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Summary

An experimental study of the suction side boundary layer on an airfoil under simulated low pressure
turbine conditions has been completed. Detailed measurements from the boundary layer have been
acquired under a wide range of experimental conditions. The data have been saved and analyzed and
results have been published. Models describing the flow behavior have been produced. The nature of the
boundary layer separation, transition to turbulence, and reattachment has been documented. Methods for
controlling the separation, transition and reattachment have been developed, experimentally implemented,
studied in detail through boundary layer measurements, and reported through publications. Ten baseline
cases without flow control were documented under high and low freestream turbulence conditions at five
Reynolds numbers of 25,000, 50,000, 100,000, 200,000 and 300,000 based on passage exit velocity and
suction surface wetted length. Boundary layer profiles were acquired at eleven streamwise locations
between the leading and trailing edge of the airfoil, documenting the steamwise component of the
velocity. Integral quantities such as boundary layer thicknesses and shape factors, as well as skin friction
coefficients were computed based on the mean velocity results. Turbulence statistics were computed
including the intermittency for the transitional flow. Large amounts of data were acquired at each
measurement location in every profile, which allowed the calculation of turbulence spectra at all
locations. The mean flow quantities, turbulence statistics and spectra have all been reported in the
publications listed below. Addition two-component velocity profile measurements were acquired at the
five most downstream measurement locations, where separation, transition, and reattachment occur. Mean
flow quantities, turbulence statistics and spectra were again documented for the two component
measurements, and included documentation of the turbulent shear stress and its spectra.

Passive flow control was investigated under the same 10 experimental conditions with the same
documentation at the five most downstream measurement locations. Passive control was first achieved
using two-dimensional bars located at the pressure minimum on the suction side of the airfoil. Cases with
three different bar thicknesses were fully documented, for a total of 30 new experimental cases. Cases
with three-dimensional passive devices were documented next. The three-dimensional devices were small
circular cylinders extending from the airfoil surface. Two different cylinder heights were considered,
matching two of the two-dimensional bar heights. The cylinders were located at the same streamwise
position as the two-dimensional bars. Many cases with different cylinder separations were documented.
Data were acquired at multiple spanwise locations downstream of the three-dimensional devices. Based
on the transition behavior and the spectral data of the baseline and passive flow control cases, a transition
model and correlation were developed and successfully compared to other experimental cases from the
literature. Passive flow control was successful at controlling the separation problem at low Reynolds
numbers, with varying degrees of success from case to case and varying levels of impact at higher
Reynolds numbers.

Active flow control was achieved using a row of oscillating (synthetic) vortex generator jets located
at the pressure minimum on the suction side of the airfoil. One case with low freestream turbulence and a
low Reynolds number of 25,000 was studied. All of the data acquisition and documentation noted above
were done for this case. Data were acquired at multiple spanwise locations to document the three-
dimensional nature of the flow downstream of the jets along the airfoil surface. Time averaged flow
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results were presented and phase averaged results were also computed to show the response of the
boundary layer to the unsteady jets. The active flow control successfully eliminated the large separation
problem for the low Reynolds number case.

Detailed documentation of the experimental conditions, descriptions of the experiments, experimental
results and modeling efforts are presented for all the experimental cases in the following publications.
Reprints are included in the appendix.

Journal Publications

1.
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s separated Flow Transition Under
Simulated Low-Pressure Turhine
Airfoil Conditions—Part 1: Mean
Flow and Turbulence Statistics

Boundary layer separation, transition and reattachment have been studied experimentally

Ralph J. Volino under low-pressure turbine airfoil conditions. Cases with Reynolds numbers (Re) ranging
Mem. ASME, from 25,000 to 300,000 (based on suction surface length and exit velocity) have been
Department of Mechanical Engineering, considered at low (0.5%) and high (9% inlet) free-stream turbulence levels. Mean and
United States Naval Academy, fluctuating velocity and intermittency profiles are presented for streamwise locations all
Annapolis, MD 21402 along the airfoil, and turbulent shear stress profiles are provided for the downstream
e-mail: volino@usna.edu region where separation and transition occur. Higher Re or free-stream turbulence level

moves transition upstream. Transition is initiated in the shear layer over the separation
bubble and leads to rapid boundary layer reattachment. At the lowest Re, transition did
not occur before the trailing edge, and the boundary layer did not reattach. Turbulent
shear stress levels can remain low in spite of high free-stream turbulence and high fluc-
tuating streamwise velocity in the shear layer. The beginning of a significant rise in the
turbulent shear stress signals the beginning of transition. A slight rise in the turbulent
shear stress near the trailing edge was noted even in those cases which did not undergo
transition or reattachment. The present results provide detailed documentation of the
boundary layer and extend the existing database to lower Re. The present results also
serve as a baseline for an investigation of turbulence spectra in Part 2 of the present
paper, and for ongoing work involving transition and separation control.

[DOI: 10.1115/1.1506938]

Introduction tant to separation than laminar boundary layers. A substantial frac-
tion of the boundary layer on both sides of a turbine airfoil may be

Modern low-pressurdLP) turbine airfoils are subject to in- . o .
. , ; - -transitional(Mayle [2]), so accurately predicting transition loca-
creasingly stronger pressure gradients as designers impose hlg er

A . - ion is crucial for accurate prediction of separation. Transition
loading in an effort to improve efficiency and lower cost by re-
ducing the number of airfoils in an engine. If the adverse preSSLﬁ
gradient on the suction side of these airfoils becomes stro
enough, the boundary layer will separate. Separation bubbles,
ticularly those which fail to reattach, can result in a significanﬁ
loss of lift and a subsequent degradation of engine efficiéeqy,
Hourmouziadig 1], Mayle [2], and Sharma et al3]). The prob-
lem is particularly relevant in aircraft engines. Airfoils optimize

rediction for turbine airfoils is complex and can depend on a
Gimber of factors, including the free-stream turbulence intensity
Tl), streamwise pressure gradient, airfoil curvature, surface
'[]ghness, and the unsteadiness associated with passing wakes
om upstream stages. Several transition mechanisms are possible
under engine conditions. May[e] classified the modes of tran-
(ﬁition as “natural transition” involving Tollmien-Schlichting

to produce maximum power under takeoff conditions may st aves; “bypass” transition caused by high free-stream turbulence
P P y ﬁother large disturbances; “separated flow” transition of the

exper?ence b_oundary layer separation at cruise c_onditions, dueS Qar layer over a separation bubble; “periodic-unsteady” transi-
the thinner air and lower Reynolds numbers at altitude. A compge, "\ iich might also be called wake-induced transition; and re-
o 0 “tion, ;
nen;$ﬁ|0|epcyl/ drop of 2% m."’“l/ toccur bettwee_n takeof:ja}[?]d ((:jr.lfjr'%rse transition. If transition occurs far enough upstream, it can
conditions In farge commercial fransport engines, and the di eﬁf vent separation. If transition occurs in the shear layer over a

ence cou!d be as large as 7% in smaller engines operatingsgha ration bubble, it will tend to induce boundary layer reattach-
higher altitudes. Component life may also be affected by mo ent. The lower the Reynolds number, the farther downstream

than an order of magnltuc(sHodson[_él]). Because the LP turblng transition will tend to occur, hence the problems associated with
produces the bulk of the net power in many engines, changes mrd formance at altitude

component efficiency can result in nearly equal changes in overallg, ;nqary |ayer transition has been studied extensively, and in
engine efficiencyWisler[5]). There are several sources for loss.eci%cent years several studies have focused on transition in the LP
in an engine, including secondary flows, but the suction sidg,ine” Halstead et d7] present a study from a rotating cascade
boundary layer has been identified as the primary source of l0S§&§, mitiple stages and FSTI characteristic of engine conditions.
in the LP turbine(Curtis et al.[6]). Prediction and control of tha adverse pressure gradients in this study were not strong
suction side separation, without sacrifice of the benefits of high@ﬁough to induce separation, however. Solorf@subsequently
loading, is therefore, necessary for improved engine design.  qgified the facility and provides documentation of separation
Separation on LP turbine airfoils is complicated by boundariyom a more aggressive airfoil. Gier and Ardgg] provide an-
layer transition. Turbulent boundary layers are much more resi§er example from a rotating facility. Boundary layers and sepa-
ration bubbles on flat plates subject to adverse pressure gradients

Contributed by the International Gas Turbine Institute and presented at the Int ave been considered in several studies. Recent work has included
national Gas Turbine and Aeroengine Congress and Exhibition, Amsterdam, The )

Netherlands, June 3—-6, 2002. Manuscript received by the IGTI, January 22, 2081‘.3 SIUdieS_ Of_ Hatman_and Waig0], Sohn et al[11], Lou and
Paper No. 2002-GT-30236. Review Chair: E. Benvenuti. Hourmouziadig§12], Volino and Hultgren13]and Yarag14]. On
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airfoils, either in cascade or single-passage cascade-simulat flag: blead air
studies have included Murawski et a1.5], Qiu and Simor16] /

and Simon et al[17]. Cascades with moving wakes, simulating

the effect of upstream blade rows, were utilized by Brunner et ¢

[18], Stadtmler et al.[19], Howell et al[20] and Kaszeta et al.

[21]. Numerical studies have included the work of Dorney et &

[22], Chernobrovkin and Lakshminarayafa3], Huang and

Xiong [24], and Thermann et 4R5]. A few studies have included

attempts to control transition and separation. Howell ef20] ) ?

studied modified airfoil shapes, Van Treuren et[@6] utilized -

vortex generators, and Lake et 7] considered various passive

devices including dimples. Bons et §28] showed considerable inlboard
success using both steady and pulsed vortex generator jets.
preceding list of studies, while long, is by no means inclusive. It
merely a sample of recent work, biased toward the most rece
studies.

Much has been learned from the work to date, but the nature
separated flow transition is still not completely clear, and existir
models are still not as robust as needed for accurate predicti
The present study expands the existing database. The flow throl
a single-passage cascade-simulator is documented under both |
and low FSTI conditions at several different Reynolds number
The geometry of the passage corresponds to that of the “Pak-
airfoil, which is an industry supplied research airfoil that is rep-
resentative of a modern, aggressive LP turbine design. This geom-
etry was used in several of the studies mentioned aljjdve—
17,21,23,24,27,28]), and the pressure profile from the suction sigg ;i \where all measurements were made Upstream of each
of this airfoil was matched in the flat plate study of Wolino an ! [

Hult 131, Previ K has included d tati t irfoil are flaps, which control the amount of bleed air allowed to
ultgren[13]. Previous work has included documentation a scape from the passage. These are adjusted to produce the correct

(based on suction surface length and exit free-stream velatity leading edge flow and pressure gradient along the airfoils. A tail-

low as 50,000(e.g.,[13,16,21]). The present work includes th : o ;
first complete documentatidito the author’s knowledgef cases :)(r):sr(sjucr)g gt]?:d?éﬁts sure side of the passage also aids in setting the
with Re as low as 25.’000' Also new is documentation .Of the ingle passage test sections have several advantages. For a
turbulent shear stress in the boundary layer under both high aé] en wind tunnel with fixed maximum flow rate, the single pas-
lovl\s FS.-:-" f th . | facili d | f th dsage can be considerably larger than a passage in a multi-blade
etails of the experimental facility and results of the Study, i, The Jarger size and simpler geometry can also result in
f.OHOW' The present paper f(_)cuses on mean and statistical quarl&'tter probe access. Previous studieg.,[31,32])demonstrated
ties. Part 2 of this work29] includes turbulence spectral resultsy,; the fyil flow field, including the three-dimensional secondary
providing evidence of the important transition mechanisms. flows near the endwalls, in a single passage can be set to match
that in a corresponding multi-blade cascade. The present test sec-
Experiments tion also has some advantages over flat plate test sections. First,
g'l_e airfoil curvature is matched. Second, with an adverse pressure
radient, suction is often needed to prevent separation on the wall

bieed ai
flap

Fig. 1 Schematic of the test section

Experiments were conducted in a low speed wind tunnel, dg
scribed by Wolino et al[30]. Briefly, air enters through blowers . X
and passes through a series of screens, a honeycomb, two setff osite a flat test plate.g., Volino and Hultgre13)). A cas-

chambers, and a three-dimensional contraction before entering TR simulator does not require suction due to the favorable pres-

test section. At the exit of the contraction, the mean velocity issurseingrlzd'zrgsgnégeaf)srgSIf:JZ Z'igg doxjatrt:; pé:lsssagi(;. of course. im-
uniform to within 1%. The FSTI is 050.05%. Nearly all of this g'e p 9 ges. ! !

free-stream “turbulence” is actually streamwise unsteadiness CESSIb|e to establish periodicity. Stage losses cannot be directly

frequencies below 20 Hz and is not associated with turbulent & 'e}e(;rc?\;\?r?s?rzgrcne\}vrfgg :2 ﬂt(l)qvgr(;?g;eonu?]rlliisltdhea?finezcrr]nzﬂlrtfi(-)tlyllggg
dies. The rms intensities of the three components of the unsteadi=. . o ' S -
ility. This limitation, however, is not prohibitive for the present

ness are 0.7, 0.2, and 0.2% in the streamwise, pitchwise and spani- . I -
wise directions, respectively. For low FSTI cases, the test secti dy. Primary concern is with boundary layer separation and tran-
ition, which occurin the passage. Although the downstream

immediately follows the contraction. For high FSTI, a passivi?:- ; :
grid is installed at the contraction exit followed/ la 1 m long wake may be different, the flow in the passage does match that of

| . . . multi-blade facility.
rectangular settling chamber. Details of the grid are available th . . . .
Volino et al. [30]. At the inlet to the test section the high FSTII Ten different cases have been documented including high and

mean flow and turbulence are spatially uniform to within 3 an W FSTI cases at five Reynolds numbers (85,000, 50,000,

- : h 0,000, 200,000, and 300,000he Reynolds number range is
6%, respectively. The free-stream turbulence is nearly isotro 9 T L )
with rms intensities of 8.8, 8.9, and 8.3% in the streamise, pitcﬁgpresentatlve of conditions from cruise to takeoff. The FSTI lev-

. . Lo . els in an engine may vary considerably, but the values in the
wise and spanwise directions. The integral length scales of theé%sent workgare belic)e,vedr)t/o span the rgnge of most interest. So-

components are 3, 1.6, and 1.4 cm. The integral scales were com- : :
puted from the power spectra of each component. omon[8] surveyed several studies that included wake effects and

The test section, shown in Fig. 1, consists of the passage be-
tween two airfoils. Details are listed in Table 1. Cascade simula-

- - - Table 1 Test section parameters
tors of this type have been used in studies such as Chung and P

Simon[31], more recently in the present facility by Aunapu et a| Axial | True | Pitch | Span | Suction [ Inlet | Exit
[32], and with the PakB geometry by Qiu and Sindi] and | Chord | Chord side, L, | flow | flow
Kaszeta et al[21]. A large span to chord ratio of 4.3 was chosef [mm] | [mm] | [mm] | [mm] | [mm] } angle | angle
to insure two-dimensional flow at the spanwise centerline of th_153.6 | 1704 | 136.0 | 6604 | 2286 35 60

646 / Vol. 124, OCTOBER 2002 Transactions of the ASME
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Table 2 Measurement stations locations, local acceleration rate (219 samples). All raw data were saved. The high sampling

(inviscid soln.), and measured local free-stream turbulence rate provides an essentially continuous signal, which is needed for
Sta- | s/L; | RekK Low Low High High intermittency and spectral post-processing. The long sampling
tion FSTI FSTI FSTI FSTI time results in low uncertainty in both statistical and spectral

w U VU WU, V/Uco quantities. Data were acquired at 60 wall normal locations in each

(%] [%] (%] (%] profile, extending from the wall to the free-stream, with most

1 o111 ] 1.8 0.44 52 points concentrated in the near wall region. The closest point was
2 0194 ] 1.20 0.39 4.6 0.1 mm from the wall, which corresponds y8L4=0.0004 and
3 10278 | 0.86 0.37 4.0 between 0.01 and 0.2 boundary layer thicknesses. Flow direction
4 [0361] 075 0.38 3.5 in a separation bubble cannot be determined with a single-sensor
5 10444 | 0.62 0.39 3.2 hotwire, but velocity magnitude can be measured and was found
6 0528 | -0.02 0.41 2.8 to be essentially zero within the bubbles of the present cases.
7 _[0611 | -081 047 0.05 29 59 Determining the direction was not, therefore, considered essential.
8 10694 | -0.95 047 0.12 3.0 6.2 At locations where the boundary layer was attached, local wall
9 [0777 | -0.58 0.48 0.14 3.4 6.6 shear stress was computed from the near wall profile using the
10 | 0.861 | -053 | 054 0.11 3.8 6.8 technique of Volino and Simofi33]. Uncertainties in the mean
11 | 0944 | -0.18 051 0.11 4.0 638 velocity are 3—5%, except in the very near wall regigri €5)

where near-wall correction®Vills [34]) were applied to the mean

velocity. Uncertainties in the momentum and displacement thick-
found FSTI values ranging from 1 to 5% between wakes and fronesses computed from the mean profiles are 10%. Uncertainty in
3 to 23% within wakes. Wakes can affect transition and separatitie shape factol, and the wall shear stress are both 8%.
in the boundary layer in three ways. First, the FSTI rises during aThe uncertainty in the fluctuating streamwise velocity is below
wake passage compared to the between-wake value. Second0%, except in the very near wall region, where spatial averaging
calmed region follows wake induced transition. The calmed floeffects become important in some cases. Ligrani and Bradshaw
is nonturbulent, but unlike a steady nonturbulent flow, it can H&5,36]showed that spatial averaging over the length of a hot-
very resistant to separation. Finally, independent of the FSTI &fire sensor can result in low apparerit Their experiments were
fect, each wake includes a mean velocity deficit, resulting in teffone in a fully-turbulent boundary layer with Re2600. The spa-
poral deceleration and acceleration as the wake passes. Lou g&daveraging effects become important when the sensor length is
Hourmouziadig12] separated this temporal effect from the wakgonger than the width of the smaller near wall streaks in a turbu-
turbulence effect, using downstream control to create an oscillggnt boundary layer. Ligrani and Bradsh#8b,36]found that the
ing velocity in their test section. In the present study, only steadypatial averaging effects become small when the dimensionless
flow is considered. While the significant effects of temporal aGensor lengths/u, /v, is less than about 25. The error also be-
celeration and calming are not present, the high and low FSIdmes smaller as the sensor is moved away from the wall. This is
cases of the present study do allow a means for evaluating igected since the average size of the turbulent eddies should
effect of wake turbulence level. increase with distance from the wall. The Ligrani and Bradshaw

Measurements. Pressure surveys were made for each ca&d?.36]results suggest that when the distance from the walk
using a pressure transdud@r870 Pa range Validyne transdu)cerlarger than the sensor lengti, that spatial averaging errors are
and a Scanivalve. Stagnation pressure was measured with a pifdiler 10% even for largéu,/v. Closer to the wall they showed
tube upstream of the passage inlet, and eleven pressure taps WE@'s inu’ as large as 30% wheriu,/v=60. .
located on each airfoil along their spanwise centerlines. Locations!n the present study;u, /v remains below 25 in all cases with
of the taps on the suction side are listed in Table 2 along wifRe<200,000. Spatial averaging is not, therefore, expected to be a
measured local FSTI components, and the ReK product at th@eblem, even near the wall. For the -R200,000 casesju. /v is
stations based on a nonseparating, inviscid solution. The press¥peve 25 at Station 11 of the low FSTI case and at Stations 9-11
distribution on the upstream portion of the suction side alway the high FSTI case, reaching values as high as 60. Spatial
closely matched the inviscid solution for flow over the airfoilaveraging should not be significant fpr-1 mm (y/Ls>0.004),

This allowed the use of the measured static pressure at the tHittt may cause errors as high as 30% closer to the wall. It is not
pressure tap on the suction side, along with the inviscid flogertain that the errors are this large, however. The momentum
solution for the passage and the upstream stagnation pressurdhigkness Reynolds numbers in the present cases are all below
determine the nominal passage exit velocity, which was used 80, which is significantly below the Be2600 value of the Lig-
normalize the measured pressure distributions. More conventigani and Bradshaw35,36]study. This may indicate less devel-
ally the measured inlet velocity and the inlet and exit flow anglegped turbulence in the present study, which could imply fewer
are used to compute the exit velocity. Because the velocity at thigall-scale eddies and lower averaging errors. For the Re
third tap is 1.9 times that at the passage inlet, and therefore easi&00,000 cases;u. /v reaches values as high as 90 at Stations
to measure, using the third tap velocity reduced the bias uncé® and 11 of the low FSTI case and Stations 9-11 of the high FSTI
tainty in the pressure coefficients, particularly at the lower Regase. As in the Re=200,000 cases, errors should be small when
nolds numbers. The uncertainty in the suction side pressure cogf1 mm, but may be larger closer to the wall.

ficients was 7% at the lowest Re, and below 4% in other casesA boundary layer cross-wire proli&SI| model 1243-T1.5vas

Most of this uncertainty was due to bias error. Stochastic errased to measure profiles of the wall normal velocity and turbulent
was minimized by averaging pressure transducer readings oveshear stress at Stations 7—11 for each case. The upstream bound-
10-s period. ary layer was too thin for cross-wire measurements. Data were

Velocity profiles were measured at eleven streamwise statiosmsquired at 25 locations in each profile, beginning 1 mm from the
along the suction side at the locations given in Table 2. Profilegll and extending to the free-stream. Sampling rates and times
were measured near but not at the spanwise centerline of the miere the same as for the single sensor probe. Uncertainty in the
foil to insure that the pressure taps did not interfere with thirbulent shear stress is 10%.
velocity measurements. Profiles were acquired with a hot-wire Measurements with the cross-wire probe are subject to spatial
anemometefTSI model IFA100)and a single sensor boundaryaveraging errors due to the length of the sen$brd7 mm active
layer probe(TSI model 1218-T1.b The sensor diameter is 3.8length)and the spacing between the two seng@rsnm). Apply-
um, and the active length is 1.27 mm. At each measurement log the results of Ligrani and Bradshd®5,36]and Ligrani et al.
cation, data were acquired for 26 seconds at a 20 kHz samplir8y] to the present cases, spatial averaging may be significant at
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locations very near the wall, particularly for the high Reynold 1 &

number cases. At locations farther from the wall than 1 mm, hou

ever, the errors should become small and within the 10% unci & g Fia=E0000

tainty estimate given in the foregoing. Hence, no measuremei . - Fem 200000

were made ay locations below 1 mm. Because all measuremen 4| # 848 4 & PRSTHCOE

were aty>1mm and a boundary layer type probe was use o inviscid salutian

probe blockage effects were not expected to be significant. W
The intermittencyy, is the fraction of time the flow is turbulent ¥ &

within the transition region, and was determined at each measu ,, ' )

ment location using the technique described in Volino ef20] *“ =

with an uncertainty of 10%. Turbulent flow in the boundary laye

is defined here as flow which includes a range of large and sm .|

scales, turbulence production, and dissipation. Using this defil )

tion, a boundary layer may be characterized by significant flu ,,

tuations, but still be nonturbulent if these fluctuations are induct

by an external source which does not cause near-wall turbuler 5! @

production. Such is often the case under high FSTI conditior '

Free-stream eddies “buffet” the boundary layer, inducing nontu ol i

bulent boundary layer fluctuations. Buffeting may occur throug ¢ 02 9 a " : 2 14

pressure fluctuations. Boundary layer fluid is pushed in the w:

normal direction across the mean gradient in the streamwise ' 1a-

locity, resulting in significanti’ fluctuations. This type of motion

was termed “inactive” by BradshayB8] since it does not result 18 L Ra=R0000

in momentum transport, in spite of potentially high levels. In & Fia=200000

addition to buffeting, some free-stream eddies may penetrate ii "4/ ot 3 Hadolon

the boundary layer and cause some mixing. As described in \Voli o Inviecid salistian

[39], the eddies which have the greatest effect, whether throu "%/

buffeting or penetrating the boundary layer, will be the large & &

energy containing eddies. The nonturbulent boundary layer st , |

ject to these external effects will be characterized by larg® ail

amplitude, low-frequency fluctuations. Transition to turbulence B

characterized not so much by large increases’ittevels, which ;.

may remain essentially constant, but by the appearance of hig " (b} HiGH F=T)

frequencies superimposed on the low frequencies. The higher f 4/ it

qguencies signal the generation of turbulence in the near wall | ;]

gion. Volino et al.[30] provide examples of an intermittent flow gzt 2 s B

switching in time between disturbed nonturbulent and turbule

states. %
The presence or absence of high frequencies in a signal is u: Bl

to distinguish between turbulent and nonturbulent flow, using the

algorithm presented by Volino et 4B0]. The algorithm is similar Fig. 2 Cp profiles: (a) low FSTI, (b) high FSTI

to others found in the literature. Briefly, the time derivative of a

signal is computed and compared to a threshold. Répigh-

frequency)fluctuations result in high derivatives. When the de-

rivative is larger than the threshold, the flow is declared instante=i9- 2(b))occurs upstream of the low FSTI locations. The bound-
neously turbulent and the intermittency function is assigned Y layer appears to be separated in all cases at Station 8, but has
value of 1. When the derivative is below the threshold, the intefiréady reattached by Station 9 in the=R290,000 and 300,000
mittency is assigned a value of 0. The time average of the functiGAS€S: Reattachment has occurred by Station 10 for the Re
is the intermittencyy. Volino et al.[30]showed that intermittency — 100,000 case, and appears to be beginning at Station 11 for the
can be computed based ahor u’v’ signals with essentially the Re=50,000 case. The boundary layer does not appear to reattach

] e when Re=25,000, in spite of the high FSTI. Results for the low
same result. Results based whare presented in this paper. FSTI cases are very similar to the flat plate results of \Volino and

Hultgren[13]. The present high FSTI results appear to show about
Results a 10% larger separation region than the flat plate cas¢$3f

The differences are small and of the order of the resolution of the

Pressure Profiles. Pressure coefficients for all ten cases armeasurement stations. Any differences between the studies are

shown in Fig. 2. At the upstream stations on the suction side, thgmeesumably due to differences in the free-stream turbulence. Al-
is good agreement between the data at all Reynolds numbers #maligh the high FSTI in both studies was about 8%, the inlet
the inviscid flow solution. Separation appears to occws/ht of free-stream turbulence was more anisotropic in Volino and Hult-
about 0.6 in all cases. These results agree with those of Volino agrén[13], and the integral length scales of the free-stream turbu-
Hultgren[13], who also observed that the separation location didnce in[13] were about double those in the present study. The
not depend strongly on the Reynolds number or FSTI. They arelarger length scale presumably caused earlier transition in the
contrast to other studies, such as Qiu and Sirhb®], which Volino and Hultgren[13] study, resulting in a slightly shorter
showed that the separation location depended more strongly separation bubble. Comparison to the high FSTI cases of Simon
Re. Reattachment depends strongly on both Re and FSTI. Withal.[17]shows reattachment about 14% farther upstreaf i
low FSTI (Fig. 2(a)), the boundary layer appears to be separatéitan in the present study. With low FSTI, Simon et[&l7|did not
in all cases at Stations 8 and 9. It reattaches by Station 10 for thieserve reattachment at all when=RED0,000, while it was ob-
Re=200,000 and 300,000 cases, reattaches by Station 11 for gbeved in the present study. For the low FSTER€0,000 case,
Re=100,000 case, and does not reattach at all for the Rey indicate reattachment about 6% farther upstream than the
=25,000 and 50,000 cases. Reattachment for the high FSTI cagessent study. Although the streamwise pressure gradients were

(&) Lowr FsTI

ot
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Fig. 3 Mean velocity profiles from Station 1-5, all cases
Stabon 1

o 3
nominally the same in the present study and Simon efial], > e ;
small differences in the pressure gradients along with differenc e :ﬁ!‘i’.‘:.'ﬁ g
in the intensity and length scales of the free-stream turbulen 9" & R LR N SR T
were apparently responsible for the differences in reattachme «F Fo not R geiEe
location. . g
T &
Upstream Boundary Layer. The local free-stream velocities ;
at Station 1-5 for all 10 cases closely followed the equation
U o\ 0214 0os { D) Hgh FsTI
0, 1.4% Ls) (1)
which corresponds to the free-stream velocity distribution for
Falkner-Skan wedge flow. Figure 3 shows that the 50 mean velc
ity profiles from all 10 cases at these stations collapse onto t 4. . Fe— |
same Falkner-Skan profile. Skin friction coefficients, shown i~ ° % ¢ & 8 S0 1E w1818 &

Fig. 4, which were computed using the near wall profiles, also

follow the Falkner-Skan solu_tion. There is no significant d!ﬁerFig‘ 5 Boundary layer u ' profiles from Stations 1-5— (a) low
ence between the low and high FSTI cases. Agreement with $8&€1) cases, (b) high FSTI cases

flat plate data of Wolino and Hultgrefi3] is good. For the low

FSTI cases, it is not surprising that the laminar boundary layer

closely follows the expected laminar solution. Under the same

high FSTI inlet conditions, however, Volino et 480] showed

that a non-turbulent boundary layer may be strongly influenced - L .
i y gy %We free-stream turbulence and exhibit large deviation from lami-

nar behavior. In the present study, the acceleration pararigtier,
in some of the cases over 10 times larger than in the Volino et al.

i Fe=3bK Low FETI [30] study, and the boundary layer thickness is as little as 1/5 that
s ﬁﬁgﬂ; Fg;'ﬂ in [30]. These differences apparently limit the free-stream effect
""“‘: " Rezool LewF2TI || ON the upstream boundary layer, resulting in the observed laminar-
! * E:‘gﬁﬁﬁl%ﬁ:ﬂl like behavior.
noan ; F.,;E,M;th FETl || Figure 5 shows profiles of the rms fluctuating streamwise ve-
| ﬂ:;ﬂ:‘hg: F=Tll locity, u’, for the 50 upstream profiles. The low FST1is mainly
oo Re=300K High FETI || Streamwise unsteadiness that scales with the Idgal Values are
i Lo 5 ki low everywhere, increasing slightly from the free-stream value to
SRl | a peak aty/#=3 and then dropping to zero at the wall. For the
{' high FSTI cases the free-strear level does not change signifi-
omsE ) oF 1 cantly within the test section and scales with,. Since the
d, Gu1-EZTiRe, " boundary layer fluctuations are caused by the free-stream fluctua-
Qo - ‘ﬂ* 1 tions, theu’ profiles collapse when normalized &h,. The col-
wE. lapse is not perfect since the free-streamdoes drop somewhat
0.005+ L e N . 1 as the eddies are strained in the accelerating flow. Qualitatively
) TF % 7 the behavior is the same as in the low FSTI cases, with high
R e —— s 71 18 s = Vvaluesin the free-stream rising to a peakya=3 and dropping
Fa, <10 to zero near the wall. The peak i has lower magnitude and is
farther from the wall than would be expected in a turbulent
Fig. 4 Skin friction coefficients from Station 1-6, all cases boundary layer. In all cases the boundary layer is clearly laminar-
Journal of Turbomachinery OCTOBER 2002, Vol. 124 |/ 649
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Fig. 6 Station 6-11 profiles for low FSTI, Re=25,000 case—( 8 Fig. 7 Station 6-11 profiles for low FSTI, Re=50,000 case—( a)
mean velocity, (b) u’, (c) —u'v’, (d) intermittency mean velocity, (b) u’, (¢) —u'Vv’, (d) intermittency

like in spite of the highu” level. This is shown in both the meanyegins. The turbulent shear stress profile rises above zero at Sta-
velocity profiles(Fig. 3) and the local skin friction coefficients tjon 10 with a dimensionless value that is an order of magnitude
(Fig. 4) which follow laminar flow solutions. larger than the peak shown in Fig. 7 for the=R&0,000 case. At

Low FSTI Transition. Downstream of Station 6, the pressure>tation 11 the magnitude of the peak has increased by another
gradient becomes adverse and separation and transition oc€ffier of magnitude and the boundary layer is clearly turbulent.

Figures 6 through 10 show profiles at Stations 6—-1Upf’, the '€ peak in—u’v’ is well away from the wall, indicating that
turbulent shear stress; u'v’, and the intermittencyy, for the while the boundary layer is turbulent and reattached, it has not yet

five low FSTI cases. The' profiles are qualitatively very similar recqvered to fully developed turbulent conditions.
to the —u'v’ profiles in allpcases and (llre not sh)gwn yIn the R F|g_ure 9 s_how_s the profiles for the RQOO‘OOO case. The mean
—25 000 caséFl):ig 6), the mean velocity profile has just' separate locity profiles indicate that separation does not occur until near

X . ; tation 8. There is a clear separation bubble at Station 9, and the
at Station 7, and the separation bubble grows continuously Ialrgia%rundary layer is reattached by Station 10. By Station 11 the
at the downstream stations. There is no reattachment, but rath '

&an profile appears to have recovered to a fully developed tur-

m{ae?rilq\i/t(tee?\ipﬁ;agggrlvmzhe% t;l:/r:rt bl#?;f i?]t dtiEStitnra”tIEgt?gg(th glent shape. The intermittency jumps from near 0 at Station 9 to
cy Y veryw ' gt . P'at Station 10, indicating a rapid transition and reattachment. The
layer remains essentially laminar. Although the flow is laminar,

. They' K he 1 q magnitude ofu’ increases similarly, from a small peak near
IS nonzero. Theau™ peak grows as the flow moves downstreamy,q “infiaction point of the mean profile at Station 9 to high

) ., . © Me3Payes throughout the boundary layer at Station 10. The turbulent
profile. The—u’v" values remain near zero through Station 1Qhear stress profiles show the same sudden increase between
but then rise at Station 11 with a peak in the shear layer at thgations 9 and 10, and the peak is still away from the wall at

same location as the’ peak. The magnitude of this peak is ex-Station 11, indicating that recovery from separation may not be
tremely low; the eddy viscosity at the peak is only about 1/30th @fijly complete.

the molecular kinematic viscosity. Although not significant in
terms of eddy transport, this peak may signify the beginning of
transition. ot
Figure 7 shows the profiles for the R80,000 case. Results are @
very similar to the Re=25,000 case of Fig. 6. The boundary lay¢ L0z
does not reattach. Theu'v’ profile at Station 11 again exhibits
a low level peak. The dimensionless value of this peak is abo
three times that of the peak in Fig. 6, indicating that the R oo«
=50,000 case may be closer to transitioning. E
Results for the Re=100,000 case are shown in Fig. 8. The me
velocity profiles show that the boundary layer is on the verge ¢ o
separating at Station 7, but is still attached. It has separated
Station 8, and the separation bubble grows through Station 1 **[
although it does not become as thick as in the lower Re cases. gl
Station 10, the mean velocity near the wall rises slightly abov =
zero, indicating the beginning of reattachment. At Station 11 th  °,
boundary layer is clearly reattached. The intermittency is nei
zero through Station 10, and then suddenly increases to 1 at S°
tion 11, indicating fully turbulent flow as the boundary layer re- g0z
attaches. The peak in the intermittency is well away from the wal |
indicating that transition begins in the shear layer over the sep ~ ° 0
ration bubble. Thes' profiles exhibit a peak in the shear layer at
Stations 8 and 9, similar to the behavior at the lower Re. Aig. 8 Station 6—11 profiles for low FSTI, Re=100,000 case—
Station 10 there is an increaseth near the wall as reattachment(a) mean velocity, (b) u’, (¢c) —u'Vv', (d) intermittency

« k
i 0.02

0.04¢
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Fig. 9 Station 6—11 profiles for low FSTI, Re=200,000 case—
(a) mean velocity, (b) u’, (¢) —u’V', (d) intermittency

The Re=300,000 case profiles are shown in Fig. 10. Separation ] ] ]
again occurs near Station 8. By Station 9 the separation bubblg- 11 Station 611 profiles for high FSTI, Re  =25,000 case—
has clearly grown and the nonzero mean velocities near the wil mean velocity, (b) u’, (¢) —u'v’, (d) intermittency, (e) v’
indicate that the boundary layer is on the verge of reattachment.
Theu’ values increase greatly between Stations 8 and 9.urhe
profile has a peak in the shear layer over the separation bubble gnd . , . . .
a second peak near the wall, which is indicative of reattachme?h.e magnitude o’ begins to Increase n the shear layer after
The intermittency profile at Station 9 shows this same doubRéParation. At first this increase ' occurs without a corre-
peak. The boundary layer is reattached and fully turbulent by SgRonding increase ir-u’v’, which remains near zero, and the
tion 10. The turbulent shear stress profile rises to a small bEftear layer remains laminar. As the flow continues downstream,
discernable nonzero level at Station 9, corresponding to the beg@w but nonzero—u’v’ values eventually appear in the shear
ning of reattachment and the rise of the intermittency. By Statid@yer, and at the higher Reynolds numbers this is quickly followed
11, —u’v’:uf near the wall, which would be expected forafu”yby a rapid rise of-u'v’, sudden transition to turbulence, and
developed, attached turbulent boundary layer. almost immediate reattachment of the boundary layer. At the two

The velocity data of Figs. 6—10 agree with the pressure profill@vest Reynolds numbers, the initial riseinu’v’ was detected,
of Fig. 2(a). The separation locations agree, although the veloclit it occurred so far downstream that transition and reattachment
profiles provide better resolution and indicate that separation ddever occurred. The present results are consistent with those of
move downstream somewhat as Reynolds number increases. figman and Wanfl0], Lou and Hourmouziadig2], and Volino
reattachment locations indicated by the pressure profiles corpeid Hultgren13], who also considered low FSTI separated flow
Spond to locations where the Ve|ocity prof”es have C|ear|y redfanSitiOn. They also reported rapid transition and attributed it to
tached. Incipient reattachment is visible in the mean velocity otiée breakdown of a Kelvin-Helmholtz-type instability of the shear

station upstream of full reattachment in some cases. In all cad@yer. The transition mechanism in the present study will be dis-
cussed in more detail in Part[29].

High FSTI Transition. Profiles for the high FSTI cases are
shown in Figs. 11-15. For the R&5,000 casdFig. 11), the
mean velocity profiles show that the boundary layer has separated
by Station 6. The boundary layer appears on the verge of reattach-
ing at Stations 10 and 11, but is not clearly reattached. The
level rises rapidly after separation, with a peak in the shear layer
at each station. The free-stream buffets the shear layer, forcing
fluid across a large mean velocity gradiemt)/dy, which causes
highu’ levels. The same effect is present in the attached boundary
layer upstream(Fig. 5b), but is damped somewhat by the wall.
Free-stream buffeting and high do not necessarily imply turbu-
lent transport, and the turbulent shear stress remains low through
Station 9. The—u'v’ level rises to high levels at Stations 10 and
11, but the peak is in the shear layer and drops to zero at the wall.
Perhaps at this very low Reynolds number, even significant trans-
port in the shear layer is insufficient to promote full reattachment
of the boundary layer. Turbulent reattachment may be an intermit-
tent phenomenon, related to and much like transition. At the lower
Re it may occur over an extended distance. The intermittency
indicates that the flow remains nonturbulent, in spite of the high

Fig. 10 Station 6—11 profiles for low FSTI, Re =300,000 case— levels of —u’v’ at the downstream stations. The intermittency
(a) mean velocity, (b) u’, (¢) —u'Vv’, (d) intermittency function, as defined above, only declares the flow turbulent when
Journal of Turbomachinery OCTOBER 2002, Vol. 124 / 651
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Fig. 12 Station 6—11 profiles for high FSTI, Re =50,000 case— Fig. 14 Station 6—11 profiles for high FSTI, Re =200,000
(a) mean velocity, (b) u’, (¢) —u’V', (d) intermittency case—(a) mean velocity, (b) u’, (¢c) —u'Vv’, (d) intermittency

the velocity fluctuations include a full range of both large angeattached at the last two stations. The high’v’ peaks away
small scales. The apparent mismatch between-tiév’ and y from the wall indicate that the boundary layer has not fully recov-
profiles of Fig. 11 may indicate that the fluctuations which causered from the separation at Station 11.
the turbulent shear stress initially do not include this range of It is not clear that separation occurs in the=R280,000 case
scales. Turbulent shear stress spectra are presented in[Rart 2 (Fig. 14), but the velocity mean profile at Station 8 has an inflec-
Profiles of the wall normal fluctuating velocity,, are also shown tion point and appears to be close to separating. By Station 9 the
in Fig. 11. At Stations 7-9, high free-stream values drop to zerolaundary layer is clearly attached, the intermittency indicates
the wall, with no peak corresponding to the peakiin The free- transition is underway’ is high even near the wall, andu’v’
stream buffeting effect on’ is damped by the wall, a phenom-has risen to a turbulent level. At Station 1tu’v’ reaches a
enon also observed in attached, nonturbulent boundary layers praximum equal tmf near the wall, indicating a fully developed
der high FSTI conditiongVolino et al.[30]). A peak emerges in attached turbulent flow.
v’ in the shear layer at Station 10 and 11, corresponding com-The Re=300,000 results of Fig. 15 are very similar to those at
pletely with the rise in—u’v’ at these stations. The link betweenRe=200,000. Transition begins slightly earlier at=R¥®0,000,
v’ and —u'v’ was clear at all Re, making it unnecessary tgvith the intermittency greater than zero at Station 8. The thin
present bothy’ and—u’v’ for the remaining cases. boundary layer at Re=300,000 results in peaks-m'v’ at Sta-

The Re=50,000 case of Fig. 12 is very similar to the R#ons 9 and 10 that are too close to the wall to resolve with the
=25,000 case. Reattachment is clearer, however, at Station @rpSS-wire probe.
and the intermittency is nonzero at this station. Figure 13 showsIn general, transition in the high FSTI cases began upstream of
the Re=100,000 case. In this case the intermittency indicates tH& locations in the corresponding low FSTI cases, and the tran-
transition has begun by Station 9, which corresponds to an initgifion region length was longer with high FSTI. This agrees with
rise in —u’v’. The mean profile shows that the boundary layer i€ observations of Volino and Hultgr¢@3], who also observed

Fig. 13 Station 6-11 profiles for high FSTI, Re =100,000 Fig. 15 Station 6-11 profiles for high FSTI, Re =300,000
case—(a) mean velocity, (b) u’, (c) —u'Vv', (d) intermittency case—(a) mean velocity, (b) u’, (c) —u'Vv’, (d) intermittency
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. _— the earlier reattachment caused by high FSTI is more significant
that transition was less abrupt with high FSTI. Boundary layer and @ is lower for the high FSTI cases. This result is consistent

levels are much higher with high FSTI, but the turbulent she% h the observation in several studies that unsteady wakes
stress magnitude remains low until transition begins and does ?r%im upstream airfoils result in lower losses. Enhanced mixing in
appear to depend strongly on FSTI. the shear layer explains the higheifor the high FSTI cases at

Shape Factor and Momentum Thickness. As discussed Re=25,000. These momentum thicknesses do not relate directly
above, stage losses cannot be determined quantitatively usintp dosses since the shear layer does not reattach in either of the
single passage test section, but is possible to compute the monféa=25,000 cases.

tum thickness of the suction side boundary layer at the trailing Comparison to Correlations. Hatman and Wang10] dis-

edge.'As eXP'a'F‘ed by Howell et .a[l20],. this momentum thick- cuss three modes of separated flow transition. Based on their
ness is proportional to the suction side profile loss when tQ:

boundary laver shape factor and passaqe exit anale remain Gr‘it_eria, the present cases all fall into their laminar-separation
ylay pet . P 9 9 “Rg-bubble category. The data support this; separation occurred
stant. For those cases in which the boundary layer reattache

S .
recovers to a fully developed turbulent shabeis approximately Before :r?r]nstlttlﬁn.Tl:]atmtar;; nd.t\lv"?uﬁgg]%KM_axlg %Zgzaqd other(sj
equal to 1.4. In these cases the suction side profile loss is lik§lyggest that the Thwal ¢40] criteria, ——Y.os, 1S a goo

the dominant loss mechanistHowell et al.[20]). In those cases P edictor for laminar separation. A Iaminar,_ attached ﬂovv_ solu-
in which the boundary layer does not fully reattach, or reattachtign would put RéK=—0.082 between Stations 6 and 7 in all
near the trailing edge, the shape factor will be very large due tec@ses of the present study. The presence of the separation bubble
|arge disp|acement thickness. The momentum thickness mayqf@nges the |0ca| acceleratlon, hOWeVer, Wh|Ch tendS to move the
relatively small compared to the displacement thickness in thelggation where REK=—0.082. Volino and Hultgreri13] found
cases, since the wall shear is essentially zeroéwdl not grow the Thwaites criteria to be a good predictor of separation and it
significantly in the free-shear layer. Large losses would then lag@pears to work well for the present study as well. Exact predic-
expected in the wake, downstream of the airfoil. tion of the separation point is not straightforward, however, due to
Figure 16 shows the shape factor at Station /1 (=0.94) as the interdependence of lockl values and the separation bubble
a function of Re. In the Re=200,000 and 300,000 cases, the shiggation.
factor is approximately 1.4, indicating that the boundary layer is Prediction of transition and reattachment is more difficult. Hat-
reattached and that the momentum thickness is a good indicatonwin and Wand10] present a transition correlation based on low
overall losses. For the lower Re caskksjs significantly higher, FSTI data which predicts that transition should not occur in any of
particularly in the low FSTI cases. The lowerin the high FSTI the present cases. Clearly, however, transition and reattachment do
cases indicates that high FSTI helps to keep the separation bulddeur. The—u’v’ profiles indicate that transition is imminent
thinner by promoting more mixing in the shear layer over theven in the low FSTI, low Re cases. Volino and Hultgfd3]
bubble and by inducing earlier transition and reattachment. Figuteew comparisons to correlations from May# and Davis et al.
17 shows the Station 11 momentum thickness as a function of R&1]with mixed results. Comparisons to the present data are simi-
High FSTI helps keep the separation bubble thinner, as shovamly mixed. The Mayle correlations predict the distance from the
above in the mean velocity profiles of Figs. 6—15, which tends teparation point to the onset of transition based op &ethe
result in lowerd and lower losses when the boundary layer reaseparation location. He presents a correlation for short separation
taches. High FSTI also promotes increased mixing, howevébble length and a correlation for long bubble length, which is
which tends to increasé. For the Re=300,000 cases, Fig. 173.3 times the short bubble length. The Davis e{4l]correlation
indicates that the second effect is more significant @mlhigher also predicts the distance from separation to transition onset, but
for the high FSTI case. Transition and reattachment occur suffis a function of the FSTI. Table 3 presents the distance from
ciently far upstream in the low FSTI case that the effect of theeparation to the start of transition, normalized on the suction
high FSTI in promoting even earlier reattachment is not enough sarface length, for all cases of the present experiments and as
counter the enhanced mixing effects. This suggests that smalledicted by the Maylg2] and Davis et al[41] correlations. The
controllable separation bubbles may be acceptable or even defiiite spacing between the measurement stations results in uncer-
able in some cases, as proposed by Hourmouziddisor con- tainty in Re, at separation and in the exact locations of separation
trolled diffusion blading. For the Re200,000 and 100,000 casesand transition, so a range of values is given for each quantity in
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Table 3 Distance from separation location to start of transition 4 The present results agree roughly with similar studies from

as a fraction of L,; measured values and correlation predic- the literature and existing correlations but there are significant
tions for each case differences. Attempts to control transition and force its location
FSTI | Rex | Measured | Mayle [2] Mayle [2] | Davis et may prove more fruitful than prediction of unmodified flow. The
102 short long al. [41] present study provides an extensive, detailed baseline data set for
bubble bubble ongoing flow control experiments.
Low 25 > 041 0.25 0.83 1.54
50 >0.33 0.16-0.19 0.53-0.64 0.77 Acknowledgments

100 | 0.17-0.33 | 0.12-0.14 0.39-0.48 0.38
200 0-0.17 0.09-0.11 0.31-0.36 0.19
300 0-0.08 0.07-0.08 0.23-0.28 0.13
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port was provided through a U.S. Naval Academy Recognition

High | 25| >033 | 027029 | 0.89-0.98 0.17 Grant. Mr. Dale Boyer of the Technical Support Department at the
50 | 0.17-0.33 | 0.16-0.18 | 0.53-0.61 0.08 Naval Academy fabricated the airfoils for the test section.
100 | 0.08-0.17 0.12-0.14 0.39-0.48 0.04
200 | 0-008 | 0.07-0.12 | 025039 | 002 | Nomenclature

300 0-0.08 0.06-0.09 0.19-0.31 0.02

C; = skin friction coefficient
Cp = 2(P+— P)/pUi, pressure coefficient

the table. The results of the present cases lie between the May|:es-||_—|I _ f(;f?jtriam t?rb,tj lence intensity
long and short bubble correlations to within the resolution of the B ’25 ape factor .
measurement locations. The Davis et al. correlation tends to pre- B (V/U.x)(de/ds)’ acceleration parameter
dict too long a distance for the low FSTI cases and too short a s = Suction surface length
distance for the high FSTI cases. /= hot-wire sensor length
Existing correlations appear to give reasonable rough estimates P = pressure .
of separated flow transition in some cases, but they are not par- -1 = Upstream stagnation pressure
ticularly accurate or robust predictors. The general agreement be- R€ = UeLs/v, exit Reynolds number
tween the similar cases of the present study, Volino and Hultgren R& = U=S/v, local Reynolds number
[13], and Simon et al.17] suggests that prediction of separated Re, = momentum thickness Reynolds number
flow transition should be possible to some extent. The differences S — Streamwise coordinate, distance from leading edge
between the results of these studies, noted above, suggest thaltJU = mean streamwise velocity
very accurate prediction of the flow may prove difficult and = Iocal' free-s.tream velocity . Lo
strongly dependent on small differences in boundary conditions. It Ye = nominal exit free-stream velocity, based on inviscid
is doubtful that a simple, robust correlation can be developed to solution _ _ _
incorporate all relevant boundary condition effects and provide Y’ = rms streamwise fluctuating velocity
very accurate predictions. It is also questionable whether the Ur = V7w/p, friction velocity
boundary conditions could be specified accurately enough for acl'v’ = time averaged turbulent shear stress
tual engine conditions. Perhaps they can, with addition research, v’ = rms wall normal fluctuating velocity
however, and it may be possible to improve predictions with ad- Y = cross-stream coordinate, distance from wall
vanced computational schemes. The difficulty of predicting tran- y* = yu,/v, distance from wall in wall coordinates
sition suggests that it may be advantageous to develop flow con- §* = displacement thickness
trol schemes to force transition to occur at desired locations rather y = intermittency, fraction of time flow is turbulent

than try to predict it under existing conditions. v = kinematic viscosity
p = density
Conclusions 7, = wall shear stress

. ) 0 = momentum thickness
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e | separated Flow Transition Under
Simulated Low-Pressure Turhine
Airfoil Conditions—Part 2:
raoh s vaino | TUFbulence Spectra

Mem. ASME,
Department of Mechanical Engineering, Spectral analysis was used to investigate boundary layer separation, transition and reat-
United States Naval Academy, tachment under low-pressure turbine airfoil conditions. Cases with Reynolds numbers
Annapolis, MD 21402 ranging from 25,000 to 300,000 (based on suction surface length and exit velocity) have
e-mail: volino@usna.edu been considered at low (0.5%) and high (9% inlet) free-stream turbulence levels. Spectra
of the fluctuating streamwise velocity and the turbulent shear stress are presented. The
spectra for the low free-stream turbulence cases are characterized by sharp peaks. The
high free-stream turbulence case spectra exhibit more broadband peaks, but these peaks
are centered at the same frequencies observed in the corresponding low turbulence cases.
The frequencies of the peaks suggest that a Tollmien-Schlichting instability mechanism
drives transition, even in the high turbulence cases. The turbulent shear stress spectra
proved particularly valuable for detection of the early growth of the instability. The
predictable nature of the instability may prove useful for future flow control work.
[DOI: 10.1115/1.1506939]

Introduction for example, presented data for a 1% FSTI case, showing both

In Part 1 of the present study], the significance of boundary igigt:ﬁgfs ?;,(SiS;pgfsg;b;g;strf;igﬁﬁ)nncIes and broadband unstead-

layer separation, transition, and reattachment to the flow OVeN 1 'some cases, transition is observed even though linear stabil-

modern low-/pressure turbine airfoils was discussed. Measurgdqqry predicts that the boundary layer should not develop TS
mean velocity and statistical turbulence quantities were presen

) ’ - : Qves. Volino[5], for example, considered a favorable pressure
for cases with high and low free-stream turbulence intensify,qient case with high FSTI that clearly underwent transition.
(FSTI) and Reynolds numbertbased on suction surface lengththe houndary layer thickness remained low in this case due to the
and exit velocityranging from 25,000 to 300,000. The separatiogcceleration, resulting in Re below the critical limit for linear
point tended to move downstream somewhat as Reynolds numpgfability.
increased. Transition and reattachment locations moved upstreargeparated flow transition could potentially include elements of
significantly as Re or FSTI were increased. either natural or bypass transition. In separated flow cases the
While the statistical quantities presented in P&l Jlprovide a pressure gradient is adverse, resulting in a boundary layer or shear
quantitative description of what happens under different Re ataler that typically is unstable to TS waves. High FSTI, however,
FSTI conditions, they do not explain the transition mechanism. Toight be the dominant factor in a separated shear layer, over-
better explain the transition process and accurately predict or cavhelming the effect of any TS waves and producing bypass tran-
trol it, an understanding of the physics which cause the resufigion. Hughes and Walké6] list several studies with FSTI below
observed in Part [1]is needed. The present paper uses spectfb% in which TS waves were detected in adverse pressure gra-
analysis to investigate separated flow transition. dient cases. They also note that Halstead eft7dldid not detect
Mayle [2] classified the modes of transition as “natural transiTS waves in the flow through a rotating cascade with more rep-
tion,” “bypass” transition; “separated flow” transition of the resentative, higher FSTI. Solomon and Walkgf, however, pro-
shear layer over a separation bubble; “periodic-unsteady” tranyfide evidence of TS waves under conditions similar to those of
tion, which might also be called wake-induced bypass transitioHalstead et al[7]. Hughes and Walkd6] considered a flow with
and reverse transition. Under low FSTI, zero streamwise pressif@kes, in which the FSTI between wakes ranged from less than
gradient conditions, natural transition is expected. This type &f® to about 3%, and the FSTI in the wakes was about 8%. They
transition has been extensively documented and can be predidt&glvide clear evidence of TS waves.
with linear stability analysis. As described by Schlichtif@], Hatman_an_d Wangg], VO“DO and Hultgrer{10], and Lou and
when the displacement thickness Reynolds number exceedyoyrmoumadls[ll] all considered low FSTI, adverse pressure

critical value, the boundary layer becomes unstable to small dé%agf;t;[ofr:c’&%tﬁgg gbséirt\r/;d dztartz\niﬂtzlacl)rﬂl?eéhs(?tusd?:?skl\?))\fé do(:llzgr
turbances, which begin to grow as Tollmien-SchlichtifiS) P fani : FI) | ith h .
waves. These waves eventually become three dimensional gyjflence of an instability along with harmonics. It was expected

' 5t this instability was very similar to the Kelvin-Helmholtz in-

res%:.tt.m turtl)ulent j'p(t)tstnder high FSTI, zertc)J pressurfetgratljleé? bilities observed in free shear layers, although the unstable fre-
conaitions, large disturbances can cause a bypass of the 'nﬁﬁ‘ ncies were somewhat different than expected for free shear
growth stages of transition, resulting in the sudden appearancqjes since the separation bubbles were bounded by the wall on
turbulent spots. At intermediate FSTI, elements of both bypagge side. \olino and Hultgreh10] also considered high FSTI
and natural transition may be observed. Sohn and Reshiéiko cases and observed broadband unsteadiness in the spectra of the
_ ) _ _ streamwise fluctuating velocity,. Spikes at discreet frequencies,
Contributed by the International Gas Turbine Institute and presented at the In hich were observed in the low ESTI cases. were not present
national Gas Turbine and Aeroengine Congress and Exhibition, Amsterdam, fl . . . ! :
Netherlands, June 3—6, 2002. Manuscript received by the IGTI, January 22, 20021€Y stated that transition in the high FSTI cases appeared to be
Paper No. 2002-GT-30237. Review Chair: E. Benvenuti. through a bypass mode.
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Clearly there is some disagreement regarding the transitiobserved at the most downstream stations, indicating that al-
mechanism in separated boundary layers, particularly under higfough the shear layer was still non-turbulent and separated, it
FSTI conditions. Some of these differences may stem from physias showing signs of the start of transition.
cal differences in the boundary conditions between the variousAs discussed in Part [1], the finite length of the hot-wire
studies. The present study addresses the issue through spestmabtorg1.27 mm)will result in some spatial averaging and could
analysis of flows over a range of Reynolds numbers at both higésult in attenuation of the measured fluctuating velocity compo-
and low FSTI. Included in the analysis are spectra of the turbuleménts. Based on the results of Ligrani and Bradsha13], it
shear stress, which were not considered in previous studies. was explained in Part 1 that the errors in the rms fluctuating quan-

tities are within the 10% uncertainty estimates in the majority of
) cases in the present study. Exceptions occur for the 206,000
Experiments cases at Station 11 of the low FSTI case and Stations 9—11 of the

The experimental facility and the cases considered are ddgh FSTI case. For the Re800,000 cases, larger errors are ex-
scribed in detail in Part {1]. A low-speed wind tunnel supplies pected for Stations 10-11 of the low FSTI case and Stations 9-11
air to a single-passage cascade-simulator with geometry and figlithe high FSTI case. For these cases, errors may be as large as
angles matching those for the industry supplied Pak-B airfoil. F&0% near the wall, but should be under 10% &ications greater
the low FSTI cases, the background turbulence level for the wiig@n 1 mm. As explained by Ligrani et dl14], measurements
tunnel is nominally 0.5%, and consists primarily of low frequenciVith the cross-wire probe are subject to potentially larger errors
unsteadiness. A passive grid is used to generate a high inlet FE¥g to the finite spacingl mm) between the two sensors. These
of 8.7%. errors will be largest near the wall, but become smaller than the

Velocity data were acquired at 11 streamwise measurement st8% uncertainty fory locations above 1 mm. For this reason,
tions along the spanwise centerline of the suction side of the p&E0Ss-wire measurements were only madeyforl mm.
sage. Station locations are given in Table 1. At each station, in-1he spectra in the present paper are presented to show the en-
stantaneous streamwise velocity was measured at 60 locations §&9¥ content of the fluctuating quantities as a function of fre-
single sensor hot-wire probe was traversed from the airfoil surfagl€ncy. The average errors in these spectra, therefore, should be
to the free-stream. The voltage from the hot-wire was offset ahde same as those given in the foregoing for the corresponding
amplified by a factor of 10 and low pass filtered at 10 kHz usiré(j'”s quantities. The errors will not be uniform with respect to
signal conditioner¢TSI model 157). At each location, data werdfeégquency across the spectra, however. As explained by Ligrani
acquired for 26 s at a 20 kHz sampling rate!{@amples). The and Bradshay13], spatial averaging effects will be most severe
high sampling rate provides an essentially continuous signffr the smallest scaleighest frequencigsn the flow. Applying
which is needed for spectral processing. The long sampling tirffé SPectral results of Ligrani and Bradshpi@] to the present
results in low uncertainty in both statistical and spectral quantitieudy, errors due to spatial averagingyabcations above 1 mm

Two component velocity measurements were made at StatioMdl rise above 10% at frequencies above 150, 300, 600, 1200, and

7-11 with a cross-wire probe. The upstream boundary layer was00 Hz for the Re-25,000, 50,000, 100,000, 200,000, and

too thin for cross-wire measurements. Data were acquired at %O'OOO cases respectively. Below these frequencies the errors
locations in each profile, beginning 1 mm from the wall and ex& ould be under 10%. These frequencies are all above the frequen-

tending to the free-stream. Sampling rates and times were HgS Of the spectral peaks in the results presented below, so the
same as with the single sensor probe. Power spectid ,othe peaks should not be significantly attenuated. For the Be000

wall normal fluctuating velocityp’, and the turbulent shear and 50,000 cases, all significant energy in the spectra is below the
frequencies given above, so there is no significant attenuation of

stres_s,—u’v’, were c_omputed for the data from all measuremenfs resyits at any frequency. For the=RE00,000 case, only the
locations. Uncertainties in the’, v” and —u'v" spectra are all g frequency “tail” of the spectra will be subject to significant
10%. Frequencies are resolved from 4.88 to 10 kHz in 4.88 He o Magnitudes at these high frequencies may be as much as
increments using a 4096 point Fast Fourier Transform to COMPWeoy |y, Similarly for the Re=200,000 and 300,000 cases, errors
the spectra. As a check, the spectra were integrated with respeckip onjy rise above 10% at frequencies about twice those of the
frequency and found to equal the corresponding time averaggth ra| peaks. Magnitudes at the highest frequencies may be as

Reynolds stresses. . . ,rp'uch as 40% low in these cases.
Data sets were acquired for cases at high and low FSTI wit

exit Reynolds numbers of 25,000, 50,000, 100,000, 200,000 and
300,000. The upstream boundary layer through Station 6 remairt;ed . f Int t
laminar in all of these cases, with the mean velocity following requencies ot interes
Falkner-Skan wedge flow solution. Downstream of Station 6 the Transition in the shear layer over the separation bubble could
pressure gradient becomes adverse. Separation occurred betvbeemnitiated by Tollmien-Schlichting waves originating in the
Stations 6 and 8, with the separation point moving downstream lasundary layer upstream of separation. Upstream of Station 6, the
Re increased. Reattachment did not occur in the high or low FSPressure gradient is favorable and the boundary layer should not
Re=25,000 cases or the low FSTI, R&0,000 case. In all other develop TS waves at any frequencies. At Station 6 the flow begins
cases the boundary layer did reattach, and the reattachment ptirdecelerate and immediately becomes unstable. WEl&kdpro-
moved upstream as Re or FSTI was increased. Details are avaities the following equation for the frequency of maximum am-
able in Part 11]. Theu’ level rose in the shear layer in each casglification rate for TS waves:
after the boundary layer separated, but the turbulent shear stress 2 3
remained near zero until transition began. Transition began in the 2mvf/U;=3.2Res @)
shear layer and quickly led to boundary layer reattachment. In thie TS frequencies predicted by Ed) are listed in Table 2.
Re=25,000 cases, low but non-zero turbulent shear stress Wasues are given for Stations 6 and 7 for the cases in which the
boundary layer is still attached at these stations.

Another possible path to transition is breakdown of the shear
layer though a Kelvin-Helmholtz-type instability. The frequency

Table 1 Measurement stations . - . -
of the instability should scale with the velocity change across the

Station 1 2 3 4 5 6 shear layer and inversely with the shear layer thickness. Since the
s | 0111 | 0194 | 0.278 | 0361 | 0444 | 0.527 velocity in the separation bubble is nearly zero, the velocity dif-
Station 7 8 9 10 11§ L~228.6 | ference across the shear layer equals the local free-stream veloc-
oL, | 0611 | 0694 | 0778 | 0.861 | 0.944 mm ity. The shear layer thicknessg, is determined from the mean
Journal of Turbomachinery OCTOBER 2002, Vol. 124 |/ 657
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Table 2 Most unstable Tollmien-Schlichting frequencies prior IR
to separation and U, /85 values in shear layer @ E
)
FSTI| Re | TS freq. [Hz] U../8; [s'x107] 025 4
.3 o o ﬂ Q
x10 Station Station %% g8
6 ] 7 1617809 10]1 o . o ' B
Low | 25] 80 1.0 08060570404 2 ‘ B g S0
50 176 21(15]13712]10 B : 50
100 | 443 [ 266 3913238 2 ° oo
200 | 1175 645 11 [87 2 o sEBELT 0B,
300 § 1554 | 1134 22 | 20 o1} posgeksig999da,
High [ 25[ 60 1]08[06]04]047]03 PRI LARN “Azgégu
50| 174 31[24]16]1.1]08 oosl 045 Tgiss
100 | 408 | 272 4.1 | 3.1 ' 18 574
200 § 1138 | 732 15 s °%4,
300 J 1747 [ 1195 25 0 i ; ; T
10 10’ 10° 10° 10!
f[Hz)
velocity profiles presented in Part[1]. Table 2 lists the quantity G Station:
U../ 85 for each station where the boundary layer is separated. o5l (b) o %% 9
l oot ?J“;‘j“‘” B :‘I?
Results o IR
o8t & iy
Free-Stream Spectra. Theu’ andv’ free-stream spectra are _ 9"
shown in Fig. 1 for each station of the low FSTI, -R800,000 2., o
case. Frequency is plotted on a log scale versus frequency timeNE P
C
303}
& 0
0.01 E— 8
@ ﬁ §1a1|0n1 02l
0009  (a) ! 3 H )
1 4 q
0.008 % N g H o4k
f * 7
0.007| 8 H
_ A a 9 5 5
0 0.006F 4 > 10 10 10 1
¥, N iR t[Hz]
< 0.005 o 4
= Fig. 2 Free-stream spectra for high FSTI, Re =300,000 case—
£ 0.004f s o gt ] @u’, (b)v'
0.003} o ® g
o0z " | power spectral density on a linear scale. In these coordinates the
0.001 Ty : # 1 area under the curve in any frequency band is proportional to the
‘ ® contribution to the quantity of interest in that band. THespectra
0 i are dominated by low amplitude unsteadiness at frequencies be-
f[Hz] low 20 Hz. Theu’ spectra for the lower Re casésot shown)
. have proportionately lower amplitudes, but the frequency range
110 . remains the same. The frequencies associated with turbulent ed-
D e dies would be expected to scale with the free-stream velocity.
osr (b) 9 I Since the frequencies in the present cases remain constant as Re is
ol 1 changed, the unsteadiness in the wind tunnel is most likely not
associated with turbulent eddies. Thé spectra show the same
0.7 g

o &0
o . L

f[Hz]

Fig. 1 Free-stream spectra for low FSTI, Re
@u’, (b)v'

=300,000 case—
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low frequencies aa’ but at 1/18' the magnitude. A second lower

< peak is centered at about 100 Hz. This peak is also present with
& the same magnitude in’, and is visible in an expanded version
wfo.s- o o . of Fig. 1(a). The frequency of this second peak scales with the
=1 free-stream velocity and is proportionately lower for the lower Re
& 5 cases. Its magnitude is very low, and by itself would correspond to
an rms turbulence level of about 0.01%. It is likely the residual
o : turbulence remaining after the wind tunnel screens.
The u’ and v’ free-stream spectra for the high FSTI Re
o r =300,000 case are shown in Fig. 2. The magnitude’ds about

i : 25 times larger than in the low FSTI case of Figa)l At the
upstream stations there is a peak at about 30 Hz. This peak decays
due to streamwise straining of the flow as it is accelerated through
Station 6. In the adverse pressure gradient region downstream
of Station 6, a broadband peak emerges centered at about 700 Hz.
In the lower Re cases, the spectra is qualitatively the same, but
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Fig. 3 Contours of fPSD (u’?), low FSTI, Re=100,000, Station g 4 Contours of fPSD( u’?), high FSTI, Re =300,000, Station
4; outer contour magnitude and contour spacing indicated by 4; outer contour magnitude and contour spacing indicated by
numerical value in field of figure numerical value in field of figure

the magnitudes scale witb2 and the frequencies scale with

g“‘ ’ dThe vk spetc tra dOf f'go 2|_(|b}iI/IAapp§;]1r il]mﬂal’ W't.T Z broad(; effect of free-stream pressure fluctuations on the boundary layer

and peax cen er? a rz. AS W, e Magnitudes and s i is pushed in the wall normal direction across the gradient
frequencies of the ' spectra in the lower Re cases scale with thﬁl the mean streamwise velocity. Downstream of Station 6, the
free-stream velocity, and appear qualitatively similar to those gfessure gradient becomes adverse, and the spectra become more
Fig. 2(b). interesting. Figure 5 shows th& spectra contours for Stations

Upstream Boundary Layer. Contours of the boundary |ayer 7-11 of all the low FSTI cases. The coordinates of each Spr|0t
u’ spectra from Station 4 of the low FSTI Re=100,000 cas@'e the same as those of Fig. 3. In the=26,000 casétop row of
are shown in Fig. 3. Frequency in Hz is shown on the horizonthi9- 5), the contours at Station 7 show the low frequency unsteadi-
axis on a log scale, and distance from the wall normalized G}¢SS observed at the upstream stations. Between Stations 7 and 10,
the suction surface length is on the vertical axis on a linear scald® magnitude of the peak increases by an order of magnitude.
The frequency is left dimensional since there is no single ag)he peak at each station moves away from the wall. Comparison
propriate normalization for all regions of the flow. The contourt® the mean velocity profiles presented in Pa1 Ishows that the
in Fig. 3 show the dimensionless magnitude of the spectrh adocation of the peak corresponds, not surprisingly, to the shear
.PSDU'?)/U2. A slice through the data of Fig. 3 at a fixedlayer over the separation bubble. The=R,000 caserow 2)

distance from the wall would produce a spectrum in the coorﬁ-hOWs similag beh%/igr thrgugh Stf\ltio_lr_1h_10, but 3 Seclff‘d. pdeak
nates of Fig. 2, except with dimensionless magnitude. The num ergges at about z at Station 11. This second peak Is indica-
(1.46e-05), which appears in the center of the figure, indicates \%eno transition.

: : the Re=100,000 cageow 3 of Fig. 5), a sharp peak appears
magnitude of the outermost contour and the contour spacing. . > <
Hence, the outermost contour value is Ix48 °, the next con- gﬁr dztrzt'(c;fnmlf r?}ttu2(17e3b|;tfl;le1-ek:168(;g£(t)?’lir952?8”1% '?ncé;iaa?ﬁls gysmg
tour value is 2.9% 107 %, the next is 4.38X0° 6, etc. The same 9 ' 9

. ; ) . ; lar increase in the magnitude of the peak. The peak is so sharp and
format is used in all the figures which follow. Figure 3 shows a large that it appegrs as a line Fi)n the conrt)our plot. Figufe 6

peak near the wall centered at 50 Hz and unsteadiness below; 28WS this Re=100,000, Station 10 data in the same coordinates

th eﬁe_;‘dFif‘g gOT tthe _frele-?t{r?a? tr? n_ez?r tthgtmtl'a”ri T1he6r¢r?u 3 Fig. 5, but three dimensionally. The low frequency unsteadiness
shown in Fig. > are typical of the behavior at Stations 1-6 | isible at Station 9 is still present, but since its magnitude is only
the low FSTI cases. The 50 Hz peak was also visible in the 150" that of the 273 Hz peak, it is barely visible in Fig. 6. The
=200,000 and 300,000 cases, but not at the two lower Re. T arp peak in the shear layer is typical of all the low FSTI cases.

peak did not appear to have any significant effect on the dowTQﬁ-In the Re=200,000 cageow 4 of Fig. 5), a small peak appears

stream boundary layer. . h : :
Figure 4 shov{s t¥1e spectra from Station 4 of the high Fs{} (€ shear layer at 698 Hz at Station 9. By Station 10 this peak
Re=300,000 case in the coordinates of Fig. 3. The Fig. 4 spec ° |nct;rea3%d |r&3|ze bhy t\go oréjers |°f magnltudehand |scljaek;:0m|ng
o . o . ore broadband as the boundary layer reattaches and becomes
are typical of the spectra at Stations 1-6 of all the high FS Iébulent. Although not clear in Fig. 5, the sharp spectral peak

cases. There is a near wall peak at 100 Hz, which is 1.7 times o . . )
frequency of the free-stream’ frequency peak shown in Fig remains in the center of _thls broadband t_urbulence an_d is clear in
2(b). The distan fth K from the wall is larger in the | the format of Fig. 6. Similar behavior is apparent in the Re
- [he distance of the peak Iro e wall Is jarge elo e:300,000 case, but the spectral peak and subsequent turbulence
Re cases, scaling with the boundary layer thickness. The f@,—
: : ; ._dare centered at 922 Hz.
qguency of the peak scales with Re, and is consistently 1.7 time

the domi v f in the f t This indicates that ontours of the normalized turbulent shear stress spettra,
€ dominan requency In the free-stream. 1his indicates tha P_SD(—u’u’)/Ui, for the low FSTI cases are shown in Fig. 7.

the bOLlj_ndary layer unstefadiness Is indl;fce_d by ]Iree-streaml bUﬁﬁtwe format is the same as in Fig. 5. The shear layer is laminar at
ing. Volino [5] discusses free-stream buffeting of boundary ayer§tations 7 and 8 in all cases, and the turbulent shear stress is near

in more detail. zero. The Re=25,000 case shows a low magnitude, 15 Hz peak at
Low FSTI Transition. Upstream of Station 6, the boundaryStation 10. The peak was obscured in tHespectra of Fig. 5 due

layer unsteadiness is attributable to low amplitude streamwise un-the presence of other streamwise unsteadiness at similar fre-

steadiness in the low FSTI cases, and free-stream buffeting in theencies. The magnitude of the 15 Hz shear stress peak increases

high FSTI cases. Buffeting, as explained in Part ], refers to the
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Fig. 5 Contours

of

f-PSD(u'?)/U?%, low FSTI cases; station number indicated above each column; by row—(

a) Re

=25,000, (b) Re=50,000, (c) Re=100,000, (d) Re=200,000, (¢) Re=300,000; outer contour magnitude and contour spacing
indicated by numerical value in field of each subplot, 5 contours shown in each subplot

by a factor of 15 between Station 10 and 11, but its amplitude isThe Re=50,000 case shows similar behavior to that at Re
still quite low. Close inspection of the’ spectra(Fig. 5) at Sta-
tion 11 shows a double peak, with one peak at 15 Hz. The mei&r37 times larger by Station 11. This peak did not become visible
profiles of Part 11] indicate that transition may be imminent, butuntil Station 11 in theu’ spectra. Similarly, in the Re=100,000

the shear layer is still laminar at Station 11.

0.03

0.025

0.02

2

3

fPSD(u

Fig. 6 Spectra of
Station 10

f-PSD(u'?)/ U2,
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f[Hz]

low FSTI,

Re=100,000,
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=25,000. A turbulent shear stress peak appears at Station 10 and

case a sharp turbulent shear stress peak emerges at Station 9, one
station upstream of its appearanceuih The shear stress peak
appears at Station 9 in the R200,000 and 300,000 cases. In all
cases, the peak appears at the same frequeney amd —u'v’,

but tends to become visible earlier in theu'v’ spectra due to

the lower magnitude of the low-frequency “noise” inu’v’.

The frequencies of the spectral peaks are listed for all cases in
Table 3. Also indicated in the table are the stations at which these
frequencies were determined. The frequencies of the peaks did not
change significantly in the streamwise direction. Because the
peaks do not appear until after the boundary layer has separated,
there is some reason to believe that a Kelvin-Helmholtz-type in-

Table 3 Measured peak frequencies in spectra
FSTI | Rex10° | 25 | 50 | 100 | 200 | 300
Low | Station [ 10 | 10 9 9 9

f[Hz] 1578 { 273 { 698 | 922
High { Station 91 9 9 9 9
/1 Hz] 20 | 85| 230 | 600 | 1100
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Fig. 7 Contours of f-PSD(—u’v')/U?%, low FSTI cases; see Fig. 5 caption for further explanation

stability may be involved. For the low FSTI cases, comparison chse. Higher frequencies begin to emerge at Station 9, and a large,
the spectral peak frequencies to thle. /65 values in Table 2 clear peak centered at 260 Hz is visible at Stations 10 and 11. In
shows that the spectral frequencies and/ s values both in- the Re=200,000 and 300,000 cases, some signs of higher frequen-
crease with Re, as expected. The ratio of the measured frequeoigs are already visible at Station 8, and a double peak is clear at
to U../ds is not a constant, however, ranging from about 0.04 t8tation 9. At Stations 10 and 11, the higher frequency peak over-
about 0.08. Comparison of the measured frequencies to the Whelms the lower frequencies.
frequencies of Table 2 shows better correlation. At the three high-Comparing Fig. 8 to Fig. 5, the contour levels in the high FSTI
est Re, the measured frequencies agree with the TS frequenciesage are about 2 orders of magnitude higher than in the low FSTI
Station 7(the last station before separatiado within 20%. The case at Stations 7 and 8. This is expected and due to the higher
boundary layer is already separated at Station 7 in the Rgused by free-stream buffeting in the high FSTI case. Farther
=25,000 and 50,000 cases, so the frequency comparison musyB&nstream, however, after the higher frequencies emerge, the
made at Station 6. Agreement with the TS frequencies is not @sniour levels are higher for the low FSTI cases. This is some-
good in these cases as at the high Re. Hughes and Walkeote |4t misieading, as the rme levels are actually very similar in
that since the r;]o?t unstable ES freqdugnckyl/ chrz]ingels with strga[ 5 high and low FSTI cases at these stations. The lower contour
‘év'suzlpg]zt'_?g‘\}aﬁ erea?l;?]ncgirc]) lserve t In the s _$ar ayer need iQ%els in the high FSTI case result becauseuhductuations are

q y singie upstream position. distributed over a wider frequency band. The spectral peaks of

High FSTI Transition. Contours of theu’ spectra for the Fig. 8 are much broader than the corresponding peaks of the low

high FSTI cases are shown in Fig. 8. In the=R5,000 casétop FSTI cases shown in Figs. 5-7. Figure 9 showslthepectra at
row), there is low frequency unsteadiness at the same frequendiation 10 of the high FSTI, Re100,000 case. Comparing to Fig.
observed upstreaffrig. 4). As in the low FSTI cases, the peak 6, the high FSTI case exhibits much more low frequency activity
location is in the shear layer over the separation bubble. In tHge to free-stream buffeting, and the peak is clearly broader in
Re=50,000 case, the outermost contour at Station 10 extenddresiuency than the 273 Hz spike of the low FSTI case.
higher frequencies than at the upstream stations, and by Station 1Eigure 10 shows contours of the turbulent shear stress spectra
a new peak has emerged at 60 Hz, extending from the shear laf@srthe high FSTI cases. Values at Stations 7 and 8 are low, in
down to the wall. The magnitude of this new peak is about equspite of the high FSTI, indicating that much of theunsteadiness
to the magnitude of the original, low-frequency peak, which isbserved in Fig. 8 does not involve turbulent transport. Distinct,
also still visible. Similar behavior is clear for the R&00,000 broadband peaks emerge by Station 9 in all cases. As in the low
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Fig. 8 Contours of f-PSD(u’?)/U2, high FSTI cases; see Fig. 5 caption for further explanation

FSTI cases, these peaks are visible-im'v’ farther upstream of Volino and Hultgren[10]. Closer inspection, however, reveals
than they are iru’. The peak becomes visible iru’v’ soon strong similarity to the low FSTI cases. The frequencies of the
after it forms, but theu’ peak must grow to become larger tharpeaks in the high FSTI cases are listed in Table 3. The broad
the free-stream induced fluctuations before it is discernable.
The broad peaks in the high FSTI cases might suggest thaicertainty of about 20% in the frequency values in Table 3. With
transition occurs through a bypass mode. This was the conclusiggy uncertainty, the frequency at each Re is essentially the same

'0.006 .+

fPSD(uAU?

y/Lii

Fig. 9 Spectra of
Station 10

f-PSD(u'?)/ U2,
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f[Hz]

high FSTI, Re=100,000,

23

nature of the high FSTI case peaks, as shown in Fig. 9, result in an

as in the corresponding low FSTI case. Comparison to the TS
frequencies in Table 2 show the same good agreement observed in
the low FSTI cases. Close inspection of Fig. 10 reveals that at the
four highest Re, the peak iru’v’ begins to appear, with very

low magnitude, at Stations 7 and 8. The boundary layer is still thin
at these stations, so part of the peak lies closer to the wall than can
be measured with the cross-wire probe. The closest measurement
to the wall with the cross-wire was gt=1 mm, which corre-
sponds toy/ 549 5 between 0.2 and 0.65 at the stations in question.
What is visible, however, is at the same frequencies as present
downstream. Since the boundary layer is still attached at Station 7,
it is doubtful these fluctuations could be induced by a Kelvin-
Helmholtz-type instability. Instead, it appears that a TS instability
plays a role, even in the high FSTI cases. This agrees with the
findings of Hughes and Walké6], who used instantaneous wall
shear measurements to identify wave packets both within and be-
tween wakes in an unsteady flow. Although it appears that TS
waves play a role in the high FSTI cases, it should be noted that it
is also possible that transition occurs though a bypass mode, and
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Fig. 10 Contours of f-PSD(—u'v')/ U2, high FSTI cases; see Fig. 5 caption for further explanation

that the spectral peaks are due not to TS waves, but to the turuencies. The presence and predictability of the shear layer insta-
lence within turbulent spots. Perhaps both TS and bypass motdiy may prove useful in future attempts to induce transition for
play a role, as suggested by Mayz|. separation control.
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tion bubble to turbulence. The spectra were more broadband for
the high FSTI cases, but t_he peaks of these_ spectra occurred\gmenclature
the same frequencies as in the corresponding low FSTI cases, ) ]
suggesting a possible similar transition mechanism at high anfST! = free-stream turbulence intensity
low FSTI. The turbulent shear stress spectra were valuable for f = frequency in Hz
detection of instabilities upstream of the location where peaks Ls = suction surface length
became discernable in the’ spectra. In the high FSTI cases, power spectral density af 2 or —u'v’
low magnitude peaks were detected-iu’v’ upstream of sepa- _ R€ = Uels/v, exit Reynolds number
ration, further supporting the argument for a TS transition. LargerR&» = U..6* /v displacement thickness Reynolds number
initial disturbances in the high FSTI cases resulted in detectable S = Streamwise coordinate, distance from leading edge
—U'v’ farther upstream than in the low FSTI cases. Since the U~ = local free-stream velocity _
adverse pressure gradient boundary layer is unstable to distur-Ye = nominal exit free-stream velocity
bances over a broad range of frequencies and the free-stream tur-U’ streamwise fluctuating velocity
bulence contains a range of scales, broad peaks emerge in tHe¢'v’' = turbulent shear stress
boundary layer spectra of the high FSTI cases. These peaks con-v’ wall normal fluctuating velocity
trast with the sharp peaks of the low FSTI cases, which result y = cross-stream coordinate, distance from wall
from the growth of small disturbances at the most unstable fre- &* displacement thickness
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B Passive Flow Control on
Low-Pressure Turbine Airfoils

Two-dimensional rectangular bars have been used in an experimental study to control
boundary layer transition and reattachment under low-pressure turbine conditions. Cases
with Reynolds numbers (Re) ranging from 25,000 to 300,000 (based on suction surface
length and exit velocity) have been considered at low (0.5%) and high (8.5% inlet)
free-stream turbulence levels. Three different bars were considered, with heights ranging
Ralph J. Volino from 0.2%_ to 0.7% of suction surface length. Mean and fluctuat_ing velocity and interm_it-

y tency profiles are presented and compared to results of baseline cases from a previous
study. Bar performance depends on the bar height and the location of the bar trailing
edge. Bars located near the suction surface velocity maximum are most effective. Large
bars trip the boundary layer to turbulent and prevent separation, but create unnecessarily
high losses. Somewhat smaller bars had no immediate detectable effect on the boundary
layer, but introduced small disturbances that caused transition and reattachment to move
upstream from their locations in the corresponding baseline case. The smaller bars were
effective under both high and low free-stream turbulence conditions, indicating that the
high free-stream turbulence transition is not simply a bypass transition induced by the
free stream. Losses appear to be minimized when a small separation bubble is present, so
long as reattachment begins far enough upstream for the boundary layer to recover from
the separation. Correlations for determining optimal bar height are presented. The bars
appear to provide a simple and effective means of passive flow control. Bars that are large
enough to induce reattachment at low Re, however, cause higher losses at the highest Re.
Some compromise would, therefore, be needed when choosing a bar height for best over-
all performance.[DOI: 10.1115/1.1626685]

Department of Mechanical Engineering,
United State Naval Academy,
Annapolis, MD 21402

e-mail: volino@usna.edu

Introduction boundary layer reattachment. The lower the Reynolds number, the

Modern low-pressure turbinPT) airfoils are subject to in- farther downstream transition will tend to occur and hence the

: . . : . &_rloblems associated with performance at altitude.
creasingly stronger pressure gradients as designers impose hi %reparated flow transition has been studied extensively, and in
loading in an effort to improve efficiency and lower cost by re- :

X L . recent years several studies have focused on transition in the LPT.
dUC".‘g the number of _alrf0|I§ Inan engine. .lf the adverse PressWiino [7] provides a review of much of that work. Separation can
gradient on the suction side of these airfoils becomes str

(0] . . .
enough, the boundary layer will separate. Separation bubbles, e affected through naturally occurring phenomena in an engine

ticularly those that fail to reattach, can result in a significant Io§.§aa through deliberate attempts at flow control. Several studies
of lift and a subsequent degradation of engine efficiefey., ve shown that high free-stream turbulence intenéRgTI)

B tends to cause the transition to move upstream, resulting in a
Hourmouziadig 1], Mayle[2], and Sharma et &3]). The prob- a1 separation bubble. Reducing the separation bubble size
lem is particularly relevant in aircraft engines. Airfoils opﬂmmef nds to result in thinner boundary layers after reattachment,
to prqduce maximum power unde_r takeoff g:ondmon_s_ may st ereby reducing losses. Moving the transition upstream, however,
experience boundary layer separation at cruise conditions, duq,é

. . ) Quits in a longer turbulent region on the airfoil, which tends to
the thinner air and lower Reynolds numbers at altitude. A COMPRi-rease losses. \olinf7] showed that the net result of these

nent efficiency drop of 2% may occur between takeoff and Cruisg neting effects depends on the Reynolds number. High FSTI
conditions in large commercial transport engines, and the d'ﬁetE'nds to reduce losses at low Re. At high Re, where separation

ﬁ.”che cor!d (?e a(s: large as 7|°fA’ in smalller bengifrfles %p%ratingbﬁbbles are relatively small even with low FSTI, high FSTI re-
igher altitudes. Component life may also be affected by MoLe,s in higher losses. At very low Re, boundary layers may fail to

than an order of magnitudéiodson[4]). Because the LPT pro- ,oqitach even with high FSTk.g., Volino[7] and Van Treuren
duces the bulk of the net power in many engines, changes in S, 1g7) “Unsteadiness caused by wakes generated upstream of
component efficiency can result in nearly equal changes in overall Jiroil has been shown in several studiesy., Howell et al.
engine efficiencyWisler[5]). There are several sources for 10Se%7) 15 reduce the extent of separation bubbles and reduce losses.
in an engine, including secondary flows, but the suction Sid&S" ith elevated FSTI, wake unsteadiness is most effective at
boundary layer has been identified as the primary source of l0S3g§,sing Josses at lower Re, where the steady flow separation
in the LPT (Curtis et al.[6]). Prediction and control of suction \ppjesare largest. Staditien et al.[10] found that at high Re

side separation, without sacrifice of the benefits of higher loading<qas were higher with wakes than in steady flow. '

are therefore, necessary for improved engine design. Existing results suggest that separation bubbles should be kept

Separation on LPT airfoils is complicated by boundary layety,,) “hyt without producing an unnecessarily long turbulent re-
transition. Turbulent boundary layers are much more resistant fon. Hourmouziadis[1] discussed “controlled diffusion blad-

separation than laminar boundary layers. If transition occurs far. » in which an airfoil is designed so that a small separation

enough upstream, it can prevent separation. If transition occursjifn e is present. The bubble itself is not thick enough to produce

the shear layer over a separation bubble, it will tend to indugfyn josses, and its presence allows a shorter turbulent region near

the trailing edge. This idea is discussed below in conjunction with

Contributed by the International Gas Turbine Institute and presented at the Intgr-
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, Jﬁts'ae present results.

1619, 2003. Manuscript received by the IGTI Dec. 2002; final revision Mar. 2003. Capitalizing on the beneficial effECts_ of ur.]su?ady wakes, How-
Paper No. 2003-GT-38728. Review Chair: H. R. Simmons. ell et al.[9] and Brunner et al.11] studied airfoils modified for
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higher lift. Losses increased with airfoil loading, as adverse pre: flap ~ -+ bleed air
sure gradients became stronger and separation bubbles bec:

larger. With wake passing, however, the magnitude of the los

increase was in some cases relatively small compared to the

crease in lift. Aft loaded airfoils tended to have lower losses, sinc

separation and transition occurred closer to the trailing edge, r

sulting in a shorter turbulent region.

While high FSTI and wakes help to mitigate separated flov
problems, they clearly do not solve all problems, as evidenced t 357
the known efficiency drop in modern engines at altitude. Howe
et al.[9] indicated that their highly loaded airfoils might be close
to a limit, and that higher loading could cause unacceptable sef
ration problems even in the presence of wakes. Looking beyor
FSTI and wakes, other types of flow control could prove usefu - !
The literature contains numerous examples of separation contr ﬂa:'eed a
Most have been applied to external flows over aircraft, but a fe
studies have considered passive devices added to LPT airfoi isoo
Van Treuren et al[8] utilized vortex generators on the suction
surface of an LPT airfoil. The vortex generators caused reattac
ment at Re=50,000all Re in the present paper are based on exi
velocity and suction surface lengthLosses appeared to be
slightly lower with the vortex generators. The vortex generator
were not effective at Re25,000, and the boundary layer did not
reattach even with 8% FSTI. Van Treuren et[&] did not con- Fig. 1 Schematic of the test section
sider higher Re. In another study, Lake et[dl2] used various
passive devices including dimples and boundary layer trips in an
LPT cascade. They considered cases with Re above 100,000. Mu-
rawski and Vafa[13]added extensions to the trailing edges of the
airfoils in their cascade. These extensions tended to move gfe@@mbers, and a three-dimensional contraction before entering the
separation location downstream. At low Re, they reduced ti@st section. At the exit of the contraction, the mean velocity is
length of the separation bubble and reduced losses. At high R@jform to within 1%. The FSTI is 0.5%+0.05%. Nearly all of
losses increased. Byerley et 4] used “Gurney flaps” to con- this free-stream “turbulence” is actually streamwise unsteadiness
trol separation. These devices were trips, near the trailing edge@nfrequencies below 20 Hz and is not associated with turbulent
the pressure side of the airfoils. They helped to keep the bound&gdies. The rms intensities of the three components of the un-
layer attached on the suction side, but also increased losses ingtgadiness are 0.7%, 0.2%, and 0.2% in the streamwise, pitchwise,
cascade. Active separation control has also been employed. Band spanwise directions, respectively. For low-FSTI cases, the test
et al.[15,16]used steady and pulsed vortex generator jets to suggction immediately follows the contraction. For high FSTI, a
cessfully control separation under LPT conditions. passive grid is installed at the contraction exit followed by a 1-m-

The studies listed above indicate that separation control sholig rectangular settling chamber. At the inlet to the test section
be possible under LPT conditions. Existing results are, howevéte high-FSTI mean flow and turbulence are spatially uniform to
limited both in the range of Reynolds numbers considered in eagfithin 3% and 6%, respectively. The free-stream turbulence is
study and in the types of data acquired. More experiments 4rearly isotropic with rms intensities of 8.8%, 8.9%, and 8.3% in
needed with various types of devices to expand the experimerif2¢ streamise, pitchwise, and spanwise directions. The integral
data base. Detailed measurements will also help in the explanati®fgth scales of these components are 3 cm, 1.6 cm and 1.4 cm.
of the physical mechanisms by which various devices affect tAde integral scales were computed from the power spectra of each
flow. component.

Passive flow control is considered in the present work. Thin The test section, shown in Fig. 1, consists of the passage be-
bars of rectangular cross section are placed on the suction surfaeen two airfoils. Details are listed in Table 1 and more infor-
of an LPT airfoil near the suction surface velocity peak. Expermation is available in Ref.7]. A large span-to-chord ratio of 4.3
ments were conducted in a single-passage cascade simulator,vé&$ chosen to ensure two-dimensional flow at the spanwise cen-
scribed in Volino[7]. The geometry of the passage corresponds terline of the airfoils, where all measurements were made. Up-
that of the “Pak-B” airfoil, which is an industry supplied researctstream of each airfoil are flaps, which control the amount of bleed
airfoil that is representative of a modern, aggressive LPT desigl allowed to escape from the passage. The flaps, along with a
Volino [7] documented cases in the present facility without flowailboard on the pressure side of the passage, are adjusted to pro-
control. These serve as baseline cases for the present study. duce the correct leading edge flow and pressure gradient along the

airfoils. The flow in the passage matches that in a multiblade
. cascade.
Experiments Experimental conditions match those of the ten baseline cases

Experiments were conducted in a low speed wind tunnel, def Volino [7], who considered high- and low-FSTI cases at five
scribed by Volino et al[17]. Briefly, air enters through blowers Reynolds numbergRe=25,000, 50,000, 100,000, 200,000, and
and passes through a honeycomb, a series of screens, two setBi®@,000). The Reynolds number range is representative of condi-

tailboard

Table 1 Test section parameters

Axial True Suction Inlet Exit
chord chord Pitch Span side, L flow flow
(mm) (mm) (mm) (mm) (mm) angle angle
153.6 170.4 136.0 660.4 228.6 35° 60°
Journal of Turbomachinery OCTOBER 2003, Vol. 125 / 755
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losseg(as indicated by large increases in momentum deficit at the
trailing edge). As the size of the devices was reduced, it was found
that all devices that were just large enough to induce boundary
layer reattachment at R&25,000 caused about the same increase
in losses at higher Re. This was somewhat unexpected, as it was
thought that the delta wings vortex generators might present less
blockage, and more effectively promote mixing and inhibit sepa-
ration than the trips or bars. Reasons for this unexpected finding
are discussed with the results below. Since no device appeared to
have a clear advantage, rectangular bars were chosen for further
study because of their simplicity. The bars were of uniform rect-
angular cross section and extended along the airfoil span, as
shown in Fig. 2. It should be noted that the tests described above
were not exhaustive, and do not preclude the possible usefulness
of vortex generators or other types of devices.

The results of the preliminary tests with the bars indicated that
the streamwise width of a bar and the location of its leading edge
were unimportant. The bar height and the location of its trailing
edge were critical. Hence, it appeared that the backward-facing
step at the trailing edge was most important for flow control. Bars
were most effective when the trailing edge was near the location
of the suction surface velocity peak. If the trailing edge was much
farther downstream, it was located under the separation bubble
and was ineffective. If the trailing edge was upstream in the fa-
vorable pressure gradient region, the stabilizing effect of the ac-
celerating flow appeared to lessen the bar’s effectiveness.

In the present study, rectangular bars were fabricated from mul-
tiple layers of vinyl tape. The trailing edge of the bar was located
at s/L;=0.51, near the suction surface velocity peak. All bars
were 6 mm wide in the streamwise direction. Bar heights of 0.4
mm, 0.8 mm, and 1.6 mm were used. The bar heights were all less
than 1% ofL,. They compare to local boundary layer thickness at
the bar location of about 3.8 mm, 2.7 mm, 2.0 mm, 1.4 mm, and
1.2 mm in the baseline Re=25,000 through 300,000 cases, respec-
Fig. 2 Scale drawing of suction side airfoil showing location tively. For each bar height, all 10 cases of the baseline study were
of bar redocumented, for a total of 30 new experimental cases.

Measurements. Pressure surveys were made for each case
tions from cruise to takeoff. The FSTI levels in an engine maysing a pressure transdu¢ér-870 Pa range Validyne transducer
vary considerably, but the values in the present work are believadd a Scanivalve. Stagnation pressure was measured with a pitot
to span the range of most interest. tube upstream of the passage inlet, and 11 pressure taps were

Prior to the detailed experiments of the present study, variol@sated on each airfoil along their spanwise centerlines. Locations
devices were used in preliminary attempts at flow control. Thef the taps on the suction side are listed in Table 2 along with
devices included trip wires of various diameters, rectangular bargasured local FSTI components, and theKR&oduct at these
of various widths and thicknesses, and delta wing vortex genesiations based on a nonseparating, inviscid solution. The uncer-
tors of various heights, spacing, and angles with respect to ttanty in the suction side pressure coefficients was 7% at the low-
flow. All of these devices were tried at several streamwise locast Re, and below 4% in other cases. Most of this uncertainty was
tions along the suction surface. Documentation included streadue to bias error. Stochastic error was minimized by averaging
wise pressure profiles and velocity profiles acquired near the trgikessure transducer readings over a 10-s period.
ing edge. Large devices of any type eliminated separafémn  Velocity profiles on the suction surface were measured at
indicated by the pressure profijedut caused large increases instreamwise stations corresponding to pressure taps 7—11, as given

Table 2 Measurement stations locations, local acceleration (inviscid solution ), and measured
local free-stream turbulence

Low Low High High
FSTI FSTI FSTI FSTI
u'/U,, v'/U,, u'/U., v'/U,,
Station s/Lg ReK (%) (%) (%) (%)
1 0.111 1.58 0.44 5.2
2 0.194 1.20 0.39 4.6
3 0.278 0.86 0.37 4.0
4 0.361 0.75 0.38 3.5
5 0.444 0.62 0.39 3.2
6 0.528 —-0.02 0.41 2.8
7 0.611 -0.81 0.47 0.05 2.9 5.9
8 0.694 —0.95 0.47 0.12 3.0 6.2
9 0.777 —0.58 0.48 0.14 3.4 6.6
10 0.861 —-0.53 0.54 0.11 3.8 6.8
11 0.944 -0.18 0.51 0.11 4.0 6.8
756 / Vol. 125, OCTOBER 2003 Transactions of the ASME
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in Table 2. These stations are downstream of the bar. Profiles 18 x
stations 1-6 are fully documented for the baseline cases in Re
[7,18], and show that the upstream boundary layer closely follov 1€
a laminar solution, even in the high-FSTI cases. Profiles we
measured near but not at the spanwise centerline of the airfoil
insure that the pressure taps did not interfere with the veloci
measurements. Profiles were acquired with a hot-wire anemo
eter (AA Lab Systems model AN-1003and a single-sensor
boundary layer prob€TSI model 1218-T1.5). The sensor diam-q
eter is 3.8um, and the active length is 1.27 mm. At each mea”
surement location, data were acquired for 26 s at a 20-kHz sa
pling rate (2° samples). All raw data were saved. The higt og
sampling rate provides an essentially continuous signal, which

0.8
Low FSTI

Re=25,000

needed for intermittency and spectral postprocessing. The 10 o4 glg’f’gsaﬁegg:
sampling time results in low uncertainty in both statistical an _*> lemmbpar
spectral quantities. Data were acquired at 60 wall normal locatio 0.2f

in each profile, extending from the wall to the free stream, witl

most points concentrated in the near-wall region. The closestpo 9, 02 04 05 08 1 T2
was within 0.1 mm of the wall, which corresponds oL s/,

=0.0004 and between 0.01 and 0.2 boundary layer thicknesses. ) )

Flow direction in a separation bubble cannot be determined witha ~ Fig- 3 C,, profiles, low FSTI, Re=25,000 cases

single-sensor hot-wire, but velocity magnitude can be measured
and was found to be essentially zero within the bubbles of the
present cases. Determining the direction was not, therefore, cerod agreement with the inviscid solution on the pressure side.
sidered essential. Uncertainties in the mean velocity are 3—%9f the suction side, the baseline case shows good agreement with
except in the very near wall region where near-wall correctionge inviscid solution in the favorable pressure gradient region, but
(Wills [19]) were applied to the mean velocity. Uncertainties im large separation bubble in the adverse pressure gradient region.
the momentum and displacement thicknesses computed from paration is indicated by the nearly const@gtvalues, which
mean profiles are 10%. Uncertainty in the shape faétois 8%. are well above the invisid solution. T, values remain high to
The uncertainty in the fluctuating streamwise velocity is beloghe trailing edge, showing no sign of reattachment. With the 0.4-
10%, except in the very-near-wall region, where spatial averagingm-thick bar, there is an increase@y over the baseline value at
effects, due to the finite length of the hot-wire sensor, becomgl .=0.53. The pressure tap at this location is immediately down-
important in some cases. For the present cases, as explainedsfa¥yam of the bar, and the flow over the tap is probably affected by
Volino [7] based on the work of Ligrani and Bradsh&0,21],  the close proximity of the bar. Thg, values in this case remain
spatial averaging should not be significant for the=26,000 and high to the trailing edge, indicating that the boundary layer does
50,000 cases, even near the wall. For the higher Re cases, spaglreattach. The same is true for the 0.8-mm bar case. With the
averaging should not be significant fpr-1 mm (y/Ls>0.004), 1.6-mm bar,C, drops below the baseline values near the end of
but may cause errors as high as 30% closer to the wall. It is nfie favorable pressure gradient region. The larger bar is apparently
certain that the errors are this large, however. The estimates afdugh of an obstruction to slow the near-wall flow upstream of
based on the results of Ligrani and BradsHa®,21], who con- the bar. Downstream of the 1.6-mm b@, values are high, as in
sidered a boundary layer with Re2600. The momentum thick- the other cases, but at the most downstream pressu@,tepops
ness Reynolds numbers in the present cases are all below 138Ghear the inviscid solution value, indicating boundary layer re-
This may indicate less developed turbulence in the present stugitachment.
which could imply fewer small-scale eddies and lower averaging The velocity profiles for the low-FSTI, Re25,000 cases are
errors. shown in Fig. 4. The top row of the figure shows dimensionless
The intermittencyy, is the fraction of time the flow is turbulent mean velocity profiles at stations 7—11. The baseline case shows a
within the transition region. It was determined at each measuligoundary layer near separation at station 7, a small separation
ment location based on the instantaneous streamwise velocity $igihble at station 8, and an increasingly larger bubble at stations
nal, using the technique described by Volino et[al/]. The un- 9-11. The mean profiles of the 0.4-mm and 0.8-mm bar cases are
certainty inyis 10%. As explained by Volino et dl17], turbulent
flow is defined here to include a range of large- and small-scale
eddies, turbulence production, and dissipation. A boundary Iayer0
may be characterized by significant fluctuations but still be g
nonturbulent if these fluctuations are induced by an externs
source that does not also cause near-wall turbulence producti 0
Such is often the case under high-FSTI conditions. Free-strei 0
eddies buffet the boundary layer, inducing nonturbulent bounde o.osi
00
.05[
%

.05

layer fluctuations but very little momentum transport. Transitio®,,
to turbulence is characterized not so much by large increas€s in >
levels, which may remain essentially constant, but by the appe
ance of higher frequencies. The higher frequencies signal the g
eration of turbulence in the near-wall region and are used to d,
tinguish between turbulent and nonturbulent flow. Furthes”
discussion is available in Rdf17]. .

0
)

Results

* haseline o Q4mmbar + 0.8mmbar * 1.6 mm bar

Velocity and Pressure Profiles. Pressure coefficients for the
low-FSTI, Re=25,000 cases are shown in Fig. 3. Also shown Igg. 4 Station 7—11 profiles, low FSTI, Re =25,000 cases: (a)
the inviscid solution for the present geometry. In all cases theren®an velocity, (b) u’, (c) intermittency
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Vlrtua”y IndlstlngUIShab|e from the baSE“ne Case The 1 6 mm b Q.05 - .; ,,,,,,,,,,,,,,, + .............. .: ,,,,,,,,,,,,, :ﬂ ............. '.:I
case shows a clear separation bubble at station 7, suggesting 2, 8% : ﬂ? o 3
the boundary layer has separated from the trailing edge of the l:> Q“j /j ég' ‘ y‘“# J
This bubble continues to grow, and at station 8 the separati 0 — — : — y
bubble is larger with the 1.6-mm bar than in the other cases.
station 9 all cases appear similar. This agreement is really a croy,

ing, as the shear layer in the 1.6-mm bar case is on the verges’
reattaching, while the separation bubble is growing in the oth

0.05

cases. At station 10, the near-wall velocity in the 1.6-mm bar ca % 0 .

has begun to rise, indicating incipient reattachment. By station 1 o.05¢--- - T PR un, g s e
the boundary layer has clearly reattached in the 1.6-mm bar caCLm 7 1 8 I $ 10 A
although the mean profile has not recovered to a fully develop > : l B L} L‘
turbulent shape. Dimensionles$ profiles are shown in the sec- 0 B . . ) i
ond row of Fig. 4. As with the mean profiles, the baseline case a 0 0 ° ., ° 0 !
the 0.4-mm and 0.8-mm bar cases are indistinguishable throt o basoline = OAmmbar ¢ 0.8mmbar  + 1.6 mmbar

station 10. All show a smalli’ peak growing in the shear layer

over the separation bubble. As explained by \Vol[718], this Fig. 5 Station 7—profiles, high FSTI, Re =25,000 cases: (a)

peak is not indicative of transition. It is caused primarily by lowmean velocity, (b) u’, (c) intermittency

frequency fluctuations that are amplified when they act across the

region of high mean velocity gradient in the shear layer. At station

11, there is a slight increase iri in the 0.8-mm bar case over thebars, but the boundary layer still does not appear fully reattached.
baseline case, and the high values extend into the near-wall kermittency rises slightly above zero at station 11 of the 0.8-mm
gion. These near-wall fluctuations suggest the beginning of trapar case, while remaining essentially at zero with the smaller bar
sition and reattachment, but they are not large enough in this casl in the baseline case. Thé profiles show a large peak in the

to significantly affect the mean profile. The 1.6-mm bar casghear layer, which grows in the streamwise direction. As shown in
shows a largeu’ peak than the other cases at stations 7 and ¥lino [7], this peak is caused by the action of the high FSTI on
The peak is in the shear layer and is similar to the peaks at statiéhe shear layer, and does not indicate significant momentum trans-
9 and 10 of the other cases. It does not indicate transition. TRert. As in the low-FSTI cases of Fig. 4, the 1.6-mm bar case
peak becomes larger at station 9, and extends into the near-#aPws significant differences from the other cases in Fig. 5. The
region, which is a sign of incipient transition. By stationa0is U’ peak is significantly higher in this case at stations 7 and 8. At
much larger with a clear double peak. This risaiincorresponds station 9,u’ values are higher in the near-wall region, the inter-
to the beginning of reattachment observed in the mean profile. THéttency rises above zero, and the mean profile appears to be
third row of Fig. 4 shows the local intermittency. Its is zero in alleattached. At stations 10 and 11 the intermittency continues to
cases through station 9, but begins to rise at stations 10 and 1ingrease. The mean profile adjusts toward a more turbulent shape
the 1.6-mm bar case. The intermittency peak is in the shear layeefween stations 9 and 11. Ti¢ peak decreases somewhat by
indicating that this is where transition begins. Intermittency onigtation 11, but still shows the relatively high values of a transi-
reaches about 13% at station 11. This is consistent with the md#mal boundary layer, rather than the somewhat lower values of a
velocity profile, which shows the boundary layer is reattached biutlly turbulent boundary layer. As in the low-FSTI, R25,000

not yet a fully developed turbulent profile. As the turbulence isase, the 1.6-mm bar is not large enough to immediately trip the
intermittent, it is likely that the boundary layer is only intermit-boundary layer to turbulent, but it causes transition to move up-
tently reattached. The high' peak at station 11 is also consistenstream and leads to a reattachment that did not occur in the base-
with a transitional boundary layer. As a boundary layer becom#ge or smaller bar cases.

fully turbulent, the dimensionless’ peak will decrease in mag- The velocity profiles of the low-FSTI, Re=50,000 case are
nitude to about 0.1, and move close to the wall. shown in Fig. 6. The effects of the bars are clear. At station 7, the

The behavior in the 1.6-mm bar case is interesting. The bar wh&-mm bar has caused a relatively large separation bubble com-
not large enough to immediately trip the boundary layer to turbipared to the other cases and a smallpeak in the shear layer
lent, but it did move the separation point upstream. This causeder this bubble. The smaller bar cases are indistinguishable from
the transition to move upstream, and led to at least a partial reite baseline case, with mean profiles only on the verge of separa-
tachment by the trailing edge, which did not occur in the othdion andu’ near zero. By station 8, the 1.6-mm bar case has
cases. The 0.8-mm bar trip case is also very interesting. The bar in
this case was so small that it had no immediate measurable affect
on the mean ou’ profiles. Well downstream at station 11, how- 905

. o i a)
ever, the effect of this bar became visible in theprofile. Ap- &
parently this bar introduced a very small disturbance in the flo\ -
which was too small to detect at first, but grew as it moved dowi
stream.

The velocity profiles of Fig. 4 and the pressure profiles of Fig)
3 are in good agreement. Both show transition and reattachmens.
the same locations, and the measured static pressures agree
the local free-stream velocities of Fig. 4. The agreement betwe
the pressure and velocity results was apparent in all cases.
brevity, the pressure profiles are not presented in the cases wf")
follow.

Figure 5 shows the velocity profiles for the high-FSTI, Re
=25,000 cases. The format is that same as in Fig. 4. As in t
low-FSTI case, the baseline, 0.4-mm trip and 0.8-mm trip cas
are nearly indistinguishable at the upstream stations. By station
11, some differences are apparent in the mean profiles for thésg 6 Station 7-11 profiles, low FSTI, Re =50,000 cases: (a)
cases. The separation bubble is less distinct in the cases with iifen velocity, (b) u’, (¢) intermittency

* haseline o 04mmbar + 0.8mmbar * 1.6 mm bar
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Fig. 7 Station 7-11 profiles, high FSTI, Re =50,000 cases: (a) Fig. 8 Station 7—11 profiles, low FSTI, Re =100,000 cases: (a)
mean velocity, (b) u’, (c) intermittency mean velocity, (b) u’, (c) intermittency

undergone a sudden transition, wik=1, highu’ levels in both

the shear layer and near-wall regions, and the beginning of regiy ,rhylent and begun to reattach. In the baseline caseloes
tachment as indicated by nonzero mean velocity near the wajly'yyeqin to show elevated near wall values until station 10, and

The other cases are indistinguishable, exhibiting a small sepafay,ition and reattachment occur at station 11. The mean profiles
tion bubble and showing no sign of transition or reattachment. t

. 3 X station 11 show the fullest profile and thinnest boundary layer
station 9, the t’)oundary layer is clearly reattached in the 1.6-MMne 0 4-mm bar case. The larger bars result in thicker boundary
bar case, and’ values are beginning to rise in the 0.8-mm bafyyers The mean profile in the baseline case has not yet recovered
case. At station 10 the intermittency indicates fully turbulent flowy 5 fully turbulent shape. As will be discussed below, the thinner
and the boundary layer has reattached in the 0.8-mm bar case. }fi§ched boundary layer in the 0.4-mm bar case suggests that this
0.4-mm bar case is still separated wigh-0, butu’ has begun to case will have lower losses than the other cases.
rise near the wall. By station 11 the 0.4-mm bar case has becomerhe high-FSTI, Re=100,000 cases are shown in Fig. 9. As in
turbulent and the boundary layer has started to reattach. The bagg- |ow-FSTI case, the 1.6-mm bar trips the boundary layer to
line case remains nonturbulent with a large separation bubblegthulent and eliminates separation at this Re. The intermittency is
station 11. As observed in the Re=25,000 cases, the 1.6-mm badhzero at station 7 of the 0.8-mm bar case, and it continues to
not large enough to immediately trip the boundary layer to turbyise through station 10, indicating an extended transition zone.
lent, but it does move separation upstream, which causes trafgécause the transition begins so far upstream, the separation
tion and reattachment to move significantly upstream. The smallgipple is eliminated and transition occurs in an attached boundary
bars appear to have no immediate effect on the boundary laygger. With the 0.4-mm bar, the intermittency indicates that the
but they must introduce small disturbances that grow in theansition does not begin until station 8, so a small separation
streamwise direction and have a significant effect in moving thgipple forms, as in the baseline case. The boundary layer is reat-
transition and reattachment upstream. The 0.8-mm bar must intfched by station 9, however, and the transition is nearly complete
duce a larger disturbance than the 0.4-mm bar, since transition gjydstation 10. In the baseline case, the transition begins at station
reattachment occur one station farther upstream with the 0.8-nyMand the boundary layer is reattached at station 10. Examining
bar.. ) ) the mean profiles, the 1.6-mm bar causes an immediate thickening

Figure 7 shows the high-FSTI, Re=50,000 cases. With thg the boundary layer, and the separation bubble in the baseline
larger bars, transition and reattachment move upstream. With #1&e also causes a thicker boundary layer. By station 11, the mean

1.6-mm bar, the intermittency is already nonzero by station 7, apgbfiles for these two cases agree closely. The boundary layers are
the boundary layer is fully turbulent and attached by station $hinner in the cases with the smaller bars.

With the 0.8-mm bar;y rises above zero at station 8 and is near
fully turbulent by station 10. The mean profile appears to indicate
reattachment by station 9. The intermittency rises above zero in
the 0.4-mm bar case at station 9, and continues to rise at statir 9057 e -SRI :
10 and 11. The mean profile shows reattachment at station 10.2w g i
the baseline case, the intermittency begins to rise at station ~
and the boundary layer is reattached at station 11. At station 11-
mean profiles are indistinguishable in the cases with bars, a
fuller than in the baseline case. In all cases, the transition begy,
upstream of the location in the corresponding low-FSTI case <
Fig. 6, but the transition length is longer. Volino and Hultgi2a]
also observed that transition begins farther upstream with hig
FSTI, but is more abrupt in low-FSTI cases. X
Figure 8 shows the low-FSTI, Rel00,000 cases. The 1.6-mmo),
bar immediately trips the boundary layer to turbulent and elim>
nates the separation bubble. The 0.8-mm bar causes a small
peak above the baseline values at station 7. The intermitter
jumps from O to 1 between stations 7 and 8, and the separat
bubble is effectively eliminated. As in the lower-Re cases, the
0.4-mm bar has no visible effect at station 7, and the mearuandFig. 9 Station 7—11 profiles, high FSTI, Re=100,000 cases: (a)
profiles are indistinguishable from the baseline case. The boumaean velocity, (b) u’, (c) intermittency

ary layer separates, but by station 9 the shear layer has become

e ¥
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Fig. 10 Station 7—11 profiles, low FSTI, Re =200,000 cases: (a) Fig. 12 Station 7-11 profiles, low FSTI, Re =300,000 cases: (a)
mean velocity, (b) u’, (c¢) intermittency mean velocity, (b) u’, (c) intermittency

In the low-FSTI, Re=200,000 cases of Fig. 10, the intermitated. By station 9 the shear layer in the baseline case is transi-
tency profiles show that the 0.8-mm and 1.6-mm bars immediatelgnal, and it is fully turbulent and reattached by Station 10. At
trip the boundary layer to turbulent and eliminate the separati@tation 11 the mean profiles for the four cases are all different,
bubble. The 1.6-mm bar, which is the same thickness as thth the 0.4-mm bar and baseline cases having the thinnest
boundary layer at station 7 of the baseline case, results in a sbbundary layers.
stantially thicker boundary layer than in all of the other cases. TheFigure 13 shows the high-FSTI, R800,000 cases. As in the
0.4-mm bar case shows a small separation bubble at station 8, low-FSTI cases, the 0.8-mm and 1.6-mm bars trip the boundary
is fully turbulent and reattached by station 9. The baseline calsger to fully turbulent, and the 0.4-mm bar causes the transition
exhibits a clear separation bubble at station 9, and is fully turbte start by station 7 and finish by station 8. Transition has started
lent and reattached by station 10. The mean profiles at stationdllstation 8 of the baseline case and is complete near station 10. In
show that the growth of the bubble in the baseline case resultsaiih of these cases the transition begins far enough upstream to
a thicker boundary layer than in the 0.8- and 0.4-mm bar caseprevent separation. The mean profiles at all stations show that the

Figure 11 shows the high-FSTI, R200,000 cases. As in the boundary layer is thinnest in the baseline case and that the thick-
low-FSTI cases of Fig. 10, the 0.8- and 1.6-mm bars trip theess increases with the bar size. With the 0.4-mm and 0.8-mm
boundary layer to turbulent. The transition has already started, @'s the boundary layer is only slightly thicker than in the baseline
indicated by the nonzero intermittency, in the 0.4-mm bar casedse, but it is substantially thicker in the 1.6-mm bar case.
station 7. In all of these cases, there is no separation. In the baseSome consistent trends run through the data from all cases. If a
line case,y does not rise above zero until station 9, and there mdpar is large enough, it will immediately trip the boundary layer to
be a small separation bubble at station 8. At station 11, the meéully turbulent and prevent separation. As Reynolds number in-
u’, and intermittency profiles of the baseline, 0.4-mm, ancreases, the boundary layer thickness decreases as does the thick-
0.8-mm bar cases are all in good agreement, while the 1.6-mm Ipass of the bar required for tripping. If a bar is small enough, it
case exhibits a noticeably thicker boundary layer. initially appears to have no effect on the boundary layer. The

The low FSTI, Re=300,000 cases are shown in Fig. 12. As boundary layer appears to proceed over the bar with no measur-
the Re=200,000 cases, the 0.8-mm and 1.6-mm bars trip thisle change in the mean velocity of from the corresponding
boundary layer to turbulent. The 0.4-mm bar appears to have baseline case. The bars must, however, introduce some small dis-
effect at station 7, where the mean andprofiles agree with the turbance into the boundary layer. The boundary layer is unstable
baseline case and the intermittency is zero. By station 8, howevagainst small disturbances in the adverse pressure gradient region,
the boundary layer in the 0.4-mm bar case has become fully tge the small disturbances grow and eventually cause transition.
bulent, while in the baseline case it is still laminar and has sepaarger bars must impart largéalbeit sometimes still undetect-

* haseline o Q4mmbar + 0.8mmbar * 1.6 mm bar * haseline o 0.4mmbar + 0.8mmbar * 1.6 mm bar

Fig. 11 Station 7—11 profiles, high FSTI, Re =200,000 cases: Fig. 13 Station 7-11 profiles, high FSTI, Re =300,000 cases:
(a) mean velocity, (b) u’, (c) intermittency (a) mean velocity, (b) u’, (c) intermittency
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able) perturbations than the smaller bars, resulting in transitic o ® basolno
locations that move upstream as bar size is increased. The optii Sy . . o 0.4 mm bar [|
Ealr size depends on the Reynolds number and is discussed fur  af g M ?g il gz[ H
elow. _— j
The present results shed some light on the transition mechani 2_" + . . |
under both high- and low-FSTI conditions. \Volifi8] examined * * 3? ¥ #

spectra of the fluctuating velocity in the boundary layers and she ¢ ]
layers of the baseline cases. He observed sharp peaks in the s 95 oss o ovs Y
tra of the low-FSTI cases at frequencies that matched the mi ' ' ' s
unstable frequencies for Tollmien-Schlicthif§S) waves in the
boundary layer just upstream of separation. He therefore cc ' ' ' : ' : '

. .
0.85 0.9 0.5 1

cluded that the transition in the shear layer might be through a~ 6) *
mechanism in these cases. In the high-FSTI cases, VpliBd 1 * * 1
observed broadband peaks in the spectra and the relatively Itg * o

transition regions noted above. Volino and Hultgi@2] made < |, Jud ° |
similar observations, and concluded that the high-FSTI separa ™

flow transition was through a bypass mode, very similar to tr .

high-FSTI transition in an attached boundary layer. Volji8], 0 L : L . ' . '
however, noted that the broadband peaks in the high-FSTI ce °¢ 06 07 075 08 08 08 0% !

s

spectra were centered at the same frequencies as in the low-FSTI

cases, suggesting a similar transition mechanism under high- amgl 14 Shape factor and momentum thickness versus

low-FSTI conditions. He concluded that disturbances that begstreamwise location, low FSTI, Re=100,000: (a) H, (b) 6

to grow in the boundary layer prior to separation were causing a

TS-type transition in the shear layer over the separation bubble in

both the high- and low-FSTI cases. High-FSTI has a strong effect

in moving the transition upstream, but the bars in the present cas@gacceptable loss of lift from the airfoils. For those cases in which

had an equally strong or stronger effect in both the high- ariie boundary layer reattaches and recovers to a fully developed

low-FSTI cases. This confirms that the free-stream turbulencetigbulent shape, the suction side profile loss is likely the dominant

not solely responsible for bypass transition in the high-FSTI casé@ss mechanism in the passagtowell et al.[9]). As explained
The magnitude of the disturbances induced by the bars is tBp Howell et al.[9], for a given shape factor and passage exit

small to be quantified based on the mearubrresults presented @ngle, the momentum thickness of the suction side boundary layer

Analyses of spectra based af fluctuations for the present cases, F19uré 14 provides an example of the development of the shape

show some interesting but inconclusive results. Vo[ib®] found factor and momentum thickness, using the low-FSTI, Re

thatu’ spectra are often characterized by low-frequency fluctuz100:000 cases. In the baseline caseincreases from 2.4 to a

tions that are induced by the free stream and have no direct eff th value of about 5 as t_he boundary layer separates. Reattach-
on transition. In the early stages of transition, these low-frequenfifNt occurs near the trailing edge, adddrops to about 2.2,
fluctuations can hide the very-low-amplitude fluctuations impotr- ich is still above the tgrbqlent value of 1.6, indicating that
tant for transition. Voling 18] found that spectra of the turbulent c0Very from the separation is not complete. In the 0.4-mm bar
shear stress are less affected by the low-frequency unsteadi , the boundary layer separates Bneaches a value of 3.7.
and can provide a better means for detecting the early stagesl §f Poundary layer then reattaches, &hgradually drops to a
transition. Acquisition and analysis of turbulent shear stress dz ly turbulent value by the trailing edge. With the 0.8-mm bar,

for the cases of the present study may prove useful for explainiggns't'on ?.ccurs flarfenoughl upstream lto p:ever:t st?plare:tlonl-,l and
and quantifying the transition mechanism. ops continuously from a laminar value to a turbulent value as

transition occurs. In the 1.6-mm bar case the boundary layer is
Shape Factor and Momentum Thickness. The shape factor tripped to turbulence, andl quickly reaches its turbulent value.
and momentum thickness are useful parameters for evaluating Tie 1.6-mm bar causes an immediate thickening of the boundary
state of the boundary layer with respect to separation, transitidayer, and the momentum thickness remains higher than in the
and losses. They provide a means for summarizing the informather cases at all streamwise locations. The 0.4- and 0.8-mm bars
tion presented in the velocity profiles of Figs. 4—13. In the preseappear to have no immediate effect énWhen transition and
cases, the boundary layer has a shape fadtof about 2.4 at the reattachment occur, howeveérbegins to rise. When reattachment
end of the favorable pressure gradient region. This is the expectaturs in the baseline case, it caugeto increase to a higher
value for this laminar, accelerated boundary layer. If the boundavglue than in the 0.4- and 0.8-mm bar cases. Near the trailing edge
layer separates, the displacement thickness grows rapidly, whilés lowest in the 0.4-mm bar case. This would presumably be the
the momentum thickness remains nearly constant. The result isase with the lowest profile losses. The larger bars force the tran-
very high shape factor. If the boundary layer reattaches, the dstion to occur farther upstream than necessary, resulting in a
placement thickness drops, and the momentum thickness beginktaer turbulent region and higher losses. In the baseline case the
grow. The boundary layer eventually recovers to a fully turbulerseparation bubble becomes relatively thick, resulting in a thick
shape, with a shape factor of about 1.6 in the present cases. boundary layer after reattachment. The 0.4-mm bar case provides
Stage losses in a multiblade turbine cascade can be determinegood example of the controlled diffusion described by Hour-
through measurement of the momentum deficit in the wake dowmouziadig1]. With the 0.4-mm bar, the separation bubble is rela-
stream of the blade row. With the single-passage facility of therely thin, and the turbulent region is relatively short, resulting in
present study, wake measurements are not meaningful, since theweer losses.
is flow on only one side of the airfoils on each side of the passage Figure 15 shows the shape factor and momentum thickness at
If a boundary layer separates and does not fully reattach, or restiation 11 §/L,=0.94), near the trailing edge, for all the low-
taches near the trailing edge, momentum thickness will be reBSTI cases. In the Re=25,000 cases, the shape factor indicates
tively low at the trailing edge, and high losses will be generated that the boundary layer only reattaches in the 1.6-mm bar case.
the wake downstream of the passage. While the losses in suchhe shape factor in this case is still above the expected turbulent
case cannot be quantified in the present study, it is safe to assurakle, indicating that recovery from the separation in not com-
that they would be unacceptably high, and that there would be piete. Comparison of momentum thicknesses is not meaningful at
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basolne higher losses than the other cases. At Re=100,000, the 0.4- and
0.4 mm bar || 0.8-mm bar cases and the baseline case all have about the same
95 rmm bar losses. As Re increases to 200,000 and 300,000, the baseline case
_— - emerges as the case with lowest losses, in agreement with the
low-FSTI cases of Fig. 15.
8 The optimal bar height clearly varies with the Reynolds num-
ber. As Re increases, the boundary layer becomes thinner and
0 ' , ‘ ‘ f ’ 's more prone to transition, so a smaller bar is needed. At Re
’ " Re x 10° =25,000, the 1.6-mm bar is needed, and a larger bar would be
desirable to force a more complete reattachment. At 5000,
2r ] the 0.8-mm bar is best, since it is large enough to cause reattach-
b) * ment at low FSTI, but produces lower losses than the thicker bar
L - 1 at high FSTI. At Re=100,000 and 200,000, the 0.4-mm bar is
§ * i best, since it is large enough to force complete reattachment at
low FSTI, and results in equal or slightly lower losses than the
baseline or 0.8-mm bar cases. AtR&00,000, the baseline case is
Low FSTI best, although the losses are only slightly lower than those of the
% o5 y 15 2 25 3 a5 0.4-mm bar case. If a bar is used for passive flow control, a single
Re x10° bar thickness must be chosen for optimal overall performance.
The best size will depend on the operating range of the engine. If
Fig. 15 Station 11 shape factor and momentum thickness ver- the Operating range is |arge’ a Compromise between improved per-
sus Re, low-FSTI cases: (a) H, (b) 0 formance at cruise and higher losses at takeoff may be needed.

a)
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Correlation of Results. The size of a bar necessary to trip a

this Re. For the Re50,000 cases, the 0.8- and 1.6-mm bars cau§gundary layer to turbulence can be predicted using the following
reattachment, while recovery from the separation is only partial§prrelation from Gibbing$23].
complete in the 0.4-mm bar case and the shear layer remains _
separated in the baseline case. The 0.8- and 1.6-mm bar cases are, Rey=Uqd/v>600, (1)
therefore, preferable at this Re, and both have about the sawfered is the bar thickness arld is the velocity in the untripped
momentum thickness at station 11. At-R&00,000, already de- boundary layer aty=d at the streamwise location of the bar.
scribed in Fig. 14, the 0.4-mm bar produces the lowest losses. Thguation(1) predicts that bar thicknesses of 4.7 mm, 2.3 mm, 1.3
0.4-mm bar case is also best at=Rz00,000, with slightly lower mm, 0.68 mm, and 0.50 mm would be needed to immediately trip
losses than with the 0.8-mm bar or in the baseline case. At e boundary layer to turbulent in the R25,000 through
=300,000, the transition occurs sufficiently far upstream in th#00,000 cases, respectively. In agreement with this prediction, the
baseline case to keep the separation bubble small and prodi&silts above show that the boundary layer was only tripped in the
lower losses than in any of the cases with bars. Re=200,000 and 300,000 cases with the 0.8-mm and 1.6-mm
The station 11 shape factors and momentum thicknesses for Bi@s, and in the Re=100,000 cases with the 1.6-mm bar. Since an
high-FSTI cases are shown in Fig. 16. As in the low-FSTI casegptimal bar does not immediately trip the boundary layer; it will
only the 1.6-mm bar is large enough to force reattachment lag thinner than indicated by E(L).
Re=25,000, and it does not even quite result in full recovery to a The most effective bars in the present cases appear to be those
turbulent profile. At Re=50,000, the shape factor shows that all ofhat cause reattachment to begin between stations 8 and/, at
the bars cause reattachment, while the boundary layer in the bagfeabout 0.74. When reattachment begins by this location, there is
line case has reattached but not fully recovered from the sepasafficient distance downstream for the reattachment and recovery
tion. The 0.4- and 0.8-mm bar cases have lower momentum thidkem the separation to be completed before the trailing edge. The
ness than the 1.6-mm bar case. At the higher Re, reattachmeréginning of reattachment and the start of transition are related
complete in all cases, and the 1.6-mm bar cases have significaahgd occur at approximately the same location. There are a few
correlations in the literature for prediction of the distance from
separation to transition onset. In general they are not very robust,
but some give reasonable estimates. Md@leprovides the fol-

T
baseline

oo Y S odmmvar|| lowing correlations:
o + 0.8 mm bar 7
. * 1.6 mm bar Re,=300 Rés (short bubbleg, (2)
T 2f ]
*ow ) . . Re,=1000R&7 (long bubbl. @)
1r 1 . .
Equations(2) and (3) apply to short and long separation bubbles,
0 . . . ) s s respectively. Volind 7] found that the present baseline case results
0 0.5 1 B 2 25 3 35 lie between the predictions of Eq®) and(3) tending toward the
x 10 i i
long bubble correlation at low FSTI and about midway between
2 . : . ; . . the two correlations at high FSTI. Although they differ by a factor
* b) of 3, Egs.(2) and (3) provide at least a rough estimate of the
15r & 1 reattachment location.
T . * The following correlation provides an estimate of the effect of
£ . * 1 bar height on reattachment location. The equation is based on a
05k ] | curve fit of the present data:
e (S=Sp)n/ (S 8p)p=[1+0.23d/6)* %)%, (4)
0 05 ! Yo f 25 8 X1(;°;'5 where §—s,), is the distance from the suction side velocity
maximum &/Ls=0.53) to the location of the beginning of reat-
Fig. 16 Station 11 shape factor and momentum thickness ver- tachment in the baseline case, aisgs,), is this distance with
sus Re, high-FSTI cases: (a) H, (b) 0 a bar in place. The present data along with Egj.are shown in
762 / Vol. 125, OCTOBER 2003 Transactions of the ASME
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5 TR e, cation, however, we do not seek to enhance turbulence or heat
ool o HighFSTL predicteds,, || transfer, or even to fully eliminate the separation bubble. Since the
S Hanre memmar || SMaller bars in the present experiments did not increase losses or
081N I — Equation 4 H boundary layer thickness, or have any other immediate measur-
?\ able effect on the boundary layer, it is not clear that any other
o7r \ T 1 device will be superior.
o6l ¢ ¢ B | While the present bars have proven effective, it is clear from
' Table 3 and Figs. 15 and 16 that the optimal bar height varies with

Re and FSTI. If applied passively, a single bar height would be
selected for the entire operating range of the engine. If the oper-
ating range is large, a compromise will be necessary between
improved performance at low Re and higher losses at high Re.

02 - Passive flow control has the distinct advantage of being relatively
02f simple to implement in practice, but active flow control may pro-
vide a means for optimizing performance over a wider range of
o1r conditions. Unsteady active control also provides possibilities for
o . . . . . . . further flexibility and improved performance not available with
1 1.5 2 25 B 35 4 45 5 passive devices. Further consideration of active control is pre-
P sented by Volind24].
Fig. 17 Correlation of transition and reattachment start loca- The present cases all involve steady inlet flow. In engine flows,
tion to bar height; bars indicate range of possible values result- the periodic wakes from upstream airfoils will make the flow un-
ing from finite station spacing steady. While steady flow experiments are necessary for building

understanding of the flow and flow control devices, experiments
should eventually be performed in flows with wakes.

Fig. 17. The finite spacing of the streamwise measurement stations

results in some uncertainty in the transition start location, as indi-

cated by the error bars in Fig. 17. Wolif@] showed that the

boundary layer behavior upstream of the separation is predictable

and laminar. To predict reattachment in a case with a bar, t@nclusions

laminar solution could be used to predict the separation location

and the momentum thickness before separation. A correlation such: Rectangular bars have been successfully employed as flow
as Egs.(2) or (3) could then be used to estimate the distance &p_ntrol devices on the suction side of a Iow-pressur(_e turbine air-
transition and reattachment in the baseline flow. This would giJgil- Boundary layer reattachment was forced even in very-low-
sy. Equation(4) could then be used to predist, for a given bar Reynolds-number cases.

thickness. Alternatively, the desires},, could be specified and 2. Optimal bars are not large enough to immediately trip the
used with Eq.(4) to predict the optimal bar thickness. Settingooundary layer to turbulent or prevent separation, but rather in-
Sm=169mm &,,/L,=0.74) and using the measurgavhen duce very small disturbances that at first are essentially undetect-
available)or predicted values fasy, and 6, for the baseline cases, able, but eventually promote transition in the shear layer at a
optimal bar heights have been predicted for the present cases dadnstream location.

are presented in Table 3. 3. Bars were effective under both high- and low-FSTI condi-

Discussion. The above correlations are based only on thtéons’ indicating that the high-FSTI transition is not simply a by-

present data set, so it is doubtful that they are universally appﬁ)l‘?ss transition induced by the free stream.

cable. Still, they provide a start in the assessment of passive fIOw4. The optimal location for reattachment results in a relatively

control devices. With more experiments with different airfoils, it ort turbulent region, but occurs sufficiently far upstream to pre-

may be possible to refine correlations such as @4, to make vent a Iarge‘ separation bubblgland ensure compIeFe recovery from
them more generally applicable. the separation before the trailing edge. A bar he!ght can be se-

Alternative passive devices such as vortex generators !§Fted to induce reattachment at the desired location.

dimples should also be considered. There is no guarantee, how®- The optimal bar height varies with the Reynolds number and

ever, that these devices will provide improvement over the presdffte-stream turbulence level. Bars that were large enough to in-
bars. Dimples have been used in some applications such as in€stce reattachment at the lowest Re produced significantly higher
nal blade cooling, to provide enhanced heat transfer with lowlgisses at the higher Re. If a wide range of Reynolds numbers are
pressure drop than boundary layer trips. Dimples enhance heatountered in practice, some compromise between improved per-
transfer by promoting turbulence and mixing, which would alstormance at low Re and higher losses at high Re will be necessary
tend to promote boundary layer attachment. In the present apjfi-the choice of an overall best bar height.

Table 3 Baseline case boundary layer thickness at bar location (s/Ls=0.53), and predicted
bar heights for tripping  (dy,) and for incipient reattachment  (d,y) at s/L=0.74 (all values in
mm)
Low FSTI High FSTI
ReX1073 599.&) 0p d1rip dopt 599.5;) Hp dlrip dopl
25 3.8 0.48 4.7 2.4 3.9 0.48 4.7 1.5
50 2.7 0.34 2.3 1.2 2.8 0.33 2.3 0.6
100 1.9 0.23 1.3 0.4 2.2 0.24 1.3 0.2
200 1.3 0.16 0.7 0.2 1.6 0.16 0.7 0
300 1.2 0.14 0.5 0.1 1.4 0.14 0.5 0
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e Separation Control on
Low-Pressure Turbine Airfoils
Using Synthetic Vortex Generator
Jets

Oscillating vortex generator jets have been used to control boundary layer separation

Ralph J. Volino from the suction side of a low-pressure turbine airfoil. A low Reynolds number (Re
Department of Mechanical Engineering, =25,000) case with low free-stream turbulence has been investigated with detailed mea-
United States Naval Academy, surements including profiles of mean and fluctuating velocity and turbulent shear stress.
Annapolis, MD 21402 Ensemble averaged profiles are computed for times within the jet pulsing cycle, and

e-mail: volino@usna.edu integral parameters and local skin friction coefficients are computed from these profiles.

The jets are injected into the mainflow at a compound angle through a spanwise row of
holes in the suction surface. Preliminary tests showed that the jets were effective over a
wide range of frequencies and amplitudes. Detailed tests were conducted with a maximum
blowing ratio of 4.7 and a dimensionless oscillation frequency of 0.65. The outward pulse
from the jets in each oscillation cycle causes a disturbance to move down the airfoil
surface. The leading and trailing edge celerities for the disturbance match those expected
for a turbulent spot. The disturbance is followed by a calmed region. Following the
calmed region, the boundary layer does separate, but the separation bubble remains very
thin. Results are compared to an uncontrolled baseline case in which the boundary layer
separated and did not reattach, and a case controlled passively with a rectangular bar on
the suction surface. The comparison indicates that losses will be substantially lower with
the jets than in the baseline or passively controlled cafp©l: 10.1115/1.1626686]

Introduction these effects is available in Voling]. While high FSTI and
Modern low-pressure turbin€PT) airfoils are subject to in- wakes help to mitigate sepa_rated flow problems, the_y_clearly do
rﬁ)t solve all problems, as evidenced by the known efficiency drop

creasingly stronger pressure gradients as designers impose hi%ln &lodern engines at altitude. Howell et B8], for example, stud-

loading in an effort to improve efficiency and lower cost by req, ' oiis modified for higher lift, noting that their highly loaded
ducing the number of airfoils in an engine. If the adverse pressule i might be close to a limit, and that even higher loading
gradient on the suction side of these airfoils becomes stron ’

i . 88uld cause unacceptable separation problems even in the pres-
gnough,the boundary quer will separate. Separatllon bqbb!gs,p ce of wakes. Looking beyond free-stream turbulence and
ticularly those which fail to reattach, can result in a significa

loss of lift and a subseguent degradation of engine efficiéaay, akes, other types of separation control could prove useful. Gad-

Hourmouziadig1], Mayle[2], and Sharma et a3]). The prob- el-Hak[7] provides a recent review. Techniques include boundary

lem is particularly relevant in aircraft engines. Airfoils o timizeclayer tripping, vortex generation, suction, and injection of fluid
P Yy 9 T P ‘normal to the wall to either increase the boundary layer momen-
to produce maximum power under takeoff conditions may sti

’ . ) o 4ym or promote turbulence.
experience bpundary layer separation at cruise cpnd|t|ons, due While the general literature is extensive, only a few studies
the thinner air and lower Reynolds numbers at altitude. A compp ’

o 0 ave considered separation control under LPT conditions. Some
nent efficiency drop of 2% may occur between takeoff and CIUi$E o Ltilized passive techniques. Lake etf8] considered

conditions in large commercial transport engineg, and the d_iffedl- ples and boundary layer trips. Van Treuren ef8l.consid-
ence Cou.ld be as large as 7% in smaller engines operatingedly \ ortex generators. Voliné] used rectangular bars to impose
higher altitudes. disturbances in a boundary layer and move transition upstream.
Sassive flow control is appealing for its simplicity and the relative
se with which it might be implemented in gas turbine environ-
nts. It has its limitations, however. Volii6] found that pas-
e devices can successfully control separation even at the lowest
. . . eynolds number of interest, but that these devices caused sub-
lems associated with p?Fformance at altltuc_ie. . stantial increases in losses at higher Re. This is an important limi-
Separated flow transition has been studied extensively, andion for aircraft engines, where the Re range between takeoff
recent years several studies have focused on transition in the LB ruise is large. An active device could be turned off at high
Volino [4] provides a review of much of that work. Separation cafe static passive devices are also unable to take advantage of the
be affected through naturally occurring phenomena such as teadiness caused by wake passing. An active device might be
free-stream turbulence intensitliySTI) or the unsteadiness causedimed to turn on and off in response to wake passing events.
by wakes generated upstream of an airfoil. Further discussion L%steady devices might also take advantage of the calmed region
following a transient turbulent event.

Contributed by the International Gas Turbine Institute and presented at the Inter- i i i i
national Gas Turbine and Aeroengine Congress and Exhibition, Atlanta, GA, JuneThe literature contains several examples of active separation

16-19, 2003. Manuscript received by the IGTI December 2002; final revision Mar&pntml- Lee et aI[lO] used_blowmg in supersonic engine inlets to
2003. Paper No. 2003-GT-38729. Review Chair: H. R. Simmons. prevent or control separation. Sturm et[dll] reported on blow-

transition, which can prevent separation if it occurs far enou
upstream, or induce boundary layer reattachment if it occurs in t|
shear layer over a separation bubble. At lower Reynolds numbers
transition will tend to occur farther downstream, hence the pro
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ing in a compressor cascade. Johnston and Nishiused vortex- Synthetic jets hold an advantage over continuous or pulsed jets
generator-jet§VGJ’s) to control separation in turbulent boundaryin that they require no net mass flow. In the LPT environment, this
layers. This method utilizes blowing from “small, skewed, andneans that no compressor bleed air is required. Use of bleed air
pitched holes” to create streamwise vortices similar to those crier flow control or cooling comes at a cost in efficiency, although
ated by solid vortex generators. Any jet injected into a flow wilthe small amount of air required for the pulsed jets of Bons et al.
tend to produce some turbulence, and the turbulent mixing wiR5] might not be prohibitive if bleed air were already routed to
tend to bring some high momentum fluid into the near wall regiothe airfoils for cooling. Synthetic jets would not be useful for a
and inhibit separation. Streamwise vortices bring additional higipoled airfoil since ingestion of hot gas into the airfoil would be
momentum fluid into the near wall region. The most effectivBarmful. For uncooled LPT airfoils, however, the airfoil tempera-
VGJ's enter the boundary layer at a relatively shallow pitch angfére will match the main flow temperature, and ingestion of hot
(typically 30-45°)relative to the wall and a high skew anglegas should be acceptable. Routing of bleed air to uncooled airfoils
(45-90°)relative to the main flow. Compton and Johnsfa] for flow control may present a prohibitive addition of complexity
showed that the co-rotating vortices produced by VGJ's are stroid weight. With synthetic jets this problem could be avoided. In
ger and more effective for separation control than the countdfe present study, the oscillating flow of synthetic jets and the
rotating vortices which form downstream of a normal jet. Mcgompound angle |nJect|9n of vortex generator jets are combined to
Manus et al[14] and Raghunathan et 4lL5] used pulsed VGJ's. produce synth_etlc V(?J s. This is believed to be the first applica-
Sinha and P4l16] used acoustic excitation to perturb an unsteacfg)n of synthetic VGJ's. They are used to control the flow over a
separating flow. Jacobson and Reynold3] used piezoelectri- .ak-B airfoil. A survey of the literature |nd|cat¢s that the jet loca-
cally driven cantilevers to influence the near wall turbulenchions and angles chosen by Bons efab]were likely optimal, so

structure on a flat plate. They noted that the devices could be u¢Bgir 9eometry has been copied in the present study. ,
in separation control. Miau et gl18] used an oscillating fence to , | N€reé are many parameters which could be varied in a synthetic
promote reattachment downstream of a backward facing st Study, including Reynolds number, FSTI, jet geometry, jet lo-
Sinha et al[19] used a driven flexible wall transducer to detect@tion. jet velocity, jet oscillation frequency, and jet waveform, to
pressure fluctuations and then produce near wall vortices upstr e a few. These are all potentially important parameters and
of separation. Whitehead et §0] used a film transducer to pro- Should eventually be studied. The scope of the present study is
duce airfoil vibrations and reduce separation at high angles '§re focused. A single experimental case is completely docu-
attack. Oscillatory blowing has been used in several studies Tignted with detailed measurements including time resolved mean
control separation on airfoils. Amitay and GleZ@d ] provide one and fluctuating velocity and turbulent shear stress throughout the

recent example. Oscillatory jets are often referred to as “syntheig?w f:]eld'. Thef ﬁoals of ttr:wet_stij;gjgre to tbulild an ur:_dersta(;utjing of
jets” since they have no net mass flow. They are typically direct € physics ol how synthetic S controf Separation and o gen-

normal to a surface, meaning that they probably do not produ fate questions for future parametric studies which may lead to
optimized flow control for a broad range of flow conditions.

such strong streamwise vortices as VGJ's. . . e Lo
Only a few active control studies have been conducted und'erOImo [4,28]studied unmodified flow over the Pak-B airfoil at

LPT conditions. Huang et a[22] and Hultgren and Ashpig23] .eynolds numbers ranging from 25,000 to 300,000 under both
employed high voltage electrodes to_produce glow discharglel S Y P1c, T IEAY T (ASEk e Je B, e SeRe
plasma in a boundary layer to control separation. Bons et )

; eynolds numbers it reattached before the trailing edge. The most
[24,25] used steady and pulsed VGJ's to successfully contr :
Separation on LPT airfolls. They used the “PakB" airfoil. which-CVerely separated case was the low FSTE-E®000 case. This

case has therefore been chosen as the test case for the present

is an industry supplied research airfoil th"."t is prone to sepe}ratigaﬂ lication of synthetic VGJ's. The unmodified case from Volino
problems at low Re. It has been used in numerous studles,[ %)is used as a baseline case for comparison to the new results.

noted by Volino[4]. Bons et al[24]used spanwise rows of VGJ's Also used for comparison is a case from Volif@] in which a

at several streamwise locations on the suction surface of the)?ﬁssive bar was employed to force reattachment. The bar was

foil, and found that a row near the suction surface velocity maxjy o as/L.=0.51, extending along the airfoil span. Its stream-

iented at 30° to th ¢ d 90° to th infl ise width was 6.35 mm and its height was 1.6 mm. The suction
\r/lvelre orented a ted | Oth e sur acde_' ant_ ¢ 0 g main OV\t" i rface length was 228.6 mm. Bars of various heights were tested.
oles were oriented In the same direction, 1o produce co-rolaliggle 1 6. mm par was the smallest bar to cause reattachment at

vor]tcices.l Reyk?oldds nqmb?rs as low as %O,ch?sBed on suct5ion Re=25,000. Volind5] found that the most effective bars in terms
fsur a:jcehengt r?n e)é't ve gc)ty\llered considere .ff ons et 825 f minimizing losses were not large enough to immediately trip
ound that both steady and pulsed Jets were eflective In CONtrQq hoyndary layer to turbulent. Rather, they induced small distur-

ling separation. The pulsed jets were fully effective even when the e \which grew and caused transition and reattachment down-
dimensionless pulsing frequenEy was as low as 0.1, whefe"  giream of a small separation bubble.

is a ratio of the transit time for flow between the VGJ hole and the

trailing edge to the time interval between pulses. Ensemble aver- .

aged velocity profiles showed a long relaxation or “calmed” peEXperiment

riod following each jet pulse. During this calm period the bound- Experiments were conducted in a low speed wind tunnel, de-
ary layer remained attached long after the turbulence generatedsbyibed by Volino et al[29]. Briefly, air enters through blowers
the pulse had moved downstream. Calmed regions have been g passes through a honeycomb, a series of screens, two settling
served following turbulent spots in transitional boundary layeishambers, and a three-dimensional contraction before entering the
(e.g., Gostelow et al[26] and Schulte and Hodsof27]). The test section. At the exit of the contraction, the mean velocity is
mean velocity profiles in the calmed region gradually relax fromniform to within 1%. The FSTI is 0.5%+0.05%. Nearly all of
the turbulent shape associated with the turbulent spot they followjs free-stream “turbulence” is actually streamwise unsteadiness
to a laminar(and in some cases separatguipfile shape. The at frequencies below 20 Hz and is not associated with turbulent
calmed boundary layer is very resistant to separation, much likeeddies. The rms intensities of the three components of the un-
turbulent boundary layer, but it is very laminarlike in terms of itsteadiness are 0.7%, 0.2%, and 0.2% in the streamwise, pitchwise
fluctuation levels and low losses. The pulsed jets were more @ird spanwise directions, respectively. The test section immedi-
fective than continuous jets, even when the pulsed jet duty cydeely follows the contraction.

was as low as 1%. This was believed to indicate that the startingThe test section, shown in Fig. 1, consists of the passage be-
vortex formed at the beginning of each jet pulse was responsilileeen two airfoils. Details are listed in Table 1, and more infor-
for most of the flow control in the pulsed jet cases. mation is available in Volind4]. A large span-to-chord ratio of

mum (pressure minimumjas most effective. The VGJ holes
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Fig. 2 Drawing of suction side airfoil with cavity and VGJ's:
(a) full airfoil, (b) cross section of VGJ holes

Fig. 1 Schematic of the test section

Ly). The holes are drilled at a 90° skew angle with respect to the
4.3 was chosen to insure two-dimensional flow at the spanwiggain flow and a 30° pitch with respect to the surface, as shown in
centerline of the airfoils, where all measurements were made. Ugig. 2. Each hole extends from the suction surface into the cavity
stream of each airfoil are flaps, which control the amount of bleedl the core of the airfoil. The length to diameter ratio of the holes
air allowed to escape from the passage. The flaps, along withsay 5.

tailboard on the pressure side of the passage, are adjusted to pro- .
duce the correct leading edge flow and pressure gradient along thd/easurements. Pressure surveys were made using a pressure
airfoils. The flow in the passage matches that in a multibladgansducer(0—870-Pa range Validyne transducend a Scani-
cascade. The single passage configuration allows for a large sc4lve. Stagnation pressure was measured with a pitot tube up-
passage and better probe access than possible with a multibid#igam of the passage inlet, and eleven pressure taps were located
cascade in the same size wind tunnel. The wake downstreamP8f€ach airfoil along their spanwise centerlines. Locations of the
the passage is not representative of a multiblade facility, howevEPs on the suction side are listed in Table 2 along with measured
since there is flow only on one side of each airfoil. Downstreaff¢al FSTI components and the acceleration parani€tet these
effects that could influence the upstream flow in the passage &f@tions based on a nonseparating, inviscid solution. The uncer-
also potentially missed. Experimental conditions match those @nty in the suction side pressure coefficients was 7%. Most of
the low FSTI, Re=25,000 baseline case of Vol and the th!s uncertainty was due to bias error. Stocha;tlc error was mini-
passive bar case of VolinG]. mlzed by averaging pressure transducer readings over a 10-s pe-
The synthetic VGJ's were produced from a cavity within th&lod. ) )
suction side airfoil. The airfoils are machined from high density Velocity profiles on the suction surface were measured at
foam, which has a consistency much like hard wood. The surfagé€amwise stations corresponding to pressure taps 7—-11, as given
of each airfoil was sanded smooth, painted, and sanded agaiditdable 2, and at four additional stations, labeled 7.5, 8.5, 9.5,
provide a smooth surface. A 1.27-cm-diameter hole was drilléd’d 10.5, centered between the pressure taps. All stations are
through the airfoil span at about mid-chord, as shown in Fig. 2, #wnstream of the VGJ holes. Stations 7, 8, 9, 10, and 11 corre-
form a plenum. One end of the plenum is plugged, and the narrRond to stations documented in the baseline case in Volino
end of a funnel is inserted in the other. A 20.3-cm-diameter louf?28]. Profiles at Stations 1—6 are fully documented for the base-
speaker(100-W subwoofer is attached at the wide end of thellne case in Volino[4,28], and show that the upstream boundary
funnel. The funnel is sealed to the speaker and to the airfoil wityer closely follows a laminar solution. Profiles were measured
silicone RTV to prevent air leakage. The speaker is driven with§ar but not at the spanwise centerline of the airfoil to insure that
200-W audio amplifier, which is in turn powered with a 12-V ddhe pressure taps did not interfere with the velocity measurements.
power supply and driven by a function generator. For the present
study the function generator was set to output a sine wave. The
amplitude of the signal from the function generator and the ga]'@b[e 2 Measurement station locations, local acceleration (in-
of the amplifier were adjusted to provide the desired input voltag#scid soln.), and measured local free-stream turbulence
to the speaker. Holes for the VGJ's were drilled into the SUCtiU”Station

’ 0, ’ 0,
surface in a spanwise line sitL. = 0.514. The holes are 0.8 mm in S/Ls Kx10P u'/U.. [%] v'IU.,. [%]
diameter(0.35% ofLg) and are spaced 8.5 mm ap&Bt7% of 1 0.111 6.32 0.44

2 0.194 4.80 0.39
3 0.278 3.44 0.37
4 0.361 3.00 0.38
Table 1 Test section parameters 5 0.444 2.48 0.39
6 0.528 —0.08 0.41
Axial True Suction Inlet Exit 7 0.611 —3.24 0.47 0.05
Chord Chord Pitch Span side,L¢ flow flow 8 0.694 —3.80 0.47 0.12
[mm] [mm] [mm] [mm] [mm] angle  angle 9 0.777 —2.32 0.48 0.14
10 0.861 —-2.12 0.54 0.11
153.6 170.4 136.0 660.4 228.6 35° 60° 11 0.944 —-0.72 0.51 0.11
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Profiles were acquired with a hot-wire anemoméfek Lab Sys- section, the jets should drive approximately the same mass flow
tems model AN-1003and a single sensor boundary layer probérough the holes with the wind tunnel on or off. The jet velocity
(TSI model 1218-T 1.6 The sensor diameter is 3;8n, and the at the exit plane will presumably be affected by the mean flow,
active length is 1.27 mm. At each measurement location, ddtawever.
were acquired for 26 s at a 20-kHz sampling raté®(@mples). The measured maximum jet exit velocity was 9.4 m/s for most
All raw data were saved. The high sampling rate provides @i the cases presented below. Given the sensor length and the
essentially continuous signal, and the long sampling time resutti@meter of the holes, the measured velocity is an average over the
in low uncertainty in both statistical and spectral quantities. Datgiddle 30% of the jet. The Reynolds number based on this veloc-
were acquired at 60 wall normal locations in each profile, extendly and the jet diameter is 500. At this Reynolds number, approxi-
ing from the walll to the free stream, with most points concentratéfiately 30 diameters would be needed to establish fully developed
in the near wall region. The closest point was within 0.1 mm dgminar flow inside the jet holes. Since the length to diameter ratio
the wall, which corresponds tg/L.=0.0004 and about 0.015 in only 7.5 and the jets are unsteady, the jet velocity is not ex-
boundary layer thicknesses. Flow direction in a separation bubfigcted to have a fully developed parabolic laminar profile, but
cannot be determined with a single-sensor hot wire, but velocitgther a more flat profile. Given the averaging due to the sensor
magnitude can be measured and was found to be essentially %6 and the expectation of a flat profile, the instantaneous mean
within the bubbles of the present cases. Determining the directig@locity of the jet is assumed to approximately equal the measured
was not therefore considered essential. Uncertainty in the me#giocity. Ideally this assumption would be checked with a survey
velocity is 3—5% except in the very near wall region, where neaf velocity across the jet exit plane, but the very small jet diameter
wall corrections(Wills [30]) were applied to the mean velocity. Precludes an accurate survey. The uncertainty in instantaneous
Uncertainties in the momentum and displacement thicknesdB§an velocity is, therefore, higher than the 5% uncertainty in the
computed from the mean profiles are 10%. Uncertainty in tygeasured velocity. The uncertainty is estimated to be between 10
shape factoH is 8%. Local skin friction coefficients were com-and 20%.
puted from the near wall mean velocity profiles using the tech- pata processing. In addition to conventional time averaging,
nique of Volino and Simon(31]. This technique accounts forihe velocity data were ensemble averaged relative to the time
streamwise pressure gradient effects on the mean profile. The {ihin each jet oscillation cycle. For this purpose, the speaker
certainty inCy is 8%. The uncertainty in the fluctuating streaminpyt voltage was digitized simultaneously along with the instan-
wise velocity is below 10%. As explained in Voliid] based on  taneous velocity data. Data were ensemble averaged at 24 in-
the work of Ligrani and BradshayB2], spatial averaging effects stances within the cycle. At each instance, data were averaged
due to the finite length of the hot-wire sensor should not be sigyer 1/180th of the cycle. For each 26-s data trace, this results in
nificant in the present case. _ roughly 3000 data points to average for each ensemble. With this
Profiles were also acquired using a cross-sensor boundary lajg{ny data points to average over a 26-s time record, the ensemble
probe (TSI 1243-20). The sensors are hin-diameter hot films ayeraged results are well resolved and have uncertainties as low as
with 1.02-mm active lengths. The probe is used to document thgse given above for the time averaged results. The start of the
instantaneous turbulent shear stressy’v’. Profiles were ac- cycle was arbitrarily chosen as the instant when the speaker input
quired at the same stations as with the single-sensor probe. Dagtage crossed from negative to positive. As will be shown be-
were acquired at 25 locations in each profile, extending fromIdw, this roughly corresponds to the beginning of the jets’ outward
mm from the wall to the free stream. Sampling rates and timesilse.
were the same as for the single-sensor profiles. The vortices in-
duced by the oscillating jets cause significant secondary velociResults
particularly at the streamwise stations immediately downstream of ) ) ) .
the jet holes. The magnitude of these secondary velocity compo-J€t Velocity. Figure 3 shows a typical time trace of the mea-
nents remains below 20% of the local streamwise velocity, hogtred jet velocity and the speaker input voltage. The frequency of
ever, so they should not cause significant error in the hot-witB€ inPut signal was set to a nominal value of 10 (detual value
measurements. The uncertainty-iru’v’ is 10%. was 10.5 Hz). The maximum and average velocmes in eaqh out-
The VGJ velocities were measured using a hot-film prok! ward pulse were 9.4 and.5.9 m/s, respectlvely. The jet velocity can
model 1210-10AWwith a 0.25-mm active sensor length. The sen®® €xpressed as a blowing rao defined as
sor was placed directly over the exit of the jet hole. During out-
flow from the hole, the jet was expected to blow directly across . . . . . . . . '
the sensor, providing an accurate measure of the jet velocity. U — Jetvelocity L
certainty in the velocity is 5% and results mainly from uncertainty '°f ~ - Speaker Input Voltage
in the position of the sensor, which could lead to a slightly lowel
velocity reading than the velocity at the jet exit plane. During g
inflow of the oscillating jet, the flow is expected to behave more
like a sink flow than a jet. The measured velocity does not therez
fore provide an accurate indicator of the velocity inside the hol&E €
during inflow. The jet velocity was calibrated against the rms inr‘g?
put voltage to the speaker with the main flow in the wind tunne2
turned off, and the calibration was used to set the jet velocity 8
later experiments. The jet velocity is fixed by the frequency ang
amplitude of the displacement of the speaker diaphragm, whic 2 ..
causes a pressurization of the cavity relative to the pressure at 1
jet exits. The dynamic pressure of the flow through the test sectic
is about 2.4 Pa at the jet location. Since the test section exits
atmosphere, the dynamic pressure results in an average press \
of 2.4-Pa vacuum in the cavity, and a 2.4-Pa pressure differen _, PSS S 3t . i A
across the speaker diaphragm. This pressure is much smaller tt ~ ° 5% 51 815 82 58 63 535 54 545 55
the pressure experienced by the speaker when driving the jets, and
is not expected to influence its motion. If the amplitude of theig. 3 Time trace of jet velocity and speaker input voltage,
diaphragm motion is unchanged by the presence of flow in the tést=0.65
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o
wherepje= p.. since the jet fluid comes from the boundary layer, 16 $
andU..(=2 m/s) is the local free-stream velocity at the jet loca- 8
tion. For the present cass,,,=4.7 during each cycle anl, . 1.4

=3.0 during the outward pulse. The mass flux of the jets can k

compared to the velocity deficit in the boundary layer as 1.2
M = [ pjeVjet 7D ef4) SI/[ U 6" ], 1

where S=0.118 holes/mm is the number of holes per unit spar®
The displacement thicknes&} (=1.08 mm)is the baseline case
value at the jet location. This giveM,,=0.258 andM .
=0.162. This could be interpreted to mean that 16% of the boun
ary layer in terms of displacement thickness is sucked off durin 44
the inflow half of each jet cycle, and then re-injected into the
boundary layer during the outward pulse. 02
The momentum coefficierg, is defined as the ratio of the jet
momentum to the free-stream dynamic pressure. Using the de o ' '
.. 0 0.2 0.4 0.6 0.8 1
nition of Bons et al[25], siL,

s

0.8

06

|0A+*DO

¢, = [pieVie mDLd4)S]/[ p..UZChord),

where the axial chord is 153.6 mm. The maximum value pfn
each cycle is 0.0085. The average value/fg[for the outpulse is
44 n?/s. This gives an average, = 0.0042. suction peak is higher in all the cases with jets than in the baseline
Figure 3 shows that the speaker input voltage and the jet vel¢@se. This is an expected result, suggesting that the lift will be
ity are slightly out of phase. The jets lag the input voltage bkigher when the boundary layer is attached. Fhe=0.65 case
about 0.006 s, which is a dimensionless leig T of 0.063, where appears to agree most closely with the inviscid solution. The
Tis the jet oscillation period of 0.095 s. The lag is expected, as theoad range of effective frequencies agrees with the results of
jets respond dynamically to the pressurizing of the cavity in tH8ons et al[25].
airfoil by the speaker, and there is no reason to expect the speakefhe objective of the present study is not to establish the optimal
voltage and the jet velocity to be exactly in phase. The finit€t conditions for the present case, but to investigate in detail a
distance from the speaker to the jet holekthe order 0.5 mand case in which the jets provide effective flow control. The dimen-
the finite speed of soun@®40 m/s)will also lead to a time lag of sionless frequencl * =0.65 was chosen since it appeared to pro-
the order 1 ms. The time lag increases with distance from théde slightly better results than the other cases in Fig. 5, and
speaker along the airfoil span. At high jet frequencies, the time I&,.,=4.7 was chosen since it was the lowest effective blowing
causes the jets along the span to be significantly out of phase wigiio tested. Figure 6 shows ti@p profile for the chosen case
each other. Measurements, however, show that the jet amplitudiéh jets along with the baseline case and the passive bar case of
along the span is uniform, regardless of the frequency. VariationVolino [5].

hase along the span could lead to difficulty in practice if attempts . ) . —
b 9 P ymnp P Velocity Profiles. Figure 7 shows mean velocity’ and tur-

were made to time the jet pulsing to other cyclic events such as . .
wake passing. It is not an issue in the present study. At the re Jlent shear stress profiles for the present case, the baseline case,
tively low frequency of 10 Hz, the phase lag was not significan‘f‘,nd the passive bar case. In the baseline case, the mean proflles
and the jets were Uniform in both phase and amplitude along tRgOW the boundary layer is on the verge of separating at station 7,
span. Is clearly separated at station 8, and the separation bubble grows
through station 11. In the bar case, the boundary layer separates
Pressure Profiles. Pressure profiles were acquired for severdtom the bar. The separation bubble is visible at station 7, and it
jet amplitudes and jet frequencies. The general finding was thgbws through station 9. At station 10, the near wall velocities
the jets were effective over a broad frequency range, so long as
the amplitude was sufficiently high. Figure 4 sho@g profiles
for a range of jet amplitudes, with the jet frequency set tc 1s
10.5Hz F"=0.65). In all cases there is good agreement betwee
the data and an inviscid solution for the Pak-B airfoil on the 16
pressure side and the upstream portion of the suction side. In t
adverse pressure gradient region on the suction side, differenc 14
are clear. Without the jets the boundary layer separates and dc
not reattach, as indicated by the region of constaptvalues.
With B,,,=1.9 the boundary layer still does not reattach, bu
there is some sign thap is starting to drop at the last pressure
tap. For the cases witB,,,,=4.7 and above, the boundary layer® 08
does not appear to separate. Significant case to case difference
Cp are present right at the suction peak, but these are likely due ¢
the injection of the jets at this location and their effect on the flow
over the adjacent pressure tap. The differences diminish rapid ¢4
and are essentially gone by the next downstream measurem
station. Bons et al.24] demonstrated effective flow control with o2
Bnhaxas low as 0.4 in their study. The significantly lower Re in the
present study may explain the need for stronger jets. Figure o
. . . . 0 0.2 04 06 0.8 1
showsCp profiles for several different jet frequencies Wi, siL,
held approximately constant at about 5. There does not appear to
be any clear separated region in any of the cases with jets. The Fig. 5 Cp profiles, Bm.=5, various F*

Fig. 4 Cp profiles, F¥=0.65, various blowing ratios

121

| $OA+%00
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inviscid solution

Journal of Turbomachinery OCTOBER 2003, Vol. 125 / 769
NASA/CR—2012-217656 41



1.8 6 T T T T T T T
5F (a) [ 4 E
[ ]
4+ + ¥ 4
T 3- g
* o = o a ;
2ro a =] @ 4

-
T
L

oo

\ \ . .
.6 0.65 0.7 0.75 0.85 0.9 0.95 1

0.8
s/l
s
of T T T T T T T .
(b) +
1.5 =+ E
® baseline —_ u] o g
04 E passive bar E 2 a °
— {nviscid solution = T a ) o d 1
0.2 2 [
" L ® baseline
05 N
+ passive bar
) L . L . O jets
00 0.2 0.4 0.6 0.8 1 Q L : . L L L .
’ ' s ’ 0.6 0.65 0.7 0.75 O/i? 0.85 0.9 0.95 1
s

s

Fig. 6 Cp profiles, comparison of baseline, passive bar, and

present jet case with B,.,,=4.7 and F*=0.65 Fig. 8 Time averaged shape factor and momentum thickness

verses streamwise location; comparison of baseline, passive
bar and present jet cases: (a) H, (b) @

begin to rise, indicating the beginning of reattachment, and the
mean profile shows clear reattachment at station 11. With the
VGJ's, the behavior is much different. There is no clear separatidfofiles show considerable momentum transport in the jet case at
bubble. The mean profile appears to have an attached, laminarfestations, which helps to explain how the boundary layer re-
shape. The momentum deficit with the jets appears to be signifiains attached. Unlike in a turbulent boundary layer, the' v’
cantly lower at station 11 than in the case with the bars, indicatipgak is well away from the wall. In the baseline case the shear
lower losses with the jets. layer does not transition to turbulent, areu’v’ remains near

The u’ values in the baseline and bar cases are very 10W &,y |n the bar case u'v’ profiles were not acquired.
station 7, as expected since the boundary layer is still laminar. AFigure 8 shows shape factor and momentum thickness as com-
peak appears downstream in the shear layer over the separafigfad from the mean profiles of Fig. 7. The shape fattqro-
bubble. In the bar case, begins to rise in the near wall region atyjdes a measure of the state of the boundary layer with respect to
station 9, signaling imminent reattachment. At stations 10 and lgparation and transition. The shape factor in the baseline and bar
u’ in the bar case rises to the high values typical of a transitiongdses rises rapidly after separation, &sincreases whiled re-
boundary layer. In the jet casa, is high at all stations. At the mains nearly constant. In the baseline case the boundary layer
upstream locations it is much higher than would be expected fonaver reattaches. In the bar case, transition and reattachment oc-
turbulent boundary layer. As will be shown below, however, mucéur, causings® to fall and ¢ to rise. The shape factor begins to
of the contribution tou’ is from 10-Hz unsteadiness associatedrop toward a turbulent value of about 1.6, but does not reach this
with the jets and is not turbulence. The turbulent shear stregslue, indicating that the recovery from the separation is not com-

0.05 """"""" """"""" ) """"""" ’.

0 0.008

—uv/IU?
e

® baseline + passive bar o jets

Fig. 7 Station 7-11 dimensionless time averaged profiles; comparison of baseline, passive
bar and present jet cases: (a) mean velocity, (b) u’, (c) turbulent shear stress
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Fig. 9 Ensemble averaged dimensionless mean velocity (UIUe) profiles

plete. In the jet case, the shape factor remains at a laminar vah# and attached, and both theand—TU'v’ values are near zero,

of about 2. It never rises to a separated flow value, nor doesiitlicating again that the flow is laminar. Given the phase lag
drop to a turbulent value. The momentum thickness providessfown in Fig. 3 between the speaker input and the jets, and the
measure of the losses in a boundary layer. If the boundary layiite convection time between the jet hole and station 7, one
reattaches before the trailing edge, the suction side boundary laygjuld expect that the disturbance created by the jet outpulse
losses will be the dominant losses in an LPT pass@twvell  should arrive at station 7 atT=0.18. In fact, however, the dis-

et al.[6]). In the baseline case the boundary layer does not regfrhance is not seen in the mean profile urfi=0.333. In agree-
tach, so althougl® remains low, high losses would be expected "Pnent, thel’ and —T's’ values also rise above zero HfT

the wake downstream of the airfoils. For the bar and jet casesg 333 This may suggest that the rising jet velocity must reach a

however, the boundary layer is attached at the trailing edge. M&]ﬁiciently high amplitude before it can significantly affect the

mentum thickness is about 20% higher in the bar case, indicati } -
that the jets are better able to control separation, while ca .Bgundary layer. Comparing the observed phase lag and the jet

lower 10Sses uSI\r/]xglocity of Fig. 3 suggests that the jet velocity must be about 8
' m/s, corresponding to an instantaneddis 4, for the jets to be
Ensemble Average Velocity Profiles. The time averaged pro- effective. Continuing forward in time at station 7, the jets cause a
files of Fig. 7 indicate that the jets are effective in controlling théarge disturbance in the mean profiles that continues Wil
boundary layer, but they do not explain the mechanism by which0.667. The timet/T=0.667 corresponds very closely with the
the jets work. Figure 9 shows ensemble averaged mean veloatyd of the jet outpulse when the phase lag and convection time
profiles. Profiles are shown for nine streamwise stations at 24 tiftem the jet holes to station 7 are considered. The large local
increments within the jet oscillation cycle. Figures 10 and liinima and maxima in the mean velocity profiles indicate the jets
show the corresponding’ and —U'v’ profiles. Examining the are not merely adding turbulence to the boundary layer, but are
profiles at station 7, the mean profile initially appears to be laminducing some flow structure, most likely streamwise vortices.
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Fig. 10 Ensemble averaged rms value of dimensionless streamwise fluctuating velocity
(G'1U,) profiles

These vortices likely cause spanwise variation in the velocity, pardge of the disturbance appears to move at about 90% of the local
ticularly at the stations nearest the jets. In the present study, ditse-stream velocity, which corresponds with the expected leading
were only acquired at one spanwise location. Spanwise surveydge celerity of a turbulent spae.g., Gostelow et al[26],
should be considered in future work. Thé and —U'v’ profiles Schulte and Hodsofi27]). The trailing edge of the disturbance
exhibit large peaks in the regions where the mean velocity gradippears to move at about 45% of the local free-stream velocity,
ents are highest in Fig. 9. Theu'v’ values have the appropriateagreeing with the expected trailing edge celerity of a turbulent
sign, corresponding to the sign de/dy in the mean profiles. It SPot. Because the leading and trailing edge celerities are different,
should be noted that the magnitude W is smaller in the en- the boundary layer is only disturbed by the jets during approxi-
semble averaged profiles of Fig. 10 than in the time averagBtely 30% of the cycle at station 7, but is disturbed during ap-
profiles of Fig. 7. This indicates that much of the contribution tgroximately 70% of the cycle at station 11. The beginning of the
U’ in Fig. 7 is due to 10-Hz oscillations and not to turbulencelisturbance at each station is seen simultaneously in the mean
After t/T=0.667, the mean velocity profile resumes a lamind#rofile and theu” and—u'v" profiles of Figs. 9—-11. At the trail-
shape. There is no tendency toward boundary layer separatitgl edge of the disturbance, return of the mean veloc~|ty profile to
The boundary layer did not separate in the baseline case at tismooth shape corresponds closely with the returr6fy’ to
station (Fig. 7), but the mean profile in the baseline case didear zero(see, for example, the profiles at station 8 tAT
appear closer to separation than in the present case. =0.833 or station 10.5 atf T=0.417). Theu’ profiles, in con-

Moving to the downstream stations, the leading edge of theast, take somewhat longer to return to an undisturbed condition.
disturbance, as observed in the mean profiles andlthend At station 11, for example, there is at least a small near wall
—U'p’ profiles moves to later values tfT, as expected since thepeak at all times, while the-U's’ values are essentially zero
disturbance takes some time to convect downstream. The leadbegweent/T=0.625 and 0.792.
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Fig. 11 Ensemble averaged dimensionless turbulent shear stress (—0a'v'1U%) profiles

The flow structure at the downstream stations appears to be l@gsl peak emerges at the same time-ini'y . It should be noted
distinct than at stations 7 and 7.5. Inflection points are still presethiat the separation bubble remains thin at all stations, and never
in the mean profiles, but the local minima and maxima in thisegins to approach the thickness observed in the baseline flow of
mean profiles are less sharp. Still, the mean profile shapes andHiwg 7.
multiple peaks in theél’ and—U'v’ profiles, particularly those far ~ The period between the passage of the disturbance and bound-
from the wall(see for example the station 10 profiles of Figs. 1@ry layer separation is believed to indicate a “calmed” region.
and 11 between/T=0.75 and 0.958are evidence that the flow Calmed regions have been observed in previous studies to follow
structures induced by the jets persist downstream. turbulent spots and wake induced turbulent strips. The duration of

After the disturbance caused by the jets passes, the boundgugy calmed region increases at the downstream stations, since the
layer eventually separates at locations between stations 8 andtfdiling edge celerity of the calmed region, shown in Fig. 9 to be
At station 8.5, for example, the trailing edge of the disturbanabout 0.3 the local free-stream velocity agreement with previ-
passes at abouiT=0.9. By t/T=0.1 the near wall profile ap- ous studies of calmed regionss slower than the trailing edge
pears separated. The separation appears to coincide with the retailerity of the disturbed region. Hence at station 8.5 the calmed
of U’ to near zero. The separation appears to persist until absegion extends forAt/T of about 0.2, while at station 10.5 it
t/T=0.6, after the start of the next disturbance event. The re&xtends forAt/T of about 0.4. The presence of the calmed region
tachment within the disturbance event corresponds to the motimay help to limit the separation bubble thickness.
of highW’ and —U'v’ into the near wall region at/'T=0.667. Figure 12 shows the ensemblé data in a different format.
The same sequence of events is visible at downstream stationsCAntours of near walli’ at y=0.095 mm {/L,=0.0004) are
station 10.5, for example, the trailing edge of the disturbance hsisown in a time-space plot. The horizontal axis shows the dimen-
passed by/T=0.4, but the boundary layer remains attached untfionless streamwise location, and the vertical axis indicates the
aboutt/T=0.75. Reattachment is visible 8fT=1, and a near dimensionless time within the cycle. Two complete cycles are
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Fig. 14 Time-space plot of ensemble averaged dimensionless

Fig. 12 Time-space plot of ensemble averaged G'/U, at y/Lg free-stream velocity U, /U
® e

=0.0004

shown to better illustrate the periodicity of the event. The data in Figure 14 shows a time-space plot of the local ensemble aver-

the bottom half of the figure is shown again in the lop half. In thigggga;]?ihs(;rfe%npggﬁ;Igb;?zﬁl;rfﬁésst[]ea%g (;Ifetlr?glggrf\(l)?lnsss:;gtjg
format, it is clear that the jet outpulse causes a higlevent to i .

- . > . causes the flow to decelerate. Temporally, when the jets cause a
appear as/Ls=0.6 (station 7)andt/T=0.6. This event then pro- turbulent event to moves down the surface, it causes the boundary

ceeds downstream in a widening wedge of turbulence. The lowgpe, 1 thicken and accelerates the free-stream. During the lami-
and upper_;lopes of th_e wedg_e _|nd|cate its Ieadlgg and t_ra|I| r and calmed periods the boundary layer is thinner and the
edge celerities, respectively. Within the wedge, a lacapeak is e stream velocity is lower. Figure 15 shows the local Thwaites
visible ats/L =0.7 (station _8). This peak indicates that the ﬂo\\/lx\}) rameter) ,, as computed from the free-stream velocity data of
structure produced by the jets has penetrated very near the . 14. In a laminar boundary layer, separation is expected when
Slightly farther downstream a#/Ls=0.75 (station 8.5)a local ) g |ess than-0.082. With the exception of the turbulent strip,
minimum is visible in theu” contours. This may indicate that the\here the boundary layer is locally acceleratad, is below
flow structure induced by the jets has lifted off the wall slightly_ 082 at most times and locations on the surface, and at some
The mean profiles of Fig. 9, support this, showing lower near wa|lnes is below—2. Hence it is not a surprise that the boundary
mean velocity gradients at station 8.5, which indicates that highyer tends to separate when not controlled by turbulence or a
speed fluid is not as effectively brought into the near wall regioghimed region.

at this station. Farther downstream in Fig. 12, thidlevel in the

turbulent wedge rises again as a fully turbulent boundary layerIntegral Parameters. Local displacement and momentum
begins to develop. Outside of the wedge Televel is very low, thickness values can be computed from the ensemble mean veloc-

indicating laminar flow. ity profiles of Fig. 9. Momentum thickness is shown in Fig. 16.
Figure 13 shows ensemble averaged's’ contours aty/L. Both & and 6 grow in the streamwise direction and are about

=0.0128 in the format of Fig. 12. As in Fig. 12, the wedge ofwice as large in the turbulent region than in the laminar flow

turbulence is clear. Within the wedge momentum transport is higf9ion- The slow growth of the momentum thickness in the non-

but outside the wedge the flow appears to be laminar. turbulent flow indicates that losses should be low in this region, as
might be expected based on the l[avand—1'v’ values of Figs.
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Fig. 13 Time-space plot of ensemble averaged —u'v’/ Uﬁ at Fig. 15 Time-space plot of ensemble averaged Thwaites ac-
ylL4=0.0128 celeration parameter A\,
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Fig. 16 Time-space plot of ensemble averaged momentum Fig. 18 Time-space plot of ensemble averaged skin friction
thickness 6 in mm coefficient C,; white areas with dots indicate separated flow

10 and 11. Ats/L,=0.6 (station 7),8* and ¢ in the laminar flow | skin fricti fficient<C. . The whit . ith dot
are both roughly 67% of their values in the baseline case of VoIirggc‘.'jl SKin Iriction Coetlicients.;. 1he whité regions with dots
[4]. The lower values in the present case may be due to the s Jicate where the flow is separated and the local skin friction is
pression of the large separation bubble downstream, whi€ sentially Z€ro. M/LSZO'G(Stat'On 7)there is a laminar bound-
changes the local pressure gradient at station 7. The suction du I%Yer W|tth=t0.OOt5h.bEtweenRjet oultc\iNard pglsetsé'(l)'ht_an;:orri-.
the inflow portion of the jet cycle could also be an explanatiorfp nding momentum tNICKNESS REynolds IS abou - 1he skin
but 5 and @ are uniformly low in the laminar flow at station 7. If fiction drops in the streamwise direction and the boundary layer
the suction were causing a thinner boundary layer, one wout§Parates al/Ls=0.7 (station 8). Att/T=0.6 ands/L;=0.6, the

: : ; in friction is much higher, following the jet outpulse. The mo-
expect the effect to be stronger during the time of strongest infl In - X .
into the jet holes. Figure 17 shows the local shape fadtaom- mentum thickness Reynolds number is as high as 180,(and

puted from thes* and 6 values. Within the turbulent region, thereaches values as high as 0.014. Moving downstream along this

shape factor remains between 2 and 2.4, which is well above tfi bglsenttr(:.gionéCSf reflPhidhé dg’ﬁ’s to O.(t)(iﬁetr/t.'l'=0.8 gnds/.lt_.s .
expected value of 1.6 for a fully turbulent boundary layer subjeg[tlﬁ' | (s E.'Onlo' ,)A tet L(er L:)encetﬁ 'St. ime and pOZ' g’nﬂ'f
to the strong adverse pressure gradient of the present case. In; Q ow(Fig. 10). As stated above, the vortices produced by the

: S ets appear to quickly bring high speed fluid near the wall, result-
gg?é%bx:?hnigleovgg;\?ecgiﬁ)\\llvalsl;sa?;i2:?h as 3.4, which is Cor%ng in high skin friction and turbulence, but /Ls=0.75 this

effect may weaken, resulting in low&; andu’. Moving farther
Skin Friction Coefficient. It is clear from the mean profiles downstream ta/T=1.1 ands/L,=0.85,C; rises again to as high
of Fig. 9 that the local wall shear stress varies greatly during th& 0.007. The corresponding Ris about 200 at this time and
jet oscillation cycle. At the upstream stationst&l= 0.6, for ex- location. C;=0.007 is about what one would expect for a fully
ample, the jets bring high speed fluid very close to the wall, predarbulent boundary layer with Be200, based on the standard
ducing a very high mean velocity gradient at the wall. At Otheéorrelationcf:0.0256/R%'25 (Schlichting[33]).
times at all stations, the boundary layer appears very laminarlike Figure 18 clearly shows the calmed region described above. It
indicating a relatively low wall shear stress. When the boundary the triangular shaped region centeredt/=0.4 ands/Lg
layer is separated the wall shear goes to zero. Figure 18 shows h@ 9 that in the figure is bounded below by the strip of high
and above by the separated flow region. Comparing Figs. 12, 13,
16, and 18 shows that the calmed region has low skin friction, low
momentum thickness, and low turbulence. Losses should there-
fore be low for the calmed region, as expected.
A comparison of the momentum thickness and skin friction in
Figs. 16 and 18 is interesting. The wedge of highverlaps both
the upper portion of the separated flow region and the strip of high
C;. As shown in the profiles of Figs. 10 and 11, downstream of
s/Ls=0.75(station 8.5), the turbulence and mixing induced by the
jet outpulse initially affects the outer part of the boundary layer
and does not immediately eliminate the separation bubble. Figure
16 shows that this outer region mixing causes a rise in the mo-
mentum thickness. It is only somewhat later and farther down-
stream that this mixing moves into the near wall region, causing
reattachment and higB; . Kaszeta et al[34] reported a similar
result for flow over the Pak-B airfoil subject to wake passing
events. They observed a time lag between the wake arrival and
- s near wall transition.
065 07 075 08 085 09 Kaszeta et all34] also observed a relation between the tempo-
s/L ral acceleration and deceleration of the flow associated with the
wake passing, and its relation to transition and the thickening and
Fig. 17 Time-space plot of ensemble averaged shape factor ~ H  thinning of the boundary layer. Similarly, a comparison of Figs.
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15, 16, and 18 show the relation between the local accelerationhowever, that the inflow may help reduce the boundary layer
andC; . The region of overlap between highand separated flow thickness in the undisturbed flow periods and help reduce separa-
corresponds to the region of strong deceleration centerefl_at tion effects. A direct comparison of cases at the same Re using
=0.9 andt/T=0.85. One could argue that the deceleration inhilsynthetic VGJ's and pulsed VGJ's could help answer this ques-
its reattachment in spite of the mixing in the outer part of thgon.
boundary layer. At slightly latet/T, the flow is accelerated. Un- What is the effect of jet geometry? The VGJ's are clearly ef-
der the combination of acceleration and highi’s’ the boundary fective. Through the generation of streamwise vortices they ap-
layer reattaches. pear to provide more mixing than would be produced with normal
) i o jets that simply produced turbulence. The relative magnitudes of

Open Questions. The first objective of the present study wagne effects of turbulence and streamwise vortices in enhancing
to assess the effectiveness of synthetic VGJ's on separation Cgjixing are uncertain. Might the generation of turbulent spots with
trol for an LPT airfoil and provide some description of the mechag normal jet be sufficient? Which would result in lower losses?
nisms through which the jets work. This has been addressedyhat are the effect of Reynolds number and free-stream turbu-
above. The second objective was to use these results to genegaige level? The baseline cases of Vol[dd show that at higher
questions for further consideration. These are discussed belowRe and higher FSTI the boundary layer is more likely to transition

What is the effect of jet frequency on flow control? In theand reattach even without flow control. The generation of calmed
present case, withF*=0.65, the airfoil boundary layer at anyattached flow between jet events could still prove beneficial at
given time was approximately half disturbed by the jets and haiigher Re, however. There would be a tradeoff between the losses
laminar or calmed. The effects of one jet outpulse are presentgenerated by the jets themselves and the reduction in losses the
the boundary layer at all times. Separation occurred, but the sefgs might provide by reducing the separation bubble thickness
ration bubble was small and did not appear to result in any haraad producing low-loss calmed regions. It might be possible to
ful effects. How thick a separation bubble is tolerableR ifwere control the flow at higher Re with significantly lower blowing
increased, the duration of each event would be reduced, but moagios than in the present case. Natural transition in the undis-
events would be present in the boundary layer at any given tinferbed flow between jet events and its interaction with calmed
It is not clear what effect this would have. In other studies withegions would be an added complication at higher Re not seen in
synthetic jets, some have found tHat of the order 1, as in the the present study. If the Re were sufficiently high so that separa-
present study, is most effective.g., Seifert and Padid5]). Oth- tion did not occur in the uncontrolled case, it is unlikely that the
ers, such as Amitay and Glez1] report that under some con-jets would provide any benefit. Schulte and Hod$a] noted
ditions jets withF* of the order 10 are more effective. Loweringthat the presence of calmed regions produced by unsteady wake
the jet frequency might be beneficial. Losses appear to be gerf#Ssing could not significantly lower the losses in an already at-
ated primarily in the flow disturbed by the jets, while the flowfached boundary layer.
between these events is laminar or calmed with low losses. Re-
ducing F* could presumably result in a smaller fraction of the
airfoil covered by disturbed flow at any time. At some point, howeonclusions
ever, if the jets are too widely spaced, the flow will become un-

controlled at times and revert to the large separation bubble of tf; boundarv | . LPT airfoil low R
baseline case. Based on the trailing edge celerity of the distur oundary layer separation on an airfoil at very low Rey-

flow, if F* were reduced below 0.45, there would be instancel® ds numbers. The separation bubble was effectively eliminated,

within the jet cycle when no disturbances would be present in t@ggtrlglsses were lower than in a similar case with passive flow

+
t:_)oundarhy IayerthfF d'V\tlert? [jeduce? b((ajlc;lvv 0.3, tlhdeLe would ?e 2. The VGJ's prevent separation by bringing high momentum
Imes when nerther disturbed or caimed tlow would be presen 'lllrl]id into the near wall region and by promoting momentum trans-
flow around a single airfoil, Seifert and Pai$6] found that jets port through turbulent mixing
with F* be}vXeen 0.5 and 1.5 were most effective at all Re, but 3 The gisturbance produced by the VGJ's behaves in many
that with F*=0.25 the jets were ineffective. Bons et B5], in  ays like the disturbance associated with a turbulent spot or a
contrast, found that their VGJ's were effectivefat as low as wake induced turbulent strip. The leading edge celerity of the
0.1. They suggested that the more controlled nature of the LRiturbance is approximately @9 , and the trailing edge celerity
flow, where adjacent airfoils provide covered turning, might eXs about 0.45U) . A calmed region with a trailing edge celerity of
plain the lower effectivé= " in their study. It should be noted that0.3U,, follows the disturbance. The calmed region is resistant to
the Bons et al[25] experiments were conducted at a Reynoldseparation.
number of 60,000, where separation effects are not as severe as il The adverse pressure gradient in the present case was strong
the present case with Re25,000. enough so that the boundary layer did separate after the passage of
What is the effect of jet amplitude on flow control? The presthe calmed flow. The separation bubble remained thin, however.
sure profiles of Fig. 4 indicate that the jet amplitude must bEhe appearance of a disturbance did not immediately induce reat-
sufficiently high for the jets to be effective. It is expected thagachment. The disturbance appeared initially in the outer part of
using a higher amplitude than necessary will result in highefie boundary layer. After some lag time the disturbance spread
losses, but the extent to which the losses would increase is b the near wall region and caused reattachment.
known. Volino[5] using passive bars found that cases with a small 5. While much has been learned regarding the effectiveness
separation bubble followed by reattachment had lower losses th@l physics of synthetic VGJ's in LPT flows, many questions
cases in which the boundary layer was tripped to turbulent temain regarding their applicability under different flow condi-
prevent separation. Low amplitude jets could potentially produg@ns and their optimal design. These questions have been dis-
a similar effect. cussed.
What is the effect of jet wave form? In the present case the
speaker was driven with a sine wave input. A square wave with a
short duty cycle, as in the study of Bons et 5], might be
better. By keeping the duty cycle short, the amount of calmed ﬂoﬁpknowledgments
relative to disturbed flow could be increased. This might allow a This work was sponsored by the NASA Glenn Research Center.
reduction of losses without a sacrifice of separation control.  The grant monitor is Dr. David Ashpis. Additional matching sup-
What is the effect of jet inflow? The outward flow portion ofport was provided through a U.S. Naval Academy Recognition
each jet cycle appears to dominate the flow control. It is possibl@rant. Mr. Dale Boyer of the Technical Support Department at the

ol. Synthetic vortex generator jets proved effective for control-
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Experiments With Three-
Dimensional Passive Flow
Control Devices on Low-Pressure
Turbine Airfoils

The effectiveness of three-dimensional passive devices for flow control on low pressure
turbine airfoils was investigated experimentally. A row of small cylinders was placed at
the pressure minimum on the suction side of a typical airfoil. Cases with Reynolds
numbers ranging from 25,000 to 300,000 (based on suction surface length and exit
velocity) were considered under low freestream turbulence conditions. Streamwise pres-
sure profiles and velocity profiles near the trailing edge were documented. Without flow
control a separation bubble was present, and at the lower Reynolds numbers the bubble
did not close. Cylinders with two different heights and a wide range of spanwise spacings
were considered. Reattachment moved upstream as the cylinder height was increased or
the spacing was decreased. If the spanwise spacing was sufficiently small, the flow at the
trailing edge was essentially uniform across the span. The cylinder size and spacing
could be optimized to minimize losses at a given Reynolds number, but cylinders opti-
mized for low Reynolds number conditions caused increased losses at high Reynolds
numbers. The effectiveness of two-dimensional bars had been studied previously under
the same flow conditions. The cylinders were not as effective for maintaining low losses

over a range of Reynolds numbers as the bars. [DOI: 10.1115/1.2137743]

Introduction

Boundary layer separation is a known problem on some modern
low-pressure turbine (LPT) airfoils, due to the strong adverse
pressure gradients created when designers impose higher loading
in an effort to improve efficiency and lower cost by reducing
airfoil count in engines. Separation bubbles, particularly those
which fail to close, can result in a significant loss of lift and a
subsequent degradation of engine efficiency (e.g., Hourmouziadis
[1], Mayle [2], and Sharma et al. [3]). The problem is particularly
relevant in aircraft engines. Airfoils optimized to produce maxi-
mum power under takeoff conditions may still experience bound-
ary layer separation at cruise conditions, due to the lower density
and therefore lower Reynolds numbers at altitude. A component
efficiency drop of 2% may occur between takeoff and cruise con-
ditions in large commercial transport engines, and the difference
could be as large as 7% in smaller engines operating at higher
altitudes [4,5]. Prediction and control of suction side separation,
without sacrifice of the benefits of higher loading, is therefore,
crucial for improved engine design.

Separation on airfoils is complicated by boundary layer transi-
tion. Separated flow transition in the LPT has been the focus of
several recent studies. Volino [6] provides a review and describes
as follows the transition process on the suction side of a typical
LPT airfoil. The strong acceleration on the leading section of the
airfoil keeps the boundary layer thin and laminar, even in the
presence of elevated freestream turbulence. In most cases Volino
[6] observed that the boundary layer separated just downstream of
the suction peak. If transition then occurred in the shear layer over
the separation bubble, it caused the boundary layer to reattach.

A few recent studies have focused on control of transition and
reattachment in the LPT. Some have used active devices. Huang et
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al. [7] and Hultgren and Ashpis [8] employed high voltage elec-
trodes to produce glow discharge plasma in a boundary layer to
control separation. Bons et al. [4] used steady and pulsed vortex
generator jets. Volino [9] used oscillating vortex generator jets
with no net mass flow. Sieverding et al. [10] used adjustable de-
vices built into the suction surface.

While active flow control provides a means for adjusting to
changing flow conditions and in some cases the benefits of calmed
regions [4,9], passive flow control holds the advantage of simplic-
ity. Van Treuren et al. [11], Lake et al. [12], Murawski and Vafai
[13], Byerley et al. [14], Volino [15], Sieverding [10], Vera et al.
[16], and Zhang and Hodson [17] used various passive devices
under LPT conditions to control separation and in many cases
reduce losses. Most employed a relatively simple modification,
such as a small trip wire or bar (essentially roughness), on the
suction surface of an airfoil.

Successful flow control results in a thin, attached boundary
layer at the trailing edge of an airfoil, thereby reducing losses. The
consensus of the studies listed above is that a device on the suc-
tion surface should be placed at or slightly downstream of the
pressure minimum. This is a logical result, since the effects of a
device farther upstream would be damped by the favorable pres-
sure gradient, and a device too far downstream would lie under
the separation bubble and be ineffective. Volino [15] used rectan-
gular bars and found that the optimal bars were not large enough
to immediately trip the boundary layer to turbulent, but instead
allowed a small separation bubble to form. The bars introduced
small disturbances that grew and caused transition and reattach-
ment to move upstream of their location in the uncontrolled case,
as explained in Volino and Bohl [18]. The optimal bar height
depended on the flow conditions. As Re or freestream turbulence
is lowered, the separation bubble becomes larger, so a larger bar is
needed to produce enough of a disturbance to move transition
sufficiently far upstream. A flow control device producing too
small a disturbance will allow a larger separation bubble than
desired, resulting in a thicker boundary layer downstream of reat-
tachment and higher losses. Similarly, too large a disturbance will
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move transition farther upstream than necessary, resulting in a
longer turbulent region and higher losses. Volino [15], Sieverding
et al. [10], and Zhang and Hodson [17] all found that under steady
flow conditions, devices optimized for low Re tend to increase
losses at high Re. Devices optimized for high Re can be too small
to be effective at low Re. Unsteady wakes from upstream airfoils
promote transition and reattachment, and Zhang and Hodson [17]
found that in unsteady flow optimal control was achieved using
smaller devices than in comparable steady flow cases. This made
it possible in unsteady flow to reduce losses with a single device
over a wider range of Re.

Passive flow control devices of various geometries have been
tested, but it is still uncertain if any particular device is superior.
In preliminary testing, Volino [15] considered trip wires, rectan-
gular bars, and delta wing vortex generators. All produced similar
results. Sieverding et al. [10] found that straight trip wires were
somewhat better than rows of spherical roughness elements, but
only a limited number of cases were tested. Lake et al. [12] found
dimples superior to other devices, presumably because the
dimples produced less blockage than devices that protruded into
the flow. Again, however, the number of cases considered was
limited, and more recent evidence [15,17] suggests that optimal
devices should be quite small and produce minimal blockage even
if they do extend into the flow. Zhang and Hodson [17] noted
differences in transition location with straight and “wavy” trip
wires and rectangular bars. The sharp backward facing step on a
bar, for example, produced an earlier transition than a round trip
wire of the same height. Still, this does not preclude that a bar and
a slightly larger wire could produce comparable results.

It is still possible that some devices might prove better for
reducing losses than others. Reynolds number can vary by an
order of magnitude during engine operation given the change in
ambient pressure between takeoff and cruise. Since passive de-
vices by definition cannot be adjusted as conditions change, it is
highly desirable to use devices that reduce losses over as large a
Reynolds number range as possible. Given the potential payoff of
a more efficient engine, it is worthwhile to further consider pas-
sive flow control devices of different geometries.

A row of small vertical cylinders is considered in the present
study. The cylinders are located at the pressure minimum on the
suction surface and the spacing between cylinders is varied. The
geometry was chosen in the hope that in comparison to two-
dimensional bars or trips wires of the same height, isolated ele-
ments might produce a stronger disturbance due to the three-
dimensional nature of the flow around them, while presenting less
blockage due to the gaps between elements. The net result would
presumably be successful separation control with lower losses.
Experimental conditions match the low freestream turbulence
cases of Volino [15]. Details of the experimental conditions and
the results are presented below.

Experiments

Experiments were conducted in a low speed wind tunnel, de-
scribed by Volino et al. [19]. Briefly, air enters through blowers
and passes through a honeycomb, a series of screens, two settling
chambers, and a three-dimensional contraction before entering the
test section. At the exit of the contraction, the mean velocity is
uniform to within 1%. The freestream turbulence intensity is
0.5% £0.05%. Nearly all of this freestream “turbulence” is actu-
ally streamwise unsteadiness at frequencies below 20 Hz and is
not associated with turbulent eddies. The root-mean-square inten-
sities of the three components of the unsteadiness are 0.7%, 0.2%,
and 0.2% in the streamwise, pitchwise, and spanwise directions,
respectively.

The test section, shown in Fig. 1, follows the contraction and
consists of the passage between two airfoils. Details are listed in
Table 1 and more information is available in Volino [6]. A large
span to chord ratio of 4.3 was chosen to insure two-dimensional
flow at the spanwise centerline of the airfoils, where all measure-
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Fig. 1 Schematic of the test section

ments were made. Upstream of each airfoil are flaps, which con-
trol the amount of bleed air allowed to escape from the passage.
The flaps, along with a tailboard on the pressure side of the pas-
sage, are adjusted to produce the correct leading edge flow and
pressure gradient along the airfoils. The flow in the passage
matches that in a multiblade cascade. The geometry of the passage
corresponds to that of the Pak-B airfoil, which is an industry
supplied research airfoil that is representative of a modern LPT
design. It has been used in several studies, as noted in Volino [6].

Experimental conditions match the smooth airfoil baseline
cases of Volino [6], who considered five Reynolds numbers (Re
=25,000, 50,000, 100,000, 200,000, and 300,000). Reynolds
numbers are based on the exit velocity from the passage and the
suction surface length, L;. Comparison data from cases with
passive-bar flow control are from Volino [15]. The bars were of
uniform rectangular cross section and extended along the airfoil,
as shown in Fig. 2. The trailing edge of the bar was located at
s/Ly=0.51, near the suction surface velocity peak. All bars were
6 mm wide in the streamwise direction. Bar heights of 0.4, 0.8,
and 1.6 mm were used. The bar heights were all less than 1% of
L,. They compare to local boundary layer thickness at the bar
location of about 3.8, 2.7, 2.0, 1.4, and 1.2 mm in the base line
Re=25,000-300,000 cases, respectively.

A row of small vertical cylinders is used in the present experi-
mental cases. The cylinders are D=6 mm in diameter with one
end affixed to the suction surface and the other extending into the
flow. The cylinders are located in a line at the suction peak, in the
same location as the bars described above, as shown in Fig. 2.
Cylinder heights of 0.4 and 1.6 mm were considered, matching
the smaller and larger bar heights of Volino [15]. Center to center
cylinder spacings ranging from a pitch, P, of 1D (i.e., the cylin-
ders were touching) to 30D were considered.

Measurements. Pressure surveys were made for each case us-
ing a pressure transducer (0—870 Pa range Validyne transducer)
and a Scanivalve. Stagnation pressure was measured with a pitot
tube upstream of the passage inlet, and 11 pressure taps were
located on each airfoil along their spanwise centerlines. The un-
certainty in Cp is 7% at Re=25,000, and 4% in other cases. Most
of this uncertainty is due to bias error. Stochastic error was mini-
mized by averaging pressure transducer readings over a 10 s pe-
riod. The flow control cylinders were moved in the spanwise di-
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Table 1 Test section parameters

Axial True Suction Inlet Exit

chord chord Pitch Span side, L flow flow U
(mm) (mm) (mm) (mm) (mm) angle angle Usiet
153.6 170.4 136.0 660.4 228.6 35 deg 60 deg 1.64

rection allowing documentation with the pressure taps directly
downstream of the center of one cylinder and with the taps mid-
way between the centers of two adjacent cylinders.

Profiles of the streamwise velocity component in the suction
side boundary layer were measured for the Re=50,000 and
300,000 cases near the trailing edge at s/L;=0.944. Profiles were
measured at several spanwise locations relative to the position of
the upstream cylinders. Data were acquired with a hot-wire an-
emometer (AA Lab Systems model AN-1003) and a single sensor
boundary layer probe (TSI model 1218-T1.5). The sensor diam-
eter is 3.8 wm, and the active length is 1.27 mm. At each mea-
surement location, data were acquired for 26 s at a 20 kHz sam-
pling rate (2'° samples). Data were acquired at 60 wall normal
locations in each profile, extending from the wall to the
freestream, with most points concentrated in the near wall region.
The closest point was within 0.1 mm of the wall, which corre-
sponds to y/L;=0.0004 and between 0.02 and 0.04 boundary layer
thicknesses. Uncertainties in the mean velocity are 3-5% except
in the very near wall region where near-wall corrections (Wills
[20]) were applied to the mean velocity. Uncertainties in the mo-
mentum and displacement thicknesses computed from the mean
profiles are 10%. Uncertainty in the shape factor, H, is 8%. The
uncertainty in the fluctuating streamwise velocity is below 10%,
except in the very near wall region (y<<1 mm,y/L;<<0.004) of

(a) (b)

Fig. 2 Scale drawing of suction side airfoil showing location
of (a) bar, or (b) cylinders
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the Re=300,000 cases, where spatial averaging effects, due to the
finite length of the hot-wire sensor, may become important. This is
discussed in Volino [6].

Results

Pressure Profiles. Suction side pressure profiles for the cases
with larger (1.6 mm high) cylinders are shown in Figs. 3-5. Also
shown in each figure are the corresponding baseline results from
Volino [6], the 1.6-mm-thick bar case results from Volino [15],
and an inviscid solution for flow through the passage. Figure 3
shows results at Re=25,000 with various cylinder spacings and
the pressure taps directly downstream of one cylinder. The data
agree with the inviscid solution in the favorable pressure gradient
region. The near wall flow slows as it approaches a cylinder or
bar, causing a drop in the measured Cp below the inviscid solu-
tion at the fifth pressure tap. If the boundary layer separates and
does not reattach, there is a drop in the suction peak, as indicated
by low Cp values. In addition to this effect, if the blockage caused
by a bar or cylinder is sufficiently high, the streamlines immedi-
ately downstream will be displaced as they flow over the sixth
pressure tap, which may cause the measured local Cp to either rise
or fall relative to the inviscid solution, depending on the geometry
of a particular case. For controlling separation, cylinders with
spacing of P=2D or more are ineffective at Re=25,000. There is
a plateau in Cp in the adverse pressure gradient region extending
to the trailing edge, indicating a separation bubble that does not
reattach. The P=1D (touching) cylinders and the solid bar result
in a large separation bubble which appears to be starting to reat-
tach by the trailing edge, as indicated by the drop in Cp back
toward the inviscid value at the last pressure tap. Figure 4 show
the results at Re=50,000 with the pressure taps directly down-
stream of one cylinder (z/ P=0, Fig. 4(a)) and with the taps down-
stream of the midpoint between adjacent cylinders (z/P=0.5, Fig.
4(b)). In the base line case, the boundary layer does not reattach.
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Fig. 3 Pressure profiles, large cylinders, Re=25,000, z/ P=0
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Fig. 4 Pressure profiles, large cylinders, Re=50,000, (a) z/P
=0, (b) z/P=0.5

With P=1D or the solid bar, reattachment moves upstream to
s/Lg=0.78. With P=2D reattachment occurs at s/L;=0.86. With
P>2D the effect of the cylinders is not observed until the last
pressure tap, but even with P=30D there is some effect on Cp at
s/Lg=0.94 and z/P=0. As the spacing increases, the Cp values
increase from the inviscid solution toward the baseline case value.
At z/P=0.5 and s/L;=0.94, Cp is affected for spacings up to
20D, although not as strongly as it is at z/P=0. For P=24D and
30D, the cylinders are too far apart to affect Cp at z/P=0.5. The
results at Re=100,000 are shown in Fig. 5. In the base line case,
there is a clear separation bubble, and it reattaches near the trail-
ing edge. With P<3D, the separation is essentially eliminated.
With P=5D there is a separation, but reattachment by s/L;
=0.78. For P<5D, the Cp values are nearly uniform across the
span. For 10D =< P=<30D, the boundary layer appears to be at
least starting to reattach by s/L;=0.86, with the effect on Cp
greater at z/ P=0. Results for the Re=200,000 cases (not shown)
are similar to those described above. The boundary layer separates
in the base line case and reattaches by s/L;=0.86. Cylinders with
P=<16D eftectively suppress the separation across the span. For
P>16D, the boundary layer is attached at s/L,=0.78 and z/P
=0, but is still separated at z/ P=0.5. At Re=300,000 there is only
a small separation bubble in the base line case, and it reattaches
by s/L;=0.78. Cylinders with spacing up to 30D appear to sup-
press this small bubble across the span.
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Fig. 5 Pressure profiles, large cylinders, Re=100,000, (a)
z/P=0, (b) z/ P=0.5

Comparing the results at z/P=0 and z/P=0.5, the spanwise
influence of each cylinder can be estimated. If the region affected
by the cylinder is assumed to spread linearly in the spanwise
direction as the flow convects downstream, the half angle for the
spreading is between roughly 30 and 40 deg. Changes in Cp at
z/P=0.5 could be due to local turbulence arising from the cylin-
der induced disturbances. It is also possible, however, that these
changes in Cp are due to changes in the mean flow resulting from
the cylinder induced changes at z/P=0.

The smaller (0.4 mm high) cylinders and bar are ineffective at
Re=25,000 and 50,000. The boundary layer separates and does
not reattach. At Re=100,000, as shown in Fig. 6, the cylinders
cause the first indication of reattachment to move upstream from
near the trailing edge to s/L;=0.78 or 0.86. Cylinder spacings up
to 10D were considered, and the Cp values decrease from the base
line case values toward the inviscid solution as P is decreased. No
significant spanwise variation in Cp was observed. The results at
z/P=0.5 are essentially the same as those shown in Fig. 6 for
z/P=0. Results for the Re=200,000 cases are shown in Fig. 7.
The results are very similar to those of the Re=100,000 cases, but
with reattachment shifted about 0.08L, upstream. When Re
=300,000 the base line separation bubble is small, and cylinders
effectively eliminate it for all value of P.

The presumably more complex three-dimensional flow around
isolated (P> 1D) cylinders did not produce disturbances better
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Fig. 6 Pressure profiles, small cylinders, Re=100,000, z/ P=0

able to control separation than the touching (P=1D) cylinders or
two-dimensional bars. In fact, the opposite was observed. The
pressure profiles show that as the spacing between cylinders in-
creases, their ability to promote reattachment decreases. This is
not simply due to the finite spanwise influence of each cylinder, as
very little spanwise variation was observed for cases with P
<10D. Whether increasing the spacing results in reduced flow
blockage and losses will be considered next as the velocity profile
results are considered.

Velocity Profiles. Mean and fluctuating streamwise velocity
profiles for the large cylinder Re=50,000 cases at z/P=0 are
shown in Fig. 8. Data were acquired near the trailing edge (s/L;
=0.94). The base line case shows a thick separation bubble in the
mean profile and a small peak in u’ in the shear layer over the
bubble. The two-dimensional bar case exhibits a fully attached
turbulent mean profile shape and a typical turbulent u’ profile
with a near wall peak. For the cases with cylinder spacing up to
P=5D, the mean profiles appear attached and turbulent, but the
trend is toward a less full profile as P increases. This trend con-
tinues for the cases with P=20D, with the mean profiles in these
cases appearing only partially reattached. The peaks in the u’
profiles increase in magnitude and move farther from the wall as
the cylinder spacing is increased. High peaks away from the wall
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are typical of transitioning and reattaching boundary layers. Tran-
sition begins in the shear layer over the separation bubble, so u’
should be high at this location.The high u'peaks result from the
switching between intermittently attached-turbulent-like and
separated-laminar-like states. Figure 9 shows the profiles at z/P
=0.5. For P<5D, the profiles appear essentially the same as those
at z/P=0. For P=20D the mean profiles show a separation
bubble, somewhat thinner than that of the base line case, and u’
profiles with only a small peak in the shear layer over the separa-
tion bubble. Figure 10 shows the velocity profiles at several span-
wise positions for the P=30D case. The progression from at-
tached flow at z/P=0 to separated flow at z/P=0.5 is clear. The
profiles at z/P=0.13 and 0.20 are on the edge of the attached flow
region with u’ peaks between the high peaks at low z/P and the
small shear layer peaks at higher z/P. The influence of the cylin-
ders to a spanwise position between z/P=0.13 and 0.20 suggests
a half angle for the spread of the cylinder influence of about
20 deg. The velocity profile data of Figs. 8—10 are consistent with
the conclusions drawn from the corresponding pressure coefficient
data of Fig. 4.

The information concerning separation in the mean profiles can
be presented in terms of the shape factor, H. The shape factor rises
to about 4 when a laminar boundary layer separates, and reaches
higher values as a separation bubble thickens. This is due to an
increase in the displacement thickness while the momentum thick-
ness remains nearly constant. If the boundary layer reattaches, the
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displacement thickness drops and the momentum thickness begins
to rise. The shape factor reaches a turbulent value of about 1.4
after recovering from the separation. Figure 11 shows H as a
function of z/P for the Re=50,000 cases with the larger cylin-
ders. In the base line case, H=6.5, indicating a thick separation
bubble. With the two-dimensional bar, H=1.6, indicating that the
boundary layer has reattached and is nearing fully developed tur-
bulent conditions. With cylinder spacing up to P=5D, H is span-
wise uniform. With P=5D, H is about 2.3, indicating that the
boundary layer has reattached but is not fully recovered from the
separation. For P=20D, H=3 at z/ P=0, indicating the boundary
layer has just begun to reattach at this location. For P=20D and
higher z/ P, H is between 4 and 5.5 indicating the boundary layer
is still separated. These values are still below the base line value
of 6.5, however, indicating that even the widely spaced cylinders
are effective in keeping theseparation bubble thinner.

Velocity profiles for the Re=300,000 cases with the larger bar
and cylinders are shown in Figs. 12-14. Figure 12 shows the
profiles at z/ P=0. The mean profiles show that the boundary layer
is attached in all cases. The u’ peaks are near the wall, as expected
for attached turbulent boundary layers. The base line case has the
highest u’ peak, indicating that it is the case with the least devel-
oped turbulence. The bar and cylinders move transition upstream,
resulting in a more developed turbulent boundary layer by the
trailing edge. Both the mean and u’ profiles collapse for the cases
with P=20D. This suggests that the cylinders are far enough
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apart in these cases so that they act as if isolated from each other.
Both the mean and u’ profiles show that the boundary layer be-
comes thicker as the cylinder spacing is decreased. The P=1D
case has a second u’ peak away from the wall that is not present
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in the two-dimensional bar case. The touching cylinders appear to
generate more turbulence than the bar. Figure 13 shows the pro-
files at z/P=0.5. The profiles for the P=24D and 30D cases are
very similar to the baseline results, again suggesting that with
large enough spacing the cylinders are effectively isolated from
each other and cannot directly influence the flow across the entire
span. As P is reduced, the boundary layer becomes thicker, and u’
assumes a more turbulent like shape. Figure 14 shows the profiles
at several spanwise positions for the P=30D case. The cylinders
appear to influence the boundary layer u’ nearly uniformly from
z/P=0 to z/P=20. For z/P>27, the cylinders have little influ-
ence and the profiles are very similar to the base line case profiles.
The spanwise extent of the cylinder influence spreads at a half
angle of about 20 deg for a strong effect on the boundary layer
and about 30 deg for some effect.

Figure 15 shows the shape factor at s/L;=0.94 for the profiles
of the Re=300,000 cases with the larger cylinders. The boundary
layer is attached, so the shape factor is between 1.4 and 1.7 in all
cases. Figure 16 shows the momentum thickness for these cases.
The momentum thickness is related to losses in the boundary
layer, and in cases with equal shape factor and exit flow angle, the
momentum thickness is directly proportional to profile losses
(Howell et al. [21]). In the Re=50,000 cases, the large variation
in H (Fig. 11) precludes a comparison of losses based on 6, but
with the smaller range of H at Re=300,000 (Fig. 15) the com-
parison is appropriate. Figure 16 shows that the cylinders cause a
rise in momentum thickness above the base line case value and
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that the effect increases as cylinder spacing is decreased. Since the
separation bubble is small even in the base line case, the cylinders
and bars add an unnecessary disturbance and increase losses. The
more widely spaced cylinders cause less blockage and create less
of a disturbance, therefore the losses are lower.

Velocity profiles for the Re=50,000 cases with the smaller bar
and cylinders are shown in Fig. 17. Cylinder spacings up to P
=5D were considered. No variation was observed between the
results from different spanwise locations, so only the results from
z/ P=0 are shown. The boundary layer did not reattach for cases
with P=2D, although the separation bubble was slightly thinner
and there was a slight increase in the u’ peak compared to the
base line case. With P=1D the boundary layer appears to be on
the verge of reattachment, and with the two-dimensional bar the
boundary layer has just begun to reattach. The smaller cylinders
are inadequate for control of the boundary layer at this Reynolds
number, as previously indicated by the pressure profiles.

The effect of the smaller cylinders on the velocity profiles at
Re=300,000 are shown in Fig. 18. No spanwise variation was
observed, so only results from z/P=0 are shown. The mean pro-
file for the P/D=1 case is noticeably different than those for the
other cases, including the two-dimensional (2D) bar case. As was
noted above, the touching cylinders apparently generate more tur-
bulence that the 2D bar, resulting in a thicker boundary layer. As
was the case with the larger cylinders (Fig. 12), the smaller cyl-
inders cause a drop in the u’ peak from the base line case value,
indicating that the cases with cylinders are closer to fully devel-
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oped turbulent behavior. Shape factors are shown in Fig. 19 as a
function of spanwise position. There is little variation between
cases, as expected since the separation bubble is small and the
boundary layer has fully reattached in all cases. The momentum
thickness is shown in Fig. 20. All of the cases with cylinders have
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higher momentum thickness than the base line case. The case with
P=1D has the highest values, again indicating that the touching
cylinders generate higher losses than the two-dimensional bars or
more widely spaced cylinders.
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Discussion

The results presented above suggest that the half angle for the
spreading of the disturbances from the cylinders is about 30 deg.
This is a rough estimate due to the finite spacing between pressure
tap locations and the finite number of cylinder spacings investi-
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gated, but the half angle roughly agrees with the spreading angle
for turbulent spots in an adverse pressure gradient, as given by
D’Ovidio et al. [22]. This angle suggests that a cylinder spacing of
between P/D=5 and P/D=10 is necessary to insure flow control
across the span. The velocity profiles showed good spanwise uni-
formity for P/D <10.

The optimal spacing for spanwise disturbances was investigated
in an analytical study by Tumin and Ashpis [23]. They considered
disturbances in both favorable and adverse pressure gradient
flows, including the favorable pressure gradient found in the up-
stream region of the present test section. Although these results do
not apply directly to the adverse pressure gradient region of the
present study, they can be extrapolated to the present conditions.
They suggest an optimal spacing for maximum disturbance
growth in the Re=50,000 cases of P/L,~0.03. For the Re
=300,000 cases, the optimal spacing would be P/L;~0.012.
With the present cylinder diameter of 6 mm, these spacings cor-
respond to P/D=1 and P/D=0.4, respectively, and could not be
achieved unless the cylinders were touching. Consistent with this,
the present results show that the disturbance created by the cylin-
ders decreases as the spacing increases. To better test the Tumin
and Ashpis [23] results, however, smaller diameter, separated cyl-
inders with the recommended spacing should be considered.

The results at Re=50,000 show that the larger cylinders with
the closest spacing are needed to effectively control separation. At
Re=300,000, the separation bubble is small in the base line case,
and cylinders or bars cause transition to move upstream, increas-
ing losses. Hence, the thinnest, most widely spaced (which in the
limit means nonexistent) devices are optimal. The cylinders which
are best at Re=50,000 cause significantly higher losses at Re
=300,000. This is the same result found by Volino [15] using
two-dimensional bars, and agrees with other findings in the litera-
ture, as noted above. So long as the cylinders are close enough to
provide spanwise uniformity, it appears that varying the cylinder
(or bar) thickness and varying the cylinder spacing are both effec-
tive for controlling the transition location and moving it to an
optimal location for minimizing losses.

The present results can address the question of whether sepa-
rated cylinders provide an advantage over a two-dimensional bar.
A case with a two-dimensional bar that is capable of controlling
separation while keeping losses to a minimum at a low Reynolds
number should be compared to a case with cylinders that are
thicker than this optimal bar but produce the same reattachment
and low losses. Cases with these same geometries should then be
compared at a high Reynolds number to see which results in lower
high-Re losses. The thin bar in the present study results in mar-

APRIL 2006, Vol. 128 / 259

58



ginally reattached flow at Re=50,000. The larger cylinders result
in spanwise uniform reattachment at Re=50,000 when P/D=5.
The momentum thicknesses at s/L;=0.94 for these two cases are
within 8% of each other. At Re=300,000 the thin bar results in a
momentum thickness 7% above the base line case value, while the
thick, P/D=5 cylinders result in a spanwise averaged momentum
thickness that is 46% above the baseline value. Clearly the thin
two-dimensional bar is superior to the thicker cylinders. This
comparison is not completely adequate, however, since the thin
bar only causes marginal reattachment at Re=50,000, while the
thick cylinders result in a somewhat more complete reattachment.
Volino [15] also considered an intermediate bar with thickness
twice that of the thin bar considered above. At Re=50,000 the
intermediate bar induced complete reattachment with H=1.8 and
0/ 6,=1.23. These results are very close to those obtained with the
large cylinders spaced at P/D=3. At Re=300,000 the intermedi-
ate bar resulted in H=1.59 and 6/6,=1.29. The thick, P/D=3
spaced cylinders resulted in an approximately equal shape factor,
but 6/6,=1.72. With this better comparison, it is still clear that a
thin bar is superior to larger cylinders.

The present results support the conclusions of Sieverding [10]
and Zhang and Hodson [17] who found that two-dimensional bars
or trips are as good or better than three-dimensional devices for
controlling separation. The present results cannot be considered
absolutely conclusive, however, since only a single geometry was
considered under a limited number of conditions. The number of
possible geometries and spacings for three dimensional devices is
infinite, so it will never be possible to prove conclusively through
experiments that two-dimensional devices are always better. Fur-
ther study of devices such as the dimples considered by Lake et al.
[12] would be useful. The effects of high freestream turbulence
and unsteady wakes should also be considered. Perhaps thinner,
smaller diameter cylinders with spacings closer to those extrapo-
lated from Tumin and Ashpis [23] could provide better separation
control with lower losses. This is merely speculation. What can be
said is that the present results add to the evidence that simple
two-dimensional bars are preferable.

Conclusions

A row of small cylinders located at the suction peak on a LPT
airfoil were effective for separation control. The reattachment of
the boundary layer moves upstream as the cylinder height is in-
creased or the cylinder spacing is decreased. The half angle of the
spreading of the disturbance created by the cylinders was of the
order 30 deg. This is roughly the same as the expected spreading
angle for a turbulent spot under the same adverse pressure gradi-
ent conditions. Based on this angle, the maximum allowable spac-
ing for spanwise uniform separation control can be determined.
By varying the cylinder height and spacing, an optimal reattach-
ment location can be achieved for minimum losses at a given
Reynolds number. Cylinders optimized for low Reynolds numbers
resulted in higher losses at high Reynolds numbers. The present
results add to the evidence that three-dimensional passive flow
control devices are not as effective as two-dimensional bars for
minimizing losses over a range of Reynolds numbers.
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Nomenclature

Cp = 2(pT—p)/pU§, pressure coefficient
D = cylinder diameter

H = shape factor, §°/6

L, = suction surface length
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P = center to center spacing of cylinders
p = pressure
pr = upstream stagnation pressure
Re = U,L,/v, exit Reynolds number
s = streamwise coordinate, distance from leading edge
U, = nominal exit freestream velocity, based on inviscid
solution
u = mean streamwise velocity
u' = rms streamwise fluctuating velocity
y = cross-stream coordinate, distance from wall
z = spanwise coordinate
& = displacement thickness
v = Kkinematic viscosity
p = density
0 = momentum thickness
6, = momentum thickness in base line case
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Introduction

The process of transition from laminar to turbulent flow is a
major unsolved problem in fluid dynamics and aerodynamics. One

A Computational Fluid Dynamics
Study of Transitional Flows in
Low-Pressure Turbines Under a
Wide Range of Operating
Conditions

A transport equation for the intermittency factor is employed to predict the transitional
Sflows in low-pressure turbines. The intermittent behavior of the transitional flows is taken
into account and incorporated into computations by modifying the eddy viscosity, w, with
the intermittency factor, 7y. Turbulent quantities are predicted by using Menter’s two-
equation turbulence model (SST). The intermittency factor is obtained from a transport
equation model which can produce both the experimentally observed streamwise varia-
tion of intermittency and a realistic profile in the cross stream direction. The model had
been previously validated against low-pressure turbine experiments with success. In this
paper, the model is applied to predictions of three sets of recent low-pressure turbine
experiments on the Pack B blade to further validate its predicting capabilities under
various flow conditions. Comparisons of computational results with experimental data
are provided. Overall, good agreement between the experimental data and computational
results is obtained. The new model has been shown to have the capability of accurately
predicting transitional flows under a wide range of low-pressure turbine conditions.
[DOL: 10.1115/1.2218888]

area where the transition process plays an important role and is
even more complicated due to the diverse flow conditions encoun-
tered is the low-pressure turbine applications. Transitional flows
in these applications are affected by several factors such as vary-
ing pressure gradients, wide range of Reynolds number and
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script received February 13, 2006. Review conducted by R. L. Davis.
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freestream turbulence variations, flow separation, and unsteady
wake-boundary layer interactions. Accurate simulation and pre-
diction of transitional flows under these diverse conditions is key

JULY 2007, Vol. 129 / 527



to design of more efficient jet engines.

In low-pressure turbine applications, flow over the blades is
mostly turbulent at the high Reynolds number conditions encoun-
tered at takeoff and the efficiency is at its design maximum. How-
ever, at lower Reynolds number conditions which correspond to
high altitudes and cruise speeds the boundary layers on the airfoil
surface have a tendency to remain laminar; hence, the flow may
separate on the suction surface of the turbine blades before it
becomes turbulent. This laminar separation causes unpredicted
losses, substantial drops in efficiency, and increase in fuel con-
sumption [1-3].

In order to calculate the losses and heat transfer on various
components of gas turbine engines, and to be able to improve
component efficiencies and reduce losses through better designs,
accurate prediction of development of transitional boundary layers
is essential [1].

One approach proven to be successful for modeling transitional
flows is to incorporate the concept of intermittency into computa-
tions. This can be done by multiplying the eddy viscosity obtained
from a turbulence model, w,, used in the diffusive parts of the
mean flow equations, by the intermittency factor, y (Simon and
Stephens [4]). This method can be easily incorporated into any
Reynolds averaged Navier-Stokes solver. In this approach, the in-
termittency factor, y, can be obtained from an empirical relation
such as the correlation of Dhawan and Narasimha [5], or it can be
obtained from a transport model.

Dhawan and Narasimha [5] correlated the experimental data
and proposed a generalized intermittency distribution function
across flow transition. Gostelow et al. [6] extended this correlation
to flows with pressure gradients under the effects of a range of
freestream turbulence intensities. Solomon et al. [7], following the
work of Chen and Thyson [8], developed an improved method to
predict transitional flows involving changes in pressure gradients.
These empirical methods led to development of transport equa-
tions for intermittency.

Steelant and Dick [9] proposed a transport equation for inter-
mittency, in which the source term of the equation is developed
such that the vy distribution of Dhawan and Narasimha [5] across
the transition region can be reproduced. Steelant and Dick used
their model, coupled with two sets of conditioned Navier-Stokes
equations, to predict transitional flows with zero, favorable, and
adverse pressure gradients. However, since their technique in-
volved the solution of two sets of strongly coupled equations, the
method is not compatible with existing computational fluid dy-
namics (CFD) codes, in which only one set of Navier-Stokes
equations is involved. Moreover, the model was designed to pro-
vide a realistic streamwise 7y behavior but with no consideration
of the variation of vy in the cross-stream direction.

Cho and Chung [10] developed a k-g-7y turbulence model for
free shear flows. Their turbulence model explicitly incorporates
the intermittency effect into the conventional k-& model equations
by introducing an additional transport equation for 7. They ap-
plied this model to compute a plane jet, a round jet, a plane far
wake, and a plane mixing layer with good agreement. Although
this method was not designed to reproduce flow transition, it pro-
vided a realistic profile of v in the cross-stream direction.

Suzen and Huang [11] developed an intermittency transport
equation combining the best properties of Steelant and Dick’s
model and Cho and Chung’s model. The model reproduces the
streamwise intermittency distribution of Dhawan and Narasimha
[5] and also produces a realistic variation of intermittency in the
cross-stream direction. This model has been validated against Eu-
ropean Research Community On Flow Turbulence And Combus-
tion (ERCOFTAC) benchmark T3-series experiments reported by
Savill [12,13], low-pressure turbine experiments of Simon et al.
[14], and separated and transitional boundary layer experiments of
Hultgren and Volino [15] with success [11,16-21].

In this paper we concentrate on prediction of three recent low-
pressure turbine experiments on the Pratt and Whitney’s Pack B
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Chord length, L

Axial chord length, L,

Axial chord to chord ratio, L /L=0.906
Pitch to chord ratio, P/L = 0.8

Blade inlet angle, 8, = 35°

Blade outlet angle, 3,=-60°

Fig. 1 P&W Pack B blade cascade details

blade under low Reynolds number conditions using the transport
model for intermittency. Due to the fact that the Pack B blade is
very sensitive to changes of flow conditions, it is an ideal test
blade for validating the transition/turbulence models. The three
sets of experiments considered are conducted by Lake et al.
[3,22], Huang et al. [23], and Volino [24] at three independent
facilities. These experiments provide an extensive database for
investigating transitional flows under low-pressure turbine condi-
tions and are employed as benchmark cases for further testing of
the predicting capabilities of the current intermittency model. A
summary of the experiments are given in the next section. In Sec.
3, the intermittency transport model is presented and implementa-
tion of the model and the empirical correlations employed for the
onset of transition are described. In Sec. 4, the predictions of the
new intermittency model are compared against the experimental
data. Conclusions are provided in Sec. 5.

2 Low-Pressure Turbine Experiments

In this paper, we concentrate on computation of three sets of
low-pressure turbine experiments using the intermittency transport
model. These experiments are conducted by Lake et al. [3,22],
Huang et al. [23], and Volino [24]. In these experiments Pratt and
Whitney’s Pack B blade is used; the details of the blade are shown
in Fig. 1. Overall, these experiments cover a Reynolds number
range from 10,000 to 172,000 and the freestream turbulence in-
tensity ranges from 0.08% to 4%. The cases and data used for
comparison in this paper are summarized in Table 1. In the fol-
lowing sections details of these experimental efforts are given.

2.1 Pack B Blade Cascade Experiments of Lake et al.
[3,22]. Lake et al. [3,22] conducted experiments on the Pack B
blade in order to identify methods for reducing separation losses
on low-pressure turbine blades under low Reynolds number con-
ditions. In the experiments, they investigated flows at low Rey-
nolds numbers of 43,000, 86,000, and 172,000 based on inlet
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Table 1

Details of the experiments used for comparison with computations

C, Re Data used for

Source Test Section (m) (U, C1v) FSTI (%) Comparison
Lake et al. [3,22] P&W Pack B cascade 0.1778 86,000 1&4 C, distribution
172,000 1&4 C, distribution

Huang et al. [23] P&W Pack B cascade  0.1595 10,000 0.08 C, distribution

P

25,000 0.08 C, distribution

50,000 0.08, 1.6, 2.85 C, distribution,
velocity profiles®

75,000 0.08, 1.6, 2.85 C, distribution,
velocity profiles”

100,000 0.08, 1.6, 2.85 C, distribution,

velocity profiles”

Volino [24] P&W Pack B single 0.1537 10,291 0.5 C, distribution,
passage velocity profiles

20,581 0.5 C, distribution,

velocity profiles

41,162 0.5 C, distribution,

velocity profiles

82,324 0.5

C » distribution,
velocity profiles

“Velocity profiles are available for FSTI=0.08% and 2.85% from experiments.

velocity and axial chord and freestream turbulence intensities
(FSTI) of 1% and 4%. These conditions are similar to those en-
countered at high-altitude, low-speed flight of reconnaissance un-
manned aerial vehicles used by USAF.

In Lake’s experiments, surface pressure coefficients, boundary
layer velocity, and turbulence profiles, total pressure loss data
were obtained at FSTI=1% and FSTI=4%. The test setup shown
in Fig. 2 included eight blades with axial chord of 0.1778 m

Outer
corner
sealed

8 BLADES: 8.2

inch sparing

Turbulence
When installed 1 inch
0.D. tubes in grid
pattern, 3 inches
center to center.

(7 in.), and blade spacing of 0.1575 m (6.2 in.). The blades were
numbered 1 through 8 starting from the inside bend. Boundary
layer measurements were taken on blade 5 and surface pressures
were measured around blades 4 and 6. In this paper, the Pack B
blade experiments with Reynolds numbers of 86,000 and 172,000
and freestream turbulence intensities of 1% and 4% are computed

and comparison of pressure distributions between experiments
and computations are performed.

[

AFRFLOW INLET

Grid: -

\.\

BELL MOUTH: 12
feet wide by 10
feet high

Fig. 2 Experimental setup used by Lake et al. [3,22]
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Fig. 3 Comparison of computed and experimental decay of
turbulence for experiments of Huang et al. [23], with grid 0

2.2 Pack B Blade Cascade Experiments of Huang et al.
[23]. Huang et al. [23] conducted experiments on Pack B blade
cascade for a range of Reynolds numbers and turbulence intensi-
ties. The Reynolds numbers range from 10,000 to 100,000 based
on inlet velocity and axial chord as listed in Table 1. In their
experiments the blades had an axial chord length of 0.1595 m
(6.28 in.). The freestream turbulence intensity in the tunnel was
measured as 0.08%. In order to increase the turbulence intensity,
two grids with different mesh sizes were used. One of the grids
had the mesh size of 0.0254 m (denoted as grid 0) and the other
had 0.008 m (denoted as grid 3). The decay of turbulence after the
grids was measured using crosswire and they are shown in Figs. 3
and 4 along with the computed results for grid O and grid 3,
respectively. The grids were movable in the tunnel so that the
turbulence level of the flow that reaches the blades could be con-
trolled by moving the grid that is, by increasing or decreasing the
distance between the grid and the blade. Experiments were per-
formed for Reynolds numbers 50,000, 75,000, and 100,000, with
grids placed 0.762 m (30 in.) away from the blade leading edge,
corresponding to turbulence intensities of 2.85% and 1.6% at the
leading edge for grid O and grid 3, respectively. For Re
=100,000, grid 0 is placed at 0.5588 m (22 in.) and 0.3556 m
(14 in.), corresponding to turbulence intensities of 3.62% and
5.2%, respectively. Pressure coefficient data are available for all
cases and detailed boundary layer measurements are available for
Re=50,000, 75,000, and 100,000 with FSTI=0.08% and 2.85%
cases. The cases and data used for comparisons in this paper are
listed in Table 1.

4
a5k Turbulence Intensity for Grid 3
< (Mesh Size=0.008m)
S
c
2
£ 51 Computation
3 o Experiment
S of
=
£
g 15t

) 1 ) TR

0.5 0.6 0.8

Distance {m)

1 L .
03 0.4

Fig. 4 Comparison of computed and experimental decay of
turbulence for experiments of Huang et al. [23], with grid 3
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Fig. 5 Schematic of the test section for experiments of Volino
[24]

2.3 Pack B Experiments of Volino [24]. Volino [24] investi-
gated the boundary layer separation, transition, and reattachment
under low-pressure turbine airfoil conditions. The experiments in-
cluded five different Reynolds numbers ranging between 10,291
and 123,492 and freestream turbulence intensities of 0.5% and
9%. The test section consisted of a single passage between two
Pack B blades as shown in Fig. 5. The axial chord length of the
blades was 0.1537 m (6.05 in.). There are flaps located upstream
of each blade to control the amount of bleed air allowed to escape
from the passage. These flaps were adjusted by matching mea-
sured pressure distribution for a high Reynolds number with the
inviscid pressure distribution on the blade. In addition to the up-
stream bleed flaps, a tailboard on the pressure side was used to set
the pressure gradient. The compiled data include pressure surveys,
mean and fluctuating velocity profiles, intermittency profiles, and
turbulent shear stress profiles. It was observed that the effect of
high Reynolds number or high freestream turbulence level was to
move transition upstream. Transition started in the shear layer
over the separation bubble and led to rapid boundary layer reat-
tachment. At the lowest Re case, transition did not take place
before the trailing edge and the boundary layer did not reattach.
The beginning of transition corresponded to the beginning of a
significant rise in the turbulent shear stress. These experimental
results provide detailed documentation of the boundary layer and
extend the existing database to lower Reynolds numbers. The
cases used for comparisons with computations in this paper are
listed in Table 1 along with the type of data used for comparisons.

3 Intermittency Transport Model

In this section, the transport model for intermittency is pre-
sented. The model combines the transport equation models of
Steelant and Dick [9] and Cho and Chung [10]. Details of the
development and implementation of the transport model are given
in Suzen and Huang [11,16,17], and in Suzen et al. [18].

The model equation is given by
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The distributed breakdown function, f(s) has the form
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where s"=s-s,, and s is the distance along the streamline coordi-
nate, and s, is the transition location. The coefficients are
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The shear stresses are defined as
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The blending function F is constructed using a nondimensional
parameter k/ Wv, where k is the turbulent kinetic energy and W is
the magnitude of the vorticity. The blending function has the form

KW ]
200(1 _ ,}/0.1)0.3
The model constants used in Eq. (1) are

0'7120',},[:1.0 C0=1.0 C1=1.6

F= tanh4[ (5)

C,=0.16 C;=0.15

The intermittency is incorporated into the computations simply by
multiplying the eddy viscosity obtained from a turbulence model,
M, by the intermittency factor, y. Simon and Stephens [4] showed
that, by combining the two sets of conditioned Navier-Stokes
equations and making the assumption that the Reynolds stresses in
the nonturbulent part are negligible, the intermittency can be in-
corporated into the computations by using the eddy viscosity, ,u,t*
which is obtained by multiplying the eddy viscosity from a turbu-
lence model, u,;, with the intermittency factor, y. That is

e (6)

is used in the mean flow equations. It must be noted that y does
not appear in the generation term of the turbulent kinetic energy
equations.

Computations of the experiments are performed using a re-
cently developed multiblock Navier-Stokes solver, called GHOST.
The code was developed at the University of Kentucky, by Huang,
and is a pressure-based code based on the SIMPLE algorithm with
second-order accuracy in both time and space. Advection terms
are approximated by a QUICK scheme and central differencing is
used for the viscous terms. The “Rhie and Chow” momentum
interpolation method [25] is employed to avoid checkerboard os-
cillations usually associated with the nonstaggered grid arrange-
ment. This code is capable of handling complex geometries, mov-
ing, and overset grids and includes multiprocessor computation
capability using message passing interface (MPI). Since multiple
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processors are used during the computations, it is more efficient to
divide the computational domain into several smaller pieces with
very fine grids and distribute the zones to processors with the
consideration of load balancing. This code has been used exten-
sively in a recent turbulence model validation effort (Hsu et al.
[26]) and computations of unsteady wake/blade interaction (Suzen
and Huang [27]) conducted at the University of Kentucky.

The multiblock grid systems used in the computations are ob-
tained by conducting a series of grid refinement studies in order to
ensure that the details of the flow field are captured accurately and
the results are grid independent. All grid systems have first y* less
than 0.5 near solid walls.

In using this intermittency approach, the turbulence model se-
lected to obtain u, must produce fully turbulent features before
transition location in order to allow the intermittency to have full
control of the transitional behavior. Menter’s [28] SST model sat-
isfies this requirement. It produces almost fully turbulent flow in
the leading edge of the boundary layer and therefore is used as a
baseline model to compute u, and other turbulent quantities in the
computations [18].

The value of no used in evaluating the constants given by Eq.
(3) is provided by the following correlation for zero-pressure gra-
dient flows [18]

fo= U)o =1.8x 1077y (7)

When flows are subject to pressure gradients, the following cor-
relation is used

io M[l—exp(0.75><IO(’K,TM'OJ)]’ K, <0
(Ad)zee | 1072787 k>0
with M defined as

M = (850Tu~3 — 100Tu % + 120)

(8)

where (io)zpg is the value for flow at zero pressure gradient and
can be obtained from Eq. (7), and K,=(v/ U,z)(dU/dx)t is the flow
acceleration parameter. The favorable pressure gradient part of the
above correlation (for K,>0) is from Steelant and Dick [9]. The
portion of the correlation for adverse pressure gradient flows for
K, <0 is formulated using the transition data of Gostelow et al. [6]
and Simon et al. [14] (Suzen et al. [18]).

il L l il | 1 d l L il A L l I
-0.5 0 0.
/

[T BTN NI

1 1.5

Fig. 6 Multiblock grid used for computations of experiments
of Lake et al. [3,22] and FSTI=0.08% experiments of Huang et
al. [23]
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Fig. 7 Comparison of computed pressure coefficient with experiments of Lake et al. [3,22]

The current approach uses the intermittency transport model to
obtain the intermittency distribution for the transitional flows,
while the onset of transition is defined by correlations.

The onset of attached flow transition is determined by the fol-
lowing correlation in terms of turbulence intensity, 7u, and the
acceleration parameter, K,

Reg, = (120 + 150Tu*?)coth[4(0.3 - K, X 10°)] ©)

where K, was chosen as the maximum absolute value of that pa-
rameter in the downstream deceleration region [18]. This correla-
tion maintains the good features of Abu-Ghannam and Shaw [29]
correlation in the adverse pressure gradient region, and in addition
reflects the fact that the flow becomes less likely to have transition
when subject to favorable pressure gradients by rapidly rising as
K, becomes positive.

In order to determine the onset of separated flow transition Re,,
is expressed in terms of the turbulence intensity (7u) and the
momentum thickness Reynolds number at the point of separation
(Reg,) in the form [19]

Re,, = 874Re;! (10)

This correlation provides a better representation of the experimen-
tal data than Davis et al. [30] correlation and is used to predict
onset of separated flow transition in the present computations.

exp[— 0.4Tu]
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4 Results and Discussion

4.1 Simulations of Experiments of Lake et al. [3,22]. The
intermittency model is applied to predict the Pack B blade experi-
ments of Lake et al. [3,22]. In the computations, flows at Rey-
nolds numbers of 86,000 and 172,000 based on inlet velocity and
axial chord with freestream intensities of 1% and 4% were
investigated.

The computations were performed using the grid system shown
in Fig. 6 consisting of five zones obtained as a result of a grid
refinement study. In the grid refinement study computations were
performed on a series of successively finer grids and the variations
in the results were observed. The grid shown in Fig. 6 was chosen
to be adequate for obtaining grid-independent solutions for all
cases. The four zones on which the blade grid is superposed each
have 125X 225 grid points and the O-type grid around the blade
has 401 X 101 points with first y* less than 0.5.

The comparisons of computed and experimental pressure coef-
ficient distributions are shown in Figs. 7(a)-7(d). In these figures,
the experimental distributions correspond to the measurements
made on test blades 4 and 6.

The computed results compare well with the experiments for
high turbulence intensity, FSTI=4%, cases shown in Figs. 7(a)
and 7(c). However, for FSTI=1% cases shown in Figs. 7(b) and
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Fig. 8 Comparison of computed total pressure loss coeffi-
cients with experiments of Lake et al. [3,22] and Huang et al.
[23]

7(d), the extent of the separation bubbles is underpredicted in the
computations. For example, for Re=86,000, FSTI=1%, shown in
Fig. 7(d), the flow reattaches earlier in computations than it does
in the experiment, as can be observed from the difference in the
pressure coefficient distributions between x/C,=80 to 85%.

The comparison of computed total pressure loss coefficients
with experiments is shown in Fig. 8. For the Re=86,000 case, the
computed loss coefficient is in good agreement with the experi-
ments for both FSTI levels. However, for the Re=172,000 case
the computations underpredicted the loss coefficient compared to
experiments for both FSTI=1% and FSTI=4%. From Fig. 8 it is
evident that the cascade losses decrease as the Reynolds number
increases. This reduction in cascade losses with increasing Rey-
nolds number is due to the decrease in size of the separated flow
region on the suction side of the blades.

The onset of separation locations, reattachment locations, and
onset of transition locations on the suction surface are summa-
rized in Table 2 for these cases, along with the corresponding
values from experiments. In the experiments, the onset of transi-
tion locations and the reattachment locations are not reported. The
experimental onset of separation and reattachment points are ex-
tracted from the experimental pressure coefficient data. The onset
of separation is taken to be the axial location where the plateau in
the pressure coefficient distribution of the suction side begins, and
the reattachment point is taken to be the axial location after the
sharp change in C, following the plateau. This procedure may
lead to an error of approximately +1.5% of axial chord in the
estimated onset locations.

The onset of separation, reattachment, and onset of transition
locations are plotted against Reynolds number in Figs. 9(a) and
9(b) for FSTI=4% and 1%, respectively. The uncertainty in the
estimated experimental values is indicated by error bars in the
figures. For the high turbulence intensity case, computation pre-
dicts onset of separation and reattachment slightly upstream of the
experiment. For the low FSTI case shown in Fig. 9(b), the sepa-
ration zone is predicted smaller than the experiments. The onset of
transition is predicted over the separated flow region in the shear

1
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Fig. 9 Comparison of separation, reattachment, and transition
locations for experiments of Lake et al. [3,22]

layer. From comparison of these figures it is evident that, with
decreasing freestream turbulence intensity, the separation zone be-
comes larger, and for a given FSTI condition, the separated flow
region gets smaller with increasing Reynolds number.

4.2 Simulations of Experiments of Huang et al. [23]. In this
set of experiments, first the cases with no grid in tunnel corre-
sponding to FSTI=0.08% are computed. In these computations,
the same grid system used for the computations of experiments of
Lake et al. [3,22] shown in Fig. 6 is used.

The comparisons of the computed and the experimental pres-
sure coefficients are shown in Figs. 10(a)-10(e) for Re=100,000,
75,000, 50,000, 25,000, and 10,000 based on inlet velocity and
axial chord. The agreement between the experiments and compu-
tations is very good for all cases.

The computed total pressure loss coefficients are compared to
the available data for Re=25,000 and 50,000 in Fig. 8. The loss
coefficients predicted in the computations are 2% to 3% higher
compared to the experiments for both Reynolds numbers.

The onset of separation, transition, and reattachment locations
are tabulated in Table 3 for all cases and plotted against Reynolds
number in Figs. 11(a)-11(c) for FSTI=0.08%, 1.6%, and 2.85%,

Table 2 Separation, reattachment, and transition locations for cases of Lake et al. [3,22]

Re FSTI x,/C, x,/C, x,/C, x,/C, X,/ C,,
(Ui Cy1v) (%) (Computation)  (Experiment)  (Computation) (Experiment)  (Computation)
172,000 4 0.732 0.74 0.83 0.84 0.806
86,000 4 0.725 0.74 0.86 0.88 0.832
172,000 1 0.728 0.72 0.82 0.84 0.808
86,000 1 0.722 0.72 0.87 0.90 0.849
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Fig. 10 Comparison of computed pressure coefficients with experiments of Huang et al. [23] for FSTI=0.08% cases

respectively.

Computed velocity profiles at seven axial stations along the
suction surface of the blade are compared to the experiments for
Re=100,000, 75,000, and 50,000 in Figs. 12—-14, respectively.

For the Re=100,000 case, the computed velocity profiles com-
pare very well with the experiment as shown in Figs. 12(a)-12(g).
At the first three measurement stations, flow is laminar and at-
tached as shown in Figs. 12(a)-12(c). Flow separation takes place
at x/C,=0.725 and the separated flow region is visible in Figs.
12(d) and 12(e), corresponding to axial locations of x/C,=0.75
and 0.80. The flow transition and reattachment takes place around
x/C,=0.84 in the computation. Reattachment location is earlier
than the experiment which takes place at x/C,=0.875. In Fig.
12(f) corresponding to axial station of x/C,=0.85 the computed
flow field has already attached, although the experimental profile
indicates a very small separation zone close to wall. At x/C,
=0.9 the flow is completely attached as shown in Fig. 12(g).

When the Reynolds number is reduced to 75,000, the size of the
separation bubble increases as can be observed from the compari-
son of the velocity profiles shown in Figs. 13(a)-13(g). At this
Reynolds number the flow separates around x/C,~0.72 and reat-
taches around x/C,=~0.87. The transition onset location is pre-

dicted at x/C,=0.854. The size of the separation bubble is larger
than the Re=100,000 case from comparison of Figs. 13(d)-13(f)
and 12(d)-12(y).

Next, the Reynolds number is reduced to 50,000 and the com-
parison of computed and experimental velocity profiles is shown
in Figs. 14(a)-14(g). For this case the separation bubble is much
larger from the previous cases and extends until x/C,=~0.975 in
the experiment and x/C,~0.93 in the computations, as can be
seen in Figs. 14(d)-14(g). Computations predicted the transition
onset location at x/C,=0.89. In the computations, the onset of
separation is predicted well in agreement with experiment; how-
ever, the reattachment point is earlier, making the size of the sepa-
ration bubble smaller when compared to experiment. This is evi-
dent from the comparison of velocity profiles at the last two
stations shown in Figs. 14(f) and 14(g).

The onset of separation and reattachment points for FSTI
=0.08% cases is predicted upstream of the experiments as shown
in Fig. 11(a).

Next, the high FSTI cases are computed using the six zone
multiblock grid system shown in Fig. 15. The computational do-
main is extended upstream of the blade in order to specify the
correct turbulence intensity at the inlet and to match the decay of

Table 3 Separation, reattachment, and transition locations for cases of Huang et al. [23]

Re FSTI x,/C, x,/C, x,/C, x,/C, x,/C,
(Ui Cy/v) (%) (Computation)  (Experiment)  (Computation)  (Experiment)  (Computation)

10,000 0.08 0.661 0.725 e e
25,000 0.08 0.656 0.725 0.980 e 0.936
50,000 0.08 0.714 0.725 0.925 0.975 0.890
75,000 0.08 0.718 0.725 0.860 0.870 0.854
100,000 0.08 0.725 0.725 0.840 0.875 0.840
50,000 1.6 0.722 0.728 0.900 0.900 0.854
75,000 1.6 0.728 0.730 0.867 0.875 0.834
100,000 1.6 0.732 0.730 0.860 0.877 0.821
50,000 2.85 0.728 0.722 0.887 0.900 0.837
75,000 2.85 0.732 0.729 0.840 0.870 0.816
100,000 2.85 0.735 0.734 0.842 0.850 0.806
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tion locations for experiments of Huang et al. [23]

turbulence that reaches the blade. The matched computed and ex-
perimental turbulence decays are shown in Figs. 3 and 4 for grid
0 and grid 3, respectively. The cases considered have the grids
placed 0.762 m (30 in) upstream of the blade, corresponding to
turbulence intensities of 2.85% and 1.6% for grid 0 and grid 3,
respectively.

The comparison of the computed and the experimental pressure
coefficient distributions for Re=50,000, 75,000, and 100,000 for
FSTI=2.85% cases is shown in Fig. 16. The agreement is very
good between computations and experiments.

Comparisons of computed velocity profiles with the experi-
ments for Re=100,000 are given in Figs. 17(a)-17(g). In this
case, the flow separates around x/C,=~0.74 and reattaches at
x/C,=0.85. The onset of transition is predicted at x/C,=0.806.
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The computed size and extent of the separation bubble is in good
agreement with the experiment as tabulated in Table 3 and as can
be seen in Figs. 11(c) and 16(d)-16(f).

For the lower Reynolds number of 75,000, computed velocity
profiles are compared with the experiments in Figs. 18(a)-18(g).
The agreement between experiment and computation is good prior
to the reattachment as shown in Figs. 18(a)-18(e). There is a
discrepancy in the reattachment region. The flow separation takes
place around x/C,=~0.73 and reattaches at x/C,~ 0.87 according
to the experiment, whereas computation predicts reattachment ear-
lier at around x/C, =~ 0.84 with the onset of transition predicted at
x/C,=0.816. The difference in reattachment points is evident in
the comparison of the computed and experimental velocity pro-
files shown in Fig. 18(f). At this station the experimental profile
indicates separated flow and the computed profile shows an al-
ready attached flow.

The next case considered has the same FSTI=2.85% but with
Reynolds number being reduced to 50,000. The comparison of
velocity profiles is shown in Figs. 19(a)-19(g). The computations
agree well with the experiment, and the size and extent of the
separation bubble are well predicted as can be seen from Fig.
11(c). The onset of separation is around x/C,~0.72 and the flow
reattaches around x/C,=0.9, with transition onset at x/C,
=0.837.

In Fig. 20, computed and experimental pressure coefficient dis-
tributions for grid 3 case which correspond to FSTI=1.6% are
compared for Re=50,000, 75,000, and 100,000. Again, very good
agreement between computations and experiments is obtained.
The onset of separation and reattachment locations shown in Fig.
11(b) compares well with the experiments.

Overall, Figs. 11(a)-11(c) indicate that, as FSTI increases, the
separated flow region decreases, and at a given FSTI, increasing
Reynolds number has the same effect on the separated flow re-
gion.

4.3 Simulations of Pack B Experiments of Volino [24]. In
computation of experiments of Volino [24] the flow field is mod-
eled with the 31-zone multiblock grid shown in Fig. 21 obtained
as a result of a series of grid refinement studies. The bleed flaps
below the lower blade and above the upper blade are defined by
fitting third-order polynomials through the available points ob-
tained from experimental setup; these curves are used as the flap
shapes in generating the computational grid. Initial computations
indicated that the shape of the bleed flaps and the orientation of
the tailboard behind the upper blade greatly affect the computed
results, especially the onset of separation and reattachment points
on the lower blade’s suction surface. In order to select the most
accurate orientation for the tailboard and the shape of the bleed
flaps, several test computations were performed for the case with
Re=41,162 and FSTI=0.5% using different tailboard orientations
and bleed flap shapes. In these computations the main goal was to
match the experimental velocity profiles in the laminar flow part
and to capture the correct onset point of separation. Once an ac-
ceptable geometry is obtained, the final bleed flap shapes and
tailboard orientation are used for computation of all other Rey-
nolds number cases.

Computed pressure coefficient distributions are compared to
experiments in Figs. 22(a)-22(d) for Re=82,324, 41,162, 20,581,
and 10,291, and the separation onset, reattachment, and transition
onset information is summarized in Table 4. The C,, comparison
for Re=82,324 shown in Fig. 22(a) indicates that the computation
predicts early reattachment of the flow; in the recovery region
following reattachment the pressure coefficient distribution is
overpredicted.

The computed pressure coefficient distributions for the lower
Reynolds number cases shown in Figs. 22(c) and 22(d) compare
well with experiments. For the Re=41,162 case shown in Fig.
22(b), the onset of separation and reattachment locations matches
the experiment as given in Table 4; however, in the recovery re-
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gion the pressure coefficient distribution is overpredicted.

Computed velocity profiles are compared to experiment at 11
stations along the suction surface of the blade in Figs. 23(a)-23(k)
for Re=82,324 and FSTI=0.5%. The results compare well with
the experiment up to x/C,=0.732 shown in Figs. 23(a)-23(g).
After this station flow separation takes place. Separation onset and
reattachment are slightly earlier in the computations compared to
experiment as given in Table 4. This also can be observed from
the velocity profiles at stations x/C,=0.798 to 0.912 shown in
Figs. 23(h)-23(j). Overall computations compare well with the
experimental measurements.

Next the Reynolds number is reduced to 41,162 and the com-
puted and experimental velocity profiles are compared in Figs.
24(a)-24(k). The computed profiles agree well with experiments
except at x/C,=0.912 shown in Fig. 24(j). At this station the
computation indicates a smaller separated flow region close to
reattachment in contrast to the experiment. However, the flow
reattaches around x/C,=0.95 both in computation and experi-
ment, and in the next measurement station the agreement is well.

The next case considered has a Reynolds number of 20,581.
Computed velocity profiles are shown along with the experimental
data at 11 axial stations in Figs. 25(a)-25(k). In this case flow
separates around x/C,~0.76 and does not reattach in experiment;
however, computations indicated reattachment at x/C,=0.98.
This discrepancy is evident from the comparison of velocity pro-
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files at the last two measurement stations shown in Figs. 25(j) and
25(k). The computation indicates a smaller separated region in
these stations and finally reattaches very close to the trailing edge.
Onset of transition was predicted at x/C,=0.978.

The final case in this set of experiments is the one with Re
=10,291. The computed velocity profiles compare very well with
the experimental data as shown in Figs. 26(a)-26(k). In this case
the flow separates around x/C,=~0.76 and does not reattach. The
flow is completely laminar; transition was not predicted on the
blade.

5 Concluding Remarks

A transport equation for the intermittency factor is employed to
predict three sets of recent low-pressure turbine experiments on
the Pack B blade. The intermittent behavior of the transitional
flows is taken into account by modifying the eddy viscosity with
the intermittency factor. Comparisons of the computed and experi-
mental data are made and overall good agreement with the experi-
mental data is obtained. The predicting capabilities of the current
intermittency approach and the intermittency transport model in
prediction of transitional flows under a wide range of low-
pressure turbine conditions is demonstrated.
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Fig. 22 Comparison of computed pressure coefficient distributions with experiments of Volino [24], FSTI=0.5%
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Table 4 Separation, reattachment, and transition locations for cases of Volino [24]

Re

FSTI x/C, x,/C, x,/C, x,/C, x,/C,
(Ui Cyilv) (%) (Computation) (Experiment) (Computation) (Experiment) (Computation)
10,291 0.5 0.760 0.750 e e
20,581 0.5 0.765 0.760 0.980 i 0.978
41,162 0.5 0.760 0.770 0.950 0.950 0.840
82,324 0.5 0.757 0.767 0.890 0.900 0.857
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Nomenclature
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FSTI =
K, =
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=~

=

= pressure coefficient, 2(P—Px)/(pxU,?‘n)

axial chord

freestream turbulence intensity (%)

flow acceleration parameter (v/ Ug)(dUe/ ds)
turbulent kinetic energy
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n = spot generation rate
P = static pressure
P = total pressure
Re = Reynolds number
Re;; = (s,—s)U,/v
Rey = U, /v
s = streamwise distance along suction surface
Tu = turbulence intensity (%), u' /U
U = boundary layer streamwise velocity
U, = local freestream velocity
U;, = inlet freestream velocity
u, = friction velocity
W = magnitude of vorticity
y, = distance normal to the wall
y+ = ynur/ v
y = intermittency factor
6 = momentum thickness
Ng = pressure gradient parameter (6*/v)(dU/ds)
M = molecular viscosity
M; = eddy viscosity
v = ulp
v = wlp
o = total pressure loss coefficient,
Z(Ptotalinlel_Ptotalexit)/(pinzn)
p = density
o = spot propagation parameter
Subscripts
= freestream
s = onset of separation
t = onset of transition
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ABSTRACT

Boundary layer separation, transition and reattachment have been
studied experimentally under low-pressure turbine airfoil conditions.
Cases with Reynolds numbers (Re) ranging from 25,000 to 300,000
(based on suction surface length and exit velocity) have been
considered at low (0.5%) and high (9% inlet) free-stream turbulence
levels. Mean and fluctuating velocity and intermittency profiles are
presented for streamwise locations all along the airfoil, and turbulent
shear stress profiles are provided for the downstream region where
separation and transition occur. Higher Re or free-stream turbulence
level moves transition upstream. Transition is initiated in the shear
layer over the separation bubble and leads to rapid boundary layer
reattachment. At the lowest Re, transition did not occur before the
trailing edge, and the boundary layer did not reattach. Turbulent shear
stress levels can remain low in spite of high free-stream turbulence and
high fluctuating streamwise velocity in the shear layer. The beginning
of a significant rise in the turbulent shear stress signals the beginning
of transition. A slight rise in the turbulent shear stress near the trailing
edge was noted even in those cases which did not undergo transition or
reattachment. The present results provide detailed documentation of
the boundary layer and extend the existing database to lower Re. The
present results also serve as a baseline for an investigation of
turbulence spectra in Part 2 of the present paper, and for ongoing work
involving transition and separation control.

NOMENCLATURE
C skin friction coefficient
Cp 2(Pr - P)/ pUe2 , pressure coefficient

free-stream turbulence intensity
&'/6, shape factor

w/ Ui)(dUoc /dXx) , acceleration parameter

hot-wire sensor length

pressure
Pr upstream stagnation pressure
Uels/v , exit Reynolds number

H
K
Ls suction surface length
l
P

NASA/CR—2012-217656
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Re;  U.gv, local Reynolds number

Re,  momentum thickness Reynolds number

S streamwise coordinate, distance from leading edge

U mean streamwise velocity

U, local free-stream velocity

Ue nominal exit free-stream velocity, based on inviscid solution

u rms streamwise fluctuating velocity

u, \Tw! p , friction velocity

—uV' time averaged turbulent shear stress
4 rms wall normal fluctuating velocity
y cross-stream coordinate, distance from wall
y* yu/v, distance from wall in wall coordinates
5 displacement thickness
Y intermittency, fraction of time flow is turbulent
\% kinematic viscosity
P density
Tw wall shear stress
0 momentum thickness
INTRODUCTION
Modern low-pressure (LP) turbine airfoils are subject to

increasingly stronger pressure gradients as designers impose higher
loading in an effort to improve efficiency and lower cost by reducing
the number of airfoils in an engine. If the adverse pressure gradient on
the suction side of these airfoils becomes strong enough, the boundary
layer will separate. Separation bubbles, particularly those which fail
to reattach, can result in a significant loss of lift and a subsequent
degradation of engine efficiency (e.g. Hourmouziadis [1], Mayle [2],
and Sharma et al. [3]). The problem is particularly relevant in aircraft
engines. Airfoils optimized to produce maximum power under takeoff
conditions may still experience boundary layer separation at cruise
conditions, due to the thinner air and lower Reynolds numbers at
altitude. A component efficiency drop of 2 percent may occur
between takeoff and cruise conditions in large commercial transport
engines, and the difference could be as large as 7 percent in smaller
engines operating at higher altitudes. Component life may also be
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affected by more than an order of magnitude (Hodson [4]). Because
the LP turbine produces the bulk of the net power in many engines,
changes in its component efficiency can result in nearly equal changes
in overall engine efficiency (Wisler [5]). There are several sources for
losses in an engine, including secondary flows, but the suction side
boundary layer has been identified as the primary source of losses in
the LP turbine (Curtis et al. [6]). Prediction and control of suction side
separation, without sacrifice of the benefits of higher loading, is
therefore, necessary for improved engine design.

Separation on LP turbine airfoils is complicated by boundary layer
transition. Turbulent boundary layers are much more resistant to
separation than laminar boundary layers. A substantial fraction of the
boundary layer on both sides of a turbine airfoil may be transitional
(Mayle [2]), so accurately predicting transition location is crucial for
accurate prediction of separation. Transition prediction for turbine
airfoils is complex and can depend on a number of factors, including
the free-stream turbulence intensity (FSTI), streamwise pressure
gradient, airfoil curvature, surface roughness, and the unsteadiness
associated with passing wakes from upstream stages. Several
transition mechanisms are possible under engine conditions. Mayle
[2] classified the modes of transition as “natural transition” involving
Tollmien-Schlichting waves; “bypass” transition caused by high free-
stream turbulence or other large disturbances; “separated flow”
transition of the shear layer over a separation bubble; ‘“periodic-
unsteady” transition, which might also be called wake-induced
transition; and reverse transition. If transition occurs far enough
upstream, it can prevent separation. If transition occurs in the shear
layer over a separation bubble, it will tend to induce boundary layer
reattachment. The lower the Reynolds number, the farther
downstream transition will tend to occur, hence the problems
associated with performance at altitude.

Boundary layer transition has been studied extensively, and in
recent years several studies have focused on transition in the LP
turbine. Halstead et al. [7] present a study from a rotating cascade
with multiple stages and FSTI characteristic of engine conditions. The
adverse pressure gradients in this study were not strong enough to
induce separation, however. Solomon [8] subsequently modified the
facility and provides documentation of separation from a more
aggressive airfoil. Gier and Ardey [9] provide another example from a
rotating facility. Boundary layers and separation bubbles on flat plates
subject to adverse pressure gradients have been considered in several
studies. Recent work has included the studies of Hatman and Wang
[10], Sohn et al. [11], Lou and Hourmouziadis [12], Volino and
Hultgren [13] and Yaras [14]. On airfoils, either in cascade or single-
passage cascade-simulators, studies have included Murawski et al.
[15], Qiu and Simon [16] and Simon et al. [17]. Cascades with
moving wakes, simulating the effect of upstream blade rows, were
utilized by Brunner et al. [18], Stadtmiiller et al. [19], Howell et al.
[20] and Kaszeta et al. [21]. Numerical studies have included the
work of Dorney et al. [22], Chernobrovkin and Lakshminarayana [23],
Huang and Xiong [24], and Thermann et al. [25]. A few studies have
included attempts to control transition and separation. Howell et al.
[20] studied modified airfoil shapes, Van Treuren et al. [26] utilized
vortex generators, and Lake et al. [27] considered various passive
devices including dimples. Bons et al. [28] showed considerable
success using both steady and pulsed vortex generator jets. The
preceding list of studies, while long, is by no means inclusive. It is
merely a sample of recent work, biased toward the most recent studies.

Much has been learned from the work to date, but the nature of
separated flow transition is still not completely clear, and existing
models are still not as robust as needed for accurate prediction. The
present study expands the existing database. The flow through a
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single-passage cascade-simulator is documented under both high and
low FSTI conditions at several different Reynolds numbers. The
geometry of the passage corresponds to that of the “Pak-B” airfoil,
which is an industry supplied research airfoil that is representative of a
modern, aggressive LP turbine design. This geometry was used in
several of the studies mentioned above ([15, 16, 17, 21, 22, 23, 27,
28]), and the pressure profile from the suction side of this airfoil was
matched in the flat plate study of Volino and Hultgren [13]. Previous
work has included documentation at Re (based on suction surface
length and exit free-stream velocity) as low as 50,000 (e.g. [13, 16,
21]). The present work includes the first complete documentation (to
the author’s knowledge) of cases with Re as low as 25,000. Also new
is documentation of the turbulent shear stress in the boundary layer
under both high and low FSTI.

Details of the experimental facility and results of the study follow.
The present paper focuses on mean and statistical quantities. Part 2 of
this work [29] includes turbulence spectral results, providing evidence
of the important transition mechanisms.

EXPERIMENTS

Experiments were conducted in a low speed wind tunnel, described
by Volino et al. [30]. Briefly, air enters through blowers and passes
through a series of screens, a honeycomb, two settling chambers, and a
three-dimensional contraction before entering the test section. At the
exit of the contraction, the mean velocity is uniform to within 1%.
The FSTI is 0.5%+0.05%. Nearly all of this free-stream “turbulence”
is actually streamwise unsteadiness at frequencies below 20 Hz and is
not associated with turbulent eddies. The rms intensities of the three
components of the unsteadiness are 0.7%, 0.2% and 0.2% in the
streamwise, pitchwise and spanwise directions, respectively. For low
FSTI cases, the test section immediately follows the contraction. For
high FSTI, a passive grid is installed at the contraction exit followed
by a 1 m long rectangular settling chamber. Details of the grid are
available in Volino et al. [30]. At the inlet to the test section the high
FSTI mean flow and turbulence are spatially uniform to within 3% and
6% respectively. The free-stream turbulence is nearly isotropic with
rms intensities of 8.8%, 8.9% and 8.3% in the streamise, pitchwise and
spanwise directions. The integral length scales of these components
are 3 cm, 1.6 cm and 1.4 cm. The integral scales were computed from
the power spectra of each component.

The test section, shown in Fig. 1, consists of the passage between
two airfoils. Details are listed in Table 1. Cascade simulators of this
type have been used in studies such as Chung and Simon [31], more
recently in the present facility by Aunapu et al. [32], and with the Pak-
B geometry by Qiu and Simon [16] and Kaszeta et al. [21]. A large
span to chord ratio of 4.3 was chosen to insure two-dimensional flow
at the spanwise centerline of the airfoils, where all measurements were
made. Upstream of each airfoil are flaps, which control the amount of
bleed air allowed to escape from the passage. These are adjusted to
produce the correct leading edge flow and pressure gradient along the
airfoils. A tailboard on the pressure side of the passage also aids in
setting the pressure gradient.

Single passage test sections have several advantages. For a given
wind tunnel with fixed maximum flow rate, the single passage can be
considerably larger than a passage in a multi-blade facility. The larger
size and simpler geometry can also result in better probe access.
Previous studies (e.g. [31, 32]) demonstrated that the full flow field,
including the three-dimensional secondary flows near the endwalls, in
a single passage can be set to match that in a corresponding multi-
blade cascade. The present test section also has some advantages over
flat plate test sections. First, the airfoil curvature is matched. Second,
with an adverse pressure gradient, suction is often needed to prevent

Copyright © 2002 by ASME



Table 1: Test section parameters

Axial True Pitch Span Suction Inlet Exit
Chord | Chord side, Lg flow flow
[mm)] [mm)] [mm] [mm)] [mm)] angle angle
153.6 170.4 | 136.0 660.4 228.6 35° 60°

separation on the wall opposite a flat test plate (e.g. Volino and
Hultgren [13]). A cascade simulator does not require suction due to
the favorable pressure gradient on the pressure side of the passage.

Single passages also have disadvantages. It is, of course, impossible
to establish periodicity. Stage losses cannot be directly determined
since there is flow only on one side of each airfoil and the downstream
wake is, therefore, unlike that in a multi-blade facility. This limitation,
however, is not prohibitive for the present study. Primary concern is
with boundary layer separation and transition, which occur in the
passage. Although the downstream wake may be different, the flow in
the passage does match that of a multi-blade facility.

Ten different cases have been documented including high and low
FSTI cases at five Reynolds numbers (Re=25,000, 50,000, 100,000,
200,000, and 300,000). The Reynolds number range is representative
of conditions from cruise to takeoff. The FSTI levels in an engine may
vary considerably, but the values in the present work are believed to
span the range of most interest. Solomon [8] surveyed several studies
that included wake effects and found FSTI values ranging from 1 to
5% between wakes and from 3 to 23% within wakes. Wakes can
affect transition and separation in the boundary layer in three ways.
First, the FSTI rises during a wake passage compared to the between-
wake value. Second, a calmed region follows wake induced transition.
The calmed flow is non-turbulent, but unlike a steady non-turbulent
flow, it can be very resistant to separation. Finally, independent of the
FSTI effect, each wake includes a mean velocity deficit, resulting in
temporal deceleration and acceleration as the wake passes. Lou and
Hourmouziadis [12] separated this temporal effect from the wake
turbulence effect, using downstream control to create an oscillating
velocity in their test section. In the present study, only steady flow is
considered. While the significant effects of temporal acceleration and
calming are not present, the high and low FSTI cases of the present
study do allow a means for evaluating the effect of wake turbulence
level.

Measurements

Pressure surveys were made for each case using a pressure
transducer (0-870 Pa range Validyne transducer) and a Scanivalve.
Stagnation pressure was measured with a pitot tube upstream of the
passage inlet, and eleven pressure taps were located on each airfoil
along their spanwise centerlines. Locations of the taps on the suction
side are listed in Table 2 along with measured local FSTI components,
and the ReK product at these stations based on a non-separating,
inviscid solution. The pressure distribution on the upstream portion of
the suction side always closely matched the inviscid solution for flow
over the airfoil. This allowed the use of the measured static pressure
at the third pressure tap on the suction side, along with the inviscid
flow solution for the passage and the upstream stagnation pressure, to
determine the nominal passage exit velocity, which was used to
normalize the measured pressure distributions. More conventionally
the measured inlet velocity and the inlet and exit flow angles are used
to compute the exit velocity. Because the velocity at the third tap is
1.9 times that at the passage inlet, and therefore easier to measure,
using the third tap velocity reduced the bias uncertainty in the pressure
coefficients, particularly at the lower Reynolds numbers. The
uncertainty in the suction side pressure coefficients was 7% at the
lowest Re, and below 4% in other cases. Most of this uncertainty was
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Fig. 1: Schematic of the test section

due to bias error. Stochastic error was minimized by averaging
pressure transducer readings over a 10 second period.

Velocity profiles were measured at eleven streamwise stations along
the suction side at the locations given in Table 2. Profiles were
measured near but not at the spanwise centerline of the airfoil to insure
that the pressure taps did not interfere with the velocity measurements.
Profiles were acquired with a hot-wire anemometer (TSI model
IFA100) and a single sensor boundary layer probe (TSI model 1218-
T1.5). The sensor diameter is 3.8 wm, and the active length is 1.27
mm. At each measurement location, data were acquired for 26
seconds at a 20 kHz sampling rate " samples). All raw data were
saved. The high sampling rate provides an essentially continuous
signal, which is needed for intermittency and spectral post-processing.
The long sampling time results in low uncertainty in both statistical
and spectral quantities. Data were acquired at 60 wall normal
locations in each profile, extending from the wall to the free-stream,
with most points concentrated in the near wall region. The closest
point was 0.1 mm from the wall, which corresponds to y/L=0.0004
and between 0.01 and 0.2 boundary layer thicknesses. Flow direction
in a separation bubble cannot be determined with a single-sensor hot-
wire, but velocity magnitude can be measured and was found to be
essentially zero within the bubbles of the present cases. Determining
the direction was not, therefore, considered essential. At locations
where the boundary layer was attached, local wall shear stress was
computed from the near wall profile using the technique of Volino and
Simon [33]. Uncertainties in the mean velocity are 3-5% except in the
very near wall region (y*<5) where near-wall corrections (Wills [34])
were applied to the mean velocity. Uncertainties in the momentum
and displacement thicknesses computed from the mean profiles are
10%. Uncertainty in the shape factor, H, and the wall shear stress are
both 8%.

The uncertainty in the fluctuating streamwise velocity is below
10%, except in the very near wall region, where spatial averaging
effects become important in some cases. Ligrani and Bradshaw [35,
36] showed that spatial averaging over the length of a hot-wire sensor
can result in low apparent U’. Their experiments were done in a fully-
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Table 2: Measurement stations locations, local acceleration
(inviscid soln.), and measured local free-stream turbulence

Sta- | dLs | ReK Low Low High High
tion x10° FSTI FSTI FSTI FSTI
u /U ViU, u/Ug V /U,
[%] [%] [%] [%]
1 | o111 ] 2093 0.44 5.2
2 0194 | 1214 0.39 4.6
3 0278 776 0.37 4.0
4 0361 | 582 0.38 3.5
5 | 0444 | 372 0.39 3.2
6 |0528 ] -02 0.41 2.8
7 |0.611 | -60.6 0.47 0.05 2.9 5.9
8 | 0694 -717 0.47 0.12 3.0 6.2
9 [0777 ] -573 0.48 0.14 3.4 6.6
10 | 0.861 | -48.7 0.54 0.11 3.8 6.8
11 | 0944 | -17.5 0.51 0.11 4.0 6.8

turbulent boundary layer with Re;=2600. The spatial averaging effects
become important when the sensor length is longer than the width of
the smaller near wall streaks in a turbulent boundary layer. Ligrani
and Bradshaw [35, 36] found that the spatial averaging effects become
small when the dimensionless sensor length, (u; /v, is less than

about 25. The error also becomes smaller as the sensor is moved away
from the wall. This is expected since the average size of the turbulent
eddies should increase with distance from the wall. The Ligrani and
Bradshaw [35, 36] results suggest that when the distance from the
wall, y, is larger than the sensor length, ¢, that spatial averaging errors
are under 10% even for large ¢u; /v . Closer to the wall they showed

errors in U’ as large as 30% when fu; /v =60.
In the present study, ¢u;/v remains below 25 in all cases with

Re<200,000. Spatial averaging is not, therefore, expected to be a
problem, even near the wall. For the Re=200,000 cases, (u; /v is

above 25 at Station 11 of the low FSTI case and at Stations 9-11 of the
high FSTI case, reaching values as high as 60. Spatial averaging
should not be significant for y>1 mm (y/Lg>0.004), but may cause
errors as high as 30% closer to the wall. It is not certain that the errors
are this large, however. The momentum thickness Reynolds numbers
in the present cases are all below 700, which is significantly below the
Reg=2600 value of the Ligrani and Bradshaw [35, 36] study. This may
indicate less developed turbulence in the present study, which could
imply fewer small scale eddies and lower averaging errors. For the
Re=300,000 cases, fu; /v reaches values as high as 90 at Stations 10

and 11 of the low FSTI case and Stations 9-11 of the high FSTI case.
As in the Re=200,000 cases, errors should be small when y>1 mm, but
may be larger closer to the wall.

A boundary layer cross-wire probe (TSI model 1243-T1.5) was used
to measure profiles of the wall normal velocity and turbulent shear
stress at Stations 7-11 for each case. The upstream boundary layer
was too thin for cross-wire measurements. Data were acquired at 25
locations in each profile, beginning 1 mm from the wall and extending
to the free-stream. Sampling rates and times were the same as for the
single sensor probe. Uncertainty in the turbulent shear stress is 10%.

Measurements with the cross-wire probe are subject to spatial
averaging errors due to the length of the sensors (1.27 mm active
length) and the spacing between the two sensors (1 mm). Applying
the results of Ligrani and Bradshaw [35, 36] and Ligrani et al. [37] to
the present cases, spatial averaging may be significant at locations
very near the wall, particularly for the high Reynolds number cases.
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At locations farther from the wall than 1 mm, however, the errors
should become small and within the 10% uncertainty estimate given
above. Hence, no measurements were made at Yy locations below 1
mm. Because all measurements were at y>1 mm and a boundary layer
type probe was used, probe blockage effects were not expected to be
significant.

The intermittency, 7, is the fraction of time the flow is turbulent
within the transition region, and was determined at each measurement
location using the technique described in Volino et al. [30] with an
uncertainty of 10%. Turbulent flow in the boundary layer is defined
here as flow which includes a range of large and small scales,
turbulence production, and dissipation. Using this definition, a
boundary layer may be characterized by significant fluctuations but
still be non-turbulent if these fluctuations are induced by an external
source which does not cause near wall turbulence production. Such is
often the case under high FSTI conditions. Free-stream eddies
“buffet” the boundary layer, inducing non-turbulent boundary layer
fluctuations. Buffeting may occur through pressure fluctuations.
Boundary layer fluid is pushed in the wall normal direction across the
mean gradient in the streamwise velocity, resulting in significant U’
fluctuations. This type of motion was termed “inactive” by Bradshaw
[38] since it does not result in momentum transport, in spite of
potentially high u” levels. In addition to buffeting, some free-stream
eddies may penetrate into the boundary layer and cause some mixing.
As described in Volino [39], the eddies which have the greatest effect,
whether through buffeting or penetrating the boundary layer, will be
the larger, energy containing eddies. The non-turbulent boundary
layer subject to these external effects will be characterized by large
amplitude, low frequency fluctuations. Transition to turbulence is
characterized not so much by large increases in U’ levels, which may
remain essentially constant, but by the appearance of higher
frequencies superimposed on the low frequencies. The higher
frequencies signal the generation of turbulence in the near wall region.
Volino et al. [30] provide examples of an intermittent flow switching
in time between disturbed non-turbulent and turbulent states.

The presence or absence of high frequencies in a signal is used to
distinguish between turbulent and non-turbulent flow, using the
algorithm presented by Volino et al. [30]. The algorithm is similar to
others found in the literature. Briefly, the time derivative of a signal is
computed and compared to a threshold. Rapid (high frequency)
fluctuations result in high derivatives. When the derivative is larger
than the threshold, the flow is declared instantaneously turbulent and
the intermittency function is assigned a value of 1. When the
derivative is below the threshold, the intermittency is assigned a value
of 0. The time average of the function is the intermittency, 7. Volino
et al. [30] showed that intermittency can be computed based on U’ or
uV signals with essentially the same result. Results based on U’ are
presented in this paper.

RESULTS

Pressure Profiles

Pressure coefficients for all ten cases are shown in Fig. 2. At the
upstream stations on the suction side, there is good agreement between
the data at all Reynolds numbers and the inviscid flow solution.
Separation appears to occur at SLg of about 0.6 in all cases. These
results agree with those of Volino and Hultgren [13], who also
observed that the separation location did not depend strongly on the
Reynolds number or FSTI. They are in contrast to other studies, such
as Qiu and Simon [16], which showed that the separation location
depended more strongly on Re. Reattachment depends strongly on
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Fig. 2: Cp profiles: (a) low FSTI, (b) high FSTI

both Re and FSTI. With low FSTI (Fig. 2a), the boundary layer
appears to be separated in all cases at Stations 8 and 9. It reattaches by
Station 10 for the Re=200,000 and 300,000 cases, reattaches by Station
11 for the Re=100,000 case, and does not reattach at all for the
Re=25,000 and 50,000 cases. Reattachment for the high FSTI cases
(Fig. 2b) occurs upstream of the low FSTI locations. The boundary
layer appears to be separated in all cases at Station 8, but has already
reattached by Station 9 in the Re=200,000 and 300,000 cases.
Reattachment has occurred by Station 10 for the Re=100,000 case, and
appears to be beginning at Station 11 for the Re=50,000 case. The
boundary layer does not appear to reattach when Re=25,000, in spite
of the high FSTI. Results for the low FSTI cases are very similar to
the flat plate results of Volino and Hultgren [13]. The present high
FSTI results appear to show about a 10% larger separation region than
the flat plate cases of [13]. The differences are small and of the order
of the resolution of the measurement stations. Any differences
between the studies are presumably due to differences in the free-
stream turbulence. Although the high FSTI in both studies was about
8%, the inlet free-stream turbulence was more anisotropic in Volino
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and Hultgren [13], and the integral length scales of the free-stream
turbulence in [13] were about double those in the present study. The
larger length scale presumably caused earlier transition in the Volino
and Hultgren [13] study, resulting in a slightly shorter separation
bubble. Comparison to the high FSTI cases of Simon et al. [17] shows
reattachment about 14% farther upstream in [17] than in the present
study. With low FSTI, Simon et al. [17] did not observe reattachment
at all when Re=100,000, while it was observed in the present study.
For the low FSTI Re=200,000 case, they indicate reattachment about
6% farther upstream than the present study. Although the streamwise
pressure gradients were nominally the same in the present study and
Simon et al. [17], small differences in the pressure gradients along
with differences in the intensity and length scales of the free-stream
turbulence were apparently responsible for the differences in
reattachment location.

Upstream Boundary Layer
The local free-stream velocities at Station 1-5 for all 10 cases
closely followed the equation

U 0.214
e _q4d 2
Ue s
which corresponds to the free-stream velocity distribution for a
Falkner-Skan wedge flow. Figure 3 shows that the 50 mean velocity
profiles from all 10 cases at these stations collapse onto the same
Falkner-Skan profile. Skin friction coefficients, shown in Fig. 4,
which were computed using the near wall profiles, also follow the
Falkner-Skan solution. There is no significant difference between the
low and high FSTI cases. Agreement with the flat plate data of Volino
and Hultgren [13] is good. For the low FSTI cases, it is not surprising
that the laminar boundary layer closely follows the expected laminar
solution. Under the same high FSTI inlet conditions, however, Volino
et al. [30] showed that a non-turbulent boundary layer may be strongly
influenced by the free-stream turbulence and exhibit large deviation
from laminar behavior. In the present study, the acceleration
parameter, K, is in some of the cases over 10 times larger than in the
Volino et al. [30] study, and the boundary layer thickness is as little as
1/5 that in [30]. These differences apparently limit the free-stream
effect on the upstream boundary layer, resulting in the observed
laminar-like behavior.
Fig. 5 shows profiles of the rms fluctuating streamwise velocity, U’,

)

for the 50 upstream profiles. The low FSTI U’ is mainly streamwise
U .
everywhere, increasing slightly from the free-stream value to a peak at
y/6=3 and then dropping to zero at the wall. For the high FSTI cases
the free-stream U’ level does not change significantly within the test
section and scales with Ug. Since the boundary layer fluctuations are

unsteadiness that scales with the local Values are low

caused by the free-stream fluctuations, the U’ profiles collapse when
normalized on Ug. The collapse is not perfect since the free-stream

U" does drop somewhat as the eddies are strained in the accelerating
flow. Qualitatively the behavior is the same as in the low FSTI cases,
with high values in the free-stream rising to a peak at y/6=3 and
dropping to zero near the wall. The peak in U" has lower magnitude
and is farther from the wall than would be expected in a turbulent
boundary layer. In all cases the boundary layer is clearly laminar-like
in spite of the high U” level. This is shown in both the mean velocity
profiles (Fig. 3) and the local skin friction coefficients (Fig. 4) which
follow laminar flow solutions.
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Low FSTI Transition

Downstream of Station 6, the pressure gradient becomes adverse
and separation and transition occur. Figures 6 through 10 show
profiles at Stations 6-11 of U, U’ the turbulent shear stress, —UV', and
the intermittency, 7, for the five low FSTI cases. The V' profiles are
qualitatively very similar to the —UV profiles in all cases and are not
shown. In the Re=25,000 case (Fig. 6), the mean velocity profile has
just separated at Station 7, and the separation bubble grows
continuously larger at the downstream stations. There is no
reattachment, but rather a massive separation with a burst bubble at the
trailing edge. The intermittency is nearly zero everywhere, indicating
that the shear layer remains essentially laminar. Although the flow is
laminar, U is non-zero. The U peak grows as the flow moves
downstream, and its location is concurrent with the inflection point in
the mean profile. The —UV' values remain near zero through Station
10, but then rise at Station 11 with a peak in the shear layer at the same
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Fig. 5: Boundary layer u’ profiles from Stations 1-5; (a) low
FSTI cases, (b) high FSTI cases

location as the U peak. The magnitude of this peak is extremely low;
the eddy viscosity at the peak is only about 1/30™ of the molecular
kinematic viscosity. Although not significant in terms of eddy
transport, this peak may signify the beginning of transition.

Figure 7 shows the profiles for the Re=50,000 case. Results are
very similar to the Re=25,000 case of Fig. 6. The boundary layer does
not reattach. The —UV profile at Station 11 again exhibits a low level
peak. The dimensionless value of this peak is about three times that of
the peak in Fig. 6, indicating that the Re=50,000 case may be closer to
transitioning.

Results for the Re=100,000 case are shown in Fig. 8. The mean
velocity profiles show that the boundary layer is on the verge of
separating at Station 7, but is still attached. It has separated by Station
8, and the separation bubble grows through Station 10, although it
does not become as thick as in the lower Re cases. At Station 10, the
mean velocity near the wall rises slightly above zero, indicating the
beginning of reattachment. At Station 11 the boundary layer is clearly
reattached. The intermittency is near zero through Station 10, and then
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suddenly increases to 1 at Station 11, indicating fully-turbulent flow as
the boundary layer reattaches. The peak in the intermittency is well
away from the wall, indicating that transition begins in the shear layer
over the separation bubble. The U’ profiles exhibit a peak in the shear
layer at Stations 8 and 9, similar to the behavior at the lower Re. At
Station 10 there is an increase in U’ near the wall as reattachment
begins. The turbulent shear stress profile rises above zero at Station
10 with a dimensionless value that is an order of magnitude larger than
the peak shown in Fig. 7 for the Re=50,000 case. At Station 11 the
magnitude of the peak has increased by another order of magnitude
and the boundary layer is clearly turbulent. The peak in —UV is well
away from the wall, indicating that while the boundary layer is
turbulent and reattached, it has not yet recovered to fully-developed
turbulent conditions.
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Fig. 8: Station 6-11 profiles for low FSTI, Re=100,000 case:
(a) mean velocity, (b) u’, (c) -u’v’, (d) intermittency
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Fig. 9: Station 6-11 profiles for low FSTI, Re=200,000 case:
(a) mean velocity, (b) u’, (c) -u’v’, (d) intermittency

Figure 9 shows the profiles for the Re=200,000 case. The mean
velocity profiles indicate that separation does not occur until near
Station 8. There is a clear separation bubble at Station 9, and the
boundary layer is reattached by Station 10. By Station 11 the mean
profile appears to have recovered to a fully-developed turbulent shape.
The intermittency jumps from near O at Station 9 to 1 at Station 10,
indicating a rapid transition and reattachment. The magnitude of U’
increases similarly, from a small peak near the inflection point of the
mean profile at Station 9 to high values throughout the boundary layer
at Station 10. The turbulent shear stress profiles show the same
sudden increase between Stations 9 and 10, and the peak is still away
from the wall at Station 11, indicating that recovery from separation
may not be fully complete.

The Re=300,000 case profiles are shown in Fig. 10. Separation
again occurs near Station 8. By Station 9 the separation bubble has
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Fig. 10: Station 6-11 profiles for low FSTI, Re=300,000 case:
(a) mean velocity, (b) u’, (c) -u’v’, (d) intermittency

clearly grown and the non-zero mean velocities near the wall indicate
that the boundary layer is on the verge of reattachment. The U’ values
increase greatly between Stations 8 and 9. The U’ profile has a peak
in the shear layer over the separation bubble and a second peak near
the wall, which is indicative of reattachment. The intermittency
profile at Station 9 shows this same double peak. The boundary layer
is reattached and fully turbulent by Station 10. The turbulent shear
stress profile rises to a small but discernable non-zero level at Station
9, corresponding to the beginning of reattachment and the rise of the
intermittency. By Station 11, —u’V =u,? near the wall, which would be
expected for a fully-developed, attached turbulent boundary layer.

The velocity data of Figs. 6-10 agree with the pressure profiles of
Fig. 2a. The separation locations agree, although the velocity profiles
provide better resolution and indicate that separation does move
downstream somewhat as Reynolds number increases. The
reattachment locations indicated by the pressure profiles correspond to
locations where the velocity profiles have clearly reattached. Incipient
reattachment is visible in the mean velocity one station upstream of
full reattachment in some cases. In all cases the magnitude of U’
begins to increase in the shear layer after separation. At first this
increase in U occurs without a corresponding increase in —uV,
which remains near zero, and the shear layer remains laminar. As the
flow continues downstream, low but nonzero —UV values eventually
appear in the shear layer, and at the higher Reynolds numbers this is
quickly followed by a rapid rise of —UV, sudden transition to
turbulence, and almost immediate reattachment of the boundary layer.
At the two lowest Reynolds numbers, the initial rise in —UV was
detected, but it occurred so far downstream that transition and
reattachment never occurred. The present results are consistent with
those of Hatman and Wang [10], Lou and Hourmouziadis [12] and
Volino and Hultgren [13], who also considered low FSTI separated
flow transition. They also reported rapid transition and attributed it to
the breakdown of a Kelvin-Helmholtz type instability of the shear
layer. The transition mechanism in the present study will be discussed
in more detail in Part 2 [29].
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High FSTI Transition

Profiles for the high FSTI cases are shown in Figs. 11-15. For the
Re=25,000 case (Fig. 11), the mean velocity profiles show that the
boundary layer has separated by Station 6. The boundary layer
appears on the verge of reattaching at Stations 10 and 11, but is not
clearly reattached. The U’ level rises rapidly after separation, with a
peak in the shear layer at each station. The free-stream buffets the
shear layer, forcing fluid across a large mean velocity gradient, dU/dy,
which causes high U" levels. The same effect is present in the
attached boundary layer upstream (Fig. 5b), but is damped somewhat
by the wall. Free-stream buffeting and high U’ do not necessarily
imply turbulent transport, and the turbulent shear stress remains low
through Station 9. The —uV level rises to high levels at Stations 10
and 11, but the peak is in the shear layer and drops to zero at the wall.
Perhaps at this very low Reynolds number, even significant transport
in the shear layer is insufficient to promote full reattachment of the
boundary layer. Turbulent reattachment may be an intermittent
phenomenon, related to and much like transition. At the lower Re it
may occur over an extended distance. The intermittency indicates that
the flow remains non-turbulent, in spite of the high levels of —UV at
the downstream stations. The intermittency function, as defined
above, only declares the flow turbulent when the velocity fluctuations
include a full range of both large and small scales. The apparent
mismatch between the —UV and y profiles of Fig. 11 may indicate
that the fluctuations which cause the turbulent shear stress initially do
not include this range of scales. Turbulent shear stress spectra are
presented in Part 2 [29]. Profiles of the wall normal fluctuating
velocity, V', are also shown in Fig. 11. At Stations 7-9, high free-
stream values drop to zero at the wall, with no peak corresponding to
the peak in U". The free-stream buffeting effect on V' is damped by
the wall, a phenomenon also observed in attached, non-turbulent
boundary layers under high FSTI conditions (Volino et al. [30]). A
peak emerges in V' in the shear layer at Station 10 and 11,
corresponding completely with the rise in —UV' at these stations. The
link between V' and —UV was clear at all Re, making it unnecessary
to present both V' and —U'V' for the remaining cases.

The Re=50,000 case of Fig. 12 is very similar to the Re=25,000
case. Reattachment is clearer, however, at Station 11, and the
intermittency is non-zero at this station. Fig. 13 shows the
Re=100,000 case. In this case the intermittency indicates that
transition has begun by Station 9, which corresponds to an initial rise
in —uV. The mean profile shows that the boundary layer is
reattached at the last two stations. The high —uUV' peaks away from
the wall indicate that the boundary layer has not fully recovered from
the separation at Station 11.

It is not clear that separation occurs in the Re=200,000 case (Fig.
14), but the velocity mean profile at Station 8 has an inflection point
and appears to be close to separating. By Station 9 the boundary layer
is clearly attached, the intermittency indicates transition is underway,
U’ is high even near the wall, and —U'V' has risen to a turbulent level.
At Station 11, —uV reaches a maximum equal to u,? near the wall,
indicating a fully-developed attached turbulent flow.

The Re=300,000 results of Fig. 15 are very similar to those at
Re=200,000. Transition begins slightly earlier at Re=300,000, with
the intermittency greater than zero at Station 8. The thin boundary
layer at Re=300,000 results in peaks in —UV' at Stations 9 and 10 that
are too close to the wall to resolve with the cross-wire probe.

In general, transition in the high FSTI cases began upstream of the
locations in the corresponding low FSTI cases, and the transition
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Fig. 12: Station 6-11 profiles for high FSTI, Re=50,000 case:
(a) mean velocity, (b) u’, (c) -u’v’, (d) intermittency

region length was longer with high FSTl. This agrees with the
observations of Volino and Hultgren [13], who also observed that
transition was less abrupt with high FSTl. Boundary layer U levels
are much higher with high FSTI, but the turbulent shear stress
magnitude remains low until transition begins and does not appear to
depend strongly on FSTI.

Shape Factor and Momentum Thickness

As discussed above, stage losses cannot be determined
quantitatively using a single passage test section, but is possible to
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Fig. 14: Station 6-11 profiles for high FSTI, Re=200,000
case: (a) mean velocity, (b) u’, (c) -u’v’, (d) intermittency

compute the momentum thickness of the suction side boundary layer
at the trailing edge. As explained by Howell et al. [20], this
momentum thickness is proportional to the suction side profile loss
when the boundary layer shape factor and passage exit angle remain
constant. For those cases in which the boundary layer reattaches and
recovers to a fully developed turbulent shape, H is approximately
equal to 1.4. In these cases the suction side profile loss is likely the
dominant loss mechanism (Howell et al. [20]). In those cases in which
the boundary layer does not fully reattach, or reattaches near the
trailing edge, the shape factor will be very large due to a large
displacement thickness. The momentum thickness may be relatively
small compared to the displacement thickness in these cases, since the
wall shear is essentially zero and 6 will not grow significantly in the
free-shear layer. Large losses would then be expected in the wake,
downstream of the airfoil.
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Fig. 15: Station 6-11 profiles for high FSTI, Re=300,000
case: (a) mean velocity, (b) u’, (c) -u’v’, (d) intermittency

Fig. 16 shows the shape factor at Station 11 (SLe=0.94) as a
function of Re. In the Re=200,000 and 300,000 cases, the shape factor
is approximately 1.4, indicating that the boundary layer is reattached
and that the momentum thickness is a good indicator of overall losses.
For the lower Re cases, H is significantly higher, particularly in the
low FSTI cases. The lower H in the high FSTI cases indicates that
high FSTI helps to keep the separation bubble thinner by promoting
more mixing in the shear layer over the bubble and by inducing earlier
transition and reattachment. Fig. 17 shows the Station 11 momentum
thickness as a function of Re. High FSTI helps keep the separation
bubble thinner, as shown above in the mean velocity profiles of Figs.
6-15, which tends to result in lower 6 and lower losses when the
boundary layer reattaches. High FSTI also promotes increased mixing,
however, which tends to increase 6. For the Re=300,000 cases, Fig.
17 indicates that the second effect is more significant and 0 is higher
for the high FSTI case. Transition and reattachment occur sufficiently
far upstream in the low FSTI case that the effect of the high FSTI in
promoting even earlier reattachment is not enough to counter the
enhanced mixing effects. This suggests that small, controllable
separation bubbles may be acceptable or even desirable in some cases,
as proposed by Hourmouziadis [1] for controlled diffusion blading.
For the Re=200,000 and Re=100,000 cases, the earlier reattachment
caused by high FSTI is more significant and 6 is lower for the high
FSTI cases. This result is consistent with the observation in several
studies that unsteady wakes from upstream airfoils result in lower
losses. Enhanced mixing in the shear layer explains the higher 6 for
the high FSTI cases at Re=25,000. These momentum thicknesses do
not relate directly to losses since the shear layer does not reattach in
either of the Re=25,000 cases.

Comparison to Correlations

Hatman and Wang [10] discuss three modes of separated flow
transition. Based on their criteria, the present cases all fall into their
laminar-separation long-bubble category. The data support this;
separation occurred before transition. Hatman and Wang [10], Mayle
[2] and others suggest that the Thwaites [40] criteria, R692K=-0.082, is
a good predictor for laminar separation. A laminar, attached flow
solution would put Res’K=-0.082 between Stations 6 and 7 in all cases
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of the present study. The presence of the separation bubble changes
the local acceleration, however, which tends to move the location
where R892K=—0.082. Volino and Hultgren [13] found the Thwaites
criteria to be a good predictor of separation and it appears to work well
for the present study as well. Exact prediction of the separation point
is not straightforward, however, due to the interdependence of local K
values and the separation bubble location.

Prediction of transition and reattachment is more difficult. Hatman
and Wang [10] present a transition correlation based on low FSTI data
which predicts that transition should not occur in any of the present
cases. Clearly, however, transition and reattachment do occur. The
—uV profiles indicate that transition is imminent even in the low
FSTI, low Re cases. Volino and Hultgren [13] drew comparisons to
correlations from Mayle [2] and Davis et al. [41] with mixed results.
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Table 3: Distance from separation location to start of
transition as a fraction of Ls; measured values and
correlation predictions for each case

FSTl | Rex | Measured | Mayle [2] Mayle [2] Davis et
1073 short long al. [41]
bubble bubble

Low 25 >0.41 0.25 0.83 1.54

50 > (.33 0.16-0.19 0.53-0.64 0.77

100 | 0.17-0.33 | 0.12-0.14 0.39-0.48 0.38

200 0-0.17 0.09-0.11 0.31-0.36 0.19

300 0-0.08 0.07-0.08 0.23-0.28 0.13

High 25 > (.33 0.27-0.29 0.89-0.98 0.17

50 | 0.17-0.33 | 0.16-0.18 0.53-0.61 0.08

100 | 0.08-0.17 | 0.12-0.14 0.39-0.48 0.04

200 0-0.08 0.07-0.12 0.25-0.39 0.02

300 0-0.08 0.06-0.09 0.19-0.31 0.02

Comparisons to the present data are similarly mixed. The Mayle
correlations predict the distance from the separation point to the onset
of transition based on Rey at the separation location. He presents a
correlation for short separation bubble length and a correlation for
long bubble length, which is 3.3 times the short bubble length. The
Davis et al [41] correlation also predicts the distance from separation
to transition onset, but as a function of the FSTI. Table 3 presents the
distance from separation to the start of transition, normalized on the
suction surface length, for all cases of the present experiments and as
predicted by the Mayle [2] and Davis et al. [41] correlations. The
finite spacing between the measurement stations results in uncertainty
in Rey at separation and in the exact locations of separation and
transition, so a range of values is given for each quantity in the table.
The results of the present cases lie between the Mayle long and short
bubble correlations to within the resolution of the measurement
locations. The Davis et al. correlation tends to predict too long a
distance for the low FSTI cases and too short a distance for the high
FSTI cases.

Existing correlations appear to give reasonable rough estimates of
separated flow transition in some cases, but they are not particularly
accurate or robust predictors. The general agreement between the
similar cases of the present study, Volino and Hultgren [13], and
Simon et al. [17] suggests that prediction of separated flow transition
should be possible to some extent. The differences between the results
of these studies, noted above, suggest that very accurate prediction of
the flow may prove difficult and strongly dependent on small
differences in boundary conditions. It is doubtful that a simple, robust
correlation can be developed to incorporate all relevant boundary
condition effects and provide very accurate predictions. It is also
questionable whether the boundary conditions could be specified
accurately enough for actual engine conditions. Perhaps they can,
with addition research, however, and it may be possible to improve
predictions with advanced computational schemes. The difficulty of
predicting transition suggests that it may be advantageous to develop
flow control schemes to force transition to occur at desired locations
rather than try to predict it under existing conditions.

CONCLUSIONS
Separated flow transition has been documented for cases with
Reynolds numbers ranging from 25,000 to 300,000 at both high and
low FSTI. The following conclusions can be drawn from the results.
1. The start of boundary layer reattachment occurs near the start
of transition, and both depend strongly on Re and FSTI.
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2. High FSTI results in competing effects with regard to losses. It
causes enhanced mixing, which tends to promote boundary
layer growth and increase losses. At the same time, it
promotes earlier transition and reattachment, which reduces
boundary layer thickness and losses. At the highest Re,
reattachment occurred shortly after separation regardless of
FSTI level, and high FSTI resulted in higher losses. At the
intermediate Re, high FSTI reduced losses. At the lowest Re,
the boundary layer did not reattach even with high FSTI, so
losses would be high regardless of FSTI level.

3. The turbulent shear stress level can remain near zero in spite of
high FSTI and high U" in the boundary layer. The beginning
of a rise in —UV signals the beginning of transition. In the
lowest Re cases, transition did not occur and the boundary
layer did not reattach, but the beginning of a rise in UV was
observed near the trailing edge. This hints that it may be
possible to induce transition even at very low Re.

4. The present results agree roughly with similar studies from the
literature and existing correlations but there are significant
differences.  Attempts to control transition and force its
location may prove more fruitful than prediction of unmodified
flow. The present study provides an extensive, detailed
baseline data set for ongoing flow control experiments.
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ABSTRACT

Spectral analysis was used to investigate boundary layer separation,
transition and reattachment under low-pressure turbine airfoil
conditions. Cases with Reynolds numbers ranging from 25,000 to
300,000 (based on suction surface length and exit velocity) have been
considered at low (0.5%) and high (9% inlet) free-stream turbulence
levels. Spectra of the fluctuating streamwise velocity and the turbulent
shear stress are presented. The spectra for the low free-stream
turbulence cases are characterized by sharp peaks. The high free-
stream turbulence case spectra exhibit more broadband peaks, but
these peaks are centered at the same frequencies observed in the
corresponding low turbulence cases. The frequencies of the peaks
suggest that a Tollmien-Schlichting instability mechanism drives
transition, even in the high turbulence cases. The turbulent shear
stress spectra proved particularly valuable for detection of the early
growth of the instability. The predictable nature of the instability may
prove useful for future flow control work.

NOMENCLATURE

FSTI free-stream turbulence intensity

f frequency in Hz

Ls suction surface length

PSD power spectral density of u? or —uV

Re Uels/v , exit Reynolds number

Res. U.&"/v displacement thickness Reynolds number

5 streamwise coordinate, distance from leading edge

U,  local free-stream velocity

Ue nominal exit free-stream velocity

u streamwise fluctuating velocity

—uV' turbulent shear stress

v wall normal fluctuating velocity

y cross-stream coordinate, distance from wall
5 displacement thickness

o)X shear layer thickness

8995 99.5% boundary layer thickness

v kinematic viscosity
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INTRODUCTION

In Part 1 of the present study [1], the significance of boundary layer
separation, transition, and reattachment to the flow over modern low-
pressure turbine airfoils was discussed. Measured mean velocity and
statistical turbulence quantities were presented for cases with high and
low free-stream turbulence intensity (FSTI) and Reynolds numbers
(based on suction surface length and exit velocity) ranging from
25,000 to 300,000. The separation point tended to move downstream
somewhat as Reynolds number increased. Transition and reattachment
locations moved upstream significantly as Re or FSTI were increased.

While the statistical quantities presented in Part 1 [1] provide a
quantitative description of what happens under different Re and FSTI
conditions, they do not explain the transition mechanism. To better
explain the transition process and accurately predict or control it, an
understanding of the physics which cause the results observed in Part 1
[1] is needed. The present paper uses spectral analysis to investigate
separated flow transition.

Mayle [2] classified the modes of transition as “natural transition,”
“bypass” transition; “separated flow” transition of the shear layer over
a separation bubble; “periodic-unsteady” transition, which might also
be called wake-induced bypass transition; and reverse transition.
Under low FSTI, zero streamwise pressure gradient conditions, natural
transition is expected. This type of transition has been extensively
documented and can be predicted with linear stability analysis. As
described by Schlichting [3], when the displacement thickness
Reynolds number exceeds a critical value, the boundary layer becomes
unstable to small disturbances, which begin to grow as Tollmien-
Schlichting (TS) waves. These waves eventually become three
dimensional and result in turbulent spots. Under high FSTI, zero
pressure gradient conditions, large disturbances can cause a bypass of
the linear growth stages of transition, resulting in the sudden
appearance of turbulent spots. At intermediate FSTI, elements of both
bypass and natural transition may be observed. Sohn and Reshotko
[4], for example, presented data for a 1% FSTI case, showing both
spectral peaks at possible TS frequencies and broadband unsteadiness
more typical of bypass transition.

In some cases, transition is observed even though linear stability
theory predicts that the boundary layer should not develop TS waves.
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Volino [5], for example, considered a favorable pressure gradient case
with high FSTI that clearly underwent transition. The boundary layer
thickness remained low in this case due to the acceleration, resulting in
Res. below the critical limit for linear instability.

Separated flow transition could potentially include elements of
either natural or bypass transition. In separated flow cases the
pressure gradient is adverse, resulting in a boundary layer or shear
layer that typically is unstable to TS waves. High FSTI, however,
might be the dominant factor in a separated shear layer, overwhelming
the effect of any TS waves and producing bypass transition. Hughes
and Walker [6] list several studies with FSTI below 0.9% in which TS
waves were detected in adverse pressure gradient cases. They also
note that Halstead et al. [7] did not detect TS waves in the flow
through a rotating cascade with more representative, higher FSTI.
Solomon and Walker [8], however, provide evidence of TS waves
under conditions similar to those of Halstead et al. [7]. Hughes and
Walker [6] considered a flow with wakes, in which the FSTI between
wakes ranged from less than 1% to about 3%, and the FSTI in the
wakes was about 8%. They provide clear evidence of TS waves.

Hatman and Wang [9], Volino and Hultgren [10], and Lou and
Hourmouziadis [11] all considered low FSTI, adverse pressure
gradient flows and observed transition in the shear layer over
separation bubbles. Spectral data in all three studies showed clear
evidence of an instability along with harmonics. It was expected that
this instability was very similar to the Kelvin-Helmholtz instabilities
observed in free shear layers, although the unstable frequencies were
somewhat different than expected for free shear layers since the
separation bubbles were bounded by the wall on one side. Volino and
Hultgren [10] also considered high FSTl cases and observed
broadband unsteadiness in the spectra of the streamwise fluctuating
velocity, U". Spikes at discreet frequencies, which were observed in
the low FSTI cases, were not present. They stated that transition in the
high FSTI cases appeared to be through a bypass mode.

Clearly there is some disagreement regarding the transition
mechanism in separated boundary layers, particularly under high FSTI
conditions. Some of these differences may stem from physical
differences in the boundary conditions between the various studies.
The present study addresses the issue through spectral analysis of
flows over a range of Reynolds numbers at both high and low FSTI.
Included in the analysis are spectra of the turbulent shear stress, which
were not considered in previous studies.

EXPERIMENTS

The experimental facility and the cases considered are described in
detail in Part 1 [1]. A low speed wind tunnel supplies air to a single-
passage cascade-simulator with geometry and flow angles matching
those for the industry supplied Pak-B airfoil. For the low FSTI cases,
the background turbulence level for the wind tunnel is nominally
0.5%, and consists primarily of low frequency unsteadiness. A passive
grid is used to generate a high inlet FSTI of 8.7%.

Velocity data were acquired at 11 streamwise measurement stations
along the spanwise centerline of the suction side of the passage.
Station locations are given in Table 1. At each station, instantaneous
streamwise velocity was measured at 60 locations as a single sensor
hot-wire probe was traversed from the airfoil surface to the free-
stream. The voltage from the hot-wire was offset and amplified by a
factor of 10 and low pass filtered at 10 kHz using signal conditioners
(TSI model 157). At each location, data were acquired for 26 seconds
at a 20 kHz sampling rate (2" samples). The high sampling rate
provides an essentially continuous signal, which is needed for spectral
processing. The long sampling time results in low uncertainty in both
statistical and spectral quantities. Two component velocity

NASA/CR—2012-217656

Table 1: Measurement Stations

Station 1 2 3 4 5 6
gl 0.111 0.194 0.278 0.361 0.444 0.527
Station 7 8 9 10 11 Ls=228.6
gL 0.611 0.694 0.778 0.861 0.944 mm

measurements were made at Stations 7-11 with a cross-wire probe.
The upstream boundary layer was too thin for cross-wire
measurements. Data were acquired at 25 locations in each profile,
beginning 1 mm from the wall and extending to the free-stream.
Sampling rates and times were the same as with the single sensor
probe. Power spectra of U, the wall normal fluctuating velocity, V',
and the turbulent shear stress, —UV', were computed for the data from
all measurement locations. Uncertainties in the u’, V' and —uV
spectra are all 10%. Frequencies are resolved from 4.88 Hz to 10 kHz
in 4.88 Hz increments using a 4096 point Fast Fourier Transform to
compute the spectra. As a check, the spectra were integrated with
respect to frequency and found to equal the corresponding time
averaged Reynolds stresses.

Data sets were acquired for cases at high and low FSTI with exit
Reynolds numbers of 25,000, 50,000, 100,000, 200,000 and 300,000.
The upstream boundary layer through Station 6 remained laminar in
all of these cases, with the mean velocity following a Falkner-Skan
wedge flow solution. Downstream of Station 6 the pressure gradient
becomes adverse. Separation occurred between Stations 6 and 8, with
the separation point moving downstream as Re increased.
Reattachment did not occur in the high or low FSTI, Re=25,000 cases
or the low FSTI, Re=50,000 case. In all other cases the boundary layer
did reattach, and the reattachment point moved upstream as Re or FSTI
was increased. Details are available in Part 1 [1]. The u’ level rose in
the shear layer in each case after the boundary layer separated, but the
turbulent shear stress remained near zero until transition began.
Transition began in the shear layer and quickly led to boundary layer
reattachment. In the Re=25,000 cases, low but non-zero turbulent
shear stress was observed at the most downstream stations, indicating
that although the shear layer was still non-turbulent and separated, it
was showing signs of the start of transition.

As discussed in Part 1 [1], the finite length of the hot-wire sensors
(1.27 mm) will result in some spatial averaging and could result in
attenuation of the measured fluctuating velocity components. Based
on the results of Ligrani and Bradshaw [12, 13], it was explained in
Part 1 that the errors in the rms fluctuating quantities are within the
10% uncertainty estimates in the majority of cases in the present study.
Exceptions occur for the Re=200,000 cases at Station 11 of the low
FSTI case and Stations 9-11 of the high FSTl case. For the
Re=300,000 cases, larger errors are expected for Stations 10-11 of the
low FSTI case and Stations 9-11 of the high FSTI case. For these
cases, errors may be as large as 30% near the wall, but should be under
10% at y locations greater than 1 mm. As explained by Ligrani et al.
[14], measurements with the cross-wire probe are subject to potentially
larger errors due to the finite spacing (1 mm) between the two sensors.
These errors will be largest near the wall, but become smaller than the
10% uncertainty for y locations above 1 mm. For this reason, cross
wire measurements were only made for y>1 mm.

The spectra in the present paper are presented to show the energy
content of the fluctuating quantities as a function of frequency. The
average errors in these spectra, therefore, should be the same as those
given above for the corresponding rms quantities. The errors will not
be uniform with respect to frequency across the spectra, however. As
explained by Ligrani and Bradshaw [13], spatial averaging effects will
be most severe for the smallest scales (highest frequencies) in the
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flow. Applying the spectral results of Ligrani and Bradshaw [13] to
the present study, errors due to spatial averaging at y locations above 1
mm will rise above 10% at frequencies above 150, 300, 600, 1200 and
1800 Hz for the Re=25,000, 50,000, 100,000, 200,000, and 300,000
cases respectively. Below these frequencies the errors should be under
10%. These frequencies are all above the frequencies of the spectral
peaks in the results presented below, so the peaks should not be
significantly attenuated. For the Re=25,000 and 50,0000 cases, all
significant energy in the spectra is below the frequencies given above,
so there is no significant attenuation of the results at any frequency.
For the Re=100,000 case, only the high frequency “tail” of the spectra
will be subject to significant error. Magnitudes at these high
frequencies may be as much as 30% low. Similarly for the
Re=200,000 and 300,000 cases, errors will only rise above 10% at
frequencies about twice those of the spectral peaks. Magnitudes at the
highest frequencies may be as much as 40% low in these cases.

FREQUENCIES OF INTEREST

Transition in the shear layer over the separation bubble could be
initiated by Tollmien-Schlichting waves originating in the boundary
layer upstream of separation. Upstream of Station 6, the pressure
gradient is favorable and the boundary layer should not develop TS
waves at any frequencies. At Station 6 the flow begins to decelerate
and immediately becomes unstable. Walker [15] provides the
following equation for the frequency of maximum amplification rate
for TS waves.

2 IUZ =3.2Re; 2 (1)
The TS frequencies predicted by Eq. (1) are listed in Table 2. Values
are given for Stations 6 and 7 for the cases in which the boundary
layer is still attached at these stations.

Another possible path to transition is breakdown of the shear layer
though a Kelvin-Helmholtz type instability. The frequency of the
instability should scale with the velocity change across the shear layer
and inversely with the shear layer thickness. Since the velocity in the
separation bubble is nearly zero, the velocity difference across the
shear layer equals the local free-stream velocity. The shear layer
thickness, &, is determined from the mean velocity profiles presented
in Part 1 [1]. Table 2 lists the quantity U.,/dg for each station where

the boundary layer is separated.
RESULTS

Free-Stream Spectra

The U and V' free-stream spectra are shown in Fig. 1 for each
station of the low FSTI, Re=300,000 case. Frequency is plotted on a
log scale versus frequency times power spectral density on a linear
scale. In these coordinates the area under the curve in any frequency
band is proportional to the contribution to the quantity of interest in
that band. The U spectra are dominated by low amplitude
unsteadiness at frequencies below 20 Hz. The U’ spectra for the lower
Re cases (not shown) have proportionately lower amplitudes, but the
frequency range remains the same. The frequencies associated with
turbulent eddies would be expected to scale with the free-stream
velocity. Since the frequencies in the present cases remain constant as
Re is changed, the unsteadiness in the wind tunnel is most likely not
associated with turbulent eddies. The V' spectra show the same low
frequencies as U" but at 1/ 10™ the magnitude. A second lower peak is
centered at about 100 Hz. This peak is also present with the same
magnitude in U’, and is visible in an expanded version of Fig. 1a. The

NASA/CR—2012-217656

&9

Table 2: Most unstable Tollmien-Schlichting frequencies
prior to separation and U, /8¢5 values in shear layer

FSTI | Re [ TS freq. [Hz] Ue /8 [s' X107
3
x10 Station Station
6 7 6 7 8 9 10 | 11
Low 25 80 1.0 0806|0504 04
50 176 211151131210
100 443 266 39|32 3.8
200 | 1175 645 11 8.7
300 | 1554 | 1134 22 | 20
High 25 60 1110806 |04]04]03
50 174 31(24]16]1.1]08
100 408 272 4.1 | 3.1
200 | 1138 732 15
300 | 1747 | 1195 25
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frequency of this second peak scales with the free-stream velocity and

is proportionately lower for the lower Re cases. Its magnitude is very

low, and by itself would correspond to an rms turbulence level of

about 0.01%. It is likely the residual turbulence remaining after the

wind tunnel screens.

The U and V' free-stream spectra for the high FSTI Re=300,000
case are shown in Fig. 2. The magnitude of U" is about 25 times
larger than in the low FSTI case of Fig. 1a. At the upstream stations
there is a peak at about 30 Hz. This peak decays due to streamwise
straining of the flow as it is accelerated through Station 6. In the
adverse pressure gradient region downstream of Station 6, a broadband
peak emerges centered at about 700 Hz. In the lower Re cases, the U’

spectra is qualitatively the same, but the magnitudes scale with UOZQ
The V' spectra of Fig. 2b all
appear similar with a broadband peak centered at 60 Hz. As with U’,
the magnitudes and frequencies of the V' spectra in the lower Re cases

scale with the free-stream velocity, and appear qualitatively similar to
those of Fig. 2b.

and the frequencies scale with U, .
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Upstream Boundary Layer

Contours of the boundary layer U" spectra from Station 4 of the low
FSTI, Re=100,000 case are shown in Fig. 3. Frequency in Hz is shown
on the horizontal axis on a log scale, and distance from the wall
normalized on the suction surface length is on the vertical axis on a
linear scale. The frequency is left dimensional since there is no single
appropriate normalization for all regions of the flow. The contours in
Fig. 3 show the dimensionless magnitude of the spectra as

f-PSDWU?)/UZ. A slice through the data of Fig. 3 at a fixed

distance from the wall would produce a spectrum in the coordinates of
Fig. 2, except with dimensionless magnitude. The number (1.46e-05),
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which appears in the center of the figure, indicates the magnitude of
the outermost contour and the contour spacing. Hence, the outermost
contour value is 1.46x107, the next contour value is 2.92x107, the
next is 4.38x10°°, etc. The same format is used in all the figures which
follow. Figure 3 shows a peak near the wall centered at 50 Hz and
unsteadiness below 20 Hz extending from the free-stream to near the
wall. The results shown in Fig. 3 are typical of the behavior at
Stations 1-6 in all the low FSTI cases. The 50 Hz peak was also
visible in the Re=200,000 and 300,000 cases, but not at the two lower
Re. This peak did not appear to have any significant effect on the
downstream boundary layer.

Figure 4 shows the spectra from Station 4 of the high FSTI,
Re=300,000 case in the coordinates of Fig. 3. The Fig. 4 spectra are
typical of the spectra at Stations 1-6 of all the high FSTI cases. There
is a near wall peak at 100 Hz, which is 1.7 times the frequency of the
free-stream V' frequency peak shown in Fig. 2b. The distance of the
peak from the wall is larger in the lower Re cases, scaling with the
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boundary layer thickness. The frequency of the peak scales with Re,
and is consistently 1.7 times the dominant V' frequency in the free-
stream. This indicates that the boundary layer unsteadiness is induced
by free-stream buffeting. Volino [5] discusses free-stream buffeting of
boundary layers in more detail.

Low FSTI Transition

Upsteam of Station 6, the boundary layer unsteadiness is
attributable to low amplitude streamwise unsteadiness in the low FSTI
cases, and free-stream buffeting in the high FSTI cases. Buffeting, as
explained in Part 1 [1], refers to the effect of free-stream pressure
fluctuations on the boundary layer as fluid is pushed in the wall
normal direction across the gradient in the mean streamwise velocity.
Downstream of Station 6, the pressure gradient becomes adverse, and
the spectra become more interesting. Figure 5 shows the U’ spectra
contours for Stations 7-11 of all the low FSTI cases. The coordinates
of each subplot are the same as those of Fig. 3. In the Re=25,000 case
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(top row of Fig. 5), the contours at Station 7 show the low frequency
unsteadiness observed at the upstream stations. Between Stations 7
and 10, the magnitude of the peak increases by an order of magnitude.
The peak at each station moves away from the wall. Comparison to
the mean velocity profiles presented in Part 1 [1] shows that the
location of the peak corresponds, not surprisingly, to the shear layer
over the separation bubble. The Re=50,000 case (row 2) shows similar
behavior through Station 10, but a second peak emerges at about 78
Hz at Station 11. This second peak is indicative of transition.

In the Re=100,000 case (row 3 of Fig. 5), a sharp peak appears at
Station 10 at 273 Hz. The contour spacing increases by two orders of
magnitude between Stations 9 and 10, indicating a similar increase in
the magnitude of the peak. The peak is so sharp and so large that it
appears as a line in the contour plot. Figure 6 shows this Re=100,000,
Station 10 data in the same coordinates as Fig. 5, but three
dimensionally. The low frequency unsteadiness visible at Station 9 is
still present, but since its magnitude is only 1/50™ that of the 273 Hz
peak, it is barely visible in Fig. 6. The sharp peak in the shear layer is
typical of all the low FSTI cases.

In the Re=200,000 case (row 4 of Fig. 5), a small peak appears in
the shear layer at 698 Hz at Station 9. By Station 10 this peak has
increased in size by two orders of magnitude and is becoming more
broadband as the boundary layer reattaches and becomes turbulent.
Although not clear in Fig. 5, the sharp spectral peak remains in the
center of this broadband turbulence and is clear in the format of Fig. 6.
Similar behavior is apparent in the Re=300,000 case, but the spectral
peak and subsequent turbulence are centered at 922 Hz.

Contours of the normalized turbulent shear stress spectra,

f-PSD(-uV)/U2, for the low FSTI cases are shown in Fig. 7. The
format is the same as in Fig. 5. The shear layer is laminar at Stations 7
and 8 in all cases, and the turbulent shear stress is near zero. The
Re=25,000 case shows a low magnitude, 15 Hz peak at Station 10.
The peak was obscured in the U" spectra of Fig. 5 due to the presence
of other streamwise unsteadiness at similar frequencies. The
magnitude of the 15 Hz shear stress peak increases by a factor of 15
between Station 10 and 11, but its amplitude is still quite low. Close
inspection of the U” spectra (Fig. 5) at Station 11 shows a double peak,
with one peak at 15 Hz. The mean profiles of Part 1 [1] indicate that
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Table 3: Measured peak frequencies in spectra

FSTI | Rex10™ | 25 | 50 | 100 | 200 | 300

Low | Station | 10 | 10 9 9 9
f [Hz] 15| 78 | 273 | 698 922

High | Station 91 9 9 9 9
fl Hz] 20 | 85 | 230 | 600 | 1100

transition may be imminent, but the laminar at
Station 11.

The Re=50,000 case shows similar behavior to that at Re=25,000.
A turbulent shear stress peak appears at Station 10 and is 37 times
larger by Station 11. This peak did not become visible until Station 11
in the U spectra. Similarly, in the Re=100,000 case a sharp turbulent
shear stress peak emerges at Station 9, one station upstream of its
appearance in U. The shear stress peak appears at Station 9 in the
Re=200,000 and 300,000 cases. In all cases, the peak appears at the

same frequency in U" and —UV, but tends to become visible earlier in

shear layer is still

the —UV spectra due to the lower magnitude of the low-frequency
“noise” in —UV .

The frequencies of the spectral peaks are listed for all cases in Table
3. Also indicated in the table are the stations at which these
frequencies were determined. The frequencies of the peaks did not
change significantly in the streamwise direction. Because the peaks do
not appear until after the boundary layer has separated, there is some
reason to believe that a Kelvin-Helmholtz type instability may be
involved. For the low FSTI cases, comparison of the spectral peak
frequencies to the U,,/Jg values in Table 2 shows that the spectral

frequencies and U.,/dg values both increase with Re, as expected.
The ratio of the measured frequency to U, /dg is not a constant,

however, ranging from about 0.04 to about 0.08. Comparison of the
measured frequencies to the TS frequencies of Table 2 shows better
correlation. At the three highest Re, the measured frequencies agree
with the TS frequencies at Station 7 (the last station before separation)
to within 20%. The boundary layer is already separated at Station 7 in
the Re=25,000 and 50,000 cases, so the frequency comparison must be
made at Station 6. Agreement with the TS frequencies is not as good
in these cases as at the high Re. Hughes and Walker [6] note that since
the most unstable TS frequency changes with streamwise position, the
frequency observed in the shear layer need not equal the TS value at
any single upstream position.

High FSTI Transition

Contours of the U” spectra for the high FSTI cases are shown in Fig.
8. In the Re=25,000 case (top row), there is low frequency
unsteadiness at the same frequencies observed upstream (Fig. 4). As
in the low FSTI cases, the peak U" location is in the shear layer over
the separation bubble. In the Re=50,000 case, the outermost contour at
Station 10 extends to higher frequencies than at the upstream stations,
and by Station 11 a new peak has emerged at 60 Hz, extending from
the shear layer down to the wall. The magnitude of this new peak is
about equal to the magnitude of the original, low frequency peak,
which is also still visible. Similar behavior is clear for the Re=100,000
case. Higher frequencies begin to emerge at Station 9, and a large,
clear peak centered at 260 Hz is visible at Stations 10 and 11. In the
Re=200,000 and 300,000 cases, some signs of higher frequencies are
already visible at Station 8, and a double peak is clear at Station 9. At
Stations 10 and 11, the higher frequency peak overwhelms the lower
frequencies.

Copyright © 2002 by ASME



St. 7 St. 8 St.9 St. 10 St. 11
(a) 004 T T T T T T T T T T T T T
” 1.04e-06 1.4e-06 4.6e-07 1.72e-06 b 2.6e-05
| L 4 L 4 L 4 L 4 L 4
;0.02
O Lo L L L L L é L L L L L L L L
(b) 004 \ T T T T T U T T T T T T T T
” 1.58e-07 6.4e-07 1.02e-06 J 4.4e-06 ‘90.000162
=l L 4 L 4 L 4 L 4 L 4
;0.02
0_| L L ‘n L L ? L L H L L L L L
(C) 004 T T T T T T T T T T T T T T
” 3.4e-07 1.66e-06 3.8e-06 0.005 0.0082
= L 4 L 4 L 4 L 4 L 4
<002 ¢ - ' | '
QLo L L ? L L L L L L L L L L L
(d) 004 T T T T T T T T T T T T T T T
" 9.8e-08 9.8e-08 1.54e-06 0.0022 0.00146
<002t 1t 1t 1t 1t .
) “ o |
0 b L L o L L L L L L L L L L L
(e) 004 T LI T T T T T T T T T T T T T
" 2.8e-08 1.5e-08 0.000168 0.00088 0.00038
<0.02F 1 F 1 F 1 F 1 F 1
O Lo L L L L L L L L L L L L L L
10" 10° 10° 10" 10" 10° 10° 10" 10" 10° 10° 10" 10" 10° 10° 10" 10" 10° 10° 10"
f [Hz] f [Hz] f [Hz] f [Hz] f [Hz]

Fig. 7: Contours of f-

Comparing Fig. 8 to Fig. 5, the contour levels in the high FSTI case
are about 2 orders of magnitude higher than in the low FSTI case at
Stations 7 and 8. This is expected and due to the higher U’ caused by
free-stream buffeting in the high FSTI case. Farther downstream,
however, after the higher frequencies emerge, the contour levels are
higher for the low FSTI cases. This is somewhat misleading, as the
rms U’ levels are actually very similar in the high and low FSTI cases
at these stations. The lower contour levels in the high FSTI case result
because the U’ fluctuations are distributed over a wider frequency
band. The spectral peaks of Fig. 8 are much broader than the
corresponding peaks of the low FSTI cases shown in Figs. 5-7. Figure
9 shows the U’ spectra at Station 10 of the high FSTI, Re=100,000
case. Comparing to Fig. 6, the high FSTI case exhibits much more
low frequency activity due to free-stream buffeting, and the peak is
clearly broader in frequency than the 273 Hz spike of the low FSTI
case.

Figure 10 shows contours of the turbulent shear stress spectra for
the high FSTI cases. Values at Station 7 and 8 are low, in spite of the
high FSTI, indicating that much of the U unsteadiness observed in
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PSD(—u’v')/Ui, Low FSTI cases; see Fig. 5 caption for further explanation

Fig. 8 does not involve turbulent transport. Distinct, broadband peaks
emerge by Station 9 in all cases. As in the low FSTI cases, these peaks
are visible in —UV farther upstream than they are in U’. The peak
becomes visible in —UV soon after it forms, but the U peak must
grow to become larger than the free-stream induced fluctuations before
it is discernable.

The broad peaks in the high FSTI cases might suggest that transition
occurs through a bypass mode. This was the conclusion of Volino and
Hultgren [10]. Closer inspection, however, reveals strong similarity to
the low FSTI cases. The frequencies of the peaks in the high FSTI
cases are listed in Table 3. The broad nature of the high FSTI case
peaks, as shown in Fig. 9, result in an uncertainty of about 20% in the
frequency values in Table 3. With this uncertainty, the frequency at
each Re s essentially the same as in the corresponding low FSTI case.
Comparison to the TS frequencies in Table 2 show the same good
agreement observed in the low FSTI cases. Close inspection of Fig. 10
reveals that at the four highest Re, the peak in —U'V' begins to appear,
with very low magnitude, at Stations 7 and 8. The boundary layer is
still thin at these stations, so part of the peak lies closer to the wall
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Fig. 8: Contours of f-PSD(u'Z)/Ui, High FSTI cases; see Fig. 5 caption for further explanation

than can be measured with the cross-wire probe. The closest
measurement to the wall with the cross-wire was at y=1 mm, which
corresponds to Y/dgg5 between 0.2 and 0.65 at the stations in question.
What is visible, however, is at the same frequencies as present
downstream. Since the boundary layer is still attached at Station 7, it
is doubtful these fluctuations could be induced by a Kelvin-Helmholtz
type instability. Instead, it appears that a TS instability plays a role,
even in the high FSTI cases. This agrees with the findings of Hughes
and Walker [6], who used instantaneous wall shear measurements to
identify wave packets both within and between wakes in an unsteady
flow. Although it appears that TS waves play a role in the high FSTI
cases, it should be noted that it is also possible that transition occurs
though a bypass mode, and that the spectral peaks are due not to TS
waves but to the turbulence within turbulent spots. Perhaps both TS
and bypass modes play a role, as suggested by Mayle [2].

CONCLUSIONS

Turbulence spectra provide valuable insights into the transition
mechanism. Clear sharp peaks were observed in the spectra of the low
FSTl cases, at frequencies indicating a probable TS instability
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Fig. 10: Contours of f-PSD(—u’v’)/Ui, High FSTI cases; see Fig. 5 caption for further explanation

mechanism for the breakdown of the shear layer over the separation
bubble to turbulence. The spectra were more broadband for the high
FSTI cases, but the peaks of these spectra occurred at the same
frequencies as in the corresponding low FSTI cases, suggesting a
possible similar transition mechanism at high and low FSTI. The
turbulent shear stress spectra were valuable for detection of
instabilities upstream of the location where peaks became discernable
in the U" spectra. In the high FSTI cases, low magnitude peaks were
detected in —UV upstream of separation, further supporting the
argument for a TS transition. Larger initial disturbances in the high
FSTI cases resulted in detectable —UV farther upstream than in the
low FSTI cases. Since the adverse pressure gradient boundary layer is
unstable to disturbances over a broad range of frequencies and the
free-stream turbulence contains a range of scales, broad peaks emerge
in the boundary layer spectra of the high FSTI cases. These peaks
contrast with the sharp peaks of the low FSTI cases, which result from
the growth of small disturbances at the most unstable frequencies. The
presence and predictability of the shear layer instability may prove
useful in future attempts to induce transition for separation control.
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ABSTRACT
Two-dimensional rectangular bars have been used in an
experimental study to control boundary layer transition and

reattachment under low-pressure turbine conditions. Cases with
Reynolds numbers (Re) ranging from 25,000 to 300,000 (based on
suction surface length and exit velocity) have been considered at low
(0.5%) and high (8.5% inlet) free-stream turbulence levels. Three
different bars were considered, with heights ranging from 0.2% to
0.7% of suction surface length. Mean and fluctuating velocity and
intermittency profiles are presented and compared to results of
baseline cases from a previous study. Bar performance depends on the
bar height and the location of the bar trailing edge. Bars located near
the suction surface velocity maximum are most effective. Large bars
trip the boundary layer to turbulent and prevent separation, but create
unnecessarily high losses. Somewhat smaller bars had no immediate
detectable effect on the boundary layer, but introduced small
disturbances which caused transition and reattachment to move
upstream from their locations in the corresponding baseline case. The
smaller bars were effective under both high and low free-stream
turbulence conditions, indicating that the high free-stream turbulence
transition is not simply a bypass transition induced by the free-stream.
Losses appear to be minimized when a small separation bubble is
present, so long as reattachment begins far enough upstream for the
boundary layer to recover from the separation. Correlations for
determining optimal bar height are presented. The bars appear to
provide a simple and effective means of passive flow control. Bars
which are large enough to induce reattachment at low Re, however,
cause higher losses at the highest Re. Some compromise would,
therefore, be needed when choosing a bar height for best overall
performance.

NOMENCLATURE

Cp 2(Pr - P)/ pUe2 , pressure coefficient

d bar height
FSTI free-stream turbulence intensity
H &7/6, shape factor

K w/ Ui)(dUw /ds) , acceleration parameter
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L suction surface length

P pressure

Pr upstream stagnation pressure

Re U.L, /v , exit Reynolds number

Re;  Uyd/v, Reynolds number based on bar height

Re,,  U.(ssy)/V, separation to transition distance Reynolds number
Reg  momentum thickness Reynolds number

streamwise coordinate, distance from leading edge
mean streamwise velocity

local free-stream velocity

mean velocity at bar height in baseline boundary layer
nominal exit free-stream velocity, based on inviscid solution
rms streamwise fluctuating velocity

cross-stream coordinate, distance from wall

99.5% boundary layer thickness

displacement thickness

intermittency, fraction of time flow is turbulent
kinematic viscosity

density

momentum thickness

DT IR e, SUSHSISES A
“

Subscripts

b baseline flow

m modified flow

P suction surface pressure minimum, velocity maximum
s separation location

t transition start location

INTRODUCTION

Modern low-pressure turbine (LPT) airfoils are subject to
increasingly stronger pressure gradients as designers impose higher
loading in an effort to improve efficiency and lower cost by reducing
the number of airfoils in an engine. If the adverse pressure gradient on
the suction side of these airfoils becomes strong enough, the boundary
layer will separate. Separation bubbles, particularly those which fail
to reattach, can result in a significant loss of lift and a subsequent
degradation of engine efficiency (e.g. Hourmouziadis [1], Mayle [2],
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and Sharma et al. [3]). The problem is particularly relevant in aircraft
engines. Airfoils optimized to produce maximum power under takeoff
conditions may still experience boundary layer separation at cruise
conditions, due to the thinner air and lower Reynolds numbers at
altitude. A component efficiency drop of 2% may occur between
takeoff and cruise conditions in large commercial transport engines,
and the difference could be as large as 7% in smaller engines operating
at higher altitudes. Component life may also be affected by more than
an order of magnitude (Hodson [4]). Because the LPT produces the
bulk of the net power in many engines, changes in its component
efficiency can result in nearly equal changes in overall engine
efficiency (Wisler [5]). There are several sources for losses in an
engine, including secondary flows, but the suction side boundary layer
has been identified as the primary source of losses in the LPT (Curtis
et al. [6]). Prediction and control of suction side separation, without
sacrifice of the benefits of higher loading, is therefore, necessary for
improved engine design.

Separation on LPT airfoils is complicated by boundary layer
transition. Turbulent boundary layers are much more resistant to
separation than laminar boundary layers. If transition occurs far
enough upstream, it can prevent separation. If transition occurs in the
shear layer over a separation bubble, it will tend to induce boundary
layer reattachment. The lower the Reynolds number, the farther
downstream transition will tend to occur, hence the problems
associated with performance at altitude.

Separated flow transition has been studied extensively, and in recent
years several studies have focused on transition in the LPT. Volino [7]
provides a review of much of that work. Separation can be affected
through naturally occurring phenomena in an engine and through
deliberate attempts at flow control. Several studies have shown that
high free-stream turbulence intensity (#.S77) tends to cause transition
to move upstream, resulting in a smaller separation bubble. Reducing
the separation bubble size tends to result in thinner boundary layers
after reattachment, thereby reducing losses. Moving transition
upstream, however, results in a longer turbulent region on the airfoil,
which tends to increase losses. Volino [7] showed that the net result
of these competing effects depends on the Reynolds number. High
FSTI tends to reduce losses at low Re. At high Re, where separation
bubbles are relatively small even with low FSTZ, high FSTI results in
higher losses. At very low Re, boundary layers may fail to reattach
even with high FST7 (e.g. Volino [7] and Van Treuren et al. [8]).
Unsteadiness caused by wakes generated upstream of an airfoil has
been shown in several studies (e.g. Howell et al. [9]) to reduce the
extent of separation bubbles and reduce losses. As with elevated FSTI,
wake unsteadiness is most effective at reducing losses at lower Re,
where the steady flow separation bubbles are largest. Stadtmiiller et
al. [10] found that at high Re, losses were higher with wakes than in
steady flow.

Existing results suggest that separation bubbles should be kept
small, but without producing an unnecessarily long turbulent region.
Hourmouziadis [1] discussed “controlled diffusion blading,” in which
an airfoil is designed so that a small separation bubble is present. The
bubble itself is not thick enough to produce high losses, and its
presence allows a shorter turbulent region near the trailing edge. This
idea is discussed below in conjunction with the present results.

Capitalizing on the beneficial effects of unsteady wakes, Howell et
al. [9] and Brunner et al. [11] studied airfoils modified for higher lift.
Losses increased with airfoil loading, as adverse pressure gradients
became stronger and separation bubbles became larger. With wake
passing, however, the magnitude of the loss increase was in some
cases relatively small compared to the increase in lift. Aft loaded
airfoils tended to have lower losses, since separation and transition
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occurred closer to the trailing edge, resulting in a shorter turbulent
region.

While high FSTI and wakes help to mitigate separated flow
problems, they clearly do not solve all problems, as evidenced by the
known efficiency drop in modern engines at altitude. Howell et al. [9]
indicated that their highly loaded airfoils might be close to a limit, and
that higher loading could cause unacceptable separation problems even
in the presence of wakes. Looking beyond FS7/ and wakes, other
types of flow control could prove useful. The literature contains
numerous examples of separation control. Most have been applied to
external flows over aircraft, but a few studies have considered passive
devices added to LPT airfoils. Van Treuren et al. [8] utilized vortex
generators on the suction surface of an LPT airfoil. The vortex
generators caused reattachment at Re=50,000 (all Re in the present
paper are based on exit velocity and suction surface length). Losses
appeared to be slightly lower with the vortex generators. The vortex
generators were not effective at Re=25,000, and the boundary layer did
not reattach even with 8% FSTI. Van Treuren et al [8] did not
consider higher Re. In another study, Lake et al. [12] used various
passive devices including dimples and boundary layer trips in an LPT
cascade. They considered cases with Re above 100,000. Murawski
and Vafai [13] added extensions to the trailing edges of the airfoils in
their cascade. These extensions tended to move the separation
location downstream. At low Re, they reduced the length of the
separation bubble and reduced losses. At high Re, losses increased.
Byerley et al. [14] used “Gurney flaps” to control separation. These
devices were trips, near the trailing edge on the pressure side of the
airfoils. They helped to keep the boundary layer attached on the
suction side, but also increased losses in the cascade. Active
separation control has also been employed. Bons et al. [15, 16] used
steady and pulsed vortex generator jets to successfully control
separation under LPT conditions.

The studies listed above indicate that separation control should be
possible under LPT conditions. Existing results are, however, limited
both in the range of Reynolds numbers considered in each study and in
the types of data acquired. More experiments are needed with various
types of devices to expand the experimental data base. Detailed
measurements will also help in the explanation of the physical
mechanisms by which various devices affect the flow.

Passive flow control is considered in the present work. Thin bars of
rectangular cross section are placed on the suction surface of an LPT
airfoil near the suction surface velocity peak. Experiments were
conducted in a single-passage cascade-simulator, described in Volino
[7]. The geometry of the passage corresponds to that of the “Pak-B”
airfoil, which is an industry supplied research airfoil that is
representative of a modern, aggressive LPT design. Volino [7]
documented cases in the present facility without flow control. These
serve as baseline cases for the present study.

EXPERIMENTS

Experiments were conducted in a low speed wind tunnel, described
by Volino et al. [17]. Briefly, air enters through blowers and passes
through a honeycomb, a series of screens, two settling chambers, and a
three-dimensional contraction before entering the test section. At the
exit of the contraction, the mean velocity is uniform to within 1%.
The FSTI is 0.5%+0.05%. Nearly all of this free-stream “turbulence”
is actually streamwise unsteadiness at frequencies below 20 Hz and is
not associated with turbulent eddies. The rms intensities of the three
components of the unsteadiness are 0.7%, 0.2% and 0.2% in the
streamwise, pitchwise and spanwise directions, respectively. For low
FSTI cases, the test section immediately follows the contraction. For
high FSTI, a passive grid is installed at the contraction exit followed
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by a 1 m long rectangular settling chamber. At the inlet to the test
section the high FSTI mean flow and turbulence are spatially uniform
to within 3% and 6% respectively. The free-stream turbulence is
nearly isotropic with rms intensities of 8.8%, 8.9% and 8.3% in the
streamise, pitchwise and spanwise directions. The integral length
scales of these components are 3 cm, 1.6 cm and 1.4 cm. The integral
scales were computed from the power spectra of each component.

The test section, shown in Fig. 1, consists of the passage between
two airfoils. Details are listed in Table 1 and more information is
available in Volino [7]. A large span to chord ratio of 4.3 was chosen
to insure two-dimensional flow at the spanwise centerline of the
airfoils, where all measurements were made. Upstream of each airfoil
are flaps, which control the amount of bleed air allowed to escape
from the passage. The flaps, along with a tailboard on the pressure
side of the passage, are adjusted to produce the correct leading edge
flow and pressure gradient along the airfoils. The flow in the passage
matches that in a multi-blade cascade.

Experimental conditions match those of the ten baseline cases of
Volino [7], who considered high and low FST/ cases at five Reynolds
numbers (Re=25,000, 50,000, 100,000, 200,000, and 300,000). The
Reynolds number range is representative of conditions from cruise to
takeoff. The FSTI levels in an engine may vary considerably, but the
values in the present work are believed to span the range of most
interest.

Prior to the detailed experiments of the present study, various
devices were used in preliminary attempts at flow control. The
devices included trip wires of various diameters, rectangular bars of
various widths and thicknesses, and delta wing vortex generators of
various heights, spacing, and angles with respect to the flow. All of
these devices were tried at several streamwise locations along the
suction surface. Documentation included streamwise pressure profiles
and velocity profiles acquired near the trailing edge. Large devices of
any type eliminated separation (as indicated by the pressure profiles),
but caused large increases in losses (as indicated by large increases in
momentum deficit at the trailing edge). As the size of the devices was
reduced, it was found that all devices which were just large enough to
induce boundary layer reattachment at Re=25,000 caused about the
same increase in losses at higher Re. This was somewhat unexpected,
as it was thought that the delta wings vortex generators might present
less blockage, and more effectively promote mixing and inhibit
separation than the trips or bars. Reasons for this unexpected finding
are discussed with the results below. Since no device appeared to have
a clear advantage, rectangular bars were chosen for further study
because of their simplicity. The bars were of uniform rectangular
cross section and extended along the airfoil span, as shown in Fig. 2.
It should be noted that the tests described above were not exhaustive,
and do not preclude the possible usefulness of vortex generators or
other types of devices.

The results of the preliminary tests with the bars indicated that the
streamwise width of a bar and the location of its leading edge were
unimportant. The bar height and the location of its trailing edge were
critical. Hence, it appeared that the backward facing step at the
trailing edge was most important for flow control. Bars were most
effective when the trailing edge was near the location of the suction
surface velocity peak. If the trailing edge was much farther
downstream, it was located under the separation bubble and was
ineffective. If the trailing edge was upstream in the favorable pressure
gradient region, the stabilizing effect of the accelerating flow appeared
to lessen the bar’s effectiveness.

In the present study, rectangular bars were fabricated from multiple
layers of vinyl tape. The trailing edge of the bar was located at
s/L=0.51, near the suction surface velocity peak. All bars were 6 mm

NASA/CR—2012-217656

99

Table 1: Test section parameters

Axial | True | Pitch | Span | Suction | Inlet | Exit
Chord | Chord side, Ly | flow | flow
[mm] | [mm] | [mm] | [mm] [mm] | angle | angle
153.6 | 170.4 | 136.0 | 6604 | 228.6 35° 60°
flap bleed air
/
35‘];
tailboard

60°

Fig. 1 Schematic of the test section

Fig. 2 Scale drawing of suction side airfoil showing
location of bar

wide in the streamwise direction. Bar heights of 0.4 mm, 0.8 mm and
1.6 mm were used. The bar heights were all less than 1% of L;. They
compare to local boundary layer thickness at the bar location of about
3.8 mm, 2.7 mm, 2.0 mm, 1.4 mm and 1.2 mm in the baseline
Re=25,000 through 300,000 cases respectively. For each bar height,
all 10 cases of the baseline study were re-documented, for a total of 30
new experimental cases.

Measurements

Pressure surveys were made for each case using a pressure
transducer (0-870 Pa range Validyne transducer) and a Scanivalve.
Stagnation pressure was measured with a pitot tube upstream of the
passage inlet, and eleven pressure taps were located on each airfoil
along their spanwise centerlines. Locations of the taps on the suction
side are listed in Table 2 along with measured local FS7/ components,
and the ReK product at these stations based on a non-separating,
inviscid solution. The uncertainty in the suction side pressure
coefficients was 7% at the lowest Re, and below 4% in other cases.
Most of this uncertainty was due to bias error. Stochastic error was
minimized by averaging pressure transducer readings over a 10 second
period.
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Table 2: Measurement stations locations, local acceleration
(inviscid soln.), and measured local free-stream turbulence

Sta- | /L ReK | Low | Low | High | High
tion FSTI | FSTI | FSTI | FSTI
WUy VIUL| u'/Us| V/IU
[%] | [%] | [%] | [%]
1 0.111 | 1.58 | 0.44 5.2
2 0.194 | 1.20 | 0.39 4.6
3 0.278 | 0.86 | 0.37 4.0
4 10361 ] 075 | 0.38 3.5
5 0444 | 0.62 | 0.39 32
6 0.528 | -0.02 | 0.41 2.8
7 0.611 | -0.81 | 0.47 0.05 2.9 5.9
8 0.694 | -0.95 | 0.47 0.12 3.0 6.2
9 0.777 | -0.58 | 0.48 0.14 34 6.6
10 | 0.861 | -0.53 | 0.54 | 0.11 3.8 6.8
11 10944 | -0.18 | 0.51 0.11 4.0 6.8

Velocity profiles on the suction surface were measured at
streamwise stations corresponding to pressure taps 7-11, as given in
Table 2. These stations are downstream of the bar. Profiles at Stations
1-6 are fully documented for the baseline cases in Volino [7, 18], and
show that the upstream boundary layer closely follows a laminar
solution, even in the high FST/ cases. Profiles were measured near but
not at the spanwise centerline of the airfoil to insure that the pressure
taps did not interfere with the velocity measurements. Profiles were
acquired with a hot-wire anemometer (AA Lab Systems model AN-
1003) and a single sensor boundary layer probe (TSI model 1218-
T1.5). The sensor diameter is 3.8 um, and the active length is 1.27
mm. At each measurement location, data were acquired for 26
seconds at a 20 kHz sampling rate (2" samples). All raw data were
saved. The high sampling rate provides an essentially continuous
signal, which is needed for intermittency and spectral post-processing.
The long sampling time results in low uncertainty in both statistical
and spectral quantities. Data were acquired at 60 wall normal
locations in each profile, extending from the wall to the free-stream,
with most points concentrated in the near wall region. The closest
point was within 0.1 mm of the wall, which corresponds to
y/L=0.0004 and between 0.01 and 0.2 boundary layer thicknesses.
Flow direction in a separation bubble cannot be determined with a
single-sensor hot-wire, but velocity magnitude can be measured and
was found to be essentially zero within the bubbles of the present
cases. Determining the direction was not, therefore, considered
essential. Uncertainties in the mean velocity are 3-5% except in the
very near wall region where near-wall corrections (Wills [19]) were
applied to the mean velocity. Uncertainties in the momentum and
displacement thicknesses computed from the mean profiles are 10%.
Uncertainty in the shape factor, H, is 8%.

The uncertainty in the fluctuating streamwise velocity is below
10%, except in the very near wall region, where spatial averaging
effects, due to the finite length of the hot-wire sensor, become
important in some cases. For the present cases, as explained in Volino
[7] based on the work of Ligrani and Bradshaw [20, 21], spatial
averaging should not be significant for the Re=25,000 and 50,000
cases, even near the wall. For the higher Re cases, spatial averaging
should not be significant for y>1 mm (y/L>0.004), but may cause
errors as high as 30% closer to the wall. It is not certain that the errors
are this large, however. The estimates are based on the results of
Ligrani and Bradshaw [20, 21], who considered a boundary layer with
Reg=2600. The momentum thickness Reynolds numbers in the present
cases are all below 1300. This may indicate less developed turbulence
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in the present study, which could imply fewer small scale eddies and
lower averaging errors.

The intermittency, 7, is the fraction of time the flow is turbulent
within the transition region. It was determined at each measurement
location based on the instantaneous streamwise velocity signal, using
the technique described in Volino et al. [17]. The uncertainty in 7 is
10%. As explained in Volino [17], turbulent flow is defined here to
include a range of large and small scale eddies, turbulence production,
and dissipation. A boundary layer may be characterized by significant
v’ fluctuations but still be non-turbulent if these fluctuations are
induced by an external source that does not also cause near wall
turbulence production. Such is often the case under high FST7
conditions. Free-stream eddies buffet the boundary layer, inducing
non-turbulent boundary layer fluctuations but very little momentum
transport. Transition to turbulence is characterized not so much by
large increases in u’ levels, which may remain essentially constant,
but by the appearance of higher frequencies. The higher frequencies
signal the generation of turbulence in the near wall region and are used
to distinguish between turbulent and non-turbulent flow. Further
discussion is available in Volino [17].

RESULTS

Velocity and Pressure Profiles

Pressure coefficients for the low FSTI, Re=25,000 cases are shown
in Fig. 3. Also shown is the inviscid solution for the present geometry.
In all cases there is good agreement with the inviscid solution on the
pressure side. On the suction side, the baseline case shows good
agreement with the inviscid solution in the favorable pressure gradient
region, but a large separation bubble in the adverse pressure gradient
region. Separation is indicated by the nearly constant Cp values,
which are well above the invisid solution. The Cp values remain high
to the trailing edge, showing no sign of reattachment. With the 0.4
mm thick bar, there is an increase in Cp over the baseline value at
s/L=0.53.  The pressure tap at this location is immediately
downstream of the bar, and the flow over the tap is probably affected
by the close proximity of the bar. The Cp values in this case remain
high to the trailing edge, indicating that the boundary layer does not
reattach. The same is true for the 0.8 mm bar case. With the 1.6 mm
bar, Cp drops below the baseline values near the end of the favorable
pressure gradient region. The larger bar is apparently enough of an
obstruction to slow the near wall flow upstream of the bar.
Downstream of the 1.6 mm bar, Cp values are high, as in the other
cases, but at the most downstream pressure tap Cp drops to near the
inviscid solution value, indicating boundary layer reattachment.

The velocity profiles for the low FSTI, Re=25,000 cases are shown
in Fig. 4. The top row of the figure shows dimensionless mean
velocity profiles at Stations 7-11. The baseline case shows a boundary
layer near separation at Station 7, a small separation bubble at Station
8, and an increasingly larger bubble at Stations 9-11. The mean
profiles of the 0.4 mm and 0.8 mm bar cases are virtually
indistinguishable from the baseline case. The 1.6 mm bar case shows
a clear separation bubble at Station 7, suggesting that the boundary
layer has separated from the trailing edge of the bar. This bubble
continues to grow, and at Station 8 the separation bubble is larger with
the 1.6 mm bar than in the other cases. At Station 9 all cases appear
similar. This agreement is really a crossing, as the shear layer in the
1.6 mm bar case is on the verge of reattaching, while the separation
bubble is growing in the other cases. At Station 10, the near wall
velocity in the 1.6 mm bar case has begun to rise, indicating incipient
reattachment. By Station 11, the boundary layer has clearly reattached
in the 1.6 mm bar case, although the mean profile has not recovered to
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a fully-developed turbulent shape. Dimensionless u” profiles are
shown in the second row of Fig. 4. As with the mean profiles, the
baseline case and the 0.4 mm and 0.8 mm bar bases are
indistinguishable through Station 10. All show a small u’ peak
growing in the shear layer over the separation bubble. As explained in
Volino [7, 18], this peak is not indicative of transition. It is caused
primarily by low frequency fluctuations which are amplified when
they act across the region of high mean velocity gradient in the shear
layer. At Station 11, there is a slight increase in u in the 0.8 mm bar
case over the baseline case, and the high values extend into the near
wall region. These near wall fluctuations suggest the beginning of
transition and reattachment, but they are not large enough in this case
to significantly affect the mean profile. The 1.6 mm bar case shows a
larger u’ peak than the other cases at Stations 7 and 8. The peak is in
the shear layer and is similar to the peaks at Stations 9 and 10 of the
other cases. It does not indicate transition. The peak becomes larger
at Station 9, and extends into the near wall region, which is a sign of
incipient transition. By Station 10 u" is much larger with a clear
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double peak. This rise in u’ corresponds to the beginning of
reattachment observed in the mean profile. The third row of Fig. 4
shows the local intermittency. Its is zero in all cases through Station 9,
but begins to rise at Stations 10 and 11 of the 1.6 mm bar case. The
intermittency peak is in the shear layer, indicating that this is where
transition begins. Intermittency only reaches about 13% at Station 11.
This is consistent with the mean velocity profile, which shows the
boundary layer is reattached but not yet a fully-developed turbulent
profile. As the turbulence is intermittent, it is likely that the boundary
layer is only intermittently reattached. The high u’ peak at Station 11
is also consistent with a transitional boundary layer. As a boundary
layer becomes fully turbulent, the dimensionless u” peak will decrease
in magnitude to about 0.1, and move close to the wall.

The behavior in the 1.6 mm bar case is interesting. The bar was not
large enough to immediately trip the boundary layer to turbulent, but it
did move the separation point upstream. This caused transition to
move upstream, and led to at least a partial reattachment by the trailing
edge, which did not occur in the other cases. The 0.8 mm bar trip case
is also very interesting. The bar in this case was so small that it had no
immediate measurable affect on the mean or u’ profiles. Well
downstream at Station 11, however, the effect of this bar became
visible in the u” profile. Apparently this bar introduced a very small
disturbance in the flow, which was too small to detect at first, but grew
as it moved downstream.

The velocity profiles of Fig. 4 and the pressure profiles of Fig. 3 are
in good agreement. Both show transition and reattachment at the same
locations, and the measured static pressures agree with the local free-
stream velocities of Fig. 4. The agreement between the pressure and
velocity results was apparent in all cases. For brevity, the pressure
profiles are not presented in the cases which follow.

Figure 5 shows the velocity profiles for the high FSTI, Re=25,000
cases. The format is that same as in Fig. 4. As in the low FSTI case,
the baseline, 0.4 mm trip and 0.8 mm trip cases are nearly
indistinguishable at the upstream stations. By Station 11, some
differences are apparent in the mean profiles for these cases. The
separation bubble is less distinct in the cases with the bars, but the
boundary layer still does not appear fully reattached. Intermittency
rises slightly above zero at Station 11 of the 0.8 mm bar case, while
remaining essentially at zero with the smaller bar and in the baseline
case. The u’ profiles show a large peak in the shear layer which
grows in the streamwise direction. As shown in Volino [7], this peak
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is caused by the action of the high FS77 on the shear layer, and does
not indicate significant momentum transport. As in the low FST/
cases of Fig. 4, the 1.6 mm bar case shows significant differences from
the other cases in Fig. 5. The u’ peak is significantly higher in this
case at Stations 7 and 8. At Station 9, u” values are higher in the near
wall region, the intermittency rises above zero, and the mean profile
appears to be reattached. At Stations 10 and 11 the intermittency
continues to increase. The mean profile adjusts toward a more
turbulent shape between Stations 9 and 11. The u" peak decreases
somewhat by Station 11, but still shows the relatively high values of a
transitional boundary layer, rather than the somewhat lower values of a
fully-turbulent boundary layer. As in the low FSTI, Re=25,000 case,
the 1.6 mm bar is not large enough to immediately trip the boundary
layer to turbulent, but it causes transition to move upstream and leads
to a reattachment that did not occur in the baseline or smaller bar
cases.

The velocity profiles of the low FSTI, Re=50,000 case are shown in
Fig. 6. The effects of the bars are clear. At Station 7, the 1.6 mm bar
has caused a relatively large separation bubble compared to the other
cases and a small u" peak in the shear layer over this bubble. The
smaller bar cases are indistinguishable from the baseline case, with
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mean profiles only on the verge of separation and u’ near zero. By
Station 8, the 1.6 mm bar case has undergone a sudden transition, with
1=1, high u levels in both the shear layer and near wall regions, and
the beginning of reattachment as indicated by non-zero mean velocity
near the wall. The other cases are indistinguishable, exhibiting a small
separation bubble and showing no sign of transition or reattachment.
At Station 9, the boundary layer is clearly reattached in the 1.6 mm bar
case, and u” values are beginning to rise in the 0.8 mm bar case. At
Station 10 the intermittency indicates fully-turbulent flow and the
boundary layer has reattached in the 0.8 mm bar case. The 0.4 mm bar
case is still separated with §=0, but u” has begun to rise near the wall.
By Station 11 the 0.4 mm bar case has become turbulent and the
boundary layer has started to reattach. The baseline case remains non-
turbulent with a large separation bubble at Station 11. As observed in
the Re=25,000 cases, the 1.6 mm bar is not large enough to
immediately trip the boundary layer to turbulent, but it does move
separation upstream, which causes transition and reattachment to move
significantly upstream. The smaller bars appear to have no immediate
effect on the boundary layer, but they must introduce small
disturbances that grow in the streamwise direction and have a
significant effect in moving transition and reattachment upstream. The
0.8 mm bar must introduce a larger disturbance than the 0.4 mm bar,
since transition and reattachment occur one station farther upstream
with the 0.8 mm bar.

Figure 7 shows the high FSTI, Re=50,000 cases. With the larger
bars, transition and reattachment move upstream. With the 1.6 mm
bar, the intermittency is already non-zero by Station 7, and the
boundary layer is fully turbulent and attached by Station 8. With the
0.8 mm bar, yrises above zero at Station 8 and is near fully turbulent
by Station 10. The mean profile appears to indicate reattachment by
Station 9. The intermittency rises above zero in the 0.4 mm bar case at
Station 9, and continues to rise at Stations 10 and 11. The mean
profile shows reattachment at Station 10. In the baseline case, the
intermittency begins to rise at Station 10, and the boundary layer is
reattached at Station 11. At Station 11 the mean profiles are
indistinguishable in the cases with bars, and fuller than in the baseline
case. In all cases, transition begins upstream of the location in the
corresponding low FSTI case of Fig. 6, but the transition length is
longer. Volino and Hultgren [22] also observed that transition begins
farther upstream with high FSTI, but is more abrupt in low FSTI cases.

Figure 8 shows the low FSTI, Re=100,000 cases. The 1.6 mm bar
immediately trips the boundary layer to turbulent and eliminates the
separation bubble. The 0.8 mm bar causes a small u” peak above the
baseline values at Station 7. The intermittency jumps from 0 to 1
between Stations 7 and 8, and the separation bubble is effectively
eliminated. As in the lower Re cases, the 0.4 mm bar has no visible
effect at Station 7, and the mean and u” profiles are indistinguishable
from the baseline case. The boundary layer separates, but by Station 9
the shear layer has become fully turbulent and begun to reattach. In
the baseline case, #” does not begin to show elevated near wall values
until Station 10, and transition and reattachment occur at Station 11.
The mean profiles at Station 11 show the fullest profile and thinnest
boundary layer in the 0.4 mm bar case. The larger bars result in
thicker boundary layers. The mean profile in the baseline case has not
yet recovered to a fully turbulent shape. As will be discussed below,
the thinner attached boundary layer in the 0.4 mm bar case suggests
that this case will have lower losses than the other cases.

The high FSTI, Re=100,000 cases are shown in Fig. 9. As in the
low FSTI case, the 1.6 mm bar trips the boundary layer to turbulent
and eliminates separation at this Re. The intermittency is non-zero at
Station 7 of the 0.8 mm bar case, and it continues to rise through
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Station 10, indicating an extended transition zone. Because transition
begins so far upstream, the separation bubble is eliminated and
transition occurs in an attached boundary layer. With the 0.4 mm bar,
the intermittency indicates that transition does not begin until Station
8, so a small separation bubble forms, as in the baseline case. The
boundary layer is reattached by Station 9, however, and transition is
nearly complete by Station 10. In the baseline case, transition begins
at Station 9, and the boundary layer is reattached at Station 10.
Examining the mean profiles, the 1.6 mm bar causes an immediate
thickening of the boundary layer, and the separation bubble in the
baseline case also causes a thicker boundary layer. By Station 11, the
mean profiles for these two cases agree closely. The boundary layers
are thinner in the cases with the smaller bars.

In the low FSTI, Re=200,000 cases of Fig. 10, the intermittency
profiles show that the 0.8 mm and 1.6 mm bars immediately trip the
boundary layer to turbulent and eliminate the separation bubble. The
1.6 mm bar, which is the same thickness as the boundary layer at
Station 7 of the baseline case, results in a substantially thicker
boundary layer than in all of the other cases. The 0.4 mm bar case
shows a small separation bubble at Station 8, but is fully turbulent and
reattached by Station 9. The baseline case exhibits a clear separation
bubble at Station 9, and is fully turbulent and reattached by Station 10.
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The mean profiles at Station 11 show that the growth of the bubble in
the baseline case results in a thicker boundary layer than in the 0.8 and
0.4 mm bar cases.

Figure 11 shows the high FSTI, Re=200,000 cases. As in the low
FSTI cases of Fig. 10, the 0.8 and 1.6 mm bars trip the boundary layer
to turbulent. Transition has already started, as indicated by the non-
zero intermittency, in the 0.4 mm bar case at Station 7. In all of these
cases, there is no separation. In the baseline case, ¥ does not rise
above zero until Station 9, and there may be a small separation bubble
at Station 8. At Station 11, the mean, »” and intermittency profiles of
the baseline, 0.4 mm and 0.8 mm bar cases are all in good agreement,
while the 1.6 mm bar case exhibits a noticeably thicker boundary
layer.

The low FSTI, Re=300,000 cases are shown in Fig. 12. As in the
Re=200,000 cases, the 0.8 mm and 1.6 mm bars trip the boundary
layer to turbulent. The 0.4 mm bar appears to have no effect at Station
7, where the mean and " profiles agree with the baseline case and the
intermittency is zero. By Station 8, however, the boundary layer in the
0.4 mm bar case has become fully turbulent, while in the baseline case
it is still laminar and has separated. By Station 9 the shear layer in the
baseline case is transitional, and it is fully turbulent and reattached by
Station 10. At Station 11 the mean profiles for the four cases are all
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different, with the 0.4 mm bar and baseline cases having the thinnest
boundary layers.

Figure 13 shows the high F'STI, Re=300,000 cases. As in the low
FSTI cases, the 0.8 mm and 1.6 mm bars trip the boundary layer to
fully turbulent, and the 0.4 mm bar causes transition to start by Station
7 and finish by Station 8. Transition has started at Station 8 of the
baseline case and is complete near Station 10. In all of these cases
transition begins far enough upstream to prevent separation. The mean
profiles at all stations show that the boundary layer is thinnest in the
baseline case and that the thickness increases with the bar size. With
the 0.4 mm and 0.8 mm bars the boundary layer is only slightly thicker
than in the baseline case, but it is substantially thicker in the 1.6 mm
bar case.

Some consistent trends run through the data from all cases. If a bar
is large enough, it will immediately trip the boundary layer to fully
turbulent and prevent separation. As Reynolds number increases, the
boundary layer thickness decreases as does the thickness of the bar
required for tripping. If a bar is small enough, it initially appears to
have no effect on the boundary layer. The boundary layer appears to
proceed over the bar with no measurable change in the mean velocity
or u’ from the corresponding baseline case. The bars must, however,
introduce some small disturbance into the boundary layer. The
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boundary layer is unstable to small disturbances in the adverse
pressure gradient region, so the small disturbances grow and
eventually cause transition. Larger bars must impart larger (albeit
sometimes still undetectable) perturbations than the smaller bars,
resulting in transition locations that move upstream as bar size is
increased. The optimal bar size depends on the Reynolds number and
is discussed further below.

The present results shed some light on the transition mechanism
under both high and low FSTI conditions. Volino [18] examined
spectra of the fluctuating velocity in the boundary layers and shear
layers of the baseline cases. He observed sharp peaks in the spectra of
the low FSTI cases at frequencies that matched the most unstable
frequencies for Tollmien-Schlicthing (TS) waves in the boundary layer
just upstream of separation. He therefore concluded that transition in
the shear layer might be through a TS mechanism in these cases. In
the high FSTI cases, Volino [18] observed broadband peaks in the
spectra, and the relatively long transition regions noted above. Volino
and Hultgren [22] made similar observation, and concluded that the
high FSTT separated flow transition was through a bypass mode, very
similar to high FST/ transition in an attached boundary layer. Volino
[18], however, noted that the broadband peaks in the high FSTI case
spectra were centered at the same frequencies as in the low FST/ cases,
suggesting a similar transition mechanism under high and low FSTI
conditions. He concluded that disturbances which began to grow in
the boundary layer prior to separation were causing a TS type
transition in the shear layer over the separation bubble in both the high
and low FSTI cases. High FSTI has a strong effect in moving
transition upstream, but the bars in the present cases had an equally
strong or stronger effect in both the high and low FS7I cases. This
confirms that the free-stream turbulence is not solely responsible for
bypass transition in the high FST7 cases.

The magnitude of the disturbances induced by the bars is too small
to be quantified based on the mean or u’ results presented above.
Perhaps more can be learned from boundary layer spectra. Analysis of
spectra based on u’ fluctuations for the present cases show some
interesting but inconclusive results. Volino [18] found that u” spectra
are often characterized by low frequency fluctuations that are induced
by the free-stream and have no direct effect on transition. In the early
stages of transition, these low frequency fluctuations can hide the very
low amplitude fluctuations important for transition. Volino [18] found
that spectra of the turbulent shear stress are less affected by the low
frequency unsteadiness and can provide a better means for detecting
the early stages of transition. Acquisition and analysis of turbulent
shear stress data for the cases of the present study may prove useful for
explaining and quantifying the transition mechanism.

Shape Factor and Momentum Thickness

The shape factor and momentum thickness are useful parameters for
evaluating the state of the boundary layer with respect to separation,
transition and losses. They provide a means for summarizing the
information presented in the velocity profiles of Figs. 4 through 13. In
the present cases, the boundary layer has a shape factor, H, of about
2.4 at the end of the favorable pressure gradient region. This is the
expected value for this laminar, accelerated boundary layer. If the
boundary layer separates, the displacement thickness grows rapidly,
while the momentum thickness remains nearly constant. The result is
a very high shape factor. If the boundary layer reattaches, the
displacement thickness drops, and the momentum thickness begins to
grow. The boundary layer eventually recovers to a fully turbulent
shape, with a shape factor of about 1.6 in the present cases.

Stage losses in a multi-blade turbine cascade can be determined
through measurement of the momentum deficit in the wake
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downstream of the blade row. With the single-passage facility of the
present study, wake measurements are not meaningful, since there is
flow on only one side of the airfoils on each side of the passage. If a
boundary layer separates and does not fully reattach, or reattaches near
the trailing edge, momentum thickness will be relatively low at the
trailing edge, and high losses will be generated in the wake
downstream of the passage. While the losses in such a case cannot be
quantified in the present study, it is safe to assume that they would be
unacceptably high, and that there would be an unacceptable loss of lift
from the airfoils. For those cases in which the boundary layer
reattaches and recovers to a fully developed turbulent shape, the
suction side profile loss is likely the dominant loss mechanism in the
passage (Howell et al. [9]). As explained by Howell et al. [9], for a
given shape factor and passage exit angle, the momentum thickness of
the suction side boundary layer at the trailing edge is proportional to
the suction side profile loss.

Figure 14 provides an example of the development of the shape
factor and momentum thickness, using the low FSTI, Re=100,000
cases. In the baseline case, H increases from 2.4 to a high value of
about 5 as the boundary layer separates. Reattachment occurs near the
trailing edge, and H drops to about 2.2, which is still above the
turbulent value of 1.6, indicating that recovery from the separation is
not complete. In the 0.4 mm bar case, the boundary layer separates
and H reaches a value of 3.7. The boundary layer then reattaches, and
H gradually drops to a fully turbulent value by the trailing edge. With
the 0.8 mm bar, transition occurs far enough upstream to prevent
separation, and H drops continuously from a laminar value to a
turbulent value as transition occurs. In the 1.6 mm bar case the
boundary layer is tripped to turbulence, and H quickly reaches its
turbulent value. The 1.6 mm bar causes an immediate thickening of
the boundary layer, and the momentum thickness remains higher than
in the other cases at all streamwise locations. The 0.4 and 0.8 mm bars
appear to have no immediate effect on 6. When transition and
reattachment occur, however, 6 begins to rise. When reattachment
occurs in the baseline case, it causes 6 to increase to a higher value
than in the 0.4 and 0.8 mm bar cases. Near the trailing edge 6 is
lowest in the 0.4 mm bar case. This would presumably be the case
with the lowest profile losses. The larger bars force transition to occur
farther upstream than necessary, resulting in a longer turbulent region
and higher losses. In the baseline case the separation bubble becomes
relatively thick, resulting in a thick boundary layer after reattachment.
The 0.4 mm bar case provides a good example of the controlled
diffusion described by Hourmouziadis [1]. With the 0.4 mm bar, the
separation bubble is relatively thin, and the turbulent region is
relatively short, resulting in lower losses.

Figure 15 shows the shape factor and momentum thickness at
Station 11 (s/L;=0.94), near the trailing edge, for all the low FSTI
cases. In the Re=25,000 cases, the shape factor indicates that the
boundary layer only reattaches in the 1.6 mm bar case. The shape
factor in this case is still above the expected turbulent value, indicating
that recovery from the separation in not complete. Comparison of
momentum thicknesses is not meaningful at this Re. For the
Re=50,000 cases, the 0.8 and 1.6 mm bars cause reattachment, while
recovery from the separation is only partially complete in the 0.4 mm
bar case and the shear layer remains separated in the baseline case.
The 0.8 and 1.6 mm bar cases are, therefore, preferable at this Re, and
both have about the same momentum thickness at Station 11. At
Re=100,000, already described in Fig. 14, the 0.4 mm bar produces the
lowest losses. The 0.4 mm bar case is also best at Re=200,000, with
slightly lower losses than with the 0.8 mm bar or in the baseline case.
At Re=300,000, transition occurs sufficiently far upstream in the
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baseline case to keep the separation bubble small and produce lower
losses than in any of the cases with bars.

The Station 11 shape factors and momentum thicknesses for the
high FSTI cases are shown in Fig. 16. As in the low FSTI cases, only
the 1.6 mm bar is large enough to force reattachment at Re=25,000,
and even it does not quite result in full recovery to a turbulent profile.
At Re=50,000, the shape factor shows that all of the bars cause
reattachment, while the boundary layer in the baseline case has
reattached but not fully recovered from the separation. The 0.4 and
0.8 mm bar cases have lower momentum thickness than the 1.6 mm
bar case. At the higher Re, reattachment is complete in all cases, and
the 1.6 mm bar cases have significantly higher losses than the other
cases. At Re=100,000, the 0.4 and 0.8 mm bar cases and the baseline
case all have about the same losses. As Re increases to 200,000 and
300,000, the baseline case emerges as the case with lowest losses, in
agreement with the low FS7I cases of Fig. 15.

The optimal bar height clearly varies with the Reynolds number. As
Re increases, the boundary layer becomes thinner and more prone to
transition, so a smaller bar is needed. At Re=25,000, the 1.6 mm bar is
needed, and a larger bar would be desirable to force a more complete
reattachment. At Re=50,000, the 0.8 mm bar is best, since it is large
enough to cause reattachment at low FST/, but produces lower losses
than the thicker bar at high FSTI. At Re=100,000 and 200,000, the 0.4
mm bar is best, since it is large enough to force complete reattachment
at low FSTI, and results in equal or slightly lower losses than the
baseline or 0.8 mm bar cases. At Re=300,000, the baseline case is
best, although the losses are only slightly lower than those of the 0.4
mm bar case. If a bar is used for passive flow control, a single bar
thickness must be chosen for optimal overall performance. The best
size will depend on the operating range of the engine. If the operating
range is large, a compromise between improved performance at cruise
and higher losses at takeoff may be needed.

Correlation of Results
The size of a bar necessary to trip a boundary layer to turbulence
can be predicted using the following correlation from Gibbings [23].

Rey = Uyd/v> 600 (1)

where d is the bar thickness and Uj, is the velocity in the untripped
boundary layer at y=d at the streamwise location of the bar. Equation
1 predicts that bar thicknesses of 4.7 mm, 2.3 mm, 1.3 mm, 0.68 mm,
and 0.50 mm would be needed to immediately trip the boundary layer
to turbulent in the Re=25,000 through 300,000 cases respectively. In
agreement with this prediction, the results above show that the
boundary layer was only tripped in the Re=200,000 and 300,000 cases
with the 0.8 mm and 1.6 mm bars, and in the Re=100,000 cases with
the 1.6 mm bar. Since an optimal bar does not immediately trip the
boundary layer, it will be thinner than indicated by Eqn. 1.

The most effective bars in the present cases appear to be those
which cause reattachment to begin between Stations 8 and 9, at s/L, of
about 0.74. When reattachment begins by this location, there is
sufficient distance downstream for the reattachment and recovery from
the separation to be completed before the trailing edge. The beginning
of reattachment and the start of transition are related and occur at
approximately the same location. There are a few correlations in the
literature for prediction of the distance from separation to transition
onset. In general they are not very robust, but some give reasonable
estimates. Mayle [2] provides the following correlations.

Rey, = 300 Reg,””  (short bubble) )

Rey, = 1000 Reg,”” (long bubble) 3)
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Eqns. 2 and 3 apply to short and long separation bubbles respectively.
Volino [7] found that the present baseline case results lie between the
predictions of Eqns. 2 and 3, tending toward the long bubble
correlation at low FS7/ and about midway between the two
correlations at high FSTI. Although they differ by a factor of 3, Eqns.
2 and 3 provide at least a rough estimate of the reattachment location.

The following correlation provides an estimate of the effect of bar
height on reattachment location. The equation is based on a curve fit
of the present data.

(5l (578p)p = (1+0.23(d/6,)" )" “)

where (s-s,);, is the distance from the suction side velocity maximum
(s/L=0.53) to the location of the beginning of reattachment in the
baseline case, and (s,-s,),, is this distance with a bar in place. The
present data along with Eqn. 4 are shown in Fig. 17. The finite
spacing of the streamwise measurement stations results in some
uncertainty in the transition start location, as indicated by the error
bars in Fig. 17. Volino [7] showed that the boundary layer behavior
upstream of separation is predictable and laminar. To predict
reattachment in a case with a bar, the laminar solution could be used to
predict the separation location and the momentum thickness before
separation. A correlation such as Eqn. 2 or 3 could then be used to
estimate the distance to transition and reattachment in the baseline
flow. This would give sy. Equation 4 could then be used to predict s,
for a given bar thickness. Alternatively, the desired sy, could be
specified and used with Eqn. 4 to predict the optimal bar thickness.
Setting s,,;=169 mm (s,/L;=0.74) and using the measured (when
available) or predicted values for sy, and 6, for the baseline cases,
optimal bar heights have been predicted for the present cases and are
presented in Table 3.

Discussion

The above correlations are based only on the present data set, so it is
doubtful that they are universally applicable. Still, they provide a start
in the assessment of passive flow control devices. With more
experiments with different airfoils, it may be possible to refine
correlations such as Eqn. 4, to make them more generally applicable.
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Table 3: Baseline case boundary layer thickness at bar
location (s/Ls=0.53), and predicted bar heights for
tripping (dwip) and for incipient reattachment (dopt) at
s/Ls=0.74 (all values in mm)

Re Low FSTI High FSTI
1 0-3 599.5 p 917 . ip dﬂlit 699.5 P en df"iﬂ doﬂf
25| 3.8 [ 04847 (24| 39 1048|147 |15
50 2.7 034123 |12 2.8 03312306
100 1.9 023113 1]04 2.2 024 | 13102
200 1.3 1016 0.7 | 0.2 1.6 [ 0.16 | 0.7 0
300 1.2 1014 0.5 ] 0.1 14 1014 | 0.5 0

Alternative passive devices such as vortex generators or dimples
should also be considered. There is no guarantee, however, that these
devices will provide improvement over the present bars. Dimples
have been used in some applications such as internal blade cooling, to
provide enhanced heat transfer with lower pressure drop than
boundary layer trips. Dimples enhance heat transfer by promoting
turbulence and mixing, which would also tend to promote boundary
layer attachment. In the present application, however, we do not seek
to enhance turbulence or heat transfer, or even to fully eliminate the
separation bubble. Since the smaller bars in the present experiments
did not increase losses or boundary layer thickness, or have any other
immediate measurable effect on the boundary layer, it is not clear that
any other device will be superior.

While the present bars have proven effective, it is clear from Table
3 and Figs. 15 and 16 that the optimal bar height varies with Re and
FSTI. If applied passively, a single bar height would be selected for
the entire operating range of the engine. If the operating range is
large, a compromise will be necessary between improved performance
at low Re and higher losses at high Re. Passive flow control has the
distinct advantage of being relatively simple to implement in practice,
but active flow control may provide a means for optimizing
performance over a wider range of conditions. Unsteady active
control also provides possibilities for further flexibility and improved
performance not available with passive devices. Further consideration
of active control is presented in Volino [24].

The present cases all involve steady inlet flow. In engine flows, the
periodic wakes from upstream airfoils will make the flow unsteady.
While steady flow experiments are necessary for building
understanding of the flow and flow control devices, experiments
should eventually be performed in flows with wakes.

CONCLUSIONS

1. Rectangular bars have been successfully employed as flow
control devices on the suction side of a low pressure turbine airfoil.
Boundary layer reattachment was forced even in very low Reynolds
number cases.

2.  Optimal bars are not large enough to immediately trip the
boundary layer to turbulent or prevent separation, but rather induce
very small disturbances which at first are essentially undetectable, but
eventually promote transition in the shear layer at a downstream
location.

3. Bars were effective under both high and low FST7 conditions,
indicating that the high FS7I transition is not simply a bypass
transition induced by the free-stream.

4. The optimal location for reattachment results in a relatively short
turbulent region, but occurs sufficiently far upstream to prevent a large
separation bubble and insure complete recovery from the separation
before the trailing edge. A bar height can be selected to induce
reattachment at the desired location.
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5. The optimal bar height varies with the Reynolds number and free-
stream turbulence level. Bars that were large enough to induce
reattachment at the lowest Re produced significantly higher losses at
the higher Re. If a wide range of Reynolds numbers are encountered
in practice, some compromise between improved performance at low
Re and higher losses at high Re will be necessary in the choice of an
overall best bar height.
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ABSTRACT

Oscillating vortex generator jets have been used to control boundary
layer separation from the suction side of a low-pressure turbine airfoil.
A low Reynolds number (Re=25,000) case with low free-stream
turbulence has been investigated with detailed measurements including
profiles of mean and fluctuating velocity and turbulent shear stress.
Ensemble averaged profiles are computed for times within the jet
pulsing cycle, and integral parameters and local skin friction
coefficients are computed from these profiles. The jets are injected
into the mainflow at a compound angle through a spanwise row of
holes in the suction surface. Preliminary tests showed that the jets
were effective over a wide range of frequencies and amplitudes.
Detailed tests were conducted with a maximum blowing ratio of 4.7
and a dimensionless oscillation frequency of 0.65. The outward pulse
from the jets in each oscillation cycle causes a disturbance to move
down the airfoil surface. The leading and trailing edge celerities for
the disturbance match those expected for a turbulent spot. The
disturbance is followed by a calmed region. Following the calmed
region, the boundary layer does separate, but the separation bubble
remains very thin. Results are compared to an uncontrolled baseline
case in which the boundary layer separated and did not reattach, and a
case controlled passively with a rectangular bar on the suction surface.
The comparison indicates that losses will be substantially lower with
the jets than in the baseline or passively controlled cases.

NOMENCLATURE

B blowing ratio

Cr skin friction coefficient

Cp 2(Pr - P)/ pUe2 , pressure coefficient

Cu momentum coefficient

D diameter

F* (0.442Ly)/(U,T), dimensionless frequency
FSTI free-stream turbulence intensity

H &7/6, shape factor

K v/ Ui)(dUw /ds) , acceleration parameter
L suction surface length
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jet to boundary layer mass flux ratio
pressure

upstream stagnation pressure

U,Lg /v , exit Reynolds number

= o u
&~

momentum thickness Reynolds number

jet holes per unit span

streamwise coordinate, distance from leading edge

jet oscillation period

time

mean streamwise velocity

local free-stream velocity

nominal exit free-stream velocity, based on inviscid solution
jet velocity

time averaged rms streamwise fluctuating velocity

“ X
®
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®

1<

\.‘QXQQ”WI”

S|

ensemble averaged rms streamwise fluctuating velocity

time averaged turbulent shear stress
ensemble averaged turbulent shear stress
y cross-stream coordinate, distance from wall

5 displacement thickness
Ao Reg’K, Thwaites parameter
% kinematic viscosity
p density
0 momentum thickness
Subscripts
ave  average over jet outpulse
Jet jet condition
max  maximum in jet cycle
oo free-stream
INTRODUCTION

Modern low-pressure turbine (LPT) airfoils are subject to

increasingly stronger pressure gradients as designers impose higher
loading in an effort to improve efficiency and lower cost by reducing
the number of airfoils in an engine. If the adverse pressure gradient on
the suction side of these airfoils becomes strong enough, the boundary
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layer will separate. Separation bubbles, particularly those which fail
to reattach, can result in a significant loss of lift and a subsequent
degradation of engine efficiency (e.g. Hourmouziadis [1], Mayle [2],
and Sharma et al. [3]). The problem is particularly relevant in aircraft
engines. Airfoils optimized to produce maximum power under takeoff
conditions may still experience boundary layer separation at cruise
conditions, due to the thinner air and lower Reynolds numbers at
altitude. A component efficiency drop of 2% may occur between
takeoff and cruise conditions in large commercial transport engines,
and the difference could be as large as 7% in smaller engines operating
at higher altitudes.

Separation on LPT airfoils is complicated by boundary layer
transition, which can prevent separation if it occurs far enough
upstream, or induce boundary layer reattachment if it occurs in the
shear layer over a separation bubble. At lower Reynolds numbers
transition will tend to occur farther downstream, hence the problems
associated with performance at altitude.

Separated flow transition has been studied extensively, and in recent
years several studies have focused on transition in the LPT. Volino [4]
provides a review of much of that work. Separation can be affected
through naturally occurring phenomena such as high free-stream
turbulence intensity (FS7/) or the unsteadiness caused by wakes
generated upstream of an airfoil. Further discussion of these effects is
available in Volino [5]. While high FS7I and wakes help to mitigate
separated flow problems, they clearly do not solve all problems, as
evidenced by the known efficiency drop in modern engines at altitude.
Howell et al. [6], for example, studied airfoils modified for higher lift,
noting that their highly loaded airfoils might be close to a limit, and
that even higher loading could cause unacceptable separation problems
even in the presence of wakes. Looking beyond free-stream
turbulence and wakes, other types of separation control could prove
useful. Gad-el-Hak [7] provides a recent review. Techniques include
boundary layer tripping, vortex generation, suction, and injection of
fluid normal to the wall to either increase the boundary layer
momentum or promote turbulence.

While the general literature is extensive, only a few studies have
considered separation control under LPT conditions. Some have
utilized passive techniques. Lake et al. [8] considered dimples and
boundary layer trips. Van Treuren et al [9] considered vortex
generators. Volino [5] used rectangular bars to impose disturbances in
a boundary layer and move transition upstream. Passive flow control
is appealing for its simplicity and the relative ease with which it might
be implemented in gas turbine environments. It has its limitations,
however. Volino [5] found that passive devices can successfully
control separation even at the lowest Reynolds number of interest, but
that these devices caused substantial increases in losses at higher Re.
This is an important limitation for aircraft engines, where the Re range
between takeoff and cruise is large. An active device could be turned
off at high Re. Static passive devices are also unable to take advantage
of the unsteadiness caused by wake passing. An active device might
be timed to turn on and off in response to wake passing events.
Unsteady devices might also take advantage of the calmed region
following a transient turbulent event.

The literature contains several examples of active separation
control. Lee et al. [10] used blowing in supersonic engine inlets to
prevent or control separation. Sturm et al. [11] reported on blowing in
a compressor cascade. Johnston and Nishi [12] used vortex-generator-
jets (VGIs) to control separation in turbulent boundary layers. This
method utilizes blowing from “small, skewed, and pitched holes” to
create streamwise vortices similar to those created by solid vortex
generators. Any jet injected into a flow will tend to produce some
turbulence, and the turbulent mixing will tend to bring some high
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momentum fluid into the near wall region and inhibit separation.
Streamwise vortices bring additional high momentum fluid into the
near wall region. The most effective VGJs enter the boundary layer at
a relatively shallow pitch angle (typically 30 to 45 degrees) relative to
the wall and a high skew angle (45 to 90 degrees) relative to the main
flow. Compton and Johnston [13] showed that the co-rotating vortices
produced by VGIJs are stronger and more effective for separation
control than the counter-rotating vortices which form downstream of a
normal jet. McManus et al. [14] and Raghunathan et al. [15] used
pulsed VGJs. Sinha and Pal [16] used acoustic excitation to perturb an
unsteady separating flow. Jacobson and Reynolds [17] used
piezoelectrically driven cantilevers to influence the near wall
turbulence structure on a flat plate. They noted that the devices could
be used in separation control. Miau et al. [18] used an oscillating
fence to promote reattachment downstream of a backward facing step.
Sinha et al. [19] used a driven flexible wall transducer to detect
pressure fluctuations and then produce near wall vortices upstream of
separation. Whitehead et al. [20] used a film transducer to produce
airfoil vibrations and reduce separation at high angles of attack.
Oscillatory blowing has been used in several studies to control
separation on airfoils. Amitay and Glezer [21] provide one recent
example. Oscillatory jets are often referred to as “synthetic jets” since
they have no net mass flow. They are typically directed normal to a
surface, meaning that they probably do not produce such strong
streamwise vortices as VGJs.

Only a few active control studies have been conducted under LPT
conditions. Huang et al. [22] and Hultgren and Ashpis [23] employed
high voltage electrodes to produce glow discharge plasma in a
boundary layer to control separation. Bons et al. [24, 25] used steady
and pulsed VGJs to successfully control separation on LPT airfoils.
They used the “Pak-B” airfoil, which is an industry supplied research
airfoil that is prone to separation problems at low Re. It has been used
in numerous studies, as noted by Volino [4]. Bons et al. [24] used
spanwise rows of VGJs at several streamwise locations on the suction
surface of the airfoil, and found that a row near the suction surface
velocity maximum (pressure minimum) was most effective. The VGJ
holes were oriented at 30 degrees to the surface and 90 degrees to the
main flow. All holes were oriented in the same direction, to produce
co-rotating vortices. Reynolds numbers as low as 60,000 (based on
suction surface length and exit velocity) were considered. Bons et al.
[25] found that both steady and pulsed jets were effective in
controlling separation. The pulsed jets were fully effective even when
the dimensionless pulsing frequency, ', was as low as 0.1, where F
is a ratio of the transit time for flow between the VGJ hole and the
trailing edge to the time interval between pulses. Ensemble averaged
velocity profiles showed a long relaxation or “calmed” period
following each jet pulse. During this calm period the boundary layer
remained attached long after the turbulence generated by the pulse had
moved downstream. Calmed regions have been observed following
turbulent spots in transitional boundary layers (e.g. Gostelow et al.
[26] and Schulte and Hodson [27]). The mean velocity profiles in the
calmed region gradually relax from the turbulent shape associated with
the turbulent spot they follow, to a laminar (and in some cases
separated) profile shape. The calmed boundary layer is very resistant
to separation, much like a turbulent boundary layer, but it is very
laminar-like in terms of its fluctuation levels and low losses. The
pulsed jets were more effective than continuous jets, even when the
pulsed jet duty cycle was as low as 1%. This was believed to indicate
that the starting vortex formed at the beginning of each jet pulse was
responsible for most of the flow control in the pulsed jet cases.

Synthetic jets hold an advantage over continuous or pulsed jets in
that they require no net mass flow. In the LPT environment, this
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means that no compressor bleed air is required. Use of bleed air for
flow control or cooling comes at a cost in efficiency, although the
small amount of air required for the pulsed jets of Bons et al. [25]
might not be prohibitive if bleed air were already routed to the airfoils
for cooling. Synthetic jets would not be useful for a cooled airfoil
since ingestion of hot gas into the airfoil would be harmful. For
uncooled LPT airfoils, however, the airfoil temperature will match the
main flow temperature, and ingestion of hot gas should be acceptable.
Routing of bleed air to uncooled airfoils for flow control may present a
prohibitive addition of complexity and weight. With synthetic jets this
problem could be avoided. In the present study, the oscillating flow of
synthetic jets and the compound angle injection of vortex generator
jets are combined to produce synthetic VGJs. This is believed to be
the first application of synthetic VGJs. They are used to control the
flow over a Pak-B airfoil. A survey of the literature indicates that the
jet locations and angles chosen by Bons et al. [25] were likely optimal,
so their geometry has been copied in the present study.

There are many parameters which could be varied in a synthetic jet
study, including Reynolds number, FST/, jet geometry, jet location, jet
velocity, jet oscillation frequency, and jet waveform, to name a few.
These are all potentially important parameters and should eventually
be studied. The scope of the present study is more focused. A single
experimental case is completely documented with detailed
measurements including time resolved mean and fluctuating velocity
and turbulent shear stress throughout the flow field. The goals of the
study are to build an understanding of the physics of how synthetic
VGJs control separation and to generate questions for future
parametric studies which may lead to optimized flow control for a
broad range of flow conditions.

Volino [4, 28] studied unmodified flow over the Pak-B airfoil at
Reynolds numbers ranging from 25,000 to 300,000 under both high
and low FSTI. In nearly all cases the boundary layer separated from
the suction side of the airfoil. At all but the lowest Reynolds numbers
it reattached before the trailing edge. The most severely separated
case was the low FSTI, Re=25,000 case. This case has, therefore, been
chosen as the test case for the present application of synthetic VGJs.
The unmodified case from Volino [4] is used as a baseline case for
comparison to the new results. Also used for comparison is a case
from Volino [5] in which a passive bar was employed to force
reattachment. The bar was located at s/L=0.51, extending along the
airfoil span. Its streamwise width was 6.35 mm and its height was 1.6
mm. The suction surface length was 228.6 mm. Bars of various
heights were tested. The 1.6 mm bar was the smallest bar to cause
reattachment at Re=25,000. Volino [5] found that the most effective
bars in terms of minimizing losses were not large enough to
immediately trip the boundary layer to turbulent. Rather, they induced
small disturbances with grew and caused transition and reattachment
downstream of a small separation bubble.

EXPERIMENTS

Experiments were conducted in a low speed wind tunnel, described
by Volino et al. [29]. Briefly, air enters through blowers and passes
through a honeycomb, a series of screens, two settling chambers, and a
three-dimensional contraction before entering the test section. At the
exit of the contraction, the mean velocity is uniform to within 1%.
The FSTI is 0.5%%0.05%. Nearly all of this free-stream “turbulence”
is actually streamwise unsteadiness at frequencies below 20 Hz and is
not associated with turbulent eddies. The rms intensities of the three
components of the unsteadiness are 0.7%, 0.2% and 0.2% in the
streamwise, pitchwise and spanwise directions, respectively. The test
section immediately follows the contraction.
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The test section, shown in Fig. 1, consists of the passage between
two airfoils. Details are listed in Table 1, and more information is
available in Volino [4]. A large span-to-chord ratio of 4.3 was chosen
to insure two-dimensional flow at the spanwise centerline of the
airfoils, where all measurements were made. Upstream of each airfoil
are flaps, which control the amount of bleed air allowed to escape
from the passage. The flaps, along with a tailboard on the pressure
side of the passage, are adjusted to produce the correct leading edge
flow and pressure gradient along the airfoils. The flow in the passage
matches that in a multi-blade cascade.  The single passage
configuration allows for a large scale passage and better probe access
than possible with a multi-blade cascade in the same size wind tunnel.
The wake downstream of the passage is not representative of a multi-
blade facility, however, since there is flow only on one side of each
airfoil. Downstream effects that could influence the upstream flow in
the passage are also potentially missed. Experimental conditions
match those of the low FSTI, Re=25,000 baseline case of Volino [4]
and the passive bar case of Volino [5].

The synthetic VGJs were produced from a cavity within the suction
side airfoil. The airfoils are machined from high density foam, which
has a consistency much like hard wood. The surface of each airfoil
was sanded smooth, painted, and sanded again to provide a smooth
surface. A 1.27 cm diameter hole was drilled through the airfoil span
at about mid-chord, as shown in Fig. 2, to form a plenum. One end of
the plenum is plugged, and the narrow end of a funnel is inserted in the
other. A 20.3 cm diameter loudspeaker (100W subwoofer) is attached
at the wide end of the funnel. The funnel is sealed to the speaker and
to the airfoil with silicone RTV to prevent air leakage. The speaker is
driven with a 200W audio amplifier, which is in turn powered with a
12V DC power supply and driven by a function generator. For the
present study the function generator was set to output a sine wave.
The amplitude of the signal from the function generator and the gain
of the amplifier were adjusted to provide the desired input voltage to
the speaker. Holes for the VGJs were drilled into the suction surface
in a spanwise line at s/L;=0.514. The holes are 0.8 mm in diameter
(0.35% of L) and are spaced 8.5 mm apart (3.7% of L;). The holes are
drilled at a 90 degree skew angle with respect to the main flow and a
30 degree pitch with respect to the surface, as shown in Fig. 2. Each
hole extends from the suction surface into the cavity in the core of the
airfoil. The length to diameter ratio of the holes is 7.5.

Measurements

Pressure surveys were made using a pressure transducer (0-870 Pa
range Validyne transducer) and a Scanivalve. Stagnation pressure was
measured with a pitot tube upstream of the passage inlet, and eleven
pressure taps were located on each airfoil along their spanwise
centerlines. Locations of the taps on the suction side are listed in
Table 2 along with measured local FST/ components and the
acceleration parameter, K, at these stations based on a non-separating,
inviscid solution. The uncertainty in the suction side pressure
coefficients was 7%. Most of this uncertainty was due to bias error.
Stochastic error was minimized by averaging pressure transducer
readings over a 10 second period.

Velocity profiles on the suction surface were measured at
streamwise stations corresponding to pressure taps 7-11, as given in
Table 2, and at four additional stations, labeled 7.5, 8.5, 9.5 and 10.5,
centered between the pressure taps. All stations are downstream of the
VGJ holes. Stations 7, 8, 9, 10 and 11 correspond to stations
documented in the baseline case in Volino [4, 28]. Profiles at Stations
1-6 are fully documented for the baseline case in Volino [4, 28], and
show that the upstream boundary layer closely follows a laminar
solution. Profiles were measured near but not at the spanwise
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centerline of the airfoil to insure that the pressure taps did not interfere
with the velocity measurements. Profiles were acquired with a hot-
wire anemometer (AA Lab Systems model AN-1003) and a single
sensor boundary layer probe (TSI model 1218-T1.5). The sensor
diameter is 3.8 pum, and the active length is 1.27 mm. At each
measurement location, data were acquired for 26 seconds at a 20 kHz
sampling rate (2" samples). All raw data were saved. The high
sampling rate provides an essentially continuous signal, and the long
sampling time results in low uncertainty in both statistical and spectral
quantities. Data were acquired at 60 wall normal locations in each
profile, extending from the wall to the free-stream, with most points
concentrated in the near wall region. The closest point was within 0.1
mm of the wall, which corresponds to y/L=0.0004 and about 0.015
boundary layer thicknesses. Flow direction in a separation bubble
cannot be determined with a single-sensor hot-wire, but velocity
magnitude can be measured and was found to be essentially zero
within the bubbles of the present cases. Determining the direction was
not, therefore, considered essential. Uncertainty in the mean velocity
is 3-5% except in the very near wall region, where near-wall
corrections (Wills [30]) were applied to the mean velocity.
Uncertainties in the momentum and displacement thicknesses
computed from the mean profiles are 10%. Uncertainty in the shape
factor, H, is 8%. Local skin friction coefficients were computed from
the near wall mean velocity profiles using the technique of Volino and
Simon [31]. This technique accounts for streamwise pressure gradient
effects on the mean profile. The uncertainty in C; is 8%. The
uncertainty in the fluctuating streamwise velocity is below 10%. As
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Table 1: Test section parameters

Axial | True | Pitch | Span | Suction | Inlet | Exit
Chord | Chord side, Ly | flow | flow
[mm] | [mm] | [mm] | [mm] [mm] | angle | angle
153.6 | 170.4 | 136.0 | 6604 | 228.6 35° 60°

Table 2: Measurement station locations, local acceleration
(inviscid soln.), and measured local free-stream turbulence

Station | /L, | Kx10° | @ /U [%] | V/Ud. [%]
1 0.111 | 6.32 0.44
2 0.194 | 4.80 0.39
3 0.278 | 3.44 0.37
4 0.361 | 3.00 0.38
5 0.444 | 2.48 0.39
6 0.528 | -0.08 0.41
7 0.611 | -3.24 0.47 0.05
8 0.694 | -3.80 0.47 0.12
9 0.777 | -2.32 0.48 0.14
10 0.861 | -2.12 0.54 0.11
11 0.944 | -0.72 0.51 0.11

explained in Volino [4] based on the work of Ligrani and Bradshaw
[32], spatial averaging effects due to the finite length of the hot-wire
sensor should not be significant in the present case.

Profiles were also acquired using a cross-sensor boundary layer
probe (TSI 1243-20). The sensors are 51 wm diameter hot films with
1.02 mm active lengths. The probe is used to document the
instantaneous turbulent shear stress, —u"v'. Profiles were acquired at
the same stations as with the single-sensor probe. Data were acquired
at 25 locations in each profile, extending from 1 mm from the wall to
the free-stream. Sampling rates and times were the same as for the
single-sensor profiles. The vortices induced by the oscillating jets
cause significant secondary velocity, particularly at the streamwise
stations immediately downstream of the jet holes. The magnitude of
these secondary velocity components remains below 20% of the local
streamwise velocity, however, so they should not cause significant
error in the hot-wire measurements. The uncertainty in —uV" is 10%.

The VGJ velocities were measured using a hot-film probe (TSI
model 1210-10A) with a 0.25 mm active sensor length. The sensor
was placed directly over the exit of the jet hole. During outflow from
the hole, the jet was expected to blow directly across the sensor,
providing an accurate measure of the jet velocity. Uncertainty in the
velocity is 5% and results mainly from uncertainty in the position of
the sensor, which could lead to a slightly lower velocity reading than
the velocity at the jet exit plane. During inflow of the oscillating jet,
the flow is expected to behave more like a sink flow than a jet. The
measured velocity does not, therefore, provide an accurate indicator of
the velocity inside the hole during inflow. The jet velocity was
calibrated against the rms input voltage to the speaker with the main
flow in the wind tunnel turned off, and the calibration was used to set
the jet velocity in later experiments. The jet velocity is fixed by the
frequency and amplitude of the displacement of the speaker
diaphragm, which causes a pressurization of the cavity relative to the
pressure at the jet exits. The dynamic pressure of the flow through the
test section is about 2.4 Pa at the jet location. Since the test section
exits to atmosphere, the dynamic pressure results in an average
pressure of 2.4 Pa vacuum in the cavity, and a 2.4 Pa pressure
difference across the speaker diaphragm. This pressure is much
smaller than the pressure experienced by the speaker when driving the
jets, and is not expected to influence its motion. If the amplitude of
the diaphragm motion is unchanged by the presence of flow in the test
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section, the jets should drive approximately the same mass flow
through the holes with the wind tunnel on or off. The jet velocity at
the exit plane will presumably be affected by the mean flow, however.

The measured maximum jet exit velocity was 9.4 m/s for most of
the cases presented below. Given the sensor length and the diameter
of the holes, the measured velocity is an average over the middle 30%
of the jet. The Reynolds number based on this velocity and the jet
diameter is 500. At this Reynolds number, approximately 30
diameters would be needed to establish fully developed laminar flow
inside the jet holes. Since the length to diameter ratio in only 7.5 and
the jets are unsteady, the jet velocity is not expected to have a fully
developed parabolic laminar profile, but rather a more flat profile.
Given the averaging due to the sensor size and the expectation of a flat
profile, the instantaneous mean velocity of the jet is assumed to
approximately equal the measured velocity. Ideally this assumption
would be checked with a survey of velocity across the jet exit plane,
but the very small jet diameter precludes an accurate survey. The
uncertainty in instantaneous mean velocity is, therefore, higher than
the 5% uncertainty in the measured velocity. The uncertainty is
estimated to be between 10 and 20%.

Data Processing

In addition to conventional time averaging, the velocity data were
ensemble averaged relative to the time within each jet oscillation
cycle. For this purpose, the speaker input voltage was digitized
simultaneously along with the instantaneous velocity data. Data were
ensemble averaged at 24 instances within the cycle. At each instance,
data were averaged over 1/180™ of the cycle. For each 26 second data
trace, this results in roughly 3000 data points to average for each
ensemble. With this many data points to average over a 26 second
time record, the ensemble averaged results are well resolved and have
uncertainties as low as those given above for the time averaged results.
The start of the cycle was arbitrarily chosen as the instant when the
speaker input voltage crossed from negative to positive. As will be
shown below, this roughly corresponds to the beginning of the jets’
outward pulse.

RESULTS

Jet Velocity

Figure 3 shows a typical time trace of the measured jet velocity and
the speaker input voltage. The frequency of the input signal was set to
a nominal value of 10 Hz (actual value was 10.5 Hz). The maximum
and average velocities in each outward pulse were 9.4 m/s and 5.9 m/s
respectively. The jet velocity can be expressed as a blowing ratio, B,
defined as

B:pjethet /Pl

where pj,,=p.. since the jet fluid comes from the boundary layer, and
U.. (=2 m/s) is the local free-stream velocity at the jet location. For
the present cases B,,,=4.7 during each cycle and B,,=3.0 during the
outward pulse. The mass flux of the jets can be compared to the
velocity deficit in the boundary layer as

M=[jelVjes (RDjoi"/4)S/[pUb ]

where §=0.118 holes/mm is the number of holes per unit span. The
displacement thickness, 5 (=1.08 mm) is the baseline case value at the
jet location. This gives M,,,,=0.258 and M,,,=0.162. This could be
interpreted to mean that 16% of the boundary layer in terms of
displacement thickness is sucked off during the inflow half of each jet
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Fig. 3 Time trace of jet velocity and speaker input voltage,
F*=0.65

cycle, and then re-injected into the boundary layer during the outward
pulse.

The momentum coefficient, c,, is defined as the ratio of the jet
momentum to the free-stream dynamic pressure. Using the definition
of Bons et al. [25],

cu=[PjetViei (WD;el/4)S]/[p U Chord]

where the axial chord is 153.6 mm. The maximum value of ¢, in each
cycle is 0.0085. The average value of ijz for the outpulse is 44 m?/s”.
This gives an average ¢,=0.0042.

Figure 3 shows that the speaker input voltage and the jet velocity
are slightly out of phase. The jets lag the input voltage by about
0.006 s, which is a dimensionless lag A#/T of 0.063, where T is the jet
oscillation period of 0.095 s. The lag is expected, as the jets respond
dynamically to the pressurizing of the cavity in the airfoil by the
speaker, and there is no reason to expect the speaker voltage and the
jet velocity to be exactly in phase. The finite distance from the
speaker to the jet holes (of the order 0.5 m) and the finite speed of
sound (340 m/s) will also lead to a time lag of the order 1 ms. The
time lag increases with distance from the speaker along the airfoil
span. At high jet frequencies, the time lag causes the jets along the
span to be significantly out of phase with each other. Measurements,
however, show that the jet amplitude along the span is uniform,
regardless of the frequency. Variation in phase along the span could
lead to difficulty in practice if attempts were made to time the jet
pulsing to other cyclic events such as wake passing. It is not an issue
in the present study. At the relatively low frequency of 10 Hz, the
phase lag was not significant, and the jets were uniform in both phase
and amplitude along the span.

Pressure Profiles

Pressure profiles were acquired for several jet amplitudes and jet
frequencies. The general finding was that the jets were effective over
a broad frequency range, so long as the amplitude was sufficiently
high. Figure 4 shows Cp profiles for a range of jet amplitudes, with
the jet frequency set to 10.5 Hz (F'=0.65). In all cases there is good
agreement between the data and an inviscid solution for the Pak-B
airfoil on the pressure side and the upstream portion of the suction
side. In the adverse pressure gradient region on the suction side,
differences are clear. Without the jets the boundary layer separates
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and does not reattach, as indicated by the region of constant Cp values.
With B,,,,=1.9 the boundary layer still does not reattach, but there is
some sign that Cp is starting to drop at the last pressure tap. For the
cases with B,,,,=4.7 and above, the boundary layer does not appear to
separate. Significant case to case differences in Cp are present right at
the suction peak, but these are likely due to the injection of the jets at
this location and their effect on the flow over the adjacent pressure tap.
The differences diminish rapidly and are essentially gone by the next
downstream measurement station. Bons et al. [24] demonstrated
effective flow control with B,,,, as low as 0.4 in their study. The
significantly lower Re in the present study may explain the need for
stronger jets. Figure 5 shows Cp profiles for several different jet
frequencies with B,,,, held approximately constant at about 5. There
does not appear to be any clear separated region in any of the cases
with jets. The suction peak is higher in all the cases with jets than in
the baseline case. This is an expected result, suggesting that the lift
will be higher when the boundary layer is attached. The F'=0.65 case
appears to agree most closely with the inviscid solution. The broad
range of effective frequencies agrees with the results of Bons et al.
[25].

The objective of the present study is not to establish the optimal jet
conditions for the present case, but to investigate in detail a case in
which the jets provide effective flow control. The dimensionless
frequency F'=0.65 was chosen since it appeared to provide slightly
better results than the other cases in Fig. 5, and B,,,,=4.7 was chosen
since it was the lowest effective blowing ratio tested. Figure 6 shows
the Cp profile for the chosen case with jets along with the baseline
case and the passive bar case of Volino [5].

Velocity Profiles

Figure 7 shows mean velocity, %’ and turbulent shear stress profiles
for the present case, the baseline case, and the passive bar case. In the
baseline case, the mean profiles show the boundary layer is on the
verge of separating at Station 7, is clearly separated at Station 8, and
the separation bubble grows through Station 11. In the bar case, the
boundary layer separates from the bar. The separation bubble is
visible at Station 7, and it grows through Station 9. At Station 10, the
near wall velocities begin to rise, indicating the beginning of
reattachment, and the mean profile shows clear reattachment at Station
11. With the VGJs, the behavior is much different. There is no clear
separation bubble. The mean profile appears to have an attached,
laminar-like shape. The momentum deficit with the jets appears to be
significantly lower at Station 11 than in the case with the bars,
indicating lower losses with the jets.

The ¥ values in the baseline and bar cases are very low at Station
7, as expected since the boundary layer is still laminar. A peak
appears downstream in the shear layer over the separation bubble. In
the bar case, u’ begins to rise in the near wall region at Station 9,

signaling imminent reattachment. At Stations 10 and 11, % in the bar
case rises to the high values typical of a transitional boundary layer.
In the jet case, u is high at all stations. At the upstream locations it is
much higher than would be expected for a turbulent boundary layer.
As will be shown below, however, much of the contribution to u” is
from 10 Hz unsteadiness associated with the jets and is not turbulence.
The turbulent shear stress profiles show considerable momentum
transport in the jet case at all stations, which helps to explain how the

boundary layer remains attached. Unlike in a turbulent boundary
layer, the —u"V' peak is well away from the wall. In the baseline case
the shear layer does not transition to turbulent, and —u"V' remains

near zero. In the bar case —u’V' profiles were not acquired.
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Figure 8 shows shape factor and momentum thickness as computed
from the mean profiles of Fig. 7. The shape factor, H, provides a
measure of the state of the boundary layer with respect to separation
and transition. The shape factor in the baseline and bar cases rises
rapidly after separation, as & increases while @ remains nearly
constant. In the baseline case the boundary layer never reattaches. In
the bar case, transition and reattachment occur, causing & to fall and 6
to rise. The shape factor begins to drop toward a turbulent value of
about 1.6, but does not reach this value, indicating that the recovery
from the separation is not complete. In the jet case, the shape factor
remains at a laminar value of about 2. It never rises to a separated
flow value, nor does it drop to a turbulent value. The momentum
thickness provides a measure of the losses in a boundary layer. If the
boundary layer reattaches before the trailing edge, the suction side
boundary layer losses will be the dominant losses in an LPT passage
(Howell et al. [6]). In the baseline case the boundary layer does not
reattach, so although 6 remains low, high losses would be expected in
the wake downstream of the airfoils. For the bar and jet cases,
however, the boundary layer is attached at the trailing edge.
Momentum thickness is about 20% higher in the bar case, indicating
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that the jets are better able to control separation, while causing lower
losses.

Ensemble Averaged Velocity Profiles

The time averaged profiles of Fig. 7 indicate that the jets are
effective in controlling the boundary layer, but they do not explain the
mechanism by which the jets work. Figure 9 shows ensemble
averaged mean velocity profiles. Profiles are shown for nine
streamwise stations at 24 time increments within the jet oscillation
cycle. Figures 10 and 11 show the corresponding u” and —u'V
profiles. Examining the profiles at Station 7, the mean profile initially
appears to be laminar and attached, and both the #” and —u'V" values
are near zero, indicating again that the flow is laminar. Given the
phase lag shown in Fig. 3 between the speaker input and the jets, and
the finite convection time between the jet hole and Station 7, one
would expect that the disturbance created by the jet outpulse should
arrive at Station 7 at #/7=0.18. In fact, however, the disturbance is not
seen in the mean profile until #/7=0.333. In agreement, the %  and
—uV' values also rise above zero at #/7=0.333. This may suggest that
the rising jet velocity must reach a sufficiently high amplitude before it
can significantly affect the boundary layer. Comparing the observed
phase lag and the jet velocity of Fig. 3 suggests that the jet velocity
must be about 8 m/s, corresponding to an instantaneous B=4, for the
jets to be effective. Continuing forward in time at Station 7, the jets
cause a large disturbance in the mean profiles that continues until
t/T=0.667. The time #/7=0.667 corresponds very closely with the end
of the jet outpulse when the phase lag and convection time from the jet
holes to Station 7 are considered. The large local minima and maxima
in the mean velocity profiles indicate the jets are not merely adding
turbulence to the boundary layer, but are inducing some flow structure,
most likely streamwise vortices. These vortices likely cause spanwise
variation in the velocity, particularly at the stations nearest the jets. In
the present study, data were only acquired at one spanwise location.
Spanwise surveys should be considered in future work. The #" and
—uV profiles exhibit large peaks in the regions where the mean

velocity gradients are highest in Fig. 9. The -2V values have the
appropriate sign, corresponding to the sign of dU/ dy in the mean

profiles. It should be noted that the magnitude of %" is smaller in the
ensemble averaged profiles of Fig. 10 than in the time averaged
profiles of Fig. 7. This indicates that much of the contribution to u’
in Fig. 7 is due to 10 Hz oscillations and not to turbulence. After
t/T=0.667, the mean velocity profile resumes a laminar shape. There
is no tendency toward boundary layer separation. The boundary layer
did not separate in the baseline case at this station (Fig. 7), but the
mean profile in the baseline case did appear closer to separation than
in the present case.

Moving to the downstream stations, the leading edge of the
disturbance, as observed in the mean profiles and the &’ and —u'V
profiles moves to later values of #/7, as expected since the disturbance
takes some time to convect downstream. The leading edge of the
disturbance appears to move at about 90% of the local free-stream
velocity, which corresponds with the expected leading edge celerity of
a turbulent spot (e.g. Gostelow et al. [26], Schulte and Hodson [27]).
The trailing edge of the disturbance appears to move at about 45% of
the local free-stream velocity, agreeing with the expected trailing edge
celerity of a turbulent spot. Because the leading and trailing edge
celerities are different, the boundary layer is only disturbed by the jets
during approximately 30% of the cycle at Station 7, but is disturbed
during approximately 70% of the cycle at Station 11. The beginning
of the disturbance at each station is seen simultaneously in the mean
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profile and the #" and —uV profiles of Figs. 9-11. At the trailing
edge of the disturbance, return of the mean velocity profile to a smooth
shape corresponds closely with the return of —#'V' to near zero (see
for example the profiles at Station 8 at #/7=0.833 or Station 10.5 at
t/T=0.417). The u’ profiles, in contrast, take somewhat longer to
return to an undisturbed condition. At Station 11, for example, there is
at least a small near wall #” peak at all times, while the -’V values
are essentially zero between #/7=0.625 and 0.792.

The flow structure at the downstream stations appears to be less
distinct than at Stations 7 and 7.5. Inflection points are still present in
the mean profiles, but the local minima and maxima in the mean
profiles are less sharp. Still, the mean profile shapes and the multiple
peaks in the #” and —u'V" profiles, particularly those far from the wall
(see for example the Station 10 profiles of Figs. 10 and 11 between
t/T=0.75 and 0.958) are evidence that the flow structures induced by
the jets persist downstream.

After the disturbance caused by the jets passes, the boundary layer
eventually separates at locations between Stations 8 and 11. At
Station 8.5, for example, the trailing edge of the disturbance passes at
about #/7=0.9. By #/T=0.1 the near wall profile appears separated. The
separation appears to coincide with the return of &’ to near zero. The
separation appears to persist until about #/7=0.6, after the start of the
next disturbance event. The reattachment within the disturbance event
corresponds to the motion of high %’ and -V into the near wall
region at #7=0.667. The same sequence of events is visible at
downstream stations. At Station 10.5, for example, the trailing edge of
the disturbance has passed by #/7=0.4, but the boundary layer remains
attached until about #/7=0.75. Reattachment is visible at #/7=1, and a
near wall peak emerges at the same time in —u’v". It should be noted
that the separation bubble remains thin at all stations, and never begins
to approach the thickness observed in the baseline flow of Fig. 7.

The period between the passage of the disturbance and boundary
layer separation is believed to be a “calmed” region. Calmed regions
have been observed in previous studies to follow turbulent spots and
wake induced turbulent strips. The duration of the calmed region
increases at the downstream stations, since the trailing edge celerity of
the calmed region, shown in Fig. 9 to be about 0.3 the local free-
stream velocity (in agreement with previous studies of calmed
regions), is slower than the trailing edge celerity of the disturbed
region. Hence at Station 8.5 the calmed region extends for A#/T of
about 0.2, while at Station 10.5 it extends for A#/T of about 0.4. The
presence of the calmed region may help to limit the separation bubble
thickness.

Figure 12 shows the ensemble #  data in a different format.
Contours of near wall %’ at y=0.095 mm (3/L,=0.0004) are shown in a
time-space plot. The horizontal axis shows the dimensionless
streamwise location, and the vertical axis indicates the dimensionless
time within the cycle. Two complete cycles are shown to better
illustrate the periodicity of the event. The data in the bottom half of
the figure is shown again in the top half. In this format, it is clear that
the jet outpulse causes a high #’ event to appear at s/L=0.6 (Station 7)
and #/7=0.6. This event then proceeds downstream in a widening
wedge of turbulence. The lower and upper slopes of the wedge
indicate its leading and trailing edge celerities, respectively. Within
the wedge, a local u” peak is visible at s/L=0.7 (Station 8). This peak
indicates that the flow structure produced by the jets has penetrated
very near the wall. Slightly farther downstream at s/L=0.75 (Station
8.5) a local minimum is visible in the #" contours. This may indicate
that the flow structure induced by the jets has lifted off the wall
slightly. The mean profiles of Fig. 9, support this, showing lower near
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wall mean velocity gradients at Station 8.5, which indicates that high
speed fluid is not as effectively brought into the near wall region at
this station. Farther downstream in Fig. 12, the % level in the
turbulent wedge rises again as a fully turbulent boundary layer begins
to develop. Outside of the wedge the & level is very low, indicating
laminar flow.

Figure 13 shows ensemble averaged -’V contours at 1/L,=0.0128
in the format of Fig. 12. As in Fig. 12, the wedge of turbulence is
clear. Within the wedge momentum transport is high, but outside the
wedge the flow appears to be laminar.

Figure 14 shows a time-space plot of the local ensemble averaged
free-stream velocity. The free-stream velocity varies both spatially
and temporally. Spatially, the shape of the airfoil passage causes the
flow to decelerate. Temporally, when the jets cause a turbulent event
to moves down the surface, it causes the boundary layer to thicken and
accelerates the free-stream. During the laminar and calmed periods
the boundary layer is thinner and the free-stream velocity is lower.
Figure 15 shows the local Thwaites parameter, Ay, as computed from
the free-stream velocity data of Fig. 14. In a laminar boundary layer,
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separation is expected when Ay is less than —0.082. With the exception
of the turbulent strip, where the boundary layer is locally accelerated,
Ao is below —0.082 at most times and locations on the surface, and at
some times is below —2. Hence it is not a surprise that the boundary
layer tends to separate when not controlled by turbulence or a calmed
region.

Integral Parameters

Local displacement and momentum thickness values can be
computed from the ensemble mean velocity profiles of Fig. 9.
Momentum thickness is shown in Fig. 16. Both &" and 0 grow in the
streamwise direction and are about twice as large in the turbulent
region than in the laminar flow region. The slow growth of the
momentum thickness in the non-turbulent flow indicates that losses
should be low in this region, as might be expected based on the low %’
and iV values of Figs. 10-11. At s/L,=0.6 (Station 7) & and 6 in
the laminar flow are both roughly 67% of their values in the baseline
case of Volino [4]. The lower values in the present case may be due to
the suppression of the large separation bubble downstream, which
changes the local pressure gradient at Station 7. The suction during
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the inflow portion of the jet cycle could also be an explanation, but §°
and 6 are uniformly low in the laminar flow at Station 7. If the suction
were causing a thinner boundary layer, one would expect the effect to
be stronger during the time of strongest inflow into the jet holes.
Figure 17 shows the local shape factor H, computed from the 8" and 6
values. Within the turbulent region, the shape factor remains between
2 and 2.4, which is well above the expected value of 1.6 for a fully-
turbulent boundary layer subject to the strong adverse pressure
gradient of the present case. In the non-turbulent flow, H reaches
values as high as 3.4, which is consistent with the observed flow
separation.

Skin Friction Coefficient

It is clear from the mean profiles of Fig. 9 that the local wall shear
stress varies greatly during the jet oscillation cycle. At the upstream
stations at #/7=0.6, for example, the jets bring high speed fluid very
close to the wall, producing a very high mean velocity gradient at the
wall. At other times at all stations, the boundary layer appears very
laminar-like, indicating a relatively low wall shear stress. When the
boundary layer is separated the wall shear goes to zero. Figure 18
shows the local skin friction coefficients, C. The white regions
indicate where the flow is separated and the local skin friction is
essentially zero. At s/L=0.6 (Station 7) there is a laminar boundary
layer with C=0.005 between jet outward pulses. The corresponding
momentum thickness Reynolds is about 60. The skin friction drops in
the streamwise direction and the boundary layer separates at s/L=0.7
(Station 8). At #/7=0.6 and s/L=0.6, the skin friction is much higher,
following the jet outpulse. The momentum thickness Reynolds
number is as high as 180, and C; reaches values as high as 0.014.
Moving downstream along this turbulent region, C; rapidly drops to
0.001 at #/7=0.8 and s/L=0.75 (Station 8.5). The turbulence at this
time and position is also low (Fig. 10). As stated above, the vortices
produced by the jets appear to quickly bring high speed fluid near the
wall, resulting in high skin friction and turbulence, but by s/L=0.75
this effect may weaken, resulting in lower Cyand . Moving farther
downstream to #/7=1.1 and s/L=0.85, C; rises again to as high as
0.007. The corresponding Rey is about 200 at this time and location.
C~0.007 is about what one would expect for a fully turbulent
boundary layer with Re~200, based on the standard correlation
C=0.0256/Req* (Schlichting [33]).

Figure 18 clearly shows the calmed region described above. It is the
triangular shaped region centered at #/7=0.4 and s/L;=0.9 that in the
figure is bounded below by the strip of high C; and above by the
separated flow region. Comparing Figs. 12, 13, 16 and 18 shows that
the calmed region has low skin friction, low momentum thickness and
low turbulence. Losses should, therefore, be low for the calmed
region, as expected.

A comparison of the momentum thickness and skin friction in Figs.
16 and 18 is interesting. The wedge of high 0 overlaps both the upper
portion of the separated flow region and the strip of high C. As
shown in the profiles of Figs. 10 and 11, downstream of s/L=0.75
(Station 8.5), the turbulence and mixing induced by the jet outpulse
initially affects the outer part of the boundary layer and does not
immediately eliminate the separation bubble. Figure 16 shows that
this outer region mixing causes a rise in the momentum thickness. It is
only somewhat later and farther downstream that this mixing moves
into the near wall region, causing reattachment and high C,. Kaszeta et
al. [34] reported a similar result for flow over the Pak-B airfoil subject
to wake passing events. They observed a time lag between the wake
arrival and near wall transition.
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Kaszeta et al. [34] also observed a relation between the temporal
acceleration and deceleration of the flow associated with the wake
passing, and its relation to transition and the thickening and thinning
of the boundary layer. Similarly, a comparison of Figs. 15, 16 and 18
show the relation between the local acceleration, 6 and Cy. The region
of overlap between high 6 and separated flow corresponds to the
region of strong deceleration centered at s/L,=0.9 and #7=0.85. One
could argue that the deceleration inhibits reattachment in spite of the
mixing in the outer part of the boundary layer. At slightly later #/7, the
flow is accelerated. Under the combination of acceleration and higher
—uV' the boundary layer reattaches.

Open Questions

The first objective of the present study was to assess the
effectiveness of synthetic VGJs on separation control for an LPT
airfoil and provide some description of the mechanisms through which
the jets work. This has been addressed above. The second objective
was to use these results to generate questions for further consideration.
These are discussed below.

What is the effect of jet frequency on flow control? In the present
case, with F7=0.65, the airfoil boundary layer at any given time was
approximately half disturbed by the jets and half laminar or calmed.
The effects of one jet outpulse are present in the boundary layer at all
times. Separation occurred, but the separation bubble was small and
did not appear to result in any harmful effects. How thick a separation
bubble is tolerable? If F™ were increased, the duration of each event
would be reduced, but more events would be present in the boundary
layer at any given time. It is not clear what effect this would have. In
other studies with synthetic jets, some have found that F'* of the order
1, as in the present study, is most effective (e.g. Seifert and Pack [35]).
Others, such as Amitay and Glezer [21] report that under some
conditions jets with F of the order 10 are more effective. Lowering
the jet frequency might be beneficial. Losses appear to be generated
primarily in the flow disturbed by the jets, while the flow between
these events is laminar or calmed with low losses. Reducing F' could
presumably result in a smaller fraction of the airfoil covered by
disturbed flow at any time. At some point, however, if the jets are too
widely spaced, the flow will become uncontrolled at times and revert
to the large separation bubble of the baseline case. Based on the
trailing edge celerity of the disturbed flow, if F* were reduced below
0.45, there would be instances within the jet cycle when no
disturbances would be present in the boundary layer. If F* were
reduced below 0.3, there would be times when neither disturbed or
calmed flow would be present. In flow around a single airfoil, Seifert
and Pack [35] found that jets with F* between 0.5 and 1.5 were most
effective at all Re, but that with F'=0.25 the jets were ineffective.
Bons et al. [25], in contrast, found that their VGJ’s were effective at
F" as low as 0.1. They suggested that the more controlled nature of
the LPT flow, where adjacent airfoils provide covered turning, might
explain the lower effective F' in their study. It should be noted that
the Bons et al. [25] experiments were conducted at a Reynolds number
of 60,000, where separation effects are not as severe as in the present
case with Re=25,000.

What is the effect of jet amplitude on flow control? The pressure
profiles of Fig. 4 indicate that the jet amplitude must be sufficiently
high for the jets to be effective. It is expected that using a higher
amplitude than necessary will result in higher losses, but the extent to
which the losses would increase is not known. Volino [5] using
passive bars found that cases with a small separation bubble followed
by reattachment had lower losses than cases in which the boundary
layer was tripped to turbulent to prevent separation. Low amplitude
jets could potentially produce a similar effect.

Copyright © 2003 by ASME



What is the effect of jet waveform? In the present case the speaker
was driven with a sine wave input. A square wave with a short duty
cycle, as in the study of Bons et al. [25], might be better. By keeping
the duty cycle short, the amount of calmed flow relative to disturbed
flow could be increased. This might allow a reduction of losses
without a sacrifice of separation control.

What is the effect of jet inflow? The outward flow portion of each
jet cycle appears to dominate the flow control. It is possible, however,
that the inflow may help reduce the boundary layer thickness in the
undisturbed flow periods and help reduce separation effects. A direct
comparison of cases at the same Re using synthetic VGJs and pulsed
VGIJs could help answer this question.

What is the effect of jet geometry? The VGIJs are clearly effective.
Through the generation of streamwise vortices they appear to provide
more mixing than would be produced with normal jets that simply
produced turbulence. The relative magnitudes of the effects of
turbulence and streamwise vortices in enhancing mixing are uncertain.
Might the generation of turbulent spots with a normal jet be sufficient?
Which would result in lower losses?

What are the effect of Reynolds number and free-stream turbulence
level? The baseline cases of Volino [4] show that at higher Re and
higher F'STI the boundary layer is more likely to transition and reattach
even without flow control. The generation of calmed attached flow
between jet events could still prove beneficial at higher Re, however.
There would be a tradeoff between the losses generated by the jets
themselves and the reduction in losses the jets might provide by
reducing the separation bubble thickness and producing low-loss
calmed regions. It might be possible to control the flow at higher Re
with significantly lower blowing ratios than in the present case.
Natural transition in the undisturbed flow between jet events and its
interaction with calmed regions would be an added complication at
higher Re not seen in the present study. If the Re were sufficiently
high so that separation did not occur in the uncontrolled case, it is
unlikely that the jets would provide any benefit. Schulte and Hodson
[27] noted that the presence of calmed regions produced by unsteady
wake passing could not significantly lower the losses in an already
attached boundary layer.

CONCLUSIONS

1. Synthetic vortex generator jets proved effective for controlling
boundary layer separation on an LPT airfoil at very low Reynolds
numbers. The separation bubble was effectively eliminated, and losses
were lower than in a similar case with passive flow control.

2. The VGIs prevent separation by bringing high momentum fluid
into the near wall region and by promoting momentum transport
through turbulent mixing.

3. The disturbance produced by the VGJs behaves in many ways
like the disturbance associated with a turbulent spot or a wake induced
turbulent strip. The leading edge celerity of the disturbance is
approximately 0.9U.., and the trailing edge celerity is about 0.45U... A
calmed region with a trailing edge celerity of 0.3U. follows the
disturbance. The calmed region is resistant to separation.

4. The adverse pressure gradient in the present case was strong
enough so that the boundary layer did separated after the passage of
the calmed flow. The separation bubble remained thin, however. The
appearance of a disturbance did not immediately induce reattachment.
The disturbance appeared initially in the outer part of the boundary
layer. After some lag time the disturbance spread into the near wall
region and caused reattachment.

5. While much has been learned regarding the effectiveness and
physics of synthetic VGJs in LPT flows, many questions remain
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regarding their applicability under different flow conditions and their
optimal design. These questions have been discussed.
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ABSTRACT

A correlation for separated flow transition has been developed for
boundary layers subject to initial acceleration followed by an
unfavorable pressure gradient. The correlation is based on the
measured growth of small disturbances in the pre-transitional
boundary layer. These disturbances were identified and quantified
through spectral analysis of the wall normal component of velocity.
Cases typical of low pressure turbine airfoil conditions, with Reynolds
numbers (Re) ranging from 25,000 to 300,000 (based on suction
surface length and exit velocity) were considered at low (0.5%) and
high (8.7% inlet) freestream turbulence levels. In some cases, two-
dimensional rectangular bars were placed at the beginning of the
adverse pressure gradient region as passive flow control devices. The
dimensionless magnitude of the initial disturbance which begins to
grow at the suction peak depends on the freestream turbulence level
and the size of any bar applied to the surface. The growth rate
depends on the Reynolds number. When the pre-transitional
disturbances grow to a sufficient magnitude, transition begins. The
new correlation is based on the physics observed in the turbulence
spectra, but allows transition prediction using only the Reynolds
number, freestream turbulence level and bar height. The correlation
has been checked against experimental data from the literature, and
allows transition location prediction to within the uncertainty of the
experimental measurements. The correlation represents an
improvement over previous correlations which accounted for Reynolds
number or freestream turbulence effects, but not both.

NOMENCLATURE

Cp 2(PT - P)/ pUe2 , pressure coefficient
d bar height

FSTI freestream turbulence intensity, based on rms u', V', or
combined u' and V' , and normalized using U, [%]

K / UO% )(dU / ds) , acceleration parameter

Ly suction surface length

P pressure
upstream stagnation pressure
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U,Lg /v, exit Reynolds number

U, (s-s,)/ v, suction peak to transition Reynolds number
Us(s~s4)/ v, separation to transition Reynolds number
momentum thickness Reynolds number

streamwise coordinate, distance from leading edge
freestream velocity

local freestream velocity

f nominal exit freestream velocity, based on inviscid solution
mean streamwise velocity

streamwise fluctuating velocity

wall normal fluctuating velocity

time averaged turbulent shear stress

cross-stream coordinate, distance from wall
intermittency, fraction of time flow is turbulent
kinematic viscosity

density

momentum thickness

SR ST S

Subscripts
b baseline flow
m modified flow
P suction surface pressure minimum, velocity maximum
K separation location
t transition start location
INTRODUCTION

Boundary layer separation is a known problem on some modern
low-pressure turbine (LPT) airfoils, due to the strong adverse pressure
gradients created when designers impose higher loading in an effort to
improve efficiency and lower cost by reducing airfoil count in engines.
Separation bubbles, particularly those which fail to reattach, can result
in a significant loss of lift and a subsequent degradation of engine
efficiency (e.g. Hourmouziadis [1], Mayle [2], and Sharma et al. [3]).
The problem is particularly relevant in aircraft engines. Airfoils
optimized to produce maximum power under takeoff conditions may
still experience boundary layer separation at cruise conditions, due to
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the lower density and therefore lower Reynolds numbers at altitude. A
component efficiency drop of 2% may occur between takeoff and
cruise conditions in large commercial transport engines, and the
difference could be as large as 7% in smaller engines operating at
higher altitudes [4, 5]. Prediction and control of suction side
separation, without sacrifice of the benefits of higher loading, is
therefore, crucial for improved engine design.

Separation on airfoils is complicated by boundary layer transition.
Separated flow transition in the LPT has been the focus of several
recent studies. Volino [6] provides a review and describes as follows
the transition process on the suction side of a typical LPT airfoil. The
strong acceleration on the leading section of the airfoil keeps the
boundary layer thin and laminar, even in the presence of elevated
freestream turbulence. The favorable pressure gradient keeps the
boundary layer stable to small disturbances, but immediately
downstream of the suction peak, the boundary layer becomes unstable.
In most cases Volino [6] observed that the boundary layer separated
just downstream of the suction peak. Transition then occurred in the
shear layer over the separation bubble and caused the boundary layer
to reattach. The transition location moved upstream as the freestream
turbulence intensity (FSTI) or Reynolds number was increased. At the
highest FSTI and Re, transition occurred far enough upstream to
prevent separation. At the lowest Re, transition did not occur in the
shear layer and the boundary layer did not reattach.

Separated flow transition under low FSTI conditions appears to
occur through instabilities which lead to the growth of small
disturbances. Hence it is a natural transition, as opposed to a bypass
transition. The shear layer is subject to both global and convective
instability, so breakdowns due to Kelvin-Helmholtz (KH) or Tollmien-
Schichting (TS) type disturbances are possible. One or the other may
be dominant in particular cases. Hatman and Wang [7] and Lou and
Hourmouziadis [8] suspected KH type instabilities in their
experiments. Volino [9] documented turbulence spectra in pre-
transitional shear layers and found that the frequencies of the spectral
peaks closely matched the most unstable frequencies expected for TS
waves in the boundary layer just upstream of separation. Under high
FSTI conditions, Volino and Hultgren [5] found that the shear layer
spectra were more broad banded and did not exhibit the sharp peaks
observed in low FSTI cases. They concluded that transition was
through a bypass mode induced by the freestream disturbance. Under
favorable pressure gradients, transition under high FSTI can occur
even when stability analysis indicates that the boundary layer is stable
to small disturbances, clearly indicating a bypass mechanism. Recent
evidence, however, suggests that with adverse pressure gradients,
natural transition is important even with high FSTI. Hughes and
Walker [10] used wavelet analysis to document TS frequencies in an
adverse pressure gradient boundary layer. These TS waves were clear
even in the presence of passing wakes, which raised the FSTI to about
8%. Volino [9] noted that although his spectral peaks were more
broad banded with high FSTI, they were centered at the same
frequencies as the sharp peaks in otherwise similar low FSTI cases,
and could be observed to grow from initially very low magnitudes in
the pre-transition region.

Volino [11] provides further evidence of the importance of natural
transition in a study of passive flow control using rectangular bars on
the suction surface of an LPT airfoil. The bars were thin, ranging from
about 0.1 to 1 boundary layer thickness in height, and were placed at
the beginning of the adverse pressure gradient region. The thickest
bars tripped the boundary layer to turbulent and prevented separation.
Thinner bars appeared to have no immediate effect, and both the mean
velocity and rms turbulence quantities just downstream of the bars
were indistinguishable from those in baseline cases without bars.
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Farther downstream, however, transition and reattachment occurred
sooner in the cases with bars than in the unmodified flow, with
transition moving upstream as bar height increased. The bars appeared
to impart a small disturbance that was too small to detect at first, but
that grew until it eventually induced transition. This suggests a natural
transition mechanism. The same behavior was observed under both
low and high FSTI, indicating that although high FSTI does help to
promote transition, it is not purely a freestream induced bypass
transition.

Studies such as those noted above provide important clues about
separated flow transition, but the transition mechanism is still not fully
understood. The rate at which disturbances grow has not been
quantified or related in a direct way to the prediction of transition.
Existing correlations, such as those of Roberts [12], Davis et al. [13],
Mayle [2], and Hatman and Wang [7], provide reasonable estimates of
transition start location, but they do not always agree with each other
and are not always as accurate or robust as desired. Improved
computational models and correlations are desired, and incorporation
of the physics from recent observations may help.

The objective of the present study is to quantify the growth of
disturbances in separated boundary layers under a range of conditions
that are representative of LPT airfoil suction side flows, and to use this
information to develop a correlation for transition prediction. Data
from the studies of Volino [6, 9, 11] along with new experimental data
will be used. After a correlation is developed, it will be compared to
other data sets from the literature.

EXPERIMENTS

Experiments were conducted in a low speed wind tunnel, described
by Volino et al. [14]. Briefly, air enters through blowers and passes
through a honeycomb, a series of screens, two settling chambers, and a
three-dimensional contraction before entering the test section. At the
exit of the contraction, the mean velocity is uniform to within 1%.
The FSTI is 0.5%+0.05%. Nearly all of this freestream “turbulence”
is actually streamwise unsteadiness at frequencies below 20 Hz and is
not associated with turbulent eddies. The rms intensities of the three
components of the unsteadiness are 0.7%, 0.2% and 0.2% in the
streamwise, pitchwise and spanwise directions, respectively. For low
FSTI cases, the test section immediately follows the contraction. For
high FSTI, a passive grid is installed at the contraction exit followed
by a 1 m long rectangular settling chamber. At the inlet to the test
section (10 cm upstream of the plane containing the leading edges of
the airfoils) the high FSTI mean flow and turbulence are spatially
uniform to within 3% and 6% respectively (FSTI=8.7%+0.5%). The
freestream turbulence is nearly isotropic with rms intensities of 8.8%,
8.9% and 8.3% in the streamwise, pitchwise and spanwise directions.
The integral length scales of these components are 3 cm, 1.6 cm and
1.4 cm. The integral scales were computed from the power spectra of
each component.

The test section, shown in Fig. 1, consists of the passage between
two airfoils. Details are listed in Table 1 and more information is
available in Volino [6]. A large span to chord ratio of 4.3 was chosen
to insure two-dimensional flow at the spanwise centerline of the
airfoils, where all measurements were made. Upstream of each airfoil
are flaps, which control the amount of bleed air allowed to escape
from the passage. The flaps, along with a tailboard on the pressure
side of the passage, are adjusted to produce the correct leading edge
flow and pressure gradient along the airfoils. The flow in the passage
matches that in a multi-blade cascade. The geometry of the passage
corresponds to that of the Pak-B airfoil, which is an industry supplied
research airfoil that is representative of a modern LPT design. It has
been used in several studies, as noted in Volino [6].
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Fig. 1 Schematic of the test section

Data representing 40 experimental conditions are used. Baseline
data are from Volino [6, 9], who considered high and low FSTI cases
at five Reynolds numbers (Re=25,000, 50,000, 100,000, 200,000, and
300,000). Reynolds numbers are based on the exit velocity from the
passage and the suction surface length, L, The Reynolds number
range is representative of conditions from cruise to takeoff. The FSTI
levels in an engine may vary considerably, but the values in the
present work are believed to span the range of most interest. Data
from cases with passive-bar flow control are from Volino [11]. The
bars were of uniform rectangular cross section and extended along the
airfoil, as shown in Fig. 2. The trailing edge of the bar was located at
s/L=0.51, near the suction surface velocity peak. All bars were 6 mm
wide in the streamwise direction. Bar heights of 0.4 mm, 0.8 mm and
1.6 mm were used. The bar heights were all less than 1% of L;. They
compare to local boundary layer thickness at the bar location of about
3.8 mm, 2.7 mm, 2.0 mm, 1.4 mm and 1.2 mm in the baseline
Re=25,000 through 300,000 cases respectively. For each bar height,
all 10 cases of the baseline study were re-documented, for a total of 30
new experimental cases.

Measurements

Pressure surveys were made for each case using pressure taps
located along the spanwise centerline of each airfoil. Locations of the
taps on the suction side are listed in Table 2 along with measured local
FSTI components, and U,/U, and the ReK product at these stations
based on a non-separating, inviscid solution. The uncertainty in Cp is
7% at Re=25,000, and 4% in other cases. Further details of these
measurements and their uncertainties are available in Volino [6, 11].

Profiles of the streamwise velocity component in the suction side
boundary layer were measured for all cases at streamwise stations
corresponding to pressure taps 7-11, as given in Table 2. These
stations are in the adverse pressure gradient region. Profiles at
Stations 1-6 were fully documented for the baseline cases, and show
that the upstream boundary layer closely follows a laminar solution,
even in the high FSTI cases. Further details of these measurements are
available in Volino [6, 11].

The intermittency, y, is the fraction of time the flow is turbulent
within the transition region. It was determined at each measurement
location based on the instantaneous streamwise velocity signal, using
the technique described in Volino et al. [14]. Turbulent flow is
defined here to include a range of large and small scale eddies,
turbulence production, and dissipation. A boundary layer may be
characterized by significant u' fluctuations but still be non-turbulent if
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Fig. 2 Scale drawing of suction side airfoil showing
location of bar

Table 1: Test section parameters

Axial | True | Pitch | Span | Suction | Inlet | Exit U,
Chord | Chord side, Ly | flow | flow Uinlet
[mm] | [mm] | [mm] | [mm] [mm] | angle | angle

153.6 | 170.4 | 136.0 | 660.4 | 228.6 35° 60° 1.64

Table 2: Measurement stations locations, local acceleration
(inviscid soln.), and measured local freestream turbulence

Sta- | s/L Uy ReK | Low | Low | High | High
tion U, FSTI | FSTI | FSTI | FSTI
in- in-
Vilsncid viscid \/'47 \/Vj ‘/'47 \/V7
Us Us Us Us
[%] | [%] [%] | [%]
1 0.111 | 0.923 | 1.58 | 0.44 5.2
2 0.194 | 1.007 | 1.20 | 0.39 4.6
3 0.278 | 1.123 | 0.86 | 0.37 4.0
4 10361 ] 1.190 | 075 | 0.38 3.5
5 0.444 | 1.247 | 0.62 | 0.39 3.2
6 0.528 | 1.277 | -0.02 | 0.41 2.8
7 0.611 | 1.240 | -0.81 | 0.47 0.05 29 5.9
8 0.694 | 1.161 | -0.95 | 047 0.12 3.0 6.2
9 0.777 | 1.100 | -0.58 | 0.48 0.14 34 6.6
10 | 0.861 | 1.053 | -0.53 | 0.54 | 0.11 3.8 6.8
11 ]0.944 | 1.020 | -0.18 | 0.51 0.11 4.0 6.8

these fluctuations are induced by an external source that does not also
cause near wall turbulence production. Such is often the case under
high FSTI conditions. Freestream eddies buffet the boundary layer,
inducing non-turbulent boundary layer fluctuations but very little
momentum transport. Transition to turbulence is characterized not so
much by large increases in u' levels, which may remain essentially
constant, but by the appearance of higher frequencies. The higher
frequencies signal the generation of turbulence in the near wall region
and are used to distinguish between turbulent and non-turbulent flow.
The measurements of most significance for the present study are
profiles of the wall normal fluctuating velocity, v'. One objective of
the present study is to track the growth of small disturbances in the
pre-transitional flow. Volino [9] found that small disturbances at
particular frequencies can be masked by the broadband unsteadiness in
a non-turbulent boundary layer, particularly under high FSTI
conditions. The broadband unsteadiness tends to be much higher in
u' than in V', making disturbances in V' easier to detect. Wall
normal velocity was measured for the baseline cases by Volino [6].
New data were acquired in the present study for the passive bar cases.
A hot wire anemometer (AA Lab Systems model AN-1003) and a
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boundary layer cross-wire probe (TSI model 1243-T1.5) were used to
measure profiles of the wall normal velocity and turbulent shear stress
at Stations 7-11 for each case. Profiles were measured near but not at
the spanwise centerline of the airfoil to insure that the pressure taps
did not interfere with the velocity measurements. At each
measurement location, data were acquired for 26 seconds at a 20 kHz
sampling rate (2'° samples). All raw data were saved. The high
sampling rate provides an essentially continuous signal, which is
needed for intermittency and spectral post-processing. Data were
acquired at 25 locations in each profile, beginning 1 mm from the wall
and extending to the freestream. Just upstream of separation, y=1 mm
is equivalent to =10 when Re=25,000 and y =60 when Re=300,000.

Uncertainties in v'2 and the turbulent shear stress, —u'v', are 10%.

Power spectra of V' were computed for the data from all
measurement locations. Frequencies are resolved from 4.88 Hz to 10
kHz in 4.88 Hz increments using a 4096 point Fast Fourier Transform
to compute the spectra. As a check, the spectra were integrated with
respect to frequency and found to equal the corresponding time
averaged Reynolds stresses. The average uncertainties in the spectra
are 10%. Measurements with the cross-wire probe are subject to
spatial averaging errors due to the length of the sensors (1.27 mm
active length) and the spacing between the two sensors (1 mm).
Ligrani and Bradshaw [15] and Ligrani et al. [16] investigated spatial
averaging. Their results, when applied to the present cases, indicate
that spatial averaging should not result in significant error in average
quantities at locations farther from the wall than 1 mm. As explained
by Ligrani and Bradshaw [15], however, spatial averaging effects will
not be uniform across the frequency spectrum, and will be most severe
for the smallest scales (highest frequencies) in the flow. Applying the
spectral results of Ligrani and Bradshaw [15] to the present study,
errors due to spatial averaging will rise above 10% at frequencies
above 150, 300, 600, 1200 and 1800 Hz for the Re=25,000, 50,000,
100,000, 200,000, and 300,000 cases respectively. Below these
frequencies the errors should be under 10%. These frequencies are all
above the frequencies of the spectral peaks in the results presented
below, so the peaks should not be significantly attenuated.

RESULTS

Velocity and Pressure Profiles

Examples of the pressure and velocity profiles for the various cases
are shown in Figs. 3-6. Figure 3 shows pressure profiles for the low
FSTI, Re=50,000 cases. On the pressure side of the airfoil, the data
from all cases agree with the inviscid solution for flow through the
passage. This is expected since the boundary layer on most of the
pressure side is subject to a favorable pressure gradient, and is
attached. Agreement with the inviscid solution is also good on the
upstream portion of the suction side. In the baseline case, the data dips
below the inviscid solution at the suction peak (indicating a loss of
lift), and then exhibits a plateau of nearly constant value in the adverse
pressure gradient region. This plateau indicates that the boundary
layer is separated and does not reattach. The behavior is essentially
the same with the 0.4 mm thick bar, indicating that this bar is too small
to induce transition and reattachment before the trailing edge. With
the 0.8 mm thick bar there is still a large separation bubble, but the
pressure coefficient drops toward the inviscid solution at the last
measurement location. This indicates reattachment just before the
trailing edge. With the largest bar, there is still a separation, but the
reattachment moves farther upstream.

Figure 4 shows the velocity profiles for the cases presented in Fig.
3. The top row shows the mean velocity at Stations 7-11. At Station
7, the baseline, 0.4mm and 0.8 mm bar cases are virtually
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intermittency

indistinguishable, while the 1.6 mm bar case shows a separation
bubble. The rms streamwise velocity, u’, is very low at Station 7,
with the exception of a small peak in the shear layer for the 1.6 mm
bar case. The same is true for rms v'. The turbulent shear stress is
essentially zero for all cases. The intermittency is also near zero,
indicating laminar flow in all cases. At Station 8, the baseline and
smaller bar cases are still essentially indistinguishable. The boundary
layers have separated in these cases and there is a small peak in ' in
the shear layer, but V', the turbulent shear stress and the intermittency
all remain near zero. With the largest bar, the boundary layer has
undergone transition and reattached. At Station 9, a small disturbance
appears in the turbulence quantities of the 0.8 mm bar case, but the
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intermittency remains low. The baseline and 0.4 mm bar cases remain
indistinguishable, with a peak in u' in the shear layer, but V' and
—u'v' values near zero. By Station 10, the boundary layer is turbulent
in the 0.8 mm bar case, and has reattached. In the 0.4 mm bar case,
the intermittency is still zero, but ' has begun to rise in the near wall
region, and V' and —u'V' have risen as well. This indicates the
beginning of transition, and the boundary layer is turbulent and
reattached in the 0.4 mm bar case by Station 11. In the baseline case,
the shear layer does not transition or reattach before the trailing edge.

Several conclusions can be drawn from the information in Figs. 3
and 4. The reattachment locations observed in the mean velocity
profiles agree with the locations in the pressure profiles. The
beginning of reattachment coincides closely with the beginning of
transition (rise of y above zero). The rise in u' in the shear layer does
not indicate turbulence in the sense defined above, but only
streamwise unsteadiness. This is evidenced by the near zero values of
v and —u"V' corresponding to the u' peaks. High u' does not
necessarily imply significant momentum transport, and it is
momentum transport which characterizes turbulent mixing and
promotes reattachment of the boundary layer. The V' and —u'V'
values begin to rise simultaneously, signaling the beginning of
transition. None of the bars were large enough to immediately trip the
boundary layer to turbulent at this Reynolds number, and the smaller
bars appeared to have no immediate effect on the profiles. The smaller
bars must have imparted a small disturbance in the flow, however,
because the transition location moved upstream from its location in the
baseline case.

Figures 5 and 6 show pressure and velocity profiles for the high
FSTIL, Re=50,000 cases. The beginning of transition and reattachment
in each case are between one and two stations farther upstream than in
the corresponding low FSTI cases of Figs. 3 and 4. The u' peaks are
much higher than in the low FSTI cases, as is the freestream V' . The
near wall v/ and —u"V', however, remain low until transition starts, in
agreement with the low FSTI cases. As in the low FSTI cases, high
u' does not necessarily imply significant turbulent mixing. The effect
of the bars in the low and high FSTI cases is similar. The smaller bars
appear to have no immediate effect on the profiles, but they must
impart a small disturbance which grows and causes transition to move
upstream of its location in the baseline case. Hence, the high FSTI
does promote transition, but it is not a pure bypass induced only by the
freestream. Similar effects can be seen at other Reynolds numbers, as
documented in Volino [11].

Volino [11] correlated the reattachment location as a function of bar
height as

(5eSphul (55,5 = (1+0.23(d/6,)" )" (1)
where d is the bar height, 6, is the baseline flow momentum thickness
at the suction peak (which corresponds to the bar location), the
subscripts p and ¢ indicate suction peak and transition start, and the
subscripts b and m denote baseline and modified cases. Equation (1) is
based on a single study. More experiments with similar bars under
different flow conditions are needed to test its general applicability.

Turbulence Spectra

Although the small disturbances which eventually lead to transition
are difficult to detect in the velocity profiles of Figs. 4 and 6, they can
be seen in the turbulence spectra. The u', V' and —u'v' spectra have
been inspected, and disturbances are most consistently clear in the '

spectra.  Figure 7 shows the V' spectra for baseline low FSTI cases at
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Re of 50,000 and 200,000. Data at each station are from the y location
corresponding to the highest spectral peak. At Re=50,000, there are no
clear peaks in the spectra at Stations 7-9, indicating that any important
disturbances which may be present are as small as the very low
background unsteadiness in the flow. By Station 10, a clear peak
emerges, centered at about 80 Hz, along with some hints of a higher
harmonic. By Station 11 this peak has grown by over 2 orders of
magnitude. Note that although the peak grows by 4 orders of
magnitude between Stations 9 and 11, the absolute value is still very
low. The rms V' profile of Fig. 4 is still near zero for this case at
Station 11, and the shear layer remains laminar and separated. Hence,
the spectra provide a means of tracking small pre-transitional
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disturbances before they become apparent in the turbulence statistics.
Figure 7b shows similar behavior at Re=200,000. A peak centered at
about 600 Hz emerges at Station 9, more than three orders of
magnitude larger than the background unsteadiness. It is still too
small, however, to have a significant effect on the rms V' profile. A
significant rise in the ' profile does not occur until Station 10, after
transition has occurred. Transition is clearly visible in the spectra as a
rise in energy of several orders of magnitude at all frequencies. This is
a reminder that turbulence is broad banded, with a full range of scales,
in contrast to the more narrow band disturbances which lead to
transition. Similar results are found at all Reynolds numbers. The
frequency of the peak in each cases matches the most unstable
frequency for TS waves just before separation, as explained in Volino
[9] using an analysis from Walker [17].

Figure 8 shows the effect of the bars on the spectra at Station § of
the Re=50,000 cases. The bars result in peaks at the same frequency
as in the baseline case. The 0.4 mm and 0.8 mm thick bars cause a rise
in the peaks of two and four orders of magnitude respectively above
the baseline value. The absolute values of these peaks are still quite

NASA/CR—2012-217656

129

10"

Re=50,000, Low FSTI, Station 8
10 1
N —6
< 10 N
% )
3 %
N}, it:
o -8 E
10 " - - il
&
----- = baseline
= 0.4 mm bar
107+ 0.8 mm bar
1.6 mm bar
10‘12 | | |
10° 10" 107 10°

f[Hz]
Fig. 8 Low FSTI, Station 8, boundary layer spectra

small, however, in comparison to the turbulent values present in the
1.6 mm bar case.

Growth of Spectral Peaks

To quantify the growth of disturbances such as those shown in Figs.
7 and 8, the data from the y location corresponding to the largest
spectral peak at each station were selected, and the energy of the
spectral peak was computed by integrating each spectrum over
frequencies from 0.8 to 1.2 times the peak frequency of interest. So,
for example, at Re=100,000, the peak frequency was centered at about
273 Hz, so the spectra were integrated from 220 Hz to 327 Hz. These
energies were then normalized using the exit velocity from the
passage, U,, and plotted verses the dimensionless distance from the
suction peak (s-s,)/L;. The distance from the suction peak was chosen
because it is at the suction peak that the boundary layer becomes
unstable and disturbances should start to grow. Figure 9 shows the
resulting plot in log-linear coordinates for all of the low FSTI cases.
At first glance, Fig. 9 may appear to be just a random jumble of data
points, but on closer inspection, some patterns emerge. In each
experimental case, the data have an upward slope, showing the growth
of energy in the streamwise direction. The slopes appear to be greater
at the higher Reynolds numbers. At any given Re, the cases with
thicker bars have higher magnitude data, but the slopes appear to be
about the same. The data from individual cases do lie along perfectly
straight lines, and the trends noted above might not be noticed in an
examination of one case by itself. When all the data are examined
together, as in Fig. 9, the trends emerge. It should also be noted that
the goal is to extract enough quantitative information from the data to
develop a correlation for transition prediction. The exact steps in the
data processing (e.g. the frequency range chosen for integration of the
spectra) and the scatter of the data in intermediate steps, as apparent in
Fig. 9, are not critical.

Figure 10 shows the data from Fig. 9 for the low FSTI baseline
cases. There appears to be a background disturbance or “noise” level
with a dimensionless magnitude of about 105,  When the
disturbances of interest become large enough, they rise above the
noise. Comparison to the mean velocity profile data (e.g. Fig. 4)
indicates that when the disturbances reach a magnitude of about 1073,
transition begins. The lines in Fig. 10 are based on fits to all 40 data
sets. The slopes are assumed to depend on the Reynolds number as
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logof (energy in V' spectral peak)/UeZ]/[(s-sp)/LJ =0.504R” ()

When the data for the baseline cases are extrapolated back to (s-s,)=0,
they all appear to begin at a common origin with magnitude 1072
This magnitude is presumed to be proportional to the size of the initial
disturbances which begin to grow at the suction peak. Since all of the
experiments were done in the same facility, it is reasonable to believe
that the dimensionless initial disturbance may be the same in all cases.

Figure 11 shows the data from Fig. 9 for the low FSTI, Re=50,000
cases. The correlation lines all have the same slope, as given by Eq.
(2). The intercepts at (s-s,)=0 depend on the bar height as

[3.83-12.2) [1+0.23(0/6, )56 }-3.683

Low FSTI intercept = 10 3)
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Equation (3) utilizes the baseline origin and transition magnitude of
Fig. 10, and the form of Eq. (1), which relates the transition location in
cases with bars to the location in the corresponding baseline case.

Figure 12 shows the data for the high FSTI baseline cases in the
format of Fig. 10. The background disturbance or “noise” level is
higher than in the low FSTI cases. Since the range through which the
disturbances grow between the noise and transition is smaller than in
the low FSTI cases, it is doubtful that trends concerning the growth
rate could have been extracted from the high FSTI data alone. When
the slopes of Eq. (2) are applied to the high FSTI data, however, the fit
is not implausible; suggesting that the growth rate of the disturbances
depends mainly on the Reynolds number and not the FSTI. As in the
low FSTI cases, the correlation lines for the baseline cases appear to
extrapolate to a common origin, suggesting that the dimensionless
initial disturbance caused by the high FSTI is the same for all cases.
The high FSTI raises this initial disturbance level from 10">? in the
low FSTI cases to 10 for the high FSTI cases. Figure 13 shows data
for the high FSTI Re=25,000 cases. The slope of the correlation lines
is given by Eq. (2). The intercepts at (s-s,)=0 are based on the
baseline value of Fig. 12 and the form of Eq. (3) as

.56
High FSTI intercept = 1 0[3.83-8.9]/[1+0.23(d/9p)‘ 1-3.83

4)
The ratio of the intercept values for the high and low FSTI cases is
10%9/10'%?=1995. The intercept value is related to the size of the
initial disturbance in the boundary layer, which is believed to be
strongly influenced by the freestream turbulence, particularly the wall
normal component. The v' component of the FSTI at the suction peak
is estimated to be 0.1% and 4.5% for the low and high FSTI cases
respectively, based on the inlet FSTI and the acceleration of the flow
between the inlet and the suction peak. The ratio of the v' component
of the freestream turbulence energy between the high and low FSTI
cases, (4.5%/0.1%)’=2025, is roughly equivalent to the ratio of the
intercepts. The rough agreement may be fortuitous, but suggests the
following formula for the intercept as a function of bar thickness, V'
component FSTI, and boundary layer thickness at the suction peak.

[3.83-12.2+2+log; o (FSTI?)]/[1+0.23(¢/6, } 31-3.83

Intercept = 10 (5)
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Simplifying Eq. (5) and combining with Eq. (2), the magnitude of the
energy at any location is given as
Magnitude =

; 0[-6.37+log10(FST12)]/ [1+0.23(d/6, } 31-3.83+0.042(5=s )/ L;-Re

(6)

Transition Correlations
To find the transition start location, the magnitude in Eq. (6) is set to
10233 and solved for the transition location as

1.98(6.37 —log;o(FSTI?) . _1/3
756 Re
1+0.23(d/6,)"

(s¢—sp)/ Ly = 7

Utilizing U,/U,=1.277 from the inviscid Cp profile, Eq. (7) can be
expressed in terms of a Reynolds number as
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_ 2.53(6.37—1og g (FSTI?) | 2/

Re
1+0.23(d 16,0

pt (3)

where Re, is a Reynolds number based on the local freestream
velocity at the suction peak and the distance from the suction peak to
the start of transition. To potentially make Eq. (8) more generally
applicable, it can be expressed in terms of the local values at the
suction peak. For the present cases,

Reg, = 0.393 Re'”? ©)
This results in
B 2
Re,y = 8.80(6.37 —log ]0(57§6TI )Re; /3 10)
1+0.23(d/0,)" P

Although Egs. (7), (8), and (10) were developed based on the
turbulence spectra and a particular series of choices in processing the
spectral data, the final correlations are only dependent on Reynolds
number, FSTI and dimensionless bar height. It should, therefore, be
possible to predict transition location without knowledge of the
turbulence spectra.

Comparison of Correlations to Experimental Data

Figure 14 compares the transition locations of the present
experimental cases to Eq. (7). The error bars on the data indicate the
uncertainty in the transition start location resulting from the finite
spacing of the measurement stations. The agreement between the
correlations and the data is not surprising, given that the correlations
are based on these experimental data. Still, given the scatter apparent
in Figs. 9-13, the good agreement in nearly all cases is reassuring.

Data from the baseline cases is compared to the present correlation
and other correlations from the literature in Fig. 15. Mayle [2]
presents the following correlations for short and long separation
bubbles.

short bubble
long bubble

Re, = 300 Rep’”
Re,=1000 Rep’”

(11
(12)

where Rey, is a Reynolds number based on the freestream velocity at
separation and the distance from separation to transition start. The
correlation of Davis et al. [13] is

Reg, = 25000 log o[ coth(0.1732 FSTI)] (13)
The FSTI levels used with Eq. (13) for Fig. 15 are suction peak values
based on both u' and v' (0.3% and 3.74% for the low and high FSTI
cases). Hatman and Wang [7] identify several transition modes and
present correlations for each of them. Their laminar separation mode
transition correlation can be cast in terms of Re,, as

Rey, = 0.0816 Re, + 26805 (14)
where Re,=Ugsy/v. Separation occurred at approximately the same
location in all of the baseline cases of the present study, and

(5¢-5,)/L = 0.0833 (15)
U/U, = 0.971 (16)
Reg = 0.481 Re'”? (17)
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Using Egs. (15)-(17), Eqgs. (11)-(14) are cast in the coordinates of Eq.
(8) and shown in Fig. 15. The present correlations agree with the data
somewhat better than the other correlations, but all give reasonable
predictions. The Hatman and Wang [7] correlation is based on low
FSTI data, so it is not surprising that it only agrees with the low FSTI
data of the present study. The Mayle [2] correlations do not take the
FSTI into account explicitly. The long bubble correlation is intended
for separation bubbles which do not close and therefore alter the
pressure distribution along most of the airfoil surface. The short
bubble correlation is intended for cases in which the boundary layer
reattaches and the pressure distribution is only significantly altered in
the vicinity of the bubble. To the extent that separation bubbles tend
to be longer under low FSTI conditions, the Mayle [2] correlations can
capture FSTI effects indirectly in some cases. The respective
agreement of the long and short bubble correlations with the low and
high FSTI data of the present study, however, may be somewhat
fortuitous. The Davis et al. [13] correlation includes the effect of
FSTIL but does not directly include the effect of Reynolds number.
The present correlation appears to be the only one to explicitly include
both effects.
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Comparison to Data from Literature

The present correlation is based on the data of the present study. To
better test it, data are used from other studies in the literature. The
cases chosen for comparison all included flow over flat plates subject
to a favorable pressure gradient followed by an adverse pressure
gradient, with separation occurring shortly downstream of the suction
peak. Cases which did not include these features did not have a single
streamwise position which could be identified as the location where
small disturbances would begin to grow, or they included elements of
attached flow transition which the present correlation was not intended
to predict. This limiting to a particular class of flows is not unduly
restrictive on the utility of the present correlation, as it includes the
flows of most interest for LPT boundary layers. Cases were selected
in which FSTI, Reg, Regy, Rey, and Re,, were either presented or could
be extracted from the available data. The studies include those of Lou
and Hourmouziadis [8], who include data for four steady flow cases;
18 cases from Yaras [18]; three cases designated TL10, C and D from
Howell [19]; and six cases from Volino and Hultgren [5], who
considered a flat plate flow subject to the same pressure gradient as the
cases of the present study. The results from these studies and
comparisons to correlations are presented in Figs. 16-19. Equations
(10)-(14) are used for the predictions.

The FSTI levels used in the comparisons were measured or
extrapolated to values at the suction peak. Extrapolations were done,
when necessary, using measured upstream FSTI values and the
measured U, distributions. The present correlation was developed
using FSTI levels based on V', but in many studies, only the u'
component is measured. As shown in Table 2, the u' and V'
components can be different. In the absence of a turbulence
generating grid, the V' component tends to be lower than the u'
unsteadiness. For the cases of the present study and of Volino and
Hultgren [5], results are presented based on an overall FSTI which
includes the measured #' and V' components, and based on an FSTI
which includes only the V' component. For the Yaras [18], Lou and
Hourmouziadis [8], and Howell [19] cases, only u' FSTI are
available. Results are presented based on these u' FSTI, and also
using assumed levels of v/ FSTI. For the low FSTI cases of Refs. [8],
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[18], and [19], V' FSTI of 0.1% was assumed. This assumption
presumes similar behavior to the present study, in which streamwise
unsteadiness results in rms u’ of about 0.5% in the freestream, while
v' is significantly lower at 0.1%. For the higher FSTI cases of Yaras
[18], the freestream turbulence was assumed isotropic, so the u'and
V' FSTI were assumed equal. It should be noted that results based on
assumed V' levels for Refs. [8], [18], and [19] are presented only to
demonstrate the potential differences that may exist between u' and
V' based results, and to show the possibility of better prediction if
results are based on V' FSTIL. Results based on assumed v FSTI are
not used for assessment of correlations. Evaluation of the accuracy of
correlations should be based on comparison to the u' FSTI results for
Refs. [8], [18], and [19], since the u’ FSTI were actually measured.

Figure 16 compares the data from all cases to the present
correlation, Eq. (10). The open symbols in Figs. 16-19 represent cases
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with low FSTI (no turbulence grid), and the solid symbols are for
higher FSTI cases. Agreement between the data and present
correlation is good in all cases, and extends to Reynolds numbers over
twice those of the present study. The agreement is better when the
FSTI is based on v'. In terms of predicting the transition start
location, the agreement between the correlation and data is generally
within the experimental uncertainty resulting from the finite
streamwise measurement station spacing.

Figure 17 compares the data from all cases to the long and short
bubble correlations of Mayle [2] (Eq. 11-12). The trend of the data
and correlations with Reynolds number agree, and the two correlation
lines tend to bracket the data. If the long and short bubble correlations
are used for the low and high FSTI cases, respectively, they are able to
predict the transition start location about as accurately as the present
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correlation in many cases. There are, however, cases in which the data
fall midway between the long and short bubble correlations.

Figure 18 compares the data to the Davis et al. [13] correlation (Eq.
13). The correlation under predicts the distance from separation to
transition in most cases. It tends to do best at the higher Reynolds
numbers, and misses the Reynolds number dependence shown in Figs.
16 and 17.

Figure 19 compares the data to the Hatman and Wang [7]
correlation (Eq. 14). Agreement between the data and correlation is
good in the low FSTI cases, and prediction of the transition start
location is as good as with the present correlation. With higher FSTI,
however, the Hatman and Wang [7] correlation over predicts the
distance from separation to transition.

CONCLUSIONS

1. A correlation for separated flow transition has been developed
based on the measured growth of small disturbances in the separated
shear layer. The correlation has been demonstrated effective over a
range of Reynolds numbers and freestream turbulence levels through
comparison to data from several studies from the literature.

2. Disturbances appear to begin growing at the beginning of the
adverse pressure gradient region, where the boundary layer becomes
unstable. The size of the initial disturbance at this location depends on
the freestream turbulence level and the height of any obstruction
placed on the surface. In dimensionless form, the size of the
disturbance does not appear to depend on the Reynolds number.

3. The growth rate of the disturbances depends on the Reynolds
number, and appears independent of the FSTI or size of the initial
disturbance.

4. The transition location depends both on Reynolds number and
FSTI. The present correlation represents a physics based improvement
over previous correlations that did not account for both of these
effects.

5. The wall normal component of the freestream turbulence is
preferred for the correlation, and results in better predictions than the
u' based FSTI. Measurement of freestream V' should be included in
future experimental studies.
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ABSTRACT

z spanwise coordinate
The effectiveness of three dimensional passive devices for flow o displacement thickness
control on low pressure turbine airfoils was investigated v kinematic viscosity
experimentally. A row of small cylinders was placed at the pressure P density
minimum on the suction side of a typical airfoil. Cases with Reynolds 9 momentum thickness
numbers ranging from 25,000 to 300,000 (based on suction surface 8, momentum thickness in baseline case
length and exit velocity) were considered under low freestream
turbulence conditions. Streamwise pressure profiles and velocity INTRODUCTION

profiles near the trailing edge were documented. Without flow control
a separation bubble was present, and at the lower Reynolds numbers
the bubble did not close. Cylinders with two different heights and a
wide range of spanwise spacings were considered. Reattachment
moved upstream as the cylinder height was increased or the spacing
was decreased. If the spanwise spacing was sufficiently small, the
flow at the trailing edge was essentially uniform across the span. The
cylinder size and spacing could be optimized to minimize losses at a
given Reynolds number, but cylinders optimized for low Reynolds
number conditions caused increased losses at high Reynolds numbers.
The effectiveness of two-dimensional bars had been studied previously
under the same flow conditions. The cylinders were not as effective
for maintaining low losses over a range of Reynolds numbers as the
bars.

NOMENCLATURE
Cp 2( pT — p)/ pU 62 , pressure coefficient

cylinder diameter

shape factor, 676

suction surface length

center to center spacing of cylinders
pressure

upstream stagnation pressure

U,L /v, exit Reynolds number

Sz o

3T v

Q

streamwise coordinate, distance from leading edge

nominal exit freestream velocity, based on inviscid solution
mean streamwise velocity

rms streamwise fluctuating velocity

cross-stream coordinate, distance from wall

Qh

~ 'R
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Boundary layer separation is a known problem on some modern
low-pressure turbine (LPT) airfoils, due to the strong adverse pressure
gradients created when designers impose higher loading in an effort to
improve efficiency and lower cost by reducing airfoil count in engines.
Separation bubbles, particularly those which fail to close, can result in
a significant loss of lift and a subsequent degradation of engine
efficiency (e.g. Hourmouziadis [1], Mayle [2], and Sharma et al. [3]).
The problem is particularly relevant in aircraft engines. Airfoils
optimized to produce maximum power under takeoff conditions may
still experience boundary layer separation at cruise conditions, due to
the lower density and therefore lower Reynolds numbers at altitude. A
component efficiency drop of 2% may occur between takeoff and
cruise conditions in large commercial transport engines, and the
difference could be as large as 7% in smaller engines operating at
higher altitudes [4, 5]. Prediction and control of suction side
separation, without sacrifice of the benefits of higher loading, is
therefore, crucial for improved engine design.

Separation on airfoils is complicated by boundary layer transition.
Separated flow transition in the LPT has been the focus of several
recent studies. Volino [6] provides a review and describes as follows
the transition process on the suction side of a typical LPT airfoil. The
strong acceleration on the leading section of the airfoil keeps the
boundary layer thin and laminar, even in the presence of elevated
freestream turbulence. In most cases Volino [6] observed that the
boundary layer separated just downstream of the suction peak. If
transition then occurred in the shear layer over the separation bubble,
it caused the boundary layer to reattach.

A few recent studies have focused on control of transition and
reattachment in the LPT. Some have used active devices. Huang et al.
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[7] and Hultgren and Ashpis [8] employed high voltage electrodes to
produce glow discharge plasma in a boundary layer to control
separation. Bons et al. [4] used steady and pulsed vortex generator
jets. Volino [9] used oscillating vortex generator jets with no net mass
flow. Sieverding et al. [10] used adjustable devices built into the
suction surface.

While active flow control provides a means for adjusting to
changing flow conditions and in some cases the benefits of calmed
regions [4, 9], passive flow control holds the advantage of simplicity.
Van Treuren et al. [11], Lake et al. [12]. Murawski and Vafai [13],
Byerley et al. [14], Volino [15], Sieverding [10], Vera et al. [16], and
Zhang and Hodson [17] used various passive devices under LPT
conditions to control separation and in many cases reduce losses.
Most employed a relatively simple modification, such as a small trip
wire or bar (essentially roughness), on the suction surface of an airfoil.

Successful flow control results in a thin, attached boundary layer at
the trailing edge of an airfoil, thereby reducing losses. The consensus
of the studies listed above is that a device on the suction surface
should be placed at or slightly downstream of the pressure minimum.
This is a logical result, since the effects of a device farther upstream
would be damped by the favorable pressure gradient, and a device too
far downstream would lie under the separation bubble and be
ineffective. Volino [15] used rectangular bars and found that the
optimal bars were not large enough to immediately trip the boundary
layer to turbulent, but instead allowed a small separation bubble to
form. The bars introduced small disturbances that grew and caused
transition and reattachment to move upstream of their location in the
uncontrolled case, as explained in Volino and Bohl [18]. The optimal
bar height depended on the flow conditions. As Re or freestream
turbulence is lowered, the separation bubble becomes larger, so a
larger bar is needed to produce enough of a disturbance to move
transition sufficiently far upstream. A flow control device producing
too small a disturbance will allow a larger separation bubble than
desired, resulting in a thicker boundary layer downstream of
reattachment and higher losses. Similarly, too large a disturbance will
move transition farther upstream than necessary, resulting in a longer
turbulent region and higher losses. Volino [15], Sieverding et al. [10],
and Zhang and Hodson [17] all found that under steady flow
conditions, devices optimized for low Re tend to increase losses at
high Re. Devices optimized for high Re can be too small to be
effective at low Re. Unsteady wakes from upstream airfoils promote
transition and reattachment, and Zhang and Hodson [17] found that in
unsteady flow optimal control was achieved using smaller devices than
in comparable steady flow cases. This made it possible in unsteady
flow to reduce losses with a single device over a wider range of Re.

Passive flow control devices of various geometries have been tested,
but it is still uncertain if any particular device is superior. In
preliminary testing, Volino [15] considered trip wires, rectangular
bars, and delta wing vortex generators. All produced similar results.
Sieverding et al. [10] found that straight trip wires were somewhat
better than rows of spherical roughness elements, but only a limited
number of cases were tested. Lake et al. [12] found dimples superior
to other devices, presumably because the dimples produced less
blockage than devices that protruded into the flow. Again, however,
the number of cases considered was limited, and more recent evidence
[15, 17] suggests that optimal devices should be quite small and
produce minimal blockage even if they do extend into the flow. Zhang
and Hodson [17] noted differences in transition location with straight
and “wavy” trip wires and rectangular bars. The sharp backward
facing step on a bar, for example, produced an earlier transition than a
round trip wire of the same height. Still, this does not preclude that a
bar and a slightly larger wire could produce comparable results.
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It is still possible that some devices might prove better for reducing
losses than others. Reynolds number can vary by an order of
magnitude during engine operation given the change in ambient
pressure between takeoff and cruise. Since passive devices by
definition cannot be adjusted as conditions change, it is highly
desirable to use devices that reduce losses over as large a Reynolds
number range as possible. Given the potential payoff of a more
efficient engine, it is worthwhile to further consider passive flow
control devices of different geometries.

A row of small vertical cylinders is considered in the present study.
The cylinders are located at the pressure minimum on the suction
surface and the spacing between cylinders is varied. The geometry
was chosen in the hope that in comparison to 2-dimensional bars or
trips wires of the same height, isolated elements might produce a
stronger disturbance due to the 3-dimensional nature of the flow
around them, while presenting less blockage due to the gaps between
elements. The net result would presumably be successful separation
control with lower losses. Experimental conditions match the low
freestream turbulence cases of Volino [15]. Details of the
experimental conditions and the results are presented below.

EXPERIMENTS

Experiments were conducted in a low speed wind tunnel, described
by Volino et al. [19]. Briefly, air enters through blowers and passes
through a honeycomb, a series of screens, two settling chambers, and a
three-dimensional contraction before entering the test section. At the
exit of the contraction, the mean velocity is uniform to within 1%.
The freestream turbulence intensity is 0.5%+0.05%. Nearly all of this
freestream “turbulence” 1is actually streamwise unsteadiness at
frequencies below 20 Hz and is not associated with turbulent eddies.
The rms intensities of the three components of the unsteadiness are
0.7%, 0.2% and 0.2% in the streamwise, pitchwise and spanwise
directions, respectively.

The test section, shown in Fig. 1, follows the contraction and
consists of the passage between two airfoils. Details are listed in
Table 1 and more information is available in Volino [6]. A large span
to chord ratio of 4.3 was chosen to insure two-dimensional flow at the
spanwise centerline of the airfoils, where all measurements were
made. Upstream of each airfoil are flaps, which control the amount of
bleed air allowed to escape from the passage. The flaps, along with a
tailboard on the pressure side of the passage, are adjusted to produce
the correct leading edge flow and pressure gradient along the airfoils.
The flow in the passage matches that in a multi-blade cascade. The
geometry of the passage corresponds to that of the Pak-B airfoil,
which is an industry supplied research airfoil that is representative of a
modern LPT design. It has been used in several studies, as noted in
Volino [6].

Experimental conditions match the smooth airfoil baseline cases of
Volino [6], who considered five Reynolds numbers (Re=25,000,
50,000, 100,000, 200,000, and 300,000). Reynolds numbers are based
on the exit velocity from the passage and the suction surface length, L.
Comparison data from cases with passive-bar flow control are from
Volino [15]. The bars were of uniform rectangular cross section and
extended along the airfoil, as shown in Fig. 2. The trailing edge of the
bar was located at s/L=0.51, near the suction surface velocity peak.
All bars were 6 mm wide in the streamwise direction. Bar heights of
0.4 mm, 0.8 mm and 1.6 mm were used. The bar heights were all less
than 1% of L,. They compare to local boundary layer thickness at the
bar location of about 3.8 mm, 2.7 mm, 2.0 mm, 1.4 mm and 1.2 mm in
the baseline Re=25,000 through 300,000 cases respectively.

A row of small vertical cylinders is used in the present experimental
cases. The cylinders are D=6 mm in diameter with one end affixed to
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Fig. 1 Schematic of the test section

the suction surface and the other extending into the flow. The
cylinders are located in a line at the suction peak, in the same location
as the bars described above, as shown in Fig. 2. Cylinder heights of
0.4 mm and 1.6 mm were considered, matching the smaller and larger
bar heights of Volino [15]. Center to center cylinder spacings ranging
from a pitch, P, of 1D (i.e. the cylinders were touching) to 30D were
considered.

Measurements

Pressure surveys were made for each case using a pressure
transducer (0-870 Pa range Validyne transducer) and a Scanivalve.
Stagnation pressure was measured with a pitot tube upstream of the
passage inlet, and eleven pressure taps were located on each airfoil
along their spanwise centerlines. The uncertainty in Cp is 7% at
Re=25,000, and 4% in other cases. Most of this uncertainty is due to

bias error. Stochastic error was minimized by averaging pressure
transducer readings over a 10 second period. The flow control
cylinders were moved in the spanwise direction allowing

documentation with the pressure taps directly downstream of the
center of one cylinder and with the taps midway between the centers
of two adjacent cylinders.

Profiles of the streamwise velocity component in the suction side
boundary layer were measured for the Re=50,000 and 300,000 cases
near the trailing edge at s/L=0.944. Profiles were measured at several
spanwise locations relative to the position of the upstream cylinders.
Data were acquired with a hot-wire anemometer (AA Lab Systems
model AN-1003) and a single sensor boundary layer probe (TSI model
1218-T1.5). The sensor diameter is 3.8 pm, and the active length is
1.27 mm. At each measurement location, data were acquired for 26
seconds at a 20 kHz sampling rate (2'° samples). Data were acquired
at 60 wall normal locations in each profile, extending from the wall to
the free-stream, with most points concentrated in the near wall region.
The closest point was within 0.1 mm of the wall, which corresponds to
w/L=0.0004 and between 0.02 and 0.04 boundary layer thicknesses.
Uncertainties in the mean velocity are 3-5% except in the very near
wall region where near-wall corrections (Wills [20]) were applied to
the mean velocity. Uncertainties in the momentum and displacement
thicknesses computed from the mean profiles are 10%. Uncertainty in
the shape factor, H, is 8%. The uncertainty in the fluctuating
streamwise velocity is below 10%, except in the very near wall region
(y<1 mm, y/L<0.004) of the Re=300,000 cases, where spatial
averaging effects, due to the finite length of the hot-wire sensor, may
become important. This is discussed in Volino [6].
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(a) (b)
Fig. 2 Scale drawing of suction side airfoil showing
location of a) bar, or b) cylinders

Table 1: Test section parameters

Axial | True | Pitch | Span | Suction | Inlet | Exit U,

Chord | Chord side, L; | flow | flow Uiniet

[mm] | [mm] | [mm] | [mm] [mm] angle | angle

153.6 | 1704 | 136.0 | 660.4 | 228.6 35° 60° 1.64
RESULTS

Pressure Profiles

Suction side pressure profiles for the cases with larger (1.6 mm
high) cylinders are shown in Figs. 3-5. Also shown in each figure are
the corresponding baseline results from Volino [6], the 1.6 mm thick
bar case results from Volino [15], and an inviscid solution for flow
through the passage. Figure 3 shows results at Re=25,000 with various
cylinder spacings and the pressure taps directly downstream of one
cylinder. The data agree with the inviscid solution in the favorable
pressure gradient region. The near wall flow slows as it approaches a
cylinder or bar, causing a drop in the measured Cp below the inviscid
solution at the fifth pressure tap. If the boundary layer separates and
does not reattach, there is a drop in the suction peak, as indicated by
low Cp values. In addition to this effect, if the blockage caused by a
bar or cylinder is sufficiently high, the streamlines immediately
downstream will be displaced as they flow over the sixth pressure tap,
which may cause the measured local Cp to either rise or fall relative to
the inviscid solution, depending on the geometry of a particular case.
For controlling separation, cylinders with spacing of P=2D or more are
ineffective at Re=25,000. There is a plateau in Cp in the adverse
pressure gradient region extending to the trailing edge, indicating a
separation bubble that does not reattach. The P=1D (touching)
cylinders and the solid bar result in a large separation bubble which
appears to be starting to reattach by the trailing edge, as indicated by
the drop in Cp back toward the inviscid value at the last pressure tap.
Figure 4 show the results at Re=50,000 with the pressure taps directly
downstream of one cylinder (z/P=0, Fig. 4a) and with the taps
downstream of the midpoint between adjacent cylinders (z/P=0.5, Fig.
4b). In the baseline case, the boundary layer does not reattach. With
P=1D or the solid bar, reattachment moves upstream to s/L=0.78.
With P=2D reattachment occurs at s/L=0.86. With P>2D the effect of
the cylinders is not observed until the last pressure tap, but even with
P=30D there is some effect on Cp at s/L=0.94 and z/P=0. As the
spacing increases, the Cp values increase from the inviscid solution
toward the baseline case value. At z/P=0.5 and s/L=0.94, Cp is
affected for spacings up to 20D, although not as strongly as it is at
7/P=0. For P=24D and 30D, the cylinders are too far apart to affect Cp
at ZZP=0.5. The results at Re=100,000 are shown in Fig. 5. In the
baseline case, there is a clear separation bubble, and it reattaches near
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the trailing edge. With P<3D, the separation is essentially eliminated.
With P=5D there is a separation, but reattachment by s/L,=0.78. For
P<5D, the Cp values are nearly uniform across the span. For
10D<P<30D, the boundary layer appears to be at least starting to
reattach by s/L,=0.86, with the effect on Cp greater at z/P=0. Results
for the Re=200,000 cases (not shown) are similar to those described
above. The boundary layer separates in the baseline case and
reattaches by s/L,=0.86. Cylinders with P<16D effectively suppress
the separation across the span. For P>16D, the boundary layer is
attached at s/L=0.78 and z/P=0, but is still separated at z/P=0.5. At
Re=300,000 there is only a small separation bubble in the baseline
case, and it reattaches by s/L=0.78. Cylinders with spacing up to 30D
appear to suppress this small bubble across the span.

Comparing the results at z/P=0 and z/P=0.5, the spanwise influence
of each cylinder can be estimated. If the region affected by the
cylinder is assumed to spread linearly in the spanwise direction as the
flow convects downstream, the half angle for the spreading is between
roughly 30 and 40 degrees. Changes in Cp at z/P=0.5 could be due to
local turbulence arising from the cylinder induced disturbances. It is
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also possible, however, that these changes in Cp are due to changes in
the mean flow resulting from the cylinder induced changes at z/P=0.

The smaller (0.4 mm high) cylinders and bar are ineffective at
Re=25,000 and 50,000. The boundary layer separates and does not
reattach. At Re=100,000, as shown in Fig. 6, the cylinders cause the
first indication of reattachment to move upstream from near the
trailing edge to s/L,=0.78 or 0.86. Cylinder spacings up to 10D were
considered, and the Cp values decrease from the baseline case values
toward the inviscid solution as P is decreased. No significant
spanwise variation in Cp was observed. The results at z/P=0.5 are
essentially the same as those shown in Fig. 6 for z/P=0. Results for
the Re=200,000 cases are shown in Fig. 7. The results are very similar
to those of the Re=100,000 cases, but with reattachment shifted about
0.08L, upstream. When Re=300,000 the baseline separation bubble is
small, and cylinders effectively eliminate it for all value of P.

The presumably more complex 3-dimensional flow around isolated
(P>1D) cylinders did not produce disturbances better able to control
separation than the touching (P=1D) cylinders or two-dimensional
bars. In fact, the opposite was observed. The pressure profiles show
that as the spacing between cylinders increases, their ability to
promote reattachment decreases. This is not simply due to the finite
spanwise influence of each cylinder, as very little spanwise variation
was observed for cases with P<10D. Whether increasing the spacing
results in reduced flow blockage and losses will be considered next as
the velocity profile results are considered.

Velocity Profiles

Mean and fluctuating streamwise velocity profiles for the large
cylinder Re=50,000 cases at z/P=0 are shown in Fig. 8. Data were
acquired near the trailing edge (s/L=0.94). The baseline case shows a
thick separation bubble in the mean profile and a small peak in u' in
the shear layer over the bubble. The 2-dimensional bar case exhibits a
fully attached turbulent mean profile shape and a typical turbulent u’
profile with a near wall peak. For the cases with cylinder spacing up
to P=5D, the mean profiles appear attached and turbulent, but the trend
is toward a less full profile as P increases. This trend continues for the
cases with P>20D, with the mean profiles in these cases appearing
only partially reattached. The peaks in the u' profiles increase in
magnitude and move farther from the wall as the cylinder spacing is
increased. High peaks away from the wall are typical of transitioning
and reattaching boundary layers. Transition begins in the shear layer
over the separation bubble, so u’ should be high at this location. The
high u' peaks result from the switching between intermittently
attached-turbulent-like and separated-laminar-like states. Figure 9
shows the profiles at z/P=0.5. For P<5D, the profiles appear
essentially the same as those at z/P=0. For P>20D the mean profiles
show a separation bubble, somewhat thinner than that of the baseline
case, and u' profiles with only a small peak in the shear layer over the
separation bubble. Figure 10 shows the velocity profiles at several
spanwise positions for the P=30D case. The progression from
attached flow at z/P=0 to separated flow at z/P=0.5 is clear. The
profiles at z/P=0.13 and 0.20 are on the edge of the attached flow
region with u' peaks between the high peaks at low z/P and the small
shear layer peaks at higher z/P. The influence of the cylinders to a
spanwise position between z/P=0.13 and 0.20 suggests a half angle for
the spread of the cylinder influence of about 20 degrees. The velocity
profile data of Figs. 8-10 are consistent with the conclusions drawn
from the corresponding pressure coefficient data of Fig. 4.

The information concerning separation in the mean profiles can be
presented in terms of the shape factor, H. The shape factor rises to
about 4 when a laminar boundary layer separates, and reaches higher
values as a separation bubble thickens. This is due to an increase in
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the displacement thickness while the momentum thickness remains
nearly constant. If the boundary layer reattaches, the displacement
thickness drops and the momentum thickness begins to rise. The
shape factor reaches a turbulent value of about 1.4 after recovering
from the separation. Figure 11 shows H as a function of z/P for the
Re=50,000 cases with the larger cylinders. In the baseline case,
H=6.5, indicating a thick separation bubble. = With the two-
dimensional bar, H=1.6, indicating that the boundary layer has
reattached and is nearing fully developed turbulent conditions. With
cylinder spacing up to P=5D, H is spanwise uniform. With P=5D, H
is about 2.3, indicating that the boundary layer has reattached but is
not fully recovered from the separation. For P>20D, H=3 at z/P=0,
indicating the boundary layer has just begun to reattach at this
location. For P>20D and higher z/P, H is between 4 and 5.5 indicating
the boundary layer is still separated. These value are still below the
baseline value of 6.5, however, indicating that even the widely spaced
cylinders are effective in keeping the separation bubble thinner.
Velocity profiles for the Re=300,000 cases with the larger bar and
cylinders are shown in Figs. 12-14. Figure 12 shows the profiles at
7/P=0. The mean profiles show that the boundary layer is attached in
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all cases. The u' peaks are near the wall, as expected for attached
turbulent boundary layers. The baseline case has the highest u’ peak,
indicating that it is the case with the least developed turbulence. The
bar and cylinders move transition upstream, resulting in a more
developed turbulent boundary layer by the trailing edge. Both the
mean and u' profiles collapse for the cases with P>20D. This suggests
that the cylinders are far enough apart in these cases so that they act as
if isolated from each other. Both the mean and u' profiles show that
the boundary layer becomes thicker as the cylinder spacing is
decreased. The P=1D case has a second u' peak away from the wall
that is not present in the two-dimensional bar case. The touching
cylinders appear to generate more turbulence than the bar. Figure 13
shows the profiles at z/P=0.5. The profiles for the P=24D and 30D
cases are very similar to the baseline results, again suggesting that
with large enough spacing the cylinders are effectively isolated from
each other and cannot directly influence the flow across the entire
span. As P is reduced, the boundary layer becomes thicker, and u’
assumes a more turbulent like shape. Figure 14 shows the profiles at
several spanwise positions for the P=30D case. The cylinders appear
to influence the boundary layer u' nearly uniformly from z/P=0 to
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7/P=20. For z/P>27, the cylinders have little influence and the profiles
are very similar to the baseline case profiles. The spanwise extent of
the cylinder influence spreads at a half angle of about 20 degrees for a
strong effect on the boundary layer and about 30 degrees for some
effect.

Figure 15 shows the shape factor at s/L,=0.94 for the profiles of the
Re=300,000 cases with the larger cylinders. The boundary layer is
attached, so the shape factor is between 1.4 and 1.7 in all cases.
Figure 16 shows the momentum thickness for these cases. The
momentum thickness is related to losses in the boundary layer, and in
cases with equal shape factor and exit flow angle, the momentum
thickness is directly proportional to profile losses (Howell et al. [21]).
In the Re=50,000 cases, the large variation in A (Fig. 11) precludes a
comparison of losses based on 6, but with the smaller range of H at
Re=300,000 (Fig. 15) the comparison is appropriate. Figure 16 shows
that the cylinders cause a rise in momentum thickness above the
baseline case value and that the effect increases as cylinder spacing is
decreased. Since the separation bubble is small even in the baseline
case, the cylinders and bars add an unnecessary disturbance and
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increase losses. The more widely spaced cylinders cause less blockage
and create less of a disturbance, therefore the losses are lower.
Velocity profiles for the Re=50,000 cases with the smaller bar and
cylinders are shown in Fig. 17. Cylinder spacings up to P=5D were
considered. No variation was observed between the results from
different spanwise locations, so only the results from z/P=0 are shown.
The boundary layer did not reattach for cases with P>2D, although the
separation bubble was slightly thinner and there was a slight increase
in the u' peak compared to the baseline case. With P=1D the boundary
layer appears to be on the verge of reattachment, and with the two-
dimensional bar the boundary layer has just begun to reattach. The
smaller cylinders are inadequate for control of the boundary layer at
this Reynolds number, as previously indicated by the pressure profiles.
The effect of the smaller cylinders on the velocity profiles at
Re=300,000 are shown in Fig. 18. No spanwise variation was
observed, so only results from z/P=0 are shown. The mean profile for
the P/D=1 case is noticeably different than those for the other cases,
including the 2D bar case. As was noted above, the touching cylinders
apparently generate more turbulence that the 2D bar, resulting in a
thicker boundary layer. As was the case with the larger cylinders (Fig.
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12), the smaller cylinders cause a drop in the u' peak from the baseline
case value, indicating that the cases with cylinders are closer to fully
developed turbulent behavior. Shape factors are shown in Fig. 19 as a
function of spanwise position. There is little variation between cases,
as expected since the separation bubble is small and the boundary
layer has fully reattached in all cases. The momentum thickness is
shown in Fig. 20. All of the cases with cylinders have higher
momentum thickness than the baseline case. The case with P=1D has
the highest values, again indicating that the touching cylinders
generate higher losses than the two-dimensional bars or more widely
spaced cylinders.

DISCUSSION

The results presented above suggest that the half angle for the
spreading of the disturbances from the cylinders is about 30 degrees.
This is a rough estimate due to the finite spacing between pressure tap
locations and the finite number of cylinder spacings investigated, but
the half angle roughly agrees with the spreading angle for turbulent
spots in an adverse pressure gradient, as given by D’Ovidio et al. [22].
This angle suggests that a cylinder spacing of between P/D=5 and
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P/D=10 is necessary to insure flow control across the span. The
velocity profiles showed good spanwise uniformity for P/D<10.

The optimal spacing for spanwise disturbances was investigated in
an analytical study by Tumin and Ashpis [23]. They considered
disturbances in both favorable and adverse pressure gradient flows,
including the favorable pressure gradient found in the upstream region
of the present test section. Although these results do not apply directly
to the adverse pressure gradient region of the present study, they can
be extrapolated to the present conditions. They suggest an optimal
spacing for maximum disturbance growth in the Re=50,000 cases of
P/L~0.03. For the Re=300,000 cases, the optimal spacing would be
P/L&~0.012. With the present cylinder diameter of 6 mm, these
spacings correspond to P/D=1 and P/D=0.4 respectively, and could
not be achieved unless the cylinders were touching. Consistent with
this, the present results show that the disturbance created by the
cylinders decreases as the spacing increases. To better test the Tumin
and Ashpis [23] results, however, smaller diameter, separated
cylinders with the recommended spacing should be considered.

The results at Re=50,000 show that the larger cylinders with the
closest spacing are needed to effectively control separation. At
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Re=300,000, the separation bubble is small in the baseline case, and
cylinders or bars cause transition to move upstream, increasing losses.
Hence, the thinnest, most widely spaced (which in the limit means
non-existent) devices are optimal. The cylinders which are best at
Re=50,000 cause significantly higher losses at Re=300,000. This is
the same result found by Volino [15] using two-dimensional bars, and
agrees with other findings in the literature, as noted above. So long as
the cylinders are close enough to provide spanwise uniformity, it
appears that varying the cylinder (or bar) thickness and varying the
cylinder spacing are both effective for controlling the transition
location and moving it to an optimal location for minimizing losses.
The present results can address the question of whether separated
cylinders provide an advantage over a 2-dimensional bar. A case with
a 2-dimensional bar that is capable of controlling separation while
keeping losses to a minimum at a low Reynolds number should be
compared to a case with cylinders that are thicker than this optimal bar
but produce the same reattachment and low losses. Cases with these
same geometries should then be compared at a high Reynolds number
to see which results in lower high-Re losses. The thin bar in the
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present study results in marginally reattached flow at Re=50,000. The
larger cylinders result in spanwise uniform reattachment at Re=50,000
when P/D=5. The momentum thicknesses at s/L,=0.94 for these two
cases are within 8% of each other. At Re=300,000 the thin bar results
in a momentum thickness 7% above the baseline case value, while the
thick, P/D=5 cylinders result in a spanwise averaged momentum
thickness that is 46% above the baseline value. Clearly the thin 2-
dimensional bar is superior to the thicker cylinders. This comparison
is not completely adequate, however, since the thin bar only causes
marginal reattachment at Re=50,000, while the thick cylinders result in
a somewhat more complete reattachment. Volino [15] also considered
an intermediate bar with thickness twice that of the thin bar considered
above. At Re=50,000 the intermediate bar induced complete
reattachment with H=1.8 and 6/6,=1.23. These results are very close
to those obtained with the large cylinders spaced at P/D=3. At
Re=300,000 the intermediate bar resulted in H=1.59 and 6/6,=1.29.
The thick, P/D=3 spaced cylinders resulted in an approximately equal
shape factor, but 6/6,=1.72. With this better comparison, it is still
clear that a thin bar is superior to larger cylinders.
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The present results support the conclusions of Sieverding [10] and
Zhang and Hodson [17] who found that 2-dimensional bars or trips are
as good or better than 3-dimensional devices for -controlling
separation. The present results cannot be considered absolutely
conclusive, however, since only a single geometry was considered
under a limited number of conditions. The number of possible
geometries and spacings for three dimensional devices is infinite, so it
will never be possible to prove conclusively through experiments that
2-dimensional devices are always better. Further study of devices
such as the dimples considered by Lake et al. [12] would be useful.
The effects of high freestream turbulence and unsteady wakes should
also be considered. Perhaps thinner, smaller diameter cylinders with
spacings closer to those extrapolated from Tumin and Ashpis [23]
could provide better separation control with lower losses. This is
merely speculation. What can be said is that the present results add to
the evidence that simple 2-dimensional bars are preferable.

CONCLUSIONS
A row of small cylinders located at the suction peak on an LPT
airfoil were effective for separation control. The reattachment of the

NASA/CR—2012-217656

10
144

= baseline
1= 2D bar
1.65F Sors==| oo PID=1
IR - 2
AT T 3
2 5
1.6
Small Cylinders
Re=300,000
1.55F u
T E
- -
1.5
[
1451
1.4l i ; i i ; i i ; ; ;
0 005 01 015 02 025 03 035 04 045 05
z/P
Fig. 19 Shape factor, H, at trailing edge, small cylinders,
Re=300,000
1.351
,,,,,, - - -0
1.3F [ERIIE SSEIE SHNTRE SR R
- =+ 2D bar
-0 P/D=1
1.250 = 2
3
5
1.2F
z° Small Cylinders
© Re=300,000
1.150
11F
V0B o i Do s m
1 i i i i ; i ; ; ; ;
0 005 01 015 02 025 03 035 04 045 05
z/P

Fig. 20 Momentum thickness at trailing edge, small
cylinders, Re=300,000

boundary layer moves upstream as the cylinder height is increased or
the cylinder spacing is decreased. The half angle of the spreading of
the disturbance created by the cylinders was of the order 30 degrees.
This is roughly the same as the expected spreading angle for a
turbulent spot under the same adverse pressure gradient conditions.
Based on this angle, the maximum allowable spacing for spanwise
uniform separation control can be determined. By varying the cylinder
height and spacing, an optimal reattachment location can be achieved
for minimum losses at a given Reynolds number. Cylinders optimized
for low Reynolds numbers resulted in higher losses at high Reynolds
numbers. The present results add to the evidence that 3-dimensional
passive flow control devices are not as effective as 2-dimensional bars
for minimizing losses over a range of Reynolds numbers.
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A transport equation for the intermittency factor is
employed to predict the transitional flows in low-
pressure turbines. The intermittent behavior of the
transitional flows is taken into account and incorporated
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agreement between the experimental data and
computational results is obtained. The new model has
been shown to have the capability of accurately
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model (SST). The intermittency factor is obtained from a
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Tu turbulence intensity(%), u'/U

U boundary layer streamwise velocity

U, local freestream velocity

U, inlet freestream velocity

u, friction velocity

W magnitude of vorticity

A distance normal to the wall

y" Yol 1V

Y intermittency factor

6 momentum thickness

P pressure gradient parameter,
¢ (6% /v)(dU /ds)

H molecular viscosity

M eddy viscosity

v Mulp

Vi Hilp

P density

o spot propagation parameter

subscripts

e freestream

S onset of separation

t onset of transition

1 Introduction

The process of transition from laminar to turbulent flow
is a major unsolved problem in fluid dynamics and
aerodynamics. One area where the transition process
plays an important role and is even more complicated
due to the diverse flow conditions encountered is the
low-pressure turbine applications. Transitional flows in
these applications are affected by several factors such as
varying pressure gradients, wide range of Reynolds
number and freestream turbulence variations, flow
separation, and unsteady wake-boundary layer
interactions. Accurate simulation and prediction of
transitional flows under these diverse conditionsis key to
design of more efficient jet engines.

In low-pressure turbine applications, flow over the blades
is mostly turbulent at the high Reynolds number
conditions encountered at take off and the efficiency is at
its design maximum. However, at lower Reynolds
number conditions which correspond to high altitudes
and cruise speeds the boundary layers on the airfoil
surface have a tendency to remain laminar and hence the
flow may separate on the suction surface of the turbine
blades before it becomes turbulent. This laminar

2

separation causes unpredicted losses, substantial drops
in efficiency, and increase in fuel consumption (Mayle,
1991; Rivir, 1996; Lake et al. 2000).

In order to calculate the losses and heat transfer on
various components of gas turbine engines, and to be
able to improve component efficiencies and reduce losses
through better designs, accurate prediction of
development of transitional boundary layers is essential
(Mayle, 1991).

One approach proven to be successful for modeling
transitional flows is to incorporate the concept of
intermittency into computations. This can be done by
multiplying the eddy viscosity obtained from a

turbulence model, 4, , used in the diffusive parts of the
mean flow equations, by the intermittency factor, )

(Simon and Stephens, 1991). This method can be easily
incorporated into any Reynolds Averaged Navier Stokes
solver. In this approach, the intermittency factor, )/, can

be obtained from an empirical relation such as the
correlation of Dhawan and Narasimha (1958), or it can
be obtained from a transport model.

Dhawan and Narasmha (1958) correlated the
experimental data and proposed a generaized
intermittency distribution function across flow transition.
Gostelow et al. (1994) extended this correlation to flows
with pressure gradients under the effects of a range of
freestream turbulence intensities. Solomon et al. (1995),
following the work of Chen and Thyson (1971),
developed an improved method to predict transitional
flows involving changes in pressure gradients. These
empirical methods led to a development of transport
equations for intermittency.

Steelant and Dick (1996) proposed a transport equation
for intermittency, in which the source term of the
equation is developed such that the ) distribution of

Dhawan and Narasmha (1958) across the transition
region can be reproduced. Steelant and Dick used their
model, coupled with two sets of conditioned Navier-
Stokes equations, to predict transitional flows with zero,
favorable, and adverse pressure gradients. However,
since their technique involved the solution of two sets of
strongly coupled equations, the method is not compatible
with existing CFD codes, in which only one set of
Navier-Stokes equations is involved. Moreover, the
model was designed to provide a realistic streamwise )

behavior but with no consideration of the variation of )
in the cross-stream direction.
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Cho and Chung (1992) developed a k-¢ - turbulence

model for free shear flows. Their turbulence model
explicitly incorporates the intermittency effect into the
conventional K —& model equations by introducing an
additional transport equation for ). They applied this

model to compute a plane jet, a round jet, a plane far
wake, and a plane mixing layer with good agreements.
Although this method was not designed to reproduce
flow transition it provided a readlistic profile of ) in the

cross-stream direction.

Suzen and Huang (1999) developed an intermittency
transport equation combining the best properties of
Steelant and Dick's model and Cho and Chung's model.
The model reproduces the streamwise intermittency
distribution of Dhawan and Narasimha (1958) and also
produces a realistic variation of intermittency in the
cross-stream direction. This model has been validated
against T3- series experiments of Savill (1993a,1993b),
low-pressure turbine experiments of Simon et al. (2000)
and separated and transitional boundary layer
experiments of Hultgren and Volino (2000) with success
(Suzen and Huang, 1999, 2000a, 2000b; Suzen et al.
2000, 2001, 2002, 2003).

In this paper we concentrate on prediction of three recent
low-pressure turbine experiments on the Pratt and
Whitney's PAK-B blade under low Reynolds number
conditions using the transport model for intermittency.
Due to the fact that PAK-B blade is very sensitive to
changes of flow conditions, it is an ideal test blade for
validating the transition/turbulence models. The three
sets of experiments considered are conducted by Lake et
al. (1999, 2000), Corke et al. (2002), and Volino (2002)
at three independent facilities. These experiments
provide an extensive database for investigating
transitional flows under low pressure turbine conditions
and are employed as benchmark cases for further testing
of the predicting capabilities of the current intermittency
model. A summary of the experiments are given in the
next section. In section 3, the intermittency transport
model is presented and implementation of the model and
the empirical correlations employed for the onset of
transition are described. In Section 4, the predictions of
the new intermittency model are compared against the
experimental data. Conclusions are provided in Section
5.

2 L ow-Pressure Turbine Experiments

In this paper, we concentrate on computation of three sets
of low-pressure turbine experiments using the
intermittency transport model. These experiments are
conducted by Lake et al. (1999, 2000), Corke et al.

3

(2002), and Volino (2002). In these experiments Pratt
and Whitney’s PAK-B blade is used and the details of
the blade are shown in Figure 1. Overall these
experiments cover a Reynolds number range from 10,000
to 172,000 and the freestream turbulence intensity range
from 0.08% to 4%. The cases and data used for
comparison in this paper are summarized in Table 1. In
the following sections details of these experimental
efforts are given.

2.1 PAK-B Blade Cascade Experiments of
Lakeet al. (1999, 2000)

Lake et al. (1999, 2000) conducted experiments on the
PAK-B blade in order to identify methods for reducing
separation losses on low-pressure turbine blades under
low Reynolds number conditions. In the experiments,
they investigated flows at low Reynolds numbers of
43,000, 86,000, and 172,000 based on inlet velocity and
axial chord and freestream turbulence intensities of 1%
and 4%. These conditions are similar to those
encountered at high altitude, low speed flight of
reconnaissance unmanned aerial vehicles used by USAF.

In Lake’s experiments, surface pressure coefficients,
boundary layer velocity and turbulence profiles, total
pressure loss data were obtained at FSTI=1% and
FSTI=4%. The test set up shown in Figure 2 included
eight blades with axial chord of 7 inches, and blade
spacing of 6.2 inches. The blades were numbered 1
through 8 starting from the inside bend. Boundary layer
measurements were taken on blade 5 and surface
pressures were measured around blades 4 and 6. In this
paper, the PAK-B blade experiments with Reynolds
numbers of 43,000, 86,000, and 172,000 and freestream
turbulence intensities of 1% and 4% are computed and
comparison of  pressure distributions  between
experiments and computations are performed.

2.2 PAK-B Blade Cascade Experiments of
Corkeet al. (2002)

Corke et al. (2002) conducted experiments on PAK-B
blade cascade for a range of Reynolds numbers and
turbulence intensities. The Reynolds numbers range from
10,000 to 100,000 based on inlet velocity and axial chord
as listed in Table 1. In their experiments the blades had
an axial chord length of 6.28 inches. The freestream
turbulence intensity in the tunnel was measured as
0.08%. In order to increase the turbulence intensity, two
grids with different mesh sizes were used. One of the
grids had the mesh size of 2.54cm (denoted as Grid 0)
and the other had 0.80cm (denoted as Grid 3). The decay
of turbulence after the grids was measured using
crosswire and they are shown in Figures 3 and 4 along
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with the computed results for Grid 0 and Grid 3
respectively. The grids were movable in the tunnel so
that the turbulence level of the flow that reaches the
blades could be controlled by moving the grid that is, by
increasing or decreasing the distance between the grid
and the blade. Experiments were performed for Reynolds
numbers 50,000, 75,000, and 100,000, with grids placed
30 inches away from the blade leading edge,
corresponding to turbulence intensities of 2.85% and
1.6% at the leading edge for Grid 0 and Grid 3,
respectively. For Re=100,000, Grid O is placed at 22
inches and 14 inches corresponding to turbulence
intensities of 3.62% and 5.2%, respectively. Pressure
coefficient data is available for al cases and detailed
boundary layer measurements are available for
Re=50,000, 75,000, and 100,000 with FST1=0.08% and
2.85% cases. The cases and data used for comparisonsin
this paper are listed in Table 1.

2.3 PAK-B Experiments of Volino (2002)

Volino (2002) investigated the boundary layer
separation, transition, and reattachment under low-
pressure turbine airfoil conditions. The experiments
included five different Reynolds numbers ranging
between 10,291 and 123,492 and freestream turbulence
intensities of 0.5% and 9%. The test section consisted of
a single passage between two PAK-B blades as shown in
Figure 5. The axial chord length of the blades was 6.05
inches. There are flaps located upstream of each blade to
control the amount of bleed air allowed to escape from
the passage. These flaps were adjusted by matching
measured pressure distribution for a high Reynolds
number with the inviscid pressure distribution on the
blade. In addition to the upstream bleed flaps, a tailboard
on the pressure side was used to set the pressure gradient.
The compiled data include pressure surveys, mean and
fluctuating velocity profiles, intermittency profiles, and
turbulent shear stress profiles. It was observed that, the
effect of high Reynolds number or high free stream
turbulence level was to move transition upstream.
Transition started in the shear layer over the separation
bubble and led to rapid boundary layer reattachment. At
the lowest Re case, transition did not take place before
the trailing edge and the boundary layer did not reattach.
The beginning of transition corresponded to the
beginning of a significant rise in the turbulent shear
stress. These experimental results provide detailed
documentation of the boundary layer and extend the
existing database to lower Reynolds numbers. The cases
used for comparisons with computations in this paper are
listed in Table 1 along with the type of data used for
comparisons.

4

3 Inter mittency Transport M odel

In this section, the transport model for intermittency is
presented. The model combines the transport eguation
models of Steelant and Dick (1996) and Cho and Chung
(1992). Details of the development and implementation
of the transport model are given in Suzen and Huang
(1999, 20003, 2000b), Suzen et al. (2000).

The model equation is given by:

opy , 0mny _
ot ox;
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The distributed breakdown function, f(s) has the form:
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f(s)=

where ' =S—, and S isthe distance along the

streamline coordinate, and S, isthe transition location.
The coefficients are;

a=50"9
U

b = ~0.4906
-05
c=0204H7H
AU O

d=00

-15
e= 0044249 H
AU 0
h=10e

g=50 (©)]

The shear stresses are defined as:
. :/JEBUi +0Uj _20u,
A

o 39X,
The blending function F is constructed using a
nondimensional parameter, k/Wv where k is the
turbulent kinetic energy and W is the magnitude of the

vorticity. The blending function has the form:

0o o2 4
‘%E‘gﬂ@u‘ @
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The model constants used in Equation 1 are:
o,=0,=10 C,=10 C =16
C,=0.16 C,=015

The intermittency is incorporated into the computations
simply by multiplying the eddy viscosity obtained from
a turbulence model, W, by the intermittency factor, v.
Simon and Stephens (1991) showed that by
combining the two sets of conditioned Navier-Stokes
equations and making the assumption that the Reynolds
stresses in the nonturbulent part are negligible, the
intermittency can be incorporated into the
computations by using the eddy viscosity, g which is
obtained by multiplying the eddy viscosity from a
turbulence model, W, with the intermittency factor, v.

That is,
K= yu (6)
isused in the mean flow equations. It must be noted

that ydoesnot appear in the generation term of the
turbulent kinetic energy equations.

Computations of the experiments are performed using a
recently developed multi-block Navier-Stokes solver,
caled GHOST. The code is developed at University of
Kentucky, by George Huang, and is a pressure-based
code based on SIMPLE agorithm with second order
accuracy in both time and space. Advection terms are
approximated by a QUICK scheme and central
differencing is used for the viscous terms. The ‘Rhie and
Chow’ momentum interpolation method (1983) is
employed to avoid checkerboard oscillations usually
associated with the non-staggered grid arrangement. This
code is capable of handling complex geometries, moving,
and overset grids and includes multiprocessor
computation capability using MPIL.  Since multiple
processors are used during the computations, it is more
efficient to divide the computational domain into several
smaller pieces with very fine grids and distribute the
zones to processors with the consideration of load
balancing. This code has been used extensively in a
recent turbulence model validation effort (Hsu et al.,
2003) and computations of unsteady wake/blade
interaction (Suzen and Huang, 2003) conducted at
University of Kentucky.

In using this intermittency approach, the turbulence
model selected to obtain [y must produce fully turbulent
features before transition location in order to allow the
intermittency to have full control of the transitional
behavior. Menter's (1994) SST model satisfies this
requirement. It produces almost fully turbulent flow in
the leading edge of the boundary layer and therefore it is

5

used as a baseline model to compute [; and other
turbulent quantities in the computations (Suzen et al.,
2000).

The value of no used in evaluating the constants given
by (3) is provided by the following correlation for zero
pressure gradient flows (Suzen et al., 2000);

fo = (nv? /U3 )o =1.8x10 % Tu™ @)
When flows are subject to pressure gradients, the
following correlation is used:
Ao _ %\/l (l—e(p(0.75><lOeKlTu’°7))’ K, <0 (8)
(ﬁa)zpe @0_3227'(‘05%5 K, >0

with M defined as:
M = (850Tu"® —100Tu°° +120)

where, (ﬁa’)ZPG is the value for flow at zero pressure

gradient and can be obtained from equation (7) and
K, = (u/U f)(du /dx), is  the  flow  acceleration

parameter. The favorable pressure gradient part of the
above correlation (for K, > 0) is from Steelant and Dick

(1996). The portion of the correlation for adverse
pressure gradient flows for K, <0, is formulated using

the transition data of Gostelow et al. (1994) and Simon et
al. (2000) (Suzen et al., 2000).

The current approach uses the intermittency transport
model to obtain the intermittency distribution for the
transitional flows, while the onset of transition is
defined by correlations.

The onset of attached flow transition is determined by the
following correlation in terms of turbulence intensity, Tu,

and the acceleration parameter, Kt ,

Re, = (120 +150Tu™ 3)coth[4(0.3 K x 105)] ®)

where Kt was chosen as the maximum absolute value of

that parameter in the downstream deceleration region
(Suzen et al., 2000). This correlation maintains the good
features of Abu-Ghannam and Shaw (1980) correlation
in the adverse pressure gradient region and in addition it
reflects the fact that the flow becomes less likely to have
transition when subject to favorable pressure gradients by

rapidly rising as K, becomes positive.
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In order to determine the onset of separated flow
transition Re, is expressed in terms of the turbulence
intensity (Tu) and the momentum thickness Reynolds
number at the point of separation (Re) in the form
(Suzen et a., 2001);

Re, = 874Re%™ exp[- 0.4Tu] (10)
This correlation provides a better representation of the
experimental datathan Davis et a. (1987) correlation and
isused to predict onset of separated flow transition in the
present computations.

4 Results and Discussion

4.1 Simulations of Experiments of L ake et al.

(1999,2000)

The intermittency model is applied to predict the PAK-B
blade experiments of Lake et a. (1999, 2000). In the
computations, flows at Reynolds numbers of 43,000,
86,000, and 172,000 based on inlet velocity and axial
chord with freestream intensities of 1% and 4% were
investigated.

The computations are performed using the grid
consisting of five zones shown in Figure 6. The four
zones on which the blade grid is superposed each have
125x225 grid points and the O-type grid around the blade
has 401x101 points with first y+ lessthen 0.5.

The comparisons of computed and experimental pressure
coefficient distributions are shown in Figures 7(a)
through (f). In these figures, the experimental
distributions correspond to the measurements made on
test blades 4 and 6.

The computed results compare well with the experiments
for high turbulence intensity, FSTI1=4%, cases shown in
Figures 7(a), (c) and (e). However, for FST1=1% cases
shown in Figures 7(b), (d) and (f) the extent of the
separation bubbles are under predicted in the
computations. For example, for Re=86,000, FST1=1%,
shown in Figure 7(d), the flow reattaches earlier in
computations than it does in the experiment as can be
observed from the difference in the pressure coefficient
distributions  between  x/L,=0.8t0 0.85. This

discrepancy is more pronounced for the lowest Reynolds
number case, Re=43,000 and FSTI=1% case.

The onset of separation locations, reattachment locations,
and onset of transition locations on the suction surface
are summarized in Table 2 for these cases along with the

6

corresponding values from experiments. In the
experiments, the onset of transition locations and the
reattachment locations are not reported.

The experimental onset of separation and reattachment
points are extracted from the experimental pressure
coefficient data. The onset of separation is taken to be the
axial location where the plateau in the pressure
coefficient distribution of the suction side begins and the
reattachment point is taken to be the axial location after
the sharp change in C, following the plateau.

The onset of separation, reattachment, and onset of
transition locations are plotted against Reynolds number
in Figures 8(a) and (b) for FSTI=4% and 1%
respectively. For the high turbulence intensity case,
computation predicts onset of separation and
reattachment dlightly upstream of the experiment. For the
low FSTI case shown in Figure 8(b) separation zone is
predicted smaller than the experiments. The onset of
transition is predicted over the separated flow region in
the shear layer. From comparison of these figures it is
evident that with decreasing freestream turbulence
intensity, the separation zone becomes larger, and for a
given FSTI condition separated flow region gets smaller
with increasing Reynolds number.

4.2 Simulations of Experiments of Corke et

al. (2002

In this set of experiments, first the cases with no grid in
tunnel corresponding to FST1=0.08% are computed. In
these computations, the same grid system used for the
computations of experiments of Lake et al. (1999, 2000)
shown in Figure 6 is used.

The comparisons of computed and the experimental
pressure coefficients are shown in Figures 9(a) through
(e) for Re=100,000, 75,000, 50,000, 25,000, and 10,000
based on inlet velocity and axial chord. The agreement
between the experiments and computations is very good
for al cases.

The onset of separation, transition, and reattachment
locations are tabulated in Table 3 for all cases and plotted
against Reynolds number in Figures 10(a), (b), and (c)
for FST1=0.08%, 1.6%, and 2.85% respectively.

Computed velocity profiles at seven axial stations along
the suction surface of the blade are compared to the
experiments for Re=100,000, 75,000, and 50,000 in
Figures 11, 12, and 13, respectively.

For Re=100,000 case, the computed velocity profiles
compare very well with the experiment as shown in
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Figures 11(a) through (g). At the first three measurement
stations, flow is laminar and attached as shown in
Figures 11(a), (b) and (c). Flow separation takes place at
x/C, =0.725 and the separated flow region is visible in

Figures 11(d) and (e) corresponding to axia locations of
x/C,=0.75 and 0.80. The flow transition and

reattachment takes place around x/C, =0.84 in the

computation. Reattachment location is earlier than the
experiment which takes place at x/C, =0.875. In

Figure 11(f) corresponding to axial station of
x/C,=0.85 the computed flow field has aready

attached, although the experimental profile indicates a
very small separation zone close to wall. At x/C, =0.9

shown the flow is completely attached as shown in
Figure 11(g).

When Reynolds number is reduced to 75,000, the size of
the separation bubble increases as can be observed from
the comparison of the velocity profiles shown in Figures
12(a) through (g). At this Reynolds number the flow
separates around x/C, =0.72 and reattaches around

x/C, =0.87. The transition onset location is predicted
at x/C, =0.854. The size of the separation bubble is

larger than Re=100,000 case from comparison of Figures
12(d), (e), and (f) and 11(d), (€), and (f).

Next, the Reynolds number is reduced to 50,000 and the
comparison of computed and experimental velocity
profiles are shown in Figures 13(a) through (g). For this
case the separation bubble is much larger from the
previous cases and extends until x/C,_ =0.975 in the

experiment and x/C, = 0.93in the computations as can

be seen in Figures 13(d) through (g). Computations
predicted the transition onset location at x/C, =0.89. In

the computations, the onset of separation is predicted
well in agreement with experiment, however, the
reattachment point is earlier making the size of the
separation bubble smaller when compared to experiment.
This is evident from the comparison of velocity profiles
at the last two stations shown in Figures 13(f) and (g).

The onset of separation and reattachment points for
FSTI1=0.08% cases are predicted upstream of the
experiments as shown in Figure 10(a).

Next, the high FSTI cases are computed using the six
zone multiblock grid system shown in Figure 14. The
computational domain is extended upstream of the blade
in order to specify the correct turbulence intensity at the
inlet and to match the decay of turbulence that reaches
the blade. The matched computed and experimental
turbulence decays are shown in Figures 3 and 4 for Grid

7

0 and Grid 3 respectively. The cases considered have the
grids placed 30 inches upstream of the blade,
corresponding to turbulence intensities of 2.85% and
1.6% for Grid 0 and Grid 3, respectively.

The comparison of the computed and the experimental
pressure coefficient distributions for Re=50,000, 75,000,
and 100,000 for FST1=2.85% cases are shown in Figure
15. The agreement is very good between computations
and experiments.

Comparisons of computed velocity profiles with the
experiments for Re=100,000 are given in Figures 16(a)
through (g). In this case, the flow separates around
x/C, =0.74 and reattaches at x/C_ = 0.85. The onset

of transition is predicted at x/C, =0.806. The computed

size and extent of the separation bubble is in well
agreement with the experiment as tabulated in Table 3
and as can be seen in Figures 10(c), and 16(d), (e), and

).

For the lower Reynolds number of 75,000, computed
velocity profiles are compared with the experiments in
Figures 17(a) through (g). The agreement between
experiment and computation is well prior to the
reattachment as shown in Figures 17(a) through (e).
There is a discrepancy in the reattachment region. The
flow separation takes place around x/C, =0.73 and

reattaches at x/C, =0.87 according to the experiment

whereas computation predicts reattachment earlier at
around x/C, =0.84 with the onset of transition is

predicted a x/C =0.816. The  difference

reattachment points is evident in the comparison of the
computed and experimental velocity profiles shown in
Figure 17(f). At this station the experimenta profile
indicates separated flow and the computed profile shows
an aready attached flow.

in

Next case considered has the same FSTI= 2.85% but
with Reynolds number being reduced to 50,000. The
comparison of velocity profiles are shown in Figures
18(a) through (g). The computations agree well with the
experiment and the size and extent of the separation
bubble are well predicted as can be seen from Figure
10(c). The onset of separation isaround x/C, = 0.72and

the flow reattaches around x/C, =0.9 with transition
onset at x/C, =0.837.

In Figure 19 computed and experimental pressure
coefficient distributions for Grid 3 case are compared for
Re=50,000, 75,000, and 100,000. Again, very good
agreement between computations and experiments are
obtained. The onset of separation and reattachment
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locations shown in Figure 10(b) compare well with the
experiments.

Overdl, Figures 10(a), (b), and (c) indicate that as FSTI
increases, the separated flow region decreases, and at a
given FSTI, increasing Reynolds number has the same
effect on the separated flow region.

4.3 Simulations of PAK B Experiments of

Volino (2002)

In computation of experiments of Volino (2002) the flow
field is modeled with the 31 zone multiblock grid shown
in Figure 20. The bleed flaps below the lower blade and
above the upper blade are defined by fitting third order
polynomials through the available points obtained from
experimental setup and these curves are used as the flap
shapes in generating the computational grid. Initial
computations indicated that shape of the bleed flaps and
the orientation of the tailboard behind the upper blade
greatly affect the computed results especially the onset of
separation and reattachment points on the lower blade’s
suction surface. In order to select the most accurate
orientation for the tailboard and the shape of the bleed
flaps, several test computations were performed for the
case with Re=41,162 and FSTI=0.5% using different
tailboard orientations and bleed flap shapes. In these
computations the main goal was to match the
experimental velocity profiles in the laminar flow part
and to capture the correct onset point of separation. Once
an acceptable geometry is obtained, the final bleed flap
shapes and tailboard orientation is used for computation
of all other Reynolds number cases.

Computed pressure coefficient distributions are
compared to experiments in Figures 21(a) through (d) for
Re=82,324, 41,162, 20,581, and 10,291 and the
separation onset, reattachment and transition onset
information is summarized in Table 4. The C,
comparison for Re=82,324 shown in Figure 21(a)
indicates that the computation predicts early reattachment
of the flow and in the recovery region following
reattachment pressure coefficient distribution is
overpredicted.

The computed pressure coefficient distributions for the
lower Reynolds number cases shown in Figures 21(c)
and (d) compare well with experiments. For Re=41,162
case shown in Figure 21(b) the onset of separation and
reattachment locations match the experiment as given in
Table 4, however, in the recovery region pressure
coefficient distribution is overpredicted.

Computed velocity profiles are compared to experiment
at 11 stations along the suction surface of the blade in

8

Figures 22(a) through (k) for Re=82,324 and
FSTI=0.5%. The results compare well with the
experiment up to x/C, =0.732 shown in Figures 22(a)

through (g). After this station flow separation takes place.
Separation onset and reattachment are slightly earlier in
the computations compared to experiment as given in
Table 4. This can be also observed from the velocity
profiles at stations x/C, =0.798 to 0.912 shown in

Figures 22(h) through (j). Overall computations compare
well with the experimental measurements.

Next Reynolds number is reduced to 41,162 and the
computed and experimental velocity profiles are
compared in Figures 23(a) through (k). The computed
profiles agree well with experiments except at
x/C, =0.912 shown in Figure 23(j). At this station the

computation indicates a smaller separated flow region
close to reattachment in contrast to the experiment.
However, the flow reattaches around x/C, =0.95 both

in computation and experiment and in the next

measurement station the agreement is well.

The next case considered has Reynolds number of
20,581. Computed velocity profiles are shown along with
the experimental data at 11 axial stations in Figures 24(a)
through (k).

In this case flow separates around x/C, = 0.76 and does

not reattach in experiment, however computations
indicated reattachment at x/C, = 0.98. This discrepancy

is evident from the comparison of velocity profiles at the
last two measurement stations shown in Figures 24(j) and
(k). The computation indicates a smaller separated region
in these stations and finally reattaches very close to the
trailing edge.  Onset of transition was predicted at
x/C, =0.978.

Final case in this set of experiments is the one with
Re=10,291. The computed velocity profiles are compare
very well with the experimental data as shown in Figures
25(a) through (k). In this case the flow separates around
x/C, =0.76and does not reattach. The flow is

completely laminar, transition was not predicted on the
blade.

5 Concluding Remarks

A transport equation for the intermittency factor is
employed to predict three sets of recent low-pressure
turbine experiments on PAK-B blade. The intermittent
behavior of the transitional flows is taken into account by
modifying the eddy viscosity with the intermittency
factor. Comparisons of the computed and experimental
data are made and overall good agreement with the
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experimental data is obtained. The predicting capabilities
of the current intermittency approach and the
intermittency transport model in prediction of transitional
flows under a wide range of low-pressure turbine
conditions is demonstrated.
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C, Re Data used for
Sour ce Test Section ) FSTI (%) .
(inch) (U,C/h) Comparison
Lake et.al (1999, 2000) P&W PAK-B cascade 7.0 43,000 1& 4 C, distribution
86,000 1& 4 C, distribution
172,000 1& 4 C, distribution
Corke et a. (2002) P&W PAK-B cascade 6.28 10,000 0.08 C, distribution
25,000 0.08 C, distribution
C, distribution,
50,000 0.08, 1.6, 2.85 . o,
velocity profiles
C, distribution,
75,000 0.08, 1.6, 2.85 . .
velocity profiles
C, distribution,
100,000 0.08, 1.6, 2.85 . o,
velocity profiles
) P&W PAK-B single C, distribution,
Volino (2002) 6.05 10,291 05 . )
passage velocity profiles
20,581 05 C, distribution,
' ' velocity profiles
41162 05 C, distribution,
' ' velocity profiles
82 304 05 C, distribution,
' ' velocity profiles

“ve ocity profiles are available for FST1=0.08% and 2.85% from experiments.
Table 1. Details of the experiments used for comparison with computations.
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Re FSTI xJC, x/C, x/C, xIC, x,/C,
(U,cmv) (%) (Computation) (Experiment) (Computation) (Experiment) (Computation)
172,000 4 0.732 0.74 0.83 0.84 0.806
86,000 4 0.725 0.74 0.86 0.88 0.832
43,000 4 0.718 0.73 0.93 0.93 0.881
172,000 1 0.728 0.72 0.82 0.84 0.808
86,000 1 0.722 0.72 0.87 0.90 0.849
43,000 1 0.711 0.62 0.95 0.99 0.896

Table 2: Separation, reattachment, and transition locations for cases of Lake et al. (1999, 2000).

Re FSTI xJC, x/JC, x/IC, x/C, x,/C,
(U.CN) | (%) (Computation) (Experiment) (Computation) (Experiment) (Computation)
10,000 0.08 0.661 0.725 --- --- ---
25,000 0.08 0.656 0.725 0.980 --- 0.936
50,000 0.08 0.714 0.725 0.925 0.975 0.890
75,000 0.08 0.718 0.725 0.860 0.870 0.854
100,000 0.08 0.725 0.725 0.840 0.875 0.840
50,000 1.6 0.722 0.728 0.900 0.900 0.854
75,000 1.6 0.728 0.730 0.867 0.875 0.834
100,000 1.6 0.732 0.730 0.860 0.877 0.821
50,000 2.85 0.728 0.722 0.887 0.900 0.837
75,000 2.85 0.732 0.729 0.840 0.870 0.816
100,000 2.85 0.735 0.734 0.842 0.850 0.806

Table3: Separation, reattachment, and transition locationsfor cases of Corke et al. (2002).

Re FSTI xJC, x/JC, x/IC, x/C, x,/C,
(U,Cv) (%) (Computation) (Experiment) (Computation) (Experiment) (Computation)
10,291 0.5 0.760 0.750
20,581 0.5 0.765 0.760 0.980 0.978
41,162 0.5 0.760 0.770 0.950 0.950 0.840
82,324 0.5 0.757 0.767 0.890 0.900 0.857
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Table 4. Separation, reattachment, and transition locations for cases of Volino (2002).
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Figure1: P&W PAK-B blade cascade details.
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Figure 2: Experimental set up for used by Lake et al. (1999, 2000).
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Turbulence Intensity for Grid 0 (Mesh size=1inch)
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Figure 3: Comparison of computed and experimental decay of turbulence for experiments of Corke et al. (2002),
with Grid 0.

Turbulence Intensity for Grid 3 (Mesh size=0.80cm)
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Figure 4: Comparison of computed and experimental decay of turbulence experiments of Corke et al. (2002), for
Grid 3.
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flap /, bleed air

tailboard

: 60°

Figure5: Schematic of thetest section for experiments of Volino(2002).

Figure 6: Multiblock grid used for computations of experimentsof Lakeet al. (1999, 2000) and FST1=0.08%
experiments of Corkeet al. (2002) .
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Figure 7. Comparison of computed pressur e coefficient with experimentsof Lakeet al. (1999, 2000).
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Figure 11: Comparison of computed velocity profileswith experiments of Corke et al. (2002), Re=100,000,
FST1=0.08% case.
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Figure 12: Comparison of computed velocity profileswith experiments of Corke et al. (2002), Re=75,000,
FST1=0.08% case.
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Figure 14: Grid used for computation of experimentsof Corkeet al. (2002) with FST1=1.6% and 2.85%.
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Figure 15: Comparison of computed pressur e coefficients with experiments of Corke et al. (2002) for
FST1=2.85% cases.
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Figure 16: Comparison of computed velocity profileswith experiments of Corke et al. (2002), Re=100,000,
FST1=2.85% case.
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Figure 17: Comparison of computed velocity profileswith experiments of Corke et al. (2002), Re=75,000,
FST1=2.85% case.
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Figure 18: Comparison of computed velocity profileswith experiments of Corke et al. (2002), Re=50,000,
FST1=2.85% case.
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Figure 19: Comparison of computed pressur e coefficients with experiments of Corke et al. (2002) for
FST1=1.6% cases.
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Figure 21: Comparison of computed pressur e coefficient distributions with experiments of Volino (2002),
FST1=0.5%.
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Figure 22: Comparison of computed velocity profileswith experiments of Volino (2002), Re=82,324, FST1=0.5%.
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Figure 23: Comparison of computed velocity profileswith experiments of Volino (2002), Re=41,162, FST1=0.5%.
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Figure 24: Comparison of computed velocity profileswith experiments of Volino (2002), Re=20,581, FST1=0.5%.
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ABSTRACT

The suction side boundary layer of an airfoil passage was
studied experimentally. The pressure gradient along the
airfoil was typical of a low pressure turbine environment, and
the Reynolds number, based on suction surface length and exit
velocity, was 25,000. A row of oscillating vortex generator
jets (VGIJs), located at the pressure minimum on the suction
side was used for flow control. The jets had no net mass flow
and a dimensionless oscillation frequency, F*, of 0.65.
Velocity profiles were acquired with single and cross sensor
hot-wire probes at multiple streamwise and spanwise positions
downstream of the VGJs. Time averaged results showed that
with the VGJs active, the boundary remained attached and
essentially laminar, and was spanwise uniform. Without the
VGJs the boundary layer separated and did not reattach.
Phase averaged results showed that instantaneously the
boundary layer was very non-uniform across the span. The
outpulse of the jets generated turbulence and produced
streamwise vortices, which brought high speed fluid into the
near wall region and helped to keep the boundary layer
attached. The vortices persisted to the trailing edge. A
calmed region followed the jet pulsing events, and the calmed
flow was characterized by a thin, spanwise uniform boundary
layer that was resistant to separation. Phase averaged mean
velocity, Reynolds stresses, and integral quantities are
presented to illustrated the structure of the unsteady boundary
layer.

INTRODUCTION

Vortex generator jets (VGJs) are used to control or prevent
boundary layer separation. The jets, as described by Johnston
and Nishi (1990), exit a surface from “small, skewed, and
pitched holes” to create streamwise vortices similar to those
created by solid vortex generators. Any jet will produce some
turbulence, and the turbulent mixing will tend to bring high
momentum fluid into the near wall region and inhibit
separation.  Streamwise vortices bring additional high
momentum fluid into the near wall region. The most effective
VGlJs enter the boundary layer at a relatively shallow pitch
angle relative to the wall and a high skew angle relative to the
main flow. Compton and Johnston (1992) showed that the co-
rotating vortices produced by VGJs are stronger and more
effective for separation control than the counter-rotating
vortices which form downstream of a normal jet.

NASA/CR—2012-217656

589
179

The present use of VGIs is motivated by the need to control
separation on the suction side of some low-pressure turbine
(LPT) airfoils in aircraft engines. Airfoils are designed so that
separation does not occur under takeoff conditions, where
Reynolds numbers are relatively high. At altitude, however,
the ambient density is lower, resulting in lower Re and
separation problems. Passive devices such as solid vortex
generators can be used to control separation, but they can
increase aerodynamic losses at high Re. VGJs could be turned
on only when needed, providing separation control at low Re
with no harmful effects at high Re.

Most studies of VGJs have considered jets with steady flow
(e.g. Johnston and Nishi, 1990 and Compton and Johnson,
1992), but a few have also considered pulsed jets. McManus
et al. (1994) found that pulsed VGJs were more effective than
steady jets in turbulent boundary layers. Bons et al. (2002)
used pulsed jets to suppress separation in a laminar boundary
layer under simulated LPT conditions. They used spanwise
rows of VGIJs on the suction surface of an airfoil, and found
that a row near the suction surface pressure minimum was
most effective. Reynolds numbers as low as 60,000 (based on
suction surface length, L,, and exit velocity, U,) were
considered. Bons et al. (2002) found that the pulsed jets were
fully effective even when the dimensionless pulsing
frequency, F*, was as low as 0.1, where F* is a ratio of the
transit time for flow between the VGJ hole and the trailing
edge to the time interval between pulses. Ensemble averaged
velocity profiles showed a long relaxation or “calmed” period
following each jet pulse. During this calm period the
boundary layer remained attached long after the turbulence
generated by the pulse had moved downstream. Calmed
regions have been observed following turbulent spots in
transitional boundary layers (e.g. Gostelow et al., 1997). The
mean velocity profiles in the calmed region gradually relax
from a turbulent shape to a laminar (and in some cases
separated) profile shape. The calmed boundary layer is very
resistant to separation, much like a turbulent boundary layer,
but it is very laminar-like in terms of its fluctuation levels and
low losses. The pulsed jets were more effective than steady
jets, even with pulsed jet duty cycles as low as 1%. This was
believed to indicate that the starting vortex formed at the
beginning of each pulse was responsible for most of the flow
control with pulsed jets.
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Volino (2003) considered oscillating jets with no net mass
flow under conditions similar to those of Bons et al. (2002),
but at a lower Reynolds number of 25,000. In uncontrolled
flow, the laminar boundary layer separated and did not
reattach. With the jets operating at a pulsing frequency
F*=0.65, the separation was effectively eliminated. The jets
produced turbulent and calmed regions which kept the
boundary layer attached. The leading and trailing edge
celerities of the turbulent and calmed regions matched those
expected for a turbulent spot. Following the calmed region,
the boundary layer did separate, but the separation bubble was
only present for a small fraction of the jet pulsing cycle, and it
remained very small and thin. In fact, the boundary layer
remained thin, laminar and attached along the entire airfoil
over most of the cycle.

While pulsed and oscillating VGJs have been shown
effective in a few studies, information about their structure is
limited. Bons et al. (2002) and Volino (2003) provide data
only at a single spanwise position. Johari and Rixon (2003)
studied a single pulsed VGJ in a zero pressure gradient
turbulent boundary layer using particle image velocimetry.
They provide documentation of the location, vorticity and
circulation of the streamwise vortices induced by the VGIJ.
More information is needed in cases with adverse pressure
gradients, laminar flow and multiple VGJs. Also, quantities
such as turbulence statistics and boundary layer integral
quantities should be documented at multiple spanwise
locations. It is not clear at present whether the turbulent and
calmed flow produced by the VGJs is sufficient to prevent
separation or whether the streamwise vortices are necessary.
If the turbulence alone is sufficient, then simpler normal jets
might suffice. The persistence or dissipation of the vortices in
the streamwise direction is also unclear. The spanwise
uniformity of the flow should be studied, as it is not certain
that the vortices suppress separation across the entire span.
The present study addresses these issues.

EXPERIMENTS

The experimental facility and measurements are described
in detail by Volino (2003). Briefly, air enters a low speed
wind tunnel through blowers and passes through a
honeycomb, screens, settling chambers, and a contraction
before entering the test section. At the exit of the contraction,
the mean velocity is uniform to within 1%. The freestream
unsteadiness is 0.5%+0.05%. Most of this is streamwise
unsteadiness at frequencies below 20 Hz.  The actual
freestream turbulence intensity (as indicated by the cross-
stream and spanwise components) is about 0.2%.

The test section follows the contraction and consists of the
passage between two airfoils, as shown in Fig. 1. A large span
to chord ratio of 4.3 insures nominally two-dimensional flow
at the midspan of the airfoils. Just upstream of each airfoil are
bleed flaps, which allow air to escape from the passage. The
flaps, the inlet flow angle, and a tailboard on the pressure side
of the passage are adjusted so that the leading edge flows and
pressure gradient along the airfoils match those in a multi-
airfoil cascade representation of a typical LPT.

The oscillating VGJs were produced from a plenum which
extended along the span at about mid-chord within the suction
side airfoil, as shown in Fig. 2. A loudspeaker was sealed to
the wide end of a funnel, and the funnel was inserted into the
plenum at one end of the airfoil. The speaker was powered by
an audio amplifier, which was in turn driven with a sine wave
by a function generator. Holes for the VGJs were drilled
through the suction surface into the plenum in a spanwise line
at the pressure minimum, s/L=0.514, where s is the distance
from the leading edge along the suction surface and L=229
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Fig. 2 Drawing of suction side airfoil with cavity and
VGJs: (a) full airfoil, (b) cross section ofVGJ holes

mm. The hole diameter is 0.0035L, and the spacing, P, is
0.037L,. The holes were drilled at a 90 degree skew angle
with respect to the main flow and a 30 degree pitch with
respect to the surface. The function generator and amplifier
were set to produce jets with maximum velocity 5 times the
local freestream velocity and dimensionless frequency
F*=0.65. Just upstream of the jets, the momentum thickness
Reynolds number Reg=62, and the boundary layer thickness
was 1.1 mm (0.0048L,). The Re=U,Ly/v was 25,000.

Measurements consisted of velocity profiles acquired using
hot-wire anemometry at five streamwise locations between the
VGIJ holes and the trailing edge. At each streamwise location,
profiles were acquired at five spanwise positions. As in
Volino (2003), a single-sensor probe was traversed from the
wall to the freesteam, providing streamwise velocity data,
from which boundary layer thicknesses and local skin friction
coefficients, c;, were computed (based on sublayer velocities).
At the same streamwise and spanwise locations, a cross-wire
probe was traversed from y=Imm from the wall to the
freestream. At each measurement point, data were acquired
for 26 s at a 20 kHz sampling rate. Details are available in
Volino (2003).

Both time and phase averaged results are presented below.
The velocity data were phase averaged at 24 evenly spaced
increments around the jet pulsing cycle. At each increment,
data were averaged over 1/180™ of the cycle. For each 26
second data trace, this results in roughly 3000 data points to
average for each ensemble. Uncertainties are 3% in the mean
velocity, 10% in the momentum thickness, 8% in the shape
factor and skin friction coefficient, and 10% in the Reynolds
stresses. Further details are available in Volino (2003).



RESULTS

Figure 3 provides an example of the time averaged mean
streamwise velocity, U, and time averaged turbulence
statistics from the stations at s/L=0.78. Profiles are shown for
the 5 spanwise measurement locations, with z/P=0 directly
downstream of a VGIJ hole, and z/P=1 directly downstream of
the adjacent hole. All velocities and turbulence quantities in
the figures are normalized using U,. There is some spanwise
variation in the rms u’ profiles, although all have the same
general double-peak shape. The U/U, profile is essentially
uniform across the span. The mean streamwise velocity
profiles show that the boundary layer is attached, so the flow
control is effective everywhere between the jets. Figure 4
shows the time averaged shape factor, H=67/6, and Rey at all
locations. Again, there is little variation across the span. The
shape factor rises at first, indicating a tendency toward
separation, but it remains between 2 and 2.6, indicating an
attached laminar boundary layer. As the time averaged flow is
essentially spanwise uniform, further details can be obtained
from the time averaged results presented in Volino (2003) for
a single spanwise position.

Although the time averaged results are spanwise uniform,
instantaneously there is considerable non-uniformity when the
jet disturbance passes. The time average is simply dominated
by the period between disturbances, which is uniform. The
remainder of the present paper focuses on phase averaged
results. Figure 5 shows contour plots of the mean streamwise
velocity in the y-z plane at streamwise locations s/L=0.61
(Figs. 3a,b) and 0.94 (Figs. 3c,d). The data shown at O<z/P<1
are repeated at 1<z/P<2 and 2<z/P<3 to illustrate the periodic
nature across the span. Plots are shown for the period between
jet disturbances (Figs. 3a,c) and while the disturbance is
present (Figs. 3b,d). In the figure captions, ¢ is the time from
the start of the cycle (roughly when the outflow begins at the
VGIJ hole) and 7 is the cycle period. Between disturbances the
boundary layer is spanwise uniform and thin. The streamwise
boundary layer growth can also be observed. In the presence
of the disturbance there is a clear variation across the span,
and it persists to the trailing edge. Figure 6 shows the data
from Fig. 5 as velocity profiles. Comparison of Figs. 6b and
6d shows that the spanwise variation is clearly stronger at the
upstream station.

Figure 7 shows the jet induced change in the mean wall-
normal velocity, AV. That is, the mean V fields corresponding
to the planes and phases of Figs. 5a and 5c were subtracted
from the mean V fields corresponding to Figs. 5b and 5d
respectively. Upwash (4V>0) and downwash (4V<0) regions
are clear. The upwash corresponds to the region of low
streamwise velocity in Fig. 5, as low speed fluid is pulled
away from the wall. The downwash correspond to the region
of high streamwise velocity, where higher speed fluid is
brought closer to the wall. The vortices and their associated
mixing persist to the trailing edge.

The behavior of the boundary layer over the course of a jet
pulsing cycle is shown in Fig. 8, which shows contours of the
rms fluctuating streamwise velocity ' in a plane at s/L=0.78.
Results are shown for evenly spaced phases over part of a full
jet pulsing cycle. In the phase shown in Fig. 8a, the boundary
layer is between disturbances, and u’ is essentially zero. In
Fig. 8b, the disturbance is just beginning to arrive, and u’
levels start to increase at y/P=~1. The variation across the span
is clear. At the next phase shown (Fig. 8c), the magnitude of
u' has increased, with a peak still at y/P~1 and a second peak
near the wall. The double peaks agree with the time averaged
profiles of Fig. 3b. The next three phases of Fig. 8 (Figs. 8d-f)
show u' decreasing in the outer part of the boundary layer and
remaining high near the wall. In the remaining three phases
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(Figs. 8g-i), the u’ level drops back to the undisturbed value
near zero. For the rest of the cycle (not shown) the u' level
remains low, as in Fig. 8a. The behavior shown in Fig. 8 is
typical of all streamwise locations. The disturbance first
appears near the edge of the undisturbed boundary layer and
then moves into the near wall region. The disturbance level
then begins to drop, first in the outer part of the boundary
layer and then near the wall. For a significant part of the cycle
the boundary layer is undisturbed. The fraction of the time
that the boundary layer is disturbed increases in the
streamwise direction. This occurs, as shown in more detail for
a single spanwise position in Volino (2003), because the
leading edge of the disturbance travels faster than the trailing
edge.

Figure 9 shows the Reynolds shear stress, u'v" at the same
location and phases as in Fig. 8. The disturbance has not
arrived yet in Fig. 9a, and u"v' is essentially zero everywhere.
By the third phase shown (Fig. 9c), negative valued peaks
appear at y/P=~1 and very near the wall. The negative sign is
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Fig. 6 Phase averaged U/U. profiles at a) t/T=0.04,
s/Ls=0.61; b) t/T=0.54, s/Ls=0.61; c) t/T=0.71,
s/Ls=0.94; d) t/T=0.08, s/Ls=0.94

(a)

Fig. 7 Phase averaged AV/U. at a) t/T=0.54,
s/Ls=0.61; b) t/T=0.08, s/Ls=0.94

(@ (b) ©

0 1 2 0 1 2

2P 2P 2P

Fig. 8 Phase averaged u'/U. at s/Ls=0.78, t/T= a) 0.50,

b) 0.58, c) 0.67, d) 0.75, e) 0.83, f) 0.92, g) 0.0, h)
0.08,i) 0.16

expected for u'v' and the locations agree with the peak
locations in u" shown in Fig. 8c. There is also a small positive
peak at y/P=0.5, centered between the negative peaks. The
data from Fig. 9c are shown as profiles in Fig. 10 for a better
quantitative comparison. The positive peak is clear at
7/P=0.212, and the two negative peaks are largest at z/P=0 and
7/P=0.425. Negative u'v' is typical of most boundary layers
since the mean streamwise velocity generally increases with
distance from the wall. If turbulence causes slow fluid to
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z/P
Fig. 9 Phase averaged u'v'/U¢? at s/Ls=0.78, t/T= a)
0.50, b) 0.58, c) 0.67, d) 0.75, e) 0.83, f) 0.92, g)

0.0, h) 0.08, i) 0.16
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Fig. 10 Phase averaged u'v'/U." profiles at s/Ls=0.78,
t/T=0.67

move away from the wall, v’ will be positive and u’ will be
negative, resulting in negative u'v'. If higher speed fluid
moves toward the wall, the result is again negative u'v'. In the
present case, however, the streamwise vortices created by the
VGJs cause instantaneously negative local streamwise
velocity gradients, as shown in Fig. 6b. This causes the local
positive #'v'in Fig. 9c. In Fig. 9d, the negative u'v' reaches its
highest magnitude. In Figs. 9e-g, the u'v' magnitude gradually
descreases, and at the last two phases shown (Figs. 9h-i), u"v’
is near zero. The nonzero u'v' caused by the VGIs is
indicative of the turbulent mixing which helps to keep the
boundary layer attached. The near zero u'v' a for most of the
jet pulsing cycle is indicative of a laminar boundary layer, and
helps explain the laminar like time averaged velocity profiles
of Fig. 3a. Comparing Figs. 8g-i and Figs. 9g-i, u'v' returns to
zero before u’. Volino (2003) also saw this faster return of u'v’
to zero and noted that the calmed region following the
disturbance is characterized by some velocity fluctuations in
u', but very little momentum transport.

For a different perspective on the boundary layer behavior,
Fig. 11 shows the phase averaged ' results in an s-z plane at
y=2 mm (y/L=0.0087, y/P=0.23). Three phases of the cycle
are shown, and the convection of the disturbance along the
surface and its three-dimensional nature are clear. In Fig. 11a,
one disturbance is just leaving the trailing edge, while the next
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Fig. 11 Phase averaged u'/U. at y/Ls=0.0087 and a) Fig. 13 Phase averaged Re, at y/Ls=0.0087 and a)
t/T=0.54; b) t/T=0.88; c) t/T=0.21 t/T=0.54; b) t/T=0.88; c) t/T=0.21

z/L

0.9
S/LS 0.65 0.7 0.75 0.8 0.85 0.9
Fig. 12 Phase averaged u'v'/U, at y/Ls=0.0087 and a) sk
t/T=0.54; b) t/T=0.88; c) t/T=0.21 Fig. 14 Phase averaged shape factor, H, at
y/Ls=0.0087 and a) t/T=0.54; b) t/T=0.88; c)
disturbance is present at lower s/L;. The second disturbance is t/T=0.21

then seen moving across the surface in Figs. 11b-c. Note that
u' is near zero over for much of the cycle at all locations,
indicating a laminar boundary layer. Figure 12 shows the
Reynolds shear stress at the same locations and phases as in
Fig. 11. Qualitatively, Figs. 11 and 12 are very similar. In
Fig. 12a, regions of positive u'v' are visible at s/L=0.7, as
were also noted in Figs. 9c and 10. In other areas, u"v' is
negative. Over much of the cycle, the boundary layer is
laminar and u'v' is near zero.

Integral quantities were computed from the phase averaged
streamwise velocity profiles. Figure 13 shows the local Reg at
the same phases shown in Figs. 11 and 12. The VGJ
disturbance causes a local thickening of the boundary layer,
but in the absence of the disturbance is very low, even near
the trailing edge. Figure 14 shows the shape factor, H=57/6, at
the same phases. When the boundary layer is laminar and
attached, H is between about 2 and 2.5. When it becomes
turbulent, the value drops. If the boundary layer approaches

separation, the shape factor increases significantly while the oo 07 o075 08 o8 oo

momentum thickness remains nearly constant. The result is a s,

high shape factor. Comparing Figs. 11-14, H is highest Fig. 15 Phase averaged c; at y/Ls=0.0087 and a)
between the VGJ disturbances. When the disturbance arrives t/T=0.54; b) t/T=0.88; c) t/T=0.21

at a location, H begins to drop, and it reaches its lowest value
in the calmed period immediately after the disturbance has
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past. Hence, the disturbance keeps the boundary layer
attached, and the effect persists into the calmed period.
Following the calmed period, the boundary layer begins to
relax toward its uncontrolled, separated state. Figure 15
shows the local skin friction coefficient at the same phases as
Figs. 11-14. The black regions indicate ¢=0 and separated
flow. When the jets begin their outward pulse, they induce
high speed fluid into the near wall region, resulting in very
high skin friction just downstream of the jet holes, as shown
by the white regions in Fig. 15a. Between the turbulent
regions the skin friction is very low, and the boundary layer
momentarily separates at locations between s/L=0.7 and 0.9.
The regions of zero or very low ¢, in Fig. 15 are consistent
with the regions of high H in Figs. 14. Figure 15b shows the
boundary layer is separated at s/L=0.86, and Figs. 11b and
12b show that the VGIJ disturbance is above this low ¢,
location. Fig. 13b shows that Re, is high at this location,
while Fig. 14b shows that H is relatively high. The
disturbance has arrived and begun to affect the outer part of
the boundary layer, but it has not affected the near wall region
yet, so the boundary layer remains separated. Slightly
upstream at s/L=0.78 and the phase of Fig. 15b, the skin
friction is high, the shape factor is low and the disturbance has
just past. This is the calmed region following the disturbance,
where the boundary layer has fully reattached.

CONCLUSIONS

The response of a boundary layer to a row of VGJs has been
shown. The time averaged flow is spanwise uniform, but
instantaneously the boundary layer is very three-dimensional.
Streamwise vortices bring high speed fluid into the near wall
region, suppressing separation. Evidence of the vortices
persists to the trailing edge. The disturbance induced by the
jets produces turbulence, but the boundary layer is thin and
laminar between disturbances. The boundary layer separates
at some locations, but the separation bubble remains thin and
is only present for a small fraction of the VGJ cycle.
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Abstract of presentation at the 55th Annual Meeting of the Division of Fluid Dynamics of the American Physical
Society, Dallas, TX, 2002

Separation Control Using Synthetic Vortex Generator Jets
Ralph Volino (U.S. Naval Academy)

Boundary layer separation is a problem on some low-pressure turbine airfoils in aircraft engines. Airfoils are
typically designed for optimal performance at takeoff, where maximum power is needed. When the aircraft
climbs, however, the lower pressure at altitude (and lower Re) can result in separation from the suction side of
the airfoils. Flow control would be desirable to minimize separation at low Re, without sacrificing performance at
high Re. In the present experiments, synthetic vortex generator jets are used for flow control. This is the first
known application of synthetic vortex generator jets. At low Reynolds numbers, without flow control, a large
separation bubble is present. With the jets, the bubble is eliminated. The time averaged boundary layer appears
laminar and attached. Ensemble averaged data shows that during each jet pulsing cycle, a turbulent patch
moves down the airfoil, followed by a calmed period of attached laminar flow. Losses are lower than for a case in
which reattachment was forced with a passive boundary layer trip. Smoke visualization as well as animations of
ensemble averaged hot-wire data from boundary layer profiles will be presented.

Abstract of presentation at the 56th Annual meeting of the Division of Fluid Dynamics of the American Physical
Society, East Rutherford, NJ, 2003

Separated Flow Transition Mechanism with Passive Flow Control under Low Pressure Turbine
Conditions
Ralph J. Volino, Douglas G. Bohl (U. S. Naval Academy)

Boundary layer separation and transition have been studied experimentally on the suction side of a simulated
low pressure turbine passage. Rectangular ribs were used as passive flow control devices to induce transition
and promote reattachment. Thin ribs promote reattachment after a small separation bubble, resulting in lower
aerodynamic losses. The ribs appear to have no immediate effect on the mean or rms streamwise velocity
profiles, but do impart a very small disturbance in the boundary layer. The boundary layer separates, as in the
unmodified flow, but undergoes transition and reattachment upstream of the location in the unmodified flow.
Measurements of the wall normal velocity show the regular growth of small disturbances in the pre-transitional
flow in cases with and without ribs. The transition mechanism appears similar in all cases. Ribs and elevated
freestream turbulence increase the magnitude of the initial disturbance, leading to an earlier attainment of a
disturbance large enough to initiate transition. These observations lead to a new correlation for transition onset
location which accounts for rib height, freestream turbulence level, and Reynolds number

Abstract of presentation at the 57th Annual Meeting of the Division of Fluid Dynamics of the American Physical
Society, Seattle, WA, 2004

Three-Dimensional Flow Structure Resulting from Oscillating Vortex Generator Jets
Ralph Volino, Douglas Bohl (U.S. Naval Academy)

A row of oscillating vortex generator jets is used in an experimental study to control boundary layer separation
from an airfoil. Without flow control a large, burst separation bubble is present at low Reynolds numbers. With
the jets active, the separation is eliminated. Ensemble averaged data (relative to the jet pulsing) show a turbulent
patch moving down the surface after each outward jet pulse, followed by an extended calmed period
characterized by a thin, attached laminar boundary layer. In the present study, profiles of streamwise and wall
normal velocity have been measured at multiple spanwise locations between adjacent jets. The structure of the
streamwise vortices is clear, with upwash and downwash regions. Ensemble averaged Reynolds shear and
normal stresses, wall skin friction, mean velocity and integral quantities have been documented. Animations of
the data show the generation of the vortices and their progression downstream, followed by periods of laminar,
spanwise-uniform flow. The action of the vortices in bringing high speed fluid into the near wall region to achieve
the separation control is illustrated
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NOTE: The following pages were excerpted from Minnowbrook IV—2003 Workshop on Transition and
Unsteady Aspects of Turbomachinery Flows, J.E. LaGraff and D.E. Ashpis, Editors, NASA/TM—2004-
212913, August 2004, pp. 78-97.

ACTIVE AND PASSIVE FLOW CONTROL ON LOW PRESSURE TURBINE AIRFOILS

Ralph J. Volino
United States Naval Academy
Annapolis, Maryland 21402

Modern low-pressure turbine airfoils are subject to increasingly stronger pressure gradients as designers
impose higher loading to improve efficiency and lower cost by reducing the number of airfoils in an
engine. If the adverse pressure gradient on the suction side becomes strong enough, the boundary layer
will separate. Separation bubbles, particularly those which fail to reattach, can result in a significant
degradation of engine efficiency. The problem is particularly relevant in aircraft engines. Airfoils
optimized to produce maximum power under takeoff conditions may still experience separation at cruise
conditions, due to the thinner air and lower Reynolds numbers at altitude. An efficiency drop of 2% may
occur between takeoff and cruise in large commercial transport engines, and the difference could be larger
in smaller engines operating at higher altitudes. Needed is a means of controlling separation at low Re,
without sacrificing the gains achieved at high Re.

In the present study, passive and active flow control are applied to the suction surface boundary layer on
an LP turbine airfoil. Experiments are conducted in a single passage cascade simulator. Reynolds
numbers (based on exit velocity and suction surface length) from 25,000 to 300,000 are considered under
both high (8% inlet) and low (0.5%) free-stream turbulence (FSTI) conditions. In the passive control
experiments, thin rectangular bars are applied to the airfoil near the suction surface velocity peak. Bars
that are sufficiently large immediately trip the boundary layer to turbulent and prevent separation.
Smaller bars initially appear to have little or no effect, and the boundary layer separates. Some distance
downstream, however, small disturbances induced by the bars induce transition in the shear layer over the
separation bubble, causing reattachment to move upstream relative to its location in the unmodified flow.
The cases with the shortened separation bubbles appear to have lower losses than those with the larger
trips. Bars which produce optimal results at low Re, however, invariably cause higher losses at the
highest Re, suggesting the possible benefit of active flow control.

Active control is achieved using synthetic (oscillating, i.e. no net mass flow) vortex generator jets. An
airfoil was constructed with a central cavity and a spanwise row of small holes extending from the cavity
to the suction surface. The cavity is pulsed with a loudspeaker, causing jets to enter the boundary layer at
a compound angle relative to the blade surface and the main flow. A single case has been documented to
date with Re=25,000 and low FSTI. The separation bubble is completely eliminated, as shown through
smoke visualization and animations of phase locked quantitative data. Ensemble averaged data (relative
to the jet pulsing) show a turbulent patch moving down the blade after each outward jet pulse, followed
by an extended "calmed" period characterized by a thin, attached laminar boundary layer. Losses appear
substantially lower than with passive control.
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Introduction

Boundary layer separation 1s a problem on
some LPT airfoils at low Re

Airfoils designed for takeoff
— Maxmmize thrust to weight ratio
— Haghly loaded arrfoils
— Strong pressure gradients
Separation affects performance at cruise
2% or more drop m efficiency
Want to minimize problem without sacnficing
performance in other arcas
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Experimental Facility

—

n
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furbulence /if\ WS-

nozzle T )ﬁﬁmger

* Low speed wind tunnel

= Re=UL./v from 25,000 (cruisc) to
300,000 (takeoff)

- High (8.5%) and Low (0.5%) inlet Free-
Stream Turbulence

= Smgple passape cascade simmlator
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Passive Flow Control

» Rectangular bars (ribs)
— Leading edge position, width not cnitical
— Trailing edge position important
— Located at suction surface velocity peak
— 6 mm wide (suction surface length = 229 mm)
— 4 heights: 0 (baseline), 0.4 mm, 0.8 mm, 1.6 mm

= Compares to local &, 5 between 1 and 4 mm depending
on Reynolds number

Single hot-wire, X-wire and pressure profiles
for 40 conditions (5 Re, 2 TI, 4 heights)
* Data at 5 stations downstream of bar
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Results — Pressure Profiles
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Low FSTI, Re=50,000
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Shape Factor and Momentum Thickness
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Transition Mechanism

mmhﬁsmwsinﬁlmhlmseﬁw,mgﬁﬂﬂdmm
High and low FSTI cases have similar mechamsm
— Same peak frequencics m specta
— Small distarbances from bars as imporiant as FSTT level
— Not a pure free stream mdunced bypass transithon
Large bars have immediately detectable effect
— Bar blockage resnlis in losses
Small bars add small disturbances o flow
— Initial detectable effect on the flow is minimal
— Dastorbances eveninally prows to detectable level and promote transihon
Optimal bar height allows small separation bubble
— Not big enongh to tnp boundary layer
— Big enongh to keep bubble small
= Want reattarhment near <1, =074 for conditions of present shady
— Ophmal heipht depends on the Reynolds smmber
— Cormehlation developed
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Optimal Bar Height

» Correlation of reattachment location to bar height

1 I
Low FSTI, predicted 5,

High FSTI, predicted 5
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Fﬂim“mni-“nM(srﬁJ: 0.8 f } T e Equation 4 |
m baseline_ b, and modified, m_ o7l d M 2
flow cases depends on bar _ ™, .
height d, and momentom ~ o8 L il S
thickness at sartion peak, &, x.

:\:"HE 0.5 ] | | @
All variables except d are %04
known or predictable. s, can =0
be set o desired location. 03
® .

Salve for d which will produce 0.2}
desired reattachment location
in modified flow. 0.1

0 1 1 L L L 1
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dfe
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Eq. 4: (878,)/(35,),~(110-23(d/60, )Y
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v’ Boundary Layer Spectra

* Spectra show small disturbances induced by bars
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Growth of Disturbances
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Growth of Disturbances

All cases at same Re appear in
have approximately the same

Inihial distwbance size
increases with bar height
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Correclation of Observations
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Comparison of Correlation to Data

Ageement is reasonable_

Carrelations from literatere
alkso shown for comparison

New conelation includes both
Re and FET1 dependence.
Other comelabons include only
one: of these effects.

Preliminary comparisons o
other experimenial cases in
hieralore appear promising.
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Comparison of Correlation to Data
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Active Flow Control with
Synthetic (Oscillating)
Vortex Generator Jets

Provide more flexibility than passive control
Dnven by loudspeaker through central cavity
arrfoil

— Smgle jet condition tested, not necessarily optimal

— 10 Hz si1pe wave, F=0.65, maximom delUm=5
Geometry copied from Bons et al.

— Smgle row of jets

— 0.8 mm diameter holes

— 10:1 patch /diameter ratio

— 90° angle fo flow

— 30° angle fo surface
Located at suction surface velocity peak

Low FSTI, Re=25,000 case studied m detail
— Most challengmg case for flow control
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Pressure and Velocity Profiles

Invimckd o

iution

. .

Pressure and mean
velocity profiles show
separation bubble is
effectively ehhmmated

Mean velocity profiles

(& appear laminar at all

o locations. L.osses, as
R mdicated by

i momentum thickness,
D 2 are 20% lower than in
cases with passive bar

o 0.008
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Conclusions

e Passive and active flow control
demonstrated effective
— Passive holds advantage of simplicity
— Active potentially more flexible and effective
» Newest passive control results may shed
light on separated flow transition
mechanism
 Work continues
— Currently studying 3-D passive devices
— Dimples next
— More work with jets anticipated
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