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~ Blade Loading and Rotation Effects
on Compressor Rotor Wake Near End Walls

B. Lakshminarayana,* T. R. Govindan,t and B. Reynoldsi
The Pennsylvania State University, University Park, Pennsylvania

This study was carried out to understand the effects of blade loading and rotation on the rotor end wall flow
structure, including the wake. The measurements were taken with a stationary three sensor hot wire located at
the exit.of a compressor rotor. The signal was ensemble averaged to derive all the three components of velocity
and six components of stresses at the exit. Measurements were made at two different rotational speeds (1753 and
1010 rpm) but the same loading, and at two differing blade loadings (1753 and 1499 rpm) at several radii near the
hub and the annulus wall. The wake décay in the annulus wall region is found to be much more rapid than the’
midspan regions. Furthermore, both the loading and rotation of the blade have appreciable influence on the end
wall flow and wake structure. Interaction of the annulus and hub wall boundary layers (and secondary flow
resulting from these) have appreciable influence on the wake structure in the end wall regions.

Nomenclature

C =chord length

i =incidence

L,L, =wake width at half the depth on the pressure and
suction sides of the wake, respectlvely, based on
axial velocity profiles

N =speed, rpm

Q =resultant velocity in the relative (rotating) frame

" of reference

R =radius ratio (r/r,)

' =mean radius , .

r,0,z =radial, tangential, and axial coordinates,

’ respectively (z=0 at trailing edge)

S ' =blade spacing .

S, n,r =streamwise,  normal, and radial coordinates
(s=0 at trailing edge, n =0 at the wake center)

uv,w =radial, tangential, and axial velocities (mean) in

rotating coordinate system (U is positive in
radial outward direction)
U, U,U, =relative mean velocities in the normal; radial,
and streamwise directions, respectively
=fluctuating components of relative velocities in
the normal, radial, and streamwise directions,
respectively
=fluctuating component of radial, tangential, and
axial velocities
w = defect in axial mean velocities
(Vs)as = absolute tangential velocity
(Av), =absolute tangential increment across the wake
(difference between the maximum and minimum
values)
Y =tangential distance from the wake centerline
nondimensionalized by semiblade spacing

’

uy,

’
r

’

Julu,

’ ’ ’

u',v’,w

(2r9/S, 6=0 at wake centerline, and Y is .

negative on the suction side and positive on the
pressure side of the wake)
zZ =axial distance from rotor blade trailing edge
" nondimensionalized by chord length of rotor
blade (C) .
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é =wake width 2(L,+L,)/S.

Q =angular velocity of the rotor

¥ =mass averaged pressure rise coefficient

o =density

¢ = flow coefficient (W, /Qr,,)

7,,7,,Tg ~ =normalized turbulence intensities in the radial,
axial, and tan entlal dlrectlons respectively
NVu'2/ Wy, Nw'2 /W, 2/W)

i =incidence

Tei>Trn = streamwise and radial stresses, respectively
(—uju,/Q%, —ulu,/Q3)

!

Subscripts .

c = at the wake centerline

m =maximum value in wake

0 =freestreamt/wake edge value :

t =at thetip .

o =inlet value at midradius

1,2 =inlet and outlet of rotor, respectively

abs’ =absolute

P,S = pressure and suction side, respectively

Introduction

HE rotor wake is a major source of unsteadiness, noise,

and aerodynamic inefficiency in turbomachinery. Hence,
considerable effort has been made in recent years to un-
derstand their nature and decay characteristics.!* Most of the
data and correlation presently available are valid in regions
away from the end walls. -

The flow in the annulus wall and hub wall regions at the exit
of a turbomachinery rotor develop in the presence of two
interacting shear layers; the wakes generated by the rotor
blades, and the annulus wall and the hub wall boundary
layers, all of which are turbulent and three dimensional in
nature. The flow is further complicated by the presence of the
secondary flow in these regions. The wake development in the
tip region of a compressor rotor at the design condition was
reported in Ref. 4.

It is the objective of this paper to study the effects of both
the blade loading and the rotation on the wake development in
the hub wall and the annutus wall regions. It is known that the
rotation induced centrifugal and coriolis forces generate
spanwise flows inside the blade boundary  layers, the
magnitude of which depends on the angular velocity and the
blade loading. The effect of rotation and the blade loading on
the wake development in the midspan regions was reported in
Ref. 5. The data taken from the same rotor in the annulus
wall and hub wall reglons are presented and interpreted in this
paper.
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Facility and Measurement Program
Measurements reported in this paper were carried out using
the Axial Flow Fan Research Facility (AFRF) at the Applied
Research Laboratory. The facility and the rotor are described
in detail in Refs. 5 and 6 and will not be repeated here.

The rotor alone (no IGV or stator) was operated at the

design point at two different rotational speeds, N=1753 and
1010 rpm. Identical inlet incidence (i=3 deg at midradius) at

+ two differing rotational speeds was achieved by means of an

auxiliary fan at the exit of the facility. These sets -of
measurements provide the wake data at two differing speeds
(1753, 1010 rpm) at the same blade loading (¢ =0.6) and two
different blade loadings (¢=0.6 and 0.7). The data near the
midspan region, R=0.628, 0.72, 0.813, were reported and

interpreted in Ref. 5. The data at the hub wall region

(R=0.488, 0.534) and thé annulus wall regions (R=0.91,
0.953) are presented and interpreted in this paper.

The radial variation of the axial and the tangential veloc1ty
at the inlet and the exit of the rotor were measured by
Pierzga® using a five hole pitot probe. These are plotted in
Fig. 1. As mentioned earlier, the facility was operated at
¢=0.6 and 0.7. Since no exit or inlet data are available for
¢=0.7, the data at ¢ =0.72 is shown. The radii at which the
wake data is reported in this paper are also shown in Fig. 1.
- Two of these stations are inside the hub wall boundary layer
-and'two inside the annulus wall boundary layer.

Rotor Wakes Near the Hub Wall

The hot-wire data near the hub wall regions at R'=0.488
and 0.534 and at various axial locations are presented in this
section: The mean velocity data, unless otherwise stated, are
in the absolute frame of reference in axial (z), tangential (6),
and radial coordinate (r) system. The tangential distance (Y) is
normalized by the semiblade spacing. Hence Y =0 represents
the wake center, Y= +1.0 represents the midpassage. All
velocities are normalized by the corresponding freestream
axial velocity. The profiles at R=0.488 consist of only the
near-wake data for the effect of loading, while the profiles at
R =0.534 include both the near- and far-wake data at all
operating conditions. Since all the data presented in this paper
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Fig. 1 . Radial variation of axial and tangential velocities at inlet and
exit of the rotor at ¢ =0.6 and ¢ =0.7 (Ref. 6)."

Table1 Freestream axial velocity (W) at Z=0.166

R 0.488 0.534 0.912 0.953
W,, ms 229 23.3 22.73 14.8
1753 rpm - )
W,, ms -- 17.3 - 10.77
1010 rpm
W, ms 23.1 24.5 18.7 15.77
1499 rpm '
aValues at

Z=0.252.
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are nondimensionalized by W,, their values at Z=0.166 are
given in Table 1. Variation of this quantity downstream
is found to be negligible. The turbulence  intensities are
normalized by the. freestream axial velocity. The turbulent
shear st stresses of practical interest are the streamwise stress,
—pu/u,, and radial stress, —pu,u/, in the relative coordinate
system. These were derived from the hot-wire data trans-
formed into streamwise (s), normal (n), and radial (r)
coordinate system. The stresses are normalized by pQ2, where
Q, is the resultant relative velocity in the freestream.

Mean Velocity Proflles

‘The axial, radial, and absolute tangential velocity proflles
at R=0.488 inside the hub wall boundary layer is shown in
Fig. 2. Only two axial stations (Z=0.042, 0.167) are shown
for brevity. An increase in the blade loading tends to increase
the axial velocity defect at Z=0.042. This is consistent with
the measurement of the wake near the midspan,’ but this
trend is reversed at Z=0.167, where the axial velocity defect is
smaller at the higher blade loading.

The presence of the secondary flow is evident from.the
tangential (absolute) and radial velocity profiles shown in Fig.
2 for -R=0.488. At both operating conditions, (V)
distribution indicates overturning on the suction side and
underturning on the pressure side, with almost linear
distribution inside the wake. The distribution of (V}),,, shows
that the secondary flow is more severe at lower loading (as
evidenced by the larger difference in Vi between the two
sides), even though the absolute tangential velocity is lower in
this case. One possible reason for such a behavior is the radial
transport of angular momentum caused by the radial velomty, -
which is higher at higher loading (Fig. 2).- It is also evident
that the tangential velocity distribution is substantially dif-
ferent from those observed at the midradius,’ where a con-
ventional wake profile is observed with the highest V), s
occurring at the wake center.

The radial velocity profile at R=0.488, plotted in Fig. 2,
shows substantial differences between the two loadings. It is
inward for ¢=0.7 and outward near the suction surface for
¢=0.6. Since the radial velocities are small, their absolute
magnitudes are very sensitive to the accuracy with which the
hot-wire sensor angles can be measured. Hence, if the in-
terpretation is based on the qualitative nature of the velocity
profile, the dominance of the secondary flow, as well as the

- radia] flow in the blade boundary layer, is evident from Fig.
-2. The secondary flow (in a rotor alone configuration) is

inward near the pressure surface and outward near the suction
surface, while the radial flow due to rotation is outward near
both surfaces. Hence, these effects are additive on the suction
side and subtractive on the pressure side. This trend is evident
for ¢=0.6 at both axial locations. The radial velocity at
¢ =0.7 showsthe opposite effect; namely, larger inward flow
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Fig. 2 Axial, tangential, and radial velocity profiles at R = 0.488.
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on the suction side. Nevertheless, the distribution of U is
similar to that observed in a vortex system. Hence, the type of
radial velocity distribution measured near the hub.at ¢=0.7
seems to indicate a flow dominated by the secondary flow and
a vortex system rather than the rotation.

The axial, radial, and absolute tangential velocity profiles
across the wake at R =0.534, which is still inside the hub wall
boundary layer but closer to the outer edge, is shown in Fig. 3.
The data set includes the near and far wake, as well as the
loading and rotation effects. The effect of loading on the
axial wvelocities profile - is. similar to those observed at
R =0.488. The lowest loading has the least defect in the axial
velocity. This trend is similar to that observed by Shaw and
Balombin® at 80% span from the tip in their high-speed
compressor. The defect is nearly the same at both loading
(1753 and 1499 rpm) at Z=0.167. The effect of increase in the
speed (compare the plot for ¢ =0.6, 1010, and 1753 rpm) is to
decrease the wake defect in the near wake, with essentially no
differences far downstream. This trend is very similar to that
reported in Ref. 5 at midspan of the same rotor.

" The distribution of absolute tangential velocity at R=0.534
shows a trend similar to that observed at R=0.488, but
dissimilar to the measurements at the midspan.> The
secondary flow effects persist, even at this location, with
overturning on the suction side and underturning on the
pressure side. A vortex rather than a wake type of distribution
is observed at this radius. The secondary flow/vortex seems to
decay rapidly downstream, especially for the higher speeds.
This is caused by the higher radial velocity and the associated

flow transport. The strength of the secondary flow appears to -

be about the same at both speeds at the same loading (1753,
1010 rpm), even though the absolute levels of tangential
velocities are higher at the higher speed. The loading effect is
similar to that observed at R =0.488. ' ,

The radial velocity distribution at R=0.534 shows con-
siderable differences with the change in rotational speed and
the blade loading. The radial velocities are lowest at'the lower
loading and are mostly outward, unlike the corresponding
data at R=0.488. The distribution inside the wake indicates
the presence of a trailing vortex due to a change in cireulation
along the span. This vortex is in the same direction as that
observed at R=0.488 (see Fig. 2). The change in the radial
velocity due to the change in rotational speed is much more
dramatic. At 1753 rpm, the cumulative effect of the secondary
flow (or the trailing vortex) and the outward movement of the
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Fig. 3 Axial, tangential, and radial velocity profiles at R =0.534.
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flows inside the blade boundary layer is evident on the suction
side, where the radial outward velocities are as high as 20% of
the axial velocity. The subtractive effect of the two is evident
on the pressure side. Radial velocities are generally high even
in the freestream. The radial velocity in the freestream is
inward for the lower rpm case. The effect of the secondary
flow at this radial location is thus evident. One of the reasons
for the drastic change in the magnitude of the radial velocity
may be due to the change in the entry boundary layer. In the
highér rpm case the skewness of the entry boundary layer is
much larger than those at the lower rpm case (1010 rpm).
Thus, the secondary flow (which depends on the entry vor-
ticity) is altered in the two cases under consideration.

Variation of Wake Parameters

The wake parameters of practical significance are axial
velocity defect at the centerline (w,_), absolute tangential
velocity increment (Av),, across the wake, maximum dif-
ference in radial velocity across the wake (U, - U)),,, and the
wake width (8). These are shown plotted in Figs. 4 and 5 and
are compared with values at other radii.

It is clear from Fig. 4 that the axial velocity defect is
maximum at the lower speed and minimum at the lower
loading at R=0.534. The rate of decay of w, is nearly the
same in the near wake for all operating conditions. Com-
paring this with the values of w, at the midradius (shown in
Fig. 4), it is clear that w, generally s higher near the hub
region. The data also. 1nd1cate a slower decay of the near wake
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in the hub region as compared to the decay of the near wake at
the midradius.

The decay of the increment in absolute tangential velocity
(Av),, at R=0.534 shows a peculiar trend. As mentioned
earlier, the behavior of the absolute tangential velocity mainly
is controlled by the secondary flow phenomena at this region.
The lower loading (¢ =0.7) has the maximum value of (Av),,,
and the-decay is also slower. The change of speed at ¢=,0.’6
seems to have very little effect on the value of (Av),
¢ =10.6, a confirmation of the fact that the parameter (Av),,
controlled by the hub wall boundary layer and the secondary
flow inside this layer as opposed to the: wake-dominated
phenomena. The increment (Av),, at R=0.72 is caused
primarily by the rotor wake. ThlS decays very. rapidly as
shown in Fig. 4.

The maximum radial velocity difference across the wake at
R=0.534 is minimum at lower loading. They. generaily are
higher at lower rotational speeds. One possible reason for this
is the fact that the radial velocity difference in this case mainly
is controlled by secondary flow, which should be nearly in-
dependent -of the rotational speed. The radial velocity dif-
ference at R=0.534 is lower than their -values at the
midradius, where the rotatlon effects influence the wake
parameters. .

The wake width § (based on ax1al veloc1ty profile) at
R=0.534 is shown plotted in Fig. 5. The wake width is
generally of the same order of magnitude as those at R =0.72
and follows the same trend. The wake width is higher at the
higher loading at the lower speed. The wake width in the far
wake (Z=10.667) is higher near the hub.
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Turbulence Properties

The distribution of the axial, tangential, and radlal tur-
bulence intensities as well as the streamwise stress at R =0.488
is shown in Fig. 6. The turbulence intensities are identical in-
both the rotating and stationary coordinate system.

The axial and radial turbulence intensities at R =0.488 are
higher than those measured at the midradius,® with peak
values at the wake center ranging from 14 to 16%. The values
of ‘7, generally are higher at the higher .loading. The
freestream intensities are also higher. The radial component
of intensity (7,) is much lower than the axial component (7,),
an indication that the effect of rotation on the turbulence
structure is small in this region.” The freestream value of 7, is
also smaller than 7, in both cases. The streamwise stress (7,)
is higher at lower loading in the near wake. This behavior is
somewhat strange and contrary to expectations; but, far
downstream - the values 7, are nearly identical for both
operating conditions.

All three components of turbulence intensities and the two
components of shear stresses (7,,, 7,,) at R=0.534 for all the
operating conditions are plotted in Fig. 7. All three com-

- ponents of intensities are highest at the lower rotational speed

(¢ =0.6) and lower at lower loading (¢ =0.7). The dip in the
turbulence intensities, normally present in the near wake, is
observed only for the axial velocity component. The peak
intensities are higher than those observed at R =0.488, but the
freestream intensities are much lower. This is expected since
R =0.534is in the outer layer of the hub wall boundary layer.
The radial and tangential components of turbulent intensities
are nearly the same, while the ax1al components are generally
higher at most locations.

"The blade-to-blade distribution of streamw1se and radial
components of stresses, 7, and 7,,, at R=0.534, shown in
Fig. 7, indicate that these decay rapidly to negligibly small
values in the far downstream location. The peak stresses occur
away from the wake centerline and are of the opposite sign on
either side of the wake. The streamwise components of stress
are generally higher than the radial components. The stresses

- are higher at lower rotational speeds-and higher loading. This

is consistent with the mean velocity distribution shown in Fig.
3, where the axial velocity gradlent is maximum at 1010 rpm
near the wake center.

\
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The decay of the maximum axial turbulence intensity (r;)
and maximum streamwise stress (7,,) at R =0.534 is shown in
Fig. 8. The trend is somewhat confusing, as this region is’
dominated by the rotor wake, hub wall boundary layer, and
secondary flow. The values of (7.),, are higher at the lower
rotational speed (¢ =0.6) and lower for the lower loading case
(¢ =0.7). The values of (1), increase in the near wake at 1010
rpm (¢ =0.6) and 1499 rpm (¢ =0.7), a trend not observed at
R=0.72, This seems to indicate the development of the
secondary flow/vortex, which has a tendency to amplify the
turbulence intensities. Further downstream (z>0.167) the
intensities decay at about the same rate as R=0.72. The
maximum value of the streamwise stresses (7,,),, at R=0.534
is generally much higher than those observed at R =0.72, with
the highest values observed at a lower rotational speed. The
lower loading has the lowest value of (7,,),,-

Rotor Wakes Near the Annulus Wall

Measurements near the annulus wall, at R=0.91 and at
R=0.953 (Fig. 1), and at various axial locations are presented

in this section. The data include the effects of rotation and the .

blade loading. The flow in the annulus wall region is quite
different from the flow in the hub wall region. Unlike the
rotating hub, the annulus wall is stationary resulting in a
relative motion between the blades and the annulus wall. The
tip clearance between the blade and the wall also has a con-
siderable influence on the flow in the region. Further, the
radial migration of flow toward the tip results in an ac-
cumulation of low momentum fluid in the region. These
effects considerably alter the characteristics of flow in the
region and tend to dominate the simple wake flow found
around the midradius of the blade.’

Mean Velocity Profiles

The axial, radial, and absolute tangential velocity profiles
at R=0.91 at three axial locations are shown in Fig. 9. Only
the effects of loading are shown at this radial location. Unlike
the data near the hub wall and the midradius, the axial
velocity defect at the lower loading is higher than that at the
higher loading. One probable reason for this is the change in
the annulus wall boundary-layer development due to a larger
migration of low momentum fluid in the region at the higher
loading which causes the wake to decay much more rapidly
than at the lower loading. This is also evident in Fig. 4 where
the axial variation of the axial velocity defect has been
plotted. The distribution of the absolute tangential velocity is
very similar to those observed at the midradius’ and is unlike
the distribution near the hub region. The peak values occur at
the center of the wake, which seem to indicate the absence of
secondary flow in the region. The increment (Av),, and the
decay rate are nearly the same at both operating conditions,
even though (V),,, is higher at the higher loading, as would
be . expected. The magnitude of the radial velocities are
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substantially higher than their values at the midradius or the
hub region. The distribution of radial velocity at R=0.91 is
also substantially different from other radii. The radial
velocities are minimum at the wake center and increase
gradually to large values toward the midpassage. Pierzga has
also reported large radial outward velocities (passage
averaged) in this region. His data were acquired in the same
facility using a five hole probe at the exit. One possible cause
for this is the presence of a tip vortex and the entrainment
associated with its development. This probably accounts for
the large radial velocity at all locations of the passage at this
radius.

The axial, radial,” and absolute tangential velocity profiles
at R=0.953 at three axial locations are shown in Fig. 10. The
effects of both the loading and the rotation are presented at
this radial station. It is clear from these profiles that the
characteristics of this flow are quite different from those
away from the wall regions. The presence of a substantial low
momentum fluid that accumulates in this region from the
radial migration of the flow is evident in addition to the
presence of the blade wake. This accumulated fluid interacts -
and sometimes dominates the blade wake. This is clear in the
axial velocity profiles at Z=0.042. At 1753 rpm (¢ =0.6), the
blade wake is completely dominated by this body of fluid. A
blade wake is more visible at 1499 rpm (¢=0.7) and is the
dominant flow at 1010 rpm. This would indicate that the
radial migration of low momentum fluid and the blade
boundary-layer growth is influenced by the rotational speed
and the blade loading. The flow characteristics deteriorate
rapidly as the rotational speed is increased. Again, as at
R=0.91, the axial velocity defect is higher at the lower
loading, which is opposite to the trend seen at R =0.72. The

" absolute tangential velocity profiles at 1753 and 1499 rpm

show a larger effect of the secondary flowfield which was
absent at R=0.91. The profiles of (V}),,, differ substantially
from those observed at R=0.72 and 0.91, but follows the
trend seen near the hub. The peaks occur on either side of the
wake. This evidently is caused by the secondary flow/vortex
or tip vortex. This effect is slightly greater at 1753 rpm as seen
at Z=0.042. The profiles at 1010 rpm show peculiar
characteristics and almost no wake or secondary flow at all.
This may be due to the data processing procedure, the wake
being washed out by the averaging procedure due to un-
steadiness in the flow. The radial velocity in the freestream is
large, similar to that at R=0.91. An inward velocity is ob-.
served in the wake at 1010 rpm. The radial velocities in the
wakes as well as the freestream are higher than those
measured at R=0.91. The comments made with regard to the
radial velocity distribution at R=0.91 are valid for this case
also. The radial velocities are higher at higher rpm and lowest
at 1010 rpm. This seems to indicate the predominant influence
of the rotation and the presence of the tip vortex in this
region.
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Variation of Wake Parameters

The important wake parameters, the axial velocity defect
(w,), the tangential velocity increment (Av),, across the wake,
the maximum difference in the radial velocity across the wake
(U,-U,),,, and the wake width (5), at R=0.91 and R=0.953
are plotted in Figs. 4 and 5 and compared with the values at

-the other radii. At R=0.91, the axial velocity defect is higher

at the lower loading than at the higher loading. This is op-
posite to the trend at the lower radii. The decay of the axial
-velocity defect is faster at the higher loading and probably
accounts for the reversal of the trend. At R=0.953, the axial
velocity defect is highest at the lower loading similar to that at
R=0.91 and opposite to the trend at R=0.72. The defect is
higher at the lower rotation (1010 rpm) than at the higher
rotation (1735) for the same loading. This trend is similar to
that at the lower radii (R =0.72).

The trends in the tangential velocity increment (Av)
R=0.91 and R=0.953 are similar to those at the lower radn
An increase and a subsequent decay in these distributions are
probably due to the large mixing of the flow in the region. The
decay of (Av),, at the higher loading is faster than that at the
lower loading at R=0.91, similar to that at R=0.72 and
R=0.534. The decay rates are not substantially different at
R=0.953. The (Av),, distribution at the lower rotation is
uncertain, as mentioned in the previous section.

The maximum radijal velocity difference for the two dif-
ferent loadings at R=0.91 and 0.953 are not substantially
different. The maximum radial velocity difference in this
region is probably controlled by the development of the tip

-vortex. The lowest rotation (1010 rpm) indicates the minimum
radial velocity difference, a trend opposite to that at the lower
radii and indicative of the different controlling factor for the
radial velocity in this region.

The axial variation of the wake width is shown in Fig. 5
The wake width in this region is controlled by both the

- loading and the rotation. ‘A higher loading results in a thicker
boundary layer at the trailing edge and a larger wake width.
The wake width is also indicative of the accumulation of low

~momentum fluid in the region from the radial transport of
this fluid. The wake width at R=0.91 at the higher loading is
substantially higher than at the lower loading. At R=0.953
the higher rotation has a much larger wake width than at the
lower rotation, again indicating the larger accumulation of
low momentum fluid in the tip region as the rotational speed
is increased. The slight decrease and subsequent increase in
the wake width at the two different loadings is probably due
to the intense mixing of the flow in the tip region. ’

Turbulence Properties

The distribution .of all the components of turbulence in-
tensities and the shear stresses at R=0.91 are plotted in Fig.
11. The turbulence intensities are lower than those observed
near the midradius® and the hub regions (Figs. 6 and 7). The
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Fig. 11 Turbulence intensity and shear stress profiles at R =0.91.
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intensities generally are higher at higher loading. The radial
component of turbulence intensities (both in the wake and in
the freestream) ‘are higher (about 25-30%) than the
corresponding axial and tangential components. The effect of
rotation, which has a tendency to amplify the radial com-
ponent of intensities and attenuate the other, components? is
clearly evident here. The major difference in loading effect
occurs in regions away from the wake. The streamwise shear
stresses in the wake are generally higher for the lower loading,
this trend is reversed away from the wake. Perhaps the most
important conclusion in regard to the shear stress is the fact
that both the radial and the streamwise stresses are of the
same order of magnitude, even though the radial velocities
and their gradients are smaller than the corresponding values
in the streamwise direction. This again is the effect of rotation
on the turbulence structure analyzed in Ref. 7. ’

The axial, radial, and tangential components of turbulence
intensities at R=0.953 are shown in Fig. 12. It is evident that
this region has the most complex and least organized motion,
both in terms of the magnitude and the distribution of in-

tensities. The intensities are higher throughout the passage, an

effect caused by large viscous effects and mixing in the entire
blade. passage. Near the trailing edge, the axial turbulence
intensities are highest at higher speeds and higher loading with
substantially lower values at other operating conditions. This
evidently is caused by the intense flow mixing due to higher
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Fig. 14 Radial variation of wake width at various operating con-
ditions.

radial velocities at 1753 rpm (Fig. 10). While this effect
persists even up to Z=0.167, the axial intensities get amplified
beyond Z=0.084 for the lower loading case (1499 rpm). This
may have been caused by the development of a tip vortex in
this region. The lower rpm has the lowest intensities. The
axial component of intensity is the lowest at all locations
followed by the tangential and the radial component. This
situation is quite different from those observed. at the
midradius® and the hub regions (Figs. 6 and 7). The effect of
rotation is felt in the increased radial turbulence intensities,
while the development and decay of the vortex would in-
fluence both the tangential and radial components This
seems to be the most plausible explanation.

The distribution of the radial ‘and the streamwise com-
ponents of shear stresses at R =0.953 is shown in Fig. 13. The
comments made in regard to the turbulence intensities are
valid here also. Both the stresses increase 'in magnitude
downstream, caused probably by the development and decay
of a vortex. The radial component of shear stresses are
generally of the same order of magnitude as the streamwise

component. The stresses are high throughout the flowfield,

‘but the peak values (due to wake) generally are lower than
those observed at R=0.91 and 0.72. -

The decay of the maximum axial turbulence intensity and
the streamwise stress at various operating conditions are
shown in Fig. 8. As explained earlier, vatues of (7,),, at
R=0.91 are lowest and the decay is slowest of all the radii,

_ especially those measured at R =0.534 and 0.953. The plot of

Z,
R'=0.534, namely an increase in (7,),, in the near wake. The

decay seems to be much less rapid than any other radii. The

7., at R=0.953 shows a trend similar to those observed at

plot of maximum streamwise stress for R =0.91 indicates that

they are much lower than all other radii for which the
measurements are available.

Radial Variation of the Wake Width

The radial variation of the wake width is shown in Fig. 14.
This plot dramatically shows the effect of rotation on the
radial migration of low momentum fluid. As the rotation
speed is increased a larger amount of fluid is thrown out from
the hub to the tip. Thus, the wake width is lower at the higher
rotation near the hub and up to the midradius but rapidly
increases toward the tip and is substantially larger there. Even
at the lower loading (1499 rpm), the wake width at the tip is
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substantially larger than at the lower rotation speed (1010
rpm).

Conclusions

. Some of the important conclusions that can be drawn from
the investigations reported in this paper are as follows.

1) The rotor wake near the hub and the annulus walls are
substantially different from those observed at other radii. The
blade rotation has a dominant influence on the wake near the
tip. The change of rotational speed has much less influence on
the flow neat the hub.

2) The nature of spanwise (radial) ﬂow and the overturmng
and underturning of the flow observed in the wake near the
hub indicate the dominance of secondary flow in this region.
Unlike the conventional wake, the peak tangential velocities
(absolute) occur away from the wake center.

3) The wake defect is minimum at lower ‘blade loading and
maximum at lower rotational speed (at the same blade
loading) near the hub region. The velocity defects near the
hub are much higher than the defects at all other radii.

4) The radial velocities are higher at higher rotational
speeds and lower at lower loading in the hub region. )
5) The wake width and ‘its growth rate near the hub are

nearly the same as those observed near the midradius.

6) The turbulence intensitites are higher at the lower
rotational speed (for the same loading) and lower for the
lower loading case near the hub region. The turbulent shear
stresses behave in a like manner.

7) The axial velocity defect reverses the trend in the tip '
region, the defect is larger at the lower loading than at the
higher loading. The defect is smaller at higher rotation than at
lower rotation, a trend similar to that at lower radii.

8) The secondary velocity field has a large influence on the
absolute tangential velocity profile and alters it considerably
from that at the midradius location.

9) The radial velocity profile is substantially different in the -
tip region from that at the lower radii and is probably due to
the development of the tip vortex.

10) A dominant flow phenomenon in the tip region is the
accumulation of low momentum fluid in the region caused by
the radial migration of this fluid toward the tip. This body of
fluid alters and dommates the conventional wake flow found

‘at the midradius.

11) The migration of low momentum fluid toward the.tip is
largely controlled by the rotation speed and is reflected in a
large increase in the wake width in the tip region as the

rotational speed is increased.

12) The wake width is smaller at a lower loading at all
radial locations. The wake width is high near the tip for all
operating conditions, except the lowest rotation. :

13) Even though an increase in the rotation speed seems to
improve the flow in the hub region and up to the midradius in
terms of a smaller wake width and lower boundary-layer
growth on the blade, it rapidly deteriorates the flow in the tip
region.
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