 7 1§
UL =D AL (ELL) (4.30)
=0
where
, U
effi = :” (4.31)
Ewi
E, = ' : (4.32)
' [ka.l(g + Ta.O - Ta)] “
and
A= %(rﬁwh)%. (4.33)

1

A fourth order polynomial with p equal to 0.5 has been found to be consistent with the normal

wire data obtained at the Turbulence Research Laboratory (TRL) and hence has been used for this
study.
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Combining Eq. (4.30) and Eq. (4.15) and solving for U/v yields

v [0 4, (1))

= - . _ (4.34)
v 1+ (k- 1)(3j<, cosajcos B ;)2

Calibration measurements taken with the flow at a constant angle relative to the probe (represented

by a; = &; = constant) can be fit to

m
~ P - l
(Uem) =) A (ELy) (4.35)
(=0
where
- : .
Ay = > 4.36
YT 14 (k2 - 1)(T2-, cosa, cos B, ;)2)E (4.36)
and
3 Uy )
Ulppa = '%f'i (4.37)

The eflective skewed (instead of normal) velocity, Uessi is the velocity magnitude at the angle
3
= Zcoséj cos 3, , (4.38)
i=1
with respect 1o the wire, which would give the same wire response voltage as the true velocity.

The relationship between the effective normal velocity and the eflective skewed velocity can be

derived by combining Eqs. (4.30). {(4.35) and (4.36):
- 3 N
Uepsi = Cesgall + (k2 = 1)(D_ cos &; cos B, 5)7) % (4.39)
i=1

The final angle response equation can be found by substituting Eq. (4.39) into Eq.(4.15) and rear-

ranging to get
3

; 2 14 (k2-1 ?
(Ue‘[‘{';> _ +( s )(ZJ=1 COSOJ‘COSﬂ‘J)
- 2
U 14+ (k2-1) (Z?=lcosd_,~cosﬁ,_,)

The calibration parameters in this equation include in addition to the yaw factor (&,), the wire

(4.40)

direction cosines (f, ;). The data required for such a calibration consist of constant angle calibration
data (analogous to normal wire data) and yaw angle calibration measurements which are described
in a later section.

If the fluid temperature is assumed constant, then the coefficients of Eq. (4.30) would absorb

the temperature dependent factors of Eqs. (4.31) and (4.32 and all primed quantities except Aj,
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in the preceding analysis would be equal to their unprimed counterparts. A common argument for
assuming isothermal flow is that the test flow is left running long before beginning the experiment
so that thermal equilibrium is reached. Caution is recommended regarding such an assumption
however, since the calibration flow (whether in the test facility or a separate calibration facility)
is probably not at the same temperature as the test flow during the experiment. In this study for
example, the calibration jet temperature was found to be a function of both the blower running time
and the blower speed and would vary by as much as 2°C over the .curse of a single constant angle
calibration.

To exemplify the potential problems regarding an isothermal calibration assumption, a small
set of constant angle calibration measurements were recorded and fit with Eq. (4.35) and with the

polynomial response equation
4
1
Uiy = > AIE, (4.41)
=0

for isothermal flow. The calibration set was unusual since the blower speed was increased between
half of the data points and without shutting down, decreased between the second half of the data
points. For the same jet velocity, the temperature of the airstream was higher for the second half of
the calibration data than for the first half of the data. The results of a least squares fit to Eq. (4.41)
is shown in Fig. (4.5). The effect of the jet temperature change resulted in curve fit errors up to 3.8%.
The least squares fit of Eq. (4.35) for the same data is shown in Fig. (4.6) with a maximum error
of 1.2%. The collapse of the data is remarkably good, contrary to some researchers condemnation
of relationships between Nusselt and Reynolds numbers for practical hot-wire use (Bruun 1979).
The assumption of isoti.-rmal flow was therefore not used for this study and Eq. (4.35) was used to

model the wire voltage response to the effective skewed velocity.

4.4.2 Parameter Optimization

The optimized calibration parameters based on the method of Least Squares are determined by
minimizing the functions

0, = (Y, - Fy( X )TW(Y, - Fi(X,)) (4.42)

29




6.4
6.3
6.2
+
6.1
E.lV]
+
5.9
5.8 Speed increasing ©
Speed decreasing +
5.7 C fit —
5.7 urve
T T T | T T T T T
25 30 35 40 45 50 55 60 65 70
Ujer [m/s]

Figure 4.5: Sample constant angle response assuming the jet temperature is constant.
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Figure 4.6: Sample constant angle response without isothermal jet assumption.
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for each wire i. The superscript T indicates transpose. For the wire angles to be physically consistent

the direction cosines of each wire orientation must satisfy

3

Zc052 Bij=1 (4.43)

J=1

This constraint was applied numerically by including it with the N data pairs in the definitions of

Y ; and F, such that

Y.=| (4.44)

and

( <1+(X3a"1)(23=x cosa, X, , )2)

1+(x34-1)(23=) cosa, X, ,)?

Fi= ' 4.45
! I'HX‘Z-*—I)(EL: cosa, X, ,)? { )
l+(X7_‘-1)(Zj=}cosé,X._,)’ N
3 +2
| Zj:l Aig ]
which is a function of the parameter vector

cos ;1

cos f; 2
X;= (4.46)

cos B; 3

| k]

for each wire i. A diagonal weight matrix (W) is appropriate for this application. The first N entries
of W can in general be set to unity. To deweight high uncertainty data however, the corrresponding
weight can be set lower. In order to numerically apply the constraint of Eq. (4.43), the last entry
of W can be set larger than the weighting of the data. Unity constraint weighting was found to be

sufficient however, so that in general the weight matrix can be set equal to the identity matrix.
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If the data and model vectors are redefined to be

Y,=|: (4.47)

and

( ( U )2 1+(X?_,—1)(Zj=,°°‘°JX'J)7
v 1

e1al 1+(x3_,-1)(2:n cos &, X,,)?

Fi= ‘ 4.48
' ( v )2 (1+(x3,4‘1)(2251°°501x-.1)2) ( )
N

Uetrn/ N 1+(X?,1—'1)(Z:_,°“51X-.1)2

3 .
Zj:l A?_y

L e

respectively, then a minimization of the sum squared relative error is performed. This was deemed
more appropriate since it produces a more uniform fit for a larger range of flow angles.

The non-linear Least Squares data fit defined by Eq. (4.42) through (4.46) (or Eqs. {4.46) through
(4.48) can be solved by Gaussian Least Squares Differential Correction {(GLSDC) (see for example
Junkins, 1987). The complexity of the optimization, however, necessitates the use of a gradient
search prior to applying GLSDC if the initial parameter vector deviates too much from the optimum.

The following iteration comprises the GLSDC calculation.

Xi=(ATWA)'"ATWEY i + X, o (4.49)
where
8F;
A= 5%, 1X . (450
and
§Yi=Y.-Filx . (4.51)

The superscript —1 indicates matrix inversion. The parameter vector X, 44 must be initialized to
perform the first iteration and subsequently is the result of the prior iteration.

Due to the extreme nonlinearity of the response function, Eq. (4.49) resulted in an increase in
the cost function (Eq. (4.42)) for some values of X, 5. To overcome such an increase, the iterative

correction to X, was relaxed as illystrated by Eq. (4.52).
Xi=RATWA,) TATWEY 4+ X, e (4.52)
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The relaxation parameter (/) was decrease by a factor of two until the cost function decreased for

a given X olq, then update of the parameter vector was performed.

4.4.3 Calibration Procedure

Calibration measurements were performed with the probe at the exit of a 1 inch diameter low
turbulence (Tu = 0.35%) open jet (See Glauser 1987) which was capable of producing flows up to
at least 756 m/s. All required probe orientations were set using computer controlled stepper motors.
A calibration rig was built (See Fig. (4.7)) to provide rotation of the probe holder in two directions.
The probe was rotated in the probe holder/flow plane (Motor 1) and independently about the probe
holder axis (Motor 2). The uncertainty in the angle measurements was estimated to be 0.1 degrees.

One block of 1000 voltages were sampled at 1 KHz and averaged to obtain each calibration voliage.

Figure 4.7: Computer controlled calibration rig.

To carry out the constant angle calibration, it is recommended that the probe be oriented in the
implementation mean flow direction and the calibration be performed on all the wires at once. T' »
flow was oriented along the z axis (see Fig. (4.4)) and at least 35 velocity/voltage pairs over the

velocity range 25 m/s to 75 m/s were recorded for each constant angle calibration. Following George
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et al. (1987), a fourth order polynomial response equation was used to relate the wire voltages to
the effective skewed velocities (Eq. (4.35). The kinematic viscosity (v) and thermal conductivity
(ka.) required for the evaluation of U;Mi (via Eq. (4.37)) and E_,,; (via Eq. (4.32)) were obtained
using a quadratic interpolation at the measured air or film temperature. The tabulated properties
used for the interpolation were those of Touioukian et al. (1975) and Touloukian, et al. (1970). The
parameters of the calibration (/16,,-, .. .,/if,l,-) were determined for each wire i using a linear least
squares fit. Typically the wires used for this study had maximum constant angle calibration curve
fit errors less than 0.5%.

For high velocity applications {the topic of this paper), the yaw angle calibration consists of
recording the voltage of each wire for a number of probe orientations while the probe is exposed to a
flow representative of the maximum application velocity. Angle calibration data was obtained with
the probe exposed to nearly constant (but not assumed so) velocity flow at approximately 60 m/s.
The probe was rotated about the probe holder and swept through the probe holder/flow direction
plane in 5 degree increments. For each probe orientation, the jet velocity and the wire voltages
were recorded. The resulting 124 measurement directions are indicated on Fig. (4.8) as a plot of gﬂ
versus %% in which a circle of radius tan 30° (~ 0.6) would encompasses all velocity vectors within a
30 c-gree cone aligned with the z axis. The angle calibration data was used in conjunction with the
constant angle response to obtain values of Ueff_.-/U which were modeled by Eq. (4.40) as described
above.

An exemplary angle calibration curve fit of a wire is shown in Fig. (4.9) as (b‘—,f/'-)? versus cos? 7,
(= (Z?=l cos &; cos B3 ;)?) with the curve fit of Eq. (4.40) for one wire. The response represented in
this form is a straight line with slope

k2 -1
2
1+ (kZ2-1) (Z?:l €0s G cosﬂ,d)

(4.53)

and intercept

1
2
14 (k2-1) (E?:l €os @ cos ﬂ,J-)

The curve fit shown had an average error of 1.6% with a maximum error of 6% which was typical of

(4.54)
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Figure 4.8: Distribution of angle calibration data.

all wires used for this study. The Least Square optimal curve fits were typically achieved with less
than ten iterations for eight significant digits of accuracy of the parameters. The initial calibration
parameter values included yaw factors equal to 0.15 and orthcgonal wire orientations corresponding
to the geometry shown in Fig. (4.4). The higher errors at low values of cos?¢ are due to the
neglected pitch sensitivities at the larger flow angles. This reinforces the desirability of effective
skewed velocity calibrations instead of the typical normal-to-wire calibrations since the normal wire

calibrations are subject to more prong interference.

Webster (1962) found that typical yaw factors for heated wires in a low speed cross flow are
typically 0.2+ 0.01. Champagne (1967) later determined using a velocity range of 7-35 m/s that the
yaw factor strongly depends on the length to diameter ratio ("—,). For platinum wires with f—, = 200,

the yaw factor was equal to 0.2. The yaw factors in the range of 0.2 to 0.3 for the tungsten wires

(ti, = 200) used on the probes for this work were considered consistent with those studies.
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Figure 4.9: Angle calibration curve fit.

4.4.4 Triple-Wire Decoding

Determination of the velocity components based on given wire voltages can be achieved by solving

Eq. (4.16) for the effective normal velocities and subsequently Eq. (4.15) subject to the constraint

3
Z cos® a; =1 (4.55)

i=13

for the velocity magnitude (U/) and angles (a,, a2, and az). The nonlinear set of Eq. (4.15) and (4.55)
can be simplified by multiplying each equation by UZ, eliminating U?, and noting that U; = U cos ;.

Performing these operations and rearranging yields the following equation

(Ic"’-l)(ZU cos Bi ;)? + ZU"’ U2,:=0 (4.56)
ot

for each wire i, which can be solved for the three velocity components. To obtain the squared effective

normal velocity U? ersi from measurements, Eqs. (4.32), (4.35), (4.37) and (4.39) are combined to

yield
2
H

- 1 3

- E.;
vz, A W 14 (k3 = 1)() cosajcos B, ;)? (4.57)
7 ‘Z bt ([ka,( +Tao~T. a)]*) b+ (,; N )
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where all quantities on the right hand side are known once measurements of E,, ; are aquired.

The nonuniqueness of the solutions to the nonlinear equation set (4.56) (examined in detail by
Lekakis et al. (1989)) can be overcome by orienting the probe in the mean flow direction such that
the velocity vector fits within a cone containing only one solution to these equations. This overcomes
the ambiguity associated with the axisymmetry of the wires. Requiring the flow to remain within a
certain range of angles of course limits the turbulence intensities acceptable during implementation.
The problem of rectification (the mapping to the presumed solution quadrant of velocities outside
that quadrant) has been studied by Andreopoulos (1983). Andreopoulos (1983) determined, using
simulated data, that a reasonable limit for the turbulence intensity is 30% in order to minimize the
statistical effects of rectification. The flow under consideration here had a maximum turbulence
intensity well below the 30% proposed bound.

Successive approximation was demonstrated for Jorgenson’s equations (1971) in essentially the
form of Eq. (4.56) by Andreopoulos (1983). Successive approximation was determined to be an
unstable solution technique for this application however, even with the coordinate axes oriented
such that the velocity components were all the same sign (as suggested in private communication).
In fact, several methods of successive substitution were attempted only to prove ustable also. Because
of its stability, Newton’s method was implemented for the solution of Eq (4.56). Typically three
or four iteralions were required to achieve four decimal (five or six digit) accuracy when the last

velocity components were used as the initial iterate.
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5 Preliminary Measurements

Preliminary measurements were performed in order to establish the average flow conditions in the
newly developed windtunnel. Tiine averaged inlet and exit flowfield and airfoil surface static pres-
sures were included in these measurements. Inlet flow measurements consisted of average streamwise
velocity at eleven spanwise locations at each of four pitchwise locations. A cross-wire probe was used
to perform unsteady two component velocity measurements of the exit flowfield. The cross-wire mea-
surements were used to determine the spatial distribution of Reynolds stresses and local turbulence
intensity. The exit flowfield was also traversed with a five-hole pressure probe over one vane pitch

in order to measure total pressure, static pressure, and velocity.

5.1 Inlet Flowfield

The time averaged streamwise velocity measurements were obtained with a single hot-wire in a plane
23% axial chord upstream of the stator leading edge at 11 spanwise locations for each of four pitchwise
locations. The results, normalized by the mean streamwise velocity have been plotted as spanwise
distributions in Fig. (5.1). The inlet flow was found to be nearly uniform over approximately sixty
percent of the span at each of the four pitch locations. The hub boundary laver was less than
five percent of the span while the shroud boundary layer appears to include ten percent of the

span. This difference in boundary layer thickness is due to the significantly louger shroud entrance

duct compared to the hub nose cone development length (see Fig. (4.1)). The short inlet duct and
lack of flow conditioners upstream of the test section is apparently responsible for the differences
between the velocity distributions shown in Fig. (5.1) and those reported by Dring et al. (1986).
The measurements of Dring et al. (1986) at the same locations relative to the airfoil leading edge
plane are nearly uniform over approximately ninety percent of the span at each pitch location and
do not intersect as the results of this study indicate. In spite of these differences in the spanwise
distributions of streamwise velocity, tlle spanwise averaged streamwise velocities plotted in Fig. (5.2)

along with the results of Dring et al. 1986) indicate identical trends but different magnitudes.
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Figure 5.1: Spanwise distribution of time averaged streamwise velocity.
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Figure 5.2: Spanwise averaged streamwise velocities.
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5.2 Exit Flowfield

5.2.1 Cross-Wire

Unsteady two component velocity measurements were performed using a cross-wire probe at 10

spanwise locations at each of 11 pitchwise locations at the exit of the test section. The cross-wire

calibration, instrumentation and implementation was outlined by LeBoeuf and George (1990). The
orientation of the wires in the circumferential/axial plane resulted in the neglect of the radial velocity
component. The local turbulence intensity distribution is shown in Fig. (5.3). The distributions of
axial and azimuthal Reynolds stresses normalized by the square of the mean axial velocity are
presented in Figs. (5.4) and (5.5), respectively. Clearly discernable are the high turbulence (or
apparent turbulence) and high Reynolds stresses in the wake and hub/suction surface corner regions.
The triple-wire probe measurements described in Section (6.1) corroborate these findings. In spite
of the difference in the inlet conditions, these results resemble those of Sharma et al. (1985) in which
the Reynolds stresses and turbulence intensities were measured in the UTRC LSRR using a three

element hot-film probe.

5.2.2 Five-Hole Probe

A United Sensors DC-120 five-hole pressure probe was used survey the exit flowfield in a plane 10%
axial chord downstream of the stator trailing edge. The probe was used in the non-nulled mode
using the methods outlined by Treaster and Yocum (1979). A complete description of the five-hole

probe calibration was given by Treaster and Houtz {1986) and the data reduction was outlined fully

by Welz (1986).

40




Percent Span

Percent Span

100%
0%
80X
70%
60%
50%
40X
30%
20%

Percent Pitch

Figure 5.3: Local turbulence intensity distribution.
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Figure 5.4: Axial Reynolds stress distribution: %‘-

41




Percent Span

Percent Pitch

.
AR

Figure 5.5: Azimuthal Reynolds stress distribution:

The measurement locations encompassed a grid of 11 pitchwise locations by 9 spanwise locations
at the exit of one vane passage. Due to probe geometry, the measurements were limited to the lower
80% of the span. The results of the exit plane measurements are shown in Figs. (5.6) through (5.12)
in the form of plots of exit lateral velocities, lateral secondary flow velocities, pitch angle contours.
yaw angle contours, and static pressure contours, respectively. The view in all of these figures is
from downstream toward upstream with trailing edges at the left and right margins. Thus the flow
exits the vanes from left to right as shown in the lateral velocity plot (Fig. (5.6)) which includes
only the radial and azimuthal components of the exit velocity. Note that an extension of the vane
mean camber line at any blade cross-section intersects the measurements plane just beyond 20% of
the passage pitch in the azimuthal direction from the left side of the plots: ie. just bevond the third

pitchwise measuring location.

Small scale variations from the spatially averaged flow can be determined by subtracting from
the radial and azimuthal velocity components, the mean flow in those directions. The result of doing
so 1s the lateral secondary velocity plot shown as Fig. (5.7). The most striking feature of Fig (5.7)

1s the strong inward radial component of velocity in the wake region where the centrifugal force on
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the relatively low velocity fluid cannot compensate for the pressure gradient from the hub to the tip.
The large negative pitch angle regions in the pitch angle contours of Fig. (5.8) coinciding with the
wake region also clearly indicate the inward tendency of the flow in that region. This phenomena
has been reported by Sieverding et al. (1984) to occur even 68% axial chord downstream of the
trailing edge in a similar cascade. Another noteworthy feature of the lateral secondary velocity plot
(Fig. (5.7)) is the large negative offset in the third pitchwise measurement location values. This
appears in spite of the moderate yaw angle of the flow in that region (approximately the exit metal

angle: see Fig. (5.9)). It is due instead to the low velocity in that region as seen in Fig. (5.10).

4

— — — — -— —
80% d ™ -
7ok = - T T T T T - <
-— — — — —
c 60% - - ~
o]
&  s0% T T -
—_ - e e .,
- 40% —~
c - i - o,
3 30% - -
0:_, 20% - - —
—_ e e —_

20% 40% 60% B8O

N

100%

Percent Pitch

Figure 5.6: Exit lateral velocity field.

The velocity magnitude normalized by the average axial velocity is provided in the contour plot
of Fig. (5.10}. A low velocity region appears in the vane wake as well as in the hub/suction side
corner of the passage. Although the inlet flow is significantly different than the flow established

in the UTRC LSRR, the results still resemble the findings of Sharma et al. (1085) where. using a
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Figure 5.7: Exit lateral secondary velocity field.
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Figure 5.8: Exit pitch angle distribution, degrees.
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Figure 5.10: Exit velocity magnitude distribution: U'/C
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three element hot-film probe, the velocity was measured in a plane 11.8% axial chord downstream
of the trailing edge. The closely spaced vertical lines at the edges of the wake region indicate a large
velocity gradient in the azimuthal direction. The wide spread circumferential lines throughout murh
of the rest of the passage indicate a low velocity gradient in the radial direction outside of the wake
and suction surface exit regions.

Evidence of a high loss region is found in the total pressure contour plot of Fig (5.11) in which
the total pressure loss has been normalized by the dynamic pressure based on average inlet velocity.
A high loss region coinciding with the low velocity region described above is clearly distinguishable
throughout the wake region of the exit flow as well as in the hub/suction surface corner exit flow.
Again there is considerable resemblance to data of Sharma et al. (1985) in spite of the differences
in the entrance flow. The total pressure losses determined from this study extend through approxi-
mately 70% span in the wake region while the findings of Sharma et al. (1985) indicate the existence

of measurable losses throughout the wake.

Percent Span

Percent Pitch

: T P, P,
Figure 5.11: Exit total pressure loss distribution: ———
2 z

The static pressure contour plot (Fig. (5.12)) is very similar to that shown by Sieverding et al
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(1984) at a plane 11% axial chord downstream of the trailing edge of a similar cascade. A large static
pressure gradient into the wake region from the surrounding flow exists at this axial location. There
is evidence in the measurements of Sieverding et al. (1984) that this high azimuthal gradient in
static pressure will be rapidly nearly eliminated downstream of this location leaving predominately

a radial pressure gradient similar to that which appears outside of the wake region in Fig. (5.12).

Span

Percent

Percent Pitch

Figure 5.12: Exit static pressure distribution: %;?F}.

5.3 Airfoil Surface Static Pressure Distributions

One airfoil was instrumented with static pressure ports at twenty-two locations at each of seven
equispaced spanwise locations. The pressure ports consisted of 0.0135 inch holes drilled normal to
the airfoil surface into 1/16 inch holes drilled 1/16 inch below the surface. The latter pairs of holes
were connected to an anemometer bank inclined 30 degrees. Pressure taps located at 0.125, 0.25 and
0.375 percent span were connected to the hub access holes while those located at 0.5, 0.625, 0.75 and

0.875 percent span were connected to the shroud access holes. A thin transparent tape was used to
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seal off the pressure ports at all spanwise locations except the two (one with access via the hub, and
the other with access via the shroud) spanwise locations being investigated '+ TGiegory-Smith and
Graves, 1983).

The resulting pressure coefficient distributions for each spanwise location are shown in Figs. (5.13)
through (5.20). The gross features of each pressure coefficient distribution are alike. The midspan
distribution is shown in Figs. (5.16) and (5.17) together with the results of Dring et al. (1986)
for an axial spacing between the rotor and stator of 50% axial chord and flow coefficients of 68%
and 96% respectively. There was good agreement between the results of this study and those of
Dring et al. (1986) although the suction surface coefficients of pressure found here were higher than
those determined in the LSRR. This could possibly be due to the downstream conditions since no
rotor was used at the stator exit in this study. The significant effect of the rotor on the stator
pressure distribution, especially the suction surface, has been shown by Dring et al. (1982) where

the unsteady pressure envelope of the stator in the presence of the rotor was presented.
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Figure 5.13: Airfoil static pressure distribution at 12.5% span.
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1.20 4 4 ‘
QJD Q o o
r a
“w 0.454p -
o o
' H 1
o’ b o
:\: | 3
clL" ~-0.30+ -
a L °
- o o
} 1
[] [ o ° o
S -1.054 ° L
| © Pressure Surface
o Suction Surface
-1.80 -t t T
0.00 0.25 0.50 0.75 1.00
x/8x

Figure 5.15: Airfoil static pressure distribution at 37.5% span
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Figure 5.16: Airfoil static pressure distribution at 50% span. Included are the results of Dring et al.
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Figure 5.18: Airfoil static pressure distribution at 62.5% span.
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Figure 5.19: Airfoil static pressure distribution at 75% span.
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6 Results and Discussion

Two triple-wire probes were used to measure the midspan cross-correlation tensor across one stator
pitch in a plane 10% axial chord downstream of the stator trailing edge. The munber of equally
spaced azimuthal locations was limited to 11 by probe and traverse geometries. The resulting number
of location sets for the two probes was 55. For each of the 55 pairs of probe locations, 500 blocks of
8 channels (two triple-wire probes, pressure and temperature) of voltage data were recorded. The
880 MBytes of raw voltage data were stored on 8 mm videotapes before decoding and writing over

the voltage files with the velocity components.

6.1 Reynolds Stresses

The Reynolds normal and shear stresses derived from the three component measurements are shown
in Figs. (6.1) and (6.2). The wake takes up approximately 20% of the stator pitch at this axial
location. This is consistent with the measurements of Sharma et al. (1985) in which the midspan
wake was shown to span approximately 18% of the pitch at 11.8% axial chord downstream of the
airfoil trailing edge. The magnitude of the axial and azimuthal normal Reynolds stresses derived
from the triple-wire probe measurements were entirely consistent with the results of the preliminary
cross-wire measurements. The success of the cross-wire in capturing the essential features of the

axial and azimuthal velocity components is attributed to the relatively low turbulence levels across

the midspan and the alignment of the probe in the mean flow direction (v. Beuther et al. 1987).

53




0.12

0.1

0.08+

0.06+

u(:).l Fn I

0.04+

0.02

0

<

jul
Be 2R e QLR e

20

Axial j =1) ©
Azimuthal § = 2) +
Radial (j = 3) O

40 60 80 100

Percent Pitch
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Figure 6.2. Reynolds shear stresses at 50% span.

54




6.2 Proper Orthogonal Decomposition

The Proper Orthogonal Decomposition was first applied to the entire set of 1089 cross-spectral
estimates for the entire stator pitch midspan measurement set. Since there is a large difference in
scales between the wake and cuier flow regions, the POD was also applied to those two subdomains.
When the POD is applied in inhomogeneous directions after harmonic decomposition in the
homogeneous directions, the spectral tensor can be expressed as a bilinear combination of the eigen-
modes (Herzog, 1986). The reconstruction of the cross-spectral tensor can be expressed as
o
Sipkl6i.6m) = 3 AR (007" (6,0) (6.1)
nxl
Equation (6.1) is analogous to the representation of the cross-correlation tensor shown in Eq. (2.9).
The results of this reconstruction for 1 = j yields the power spectral density (PSD) of the each
velocity component. Thus, to evaluate the adequacy of the eigenmodes to represent the flowfield,
the measured power spectral densities can be compared to reconstructions based on the eigenmodes
and eigenvalues. In the following sections, the PSD data are compared to reconstructions using the

first five (dominant) POD modes.

6.2.1 Full Domain: 0-100% Pitch

The eigenspectra of the five dominant modes extracted by the POD are shown in Fig (6.3). The
eigenspectra represent the energy content of each of the eigenmodes. Figure (6.3) resembles the
eigenvalue plots of Chambers et al. (1988). In that work, the Karhunen-Loéve expansion was
applied to the solution of a randomly forced, one dimensional Burgers' equation with boundary
conditions conducive to the development of thin boundary layers at the edges of the computational
domain. The spectrum of the interior region of their calculation domain has the same character
including the leveling off at high frequencies ('sequencies’ in their terminology). It is suggested
here that the increased energy content of the high frequency eigenspectra is due to the substantial
broadband energy of the wake. As.is shown in Section (6.2.2). the high frequency flattening 1s

elimirated when the viscous wake region is not included 1n the POD domain The first mode was
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found to contain approximately 25% of the total energy of the measured field and three modes were
required to capture over 50% of the energy. Another noteworthy feature of Fig. (6.3) is that the
first few modes accomodate the high frequency content so that the higher mode eigenspectra decay
qualitatively like those of the quasi-homogeneous interior region in the calculations of Chambers et

al. (1988).
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Figure 6.3: Full domain eigenspectra showing the energy distribution among the first five eigenmodes.

The power spectral densities (PSD) for the midspan measurement locations are included as
Figs. (6.4) through (6.33). Since the energy content at high frequencies was deemed negligible and
the interest in this study was the large-scale flow structures, the POD was applied for frequencies
below 400 Hz. The smoothness of the PSD data is an indication of the adequacy of the number of
ensembles used for the spectral estimates. The PSD exhibit the same trends at all locations except in
the wake where the increased energy of the fluctuations in the axial and circumferential components
may be due in part to spatial migration of the wake.

The convergence of the power spectral density expansions in terms of the five dominant eigenmode

contributions are also shown in Figs. (6.4) through (6.33). The first five modes represented a large
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portion of the energy of the velocity field at most of the measurement locatious (as expected from
the eigenspectra). The first modes typically contribute most of the energy to the lowest frequencies.
The higher frequencies of the PSD are seen to progressively fill in as higher modes are included
in the sum. This is consistent with the presumption that the eigenmcdes are related to the large
scale flow structures. In the vicinity of the wake, this trend is contradicted however (see especially
Figs. (6.12) and (6.13)). This corresponds to the eigenspectral compensation for the high euergy
content at high frequencies discussed above.

The peak just above 200 Hz which appears in many of the PSD plots 1s at the blower blade
crossing frequency. The eigenmode reconstructions consistently peak at that frequency even when
no perceptible peak appears in the PSD data (e.g. Fig. (6.30)). The persistence of the POD modes
in capturing the peak in the spectra at the blade passing frequency is encouraging in light of the
requirement that the POD maximizes the mean squared projection of the modes on the velocity
field.

Many of the POD imodes have large distinct low frequency peaks (below 200 Hz) although
not consistently at the same frequencies. These peaks are probably the result of either inlet flow
disturbances or migration of passage generated flow structures. If the low frequency modes are
manifestations of inlet disturbances then the disturbances would have to be on the order of 1 m
based on an exit velocity of 55 m/s. The rapid acceleration caused by the inlet contraction and high
passage turning could result in the lengthening of a shorter inlet disturbance to higher length scales.
More detailed measurements are needed however, to determine the nature of the source of these low

frequency (apparently large spatial scale) structures.
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Figure 6.4: Full domain reconstruction of axial velocity component PSD at 0% pitch.
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Figure 6.5: Full domain reconstruction of azimuthal velocity component PSD at 07 pitch.
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Figure 6.6: Full domain reconstruction of radial velocity component PSD at 0% pitch.
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Figure 6.7: Full domain reconstruction of axial veiocity component PSD at 10% pitch
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Figure 6.8: Full domain reconstruction of azimuthal velocity component PSD at 10% pitch.
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Figure 6.9: Full domain reconstruction of radial velocity component PSD at 10% pitch.
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Figure 6.10: Full domain reconstruction of axial velocity component PSD at 20% pitch.
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Figure 6.11: Full domain reconstryctinn of azimuthal velocity component PSD at 20% pitch.
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Figure 6.12: Full domain reconstruction of radial velocity component PSD at 20% pitch.
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Figure 6.13: Full domain reconstruction of axial velocity component PSD at 30% pitch.
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Figure 6.14: Full domain reconstruction of azimuthal velocity component PSD at 30% pitch.
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Figure 6.15: Full domain reconstruction of radial velocity component PSD at 307 pitch.
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Figure 6.16: Full domain reconstruction of axial velocity component PSD at 40% pitch.
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Figure 6.18: Full domain reconstruction of radial velocity component PSD at 40% pitch.
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Figure 6.19: Full domain reconstruction of axial velocity component PSD at 50% pitch.
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Figure 6.20: Full domain reconstruction of azimuthal velocity component PSD at 50% pitch.
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Figure 6 21: Full domain reconstruction of radial velocity component PSD at 50% pitch
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Figure 6.22: Full domain reconstruction of axial velocity component PSD at 60% pitch.
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Figure 6.23: Full domain reconstruction of azimuthal velocity component PSD at 60% pitch
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Figure 6.24: Full domain reconstruction of radial velocity component PSD at 60% pitch.
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Figure 6.25: Full domain reconstruction of axial velocity component PSD at 70% pitch.
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I igure 6.26: Full domain reconstruction of azimuthal velocity component PSD at 70% pitch.
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Figure 6.27 Full domain reconstruction of radial velocity component PSD at 70% pitch.
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Figure 6 28: Full domain reconstruction of axial velocity component PSD at 80% pitch.
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Figure 6.29: Full domain reconstruction of azimuthal velocity component PSD at 80% pitch
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Figure 6.30: Full domain reconstruction of radial velocity component PSD at 80% pitch.

0.0050 + + 4
[+
° o Doto
[ & o
Ly —-— First term
0.0037+ E_“ --- 2 terms s
L
" : = 3 terms
~ i
b Vo --- 4 terms
£ 000254 i) I
,"".l”’ — 5 terms
- | 'I:D
w by 301°
Py
0.00124 1 -2 L
. °°
Lo ° |
{ ! Io lv\Mooooocooooo o 00 |
VASRA ©000"6000 00
0.00004—¥-2 2220 ' 2
0. 100. 200. 300. 400.
f [Hz]

Figure 6.31. Full domain reconstruction of axial velocity component PSD at 90% pitch.
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Figure 6.32: Full domain reconstruction of azimuthal velocity component PSD at 90% pitch.
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6.2.2 Subdomain Decomposition

Moin and Moser (1989) pointed out that division of the flowfield into subdomains may supplement
the convergence of the expansiéns of the original field. George and Glauser (1991) have attributed
this to the inner-outer character of boundary layer flows and suggest criteria for determining the
number of modes required for each subdomain. In this study, outside of the hub and shroud boundary
layers, the passage exit flow consists primarily of two domains, the wake and the outer flow regions.
Because of the large difference in scales between these regions, the orthogonal decomposition was
applied separately to the two domains in order to see if better convergence of the expansion could be
achieved. The full domain (denoted by FD), five term PSD reconstructions have been piotted with
the subdomain reconstructions in the following sections in order to gauge the advantage of such a

division.

Wake Region: 0 - 40% Pitch

The wake spanned approximately 20% of the stator pitch at the measurement plane. The decompo-
sition was therefore applied to cross-spectra from 0 to 40% pitch in order to fully capture the wake
in the subdomain. The first five eigenspectra for the wake subdomain POD expansion are shown
in Fig. (6.34). The broad spectrum of the wake disturbances produced the broadband flattening of
the eigenspectra for high frequencies. The first mode contained approximately 33% of the energy
of the subdomain. Only the first two terms were required to represent over 50% of the subdomain
energy (compared to three terms for the full domain expansion). Again there exists a similarity
between the eigenspectra for this subdomain and the eigenspectra calculated by Chambers et al.
(1988). The concentrated eflect of the wake was to broaden the eigenspectra to higher frequencies
over a wide frequency range. The first few modes of this subdomain expansion accomodate the high
energy content at the high frequencies as did those of the full domain expansion. This is illustrated
in the PSD reconstructions at 20 and 30% pitch (Figs. (6.41) through (6.46) excluding Fig. (6.45))

where the PSD reconstruction fills i progressively from high frequency to low frequency.

The first five modes of the expansion of the wake domain were able to capture asignificantly larger
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Figure 6.34: Wake subdomain eigenspectra showing the energy distribution among the first five

eigenmodes.

amount of the energy at frequencies below 200 Hz. For higher frequencies, only the representation

of the energy of the radial velocity component at 30% pitch was significantly improved.
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Figure 6.35: Wake subdomain reconstruction of axial velocity component PSD at 0% pitch.
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Figure 6.36: Wake subdomain reconstruction of azimuthal velocity component PSD at 0% pitch.
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Figure 6.37: Wake subdomain reconstruction of radial velocity component PSD at 0% pitch.
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Figure 6.38: Wake subdomain reconstruction of axial velocity component PSD at 10% pitch.
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Figure 6.39: Wake subdomain reconstruction of azimuthal velocity component PSD at 10% pitch.
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Figure 6 40- Wake subdomain reconstruction of radial velocity cormrponent PSD at 10% pitch
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Figure 6.41: Wake subdomain reconstruction of axial velocity component PSD at 20% pitch.
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Figure 6.42: Wake subdomain reconstruction of azimuthal velocity component PSD at 20% pitch
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Figure 6.43: Wake subdomain reconstruction of radial velocity component PSD at 20% pitch.
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Figure 6.44: Wake subdomain reconstruction of axial velocity component PSD at 30% pitch
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Figure 6.45: Wake subdomain reconstruction of azimuthal velocity component PSD at 30% pitch.
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Figure 6.46: Wake subdomain reconstruction of radial velocity component PSD at 30% pitch.
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Figure 6.47: Wake subdomain reconstruction of axial velocity component PSD at 40% pitch.
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Figure 6.48: Wake subdomain reconstruction of azimuthal velocity component PSD at 40% pitch.

81




0.0010 + + +
r o Dato
—— First term
1 o
0.0008-¢ -~ 2 terms +
) e 3 terms |
0 °
? --=- 4 terms
— 0.0005- S terms i
m:‘: S terms FD
0.00034 L
00000:
909000004001
0.0000+ ’  —
0. 100. 200. 300. 400,

Figure 6.49: Wake subdomain reconstruction of radial velocity component PSD at 40% pitch.
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Outer Flow Region: 40 - 50% Pitch

The outer flow was decomposed using measured cross-spectra from 40 to 90% pitch. The dominant
eigenspectra of the outer flow subdomain expansion are shown in Fig.(6.50). The high energy content
at high frequencies was eliminated (relative to the wake and full domain expansions) by limiting the
domain to the outer flow. Consequently, the eigenspectra of the expansion of this region show no
signs of the high frequency leveling off associated with the viscous flow regions. The first term of
this subdomain expansion characterized only 17% of the total subdomain energy and four modes
were required to represent over 50% of the subdomain energy. Thus the expansion of the outer
flow converges less rapidly than the domains including the wake region. This s consistent with
the calculation results of Chambers et al. (1988) in which the viscous boundary layers were small
relative to the quasi-homogeneous interior region and the Karhunen-Loéve expansion was found to
be slowly converging. It implies that the unsteady flow in this region is not dominated by large scale

turbulence, but rather a complete range of scales.
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Figure 6.50: Outer flow subdomain eigenspectra showing the energy distribution among the first

five eigenmodes.
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Five term PSD reconstruction using the outer flow eigenmodes gave very good representations
of the power spectral densities of the axial velocity component except at 90% pitch. Reconstruction
of the other component spectra were only moderately improved over the reconstruction using five
terms of the full domain decomposition.

Since the 40% pitch location was common to all three decomposiiion domains, a direct com-
parison was made of the 5 term reconstructions of the three component power spectral densities.
Figures (6.69) through (6.71) compare the five term reconstructions of the velocity power spectral
densities at 40% pitch using the eigenmodes and eigenvalues from the full domain (FD), wake do-
main (WD) and outer flow domaiu (OD) POD applications. The reconstruction of the axial and
radial component spectra were best achieved using the outer flow subdomain eigenmodes. The wake

domain eigenmodes produced a faster converging reconstruction of the azimuthal velocity spectra.
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Figure 6.51: Outer flow subdomain recoustruction of axial velocity component PSD at 40% pitch.
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Figure 6.52: Outer flow subdomain reconstruction of azimuthal velocity component PSD at 40%

pitch.
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Figure 6.53: Outer flow subdomain reconstruction of radial velocity component PSD at 40% pitch.
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Figure 6.54: Outer flow subdomain reconstruction of axial velocity component PSD at 50% pitch.

0.0010 ¢ + ‘
b o Dato
| —— First term
0.000BJ» o -- 2 terms =
—_ e 3 terms 1
L b
E --- 4 terms
— 0.0005¢4 ‘o —— 5 {erms +
a [ —— 5 terms FD
%]

0. 100. 200. 300. 400.
t [Hz]

Figure 6.55: Outer flow subdomain reconstruction of azimuthal velocity component PSD at 50%

pitch.
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Figure 6.56: Outer flow subdomain reconstruction of radial velocity component PSD at 50% pitch.
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Figure 6.57: Outer flow subdomain reconstruction of axial velocity component PSD at 60% pitch.
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Figure 6.58: Outer flow subdomain reconstruction of azimuthal velocity component PSD at 60%

pitch.
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Figure 6.59: Outer flow subdomain reconstruction of radial velocity component PSD at 60% pitch.
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Figure 6.60: Outer flow subdomain rc~onstruction of axial velocity component PSD at 70% pitch.
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Figure 6.62: Outer flow subdomain reconstruction of radial velocity component PSD at 70% pitch.
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Figure 6.63: Outer flow subdomain reconstruction of axial velocity component PSD at 30% pitch.
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Figure 6.65: Outer flow subdomain reconstruction of radial velocity component PSD at 80% pitch.
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Figure 6.66: Outer flow subdomain reconstruction of axial velocity component PSD at 90% pitch.
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Figure 6.70: Reconstruction of azimuthal velocity component PSD at 40% pitch.
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7 Conclusions and Recommendations

A more complete understanding of complex turbine flowfields is needed in order to improve on
the performance of mean-flow based turbine designs. To understand what is happening in the
turbine flowfield, it is essential to know how the turbulence is generated, how it propagates and
how it modifies the flow. While identifying turbulence contributions to signals, standard averaging
techniques (such as phase locked averaging) leave unanswered questions regarding the spatial and
temporal character of the turbulence itself. It was hypothesized at the beginning of this investigation
that there exist typical wake and passage flows which possess characteristics important to the rotor
dynamics. An investigation of the behavior and content of the hypothesized coherent structures
comprising the turbulence contribution to the turbine flowfield was therefore undertaken in this
study.

The proper orthogonal decomposition (POD), a technique proposed by Lumley (1967) for the
eduction of coherent structures, was selected for tlis study. The coherent structures are identified by
the POD as the set of orthonormal functions (modes) for which the mean square projection on the
flowfield is maximized. This method of structure identification was chosen because the dvnanical
evolution of the modes can be examined and calculated (v. George 1988 and r ferences therein).
The POD was applied to three component triple-wire probe spectral tensor m _asurements of a large-
scale annular stator model exit flowfield. This study represents the first application of the orthogonal
decomposition to directly measured three component data, and one of the first application to an

applied engineering flow.

The original research proposed to use cross-wire prot«s and measure the entire field in a plane at
the stator exit. However, since the radial flow component was not negligible or uniform, especially
in the wake region, it was decided to use tripls-wire probes and directly measure all three velocity
components. This decision was not withr ut cost however, as long delays in the experimental program
were a consequence. As a result of these delays, together with the expiraiion of funding, the multi-

point triple-wire probe meas.rements had to be limited to a midspan traverse of two probes across
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one stator pitch at one axial location 10% axial chord downstream of the stator trailing edge.

The POD was applied first to the entire set of 1089 cross-spectral estimates representing the
passage exit midspan. Reconstructions of the power spectral densities were examined to gauge
the merit of the POD modes to characterize the energy of the flowfield. Only a few POD modes
were required to represent a significant amount of the energy of the field (3 terms for over 50%
energy representation). Low frequency (below 200 Hz) spikes were found in the eigenmodes at
various frequencies and were attributed to either inlet flow disturbances or meandering of coherent
structures generated by the blade row. Decomposition of other transverse measurement sets would
have assisted in identifying the origin of such spikes. Outside of the wake region. the modes typically
reptesent the energy at progressively higher frequencies and thus capture the large scale structures
in the lowest modes. Within the wake however, the POD modes very effectively captured the high
frequency. high energy content. The eigenspectra for the full domain decomposition indicate that

the first four modes essentially accomodated completely the high energy associated with the wake.

Moin and Moser (1989) and George and Glauser (1991) suggested applying the POD to subdo-
mains with inherently different flow regimes in order to increase the convergence rate of the energy
representation by the modes. This premise was based on Lumley’s (1967) argument that the conver-
gence of the expansion in terms of energy is a function of the spatial extent divided by the integral
scale. In this study, outside of the hub and shroud boundary layers, the passage exit flow consists
primarily of two domains, the wake and the outer flow regions. Because of the large difference in
scales between these regions, the orthogonal decomposition was applied separately to the two do-
mains in order to see if better convergence of the expansion could be achieved. Convergence of the
POD was found to be affected by the flow regime contained in the domain. The eigenspectra and
eigenmodes of the subdomain which included the wake region had a similar character to those of the
full domain POD although their convergence was significantly better (2 terms for over 50% energy
representation). By applying the POD to a subdomain which excluded the wake, the convergence of
the subdomain energy representation was indicative of the expansion of a quasi-homogeneous field

(v. Chambers et al. 1988). The first mode represented only 17% of the domain energy and four
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modes were required to provide over 50% energy reconstruction.

Since the POD eigenmodes have been shown to characterize a significant portion of the stator exit
flowfield energy (for the measurements of this study). it would be useful to determine the dynamics
of the structures which should relate to the downstream blade row dynamics. The dynamics of a
flowfield could be examined by reconstructing the instantaneous flowfield in terms of the POD modes
(Eq. (2.7)) and tracking the transfer of energy among the eigenmodes (v. George 1988 and George
and Glauser 1991). The data necessary for such a calculation using one dimensional flowfield cuts
would have to be taken with rakes of subminiature probes. An alternative approach would be the

application of the orthogonal decomposition to numerically simulated data.

The use of dynamical systems theory in conjunction with Galerkin projection of experimentally
determined modes on the Navier Stokes equations has been shown (v. Sirovich 1987, Aubrey et al.
1988 and Glauser et al. 1989) to be an effective means for investigating the dynamics of the flowfield
coherent structures. This method reduces the problem of finding the complex coefficients for the
velocity reconstruction (Eq. (2.7)) from a set of linear ordinary differential equations. To apply
this analysis, it is useful to apply the decomposition to the cross-spectral tensor defined in terms of
the cross-correlation tensor (mean in) as opposed to the covariance tensor (fluctuations only). In
this study the decomposition was applied only to the fluctuating field since solving the eigensystem
problem can easily be repeated with the entire flowfield at a later time.

To summarize, additional data is needed to ascertain the origin of coherent flowfield structures
in the stator exit flowfield and to determine their subsequent dynamics. With the increased compu-
tational capability, a combined experimental and computational effort is most likely to achieve the
desired objective of not only identifying proper orthogonal decomposition eigenfunctions but also

their dynamics and effects on downstream blade row dynamics.
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Appendix A

POD Formulation

The extremization of A in Eq. (2.3) can be found by considering a function in the neighborhood of
the maximizing function ¢;(-)

() = ¢() + en(-) (A1)
where ¢ is an infinitesimal parameter and 1(-) is well behaved with appropriate boundary conditions.
With substitution of Eq. (A.1) with the appropriate conjugation and independent variable into

Eq. (2.3). the extremum can be found using the usual method of differential calculus, ie. by setting

d)
(I(:O) = 0. (A4.2)

Evaluation of Eq. (A.2) for A given by Eq. (2.3) yields
[ Jerom)+ o Ol 240 2 [l6,0m 0+ 50m0l0 =0, (a3)
Substitution of (*) = () and (/) = () followed by the substitutions (-) = (/) and Y = ()
eflectively switches the independent variable in an expression. Applying these substitutions and
using the identity
Rii(')= R} ;(-.) (A4)
for the first term only in Eq. (A.3) yields
J{ 1 mOR 6 + 0 OR ) - Ny + SO =0, (a3

Since the integral over (-) is for arbitrary bounds, the integrand is itself zero. Factoring n(-) and

n*(-) out of the resulting equation yields
n(-)[/ ¢; (R (-, d() = A5 ()] + 'l'(')[/ $i(-)Ri (-, )d(') = Ag5(-)) = 0 (A.6)

which is the sum of complex conjugates. Since the auxiliary function n(-) is well behaved and non-

zero, the bracketed terms must themselves be identically zero. Further manipulation of either term
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yields the integral equation
[ Rastes D3040 = 2640 (A1)

which can be solved for the deterministic, but randomly distributed candidate functions ¢.
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