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B e < I

EXPERIMENTAL INVESTIGATION IN AN
ANNULAR CASCADE SECTOR OF HIGHLY LOADED
TURBINE STATOR BLADING

BY J. L. Bettner
Allison Division of General Motors

SUMMARY AND CONCLUSIONS

Two tangential jet blade configurations have been tested in a six-blade
annular cascade. A plain blade, designed to the same aerodynamic re-
quirements, was tested for comparison. The two tangential jet configura-
tions differed by and were identified by the axial position of the jet slot.
The slot was located at approximately 38% of the axial chord for the No. 1
blade and at about 57% for the No.-2 blade. The tangential jet blade sur-
face contours were identical to the plain blade, except in the aft suction
surface region which was modified to accommodate the jet slots, Three
jet slot sizes of 0.020, 0.030, and 0. 040 in. with three secondary flow
rates for each slot were investigated for both No, 1 and 2 blades, All
configurations were tested at the design values of inlet gas angle and
Mach number, The combinations of jet slot height and secondary flow
rates produced a range of mean section jet momenium coefficient, ij,
values of up to 0. 085, The momentum coefficient is the ratio of

jet-to-total-stream momentum that exists at the blade trailing edge and
is defined as

..U.
. - 7Y

Jm  (h_ +m.)W
P j’m

3

Neither of the two tangential jet blades achieved all of design point aero-
dynamic conditions, although the effectiveness in increasing suction surface
diffusion and preventing flow separation was demonstrated. That the design
conditions were not satisfied points out that (1) the incorporation of tangential
jets in turbomachine blade rows is a difficult and subtle design problem and
(2) insufficient design information currently exists. The contribution of the
present investigation lies in the fact that it provides:

® Some insight as to where to locate tangential jet slots for maximum
effectiveness
@ Information as to how much secondary flow momentum must be supplied

for the mainstream flow to be able to negotiate a given adverse pres-
sure gradient

The tangential jet blades were designed such that the No. 1 and No. 2
slots would be located upstream and downstream, respectively, of the plain



blade separation point. However, the experimental location of the plain
blade suction surface flow separation point occurred downstream of its
predicted location., Because of this, both No. 1 and 2 tangential jet slots
were actually positioned upstream of the plain blade flow separation point.

The No. 1 blade required from 4 to 5% secondary flow to prevent suc-
tion surface flow separation while the No. 2 blade needed only about 3%.
This was 2 result of the more severe adverse pressure gradient which
existed downstream of the No. 1 slot. However, the blade cavity pres-
sure ratio required to supply the necessary secondary flow was less for
the No. 1 blade than for the No. 2 blade. This was primarily caused by
the differences in static pressure that existed at the slot exit for the two jet
configurations.

The aerodynamic performance of the No. 1 blade was superior to that
of the No. 2 blade in that it more closely approached the coincident satis-
faction of gas angle, lift, lift coefficient, and loss levels. The trailing
edge loss levels were over 50% greater for the No. 2 blade than they were
for the No. 1 blade.

Even though the capability in preventing flow separation was demon-
strated, incorporation of the tangential jet on the suction surface did not
produce a blade which had improved performance over the plain blade,
Secondary flows of 4% and greater were required to produce tangential lift
coefficient values, gas turning, and suction surface diffusion value levels
that were equivalent to the plain blade. The tangential jet blades, as de-
signed herein, have the inherent deficiency of promoting flow separation
at the slot lip. The losses associated with this separation must first be
overcome with substantial amounts of secondary flow before the prime func-
tion of reenergizing the conventional boundary layer can be accomplished.



INTRODUCTION

Increasing interest in developing lightweight, highly loaded gas turbine
engines confronts the designer with the problem of maintaining a high level
of engine performance. One cause of performance loss in present engines
is the condition of the gas flow separating from the blading surfaces. When
flow separation is experienced in a blade passage, there is a loss in avail-
able kinetic energy, mixing losses are increased, and the desired change
in tangential momentum of the gas is not attained. The use of boundary
layer control devices offers a possible means of preventing flow separation
in maintaining performance in turbomachinery. The NASA-Lewis Re-
search Laboratory contracted Allison Division of General Motors to conduct
an experimental research program to evaluate the aerodynamic performance
of highly loaded turbine stator blades incorporating several kinds of boundary
layer control devices. The following four concepts are being investigated:

® Vortex generators

® Tandem airfoils

® Jet-flapped blowing

® Tangential jet blowing

This report covers the performance evaluation of the tangential jet con-
cept of boundary layer control. Two axial locations of the jet slot—ap-
proximately at 38 and 57% of the axial chord—were investigated. For each
slot axial location three jet heights, with three secondary flow rates for
each jet height, were investigated. All configurations were tested at the
design values of inlet gas angle and Mach number, Blade surface static
pressure and velocity distributions along with flow visualization results,
aerodynamic loss, and boundary layer data are presented.

The analysis and design of all the blade configurations are presented
in Volume I. The program base-line level of aerodynamic performance
generated by a plain blade and the subsequent evaluation of a corotating
vane and a triangular plow-type vortex generator with respect to plain
blade performance are established in Volume II. Volume III presents the
aerodynamic evaluation of the tandem blade. The aerodynamic perfor-
mance of the jet flap configuration is presented in Volume IV,
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SYMBOLS
area, in. 2

jet momentum coefficient

blade axial chord, in.

(W/Wer)g
suction surface diffusion factor, 1 -
(W/Wepdmax
kinetic energy loss coefficient
force, lbf
b ot
acceleration of gravity, —
£ sec?
boundary layer shape factor
jet-flap slot size, in.
blade length, in.
Mach number
mass flow rate, lb  /sec
throat dimension, in,
pressure, psia
2
(W /Wcr)o

radial position, in.; Reaction, Rp =1 ——-——2~
(W/Wcr)4 m

blade spacing, in.
temperature, °R

blade trailing edge radius, in.
blade leading edge radius, in.

jet velocity, ft/sec



mainstream flow velocity, ft/sec

X axial coordinate

a tangential jet slot angle measured from axial, degrees

B gas angle measured from tangential, degrees

A change in variable

Si ratio of blade cavity air total pressure to standard sea level conditions
80 ratio of inlet air total pressure to standard sea level conditions

8" dimensionless boundary layer displacement thickness

0 squared ratio of critical velocity at blade row inlet to critical velocity
at standard sea level temperature

6* dimensionless boundary layer momentum thickness

0 circumferential position, degrees

P density, lb /ft3

o, axial chord solidity, C,/s

] gas angle measured from axial, degrees
‘I’t tangential lift coefficient

@ total pressure loss coefficient

Subscripts

0 station at stator inlet

1 station at blade throat

2 station immediately upstream of trailing edge inside blade passage

3 station immediately downstream of blade trailing edge

4 station two inches (measured from the axial direction) downstream of

the blade trailing edge



Baro barometric conditions

cr

Ps
SS

st

TJ1

TJ2

conditions at Mach number of unity
hub

blade interior

jet

local, lower limit of integration
mean

mass averaged

overall

primary

pressure surface

suction surface

static

total

tangential jet No. 1

tangential jet No., 2

tip

tangential velocity, upper limit of integration
axial component

tangential direction



TANGENTIAL JET BLADE PERFORMANCE

The concept of boundary layer control with a tangential jet is to ener-
gize the boundary layer region with a high energy tangentially blown jet.
Energy addition into this region should allow the boundary layer fluid to
proceed further into an adverse pressure gradient before experiencing
flow separation than an unblown or conventional boundary layer flow.

The six-blade annular cascade assemblies of tangential jet No. 1 and
2 configurations are shown in Figures 1 and 2, respectively. Design and
performance results of the program base-line plain blade are presented
in References 1 and 2. The tangential jet blades were designed to have
surface contours identical to the plain blade except in the aft suction sur-
face region which was modified to accommeodate the tangential jet slot
step. The only difference between the two jet configurations was the axial
location of the jet slot. The location of the jet slots, as the function of
percent axial chord, is as follows:

Tangential jet slot position (% Cy)

Hub Mean Tip
Tangential jet No. 1 39. 56 38.30 37.91
Tangential jet No, 2 58.24 56. 51 55.49

These blades were designed so that the No. 1 jet configuration was lo-
cated slightly upstream of the predicted plain blade point of flow separation.
The No, 2 jet configuration was designed to be blowing into a separated
flow region., Blade section profiles and relative position with adjacent
airfoils for both jet configurations are shown in Figure 3.

The cavity inside the blades was fed through the hub section from a
plenum chamber located below the blade base. Bench tests on individual
tangential jet blades demonstrated that the secondary jet flow had a large
positive radial component. The blades were designed on the premise that
when a particle of jet fluid left the jet slot at a particular radial location, it
remained at the radial location and moved only in the axial-tangential plane.
The internal geometry of the airfoils had to be modified to minimize this
radial component to produce a more satisfactory distribution of jet velocity.
This change was accomplished by blanking off the portion of the available
flow area in the region of the jet slot at the hub section which forced the
flow to 'bleed" through a porous metal baffle that was positioned along the
blade length. The baffle is shown installed in the blade in Figure 4. Be-
cause the blade was capped at the tip section, the secondary flow tended to
stagnate on the upstream side of the baffle, pass through the holes in the



baffle in a nearly circumferential direction, and then flow out through the jet
slot, A 0,030-in, dia hole was drilled in the hub section blank material

to keep from starving the hub cavity region of secondary flow., A line of
lampblack-mineral oil fluid was placed immediately downstream of the slot
on a jet No, 1 configuration which was bench tested in still air surround-
ings. The resulting suction surface flow pattern (Figure 5) indicated that

a satisfactory radial distribution of jet velocity existed at the jet slot,

Blade No. 3 was instrumented with static pressure taps primarily on
the hub, mean, and tip sections of its suction surface, while blade No. 4
was similarly instrumented on its pressure surface.- This arrangement of
static pressure taps permitted definition of the blade surface static pres-
sure distribution through the center passage of the cascade. Design data
for the tangential jet blades and the plain blade are given in Table I. Ex-
perimental data for all of the tangential jet configurations and the plain
blade are presented in Tables II and III. The leading edges of blades No.
1 and 6 were matched to a set of inlet guide walls, contoured to generate
a free vortex flow immediately upstream of the blade row, The plain blade
was tested both with and without contoured exit guide walls, No exit guide
walls were used on the tangential jet blade tests. Details of the guide walls
and the test rig are given in Reference 1., The aft end of the test rig with
a plain blade mounted in position is shown in Figure 6.

As listed in Tables VII and IX of Reference 1, the design values of
secondary flow for each jet slot were to be:

Design jet flow rhj/lhp (%)

Jet slot Tangential Tangential
size (in.) jet No, 1 jet No. 2
0.020 2.59 3.05
0.030 4,17 4.62
0.040 5.72 6.20

a

Experimental results for three secondary flow rates for each slot size
were obtained. The design values of the secondary flow were achieved for
the No. 1 configuration. However, attainment of the limiting cavity total
pressure at relatively small values of secondary flow restricted the sec-
ondary flow rates to only about 4% of the primary flow for the tangential
jet No. 2 blade. The values of secondary flow obtained experimentally
were:



E xperimental jet flow rhj/rhp (%)

Jet slot Tangential Tangential
size (in.) jet No. 1 jet No, 2
1.00 1,96
0.020 2,860 3.02
4.00 3. 54
2,50 2,00
0.030 4.10 2.99
6.30 4.02
3.98 2.00
0.040 5. 62 3.00
7.44 4.00

Information concerning the kind of instrumentation and associated ac-
curacy is presented in Reference 1. Actual conduct of the test and data
reduction procedure is delineated in Reference 2.

VELOCITY AND PRESSURE DISTRIBUTIONS

Surface Velocity Distribution

The hub, mean, and tip section surface velocity distributions for the
tangential jet No. 1 configurations are shown in Figure 7. Similarly,
Figure 8 shows the surface velocity results for the No. 2 configuration,
The plain blade velocity distributions are shown on Figures 9, 10, and 11.

As shown in Figure 12 for the mean section, the diffusion capability
increased with secondary flow rate. Approximately 7% secondary flow was
required to develop the same diffusion as did the plain blade. However, the
design mean section value of 0.4 was not attained. The details as to how
the diffusion was increased are examined by considering, for example, the
velocity distributions for the 0.020-in. siot configuration of Figure 7. As
the secondary flow was increased, an increase in suction surface velocity
immediately upstream of the slot was observed while the flow decelerated
in the trailing edge region. With only 1% secondary flow, the mainstream
flow separated from the step on the surface at the slot lip, diffused slightly
into the increased flow area downstream of the slot, and remained in a
strongly separated state to the blade trailing edge. This condition is char-
acterized by the constant value of 0. 90 for the velocity ratio downstream of
the slot to the trailing edge. Separation of the flow from the suction sur-
face resulted in a reduction of effective flow area which produced the



larger-than-design velocity ratios at the blade trailing edge. As the sec-
ondary flow was increased, the boundary layer was progressively energized
to the point where the flow reattached itself to the suction surface immedi-
ately downstream of the slot and remained attached to the trailing edge
region. The resulting velocity distributions can be seen in Figure 7 to be
approaching the theoretical (unseparated flow) velocity distribution as the
secondary flow is increased from 1 to 2.6% and, finally, to 4% of the pri-
mary flow rate. '

Because all blade configurations were tested at the same inlet Mach
number, the reattaching of the flow to the suction surface resulted in an
increase in flow area with subsequent decrease in free stream velocity,
blade row reaction, and expansion ratio.

The No. 1 blade mean section velocity distributions of Figure 7 show
that between 4 and 5% secondary flow was required to attain (at least on the
aft 50% of the blade chord) the theoretical surface velocity distribution.
The No. 2 blade mean section results of Figure 8 show that only about 3 to
4%, secondary flow was required to produce the design suction surface ve-
locity distribution in the aft region of the blade. However, the No. 2 blade
pressure surface results have larger values and do not agree as well with
the theoretical predictions as those for the No. 1 blade. As will be demon-
strated in the following discussion, less lift was, therefore, generated by
the No. 2 blade.

Surface Pressure Distribution

The surface static pressure distributions that correspond to the mean
section velocity distributions are shown in Figure 13, The tangential force
resulting from the static pressure differential per unit blade length was
computed by passing a smooth curve through the static pressure data points
and by graphically determining the area between the Pgy versus C, curves.
The total lift on the airfoil mean sections was considered to be the sum of
the lift as a result of the static pressure differential and the change in
tangential component of jet momentum. These blade forces are tabulated in
Table IV.

Mean section unit corrected force per pound of corrected primary flow
results are presented as a function of secondary flow rate in Figure 14.
Also, a jet momentum coefficient was defined as

N b

J ) .
m (mp+mj) W,
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where W == refers to the mainstream velocity that existed at the trailing

3
edge location; the subscript m denotes that calculations were performed
only at the mean section. Bench tests showed that a 17.5 in. Hg pressure
drop existed across the internal baffle when the blade cavity pressure was
maximum at 60 in. Hg abs. The jet velocity was computed by assuming
that the jet expanded from the total pressure just upstream of the slot (but
downstream of the internal baffle) to the static pressure at the slot exit
(shown in Figure 13 for each configuration). These jet momentum coeffi-
cient data are also shown in Table V. The mean section corrected force
data are plotted against jet momentum coefficient in Figure 15. These re-
sults show that with increasing secondary flow the lift generated on the air-
foil per pound of primary flow progressively decreases with the No. 1 con-
figuration. They also show that for the No. 2 jet configuration the cor-
rected lift was at least constant and perhaps even increased slightly with
secondary flow. This was primarily a result of the orientation of the No.
2 jet on the suction surface (Figure 3). The No. 2 jet was able to efflux jet
flow more in the tangential direction and thus, for the same secondary flow
rate, contribute more to the total lift on the airfoil than was the No. 1 jet
configuration. This observation is confirmed by Figure 16. Over the range
of secondary flows investigated, the No, 2 jet contributed to the total lift
on the airfoil at a rate of approximately three times that of the No. 1 con-
figuration. This resulted in the slope of the corrected total force-secon-
dary flow curves being less negative for the No. 2 blade.

The results of Figures 14 and 15 show that the No. 2 jet configuration
was less effective in achieving the design lift than was the No. 1 jet blade.
The loading was less on the No. 2 blade because, as is shown in Figure 45,
the No. 2 blade reaction was less. The reduced reaction may have been
caused by the throat areas which were larger than required.

Tangential Lift Coefficient

The expansion ratio across the cascade had to be varied to maintain
the correct inlet Mach number for each tangential jet blade test; it was de-
sirable, therefore, to present the performance results in terms of a param-
eter that would reflect the effects of a variable expansion ratio. Such a
parameter is the mean section tangential lift coefficient, ¢y, , presented in

Figure 17 and listed in Table V., m
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¥, is essentially the ratio of the lift generated by an airfoil to the
m

total-to-static pressure drop across the airfoil and is defined as

Py, Wy, AW
s | sta Txg ug-4|  |Fyr/4

. -
m Cy | Pp -Pste | o |CxPr, - Psty)

m

The design value of !l‘t was 1. 09 for the plain blade. The effect of
m

increasing secondary flow was to cause a very slightly increasing design

value of Sbt for the tangential jet blades,
m

The results of Figure 17 were obtained by dividing the corrected tan-
gential force on the airfoil by essentially the required corrected expansion
ratio across the cascade. Both the lift and expansion ratio decreased with
increased secondary flow but the expansion ratio fell at a faster rate, the
net result being an increase in lllt with increasing secondary flow. The

m
design value was satisfied by the No. 1 blade with approximately 6% sec-
ondary flow (Cj = 0.07). Again, it can be seen in Figure 17 that the tan-
m
gential jet No, 2 configuration was considerably less effective in achieving
the design value than was the tangential jet No, 1 blade,

The plain blade passed slightly less than design flow at less than de-
sign expansion ratio. It also generated less than design lift as shown by
Figures 14 and 15. As far as the lift coefficient is concerned, however,
the design value was satisfied. l#tm is also presented as a function of jet
momentum coefficient in Figure 18.

FLOW VISUALIZATION RESULTS

Suction Surface Separated Flow Patterns

Application of the lampblack-mineral oil flow visualization technique
demonstrated that the tangential jet concept can prevent flow separation
from occurring on blading suction surfaces. Results for each of the No. 1
jet blade configurations tested are presented in Figures 19 through 28 and
results for the No. 2 blade are shown in Figures 29 through 37. Flow vi-
sualization results for the plain blade are shown in Figure 38. It can be
seen from Figure 38 that flow separation occurred on the plain blade suc-
tion surface. However, the actual location of the separated region was far
enough downstream of the predicted location that both tangential jet slots
were upstream of the separation point. The separated flow regions that
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were eliminated by the tangential jets were those created by the jet slot
step. These results show that between 4 and 5% secondary flow (Cj ~ 0.04
m
to 0. 05) was required for the No. 1 jet blade to prevent flow separation,
while only about 3% secondary flow (Cj = 0.035) was required for the No.
m
2 blade. This is the direct result of having a less severe adverse pres-
sure gradient on the suction surface from the slot to the trailing edge on
the No. 2 jet blade than the No. 1 jet blade. Since blade No. 2 had the less
severe adverse pressure gradient to negotiate, it could prevent flow sepa-
ration from occurring with a lesser amount of secondary flow than blade
No. 1 required.

The cavity total pressures required to produce the secondary flow
rates are illustrated in Figure 39. The No. 2 jet configuration cavity pres-
sure ratio-secondary flow rate characteristic was far less sensitive to slot
size than was the No. 1 jet configuration. Also, the cavity pressure ratio
required to supply the necessary secondary flow was less for the No. 1
blade than for the No. 2 blade. This was primarily caused by the higher
static pressure that existed at the No. 2 slot exit,

Pressure Gradient and Secondary Flow Requirements

Figure 40 presents the adverse pressure gradient developed on the
suction surface from the jet locations to the trailing edge of the various
jet blade configurations. These pressure gradient data were obtained from
Figure 13 and are presented as a function of jet momentum coefficient.
Based on the surface velocity distribution plots of Figures 7 and 8 and the
flow visualization photographs (Figures 19 through 37), regions of ij re-
quired to prevent flow separation from the suction surface are noted on
Figure 40. For instance, with the No. 1 jet configuration, a corrected ad-
verse pressure gradient of 2.0 was developed on the suction surface and

negotiated (no separation with Cj ~ 0.042 (r'n‘_j /r'np ~ 49%). Whereas, on
m

the No. 2 blade a AP, /8 AXss;_3 of approximately 1.7 was generated

between the slot location and the trailing edge and required Cj of about
m

0. 034 (mj/mp = 3%).

These data provide the designer with some insight as to what to expect
in secondary flow requirements to negotiate a given adverse pressure gradi-
ent when the tangential jet is located upstream of the predicted point of flow
separation.
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DOWNSTREAM GAS ANGLE AND TANGENTIAL VELOCITY

Average Downstream Gas Angles

A radial-circumferential survey of total temperature, total pressure,
and gas angle was performed in a plane located 2 in. downstream of the
blade trailing edge. A typical circumferential variation of gas angle with
increasing secondary flow rate at a fixed radial position is presented in
Figure 41. In general, the gas angle (measured from axial) tends to in-
crease with increasing secondary flow. It may also be observed that when
viewed aft-looking-forward the circumferential position of the blade wakes
moves slightly in the counterclockwise direction as the secondary flow rate
is increased.

Gas angle data such as that shown in Figure 41 were averaged over
each circumferential sweep to obtain only the radial variation of gas angle
as a function of slot size and secondary flow rate combinations. These
data are presented in Figures 42 and 43 for the two tangential jet and the
plain blades. Included in these figures is the theoretical distribution of
downstream gas angle for the respective secondary flow rates. These data
show that, in general, increased gas turning was accomplished by increas-
ing the secondary flow rates. This is further demonstrated in Figure 44
where the angles at the mean section are plotted as a function of secondary
flow. These data show that turning is increased with secondary flow and
the design value is achieved with between 4 and 5% secondary flow. The
reason is not clear why the tangential jet No. 2, 0.020-in. slot angle data
does not correlate with secondary flow rate as well as the other jet blade
configurations.

Change in Tangential Velocity and Reaction Across Blade Row

The tangential jet and plain blades were designed to accomplish the
same change in tangential velocity across the blade row. Based on design
inlet gas angles, inlet and exit critical velocity ratios, including loss and
downstream gas angle measurements, the experimental change in tangential
velocity was computed and is compared with the plain blade and design
values in Table VI. Positive and negative deviation in Table VI represent,
respectively, greater than and less than design values of AW, across the
blade row. Table VI illustrates that, in general:

® No. 1 blade effected a larger change in tangential velocity across the
blade row than did the No. 2 blade

® Correlation of AW, was similar to that of the corrected lift (Figure 14)
with secondary flow for both the No. 1 and 2 jet configurations (That is,
the change in tangential velocity across the blade row decreased for
the No, 1 blade, but was nearly constant for the No. 2 blade as the
secondary flow was increased.)
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Nearly all of the tangential jet configurations were deficient in satis-
fying the design, AW,. The configurations that most nearly satisfied the
design values were the small, secondary flows through the No. 1 blade
0.020-in, slot. Figure 14 shows that these configurations also most nearly
satisfied the design corrected force values. However, Figure 44 showed
that, in general, the greatest discrepancy between measured and design gas
angle occurred at the low values of secondary flow. Thus, it may be con-
cluded from the blade lift and AW_ calculations and the gas angle measure-
ments that neither the tangential jet No. 1 or No. 2 blades satisfied all of
the design point conditions.

The design values of secondary flow for the No. 1 jet blade were:

b (in.) ﬁl:l/ﬁlp (%)
0.020 2,59
0.030 4,17
0,040 5.72

Further, the design value of reaction across the blade row was 22.35%
at the mean section. Figure 45 presents the experimental values of blade
row reaction as a function of percent secondary flow and shows that, in
general, less than design values were obtained. It can be observed, how-
ever, that the design value was obtained with the 0. 020-~in. slot TJ1 con-
figuration with its design secondary flow of 2.6%. However, it has been
previously noted that flow separation at the slot lip with the resulting large
blockage occurred in the mainstream passage for this configuration slot size-
secondary flow rate combination. Therefore, it may be concluded that
since less than design reaction was obtained, once flow separation was pre-
vented by the addition of secondary flow, the resulting throat passage areas
were larger than required to achieve the design velocity diagrams. The
throat area for the No. 2 jet configuration also appears to have been too
large as its blade row reaction was even less than the No, 1 blade.

CONTOUR PLOTS

Results at the Blade Trailing Edge (Station 3)

Total pressure radial-circumferential surveys were performed im-
mediately behind the blade trailing edge for the purpose of determining the
Station 3 loss and boundary layer characteristics for each blade configura-
tion.

A typical total pressure trace result for the No. 1 tangential jet 0.040-
in. slot blade with four values of secondary flow at a radial location of
12,97 in. is shown in Figure 46. Similar data for the plain blade are shown
in Figure 47.
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Progressive increase in the amount of secondary flow appeared to
shrink the wake in both the circumferential and axial directions. When
viewed aft-looking-forward, the circumferential movement of the wake was
in the counterclockwise direction. There was no evidence of total pressure
excess in wakes of any of the tangential jet blade configurations. Appar-
ently, sufficient mixing of the jet and freestream had taken place by the
time the flow reached the trailing edge that only conventional type wakes
of Figure 46 were measurable,

Data of the type shown in Figure 46 were assembled in the form of con-
tour plots of kinetic energy loss coefficient and are presented in Figures 48
through 56 for the No. 1 blade configuration and Figures 57 through 65 for
the No. 2 blade. Similar plain blade € data are shown in Figure 66. All of
these results show for a given slot size for both the No. 1 and 2 blades that
the circumferential extent of the high loss wake region was reduced as the
secondary flow was increased. It can be observed that the hub regions for
the No. 1 and 2 blades are quite different. A fairly large region of moder-
ately large loss existed in the hub region for the No. 1 blade, whereas this
was a very low loss region for the No. 2 blade. It may also be observed
from Figures 54 and 65 for similar conditions of secondary flow and jet
slot size for the No. 1 and 2 blades that the No., 2 blade appeared to have a
slightly lower overall loss level than did the No. 1 blade., This condition
is more clearly shown in Figure 67 where the e circumferential distri-
butions in the neighborhood of the trailing edge mean section are presented
for the 0.040-in. jet slot and approximately 4% secondary flow for the No.

1 and 2 blades. The peak loss level for the No. 1 blade was more than 0,95
but only about 0, 80 for the No. 2 blade.

Results Downstream of the Blade Trailing Edge (Station 4)

Kinetic Energy Loss Coefficient

Contour plots of kinetic energy loss coefficient were also assembled
from the total pressure surveys performed in a plane 2 in., (measured
axially) downstream of the blade trailing edges. These results are shown
in Figures 68 through 76 for the No. 1 blade and Figures 77 through 85 for
the No, 2 blade. Plain blade results are included in Figure 86. There is
nothing substantially different between these No. 1 and 2 jet blade loss con-
tour plots. Under similar circumstances of secondary flow and slot size
the No. 1 and 2 blades exhibited about the same wake shape and loss level.
They generally show that for a fixed slot size the regions of larger loss
were decreased by increased secondary flow. They also show a larger loss
region very near the hub section, but this has been attributed to the flow
separating from the rig hub wall casing at Station 4.
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Downstream Gas Angle

Contour plots of the gas angle, measured from the axial direction 2 in,
downstream of the trailing edge, are shown in Figures 87 through 104 for
all of the tangential jet blade configurations. Figure 105 illustrates the
plain blade gas angle contour plot. The theoretical radial distribution of
the gas angle, based on a 4% loss in total pressure across the cascade and
including the effects of mass addition, is shown as the right-hand ordinate
of Figures 87 through 104. These plots show how overturning of the gas
from the axial direction in the hub region was experienced by all of the
tangential jet configurations. They also show that for a fixed slot size,
increasing the secondary flow resulted in an increase in turning toward the
tangential direction. As has been mentioned earlier, this increase in turn-
ing toward the tangential direction with increased secondary flow is the
result of the flow reattaching itself to the suction surface downstream of
the slot. The only region in which the plain blade experienced design or
overdesign turning was near the hub section.

MASS AVERAGED LOSS AND BOUNDARY LAYER PARAMETERS

B(_e_?srglts at the Blade Trailing Edge (Station 3)

Aerodynamic Loss Data

Circumferentially mass averaged values of e at each radial depth were
computed by Equation (6) of Reference 2 and are shown for both tangential
jet and plain blades in Figures 106 and 107, respectively. The numerical
integrations were performed in the circumferential direction encompassing
the points of minimum total pressure in the wakes of blades No. 3 and 4.

For a given slot size, the e results show that, in general, for the range
of secondary flow rates investigated, increasing the amount of secondary
flow decreased the circumferentially mass averaged loss level. These re-
sults substantiate the trends shown in the tangential jet loss contour plots
because the hub section was a region of high loss for the No. 1 blade but it
was a region of very low loss for the No. 2 blade. The reason for this is
not clear. The loss data of Figure 107 show that the plain blade had regions
of large loss in the midspan and tip regions. The plain blade hub section
loss, however, was quite small. These results also agree with the trends
described by the plain blade loss contour plot of Figure 66.

There is, however, an apparent contradiction between these mass
averaged loss data and local kinetic energy loss distributions presented
earlier in Figure 67 for the No. 1 and 2 blades with 0, 040-in. jet slots and
4% secondary flow. In Figure 67 it was shown that on an area-averaged
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basis the loss for the No. 1 blade was greater than it was for the No. 2
blade. However, if the 0.040-in. slot, 4% secondary flow TJ1 and TJ2 loss
levels of Figure 106 are compared, it is seen that on a mass averaged
basis the reverse trend is indicated; (i.e., the loss for blade No. 2 is larger
than for blade No. 1). This circumstance is primarily attributed to mass
averaging of the losses using the distribution of mass in the wakes of these
two blade configurations. The distribution of mass flow rate per unit depth
in the midspan region for these two configurations is shown in Figure 108.
The static pressure at the radial positions in question was assumed con-
stant in the circumferential direction and used with the plenum total tem-
perature and surveyed total pressure to compute the circumferential dis-
tribution of mass flow per unit depth shown in Figure 108. The circum-
ferentially mass averaged loss results were computed by an expression of
the form

01,1
f g P, Wr dé
00

0y
f Pot Wr d6

)

The numerator represents the summation of the product of the local
loss coefficient times the local element of mass flow per unit depth. The
denominator represents the mass flow per unit depth. Since the denomi-
nator of the expression had nearly the same value for both the tangential
jet No., 1 and No. 2 blades, the answer as to why the No. 2 blade had the
largest mass averaged loss level must lie in the numerator of the expres-
sion, In order for the integral of the local loss times mass flow to be
largest for the No. 2 blade, it must have more mass in its wake since the
No. 2 local loss was less than for the No. 1 blade. This can be seen to be
the case in Figure 108. The freestream level of mass flow per unit depth
was less for the No. 2 blade, but in the wake region the No. 2 blade had
the larger amount of mass flow,

An overall flow passage mass averaged value of kinetic energy loss
coefficient was computed at the trailing edges (Station 3) of the No. 1 and
2 blades and is illustrated as a function of the amount of secondary flow in
Figures 109 and 110, respectively. A fair amount of scatter did exist in
these computed anma results and a curve was passed through the points

to indicate general trends. Examination of Figures 109 and 110 shows that
the loss level for both No. 1 and 2 blades decreased with increasing sec-
ondary flow. Over the relatively small range of secondary flows tested with
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the No. 2 blade, the loss level was substantially higher than it was for the
No. 1 blade. Figure 109 shows from the general trend curve that a No, 1
blade trailing edge loss level equivalent to that of the plain blade was at-

tained with about 4. 0% secondary flow. This corresponds to a jet momen-
tum coefficient of about 0.04. A further increase in the amount of secon-
dary flow produced a loss level that was less than that for the plain blade.

Boundary Layer Parameters

Radial variation of the displacement thickness and the boundary layer
shape factor are shown in Figure 111 for the various tangential jet blade
configurations. Similar plain blade data are shown in Figure 112, In gen-
eral, the momentum thickness was nearly independent of the effects of
varying jet slot size and amount of secondary flow rate., This was not the
case for the displacement thickness which was quite sensitive to the vari-
ations of jet slot size and amounts of secondary flow. It can be noted that
for a given slot size across nearly the entire radial span of the blade that
the displacement thickness shrank or thinned out rather markedly as the
secondary flow was increased. As the jet progressively prevented flow
separation from the suction surface and shrank the size of the blade wake,
the size of the displacement thickness (which reflects a blockage of the flow
path area) was likewise reduced in size.

The boundary layer shape factor (H = 8" /8™) results of Figure 113
show the effects of the tangentlal jet configurations simultaneously on 8
and 6%, It can be seen that 8§ * h