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Summary A design review of the turbine at Lewis identified
two features that were potential contributors to the

An experimental investigation was conducted on a observed efficiency deficit. One of these features was
13.5-centimeter-tip-diameter aircraft engine starter the use of a single-inlet manifold designed to turn the
turbine to determine the reasons for its low flow 1800 into the stator. In this kind of manifold
aerodynamic performance. The investigation design the flow enters a single feed pipe, branches,
consisted of an evaluation of both the stator and the and then flows down both sides of the manifold,
stage. The investigation focused on determining the resulting in large and variable stator incidence angles
effect on the aerodynamic performance of two and possibly radial and circumferential gradients in
turbine design features: the use of a manifold having mass flow. The second design feature was the use of a
a single inlet and designed to turn the flow 180" into honeycomb shroud surface over the rotor blade tips.
the stator, and the use of a honeycomb shroud The honeycomb was used because it permitted the
surface over the rotor blade tips. Three rotor use of a lower rotor tip clearance and gave protection
configurations and three honeycomb shroud to the rotor in case of contact with the shroud.
configurations were evaluated. The three rotor The original starter turbine rotor had 37 untwisted,
configurations consisted of an untwisted, 37-blade constant-section blades. Because of the uncertainty
rotor, an untwisted, 43-blade rotor, and a twisted, as to the cause of the turbine performance deficit,
43-blade rotor. The three honeycomb shroud two additional blade designs were made by the
configurations consisted of the original shroud, a manufacturer as possible replacements for the
filled shroud, and a half-depth shrouda original rotor. Both redesigned rotors had 43 blades

The results of this investigation indicated that to increase blade solidity. One was an untwisted,
when the original honeycomb shroud was filled to constant-section blade design and the other was a
obtain a solid shroud surface, efficiency twisted blade design. All three rotors were delivered
improvements ranging from 8.2 to I 1.0 points were to Lewis for experimental evaluation.
obtained for the three rotor configurations. As a The experimental evaluation consisted of two
result the total efficiencies ranged from 0.868 to parts: bellmouth inlet and stator exit surveys to
0.883. This large loss associated with the open determine whether the manifold significantly
honeycomb shroud was believed to be due primarily affected stator performance, and a turbine stage
to the energy loss associated with gas being evaluation. Each of the three rotors was evaluated as
transported into and out of the honeycomb cells as a part of the turbine stage. Each stage configuration
result of the blade-to-blade pressure differential at was investigated with the original honeycomb shroud
the lip section. configuration and with the honeycomb shroud filled

The effect of the manifold design was to cause to produce a smooth, continuous shroud surface. In
large radial and circumferential gradients in flow. addition, the untwisted, 37-blade rotor configuration
However, the stator exit surveys indicated that no was evaluated with a honeycomb shroud
major loss areas existed in the stator. configuration that had a cell depth that was half of

the original depth.
Introduction This report presents the results of the experimental

investigation conducted at the Lewis Research
The NASA Lewis Research Center was requested Center. Presented are survey results obtained at the

by the Department of the Navy to conduct an bellmouth inlet and stator exit and stage performance
experimental performance investigation of a results for the different stage configurations
13.5-centimeter-tip-diameter aircraft engine starter investigated. The effect on turbine stage performance
turbine. Experimental evaluation of this turbine by of varying the honeycomb depth is also discussed.
the manufacturer indicated an efficiency that was
approximately 10 points lower than design. With this
low performance it was believed that this starter Symbols
turbine could not start the aircraft engine within the
time period specified for the aircraft. The AR blade aspect ratio based on actual chord
experimental program at Lewis was intended to length
determine the reasons for the turbine performance
deficit. N turbine speed, rpm
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P absolute pressure, N/cm 2  1 station at bellmouth inlet (fig. 7)
R, blade mean reaction, 2 station at stator exit (fig. 7)

(P2m -P3m )/(PI -P3m) 3 station at rotor exit (fig. 7)
r radius, m 4 station at diffuser exit (fig. 7)

T absolute temperature, K Superscripts:

U blade velocity, m/sec absolute total condition

V absolute gas velocity, m/sec * U.S. standard sea-level conditions

AV, change in absolute tangential velocity, (temperature, 288 K; pressure, 10.13
m/sec N/cm 2 )

W relative gas velocity, m/sec
w mass flow, kg/sec Turbine Design
U absolute gas flow angle measured from

axial direction, deg The aircraft starter turbine tested in this
relative gas flow angle measured from axial investigation was a single-stage, axial-flow design

direction, deg with a tip diameter of 13.5 centimeters. A cross-

ratio of specific heats section schematic of the turbine is shown in figure 1.
Flow entered the manifold at a critical velocity ratio

6 ratio of manifold inlet total pressure to of about 0.25, turned 90, split, and then turned
U.S. standard sea-level pressure, P6/PO another 900 into the stator. A short bellmouth inlet

function of -y used in relating parameters to was used ahead of the stator to provide minimum
those using air inlet conditions at U.S. inlet endwall boundary layers. The stator vanes were
standard sea-level conditions, untapered and untwisted. The original rotor blade
(0.740/y)J(y+ 1)/21/I(-t ) design was also untwisted but was tapered. A

VO-4 static efficiency based on manifold-inlet- honeycomb material was used over the rotor blades
total- to diffuser-exit-static-pressure ratio to protect the blades in case of a rotor rub. With this

11 -3 static efficiency based on bellmouth-inlet- added protection a smaller rotor tip clearance equal

total- to rotor-exit-static pressure ratio to about I percent of the rotor blade height could be

7 -3 total efficiency based on bellmouth-inlet-
to rotor-exit-total-pressure ratio

Ani -3 performance loss

Ocr squared ratio of critical velocity at
manifold inlet temperature to critical
velocity at U.S. standard sea-level
temperature, (VcrO/ Vcr )2

JA viscosity, N sec/rnelmot
v0 _4  blade-jet speed ratio based on manifold-

inlet-total- to diffuser-exit-static-pressure
ratio

P I-3 blade-jet speed ratio based on bellmouth- RotorJ
inlet-total- to rotor-exit-static-pressure
ratio

o solidity based on actual chord length ---

Subscripts:

cr condition corresponding to Mach I

h hub

m mean section

I , tip manifod

u tangential direction
0 station at manifold inlet (fig. 7) Figure L - Turbine cross-sectional schematic.
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TABLE I.-TURBINE DESIGN PARAMETERS

Paraieter Aciua; Equivalent Test
conditions

Turbine inlet temperature, K 501.7 288.2 322
Turbine inlet pressure, 31.8 10.1 13.8
N/cl c

Mass flots rate, kg/sec 0.828 0.348 0.448
Rotative speed, rpm 43 893 33 267 35 178
Specific work, J/g 114.2 65.6 73.3
I orque, N-in 20.6 6.5 8.8
Powser. kWk 94.5 22.8 32.8
Total to total pressure ratio, 2.84 2.84 2.84
Pi /P

Total to static pressure ratio. 3.10 3.10 3.10

P; P,
Total to static pressure ratio, 3.14 3.14 3.14
P,;, P.,

Total efficiency, q 0.880 0.880 0.880
Static efficiency, q, 0.819 0.819 0.819
Static efficiency. '. 0.812 0.812 0.812
Work factor, AV,/U,, 1.47 1.47 1.47
Reynolds number, wlr,, 5.1 x 10' 3.2 x 10' 3.7 x 10'
Blade-jet speed ratio. v, 1 0.524 0.524 0.524
Blade-jet speed ratio, v,, 4 0.522 0.522 0.522

TABLE II.-TURBINE DESIGN PHYSICAL PARAMETERS three rotor configurations were evaluated in this
investigation. Besides the original untwisted,

Parameter Stator Untwisted, Untwisted, Twisted 37-blade rotor, an untwisted, 43-blade rotor and a
37-blade 43-blade 43-blade twisted, 43-blade rotor were evaluated. Both
rotor rotor rotor- 43-blade rotor designs had a solidity of 1.70, as

Actual chord,' cttt 2.490 1.592 1.493 1.493 compared with 1.56 for the 37-blade rotor design.
Axial chord. cm 1.693 1.405 1.438 1.438 The 43-blade rotor designs also had much thinner
Leading-edge 0.166 0.1(04 0.030 0.030 leading edges.
radius, cit The mean-section velocity diagram is shown in

Trailing-edge 0.021 0.015 0.013 0.013 figure 2. The stator discharge angle was 73% but the
radius, cm

Radius, cm: rotor was designed for zero exit swirl. The mean
Hub 5.32 15.18 "5.18 '5.18  rotor reaction R, was 0.21.
Mean 6.02 "6.02 b 6.02 '6.02 The manifold and stator assembly and the rotor
Tip 6.72 "6.87 b6.87 '6.87 configurations evaluated are shown in figures 3

Blade height, ctn 1.40 1.56 1.56 1.56
Solidity' ,, 1.51 1.56 1.70 1.70 and 4, respectively. Figure 5 shows the three types of
Aspect ratio, AR 0.56 0.98 1.06 1.06 honeycomb shrouds evaluated. Each rotor
Number of blades 23 37 43 43 configuration had its own shroud. The original
Radius ratio 0.79 0.77 0.77 0.77 honeycomb shroud, denoted as the open honeycomb,
Blade pitch.' crl 1.64 1.02 0.88 0.88 had a cell diameter of 0.16 centimeter and a cell

'Values at mean section. depth of 0.38 centimeter. The second honeycomb
'Values at rotor exit, shroud, denoted as the half-depth honeycomb, had

the same cell diameter but a cell depth of only 0.19
centimeter. Each of the open honeycomb shrouds

used. The turbine exit section was designed to diffuse was filled to produce a solid shroud surface
the flow, configuration, which was denoted as the filled

The actual design conditions, the equivalent design honeycomb. The purpose of testing these three
conditions, and the test conditions for this turbine shroud configurations was to quantify the variation
are shown in table i. The turbine was designed for an of turbine efficiency with honeycomb depth.
efficiency of 0.88 at a work factor of 1.47. Some of
the physical parameters for this turbine are listed in Research Equipment and Procedure
table II. The stator had 23 blades; the stator blade
height and aspect ratio were 1.40 centimeters and The apparatus used in this investigation consisted
0.56, respectively. As mentioned in the Introduction of the research turbine, an airbrake dynamometer
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Station ,Vvcr 1.053 used to control the speed and absorb and measure the

a a VI~r 153power output of the turbine, an inlet and exhaust
_, :_ - piping system including flow controls, and

2 *Iw U'Vcr -0.675 appropriate instrumentation. A schematic of the
experimental equipment is shown in figure 6. The

!Wcr • 0. 821 0 rotational speed of the turbine was measured with an
wv' r ° -0-389electronic counter in conjunction with a magnetic

pickup and a shaft-mounted gear. Mass flow was
cr measured with a calibrated venturi. Turbine torque

was determined by measuring the reaction torque of

Station bsolute tRelative the airbrake, which was mounted on air trunnion
gas angle, gas anqle, bearings, and adding corrections for tare losses,

a. 13. j which were the turbine bearings and seal losses and
deg deg2 7 47. 2 the coupling windage. These tare losses corresponded

3 -63. 1 to about 4.0 percent of the measured torque obtained
at design equivalent speed and design blade-jet speed

igure 2. - Mean-section velocity diagram, ratio. The torque load was measured with a

commercial strain-gage load cell.
The turbine instrumentation stations are shown in

figure 7. Instrumentation at the manifold inlet
(station 0) measured wall static pressure and total
temperature. Static pressures were obtained from
two taps located 180" apart. Total temperature was
measured with three thermocouple probes that were
located at approximately 10, 50, and 90 percent of
the pipe diameter.

At the bellmouth inlet (station I) total pressure and
flow angle were measured at four circumferential
locations with the survey probe shown in figure 8. At
each circumferential location data were obtained at
several radial positions ranging from about -7 to
115 percent of the stator blade height. At each

-, position the survey probe remained fixed and the
flow angle and total pressure were obtained from
probe measurements and calibration curves.

At the stator exit (station 2), less than half an axial
chord length downstream of the stator, static

Figure 3. -Manifold and stator assembly. pressures were measured with 16 taps, eight each on
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Half-deth h)t ?i

Open honeycomb

Filled honeycomb C-80- 1290

Figure 5. - Honeycomb shroud configurations.

Air from high-pressure

supply systemStio0:Fw
Stationo(I FloStatic pressure I

Air heater Total temperature

Gas
filter Flow venturi

Isolation shutoff valve ttion 4: • S tion 1:

Static pressure Total pressure

turbine I Pressure control valve Sttuo and lp' Flow aiqe~Stdton 

?:

sStatic-pressureI

Airbrake (hub and tip'
dynamometer

-~ tat Lxil dillfuser duct.

: L ,J~i Tolo-prssreStation 
O: Flow

To low-pressureStatic pressureeuTo syte 

t---' pre" u re L

exhaust system Total temperature
Air from and control valvesVES

supply system

Figure 6. - Experimental equipment schematic.

the inner and outer walls. The inner and outer wall 3: S 3 Station :

- iner ute ~ .. .... oterStatic pressure Total pressure
taps were located opposite each other at different i Ihub and tip) Flow angle
intervals around the circumference. Total pressure Station 2:

As shown in figure 7 two different exhaust ducts Total temperature Static pressure

were used. To obtain turbine performance data F-gu t

including the diffuser, the exit diffuser duct shown in
figure 7(a) was used. Blading performance was i Constant-area exhaust duct.

obtained by replacing the exit diffuser duct with a Figure 1. -Turbine instrumentation.
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constant-area exhaust duct (fig. 7(b)). Using a approximately 12 axial chord lengths downstream
constant-area exhaust duct allowed the rotor exit of the rotor.
instrumentation to be located at a position where the At the rotor exit (station 3) static pressure, total
rotor wakes were mixed out without being affected pressure, total temperature, and flow angle were
by the diffusion process. This position was measured. The static pressure was measured with
determined by using a hot-wire anemometer survey eight taps, four each on the inner and outer walls.
probe at several axial locations downstream of the These inner and outer wall taps were located opposite
rotor. For this turbine this position was each other at 90* intervals around the circumference.

Three self-aligning probes located at three positions
around the circumference were used to measure total
pressure, total temperature, and flow angle. The
rotor exit survey probe and actuator are shown in
figure 9.

At the diffuser exit (station 4) static pressure was
measured with eight taps, four each on the inner and
outer walls. These inner and outer wall taps were
located opposite each other at 90* intervals around
the circumference.

The experimental program consisted of an
evaluation of both the stator and the stage. The
stator evaluation included both bellmouth inlet and
stator exit surveys The bellmouth inlet surveys were
discussed earlier. For the stator exit surveys the rotor
was removed and the survey probe shown in figure 10
was used to obtain total pressure and flow angle over
a range of circumferential and radial positions.
Figure 11 shows the bellmouth inlet and stator exit
survey circumferential locations. Each of the four
stator exit survey sectors consisted of two consecutive
stator blade spacings (31.3"). In each sector data
were obtained approximately every 1.2' at radial

C-80-1293 positions equal to approximately 10, 30, 50, 70, and
90 percent of the stator blade height. For each data

Figure 8. - Bellmouth inlet survey probe. point the probe remained fixed and the total pressure

C-8- 2"- 2

Figure 9. - Rotor exit survey probe and actuator.
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Figure 10. -Stator exit survey probe.

Flow
dire ction L

Sector -eitn

A- D

-Stator G
trailing
edge

F'

B c ~ Static pressure taps

ta) Beilmouth inlet survey locations. (b) Stator exit survey sectors.

Figure 11. - Beilmouth inlet and stator exit survey locations (view looking into manitold).



and flow angle were obtained from probe readings used in determining the efficiencies were calculated
and calibration curves. The survey data obtained at a from mass flow, static pressure, total temperature,
given radial position were then arithmetically and flow angle. At the manifold inlet the flow angle
averaged. Both the bellmouth inlet and stator exit was assumed to be zero. The bellmouth inlet total
surveys were conducted at the design manifold-inlet- pressure was based on an arithmetic average of the
to stator-exit-mean-static-pressure ratio of 2.2. bellmouth inlet survey results.

For the stage evaluation data were obtained at
nominal inlet total flow conditions of 322 K and 13.8
N/cm 2 . The turbine Reynolds number at these
conditions was about 3.7x]05, which was Results and Discussion
considered high enough to avoid any effect of
Reynolds number on performance. Initially, the exit Stator Survey Results
diffuser duct was installed and performance data
were obtained over a range of manifold-inlet-total- to The bellmouth inlet survey results are shown in
diffuser-exit-static-pressure ratio from 1.60 to 4.60 figure 12. As mentioned in the section Research
and over a range of design equivalent speeds from 30 Equipment and Procedure the bellmouth inlet

to 110 percent. All three rotors were tested with the surveys were conducted at radial positions from
exit diffuser duct installed. The constant-area about -7 to 115 percent of the stator blade height at
exhaust duct was then installed. Data were obtained four circumferential positions (fig. 11).
for the three rotor configurations over a range of Figure 12 shows that the bellmouth-inlet- to
bellmouth-inlet-total- to rotor-exit-static-pressure manifold-inlet-total-pressure ratio was about 0.98
ratios from 1.55 to 4.50 and over a range of design around the circumference. Because the flow entering
equivalent speeds from 30 to 110 percent. the manifold impacted the elbow section before being

The turbine was rated on the basis of both total turned 1800 into the stator (fig. 1), about 50 percent
and static efficiency. The actual work was calculated of the velocity head was lost. In addition, the total
from torque, speed, and mass flow measurements. pressure ratio decreased from the hub to the tip at
The manifold inlet total and rotor exit total pressures each circumferential position. This trend was

LOO -60 i

.96 - 0

,92 -60

a-1) Location A. b-1 Location A.
1.0W 60

~.96 -- 0-C

.+ ~ ~ F I ___

.92 ~-60 1

(a-2) Location B. (b-2) Location B.
~LOO -60

.96 - 0

,92 1 1 1 L1 i -6

0a-31 Location C. lb-3) Location C.

1.W 60

.96 - 0 -

.92? -60 -
-25 0 25 50 75 100 125 -25 0 25 50 75 100 125

Radial position, percent of stator height

(a-4) Location o. 0-4) Location D.

ta) Total pressure ratio. ib) Sellmouth inlet flow angle.

Figure 12. - Bellmouth inlet survey results.
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Figure 13. - Stator exit survey results.

attributed to a probe pitch angle effect as the probe probe pitch effect was not considered to be
was moved radially toward the tip into a region detrimental.
where high radial components of flow existed. Since Also indicated by figure 12 is a circumferential
the survey probe was not calibrated for a pitch angle variation in the level of total pressure. The total
greater than 100, the total pressure obtained from the pressure ratio was about 0.5 percent higher near the
calibration curve would have been less than the true bottom of the manifold (locations B and C) than at
total pressure. However, even if it were assumed that the sides (locations A and D). Although this trend
the total pressure ratio had remained constant near was unexpected, the amount of variation was
the tip instead of decreasing, this would have had considered small and no further investigation of this
only a small effect on the average value. Thus the trend was made.

- l L ~ L9



Test speed,

Al arithmetically averaged total pressure ratio was percent of equivalent

calculated at each of the four locations surveyed, and design speed

then those four aerages were combined into a single z 110 V 60
overall average. The overall average was 0.983, 0 100 < 50
which was also the design value. This value of 0.983 0 90 3q 40

11 W0 V 30
was subsequently used in the stage tests to determine L 70 0 Desvin
the bellniouth inlet total pressure from the manifold -002 I

inlet total pressure. I
Figure 12 also shows a wide radial and 7I

circumferential ariation in the bellmouth inlet flow l 4
angle. Since the design bellniouth inlet flow angle
was 0', it i, e\ident that the stator experienced 32_
incidence angles ranging from -40 ° to 40'. The t.5 0, 2.5 3.0 3.5 4.0
effect of this incidence angle variation was expected Bellmouth-inlet-total- to rotor-exit-stat, oressure

to be small since the critical velocity ratio at the ratio, 1 P3

stator inlet was only about 0.2. licpure 14. - Variation of mass flov. vith press..re ratio.

The stator exit survey results are shown in figure
13. Test data obtained by the manufacturer indicated gradients in flow, no large loss areas existed in the
a high loss area near sector E (fig. I I). The stator exit stator.
surveys were made to determine whether this or any
other major loss area existed. Stage Results

As with the bellmouth inlet survey results the
stator exit surveys indicated radial and Equivalent mass flow is plotted against turbine
circumferential variations in total pressure and flow pressure ratio in figure 14. Beyond a pressure ratio of
angle. The highest total pressure was near the bottom about 2.3 a stator choke condition existed. The

of the manifold (sector F), which was consistent with choking mass flow was 0.349 kg/sec, which was 0.3
the bellmouth inlet results. Arithmetically averaging percent higher than design. Since a stator choke
the total pressure ratio and flow angle data resulted condition existed, the mass flow was unaffected by
in values of 0.950 and 710. The corresponding design the rotor configuration. Therefore the mass flow
values were 0.936 and 73'. The survey results at each trend shown in figure 14 was typical for all the rotor
circumferential position were used to calculate stator and shroud configurations evaluated. A summary of
exit tangential velocity ratios, which are also shown the turbine efficiencies obtained at design equivalent
in figure 13. The results indicated that the radial conditions of speed and blade-jet speed ratio is
variations in tangential velocity ratio at the four presented in table III for all the rotor and shroud
survey sectors were close to the design intent. From configurations evaluated in the stage investigation.
the results shown in figure 13 it was determined that Initially the three rotor configurations were
even though there were radial and circumferential evaluated with the exit diffuser duct and the original

TA1t1E II.t-STAGE RESULTS SUMMARY

Results at design equivalent conditions of d.sign speed
and blade-jet speed ratio.

Rotor Static efficiency, Total efficiency. 't,
configuration (honeyconb open)

4 a Honevcomb Honevcontb Half-depth
open filled honeycomb

Untwisted. ().758 0.786 0.868 0.85(

37-blade rotor

Untwisted. .750 .78S .871 ----

43-blade rotor

T isie d , .7 2 5 7 3 .8 8 3 -

43-blade rotor

Ito

V 5r ~ ~



honeycomb shroud installed. The performance
results are shown in figure 15. Static efficiency, based Test speed,
on the manifold-inlet-total- to diffuser-exit-static- percent of equivalent
pressure ratio, is plotted against blade-jet speed design speed
ratio. At design equivalent conditions of speed and Z 110 [7 60
blade-jet speed ratio the static efficiencies were 0 100 <0 50
0.758, 0.750, and 0.725 for the untwisted, 37-blade, 0 90 ,Q 40
the untwisted, 43-blade, and the twisted, 43-blade .9 - 0 80 V 30

rotor configurations, respectively. These efficiencies L 70 Design

ranged from 5.4 to 8.7 points lower than the design .8 -
value of 0.812.

The performance results for the three rotor 7
configurations with the constant-area exhaust duct
and the original honeycomb shroud installed are 6-
shown in figure 16. Total efficiency, based on the
bellmouth-inlet- to rotor-exit-total-pressure ratio, is
plotted against blade-jet speed ratio. At design
equivalent conditions of speed and blade-jet speed
ratio, the total efficiencies were 0.786, 0.785, and .4

0.773 for the untwisted, 37-blade, the untwisted,
43-blade, and the twisted, 43-blade rotor
configurations, respectively. These efficiencies (at Untwisted, 37-blade rotor.
ranged from 9.4 to 10.7 points lower than the design .9 F
value of 0.88.

Both the manufacturer and the Lewis Research .8 -- 0
Center believed that the turbine efficiency would be
higher with the untwisted, 43-blade rotor than with
the untwisted, 37-blade rotor because of higher rotor 6
solidity. Similarly, the highest efficiency was
expected with the twisted, 43-blade rotor because of .
hher rotor solidity and more optimum rotor :_
incidence. Figures 15 and 16 reveal that neither of .5

these expectations was fulfilled. It is likely that the
improvements that were expected were masked by the .
large loss mechanism that caused the turbine
efficiencies to be considerably less than design. .3- - _- __-' _-_ ] -i _--.... _.

The dramatic improvemefit in turbine efficiency N81 Untwisted, 43-blade rotor.
that occurred when the honeycomb shroud was filled .91-
is shown in figure 17. As before, turbine efficiency is
plotted against blade-jet speed ratio. At design .
equivalent conditions of speed and blade-jet speed
ratio the total efficiencies were 0.868, 0.871, and
0.883 for the untwisted, 37-blade, the untwisted,
43-blade, and the twisted, 43-blade rotor
configurations, respectively. These efficiencies .
ranged from 8.2 to 11.0 points higher than with the
honeycomb shroud unfilled. It is apparent that the 5-
open honeycomb shroud caused a massive loss
mechanism to occur.

Comparing figures 16 and 17 shows that the largest
efficiency improvement (11.0 points) occurred with 3L L
the twisted, 43-blade rotor. This implied that the .1 - .3 .4 5 . .7 .8 .0
open honeycomb shroud degraded the stage Blade-jet speed ratio, v0 4
performance more for this rotor configuration than lc) Twisted, 43-blade rotor.
for the other two rotor configurations. As shown in Figure 15. - Variation of efficiency with blade-jet speed ratie
figure 18 a higher level of rotor reaction was obtained with exit diffuser duct installed and ,ith open honeycomb
for the twisted rotor design than for the two shroud.

LU
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.,ithl ron sant- area exhatO ducliit installed.' with open with constant-area exhaust duct installed and honi ,.
hlons'orih stiroiid. shroud filled.
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A Twisted, 43-blade rotor -- .
O Untwisted. 37-blade rotor .

] Untwisted, 43-blade rotor -" _ 0
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Figure 19. - Performance loss between filled
9 ______ _ i and open honeycomb shroud configurations
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blade-jet speed ratio.
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iqure 18. - Variation of static pressure through turbine at
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untwisted rotor designs for both the open and filled.
honeycomb shroud configurations. This difference in
rotor reaction would suggest that, as compared with
the two untwisted rotor configurations, the rotor
inlet absolute tangential velocity was lower and the I I I ] i
rotor exit absolute tangential velocity was higher for . .2 .3 .4 .5 .6 .7 .8 .9
the twisted rotor configuration. Therefore, since the Blade-jet speed ratio, v-3
rotor exit absolute tangential velocity was a bigger Figure 20, - Variation of efficiency with blade-jet speed

contributor to the work output for the twisted rotor ratio with half-depth honeycomb shroud installed -

configuration, the performance loss caused by the untwisted, 37-blade rotor configuration.
open honeycomb shroud was more severe. In
addition, figures 16 and 17 show that the 0.850. This efficiency was 6.4 points higher than with
performance loss for the open honeycomb shroud the original honeycomb shroud installed and 1.8
was not constant for each speed line tested. In fact, points lower than with the filled honeycomb shroud
as shown in figure 19 for the untwisted, 43-blade installed. As compared with the original honeycomb
rotor configuration, the performance loss between shroud the percentage increase in efficiency with the
the unfilled and filled shroud configurations half-depth honeycomb shroud installed was greater
decreased with decreasing speed for operation at than the percentage change in the honeycomb cell
constant blade-jet speed ratio, depth.

To obtain additional data on the performance Rotor exit radial surveys of total temperature,
degradation due to the honeycomb, a second total pressure, and flow angle were conducted at
honeycomb shroud was fabricated. This second design equivalent values of speed and blade-jet speed
shroud had the same cell diameter as the original, but ratio to determine variations in blade element
the cell depth was halved. This new shroud was performance. Three survey probes were located
evaluated with the untwisted, 37-blade rotor downstream of the rotor at three different
installed. The performance results are presented in circumferential positions. The results from the
figure 20. At design equivalent values of blade-jet probes were then arithmetically averaged. Figure 21
speed ratio and speed the turbine total efficiency was shows the averaged rotor exit survey results for the
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untwisted, 37-blade rotor operating with each of the ..
three shroud configurations. There are significant ..

differences in the radial variations of the flow _ i, t 'r

parameters among the three shroud configurations.
The absolute levels of turbine efficiency calculated
from the survey data (fig. 21(d)) are not as accurate _
as those based on the measured turbine torque,
primarily because conduction made it difficult to
obtain accurate total temperature measurements. U.

However, the radial variations and relative levels of ..

turbine efficiency calculated from the survey data are
considered adequate to reveal significant differences
in the blade element performance. These results show
that the honeycomb shrouds affected not just the
flow locally near the tip, but also the flow across the -

entire blade span. Figures 21(b) and (c) show that the
radial variations in total temperature and total
pressure were more nearly constant for the filled ,

honeycomb shroud than for the two open
honeycomb shrouds. The most dramatic efficiency
improvement occurred with the filled honeycomb
shroud as shown in figure 21(d). The efficiency for
the filled honeycomb was higher across the entire .32,
blade span than that for the open honeycomb. The
biggest difference was near the midspan, where a r

large loss area existet.; for the open honeycomb. Foro. -

the half-depth honeycomb this midspan loss area was
still present, although not as severe. b.

Kulite Probe Results .7

The rotor exit survey results showed that a large 0 ?0 40 60 80 100

loss extending over most of the rotor blade occurred Radial position, percent of pdss&I, nci ;,

with the rotor operating with an open honeycomb (di Efficienc\.

shroud. To obtain an understanding of this loss Figure ?1. - Rotor exit surves results -

mechanism, a high-frequency-response Kulite probe untwisted, 37-blade rotor configuration.
was installed in both the open and filled honeycomb
shrouds near the mid-axial chord location. The
Kulite probe measured the rotor tip static pressure (b) data were obtained at 40, 60, 80, and 100 percent
variation across the rotating blade passages at this of equivalent design speed.
mid-axial chord location. These pressure Figure 22 shows that the magnitude of the peak-to-
measurements were taken over a range of turbine peak pressures varied from about 40 to 60 percent of
speed and were analyzed to obtain insight into the the average pressure. In addition, although the peak-
honeycomb shroud performance loss. to-peak pressure values changed for both cases as

The Kulite probe results for the untwisted, speed changed, these pressure changes were small.
43-blade rotor are shown in figure 22. The data The following flow model was hypothesized on the
presented in figure 22(a) were obtained with the basis of the results shown in figure 22: As the rotor
Kulite probe installed in one cell of the filled blade passed by each cell in the honeycomb shroud,
honeycomb shroud and flush with the shroud there was a rise in the static pressure. As a result a
surface. The peak-to-peak pressure values are an finite amount of gas flowed into the cell. After the
indication of the pressure differential between the maximum static pressure was reached, the pressure
suction and pressure sides of the blade at the tip began to decrease, a sign that flow had exited the cell.
midchord location. The data shown in figure 22(b) The absolute velocity of this flow was normal to the
were obtained with the Kulite probe placed at the mainstream flow direction. This flow out of the cell
bottom of one cell in the open honeycomb shroud so continued until the adjacent blade approached. This
that the transducer sensed the pressure variations at cyclic exchange of mass flow was repeated 43 times
the bottom of the cavity. For both figures 22(a) and for each revolution of the rotor. The amount of gas

14

A-. ..L. .. . , Ill_-....... .. .,,* -.. . ." f'il it" :" ' :-.-,. . .. ... . .. " ,, i' ni. .



Kuhte probe

[low f low ,

S 100 sec - - 5(1s lO0 ., 50 P

.VV ?/1.7 2 % ~ . . ",.,2 . . . . . r
?

0
Id- 11 40 Percent of (1 2' oO Percent of I 40 P'ir ent ib ' 50 P r ent I
equiv lent desin q:IVdle lltnes qn I' c t desoln f'5 Ul di ent desitjn
speed. jpen t. P d

50usei,0 se, 6 0 so i - - $0 s

I I

id -3180 Peren ltdd .11W INper,-i it it 31 so ir tn-nt in 4, Hit P,-r n
eqUI ~dI i in 1ii i.JI' t .Pii qmfler-n l ? ,,,

speed l . Pee" Speed.

(di Probe- Ni s dit n vW r- ree
(
eswi to.

I jiq re 22. Islst of Ir-ss Alth Pr, ss jre pri~) .5. jlj~ nt iir-i n im n, sir A jt ufltltsLl 43 i)ijd, ri ir.

flowing into and out of the cells was theorized to be Concluding Remarks
proportional to the cell volume and the average peak-
to-peak pressure within the cell. The mass flow rate
was then proportional to the amount of gas flowing
into and out of the cells per passing blade and the The results obtained in this experimental
blade passing frequency. Thus there was a trend of investigation showed that the use of an opcrl
increasing mass flow rate with increasing rotative honeycomb shroud caused the large perfcrmance
speed . deficit for the aircraft engine starter turbine.

The gas being transported into and out of the Although the loss mechanism associati with the
honeycomb cells caused an efficiency loss. The honeycomb shroud is not fully understood, there is

transported gas lost kinetic energy in entering and no doubt that the use of this shroud in this turbine
leaving the cell. This flow reentered the primary application is not desirable. It is possible that a
mainstream with zero absolute tangential and axial honeycomb shroud configuration exists in which the
velocity. Thus energy from the rotor and the primary performance loss would be ngininized. Howeser, the
mainstream was required to energize this fluid. In results if this program could not be used to
addition, the mainstream flow velocity was reduced determine what this optimum configuration would
in mixing with the transported gas, and thus a region be.
of low-momentum fluid was formed, the effect of The efficiencies that were achieed when the
which was propagated radially and caused a large honeycomb shrouds were filled were considered
loss to occur over most of the blade height. The excellent for a turbiie of this size ard work factot
amount and extent of this loss would of course vary Alithough no stator inlet oundai laer
with the amount of transported gas. Thus, reducing measurements were made, it %as beliesed that the use
the honeycomb cell depth or reducing the turbine of' the short bellmouh inlet nith its resultant thin
rotative speed would reduce the performance deficit bundar layers w an important contiibutor to
for an open honeycomb shroud. these efficiency lesels.



Summary of Results I. When the original honeycomb shroud
configuration was filled to obtain a solid shroudAn experimental imrestigation was conducted on a surface, efficiency improvements ranging from 8.2 to

l.3+.5-cent -ireter-diareter aticrall engine starter 11.0 points were obtained for the three rotor
turbine to deteitlle the icasons for its low configurations. As a result the total efficiencies
acod.,,namic pctoiiiatce lhe inestigation ranged from 0.868 to 0.883.
collisted ot all csaluatio of both tile stator and the 2. The large loss associated with use of an open
stage. I he inCesrgatltio Iocucd on derermining the honeycomb shroud was believed to be due primarily
eftect on the aei od. flailtIC pCtOllllaniCe Of tWO to the energy loss associated with gas being
turbine desigti leaturles: the use of a manifold having transported into and out of the honeycomb cells as a
a single inlet and designed to turn the flow 1800 into result of the blade-to- blade pressure differential at
the stator. antd the use of a honeycomb shroud the tip section.
surface oser the iooi blade tips. Three rotor 3.Although the manifold used in this turbine
configutatios, and ihlee holieconnb shroud design caused large radial and circumferential
configuratimis %seic caluated. The three rotor gradients in flow, the stator exit surveys indicated
configul atioll, oi,,,ed kt an unt, isted, 37-blade that no large loss areas existed in the stator.
rolor, all un, ised 43-blade rotor, and a twisted,
43-blade rotor. the three honeycomb shroud
configurations Consisted of the original shroud, a Lewis Research Center
filled shroud, and a halt-depth shroud. The results of National Aeronautics and Space Administration
this mniestigaiori can be summarized as follows: Cleveland, Ohio, October 3, 1980
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