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Yu Wang

(ABSTRACT)

A lage-scde moving end-wal sysem has been desgned and built a the
Aerogpace and Ocean Engineering Department of Virginia Tech. This system forms part
of a low-gpeed linear compressor cascade wind tunnel, where it is used to smulate the
effects of the relative motion between the blade tips and casing upon the flow. Detaled 4
sensor hot wire measurements were made at various locations downstream the cascade.
The results are presented in term of mean flow fidd and turbulence flow field. In order to
reved the effects of moving end wall, the results dso compared with the results obtained
with gationary end wall.
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Chapter 1 Introduction

The flow fidd ingde the rotors of aircraft enginesis very complex and is a subject
of much research. The understanding of such flows isimportant to both aerodynamic
theory and high performance aircraft engine design. Many parts of the engine flows are
dominated by tip leskage flows. Due to the clearance between the rotor blades and
casings, the tip leakage flow is driven by the pressure difference between the pressure
sde and suction side of the blade. In some cases, the tip leakage flow may roll-up and
form adiscrete vortex. In atypica turbofan (figure 1- 1), the tip leakage flow could be
found in fan, compressor and turbine flow fidds. The tip leakage flow has some
important effects on the performance of arcraft engines. For example, it produces a
subgtantia proportion of the tota |loss. The flow field downstream of arotor is strongly
influenced by tip-leakage vortices and the interaction between these vortices and the
surrounding flows can be a significant source of noise (eg. Hanson et al 1997). Ina
typica turbofan, with an upstream rotor and downstream stator, non-uniform flow in the
rotor wake impinging on the stator generates much of the noise radiated by the engine. In
such cases, the random turbulent components generate broadband noise. To accurately
predict this broadband noise, detailed knowledge of the turbulence flow field downstream
the compressor rotor is needed. Tip leakage flows are very complicated by their
interaction with the passage flow and the boundary layer developed from the end wall.
With the rapid progress of computer and CFD technologies in recent years, many
researchers have tended to use numerical investigation to solve this problem. But
currently, the turbulence structure generated by this phenomenon is not well understood
and remains difficult to predict. Experimentd study gill plays an important role in the
sudy of tip leekage flows. It can give us detailed views of the fundamentas of such flow
phenomena, and can aso provides valuable data to establish and modify the models used
in numerica invedtigation.

Most experimentd studies of tip-leakage vortices described in open literature
have used ether alinear cascade with Sationary end wall or arotating configuration. .
Linear cascades produce vortices that are fixed in the |aboratory frame of reference and



that are large enough to be probed in detail using conventiond instrumentation. Figure 1-
2 isasgmple presentation of the linear cascade flow filed. Storer et al (1989) used afive-
blade compressor cascade. The chord of blade was 300mm, the Reynolds number based
on the chord length was 5° 10°. The velodity field inside the passage was measured by a
five-hole probe. The results showed the relationship between the tip leakage flow and the
total pressure loss. An gpparently optimum tip clearance size between 0.5% and 1.0%
was observed. At large tip clearance (2% chord), the secondary flow vector showed clear
circular motion around the vortex core.

Kang et a (1993) built alinear compressor cascade with seven NASA 65-1810
blades. The Reynolds number based on the chord length and inflow was 2.9° 10°. A Five-
hole probe was used to make measurements at 16 traverse planes from 7.5% chord
upstream of the leading edge to 50% chord downstream the trailing edge. To reved the
effects of the tip gap Sze, three different tip clearances (1.0, 2.0 and 3.0 percent of chord)
are used. In their results, the tip-leakage vortex was seen as have digtinctive core both in
the secondary velocity vectors and the total pressure coefficient contours. At small
clearance, awesk horseshoe vortex was formed from the blade |eading edge, and two
other smal vortices that developed from the separation of the pressure and suction side
were observed in the tip region. It was aso found that the vorticity of thetip leekage
vortex increases rapidly near the leading edge and reaches it highest values at a short
distance downstream of the leading edge. From this point, the vorticity gradualy
decreases toward the exit and the downstream. The circulation of tip-leakage vortex
increases dong with the increasing of tip clearance. Asthetip leskage vortex travels to
downstream, the vortex center moves away from both the end wall and the blade suction
Sde surface.

Even though the linear cascade revedl's some important characterigtics of tip
leakage flows, experimental studies with rotors show significant differences between the
linear cascade flow and the rotor flow. In linear compressor cascade with tip clearance,
the tip leskage flow amost dways rolls-up and forms discrete tip leskage vortex. In
rotors, the situation is much different. Lakshminarayana et al (1995) compared severa
experimentd investigations that used different rotor configurations. It was found that a
lot of parameters might influence the formation of tip leskage vortex in rotors. Some of



them are: configuration (Sngle stage, rotor aone), inlet flow turbulence, wall boundary
layer thickness, tip clearance, Reynolds number, eic.

Davino et al (1982) made tri-axid hot-wire probe measurement to get the three
veocity components and the turbulence information in a Single stage compressor rotor.
The rotor has modified NASA 65 series blades with tip chord 15.41cm. The tip clearance
was 0.245cm. In his results, a concentration of high turbulence intengity region was
observed where the tip leakage flow roll-up and interaction with the case boundary layer
and passage flow. The interference region (the region occupied by tip-leskage vortex)
was a'so observed to grow with axid distance. Mogt of the turbulence intensity
components decay to nearly free-sream vaues within haf-a-chord downstream of the
rotor blade trailing edge.

Lakshminarayana and Pandya et al (1984), used stationary two sensor hotwire
probe in the same experiment facility as Davino et al (1982). The inlet velocity was
28.37m/s (design condition) and 26.28m/s (off condition), the blade tip speed was
51.5m/s and 43.8mV/s respectively. The measurements presented that the locd lift
coefficient or pressure difference that was modified under off-design condition had a
ggnificant effect on the leekage velodities in the rotor. It was concluded that in order to
understand the leakage flow and the formation of tip leskage vortex, it was essentid to
carry out detailed three-dimensiona measurement by nonintrusive techniquesin the gap
region aswdl as away fromit.

The same facility mentioned above was adso used in Lakshminarayana and Zhang
et al (1987) with alaser Doppler Velocimeter (LDV) and aKid probe to study the flow
with two different tip clearance heights. The leskage flow tended to roll up to form a
discrete vortex at larger tip clearance, but in both cases, no discrete tip leakage vortex
was observed downstream the rotor.

In the experimentd study in Lakshminarayanaand Zaccariaet d (1995) in the
same fadility. A five-hole probe was used with a rotating-probe traverse mechanism that
dlowed acircumferentid traverse to be done. The data show intengve mixing between
the tip leakage flow and the passage flow but it didn’t show a clear circular flow pattern
in the tip leskage flow region.



Inoue et a (1988) used a rotor-aone configuration. The rotor had NASA 65 series
blades, the chord at the tip was 224.5mm. The rotation speed was 1300rpm which
achieved the blade tip speed 30my/s. Instead of using probe in arotating frame, they used
sngle hotwire probe that was fixed on the casing. Ensemble-average and phase-locked
measurements technology were used to get the flow pattern in the tip gep and
downstream of the rotor. In order to obtain the three-component velocity vector with
single hotwire probe, the probe was rotated on its axis at 20 different positions at each
survey plane. From the phase-locked flow patterns, the circular motion pattern if thetip
leakage vortex was clearly defined. Asthetip clearance increases, a stronger leskage
vortex comes into existence at amore downstream location. The centrifugd force in the
boundary layer on the pressure surface did not gppear since outward flow was not
observed over alarge portion of the suction surface.

Stauter et al (1993) used two-color, five-beam LDV system to make three-
component velocity measurementsin atwo-stage axial compressor modd. Measurements
were made at 18 different axia locations both inside the passage and downstream the
second stage rotor (axia position 0.42 axia chord to 1.297 axid chord from the blades
leading edge). From the crosswise vectors, the roll-up and the tip leakage vortex center
were well defined but the center of the axid velocity deficit did not coincide with the
gpparent center of the vortex rollup.

The different behavior of tip leskage flowsin linear cascades and rotors suggest
that the linear cascade does not smulate dl the significant features of an actud
turbomachinery. For the formation and development of tip-leakage vortices the most
important omission is probably the relative motion between the blade tips and the end
wall. Because the tip-leskage vortex is generated and devel oped in the region adjacent to
the end wall, it is reasonable to think that the interaction between this vortex and the
boundary layer generated by the moving end wal may play an important role in the
generation and development of downstream turbulence structure.

One way of improving linear cascade modd s isintroducing relaive maotion
between the blade and end wall. Graham et d (1985) used awater tunnd with linear
turbine cascade and moving end wall. The cascade consisted of 5 transparent Plexiglas
blades. A smooth rubber belt driven by a compressed air motor ran benesth the bladesto



smulate blade-shroud relative motion. The width of the belt just covered the section from
the blades' |eading edge plane to the trailing edge plane. The gap flow was observed with
dyeinjection. From hisresults, it was found that increasing the belt speed reduced the
clearance flow, and at tight clearances (1.2% or 0.6%), leakage flow could be cut off by
increasing the belt speed.

Y aras and Solander (1992) used a 5-blade linear turbine cascade with blade chord
of 250mm. A smooth synthetic rubber belt ran benegth the blades. The belt was 22.7”
wide and extended 120mm (0.48 chord lengths) upstream of the leading edge plane and
255mm (1.02 chord lengths) downstream of the trailing edge plane. An AC motor drove
the belt with a variable-frequency controller and the maximum tangentia speed was
about 19m/s. By comparing the results between moving and stationary end wall a
substantial decrease in the gap flow rate was found as aresult of the wal motion. At the
test condition matching the flow coefficient of the actud turbine, the reduction was about
50 percent. Thistip-gap flow rate reduction is due to a generd reduction in the pressure
difference driving the fluid into the gap. From their further research into the structure of
the downgtream flow fidld (Yaras et al., 1992), it was found the strength of tip vortex was
reduced congderably with the introduction of wall motion. The passage vortex adjacent
to the tip-leakage vortex was enhanced by the scraping effect of the blades on the end-
wall boundary layer. Another phenomenon observed was the dragging of the two vortices
toward the suction side of the passage, partly blocking the tip-gap. This blockage seems
to raise the pressure a the gap outlet, thereby reducing the pressure difference for the
leskage flow.

In a compressor cascade, the direction of rotation is opposite to that for turbines
and isin the same direction as the tip-leakage flow. One might therefore expect the tip-
leakage vortex to be intensified and shifted toward the pressure side of the passage.
However, we are unaware any previous sudies usng moving end walsin linear
compressor cascade tunnels. Furthermore, most previous studies of compressor tip-
leakage vortices have been restricted to mean-flow measurements, and there is not much
understanding of turbulence structure, particularly at downstream of the blades where

Noise generation occurs.



The present study is part of broader program of research being conducted into the
turbulence structure of flow downstream of alinear compressor cascade with tip leskage
(Muthannaet al, 1998, Wenger et al, 1999). Detailed three-component velocity,
turbulence, spectral measurements and flow visualization have been performed a a
number of downstream positions and various tip clearances with a Sationary end wall.
Muthanna (1998) provided the detailed results and discussion of mean flow and
turbulence flow fidds.

The present sudy as performed in the same linear cascade wind tunnd facility,
but the stationary end dl has replaced by a newly designed moving-wall system to
simulate the relative mation between the blade tip and the engine casing. Thisstudy is
intended to complement Muthanna and Wenger' s investigations by investigating the
influence of relative motion on the tip leskage flow phenomenon and dso to provide data
use for the development and testing prediction schemes. The gpplication of our
measurements is to the development of the fan wake flow in large bypass ratio engines
and its potentia for the generation of noise through interaction with the stator vanes.



Chapter 2 Apparatus and I nstrumentation

The Virginia Tech Low Speed Cascade Wind Tunnel was used. Thisfadility was
built for the compressor-cascade studies of Muthanna (1998). The stationary end wall
used by Muthanna was replaced by a moving end wal system to smulate the relative
motion between the compressor blade tip and the engine case. Detailed measurements of

the flow field downstream of the cascade were made by using hot wire anemometry.
2.1 TheLinear Compressor Cascade

Figure 2-1 isthe picture of the test section of the Virginia Tech Low Speed
Cascade Wind Tunnel. Figure 2-2 shows the layout and dimensions of the linear
compressor cascade. Thiswind tunnd is driven by a centrifugd fan, which is powered by
a 15hp AC motor. Air from the fan passes through a diffuser, a settling chamber and a
3.88:1 contraction before entering the 30" 12" rectangular section that guides the flow
onto the cascade. How at the test section entrance is closaly uniform with avariationin
velocity of 1% across the section and of low turbulence intensity of 0.2%. The cascade
(figure 2-3) congsts of 8 cantilevered GE rotor B section blades mounted on a structure
built into the upper section that dlows individud adjustment of each tip gap height. Table
2-1 ligts the blade section coordinates normalized on chord, figure 2-4 shows the shape of
blade section. The blades are fabricated from aluminum and have a chord of 10" and an
effective span of just under 10" (figure 2-5). The cascade configuration has a rectangular
cross section of 65" “ 10". The blade spacing is 9.29". The stagger angle of the cascade is
56.93°. Theinlet angle of the cascade is65.1°. The blade tip gaps are adjustable, the
design tip gap being 1.65% of the chord, or 0.165". The gpproach free steam velocity
was 26nm/'s (measured by Pitot static probe mounted at upstream section), giving a
Reynolds number of about 400,000 based on the chord and approach free stream velocity.
Just upstream of the cascade, 1-inch high suction dots (figure 2-6) on the upper and
lower end walls remove the relatively thick boundary layers growing here. The new,



Table 2-1: Blade Co-ordinates (normalized on chord)

Lower surface Upper surface
x/c ylc x/c ylc
0.000000 0.000000 0.000000 0.000000
0.000435 0.000596 0.000060 -0.001491
0.001413 0.001047 0.000923 -0.003169
0.002926 0.001323 0.002598 -0.005009
0.004966 0.001388 0.005091 -0.006975
0.007524 0.001209 0.008414 -0.009021
0.010599 0.000777 0.012579 -0.011102
0.014200 0.000137 0.017595 -0.013180
0.019048 -0.000748 0.023465 -0.015238
0.029117 -0.002550 0.030187 -0.017291
0.039178 -0.004300 0.037745 -0.019400
0.049233 -0.006001 0.045855 -0.021590
0.096961 -0.013419 0.093151 -0.033478
0.144562 -0.019783 0.140592 -0.043940
0.192059 -0.025156 0.188155 -0.053027
0.239468 -0.029599 0.235822 -0.060789
0.286809 -0.033171 0.283572 -0.067278
0.334100 -0.035929 0.331389 -0.072544
0.381356 -0.037929 0.379254 -0.076640
0.428588 -0.039220 0.427156 -0.079613
0.475794 -0.039826 0.475098 -0.081487
0.522983 -0.039750 0.523069 -0.082262
0.570167 -0.038991 0.571058 -0.081938
0.617353 -0.037568 0.619059 -0.080492
0.664516 -0.035603 0.667097 -0.077670
0.711679 -0.032997 0.715151 -0.073277
0.758887 -0.029596 0.763179 -0.067158
0.806192 -0.025241 0.811130 -0.059163
0.853654 -0.019769 0.858947 -0.049143
0.901342 -0.013007 0.906564 -0.036954
0.949328 -0.004778 0.953911 -0.022461
0.959464 -0.002843 0.963827 -0.019107
0.969617 -0.000834 0.973727 -0.015645
0.979787 0.001253 0.983610 -0.012072
0.989977 0.003419 0.993477 -0.008389
0.993047 0.004088 0.996438 -0.007260
0.997043 0.003561 0.999467 -0.004667
1.000000 0.000000 1.000000 0.000000




tangentidly uniform, boundary layers that grow from the suction dot leading edges are
tripped by aboundary layer trip (0.38"-wide strip of 0.02"-diameter glass sanding beads
goread in asingle layer) located at 5.34” upstream from the blades leading edge line
(2.25" axidly). The thickness of this boundary layer isabout 0.25” asit crosses the
leading edge plane of the cascade midway between the blades. Smilar boundary layer
trips, 0.25” wide, were attached 1’ downstream of the leading edges of the blades to
eliminate any unsteadiness or non-uniformity that might result from naturd trangtion

here.

The angles of the wind-tunndl sdewalls downstream of the cascade are
adjustable, enabling the turning angle of the flow to be set 0 asto diminate any net
tangentia pressure gradient. A turning angle of 11.5° diminated dmost dl this pressure
gradient and produced a closaly periodic flow through and downstream of the middle
three passages of the cascade (see section 2.7). Screens attached to the downstream end
of the test section (figure 2-7) were used to raise the pressure in the test section above
atmospheric to ensure the proper operation of the boundary layer suction dots. Further
detals of the cascade and wind tunnel are given by Muthanna et al, 1998.

2.2 The Moving Wall System

The moving wal system was designed to fit into the cascade tunnel and replace
the gationary wal with the minimum re-congtruction of the cascade wind tunndl itsdlf.
To completely crossthe 7 flow passages and clear the test section structure, the upper
surface of the moving belt had to be at least 175" long. In order to extend at least two-
chord lengths axialy downstream of the trailing edge plane of the bladesaswell asa
short distance upstream (to provide some skew in the inlet boundary layer), the belt had
to be at least 27" wide (figure 2-9). To Smulate the rotationa peed of the compressor
rotor being modeled, the wall speed had to match the tangentia velocity of the free
gream (figure 2-9). The terms tangentid and axia are used here to mean pardld and
perpendicular to the leading edge plane respectively, by andogy with an actud
turbomachine. With a free stream ve ocity of 26m/s, the belt speed is 26.0° c0s24.9° =
23.6m/s. The belt vibration had to be minima compared to the tip gap, and amoving wall



system that could be run continuoudy over a2 hours period (typica time taken for a
complete set of hot-wire measurementsin one plane) was needed.

Bascdly, the moving wal system isamoving bt driven by rollersand
supported by adide bed. Figure 2-8 is a schematic of the moving wall sysem ingdledin
the wind tunndl. To provide the passage for the moving belt, two gaps are made between
sgdewdl and the moving wall surface. The height of these ggpsis 0.25”, the gap length is
42’ measured from the trailing edge line of blades

2.2.1 Main Frame

The rollers are mounted on a sted frame (figure 2-10). The main frame of the
moving wall sysemisa 184" 36" rectangle frame made from welded 6” 2" 0.25" sted!
box section. All other parts are ingtdled on this frame whose rigidity fixesthe rdative
positions of therollers. The frameis braced using 5 cross beams made of 3" 1.25™ 0.25"
"C"-section sted channel. Ten legs, so made from this channel, are designed to support
the main frame. The distances between these legs are non-uniform in order to avoid
conflicting with existing tunnd structure. During the assembly, it was found thereisno
enough space to mount the first leg a downstream sde. So only 9 legs were used. The
top of the main frameisnomindly 42" from the ground. Bolts attached to the legs
dlowed the height of the main frame to be adjusted. These bolts can be aso used to
adjust the leve of main frame. After adjustment, the legs are fixed to the laboratory floor
using 3/8" anchors to reduce the vibration of the whole system.

2.2.2 Moving Belt

The choice of the belt materid isvery critica. Yaras and Solander (1992) used
synthetic rubber belt. Such belts are very durable, but they are also quite thick (>1/8”)
and heavy s0 that their inertia can make them a hazard if the belt system falls a high
Speed. They are dso not easy to join on Ste, which can make ingalation alengthy
process. In our system we chose instead to use belts fabricated from Mylar film. This
kind of film isinexpengve and available in various thickness and widths. The 0.01" thick
film, which we chose, has very high tendle strength and low flexibility under tenson.
This characterigtic isimportant to keep the belt tracking a high speed. The mass of the
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belt is much smdler than the rubber belt, so it carries much less momentum and risk. An
important advantage of the Mylar belt isthat it can easly be joined &fter it isingtaled on
the roller system. To join the belt, two ends of the belt are over-lapped by 1.5", and
welded using asoldering iron at severd hundred of points (figure 2-11). The welding
points are 3 to 4mm in diameter, the two ends of belt are melt together at these points and
give high strength to shear stress. Thisjoinis easly peded, so scotch tapeis used to
cover the joint surface. It takes about 2 hours to build and ingtal anew belt by this
method.

Thejoint region of the belt is 0.02" thick and 1.5" wide. The overlgpped regionis
only about 0.5% of the whole belt length. The overlap makesa 0.01” step, which is 6% of
the tip-gap Size. This step may introduce some disturbance to the flow field.

The windward edge of the belt, which lies just upstream of the leading edge
plane of the cascade, is protected using a 1.25"wide cover made of 0.005"-thick Mylar
film (Figure 2-9). The cover prevents the edge of the belt from being lifted by the
oncoming flow, at the cost of a0.005™ step experienced by the end-wal boundary layer
asit flows from the gationary to moving sections of the end wall. Figure 2-10 isthe
picture of moving wal sysem ingdled in the cascade wind tunndl.

223 Raollers

Two 8"-diameter 30"-wide high-procession rollers manufactured by Timesavers
Inc. were mounted &t either end of the frame. These type of rollers are commonly found
inindugtrid sanding machines, where they are used to prope sanding belts of smilar
dimensons and at Smilar gpeeds to the present moving end wall. Both rollers were
dynamicaly baanced at 2000rpm by the manufacturer. The driveroller (top right of
figure 2-8) has aflat surface lagged by 0.2-inch thick rubber. The driven roller hasa
3/1000" crown & its center to improve the tracking capability of the belt. The drive roller
is mounted on a pair of SellMaster® RPB-208-4 split bearings. The driven roller is
mounted on a pair of SeelMaster® 12T2000D take-up bearings and a Dodge® CP400
take-up frame (figure 2-12). The adjustment nuts on the frame are used to set the tension
of the belt during operation.
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2.2.4 Sider Bed and Bdt Suction

A dider bed (platen) is used to support the belt as it passes undernegth the blade
tips and maintain the Sze of tip-gap. The plat was origindly to be built from high-dengty
polyethylene (HDPE) — amaterid smilar to Teflon. Initia tests, however, showed that
the HDPE had a tendency to bond to the Mylar belt at higher speeds and so a ¥4*thick
fin-form plywood bed was used insgtead. Thiskind of plywood has an epoxy finished
smooth surface, is easy to machine and generates relatively little static eectricity when
using apladtic belt.

A commonly used method to hold amoving belt flat is by using suction. Yaras
and S§olander (1992) built a suction box on the back of their dider bed. In our
configuration this was unnecessary because the screens at the test section exit aready
provided sufficient pressure difference across the bed. With screens, the pressure
difference ingde and outside the tunnd is 0.154 inch of water. To make use of this
pressure difference, some 80 suction grooves were cut into the upper surface of the bed.
The layout of the groovesisfigure 2-12. 1/8” diameter holes were drilled through the
plate to connect the grooves to ambient (figure 2-13). The upstream parts of the 7 long
grooves (roughly parale to the downstream flow direction) begin near the pressure sde
of blades and extend to downstream. These grooves are designed to dampen the belt
vibration and maintain the tip gap Sze. The running test showed that these grooves are
unnecessary except the one near blade 2. And too much suction will introduce large
fraction drag and reduce the lifetime of the belt. So these long grooves (except the one
near blade 2) were blocked by taping the holes undernesth of the bed.

2.2.5 Belt Drive and Speed Control
The belt isdriven by a 15HP AC synchronous motor. The power transmisson

from the motor to the drive roller is accomplished using a pair of Browning® 32HQ200
gear belt pulleys and a 2-inch wide Goodyear® gear belt that could transfer up to

30horsepower. The transmission ratio between the shafts of motor and driving roller is
1:1. The gear bdt transmission doesn't need precison adjustment and so only asimple
motor base is needed.



A TOSHIBA? Tosvert-130G2+ digital variable-frequency motor controller is
used to control the motor speed. The output frequency of the motor controller can be
varied from 0 to 83Hz, corresponding to roller rotation speeds of up to 2420rpm and
linear belt speeds of up to 25.7 m/s. Figure 2-13 shows the motor and motor controller.

2.2.6 Belt speed measurement — the speed meter

A speed meter was devel oped to measure the moving wall speed directly. Figure
2-14 isthe schematic of the circuit. The speed meter has two modules: the sensor module
and processing module. The sensor module includes an infrared LED, an infrared photo
diode and an OP-amplifier and Schmitt trigger. The sensor module isingtdled about 0.5"
above the bet surface. The LED emitsinfrared light to the belt. The light reflected from
the belt surface is picked up by the photodiode. Thissigna is amplified and output to a
Schmitt trigger. Two plastic mirrors made from pieces of discarded CD-ROM discs are
glued on the surface of the belt. The mirrorsare 4" wide, 1.5” long and 0.05” thick. The
distance between the mirrors is measured. When properly adjusted (by adjusting the
distance between sensor and bt surface, or adjusting the gain of amplifier), the Schmitt
trigger outputs two narrow pulses when the mirror pair passes. The belt speed can then be
obtained by measuring the time between these two pulses. In the processng module,
these two pulses are trandferred to asingle pulse by using a D flip-flop (edge triggered).
Thewidth of this pulseis measured by counting aclock signd. Thisclock sgnd is
generated by a high-precison 1.544MHz quartz oscillator and a*“divide by 16 circuit”
(i.e. the counting signd has a frequency of 96.5kHz). The counted number is displayed
on the front panel by 3 LED 7-segment diplays. Figure 2-15 isthe picture of the speed
meter. As designed, this speed meter gives atiming read-out once every 5 revolutions of
the belt. The processing module doesn't convert the countered clock pulse numbersto the
belt speed but thisis easily obtained from the rdationship
_ Doorrors faou

Vbelt - N

Inwhich:
Vi - The speed of moving belt (in mv/s)

D The distance between the two mirrors (in m)

morrors
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f The frequency of counter clock (96.5kHz)

clock ~

N -  The Read-out of the counter

This speed meter aso provides two interfaces with the |aboratory computer. One
isa16-bit pardle dataport. The dataformat istable 2-2. Bit 0 to 11 isthe binary vaue
of the clock counter. Bit 14 and 15 are two Status bits. Bit 14 is 1 when the counter is
being reset. Bit 15 is 1 when the counter is counting the clock pulses. So the datain bit O
to 11 isvaid only when both Bit 14 and 15 are 0. The other isa BNC connector that
outputs the signd direct from the optical sensor module. The firg sgnd isused asthe
belt- speed measurement. The second could be sampled and recorded aong with hot-wire
sgnasto provide arecord from which the relative postion of the sensor, mirrors, the belt
joint and hot-wire probe can be inferred. Thissignd could used to diminate hot-wire
measurements made over the belt join during data processing (athough that was not done
in this sudy).

Table 2-2 The data format of soeed meter output
bit 15

bit O

REST | CONT| 0| 0| A11| A10| A9 | A8 | A7| A6 | AS| A4 | A3 | A2 | Al

A0

2.3 Operation of the Moving-Wall System

2.3.1 Start, Speed up and Tracking Control

The operation of the moving wall system includes adjustment and monitoring of
the belt tracking. The belt speed is controlled by a digital motor controller. The belt
position is maintained by adjusting the tension on the two sides of the belt using the take-
up bearings.

The bt tracking is particularly difficult to maintain when the belt isbeing
accelerated to or decelerated from its operating speed. We found it necessary to gradualy
speed up the belt in steps of about 10% of itsfina speed in order to maintain control of
the belt tracking. In practice, it takes 4-5 minutes to speed up the belt from 0 to 23.5my/s.
The belt speed is read from the speed meter.
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The suction gpplied using the groovesin the dider bed holds the belt flat but also
causes agreet deal of drag on the belt. The friction force between the drive roller and the
belt must be large enough to overcome this drag, and the belt strength has to be sufficient
to overcome the resulting tension (hence the choice of 0.01" Mylar, as opposed to
smaller). With the belt running, the abrasion of the Mylar belt on the dider bed produces
some fine powder. This powder becomes coated on the drive roller’ s rubber surface and
can reduce the friction factor between the drive roller and belt. This effect can be
countered by spraying the drive roller with a standard belt dressing (e.g. Prestone® Bdlt
Dressing) before ingdlation of the belt. The belt dressing can be gpplied on theroller and
continues to be effective for 1 or 2 hours. Any surplus dressing should be removed before
operation of the belt, to prevent the dider bed from becoming coated and producing
unnecessary drag.

We were concerned that the friction with the Mylar belt would generate large
amounts of gatic eectricity (the system does bear resemblance to alarge Van de Graaf
generator). Static eectricity can damage instrumentation and is a fire hazard. However,
for whatever reason, we found that grounding of the main frame and rollers and the use
of the plywood dider bed (as opposed to the HDPE version) reduced the static eectricity
build up on the belt passing over the dider bed to undetectable levels. Some Satic
eectricity build up is produced on the return side of the belt but thisremains at safe
levels

2.3.2 Safety I'ssues
The large scde and high speed make the moving wall system a danger both to the
human body and the expensive hot wire probes used. The following safety precautions
should be followed:
(8 Therotating parts of moving wal, such as pulleys, gear belt, must be covered.
(b) Ingpect the tunnd and make sure nothing left inside the tunndl before starting the
moving wall.
(¢) Thewind tunnd must be on during the moving wal running at high speed. The
reason is that without the suction effect applied by the flow the belt will jump
verticdly and may hit the blade tip or Sdewall.
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(d) For the same reason as (), the back screen must be in position when the moving
wadl isrunning.

(e) To avoid damaging the hot wire probe, the height between the probe and the
moving wal surface should not lessthan 0.2".

(f) The probe should be at least 5" above the moving wall during the wall speed up
and stop.

(g) Thebdt tracking should be monitored a al times.

2.4 Characteristics of the moving-wall system

2.4.1 Bdt vibration

The amplitude of the bdlt vibration as it passes underneath the blade tips was
measured by imaging the tip of one of the center blades (blade 5) and itsreflection in the
belt. Any vertica motion of the bt is apparent in vertica motion of the reflection.
Initidly a cathetometer was used to measure the belt vibration in thisway, but the
amplitude of the vibration was found to be smdler than the resolution of this device (<50
microns). A camera with magnifying lenses was therefore used to take close-up pictures
of the tip reflection. Some 30 pictures were taken with an exposure time of 1/500 second,
during which the belt would have moved about 5cm horizontdly. Figure 2-17 isatypica
picture from this set illudtrating the blade tip, its reflection and the instantaneous tip gap.
A high-resolution film scanner (2400dpi) was used to scan the negative films and
measure the tip-gap Sze by counting the image pixels. Averaging tip gap measurements
from the complete set of photographs we estimate the r.m.s. amplitude of vibration to
have been 0.0022+0.0004", approximately 1.3% of the design tip-gap of 0.165". Figure
2-18isapicture taken with the bet running but wind tunnd turned off (i.e. without belt
suction) The belt islifting by about 35% of the tip-gap Szeillugtrating the necessity of
suction.

2.4.2 Belt speed stability

Bdt speed gahility was not found to be asignificant problem once we had begun

to use the belt-dressing compound on the drive raller. Over atypical run time of 1.5 hours
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the belt- gpeed (measured using the speed meter, see above) was found to vary by about
+0.1%.

2.4.3 Belt surface temperature

Bdt temperature is another issue of concern. Heet is generated by thefriction
between the belt and the dider bed. If the temperature of belt surface wereto rise
sgnificantly, it would generate a therma boundary layer disrupting hot-wire
measurements, and possibly dtering the tip leskage flow. Two thermocouples mounted
above the belt some 6” upstream of its leeward Sde to sense any temperature gradient in
the flow produced by belt heating. One thermocouple was mounted 0.1” above the belt
surface (well within any likely therma boundary layer), the other was placed in the main
sream 5" above the bt surface. Table 2-3 lists the results of temperature measurements.
There appears to be no sgnificant temperature difference due to belt heating. Indeed the
belt remains cool to the touch even after extended periods of operation.

Table 2-3 Temperature M easurements

Time of Bdt 0.1" dation (°F) 0.5" gation(°F)
Running(min)

o* 79.1 79.0

5 80.3 80.1

10 80.3 80.2

15 80.4 80.2

20 80.5 80.3

25 80.6 80.4

*-- Both the Wind tunnd and the Moving wall are off

2.5 Hot wire Probe and Hotwire Anemometry

Two types of hot wire probe were used in the experiments. The TSI model
1218-T1.5 single hotwire probe is aright angle probe used to take the boundary layer
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measurements. The four-sensor hotwire probe (type AV OP-4-100) manufactured by
Auspex Corporation is used to measure the three- component vel ocity and velocity
fluctuation. Figure 2-19 isthe diagram of the four-sensor probe. The probe isaminiature
Kovaznay type probe with four sensors arranged in two orthogonal X-wire arrayson
eight stainless stedl prongs. Each sensor is made from etched tungsten wire of 5 microns
in diameter. The measurement volume for the four-sensor probe is about 0.5mm?.

Each sensor is operated with a Dantec 56C17/56C01 constant temperature anemoneter
unit. This system could give a frequency response greater than 20kHz when optimized
properly. Signas from each sensor are amplified by 10" amplifiers. A low-pass RC filter
ingde the amplifier limited the highest frequency less than 50kHz. Muthanna et a (1998)
gave the details of the examination of frequency response. The results show thet the
sensors have aflat amplitude response from 0 to a 3dB point close to 22kHz.

When making the measurements in the wind tunnd, the andlog signds from the hotwire
anemometer are digitaized and recorded by an Andlogic HSDAS-12 12 bit A/D
converter board ingtalled in alab computer. The A/D converter board has 8 channdls that
alowed taking the four-sensor signas smultaneoudy. Veocity cdibration of the probe
was performed ina TS jet cdibrator using Kings Law to correlate the output voltage
with the cooling flow velocity. The 3 velocity components are reduced from the 4 sensor
veocities by usng alookup table obtained by direct angle cdibration. Detailed
description of direct angle cdibration method is given by Wittmer et al (1998).

2.6 Traverse system

A two-axis traverse system was built specificaly for the cascade tunnd. Figure 2-
20 isapicture of the traverse. The traverse has two individua moving axes that alow the
probe to be moved verticaly and horizontally. Each axisis driven by a stepper motor
manufactured by Compumotor (model S75-83-MO) and controlled by a Compumotor
|F-1 3-channd stepper motor controller. The stepper motor controller communicated with
the lab computer through an RS232 serid port. The resolution of programmable traverse
movement is 0.001".
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2.7 Cascade Calibration and Setup

Before any measurements could be made, the wind tunnel had to be cdibrated.
The most important issues here are the setting of the blade tip gap and of the cascade
turning angle. Blade tip gap is set by adjudting each blade individudly using precison
gauge blocks. During adjusting care was taken to ensure that the blade remained
perpendicular to the end wall, and that the distance between the blades remained equd to
the normina blade separation of 9.29”. The tip gaps could be changed by adding shims
under the blade support structure. Table 2-4 shows the tip gaps measured after the setup

completed.
Table 2-4 Blade Tip Gaps
Blade # Leading Edge Mid Chord Traling Edge

(inch) (inch) (inch)
2 0.166 0.166 0.165
3 0.165 0.166 0.167
4 0.166 0.165 0.164
5 0.165 0.165 0.165
6 0.166 0.165 0.165
7 0.164 0.166 0.166

The turning angle is defined as the angle of flow downstream of the blade row
relative to the flow upsiream of the blade row. When the sdewall is parallel to the
downstream flow, the tangentia pressure gradients across the cascade will be eiminated.
To get the pressure distribution across the cascade, a Pitot- static probe was mounted on
the computer-controlled traverse and was used to take measurements of the static and
stagnation pressure across the cascade. The Pitot-static probeislocated at plane 4.54”
axialy downdream of the blade trailing edge lineand 0.5" and 5" above the end wall
(0.092 and 0.92 of the axid chord c,. It was found that the pressure gradient was
eliminated when the Sdewadl turning angle was s&t to 11.5°. Figure 2- 20 shows results of

the pressure measurements in terms of the pressure coefficients defined by:
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Stagnation Pressure Coefficient:

P-P
CpO: 0 ¥
I:zeo' P¥
Static Pressure Coefficient:
P-P
C, = i
P¥o - P¥

In these equations, Py and P are the stagnation and static pressure measured by the
moving Pitot probe, Pyo and Py are the stagnation and static pressure measured by a
reference Pitot probe located at the upstream section of the wind tunndl. In figure 2-21,
the horizontd axis is the probe position on z-axis of the coordinate system shown in
figure 3-1 and normalized by the axia blade chord ¢, = 5.46". The results show zero
pressure gradient and good periodicity across the of blade row.
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Chapter 3 Resultsand Discussion

Four sensor hot wire measurements were taken to give a detailed description of
the mean and turbulent flow field downstream of the compressor cascade. The coordinate
system used to present the resultsis given in figure 3- 1. In this coordinate system, the
originislocated on the lower end-wall midway between the leading edges of blades 4
and 5. The x-axisis perpendicular to the blade row leading edge line and the positive
direction corresponding to downstream. The y-axisis perpendicular to the end-wal and
positive into the flow. The z-axisis digned with the blade row leading edge line. All
distances are normalized on the axid chord of thebladec; = 5.46” .

Measurements were taken at 3 different axid locationsx/ ¢, = 1.51, X/ ca = 2.74
and x/ ¢4 = 3.75 downstream of the centra passage (between blades 4 and 5) over a
tangentid (2) distance equivaent to 150% of the distance between blade for the design tip
gap of 0.165". The measurement planes are shown in figure 3-2. Measurements at 1 axia
getion x/c, = 2.74 were al'so made for two other tip gaps of 0.083" and 0.330". All
measurements were made both with and without wall motion. Ve ocities are presented in
terms of the mean components U, V, W and the fluctuating components u, v, w. The mean
sreamwise velocity U is digned with the mainstream flow direction downstream the
cascade. According to the cascade turning angle (11.5°), U makes a 53.6° angle with the
x-axis. All the velocity results are normaized on cascade inflow free stream velocity Uy.
Thiswas monitored using aPitot static probe mounted at upstream end of the test section.
The Pitot static probe was located 6” above the lower end wall of upstream section and
72" upstream of the passage between blade 7 and 8. The velocity at the Pitot Satic is not
exactly Uy because of some diffusion occurring in the vicinity of the suction dots. The
flow decderates by 3% at the suction dot, but the mean flow direction remains closdy
aigned with tunnd axis (verified by four-sensor hot-wire measurements in suction dot-
region). The Pitot-static velocities were therefore multiplied by 0.97 to obtain Uy,

Rdative uncertainties for the velocity measurements were computed for 20:1 odds
(95% confidence), and listed in table 3-1.
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Table 3-1 Uncertainties in the measurements calculated at 20:1 odds

Quantity Uncertanty (20:1)
U, V, W + 1% Uy
u? +3%u?
vioow? +6%V2, +6%W
W oW uw +3%-~/uv?
tke (K) T 35%k

The moving wall system described in chapter 2 was used to Smulate the relative
motion between the blade tip and engine casing. During al the measurements with
moving wall, its soeed was fixed a 23.5m/s. This corresponds to the tangentid

component of theinlet flow speed of Uy = 26m/s. At all 3 measurement gations,

measurements were taken in both moving and stationary wall cases.
3.1 Inflow Boundary Layer

Single hot wire measurements were made to examine the inflow fied and inlet
boundary layer profiles. The measurement points are shown in Figure 3-3. The 3 profiles
arelocated at X/ ¢, = 0 and in the same relative position of passage 3,4 and 5 (Z/ ¢4
=1.95, 7/ ¢4 =0.248 and Z/ ¢, =-1.453). Figure 3-4 shows the boundary layer mean
velocity profiles. Figure 3-5 shows the turbulence intensity profiles. Veocity is

normdized on Uy The turbulence intendty u? isnormalized on U7 . The height above

the end wal surface is normaized on c,. These boundary layer profiles appear very
gmilar to each other, which is evidence for the uniformity of the inflow fidd. The
boundary layer parameters, boundary thicknessd , displacement thickness d* and

momentum thickness q are given in table 3-2.




Table 3-2 Boundary Layer Parameters

d /ca d*/cy 0/Ca
Passage #3, 7/ €, =1.950 0.046 2.10° 10 1.69 10°°
Passage #4, 7/ ¢, =0.248 0.048 2.15 102 1.75 10°
Passage #5, z/ C, = -1.453 0.047 2.12° 10 1.72° 10°°

3.2 Mean Flow Fideld

3.2.1 Overall Flow Structure

Figures 3-6ato 3-8a present contours of mean streamwiseveocity U at 3
downstream locations with end wall motion. The contour variables are normalized on the
inlet free sream velocity Uy Figure 3-6b to 3-8b are the mean cross-flow vectors (V, W).
V and W are dso normalized on Uy and the rdative magnitude of these vectors could be

compared with the reference vector (0.5U/Uy ) indicated on each plot. In both sets of
plots, the verticd axisis height above the lower end wall normaized by axia chord (ca
=5.46"). The horizonta axes corresponding to the z direction in figure 3-1, also
normaized onc,. Inorder to reved the flow that observer looking from the downsiream
to upstream direction, the aspect ratio of axes are adjusted in dl cross section plots.
Thefigures dearly show the overdl flow sructure downstream the compressor
cascade. The two vertica striped regions are the wakes of blades. Theright hand oneis
the wake of blade 5; the left hand oneis the wake of blade 4. At the first station (X/ ¢4 =
1.51), the center of the blade 4'swake located at z/ ¢, = -1.33. At thelast location (X/ ¢4 =
3.75), the center of blade 4'swake located at Z/ ¢, = -4.15. Connecting these two points
suggests an angle of 11.61° with the inflow direction, which agrees with the turning angle
of the flow measured from the geometry of sidewall. At the second location (X/ ¢, =
2.74), the wake center islocated at Z/ ¢, = -2.60 which is on the same sraight line
connecting the wake center at the other two stations. At al three positions, the distance
between the two wakesis 1.7 ¢, (9.297) that is consistent with the blade spacing.
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Thetip-leakage vortex flow from blade 4 dominates the lower hdf region and
produces large axid velocity deficit. The averaged mainstream velocity could be
estimated approximately by considering the cascade flow as 2-dimensiond
incompressible flow and gpplying the continuum relation on it. With the inlet flow angle
65.1° and turning anglel1.5°, the exit angleis 36.4°. From the equation:

Uy cos(inlet angle) = Ugownstream SiN(EXit angle)

The downstream mean stream velocity is0.71Uy. This vaue agrees with the
measured result of 0.705Uy, which was obtained by integrd the mean stream wise
velocity over the whole cross-section. At the other two downstream locations: X/ ¢, =2.74
and x/ c; =3.75, the mean vdue is 0.695Uy and 0.693Uy. This dight deceleration maybe
caused by the mass flow leaked from the two gaps between sdewal and the moving wall
surface described in chapter 2.

Table 3-3 Averaged Mean Streamwise Vel ocity

X/ ca=1.51 0.7057 X/ ca=1.51 0.7022
(Moving Wal) (Stationary Wall)

X/ Ca = 2.74 0.6976 Xl Ca= 2.74 0.6892
(Moving Wall) (Sationary Wall)

X/ Ca = 3.75 0.6959 X/ Ca = 3.75 0.6964
(Moving Wall) (Sationary Wall)

3.22Tip Leakage Vortex

Thetip leskage vortex is clearly visble on the meansiream wise velocity contours
asthe region of large velocity deficit at the lower region near the end wall. At x/ ¢,
=1.51, the crosswise velocity vectors dso show strong circular motion around the vortex
core. At x/ca = 1.51, the vortex from blade 4 is located between the wakes of blades 4 and
5 but has begun to mix with the wake of blade 5. At x/c, = 2.74, the vortex center is
further to the right and the maximum ve ocity deficit point islocated a the same z
position of the wake center of blade 5. At x/c, = 3.75), the vortex center moved to the
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right of the wake center of blade 5. At the second and third location, the tip-leskage flow
from blade 3 aso occupies an important part of the passage between blade 4 and 5. When
traveling downstream, the vortex also becomes larger and influences alarger area of the
flow field near the lower end wall.

Congdering the tip leakage vortex from blade 4, the peak mean stream wise
velocity deficit (compared to the mainstream ve ocity, normalized on approach free
stream velocity Uy) and the location at which it occurs are listed in table 3-4.

Table 3-4 Pesk Velocity Deficit normalized on Uy

Peck velodity defiGit Y Ca 7 ca
X/ Ca= 151 0.33 0.11 ~2.66
Xl Ca = 2.74 0.19 0.14 “4.25
X/ Ca = 3.75 0.12 0.23 -5.85

The peak deficit drops rapidly as the vortex develops downstream and thereisa
2.9 fold decrease during the total 2.24 ¢, axid distance. The shape of the region that has
large velocity deficit is dso changed during the development of vortex downstream. At x/
Ca = 1.51, the vortex core regionisawdl defined smdl round region. At X/ c; =2.74 and
X/ cq =3.75, the vortex core is merged with another high deficit region that extends from
the end wall perhaps caused by the non-dlip condition.

On the crosswise velocity vectors of x/ ¢, =1.51, the strong cross flow field
clearly shows the vortex structure and the vortex core. At x/ ¢ =2.74, the cross flow
vectors are much weeker but the vortex structure is still clear. At X/ ¢, =3.75, the vortex
sructure could not be seen very clearly and there no well-defined vortex core. Another
phenomenais the development of the crosswise flow near the end-wall surface. From x/
Ca =1.51to X/ c4 = 3.75, the crosswise velocity vectors near the wall become pardld to
the wall surface and their magnitude increases. That shows the influence of the moving-
wal motion.

Another viewpoint to see the tip leskage vortex is the vorticity distribution. Figure
3-9 to 3-11 show the contours of mean streamwise vorticity defined by:
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Thevorticity isnormdized on Uy/c,.

The partid differentials are taken with respect to the coordinate directions x,, y1
and z dligned with the mean velocity components, U, V and W (shown in figure 3-1) .
All the differentidsdong x, direction are taken to be zero. The contours indicated that
the tip leakage vortex decays rapidly asit develops downstream. Only a x/ ¢, =1.51, the
vortex core region iswell defined. From x/ c; =1.51 to x/c; =3.75, thereisa 3.9 fold
decrease of the vorticity at the core region. The other interesting region is the one on the
upper right of the tip leskage vortex that has negative vorticity, perhgpsindicating a
vortex rotating in the opposite sense asthe tip leskage vortex. This vortex iswell defined
a x/ c; =1.51 to x/cy =2.74 gations, but decays more quickly than the tip leakage vortex.
A 5fold decrease of vorticity was found fromx/ ¢, =1.51 to X/ c; =3.75. Also, this

secondary vortex is not well defined in the cross vectors.
3.3 Turbulent flow field

3.3.1 Overall Turbulence Flow Structure
Two parameters to describe the turbulent flow field and its development
downstream the compressor cascade are the turbulence kinetic energy (tke) and tke
production. The tke isgiven by:
U +v2 +w?

2
Where U2 , vZ and W2 are Reynolds normal stresses. Figure 3-12 to figure 3-14
presents contours of tke at the 3 downstream locations. The tke vaues are normaized on
U2 . Thevertica and horizontal axes are normalized on the axia chord c,. The contours
of individua Reynolds stress components (normal stress and shear tress) are givenin
figure 3-21 to figure 3-23. All these components are dso normalized on U/ .

Thetke production is computed by ca culating the contribution of al 6 individud
stress components, it is given by the equation:

26



SISV SIW = UV U W YT

-u — - W(—+—)- uw(—+—) - vW(—+—)

™ Tz, Ty, % Tz % z, v

Where uv, vw and uw are Reynolds shear stresses.

The derivatives dong x; were taken as 0. Figure 3-15 to 3-17 show the
digtribution of tke production at the 3 downstream locations.

The shape of the contours of tke is Smilar to that of the siream wise mean velocity
contours shown in figure 3-6a to 3-8a. The high turbulence regions indicate the wakes of
blades 4 and 5 and the tip-leskage vortex. The overdl flow dructure isidenticd to the
gructure indicated by mean stream wise velocity contours. The tip leskage vortex
dominates the end-wall region.

3.3.2Tip Leakage Vortex

At x/ ¢ =1.51, the region with highest tke is around the vortex core (the region of
high velocity deficit). From figure 3-21, the largest contributor to tke is the component

W’ . For the Reynolds shear stresses, uv and uw are more dominant. At the downstream
dations, another high-tke region develops at the podition where the flow islifting from

the end-wadl. At x/ c, =2.74, the tke in the two regions has roughly the same leve. At x/

Ca =3.75, these two regions have merged together. The tke at the vortex center decreases

from 0.0129 at x/ c; =1.51t0 0.0048 at X/ c; =3.75. At X/ ¢4 =2.74, F and W arethe

dominant terms of the tke in the flowlifting region. The dominant roleof uv and uw
remained unchanged.

Looking at the tke production, a x/ ¢, =1.51, there are 3 high-production regions
with roughly the same production leve. Two of them are around the vortex core, the
other one isthe region where the tip leskage flow lifts away from theend wall. At X/ ¢,
=2.74, the production in the region around the vortex core is much less than the lifting
flow region. At x/ ¢4 =2.75, the core region has merged with the lifting flow region.
Comparing the shape of the tke/tke production contour with the shape and magnitude of
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individual Reynolds stress components, the terms with largest contribution to the tke

production appear to be uv and uw.

The tke production aso could be decomposed to two parts. The F uv and uw

terms of the tke production equation are the contributions to the production due to the
gradientsin the axia velocity, (heresfter referred to as streamwise contribution), and the

termsof v2 ,W and vw are referred to as crossflow contribution. Fi gure 3-18to 3-20

show the contours of streamwise contribution and crossflow contribution to the tke

production at the 3 downstream locations. The distribution and production magnitude

clearly show that the streamwise contribution is much larger than the crossflow
contributions. That means most of the turbulence is being generated by the axid deficit of
the tip-leakage vortex rather than its rotating mation.

The peak magnitudes of theindividua Reynolds stress components (normalized

on U/?) at different locations are listed in table 3-5. This table shows the decay of these

components aong the flow direction. It aso shows the relative importance of these

components. All the Reynolds stresses decay roughly at the same rate. The three

Reynolds normd stress components have roughly the same magnitude. The three

Reynolds shear stress components aso have the same magnitude. The norma stresses

are, of course, larger than shear stresses but they are in the same order, so none of these

components are negligible. In the three shear stresses, only uw has both hi gh positive and

negative values, but the large pesk negative vaue (-2.6/-2.6 10°%) occurring at x/ca=1.51
isnot in the tip leskage vortex.
Table 3-5 Peak Values of Reynolds Stress Components

x/ ca=1.51 Xl ca=2.74 X/ ca=3.75
02 9.3 107 54 107 3.9 107
V2 7.56 107 4.1 107 3.2 107
W 1.1 10° 5.0 107 3.7 107
w 7.3 10%-35 107 0.75 10%-2.4 107 -1.8 10°°
VW 1.62° 10%-2.8 10° | 248 10%-1.7 103 | 2.4 10%-1.16 10°
uw 3.3 10%-2.6"10° 2.2 10%/-0.7 103 15" 10°/-0.5 1073
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3.4 Spectral Results

Velocity spectrain the tip leakage vortex from blade 4 were dso taken by using
4-sensor hotwire probe. The sampling frequency was set to 50kHz. Spectra were formed
by averaging FFTs of some 50 records of length of 3000 samples. Figure 3-24 to 3-26
present the results of autospectra measured at 3 downstream locations. The autospectra

Guu, Gw, Guw arenormalized on cU ,, , where c isthetota blade chord length (10”). The

autospectra are plotted againgt the nondimensiondized frequency fc/U, . Thesmdl
picture attached on the plots shows the measurements position in the tip leskage vortex.
All the spectra show the typica character of fully turbulent flows. They have roughly
—5/3 dopesin theinertid subrange and the drop off at higher frequencies. In Gvv and
Gww plat, thereis adistinct spectra pesk at anormalized frequency of about 1 that
indicates some possibly organized motion in the vortex region. This peak corresponds to
afrequency of 98Hz. This frequency is much different from the vortex shedding
frequency in the blade wakes (about 420Hz) obtained by Muthanna (1998). No digtinct
gpectral peaks present in the Guu plots. The autospectra measured at location 5 at X/ ¢,
=1.51 are lower because this point was near the edge of tip leakage vortex and dmost
located in the free stream.

3.5 Effects of Tip-Gap Variations

Previous studies have indicated the blade tip gap height is an important factor that
influences the flow field downstream of a compressor cascade. To study thetip gap
height effectsin the moving end wall case, measurements are taken when both double
and hdf the design tip gap height. As motioned a chapter 2, the blade design tip gap was
0.165". So the doubled tip gap is 0.33” and halved tip gap is 0.083". Measurements were
made at X/ ¢4 =2.74 to examine the effects of tip gap.

Figures 3-27a and 3-28a show the mean sireamwise velocity contours for the
double and haf size tip gap. The crosswise velocity vectors at double and haf sizetip
gap are shown in figures3-27b and 3-28b. Comparing with the mean velocity contours

and crosswise velocity vectors measured with the design tip gap (figures 3-7), astrong
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influence of tip gap on the leakage vortex flow isvigble. The size of vortex region
increases with tip gap. At double tip gap, the crosswise velocity vectors showed strong
circular motion around the vortex center and the vortex center iswell defined. At design
tip gap, the vortex center till visible at the crosswise velocity vector, but the vector
meagnitude of circular motion isjust haf of the magnitude at double tip gap. At haf tip
gap, the vortex center is not well defined and the vector magnitude of circular motionis
much smaller showing that the tip leakage vortex isweek. The directions of crosswise
velocity vectors a the bottom of the figures are roughly pardld to the end wall indicating
the effect of end wall motion.

Figures 3-29 and 3-30 show the streamwise vorticity distribution at double and
hdf tip gap. The figure shows that athough the Sze of the vortex region increases with
tip gap, the peak vorticity remains roughly the same. The counter-rotating secondary
vorticity can be seen at dl tip gaps.

Figures 3-31 and 3-32 show contours of tke for the double and half size tip gaps.
Figures 3-33 and 3-34 are the contours of tke production. These figuresreved the overdl
gructure of turbulence flow field. At haf tip gap, the high tke levels are concentrated in a
single region around the vortex core. At norma and double tip gap, there are two regions
with high tke levels, oneis around the vortex core, another one is the region where the tip
leakage flow islifting up away from the end wall. The tke production contours show that
for dl 3 different tip gaps, the maximum tke production comes from the region where the
tip leskage flow islifting away from the end wall. tke levels in the vortex core reduce
with decreasing tip gap. Considering the streamwise and crossflow contribution (figure 3-
35 and 3-36), most of the turbulence is generated by the streamwise contribution at both
Cases.

Figures 3-37 and 3-38 are contours of the 6 individual Reynolds stress
components for the double and haf-sze tip gap. Table 3-6 shows the peak vaues of these

components. In the norma stress components, u? and W2 havethe largest contribution to

the tke. In the shear stress components, uvand uw have large values compared to vw.
All the six components will decrease when the tip gap reduced. All the Six components
have the same order of magnitude and are not negligible.



Table 3-6 Peak Values of Reynolds Stress Components

Doubletip gap Norma tip gap Half tip gap
U2 6.64 10° 54 10° 552" 107
V2 6.00° 10 4.1 10° 3.48 107
W 6.67" 10° 50 10° 4.81" 107
w 3.1 10%-282 10° | 075 10%-2.4 10° | 0.97 10%-2.14 10
W 3.6°10%-1.95 10° | 248 10%-1.7 10° | 0.64" 10%-1.12" 10
uw 2.3 10°%/-1.1 103 2.2°10°%/-0.7 10° | 1.68 10°/-0.64" 103

3.6 Effects of Moving Wall

Thetip leskage flow isformed and developed at the region near the end wall, so

the relaive motion between blade tip and end wall islikely to play an important role to
the formation and development of tip leakage vortex. To study the effects of the moving

end wall, measurements are taken with sationary end wall at the same location as

moving wal cases. All these measurements were made successively with the

corresponding moving wall measurements, minimizing any other differencesin

conditions between the two.

3.6.1 Mean Flow Fidld

Figure 3-39 is the comparison of mean stream contours at x/ ¢, =1.51 with and

without wall motion. To make the comparison dearly, both moving wall and Sationary
wall cases are plotted together using the same contour levels. The contours clearly show

the difference between the two cases. Firg, the shape of the tip leakage vortex is changed.

In stationary wall case, the vortex and vortex core isround. The vortex center is located

at yl c; =0.15, Z/ ¢, =-2.35. Inthe moving wall case, the vortex and vortex core are

dretched into an dliptica shape. In the moving-wall case, the vortex center is swept
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further across the end-wal than in the Sationary wall case and the vortex core remains
nearer the end wal, indeed part of the vortex flow has began to merge with the wake of
blade 5 in this case. In the gationary wall case, the vortex remains roughly half way
between the wakes of blades 4 and 5, and there is dmost no interaction between the
vortex flow and the wake of blade 5. The pesk mean streamwise velocity deficit at
moving wall caseis amaler than Sationary wal case, which indicates that the strength of
vortex issmdler in moving wal case. The contours aso show that the moving end wall
doesn't have much influence the part of blade wake away from the end wall.

The motion of thetip leskage vortex across the passage suggests that the vortex
axis and the maingtream axis are not digned one. Defining the vortex axis as the locus of
points of peak mean Streamwise vorticity, the vortex axis makes a 56.1° with the x-axisin
the moving wall case, and makes a56.6° angle with x-axis at stationary wall case.
According to the 11.5° turning angle, the mean stream flow has a53.6° angle with the x-
axis, 0 the vortex axis has an angle of 2.5° and 2.1° in moving wall and Sationary wall
cases respectively.

Figure 3-40 is a comparison of crosswise mean velocity vectors for the stationary
wall and moving wal casesa x/ c; = 1.51. The vector pattern clearly showsthe
formation of tip leakage vortex in both cases. The wadll jet flow driven by the pressure
gradient between the pressure side and suction side of blade 4 swegpt into the passage
between blade 4 and 5, lifts up from the end wall and rolls back to form a circular motion.
The two flow patterns dso clearly show the effects of end wall motion. In stationary wall
cae, thewadll jet flow lifts away from the wall a a much greater angle than in the moving
wall case.

Figure 3-41 is compares the streamwise vorticity distribution a x/ c; =1.51. The
contour levels are the same at two cases. At sationary wal case, the vorticity vauein the
vortex region islarger than the moving wal case. Cdculation of the circulaion around
the tip-leakage vortex by integrating the streamwise vortex in the vortex region (defined
by arectangle of height 0.3c, and width 0.6¢, centered on the peak vorticity location. The
rectangle region is the same in moving and Stationary wal cases) givesthe resultsis
listed in table 3-7 (normalized on Uy c,).
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Table 3-7 The Circulation around the Vortex (normaized on Uy Cy)

x/ c;=1.51 X/ c,=2.74 x/ c3=3.75
Stationary Wall 3.784 2.934 2.338
Moving Wall 3.346 2.178 1.915

Again, the circulation shows thet the tip-leskage vortex is stronger in the
dationary wall case a dl downstream locations.

3.6.2 Turbulence Flow Fidd

Figure 3-42 is comparison of tke digtribution a x/ ¢, =1.51 in the dationary wall
and moving wall cases. Figure 3-43 compares tke production. In stationary wall case,
there are two didtinct regionsin the tip leskage vortex that have high levd of tke. Oneis
around the vortex core, the other extends from the location where the cross-flow lifts
away from the end wall. In moving case, these two regions seem merged together. The
dationary wall has larger overall the tke production, however, the tke production
contours suggest that the mechanism of turbulence generation may be smilar in the two
cases. The maximum contribution to the turbulence generaion isin the region thet flow
being lifted from the end wal. The tke production is smaler in moving wal case, which
indicated wesker lifting flow. Separate tke production from streamwise and crossflow
contributions are compared in figure 3- 44.

Figure 3-45 is a comparison of Reynolds norma stresses. Figure 3-46 shows the

Reynolds shear stresses. The distributions of u? and v have appear Smilar in both cases

except that the peak stresses are lower with wall motion. Thew? distribution is different,
however, and the two digtinct high leve regions seen in Sationary wall case are merged
together in moving wall case. The peak value of W2 in moving wall caseislager.

Amongst the three Reynolds shear stress components, uv isthe least influenced
by the end wdl moation. It has roughly the same structure and magnitude in both cases.

But vw and uw clearly show the effect of moving wal. In moving wal case, the area of




high magnitude negative vw (centered at Z/ ¢, =2.7) in the stationary wall case appears
much smdler with wal mation and the stress magnitudes in this region are much smaller
than in the Sationary wal case. The magnitude of uw isaso smalerin moving wall

case. The uw contours also show some evidence of the interaction between the i p
leakage vortex flow and the wake of blade 5. In these two-dimensoana contour
presentations, the angle between the vortex axis and the coordinate system in which the
dresses are resolved could be afactor in influencing the digtributions. However, given
the fact that the angle between the vortex axis and mean flow axis were dmost the same

in both cases, the comparison between moving and Sationary wall resultsis ill vaid.

3.6.3 Development of Tip Leakage Vortex

One of the key characterigtics of the tip leskage vortex flow isthe circulating
motion around the vortex core. Figure 3-47 compares the crosswise mean velocity
vectors at 3 different locations in the stationary and moving end wall cases. The vectors
show the decay of tip leakage vortex downstream. In ationary wall case, the vortex
becames |larger when moving downstream. Meanwhile, the magnitude of the circulaing
velocity vectors becomes smaler, but the cross-sectiona shape of the flow pattern
remains the same. The circulaing motion is roughly symmetric around the vortex center
and the vortex center iswell-defined a al 3 locations. In the moving wall case, the
vortex flow region is digtorted by the wal motion at the downstream locations. The
circulaing moation is no longer symmetric and the vortex flow region is sretched in the
negative z direction. The vortex coreis not clearly defined at X/ c; =2.74 and x/ ¢4 =3.75.
The vortex region digtortion may be caused that the moving wall adding negative z
direction momentum to the tip leskage flow near the wall that tends to disrupt the
formation of the vortex structure obtained in Sationary wall case. From the andyssin
Muthanna (1998), it was found that the |ess satisfactory appearance of the vortex in the
cross velocity vector may be partly because the angle between the vortex axis and the
mean flow direction. But this should not be an important factor here because the vortex
axisangleisadmod identicd in the moving and Sationary wal cases.



Figure 3-48 is acomparison of the mean streamwise vorticity distributionsin the

dationary wall and moving wall cases. To make the comparison easier to read, the

contour levels are set the same at the 3 downstream locations. In both cases, the peak
vorticity decreases with distance downstream. Table 3-8 is the peek vorticity vaues at

both cases. In the ationary wall case, the peak vorticity decreases 2.8 fold from X/ ¢,
=151tox/ cqg= 2.74,and 1.61 fold from x/ ca =2.74 to X/ c; =3.75. In moving wal case,
the peak vorticity decrease 2.48 fold and 1.27 fold relatively. So in moving wall case, the

decay of peek vorticity isdightly smaler than Sationary wall case.

Table 3-8 Pegk Vorticity at Different Locations

x/ ca=1.51 Xl Ca=2.74 X/ €2 =3.75
Stationary Wl 3.46 1.24 0.77
Moving Wall 2.22 0.898 0.74

Figure 3-49 is a comparison of the tke contours. Again, the contour levels are set

to the same at the 3 downstream locations. The tke contours clearly show the shape of the

vortex flow region, they aso indicate the decay of tke levels with downstream distance.
Table 3-9 compares the peak value of tke at different locations. The data show the tke
level hasa 1.78 fold drop from x/ c; =1.51 to X/ ¢, =2.74 and 1.59 fold drop from x/ ca
=2.74 10 X/ c3 =3.75 in gationary wall case. In the moving wall case, the decrease is 1.88
and 1.42 fold relaively. So, in terms of vorticity and tke decay, thereis no substantia
difference between stationary wall and moving wall cases.

Table 3-9 Peak tke a Different Locations

x/ c,=1.51 X/ C,=2.74 x/ ¢, =3.75
Stationary Wall 1.37 10° 7.6° 103 48 10°
Moving Wall 1.24° 107 6.69 103 4.7 10°

In table 3-8 and 3-9, the most obvious difference between sationary wal and
moving wal case is the pesk vorticity value at X/ c; =1.51. Thismay indicate thet the

greatest effect of wal motion occurs at the early stages of tip leskage vortex formation




and development. There may be three possible mechanisms for the moving wall influence
the tip leakage vortex:

1. Themoving wal adds negative z-direction momentum to the tip leskage flow
which digtort and reduce the strength of the circulating motion that formsthe tip
leakage vortex.

2. Themoving wall drag the tip leskage vortex to further the right, cause the vortex
core to begin to mix with the blade wake. The wake- vortex interaction may
reduce the strength of the vortex.



Chapter 4 Conclusions

A large-scde moving end-wall system has been designed and built & the
Aerospace and Ocean Engineering Department of Virginia Tech. This system forms part
of alow-speed linear compressor cascade wind tunnd, where it is used to smulate the
effects of the reative motion between the blade tips and casing upon the flow. Four-
sensor hot wire probes were used to obtain the detailed flow fidd information
downstream the compressor cascade at three different axia locations (x/c,=1.51, 2.74
and 3.75). To reved the effect of the height of blade tip gap, the measurements were
meade at three different tip gap heights (0.165", 0.33”, 0.083") at one of these locations
(X/ca =2.74). At each Stuation, measurements were made both with and without moving
end wadl. The following conclusions are made from the results:

The moving wal system was designed, built and successfully used. A newly
devel oped method for manufacturing belt joins made it possible to use low-cost
Mylar film as the moving belt. The characteridtics of the moving wall such as
smdl verticd vibration (0.0022+0.0004"), high speed stability (£0.1%) and belt
temperature easily satisfied the project requirements. The bdlt lifetime was
satisfied the measurement requirement. A specia purpose speed meter was
developed and used to monitor the speed of the moving belt.

Both with and without the wal motion, the tip leakage vortex flow, which caused
by the pressure difference between the pressure sde and suction side of the blade
dominates the downstream flow field near the end wall. Thetip leskageisa
region with high mean sream velocity deficit and thereis, in most cases, a
sgnificant mean circular motion around the vortex core. The tip leskage vortex is
aso aregion of high turbulence levels. It is aso the source of turbulence. Mogt of
the turbulence is generated in the region where the tip leskage flow being lifting
up from the end wall surface. Autospectrainsde the vortex flow are typica
characterigtics of afully turbulent flow. The tip leskage vortex decays quickly

with distance downstream. The region occupied by the vortex becomes larger.
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The peak magnitude of mean velocity deficit, mean stream vorticity, tke and
Reynolds stress components al decrease. The height of blade tip gap has
important effects on the Sze and strength of the tip leskage vortex flow.
Comparison of the results with moving wal and Sationary wal showsthe
subgtantid effects of wall motion. Generdly, the moving end wall somewhat
reduces the strength of the tip leskage vortex. In the moving wall case, the vortex
region swept further in the direction of wall motion than in sationary wal case
and the shape of vortex region aso dretched by the moving wal. End wall

motion also tends to disturb the flow structure in the tip leskage flow. The circular

motion ingde the vortex region is not clear far downstream location. At Sationary

wall case, the circular motion is il well defined at far downstiream. The possible
reasons of the moving wall effects could be:

1. Themoving wal adds negative z direction momentum to the tip leskage flow
which distort and reduce the strength of the circulating motion that forms the
tip leakage vortex.

2. Themoving wall drag the tip leskage vortex to further the right, cause the
vortex core to begin to mix with the blade wake. The wake- vortex interaction

may reduce the strength of the vortex.

Wal motion gppearsto have a greater influence on the tip leakage vortex in
its early stage of formation. Although the moving wall only directly influencesthe
flow near the end wal surface due to the non-dip condition, it changes the overal
flow structure by changing the formation of tip leakage vortex flow. The moving
wall has no effect to the wake flow of the blades.
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Figure 2-7 Screen Attached at the end of Test Section
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Figure 2-12 The Drive Roller (Ieft) and Driven Roller (right)
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Figure 3-3 The Positions of Boundary Layer Measurements
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(Normalized on U¥2)
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Figure 3-44 Streamwise and Crossflow Contributions to
tke production at x/c; = 1.5
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Figure 3-45 Comparison of Reynolds Normal stress at x/Ca=1.51
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Figure 3-47 Development of Crosswise Velocity
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Figure 3-48 Development of Mean Streamwise Vorticity
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