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Air Force Research Laboratory, USAF, An experimental study of the effect of wake disturbance frequency on the secondary flow
Wright Patterson AFB, OH 45433 vortices in a two-dimensional linear cascade is presented. The flow Reynolds numbers,
. . based on exit velocity and suction side surface length were 25,000, 50,000 and 85,000.
Kambiz Vafai Secondary flow was visualized by injecting smoke into the boundary layer and illuminat-
Professor, Fellow ASME, ing it with a laser light sheet located at the exit of the cascade. To simulate wakes from
Department of Mechanical Engineering, upstream blade rows, a set of spanwise cylinders were traversed across the front of the
The Ohio State University, Columbus, OH 43210 blade row. The flow visualization results with a single wake disturbance reveal that the

recovery time of the secondary flow vortex structure decreases as the wake traverse
velocity is increased. The results of flow visualization with multiple wakes showed that
wake disturbance frequencies below the axial chord flow frequency allowed complete
recovery of the secondary flow vortex structure before the next wake encounters the blade
leading edge. Wake disturbance frequencies that exceeded the axial chord flow frequency
resulted in no observable recovery of the secondary flow vortex structure. Axial chord
flow frequency is defined as the axial velocity in the cascade divided by the axial chord
length of the turbine bladd S0098-220200)02203-3

Introduction ders were placed upstream of test blades to study the effect of

The losses in a turbine stage may be divided into three Cate%r]pulated wake interactions on midspan flow phenonErmrly

ries: endwall secondary flow loss, profile loss, and end wall t
clearance los¢Sharma and Butlel]). Secondary flow in a tur-
bine passage is created by two mechanisms: the boundary |
interaction with the leading edge creates a horseshoe vortex,
streamwise vorticity is created in the blade passage from the nfir Work. _ _
mentum defect in the boundary layer as the flow turns through thePT€Vious research efforts into unsteady wake disturbances on
blade passage. The vortices entrain the freestream flow and efigivnstream blade rows have concentrated on the mid-span region
wall boundary layer. As a result, secondary flow regions embo f, the turbine cascad_es. The research presented here will fc_)cus_on
considerable momentum losses resulting in total pressure los<B8, effects of wake disturbances on the secondary flow vortices in
which are detrimental to overall turbine efficiencies. the endwall region of a turbine cascade. During wake passing
The development of secondary flow in a stationary linear tugvents, four phenomena contribute to the dlsturbance of the sec-
bine cascade was documented by Wang ef2lusing still pho- ondary flow vortex structure. They are: the dynamic changes to
tography, smoke wires, and a laser light sheet. Their secondﬂ'ﬂ? inlet flow angle as a result of the velocity deficit in the wake,
flow vortex model accurately depicts the near endwall flow behathe effect of the velocity deficitnegative jex in the wake, el-
ior in a stationary linear cascade. Similar flow behavior was olgvated levels of turbulence in the wake, and wake disturbance
served in the present study, and shall be discussed later. frequency. The experimental effort presented in this paper will not
Low pressure turbine aerodynamics has received greater attggldress the quantitative distribution of these effects. The vortex
tion recently through efforts of Halste4d], Murawski et al[4], structure will be affected by dynamic changes in the inlet flow
Qiu and Simorj5], Lake et al[6], and Matsunuma et d7]. Itis angle. This will not result in the complete destruction of the vor-
well established that for some low pressure turbine blades, thattas. Secondary flow vortices will exist in high freestream turbu-
the flow Reynolds number decrease to low levels the profile loence environments. However, during a wake passing event the
increases. In a study of annular cascade flow, Matsunuma ettamporary change in local turbulence level, as well as, the velocity
[7] found that as Reynolds numbers decrease, the endwall passéeficit in the wake compound to destroy the secondary vortex
vortices increase in size, resulting in significantly higher secongtructure. In the gas turbine engine, wakes from upstream stages
ary flow losses. Gregory-Smith et §8], utilizing a linear turbine are generated continuously. The frequency of these wakes will
cascade, also showed that as the endwall boundary layer thickngge an effect on the stability of the secondary vortex structures.
increases, which occurs as Reynolds numbers decrease, the pashe purpose of this research is to investigate the effect of wake
sage vortices become broader. ) ) ) frequency on the secondary flow vortex structure. This research
Wake interaction occurs in the gas turbine engine environmeghs conducted in a linear turbine cascade in order to study the
due to the relative motion of the rotors and stators. Numeroggy field in greater detail than are possible in actual turbine en-
experimental efforts have been conducted in which moving cylnaames. The flow Reynolds numbers were 25,000, 50,000, and
85,000. To visualize the three-dimensional vortices, the boundary
Contributed by the Fluids Engineering Division for publication in tBNAL  |ayer flow was seeded with mineral oil smoke and illuminated by
OF FLUIDS ENGINEERING. Manuscript received by the Fluids Engineering Division . . . .
@alaser sheet. The illuminated flow was recorded using a high-

August 10, 1999; revised manuscript received March 27, 2000. Associate Techn :
Editor: D. Williams. speed video camera at 200 frames per second.

, Dullenkopf et al.[10], Han et al.[11], and Halstead12]).

sing moving cylinders to study the details of unsteady wake

{ggﬁrbances on a downstream blade row has proven to be a valu-
research tool, and we have employed a similar technique in
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Experimental Method —
Wake Generator

Experimental Apparatus. A linear cascade was employed to . Cylinder Assembly

study the low pressure turbine airfoil. A schematic of the test e

apparatus is provided in Fig. 1. Air is pulled through the apparatus P d ¢

by a 20 HP motor operating a centrifugal blower in the suction . léll)sttrfamt‘_Survey
ot Location

mode. Air flow through the test rig is controlled by a variable Camera 3

speed motor controller. The wind tunnel inlet bell-mouth directs ‘

the flow through a 53 cm square by 20 cm deep honeycomb flow D] /.g C

straightener. The flow continues through a 7:1 converging nozzle

to the 11.4 cm by 40.6 cm flow channel. Tailboards ~
The cascade used in this experiment is illustrated in Fig. 2. It

contains four geometrically identical, low pressure turbine blades

with an axial chord length of 10.36 cm, and a span-to-chord

length aspect ratio of 1.1. The suction surface length is 15.24 cm.

Relative
Velocity X Inlet Angle
Relative

- to Cylinder\

The pitch-to-chord ratidsolidity) is 0.88 and the flow is turned Inlet
through 95 deg. The three flow Reynolds number cases in this Cynnqe{wmw
study were 25,000, 50,000, and 85,000. Reynolds number is based Veloally
on exit flow velocity and suction side surface length.

The wake generator was designed to model an actual gas tur- Fig. 2 Test section

bine engine blade passage. The wake generator contains a moving
floor and ceiling shuttle into which cylinders are inserted. The
wake generator assembly is traversed across the tunnel in th%low Visualization

o - The test section walls are constructed of
transver irection. Th wak nerators traverse, remainj . . :
ansverse directio eS€ wake generaiors averse, remainipd, plastic for visual access to the test section. Smoke was pro-

s v o J°20 B o Ao Smoke generator which vaponzes minerl
9 y I. The smoke from the generator was injected into a 1.6 cm

stream of the blade rotor. The cylinders are located 6.35 cm up-
stream of the airfoil row. The wake generator cylinders are 9, ameter copper tube located at the upper and lower edges of the

. X X . - “Inlet of the bellmouth. The smoke was ejected through fourteen
mm diameter with a 91.7 mm pitch. The cylinders are drlveg 48 cm holes in the copper pipe. The smoke traveled into the
I

gc(;orfisth?hfclamt,\cl)tg?ttrr]aaysIzt?;ﬁcgias?;?ea\fv\éil%gtfirfwro?r]h%?/gscﬁo%"moum and remained within the boundary layer. This method
) : ) ’ flow visualization has some advantages over the smoke wire

was sustained by driving a push bar via 1 horsepower DC ;
electric motor. The velocity history of the translation slide Wamethod employed by Wang et 2] as the wires can create local

recorded using a slotted bar and a photo-diode assembly ?urbulence in the flow field, while the method used in this study
) does not create extra turbulence. This method has the same limi-

tation of requiring that the Reynolds number remain low in order
to record clear video images. The beam from a BNA:YVO,)
laser was expanded into a sheet to illuminate the flow, allowing
imaging of the smoke laden vortices. The laser emitted a visible
Inlet 432¢cm  514cm 26.0cm beam that was gree®32 nm). The location of the laser sheet is
T Plane < > | illustrated in Fig. 2. When the wake generator was not used, video
images were recorded at 30 frames per second using a Panasonic
— CCD camera with a 1:1.4 25 mm Electrophysics TV Lens, shutter

speed of 1/500th of a second, and lens aperture of f1.4. When the
Flow wake generator was used, a high speed video system was required
— Inlet to capture the vortex-wake interaction. High speed video images
™ were recorded at 200 frames per second using a NAC Inc. camera.
I The same lens was utilized, with a shutter speed of 1/2000th of a

second, and an aperture of f2.6.
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a8em | Flow Sraightener Instrumentation. Instantaneous local velocities were mea-
%Jf \ sured using a single element hot-wire probe. Mean inlet velocity
\ \l \ fdlatable and total pressure measurements were made using a pitot-static
69.8 cm | b probe. The airfoil's surface static pressures were measured using
\ | ‘ 22 static pressure ports installed at midspan on the surface of one
\ \J blade. The surface static pressure test blade was inserted in blade
‘X,/‘ ‘ \ position 2 in the test section. One pressure tap is located near the
‘ front stagnation point, nine surface pressure taps are on the pres-
\ sure side of the test blade and 12 static pressure taps are on the
suction side of the test blade. The ports are connected to stainless
1245 om \ Circular to stegl tubing manifolded to a Scanivalve selector. Three different
\ Rectangular Validyne pressure transducers were used to cover the range of
\ Transition cascade pressures. Instrumentation output voltages were acquired
o using a National Instruments Data Acquisition Board. National
Y " T Blower Exhaust | Instruments LabVIEW software was utilized for data acquisition.
— The experimental uncertainties were determined based on the
method of Kline and McClintocK13]. The uncertainty of the
‘ L < 149 KwMotor velocity measurements resulting from pressure transducers and
\ | single wire, hot wire anemometer velocity measurements was cal-
culated to be less than 2 percent. The maximum uncertainty in the
Fig. 1 Experimental setup pressure coefficient was calculated to be less than 4 percent.
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Results

Inlet Velocity Profile. To verify an acceptable inlet flow, a
velocity survey was performed using a single-element hot-wire
probe. The survey was taken two blade chords upstream of the
leading edges of the cascade blades at mid-tunnel height. The
maximum variation from the mean inlet velocity was 3.57 per-
cent, which occurred at a Reynolds number of 50,000. The aver-
age inlet freestream turbulence intensity was 0.61 percent.

Surface Static Pressure Surveys. Figure 3 illustrates the sur-
face static pressure survey for the cascade at the Reynolds num;
bers used in this study. For all Reynolds numbers, the flow is
attached for the whole length of the pressure side, which is the
lower portion of the plot. The suction side is the top portion of
Fig. 3. For all Reynolds numbers, the results show a separation

— [blade suction side
=== blade pressure side
ps [l prossure side leg of
vorex gyslem
&5 [ suckon side leg of
wories System
w [l induced wall vores
|pc I suction side
cormar vorbax
5c [l pres=ure sida
COFMEr Worbe

occurring near 68 percent axial chord on the suction side. The
largest boundary layer separation on the suction side was recorded
for a Reynolds number of 25,000. As the Reynolds number is
increased the point of flow reattachment moves forward, thus de-

Fig. 5 Secondary flow vortex structure model

creasing the size of the separation_ bubble. These results are siiminate a large portion of the blade passage. A two-dimensional
lar to those reported by Murawski et 4#] and Murawski and fjo region is still present at the exit of the cascade on the cen-
Vafai[14,15 in the same cascade used in this study, and Qui afhjine of each blade. The two-dimensional region is approxi-
Simon [5] and Lake et al[6] in larger test rigs with the same mately 2.54 cm in height.

blade goemetry.

The behavior of the secondary flow seen in this study is very

Secondary Flow Symmetry. The linear cascade in this ex-Similar to that observed by Wang et §2]. In Fig. 4 the second-

perimental study has a chord to height ratio of one. At low Ref@Y flow vortex structure at the exit plane of the suction surface of
nolds numbers, large regions of secondary flow will exist. Figut@€ Plade contains four vortices. Figure 5 is provided to explain

4 is an image of the secondary flow as it exits the cascade. A Iar’@@

origin of these vortices in a linear turbine cascade. Figure 5

vortex is seen in the corner of the endwall and suction side of eagS created by applying the Wang et ] flow model to our
test blade. The vortices at the exit of the cascade have grownPi&Sent results. The largest vortex is the passage vortex, which is

—4A—Re =25000 |
—DO- Re=50000 |

- -9 - ‘Re=85000

0 10 20 30 40 50 60 70 80 9% 100
Percent Axial Chord

Fig. 3 Static pressure survey

Fig. 4 Secondary flow vortex structure at the Cascade Exit
Plane
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created from the pressure side leg of the horseshoe vortex system.
From the video it was seen that the passage vortex is very stable,
and remained fixed in place. Two smaller vortices are wrapped
around the passage vortex. Wang et[2].had shown that these
vortices are the suction side leg of the horseshoe vortex and a wall
vortex induced by the passage vortex. The fourth vortex is a small
suction side corner vortex which is present in the corner of the
endwall and the suction surface, under the larger multi-vortex
structure.

Wake Generator Motion. Three configurations of the wake
generator were tested. The first case was the wake generator op-
erated without any rods in place to study the effect on the vortex
structure of the moving shuttle without cylinders. The second case
was the wake generator fitted with a single bar, to study the re-
sponse of the secondary flow vortex structure to a single wake
disturbance. The third case was the study of multiple wakes, with
the intention to simulate the blade/wake interaction in real gas
turbine engines.

Figure 6 illustrates typical velocity histories for each of the
wake generator cases. Table 1 provides a summary of the wake
generator characteristics. The wake generator assembly traverses
from the pressure side toward the suction side of the blade set,
moving across the front of the blade set from blade 4 toward blade
1. The wake generator assembly velocity was varied by setting the
wake generator motor at 10 percent, 20 percent, 50 percent, and
80 percent of its maximum speed. The wake generator moves for
0.35 seconds for a motor setting of 10 percent, to 0.1 seconds for
a motor setting of 80 percent. The high-speed video camera
records at 200 frames per second, resulting in 70 frames for a
motor setting of 10 percent and 20 frames for a motor setting of
80 percent. The wake generator assembly motion and the high
speed video camera frame rate was more than adequate to record
the reaction of the vortex structure to the flow disturbances.

Characteristics of Wakes From Cylinders. The wake gen-
erator assembly was traversed at different speeds which results in
wakes with different characteristics. Table 2 presents the charac-
teristics of the wakes from the wake generator cylinders. This
experiment was conducted at three different Reynolds numbers

Transactions of the ASME
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Fig. 6 Wake generator velocities with motor control set at (a) 10 percent, (b) 20 percent, (c) 50 percent, and

(d) 80 percent

(25,000, 50,000, and 85,0p@nd four motor generator settingsin inlet angle is about 5 to 3. The change in flow Reynolds number
(10 percent, 20 percent, 50 percent, and 80 percent of total moéod relative inlet angle of the wakes has an effect on the wake/
speed. The relative inlet angle of the wake approaching the bladdade secondary flow interaction.

set varies with changes in the flow Reynolds number and wakeTable 2 shows that the Reynolds numbérased on relative
generator traversing velocity. At a steady inlet velocity, as theelocity and cylinder diametgfrom the wake generator cylinders
velocity of the wake generator cylinder increases the relative inletmain below 9000. The relative velocity is the velocity the wake
angle of the wake approaching the blade goes down. For the cgsaerator cylinder experiences by vector addition of the inlet flow
of Reynolds number of 25,000, the inlet angle varies by threefolatlocity and motion of the wake generator. At these Reynolds
from about 36 degrees at low wake generator sgeetke gen- numbers, the boundary layer on the wake generator cylinder is
erator motor setting of 10 percertb 13 degrees at the highestlaminar and the boundary layer will separate at 80 degrees from
wake generator speedwake generator motor setting of 80 perthe leading edge of the cylindéincropera and DeWitf16]).

cend. At the higher Reynolds number case of 85,000, the changeThe characteristics of the wakes from the cylinders were not
measured in this study. However, the cylinder wake characteris-
tics should not differ from the result reported by Halstead et al.
[12]. Halstead et al[12] measured the wake characteristic of cy-

Table 1 Wake generator characteristics -4l ! 1= WWdn ’
lindrical rods and summarized their findings in several graphs

Journal of Fluids Engineering

Gwake Wake | Steady |Frequency| Time at which we will use to estimate wake width, total velocity deficit,
enerator Case State of Wakes | Constant . . . . .
Motor Velocity {Hz) Velocity peak turbulence intensity and turbulence intensity width. The
Setting (m/s) (Seq) width of the cylinder wake at the leading edge of the downstream
None 0.90 None blades was 1.905 cm. The total velocity deficit of about 25 per-
10% | Single 1.00 None 0.295 cent, peak turbulence intensity in the cylinder wake of 14 percent,
Multiple 1.07 11,66 and turbulence intensity wake width of 3.096 cm.
None 1.59 None
20% Single 1.69 None 0.110 ;
Multiple 181 19.73 Moving Wake Generator Cases
S0 g,‘me ggg g‘me 0.037 Moving Shuttle With No Wake GeneratordVloving the
° N;Eﬁli;le 369 10,25 " shuttle with no wake generators was investigated to determine if a
None 451 None short duration moving floor segment ahead of the blade set would
80% | Single 4.78 None 0.021 destroy the secondary vortex structure. In this case, the 50-cm
Multiple 4.78 52.11 wide shuttle moves in front of the blade set, from the suction side
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Table 2 Characteristics of the wake generator cylinder Table 3 Single wake vortex recovery results

Reynolds | Wake Generator | Vortex Recovery
Wake Wake Case Relative Wake Number | Motor Setting (%) Time (Sec.)
Generator Inlet Angle Generator
Motor (degrees) Re # 25000 10 0.08
Setting 20 0.06
Reynolds Number = 25000 50 0.04
S 3555 5 80 0.04
one . one 10 0.06
10% Single 34.56 2259
Multiple 33.62 2309 50000 20 0.06
None 27.82 None 50 0.05
20% Single 26.91 2829 80 0.03
Multiple 25.88 2930 10 0.02 - 0.025
None 17.11 None 85000 20 0.02 - 0.025
50% Single 16.60 4478 50 0.02
Multiple 16.06 4625 80 0.02
None 13.74 None
80% Single 13.12 5734
Multiple 13.12 5734
Reynolds Number = 50000 and similar to that seen in Fig. 4. Blade 2 is located at the center/
None 2392 None right portion of Fig. 7. Blade 3, which is_ on the_left side of Fig. 7,
10% Single 42.90 3759 shows an undisturbed vortex structure in both images. In K. 7
Multiple 42.20 3810 the single wake generator cylinder is located upstream of Blade 2.
20% Sl\fggfe g 52 e At the left of Fig. 1b), the vortex structure on blade 3 is intact. At
Multiple 35.03 4361 the center/right portion of this image the single wake generator
None 26.87 None cylinder destroys the secondary flow structure.
50% Silllglci gggz gg;g A single wake disturbance is sufficient to temporarily disrupt
M;I‘Otge 65 Neno the vortex structure. The vortex structure was disrupted in every
80% Single 21.83 6994 case. Once the wake disturbance had passed, the secondary vortex
Multiple 21.83 6994 structure re-establishes quickly. The disruption-to-recovery time
Reynolds Number = 85000 recorded by the time-indexed high-speed video recorder varied
Nome 45.04 None with the wake generator motor speed and is presented in Table 3.
10% Single 47.35 5912 This table shows that for the lower Reynolds number cases
Multiple 46.88 5965 (25,000 and 50,000the vortex recovery time is reduced by half
None 43.65 None
20% Single 42.97 6390
Multiple 42.27 6465
None 34.60 None
50% Single 34.04 7764
Multiple 33.42 7904
None 30.52 None
80% Single 29.66 8937
Multiple 20.66 8937

toward the pressure side of the blade. For all the flow cases the
reaction of the secondary flow is similar. The moving wall seg-
ment in front of the blade set does not destroy the vortex struc-
tures. None of the vortices appear to change size during the dura-}
tion of the shuttle movement. The passage vortex is pulled closer
to the suction side. The vortices that ride on top of passage vortex
are also pulled toward the suction surface. The suction side corner
vortex remains intact and is also pulled toward the corner as the (a)
floor traverses across the front of the blade set. As the velocity of
the traversing floor is increased, the vortices react in the same
manner. The secondary flow vortices respond quicker as the speec
of the shuttle is increased. The moving floor never destroys the
secondary flow vortex system. However, the vortices respond
more quickly to the increased speed of the flow disturbance.

Single Wake Disturbances. A single wake generator rod was
traversed across the front of the blade passage to document the
reaction and recovery behavior of the secondary flow vortex struc-
ture. The data collected in Table 3 were recorded using a constant
source laser and a video camera with a 200 Hz frame rate. Images
captured from the high speed video camera were not of sufficient
quality for presentation in printed form. For illustrative purposes, &
clearer images were recorded using a pulsed laser and a digital s
camera with a frame rate of 30 Hz. Figure 7 presents the flow
visualization results with one wake disturbance event using the (b)
pulsed laser. The flow behavior seen is exactly the same as that
captured by the high frame rate camera. An undisturbed vortey 7 Flow visualization with single wake passing event. (@
structure is seen in Fig.(d) because the single wake generatoundisturbed vortex structure;  (b) one vortex structure intact
has not been activated. The vortex structure is relatively stalded one vortex structure destroyed
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when comparing the lowe$10 percentand the highest80 per- well mixed to contain coherent vortex structures. Before the wake
cen) wake generator motor settings. For a Reynolds number obntacts blade 2, the horseshoe vortex system on blade 3 has
85,000, the vortex recovery time does not differ in each case. Fecovered from the single wake disturbance. Immediately follow-
the lower Reynolds number cases the vortex recovery time is &ig the wake, the passage vortex reappears briefly without the top
fected by the large change in relative inlet angle and wake Rayding pressure side leg of the horseshoe vortex system. After-
nolds number. Using Table 2 and Table 3, it is seen that theards, three smaller vorticéwall vortex induced by the passage
largest drop in vortex recovery time occurs when the relative inlgbrtex, suction side leg of the horseshoe vortex system and suc-
angle is halved. For example, at Reynolds number 25,000, ttien side corner vortexrejoin the passage vortex in a semi-stable
vortex recovery timgTable 3 significantly reduces from wake system. It should be reiterated that this process occurs in a small
generator motor setting of 10 percent to 50 percent. Howevevindow of time, from disruption to resurrection of the secondary
when the Reynolds number is 85,000, the relative inlet angle orflpw vortex system.

decreases by 40 percent from the lowest to highest wake generatqr, | . . .
motor setting, resulting in only a minimal change in vortex recov-qvIUItIple Wake Disturbances. Al the_ wake generator cylin-
ery time. ders were installed to record the reaction of the secondary flow

For the lower Reynolds number cases, it was shown that th@rtex structure with multiple wake disturbances. The observa-

time for vortex recovery decreased because the relative angletI f1S 1N Table_4 were recorded by using a constant source laser
eet and a high spe€¢d00 Hz frame ratevideo camera. How-

the wake had decreased. Each wake of the wake generator cyﬁ . - . ; )
er, as in the previous section, the video images were not of

der may be viewed as a local region of highly turbulent, momeftve’ - S .
tum deficient flow. Each blade cuts the wake as it interacts wigti/fficient quality to present in printed format. Therefore, for illus-
ive purposes, Fig. 9 presents the flow behavior for multiple

the blade's leading edge, then each passage swallows a hi ke passing events with images recorded using a pulsed laser

turbulent slug of wake flow. When the relative angle of the wak - -
is decreased, the interaction time at the leading edge is decres®a @ digital cameré&30 Hz frame rate The flow behavior out-
ﬁged in Fig. 9 is similar to the flow behavior seen on the high

and the quantity of turbulent flow through the blade passage ed video. The disruption of the secondary flow vortex system

also decreased. These factors result in a quicker vortex recove . . ;
time q |SR§1 very dynamic process. Figuréad shows the undisturbed

Figure 8 illustrates a single wake disruption of the vortex sy¥2rex structure, prior to the start of the wake generation. The

tem in the linear cascade. The following sequence of wake afj@<e generator moves from left to right in this figure. In Fip)
vortex interaction resulted from studying the high-speed viddg® mu!tlple bar wake generator has entered thg wind t_unnel andis
images. As the shuttle containing the single wake disturbance c§J|Sturbing the vortex structure on blade(lgft side of image

inder moves, the entire vortex structure reacts to the motion of t @'le the _vort_ex strucj[ure from blade (2enter/right side of im-
floor ahead of the blade set by migrating closer to the sucti@¢g® "emains intact. Fig. @) shows the vortex structure has re-
surface. The wake first strikes the pressure side of blade 3. ered on blade 3 as the wake generator has moved to a point
wake is cut by blade 3, at the same time the leading edge hor@ddway between the cascade blades. The vortex structure is intact
shoe vortex is destroyed. The cut wake begins to convect through Plades 2 and 3. In Fig(@), cylinders on the multiple bar wake

the blade passage. When the wake encounters the suction sid rator ha_ve moved to a point in front of each cascade blade
blade 2, it disrupts the pressure side leg of the horseshoe vor results in the destruction of the vortex structure on both
system. At the same time that this occurs, the leading edge "fldes 2 and 3. N .
blade 2 will cut the wake, creating a highly turbulent slug that wil]_—Of €ach case the bar spacing is held constant. The velocity of
move through the blade passage. The highly turbulent slug is fjlg wake generator shuttle changes from case-to-case which re-
sults in a change in passing frequency of wake disturbance events.
Referring to Table 1, as the velocity of the wake generator system
increases the frequency of the wake increases. It should be noted
that at a turbine blade flow Reynolds number of 50,000, the time

— blaga suction side for the flow to traverse the blade set in the axial direction is
== blace pressure side approximately 0.0382 seconds. This may also be restated as an
g el axial chord flow frequency. The frequency of axial flow through

suction side leg the turbine blade cascade, is 26.2 Hz. The axial chord flow
-;’”“““;"”l‘:m frequency €;) for each Reynolds number case is provided in
B suction skis Table 4. _ _ _

T et Figure 10 illustrates the multiple wake passing results observed
I prosawo cido with the high speed video camera for a Reynolds number of

wiion 50,000. At the lowest wake generator motor sett{h percent

and 20 percent it was observed that the vortex structure was
disrupted by each wake passing event. However, the time between
each wake passing event is long enough to enable the vortex

Table 4 Multiple wake vortex recovery results

Wake Frequency of
Reynolds Generator Wakes ( ) fw Observation
Number | Motor Setting (Hz) }7
(%)
10 11.66 0.89 Recovery
25000 20 19.73 1.50 None
fr=13.1Hz 50 40.23 3.07 None
80 52.11 3.98 None
10 11.66 0.45 Recovery
50000 20 19.73 0.75 Recovery
fr=262Hz 50 40.23 1.53 None
80 52.11 1.99 None
10 11.66 0.26 Recovery
85000 20 19.73 0.44 Recovery
fr=44.5Hz 50 40.23 0.90 Recovery
Fig. 8 Single wake flow model 80 52.11 117 None
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(@)

Fig. 9 Flow visualization with multiple wake passing events.
(a) Undisturbed vortex structure; (b) One vortex structure de-
stroyed and one vortex structure intact; (c) Upstream wakes
about to destroy vortex structures; (d) Upstream wakes de-
stroying both vortex structures

structure to recovetsee Table ¥ The vortex pattern was short
lived, and was quickly disrupted by the next wake passing eve
At higher wake generator motor spee@gake generator motor

= blnda suction side
== Diacs prossuns side
Bl prossu s leg
of voriex system
| sustion side leg
of vorigy system
B incucsd wall vorins

B suction side
Corner worle

W prosoun side
oorner worto

Wk

Fig. 10 Multiple wake with vortex recovery flow model

lar manner as seen in the single wake disturbance case. Once the
wake passes the leading edge of the blade, the horseshoe vortex
begins to regenerate. For the Reynolds number case of 50,000, the
single wake passing disturbance case at 10 percent and 20 percent
wake generator motor setting established that the vortex structure
would reassert itself in 0.06 second$.6 H2. As seen in Table

4, the 10 percent and 20 percent wake generator motor setting
case for multiple wakes established wake frequency of about
11.66 and 19.73 wakes per second, respectively. Since the time
between wakes in the 20 percent case is less than the single wake
vortex reestablishment time of 0.06 seconds, we may conclude
that vortex recovery time is not as important as the ratio of wake
disturbance frequency to axial chord flow frequency. For both low
wake generator motor setting cases the frequency of the wakes
was below the axial chord flow frequency of 26.2 Hz. The sec-
ondary flow vortex system is able to reestablish and grow through
the blade passage before the next wake hits the blade leading
edge.

For Reynolds number of 50,000 and wake generator motor set-
tings of 50 percent and 80 percent of the maximum power, there
was no visible recovery of the secondary flow vortex structure at
the exit of the blade passage. Table 4 shows that the wake distur-
bance frequency for the wake generator motor setting of 50 per-
cent and 80 percent was 40.23 Hz and 52.11 Hz, respectively.
These wake frequencies exceed the turbine axial chord flow fre-
quency of 26.2 Hz. There is not sufficient time between wake
passing disturbances to allow for the recovery of the secondary
flow vortex structure in the blade passage.

Table 4 shows that the trend described above is valid for the
other Reynolds numbers. The vortex structure only recovers when
the frequency of the wake disturbances are below the axial chord
flow frequency.

'(r‘tonclusions
The present study investigated the reaction of the secondary

setting of 50 percent and 80 percgrthe interval between wake flow vortex structure in a turbine cascade with variable wake fre-
disturbance is so close that it will not allow the secondary floguency. Reynolds number was varied from 25,000, 50,000, and

vortex structure to regenerate.

85,000. The secondary vortex structure recorded in this study was

The wake disturbance destroyed the vortex structure in a simbmpatible with established secondary flow theory. Cylinders
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were traversed across the front of the blade row to simulate tiMomenclature
bine blade disturbances. The velocity of the wake generator as-

_ . _p.y/LaU2
sembly was varied from 1.0 m/s to 4.8 m/s. The high-speed cam-CP = local pressure coefficient Bin—Ps)/2 pUour)

era, with a frame rate of 200 frames per second, proved adequate & = wake generator cylinder diameter
to visualize the reaction of the vortex structure to the flow [+ = axial chord flow frequency
disturbances. fw = wake disturbance frequency

The flow visualization was carried out for three different cases, Psi = Static pressure along the blade surface
First, the movement of the wake generator shuttle with no wak&Tin = total pressure at inlet of the blade set
generators was investigated. The short duration shuttle motionR€ = Reynolds numberyoyr (SSL/v)
without wake generators did not destroy the secondary flow struc®SL = suction surface length _ N
ture. In each case, vortices remained intact and were temporarily 'Y = freestream turbulence intensity,dUjoca)
pulled to the pressure side of the turbine blade. The vortex strudour = average velocity out of the blade set
ture returned to its original configuration when the wake generatou;,,,; = root mean square of fluctuating component of stream-
shuttle stopped moving. The vortices respond quicker, but in a wise velocity
similar manner, as the shuttle speed was increased. Upear = local mean streamwise velocity
Next, a single wake generator rod was placed in the shuttle and x = distance downstream from cylinder
traversed across the front of the blade set at various velocities. v = kinematic viscosity
The single wake disturbance temporarily disrupted the vortex p = density
structure. When the relative inlet angle of the wake was decreased
by half, from the low to high speed wake generator assembly
cases, the vortex recovery times were decreased by half. The
higher wake generator velocity resulted in a decreased relathaeferences
inlet angle and a decreased quantity of higher turbulence wakeél] Sharma, O. P., and Butler, T. L., 1987, “Prediction of Endwall Losses and
flow through the blade passage. It was observed that the second- fgcondagg':'oz‘g’z in Axial Flow Turbine Cascades,” ASME J. Turbomach.,
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