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Summary

The design procedure and the development of the
blading geometry for the 4'2-stage turbine are
discussed. The experimental results obtained with the
first stage, operated as a single-stage turbine, are
presented.

The design procedure showed that a free-vortex
design could meet the requirements without incurring
any serious problems such as excessive turning,
negative reaction, or high Mach number. The results
of the cold-air tests of the single-stage turbine
showed that the turbine developed design work (stage
loading factor of 5.26) at an efficiency of 0.86, which
was the efficiency predicted by a reference method.
The mass flow at this condition was 1.024 of the
design value. The highest efficiency obtained over the
range of test conditions was (.88, which occurred at
design speed and a pressure ratio of 1.407,
corresponding to a stage-loading factor of 4.35. The
efficiency at this condition was 0.003 higher than
predicted by the reference method.

Introduction

In recent years the NASA Lewis Research Center
has devoted a part of its turbine research effort to the
investigation of turbines with high stage-loading
factors (refs. 1 to 4, e.g.). Turbines with high stage-
loading factors (i.e., the ratio of change in tangential
velocity to blade speed) result when a direct-drive fan
turbine is desired and the turbine speed is limited by
the fan tip speed, especially for high-bypass-ratio
engines. This type of turbine is generally
characterized by shrouded rotor blades, large turning
angles in both rotor and stator blade rows, and
nearly symmetrical mean-radius velocity diagrams.

One of the projects in this program was a cost-
sharing undertaking between Lewis Research Center
and Pratt & Whitney Aircraft (P&WA) of East
Hartford, Connecticut, to investigate a 4Y2-stage,
fan-drive turbine with an average stage-loading
factor of 4.66. The turbine design evolved from a
study made by P&WA of the engine requirements for
an advanced transport airplane. The turbine
aerodynamic and mechanical designs were conducted
by the contractor. The pertinent features of the
aerodynamic design, which the contractor discusses

in reference 5 were (1) forced vortex flow with
tailored radial work distribution and (2) controlled
position of the boundary-layer transition point on
the airfoil suction surface to achieve a minimized
profile loss. The contractor had anticipated an
efficiency of 0.886 for the 4'2-stage turbine.

A one-half-scale, cold-air model of the turbine was
then fabricated by P&WA, and the turbine
performance was obtained in cold-air tests at the
Lewis Research Center. The results of these tests are
described in references 6 and 7. In reference 6 the
4Y5-stage turbine developed design work at an
efficiency of 0.855, which was 0.031 lower than the
value anticipated by the contractor. The efficiency
estimate for this turbine based on NASA prediction
methods and experience (refs. 8 and 9) was 0.862.
The stage group tests of reference 7 verified the
overall performance obtained in reference 6 and
showed that all the stages operated reasonably close
to their expected performance level.

At the time the contract was placed with P&WA, a
companion in-house project was begun to develop a
turbine with the same performance requirements. It
was planned to design, fabricate, and test the
complete in-house, 4Y2-stage, work-factor-of-4.66
turbine. The design of the in-house turbine employed
more conventional assumptions such as free-vortex
flow and constant radial work extraction, as were
used in reference 1.

After the design of the NASA 4V:-stage turbine
was completed, including the development of all the
blading geometry, the program was curtailed, and all
subsequent research was limited to the first stage.
The first stage was fabricated, and its performance
was determined in cold air. This report describes the
design of the 4Y2-stage turbine and presents the
performance results obtained with the first stage. The
performance results are compared with those of the
P&WA first stage from reference 7. The cold-air
performance was obtained with inlet conditions of
total temperature and total pressure maintained at
378 K (680° R) and 2.4 atmospheres, respectively.
The turbine was operated at 80, 90, 100, and 110
percent of design speed, and total-pressure ratio was
varied over a range (bracketing design pressure ratio)
at each speed.

Symbols

A area, m2; ft2
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mean diameter, constant for all four stages,
m; ft

force-mass conversion constant, 1; 32.174
ft/sec2

specific enthalpy, J/g; Btu/lb

rotative speed, rpm

number of stages

absolute pressure, N/m2; 1b/ft2

gas constant for mixture of air and
combustion products used in this
investigation, 288 J/(kg)(K): 53.527
(ft-1b)/(Ib)(°R)

temperature, K; °R

blade velocity, m/sec; ft/sec

effective mean blade speed, (#D,,N)/60,
m/sec; ft/sec

absolute gas velocity, m/sec; ft/sec

gas velocity relative to moving blade, m/sec;
ft/sec

mass flow rate (sum of air and fuel flow
rates), kg/sec; Ib/sec

absolute gas flow angle measured from axial
direction, deg

average absolute gas flow angle at turbine
outlet measured from axial direction
irrespective of sign, used in eq. (2), deg

angle of gas flow relative to moving blade
measured from axial direction, deg

ratio of specific heats, 1.398 for mixture of
air and combustion products used in this
investigation

ratio of inlet pressure to U.S. standard sea-
level pressure

function of 7, (0.73959/v)[(y+ 1)72]7/(—D

efficiency based on total-pressure ratio

squared ratio of critical velocity at turbine
inlet to critical velocity of U.S. standard sea-
level air

torque, N-m; ft-1b

Subscripts:

condition at Mach 1

mean radius

tangential component

station at turbine inlet (fig. 6)

station at stator outlet on velocity diagram
station at rotor outlet on velocity diagram
station at stator inlet (fig. 6)

station at turbine outlet (fig. 6)

Superscript:

total state

Turbine Design

The 4'4-stage in-house turbine was of the free-
vortex type with simplified or conventional design
features.

Design Requirements

The requirements of the 4%2-stage in-house turbine
were as follows:

Number of Stages, Nu.eviieiiiiiiiiiriiiiieieeeeeeiinaenees 4
Average stage-loading factor, Ak X 103/nUfn ..... 4.66
Equivalent specific work, Ah/0,, J/g;

Btu/Ib coeeeeiiiiiiiiii e 102.58; 44.1
Equivalent mass flow, ewVé./8, kg/sec;

|| Y41 N 5.84;12.875
Equivalent mean blade speed, U,,, m/sec;

Ft/S€C toviieiiiriieie e, 74.179; 243.37
Mean diameter, Dy, m; ft ..........ccoeeeneee 0.4572; 1.5
Equivalent rotative speed, N/V@,,, rpm ......... 3098.7

It can be seen that these requirements differ slightly
from those of reference 5. Notably the specific work
is 0.98 that of the P&WA turbine and the mass flow
density, (ewV8,,/8)/D2, is 1.06 that of the P&WA
turbine.

These requirements were those proposed for the
contract turbine early in the negotiation period. The
requirements were then frozen for the in-house
turbine program; some small changes in the
requirements were subsequently incorporated in the
design of the contract turbine. These differences are
small, however, and should not effect any changes in
performance expectations between the two turbines.

Stage Work Split

The work splits considered for this applicatiuon
are tabulated as follows, as fractions of the total
work done by the individual stages:

Stage Work split

A B C D

0.25 10.2923 (0.3223 [0.2819
2621 | .2522 | .2725
l .2349 | .2248 | .2449
2106 | .2006 | .2006
Efficiency 1.0000{1.0010 |1.0020 |1.0004
ratio

B WN -

Work split A is equal actual work per stage, and
work split B is equal equivalent work per stage. Work
split C was obtained by increasing the first-stage
work of split B by 10 percent and decreasing the




second, third, and fourth stages of split B by 4 to 5
percent. The work split used was split D, which is
equal equivalent work per stage modified to increase
the work in stages 2 and 3 and reduce the work in
stages 1 and 4. These modifications were made from
the considerations of (1) limiting the first-stage stator
angle to about 65°, (2) maintaining subsonic relative
velocities throughout the turbine, and (3) reducing
the turning angle and diffusion requirement of the
outlet turning vanes. The overall four-stage turbine
efficiency, normalized by that of split A, is included
in the table as the efficiency ratio. The efficiencies of
the different work splits were so close that efficiency
did not influence the selection.

Velocity Diagrams

A free-vortex type of velocity diagram was
developed for the 4V2-stage turbine to meet the
required total work and the selected stage work split,
D. The mean radius diagram was made symmetrical
with respect to tangential velocity components; that
is, Vy1i,m=Wy2,mand Wy 1 = Vy 2 m The ratio of
axial velocity to blade speed was maintained in the
optimum region, as indicated by figure 3.37 of
reference 10. The axial velocity was increased by 2 to
6 percent across the rotor blade rows and decreased
by like amounts in the stator blade rows. This axial
velocity variation increased the reaction in the rotor
blade rows and decreased the reaction across the
stators.

The resulting velocity diagram is shown in figure 1,
where no obviously detrimental features such as low
or negative reaction, excessive turning, or high Mach
number can be seen. All the blading sections operate
with some positive reaction. The maximum turning
occurred at the first-stage rotor hub section, 120.6°.
The maximum critical velocity ratio was 0.999 and
occurred at the third-stage rotor blade hub section.
The turning requirement of the outlet turning vanes
is about the same as in references 1 and 3. The
velocity diagram of the P&WA 4Y2-stage turbine
(ref. 6) is shown in figure 2 for comparison.

Blade Design

The flowpath for the 4Y2-stage in-house turbine is
shown in figure 3. An axial chord of 2.8 centimeters
(1.1 in.) was selected for the rotor blading. The
average axial chord for the stators of the second,
third, and fourth stages was also 2.8 centimeters, the
first stage being 2.3 centimeters (0.9 in.). This value,
2.8 centimeters (1.1 in.) resulted in reasonable aspect
ratios for the downstream stages. For stages 1 and 2,
smaller chord blading might be preferred; however,

this would have increased the problem of
manufacturing tolerances.

The number of blades was determined by using
Zweifel loading coefficients (refs. 11 and 12) of 0.85
for the stator blade rows and 0.95 for the rotor blade
rows. The blade channels were laid out at constant
radii at the hub, mean, and tip sections at the blade
outlet station. The quasi-three-dimensional method
used is the same as that described in reference 1. All
blade rows except for the first-stage stator and the
outlet turning vanes were laid out to provide a
divergent-convergent area distribution such that the
maximum passage orthogonal occurred at about the
midchord position. This resulted in thin blades in
which the diffusion occurred on the front portion of
the pressure surface with almost no diffusion on the
suction surface. The pertinent blading design
features are listed in table I for the 4'2-stage turbine.
As mentioned in the introduction, the fabrication
and testing were limited to the first stage. The first
stage surface velocity distributions are shown in
figure 4 and the blading coordinates are given in table
II. The first-stage blading passages and profiles are
shown in figure 5. The flowpath and instrumentation
stations of the single-stage turbine are shown in
figure 6.

Apparatus, Instrumentation, and
Procedure

The test facility is that described in reference 6.
The turbine airflow was measured with a venturi
meter. The fuel flow (natural gas) was metered with a
flat-plate orifice. Both of these flow-rate
measurements required an upstream pressure
measurement, an upstream temperature
measurement, and a measurement of differential
pressure across the flowmeter element. The turbine
mass flow was obtained as the sum of the fuel and air
flows.

The turbine shaft speed was measured with a
magnetic pickup and a square tooth sprocket that
was mounted on the turbine shaft. An electronic
counter was used to convert the electrical impulses to
shaft rotative speed. Turbine torque was measured as
the reaction torque on the dynamometer stator with a
strain-gage load cell. The dynamometer stator was
cradled and supported by a high-pressure oil film
(hydrostatic trunnion bearing).

The turbine test section was instrumented as shown
in figure 6. The turbine inlet total temperature 77 was
determined from 10 temperature measurements at
station O0—two rakes of five each. These
temperatures were corrected for recovery coefficient
and then averaged to obtain the inlet total
temperature 7y. The static pressure Py was obtained

3



Stage 1 Stage 2 Stage 3 Stage 4
(VIV )y = 090 (VI = 0.964 (VIVg )y = 0.999 (VIV,)) = 0.995
(WIW )y = 0.728 oy = 65.24 (WiWg )y = 0.793 o = 64.39 (Wi, ); = 0.831 o = 64.64 (Wi, )) = 0836\ = 61 98
By = 57.84 By = 57.26 By = 57.98 By = 54.86
Hub
section (W, )y = 0.899 (U = 0.218 (WIW, )y - 0.928 U = 0.221 (WIW, )y = 0.956 UV ) = 0.218 (Wi, - 0.912 (Uévzclr;l

By = 62.77 By - 62.50 By = 61.04

(VI p)p = 0.729
(]2 = 54,61

VIl = 0.781
(12 = 54,79

VIV, g = 0.795
(12 =53.26

(U )y = 0.226 (Wi, )g = 0.227 (UN )y = 0.222

(VIV )y = 0.837
a = 63.21

(VIVg); = 0.870
(11 = 6L 40

(VIVg); = 0.856

Gl =60.0
(WIW, )y = 0.649

By = 53.42

(WIW, ), = 0.679
B, - 50.91

(WIW, )y = 0.657
By - 47.98

(WIW,); = 0,622
By = 39.54

Mean

section UV = 0.239

(UIVgphy = 0.251 (UNVgp )y = 0.266

(WIW¢ )y = 0.869
By = 61.76

(WIW, )y = 0.899
By - 60.92

(WIWp)p = 0.891
By = 58.78

(WIW )y = 0.850

] - 53.68
(VIV )y = 0.682 B2

0y = 51.72

(VIVgp)p = 0.705
oy = 50.%

(V/Vcr)2 = 0.692
(12 = 46, 58

(U g = 0.251 (UN g,y = 0.266 (U )y = 0.282 (UN )y = 0.297

(VI )y = 0.799
Gl = 58,51

(VIV); = 0.784
a - 61.25

(VIV); = 0.760
0y = 55.75

(WW )y = 0.580
Bl = 48, 61

(WIW,)y = 0.593
By - 43.85

(WIW, )y = 0.544
Bl = 36,32

(WIW); = 0.515
By = 22.01

Tip
section UV ) = 0.260

(U )y = 0.282 (U, )y = 0.314

(WIW )y = 0.848
B, - 61.03

(WIW )y = 0.872
By = 59.97

(W/Wqy g = 0.865
By = 57.84

(WIW )y = 0,842
(VIV )y = 0. 644 By 53.44

0 = 29.03

(VIV¢ )y = 0.653
Oy = 46. 42

VIV )y = 0.631
a = 4111

(U, = 0.276 UV, )y = 0.306 (UG, )y = 0.341 (UN )y = 0.379

Figure 1. - Velocity diagram of 4%—stage, in-house turbine with work factor of 4. 66.
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By = 56.36

(UN)p - 0.214

(VIV )y = 0.764
(12 = 47,42

(V) = 0.815
a = 55.0

(U )y = 0.282

(VIVp)o = 0.658
02 =38.17

(VIVg ) = 0.713
oy = 49.03

(U b = 0.350

(VIVcplp = 0. 607
oy = 3160




Hub section
(W’Wcr)l = 0, 661 (Vlvcr)l = 0,809
(]1 = 58, 41

B - 49.1

(U = 0.200

(WIW_ )y = 0.877 Mean section

ap = 55.91 {(WIW_ ) = 0,630
w7 e U Qb
= U cr
(Wi, ), = 0.739 i P -2
cr'l ™™ (Wlwcr)z = 0,837
(]1 = 63 36 (VIVcr)l = (. 898 (12= 59.06 (V/V - 0,654
By = 56.1 (UV), = 0.204 iy cr'2”®
2 (U )y - 0.23
(WIW,, )y = 0.899 wiw, ), - 0.634

(VIV), = 0.837

ay = 51. 32 N = 075 o - 68.37
By = 64. 64 ( IVCI’)Z_ 0'212 B - 59.71 (UIVcr)l = 0.244
C (WIW_ )y = 0.840
(Wi = 0.7 0 = 59.70 ]
o VIV, )y = 0.933 B, - 68,63 Ve~ 0621
o - 63.18 crh 5= 68. UV - 0286
. UV = 0.207 . crz >
By = 56.0 cr (Wi, ); = 0.610
- 68.22 (VIV )y = 0.834
(WIW )y = 0.925 By - 58.5 (U = 0.269
6y~ .93 o (WiW,)p = 0.832
B2" rlg” 0152 0y = 56.19
(U)o = 0.216 2 VIV )9 = 0.597
cr’2 =67.5 cr
By =01 (UNVg,)p = 0.294
(WIW, ) = 0.830 Wiy - ooss Wt 0.5% -
0 - 60.46 W -0z A7 Whgrly = 8
py =531 By = 53.0 (UNVg, )y = 0. 298

Wi,y = 0.912
o - 51.43
B, = 64.01

(WIW )y = 1.015
(12 =515
By = 60.01

(VIV )y = 0666

(UN ¢yl = 0.329
VIV )y = 0.862 cr2

(Vg = 0.217

Figure 2. - Velocity diagram of aé-stage, contractor-designed turbine with work factor of 4. 66.

Tip section
(WIW e = 0.540
0 = 66.07 VIVl = 0.740
Bl =54,9 (Ulvcr)l ={.246
(WIW )y = 0.711
o = 54.95 (VIV o = 0.495
By = 67.34 (UN )y = 0. 269
(WiWe ) = 0.430 (VI h = 0.716
- 69.36
q (U )y = 0.219
By = 55.5
Wi, ), = 0,704 (VIV ) = 0.454
(12 =541 (UIVCF)Z = (. 308
By - 68.63 (W) = 0.369 (VIV )y = 0.639
0 = 69.18 (U ) = 0.320
Bl = 50,4
(Vg )y = 0.415
(WIW )y = 0.693 U
0y = 47.81 crl2” 0.3
By = 61.25 {(WIW_., )y = 0.346 VIV = 0.636
o) - 66.46 (U )y = 0.365
By-=40.5

(VIVplp = 0.472

(WIW_ ) = 0.769
cr2
(Ulvcr)Z = 0, 400

Q9= 42.06
BZ = 64. 01



Outlet blade height,
12.7cm (5.01in.)
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turning
vanes
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3.962 cm (1.56 in.)

S+ Sp... denotes stator blade rows Meanofig;;t;r(clzgr}zt.a?t,

Ry R2... denotes rotor blade rows

Numbers in circles denote number
of blades in blade row

Figure 3. - Flowpath through 4%—stage in-house turbine.
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Figure 4. - Design blade surface velocity distributions.
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Figure 5. - Turbine blading passages and profiles.

Measuring station:

g
}
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(a) Test section.

« Wall static-pressure tap
—w++ Thermocouple rake
—0 Kiel total-pressure probe
Combination angle and total-pressure probe

O

Measuring
station: 11

(b} Instrumentation (looking upstream).

Figure 6. - Test section and instrumentation location.

by averaging the readings from the 10 static wall taps
at the turbine inlet (station I). The total pressure was
then calculated from the following equation:

\/ (2g'y (PAI)RTl - M

as in reference 6.

At the turbine outlet (station II) the static pressure
was also obtained by averaging the readings from 10
static wall taps. Turbine exit flow angle was

measured by six self-alining combination probes. For
each data point each probe was stepped radially to
the centers of five equal annular areas. The exit angle
oqp was then determined by averaging the absolute
value of the 30 readings. The total temperature was
determined from the inlet total temperature and the
specific enthalpy drop, which in turn was determined
from the torque, speed, and mass flow
measurements. The equation for outlet total pressure
is

P__I’I =

¥

Py
PV () () e |
PpAyg QX @

COSZOIII

Data were obtained at 80, 90, 100, and 110 percent
of design speed over a range of pressure ratio
bracketing design specific work output. Inlet
conditions of temperature and pressure were
maintained at 378 K (680° R) and 2.4 atmospheres,
respectively.

Results and Discussion

This section discusses the experimental results
obtained with the single-stage, free-vortex turbine.
These results are then compared with the results of
the single-stage configuration of reference 7.

Performance of Single-Stage, Free-Vortex Turbine

The equivalent torque 7¢/6 is shown as a function
of the total-pressure ratio Pj/Pjj for the four speeds
in figure 7 (a). The data correlate well at all speeds.
The greatest deviation from the smooth curves was
about ¥ to 1 percent. The torque curves also indicate
that the turbine was not near limiting loading for the
range of conditions covered.

The equivalent mass flow ewvl./6 is shown as a
function of the total-pressure ratio P;/Pyj in figure
7(b). The data correlate closely with the smooth
curves. The maximum scatter was about 0.2 percent.
The 100-percent-design-speed data, which cover the
greatest range of pressure ratio, indicated close to
choking conditions at a pressure ratio of 1.75. Design
equivalent mass flow was 5.84 kilograms per second
(12.875 1b/sec).

The equivalent specific work output Ah/0. is
shown in figure 7(c) as a function of the pressure
ratio Pi/Pj; for the four equivalent speeds. At
equivalent design speed the turbine developed the
design equivalent work output, 28.93 joules per gram
(12.436 Btu/lb), at a pressure ratio of 1.54. The
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Figure 7. ~ Experimental results obtained with single-staged, free-vortex turbine.

efficiency corresponding to this pressure ratio and
specific work output was 0.86.

The efficiency trends are shown in figure 7(d) as a
function of the total-pressure ratio P;/Pj; . The
efficiency at design work pressure ratio, 1.54, at
design speed was 0.86. The mass flow at this
condition (fig. 7(b)) was 5.978 kilograms per second
(13.18 1b/sec), or 1.024 of the design mass flow. The
highest efficiency was 0.88 and occurred at design
speed at a pressure ratio of 1.407 (fig. 7(d)). The
stage work factor at this condition was 4.35.

The exit flow angle is shown in figure 7(e) for the
range of test conditions. The exit flow angle at the
design work output pressure ratio, 1.54, at design
speed was 51°. The average exit angle from the
design velocity diagram is 51.77°.

Velocity Diagram

The velocity diagram was calculated from the
experimental results for the condition of design
specific work output and design speed. In this




procedure it was assumed that the entire flow field
could be represented by a single diagram at the mean
radius. The derived diagram was constructed by
using the experimentally measured values of mass
flow, specific work output, rotative speed,
efficiency, and exit flow angle. The experimentally
derived diagram is compared with the design diagram
in figure 8. The flow out of the stator appears to be
underturned by about ¥4°, and the flow out of the
rotor blade appears to be underturned by about 1°.
The excess mass flow (1.024 of the design value)
indicates that both the stator blade and rotor blade
outlet angles should be closed by 0.7°.

Efficiency—Stage-Loading Factor Trends

The design-speed data, with efficiency as a
function of stage-loading factor, are shown in figure
9. Included in the figure are the design-speed data
from the single-stage turbine of reference 7. At its
design work output, corresponding to a stage-loading
factor of 5.26, the subject turbine operated at an
efficiency of 0.86, which was the value predicted by

Design Experimentally
value derived value

Velocity

m/sec | ft/sec| misec | ft/sec

232,01 761.3] 236.4 | 775.6
157.8 [ 517.9| 153.7 | 504. 3
117.2 1384.4| 121.2 | 391.6
124.6 | 408.8| 125.4 | 411.5
259.9 | 852.8| 265.7 | 871.6
Vo | 2011]659.8] 198.41650.9
Wy [ 196.6 | 645,0| 202.8 | 665.2
Wy | 263.4|864.1| 259.8 | 852.5

xce
N =R

< L <

-

Angle, deg
q 6321 62. 86
By 53 42 53.28
0o 51.72 50.78
By 61.76 6l 14

Figure 8. - Comparison of equivalent
design velocity diagram at mean radius
with that calculated from experimental
results.

_~Design stage-loading factor of
.90— -7 subject free-voriex turbine, 5.26

—Design stage-loading factor
of ref. 7 turbine, 5.4

@ Predicted

efficiencies ref, 2

-0~ Subject free-vortex
turbine data

~{3= Ref. 7 turbine data

Turbine efficiency, n
|

~
Al

| | |
70, :

6
Stage-loading factor, gJ AhIUan

Figure 9. - Efficiency comparison of two turbines at design
speed as a function of stage-loading factor.

reference 2. At a stage-loading factor of 5.4, which
was the design value for the reference 7 turbine, the
subject turbine efficiency (0.855) was very close to
the predicted value (0.856). The efficiency of the
reference 7 turbine at this stage-loading factor was
(0.835), as mentioned in reference 7. The highest
efficiency (0.88) of the subject turbine, which
occurred at a stage-loading factor of 4.35 (pressure
ratio, 1.407), was 0.003 higher than the predicted
value.

Exit Flow Angle Variation

The experimental and design radial variations in
turbine exit angle are shown in figure 10 for both the
subject turbine and the reference turbine. In figure
10(a) the exit angle of the subject turbine follows the
design trend closely, the maximum deviation being
about 3°. The design trend is not this closely
duplicated by the reference 7 turbine (fig. 7(b)). The
exit angle is 4° to 6° greater than design over the
lower 60 percent of the blade span. This deviation
would cause an incidence angle of this magnitude in
the second-stage stator of the reference turbine. This
may have been a contributing factor that caused the
second stage to have the lowest stage efficiency of the
four stages in reference 7.

Summary of Results

A 4V:-stage turbine with an average stage-loading
factor of 4.66 was designed to meet the requirements
of driving the fan of a turbofan engine for an
advanced transport airplane. The geometry was
developed for the complete turbine. The first stage of
this turbine was fabricated, and its performance was
determined in cold air. The following pertinent
results were obtained from the design procedure and
the experimental investigation:
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Figure 10. - Radial variation in exit flow angle for two
turbines at design speed and design specific work
output.

1. The design study and layout of the 4V2-stage
turbine showed that a free-vortex design could meet
the design requirements with no obviously severe
problems such as excessive turning, negative
reaction, or high Mach number.

2. The first stage of the turbine, operated as a
single stage, developed design work (stage-loading
factor of 5.26) at an efficiency of 0.86, which was the
efficiency predicted by a reference method. The mass
flow at this condition was 1.024 of the design value.

3. The highest efficiency obtained was 0.88, which
occurred at design speed at a pressure ratio of 1.407,
corresponding to a stage-loading factor of 4.35. The
efficiency at this condition was 0.003 higher than the
predicted value.

Lewis Research Center,
National Aeronautics and Space Administration,
Cleveland, Ohio, June 10, 1980,
505-32.
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Blade row

Stator 1
Rotor 1
Stator 2
Rotor 2
Stator 3
Rotor 3
Stator 4
Rotor 4
Outlet turn-
ing vanes

TABLE I. -

PERTINENT BLADING DESIGN FEATURES

Number | Length, | Mean- | Mean- | Aspect | Mean- | Leading-| Trailing- | Reaction
of L, radius | radius | ratio, | radius edge edge at mean
blades cm chord, | chord l/ Cm Zweifel | radius, radius, | radius, a
Cm’ spacing coeffic- cm cm R,
cm ratio, ient
Cm/Sm
60 3.96 3.31 1.38 1.20 0.84 0.089 0.025 0.872
78 4,57 2.87 1.56 1.59 .95 .051 . 030 442
86 5.52 2.84 1.70 1.94 .85 .025 . 387
78 6.79 2.86 1.55 2.37 .94 .030 .430
89 8.19 2.84 1.76 2.88 .85 .025 .320
81 9.65 2.85 1.61 3.38 .94 .030 .456
99 10.97 2.83 1.95 3.88 .85 .025 .279
83 12.7 | 2.87 | 1.66 | 4.42 .95 Y .030 .465
80 12.7 4.47 2.49 2.84 ——— .013 .013 -.91

aRx reaction based on velocity change across blade row: RX =1 - (VZ/V]_)2 for stator
blade rows; R =1 - (Wz/Wl)2 for rotor blade rows.
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TABLE II. - BLADE COORDINATES

(a) Stator blade {b) Rotor blade

U

! Axial direction—
s \
© ~ Axial direction

X, Hub Mean 1 Tip X, Hub l Mean I Tip
om i om R .
Section radius, cm Section radius, cm
20.879 22,860 24.841 20.574 l 22,860 J 25.146
Orientation angle, ¢, deg Orientation angle, ¢, deg
49.43 46.18 43.42 8.48 13.30 I 14.48
YL’ YU, YL’ YU, YL, Yy, Stacking axis coordinates, cm -
cm cm cm cm cm cm E
N ] X =1.199]Y=0.963]X=1.184|X=0.914|Y=1.184|Y = 0.859 i
0 0.089)0.089)0.089]0.089}0.089]0.089 &
127 [ ~—m—- 279 | ~=——- 805 | ——-— .295 Yy, Yy Yi, Yy Y, Yy -
.254| .086] .386| .083| .432| .079| .437 cm cm cm cm cm cm
.381! .152| .454( .145| .518| .137| .541 0 0.038 0.038 0.051 0.051 0.063 0.063 §
.508] .205| .503| .196| .579| .185| .620 127 117 .493 . 081 .478 .040 .391 ﬂ
.635( .249( .533( .231{ .617| .224( .671 .254 .322 .765 .295 754 .234 .635 ,
7621 .274| .549| .262| .637| .257| .701 .381 .498 975 .480 .970 .401 .833 !
.889| .292| .554| .282! .648| .279) .719 .508 .574 1.067 .627 1.146 .541 1.003
1.016| .300[ .546| .295| .645| .297( .724 .635 157 1.283 747 1.278 .855 1.153
1.143| .302| .536| .305( .635] .310| .719 .762 .851 1.384 .833 1.361 .749 1.250
1.270] .297| .518| .307( .617| .315| .706 .889 .919 1.455 .899 1.415 .820 1.321
1.397| .290( .498| .305| .594| .318| .688 1.016 .970 1.501 .945 1.445 .873 1.361
1.524| .279| .472| .300%1 .569| .312| .665 1.143( 1.001 1.521 972 1.453 .909 1.379
1.651| .264| .447| .290| .544| .307] .640 1.270( 1.013 1,519 . 986 1.438 .930 1.377
1.778) .249] .422] .274| .513| .300] .610 1.397| 1.016 1.494 .980 1.405 .935 1.354
1.905| .229| .391| .259( .483| .287| .579 1.524} 1.001 1.450 .963 1.351 .925 1.311 v
2.032 | .208| .361| .241| .452] .272| .549 1.651 .970 1.384 .927 1.278 .902 1.245
2.159| .185| .330] .221} .419| .257| .516 1.778 .927 1.300 .879 1.186 .861 1.163
2.286 .160| .295| .201| .384( .239( .480 1.905 . 871 1.196 .815 1.085 .807 1.062 ,
2.413| .135( .259| 178 .348| .218) .444 2,032 .790 1.077 734 .975 737 . 955
2.540{ .109| .221| .152| .310} .198| .409 2.159 .693 .945 .642 .859 .650 .841
2.667| .084| .180| .127| .269| .178| .368 2.286 579 .803 .536 737 .551 721
2.794| .056{ .140] .102| .229| .152| .328 2.413 .450 .648 .422 .602 .439 .594
2,921 .028| .099 .074| .188| .127| .284 2.540 300 480 .297 460 318 460
3.048 [~———= | -———- .048 | .142 | .102| .239 2.667 142 .297 .168 .307 .185 .315
3.076| .025| .025 2,794 | —e—en .094 .036 147 .053 .162
3,175 |~——mm | ===~ .023| .094] .076| .193 2,824 . 030 . 030
3.302 .0481 .147 2.870 | —cmem | eeeee .030 030 | e | e
3.812 |- [ — .025 | . 025 o fomeem 2.888 .030 .030
3.429 .023] .097 T T
3.564 .025( .025
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