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SUMMARY 
A 50.8-cm-tip-diameter turbine equipped  with a  rotor  tip  shroud  of hex- 

agonal  cell (or honeycomb)  cross  section  has  been  investigated in warm  air 
(416 K ) .  Test  results  were  also  obtained for  the  same  turbine operated  with 
a solid  shroud for  comparison purposes. The objectives of the investigation 
were  (1) to determine  the  combined effect  of the honeycomb and the honeycomb 
shroud cool  ant flow on turbine  performance and (2)  to determine  the  effect 
of  the honeycomb  with the  coolant  flow turned off. 

The results  showed  that  the  combined  effect of the honeycomb  shroud and 
the coolant flow  was  a  reduction of 2.8 points in efficiency at design  speed, 
pressure  ratio, and coolant  flow rate. With the  coolant system  inactivated, 
the honeycomb  shroud  caused a  decrease in efficiency  of 2.3 points. These 
results and those obtained  from a small reference  turbine  indicate  that  the 
dominant factor governing  honeycomb  tip  shroud  loss is the  ratio of  honey- 
comb  depth  to  blade span. The loss  results  of  the  two  turbine  tests could 
be correlated on this basis. 

hot (2200 K )  version  of this turbine. 
The  same  honeycomb and coolant  effects  are  expected to  occur  for  the 

INTRODUCTION 

There is a  considerable  effort at NASA Lewis  Research  Center  involved 
with  aerodynamic, heat transfer, and life  aspects  of  high-temperature  core 
turbines. A major part  of this program is the design and evaluation of a 
50.8-cm-diameter research  turbi e designed for an inlet  temperature and 
pressure of 2200 K and 386  N/cm 9 (hereinafter  called  the hot research tur- 
bine). At the high temperatures  involved,  considerable  cooling is required 
for all parts  that come in contact  with the hot  gas. The static  shroud  over 
the  rotor  consists of a honeycomb  shroud  backed by a transpiration-cooled 
layer  of Poroloy. The  backside  of  the  Poroloy is, in turn,  impingement- 
cooled by flow metered  through small holes in a  supply plate. The use of 
honeycomb  provides  protection  against  rotor  tip rubs. However, it can  cause 
large  penalties in aerodynamic  performance.  For  example,  test  results 
obtained from  a small (13.5-cm diam)  aircraft  starter turbine designed  with 
a honeycomb  shroud  showed  about an  8-point penalty in efficiency  compared 
with those obtained  with the honeycombs  filled to effect a solid  shroud 
(ref. 1). When  the  honeycomb  was fi 1 led to 50 percent  of its depth,  about 
80 percent  of the deficit was recovered. Although  the honeycomb  depth of 
the 50.8-cm-diameter research  turbine is shallower,  relative to  the blade 
height,  than the 13.5-cm starter  turbine, there  was  concern that the loss 
could be significant. 

formance of the 50.8-cm hot research  turbine  before  testing. An existing 
50.8-cm uncooled turbine that had already  been  tested (refs. 2 to 5) was 
selected for  these tests. It  had the  same  diameters and blading  profiles  as 
the hot research turbine. The  same  honeycomb shroud  as well  as a solid 
shroud  was  fabricated for  the test turbine. Rotor  tip  running  clearances 
were  measured  during  testing to determine  differences in performance  due  to 
clearance change. 

The  turbine  was  tested in the warm core  turbine  facility at Lewis 
(ref. 6). Tests  were  conducted at nominal  inlet  conditions  of 461 K and 
28.6 N k m 2  and  at the  design  equivalent  rotative speed  of 7832 rpm. A 
range of overall  total  pressure  ratio from 1.5 to 2.4 was set across the 

It was  considered  desirable  to  determine  the  expected  penalty in per- 



turbine. In addition,  at  design  pressure  ratio (1.81), static  shroud  cool- 
ant flow fraction  (ratio  of  coolant flow to  primary  inlet  flow)  was  varied 
from 0 to 0.025. This bracketed the design  value of 0.015 coolant flow, 
which, for the  geometry  and  coolant  metering  holes  involved,  gave  the  same 
volumetric flow ratio  of coolant-to-primary flows  for  the test  turbine  as 
for the hot  research  turbine. 

Efficiency  results  are  presented for  the subject  turbine  tested  with 
the sol id shroud  and  with the  honeycomb  shroud,  both  with  and  without  cool- 
ant. In addition,  the  results  are  compared  with  those of  the smaller  tur- 
bine of reference 1. 

SYMBOLS 

C 

C 

D 

h 

Ah' 

N 

P 

r 

S 

T 

U 

V 

W 

W 

Y 

6 

E 

rl 

ec r 

2 

clearance,  mm 

chord  length,  cm 

diameter,  cm 

vane  or  blade  height,  cm 

specific  work, J/g 

rotative  speed,  rpm 

pressure, N/cm2 

radius,  cm 

spacing,  cm 

absolute  temperature, K 

bl ade  velocity, m/ sec 

absolute  gas  velocity,  m/sec 

relative  gas  velocity,  m/sec 

mass flow rate,  kg/sec 

coolant  fraction,  ratio o f  coolant  flow-to-primary flow 

ratio o f  inlet  total  pressure to U.S. standard  sea-level  pressure, 
PO/P* 

function  of y in relating  parameters  to  those  using  air  inlet 
conditions at S. s nd d sea-level  conditions 
(0=73959/Y) [Y + Y o  1 /21  ,fa,-?! 

total  efficiency,  based  on  inlet-total to exit-total  pressure  ratio 

squared  ratio  of  critical  velocity  at  turbine  inlet  to  critical 
velocity  at U.S.  standard  sea-level  air  (Vcr/Vcr*)2 



Subscripts: 

b blade 

cr  condition  corresponding to Mach1 

h hub  section 

m mean  section 

ref  reference 

t  tip  section 

V vane 

X axi  a1 component 

0 station in turbine inlet  plenum 

1 station at turbine inlet 

2 station at vane  exit,  also  blade  inlet 

3 station at turbine exit 

Superscripts: 
I absolute  total  state 

* U.S. standard sea-level conditions 

TURBINE DESCRIPTION 

The 50.8-cm-diameter turbine of  this  investigation  was  equipped  with 
solid vanes and blades  described in references 2 and 5. Initial  tests  were 
conducted  with a solid  static  shroud  over  the  rotor  which  included  a 
Nichrome  alloy (80 percent Ni - 20 percent Cr) rub  strip to prevent  rotor 
tip damage. The solid  shroud  was  then  replaced  with the honeycomb  shroud 
and the  turbine  retested with and without  shroud  coolant. 

Base  Uncooled Turbine 

The  design  operating  values for  the single-stage core  turbine are sum- 
marized in table I. Actual  engine,  equivalent, and test  conditions are 
shown. The velocity  diagrams  evolved to meet the  design  aerodynamic  require- 
ments  are  shown in figure 1. All quantities  represent  the  free-stream, uni- 
form  flow  conditions  before and after  each  blade row. The test  turbine 
geometry  values  are  summarized in table 11, and the vane and blade  coordi- 
nates  are  shown in table 111. The vanes and blades  are  characterized by 
blunt leading and trailing  edges  to  allow  for  cooling,  low  aspect ratio, and 
high thickness-to-chord ratio. The  test  turbine vanes and blades  were  fab- 
ricated  with  no  twist at constant  mean-section  profile to  facilitate fabrica- 
tion of the  complex internal  inserts  used for cooling  tests (refs. 3 and 5). 
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(a) Hub section; radius  ratio rhlq = 0.850. 

1 (v/vcr) = 0.231 
1 

-17.8’ 

(b)  Mean  section;  radius  ratio rm/rt = 0.925. 

/(V/Vcr)l = 0.231 

(c) Tip  section;  radius  ratio rtlrt = 1. 000. 

Figure 1. -Turbine  design  velocity diagram. 

Metering holes ’I 
0.30 

Honeycomb;‘ I 
(a) 

I -  L o. 081 0.51 2 

Wire mesh Metering holes 
(Poroloyh, 0.512 7 

Honeycomb-’ I Turbine blade - Hot  gas 

(b) Hot research  turbine. 
(a) Subject test turbine. 

Figure 2 -Turbine  tip static honeycomb  shrouds. (Al l  dimensions i n  cm. 1 

4 

f i gu re  3. - Subject  turbine.tip  static  honeycomb  shroud. 



Honeycomb  Static  Rotor  Shroud 

A  schematic  of the honeycomb  static  shroud  tested is shown in figure 
2(a). Also shown in figure 2(b)  is a  schematic of the hot research honey- 
comb  shroud for comparison.  Both  have hexagonal honeycomb cell s with  a 
width of 0.081 cm  and depth of 0.305 cm. The  Poroloy  wire  mesh designed for 
the hot turbine was not  used in the test  turbine  because  of  prohibitive 
fabrication 'problems.  It was  felt  that  the loss resulting  from  the  shroud 
coolant  flowing  radially  inward  into the blade  passage  was  not  affected by 
the  omission of the  Poroloy mesh. When the shroud  coolant  system  was  closed 
off, it was assumed that  the  Poroloy  omission did  not affect the loss 
associated  with the  flow in the blade channel surging  into and out of the 
honeycomb  shroud,  providing that  the  effective honeycomb  depth is taken to 
include the depth of the supply  plenum (see fig. 2(a)). 

of  shroud coolant-to-primary flow between the test turbine and  hot research 
turbine. This was  felt to be the most  reasonable  correlating  parameter to 
duplicate  loss results.  At this  condition  the  shroud  coolant-flow  fraction 
(ratio  of  coolant flow-to-primary  inlet flow) was 0.015, or 1.5 percent of 
the primary  flow,  which  was  specified as the design  coolant  flow  for  the 
test program. 

i s  shown in figure 3. The slight  circumferential  rub  that  can  be  seen 
occurred  after  test data  were  taken and did not influence the results. 

The  metering  holes  were  sized to provide  the  same  volumetric  flow  ratio 

A posttest  photograph of the honeycomb shroud looking  radially  outward 

APPARATUS 

The apparatus  consisted of the turbine, as described in the preceeding 
section, an absorption  dynamometer, and  an  inlet  and exhaust  system with 
suitable  flow control  valves (fig. 4). A water-cooled electric  dynamometer 
was used to  absorb turbine power  output and control its  speed. 

venturi flowmeter located in a  straight  section o f  inlet  piping. The inlet 
pressure is then  reduced and controlled by suitable  valves in the air line. 
The air is then  directed to  a natural gas  vitiated  air  heater and then 
through  the  turbine  test section. The  turbine exit pressure  was  set by a 
control  valve in the  exhaust line. The air was then  ducted  into  the labora- 
tory  altitude  exhaust system. 

with auxilliary  cooling air circuits,  each  individually  metered and  con- 
trolled. One  of  these  circuits  was used to  supply  the  honeycomb shroud 
cool ant. 

Air is supplied from  the laboratory  combustion air system  through  a 

In addition to  the  primary  air flow, the  turbine  facility is provided 

INSTRUMENTATION 

A schematic  cross  section of the  turbine showing  measuring  stations is 
shown in figure 5. Turbine inlet and  exit locations  are  defined at stations 
1 and 3, respectively. The  turbine inlet  temperature  was  determined by 25 
shielded  thermocouples  located at station 0. There  were  five  thermocouples, 
each located  at the inlet edge of five of the 10 struts  shown in figure 5. 
Total pressure  was  also  measured at station 0 by five  total  pressure probes, 
which  were located  at the  centers  of  five equal annular  areas  on the leading 
edges of  five struts. 
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Figure 4. - Test  facility. 

0 

Measuring stations 

Figure 5. -Turbine test  section measuring station  locations. 
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The instrumentation  at the  turbine  inlet  (station 1 )  consisted  of five 
static  pressure  taps,  each  located  on  the  inner  and  outer  walls.  Station 1 
is  located 3.8 cm  upstream  of  the  stator  vane  leading  edge. 

The turbine  outlet  (station 3 )  is  located 6.6 cm  downstream of the 
rotor  blade  trailing  edge.  Instrumentation  at the  turbine  outlet  consisted 
of  static  pressure,  total  pressure,  and  flow  angle  measuring  devices. 
Static  pressures  were  measured by six  static  pressure  taps  each  located  on 
the  inner  and  outer  walls.  Total  pressures  and flow  angles  were  measured 
from four, self-alining,  combination  probes  located  at  the  center  of  four 
equal  annular  areas  spaced  around the  circumference  of  the  outlet  plane. 

was  measured  with a flow nozzle. The coolant  air  was  measured  with a  flat- 
plate  orifice.  These  three flow rate  measurements  required an  upstream 
pressure  measurement,  upstream  temperature  measurement,  and  a  measurement  of 
differential  pressure  across  the  flowmeter  element. 

The speed  of  the  turbine  was  measured by  using  an electronic  counter in 
conjunction  with  a  60-tooth  gear  mounted  on  the  turbine  shaft. The primary 
torque  measurement  was  a  brushless  rotating  torque  meter  (fig. 6) mounted 
between  the  turbine  and  the  dynamometer. A backup  torque  measurement  was 
also  obtained  by  measuring  the  reaction  torque  on the  dynamometer  stator, 
which  was  supported  on  hydrostatic  trunion  bearings. 

The primary  airflow  was  measured  with  a  venturi tube,and  the gas flow 

PROCEDURE 

Turbine  performance  was  obtained for both  seri s of tests  at  nominal 
primary  air  inlet  conditions  of 461 K and 28.6 N/cm 5 . For  both  the  solid 
and the  honeycomb  shroud  with  no  coolant  tests,  data  were  obtained  at  design 
equivalent  speed (7832 rpm)  and  over a  range  of  calculated  inlet-to-exit- 
total  pressure  ratio  from 1.5 to 2.4. For  the  honeycomb  shroud  with  coolant 
tests,  data  were  obtained  at  design  equivalent  speed  and  pressure  ratio 
(1.813) conditions and for shroud  coolant  flow  fractions  from 0 to 0.025. 

speed,  torque,  and  mass flow measurements. 
The  actual  specific  work  output  of  the  turbine  was  determined  from  the 

Figure 6. - lnline brushless  torquemeter. 
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Figure 7. - Blade tip clearance probe. 

Turbine  efficiency  was  rated  on  the  basis  of inlet-to-exit-total  pres- 
sure ratio. Turbine ideal  specific  work  output  was  based  on  inlet  and  exit 
total  pressures  calculated  from  measurements  of  mass  flow,  static  pressure, 
total  temperatures,  and  flow  angle.  Outlet  total  temperature  was  calculated 
from  measurements  of  inlet  total  temperature,  torque,  speed, and mass  flow. 
When  honeycomb  shroud  coolant flow was  used,  the  ideal  power  of  the  coolant 
was  included  and  was  based  on  measurements  of  coolant  mass  flow,  coolant 
inlet  total  pressure  and  temperature,  and  rotor  exit  total  pressure. 

in rotor  tip  clearance. The  rotor  tip  clearance  was  measured  with  a self- 
calibrating  touch  probe (fig. 7). 

Corrections  were  made for calibrated  turbine  bearing  losses  and  changes 

RESULTS  AND  DISCUSSION 

The results  of  this  investigation  are  presented in three  parts: The 
first  section  covers  the  basic  performance o f  the  turbine  with  the  solid 
static  shroud;  the  second  covers  the  results  obtained  with  the  use of the 
honeycomb  static  shroud  with  and  without  coolant;  the  third  presents  a  com- 
parison  of  the  performance o f  the  subject  turbine (50.8 cm  diameter)  with 
honeycomb  shroud  and  the  small  starter  turbine  (13.5  cm  diameter)  with 
honeycomb  shroud  (ref. 1). Performance is  expressed in terms o f  specific 
work  output,  mass  flow,  and  efficiency. The  data  are  shown in terms of 
equivalent  air  conditions; for simplicity,  the  term  "equivalent"  will  be 
implied  and  not  used  in the  discussion. 

Turbine  Performance  With  Solid  Shroud 

The overall  performance  of  the  turbine  with  a solid rotor  tip  static 
shroud  is  shown in figure 8. All data  were  taken at design  speed.  Design 
work  output  (fig. 8(b)) was  obtained  at  an  overall  pressure  ratio  of  1.813, 
which  is  shown  as a tick  on  subsequent  curves and  labeled  "design  pressure 
ratio." A substantial  margin  in  work  is  seen to be available  before 
limiting  loading  occurs  and  is  typical  of  a  turbine  designed for a  moderate 
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Figure 8. - Performance of tu rb ine   w i th  
solid  rotor  shroud  at  design speed. 
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Figure 9. - Effect of honeycomb shroud  on 
turbine  performance  with  no  coolant 
f l o w  at  design speed. 
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Mach number l e v e l .  The mass f l o w   a t   d e s i g n   p r e s s u r e   r a t i o   i s  4.94 kg/sec, 
which i s  about 1 percent   lower   than  the  chok ing mass f l o w   o f  5.00 kg/sec, 
and 2 pe rcen t   h ighe r   t han   t he   des ign   va lue   o f  4.83 k g / s e c   ( f i g .   8 ( a ) ) .  The 
e f f i c i e n c y   o f   t h e   t u r b i n e   a t   d e s i g n   p r e s s u r e   r a t i o   i s  0.87 and f a l l s   o f f  t o  
about 0.82 a t   t h e   h i g h e s t   p r e s s u r e   r a t i o   t e s t e d  (2.4; f i g   8 ( c ) ) .  The 
e f f i c i e n c y   v a l u e   o f  0.87 o b t a i n e d   a t   d e s i g n   p r e s s u r e   r a t i o   i s   t h e  same as 
tha t   ob ta ined  when t e s t e d   w i t h   s o l i d  vanes  and blades and a po rous   ro to r  
s t a t i c   t i p  shroud  tha t  was cooled  wi th   about  1 p e r c e n t   c o o l a n t   f r a c t i o n  
( r e f .  5). The shroud  coolant of t h e   r e f e r e n c e   t u r b i n e  was e s t i m a t e d   t o  have 
an i n s i g n i f i c a n t   e f f e c t  on e f f i c i e n c y .  The d u p l i c a t i o n  o f  basic  performance 
da ta  was t h e r e f o r e   c o n s i d e r e d   t o  be very  good. 

Turbine  Performance  With Honeycomb Shroud 

Clearance  correct ion.  - The actual   running  c learances  remained  constant 
w i t h   p r e s s u r e   r a t i o   a t   d e s i g n  speed f o r   t h e   s o l i d   s h r o u d   t u r b i n e  and t h e  
uncooied honeycomb sh roud   tu rb ine   a t  0.254 and 0.508 mm, respec t i ve l y .  The 
s o l i d  shroud e f f i c i e n c y   d a t a   ( f i g .   8 ( c ) )  were c o r r e c t e d   t o   t h e  same clearance 
as t h e  honeycomb shroud  tu rb ine   us ing   the   fo l low ing   equat ion   ( f rom  re f .   7 ) :  

" - " r e f  = -1.7 c - Lref 

" r e f  hb 

The c o r r e c t i o n  amounted t o   r e d u c i n g   t h e   s o l i d   s h r o u d   d a t a   b y  1 e f f i c i e n c y  
po in t .  

Honeycomb shroud  w i th  no  coolant. - The e f f e c t   o f   t h e  honeycomb shroud 
wi th no coolant  on  overal l   performance i s  shown i n   f i g u r e  9. The mass f low 
t h r o u g h   t h e   t u r b i n e   ( f i g .   9 ( a ) )   a t   d e s i g n   p r e s s u r e   r a t i o   i n c r e a s e d   b y  1 per- 
cen t  when t h e  honeycomb shroud  rep laced  the  so l   id   shroud.   Th is  i s   p a r t l y  
explained  by  the  0.7-percent  increase i n  annular  area  caused  by  the  in-  
creased  c learance  o f   the honeycomb shroud and a t t e n d a n t   i n c r e a s e   i n   t i p  
leakage  a i r .  The c o r r e s p o n d i n g   w o r k   o u t p u t   ( f i g .   9 ( b ) )   i s  37.91  J/g,  which 
i s  4 .1  percent   lower   than  the  des ign  va lue  o f  39.54 J/g.  A p a r t   o f   t h i s  
d i f f e r e n c e   i s   a t t r i b u t a b l e   t o   t h e   d i f f e r e n c e   i n   t i p   c l e a r a n c e .  The f i g u r e  
i n d i c a t e s  a c o n s i s t e n t   r e d u c t i o n   i n  work output  due t o   t h e  honeycomb over 
t h e   e n t i r e   r a n g e   o f   p r e s s u r e   r a t i o   t e s t e d .   T h i s   d e f i c i t  i s  r e f l e c t e d   i n   t h e  
e f f i c i e n c y   c o m p a r i s o n   o f   f i g u r e   9 ( c ) .  The s o l i d   s h r o u d   e f f i c i e n c y   d a t a   i n  
t h i s   f i g u r e  have  been c o r r e c t e d   t o   t h e  same c learance as t h e  honeycomb 
shroud  data. As ment ioned  prev ious ly ,   the  correct ion amounted t o  a reduc- 
t i o n   i n   s o l i d  sh roud   e f f i c i ency   o f  one po in t .  A t  des ign   p ressu re   ra t i o ,   t he  
honeycomb s h r o u d   t u r b i n e   e f f i c i e n c y   ( f i g .   9 ( c ) )   i s  0.837, which i s  2.3 
p o i n t s   l o w e r   t h a n   t h e   s o l i d   s h r o u d   t u r b i n e   e f f i c i e n c y   o f  0.860. Although 
t h e r e   i s  some s c a t t e r   i n   t h e  honeycomb data, t h i s   l e v e l   o f   e f f i c i e n c y  degra- 
da t i on   pe rs i s ted   ove r   t he   range   o f   p ressu re   ra t i o   t es ted .  

Tests  were  also  conducted  with a minimum ( e s s e n t i a l l y   z e r o )   c o o l a n t  
f l ow .  It was f e l t   t h a t   w i t h   c o o l a n t   o f f ,   t h e r e  was a p o s s i b i l i t y   t h a t   t h e  
tu rb ine   work ing   f l u id   cou ld   f l ow   i n to   t he   coo lan t   sh roud   sys tem  a t   t he   b lade  
i n l e t  and back i n t o   t h e   b l a d e  passage a t ~ t h e   b l a d e   o u t l e t  where   t he   s ta t i c  
pressure i s  lower. The r e s u l t s   o b t a i n e d   w i t h  minimum c o o l a n t   f l o w  were 
i nd i s t i ngu ishab le   f rom  those   ob ta ined   w i th   t he   coo lan t   f l ow   tu rned   o f f ,   t hus  
bypass e f f e c t  was cons idered  neg l ig ib le .  

t u r b i n e   e f f i c i e n c y   a t   d e s i g n  speed and p r e s s u r e   r a t i o   i s  shown i n   f i g u r e  10. 
Ef fec t   o f  honeycomb shroud  coolant. - The e f f e c t   o f   s h r o u d   c o o l a n t  on 
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Also  shown for  comparison as a s i n g l e   d a t a   p o i n t   i s   t h e   s o l i d   s h r o u d  
t u r b i n e   e f f i c i e n c y   v a l u e   o f  0.860. Two se ts   o f   da ta   po in ts   a re  shown f o r  
t h e  honeycomb sh roud   tu rb ine ;   t he   upper   cu rve   ( c i r c les )   i s   f rom  da ta  as 
measured. These  data  were  then  corrected t o  a cons tan t   rad ia l   c l ea rance  of 
0.508 mm and r e s u l t e d  i n  the  lower  curve,  which i s  used fo r   d i scuss ion .  The 
r a d i a l   c l e a r a n c e  changed  due t o   s h r i n k a g e  of the   shroud  as   re la t i ve ly   co ld  
a i r  was in t roduced as coo lan t  and var ied  f rom 0.508 a t  no c o o l a n t   t o  0.330 
mm a t  2.2-percent  coolant.  Again,  using  reference 7 as a guide, t h i s  
amounted t o  an expec ted   e f f i c i ency  change o f  0.7 p o i n t   a t   t h e  maximum cool-  
ant  involved.  Reference 7 ( s o l i d  shroud  turbine) was used t o   c o r r e c t   f o r  
c learance change i n   l i e u   o f  any known c l e a r a n c e   d a t a   a v a i l a b l e   f o r  honeycomb 
shrouds. 

c i e n c y   f i r s t   i n c r e a s e d  a s l i g h t  amount and then   dec reased   l i nea r l y   a t  a r a t e  
of 1.2 e f f i c i e n c y   p o i n t s   p e r   p e r c e n t  of  coolant. The i n i t i a l   i n c r e a s e   i n  
performance i s  p robab ly   caused   by   t he   coo lan t   f i l l i ng   t he  honeycomb c e l l s  
and re ta rd ing   t he   t endency   o f   t he   work ing   f l u id   t o   su rge   i n to  and o u t   o f   t h e  
honeycomb area. The d e c r e a s i n g   e f f i c i e n c i e s   p r o b a b l y   r e s u l t   f r o m   t h e   a v a i l -  
ab le   energy   o f   the   coo lan t   be ing   charged  to   the   tu rb ine .  

A t  t he   des ign   coo lan t   f rac t i on  o f  0.015, t he   co r rec ted   e f f i c i ency  was 
0.832, which i s  one-half a po in t   l ower   t han   t he   va lue   o f  0.837 ob ta ined   w i th  
no coolant .  The o v e r a l l  combined e f fec t  of t h e  honeycomb p lus  1.5 percent 
coo lan t  i s  t he re fo re  a p e n a l t y   i n   e f f i c i e n c y   o f  2.8 p o i n t s  compared w i t h  
ope ra t i on   w i th  a s o l i d  shroud.  This i s  the  expected  penal ty   assoc iated  wi th  
t h e  use o f   t h e   c o o l e d  honeycomb shroud  for   the  hot  50.8-cm-diameter research 
t u r b i n e   d e s c r i b e d   i n   t h e   I n t r o d u c t i o n .  

Comparison w i t h   s t a r t e r   t u r b i n e .  - It was suggested i n   r e f e r e n c e  1 t h a t  
t h e  reduced  e f f ic iency  encountered  wi th   the  use  o f  a honeycomb shroud was 
due p r i m a r i l y   t o   t h e   e n e r g y   l o s s   a s s o c i a t e d   w i t h  gas b e i n g   t r a n s p o r t e d   i n t o  
and o u t   o f   t h e  honeycomb c e l l s  as a resu l t   o f   the   b lade- to -b lade  p ressure  
d i f f e r e n t i a l  a t  t h e   t i p   s e c t i o n .  The da ta  showed tha t   the   magn i tude  o f   the  
loss i nc reased   w i th   i nc reases   i n   ce l l   dep th  and r o t a t i v e  speed. The r e s u l t s  
o f   the   sub jec t   tu rb ine   a re  compared w i t h   t h o s e   o f   t h e   s t a r t e r   t u r b i n e  
( r e f .  1) i n  an a t t e m p t   t o   g a i n   f u r t h e r   i n s i g h t   i n t o   t h e   g e o m e t r i c  and oper- 
a t i ng   f ac to rs   t ha t   i n f l uence   t he   magn i tude   o f  honeycomb losses. 

F igu re  10 ind i ca tes   t ha t ,  when coo lan t  was i n i t i a l l y  added, t h e   e f f i -  

7- 0 Solid shroud, corrected to 0.508 mm 

F .85 1 -0- Honeycomb shroud, as measured 
Honeycomb shroud,  corrected to 
0.508-mm clearance @ 

Figure 10. -Effect of honeycomb shroud coolant on 
turbine efficiency at design speed and  pressure 
ratio. 
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Figure 11. - Comparison of honeycomb  losses for subject 
and  starter  turbines  at design speed and  pressure ratio. 

The geometry  of  the  subject  turbine  is  shown  along  with  that  of  the 
starter  turbine in table I V .  A comparison of the  two  columns for the 
starter  turbine  indicates  that  reducing  the  relative  cell  depth by one-half 
had a  dramatic  effect  on  loss - a  decrease  from 8.2 points  for  the  open 
honeycomb  to 1.8 points for the half-filled  honeycomb. The corresponding 
relative  cell  depth  (honeycomb  cell  depth-to-blade  span  ratio)  of the sub- 
ject  turbine is 15 percent,  as  compared  with 24.4 and  12.2 percent  for  the 
starter  turbine's  open and  half-filled cells,  respectively. The indicated 
efficiency  penalty  for  the  subject  turbine  is 2.3 points,  which  falls 
between  the  two  values  for the starter  turbine. These  data (fig. 11) indi- 
cate  a  correlation  curve in the  data  from  the  two  turbines.  It  is  apparent 
that  the  dominant  influence  on  honeycomb  associated  losses  is  the  relative 
cell  depth,  or  ratio  of  the  honeycomb  depth  to  the  blade  span.  Other  fac- 
tors  such  as  blade-passing  frequency,  reaction,  blade  loading,  and  cell 
width  are  felt  to  have  only  a  secondary  influence  on the honeycomb  losses. 

SUMMARY OF RESULTS 

An experimental  investigation  was  conducted  on  a  50.8-cm-diameter  tur- 
bine  to  determine  the  losses  associated  with  the  use  of  a  cooled  honeycomb 
static  tip  shroud  over  the  rotor. The honeycomb  had the  same  dimensions and 
was  designed  for  the  same  volumetric  flow  ratio  (coolant-to-primary  flow)  as 
a 50.8-cm-diameter  hot  research  turbine (2200 K )  to be  tested  at  Lewis 
Research  Center.  Tests  were  conducted  with  and  without  shroud  coolant flow 
and  also  with a solid  shroud to obtain  base  performance. The results  were 
also  compared  with  those  from  a  small  13.5-cm-diameter  starter  turbine  that 
used a  honeycomb  shroud. The results  are  summarized  as  follows: 

the subject  honeycomb  shroud  turbine  with  no  shroud  coolant  was  0.837,  which 
i s  2.3 points  lower  than  the  value  of 0.860 obtained  with  the  solid  shroud 
installed. 

2. As shroud  coolant  was  activated,  the  efficiency  increased  a  small 
amount  and  then  decreased 1 inearly  at a  rate of 1.2 points  per  percent of 
coolant.  At the  design  coolant  rate of 1.5 percent of primary  flow,  the 
efficiency  was 0.832 for a  combined  penalty  (honeycomb  plus  coolant)  of 2.8 

1. At  design  equivalent  speed  and  pressure  ratio, the  efficiency  of 

1 2  



points. The  same honeycomb and coolant  effects  are  expected to  occur  for 
the hot (2200 K )  version  of this turbine. 

the  magnitude  of  honeycomb  losses  appears to be  primarily  dictated by the 
ratio  of cell  depth-to-blade span and, to a  much  lesser  degree, by other 
geometric and operating  characteristics. 

3. A  comparison  with  the  results  of the starter  turbine  indicated  that 

Lewis  Research  Center 
National  Aeronautics and Space Administration, 
Cleveland, Ohio, September 29, 1982 
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TABLE I. - TURBINE DESIGN OPERATING  VALUES 

14 

Parameter 

Tip  diameter, Dt, cm 
I n l e t   t o t a l  temperature, T;, K 
I n l e t   t o t a l  pressure,  ph N/cm2 
Mass f l ow   ra te ,  w, kg/sec 
T u r b i n e   r o t a t i v e  speed, 1, rpm 
Spec i f i c  work  output, Ah , J/g 
Mean blade speed, U,, m/sec 

Actual Equivalent 

50.8 

152.4 4 10.6 
39.54 287.2 
6194 16687 

4.828  63.82 
10.13 386.1 
288.2 2200 

50.8 

TABLE 11. - TEST  TURBINE  GEOMETRY 

Test 
condi t ion!  

50.8 
461.1 
28.54 
10.72 
7832 

63.2 1 
192.7 

S ta to r  

Mean diameter, Dmv, cm . . 
Vane height,  h,, cm . . .  
Axial  chord,  cxv, cm . . .  
A x i a l   s o l i d i t y ,   ( C ~ , / S ~ ) ~  
Aspect  rat io,   hv/cxv . . .  
Number of vanes . . . . .  
Leading edge radius, cm . 
T r a i l i n g  edge radius,  cm . 

. . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  . . . . . . . . . . . .  

46.99 . 3.81 . 3.81 
0.929 
1 .ooo . . 36 
0.508 
0.089 

Rotor 

Mean diameter, Dmb,  cm . . . . . . . . . . . . . .  46.99 
Blade  height, hb, cm . . . . . . . . . . . . . . . .  3.81 
Axial   chord,  CXby Cm . . . . . . . . . . . . . . . .  3.43 
A x i a l   s o l i d i t y ,  (Cxb/Sb),,, . . . . . . . . . . . .  1.487 
Aspect  rat io,  hb/cxb . . . . . . . . . . . . . . .  1.1 11 
Number o f   b lades  . . . . . . . . . . . . . . . . . . .  64 
Leading edge radius,  cm . . . . . . . . . . . . .  0.300 
T r a i l i n g  edge radius,  cm . . . . . . . . . . . . .  0 089 

"_ ........... - - . . . . .  ." ... ...... - "- - " ... "" ". "" - ." ... ". -_ .. - ... - .. . ...... .. 
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r o t a t i o n  

P o i n t  Z--, 

\. 

ABLE 111. - AIRFOIL COORDINATES 

P o i n t  
Z 

cp 

X 

0 
.128 
.2 54 
.382 
.508 
.636 
.762 
.890 

1 .O 16 
1.144 
1.270 
1.398 
1.524 
1.778 
2.032 
2.286 
2.540 
2.794 
3.048 
3.302 
3.556 
3.8 10 
4.064 
4.3 18 
4.572 
4.826 
5.080 
5.334 
5.552 

5.4636 
0.0890 

44037' 

YL 

0.5080 
""" 

""" 

""" 

""" 

""" 

.0636 

.1194 

.1652 

.2058 

.2414 

.2668 

.2922 

.3302 
,3606 
.3760 
.3836 
.38 10 
-3  734 
.3530 
.3 302 
.2972 
.2616 
.22 10 
.1804 
.1320 
.0812 
,0254 
.0890 

YU 

0.5080 
.85 10 

1.0058 
1 .I226 
1.2 142 
1.2878 
1.3462 
1.3920 
1.4274 
1.4492 
1.4682 
1.4732 
1.4758 
1.4630 
1.4 326 
1.3818 
1.3234 
1.2574 
1.1888 
1.1100 
1.0312 

.9448 

.8510 

.7468 

.6376 

.5182 

.3912 

.2590 

.0890 

A x i s  o f  
r o t a t i o n  

P o i n t  
Z 

cp 

X 

0 
,128 
.2 54 
,382 
.508 
.762 

1 .O 16 
1.270 
1.524 
1.778 
2.032 
2.286 
2.540 
2.794 
3.048 
3.302 
3.556 
3.8 10 

B1 ade 

1.5440 

240 

YL 

0.2988 
""" 

""" 

""" 

.0838 

.2642 

.4014 

.5030 

.5614 

.5 792 

.5436 

.4 776 

.3912 

.2 922 

.1854 

.07 12 

.0890 

.5a42 

YU 

0.2988 
.6604 
.8458 
.9754 

1.0896 
i .2446 
1.3310 
1.3590 
1.3 386 
1.2828 
1.20  14 
1.0972 

.9754 

.8382 

.6908 

.5258 

.3430 

.0890 

1 
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TABLE I V .  - CORARISON OF TWO TURBINES  WITH  HONEYCOMB SHROUDS 

I 
R o t o r   t i p   d i a m e t e r ,  cm 
Honeycomb 

C e l l   w i d t h ,  cm 
Ce l l   dep thYb  cm 

Span, cm 
B1 ade 

Cel l   depth/b lade span, percent 
Blade  passing  frequency,  blades/sec 
T u r b i n e   e f f i c i e n c y :  

So l i d   sh roud  
Honeycomb shroud 
Penal ty,  An 

Sub jec t   t u rb ine  

Honeycomb , 
f u l l - d e p t h  

50.8 

0.081 
0.572 

3.81 
15 .O 
8400 

0.860 
0 -837 
0.023 

S t a r t e r   t u r b i n e a  
~ ~~ ~~~~~ 

Honeycomb, 
f u l l - d e p t h  

13.5 

0.160 
0.380 

1.56 
24.4 
21 700 

0.868 
0.786 
0.082 

Honeycomb 
ha l f -dep t l  

13.5 

0.160 
0.190 

1.56 
12.2 
21  700 

0.868 
0.850 
0.018 

aFrom r e f .  1. 
b Inc ludes   supp ly   man i fo ld   ( see   f i g .   2 ) .  
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