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COMPONENT PERFORMANCE INVESTIGATION OF J71 EXPERIMENTAL TURBINE
II - INTERNAL-FLOW CONDITIONS WITH
97-PERCENT-DESIGN STATOR AREAS

By John J. Rebeske, Jr., and Donald A. Petrash

SUMMARY

An experimental investigation of the internsl-flow conditions of a
J71 experimentsal turbine equipped with 97-percent-design stator areas was
conducted at equivalent design speed and near equivalent design work.
The results of the investigation indicate that the stage work distribu-
tion closely approximates design, the actual distribution being 44.1,
35.4, and 22.5 percent for the first, second, and third stages, respec-
tively. The first-, second-, and third-stage efficiencies were 0.894,
0.858, and 0.792, respectively.

The first and second stages exhibited loss regions near the hub and
tip at the rotor bhlade outlets. The hub loss reglon is attributed to sta-
tor secondary flows, and a contributing factor to the tip loss region may
be the high design diffusion on the rotor blade suction surface near the
tip. The loss in the third stage is appreclably greater than that in the
first or second stage. The fact that the third rotor is unshrouded and
has a nominal tip clearance of 0.120 inch may contribute to the higher
loss in the tip region of the third stage. -

INTRODUCTION

As part of a genersl investigation of high-work-output, low-speed
multistage turbines at the NACA Lewis laboratory, the internal-flow con-
ditions of a J71 experimental three-stege turbine have been experimentally
determined gt design equivalent speed and at approximate design equiva-
lent work and pressure ratio. This particular three-stage turbine con-
figuration was equipped with first-, second-, and third-stage stators
with areas of 97 percent of design. The over-all performance of this
turbine is presented in reference 1. The turbine exhlbited reasonably
good over-all performance, the efficiency being 0.877 at design equivalent
speed and work output. .
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In order to obtain additional and more detailed information on the
rerformance of the turblne, interstage instrumentation was installed to
determine individual stage performance, radial distribution of flow
angles and veloclties, and loss areas in the turbine. .Because of the
complex nature of the lnstrumentation required to measure the internal
flow conditions in a multistage turbine, the measurements were limlted
to radial surveys at one or two clrcumferential positlons between blade
rows. Although 1t 1s recognized that large circumferential flow varia-
tions may exist downstream of blade rows (refs. 2 and 3), it is believed
that the instrumentation downstream of the rotors was adequate to reveal ...
apy major loss region in the turbine, because the average of two or more
circumferentlal positions was used. ZEven s¢, the measurements are not
considered quantitative and are interpreted as indicating the trends of
comparative performance of a particular blade row or turblne stsge.

SIMBOLS

The followlng symbols are used in this report:

A " annuler earesa, .sq £t T - T i
e actual blade chord, ft
D diffusion factor, Wma; ~ Yo
max
g acceleration due to gravity, 32.174 £t/sec?
P pressure, lb/sq £t
R gas constant, 53.4 £t-1b/(1b)(°R)
T radius, ft
s blade spacing; £t
T temperature, °Rr
U wheel speed, ft/sec . -
v gbsolute gas veloclty, ft/sec -
W relative gas veloclity, ft/sec
ed absolute flow sngle (measured from sxial direction), deg
B relative flow anglée (measured from axisl direction), deg
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Y ratio of specific heats

il adisbatic efficiency

o gas density, 1b/cu £t

o solidity, ratio of actual blade chord to blade spacing, c/s
w engular velocity, radians/sec ' -
® loss coefficient

Subscripts:

av nags-averaged value

i inlet

max meaximum

o] outlet

u tangential

X axial

0,1,2,3 measuring stations (see fig. 1)
4,5,6,7

Superscripts:
! stagnation or total state

" relative stagnation or total state

METHODS AND PROCEDURE
Instrumentation

The experimental test installation, the method of power gbsorption,
and the turbine are as described in reference 1.  Additional interstage
instrumentation used for the present investigation consisted of moveble,
unshielded total-pressure probes with provision for angle measurement.
These probes were mounted in remotely controlled actuators and were used
to measure the radial varistions of total pressure and angle at the
measuring stations indlcated 1n figure 1. Photographs of typlcal total-
pressure and thermocouple probes are presented in figure 2. Total tem-
peratures were measured by two fixed calibrated spike-type thermocouple
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rakes. ZEach rgke consisted of five thermocouples located radlally at
the alternate area centers of ten equal annular areas, and were located
at-different circumferential positions as Indicated in figure 1.

Static pressure at any radius was determined by assuming a linesr

radial variation between the average of the value measured by wall static -

taps on the imner and outer shrouds at a given measuring statlon. At
stations 3 and 5, however, the static pressure was assumed constamt at
the value indicated by the wall static . teps on the imner shroud. This
assumption was made because the measured static-pressure ratios across
thé rotor hubs were reastnably close to values calculated from the design
veloelity dlagram, and the indicated wall static pressures on the outer
tradiction to the considerations of simple radisl equilibrium. It is
believed that these tip values reflected & logcal flow condition (perhaps
the flow around the-sharp corners of the outer shrouds, see fig. 1) and
as such would be meaningless in calculating the mainstream flow
veloclities.

Test Condltions and Procedure

The survey data were obtained by operating the turbine at the equiv-
alent derign speed of 3028 rpm, an equivalent work output of 31.1 Btu
per pound, and & rgting pressure ratic pl/p of 3.37. It is felt

that this value of equivalent work output is sufflciently close to the
equivalent design value of 32.4 Btu per pound that the actuesl internal-
flow conditlions may be evalusted in terms of the design flow conditions
for the turbine. The inlet stagnation pressure and temperature at sta-
tion O (fig. 1) were nominally 35 inches 6f mercury sbsolute and 700° R.
Total-pressure and angle surveys were taken at stations 1 to 7 at fifteen
radial positions corresponding to 2.5, 5, 10, 15, 20, 30, 40, 50, 60,

70, 80, 85, 90, 95, and 97.5 percént of ennular area. Indicated total-

temperature readlngs were obtained at stations 3, 5, and 7 from the fixed

thermocouple rakes whose thermocouples were located at radial positiocuns
corresponding to 5, 15, 25, 35,—45, 55, 65, 75, 85, and.95 percent of
annular area. S LT mmr ._.-____________‘_:..T:..‘.“_‘:_'T‘“_ oo oL oy

Internsl-Flow Calculations

Equivalent stage work. -~ The local work output of a stage is ex-~
pressed as an equivalent stage temperature drop:

AT! s
T = R —'IT__Z (1)

where To and T' are local values evalugted along an assumed stream-
line passing through a given percentage of aunular area at any given
measuring station. o e o : -
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Stage and over-gll efficiencies. - The locgl values of turbine
stage and over-all adigbatic efficiencies were calculated from

1 - 2o
Ty
Mi.07 -1 (2)
P\ Y
1-570)
i

where the local values of both total pressures and-temperatures are
obtained at a given percentage of annular area.

Mass-averaged values. - Mass-averaged values of stage and over-all
work and efficlency were obtained from the equation

A
f ( JpVy aa
( Day = o (3)
U/: pVy dA

- where ( ) indicates the local value of elther work or efficiency ob-

taeined from equation (1) or (2), and pVy dA 1is the corresponding local
value at either the stage or turbine outlet. A numerical integration was
used to evaluate the integrals. '

Velocities and flow angleg. - The local values of stagnation tem-
perature, pressure, and static pressure were used in the one-dimensional
energy equation to calculate the absolute flow Mach numbers and veloci-
ties. Components of these veloclties V, and V,, were then determined

from the known flow angle. These values, together with the wheel speed
U, were then used to calculate the relative flow velocities, Mach num-
bers, and angles. As a check on the accuracy of the velocities computed
from the stagnation pressure, static pressure, and angle measurements,
the local value Of AT'/T! was computed from the following equation:

AT oV, 4 - rovuio) (8)
T x_ gRT}
r-I

The order of agreement between the calculated and measured values of
AT'/T’ indicates the accuracy of the flow measurements and gssumptions

used to calculate the flow velocities and angles.
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Loss parameter. - A stage loss parameter is defined hergin by the
equation . . T LI . e

_ pn -
b, - P
i o

where the relative total-pressure drop across the rotor is assumed to
represent the loss across the complete stage. This assumption is made
because detailed circumferential and radigl surveys are necessary to
define the total-pressure loss across the stators. Isentropic flow
acroas the stators was assumed in evaluating the stage loss coefficlent,
because only radial surveys were made 1n thie investigation and the total
pressures measured at the rotor outlet are belleved to be more representa-
tive of an average value. The loss coefficient & was evaluated in
terms of absolute total-prespure and total-tempersture ratios across the
stage and f£low conditlons at the rotor outlet. The equations used are
glven in the eppendix. . e

This loss coefficlent @ was then multiplied by the cosine of the
relative rotor leaving angle B, (where Bo 1s evaluated from the

design vector disgrams) and divided by the rotor blade solidity o. It

can be shown that, for Incompressible flow, _
@O coB B g
e g e

where 6 1s the momentum thickness of the boundary layer and H 1s a

form factor for the boundary layer. Unpublighed data have shown that a

plot of the loss function ®© cos Bo/c agalnst a diffusion factor cor-

relates a large amount of cascade and compressor blade-element data.

Diffusion factor. - A diffusion factor for the turbine rotor blades

1s defined as
me.X - WO (6)

Wma.x

D=

vhere Wp., is the mexlimum veloclty on the suctlon surface of the rotor
blede, and W, 1s the average outlet velocity within the plane of .the

trailing edger - i T T

It is believed that opne of the factors affecting the momentum thick-
ness of the boundary layer is the local rate of diffusion on the blade,
suction surface. However, the value of D defined previously is an
averege value, and réference 4 has Indicated some correlation of turbine
performance with diffusion defined in this manner. The values of D |
used were computed from the design vector diagrams and blede geometry
by a stream-filament method given in reference 5. '

IR,

l'

s,
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RESULTS AND DISCUSSION

The design veloclty diagrams for the J71 experimental turbine are
presented in figure 3, and the blade and channel shapes near the hub,
mean, end tip sections in figure 4. Examinstion of figure 3 reveals
that the Mach numbers at the inlet to each blade row are fairly conserv-
ative values, being on the order of 0.5. The turbine is desligned for
good reaction or accelerating flow across the rotors and stators, and the
turning required in any blade row is less than 104°. The axial Mach
number at the third-rotor outlet is less than 0.5, and the tangentilal
velocity is small; so that, if the design velocities actually existed
in the turbine, there would be no limiting-loading problem or excessive
losges due to the kinetic energy of the outlet tangentlal velocity.

The design blade shepe and passage layouts shown in figure 4 indi-
cate that all blades are straight-backed, meaning there is no curvature
in the blade suctlion surface downstream of the throat. Loading on this
part of the blade is therefore minimized. Reference § Indicates that
this condition results in lower blade losg coefficients at a Mach number
of 1. However, the reference slso indicetes that, where the flow Mach
number does not exceed 0.8, there appears to be little difference in
loss for either curved-back or straight-backed blades.

From this cursory study of the turbine vector diagrams and blede
layouts, it appears that the turbine is conservatively designed and that
reagsonably good performance msy be expected. The results of reference
1 indicate that the actual turbine equipped wlth stators whose areas
were 97 percent of design did have reasonably good over-all performance.

Stage Performance

The stage performance results obtained in the present investigation
are presented iIn figure 5, where the variations of stage work AE'/T‘
and stage efficlency 1 with annular ares are shown, along with the
over-all values. The mass-averaged values of work output for the first,
second, and third stages are 0.1103, 0.0939, and 0.0696, respectively.
These values compare favorebly with the design values and represent
44.1, 33.4, and 22.5 percent, respectlively, of the over-all turbine work
output. The spanwise variaetion of the local stage work is falrly con-
gtant for the first and second stages, with deficiencies in the hub and
tip regions of the blades. The third stage, however, exhibits large
work deflciencies in the hub and tip regions of the blade.

The mass-aversged efficiencies for the first, second, and third
stage are 0.894, 0.858, and 0.792, respectively. The spanwise variations
of the local stage efficlencies for all three stages roughly parallel
the spanwise variations of the local stage work. Low values of effi-
ciency occur in the work-deficient reglons near the hub and tip of the

blades.
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It may be well to note at this polnt that the third stage is not. . S

shrouded and that = nominal tip clearance of 0.120 inch exists under the
cold-alr test conditions. This may be a cdntributing factor to the poor

The mass-averaged value of the over-all turbine work is 0.2498, and
the spanwise variatlon exhlbits work deficiencies near the hub and tip.
The mass-averaged value of over-all turbine efficiency is 0.868, which..
compares reasonably well with the value of 0.877 obtained in the over-
all turbine performance reported in reference 1.

The work deficlency and low efflclency observed near the hub for
each of the three stages are probably caused by the low-momentum fluid
of .the stator secondary flows, which accimulates on the inner shroud.
This fluid forms a vortex core and 1is swept by the malunstream through

the rotcors; and, as 1t passes through the rotors, 1t 1ls displaced out-. .

ward away from the lnner shroud. This low-momentum fluid appears down-
stream of the rotors as & low-work-output, low-efficiency reglon.

The spanwise variation of the calculeted values of AT!'/T' ghown
in figure 5 sagrees reasonably well with the measured values in the first
and third stages. However, there is appreciable’ discrepancy between _

the measured and calculastéd values for the second stage. This discrep-

ancy may be attributed ta the location of the static-pressure taps at T

the outlet of the second stator. Of necessgity, these taps were located
within the stator blade paseages slightly upstream of the trailing edge
and probably indicated a lower statlc pressure than that which actually
existed downstream of the stator blade. This would raise the indicated
stator-ocutlet veloclty and account for the higher level of the calculated
AT!/T' over the midportion of the blade span. _

Stage Flow Veloclities and Angles

The radisl varistions of absolute and relative Mach numbers and .
angles gt both the Inlet and outlet of the three rotors are presented in
figure 6. (Positive angles have tangential velocity camponents in the
direction of the wheel speed U.) Design values obtained from the vector
diagrams near the hub, mean, and tip are also shown. Figure 6(a) shows
that the level of the absolute Mach numbers ocut of the first stator (or
the gbsolute rotor-inlet Mach numbers) 1s higher than that of the
design values. The corresponding relative Mach numbers at the rotor
inlet are also higher, being on the order of Q. 51 at the mean as com-
pared with the design value of 0.40. The outlet, relative ‘and absolute
Maech numbers are less than the design values, so that, in terms of rel-
ative Mach number, the reaction of the.stage has decreased below the
design value, tending towerd an impulse or.negative reaction condition .
near the hub of the blade.
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The flow angle out of the first stator (fig. 6(a)) indicates sbout
2° or 3° of underturning over most of the blade span, with regions of
severe underturning near the hub and overturning near the tip. This
underturning exists even though the stator area was decreased by 3 per-
cent from that of design, which increases the stator blade angle by
approximately 1°. However, reference 1 shows that the turbine actually
passed about 5 percent more mass flow than the design value. Since this
greater mass flow 1s passing through the same annular area, it requires
8 higher axial component of velocity and contributes to the underturning
observed over most of the blade height at the stator exit.

The relative flow angle at the flrst-rotor inlet ie less than
design up to about 30 percent of the annular area and 1s greater than
design over the remaining portion of the blade span. This results in
negative angles of incldence near the hub and positive angles of inci-
dence over the upper portion of the first-stage rotor blades, being on
the order of 8° at 95-percent annular area (assuming thet under design
conditions the blades are oriented for zero angle of incidence). The
relative angle at the rotor outlet Indicates overturning near the hub and
slight underturning over the remaining portion of the blade. The gbso-~
lute outlet flow angle is on the order of 8° less than design, except in
the hub and tip region of the blade. Thie represents a negative angle
of incidence at the inlet to the second stator, except in =z limited
reglon neer the hub of the blade.

Figure 6(b) shows that the second-stator outlet absolute Msch number
and the second-rotor inlet relative Mach number are higher than the
design values. This may be attributed in part to the aforementioned
location of the static teps, which were slightly upstream of the stator
blade tralling edges on both the inner and outer shrouds. The outlet rel-
ative and absolute Mach numbers are reasonably close to the design values,
except in regions near the hub and tip of the blade. Again, in the sec-
ond stage as in the first, the reaction in terms of relative Mach number
change across the rotor has decreased from the design value.

The outlet absolute flow angle of the second stator (fig. 6(b)) 1is
underturned by 3° or 4° over most of the blade span, with increased
underturning near the hub and overturning near the tip. The variation
of the relative angle at the second-stage rotor inlet indicates neg-
ative angles of incldence near the hub and positive values near the tip.
The relative outlet flow angle is slightly less than the design value by
some 3° or 4° over most of the blade span, except in the region near the
hub. The absolute outlet flow angle is approximately 3° to 10© less than
the design values over most of the blade span, except in a region at the
hub, where the angle is approximately 8° greater than design. The corre-
sponding angle of incidence on the third stator is then negative over
most of the blade span and positive at the hub.
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Figure 6(c) shows that the absolute Mach number at the stator outlet - —
and the relative Mach number at the third-rotor inlet are higher than
the design values. The outlet relative and sbsolute Mach numbers sre Iess
than the design values. This agaln reduces the reaction across the third
rotor, with the hub and tip regions showlng rather marked decreases in =~

relative Mach number.

b

tar

]
Pkl 4
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i

The third-stator outlet absolute flow angle (fig. 6(c)) agrees very
well with the design values. The relative flow angle at the third-rotor
inlet is greater than the design values over most of the blade span,
representing positive angles of incidence ovn-the third rotor of approx-
imately 8°. The outlet relative angle indicates overturning in the hub
region, then a slight underturning up to about 85 percent of the annular
area, and a marked underturning in the tip region of the blade. The
outlet absolute flow angle is nearly axial, except in the tip reglon of .
the blade. ) o ) T

3s7Q7

i
.
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- - - TTTonTIz -z i iime - T =

In summary, flgure 6 shows that, in general, the stator-outlet Mach
numbers are higher than design values and the rotor-outlet Mach numbers
are lower than design, a condition that decreases thé reactlion across
the rotors and increases the reactjon acroes the stators. Certainly a
contributing factor to this condition.ls ‘that the three stator aresas for Co-
this particulsr turbine configuration were 3 percent smaller than the
design areas. Regions of underturning exIst &t thé three stator outlets
near the hub, and overturning exists near the tip. The three rotors
exhibited overturning near the hub. The third rotor has a reglon of . S
marked underturning near the tip. The angles of incidence on the blade

rows are small over the midportion of the blade spans and are somewhat
larger in the hub and tip regions. T

Stage Loss Function and Design Rotor Blade Diffusion

Figure 7 presents the variation with annular srea of a stage loss _
function based on rator hlede geometry and the design value of diffusion T
on the suctlon.surface of the rotor blades. The values of stage loss om T
the upper half of the blades progressively increase for the first; second,
and third steges, and high loss regions also eXist near the hub of theé
blades. Values of design rotor blade diffusion increase from the hub to B
the tip of the blades; and, in gemeral, the magnitude of the second-stage e
values is greater.than that of either the first or third stege. ' =

As stated previously, the loss reglons nesr the hub may be attrib- : -
uted to the low- mgmentum fluid of the stator secondary flows passing
through the rotors. Figure 7 ‘shows that both the loss “and "rotor Hlade™ T
diffusion increase on the upper third of tpgnblades, which indicates _ R
that the higher velues of rotor. bladé'difoSIbn may be & contributing -
factor to the high loss near the tip of the blddes. The ldrger magnitude o<
of the loss in the tip reglon of the third stage may be due to the fact .l
that the third rotor was unshroudedi whereas the first and second rotors

were shrauded. . T . e
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It should be pointed out that the values of rotor blade suction-
surface diffusion are design values and do not necessarily represent the
values that actually exist in the turbine. In fact, the actual values
are higher than the design values, because the reaction of each rotor 1s
lower than that of design. This would tend to increase the diffusion,
because the outlet relative Mach numbers are decreased. However, all
three stages correlate to the extent that high loss is present in the
blaede tip regions where the local design diffusion i1s highest.

SUMMARY OF RESULTS

An investigation of the internal-flow conditions of the J71 experi-
mental three-stage turbine equipped with 97-percent-design stator areas
and operated near equivalent design conditions revealed that:

1. The mass-averaged values of effiéiency7ﬁere as follows: for the
first stage, 0.894; for the second stage, 0.858; and for the third stage,
0.792. The corresponding turbine over-all efficiency was 0.868.

Z2. The work division for the stages closely approached design
values. The actual work values were 44.1, 33.4, and 22.5 percent for
the first, second, and third stages, respectively.

3. The absolute Mach numbers at the stator outlets and the relative
Mach numbers at the rotor inlets were higher than design values. The
rotor-outlet relative and absolute Mach numbers were, in general, less
than the design values, so that the rotor reaction is less than design
and rotor blade suction-surface diffusion is greater than desilgn.

4. High loss reglons existed near the hub and tip at the outlet of
each rotor blade row. Hub loss 1s attributed to stator secondary flow,
and a contributing factor to the tip loss may be high diffusion on the
rotor blades in the tip region.

5. Contributing factors to the poor performance of the third stage,
especilally in the tip region, may be the relatively large tip clearance
(0.120 in.) and the fact that thies stage is not shrouded.

Lewis Flight Propulsion Laboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, December 8, 1954
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APPENDIX - DERIVATION OF STAGE LOSS COFFFICIENT IN TERMS
OF ROTOR-OUTLET CONDITIONS

The stege lose coefficient is defined as

) P - Pﬂ
— i
® = " (5)
1 o]
Equation (5) may be rewritten as
)
1l - =
- Py
W= P P‘ PH (7)
o fo o

]
1
|
4
*":l

Assuming that all the entropy incresase across the stage occurs in the
rotor, pg pg may be expresged as a function of the total-temperature

and total-pressure ratlos across the entire stage and the change in
radius of the assumed streamline position at the rotor inlet and outlel
at a given percentege of annular areae. Thus,

S
-1
.38 (2 -Ti)T (8)
" 1 T 1
pi pi i To i
The relative total-temperature ratic may be expressed as
TII
o] 1
= (9)
R e~
Tt
T-1 gRTO
The pressure ratio__pg/pé may be determined from
S
o]t
p" 20V -U
o) © u,0 o}
a1 t
° r-1 8%

/3570
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The pressure ratio po/pc’) is glven by

x_
-1
2
v .
%?‘ = (L - —Z‘r——g__ (11)
— 1 ’
o} 7T gRTo

Upon insertion of equations (8) to (11) in equation (7), the stage
loss coefficient w is evaluated in terms of the measured total-
temperature and total-pressure ratios across the stage, measured values
of total temperature, total pressure, statlc pressure, and the calcu-

lated velocities at the rotor outlet.
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(&) Imstrumentation stations. - \

[Y Statilc pressure . -
-83- Moveble probe (to measure angle and stagnation pressure)
—— Stagnatlion pressure
-== Stagnation temperasture

Station .0

(b) Circumferential location of instruments at emch station.

Figure 1. - Schematic diagram of J7Ll experimental turbine in radial-axiel plane
showing instrumentation.
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(a) Thermocouple rake.

Figure 2. : Typical total-temperature rake
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(b) Total-pressure and angle probe.

and probe for measuring total pressure

and angle.
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Flgure 3. - Design velocity dlagrams for J71 experimental turbine.
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Figure 4. - Design blade and channel shapes for J7l experimental turbine.
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Figuﬁi g. - Variation of stage and over-all work and efficiency of J71 experimental turbine with annular area at rotor
outlets.
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-~ Varlation of absolute and relative Mach number and angle at rotor inlet and outlet with annular area.
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