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,Summary 
The stage group performance of a  4%-stage  tur- 

bine with an average stage-loading factor of 4.66 and 
high  specific work output was determined in cold air 
at design equivalent speed. The 4-stage turbine con- 
figuration produced design equivalent work output 
with an efficiency of 0.856; a barely discernible dif- 
ference from  the 0.855 obtained  for  the complete 
4E-stage turbine in a previous investigation. The  ef- 
fect  of the outlet-turning-vane pressure loss on  effi- 
ciency for this turbine was estimated to be 0.005. The 
contractor’s efficiency forecast for  the  4%-stage  tur- 
bine was 0.886, and the value predicted by  Lewis us- 
ing a reference method was 0.862. The efficiencies of 
the stage groups  at their respective design  work out- 
puts varied from 0.007 low for the 4%-stage turbine 
to 0.021 low for the single-stage configuration-as 
compared with predicted efficiency. The individual 
stage efficiencies were compared with the predicted 
efficiency for the condition at which  design 4%-stage 
work output was obtained.  The efficiencies of stages 
1 and 4 were about 0.020 lower than the predicted 
value, that of stage 2 was 0.014 lower, and  that of 
stage 3 was about equal to the predicted value. Thus 
all the stages operated reasonably close to their ex- 
pected performance levels, and  the  overall 
(4%-stage) performance was not degraded by a  par- 
ticularly inefficient component. 

Introduction 
In recent years the NASA  Lewis Research Center 

has been concerned with turbines designed with a 
high stage-loading factor (e.g., refs. 1 to 4). The high 
stage-loading factor  (ratio of change in tangential 
velocity to blade speed) occurs for direct-drive fan 
turbines that  are limited by fan  tip speed, especially 
for high-bypass-ratio engines. This type of turbine is 
characterized by large turning angles, low blade 
speed, nearly symmetrical mean-radius velocity 
diagrams, and  shrouded  rotor blades. The alternative 
to using a turbine design  with a high stage-loading 
factor (3 to 5 )  is to use conventional loading factors 
(1.5 to 2) and thereby to double or triple the number 
of turbine stages. 

The subject turbine evolved from a study  that 
Pratt & Whitney Aircraft of East Hartford, Connec- 
ticut, made of the engine requirements for  an  ad- 

vanced transport  airplane.  The  turbine was designed 
and  fabricated by Pratt & Whitney under a cost- 
sharing contract with  Lewis. The  turbine was a one- 
half scale model of the  actual engine turbine.  The 
turbine consisted of four stages with outlet  turning 
vanes and  had  an average stage-loading factor of 
4.66. The  turbine design procedure is described in 
reference 4, wherein the contractor’s anticipated  effi- 
ciency  was  given as 0.886 for  the complete turbine 
and 0.893 for the four-stage configuration.  The 
salient features of the design procedure were con- 
trolled vortex flow, tailored radial work distribution, 
and  control  of  the location of boundary-layer transi- 
tion point on  the  airfoil suction surface.  The  contrac- 
tor contended that  incorporating these design 
features would improve performance. Lewis forecast 
an efficiency of 0.862 for this turbine by using the  ef- 
ficiency trends of reference 5 and the outlet-turning- 
vane loss estimate of reference 6. 

The overall performance of the 4%-stage turbine 
was determined at Lewis in a cold-air investigation 
(ref. 7); the efficiency at design  specific work output 
was 0.855. This efficiency was 0.007 lower than  the 
Lewis prediction and was comparable to  that of con- 
temporary high-stage-loading-factor turbines design- 
ed with free-vortex flow. Thus the turbine did not 
demonstrate  the  performance improvement an- 
ticipated by the  contractor. 

In an  attempt to understand better the  factors  con- 
tributing to this overall performance, experimental 
performance was obtained  for the different  stage 
groups. These groups consisted of stages 1 to 4, 
stages 1 to 3, stages 1 and 2, and stage 1. Appropriate 
outlet fairing pieces  were designed and  fabricated to 
provide an adequate outlet measuring station  for 
each stage group.  The performances of the stage 
groups were obtained at equivalent design speed over 
a range of total-pressure ratio. All tests were con- 
ducted at  an inlet pressure of 2.4 atmospheres. The 
single-stage configuration was tested with the inlet 
temperature maintained at 378 K (680’ R), and all 
other stage groups were tested at  an inlet temperature 
of 444 K (800’ R). The results of the stage group in- 
vestigations are presented herein. The efficiencies of 
the stage groups are compared with their estimated 
efficiencies at their respective design specific work 
outputs.  In  addition,  the efficiencies of  the individual 
stages are derived from  the stage group results for  the 
condition where design work output was obtained for 
the  4X-stage  turbine. 
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Subscripts: 
cr 
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0 
0.5,1.0,1.5, 
2.0,2.5,3.0, 
3.5,4.0 

area, m2 (ft2) 
effective mean blade  diameter, 

m  (ft) 

third,  and  fourth stages, re- 
spectively 

force-mass conversion constant,  1 
(32.174 ft/sec2) 

specific enthalpy,  J/g (BtuAb) 
rotative speed, rpm 
number of stages 
absolute  pressure,  N/m2  (lb/ft2) 
gas constant  for  mixture of air  and 
combustion products used  in this 
investigation, 287.,9 J/kg K (53.463 
ft-lb/lb OR) for To = 444 K 

lb/lb OR) for Ti = 378 K (680"R) 

mean diameters of first,  second, 

(800" R); 288.0 J/kg K (53.527 ft- 

temperature, K (OR) 
effxtive mean blade speed, 
%D,,JV/aO, m/sec (ft/sec) 

mass  flow rate (sum of air and fuel), 
kg/sec (lb/sec) 

average absolute gas  flow angle at 
turbine  outlet measured from axial 
direction irrespective of sign, used in 

ratio of specific heats,  for mixture of 
air  and combustion products use$ 
in this investigation, 1.3949,at To = 
444 K (800" R); 1.3980 at TO = 
378 K (680"  R) 

ratio of inlet pressure to U.S. stan- 
dard sea-level pressure 

function of y, 
(0.73959/y)[(y + 1)/2]7'(7-1) 

efficiency based on total-pressure 
ratio 

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

eq. (21, deg 

torque, N-m (ft-lb) 

condition at Mach 1 
outlet  station  for a blade  group 

station at  turbine inlet (fig.  3) 
interstage cavity pressure-tap 

(fig. 3) 

stations (fig. 3) 

Turbine 
The  turbine,  as mentioned in the  Introduction, was 

a one-half scale  model of the  fan-drive  turbine  that 
evolved from  a  study of the engine for  an advanced 
transport  airplane.  The pertinent features and  re- 
quirements of the model turbine  are as follows: 

Number of stages, n.. ...................................... .4 
Average stage-loading ................................. .4.66 
factor, M x 1034n x i72m ) 

&/ecr, J/g  (Btullb) 

cw\/8,,/6, kg/sec (lb/sec) 

speed, Urn, m/sec (ft/sec) 

Equivalent specific work, ................... 104.44(44.9) 

Equivalent mass flow, ......................... 6.078(13.4) 

Equivalent effective mean blade ....... .74.905(245.75) 

Effective mean  diameter, Dm, m  (ft) ... 0.48006(1.575) 
Equivalent rotative  speed, N/firr,  rpm .......... ..2980 
Total-pressure  ratio, PgPi.5, ....................... .6.18 

Total  pressure, Po, atm.. ........................... .1.565 
Total  temperature, Ti, K (OR) ................ .422(760) 

based  on estimated efficiency of  0.886 
Inlet conditions fo; design  Reynolds number: 

The  contractor's design philosophy and procedure 
are discussed in reference 4. The design  velocity 
diagrams  are shown  in references 4  and 7 and  are  in- 
cluded in this  report in figure 1. As mentioned in 
reference 4 the design  work split among  the  four 
stages was nearly equal, being 25.5, 25.9, 24.5, and 
24.1 percent for stages 1 to 4, respectively. The use  of 
outlet  turning vanes permits loading the last stage to 
about the same  degree as  the  other stages because the 
vanes convert the whirl  energy out of the  last stage in- 
to dynamic head that is useful for propulsive thrust. 
The velocity diagram was a forced-vortex type.  The 
axial velocity for  this  type of diagram decreases from 
mean to tip section and increases from mean to  hub 
section.  The specific work output was varied radially 
to reduce the work near the  hub  and  tip endwalls for 
all four stages. 

The blading passages and profiles  are shown in 
figure 2, the  flowpaths  for  the  different stage groups 
in  figure 3, the  instrumentation  plans  for  the dif- 
ferent  configurations in figure  4,  and  the  turbine 
rotor assembly in figure 5 .  
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w Figure 1. -Velocity diagrams.  Numbers  are  angles in  dqlrees  and Mach numbers at airfoil exit. (From ref. 4.) 
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(e) Complete +stage  turbine. 

Figure 3. - Flowpath and  instrumentation  stations. 
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Figure 4. - Inst rumentat ion  p lan.  

Ap aratus,  Instrumentation, 
an c r  Procedure 

The test facility, shown  with the turbine installed 
in figure 6 ,  was the  same as that  of reference 7. The 
turbine inlet air was heated by a vitiating natural-gas 
combustor.  The  turbine airflow was measured with a 
Dall tube, which  is a  modified form  of venturi meter. 
The fuel flow  was metered with a flat-plate orifice. 
Both flow-rate measurements required an upstream 
pressure measurement, an upstream  temperature 
measurement, and a differential pressure measure- 
ment across the flowmeter element. The  turbine mass 
flow  was obtained as the sum  of  the fuel and air 
flows. 

Figure 5. - Turbine  rotor  assembly. 

The  turbine  shaft speed  was measured with a 
magnetic  pickup and a square  tooth sprocket that 
was mounted on  the turbine shaft.  The electrical im- 
pulses  were converted to  shaft rotative speed  with an 
electronic counter.  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 figures 3 and 4. Station 0 was common to all stage 
groups. For all the configurations except the com- 
plete 4%-stage  turbine, it  was  necessary to design and 
fabricate fairing pieces  in  which to locate the measur- 
ing stations lx, 2x,  3x, and 4x. These fairings were  re- 
quired to provide a well-machined cylindrical surface 
for  an  adequate distance upstream and downstreain 
of the measuring  station.  The interstage taps  at  sta- 
tions 0.5, 1.0, 1.5,2.0, 2.5, 3.0, 3.5, and 4.0  were in- 
stalled (three at each station) in the  outer clearance 
space. It was intended to use these reference pressure 
ratios (cavity to inlet total)  to isolate the  performance 
of the individual stages. 

The  total temperature at  the  turbine inlet  was 
measured with nine thermocouples-three rakes of 
three each. These  temperatures were corrected for 
recovery coefficient and then  averaged to  obtain  the 
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Figure 6. - Turbine  installed in test  facility. 

inlet total  temperature To. The  static pressure Po was 
obtained by averaging the readings from  the eight 
wall static-pressure taps.  The  total pressure was then 
calculated from the following equation: 

as in reference 7. 
At the  turbine  outlet (stations lx, 2x, 3x, or 4x) the 

static pressure was also obtained by averaging the 
readings from  the eight wall static-pressure taps.  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 (for  the 4-stage configuration) was 

The angle is the average deviation from  the axial 
direction irrespective of sign. 

All the  data were obtained at design  speed over a 
range of pressure ratio bracketing design specific 
work output.  The inlet total  temperature was  378 K 
(680" R) for the first stage operated as a single-stage 
turbine.  The inlet temperature was maintained at 
444 K (800" R) for  the other  configurations.  The in- 
let total pressure for all tests was 2.4 atmospheres. 

Results and Discussion 
This section describes the performances of the 

stage groups  and compares them to predicted stage 
group  performance.  In  addition, the performances of 
the individual stages are derived for  the condition at 
which the design 4!h-stage specific work output was 
obtained. 

Four-Stage Turbine 
The experimental results for  the 4-stage configura- 

tion  are displayed in figure 7 as equivalent torque, 
equivalent mass flow, equivalent specific  work out- 
put, efficiency, and exit flow angle-all shown as 
functions of total-pressure ratio.  The corresponding 
results from  the  4%-stage  turbine (ref. 7) are includ- 
ed for  comparison.  The outlet turning vanes had a 
very slight effect on the  performance parameters in 
figures 7(a) to (d). The efficiency at design specific 
work output, 104.44 joules per gram (44.9 Btdlb), 
was  0.856 for  the 4-stage turbine  and 0.855 for the 
4N"stage  turbine (fig. 7(d)). The predicted efficiency 
difference for these two turbines was  0.005, based on 
the outlet-turning-vane total-pressure loss estimated 
from reference 6. As would  be expected, the exit  flow 
angles of the two turbines differed considerably (fig. 
7(e)). The angle was nearly axial (within 6") for  the 
4%-stage  turbine over the range of pressure ratio 
because of the  outlet  turning vanes. The exit  flow 
angle of the 4-stage turbine varied with pressure ratio 
and was 52.6 at design  specific  work output.  The 
average exit angle determined from  the velocity 
diagram was 50.6'. Both turbine configurations were 
choked at a pressure ratio well below that  correspon- 
ding to design specific work output. Their choking 
mass flow was  6.033 kilograms per second (13.30 
lb/sec); the design mass flow was  6.078 kilograms per 
second (13.40 lb/sec). 

Three-Stage Turbine 

The  performance of the stage group consisting of 
the  first, second, and  third stages is shown in fig- 
re 8. The choking equivalent mass flow was  6.028 
kilograms per second (13.29 Ib/sec) (fig. 8(b)). 
Although this value should be at least equal to the 
6.033 kilograms per second (13.30 lblsec)  obtained 
for  the 4-stage turbine,  the choking mass flows for 
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(a)  Variat ion of equivalent  torque  wi th  total-  
pressure  rat io.  

13.6 r 6.2 c Turb ine  

0 4  Stage 
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1 12.6 5.7 
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total-pressure  ratio. 
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Total-pressure  rat io  across  turbine,  P$Pie5  or  P, j /Pix 

(c)   Var iat ion of equivalent  speci f ic   work  output  (d)   Var iat ion of e f f ic iency  wi th   to ta l -pressure 
with  total-pressure  ratio.  ratio. 
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1 
9 

Total-pressure  rat io  across  turbine, 
P,j /Pi.5  or p i / p i x  

(e)  Variat ion of exi t   f low  angle  wi th  total-  

F igure 7. - Performance of 4-   and  4+-stage  turbines  at   equivalent  design speed  of 2980 rpm. 

pressure  ra t io .  
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pressure ratio. 

(cl  Variation of equivalent  specific  work  output  with 
total-pressure  ratio. 

(d) Variation of efficiency  with  total-pressure ratio. 

d 

2.5 3.0  3.5  4.0  4.5  5.0  5.5  6.0 
Total-pressure  ratio across turbine, P,j/Pix 

(el Variation of exit  flow  angle  with  total-pressure 
ratio. 

Figure 8. - Performance of 3-stage turbine at  equivalent design speed of  2980 rpm 

the two configurations do agree to within 0.1 per- 
cent. The 3-stage turbine developed  design  specific 
work output, 79.22 jou1,es  p,er gram (34.06 Btullb),  at 
a  total pressure ratio PolP3, of  3.913 (fig. 8(c)). The 
efficiency at this pressure ratio was  0.844 (fig. 8(d)), 
and the average exit  flow angle was 55.9" (fig. 8(e)). 
The average exit angle out of the  third stage as deter- 
mined from  the design  velocity diagram was 55.2". 

Two-Stage Turbine 

The performance of the 2-stage configuration, 
consisting of the first and second stages, is shown in 
figure 9. The correlation of equivalent torque with 
pressure ratio was  very good (fig. 9(a)). The 
equivalent mass flow curve (fig.  9(b)) shows that  the 

2-stage turbine choked at a flow rate  of 6.074 
kilograms per second (13.39 Iblsec), or 1.007 that of 
the 4-stage turbine. The 2-stage turbine developed 
design  specific  work output, 53.61 joules per gram 
(23.05 Btullb),  at  a pressure ratio of 2.422 (fig. 9(c)). 
The efficiency at this condition was  0.825 (fig. 9(d)). 
The average outlet angle at design  work output was 
64" (fig. 9(e)); the average second-stage exit flow 
angle based on  the design  velocity diagram was 
58.6". 

Single-Stage Turbine 

The  performance results of the first stage operated 
as a single-stage turbine  are shown in figure 10. Ex- 
cellent correlation was obtained when equivalent 
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(e)  Variation of exit flow angle  with  total-pressure  ratio. 

Figure 9. - Performance of  2-stage turbine at  equivalent design speed  of 3 8 0  rPm. 

torque ,ET/! was plotted as a function of pressure 
ratio Po/PI, (fig. 10(a)). The choking mass flow (fig. 
10(b)) for  the single-stage turbine was 6.228 
kilograms per  second  (13.73 lb/sec), which  was  1.025 
the design  mass  flow or 1.032 the 4-stage choking 
mass flow. The single-stage turbine produced design 
work output, 26.6,l joules per gram (1 1.44 Btdlb),  at 
a pressure ratio Po/P;, of  1.505  (fig.  lO(c)). The  effi- 
ciency at this pressure ratio was  0.835 (fig. 10(d)). 
The  turbine outlet flow angle at design work output 
was  62.1 ' (fig. 10(e)); the average angle from  the 
velocity diagram was  58.1 '. 

Comparison of Stage Groupings 

The stage group performances are compared in 
table I, with each group at its respective design work 
output.  The stage group efficiencies  were generally 1 
to 2 points lower than  the predicted efficiency. The 
overall (4% stage) efficiency  was  0.007 lower than 
the predicted efficiency and 0.031  lower than  the 
manufacturer's estimated efficiency (as noted  in 
ref. 7). 

10 



6.3 
13.8 r- 

5 13.6 
P 

$"'t 5 13.2 

m > 
12.6 

w 

1.3  1.4  1.5  1.6 1.7 1.8 1.9 2.0 
Total-pressure  ratio  across  turbine, P,j/Pi, 

la1 Variat ion of equivalent  toraue  with  total- 
pressure  rat io. 

12.4 L 

.85 

.80 
c 
>: 
U 

5 .75 ._ 
U .- 
c c w 

.70 

.65 
1.3 1.4 1.5  1.6  1.7  1.8  1.9 2.0 

lbl Variat ion of equivalent  mass  f low  with  total- 
pressure  rat io. 

I 

56 
1. 

Design 
- value 

"l'# 

(c l   Var iat ion of equivalent  specific  work ou tpu t  
with  total-pressure  ratio. 

I I I I I  
1.4 1.5 1.6 1.7 1.8 1.9 2.0 

Total-pressure  rat io  across  turbine, Pi,/Pix 

(dl  Variat ion of ef f ic iency  wi th  total-pressure 
ratio. 

(e l   Var ia t ion of exit  flow angle  wi th  total-pressure 
ratio. 
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TABLE II. - COMPARISON OF INDIVIDUAL STAGE 

PERFORMANCE AT CONDlTION AT W I C H  DESIGN 

45"STAGE WORK OUTPUT WAS OBTAINED 

Stage 

1 
2 
3 
4 h 

Experimental 
work  output 

25.31 10.88 
26.17 11.25 
25.79 11.09 
27.17 11.68 

Design  work 
output 

Experimental 
stage 

efficiency 

0.836 
.809 
,839 
.829 

Predicted stage 
efficiency 

(ref. 5) 

0.856 
.823 
.836 
.850 

TABLE I. - COMPARISON OF STAGE GROUP PERFORMANCE 

WITH PREDICTED PERFORMANCE 

specific work 

Etsgn 1 
Stages 1 and 2 
Stages 1 to 3 
Stages 1 to 4 
Stages 1 to 4 

and outlet 
turningvanes 

53.61 
79.22 
104.44 
104.44 

Btu/lb 

11.44 
23.05 
34.06 
44.9 
44.9 

Comparison of Individual Stage Performance 

The performances of the individual stages are com- 
pared in table I1 for the condition at which  design 
4%--stage specific  work output was obtained. The 
stage performances were derived from  the stage 
group tests by using the mass flow-specific  work 
relation for stage 1 and  for stages 1 and 2. For  the 
grpup consisting of stages 1 to 3, the pressure ratio 
PoIP2.5 was  used to determine the three-stage group 
performance at the condition at which  design 
4%-stage work output was obtained.  The first and 
second stages produced 0.95 and 0.97 of their design 
work outputs, respectively. The  third stage produced 
very  close to its design work output,  and the last 
stage produced 1.08 of its design  work output.  The 
efficiencies of the first and  fourth stages were about 

0.835 
.825 
.844 
.856 
.855 

" 

"" __ 
Lxperimental 

efficiency 

- 

I 

Predicted 
5fficiency 
(ref. 5) 

0.856 
.846 
.854 
.867 
.862 

Pratt & Whitney 
estimated 
efficiency 

(ref. 4) 

""_ 
""_ 
""_ 
0.893 
.886 

0.02 lower than predicted, and  that of the second 
stage was 0.014 lower. The third-stage efficiency was 
about  equal to the predicted efficiency. Thus  table I1 
shows that all stages operated reasonably close to 
their expected performance levels and  that  the overall 
(4% stage) performance was not degraded by any 
particularly inefficient component. 

Summary of Results 
A cold-air investigation was made at design 

equivalent speed to determine the  performance of 
stage groups of a 4%-stage  turbine  that  had  a stage- 
loading factor of 4.66 and high specific work output. 
The pertinent results are summarized as follows. 
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1 .  The 4-stage turbine  configuration produced 
design equivalent work output with an efficiency of 
0.856, a barely discernible difference from  the 0.855 
obtained  for  the complete 4'/-stage turbine at these 
conditions in a previous investigation. The effect of 
the outlet-turning-vane pressure loss on efficiency 
was estimated for this turbine  as 0.005. The 
manufacturer's efficiency estimate for  the  4 '/-stage 
turbine was 0.886, and  the efficiency predicted by 
Lewis using a reference method was 0.862. 

2. For the 4'/-stage turbine  the  outlet  turning 
vanes hcld the  turbine exit flow angle to 6" or less; 
for the 4-stage turbine this angle varied from  about 
30" to 50" over the range of pressure ratio. 

3. The efficiencies of the stage groups at their 
respective design  work outputs varied from 0.007 low 
for the 4'/-stage turbine to 0.021 low for  the single- 
stage configuration-as compared with the efficiency 
predicted by a reference method. 

4. The efficiencies of the individual stages were 
compared with predicted efficiency at the condition 
at which  design 4-stage work output was obtained. 
The efficiencies of stages 1 and  4 were 0.02 lower 
than  the predicted value, that of stage 2 was 0.014 
lower, and  that of stage 3 was about  equal to the 
predicted value. Thus all stages operated reasonably 
close to their expected performance levels, and  the 
overall (4S-stage)  performance was not degraded by 
any particularly inefficient component. 

Lewis Research Center, 
National Aeronautics and Space Administration, 

Cleveland, Ohio;  January 25, 1980, 
505 -04. 
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