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SECONDARY FLOWS AND BOUNDARY-LAYER ACCUMULATIONS IN TURBINE NOZZLES '

By Harorp E. Rourik, MiLrox G. Korskey, Huserr W. ALLex, and Howarp Z. Herzig

SUMMARY

An investigation of secondary-flow loss patterns originating in
three sets of turbine nozzle blade passages was conducted by
means of flow-visualization studies and detailed flow measure-
ments.  For all cases, high loss values were measured in the
Slwid downstream of the corners formed by the suction surfaces
of the blades and the shrouds, and these losses were accompanied
by discharge-angle deviations from design values. Despite
the sizes of the loss regions and angle gradients, over-all mass-
averaged blade efficiences were of the order of 0.99 and 0.98 and,
therefore, are not a good index of blade performance.

This report shows that the inner-wall loss core associated
with a blade of a turbine nozzle cascade is largely the accumula-
tion of low-momentum fluids originating elsewhere in the
cascade.  This accumulation is effected by the secondary-flow
mechanism, which acts to transport the low-momentum fluids
across the channels on the walls and radially in the blade wakes
and boundary layers. At one flow condition investigated, the
radial transport of low-momentum flwid in the blade wake and
on the suction surface near the trailing edge accounted for
approximately 65 percent of the inner-wall loss core, about 30
percent resulting from flow in the thickened boundary layer on
the suction surface, and about 35 percent from flow in the
blade wake.

The degree to which blade-surface velocity profiles affect the
magnitude and concentration of loss cores was investigated by
comparing three nozzle blade configurations. Flow-visualization
studies and flow measurements at the lower Mach numbers
indicate that when, as a result of unfavorable blade-surface
velocity profiles, thickened blade boundary layers exist on the
blades near the outer shroud, they may provide the conditions
required for passage vortex formation. Under these condi-
tions, sizable outer-shroud loss cores are found at the nozzle
discharges.  Blades having thinner two-dimensional profile
boundary layers, however, appear to offer resistance to passage
vortex formation near the outer shroud, and, instead, there
results inward radial flow of low-momentum air in the blade

wake.  Under these conditions, the inner-shroud loss region at
the nozzle discharge is large, while the outer-shroud loss region
may, in comparison, be quite small.

In both cases, reduced loss accumulations along the outer
shroud are obtained at the higher Mach number as shock-
boundary-layer thickening on the blade surface provides an
additional path for the radially inward flow of low-momentum
fwid.  The results, therefore, indicate that passage vortex
formation may not exist for all blade configurations and flow
conditions and may be governed, lo a large extent, by blade
boundary-layer thickness and separation. Comparison of
well-designed constant-discharge-angle and  free-vortex type
blades indicates that the secondary-flow loss differences for
these blades are so small that the choice of the type of blading,
based solely on secondary flows, is of negligible concern.

INTRODUCTION

Whenever turning of a fluid is accomplished, as by a
cascade, a balance is established between static-pressure
gradients and centrifugal forces in that fluid. In an annular
cascade, where three-dimensional turning is involved, both
radial and circumferential static-pressure gradients exist.
These pressure gradients, developed in the mainstream, are
imposed upon the boundary layers of low-momentum fluid on
the walls and on the blades of the cascade. Turning in the
boundary layers equal to the free-stream turning would not
be sufficient to maintain balance between the pressure gra-
dients and the centrifugal forces. Thus, more than free-
stream turning of the low-momentum boundary-layer fluids
results. The deviations in flow of the boundary layer from
the free-stream flow directions are called secondary flows.
Secondary flows inevitably result from the turning of fluids
having boundary layers; in annular cascades, a system of
three-dimensional secondary flows must always be established.

As gas velocities through turbines are increased to obtain
increased power and increased mass flow per unit frontal

! Supersedes NACA TN 2871, “Expecimental Investigation of Loss in an Annular Cascade of Turbine-Nozzle Blades of Free Vortex Design,” by Hubert W. Allen, Milton G. Kofskey,
and Richard E. Chamness, 1953; TN 2909, “Study of Secondary-Flow Patterns in an Annular Cascade of Turbine Nozzle Blades with Vortex Design,” by Harold E. Rohlik, Hubert W. Allen,
and Howard Z. Herzig, 1953; and TN 2989, “Comparison of Secondary Flows and Boundary-Layer Accumulations in Several Turbine Nozzles,” by Milton G. Kofskey, Hubert W. Allen, and

Howard Z. Herzig, 1953.
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area, the three-dimensional secondary flows become increas-
ingly significant, because these secondary flows give rise to
relatively large regions of low-energy fluids that cause
main-flow blockages and deviations from design flow angles,
with consequent reduced efficiency and performance.  As
transonic velocities are approached, the secondary flows
resulting from the radial gradients of pressure, velocity, and
cireulation become too large to be ignored in the design of
turbine blades. Various analytical methods have been
developed (refs. 1 to 4) to evaluate and predict the deviations
in exit flow angles and velocities due to the secondary flows
in flow channels. However, as a result of the complicated
three-dimensional patterns of the secondary flows, consid-
orable doubt exists as to whether a physically valid analytical
description of secondary flows in turbine nozzle cascades can
at present be obtained by use of such simplifying assumptions
as two-dimensional flows, no viscosity in the turning fluid,
or nontwisting Bernoulli surfaces, which are currently used
for theoretical analyses. Accordingly, recent investigations
at the NACA Lewis laboratory have concentrated on obtain-
ing experimentally an over-all picture of the actual secondary
flows. In reference 5, flow-visualization techniques were
employed to trace the boundary-layer flow patterns, and
the results were recorded photographically. By
means, the basic patterns of secondary flows and the govern-
ing flow parameters in turbomachines were established.

In order to obtain a better understanding of the flow pro-
cesses within typical modern turbine nozzle blade rows, the
series of investigations reported herein was made. Three
blade configurations were investigated: blade A, a constant-
discharge-angle blade with smooth surface velocity profile
designed by the stream-filament method; blade B, a constant-
discharge-angle blade with a more blunt leading edge and a
more irregular surface velocity distribution with velocity
peaks; and blade C, a stream-filament-design blade having
free-vortex velocity distribution and a smooth velocity
profile. In addition, a series of blade modifications was
applied to the blade C nozzle configuration in order to sepa-
rate and evaluate the various secondary-flow components
there.  These modifications consisted of blade boundary-
layer flow fences and notches cut into the blade trailing edges.

Detailed data were taken, including surveys of total pres-
sure and discharge angle in the free-stream, wake, and

these

boundary-layer regions immediately downstream of the

nozzle-discharge  sections.  Flow-visualization  techniques
were also emploved, including surface flow studies (by means
of hydrogen sulfide and paint traces) and smoke flow studies
as deseribed in reference 5. The location and direction of
the secondary-flow components in the cascades are presented.
The angle gradients associated with the secondary-flow sys-
tems and their effect on rotor blade angles of attack are also
discussed. The blade suction-surface velocity profile is
considered, and the degree to which it affects the magnitude,
concentration, and location of the high-loss regions is in-
vestigated by comparing the three nozzle blade con-
figurations.

These experimental investigations were made by use of

the facilitios of the NACA Lewis laboratory in 1953.

SYMBOLS
The following symbols are used in this report:
My hub discharge Mach number
2 local total pressure, in. Hg
P reference ilet total pressure, in. Hg
P local static pressure, in. Hg
r radius measured from axis, ft
V local velocity, ft/see
WV local axial component of velocity, ft/sec
Vi ideal velocity as determined by reference inlet total
pressure and local discharge statie pressure, ft/sec
Vs local tangential component of velocity, ft/sec
7 local measured value, variable used in mass-averaging
expression
I circulation, sq [t/sec
ratio of specific heats
n local blade efficiency, V?/V;?
do increment in circumferential distance
p static density, slugs/cu ft
APPARATUS

TEST UNIT

A schematic view of the test unit used in this investigation
A filter was installed in a large depres-
sion tank (not shown in the figure) upstream of the test
section to prevent damage and clogging of the delicate in-
struments by dirt particles from the air supply. The filter
consisted of two layers of 1/4-inch felt separated by filter
paper supported by wire-mesh screening. A second depres-
sion tank downstream of the first tank was located approxi-
mately 4 duct diameters (approximately 6 ft) upstream of
the nozzle blades (fig. 1). A long-radius nozzle was installed
in this depression tank to provide smooth entry into the duct
leading to the nozzle blades in the test section. A fine mesh
sereen was also installed in the tank to give a uniform inlet
velocity distribution.  The air discharged from the nozzle
blades into an annular duct having six straichtening vanes
located approximately 3 tip diameters downstream of the
nozzle blades.

is shown in figure 1.

Filtered
air
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Depression R
tank--
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‘ Test Straightening
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Fraure 1.—Schematic view of annular-nozzle cascade test unit.

TURBINE NOZZLE BLADES

For simplicity, the three blade configurations investi-
gated will be designated as follows: blade A, a constant-
discharge-angle blade with smooth surface velocity profile
designed by the stream-filament method; blade B, a constant-
discharge-angle blade with a more blunt leading edge and a
more irregular surface velocity distribution, particularly
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Ficure 2.—Design velocities for blade suction surface.

Blade surface length

(b) Mean section. (e) Tip section.

near the blade tip; and blade C, a stream-filament-design
blade having free-vortex velocity distribution and a smooth
velocity profile.  The suction-surface velocity profiles at
the hub, mean, and tip scctions of the three blades are
presented in ficure 2. Mean-section blade shapes are shown
in figure 2 (b).

All nozzle blades used in the investigation were of sub-
sonic design for an equivalent weight flow of approximately
15.3 pounds of air per second. Kach set consists of 48 blades

having a hub-tip radius ratio of 0.730 and a tip diameter
of 16.25 inches. Blades A and C were designed by the two-
dimensional stream-filament method described in reference 6.
As the stream-filament method applies only to the portion
of the blades forming the channel, the blades were designed
to do the greatest amount of the turning within the channel.
The trailing-edge portions of the blades, having little curva-
ture, were faired at the approximate discharge angle. Blade
profile and stacking coordinates for the three blade sets are
given in tables I to 111,

Constant-discharge-angle blades (blade A).—These blades
were designed for a constant discharge angle of 56° from axial.
The blade chord varies from 1.642 inches at the tip to 1.173
inches at the hub, while the trailing-edge thickness varies
from 0.049 to 0.034 inch. The blades have a solidity of
1.510 at the hub and 1.545 at the tip.

Constant-discharge-angle blades (blade B).——These blades,
from a production turbine, were designed for a constant dis-
charge angle of approximately 60° from axial and have a
solidity of 1.489 at the hub and 1.497 at the tip. The chord
varies from 1.592 inches at the tip to 1.157 inches at the hub,
and the trailing-edge thickness from 0.040 to 0.026 inch.

Vortex-type blades (blade C).-—These blades were designed
for a free-vortex-type velocity distribution with a discharge
angleof approximately 65° from axial at the hub. The blades
have a solidity of 1.507 at the hub and 1.595 at the tip. The
chord and trailing-edge thickness vary from 1.696 and 0.044
inch, respectively, at the tip to 1.172 and 0.034 inch at the
hub.

Modified vortex-type blades (modified blade C).'The
modifications shown in figure 3 were adopted in the attempt
to separate and evaluate the various components of secondary
flow. These are:

(1) The full flow fence (fig. 3 (a)) at blade mean radius for
interrupting radial flows in the wake of the blade and
on the suction surface near the trailing edge

(2) The modified flow fence for interrupting radial flows
in the wake, but not in the thickened boundary layer
on the suction surface of the blade near the trailing
edge (fig. 3 (b))

(3) A ¥-inch noteh in the blade trailing edge (fig. 3 (¢))

(4) A #-inch notch in the blade trailing edge (fig. 3 (d))

INSTRUMENTATION

The cascade was instrumented to obtain surveys of total
and static pressures at the inlet measuring station 0.5
inch upstream of the leading edge of the tip section of the
blades. Total pressures, wall static pressures, and flow
angles were surveyed at the discharge measuring station
0.159 inch downstream of the trailing edge of the nozzle
blade tip. The instruments used to obtain the detailed
surveys of the gas state at the inlet and discharge are shown
in figure 4.

Total-pressure probes.—Two types of total-pressure
probe were used to measure total pressure at the discharge
measuring station. One type was designed specifically for
measurements in the boundary layer; the other, for free-
stream measurements. The pressure-measuring head of the
boundary-layer probe (fig. 4 (a)) consisted of 0.015-inch-
outside-diameter tubing. The tip was flattened to approxi-
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Ficure 3.—Sketches of various modifications.

mately 0.003-inch inside minor axis length (parallel to
probe axis) to obtain closer approximations of point values
in the regions of high radial pressure gradients. The three-
dimensional total-pressure probe (fig. 4 (b)) was designed
to measure the total pressure outside the boundary layer
for radial flow angles within the limits of approximately +9°.
The probe consists of five 0.015-inch-outside-diameter
tubes projecting 0.120 inch from the probe axis. The tubes
were set at angles of 3° 6° —3° —6°, and 0° from a plane
normal to the axis of the probe and with the measuring ends
of the tubes in this plane. A shielded total-pressure probe
was used to measure the reference total pressure at the inlet
to the blades.

Static-pressure taps.—Wall static taps of 0.015-inch
diameter were located at both the inner and outer shroud
in the inlet and discharge measuring planes. At the inlet
measuring plane, one static tap cach at the inner and outer
shrouds was located at the circumferential position used for
the inlet radial surveys. At the discharge measuring plane,
static pressures were measured by eight closely spaced
static-pressure taps in either wall.

Flow-angle measuring probes.—A double-wire hot-wire-
anemometer probe (fig. 4 (¢)) was used to measure the dis-
charge flow angles in the mainstream. The instrument
consists of two parallel wires supported by two prongs and
mounted under tension on the axis of the probe (parallel
to a radius of the cascade). Thus, the wires can be rotated
without appreciable displacement. Each of the wires has
a diameter of approximately 0.0009 inch and a length of

0.045 inch or less. The distance between wire centers is
0.005 inch.

For use in the inner-shroud boundary layer, a V-wire
hot-wire anemometer (fig. 4 (d)) was constructed, having
the two wires mounted in such a way that both were in the
same plane and parallel to the shroud surface (perpendicular
to a radius of the cascade) when in use. The wires of this
instrument were 0.0011 inch in diameter and 0.050 inch long.
They were mounted on three supports, the tips of which
were located at the corners of an equilateral triangle.  Thus,
the two wires mounted near the support tips formed a V
with a 60° angle at their intersection.  The use of such an
mstrument near the inner shroud was based on the assump-
tion that no steep circumferential gradients of angle or mass
flow would be present. Details of design of wire supports
and the general construction of the hot-wire probes are
discussed in reference 7. The application of hot-wire-
anemometer probes to the measurement of discharge flow
angles for the flow conditions reported in this investigation
is discussed in the appendix.

A double-tube pressure probe (fig. 4 (e)) also was used for
angle measurements in the boundary layer. In order to
minimize effects of pressure gradients and angle gradients
on the measured angles, the tube dimensions were made
small.  Each tube was of 0.010-inch-outside-diameter
stainless  steel.  The tubes were soldered together and
mounted in such a way that the double open end had its
axis lying in a circumferential plane and could be rotated
about a radial axis.  In order to increase the sensitivity to




SECONDARY FLOWS AND BOUNDARY-LAYER ACCUMULATIONS IN TURBINE NOZZLES J

5 (b)

(b) Three-dimensional
total-pressure

(a) Boundary-
layer probe.

(¢) Parallel-wire
anemometer
probe. probe.

(d) - (e) C-30I72

(d) V-wire anemome- (e) Double-tube angle
ter probe. probe.

Ficure 4.—Survey instruments.

flow direction, each tube end was ground back at an angle
of 30° from the soldered tip junction so that the tip was
wedge-shaped with a 60° total angle.

Repeatability.—Discharge total pressures in the free
stream, wakes, and boundary layers, and wall static pressures
could be repeated within £0.05 inch of mercury during any
extended time interval. The reproducibility of 40.05 inch
was maintained by observing the data when the reference
static pressure was steady at the desired set value.

The flow-angle measurements made with any given probe
could be repeated within £0.5° with that probe. At the
lower Mach number, the two boundary-layer angle probes
gave data that resulted in contour lines of approximately
the same shape. Maximums and minimums were in the
same positions and had the same magnitudes to about 4 1.0°.

V-wire data from the boundary layer could be faired into
parallel-wire data from the main part of the annulus with
adjustments of not more than about -+ 1.0°.

Agreement between probes was not so close at the higher
Mach number because of the higher gradients in angle and
mass flow encountered. The effects of these gradients are
different for each type of probe. The two boundary-layer
probes showed angle gradients in the same direction over
much of the region where they were used, but the magnitudes
of the gradients did not agree. However, at this Mach
number the pressure-probe angle data were in moderately
good agreement with parallel-wire data in the region where
the data overlapped. Therefore, pressure-probe angle data
were used to make contours between points 0.005 and 0.080
inch from the inner shroud, and parallel-wire data were used
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between the outer shroud and points 0.120 inch from the
inner shroud. Contours were then faired in between 0.080
and 0.120 inch from the inner shroud.

PROCEDURES

The series of investigations reported herein began chrono-
logically with blade B, followed by the investigations of
blade €, modified blade C, and finally blade A. New and
improved instrumentation and flow-study techniques were
developed during the course of the protracted investigation
and were applied to all succeeding blade studies as rapidly as
they were perfected.  So it is that the studies of surface flow
dircetion were first made on blade €. Likewise, the double-
tube pressure probe for boundary-layer flow-angle surveys
was not perfected until near the end of the investigation of
blade C and the blade C modifications and, therefore, was
not used extensively until the blade A investigation.

EXPERIMENTAL PROCEDURE

In general, the flow measurements and flow-visualization
studies of blades B and A were made similarly to those of
blade C. At the time of the investigation of blade B, which
was conducted first, the techniques required for boundary-
layer and surface flow studies had not yet been developed;
therefore, these studies were not made for blade B.

Flow conditions.——The reference inlet total pressure was
held constant at approximately 26.50 inches of mercury
absolute, and the inlet total temperature at 553° R for all
surveys.  Kach of the three sets of blades was investigated
at two hub discharge Mach numbers as follows: blade A,
0.86 and 1.36; blade B, 1.18 and 1.41; blade C, 0.94 and 1.46.
Smoke studies of flow direction were made on blades A and B
at very low air velocities.

Inlet surveys.—Radial surveys of total pressure and static
pressure were made at only one circumferential location at
the inlet, beeause preliminary surveys indicated little meas-
urable circumferential variation in either total or static
pressure. One statie tap each on the inner and outer shrouds
furnished the static-pressure values for the end points.
Preliminary angle surveys indicated little variation from the
axial direction over the blade passage, and the inlet velocity
distribution was therefore satisfactory for the investigation.

Discharge static pressure.—Wall static-pressure values for
the nozzle discharge were obtained from the static taps
located in the discharge measuring plane.  For purposes of
velocity caleulations, static pressure was assumed to vary
linearly from inner to outer shroud.

Discharge total-pressure surveys. At the discharge
measuring station, circumferential surveys of total pressure
were made covering an arc corresponding to one complete
passage with some overlap. These surveys were spaced
radially in such a way as to cover boundary layers and loss
regions in detail and at the same time to survey other regions
closely enough to verify the existence of uniform flow.
Circumferential points were likewise spaced to give detailed
information in loss regions and wakes.  Determination of the
radial position of the probe within 0.002 inch in the annulus
behind the blades was required in order to locate accurately

the wakes, boundary layers, and loss regions with respect to
the walls. TFor this reason, the inner shroud as a reference
position was located by use of a low-voltage electrie circuit
that indicated by a light when contact was made between the
measuring probe and the inner shroud.

Free-stream total pressures were measured with the five-
tube total-pressure probe. Kach of the five tubes was
rotated into the stream for a maximum reading, and the
areatest total-pressure reading obtained from the readings of
the five tubes was taken as the total-pressure value for the
survey point.

Discharge-angle surveys.
were made covering the same blade passage as was covered
with the total-pressure surveys. In the free-stream part of
the annulus, where it was assumed that high angle gradients

Surveys of discharge angle
- t=] ta}

or mass-flow gradients, if any, would be largely circumferen-
tial (as in the blade wake) rather than radial, the parallel-
wire anemometer was considered applicable.  In the shroud
boundary layers, where it was assumed that such gradients
would be largely radial rather than circumferential, the V-wire
anemometer is more suitable.  Actually, the parallel-wire
instrument performed well wherever used, and measurements
were made with it from the outer shroud to points 0.1 inch
from the inner shroud. Near the outer shroud it served to
confirm the existence of a steep radial angle gradient;
but since the area involved in this loss region was com-
paratively small, it was given no further attention, although
the accuracy might have been improved by use of the V-wire
probe.

Near the inner shroud the parallel-wire probe could not be
used, not only because of diminished accuracy but also
because the distance between survey point (considered as the
wire center) and surface was limited to about 0.035 inch.
Therefore, data were taken with the V-wire anemometer in
the region within 0.2 inch of the inner shroud. These data
were satisfactory at the lower Mach numbers; but, at the
higher Mach numbers, circumferential gradients of angle and
mass flow were sufficient to require the use in this region of the
double-tube pressure probe, the results from which would be
less susceptible to the effeets of such gradients.

The use of the double-tube pressure probe for boundary-
layer flow-angle surveys was developed near the end of the
investigation of blade €. In the investigation of blade A a
comparison was made of the free-stream angles measured by
the double-wire hot-wire-anemometer probe and the double-
tube pressure probe.  Differences in measured angles were
found to be 1° or less over most of the passage.  The greatest
difference, approximately 2°  occurred near the shrouds
where the rates of radial variation in discharge angle were
large.  Because of its small size, the double-tube pressure
prob> is considered more reliable than the double-wire hot-
wire-anemometer probe in regions where the rate of radial
variation in discharge angle is high. Because of this and
because of its greater simplicity in operation, all angle data
in the free stream and in the boundary layers (for blade A)
were taken with the double-tube pressure probe. No flow-
angle measurements were made at positions less than 0.1 inch
from the shrouds for blade B.
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Fraure 5.—Total-pressure measurement points for full-flow-fence
modification (fig. 3 (a)). Hub Mach number, 1.46.

Blade C modification studies.—Effects of the various
modifications on loss distribution in the measuring plane for
blade C were investigated at the same two hub discharge
Mach numbers as for the unmodified blade C, that is, 0.94
and 1.46. Circumferential surveys of total pressure were
made at several radial positions in the measuring plane.
These surveys, as well as points in each survey path, were
spaced to give a detailed picture of each loss region. This
spacing varied from one modification to the next because of
the differences in loss distribution.  An example of the dis-
tribution of survey points is shown in figure 5, where the
locations of the total-pressure measurement points are plotted
for the full-flow-fence modification at the higher Mach
number.

Static-pressure values for points in the stream were calcu-
lated from pressure measurements made with wall static taps.
It was assumed in this calculation that the static pressure
varied linearly from inner to outer wall along lines in the
radial measuring plane which were approximately parallel to
the blade wakes.

Surface flow-direction studies.—Visual studies of the flow
direction along the blade and wall surfaces for blades A and
C were made in two ways (ref. 5). The first technique used
the reaction between white lead carbonate painted on the
surface and hydrogen sulfide gas admitted through an
appropriately located wall static tap and mixed with the
boundary-layer air flowing through the cascade. The re-
sulting darkening of the lead carbonate showed the direction
of flow along the surface from the static tap. The hydrogen
sulfide gas pressure was adjusted to exceed the static pressure
at the tap by only enough (0.02 in. Hg, approximately) to
cause it to flow into the passage without blowing it away
from the surface and without upsetting local flow conditions.
The second technique involved softening the lead carbonate
with glycerin until it would flow slightly along the surface
because of viscous effects between air and paint. A com-
parison of results obtained by these two techniques showed
good agreement; hence, patterns on the surface were con-
sidered to indicate air-flow direction, and the results were
recorded photographically. ]

Smoke flow-direction studies.—Smoke studies of flow
direction using the technique of reference 5 were made with
blade types A and B mounted in the annular cascade (fig. 1).
The airspeed through the cascade was held to a maximum of
about 20 feet per second in order to avoid diffusion of the
smoke and keep the smoke sufficiently concentrated for
photographing. The smoke was introduced into the air
stream just upstream of the blades at two radial positions for
each blade, namely, adjacent to the outer shroud and near
midsection. Photographs were made of the resulting flow
patterns at the blade discharge.

CALCULATION PROCEDURE

Loss calculations.—Results of total- and static-pressure-
tap data are presented as contours of kinetic-energy loss,
which is defined as follows:

v—1 =1

N7 (P
L()Sszln*l—“.“.,._,Z(l)) (1:1_)1

| 1—( }));)?

The error involved in the losses calculated from pressure
measurements made at the lower hub discharge Mach num-
bers is believed to be negligible. At the higher hub discharge
Mach numbers, however, the total pressures indicated by the
probes are low because of the shock losses associated with the
probes. These shock losses varied with position in the
measuring plane because of the variation in Mach number
and the proximity to the loss regions. Near the hub bound-
ary layer, for example, interaction of the shock wave induced
by the probe and the shroud boundary layer produced a
thickened boundary layer that influenced flow just upstream
of the probe by causing a series of very weak oblique shocks.
This boundary-layer thickening upstream of the incident
shock wave is discussed in reference 8, which includes
schlieren photographs at several shock strengths and Reyn-
olds numbers. Because the air had thus decelerated
through a series of weak oblique shocks rather than one nor-
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mal shock upstream of the probe, the indicated total pressure
was higher than that considered possible for the Mach num-
ber level and a normal shock.  Therefore, accurate correction
for the error induced by the presence of the probes at each
measuring point in the stream is extremely difficult.

The static pressures in the stream when the probes were
withdrawn indicated that the maximum normal-shock-loss
correction necessary anywhere in the measuring plane was
slightly greater than 5 percent. The 5-percent loss contours
define clearly the loss regions existent with each modification
at the higher Mach number and separate the viscous-loss
arcas from those where this variable probe loss is the only
loss. In evaluating the effects of the modifications, then,
only the areas within the 5-percent loss contours were con-
sidered; this was done simply by assuming that all losses of
5 percent or less were equal to zero.

Mass-averaging.—Discharge angles, velocities, and loss
were mass-averaged by the following expression:

f.rp"u(lf)

The use of weighted averages where possible, in preference to
ordinary arithmetic averages, is discussed in reference 9.
Circulation.—Circulation was determined by the following
equation:
I'=Vyr

This equation was adapted for use in this investigation from
a similar equation developed in reference 10 (pp. 62ff).

RESULTS
INLET SURVEYS

[nlet surveys of total and static pressure and flow angle
were practically identical for all three blade configurations.
The results of the inlet radial survey of total pressure are
plotted in figure 6. Constant total pressure was obtained
over most of the flow passage, the losses in total pressure
occurring in the wall boundary layers at the blade inner and
outer shrouds. As noted earlier, preliminary angle surveys
indicated little variation from the axial direction over the
blade passage.  The combination of constant total pressure,

o Total pressure ] ‘
o o Static pressure [
5,’ " 28 1 | I !
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Fraure 6.—Inlet pressure distribution.
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Fiaure 7.—Inlet loss distribution.

static pressure, and flow angle produced an inlet velocity
distribution that was considered satisfactory. The radial
distribution of inlet loss parameter is shown in figure 7.

DISCHARGE LOSS DISTRIBUTIONS

Results presented include kinetic-energy loss distribution
(figs. 8 to 10) and discharge-angle distribution (fig. 11) for the
flow investigations of all the blade configurations. Also pre-
sented are comparisons of circulation distribution and results
of hydrogen sulfide and paint traces and of smoke flow
studies. The most extensive tests were made on blade C
and blade C modifications. The other configurations, for
the purposes of this report, were investigated mainly to
enable comparisons with blade C.  Accordingly, the results
obtained for blade C are presented first and in greatest detail.
The presentation of the results obtained with the other
configurations is only as complete as 1s deemed necessary to
point up the differences and similarities in the behavior of
the various configurations.

Discharge loss for blade C.— At the discharge measuring
station of blade C, the Mach numbers were 0.94 and 1.46
adjacent to the inner-shroud boundary layer and 0.75 and
1.06 adjacent to the outer-shroud boundary layer. Results
of the total-pressure surveys and static-pressure-tap data are
presented in figures 8 (e) and (f) as contours of energy loss.
It is to be noted that circumferential coordinate values are
plotted differently in the two figures in order to show a
complete blade wake as a unit. Figure 8 (f) is a composite of
measurements made in different parts of two adjacent wakes.

Negligible losses were obtained over most of the flow
passage. The major losses were observed in the shroud
boundary layers, in the blade wake, and particularly along
the junctions of the shroud boundary layers and the blade
wake. The losses in the blade wake were small compared
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with those measured in the other loss regions and shroud
boundary layers. Maximum losses occurring were 16.2 and
14.3 percent at the inner and outer shroud, respectively, for
the lower Mach number run, and 25.2 and 5.3 percent,
respectively, for the higher Mach number run.  The results
show a decrease in loss at the outer shroud with increased
Mach number and an increase in loss at the inner shroud
with increased Mach number. The changes in the loss
picture with Mach number at any radial position are shown
in figure 10 (a), for which a loss parameter was mass-averaged
circumferentially across a blade passage and plotted against
radius.

The data taken in this investigation were used to obtain
blade efficiencies. Mass-averaged blade efficiencies were
0.99 and 0.98. Although the mass-averaged blade efficien-
cies are high, they are not a good index of blade performance.
Accumulation of the losses at the junction of the blade and
mner shroud, where the velocity gradients are great, could
make the flow unstable and induce additional viscous losses
and angle gradients.

Discharge loss for blade C modifications.—The results of

the total-pressure surveys and static-pressure-tap data for
blade C modifications are presented in figure 9. Only the
full flow fence was used for the lower Mach number (hub
discharge Mach number, 0.94; fie. 9 (a)), because it was
found that the blade C modifications were ineffective at this
flow condition. All four modifications were tested at the
higher flow Mach number, and the results are presented as
contours of energy loss in figures 9 (b) to (e). The changes
in the loss picture with the flow-fence modifications are shown
in figures 10 (b) and (c), in which the loss parameter was
mass-averaged circumferentially across a blade passage and
plotted against radius.

Discharge loss for blade A.—Negligible losses were
observed for blade A over most of the flow passage (figs.
8 (a) and (b)). The major losses were found in the shroud
boundary layers, the blade wakes, and particularly in the
vicinity of the corners formed by blade suction surfaces and
shrouds. The measured blade-wake loss values were small
compared with those in the shroud boundary layers and the
other loss regions. For the loss regions outside the shroud

boundary layers (i.c., more than approximately 0.040 in.

9
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Frcure 10.—Radial distribution of loss at nozzle discharge.

from the shrouds), loss arcas and magnitudes were such as to
indicate a reduction in loss near the outer shroud with in-
creasing Mach number and an increase in loss near the inner
shroud with increasing Mach number. This result is also
shown in the curves of loss plotted against radial position
(fig. 10 (d)), where the value at each radial position is ob-
tained by mass-averaging the loss across one passage width
at that radius.

Comparison of discharge losses (blades A and C). No
significant difference in magnitude is noted between losses for
blades A and C (figs. 8 (a), (b), (¢), and (f)). For each blade
the size of the loss region and the over-all magnitude of the

losses decreased at the outer shroud with increasing Mach
number while increasing at the inner shroud. In both cases,
the extents of the measured wakes decreased with increasing
Mach number (for blade A at the higher Mach number, the
walke loss dropped below the 5-percent contour to a minimum
of 3.5 percent), but the losses distributed throughout the
passage (regions marked 1 on the contour plots) inereased
with inereasing Mach number.  This is also apparent in the
mass-average plots (figs. 10 (¢) and (f)), where the values are
affected not only by losses in the boundary layers, loss
regions, and wakes but also by losses distributed throughout
the passage.
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Comparison of discharge losses (blades A, B, and C).—
Figures 8 (¢) and (d) show loss contours for blade B.  Com-
parison with the contours for blades A and C (figs. 8 (a), (b),
(e), and (f)) shows significant differences. At both Mach
numbers, the wake loss is small for blade B, being less than
5 percent along almost the entire wake length for the lower
Mach number. The outer-shroud loss region for blade B at
the lower Mach number is greater in magnitude and extent
than that for the other two blades and differs in shape.
Although it diminishes with increasing Mach number as for
the other blades, it is still appreciable at the higher Mach
number. The inner-shroud loss region outside the shroud
boundary layer increases with incereasing Mach number for
blade B as for the other two blades, but for blade B it becomes
much larger, maximum loss at the higher Mach number being
67 percent compared with 21 percent for blade A and 25
percent for blade C.

Some of the results indicated by the contour plots also
appear on the mass-averaged loss plots (fig. 10). The
decrease of the loss at the outer shroud and increase at the
inner shroud with increasing Mach number are apparent on
the mass-average plots.  Also, the difference in flow behavior
between blade B and the other two blades shows up as
differences between losses in the wakes and near the inner
and outer shrouds.

DISCHARGE-ANGLE DISTRIBUTIONS

Discharge angles for blade C.—The results of the discharge-
angle surveys are shown as contours in figure 11.  Angle
gradients for the lower Mach number (fig. 11 (e)) were com-

paratively small; however, the angle gradients increased with
increasing Mach number. The variation in discharge angle
across the passage at a radial distance of 0.2 inch from the
inner shroud increased from 3.5° for the lower Mach number
to 13.6° for the higher Mach number. At the higher Mach
number (fig. 11 (f)) the greatest variation in discharge angle
occurred in the corner of the passage bounded by the pressure
side of the wake and the inner shroud.

In order to determine the effect of the angle variation,
calculations of rotor blade angles of attack were made for the
higher Mach number where the circumferential angle varia-
tions were the greatest. For these calculations, a tip speed
of 640 feet per second was assumed. Discharge-flow-angle
variations of 13.6°, 5.4°, and 4.0° at radial distances from the
inner shroud of 0.2, 1.0, and 2.0 inches, respectively, led to
local variations in the rotor blade angle of attack of 16.9°,
6.6°, and 11.3°.  An effect of this variation, as discussed in
reference 11, was a loss (calculated at a radial position 0.2
in. from the inner shroud) of 1.5 percent of the energy based
on tangential component of velocity. Further losses of
significant magnitude may also exist because of the effect on
the rotor of the pulsating flow caused by variations in nozzle
discharge angle.

In figure 12 (a) the circumferential average of discharge
flow angle is plotted against radius for each of the two Mach
numbers. The measured angles show that in the central
part of the passage the turning had approximately design
value, but that as either wall was approached there appeared
a decrease in discharge angle relative to design value. Near
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the hub this decrease was more pronounced for the higher
than for the lower Mach number. The reverse was true for
the decrease near the outer shroud. This difference is
attributed to a combination of Prandtl-Meyer expansion and
increased accumulation of low-momentum fluid near the
inner shroud at the higher Mach number, which effectively
blocked the flow and induced high axial velocities in the
immediate vieinity. This is discussed more fully in refer-
ence 12, Also, at points nearer the walls the discharge angle
increased, showing overturning in the boundary layers at the
measuring station.

Discharge angles for blade A.—The results of the dis-
charge-angle surveys for blade A are shown as contours in
figures 11 (a) and (b). Angle gradients for the lower Mach
number were negligible over most of the passage. However,
they were greater for the higher Mach number. The varia-
tion in discharge angle across the passage at a radial distance
of 0.1 inch from the inner shroud increased from 4.1° for the
lower Mach number to 8.9° for the higher Mach number.
In each case the greatest variation in discharge angle outside
the boundary layers occurred in the large loss regions typi-
cally found near the inner shroud in all nozzle configurations.

Radial plots of the circumferentially mass-averaged dis-
charge angles (figs. 12 (b) and (¢)) for blade A show the same
relations for measured discharge angle to design values as
were obtained for blade C.

Comparison of discharge-angle distributions in blades
A, B, and C.—Contour plots of discharge angles (fig. 11)

and radial plots of mass-averaged discharge angles (figs. 12 (b)
and (c¢)) show good agreement at the lower Mach numbers
over most of the passage between design and measured angles
for blades A and C and fair agreement for blade B. At
these lower Mach numbers, the only severe angle gradients
were in the boundary layers. At the higher Mach numbers,
the contour plots show the effects of considerable disturbance
in the direction of discharge flow distributed through the
passage for all three blades, although blades A and C show
mass-averaged values that are still near design values over
most of the passage. Blade B at the higher Mach number
shows severe angle gradients in the inner-shroud loss region,
with underturning amounting to as much as 22° and over-
turning of about 8°. At a radial distance of 0.1 inch from
the inner shroud, the circumferential variations in measured
discharge angles were 4.1°, 2.4° and 2.6° for blades A, B,
and C, respectively, at the lower Mach numbers. At the
higher Mach numbers the corresponding variations were
8.9°, 25.0°, and 9.5°, respectively.

For blades A and C, as either shroud was approached
(figs. 12 (b) and (c¢)), there appeared decreases in mass-
averaged discharge angle relative to design value. Near
inner shrouds, a decrease also appeared for blade B. The
decreases near the inner shroud were more pronounced at
the higher Mach number, whereas near the outer shroud
the decreases were smaller for the higher Mach number.
Also, in the shroud boundary layers themselves, the discharge
anzle increased, showing overturning in the boundary layers
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CIRCULATION DISTRIBUTIONS

Adjusted design and measured spanwise variations in mass-
averaged circulation are shown in figure 13 for the three
sets of blades at the two Mach numbers.  As design and
measured Mach numbers are approximately the same at
the lower Mach number run for blade C, design and actual
spanwise circulation can be compared directly. For the
other cases; design and actual Mach numbers are different,
and the design eirculation in cach case was therefore adjusted
in magnitude to provide agreement with the measured values
while maintaining the correct ratio between outer-shroud
and inner-shroud circulation for that design. This was done
to emphasize any variations in experimentally determined
spanwise circulation resulting from secondary-flow effects.

The variations of mass-averaged circulation obtained from
measurements are seen to be in good agreement with the
adjusted design variations through the greater part of the
passage. However, in the boundary layers of blades A and
(" where the discharge-angle measurements are available
and indicate considerable overturning, the experimental
circulation increased as the shroud was approached. This
continued to the point where the velocity in the boundary
layer became small enough to overbalance the effect of
discharge-angle increase. At this point the circulation began
to decrease rapidly. In loss regions, also, experimental
values of circulation were affected by the low veloeities and
the high discharge-angle gradients.  An extreme example of
this effect appears in ficure 13 (b) for blade B, where the
experimentally obtained mass-averaged circulation deecreases
approximately 20 percent from its midspan value as the
inner shroud is approached.

Figure 13 also shows that the design spanwise distribution
of circulation is not greatly different for the two types of
blade design, vortex and constant discharge angle.

SURFACE FLOW TRACES

Blade C surface flow visualization.—Visual patterns of
shroud cross-channel boundary-layer flows for blade C (ref.
5), obtained by the use of hydrogen sulfide traces on white
lead paint, are presented in ficure 14. A view of the cascade
inner shroud at the blade-row inlet is shown in figure 14 (a).
The dark hydrogen sulfide traces indicate that the gas was
admitted through a wall static tap in cach of two adjacent
passages. At the outer shroud, the hydrogen sulfide was
admitted through a single inlet static tap near the pressure
surface of a blade. The downstream views (figs. 14 (b)
and (c¢)) show that the boundary-layer flow crossed the chan-
nel completely and flowed onto the blade suection surface
at both the inner and outer shrouds. The ecross-channel
deflection pattern was the same at both flow Mach numbers.

The results of the use of a free-flowing paint to trace the
radial components of flow at the higher Mach number
are shown in figures 15 and 16.  Figure 15 shows how a line
of flow discontinuity (or shock) along the outer shroud from
the trailing edge of the pressure surface crosses the channel
and continues radially inward along the suction surface of
the blade.  The interseetion of this shoek and the boundary
layer on the blade suection surface results in a thickened
boundary layer there and a sizable region extending from

Air flow

Air flow

Inner
shroud
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(a) Inner shroud at inlet. (b) Inner shroud at discharge.

Ficure 14.

(¢) Outer shroud at discharge.

Hydrogen sulfide flow traces through blade channel.
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F1Gure 15.

C-3l123

Flow discontinuity at nozzle discharge.

Air flow

C-30626

Hub

Mach

tip to hub in which the through-flow velocities are small
(fig. 17 (b)), similar to the situation behind the blade trailing
edge.  This suction-surface region of thickened boundary
layer and the region behind the blade trailing edge provide
flow paths through which boundary-layer material could
flow radially inward because of the radial pressure gradients
in an annular-nozzle cascade. Figure 16 shows paint-trace
patterns made by the radial boundary-layer flow components
in the suction-surface region. Narrow bands were painted
on the suction surfaces of the blades at three radial loca-
tions —near the outer wall, at midspan, and near the inner
wall.  The radial flow of paint from the outer to the inner
wall provided indications of the radial flow from the outer-
to the inner-wall regions.

Blade A surface flow visualization.—Iigures 18 and 19
present hydrogen sulfide and paint traces that show the same
secondary-flow phenomena for blade A as reported earlier
for blade C. TFigure 18 (a) shows an upstream view of
hydrogen sulfide traces on the inner shroud indicating the
cross-channel path of the gas from its origin in static taps
near the leading edges of the blades. Similar traces were
formed on the outer shroud by hydrogen sulfide gas emitted
from outer-shroud static taps. Figure 18 (b) shows the
same traces, viewed from downstream, as the low-momentum
air accumulated on the suction surfaces near the trailing

edges of the blades.
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Figure 18 (¢) for the lower Mach number and figure 19
for the higher Mach number present results that indicate,
for blade A, radial flows of the types discussed for blade C.
In figure 18 (¢), blade 1 is painted at the tip on the pressure
surface, blades 2 and 3 at midspan on the suction and
pressure surfaces, respectively, and blades 4 and 5 at the
root on suction and pressure surfaces, respectively. For
ach blade, the paint flowed around to the trailing edge
and inward along this edge to the hub, indicating the prob-
able existence of radial flow at the trailing edge for the lower
Mach number. Figure 19 shows paint traces for the higher
Mach number indicating radial flow inward along the trailing
edge and also along the suction surface of the blade through
the boundary layer where it was thickened by encountering
a shock across the passage from the trailing edge of the
adjacent blad>. Blades 1 and 2 in figure 19 had their
entire suction surfaces painted, and these blades show not
only the flow path inward along the suction surfaces but
also hydrogen sulfide traces where the low-momentum air
flowed out or accumulated on the suction surfaces near the
trailing edges. Blades 3 and 4 were painted near the outer
shroud on their suction and pressure surfaces, respectively.
Blade 3 shows the suction-surface flow path, and blade 4
shows flow down the trailing edge and around to the suction
surface near the root. Blades 5 and 6 were painted at
midspan on their suction and pressure surfaces, respectively,

ey
T}
S
=
(a) =
Distance from boundary
=
'S
of
®|
>|
(b)

Distance from boundary
(a) Thin boundary layer.
(b) Thickened boundary layer.

Ficure 17.—Comparison of velocity profiles for thin and thickened
boundary layers.
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and  present paint traces showing probable radial flow
behind the trailing edge and in the thickened portion of the
suction-surface boundary layer.

Hydrogen
sulfide

traces - ~ L

ain air-flow
direction

Inner shroud

(a) C-32830

Suction
surface

. /
~ - Accumulation

C-30893
(a) Upstream view of hydrogen sulfide traces.
(b) Hydrogen sulfide and paint traces at discharge.
Ficure 18. Hydrogen sulfide and paint traces at lower Mach number
(blade A).
SMOKE FLOW-DIRECTION STUDIES

The sole purpose of the smoke flow-direction studies was
to indicate any basic differences that may exist in boundary-
layer and secondary-flow behavior between the two blade
configurations A and B. When smoke was introduced into
the flow passage in such a manner that it would enter the
outer-shroud boundary layer and follow the motion of the
low-momentum air through the passage, it was found that
the flow paths were different for the two constant-discharge-
angle blades A and B. Presumably, such differences were
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F1GURE 20.-

due to the same blade characteristics that produced different
For blade B (figs.

the smoke flowed against the suction sur-

surface-velocity profiles for the blades.
20 (a) and (b)),
face at the outer shroud and divided as it approached the
blade trailing edge, most of it rapidly sweeping on down-
stream near the shroud and the remainder turning sharply
When the introduction of smoke
was suddenly interrupted, that which had followed the

to follow the trailing edge.

trailing edge clung to the blade surface, eddied mildly,
slowly merged with the through-flow air, and gradually
disappeared. The slowness of this motion indicated that,
although the picture shows a large accumulation of smoke,
the fraction of outer-shroud low-momentum fluid taking
this radial flow path was small.

For blade A (fig. 20 (c)),
that no such eddyving in a large stagnant region was found.

the behavior was different, in

Instead, while the smoke showed a rapid radial flow com-
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| ponent, it also had a rapid through-flow component on the
suction surface, so that it was largely swept out into the
wake at points somewhat removed from the outer shroud.
the
was introduced

20 (b) and (d)).

[ikewise, the smoke showed this difference between

| flow behavior of the two blades when it
about midway between the shrouds (figs.
DISCUSSION

Whenever turning of a fluid is accomplished, as by a
cascade, a balance is established between static-pressure
| eradients and centrifugal forces in that fluid. In an annular
| cascade where three-dimensional turning is involved, there
are both radial and circumferential static-pressure gradients.
the
are 1mposed upon the boundary layers of low-momentum
fluid on the walls and on the blades of the cascade. One
result, for example, is that turning in the shroud boundary

I layers (cf. ref. 5) equal to the free-stream turning is not

These pressure egradients, developed in mainstream,
o
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sufficient to maintain the balance between the pressure
gradients and the centrifugal forces. Thus, more than
free-stream turning of the low-momentum shroud boundary-
layer fluids results. The deviations in flow direction of
boundary-layer fluids from the free-stream flow directions
are the so-called secondary flows. Secondary flows in-
evitably result from the turning of fluids having boundary
layers; in annular cascades, a system of three-dimensional
secondary flows must always be established.
SECONDARY-FLOW PATTERNS IN BLADE C NOZZLE CONFIGURATION

Cross-channel secondary flows.—The result of overturn-
ing and cross-channel deflection of the shroud boundary
layers is a thinning of the shroud boundary layers at the
pressure surface and a thickening at the suction surface,
where a tendency toward the formation of regions of low-
momentum fluid occurs and where the tendency for flow
separation is greatest. The loss contours shown in figures
8 (¢) and (f) indicate the boundary layers to be thinnest
on the pressure side of the wake and thicker toward the
suction surface along both shrouds. A visual picture of
the cross-channel secondary flow and the accumulation of
low-momentum air in the corner between shroud and suc-
tion surface is shown in figure 14. The dark hydrogen
sulfide trace appearing between the blades in the view from
the inlet side (fig. 14 (a)) indicates the source of the gas
to be a static tap near the pressure surface at the leading
edge.  This view is at the inner shroud; a source at the
outer shroud was in a similar position. Figure 14 (b) shows
the hydrogen sulfide trace from downstream as it rolls up
with the low-momentum air on the suction surface of the
blade at the inner shroud, having traversed the passage in
the boundary layer from its source near the pressure surface
of the adjacent blade. Similar results were found at the
outer shroud, as shown by figure 14 (¢) in a downstream
view of the trailing edge of the blades at the intersection of
their tips with the shroud.

The mechanism of the cross-channel secondary flow in
nozzle-shroud boundary layers and the significant flow param-
eters involved are discussed in reference 5. It must be
noted carefully that these surface flow-trace tests cannot by
themselves prove whether “passage vortex” formation—the
roll-up of the shroud boundary layer into a discrete flow
vortex at the suction side of the passage—has taken place or
not.

Radial flows at lower Mach number.——Just as the cross-
channel pressure difference induces a deflection of the flow
toward the low-pressure side of the passage, so the pressure
difference existing between outer and inner shrouds can be
expected to induce radial flow through blade boundary
layers and wakes. An examination of the loss cores in the
measuring plane at both flow conditions (figs. 8 (e) and (f))
discloses that the loss region measured at the outer wall is
smaller than that at the inner wall. Because the “wetted
area’’ of the outer wall is the larger, the relative magnitudes
of the inner and outer loss regions indicate the presence of
radial flows in the blade boundary layers and wake regions.

In general, the boundary layers in the turbine nozzle
cascade are thin; a typical velocity profile is shown in figure
17 (a). The high through-flow velocities existing in all but

very small regions in such thin boundary layers tend to
prevent any sizable transport of material from the tip to the
hub. In order for quantities of low-momentum fluid to
flow the entire distance from the outer wall to the inner
wall, there must exist some sizable regions, extending from
tip to hub in a passage, in which the through-flow velocities
are small (fig. 17 (b)). This situation occurs in the wake
of the blade.

During the tests to trace the cross-channel secondary
flow on the outer wall, faint traces of hydrogen sulfide
flowing radially down the trailing edges were noted. These
traces, coupled with the observation that there seems to be no
a priori reason for the loss core at the inner wall to be so
much larger than at the outer wall for these blades (figs. 8 (e)
and (f)), were considered to indicate radial transport of fluid
at the lower Mach number. One possibility was that
radial flow in sufficient quantities to cause part of this
difference in inner- and outer-wall loss cores might occur
along the blade suction surface where the paint traces
showed some indication of flow separation.

It was noted in reference 5 that, once the so-called passage
vortex is formed as a result of cross-channel deflection, it
tends to resist turning as it proceeds downstream. Therefore,
the absence of a sizable loss core near the outer shroud at
this flow condition (lower Mach number) not only indicates
the presence of radially inward flows of boundary-layer
fluids, but also possibly indicates that the accumulation of
boundary-layer fluid at the suction surface does not, in this
case, roll up into such a well-defined vortex. It is con-
jectured that the radial pressure gradient serves to prevent
vortex roll-up by draining the boundary-layer fluid radially
toward the inner shroud almost as rapidly as it reaches the
suction surface.

Radial flows at higher Mach number.—An examination of
the loss cores in the measuring plane at both conditions
(figs. 8 (e) and (f)) discloses that the Joss region measured
at the outer wall at the higher Mach number was actually
smaller than that at the lower Mach number. This result
was considered evidence that more of the low-momentum
fluid must flow radially toward the inner wall on the blade
or in the blade wake at the higher Mach number. Flow
visualization by means of paint traces strongly suggests
that at least part of the increased radial flow results from
the availability of new or larger hub-to-tip radial flow paths
at the higher Mach number.

Figure 15 shows for the higher Mach number a line of
flow discontinuity (or shock) along the outer shroud from
the trailing edge of the pressure surface across the channel,
which continues inward along the suction surface of the
adjacent blade. The intersection of the flow discontinuity
and the boundary layer on the suction surface of the blade
results in a thickened boundary layer. The low viscous
shear forces in the thickened boundary layer and the pres-
ence of a radial pressure gradient provide a region and in-
ducement for the inward radial flow of low-momentum fluid
from the outer to the inner shroud.

Free-flowing-paint tests on vortex blade €' were conducted
with results so nearly identical to those obtained for blade
A (figs 18 (b) and (¢), and (19)) that the discussion of
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these results as presented for blade C is considered equally
valid for blade A.

An enlarged view of the inward radial movement of the
low-momentum fluid at the higher Mach number is given in
figure 16. Suction surfaces and trailing edges are shown.
In the tests made for this photograph, three blades were
involved. Strips of paint were applied to the suction
surfaces of the blades near the inner shroud, at the mid-
section, and near the outer shroud. The paint traces repre-
sent the flow of low-momentum fluid in the thickened
boundary layer resulting from the intersection of blade
surface and flow discontinuity, as well as the flow along the
trailing edge of the blade in the wake. The pattern also
shows evidence of backflow in part of this region.

The shift of the major loss region from the outer part of
the passage to the inner with increasing Mach number and
the paint traces of flow at the higher Mach number give
good indications that low-momentum fluid originating on
the outer shroud and on the blade surfaces flows radially
inward along the line of flow discontinuity as well as along
the trailing edge in the blade wake. The radially inward
motion of the low-momentum fluid is accomplished through
boundary-layer regions of reduced viscous shear forces in
the presence of the radial pressure gradient.

Over-all sketch of secondary-flow paths.—Figure 21 is a
sketch showing the secondary-flow paths in the annular
cascade, as indicated by the flow measurements and visual
traces. According to this sketch, much of the low-energy
material in a loss core near the blade inner shroud originates
clsewhere in the passage. Some of it originates on an ad-
jacent blade and, along with the inner-shroud boundary layer,
becomes part of this loss core by cross-channel deflection.
Another portion originates on the adjacent blade near the
outer shroud. This blade boundary-layer material, together
with some of the outer-shroud boundary layer, deflects across
the channel along the outer shroud and then flows radially
along the indicated paths on the blade to become part of
the loss core near the inner shroud.

TFraure 21.—Secondary-flow components as indicated by paint and
hydrogen sulfide traces. Hub Mach number, 1.46.

EVALUATION OF RADIAL SECONDARY-FLOW COMPONENTS IN BLADE C
NOZZLE CONFIGURATION

The investigation deseribed in this section was undertaken
in an effort to learn more about the origin and the disposition
of secondary flows and, in particular, to verify the preceding
indications that flow losses originating at the outer wall com-
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prise a portion of the losses measured at the inner wall. The
blades were modified in an effort to interrupt the secondary
flows in such a manner as to enable evaluation of their com-
ponents. The investigation was principally concerned with
the effects of various modifications on the radial transport of
low-momentum fluid to the inner-wall region. Consequent
changes in the size of the loss core at the inner wall were
used to evaluate the results.

Preliminary considerations.—The reasons for using the
changes in size of the inner-wall loss cores as criteria for
evaluating the effectiveness of the modifications are as fol-
lows. 1In general, it was observed that the sheet-metal fences
on the blades were effective in blocking the radial flows.
(The criterion applied was the effectiveness in reducing the
accumulation of low-momentum fluid at the inner wall.)
Because the fences inereased the wetted surface area in the
flow passage, the modifications themselves introduced some
viscous losses. Separation of these modification-induced
Josses from the low-momentum fluid interrupted by the mod-
ifications is not readily feasible. Accordingly, the changes
in size of the inner-wall loss core are used as criteria for
evaluating the effectiveness of the modifications and as a
basis for interpretation of the results. As expected, none of
the modifications used affected the losses near the outer wall
under any condition, being “downstream’” of the outer wall
with respect to the radial flows.

Full-fiow-fence modification at hub Mach number 0.94.—
Only the full-flow-fence modification was used for flows with
a hub Mach number of 0.94. Comparison of figures 9 (a)
and 8 (e) shows that the flow fences apparently had a neg-
ligible effect on the inner-wall loss core. Examination of
figure 10 (b) also shows this factor in terms of the circum-
ferentially averaged loss from the inner wall to the fence.
As noted earlier, the discrepancy in the relative sizes of the
inner- and outer-shroud loss cores indicates that radial trans-
port of boundary-layer material probably does occur; but
there was no evidence from these tests at the lower Mach
number flow to show the location or quantity of this trans-
port. However, if it does take place, there are indications
that it occurs chiefly along the suction surface upstream of
the flow fence. The losses that appear at the flow-fence
position, approximately 1.1 inches from the inner wall, evi-
dently are generated by the fences themselves.

Full-flow-fence modification at hub Mach number 1.46.—
The existence of radial flows that would enable transport of
low-momentum fluids from the outer to the inner wall was
investigated, and measurements were made of the quantities
involved at a hub Mach number of 1.46.

The effectiveness of the full flow fence at the higher Mach
number is demonstrated by a comparison of figures 9 (b)
and 8 (f). The sharp reduction in size of the inner-wall loss
core as a result of the flow fences constitutes proof of radial
flow and transport of low-momentum fluids from the outer
to the inner wall. By integration, it was determined that
approximately 65 percent of the losses that appear in the
inner-wall loss-core region (0.040 to 0.500 in. from the inner
wall) come from the neighborhood of the outer wall, by means
of radial flows in the blade wakes and on that part of the
blade surface intercepted by the fence. These estimates are
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only qualitative because of the probe errors discussed in the
section on PROCEDURES, but the over-all picture is unmis-
takable. The circumferentially averaged loss, plotted ra-
dially over one-half the blade height in figure 10 (¢), shows
the change in loss distribution effected at various radial posi-
tions by the flow fences.

The circumferential location at various radial positions of
the wake in ficure 8 (f) indicates underturning in the region
near the hub.  Comparison of figure 8 (f) with figures 9 (b)
and (¢) shows that the blade fences effected a reduction in
the underturning in this region as well as a reduction in the
size of the loss core. This reduction is evidenced by the
shift in circumferential position of the loss region near the
inner wall.  Evidently, a large part of the underturning in
that region of the unmodified cascade is caused by flow block-
age due to the accumulation of low-momentum fluid.

Reduced-flow-fence modification at hub Mach number
1.46.—A further refinement of the pattern of distribution of
the low-momentum fluid is provided by the reduced flow
fence (fig. 9 (¢)), which, by acting upon the flow in the blade
wakes only, enables an evaluation of the uninterrupted flow
through the thickened boundary-layer region where the
shock wave abuts the blade suction surface. Thus, of the
low-momentum fluid that accumulates in the loss core at the
inner wall, about 30 percent is derived from radial flow
through the strip of thickened blade boundary layer and
about 35 percent from flow through the blade wake.

Tt is further shown that, in this particular cascade of nozzle
the thickened boundary-layer region is comparable
This fact is evident from consider-

blades,
in size to the blade wake.
ations of the static-pressure gradients and the fluid densities
involved, which are not greatly different in the two regions.
Therefore, the quantities of flow through these regions are
established as measures of the comparative sizes of thickened
boundary layers and blade wakes.

3/16-Inch-notch modification at hub Mach number 1.46.—
A #s-inch notch cut into the trailing edge of the blade (fig. 9
(d)) was not deep enough to intersect the thickened boundary-
layer strip on the blade (fig. 16). The noteh was intended to
accomplish the same reduction of the inner-wall loss core as
the flow fence by providing a discontinuity in the flow path
of low-momentum fluid on the blade trailing edge. 1t ap-
peared likely, because of the rapid dissipation of the wake
downstream of the trailing edge below the notch, that low-
momentum fluid flowing from the outer wall would be swept
downstream at the blade notch. This modification failed
notably to disrupt the blade-wake radial flow. Instead, the
blade wake and the attendant radial flows remained attached
to the trailing edge. The shift in position of the loss core in
ficure 9 (d) (cf. fig. 8 (f)), without appreciable change in
size, supports this contention.

Furthermore, it can be seen from figure 9 (d) that a few
new losses were generated at the trailing-edge discontinuity,
1.1 inches from the hub. It might well have been antici-
pated that there would be a large flow from the pressure
surface to the suction surface along the top edge of the noteh
in the manner of the tip-clearance losses deseribed in figures
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35 and 36 of reference 5. In these vortex blades, however,
the turning is accomplished ecarly, and the %g-inch notch is
im the region where the blades provide mainly guidance and
where little further turning of the main flow is involved.
The over-all average loss for the ¥{s-inch-noteh modification
1s thus increased but slightly over that of the unmodified
blades.

3/g-Inch-notch modification at hub Mach number 1.46.
A #-inch notch in the blade trailing edge, which was deep
enough to penetrate the region of the blade where turning
is involved, intersected the thickened boundary layer caused
by the shock wave in the passage. From the position and
size of the losses at 1.1 inches from the inner wall (fig. 9 (e)),
it 1s evident that the notch caused underturning.  From the
large increase in losses at the inner wall (ef. fig. 9 (d)), it
must be concluded that large losses are generated by flow
from the blade pressure surface to the suction surface at the
top of the notch and that these then flow radially to the inner
wall.

Remarks on secondary flows in blade C nozzle confi-
guration.—The following results were obtained at hub Mach
numbers of 0.94 and 1.46 in an investigation of an anhular
cascade of turbine-nozzle blades designed for a free-vortex
distribution of velocity with a discharge angle of approxi-
mately 65°:

(1) High loss regions were found at the junction of the
blade wakes and shroud boundary layers for the two Mach
numbers.  The inner-shroud loss region was much larger
than the outer-shroud loss region.

(2) The over-all integrated blade efficiencies were 0.99
and 0.98 in order of increasing Mach number. Although
these efficiencies are high, they are not a good index of blade
performance, as the high loss regions and angle gradients
occurring along the suction side of the blade and inner shroud
where diffusion is the greatest could result in flow instability
and induce additional viscous losses and angle gradients.

(3) Angle gradients were small for the lower Mach number
run; however, they increased with inereasing Mach number.
Circumferential angle gradients of 13.6°, 5.4°, and 4.0° at
radial distances of 0.2, 1.0, and 2.0 inches from the inner
shroud, respectively, led to local variations in rotor blade
angle of attack of 16.9°, 6.6°, and 11.3° for the higher Mach
number run.

(4) In the region of high velocity gradients (particularly
in the loss region near the inner shroud and for the higher
Mach number) the accuracy of measurements of pressure
and flow angle may be limited, and the interpretation of these
measurements should be made with care.

(5) Secondary flows are largely responsible for the distri-
bution of losses noted downstream of the blade row. The
major result of the secondary-flow mechanism in this investi-
gation was the formation of an inner-wall loss core.

(6) Secondary flows can be intercepted by simple barriers
in the flow paths of the low-momentum fluid. Thus, the
degree of underturning at the inner wall caused by blockage,
which is a result of the loss accumulation by the secondary
flow, can be reduced.
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(7) The inner-wall loss core is an accumulation of losses
which for the most part originate elsewhere in the passage.
On paths leading to the loss region in the corner bounded
by the blade suction surface and the hub at the blade trailing
edge, low-momentum fluid is transported across channels to
the suction surfaces in the wall boundary layers and radially
inward in the blade boundary layers and in the blade wakes.
At a hub Mach number of 1.46, the radial flows in the blade
wake and the thickened boundary layer on the suction sur-
face accounted for approximately 65 percent of the loss core,
about 35 percent resulting from flow in the blade wake, and
about 30 percent from flow in the thickened boundary layer.
At a hub Mach number of 0.94, no information concerning
radial flow in the wakes was obtained directly.

SECONDARY FLOWS IN BLADE A NOZZLE CONFIGURATION

Loss distribution.—The loss contours for blade A are sim-
ilar to those for blade C to a noteworthy degree. Accord-
ingly, the discussion of the loss contours obtained with blade
C can be considered equally applicable to blade A.

Loss contours (fig. 8 (a)) at the lower Mach number for
blade A indicate an outer-shroud loss region distributed over
a portion of the wake in such a way as to suggest that, at the
measuring plane, radial pressure gradients had forced its
movement toward the inner shroud, but that its through-flow
component of velocity was such as to prevent a large part
from actually reaching the inner shroud. Indications of the
same kind of boundary-layer flow behavior at low flow Mach
numbers are seen in the photographs in figures 20 (¢) and (d).

The inner-shroud loss region under these conditions is
composed of inner-shroud boundary-layer air with the addi-
tion of some low-momentum air reaching it by radial flow
from the blade-surface boundary layer, and the measured
wake is a combination of profile loss with some low-
momentum air reaching it by radial flow from points nearer
the outer shroud.

At the higher Mach number, the flow is different, mainly
because of the additional path for radial flow provided by
shock-boundary-layer thickening on the blade suction sur-
face (fig. 19). This seems to allow the greater part of the
outer-shroud loss region to reach the inner shroud and com-
bine with inner-shroud losses to form the large region of
low-momentum fluid that appears in figure 8 (b).

The mass-averaged loss curves (fig. 10 (d)) indicate a
areater loss throughout the mainstream for the higher than
for the lower Mach number, even though the contour plots
show that the wake is smaller. Reference to the original
data gives the reason for this difference. At the higher
Mach number, the loss distributed through the passage out-
side the wake is appreciable (about 1 percent), whereas it is
negligible at the lower Mach number. This implies that at
the higher Mach number a mild general flow disturbance
exists in the exit air from the passage.

Secondary-flow patterns.—As a result of secondary flow
for blade A, the low-momentum air in the shroud boundary
layers tends to move across the passage from the pressure

surface toward the suction surface and to accumulate in the
corners between shroud and suction surface. This move-
ment is indicated by the hydrogen sulfide traces of figures 18
and 19 and the loss-contour plots of figures 8 (a) and (b).

Radial pressure gradients also exist in an annular cascade
of nozzle blades and will drive low-momentum fluid radially
to the inner shroud wherever a region of low through-flow
velocity provides a complete path. The paint traces of
ficures 18 (¢) and 19, for example, show indications of such
paths. At the lower Mach number in figure 18 (¢), the paint
has been swept in along the trailing edge of the blade. At
the higher Mach number in figure 19, an additional path is
indicated on the suction surface of the blade near the trailing
edge. This pattern of secondary flow in blade A is thus
quite similar to that obtained for blade C. Because a com-
parison of blades A and C indicates that secondary-flow
differences are small, it appears that the choice of blading
(vortex or constant discharge angle), based solely on second-
ary flows, is of negligible concern.

SECONDARY FLOWS IN BLADE B NOZZLE CONFIGURATION

Loss distribution.—As noted in the RESULTS section,
the loss contours for blade B (figs. 8 (¢) and (d)) are consider-
ably different from those for blades A and C (figs. 8 (a), (b),
(e¢), and (). Not only the large size but also the regular
shape of the loss region near the outer shroud downstream
of nozzle blade B at the lower Mach number is noteworthy
(fig. 8 (¢)). The symmetric high loss region closely sur-
rounded by regions of considerably lower loss indicates
qualitatively the existence of a core of low-momentum fluid,
possibly a flow vortex.

The combination of large outer-shroud loss core, compara-
tively small wake, and comparatively small inner-shroud
loss core at the lower Mach number indicates relatively little
radial flow for blade B at these conditions. However, at
the hicher Mach number for blade B, the existence of con-
siderable radial flow is indicated by the large inner-shroud
loss region and the reduction of the outer-shroud loss core
(fig. 8 (d)).

Secondary-flow patterns.—The hydrogen sulfide and paint-
trace flow-visualization techniques were not yet employed
at the time the data for blade B were obtained. Neverthe-
less, it can be stated that the familiar pattern of cross-channel
boundary-layer flow accumulation near the suction surface
and large radially inward flow at higher Mach numbers
applies equally well to blade B as to blades A and C.  How-
ever, within this broad framework there are notable differ-
ences between the results obtained for blade B compared
with those for blades A and C. The differences in loss dis-
tribution were noted in the preceding section and in RE-
SULTS. Also noted in RESULTS were the considerable
differences in blade boundary-layer behavior between blades
A and B as indicated by smoke flow tests (fig. 20). These
differences are correlated with differences in blade velocity
profiles in a later section.
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COMPARISON OF DISCHARGE-ANGLE DISTRIBUTIONS OF BLADES
A, B, AND C

For all three blades at the lower Mach numbers, the gra-
dients of deviation of the discharge angles from design are
quite small over most of the flow passage (figs. 11 (a), (¢),
(e), and 12 (b)).
averaged flow angles (fig. 12 (b)) are close to the design
angles except near the shrouds.

For the higher Mach numbers (figs. 11 (b), (d), (f), and
12 (¢)), however, discharge-angle gradients distributed in

Furthermore, the circumferential mass-

the mainstream are increased. This effect 1s expected if, as
suggested previously, there is an increasing general flow
disturbance throughout the entire passage with increasing
Mach number. As noted in the RESULTS section, the
decreases in mass-averaged flow angles relative to design
values were more pronounced near the inner shroud at the
higher Mach numbers; whereas, near the outer shroud, the
decreases were smaller for the higher Mach numbers.  This is
attributed to a combination of Prandtl-Meyer type expansion
off the blade trailing edge (amounting to 5° at a Mach num-
ber of 1.25) and increased accumulation of low-momentum
fluid near the inner shroud, which effectively blocked the
flow and induced an increase in axial velocities in the im-
mediate vieinity.  Underturning and overturning of this
magnitude result in rotor blade angles of attack that would
cause a noticeable deterioration in performance. In this
connection, it is noted that for blade C a nozzle discharge-
angle variation of 13.6° near the inner shroud led to a varia-
tion in rotor blade angle of attack of 16.9° and a resulting
loss of 1.5 percent of energy based on tangential component
of velocity.

Large angle gradients were found in the shroud boundary
layers, also, where overturning appears because of cross-
channel secondary flows.

CORRELATION OF SECONDARY-FLOW PATTERNS WITH VELOCITY PROFILE
OF BLADES A, B, AND C

Results obtained from the investigation of the three tur-
bine nozzle blade types show how the different accumula-
tions of loss, the different wake phenomena, and the different
visual indications of secondary flow may possibly be cor-
related with each other and with the blade shapes and veloe-
ity profiles.  For example, in ficure 8 (¢) the presence of a
sizable loss core (suggestive of a flow vortex) is noted for the
lower Mach number near the outer shroud downstream of
nozzle blade B. By comparison, figures 8 (a) and (¢)
present the loss contours for the lower Mach numbers for
blades A and C, in which such large outer-shroud loss cores
do not appear. It is clear that the secondary flows that
result in two such different loss-distribution patterns must
themselves be considerably different. The reasons for these
differences are discussed qualitatively in this section.

The discussion falls into three main parts.
surface velocity profiles are discussed and differences are
noted in the boundary layer near the tip of blade B as com-

First, suction-

pared with the other blade types. Then, the probable effects
of these boundary-layer differences upon the behavior of the
cross-channel secondary flows at the outer shrouds are con-

sidered.  Finally, these considerations are shown to account
for the differences in extent and magnitude of the wake losses
measured behind the different kinds of blades and to provide
an insicht into the physical significance of such wake
measurements.

Velocity profiles.—Suction-surface velocity profiles are
plotted together for the three blades for hub, mean, and tip
Mean-
section blade shapes are also shown in figure 2 (b). The
profiles were computed in each case for design (subsonic)
Mach number. At other Mach numbers (at least in subsonic
cases), veloeity maximums and minimums might be expected
to appear in similar locations.

sections in ficures 2 (a), (b), and (¢), respectively.

For blades A and C, the profile plots show no sharp veloc-
The blade B
profile at the hub section, while not so smooth as the profiles
of blades A and C, has only one maximum and might be
expected to produce a fairly smooth flow. However, at
the mean and particularly at the tip sections, blade B has
profiles with two and three maximums, respectively, and
each peak indicates a sudden change in velocity at one point.
This nonuniformity may be actually greater than indicated,
because the caleulation methods based on differencing pro-
cedures and on representation of flow functions at a fixed

ity peaks over the surface of any section.

number of points have a tendency to smooth the curves and
thereby to reduce the magnitude of all computed velocity
peaks. Such irregular profiles might reasonably be expected
to cause a difference in boundary-layer behavior between
blade B and the other two blades by causing flow separation
or unusual boundary-layer growth on blade B.

Boundary layers.—The effects of blade shape and velocity
profile on blade-surface boundary layer as described were
shown visually by the smoke-injection studies. Figures
20 (a) and (b) for blade B indicate the presence of a large
separated region on the suction surface of the blade where the
tip-section velocity profile could be expected to affect the
boundary layer. Apparently, the flow path followed by the
smoke and accompanying low-momentum air did not actually
reach the inner shroud in the vicinity of the trailing edge.

For blade A having a smooth velocity profile, figure 20 (c)
shows flow behavior indicating that the boundary layer on
the blade suction surface was thinner than for blade B and
was not separated.

Vortex formation.—The difference between blade suction-
surface boundary layers previously indicated may be a basis
for the difference between the larger outer-shroud loss region
for blade B and the much smaller outer-shroud loss regions
for the other two blades. For blade B, the separated flow
near the outer shroud provided the condition required for
formation of an appreciable vortex. That is, the outer-
shroud boundary-layer air flowing into such a region might,
and for blade B apparently did, roll up into the passage
vortex type of flow described in reference 5. Once formed,
the vortex resisted turning (ref. 5), tended to maintain its
direction of flow, and passed into the wake near the outer
shroud, where measurements showed the presence of a sizable
loss core.
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| At the higher Mach number for blade B, the additional
radial flow path provided by the thickened boundary layer
| on the blade suction surface due to shock formation in the
passage serves to drain off more of the low-momentum fluid
toward the inner shroud. This action effectively reduces the
| magnitude of the roll-up into a passage vortex.

No evidence of appreciable passage vortex formation near
the outer shroud was observed for blades A and C, for which
the blade boundary layers are thinner, as has been pointed

| out. The greatest portion of the low-momentum fluid orig-
! inating along the outer shroud was swept radially inward
“ into the wake and, therefore, was a contributing factor for
| the increased wake losses as compared with blade B. Also,
for blades A and C, the part of the low-momentum fluid
‘ reaching the inner shroud contributes to the greater size of
| the inner-shroud loss region compared with that of the
i outer shroud.
L Thus, the results suggest that passage vortex formation of
| measurable magnitude maynot take place under all secondary-
flow conditions, but only in those cases where blade shape
and velocity profiles are such as to cause development
of boundary-layer separation and stagnation regions exten-
sive enough for the purpose.

Wake losses.—The phenomena described indicate an in-
| ward radial transfer of a smaller fraction of low-momentum
i fluid from the outer to the inner shroud for blade B than for
| the other blades. Thus, a smaller amount of low-momentum
| fluid from the outer shroud was found in the wake for this
| blade than for the others, as shown on the contour plots in
| figure 8. The magnitude and extent of wake loss behind a
| blade may, in some measure, be an indication of the radial
| flow taking place at the trailing edge or on the blade suction

surface. Substantiating evidence is also indicated by the
results of the study on blade C at the higher Mach number
(figs. 8 (f) and 9 (b)), in which a flow fence was used to inter-
rupt these radial flows. With the radial flow from the upper
half of blade C interrupted at midspan, the loss measured in
the wake from the lower half of the blade was reduced
considerably.
At the lower Mach number, the loss accumulation for blade
B near the inner shroud has roughly the same magnitude as
for the other two blades. However, for blade B, with little
radial flow, the greatest percentage of this loss must originate
| from the inner-shroud boundary layer. For the other blades,
the measured inner-shroud loss region is a combination of
inner-shroud loss and loss transferred radially in the wakes
from the outer shroud. Barring radial flow, therefore, blades
A and C would have smaller inner-shroud loss regions to
compare with that of blade B.

Circulation.—The differences between the types of span-
wise circulation distribution for the three blades were small.
Furthermore, the total variations in circulation over the
major portions of the blade spans are small compared with
the changes in circulation in the blade-end boundary-layer
regions. These circumstances make it difficult to judge,
from the investigations of these blades, how spanwise varia-
tion in circulation affects secondary-flow patterns and loss
distribution.
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SUMMARY OF RESULTS AND CONCLUSIONS

The following results and conclusions were obtained from
a study of secondary flows and loss accumulations in annular
cascades of turbine nozzle blades of three different designs:

1. Two blade configurations (constant-discharge-angle
blade A and vortex blade C, both with smooth suction-surface
velocity profiles) showed the same secondary-flow patterns,
namely, a cross-passage boundary-layer flow on the shrouds
from pressure surfaces to suction surfaces and radial flow
inward along the trailing edges of the blades. In addition,
at supersonic conditions, radial flow took place inward along
the suction surface through a strip of the boundary layer that
had been thickened by shock interaction. These effects
result in a pronounced accumulation of low-momentum air
near the inner shroud and a greatly reduced outer-shroud loss
region. At one flow condition (hub Mach number, 1.46),
the radial flows in the blade C wake and the thickened bound-
ary layer on the suction surface accounted for approximately
65 percent of the loss core, about 35 percent resulting from
flow in the blade wake, and about 30 percent from flow in
the thickened boundary layer.

2. For these two blade configurations (A and ), measured
loss magnitudes and distributions were approximately the
same, and no extreme discharge-angle gradients were en-
countered in the measuring planc.

3. The over-all integrated blade efficiencies were 0.99 and
0.98 in order of increasing Mach number for blade (. These
efficiencies are not a good index of blade performance,
because, while the energy loss involved in secondary flow is
not large, the accumulation of large loss cores near the inner
shroud where the diffusion is the greatest results in flow block-
age there.
deviations, which, in turn, trigger additional losses in down-

This blockage gives rise to large flow-angle
te) t=] =} t=)

stream blade rows.

4. Secondary flows can be intercepted by simple barriers
in the flow paths of the low-momentum fluid. Thus, the
degree of underturning at the inner wall, caused by blockage
resulting from the loss accumulation by the sccondary flow,
:an be reduced.

5. Comparison of the two sets of blades having smooth
velocity profiles (A and C) with a set (constant discharge
angle) having irregular suction-surface velocity profiles (B)
shows that losses in general were greater and more con-
centrated for the blades with poorer velocity profiles. For
this blade configuration (B), a passage vortex was apparently

formed that carried a large loss region downstream near the
outer shroud. At the higher Mach number, this blade con- 3
figuration showed indications of radial flow of large amounts ‘

of low-mometum fluid to form a large loss region near the

inner shroud, accompanied by severe discharge-angle
gradients. ‘

6. The blade flow conditions that contribute to the for-
mation of a passage vortex near the outer shroud appear to
be blade boundary-layer thickening and separation, which
are produced by irregular suction-surface velocity profiles.
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7. Magnitude and extent of blade wakes is dependent
upon secondary-flow conditions. The loss measured in the
wake at any radial position is a combination of profile losses
and low-momentum air flowing radially inward from points
nearer the outer shroud. Thus, the blade configuration
having little tendency for passage vortex formation has, as a
result, more pronounced wakes.

8. Because of the similarity between loss magnitudes and
distributions and between secondary flows for the two blade
configurations having smooth velocity profiles (constant-
discharge-angle blade A and vortex blade C), it appears that
on the basis of secondary flow alone there is no reason to
choose one of the two blade types rather than the other.

The difference in the variation of design spanwise circulation
for the two is small, and the large boundary-layer and
secondary-flow effects seem to mask any effects that may
exist because of the main-span circulation differences.

9. In the region of high velocity gradients (particularly in
the loss region near the inner shroud and for the higher
Mach number), the accuracy of measurements of pressure
and flow angle may be limited, and the interpretation of
these measurements should be made with care.

Lewis Fricar ProrunsioN LABORATORY
NaTioNAL ADVisOry COMMITTEE FOR ABERONAUTICS
CrevELAND, OH10, April 30, 1953

APPENDIX

APPLICATION OF HOT-WIRE-ANEMOMETER PROBE

PARALLEL-WIRE PROBE

The hot-wire probe for measuring flow angles in the
main part of the air stream consisted of two wires (of 80
percent platinum and 20 percent iridium) mounted in spatial
and electrical parallelism.  The wires were supported on
two Inconel prongs with their lengths perpendicular to the
air stream and parallel to the axis of the probe and rotation.
The alinement of the wires with the air stream was detected
electrically by observing the maximum in potential drop
when the downstream wire temperature reached a peak as a
result of receiving heat by convection through the wake
from the upstream wire.

The electrical equipment used for the discharge-flow-angle
investigation with this hot-wire-anemometer probe consisted
essentially of a bridge circuit, a direct-current power supply
with which the current could be casily adjusted over a con-
tinuous range, a direct-current voltage amplifier, and a volt-
meter for indication of the bridge output voltage. A probe
actuator with appropriate switching arrangement was used
to control the angular orientation of the hot-wire array with
the air flow. The circuit employed in obtaining angle data,
as well as the theory and procedure, is discussed in reference 3.

A compromise among wire sensitivity, effects of radial
angle gradients, and wire life determined the size of the
wires used for the investigation. A satisfactory wire life in
the filtered-air supply limited the wire diameter to a mini-
mum of 0.0009 inch. The wire length was kept small
(0.045 in. or less) to reduce the effects of radial angle gradi-
ents.  In spite of the small length, the extremely small wire
diameter as compared with wire length resulted in a large
wire length-to-diameter ratio and helped to increase the
angle sensitivity and to minimize the effects of the supports
on the wire operation. The wire operating temperature of
approximately 250° C and wire spacing of 0.005 inch gave
good sensitivity.

Wire damage from collision by dirt particles in the air
supply either made the probe operative or changed the
original wire orientation, thereby changing the reference-

angle calibration.  Frequent checking of a previous data
point was therefore essential to prevent data errors resulting
from change in wire orientation due to wire damage.

When the pair of heated wires was alined with the air
stream, notation of the reversals of the change of bridge
output voltage was made visually. Several reversals were
usually made to obtain an accurate angle value. The
variation in a sct of readings was on the order of £0.5° for
most series.

V-WIRE PROBE

The probe consisting of a radially mounted parallel pair
of wires was thought to be unsuitable for boundary-layer
measurements near the inner shroud, because large nonuni-
form radial angle gradients exist in this boundary layer and
also because the wire length limits the minimum radial dis-
tance between survey point and inner shroud to about 0.035
inch. Therefore, a V-wire probe was constructed with wires
of the same material as the parallel-wire probe mounted in a
plane perpendicular to the probe axis and parallel to the
shroud surface in the vicinity of the measuring point. In
operation, a reproducible orientation of the wires with
respect to the air-flow direction was obtained by rotating
them about the probe axis until the resistance ratio of the
two wires with conveetive heat loss due to the air stream
was the same as their resistance ratio with no convective
heat loss. obtaining an angle
reading for this rotative position at a point where the flow
direction was known and comparing angle readings at other
points with this known angle.

The electrical equipment used with the V-wire probe was
essentially the same as with the parallel-wire probe, except
that the two wires were balanced against each other rather
than against a constant resistance. Also, a sensitive
galvanometer was used as an indicating instrument instead
of the amplifier-voltmeter combination required for the
parallel wires.

As in the use of the parallel wires, frequent checking of a
previous data point was necessary to detect wire damage
immediately and thereby avoid data errors.

The procedure involved
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TABLE II.—.NOZZLE BLADE PROFILE COORDINATES FOR TABLE III.—NOZZLE BLADE PROFILE COORDINATES FOR
BLADE B BLADE C
(a) Profile coordinates. (a) Profile coordinates.
Section Section
‘ = —— = e .
Root Mean Tip ‘ Root . Mean Tip
[ Radi - }b o Radi
X, | adius, X, | adius,
T in. T } in.
5.939 7.003 8.122 r 5.939 7.003 ‘ 8.122
Y, You, Yor., Yu, Y, You, Y7, ‘ Yu, Yir, Yo, Y, Yu,
in. in. in. | in. in. in. in. 1 in. in. in. in. in.
. S | —— — —
0 0. 099 [ 0. 099 0.117 ) 0. 117 0 0. 038 ‘ 0. 038 | 0. 059 0. 082 0. 082
. . 004 .279 . 000 . 304 . 100 . 032 . 183 016 002 . 238
. L0456 | .327 | .037 361 . 200 . 089 . 237 .071 047 . 292
v .080 | .347 | 076 . 393 . 300 . 130 . 264 l . 109 087 . 320
s 102 | .351 . 106 . 406 . 400 . 153 268 | 134 117 L311
2 115 . 342 ‘ . 124 403 . 500 . 160 . 257 . 147 138 .329
‘ 121 . 325 L 133 . 392 . 600 . 154 | .234 . 152 151 .319
. 121 . 300 ‘ . 138 . 376 . 700 S139 0 .206 . 149 159 . 303
5 114 . 268 . 138 . 351 . 800 116 140 159 . 283
101 . 231 L 131 . 321 . 900 .087 | 124 153 . 260
il 081 .189 L1188 . 286 1. 000 . 055 [ . 104 142 . 234
1 059 . 144 . 100 . 247 1. 100 L0200 | . 082 127 . 207
1 e I = e 1.172 SO 70 0 1/7280 NP0 ST | e ||
15 035 . 100 . 081 204 1. 200 . 056 109 180
173 009 052 . 058 . 158 1. 300 . 030 089 .152
1.8 017 .017 — 1. 400 . 001 067 .123
142 5T | | S S S | . 035 . 114 1. 428 .020 = o
1552510 | ISR R S | AR | [ .011 . 065 (13500 N ESSRSE (R S | (v 043 095
1592 | oD | s | i ‘ . 020 L020 1.600 | _____ | ____ | .. 019 067
1. 697 e |l =5 022 | 022
- e |
(b) Stacking coordinates. (b) Stacking coordinates.
Y Y
‘ Section ‘ = |
| — | Section
D l Root } Mean Tip J ‘
in. | [ e X, Root r Mean ‘ Tip
| in.
Y, ¥ %=
in. in. in. )2/ Y, Y, Y, v
| [EE [ in. in. in. (7
,,,,, | | o v
..... 7 | 0.065 = c
_____ | L 094
0. 252 122 0.130
T .638 | .192 | _____ | ...
. 260 667 | - | .220 | _____
————— . 695 mos e . 248
208 J 39°(5' 40°45'
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