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ABSTRACT 

Total to s ta t ic  efficiency is described as a function of percentage of admission and 
At design blade-jet speed ratio, efficiency decreased from 0. 68 

Part ia l  admission 
blade-jet speed ratio. 
to 0. 56 as percentage of admission was reduced f rom 100 to 11.76. 
efficiency losses  a r e  divided into rotor  pumping and windage losses  and all other losses .  
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COLD-AIR INVESTIGATION OF EFFECTS OF PARTIAL ADMISSION ON 

PERFORMANCE OF 3.75-INCH MEAN-DIAMETER 

S IN G LE - ST AGE AX I A L- FLOW TU R B I NE 

by Hugh A. Klassen 

Lewis Research Center 

SUMMARY 

An experimental investigation was conducted to determine the effects of partial ad- 
mission operation on the performance of a 3.75-inch (9. 52-cm) mean-diameter turbine. 
The tests, conducted in cold air, covered admission values of 100, 51, 31, and 12 per- 
cent. 
losses. 

mately design blade-jet speed ratio, the static efficiency decreased from 0. 68 to 0. 56 as 
admission was reduced from 100 to 12 percent. From the assumption that rotor pumping 
and windage losses a r e  proportional to the percentage of inactive a rc ,  all other partial 
admission losses were determined to be essentially constant. These other losses corre- 
sponded to a static-efficiency decrease of approximately 4 points for  all test conditions. 

the rotor blades f i rs t  entered the active flow area. 
caused by scavenging losses. 

The partial admission losses were divided into rotor pumping losses and all other 

The efficiency decreased as the percentage of admission was reduced. At approxi- 

Stator discharge pressures  were highest at the edge of the a r c  of admission where 
These high pressures may have been 

INT ROD UCTlON 

In the design of low-volume-flow, single-stage turbines, tip clearance losses and 

The partial admission design, in which flow is admitted through only a 
low blade- jet speed ratios resulting from small diameters can have significant effects on 
performance. 
fraction of the stator annulus, allows freedom to increase blade height and wheel diam- 
eter. Tip clearance losses  are reduced and blade-jet speed ratio is increased. Partial 
admission, however, introduces other losses which tend to offset gains in performance. 



This investigation was  conducted to obtain an understanding of the effects of partial 
admission operation on the performance of a small-diameter, axial-flow turbine. The 
performance of a 3.75-inch (9. 52-cm) mean-diameter turbine was investigated in cold 
air for admission values of 100, 50.98, 31.37, and 11. 76 percent. This report presents 
the results of the cold-air investigation together with an analysis of the partial admis- 
sion losses. 

TU RBlNE DESCRIPTION 

Design Requirements and Operating Conditions 

The design requirements and operating conditions for the 3.75-inch (9. 52-cm) 
mean-diameter, single-stage, axial-flow turbine were as follows (all symbols defined in 
appendix A): 

Overall equivalent specific-work output, Ah/Bcr, Btu/lb; joule/g . . . . . .  21. 8; 50. 8 

Equivalent weight flow, W B c r  ~ / 6 ,  lb/sec; kg/sec . . . . . . . . . . . .  0.060; 0. 0222 
Speed-work parameter, h . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.44 
Equivalent mean- se ction blade velocity, Um /c, ft/sec; m/sec . . . .  490.9; 149.6 
Equivalent speed, N/&, rpm. . . . . . . . . . . . . . . . . . . . . . . . . . .  30 000 
Total to static efficiency, r ] ,  . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0. 645 
Reaction across  rotor, R . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0 
Overall total- to static-pressure ratio, pi/p4 . . . . . . . . . . . . . . . . . . .  3. 030 
Stator total- to static-pressure ratio, pi/p3 . . . . . . . . . . . . . . . . . . . .  2.243 
Admission, percent . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .  31.37 

Blade-jet speed ratio, v . . . . . . . . . . . . . . . . . . . . . . . . . . . .  0.377 

d- 

Velocity Diagrams and Blade Design 

The design free-stream velocity diagrams and blade profiles are shown in figure 1. 
The stator-outlet velocity is slightly supersonic with a critical velocity ratio V/Vcr 

of 1. 080. The rotor-inlet and rotor-outlet critical velocity ratios W/Wcr 

(W/WCr>, have equal values of 0. 666. Design turning in the rotor is 123.39'. Exit 

whir l  is slightly negative. 
sign value. This difference should result in a higher stator-outlet velocity and a lower 
reaction across  the rotor than indicated by the design velocity diagrams. 

( )3 
( )3 and 

The actual stator throat a rea  is 2.2 percent less than the de- 
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Station 2 Stator 3 Rotor 4 

(<d4 = 0.531 

Figure 1. - Blade profiles and free-stream velocity diagrams. Figure 2. - Rotor 

TABLE I. - BLADE DESIGN INFORMATION 

~~~ 

Admission, percent 
Number of blades 
Blade height, 

in. 
cm 

Chord, 
in. 
cm 

Solidity 
Aspect ratio 
Stagger angle, deg 
Trailing edge radius, 

in. 
cm 

Leading edge radius, 
in. 
cm 

~~ 

Stator 

31.37 
16 

0.217 
0. 551 

0.453 
1. 15 
1. 96 
0.48 
59.2 

0.0024 
0.0061 

0.0196 
0.0498 

Rotor 

_ _ _ _ _ _  
95 

0.226 
0. 574 

0.312 
0. 792 
2.  52 
0.72 
7. 1 

0.0025 
0.0064 

0.0050 
0.0130 
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The rotor is shown in figure 2. Design information fo r  the stator and rotor blading 
is given in table I. 

APPARATUS, INSTRUMENTATION, AND PROCEDURE 

The following apparatus was used in this investigation: the turbine assembly; an 
airbrake to absorb and measure the power output of the turbine; air supplies for the tur- 
bine, the turbine bearings, and the airbrake; and a vacuum exhaust system. 

The turbine assembly included the rotor and the stator together with the appropriate 
inlet and exhaust ducting. The rotor was mounted on gas-lubricated bearings to mini- 
mize friction torque. The two journal bearing sleeves were fully cylindrical with eight 
equally spaced orifices for external pressurization. Thrust was  absorbed with a double- 

==3 Bearing a i r  supply 

IO-pm 
f i l ter  

Turbine a i r  suppl 

valve 

Choked 
ventur i  

i 
+ Control 

valve 

I Laboratory exhaust 

Figure 3. - Schematic diagram of test apparatus. 
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acting thrust bearing. 
each had six recessed orifices for  external pressurization. 

Dry pressurized air was supplied to the turbine inlet through a pressure control valve. 
Turbine weight flow was measured by a venturi operating under super critical conditions. 
Two venturis of different throat diameters were used. The smaller  venturi was used 
only for the 12 percent admission test. Turbine-outlet flow passed through a control 
valve to the laboratory vacuum exhaust system. 

Turbine-inlet total tempera- 
tures were measured by two thermocouples in the inlet collector (station 1). All static- 
pressure measurements were taken at the outer wall except for stator-inlet static pres- 
sure, which was measured at the inner wall. Data obtained during a previous investiga- 
tion showed that the pressure difference between hub and tip is negligible for both the 
stator and rotor. The pressure variation between hub and tip is small  because of the 
high hub-tip radius ratio. Stator-inlet static pressure p2 was measured at station 2 
with four taps, two in the a r c  of admission and two in the inactive region. 

The thrust runner was a plain disk, and the two thrust stators 

A schematic diagram of the facility, showing the apparatus, is presented in figure 3. 

The turbine measuring stations are shown in figure 4. 

Stator-inlet 

Station 5 

* 

Station 4 

... ~- 

Figure 4. - Flow passage and tu rb ine  measuring stations. 
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total pressure p i  was computed from the measured static pressure for the active por- 
tion of the stator, the turbine-inlet total temperature, the weight flow, and the active 
portion of the annulus area. Stator-outlet static pressure p3 was measured with six 
taps. For admission values of 100 and 31 percent, all six taps were in the a r c  of ad- 
mission. For 51 percent admission, three were in  the a r c  of admission, and for  12 per- 
cent admission, only two taps were in the arc of admission. Rotor-outlet static pres- 
sure  p4 was measured with four taps. Two of these taps were in the a r c  of admission, 
and the other two were in the inactive region. 
measured with two taps 180' apart in the turbine inlet collector. 
pressure p5 was measured with two taps 180' apart  in the outlet collector. 

measure the force exerted by a 10-inch (25.4-cm) torque a r m  mounted on the airbrake 
casing. 

The equipment for measuring rotative speed consisted of a six-tooth sprocket 
mounted on the coupling, a proximity probe, and an electronic counter. 

The turbine rotative losses were experimentally determined. 
sisted of (1) bearing and coupling windage losses and (2) rotor disk windage and pumping 
losses. 
tive speed only. The disk windage and pumping torque varied with both rotative speed 
and rotor-cavity gas density. 
over a range of rotative speeds and rotor-cavity gas densities. The bearing and cou- 
pling torque was obtained by determining the total torque at  zero rotor-cavity density at 
any given speed. The disk windage and pumping torque was then determined by subtract- 
ing the bearing and coupling torque from the total torque obtained for  the various values 
of rotor-cavity density. Bearing and coupling windage torque varied approximately with 
the 1. 5 power of rotative speed. This bearing and coupling windage torque was added to 
the torque measured during tests to obtain aerodynamic torque. At design speed, bear- 
ing and coupling windage torque was 0.83 in. -1b (9.4 cm-N), which is approximately 
40 percent of aerodynamic torque for 12 percent admission. 

(300 K). The experimental data were obtained at inlet-static- to outlet-static-pressure 
ratios p 1 / ~ 5  of 3. 0 and 3. 5. Full admission data were also obtained at a pressure ra- 
tio of 2. 5. These static-pressure ratios are essentially equal to the stator-inlet-total- 
to rotor-outlet-static-pressure ratios pi/p4. A t  each pressure ratio, the turbine speed 
was  varied from 17 500 to 27  500 rpm in 2500-rpm increments and from 27 500 to 
32 500 rpm in 1000-rpm increments. Design equivalent speed N / & was 30 000. 

Turbine-inlet static pressure p1 was 
Turbine-outlet static 

Shaft torque was determined with a strain-gage load cell. The load cell was used to 

The casing was cradled on air bearings. 

These losses con- 

The bearing and coupling windage torque was assumed to be a function of rota- 

These torque values were obtained by motoring the shaft 

2 The turbine was operated at inlet conditions of 25  psia (17.24 N/cm abs) and 540' R 
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RESULTS AND DISCUSSION 

The results of the cold-air investigation of the 3.75-inch (9. 52-cm) mean-diameter 
single-stage turbine at admission values of 100, 51, 31, and 12 percent are presented in  
te rms  of overall performance, partial admission losses, and variation in stator-outlet 
pressur e. 

Overall Performance 

Equivalent weight ~- flow. - The equivalent weight flow was independent of turbine 
pressure ratio and speed, which indicates that the stator was choked for all test condi- 
tions. The experimentally determined values of equivalent weight flow were all within 
the range 0. 187 F to 0. 188 F. For 31.37 percent admission, equivalent weight flow was 
0.0588, which compares well with the design value. When the design value of 0.060 was 
corrected to the actual throat area,  a value of 0. 0587 was obtained. 

sented in figure 5 as a function of blade-jet speed ratio v with percent admission and 
overall inlet-static- to outlet-static-pressure ratio p 1 / ~ 5  as independent variables. 
Figure 5 shows that, as the admission value w a s  decreased, there was a general de- 
crease in efficiency. At design blade-jet speed ratio of 0. 377 and a static-pressure ra- 
tio of 3.0, the efficiency decreased from 0.68 to 0.56 as the a r c  of admission was  de- 
creased from 100 to 1 2  percent. 

The blade-jet speed ratio for  peak efficiency also decreased with the a r c  of admis- 
sion. This decrease occurred because partial admission loss is a function of blade- jet 
speed ratio as wel l  as of the a r c  of admission (see appendix B). 
pressure ratio, a reduction in the a r c  of admission will cause an increase in pumping 
and windage loss which is proportional to the third power of the blade- jet speed ratio. 
The blade- jet speed ratio for peak efficiency will decrease to that value which minimizes 
the sum of the normal and partial admission losses. 

Figure 5 also shows that for full admission there was a general decrease in effi- 
ciency as the pressure ratio was  increased from 2. 5 to 3. 5. Stator-outlet pressure data 
indicate that the rotor became choked at a pressure ratio between 2 .5  and 3.0. Figure 6 
shows the variation of stator-outlet pressure with turbine overall pressure ratio at a 
blade-jet speed ratio of 0.35 for 31 and 100 percent admissions. The zero slope of the 
full admission curve at pressure ratios of 3.0 and 3. 5 is an indication of rotor choking. 
When the overall pressure ratio was  increased from 2. 5 to 3.0, a 1 point drop in effi- 
ciency resulted. This decrease may be the result of supersonic expansion due to the di- 
vergent passage. An additional 1 point drop in  efficiency occurred as the pressure ratio 

Static efficiency. - The overall total to static efficiency of the subject turbine is pre- 

Fo r  a given overall 
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A 
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I I  
Overall static- to Admission, 
static-pressure 

ratio, 
p1 ’p5 
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3.0 
3.5 
3.0 
3.5 
3.0 
3.5 
3.0 

I 

4 

percent ~ 
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100 
100 

51 -~ 
51 
31 

12 
12 

31 - 

Blade-jet speed ratio, v 

Admission, I 1  
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esign blade- 
?t sp€ ratio 

.45 

Figure 5. - Turbine efficiency characteristics. 
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2.0 2.5 3.0 3.5 
Turbine overall static-pressure ratio, p1 lp5 

Figure 6. - Variation of stator-outlet static 
pressure with turb ine overall static-pressure 
ratio. Blade-jet speed ratio, 0.35. 

was increased from 3.0 to 3. 5. Rotor choking did not occur during partial admission 
operation, possibly because of leakage into the clearance space between the stator and 
rotor. 

Part ial Admission Losses 

For the following discussion, losses arising from operation with partial admission 
a r e  divided into two classes, rotor pumping and windage losses and other losses. Rotor 
pumping and windage loss is defined as the efficiency decrease resulting from power 
consumption by the pumping action of the .rotor blades and the disk windage. 
losses a r e  leakage losses and losses occurring at the edge of the active arc ,  such as 
scavenging losses. As  discussed in the section APPARATUS, INSTRUMENTATION, 
AND PROCEDURE, rotor blade pumping and disk windage torque was  determined exper- 
imentally. The data thus obtained are described in appendix B, where the rotor pumping 
and windage torque was found to be approximated by the following equation: 

Other 

r = 5 . 9 ~ 1 0 - ~  pav$, in SI units 
PW 

The torque absorbed due to rotor pumping during partial admission operation is assumed 
in appendix B to be proportional to the fraction of inactive annulus (1 - F). The rotor 
blade pumping and windage efficiency loss as derived in the appendix is described by the 
following equation: 

9 
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Lpw = 5.6X10- pavNv - 2 ( 1 F F )  
- , in SI units 

Rotor pumping losses obtained from this equation f o r  the three a r c s  of admission inves- 
tigated herein are presented in figure 7 as a function of blade- jet speed ratio, pressure 
ratio, and percentage of admission. At the design blade-jet speed ratio of 0.377 and 
overall total- to static-pressure ratio of 3.0, the rotor pumping loss varied from 1. 1 to 
8 . 2  efficiency points as the a r c  of admission was reduced from 51 to 12 percent. The 
large increase in loss results from an increase in  the term (1 - F)/F from 0. 962 to 
7. 50. A s  turbine pressure ratio was increased from 3.0 to 3. 5, the pumping loss de- 

24 L 

08 

06 

I1 . 3  . 4  

Blade-jet speed ratio, v 

Figure 7. - Variation of pumping and windage 
loss with blade-jet speed ratio and percentage 
of admission. 
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creased slightly because of lower density in the rotor cavity associated with increased 
pressure ratio. 

The total efficiency loss due to partial admission operation was obtained by sub- 
tracting the partial admission efficiency from full admission efficiency at a given blade- 
jet speed ratio. In the section Overall Performance, it was pointed out that at full ad- 
mission rotor choking losses occur at pressure ratios of 3.0 and 3. 5, but not at 2. 5. It 
was also stated that choking does not occur during partial admission operation. In order 
to compare full and partial admission efficiencies on the same basis, total partial ad- 
mission loss computations were based on the efficiency obtained with full admission at a 
pressure ratio of 2. 5. 

Rotor pumping and windage loss was subtracted from total loss to obtain the partial 
admission loss due to other factors. Figure 8 presents the variation in rotor pumping 

1 

# 

vi 
ln 
0 

0 .1 2 

# 1 1  

Partial ddmission losses 
I I ---- Estimated pumping and I 

windage losses 
0 Pumping and windage 

losses computed from 
test data 

0 Other partial admission 
losses 

Active fraction of stator area, F 
Figure 8. - Variation of computed pumping and windage losses and other partial admission 

losses with active fraction of stator area. Overall total- to static-pressure ratio, 3.0; 
blade-jet speed ratio, 0.377. 

and windage loss, as well as these other losses, with percentage of admission for an 
overall total- to static-pressure ratio of 3.0 and a blade-jet speed ratio of 0.377. The 
rotor blade pumping and windage loss has been estimated for the range of 12 to 2 percent 
admission by assuming that the average gas density at the rotor is the same as for the 
12 percent tests. In figure 8 it is shown that all other partial admission losses w e r e  es- 
sentially constant and represented approximately 4 efficiency points. These other losses  
were also essentially constant at values of blade-jet speed ratio above 0.25, regardless 
of pressure ratio o r  percentage of admission. 

b 
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Variations in Stator Outlet Pressure 

Figure 9 shows the circumferential variation of stator discharge pressure. Stator- 

outlet pressure p is plotted as a ratio to inlet total pressure pi  for an overall total- 
to static-pressure ratio of 3. 0 and a blade-jet speed ratio of 0. 375. The location of the 
six pressure taps is shown with respect to the a r c  of admission for the three partial ad- 
mission tests. 

3 

The data for 51 and 31 percent admission show that stator-outlet pressures were 

I I I I I I I  
Admission 

0 Taps manifolded together 
.50 

.45 

-N n 

n 
-m .40 

2- 

!i .35 

3 
VI 
VI aJ 

- 
m * 0 c 

c a, - 
.E .30 

i t l i l  
I l l 1 1 1  

idmission arc, 

Circumferential position, deg 

Figure 9. - Circumferential variat ion of stator 
pressure ratio. Total- to static-pressure 
ratio, 3.0; blade-jet speed ratio, 0.375. 
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highest at the edge of the active a r c  where the rotor blades first enter the stator jet. 
This effect is not apparent in  the 12 percent data because the two taps in the active a r c  
a r e  manifolded together. 
Scavenging losses are mixing losses which occur when the stator jet mixes with the rel- 
atively stagnant air in the rotor passages which are entering the active arc.  

For the 51 percent admission test, there was a static-pressure drop across  the in- 
active portion of the rotor. The average stator pressure ratio for the inactive a r c  was 
0.352, while the turbine overall outlet-static- to inlet-total-pressure ratio w a s  0. 333. 
This pressure drop indicates that there was some flow through the inactive portion of the 
rotor. This flow could be caused by leakage from the stator jet into the clearance space 
between the stator and the rotor. For the 12 percent admission test, the average stator 
pressure ratio was close to the turbine overall pressure ratio, which was to be expected 
because the leakage flow per unit area had decreased. 

These high pressures may be caused by scavenging losses. 

‘t 

SUMMARY OF RESULTS 

The performance of a 3.75-inch (9. 52-cm) mean-diameter turbine was experimen- 
tally investigated in cold air. 
51, 31, and 12 percent. Partial admission losses were broken down into rotor pumping 
losses and all other partial admission losses. The results a r e  summarized as follows: 

from 0. 68 to 0. 56 as admission was reduced from 100 to 12 percent. 

the percentage of inactive arc,  all other partial admission losses were determined to be 
essentially constant. 
test conditions. 

where the rotor blades f i r s t  enter the active flow area.  
been caused by scavenging losses. 

Performance was  obtained for admission values of 100, 

1. At approximately design blade- jet speed ratio, the static efficiency decreased 

2 .  From the assumption that rotor pumping and windage losses a r e  proportional to 

These other losses were approximately 4 efficiency points for all 

3. Stator discharge pressures were highest at the edge of the a r c  of admission 
These high pressures may have 

Lewis Research Center, 
? National Aeronautics and Space Administration, 

Cleveland, Ohio, April 24, 1968, 
128-3 1-02-25-22. 
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APPENDIX A 

SYMBOLS 

active fraction of nozzle a r c  

conversion factor, 32. 17 (lb mass)(ft) - 
2 (lb force)(sec ) 

$ specific- work output, Btu/lb; joule/g 

specific-work loss due to power absorbed by rotor pumping and windage action, 
Btu/lb; joule/g 

c 

mechanical equivalent of heat, 778 ft-lb/Btu 

static efficiency loss due to power absorbed by rotor pumping and windage 
action 

rotative speed, rpm 

Ah 

Ahpw 

J 

=PW 

N 

P 

R 

V 
* 

'cr 

W 

W 

r 

rPW 
Y 

6 

E 

absolute pressure,  psia; N/cm' abs 

rotor reaction, 1 - (w3/w4) 
mean blade velocity, ft/sec; m/sec 

absolute gas velocity, ft/sec; m/sec 

critical velocity a t  U. S. standard atmosphere sea-level conditions, 1019 ft/sec; 
310.6 m/sec 

relative gas velocity, ft/sec; m/sec 

weight flow, lb/sec; kg/sec 

torque, in. -1b; cm-N 

torque output loss due to rotor pumping and windage action, in. -1b; cm-N 

ratio of specific heats 

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

&/P* 

function of y used in relating weight flow to that using inlet conditions at U. S. 
standard sea-level atmosphere, 0.740 I y [ (y + 1)/2 ]Y/(Y-l) 

static efficiency, ratio of actual specific-work output to ideal specific-work 
outplt based on ratio of exit static to inlet total pressure, p 4 / 3  

14 



squared ratia of critical velocity at turbine inlet to critical velocity at U. S. stand- 'cr 
a rd  atmosphere sea-level temperature, (V,,, l/Vc.) * 2  

x speed-work parameter, Um/AVu 

v blade-jet speed ratio; Um/)/2gJnhid; U m / d K  

p gas density, lb/ft ; kg/m 

w angular velocity, rad/sec 

Subscripts: 

3 3 

+ 

av 

c r  

id 

1 

U 

X 

1 

2 

3 

4 

5 

aver age 

conditions at Mach 1 

ideal, based on total- to static-pressure ratio 

tangential direction 

axial direction 

station at  turbine-inlet collector 

station at  stator inlet 

station between stator and rotor 

station downstream from rotor 

station at  turbine-exit collector 

Supers cr i  pt s : 

(') absolute total state 

(*) U. S. standard conditions (temperature, 518.7' R (288.2 K); pressure,  14.70 psia 
2 (10.14 N/cm abs) 
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APPENDIX B 

DERIVATION OF EXPRESSION FOR ROTOR PUMPING AND WINDAGE LOSS 

Reference 1 states that the power consumption due to disk windage and rotor pump- 
ing with no flow through the turbine can be computed from an equation of the form: 

3 Power - pN 

Consequently, the pumping and windage torque can be described by an equation of the 
form: 

As indicated in the section APPARATUS, INSTRUMENTATION, AND PROCEDURE, 
the windage and pumping power loss was determined for the subject turbine. These data 
are presented in figure 10 where the ratio of disk windage and pumping torque to density 

shown in the figure confirm the form shown in equation (Bl) with the final relation as 
follows : 

2 is plotted as a function of the square of the rotative speed N . The results rpw/p 

9 2  = 8.4X10- pN 
rPW 

I I 
4-4 

/ I  I I 

I t -- 

I l l 1  
I l l 1  
I l l 1  
1 1 1 1  
I I I I  
1 1- 1-1 

9 10 
Square of rotative speed, N 

Figure 10. - Correlation of torque due to windage and pumping wi th  rotative speed. 
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During partial admission operation, the disk windage torque for the inactive fraction 
of the a r c  of admission (1 - F), represents an extra loss due to partial admission opera- 
tion. The disk windage torque for the active portion F represents normal windage loss 
equal to the windage loss for  100 percent admission. If it is assumed that pumping loss 
is also proportional to the inactive fraction of the a r c  of admission (1 - F), 

The specific-work loss due to rotor pumping and windage Ah is computed from 
PW 

the angular velocity w ,  weight flow w, and the pumping and windage torque I' as 
follows: 

PW 

r w  
Ah == 

pw 12wJ 

r w ~ 1 ~ - 5  
Ah = pw , in SI units 

W PW 

Since w = 0. 1047 N, 

9 . 4 1 ~ 1 O - ~ ~ p ~ ~ ~ ~ ( 1  - F) 
Ah = 

PW W 

6. 20X10-15pavN3(l - F) 
Ah = , in SI units 

W PW 

The pumping loss L is expressed as a fraction of ideal specific work: PW 

PW 
Ah 

L =- 

A hid 
PW 

The blade- jet speed ratio is a function of N and Ahid: 

17 
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11ll1ll11ll I II 1111ll11 I1111111 

I 

When equations (B5) and (B7) are substituted into equation (B6), the pumping and windage 
loss  becomes 

t 

1 

1 . 7 6 ~ 1 0 - ~  v2pavN(1 - F) 
- 

Lpw - W 

7 2  4. 96x10- v PavN(l - F) 
- , in SI units 

Lpw - W 

With a choked stator, the equivalent weight flow cw&/6 is proportional to the active 
fraction of stator a rea  F. At a turbine-inlet temperature of 540' R (300 K) and an inlet 
total pressure of 25 psia (17.3 N/cm abs), w = 0.312 F (w = 0. 142 F, SI units). Using 

this value of weight flow in equation (B8), results in the final equation for pumping and 
windage loss: 

2 

~ 

= 5. 6x10- 5 2  v p,N (T) 1 - F  
LPW 

= 3.  5x10- 6 2  v pavN (y) , in  SI units 
LPW 
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