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1.0 Executive Summary

This report summarizes our effort to measure unsteady flows in turbomachines, and use the data
for addressing relevant turbulence-modeling issues. The experiments are being performed in a
two-stage, axial-turbomachine, flow visualization facility containing fluid (solution of NaI in
water) with an optical index of refraction that matches that of the acrylic blades. The
unobstructed view on an entire stage enable measurements of two and three velocity components
in numerous sample planes using 2D and stereo PIV (Particle Image Velocimetry). Data provide
insight into the flow within turbomachines at unprecedented levels of detail, enabling us to
investigate various wake-blade, wake-wake and wake-boundary layer interactions. Turbulence
and unsteady flow phenomena are being examined at three levels: (i) Passage-averaged, steady
RANS; (ii) Unsteady RANS, and (iii) Large-Eddy-Simulation (LES).

In the context of unsteady RANS, we examine the turbulence within a wake generated by an
upstream IGV blade as it impinges on a rotor blade and is ingested by a rotor passage. Several
phenomena involving the non-uniform strain field encountered by the wake, some causing
negative production rate, substantially alter the distributions of Reynolds stresses. Furthermore,
data obtained in multiple, closely spaced planes show that non-uniform turbulence production
and diffusion caused by wake shearing explains the non-uniform distribution of Reynolds
stresses, and cause formation of turbulent hot spots. Another study shows that unsteady flow
caused by impingement of an upstream wake on a rotor blade stabilizes the boundary layer and
reduces its momentum thickness. Comparisons of data covering an entire stage to RANS
predictions of the same flow using several standard Reynolds stress models show major
discrepancies. These are traced to difficulties in predicting pressure-strain correlation terms.

In the context of LES, spatial filtering of the data enables direct measurements of subgrid-scale
(SGS) stresses, SGS dissipation rate, and comparisons to model predictions. Utilizing rotor wake
data, we examine the implications of spatial averaging followed by ensemble averaging in
spatially non-uniform flows. The analysis has helped explain observed differences between
turbulent kinetic energy production (RANS) and SGS dissipation rates (LES), important issues
that arise at the RANS-LES interface.

The experimental and analysis obtained to-date have already been presented in journal papers,
eight of which are already published and one is still under review. In addition, twenty
conference papers have been presented in IGTI, AIAA and ASME-FED conferences. A complete
list of publications is provided in Section 5. For the Soranna et al. (2005b) paper, we received the
Knapp Award for the best paper presented in the ASME, Fluids Engineering Division Summer
Meeting, 2005, with analytical, numerical and laboratory research.

Construction of the turbomachinery facility and the research performed in it has been funded in
part by AFOSR and in part by ONR. Each has also provided support for one graduate student
and 50% of the post doc salary during the period covered under this grant. One of the Post Docs,
0. Uzol, is presently an Assistant Prof. at the Middle East Technical University in Turkey. One
of the graduate students, Y.C. Chow, completed his graduate studies and received a PhD degree.
He is currently employed as an Assistant Prof. in National Taiwan Ocean University.
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4. Objectives and Rationale for this Research Program

In this study, we examine turbulence and unsteady flow phenomena within complex
turbomachinery flow. The data are interrogated from the viewpoint of three distinct modeling
levels: (i) Passage-averaged, steady RANS, (ii) Unsteady RANS, and (iii) Large-Eddy-
Simulation (LES).

The "average-passage" RANS equations, introduced by Adamczyk (1985) compute time-
averaged flows within multi-stage turbomachines, while using steady boundary conditions, but
still accounting for blade-rows interactions. This approach is an essential practical design tool for
turbomachines with multiple blade rows and varying number of rotor and stator blades in
consecutive stages. In this method, each blade row has a steady average-passage flow field
extending over the entire machine. Neighboring blade rows are replaced with circumferentially
uniform systems of body forces, energy sources and deterministic stresses (Adamczyk, 1986;
Adamczyk et al., 1986, 1990; Rhie et al., 1998; LeJambre et al., 1998; Busby et al., 2000).
Effects of phase-dependent unsteadiness on the average-passage flow field are accounted for
through the deterministic stresses, which must be modeled (e.g. Adamczyk, 1986; Van de Wall
2000; Meneveau & Katz, 2002; He et al., 2002). Unlike RANS closure models, there are no
widely accepted and validated models whose development requires a database obtained either
from experiments or from unsteady RANS simulations of multiple stages. In previous
experimental studies, the deterministic stresses have been obtained either by traversing single
point sensors (e.g. Prato et al., 1997, 1998; Suryavamshi et al., 1998a, b), or by Particle Image
Velocimetry (PIV) measurements (Sinha et al., 2000; Uzol et al., 2002b, 2003a, 2004b), some in
our optically refractive index matched facility.

At a level more detailed than average-passage RANS, modeling turbulent flows using Unsteady
RANS continues to be a primary computational tool for prediction of turbomachinery flows.
While LES has been displacing Unsteady RANS in some simple geometry applications, it is
undisputed that RANS will continue to play an important role in simulation of relevant flows. Its
role has been recently enhanced in applications in which RANS is applied together with LES in
hybrid approaches (Piomelli & Balaras, 2002). RANS is used to provide "outer, or inlet,
boundary conditions" to LES performed in sub-regions of the flow, or to provide near-wall
modeling, where LES may not be able to resolve viscous sublayers while RANS models based
on 2D boundary-layer approximations allows wall-normal resolutions not affordable in LES.

Applications of Unsteady RANS simulations have introduced numerous uncertainties associated
with Reynolds stress closure models. In spite of many decades of advancements, too many to
summarize in a single proposal, there are still fundamental unresolved problems in applications
of RANS particularly in highly strained, spatially non-uniform, non-equilibrium, unsteady flows
that characterize turbomachines. Some of these issues are described in § 4.3 of this report using,
as an example, an application of RANS to model turbomachinery flow. Other issues are
discussed as we present data on the evolution of Reynolds stresses within a rotor passage in §
4.2. Testing, validation and development of Reynolds stress models requires data obtained in
relevant flow conditions, a challenging task as far as turbomachines are concerned. Single-point
data are inherently limited. Due to optical obstruction and reflection from boundaries,
applications of global techniques in turbomachines, such as PIV, have been limited to parts of
blade passages, e.g. away from boundary layers and from near wake of blades (e.g. Tisserant et
al., 1997; Gogineni et al., 1997; Balzani et al., 2000; Wernet, 2000; Sanders et al., 2002). In
facilities involving compressible flows, these problems seem to be unavoidable. However,

4



characterization of the interactions between blade-rows, e.g. wake-wake, wake-blade, wake-
boundary layer interactions and impingement of trailing vortices on blades, require a complete
picture on the mean flow structure and turbulence. Furthermore, the main turbulence modeling
difficulties occur near boundaries, within boundary layers, in regions with high pressure-
gradients such as the vicinity of a blade leading edge, and in very near wakes.

To address the challenging turbulence modeling issues, we have constructed a facility that
enables unobstructed optical access using transparent rotor and stator blades operating in a
liquid, which has the same optical index of refraction as the blades. Details on this facility along
with several optical setups are provided §3. Subsequently, as demonstrated in §4, the measured
flow structure and turbulence parameters provide unobstructed and unparalleled insights on
dominant phenomena and their causes within the complex system of interacting turbulent wakes
and blades.

The lingering issues with applications of RANS have contributed to the increasing popularity of
Large Eddy Simulations (LES). In LES, we solve for the large-scale (resolved) turbulent motions
using the spatially filtered Navier Stokes Equations. This filtering process introduces the sub grid
scale (SGS) stress tensor that must be modeled in terms of resolved flow parameters, a process
that has introduced its own series of issues (Leonard, 1974; Piomelli et al., 1991; Meneveau &
Katz, 2000), especially near boundaries (Piomelli & Balaras, 2002). A key parameter in typical
SGS stress modeling is the so-called SGS dissipation, which represents the flux of energy from
resolved to sub-grid scales, and appears with opposite signs in the evolution equations of
resolved and SGS kinetic energy. Since PIV provides instantaneous spatial distributions of
velocity it can be filtered at different scales, making it an ideal tool for measuring the SGS
stresses and dissipation, as well as for evaluating predictions of various models (Liu et al. 1994,
1999, Chen et al., 2005a, 2006, Sinha et al., 2000a, b, Chow et al. 2005a). In §4.6 we use the data
to address issues brought about by spatial filtering followed by ensemble averaging of a spatially
non-uniform flow. Such issues are of fundamental significance in merging LES and RANS
which is expected to play a significant role for turbomachinery flow simulations. This analysis
clarifies fundamental differences between SGS dissipation and turbulence production rate.

Construction of the turbomachinery facility (and two different sets of blade rows), and the
research performed in it has been funded in part by AFOSR and in part by ONR. Each has
provided support for one graduate student and 50% of the post doc salary. The AFOSR project
has focused on blade-rows interactions and associated turbulence, and the ONR sponsored
activity has dealt with stability of swirling flows, and issues in hydroacoustics of turbomachines.
Inherently some of the topics to-date overlap.
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3. Facilities and Techniques
3.1 Refractive Index Matched Facility and Blades
The axial turbomachine test facility, shown schematically in Figure 3.1a enables us to perform
PIV measurements at any point within an entire (second) stage including the rotor, stator, gap
between them, inflow into the rotor and the wake downstream of the stator. The unobstructed

Ewa , coo" coptical access is facilitated using a rotor and

3_ . ,,", , ,stator made of a transparent material (acrylic)
TZ that has the same optical index of refraction as

the working fluid, a concentrated solution,
2- C62%- 64% by weight, of Nal in water. This

fluid has a specific gravity of 1.8 and a
kinematic viscosity of 1.1xl0 6 m2/s, i.e. very

I ]VIE I close to that of water. Thus, the blades become
. . . . . .almost invisible, do not obstruct the field of

Tra,.et view, do not alter the direction of the"stat 25 HPts illuminating laser sheet while passing through the

-• blades, and minimize the reflection from boundaries.
- We have chosen this liquid over organic fluids due to

.... - its low viscosity, non-toxicity, ability to adjust the
Law -- -. . refractive index by adding salt, and relative ease of

maintenance. Information related to use and
maintenance of the Nal solution can be found in Uzol
et al. (2002a). Nal is expensive but there is no need

Widwto provide means to prevent algae growth, and there
Transparent l'stage 1 stage is no need to replace the water due to the high saltTransparent stator stator rotor

,v; rotor .concentration. We have used the very same water
with minimal additions (resulting from maintenance
and replacement of models) for the past six years.

7 Flow .The only maintenance issue is the tendency of minuteLaser •---_•l- --- "-g,

Sheet.. fraction (10-4 molar) of the I- ions to turn to 1-3 in the
presence of Oxygen and light. The latter absorbs
green light, preventing PIV measurements. To solve
this problem, we keep the facility oxygen free by

Window Honeycomb pumping the air out, and by injecting N 2 to the gas

Figure 3. 1: (a) The axial turbomachine chamber in the pressure control tank. This procedure
facility, (b) test setup No. 1, and (c) test is repeated about once a week. During model
setup No. 4. replacements, we store the liquid briefly in a separate

Second Stage of: tank and return it back to the facility. Any
Table l Set 1 effect of exposure to oxygen is reversed by

No. of ,,I., 2 de-aeration and exposure to N4.
N o. of rotw blades 12

No. of stotbtod, _ 7 Stator(S2) Rotor (R2) The test facility was constructed usingHub~o-tip reso Stto (S) Roo (2

-,-,2_=d____o, =al 1,92 1 41 Test Seu2 funding provided in part by AFOSR and inSI1U- .J gaM " -. d~ot amhod I 5 /
Stm -r2.oi,,pioto o ,rd) 34, 1 3/ part by ONR. Two different test setups
Staim pitch-tochctd talo (m& sparo 066 0913SR.,,,so-,.ko,,..po) 066 09 / 50 have been utilized. Setup No. 1 (Fig. 3.1b),
RO5dtO cord (• 50 ____

s,, ,, cord Stto 432 50 has an aircraft compressor like
Rotor - St" sen C) "4S 445 Rotor (R2) Stator (S2)



arrangement, and has 4 blade rows constituting two identical stages. The window covers the
entire second stage. The main geometrical parameters of this axial-turbo-pump are listed in Table
1. Additional relevant parameters are a rotor blade thickness of 7.62 mm, and camber varying
from 4.54 mm at the hub to 1.98 mm at the tip. The stators blade thickness is 11 mm and its
camber is 6.22 mm. The gap between the rotor and the stator is variable. In many prior
experiments, a constant gap of 50 mm was used. Recently, we reduced the gap between the
second rotor to the second stator to 14 mm, 28% of the rotor chordlength, in order to increase the
blade-row interactions and associated deterministic stresses. Specific objectives associated with
this setup are discussed in Section 4.

In test setup No. 2 the first stage (rotor and stator) is identical to that of setup No. I. However,
the second stage consists of a stator (IGV) followed by a rotor. A 10 mm long honeycomb with
1.58 mm opening is installed downstream of the first stage in order to reduce the effect of wakes
and secondary structures generated by the first stage, and to align the flow in the axial direction,
consistent with the orientation of the first stator. The gap between the honeycomb and the second
stage stator is 22 times the honeycomb openings, sufficient for eliminating wakes of individual
honeycomb elements, as prior measurement have indicated. The IGV has 17 blades, each with a

chordlength of 73.2 mm and span of 44.5
Figure 3.2: (a) 2-D PIV system mm. The rotor has 12 blades, each with a
and optical access to the test chordlength of 50 mm and span of 44.5

Ssection, (b) Stereo PIV setup. mm. This setup provides substantially

Window reduced effects of the first stage, and as a
I Men result, a clearer picture on interactions

Flow between the IGV wakes and the rotor
blade, as described in Section 4.

Windo, 3The blade rows have been precision-

Tr,. et" L..,• manufactured using five axis CNC
I- Camer •machines. The system is driven by a 25

pIV o, HP, rim driven motor, which drives the
PlatformTranspprent lmstage l ~stage first rotor directly, and is connected to the

Transparent stator stator rotor second rotor through a shaft mounted on
K7ý rotor•_ •precision bearings. Most of the previous

'A •measurements have been performed at a
rotor blade speed of 500 rpm, i.e. the

.. Reynolds number based on the rotor tip

Laser Flow speed and chordlength is 3.7 x 105.
Sheet :"i ':[:''!

- ~3.2 PIVSetup &Experimental Procedure

Optical access is provided by a window
__- that extends from upstream of the rotor,nd

Window Honeycomb covers the entire 2 stage and terminates
Prism filled with downstream of the stator (Figures 3.1,
refractive index 3.2). An additional transparent insert

Stereoscopic fluid enables us to insert a probe containing the
Camera
Platform laser-sheet optics. Figure 3.2a illustratesthe 2-D PIV setup, which enables us to

7



measure the two in-plane velocity components (u , u2 ), and Figure 3.2b shows the stereo PIV
setup, which enables measurements of all three velocity components in planes extending from the
hub up to very close to the tip of the blades (up to r/rip=0. 9 7). In Section 3.3 we also introduce
stereo-PIV measurements in planes aligned perpendicularly to the mean flow in order to probe
the flow in the tip region.

The light source of the PIV system is a dual-head Nd-YAG laser, whose beam is expanded to
generate a 1 mm thick light sheet. The flow is seeded using 20% silver coated, hollow glass,
spherical particles, which have mean diameter of 13jim (smaller particles are also available) and
an average specific gravity of 1.6, i.e. slightly below that of the working fluid. The images are
recorded by a 2048x2048 pixels2, Kodak ES4.0, 8-bit, interline transfer digital camera and stored.
We have recently purchased a pair of higher quality, 14 bit, 2048x2048 pixels2 digital cameras
from La Vision and a mass data acquisition system that will be used in future studies. The laser
and the camera are synchronized with the orientation of the rotor using a shaft encoder that feeds
a signal to a controller containing adjustable delay generators. Consequently, we can acquire data
at any desired rotor phase.

To obtain converged turbulence statistics, we record 1000 instantaneous images at the same
phase. The sample area varies, depending on the desired resolution. For most cases, the
instantaneous field of view varies from 15x15 to 50x50 mm2, and the vector spacings vary
between 100 - 400 gm, depending on the desired resolution. Smaller vector spacing, below 50
gim, is also possible, if needed. We frequently have to combine data from several locations to
obtain the entire desired field of view. Data analysis includes image enhancement and cross-
correlation analysis using in-house developed software (Roth et al., 1999, 2001, Chen et al.,
2005b). The stereo-data is matched to obtain the out-of-plane component using
software/procedures provided by Dantec Inc. Adapting these procedures to the current geometry,
including image enhancement procedures, is discussed in Uzol et al. (2002a). The typical
uncertainty in instantaneous displacement is -0.3 pixels, provided the window contains at least
5-10 particle pairs. For a typical displacement between exposures of 20 pixels, the resulting
uncertainty in instantaneous velocity is 1.5%. Slip due to the difference between the specific
gravity of the particle and fluid is negligible (<0.2%, Sridhar & Katz, 1995). The uncertainty in
phase-averaged results is lower, since the error is inversely proportional to the square root of the
number of samples.

4. Summary of Accomplishments During the Present Grant
This section briefly summarizes some of our progress over the past three years. A complete
picture is provided in a series of journal and conference publications (Uzol et al., 2001,
2002a,b,c, 2003a, b, 2004a, b, 2005a, b, 2007; Chow et al., 2002a, b, c, 2003a, b, 2005a, b),
Brzozowski et al., (2005) and Soranna et al. (2004, 2005a, b, 2006a, b, c, d, e, 2007a, b). For the
Soranna et al. (2005b) paper, we have received the Knapp Award for the best paper presented in
the ASME, Fluids Engineering Division Summer Meeting (2005).

4.1 Stereo PIV data in the Rotor Near wake

Figure 4.1 shows sample phase-averaged, 3-D velocity distributions and turbulent kinetic energy
(Uzol et al., 2004a, b) behind a rotor blade (setup No. 2, Fig. 3.1). To obtain these distributions,
we have performed stereo PIV measurements in numerous (x,y) (or (x,,x,)) planes. At 50-55%
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Figure 4.1: Streamlines (with the RHS tip vortex average
centerline axial velocity subtracted) and distributions of phase-
averaged (a) (negative) axial (-u-), (b) lateral (F), and (c) radial

O(i3) velocity components, along with (d) turbulent kinetic energy
(k ) between the 58% and the 93% spanwise planes. The tip

- . vortex of the previous blade dominates the flow and turbulence
on the pressure side of the next blade.

and 88-93% of the span, the data are acquired in 10 very closely spaced radial planes, every 0.25
mm, i.e. less than the light sheet thickness. This procedure enables us to calculate the 3-D phase-
averaged vorticity and all the components of the strain-rate tensor. Additional data are obtained
in more sparsely separated planes over the entire span.

In the tip region, interaction of the tip vortices with the blades dominates the flow. The rotor is
confined between two tip vortices; one that rolls up from the same blade that generates the wake,
located to the right of the blade, and the other that rolls up from the previous blade, located to the
left of the blade. The velocity field induced by the latter tip vortex and entrainment of the casing
boundary layer reduce the axial velocity, mostly above the vortex. The previous tip vortex also
induces negative radial velocity in the gap between its core and the pressure side of the
subsequent blade. Thus, the previous tip vortex greatly affects the vortex rollup in the next blade,
preventing rollup near the trailing edge, i.e. rollup of a tip vortex is pushed further upstream. The
high lateral/circumferential velocity in the vortex core is associated with entrainment of the blade
boundary layer. These phenomena are striking examples of interaction between blades of the
same row. The tip vortex also generates high turbulence along the rotor pressure side, due to the
entrainment of the blade and casing boundary layers, and due to passage near the pressure side of
the blade, which alters the vortex trajectory, causes meandering and sometimes bursting.
Analysis of the characteristics of Reynolds stresses, along with the associated production,
diffusion, dissipation and advection rates in the tip region is still in progress.

The effects of the tip vortices diminish below 75% of the span. The radial velocity becomes
much lower than the axial and lateral components, and the radial vorticity component becomes
dominant. However, the axial and lateral vorticity components are not negligible, i.e. the flow is
three-dimensional. In § 4.4, we use the mid-span data to examine the evolution of Reynolds
stresses in the near rotor wake.
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4.2 Structure and turbulence within a wake generated by an upstream IGV blade as it impinges
on a rotor blade and passes within a rotor passage:

In this Section we examine the changes to the flow structure and Reynolds stresses as a wake,
generated by an upstream stator or Inlet Guide Vane (IGV), interacts with a rotor blade and
propagates through a rotor passage. Changes to mean flow and Reynolds stress within this IGV
wake are examined using high-resolution PIV measurements at six rotor blade phases (2D in this
case), three focusing on the rotor leading edge, and the others on the vicinity of the trailing edge.
The discussion here focuses mostly on the turbulence parameters. The substantial changes to
flow and pressure gradients around the rotor leading edge are discussed briefly, but are addressed
in detail in Soranna et al. (2005a, 2006a, c).

Due to spatially non-uniform velocity distribution, especially on the suction side, the wake
deforms while being advected around the blade, expanding near the leading edge and shrinking
near the trailing edge. A geometrically correct sketch, and sample phase average vorticity
distributions showing these trends are presented in Figure 4.2. The wake broadens near the
leading edge due to differences between the velocity in its forward side, and the near stagnation
flow (in the rotor reference frame) on its back side. As the wake widens, the phase averaged
velocity gradients at the center of the wake diminishes, leaving a substantial region at the center
of the wake with almost zero mean vorticity. Near the trailing edge the wake compresses due to
the adverse velocity gradients on the aft side of the rotor blade.

Impingement exposes the IGV wake to a phase-dependent strain field generated by the rotor
blade. As a result, the turbulence becomes highly non-uniform and anisotropic. Figure 4.3
presents the distributions of phase-averaged axial, - u (in the context of RANS, an overbar or
brackets (...) will be used interchangeably to denote phase averaging), and lateral velocity
components, this time in the rotor reference frame, yr , along with the turbulent kinetic energy, as
the IGV wake is chopped off and sweeps across the rotor blade. In these plots, the rotor leading
edge is located at (x/cy/c)=(O,O). For each phase, two adjacent 15x15 mm 2 sample areas are
needed to cover the flow field around the rotor leading edge. The location of the IGV wake in
each phase can clearly be identified in the turbulent kinetic energy plots. In Phase I (top row),
the IGV wake center is located above the rotor leading edge. In Phase 2 (middle row), the IGV
wake center is impinging on the leading edge, and in Phase 3 (bottom row), the center of the
wake intersects with the rotor blade at about 20% of the rotor chordlength.

In Soranna et al. (2006a) we show that wake impingement causes 9% changes in phase averaged

Figure 4.2: Changes to owiL 0.1 1.4

dimensions of strethed '

impinging wake due to 0 1.3

the strain field around 0 19
the rotor blade, and 0 12

sample vorticity / 5%., pv

distributions showing hg 2

these trends. hben. -0.2

0 C
I -0.3

rotor wake -0.2 -0.1 0.11 1.1 1.2 1.3

x1c xIc
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relative lateral velocity, and that
the distributions of axial -u., . ., 0.300. CA0.1. 04 •0. . O. 0 .

velocity on the suction side
display clear effects of wake 0°
deficit, i.e. a decrease on -W .
within the wake. On the .

pressure side of the blade, the 0 - 42

phase-dependent variations in
- 4-0.3 -0.

vr and u are equally severe, but 0/
their trends differ due to

These trends cause significant *. . " 1 * 0.I S

phase-dependent changes to 0 0

blade loading, as manifested by
distributions of wall-parallel ,,'

velocity gradients, a s / -,12
where s is the wall-parallel
curvilinear coordinate. Thus, -4.0

us/a /as, a key contributor to
pressure gradients along the -, iul ,-,
wall, is strongly phase -0. C0102 03 C 0"2 0A0000. . o,01

dependent.

Figures 4.4 and 4.5 show the
distribution of normal Reynolds U ,.A

stresses in wall-parallel (u42) .

and wall-normal (v'.) ....

directions within the same ,'14 
-0 4.4 

. 4

impinging wake, near the 42 4.1 * 0 *1 -02 4Qt xc a 0 'c pi 2 0 k t

leading edge in phases I - 3, (a) (b) (c)

and near the trailing edge in Figure 4.3 Phase-averaged (a) axial and (b) relative lateral velocity

phases 4 - 6. A few of the components; (c) turb. kinetic energy near the rotor leading edge at

perplexing phenomena include a mid-span. Top: phase 1, Middle: phase 2, Bottom: phase 3

substantially higher velocity
fluctuations in phases 4-6 (compared to phases 1-3), the increase of the wall-parallel component
and decrease of wall-normal component near the leading edge of the blade, and the complex
distribution of both normal stress components in phase 3. To explain these phenomena, we will
relate the distribution of the Reynolds stresses to the magnitude and orientation of the principal
strain field in different regions. Figure 4.6 is introduced to illustrate the principal strain
orientations in several regions of interest, and will be referred to often in the following
discussions.

Effect of Streamwise Diffusion.: Axial turbomachines rely on aerodynamic diffusion to achieve
pressure rise in the aft part of a vane passage. This diffusion process increases the compressed
streamwise velocity fluctuations and suppresses the extended wall-normal fluctuations,
consistent with predictions of Rapid Distortion Theory (RDT, Batchelor, 1954; Chen et al.,
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2005s, 2006; De La Riva et al., 2004). The present distributions of normal stresses are consistent
with the trends predicted by RDT.
For example, starting with phases 4 Phase I Phase 2 Phase 3

- 6, u,'2  increases and v,'2  ,. , O , 20'*- 2A 0,"0 , O . ,01

decreases in the diffusion
dominated region, in the aft part of i
the rotor blade passage. This .. 1 , ,
region is characterized by 42

au,/Ias<O, i.e. the mean flow is 4 1) 4 . 4 13

compressed in the streamwise
direction and extended in the - 4 4A 0, C A 4 4. 44 ....

normal direction (region 1 in
Figure 4.6). An increase in P11seMTMs

00A am0 I'e * 02" 1. " CR - 2 A 20* OS IS Istreamwise component can also be '.

predicted by examining the,.i . , a
relevant production terms in the -
Reynolds Stress Transport .S -
Equations (Pope, 2000). In the
diffusion region (#I, Figure 4.6),'

-S,, u, is positive and large (S,, is OR a' o.9

the phase averaged strain rate), .. , ,f *1'

contributing to an increase in Figure 4.4. Distribution of normalized 103 .•u ,2 /
streamwise fluctuations, whereas Top row: phases 1 - 3 (leading edge region).
-S_ v,•' is negative, indicating a Bottom row: phases 4 to 6 (trailing edge region).
decrease in the wall-normal ve'. u,, Phase I Phase2 Phase3

turbulence level. Away from the xlO a am 2.0 om 02o CAD iOe 02"0 m

wall, s and n are almost aligned
with the principal directions, and 0

the values of u5'i., are small. Thus,
only normal components '. ".2 -02-

contribute significantly to the
production rate. i lk 44)

Due to the diffusion in the previous 402 4.1 0.1 42 41 ,a 0.. -2 4.1 0 91

passage, the IGV wake turbulence .-2 u .4 Pluae -
arriving in phases I and 2 must x';O' .0 . 0I0 00lA 000 , 1020am

already have elevated u,"2 and "

suppressed V,'2 , as is evident from "'
the phase 2 data, especially near '

and to the left of the pressure side ,
of the blade. On the pressure side, K !
this trend persists also in phase 3, •0
but the picture becomes more ... .. -- ....

complicated due to leading edge . .. W .. .. I / U1 ./

effects discussed below. Figure 4.5. Distribution of normalized 103.u ' /
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+.-"op. extensive Effect of straining: Following the
S. o ssame logic, the streamwise
.4.• . compressive strain fluctuations should be suppressed

T : diffusion dominated region in a region with s,, >0, i.e. when
:stagnation now region the wall-parallel component is
compresstaion fregion wstretched. Since the dominant

/ compressive dection wall normal phase averaged variations in flow(-O.05<s/c<O.O5)phs

V, it at mid span is almost two- T compressive direction almost wall
• tangential (0.15<cst¢<0.35) dimensional, axial stretching is

05 compressive direction wall normal accompanied by normal
/ o..s/c'o.35) compression, s_.. <0, and an

Zali 00i increase in the wall-normal
a turbulence. To demonstrate this

wallI blockage trend in the present data, let's
focus on the region with elevated

Figure 4.6. The orientation of the principal phase averaged wall-normal Reynolds stress in
strain eigenvectors in within the rotor passage. phase 3, between s/c=-0.05 and

s/c=0.05 on the suction side (#3 in
Figure 4.6). In the same region the streamwise turbulence intensity is considerably reduced. In
order to support this claim, Figure 4.7 shows the distributions of the compressive, s, , and
extensive, sK, mean principal strain rates. The arrows in each figure indicate the principal
directions of compression and extension. In region 3, the principal direction of compression is
aligned with the wall-normal direction. Thus, the compressed, wall-normal fluctuations should
increase, while the stretched wall-parallel fluctuations should decrease. If we project the
Reynolds stress tensor onto a coordinate system aligned with principal strain directions (Figure
4.8), in region 3, u,' (stress aligned with the compressive strain eigenvector) is significantly

larger than u,2 (stress aligned with the extensive strain eigenvector). As expected, the turbulence
is enhanced along the principal direction of compression.

.- __-,2____-__/_I _

, / • T S. I ) M xI 0 0I2 0.80 140 Io M 10 0.20 0.80 .AO 2o00
01 -10- -7 -6 -4 -3 -1 0 0.1

ol o

-0.1 , -0.1

uU

. -0.2

-03 .0.3 -0.3

-040.4 
-0 14 0 .

-02 -0A1 0 0.1 -0A 2 -0.1 0 0.1 .02 -0.1 0 0.1 -02 -0.1 0 0.1xlc xlc x/c x/c

Figure 4.7: Distributions of the most compressive Figure 4.8: The normal Reynolds stresses
mean strain eigenvector, S•, and most extensive components in the most compressive, u,2, and
strain eigenvectors, S-e. extensive u,2 strain eigen-directions.
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With reference to Figure 4.8, one can also see that on the suction side, in the 0.15<s/c<0.35
region (#4, Figure 4.6), the principal directions of compression and extension are rotated about
900 compared to their orientation in region #3. Thus, in this area, the compressive strain rate is
almost aligned with the streamwise direction, namely u,'2 should increase, and the (stretched)

u,'2 should be suppressed. Indeed, in this region u,, > v,' 2 . Furthermore, when projected onto the

principal directions of strain, Figure 4.8 shows that u,, > u,'2 . However, the strain rates in this
region are lower than those at the leading edge. Therefore, the effect of straining on turbulence
production must diminish, and may be overwhelmed by another mechanism, e.g. advection of
turbulence generated before.

Along the pressure side of the blade (#5 in Figure 4.6), the direction of compression is normal to
the wall while the extension is oriented in the streamwise direction. In spite of these trends
u, 2> v,2 , in contrast to the expected local production and/or RDT predictions. To explain this
contradiction, note that the strain rates on the pressure side are lower than those on the suction
side, i.e. the turbulence production rate is lower. Furthermore, as noted before, the IGV wake
segment propagating along the pressure side has already experienced the effects of diffusion
(region 1), which enhances the streamwise component and suppresses the normal fluctuations.
The local production is too weak to overcome the effects of prior diffusion.

Effects of wall blockage: The turbulence near the blade is additionally modified by the 'wall
blockage' phenomenon, which suppresses the wall-normal turbulence, and increases in the wall-
parallel fluctuations (Perot & Moin, 1995; Hunt & Graham, 1978; Uzkan et al., 1967; De La
Riva et al., 2004). Wall blockage causes inter-component turbulent kinetic energy transfer from
the wall-normal to the wall-parallel component, mostly due to the effect of the pressure strain
term in the Reynolds Stress Transport Equations. The present distributions in phase 3 clearly
demonstrate suppression of the wall-normal component and enhancement of the wall-parallel
component in thin layers located near the wall but outside of the boundary layer, especially in the
0.15<s/c<0.3 region. One can also observe the effects of wall blockage on the near-wall
turbulence in phases 4-6, especially along the suction side of the blade.

Effect of non-uniform production rate: Still
focusing on phase 3, one cannot avoid noticing the
region with low turbulence between s/c=0.05 and
s/c=0.15, on the suction side of the blade (Figures ,.5
4.4, 4.5, 4.8). This area is located in the middle of I. , ,,-
the impinging wake. To explain this trend, we
calculate the distribution of production and show 0 _. .

that it is negative, i.e. the local non-equilibrium 0. 'oo .
conditions cause transfer of energy from the I , ,
turbulence to the mean flow. Neglecting out of .5
plane effects (reasonable at mid span), the in-plane .1 \/

contribution to production is P,0 = -S u'` -S u'2 . -o 0 1,0 20 30 40
_ c I LE sic %

Since S, =--S,, PJ,, = S(u'2 -u2') . The distribution Figure 4.9. Wall-parallel distributions of:

of production, along with the components S,-(V), u," (*), u,'" (o),- - turbulence
contributing to it are presented in Figure 4.9. The production along a streamline located
production can be positive or negative depending 0.03C from the suction surface.
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on the relative magnitude of uf and u,". In equilibrium conditions, u,2 > u:2, due to the
compression effect. Negative production would occur under non-equilibrium conditions, e.g.
when the direction of strain changes rapidly, while the turbulence requires time to respond. In
such a case, u,' >u.j locally and the production becomes negative. In the present flow, the
negative production at 0.01 <s/c=0. 15 is almost coincident with the low turbulence region in the
transition between regions 3 and 4 (Figure 4.6), where the directions of compression and
extension switch by almost 900 (Figure 4.7).

4.3 RANS Simulations of an Entire Stage

Non equilibrium phenomena that have substantial effects on the turbulence production near the
leading edge, as well as in other regions with rapid changes to the stain field, are very difficult to
model in RANS simulations. They cannot be accounted for by the popular eddy viscosity (e.g. k-
e) models due to incorrect modeling of the production term in the k equations. Consequently,
RANS simulations are notorious for overproducing turbulence near the leading edge of lifting
surfaces (see Durbin 1996). Indeed, RANS simulations of the flow in our facility (setup No. 1,
figure 3.1, Brzozowski et al., 2005; Uzol et al., 2007), using several turbulence models,
substantially overproduce turbulence, especially near the leading edge, and over expand wakes.
Due to previous lack of data, these simulations are the first attempt to compute the flow over an
entire turbomachine stage, where a complete database is available for benchmarking. We have
also used measured inflow and distribution of Reynolds stresses as boundary conditions. Such
data are essential for development and benchmarking turbulence models within turbomachines.

We have focused on the flow conditions at mid-span, where the experimental flow is almost (but
not entirely) 2D. Three standard RANS models have been considered: (a) k-E model with the
standard constants, (b) RNG k-E model, and (c) a full Reynolds stress transport model (Launder
1989) with the turbulent diffusion model of Lien & Leschziner (1994). A commercial grid-
generator (GAMBIT TM ) is employed, and the equations are solved using a commercial CFD code
(FLUENTTM). The domain consists of the 17 stator blades, and 12 rotor blades, separated by a
sliding line. Inlet conditions are matched to the PIV data at the rotor inlet. The mesh contains a
total of 3x 105 cells, and there are 40 time-steps per rotor passage (480 time-steps per revolution),
and we run the simulation for 800 time-steps (20 rotor passages) to obtain a periodic solution.
Figure 4.10 compares the modeled (RNG k-E, and RANS with full Reynolds stress transport
equation) to the measured, phase-averaged absolute velocity angle. The angle is measured in the

PIV RNG k-e RSM

-0.2 - -IL4 0! 0. X .IL..

Flow angle (0) Figure 4.10. Comparisons of measured (PIV) flow angle (tan" [v/u]) to predictions of RANS
Z L using RNG k-E Reynolds stress models and full Reynolds stress transport model (RSM) at

-1000 800 26 00 44.0 two different rotor phases. Flow is from right to left. Rotor tip speed, Uip = 8 m/s; Stage

Length, L, = 203 mm.
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clockwise direction with respect to the streamwise direction (from right to left). As can be seen,
overall features of the mean flow angle appear quite well predicted by the RANS. However,
significant differences occur in some important details, such as rotor wakes being more diffused
in the experimental data as compared to the RANS.

Next, we are interested in establishing whether the different models are able to reproduce the
characteristic lattice of wakes with elevated turbulent kinetic energy observed in the
experimental data, and their spatial distribution. Figures 4.11 show the results, covering an entire

k/U 2

tip

0.000 0.002 0B04 0.006 0.008 0.010

PlY RNG k-e RSM

0.1

•,o

0.1

-r>0

0.1 .L

0.1

00

0.1
_r

0.1

Figur 4.. Coprio of.; measured' 04 44 U -. -.

XI IU.. xl Lu.X
Figure 4.11. Comparison of measured turbulent kinetic energy (k) to predictions of RANS using RNG k-E Reynolds
stress models and full Reynolds stress transport model (RSM) at ten different rotor phases for ten different rotorphases covering and entire blade passing period. Flow is from right to left.
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rotor passage cycle, and compares them to the experimental data. As is evident, some features
are reproduced, but others are not. The overall level of turbulent kinetic energy is clearly over-
predicted in the RANS. The RNG k-s model overpredicts k at the leading edge of the rotor,
where TKE production may be over-predicted due to the eddy-viscosity assumption in
conjunction with the rapid straining there. Such excessive production is much more accentuated
in the standard k-s (not shown), where significant kinetic energy is produced even at the leading
edge of the stator, which does not occur in the PIV data.

The full Reynolds stress transport model also substantially over-produces turbulence both near
the leading edge and within the blade passage, but not to the same extent as the RNG k-s model.
One of the likely contributor to the discrepancy, even in the full Reynolds Stress Transport
model, is the improper predictions of pressure-velocity correlations and pressure strain in
evolution equations of Reynolds stresses. Note that our objective is not to downplay the
significance/ability of RANS simulations; we only wish to point out that there are still many
unresolved issues in highly strained flows.

4.4 The structure of turbulence within a sheared rotor wake:

As discussed in detail in Soranna et al. (2005b, 2006b, d), chopping and variations of advection
speed of the upstream IGV wakes, as they pass along the rotor blade, create a non-uniform flow
that shears the rotor wake. Due to the overwhelming effects of the non-uniform strain field, the
trends of the Reynolds stresses within the sheared wake differ significantly from those measured
in previous studies of curved wakes (e.g. Weygandt & Metha 1995; Koyama, 1985; Nakayama,
1987; Hah & Lakshminarayana, 1982; Ramjee & Neelakandan, 1989; John & Schobeiri, 1996).
The discrepancy in trends between the classical curved-wake data on the present results is
illustrated in Figure 4.14. As is evident, in a typically curved wake, the turbulence is enhanced
(mildly) in the inner side of the wake, whereas in the present data, the turbulence is clearly
enhanced significantly on the outer side. The picture is actually much more complicated. As
illustrated by the distributions of all the six Reynolds stresses presented in Figure 4.13, the
present axial velocity fluctuations increase along the suction/outer side of the wake, while the
circumferential component decays. On the pressure/inner part of the wake the circumferential
velocity fluctuations are higher. Furthermore, the distributions of Reynolds shear stresses display
high inhomogeneity and anisotropy, but they are consistently higher on the suction/outer side.

To explain the present trends and the differences from prior studies, we have examined the
distributions of Reynolds stresses and production rates in two coordinate systems, the first
aligned with the principal strain directions, and the second is a curvilinear system (s,n), aligned
with the wake centerline. The analysis in principal strain coordinate system demonstrates that
changes in the direction and magnitudes of compression and extension, and the resulting spatial
variations in turbulence production rate, fully explain the spatial variations in Reynolds stress
components (Soranna et al., 2006b, not shown here). To explain the differences from prior
studies of curved wakes, in Figure 4.14 we show a sample distribution of turbulent kinetic
energy and the term contributing to its evolution. A complete analysis of all the Reynolds stress
components at several sections across the wake is provided in Soranna et al. (2006b). Following
So & Mellor (1972), Bradshaw (1973), and Weygandt & Metha (1995), but including all terms
(except for a negligible Coriolis force contribution), the transport equations of turbulent kinetic
energy in the (s,n) system is
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Figure 4.13: Reynolds stresses in the sheared near rotor wake. Setup #2, Stereo PIV data.
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Here, h = a + n/R, R is the local radius of curvature, and the terms in the last line represent

velocity-pressure-gradient correlation (G), viscous diffusion (V), and dissipation rate (e). The
first three lines on the right hand side represent, respectively, advection by phase-averaged flow
(C), production rate ( P ), and turbulent diffusion ( ).

The effect of wake curvature on asymmetry in distributions of turbulent stresses has been

attributed to the underlined "curvature terms" u'z/ (U, / R) (Nakayama 1987; Weygandt & Metha
1995). Since the shear stress changes sign across the wake, it increase the turbulent kinetic

and u i on the inner sides and the trends are reversed on the outer/suction side (both not

shown here). Figure 4.14a shows the terms contributing to turbulent kinetic energy production
rate for a sample plane, slc=0.2 1, close to the point of highest curvature in the near wake. As is
evident, indeed the curvature term reduces the turbulent kinetic energy on the suction side and
increases it on the pressure side. However, its magnitude is only 20% of the term involving the
shear stress, especially -correl /tio /n, much less than values measured by, e.g. Nakayama

(1987). The effect of local shear overwhelms the curvature effect, unlike all the previous studies
of isolated curved wakes mentioned before. In figure 4.14b we show that the cross-steam
location of peak production agrees very well with the location of peak turbulent kinetic energy
on the suction side of the wake. Since production rate increases with s/c on the suction side (not
shown here) as the wake is sheared, the turbulent kinetic energy decays slowly there.

The dominant contributor o turbulent diffusion is cross-stream transport, i.e.

which is not shown here. The turbulent diffusion term has peaks that oppose the production rate
maxima within the wake, i.e. it distributes the turbulence, but also has two additional positive
peaks along the perimeter of the wake. The diffusion terms in the evolution equation of turbulent
kinetic energy have been modeled as vrV2k in numerous studies (Pope 2000), where vo is the

eddy viscosity. We can measure the eddy viscosity by matching the modeled and measured
production rates (Laurence 2002):

v = -(uI 2  + u' 2 r +uu,'2 / +/ +) /)

where (avis y) are eigenvalues of the phase-averaged strain rate tensor, and (me ,u' ,u") are
a 9
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(b) Distribution of k and profiles of the terms in the transport equation for k at s/c=O.21.

+(,/h)u'u' U / R~ ~'a ....... + U'U .au ,z U ,'au:,u , +°:- ,
+ k; - P-----P; - C ; - ..... T .

the corresponding normal Reynolds stress components. Figure 4.15 shows that vr varies
substantially. Our magnitudes but not necessarily trends, are similar to those obtained by Ha &
Lakshminarayana (1982). The eddy viscosity increases with s (not shown), i.e. the turbulent
stresses decay at a slower pace compared to the
strain. The trends of v V'k agree with the 40 s/c=0.21 2

measured values of T in regions of peak -#
production rate (n/c = 0.02 at s/c = 0.21). C 20 0 0o1
However, the model under-predicts the peaks of 7 0 0- 1.5
T along the wake perimeter. 00 0

Using data obtained in different parts of the flow 2...'_ 0

field, the measured vT has been found to be •#-20
consistently smaller that classical k-s t 0

predictions, i.e. v, < 0.09k' / -. The difference is -40

particularly high within sheared wake regions -01 0 '05 o0 0 .05 0
and diminishes far from boundaries and in far pressure (inner) side n/c suction (outer) side
wakes. These conclusions are consistent with the Figure 4.15: Dashed line: distributions of
comparison between RANS predictions and eddy-viscosity; circles: measured turbulent
measured flow discussed in Section 4.3. kinetic energy diffusion; solid line: VTV 2k.
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4.5 Rotor Boundary Layer Response to an W........

Impinging Wake04 0.4

Data obtained at different rotor phases (Soranna 06 7 0.6

et al., 2004, 2006c), as the IGV wake is chopped 0,7[
and passes by the rotor blade, also allows us to

0.9 •-0. "D ceneexamine the response of the rotor boundary .NDf ,.

layer to the mean flow and turbulence , E

introduced by the impinging wake. It should be ,,
low's I amnoted here that typical PIV measurements ,.2 ¶2 2 edge

encounter difficulties near curved solid ,. ,V, , o 0 0,,6 0o5 o 04 W, Os 0 07 0.6 O.

boundaries due to reflections from the curved (a) (b)
wall. Due to the optical index matching, the Figure 4.16. (a) Phase-averaged radial vorticity
reflections from walls are minimal in our and (b) turbulent kinetic energy as an IGV
facility, enabling us to resolve the boundary wake impinges on a boundary layer.
layers. We focus on the suction side, in regions
with adverse pressure gradients, from mid chord
to the trailing edge. In this case we have used 2D PIV data. The vorticity and strain rate
distribution along with turbulence parameters outside of the rotor boundary layer are used for
identifying the approximate boundaries and the center of the impinging IGV wake (see sample in
Figure 4.16). Note that in the example shown the distribution is composed from four vector
maps, each being an average of 1000 instantaneous distributions.

Figure 4.17 compares velocity profiles at the same station, but at different phases for stations D,
E, F and G (identified in Figure 4.16). For each velocity profile, the wall-parallel velocity
component in the rotor frame of reference, U3 , is normalized with the local wall parallel relative

velocity, Uo, just outside of the boundary layer, at n/c=3%. As is evident, the structure of the
turbulent boundary layer is substantially altered by the interaction with the incident wake.
Outside of the wake, the boundary layer grows monotonically and develops an inflection point,
which is inherently unstable, as the trailing edge is approached. Within the impinging wake, the
boundary layer profiles are thinner and fuller than those located outside of the wake. To
determine the causes for these changes, we examine the effect of the impinging wake on the
momentum thickness along the suction side. Combining expressions provided in

0 E F G

---- ohw,,-1 .- &" p3owI*,m -0-- pl.2 -a--o-- p10.82 ---.---- plow 1 2. m

-0---~~~~-0 plh.4-0-p.. <Wihi thehwae wak wthi th wak

With i tithin the wake Within the wake0000 Withintewk
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Figure 4.17: Mean boundary layer velocity profiles on the rotor blade at locations D, E, F, and G (see
Figure 4.16) at different rotor phases. Profiles measured while the upstream stator wake impinges on
the rotor blade at this location are indicated. Velocities are normalized with the local wall parallel
relative velocity magnitude measured at a distance n/c=3% from the suction surface.
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Lakshminarayana and Govindan (1981) and So and Mellor (1973), assuming a two dimensional
motions, but accounting for curvature effects, the evolution equation for the momentum
thickness, 0, is

de I a x~H~ dUpw + u,2 f 2dK

d- u al p cis U2 2t o, ds
pw pwpw UPW

"='( 1-•J InJ-{" H -• Ln, Ha= , q=Jnt 'I In+2fnHL(l UL)1nUPL 0.) oUP( UP) 0 f) ( P 0UPoU

Here, K = I/R is the blade surface curvature, u 2 is the friction velocity, and a., is the wall-

normal components of angular velocity of the turbomachine. Up is the "potential velocity",

assumed to be equal to the wall-parallel velocity out side of the boundary layer. Near the wall
up = Up~e- -, =w(I -n), where Up,, is the potential velocity at the blade surface, i.e. the velocity

that would exist near the blade in the absence of a boundary layer. These trends are supported by
the data for regions located outside of the boundary layer (Soranna et al., 2006c). Sample
distributions of the dominant terms in the mementuum thickness equation, covering
0.72<s/c<0.93, are presented in Figure 4.18. The values of dOlds have the highest (negative)
magnitude at station 2, i.e. the boundary layer is thinning, close to the upper edge of the wake,
and become positive in the forward part of the wake. Behind (above) the wake dOlds is nearly
zero in the present phase, but it becomes positive in other phases (not shown). The question is
which term causes this effect? The term containing dK/dx, i.e. the streamwise variations in
curvature, is negligible for the present geometry. The wall shear stress term is small and always
positive, i.e. it cannot reduce the boundary layer thickness. To estimate it, we use the Reynolds
shear stress within the boundary layer, at about 0.002c from the wall (the closest we can reach

U'I +(uUr-stn-(H+2);U dUlds. dc, i with the present data - will be improved in
U, l p ,ds the proposed study).

004 ' d \ The convective (second) term on the right

0.03 _ dU- hand side of Equation 15 is substantial and
0ds 0J U d -0 positive, i.e. it can only cause streamwise

002 , .increase 0. The unsteady term (first),

0• -obtained from data recorded at 0.1 ms before
and after the phase shown here, is positive

0 /outside of the wake and negative within it.
q K Thus, of the terms presented here, it is the

.01-.. d- only one that can reduce the boundary layer
002 -, A -thickness within the region covered by the

s T2 Pimpinging wake. Outside of the wake, the
,0 1 unsteady term is also positive. When all the

available contributors are combined, we
Within the wake obtain a distribution that has consistently

Figure 4.18: measurea terms in the evolution higher values than dO/ds However, the shape
equation for the momentum thickness on the
rotor boundary layer in the region impinged by a of the curve showing the combined terms
stator wake. appears to be quite similar to that of dOlds,
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but it is shifted upward. We cannot explain the discrepancy between dOlds and the right hand
side of Equation 15 using the present data. The Coriolis term, determined from stereo PIV data
near the trailing edge that has a lower spatial resolution (§4.4), is only about 12% of unsteady
term in station 2, i.e. it cannot explain the discrepancy, but would reduce it. Another ignored
effect, which is associated with curvature, is the term I+n/r that should appear in the
denominator of the convective term. Adding it term would reduce the convective term by 10%,
again in the correct direction, but it will still not be enough to cover the discrepancy. What's
missing in the present analysis is the effect of out-of-pane terms, i.e. the terms involving the
radial velocity components, as well as derivatives in the r direction (Lakshminarayana and
Govindan, 1981)

2 allr Jo5 u au JoCu--- -dn Pe--L-dn
Upe r pe Upe r Ue

where up is the potential flow velocity outside of the boundary layer, and 1r is the phase

averaged radial velocity. We cannot measure these terms using planar data, and the stereo-PIV
data available to us, even in close spaced planes, is not detailed enough to resolve the boundary
layer. Such measurements are will be performed as part of the proposed extension to this project.
However, these data do indicate that the radial velocity component outside of the boundary layer
is negative (which we account for in evaluating the Coriolis term effect), and its magnitude is
about 15% of upe,. Thus, its impact on the momentum balance cannot be ignored.

The presently observed trends have far reaching implications as far as predictions of unsteady
phenomena in turbomachines. Note that since the boundary layer profile is stabilized by the
unsteady contribution, its effect will not be recognized by any steady flow calculation. Only
unsteady RANS or LES can potentially resolve this effect. A steady calculation will over-predict
the adverse pressure gradient near the trailing edge, maybe even leading to prediction flow
separation that is prevented by flow unsteadiness.

4.6 LES Issues: Turbulence Production, and Sub-Grid Scale Energy Flux in The Near Wake

In LES, we solve for the large-scale (resolved) turbulent motions using the spatially filtered
Navier Stokes Equations. This filtering process introduces the sub grid scale (SGS) stress tensor,

rii = uiu - uuij , where "-" indicates spatial filtering at scale A that must be modeled in terms of

resolved flow parameters (Leonard, 1974; Piomelli et al., 1991; Meneveau & Katz, 2000). A key

parameter in typical SGS stress models is the so-called SGS dissipation, H- = -r,,s where 9,, is

the filtered strain rate tensor. As described in Chow et al. (2005a), the analysis introduced in this
section was initiated due to confusion about the relationships between production of turbulent
kinetic energy by Reynolds stresses (in RANS sense) and subgrid dissipation (i.e. in LES sense).
In the near wake we observed that the latter can be negative (energy backscatter from sub-grid to
resolved scales) even when the Reynolds production is positive. A desire to elucidate this
paradoxical result has motivated us to develop all the relevant kinetic energy and energy flux
terms that result from spatial filtering followed by ensemble averaging of data, as one would do
while analyzing LES results. In a highly non-uniform flow field, typical to turbomachines,
spatial filtering for LES filters both the fluctuating and mean (phase averaged) flow components.
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To avoid confusion, in this section we denote phase averaging by <> and spatial filtering by -.
The total spatially filtered and ensemble averaged kinetic energy, < k>, can be decomposed to
four parts,

< k >=- 0.5 < u,u, >= K-'r + Km" + Kfr + Kfs where

K- = 0.5 < >< >u - > is the mean resolved kinetic energy

K" = 0.5(< u, >< u >- <, >< i,>) is the mean subgrid kinetic energy

Kf = 0.5 < u'u'> is the fluctuating resolved kinetic energy

K`= 0.5(<uu >- < uii >) is the fluctuating subgrid kinetic energy.
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Fig. 4.19: Distributions of a) , b) Km, c) K", and d) Kf' normalized by U2 • 10'. The gray mask

around the blade covers points where spatial filtering overlaps with the blade.

Distributions of these components for the rotor near wake, using a box spatial filter of 5x5

vectors (-25% of the near wake width), are presented in Figure 4.19. The values of K- , the only

non-Galilean invariant term, are presented in the rotor frame of reference. /K has a two-layer
structure as the boundary layers on both sides of the blade extend to the wake region. It
represents the kinetic energy lost when a non-uniform mean flow field is spatially filtered. The
distribution of Ke, the resolved part of the turbulent kinetic energy, is biased toward the suction
side, indicating higher injections of resolved turbulence from the suction-side boundary layer.
The decay of K'• along the wake is faster than that of / and K/•. Wake spreading and a fixed
filter size contribute to this trend, since the mean-resolved part increases at the expense of the
mean-subgrid part. The presence of chopped IGV wake-segments on both sides of the rotor wake
is also evident in Kf' and Kf.

We have also developed evolution equations for each of the four kinetic energy parts (Chow et
al., 2005):

24



aK/at + < U_ > aKjax <+- <S >)-(R <S >-R <S >)+T--E7

a~lt < _'> aKJOx -(< 'S-'>) +(R' <S >) +T' - c

aKI/Jt + <i, > aKla/x. =±+(-Tf <S_. >)±+(- <~- >)±(+ <S> -Ri,< S,>)±+Tf'~ - S
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5'=S-< §,> and R'- < ''>. The energy fluxes between the different kinetic energy

parts, denoted as HI (donor, receiver), are: Rs~e ugi
Hl(mr,ms) =-7- <S~ §..---- >

H(mr,fs) = -7-j< <S">, 13 Kmr i~ns Kms
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For clarity, they are illustrated in Figure 4.20. The h
sum f eerg flxesfrom the resolved to subgrid Fig. 4.20: Parts of the kinetic energy, and

scales (horizontal direction in Fig. 4.20) is the ascae lxs

ensemble averaged SGS energy flux,

HI < -. S_ >= Hl(mr~ms) + Hl(mr~fs)±+ H(fr~fs) .

The sum of fluxes from the mean components to the fluctuating parts (downward in Fig. 4.20) is

the filtered kinetic energy production rate,

P =R '< S '> =fl(mr~fr) + H(mr,fs) + [l(ms,fs)

As is evident, fl and P only have one common term, Hi(mr~fs). The in-plane contributions to the
different flux terms are presented in Figure 4.21. Since terms involving the strain tensor require
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Fig. 4.2 1: Distributions of energy fluxes. The gray and the pink masks cover points where the
spatial filtering and the spatial derivations overlap the blade.
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out of plane velocity gradients, even a single plane stereo-PIV data cannot provide all the terms.
In studies involving isotropic turbulence one can make various assumptions about relations
between in-plane and out-of-plane components (e.g. Liu et al., 1994). However, such
assumptions are wrong and lead to absurd conclusions in non-homogeneous an-isotropic
turbulence in the rotor passage (we tried). Thus, with single plane PIV data we only have the in-
plane part of the energy flux (7/5 of the total flux for isotropic turbulence). In the proposed
extension, we will perform simultaneous measurements in two closely spaced planes to obtain
the out-of-plane spatial derivatives. One of the benefits will be the correct/full value of SGS
dissipation rate.
Also note that HI(mrms) involves only the mean flow. The negative areas emanating from the
boundary layers on both sides of the blade indicate flux from the subgrid to the resolved scales
due to the growth of the wake. The highest positive flux occurs from the mean subgrid to the
fluctuating subgrid kinetic energies (rl(ms,fs)). This term dominates the total production rate, i.e.
most of the turbulence is produced by the sub-grid mean flow. Negative production of resolved
turbulence (fI(mrfr)) occurs downstream of the blade trailing edge. These non-equilibrium
conditions develop as the boundary layer turbulence is fed into a region with adverse velocity
gradients. This analysis highlights why production and SGS dissipation have substantially
different trends. Other issues, e.g. role of filter size in comparison to the integral scale of
turbulence and methods for calculating spatial derivatives are discussed in Chow et al. (2005a).

4.7 Concluding Comments on our progress

The ability to probe at high resolution any point within the passage is also unique. The data
enable us to identify and address fundamental issues in modeling of flow and turbulence that are
unique to this highly strained, inhomogeneous, non-equilibrium flow environment.

The sample results provided here do not cover all the complex blade-wake and wake-wake
interactions in multistage turbomachines that we have already examined. However, they are
sufficient for demonstrating the unique insight that the present data provide, e.g. the ability to
measure the variations in boundary layer characteristics on a rotating blade within a multi-blade
turbomachine is unique to our optical index-matched facility. Information on other topics can be
found in recently published papers. In Chow et al., (2005a) and Soranna et al. (2006b) we
introduce a method to scale the mean flow (velocity deficit) profile of the wake, and show that
the evolution of turbulence parameters is slower than that of the mean flow. When the wake is
sheared, finding scaling parameters for turbulence becomes impossible. Another major topic
involving the turbomachinery facility that is not discussed here involves analysis of deterministic
stresses and deterministic energy fluxes (Uzol et al., 2002b, 2003a, Meneveau and Katz, 2002).
We have also limited most of the present discussion/examples to the mid span region, since
trends are simpler to explain there. In Soranna et al. (2007a), we examine flow and turbulence in
the tip region at the same level of detail as the mid-span data. The need for full 3D data has been
strikingly evident in this region. The hub region with the complexity involving wing-body
junctions and transition between rotating to stationary regions also requires attention.
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