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ABSTRACT 

The p r e d i c t i o n  o f  aerodynamic performance of par t - span  

dampers f o r  t r anson ic  r o t o r s  has been repor ted  i n  L i t e r a t u r e  

Erom t h e  National Aeronautics and Space Administrat ion [ I ,  2 ,  3 ,  
I 41  . Par t -span  dampers a re  necessary on the high aspect r a t i o  

t r anson ic  fans used i n  modern a i r c r a f t  fan-jet engines. The use 

o f  pa r t - span  dampers r e q u i r e s  t h a t  t h e i r  drag effects on t h e  

flow through t he  r o t o r  b l ade  passages b e  minimized. It may b~ 

p o s s i b l e  t o  do t h i s  by i lrcorporating an i n t e r n a l  a r e a  rule. 

The purpose  of t h i s  i n v e s t i g a t i o n  was t o  examine a simulated 

t r anson ic  r o t o r  channel model e x p e r i m e n t a l l y  a t  San Jose  S t a t e  

Univers i ty  t o  verify t h e  f l o w  physics  of internal area ruling. 

Pressure  measurements were performed i n  t h e  high speed wind 

tunnel  a t  transonic speeds with Mach 1 . 5  and Mach 2 nozzle  

b l o c k s  t o  g e t  an i n d i c a t i o n  of t h e  approximate shock l o s s e s .  

The r e s u l t s  showed a reduct ion  i n  l o s s e s  due t o  internal 

a rea  r u l i n g  w i t h  t h e  Mach 1.5 nozz1.e b l o c k s .  The reduction i n  

total l o s s  coe:ficient was of t he  order  o f  1 7  percent f o r  a  h igh  

b l o c k a g e  model and 7 percent f o r  a cut-down model. 

'~ulnbers i n  brackets are re fe rences  loca ted  a t  t h e  end of t h i s  
Repor t .  
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NOMENCLATURE 

PSD 

p s i  

p s i a  

geometric area 

critical area 

area ruled 

chord 

nozzle block length 

Mach number 

mill imeter  

n o z z l e  b locks  

pressure 

barometric p r e s s u r e  

s t a g n a t i o n  p r e s s u r e  

average stagnation pressure in settling chamber 

average s t a g n a t i o n  p res su re  downstream o f  model 

s t a t i c  p res su re  

p a r t  - span damper 

pressure (pounds per square  inch) 

absolute pressure  (pounds per square inch) 

channel t o t a l  pressure l o s s  coefficient 

thickness 

v o l t  

distance from test section center in direction 
of flow 

vertical distance from t e s t  section c e n t e r ,  
p o s i t i v e  upward 



AN EXPERIMENTAL INVESTIGATION OF INTERNAL 
AREA RULING FOR TRANSONIC AND SUPERSONIC 

CHANNEL FLOW 

1. INTRODUCTION 

Over t he  past several years ,  considerable ef fo r t  has 

been devoted to the improvement of jet engines  because of a 

national interest in fuel efficient a i r c r a f t .  Such attempts 

require major r e v i s i o n s  in each sub-un i t  a.1on.p w i t h  j-m~rove- 

ments of every component of the engine. For example, one 

area f o r  s i g n i f i c a n t l y  increasing t h e  ~ e r f o r r n ~ ~ n c e  of a t u rbo -  

fan engine l i e s  i n  improving the compressor by a redesign of 

t h e  b lades .  The use o f  high-aspect-ratio blades (blades with 

a high ratio of blade span t o  blade chord)  is a method to de- 

crease the  engine weight, whi le  maintaining the pressure pro- 

ducing capability. To assure stability and a rigid structure, 

t h e s e  h i g h - a s p e c t - r a t i o  blades a re  br idged together by a 

shroud called "part- span dampers" (Fig.  I). Unfortunately, 

these part-span dampers (PSDs) induce a loss in the ae ro -  

dynamic performance o f  a rotor stage by creating a d d i t i o n a l  

shock and wake losses, and they also i n f l u e n c e  the r e g i ~ n  

directly behind t h e  damper causing adverse flows f o r  the 

stator blades (1, 2 ,  3 ,  41. 

Experimental studies using r o t o r  blading with  PSDs have 

been conducted a t  the NASA/Lewis Research Center, spoilsor of 

this p r o j e c t .  Rober ts  (4)  described a ser ies  of actions that 

could lead  t o  increased ef f ic iency  f o r  turbofan engines us ing  

area ruling concepts. The idea is to reshape the narrow 



channels caused by adjacent blades and the  PSD by applying 

an internal area ruling. Several blade designs using 

PSDs conforming l o  basic airfoil shapes have been proposed 

by Roberts. However, na significant relations from the 

standpoint of optimum size and shape have yet been determined, 

primarily because of unresolved quest ions concerning t h e  

n a t u r e  aE the  three-dimensional transonic f l o w  in the r o t o r  

section. Because of  these questions, and the fact t h a t  pre- 

sent t h e o r e t i c a l  or numerical methods are incapable of solv- 

ing camplicated fluid flows, simplified tests are necessary 

t o  analyze t h e  various proposed configurations. 

The purpose of  this i n v e s t i g a t i o n  was t o  produce and t e s t  

a transonic straight channel model representing an uncambered 

cascade of double wedge airfoils with an angle-of-attack of 

zero degrees ( F i g .  2 ) .  The area rule will be applied t o  this 

model removing material from t h e  s ide  wall (Figs. 3 and 

The model was developed to fit t h e  s i x  by six inch t e s t  

sec t ion  of the  San Jose State University (SJSU] high speed 

wind t!lnnel. S t a t i c  and impact pressure measurements i n  t h e  

areas of immediate i n t e r e s t  were conducted a t  transonic speeds  

to obtain the  loss coefficients of the channel model w i th  t h e ,  

Mach 1 . 5  and 2 n o z z l e  b locks .  

2 .  MODEL APPARATUS 

Experirfiental Model 

The model used in this experiment was designed by the 

authors from sketches shown in Reference 4. A double-wedge 



profile was suggested with the blade th ickness  ratio ( t / c )  

of 1 0  percent ,  and t h e  p a r t - s p a n  damper thickness ratio 

( t / c )  about 3 0  percent .  The symmetrical p a r t s  were f a b r i -  

c a t ed  from type 303 s t a i n l e s s  s t e e l  by the SJSU experimental  

shop. To support the blade  assnmbly r i g i d l y  i n  t he  center 

of t h e  t es t  s e c t i o n ,  t h e  glass windows had to be replaced 

by s o l i d  side walls. These were  machined f rom 6061-T6 alumi- 

num. The use  of  a r e l a t i v e l y  soft mate r i a l  f o r  these p l a t e s  

would sl low ease of machining f o r  t h e  area ruling experiment. 

The dimensions of the blade and PSD were made as  l a r g e  as  

p o s s i b l e  for ease o f  manufacturing, and to prevent s t r c c t u r a l  

f a i l u r e .  Conservative s t r e s s  ca lcu la t ions  revealed an 

approximate shear load o f  1 4 9  pounds with maximum bending 

stresses of 3900  p s i  on t h e  PSD, and r e s p e c t i v e l y  about 

1 5 0  pounds and 600 psi on the blade, assuming a wind-tunnel 

dynamic pressure of 1 0 0  psi. The material y i e l d  strength i n  

an  annealed cond i t ion  was l i s t e d  as 3 0 0 0 0  p s i ,  The u i t i m a t e  

shear  load o f  t h e  1/4-28 b o l t s  was 3600  pounds. To minimize 

f l o w  dis turbances ,  a l l  slots and c a v i t i e s  were sealed w i t h  

filler compound. 

E a r l i e r ,  smaller blade and PSD dimensions were s tud ied  

inc luding  the use of h a l f  b lades ,  d i f f e r e n t  materials, and 

a vertical blade  p o s i t i o n .  The test model was eventua l ly  de- 

signed with spec i a l  a t t e n t i o n  t o  manufacturing c o s t  and 

s a f e t y  (F ig .  3 ) .  Copies of t h e  model drawings are shown i n  

Appendix A. The area ruled configuration is shown in Fig. 4 ,  



where a half wedge of  m a t e r i a l  has been removed from each 

side wall to compensate for the damper. 

9 . t ic  Wind Tunnel ._- -.. 

The i n v e s t i g a t i o n  was conducted in the s i x  by s i x  inch 

supcrsan:i.c blowdown-type wind t u n n e l  b u i l t  by Kenney Engineer- 

ing Corporation and located at the  San Jose State University 

Mechanical Engineering Laboratory. It is shown in F i g .  5. 

The t e s t  section Mach number can be varied between 1.5, 2 ,  

3 and 4 . 5  by i n s e r t i o n  of  t h e  a p p r o p r i a t e  interchangeable 

fixed nozzle  blocks. I n  this case, t he  Mach 1.5 and 2 nozzle 

blocks were used, The original design of these  blocks was 

done by t h e  method o f  charac te r i s t ics  and inc ludes  boundary 

layer e f f e c t s  a t  a median Reynolds number to produce a con- 

sistent Mach number i n  t h e  t e s t  s e c t i o n  ( 5 ,  6 and 7). The 

wind tunnel  was also equipped with  a var iable  area second 

throat t o  form a s u p e r s o n i c  diffuser. Static pressure taps 

were drilled in both  the Mach 1.5 and 2 blocks  j u s t  upstream 

from the model to enable the d e t e c t i o n  of possible shocks and 

to v e r i f y  flow symmetry. The number of #80 holes  was limited 

since the scanning valve contained o n l y  48 p ressure  connec- 

tions. Because of  t he  model position in the center of the 

test section,  interference was encountered with the e x i s t i n g  

rake. A new s h o r t e r  9-probe  rake was designed and manufac- 

tu red  (Fig. 6 ) .  A l so ,  a shorter s t i n g  holder was i n s t a l l e d  

t o  move t h e  new .rake f a r t h e r  back i n  t h e  t e s t  section. A 



more complete description of this wind tunnel  and its opera- 

t i o n  i s  found i n  References 8 and 9. 

Instrumentation and Control 

The high speed wind tunnel  ins t rumenta t ion  cons is ted  of  

two quartz p i e z o l e c t r i c  p ressu re  tran5ducers f o r  measuring the 

pressures in the tunnel  and t e s t  s e c t i o n .  Plenum, nozzle  

blocks ,  t e s t  s e c t i o n ,  rake and diffuser pressures were 

measured pconsecutively using a Scanivalve Model 5-48 con- 

t a i n i n g  one of t h e  pressure  t ransducers  coupled.to a 

Sanborn 2-channel cha r t  recorder  v i a  a charge a m p l i f i e r .  To 

r ecord  the  tunnel  average pressures in the s e t t l i n g  chamber, 

t he  other  p ressure  t ransducer  sensing Eaur pressure taps was 

connected t o  a second charge ampl i f ie r  and l inked  to t h e  

Sanborn recorder. Ambient pressures  were read separa te ly  

on a standard l abora to ry  mercury barometer. The tunnel has 

an e l e c t r i c a l l y - d r i v e n  t r a v e r s e  mechanism which allowed t h e  

sting holder to be moved v e r t i c a l l y  t o  any des i red  position. 

A pneumatic c o n t r o l l e r  and valve p o s i t i o n e r  with a  s i x - i nch  

throttle plug (Fig. 7) con t ro l l ed  t h e  s t agna t ion  p r e s s u r e  

o f  t h e  wind tunnel .  The controZler  i s  equipped with propor- 

t i o n a l  band and r e s e t  c o n t r o l s .  It i s  con t ro l l ed  f rom a 

panel which has the appropr ia t e  switches f o r  s t a r t i n g  and 

s topp ing  t h e  tunnel. The t r a v e r s e  mechanism i s  a l s o  operated 

from this control panel. The wind tunnel also has an air 

d r i e r  to prevent condensation shock waves, A more detailed 

d e s c r i p t i o n  can be seen i n  Reference 8 .  



C a l i b r a t i o n  

Prior t o  opera t ing  t h e  wind tunnel, t h e  two quar tz  

p i e z o e l e c t r i c  t ransducers  were c a l i b r a t e d .  For the one 

used on t h e  s e t t l i n g  chamber, hydraul ic  p ressu re  was applied 

by means o f  a  deadweight t e s t e r .  The output ,  converted by a  

charge a m p l i f i e r ,  was then read  onto t h e  Sanborn rec.or:der. 

This circumvented ind iv idua l  component/ instrument e r r o r s .  

A standaid e r r o r  a n a l y s i s  of this system indica ted  c a l i b r a -  

t i o n  inaccurac ies  of 0 .18  psi when a least square fit was 

used t o  o b t a i n  a conversion formula. The transducer con- 

t a i n e d  i n  the scanning valve,  engaged t o  a  secand amplifier, 

was connected t o  t h e  shop a i r  supp ly  through a p ressu re  

regulator and gauged against a mercury manometer and t h e  

output recorded on the Sanborn recorder .  This  al lowed c a l i -  

bration i n  the negat ive  p ressu re  range. The s tandard  devia-  

t i o n  of t h e s e  readings  deduced from a l e a s t  square fit 

was 0.13 psi. 

The Sanborn dual channel recorder  was t e s t e d  f o r  proper 

d e f l e c t i o n  on each day of use  with t h e  a i d  o f  a C-size 

b a t t e r y .  The b a t t e r y  vo l t age  was f i r s t  checked with a 

d i g i t a l  vol tmeter .  

Difficulties were encountered i n  obta in ing  a cons tan t  

upstream s t a g n a t i o n  pressure .  However, t h i s  i s  not  neces- 

s a r y  since a l l  t h e  downstream s tagna t ion  p ressu res  c o r r e l a t e  

wi th  t h e  upstream s tagna t ion  p ressu res .  . Although t h e r e  was 

some i n i t i a l  f l u c t u a t i o n  in tunnel  s t agna t ion  p ressu re  a t  

the start of a run, t h e  flow f i n a l l y  s t a b i l i z e d  sufficiently 



to yield reliable d a t a .  A stable run time of about 6 seconds 

was necessary t o  complete t h e  48-port  scan. 

The wind t unne l  i t s e l f  was cal ibr ,a ted  as  fo l l ows :  

F i r s t  the stagnation pressure was checked to see i f  t h e  i n d i -  

cated c o n t r o l  pressure correlated with t h e  stagnation chamber 

transducer readings .  The~l, with the Mach 1 . 5  nozzle  blocks, 

a h a l f - i n c h  diaineter cone with a h a l f  angle of 7O ( F i g .  8)  

was used t o  eva lua te  the  Mach number i n  t h e  test sec t ion .  

The ha l f - inch  dLameter cone produced an attached shock wave 

w i t h  ang le  of 45', which indica ted  a Mach number of 1 . 4 7  

(see Fig. 8 3 .  An at tempt  t o  pu t  a l a r g e r  f r o n t a l  area wedge 

or cone i n  t h e  t e s t  s ec t i on  failed t o  produce an attached 

shock because o f  excess blockage. The reason f o r  t h i s  was 

t h a t  t h e  20' wedge, with a f r o n t a l  area of  4 . 7 7  square inches 

and blockage r a t i o  o f  1 3 . 2 6  percent ,  formed an area  ratio 

A/Ak = 1.049, which was just above t h e  value required for 

sonic conditions in isentropic flow (i. e., A/A* = I]. The 

3-inch diameter cone (half angle 20') which has approximately 

t h e  same area blockage as t h e  blade/PSD model, produced no 

s i g n s  of supersonic flow regardless o f  higher s t agna t ion  

p ressu re  i n p u t .  Th is  cone had a f r o n t a l  area of 7 . 0 7  square 

inches and a b lockage  r a t i o  of 19.64 percent .  

c a l i b r a t i o n  d a t a  i s  shown i n  Appendix C. 



3 .  PROCEDURE 

P ressure  Measurements with Mach 1.5 Nozzle  Blocks 

I n i t i a l l y ,  a series o f  runs were made at several s tagna-  

tion pressure  s e t t i n g s  to v e r i f y  t h e  structural i n t e g r i t y  o f  

the test model and rake, t o  check for poss ib le  d iscrepancies  

in the readouts ,  leaks i n  the tube  connect ions,  and t o  de- 

termine s t a b l e  flow s e t t i n g s .  Control s e t t i n g s  of  about 

1 2  p s i  s t agna t ion  pressure  were s e l e c t e d  f o r  the subsonic 

t e s t s  with a closed d i f f u s e r  p o s i t i o n  of 1 - 5 / 8  inches on 

each side, leaving a second t h r o a t  area of 6 by 2 - 3 / 4  inches. 

For the t ransonic  tests, the s t a g n a t i o n  p ressu re  s e t t i n g  was 

s l i g h t l y  increased and t h e  diffuser was opened f u l l y .  These 

s e t t i n g s  gave a s t a b l e  flow a f t e r  an i n i t i a l  fluctuation 

p e r i o d  o f  approximately two seconds. Runs were made t o  

generate t h e  da t a  f o r  eva lua t ing  t h e  nodel viscous and shock 

losses. The rake was pos i t ioned vertically a t  h a l f  - inch  

in t e rva l s ,  requiring 11 runs t o  t r a v e r s e  t h e  s i x - i n c h  test 

s e c t i o n  h e i g h t .  Several  redundant runs  were made t o  v e r i f y  

cons is tency and t o  determine the r e p e a t a b i l i t y  of  measurements. 

Tests were made for subsonic and t r anson ic  flaw, with and 

without area ruling. A f e w  r e p r e s e n t a t i v e  samples o f  t h e  

pressures measured at the tunnel side wall and t e s t  s e c t i o n  

s ide p l a t e  a r e  shown in Figs. 9,  1 0  and 11. The subsonic run 

shows a r e l a t i v e l y  l o w  p r e s s u r e  v a r i a t i o n ,  i n d i c a t i n g  subsonic 

flow everywhere. 



The transonic runs show a larger variation. They s t a r t  

with a steady drop  i n  pressure (nearly reaching sonic f low) ,  

then  t h e r e  i s  a r i s e  i n  p res su re  a f t e r  t h e  t h r o a t  (subsonic 

f l o w ,  due t o  model blockage) and a re-expansion of t h e  f l o w  

through t h e  model t o  supersonic speed, and f i n a l l y  shock 

down indicated by the cusp. This i s  caused by t h e  shape of 

the nlodal Cc~iilifig a converging-diverging nozzle .  

I t  yas found t h a t ,  f o r  the subsonic runs, t h e  upstream 

s t a t i c  pressure was lower  than a t  some of the  downstream ports. 

This phenomena was a t t r i b u t e d  to t h e  f a c t  that t h e  tunne l  

was designed f o r  supersonic  flows. For subsonic flow, t h e  

area increase downstream of the  t h r o a t  acts as a d i f f u s e r ,  

which s i g n i f i c a n t l y  increases t h e  s t a t i c  p r e s s u r e  i n  the end- 

wall regions .  To measure the p r e s s u r e  i n  t h e  flow properly, 

a t o t a l  p r e s s u r e  probe was inserted upstream o f  t he  t e s t  

model (X = 1 inch) ,  as shown on Fig. 1 2 .  Also, pressure t a p s  

were added i n  t h e  model s i d e  wall plate to detect shock 

waves generated by t h e  model. 

Pressure  Measurements with Mach 2 Nozzle Blocks 
- - - .- - - 

The procedures used for these runs were e s s e n t i a l l y  t h e  

same a s  f o r  t h e  Mach 1.5 nozz l e  blocks, except with higher 

i npu t  stagnation yressure se t t ings  f o r  the s u p e r s o n i c  runs. 

Pressure d i s t r i b u t i o n s  o f  a few s e l e c t e d  runs shown i n  F i g s .  13 

and 1 4  a r e  again nearly i d e n t i c a l  f o r  t h e  s t r a i g h t  and area 

ru led  channel conf igura t ion .  They also indica~e t h a t  an 



o b l i q u e  shock s t ands  approximately 1 0  inches upstream of 

the model, where t h e  flow i s  supersonic. If blockage due 

t o  the  model size was n o t  s o  g rea t ,  t h e  l i n e  would have 

followed a decreasing pressure pa th .  

Subsonic flow with t h e s e  nozz l e  b locks  would show a 

pressure line similar t o  t h a t  w i t h  t h e  Mach 1.5 blocks ,  as 

in F i g .  9. 

4 .  INITIAL REtS!j',TS 

Typical resu1t.s of the rake pressure measurements a re  

shown in F i g s ,  IS to. 2 0 .  They a re  p l o t t e d  from the tabulated 

data in Appendix C .  A few samples o f  ' the ac tua l  r e c o r d e r  

s t r i p s  from which these data and p l o t s  a r e  derived are also 

included in Appendix C, 

The average s t a g n a t i o n  p ressu re  (Pol) f o r  a l l  t he  p l o t s  

i s  2 7 . 0 0  p s i a ,  except f o r  t h e  two s e t s  of runs with t h e  

Mach 2 n o z z l e  b locks ,  which are 4 0 . 5 0  p s i a .  The area averaged 

rake  s t a g n a t i o n  p res su res  ( P o Z ) ,  downstream o f  t h e  model,  

are 

For M - 1 . 5  Nozzle blocks (NBc) 

MI = 0.43, Po2 (subsonic) = 26 .46  p s i a  

M1 = 0.63,  Po ( t ransonic)  = 23.56 p s i a  

MI = 0 .63 ,  PoZ  (transo.nic,AR) = 24.16 p s i a  

where AR denotes area r u l i n g  and MI is the Mach number imme- 

d i a t e l y  ahead o f  t h e  model. 



For  M - 2  Nozzle Blocks (NBS] 

MI = 0 . 4 9 ,  P O 2  (subsonic)  = 2 5 . 6 2  p s i a  

MI = 1 . 0 7 ,  PoZ (supersonic)  = ' 27 .15  ps ia  

MI = 1.11, PoZ [supersonic,AR) = 27.22 p s i a  

From t he  above, t h e  p r e s s u r e  l o s s e s  

- 
PPO - - P,2 are calculated 

For M - 1 . 5  NB 
9 

APo (subsonic: = 27.00 - 2 6 . 4 6  = 0 . 5 4  p s i a  

APo ( t r anson ic )  = 27.00 - 23.56 = 3 . 4 4  ps i a  

APo (transonic,AR) = 2 7 . 0 0  - 24.16 = 2 . 8 4  p s i a  

For M - 2  NBS 

AP, (subsonic)  = 2 7 . 0 0  - 25 .62  = 1 . , 3 8  p s i a  

AP, (supersonic) = 40.50 - 2 7 . 1 5  = 1 3 . 3 5  p s i a  

hPo (supersonic,AR) = 40 .50  - 2 7 . 2 2  = 13.28 p s i a  

The t o t a l  p ressu re  l o s s  coef f ic ien t  f o r  the channel i s  defined 

For M-1.5 NB, 

Note: Viscous loss coefficient obtained from subsonic 

pressures. 



For M-2 NB* 

ic (viscous) = APO/Po1 = 1.38 / 27.00 = 0.051 

i, (supersonic) = hPoiPol = 13.5 / 40.50 = 0.330 

&, (supersonic ,AR] = AP,/Pol = 13.28 / 40 .50  = 0.328 

Normally, for t ransonic  and8.supersonic flow, t h e  shock loss 

coeff ic ients  are obtained by subtracting the viscous loss 

coefficient Erom t h e  t o t a l  l o s s  coefficients. However, be- 

cause t h e  viscous loss coefficients for runs with M-1.5 and 

M-2 nozzle  blocks f e l l  within the repeatability range of 

5%, it was omitted and thus the value and reduc t ion  in SHOCK 

LOSS could not be  determined. The reduction in TOTAL LOSSES 

due t o  a rea  ruling i s  

For M-1.5 NB, 

- 

Percent 
Reduct i on  - - 'c (transonic) ' 'c ( t ransonic  ,AR) 

(M- I. 5) - 
U c [transonic) 

-k This i s  g r e a t e r  than t h e  error band of -S%, and i s  t h e r e f o r e  

considered s i g n i f i c a n t  . 
For M - 2  NBS 

- - 
Percent w - c [supersonic)  W 

- c(supersonic,AR) Reduct ion (M- 21 - 
w c [supersonic) 



This is well within t h e  r e p e a t a b i l i t y  range and, therefore, 

is not significant. 

Figures 21 th rough  26 show t e s t  s e c t i o n  Mach number 

d i s t r i b u t i o n  f o r  comparison. These Mach numbers were ob- 

tained from the static pressure t a p s  i n  t h e  side wall p la t e  

shown in Fig. 12. 

5 ,  MODIFIED MODEL 

Due t o  the relatively l a r g e  f r o n t a l  area o f  the o r i g i n a l  

channel test model, t h e  tunnel d i d  no t  s ta r t  [ i . e . ,  opera te  

a t  o r  near the  design Mach number i n  the t e s t  s e c t i o n ) .  

During the  l a s t  phase of  testing, an e f f o r t  was made t o  

a l l e v i a t e  this cond i t ion  by cutting down the double  wedge 

model t o  a lTdouble t r apezo id t t  model,  as is shown in Figure 2 7 .  

This f i g u r e  shows a cut-down central  blade and damper with 

a blockage ratio of 10.38, compared to 18.25% for the o r i g i n a l  

model i . ,  blockage r a t i o  = Amodel I A t e s t  s e c t .  X 100%). 

This model was t e s t e d  wi th  t h e  Mach 1 . 5  and 2.0 nozzle 

b l u c k s ,  with and without area  r u l i n g .  Two forms of  area 

r u l i n g  were used: (1) area ruling to compensate for the 

damper, Figure 28, and (2) area ruling to compensate for t h e  

damper and c e n t r a l  blade,  F igure  29 .  The l a t t e r  was done t o  

determine i f  t h e r e  would be  any e f fec t  of having an area 

d i s t r i b u t i o n  through t h e  test s e c t i o n  of near vlzero" blockage.  

Drawings o f  the modif ied model a r e  shown i n  Appendix A. 



6. MODIFIED MODEL RESULTS 

The same measurements were taken w i t h  t h e  modified 

model as  f o r  t h e  o r i g i n a l ,  wi th  t h e  exception that part of 

t h e  d a t a  was reduced "on l i n e T 1  by an Apple Computer System. 

Difficulties wi th  the system resulted in the l o s s  of some 

data, namely that pressure data which allowed the c a l c u l a t i o n  

of t h e  Mach number d i s t r i b u t i o n  through t h e  t e s t  s e c t i o n  

f o r  t h e  M-1.5 n o z z l e  blocks.  However, measurements were 

a v a i l a b l e  that p e r m i t t e d  the c a l c u l a t i o n  o f  the i n l e t  Mach 

number. The s t a t i c  p ressu re  d i s t r i b u t i o n  f o r  the M = 1.5 

and 2 . 0  nozz l e  blocks are  shown in F i g u r e s  30 and 31. 

The r e s u l t s  of t h e  rake  measurements are  s i m i l a r  t o  

those given i n  F igures  1 5 - 2 0 ,  and a r e  listed i n  Appendix C. 

I n  order  t o  have s teady tunnel  o p e r a t i o n ,  t he  stagnation 

pressure s e t t i n g  had to be varied f o r  t h e  d i f f e r e n t  a rea  

r u l i n g  tests. Therefore ,  t h e  s t agna t ion  chamber p r e s s u r e  

( P o l )  and t h e  a rea  averaged rake  t o t a l  p r e s s u r e  (POZ)  a re  

given f o r  each test s e r i e s :  

F o r  M-1.5 NB, 

S t r a i g h t  Channel - MI = 0.75 ,  Pol = 36.5 p s i a ,  PoZ = 3 2 . 2  p s i a  

AR, Damper - MI = 0.79, Pol = 36 .5  p s i a ,  PO2 = 3 2 . 2  p s i a  

AR, Damper 6 
Blade - MI = 0 . 9 ,  Pol = 31.0 p s i a ,  po2 = 2 7 . 6  p s i a  

For M-20 NB, 

S t r a i g h t  Channel - MI = 1.99, Pol = 3 3 . 6  p s i a ,  PoZ  = 2 3 . 9  psis 

AR, Damper 6 - MI = 2.0,  Pol = 3 8 . 0  ps ia ,  PO2 = 27.1 p s i a  
Blade 



F ~ o m  the  above values, the channel total pressure loss 
- 

coe f f i c i en t ,  oc = (Pol = PoZ)/Pol, can be calculated: 

For M-1.5 NB, 

S t r a i g h t  Channel - w, = 0.118 

AR, Damper - Wc = 0.118 

AR, Damper 6 
- 

- O c  
= 0.110 

Blade 

For M- 2 . 0  NB s 

S t r a i g h t  Channel - ic = 0.289 

AR, Damper E - ("c - = 0.287 
Blade 

For the M-I. 5 nozzle  b locks ,  the  model with full area 

ruling (i.e., damper and blade) showed a reduction in loss 

coefficient of -6.8%. With the M-2.0 nozzle block ,  the de- 

crease was -0.7%. The f i r s t  is on ly  slightly larger than 

t h e  range of r e p e a t a b i l i t y  and the latter is inconsequential. 

7 .  DISCUSSION 

The static pressure distribution for the tests done indi- 

cate t h a t ,  in most cases, t h e  tunnel did not start, This is 

shown in Figures 9-11 by the subsonic  f l o w  up to the model, 

whereupon the flow chokes at the maximum model area ( i . e . ,  

minimum tunnel area). Figures 13, 14 and 30 show a sudden 

increase in static pressure j u s t  before  the test s e c t i o n ,  

indicating t h e  presence of a normal or ob l ique  shock. The 



only h igh  speed t e s t s  f o r  which the tunnel started were 

t h ~ s e  f o r  t h e  modified model us ing  t h e  M - 2 . 0  nozz le  blocks.  

For a l l  o f  the t r anson ic  runs ,  t he  model- blockage was too  

g r e a t  to allow t h e  tunnel  to s t a r t .  For two of t h e  t e s t s ,  

t h e  Mach number a t  t h e  model i n l e t  ,was s l i g h t l y  supersonic  

(M = 1 . 0 5 )  a f t e r  t h e  main tunnel  shock. 

A summary of data showing channel l o s s  c o e f f i c i e n t  

p l o t t e d  with i n l e t  Mach number i s  shown i n  Figure 3 2 .  For 

t h e  o r i g i n a l  model, t h e r e  i s  a 1 7 . 2 %  d i f f e r e n c e  i n  loss co-  

e f f i c i e n t  a t  M1 = 0.63 (1-1.5 NB,) and no d i f f e r e n c e  for 

M 5 1 . 0 5  (M-2.0  N B s ) .  For t h e  modif ied  model, t h e r e  was a 

small drop of 6 .8% i n  l o s s  coe f f i c i en t  f o r  t h e  fully area 

r u l e d  case (area ru led  f o r  both damper and blade)  u s i n g  the 

M-1.5 NBS. The main d i f f e r e n c e  i n  these  t e s t s  was t h e  model 

, inlet Mach number, Area r u l i n g  had t h e  effect of increasing 

the model i n l e t  Mach number from 0.75 f o r  t h e  straight wall ,  

to 0.9 w i t h  full a rea  ruling . This  s i g n i f i c a n t  i n c r e a s e  

f o r  the  transonic range.  There was no s i g n i f i c a n t  ~trformance 

d i f f e r e n c e  f o r  t h e  modified model between s t r a i g h t  and area 

ruled cases  at M1 = 2.0.  However, this i s  i n  agreement wi th  

Witcomb's ( 1 0 )  f ind ings ;  t h a t  i s ,  a t  Mach numbers a t  o r  above 

t w i c e  the speed o f  sound, t h e  a rea  r u l e  ceases t o  have any 

effect f o r  e x t e r n a l  flow. 

The p resen t  experimental  r e s u l t s  i n d i c a t e  t h a t  t h e  

effect of area r u l i n g  on t h e  shock l o s s e s  of a sinplified 

i n t e r n a l  channel blade and damper model i s  not  g r e a t .  This 



could be due t o  the excess ive  blockage caused by t h e  models 

t h a t  precluded tunnel  starting, o r  due t o  t h e  crude shape 

of the model and area ruling contours .  A model with a 

lower blockage r a t i o ,  t h a t  would allow t h e  tunnel  t o  s t a r t ,  

might show a g rea t e r  effect of a rea  ruling. Furthermore, 

it i s  known [lo, 11) that, as t h e  g rad ien t  of area becomes 

i r r e g u l a r  o r  discont inuous,  wave drag increases .  The o r i g i -  

nal model has 2 t  l e a s t  one sudden change of s l o p e  t h a t  z 

smoothly-curved model would not ;  t h a t  i s ,  t he  apex of t h e  

wedge, The cut-down t r apezo id  model and damper' has an 

a d d i t i o n a l  three d i s c o n t i n u i t i e s  [i. e., a t o t a l  o f  f o u r ) .  

I t  i s  p o s s i b l e  t h a t  a model using a bi-convex b lade  and 

damper might show a g r e a t e r  difference between t h e  s t r a i g h t  

wail and area ruled condi t ion .  

8. SUMMARY 

Pressure measurements have been taken on blade and damper 

models, with and without a r e a  ruling, i n  a 6" x 6" high speed 

blow down wind tunnel .  An original double wedge model 

having 1 8 . 3 %  a rea  blockage ratio was used and subsequently 

cut  down t o  a double  t rapezoid  with 1 0 3 %  blockage. The 

tunnel would n o t  s t a r t  with e i t h e r  model using t h e  t r anson ic  

nozzle blocks (M = 1 . 5 ) .  The tunnel  d i d  s t a r t  with t h e  cu t -  

down model using the supersonic nozzle  blocks [M = 2 . 0 ) .  

A difference of 1 7 . 3 2 %  in channel pressure loss coeffi- 

cient was observed between t h e  straight wal l  and area  ru led  



double wedge at low transonic speed, A 6.8% decrease in 

l o s s  coe f f i c i en t  and an increase i n  inlet Mach number was 

measured f o r  t he  double t r apezo id  model between the 

straight wall and area ruled cases in t h e  l o w  transonic 

regime. 

There was no s ign i f ican t  difference between s t r a i g h t  

and area ruled model performance for low or high supersonic 

speeds.  
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A *  MODEL AND RAKE DRAWINGS 
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Fig .  32. Model Assembly Drawing, Sheet  1 
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Fig. 32. Continued, Sheet 2 



Fig. 32. Continued, Sheet 3 
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NOTE: DRILL HOLES FROM EXISTING PLATES. 

Fig .  35. Side Wall Plate Drawing 
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B . CALI BR-QTION DATA 



B. C A L I B W T I O N  DATA 

The Scanivalve transducer was calibrated in the fol- 

lowing manner: F i r s t ,  positive pressure readings  were 

obtained by applying shop air pressure t o  t h e  t r a n s d u c e r .  

The applied pressure, by means of a pressure regulator, was 

read on a single tube  mercury manometer which was connected 

to t h e  pressure line. The transducer was further  connected 

to the  Sanborn recorder through a charge amplifier. The 

applied pressures were recorded by a n e e d l e  d e f l e c t i o n ,  

which had to be converted according to the scale setting as 

shown: 

POSITIVE SCA13IVALVE TRAIJSDUCER READINGS 

S i n g l e  tube Con- Recorder n e e d l e  Scale 
Manometer version def lec t i -on  0 .05  

( "  a (psi) (m)  v/m 
9 

Con- 
version 

(V) 



S i n g l e  tube 
Manometer 

Con- Recorder needle Scale  Con- 
version deflection 0.05  version 

( p s i )  (m)  v/mm ( V )  



To continue reading in t h e  negative pressure range, 

tha d n g l e  tube manornotar was replacod by a 38 inch open 

U-tubs manomatar, Negative psessuraa were obtained by 

us ing  a Ventury tube operated by shop sir, end these pres- 

nures were raad off tha U-manometar. The rasulta shown 

below ara r 

NEGATXVE SCANXVALVE TRANSDUCER READINGS 

Con- Recarder naadla Scale  Con- 
U-manometer version d a f l e c t i o n  0.81 version 

No. ( *  Hg) (psi) (m) v /m (v )  



For finding the least square fit, the positive and negative 

prossure summations are: 

Assuming t h a t  the errors i n  the P readings  are negligible, 
I 

the equation is 

V = a P + b  and the normal 

equations are: 

and substituting the above values, 

From ( 2 ) ,  a = (20.093 - 45b) /  377.42 

and substituting i n t a  (1) : 



and substituting b i n t o  ( 2 )  g i v e s ,  

and thus  

a = (20.093 - 45(0,003))/377.42 = 0.053 

V = 0.053 P -I- 0.003 fo r  the scanner 

valve pressure transducer,  containing a standard deviation 

of S = 0.127 

For calibrating the stagnation chamber transducer a 

deadweight tester was used.  Several readings were taken  

as shown on the next page. 



STAGNATION CHAMBER TRANSDUCER READINGS 

Recorder needle  d e f l e c t i o n  
(mm 

Deadweight tester 
(ps i  Data 1 Data 2 Average 



Dead Averaged 
weight recorder needle Scale  Corr. Con- 
tester deflection 0.05 fact. version 

NO. (psi (mm) v/m 1.0154 ( v  1 

.The above data  was averaged from the readings t a k e n  

w i t n  t h e  deadweight  tester for more accuracy. 



To apply a l e a s t  square fit to the stagnation t r a n s -  

ducer data, the obtained summations are: 

and again assuming that the errors in the P readings  are 

n e g l i g i b l e  the equa t ion  is the same as used before 

V = a P  + b and the normal 

equations also: 

and substituting the above values, 

From ( 4 )  a = (10.709 - 10 b)/275 
and s u b s t i t u t i n g  i n t o  ( 3 )  



and substituting t h i s  i n t o  ( 4 )  g i v e s ,  

and t h u s  V = 0 . 0 3 9  P + 0.009 for the s tag -  

nation pressure t r a n s d u c e r ,  with standard deviation of 

S = 0.178 

The scanner  valve and s tagnat ion ca lcu la ted  v o l t a g e  

equations are plo t ted  on t h e  graph. The a c t u a l  readings 

are shown for comparison. 

The formula used f o r  r e d u c i n g  t h e  Sanborn recorder 

strips is der ived  as  follows: 

From t h e  stagnation pressure transducer 

V = 0.039 P + 0.009 

P = (V - 0.009)/0.039 = 25.707 V - 0.231 
V is the voltage  o u t p u t  of t he  transducer recorded on 

t h e  output strips with a needle deflection of 0.05 V / m  

25.707 V = 25.707 x 0 . 0 5  x (mm) 



NOTE: D o t s  are actual readings 
shown f o r  comparison 

10 20 30  40 50 
PRESSURE (psi) 

Fig. 38. Transducer Calibration Curves 



and P = 1.285 x (m) - 0,231 
adding the barometric pressure of t h e  day ( p  ) in which 

b 
the data was recorded, the absolute pressure reading is, 

For t h e  scanivalve transducer 

From V = 0.053 P + 0,003 

B = (77 - 0.003)/0.053 = 18.919 V - 0.061 
and similarly 

18.919 V = 18,919 x 0 .05  x (mm) 

and P = 0.946 x (mm)  - 0.061 + Pb 

To interpret the dual channel  recorder strips f o r  t h e  

rake impact pressures t h e  formula used is: 

P scanivalve + Pb - - 
'rake (reduced ) ( ' ~ e f .  ~ t a g n .  

'stag*. + Pb 

Since the calculated  and the actual  graphs of the calibrated 

transducers are close,  the pressure intercepts are ignored. 

The simplified rake pressure formula thus becomes, 



The stagnation pressure in t h e  stilling chamber was 

repeatable in t h e  range of +/- 1 psi due to dev ia t i ons  in 

t h e  control ler .  To obtain an area averaged stagnation 

pressure downstream of the m o d e l  a f i x e d  upstream stagnation 

pressure was necessary fo r  the runs in a particular set. 

Therefore t h e  rake pressures were ratioed to a reference 

upstream s tagnat ion pressure To check the 

validity of t h i s  rat io ing ,  a number of runs were taken w i t h  

i n c r e a s i n g  input stagnation pressures. The rake stagnation 

pressures were found to increase linearly w i t h i n  an error 

band of 5 percent. 



C. TEST DATA 



C. TEST DATA 

A photographic r e d u c t i o n  shows samples (F ig .  39) of 

t h e  actual recorder s t r i p s .  All t h e  rake data is tabulated 

on the following pages. 

Pressure data was o b t a i n e d  by first finding the refer- 

ence l i n e  of the r e c o r d e r  needle, subtracting that from 

the port line deflection in question and s t o r i n g  the num- 

ber of mm i n  ( B ) ,  Similarly, for the s t a g n a t i o n  pressure, 

the difference i n  mrn between t h e  s t a g n a t i o n  pressure line 

(opposite the port) and t h e  reference n e e d l e  l i n e  i s  ( A ) .  

The barometric pressure in psi is (C), and the reference 

s t a g n a t i o n  pressure ( P  ) i s  determined by aver- Ref .S tagn .  

a g i n g  the stagnation pressures of a few strips. All t h e  

above i n f o r m a t i o n  i s  t h e n  s u b s t i t u t e d  i n t o  the formula: 

For static w a l l  p r e s s u r e s  

Ps 
= 0.946(B) + (C) 

For determining Mach numbers  

P 
s 

0,946(B) + (C) 
- - - = X 

Po l .ZSS(A)  + ( C )  

is used. 

and using t h i s  X;  the Mach number is found from isentropic 

flow tables (Ref. 1 8 ) .  
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ORIGINAL MODEL 

M-1.5 nbs / Output gauge: 8 / Subsonic / AR / D i f f u s e r :  13  turns in each s i d e  

P 
b 14.72 - - - - - - - - - - - 

( p s i  1 

Rake 
pos . +2* *2 +I$ +1 +A 2 0 -& -1 -I* -2 -2% 
( Y * )  

Rake 
port 
?lo. -- 



ORIGINAL MODEL 

. M-1. 5 nbs  / Output  gauge: 8.5 / Transonic / Choked c o n d i t i o n  

D a t e  2 6  2/9 - - - 2/11 2/10 2/11 - - 2/16 

Rake 
"29 +2 + 16 +I +1- 0 1 -1 1 pos . 2 -z - lz -2 -2s 

C Y "  1 

Rake 0 0 
por t  - 2 2  
No* 

= E  
0 z 

1 
s!? 

2 4 . 6 0  24.70 25,39 25.49 24 .91  23.02 25.65 24.94 25.74 2 5 - 6 6  25.17 

2 25.20 24.52 24.79 25.30 25.58 21.56 26.04 25.23 25.95 25.76 25.96 5 3  5" 



OR1 G INAL kiODEL 

M-1.5 nbs  / Output gauge: 8.5 / Transorric / AR / Choked condition 

Rake 0 0  
+23 +2 '1% +l +$ 0 1 pos . -9 -I -1% -2 -2* m z  

a n  
( y " )  g 

= F  
P !  ke 
port 
140. 



QR I G l MAE &~LIDE t 

$4-2 obs  $' O u t p u t  C J ~ ~ S ~ P :  8 J S~lI>s~~t i$kr  $" D i f f u s e r :  1 3  k u r m ~ s  i n  ear-h s i d e  



ORIGINAL MODEL 

M-2 nbs / O u t p u t  gauge: 10 / Supersonic / Choked condition 

Date 3/12 - - - - - - .  - - - - 

Rakc 
POS +2$ +2 + 1% +I +$ o -6 -1 -I+ -2 -2% 0 0 
(Y" 1 m t 3  - B  

8 g 
Rake ZF 
port 0 %  
No. 

C b  
-- b G l  

E m  



ORIGINAL MODEL - 

M-2 nbs / Output  gauge: 10 / Supersonic / AR / Choked condition 

D a t e  3/20 3/19 - - - 3/20 3/19 - - - - 

Rake 
+2Q +2 JP +I ++ 0 

1 
pos . -z -1 - 1% -2 -23 
t y" )  

Rake 
port 
No 



MODIFIED MODEL 

M-1.5 nbs/output gauge lO/Transonic/Straight Wall 

Date 

Rake 
pos 4 

( Y " )  

Rake 
port 
1a0. 



MODIFIED MODEL 

M-1.5 nbs/output gauge lO/Transonic/AR, Damper 

Rake 
pos. 
( Y " )  

Rake 
port 
No. -- 



MODIFIED MODEL 

M-1.5 nbs/output gauge IO/Transonic/AR, Damper & Blade 

Rake 
pos +2r 

2 +2 2 +I i- 1L +A 
2 

Rake 
port 
No. -- 



MODIFIED MODEL 

M-2.0 nbs/output gauge lO/Supersonic/Straight Wall 

Rake 
pos +2+ +2 + 1% + 1 -1- f 2 

Rake 
Port 
No. -- 



MOD1 FIED MODEL 

M-2.0 nbs/output gauge lO/Supersonic/AR, Damper 6 Blade 

Rake 
pos . '2% 4-2 + 1r. 2 +1 4-3 

Rake 
port 
No. .- 

1 ' 2 9 . 5 2  30.25 2 8 . 0 2  24.57 29.16 



Flow 

F i g t  1. Rotor-Blade Row w i t h  Part-Span Dampers 



Test Section Boundary 
- - I  a m -  

Blade 

--e --- 
TOP VSEN 

SIDE V I E N  

Fig. 2. Madel Configuration 
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FIGURE 3. T e s t  Model - 
S t r a i g h t  Configuration 

F I G U R E  4 .  T e s t  Model - 
.Area Ruled f o r  Damper 
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P i g .  10 .  StaGie  Presstire DistrtbuLion far a Transonic Run 
w i t h  M ~ c h  P a  5 t d ~ z s l e  Blocks ,  S t r a i g h t  Channel 
Madele and Seesnd Throat Area 6 x 6 Inches 

- Sonic Pressure 





t a l  Pressure  
-Probe 

p j  12, Modi f " ied I , eS t  f19nd S i d e  Wall P l a t e  w i t h  Fr - r~ssure  Tape 







F i i g ,  1 5 ,  $re:;srii-v I'so$i l e  of iiaibaanic i B ~ s r ? s  w i  t h  Mark 1 , s  Nazzle B l g s c k e  
aluf :; &r;1 i $i CTl")%antlel Model 



f*7if~* Prpr:i:i;l*e Ft-uf  i l c  o f  T~.~ i i : : i i , ; i r  R i i r i s  w i t h  Marti 1 . 5 I :nz? . l~  Blocks 
911d :; t Y;% i t + % a  t fqfi;$rrrae%. M o d e l  



F i r .  1 7 ,  Prenskjre  Profile o f  Transonic Rrlras with Mach l e g  fdazzf e B l o c k s  
arid Area R t r 3  etl C t ~ a r l t s e l  Medcl  



Fig. 18 . Prt?:;::,ire i ' roi ' i le  of S u b s o r ~ i c  Runs  with M ~ c h  2 !Jnzzle Blocks 
ag,d :;! lV;i r c:tintitn~:l Model 







k T e s t  Section 

Fig. 21. Average idach Numbers at Loca t ions  R e l a t i v e  to Model 
for Subsonic  Runs w i t h  Mach 1.5 N o z z l e  Blocks and 
S t r a i g h t  Model Configuration 



(? Test S e c t i o n  

Fig. 2 2 .  Average Mach Num3ers A t  L o c a t i o n s  Relat ive  t o  Modt-1 
for Transonic Runs w i t h  Mach 1.5 Nozzle Blocks and 
Straight Model Configuration 



k T e s t  S e c t i o n  

I 

1 - 
Model 

F i g .  23, Average Mach Numbers A t  Locations Relative t o  Model 
f o r  Transonic Rims w i t h  Mach 1 . 5  Nozzle B l o c k s  and 
A r e a  Ruled Model Configuration 



Test Section 

I 

M = - 0.49 -0.47 -- 0.51 

I l l  I 
0.52 -0.51 - 0.50 - 0.48 

I 

Fig. 2 4 .  Average Mach Numbers A t  Locations Relative to itlode1 
for Subsonic Runs with Mach 2 Nozzle Blocks and 
Straight Model Configuration 



(? Test S e c t i o n  

F i g .  2 5  . Average Mach Numbers A t  Loca t ions  Relative to Model  
f o r  Supersonic Runs w i t h  Mach 2 Nozzle B l o c k s  and 
S t r a i g h t  Model Configurati~n 



k Test S e c t i o n  

Fig. 26. Average Mach Numbers A t  L o c a t i o n s  Relative t o  Model 
for Supersonic Runs with Mach 2 Nozzle  B l o c k s  and 
A r e a  Ruled Model Configuration 
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' FIGURE 2 7 .  Double T r a p e z o i d  Blade 
and Damper Model 

FIGURE 28 .  Double Trapezoid  Model 
I n s t a l l e d  w i t h  M = 1.5 
N o z z l e  B l a c k s  and 
Damper Area  Rul ing  



L 

SIDE PLATES WTTH DAMPER AND BLADE AREA RULING 

FIGURE 2 9  



FIGURE 30. S t a t i c  P r e s s u r e  Distributions f o r  a Double 
Trapezoid Model w i t h  Mach 1.5 Nozzle B l o c k s  
and Second Throa t  Area 6 X 6 Inches  



FIGURE 31. S t a t i c  Pressure Distribution for a Double Trapezo id  
Model with Mach 2 Nozzle Blocks and Second Throat 
Area 6 X 6 Inches 



: Modified Model - S t r a i g h t  Wall 

: blodified Model - AF, Damper 

6119 : Modified h i o d ~ l  - t ; H ;  Damper fr Blade 

0 : Or ig ina l  Model - S t r a i g h t  Wall 
: Original Model. - A R ,  barnper 

FIGURE 32 T o t a l  Pressure Loss Coef f i c i en t  for Transonic 
and Supersonic Channel Flow 


