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By Henry W. Plohr and Willism J. Rusbaum

SUMMARY

Mn experimental two-dimensionsl investigation of tThe mechanism of
the flow and the losses involved in the operation o6f a low-solidity
highly loaded turbine-blade profile sulteble for use in an air-cooled

- turbine has been made in a cascade. The nature of the flow In the
" channel formed by adjacent blades end at the exit of the blade row was
investigated by static-pressure measurements and schlleren photographs
- over a wide range of pressure rstlios. Flow conditions at the exdit of
the blade row were evaluated from the static-pressure measurements by
the conservation-of-momentum principle. The results of this investigsa-
tion were compared with similar published cascade data on the same blade
profile at a higher solidity. The original design solidity of 1.38 was
reduced to 1.06 for thils investigation.

The total turning angle of the low-solidity configuration was less
than that of the design-solidity configuration at all pressure ratios.
This difference was greatest.at low pressure ratlos, because of the
greater separation of the flow from the blade suction surface in the
case of the low-solidity configuration. Maximm turning, 71.3°, was
obtained when the blade first became fully loaded. At this point no
separation was evident and the turning angle was 6° less than the maxi-
mum turning of the design—solidity configu:ra.tion - The low-solidity

configuration required a 7— percent higher pressure ratlio in order to

fully load the blade. At this point the maximm bangential component of
the exit critical-velocity ratio was 5 percent below that of the design-
solidity configuration. The two-dimensionsl losses of the low-solidity

at low pressure retios but were comparseble or only slightly higher at
pressure ratios high enough to fully load the blade. .As the pressure
ratio was increased from 1.56 to a value great enough to fully load
the blade, the velocities on the suction surface of the low-solidity
configuration increased on 80 percent of the blade suction surface,

configuration were higher then those of the design-solidity configuration

whereas for the design-solidity configuretion only 40 percent of the suc-

tion surface had increased veldcities.
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INTRODUCTION

In the design of gas ‘burbines having alr-cooled blades for applica- -
tlon to aircraft propulsion, the use of low-solidlty blading is desirable
in order to reduce the amount. of coolant requlred, to reduce the turbine-
wheel welght, and to simplify the mechanlcal design of the rotor. Low-
solidity blading in turbines having high power output requires high
blade loading which may introduce severe pressure losses due to flow
separation and supersonic shock losses. Some indication of the turbine -
losses involved in the use of low-solldity blading can be obtained from
two-dimensional cascade tests. While cascade tests will not Indicate
gll of the turbine losses involved in the use of low-solldity blading,
eny losses found in the two-dimensional tests that can be attributed to
the low solidity of the blading would also appear in the rotating unit.

A comparison of cascade tests of a turbine blade profile at & low solid-

1ty with similar tests of the same profile at a higher solidity will give

an indication of the additional 'bwo—dimen.siona.l profile losses involved

in low-solidity operation. - NS

eT¥e

The results of a two-dimensional cascade investigatlion of the mech-
anism of the flow and ‘the losses involved in the operstion of a blade
conflguration suiteble for use in air-cooled turbines by virtue of its -
reletively low solidity and thick trailing edge profile are presented
in reference 1. The results of this investigation Indicated that super-
gonic veloclities were cobtained over the greater portion of the blade
suction surface, which resulted in high blade loading without an appre-
ciable decrease in efficlency from that cbtained using blades with lower S
surface velocitles. _ ] C e e

The solidity of the blading configurstion Investligated in refer-
ence 1 was 1.38, representative of the lower wvalues belng used in current
alrcraft gas turbines. In order to determine the mechanism of the flow
and the two-dimensional losseg Involved in the operation of this same
profile at a reduced solidity, a two-dimensional cascade investigation
of this proflle at & solidity of 1.06 has been made at NACA Iewls labore-
tory. The results of this investigation are reported herein and are
compared with the results obtained in reference 1.

The mass-averaged veloclity at the cascade exlit, as determined from
momentum considerations using blade and wall static-pressure taps, are
presented herein along with schlieren photographs of the flow through
the blade passages. The losses, as indicated by a velocity coefficient -
(defined as the ratio of the mass-averaged velocity %o the isentropic ~
velocity as measured at the cascade exit), are also presented.

The blade-surface velocity distribution at a low pressure ratio

and at the point of maximum blade loading was also determined from the
blade-surface static-pressure measurements assuming :I.sentropic flow
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A1l the experimental studies were carried out for an inlet tempera-
ture of 600° R and an inlet pressure within 5 percent of 22.0 pounds per
square inch, The static-pressure survey studies were made at total~to-
static pressure ratios ranging from 1.47 to 2.86, whereas the schlieren
studies were made for total-to-static pressure ratios from 1.53 to 3.il.

SYMBOLS

The following symbols are used in this report:

g gravitational constant (32.2 f£t/sec?)
X frictional drag force (1b)

n mass 'flow (slug/éec)

P pressure force (1b)

D pressure (1b/sq £t)

R gas constant (£t-1b/(1b)(°R))

L absolute total temperature (CR)

W velocity reletive to blede (ft/sec)

Wo.,, critical speed of sound relative to blade, <V -Fg_%T gRT)

8 angle of flow measured from tangentisl direction '(aeg)
'e ratio of specific heats, 1.40 for air
Subscripts:

q pressure surface of blade downstream of station 2
8 suction surface of blade dowmstream of station 2

u tangentiael component

x axial component
1 inlet to cascade
2 station in blade passage (fig. 1)
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3 station downstream of blade row where exit flow ls evalusted

Superscripts:

! stagnation state

THEORETICAL ANALYSIS
Experimental Method for Obtalning Flow Conditions
at Cascade Exit

The flow conditions at the blade-row exit were evaluated experi-
mentally by the conservation-of-momentum principle in the same manner
as ‘that presented in reference 1. The equations of momentum may be
epplied to the fluid enclosed by the area ABCDEFA shown in figure 1.
The components of momenbtum are resolved in the axial and tangentiel
directions to glve the corresponding veloclty components as follows:

P2+Px§"sz'Px - K - P B
W : 2 29 29 3
x,3 = "x,2 t - (1a)
P - K, - P - K,
u n,s8 s
Wu,.s = 29 23 2 2 (lb)

For the blade profile investigated, the velocity at station 2 was
agsumed to be in the axial direction. The magnitude of the massa-
averaged velocity at station 2 and the velocliiy on the blade surfaces
AF and BC can be determined from the static-pressure distribution
assuming isentropilc-flow relations. The mass flow was calculated at
this station using the measured pressure distribution and isentropic-~
flow relations. A flow coefficient of 1 was assumed. The pressure
forces Pg, Pq, P,, and Pz cen be determined experimentally by

integrating the static-pressure distrlibution over the corresponding
areas. The frictional forces K; and Kq are campasratively small and

~ can be calculated with sufficient accuracy by assuming the boundary

layer to be turbulent from the leading edge and by using conventional
relations for celculating the drag as In reference 2. The forces along
the boundaries CD and EF are equal and copposite and therefore bhave
no effect on the flow.

The mass-averaged velocity calculated from equation (l) is higher
than the veloclty of a uniform fluld stream having the same momentim.
This difference can be considered to be the result of mixing losses that
take place In a fluld stream with & velocity gradient as the fluld
attains a uniform veloelty. '

2413
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APPARATUS
Blade Profile .
The blade profile used in this investigation was. the mean sectiom
of an air-cooled nontwisted rotor blede designed for a turbine that is
applicable f£or use in contemporary turbojet engines and is shown in fig-

ure 2. This is the same blade profile that was Investigated in refer-
ence 1 at & solidity of 1.38. The inlet-flow angle By for all data

presented was 53.8° measured from the tangentisl direction. This gave a
eritical~veloeity ratio of 0.770 et the blade-row inlet for ell total-~to-
static pressure ratios equal to and greater than 1.8. The guided channel

. formed by ad]acent blades was slightly convergent from the blade-row

entrance to exit. Because of the wide throst section et the gulided-
passage exit, this blade design was gble to pass a high mass flow per
unit of annulus sres. The solidity of the blade configurastion investi-
gated was 1.060 based on the axial width of the blade (1.063 based on
blade chord).

Equipment

The equlpment used in this investigebtlon is identical to that used
in reference 1 except for the changes necessitated by the difference in
sollidity. For this investigation, two experimental test sections were
made, one for making static-pressure surveys and another for obtaining
schlieren phobographs. The axial width of the blades used was
1.40 inches. Fach test section had four blades and two end blocks

forming five equal passages.

The static-pressure-survey test sectiorn had 22 static-pressure taps
on the pressure surface and 28 taps on the suction surface of the blade
in order to determine the veloclty distribution of the profile. A total
of 30 static-pressure taps on the blade profile downstream of statiom 2,
18 wall: taps across the channel located at station 2, and 33 wall taps

spaced approximately -]%—0 inch apart located at station 3, which was

0.59 inch downstream of the blgde row, were used to determine the pres-
sure distribution at these stations in order to calculete the velocity
et the exlt of the blade row by the comservation-of-momentum principle
(fig. 2). The statlc-pressure distribution at station 3 was used for
determining the average pressure at the exit of the cascade in order to
compute the total-to-static pressure ratio across -the blade row. All the
experimental static pressures were determined from the center passage of
the cascade vwhere the flow umiformity most nearly simalated an infinite
cascade. A total of 13 well static-pressure teps evenly spaced across
the width of the cascade at the inlet to the blade row were used to
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measure the statlic pressure at that point. A compartmented suction slot

3
13 inches upstream of the cascade was used for boundary-layer removal.

The amount of alr drawn through each compartment was adjusted until the
statlc-pressure distribution at the inlet to the blade row was uniform.

For the optical test section, the blades were held in place by pins
fastened to four steel bars that were inlaid in the glass plates.

2418

The inlet total pressure and total temperature were measured in the
surge tank Just upstream of the cascade. The inlet total temperature
was measured with a thermocouple and read on a potentiometer to within
3° F. The static pressures were read to an accuracy within 0.05 pound
per squere inch, The static pressure’at a point in the ducting down-
stream of the test section was observed for both the static-pressure
surveys and the optical tests In order to correlate the schlleren photo-~
graphs with pressure-survey data.

Additlanal information sbout the experimentel equipment in which
the test section was installed is given in reference 2. }

RESULTS AND DISCUSSION

The exlt-flow veloclty, angle, and veloclty coefficlent, as deter-
mined from the static~pressure surveys, are shown in figure 3. The
exit-flow veloclty components relative to the blade are presented in
terms of a critical-veloclty ratic, defined as the ratio of the experi-
mentally determined mass-averaged velocity component to the critical
speed of sound (W,,.). Similar results taken from reference 1 for the

design-solidity configuration are also shown In figure 3 for purposes of
comparison. Schlieren photographs of the flow through the blade pessages
are shown in figure 4. All conclusions drawn from the schlieren studies
were made by observing the flow through the center passage of the cas-
cade (the third passage from the bottom of the photographs shown in

fig. 4) since the flow through this passage most nearly simulated the
flow through a passage of a cascade having an infinite number of blades.

The general phenomencn of the flow past the cascade of blades inves-
tigated in this report was similar to that of the design-solidity con- -
flguration reported in reference 1. At low pressure ratlios, separation
of the flow from the suctlon surface of the blade profile caused the flow
to underturn from the minimum value of the exlt~flow angle, which was
obtained at the lowest pressure ratio for which the blade was fully
loaded (where the tangential component of the exit critical-veloeity ratioc
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W
(FE_) - reached = meximum value). As the pressure ratio wes incressed
cr /3
from its lowest value, the region of separated f£flow was decreased untll
no separastion was evident when maxiwmm blade loading was obbained. As
the pressure ratio wes increased beyond the point where maximim blade
loading was first obtained, the decrease in the downstream pressure only
resulted In Increasing the exisl component of the exit critical-velocity
ratio and the downstream shock losses.

Although the general flow phencmene for the two solidities are
similar, quantitative differences were found. At corresponding pressure
ratios, the low-solidlty cascade has a lower exit tengential critical-
veloclty ratio and a higher axial critiecal-velocity ratio than the
design-solidity configuration Efig. 3). This is reflected in a consis-
tently higher exit-flow angle (lower turning angle) for the low-solidity
conflguration. The difference in the bturning angle of the two solidities
is greater at low pressure ratios, because the separation of the flow

‘from the blade suction surface of the low-solidity configuration was

more severe. In figure 4(a) the flow can be seen to separate from the
midchord station to form s wide wake region. As the pressure ratlo is
increased, the chordwise position where separation starts moves towards
the trailing edge (fig. 4(b)). The photograph shown in figure 4(c),
taken st a pressure retio slightly ebove the point where maximm blade
loading is first etteined, is representative of the flow pattern at the
pressure ratio vhere maximum blade loading is f£irst obtained. The
center passage, corresponding to the instrumented passage in the pressure’
survey tests, 1s free of severe sepasration. This attached flow is not
obtained umtil the blade becomes fully loaded, and remsins attached atb
all higher pressure ratios (fig. 4(d)).

A comparison of the blade-surface velocity distributions for both
solidities at & total-to-static pressure ratlio of 1.56 is shown in fig-
ure 5(a), and the velocity distributions at meximum blade loading are
shown in figure 5(b). The data for the design-solidity configuration
shown in figure 5(b) was teken from reference 1, whereas that shown in
figure 5(a) was taken from unpublished data. The blaede-surface veloci-
tles were calculsted from the measured blade-surface static pressures
assuming isentropic flow. In the channel formed by adjacent blades, the
departure from this condition is smsell when the blade is fully loaded,
as 1s apparent in the schlieren photographe of figure 4(d) of this report
and figure 4(e) of reference 1. For the deta shown in'figure 5(a),
which was taken at’ a pressure ratic of 1.56, this assumption is valid
on that portion of the blade where separation does not teke place. Fig-
ure 4(a) indicates that separstion tskes place at about the 50-percent
chord station of the low-solidity configuration, whereas figure 4(b) of
reference 1 indicdtes that the design-solidity configurstion separates
at the 70-percent chord station. Therefore, the isentroplc velocities
shown in figure 5(a) are higher than the actual veloclties over the
corresponding separated flow regions on the blade surface.
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A comperison of figure 5(a) with figure 5(b) indicates the change in
the blade-surface velocitles that occurs as the total-to-static presgﬁre
ratio 1s 1lncreassed from a value of 1.56 to the value reguired to fully
load the blade. Because the design-solldity configuration chckes at the
exlt of the guided passage at a total-to-static pressure ratio slightly
greater than 1.56, that portion of the blade suction surface downstream
of the guided channel is the only portlon of the blade surface on which
the velocities change with increasing pressure ratio. The low-solidity
configuration, which chokes at a pressure ratlo of 1.80, has an entirely
different velocity distribution as the pressure ratlo is increased to
the point of maximum blade loading. The velocity on the suction surface
increases over the whole surface, reachlng s peak critical-velocity ratio
of 1.63.

The velocity distributions shown in figure 5 indicate that high
velocities are obtained near the leading edge of the profile for both
configurations. At low pressure retios the downstream pressure is too
high to support these high veloclties all the way to the blade trailing
edge, and as a consequence, the fluid velocity decreases and the pressure
rises along the blade suction surface causing f£low separation. Fig-
ure 5(a) indicstes that 80 percent of the blade suction surface for the
low-solidity configuration, and 40 percent of the blade suction surface
for the design-solidity configuration has & decreasing velocity gradient.
At maximum blade loading where the pressure ratio is greater (fig. 5(b))
the downstream pressure is low enough to support high velocities on the
suction surface and thus presents a more favorable pressure gradient to
the boundary layer. ' '

If high velocities could he avoided cn the blade suction gurface
near the blade leading edge, subsequent velocity decreases and flow
separation might be avoided.  These high leading edge velocities could
be avoided by increassing the inlet flow angle Bl.

The low-solldity configuretion becomes fully loaded at a pressure
ratio of ghout 2.0, where the exit tangential critical-velocity ratic
reaches a maximum value of 0.61 (fig. 3). This value 1s sbout 5 percent
below the maximum exit tangentisl critical-velocity ratio obtained for
the design-solldity configuration and is not obtalned until the pressure

ratio is sghout 7% percent higher. At gbout the same pressure ratio, the

exit-flow angle Bz reaches a minimum value of 54.9° for a total turning

angle of 71.3°. This is 6° less than the meximum total turning angle
obtained irn reference 1.

The veloclty coefficient (defined ss the ratio of the mmss-averaged
velocity to the isentropic velocity at the cascade exit, station 3) of
the two solidities is shown in figure 3. This veloclty coefficient does
not include the mixing losses that would tske plece in the fluid if it
were allowed to come to & uniform veloclty without loss of momentum.

2413



2Q

~d

€Iv2

NACA RM ES2B27 L : 9

Since the mixing losses are highest when the velocity distribution at
station 3 has the greatest variation, the difference between the measured
veloclity coefficient and one that would include mixing losses would
increese with increasing pressure ratio and would probably be greatest
for the low-solidity cascade. An estimste of the mixing loss was mzde
for the low-solidity profile at a pressure ratio Jjust below that required
to fully load the blade. For this condition the velocity coefficient was
found to be lowered by 2 to 3 percent.

At low pressure ratios, the greater separation encountered in the
low-solidity design reduced the veloclty coefficient below that of the
design-solidity configuration. As the pressure ratic is increassed from
the lowest value, the difference between the velocity coefficient of the’
two solidities becomes less because of the reduced separation losses
encountered in the low-zolidity design. At a pressure ratio of 1.9 and
gbove, the velocity coefficient of the low-solidity cescade is above
that of the design-solidity cescade. If the mixing losses were taken
into account, the velocity coefficient of the low-solldity cascede would
probably be comparable or slightly less than that of the design-solidity
cascade for the complete range of pressure ratios. From the velocity-
coefficient date, the losses of the low-s0lidity cascade are concluded to
be greater than those of the design-solidity cascade at low pressure
ratios but are comparable or only slightly higher when the pressure ratio
is high enough to fully load the blade.

SUMMARY OF RESULTS

The results of an experimental two-dimensional cascede investigetion
of a low-solidity highly loaded turbine-blade profile suitable for use
in an air-cooled turbine were compared with similar published cascade
data on the same blade profile gt a higher solidity. The originsl] design
solidity of 1.38 was reduced to 1.06 for this investigation. The results
of the two lnvestigations ylelded the following comparison:

1. The turning angle of the low-solidity configurstion was less than
that of the design-solidity configuretion at 211 pressure ratios. The
difference 1in the turning angle was greatest at low pressure ratios,
because of the greater separation of the flow from the Blade suction sur-
face in the case of the low-sollidity configuration. At the pressure
ratio where the blade Pirst became fully loaded (where the tangential

W

component of the exit critical-velocity ratio (ﬁﬁ;>3 resched a meximum
cr.

value) and the turning angle was the greatest, no severe separation was
noticed. The total turning angle at this point was 71.30, 6° less than
the maximum turning of the design-solidlity configuration.
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2. The low-so0lidity configurstion became fully loaded at a pressure
ratio of about 2.0, 7% percent higher than the pressure ratioc at which

the design-solidity configuration became fully loaded. The maximum tan-
gential component of exit critical-velocity ratio was 0.61, 5 percent
below the value obtained with the design-solidity configuration.

3. The two-dimensional losses of the low-solidity configuration
were higher than those of the design-solidity configuratlon at low pres-
sure ratios but were comparable or only slightly higher at pressure
ratios high erough to fully load the blade.

4, As the total-to-static pressure ratic across the blade row was
increased from 1.56 to a value grest enough to fully load the blade,
the velocities on the suction surface of the low-solidlty configuration
increased on. 80 percent of the blade surface, wheress for the design-
solidity configuration, only 40 percent of the suction surface had

increased velocitlies. The suction-surface velocities for the low-solidity

configuration reached a peak criticgl-velocity ratio of 1.63.

lewis Flight Propulsion Ighoratory ]
Natlonel Advisory Commlttee for Aeronsutics
Cleveland, Chio
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Figure 4. ~ Schlieren ptudies of flow through cascade,
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Figure 4. - Concluded., Bchlierem studies of flow through cascade.
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Critical-velocity ratio on blade surface,
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