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NATTONAL ADVISORY COMMITTEE FOR AERONAUTICS

RESEARCH: MEMORANDUM

EXPERIMENTAL INVESTIGATION OF THE EFFECT OF A SHROUDED ROTOR
ON THE PERFORMANCE OF A CONSERVATIVELY DESIGNED TURBINE

By Cavour H. Hauser and Henry W. Plohr

SUMMARY

In order to determine the effect of shrouding the rotor blades of
a particular turbine design on the over-zll turbine performence, a con-
servatively designed experimentel cold-sir turblne was lnvestigated
both with and without a shroud band on the rotor blades. The tip of the
rotor blade was oriented toward the tangentlal direction so that the
adverse effect of blade-tip screping would not be spprecisble. It was
found that the addition of a shroud to the turbine-rotor blades had only
a slight effect and did not improve the turbine performasnce. The effi-
clency for the unshrouded-rotor configuration was sbout one point higher

than for the shrouded rotor.

INTRODUCTION

The use of shrouding on the rotor bledes of aircraft gas turbines
effects both mechanical and aerodynamic aspects of the design. If light,
high-aspect-ratic rotor blades are used, the use of a shroud becomes
necessary in order to dampen blade vibrations. This sdvantage must be
balanced against the problem of maintaining the hlade-root stress at a
reasonable value while still supporting the additional welght of a
shroud. Aercdynemically, 1t has previocusly been considered that the
primary effect of shrouding was to reduce the leakage across the blade
tips from the entrance 4o the exit of the blade row. With the shroud
submerged in the outer casing, the resistance offered to this leaksge
flow would be increased. However, recent studies of the secondary flows
in the tip region of rotor-blade rows have shown that other effects are
probebly of greater importance (ref. 1). Three separate secondary-flow
effects were found to occur, as illustrated in figure 1: (1) There is
cross-passage flow in the boundary layer along the oubter annulsr wall of
the turbine from the pressure to the suction surface of the blades. This
flow forms & vortex referred to as the "passage vortex". (2) When tip
clearance exists, the leakage flow passing over the blade tip from the
pressure to the suction surface forms a "tip-clearance vortex". (3)
Finally, the motion of the rotating blade row has a "scraping effect"
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tending to scrape boundary-layer air from the stationary outer-annulus

wall and mix this low-energy air with the main flow passing through the -
blade row. For unshrouded rotor blades, the pressure gradlents giving

rise to the blade-passage ‘vortéx and the blade gcraping effect may be

balanced, to some extent at least, by the tip-clearance vortex effect.

Also, 1f the blade-tip profile 1s oriented toward the tangential direc-

tion with a negative relative blade-entrance angle 8 (fig. 1), the

boundary layer will tend to be sliced_ggphq;_ﬁhan scraped from the outer-

anmulus wall, thereby decreasing this particular component of loss. It is -
therefore possible that under certain corditions the total loss assoc-
lated with an unshrouded-rotor-tip configurstion will be less than that
for the case of the shrouded rotor.
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In order to evalusate the effect of shrouding the rotor blades of g
particular turbine design on the over-all turbine performance, an ex-
berimental investigation has been made at the NACA Lewls lsboratory.

The turbine-rotor blading used in this study is that illustrated in fig-
ure 1, having the tip oriented in the tangentisal direction and thus
having a favorsble scraping action on the wall boundary layer. The per-
formance of this conservatively designed turbine was first obtained for
the unshrouded-rotor configuration (ref. 2). A shroud was then applied
to the rotor blades and the performance obtained for this configurstion.
The comparative results of these performesnce studles are presented.

DESCRIPTION OF TURBINE AND EXPERIMENTAT, PROCEDURE
The aerodynamic design of the turbine used in this investigation is

glven in detall in reference 2. The following specifications are re-
peated herein (all symbols are defined in the appendix):

Equivelent weight flow, wa/81/8y, Ib/sec . . . . . . . ... .. 16.60
Equivalent design work, Ah/67, Btu/lb . . . . . . . . . . .. . 16.14
Over-all stagnation pressure ratio, pl/p3 C e e e e .. LT
Equivalent mean blade speed, m/Afgz, ft/sec e e e e e e e 625
Turbine hub-tip ratio, ry/rp - . - e e e e e e e 0.60
Turbine outer diameter, dp, ft . . . . . .. ; S W 1 4

The turbine was designed with free-vortex flow and simple radial
equllibrium assumed at the exit of both the stator and rotor blades.
The rotor-blade~profile design is shown in figure 2.

The unshrouded turbine rotor considered herein 1s the 44-blade-rotor .
design discussed 1n reference 2. For the shrouded-rotor configuration, <
e continuous steel band was thermally shrunk on the perimeter of the . o
existing 44-blade rotor. Figure™ is a photograph of the shrouded-rotor . ]
configuration being ingtalled in the test faclliity.

CONFIDERTIAL
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Because the shroud ring was shrunk over the wheel with considereble
mechanical interference to prevent 1t from slipping out of place during
operation, the rotor blades were distorted a slight emount from the
force of the shrunken shroud ring. However, the average measured rotor-
blade-throat opening varied less then 1 percent before and after the
shroud ring was assembled wlth the rotor, and therefore it was consid-
ered that the effect of the distortion was negligible.

A diagremmatic comparison of the shrouded- and unshrouded-rotor
configurations 1s shown in figure 4. The tip clearance was held con-
stant at 0.030 inch for both the shrouded and unshrouded configurations.
The thickness of the shroud band was 0.090 inch. As shown in the dia-
gram, the outer casing was faired between the stator and rotor for the
shrouded-rotor configuration so that the air could flow smoothly from
the stator into the rotor at the tip sectlon.

The same experimental procedure was followed in determining the
performance of each of these turbine configurations and is given in
detall ln reference 2. Over-all performance data were teken at nominal
values of stagnation pressure ratlo pi/pé from 1.20 to the maximum

obtainable while the wheel speed was varied from 0.60 to 1.10 of eguiv-
alent design speed im 0.05 intervals (7800 to 14,400 rpm for an inlet
temperature of 540°C R).

The breke internal efficiency, which is based on expansion between
the entrance and exit staegnation pressures, was used to express turbilne
performance. This efficlency is defined as 14 = E/(hi - hé)is where

E i1s the measured turbine shaft work. The 1deal enthalpy drop
(hi - hé)is was computed from the values of entrance and exit stagns-

tion pressure and entrance stagnation temperature. The exit stagnatlion
pressure was computed by adding to the measured static pressure a
dynamic pressure corresponding to the axial component of the exit veloc-
ity computed from continuity considerstions. An average measured exit
temperature was used in these calculations.

Detailed exit £low surveys of the shrouded-rotor configuration were
made in order tc compare the survey results of the unshrouded- and
shrouded-rotor configurations. It was deslred to measure any shift in
the measured dilstribution of losses at the rotor exit. Surveys behind
rotating blades are inherently difficult because of the rapld fluctua-
tions in the flow caused by passlng blade wakes. In regions of high
loss, such as near the blade tip, the Inherent error is magnified.
Therefore, the surveys obtained did not glve results of sufficlent
accuracy to provide slgnificant results in comparing the small differ-
ences in flow conditions existing between the shrouded- and unshrouded-
rotor-blade configurations.
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RESULTS AND DISCUSSICN
The results of the investigatlon are presented In figures 5 to 7.

Over-all performance maps for both the unshrouded- and shrouded-
rotor configurations are compsred in figure 5. On these maps equivalent
turbine shaft work is plotted against the equivalent weight-flow parsasm-
eter; the ratio of blade speed to design blade speed and the stagnation
pressure ratio are shown as parameters together with contours of brake
internal efficiency. The design point, corresponding to an equivalent = _
work output of 16.14 Btu per pound and an equlvalent mean blade speed of
625 feet per second, is indicated by a circle. The shape of the effi-
clency contours 1s quite similar for both configurations, although the
efficiency for the unshrouded -rotor configuration is slightly higher over
the whole range of the investigation. A direct comparison of the per-._
formance of the two configurations can probebly be obtained better from
figures 6 and 7. In figure 6 the efficlency at design blade speed is
plotted agslnst the stagnation pressure ratio. QOn the average, the
efficiency is about one point higher for the unshrouded-rotor configu-
ration over the whole range of pressure ratio. In figure 7 the maximum
efficiency obtained at each pressure ratio is plotted in the same
manner. Agaln, the unshrouded-rotor configuratlion was slightly higher
in efficlency over the whole range investigated.

The measured weight flows for the two configurations were the same
wlthin 0.50 percent. -

For the particular shroud and blade design investigated, the shroud
apparently had s slightly adverse effect on the turbine performance. A
consideration of the secondary-flow phenomena st the blade tips is nec-
essary to explain the possible cause for the decreased efficiency. In a
visualization study of the secondary flow in the tip regions of compres-
gor and turbine blading (ref. 1), it was found that three separate
secondary-flow phenomena occur near the blade tips, as discussed in the
INTRODUCTION (fig. 1). The tip of the rotor blade was oriented toward
the tangential direction from the leading tc the trailing edge with a
negative entrance angle § so that the adverse effect of the blade-
tip scraping would not be appreclable. The forces giving rise to the
passage vortex and scraping effect are opposite in direction to the
gradient causing the tip-clearance vortex. These pressure gradients may
tend to balance out and thereby decrease the over-all secondsry flows in
the tip region. BSuch a favorable balance was apparently approached to
the degree that the inherent advantages of shrouding were offset by the
more favorable secondary flows existing at the tip of the-unshrouded-

rotor configuration.

3244
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SUMMARY OF RESULTS

A congervatively designed experimental cold-sir turbine was inves-
tigated both with and without a shroud band on the rotor blades. The
tip of the rotor blade weas orlented toward the tangential direction so
that the adverse effect of the blade-tip scraping would not be appreci-
gble. It was found that the addition of a shroud to the turbine-rotor
blades had only a slight effect and did not improve the turbine perform-
ance. The efficiency of the unshrouded-rotor configuration was about
one point higher than for the shrouded rotor.

Lewis Flight Propulsion Leboratory
National Advisory Committee for Aeronautics
Cleveland, Ohio, March 12, 1954
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APPENDIX - SYMBOLS

The followlng symbols are used in this report:

d diameter, ft ) . S B,

E turbine shaft work, Btu/lb

h specific enthalpy, Btu/lb 3

D absolute pressure, 1b/sq ft s _
r radius, £t - pnk
T total temperature, R - o B

U blade velocity, ft/sec

W weight-flow rate of gas, 1b/sec . | _ - : L

Mg brake internal efflcilency

8 relative rotor-hlade entrance angle (fig. 1)

e tempergture reduction ratio, T/TO g
ts) pressure reduction ratio, p/po

Subscripts:

des deslgn

if

h hub o
m mean redius - - - - - . : e c e
is isentropic

T tip —
0 NACA_standard sea-level conditions

1 measuring station in surge tank (inlet stagnation condition)

3 measuring station downstream of rotar

Superscript: _ _ j;

' stagnation state
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Figure 1. - Diagram of secondary flows at—top of turbine-rotor blades. r
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Figure 2. - Blade-Bection profiles and ccordinates for turbine rotor.
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Flgure 3. ~ Shrouded rotor being installed in turbine test facility.
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Figure 7. - Effect of rotor shroud on maximum turbine
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