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Effect of Reynolds Number on Separation Bubbles
on Compressor Blades in Cascade

Garth V. Hobson,¤ Denis J. Hansen,† David G. Schnorenberg,† and Darren V. Grove†
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A detailed experimental investigation of second-generation, controlled-diffusion, compressor stator blades at
an off-design inlet-� ow angle was performed in a low-speed-cascade wind tunnel primarily using laser Doppler
velocimetry (LDV). The object was to characterize the � ow� eld in the Reynolds number range of 2:1–6:4 £ 105

and to obtain LDV measurements of the suction surface boundary-layerseparation that occurred near midchord.
Surface � ow visualizationshowed thatat the low Reynoldsnumber the midchord separationbubblestarted laminar
and reattached turbulent within 20% chord on the suction side of the blade. The extent of the bubblecompared very
well with the measured blade surface pressure distribution, which showed a classical plateau and then diffusion in
the turbulent region. LDV measurements of the � ow reversal in the bubble were performed. At the intermediate
Reynolds number, the boundary layer was transitional upstream of the separation bubble that had decreased
signi� cantly in size (down to 10% chord). At the highest Reynolds number, the � ow was turbulent from close to the
leading edge, and three-dimensional � ow reversal as a result of endwall effects appeared at approximately 80%
chord. These data, particularly the low Reynolds number data, are an excellent test case for either large-eddy
simulation or direct numerical simulation of cascade � ow� elds.

Nomenclature
C = chord length, mm
Cp = coef� cient of pressure, . p ¡ p1/= 1

2
½W 2

ref
d = normal distance from the blade, mm, or fringe

spacing, ¹m
H = shape factor
L = focal length, mm
P = atmospheric or plenum pressures, Pa
p = pressure, Pa
S = blade pitch, or spacing, mm
T = temperature, K
U = axial velocity, m/s
u 0 = axial velocity turbulent � uctuation, m/s
V = tangential velocity, m/s
v 0 = tangential velocity turbulent � uctuation,m/s
W = total velocity,

p
.U 2 C V 2/, m/s

X = distance from the blade, mm
x = axial direction; also vertical direction in the cascade, mm
Y = distance from the blade, mm
y = tangential direction; also horizontal direction, mm
¯ = � ow angle, measured from the axial, deg
± = displacement thickness, mm
´ = normal to the chordwise direction, mm
µ = momentum thickness, mm
· = beam half-angle
¸ = wavelength of laser light, nm
» = chordwise direction, mm
½ = density, kg/m3

! = mass-averaged total pressure loss coef� cient

Subscripts

atm = atmospheric conditions
f = fringe spacing
ref = upstream reference conditions
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t = plenum conditions
0 = stagnation conditions
1 = upstream, or lower, traverse slot
2 = downstream, or upper, traverse slot

Introduction

A S stated in Ref. 1 (page 45), “At high � ight altitudes and low
� ight speeds, the Reynolds number of the � ow through the in-

let stages of a compressor becomes so low that their performance is
often impaired.” The present study used a set of second-generation
controlled-diffusion(CD) stator blades in cascade to study the ef-
fect of Reynolds number that would be experiencedwith such � ight
condition changes. The blades were designed as stator 67B and
tested as stage 67B by Gelder et al.2 with stage 67 being one of the
transonic compressor stages that NASA has tested.3 The design-
point Reynolds number, based on chord, for stator 67B was al-
most one million at sea level, and this was estimated to decrease to
2 £ 105 at1:5 £ 104 m. ThreeReynoldsnumbers,namely,6:4 £ 105,
3:8 £ 105, and 2:1 £ 105 , were tested with 10 stator 67B blades in
cascade in the Naval Postgraduate School (NPS), Low-Speed Cas-
cadeWindTunnel.Manyearliercascadewind-tunneltestshavebeen
conducted to study the effect of Reynolds number on blade element
performance,most notablyby Rhoden,4 Horlock et al.,5 Schlichting
and Das,6 Evans,7 and Roberts.8 The last threeworks were also con-
cerned with the effects of freestream turbulence, which is also im-
portant to blade performance.All of these two-dimensionalcascade
tests indicated a deterioration in performance when the Reynolds
number was decreased below 1 £ 105; however, most of the ear-
lier tests were conducted at Reynolds numbers well below 5 £ 105

(Ref. 1).
The present study has four motivating points. First, the Reynolds

number range that the cascade (and blade chord of 12.7 cm) could
produce is more representative of � ight conditions. Second, the
bladepro� les were the midsectionof a modern design that had been
rig tested.2 Third, the present study is seen as a challengingtest case
for turbulenceand transitionmodels used in numerical predictionof
separated � ows. Finally, these data, particularly the low Reynolds
number data, are an excellent test case for either large-eddy simu-
lation or direct numerical simulation of cascade � ow� elds.

Sanger9 designedstator67A with CD bladepro� les to replace the
original double-circular-arcpro� les of stage 67. The object of the
studywas to implementa designoptimizationprocedurein replacing
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the original blades with the same blade count. These blade pro� les
were extensively tested in the NPS cascade wind tunnel.10;11 The
subsequentdesign and testing of stator 67B by Gelder et al.2 was to
improve on the performanceof the stator 67A blade row by halving
the blade count while still performing the same amount of � ow
turning. The blades of stator 67B were more highly loaded than
those of stator 67A and, thus, are more cambered; however, the
leading edge shapes of 67B were made elliptic (as opposed to the
circularleadingedgeof 67A) in an attempt to eliminate leading-edge
separation that was prevalent on stator 67A.

Experimental Apparatus and Procedure
The Low-Speed Cascade Wind Tunnel of the NPS Turbopropul-

sion Laboratory was used throughout this study. The inlet � ow
uniformity and periodicity had been thoroughly documented by
Elazar,10 with 20 stator 67A blades in the cascade. A schematic
of the cascade is shown in Fig. 1. In the test section, 10 stator 67B
pro� les were installed.

Each blade had an aspect ratio of 1.996, and the solidity of the
blade row was 0.835. Figure 2 shows the blade pro� le, and the ma-
chine coordinates are given in the Appendix. Table 1 contains a
summary listing of the geometrical parameters of the cascade test
section. A two-component laser-Doppler velocimeter was used for

Table 1 Test section speci� cations

Property Value

Blade type Stator 67B CD
Number of blades 10
Blade spacing 152.40 mm
Chord 127.14 mm
Setting angle 16.3 deg § 0.1 deg
Span 254.0 mm

Fig. 1 Low-speed cascade wind-tunnel schematic.

Fig. 2 Blade pro� le.

the laser Doppler velocimetry (LDV) measurements at the station
locationsdenotedin Fig. 3. The velocitycomponentsmeasuredwere
the vertical,U , or axial velocity and the horizontal,V , or tangential
velocity, and all of the measurements were taken in the coincidence
mode. For the seed material, 1-¹m oil mist particles were used.
These were introduced into the � ow at the location shown in Fig. 1.
All measurements recorded were for 1000 data points at a typical
data rate of 200 particles per second, and no editing was used to
present the data. Suitable tilting and yawing of the LDV was per-
formed to allow access as close to the blade surfaces as possible,
particularly during the boundary-layersurveys, as shown in Fig. 3.
All boundary-layersurveys were performed over a distanceof 14%
of the blade chord in a direction normal to the blade surface.

Loss measurements were performed with a traversing � ve-hole
probe at the upper traverse slot (Fig. 1) for the near-design inlet
� ow angle test case. Flow unsteadiness due to trailing-edge sep-
aration precluded these measurements at the increased incidence.
Blade surfacepressuremeasurementswere recordedfrom an instru-
mented blade that had 48 pressure ports machined into its surface.
Surface � ow visualization was performed with a titanium dioxide
and kerosene mixture. Both video of the developing surface � ow
patterns and still photography of the end result once the mixture
had dried on the blade surfaces were recorded.

The estimated measurement uncertainties are given in Table 2.
The uncertainties in parameters · , L , and ¸ were given by the
manufacturer. The fringe spacing was calculated as d f D ¸=sin · .

Table 2 Estimated measurement uncertainty

Item Description Uncertainty

X , Y Distance from blade surface 0.025 mm
Pt Plenum pressure 25 Pa
p Pressure 12 Pa
Patm Atmospheric pressure 35 Pa
Tt Plenum temperature 0.2±C
—— LDV clock counter 1 n-s
· Beam half angle 0.3 deg
L Focal length 7.6 mm
¸ Wavelength 0.1%
d f Fringe spacing 0.3%
U , V Particle velocity

at 10 m/s 0.33%
at 100 m/s 0.65%

Fig. 3 Pitchwise and boundary layer survey locationswith station des-
ignations.

Fig. 4 Blade surface pressure distribution at 36-deg inlet � ow angle.
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Because particles do not follow the � ow exactly, the uncertainty in
the velocitycan be larger than theuncertaintyin the particlevelocity.

Results and Discussion
Blade Surface Pressure Distributions

Measurements were performed on the cascade at the high
Reynolds number of 6:4 £ 105 by Hansen12 at the near-design in-
let � ow angle of 36 deg. Figure 4 shows the results of the blade
surface pressure distribution measurements in terms of the coef� -
cient of pressure Cp plotted along the blade chord at various po-
sitions given by the ratio »=C . The Gelder et al. design2 intent
for stator 67B is shown plotted with the solid black line. The dis-
crepancy between the two sets of measurements show that three-
dimensional effects dominated in the compressor measurements vs
the nearly two-dimensional � ow in the cascade. Five-hole probe
surveys upstream and downstream of the blade row yielded an ax-

Fig. 5 Blade surface pressure distribution at 38-deg inlet � ow angle.

Fig. 6 Surface � ow visualization at 6:4 £ 105 Reynolds number and
38-deg inlet � ow angle.

Fig. 7 Surface � ow visualization at 3:8 £ 105 Reynolds number and
38-deg inlet � ow angle.

Fig. 8 Surface � ow visualization at 2:1 £ 105 Reynolds number and
38-deg inlet � ow angle.

Fig. 9 Wake pro� les at 38-deg inlet � ow angle for the highest and
lowest Reynolds number � ows.

Fig. 10 Exit � ow angle distributions for the highest and lowest
Reynolds number � ows.

Fig. 11 Exit turbulence distributions for the highest and lowest
Reynolds number � ows.
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ial velocity density ratio (AVDR) (D½2U2=½1U1, where the overbar
representsmass averagedquantities) of 1.03 and the loss coef� cient,
! D . Np02 ¡ Np01/=. Np01 ¡ Np1/, was 0.030. The experimentally deter-
mined loss coef� cient2 of the stator blade element at 50% span in
stage 67B was 0.029.

The Cp distribution at the three Reynolds numbers are shown in
Fig. 5. All of these measurements were performed at an inlet � ow
angle ¯ D 38 deg (Ref. 13). The distribution on the suction side
of the blade for the high Reynolds number rose continuously from
the minimum pressure location at 40% chord and, thus, showed no
indication of � ow separation. The distribution at the intermediate
Reynolds number of 3:8 £ 105 implied a separation region between
approximately 50 and 65% chord. At the low Reynolds number

Fig. 12 Suction-surface boundary-layer pro� les at 6:4 £ 105 Reynolds number.

(2:1 £ 105 ), the distribution implied a separation region between
45 and 70% chord because of the plateau in the midchord region
of the suction surface. The separation region had moved forward
with decreasing Reynolds number, and the separation bubble had
also affected the minimum suction peak by reducing its magnitude.
Both of these observations are consistent with earlier separation
bubble studies.4;5;8

Flow Visualization

Surface � ow visualization was performed on blades 3 and 4 in
the cascade at the three Reynolds numbers. The � ow pattern at the
high Reynolds number (Fig. 6) revealed that the � ow was three
dimensional in the trailing-edge region due to the formation of
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corner vortices in the vicinity of the cascade endwalls. In addition,
the � ow was not symmetric about the midspan due to the differ-
ent boundary-layer thicknesses between the two endwalls, which
resulted in different vortex locations on the blade surface. The � ow
visualization at the intermediate Reynolds number (Fig. 7) indi-
cated two-dimensional � ow along most of the midspan section as
well as good periodicity between the blades. A region of spanwise
intermittent separation was noted and measured at a position cor-
responding to 46% chord with a reattachment point at 57% chord.
Intermittent separation means that where the boundary layer had
undergone transition to turbulent � ow, either naturally or due to lo-
cal surface roughness, separation had not yet occurred. This gave
rise to the regions where no TiO2 was present, that is, the ver-
tical black streaks on the blade at midspan. In the regions along
the span of the blade where transition of the boundary layer was
suppressed, then laminar separation occurred, as was noted by

Fig. 13 Suction-surface boundary-layer pro� les at 3:8 £ 105 Reynolds number.

the spanwise intermittent separation bubbles. The actual separa-
tion point (without the surface � uid) was closer to the trailing edge
because gravitational effects had moved the � uid in the separa-
tion bubble downward toward the leading edges. The measured
separation region correlated well with the Cp distribution that in-
dicated a separation region between approximately 50 and 65%
chord. The � ow visualization at the low Reynolds number (Fig. 8)
indicated two-dimensional � ow along most of the midspan sec-
tion. A region of laminar separation was noted and measured at
a position corresponding to 39% chord with a reattachment point
at approximately 63% chord. A small amount of TiO2/kerosene
� uid was suspended in this region. Again taking into account the
gravitational effects on the suspended � uid, the measured sepa-
ration region correlated well with the Cp distribution, which in-
dicated a separation region between approximately 45 and 70%
chord.
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Inlet and Wake Pro� les

Inlet� ow� eldsurveyswereconductedat station1,30%ofanaxial
chord ahead of the blade leading edges, over two blade pitches.The
summarized inlet � ow conditionsare presented in Table 3. The total
velocity was uniform to within 1% for all of the tests, and because
the survey points were equispaced,the averagevalues tabulated can
also be considered as mass-averagedvalues.

The average inlet � ow angle increased by 0.6 deg when reduc-
ing the Reynolds number from the high to the low value, as did

Table 3 Inlet � ow conditions

Reynolds Average inlet Inlet � ow angle Average inlet Inlet turbulence
number, � ow angle, standard turbulence, standard
£105 deg deviation % deviation

6.4 37.7 1.21 1.6 0.15
3.8 38.2 1.37 1.6 0.14
2.1 38.3 1.48 1.9 0.27

Fig. 14 Suction-surface boundary-layer pro� les at 2:1 £ 105 Reynolds number.

the potential effect of the blades on the incoming � ow due to the
increased pitchwise � ow angle variation (or standard deviation). At
the high Reynolds number, the inlet turbulence was almost 1.6%,
which was consistent with earlier measurements on the � rst set of
CD blades.10;11 However for the low Reynolds number � ow case,
the turbulence had increased by almost 20% to about 1.9%. The
de� nition of turbulence is

turbulence D 1
2

p
. Nu 0/2 C . Nv 0/2

¯
Wref (1)

The wake total velocity pro� les are shown in Fig. 9 for only the
highest and lowest Reynolds number � ows. These were measured
at station 13, which was 20% of an axial chord downstream of the
trailing edges.

First, periodicity is evident in both pro� les; second, the signi� -
cantly larger wake width and de� cit for the high Reynolds number
case are evident. At this station, the minimum velocity was only
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10% of the core � ow. At preceding stations, reverse � ow was mea-
sured, which indicated that the trailing edge had separated. The
individual velocity components for the wake distributions for all
three Reynolds numbers were presented by Schnorenberg.13

The exit � ow angle distributions for the high and low Reynolds
number cases were also signi� cantly different, as shown in Fig. 10.
At the high Reynolds number, the mass-averaged exit � ow angle
was 9.25 deg, and this value decreased with decreasing Reynolds
number to 4.56 and 3.74 deg, respectively,for Reynolds numbers of
3:8 £ 105 and2:1 £ 105. At the6:4 £ 105 Reynoldsnumber, thepeak
� owanglein thewakewas in excessof50deg,and the � owangledis-
tributionbetween the blades was relativelyuniform;whereas for the
2:1 £ 105 Reynolds number, the � ow angle in the core � ow showed
a maximum halfway between the blades. This pro� le was similar to
the design exit � ow angle distributionmeasured by Hansen12 at the
high Reynolds number.

The exit turbulence distributions are shown in Fig. 11, where the
pro� le for the separated boundary layer showed the double-peaked
distribution.Each peak correspondedto the maximum velocitygra-
dient shown in Fig. 9. The resolution of the measurements for the
low Reynolds number test case were not suf� cient to resolve the
aforementioneddouble-peakdistribution.

Good periodicity was evident in the turbulence pro� les when
compared to the exit � ow angle distributions in Fig. 10. The
freestream turbulence was measured to be approximately 1.4% for
all three Reynolds numbers, although the inlet turbulence was in-
versely proportional to Reynolds number as shown in Table 3.

Suction Surface Boundary Layers

Total velocity and turbulence distributions are presented in
Figs. 12 and 13 at stations 5–9 for the high and intermediate
Reynolds numbers. At the high Reynolds number, reverse � ow was
measured at stations 8 and 9 with corresponding increased turbu-

Fig. 15 Suction surface integral parameters of displacement thick-
ness, momentum thickness, and shape factor for the three Reynolds
numbers.

lence levels. As seen in the � ow visualization (Fig. 6), the � ow
over the suction surface was three dimensional and so these two-
component measurements need to be interpreted accordingly.

No reverse� ow was measuredat the intermediateReynolds num-
ber (Fig. 13). This could be due to the spanwise variation of axial
transition location on the suction surface. When boundary-layer
transition occurred, � ow separation was suppressed (Fig. 7). The
LDV measurements were taken over a region where transition had
occurred,as is evident by the increaseof turbulencein the boundary
layer at stations 5–7. The blade surface pressure measurements,
which showed a separation bubble plateau for the intermediate
Reynolds number, were taken on blade 6 (Fig. 1), and all of the
LDV measurements were performed between blades 3 and 4. An-
other explanation for discrepant LDV and pressure measurements
could be the spanwise variation of the separation bubbles at the
transitional Reynolds number of 3:8 £ 105 .

At the lowest Reynolds number (Fig. 14), reverse � ow was mea-
sured at station 7.25 (25% axial distance between stations 7 and
8) at the � rst two points away from the blade surface. As can be
seen from the upstream pro� les, the boundary layers were laminar
because of the reduced turbulence levels.

By station 7.75, the pro� le exhibited the characterof a reattached
turbulent boundary layer, with increased growth rate and increased
turbulence levels. At the last two stations (8 and 9), the turbulence
pro� le exhibited a double-peaked distribution. The outer peak is
due to the free shear layer over the bubble, and inner peak is due
to the reformationof the attachedboundary layer. When comparing
the relative size of the boundary layers between the high Reynolds
number case and the low Reynolds number case, it can be seen that
the separated boundary pro� le (Fig. 12, station 9) is larger than the
attached pro� le (Fig. 14). In Fig. 15, the displacement thickness for
the high Reynoldsnumber case is an orderof magnitudelarger at the
trailing edge than the low Reynolds number test case. For both of
the separated� ow regions,at high and low Reynolds numbers, there
is a localized increase in displacement thickness and shape factor

Fig. 16 Flow structure variation with Reynolds number.
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with a leveling off of the momentum thickness.At the intermediate
Reynoldsnumber,the integralparametersincreasecontinuallyalong
the suction surface.

Summary

Figure 16 shows the approximate � ow structure for the three
Reynolds numbers. The experimentally determined separation and
reattachment locations for the low and intermediateReynolds num-
ber cases are indicated. The region of � ow reversal determined
from � ow visualizationand LDV measured separation for the high
Reynolds number case are also shown with the vortex structure on
the blade surface. The three measurement techniques (� ow visual-
ization, surface pressure measurements, and LDV) all agree rea-
sonably well, giving con� dence in the proposed � ow structure.
Although the coarseness of the location of the LDV surveys pre-
cludes determining the separation point exactly, reverse � ow mea-
surements were obtained at the location between separation and
reattachment for the low Reynolds number test case. For the two
low Reynolds number cases, the separation points indicated by the
� ow visualizationwere consistently closer to the leading edge as a
result of the effects of gravity on the TiO2 mixture.

Appendix: Machine Coordinates
Table A1 Blade coordinates, mm (Fig. 2)

» ´ » ´ » ´ » ´ » ´ » ´

¡0.02 0.74 42.22 20.63 114.06 8.20 126.77 0.60 98.46 10.69 27.66 9.83
¡0.01 0.82 43.53 20.90 114.88 7.89 126.69 0.53 97.21 11.03 26.44 9.46
¡0.01 0.90 44.84 21.16 115.69 7.58 126.60 0.45 95.97 11.37 25.21 9.09
0.01 0.97 46.14 21.40 116.51 7.27 126.48 0.38 94.72 11.69 24.01 8.71
0.03 1.05 47.48 21.62 117.32 6.97 126.38 0.32 93.48 12.00 22.80 8.34
0.06 1.13 48.81 21.82 118.14 6.66 126.30 0.28 92.23 12.30 21.59 7.95
0.09 1.20 50.14 22.00 118.95 6.36 126.22 0.25 90.97 12.58 20.38 7.56
0.13 1.28 51.48 22.16 119.57 6.13 126.15 0.22 89.72 12.86 19.18 7.16
0.17 1.35 52.81 22.29 120.18 5.90 125.99 0.17 88.46 13.11 17.97 6.76
0.22 1.43 54.14 22.40 120.80 5.68 125.77 0.12 87.20 13.36 16.97 6.42
0.28 1.51 55.49 22.49 121.41 5.45 125.31 0.08 85.95 13.60 15.98 6.08
0.35 1.58 56.84 22.55 122.03 5.22 125.08 0.09 84.69 13.83 14.98 5.73
0.42 1.66 58.18 22.59 122.64 4.98 124.93 0.11 83.44 14.05 13.98 5.37
0.75 1.98 59.53 22.60 123.04 4.82 124.70 0.14 82.18 14.26 12.99 5.02
1.07 2.29 60.88 22.59 123.45 4.65 124.55 0.18 80.92 14.46 11.99 4.65
1.40 2.60 62.22 22.56 123.85 4.49 124.39 0.22 79.66 14.65 11.21 4.36
1.72 2.89 63.57 22.50 124.25 4.32 124.24 0.27 78.41 14.83 10.42 4.07
2.04 3.19 64.91 22.42 124.65 4.14 124.09 0.32 77.15 15.00 9.64 3.77
2.37 3.47 66.25 22.31 125.05 3.96 124.01 0.35 75.90 15.15 8.86 3.47
2.90 3.91 67.59 22.18 125.23 3.88 123.94 0.38 74.64 15.28 8.07 3.16
3.42 4.34 68.93 22.03 125.38 3.80 123.86 0.41 73.39 15.41 7.29 2.83
3.95 4.76 70.27 21.85 125.52 3.73 123.78 0.45 72.14 15.51 6.71 2.59
4.47 5.16 71.58 21.65 125.65 3.65 123.71 0.48 70.88 15.60 6.12 2.33
5.00 5.55 72.88 21.42 125.77 3.58 123.63 0.52 69.63 15.67 5.54 2.07
5.53 5.93 74.19 21.17 125.88 3.50 123.56 0.56 68.38 15.73 4.96 1.81
6.28 6.46 75.50 20.90 125.98 3.42 123.48 0.60 67.13 15.77 4.37 1.54
7.03 6.97 76.81 20.61 126.08 3.35 123.39 0.66 65.88 15.80 3.79 1.27
7.78 7.46 78.12 20.29 126.17 3.27 123.03 0.90 64.64 15.81 3.41 1.09
8.53 7.93 79.39 19.97 126.26 3.20 122.66 1.13 63.39 15.81 3.02 0.91
9.28 8.39 80.67 19.64 126.34 3.12 122.30 1.35 62.14 15.79 2.64 0.72
10.03 8.83 81.94 19.29 126.41 3.04 121.94 1.57 60.90 15.77 2.26 0.54
11.01 9.39 83.21 18.93 126.48 2.97 121.58 1.78 59.66 15.73 1.87 0.35
11.99 9.92 84.49 18.56 126.55 2.89 121.21 1.99 58.42 15.69 1.49 0.17
12.97 10.42 85.76 18.18 126.61 2.81 120.64 2.30 57.18 15.63 1.42 0.13
13.95 10.91 87.01 17.80 126.67 2.74 120.07 2.59 55.94 15.55 1.34 0.10
14.93 11.39 88.26 17.41 126.72 2.66 119.51 2.88 54.70 15.46 1.27 0.07
15.91 11.84 89.50 17.01 126.77 2.59 118.94 3.16 53.47 15.35 1.19 0.05
17.12 12.40 90.75 16.61 126.82 2.51 118.37 3.43 52.24 15.23 1.12 0.03
18.34 12.93 92.00 16.19 126.86 2.43 117.80 3.70 51.00 15.09 1.04 0.01
19.55 13.45 93.25 15.77 126.90 2.36 117.02 4.07 49.77 14.93 0.96 0.00
20.77 13.96 94.48 15.34 126.94 2.28 116.24 4.43 48.53 14.75 0.89 0.00
21.98 14.44 95.70 14.90 126.97 2.20 115.45 4.78 47.30 14.56 0.81 ¡0.01
23.20 14.92 96.93 14.46 127.00 2.13 114.67 5.12 46.07 14.35 0.73 0.00
24.44 15.38 98.16 14.01 127.03 2.05 113.89 5.46 44.83 14.12 0.66 0.00
25.68 15.83 99.38 13.56 127.05 1.98 113.11 5.79 43.60 13.88 0.58 0.02
26.93 16.27 100.61 13.11 127.07 1.90 112.11 6.20 42.37 13.62 0.51 0.04

(Continued)

Conclusions
Detailed laser Doppler anemometry measurements of the � ow

over the suction surface of a set of second-generationCD compres-
sor statorbladesshowed that as the Reynoldsnumberwas decreased
from the design value of approximately 6.4 to 2:1 £ 105 a laminar
separation bubble, which reattached as turbulent, formed at mid-
chord. The � ow also became more two dimensional as the effect of
the corner vortices were diminished as the Reynolds number was
decreased. At the high Reynolds number, the trailing edge expe-
rienced turbulent � ow reversal as a result of the interaction of the
corner vortices.At the intermediateReynolds number of 3:8 £ 105,
separation occurred on the suction surface when the approaching
boundary layer remained laminar; however, when the boundary un-
derwent transitionto turbulent� ow, then separationwas suppressed,
which gave rise to a spanwise variation of the separation bubble.

Additionalpressuremeasurementsand surface � ow visualization
con� rmed the results obtained quantitatively with the LDV. These
data should form a challenging test case for viscous � ow calcula-
tions, particularly for the calibrationof turbulencemodels and their
ability to predict the effect of Reynolds number on the state of a
boundary layer.
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Table A1 Blade coordinates, mm (Fig. 2) (continued)

» ´ » ´ » ´ » ´ » ´ » ´

28.17 16.70 101.84 12.67 127.09 1.82 111.11 6.60 41.14 13.36 0.43 0.07
29.41 17.11 103.06 12.23 127.11 1.67 110.10 6.99 39.90 13.08 0.35 0.10
30.66 17.51 104.28 11.79 127.12 1.48 109.10 7.36 38.68 12.79 0.29 0.13
31.93 17.91 105.51 11.35 127.11 1.29 108.10 7.72 37.45 12.50 0.20 0.21
33.21 18.29 106.73 10.91 127.08 1.14 107.09 8.06 36.23 12.19 0.13 0.29
34.48 18.67 107.96 10.47 127.05 1.06 105.86 8.48 35.00 11.88 0.08 0.36
35.76 19.03 108.97 10.10 127.00 0.99 104.63 8.87 33.78 11.56 0.04 0.44
37.03 19.37 109.99 9.72 126.99 0.91 103.40 9.25 32.55 11.23 0.01 0.52
38.31 19.70 111.01 9.35 126.95 0.83 102.17 9.62 31.33 10.89 ¡0.01 0.59
39.61 20.03 112.03 8.97 126.90 0.76 100.94 9.99 30.11 10.54 ¡0.01 0.67
40.92 20.34 113.04 8.59 126.84 0.68 99.70 10.34 28.88 10.19 ¡0.02 0.74
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