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SUIi'AHT

Two dim ensional d iffusers-, "both, w ith  and w ithout ta i lp ip e s ,  have "been 

te s te d  w ith  d i f f e r e n t  i n l e t  boundary lay e r cond itions and v ario u s  d if fu s e r  

geom etries.

The e f fe c t  on th e  developing boundary la y e r  param eters w ith in  th e  

d if fu s e r  and ta i lp ip e  a re  in v e s tig a te d  fo r  th e  various co n d itio n s. The 

in te ra c tio n  o f a l l  these  v arious param eters a re  in v es tig a te d  and th e i r  e f fe c ts  

on th e  d if fu s e r  performance determ ined.

. A th e o re tic a l  p red ic tio n  technique based on th e  momentum in te g ra l  equation 

and Head! s entrainm ent function  i s  developed and the p red ic tio n  method te s te d  

ag a in s t th e  experim ental r e s u l t s .  This p red ic tio n  technique was shown to 

accu ra te ly  p re d ic t th e  boundary lay e r and performance param eters fo r  th in  

in l e t  boundary la y e rs  and low a rea  r a t io s .
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12TTR0 DU CTIO 27.

In  many f lu id  flow systems i t  i s  required- to in c rease  th e  s t a t i c  

p ressu re  in  the  system by means o f d e c e le ra tin g  the  flow  and reducing  the  

k in e tic  energy of. th e  f lu id .  Provided th a t  th e  flow everywhere i s  subsonic 

th i s  may be achieved w ith  a  d iverg ing  duct. These a re  used ex ten siv e ly  in  

such systems as gas tu rb in e  in ta k e s , ven tu rim eters, wind tunnels and a i r  

cond ition ing  systems.

This p a r t ic u la r  work i s  confined to two dim ensional d if fu s e rs ,  although 

con ical d if fu s e r  performance i s  included in  th e  review  o f  re le v a n t, work.

A two dim ensional d if fu s e r  i s  one which has two components o f v e lo c ity , 

one along and th e  o th er perpendicular to  th e  lo n g itu d in a l ax is . This 

im plies an i n f in i t e  d if fu s e r  b read th  which i s  no t p o ss ib le  in  p ra c tic e . 

However, i t  ha,s been shown th a t  fo r  r a t io  o f b read th  to w idth, known as the  

A spect.R atio (AS), o f g rea te r  than s ix , th e  sidew all e f fe c ts  a re  minimal 

( th i s  i s  d iscussed  in  fu r th e r  d e ta i l  in  th e  fo llow ing se c tio n ) .

I t  i s  in te re s t in g  to n o te  th a t  many la rg e  annular d if fu s e rs  may be likened to 

a two dim ensional d if fu s e r  having a la rg e  aspect r a t io .

( i )  D iffuser Geometry. * ■>

A two dim ensional d if fu s e r  geometry (shown in  f ig u re  l )  may be described  

by a combination o f various param eters.

The ones favoured in  th e  p resen t in v e s tig a tio n  a r e i -  

Area R atio  (.AR) « W2/w^

Divergence Angle = 2 /

I n le t  Aspect R atio  (AS), a b /wl  

D istance from I n le t  = x /  ŵ

■ ; I
' ' ■ . ■ • I

\



D iffu ser geometry. •
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Two o ther p o ss ib le  param eters a r e t -  

D iffu ser 7fe.ll Length R atio  L/wj 

D iffu se r Axial Length R atio  Jl/w,

I f  a  d if fu s e r  i s  followed by a ta i lp ip e  then an ex tra  param eter:- 

T a ilp ip e  Length = n

(where n. = len g th  o f  ta i lp ip e / ta i lp ip e  w idth).

In  d if fu s e rs  a  corner ra d iu s  i s  norm ally provided .a t  th e  d if fu s e r  in le t  

and e x it .  These r a d i i  prevent the  d if fu s e r  w all leng th  and the  a x ia l leng th  

from being determined accu ra te ly . T herefore, in  th is  work th e  r a t io s  L/w( 

and 27/w, have no t been used. However, severa l e a r l ie r  workers have expressed 

performance d a ta  in  terras o f  L/w, and LT/w, in  ad d itio n  to  e i th e r  a rea  r a t io  

(AR) or divergence angle (2^).

D iffuser Performance and .Flow Param eters.

( i i )  I n le t  boundary lay e r th ickness;

. The in l e t  boundary lay er th ickness i s  u su a lly  described  by th e  r a t io  

o f  displacem ent th ickness to h a lf  th e  in l e t  width ( 2 § * / w j  ).  The i n l e t  

boundary lay er may a lso  be described  by a  r a t io  o f th e  momentum th ickness 

to h a lf  the  in l e t  w idth (29/w, ) .  The shape of th e  v e lo c ity  p r o f i le  may 

b e 'i l l u s t r a t e d  by the  r a t io  o f 0 /©, known as the  shape fa c to r  (H).

F u lle r  d e f in it io n s  of those boundary layer param eters w ill  be included in  

chapter I I I .

• ( i i i )  Flow regimes. '

There a re  th re e  b asic  regimes o f flow w ith in  a d i f f u s e r : -  

(a) Bhseparated flow; This occurs when th e  boundary lay er rem ains

attached  to the d if fu s e r  w all a t  a l l  tim es. 

w  >. Separated flow? I t  i s  g en era lly  accepted th a t  th is  occurs when

the  boundary layer becomes detached from the  w all (although i t  may 

r e -a t ta c h  a t  a l a t e r  s tag e ).

(c) S ta l l ;  This occurs when a s tagnan t, r e c irc u la to ry  flow  i s  p resan t.



The f lu id  near th e  w all tends to move upstream . S ta l l  i s  an 

advanced stage  o f flow sep ara tio n .

There a re  v a rio u s  degrees o f s t a l l  and- sep ara tio n  in  a  d i f fu s e r ,  hut 

■the two preceding d e f in it io n s  a re  g en era lly  used to  .d isc rim in a te  between 

sep a ra tio n  and s t a l l .

( iv )  ' Performance param eters.

Several parameters are needed to assess d ifiU ser performance, but the two 

most commonly used a re:-

(a) The p ressu re  recovery  c o e f f ic ie n t (Cp) which i s  defined  as th e  r a t io  

o f  th e  s t a t i c  p ressu re  r i s e  between any s ta t io n  downstream o f the

d if fu s e r  in le t  (p) and th e  s ta t io n  a t  the  d if fu s e r  i n l e t  ( p t),  to
\

th e  in l e t  dynamic p ressu re , where u |<4i s  th e  mass averaged

i n le t  v e lo c ity . ■*

Hence Cp = (p -  P.VJ-Qn,2,

0 >) The d if fu s e r  e ffec tiv en ess  which i s  defined as th e  r a t io  o f th e  s t a t i c  

p ressu re  r i s e  between th e  s ta t io n  a t in l e t  and a s ta t io n  downstream

(p -  P»)> the  dynamic p ressu re  decrease between th e  two p o s itio n s ,

which i s  -  ^ 2  ) th e re fo re  e ffec tiv en ess  ( \ )  fo r  incom pressib le

flow  reduces t o : -  '

X  = (p -  P,)/s?^«2 ( l -  1/AH2)
This i s  n o t a n ’ energy e ff ic ie n c y  s in ce  i t  uses th e  mass averaged

. 1
v e lo c ity  u in  th e  c a lc u la tio n  of th e  dynamic p ressu re .

A tru e  energy e ffic ie n c y  may be obtained' by tak in g  in to  account the  

d iscrepancy  incurred  by u sin g  the  value  o f mean v e lo c ity  determ ined from

th e  mass f  1ot.t, ( i .  e. u = (3 udw.) .
° - f w xHence th e  k in e tic  energy u s in g  u w ill  be; -J-qu^w o r i i . p  u^  dw —— ( l )
rW •'o

The tru e  k in e tic  energy i s  j j  ou^ dw ------- (2)
0

T herefore to convert th e  mass averaged v e lo c ity  value  o f k in e t ic  energy to 

th e  tru e  value of k in e tic  energy a k in e tic  energy co rrec tio n  fa c to r  can 

b e  used. Thus from equations 1 and 2 ,c<may be defined as::'r.;-;



which reduces t o : -
.W

*  -  l A X 0 dT7 (Jb)

or oi -  Vw dy
o v u /

Cp may be co rrec ted  to a  t ru e  energy recovery ,

CPE = (p  - .

and s im ila r ly  fo r  e ffec tiv en ess

^  = fp -  P .i/i ^ t S ,2 -  cxu1 )

Other param eters used include:

The to ta l  p ressu re  lo ss  c o e f f ic ie n t  A which i s  given by the ex p ress io n j-  

A = 1 ;-  (p -  P,)/t>-(> u,a ( l  -  l/AR2)

Therefore A = i  
?>s

Livesey however, p p in ts  out th a t  s in ce  the k in e tic  energy i s  

uncorrected  A i s  n o t s t r i c t l y  a  to ta l  p ressu re  lo ss  c o e f f ic ie n t .

Another form of to ta l  p ressu re  lo ss  c o e f f ic ie n t  i s  used by I a e l  Chik : 

\  = o r A (1 -  ^ j )

(v) I n le t  param eters.

An im portant parameter used in  d esc rib in g  th e  in l e t  flow cond ition  i s  

th e  In le t  Reynolds number (Re). This i s  u su a lly  based on th e  i n l e t  w idth 

w, as th e . c h a ra c te r is t ic  dimension. Hence th e  in le t  Re. i s  

o r

(v i)  Summary

The various flow param eters used in  th is  work a r e t -

Re number (based on in le t  width) = p u < ŵ
V

S *s displacem ent th ickness (m)

0 = Homentum th ickness (m)
g*

H ~ = shape fa c to r .

2 / = Divergence angle o f d if fu s e r .  (degrees)

AR = Area R atio  o f d if fu s e r  =



* 
A

Cp -  P ressu re  recovery  c o e f f ic ie n t  -  Ip -  

-  E ff ectiveness = ( p  -  p ,) / iP (^ tX -  u 2 )
v  r w/ u \ ^

= K inetic  energy co rrec tio n  fa c to r  =■ W J 0 l y  I



REVISE OF PRE7IOT7S 7TORM,

C erta in  ea rly  work was‘done on d if fu s e rs  by various workers such as 

BORdJP  and in  th e  18th century , b u t t h e 'f i r s t  r e a l ly  comprehensive

study was c a rr ie d  out by GIBSON • He published many papers on h is  work 

between 1910 and 1913. In. h is  experiments he te s te d  over 90 d i f f e r e n t  

d if fu s e rs ,  both  plane walled and co n ica l, w ith  angles o f d ivergence vary ing  

from 3° to 180° and a rea  r a t io s  from 2,25 to  10.96. His general conclusions 

on th e  e f fe c t  o f divergence angle and a rea  r a t io  on p ressu re  recovery  have 

been borne out by subsequent workers in  th i s  f ie ld .  in  example o f Gibsons
to fy  .

introduciaag work i s  shown in  f ig u re  2.
\

1 .1  E ffe c ts  o f  Geometry.

1 .1 .1  . A rea'R atio  (AR) and Divergence Angle ( ¥ )

The e f fe c ts  o f geometry o f th e  d iffu se r, has undergone ex tensive  work 

and th e  optimum divergence angle has been found to  be in  th e  reg io n  o f  7°> 

th e  exact angle vary ing  w ith in l e t  and stream cond itions.

KLINE "e t a l  conclude th a t  the  optimum divergence ang le l i e s  between ,

6° and 3°. At th e se  angles o f divergence th e  optimum e ffe c tiv e n e ss  occurs 

a t  low a rea  r a t io s  (approxim ately 2 in  u n s ta lle d  d if fu s e rs ) .  Eowever, 

th e  optimum p ressu re  recovery  c o e f f ic ie n t  occurs a t  high a rea  r a t io s  w ith  

s l ig h t  sep ara tio n  in  the  d if fu s e r . These trends ape shown in  f ig u re s

3c and 3^. D53RICK and KEL11H0FFZR'. draw s im ila r  conclusions in  th e ir

work, shown in  f ig u re s  3d and 4.

Gibson, however, found the optimum p ressu re  recovery c o e f f ic ie n t  to 

he  .dependent on d if fu s e r  type. His optimum divergence angles were 5° £or 

co n ica l, 6° fo r  square and 10° fo r  a two dim ensional d if fu s e r  o f AR » 4*

This can be seen in  f ig u re  2. These v a lu es , however, a re  suspect s in ce  

he used a ta i lp ip e  p ressu re  tapp ing  approxim ately two d if fu s e r  e x i t  

diam eters downstream. More re c en t workers have shorn th a t  when a  d if fu s e r  

i s  c red ited  w ith th e  p ressu re  r i s e  in  the  ta i lp ip e ,  then"'the: d ivergence
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angle a t  optimum performance i s  increased "by 2 to 3 degrees. Thus K line 

p o s tu la te s  th a t th e  reason Gibson’ s work v a r ie s  from th e  g en era lly  accepted

values i s  due to  th is  small ta i lp ip e  ad d itio n .
3

A l a t e r  worker in  th is  f ie ld  VULLZR5 ca rried  out an in v e s tig a tio n  in to  

th e  performance o f d if fu s e rs  w ith  plenum d ischarge. He s itu a te d  th e  d if fu se r  

ju s t  downstream o f th e  fan  d ischarge. There was no flow s tra ig h te n in g  o f any 

kind between the  fan and d if fu s e r  in l e t .  . Since in l e t  flow symmetry and 

tu rbu lence have a  la rg e  e f fe c t  on performance, and no in l e t  co n d itio n s  were 

s ta te d , h is  r e s u l t s  have not been included in  the review. More im portant 

work was done by EGDH'ITO '̂ in  1952. His d if fu s e r  performance (Cpu ) was 

based on the maximum p ressu re  in  the  ta i lp ip e .  He published d a ta  fo r  a rea  

r a t io s  o f 1. 5» 2.0 and 3» 55 (shown in  f ig u re  5)* .

His r e s u l t s  a re  c o n s is te n t w ith those o f GIBSOH and shows th e  optimum 

ta i lp ip e  recovery  to occur w ith a d if fu s e r  o f AR = 3.33 and divergence angle 

10° a t  a p o s itio n  3*5 e x it  diam eters downstream. The optimum va lu e  o f  Cp 

in  the  ta i lp ip e  was 0.82.

This value  agrees w ith K line’ s optimum o f 0 .82 fo r 2</> = 7° w ith  an AR=

= 3*55 and a  plenum d ischarge. However, Hudimito’ s value should be s l ig h t ly  

h igher due to  th e  ad d itio n  o f the  ta i lp ip e .  However, a t  optimum divergence 

ang les, (7° fo r  plenum d ischarge and 10° fo r  ta i lp ip e  d ischarge) the d iffe re n c e  - 

between Cp and C p ^ is  so s l ig h t  th a t  i t  may be obscured by experim ental error-.

The follow ing, general conclusions on optimum area  r a t io s  and d ivergence 

angles may be drawn from previous workers.

1. The maximum d if fu s e r  performance occurs between 6° and 8° .

2. Optimum effec tiv en ess  occurs a t  area  r a t io s  o f approxim ately 2.

. 3. Maximum values o f Cp occurs a t  area  r a t io s  o f approxim ately 3 or

s l ig h t ly  g re a te r . ,

4. The ac tu a l values o f maxium p ressu re  recovery  c o e f f ic ie n t  in c reases  

from O.65 and 0 .35  as th e  in l e t  boundary layer d ecreases.

This e f fe c t  i s  shown in  f ig u re s  3c and 3d.

/  *
f

i  • . "

t
, V.



x. x# tL Aspect natio ^ad)

L i t t l e  vork has "been conducted so le ly  in to  the  e f fe c t  o f Aspect R atio

(AS) on two dim ensional d if fu s e r  performance. However, Kline* e t  a l  s ta te

th a t  experim ental evidence leads to  the  conclusion th a t  aspect r a t io s  g re a te r

than s ix  w il l  make s idew all e ffe c ts  in s ig i i f i c a n t  (shown in  f ig u re  o).

Even on small aspect r a t io ,  d if fu s e rs  (AS = l ) ,  i t  appears th a t  aspect r a t io

i s  a  much le s s  im portant fa c to r  than Area R atio  in  governing th e  performance

o f  th e  TJnstalled d if fu s e r .  However aspect r a t io  must "be taken in to  account
5when r e s u l t s  such as those  o f DERRICK and KE12HI0FFIR, a re  assessed .

(D errick and K elnhoffer in v estig a ted  a d if fu s e r  having an aspec t r a t io  le s s  

than u n ity ) .  ' .

1 .2  E ffec t o f I n le t  Boundary Layer Conditions.

1 .2 .1  Boundary Layer Thickness.

The e f fe c t  o f boundary layer th ickness appears to  be one o f  th e  most 

s ig n if ic a n t fa c to rs  governing d if fu s e r  performance. Therefore work which 

does not s ta te  the  i n l e t  boundary layer condition  i s  o f l i t t l e  p ra c t ic a l  

value.

The in l e t  boundary layer th ickness i s  described  by th e  r a t io  o f the  

displacem ent th ickness to  h a lf  the in le t  w idth i . e .  2<5*7Wf . DERRICK'* 

who uses f u l ly  developed flow conditions (2 § /^  = 0 .1 1 ), s ta te s  th a t  the  

in le t  boundary lay e r th ickness fo r  a fixed  geometry d if fu s e r  e s ta b lish e s  th e  

■absolute maximum Cp fo r  th a t  d if fu s e r .  F u rth er, the  i n l e t  cond itions a f f e c t  

th e  performance more than flow regime. He s ta te s  th a t  g en era lly  as th e  i n l e t  

•boundary.-layer th ick n ess  in c reases , then Cp and ^ d e c r e a s e  ( th i s  i s  shown in

f ig u re  3° snd pd). ■ •
2KLINE has done ex tensive work on the e f fe c t  of th e  i n l e t  boundary lay e r 

th ick n ess , jk*om2y= 0.007 (which he uses to d e fin e  a th in  boundary lay e r)VVf
to = 0.05* I t  may be noted th a t  f u l ly  developed flow a t  th e  i n l e t  would

have a value  of of around 0 .11. (This has been found during  p re lim in ary  

in v e s tig a tio n s  in  th e  p resen t work).
I

K line has *■ manped* th ese  i n l e t  conditions fo r  v arious divergence angles
1and area r a t io s ,  (Examples o f these  can be seen in  x ig ire s  pb)«
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Using th i s  d a ta , f ig u re s  3°> 2nd 3d were p lo tte d . These show th a t  fo r 

optimum geom etric cond itions (AR = J>.0, 2$ = 7 °)j the  v a r ia t io n  o f i n l e t
*> r

boundary lay er th ick n ess  from Z5/y^ = 0*007 to  0.05 reduces th e  maximum Cp 

from 0*35 to 0 . 65. K line e t  a l  a lso  n o te  th a t  in c reases  in  boundary lay er 

th ick n ess  a re  u su a lly  generated by an increased  in le t  p ipe  leng th . This 

in c rea se  may, however, have the  e f fe c t  o f Increasing  th e  tu rbu lence  in te n s i ty ,  

( to  be d iscussed  l a t e r )  which a lso  has an e f fe c t  on performance.

There i s  a  lim ited  amount o f d a ta  fo r  f u l ly  developed flow a t  in le t .  

WAITIAU  ̂fo r  th is  i n l e t  condition  shows th a t  peak recovery  occurs a t  d ivergence 

angles betw esi 10° and -20°.
/

Another i n l e t  parameter which has an e f fe c t  on performance i s  th e  boundary
\

lay e r shape fa c to r  H. MOORE and KLETE  ̂n o te  th a t  shape fa c to r  H and 

together probably have an e f fe c t  o n . performance bu t did no t in v e s tig a te  i t .  

1 .2*2  Turbulence In te n s i ty  ( I  U/2 ’/ o ) ,  '

The le v e l o f tu rbu lence in te n s i ty  a f fe c ts  th e  performance o f th e  d if fu s e r .
\

Turbulence in te n s i ty  being  defined as th e  r a t io  ro o t mean square value o f the

flow  v e lo c ity  f lu c tu a tio n s , j  u^2* to the  mean v e lo c ity -o f  th e  flow  U,
6

WAIT!AIT, RENEAU and KLINE' observed th a t  th e  lev e l o f  tu rbu lence  

a ffec ted  th e  angle a t  which s t a l l  incep tion  occurred. They noted th a t ,  gen- . 

e r a l ly ,  in  small d if fu s e rs  w ith divergence angles o f le s s  than 20°, low 

turbu lence le v e ls  delay  s t a l l  in cep tio n . However* a t  h igher d ivergence 

angles and la rg e r  d i f f u s e r  w all len g th s , h ig h er in le .t tu rbu lence  le v e ls  delay 

s t a l l  in cep tio n . They conclude th a t  p ressu re  recovery i s  a fu n c tio n  o f  both  

i n l e t  tu rbu lence in te n s i ty  and th e  boundary lay er th ickness.. These r e s u l t s  

a re  shown in  f i g i r e  7«

K line e t a l  conclude th a t  w ith  a  tu rbu lence in te n s i ty  o f le s s  than 3v-’ • 

th e  flow w ill  be u naffec ted . I f  tu rbu lence le v e ls  exceed 7t̂  then a  la rg e  

tr a n s i to ry  s t a l l  regime w ill  only occui' a t  h igher area  r a t io s .
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J.JJ. geutx-cu. juuisi/ ■.vuxi'.uL-s a g i/s e  oixzu, xow t u r u u ie s c e  in x -eas i ^ i e s  

w ill  have l i t t l e  e f fe c t  bu t w ith high, in le t  tu rbu lence in te n s i t i e s  Jj'j) 

th e  onse t o f s t a l l  i s  delayed and th e re fo re  p ressu re  recovery  may be s l ig h t ly  

in creased . •

1 .3   ̂ • D iffuser Performance.

K line e t  a l  show conclusive ly  th a t  optimum performance occurs a t  low 

a re a  r a t io s ,  (2 to  3)> divergence angles between 6° to 10° and a  th in  i n l e t  

boundary lay e r. They a lso  conclude th a t  the  optimum p ressu re  recovery  

occurs in a la rg e  a rea  r a t io  d if fu s e r ,  (approxim ately 3}> a t  the  onset o f  

s l ig h t  flow sep ara tio n . I f ,  however, flow sep ara tio n  in creases  p ressu re  

p re ssu re  recovery  w il l  f a l l .  K line e t a l  p o s tu la te  a criteri© r\ fo r  the  d e t­

achment o f the boundary layer, which c o r re la te s  t£ie peak recovery  geometry. 

Their c r i t e r io n . i s  th a t  th e  flow w il l  leave the  d if fu s e r  w all whoi. th e  lo c a l

momentum th ickness g rad ien t reaches 0.012 i . / e . ^  = 0.012. This they c a l l
oX

*

th e i r  detachment c r i te r io n  and i s  derived in  r e f .  2 chapter 5*

1 .4  Reynolds Humber E ffec ts  (Re)

Reynolds number fo r  a d if fu s e r  i s  g en era lly  based on th e  i n l e t  w idth or

diam eter. K line in  h is  ex tensive work on two dim ensional d if fu s e rs  assumed

th a t  Reynolds ilumber (based on in le t  width) had no s ig n if ic a n t  e f fe c t  over

th e  range o f  h is  t e s t s .  Although the Reynolds Humber did vary , K line ca rrie d
29

out no t e s t s  to  s u b s ta n tia te  th is  view. COCKRELL and HARKLA1TD conclude

th a t  Reynolds Lumber i s  only im portant in  i t s  e f fe c t on. the s iz e  o f th e

boundary layer th ick n ess.
21

S im ila rly  FERRETT n o tes  th a t in theory  fo r a, given d if fu s e r  geometry

and upstream  cond itions then a v a r ia tio n  in  Reynolds Humber w il l  vary  th e

i n l e t  boundary lay e r thiclcness, and th e re fo re  performance. Secondly he p o in t

out th a t fo r a given in le t  boundary lay er th ickness th e ’Reynolds ITumber w ill

a f f e c t  th e  r a t e  o f growth o f the boundary lay er w ith in  th e  d if fu s e r  and hence

performance. He goes on to po in t out th a t  . i f  one. considers a sim ple p.wer

law v e lo c ity  p ro f i le  then i t  i s  evident th a t  as Reynolds Humber in c reases

then w ill be reduced. This trend  i s  shown in  h is  experim ental work
where/he found ^  and Cp to  in c rease  u n t i l  Reynolds Humber reaches 2 x 1 0 °



a f te r  which he n o tes  th a t  fu r th e r  in creases  in  Reynolds Humber produce no 

d e te c ta b le  in c reases  in  Cp or

R IP p i1 , found th a t  Cp was e s s e n tia l ly  constant in  both con ica l and-two 

dim ensional d if fu s e rs  fo r  a v a r ia tio n  in  Reynolds Humber from 8 x 10^ to 

6 x 10 ^ . GIBSON  ̂ in  1910 a lso  s ta ted  th a t  he found no change in  performance
4 • 5

w ith Reynolds Humber over the  range used in  h is  work, (4  x 10 to  2 x 10 )
12

bu t g ives no fu r th e r  inform ation about h is  t e s t s .  YOUHG and GREEN did  t e s t s
c c

from Reynolds Numbers o f  1 x 10 J to 1 x 10 and th e ir  d a ta  shows th a t  up to

th e  tran so n ic  reg io n  the: Reynolds number e f fe c ts  were n e g lig ib le . H30RE
7 13and KLIHE , end POX and KLIHE did n o t f in d  any v a r ia t io n  in  performance w ith

Reynolds Humber, although the t e s t s  -jnre confined to  Reynolds Numbers o f 5 x 10^

to  2 x 10 4

K line, however., suggests th re e  p o ssib le  e ffe c ts  on performance o f  Reynolds 

Humber v a r ia tio n .

( i )  I f  the  Reynolds Humber i s  below 2 x .10^, then an in c rea se  in  Reynolds 

Humber w ill  produce an in c rease  in  performance param eters.

( i i )  I f  Reynolds Humber i s  above 2 x 10^ and e ith e r  a j e t  flow  regim e e x is ts

or th e  performance c h a ra te r is t ic s  have no t reached th e i r  optimum v a lu es ,

then th e re  i s  s t i l l  a  s lig ji t  Reynolds Humber dependence.

( i i i )  Optimum performance i s  independent o f Reynolds lim ber.

HliJXC.IITÔ  d id  pu b lish  some d a ta  on Reynolds Humber e ffec ts^ sh o w n  in  

f ig u re  8 ). He showed th a t  fo r  a p a r t ic u la r  d if fu s e r  (AR = 3«33> = 1 6 .67,

2<j> = 7°42! ) th e  maximum p ressure  c o e f f ic ie i t ,  CpL , increased  by yyfi as th e

Reynolds Humber increased  from 3 x 10^ to  3 x 10^ • As th e  Reynolds Number
a -

was increased  above 3 x 10 , the in c rease  in  Cp^was much reduced. The max­

imum Reynolds lumber was 5 x '1 0 ^  . This value  corresponds to  th e  lov.rer l im it  

uned by most workers in  th e  f ie ld .

I t  i s  im portant to n o te  th a t  fo r  many o f th ese  rep o rted  t e s t s ,  p a r t ic u la r ly

those a t  low Reynolds Humber, the apparent e f fe c t  of performance was n o t simply 

due to the t ra n s i t io n  of lam inar to  tu rb u len t flow.

1 .5  T a ilp ipe  Addition./
The e f fe c t  of ta i lp ip e  ad d itio n  has been in v es tig a te d  by numerous Y/orkers.
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The f i r s t  being  th a t  o f  GIBSOIT̂  who used the  ta i lp ip e  p ressu re  to  commte 

th e  performance o f  h is  d if fu s e rs .

From h is  d a ta  i t  can be estim ated th a t  h is  ta i lp ip e  had a len g th  o f 

■approximately two o u t le t  diam eters (* ]/=  2) ,  and h is  optimum ta i lp ip e  p ressu re  

recovery  (C p ^) occurred w ith a  divergence angle of 11° (w ith  two dim ensional 

d if fu s e rs ) .  KLIIIE- e t a l  a lso  did  work on the e f fe c t o f  constan t a rea  ducts 

fo llow ing  the  d if fu s e r .  He p o s tu la te s  th a t  th e  p ressu re  r i s e  in  th e  f i r s t  

p a r t  o f th e  ta i lp ip e  i s  due to the  increased  un iform ity  o f  th e  v e lo c ity  p ro f ile .  

However he concluded th a t  the  va lue  o f p ressu re  recovery (Cp) a t  the  e x it  

plane of th e  d if fu s e r  was independent o f th e  ta i lp ip e  to w ith in  the  u n c e r ta in ty  

o f the d a ta . .

The f ra c t io n  o f p ressu re  recovery  which occurred in  the  ta i lp ip e  (A cp ) 

was sm all (up to  7/̂ ) fo r  d if fu s e rs  o p era tin g  w ithout flow sep ara tio n .

However i t  increased  as the  amount of separa tion  increased u n t i l  t r a n s i to ry  

s t a l l  was e s ta b lish ed , when i t  was about jyf?, showed th a t  the  ad d itio n

o f a ta i lp ip e  improved the performance o f th e  d if fu s e r  and increased  the
' '' &■divergence angle requ ired  fo r  optimum performance, HJDEilTD4' a lso  found th a t

th e  p ressu re  recovery (Cp) in creases  when a ta i lp ip e  was added to th e  d if fu s e r  

(shown in  f ig i r e  9 aud a lso  f ig u re  5)* For a d if fu s e r  o f L/w, = 16. 67, 2 

e 7°42* , and an a rea  r a t io  3 then the  maximum CpL occurrfd  in  th e  t a i l ­

p ipe a t  3*5 e x it widths dowstream ( / ' ) .

. COCKRELL and ILiRKLAND ^ also  found th a .t 'fo r  a con figu ra tion  o f 15° 

divergence angle, AR = 2.25 w ith a f u l ly  developed flow, the  ad d itio n  o f a 

ta i lp ip e  in c reases  the  o v e ra ll recovery  in creases  d ram atica lly  by about 60^.

KEUJEDFFER .and DERRICK** s ta te  th a t performance increased  by th e  ad d itio n  

o f a ta i lp ip e  o f 6 hydrau lic -d iam eters long. K line in d isc u ss in g  D erricks 

paper suggests th a t  complete v e lo c ity  tran sv erses  of ta i lp ip e  and d if fu s e r  

could be taken and would be a worth w hile to p ic  o f research .

IIACI027ALD and POX^observed th a t  such la rg e  v a r ia tio n s  occurred between

plenum d ischarge and ta i lp ip e  th a t th e  use  o f plenum d ishcarge d a ta  to  p re d ic t
i

t a i lp ip e  d ischarge performance could lead to  serio u s je rro rs  be ing  in cu rred .

V  ■
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In  conclusion i t  seems generally  agreed th a t  the  ad d itio n  o f a  ta i l ]  

w i l l  in c rease  performance, (except a t  very low d iverge ice  angles) due to 

improvement in  th e  v e lo c ity  p ro f i le s  in  th e  ta i lp ip e  and th e  subsequent : 

turn recovery .

pipe

the

soinei-



11*1 Main In d ica tio n s  o f the  Reviey/.

11.1*1 The D iffuser Geometry. •

Most o f  th e  work reviewed in  chap ter I  was concerned w ith  e ith e r  two 

dim ensional o r a x isy a e tr ic  d if fu s e rs  having plenum or ta i lp ip e  d ischarge. •

The v arious divergence angles and a rea  r a t io s  have bee i covered comprehensively.

I I . 1 .2  D iffu se r performance

The previous chapter in d ic a te s  th a t  th e  optimum performance occurs whea th e  

divergence angle occurs betweoi 7° a*id 10° and the  area  r a t io  l i e s  between 

two and th re e  fo r  a  two dim ensional d if fu s e r .  The a c tu a l angle and a rea  

r a t i o  i s  dependent on the  i n l e t  and o u t le t  co nd itions, e ffe c tiv en ess  decreases 

fo r  a rea  ra tio s -a b o v e  two and p ressu re  recovery c o e ff ic ie n t (Cp) decreases fo r 

a re a  r a t io s  above th re e , a lso  an in c rease  in  area  r a t io  appears to promote . 

sep a ra tio n . The e f fe c t o f th e  d if fu s e r  in le t  boundary la y e r ' th ickness i s  

reaso n ab ly  conclusive. As th e  boundary layer th ickens, i t  adverse ly  a f fe c ts  

th e  d if fu s e rs  o v e ra ll  performance, however, i t  must be noted th a t  th e  method 

o f boundary lay er generation  could be o f some importance due to flow  turbu lence 

e f fe c ts .

The presence o f a  downstream ta i lp ip e  appears to in c rease  performance in  

high  a rea  r a t io s ,  high divergence angle d if fu s e rs .  '  However the  developing 

v e lo c ity  p r o f i le  w ith in  the  d i f f u s e r - (and ta i lp ip e  i f  f i t t e d )  appears to  have 

been la rg e ly  igaored . •

The e f fe c t  o f Reynolds Humber (Re) (based on in le t  width) appears a l i t t l e  

u n c e rta in , s in ce  many workers have assumed i t s  e f fe c ts  to  be n e g lig ib le  bu t 

n o t c a rrie d  out t e s t s  to v e r ify  th e ir  assum ptions. I t  would however, appear 

th a t  most workers have assumed th a t fo r  Reynolds ITumbers (Re) above 5 ^  10 ^  

th e  e f fe c t  o f Reynolds IJumber (Re) i s  sm all. Though th e  i n l e t  boundary lay e r 

th ick n ess  y/ould appear to s ig n if ic a n t ly  a f fe c t  th is  p o in t o f  independence.

The e f f e c t  o f turbulence in te n s i ty  has n o t received  much a t te n t io n ,  how­

ever, the work done on th is  seemed to  be in  agreement as to i t s  e f f e c t .



For values of tu rbu lence In te n s ity  le s s  than 5^ th e  performance w ill  be 

u n affec ted , above 6j?', however, th e  boundary lay e r s t a b i l i t y  i s  improved and 

"the onset o f a t r a n s i to ry  s t a l l  regime w ill  tend to only occur a t  h igh  area  

r a t io s .  . .  ......  . . .

I I .  2 The P resen t In v e s tig a tio n

I t  has been'shown by th e  l i t e r a tu r e  survey th a t a d if fu s e r  w ith plenum 

d ischarge has an optimum geom etrical con figu ra tion  ( fo r  maximum p ressu re  

recovery (Cp) ) o f  approxim ately 7° divergence angle and an a rea  r a t io  (AH) 

o f J>. A d if fu s e r  w ith a ta i lp ip e  f i t t e d  ( i . e .  a  p a ra l le l  duct mounted 

downstream o f the d if fu s e r  ex it)  has-an  optimum congiguration o f 10° divergence 

angle and an a re a  ratio(A R) o f . approxim ately - I t  has however been noted 

th a t  th e  developing v e lo c ity  p ro f i le  w ith in  the d if fu s e r  and ta i lp ip e  has been 

la rg e ly  ignored, although some workers comment on the  u se fu ln ess  o f such 

inform ation. This i s  su rp r is in g  s ince  i t  i s  the  improvement on th e  v e lo c ity  

p ro f i le  o f th e  ta i lp ip e  which y ie ld s  a b e t te r  performance fo r th e  o v e ra ll  

d if fu s e r  ta i lp ip e  combination. I t  was therefore decided to in v e s tig a te , bo th
1 li

. th e o re t ic a l ly  and experim entally  the  developing boundary lay e r  param eters 

w ith in  th e  d if fu s e r  and ta i lp ip e  and th e i r  e f fe c t  on th e  performance param eters. 

Also the e f fe c t  on th e  o v e ra ll performance by th e  ad d itio n  o f a  t a i lp ip e  was 

in v es tig a te d . . . .
21-For th e  th e o re t ic a l  in v e s tig a tio n  the  In te g ra l  method used by F e r r e t t  

was fu r th e r  developed fo r  a p p lica tio n  to  two dim ensional d if fu s e rs ,  bo th  w ith  

and. w ithout ta i lp ip e s .  This method i s  based on the  Momentum in te g ra l  equation 

and uses th e  concept o f entrainm ent as p o s tu la ted  by Head fo r  th e  " a u x il ia ry ” 

equation. However th e  assumptions o f th e  Head method a re  only  v a lid  i f  

a  su b s ta n tia l p o te n tia l  core flow e x is ts  a t  a l l  po in ts  in  th e  system.

Therefore reco rd ings o f the developing \e lo c i ty  p ro f i le  enabled th e  p o te n tia l  

core to be measured a t  various s ta tio n s  along the  d if fu s e r  and ta i lp ip e .  A 

prelim inary  in v e s tig a tio n  was c a rrie d  out on on axisym etric  p a r a l le l  w alled 

r ig ,  to  determ ine th e ; leng th  o f i n l e t  p ipe req u ired  upstream  o f th e  d if fu s e r  

to  produce the  req u ired  in l e t  boundary lay er cond itions. With th is  d a ta  a



r i g  was designed and constructed  to  give th re e  d if f e re n t  d if fu s e r  in le t  boundary

lay er th icknesses f r o m -  0,01 to f u l ly  developed (2 c %  = 0 . 1l ) ;  th ree
Wi 1

divergence angles o f  5°> 10° and 15° ; two a rea  r a t io s  fo r  each divergence

angle and' e ith e r  plenum or ta i lp ip e  d ischarge. The r i g  was a lso  constructed

so th a t  v e lo c ity  tra v e rse s  could be taken a t  various s ta t io n s  along both  the

d if fu s e r  and ta i lp ip e  to f a c i l i t a t e  in v e s tig a tio n  of th e  developing v e lo c ity

p ro f i le .

With th is  r i g  a l l  t h i r t y  s ix  d if f e re n t  con figu ra tions were te s te d  and the 

developing v e lo c ity  p ro f i le s  measured. Also a t e s t  to determ ine th e  e f fe c t 

o f term inating  th e  ta i lp ip e  a t  the  maximum p ressu re  p o s itio n  was performed.

T ests were a lso  ca rried  -out on one configuration to  determ ine th e  e f fe c ts  

o f  in c reas in g  Reynolds Humber on performance fo r  the  th re e  d i f f e r e n t  i n le t  

boundary lay er th icknesses. ■



Chapter Three.

FLOW LEFTDITI027S A2TD ?StPOH?:£37C2 ?/3jg:ST-RS.

I I I . l  Boundary Layer D efin itio n s .

These boundary lay e r d e f in it io n s  a re  t ru e  fo r  two d im eisional flow 

only ( i . e .  flow  p a r a l le l  to  and perpendicular to ihe flow d ire c tio n  in  one
i

plane on ly ). F u lle r  d e riv a tio n s  can be found in  appendix 8.

I I I .  1.1 Displacement Thickness )

This i s  defined  as the  d is ta n c e  by which th e  w all would be req u ired  to 

move towards th e  c e n tre lin e  o f th e  d if fu s e r  i f  th e re  were no boundary lay e r 

p resen t ( i . e .  flow  v e lo c ity  was a t  th e  f re e  steam or cen tre  l in e  value  a t  

a l l  p o in ts , uniform  flow v e lo c ity )  to m aintain the  same mass flow. This
^  c  ̂i s  denoted by th e  symbol C and has th e  value  o  = \ (X — 77 )dw.

o Wo
I I I .  1 .2  Momentum Thickness ( 0 )

The Momentum Thickness has no s t r i c t  physica l meaning as in  th e  case

o f O , though fo r  th e  t~o dim ensional case i t  can however, be defined  as th e

d is tan ce  by which th e  w all would have to be moved to m aintain  a constan t flow

o f momentum f lu x  p a s t th e  p o s itio n  i f  th e  flow v e lo c ity  was uniform ly  a t  th e

mainstream v e lo c ity . Though th is^does n o t hold fo r th e  ax isym etric  case.

For two dim ensional flow e = f e 1 -  8 .  )dw, Momentum Thickness ( 0  ) i s

s t r i c t l y  th e  d is ta n c e  th e  w all would have to be mov*ed. to pass th e  d e fic ien cy
\

in  momentum f lu x  through that, space a t  the. mainstream v e lo c ity  b u t fo r  two 

dim ensional case the  d is tan ces  a re  th e  sane, bu t they a re  no t fo r  th e  ax isy -
I

m etric  case.

I I I . l . J  Shape F actor (H)

This i s  the r a t io  o f displacem ent th ickness (S*) to  momentum th ick n ess

( 0 ) and i s  denoted by the  symbol H. This i s  an im portant flow  param eter
cuvd

since  i t  p a r t ia l ly  d efin es  th e  shape o f a v e lo c ity  p r o f i le Acan be used to
is

give an in d ic a tio n  o f th e  onset of sep ara tio n . This^ g en e ra lly  accepted to

occur when H exceeds 1.8 fo r  non d iv erg in g  flow s. For d iv e rg in g  flow s v a lu es  

o f H in  th e  reg ion  of 2.5 to  5 m&y be obtained b e fo re  sep ara tio n  occurs.



I t  can a lso  in d ic a te  flow  i r r e g u la r i t ie s  and asymmetry.

I I I . 2 . Flow P ro p e rtie s .

I I I .  2.1 Mean V elocity .

For th e  purpose o f th is  work th e  mass averaged v e lo c ity  n was used which 

can be defined as the  v e lo c ity  req u ired  to g ive th e  same mass flow along th e  

duct and th e re fo re  must have a  value o f u = u dw, th e re fo re  fo r
G

incom pressib le flow would have a value of C = *l/w f W udw. S ince th is  va lu eo
i s  obtained from- mass flow equivalence, a k in e tic  energy c o rrec tio n  fa c to r  c< 

must be used fo r  k in e t ic  energy equivalence {p< -  K v/i^=) (̂ ‘vr) s im ila r ly  

fo r  momentum f lu x  equivaloace a momentum co rrec tio n  fa c to r  ^  would be req u ired

,/w L ( s ) Z d '7) -

I I I .  2. 2 Flow S tead iness (or U nsteadiness).

The u nstead iness  i s  u su a lly  quoted as the r a t io  o f th e  maximum f lu c tu a tio n  

in  th e  s ta t i c  p ressu re  to  th e  mean s t a t i c  p ressu re  i . e .  unsteadiness-(prnax -  

p min)/ p)

I I I .  2.5 Reynolds Humber (Re).
1 I.

The Reynolds Rumber fo r  th e  p resen t in v e s tig a tio n  i s  determ ined u s in g  th e  

mass averaged flow  v e lo c ity  a t  the in le t  to  th e  d if fu s e r  and th e  v is c o s i ty  , 

d e n s ity  and th e  width a t  th e  d if fu s e r  i n l e t  s ta tio n ; (Re =

I I I . 2 .4  F lu id  P ro p e rtie s .

S ince the flow v e lo c i t ie s  a re  low, any lo c a l Mach' number w ill  be le s s  than 

0.25 and th e  flow may be assumed incom pressible. This im plies th a t  temper­

a tu re s  a re  constan t along the  duct and t in s  d en s ity  and v is c o s i ty  v a r ia t io n s  

may be ignored. In  ad d itio n  s ta t i c  p ressu re  and tem perature may be assumed 

to  remain constan t across any cross sec tio n .

I t  may be noted th a t  e rro rs  w ill be incurred  h ere  p a r t ic u la r ly  in  the  

case of d en sity  s in ce  s ta t i c  p ressu re  i s  iiot constant along th e  d u c t, however, 

th e  e rro r is  le s s  than y'u This e rro r could be elim inated fo r  c e r ta in  

param eters u sin g  th e  s ta t i c  p ressu re  a t  th e  po in t in question  f o r  th e  ca lcu ­

la t io n  of the d e n s ity .in s te a d  of u s in g  th e  i n l e t  s ta t io n  values.



I I I .3 Flow Regimes.

There a re  th re e  b a s ic  regimes of flow , these  a r e ; -  

(a) U nsepsrated flow, th is  occurs when th e  boundary lay er rem ains attached  

to  the  d if fu s e r  w all a t  a l l  tim es. •.

o>) Separated flow ; I t  i s  g en era lly  accepted th a t  th i s  occurs whei th e  

boundary lay er becomes detached from th e  w all (though i t  may r e - a t ta c h  a t  a 

l a t e r  s ta g e ) . '

(c) S ta l l ;  This occurs whei a stagnan t, r e c ir c u la t in g  flow i s  p resen t and 

th e  f lu id  near th e  w all tends to move upstream . S ta l l  i s  an advanced stage  

o f flow  sep a ra tio n .

There a re  v ario u s  degrees o f s t a l l  and separa tion  w ith in  a d if fu s e r ,  bu t 

the two preceding d e f in it io n s  a re  g en era lly  used to d isc r im in a te  between s t a l l  

and sep ara tio n . •

• I I I . 4 T urbulsice I n te n s i ty . ’

The le v e l of tu rbu lence present in  th e  flow i s  expressed as th e  R.1!.S

value  of th e  flow v e lo c ity  f lu c tu a tio n s , \ / u /2 to  th e  mean v e lo c ity  o f  the  

flow U , i .  e. / u / 0 th is  can be seen in  f ig u re  10.

I I I .  3 .... Performance Param eters.

The performance param eters chosen to be o f in te r e s t  in  th is  in v e s tig a tio n  

w ere:- . ..

(a) The P ressu re  Recovery C o effic ien t (Cp). .

This i s  defined  as the  r a t io  o f th e  s ta t id  p ressu re  r i s e  between th e  d if fu s e r
i 2.in le t  and another s ta t io n  downstream, a^d the in l e t  value o f -g ^  u i o f

— ’ i  — 'Lth e  f lu id ,  where u i s  th e  mass averaged v e lo c ity  and th e re fo re  ^  P w» 

i s  n o t th e  tru e  i n l e t  k in e tic  energy o f the  f lu id .

Therefore Cp = (p -  p , ) /  ^  .

This i s  th e  param eter o f general in te r e s t  to the designer s in ce  d iffu se rs , 

a re  included to  in c re a se  th e  s t a t i c  p ressu re  a t  the expense of th e  flow 

k in e tic  energy. Cp th e re fo re  gives a guide to the  re la t io n s h ip  between the  

two param eters. •
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0 0  ■■ .Energy Corrected Cp. (Cp£ ).

This i s  the  value  o f Cp prev iously  defined bu t co rrected  fo r  th e  e rro r incurred  

-by c a lc u la tin g  th e  i n l e t  k in e t ic  energy w ith  the  mass averaged v e lo c ity .

This i s  achieved .by in c lu d in g  the k in e t ic  energy co rrec tio n  fa c to r  (oc ) ,
, r %  3

defined  e a r l ie r  as dw.

T herefore Cp£ can be expressed as*- CpE = Cp^ - (p -  p , ) / i  ot, O O tz  

. (c) E ffec tiv en ess  o f th e  D iffu ser. K ) .

E ffec tiv en ess  is 'd e f in e d  as the r a t io  o f  th e  p ressu re  change between th e  in le t  

and a downstream s ta t io n  and th e  change in  the  ’’K inetic  Energy” between th e  

two s ta t io n s  (Again based on mass averaged v e lo c i t ie s ,  th e re fo re , th e  #

e ffec tiv en ess  i s  n o t a  t ru e  energy e ffic ie n c y ) .

\  = (p -  p t ) )

fo r  incom pressible flow can be expressed as 

^  = (p -  P |)  2 (?, P r  ^ 2)o r  (p -  P |) ( l  -  l/A R z ) .

The e ffec tiv e n e ss , as i t s  name im plies gives a ro u ^ i guide to th e

e f fe c tiv a ie s s  o f the d if fu s e r  in  converting  k in e t ic  energy to a  s t a t i c  p ressu re
1 li
r i s e .  This i s  not however an energy e ffic ie n c y  due to  th e  e rro r  in cu rred  in  

u s in g  the  mass averaged v e lo c i t ie s .

(d) Energy Corrected E ffec tiv en ess (^ g )*

The energy co rrec ted  e ffec tiv en ess  o f a d if fu s e r  has the  same .d e f in it io n  as 

th e  e ffec tiv en ess  except th a t  the  k in e t ic  energies based on mass averaged 

v e lo c i t ie s  a re  co rrec ted  by the in c lu sio n  of a k in e tic  energy c o rre c tio n  f a c to r  

C< fo r  each s ta t io n ,  th e re fo re , ^  can be expressed ass -

^  = (p -  P |)  / f  a2cO

or fo r incom pressible flow

= Cp -  p , ) / i  ?  )

or

%  = C p / ^ . - o c / A R 2)

(e) Loss c o e f f ic ie n ts .

The most general lo s s  c o e f f ic ie n t used ( , \ )  i s  expressed a s s -

/\  = I  -  (p -  p * ) /  ( i -  !/A 2̂) = l  -  ^  ^



This expresses th e  lo s s  as a to ta l  p re ssu re  lo ss  through .the d if fu s e r ,  

b u t as w ith e ffec tiv e n ess  {'X ) does no t give th e  tru e  energy lo ss  s in ce  i t  

employs th e  mass averaged v e lo c ity  and would th e re fo re  have to  have a  uniform 

flow  v e lo c ity  a t  both s ta t io n s  to g ive an energy loss, c o e f f ic ie n t .  An

energy co rrec ted  to t a l  lo ss  c o e f f ic ie n t  i s  given by th e  expression*



Chapter Pour.

EXPBRSI3T?AL P A C IL IT IS 3 ,

TV. 1 Choice o f the  Experimental Rig.

The work o f ICline e t a l  and Eelnhoffer and Derick described  in  chapter 

I ,  in d ica ted  th a t  a reas o f in te r e s t  fo r  optimum d if fu s e r  performance were, 

angles o f divergence from 5° to  15° arid a rea  r a t io s  in  th e  range o f  2 to 3*

I t  was th e re fo re  decided to  co n stru c t a v a r ia b le  geometry d if fu s e r  having 

th re e  p o ss ib le  divergence angles, 5°> 10° and 15° and two a rea  r a t io s ,  2 and

3. To th i s  was added a  detachab le  ta i lp ip e  which could be v a ried  in  len g th  

to  a  maximum o f 12 d if fu s e r  e x it  widths fo r  AH = 3> and 18 d if fu s e r  e x i t  widths 

fo r  AR = 2. I t  was a lso  req u ired  th a t  th e  boundary lay er could be i n t e r ­

changed a t  th e  i n l e t  to th e  d if fu s e r  between th in , th ick  and f u l ly  developed.

The method used to vary the  i n le t  boundary layer th ick n ess  was to make 

th e  duct leng th  v a r ia b le . This p a r t ic u la r  method was chosen because th e  

duct could be constructed  e a s ily  and s ig n if ic a n t  v a r ia tio n s  in  tu rbu lence  

in te n s i ty  and v e lo c ity  p ro f i le  d is to r t io n  were u n lik e ly . In  ad d itio n  the  u se  

o f a duct enabled a  s e r ie s  o f s t a t i c  p ressu re  tappings to be p o sitio n ed  a t  

various s ta tio n s  upstream o f th e  d if fu s e r  i n l e t . .  Hence the  e f fe c t  o f 

s tream line  cu rvatu re  on th e  d if fu s e r  i n l e t  s t a t i c  p ressu re  could be examined 

and the  s ta t i c  p ressu re  read in g  co rrec ted  by e x tra p o la tin g  r e s u l t s  taken along 

th e  duct upstream  o f th e  zone a ffe c te d  by s tream line  cu rvatu re . For th e  

th re e  i n l e t  boundary layer thicknesses, th e  in l e t  duct was req u ired  to be th re e  

d if f e r e n t  len g th s. The values o f boundary layer th ickness chosen (based on 

th e  d isp lacem ait th ic k n e s s /h a lf ' th e  duct width) were 0 .01 , and 0 .06  fo r  th e  

th in  and th ic k  boundary lay e rs  re sp e c tiv e ly , and •from a  sim ple power law 

an a ly s is  a f u l ly  d e v e lo p e d 'in le t flow  was found to be in  th e  reg io n  o f 0 .11 .

To determ ine th e  ac tu a l duct leng ths req u ired  fo r  th ese  boundary lay e r 

cond itions a p relim inary  in v e s tig a tio n  was ca rried  out on a  3n diam eter b ra ss  

tube. Since th ese  r e s u l t s  were fo r  an ax isym etric  case th e  v a lu es  o f 2<^/D 

were th e re fo re  sm aller than req u ired  values o f 2 o b u t  s in ce  t h i s  e f fe c t



reduces w ith -th e  boundary lay er th ick n ess a  f a i r  comparison can be made i f  

s u ita b le  allowance i s  made, t .

IV. 2 P relim inary  In v e s tig a tio n

A b ra ss  tube shown schem atically  In f ig u re s  11a and l i b ,  was used to  

ca rry  ou t a  p re lim in ary  in v e s tig a tio n  in to  th e  growth o f  a tu rb u le n t boundary 

la y e r . A p ito t- tra v e rse  (shown in  f ig u re  22) was loca ted  in  tapp ings and 

tra v e rse s  o f th e  developing boundary layer made, ( th e  tapp ings a re  shown in  

f ig u re  12). The r e s u l t s  obtained ( f ig u re  13) > c le a r ly  show th a t  fo r  a
- n ^  01

f u l ly  developed flow , 2.o /D » 0.084 fo r  axisym etric case, an i n l e t  pipe

leng th  o f x/D in  th e  reg ion  o f J2 to  $6 i s  req u ired . T herefore, a value  of

x/wf o f 37 was chosen fo r  th e  two dim ensional case g iv ing  a  2 <S^/w1 value

o f  0 .11 a t  th e  d if fu s e r  in le t .  For a  value o f 2 S*/ w1 o f 0 .06  th e  r e la t io n -  
• , m

sh ip  .shows th a t  x/D values in th e  range o f  11 to  12 fo r the  ax isym etric  case, 

g ive th e  req u ired  boundary lay er th ick n ess , bu t since  the  two dim ensional 

boundary lay e r has a la rg e r  than fo r  th e  ax isym etric  case and the

boundary lay e r growth i s  slow er, a value  o f 13 was chosen, i . e .  1 m etre.

For the  th in  i n l e t  boundary layer a value  o f x/w4of l'w as chosen th is  being  

th e  sm alles t va lu e  allow able to avoid the  e f fe c ts  of the  boundary lay e r 

t r i p  w ire. (The t r i p  w ire i s  described  l a t e r  dn th is  ch ap te r). The v a lu es- 

o f x/w, = 37j 15 1 gave d if fu s e r  r i g  i n l e t  boundary lay er v a lu es o f

2 S ^ /w ,  o f; 0 .11 , 0 .06 and 0.01 re sp e c tiv e ly , ^(The f u l l  r e s u l t s  o f the.
1

prelim inary  in v e s tig a tio n  a re  shown in  appendix 2.)*. These v a lu es  o f i n l e t  

duct len g th , determined from th e  p re lim inary  in v e s tig a tio n , were a l l  sub-
4

s ta n t ia te d  by ea rly  t e s t s  on the main d if fu s e r  experim ental r ig .

IV. 3 D iffuser Rig Design.

The.experim ental d if fu s e r  rig,show n schem atica lly -in  f ig u re  1 4 ,co n sis ted  

•of a r a d ia l  flow fan , s e t t l i n g  chamber co n trac tio n  and experim ental d if fu s e r  . 

r ig .  From th*= previous work o f o th e r research er's , summarised in  chap ter one, 

i t  has been shown th a t  fo r  sidew all e f fe c ts  to  be minimal , th e  a sp ec t r a t io  

(AS) should be a t  le a s t  s ix . Therefore, an in le t  aspect r a t i o  o f e ig h t was 

chosen. The w idth o f th e  duct was determ ined from co n sid e ra tio n  o f  th e

*  ‘ "  .•’V .
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minimum dimension which could be accu ra te ly  trav ersed  by a p i t o t  tube in  the  

boundary lay er. To s a t i s fy  th is  o b je c tiv e  i t  was decid,ed th a t  the  width o f 

th e  duct would have to be a t  le a s t  80 mm., thus g iv in g  a  duct b read th  o f 640mm.

The in v e s tig a tio n  was only concerned w ith incom pressible flow (th e  mach 

number being le s s  than 0 .2 5 ). This require:! a volum etric  flow in  th e  reg ion  

o f  7j 600 cubic f t/m in . a t  d e liv e ry  p ressu res  from 50 mm. to 250 mm water gauge 

( th e  p relim inary  c a lc u la tio n s  made to estim ate  th e se  q u a n titie s  a re  shown in 

appendix l ) .  I t  was decided th a t  th e  b e s t means o f acheiv ing  th is  la rg e  

v a r ia t io n  in  d e liv e ry  p ressu re , w ithout re s o r t in g  to a v a r ia b le  speed fan , was 

by u s in g  a 24 inch, backward curved a e ro fo il  sec tio n  r a d ia l  flow  fan running  

a t  2100 rpra , powered by a 25 h .p . motor, w ith a  r a d ia l ly  fe a th e r in g  damper 

a t  th e  i n l e t  to  th e  fan . However i t  was found during  prelim inary  in v e s t ig a t­

ions th a t  w ith a small back p ressu re  (50 1113 needed, to be

damped to a very  low in le t  area . This caused th e  fan  d ischarge to  become 

very  u n s tab le , producing both a flow which pu lsa ted  severe ly  and excessive 

v ib ra tio n  o f th e  fan and the  experim ental r ig .  Thus i t  was found necessary  

to  slow th e  fan speed down to 1800 rpm. fo r  th e  th in  and th ic k  i n l e t  boundary 

lay e r cond itions. This measure produced a steady and non p u lsa tin g  flow.

IV. 5« 2 S e t t l in g  Chamber and C ontractions. '

The fan discharged through a f le x ib le  coupling in to  a 0 .6  m etre x 1 m etre 

x 2 m etres long s e t t l in g  chamber. The s e t t l i n g  chamber (shown in  f ig r r e  15). 

consis ted  o f f iv e  s e ts  o f 28 s.w. g. x lo  mesh w ire gauzes and two § ” c e l l  by 

75 mm long aluminium honeycomb flow s tra ig h te n e rs  (§-” x 75 mm gives a c e l l  

diam eter to  c e l l  leng th  r a t io  o f as recommended by th e  n a tio n a l P hysical 

Laboratory in  th e i r  p u b lica tio n  IT.P.L. 1 2 1 8 .^ ^ .

This s e t t l i n g  chamber discharged in to  a perspex c o n tra c tio n , construc ted  

to  IT.P.L 1218 sp e c if ic a tio n  (The co -o rd in a tes  o f th e  c o n trac tio n  p r o f i le  a re  

given in  appendix l )  to  g ive a th in  boundary lay er and uniform  p r o f i le  (shown 

in  f ig i r e  l6a) a t  th e  e x it .  In order to ensure th a t the  boundary la y e r  was 

tu rb u le n t on e x it from th e  co n trac tio n  the  boundary lay er was 1 tr ip p e d 1.

Prom Pankhurst and Holders te x t  ’’Wind Tunnel Technique” i t  was c a lc u la te d  th a t
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a  boundary lay er t r i p  w ire o f diam eter 0»2p mm a t  the  co n trac tio n  e x it  p lane 

would be req u ired  to eff ec t th is^  thus ensuring a tu rb u le n t boundary lay er 

on en try  to  th e  d if fu s in g  sec tio n , (c a lc u la tio n  shown in  appendix l ) .

XV.5*5 D iffuser and T a ilp ip e . r

The flow from th e  co n trac tio n  passed in to  the  i n l e t  d u c t, whose dimensions 

(mentioned p rev io u sly  in  th is  chapter) were determined by th e  boundary lay e r 

th ick n ess  req u ired  a t  th e  in l e t  plane o f th e  d i f f u s e r . ' Then th e  flow  

en tered  th e  experim ental d if fu s e r  aid  ta i lp ip e v

The in le t  o f  th e  d if fu s e r  was given a 12mm'blending ra d iu s  on th e  corner, 

as shown in  f ig u re  17.: This was to reduce th e  p ro b a b ility  o f th e  boundary

sep a ra tin g  from th e  wall on en te rin g  th e  d if fu s e r .  A b lending  ra d iu s  was 

a lso  given to  th e  d i f f u s e r / ta i lp ip e  jo in t  though the e f fe c ts  on th e  boundary 

la y e r  here  would no t be as se rio u s  as they could be a t  th e  i n l e t  s in ce  a  

sharp  corner would n o t tend to s e p a ra te (the  boundary lay er from the  wall a t  

t h i s  po in t.

The d i f f u s e r / ta i lp ip e  r i g  was constructed  from l l! th ic k  perspex  sidev /alls  

w ith  s lo ts  m illed  along them. These s lo ts  enabled the d if fu s e r  and ta i lp ip e  

w a lls , which were both  constructed  o f perspex sheet, to be lo ca ted  in  ;I
p o s itio n . This enabled the  various con figu ra tions o f the  d if fu s e r  and 

ta i lp ip e  (12 in  a l l )  to  be changed quickly. The w alls were sealed  in  the  

s lo ts  by s lic o n e  g rease and the  jo in ts  taped to prevent a i r  leakage.
i

The complete assembly was secured to th e  in l e t  sec tio n  by a f la n g e  a t  th e  

“i n l e t  of th e  d if fu s in g  sec tio n . T ie bars were used to ciamp th e  s id ew alls  

and thus secure the  whole assembly r ig id ly  tog e th er. 'T h is, can be seen in  

f ig u re s  13 and .19.

IV .p .4 S ta t ic  and P i to t  Tappings.

The v e lo c ity  of flow was measured by a p i to t  tra v e rse  which was lo ca ted  

in  tappings as shown in  f ig u re  20. I n i t i a l l y  i t  was envisaged to  u se  th ese  

tappings fo r  both the  p i to t  and th e  s t a t i c  p ressu re  'tappings, by in co rp o ra tin g  

a  0.6mm diam eter hole in  th e  lo c a tin g  head fo r  th e  p ito it V trayerse, and th e re ­

fo re  to ob ta in  th e  dynamic head d ire c t ly .  U nfortunately  a c e r ta in  amount
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o f In te ra c tio n  was experienced between th e  p i to t  head and the  s t a t i c  tapping 

whoi the p i to t  head was tra v e rs in g  c lo se  to th e  w all which caused inaccuracies 

-̂n th e  dynamic head (shown cy an apparent d is to r t io n  of th e  v e lo c ity  p ro f i le ,  

f ig u re  21), F in a lly  an independeit s t a t i c  tapping o f 0,8mm diam eter was

incorporated  as shown in  f ig u re  20,

XV. 4 'Instrum entation,

IV, 4*1 P i to t  Probe.
21The actual, p i to t  tra v e rse  was taken from a d e s ig i used by F e r r e t t  in

h is  in v e s tig a tio n  in to  truncated  conical d if fu s e rs .

The ac tu a l p i to t  lo c a tin g  head was la rg e r  and th e  p i to t  probe was o f a 

la rg e r  diam eter, 0.6mm diam eter w ith a bore o f 0.15 mm diam eter. . This

was done to reduce the  response time of th e  instrum ent and thus remove the

n e c e ss ity  fo r  balancing  manometers or o th er arrangements. Also a  sp rin g  was 

incorporated  in  the  micrometer screw movement to remove any back lash . The 

instrum ent i s  shown in  f ig u re  22.

The p i to t  was trav ersed  perpendicu lar to  th e  d if fu s e r  w all s in ce  i t  was 

the" boundary lay er which was of major in te r e s t ,  and the  cosine e rro r  a t  the  

c e n tre lin e  was a t  a mxiumum le s s  than lf>. Due to  th e  th ickness o f  th e  p i to t  

probe tubing  (0.8mm) some ro ta t io n  o f th e  end was experienced due to  drag.

This was ca lcu la ted , (shown in  appendix l )  and found to be never more than 

.2°20* which gave an e rro r o f 0 .08^ and was neg lected ;

IV, 4* 2 llanometers.

The p i to t  probe, which was described prev iously  was connected to an 

*’ Air flow Developments” manometer graduated in  1,0mm1 s water gauge in te rv a ls  

from -  10mm to 600mm. Due to th e  d is ta n ce  between the  g raduations, approx- 

im ately  1 .5iam, i t  i s  u n lik e ly  th a t the read ings taken a re  o f a g re a te r  

accuracy than -  0 . of  water gauge. The s t a t i c  p ressu re  s id e  o f  th e

manometer was a lso  connected to a T.E.l! nicronanom eter. This micromanometer 

was graduated in 0.2mm o f w ater gauge which was m agnified by an o p tic a l  

system and had a range of 0 .0  to  600.0 mm o f water gauge. The probable
f

accuracy o f th is  in stru m eit was in  the  reg ion  o f - ,0 .  1mm o f w ater. The
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sm all inaccuracy was caused by f r i c t io n  in  th e  s l id in g  g la ss  graduated suspended 

measure and f lo a t  system.

I t  was found th a t  a  considerab le  tim e .lag  was in h eren t in  th e  system due 

.to  th e  sm all s iz e  of the s t a t i c  p ressu re  tapping  (0.3mm) and th e  volume 

w ith in  th e  micromanometer. This had th e  e f fe c t  o f damping ou t small p ressu re  

f lu c tu a tio n s  in  th e  system.' This damping could be increased  i f  necessary  by 

in c re a s in g  th e  r e s t r i c t io n  in  th e  s t a t i c  p ressu re  l in e  by th e  u se  o f a  valve.

Due to th e  small, s iz e  o f th e  p i to t  probe bore, th e re  was a lso  a  considerab le  

tim e la g  on th i s  s id e  o f th e  d i f f e r e n t ia l  system which could a lso  be increased  

fu r th e r  by th e  u se  o f a  flow r e s t r i c t io n  valve i f  necessary , thus g iv in g  th e  

e f fe c t  o f  damping out sm all p ressu re  f lu c tu a tio n s . I t  was th e re fo re  found 

unnecessary to  a d d itio n a lly  damp th e  instrum ents by th e  u se  o f re s e rv o irs .

In  ad d itio n  to  th ese  two manometers a 36 tube m u ltitube  manometer was used and 

a ttach ed  to  th e  s t a t i c  p ressu re  tappings. ih i s  was employed to  determ ine 

th e  most im portant p o s itio n s  a t  which to make v e lo c ity  tra v e rse s .

. The layout o f th e  p ressu re  measuring systems v.-hich were used a re  shown 

schem atically  in  f ig u re  23. ' .
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The Hicromanometer
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Chapter F ive.

GENERAL TEST PROCEUORS AJ7D RANGE 0? TESTS.

Y .l P relim inary  In v e s tig a tio n  Procedure.

During the' p relim inary  in v e s tig a tio n , the  p ressu re  measurement c i r c u i t  

was connected i n i t i a l l y  as in d ica ted  by the  schematic layou t shown in  f ig u re  

24 ( i ) .  The procedure follovred usin g  th is  layout was as fo llow s:

Any flow in  th e  p i to t  dynamic p ressu re  s id e  caused a p ressu re  d if fe re n ­

t i a l  across the  r e s t r i c t io n  1C1 which was ind icated  on th e  balancing  

manometer. The ba lancing  valve !A' was then opened and a i r  bled in to  the 

system through th e  r e s t r i c t io n  *B*. YThen th e  balancing  manometer showed no 

d i f f e r e n t ia l  i t  could be assumed th a t  th e  value o f p ressu re  fP ‘ had been reached 

in  the micromanometer. U nfortunately  th is  system was so s e n s i t iv e  to sm all 

v a r ia t io n s  in -flow  th a t  i t  was d i f f i c u l t  to  ob ta in  a balance and any s l ig h t  

d r i f t  gave the im pression o f balance no t being  acheived. I t  was th e re fo re  

decided to  use th e  sim pler system shown in  f ig u re  24 ( i i )  together w ith 

a  la rg e r  p i to t  head diam eter. Thus the  response time and the e f fe c t  o f

• d r i f t  were reduced.

Using th is  system, t e s t s  were performed a t  22 s ta t io n s  along th e  b rass  

tube which has been described  e a r l ie r .  The experim ental procedure was the 

same as th a t used fo r  the  main d if fu s e r  work to be d escrib ed  l a t e r  in  the  

chap ter. The only d iffe re n c e  between th e  prelim inary  in v e s tig a tio n  and th e  

main one was th a t ,  during  th e  former, v e lo c ity  tra v e rse s  were taken a t  every

• s ta t io n .

V. 2 Experimental Procedure fo r  D iffuser In v e s tig a tio n .

The r i g  was assembled to  the  req u ired  co n fig u ra tio n , ( in l e t  duct len g th  

divergence angle, a rea  r a t io  and ta i lp ip e  len g th ).

The p i to t  probe was then ad justed  so th a t  th e  cen tre  l in e  o f the  probe 

head would be 0.5mm. from the  wall when in  p o s itio n . The reason  fo r  the 

p i to t  probe n o t being positioned  a t  the  w all was to reduce th e  e f fe c t  o f

th e  lo ca l p ressu re  g rad ien t caused between th e  p ito^  head and th e  w all thus
i

causing the  s tream lines near th e  w all to be d e f le c t’ed towards th e  w all.

V.
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The p o s itio n in g  o f th e  probe head was accomplished by the  use  o f  a f e e le r  

gauge ( f ig u re  25) being placed under th e  head and then a d ju s tin g  the zero by 

means o f a grub screw a t  the  very top of th e  p i to t  tra v e rse , marked f Af on 

f ig u re  22.

The probe was then placed in  the  f i r s t  p o s itio n  upstream  o f the d iffuse*  

in l e t  and trav ersed  to the  duct cen tre  l in e .  The fan was s ta r te d  and th e  

damper opened slow ly u n t i l  th e  c e n tre lin e  v e lo c ity  head was in  th e  reg ion  of 

350 mm. w. g. (77m/s) or 400 mm fo r  f u l ly  developed flow co nd itions. The 

p i to t  probe head was then re tu rn ed  to  i t s  o r ig in a l positon a t  0. 5zzu from the  

’•vail and the  r i g  l e f t  fo r  a few minutes to  allow  the fan and flow  to s ta b i l i s e .

The p o s itio n  was trav ersed  i n i t i a l l y  a t  0 . 5^m. in te rv a ls  follow ed by 

la rg e r  increm oits (depending on th e  boundary lay er th ickness) to th e  c e n tre lin e  

o f  th e  duct. TThilst tra v e rs in g  the  duct, the  readings were p lo tte d  to  ensure 

th e  e lim ination  o f  erroneous r e s u l ts  ( th e se  only tended to occur when th e  flow • 

in  the  boundary lay e r was becoming u n s ta b le .) .  A time o f between 15 to 50 

seconds was allowed between each read in g  to allow the  manometers to reach  

a steady s ta te  condition .

The tra v e rse  was then re tu rn ed  to  zero , removed from the  d u c t, r e - s a t  to 

i t s  i n i t i a l  0.5mm condition , and pi- ced in  the next -sta tion  of in t e r e s t ,  which 

was determined from the  m u ltitube manometer (mentioned in  the  previous ch ap te r). 

Another tra v e rse  to the  duct c e n tre lin e  was then ca rried  out. This procedure 

was reapeated  u n t i l  -a ll  th e  s ta tio n s  o f in te r e s t  had been tra v e rsed . I f ,  

however, the  flow had separated or s ta l le d  only a s ta t i c  p ressu re  measuremsii 

was taken a t  th e -s ta t io n .

This d a ta  was placed on computer punch cards and processed in to  th e  re q u is ­

i t e  form and th e  requ ired , param eters ca lcu la ted  by th e  d a ta  red u c tio n  program 

described  in  the follow ing chapter (chap ter Y l). * ■

V.5 Esnge o f T ests.

Test were ca rried  out f o r  th re e  d if fu s e r  in le t  boundary lay e r th ick n esses
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o f 2 S^/wf ° -  0 .01 , 0 .06  and 0.11 which were described as th in , th ic k  and 

f u l ly  developed re sp e c tiv e ly . For th ese  th re e  in le t  cond itions a  s e r ie s  o f 

Reynolds Rumber t e s t s  were ca rried  out Rey:.6ldsA2knnbers ran g in g  from. 6 2 10^
X

to  4 x 105 • These t e s t s  a re  l i s t e d  in  Table I  ( th e . f u l l  r e s u l t s  can be seen 

in  appendices 5 and 6 ) . . These t e s t s  es tab lish ed  where th e  l im its  o f Reynolds 

liurnber dependence lay  and thereby in d ica ted  th e  l im itin g  va lues o f Reynolds 

Ifumber fo r  subsequent t e s t s .  >

The nex t s e r ie s  o f  t e s t s  were com prehensive'velociiy  tra v e rse s  fo r  the 

th re e  i n l e t  boundary la y e r  th icknesses a t  the  s ta tio n s  o f in t e r e s t  both  in  

th e  d if fu s e r  and ta i lp ip e  (where f i t t e d ) .  T h e se .te s ts  were c a rr ie d  ou t fo r ' 

th re e  angles o f d if fu s e r  divergence (5°, 10° and 45°) > and fo r  each angle two 

a rea  r a t io s  were te s te d  (2. and 3)» All th ese  geometric and flow  cond itions 

were te s te d  both under plenum d ischarge  and ta i lp ip e  d ischarge co n d itio n s.

This produced a . to ta l  o f 36 d if f e re n t  co n fig u ra tio n s , th e  r e s u l t s  of which a re  

s h o Y /n  in  appendix 6. .

A t e s t  was a lso  made w ith a  th ick  boundary layer and a d ivergence angle 

o f  10° w ith th e  ta i lp ip e  teriainated a t  th e  maximum pressure p o s itio n  (as d e te r  

mined from the  m u ltitu b e  manometer) to determ ine the  .e ffec t o f th i s  measure.

A ll th ese  te s t s  a re  l i s t e d  in  Table I .

A dditional t e s t s  were a lso  ca rrie d  out on th e  t e s t  r ig .  One o f th ese  

t e s t s  was to tak e  s t a t i c  p ressu re  read ings in  the  i$ le t  fo r  each co n fig u ra tio n
1

in  order to determ ine th e  a c tu a l s t a t i c  p ressu re  a t  the  i n l e t  to th e  d if fu s in g  

s e c tio n  (as mentioned in  chapter IV). Another t e s t  was to  c a rry  out f u l l  

.v e lo c ity  tra v e rse s  of th e  duct a t  v arious s ta t io n s ,  and in  p a r t ic u la r  a t  

th e  i n l e t ,  to determ ine the symmetry o f the flow. (This p a r t ic u la r  t e s t  helped 

to re so lv e  th e  p i to t  and s t a t i c  in te ra c tio n  which caused d is to r t io n  a t  th e  w all 

and thus very much accentuated the s l ig h t  d is to r t io n  caused by th e  t r i p  v rire). . 

Also te s t s  were ca rried  out to  v e r ify  th e  assumptions of- i n l e t  duct len g th  

req u ired  to ob ta in  the  req u ired  in le t  condition  to  th e  d if fu s e r  which were 

based on the  prelim inary  in v e s tig a tio n s  VTith th e  b ra ss  pipe.- -.:. As mentioned 

in  th e  previous chapter a good agreement was acheived between th e  req u ired

'  . • ' ' ■ ■



and a c tu a l values o f 2 .



TEST No. coitpxtio:; 0? RIG.

Thin I n le t  B/L = 0.01)

109 5  ̂ AR2 plenum discharge.

112 ‘ 5° AR2 ta i lp ip e  d ischarge.
o

110 5- <^3 plenum d ischarge.

111 5° ta i lp ip e  d ischarge.

103 10°' AR2' plenum discharge.

104 10° AR2 ta i lp ip e  d ischarge.

102 ; 10° AR3 Plenum d ischarge.

101 10° T ailp ipe  d ischarge.

105 * 15° -AR2 plenum discharge.

108 * 15° -AR2 ta i lp ip e  d ischarge.

• 106 15° -AR3 plenum discliarge.

107 13° -AK3 ta i lp ip e  d ischarge.

Thick I n le t  B/L (2 S % ^  = 0 .0 6 ).

202 5° JiR2 plenum d ischarge.

201 ... 5° -AR2 ta i lp ip e  d ischarge.

203 5° AH3 plenum d ischarge.

204 5° -AR3 ta i lp ip e  d ischarge. -

205 10° AR2 plenum d ischarge.

206 10° AR2 ta i lp ip e  d ischarge.

207 10° .AR2 optimum ta i lp ip e  leng th .

210 10° -AR3 plenum d ischarge.

208 10° /1R3 ta i lp ip e  d iscliarge.

209 10° AR3 ta i lp ip e  d ischarge.

211 15° AR2 plenum d ischarge.

214 15° AR2 t a i lp ip e  d ischarge.

212 15° -&R3 plenum d ischarge,

213 15° 1&3 t a i lp ip e  d ischarge.



TEST No. CQKDITIQ2-7 OF RIG.

F u lly  Developed I n le t  Flow = 0.11

302 15° AR2 plenum d ischarge.

301 15° AR2 ta i lp ip e  d ischarge.

303 15° -AR3 plenum discharge.

304>/ 15° -&R3 ta i lp ip e  d ischarge.

305 10° iR3 ta i lp ip e  d ischarge.

305 10°  iR3 plenum dishcarge.

307 10° AR2 pienumdischarge.

308 10° AR2 ta i lp ip e  d ischarge.

309 3° AR2 plenum d ischarge.

310 • 5° -AR2 ta i lp ip e  d ischarge.

311 5° -AR3 plenum d ischarge.
» "

312 5° t a i lp ip e  d ischarge.

000 Thin i n l e t  boundary lay er i n l e t  p r o f i le .

350 F u lly  developed v e lo c ity  p ro f i le ,  ( i n l e t ) .

REYNOLDS No. TESTS . '

Test ifo. Re. Ifo. C onfiguration .

1 4.68 x 105 10° .ARj ta i lp ip e  th in  boundary
1

2 4.44 x 10 5 • lay e r . ■ ■

3 4 .25 x 105

4 2.25 x 10s  ■'

5 1.44 X  10s

6 1 .07 x .1 0 5

7 2.61 x 10s

8 3.02 x 105

9 0.61 x 1 06



J LP O l>  11U >  X V C J X I P X U O  U l U i X  Xyr.UJ.~cl. U X U L l t

10 4.08 x 10^ 10° AR 3 T a ilp ip e  th in  boundary

layer.

• 20 .t 3.5  x 105 5° AH 2 T a ilp ip e  th ic k  boundary

21 2.9 x 10 s  lay e r

22 2.0 x 10s

23 1 .4  x 10s

24 0 .57  x 10s

30 4*0 x 10s 10° AR 3 ta i lp ip e  th ic k  boundary

31 3 .6  x 10* lay e r.

32 2.9 x 105

33 • ' 2.3  x 105

34 1.7 x 10 s

. '3 5  0 . 6  X  1 0 s

40 , 4.0 x 106 15° AR 2 ta i lp ip e  f u l ly  developed

41 ' 3 .9  x 10*

42 3.5 x lO5

43 3 .2  x lO 5 • *

44 2.6 x 105

45 2 .2  x 10* ‘

4 6 . 1 .5  x 10 ̂

* 50 4.3 x 10* 10° AR 3 ta i lp ip e  f u l ly  developed.

51 3 .8  x 105

52 3*4 x 10*

53 2 .4  x 10*

54 1.8 x 10*

55 1. 4 x 10*



Char)ter S ix . '

V I . 1 DATA INDUCTION.

The d a ta  red u c tio n  was ca rrie d  out by a program on an 1 .3 ./!. 1150 computer.

The d a ta  obtained during th e  experim ental run was punched onto d a ta  cards in  

th e  follow ing sequence: -

(a) The divergence ang le, a rea  r a t io ,  ta i lp ip e  leng th  and th e  designated  

number fo r  th e  run .

one, were then read in  and repeated  u n t i l  a l l  th e  d a ta  fo r  th a t  p o s itio n  

had been read  in .

The program produced th e  param eters l i s te d  below (num erical in te g ra tio n  

was performed u s in g  a  modified Simpson’ s r u le  subrou tine , as o u tlin e d  in  

appendix 4.).

(b) The atm ospheric p ressu re  tem perature.

(c) The s t a t i c  p ressu re  a t  the  p o s itio n , being trav e rsed , width a t  th e  p osi­

t io n . The number o f th e  p o s itio n , d is ta n ce  o f th e  p o s itio n  from th e  

d if fu s e r  i n l e t ,  th e  cen tre  l in e  dynamic pressure.

(d) The p i to t  dynamic p ressu re  measured in  ram. w ater, th e  d is ta n c e  between

th e  read ings and th e  number o f read ings a t  th a t  p a r t ic u la r  spacing , le s s

vv/z
Mean V elocity , n

0
He. Humber, (Re) = ^ u

Non-dimensionalised displacem ent th ick n ess , 2

Non-dimensional Momentum th ickness

P ressure  Recovery C o effic ien t, Cp = (p  -  p, 

E f f e c t iv e n e s s e s  (p -  Pl')/^ r fu i2--

or in  th e  case of s ta l le d  or separated  flow, = (p -  p , ’)
( ‘ »/A£z)



Energy C orrected E ffec tiv en ess , -  (p -  p .)
§  £  (  U >  -  ^  )

Energy co rrec ted  Cp, Cp = (p -  p ,")_
I  p<x, u ,z

5 W/2 <2.
f  u/ a . 1 d~

Non-dimensional d is tan ce  from d if fu s e r  i n l e t ,

x/w, = D istance from d if f u s er  in le t .
Width a t  d if fu s e r  in l e t .  . •. ,

An example o f th e se  param eters i s  tab u la ted  in  Table I I  Graphs shotting 

v e lo c i ty  p ro f i le s  and v a r ia tio n s  in  Cp, Cpe , and along th e  duct from 

th e  d if fu s e r  i n l e t  a re  i l lu s t r a te d  in  f ig u re s  26a and 26b s im ila r  graphs were 

p lo tte d  fo r  each d if fu s e r  con figu ra tion  te s te d .
\

A flow diagram o f th e  program i s  shov/n in  f ig r r e  27 and th e  a c tu a l program 

i s  included in ’ appendix 4.

1
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FIGURE.. . . 26(b)



I f  t e s t  Ho.
Not = 0 o r -ve.

I f  p o s itio n  Ho 
i s  > 0.

S ta r t

•C alcu la te  : D ensity, 
V isco sity  (fyn & Kin

Head, i n  S im p so n s  
r u l e  s u b r o u t in e .

Read 2I1I + 1 s e ts  of 
d a ta .

Continue to 
main program.

Head j Ho. o f read ings 
-1 (HI?) & d is ta n c e  
between rdgs. (n ).

Read t e s t  Ha and 
d e ta i l s  o f co n fig u ra tio n  
Read atm ospheric temper-  
a tu r  e . and pr es sur e.

Determine i f  duct i s  
b egining to  divege. 
I f  so take  previous 
p o s itio n  as ui n l e t ”.

Read j Local width 
s t a t i c  p re ss , (£. Dyn. 
p re ss , d i s t .  from in le t  
and p o s itio n  number.

FIGURE...2 7



P lo t graph of v e l 
ag a in s t d is . from 
w all fo r  p o s itio n

C alcu la te  values o f 
Cp, Cp£ oc, £

■>VWiand s to re  in  a rray .

In te g ra te  u sing  
Simpsons subroutine 
« then re tu rn  to  main 
program and sum.

Read 1ST & H >  0 
I f  KIT = 0 tahe 
sum as f in a l  r e s u l t  
and s to re  in  a rray .

Scale axes according
to 1 x 1 value
P lo t po in ts fo r
Cp, Cp-,  ^  ,  Jfe ,  a l l  ogai a s C

d i s t  from in le t .

P r in t  in  ta b u la r  form. 
.Arrays fo r v 
w, p j x j u j (2q j t cp  t Cp,= 

, 2SV„„ 2.e/W,, U}

P o sitio n , i n l e t  B/L 
th ickness and config.

Calcs TJ, d i s t  from w all 
mom. d e fic ien cy  mass 
D eficiency, K, E , flow 
If omen turn and various 
fu n c tio n s  of above.
S to re  in  arrays then c a l l  
Simpsons' r u le  subrou tine .
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Chapter Seven.

RSraOLDS IIP. TBSTS.

V II. 1 The Test Conditions.

As mentioned in  Chapter V the  Reynolds Rumber dependence t e s t s  were

mainly ca rried  o u t fo r  one, d if fu s e r  geometry {2 d -  10°, AR •* 3, w ith  a 

t a i lp ip e  f i t t e d ) ,  and th e  Cp measured between th e  i n le t  and e x it  p lanes o f 

th e  d if fu s e r .  (For th e  e x i t  p lane a p o s itio n  ;.25 mm upstream  o f  th e  e x i t  

was u sed ). T ests on th i s  con figu ra tion  were c a rrie d  out fo r  th re e  i n l e t
4boundary th icknesses w ith  Reynolds ITumbers vary ing  from approxim ately 6 x  10 

to  4 x 1C?' . Two a d d itio n a l t e s t s  on th e  o th er geom etries were c a rr ie d  out 

subsequently. These w eret-

(a) The f i r s t  a d d itio n a l con figu ra tion  te s ted  was fo r  a f u l ly  developed flow 

in to  a  15° divergence angle d if fu s e r  o f area  r a t io  3* In  th is  t e s t  th e  Cp 

was measured a t  a p o s itio n  0. 025m in to  the  ta i lp ip e  i . e .  x t/w z = 0 .1  (where 

x t i s  the d is ta n c e  measured from th e  d if fu s e r  e x it  plane in to  th e  t a i lp ip e ) .

0>) The second was a th ick  i n le t  boundary lay er w ith a d if fu s e r  co n fig u ra tio n

o f 2 = 5° and AR = 2 w ith th e  Cp taken between the  d if fu s e r  i n l e t  and th e

d if fu s e r  e x it  'plane, (as fo r tn e  10° case).

V I I .2 Reynolds Ho. Tests R esu lts .

V II. 2.1 Thin I n le t  Boundary Layer. -

For th e  th in  I n le t  boundary lay er (2 S % ,=  0.01) i t  can be seen th a t  Cp 

i s  la rg e ly  independent o f Reynolds number in  the  reg ion  o f 2 x 10? upwards, 

bu t below th is  th e  dependence would appear to  in c rease  s l ig h t ly ,  though th e
5Cp remains w ith in  2J? from Re1 s o f  1 x 10 upwards" ( f ig u re  28). Below th is  

value  i t  i s  d i f f i c u l t  to determ ine the  e f fe c ts  due to th e  d i f f i c u l t i e s  in  

measuring th e  low flow v e lo c i t ie s  w ith a p i to t  s t a t i c  probe.

V II. 2. 2 Thick I n le t  Boundary Layer.

With a th ick e r  i n l e t  boundary layer (2^/W j ~ O.Oo, th i s  v a lu e  in c re a se s

as th e  Re. Ho. d ec rease s), the  Cp f a l l s  sharp ly  and a lso  th e re  i s  a n o tic e a b le
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in c rease  in  th e  Reynolds Number (Re) dependence fo r th is  p a r t ic u la r  flow 

cond ition . The Reynolds number dependence would appear to  become s ig n if ic a n t
5in  th e  reg ion  o f Reynolds numbers o f 2 .5  x 10 and lower ( i . e .  g re a te r  than

5
Below R e .. -  2. 5 x 10 Reynolds number dependence in c reases  sharp ly  and

5a t  a Reynolds number o f 1 x 10 the  Cp has f a l le n  by 5^, th i s  can be seen on 

f ig u re  28.

V I I .2 .3  F u lly  Developed Flow.

Fot  the  f u l ly  developed flow case a s im ila r  trend  can be seen bu t even 

more markedly than fo r  th e  two previous in l e t  cond itions, in  th a t  by Reynolds 

numbers around 1.0 x 10? the  Cp has f a l le n  by as much as 7^*

V II. 2 .4  F urther Reynolds Number T ests.

This e f fe c t  i s  shown even more in  th e  t e s t  on the 15° d if fu s e r  w ith  the 

f u l ly  developed i n l e t  flow. In  th is  t e s t  th e  Cp was 12^ lower a t  a Reynolds
5 5number o f 1 x 10 than a t  a Reynolds number o f 4*0 x 10 . An o p p o site  e f fe c t

can be senn fo r  th e  5°> AR = 2 t e s t  w ith the th ic k  in l e t  boundary la y e r , in

th a t  the  Cp f a l l s  o f f  le s s  quickly a t  low Reynolds numbers than fo r  th e  10°,

AR «* 5 co n fig u ra tio n . (Shown in  f ig u re  29) •

V I I .5*1* General Conclusions from th e  Reynolds Number Tests.

For convenience a c r i t i c a l  Reynolds number w ill  be defined  such th a t  a l l

flows w ith Reynolds numbers above th is  a re  independent ( to  v /ith in  2£>) and

conversely a l l  flow s with Reynolds irumbers below th is  a re  dependent on Re.

This c r i t i c a l  Reynolds Number should no t be confused w ith the  genera l meaning

o f c r i t i c a l  Reynolds Number.

I t  can be seen from the  graphs o f p ressu re  recovery c o e f f ic ie n t  (Cp)

ag a in s t Reynolds Number fo r  th e  th re e  d i f f e r e n t  in l e t  boundary lajyer cond itions

(fo r  a  10° d ivergence angle d i f f u s e r ) ,  shown in  f ig u re  23, th a t  th e  p o in t o f

Reynolds Number (Re) independence occurs a t  a h igher Reynolds Number as th e

boundary layer th ickens and i t  would seem reasonab le  to assume th a t  th e  e f fe c t

w ill  be as shown ex trapo la ted  in  f ig u re  28. The r e s u l t s  a lso  shown a s im ila r
21

trend  to those shown by FERRF.TT in  h is  w ater t e s t s .

The t e s t s  ca rried  out on o th er divergence angles would seem to  in d ic a te
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th a t  fo r  a  given boundary layer condition  Reynolds number independence decreases 

away from the optimum geom etrical con figu ra tion .

V II .4 D iscussion of the  R esu lts .

Rrom th e  experim ental r e s u l t s  i t  can be se-n  th a t  th e  probable reason fo r 

th e  in c rease  in  Reynolds number dependeice as th e  Reynolds number decreases 

below th e  c r i t i c a l  v a lu e , i s  due to  an in c re a se  in  th e  boundary lay er th ic k ­

ness (2<$* /w, ) .  The boundary layer w ill  grow as th e  Reynolds number i s  r e ­

duced, shown in. f ig u re  Jl* A s im ila r  e f fe c t  can be sem  fo r  th e  momentum 

th ick n ess  (20/w^) and to  a much le s s e r  ex ten t fo r. th e  shape fa c to r  (H), (shown

in  f ig u re  3l)» I t  is-, th e re fo re  apparent th a t  as Reynolds number decreases
«

th e  boundary lay e r th ickens and Cp f a l l s .

This i s  due to  th e  red u c tio n  in  the  momentum of th e  boundary lay e r which 

decreases i t s  a b i l i t y  to flow ag a in s t th e  adverse p ressu re  g rad ien t in  th e  

d if fu s e r ,  th e re fo re  causing increased d is to r t io n  of the  boundary lay e r v e lo c ity  

p ro f i le  and a red u c tio n  in  the Cp o f the d if fu s e r  (shown in  f ig u re s  28 and 29)*

' The d is to r t io n  of the  v e lo c ity  p ro f i le  w ill  a lso  reduce th e  e ffec tiv e n e ss  of 

th e 'd i f fu s e r ,  (shown in  f ig u re  30)»

These te s t s  show th a t  performance i s  never independent o f Reynolds number 

•although the dependency i s  markedly le s s  s ig n if ic a n t  as th e  Reynolds number 

in c reases .

I t  a lso  shows th a t th e  i n l e t  boundary lay e r th ic ln e s s , and th e  geom etrical 

co n figu ra tion  of th e  d if fu s e r - a f fe c t  the  ex ten t of the  Reynolds number depen­

dence. Therefore i t  can be concluded th a t fo r Reynolds numbers x 10^ 

th e  e f fe c t  of Reynolds number dependence on any o f th e  te s te d  co n fig u ra tio n s  

i s  le s s  than IfS. However th e  te s t s  would seem to  in d ic a te  th a t  a  more adverse 

cond ition , such as a very high divergence angle, map in c rease  th e  Reynolds 

number dependence to even higher values o f Reynolds number.

I t  was th e re fo re  assumed fo r th e  g e ie ra l d if fu s e r  te s t in g ,  d iscussed  in  

chapter V III, th a t  i f  £he in le t  Reynolds numbers'were kept above 5,0 x 10-'

th e  Reynolds number e f fe c ts  would be n e g lig ib le . However th e  work d id  show
i

th a t  Reynolds number e f fe c ts  above 2.0 x 10 ̂  a re  ncjt as n e g lig ib le  a.s many



workers in  th is  f ie ld  have assumed.



Chanter E ig h t.

DISCUSSIOIT OF THE EXPEP.IlEliTAL RESULTS.

Y III. 1 General O bservations from the  Plenum Discharge TTbrk.

Chapter I  shows th a t  previous workers seem to  show th a t  th e  p ressu re  

recovery  c o e f f ic ie n t  (Cp) should be a t  a maximum fo r  an a rea  r a t io  o f approx­

im ately  3*0 and a d ivergence angle o f 7°« Tibereas the optimum e ffec tiv en ess  

(''O  occurs a t  a d ivergence angle o f 7° a lso , b u t an area  r a t io  o f  2 .0 .

The r e s u l t s  obtained during  th is  in v e s tig a tio n  in d ic a te  th a t  th e  optimum d if fu s e r  

geometry fo r  p ressu re  recovery  c o e f f ic ie n t  (Cp) and e ffe c tiv en ess  ( ^ )  occur 

w ith  a divergence angle o f 5° and a rea  r a t io  o f 3*0 fo r both param eters.

However i t  must be borne in  mind th a t  th is  in v e s tig a tio n  was c a rrie d  ou t a t  

around th e  optimum geom etries fo r  both  Cp and and f ig u re  35 shows th a t  the  

optimum p ressu re  recovery  (Cp) probably occurs in  the reg ion  of 6° to  7° depen­

ding  upon th e  th ickness o f the  in le t  boundary lay e r.

Y III. 2 ' Plenum Discharge Pi’essure Recovery C o effic ien t. (Cp).

YTII.'’2 .1 Thin I n le t  Boundary Layer.

Closer examination o f the  r e s u l t s  in d ic a te  th a t  though d is to r t io n  o f the 

boundary lay er i s  low fo r  th e  5° divergence angle d if fu s e r  of AR = 3*0, th e  

boundary layer th ickness i s  becoming very la rg e , caused by th e  long w all len g th  

and th e  adverse p ressu re  g rad ien t Therefore any fu r th e r  in c re a se  in

a rea  r a t io  (AR) w il l  be u n lik e ly  to have any e f fe c t  fo r th e  case o f a th in  

i n l e t  boundary lay e r a t  in le t  to the  d if fu s e r .  The p ressu re  recovery  coeff­

ic ie n t  (Cp) fo r  a  5° included angle d if fu s e r  can be seen to  be a t  i t s  optimum 

fo r an a rea  r a t ip  o f 3*0. . • .

Examination of the  10° divergence angle, AR « 5,0 d if fu s e r  r e s u l t s  show 

th a t  th e  d is to r t io n  o f th e  boundary la y e r , shown by the  shape fa c to r  (H), i s  

n o t s u f f ic ie n t ly  la rg e  to cause sep ara tio n  of th e  boundary lay er from th e  w all 

and th e  boundary layer th ickness a t  th e  e x it p lane of the  d if fu s e r  (2 <5*/w^) 

in d ic a te s  th a t  fu r th e r  d iffu s io n  may be p o ssib le  w ithout inducing sep a ra tio n
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o r in c reas in g  the  boundary layer th ickness to  such a value  th a t  i t  would e ith e r

promote sep ara tio n  or reduce the  recovery  (shown in  f ig u re  35)* Therefore 
a h igher p ressu re  recovery  c o e f f ic ie n t could probably be a tta in e d  by u s in g  an

a rea  r a t io  o f 4 .0 .

For th e  15° divergence angle d if fu s e r  i t  can be seen th a t  a fu r th e r

in c rease^ in  th e  a rea  r a t io  (AR) should a lso  in crease  th e  p ressu re  recovery

c o e f f ic ie n t ,  though probably le s s  than fo r  th e  10° d if fu s e r  s in ce  th e .ad v erse

p ressu re  g rad ien t b p /  bx  i s  very  severe and s l ig h t  th ick en in g  o f th e  boundary

lay er to g e th e r w ith increased d is to r t io n  may induce sep ara tio n  o f the  boundary

la y e r . Thus i t  can be. concluded th a t  th e  r e s u l ts  a re  probably m isleading, in

th a t  th e  optimum area  r a t io  fo r peak p ressu re  recovery (Cp) fo r  a 5° d iv erg e ice
\

angle d if fu s e r  i s  3*0. Any fu r th e r  in c rease  in  AR would cause th e  boundary 

lay e r th ickness to  become so la rg e  th a t  i t  would make fu r th e r  improvement 

u n lik e ly . However, in  th e  cases of the  10° ‘ana 13° divergence ang le  d i f fu s e r s ,
I "

th e  boundary lay er th ickness i s  s u f f ic ie n t ly  small to allow  a fu r th e r  in c rease  

in  th e  a rea  r a t io  (AR). Also s in ce  the shape’fac to r  (H) i s  f a i r l y  sm all the 

boundary lay er could s t i l l  w ithstand a fu r th e r  lo ss  o f momentum. Therefore 

th e  optimum geometry probably l i e s  between 7° sncl 10° divergence angle  w ith
i

an area  r a t io  (AR) o f between 3*0 and 4*P> which is .  in  agreement w ith  many 

previous workers.

V III. 2 .2  Thickening o f th e  I n le t  Boundary Layer. .

Any in crease  in  the  in le t'b o u n d ary  lay er th ickness has a severe  e f fe c t  on 

th e  p ressu re  recovery  o f th e  d if fu s e r  (Cp), shown in  f ig u re  33 (though i t  i s  

le s s  marked with th e  5° d i f lu s e r ) .  This i s  because th e re  i s  le s s  forward 

momentum in  th e  boundary layer and a lso  th e  r a t e  o f entrainm ent o f momentum 

in to  th e  boundary layer i s  lower w ith the  th ick e r in l e t  boundary lay e r. Thus 

the  d is to r t io n  of the  boundary lay e r when flow ing ag a in s t an adverse p ressu re  

g ra d ie n t ( b p / b x )  i s  more severe, and th e re fo re  sm aller p ressu re  g rad ie n ts  

g ive b e t te r  p ressu re  recovery in  the  d if fu s e r .  F igure 35 shows th a t  fo r  flow 

w ith  a “ th ic k ” i n l e t  boundary layer (2<S*/w = . 06) flo w in g lin  a  d i f fu s e r  w ith 

an area  r a t io  (AR) of the  boundary lay e r w ill  sep a ra te  from th e  d if fu s e r
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•pall when th e  divergence angle i s  "between 10° and 15°. However, f u l ly  devel­

oped flow a t  the  i n l e t  (2 $>*/w  ̂ = O .l i)  i s  more s ta b le  w ith in  th e  d if fu s e r

than th e  th ick  boundary lay e r. F igure 35 a lso  shows th a t  fo r  th i s  f u l ly  

developed in le t  flow  case th e re  i s  a red u c tio n  in  th e  d is to r t io n  o f th e  boundary 

la y e r  as th e  d ivergence angle i s  increased  above 10°, (as defined  by the  shape 

fa c to r  (H )). This i s  due to  th e  lower p ressu re  recovery  and th e re fo re  a 

sm aller adverse p ressu re  g ra d io it .  This phenomenon is -d isc u sse d  more f u l ly  in  

paragraph V I I I .5*

Therefore i t  can be g en era lly  concluded th a t any in c re a se  in  th e  d iffu s e r

i n l e t  boundary lay e r th ickness w ill  reduce the p ressu re  recovery  c o e f f ic ie n t

(Cp) and reduces th e  a b i l i ty  o f the  boundary layer to flow ag a in s t an adverse
\

p ressu re  g rad ien t (op  /fex) due to  i t s  lack  o f momentum, thus in c re a s in g  the
It ‘

d is to r t io n  and th e  lik e lih o o d  o f sep ara tio n  or s t a l l  w ith in  th e  d if fu s e r .

This red u c tio n  in  ‘Cp’ w ith the  boundary lay er th ic h ie s s  can be  seen in  f ig u re  .
I ’

36.

V I I I .3 Plenum Discharge E ffec tiv en ess

T i l l . 3*1 Thin I n le t  Boundary Layer. •

I t  must be noted th a t  e ffec tiv en ess  i s  u su a lly  only o f secondary im portance
i

th e  im portant param eter being  g en era lly  th e  p ressu re  recovery  c o e f f ic ie n t  (Cp); 

which g ives an in d ic a tio n  o f th e  e ffic ien cy  o f the  d iffu ser, in  converting  the 

i n l e t  k in e t ic  energy in to  a p ressu re  r i s e  a t  th e  d if fu s e r  e x it .  The e f fe c tiv e  

ness ( ^ )  i s  used to give a measure o f th e  p roportion  o f 't h e  k in e t ic  energy 

red u c tio n  o ccu rring  w ith in  the d if fu s e r  which.can be. accounted fo r  by th e  s t a t i c  

p ressu re  in c rease . However a term such as e ff ic ien cy  fo r  th is  param eter, 

even when co rrec ted  fo r  energy d e f ic ie n c ie s , would be m islead ing  th e re fo re  

e ffec tiv en ess  i s  used to  denote th is  param eter. This preven ts problems 

occuring  from th e  u se  of a h igh ly  e f fe c tiv e  d if fu s e r  ( " e f f ic ie n t" )  w ith  low 

p ressu re  recovery when a high p ressu re  recovery i s  req u ired .

For a th in  in le t  boundary layer th e  e ffec tiv en ess  of the  d if fu s e r  can be 

seen in  f ig u re  37 to  be a t  a maximum w ith  a d if fu s e r  divergence angle  o f 15°? 

and an /-R « J ,0 , This again i s  con trary  to  th e  findings- o f Gibson'*’ .



However Gibson used a ta i lp ip e  p ressu re  tapping  to  measure h is  p ressu re  

recovery , th is  alone would give q u ite  a la rg e  discrepancy ag a in s t plenum d is ­

charge work. The reason  fo r  th is  i s  in  th e  use o f th e  expression fo r  e f fe c t­

iveness based on mass c o n tin u ity .w ith in  the  d if fu s e r  (■*£,“ C p /(l -  l/feR2-.)).

The u s e o f  th is -e x p re ss io n  only g ives a tru e  estim ation  o f th e  * energy e f fe c t­

iveness* o f a d if fu s e r  i f  th e  in le t  and o u t le t  v e lo c ity  p r o f i le s  a re  id e n tic a l .  

Therefore as th e  d is to r t io n  a t  the d if fu s e r  e x it  p lane in c re a s e s ,th e  k in e tic  

energy based on th e  mass c o n tiu ity  ( i  ) in c reasin g ly  underestim ates th e  

a c tu a l e x it k in e t ic  energy ( J J  dw) and fo r  c e r ta in  con d itio n s  th e  e rro r  

can be in  excess o f 10^,' (shown in  f ig u re  57)* The ad d itio n  o f a ta i lp ip e  

w ill  recover some o f th is  energy ’deficiency* incUjTrea from th e  u se  o f th e  

c o n tin u ity  expression by reducing  th e  d is to r t io n  o f th e  v e lo c i ty  p ro f i le  ( d is ­

cussed i n  paragraph. V III. 4) > thus as in  Gibson* s case o v erestim atin g  th e  

plenum d ischarge e ffe c tiv en ess . YThen the  e ffe c tiv en e ss  i s  co rrec ted  fo r  th is  

energy d e fic ien cy  by u s in g  the  k in e t ic  energy co rrec tio n  fa c to r  ex , th e  e f f e c t ­

iveness %  ) w il l  in c rease  considerably . The u se  o f th i s  co rrec ted  v a lu e  o f

e ffe c tiv en e ss  (>tf ) i s  shown in  f ig u re  37 and i t  can be seen th a t  th i s  ’ true*
E

effec tiv e n ess  H , )  i s  higjher than th e  norm ally used e ffe c tiv e n e ss  { % ) •-- E
The e f fe c t  i s  most marked fo r  the  h igh ly  d is to r te d  p ro f i le s  i . e .  AR » 3.0>

2<j> -  10°, 15°. The 15° divergence angle d if fu s e r  w ith an a rea  r a t io  o f 3*0 

in creases  in  e ff  ec tiveness from 0.95 fo r  ^  to  0.97 fo r  an in c re a se  of 

approxim ately 2̂ >. However th e  optimum area  ra tio -rem a in s  a t  3«0, &n  ̂ no t 2.0 

as found by many previous workers, a lso  th e  divergence angle o f 15° can be seen 

.to be the optimum geometry fo r  peak e ffec tiv en ess . ■

V III . 5*2. Thickening o f th e  I n le t  Boundary Layer.

I f  a th ic k e r  boundary lay e r i s  p resen t a t  the  i n l e t  -to th e  d if fu s e r  d i s ­

to r t io n  o f the boundary lay er in-creases, shown by an in c rease  in  th e  shape 

fa c to r  (h ). The f ig u re  37 shows the  peak e ffec tiv en ess  - ( ^ )  to  occur w ith  a  

d if fu s e r  area r a t io  (AR) o f p.O, s im ila r  to the th in  i n l e t  boundary lay e r con­

d it io n . The divergence angle o f th e  d if fu s e r  fo r  th is  optiiium va lu e  o f . 

e ffec tiv en ess  ( i s  reduced to a va lue  0f  5° ^  f ig u re  37 in d ic a te s  th a t
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th e  divergence angle fo r  peak e ffec tiv en ess  may be even sm aller..

The use o f the  energy corrected  e ffec tiv n e ss  (4̂ )  changes th is  s itu a tio n

e n tire ly  and the optimum geometry o f th e  d if fu s e r  i s  changed to 15° divergence

angle and a rea  r a t io  o f. 2 .0 . This i s  im portant s ince  i t  can be 'seen  th a t  i f

a  ta i lp ip e  i s  to be included in  the  system, as in  Gibson1 s work, then some of

th is  energy may be recovered in  the ta i lp ip e  as a s t a t i c  p ressu re  r i s e  and thus

th e  Cp and A4 ( ta i lp ip e  values) would be l ik e ly  to in c rease  above th e  d if fu s e r  
1/

plenum dishcarge v a lu es . The use o f the energy corrected  e ffe c tiv e n e ss  gives 

th e  same optimum geom etries fo r  both th in  and th ick  i n l e t  boundary lay e r th ick ­

nesses. The e f fe c t  of a fu r th e r  in crease  o f the  in le t  boundary lay er th ickness 

to a f u l ly  developed flow condition  a t  the in l e t  can be seen in  f ig u re  37? to 

g ive optimum values ofvi^and 4^  a t  th e  same area  r a t io  i . e .  2 .0 . Also, th e  

divergence angle req u ired  fo r  th e  peak e ffec tiv en ess  ( ^ )  i s  s im ila r  to th a t  

fo r  a th ick  in le t  boundary lay er, th a t  i s  5° or le s s .  However fo r  th e  optimum 

t/<£ the  divergence angle i s  again 15°. .

These a re  im portant design po in ts  s ince  the use of optimum plenum d ischarge  

e ffec tiv en ess  to  design a d i f f u s e r / ta i lp ip e  system would in d ic a te  th e  use of 

the  wrong divergence angle fo r the system.

V III . 4 D iscussion o f T a ilp ip e  Addition.

V I I I .4*1 Comparison w ith Plenum Discharge.

F igure 38 shows th a t  w ith a  th in  boundary layer a t  the  i n l e t  (2 

JOOI) th e re  i s  a red u c tio n  in  p ressu re  recovery c o e f f ic ie n t  (Cp) a t  th e  d if fu s e r  

e x it plane fo r  th e  d i f f u s e r / ta i lp ip e  combination when compared w ith  th e  plenum 

d ischarge case. However, fo r  th ick  i n l e t  boundary lay e rs  and f u l ly  developed 

in le t  flows the  values o f p ressu re  recovery  c o e f f ic ie n t (Cp) fo r plenum d is ­

and fo r ta i lp ip e  d ischarge a t  the  d if fu s e r  e x it plane a re  th e  same, w ith in  

experim ental e r ro r , fo r  a l l  except the  15° divergence ang le , T h is e r ro r , however,, 

can be explained. In  both th ese  ca-ses the  d if fu s e rs  have s ta l le d ,  bu t in  the  

plenum d ischarge case the flow s ta l le d  much e a r l ie r  w ith in  the  d if fu s e r  than 

i t  did in  the  d i f f u s e r / ta i lp ip e  co n fig u ra tio n . Thus in d ic a tin g  th a t  fo r  non-

1
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optimum cond itions th e re  i s  an e f fe c t tran sm itted  in to  the  d if fu s e r  from the 

ta i lp ip e  ad d itio n . Comparison o f the f ig u re s  34 j 35, 39 and 40 show th a t  the 

shape fa c to r  *H! a t  th e  d if fu s e r  e x it  p lane fo r  both  ta i lp ip e  d ischarge and 

.plenum d ischarge a re  the same, w ith in  experim ental e rro r , and th a t  the boundary 

lay e r th icknesses (2 S*/w ^)at th e e x it  p lane have a h±ga degree o f s im ila r i ty  

fo r  th e  two d ischarge cases'. This in d ic a te s  th a t  th e  ta i lp ip e  has an almost 

n e g lig ib le  e f fe c t  on th e  flow w ith in  the  d if fu s e r  (except a t  th e  l im it  o f the  

flow  s ta b i l i t y  i . e .  sep ara tio n  or s t a l l ) .  However f ig u re  33 would se^-n to 

c o n tra d ic t th is  statem ent fo r  the  case o f a th in  i n l e t  boundary la y e r .

In d ica ted  by a f a l l  in  p ressu re  recovery  w ithin  th e  d if fu s in g  sec tio n  when a 

ta i lp ip e  i s  f i t t e d .

R esu lts  taken ju s t  in s id e  the d if fu s e r  ( th a t  i s ,  a t  a p o s itio n  25mm up­

stream  of the d if fu s e r  e x it  plane) v/ith a th in  in le t  boundary lay e r (shown in

f ig u re  41) show th a t  fo r  an a rea  r a t io  o f 3 th e re  is  a very  good agreement

between the plenum and ta i lp ip e  d ischarge values o f p ressu re  recovery  c o e f f i-

cient(C p) w ithin  Vp and fo r  an area r a t io  o f 2.0 the  agreement i s  w ith in  2p 
1 *’ oexcept fo r  th e  5 divergence angle d if fu s e r . This shows th a t  th e  ta i lp ip e  

has a n e g lig ib le  e f fe c t  on the  flow  w ith in  th e  d if fu s e r  even fo r  a th in  i n l e t  

boundary layer a t  the  in l e t  to th e  d if fu s e r .  I t  i s  only with- e. th in  i n l e t

boundary, layer and low area  r a t io s  th a t th e re  i s  any app rec iab le  p ressu re  r e  -

covery !on’ or sh o rtly  a f te r  the d if fu s e r  e x it p lane fo r  a plenum d ischarge  

(shown in  f ig u re  42). This in d ic a te s  th a t 'th e  sudden expansion occuring  a t  

th e  e x it  plane d if fu s e s  upstream a f fe c tin g  the  flow w ithin  th e  d if fu s e r  s l ig h t ly ,  

th e re fo re  th e  in c lu sio n  of a ta i lp ip e  w ill degrade the performance fo r  th is  con­

d itio n .

For ta i lp ip e  d ischarge, • f ig u re  43 shows th a t  w ithin  the  t a i lp ip e  th e re

i s  a considerab le  p ressu re  recovery  fo r  a l l  boundary layer th ick n esses  a t  th e

in le t ,  and a l l  geom etries except fo r  th e  small divergence angles w ith a low

area  r a t io  (AR = 2 ,0 ). This i s  due to the  very small d is to r t io n  o f the

boundary lay er and th e re fo re  w all f r ic t io n a l  lo sse s  in  th e  ta i lp ip e  o f f s e t
. i

any s lig h t  in c rease  in  pi'essure recovery. I t  can a^so be seen th a t  fo r
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th e  th ic k  and f u l ly  developed flows an improvement in  -the p ressu re  recovery 

c o e f f ic ie n t  (Cp) i s  of th e  order o f 5^ fo r a 5° divergence angle d if fu s e r ,

Qfi fo r  a  10° d if fu s e r  and 10^ fo r a  15° d if fu s e r .  This could, however, 

in c re a se  up to  20^ fo r  a 15° divergence angle d if fu s e r  w ith an a rea  r a t io  of 

5 .0  and a  fu lly 'd ev e lo p ed  .flow a t  th e  in le t .

V H I.4 .2  P ressu re  Recovery C o effic ien t (Cp).

I t  has been shown th a t  only in  the  Case o f a th in  i n l e t  boundary lay e r ■ 

flow ing in to  a small a rea  r a t io  (AR = 2.0) and a 'sm a ll 'd iv e rg en ce  angle 

(2j/ = 5°) d if fu s e r  i s  th e re  no in crease  in  th e  p ressu re  recovery  c o e f f ic ie n t  

by inc lud ing  a ta i lp ip e .  This i s  due to  th e  very  low d is to r t io n  of th e  v e lo ­

c i ty  p ro f i le  w ith in  th e  d if fu s e r ,  shown by the  lov  shape fa c to r  (H = 1.6) 

coupled w ith the  th in  boundary layer a t  th e  d if fh s e r  e x it  (2 <S*/w2 = .1 1 ). 

However fo r  a l l .  th e  o th e r con figu ra tions te s te d  th e re  i s  an in c rease  in  th e  

p ressu re  recovery  c o e f f ic ie n t (Cp) by u sin g  a 'ta i lp ip e .  The in c rease  in  Cp^

= ta i lp ip e  recovery) to th e  plenum d ischarge f ig u re  can be seen to be
1

very marked fo r th ic k  and f u l ly  developed i n l e t  boundary la y e rs , e sp e c ia lly  

w ith high area  r a t io s  and w ith divergence angles above 10°; fo r  example f ig u re  

44 shows th a t  th e re  i s  a  yyfj in c rease  fo r  a 15° divergence angle d i f fu s e r ,  w ith  

an a rea  r a t io  of y ,0  and a th ic k  i n le t  boundary la y e r . This reduces to a  V%o 

in c rease  fo r  a 10° divergence angle d if fu s e r  and an a rea  r a t io  o f w ith  a  

th ic k  or f u l ly  developed flow a t  th e  i n l e t .  . v. •

V III. 4 o  P o sitio n  of the  Maximum Recovery.' ; '

As th e  boundary lay er a t  th e  i n l e t  th ickens then th e  p o s itio n  o f  th e  

•maximum p ressu re  recovery in  the ta i lp ip e  moves downstream ( th i s  i s  shown in  

f ig u re  45)* ' Also as th e  d is to r t io n  o f the boundary lay e r w ith in  th e  d if fu s e r  

in c reases  then th e  p o s itio n  o f th e  peak recovery a lso  moves downstream.

This i s  as expected s ince  as the d is to r t io n  in creases  th e  d e fic ien cy  o f  momen- • 

turn w ith in  th e  boundary layer in c reases  th e re fo re  i t  w i l l 't a k e  longer fo r  the 

tra n s fe r  o f momentum in to  the boundary layer from the  core flow  to  occur.

Another fa c to r  a f fe c tin g  th e  t ra n s fe r  of momentum from th e  core flow  to 

th e  boundary lay e r i s  th e  tn ickness o f th e  boundary lay e r a t  th e  i n l e t  to  the
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ta ilp ip e, therefore as the in le t  boundary-layer thickens for a given geometry

d if fu s e r  then the  p o s itio n  o f Cp maximum moves downstream. With a  low

divergence angle d if fu s e r  (2<j> -  5°) > a low area  r a t io  (2 .0 ) and a  th in  in l e t

boundary lay e r th e  p o s itio n  of themaxiumum recovery  in  th e  t a i lp ip e  moves so

f a r  upstream  th a t  i t  co incides w ith th e  d if fu s e r  e x it  p lane. T herefore, w ith
o oa  sm aller a rea  r a t io  th e  10 and 15 divergence angle d if fu s e r  peak reco v e rie s

. w ill  move upstream  u n t i l  a t  some small area  r a t io  they w il l  be co inc iden t w ith

th e  d if fu s in g  sec tio n  e x it  plane. At th i s  condition  th e re  i s  obviously  no 

advantage in  having a  ta ilp ip e* ,in  f a c t  a  s l ig h t  improvemoit w il l  probably be 

a tta in e d  by u sin g  a plenum d ischarge. An in te re s t in g  p o in t worth n o tin g  i s  

th e  e f fe c t  o f te rm inating  th e  ta i lp ip e  a t  th e  p o s itio n  o f maximum recovery .

This was done fo r  a 10° divergence angle d if fu s e r  of an a rea  r a t io  2.0 w ith  a 

th ick  in l e t  boundary lay e r. The values of Cpr maximum fo r  th e  whole t a i l -  

p ipe and th e  tru n c a te d 1 ta i lp ip e  a re  0 . 645j snd 0.644 re sp e c tiv e ly  which in d i-  

' ca tes  th a t  te rm in a tin g  the  ta i lp ip e  a t  th e  peak recovery  p o s itio n  has no 

m easurable e f fe c t  upon th e  p ressu re  recovery  o f the  d i f f u s e r / t a i lp ip e  con figu r­

a tio n . This i s  as expected s in ce  th e  r e s u l t s  have shown th a t  th e  t a i lp ip e  

has l i t t l e  or no e f fe c t  on the  conditions w ith in  th e  d if fu s e r ,  except a t  th e  

l im it  o f flow s ta b i l i t y ,  th e re fo re  i t  would seen reasonab le  to expect a  fu r th e r  

len g th  o f p a r a l le l  duct downstream of th e  term ination  po in t to have l i t t l e

e f fe c t  on the  cond itions a t  th e  po in t of term ination .

V III.4 » 4 Optimum P ressu re  Recovery.

I t  has been shown by the r e s u l ts  th a t  the maximum pressu re  recovery  occurs 

fo r  a  p a r t ic u la r  divergence angle and boundary layer th ick n ess  when th e  a rea  

r a t io  i s  such th a t  th e  flow a t  the d if fu s e r  e x it plane i s  d is to r te d  to  th e  l im it  

o f flow s ta b i l i t y  w ith in  the  d if fu s e r ,  (onset o f  sep a ra tio n ). This flow  con­

d it io n  w ill  e x is t  a t  th e  geometry fo r  optimum p ressu re  recovery  fo r  bo th  plenum 

and ta i lp ip e  d ischarge. The r e s u l t s  shown in  f ig u re  44 in d ic a te  th a t  th e  

optimum geom etries fo r  both d ischarge cond itions a re  co inc iden t. However . 

f ig u re  44 may not be s u f f ic ie n t ly  comprehensive to give a tru e  in d ic a tio n  o f

the  d i f f u s e r / ta i lp ip e  optimum geometry.
/ -
if
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I t  has been shown prev iously  th a t  th e  in c lu sio n  of a ta i lp ip e  has the  

e f fe c t  o f extending th e  l im it  o f flow  s t a b i l i t y  to  higher d ivergence angles 

than would be expected w ith  plenum d ischarge. Therefore th e  optimum divergence 

.angle fo r  a d i f f u s e r / ta i lp ip e  combination w ill  be higher than th a t  fo r  the  

optimum p ressu re  recovery fo r  plenum d ischarge. The optimum geometry fo r  a 

system f i t t e d  w ith  a ta i lp ip e  i s  l ik e ly  to  be in  the  reg ion  of 10° divergence 

angle w ith an a rea  r a t io  of 4*0 to  5*0. In  c o n tra s t w ith 7° pleium d is ­

charge w ith an a rea  r a t io  o f approxim ately 4»0, Both th ese  geom etries a re  

fo r  th in  i n l e t  boundary .layer conditions. This a rea  r a t io  fo r  th e  optimum 

p ressu re  recovery  w ill  reduce as th e  in le t  boundary layer th .ck e n s , th e re  may 

a lso  be a  s l ig h t  red u c tio n  in' the  diveregence angle req u ired .

V III. 4*5 E ffec tiv en ess .

I t - h a s  been mentioned several tim es during th is  chapter th a t  the  ad d itio n  

o f  a ta i lp ip e  does no t a f fe c t  th e  performance o f th e  d if fu s in g  sec tio n  s ig n i­

f ic a n t ly ,  th e re fo re  the e ffec tiv en ess  ( - t )  a t  the d if fu s e r  e x i t  p lane w il l  be 

lower than the energy co rrected  e ffec tiv en ess  ("/tfrn) due to  th e  d is to r t io n  of1 i. £j

the  boundary la y e r , th i s  can be seen in  the  expressions.

X  = Cp/(1 -  l/.AR 2 ) ----------------- 1

= Cp/Co^-o^ /.AE2 ) ------------------------------- 2

Zj
Therefore s in ce  expand 00z_are always g rea te r  than u n ity , w ith high  d is to r t io n  o f 

th e  v e lo c ity  p ro f i le  w ithin  th e  d if fu s e r  (X iw ill become la rg e  and w ill  make 

th e  expression ( ^ - C * / A K 2 ) le s s  than ( l  -  l/AR^ ) due to  th is  very  high 

Value o f . Unlike th e  plenum d ischarge case th e re  i s  a red u c tio n  in  the  

d is to r t io n  vrithin ta i lp ip e  thus th e  ^ 2 v a*ue reduces making th e  expression  

( t*i -  % / A R * )  g rea te r  than ( l  -  l/AR ^ ) . Thus .becomes le s s  than th e

value of e ffec tiv en ess  ( ^  ) shown in  f ig u re s  49g -  491* There i s  a lso  a 

general improvement in  the  e ffec tiv en ess  H ) in  the  t a i lp ip e  due to  th e  . 

improvement in  th e  v e lo c ity  p ro f i le  and p ressu re  recovery. This was t ru e  fo r  

a l l  the con figu ra tions te s te d . The reason fo r  th i s  q u ite  ap p rec iab le  increa.se 

in  the pres sure recovery  c o e f f ic ie n t and the e ffec tiv en ess  { AQ  i s  s o le ly  due
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to the improvement of th e  v e lo c ity  p ro f i le  {shown in  f ig u re  Ab) caused fey the 

re -e n e rg is in g  o f th e  boundary lay er in  the ta i lp ip e  th e re fo re  reducing  the  flow 

k in e tic  energy. This can a lso  be seen in  f ig u re s  51 snd 52 by th e  abrupt f a l l  

in  both boundary lay e r th ickness and th e  shape fa c to r  (E; on en te rin g

the ta i lp ip e .  The e f fe c t ,  however, can be seen to  be more marked w'ith th e  

g re a te r  d is to r t io n  o f the  boundary lay er w ith in  th e  d if fu s e r ,  in d ic a tin g  th a t 

th e  maximum p ressu re  recovery  w ill  occur when the  flow i s  near to  separa tion  

a t  th e  d i f f u s e r , e x it  p lane, (as  p rev iously  mentioned). Also as th e  boundary 

lay er th ickens and as d is to r t io n  in creases  then th e  crossover p o in t o f 

e ffec tiv en ess  K )  and the  energy co rrec ted  e ffec tiv en ess  (i^)moves downstream 

due to  th e  g re a te r  momentum tra n s fe r  req u ired , and fo r  th e  case o f  th e  th ick e r 

boundary lay ers  th e  momentum tra n s fe r  w ill  be much slower. Another po in t o f 

in te r e s t  can be seen when high values o f p ressu re  g rad ien t / ^ x  e x is t  as

in  th e  15° divergence angle d if fu s e r . In  th is  case th e re  i s  a secondary i n i t i a l  

crossover o a n d ^  presumably due to  th e  very high i n i t i a l  d if fu s io n  w ithout 

severe ly  d is to r t in g  the  boundary lay e r , (shown in  f ig u re  49k). I t  can be a lso  

seen ih  f ig u re s  49 g -  491 th a t  as the boundary layer a t  th e  in l e t  to  th e  d if fu s e r  

th ickens then th e  energy corrected  e ffec tiv en ess  f a l l s  more ra p id ly  in  the  

ta i lp ip e  due .to th e  increased  w all f r i c t io n  fo r  th e  th ick  boundary lay e rs  and 

f u l ly  developed flow's. This e f fe c t  i s  shown in  f ig u re  50.

V III. 5 Plow S ta b i l i ty  in  Plenum and T a ilp ip e  Discharge.

The flow 1 s t a b i l i t y ’ seams to be very  s e n s it iv e  to th e  shape fa c to r  (H) 

and boundary layer th ickness (2§* /yt ) combination. Por a th in  i n l e t  boundary 

layer th ickness and a th in  lo ca l boundary layer th ickness (2 <5/̂ 7 ) ,  th e  shape 

fa c to r  (e) can reach  a value  in  th e  reg ion  o f  5*0 befo re  any sep a ra tio n  o f th e  

boundary lay e r occurs. Eovrever fo r th ic k  i n l e t  boundary lay e r flow s and f u l ly  

developed in le t  flow s, shape fa c to rs  in  th e  reg ion  of. 2.0 to 2 .2  appear to  be 

th e  l im it  fo r  s ta b le  flow  (This i s  shown in  f ig u re  53 aud ta b le  V).

Vrhen fo r  a p a r t ic u la r  con figu ra tion  having optimum geometry, th i s  p o in t 

i s  reached, th e  boundary lay e r "thickness continues to in c rease  bu t th e  share
; ; I

fa c to r  remains constan t. This in d ic a te s  an in c rease  in  th e  r a t e  o f grovrth
i

in  th e  momentum th ick n ess , perhaps due to small amounts 6 f ’t r a n s i to r y ’ or
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1 inc ip ien t*  sep ara tio n  a t  th e  ^ a l l .  This e f fe c t  appears to  he an in d ic a tio n  

o f  imminent sep ara tio n  o f th e  boundary lay e r. F igure 54 shows a p r o f i le  fo r  

^ 10 divergence angle d if fu s e r  of a rea  r a t io  ** 2*0 at* a> p o s itio n  where th e  

shape fa c to r  (h) has reached a  value o f 2.26. The .p ro file  shows d e f in i te  . 

i n s t a b i l i t y  o f th e  boundary lay er probably due to  s l ig h t  t r a n s i t io r y  sep ara tio n  

o ccu rring . Divergence angles above th is  can be seen to  cause th e  d if fu s e r  

to  s t a l l .  However comparison o f f ig u re s  34> 35> 39> 40 and ta b le  IV show 

th a t  s t a l l  in cep tio n  in  a d if fu s e r  f i t t e d  w ith a ta i lp ip e  occurs fu r th e r  down­

stream  in  th e  d if fu s e r  (This can be seen in  ta b le  17- which g ives *H* values 

a t  th e  same p o in t fo r  a;plenum and ta i lp ip e  d isch arg e). This in d ic a te s  

th a t  th e re  i s  a s l ig h t  in te ra c tio n  between th e  ta i lp ip e  and d if fu s e r  whoi th e  

flow  i s  approaching th e  l im it  fo r  s ta b le  flow due to a  d if fu s io n  of th e  more 

s ta b le  ta i lp ip e  flow upstream . Also th ic k  i n l e t  boundary la y e rs  seem to be 

le s s  s ta b le  than f u l ly  developed flow s. This i s  a function  o f th e  lowerI *'
p ressu re  g rad ien t associa ted  w ith f u l ly  developed in le t  flow s, and can be seen 

r e f le c te d  in- th e  shape fa c to r  (h) in  f ig u re  59' 3^d the lower v a lu es o f p ressu re  

recovery  (Cp) fo r  f u l ly  developed flow s.

Another in te re s t in g  p o in t observed du ring  th e  t e s t s  was th a t  when s l ig h t
I

or t r a n s i to ry  sep ara tio n s  occurred, th e  flow separated  from th e  d iv e rg in g  w alls . 

However, when th e  d iffu s e r  ’’stalled** i t  tended to sep ara te  from th e  s id e  w all 

and 'flow  down one s id e  o f th e  d if fu s e r  only, ( th i s  phenomenon i s  i l l u s t r a t e d  

in  f ig u re  55) > th e  flow would then a f te r  several, m inutes'change over to  th e  

o th e r sidew all. The reason  fo r  the  s t a l l  o ccu rrin g  on. th e  sidew all i s  probably 

due to  th e  la rg e  divergence angle (15°) re q u ir in g  q u ite  <a co n sid e rab le  

momentum change when th e  flow s t a l l s  to follow , th e  d iv erg in g  w all whereas by 

s ta l l in g ,  from th e  sidew all th e  abrupt d ire c tio n  and th e re fo re  momentum change 

can be reduced b u t a s u f f ic ie n t  cross sec tio n  change occu rrin g  to  .reduce th e  

* d if fu s io n ’ o f th e  flow.
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TAB LB, • • . I I I

C onfiguration Cp max. P o sitio n  o f co max. Remarks
AH 2 / * /* l xt/^ 2

Thin 2 5° 
Thick 2 5° 
P.D. 2 5° 

PLENUM 
DISCHARGE

.755
• 656
0627

2.55
6.55
8.55

Thin 2 5° 
Thick 2 5° 
P.D. 2 5° 

TAILPIPE 
DISCHARGB

.700

.631
« 664

15.787
23.792
27.79

P o s itio n  moves 
downstream as 
b / l  th ickens a t  
i n l e t

Thin 3 - 5° 
Thick 5 5° 
P.D. 3 5° 

PLENUM 
DISCHARGE

.836 

.795 

.756 ‘

Thin 5 5° 
Thick 3 5° 
P.D. 3 5° 

TAILPIPE 
DISCHARGE

.845

.842

.790

49.698
45.26
45.26

8.13
6.99
6.99

P o sitio n  moves 
upstream  as b / l  
th ickens a t  i n l e t

Thin 2 10° 
Thick 2 10° 
P.D. 2 10° 

PLENUM - 
DISCHARGE

• 711
o563
.541

Thin 2 10° 
Thick 2 10° 
P.D. 2 10°

t a il pipe :-"
. DISCHARGE

.752

.645 ( . 64^
• 640

v  12.05 
0  27.34

5.75 
11c 37

P o s itio n  moves 
downstream w ith  
th ick en in g  b / l # 
F igures in  () fo r  
ta i lp ip e  tru n ca ted  
a t  max. p re ss . posn0

Thin 3 10° 
Thick 3 10° 
P.D. 3 10° 

PLENUM 
DISCHARGE.

.788

.645

.631

10.40
IO.40
11.95

--

Thin 3 10° 
Thick 3 10° 
P.D. 3 10°

TAILPIPE
DISCHARGE

»

.812

.754

.729

42.257
42.257 
46.85

P o sitio n  moves 
do wn s t r  earn wi th  
th ick en in g  i n l e t  
b / l .



TABLE.. I l l  cont. . . . .

Conf ig n r a tio n  
I n le t  , 
b / l  ^

! Cp maxo P o sitio n  c 

z/wi

>f Cp max. Renarks 

x / tt,  j

Thin 2 15° 
Thick 2 15° 
P.D. 2 15°

PLENUM
DISCHARGE

• 6SO
• 515
• 478 *

Thin 2 15° 
Thick '2 15° 
P.D. 2 15° 

TAlLrxrE 
DISCHARGE

.752 
• 647 
.622

12.159 .
24.155
24.155

4.66 
10. 66 
10.66

Cp max. moves 
upstream  w ith  
th ick en in g  
i n l e t  b / l .

Thin 3 15° 
Thick 3 15^ 
P.D. 3 15° 

PLENUM 
DISCHARGE

;761 
.595 
.552  .

Thin 5 15° 
Thick 5 15 
P.D. ^ 15° 

TAILPIPE 
DISCHARGE

.602

.795

.689

42.950
45.013
45.018

11.91
11.94
11.94

Cp max. moves 
s l ig h t ly  upstream  
as b / l  th ick en s  
Eowever longer 
t a i lp ip e  reqd. 
to  a c c u ra te ly  

. a s se ss  r e s u l t s 0
T



TABLE*. I l l  cont. . . . .

C onfiguration 
I n le t  ,
b / l  m  *4

Cp maxo P o s itio n  c 

x/wi

>f Cp max. 

x/w ,

Remarks

Thin 2 15° 
Thick 2 15° 
F.D. 2 15°

PLENUM
DISCHARGE

.680

.515

.473
\

Thin 2 15° 
Thick 2 15° 
F.D. 2 15°

U'jaiht'irxi
DISCHARGE

.752

.647

.622

12.159 .
24.155
24.155

4.66 
10.66 
10.66

Cp max. moves 
upstream  w ith  
th ick en in g  
i n l e t  b / l .

Thin 5 15°
Thick 3 15n 
F.D. 3 15 

PLENUM 
DISCHARGE

© 761
• 595 
.552 .

\

Thin J  15° 
Thick 5 15 
F.D. ^ 15° 

TAILPIPE 
DISCHARGE

.602

.795

.689

42.950
45.013
45.018

«

11.91 J
11.94 *
11.94 ■;

Cp max. moves 
.. s l ig h t ly  upstream  

as b / l  th ick en s  
However longer 
t a i lp ip e  reqd .

. to  a c c u ra te ly  
. a sse ss  re su lts ,.

\



Comparison, of param eters fo r  plenum and ta i lp ip e  discharge*

; x
»

o<p_
' •

■oc t Cpp Cpt A v
d^ep /^ e t Remarks.

Thin i n l e t  boundary 'layer 2 A i 0.01

0*812 1.103 1.096 0.748 0.684 0.924 0.936 0.928 0.949 ■5°,4H 2
ITo e f fe c t

1*700 1.181 1.178 0.832 0.831 0.941 0.963 0.947 0.973 5 ° ,AH 5
ITo e f fe c t

0.354 1.086 1.090 0.658 0.668 0.952 0.952 0.966 0.965 10 °,AR 2
27o e f fe c t

0.842 1..124 1.166 0.784 0.780 0.962 0.926 0.969 0.936 1 0 °,AR 3
27o e f fe c t

0.201 1.084 1.108 0.596 0.612 0.949 0.932 0.972 0.931 15°jAR 2
S lig h t imnrov.

0.554 1.081 L..174 0.749 0.728 0.973 0.910 0.97 6 0.931 15°,A3. 5 '
ITo e f fe c t .

Thick i n l e t  boundary lay e r 2 A x . 0.06

0.812 1.232 1.233 0.635 0.635 0.911

" # 1 JL "

0.909 0.945 0.943 5°,AR 2
ITo e f fe c t

1.700 1.284 L. 267 0.790 0.810 0.933 0.936 0.936 0.945 5°, AS 5
ITo e f fe c t

0.358 L. 219 1.245 0.536 0.520 0.377 0.865 0.954 0.954 1 0 °,AR 2
( H .. 1.942 2.013 ) No e f fe c t
0.843 1.292 1.329 O.640 0.645 0.880 0.869 0.932 O.925 10°,AR 3
( H.. 1.’958 2.056 ) S lig h tly  Tvorse

1 I. fo r  t a i l p .  d is
0. 201 1.219 1.306 0.463 0.472 0.867 0.818 0.972 0.957 1 5 °,AR 2
( H.. 2.056 2.33 ) B e tte r  p r o f i le

fo r  t a i l .  d is .
0.554 5.0 1.76 0.556 0.650 0.652 0.738 . - - 15 °,AR 3
( H.. 5.9 2.05 ) IToticable

improvenent
fo r  t a i lp ip e

• d isch a rg e .

p Plenum d ischarge value

t  T a ilp ip e  d ischarge va lue  
ep Energy co rrec ted  plenun value

e t Energy co rrec ted  ta i lp ip e  value



TABLE V

HIGH SHAPE FACTOR STABILITY VALUES AT DIFFUSER EXIT OR 
STATION PRIOR TO STALL, FOR PLENUM AND TAILPIPE DISCHARGE

*2<j> AR. 2 5 % / V4 . . COMMENTS

.15° 2 0.032 2.32 1.03 very s ta b le

15° - 2 0.173 2.03 1.22 s l ig h t ly
unstab le

10° 2 0.190 2.01 1.25 s l ig h t ly
u nstab le

10° 3- ' 0.182 1.96 1.22 s ta b le

10° . 3 0 . 2^ 1.96 1.29 s ta b le

10° 3 . • 0.33 2.12 1.^26 s ta b le

15 3 - 0.37 3.90 1.92^ sep ara tio n

15 3 • 66 10 3 .8^ s t a l l

15 3 0 .2  66 1.93 1.*fO unstab le

10 3
OO• 2.02 1.2*t s ta b le

10 3 .250 2.06 1*33 s ta b le

10 * 3:.. .37*+ 2.277 1.53 unstab le

15 3 . 17^ . 2.03 1.763 s ta b le
( s t a l l  a t 
next s ta t io n .

15 3 .^07 2.10 1.39 * u nstab le

10 3 .251 2.01, 1.31 s ta b le
t



VIII.6. Mass Continuity Check

To check th e  accuracy o f th e  r e s u l t s  obtained a mass flow co n tin u ity  

check can be c a rr ie d  out. along ih e -d if fu s in g  and ta i lp ip e  se c tio n s . 

An example is  shown in  ta b le  Y(a) fo r  a 5° divergence an g le ,

AH = 2 . 0 ,  d if fu s e r  and ta i lp ip e  w ith v arious i n l e t  boundary lay e r  

th ick n esses .

I t  can be seen fo r  th e  th in  in le t  boundary la y e r  co n d itio n  th a t  the  

e rro r  in  the  mass flew  co n tin u ity  i s  very low e sp e c ia lly  w ith in  the  

d iffu s in g  sec tio n  ( le ss  than  0 .3 $ ), and i t  i s  not u n t i l  approxim­

a te ly  10 d if fu s e r  o u t le t  widths (X /e^=30) th a t  th e  e r ro r  exceeds 

th e  experim ental u n c e r ta in ty . However, fo r  the  th ick e r in le t  

boundary la y e r  cond itions th e  e rro r  i s  g re a te r  than  th a t  which 

would be expected from experim ental u n ce rta in ty  w ith in  3 in l e t  

widths in to  the  d if fu s e r  (X/W  ̂ = 3 )

The reason  fo r th is  e rro r  i s  th e  growth o f the  boundary la y e r  on 

th e  s idew alls  i . e .  th e  non-diverging w a lls . This has th e  e f f e c t  

of in creasin g  the  c e n tre lin e  v e lo c ity  due to  the  red u c tio n  in  mass 

flow in  th i s  boundary la y e r . This can be seen in  th e  th in  in l e t  

boundary lay e r case a t  th e  very end o f th e  t a i lp ip e } approxim ately 

18 d if fu s e r  e x it diam eters downstream. However, fo r  th e  th ic k  

in le t  boundary la y e r  the  e f fe c t  can be seen to  be in c re a s in g  in  

magnitude down the  whole system.which would be c o n s is te n t w ith  

a growing sidew all boundary la y e r .  The f u l ly  developed flow 

ex h ib its  even la rg e r  e rro rs  w ith in  th e  d if fu s e r  which again  in d ic ­

a te  th a t  th e  e rro r, i s  due to  th e  th icken ing  s idew all boundary 

la y e r e However the  sidew all boundary lay e r appears to  be s u f f ic ­

ie n t ly  la rg e  th a t  d is to r t io n  o f th is  boundary lay er occurs w ith in  

th e  d if fu s e r ; which l a t e r  recovers in  th e  ta i lp ip e  which is



U8(b)

in d ica ted  by a reduction  in  e rro r  in  th e  t a i lp ip e  as th e  boundary 

la y e r  reco v ers . This d is to r t io n  can a lso  be seen to  a le s s e r  

ex ten t fo r  th e  th ic k  i n l e t  boundary lay e r case by th e  s l ig h t  red ­

u c tio n  in  e rro r  ea rly  in  th e  t a i lp ip e .

•S t ;- - ' r r o w s s r  r-r •'



MASS FLOW CONTINUITY CHECK 

5° divergence ang le , AR- = 2, ta i lp ip e  d ischarge.

j ■
1 . '

-- . • . . ' 
Mass Flow/metre "breadth (kg /s)

j X/V71
Thin
in le t
B /l

Mass
Flow
e rro r

%

Thick
In le t
B /l

Mass
Flow
Error

%

F ully
Dev.
I n le t
Flow

Mass
Flow
E rro r
c f/■’

■ ' - 
D iffusing  S ection

0 . 0 ; 7.715 0 . 0 6.81+8 0 . 0 6.830 0 . 0

1 2.66 7.681+ -0.1+ 7.039 4-2.80 7.083 4-3.70
6.66 7.71+0 +0.27 7.219 4-5.00 7.269 +6.1+0

1 0 .6 6 7.250 +0.13 7.239 4-5.70 7.1+96 4-9.70

T a ilp ip e  Section

11.78 7.220 4-5 . 1+0 I

15.78 7.731* +0 . 2!+ 7.278 4-6.30  J 7.1+30 48.70

19.81+ 7.751* 40.5

23.79 7.351+ 4-7.1+0

31.78 7.8lt 4-1.7 7.278 46.50

1+6.87 7.906 4-2.5 7.391 4-7.90 7.296 46.80

•St



Chapter ITine.

PREDIOTIOI7 OF BOTTIDIRY LAYER P2TD P1EP0RMAM1E PARATTIP.S.

,IX*1.1 The T h eo re tica l P red ic tio n .

The o b je c tiv e  o f th e  th e o re t ic a l  approach developed by P e r r e t t ^  

was to  p re d ic t .the boundary growth w ith in  th e  d if fu s e r  and ta i lp ip e  and thus 

determ ine th e  flow param eters Cp, E, and 6 along the d i f f u s e r / t a i lp ip e  system. 

This method o f th e o re t ic a l  approach re q u ire s  to be te s te d  a g a in s t ex tensive 

d a ta  on the growth o f a c tu a l boundary layer param eters w ith in  such a  system 

to  determ ine th e  v a l id i ty  o f the  assumptions made in  p re d ic tin g  th e  developing 

boundary lay e r.

During th is  in v e s tig a tio n  a f a i r l y  ex tensive study was made o f th e  

developing boundary layer param eters in  a d if fu s e r  and a  d i f f u s e r / t a i lp ip e  

system, thus fu r th e r  a n a ly s is  o f th e  accuracy and the l im ita tio n s  o f the 

p red ic tio n  method developed by P e r r e t t  can be u s e fu lly  car ried  out u s in g  th is  

experim ental d a ta .

IX. 1 .2  The P red ic tio n  Method.

The th e o re t ic a l  approach developed by P e r re t t  was an in te g ra l  method to 

so lve the  boundary layer equations. .

The momentum in te g ra l  equation fo r  a two dimensional com pressible flow 

i s  used. Head*s en tra inm eit fu n c tio n  (using  th e  com pressible form proposed 

by Green) i s  used as the  a u x ilia ry  shape fa c to r  equation and c o n tin u ity  i s  

used fo r  th e  p red ic tio n  o f the  c e n tre lin e  v e lo c ity . Greens sk in  f r i c t io n  

law i s  employed'for th e  c a lc u la tio n  o f th e  skin f r i c t io n .  Air v is c o s i ty  i s  

ca lcu la ted  from Sutherlands v is c o s ity  law and th e  s ta t i c  p ressu re  r i s e  ca lcu ­

la te d  by ap p lica tio n  of the  Ruler. equation along the cen tre  l in e  s tream lin e  o f 

th e  d i f f u s e r / ta i lp ip e  and the  p ressu re  assumed constan t across  th e  cross  

sec tio n .

IX. 1 .3  The Boundary Layer Equations used and*the Method o f S o lu tio n .

The boundary layer equations used to d esc rib e  the  developing boundary
j

lay er a re  as fo llo w s :-  j
t . . .  '

* . •



( l )  The Momentum In te g ra l  Equation fo r  a two dim ensional com pressible flow.

C f  / 2  « d a _  +  e  T-L • Cgfo ( U - ^ - M o 2 )  I  d 2 _  I
dx *• IIq dx ( l  + O-'l. Me1) 7  dsc J

(2) C ontinuity .

($) Divergence.

dw
dx

2 tan  ^

( 4) Entr ainment

e  B1 _  m  /d 3 \  _  F -  HI 0 ftto 2- !  ) . _1 .® 0  
dx Id x / 0 . J  Ho dx

(5) . Skin f i c t i o n

)  -  0 .9

Where H^p a n d C f^  a re  f l a t  p la te  v a lu e s , C f.^  i s  derived from th e  expressions 

FeCf - = (0 .0 1 2 /lo g  |0(F5  R6 ) -  0 .04) -'0 .00095-

These f iv e  d i f f e r e n t i a l  equations a re  then rearranged in to  th e  non-dim ensional
I

form o f : -  • ►

de* = e ' ( e \  mo, w' ,  h , h i)
dx . .

dHo -  M o(6', Mo, w ', H, El)
dx ' ;

dw' = w '( e ',  Ho, V ,  H, HI) ■ • •
dx .

•dH -  E (0#, Mo, w ', H, HI)
dx •

dEl -  BH(e', Mo, w1, H, HI) 
dx

Thus giv ing: -

Where Pc = ( l  -  Mo^/5),/2 and P^ -  I+O .O 56M02

Y(l) -  d'
Y(2) ~ Mo

Y(.3) -  . w'

Y(4) =  H.

i'(5) = E l '



These equations a re  then in teg ra te d  sim ultaneously u sin g  th e  Runge -  E u tta  

ro u tin e  and values o f Cp, Cpg , H, E l , 29/*/, 2S%, and Mo a re  ca lcu la ted  

continuously a^wn th e  d if fu s e r  ta i lp ip e ,  * ■

The so lu tio n  o f th ese  equations re q u ire s  th e  fo llow ing d if fu s e r  i n l e t  

d a ta  to be sp e c if ie d  in  advance*

I f "  C en tre lin e  v e lo c ity . ( Uo)

2. T ota l tem perature (T-r ) >

3. E ffe c tiv e  t o t a l  p ressu re (pTe )

4. E ffe c tiv e  s t a t i c  p ressure (p e  )

5. D iffu ser divergence (tan 4  /2 )

6. Shape fa c to r  (]±)

7. Momentum th ic la iess  ( B )

8. Measured s t a t i c  p ressu re (Po)

9. Area R atio  (jiR) 1

10. I n le t  w idth (w,)

-.4 Assumptions o f th e  Method.

1, Since th is  method o f p red ic tio n  of th e  boundary layer param eters uses both

th e  Momentum In te g ra l  Equation and an entrainm ent function  ’F’ th e  so lu tio n

assumes th a t  th e re  i s  no in te ra c tio n  bet?/een th e  boundary la y e rs  on opposing

w alls  and th a t  a p o te n tia l  core e x is ts  a t  a l l  po in ts  in  th e  d if fu s e r  ta i lp ip e

system. Therefore, i t  would be expected th a t  th is ' approach would on ly  be

accu ra te  fo r  th in  in l e t  boundary lay ers  and. small .area r a t io s  and would become

in c reas in g ly  in accu ra te  as th e  boundary lay e r’ grows in  th e  d i f f u s e r / t a i lp ip e
«

system. ' ' . . ■

2. The method assumes th a t  th e  s ta t i c  p ressu re  i s  constan t ra c ro ss  th e  duct 

c ro ss  sec tio n , which would seem a reasonab le  assumption fo r  th e  low mach no.*s 

te s te d . (lI < 0 .25)

3* That th e  v e lo c ity  components perpendicular to  th e  c e n tre lin e  a re  n e g lig ib l

4. The to ta l  tem perature i s  constant a t  a l l  lo n g itu d in a l and tra n sv e rse

s ta t io n s .  Therefore the  to ta l  tem perature i s  always equal- to  th e  i n l e t  va lu e .



5* The flow in  th e  boundary layer i s  steady, two dim ensional and always 

tu rb u le n t.

6. The normal Reynolds s t r e s s  term, in  th e  equations o f motion fo r  th e  

boundary la y e r , i s  n e g lig ib le .

IX. 2 P red ic tio n  o f the P ressu re  Recovery C o effic ien t (Cp).

IX. 2.1 ""'"The Thin .In le t  Boundary Layer.

The th e o re t ic a l  and experim ental v a lues, o f p ressu re  recovery  (Cp) a re  

compared fo r  a  th in  i n l e t  boundary la y e r , an a rea  r a t io  o f 2.0 and plenum d is ­

charge in  f ig u re  5°* There can be seen to  be a very  good c o rre la tio n  fo r  the 

d ivergence angle o f 5°? ••(within 2fo). This f ig u re  in creases  s l ig h t ly  fo r  the

10° and 15° divergence an g le-cases, ( th e  e rro r fo r  th e  15° divergence angle\
i s  10^). tfhen th e  a rea  r a t io  (AR) i s  increased  to  3*0 (shown in  f ig u re  5D th e  

e rro r  in c reases  to  155̂  to  20^ .

The ad d itio n  of a ta i lp ip e  to  th is  system does appear to improve th e  s i t ­

u a tio n  s l ig h t ly  (shown in  f ig u re  53) and fo r  an a r e a .r a t io  o f 2.0 th e  d iffe re n c e  

between th e  p red ic ted  and experim ental r e s u l t s ’ i s  w ithin  2?>, fo r  a l l  d ivergence 

angles. Eowever when th e  a rea  r a t io  i s  increased  to 3*0 ( f ig u re  59) th e  

improvement i s  only  s l ig h t ,  th e ” e rro r being  between experim oital and p red ic ted  

p ressu re  recovery f a l l s  to th e  over/under estim ation  depending upon the

divergence angle. This means th a t  th e  th e o re t ic a l ,  approach overestim ates 

th e  h igh  divergence angle cases and underestim ates the  low divergence ang le  

cases. •, ••

IX. 2.2  Thickening o f th e  I n le t  Boundary Layer.

As th e  in le t  boundary layer th ic k e n s 'th e  e rro r between p red ic ted  and 

experim ental r e s u l t s  fo r  th e  plenum d ischarge in creases  f o r  a l l  cases. For 

th e  5° divergence angle d if fu s e r ,  of a rea  r a t io  (AR) 2.0 and a rea  r a t io  3*3 

w ith  plenum d ischarge (shown in  f ig u re  60) th e  e rro r , in c reases  from -2$1 to 

-10^, though a t  th e  d if fu s e r  ex it p lane fo r  th e  area r a t io  y.O case, th e  

p red ic ted  and experim ental values a re  w ith in  2f'*. F igure 6l shows the 10° and
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15° divergence ang le, a rea  r a t io s  2 and 3 r e s u l t s  compared w ith the  th e o re tic a l

r e s u l t s .  For th e  10° divergence angle case th e  p red ic ted  values a re  in  e rro r

by up to  - 13^  fo r  th e  a rea  r a t io  2.0 case, and up to +15^ fo r  th e  a rea  r a t io

3.0 case, fo r  th e  15° d ivergence angle, a rea  r a t io  « 3*0, case the  th e o re t ic a l

p re d ic tio n  overestim ates by 4OjSf The e rro r in  th e  15° divergence angles cases

can be s u b s ta n tia l ly  explained by th e  f a i lu r e  o f the  theory  to  p re d ic t the

sep ara tio n  o f the  boundary lay er and in fa c t  s ta l l in g  o f th e  d if fu s e r  in  th e

case o f  th e  area  r a t io  3 d if fu s e r .  Therefore, as can be seen, th e  e rro r i s

much more reasonab le  fo r  the  a rea  r a t io  (IB) -  2 d if fu s e r  ( i . e .  8f?). In  the

case o f  th e  10° ^divergence angle d if fu s e r  th e  theory appears to  tak e  a mean

between th e  AR -  2 and th e  AR = 3 cases. However s in ce  th e  theory  does no t

tak e  in to  account th e  e f fe c t  of th e  downstream conditions d if fu s in g  upstream

and a f fe c tin g  th e  flow , which in  the  case o f a very sm all divergence angle

d if fu s e r  o r a ta i lp ip e  would appear to be a v a lid  assumption (as  shown in  chapter

V III ) . However th is  i s  no t th e  case when a  fu r th e r  h ig h ly  d iv e rg in g  sec tio n

i s  included. The e f fe c t  o f  the  downstream conditions a f fe c tin g  th e  lo c a l

boundary lay er i s  obviously g rea te r  fo r  th ic k  boundary lay e rs  and h igh  a rea

r a t io  and high divergence angle d if fu s e rs . In  ad d itio n  the  in te ra c t io n  between

th e  boundary la y e rs  on th e  opposing w alls w ill  in crease  as th e  boundary layer

th ick en s fu r th e r  in  th e  d if fu s e r .  This can be seen in  f ig u re  62 which shows

a  f u l ly  developed i n l e t  flow case w ith a divergence angle o f 5° aud an a rea  .

r a t i o  o f 3- The experim ental value of p ressu re  recovery  c o e f f ic ie n t  (Op) is

underestim ated as u su a l fo r th e  5° divergence angle case b u t i s  w ith in  3^  fo r

much o f th e  d if fu s e r ,  however a f te r  approxim ately the  f i r s t  3Of* o f  th e  d if fu s e r

th e  theory  f a i l s - t o  p re d ic t th e  rap id  f a l l  in  th e  values and th e  e rro r  a t

th e  e x i t  i s  an over estim ation’ by th e  theory  o f approxim ately 10;?. This trend

to  change from under estim ation  to over estim ation  as th e  in le t  boundary la y e r
. o

th ick en s i s  shown in  f ig u re  63 fo r  a  5 divergence angle d if fu s e r  o f  AR = 3*0 

w ith  th in ,  th ic k  and f u l ly  developed in l e t  boundary la y e rs . This red u c tio n



• <0 
' CM

FI
G

UR
E



• frp FOR YAHT0U3X IliLFT
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Ox tne  p red ic tio n  accuracy as tn e  i n l e t  coundary lay e r  th ickens i s  to be sxceot 

since  th e  b a s is  o f th is  th e o re tic a l approach i s  the  assumption th a t  the  opposing

bound-ry lay e rs  do no t in te ra c t  and th a t  a p o to a tia l  core e x is ts  a t  a l l  po in ts

in  th e  system. Therefore any in c rease  in  the boundary lay e r th ick n ess  a t  the

i n l e t  must in c rease  th e  e rro r o f the  p red ic tio n  method which w il l  be seen as

an over estim ation  o f the p ressu re  recovery.

.IX* 3 Shape F actor (E ;.

IX. 3*1 Thin Boundary Layer a t  I n le t .

The p red ic tio n  o f the  boundary lay e r shape fa c to r  fo r  plenum d ischarge 

w ith  a th in  in le t  boundary lay e r can be seen in  f ig u re s  64 and 65. The 

th e o re tic a l  approach can be seen to tinder estim ate  the  d is to r t io n  o f th e  boundary 

lay e r  fo r  a l l  except the  15° d if fu s e r  o f a rea  r a t io  3* However th e  general 

form o f th e  p red ic tio n  can be seen to be very  s im ila r  to the experim ental r e s ­

u l t s  and f ig u re  64 shows how fo r  small divergence angles th e  p re d ic tio n  becomes' 

in c reas in g ly  accu ra te . The sharp f a l l  in  shape fa c to r  (h) a f t e r  th e  high in l e t  

f ig u re  (caused by th e  boundary lay er t r i p  w ire) i s  accu ra te ly  p red ic ted  fo r  

the  small divergence angle d if fu s e r .  As the  divergence angle in c reases  th e  

p red ic tio n  accuracy reduces e sp ec ia lly  when the area  r a t io  a lso  i s  increased . 

However, the  p red ic tio n  method f a i l s  to p re d ic t th e  l a t e r  rap id  in c re a se  in  th e  

shape fa c to r ,  an e rro r  which increases w ith decreasing  a rea  r a t i o s ,  th e  except­

ion to th is  being shown in  f ig u re  65 fo r  th e  15° d ivergence angle  d if fu s e r  a rea  

r a t io  = 3. 0 .

I t  would th e re fo re  seem th a t  th e  p red ic tio n  method in  th e  case o f  a th in  

in l e t  boundary lay e r  e ith e r  underestim ates the  growth o f  th e  displacem ent 

th ic k n e ss  th e re fo re  the boundary lay er growth, o r overestim ates the. growth o f 

- the  momentum th ick n ess, both o f which would be seen as an over es tim atio n  o f  

p ressu re  recovery due to the in c o rre c t cen tre  l in e  v e lo c ity  c a lc u la te d ..  (This 

i s  d iscussed in  paragraph IX. 4) j This can be seen in  f ig u re  56 fo r  th e  10° 

and 15° divergence angle d if fu s e rs .

IX .3.2  The E ffec t o f Thickening th e  I n le t  Boundary. Layer.

As, th e  i n l e t  boundary lay er th ickens the p re d ic tio n  method can be seen
t

■ . . ’ ' ' V
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to  again  underestim ate  the  shape fa c to r  (f ig u re s  66 and 67) . This can be 

seen to  be g ro ss ly  underestim ated in  the  15° divergence angle case shown in  

f ig u re  67. This accounts fo r  the very  la rg e  e rro rs  in  p ressu re  recovery  

p red ic ted  fo r  th i s  case when compared to th e  a c tu a l r e s u l t s .  For both plenum 

d isch a rg e  and ta i lp ip e  d ischarge (shown in  f ig i r e  67) ,  ^  i s  so high th a t  

w ith in  3 to  4 i n l e t  widths as the  d is to r t io n  o f th e  boundary lay e r  i s  so la rg e  

causing  th e  boundary lay er to  sep ara te , and the  d if fu s e r  to  s t a l l .  The th eo r­

e t i c a l  p red ic tio n  however f a i l s  to p red ic t th is  thus g iv ing  f a r  h igher p ressu re  

re c o v e rie s  than were experienced ( 40$  h ig h er).

I t  can be seen th a t  th e  p red ic tio n  method g en era lly  underestim ates the  

boundary la y e r  d is to r t io n  fo r  a l l  the i n l e t  boundary lay e r  cond itions te s te d , 

and thus f a i l s  to p re d ic t separa tion  o f the  boundary la y e r , which i t  would 

norm ally do when the  shape fa c to r  'H1 reached 2.8.

IX .3*4 The In c lu s io n  o f a T ailp ipe.

The e f fe c t o f  th e  in c lu sio n  o f a  ta i lp ip e  on the  shape fa c to r  *2 ' i s  

p red ic ted  as can be seen in  f ig u re s  66 and 67. However the  very  rap id  recovery  

o f  th e  boundary la y e r  i s  not accu ra te ly  p red ic ted , thus exp lain ing  why a more 

ra p id  p ressu re  r i s e  occurs in  the  ta i lp ip e  a t  the  l im it  o f  flow s t a b i l i t y  

• than  i s  p red ic ted  fo r  th e  th ick  in le t  boundary lay er case. T herefore th e  

p re d ic tio n  o f  the boundary lay e r shape fa c to r  (H) i s  c lo se s t fo r  a th in  i n l e t  

boundary la y e r , e sp e c ia lly  w ith a sm all divergence angle and a rea  r a t io .

The p re d ic tio n  o f th e  shape fa c to r  fo r th i s  case i s  w ith in  2%- 4^ (shown in  

Table V I).

IX .4  Momentum Thickness P red ic tio n .

As p rev iously  suggested in  paragraph IX .3 the  underestim ation  o f th e  shape 

-fac to r i s  due to an over estim ation  o f momentum th ickness. I t  can be seen in  

f ig u re  69 th a t  in  the  ea rly  p a r t o f th e  d i f f u s e r / ta i lp ip e  system th e  c o r re la tio n  

between experim ental and p red ic ted  r e s u l t s  i s  good, however, as th e  a rea  r a t io
I/IA.

en larges th e  e rro r^ th e  th e o re tic a l  r e s u l t  in c reases . ' However w ith  low a rea  

r a t i o  d if fu s e rs  ( AR *= 2), shown in  f ig u re  70 w ith th in  in le t  boundary la y e r
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con d itio n s  th e  c o r re la t io n  i s  good, e sp ec ia lly  fo r  t h e ’5° divergence angle 

case and as described  prev iously  the  shape fa c to r  c o rre la tio n  fo r  th is  case 

i s  a lso  in  good agreement. Thus th e  boundary lay e r i s  accu ra te ly  p red icted  

fo r  th ese  cases, accounting fo r  the c lo se  agreement between th e  experiment a7 

and th e o re t ic a l  p re d ic tio n  r e s u l t s  o f th e  performance param eters fo r  these  

cases

IX. 5 Lim its fo r  A ccurate P red ic tio n  o f ' Flow and Performance Param eters.

I t  can be seen from th e  r e s u l t s  obtained th a t  fo r  low a rea  r a t io s  and low 

divergence angle d if fu s e rs ,  th a t  i s  below 15° . , th e  c o r re la t io n  betw eei the  

p red ic ted  boundary lay e r and th e  performance param eters i s  very  good fo r  a 

th in  i n l e t  boundary lay e r. For th ese  p a r t ic u la r  geom etrical co n fig u ra tio n s  

th e  agreement rem ains r e la t iv e ly  c lo se  fo r  a th ick  in l e t  boundary lay er 

( 2 0 , 0 6 )  and even fo r  th e  f u l ly  developed in l e t  flow case. Provided 

th a t  th e  divergence angle i s  kept below 10° the  c o rre la tio n  i s  q u ite  good fo r  

most boundary layer and performance param eters, even, w ithout any c o rre c tio n  

fo r  th e  In te ra c tio n  o f th e  opposing boundary la y e rs .



EXPERIMENTAL VS THEORETICAL PARAI-ETERS

20 = 5°

'PLENUM 
"AR2 ‘ Cp I. H ‘ 20/W1 '  i

X/W1 EXP 2-D TH
■
AXI.TH EXP 2D AXl EXP 2-D -JC1-TKE0EY

2.66 .367 . 350’ .571 1.47 1.47 1.60 0.019 .018 .026
6.67 .617 .613 .757 1.40 1.48 1.53 0.039 .042 .038

10.66 .748 .755 .754 1.61 1.30 1.4-1 0.069 .072 .066
ATMOS. .753

TAILPIPE
AR2 X/W EXP • 2D AX! EXP 2D . AXl EXP • 2-D AXl

2.66 .328 .325 .340 1.34 1.46 1.61 .024 .018 .026
6.67 .556 .571 .673. 1.53 1.48 1.53 .046 .042 .033

10.66 .684 .699 .671 1.59 1.30 1.41 .063 .076 .066
15.79 .700 .717 .662 1.44 1.42 1.36 .078 .095 .076
19.84 .699 -.715 .634 1.36 1.38 1.33 .079 .097 .083
31.78 .691 .708 - 1.27 1.33 — .084 .121 —

46.88 • 679 .698 — 1.25 1.30' *• .078 ' .132 —

PT /ErlTTM
AR=3 X/W EXP 2D AXl EXP 2D AXl EXP- 2-D AX I

2.66 .325 .29 .550 1.48 1.46 1.61 • .021 .018 .026
10.66 1 • 689 .59 .863 1.31 1.30 1.68 .064 .074 .120
18.32. .800 .69 .863 1.63 1.55 1.43 .102 . 144 .138
22.31 .832 .724 .863 1.69 1.57 1.41 .117 .186 .144
ATMOS. • 836 **

*
' ’AILPIPE
AR=3 X/V/ EXP 2D AXl EXP 2D AXl EXP 2-D AX!

2.66 .329 .29 .490 1.49 1.46 1. 60- .021 .018 .026
10.66 .687 .59 .783 1.36 1.30 1.73 .067 .074 .122
22.31 .831 .724 .783 1.68 1.57 1.41 .116 .186 .143
29.3 • .841 .728 .780 1.47 1.47 1.36 .126 .206 .157
40.6 ' .844 .727 .770 1.33 1.39 1.32 .116 .225 .175
49.7 .843 .726 - 1.24 '1.35 — .092 .241 —

58.7 .843 .725 1.22 1.33 -074 • 256

i!
/ *i • . * •



7 ' ' '
PLEMJK 
AP2 ■ Op , H 23/V/1

X/W1 EXP TH-2D AXT EXP 2D AXl EXP 2D AXl

0.76 .188 .204 ’ .320 1.647 1.55 1.72 .013 .009 .012
2.64 .513 .540 .674 1.654 1.53 1.92 .029 .024 .044
4.65 .658 .696 .631 1.739 1.57 1.56 .047 .044 .050
ATMOS .711

TAILP.
AR=2
X/V/1 EXP 2D AXT EXP • 2D AXl EXP 2D AXl

2.65 .519 •535 .674 . 1.65 1.54 1.94 .029 .023 .045
4.64 .668 .697 .681 1.762 1.58 1.56 | .047 .044 .050
6.0b .721 .753 .681 1.7 7 1.58 1.48 .058 .058 .054
8.04 .729 .753 .678 1.50 1.48 1 .43 ' .061 .062 .058

12.05 .732 .751 .671 1.35 1.39 1.37 .059 .071 .066
17.72 .731 .747 - 1.29 1.35 _ .062 .084 _
27.35 .727 .739 - 1.28 1.32 . — .071 .105 ..
33.78 .719 -
39.03 .714 —
42.38 .710

PLENUM
AR=3 EXP 2D AXl EXP 2D AXl EXP 2D AXl

4.65 .42 6 .688 .764 1.592 1.62 2.43 0.021 .050 .106
6.31 .693 .768 .776 1.631 1.66 1.90 .050 • .073 .120

11.06 .784 .879 .784 1.670 1.78 1.58 .076 .148 .136
ATMOS. • .788

TAILPIPE
AR=3 EXP 2D AXl EXP 2D . AXl EXP 2D AXl

2.64 .487 .587 .691 1.58 1.54 2.10 .027 .024 .052
6.31 .682 .796 .792 1.62 1.62 1.85 . .051 .064 .107

11.06 .780 .886 .797 1.80 1.73 1.54 .083 .130 .120
15.76 . .795 .897 .796 1.49 1.54 1.45 .086 .150 .128
19.76 .801 .897 .794 1.41 1.47 1.40 .097 .156 .136
31.76 .811 .896
42.26 .812 .894 >



X / i D X t T j  V J L  \ K j Q n Z a ,  J

&  = 15°

' PLENUM AR 2 • CP- H 2S/W1

X/V/1 EXP 2D AXl EXP 2-D AXl EXP 2-D AXl

0,66 .247 .270 .43 2.317 1.570 1.94 .003 -.009 .014
2.64 .596 .662 .679 1.975 1.630 1.74 .014? .029 .044
ATMOS • 680

TAILPIPE
AR=2 EXP 2D AXl EXP 2-D AXl EXP 2-D AXl
.0.66 .249 .272 .44 1.704 1.59 1.92 .Q13 .009 .014
2.64 .612 .661 .683 12.124 1.64 1.73 .041 •P31 .043
4.13 .703 .758 .687 2.282 1.65 1.34 .038 .046 .046
6.14 .724 .758 .686 1.531 1.49 1.43 .062 .032 .030
8.14 .730 .757 .683 1.381 1.43 1.403 .062 .037 .034

10.14 .731 *756 — 1.40 _ •• .060
12.14 .732 .755 - 1.287 1.38 . . .038 .066
16.14 .732 .752 — 1.38 ‘ _ .076
24.13 .729 .74 7 .1.243 1.34 • 0 0̂ .090

PLENUM
AR-3 EXP 2D AXl EXP 2-D AXl EXP 2-D AXl

• I ( 2. 92) (.044)
2.64 ' '/38O .661 SEP'N | 1.827 1.64 SEP'N .036 .030 SEP’N
4.29- . 663 .784 1.747 1.73 .043 .034
7.27 .749 .894 1.650 1.90 .032 .118
ATMOS .761

TAILPIPE
AR=3 EXP 2D AXl EXP 2-D AXl EXP 2-D AXl

(2.97) (.043)
2.64 . .360 .664 SEP'N 1.75 1.65 SEP'N .034 .031 SEP'N
4.29 .639 .788 1.74 1.73 .031 .034
7.27 .728 .889 1.81 ' 1.91 .090 .112
7.93 .744 .900 1.82 1.88 .094 .120

13.94 ‘ . • 777 .900 1.30 1.52 ’ .083 .134
19.94 .792 .899 1.25 1.43 .082 .146
27.93 .800 .898 1.24 1.35 -• .077 .162
34.42 .801 .897
38.29 .801 .896
42.95 .802 .895

i



Chat)ter Ten 

POSSIBLE EXTJTTSIONS 0? ~CRJC.

X.1 . Reynolds Rumber.

The presen t in v e s tig a tio n  has shown th a t  d if fu s e r  performance i s  no t as 

independent o f i n l e t  Re. as many workers assume. Therefore u se fu l work could 

be c a rrie d  out on th e  fo llow ing: -

( i )  The e f fe c t  o f Reynolds number on performance param eters fo r  d if fu s e rs

w ith both  plenum and ta i lp ip e  d ischarge to determ ine th e  e f fe c t  o f

ta i lp ip e  ad d itio n  on Reynolds number • depend an ce.

( i i )  The e f fe c t  o f d if fu s e r  con figu ra tion  (up to high d ivergence angles

and a rea  r a t io s )  on Reynolds number e ffe c ts .

( i i i )  The e f fe c t  o f Reynolds number on the  in le t  boundary lay e r param eters.

X.2 Boundary Layer S ta b i l i ty .

The p resen t work in d ic a te s  th a t  th e re  i s  a re la t io n s h ip  between shape 

fa c to r  and displacem ent th ickness which could be used to  d e fin e  th e  onset of

bbund&ry layer in s ta b i l i ty .  Therefore i f  work was ca rried  out w ith  vary ing

boundary layer th icknesses and shape fa c to rs  by using  more v aried  divergence 

angle d if fu s e rs  "than used in  th is  work, w ith two area  r a t io s  to check th e  

c o rre la tio n . The r e la t io n s h ip  could then be accu ra te ly  e s ta b lish e d , th is  

would g ive a much b e t te r  parameter than shape fa c to r  (h) fo r  determ ining  th e  

onset o f separa tion .

X. 5 T heore tica l P red ic tio n .

The th e o re tic a l  p red ic tio n  method te s te d  ind ica ted  th a t  w ith  la rg e  area  

r a t io s  and th icken ing  boundary lay e rs  the  boundary layer p re d ic tio n  .becomes 

in c reasin g ly  in accu ra te . t Therefore the  in c lu sio n  o f some fa c to r  to  allow  

fo r  the reduction  o f entrainm ent w ith a th icken ing  boundary lay e r could be 

u s e fu lly  employed to in crease  the  accuracy o f th is  method a t  high a rea  r a t io s  

and boundary layer th icknesses.



Chapter “Eleven 

I.AXI7 CONCLUSIONS.

XL 1 ^  The Reynolds 2'umber E ffe c ts .

The Reynolds number in v e s tig a tio n  (chap ter Y ll) shows con clu siv e ly  th a t  

Cp i s  dependent on the  i n l e t  Reynolds number fo r  a l l  Reynolds numbers.

As th e  Reynolds number decreases th e  i n l e t  boundary lay er th ick n ess , th e  mom­

entum th ick n ess , and the  shape fa c to r  (h) in c rease . Also as th e  i n l e t  boun­

dary  lay er th ick n ess  i s  increased (by th e  ad d itio n  o f a n . in le t  pipe) th e
\ •

Reynolds number dependence increases  a t  the lower Reynolds numbers, in d ic a tin g  

th e  so le  reason  fo r  th e  in c rease  in  Cp w ith in c reasin g  Reynolds number i s  due 

to  th e  red u c tio n  o f th e  in l e t  boundary layer th ick n ess, th is  i s  a lso  shown by
l

a red u c tio n  in  momentum th ic k n e ss .and shape fa.ctor.

The Reynolds number dependence in creases  as the  divergence angle in c reases  

and as the  i n l e t  boundary layer th ickness and shape fa c to r  in c rease .

However th e  experim ental r e s u l t s  in d ic a te  th a t the r e s u l t s  ar.e w ith in  Yfo fo r
5 'Reynolds numbers above 3 x 10 , though th e re  are. in d ic a tio n s  th a t  th i s  e r ro r

w il l  in c rease  fo r  d if fu s e rs  w ith divergence angles above 15°* Therefore i t

can be concluded th a t  the  e ffec ts , on performance o f Reynolds number a re  as

fo llo w s :-  * .

1. For i n l e t  Reynolds numbers above 3 x IQ'V the. performance i s  independent

o f Reynolds number. ■ * .

2. For very  high divergence angle d if fu s e rs ,  s ta l le d  d i f fu s e rs  .or d i f fu s e rs  

in  which a j e t  flow regime e x is ts  the Reynolds number dependence w il l  

in c rease  and may be s ig n if ic a n t  above 3 x 10  ̂•

3. That th e  optimum d if fu s e r  geometry i s  independent o f Reynolds number

(s in c e  as optimum co nfigu ra tion  a re  approached, then the  Re dependence 

appears to red u ce .)  V.-p ..



XI* 2 D iffu ser In v e s tig a tio n  Conclusions

XI. 2.1 The E ffec t o f th e  Boundary Layer Param eters.

X I.2 .1 .1  I n le t  Boundary Layer Thickness.

In c rease  o f th e  i n l e t  boundary layer th ickness, defined in  th is  work by 

th e  displacem eat th ickness non-dim ensionalised by d iv id in g  by the  lo ca l duct 

w idth, has a "severe e f fe c t  on the perfomance o f the  d i f 'u s e r  causing a f a l l  

in  p ressu re  recovery  and e ffec tiv en ess . This e f fe c t  i s  p a r t ic u la r ly  n o tic e ­

ab le  in  the case o f the  h igher divergence angle d if fu s e rs  (due to th e  h igher 

ap /dx  v a lu e s ) , and th e re  i s  a g en era lly  increased growth of th e  boundary 

lay e r param eters w ith the th ic k e r  i n l e t  boundary lay e rs  thus in d ic a tin g  a 

slower r a t e  o f momentum tra n s fe r .

I t  can th e re fo re  be concluded from the  r e s u l t s  o f th is  work th a t  th e  sma­

l l e r  the  in l e t  boundary lay e r th ickness th e  higher w il l  be th e  p ressu re  r e c -  f  

overy and th e  e ffe c tiv en e ss  o f th e  d if fu s e r .

XI. 2 .1 .2  E ffe c ts  of Thickening the  Boundary Layer

As $he boundary layer th ickens th e re  i s  an increased  tendency fo r  th e  

boundary layer to sep ara te , (due to th e  lower r a t e  o f momentum tr a n s f e r ) ,  

however when th e  boundary layer i s  approaching a f u l ly  developed condition  a t  

i n l e t  the p ressu re  recovery f a l l s  by up to 40 -  50p o f th a t  o f  th e  th in  in l e t  

boundary lay er case thus g iv ing  the appearance o f an* increased  s ta b ility  o f 

th e  boundary lay e r as the i n l e t  flow approaches a f u l ly  developed cond ition .

X I.2 .1 .3  Shape F acto r (h)

The in le t  shape fa c to r  fo r  the  th in  in l^ t  boundary layer was p a r t ic u la r ly  

high (due mainly to the boundary lay er t r i p  w ire).-- I t  can be seen from th e  

p ro f i le  f ig u re  lo a  th a t th e re  i s  a s l ig h t-v e lo c i ty  d e fic ien cy  on th e  ce n tre -
i'

l in e ,  however, th is  would not a f fe c t  the  performance severe ly . The d is to r t io n  

due to the t r i p  w ire, however, would reduce th e  performance, due to th e  mom­

entum d efic ien cy  o f th e  boundary la y e r , th is  was most n o tic e a b le  w ith  the  ca.se 

o f  the  high divergence angle d if fu s e rs  in  which high. p re ssu re  g rad ien ts  occur, 

and any d efic ien cy  of momentum in  th e  in l e t  boundary lay e r i s  le s s  l ik e ly  to



recover fo r  these  cases. Therefore the performance va lues fo r  the  h ig h  d iv ­

ergence angle d iffu sers  may be lower than th a t w hich‘would norm ally expected.

As th e  boundary lay e r th ickens in  th e  d iffu s e r  the a b i l i t y  o f th e  d if fu s e r  

to w ithstand fu r th e r  d iffu s io n  i s  a function  o f both the boundary lay e r th ick ­

ness and the Shape fa c to r ;  That i§ , w ith a small boundary lay e r th ickness , 

th e  flow i s  ab le  to w ithstand h ig i ly  d is to r te d  flows ( i . e .  h igh  shape fa c to r)  

whereas w ith a la rg e  boundary lay er th ickness a much sm aller shape fa c to r  

can be w ithstood befo re  separa tion  occurs. Thus i t  can be seen th a t  th e re  

i s  an im portant l in k  between th e  s t a b i l i t y  o f th e  boundary la y e r , the  d isp la c e ­

ment th ickness and the  shape f a c to r ,  th is  i s  d iscussed  more f u l ly  in  para­

graph XI. 2 .1 .6  '

XI. 2 .1 .4  Plow Unsteadir»es's.

The flow u n s tead in ess , th a t i s  th e  f lu c ftia tio n  o f  th e  s t a t i c  p ressu re  

w ith  re sp e c t to  th e  mean s t a t i c  p ressure 'w as a t  a low le v e l fo r  a l l  th is.w ork . 

However i t  was nob'cable th a t  th e  unstead iness  increased  w ith ‘th e  a rea  r a t io  

and d ivergence ang le  and was a t  a maximum a t  sep ara tio n  or onset o f s t a l l ,  

in d ic a tin g  th a t th e  sep ara tio n s  were n e ith e r  symmetric or s ta b le  cond itions.

XL.2 .1 .5  K inetic  Energy C orrection Factor-

This param eter was ca lcu la ted  fo r  th e  experim ental r e s u l t s  and th e  values 

o f p ressu re  recovery  and e ffec tiv en ess  were co rrec ted  by th e  in c lu s io n  o f 

th is  f a c to r .  '  ’ • ,

For th e  p ressu re  recovery c o e f f ic ie n t  (Cp) the  co rrec ted  v a lu e  was always 

lower, s ince  c< ^(in let value) must always* be le s s  than 1 .0 . Though th e  e rro r

between Cp and Cp_, was never very  la rg e , due to  the  sm all i n l e t  k in e t ic  energy i  •

c o rrec tio n  fa c to r  ( la rg e s t  fo r f u l ly  developed in le t  flow c o n d itio n s) .

The e f fe c t  on e ffec tiv en ess  i s  somewhat d i f f e r e n t ,  s in ce  th e  k in e t ic

energy co rrec tio n  fa c to r  (o<) o f th e  developing boundary lay e r i s  taken in to

account. I t  was seen th a t fo r  m oderately high divergence angle d if fu s e rs

( 2f/ = 15°) th e  e ffec tiv en ess  underestim ated the energy co rrec ted  value

sev ere ly  th e re fo re  in d ic a tin g  th a t when a ta i lp ip e  i s  f i t t e d ;  th e  e f f e c t iv e ­

ness  w ill  in c rease  as the d is to r t io n ,  and th e re fo re  th e  o f th e  boundary



.layer decreases. This e f fe c t  becomes more marked as th e  divergence angle and 

th e  AR increase .

G enerally i t  can be concluded th a t  th e  d is to r t io n  o f  the v e lo c ity  p r o f i le  

causing th e  d iscrepancy b e tw een ^  and^q., i s  an im portant considera tion  whei 

design ing  a f lu id  flow  system where a  ta i lp ip e  i s  f i t t e d ,  e sp e c ia lly  i f  plenum 

d ischarge d a ta  i s  used. The use o f non energy co rrected  e ffec tiv en ess  would no t 

only g ive a p e ss im is tic  assessm ent o f th e  e ffec tiv en ess  bu t may a lso  in d ic a te  

a  to ta .lly  in c o rre c t geometry fo r th e  optimum effec tiv en ess  o f the  system being  

designed.

XI. 2 .1 .6  Plow S ta b i l i ty  C r i te r ia .

The use  o f a re la t io n s h ip  between th e  k in e tic  energy co rre c tio n  fa c to r  (o c  } 

and the  displacement th ickness 2 S 7  w i s  shown to be u n re lia b le  in  p re d ic tin g  

in s t a b i l i ty  o f th e  boundary lay e r , and s im ila r  displacem ent th icknesses and 

k in e t ic  energy co rrec tio n  fa c to rs  can have to ta l ly  d if f e r e n t  flow  s ta b i l i ty .

Shape fa c to r  (h) which lias o ften  been p ostu la ted  as a c r ite ri& n fo r  flow 

s ta b i l i t y  also  does no t d efin e  the  a rea  o f in s t a b i l i t y  adequately .
1 i<

However, a re la t io n s h ip  between shape fa c to r  (h) and the  boundary lay e r s ta b ­

i l i t y ,  and could u s e fu lly  be used in  p red ic tio n  techniques, such as the  one 

te s ted  u sin g  th is  work, to p re d ic t flow sep era tio n . For very  sma.ll boundary 

lay e r th ick n esses ,h ig h  shape fa c to rs  of the  order o f 3*0 can be susta ined  w ith- 

out i n s t a b i l i ty ,  whereas a t  h igher boundary lay er th icknesses above 2 ©/w = 0. 2 ,

th e  l im it  o f s t a b i l i t y  i s  constant a t  a va lue  o f shape fa c to r  o f 2.0 

XL. 2.2 The E ffe c t o f D iffuser Geometry.

XI. 2. 2.1 Divergence Angle and Area R atio .

The divergence angle and area  r a t io  have s im ila r  e f fe c ts  on th e  performance 

o f th e  d if fu s e r .  As the divergence angle in creases  th e  value o f dp/dn and - 

th e re fo re  d is to r t io n  of th e  boundary lay e r in c reases , whereas w ith  in c re a s in g  

AR the  boundary lay e r th ickness fo r  a  given divergence angle in c rea se s .

Therefore th ese  two param eters a re  in terdependent in  determ ining  the  

'performance of a d if fu s e r  s in ce  a low divergence angle w ill  g ive a  h igh  boundary 

lay e r th ickness bu t a low4^  value, and a h igh  divergence ang le , a h igh  p ressu re



g rad ien t in  conjunction w ith a th in  boundary lay e r. ’Since th e  in te r ­

dependence o f d is to r t io n .,  and boundary lay er th icknessv ; has b e01 mentioned 

p rev io u sly , i t  must fo llow  th a t  fo r  a p a r t ic u la r  i n l e t  boundary lay er con­

d i t io n s  th e re  must be optimum geom etries fo r both  p ressu re  recovery  and 

e ffe c tiv e n e ss . '

XL. 2. 2 .2 . The Optimum Geometry

The optimum co n fig u ra tio n  fo r  p ressu re  recovery  is  between 7° and 10° 

a t  an a rea  r a t io  o f approxim ately 4> ( fo r  a  th in ' in le t 'b o u n d a ry  la y e r) .

This w ill reduce both  in  a rea  r a t io  aad divergence angle as th e  i n l e t  boun­

dary lay er th ickens. The e f fe c t  o f  th ese  geometric param eters on d if fu s e r  

e ffec tiv e n e ss  i s  s im ila r  except th a t  the  optimum d if fu s e r  e ffe c tiv e n e ss  occurs 

a t  a lower a rea  r a t io ,  (approxim ately AR = 2.0) .

An exception to th is  occurs w ith th e  in c lu sio n  o f a ta i lp ip e  in  th e  system. 

This in creases  th e  optimum area  r a t io ,  dde to 't h e  >̂ edw.-cfcriQ.rt, in  the d i s to r ­

t io n  o f th e  boundary lay e r.

XL. 3 Th.e Addition o f a T a ilp ip e

XL.3*1 The E ffe c ts  w ith the  D iffuser Geometry.

The in c lu sio n  o f a ta i lp ip e  can be d e trim en ta l a t  low a rea  r a t io s  due to 

th e  d iffu s io n  which occurs o u tsid e  th e  d if fu s e r  e x it plane. However a t  

h igher a rea  r a t io s  and high divergence angles, th e re  ;Ls a marked improvement 

in  a l l  performance param eters, and in fa c t  th e -ad d itio n  o f  a ta i lp ip e  has the  

e f fe c t  o f in c reas in g  the  divergence angle a't which th e  optimum performance 

occurs s in ce  the  increased  d is to r t io n  o f , the  boundary lay er recovers  in s id e  

th e  ta i lp ip e  and the in c lu sio n  o f a ta i lp ip e  to a s ta l le d  d i'ffu se r r e s u l t s  in  

a la rg e  performance in crease .

XL. 3* 2 The E ffec t o f the  T a ilp ip e  on th e  D iffuser Param eters.

There i s  a s l ig h t  s ta b i l i s in g  e f fe c t  on th e  boundary lay e r w ith in  th e  

d if fu s e r  tran sm itted  from the ta i lp ip e ,  thus in c reasin g  th e  d ivergence angle 

a t  which sep ara tio n  w ill  occur. This e f fe c t however, is '.’lim ited  to cases 

o f  high boundary layer d is to r t io n ,  and a t  o th er cond itions th e  e f fe c t  of the



ta i lp ip e  on the  d if fu s e r  param eters i s  no t m easureable. This i s  a lso  tru e

w ith in th e  t a i lp ip e  i t s e l f  and i f  truncated  a t  th e  maximum p ressu re  p o s itio n  

th e  param eters a t  th a t  po in t remain th e  same, (w ith in  experim ental e rro r} .

XI. 3* 3 P o s i t io n  o f  Peal: Recovery in  th e  T ailp ipe .

As th e  boundary lay e r a t  the  in le t  th ickens the advantage o f the  in c lu sio n

o f a ta i lp ip e  in c reases . However the  momentum tra n s fe r  req u ired  to  improve

th e  boundary lay er p ro f i le  i s  slower and thus a longer ta i lp ip e  i s  req u ired

fo r  th e  optimum p ressu re  recovery. This i s  seen as a  movement o f th e  peak

p ressu re  p o s itio n  downstream as the  in le t  boundary layer th ickens.

XI. 3*4 dlie General E ffec ts  o f T a ilp ip e  Addition

I t  can be g en era lly  concluded th a t :

1. The in c lu sio n  o f a ta i lp ip e  i s  only, de trim en ta l fo r  a  very  low a rea  r a t io  

and fo r moderate' divergence angles probably io°

2. Por la rg e  a rea  r a t io s ,  p a r t ic u la r ly  w ith  high divergence ang les , th e

ad d itio n  of a ta i lp ip e  always improves the  performance.

3 .  . There i s  no e f fe c t  on th e  cond itions w ith in  the d if fu s e r  tran sm itted  

upsiream  by the ad d itio n  o f a ta i lp ip e .  The exception to th is  i s  a t  the  l im it  

o f flow s ta b i l i ty  where some s ta b i l i s a t io n  o f th e  d if fu s e r  boundary layer i s  

introduced by the  ad d itio n  o f a ta i lp ip e .  *

4.- VThen a d if fu s e r  has s ta l le d  la rg e , in creases  in  Cp can be obtained(up  to

5<><) by the in c lu sio n  o f a ta i lp ip e .  •

XI. 4 T heore tica l P red ic tion  of Performance-and Boundary Layer Param eters 

-XI.4.1 P ressu re  Recovery C o effic ien t (Cp) and E ffec tiv en ess  (<£)

The th e o re t ic a l  p red ic tio n  technique te s te d  gave very  good c o r re la tio n  

between th e o re tic a l  and experim ental performance param eters fo r  th e  d ivergence 

angles te s te d , th a t  i s  up to. 15°>. a^d prov id ing  the  a rea  r a t io  was n o t g re a te r  

than 2*0. Above th is  a rea  r a t io  th e  p red ic tio n  Ifcechnique becomes in c re a s in g ly  

in accu ra te . In c rease  in  th e  in l e t  boundary lay er th ickness reduces th e  

accuracy of the p red ic tio n  though no t markedly fo r  th e  low a rea  r a t io  cases 

(JH = 2).



• M-* jci euiy i/iua u i .ouuauary i»ayer rarane ters*

The p red ic tio n  o f the  boundary layer th ickness i s  accu ra te  fo r small area

r a t io  d if fu s e rs . S im ila rly  the  p red ic tio n  o f th e  momentum th ickness i s  q u ite  

aocurate  fo r  a small a rea  r a t io  d if fu s e r  and a small divergence angle, bu t

as th e  divergence angle o r a rea  r a t i o  in crease  the p re d ic tio n  o f the  momen­

tum th ickness becomes in c reasin g ly  in accu ra te . Eowever th e  momentum th ickness 

i s  very small num erically  and th e re fo re  accu ra te  p re d ic tio n  o f th is  parameter 

i s  very  d i f f i c u l t .  The p red ic tio n  o f shape fa c to r  (E) i s  q u ite  accu ra te , fo r  

a l l  th e  d if fu s e r  geom etries te s ted  except where flow in s t a b i l i ty  or s t a l l  occurs. 

However even in  th e  case o f  flow in s ta b i l i ty  or s t a l l  th e  shape fa c to r  p red ic ­

t io n  can be seen to fo llow  a sim ilar, trend  to the  a c tu a l r e s u l t s ,  though 

u nderestim ating  the  ac tu a l value.

XI. 4* 3 P re d ic tio n ’o f Separation  o f the Boundary Layer.

The p red ic tio n  of sep ara tio n  o f th e  boundary layer by th e  program i s  attem ­

pted by the use o f  a  c r i t i c a l  shape fa c to r  to d e fin e  when sep ara tio n  w ill  occur. 

The value of 2.8 used in  th is  an a ly s is  i s  somewhat high and a" va lu e  o f 2 .2  v:ould 

seen to be a more s u ita b le  va lue , th is  would in c rease  the accuracy o f th e  p re ­

d ic tio n  o f separated  flow s. However i t  has been shown in  chap ter V III th a t  . 

th e re  i s  a d e f in i te  r e la t io n s h ip  betv/een th e  displacem ent th ick n ess and shape 

fa c to r  a t  sep ara tio n . Therefore the in c lu sio n  o f a function  o f 2 s %  and E 

to  d efin e  sep ara tio n  could be included in to  th e  p red ic tio n  program to give a 

more accu ra te  p red ic tio n  of separa tion .

XI. 4* 4 E rro r due to th e  Boundary Layer In te ra c tio n .

The erro r in c rease  w ith  th icken ing  i n l e t  boundary la y e rs  occurs n o t ‘on ly '., 

w ith  a th icken ing  in le t  boundary la y e r , but also with low divergence angle 

la rg e  area. r a t io s .  This i s  due to an in te ra c tio n  between th e  boundary la y e rs  

on the  opposing w alls and s ince  the  b a s is  o f th e  p red ic tio n  technique i s  th a t  

o f  a p o te n tia l core e x is tin g  a t  a l l  times then th is  w ill  obviously  reduce the  

accuracy o f th e  technique. The in c lu sio n  o f some form o f blockage fa c to r  

depending upon th e  displacem ent th ickness to allow  fo r th e  in te ra c t io n  o f th e  

opposing boundary lay e rs  could be included, to  in c rease  th e  accuracy w ith

in c reasin g  boundary layer th ickness. '
'  . ‘
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APPMDTX 1.

EXPIRE IEITTAL P IG  DISIGH OALGUIATIOH5.

1 * 1  Exp ex ir a e n ta l  R ig  S t a t i c  P r e s s u r e  P r o p .

F o r  t h e  maximum f l o w  r e q u i r e d ,  t h a t  i s  LI = 0 , 2 ,  t h e  mean f l o w  v e l o c i t y  

r e q u ir e d  w ou ld  b e  224 f t / s  -w h ich  c o r r e s p o n d s  t o  a  f l o w r a t e  (q )  o f  1 1 2  cu  f t / s e c  

o r  6 8 5 0  c u f t / m i n .  T h is  c o r r e s p o n d s  t o  an  i n l e t - R e y n o l d s  num ber o f  f . 5  x  1 0 a  

( b a s e d  on  a  3 n i n l e t  w id th )*

1 * 1 .1  S e t t  l i n y  Chamber P r e s s u r e  P r o p .

■ From T h P .L  1 2 1 8  f o r  a  2 ! 0 U x  2 , 0 ,t s e t t l i n g  ch a m b er , w i t h  a  f l o w  v e l o c i t y  U | o 

28 f t / s  w o u ld  h a v e  t h e  f o l l o w i n g ‘l o s s  c o e f f i c i e n t s .

’ F* f o r  honeycom b f l o w  s t r a i g h t e n e r s  ( 2 )  “ 0 . 5 *

1 IP f o r  w i r e  g a u z e s  ( 5 )  = 0 . 2

T h e r e f o r e  K ,~  11

T h e r e f o r e  A h ,  «  - 1 . 9 9  i n c h e s  w. g .

(D yn am ic Head = 0 . 1 8  i n c h e s  w . g . )

1 . 1 . 2  T he C o n t r a c t io n .

, ; T he l e s s  f a c t o r  f o r  t h e  c o n t r a c t i o n  ~ 0 . 0 5

T h e r e f o r e  A h ^  = 0 . 5 3  i n c h e s  w. g . (D yn am ic  h e a d  -  1 1 .4  i n s .  w. g . }

I . I .5  ■ T he I n l e t  D u c t .

*.From 0LS017 e f f e c t i v e  d ia  o f  t h e  i n l e t  d u c t  = 4 x AlEA/PIHBEdTER = 

h y d r a u l i c  d ia m e t e r .

H y d r a u l ic  d ia m e t e r  « 0* 4 4 f t .  = Dll

T h e r e f o r e  e f f e c t i v e  R e y n o ld s  num ber = 6 .1 6  x  10^

G iv in g , j f  -  O .O lp

T he l o s s  . - c o e f f i c i e n t  = .fL /D h

T h e r e f o r e  A h .3 = 0  to  5 * 5  in c h e s  o f  w. g . d e p e n d in g  on  i n l e t  b o u n d a r y  l a y e r

c o n d i t i o n s  r e q u i r e d ,  t h a t  i s  t h e  l e n g t h  o f  t h e  i n l e t  d u c t .

1 . 1 . 4  D i f f u s e r .

F o r  AR -  5? d i v e r g e n c e  a n g le  5°»

Ahfy, -  0 . 7 7  in c h e s  w .g .  (D yn am ic  h e a d  = -I- 1 0 .2 9  i n c h e s  w. g . )



o

RSY1T0 IDS 1TO«
x l0 ~ 5

GASS 1 
1’w .g .

CASE 2
-  «W O'e.*

' ......................  ' ~7
APPROX. FLO7  RATE 

Cu f t / r e i n .

y* "J * * '4* 4 0 10,07 7000.

> 0 > 0 7. 16 6000.

o oJ 2 .0 4 .9 8 5000.

0 Cit-f- 1 .2 1 5* 22' 4000,

R e y n o ld s  n o . "based on 3 ” d i f f u s e r  i n l e t  w id t h

71 D i f f u s e r  r i g  d e s i g n  c o n d i t i o n s .



F o r  AR = 2 , d i v e r g e n c e  a n g l e  1 5 °  '

A h ^  = 0 . 8 6  i n c h e s  w. g . (D y n a m ic  h ea d  = + 8 . 6 3  i n c h e s  w. g . )

1 . 1 . 5  T a i l p i p e .

F o r  AR = 2*  L «  9 e x i t  d ia m e t e r s .

A h g  = 0 . 4 2  i n c h e s  w .g .

F o r  AR = 3, L = 9 e x i t  d ia m e t e r s  

A h g  = 0 .2 3  i n c h e s  w. g . '

1 . 1 . 6  P len u m  D is c h a r g e .

L o ss  c o e f f i c i e n t  f K* = 1 . 0

AR " 2 :  A h g  -  2 .8 9  i n c h e s  w. g .
o

.AR = A h ^  - 1.29  i n c h e s  >7. g .

1 \ 1 . 6  The C a se s  C on sid ered ^ ,-

T he tw o e x tr e m e  c a .se s  c o n s id e r e d  w e r e : -

( 1 )  AR = 2 /  = 5 ° ,  t h i n  i n l e t  b o u n d a r y  l a y e r  and p len u m  d i s c h a r g e .

( 2 )  AR = 2 , 2 /  = 1 5 ° )  f u l l y  d e v e lo p e d  i n l e t  f l o w  a id  t a i l p i p e  d i s c h a r g e .

T he maximum and minimum v a l u e s  o f  s t a . t i c  p r e s s u r e  d r o p  f o r  t h e  r i g  w e r e

c a l c u a l t e d  u s i n g  t h e  a b o v e  tw o c o n f i g u r a t i o n s .

F o r  c a s e  1 ; 4 * 4 6  in c h e s  w. g .  b e i n g  t h e  minimum p r e s s u r e  d r o p .

F o r  c a s e  2$ 1 0 .0 7  i n c h e s  o f  w a te r  g a u g e  f o r  t h e  maximum p r e s s u r e  d r o p .

T h is  show n f o r  o t h e r  i n l e t  R e y n o ld s  n u m b ers i n  f i g u r e  71*

T h e r e f o r e  a  pump o f  1 2 n w a te r  g a u g e  minimum d e l i v e r y  p r e s s u r e  a t  a  f l o w
\

o f  7 0 0 0  c u f t / m i n .  A ls o  t o  a l l o w  t h e  f l o w  t o  b e  v a r i e d  t o  t h e  lo w e r  f l o w  c o n ­

d i t i o n s  a  r a d i a l  dam per i s  r e q u i r e d ,  t h i s  w o u ld  i n c r e a s e  t h e  f l o w  r e s i s t a n c e

s l i g h t l y ,  b u t  w o u ld  b e  e a s i l y  c a t e r e d  f o r  i n  t h e  1 2  i n c h e s  w a t e r  g a u g e  p r e s s u r e  

f a n  r e q u ir e m e n t .

1 . 1 . 7  Pow er .R e q u ir e m e n ts .

T h e r e f o r e  t h e  minimum f a n  r e q u ir e m e n t  i s  1 0 .0 7  s t a t i c  p r e s s u r e  d r o p  p l u s  

t h e  d y n a m ic  h e a d  a t  t h e  f a n  o u t l e t  t h i s  g i v e s  a  pow er r e q u ir e m e n t  o f  Q x  A  h -p  

x  ^  w . w h ic h  f o r  t h e  d e s i g n  c a s e  i s  1 5  E .P .

I f  t h e  f a n  i s  a ssu m ed  t o  b e  80fj e f f i c i e n t  a  pow er r e q u ir e m e n t  o f  2 0 E .P  i n p u t  

w o u ld  b e  r e q u i r e d .  T h e r e f o r e  a  m o to r  s i z e  o f  25  H .P . w a s d e c i d e d  u p o n .



1 . 2  R o t a t io n  o f  P i t o t  T r a v e r s e  d u e  t o  A ir  P lo w ,

1 , 2 , 1  B a s i c  D a ta  u s e d  f o r  C a l c u l a t i o n .

D iam ete r  o f  t r a v e r s e  = 0 .0 3 2  i n c h e s .

Iiaxim uiii e x t e n s i o n s *  ~ 4* 5 i n c h e s

= 3 . 0  i n c h e s .

C a l c u l a t i o n s  "based on  an i n l e t  R e y n o ld s  num ber o f  3 * 5  x  1 0 ^  , m ean v e l o c i t y  

0  = 224 f t / s  , 0  :ln t a i l p i p e  » 1 1 2  f t / s  (AR = 2)

R ep  ( b a s e d  on  p i t o t  in  t a i l p i p e )  = 1 .8 9  x- 10  

D ra g  c o e f f i c i e n t  fro m  PA0 Cd « 0 . 9 5

T hough d u e  to  t u r b u le n c e  o f  f l o w ,  d r a g  may b e  c o n s i d e r a b l y  r e d u c e d .

Pd (D r a g  f o r c e ) / u n i t  l e n g t h  -  ( f o o t )  =

Cd Q u 2 A

A ssu m in g  f l a t  v e l o c i t y  p r o f i l e  o f  1 1 2  f t / s  

Pd *= 0 .0 4 2 1 5  l b f / f t  o r  0 . 0 0 3 5 i  I b f / i n .

F o r  an a r e a  r a t i o  o f  3> ^  -  74* 6 f t / s  

R ep = 1 . 2 6 x  1 0 2* , Cd = 1 . 0 0 .

T h e r e f o r e  Pd = 0 •0 0 1 5 6 -  l b f / i n .

1 .2 * 2  R o t a t io n  o f  2nd o f  P i t o t  T r a v e r s e  s u b j e c t e d  t o  P lo w  w i t h  a  P l a t  V e l o c i t y  

P r o f i l e ,

F ig u r e  7 2  sh o w s t h e  a s s u m p t io n s  m ade f o r  t h i s  a n a l y s i s .

M = Rx -  1.1£ -  F d x ^ = b e n d in g  m om ent a t  x .
2

T h e r e f o r e  2 1  d^- y  = R x -  M R -  Fdx2-
d x *  2

T h e r e f o r e  d v  2 1  = R x 2/ 2  -  IIj, x  -  F d x V 6 +  A  ( l )
d x

VZhen x  = 0 ,  d y /d x  = 0 ,  t h e r e f o r e  A = 0  

M om ents a b o u t  w a ll'

= Mr  -  PdL2'/2  -  0 .  t h e r e f o r e  :! R = F dL 2/ 2  y- - - ( 2 )

M om ents a b o u t  e n d . .

RL -  Mr  -  F d L ^ /2 = 0

T h e r e f o r e  s u b s t i t u t i n g  ( 2 )



u ( U n ifo rm  v e l o c i t y  p r o f i l e )

F ,/u n i t  leng th

A p  - w / f t

i  !’ 1

( i i i )

1  _ k _ l
FT

Ho
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72 P i t o t  p r o b e  and s i d e v / o l l  m o d e ls ,



RL -  P d lf* /2  -  FdL z/ 2  = 0

T h e r e f o r e  R -- F J L ----  -  --------- ( 3)

S u b s t i t u t e  ( 2 )  an d  ( 3) i n  ( l )

d £  E l  • = F d L x 2/ 2 -  F dL2x /2  -  ------- - — - - ( l a )  '' •>
d x

T h e r e f o r e  s u b s i t u t e  i n  ( l a )  f o r  x  -  L i . e .  p i  t o t  an d . /

d £  E l  = - F d I r ’,/6
d x

From  f i g u r e  72 ( i i )  t h e  p o l a r  s e c o n d  moment o f  a r e a  = TC /2  (R 4** ~ r**")

T h e r e f o r e  I x x  *» "̂  / 4  (R ^  -  r ^ )

= 4.362  x  H f *  i n 4*

T h e r e f o r e  d y  a t  end  o f  p i  t o t  t r a v e r s e  i n  t a i l p i p e  i f  t r a v e r s e d  4 'rn ( i n  6” d u c t )  
d x

d y /d x  = _1 x  F d h ^  = 0.04073
E l  6

T h e r e f o r e  0  = 2° 20 ! f o r  hR o f  3 w i t h  a  4wu t r a v e r s e ,

d y /d x  = 0 .0 1 8 1

0 = 1° 2*

T hus t h e  maximum c o s i n e  e r r o r  w i l l  b e  g iv e n  f o r  t h e  2 ° 2 0 ’ r o t a t i o n  c a r e .

The e r r o r  f o r  t h i s  r o t a t i o n  w i l l  b e  O.Oojc i . e .  l e s s  th a n  0 . r 4  t h e r e f o r e  w as 

c o n s i d e r e d  i n s i g n i f i c a n t .

1 .3  Maximum D e f l e c t i o n  o f  t h e  D u c t W a ll.

F ig u r e  7 2 ( i i i )  show s how t h i s  a n l y s i s  w as c a r r i e d  o u t  w i t h  t h e  a s s u m p t io n  

o f  a  u n i f o r m  p r e s s u r e  a t  a  s e c t i o n  p r o d u c in g  a  u n i f o r m l y  d i s t r i b u t e d  lo a d  o f  

w / f t .  The w a l l  h a s  b e e n  l i k e n e d  to  a  b u i l t  i n  beam  s i n c e  t h e  en d  p o s i t i o n s  a r e  

n o t  f r e e  to  r o t a t e .  T he a n a l y s i s  i s  n o t  s t r i c t l y  c o r r e c t  s i n c e  i t  a s s u m e s  

t h e  w a l l  to  b e  m ade u p  o f  s t r i p s ,  n o t  c o n n e c te d  to  t h e i r  n e i g h b o u r i n g  s t r i p s .

T h is  w i l l  i n c u r  a  s l i g h t  e r r o r  w h ic h  w i l l  t e n d  to  o v e r e s t i m a t e  t h e  d e f l e c t i o n .  

H ow ever f o r  t h e  t h i c k n e s s e s  an d  l e n g t h s  b e ’n g  c o n s id e r e d  t h i s  w i l l  b e  

i n s i g n i f i c a n t .

B e n d in g  mom G i t  a t  x .

-  R x -  wx2/ 2  -  Kfc -  11 

a l s o  R | ~ w L/2



<*• V U . V J .  V i . ' .  —  c . —  w a  j  C . —  JUi

T h e r e f o r e  if ~ w L x/2  -  w x2/ 2  -  I'"p. ----------------------- ( l )

s i n c e  d2 y]5I -  M ------- (2 )  , a t  'x  = 0 \  L /2 ,  d y /d x  = 0  e q u a t i n g  (2 )  an d  ( l )  and
d x 2-

i n t e g r a t i n g .  T h a i  s u b s t i t u t i n g  f o r  t h e  a b o v e  c o n d i t i o n s  i n  t h e  e x p r e s s i o n s

f o r  d y /d x  an d  y ,  we o b t a i n  t h e  s o l u t i o n s

yEI = wL^"
4.96

Since the  maximum s ta t i c  p ressu re  on the  r i g  i s  o f th e  reg io n  o f -7*5U vr. g. 

The maximum d e f le c tio n  w ill  occur a t  the  duct c e n tre lin e  and w ill  be 0.035"* 

However i t  may be noted th a t  p ressu res  of th is  order w ill  only be experienced 

in  the i n l e t  pipe.

A t t h e  o u t l e t  f ro m  t h e  c o n t r a c t i o n  an d  i n l e t  to  t h e  d i f f u s e r  an d  a l o n g  th e  

i n i  ?t p i p e  t h e r e  a r e  s u b s t a n t i a l  f l a n g e s  r e i n f o r c e d  b y  l n s q u a r e  s t e e l  s t i f f n e r s  

t o  p r e v e n t  t h i s  d e f l e c t i o n  b e i n g  so  s e v e r e  an d  t h e  maximum m e a s u re d  w as 0 . 0 1 u 

i n '  t h e  i n l e t  p ip e

1 .4  T r a n s i t i o n  t o  T u r b u le n t  B o u n d a ry  L a y e r  u s i n g  a  T r i p  W ire .

PAHKEURST and  HOLDER g i v e  t h e  f o l l o w i n g  r e l a t i o n s h i p s : -  

U o d /\)  600 -------------------- ( l )

U od/o  36 (TTos/v) ) *  --------------------- ( 2)

w h e re  d  = d iam eter*  o f  t r i p  w i r e

• ' x  *= d i s t a n c e  fro m  l e a d i n g  e d g e , 

u s i n g  \) -  1 .6  x  10 *

Uo = U = 2 0 0 f t / s

fro m  ( l )

d  ^  0 .5 7 5  x  10 ^  i n c h e s .

H or/ever f o r  low  R e y n o ld s  num b er w h e re  may b e  s u b s t a n t i a l l y  lo w e r  a  m o re

-2.r e a l i s t i c  v a l u e  o f  d > 1 . 0 0  x  10 i n c h e s .

S i m i l a r l y  fro m  (2 )  w i t h  a  v a l u e  o f  x  = 1 .0  i n c h e s .  

d > 5 . 0  x  10 i n c h e s .

S i m i l a r l y  t h i s  may b e  s u b s t a n t i a l l y  h i g h e r  f o r  t h e  lo w e r  R e y n o ld s  n u m b er 

t e s t s  t h e r e f o r e  a  t r i p  w i r e  d i a m e t e r  o f  0 . 0 1 ” a t  1 ” fro m  t h e  end  o f  t h e  c o n ­

t r a c t i o n  w as used , f o r  t h e  e x p e r im e n ts .!  r i g .  T h a t  i s  0.25m m , d i a m e t e r ,  25mm.



APPENDIX 2.

■ K q p p ra rA R Y  iit v e s t i  c a t ion o n  a h  s t l s ie iP I c r i g .

T h is  r i g  c o n s i s t e d  o f  a  p i n c h  i n t e r n s , !  d i a m e te r  b r a s s  t u b e  2 0 f t  lo n g ,

c o n s i s t i n g  o f  two 10 f t .  l o n g  tu b e  s  c o n n e c te d  b y  a  f l a n g e d  c o u p l i n g  i n  t h e

c e n t r e  an d  w i th  a  b e l l r n o u th  a t  t h e  i n l e t .

T he o r i g i n a l  r i g  w as c h e c k e d  f o r  a l ig n m e n t  o f  t h e  two p i p e s  s h o r n  b y  

f i g u r e  73 s ^ d  r e - a l i g n e d  a s  shown to  r e d u c e  t h e  e f f e c t  o f  a  s t e p  a s  m uch a s  

p o s s i b l e ,  e s p e c i a l l y  i n  t h e  a r e a s  w h e re  m e a s u re m e n ts  w e re  t o  b e  t a k e n .  T he 

1 p e r s p e x ’ t r a v e r s e  p o s i t i o n s  w e re  th e n  m a n u f a c tu r e d  to  t h e  fo rm  show n i n  f i g u r e  

12.
To d e t e r m in e  t h e  b e s t  m eth o d  o f  s e c u r i n g  t h e  t a p p i n g  b l o c k s  t o  t h e  t u b e  a  

t e n s i l e  t e s t  w i t h  two b r a s s  s t r i j i s  c o n n e c te d  b y  a  p i e c e  o f  p e r s p e x  w as c a r r i e d ,  

o u t .  Two t e s t s  f o r  e a c h  a d h e s iv e  w e re  c a r r i e d  o u t  ( A r a l d i t e  an d  T e n s o l  Ho. 7)*

T he r e s u l t s  o f  t h i s  t e s t  w e re  t h a t  f o r  A r a l d i t e  t h e  j o i n t  b r o k e  a t  a  m ean f o r c e

o f  0 .  5 5 klT w h e re a s  t h e  m ean f o r  t h e  t e n s o l  c em en t c a s e  w as 0.93kM<> H o w ev er, 

t h e  j o i n t  d i d  n o t  b r e a k  i n  s h e a r  on t h e  a d h e s i v e / p e r s p e x  j o i n t  a s  i n  t h e  

A r a l d i t e  c a s e  b u t  f r a c t u r e d  t h e  p e i s p e x  s t i p s  t h e r e f o r e  t h e  s t e n g t h  o f  t h e  j o i n t  

w o u ld  b e  c o n s i d e r a b l y  h i g h e r  th a n  t h i s  v a l u e .  (T h e  a r e a  o f  t h e  j o i n t s  w e re  

200 s q .  mm). T h is  t e s t  show ed c o n c l u s i v e l y  t h a t  t h e  a d h e s iv e  to  u s e  f o r  a

b r a s  s / p e r s p e x  j o i n t  w as T e n s o l  ITo. 7 c e m e n t.

^ / I
T he tu b e  w as th e n  m ark ed  o u t  a s  shown i n  f i g u r e  11. ( a )  an d  d r i l l e d .  T he 

t a p p i n g  b lo c k s  w e re  t h a n  ce m e n te d  i n  p o s i t i o n  ( u s i n g  dummy t a p p i n g s  t c  a c c u r a t e l y  

p o s i t i o n  t h e  b l o c k s ) .  A f t e r  t h i s  t h e  a c t u a l  s t a t i c  p r e s s u r e  t a p p i n g s  t o  b e  u s e d  

w e re  i n s e r t e d  and  t h e  w h o le  p i p e  i n t e r i o r  h o n ed  to  d e - b u r r  t h e  t a p p i n g s  an d  to  

p o l i s h  t h e  i n t e r i o r .  A b o u n d a ry  l a y e r  t r i p  w i r e  w as t h e n  a t t a c h e d  ( s i m i l a r  to

i n  t h e  m ain  r i g )  1 in c h  i n  fro m  t h e  b e l l  m o u th  i n t a k e  an d  t h e n  t h e  w h o le  r i g

l e v e l l e d  b y  m ean s o f  a d j u s t i n g  t h e  s u p p o r t  p o i n t s  to  re m o v e  a n y  s i g n i f i c a n t  

d e f l e c t i o n s  o f  t h e  p i p e  a s s e m b ly  w h ic h  m ig h t  i n f l u e n c e  th e ,  f lo w .

A d a t a  r e d u c t i o n  p ro g ra m  w as t h e n  w r i t t e n  t o  a n a l y s e  t h e  e x p e r i m e n t a l  w o rk  '

o n  t h e  b o u n d a ry  l a y e r  g ro w th  w i th  d i s t a n c e  ca n  b e  s e e n  i n  f i g u r e  I p .  T y p i c a l
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THE INLET PIPS/DIffFUSHR II7TE5FACS STH5/J-!LII^ OT3VATDK5.

To determ ine th e  e f fe c t o f  s tream line curvature  a t  th e  i n l e t  p ip e /d if fu se r  

in te r f a c e  on th e  s t a t i c  p ressu re , th e  s t a t i c  p ressu re  was measured along the  

i n l e t  p ipe; A ty p ic a l  s e t  of r e s u l t s  i s  shorn in  ta b le  Y II and ta b le  V III.

The r e s u l t s  were p lo tte d  ag a in s t th e .d is ta n c e  from th e  d if fu s e r  i n l e t  p lane 

(shewn in  f ig u re  75)* This c le a r ly  shows th e  e f fe c t o f d is to r t io n  o f th e  s tr e a ­

m lines a t  i n l e t  to  th e  d if fu s e r .  However th e  magnitude i s  sm all, approxim ately 

2$ lower than th e  un affec ted  o r 1 e f fe c t iv e 1 value.

The 1 effective*  value  o f th e  d if fu s e r  i n l e t  s t a t i c  p re ssu re  was obtained  by 

e x trap o la tin g  th e  r e s u l t s  taken s u f f ic ie n t ly  upstream o f th e  d if fu s e r  n o t to be 

a ffe c ted  by th e  stream line  cu rvatu re  a t  th e  i n l e t  plane.
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Distance 
H ir e  i n

from t r i p  
c o n t .

Unci i  r.1 en s i  011 a l i  s ed 
d i s t .  fro m  i n l e t .

O (jCi b d- ̂
p r e s s u r e
tapp ings.

P i t o t  . ' 
s t a t i o n s .

;• ' Comments.

I n c h e s rnm x/*w pm II 0
/

■ mm H 0 2/  = 15° , AR = 2

112.5 — 0 — —

109.5 2781 - 1.0 -215 -210 3 ” fro m  i n l e t

1 0 5 .5 2629 - 3 . 0 -208 -206

91*5 2524 - 7 . 0 -198 -199

79.5 2019 - 1 1 . 0 -184 - 1 7 6 2 n a f t e r  f la n g *

67.5 1715 - 15.0 -133 -177

55.5 1410 -19 .0 -187 -175

45.5 1105 - 23.O -96 - I 64 checked (96)

51.5 800 - 27.0 -161 -149

19.5 495 - 31.0 -150 -128

7 .5 . 190 -55 .0 - 1 5 6 -98 .5 F la n g e

5.0 76 - 56.5 -98 -93 e x i t  fro m

1.5 53 - 57.0 -99 -98 c o n t r a c t i o n .

Table V III.



THE DATA RUDUGTIQIT PROGRAM.

4.1 Input o f Data.

The experim ental d a ta  i s  analysed as shown in  f ig u re  27 (The flow  diagram) 

by a computer program on*an 1130 133'I computer.

The d a ta  was inpu t as fo llow s:

1. Divergence ang le, a rea  ra .tio , ta i lp ip e  1 a ig th  and th e  number o f the

run .

2. The atm ospheric p ressu re  and tem perature.

3. The width o f th e  duct a t  the  f i r s t  p o s itio n , the  s t a t i c  p ressu re  ait

th e  p o s itio n , th e  c e n tre lin e  a t  dynamic p ressu re  a t  th a t  p o s itio n , and 

the  p o s itio n  number.

4* The number o f read ings taken a t  a p a r t ic u la r  spacing -  1 , and the

d is tan ce  a between th e  read ings (mm).

5. The d a ta  was then read  in . Cards A mid 5 were then rep ea ted  u n t i l

a l l  the read in g s  a t  th a t  s ta t io n  had been in p u t.

6. The nex t s ta t io n  dad a was then inpu t a.s in  3 to  5 th is  was repeated

u n t i l  a l l  th e  d a ta  fo r  th e  s ta t io n s  had been run , then any a d d itio n a l

• runs were analysed by s ta r t in g  from card 1 again u n t i l  a l l  th e  d a ta

\ req u ired  to  be analysed had been in p u t.

4 .2  The A nalysis o f th e  Experim ental Data.

The d en s ity  was ca lcu la ted  from th e  s t a t i c  p ressu re , th e  v is c o s i ty  was 

a lso  ca lcu la ted  from th e  expression: -

(4 .84 x lCf^x (T + 273.2) ) ■+ 0.394) x 10~5  ( l )

Vihen T = ambient tem perature in  °c .

The v e lo c ity  was then ca lcu la ted  fo r  each experim ental p o in t taken fo r  th e  

re la t io n s h ip  V (l) 2p ( l) /Q  --------------- ( 2)

where ( l )  i s  the  a rray  used fo r  th a t  s e t  o f d a ta  a  value o f flow d e fic ien cy  * 

was then ca lcu la ted  (Used to c a lc u la te  Jf'}

DEL(I) = 1 -  V (l)/tJo ------    ( 3)



and a lso  a  momentum d efic ien cy  term

DP MOM(I) -  ( l  -  V (l)/tJo)x  V(l)/Uo —--------------- (4)...

Then th e  k in e tic  energy and momentum a t  th a t  p a r t ic u la r  p o in t were ca lcu la ted  

' and s to red  in  an -a rray  ( i ) •

AEE(I) 4  i j ( l ) 3 x  ^   (5)

£!0:j(l) = V(I)2- xO   (6)

These param eters were then in teg ra ted  fo r  th e  s e t  o f  d a ta  in  the  a rray  

u s in g  a Simpson’ s r u le  subrou tine which included' a ro u tin e  fo r  the  f ' t h s  r u le  

fo r  use  on th e  l a s t  four values i f  an odd number o f values was read in .

Using th i s  sub rou tine  th e  param eters were ca lcu la ted  by in te g ra tin g  th e  d a ta  

fo r  each block inpu t and then summing the  re su lts^  to  f in d  th e  value fo r  the  

p a r t ic u la r  s ta t io n  being  analysed. The param eters ca lcu la ted  u sin g  th is  

technique were*

(a) Plow (m^/s) .

(b) Mass Flow (kg /s) .

( c ) ' Displacement Thickness.

W  Momoitum Thickness. , . '

(e) Plow K inetic  Energy. ,

( f )  Flow Momentum.

Prom these  values and th e  p rev iously  ca lcu la ted  values th e  fo llow ing  param eters, 

were ca lcu la ted . ' .  ̂ 1i
(g) • Reynolds Kumber. '■

(h) °< '

( i )  £  ■

(k) u ■

(1) H • '

(m) Cp 

(n) Cp.

(o) ■t
(p) '

(q) X



The values 01 v e lo c ity  fo r  each po in t was s to red  in  an a rra y  together w ith 

i t s  corresponding value of d is ta n c e  from the w all, fo r  each s ta t io n  Cp, Cp- 

and

A fter the  run had been analysed th ese  values, th a t  i s ,  v e l/d is to n c e  from the 

wa.ll, and Cp, Cpe , ^  , snd^y /x /w , , were p lo tte d  by the  computer. This 

had th e  advantage o f showing any obvious erronious r e s u l t s  or even punching 

e r ro rs  which had no t been de tec ted .

The d a ta  red u c tio n  program used can be seen in  f ig u re  76 end ty p ic a l 

ou tpu ts in  apjjendiz 5 a^d

^  were also  s to red  in  an a rray  w ith i t s  corresponding value of rA g
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DATA RSDUGIPIOIT PROG3AI.I.

fflGURE*o c 76

r  0  R T R A N S O U R C E  S  T A T E'  M E N T S

S U B R O U T I N E  S I M S U ( F N , A , N ) 
f; I R O N S  I ON f: N { : 5 0 )
C OR N GN li  . '
L = 0 
A-0.  0 
R R = N 
B-N /  2 
B = N /  2 .0  
O B - R

\



.  « . S T . N O . C .  .  .  . .  ' F O R T R A N  S O U R C E  S T A T E M E N T S  * . . c c <, * »

I F ( C ~ 0 . 4 ) l r 2 , 2
2 ■ L=1 ■

6  N = N -  3
1 F { N ) 1 ,  5  , 1 

1 A=  F N { 1 )  •?' F N ( N + 1 )‘
J  =  2  
K = 2
D O 3 1 = 2  t N 
J = J + K
A = A + J  *  F N ( I )

3 K = -K 
A = A * H / 3 . 0
I F  ( L - 1 )  A j 5 7 5 

5 K=MM
A = A + 0 .  3 7 5 * 1 - ! *  { F N  { N - 2 ) + 3 .  0 * F N ( N ~ 1 ) + 3 .  0 * F N  ( N ) + F N  [ N * 1 )  ) ' - 

A R E T U R N  •
E N D  •

R E N C E D  S T A T E M E N T S

E S  S U P P O R T E D
C RD I N T E G E R S  ‘
ARO P R E C I S I O N  •

E CU I REM.  E N T S  F C R  -  S I  MS N
N -  2 ,  V A R I A B L E S  A N D  T E M P O R A R I E S -  1 3 ,  C O N S T A N T S  A N D  P R O G R A M ­

ME E N T R Y  P O I N T  A D D R E S S  I S  0 C 2 0  ( H E X )

S U C C E S S F U L  C O M P I L A T I O N  “

VIS UA S I M S  N 1 1 1 1
1 1 1 1  CB AC DR 5 A F 7  OB . CNT  ’ 0 0 1 1

*  I C C S ( C A R D , 1 4 0 3 PR I N T E R , D I S K , P L O T T E R , T Y P E  W R I T E R , K E Y B O A R D )
* L I S T  S O U R C E  P R O G R A M  
* C N E  WCRO I N T E G E R S

• . S  T N 0 . C   F O R T R A N  S O U R C E  S T A T E M E N T S

I N T E G E R  AR
I N T E G E R  D I V  ‘
I N T E G E R  RUN  

. E X T E R N A L  S I  MS N
D I M E N S I O N  A M O M ( 3 0  ).

D I M E N S I O N  V ( 3 0 )  , D E L P (  3 0 ) , D E L ( 3 0 ) , D E M C M { 3 0 ) , A K E ( 3 0 ) , V M E A N ( 3 0  ) , 
IV,  ( 3 0 )  , P (  3 0 )  , D E L T A  ( 3 0 )  , T H E T A (  3 0 )  , U T H E T t  ? 0 )  , U O E L (  3 0 )  7 S H A P E  ( 3 0  )
1 , A K ( 3 0 ) , A L P ( 3 0 ) , C P ( 3 0 ) , E T A ( 3 0 ) , E N E T A ( 3 0 ) , L A N D A ( 3 0 ) , W M { 3 0 ) , D I ( 3  
1 R E N 0 ( 3 0 )  , C V E L ( 3 0 ) , ATM P R ( 3  0 )  , A T E M ( 3 0 )

2  3 4

0 )  ,



C . . .  .  . F 0  R T R . A.  H S O U R C E  S T A T E M E N T S  . . . . . . . .  I DE N

D I M E N S I O N  C P E ( 3 0 )  , B E T A ( 3 0 )  
D I M E N S I O N  V E L ( 1 0 0 )  , Y ( 1 0 0 )  

D I M E N S I O N  X W { 3 0 )
COMMON H
N O T E  P L A C E  B L A N K  C A R D  B E T W E E N
DATA T HE  F G L L C W I I N G  U N I T S  & 

I N L E T  TO R I G

E A C H  S E T  OF  D A T A  

I . E .  A F T E R  C O N T R A C T I O ND I  =  D I S T A N C E  F ROM 
WM = W I D T H  I N M/ M
A W M ( W I D T H )  I N  M / M ,  N T C T  =  T O T A L  N U M B E R  OF R E A D I N G S  AT A P A R T I C U L A R  

■ P O S I T I O N ,  S P R E S  = S T A T I C  P R E S S U R E ,  T E MP  I N  D E G R E E S  C E N T I G R A D E  
A T MP  = A T M O S P H E R I C  P R E S S U R E  IN M/ M M E R C U R Y  
C E L P C  = C E N T R E L I N E  T O T A L  P R E S S U R E  I N  M/ M W A T E R ,

. P O S N  -  T H E  N U MB E R  G I V E N  TO T H E  P A R T I C U L A R  L O C A T I O N
A D I  =  T HE  D I S T A N C E  F R OM T H E  I N L . E T  ( I . E .  A F T E R  C O N T R A C T I O N )  TO T H E  P O S I T )  
I N  M E T R E S  ■

W R I T E ( 1 , 6 5 )
F O R M A T ( I X , 1 P L E A S E  R E A D Y  P L O T T E R  , P L A C E  

I F R O M R I G H T  H A N D  E D G E  , T H E N  P R E S S  S T A R T  
P A U S E

R E A D ( 2 , 8 1 ) D I V ,  A R , T L , R U N  
R E A D ( 2 , 2 9 1 ) A T M P , T E M P  

IF ( R U N ) 4 2 , 4 2 , 6 4  . .
C O N T I N U E

< x *  * * r- * N Q R M A L P L O T T I N G  S C A L E S  *  * -> -x # * * * * • »  -a *  -2 * -s; *  *

P E N  * * E X A C T L Y * *  
‘ )

1 . 0  I N C H

S C A L E ( 0 . 0 6  5 , 0 . , 0 7 4 , 0 . 0 , 0 . 0 )  
F P L G T ( 1 , 1 6 0 . 0 , 0 . 0 )
S C  A L F ( 0 . C 6 5 , 0 , 0 7 4 , 0 . 0 ,  0 . 0 )  
F G R I D l 0 , 0 . 0 , 0 . 0 , 1 0 . 0 , 8 )  
F G R I 0 ( 1 , 0 . 0 , 0 . 0 , 1 0 . 0 , 1 2 )

’ C A L L  
C A L L  
C A L L  
C A L L  
C- ALL
C A L L  F C h A R { - 1 0 . 0 , 3 0 . 0 , 0 . 1 2 , 0 . 1 5 , 1 . 5 7 )
WR I T E ( 7 , 6 5 1 )
F ORMAT  ( ’ D I S T A N C E  F ROM WALL ( I N  M / M ) * )

C A L L  F C H A R ( 2 0 . 0 , - 8 . 0 , 0 . 1 2 , 0 . 1 5 , 0 . 0 )
W R I  T G { 7  , 6  5  2 )
F O R M A T ( ’ V E L O C I T Y  ( M E T R E S / S E C  ) 1 )
DO 6 6 0  I — 1 ,  1 2  *
Y I = I * 1 0 . 0  

C A L L  F C H A R ( - S . O , Y I , 0 . 1 , 0 . 1 , 0 . 0 )
W R I T E ( 7 , 6  6 1 ) Y I  •
F O R M A T ( F 4 . 0 )
C O N T I N U E  .
DO 6 6 2  1 = 1 , 8  
X = I * 1 0 . 0  

X I  =  I * 1 0 « C - 3 . 0  
C A L L  F C H A R t X I , - 3 . 0 , 0 . 1 , 0 . 1 , 0 . 0 )
W R I T E ( 7 , 6 6  3 ) X 
F O R M A T ( F 4 . 0 )
C O N T I N U E  • ■

C A L L  F C H A R ( 4 0 . 0 , 1 2 3 . 0 , 0 . 1 , 0 . 1 , 0 . )
W R I T E ( 7 , 6 7 0 ) RUM
F O R M A T ( 1 RU N  MG .  * , 1 4 )
C A L L  F P L O T d f O . 0 , 0 . 0 )
C A L L  F ? L 0 T ( 2 , 0 . 0 , 0 . 0 )

OF NOR MAL  P L O T T I N G  S C A L E S  * * * * * * * * * * * * *



R R S . . .  S I N G .  C F O R T R A N  S O U R C E '  S T A T E M E N T S  « c «

3 0 0  C O N T I N U E  • ' . •
' G C T G 1

3  I N L E T = P O S N  " v
E T A  ( I N  L E T ) =  1 • 0  '

1 C O N T I N U E
R E A D ( 2 , 2 9 Q ) A W M , S P R E S , D E L P C , A D I , P G S N  y

I C O  C O N T I N U E
I F ( A Vi ! ■') 4- 0  , 4 0  , 2

2  C O N T I N U E
■ J = P G S N - i - 0 , 0 1  •

A B E T = 0 . 0  
A M C M ( J ) -  0  . 0  
B E T  = 0 . 0  
B E T A ( J  } " 0  .  0
A A i< = 0 «  0  ' •

F L G N = 0 . 0  
F L 0 W M = 0 . 0  
D E L T S = 0 * 0  
0  E F M =  0  .  0
A K E Is = 0  * 0  ..
NT- * 0 . 0
VME A N ( J ) = 0 . 0  

U D E 1. ( J  ) ~ 0  .  0  
U T H E T ( J ) = 0 . 0  
S H A P E ( J ) = 0 . 0  
R E Is C ( J ) ~ 0 .  0  
A L P ( J ) -~ C .  0  
C P ( J ) = 0 . 0  

C P E ( J  ) = 0  • 0  
E N E T A ( J ) = 0 . 0

C WK I N  M/ M
W(  J ) = A v , !M * 0 . 0 0 1  

P ( J  ) =  S . P RGS
C A WM= V A L U E  OF W I D T H  R E A D  I N  I N  M/ M F O R  P C S N .  TO B E  C A L C U L A T E

D I { J  ) =  A D I 
VIM ( J  ) = A W M 

X V J ( J ) = D I  ( J ) / W (  I N L E T )  *
W R I T  E ( 5 , 9 }  A VIM ? P G S N , RUN  
W R I T E  ( 5 ,  3 1 )  A T M P ,  T E MP  
W R I T E ( 5 , 3 4 ) D E L  PC
C E N S Y = A T M P * L 3 . 6 * 9 . 8 1 / ( 2 3 7 . 4 * ( T E M P + 2 7 3 . 2 ) )
A M U - ( ( 4 . 8 4 * 0 . 0 0 1 * ( T E M P + 2 7 3 . 2 ) ) + 0 . 3 9  4 ) * O . C O C 0 1  
A N U = A M U / C E N S Y  
WR I T E  ( 5  , 1 0  ) G E N S Y  , AMU , Ai NU 
U = S G R T ( 2 . 0 # D G L P C * 9 . 8 1 / D E N S Y )

ATM P R ( J ) = A T M P  
A T E M ( J ) = T E M P  
C V E L ( J ) = U  

A Y = 0 . 0  
L =  1

C R E A D S  H I N  M/ M
R E A D ( 2 , 3 3 ) N M , H •
N R I T  E ( 5 , 1 3 ) N M , H  • -



C - E R R S . . . S T N O . C . . . . «  F O R T R A N  S O U R C E  S T A T E M E N T S

H = I! * 0 * 0 0 1  
V E L ( L ) -  C * 0  

I F ( N N ) 4 0 1 , 4 0 1 , 6
6  i\ N N = N N 1
C D E L P  I N  I V M WA T E R

R E A D { 2 , 3 2 ) ( C E L P ( K ) , K = 1 , N N N )
C 0 7 1 - 1 ?  N N N
I F. (  D E L P  ( I ) 1 6 0 5 , 6 0 6 ,  6 0 6

6 0 5  D E L P ( I ) = - D E L P { I )
V ( I ) = S Q R T ( 2  * D E L P ( I ) * 9 . 8 1 / D E N S Y ) 
V ( I ) = - V ( I )
GO TC 6 0 7

6 0 6  V ( I ) = S C R T ( 2 * D E L P ( I ) * 9 . 8 1 / D E N S Y )
6 0 7  C O N T I N U E

Y ( L / = A Y
V E L ( L ) = V ( I )
L = L  +  1
A Y -  A Y + 1 C 0  0  * 0  *  'H 

DEI .  { I ) = 1 - V (  I ) / U  
D F MC K  C I ) = ( 1 -  V ( I ) / U  ) * V  ( I ) / U  
A K E ( I ) = V ( I ) ’ *  3  5 0  E N S Y 

A R C M { I ) = V (  I ) * *  2 *  D E N S  Y
7  C O N T I N U E

A Y = A Y - 1 C 0  0  * 0  *  H 
L = L - 1
W R I T E ( 5 , 3 5 )
W R I T E  ( 5 , 1 2 )  ( D E L P ( K )  , K = 1 , N N , N )
Vs R I  T E ( 5  j 3  6  )
W R I T E ( 5 , 1 2 ) ( V ( I ) , 1 = 1 , N N )

C A L L  S I  M S N ( V , Q t N N )
FLCW = FL0Vh - Q * 2 . 0
C A L L  S I M S N ( D E L , 0 E L S , N M )
P E L T S = D E L T S + C E L S
C A L L  S I MS N { CFMGM , D N C P S  , N N )

V  . D E F M = D E F t f + D P C M S
C A L L  S I  M S N ( A K E , A K E N , N N )

4  ' A A K = A A K + A K E N  *
C A L L  S I P S N f  AMG. M,  A G E T , N N )  

B E T = B E T + A D G T  
R E A C ( 2  , 3  3  ) N N , H 
W R I T E ( 5 , 1 3 ) N N , H 

H = H * 0 . C 0 1  
7 1  C O N T I N U E

I F ( N . \ ) 6 , 8 , 6
8  V P. E A iY ( J ) = F L C Vi /  Vi ( J  )

F L G W M = F L G W * D E N S Y  
R E N O  ( J ) =  VME AN ( J ) *Vi  ( J  ) /  A N U  
. D E L T A ( J  ) = 0  E L T S 

T H E T A ( J  ) =  D E F M
S H A P E  ( J )  = O c L T A  ( J  ) / T H E  T A { J. )

AK{J ) =AAK 
AL P ( J ) = 2 * A X ( J ) / ( FLCWM* V ME A N { J  ■) * * 2 ) 

U D E L ( J  ) = 2 » D E L T A ( J ) /  W ( J  )
B E T A ( J ) = 2 c * 8 E T / ( F L 0 W  M* V ME A N ( J ) )
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8C2

653

9
10

12
13
14
15
16
17
18
19
20 
21 
22 
.290 
291
30
31
32 
33-
34
35
36
37 
401

41

411

4 1 2

U T H E T ! J ) = 2 * T H E T A (  J ) / W ( J )  "
W R I T E ( 5  » 1 5  ) V M E A N ( J  )
W R I T E ( 5 , 1 4 ) F L C W •
W R I T 1: { 5  } ]. ( ) )  F L 0  Vi M 

W R I T E ( 5 1 1 7  } R E N G ( J ) * -
W R I T E ( 5 , 1 3 ) D E L T A { J )  
h R I  T E ! 5  , 1. 9 > T H E T A  { J  )
W R I T E ( 5 , 3 7 ) U D E L ( J ) , U T M E T ( J )
W R I T E ( 5 , 2 0 ) S H A P E ( J )
WR I T E ( 5 , 2 1 )  A K ( J  )
W R I T E ( 5 , 2  2 ) A L P ( J  )

C 0 8  0 2 I - 1 ? L
C A L L  F P L C T ! C , V E L ! I ) , Y ( I ) ) "
C O N T I N U E
C A L L  F C H A R ! V E L ! L ) , Y ! L ) , 0 . 0 8 , 0 , 0 8 , 0 . 0 )
Vs R I  T E ( 7  , 6  5 5  ) J  
F O R M A T !  1 2 )

C A L L  F P L O T { I  > 0 .  0  } 0  * 0  ) •
C A L L  F ? L G T ( 2  j 0  » 0 , 0  « 0 )
F O R M A T ( 1 W I D T H  = * , F 5 . ] , «  P O S I T I O N  =  * , F 3 . 0 , «  R U N  N O .  * , 1 4 )
F O R MA T  ( 1 1 H C E M S I T Y  = , F 9 . 7 , 1 7 H  DYN V I S C O S I T Y  =  , F 9 . 7 , 2 3 H  K I NE. MAT I 

1 V I S C O S I T Y  = , F 9 , 7  )
F O R M A T ( 1 H  i 1 5  F 7 . 2 )
F O R M A T ! I X , 1 3 , I X , F 8 . 5 )
F O R M A T ( 8 H  > F LOW = , F 9 . 6 )
F O R M A T ! 1 7 H  ME AN V E L O C I T Y  = , F 9 . 2 )
F O R M A T ( 1 3 H  M A S S  F LOW = , F 9 . 6 )
F O R M A T ( 1 6 H  R E Y N O L D S  N O .  = , F 9 . 2 )
F O R M A T ( 1  CM D E L T A -  = , F 7 . 5 )
F G R M A T ! 9 H  T H E T A  = , F 7 . 5 )
F O R M A T ( 1 6 H  S H A P E  F A C T O R  =  , F 5 . 3 )

F O R M A T ( 1 S H K I N E T I C  E N E R G Y  -  , F 1 1 . 1 )
F O R M A T { 3  2 H  K . E . C O R R E C T I O N  F A C  T O R ( A L P H A  ) =  , F 6 . 4  , / / / ’ ) 
F C R M A T ( F 5 . 1 , 1 X , F 6 . 1 , F 6 . 2 , F 6 . 3 , F 3 . 0 )
F O R M A T ! F 5 . 1 , F 5 . 1 )  *
F 0 R M A T ( 3 F 6 . 2 , 1 X , F 3 . 0 )

. T O R M A T { 2 0 M  A T M O S P H E R I C  P R E S S *  , F 6 . 2 , 1 9 H  A T M O S P H E R I C  T E M P .  , F 6 . 2 )  
F O R M A T ! 1 6 F 5 . 1 )
FORMAT{ 1 3 , 1 X; F 6 * 2)
F O R M A T ( 3  5 H C E N T R E L I N E  D Y N  H E A D  ( M / M  W A T E R )  =  , F 6 . 2 )
F O R M A T ( 2 6 H  DYN H E A D  I M M/ M WA T E R  )
F O R M A T ( 2 4 H  V E L O C I T Y  I N  M E T R E S / S E C . , )
F O R M A T ( 1 3 H  2 D E L T A * / W  =  , F 6 . 4 , 3 X , 1 2 H  2 T H E T A / W  =  , F 6 . 4 )
C O N T I N U E  

I F ! W( J ) - W { 1 ) ) 3 , 3 , 4 1  
C P (  J ) - - 9 . 8 1 * ! ? (  J  ) - P  ( I N L E T )  ) /  ( 0  ,  5  * D E N S Y *  VME AN ( I N L E T  ) * * 2 )
I F ( V M E A N ( J ) 1 4 1 2 , 4 1 1 , 4 1 2
E T A !  J ) = 9 . S 1 * {  ? !  J ) ~ P (  I N L E T )  ) /  ( 0 .  5 * D E . N S Y *  VME AN { I N L E T ) * » 2 *  ( 1 . 0 - W ( I N L E  

1 T ) * * 2 / V i ( J ) » » 2 ) )
GO T O 5 0
E T A !  J ) = 9 . 8 1 * ( P !  J ) - - P (  I N L E T )  ) /  ( 0 .  5 - D E N S Y -  ( VME AN { I N  L E T  ) * * 2 - VME AN ( J  ) 

12)  )
E N E T A C J ) = 9 . 8 1 * ( P ( J ) - P ( I N L E T ) ) / ( 0 . 5 - D E N S Y * ( V M E A N ( I N L E T ) * ? 2 * A I P ( I N L E



s.  . .  S T N O . C r .  . . .  F O R T R A N  S O U R C E  S T A T E M E N T S  . . .  . .

1 T ) -  A L P ( J ) * V M; E A N ( J  ) * *  2  ) ) '  C
L A M D A { J ) =  1 -  ET A ( J  } '

5 0  C O N T I N U E
C P E ! J ) = C P ( J ) / A L P ( I N L E T )  /
GO TO 1 •

AO C O N T I N U E
W R I T E ( 5  » 8 0 ) U C E L ( I N L E T ) , D I V , A R , T L , RUN  
W R I T E !  5  j 6  0  )
W R I T E ( 5 , 6 1 )
W R I T  E ( 5 , 6  2 )

5 9  F O R M A T ( l h l )
6 0  F O R M A T ( 1 2 0  H 

1 ET A S H A P E  
1 )

6 1  F O R M A T ( 1 2 0 H
1 -----  F A C T O R
1 )

6 2  F O R M A T { 1 2 OH 
1 T H  
1 )

63  FORMAT { 13 , '2X , F 3 . 1 ,  2X , F6 . 3 , 2X , F 5 * 0 , 2X , F A . 1 ,  2 X , F 8 . 0 , 2X , F 7 . A i 2 X , F6  * 4 ,
1 2 X , F 5 . 3 , 3 X , F 5 . 3 , 6 X , F 5 . 3 , 3 X , F 5 . 3 , 3 X , F 5 . 3 , 3 X , F 5 . 3 ) '

D 0  7 C I “  1 ,  J
7 0  W R I T E ( 5 , 6 3 ) I , WM!  1 )  , 0  I ( I ) , P ( I ) , V M E A N ( I ) , R E N O { I ) , U D E L { I ) , U T H E T ( I ) , SI

1 A P E ! 1 ) 7 A L P ( I ) , C P ( I ) , E T A { I ) , E N E T A ( I ) , C P E ( I )
6 0 0  F O R M A T { 1 P C S N .  B E T A  C / L  V E L .  T E M P .  A T M . P R E S S » X / W l  ' / )

W R I  T E { 5  , 6  0  A )
6 0 A F O R M A T ! I X , / / )

W R I T E ( 5 , 6 0 0 )  •
DO 6 0 1  1 =  1 ,  J

6 0 1  W R I T E ( 5 , 6 0 2  U , B E T A ! I ) , C V E L ! I ) , A T E M ( I ) , A T M P R ( I ) , X W ( I )
6 0 2  F O R M A T ! A X , I  2 , 5 X , F 5 • 3 , 2 X , F5 » 1 , 5X » F A . 1 , A X , A X , F 5 . 1 , A X , F 6 . 3 )
C * a * * * * * * * * s * * * ? L Q T T I N G  R OUT I NE  FOR CP +ETA VS D I S T A N C E  FROM I N L E T  * * * ■=

C A L L  S C A L F ( 0 . 0 6 5 , 0 . 0 7 A , 0 . 0 , 0 - 0 )
C A L L  F P L G T ! 1 , 1 6 0 . 0 , 0 . 0 )
0 1  ( I N L E T ) = 0 . 0  

• A D I = D I ! J ) *
X A = A D I / 0 . 2  
N S  = XA 
X S = 5 / A D I
C A L L  S C A L E ( X S , 7 . 8 , 0 . 0 , 0 . 0 )
C A L L  F GR 1 0 ( 0 , 0 . 0 , 0 . 0 , 0 . 2 , N S )
C A L L  F G R I C d , 0 . 0 , 0 . 0 , 0 . 1 , 1 0 )
X S C = A 0 I / 1 0 .
X S N = X S C / 1 . 5  

C A L L  F C H A R ( - X S C , 0 - 2 , 0 . 1 2 , 0 . 1 5 , 1 . 5 7 )
W R I T E ( 7 , 7 0 0 )

7 C 0  F O R M A T !  ' P R E S S .  R E C C V .  C C E F F .  *  E F F E C T I V E N E S S ' )
0 0  7 1 1  1 = 1 , 1 0
Y C P = I * 0 . 1  .
C A L L  F ' C H A R ( - X S N , Y C P , 0 .  1 , 0 .  1 , 0 . 0 )  ' . -

7 1 1  W R I T E ( 7 , 7 0 1 ) Y C P
7 0 1  F 0 R M A T ( F 3  .  1 )

X C H = X S C

POSN WI DTH 0 1 ST 
K . E . C C R R .  PRESS.

FACTGR

M/ M

FROM
RECOV.

S T A T I C  MEAN LOCAL 2 DEL T  A *  2TH
E F F E C T -  ENERGY ENERGY _ ,

PRESS.  V E L . REYNOLDS ----------------- -------
I VENESS CORR. CORR. >

I N L E T  M/ M H 2 0  M/ S  NUMBER ■‘ WI DT H W1C 
C O E F F .  EFFECT * CP.
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C A L L  F C H A R I X C H , - 0 . 0 8 , 0 . 1 2 , 0 . 1 5 , 0 . 0 )
. W R I T E ( 7 , 7 0 2  )

7 0 2  F O R M A T ! ’ D I S T A N C E  FROM D I F F U S E R  I N L E T  ( M E T R E S ) ’ )
DO 7 0 9  1 = 1 ,  N S
I F { A 0 1 - 2 . 0 ) 7 1 2 , 7 1 2 , 7 1 1 1  

7 1 1 1  1 = 1 + 1
7 1 2  X L = I * 0 . 2

X L L = X L -  A D I * o 0  2
C A L L  F C H A R { X L L , - 0 . 0 3 , 0 . 1 , 0 . 1 , 0 . 0 )

7 C 9  WR I T E ( 7 } 7 0 3 ) XL
7 0 3  F O R M A T ( F 3 . 1 )  -

C A L L  F P L O T ( 1 , 0 . 0 , 0 . 0 )
C A L L  F P L C T ( 2 , 0 . 0 , 0 . 0 )
DO 7  0 4  1 = 1  N L E T , J
C A L L  F P L O T ( 1 , C l ! I ) , C P (  I I )  .
C A L L  F P L G T ( 2 , D I ( I ) , C P (  I ) )
C A L L  P C I N T ( O )

C A L L  F ? L C T ( 1 , 0 1 ( 1 )  , C P E ( T } )
C A L L  F P L C T ( 2 , Q I ( I ) , CP £ ( I ) )
C A L L  P O I N T ( 2 )

7 C 4  C O N T I N U E
C A L L  F C F . A R t C I  ( J )  , C P ( J )  , 0 .  1 , 0 . 1 , 0 . 0 )  -
W R I T E ( 7 , 7 C 5 )

7 0 5  F O R M A T ! '  C P . ’ )
C A L L  F P L O T ! 1 , 0 . 0 , 0 , 0 )
C A L L  ' F P L C T  ( 2 , 0 . 0 , 0 . 0 )  ' >
DO 7 0 6  I = I N L E  T , J
C A L L  F P L O T ( 1 , C I ( I ) , E T A { I ) )
C A L L  F P L 0 T C 2 , D I ( I ) , E T A ( I ) )
C A L L  P O I N T ( 1 )

C A L L  F P L C T ! 1 , D I ( I ) , E N E T A ! I ) )
C A L L  F P L O T ( 2 , D I ( I ) , E N E T A ( I ) )
C A L L  P O I N T ! 3 )  *

7 C 6  C O N T I N U E
’ C A L L  F C H A R ( D I ! J ) , E T A ( J ) , 0 . 1 , 0 . . 1 , 0 . 0 )

W R I T E ! 7 , 7 0 7 )
7 0 7  F O R M A T ! ’ E F F . ’ J
7 C 8  C O N T I N U E  •

C A L L  F C H A R { 0  .  2  , 1 . 2 , 0 . 1 , 0 . 1 , 0 . 0 )
W R I T E ( 7 , 7 1 0 ) RUN  

7 1 0  F O R M A T ! ' RUN N C .  ’ , 1 4 )
C A L L  F P L O T ! 1 , 0 . 0 , 0 . 0 )

C * * * * * * * * * E N O  OF P L O T T I N G  R O U T ' M E  * * * * * * * * * * * * * * *
8 0  F O R M A T ! l h l , ’ I N L E T  8 / L  T H I C K N E S S .  =  ’ , F 6 . 4 , ’ D I V .  A N G L E  =  ’ , 1 2 , ’ D E G  

1 . ,  A R E A  R A T I O  = ' , 1 1 , ' ,  T A I L :  i . 1:  L E N G T H  = 5 , F 5 . 3 , ’ M , R U N  N O .
1 1 4 , / / / / )

8 1  F O R M A T ! 1 2 , I X , 1 2 , I X , F 5 . 3 , I X ,  1 4  )
W R I T E ( 5 , 5 9 )
R E A D { 2 , 8 1 ) D I  V , A R , T L , R U N  ’

8 1 0  R E A D ( 2 , 2 9 1 ) A T M P , T E M P  
I F ( R U N ) 4 2 , 4  2 , 6 4  

4 2  C A L L  E X I T
E N D



R e y n o ld s  number t e s t  r e s u l t s .

Test No. Reynolds No. . C onfiguration '

4* 68 x 105

2 4.44 x 10 5

5 4.25 x 105

4 2.25 x 105

5 1.44 x 105

6 1.07 x ;.io 5

7 2. 6l  x  105

8 5,02 x 1 0 5

9 0 . 6l  x  10 ^

10 4.08 x 106

10° AR 5 T ailT ine th in  boundary

20 5 .5  x 105 ‘ I?  AR 2 T a ilp ip e  th ic k  boundary

21 2.9 x i c f  lay e r

22 2.0 x 105

25 1 .4  X 10s

24 * 0 .57  X io s

50 4*0 x 10° 10° AR 5 ta i lp ip e  th ic k  boundary

51 5 .6  x 10* la y e r .

52 2 .9  x 105

55 2 .5  X 10s

54 1. 7 x 10-

55 ‘ 0 .6  x 106



Test Ko. ^ Reynolds ITo. C onfim iration.

40 4 . 0 x i o 6 15° AR 2 ^ ta ilp ip e  f u l ly  developed

41 ; ' 3 .9  x 105 .

42 ^  3 .5  x 105

43 3*2 x  10s

44 • 2 .6  x 105

45 2 .2  x l 0 ? - .

46 1 .5  x 105

50 4« 5 x 10b 10° AH 3 t a i lp ip e  f u l ly  developed.

51 3 .8  x 105

52 3. 4. x 10*

53 2. 4 x 105

54 1 .8  x i o 5 -

55 ' 1 .4  x 10s

/
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APPENDIX 6.

. . DIFFUSER EXPFP.r.EETTAL RESULTS.

T able IX i s  in clud ed  h ere  as an Index to  th e  r e s u l t a  These are  th e  

ta b u la ted  r e s u l t s  o f  th e  ex p er in o rta l performance and flo w  param eters. The 

graph p lo t s  are  o f  th e  v e lo c i t y  tr a v e r se s  and o f ;  Cp, Cpf  , ^  , and 

a g a in s t  x/wj fo r  each t e s t .  . . . .

SYMBOLS. ,

x  X
V X ,

+ Cf ,

• ► cpe



TABLE IX.

T e s t  B o * C o n d it io n  o f  R ig .

Thin I n le t  B/L (2 0 %: = 0.0.1*

109 9°  AR2 p lenum  d i s c h a r g e .

112 - 5° AR2 t a i l p i p e  d i s c h a r g e /

110 5° AR3 plenum  d i s c h a r g e .

111 5° AR3 t a i l p i p e  d i s c h a r g e .

105 10° AB2 p lenum  .d is c h a r g e .

104- 10° AR2 t a i l p i p e  d i s c h a r g e .

1 0 2  1 0 °  AR3 p len u m  d i s c h a r g e .

10 1  1 0 °  t a i l p i p e  d i s c h a r g e .

105 15° AR2 plenum  d i s c h a r g e .

108 15°  AR2 t a i l p i p e  d i s c h a r g e .

106 1 5 °  AR3 p isn u m  d i s c h a r g e .

107 • 15° AJR3 t a i l p i p e  d i s c h a r g e .

T h ic k  I n l e t  B /L  (2  o % 7 = 0 . 06 )

202 5°  AR2 p lenum  d i s c h a r g e .

201 5° AR2 t a i l p i p e  d i s c h a r g e .

203 5 AR3 plenum  d is c h a r g e .

204 5° AR3 t a i l p i p e  d i s c h a r g e .

205 10°  AR2 p lenum  d is c h a r g e .

20o 10°  AR2 t a i l p i p e  d i s c h a r g e .

207 10° AR2 optim um  t a i l p i p e  l e n g th .

210 10° M 3  plenum  d i s c h a r g e .

2 0 8  , 1 0 °  AR3 t a i l p i p e  d i s c h a r g e .

209 10° AR3 t a i l p i p e  d i s c h a r g e .



T a b le  IX  contcL

211 1 5 °  AR2 p len u m  d i s c h a r g e .

214 15°  AR2 t a i l p i p e  d i s c h a r g e .

212 15°  AR5 p len u m  d i s c h a r g e .

. 215 * 1 5 °  -AR5 t a i l p i p e  d i s c h a r g e .

F u l l y  D e v e lo p e d  I n l e t  F lo w  (2 S * /v*  = O . l l )

502 15°  -AR2 p len u m  d i s c h a r g e .

501 . 15°  -&R2 t a i l p i p e  d i s c h a r g e .

505 15°  iih5 p len u m  d i s c h a r g e .

504 15°°  AR5 t a i l p i p e  d i s c h a r g e .

505 10°  AR5 t a i l p i p e  d i s c h a r g e .

506 10°  AR5 p len u m  d i s c h a r g e .

5 0 7  1 0 °  AR2 p lenum  d i s c h a r g e .  .

508 10°  AR2 t a i l p i p e  d i s c h a r g e .

! 509 5°  -AH2 p lenum  d i s c h a r g e .

510 5°  AR2 t a i l p i p e  d i s c h a r g e .

511 5°  AR5 p lenum  d i s c h a r g e .

512 5°  t a i l p i p e  d i s c h a r g e .
%

000 T h in  i n l e t  b o u n d a r y  l a y e r  i n l e t  p r o f i l e .  

F u l l y  d e v e lo p e d  v e l o c i t y  p r o f i l e ,  ( i n l e t ) .



INL
ET
 

B/L
 

TH
IC
KN
ES
S 

= 
0*

01
06
 

DI
V*
 

AN
GL
E 

= 
1C

CE
G.

7 
ARE

A 
RA
TI
C 

= 
3
7 
TA
IL
PI
PE
 

LE
NG
TH
 

= 
2
.7

4C
H-
 
, 
RUN

 
NC

LJ * « • • * * » •
* L U O  O O O O O O O O

•
>- • H-
O  • U  O  n i N ' O  O  h o  o  
ad c X L U o c n v r m m r o o o  
L u c t r u - O C T ' O C T ' O O ' O O

U J O U J O O O O O O O O

I 00 .
f— <si o  'O  s j  i t  u h m  m  
o  lu o r d n w n v r H H
LJJ 2; O O ' U ' O ' O ' U ' O ' O
ILUJ • • • • » « « «
U- >  r H O O O O O O O
LU

• t L L O h N O l A H H O J  
W > L L O C O O O C C O ' O H H  
W Q L U O < T v O h N C O O O C O  
U J  O  U  * * * • * • #  t

q : u j o o o o o o o o o
Cl. cd

e
Cd
Cd Cd
OO h~rH«7''0-<000
o h  <-<rois- ' O O ^ o o

» o  o o o * - « o o o o
LU <X • • • • • * « *

♦ U. rHrHrHr-lr-HrHOO

c d
LUO r - t O C M O v l * m O Oo- 1— n w i M o o ' ^ u u
< 0  o m o a j v r ' T o ox <t
t/)Ll_ N H H H H H U O .

< I H- j
LU | X Ih-C\J

<
UJo
CM

<oo

r v j r H m r - O ' O o o
i n r ^ r H m m o o oo  f\i ia ro cu tp u  u  0 0 0 0 0 0 0 0 0

- ^ O O O O O O O O

I o a ' r o r - < r o o o  
I x o c M r n o c o o o o  I h - t s j - c o i n c M r n o o
I 0  000-~**-lr-<00

I J C O O O O O O O O  I
COQ OC * * « * * « «  *
J L U I M H . C C N ' O r O O O  
□  a j c o c o m t M a j o  zr^i'Oo—tovovr >-DHr'NHr-'T l u ^ n m r ^ o o o  
a d  « r < • in  u i in

JS.\X

toCO
LU
Cd
CL
tX
<

o  (n. h  <c o  o  in inUvOm- JNHMNI
o n i ' O H i n c i ' H CMm m*

O O O O O O O O  • « • • • • • •
•CM CM CM CM <\J CM CM CM 
O O O O O O O  C>r-r-r-r'-r'-r'-r-r'-

i: •
<1 J C O C M ' T ' T ' O H a v O O  
UJ UJ V  • • ♦ * 1 • * 1
2. > r* o  in sr <r pi o  o  

cc so <* rn co co •

O
MH<h-

O 
CM 00 X l/>

LU 2la: v.w a x
LO O On- in o  ro i-c |I I

in 00 in o  
•—* 1 i 1 1

f— 2: ID CC r-H.rH CO rH O O O 
t o o o m o a j v T c j o c M C M  
w cd  *c o  cm *r co cm in cm 
o u . » —

O O O O r H r - I C M r nI
s r n i ' O o O ' O ' O ' O O

t #
2. vO h o  co co co co co

hHvUtNJCMOvJIMCM 
r-l r—» CM nj CM CM (M2:to

LJa. H(\ jm<rin'on*oa

CL
Z.
UJ

-J
LU

-JsO

UJ
a)

2
m
UJ
o.

O O O O O O O O  • • • • • • • •
>r'T<r<r'T'3*'r»cr
CMCMCMCMCMCMCMCM

I
In c o i n c o H f o r a o  • * » « « • » «

co cm cr> o  cr> cu m  o  
co o  < r m* co co co

C O r - H O ' » - « ( M ' T O Oo * - H C M o m o o o  ci 0 0 0 0 0 0 0
H H H H H H (J O

—1 cm m -<r in o  r̂ /CD



IN
LE

T 
B/

L 
TH

IC
K

N
ES

S 
= 

0*
01

33
 

C
IV

. 
AN

GL
E 

= 
IC

C
E

G
.j

 
AR

EA
 

RA
TI

C 
= 

3,
 

T
A

IL
PI

PE
 

LE
NG

TH
 

= 
C.

CO
CP

 
, 

RU
N 

NC

UJ CJ O  CJ o  o  o  

«
>* I—
o ' u u <r u1 o 
c c i a u j o c o h ^ o  t u a L L O O ' O ' O ' oX U  LL • * • * > «
UJ O UJ O O O O o

I toh- V) U  'U N  O)
O  UJ 0  00  0 - 0  0 '
UJ X  U  O'  O'  O'  h
U-  UJ • •  * e e
U-  r-1 CJ o  o  O
UJ hh

* e LU O  O  ro vr 00 
i/) >  LL Q O' O CO CO W U U J O ' T ' O N h  
L U U O * » t e e  
( X U J O O O O O O  
C l c<

e
c£
a: o:
o  o  h  r j  ro <r o
o  i— H  co r -  cm o

e CJ O  O  O  r - i CJUJ <1 e t * * #
♦ IJL r~f *’■4 r-J rH UJ

C£UJ LJ ro CM —* o  oCL h- 00 O' ro NCJ o
<i o  '■o in o  o
X  <1
CO LU H  ^  H  H  o

<t I H- I 
LU I 
X  I

O' vr o o
X r- r-* o o
f- o w in r- u
CJ O O CJ o  o

CM | o o o o o

*  
<z 
H- 
_ I
UJ
o
CM

I ro (M O ro o
I x  ro <r <-( r -  o
| h  r J  o  CD CM O
I O  O  O  O  '-c o
! * —• • * • • •
f J C O U O O O  
I

co
o  cc • ♦ •
- j  u j  ro  o  i n
l j  co < r in  ro  r -
X  X  co r o  r o  oo
> J 'T O' <r O
UJ 2  -c ru vO CMCC vj* U1 'T in

•-C O

j :
N
X

toco
UJ
CC
Cl»
X(—
<

co in cm cm in  
O' 'T <—< 'O ro
*T  O  CO O  -T

CJ
I

-I

sj* <? r-* 'T

O ' C ' O O ' O 'in in m m in 
r— r— i— r̂ - f̂ -

2  *< i _ j c o ' o m i n o o  
UJ  UJ  \  * t

r -  ro i n c j  
co in sr n

o
U  * CM 
H  CO X
H  co< UJ 2  h- CC \
io u- x

cn O' cd h  o
CM rH ro I n n  |
I I

h  2  UJ co 
CO u sr h  m  O'0  m co <r o
H  CC X  o  CO v r  c u  #~r 
OUL  * - * • • • « *  

O  O  O  O  r~l
1

o
M
jc

CO
LJCL

X  CM O  O  O  CO
N  » » » « e
X vO CO O  CO LA

f— CO O CNJ U>
H  H  (M O'

h  c\j ro \T in

tx
X
UJ
t -

UJ

o

<1
UJ
cu

XCO
u
cu

o  o  o  o  o
c » •  •  •

O ' O ' O ' O ' O '

O' tn n  h  o
cm cn r* u  u  
cw u w  <r

CO CM cr> in o
O  H  cm 'T  o
o  o  o  o  o• * » • •
H H H H (J

•—< cm ro nt m



IN
LE

T 
B/

L 
TH

IC
K

N
ES

S 
= 

0.
01

05
 

0I
V

. 
AN

GL
E 

= 
10

C
E

G
.,

 
AR

EA
 

RA
TI

O 
= 

2,
 

T
A

IL
PI

PE
 

LE
NG

TH
 

= 
Oo

CO
CK

 
, 

RU
N 

NC

U_J tj Cu O o CJ o
*

>“ I—
cj • • o o C <r vO o
CC. OC UJ o vO 'O vO o

•UJ DC U- o O' O' o
CJ U- e • * » »

UJ CJ LU O o CJ o o

1 CO
h- CO . CJ UJ U) CM CJ
O UJ o vO U) in in
UJ a : o O' O' O' O'
UL UJ • * * • e
U, > rH o CJ o O
UJ 1H

•
« t LL o CO ro CO rH

CO > U- o CO rH in rH
to u UJ CJ rH in O  t—
UJ CJ o t • c e 0
CC UJ CJ o o O O O
cl CC

«
CC
CC CC
CJ U o O' r- O o
CJ h™ rH rH CO o

e CJ O o CJ o o
UJ <1 • • • e « •

« u. rH rH rH rH CJ

cc
UJ u O h- NT O' o
CL \~ <r in ro CJ
<t CJ CJ o <? r - CJ
X <1 • t * •co U- CM rH rH i—( o

<t 1 rH in O' in Ol- l X U )CM 00 vO OUJ J 1— CJ rH CM <r CJ
X 1 o CJ o CJ o CJ CO O' Is- in rH
H- l M • • « « • rH O' O ro M* vO
CM I o o CJ o o 3: <3 o O in\ • * « • •

X o 13 CM 'T vU
1 in o O' O' o 1<c 1 X o o r- o o

H* 1 H- rH CM sT CO CJ
-J 1 CJ o O o o CJ •
UJ 1 ►H f t • • e CO
o 1 jS i CJ CJ CJ CJ CJ <o o CJ O O oCM 1 UJ • • • • •

CC in in in in m
co CL in m in•in in
o CC * « t • * • r̂* r*~ r~ i*— r—-J -J UJ CO rH r- o O z;

< . o CD rH o  r- in f—
CJ 7L ro r- c m  r- <CJ > j i n  inin h-
-J UJ z CO co a? co s

CC ro ro CO CO
CL

2 : • 2. o CJ o o o<* J co o CO rH o o UJ • • • • •
UJ UJ s • • • • » K~ o o CD o oa_ :> a_ 00 CM CM o CM CM CM CM CM

Is- o  in <r
a

o • CM t : ..*H CO X • • * # • -J
h~ CO in rH O' o UJ
< UJ X in co (•'- rH J> r- CM 00 3 0H- CC N CM rH 1 1 • $ • ’ • •
CO ex. a. 1 1 n- CJ sr o CJ

r- n- in >r
j— cj

H* a: UJ 00 rH rH <i- o
CO CJ j ro m cj in CJ♦H CC z o o CM ro in CO 00 00 CM oa U- M • • • « • <c o CJ rH ro CJ

o o O CJ o H* o o o Q CJ
1 UJ • t • # ‘

X CU i—5r H r H rH CJ
H-
a 2lCM o o o oH N « • • • •
J5 a ; O in CM CO CM • •

r- CO rH m in -s j
rH rH r-l CO rH CM ro in

z: u
to CL
o rH CM ro in
o.



• U J O  o o o o o o o o o o o
o
z: •.< >- 1—

. o  • u o ^ ’i m M U ' r n ( o < r u o o
X  a: a: uj o  o  o  o  tn in <r <r o  o  o
cc u j a i i . o u ' O ' O ' O ' O ' O ' O ' u o o

; *  U J O U J O O O O O O O O O O O

SL
o
M*
r -«
CM

I CO 
Y~ CO
O  UJ 
UJ x  
LL LU 
U-
UJ >h

u  i\i (\j o  tu  m  h  to
o o < n < r u ' i v o t n i n ' O i n M -
O C T ' G ' O ' C J ' U ' U ' O ' U ' O ' C T '

r H O O O O O O O O O O

_T

X
K~
o
X
LU
O
UJ
a.M
CL
O
H-t
<t

CM
II

U

<
CC

<1
UJ
CC
<

o
LU
Q
o
rH
II

UJ

CD

>M
a

in
o

o
o

to
CO
UJ
z
o

-JN
CO

f—LU

» tLLOO'COHO'MHfv.^M‘ 0 ( / ) > lLOHOf MCM nn CNHHH
t o o u j o i n v o h - t ' - r - r - ’r-r^-r-r-
U J O U * « * * * * » * » t i
c x u j o o o o o o o o o o o o
CL CC

CC
CC CC 
CJ u  
O I—
* o

UJ <• LL

CC 
LU o  
CL H-
c  o
X  <t 
to x

o o o o o c o r - ' o c o o o o
rH»<ro»Hr'-<rmroooo
O O O r H O O O O O O O  • • • • • • • • « • «
rH rH *H rH i—( rH rH rH CJ CJ O

i n c M C M > H C M r o r - c 7 ' o o o
HuivONoinwhuuo
O M j r - r - c n r o c M C M O o o
(NJHHHHHHHUOO

< I H- I 
UJ |
X  I H* |
CM | . 5 0 0 0 0 0 0 0 0 0 0 0

cMr-rooovrcMcoooo
jinc'r-cuoo'tMouuoi - o r j v r i n o i n M ^ u u u
C J O O O O O O O O O O O

<
I-
_J
LU
CJ
CM

in o  <r co o  <r
X  o  o' m  cm «h  o
H- rH  < r CO O  O ' CD
o  o  o  o  rH o  e

>H vO O  O  O
cj o  cj o  o
CO o  o  o  o
o  o  o  o  o

| . 5 0 0 0 0 0 0 0 0 0 0 0  
I
CO
o a : * * * # * * * *

J JUJin'TO'CCH(Mino 
<OaHC\ltPMMJ(M(C1 
U Z J - i n O H C D M B O ( M  0 > 0 ' T C M 0 0 s r r n n i r c )  
- J U J z a ' O ' O ' c u c a c a c o c o  

cc co m  m  m  m  m n  m

o  o  o

Z •
<. _j co r» o  o  vo
UJ LU M « ♦ * «

vO CM 
r -  in

<r <r ro co• « • • •
r̂- r— r— r— r—
co ro m  m  ro

oVH
h-
<H-

(J
CM

CO 
CO
uj a: in <?
C C S C M  |

O'CCKTlOCDO'COhM' 
H
I

CM

co dl a. I

i - 2 : u j c o M t n o n c o o < - v t ' r o 'w u j n o < r ' O H H i f i c o r - r * c M
•Hix^ocMcnMrMJU'rnoinu'cM

O O O O O O r H C M C M C M m
IX

h-
O  X C M x O O M - s r O O O O O O
*h  M • e c ( i  « « • • t i
-5 a.OrHCOCM<MCMCMCMCMCMCM

h H r o i n u n n i n i n i n i n i n

z
CO
u
a.

•
to
to
LU
CC
C L•
a
H*

U.
a;
U J

UJ
j»

o

UJ
cu

Z
CO
LJ
C L

co u  r* vo sr r- m o' o' co in 
0 ' i n r \ i f o > T ' T H N r h c \ i r »  
M-'Oinooor-rnp-oro 
» « • • • • • » • « •  

oiMsrvoccjiMf'-r^mu'CM 
I » h  r H  c m  ro r n  m*

o o o o o o o o o o o
CO CO CU CO CJ CO CO CO CO CO CO 
o  >0 MJ vO so vO >0 sO <3 »0
r-f^-r-r^r-r-r-r-r-r-r-

o o o o o o o o o o o  • • • • • • • • • # «
C 'O 'O 'C T 'C 'C r 'O 'C T 'O 'U 'O '

r - i n r ^ o r M < 7 i n o o o o

r^MTtnCMrHOOrHOOO
r- u w  w  <■

r-ninsrtno'f—m »rooo
O r H C O ' T C M r H r H r H O O O
o o o o o o o o o o o
rH  rH  rH rH  i—< rH  rH  rH  ( J CJ CJ

H N n M ’ in'OI' -ODO'OH

H(Mfn'Tir\>or-cou'OH



* N
LE

T 
8

/L
 

TH
IC

K
N

ES
S 

= 
O

oO
lO

O
 

DI
Vo

 
AN

GL
E 

= 
IS

D
EG

o 
9 

AR
EA

 
R

A
T

IO
.» 

2 
9 

T
A

IL
PI

PE
 

LE
NG

TH
 

~ 
Oo

OO
OM

 
s> 

RU
N 

NO
o 

lO
i

i9 e O CO
o r a : c l  0 nT
UJ o r u  0 04
2 : 0  ® c>
u  u  0 O

>-■
a

L—
e? ® U  O CO
ct: CC UJ CD 0
LU K L O 0
z 0  a_ 0 ©
U  CJ-UJ O 1—t

1 co
L— co 0 r--
CJ LU O co
UJ 2  O Ch
Ll. UJ 0 c-
u_ >  rH 0
UJ •—«

0
O

0  U , O t"*
10 >  tu  0
I/O O  UJ 0 04
UJ U  O  ® «
cc E C 0 O
cl 01

e
cc
01 c c .
0 0  40 r-.
VJ L— rH CM

0 LJ O 0
UJ <  0 ©

0 U , r - i rH

LU
CC
0  r - r>-

a t— CO rH
<  u  0 CO
x  <  « 0

U) Lu CM CM

< i CO 0
f— 1 X  <}- CO
LU f 1-  O rH
X t a  0 0
f— | H  O 0

04 I 5  O 0

❖ I O CO
< 1 X  O CM
L—» 1 L— rH CO
_J 1 O  O O
UJ ( *—> © 0
Q t 15 O a
04 t

CO
O  CC O ©

_J _J UJ <j- CM
< O  03 m CO
LJ Z  51 4 ) <3-
O > - D  O ' m
-J u j -z. 40 0 -

CC CO co

0
< -J  I /)  04 CO
UJ UJ \  0 0
5 : >  51 <i- <3-

r - vO

u
O

O CM •
M CO X  0 ©
» - co o - Hi-
< u j > : cm H
} - K  \  M  H
l/> CL S  1 i

L—
L—

X  U i CO O
CO O  - l  co m
M o : 2 : 0 O
O  U_ *-* O 0

0 O

X
I—
a

t

51 CM <3-
1—9 \  Cv 0
3 ^ S vOO

f - co

2T
CO
O rH CM

vD C% 
CO 4 )  in 'O 

a e 
O  O

04 O 
O  CO o  

o  e  
O  O

O'-
<3- o  
o> o

a c
o  o

'O  o
O  COm ^© o 
O  O

<J- O  
CO O  
O  O  

o  o 
•~i O

in o  0- o  .
Q\ oo «
1 • O

>■0 o  r- o  co o  
o  o© © 1—!
0 0  :<s  

xco o  
<5- o  f-» o
O O  e

c o  I f)
O O  I/)

UJ 
CC 
Q.0 0  o

40 O  S
rH  |—•
CM • <
O
00
CO

c
CL

04 O  UJo o ]—
m  o  
<?■

© e _J
CO O  UJ
CM >
f

-J
N
U

rH  o
o  o
0 4  CO 

o  © <£
O  O  I -

UJ 
CO

vO <i"
c  0

CO CM o
04 in 2:
r-4 1—{ I f)

o
a .

CO 4 '

CO vO 0- 0-o  in co co 
vO NO O '0 • • e

O  O  CM CO
1

\ 0  M) 40  40  
« e  o  « 

>4* <J-
m  m  in in o- n- n- n-

m m in in .0 0 0 0  
H  H  H  H  
04 CM 04 04

CM O 0- O0 0 0 0
in 40 co o  
r~ M5 <J-

O - rH  co  o  
O  rH (O O0 0 0 00 0 0 0  
H H »—! CJ

tH CM CO <5-



<’*
O 0 0  '—{ CO r~- JO
rH X 01 cl 0 r - eft cn 4*

U.I 01 cu 0 a vO r-- n-
X 0 0 0 0 « 0

© LU CJ 3 0 O 0 0
O
Z 0

>- 1—
Z O 0 cu O 00 r—t 0 0
3 01 01 UJ O r - CO r - 0
Cu LU 01 Lu O a* O O' 0

j 2: 0 Lu © 0 « e 0
, 0 LU cj UJ O 0 O O 0

'i  51 e co
O 1— CO O CM O cn vO
O LJ UJ O O f-" r - iA
O UJ X O O O ' O ' CO

0 m UJ 0 0 0 0 ©
O l l > r-t O O 0 O

UJ »—«
i H

■i 0
i X 0 0 Lu O O CO O ' H
- j— U) > Lu O CO vO vO

O to 0 LU O m 0 r-~ r -
X UJ cu O e 0 0 © «

! LU 01 LU CU O 0 0 O 0
_J CL 01

UJ
OL O
►-« QZ
0- OZ 01
-J O  O vO r -  vO 1—1 O
M U  1- H vO r - CO O
< 0 CJ 0 0  0 O O
J— LU < « 0 0 O ©

<3 U_ 1—1H  H r-t O
«»

cn

U
01 

UJ 0 0 f - h- O O
CL H- vO CM 4- a O

O <  CJ 0 CO r- vO O
M X  < • 0 0 © «
l~ LO lu CM r-t r-t rH O
<
or

< 1 O ' MJ O vO 0
< 1 - 1 X 4- iA iA •—I 0
UJ LU 1 l-~ 0 CO <1- lA 0
01 X 1 Q 0 O O O 0 CO f ' - r—1 O vO
< 1— 1 e 0 0 0 0 rH CA CA O' t"~ CO

CM 1 O O O O 0 3: 4 NO CM CM rH
N c * • © P
X 0 2 4 O'

e * 1 H CM r - 1—t 0 1
O < 1 X 0 iA CO iA 0
I'J 1— 1 H 1—t vO r - aO 0
a _J f 0 0 O 0 O 0 e
A LU 1 •—« 0 V 0 0 e to
rH Q I 0 O 0 O O tO in A A A A

CM 1 UJ © '0 0 0 t>
It 01 4 <t 4- 4- 4-

to CL lA A A A A
UJ 0 m e © e 0 • 0 * r - r - r - r -
_1 _J _J LU vO O ' CA A> O X
0 < 0 03 O IA O ' O t—
2: CJ 2: 2 ; vO O' CM 4 <
< O >- 3 0 0 O vO

_ i LU Z  CO rH vO CA
0 a : CO 4- 4" lA

> •
M CL
Q 2 0 . X O 0 0 0 0

< _ » t o  0 O ' 1" - 4 O UJ 0 e 0 0 ■ 0
LU LU \ 0 0 0 © © f - CO CO <0 a> CO

rH X > > :  vo r - CM vO O 1—I rH ■—t rH rH
O r~ <i 4- CA
rH 0 #
O CJ 0 CM

O n r t o X 0 « 0 0 O -J
O »- to 0 4 4 4 O  • UJ

< LU 5 n- vO CA 1 > O 0 2 r - O
n 1— a : N CM 1 ! e 0 0 0 O

tO Q. X 1 1 _J rH vO O' O
to \ f ' -  A CA
to 1— CJ
UJ t - 5C UJ CO rH r - 4 O
z to 0 - J CO 0 CM A O

*—» 01 21 O  CM CA IA r - r -  iA co O' 0
CJ 0 lu *—« 0 0 0 « e < O CM CM CM O
*—1 O 0 0 O O t— O O O O O
X 1 . UJ 0 0 0 0 O
h* X CO rH rH r -8 rH  O

J— ;
J 0 M 2 6 4 vO vO
\ HI \ 0 0 0 0 0
CO 3: X vO CO rH O CO 0

r -  cm O CMCM z
I— rH rH CM CM to rH CM CA VJ- A
UJ 2 0
- J to a .
21 O r—i CM CA 4 lA



10

o
o

j 2
2Dor
Cv

*;5
£O•S..« V4
e

) CM
■i 11
j X; L—j O2UJ
; i -J
'1 UJCLM

CL
i -J*—i3 <L 1—
)t <6.
\ CA
« i;

. )
OI M
H
<.-J a:

I< <UJ* or.
<

1 ©
] o

t9
\ . UJ

[ \ Q
\l inr*4
•j ; vi n

UJ)t _j\ ' oi 2
J <
11 o
] >M

Q.J
♦1 CA
i O•'i H
-j Oe
i O

II*
i to
.j • toUJ; 2

VLU
j i—i

XJ—
i _1
i \
: CO

h*
UJ_J2

O  o  O r - t O ' ^ M x t O ' N J O a o o x  
CEOCO. O lA CM rH tn NO f'* CO CO CO 00
2  0  o o o o o o o o o o o  
ID U  O O O O O O O O O O O

o
>- (*•
o  cu o m< i - r - i 4 - r -4 r ^ . (AOo o  a : a : u j O\ Oi n^ cn vj - f f \ ( MOOo  
LU ClC iL O O ' t T ' O O ' O ' G ' O ^ O O O  
2  O  U . o o o o o o o o o o o  
L J U U J  O O O O O O O O O O O

I CO1— CO 0 < f O ' 0 ' J ' H O d ) H r - ( f f l
u uj o^f iHHinintnooo
UJ 2  O O ' k C r v O O O C T ' C r v O O O x  
LL. UJ o o o o o o o o o o o
LU >  o o o o o o o o o o o
UJ ♦

o
© «  t L  O  O  CK t o  <1‘  h  (\J  o  H  H  (M

tO >  U.  0 \ 0 ( f l N < f h - 0 \ 0 0 0 0  l/JOUJOin^OL-hh-h-COOOCOCO 
UJ U  O  o o o o o o o o o o o  
QC LJ U  O O O O O O O O O O O  
CL Qi

o
a :
of  q:OO v Ov O i n < ! i 4 - t ^ N c o o O O
O  t— H i A f O h C D ' t P U M O O O
°  VJ O O O r H r ^ o O O O O O

UJ <C © o  o o o o c o e o ©  
o  L l  '—1 I—I r H r H  *—t r H  r H i—I O  O  O

C£
UJ O  O C O C O v O i A O C A r H O O O
GUI— t v K f M O H O s n v f O O O
<C O  O l ' - h C 0 0 3 ( < l t M N O O O
I E <C o o o o o o o o o o o
1/) U_ t \ l  rH rH i-(  i—i rH «—I rH O  O  O

< |  r H C O r H C V j v O t n O O O O O  I— t Xin tArHOvj - t Mrv i r -ooo
uj t h  o m m  a> a ' f f l w L - o o o
x I O O O O O O O O O O O O  
(“  I 1—1 o o o o o o o o o o o  
CM | j£ O O O O O O O O O O O

* I OCMCOOL'-CAOvOOOO <  1 l o c ' f f l t f i H M N i i n o o o  
»— I I— r H i A O O v O f ^ O O O O O O  _J I OOOOrHrHrHrHOOOO 
U J | * H o o o o o o o e « o «
o  I 3; o  o  o  . o  o  o  o  o  o  o  o  
CM I

t O
Ch GC O O O O O O  O O O O O

J  j  lu  in  vO 'D 4  m  o  o '- o  o  o  o
<C o  CO rH 4" vO *H <—( Is— CA GO 
u z 5 Z H ' 0 < f ' t ' t i n - H ( >
0 > * D ( M fi O ' ( M i u n o o
JLlJZ04ffl(N]CM(M0r~ 

cc < r < | - < f i n i A t n i n < f

2  c
< JiOfflO'vOHCOOO'OOOO 
UJ UJ  \ « 0 c o « o o e e  o *
S>SOHin'0 4<t (m h o o o  

c o i n < 5- r o c n c A < n c n
O

KJ o  CM

L— CO fvj MO O' M O 4 O O O O
< U J S f ' J 0 ' v O ( \ J M H  |  |  |  (
i - a \ < n  i l l l I 
to a.  s  I 

i ~
J— 21 LU CO r H { "-  < f  4  n  O '  CO O' ! CO o
c/) O   I  !<1 O  f \ J l A  O  J j  H  ( \J f \ ]  H  L -
« a z o N m m ' O O i r \ r i > o o ' c o
Q  LL m  o o o  o c  o  o  o  o  o  «

0 O O O O H H r\! (\1 CM O
1XI—■

Q  S f M v O - t  ' O ' O v O O ^ v O ' O x O
»—» S o o o o c o o o o o o

2  ̂ O  to  r-i o  co co co co co co co
r -  cm vO cm cm cm aj  cm cm cm CM

r H r- l  CM CM CM CM CM (M CM CM
2
tO
O rHCMCAvf-lAvOr-COOOrH
Q_ i—l rH

C O h H O v O N 4 - v O ( M ( < l ( M  
»H O '  (Cl O f ' -  CM n  n  N  (M O '  LO 
2  . 4 - v 0 C \ J C M 0 ' C  0 ' 0 ' 4 C M 0 '
\  0 0 O 0 0 V 0 0 0 O O

X  o . c M < r r - r ~ r o o ' r ~ < } * c o c M  
I H  H  N  C<t t<l  4

CO
t o  o o o o o o o o o o o
UJ 0 0 0 e o « » » 0 0 »
DC o o o o o o o o o o o
Q. V 0 v 0 v 0 v 0 v 0 4 j v 0 v 0 v 0 v 0 s 0

® r — r— r— r—  r—  r—  r~- i — r—

o
CL
21 O O O O O O O O O O Oli 1 0 o o o o c 0 o « e »
I— O O O O O O O O O O O

C M C M CM CM C M C M C M C M C M C M C M

o 
-J
UJ
>  O'OOrHO'P-vOCMOOO

0 0 0 0 0 0 0 4 0 0 0

_ l  . H l f l O ' W H C O v O v l ' O O O  
x  c o i n ^ - ^ - v j - c a c o o
U

r - r H r H C A P - J - O O O O O  
<  O N l f i v O v O H H O O O O
1— O O O O O O O O O O O
UJ o « a « o e © o ® s > © o
CO rH  rH  *—1 r—C r-C rH  <—1 r - l  CJ O  O

«
2u) H M t A > t i n 4 ) r - c o O ' O H
O ' 1—1 rH
OL



o
s:
2:
3
cc

19 e  O  N  (\] N  O ' O  O  O  CO 1>  O  f 'J  CO
o' K a. o o o» ̂  h oj f\j t\s r-i h ̂  o O'
lu QrvjOiNjvOvor-r-r^r-'r-f^r-r^f^-s.o2  O <> O 6 O O O O O C O 9 9 0 O 
Uj  3  3 0 0 0 0 0 0 0 0 0 0 0 0 0

>- h*
3  » U O i f l t O N N < f  0 0 > 0 0 0 \ 0 0 0  a: a : u 3 ^ ^ i n i n m o - j - o o ^ o o o  
lu c£ ll. o  a* o  a» O' o  o  o» o  o  cn o  o  o  
2  O U_ 0 0 0 0 0 0 0 0 0 0 0 0 0 0  
Hi U  id O O O O O O O O O O O O O O

O
4
r**
o

CM

II
XI—
O
2
LU
-J

LUa.Ma.
3
M
<
I-
Cl

CM

It

o

<a:
<
UJ
oc
<

{ CO I— to 
3  UJ
U J 2
ll uj u. >
IU •-«

o t n N O ' M ' - m r - v o ^ O ' c n M r -o o ' c f i H v t ln r - i c> Ms-4-voxi<i-
0 0 ' 0 0 0 ' 0 ' 0 ' 0 ' 0 > 0 ' 0 ' 0 ' 0 ' ( A
e e o o e o o o o o o e n e

OOOOOOOOOOOOOO

o olloo'cmco4o<hcmcmoo'cm4 0  L O > u . o 4 ”rHOcMcncococococjcMrHrH o) o  iu o  im m> r— c- c- r- r- r- c- r- !"- r-̂
LU 3  0  0 0 « e  o  © © 0 0 0  © 0 0 ©
ct: l u o o o o o o  0 0 0 0 0 0 0 0 0  a. oz.

o
a:
or a: 
o o
3
o

UJ
o

52

vO
<h
O

0 0  c o  0  i n  c o  
o  o  o  0 0  m
o  »h 04 o  o

0 0 0 0 0 0  
4  o o ro o o 
0 0  o o o o

I—4 r—! rH  rH  rH  rH  O  H O r-f 0  O O

CC 
UJ oa. 1— 
<C 3  
X < 
co u_

O v f ^ N H H O h ' O O W O O O  
cnOOJcOCOOO CD C0OO4OOO 
Hhrl(Mui(f|ON00(\!O0O

e  o  o  c  -9 o  o  o  o  c  © o  o  e  
MHPJNHHOHOOHOOO

IU
X
cm

lAOOOi-tiTVOcaOOcOOOO
X < i - ( < t r 4 ( O M H O c o O O i O O O O
t— o  4  i n  >0 o o l a  0 0 0 0 0 0
QOOOOOOOOOOOOOO
M  C  O O O O C  Q  O C C  C O C O

3 : 0 0 0 0 0 0 0 0 0 0 0 0 0 0

c o  M> I" -  c o  O' in cn cn 
4  M) M3 «H

4  O ' 
4  c n

4  c o  4  c c  i n  
4  c n  v o  h -  cm
rH  r - l  i n  CO CM

X cm 4  v r  c o
0 * 1 r - \0  r -i rH CM O ' O rH O O rH O 0 O 1 rH rH rH CM CM c n c n c n

0 < 1 X  O ' CM f"- c n m 4 O m O O c n O 0 O
U J 1— 1 1- 0 CM c o c n O ' CO O r - O O CO O 0 O
Q 3 1 O 0 O  O  rH 0 0 O 0 O O 0 O 0 O 0
i n U J 1 M © O 0 0 r « c 0 e O 0 O « w I /)
rH a 1 3 0 O 0 0 0 0 O O O O

000

O 1/) r - r ~ C - r - c - c -

Ii

t " 7 7 r - c -

11
C J ) U J 0 • • e 0 © « « • « © •0 « «

m
c r M3 M3 M3 vO M3 M) M3 M3 M3 M3 M3 '0 M3 M3

U J a :
CL m m m m i n m m i n m m i n i n i n m

a 0 O 0 e » 0 e O 0 O 0 O 0 0 e r - r - r - r -  r - n - r - n - l"~ c - c - r - c ~
3 3 3 LU O ' i n  4 c n C J CO O i n O O vO • O 0 O 2
3 < O  CO 4 O ' rH r - CO O ' vO r - f—
z 3 2 :  51 m O 0 0 M3 vO vO CM <
<  . 0 V  3 c n O ' O ' rH rH CM r - l 0 0

3 U l 2 : 0 0 O ' O ' O ' O ' O ' CO
0 CC 4 4  c o  c n c n c n m c n

> ©
M CL
O 2 : e 2 : m m m m i n m m m m m i n i n m i n

< 3 i n c n 4 M> 4 4  m  0 4 O O rH O 0 O U J 0 0 0 0 c 0 e 0 0 e « « « <*
LU U l \ « 0 0 © 0 0 0 « 0 0 e O 0 0 J— CM CM CM CM CM CM CM CM C J CM CM CM C J CM

c - 2 > 2 : rH 0  r " O ' O ' O ' O O ' O O O ' O 0 O C J C J C J CM CM CM CM CM CM CM CM CM C J CM
O ' CO 1*- 4 c n m C l c n c n
0 0 !1
0 3 0 CM 0

« #—• m X 0 0 0 0 • 0 « 0 0 0 e O 0 0 3
0 f— i n 4 4 - 00 CM M) O ' O ' .O ' O ' CO c o i n CM O LU

< LU 5 - c o CO c n t > c n i n O v£> r ~ c n O CO O O CO O 0 O
II L— c c \ CM rH 1 c e « 0 ■ c © 0 0 0 © 0 © « 0

i n
c o  a  5 : 1 I 3 CM rH C J m c n c n O CM O O CM O 0 O

N CO r - m 4  4  4 4 4
1/) f - 3 *
U J 1—  2 : U J CO O  rH i n c o 0 c n i n O m O ' O ' 4 O '

cO 0 3 c n m O  rH vO CM c~ CM c n c n cn CJ c n CO
M o c Z 0 0  CM c n 4 M3 r ~ O ' CM m 00 c n r - O ' c - CM CM CO CM CM O i n O O m O 0 O

3 O Ll 1—« 0 0 O 0 0 0 0 e c c 0 0 © <3 < O O 4 c - c n CM O r - l O O rH O 0 O
M 0 0 O 0 0 O 0 O rH rH rH C J CM CM 1- O O 0 0 0 0 O O O O O O 0 O
X I IU a © © 0 <s> 0 0 © « © © 0 0 ©

CO f—l rH rH  rH  rH  rH  O  r - l  CD CD rH  CD O  CD

3 Q S CM 4 M3 4 4 4' 4 4  4 4 4- 4 4 4 ' jN »-« \ © © 0 « © © © c 0 © © © c © /
CD 51 M3 O' co CM CJ CM CM CM CJ CM CJ CM CM CM O

n- CO CJ in m m m m m m in in in m 2:
t— rH rH rH rH *—C r—I rH rH rH rH rH r—J O) 1 2 3 4 5 6 7 8 9 0 1 CJ cn 4tu Z 0 rH  rH rH rH r—3
3 O) a. ‘2: O rH CJ m 4 m 6 7 CO O ' 0 rH CM CO
1-4 Cl r - X r—{ r - l r—■ r —5



IN
LE

T 
B/

L 
TH

IC
K

N
ES

S 
= 

0.
00

91
 

D
IV

. 
AN

GL
E 

= 
5D

E
G

.,
 

AR
EA

 
RA

TI
O 

= 
2,

 
T

A
IL

PI
PE

 
LL

NG
Th

 
= 

O.
uO

Qf
n 

, 
RU

N

o
U J V '-j 0 i O vO r— r -

O 9 » • • e

a C J 3 o 3 3 3

.*
>— i—

UJ . e L J 3 . n 3 0 3 3
c V UJ. 0 r o 0 •M 3

’j ] V U_ O O ' 3 O ' O
O IL. e * s e •

J 3 U J ‘..0 3  r H 3 3

1 U )
L— o 0 o r H CO < f r H

J a J 3 •-J J ' A J X>
i J : o •O' O ' O ' 0 0

U - U J 9 » e e •

LU > r l o o 3 o
iL l t—4

•
e e LL 3 n - CO CO

J ) > o o  • I 4 * i n
t o o U J o r o r ^ - n -
' J C J o e e e » e

•»c L J L J O 3 3 3 3
a . y

•

O '
, v O '

O O m CM CO 3
V— r H CM - t ? 3

e L J L 3 3 3 r H 3
U <z. e e e e •

e U - rH <—1 r H i—1 O

OC
L J O r H r H - j ' 3 3
a 1— CM n - 3 ■—I 3

< u CM •J- U 3 O
x < e « e e •

i / ) u . CM i H r H •—I 3

< 1 r H O ' 3 0 0 3
j - 1 X M- O ' O ' O ' CO
U J 1 f - O r - l CO UO 3
.TI 1 Q O 3 3 o CO
t— 1 •—4 « e e » e

CM 1 ■Z o o  o o 3

❖ ( r H CO 0 0 3
< 1 ; r O ' O ' CM O
»— 1 P CO CM . n i—1 3
_ J 1 3 o O : o r H CO
U J ! ►—« r • e e •
O 1 K CO o  o O 3
CM 1

t O
Q CC e e • • e

- J _ J U CO CO CO CM 3
< O t o m r H l O CM
v J J C :> U J o  o o CO

o > - D CM CO CO O '
_ J U J x : CO OO O ' CO

CU c o  c o CO

e

< _ J CO r H m m O ' 3

U J L J N e • s e e

> z CO CM O ' o
CO vO  < r CO

o
u e CM
►—« t o X e e e e e

1--- t o vO r - l CO CM 3
< L J > O ' m  i n I
L— a : CM r - l 1
0 0 CL > - J f

1—
1— V U CO c o  a ) CM CO

0 0 6 _ J CO O  CO r H 3
*—< c r o CM m CO CO
n u _ « e e e e

CO
1

CO CO CO t—1

X
1

.

I—
a CM O  J - 3 o
*—« N e e e « e
T - V vO - j -  o r - CO

r - O '  CM •st" o
r H «—1 CM

J l l
o o

O r H  . 2 3 m

CO <1 O  vO CO
O ' o  mo m  cm

vO O  3  H

3  CM 3 O CO
I—I (—I

CO
CO
‘jlJ
j v

a

o  o  o  o  o
• • • « •

3 0 0 0 3
vO  vO  vO  o  o

r— r— r— i—

CL5*1
UJ

UJ
>

\u

UJ
a )

oo
o
a.

o  o  o  o  o

C\J CM CM CM (\J -

o  < t  m  o
•  e  «  «  •

rH  4  C\| O ' O
c o  v O  i n  c o

r—  O '  h -  t o  o
O  O  r H  CO C 0 \  
O  CO CO O  CO 
r e . e e  

r H  r - l  r - l  r - l  CO

r H  CM CO < f  i n

C L



o U CJ

3•v

y- I—
•D * cj 3 ro > r- a- o 

^ jj 3 4  j- j- i- j

iU <x. iL 3 CA CA ax CA O

Z  O  iL  * •  * « • »
a cj jj .j o o o o cj

Oo
o•
o

(I
rI—
o2
UJ

1
f—

to

to o 4- CO o >—1 CO

u UJ 3 vl- - t -1- J- 3

o 3 CAJ\ o CACO

u_UJ e ® o > O c,

lL > r-i CJo o OoJj i—i

• o ,i_ 3  if\ O ' O  N  vO
to >  i- o  cm co o  co co
tO o  'U O  CO 3  co a) co
i jJ l j  Q  e  * B e  o b■.-£ U.1 u o o o o o oa. an

LU
a.
a._j

an
an an
0  O U I—
• CJ01 <C

vO <1 r- ca rH o
H  (M A  <r co o
o  o  3  «~i —I o
e t t  « » •

r—4 rH i—C <—4 r—( O

CO
H
o

an 
LU O 
a.  f -  
<  c j

O 4 h CO O' O

m  co o  cm co 3
h  4  O vO O

<
, ' V

I/) Ll C\] rH i—I rH «H

< 1 vf 3 O' o vO o
< h - 1 j j >4- o vO CM vO o
UJ •ij 1 l— CJ CM O O rH o
an X 1 O •3 O O .-1 rH C3 CO O O CA CM
< • i— 1 >—< e « e • • B »—I CA 'O n CM o CM

: CM 1 CJ o o o o o JZ <L 'O o CO n
V, « e • B a s
X O CM o CO CM CO

• * 1 in o CO r 1 i—1 o 1 r—1 1—1 CM CM
10 < 1 X O' r-l vO 3 n - o
UJ 1— I 1— •3 CO O' vO CA ; j
a 1 Q o o o r-l r-l o e
i n UJ 1 « • « B • e too i •i' o O o o o o to n n inininn

CM J LU c • • B s B
h on CA CA 3 ' CA CA O '

/ to CL tO n n inin
t o o CL » e * • e • • f - t" n - A- r - r -

; _J _J 3 UJ CM i—1 CO n O ' o 5:
i o < q CO r - r~ CO vD Ul i—
,1 ciT VJ 21 A o 4 CM 00 O ' <■\ < C >- 3  m<r<nO  rH
; _J UJ rH •—4 i—( CM CM *

■-,» • ac <L <|- '3 '
> •
i—* CL
O » y o O o O o o

i;< < _ j to vO O CO •n CO o IU c e B • » B
r t liJ UJ \ • • • s n s 1— CA CA O' CA CA CAi m 51 > lj" rH vO CM r—1 u - o rH rH 1—1 «—1 1--t ‘H

CA UJ vO <3* CO CM
-1 o o

o U c CM e
• •—t to X • • e o B B - J

."■J o L- to CO CA O mCM o UJ
< UJ y <r" O vO t~i I > vO r-H CO UJ 'O o

i 11 1 - a : \ CO CM 1 1 • • « • o «
to CL J-J I 1 _J CM CO vO r*- <! CJ

to \ 00 vO <L coCO
to 1 - u
UJ 1— ?" UJ a j CO CM vO O CJ

* X too _J co o rH CA o C3
< v : *—« (Y. o CM CO CO r~-00 r- CA crj CO CO o

u a Ll »—i e B a 0 B a < o O r j n •X) oM o o o r-l r-l r l I— o o CJ o o <3
i X 1 UJ c B • B o s
c » - X cn i—4 rH rH rH r-l O

1—
.« _J Q y CM o o CM. 00 o
5 \ *—i o BB e B e

CO U o <1- r - o vO CJ e
n - CA M- o CM o X

1— r-H CM CM <r to i—4 CM CO IfJ lOUJ zn o_J CO . CL

o »—{ CM CO Mm 'O
(X



s

s'
13

o
,>* 1—— *
•D e O  O  O' CM cn >  CO UJ- .0 
z  z  u j  j  -j- -.o f~~ '0  o  -0 n

i£ UJ 3 1  ii_ o  O' On O' On On Jn On

♦» O kJ UJ o  o  o  •_> o  o  o  o

— I O)
6 i— o )  o  ro co co r-i co co cm
<r U  j j

.. *7 r - J  -  0  ON On On ON >  O' O
• £ • Ll. u j  • • • • • « » • •

r\j U-  >  < - < 0 0 0 0  o  o  o
J j  <~«

ll .
C

•
•  «  U_ O  On N  H  H  J  in  W •

>— co >  U_ O CM ;o  ro 4  <0 -J 4
O co o  u j ;o cn vo co co co co uj

.*■1* ■ ys .; 1 LU O  * > 4 •  . « s  e  4
•3 'Z  Ll» o  o  o  o  o  o  o  o  o

• _ i X  X

UJ
a . a

X
a Oi cy'

■J _ i O O  vo i n  h  a  o  j  o  in
*H O  V— rH CM Qn f o  in  C\J i—1
< » u  j  o  o  i—i r-H _y q
i— u j 4  • * • • • • • *

1 4S
.• CL <—1 r-H i—1 rH r—i rH rH rH

VL
< , ^

"1 It
X

LlJ O  CM J  h  h  i n  O  On cm
‘ j

o
n .  i— o  on o  ao r -  cn cn cm
< C O  H 4 - m i 3 J ( < 1 N N

\ I—t X  4  • • • » » • « >
1— (/) Ll  CM <H rH r-l rH r-H rH rH
<

v)
oc

<
<  1 . f  ^  i n  iO i n  o< a* ^  
i— I i  r t  r~  i n  iO n  h  > j

■ IU uj  1 h -  o  <m  'O rH cm r-i on r~
! a : X  1 O  O  O  O  r-H r-l r-l O  O

< t— 1 1 . •  • * • • • « • rH
I CM | 5  0  0  0  0  0  0  o  o
\
j

\
X

• #  1 m  o  r -  r<  ijj n  o  h
* . 
t

o <  1 l O N N i n m O s j - j H
UJ h~ j i— o  co o  on co  n  - h  on

i Q . J  J O  O  O  «-H <H rH «H rH O •
I i n iLl |  m  t  •  e •  ’ * * > • CO

O  | ^ O O O O O O O O cO
CM | UJ ’

■ ii £Z
■ i. ' 00 a

UJ Q  Z •
; 1 j _ j J  _1 UJ M  1^ CO 1 vO 'CJ O  00 > :
■\ - o <  O  CO t-H o  rH CM m  oo n -  o i—i - ' Z U  Z  :>I Is - CM O  On r-l u j  m  CN <c
i <  • O  >-  O  4  cn r - l  OJ vO r-l on cn

•i* _ j  u j  z :  cm cm 4 -  'O vo r-* o  o

i
e

>
fZ 4" 4" 4  4  4  4 4  4^

•
i—, Q.
a z :  • >:

1 . < _ J u ) i n i n o o i n o N a j 4 UJ
c 111 III \  •  • » • • • • • i—i m X  >  >1 cn u  m  h  c j  o  o  o
i On co o  4  cn co co co coi

.i o O
•j o O  * CM •

• »—« o O X ®  • * • * • • • _ j
j o J— CO rH o  vO 4  O  rH r H o l u
} <  u j  ro  cm r o  1 1 >
» it i— c c  m . cn  CM 1\ , c o  Q. ?  1 J _J

CO \
< c0 1— O

v- UJ h  > :  i i i  cn t n  <m  o  h  cn
co  O  J  cn o  h  cd cn on a j  4

JZ *-< (I' Z  o  N  m  h  M  O  N  4
’j V G l l _  *H • • • • • • • • <
. i f—t o  o  o  h  cm m  c n 4 f*-*

X 1 Ll J
"! 1— X m  .

4 - J
f~
Q  ;L CM O  o  CO MJ NO NO NO

\ I—1 '— ( « « 9 « » « «
", cn 3 :  >L no <)• h  vO av co  co  co •

- c -
h -  (Jn 4  CM CM CM CM CM 

H  CM rM CM CM CM
z
CO

LU 2: o
- J t o CL
S . O  rH cm cn 4  m  M) r-~- „co

{ »—« Q.

a 3 « t O C ' 0 0 O a 3 0 \  
O ' 'O  O  f— O' ! >  i f \

vO vO ('1 fM i n  vO M

0  rg o  c m  . >  o  aj
1 H  oj M 4- 4- in

O O O O O O O O  
• « • • « • • •

On Cn O' On O' O' S' O' 
i n  m  i n  i n  i n  ir\ ir i
r'-r-r~r'-r'~-r'-r--r'-

o  o  o  o  o  o  o
C' O' U' O' O' O' O'
rH «—I r - l  r—1 <—I l—I r-H «—I

v Of ' - r °  ^  in m  vO n  
< « • « • * > *

J  - O' O (O N >1) 4  M 
coiomtncncomtn

N O m N \0 DO Ci n  
O r H  CO O . n  H  O O 
O O O O O O O O  

•  • « « « • • •
r—1 rH r- l r-H r-l  r-H rH r- l

h  cm c  i <j in >o f— ro



i—i r_ IX Cl. J> "M -J- r- ID 00 C- -O
.u ex' O '3  ;o n  O -O v0 -O -07 CO * c « © o a '9 ©c UJ L.J O O O O O O O O

; \
o■ 7Z

y~
O

1—
ZT o * u o  ;o c~ o« o  m tn co

\ 3 CC CC UJ 3 lO -4* -4" 'J* CO CM rH■! <x UJ CC u_ O O' O' O' O' O' O' O'
o  x 0 C* <7 f» o €> 0

i
*» UJ O  UJ O O O O O O O O

j
• i s I to
I o 1- to o  ro o  vo in m cm rH
•i 00 u UJ , O  *4" to co co ro co cu
\ r- iU £ O O' O' O' O' O' O' O'i © X UJ 9 O O O 6 9 fi ft
j cu X > r - H O O O O O O O1• j

.ii
II

X

. UJ

o

<—«
•

e X Q D ' 0 4 0 0 ' r l O 'i f - to >  X O  CvJ :Cl CO O  O' O* C~
o to O UJ o  ."o n  o  h  vo ^  vO

UJ u  o ft ft ft ft ft O O 0
} UJ rc UJ u O O O O O O O O
3i _j 3. cX
{j
)

UJ
Q.
t-4

©
CC

; CL c c IX
o o vO r-l I— vO CM m <J- CO►—« KJ c rH .O 'O O' 03 vO COi < • V O O O O O O O O•i H- UJ < » c o o 9 e e o

i o Lu I—1 1—1 rH r-l rH i—1 r- 1 rH
!

«»
CM
II

v:

UJ
CC
o v o i n r - o o < t c ' r -CL 1- 0'  CO CM O' <f iO 4O < u O i A i n J l v J - C O N C J*—« X <1— to X CM r-H rH rH rH rH i—1 rH

' / <
CU <-r 1 COO' i n i ^ - r HCOCMO
< H- 1 X vf co o  r~- co co <j~ coUJ UJ 1 1— o  CM <t 43 r -  co l'-
c c X 1 o o o o o o o o o
< 1— I •-* © » « « O O t o

CM 1 2 o o o o o o o o

■■■■.'■ ’ G*
m ❖ I rH h— rH vO v0 U) O' CO

o < I X O ' O H h N N v O NUJ 1— 1 1- rH CO C~“ O  rH O  CJ O'Q _l t o O O O f H r H r H r H O; . tO UJ I *-< « < « • « • * •
Q 1 2 O O O O O O O O

o
o

o

to  to 
UJ 2T 
v :  u  *—« 
X I-

\
ro

UJ_j

cu |

< J  o 4  4  -h vo h- r\J m
UJ UJ \  • © o « • • . © o
^  >  3X r-H Lpl I—I <\| o  O  H  f—I

o
KJ •  cu
m  tO X  * 0 « © t  'e  « o
»— to o c ' o o c u o o m r - H
<  u j  2; c o  < f
I- K \  N H 1
to OL 2 1  I I

I-
H - 21 UJ CO CO CO CM CO CM CM CM
to O  -J co o  o  .-t o  rH cu r-
^ t K Z O c j i n c o c v n n u - i n  
O  X *—« © o o o  • «  o o

O  O  O  O  rH  rH  CU CO
I

XH-Q
2

z:
too
CL

\  c c c » « « o •
21 vO <J" O  U- CU CU CU CM

u  O m u  in in m m
«—{ rH r—l rH rH r-H

r-i cu co <t m  'O h  co

<J‘ vO vO cu >j- o
'0  vO m  oo U  co Is -
>o 'O  o  co  c -  oo

cu »o o  tn o
r-H i—I i—I

r H  vO
CO <f

to
to
UJ

. c- r̂ - r— r—■ r— r— c— r—
: .11 c c CO co CO CO co CO to co•' ’ \ to Cl m m m m m m in tn> UJ Q  CX « « e « • * • « • u- u- r- u- n- r- u-.. i -1 _J LU CM CO r H in m r H  CO CO s:

\ LD < O  (D in n- O' m CM (O CO CM u-
Z- V cu tn CO O' CO O  r H O' <

■. 1 < c >- 3 -4- CM in v0 r H CO
_J UJ z: O o O O o O  r H H

j • c c *4- <r -4- <J- <i* *4-
■ -'1 > 9• I r-. Cl

o z: © 21 o O o o o o o o
LU

_1
UJ>

w

UJ
CO

z:
too
Q_

C\l C\J c\! C\| CM (\l CJ CM

i—( O ' i n  rH O ' U~ CO H  
o o c o e o o o

M h i n u i n m v O v o  
00 vO m  <f < t uj- < f <f

f "  cm jo  m  o  *o <J-
. O  rH CM to  CO CU H  rH 

O O O O O O O O

/
r i cMcnumvOhco



W  • * » « > ♦ • * •
e Ui U  O O O O O O O O

LJ
~JC «

> -  t -
o  * o  o  m  cm co o'  rn r-  

ZD o; C.C UJ o  i a  in <r ro n  (\l O'
CC U J D i U - O C 7 ' O ( 7 ' G > Cr>(7'C0/CPU. * • • • • * « •

*» LU O  LU o o o o o o o o

o
<r
r -
c

CM

I co
f— CO 
o  UJ 
UJ
LL UJ
u .  ;>
UJ hh

o  tn r- <j' cu m- cu <r o  (M '•i o  o  ro m 'T 
0 0 0 0 0 0 0 0  

? • « « « • ? «  
rH O O O O O O O

x

O
2
UJ
_J
LU
CX
M
CU
- J

<
» -

CM
It

o
t—«

<
CC
<L
LU
o :<

o
UJ
o
m

UJ
_ j
o

>

o

in
r H
<3
O

o

co
CO
UJ
«c

o
%~+i
X

N
CO
V—UJ
- J
X
r H

* e i u o m r H i n i n O r H O '
to >  i i  o  co h  m  in h- a)  vQ 
t o u a i o i M i n ' O ' O ' O ' O ' O  
HI  O  □ • • • » * • >  *
DC UJ O O  O O O O O O O  
O..  CC

CC
cc ccCJ u
O  I—* o
UJ <1

* LU
s c

cc
LU LJ 
CU 1— 
<3. O 
X  <  
CO X

tn r— 
<r  r -  
o  o

< 3  co r -  
<r m  <r
rH CM C\t

o  m  r -  tn n- cm 
rH o  o

r~ cn <1 (n ni  cm o’1 •T
w O M O U M n n
m i n o c o c u u i m c v

H  r H r H r H >H »—5 r H *H

<t 1 (ncMintncooh-'O 
t~ j X n” tfUfl (M U' ai o  <r x  | h - < r ' O a ' c \ n j n ) ( N j u t
X  | O  O  O  O  *H r H 1—I r H O  

CM I J£ O O O O O O O O

*
<L
t—
- J
LU
O
CM

I Ln<rmn-(McorHm
I 1  h  co in h  c  m vr 'O i t - ' y o ' t n t \ i n H « o v o  
I O O O r H C M C M C M r H OI H  * I I • » I ! »
I 3 : 0 0 0 0 0 0 0 0  
I

CO
□  CC * * I • * » • •

_ i _ J U U C M C M i n c n r - O J O r H
<5 o  ca ̂  <j co 0  r* o'
o  x  ui  r <r h  1-1 in o  co
u ^ j r ' h ' O C ' r o o i n ' O  
- J L U ^ ' O f ^ - O O Oa c u O L T ' C T '  

cc cn n) to m  n  m  ro cn

<t _t t/) tn tn co
uj uj -x » • •x  j» *h cn r-*

Is- in  'T
a

O  • CM*—• V) x  • * « * •
h -  c o  m  m  o .  o
C  LU X  H  CM in’ rH IHOCNCMH | |(/) U. 2. | |

- r  tn  im o  to  ♦ « » * •
tn n- ro ra cu 
m  ro  r o  co m

• •
< r o

o

X
co
L J
CX

-u uj o  m  co cm co m  m  cmu o m o O ' H c r ' O r H n -  
cx. o  cm in cu cu cm co inU, H « • • * * « « •

O O O O O r - C r H f n  
I

cm o  <r 0  vr nt sr <r
X - 0 < T 0 r ~ C M C M C M C M  n* tn cm <r in in in 1/1

rH H  rH rH rH rH

h  nj in o  r- co

j :
s
X

•
CO
COLU
CC
CX

O ' T ' O M ' T h N M  
o  m  vo m  cd co O' n-

o c M ' 0 0 r H i n m > o
r l H r l N > T

t n t n  tn  u i  in  in  in  u i • • • • • • • •
c o r o r o m m c n c n m
o o o o o o o o
n - n - r - r - r - r ~ n - r -

cx

UJ

UJ
; >

o

<0.
t ~
UJ
cu

co
LJ
CX

o o o o o o o o
n t n n o ' t n n o ' t n
rH rH rH rH rH rH rH rH

c o ' T c o n - r * » r - m o

' O O O O C T ' C U O r H
r -  o  tn  u i >j* m" vr <r

M o m ' l M I ^ V T ' O H  
H t M i n r o c u i n t M H  
O  O  c J  o  o  o  o  o  

* « « « • « « •  
rH rH rH rH rH rH rH rH

rHcsirnsj-inoh-co



IN
LE
T 

B/L
 

TH
IC
KN
ES
S 

= 
0,

05
98
 

DI
V,
 
AN
GL
E 

= 
5D
EG
* 
* 

ARE
A 

RA
TI
O 

= 
2
, 
TA
IL
PI
PE
 

LE
NG
TH
 

= 
O.
OO
CM
 

? 
RUN

 
NO

ut UJ O o u> o o uj

>* . f-
o * o  cj co <r in o  
c c q :  w o m m < r o  
u j  o ;  i i  o  O ' O ' o
'Z o  LU « * • • • 
U J O U J O O O O O

1 to
t o '0 ST 'O rL P -

0 UJ 0 CM H rH SO
U J z: 0 O ' O ' O ' r~
U. tu # * * • e
u. ;> pH O 0 O  -C5
UJ ►H

* e IL O 0 CO in vO
to > UL O O' r—4 CO lACO O UU CO CM to 0 O
UJ O U • e « • •
cl UJ O 0 O 0 0 O

Q. oc

•
CL
CL CL
O O <r CO 1—! CM 0
O h- <r r- m CO a

• O C J 0 H CM 0
UJ C fr ♦ * • •

• IL H »—i pH pH 0

oc
UJ UJ in CO r-4 pH 0
CL 1— O' 0 <r UJ UJ
<t 0 co in vO CO UJ
X < • • • ■* f
to tu H H pH pH 0

< 1 O' CO CO 0
1— 1 X CMMJ in CO u»
UJ 1 f— <r O O' CM UJ
X 1 O 0 O UJ rH UJ
h- 1 M * * • • •
CM 1 0 UJ 0 O 0

$ 1 co m <r O 0
< 1 X O' 0 r- CO UJ
i— 1 l~ to CJ in CM 0
_J 1 CJ 0 i—( rH CM UJ
UJ 1 ►H e • # • *
0 1 O 0 0 O 0
CM 1

to
a oc c e • • •

_ J _ j UJ O 00 vO CO 0
c a CO f—t •H O pH
0  ^ y <r O (O pH
0 > S 0 nT CO CO
- J UJ 2 in O r- n-

CL ro CO 01 m

2 •
<1 _ J to H O' pH pH UJ
UJ UJ M * • • « e
2 > 2l rH CU r- O' UJ

r*- in <r CO
to

O e CM►h to X « * « • •
h> to CO CO sr 0 0
<L UJ =L 0 H 1
h- CL S CM I
CO a . 2 . 1 1

1— 2 UJ O CO CO CM 0
CO 0 _J r - UJ UJ rH 0
»H CL 0 CMin CO UJ
u> tu ►H » • • ( •

01 O 0 0 rH

X
1

h-
O 2. CMO M" 0 O
>—« \ c • « • e
JC SU vO >r O r- O

r- O' CM <r UJ
pH rH CM

2
to
UJ pH CM CO in

js.
s
X

t o
t o
UJ
a:
cl

<
■ *

u.2:
UJ
h-

UJ
>

<f-
UJ
cu

2c00
oQ.

co »r o  o  rn 
h  >o vo ^  cm
O' O  'O MJ rH 
• • * • •

O C V ' O O f n
| H  H

in  in  in  in  in

vQ *0 "O MJ
r-  r-  r*- r -  r~

u j 0 0  o  o

CM CM CM CM CM 
C\J CM CM CM CM

O ' in  cm to o  
* • • • •

u\  in o  o  0  
r -  vo in  in

h C ' l O H O  
h  (M in co o  0 0 0  0,0
H  H  H  H  U

cm co «4* tn

Cl



M
ET

 
B/

L 
TH

IC
K

N
ES

S 
= 

C
«C

57
2 

D
IV

. 
AN

GL
E 

= 
50

E
G

*, 
AR

EA
 

RA
TI

O 
= 

3?
 

T
A

IL
PI

PE
 

LE
NG

TH
 

= 
Oo

GO
CM

 
, 

RU
N 

NO

1_( * • 0 e * • 9 9
UJ CJ CJ 0 0 O O 0 0 0

>
c

t~
o r O CJ 0 CO CO O •g* 0 0
cc CC UJ CJ 0 0 in in <r ro CJ
UJ cc X CJ O' O ' O' CO O' O ' CJ
2 : CJ X 9 • 0 « • e • 9
UJ CJ UJ 0 O 0 0 0 O 0 0

1 00
t— 00 CJ ir> r H 0 UJ CO m O '
0 IU CJ ro ro eg eg eg ro >3*
UJ CJ O' O ' O ' O ' O ' O ' COx tu • • 9 9 » « 9 9
X ;> rH 0 CJ O 0 0 0 O
UJ

e
*

X 0 O' gT r~ ro gr O' in
(/) > IL a CO r H co 0 in CO O '
W 0 UJ CJ r\! in vO r-- f"- r-
UJ 0 a « c 9 9 • 0 9
CC UJ CJ CJ C7 0 O CJ CJ 0 0
CL CX
*

cc
DC cc
CJ CJ r—1 O ' CO N* O ' m •g* O
0 \~ g r vO ro eg m O ' CO CJ

9 CJ CJ O rH eg eg eg eg CJ
UJ < 9 9 S 9 0 9 9 9

9
v: X rH rH H rH rH rH rH CJ

UJ
CC
CJ 0 O ' CJ O ' O ro CO O

CL 1— r - gj CJ CO eg gj gr C J
<3. 0 co 'T gj r - CO CO C J
X < t 9 9 9 0 9 9 9 9
m rH rH •—i rH rH rH rH CJ

< 1 i n CJ 0 ) eg O ' g j in CJ
f— 1 X rH g r <r rH O ' g j g j CJ
UJ 1 1- <r 0 O' eg e i 0 g j CJ
X 1 0 CJ 0 CJ 1—i rH rH rH CJ CO g r g j g j e - 0 O ' g j
1— I M 9 9 9 * 9 9 9 9 rH rH g) g j i n rH eg 0 g r
eg 1 JC O O C ' CJ O O O CJ JS O ' g j g j g j ro ro ro eg

N 9 9 9 0 9 9 9 9
X CJ eg g j CJ g r w eg g j

* 1 eg rH 0 CO g j O ' f"- CJ 1 rH rH rH eg IN
<3. 1 X r~ g r rH g j in rH r - CJ
l - 1 f— in O ' m rH in O ' 0 CJ _ _ _ ^

1 a CJ 0 rH eg eg CN ro CJ 9
UJ l M 9 9 9 9 9 9 9 9 w
CJ 1 Tf CJ 0 O O O O 0 CJ in i n in i n m in 5 5 i n
eg 1 X 9 0 9 9 9 9 9 9

c c g r g r sT g r -T NT g r g r
CO Cl g j g j g j g j g j O g j g j
0 CC « 9 9 9 9 9 9 9 9 r - n - e - e - r - r - r -

x X IU in rH O O' O eg O ' 0 21
■a u CO CJ CO CO rH ro O ' CO h*
0 2 : eg r - g r in r~-4 eg rH <
u >- X eg eg t n CJ eg e - CJ
x tu X CJ H eg ro  i n in r -

cc 'T - r <r >r g r

X
.<c 9 2L 0 0 0 0 CJ 0 0 CJ
<1 _J CO CJ in IT) < r g r g j g r CJ X 9 9 9 9 9 9 9 t
IU UJ N 9 9 9 9 9 9 9 9 K- eg eg eg eg e : eg eg eg

X CJ vO ro <r O ' g r rH CJ rg X IN eg IN INI eg IN
CO g j Ul 'T m ro r o

O
0 9 eg 9
M X X 9 9 9 9 9 9 9 9 X
t - to eg CO 0 eg g j .g j eg 0 X
<1 UJ 2L rH O' rH g j ro rH 1 J rH gr CO n - O' O ' ro O
1— DC N 01 rH rH 1 1 1 9 9 9 9 9 9 9 9
in CL 2L 1 1 1 X U) 01 O) g j eg X i n CJ

N CO e* g j U) U1 gr > r
f - Ot~ X X 0 ro CO eg rH g j O 0

co CJ - J n- 0 CJ rH O ' O ' CJ 0rH ex CJ eg Ul CO 0 ro e~ CJ g j in CJ O ' O ' CJ g j 0
CJ X ►H 9 9 9 9 9 9 0 9 <1 rH eg in r - X CJ O ' 0

O O 0 0 rH rH rH eg O CJ CJ CJ CJ rH 0 CJ
1 X 0 9 9 9 9 9 9 0

X X rH rH rH rH rH rH rH CJ
h~
CJ SL eg CJ gr o ’ CO eg CO CJ
•H N 9 • 9 9 9 9 9 9
-S 2l 0 nT 0 r~ ro CJ g j CJ 9

r - O ' eg gr r - C J eg CJ X
rH rH rH eg eg ro CO rH eg ro i n g j n - X

CJ
m a.
CJ rH in ro gr in g j e~ 00



<£_ v--1 w V • w  ̂ W V V
0 UJ CJ c c 0 c 0 C 0 0

CJ
z : e

>- 1—
z o cj o  cm O' in nt o  in  rH

i z> a: a; UJ O  < j <r 'T  CM rH
cc uj o: U- O  O' O' O' O' O' O' O'

■ j z U  u. » • i  • t e » o
• |

r« UJ CJ UJ o  o  o  o 0 G C 0

' i x 1 to
"* cj H- I/) • CJ «M CO O tn  cu m  cj
j . <r O UJ o  in  cm <r in  o  o  in
< r - UJ 2 O  O' O' O' O' O' O' O'

. ] e X UJ • • c 9 « » « 0
CM U- > Q'00I 0000

-i UJ *H-1i II
e

i X o 0 u  o  *h  ro o rH sT CM M
! h- to > u. o c n  m  <h CM f O co■ 1 O to a UJ O  CM vO CO OJ 00 00 00
.1 z UJ o « - ) * * # * 9 e « e

UJ cc UJ C C c 0 c o  o  o  o
j.* i Cl a:
i
i UJ
> a . 0

tH CCI a. CC cc
_ j U CJ O' o  * r  e'­ CO CO-CO o
»H O  H- en <j co *o O  O' CM rH

• <t « CJ O  CJ -H CM CM O  CJ O
t H- UJ <1 • * •« • * e * «

• u 1 1 1 1 IIII

I *» 52
CO

■S cc
/ II UJ u O ' C P O P I ^ - t O ' T

cu 1- vO PI O' H cj in  cm o '
o <1 o PI M- O  W M  M* CM rH
►H X <1 *. • • * • • « •
h* to u . rH i—( (—( rH rH i—1 rH rH
<
CC

< 1 o  cj O' <r vO O' CM ro
1- 1 x  cj o  r -  in <r co o  o

UJ UJ 1 h- M* o  H  o 'O CO UJ nO
o: X 1 □  U  U  H  H rH rH O  O
< i 1- 1 *H » • • » * e « t rH

CM 1 j : o  o  o  o c 0 0 0 JS

*> --
-***
X

• * 1 O' m  r j  o O  rH O' O
o c 1 X  nT <J O' CJ cj cm r -  c ;
UJ 1- 1 h* in  co ip  u co- o  O' r -
o _J 1 CJ O  O  rH ro CM CM O  O 9i in UJ 1 ►H « 1 « • • » • • tn

> C-J 1

0000M

c c c c to
CM 1 UJ

II cc
to 0-

y- UJ CJ oc # • • • * • * • 9
-J -J _J IU PI M M  O o  o  m  in X

.i CJ < o co vj* <j*- m  <r CO O  CO M* H*z o X  O  <J CO CM rH ro O' O <>j <c o > ZJ M  O' co cn O  1— M" rH /
-J UJ 2  CM n  'T  03 oo m  in  «r *

• cc 'T  M" M" vr <r M* NT <r
! ;> 9/i H cu

: | o z 9 X
i <1 _J S 2 7

 2 8 68*7 UJ
1 1 UJ UJ M  ♦ • « e « • 9 • H"
i O' 2u ;> 3l rn r~ o O  CJ 00 M

M* ®  'U  MT CO ro CO CM CM!
1 in o
•1 o O • IM «
-i • fH to X  • • • • 9 9 * 9  -- -J
' ; o 1— to CO M  'O rH O  rH  CM O UJ
i <1 UJ C M I^ r l 1 1 >« II J - cc M  OJ IM | 1
1 to CL 2U | | —J
< to N{ to H CJ.] UJ h~ X UJ O  CO CM O o  co r -  r~
i rC to o -J  M  U  H  u CM 00 O' M*

tj X 9H cc O  CM CO M n  <r cm <r
CJ CJ LL rn « # « « 9 9 9 9 <t

■1 *H I000 H  cm P W 1—
X 1 UJ1 1— X cu

-1 H*
i • _J O x: cm o  o  to 9999

N r—< M  e • i  t ( 9 9 9
i CU JC i ' O ' T h O . C O C O C O O O 9

r->- O' v r CM CM CM CM CM z
> H- rH CM CM CM IM CM to1 LU Z CJ
• . _J to ■ a.

z CJ rH CM CO sT in  <j r -  co
►H a.

oosroa ' tn inr^ -o '  
H ' o m o h t O ' O i n  O' O  O  rn C\J in CNJ CO
O  (M O  (NJ U) !M fd (O
I h  (\j cm m  m

CM CM CM CM CM CMlM CM 
9 9 9 9 9 9 9 0

r'-r— r-r~-is-r--r'-r-* 

vOOOvOO'OO'O r - r -n- r - r -n- r ' - r ' -

o o o o o o o o

in i/ua in in in in in
rH  rH  r  ( H  i—I H  rH  rH

rH rH CM O  rH CO CO O« • e i • e « i
'0<J‘ l l W t N l v H O  
aj h uw vr pi 01 m

in cm in o' o  cn cu tn
H  IVJ •U CO h  P> O  O
CJ O .  O  O  CJ O  o  CJ4 » ' * • * » « »

h rvj ro nt in o h co



H

o
X

x
ucc

o
oo

«
o

X

ox
UJ
-J
UJ
CL

M
<
h”

CM

O
I H

h*
<a:
<
UJ
CC
<

o
UJ
Q
o

UJ
o

>
VH
o

CO
O'
si*
o

CO
co
UJ
x

o
►H

x

CO

UJ
- J

IU cr. LJ CJ ro u \ in
Z a « c 0 0
UJ 0 0 0 0 O

•
>- h -
0 • 0 0 0 nT O
o r 0 : UJ 0 in in O
UJ or U- 0 O' O ' O
x 0 u . e * « •
UJ 0 UJ O 0 0 O

1 CO
f~ CO O O ' r - ro
CJ UJ O 0 r~- co
UJ X O O ' 00 vO
U- UJ • * «
u . > rH 0 0 0
UJ ►H

•
• • U- O rH 0 ro

CO > u_ O rH 00 CO
CO a UJ O s r in in
UJ 0 0 « c «
cc UJ 0 O 0 0 0
CL o r

•
o r
o r o r
0 0 O rH O ' 0
0 h~ ro O rH 0

e O 0 r—4 CM 0
UJ < • * • •

* LL rH rH rH 0

o r
UJ a r - rH CM 0
CL » - vO s f 0
< 0 CO S3 O ' 0
X < • • • •
CO LL >-4 rH rH 0

< 1 rH rH 0
H 1 X O rH CM 0
UJ 1 h - ro r - O ' 0
X 1 0 0 0 O 0
1— 1 »H • • « •
CM' 1 3 : O 0 O 0

JO* 1 CO CO O ' 0
< I X O ' 'O CO 0

1 H* M- r—1 r - 0
_J 1 O O r-l rH 0
UJ 1 ►-< * • , • *
Q 1 3 ? O 0 O 0
CM 1

co
a o r • • • «

-1 _ j UJ (M ^0 M -.O
< 0 CO r - (M CO
O X X 0 0
O > X rH CO ro
- J UJ X ro in Is*

o r ro rO ro

•
< t - j co CO O ' M* 0
UJ UJ N • • • •
» : > X NT h~ O 0

0 M-
0

0 • CM
H CO X » • • •
K co rH CM 0
< UJ X in M- rH
J— o r S rH 1 1
CO CL X 1

h -
h— X UJ O CM CO 0
CO 0 - J f '- O m 0
LH or x O (M ro m
O UL r-4 • « « •

O1 O 0 0

X
1

H*
O X CM O 0 0
M s • * « t
3: X O rH CO 0

Is- rH ro 0
t—1rH CM

X
CO
O rH CM ro M*

rH
3:

CO
co
UJ
cc
Cl

•
X
h
<

C l

51
UJ
I -

UJ
>

o

<  I— 
UJ 
CO

x
CO
0
Cl

O  CO r - l
•n  O' vO o o in 

• • •
cm <r o

co 00 co co♦ i t *
in in in in 
m  m  in in 

r -  r -  r -

in in in in 
•  •  # *

r- r- h- r-
H  r—I 1—I r—I

<r o cm o1 • « t
co sr O' o 
vO m m*

< T h H O
rH ro  CO o  0 0 0 0

t  •  * •
r—t H  rH  O

rH CM ro *4*

a.



IN
LE

T 
B/

L 
TH

IC
K

N
ES

S 
= 

0.
05

60
 

D
IV

. 
AN

GL
E 

= 
1

0
0

E
G

.* 
AR

EA
 

RA
TI

O 
= 

2,
 

T
A

IL
PI

PE
 

LE
NG

TH
 

= 
2.

74
G

H
 

, 
RU

N 
NO

—— w  ' ’ i «-* » u  I21 o  « * • • * * •• UJ o  o o o o o o o

" h-
CJ. ♦ O  O  vO 'j' h- O  O  
o r o r i u o o i A ' t N f o N  
ujq: l l o c ' 0 ' G ' 0 ' 0 ' co z  o  u. « * • • i t t
UJ O  UJ o o o o o o o

I to h- to
O  UJ
u j 2: 
u. UJ
u- >
UJ r*i

o <h tn <r mj <r
O  ro O  O  s f  r-J »h
O  CO CO W  O ' O  O '« • « » « « »  
rH  O  o  o  O  rH  o

• ( L i o i n O ' f H i f i oto > u, o  o  nj o  fO sf ro t o o u j o c o m u o v o o o
U J O O * » * c * « »
Q i l U U O O O O O O O  C- C£

*

Of
a: of
o  a  h  o  in  in n  co 'O
O h -  <j- o  <r ro r~i r-c <\)

• o  o  cm cm' oj r-( co o
UJ <t * » • • • ♦  e 

f  11 i—I pH r H H  pH CD H
X

DC
u j  o  co co rn  n  O ' m  h
a  j -  cc o  r-t m  vO <r cm
< 0  O  O  O  03 "M* CM cm
x <
CO u.  H  tH C vj pH i—I f—I rH

< I 
I

UJ I 
X  I 
h- | 
CM

ro O h- r-i co ro O' l O H ' T C ' O ' C O O  I- sj- h  O' O H 03 <J- 
O O O O r H r H O O

I :« o o o o o o o

<
h-_j
UJ
o
CM

o  o  O  ro
X  O  O  O  t\l
h  tn cm O' o
□  O  h  h  r \)

CM
r*~
ino

l 3 : 0 0 0 0 0 0 0  
I

to
q  o: * • ♦ « * » •

J J U J O O N O ' f f l O O  
<OcQOLOCOCM OvOO o z 2 i > r i n h ' f O s i - r o  O > z > r o o r o c ' c » ' 0 u o  
J U J Z C n c O O O O C M O '  cc ro ro sr M- M* M* fri

to
t o
UJ
a:
CL

co o  inHinsf
0 0 0

Si* rH
*<r 

o  o
0
1

CM M- CO sT

O  O
nJ*
r o  < r  

•  *
h~ CM 
CM <r

h- P*- h- r*- h- h- Is-
« t  •  •  •  t  •

o o o o o o o  
in  in  m  in  in  tn  tn
Is- h- Is- h" I fs' f—

Z ♦< j t o n o H t n c o ( M H
uj i u  s  « • • * • «  «

> >; c> o  o  in
o
CM
X  • •

o  oM*
CM cn M* ro

CO O' CM O
co o  ro 
•—1 t I 1 
I

r H in  o

o  *
*->  to 
h- to
<  UJ >x 
V— CC N  
t o  CL

h -‘
h S U J O ( M ' t f O O v f « t  
W U  J N O I A H N C O C O  H C / ^ 0 ( M r O O O O ( M  
O U » * h *  » • » * • •

O  O  O  o  rH CM ro 
I

S T N O O ' f  - t < t

CL
2
UJ
h-

UJ
>

O

<
h-
U J
CD

in in in tn in in tn
O' O' O' O' O  O' O'
H  P—1 I—I F—I r—( r—I rH

to 0  in co rH cm o  
• • • » « « •

s r  c n  < r  o  c n  s T  r - i  
M n  in tn <r vr <r

o  <r rH m o  »-c o
h  co P ' 00 r o  i n  h
o o o o o o o

•  •  •  e e « «
r H r H pH pH  pH  CD pH

2
to
CJa.

XvOvOCOCMCMrMCM 
h> h  ro in co in uo

rH CM (0 M- i n  O  Is

•
2
to
CJ
a -

H  N  ro i n  XI h



IN
LE
T 

B/L
 

TH
IC
KN
ES
S 

= 
0.
05
72
 

DI
V.
 
AN
GL
E 

= 
lO
DE
G.
f 

ARE
A 

RA
TI
O 

= 
2* 

TA
IL
PI
PE
 

LE
NG
TH
 

= 
I.
82
9M
 

, 
RUN

 
NO

u ' ' • •
UJ o o o

•
>
o • o o O
CC CC U J o rH
U J cc u. o O'
2: o IL * •
U J o U J o o

1 CO
h" CO o r-
O UJ o in
UJ 2: O O'
LL U J • «
IL > r—4 o
LU

«
» » LL. o

CO > IL o <J*
CO o UJ c vO
U J o O •
cc UJ CD o  o
c _ CC

•
cccc o r
o o CNJ CO
a H - *4* CO

« O O O
UJ < « •

• IL r-( rH

CC
UJ CO 0' o
Cl  J— co sr
<  o CO C\!
X  < • •
CO IL rH rH

< 1 CM
H* 1 X rH O'
UJ 1 h~ >4* r -
X 1 O C/ O CO O'
h- 1 t—i • • rH r—l
C\J 1 3 : o o 7C O' cn

\ • •
>< O  f '-

* 1 CM vO 1 CM
< 1 X  h- co
f” 1 h- m O'
_J 1 Q o o *
UJ 1 V—( • t CO
Q 1 ps o o CO h- r -
CM 1 UJ • •

C£ in in
co Cl in in
o CC « • • h -

_J _J UJ o re
< a CQ in nT H*
o 2: X o O' <
o >- zd in in
-J UJ z : in o

cc CO NT
•

O-
2: * X o o
< CO V0 CO UJ • *
UJ UJ • • H o o
21 > >z o o • CM CM

r - M*
a

O • cm •
>~4 co X * • -J
h* CO m rH UJ
< UJ X O' „ > rH O'
h- CC \ rH t •
co a . X 1 -J in <•

s r - <r
f - o •

I—. X UJ o <r
CO CJ _J r - CO
»—< CC o o r -
o IL • • < rH rH

o CNJ f— o o
1 UJ • •

X CQ rH rH

Q x CNJ >4*
i—« s • *
3 : re vO CM •

h- in z :
CO rH CM

S i CD
CO a.
o .h CM
o .



s Z  C J  • » • * « * >
• m u  o o o o o o

o
x  . o

?■* (—
2: . o * u o o o o ' c r r -
z> ^ ^ l u o o o ' O ' t  o
CC UJ o; li. O  O  O' o  CM>

Z  O Ll • ♦ * • « «
^  U U O U J O —l O r - l O O

-i-
o
<r
r-

r
CM

I 0 0  
J— co  
O  UJ 
IU 2: 
U- UJ 
LU >  
LU r—1

u  <r ^  in  co <r
o  m  n  n  co o
O  O  O' o  co o

—I O O O O O

X
I—
o
X
UJ

U J
Cl
t—»
Cl
_J
t—i
<
J—

CO

II

o
M
h-
<
a:

<
U J
cc
<

* « U L O v 0 C 0 C 0 s 3 * ' 0
C O > U - O O O v O O O c O
o o a u j o r o m u o o o
I U  o  o  •  *  •  •  *  •
C Z U J  o o o o o o o
Cl CC

cc
cc CC 
o  o
O  V-

» o
UJ <
* u.

c£
uj a
CU I—
<  o  
X  <  
CO u.

O ' C -  rH  CM e '­
e n  r r t  CC CM rH
O  H  >H c \! CO

« p e t «

O' m  o  m  h  
c o  cm i n . o  h  
r n  h  c c  O '  o

CM

< 1  o  —1 co in o  h- 
v-  I x  co h  <• o  <s- in

I h- rn r- cc O' c\j cq
I O O O O O r-l rH
j »—< • « * « •  I
I 3: O  O O O O O

U J 
X  
I— 
CM

co M n  cm n  r-:
rH r q  "J" rH O  vO 
O ' O ' O f ' 1  O h -

o
U J
o
O

II

UJ
-J
o

<

>  
*—«
o

O'
CVJ
in
O
•

O

CO
CO
UJ
z
X
o

X  
I—
_I
N
CO

I -
U J
-J

<  
I—•
UJ I 
O  I 
w  I

(M n  in  n  h- o
X  CM N  N  N  O  n
I— in cm in m cm
Q O H H r i o j r g
M * t ♦ I « I
3 : o  o  o  o  0  0

co
O  CC • . * « • * •

- j _ i u j ' t r x- c o r - i n - v o  
<  □  m  r q n  o  m  co 
u z z n m h o h o□ > D < r>coccunm^  
J U J Z O ' f C C N O O '

cc m o  in

2T •
<  J O I h O O C M O ' H  
UJ UJ s  • • • * • •
>” >

O
O  * <M 
w  w  X
h* CO 
<  UJ X  
H- CC ^  
m a x :

n- o  cm .cc o  cc 
n- in  m  m* rq cq

rH rH O' '-O v f (M
CO rq co '0 rq (M
CvJ rH | | | |
I I

H— Z  LU O  h  v t  1— 1 c q  <h
w  □  _ f n  0  m  cc <)• o
*- - <a: ^: ocJcq<rcccvj
G  IL h  t  • • • t •

O  O  O  O  O  rH
I

a

xc

CO
u
o .

S N v O O O O ' O  
s .  •  •  •  * • *
>x o  -H co o  m  co

r -  rH cq o  o j CvJ
rH rH rH CM CvJ

rH cvj cq M" m  o

X

CO
co
UJ 
DC 
Cl 

« 
X  
I— 
<

o .
X
U J

_J
U J
>

o

<
J*~
U J
CO

2:
co
o
a .'

0  cm < r o
1

m

cq cq cq cq rq rq 
• • • • • •

in  in  to  in  m  in
O  O  'O  vO ^ 0  vO
b- C" r^- r~- f-~ c -

o o o o o o  
e~ f— r~- r— e— e-
r H  1—I VH r H r H  r H

rq 0  r̂ - r- cm o  
• « « • • •

(M vO h  cc rq O' 
cc 0  o  m in  m*

H  vj- VO UJ
o  o  o  o

o
o

rH CvJ cq M'm o



IN
L

E
T

 
B

/L
 

T
H

IC
K

N
E

SS
 

= 
0

*
0

5
2

2
 

D
IV

* 
A

N
G

LE
 

= 
1

0
D

E
G

.» 
AR

EA
 

R
A

T
IO

 
= 

3,
 

T
A

IL
P

IP
E

 
LE

N
G

TH
 

= 
2

-7
4

0
M

- 
? 

RU
N 

N
O

X!  CJ  « e » e » « * » e  
« UJ  O  O O O O O O O O O

c
J—

O • O O O ' H i A n c O h M i n  
a : a : L u O ' J - i / ) ' t N o o i n M O  
U J O C U - O G ' C ' O ' C T ' O O C O O O C O

U J O U J O O O O O O O O O

I 00
f— CO
U  UJ 
u j  2 :
U -  UJ  
U-  >  
UJ  vh

O ' O M H U ' f f l C O ' O O '
o o c o N ' O t o h - t n t n
O C O O O O D C O C O O O C O O O

O O O O O O O O O

e * u . 0 ' t ' 0 o u n r - 0 ' t ' t
0 0  >  U .  O C O G ' \ + ^ N O r O f O  
w o i u o m ' f i r i ' O v O N M v .  
I l l  U  O  •  i
Q C U J O O O O O O O O O O  
Cl. cC

cc
cc cC
O O O ' O ^ O ' O ' f i l O h O
O h -  CO r H CO CO CM CO O  CM CM

e O  0 > - < » - « C M C O r H r H O O
UJ  < t  •  •  •  t » t « • •
• U_ r*H rJ rH *—4 rH rH i"’ rH rH

uu u  r '-rO t-H v O 'O ro o r-< C M '
CU I— C O O i n M lA v O ' O ' T H
c o  r o h c o o O ' O ' 4- i N f g
X  C
00 U- H H H M M H H H H

<  I O O ' J - ' J ’  O ' C ' C O C M O  
H- i I h O ' i n H O ' T ' t H v } ’ 
U J  I h - C O O O O O ' C M ( M ( M h - v O  
X  I O O O O O ' H r H r H O O  
H - |  » h  •  •  c « • ♦ • < * »
CM | 3 : 0 0 0 0 0 0 0 0 0

* I N O ' - I ^ M n v O ' t ' O
<  I i ( \ J h t o m c O ' f  H C D h

| f— in rH LD co <5* cm co co h-
| Q  CO rH rH rH CM CM rH O  O-J

U J
Q
CM

J 3 : 0 0 0 0 0 0 0 0 0  
I

oo
O c C # * * * e » » « *

J  J  l!J O ' h  O  CO N* CO O  < f O ' 
< O C O U ' h H O ( M O O ^ H
O Z S C M ( \ ] f O i n O H C \ J ( M O  
D  > •  D  INI LA ( M CO N  ( O f O i n h  
_J uj o  m* co rH cm co <r u\ cm

cc M '< rM * L n m L n ijn M * 'j’

3:
v .
x

00
00
UJ
cc
cu

•

f—
<

c o f ' - mc MC Mr Hc o c o o  
•HrOvTrHvOvOOinLO 
C ' O ' O f O O h h h C O  

• • « • « • • • •  
OCM 'TvO. rH in 0> r H  o  

|  r H  r H  r H  CO ' } ’

h - r - r ' - f - r ' - r ' - h - f ' - r " -
i n u o i n i r v c o m i n i n m
v O O 'O 'O 'O 'O 'O 'O 'O

2  t
<  ~J 
UJ  UJ  
2  >

o

CO

o oi nt nr or Hf O' r c oc M*4'
M « « • • • « • •  •
5 I h C C H N O h < r ' C ' h

h- inmM-ncrjcOCMCM
o
CM

m r H O s o r O ' - « < M O O
X h - f O C O v O r O C M r H
X  CM r H I I I i I
Su | I

h
1— X U J O r H s r r H C O r H O O O  
M U  J h O i n C O ' T O O C M h  
M K z o r M f ' W K N L a ' r t n  
O U _ > ~ » » »

O O O O O r H r H C M c O
I

cu
s;
UJ
H

mJ
UJ
>

o

UJ
CQ

O O O O O O O O O

h - h - h - h - h - h - h - h - r -

O H O ' c o r o H i n o o  
• # • > • • • • •

CM vO O  h  ( \ l  CO (V  CJ O ' 
CO'O'OLn'J^M’ M'COCM

L a o ( v- 0 ' 0 n < r a ' h  
H  'T O  cc H O  ffl O  o  
O  O  O  O H  o  o  o  o

o

X
oOo
a

X C M ' O O O O ' O ' O ' O ' O
M • < » t « i t i  t
X O r H O O O C O C O C C C O O D  

f-'- rH  CO '-0  CM CM CM CM CM 
H H H ( \ J ( M ( N J C M ( M

HCvJO' Ti n' OhCOCT'

3:
00
CJ
cu

rHf McOsj ' i n ' Oh- coO'



IN
LE
T 

B/L
 

TH
IC
KN
ES
S 

= 
0*
05
42
 

0I
V*
 
AN
GL
E 

= 
10
DE
G*
 » 

ARE
A 

RA
TI
O 

= 
3> 

TA
IL
PI
PE
 

LE
NG
TH
 

= 
O.
OO
OM
 

7 
RUN

 
NO

v_' > ■ 1 'v! u i
z O « » * * • •
UJ 0 0 O O O O O

>
*

K—
o ‘ 9 0 0 CO O CO (\J O
cc cc UJ 0 r~ vO 0 CO O
UJ DC LL 0 O O' 0 O' O
2 : O LL « « » « • O
UJ O UJ 0 0 0 0 0 O

1 CO
1— co 0 0 i n rH 0 O
0 UJ 0 r H CO O' CO O '
LU X 0 O ' CO CO CO vO
IL UJ • * c - * • •
U- > r—1 O 0 0 0 0
LU f-H

# *
«

u. 0 vO 4- r - 0 in
I/) > LL 0 CO O ' 4 * ■4* 4*
to 0 UJ 0 ro 4 * in vO 0
UJ 0 a « • e c • - •
cc UJ 0 0 0 O 0 0 0
Cu DC

•
CC
cc DC
O CD O' CO O vO eg 0
O V— ro rH CO CNJ 0 0

t 0 0 rH * r—1 CNJ CNJ 0
UJ < « « • • • •

« u. r H r H r H r H r—1 0

DC
UJ O CMO' O' O CO 0
CL J— r- O' O O in 0
< O co '0 CO O' O' 0
X < • 1 • • ♦ •

</> L L rH rH rH rH i 0

< 1 If) COCOn- in 0
h- 1 X O' rH IT) CNJCNJ0UJ 1 J—ro r~ COO' CNJ0
X 1 O 0 0 O O r—10 co r- in CMCMCOl_ 1 M » • * * • • rH rH rO4* rH vOCMCNJ 1 IS O 0 O O 0 0 IS O' <5 vOCOO rH

N • * • » • *
X 0 CM4- 0 rH CO

s 1 CNJ rH e- CN0 1 rH rH
< 1 X 4* CNJO r-HO' 0
1— 1 h- m CNJ'Occ CO0
.J 1 O 0 rH rH rH CNJ0 t
UJ 1 1—1 • « • • • « 1/)
0 I 3C0 O O 0 O 0 00 CNJCMCMCM 2 2CNJ 1 UJ ♦ • • • e »

cc rH rH rH rH rH rH
00 CL m in in in in inO CC « • « • • « • r— r— r— 1 —_J UJ 0 in. COCNJO 0 X< O CQ0 0 O' r-~<J H—O 2TX r—1 0 4* T'- CNJ <

a >- 3 0 0 CO4*4*-j UJ 2: in O' CNJ0 4*
a: r o ro <r <r in

•
CL2: € X 0 0 0 0 0 0< c o COCO0 0 O' 0 UJ * • e • • •

UJ UJ\ • • • • « • J— O' O' O' O' O' O'>: > >z 0 COr- 4* vO0 rH rH rH rH rH rH
r- in 4*4* CO

0
0 • CNJ •MH00 X • c • •• • c -J
1—CO r- O' 0 O rH O LU< UJ X O' r- 4* CO 1 > 0 O O r- O Oh~ CC s rH 1 1 1 • • • * • •
COCL 2l i -J tn rH O COco O

r- O i n  m 4-
H- Oh- X UJ 0 rH 4* rH COO

COO _J r - O i n CO4* O
CC z 0 CNJm 4* COO tn CNJO' COCOOD UL►H c ♦ « • • « < rH 4* 4) 00 0  000 0 O O rH O O O 0 rH O

l UJ • « « • • t
X CD »—i rH r—I rH rH OH*
Q >z CNJO 0 O O Or-H « c • • • c2 y O rH COO CO0 •

r- rH c o O CNJ0 X
rH rH rH CNJCO CO rH 2 3 4*  i n O

Z uCO a .  •O - rH CNJr n . 4" tn O
CL



o
X

x

cc

uj cc c_j o  r-! <r <r
Z  □  • • o *
UJ CJ o  o  o  o

>■ h*
CD • CJ O  CC CNJ o
cc cc uj o  <f* r - o
UJ OL IL O  O' O' o
Z Q U .  * * * 9
UJ O  Ul o  o  o  o

-L
o
o
o

I 00
t— to 
CJ UJ 
UJ Z  
IL UJ
u. >
UJ *-«

o  O ' N  H
O ' O O i n  
o  o  co in

o ♦ » e
rH O  O  O

X
I-
CDz
UJ

• * LL O  ro ro in
co >  ll o  in vO ^
to o  uj o  r-H >f tn
LU O  O  o * • e
CL UJ CJ o  o  o  o
CL CL

UJ
CL
M
CL

M
<
h*

CM

II
o »—< 
H-
<
CC
<
U J
QL

OL
CL CL
o  o  
O I— 

* o
UJ <  

» LL 
X

CL 
UJ o  
CL h -
<  c j  
X <  
to  IL

<3‘ O'  O'  O  
<r <t T-i o  
O  O  CM O  

•  •  « •  
r—I I—I r- i  o

o  ro 'O o  
O' o  in  o  
ro m  o  o

9 « • •
rH r - i  (M O

<  11 CO o '■t o
h -  11 X ro M- M* o
U J |1 1— M' tn CO o
X  11 Q o o O o CO o r- r-
h~  I| ►—i • « • « rH rH tn co m
CM 11 3: o o o o x O' HO o O'

O
UJ
o
tn

UJ
- j
oz
<

o

O'o
vOo

to
to
UJ
z
X
o
M
X
h-

C0

I—•
U J
-Jz

1 O' CO o o
< l Xo rH roo
H I 1—vO CO h- o
_ J l Q o o r - l o
UJ \ »—< » • * *
Q l x o o O o
CM 1

to
o OL * • * •

-J -J UJ r- LO in o
<r CJ CO in O '
C J z Xo r- co
o > ro h~ CM r -
-J UJ z cm m r-

OL ro CO CO

z •
< -J to rH O ' o o
UJ UJ N « • • •
X > Xro CO o

O in
o

CJ • CM
9Ht o X • • • *
h* to CC o cO o
< U J XCM c - rH
H*OL \ rH 1 1to CL X 1

v~
\~ UJ o o o
t o C J _ J h - tn o o
MCC z O o CM CO
o u >h • * « •

O■o O o
X

1
1-
o X CM M*vQ o
rH \ * • • •
JZ X O O ' CO o

n- CO CM o
r H CO

z
t o
a r H  CM ro <r

to
CO
UJ
CC
CL
•

X
I—
<

CL
X
UJ
h-

-J
UJ
>
- J
N
U

UJ
CQ

X
to
CJ
o .

0  o  cm ro
1

CM CM (M CM
•  * « 9

r~A r—( H  »H
O O O  O
n- r- h- r*-

o  o  o  o  
* * « *

O vO o  o
r—i  rH r—i  rH

vTin O' o 
• • • •

h -  CM rH O
o  vQ in

r -  n -  cm o
H  H  CC d  
o  o  o  o

c c •  «
r—1 r—i r~i CJ

rH  CM CO M '

CL



IN
LE
T 

B/L
 

TH
IC
KN
ES
S 

= 
0*
06
19
 

DI
V.
 
AN
GL
E 

= 
15

DE
G.

> 
ARE

A 
RA
TI
O 

= 
3, 

TA
IL
PI
PE
 

LE
NG
TH
 

= 
O.
GO
CM
 

, 
RUN

 
NC

tu CC w CJ nt V/ m in
2 : U t • • • •
UJ U O 0 O 0 O

>-
•

O • O O <r CNJ 0 O
CC CC UJ O 0 r - O O
LU cc LL O CO h- 0 O
2 CD LL e « • • •
LU 0 LU O 0 0 0 O

1 00
H* 00 O NT r- i CNJ
U LU O ro ro ro 0
LU 2 O vQ in O vO
LL LU • • * - * •
LL > r - l O O O 0
IU Hi

• t
•

LL O 00 st* O ro
CO > U- O O O ' to O '
CO O LU O 'S' NT to LA
LU O O e e c • •
O'. LU O O O 0 0 O
CL CC

«
CC
CC CC
O D >4* 0 0
O 1— CM ro 0 0

• O O O' CO 0 0
LU < * « • « »

e U- H rH in 0 0

UJ
a:
a CNJ CNJ O O

Cl j— CO O * 0 O
< 0 ro O' O 0
X < » « ❖ • •
CO u_ r—1ro O 0

< 1 r - CO CNJ O O
1— 1 X <r in r - O O
UJ l J— <r O' vl* O O
X l CO 0 0 0 O O CO h- t—i 0 O
h- l ►—« • « • « • r-i r—i ro O' r - CO
CNJ I V 0 0 0 O O 3: O' >0 CNJ CN r-i

X • • • • «
X 0 CM NT r - O'

* 1 0 0 O' O O t
< I X rH •■T O' O O
J- l h- 0 h- in O O
_J l O 0 m 0 O O •
UJ I ►—< • • • • • CO
O J X 0 0 0 O O to r*- r - h- r -
CNJ 1 LU • • « « «

CC O' O' O' O' O'
co Cl in in in  in in
Q a ; * • • • « « r - r - r -
-J LU ro  <r in O O 2

< O CO ro in 0 J—
O 2 2 CO 0 tn * <
a > X rH o- 0

LU 2 nI- O' O'
CC CO CNJ r-i

CL
2 • 2 0 0 0 O 0
< -J CO ro O' >4- O O UJ • • « • •
LU UJ s • • • « • H- r~ r - r^- h - r -
X > 2 O ro h- O O  • r-i r-i »—1r—i r-i

O ro r-i
O

O t CNJ •
r—< CO X • • • * •
J— co CNJ Nf- h - O O UJ
< UJ «■ O rO CNJ r—i > O' O' CO O O
J— CC S r-i 1 1 1 • • • « •
to Cl •f" 1 -J 0 ro 0 O O

N r - in in
J - O

J—■ 2 UJ O r-l h - •4- O
CO a -J h-O CN1 in O
l- i CC 2 O CNJ ro in r - r- h* O' O O
a LL ►—i • « • t • < r- i NT 0 O O

O O 0 0 0 h- • O ro in O O
1 LU • • • « •

X CD r-i r-i 2. 0 C

a 2 CN1 O sT 0 0
»—« N « • « • •
3 2 sO CO r-l 0 0 •f'-CNJ O CNJ 0 2

r- i r-l CM in CO r—i CNJ 3 4 in
2 U
CO CL
a H  CNJ CO tn
a.



IN
LE
T 

B/L
 

TH
IC
KN
ES
S 

= 
0,
06
28
 

DI
V.
 
AN
GL
E 

- 
IS

DE
G.

t 
ARE

A 
RA
TI
O 

= 
3, 

TA
IL
PI
PE
 

LE
NG
TH
 

= 
2.
74
0M
 

, 
RUN

 
NO

U J cc o C( r-i 4 ’ in o vu r~
X u . 0 ft • * ft « • e
U J u O o o o o o o O

>-
o •

•

H-
O O m r- o o r- •4*t"-

o: C £ U J o ro cc o o o CM co
uj a u, o rH o o o o O' CO
~z u U - » * • ft ft « e e
U J o LU o l—I rH o o rH O o

1
r-

00
00 C J CM r~ v O CO <nin 4 *

o U J o in 4 * cn m O ' r- m
LU x C J r*H r- r- n- O ' O ' O '
L L U J c « » « « « e
L L > |Hr-H o o o o o o
U J i

t• «LL O 4"r- CM o CO o m
00 > LL O r- o m rH O' O'COo LU O rH 4* inO r-r-r-UJo O e ft » • • « e *

PR UJ
CC

U o o Oo o o O o

CC
cc cc
o o r- cnmo o O ' in r-

o 1— 4 ' in o o o o r H r H
ft o o o h- o o CM o O

LU < ft « • ft ft ft e ft
p L L r H r - l rH o o i r H r H

LU
cC
ID CO vO •o o O ft*-. r- CO

O . h - o c m 4 * o C > CM O ' O '
< t O 4 * m o o o r - r H r H
X < • « ft ft ft • C • ft
ooU- r * l r H CM o o r H t-i r H

<
h~
UJ
X
h~
CNJ

I x
I l -  
l a  
l *-• 
l X

i f l ' O O O O H f O N
<r lti o  o  'T i—i O' 
4 - i n c o o o m i n t n  
o o o o o ^ o o  

« « • • • * • •
o o o o o o o o

* 11 CO rn o o o n - 4* o
<  11 X CM m 4* o o rH rH rH
K II V~“ O CO r- o o m o h-

1I o o o rH o o CM o o
LU |[ ►•••< ft » ft ft • ft ft

Q " l
CM |

1 ^
1

o o o o o o o o
00
00
UJ
CC

C O v O N H O O " O C O  
. Hi nmo' r ' - cMCM. H  
O ' nO nO N C V J O ' O ' O  

•  • • » * • • •  
O O O J ^ h H N f O  

|  r H  CM f

4 * 4 * 4 - 4 - 4 > 4 , 4_ 4'  
♦ • • * * * « •

i— r— r—
CO CL O o vO o vO
CD CC ft « « • « • • • • n~r- h- n- r-

- J - J U J r- CM r H 0  0  4- 4*in X
< O COH r H v O n- O O ' , H -
o X X •4* h - 4* COcn o <
o > 5 4*vTi n o O ' o
- J U J h - O o O' COcn

CC cn4* cn in 4* 4*

X e
< - j o o  t n O ' m o O o r H r -
LU U J Vv ft ft • • • « ft *

X >
«... i H t n r H o O r^ - r H r -

r - o S T cncn CM
a

o » CM
k—1 o o X • « > ♦ *_ 0 •

00 uo O ' i n r H o ' 4*r H o
< U J > : i n O ' O ' h- 4"CM I
H CC M CM r H 1 1 .. 1 1
00CL X 1 1

f -
H X U J o o r H h - 4- O ' CO CO
00u _ J h - i n o CM t n o CM r -
*—t cc X o o CM m in O ' r H CM
Q LL rH « » • • • ft ft •01o o o o o CM cn
X

1

1—
Q X CM 4 * vO 4*o < 0 vO oHH s « e ft • ft ft • •
3: X vO O ' CO r H o CO CO co

n - CO CM 4D CM CM CM CM
r H r H CM CM CM CM

X
00
o r—J 2 3 4*ino r- CO
a

a.

UJ
l~

UJ
>
- Jso

<H-
UJ
CO

X
oo
u
a .

o o c o o o o o

\Q  vO vO 'O  O  O  vfl nQ

in ro o  o  co h  oo
vO <—»
n- h-

oo

H o o c o m o '
vO sT m  CM

co r- o  o  cm tn o  
<—» r H o o o r ^ - o o
O O C M O O O O O  

• • v e t o * *
H  H  H  O  o  H  H  H

rH CM m  • !  1/1 O N C O



IN
LE
T 

B/L
 
TH
IC
KN
ES
S 

= 
0.
06
24
 

DI
V.
 

AN
GL
E 

= 
15
DE
G.
* 

ARE
A 

RA
TI
O 

= 
2, 

TA
IL
PI
PE
 

LE
NG
TH
 

= 
2.
74
0M
 

? 
RUN

 
NO

Vk- uu vn w  r — VJ u l 'O
CC O  * e « 9 o » e

• w u  o o o o o o o
«

>  \~
c o  a o o - 4 *  r -  o  m  c o  o  
g :  d t - l u  o  c c -  i n  m  m  h  c o
U.J £ V  1 1 . o  O  O '- O  o  o  0 0
Z  □  U. > « t * « * o
IU o  UJ o  o  o  o  o  o  o

I oo
00 O  H  CO 4  4  o  iri

O  L U  O  o  r-! o  4  v O  n
UJ Z  O  O  CO CO O' O' O'
U.UJ « » c « # ♦ c
U, >  rH r-l O  O  o  O  O
UJ mh

t
9  *  LL. O  < H  CM CM o  r -  O '

( J ) > l i . O O N c o < ' 1 4 m  
W O l U O H 4 m 4 4 ' 0  
U J  o  o  *  *  •  *  * •  *
CC LU O  O  O  O  O  O  O  O
CL cC

CC
CC cC
O O  U5 H  O r - lO ' f f i ' O  
O h *  4  I A  O  O  O  ( f |  N

• O  O  O  CO O  rH O  O
UJ <£ • • « • • • •

* LU r H »H r H r H r H r H r H
iZ

cc
u j  o  c m  r o  r o  r -  O '  o  r -
C . h - O' r-l fO rH tD  CO rH
< 0  CO i n  r O  O *  *4* CM CM
rr <i » « « » • « »
CD I U H  rH CNJ CNJ »—I r—I r H

<  h~ 
UJ X 
I— 
CM

i f
<

OSO
CM

I O
CO vO O  CO 4  ' O  O '
M* M* O '  CM CM O  O
<T in co H  CM M D
O  O  O  r H r H  O  O

I 3 0 0 0 0 0 0 0

h  ' O  vO N  O '  O  
X ( M C M I s- f ' - C O v O C M  
I— vO CO O  CM f -  CO O 
O O O C M C M r H O O

3 0 0 0 0 0 0 0

00
O Q£ * •-■ • * • •

J j  tu t n  rg n h o  m h

< O C D 4 i n ( M v 0 0 4 ( M  
U Z £ 4 4 ^ cn K O' CO 

o > D O ' 0 < ‘ 0 ' t O ' > r  
JUJZ^NCDOOO'O'

cc n ro n 4 n n

X

0000
UJ
CCa.

h*
<

00 o  r-  r~< cm ro O'
r - l  i n  M  4  r - l  n  N
0 " 0  O  H  H  H  CO

• « « t « • •
O  O  CM O  CM M* t n

1 r H  CM r o

m  t n  i n  i n  i n  i n  i n
•  •  9 •  C f  •

>3* M* <J* >3* *4* <1* Mf*
O  O  vO vO - O vQ 4 )
r- h- r- h- r- r-

3 »< j i/j 4 o n h  in o m
UJ  UJ  N  •  i  •  •  •  i  •  2 >
O

00 
00 
LU 

h— CC 
CD CL

s ; c e r j 4 C ' C ' C M »  
O  vO <t ro m  ro m

o
(M

■ X  •  *
I— 4  h  N  

X  CO ro *4 
N  r H  f—I |
2. I • I

r H  -4* r H

I— £ l l l O O r i C O C 0  0 4  
W U J M n O O C M c r i f O  
H ' v ; <c : o o c M 4 C ' c c r -
o  I L  w  i  •  • •  • « •

O  O  O  O ' O  rH cm I
X  CM M* O  -4* . 4 *  < r -4*
s  ♦ « • « • • t ,

X  vO  O '  CO CM CM CM CM
r -  c o  cm m  t n  i n  m

rH rH rH H  rH

OOU
CL

rH cm co in >o r—■

ClX
UJ

UJ
>

o

UJ
CQ

Xoo
OJ
CL

O O O O O O O  
• « • • • • •

O' O' O  O' O' O' O'
rH rH rH rH rH rH rH

cm co O' co ro O' rH 

• • • • • « •
CO h* in O  CO CM r H
h  O  i n  i n  4  4  4

CO CO vO CO co CO o
rH f—f rH ‘ o  ro '—I rH
O  O  r H r H o  O  O

rH  CM CO < f  m  O  h -



u; LL X UJ r—i <f m in in in
z z O 0 0 0 0 © 0 0

i O LU u O O

00 0 0 0

j 0
z c 0

i >- H-
* z O 0 u  0 r- CO0 vO 0 CO
; 0 or or ID O <f rn 0 CM cn

or 1 u or U. O 0 O 0 O' co CO
z 0 Lu 0 « 0 0 •; «

■*>
i

0 tu 0 UJ O 0 0 0 O O 0
i

x I co
il 0 H- co O 0 <t m cn h- O'■ j O UJ O cc cn tH O rH 00

n- UJ «c_ O O' COCO O O' CO0 U. LU 0 • « 6 0 0 O 0
: CM lu > rH O 0 0 O O 0
■1 UJ i—1
* U
j 0.{ X 0 O lU O  sf rH n- vO CMO'
! J- LO > lu O vf in m h- CMH

•i 0 to O UJ C rH vf in in vO vO
.! z z UJ U 0 e O ■0 0 0
{ ID or UJ MJ O O 0 0 0 O 0
! -J a or

"i UJ
} CL 0
■\ »—« or\j a or or

- j O O rH CM«H vO <f in CO
t—t u 1— in in <f in co <f CM

. < 0 u 0 0 CM <f rH 0 0
. • i- LU < 0 « « 0 0 « 0\J 0 lu rH rH rH rH rH iH rH

1 e> ^r
\ CM
\ or
) II IU O <f c vO O rH O <f

CL 1- O CO <f CD cn I"- tH
'[ ■ O < u cn cn CC vO 0 CMCM

«*-* X < Q « e 0 0 0 0
1- if) Lu t—1rH rH rH rH 1—I rH
<

■'* or
** < I m rH <f cc cn cn CM\ ■ < H- J X 0- CMrH cn 0 0 rH
; UJ IU 1 1- cc O' cn CMm O' vO

or X 1 0 0 c rH 1—( »—10 O
< h- » 1—I 0 0 O 0 0 0 0

CM 1 3 0 0 0 0 0 00

Q
CD
LU
a
in

lu
-J
ID
X
<

❖
<
L—
_I
IU
O
CM

M  (NJ h  CO H  CO < f  
X  O  O'- CM CO O  v f  < f

» 1 0 « 0 6 0 « *
O O O O O O O

i f )
O C t ! o « o « o o o  

-J .J  UJ C  CO O' h  O' CV CO 
'< O c o < f i '~ c M c n < f in in  
U Z S i f i < J C M < J H a h  
O >  ID CM in CO CC CM vf CM
j  id z  c> (\i< r ict n  <}• n

CC cn < f v f <fr < f < f v f

<
UJ LU

c o r o c n c M m o n -

i—i
3:
N
X

i f )
i f )
UJ
CC
Cl
«

21
h*
<

a
x
ID
I—

&  (D h- h  vt cn O'
in m <f <f cn r-
vD vO H rH r—t CO

>|c o «  e  o  e  9
❖ c i M v O C v f i n  
>J« rH CM cn

o o o o o o o
« < O O 8 9 O

O 0s O O O C' o
vO vO vO vO vO vO 0

r~— 1— r— r~-

o o o o o o o  
0 0 0 0 0 6 0

CC cc CO 00 CO CC CO
CM 2: > X  in c rH < f tn CM rH rH rH rH rH rH rH rH
O r-~ in  <f- <f
rH O
rH u 0 CM 0

O l—l </) X 0 0 O O e 0 _J
O b~ CO r-l O' O' CO CM rH lu

’ < UJ S I iM vO in CM rH > < f 0  m  in vO vD CM
II h- or X iM rH 1 1 ! 0 0 0 0 O 0 e

i f )
l f ) a X « f -J in 0 r - cn c CC in

X CO !"■ »D vO vD <f < f
i f ) 1— U
LU 1— x UJ 0 c rH CO cn O' <f !
z z i f ) 0 n- in O vjO n* cn cn
V H or c c CM < f n - CO n - O' r~ 0- 0 cn r-~ rH
KJ 0 Ll 1— 1 0 0 0 C 0 « 0 < ’ rH rH CC CD vD 1—i rHt—< O  O  O  O  O  rH CM l - 0 O O  rH O 0 O
X 1 LU c O O « 0 0 O

X  
1—

CD rH rH rH rH rH rH rH

_J 0 21 CM <f vO <f <f <1- <f j
N r—I X 0 0 0 O 0 0 0 j
CD 3: X  *0 c CCCM CM CM CM 0 i

n- cc CM IP in in in X
l - rH H «H rH rH i f ) rH CM cn <f tn 6 7

UJ Z C O
__1 if ) OL '

. O 1 2 3 4 m vo n-
*~r CL



IN
LE
T 

B/L
 

TH
IC
KN
ES
S 

=.
0o
ll
l4
 

DI
V*
 
AN
GL
E 

= 
15D

EG
<>
* 

ARE
A 

RA
TI
O 

= 
2* 

TA
IL
PI
PE
 

LE
NG
TH
 

» 
Oo
OO
OM
 

* 
RUN

 
NO

®•

W  CC U  O  H  4  4
~xL O  o  o  o  ©
UJ KJ O  O  O  O

o
>- a
C9 «  U  O  O' <3* O
CL DC UJ O  <3 vO O  
LU OC L  C  CA O'' C
21  O  U_ o  o  o  e
UJ U  Ll; O  O  O  O

1 tO
f ~  t o  O  CO r-l o
U  UJ O  vO vO CO
uj s: o o  co<t
lu UJ o  o  o  o
U- >  f-i C  O  O
UJ «h

o  o  I L  O  N  CO
to >  Il  o  n  w  n
to  O  UJ O  *H vf
LU U  C  °  «> o  ©
K 1UUCOOC 
0- a

o
OL
OL OL
0  C  O  t n  rH  o
K J t— m  m  o  o
O u O O CM C

UJ <C c  o o  o
O U_ rH rH i—I CJ

1C

q:
UJ o O' CA vO C
CL b- O' O' *DO
<  v j  cm c n  r— o
1  <  o o o o
t/> U_ r  i tH  «H O

< i a  <t- COcJ— i I  UN CA <LoUJ s ! • cc a CMoX 1 in o O rHoa 1 o o c o rH O in COCOCMI 2: o C O c 2 o o vjOa\ e © o o
X C c a CO

I <3- CMtn c t< 1 X r-HO o of- f a rHCOCMCJ5 CJ rHr—i CMo o
UJ 1 1—1 O •=*o © toa J O O o o to c c 00 cc COCM1 UJ « « © o

a a a a ato a in in m tna a O o o c o a a a a-J _j u cc C O o 2:<  o cc t> CMa Hru  e s; CO f- m <o  >- 2 a e—ICO
-J u 2: tn a CO

OL CO CO <1* o
az © o 0 0 c< - J to COCM rH o UJ o © « o

U J UJ\ o o © a CO CO c c COX > c t n C o rH rH rH rH
Is-  vO i n

C
u oCM ©
»—1 t o X o o © o - j
a t o vDt n a o t u< UJ2! <}' O rH > CO t H O
a CLv . H 1--1 1 • © o ©
t o  a 21 i 1 -J a <3 C

a a vO
L - u

a UJ O O «H o
t o  o -J a t n o o

CL 2! C O CM t o O ' a  <3 o
O Ll 1— 4 ©©o o < rH rH a c

o o O o a o o o o
1 LU © © « o

X OC rH f—1r H o
a
o X CM MJ oM V o © o ©
5 X vCa CC c * o

a cc CM c 2 !
r—i in t o H W ( A v f

z:
to
O
a

O
a



z o
X f t-

z  • t o © u o C\1 cn f t O
D CL CL UJ o • tf rH m o
c n IU o: u. o t > O ' CO o

. Z  O  U . © <3 © © ©
UJ. L J  U J o o o  o o

x 1 lO
o f t tO o cn in CO in
o V J LU o tn cm tn <f
o U J z o 00 cc f t  tn
© U . U J © o © © o

o U - > rH O o  o O
U J *—*

11 -
©

X o o U- o CM O  <f CM
h- CO >  U- o rH vC rH cn
e? 1 / ) O I U O v f < f m in
z UJ V  o o O © © ©
LU cn IU LJ o O o O o
-J CL c n

LU
Cl o
*—« Of
CL c n cc
-J O  o CM CO O ' m  o
M V in <x> cn o o .
< o u o rH CM v f c
1- U J < o O o © o

© Ll rH rH rH rH o
O

co
CC

u LU O O ' C  rH CC c
CL {— CM cn CM o

o < u cn f t CO O' o
X < o o O a o

»— tO lu rH rH t—1 i—1 o
<
cc

< 1 vO to in o o
< 1— 1 X CMvf) rH cc o
UJ IU 1 t - COCMcn cn o
c c X 1 a o rH r - l rH o 00 f t rH O vQ
< 1— 1 b-1 o O © O o rH rH cn O' f t CO

CM 1 5 O C o  o O > O' vf) CMCMrH
M O a 0 0 ©

*•
* 1

X O CMvf f t O'
o CMin O' CMO I

ID < I X cc f t o vOo
LU 1- 1 >- O rH <r vOo
a _J i O r-C CMCMCMo o
m UJ 1 t—i © © © o o to
rH o I o 000

O CO O O O O 0
CM 1 UJ O 0 0 0 0

11 ft: cn cn cn cn cn

LU
to CL vO vO VO vf) vOo n: © o ■ « o © o ft f t f t f t f t

-J -J UJ cc o m in o
ID <  c cc cc in rH o H*
Z u  z X ft O' CMcn <
< o  X 13 o rH sC in

J  LU Z cc vC cn CM
*© o: cn <f in vO

> ©
a

O z o X c 0 c 0 0
c _J tO rH vO vf) in o UJ 0 « 0 0 0
UJ lu \ o o © o © 1— vO vC vC vO Vf)

CM X > X ft. CMcc rH o r-i rH rH r -l «-l
CO ft in <f vf
o o
trH © CM 0© r—i CO X ©o o ©© -Jo 1- co cc O vf VO o UJ

< l u  x f t vf CM I > cn O' f t cn 0
<1 1- o: \ r-l 1 1 © © © 0 ©

co
lO a I -J CMvC cn O' 0

CO.O vO in
CO u
LU ♦- x l iJ O rH ft vf o
z to o j  ft O <Min oV Cc z  c  . cm cn in ft c 00 vf f t 0
u o u _ i—i O © o o e < CMvC 00 vf 0
M O o O  O O 1— O 0 O rH 0
X 1 LU e © O © 0
1— X

» -
c c rH «—1 r 4 rH' 0

-J CJ X CMvO <f Vft c
N «-< \ o o o o ©
CD 2 : X MD CC r - l O o ©

f t CMvf) CMo z
1— rH rH CMm to rH (MPlvJ- tn
LU Z * / c
-J CO CL
Z O iH CMcn <f m

Cl



V ,0 0 0 0
© ' UJ U <3 0 0 0 c 0 0o

>-
a

t-
0 0 U O CO rH O' CO CO CVJ

D c n a IU O m in O' O' O' <t
c n a tu O O' O' CO CD r*- 0-

x c l(_ © © 0 o 0 © ©0 UJ u UJ O 0 0 O O 0 O

TS- t to
O 5- to O r - st O' CO CO in
*4- V UJ O vO sO O' CVJ CMCO
r - UJ x O CC CC 1" CO co t-
© u_ tu 0 © 0 © 0 © 0

cvj a > r-l 0 O O 0 0 0

LU t—1
ll

0
X 0 0 U- O cn cn rH cc vO O'
i— CO>  u. O rH n- st in m CO
0 CO 0  LU O St <t in in vO vO
X tu V  0 O O 0 © 0 0 0
UJ cn UJ U O c 0 0 0 0 0
•J Cl a

tu
a 0
*—« cn
a cn a  .

0 0 r-l in in in O CO tn
u h- in cc CVJ 0 CMO rH

< © V 0 1—i <\l CO m rH 0
H- UJ < 0 © 0 © 0 © 0

0 Ll rH t—1rH •—1rH rH rH

CO
UJ

a0 h- CMCO O r- cn CO
a f— 0 r H O' c cn cc cc.
< u cn r- n~ r H O' st r H
X < 0 0 0 O 0 0 O
O ) a r H »—1 r H CM r H r H r H

<
cn

’ < 1 CO cn O rH m c c  s t
< 1- t X ; n m O vO a : CO a
IU t u 1 1— CO CvJ c n <r s t r -l i n
a X 1 CJ 0 rH rH rH tH rH 0 CO n - rH C S t si- a
< t - 1 t—< 0 0 O O O O © rH <—1 cn O' r - cn on rH

CM 1 5  O 0 O O O c 0 5 a vO CM CM a a O
\ © 0 0 0 © © 0

0
*

X 0 CM St r - a 0 cn
0 1 in n - n- a a c n vO t rH S t

0 < 1 X a Sf cn 0 r - 0  0
UJ K - s t ~ 0 rH c j 0 cc r - ’ - >
0 -J 1 O rH CM cm i n n j  rH O 0
t n UJ 1 M © O © O © © a CO
rH ' O t S  O O 0 O 0 0  0 t o CO CO CC co cc a CO

CM I a 0 © 0 0 © O ©
11

t o
a rH rH rH rH rH tH rH

U l
a m i n i n i n i n i n i n

0 a © O 0 © © © © © r - n - n -  r - r - n -  r -
_J -J a  a f - s t cn n - vC 0

O < 0 a rH rH cc cc cc a CM t -
SC X X S t cn i n a i n CM i n  , <
<  r 0 > - X S t tH rH r - i n a CM

-J u X a a 0 s t r - cn |H
0 a cn s t m vO md i n  s t

> ©
fr-i a
O 2: © x 0 0 0  0 0 0 0

< t o  s t a 0 a r -l CM a a © 0 0 © © © 0
t u t u N 0 0 0 © O © 0 h - r - r - n- r - t -  f~- n~

in X > x  r - m CM cn <t in vO rH rH rH rH tH rH rH
O' h - in in s t S t cn CM
0 0
rH u 0 CM 0

O r—< 10 X 0 © 0 © © © © - j
0 h - t o cn rH a s t CO CM O a

< a X m O r - m < t  rH > rH 0  in CM a n - a
11 I - a N CM r H 1 1 1 1 © O © 0 0 O 0

t o
1 0 a 2 : 1 « .j c - « H  I'­ cn rH CM cc

M co n- vO vO vO S t CM
< 0 t - t u
t u h - a  0 rH s t r - a  co
2: t o 0 .  j  n - O CM in m  rH r -
V a x  0 CM cn in r - i n CM 0 Ve O' vO O' n- in
u c a »—« 0 © 0 © 0 © 0 <  • CM vo n- cn c 00 0n O O O O O  r H cn 1- O c 0 rH tH 0 0X 1 a 0 © © ©O © 0
1- X

f -
CD tH tH r H r H r H r - l r H

-J D CM vO s t vD vC vO '0
\ M N © 0 0 0 0 © 0
CQ X  'C CC rH C a cc cc ©

l \ v D CM CM CM CM ‘ X
t— r - l rH CM CM CM CM CO r H c m  cn <t t n  vo
l u X 0
-J t o a

0 r H CM cn S t in 6 7a '



X

cn

> - t -
O  o  U  O  O  <)■ O  0 3  O
O '  cn  u j  o  m  m  o '  i n  a  
a o ' a c o ' O ' c c c c n -
X O a ' o o e o o ©
a O a c o o o o o

o
s t
r -

o
O J

I to 
f— cO 
u  a  
a  x  
a  a  
a  >  
a  i—

o  a  cm r -  cm a
C  O '  CO H  I f l  ( f |
C  cc cc cc cc cc
o o o o o o  

•-* O  C  O  O  O

X  
1—
CD

X
a
- j

a *
a

a

<
j -

c n

ii

O
M

<
a

<
a
a
<

o
a
a
c
rH

a
- j
10
x
<

o

vC
c

o
o

t o  
i n
a
x
V
V  
*—«
X
h -

c c

h -
a
_ j
x

o  « a  c .  cm  tn  c c  m  o  
t o > a o a o c M o c c M  
a  o  a  c  cn tn  a  a  a
L J I J  O  o o o o o o
a a u o o o c o c  
a a

cn
cn  a  
O  c  
u  { -  

«  u  
a  c  

o  a  
v

a  
a  o  
a  i— 
<  u  
x  <  
c o  a

<  t

CM Cr> H  CO H  s t
m  < t  CM CM Ch H
O  rH  CM i n  CM o

c c  o  i r  >  c c  c  

o  c  s t  a  m  o >  
c n  v o  n -  c m  c c  r - i  
o o o o o o  

1—I r H  r H  CM r H  *—I

IT  C  c  C  n  rH
I— ? X  s t  t n  o  m . m  c n
l u  J H- c o  cm cn vo M3 i n
X i Q c  H H H H c
| — | l —l O C O C O O
CM |  35 C  C  C  C  C  O

*  t a  h  h -  c m  o  c n
<  I  X  c  h  c m  < t  c c  c n
I— I I -  r i  C  4  t  O  vC
a  I  o  h  c m  c m  c n  c n  o
a { t —' O o o o o o
O- f  3 5 0 0 0 0 0 0  
CM |

a
Cl  a  0 0  0  0 . 0  ©

J  J  l i ; c  r n  c t  <—* *—i i n
< £ O C r t - « - H r H f ' - C ' 0 r 
U Z 5 .  v C  h  N  c r .  n -  c c  
c  > -  x  a  i t  c  r -  c  s t
a  a  x  c  c n  a  i n  cm cm

a  c n  s t  s t  i n  t n  s t

< C J « / ) s t m  s t c M v o a  
a a \ * « o o o «  
i "  >  j : i t  i c  o -  « c  m \ c  

n -  i n  s t  c n  c n  n i
O

a  o cm
*—1 if) X  o  o  © © o  o
y— if) tv r l  r l  vO \C C

a  3L a  cm cc  cn  *h
I -  a  \  CM rH  1 |  I

a  a  s :  ' I I

a

o

X
b~

a

x
a
c
a

X  a  o  r - i  s t  c n  < t  o
C  J  t  c  i r  s +  i t  t
a  x  C  c \  c n  c c  c n  i n
a  *—* #  « o o  *  o

O  O  C  O  r H  c n
I

? .  C V  v C  c  C  v C  v t
\  •  c  o  o  © o

a  r-i  cr o  cc cc
r~ r-> o  cv t \  c \

r-l  rH CM CM CM

«—• c m  c n  s t  i n  v o

X

a
a
a
a :

a

i -
<

a
x .
a
h -

- J
a
>

u

<  
i—
a
a

a
c
Q .

o  n -  i n  cm O '  c
c  cn  < t  a  M3 a
o  a  a  o  r~~ cc

C  CM s t  r H n  a
rH  < t

t n  m  i n  i n  i n  i n
O O O O O O

C  O  C  O  O  C
a  r-~ t- r- t~- n~
t  h  n  h  h  n

C  C  O  o  c  c  
o o o o o o

a  a  a  a  a  a
r H  r —i t—' »—♦ r H  <—I

h  s t  c n  O '  s t  n -  
o o o o o o

i n  c  i n  r -  c c  cc 
a .  a  a  a .  s t  a

C  C  a ;  »o  t i n
cm m  n-  a  O'  o
O  O  C  r H  o  o
o o o o o o  

i—I i—I rH  »—I \ rH  I—I

«-h cm t n  s t  i n  a

i •



o t u u o  o  o  o  c
O  .

£:' o
> - i_

s ' G o  U O  CO VD v f o
5 C.Y o :  t u CJ -J  i n  CC c
QL IU a :  Lu g  c  o o  o

O  LU 0 <5 -5 O ©
o LU CJ UJ o  c  o  o  c

V 5 cn
O ! - cn o m c t f i  vd
o CJ IU O  co  O  v f  < f
o LU -7* G  CO CO CO vO

o l u UJ 0  9 3  0  0
o Li_ > < * 0  0  0 . 0

LU
11 *

©
X ' *> © Lu C  CC 01 iC  rH
*~ i f ) >  lu O  c c  O ' cvj co
ID tO O  Ll! O  CO <j- vC- VO
X IU CJ c 0 3  0 0  0
LU o r LU CJ o  o  o o  o

0 . o :

UJ
a o

.i V-H a
CL CY CC
- J o o tH  <} CJ vD O

u L - m  v f  o  c j  o
< 3 U O  H  N  4  c
I— t u < © 3 0 0 ©

\ © Lu 1—1 rH rH rH O
o ’ v :

*0
i CC
J II l u  O VD CO CJ f '-  O
r 0 . h - O  G  O  rH O

o <£ CJ CC VD C- rH  o
t—1 X < 0 0  0  0  9
h - t o l u rH  rH  1—1 CNJ O

■ <
cc

< 1 H  H  i n  H  o
< \ - I X VC. VC CC VC- o
Ll! LU 1 t~ CC (V ('1  vn  o
o r X l Q o  rH rH rH O o n -  vn CJ co
< i~ i  • © 0 9 0 © rH o CO v f VD c j

s CJ i ^ o  o  o  o  o 3 C  vO vO o rH
V o o o o o

©> X o  t v v f i 1 co
© * 1 CJ f"~ O ' vC o rH rH

O < J X rH o  tc . O  c
uj f - i  h rH  c  01 CO O
o - J I o rH f\J CJ 01 O o
o tu I — 9 0 0 0 © t o
rH C l 1 r- : o  o  o  o  o t o o O  O O O

' , tv 1 LU o o O o o
v •; 1! a CC CO CO CO CO
j t o a \C vD VD VD VD
j t u CD Ql «  e  o o  « 9 r - c - r - r - C-

* i u - J - j  u : CJ CO CC O ' C ST
' V CD < O  CD v f  c -  rH CJ 1—

* : 2 T ' CJ i s  s : CO < f VD i n <
j < ■ . o > -  i d VD rH  rH VJI %
J , u UJ ^ tC  O ' CO CO

, i © o r c o  co  v f  i n
> O

•j M a
o • IS © o C o o O

' i < - J  t o rH CJ v f  v f  C UJ o o o 9 o
LU UJ \ 9  0 ? ’ © © t~ CO CO CO CO CO

. CJ S >  5 : rH  CO C  vO O CJ tv CJ tv CJ
»—i c -  i n  < f  t o

•;? H o
rH u e  tv o

• i a M t o  X 9 0  0  0  9 _ J
zt O t— t o vd m  c o  c j  o UJ

< UJ X co  r~- <5- | > 2 3
 

1 4 O
‘j 1! i— CY "s rH  |  l o o o o o

cn a  51 1 - J O  O C l v f O
cn \ CO sO VD m
t o (— t u
UJ } - s :  u j O  |H  < f CO o
ZZL t o  O  J c -  o  m  < f  o

- } V H- CY Zc. c  CJ CO CC o O  r—1 rH  i n O
CJ . CD U_ *-* 0  9  0  0 0 < CV i n r - < f o

• \ t—« O  O  O  O  «H 1— O c O  ^H o
X 1 LU o o - o O o

i l - X CD rH rH rH f—1 O
i L-
‘ - J O 2 6 0 0 0

\ N »—< V 0 0  0  9  0
CC 5 S VD H  CC CO O o

C - rH CO CY o Z
1 - h  h  c j  i n t o rH tv CO < f in
Lu *Z o
- J t o a
ZZ O rH  CJ CO Vf in
»—< a



z>
cc

x
o
o
o
o

o

X
I-
e?
z
a
-J
LU
Q.
I—I
a  
- j  
*—•
<

CM
It

o  
»—*

<
a

<
UJ
cc
<

o
u .
o
c

Ll

C

<

0
X h-
a 0 U 0 CO r~ OCC DC lu 0 VO a O
IU CY Lu 0 c a O
2 : c Ll 0 0 0 ©
LU u U: 0 G 0 c

1 U)
I— cO 0 •4- CMCO
U UJ 0 a CO CO
UJ 27 0 or CO vO
lu LU 0 0 0 0
Lu > rH O 0 0

UJ M

e
0 O a O AC cv rH

CO > a C o C  vf
w C a O CO a IT\
LU a c O 0 0 O
CY lu u O c 0 c
a CC

9
cr_
cc CY
C O CC CM vo c
LJ f - tr a <v c
0 O r-i CM0

LU < 0 « « 0
0 Lu »—i rH »—H0

X

CC
Ui C CM a e
a l - rH CM a  0
< l ; ro vU r- 0
X < 0 b 0 e
to Lu rH f-H rH O

Lu
X
I-
fv

*  
<  
I— 
- J  
lu  
O  
CM

vC h  iT O
I  i r  i r  O' o
h- CC CV CO O
G  O  r-i rH O

« a © © a
3  C  C  C C

cv o  c- c
CV <j <f c
r-i o  <r c  
r-H CV CM O

co
C  Or 

- J  -J  U-
<  c  a: 
u
c  >* r;
J l L Z

or

vC 0
r-

Z  3 . vC tH CC

z
<
Lu

J  05 h  m  c  C
tU "V « © © ©

X

CO
(/)
a
0- 
CL
o

X
1- 
<

Q.
5
UJ
)-

CC C  to  H  
H  IT s f  'C 
O' VO vC- IT.
•  e e  o 

C CM <L C
i

o c o c
« •  o o

CC CC CC CO 
nC vC vC vO. 
t"- Is- r~ r-

CV 2 : >  2 a  <l oc c
tv 0 - if'
rH O

"•' J f—I u « CM O
i 0 *—• co X 0 0 0 0 -J

•. - ■< O » - to O' cc ro  c a ;
• < a  2 : Is-  <L rH >

II t - a  v rH |  J
10 a  x 1 . J

CO V
CO t - U
a i h- X  UJ O  CM <f c

■ z to C  _ i r- c  ir  e
■! X I—1 cc z . c  cv a  a

. . J u O a e  e  0  0 <
• 1 »—4 O  G  O  O 1—

X 1 a
* h- X ccJ 1—

1 _J a 2 : r.. vC C  C
’ •1 V »—« V 0 0 0 0

1 cc 3 2 vC r-H CC G Ci
h  H  r  c 27

1— ./  H  H  (V a11 Ll 2 e
j u CO a
j TC O rH tvs ro  <t

f—1 Q

c  c  g  c0 0 0 0
r—( H  rH
cv rv c \  cv

O  CM vO O

CV* CC C  
CC VC- vO

G  v? O O  
cv  i r  r -  o  
c  c  c  c0 0 0 0  
«-H r H  r-l C

rH CV CO



■V Cf'i cc o: f l O I*" CO CO O'1 o o
CU Cl L/ O CO '■J‘ in in >.0 •n
32 G o 3 a «3 il

o LU U c O o c o o o
O  .

<>
>- j_

2 ! O o U o o f " in CO o v t
D 01 01 LU o co -v O co m
Of UJ a: { !_ o O'- CT‘ <> cn CO

O U. o o o •j ■) i) o
o UJ < j IU o o o c o o O

j r } CO
O H- co o CM r - m *n CO r -
-•f <J LU o CC m v0 CO CM o
r - UJ z o cc CO 00 co O' CO
*3 LU LU o 0 0 o

CM U. > rH o o o o O o
UJ i—i

ir
o

X o o tu O co in c o O CM
.i i— CO > lu O C' «—i UJ CO •cf CO

ID CO o LU o CO in m \D '0 v0
si UJ u C «} o 0 o o s> o
LU a lu u o o o O C o O
_J Cl CU

' )
LU

r a o
i—i Cla CU Cl
. j o c rH CM %o CM CO m CO
i—* V L~ in in in O CO v f CM
< o u o f—t CM CO o  o O
\~ UJ <c o o o •3 t) ■EJ •e

o tu r~H H 1—1 rH rH rH rH
f o> v :t CM
} a
* fl UJ o v0 <f. O CM rH rH rH

„ i 0 . t~ O CM CM CO CO n- CM
o < u CO NO CO CO vf OJ CM

? M X < o o o o o 0 ‘ ot 1 - co U. rH H rH >H rH rH rH
i <

< I CO CO l0 CM CO CO < f
< h~ 1 X CO m CM iO r-l CO CO
UJ UJ 3 1~ CO CM <f v f CO CO in0 - X 1 C C H rH r-l rH o o CO O uo M3 <f CO <f

j < t— 1 1—4 0 o 4 O o o o rH rH in <f CO v f v f CO
CM 1 o C

00
C O O CO M3 M3 O c CO O

j \ 0 « 0 o 0 0 o
! o X o CM <f M3 cc Is- CO
> o 1 CO in r - CO CO CO CM 1 rH CM CO
\ LD < 1 X CO CO co ‘O r - CM in

UJ I— 1 1™ o o m n- cc rH vO
- J O -J I CL r—1 CM CM CM r-l rH o 0

; O UJ 1 *—1 » a 0 c « e o if)
■ i H c I ~yt o O o O

00

O to . CM CM CM CM CM CM CM.".■•4" -J CM J UJ o o 0 0 0 o o
ii 01 h- r - r - I'­ r - I '­ I '­

iO Cl iO M3 M3 ve) M3 ve ve
i UJ o a « o « o o e « » Is- Is- Is- r - Is- n- r -

V * _j  . _J ~J U! r-l i—( v f 00 cc O' Or X1 o < o cc co vO rH Cf rH CM rH L~
j Z u z : CO O' CM n- 00 in <

• i < c >- X co rH CO O CO CM Is-
•J LJ Z  C- t—i CO in CO CM rH

j o a CO <f v f < f v f < f v f
> o

• V*? i—i CL
a z o X in in in m m m m. \

.. ...xi < -J CO v f CO C  CO cc 7 2 UJ 0 « 0 « 0 0 0
UJ LU \ o « « o o c « 1— CO CO CO co CO CO CO

co X z> X rH CM in CM o CO o tH tH rH tH tH rH i—i
CO C~ in v f v f v f CO CO

• 1 o c1—I CJ o CM •
• • * e t~* lO X o « o O' o 0 • -J

• . ; O 1- CO CO v f vO CM o co rH UJ
< tu X o r - CO CM > CO t—1 & CC v f CO tH

II 1- cz X CM 1 1 1 0 0 O 0 0 0 0
. i co a X 1 X c M3 C CC c v f CM

■ i if) X 00 v0 M3 in m <f v f
if) I - u
UJ 1- X UJ O  CM v f o  in  < f CO
z to  o X r - c m UJ f - CO Is-
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■7-1 AITALY5IS OF UKTLY ERRORS IN TS5 EXPIRE T̂ TTA! RESULTS. '

*23The an a ly s is  used in  th is  work i s  the  method o f KLIILE and IicLHITOCH on 

th e  ’’U n ce rta in tie s  o f s in g le  sample experiments”. This an a ly s is  attem pts to 

estim ate  th e  p ro b a b ility  o f th e  r e s u l t  to  be between c e r ta in  l im its .

7*1.1 The U ncertain ty  o f the  V elocity  Values Obtained from th e  P i to t  Probe.

Ap x R x T  (7 .1 )
Pa

where Ap i s  the  dynamic p ressu re  from the p i to t  and Pa i s  the atm ospheric 

p ressu re .

The p i to t  was found to  be r e la t iv e ly  in se n s it iv e  to small angles of yaw 

<  5° end th e re fo re  any e rro r from a s l ig h t  yaw has been ignored in  th is  

a n a ly s is . • ■

The major a rea  o f e rro r in  the A p value  occurs in  the read ings taken 

near the  w all, fo r  a th in  boundary lay er dAp/dy i s  very la rg e  and th e re fo re  

th e  u n ce rta in ty  in  Ap (w&p) i s  la rg e . A v a r ia tio n  in  y -o f as l i t t l e  as
' l*

.0 .5  mm could y ie ld  a v a r ia t io n  o f the  order o f 50mm o f Y/ater. The probable 

u n c e r ta in ty  fo r  th e  w all read ings i s  in  the  reg ion  o f -  5 mm o f water ( fo r  a 

50;1 c e r ta in ty , estim ated from te s t s  on p i to t  p o s itio n in g ). Therefore th e  

maximum u n c e rta in ty  in  v e lo c ity  occurs near the  w all (s in ce  a l l  th e  other* par­

ameters remain constan t across the se c tio n ) . Thus i t  can be estim ated th a t

th e  read ings o f dynamic p ressu re  o f th e  s tream line  0.5mm out from the w all
r

a re  generally  of the  order o f 100 -  w ater.

Therefore i f  i t  i s  assumed th a t the  p ro b a b ility  o f  th ese  read ings being  

w ith in  -  o f v/ater i s  o f a s im ila r order to th e  c e r ta in ty  than the 

’’c e r ta in ty ” o f th e  v e lo c ity  (w v e i) i s  s-

■ f e Pw ii’)2 + ( iT wT f + ( i | w p y ] ''i
which g iv e s :-

17 v e l = [-J- 2RT (17 Ap’d  +  i.2 (A p )R r(7 7 p a)V i 2(Ap)H ( i r f F  ]   (7 .2 )
L fAP ) p a  ~ a L  i J



D ividing by v e lo c ity  to  non-d iroeisionalise  eg. (7-2) becomes t -

^ .y e l  = p)j2 +  ^ 4  (2231)%  ^M ^t) j 2 J  !/2   ( 7. 3)

•For values o f p = 100 -  3
T  = 3°° -  0 .5

- ^ p a  = 760 *  0 .1

tt v e l _  f  (ln3__
v e l  L (2^100

-  wvel -  1. %
v e l

This va lue  o f u n c e r ta in ty  reduces a t  th e  c e n tre lin e  to w v e l = 0 .2 ^  due to
vel

th e  much h i^ ie r  c e r ta in ty  o f the  A P value. v

T herefore the u n c e r ta in ty  o f the mean v e lo c ity

• ™ = iy  (ua. u ) 2 = 0 .u n /  *

7 .1 .2  The U ncerta in ty  in  the  Cp Value.

• By a  s im ila r  method the u n c e r ta in ty  o f the  Cp value be determ ined. 

C p  =  A  p / i - p u i 2  =  A  p m  ■ ■ .

K c i 2

th e re fo re :-  -- 1 .

wCp *=

which gives 

wCp . z

* * 1

n ^Cp.Tifip)2 , ( t>Cp.OT ) (  ^Cp.-yrpo) 2 , ( d c p  . m i l )  "1 2
S3 ) ( i l  ~ r  I bPa ) ■( . &* ! • )  J

( Rg „ .wApJ2, ( ApR.TTĝ  ■ (-  ApHT.pJ  , ( - 2-ApHT.pai)
( iV^i ) + (lp?f0 + ( )+ ( W  v  )J

X2

d iv id in g  by Cp to non-dim ensionalise 

Taking ty p ic a l v a lu e s :-

u4 = 70 ± 0 .35 , Ap = 200 t  o .5 , Ta = 300 i  0 .5  p a >  760 ± 0 .1

we obtain an uncertainty for Cp o f j

TfCp = f  ( O .5 )2 4. ( 0 .5 ) 24  ( 0 . l ) 2_|. ( 2 X 035) 2 ]  “
c f  [  ( 200) ( 500) ( 7S0) ( ~ ~ W  ) J



« l.04f? -  l.o#

The main e rro r  in  th is  i s  th e  value o f wu  ̂ which i f  halved would reduce the 

e rro r  to  th e  r  egion o f 0 .5 ^ .

The l ik e ly  maximum e rro rs  in  th e  experim ental r e s u l t s  can be summarised 

as fo llo w s :-

u  = -  D .2 to  1 .5^  .depending on th e  y value, 

u, -  i  0 .5 ^  

u2 =' ± O.Zp

Cp = 1 l .o £  . '

X  -  ' 
;S* = -  0.%
0 ± 0 .2 # .  .

I t  must however be noted th a t  th ese  values a re  fo r  normal cases, however 

a t  th e  l im it  o f flow s t a b i l i t y  th ese  values o f e rro r w ill  be g re a tly  in creased . 

7*2 E rro rs  in  th e  Data Reduction Method.

The u se  o f th e  Simpson's r u le  subrou tine fo r  in te g ra tio n  o f th e  boundary
' l .

.la y e r  param eters could incur some e rro r  due to the  la rg e  va lu e  o f cta/dy near 

th e  w all. This i s  shown fo r  th e  axisym etric  r i g  in  f ig u re  77*

I t  can be seen th a t  a  simple Vy th  power law approximates to the  general 

from o f th e  p ro f i le  ( i .  e —■ = where n *= 7, in  a c tu a l f a c t  n = 8

gives a c lo se r approxim ation). From th e  Vytnpower law p r o f i le  i t  can be shown 

tha.t' els th e  spacing betwe-n th e  read in g s , e sp ec ia lly  near th e  w all, reduce then 

,the  accuracy o f th e  ca lcu la ted  boundary layer param eters w i l l  in c rease . C&* is  

.shown fo r  the  l/7 power law p ro f i le  ag a in st the  number o f read ings taken in  

f ig u re  7 8 .). However, i t  was no t p o ss ib le  to tra v e rse  c lo se r  to  th e  w all than 

O.^hir, th e re fo re  d ic ta t in g  th e  minimum step  d is tan ce . I t  can be shown th a t  

fo r  a ^7 power law p r o f i le  the  value obtained fo r  !Hf u s in g  th e  Simpson1s 

r u le  subrou tine i s  1.411 as ag a in s t an ac tu a l value  o f 1. 565 from th e  express­

ion , H = S* -  1 -  (2n2/(2 n  + l ) ( n  + 1) /2,
e  T ^ t l  -  3 n V ( tr+  l ) t n ' ^ T n  + 2)TV2

Therefore fo r  n » 7, H = 1.365* j
which i s  + 3f'. Which i s  a f a i r l y  la rg e  d iscrepancy and i s  la rg e r  than th e
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e r ro r  incu rred  by the  u n c e r ta in ty  o f the accuracy o f the experim ental r e s u l t s .  

The e rro r  on the  ac tu a l p r o f i le  can he expected to  be. o f  a s im ila r  o rder, 

however in  th e  d if fu s e r  where th e  p r o f i le  i s  d is to r te d  th e  e rro r  w il l  be much 

le s s  marked s in c e  i t  i s  th e  la rg e  d u /d y  value which causes th e  problem, how­

ever th e  th in  i n l e t  boundary layer p r o f i le  has an even h igher d u / d y  va lu e , 

th e re fo re  th e  e rro r can be expected to  be a t  a  maximum here  due to  th e  in a b i l i ty  

o f  a  Simpson* s r u le  subrou tine-(based  on a  quadratic ' fu n c tio n  between the  

experim ental p o in ts  ) ,to  accu ra te ly  in te g ra te  very  ra p id  changes in  v e lo c i ty  as 

experienced near th e  w all. This e rro r  a t  th e  in le t  p lane can be expected to 

be always g re a te r  than ^  on H fo r  a l l  i n l e t  boundary lay er cond itions and o f 

a  s im ila r  o rder fo r  th e  displacem ent th ickness and momentum th ick n ess .



APPEHDIX 8.

DERIVATION OF FOPMD’LAE AND BOUNDARY LAYER DEFIITITIOITS.

8.1  D isp la c e m e n t T h ic k n e s s  (8**).

The displacem ent th ick n ess  i s  defined  as the  d is ta n ce  th e  duct w all must 

he d isp laced  in  o rder th a t  th e  a c tu a l flow r a t e  would he th e  same fo r  an 

id e a l flow a t  th e  v e lo c ity  o u ts id e  the  boundary la y e r , (uo).

Mass flow m -  j pudw----- ----------------------     (8. l )

a lso  hy d e f in it io n  m = ^ 0uo(w/2 -S  ;  (8 .2 ;

equating  (3. l )  and (8. 2)
-v rw/2w /2-S  = (^u /Q >0Uo)dw •

Jo
Therefore : =  J ^ ( l ~  q u / >̂0u0 )dw  (8*3)

8.1 Momentum Thickness ( ©) .

Momentum th ickness ( G )  i s  defined as th e  d is ta n c e  to  th e  duct w ail must 

be moved such th a t  th e  momentum f lu x  d e f i c i t  through th i s  d is ta n c e  0 a t  the  

f re e  stream v e lo c ity  w ill  he th e  same of th e  d e f ic i t  o f momentum f lu x  in  th e  

boundary layer from an id e a l flow*

The momentum in  th e  boundary layer s

u 2p dw  ----------------------------------(8 .4 )
'0  V

J 'J d

.Therefore th e  d e f i c i t ,  from an idee.l flow t 
r W/2

= u  <3(u0-u)drr  (8 .5 )
rw/2

By d e f in it io n  Q^o^o = j ^ u (u 0~u)dw

Therefore 0 =

'o

o

j  f y d- — (8-6)

8.3  Tlie Momentum In te g ra l  Equation fo r  Two-Dimensional, Com pressible Flow.

Considering th e  element shown in  f ig u re  79* 
f-'W1

Mass en te rin g  Cj
ro

Mass leav in g  DF = j"Ŵ2u 2(̂ 7r = ™ +  (8 .8 )

NW1
CA = J pudw - m -------------------(8 .7 )

J > 2<





Since:

P 2 = fH ^ £ >  u 2 = u + ^ u S x  , TT2 = w-L-t&wSxil
bx ox  ̂ hx  2 '

g f e  >'1 Wl - :'
p 0u 0du = pudw-i- d ( j pudvn o x  -f- pudv; + d ( f pudw ) Rx  + '2nd o rder terms

f 2 2  I *  $ Jv;  a x d w;- i - — (8. 9)

Hence n e t flov/ through su rfaces CA and HP ou t:'o f element ; ,
AVU ,4 | j /S>c ,\V14-,/2̂ o>< W1
pudw c-f d ( pudw ) ($x +  d ( f  pudw ) o x   ______________ 10\

dx ( } dx(J0 ) ~ ' •WA t J Vy}\ .
Mass flow  through face  CH s ..

r(Z)
~ £oV0dx

JfO
Where s u f f ix  *of denotes values o u ts id e  the  boundary la y e r  

Therefore from co n tin u ity  ; s,
P 2 w, c
\ p  v _ d x  = «  u  p u d w  4- 3 w p u d w } 6 x .f d  U p u d w  j o x ) + 2 n d  o r d e r  te r m s

J 1 ( U  M o 1 J S ) - ■ - - ( 8. 11)

For th e  balance o f the  r a t e  o f  change o f momentum in  th e  x d ire c t io n  and 

th e  app lied  fo rce  in  th e  x d irec tion*

In  th e  x d ire c tio n  th e  r a te  o f momentum tra n sp o rt through AC $
pWl

= J p u 2dw 
^o

Through HP ; 
r 'v J l

= J0 P f 2 te  ' y r fA ^ ® *o .. Av1 o . r* f p ^  0 \C
= f D U  d w -fd  ( p u ^ d w )o x  •+ P u  'dw 4. d f 1 p u %  } o x  +  2nd o r d e r  te r m s

V  ^ (V
Therefore in c rease  in  momentum over the  len g th  Sx  5 

^W f-r'/z^Sx W1  ̂ * M-f
= Pu^dw 4  d ( o u 2dw}px-+d ( I  mu dw ) 5x - t2nd o rder term s -----(8*12)

-w, dxUo * dx( \ ,  )

At th e  l im i t  o f Sx terms o f 1/2 ^ 2 o x  w il l  equal th e  v a lu es  a t
6  x

th e  wall* Therefore th e  in c rea se  in  momentum in  the  x d ire c t io n  over th e  

olen g th  c>x ;

~ d (( pu^dw) ox +  2nd order t e r m s ------------------------(8*13)
d* 0 o  )

The momentum f lu x  througli CH in  th e  x d ire c tio n  ;

Wl
= —*Uo C1 P udw-^-d ( pudw-Ox -  d ( OudwjOx) <t* 2nd o rd er terms

V w\ r " < t e ^ c  J d:^  5 *= _uo ( £l ( ^udw ) e x )  +  2nd order terms -------------- (8. 14)
. ( < lx(4 ) )



P ressu re  fo rce  on su rface  CA ;

=• pbl

011 IB = -  ( p4 vB Sx) (w-i 4 Sx.{;) -i- 2nd ordar terms' j- cl-*. ' ' J-

Therefore n e t1, fo rce  in  3c d ire c tio n  ;

= “ W1 ^ 2 £ V -  Sx  + 2nd order terms ----------------- (8*15)ST ^ b x
P ressu re  fo rce  in  x d ire c tio n  from th e  v/all assumed th a t  over element 

mean p ressu re  ;

i o n

Therefore p ressu re  fo rc e  from w all j

5 ( _ w1 -fc.(w1+ £  ^ | 5 x) )(  p + i- J

_ £>xd 4- 2nd

Therefore n e t p ressu re  fo rce  in  x d ire c tio n  ;

c A- 4ISI Sxp 4-2nd order terms ---------- --------------------- (8016)

-  -     (8. 17)
b x

Porce due to  f r ic t io n  a t  w all 5

= -  ^ 7  S x cos / / 2  /  cos / / 2 -  T w  S x  ------------------- (8. 18)

Therefore s in ce  momentum change in  x d ire c tio n  = fo rc e  in  x  d ire c t io n  

i _  ^ | Wp u 2dT7^r  u o i  | j  ^'u - T w S x +2nd o rder

— —  ( 8 .  19)

d i v i d i n g  b y  S  x  and l e t t i n g  S x  te n d  to  0 .  ; . .

a'^u^dw) -  Upd ( f  pudwl « p  nUpV^dUo -  *T w --------- (8 .2 0 )
0  ) 0$ ” ) d x

d
dx(

Where has been elim inated by the  b ern o u li equation 5 
c>x

Uodup -  -  1 dp
d x  ^ o d x

Since . * w/ 2 , Equation (8. 20) can be expressed as 5

^oUpW dup -  d̂  u0d ^udw|  (8.-21)

*  r w/2Since S = J (l~  _(pu )dw
0 Qo -̂o ) 1 ■

and 0 „ p u h  -  u ) dw
J0 eouo( u0)

With some rearrangem ent equation ( 8 .2t) becomes ;

= § 4  H l ^ g S + 2VjLde .0+l 1dv;))
Qoup^ dx I. Updx (( ) w dx))

terms



dm r  d (o o ^ o (S  -  o  ) 
dx ' d:

(8

8 .4  Entrainm ent Function - ■

F igure 80 shows th e  flow element in  co n sid e ra tio n , where in* mas

in  th e  boundary lay e r  a t  th e  sec tio n  under co n sid e ra tio n .

Thus mass flow  per u n i t  b read th  ;
*m = taudw ...... ..

0= 50U-0 C 1 dw -  \ ( l -  p  u 'i dw )  (8

o*  r Sr ' ° 4 ° PoU°^ 5now g -  f (1- -  P J i  ) ---------------
4  9o^o)

Therefore s u b s t i tu t in g  in  (8.25) becomes j 

® = £ouo( § “ Sf)
■ - ■ ' d i f f e r e n t ia t in g  w ith  re sp e c t to  x ;

. ^Q oU0(8

s u b s t i tu t in g  HI fo r  (S - b ) /6

d -pouo(  ̂ B f (H l ,S -S ?50Uo)
• dx •

. which can be expressed in  the  non-dim ensional form;

1 JL( Gouo(& -£>*)) = r (E i)
' '^oU0 d;c( )

Where P = Heads entrainm ent fu n c tio n .
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