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An i n v e s t i g a t i o n  has been conducted i n  t h e  Langley 16-Foot Transonic  Tunnel to  
determine and document the  weight-flow measurement c h a r a c t e r i s t i c s  of a m u l t i p l e  
critical ventur i  system and the nozzle  discharge c o e f f i c i e n t  characteristics of a 
series of convergent c a l i b r a t i o n  nozzles. The effects on model discharge c o e f f i c i e n t  
of  nozzle- throat  area, model choke-plate open area, nozz le  p re s su re  ratio,  jet total  
temperature ,  and number and combination of operating v e n t u r i s  were i n w s t i g a t e d .  
Tests were conducted a t  static cond i t ions  ( tunnel  wind of f )  a t  nozzle  p r e s s u r e  ratios 
from 1.3 to 7.0. Resul t s  of t h i s  i n v e s t i g a t i o n  i n d i c a t e  t h a t  the measurement uncer- 
t a i n t y  of the mul t ip le  critical ven tu r i  system is g e n e r a l l y  wi th in  0.5 percen t  and 
t h a t  t h e  d ischarge  c o e f f i c i e n t s  of  the Langley 16-Foot Transonic  Tunnel Stratford 
choke nozz les  f a l l  w i th in  t h e  expected range of 0.9925 to  0.9975 i f  t h r o a t  Reynolds 
number is s l i g h t l y  h igher  than  1 x lo6 and i f  excess ive  to t a l -p re s su re  p r o f i l e  
d i s t o r t i o n  is no t  present .  

INTRODUCTION 

Accurate measurement of a i r  weight-flow rate being supp l i ed  to subsca le  wind 
tunnel  models f o r  j e t  exhaus t  s imula t ion  is c r i t i ca l  to  o b t a i n i n g  high-accuracy 
propulsion-model data. The demands for high-accuracy d a t a  from propuls ion  models 
in- rease  p ropor t iona l ly  wi th  demands for a i rcraf t  w i t h  h ighe r  performance or l o w e r  
f u e l  consumption or bath. Weight-flow measurements are no t  on ly  used to compute 
d i scha rge  c o e f f i c i e n t s  b u t  are also used to  compute values  of ideal i s e n t r o p i c  gross 
t h r u s t  which are used i n  t h r u s t  ratios for determining nozzle  e f f i c i e n c y .  

With the in t roduc t ion  of a high-pressure a i r  je t - s imula t ion  system i n  the 
Langley 16-Foot Transonic Tunnel, a turbine- type meter (refs. 1 and 2) w a s  adopted 
for a i r  weight-flow rate measurements. 
ment a s soc ia t ed  with the turbine-meter frequency measurements "dr i f ted" w i t h  time and 
also because turb ine-meter  c a l i b r a t i o n  w a s  a s l i g h t  func t ion  of  bea r ing  w e a r ,  t h e r e  
w a s  a gradual s h i f t  from use of a turbine- type meter to  a c a l i b r a t i o n  technique which 
u s e s  son ic  nozzles  l x a t e d  a t  t h e  e x i t  of t h e  model high-pressure plenum (refs. 3 
to  5). Ca l ib ra t ions  of the;e son ic  nozzles  a g a i n s t  secondary s tandard  nozzles  w i t h  
known performance were requi red  to es t a ' i l i oh  the r e l a t i o n s h i p  between upstream 
temperature  and p res su re  measurements and weight-flow rate. Although t h i s  method for 
computinq weight-flow rate proved to  be very reliable and gave s a t i s f a c t o r y  r e s u l t s ,  
c a l i b r a t i o n s  before each model e n t r y  were requ i r ed  because the  r e l a t i o n s h i p  between 
t h e  upstream temperature  and p res su re  measurements and t h e  model a i r  weight-flow rate 
w a s  o f t e n  a func t ion  of model des ign  (e.g., upstream temperature  and p r e s s u r e  
measurement loca t ion ,  choke-plate open area, and nozzle- throat  area 1. The secondary 
s tandard  nozzles  used i n  the  Langley 16-Foot Transonic Tunnel f o r  c a l i b r a t i n g  weight- 
f l o w  rate measurements (and, as descr ibed  i n  r e f .  3, for ob ta in ing  balance tares 
r e s u l t i n g  from a i r f l o w  momentum and p r e s s u r e )  are S t r a t f o r d  choke ( s o n i c )  nozz les  of 
the  type descr ibed  and analyzed i n  r e fe rence  6. In  an e f f o r t  t o  s i m p l i f y  and improve 
a i r  weight-flow rate measurement, a mul t ip l e  c r i t i ca l  ven tu r i  system w a s  i n s t a l l e d  i n  
t h e  high-pressure a i r  supply system of the  tunnel  i n  l a t e  1982. Design criteria, 
advarrtlges, and ope ra t ing  c h a r a c t e r i s t i c s  of c r i t i ca l  ven tu r i s  can be found i n  r e f e r -  
ences  7 and 8. 

Because t h e  c a l i b r a t i o n  of e l e c t r o n i c  equip-  
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The objective of  t h i s  paper i s  to  determine and document t he  weight-flow 
measurement c h a r a c t e r i s t i c s  of t h e  Langley 16-Foot Transonic  Tunnel mul t ip le  cri t ical  
ven tu r i  system and the nozzle  d i scha rge  c o e f f i c i e n t  c h a r a c t e r i s t i c s  of a series of 
c o n w r g e n t  calibration nozzles. The e f f e c t s  on model d ischarge  c o e f f i c i e n t  of  
nozzle- throat  area, model choke-plate open area, number and combination of ope ra t ing  
ven tu r i s ,  nozzle  p re s su re  ratio,  and jet total  temperature are shown. This  test w a s  
conducted a t  s ta t ic  cond i t ions  ( tunne l  wind o f f )  and nozzle  p re s su re  ratio w a s  var ied 
from 1.3 to 7.0. 

SYMBOLS 

2 t o t a l  open area formed by ho le s  i n  choke plate, i n  

maximum i n t e r n a l  nozzle  flow area, i n  

measured nozzle- throat  area, i n  

measured t h  oat area of ind iv idua l  ven tu r i  (x = 1, 2, 4, 8,  16.1, or 

2 

2 

9 16.21, i n  

c r i t i c a l - f l o w  factor (see eq. (3a) and ref. 9) 

measured discharge c o e f f i c i e n t  of S t r a t f o r d  choke nozzle, 

average of Stratford-choke-nozzle d ischarge  c o e f f i c i e n t s  measured a t  

wp/wi 

choked flow cond i t ions  for J p a r t i c u l a r  At and Achoke combination 

average of  Fd f o r  a p a r t i c u l a r  v a l u e  of A t  ( inc ludes  c' for a l l  
d va lues  of Achoke e x c e p t  s c reens )  

d i scharge  c o e f f i c i e n t  of ind iv idua l  ventur i  (x = 1, 2, 4, 8, 16.1, o r  1 6 . 2 )  

maximum i n t e r n a l  diameter of model t a i l  pipe (see f ig .  2 ( a ) ) ,  in.  

t h r o a t  diameter of S t r a t f o r d  choke nozzle  (see f i g .  2 ( a ) ) ,  in .  

diameter of S t r a t f o r d  choke nozzle  a t  throat p lane  inc lud ing  nozzle  
Sase (see fig. 2 ( a ) ) ,  in.  

2 a c c e l e r a t i o n  due to  q r a v i t y ,  32.174 f t / s e c  

K O ' K 1 ,  9 ?K15 cons tan t s  used to determine cr i t ical  f l o w  factor (see eq. ( 3 )  ) 

rake c o r r e c i i o n  f a c t o r s  for ind iv idua l  i n t e r n a l  j e t  total-  %, 1 'KR, 2' ' * * ' KR, 5 
pres su re  probes (see f ig .  2 (b)  1 

total-pressure d i s t o r t i o n  parameter (maximum rake c o r r e c t i o n  factor minus 
minimum rake Gorrect ion f a c t o r  times 100; percent  dev ia t ion  from 
no-d i s to r t ion  case (K t o  Q,s = ?.O)) 

A K R  

R, 1 

l ength  used f o r  geometr ic  d e f i n i t i o n  of Stratford choke nozzle  
(see f iq .  2Ia  1 1, in. 

L1 
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dis tance  throat circular arc p r o f i l e  extends upstream of throat 
(see f ig .  2(a ) I ,  in. 

L2 

1 l eng th  of S t r a t f o r d  choke nozzles  (see f ig .  2(aI) ,  i n .  

M throat Mach number 

MCV mul t ip l e  cri t ical  ven tu r i  code (sum of  t h e  w n t u r i  numbers t h a t  are being 
used I 

NPR nozzle pressure  ratio, pt, /pa 

(NPR), nozzle  pressure  r a t i o  r equ i r ed  for choked flow (1.8928 f o r  a i r )  

ambient pressure, psi  

j e t  total  p re s su re  measured by ind iv idua l  rake probe a t  Stratford-choke-  

pa 

Prake 
nozzle  t h r o a t ,  psi  

w l u e  of  je t  total  pressure obta ined  by i n t e g r a t i n g  rake-measured ( P r a k e ) i n t  
values  a t  Stratford-choke-nozzle  t h r o a t ,  psi 

average je t  total  p re s su re  obta ined  from i n t e r n a l  probes i n  ins t rumenta t ion  
s e c t i o n  (see f i g .  2 ( a ) ) ,  p s i ;  value nay or may n o t  be corrected t o  P t , j  

depending on m l u e s  of rake  correction f a c t o r s  (Prake l i n t  
( $ , , , Q , 2 , - o - . ~ , s )  used 

j e t  total  p re s su re  measured wi th  i n d i v i d u a l  i n t e r n a l  P t ,  j , I P t ,  j ,2, , P t  , j , 5 
probes (see f i g .  21, psi  

upstream prissure i n  mul t ip l e  c r i t i ca l  v e n t u r i  system (see f ig .  3 ( a ) ) ,  p s i  

downstream p res su re  i n  mul t ip l e  c r i t i ca l  ven tu r i  system (see f ig .  3 (a )  I ,  psi 

pv1 

pv2 

R gas cons tan t ,  53.36 ft-lhf/lb-OR 

t h r o a t  Reynolds number f o r  S t r a t f o r d  choke nozzle (eq. (9)) Rd 

H ventur i - throa t  Reynolds number (eq. ( 4 )  1, per inch  

R, , R 2  

d,  v 

r a d i i  Gf cu rva tu re  f o r  geometric d e f i n i t i o n  of  S t r a t f o r d  choke nozz les  
(see f ig .  2 ( a )  1, i n .  

r radius from nozzle  c e n t e r l i n e  t o  probe c e n t e r l i n e  (see f ig .  51, in.  

t h r o a t  r a d i u s  of S t r a t f o r d  choke nozzle (see f i g .  SI, i n .  

j e t  total  temperature, O R  

upstream mult iple  c r i t i ca l  ven tu r i  a i r  temperature, OR 

rt 

T t , j  

TV 

i d e a l  t o t a l  weight-flow r a t e  (see eq. (611, lb /cec  "i 
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ideal weight-flow rate for any i n d i v i d u a l  cr i t ical  W n t u r i  (x = 1, 2, 4, 8, wi,x 
16.1, or 16-21, lb/sec 

measured total  weight-flow rate, lb/sec 
P 

W 

x l eng th  used for geometric d e f i n i t i o n  of S t r a t f o r d  choke nozz les  
(see fig. 2 ( a ) ) ,  in.  

X ventur i  number (1, 2, 4, 8, 16.1, or 16.2) 

Y r a t io  of  s p e c i f i c  heats, 1.3997 for a i r  

U a b s o l u t e  v i s c o s i t y  of  a i r  based on ven tu r i - th roa t  s ta t ic  condi t ions ,  
lb/sec-i n 

Subsc r ip t  : 

nom nominal 

APPARATUS AND METHODS 

Test F a c i l i t y  

This i n u e s t i g a t i o n  w a s  conducted i n  t h e  Langley 16-Foot Transonic  Tunnel 
( re f .  10). All tests were made wi th  the tunnel  test s e c t i o n  top i n  a raised p o s i t i o n  
such t h a t  t he  model exhaus t  w a s  vented to  t h e  atmosphere. Jet exhaus t  flow w a s  simu- 
lated with high-pressure a i r  suppl ied  and maintained a t  a c o n s t a n t  s t a g n a t i o n  temper- 
a t u r e  by a h e a t  exchanger i n  t h e  system. i 

f 
I 

Single-Engine Propulsion-Simulation System 

A ske tch  and a photograph of the - ingle-engine n a c e l l e  model on which var ious  
S t r a t f o r d  choke nozzles  were mounted i r e  presented  i n  f i g u r e  1 wi th  a t y p i c a l  nozzle  
conf igu ra t ion  a t tached .  The body s h e l l  forward of s t a t i o n  26.50 w a s  rnmoved f o r  t h i s  
i n vles t iga t i on . 

An e x t e r n a l  high-pressure a i r  system provided a cont inuous f l o w  of c lean ,  dry 
a i r  a t  a c o n t r o l l e d  temperature  of  about  530OR. A i r  w a s  brought  through t h e  support-  
system s t r u t  by s i x  tubes and collected i n  a high-pressure (up to  900 ps i )  plenum 
loca ted  on top of the s t r u t .  The a i r  w a s  then routed  a f t  and d ischarged  perpendicu- 
l a r l y  i n t o  the  i n t e g r a l  centerbody-low-pressure-plenum-tail-pipe s e c t i o n  through 
e i g h t  mult iholed son ic  nozzles  eqda l ly  spaced around t h e  a f t  end of  the  high-pressure 
plenum. This des ign  minimizes any forces imposed by t h e  t r a n s f e r  of a x i a l  momentum 
as the a i r  passes from the  nonmetric hiqh-pressure plenum to  the  metric t a i l  pipe. 
WCI opposing f l e x l b l p  metal b e l l o w s  were used as  seals and served t o  compensate f o r  
a x i a l  forces caused by p res su r i za t ion .  From the  centerbody-low-pressure-plenum- 
tail-pipe sec t ion ,  t he  a i r  was passed through a chake plate and a n  in s t rumen ta t ion  
s e c t i o n  and then through the  nozzle  a t t ached  a t  model s t a t i o n  42.00. Details of t h e  
choke plate, which was a test variable, and of t h e  ins t rumenta t ion  s e c t i o n  are given 
i n  f i g u r e  2. Five choke plates w i t h  m r y i n g  open areas (2.7 percen t  to  75.9 p e r c e n t )  
were t e s t ed .  Four of the choke plates were a c t u a l l y  perforated d i s k s  w i t h  t h e  
upstream and of each hole  countersunk. The choke plate with the  l a r q e s t  open area 

w t 
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(75.9 pe rcen t )  cons i s t ed  of wire screen araterial supported by an open metal 
la t t icework .  
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S t r a t f o r d  Choke Nozzles 

Since gas-flow measuring devices cannot gene ra l ly  be c a l i b r a t e d  by d i r e c t  weigh- 
ing  of the  f l o v  per un i t  of time, secondary s tandard  nozzles  are employed t o  C a l i -  
brate weight-flow rate measurements (and, as descr ibed  i n  ref. 3, to o b t a i n  balance 
tares r e s u l t i n g  from a i r f l o w  momentum and p res su re ) .  The secondary s tandard  nozzles  
used a t  the  Langley 16-Foot Transonic Tunnel are choke ( son ic )  nozzles  of the type  
descr ibed  i n  r e fe rence  6. Choke nozzle des ign  gu ide l ines  from re fe rence  6 are as 
fo l lows  : 

1. Choked flow. This e l i m i n a t e s  t h e  need f o r  d i f f i c u l t  measurement of t he  
static pressure  i n  the  throat. It a l s o  e l imina te s  the e f f e c t  of small variations i n  

" *  static pressure  across the  t h r o a t  s i n c e  the change i n  mss flow with changes i n  
E- static pressure  is equal to zero  a t  a Mach number of unity.  

.. 

2. Continuously curving w a l l  p r o f i l e  through the th roa t .  I f  t h e  w a l l  p r o f i l e  
curves cont inuously through the  throat, the flow i n  a choked nozzle can accelerate 
cont inuously and can develop only a very t h i n  boundary layer .  Ihe reduct ion  of 
discharge c o e f f i c i e n t  r e s u l t i n g  from the  boundary l a y e r  is thus  very small. 

3. Dmax/Dt = 2 to 3. This ratio is governed by p r a c t i c a l  c i rwms tances  b u t  a 
ratio of t w o  or t h r e e  would seem reasonable.  

4. R1/Dt = 2. Although h igher  d ischarge  c o e f f i c i e n t s  could be obta ined  with 
also produce r e l a t i v e l y  l a r g e  lower values  of this r a t i o ,  lower values  of 

d i f f e r e n c e s  between d ischarge  c o e f f i c i e n t  values ior laminar and t u r b u l e n t  boundary 
layers .  !l%us, a moderate cu rva tu re  f o r  t h e  t h r o a t  is recommended to  minimize t h i s  
d i f fe rence .  

Rl/D 

5. L2/Dt > 0.8. Boundary-layer growth is roughly p ropor t iona l  t o  

= 0.8 and d ischarge  c o e f f i c i e n t  would be v i r t u a l l y  independent of the  shape of 

M4. For 
R,/Dt = 2, t h i s  value has become wry small a t  a d i s t a n c e  upstream of t h e  t h r o a t  of 

e nozzle p r o f i l e  upstream of t h i s  po in t ,  provided t h e  s u r f a c e  were smooth and the  
yt 
:low at tached.  

6 6. Rd > 10 . The unce r t a in ty  i n  d ischarge  c o e f f i c i e n t  r e s u l t i n g  from t r a n s i t i o n  
is decreased f o r  t h r o a t  Reynolds n m b e r s  above t h i s  value. 

i 
> 

Seven s i z e s  of S t r a t f o r d  choke nozzles  were cons t ruc ted  with t h r o a t  areas ranging 
from 0.999 i n 2  to  11.352 in2. 
the  design gu ide l ines  from reference  60 As shown i n  table I. except  f o r  

t h e  seven secondary s tandard  nozzles  gene ra l ly  met t he  des  red des ign  criteria. 
except ions are noted. Because of model restraints, L2/Dt fx the  8.501-:n2 and 
11.352-in t h  oat area nozzles  w a s  less than t h e  d e s i r e d  mlue. For t h e  
At = 0.999 in' nozzle ,  the  Lhroat Reynolds number d id  no t  meet o r  only margina l ly  
met the  design criteria a t  low va lues  of NPR because of t he  small t h r o a t  diameter. 

At = 5.711 i n 2  secondary s tandard nozzles  ( S t r a t f o r d  
choke nozz les )  w e r e  c a l i b r a t e d  a g a i n s t  several primary s tandard  nozzles a t  t h e  Colo- 
rado Ehuineering Btperiment S t a t i o n ,  Inc., i n  March of 1968. Primary s tandard  

Table I p resen t s  the geometry of these  nozzles  wi th  

which w a s  l imi t ed  by a I ixed  upstream duct  area f o r  a l l  nozzles ,  the  
W o  

2 

The At = 1.933 i n 2  and 

I t 
5 j I! 
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nozzles  have known discharge c o e f f i c i e n t s  which have been v e r i f i e d  by laboratories ‘ 
sush as the National Bureau of Standards. The range of d ischarge  c o e f f i c i e n t s  
measured for t h e s e  nozzles  agreed w e l l  w i t h  t h a t  predicted t h e o r e t i c a l l y  i n  refet- 
ence 6. 

Mult iple  Critical Venturi  System 

Sketches and a photogr-aph of t h e  Langley 16-Foot Transonic Tunnel m u l t i p l e  cr i t -  
ical ventur i  system are presented i n  f i g u r e  3. This system provides f o r  high accu- 
racy of flow measurement, an  extremely w i d e  range of weight flow, small p r e s s u r e  i 
losses, end a very low l e v e l  of noise  i n  the airstream and p ipe  s t r u c t u r e s .  

1 

This flow-measurement system is designed to  accommodate up to  44 lb/sec of a i r  
a t  a maximum pressure  l e v e l  of 1500 psi. As shown i n  f i g u r e  3(a), the system i n l e t  
flow is d is t r ibu ted  uniformly i n t o  a common plenum by a radial i n l e t  d i f f u s e r  and a 
large perforated plate. The perforated plate also a c t s  as a h e a t  exchanger to e l i m i -  
nate small f l u c t u a t i o n s  i n  flow temperature. A pressurz- t igh t  bulkhead c o n t a i n s  s i x  
c r i t i c a l - f l a w  ventur is .  (See fig. 3(c). 1 The v e n t u r i s  vary i n  s i z e  i n  b inary  incre-  
ments of throat area so that  each success ive ly  larger ventur i  w i l l  pass t w i c e  t h e  
flow of the preceding one. The s i z e s  of v e n t u r i s  i n  this system are multiples of 1, 
2, 4, 8, and 16. values which also r e p r e s e n t  t h e i r  nominal weight flow a t  1600 psi. 
There are two v e n t u r i s  (numbered 16.1 and 16.2) of the largest s i z e  to  provide maxi- 
mum weight-flow c a p a b i l i t y  wi th in  t h e  smallest possible pressure  vessel. Each 
ventur i  has its awn i n d i v i d u a l  screw-on cap. With a l l  caps i n s t a l l e d ,  no f law may 
pass through the system as each cap has an C-ring seal to  p r e w n t  leakage. Any or 
a l l  of the caps may be remowd through the access port (see fig. 3 ( a ) )  t o  meet flow 
requirements. The binary  s i z e s  of t h e  6 v e n t u r i s  permit 47 increments of flow area 
to  be used a t  any pressure  lew1 from 20 psi to 1500 psi. This  provides a weight- 
f l o w  range from 0.014 lb/sec a t  20 psi  to 44 lb/sec a t  1500 psi, as shown i n  f i g -  
u r e  4. Also shown i n  f i g u r e  4 are t h e  p r e s s u r e  and weight-flow ranges covered dur ing  
the c u r r e n t  inves t iga t ion .  

Each i n d i v i d u a l  ventur i  is designed to  minimize losses and to  reduce t h e  noise  
which can be generated by a critical ventur i .  (See ref. 7.) Each ventur i  has a n  
i n l e t  r a d i u s  of 3.64 times the throat radius ,  a 5 O  half-angle c o n i c a l  d i f f u s e r  which 
e n l a r g e s  to  a t  least  5.80 times t h e  t h r o a t  area, and a perforated c y l i n d r i c a l  d i f -  
f u s e r  w i t h  a per fora ted  area equal  to  8.00 times the ventur i  t h roa t  area. The 5 O  
half-angle conica l  d i f f u s e r  p e r m i t s  the ventur i  to maintain c r i t i ca l  f l o w  w i t h  p res -  
s u r e  losses as low as 7 percent.  The perforated c y l i n d r i c a l  d i f f u s e r  p r e w n t s  the 
generat ion of noise  and resonance i n  t h e  airstream and pipe s t r u c t u r e s  by shock sys-  
tems which form i n  t h e  c o n i c a l  d i f f u s e r  a t  high pressure  ratios. 

I 
I- 

E 

I 

The Langley 16-Foot Transonic Tunnel mul t ip le  cri t ical  ventur i  system was cali- 
brated i n  t h e  Boeing Airflow C a l i b r a t i o n  F a c i l i t y  over a pressure  range from approxi-  
mately 36 psi to  92C psi. C a l i b r a t i o n  r e s u l t s  are shown i n  table If as t a b u l a t e d  
discharge c o e f f i c i e n t s .  
mul t ip le  cri t ical  ventur i  system which was calibrated i n  1977 by Colorado Engineering 
Experiment S t a t i o n ,  Inc. (CEESI) with t!ieir 300 ft3 primary volumetric a i r f l o w  s tan-  
dard. This c a l i b r a t i o n  was certified by CEESI to  have a measurement u n c e r t a i n t y  
wi th in  0.07 percent  0-r t h e  airf: ’w range from 0.1 lb/sec to  20.0 lb/sec. Transfer  
of this c a l i b r a t i o n  to  t h e  Langley s u l t i p l e  cr i t ical  ventur i  system w a s  performed 

the  c e r t i f i e d  c a l i b r a t i o n  accuracy of the a i r f l o w  s tandard  used for c a l i b r a t i o n  or 
the Langley system is with in  0.07 percent ,  a c a l i b r a t i o n  accuracy of 0.1 percent  can 

6 

The airflow s tandard  used for t h i s  c a l i b r a t i o n  was another  

with an  estimated p r e c i s i o n  of 0.03 percent  over the e n t i r e  c a l i b r a t i o n  range. Si ice I 

. .. ’ 

I 



be v a l i d l y  assusled 
v e n t u r i  system. 

to apply to the Iangley 16-Foot Transonic l b n n e l  multiple Critical 

Instrumentat ion 

Jet total  pressure w a s  measured a t  a f i x e d  s t a t i o n  i n  the model ins t rumenta t ion  
s e c t i o n  (see f ig .  2) with  a five-probe rake and a one-probe rake. Because of a plug- 
ged tube, the f o u r t h  probe from t h e  b o t t o m  on the five-probe rake was n o t  used for 
t h e  c u r r e n t  inves t iga t ion .  (See f ig .  2(b) . )  Jet total p r e s s u r e  pt,j was obta ined  
by averaging t h e  f i v e  probe values measured. I n  addi t ion ,  the je t  t o t a l - p r e s s u r e  
d i s t r i b u t i o n  a t  the nozzle throat w a s  determined for each c o n f i g u r a t i o n  tested w i t h  a 
13-probe rake shown by t h e  ske tch  of f i g c r e  5. 'Ihis rake was mounted r i g i d l y  on each 
nozzle conf igura t ion  to  amid r e l a t i v e  movement b e t e e n  the rake and the nozzle  
t h r o a t  r e s u l t i n g  from model loads and vibrat ion.  The number of probes uced wi th  each 
nozzle varied w i t h  nozzle- throat  diameter. Jet total pressures  from the i n t e n a l  
rakes and from the e x t e r n a l  13-probe rake were measured w i t h  an e l e c t r o n i c  scanning 
pressure  device. 

The mul t ip le  cri t ical  ventur i  system (see f i g .  3 )  described previously w a s  used 
to measure the weight f law of the high-pressure air being suppl ied  to the nozzles.  
Three pressure  measurements upstream of the ventur i s  (pvl) and one pressure  
measurement downstream of the  v e n t u r i s  (pv2) were made with i n d i v i d u a l  p r e s s u r e  
t ransducers  a t  the ? m a t i o n s  shown i n  f i g u r e  3(a). A temperature measurement up- 
stream of the  v e n t u r i s  (T ) was made with a platinum r e s i s t a n c e  thermometer a t  the 
l o c a t i o n  shown i n  f i g u r e  l ( a ) .  
p e r a t u r e  measurement device can be found i n  re ference  1. 

me outs tanding  characteristics of this type of t e m -  

Data Reduction 

A l l  data were recorded on magnetic tape. F i f t y  frames of data taken a t  a rate 
of 10 frames per second were averaged for each data poin t ;  average values  were used 
i n  computations. l?m nozzle-pressure-ratio-sweep runs were conducted on each config-  
u r a t i o n  i n v e s t i g a t e d ,  one w i t h  t h e  13-probe rake i n s t a l l e d  and one wi th  it removed. 
Runs with the 13-probe rake i n s t a l l e d  were used only to  provide t o t a l - p r e s s u r e  
d i s t r i b u t i o n s  a t  the nozzle throat and to determine rake c o r r e c t i o n  factors, which 
are discussed later, for each i n t e r n a l  to ta l -pressure  probe. D a t a  obtained dur ing  
t h e  run w i t h  the rake removed were used to  compute nozzle discharge c o e f f i c i e n t s .  

The basic perforqance parameter used for the  p r e s e n t a t i o n  of r e s u l t s  is nozzle  
d ischarge  c o e f f i c i e n t  C . Nozzle discharge c o e f f i c i e n t  is the ratio of measured 
weight flow w 
nozzle  to pass weight f l o w  and is reduceb by any momentm and vena c o n t r a c i a  losses 
( r e f .  11). An e x c e l l e n t  d i s c u s s i o n  of discharge c o e f f i c i e n t  losses i n  a - ,entur i  
(which is a special purpose nozz le)  is contained i n  re ference  7. The t w o  major 
sources  of d i s c h a t z e  c o e f f i c i e n t  losses given i n  this reference  are 

to  idea? weight flow w. . This parameter r e f l e c t s  t h e  a b i l i t y  of a P 

1. Development of a boundary l a y e r  a long  t h e  nozzle w a l l s  because of the 
rea l -gas  viscous e f f e c t s  

2. Var ia t ion  of weight flow per u n i t  area i n  t h e  radial d i r e c t i o n  because of 
the  c e n t r i f u g a l  f o r c e s  which e x i s t  i n  the gas as a r e s u l t  of f low through 
a c o n t r a c t i n g  s e c t i o n  

7 
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The values of measured weight flow used t o  determine nozzle discharge c o e f f i -  
c i e n t s  presented i n  this paper were determined from the  mul t ip le  critical venturi 
system by use of equat ion (1 ) . 

Since the product of ideal weight flow and d ischarge  c o e f f i c i e n t  equals actual w e i g h t  
flow, each term i n  equat ion (1)  r e p r e s e n t s  t h e  weight f law through a particular \RF- 
t u r i  shown i n  figure 3(c). For any ventur i  n o t  used (capped off 1, tne appropriate 
term or terms are dropped from equat ion  (1 1. The v e n t u r i s  which are o p e r a t i n g  can be 
determined from the value of a unique mul t ip le  critical venturi  code number MCV.  
Its value is t h e  sum of t h e  ventur i  numbers (see fig. 3 ( c ) l  t h a t  are being used. For 
example, MCV = 22 i n d i c a t e s  that ventur i  number 2, ventur i  number 4, and v e n t u r i  
number 16.1 are being used ( 2  + 4 + 16 = 22). Venturi  number 16.1 is always used 
when only one of the l a r g e s t  size v e n t u r i s  i s  required.  The ideal weight-flow terms 
i n  equat ion (1 1 are def ined  as 

where x is the e n t u r i  numbel. Values for each v e n t u r i  throat area are given 
i n  f i g u r e  3(c). The critical-flow factor used i n  equat ion  ( 2 )  is d e f i n k  as 

whei e 

(3b) 3 
A = + K,(TV - 460) + R2(Tv - 460)? + K3(TV - 460) 

(3e) B = K4 + KS(Tv - 460) + K6(TV - 460) 2 + K7( ' IV - 460) 3 

(3e) D = K12 + K13(TV - 460) + K14(TV - 46012 + K,5(TV - 460) 3 

where c o n s t a n t s  K0,K18...tK are provided i n  table 111. Quat ion  (3a) is  l i m i t e d  
to values of  pv, = 0 psia to  1500 psia and values of T = 460°R to 66OOR.  me 
v e n t u r i  discharge c o e f f i c i e n t  terms C 
as a funct ion of ventur i  t h r o a t  Reynol&xnumber per inch, which is def ined  as 

1 5  

i n  equat ion  Cly are obtained from table 11 

'i A,- 

+. 
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The v i s c c 4 1 - j  t e r m  p i n  equat ion  ( 4 )  is obtained from t h e  fol lowing approximation 
of Suther land ' s  formula: 

-8 2.27(0.8333Tv)1'5 
= (2*6812 l o  )O.8333Tv + 198.6 

I d e a l  weight f l o w  through each nozzle tested was de te tn ined  from equat ions  ( 6 )  
depending on the  value of nozzle pressure rat io  NPR. If NPR <(NPRIc: 

I 

L 
-, 
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Y 

If NPR > (NPR)c: 

w1 = P t , j  At/- 

(5) 

(6bi 

M z z l e  discharge c o e f f i c i e n t s  presented  i n  this paper were then determined from mea- 
sured nozzle weight-flow (eq. ( 1 ) )  and nozzle ideal weight-flow (en. ( 6 ) )  values. 

As discussed i n  t h e  "Instrumentat ion" s e c t i o n ,  a 13-probe rake w a s  used t o  mea- 
sure  j e t  to ta l -pressure  profiles a t  t h e  t h r o a t  of each c o n f i g u r a t i o n  tested. Values 
of average ( f o r  i n t e r n a l  probes 1 to 5; see f i g .  2 ( b ) )  je t  total p r e s s u r e  
i n d i v i d u a l  interral-probe total  pressures ,  pt 
each probe used on t h e  13-probe rake 
(measured with 13-probe rake)  prae 
and NPR t e s t e d .  Typical exhaust  total-pressure profiles measured a t  t h e  nozzle 
t h r o a t  are shown i n  f i g u r e  6 f o r  several configurat ions.  *.e values of w a l l  static 
pressure  shown i n  f i g u r e  6 were assumed to be equal  to  0 . 5 2 8 3 ~  ( f o r  M = 1.0). 
The to ta l -pressure  p r o f i l e s  measured a t  t h e  t h r o a t  of each conff&ation were used to  
determine rake correction factors % , 1 , $ r 2 , n . . * % r 5  f o r  each i n d i c i d u a l  i n t e r n a l  
to ta l -pressure  probe. Ihe area under each t o t a l - p r e s s u r e  p r o f i l e  a t  t h e  thrc ta t  ( typ-  
ical examples shown i n  f i g .  6) w a s  obtained by us ing  a compensating polar planimeter  
t o  provide a n  i n t e g r a t e d  value of je t  total pressure  a t  t h e  t h r o a t  (Prak lint f o r  
each pt set by the  i n t e r n a l  t o t a l - p r e s s u r e  probes. The i n t e g r a t e d  vafues of j e t  
total  p r d s u r e  a t  the throat (prak lint were then p l o t t e d  a g a i n s t  j e t  total  pres- 
sure  measured with each i n t e r n a l  rage probe p t j 1 * P t  j , 2 * * * * ? P  j,s. A t y p i c a l  plot  
of  t h i s  v a r i a t i o n  is presented in f i g r e  7 f o r  i n t e r n a i  probe num er 1 (see f i g .  2 ( b ) )  
on the conf igura t ion  with = 0.999 i n 2  and Achok = 3.853 i n  The r e s u l t i n g  
slope of the l i n e  represent inq  t h i s  variatian is equaf to t h e  rake correction f a c t o r  
f o r  the  p a r t i c u l a r  probe and c o n f i g u r a t i o n  p l o t t e d .  For the  example given i n  f i g -  
ure  7, t h e  result  is t h e  value of At = 0.999 i n  
and A h ke 
f o r  alf P n t e r n a l  jet total-pressure probes i n  a l l  c o n f i g u r a t i o n s  t e s t e d  are provided 
i n  t h e  table of f i g u r e  2(b) .  !hm passes through the d a t a  reduct ion  code were then 
conducted using equat ions  ( 7 )  and ( 8 )  to  compute average je t  total pressure and nozzle 
pressure  ratio,  respec t ive ly .  

p , j ,  t o  pt,. st r a d i a l  p o s i t r o n  of 
r/rt, and i n d i v i d u a l  &oat j e t  to ta l  p r e s s u r e s  
are provided i n  table IV f o r  each conf igura t ion  

2 for t h e  conf igura t ion  with 
Vaiues of rake c o r r e c t i o n  f a c t o r s  obtained i n  t h i s  manner 

YXel 
5 3.853 in2 .  

! 

. .  
I 
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The f i rs t  data reduct ion  pass used rake c o r r e c t i o n  f a c t o r s  equal  t n  1.0 (uncorrected 
i n t e r n a l  to ta l -pressure  probe data). The secorid data reduct ion  pass used the  rake  
c o r r e c t i o n  factors determined with the procedure d iscussed  above and provided i n  tl?e 

and NPR were used to d e t e r n i n e  table of f i g u r e  2(b) .  The r e s u l t i n g  values of p 
nozzle ideal weight-flow rate wi and nozzle  discharge c o e f f i c i e n t  C for each data 
reduct ion pass. Of  course,  when t h e  rake c o r r e c t i o n  factors determine! from measured 
to ta l -pressure  profiles a t  t h e  t h r o a t  are used, t h e  j e t  total  pressures  measured wi th  
t h e  i n t e r n a l  rakes  are corrected +a t h e  i n t e g r a t e d  rake values and most, if n o t  a l l ,  
of the e f f e c t s  of boundary-layer growth and s t reaml ine  curvaturr: are removed from the 
data. 

t j  

The r e s u l t i n g  values of d iscnarge  c o e f f i c i e n t  should thon be near  uni ty .  

As mentioned i n  the "Instrumentatiorr" s e c t i o n ,  three measurements of t h e  upstream 
were recorded s imultaneously for each data p o i n t .  Brcept for 

the case when a s t u  9' y of d ischarge  c o e f f i c i e n t  s e n s i t i v i t y  t o  small errors i n  
ventur i  p r e s s u r e  

measured pvl was conducted, the value of pvl used i n  equatioils (21, 
and (4 )  was the average of t h e  t h r e e  separate measurements. 

Throat Reynolds number of t h e  Stratford choke nozzles  i s  def ined  as  

(9) 

The c o n s t a n t  used i n  equat ion ( 9 )  r e p r e s e n t s  Reynolds number per foot a t  a total  
pressure  of : psia and w a s  obtained from c h a r t  25 of re ference  12 f o r  M = ' . S I  AP'' 

Tt , j  = 530'R. 

RESULTS AND DISCUSSION 

Val idat ion of Mult iple  Crit ical  Venturi  S y s t e m  

An i n i t i a l  s tudy w a s  conducted to  determine t h c  s e n s i t i v i t y  of the mul t ip le  
cr i t ical  ventur i  system opera t ion  (determinat ion of nozzle weisht  flow and d ischarge  
c o e f f i c i e n t )  to indiv idua l  ventur i  measurements (pVl and Tv). A8 described i n  t h e  
"Instrumentation" s e c t i o n ,  t h r e e  separate measurements of pvl were made. o sepa- 
rate passes through the  d a t a  reduct ion  code were made f o r  t h e  At = 3.992 in' config-  
ura t ion ,  one for a s i n g l e  measurement cf b1 i n  equat ions  (21, (3a1, and ( 4 )  of t h e  
"Data Reduction" s e c t i o n  and one for t h e  average cf  t h e  t h r e e  
Resul t ing discharge coeffi r!ents from these  two data reduct ion  passes  are presented i n  
f i g u r e  8 as a func t ion  of NPR. Although the d i f f e r e n c e 8  between th-se two data sets 
are small, c l o s e  examination i n d i c a t e s  a s l i g h t l y  smaller data spread when t h e  

qrl measurements. 
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wn, lb/sec Tv, O R  pv1* psi - 
560 200 2 7068 
56; 200 2.7043 
560 210 2 8428 

560 1000 13.7788 
561 1000 13.7643 
560 1010 13.9195 

* 

. .  '+ 

Errorr percent  

Basel ine 
I 

. 09 
5.02 

Basel ine 
0 1 1  
1.02 

averaged w n t u r i  p r e s s u r e  is used, p a - a c u l a r l y  a t  NPR c 2.0. me relative e f r x t  of 
a small error i n  Tv or i n  pv on mtasured weight-flm rate is shown i n  t h e  
fol lowing table f o r  MCV = 22 lvencur i  nmher 2, ventur i  number 4, and ventur i  number 
1 6.1 opera t inq  1. 

r !  -,- 
; : 

1 w e i g h t - f ? > w  c o n d i t i o n s  (p  = 1000 psi). A ventur i  opera t ing  temperature of 560°R w a s  

Two b a s e l i n e  ventur i  ope+at ing condi t ions  were assumed f o r  t h e  c a l c u l a t i o n s  presented  

assumed a t  both b a s e l i n e  !:ow condi t ions.  

,., Ir i i n  t h e  above table, one a t  low-weight-flow condi t ions  (pvl = 200 psi) and one a t  high- 

Weight-flow values  a t  b t h  c o n d i t i o n s  were 
' computed w i t h  an  assumed temperature measurement u n c e r t a i n t y  of l o  and then with a n  

assumed pressure  measurement uncertal  q t y  of 1 percent  of gage f u l l - s c a l e  readink, (for 
exdeple,  10 psi for a 1000-psi gage reading) .  As i l l u s t r a t e d  by t h e  data i n  t h i s  
table, a l o  u n c e r t a i n t y  i n  measurement of 

i computed weight flow. However ,  as shown i n  the table, a 1-percent u n c e r t a i n t y  i n  t h e  
measurement of p\. 
f l o w .  The u n c e r d n t y  i n  w w a s  p a r t i c u l a r l y  l a r g e  a t  low-weight-flow o s r a t i n g  
condi t ions  s i n c e  a l a r g e  gagg s i z e  is requi red  to cover the f u l l  opera t ing  range of 
the mul t ip le  cr i t ical  ventur i  system. For this reason, measured weight flows (and 
thus  discharge c o e f f i y i e n t s i  presented i n  the remainder of this paper were computed 
with an average value If p.- from t h e  t h r e e  separate measurenants. This procedure 
w i l l  he lp  e l i m i n a t e  data acI ier, p a r t i c u l a r l y  a t  l o w  values of NPR. It also p o i n t s  
o u t  t h e  i m w r t a n c e  of correctl; s i z i n g  the pressure  t ransducers  used to  measure t h e  

Tv would have very l i t t l e  effect on 

woulc! have a s i g n i f i c a n t  e f f e c t  on t h e  computed value of weight 

i upstream ve. .uri  pressure.  

I A s  mentioned i . 1  t h e  " S t r a t f o r u  Choke Nozzles" s e c t i o n ,  t h e  Iartgley 16-Foot Tra:i- 
I 
i 

son ic  Tunnel Stratford choke nozzles w i t h  
been previouoly calibrated a g a l n s t  primary s tandard  nozzles  a t  t h e  Colorado PIgineer- 
i n g  Experiment S t a t i o n ,  Inc. (CEESI).  Correct opera t ion  of the Langley 16-Foot Tran- 

c o e f f i c i e n t s  of these two nozzles  obtained from t n e  ventur i  system with those obta ined  

f i g u r e  9. The d a t a  p o i n t s  on f i g u r e  9 i d e n t i f i e d  wi th  f l a g s  were obta in-d  a t  unchoked 
nozzle  condi t ions  (NPR c (NPRIc ) .  Thus, t h e  exhaust  w l o c i t y  a t  the nozzle t h r o a t  for 
these data  p o i n t s  was n o t  sonic  and i2.e equat ion f o r  Reynolds number (eq. (9)) given 
i n  the "Data Reduction" s e c t i o n  is not  valid (H # 1.0). Reynolds numbers f o r  t h e s e  
data p o i n t s  were comput,-d w i t h  t h e  a p p r o p r i a t e  cons t rn tg  Irom c h a r t  25 of re ference  
13. As shown i n  f i g u r e  9, e v c e l l e n t  agreement g e n e r a l l y  e x i s t s  between the  m u l t i p l e  

At = 1.933 i n 2  and At = 5.711 i n 2  have 

' s o n i c  lbnnel  multiple cr i t ical  ventur i  system w a s  validated by comparinq d ischarge  1 dur ing  t h e  CEESI c a l i b r a t i o n  (unpublished data). This comparison is presented i n  
I 

cri t ical  ventur i  d i scharge  :oeff i c i e n t s  and t h e  CEESI c a l i b r a t i o n  data, p a r t i c u l a r l y  

agree withfn 0.5 pe- l e n t  w i t h  the c a l i b r a t i o n  d a t a  a:. 
At - t.933 i n 2  no7 r l t -  and a t  NPR > 1.75 f o r  the  

r. , f o r  the A = 5.711 i n 2  nozzle. Ventur i -der ived disLna-ge c o e f f i c i e n t s  ge l re ra l ly  .: ' NPR > 1.5 f o r  t h e  
At = 5.711 i n 2  r.ozzle. 'Ihe loss 

-, r 

. , .. 1 1  



-. 
c. 

..- 

of data agreement at e r y  l a u  NPR (less than 1.75) may be a result of inaccurac ies  
i n  the R - ~  masurement. The data shown i n  figure 9 i n d i c a t e  that the Langley 16- 
Foot Transonic '%nnel mul t ip le  critical ventur i  system provides an  accurate ( w i t h i n  
0.005) measurement of nozzle discharge c o e f f i c i e n t s ,  p a r t i c u l a r l y  a t  NPR > t .75. 
S u b s t i t u t i o n  of a lower raage pressure  t ransducer  for 
opera t ion  should measurably improue t h e  accuracy of d ischarge  c o e f f i c i e n t s  for 

pvl measurement dur ing  law-NPFt 

NPR < 1.75. 

Stratford-Choke-Nozzle Discharge C o e f f i c i e n t s  

Stratford-choke-nozzle discharge c o e f f i c i e n t s  measured with the multiple critical 
ventur i  system are presented i n  f i g u r e s  10 and 1 1  as a func t ion  of NPR for every 
combination of nozzle-throat area and choke-plate open area tested. D i s c h a r g e  coef- 
f i c i e n t s  shown i n  f i g u r e  10 were computed with jet total p r e s s u r e  
the i n t e g r a t e d  walue of total  pressure  at the t h r o a t  by use of the rad c o r r e c t i o n  
factors discussed i n  t h e  .Data Reduction" sec t ion .  Discharge c o e f f i c i e n t s  shown i n  
f i g u r e  1 1  were computed with jet total  pressure  as measured with the i n t e r n a l  rakes (s to \ = 1.0). Also presented i n  f i g u r e s  - 10 and 1 1  are the average discharge 

'd 
c o e d i c i e n d  for choked f law c o n d i t i o n s  
each nozzle --choke -plate combination. 

pt . corrected to  

(average of a l l  Cd for NPR > 1.89) for 

When jet total pressure  is corrected to  t h e  i n t e g r a t e d  value a t  t n e  throat (see 
f ig .  101, discharge c o e f f i c i e n t s  a t  .4PR > 2.0 are approximately equal t;, unity.  
With only two except ions (At = 0.999 i n  
Achde = 3.853 i n  I, values of average discharge c o e f f i c i e n t  
u n i t y  (demonstrated accuracy of laultiple critical ventur i  system: see f ig .  9). 'Ibis 
result was expected s i n c e  c o r r e c t i n g  i n t e r n a l  jet  total  pressure  to the value a t  the 
throat ( a s s u i n g  no to ta l -pressure  losses between t h e  i n t e r n a l  ins t rumenta t ion  loca- 
t i o n  and the nozzle throat)  would e l i m i n a t e  most of the loss sources  described i n  
re ference  7. 'Fwo of the most notable  to ta l -pressure  losses which would be e l imina ted  
are the  boundary-layer growth along the nozzle walls and the d i s t o r t i o n  of the total- 
pressure  p r o f i l e  r e s u l t i n g  from upstream piping effects. me rake c o r r e c t i o n  factors 
affect jet  total pressure  pt (see eq. (711, nozzle  pressure  ratio NPR (see eq. 
( 8 ) ) ,  and ideal Height-flow &%e 

w Thus, t h e  
dfscharge c o e f f i c i e n t s  shown i n  f i g u r e s  10 and 1 1  are based on t h e  sa- measured 
values of weight-flaw rate. 

2 2 Achoke = 1.750 i n 2  - and At = 5.711 i n  , 
are wi th in  0.005 of 2 

w (see eq. (6)) only; measured weight-flow rate 
(see eqs. ( 1 )  to ( 5 ) )  is n o t  affected by the rake c o r r e c t i o n  factors. 

Figure 1 1  presents  Stra tford-choke-nozzle discharge c o e f f i c i e n t s  computed from 
uncorrected i n t e r n a l  jet  total  pressures .  Discharge c o e f f i c i e n t s  shown i n  this f i g u r e  
inc lude  to ta l -pressure  losses from t h e  i n t e r n a l  t o t a l - p r e s s u r e  instrumentat ion 
l o c a t i o n  to t h e  nozzle tliroat. Awrage nozzle d ischarge  c o e f f i c i e n t s  cd shown i n  
figure 1 1  are aiways less Lhan u n i t y  and range i n  m l u e  from 0,978 to  0.996, depending 
on the configurat ion.  Computed discharge c o e f f h i e n t s  g i w n  i n  re ference  6 for 
nozzles  conforming to  the desigr. gu ide l ines  from which the Langley 1C- D t  Transonic 
Tunnel Stratford choke nozzles were designed ranged from 0.9925 to  0.9915. The values 
of ca measured during the p r e s e n t  test which f a l l  below the range of computed 
discharge % e f f i c i e n t s  giwm i n  re ference  6 (ed < 0.9925) probably r e s u l t  from 
nonconformance to prescribed design guidelir.es for some of the c u r r e n t  test nozzles. 
These e f f e c t s  a r e  discussed later along with the  e f f e c t s  of nozzle- throat  area and 
choke-plate open area on measured discharge c o e f f i c i e n t .  

- 

- 

As shown i n  f i g u r e s  10 and 11, nozzle discharge c o e f f i c i e n t  is near ly  independent 
of NPR once choke flow condi t ions  are reached a t  t h e  nozzle thraat (NPR > 1.89). 
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2 Howemzr, seweral of t h e  nozzles  with smaller throat areas (At < 3.002 i n  did show 
a s l i g h t  increasing t rend  of Cd w i t h  NPR. Since the small- throat-area nozzles  have 
t h r o a t  Reynolds numbers of approximately 1 x lo6 a t  l o w  
mriation i n  Cd wi th  NPR may be a result of t r a n s i t i o n  (and movement t h e r e o f )  from 
e laminar to  a t u r b u l e n t  w a l l  boundary layer .  

NPR (see table I),  t h i s  

The e f f e c t  of WCV (number and combination of v e n t u r i s  o p e r a t i n g )  on measured 
discharge c o e f f i c i e n t  is shown i n  the (d)  and (f 1 parts of figures 10 and 11 . If the 
multiple critical w n t u r i  system operates as designed, the number and combination of 
ventur i s  o p e r a t i n g  should have no effect on measured discharge c o e f f i c i e n t .  As shown 
i n  these figures, the data agreement for a l l  MCV values  t e s t e d  is  e x c e l l e n t ,  and i t  
can be concluded that the number and combination of v e n t u r i s  o p e r a t i n g  d-s not  have 
a n  e f f e c t  on measured d ischarge  c o e f f i c i e n t .  

lb i n v e s t i g a t e  t h e  effect of ventur i  temperature (and thus  jet total  t e m p e r -  
ature), the 
(Tt,a)yoa = 530°R and SSOOR. Again, i f  the mult ip le  critical v e n t u r i  system is 
?per t ng properly,  u m t u r i  temperature should have no effect on measured discharge 
c o e f f i c i e n t .  These d a t a  are shown i n  f i g u r e s  10(e) and 11 (e), and e x c e l l e n t  agreement 
of discharge c o e f f i c i e n t s  f o r  t h e  two d i f f e r e n t  ventur i  tamperatures  i s  exhibited; 
measured discharge c o e f f i c i e n t  is independent of ventur i  temperature. 

A~ = 5.711 i n 2  c o n f i g u r a t i o n  w i t h  Achake = 3.853 i n 2  w a s  tested a t  

'i .' 

Figure 12 p r e s e n t s  a summary p l o t  showing the e f f e c t  of Stratford-choke-nozzle- 
t h r o a t  area At on average nozzle d ischarge  c o e f f i c i e n t  c' for a l l  choke-plate 
open areas Ach ke tested. Average d ischarge  c o e f f i c i e n t s  a r e  those  -lues l i s t e d  on 
f i g u r e s  10 and 81 and do n o t  inc lude  unchoked (NPR < 1.89) nozzle data .  The d a t a  
p o i n t s  i d e n t i f i e d  with f l a g s  i n  f i g u r e  12 were obtained on a c o n f i g u r a t i o r  with 

k*plate is no t  choked and that the choke plate is s e r v i n g  a3 a flow s t r a i g h t e n i n g  

e f f e c t  on discharge c o e f f i c i e n t .  As shown i n  f i g u r e  12, average discharge c o e f f i -  
c i en t s  tend to peak f o r  nozzle throat areas between 2.0 i n  and 6.0 i n  . A more 
d e s c r i p t i v e  conclusion is t h a t  f o r  t h e  S t r a t f o r d  choke nozzles  of t h e  c u r r e n t  test, 
average discharge c o e f f i c i e n t  decreases  f o r  nozzle- throat  areas less than 2.0 i n 2  or 
greater than  6.0 i n  . As mentioned previously,  the range of experimental  average 
discharge c o e f f i c i e n t s  (0.978 to 3.996 f o r  uncorrected i n t e r n a l  to ta l  p r e s s u r e s  1 from 
t h e  c u r r e n t  i n v e s t i g a t i o n  exceeds t h e  range of computed discharge c o e f f i c i e n t s  (0.9925 
to 0.9975) given i n  re ference  6. From f i g u r e  12, t h e  average d ischarge  c o e f f i c i e n t s  
for nozzles  of the c u r r e n t  test with 
w i i  ... 1 1  t h e  computed d ischarge  coefficient range of re ference  6. It is hypothes zed 
tha t  discharge c o e f i i c i e n t s  for t h e  S t r a t f o r d  choke nozzles  with 
8.501 in', and 11.352 i n 2  are reduced because of nonconformance t o  t h e  design 
criteria of reference 6. Comparison of the c u r r e n t  Stratford-choke-nozzle geometries 
w i t h  t h e  design g u i d e l i n e s  of reference 6 i s  shown i n  table I. "able I i n d i c a t e s  t h a t  
although Stratford recommends that nozzle opera t ion  be limited to  nozzle- throat  
Reynolds numbers g r e a t e r  than 1 x lo6, t h e  At = 0.999 i n 2  nozzle  of t h e  current test 
does n o t  reac this value u n t i l  a n  NPR between 2.0 and 3.0 is  reached. Thus, t h e  
A = 0.999 i> nozzle I s  opera t ing  near  t h e  extreme end of #is design guide- 
l fne.  
area nozzles is t h a t  the nozzle w a l l  boundary-layer th ickness  c o n s t i t u t e s  a large 
percentage of t h e  throat area. However, i f  w a l l  boundary-layer th ickness  were a 
problem, it should he e l imina ted  by c o r r e c t i n g  t h e  i n t e r n a l  total  pressure  to t h e  
i n t e g r a t e d  value of total pressure  a t  t h e  throa t .  As i n d i c a t e d  by t h e  r i g h t  s i d e  of 
f i g u r e  12 (corrected pt 

d 

g r e a t e r  than At. This c o n d i t i o n  would i n d i c a t e  that t h e  flow through t h e  

I device only. Whether or not  the choke-plate flaw is choked or unchoked should have no 
t ,  

2 2 

2 

1.933 i n 2  < At < 5.711 i n 2  g e n e r a l l y  f a l l  

3 At = 0.999 i n  , 

Another factor which could a f f e c t  discharge c o e f f i c i e n t  mlues of small- throat-  

), t h i s  is n o t  t h e  case, and t h e  decrease i n  d ischarge  4 
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c o e f f i c i e n t  f o r  the lower w l u e s  of 
(probably opera t ing  a t  a Reynolds number which is too low, as d iscussed  earlier). 

At appears  to be caused by sose o t h e r  factor 

As shown i n  table I, t h e  recommended trelue of L2/Dt was not  obta ined  wi th  t h e  
At = 8.501 i n 2  and 11.352 i n 2  nozz les  of the c u r r e n t  test. 
dev ia t ion  from prescr ibed  guidelines is that t h e  maximum i n t e r n a l  tail-pipe-ode1 
diameter D was f ixed  a t  a conqtant  valse. Both of these  nozzles  show s u b s t a c t i a l  
decreases i 3 i s c h a r g e  c o e f f i c i e n t  ( f o r  % to %,5 = 1.0) to values below the lawer 
bound of CompLted discharge c o e f f i c i e n t s  fr&a re fe rence  6. 
a f f e c t  d i scharge  cocffAcient  for t h e  large-tkroa'--area nozzles is upstream 
convergence. Since D of the c u r r e n t  model was f ixed ,  the amount of convergence 
l ead ing  i n t o  the throaPa%tcreases wi th  inc reas ing  t h r o a t  area. Ebr t h e  nozzles  w i t h  
l a r g e r  t h r o a t  areas, p a r t i c u l a r l y  for t h e  At = 11.352 i n 2  nozzle ,  t h r o a t  convergence 
w a s  small. Resul t s  f r o m  r e fe rence  13  i n d i c a t e  that flow d i s t o r t i o n  ( d i s t o r t i o n  of 
total-pressure p r o f i l e  a t  the throat) inc reases  s i g n i f i c a n t l y  with decreas ing  nozz le  
con t r ac t ion  ratio Ay/At. The e f f e c t  of nozzle c o n t r a c t i o n  ratio (hence, of throat 
area) and of choke-p ate open area on a to t a l -p re s su re  d i s t o r t i o n  parameter 
der ived  from t h e  rake  c o r r e c t i o n  factors is presented  i n  figure 13. The total-  
pressure d i s t o r t i o n  parameter shown i n  f i g u r e  1 3  is an i n d i c a t o r  of d i s t o r t i o n  a t  t h e  
i n t e r n a l  t o t a l -p re s su re  ins t rumenta t ion  loca t ion .  As s h a m  i n  f i g u r e  13, AK i n -  
creases rap id ly  as con t r ac t ion  ratio is decreased (by inc reas ing  %) to valu& less 
than 3.5. The A = 8.501 i n  and 11.352 i n 2  nozzles  hawe con t r ac t ion  ratios of 2.37 
and 1-77, r e s p e c t l w l y .  
reduced by i nc reas ing  choke-plate open area. 

The reason f o r  t h i s  

factor which could  

A S  

2 

f i g u r e  13  a l s o  i n d i c a t e s  that to t a l -p re s su re  d i s t o r t i o n  is 

The amount of flow d i s t o r t i o n  i n  t h e  large-throat-area nozzles  d iscussed  above 
could have a s i g n i f i c a n t  effect on the measurement of  and, thus,  on d ischarge  
c o e f f i c i e n t .  Correc t ing  i n t e r n a l  rake  to t a l -p re s su re  mea&ements to t h e  i n t e g r a t e d  
value of jet  total pressure a t  the  nozzle  t h r o a t  should e l imina te  f l o w  d i s t o r t i o n  
e f f e c t s  on d ischarge  c o e f f i c i e n t .  As shown i n  t h e  r i g h t  s ide  of f i g u r e  12, apply ing  
the rake co r rec t ion  f a c t o r s  to the  discbrge c o e f f i c i e n t  computation e i t h e r  e l i m i n a t e s  
or g r e a t l y  reduces t h e  decrease i n  
and At =-11.352 i n 2  nozzles  when m c o t r e c t e d  to t a l -p re s su re  measurements are used to 
compute Cd ( l e f t  side of f i g .  12) .  This result i n d i c a t e s  t h a t  most of t he  decrease  

i n  cd measured f o r  the  la rge- throa t -a rea  nozzles  is caused by flow d i s t o r t i o n  i n  t h e  
to t a l -p re s su re  p ro f i l e s .  

pt . 

exh ib i t ed  by the At = 8.501 i n 2  % 
- 

I 

The e f f e c t  of choke-plate (flow s t r a i g h t e n e r )  open area Achoke on average 
d ischarge  c o e f f i c i e n t  is presented i n  f i g u r e  14. Choke-plate open area should have no 
e f f e c t  on nozzle d ischarge  c o e f f i c i e n t  un le s s  a l a r g e  amount of flaw d i s t o r t i o n  is 
introduced by the choke p l a t e  i t s e l f .  Frola the  r e s u l t s  shown i n  f i g u r e  13, the choke 
p l a t e s  with the  smallest open areas produce the  largest amounts of flow d i s t o r t i o n ,  
p a r t i c u l a r l y  f o r  la rge- throa t -a rea  nozzles.  As shown i n  f i g u r e  148 choke-plate open 
area genera l ly  has l i t t l e  e f f e c t  on average d ischarge  c o e f f i c i e n t  except  f o r  t h e  two 
nozzles  with the  l a r g e s t  t h r o a t  areas tested. The v a r i a t i o n  i n  c' with Achoke f o r  

KR is less than 1.5 percent  f o r  a l l  nozzles  teste! and is gene ra l ly  
le& than 6.5 percen t  f o r  nozzles  wi th  %ta l -pressure  profile d i s -  
t o r t i o n  is obviously a f f e c t i n g  the  d ischarge  c o e f f i c i e n t  da t a  spread f o r  t he  two 
nozzles with the l a r g e s t  t h r o a t  areas. Correc t ing  measured total p res su res  with t h e  
rake  co r rec t ion  f a c t o r s  ( r i g h t  s i d e  of f ig .  14) reduces the  m r i a t i o n  of 

Achoke 
c o n s i s t e n t  t rend shown i n  f i g u r e  14 is that the  

to 5 - 1.0 
At < 8.501 in2. 

ed w i t h  
from 0.9 t o  1.5 percent  to  0.6 t o  0.8 percen t  f o r  t hese  two nozzles. The only 

Achoke = 15.286 i n 2  choke p l a t e  
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always provides the h i g h e s t  m l u e  of amraga discharge c o e f f i c i e n t  when 
%85 = 1.0. 
gene ra l ly  less than 0.3 percent.  

%,1 to 
 he mariat ion i n  Ed w i t h  A~~~~ f o r  a l l  other choke plates tested is  

A sumnmary plot of the discharge c o e f f i c i e n t s  for the langley  16-bot Transonic 
Tunnel Stratford choke noEzles is presented i n  figure 15. ’Ihe discharge  c o e f f i c i e n t  
parameter E 
f i c i e n t s  Ed 
exception. 
s t r a i g h t e n e r  (as opposed to s c r e e n s )  and since the screen  conf igu ra t ions  

(A hoke 
o&er chdte-plate  conf igura t ions ,  hta f o r  the screen  conf igu ra t ions  are o m i t t e d  from 

t i o n s  (NPR < 1.89) were omitted frola the computation of average discharge c o e f f i c i e n t  
Thus the data of f i g u r e  15 are f o r  

shown i n  this f i g u r e  is the amrage of all average discharge coef- 
d 8 a q  

obtained a t  each nozzle-throat area (see f ig s .  12 and 141, with one 
Since aoet nozzle test procedures t y p i c a l l y  dictate a choke-plate flow 

= 15.286 i n 2 )  c o n s i s t e n t l y  produced higher  discharge c o e f f i c i e n t s  than the 

I n  adGition, s i n c e  d ischarge  c o e f f i c i e n t s  obtained f o r  unchoked flow condi- ‘d,aWq* 

Ed8 these data are also no t  included i n  Ed,aq. 
choked flaw S t r a t f o r d  choke m z l e s  with choke-plate f l aw  s t r a i g h t e n e r s  only. Dis- 
charge c o e f f i c i e n t s  f o r  unchoked f l o w  conditions can be obtained from figures 10 and 
11. Discharge c o e f f i c i e n t s  for Stratford choke nozzles w i t h  sc reens  as flow s t r a i g h t -  
eners can be obtained from f i g u r e s  12 and 14. 

When i n t e r n a l  toca l -pressure  rakes are corrected to the i n t e g r a t e d  value of total - 
pressure a t  the throat, C is g e n e r a l l y  wi th in  0.5 percent  of u n i t y  ( f i g .  15).  
When i n t e r n a l  t o t a l -p re s su  e rakes are not  y r ec t ed  ( t y p i c a l ) ,  measured d ischarge  
c o e f f i c i e n t s  f o r  1.933 i n  < At < 5.711 i n  gene ra l ly  f a l l  w i t h j n  the computed range 
of discharge c o e f f i c i e n t  giwen i n  r e fe rence  for these  types  of nozzles. Measured 
discharge c o e f f i c i e n t  for the At = 0.999 in’ nozzle  f a l l s  below the computed value 
( r e f .  61, probably because nozzle- throat  Reynolds number fa l l s  below the li. t recom- 
mended i n  r e f  rence 60 rge c o e f f i c i e n t s  for the 
At = 8.501 in’ and 11.35?~? nozzles  f a l l  below the computed mlue %cause of totsl- 
pressure p r o f i l e  d i s t o r t i o n  caused by low nozzle con t r ac t ion  ratios 

d 8 a q  

1 

Imax/At. 

An inwes t iga t ion  has  been conducted i n  t he  A n g l e y  16-Foot Transonic Tunnel t o  
determine and document the weight-flow measurement c h a r a c t e r i s t i c s  of a mul t ip l e  cri t-  
ical wenturi system and the nozzle discbrge c o e f f i c i e n t  characteristics of a series 
of contfergent c a l i b r a t i o n  nozzles. The effects on d e l  discharge c o e f f i c i e n t  of 
nozzle- throat  area, model choke-plate open area, nozzle pressure  ratio, je t  to ta l  
temperature,  and number and combination of ope ra t ing  ven tu r i s  were inves t iga t ed .  
&sts were conducted a t  static cond i t ions  ( tunnel  wind o f f )  a t  nozzle pressure  ratios 
from 1.3 to 7.0. Resul t s  of t h i s  i n v e s t i g a t i o n  i n d i c a t e  the fol lowing conclusions:  

1. The Langley 16-Foot Transonic Tunnel mul t ip le  cr i t ical  ventur i  system measures 
nozzle  d ischarge  c o e f f i c i e n t  to  an unce r t a in ty  of 0.5 percent  f o r  nozzle p re s su re  
ratios equal  to  or a k v e  1.75. 

2. The measurement which w a s  determined t o  have the  l a r g e s t  e f f e c t  on the mul t i -  
p l e  critical ventur i  system accuracy is the  upstream ventur i  pressure.  It is h igh ly  
reconmended t h a t  the  average of mul t ip le  upstream ventur i  p ressure  measurements be 
used to compute weight flow from the  ventur i  system. In add i t ion ,  t he  p re s su re  t r a n s -  
ducers  used to measure the  ups t r e i  - ven tu r i  p rzssure  should be c a r e f u l l y  s i zed  to  
m e r  the requi red  pressure  range only. 
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3. Discharge c o e f f i c i e n t s  measured w i t h  the u l t ip l e  critical w n t u r i  system are 
‘ 

independent of the number or combination of ven tu r i s  used. Discharge c o e f f i c i e n t s  ate, 
also independent of small uariations i n  uantur i  Wmperature. 

4. Discharge c o e f f i c i e n t s  measured for the Langley 16-Fbot Transonic Tunml 
f t r a t f o r d  choke nozzles f a l l  w i th in  3 expected ranye of 0.9925 to 0.9975 when 
r x z l e - t h r o a t  area is between 1.933 i n  and 5.711 i n  

5. 9 l o w  nozzle- throat  Fkynolds number causes  the  discharge c o e f f i c i e n t  of the 
0.939-in’ t h r o a t  area S t r a t f o r d  choke nozzle  to be belaw the expected value. 

6. %ta l -pressure  profile distortion as a result of l o w  con t r ac t ion  ratios is 
beliewed to cause the r e l a t i v e $ y  l o w  d ischarge  cTfficient levels of 0.986 and 0.979, 
r e spec t ive ly ,  for the 8.501-in and the  11.352-in t h r o a t  area S t r a t f o r d  choke 
iozzles. 

JASA Iangley Research Center 
tiampton, VA 23665-5225 
Hay 16, 1985 
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I Rd*v’ per inch 4 8 -- 
0.9886 0.9892 
e9910 -9912 
09931 09930 
09943 09939 
09947 09939 . 9939 -9932 
09933 ,9931 
09933 09934 
09935 09932 
09936 09933 . 9937 09914 

0.6 x lo6 
.9 
1.4 
2.1 
3.2 
4.8 
7.3 

1 1  .o 
17.0 
26.0 
40.0 

___-I__A.__  - 

16.1 

0.9922 
-9932 
-9940 
-9941 
09934 
.9930 
09930 
e9931 
09931 
-9932 
09933 

1 

TABLE 11. - INDIVIDUAL CALIBRATED-VENTURI DISCHARGE COEFFICIENTS 

I 1 Discharge c o e f f i c i e n t s  for venturi number - 

0.9838 
-9856 
-9875 
9890 
9902 
.9901 
.9893 
.990 3 
991 2 
-991 6 
-9918 

-__ ---- 

2 

0.9857 
9880 
9902 
,9920 
09931 
09934 
,9930 
09938 
09938 
09939 
09939 

.--- 

16.2 

0.9921 
9930 
9938 
9938 
,9932 
9928 
-9927 
9927 
9928 
9920 
9929 -. 

TABLE 111.- CONSTANTS FOR CRITICAL-FLOW FACTOR EQUATION 

unpublished multiple critical venturi data, 
Boeing Commercial Airplane Group 1 

Constant 

KO 

K1 

K2 

K3 

K4 

K5 

KS 

K7 

ralue of constant 

0.68493 

-6.7865 x 

-4.9249 x 10’’ 

-1.0056 x 10-l’ 

3.0262 x 10’’ 

-1.9236 x 

5.4687 x 

-6.5437 x 
-.-- - 

Constant 

Ks 

% 

K10 

K11 

K12 

K1 3 

9 4  

K1 5 

lalw of constant 

3.8268 x 10” 

-7.3594 x 10-l1 

4.9408 x 

-1.1853 x 10-l5 

-1.4721 x 

1.7692 x 

-1.1238 x 

2.8935 x 1O-l’ 



._ 

t 
-- I 

TABLE IVo- VALUES OF nTr#L PRESSURE MEASURED IN “3E INSTRUMENTATION 
SECTION AND AT THE NOZZLE EXIT 

[ A l l  pressure measurements i n  p s i . ]  

1 308 
1.540 
1.486 
l e 7 4 9  
2.011 
2 e 4 9 b  
3 004 
4.980 
5.011 
7.011 

1 3(rb 
1 54C 
lebbb 
1.749 
2.011 
2.496 
3.064 
4.080 
5.011 t 7.011 

20 

2 (a) At = 0.999 in2;  AChoke = 1.750 i n  - 
pt . j  - 

19.3bl 
22 . 791 
21  0983 
25.887 
29.756 
36 a936 
44.443 
73 686 
74 125 

103 706 - - 
Pt *I - 

19.361 
22 791 

25.e97 
29.75U 
36.936 
44.643 
73 680 
tb.125 

103 e 736 - 
21.9n3 

P t , j , l  p t . j .2  pt . j .3  Pt . j .4  pt . j .5  

i0.3?1 
22.797 
t1.99P 
25.978 
29.732 
36.924 
44.3Ub 
73.563 
73.991 

133.537 

19.367 
22.799 
21.985 

L7.745 
36.925 
44.393 
73.573 
74.636 

103.577 

25.1304 

19.340 19.392 10.327 

21.976 22.UO9 21.949 
25.856 25.950 25.684 
29.737 29.797 19.739 
36.922 36.999 36.922 
44.393 44.556 4 4 - 4 8 ?  
73.58b 73.e95 73.785 
74.031 74.333 74.232 

t 2 . m  ~ 2 . ~ 2 7  2 2 . 7 ~ 1  

163.567 io+.3oe i c 3 . m  

prake a t  rlr of - t 

-.87 -.53 -. 18 .18 .51 .92 

19.328 
E2.737 
21e34R 
25.971 
20.730 
36.308 
44.457 
73.127 
74.175 

103.781 

14.367 
22.777 
21.985 
25.919 
29.7CO 
36.945 
42.496 
73.702 
74.250 

103.875 

19.356 
22.774 
71.984 
25.908 
29.764 
36.948 
44.504 
73.863 
74.241 

103.870 

19.373 
2r.767 
22.002 
25.926 
29.182 
36.074 
44.528 
73.843 
74.285 

103 92 4 

19.329 
22.748 
21.958 
25 .094  
29.737 
26.933 
4 4 e 4 E 6  
73.794 
74.231 

i o 3 . e e i  

19.358 
22 e774 
21.983 
25.90U 
29.766 
36.647 
44.505 
73eE02 
74.249 

1C3.815 



_ I  , 1 
1- . 

Pt.J 

. I 
! 

prake a t  r/rt  of - 
I 

- .91 - .47 .06 . 56  .92 

2 2 (b) At = 0.999 in ; Achoke = 3.853 in 

1.297 
1.416 
1.531 
1.746 
1.993 
2. SG2 
2.997 

7 e 030 

1.297 
1.416 
1 531 

1.9Q3 
2.502 
2 . 997 
5.005 

19.281 
21.CSR 
22.7b5 
25.955 
29.626 
97.194 
44.551 
74.40' 
1M.5*1 

I 

19.289 
21.049 
22.769 
25.969 
29.637 
37.203 
44.545 
74.0119 

b04.434 

19.203 
21.C45 
22.768 
2s.955 
29.631 
37.191 
44.S50 
74r415 

104.529 

- .  

19.281 19.302 
21.011 21.lr)O 
22.771 22.777 
2509S1 2S.966 
29.631 29.635 
37.194 37.207 
44.558 44.567 
74.413 74.417 

l W . 5 0 7  104.335 

19.252 
2 1  .05C 
22.740 
25.932 29.S97 

31.173 

74.393 
104.302 

44.535 

prde at r/rt  of - 
-.89 -. 56 -. 18 .19 -58  .90 Pt.J 

19.241 
21.058 
22.765 
25.'455 
29.626 
31.154 
44.551 
74.455 

1C4.5J1 

19.25e 
21.324 
22.759 
25.91C 
ZQ.579 
37.138 
44.490 
74.322 

104.374 

lQ.288 
21.343 
22.793 
25.9CC 
t9.617 
37.181 
64.545 
74.392 

iu4.6re 

19.272 
21.328 

25.941 
29.611 
37.177 
44.543 
74.397 

134 .4QO 

2 2 . 7 ~ ~  

19.29t 
21.347 
2L.IC2 
25.958 
29.634 
37.L96 
44.563 
74.434 

104.543 

19.249 
21.32t 
22.7t4 
25.925 
29.591 
37.15C 
44.552 
74.386 

104.479 

19.288 
21.364 
22.751 
25.95Y 
29.615 
37.185 
44.f55 
74.385 

l t 4 . 4 5 6  

- 
NPR - 

1.302 
1 513 
1.756 
2.L.09 
2.516 
2.988 
5.024 
7.009 - - 

NPR - 
1 e 302 
1.513 
1.756 
2 069 
2 . 5 i t  
2.986 
5.024 
7.009 - 

= 15.286 in 2 
( c )  At = 0.999 in2; Achoke 

19.159 
22.253 
25.&28 
29.5S2 
37.003 
43 .950 
73.1190 
03.096 

13.141 
22.212 
25.638 

30.998 
43.913 
73.859 

103.013 

2 9 . 5 4 ~  

19.173 
22.280 
25.848 
29.583 
37.032 
43.970 
73.917 

103.137 

19.149 
22.248 
25.832 
29eS52 
37 OOC 
43.951 
73.894 

103.131 

19.132 

25.831 
29.556 
37.008 
43.960 
73.904 

103.114 

22.25~1 
19.119 
22.218 
29.791 
29.526 
30.972 
43.931 
73.876 

103.062 

19.l*V 
22.253 
25.828 
29.562 
37.003 
43.950 
73 690 

103.096 

19.120 
22.224 
2S.811 
29.534 
36.978 
43.940 
7306S4 

io3.asb 

10.120 
22.22s 
25.60R 
29.542 
3b.906 
43.943 
73.678 

103.106 

19.153 
22.250 
2S.843 
29.575 
37.013 
43.972 
73.912 

103.132 

19.131 
22.207 
2S.790 
29.523 
36.364 
63.929 
73.067 

103.082 

19.146 
22.252 
25.828 
29.5b4 
36.998 
63.951 
73.66b 

1C3.052 

I 

I 

21 a 
k, 



TABLE 1V.- Continued ! 

h- , 

I 

E 
t 

( d )  At = 1.933 i n  2 I Achoke = 1.750 i n  2 

19.428 
22.188 
25.034 
3b.979 
29.601 
37.013 
44.267 

103.527 
n . e e 6  

1 9 ~ 4 0 b  
22.14t 
25.877 
36.097 
29.101 
36.96) 
44.243 
73.15C 

103r439 

19.373 
22'108 

36.827 
29.521 
36.908 
44.206 
73.653 

103.344 

z5.e~~ 

19.405 
22.241 
2b.004 
29. 37.072 bbO 

64.297 
74.161 

104.025 

3t.ose 

19.332 
22.050 
2507S7 
36. 730 
29.477 
36.816 
44.202 
73.613 

103ob03 

1 301 
1 530 
1 754 
2.000 
2 >07 
2 997 
3 009 
5 021 
6 9 d l  
b 988 

1.331 
1.330 
1 754 
2 * 000 
2 I 507 
i! 907 
3 009 
5 e 0 2 1  
6 . ~ 1  
b. 9ne 

- 
NPR - 

1.311 
1 498 
1.750 
2.496 
2.OOG 
2. S O 0  
2.992 
4.993 
7.000 - 
- 

*t .J 
I 

13.30b 
22.713 
26.036 
2'4.305 
37.200 
44.475 
44.bb5 
74.512 

103 602 
103 71 1 - - 

Pt *J - 
19.306 
22.713 
26.036 
t 3 . 6 8 5  
37.208 
44.475 
44.665 
74.512 

103 e 6 0 2  
103 a71 1 - 

- 

-.96 -.62 -. 33 .10 .56 .aa 1 
19.309 
22.142 
25.tl69 
36.908 

36.925 
44.208 
73.99R 

to.ssr 

lu3.732 103.74n 103.741 103.799 103.691 103.717 

19.43u 
22.175 
29.8C7 
36093C 
29.d79 
36.957 
46.215 
73.915 

19.421 
22.172 
25.904 
36.944 
29.570 
36.958 
4 4 0 2 l 4  
73.923 

19.428 
22.104 
25.925 
36.972 
290bOZ 
36.985 
44.249 
73.959 

19.394 
22.146 

3b.917 
29.546 
3b.931 
44.184 
73 . 899 

25.ete 

19.417 
22.176 
25.913 
3b.952 
29. S70 
36.952 
44.201 
73.922 

2 
(e )  = 1.933 in2; A~~~~~ = 3.853 i n  

10.333 
22.747 
26.068 
29 724 
37.251 
44.515 
4 4  702 
74.563 

103.612 
1 0 3  719 

19.309 
12.715 
26 .339  
ZQ.577 
37.198 
64.464 
44.454 
74.6Q0 

103.577 
103.686 

lQ.2Jb 
22.703 
26.01Q 
20.672 
37.196 
46.66h 
44.655 
76 502 

103.603 
103.711 

13.3?0 
22.715 
26.047 
29 .684  
37.21R 
44.471 
44.b62 
76.505 

163.597 
103.707 

19.276 
22.b85 
2b.013 
29ebbb 
37.177 
44.4b1 
44.bS0 
74.503 

103.623 
103.732 

pratr a t  r/rt of - 
-* 90 -.62 -. 35 -.07 .26 .54  . a9 

19.200 
22.650 
25.994 
291 b42 
37,149 
64.421 
44.592 
7 4 . 4 1 3  

!03.488 
103.594 

14.?93 
tZ.571 
26.917 
29.658 
3 7 . 1 7 0  
46.441 
44.516 
74.452 

103 .525  
103.833 

19.301 
ZP.67P 
26.015 
2Y.6b7 
37.179 
4 4 5 5 1 
4 4 . 6 2 r  
74 s4bO 

103.561 
103.6S7 

19.313 
22.b99 
2h.031 
2Q.604 
37.203 
44 .4e i  
44.bb0 
74.507 

103.603 
101.T14 

19.2P5 
22.6b3 
Zo.001 
29.653 
37.ib3 
44.644 
44eb21 
74.480 

103.698 
1 0 3 . 5 ~  

17.?QQ 19,305 

26.023 26.003 
291366 29.634 
37.17G 37.142 
44.447 44.411 
4 4 . 6 2 2  64.586 
74.460 74.307 

103.563 103.456 
103.657 103.564 

2z.ce7 72.667 

1 
! 

t 

r 
k 
5' k 22 



TABLE 1V.- Continued 

P t P J  - 
lQe2*33 
22.111 
25.919 
29aS39 
36.890 
b4eb34 
73.b10 

86 0798 
' 73.068 

1 772 
1 982 
2.491 

' 3.00s 
5.037 
7.011 - 
NPR - 
1 339 
1.497 
1 772 
1 982 
2.491 
3.605 
5 037 
7.011 - 

19.706 
22.03s 

29.163 
36.665 
44 .236  
74.135 

103.167 

1 26.077 

1Q.705 
22.039 
26.081 
20.163 
360b37 
44.221 
74.128 
103.16~ 

19.135 
22.06n 
26.112 
29.193 
36.713 
44.Zlb 
74.181 

103.246 

19.704 
22.037 
26.081 
29.169 
36.680 
44.261 

103.225 
14.164 

19.719 
22.036 
26.073 
29.155 
36.661 
440213 
74.097 
193.137 

lQ.668 
21.994 
26.038 
29.136 
36.632 
44.212 
74.103 
103.158 

praLo at r/rt of - 
-.94 -.71 -.bo .02 .34 .67 .96 

1'4.706 
22.035 
26.077 
23.163 
36.bbS 
44.216 
74.135 
LO3.1P7 

19. bS1 
21.995 
26.012 
20.108 
36-61? 
44.167 
74 e054 
103 09b 

19.692 
22.OZQ 
26.358 
29.148 

44.210 
14.110 

103a185 

36.658 

19.685 
22.014 
26.060 
29,140 
36.bSl 
44.208 
74.111 
103.166 

10.710 
22.050 
26.083 

36.684 
44.240 
74.135 

29.168 

1 0 3 . 1 ~ 5  

1Q.bb7 
22.011 
2b.044 
29.137 
36.648 
24.200 
74.101 

103.170 

13.710 19.704 
22.040 22.040 
2b.085 26.067 
23.119 29.149 
36.681 36.654 
44 .237  44.203 
74.135 74.079 
103.191 103.126 

1 19.333 19.291 19eZbb 19.29b 19.274 
22.172 22.114 22.~~2 22.1~3 22.01s 
2S.918 25.844 25.18B 2S.81~ 25.17b 
29.638 29.521 29mS08 29.S32 29.484 
37.01s 3b.Rb3 36.828 36.811 3b.824 
44.797 44.blb 440S92 44.612 4 4 e S h  
13.880 73.3b5 T3mS27 1 3 e 5 P 4  13.495 
74.214 73.932 73.992 73.941 73e9b1 
nq. i i4  m.tsi BB.~PI 88.762 ee.b70 

NPR - 
1e3G5 
1 e 496 
1.727 
1 e 9 9 C  
2.49s. 
3oUlQ 
4.980 
Y e004 
6.t&7 

pralra a t  r/r, of - 

23 

t 



. '. i 

. ,  -. . 
P .  ' . ,  TABLE IV.- Continued 

(h)  At = 3.002 in2t Achoka - 3.853 i n 2  

! 

Pt d . 2  

19.039 
22.205 
26.003 
29.557 
37.075 
44.502 

103  376 
74.318 

p t , j . 3  pt,j.l  

19.144 
22.264 
26.077 
29.652 
37 204 
44.b27 
74.232 

103.630 

19.085 
22.211 
25.997 
20 .51  
37.104 
44.521 
72.062 

103.436 

19.115 
22.223 
26.014 
29.597 
37.10? 
44.523 
76.050 

103.414 

19.0b7 
22.191 
25.991 
29.57b 
37.113 
44.545 
74.121 

103.551 

1 . Z l ' f  
1 . 4 9 P  
1. I54 
1.995 
2 e 503 
3 . 0 0 4  
4.997 
6 0 979 

1 

-. 75 
- -. 56 -.25 

-- -. 94 

19.097 
22.178 
23 0 960 
29.543 
37.060 

73 971  
,03 290 

44 470 

19.043 
22.151 
25.914 
29.514 
3 7 . J 3 b  
q4.455 
7 3 . 3 4 3  

1O3.279 

10.059 
22.176 
25.914 
29.525 
37.050 
44.460 

103.330 
73.983 

19.071 
2 2 . r 0 0  
25.979 
29.550 

44.501 
74.029 

103.390 

37.07e 

19.101 
22.213 
26.011 
29.506 
37.121 

74.100 
103.463 

4 4 . 5 5 2  

17.355 
22.175 
25.963 
29 .547  
37 -072 
44 0503 
7 4  e 0 4 4  

103 ,127 

19.076 

25.973 
29.533 
37.052 
44.46? 
73.975 

103.315 

22.183 
19.070 
22.176 
25.95b 
2 0 . 5 2 1  
37.062 
44.44b 
73.937 

103.243 I 

2 ( i )  At = 3.002 in2; - 15.286 i n  

1.31C 
1.517 
1.757 
1.994 
2.501 
3.00c 
3 . 5 0 4  
5.021 
6.988 

19.293 
22.338 
25.669 
29.353 
3boe27 
4 4 . 3 0 4  

73.919 
51.5~0 

1 0 2 . a 7 ~  

10.316 

25.882 
29.310 
3 6 . 8 4 8  
44.32Q 
51.609 
73.953 

102.936 

t2 .36n 
14.305 
22.338 
zs.aa3 
29.375 
36.945 
4 4 . 3 3 0  
31.614 
73.962 

102.931 

1 9 0 2 9 0  
22.330 

29.327 
36.792 
6 * . 2 4 9  
51.504 
T3.820 

1 2.739 

25.849 

19.270 
22.313 
25.857 
29.334 
36.816 
44.301 

73.937 
1J2.914 

51.585 

'i ;i 
v 

I 

Prake a t  r lr t  of - 
M R  I Pt,j I -.96 - a 8 0  -.5a - .33 0.0 .26 . 5 1  . 7 3  .93 

19.227 
22.25b 
25.70P 
29.27b 
360745  
44eZlb 

73.799 
102.732 

s i . + t n  

19.265 
22.288 
25.834 
29.314 
36.785 
4 4 . 2 4 3  
51.515 

102*7b?  
73.833 

19.267 
22.292 

29.312 

4 4 . 2 1 2  
5 1  0 5 2 4  

102 e lb0  

25.835 

36.785 

73.850 

1 0 . 2 ~ 6  19. 19.292 13.305 
27.113 2?.c P O  22 .332  22.332 

27.333 29.321 29.362 23.365 

4 .280  44.215 '.+e209 44.312 
51.546 51.544 51.589 51.369 
73.881 73.894 13.938 73.919 

162.859 102.961 102.903 102.88b 

2s.eso 25.833 2s.890 25.882 

36.811 3t.7'31 36.831 36.831 

19.266 
22.314 

20.329 

64.270 
51.522 
73.794 

100.260 

25 .e55  

36.805 

c 
rq . :I .* I 24 



, 

't.j 

h prake at r / r t  of - 
-.96 -e68 -.41 -617 .01 .23 .ha . 7 1  .94 

1.496 
1.753 

2.510 
3.001 
3.992 
4 . 5 0 5  

2.018 

1.496 
1.753 
2.019 
2.510 
3.001 
3.992 
6 .505  

TABLE N.- Continued 

(j I % = 3.992 i n 2 i  = 1.750 i n  2 

19.049 
220103  
25.904 
29.811 
37  .J92 
44.339 
58.986 1 b6.562 

19,137 
22.215 
26.042 
29.962 

4 4 . 5 6 1  
59.297 
66.905 

37.287 

~~ 

19.041 
22 0000 
25.866 
29.761 
37.037 
44.261 

bb.450 
58.893 

17.020 
22 Ob4 

29.757 

44.263 
5R.875 
66.449 

25.863 

37.022 

19.065 
2 7  104 
$5,907 
29. noe 
37.081 
441319 
58e9bO 
b6e5sZ 

18.992 
22.052 

29 765 
37.033 
44.290 

66.465 

25.e4i 

r e .  904 

'. 9 0 4  9 
22.103 
25.904 
29.811 
37.092 
4C.339  
53.986 
bb.562 

19.046 
22.132 
25.908 

37.C83 
4 4 . 3 5 7  
58.980 
bb.959 

29.823 

19.967 
22.008 

29.bn5 
36.930 
46.117 
58.756 
bb.327 

25.787 

18.9V7 
22004b 
25.821 
24.717 
36.973 
44.211 

66.374 
58 .  eo3 

18.99: 
22.041 

29.712 
36.965 
44.208 

60 360 

25.815 

58.803 

16.972 190006  18.492 
22.024 22.046 22.045 

29.109 29e720  24.70b 
36.974 36.981 3 6 . 3 4 3  

25.812 2 s . e ~  2 5 . ~ 0 8  

4 4 . 2 ~ ~  44 .217  44.193 
5 n . m  59.600 53.72'2 
66.399 66.362 66.303 

19.004 

25.639 
291742 
37.000 
44.235 

66.396 

2 2 . 0 5 ~  

59 .838 

I 

i i t 

(k) At = 3.992 in2; Achoko = 3.853 in 2 

19.433 18.462 
22.7 '  ? 22.202 
25.7s 25 .751  
29.455 29.408 
3 5 . 9 8 0  36ebd7 
4 4 0 5 2 1  44 .396  
7 4 .  035  7 j . 7 7 9  

103.695 1 0 3 . 2 6 3  

19.276 
28.024 
2 5 . 5 9 4  
29.245 
36.739 
44.263 
73.6P9 

103.243 

1 9 . 4 7 4  
22.227 
25.795 
29 .640  
3h.931 
44.442 
73.829 

1 0 3 , 3 4 3  

1 9 . 2 9 3  
22 .052  
25.638 
29.305 
36.816 
14.386 
73 .  e79 

i o j . c r 5  

1.314 13.3R9 19.3Qb 19,190 
t . 5 0 1  22.141 22.009 21.96P 
1.743 25.712 2 5 . 6 4 8  25 .523  
1.991 29.371 29.2Ql 29.171 
2 . 4 9 9  34.871 3 ~ 0 7 8 2  36eb40  
3.010 44.401 4 4 . 2 8 9  66.163 

rob12 103.408 102.924 103*02b 
5,006 73.842 73.622 73.530 

1'4.252 
i ,306 
29 .552  
29.207 
36.691 
44.234 
73.570 

133.040 

10.203 

2 5 , 5 9 1  
29.249 
36.733 
44 .249  
T 3 . 6 3 4  

103.115 

22.02e 
10.41s 

25.169 
2 9 . 3 9 8  
36.891 
6 6 . 6 2 9  

163 602 

22.1er 

7 3 . 8 5 4  

19.313 

2 5 0 6 6 8  
290314 

44.351 

103.350 

22.07e 

36.~111 

7 3 . 7 9 ~  

19.3 :I 
I t .  099 

29.305 
36.793 
44.311 
73 685 

103.180 

25.668 

19 .396  
22.639 
25.676 

30.782 
4 4 . 2 9 0  
73.613 

2 9 . 3 1 8  

1 0 3 . 0 ~ 1  

19.218 
21.063 

29.136 

44.086 
73.310 

z s . i e 9  

36.582 

IO? . 182 

25 



‘ I  

I 
- I  

1.346 iq.Roc 
1.513 22.298 
1.76 25.93A 
2.038 29.592 
2.691 36.710 
2.986 43.‘.96 
5.02 74.012 
7.014 103.333 I 

! 

19.834 19.a53 
22.327 22.351 
25.981 26.003 
29.636 29.669 
36.775 3b.798 
44.Ob6 6 S . 2 9 2  
74.135 74.182 

103.482 103.564 

- !  
C t  

:J 

i 

.? 

TABLE 1V.- Continued 

(1) At = 3.992 in2; Achoke = 5.779 in 2 

19.213 
22. 173 
25.881 
29.b69 
3bm 234 
3b.928 
440 33b 
74.030 

103.2T6 

- 
P t . j . 2  

19 173 
22 116 
25 193 
2 9 . w  
3b.10e 
3b 801 
44.202 
73 818 

102 Q85 

19.168 
22.107 
2S.801 
29.590 
3b ,144 
3b.831 
44.237 
73.859 

103 0035 

19.158 
22.000 
25. 772 
29.538 
3bo O7b 
36.772 

161 
73.739 

102.857 

lQ.lS2 
22.086 

t0.953 
3b.115 
3b.805 
44.208 
73.647 

103.036 

25.77e 

pralre at rirt of - 
.22 ‘ 4 5  - 69 -92 

- m w i ~ m w r n  rrc m Fr9mm t+ 
22.076 22.047 22.082 iZ.Ob9 22.081 22.06+ 
25.757 25.734 25.775 25.756 25.76* 25.755 
29.521 29.500 29.548 29.531 29.5+2 29.528 
3b.068 3b.032 3b007b 3b.OS11 Ma065 36.060 
3b.750 3b.730 36.77) 3b.753 3b.774 3b.7b4 
44.146 44.121 4401b4 44.144 44817s 44.16s 
73.744 73.707 73.755 73.720 73.780 73.786 

bliFFAL 102.@54 102.692 102.8b3 102.92b 102.941 I 

- 
19.107 
22.112 
2s.ooOI 
29.571 
3bo 121 
3b.805 
44oZ14 
73.828 

,020988 

19.825 19.791 

25.984 25.914 
29.b37 29.570 
36.769 34.691 
44.079 43.961 
72.164 73.936 

22.331 22.216 

103.568 i03.m 

19.719 
22.195 
25.808 
29.448 
36.527 
43.783 
73.642 
102.815 

I 

19017b 
22.109 
2S.79Z 
29.956 
36.096 
3bo 793 
249 194 
73. 795 
LO20959 

19.152 
22.009 
25.788 
290571 
3b.103 
36.604 
440202 
73.78b 
,02 092b 

(la) At = 3.992 in2; Achoke = 15.286 i n  2 

prde at r/rt of - - 
-.76 - .SO -.28 -.Ob .20 .41 . 7 1  .96 

1.3C4 
1.513 
107bC 
2.008 
2.491 

5.023 
7.014 

2 . 9 ~ 6  

19.771 19.738 
22.270 22.240 

29.563 29.547 
36.3?1 36.672 
43.980 43.918 
73.909 73.967 
102.647 103.320 

25.917 25.8~6 

19.75Q 19.773 
22e272 22.280 
2 3 . 9 2 ~  25.919 
29.5’1 29.573 
36 36 705 
43.’ 43.991 
74.008 73.991 

103.348 103.ZQT 
.-- 

19.704 
22.299 
25.416 
29.595 

44.009 
3 6 . t i 7  

74.rrq 
1 n 3  

1 9 . 1 5 5  19.835 19.801 19.777 
22.275 22.310 22.307 22.280 

20.566 29.623 29.626 29-51? 
36.695 36.191 35 .759  36.102 
43.991 54.053 44.070 43.992 
.)&,Or)* 72.097 74.105 75.002 
a3.3C.  103.465 1034486 103.2Jb 

~5.~13 ~5.9bb 2 5 . 9 ~  25.928 

W. 

f 

I 

26 



i 

TABLE 1V.- Continued 

2 2 (n) At = 5.711 i n  ; Achoke = 3.853 i n  

1%. 321 
22.306 
2b.GSO 
2i .752 
37.208 
44.491 
74.430 
PC.176 

10.332 
22.350 
26.011 
29.7L7 
37.117 

14.233 
4 4 . m  

ee.931 
---. 

19.421 
22.545 
2b.203 
3~mCZb 
37.56t 
44 891 
75.133 
eF.907 

prde a t  r/r of - 
t I KPR I Pt.J I -.98 -.a4 -.70 -.bB -.25 -.OC 

1q.ZJP 
22.306 
25.973 
29.681 
37tlll 
44.3e7 
74.259 
eP.q:z  

15.292 
22.356 
26.021 
29.741 
37.185 
44 e 4 6 9  
74.414 
e9 140 

19.326 
22.355 
ZbeC70 
25.7b2 
37.254 
44.545 
74.535 
09.284 

pra, a t  rlr of - 
t I hPR I Pt,J I - 2 1  - 4 1  .6b .85 .96 

13.334 
'2 .401 
2 6 o C O S  
79. eGQ 
37.271 
44.561 
74 .560  
4c.323 

1 Y . 2 0 4  
22.335 
25.392 
79.t9l 
37.131 
4c.319 
74.Z7c 
P8.9b2 

19.272 
22.3CO 
25.547 
29.630 
37.037 
41.320 
74.1*0 
en.t3b 

lo.ld2 
22.210 
25 .€?2  
20.562 
36.093 
54.232 
74.C72 
e8.743 

27 
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TABLE 1V.- Continued 

2 ( 0 )  At = 5.711 in2; Achoke = 5.779 i n  

18.CFO 

72.017 
25.750 
29.417 
36.663 
14.087 
73.: 76 

102.543 

z i . 7 c e  
ia.q:z 
21.71'4 
21.9CC 
25.659 
29.315 
3b.*86 

73.253 
1CZ.lbL 

63.908 

1F.956 
21.744 
I1 e 974 
2s. 709 
29 363 
36.565 
14  -039 
73.597 

lC2.145 

pralre a t  r / r t  of - 
-.96 -.?a -. 58 -. 34 -.15 . O l  

1 . l - u  
1.4dO 
1.495 
1 .759  
I .  338 

2.995 

h.567 

2 . 1 ~ 7  

6.99e 

1n.9:0 
'I ."9 
? l .962  
T c . 6 5 i  
t G . 3 ~ 1  
36.47? 
43 .934  
73.352 

l o ?  e 2 5  5 

l a  .045 
71 .725  
21.92% 
24.651 
20.292 
3c .4 t7  
13.939 
73.34t 

102.261 

19.926 
21 .731  
21.42e 
2 5 . 6 5 5  
2F.316 
36.4d2 
43.953 
73.36P 

102.257 

1?.$3O 
21.737 
21.930 
25.t72 
29-32 5 
36.186 
43.911 
73.361 

102.231 

1e.s25 
21 73C 
21.935 

29.301 
36 4 7 1  
53.921 
73.307 

1 02 e 177 

25.653 

16.036 
21.732 
21 .930  
25.t3C- 
2s.316 
36.161 
63 .938  
73.33' 

102.200 

! 
' D  

28 



'i 

I 

NP R - 
1 . 2 9 3  
l .5"h 
1.775 
1 . 7 4 b  
A .*?e 
2 . 4 1 9  
2 . 3 r . r  
6.591 
5.015 
7 .CCY 

TABLE IV.- Continued 

2 ( p )  At = 5.71: i n 2 ;  Achoke = 7.549 i n  

I 
I 19.141 

2 7 . 2 q 3  
~ 26.343 

? C  .975  
29.531 
36.671 
CC.147 
'3.4C9 
1 4 . 7 0 5  

113.727 

IO.JQ.? 
' 2 . 2 4 ~  
20.257 
' . , .BCV 
PQ. 4tC 
3 t .  574 
44,220 
73.bOf 

lC3.359 
r q  . oe7  

lQ.022 
22.130 
26.125 
2 5 . t b i  
2S.ZFC 
36.372 
43.q79 
73.226 
73.5b2 

102.CC3 

lUeL37 
22.173 
76 .160  
25 .733  
79 .391  

44 .123  
73.430 
73.642 

30.caz 

103.227 

prake at r lrt  of - 
- . 95  -. 82 -.63 -.41 - . 2 3  - .03 

14.9;t 
22.174 
26 .151  
25 .717  
?9.365 
5t.4bC 
44 .122  
73 .ce3  
73 .626  

103.198 

19.GIt  
22.155 
26 .132  
25.tSiJ 
29 .326  
30 .619  
C C . 0 4 3  
7 3 . 3 2 b  
73.607 

lG2.991 

19.OCC 
Z i . 1 8 e  
2b. l '  ' 
25.735 
2c .  3 9 3  
3 6 r 4 0 2  
4C.125 
73 .460  
73.909 

l03. i 9; 

19.063 
i2.200 

10 . 9b l  

26.083 
25 639 
2s.290 
36.400 
k 4  .C4O 
73.434 
73.705 

1L3.134 

22.0ae 

29 
, 
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TABLE 1V.- Continued 

7 
p,- at rlr of - 

t 

.I9 . 3?  .58 -76 .96 

c 

e 

-Y. 

30 

(q) at = 5.311 in2; Achoke = 15.286 i n  2 

pralre at r/rt of - 
-.9? -.E1 -.62 -.bo -.21 -.02 

NPR 

I 
~ 13.croc 

22. *-I?+ 

25.323 
2 9 - 4 7 ?  
j ? . ? P 9  
4 6 . 3 1  9 
73.bG1 

."3.57& 

10.351 
i2 .rZ4 
2 5 . 7 7 b  
2G.42b 
37 .150  
4 4 . Z l b  
7 3 . : o t !  

l c 3 . 4 t 3  

A+.  3.0 

25.723 
20 .422  
37.127 
4 4 . 2 7 5  
7 3 . s t e  

103.364 

27.L33 
lU.371 
Z2.LZ1 
75.75b 
29 .376  
5701b1 
44.251 
73.491 

1 a3 3.2 13 

I t .  3 t 7  
? Z . G 2 ?  

1C.414 

44.2b6 

25.780 

37.114 

72.512 
lu3.29f 

1 1 9 0 3 3 2  
Z ' e G l  'I 
SS.71h 

~ 2C.410 
37.1?* 
4 4 . 1 7 1  
7 3 . 4 5 3  

103.372 



-. . 
- _  

~ 18m7SO 
22.234 
25.957 
29.575 
29.41b 
360812 
44.304 
63.01s 

- 
NPR - 
1.274 
1.501 
1.759 
2.003 
1.993 
2.492 
2.898 
0025b - 

- 
Pt .J - 

19.008 
22.4- 
2b 2 H  
29.803 
29.723 
31.168 
Ha71b 
b3.490 - 

TABJE 1V.- Continued 

2 ( r )  At = 8.501 in2; Achoke = 3.853 i n  

f 

~~~~ 

19.1u 
22.791 
2bobSO 
30a34b 
30.199 
37.72b 
45.375 
b40 399 

~~ 

18a8bt 
22alb3 
25.825 
29.407 
29.257 
3b.586 
44.011 
b2.473 

18.892 
22.354 
2b.099 
29.710 
29.535 
3b.947 
44.457 
630130 

18.986 19.111 
22.555 22.463 
2b.398 260248 

29.888 29.137 
37.391 37.189 
44.468 44a7b7 
b3.820 b3ob30 

3a.052 29.899 

NPR - 
1.274 
1m50b 
1.759 
2.003 
1.993 
2.492 
2.998 
4.25b 

19.008 
22 a 4 6 6  
21.244 
29.883 
29.723 
37.168 
44m716 t b3.490 

prde at r/rt of - 
I -.96 -.a2 -. 6 b  -. 56 -. 39 -.20 I 

18.8bl 
22.304 
2b.124 
29.143 
29.594 
37.011 
44.526 
63.343 

ie.ee+o 
22a40b 
21.184 
29.612 
29. 648 
37.084 
44ab30 
63.442 

10.859 
22.399 
2balb3 
29.79b 
29ob38 
37.078 
44.639 
63a43b 

18.931 1809bb 
22.448 22.4bb 
26.191 2b.225 
29.020 29.863 
29ob58 29.113 
370085 37.155 
44ob22 44ab98 
63.146 b3.420 

la274 
lm50b 
1.759 

1.993 
2.492 
2.998 

10.008 
22.466 
26e244 

29.723 
37olb8 
44a71b 

20.e83 t b3.480 

I 

19.010 
220530 
2b.340 
30.013 
29.048 
37.337 
44.914 
63.770 

19.000 
22.542 
tb.357 
30.036 
20.073 
37.38f 
44.990 
630909 

13.032 
22.S81 
26.412 
30.082 
28.921 
37.421 
45.035 
63.950 

18.988 
22a577 
26e380 
300051 
29.090 
370382 
44.971 
b3.840 

ie.918 
22.443 
26.211 
29.845 
29 670 
37oAlb 
44abb1 
63.405 

18.812 
22.337 
260079 
29 e 700 
29.539 
36.972 
44.+00 
630213 

18.808 
22-365 
2bolrG 
29.7b0 
29mbOO 
37004b 
44.599 
63 320 

a 

.. i 

i 

I 
r 

I 

r 1 :  J '  

I 

' , 

4 



1 

- 

c 

Pt ,J - 
19.lt4 
LL ObC. 
t > . 7 4 O  
24.359 
30.780 
44.1 j 0  
13.4t3 

67.762 
63.~30 - - 

Pt.!  - 
;2.10* 
L2. Ob0 
2>.7*0 
Lv. 39ii 
3 0 .  780 
44 130 
73.463 
b J . 3 3 r  
ni.Iu2 - 

TABLE 1V.- Continued 

2 (SI At = 8.501 in2; Achoke = 5.779 i n  

10.3n3 
22.422 
21.224 
Z 9 . 9 R I  
37.515 
45 -023 
?4.9?5 
39. ROS 
99.441 

19.l*L 
22.01c 
25m67b 
29.31b 
36.664 
43.506 
73.L7c 
67.e26 
87.506 

19.t47 19.105 
21.870 21.9b0 
25.672 25.600 
29.376 29.221 
36.3'.1 3b.503 
43,665 43.075 
72.012 73.012 
87.074 P7.521 
66.732 61.239 

~~ ~ 

-.96 -.79 -.65 - .48 -- 29 -.13 

l ' l .dC5 
71 R74 
25.479 
?Q.t#?Z 
36.362 
43 bob 
72 . 667 
57.125 
A b .  798 

19.04b 
21.31c 
25.512 
i S . 1 2 7  
36 .455  
43.73c 
72.t  O f  

Eb.925 
~ 1 . 2 5 3  

19.022 
?1.842 
25.453 
2Q.Obf. 
36.374 
43.648 
72.655 
b7 .083  
L. 6.74C 

m m 0.0 . 15 .32 

19.062 
21.C24 
25.543 
29.175 
30.307 
43.813 
72.92C 
81.389 
81.053 

P~~~ a t  i / r t  of - 
.49 .66 

lJ.lL4 
21.958 
25.575 
29.207 
3b. 545 
43.d62 
73.007 
87.463 
b7.160 

19.C92 
21.922 
25.530 
29.152 
36 0 494 
43.785 
72.945 
8 7 . 4 5 9  
87.121 

.80 

le.9bb 

2 5 .  $ 4 9  
29 .050  
35.413 
43 .130  
72.9t.6 
€7.503 

21.813 

87.179 

.95 

l e  . 957 
21.770 
25.358 
28.961 
36.279 
43.556 
72.b39 
e6.934 
96 665 
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TABLE IV.- Continued 

2 (t) At - 8.501 in2; Achoke = 7.549 in 

19.253 
2 i . 2 6 3  
25.932 
?7.735 
37.204 
44.520 
74.343 
9g.4-3 

19.103 
??.Ab? 
25 A04 
?Q 577 
30.962 
4 4 . 2 2 s  
73.795 
b0.217 

19.luv 
22.191 
25.€63 
29.657 
37.066 
44.382 
74.Ga2 
eo. 541 

l*.ClU 
21.921 
25.493 
29.230 
36.571 
43.768 
73.U31 
79.391 

19.t 17 
22.C39 
25.679 
29.454 
36eP45 
44.116 
73.blb 
e0.045 

-.95 -_ 79 -.66 -. 49 -_ 31 -. 17 
19.11)o 
i2.064 
25.678 
29.650 

44.003 
73.574 
79.072 

3 0 . e ~  

19.371 

L5.610 
29.396 
36.787 
46.033 
73. Sub 
19.020 

22.~17 
19.074 
Z2.CLb 
25.019 
'9.301 

1.760 
43 992 
73.415 
79.u04 

19.G39 
21.9b7 
25 .550  
29.321 
36-67? 
43.904 
73.260 
7 9 . 6 5 3  

19.035 
21.Y64 
7'. >60 
79  334 
36.594 
4 3 . 9 3 3  
7 3 . 3 3 8  
78. ?LJ 

19.104 
22.c5: 
2 5 s b 3 6  
29.413 
36.779 
44.027 
73.45c 
79.647 

1c.1ac 
22.021 
2>.625 
29.3F1 
30.705 
43.995 
73.43b 
7 O . B P 3  

19.112 
22.646 
25.b58 
29.431 
36.E17 
4 4  070 
73.436 
7G.946 

l+.G4b 
22.309 

29.33(1 
36.78P 
44 .035  
1 3 . 5 6 1  
79.960 

25.61~ 

- 
19.Ob6 
21 .PUP 
25.592 

36.789 
46.054 
73.379 

2 9 . 3 ~ ~  

79 . 9130 
A 
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TABLE 1V.- Continued 

T 

34 

( u )  At = 8.501 i n 2 ;  AChoke = 15.286 i n  2 

15.131 19.225 
21 .965  22.173 
2 3 . 7 ~ b  25.997 
tJe3dZ 29.720 
35.5A7 36.943 
44.013 44.53F 
7 3 - 1 3 ?  74.055 
79.206 60.237 

- 

pKake at  r/rt of - I NPR I pt.j I -.96 -.a1 -.65 -.SI -. 34 -. 18 
i.3uo 
l.!JutJ 

L .339 
2.4v7 
3 .310  
2.553 
5.42G 

i . 1 5 b  

-.02 .I6 .34 . so  .66 .81 .96 I 
lC.13b 
22.011 
25.757 
2 9 . ' 6 3  
36.031 
44 .156  
1 3 . 4 3 1  
7 C  569 

19.222 
22 .086  

2 9 . 5 2 C  
3b .720  

7 3 e 5 b 3  
79.72  1 

25 .834  

4 4 , 2 4 7  

19 .251  
22.lG3 
25.853 
29 .547  
36.134 
44.2Ob 
73.568 
7 9 .  m e  . 

t , 

19.150 19 .137  
21 .977  21.C22 

29.409 29.306 
36 .574  36.451 

7 3 - 3 7 0  73.047 
79.498 79 .127  

25.710 2:.635 

44.106 43.957 

-. .- -- 



, t  
. : 1 

1.296 
1 .523  
1 .751  
1 994 
2.49R 
2.995 
3.037 

I 

; 4 
. ., 

lG.335 
, 22.721 
I 26 .123 

29.754 
3 7 . 2 6 1  

'! c 

Pt.J 

i 

~~ - 
prake a t  r/rt of - 

-.97 -.82 -.63 -.47 -. 30 -. 1s 

? I  

ic 
- ,  

r: .J 

. -  

prake at r/rt of - 
I - 

-.01 .16 .36 .52 .70 .06 .e; 

E 

TABLE 1V.- Continued 

2 ( v )  At = 11.352 in2; Achoke = 3.853 in 

19.119 18.8b3 19.0$1 19.531 19.349 

27.233 25.164 25.585 26.,51 26.347 
23.432 ~ 1 . 9 8 1  21.217 2 2 . 9 ~ 4  23 .199  

31.079 28.492 29.157 29.P79 29.465 
38 .895  35.954 36.541 37.412 37.501 

47 .267  4 3 . 7 7 6  4 4 . 4 7 3  45.521 45 .520  
46.625 43.165 43 .953  44.995 4 4 . ~ 9 1  

1 .523  
1 .751 
1 994 
2.430 

3 .037  

l ' r .335  
27.721 
2 t  , 1 2 0  
29.754 
37.261 
4* e 6 9 6  
45.313 

~ 

19.057 1 9 . 7 7 8  
'2.144 22 .447  
'5 .511  25.320 
29 .116  29.425 
36 .541  36.810 
43 .002  44.263 
44 .525  44.076 

~ _ _ _ _ _ _ ~  

19.25P 13.209 19.220 13 .301  
t2.36R 72.303 22.364 2 2 . 4 7 5  
25.668 25.567 25.6112 25.929 
2 9 . t 2 9  29.125 2Ye24L 2S.412 
36.621 3 6 . 4 0 9  36.632 3 5 , 9 5 8  
43.953 43.7P8 43.957 4 4 . 2 3 9  
44.553 c c . 4 0 ~  44.574 44.953 

NPR - 
1 296 
1 . 5 2 3  
1 .751  
1 994 
2.498 
2.535 
3.037 

13.335 
22 .721  
Zt.12J 
29.154 
37.261 
44.h8b 
45.3i3 

1 9 . 4 3 9  1 0 . 4 4 7  19.1'13 1OeG27 19.L48 13.133 19.130 
2 2 . 6 4 5  22.567 2 2 . b Q l  Z Z . 6 2 P  22.3P1 22 .203  22.229 
2 6 0 0 0 3  26.313 24.054 25 .017  25.717 li.690 25.541 
20.596 29 .b23  29.5'1 ?'3.635 29.310 2 3 . ? 9 8  29.117 

44.502 4 4 . 5 6 2  44.612 44.572 44.0P1 44.144 43.969 
4 5 . 1 0 9  45 .169  45.247 45.202 44 .701  4c .764  44.533 

37 .01s  37.137 37.198 37.142 3b.727 3f1 .?47  36.533 
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TABLE 1V.- Continued 

$? 2 (w) At = 11.352 in2;  Achoke = 5.779 i n  

lG .136  
21.P96 
25 .604  

36.130 
4 4 . 0 3 9  
58.719 
59.75d 

29.3J6 

l b . 9 4 6  
21 .631  
25.10d 

35.979 
43.120 
57.487 
5P.513 

2 ~ 1 . r n  

19eC16  
21.789 
29.454 
20.080 
36.301 
43.F63 
5d.Cd3 
59.126 

l t . 9 b b  
?1 .e24 
Zfi04'4b 
29.143 
36.465 
Ci .723  
>Re331 
:9.349 

~- 

l v . 0 2 0  
21.87C 
25.566 
29 .255  
3 t .  57: 
4 3 . d 3 >  
5 d . 4 4 3  
3 9 . 4 9 4  

l q . 9 @ 4  
21.828 
25.592 
2lr.176 
36.4d7 
4 3 . 7 3 3  

99.387 
58 .325  

1 3 . 5 5 5  
21.749 
25.3b2 
78 .999  
3 0 . 2 5 1  
43.4bO 
5 7 . 9 4 0  
53.942 

10 .925  
21.776 
23.305 
2P.930 
36.169 
43.345 
57.791 
38 .815  

prake at  r lr  of - 
€ 

67 . .- - I 
. a2 

z i . a r 2  

. .  
I d e e 5 6  

25 .515  
29 .251  
Jb. b 2 O  
43.923 
98.591 
59 .643  

Y 

.9a 

1 
l b e b 6 6  
21.622 
2 5  294 
7 9  -910 
36 1 8 6  
43 .351  

36 818 
sr . 792 

I 

' :  



It’c 
%- .. 
.i 

1‘4.199 
22.164 
2 5 . 7 8 4  
29.583 
3 6 . 0 0 6  
44.1Y5 

~ 61.359 

TABLE IV.- Continued 

2 (XI At = 11.352 i n ‘  ; AChoke = 7.549 i n  
CI 

1 302 
1 303 

, 7 4 9  
Z.0Oa 
2.503 
2.597 
4.162 

19.368 19.303 19.302 19.92) 19.09U 
22.450 ZL.ZC7 22.314 21.743 22.046 
26.199 25.829 26.000 25.246 25.644 
300092 290616 29.92n 28.956 2 9 . 4 3 3  
37 .>31  36.933 3 7 . 2 0 3  36.133 36.?2? 
44.942 44.199 44.S41 43.775 43.070 
62.434 61-32? 61.843 60.092 61.079 

prake at  r l r t  of - 
I 

-.97 -.a2 -. 69 - +  52 - . 3 2  -. 16 
1.302 
1.533 
1.769 
2 OU6 
2 . 3 0 3  
2.997 
4 162 

19.199 
22.164 
25.794 
20.583 
36.906 
44.145 
61.359 

18.619 19.093 19.119 15.061 19.332 13.998 
21r715 22.004 72.036 -31.971 21.934 21.886 
25.188 25.56P 25.609 25.540 2 5 . 4 0 2  25.41b 
28.900 29.323 29.390 19,294 29.2>2 23.165 
3b.087 16.5-” 36.671 36.551 36.477 36.379 
43.210 43.7fi~ kj.8pO 43.761 C3.656 43.542 
60.063 60.931 h0.95P 60.781 h0.611 6 0 . 4 4 9  

NPR - 
1.30? 
1 503 
1.749 
2 9Ob 
2.503 
2 , ,457 
Celt2 

’t ,1 - 
15 .157  
2 2 . 1 6 4  
2 2 . 7 8 4  
7 9 . 5 8 3  
3 6 . ~ 0 6  
4 4 , 1 8 5  
61 359 

prake at  r/rt of - 
~ ~ ~~~~~ 

0 .0  .17 . 3 3  . 5 2  .67 .81  .97 

16.571 18.192 19.043 13.947 19.074 19.029 18.922 
21.933 2 1 . 9 8 6  21.935 21.027 21.395 21.479 21.830 
25.344 2 5 . 4 2 3  25.170 2 5 . 1 6 4  25.564 25.5?4 25.431 
29.362 29.171 29.220 23.100 29.308 29.345 29.197 
36.Z57 3h.410 7 6 . 4 5 3  34.415 36.570 3 6 . 6 3 4  36.460 
4 3 . 4 0 7  ‘ 3 . 5 9 6  43.635 4 3 . 5 9 0  43.782 43.895 43.632 
60.290 d.569 60.605 4 3 , 5 4 @  60.908 60.971 60.C74 
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‘ i )  
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38 

1.239 
1 495 
1.757 
2.023 
2.695 
2.516 
3.001 
3 808 
4.117 

1.299 
1 e445 
1 757 
2.023 
2 495 
2.516 
3.001 
3 BOA t 4.117 

Y 

't .j - 
19.115 
21.399 
25.053 
29.776 
36.718 
37.029 
44.164 
5b.035 
60.584 - - 

Pt . j  - 
19.115 
21.999 
25.853 
29.776 
3h.718 
37.929 
44 164 
56.035 
6 0 . 5 8 4  - 

TABLE 1V.- Concluded 

2 ( y )  At = 11.352 in2; Achoke = 15.286 in 

19.111 
21.990 
25.842 
29.729 
36mb8b 
36.993 
44.133 
55.980 
60 510 

19.130 
2Z.005 
25.844 
29.765 
36.700 
37.012 
44.139 
56.010 
60.561 

19.146 
22.029 
25.891 
29.831 
36.787 
37.097 
44.258 
56.157 
b a r 7 3 2  

10.p35 
21.870 
25.686 
29 .572  
36.461 
36.775 
43.933 
55.598 
60.111 

19.154 
22.102 
25.998 
29.962 
36.957 
37.269 
42.456 
56.428 
61 .OCI 

praLe at r/rt of - 
-.96 -. 83 -.65 -.48 -. 35 -. 17 

18.904 
21.714 
25.491 
29-36? 
36.267 
36.572 
430626 
55.353 
59 .864  

19.071 
21.939 
25.772 
29.675 
36.600 
36.913 
44.01R 
55.814 
60.366 

19.079 
21.992 
25.827 
29.754 
36.607 
37.010 
44.132 
55.960 
60.5bC 

19.067 

25.836 
20.161 
36.716 
37.032 
44.161 
56.010 
60.595 

21.977 
19.070 
21.958 

2 9 . 7 2 3  
36.670 
36.980 
44.102 
55.932 
60.489 

25.814 

19.043 
21.918 
25.761 
29.673 
36.600 
36.913 
44.021 
55.831 
60.380 

prde at rlrt of - 
.18 .34 .51 . €8 .83 

1.2W 
1 495 
1 .?$? 
2.023 
2 445 
2.516 

3 A08 
4.117 

3.001 

19.115 
21.999 
25.953 
29.776 
jb.718 
3?.029 
440164 
56.335 
60.584 

.96 

19.072 
21 .934  
2 5 s l i ' C  
29.671 
36.599 
36.902 
44.013 
55.819 
60.359 

l9rObZ 
21 e936 

29. b9B 
2 5 * 7 7 e  

36.639 
36.939 
44 .06P 
55.891 
b0.461 

19.125 
22 0016 
25.871 
20 . I 9 4  
36.157 
37 e065 
44 204 
56.062 
60.632 

-- - 
19.155 19.104 15.389 18.878 

25.005 25.832 25.668 25.417 
29.816 29.749 23.574 29.297 
36.784 36.691 35.498 36.157 
37.097 36.993 36.821 36.462 

56.081 55.980 5 5 . 7 4 3  55.193 
b3 .657  23 .539  b3.287 59.688 

I 

2 2 . 0 4 ~  21.~3 zi.e14 21.662 

-+.23e 44.132 4 3 . 3 2 2  t3.504 

i 
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NPR pt,r psi 

0 1.74 25.712 
0 3.01 44.401 
0 5.01 73.862 
A 7.01 103.408 

'rake' 

1.0 . a  . 6  . 4  . 2  0 . 2  . 4  . 6  . a  1.0 

2 (a )  = 3.992 in2i  Achoke = 3.853 i n  . 
. '  

4: - Figure 6.- Typical exhaust total-pressure prof i l e s  measured with rake located 

' i  
a t  nozzle throat. Flagged symbols indicate wall static pressure. 
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1.0 . 8  .6  . d  . 2  0 . 2  . 4  . 6  . 8  1.0 

( r/ r? 2 

2 (b) At = 5.711 in2;  AChoke = 3.853 i n  . 
Figure 6.- Continued. 
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NPR pt,i, pi 

0 1.75 26.120 
0 2 5 0  37.261 
0 3.04 45.313 

70 

60 

50 

40 

Prae' Pi 

30 

20 

10 

0 
1.0 . 8  .6 . 4  . 2  0 .2  . 4  .6 1.0 

( r/ r$ 2 

( c )  At = 11.352 in2f  Achoke = 3.853 in'. 

Figure 6.- Concluded. 
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0 30 40 60 70 a0 

Figure 7.- Typical variation of tota l  pressure obtained by integrating 
exhaust total-pressure prof i l e s  measured with rake (see f i g .  6 )  a s  a 
function of jet total pressuie measured with an individual probe pee 
f i g .  2 ( b ) )  located i n  the instrumentation section. 

Achoke 

At = 0.999 i n  ; 
2 = 3.853 i n  . 

- . - .  . 
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.88 
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NPR 
Figure 8.- Comparison of nozzle discharge c o e f f i c i e n t  ca lcu la t ions  for s i n g l e  

and averaged b1 measurements. At = 3.992 in2; KR,l to % , 5  = 1.0; 
(Tt , jInom = 530'R; HCV = 22. 
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