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ABSTRACT

As p a r t  of a program to  in v e s t ig a te  the  f e a s i b i l i t y  of 

reducing aerodynamic s k in - f r i c t i o n  drag by the  use of compliant 

c o a t in g s ,  a d e ta i le d  w ind-tunnel study was made to  determine the  drag 

c h a r a c te r i s t i c s  of a compliant coating  on an a i r f o i l .  The compliant 

surface  was construc ted  w ith  d i f f e r e n t  th ick n ess  (0.001 to  0.025 

inch) of p o ly v in y l-ch lo t id e  (PVC) membrane backed by a 3/16 to  6/16 

inch damping la y e r  of polyurethane foam (40 PFI) . The foam was 

bonded t o  s p e c ia l ly  designed a i r f o i l s  t o  form NACA 0009 a i r f o i l s .

Hard su rface  NACA 0009 a i r f o i l s  were a l s o  c o n s tru c te d .  A reduc tion  

of sk in  f r i c t i o n  drag was recorded. To be sure  th e  drag red u c tio n  

did not come from the s h i f t in g  o f  the  t r a n s i t i o n  l i n e ,  both e x p e r i ­

mental (ch ina-c lay )  and th e o r e t i c a l  (von-Karman-Pohlhausen) methods 

were used to  determine the  t r a n s i t i o n  p o in t .
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NOMENCLATURE

A a i r f o i l  p ro jec ted  area

A^.Ag cross  se c t io n  area  of tunnel a t  entrance and t e s t

s e c t io n

C a i r f o i l  chord l in e

Cg sk in  f r i c t i o n  drag  c o e f f i c i e n t

Cjjç c o r re c t io n  fo r  wing t i p  drag c o e f f ic ie n t

Cp drag c o e f f i c i e n t

F(K),f^(K) u n iv e rsa l  fu n c tio n  fo r  the  c a lc u la t io n  of com pressible

laminar boundary layers  

h lo s t  head loss

K K = A (O/o)^

head /qg

\  V2Cp/(Pi-P2)]̂
L l i f t  fo rce

f.- a i r f o i l  chord leng th

P^ , ? 2  s t a t i c  p ressu re  a t  en trance  and t e s t  s e c t io n  of the  tunnel
2

q j ,q 2  dynamic head « % P^i»2

R r e s u l t a n t  aerodynamic force

s a rc  leng th  measured from the  s tag n a tio n  p o in t  along

th e  wetted su r fa c e



t* PVC sk in  th ickness

t  a i r f o i l  th ickness

U^,V^ f r e e  stream v e lo c i ty

non-dim ensional v e lo c i ty  in  p o te n t ia l  flow 

U lo c a l  v e lo c i ty

a  ang le  of a t t a c k

e down wash ang le

o* boundary layer displacement thickness

A shape factor  of laminar boundary layer v e lo c ity  p r o file

V kinematic v is c o s ity

shearing  s t r e s s  a t  wall 

T p e r tu rb a t io n  Reynold s t r e s s

9 boundary la y e r  momentum th ickness

p d e n s i ty  of a i r

uu frequency o f  th e  e x i t a t io n  p ressu re



DRAG CHARACTERISTICS FOR COMPLIANT SURFACE AIRFOIL

CHAPTER I  

INTRODUCTION

Dynamic Forces on a Body Immersed in  a F lu id

The motion of a body immersed in  a f lu id  is  r e la te d  to  the 

d rag  and l i f t  components of th e  r e s u l t a n t  dynamic fo rc e s .  These 

fo rces  are  caused by two f a c to r s .  F i r s t ,  shear s t r e s s e s ,  due to  v i s ­

c o s i t y  and v e lo c i ty  g ra d ie n ts  a t  the boundary su r fa c e ,  cause forces 

ta n g e n t ia l  to  the  s u r fa c e .  Second, p re ssu re  i n t e n s i t i e s  which vary  

a long the su rface  due to  dynamic e f f e c t s  r e s u l t  in  fo rces  normal 

t o  the  boundary. For an immersed body, th e  vecto r sum of the normal 

and ta n g e n t ia l  su rface  fo rces  in te g ra te d  over the  complete su rface  

g ives  a r e s u l t a n t  fo rce  v e c to r ,  as I l l u s t r a t e d  in  F igure  1-1. The

L i f t  I R esu ltan t fo rce
or = angle of 

a t ta c k

Drag

Figure  1-1. L i f t  and drag on a body immersed in  a f lu id



component of th is  r e su lta n t  fo rce  in  the d ir e c t io n  o f  the r e la t iv e

v e lo c i ty  ahead of the  body i s  the  drag D. The component normal 

to  the  r e l a t i v e  v e lo c i ty  i s  the  l i f t  fo rce  L. Both drag and l i f t  

inc lude  f r i c t i o n a l  and p ressu re  components, but the  f r i c t i o n a l  com­

ponent of l i f t  is  extrem ely sm all .  The f r i c t i o n a l  drag i s  a l so  

known as su rface  r e s i s t a n c e  or sk in  f r i c t i o n  drag . The pressure  

drag has i t s  o r ig in  in  two phenomena. One i s  r e l a t e d  to  the  l i f t  

of the  body and the  o th e r  i s  r e la te d  to  th e  s iz e  and form or shape 

of the  body. The former i s  known as induced d rag , the  l a t t e r  as 

form or wake drag . I t  i s  obvious l i f t i n g  bodies have induced drag 

while n o n - l i f t in g  bodies have no induced d rag . (F igure 1-2).

Induced drag

R esu ltan t Force
Chord Line

V , f r e e  stream  v e lo c i ty

Down wash f

R ela t iv e  v e lo c i ty  a t  wing

Figure  1-2. Induced drag  on a wing

S k in - f r i c t io n  drag i s  caused du ly  by the  v is c o s i ty  of 

f l u i d .  The e f f e c t s  of v i s c o s i t y  a re  of primary importance in  a th in  

reg ion  near th e  su rface  of the  wing c a l led  the  "boundary la y e r" .  

Boundary la y e r s ,  in  g e n e ra l ,  a re  of two ty p e s ,  namely, laminar boundary



0.01

0.008

Turbulent0.006

o 0.004

4J
U)

0 .002m
Laminar

986 75

F igure  (1-3)

Reynolds Number (Re = pVL/|i)

The E f fe c t  o f  tu rb u le n t  and Laminar Flow on the  Skin F r i c t io n  C o e f f ic ie n t  fo r  F la t  

P la te s



lay e r  and tu rb u len t  boundary la y e r .  The flow in the  laminary bound­

ary  lay e r  i s  smooth and f re e  from any eddying motion. The flow in  

the tu rb u le n t  boundary lay e r  is  c h a rac te r iz ed  by the  presence of a 

la rg e  number of r e l a t i v e l y  small e d d ie s .  The eddies in  the tu rb u len t  

boundary layer produce a t r a n s f e r  of momentum from the  r e l a t i v e l y  

f a s t e r  moving o u te r  p a r ts  of the  boundary layer  to  the  portions  

c lo se r  to  the s u r fa ce .  Consequently, the  d i s t r i b u t io n  of average 

v e lo c i ty  i s  ch a rac te r iz ed  by r e l a t i v e l y  h igher v e lo c i t i e s  near the 

su rface  and a g re a te r  t o t a l  boundary la y e r  th ickness  than a laminar 

boundary layer developed under o therw ise  id e n t ic a l  cond itions . Skin- 

f r i c t i o n  drag fo rce  i s ,  th e re fo re ,  h igher fo r tu rb u len t  boundary 

layer  flow than fo r  laminar flow. (F ig u re  1-3). When the 

p ressures  along the body su rfaces  a r e  in c reas in g  in  the  d i re c t io n  

of flow, d e c e le ra t io n  takes  p lace . The r e l a t i v e  lo ss  of speed is  

g re a te r  fo r  the p a r t i c l e s  of f lu id  w ith in  the boundary layer than fo r  

those  a t  the o u te r  l im i t s  of the l a y e r ,  because th e  reduced k in e t ic  

energy of the boundary-layer a i r  l im i t s  i t s  a b i l i t y  to  flow ag a in s t  

the adverse  p ressu re  g ra d ie n t .  I f  th e  r i s e  in  p ressu re  is  s u f f i c -  

e n t ly  g r e a t ,  p o rtions  of the  f lu id  w ith in  the boundary layer may 

a c tu a l ly  have t h e i r  d i r e c t io n  of motion reversed  and may s t a r t  moving 

upstream. When t h i s  r e v e rsa l  occurs , the  boundary layer  i s  sa id  to  be 

" sep a ra ted " .  As a r e s u l t  of the  in c reased  in terchange of momentum 

from d i f f e r e n t  p a r ts  of the la y e r ,  tu rb u le n t  boundary layers  a re  

much more r e s i s t a n t  to  sep a ra t io n  than laminar la y e r s .  (Figure 1-4). 

The sep a ra t io n  o f  the  boundary lay e r  g enera tes  a wake which causes a 

g re a t  wake drag. A r t i l l e r y  s h e l l s  have sh arp ly  trunca ted  t a i l s



(Figure 1-5) , and have a la rg e  wake w ith  a corresponding large  wake 

drag. The wake drag  can be reduced by c a re fu l  shaping of the body 

so th a t  the  flow follows the  body con tour almost to  th e  t r a i l i n g  

edge o f the  body. Hence, s ep a ra t io n  o f  th e  flow can be delayed or 

e l im in a ted .  This shaping of a body to  reduce the  wake drag is  

c a l led  s t r e a m l in in g .  Modern a i r f o i l s  a r e  w ell s t ream lin ed , and 

consequently  have ve ry  small wake d rag .

Reduction of Drag

Since drag  i s  the  main f a c to r  fo r  fu e l  consumption in 

lev e l  f l i g h t ,  i t  i s  only lo g ic a l  fo r  man to  seek every possib le  way to  

reduce d rag .  S tream lin ing  has reduced wake drag as d iscussed  in  th e

V e lo c ity  P r o f i le  
For Laminar Layer

V e lo c ity  P r o f i l e  For 
Turbulent Layer

S epara tion  For Laminar

Reversed Flow

Separa tion  For Turbulent Layer Flow

F igure  1-4. Flow Past A Curved Surface



A r t i l l e r y  Shell-Large Wake Drag A irfo i l-S m all  Wake Drag 

F igu re  1-5. Wake Drag

previous sec t io n .

Laminar flow has much l e s s  s k i n - f r i c t i o n  than tu rb u le n t  flow.

Smooth sk in  con s tru c t io n  a n d /o r  sucking away o f  the  slower v e lo c i ty

p a r t i c l e s  (causing the boundary la y e r  to be th in n e r )  can delay the

t r a n s i t i o n  of the laminar boundary layer  to  a tu rb u len t  boundary

la y e r .  In  a d d i t io n ,  sucking the  boundary lay e r  can avoid e a r ly

flow sep a ra t io n .  The saving in  drag v a r ie s  from s ix ty - f i v e  to
6 8e ig h ty - f iv e  percent in  a range  of Reynold 's number R = 10 to  10 

(1) on f l a t  p la te  a t  zero inc idence  with su c t io n  m ain ta in ing  laminar 

flow a t  optimum suc tion  . There i s  a penalty  to  be paid however, in  

increased  weight and the com plexity  of th e  a i rp la n e  due to  the  pumps 

and plumbing.

Kramer ( 2 ,3 ,4 ) ,  d iscovered  a new method o f  drag red u c tio n  in  

1957. Insp ired  by d o lp h in 's  s k in ,  he construc ted  a body which had 

what he considered to be the  th ree  basic  components of th e  d o lp h in ls  skin:

(1) The smooth p re ssu re  s e n s i t iv e  diaphram.

(2) The s t ru c tu re  su p p o rt in g  the  diaphram.
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(3) The damping f lu id  beneath the  diaphram.

He measured a reduc tion  in  drag of up to  f i f t y  percent a t  a Reynold 's 

number of 1.5 x 10^. Following h is  fo o ts te p ,  M aes tre l lo  (5 ) ,

R i t t e r  & Messum (6 ) ,  Pe lt  (7 ) ,  Karplus (8 ) ,  Benjam (9 ) ,  Gregory and 

Love (10), t r ie d  both th e o r e t i c a l  and experim ental methods to  

f u r th e r  in v e s t ig a te  the p o s s i b i l i t y  of drag reduc tion  con tribu ted  

by a compliant coa tin g  which i s  th e  s im u la tion  of a d o lp h in 's  sk in .

Here a t the U nivers ity  o f  Oklahoma, under the  d i r e c t io n  of Dr.

E.F. Blick (11, 12, 13, 14, 15, 16, 17), f u r th e r  t e s t s  were conducted 

on a compliant sk in  f l a t  p la te  in  wind tu n n e ls .  The compliant 

coa tin g  were constructed  by using Polyv iny l ch lo r id e  sk in  (th ickness  

ranging from .0025 to  .0035 inches) s t r e tc h e d  over various  damping 

f lu id s  as shown i n  Figure (1 -6 ) .  Tests  were a lso  run using  polyure­

thane foam in s tead  of the damping f l u i d s .  R esu lts  of these  t e s t s  a re  

shown in  Table (1 .1) (17). (Figure 1-7) shows a graph of sk in  f r i c t i o n  

c o e f f i c i e n t  ve rsus  Reynold's number fo r  th e  compliant coa ting  (13).

The success of compliant coating  f l a t  p la te  t e s t s  led th e  au thor 

to  in v e s t ig a te  th e  p o s s i b i l i t y  o f  drag re d u c t io n fo r  a i r f o i l s  covered 

w ith  compliant co a t in g s .



PVC Skin Polyurethane Foam

Aluminum Backing 

F igure  1-6. Compliant Skin Coating

Table 1 .1 . Turbulent Skin F r ic t io n  
a t  38 fps

C o e ff ic ien ts* (17)

M a te r ia l Bare PVC Skin PVC Skin 
and Wet

Hard Surface 0.0043 - - — -

27 PPI 0.0129 0.0044 0.0030

40 PPI 0.0089 0.0032 0.0027

80 PPI 0.0074 0.0029 0.0034

Foam Rubber 0.0054 0.0074 0.0084

"k
C„ = ( a k in . f r i c t i o n ) / ( a r e a )  (dynamic p ressu re )
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CHAPTER I I

WIND TUNNEL TEST FACILITIES 

TUNNEL I

Entrance Sec tion

Tunnel I was an o p e n -c i r c u l t  tu n n e l .  The en trance bellm outh of 

the  tunnel was designed to  provide a minimum of tu rbu lence  in  th e  

t e s t  s e c t io n  main stream  flow by a t ta c h in g  a p re -c o n tra c t io n  box 

in co rp o ra t in g  two la y e rs  of number s ix te e n  s iz e  f ib e rg la s s  screens 

one foot a p a r t  and th re e  inches  o f  th in  aluminum honeycomb with 

th re e -e ig h th  inch c e l l  s i z e .  The tunne l has a 16:1 c o n tra c t io n  

r a t i o .  (F igure  2 -1 ) .  I t  can be noted from U berio 's  (1 8 ) ,  work, 

t h i s  p a r t i c u l a r  c o n tra c t io n  r a t i o  gave a favorable  d ecrease  in  the  

lo n g i tu d in a l  component of tu rb u len ce  w ithout too la rg e  an in c rease  

in  the  l a t e r a l  component.

The c o n t r a c t io n ,  as shown in  f ig u re  2-1 was fa b r ic a te d  from two 

s t e e l  r i n g s ,  f iv e  f e e t  and one and o n e -h a lf  f e e t  in  d iam e ter ,  and 

the w all was made of f ib e r g la s s  and epoxy. A two and one-ha lf  foo t 

long p re -c o n tra c t io n  s e t t l i n g  chamber was used with a f iv e  foot 

p o s t -c o n tra c t io n  len g th .  The s e t t l i n g  chamber allows time fo r  honey­

comb and sc reen  flow d is tu rb a n ce s  to  dampen considerab ly  be fo re  e n te r in g
10
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Figure  2 -1 . Schematic of Tunnel 1
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the c o n trac t io n .  The th ree  fo o t  p o s t-c o n tra c t io n  len g th  helped to  

provide a fu l ly  developed p a r a l l e l  flow before  reach ing  the  t e s t  

s ec t io n .  A th re e  in d i  deep, th re e -e ig h th  inch c e l l  s iz e  aluminum 

honeycomb was fas tened  in a th re e -q u a r te r  inch th ic k  plywood frame 

such th a t  the t r a i l i n g  edge o f the honeycomb was s ix  inches in  fron t 

of the f i r s t  f ib e r g la s s  sc reen . The second f ib e r g la s s  screen  was one 

foo t from the f i r s t  screen. These screens were made o f  number s ix ­

teen  s iz e  f ib e rg la s s  screen . This arrangement cu t  down th e  wake s ize  

and helped to provide proper alignment of a i r  flow. A foo t and 

one-ha lf  long ro u n d - to - re c tan g u la r  converter  s e c t io n  (EJ F igure  2.1) 

was fixed  to  the a f t -e n d  of th e  p o s t-c o n tra c t io n  p a r t  of the  en trance 

s e c t io n  and b o lted  to  the t e s t  sec t io n .

The D iffu se r

Since th e  power lo s s  in  a wind tunnel v a r ie s  with th e  cube 

of th e  a i r  speed, i t  was d e s i r a b le  to  in c rease  the  c r o s s - s e c t i o n a l  

a rea  of d i f f u s e r  b e fo re  the a lrs t re am  reached th e  d r iv in g  u n i t  and 

hence reduced th e  lo c a l  tunnel speed as r a p id ly  as p o s s ib le .  The 

r a t e  of th is  a rea  in c rease  was lim ited  by the  amount o f  expansion 

the  a i r  would stand without sep a ra t in g  from the  w a ll  w ith  accompanying 

la rge  lo sse s .  The t o t a l  ang le  of expansion fo r  the  d i f f u s e r  was 

seven degrees which re su l te d  in  s a t i s f a c to r y  performance.

The Power Train

A Fan, b u i l t  by ILG E le c t r ic  V e n t i la t in g  Co. (BBS 4450) was 

i n s t a l l e d .  This fan  had a wheel diameter of 20 in c h es ,  a fan o u t le t
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area of 12 square f e e t ,  and an i n l e t  d iam eter of 48 inches . This fan 

was s e t  on four th r e e -q u a r te r  inch diameter threaded rods welded to  

a s t e e l  channel and I-beam frame. Also, on t h i s  frame was a ttached  

a 1770 rpm t h i r t y  horsepower e l e c t r i c  motor fo r  the power source, of 

the  d r iv e  u n i t  which was i s o la t e d  from the  t e s t  room by medium- 

hard rubber disks about an inch th ick  and one and one-half inch 

d iam eter . The fan was fixed a t  530 rpm. According to  the fan spec­

i f i c a t i o n s  a t  350 rpm, i t  would d e l iv e r  approximately 16,000 cfm.

A v a r ia b le  i n l e t  vane was i n s t a l l e d  between the  end of the d i f f u s e r  

and the i n l e t  of the  fan . The vanes could be ad justed  by a h y d rau lic  

cy lin d e r  c o n t ro l la b le  by a hand pump located  near the  t e s t  s e c t io n .  

Thus, th e se  vanes reg u la ted  th e  f re e  stream  v e lo c i ty  a t  the  t e s t  

s e c t io n .  The speed range of t h i s  tunne l a t  th e  t e s t  sec tion  was 

f i f t e e n  to  two hundred e ig h ty  f e e t  per second. A one and one-ha lf  

foot re c tan g u la r- to -ro u n d  co n v e r te r  s e c t io n ,  s im ila r  to  th e  round- 

to - r e c ta n g u la r  converter  s e c t io n  mentioned b e fo re ,  was fixed on the  

en trance  of the d i f f u s e r  and b o lted  to  the  re a r  part of the  t e s t  

s e c t io n .

The Test Section

The t e s t  s e c t io n  was made of plywood with two by two inch 

so lid  wood frames. The t e s t  s e c t io n  was supported by screen a d ju s t ­

ments a ttached  to  two A-frame s t r u c tu r e s  anchored to  the  f lo o r .  The 

i n t e r i o r  w alls  were f in ish ed  w ith  sanding, lacquer f in ish e s  and a 

coat of p l a s t i c  v a rn ish  to  give an aerodynamically smooth su rface .

The dimensions of th e  t e s t  s e c t io n  were four f e e t  long, e igh teen  inches
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deep, and th i r t e e n  inches h igh . There were two twenty inch by nine 

inch windows, one on e i t h e r  s id e  of the t e s t  s e c t io n .  The windows 

were constructed  of one-e igh th  inch th ic k  p le x ig la ss  enclosed in  

aluminum frames.

Balance System

A plywood box o f th re e  f e e t  h ig h ,  two f e e t  deep, th re e  

f e e t  wide w ith  a two and o n e -h a lf  f e e t  w ide, one-ha lf  foo t high 

p le x ig la ss  window a t  the  lower f ro n t  face and a two f e e t  by two f e e t  

plywood door above the  window, was placed on top of the t e s t  s ec t io n .  

(Figure 2-2) . This box was used to  house the  balance system.

V ibra tion  could p re-m atu re ly  cause t r a n s i t i o n  from a laminar to  a 

tu rb u len t  boundary la y e r ,  thus i t  was necessa ry  to  i s o l a t e  th e  balance 

system box from fan v ib r a t io n .  The box was supported by two A-frames. 

A one and o ne-ha lf  inch by th re e  inch re c ta n g u la r  s t e e l  channel jo in ­

ing the balance  system box and the  t e s t  s e c t io n  was cushioned w ith 

a s ix  inch d iam eter one-e igh th  inch th ic k  rubber diaphragm to  

minimize t r a n s l a t i o n  of v ib r a t io n  from t e s t  sec t io n  to balance 

system.

The primary i n t e r e s t  o f  t h i s  experiment was to  measure 

s k i n - f r i c t i o n  drag . To ensure  a zero induced drag, zero l i f t  was 

maintained throughout the  t e s t .  A balance system capable  of measuring 

drag and l i f t  forces  was e s s e n t i a l .  A f te r  studying d i f f e r e n t  types 

of balance systems, a cable-suspended—flo a t in g - p la te -b a la n c e  system 

was chosen. This system was r e l a t i v e l y  easy  to  b u ild  and met the  

requirem ents mentioned above. A s t e e l  p l a t e  of t h i r t e e n  by e ig h t
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Figure  2 -2 .  Schematic o f  Balance Box and Test S ec tion  fo r  

Tunnel 1.
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inches was suspended from a s t e e l  frame a t  th e  upper pa rt  of the  p ly­

wood box with four f l e x ib le  o n e -s ix tee n th  inch  d iam eter two f e e t  long 

s t e e l  c ab le s .  Four h o r iz o n ta l  s t e e l  cab les  were fixed  to the  s t e e l  

p la te  as shown in  F igure  2 -3 . The two in  th e  a f t  sec t io n  were connected 

to  two sp r in g s .  The two in  the  f r o n t  were f ixed  to  an aluminum 

column on which two semiconductor s t r a i n  gages were i n s t a l l e d .  A 

two way motor w ith  v a r ia b le - sp e e d -c o n tro l  (one to  ten  rpm) was bo lted  

on th e  s t e e l  p la te  and was used to  change th e  p i tc h  of the a i r f o i l .

The d r iv e  s h a f t  o f the  motor went through a h o le  in  the  middle of the 

s t e e l  p la te  and the  rec tan g u la r  s t e e l  channel between the balance 

system box and the t e s t  s e c t io n  c e i l i n g .  The s h a f t  was used as the 

model support.

A long needle  was f ixed  in  the  c e n te r  of the  s te e l  p la te  

p o in ting  a t  the  marked c e n te r  of a m irro r  placed a t  the  lower p a r t  

of th e  aluminum measuring column. This n e e d le ,  when c o r r e c t ly  

a l ig n e d ,  in d ica ted  zero l i f t  on the  a i r f o i l .

Tunnel I I  

Dimensions and S p e c i f ic a t io n

Tunnel I I  was a r e tu r n  flow, c losed  th r o a t ,  atmospheric 

p ressu re  tu n n e l .  The tunnel was co n s tru c ted  of s t e e l ,  re in fo rced  

co n c re te  g u n ite  and b r ic k  (F igure  2 -4 ) .  The power fo r  the  opera tion  

of th e  tunnel was supp lied  by an A l l iso n  V 1710, 1200 horsepower 

engine. The engine powered a th ree -b lad ed  seven foot 

p ro p e l le r  through an ex tens ion  s h a f t .  The eng ine, th e  exhaust mani­

f o ld s ,  and the engine o i l  were w ater cooled (19).
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A. P itch  Control Motor

B. F loating  P la te

C. Measuring Column

D. S tra in  Gages
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Figure 2-3 . Schematic of Balance System
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The t e s t  s e c t io n  was four f e e t  by s ix  fe e t  (approximate e l l ip s e )  

and eleven f e e t  long. Large access  doors of p le x ig la s s  and s t e e l  

frame were located  on each s id e  o f  the t e s t  s e c t io n  fo r convenient 

model i n s t a l l a t i o n .  The v e lo c i ty  range was from f i f t y  m iles per

hour to  two hundred m iles  per hour. At low rpm the  engine s t a l l e d

e a s i ly .  To achieve low a i r  s tream  v e lo c i ty ,  machine c lo th  was in ­

s t a l l e d  in  the  d i f f u s e r  ten  f e e t  ahead of the p ro p e l le r  b lade . This 

screen a lso  served as a s a f e ty  sc reen  between th e  t e s t  s e c t io n  and 

the p ro p e l le r ,  a c t in g  as a c a t c h - a l l  in  the  event of a model f a i l u r e .

The tu rbu lence  fa c to r  of the tu n n e l  was determ ined, by using a p ressure

sphere (16), to  be 1 .35. The dynamic p ressu re  in  th e  t e s t  sec t io n  was 

held constan t by a pneumatic engine c o n tro l  dev ice  opera ting  from 

the d i f f e r e n t i a l  p ressu re  between the s e t t l i n g  and the  t e s t  chambers.

The v e lo c i ty  d i s t r i b u t i o n  over the t e s t  s e c t io n  s t a t i c  

pressure was near atmospheric w ith  a very  small p ressu re  g rad ien t 

along i t s  len g th .

The Breather

C lo se d - je t  tunnels  u s u a l ly  requ ired  b re a th e r s ,  (20), be­

cause the  e n t i r e  r e tu rn  passage was above atmospheric p ressu re  and 

some a i r  might leak  o u t .  In  t u r n ,  th e  loss  of a i r  would drop the j e t  

pressure below atmospheric u n le ss  i t  were rep len ish e d .  A s l o t ,  a t  

the downstream end of th e  t e s t  s e c t io n ,  about .25 inch diameter 

wide was adapted as the  b rea th e r  fo r  t h i s  tun n e l .

Corner Vanes

The id e a l  design  fo r  r e tu rn  passage corners  would be gradual tu rns
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so th e  a i r  could fo llow  the  curve w ith  bu t small lo s s .  Such corners 

would re q u i r e  high c o n s tru c t io n  c o s t  and a lso  a la rg e  amount of space. 

For th i s  tu n n e l ,  n in ty  degree tu rn s  were cons truc ted  and th e i r  

lo s se s  were kept to  a minimum by means o f  tu rn in g  vanes.

The Balance System

The ba lance  system was a s ix  component, pyramidal type , 

u t i l i z i n g  e l e c t r i c  r e s i s ta n c e  s t r a i n  gauges on aluminum a l lo y  weighing 

beams. Load i n t e n s i t i e s  were obtained on s t r a i n  in d ic a to r s  of the SR 

4 type . The model was supported on a simple c e n t r a l  support .  The 

system was provided w ith  model p i tc h  and yaw ad justm ents  (19).

The advantage of the pyramidal type ba lance  was th a t  

the  fo rces  and moments on the t e s t  model were separa ted  in  th e  balance 

i t s e l f .

The system load c a p a c i t ie s  were as  fo llow s:

LIFT + ^  200 pitching MOMENT +1200 i n - l b .

DRAG + 200 lb . ROLLING MOMENT + 500 i n - l b .

SIDE FORCE + 150 lb .  YAWING MOMENT + 600 in - l b .



CHAPTER III

MODEL AIRFOILS

The main o b je c t iv e  of t h i s  resea rch  p ro je c t  was to  in ­

v e s t i g a te  the  re d u c t io n  of s k i n - f r i c t i o n  fo r  a compliant coating  

surfaced  a i r f o i l .  In  order to  e l im in a te  many complicated and laborious  

mathematical c a lc u la t io n s  t ry in g  to  i s o la t e  s k in - f r i c t i o n  drag from 

p ressu re  and induced d rag , the  au tho r f e l t  i t  was necessary  to  choose 

a wing s e c t io n  which had very  sm all p ressure  drag compared to  sk in -  

f r i c t i o n  drag and t e s t  a t  zero inc idence  angle in  order to  e lim in a te  

induced d rag . As was s ta te d  in  Chapter I ,  tu rb u le n t  boundary layer  

has a much h ig h e r  s k i n - f r i c t i o n  drag  than laminar boundary la y e r .

The t r a n s i t i o n  l in e  on an a i r f o i l  i s  somewhere around the minimum 

p ressu re  l in e .  An a i r f o i l  w ith minimum pressure  l in e  a t  the  f ro n t  

p o r t io n  o f  the  a i r f o i l  w i l l  have a la rge  a rea  under the tu rb u len t  

boundary la y e r ,  r e s u l t i n g  in  much h igher s k i n - f r i c t i o n  drag than  an 

a i r f o i l  with la rg e  p o rtions  of the  su rface  exposed to  the laminar 

boundary la y e r .  A symmetrical a i r f o i l  a t  zero incidence ang le  th eo re r  

t i c a l l y  speaking has no spanwise c ro ss  flow and could be considered  

as two-dimensional f o i l .  Comparing wing s e c t io n  da ta  from A.E. Von 

D oenhoff's  "Theory of Wing S e c t io n s" ,  NACA 0009 wing meets a l l  the  above 

mentioned f a c to r s .  Using wing s e c t io n  data (21) , and the Von Karme*--

21
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Polhausens' method (1 ) ,  a t r a n s i t i o n  l in e  was c a lc u la te d .  The 

ca lcu la ted  v a lu e  was 7.5  percent chord leng th  from the  leading 

edge. This value  was very  c lo se  to  the maximum v e lo c i ty  r a t i o  point 

l i s t e d  in  Table 3-1.

B a s ic a l ly ,  the  compliant coating  wings were made of s o l id  

m a te r ia l  covered w ith  polyurethane foam and polyvinyl ch loride  (PVC) 

membrane. From Figure  3-1 , i t  was noticed a t  about 7.5 percent chord 

the s t a t i c  p re ssu re  was the  lowest. This low p ressu re  would cause 

the PVC membrane to  sep a ra te  from the  a i r f o i l  and c rea te  a tremendous 

amount of wake drag. This problem was solved by using a vacuum pump 

with an a d ju s ta b le  va lve  c o n tro l l in g  the amount o f  suc tion  in  o rder 

to  balance th e  p ressu re  d i f f e re n c e  in s id e  th e  wing sec t io n  and the 

t e s t  s ec t io n  (Figure 3 -4 ) .

I n i t i a l l y  the  author decided to  b u i ld  a r e l a t i v e ly  small 

wing to be t e s t e d  in  Tunnel I ,  and then t e s t  a la rg e r  wing in  Tunnel 

XI in  order to  ob ta in  a wider Reynolds number v a r ia t io n .

Wing C onstruction

Four NACA 0009 wings were c o n s tru c te d ,  two with a s ix te e n  

inch chord, twelve inch span and two, w ith  a fo r ty  inch chord, 

t h i r t y  s ix  inch  span wings. Each s e t  had one f o i l  w ith  a compliant 

coating su r fa ce  and one hard su rface  a i r f o i l .

The b a s ic  c o n s t ru c t io n  of the a i r f o i l s  were the same. The 

sm aller f o i l s  had aluminum r ib s  while the  l a r g e r  f o i l s  had redwood 

r i b s .  These r ib s  were bo lted  toge ther  by threaded rods as shown 

in  Figure 3 -2 . The lo ca t io n s  o f  the rods can be seen in  Figure 3 -4 . 

The small hard  f o i l  was f i l l e d  w ith styrofoam, then covered w ith s e l f
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Table 3 -1 . Basic In fo rm ation  fo r  NACA 0009 

F o il

X
(p«r cem C)

y
(pi'l r»'iit C> ( ,» m - «IV

Q 0 0 0 0.595
l'.û 0.750 O.MÎO 1.700
1 .;>■) 1.-120 1.0.S3 1.041 1.283
2.0 1.901 1.229 1.109 0.903
ô.ll •2.000 1.299 1.140 0.092

7.0 a. 130 1.310 1.145 0.500
II) 3.512 1.309 1.144 0.479
lô 4.1X19 1.304 1.142 0.3S0
•211 4.303 1.293 1.137 0.318
•25 4.450 1.275 I.I29 0.273

:io 4.501 1.2.52 1.119 0.239
10 4.352 1.209 1.100 0.188
50 3.971 1.170 1.082 0.151
00 3.423 1.120 1.001 0.120
70 2.74.9 1.097 1.013 0.095

-SO 1.907 1.037 l.Ol.S O.O70
«0 l.OSli 0.9S4 0.9S2 0.040
95 0.005 0.933 0.900 0.030

100 0.095 U 0 0

1..K. riidio.c 0.S9 per cent e

/ff

'A

MCA 0C09

LO
x /c

F igure  3-1. Cross s e c t io n  of NACA 0009 

A i r f o i l
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adhesive v in y l  paper which gave a very  smooth p ro te c t iv e  s u r fa c e .  The

small s o f t  a i r f o i l  was f i l l e d  w ith  styrofoam and channels were b u i l t

in s id e  the styrofoam. The styrofoam was covered w ith one lay e r  of

3/16 inch th ic k  f o r ty  po res-p er- in ch  (PPI) polyurethane foam and

various th ick n esses  of PVC sk in  (ranging from 0.001 to  0.0035

inches) . (F igure  3-3) The lead ing  edge of the la rg e r  f o i l s  was made of so lid

balsa  wood covered w ith  a lay e r  of 1/16 inch th ic k  b a lsa  to  achieve

uniform c u rv a tu re  and smooth su rface  along the leading edge. The

remainder o f  the  la rg e r  f o i l s  was covered w ith  twenty-two gauge shee t

metal (F igu re  3 -4 ) .  The screw dimples caused by screws used to  .

fa s ten  sh ee t  metal to  the redwood r ib s  were f i l l e d  with hard wax.

The s o f t  f o i l  was covered w ith  one layer of 1/8 inch th ic k  20 PPI 

polyure thane foam and one lay e r  of 1/8 inch th ic k  40 PPI polyure­

thane foam, and then the PVC sk in .  O ne-s ix teen th  inch d iam eter holes 

were d r i l l e d  on the metal sk in  to  allow vacuum su c tio n  on th e  la rg e r  

f o i l s .  On th e  sm aller f o i l  the  porous styrofoam precluded any need 

to  d r i l l  ho les  to  the  su r face .

The PVC was a ttach ed  to  the  a i r f o i l  ends by u s in g ,  double s t i c k  

scotch ta p e .  To achieve a smooth su r fa c e ,  s e l f  adhesive v in y l  paper 

was used on both edges of th e  f o i l  to  cover the  PVC and th e  sco tch  tap e .

Before the  a i r f o i l  was i n s t a l l e d  th re e  hundred pounds of 

s t e e l  was pu t oh th e  f o i l  to  t e s t  the s t re n g th  of the  s t r u c t u r e .

(Figure 3 -5 ) .
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Figure 3-5. S ta t i c  S tru c tu re  Test



CHAPTER IV

THE POSITION OF TRANSITION ON AN AIRFOIL 

BY

VON KARMAN & POHLHAUSENS' APPROXIMATION METHOD

To determine the t r a n s i t i o n  po in t on an a i r f o i l  by complete 

c a lc u la t io n  of the boundary layer  fo r  a given body with the  a id  of 

the boundary layer  d i f f e r e n t i a l  equations is  ve ry  time consuming 

and d i f f i c u l t .  A le s s  d i f f i c u l t  and qu icker method i s  th e  Von Karman- 

Pohlhausen in te g ra l  method (1) .

Pohlhausen uses Von Karman's  momentum in t e g r a l  equation .

to  f ind  h is  s o lu t io n .  S is  the  arc  leng th  measured from th e  s tag ­

n a tio n  point along the  wetted su rfa ce .  This equa tion  g ives  an ord inary  

d i f f e r e n t i a l  equation  fo r  the boundary lay e r  th ic k n e ss .  With the 

in tro d u c t io n  of two shape fa c to rs

2

and 2

V ds
29
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to g e th e r  with new v a r ia b le s .

equation  (1) can be reduced to

where F(K) i s  a complex func tion  of A only . T herefore , as f a r  as 

the s o lu t io n  of Equation (2) is  concerned, F(K) can be c a lc u la ted  

once and fo r  a l l  fo r  various  values qf A , F(K) a re  l i s t e d  in  

Table 12.2 of S c h l ich tin g  (1 ) .

A. Walz (17) , showed th a t  equation  (2) can be fu r th e r  r e ­

duced to  a simple quadra ture  by approximating F(K) w ith  a s t r a ig h t  

l in e ,

F(K) = a - bK 

Equation (2) can be reduced to ,

U ^  = a - bK (3)

2
l e t t i n g  K = ^  ^  and then s u b s t i t u t in g  z and K in to  Equation 3,

d6^ . dU
” 77 • ’’ T d i

which reduces to
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Using the  Thwalte approxim ation, w ith  a = 0 .45 ; b = 6.

Upon sep a ra t in g  the v a r ia b le s  and in t e g r a t in g ,  one obtains

2§! = 045 f' „5 
u5 JsK)

The non-dimensional v a r ia b le s  a re  then s u b s t i tu te d  so th a t

o

and z can then  be evalua ted  by g ra p h ic a l  in te g ra t io n .

Since,

i  = fi(K)

th e re fo re .

. u u '
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m — from above equation

so ,

2* r v
I  J  V = f%(K) L i

V

and fj^(K) i s  l i s t e d  In  Table 12.2 of S c h l ic h t in g  (1 ) .  a  can be 

determined a t  t h i s  p o in t ,  a  Um/v can a ls o  be determ ined, and 

th i s  value fo r  each p o in t  along the body w i l l  be compared with 

F igure  17-3 In S c h l ic h t in g  (1 ) .  T ra n s i t io n  po in ts  can then be e a s i ly  

determ ined. T ran s i t io n  occurs when (Ü O /v)>(U .

R esults  of c a lc u la t io n  fo r  NACA 0009 a i r f o i l  fo r  the  most 

f requen t te s ted  speed range fo r t h i s  experiment a re  l i s t e d  In  Table 

4 .1 .

Von Doenhoff (2 1 ) ,  p re d ic t  th a t  t r a n s i t i o n  should s t a r t  

around the minimum p ressu re  po in t .  F igure  3.1  shows the  minimum 

p ressu re  fo r NACA 0009 I s  a t  7.5% chord. The c a lc u la t io n s  In  Table 

4-1  show th a t  the th e o r e t i c a l  t r a n s i t i o n  Is  c lo se  to  the 7.5% chord 

p o s i t io n .



Table 4 -1 .  Parameters fo r  T ra n s i t io n  C a lcu la t io n

x/7. s / 't v/Uo a* r U.-f, (U a * ) /v
 ̂ V ' c r i t .U =120 f t / s e c  o U =100 f t / s e c  o U =80 f t / s e c  o

0 0 0 .00096 .071 0 0 0 10000

.005 .01 .866 .0024 .1178 137 125.4 111 3500

.0123 .02 1.041 .00343 .1433 200 183.3 162 2500

.025 .0349 1.109 .00778 .2702 330 300.3 266 1200

.050 .0607 1.140 .0184 .3315 510 464.8 404 980

.075 .0868 1.145 .0280 .4199 646 591.3 516 680

.100 .1129 1.144 .0385 .5025 774 707.07 617 570

.15 .1636 1.142 .0585 .62 850 821.65 760 550

ww

** From F igrue  17,3 S c h l ic h t in g



CHAPTER V 

Flow V isu a l iz a t io n

There i s  no s im ple th e o r e t i c a l  method th a t  the  au thor 

can use to  p re d ic t  a t r a n s i t i o n  point on the compliant co a tin g  a i r ­

f o i l .  I t  was f e l t  necessary to  develop a flow v i s u a l i z a t io n  method 

to  lo c a te  the  t r a n s i t i o n  p o in t fo r  both the so lid  and compliant 

coating  wing sec tions .

Three techniques which have been used in  th e  p a s t  a re

t u f t s ,  o i l  film s, and d i f f u s i b l e  chemical s o l id s .  For p re lim inary

t e s t s ,  the  t u f t  model was s e t  up, but i t  was very  hard to  determine

the exact po in t of t r s n s i t i o n .  The o i l  film s method was a l s o  t r i e d ,

but without success because PVC reac ted  w ith the  hydrocarbon. PVC skin

coated with o i l  wrinkled and became loose . The only a l t e r n a t i v e

l e f t  was chemical solid  . I t  i s  a physica l  p ro p e rty  of china c la y  th a t

i f  a s o lu t io n  has the r i g h t  index of r e f r a c t io n  i s  spread on the  top

of a f i lm  of china c lay ,  i t  w i l l  become tra n s p a re n t .  A fte r  the

so lu t io n  evaporates  the china c lay  w i l l  tu rn  to  i t s  o r ig i n a l  w hite

c o lo r .  This property a lo n g  w ith  th e  p r in c ip le  t h a t  th e  r a t e  of

evaporation  of ce r ta in  organic chemicals is  much lower in  a laminar

flow than in  a tu rb u le n t  flow w i l l  show the  exact t r a n s i t i o n  l i n e .

Most so lu t io n s  used by o ther in v e s t ig a to r s  w i l l  r e a c t  w ith  PVC. Water
34
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w i l l  not r e a c t  w ith  PVC, but has a w e tting  problem; i t  forms drops 

in s tead  of a th in  f i lm  u n le ss  heat i s  ap p lied .  However, h e a t  has un­

favorab le  e f f e c t s  on PVC. A f te r  many weeks of t r i a l  and e r ro r  

a t tem p ts ,  f i n a l l y  a su cc e ss fu l  combination of so lven t and s o lu t io n  

was found. PVC soaked in  ace tone fo r  an ex tens ive  period of time 

w i l l  r e a c t .  However, i f  the acetone i s  sprayed on PVC, they  w i l l  not 

r e a c t  because the  c o n tac t  time i s  too s h o r t ,  due t o  the  evapora tion  

o f  the ace tone . With the he lp  o f  an u l t r a - s o n ic  v ib ra t io n  b a th ,  

loca ted  in  the School of Geology, a t  the  U n iv e rs i ty  of Oklahoma, 

china c la y  was suspended in  acetone. The p a r t i c l e s  in  the  suspensions 

a re  so f in e  they  can be spread on an a i r f o i l  and form a t h in  f i lm  

w ithout a f f e c t in g  the  flow p a t te rn  on th e  a i r f o i l .

For b e t t e r  v i s u a l i z a t io n ,  th e  a i r f o i l s  were pa in ted  b lack , 

then ac e t one-suspended china c la y  was sprayed on the  a i r f o i l .  The 

a i r f o i l  turned w h ite . Ethylene g lyco l was sprayed on the  a i r f o i l .

This s tep  made the  white f i lm  tra n sp a re n t  and became black ag a in .  The 

tunnel engine was s t a r t e d  and a f t e r  a few m inutes, part of th e  f o i l  

in  the  tu rb u le n t  reg ion  turned white and th e  p o r t io n  in  the  laminar 

reg ion  remained b lack . F igure  5-1 and Figure 5-2 were both taken a t  

n in ty  f e e t  per second a i r  speed and four minutes a f t e r  the  tunne l 

was turned on. The t r a n s i t i o n  on both compliant coa ting  a i r f o i l  

and hard su rface  a i r f o i l  occured a t  around 9 percen t chord. This 

va lue  agreed w ith  the  previous c a lc u la t io n .
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Figure  5 -1 . T ran s i t io n  Line on Compliant Coating A ir fo i l

F igure 5-2, T ran s i t io n  Line on Hard Surface A i r f o i l .



CHAPTER VI 

CALIBRATION AND EXPERIMENTAL PROCEDURES

C al ib ra t io n  o f  Tunnel Speed

In an id ea l  wind tunnel us ing  an id e a l  f l u i d ,  the  c a l ­

c u la ted  v e lo c i ty  using B e rn o u l l i 's  equa tion  would be equal to  the 

a c tu a l  v e lo c i ty  in  the tun n e l .  Since no wind tunnel is  id e a l ,

a c o r re c t io n  fa c to r  K must be introduced in to  the  c a lc u la t io n sc

to  produce the a c tu a l  v e lo c i ty  of th e  f l u i d .

To determine the p ressu re  d i f f e r e n t i a l  was obtained a t  

the  bellmouth and the t e s t  sec t io n  (see  Figure 2-1 and F igure  2 -2 ) .  

This was done by means of a manometer connected to  each s e c t io n .

Let S ec tion  1 be the  bellmouth s e c t io n  and Section  2 the t e s t  

s e c t io n .  Let be the loss  c o e f f i c i e n t  between th e  sec t io n s  and 

assume p cons tan t.

From Conservation of Energy

’’’ ‘’'I  = ^2 *  %2 *  * 1  ^2 ( 6 . 1 )

From c o n t in u i ty .

V 2 “ ^1 ^1 (6.2)

37
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Squaring both s id es  and m u ltip ly ing  by p /2 ,  gave

But

So,

Solving fo r q^,

. 2  .2 
92*2 =  41*1

4 l  = 42 ( ^  )2 
^1

4 l  = 42 K2

*2 2 where Kg = ( ^ )

From Equation 6 .1 ,  the  change in  P between s e c t io n  1 and 2 could be 

c a lc u la te d  as fo llows:

^ 1 ■ ^ 2  “ 42 ^ 1  42 " ^242

—
- h  “ qg ( 1  + -  Kg)

— AP = K,qg where K̂  = ( 1  +

— AP = ? 1  - 

PVg

? 2

—
AP = - T (K3 )

^ 2_ (AZ)
2 ^3 P
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Vg = /Â F 7 T

For a given wind tunnel t e s t ,  barometric read ing , tem perature a t  

barometer and r e l a t i v e  humidity in  tunnel a f t e r  runs were ob ta ined .

The p i to t  tube  was s e t  on the  tunnel c en te r  l i n e .  F i f te e n  read ­

ings over the  o p e ra t in g  speed range of the  tunnel were taken .

The c a lc u la te d  values fo r  fo r  tunnel 1 and 2,

re s p e c t iv e ly ,  were 3.334 and 3.385.

Curves fo r  AP and v e lo c i ty  fo r th re e  values of p a re  

shown in  F igure  6-1 and Figure 6-2.

V elocity  Survey

Before a wind tunnel i s  used fo r  experim ents, the  lo c a l

v e lo c i t i e s  in  th e  t e s t  sec t io n  must be in v es t ig a ted  in  order to  d e t e r ­

mine the tunnel flow c h a r a c t e r i s t i c s .  Local v e lo c i ty  v a r ia t io n s  

may be measured across  the t e s t  s ec t io n  by means of a p i t o t -  

s t a t i c  tube using

V
p

The v e lo c i ty  maps fo r  tunnel 1 and tunnel 2 a re  shown in  Figure  

6-4 and F igure  6-5 .

C a l ib ra t io n  o f  Balance System

The b a s ic  measuring mediums fo r  both tunnels  a re  a lum i­

num a l lo y  beam, s t r a i n  gage and s t r a in  gage in d ic a to r .  The load 

on th e  beam changes the  gage re s i s ta n c e .  I t  i s  necessary  to  c o r r e la t e  

the  load fo rce  and re s i s ta n c e  change shown on the  in d ic a to r .
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17o from Mean V eloc ity

Figure 6-3. V e lo c ity  D is t r ib u t io n  of 

Tunnel I.

1% from Mean V elo c ity

Figure 6-4. V elocity  D is t r ib u t io n  of 

Tunnel I I .  Ref. Comp-(19)
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For tu n n e l  I  a s e t  up shown in  the Figure 6-5 and weights 

ranging from 0.116 to  1.0 lb .  were used. D iffe re n t  weights were 

placed in  A and corresponding readings from the s t r a i n  gage in d ic a to r  

were recorded . The r e s u l t s  a re  shown in  Figure 6-6 .

A. Weight Holder

B. F lo a t in g  P la te

C. S t r a in  Gages

D. Pu lley

F igure  6-5 . Schematic of S tra in  Gage/Force C a l ib ra t io n  

System fo r  Tunnel I

For tunne l 11, the  s e t  up (Figure 6-7) used weights ranging 

from .5 lb .  to  10 lb .  Spec ia l  care  was taken to  l in e -u p  "C" and "B" 

on the  same l e v e l .  The r e s u l t s  a re  shown in  Figure 6-8.
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Figure  6 - 6 . Balance System F o rce /S tra in  C a l ib ra t io n  fo r  

Tunnel I
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Tunnel F loor

A. Weight Holder B. Balance R esolving Point

Figure  6-7. Schematic of S t r a in  Gage/Force C a l ib ra t io n  System 

fo r Tunnel 2

Experimental Procedure

With th e  systems c a l ib r a t e d ,  the  prim ary ta s k  of ob ta in ing  

data  was now ready to  proceed. Tuft models were prepared fo r  both 

tunne ls  to  ensure th a t  there  was no apparent c ross  flow and sep a ra t io n .

Tunnel 1

The hard su rface  a i r f o i l  was mounted v e r t i c a l l y  in  th e  

t e s t  s e c t io n  (F igure 6 - 9 ) .  The balance system and a i r f o i l  were 

allowed to  s e t t l e ,  then needle "G" was a d ju s ted  in  such a manner so 

the  image of "G" on m irro r H passed through the  marked l in e  on "H" 

when the  o pera to r  viewed through re fe ren ce  l in e  on window (F igure  6 - 9 )  

Throughout the  t e s t  t h i s  co n d itio n  was m aintained to  ensure th a t  

th e re  was no l i f t  fo rce  exerted  on the  a i r f o i l  by the  flow. The
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reasoning behind t h i s  was th a t  any p o s i t io n  change of the  needle 

corresponded to  a change in  e le v a t io n  of the s t e e l  p la te  and the f o i l .

This change of e le v a t io n  ind ica ted  l i f t  force on the a i r f o i l .  The 

minimum n o t ic e a b le  change of p o s i t io n  of the  needle  corresponded to  

.002 lb .  fo rce .  This proved the  system to  be s e n s i t iv e  and s a t ­

i s f a c to r y .  The two way e l e c t r i c  motor"A" was used to  a l ig n  the  

a i r f o i l  w ith  the  tunne l c en te r  line by eye s ig h t .  The speed 

co n tro l  vanes were ad justed  so th a t  minimum tu n n e l  speed was 

maintained when th e  tu n n e l was turned on, The speed of the  tunnel 

was increased  to about 150 f t / s e c .  "N" was used to l in e  the  "H" needle  to  

keep the  l i f t  fo rce  a t  i t s  minimum. The tunnel was turned o ff  and the 

vanes were read ju s ted  to  t h e i r  o r ig in a l  p o s i t io n .  Barometric p re ssu re ,  

tem peratu re , s t r a i n  gage in d ic a to r  read ings , and manometer readings 

were recorded . A f te r  the  balance system s e t t l e d  the tunnel was 

turned on again . Tunnel a i r  stream speed was increased  in  small i n ­

crements and corresponding manometer readings fo r AP, and s t r a i n  

gage in d ic a to r  read ings were recorded. A fte r  reaching  the  h ighest 

a i r  speed ,the a i r  speed was slowed down by small in c rem en ts .  Mano­

meter and s t r a in  gage in d ic a to r  readings were again recorded .

The same procedures were repeated  a t  l e a s t  th ree  times fo r  each s e t  

o f  d a ta .

For the s o f t  sk in  a i r f o i l  the  procedures were about the 

same ex cep t,  b e fo re  the  tunnel was turned on, th e  suc tion  vacuum 

pump was a d ju s te d .  Proper vacuum could e a s i ly  be obtained by com­

paring th e  t e s t  s e c t io n  s t a t i c  p ressu re  with the  vacuum pressure  

drop.
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s

A, P itch  Control Motor 

■. P o in te r  Needle 

N. Mirror

D, Window

E, Guide Line

F, A i r f o i l

Bb

4 =>

ÜE

Figure 6-9. Schematic fo r  Zero L i f t  In d ic a t in g  System,
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Tunnel 2

The a i r f o i l  in  tunnel 2 was mounted on a bayonet which 

was sh ie lded  by a w indsh ie ld . (F igure  6-10). A t a r e  drag was con­

t r ib u te d  by the bayonet and p i tc h  adjustment mechanism. The i n t e r ­

ference  between the  w indsh ie ld , bayonet and p i tc h  adjustm ent mech­

anism changed the d rag  reading a ls o .  I t  would be almost im possible 

to  c a lc u la te  a l l  th e se  in te r fe re n c e  e f f e c t s .

The standard  method f o r  a symmetrical a i r f o i l  w ith  zero 

angle of a t t a c k  is  to  measure the  drag force o f th e  a i r f o i l  i n ­

c luding  the drag fo rc e  on the  bayonet, p itch  mechanism and the  

in te r fe re n c e  with th e  model and the w indshield . Then, image 

bayonet, p i tch  adjustm ent mechanism and w indshield a re  i n s t a l l e d .

The d if fe ren c e  of th e  two t e s t s  in d ic a te s  the  drag  on bayonet, p itch  

adjustment mechanism, and in te r fe re n c e  among w indsh ie ld , bayonet and 

the  model. A ll models te s te d  in  tunnel 2 were te s te d  tw ice, f i r s t  

with dummy image, th en  w ithout image.

With a l l  systems c a l i b r a t e d ,  the wing was mounted in  the  

tu n n e l .  S t r a in  gage locks fo r  a l l  s ix  force and moment components 

were re leased . The a i r f o i l  was f i r s t  a ligned by a d ju s t in g  the  p itch  

and yaw co n tro l  mechanism. The t e s t  sec t io n  windows were c lo sed .

The c lu tch es  fo r  yaw and p i tc h  adjustment mechanism were re le a s e d .  

Barometric p re s su re , te m p e ra tu re ,  i n i t i a l  read ings  o f s t r a i n  gage 

in d ic a to rs  for yaw, l i f t ,  and drag  forces were recorded . The engine 

c o n tro l  system was switched to  manual o pe ra tion . A s ig n a l  was given 

to  engine room o pera to r  to  s t a r t  the  engine. The vacuum pump fo r
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Dummy Wind Shield

Dummy P itch  Adjustment

Dummy Bayonet
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Figure 6-10. Wing S ec tio n  Setup in  Tunnel I I .  (With Dummy 

Wind S h ie ld ) ,
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Figure 6-11. 40" 0009 A i r f o i l  in  Tunnel I I
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balancing  p re ssu re  between t e s t  sec t io n  and in s id e  the  f o i l  was 

then turned on. I t  took about f ive  minutes to  warm up the engine and 

for the flow to  reach  s tead y  s t a t e .  Yaw and p itch  mechanism were 

again  engaged and ad justed  so th a t  there  was no yaw and l i f t  

forces on th e  a i r f o i l .  The c lu tches  were re le ase d  again  and da ta  

were taken. The a i r  speed was increased in  small increm ents. For 

each speed t e s t e d ,  tunnel tem perature, s t a t i c  pressure  d i f f e r e n c e ,  

and s t r a i n  gage in d ic a to r  reading  fo r  drag were a l l  recorded .

From time to  tim e, yaw and l i f t  forces were monitored to  in su re  

th a t  the re  was no induced drag . The t e s t  speed range was from 

f o r ty  f e e t  per second to  one hundred e igh ty  f e e t  per second. A fte r  

reaching the maximum speed, the a i r  speed was reduced to  the  minimum 

value  in  sm all increm ents. Around f i f t e e n  d a ta  points  were 

taken fo r each t e s t .

A fte r  i n s t a l l i n g  th e  dummy system, the  t e s t  was rep ea ted .  

The s o f t  sk in  a i r f o i l  was te s te d  following th e  same procedures.

The procedures fo r  vacuum c o n tro l  in s id e  the a i r f o i l  was the  same 

as in  tunnel I I .



CHAPTER VII

EXPERIMENTAL RESULTS

The t e s t  da ta  were d iv ided  in to  two groups. Group 1 

d a ta  were taken  from tunnel I  and Group 2 da ta  re su l ted  from the 

use  of tunnel I I .

Group 1

As defined  befo re .

_  D
D %pV2.A

where D was determined by using F igure 6-7 , and the s t r a i n  gage 

read ing  and V was determined by using  F ig u re  6-2 , and the  manometer 

read in g .  was found fo r  every d i f f e r e n t  v e lo c i ty  and corresponding 

drag force .

The drag c o e f f i c i e n t  of NACA 0012 and 0006 (22) along with the 

P ran d tl  tu rb u le n t  drag c o e f f i c i e n t  and B lasiùs  laminar drag c o e f f ic ie n t  

fo r  a f l a t  p la te  a re  presented with data  fo r  hard su rface  0009 a i r f o i l  

obtained from tunnel I in  F igure  7-1 Obviously the values for 0009 

a i r f o i l  a re  too h igh . The reason  fo r  th ese  h igher values is  mainly 

due to  the in te r fe re n c e  drag of the  ends of the  a i r f o i l  ad jacen t to  the

53
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c e i l in g  and the  f lo o r  o f  the  t e s t  s e c t io n .  Figure 7-2 in d ic a te s  

the d i f f e r e n t  drag c o e f f i c i e n t  values fo r  th icknesses  of .0025 and 

.0001 inch PVC sk in  a i r f o i l  and the hard su rface  a i r f o i l .  F igure  

7-3, shows the  r e l a t i v e  percentage amount of sk in  f r i c t i o n  drag r e ­

duc tion  of d i f f e r e n t  sk in s  of a i r f o i l s .

Group I I

To ob ta in  the  s e c t io n  drag, the  p a r a s i t i c  drag o r ig in a t in g  

a t  th e  ends must be su b trac ted  from the readings of the w ind-tunnel 

ba lance . The w ing-tip  drag is  obviously a function, of the  p r o f i l e  

dimensions a t  the  t i p s .  The drag c o e f f i c i e n t  of t h i s  component i s ,  

t h e r e f o r e ,  based on the  t i p  a re a .  Various in v e s t ig a t io n s  of the wing, 

c o n cu r ren t ly  te s te d  w ith  rounded and w ith  b lun t l a t e r a l  edges, have been 

evaluated  (22) . R esu lts  have a l s o  been obtained by comparing fo rce  

t e s t s  (with b lu n t  ends) to  wake-survey r e s u l t s .  For zero l i f t .

Figure 7-4 approxim ately  in d ic a te s

For th e  f o r ty  inch chord NACA 0009 a i r f o i l

In  order to  e l im in a te  t a r e - in te r f e r e n c e  drag f o r c e s ,  t e s t s  

w ith  a dummy w ind-sh ie ld  and supporting  s t r u t  and t e s t s  w ithout dummy 

w ind-sh ie ld  and supporting  s t r u c t  were conducted.

To find the t r u e  drag c o e f f i c i e n t  fo r  th e  a i r f o i l , b o t h  and
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the t a r e - in te r f e r e n c e  drag must be su b trac ted  from the  wind-tunnel 

t e s t  read ings .

The procedure fo r  d a ta  reduc tion  i s  much more complicated 

fo r tunnel I I  than  tu n n e l I .  The author decided to  use the IBM 

computer to  do the  jo b .  A program not only to  reduce the d a ta  but 

a lso  to  p lo t  the  p o in ts  fo r F igure  7-5 and 7-6 was w rit ten  (Appendix 

B).

Figures 7-5 and 7-6 , g ive  the drag c o e f f i c i e n t  for the  

d i f f e r e n t  arrangements of compliant coa ting  a i r f o i l s .  These data  

g ive the  drag c o e f f i c i e n t  of the  a i r f o i l s  w ith  and without t a r e  and 

in te r f e r e n c e s .  F igure  7-7 shows the  drag c o e f f i c i e n t  of s e c t io n a l  

a i r f o i l s  w ith th e  t a r e  and in te r fe re n c e s  su b trac ted  ou t. F igure  

7-8 shows the percentage drag red u c tio n  fo r  d i f f e r e n t  arrangements 

of the  a i r f o i l  below hard p l a t e  v a lues . F igures 7-9 and 7-10 show 

drag reductions  fo r  both 16 and 40 inch chord a i r f o i l s .

Hoerner (22) in d ic a te s  th a t  the  drag c o e f f ic ie n t  fo r  NACA 

0009 a i r f o i l  (hard su rface) should be approxim ately 0.0075 in  t h i s  

Reynolds number range . The d i f f e r e n c e  between t h i s  value and the  

hard su rface  value  of Figure 7-7 i s  be lieved  to  be due to th e  e x p e r i ­

mental u n c e r ta in t ie s  of these  t e s t s .  This i s  d iscussed  in Appendix A.

Theory and D iscussion

The a n a ly s is  o u tl in ed  in Benjamin's r e p o r t  (9) ind ica ted  

th a t  laminar incom press ib le , id e a l  and low d is tu rb an ce  flow could 

be s t a b i l i z e d  ( the  t r a n s i t i o n  from laminar to  tu rb u le n t  boundary
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lay e r  could be delayed, by the  presence o f  an Id e a l ly  designed 

compliant boundary. As a r e s u l t  s k i n - f r i c t l o n  could be reduced. 

According to  th i s  theory the  membrane should be f a i r l y  s t i f f  and 

the damping should be moderate. Kramer's (2 ,3 ,4 )  model has the 

b es t  r e s u l t  (lowest drag) w ith  m oderately  high wall damping and 

f a i r l y  s t i f f  membrane. I t  seems, th e re fo re  u n l ik e ly  th a t  the r e ­

ported success of Kramer's experiments could be explained on the 

b a s is  of th e  simple s t a b i l i t y  th eo ry  a lo n e .  The most l ik e ly  

a l t e r n a t iv e  exp lanation  i s  t h a t  th e  f le x ib le  su rface  has an e f f e c t  

on the  f u l l y  developed tu rb u le n t  boundary lay e r .

Karplus ( 8 ) ,  in v e s t ig a t in g  the sca le  and degree of t u r ­

bulence fo r  water flow over mylar film  w ith  va rious  f lu id  sub­

s t r a t e s ,  concluded th a t  tu rb u len ce  occurred sooner fo r  the f l e x ib l e  

w all than fo r  the so l id  w all bu t was re ta rd ed  in  i t s  r a t e  of 

development. The same conclus ion  was obtained by W a lte r 's  re p o r t  

(16) .  By u s ing  a ho t-w ire  anemometer, a d e ta i le d  study was made 

to  determ ine the  b a s ic  c h a r a c t e r i s t i c s  of the tu rb u le n t  boundary 

lay e r  flow with a zero p re ssu re  g rad ien t  over a compliant su r fa c e .  

The compliant su rface  was made o f a 0.001 inch PVC and 3/16 inch 

40 PPI polyurethane foam. The t e s t s  were run a t  a constan t v e lo c i ty  

of 50 fp s .  This s tudy over the  compliant su rface  revealed  a r e ­

duction  of tu rb u le n t  i n t e n s i t i e s  and a 25 per cent decrease  in  

Reynolds s t r e s s  when compared w ith  hard p la te  d a ta .  These two 

experim ents, c l e a r l y  show th a t  the  s e c re t  for compliant coating  

drag red u c tio n  does not depend on the  d e lay  of t r a n s i t i o n  bu t on 

the complex in te r a c t io n  between th e  compliant su rface  and th e  t u r -
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bulenC boundary la y e r .

tu rb u le n t  boundary layer

membrane

mean p o s i t io n  
of membranedamping f l u i d

F igu re  (7-11) Model of the Compliant Coating

A new th e o ry  i s  needed to  e x p la in  t h i s  phenomena. Using 

a two d im ensional model, r e s t r i c t i n g  the  motion of th e  c o a tin g  in  

X and y plane on ly ,  (F igure  7-11) B lick  (11) , derived  the fo llow ­

ing ex p re ss io n .

T = .707 1 ,
-CO - 0 0

2  2 4
» 2  [  OU) -TK -DK - p g  + G -G. 3

' ^  y 2 „..2 . . 4— . , dKduu (7-1)
[ (om -TK -DK - D g  + G^) +G. ]

where t  i s  the  Reynolds s t r e s s  ( - p  u 'v ') in d u c e d  by the  compliant 

c o a tin g  in  a th in  la y e r  ad jacen t to  the c o a t in g .  I t  i s  i n t e r e s t i n g  

to  n o t ic e  th a t  a l l  terms in  Equation 7-1 a r e  p o s i t iv e  except the 

num erator, which may be p o s i t iv e  or n eg a tiv e  depends on va lues  fo r  

O, T, D, p, V. These v a r ia b le s  can be tuned to  find  a nega tive  

re so n an t peaks. A n e g a t iv e  Reynolds s t r e s s  might p o ss ib ly  reduce the
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t o t a l  Reynolds s t r e s s  throughout the boundary la y e r ,  thus causing 

a reduc tion  in  w a ll  sk in  f r i c t i o n .  By examining the term in  the  

numerator of equation  7-1. , Table 7-1 was arranged.

Table 7-1. E f fe c t  of Compliant Coating on Sign of P e r tu rb a tio n  

Reynolds S tre s s  (Ref. 11).

Inc reas ing  V ariab le P e r tu rb a t io n  Reynolds S tre s s

Increase Decrease

Skin mass/Unit a r e a ,  a X

Skin f lexu re  s t i f f n e s s ,  D X

Skin ten s io n ,  T X

Damping f lu id  d e n s i ty ,  p X

Fluid  layer th ic k n e ss ,  * H X

Damping f lu id  kinem atic X

v is c o s i ty ,  * v

The term (G^-G^) was found to  inc rease  w ith  H and d ec rea se  with

V , Reference (11).

A c o r r e la t io n  was found to  e x i s t  w ith the  v a r i a t i o n s  of 

a ,  T, p, and v over the  l im ited  range te s te d  by Looney and B lick  

(15). Looney and B lick  found in  th e i r  experiments t h a t  the  sk in  

f r i c t i o n  increased  w ith  in c re a se  in  a ,  but decreased w ith  an i n ­

crease  in  T, p, or V . Hence the  l im ited  experim ental evidence 

shows the same trends  as predic ted  by th i s  s im p lif ied  model of 

tu rb u len t  flow over a compliant su rface .
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The sucess of B lick , Smith and Looney lead th e  au thor to  use 40 PPI 

polyurethane foam as th e  damping medium.

During W a l te r 's  (16) p re lim inary  t e s t s ,  no re d u c t io n  of 

tu rbu lence  in te n s i ty  was found by u s in g  a sm all (approxim ately  

2 ' x 2 ' )  compliant c o a tin g  p la t e .  L a te r by u s ing  th e  same m a te r ia l  

(.001 PVC and 40 PPI Polyurethane foam) and a la rg e  t e s t  p la te  of 

14 fo o t  long by 2 foot wide a 25 percen t d ecrease  in  th e  Reynolds 

s t r e s s  was recorded . The a u th o r  suspec ts  t h a t  th e re  i s  a c o r r e la t io n  

between the th ickness  of PVC and th e  lo n g i tu d in a l  dimension of the 

t e s t i n g  model. Using the  d a ta  presented  in  F igure  7-10 and a dimension- 

le s s  v a r ia b le  t*  ( t*  = PVC th ick n ess /ch o rd )  F igure  7-12 was p re­

pared. The c o r r e la t io n  between t* and drag red u c tio n  i s  apparen t.

This is  very encouraging because i t  i n d ic a te s  th ic k e r  PVC skins

can be used fo r  la rg e r  a i r f o i l s .
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Figure 7-12, Drag red u c tio n  v e rse s  t  ( th e se  va lues  a re  

the approximate average red u c tio n  fo r  the 

p a r t i c u l a r  PVC and a i r f o i l  from Figure  7-10).
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The b as ic  c o n s t ru c t io n  f o r  B l ic k 's  model i s  composed of a 

t h in  membrane s t re tch e d  over a r e s e rv o i r  con ta in ing  f lu id .  Un­

fo r tu n a te ly  th i s  is  a ve ry  f r a g i l e  s t r u c tu r e .  A more r ig i d  s t ru c tu re  

can be construc ted  by using  a PVC membrane s t re tch e d  over polyure­

thane foam. The complete th eo ry  (s im ila r  to  Equation 7-1) has not 

been de rived  fo r  the  PVC-Polyurethane coa ting . The main purpose 

of the f lu i d  under the  membrane i s  fo r  damping and changing the 

phase ang le  between u ' and v '  to  near zero degrees . Carefu l 

s e l e c t io n  o f  the  polyure thane  foam could serve the  same purpose. 

D if f e r e n t  types of po lyure thane  foam were te s ted  by Smith and 

B lick .  The r e s u l t  can be seen in  Table 1-1. The b es t  r e s u l t  was 

ob ta ined  by using 40 PPI polyure thane foam. From Table 7 -2  i t  

i s  obvious th a t  40 PPI po lyure thane  foam by f a r  i s  the s o f t e s t  and 

i s  th e  h e a v ie s t  of th e  t e s t e d  foams.

Table 7-2. P ro p e r t ie s  of the  R es id ien t Test M ate r ia l

(Ref. 17)

M a te r ia l  Thickness ( in )  Density Compression
_________________ lb / f t3  modulus p s i

27-PPI polyurethanefoam 31/32 1.6 3 .8

40-PPI polyurethane foam 5/32 1.8 0.37

80-PPI polyurethane foam 15/16 1.7 2.52

Foam rubber 5/8 7.6 7,93

PPI = p o res /inch  

These p ro p e r t ie s  (h ig h es t  d e n s i ty  and damping) again  c o r r e l a t e  the 

p ro p e r t ie s  l i s t e d  in  Table 7 .1 .
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CHAPTER VIII

CONCLUSIONS

S evera l d e f i n i t e  conclusions may be made from th e  e x p e r i ­

mental s tudy  o f the  com pliant su rface  a i r f o i l  a t  zero  in c id e n t  

ang le .

1. The r e s u l t s  of the  compliant coating  a i r f o i l s  p lo t te d  

in  Chapter VII in d ic a te  c l e a r ly  th a t  the  drag c o e f f i c i e n t  of an 

a i r f o i l  is  a fu n c t io n  o f  the  compliancy o f the c o a tin g .  The 

th in n e r  PVC sk in  has h igher drag red u c t io n  fo r  both  tunnel I  and 

tunnel I I .

2 .  Drag c o e f f i c i e n t  reduc tion  i s  a fu n c t io n  of t *  as 

shown in  F ig u re  7-12.

3. The t e s t s  conducted covered a  very wide range of 

v e lo c i ty  (40 f t / s e c  to  180 f t / s e c )  and Reynolds number (3x10^ to  4x10^) 

I t  i s  i n t e r e s t i n g  to  n o te  th a t  a t  lower Reynolds number th e  pe r­

centage drag c o e f f i c i e n t  red u c tio n  i s  h ig h e r  and a t  h igher Reynolds 

number the  d rag  c o e f f i c i e n t  red u c tio n  approaches a co n s tan t  v a lu e .

The same phenomena was no ticed  by Boyce and B lick  (23) fo r  dusty  

a i r  flow.

4 . F igure  6-3 in d ic a te s  an apparen t jump o f data  po in ts
6around Reynolds number 1 .5  x 10 . This i s  mainly due to  a .  The 

d i f f e r e n t  t e s t i n g  c o n d i t io n .  These da ta  were obta ined  from two tunne ls
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Tunnel I has a r e l a t i v e l y  small t e s t  s e c t io n .  Choking and side  

w all In te r fe re n c e  with t e s t i n g  model were apparen t, b . Looney 

and Blick (15) reported  th a t  the  higher the  lo n g i tu d in a l  tension  

applied  on the  PVC the more red u c tio n  of drag c o e f f i c i e n t  was 

measured. U nfortunate ly  the p resent model a l r f d l l  does not 

allow the p re c ise  measurement of lo n g i tu d in a l  ten s io n  ap p lied  on 

the  PVC. No way to  determ ine I f  ten s io n  was the  same fo r  the  

small and la rg e  models. This might be another Im portant reason 

for the  jump.

5. F igure  7-10 shows the  r e l a t io n s h ip  between drag coef­

f i c i e n t  red u c tio n  and the  f r e e  stream v e lo c i ty ,  Here th e  genera l 

trend of the  drag c o e f f i c i e n t  reduc tion  Is more ap p a ren t .  At low 

v e lo c i ty  the  drag c o e f f i c i e n t  reduc tion  Is  h igher and as  the v e lo c i ty  

In c rease s ,  the  red u c tio n  approaches a constan t va lue .

6 . The c h in a -c la y  method shows ag a in ,  th a t  th e  drag r e ­

duc tion  Is  not caused by the  s h i f t i n g  of the  t r a n s i t i o n  p o in t .  I t  

i s  caused by th e  reduced tu rb u le n t  I n te n s i ty  as In d ica ted  by Blick 

and W alter (16 ) .  While conducting the  ch in a -c la y  experim ent, the 

au thor observed th a t  I t  took a longer period of time to  have the 

c h in a-c lay  coa ting  r e tu rn  to  white a t  the  r e a r  p o r t io n  of  th e  com­

p l ia n t  a i r f o i l  than the  hard su rface  a i r f o i l .  This I s  ano ther In ­

d ic a t io n  th a t  the  tu rbu lence  I n te n s i ty  fo r  the  compliant coating  

a i r f o i l  Is  lower than th e  corresponding so l id  a i r f o i l .

Recommendations for F u r tu re  Research

In  o rder to  ga in  f u r th e r  In s ig h t  In to  the c h a r a c t e r i s t i c s
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of tu rb u le n t  flow over a compliant surfaced  a i r f o i l ,  a d d i t io n a l  in ­

v e s t ig a t io n s  are needed.

1. Up to  now no t e s t  has been conducted to  in v e s t ig a te  

the e f f e c t  of th ickness  of damping m a te r ia l .  Extensive measurements 

should be conducted in  t h i s  a rea .

2. A new a i r f o i l  model on which th e  lo n g i tu d in a l  tension  

can be measured should be te s te d .

3. No a i rp la n e  can f l y  a t  constan t zero in c id en t  angle.

A s e r ie s  of t e s t s  should th e re fo re  be conducted to  in v e s t ig a te  

the drag and l i f t  c h a r a c t e r i s t i c s  o f  the  compliant coating  wing a t  

angle of a t t a c k .
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ERROR CONSIDERATIONS

E rro r  is  in h e ren t  in  any experim ental p r o je c t ,  but more 

s p e c i f i c a l l y  th i s  e r ro r  may be thought o f  as experim ental u n c e r ta in ty .

The following expression

ACd = [(ACjj^)^ + (ACg^)^ +  . . .

w h ere '

C. = o v e ra l l  u n c e r ta in ty  in  drag c o e f f ic ie n ts

C = maximum e r ro r  involved in  primary measurements
i

e s tim ates  t h i s  u n c e r ta in ty ,  based on the  u n c e r ta in t ie s  in  the p r i ­

mary measurements.

The s t r a in  gage in d ic a to r  reading  accuracy fo r  the drag 

fo rce  i s  estim ated  a t  + 2 .0  m ic ro -inches / inch  for tunne l I  and + 0 . 5  

m ic ro -inches / inch  fo r  tunnel 11. Force d ev ia t io n s  may be seen in  

Tables A-1 and A-2.

V ibra tions  and mechanical f r i c t i o n  in  the  ba lance  system of 

tunnel 11 were observed and to  cause d e v ia t io n s  estim ated  a t  .5 m ic ro -inches/  

inch .

The accuracy of the  pressure read ings  fo r  v e lo c i ty  i s  estimated 

fo r  tunnels  1 and 11 to  be + 0.02 inches o f  red o i l  (S.G. 0.827) and 

w ater r e s p e c t iv e ly .  These v e lo c i ty  d e v ia t io n s  are  shown in  Tables 

A-4 and A-5.
77
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The s t r a i n  conver te r  and the  s t r a i n  In d ic a to r  a re  a lso  

estim ated  to  have an accuracy of + 0.00833 m lcro-lnches and + 0.125
_7

m lcro-lnches r e s p e c t iv e ly .  The corresponding e r ro rs  a re  4 .8  x 10 

and 7.5 x 10 Since th e se  e r ro r s  a re  n e g l ig ib le  In the  f i n a l  c a l ­

c u la t io n s  fo r  expected u n c e r ta in ty ,  they were allowed to  remain 

c o n s ta n t ,  even though th ey  should d ev ia te  w ith  v e lo c i ty .

The percentage of u n c e r ta in ty  Inc ludes the  fo rce  and 

v e lo c i ty  d ev ia t io n s  fo r both the  hard and s o f t  a i r f o i l s .  They were 

c a lc u la te d  as follows:

ÛC
The expected u n c e r ta in ty  In per cent = —

ÛCp X 100

^ o r ig in a l

The combined u n c e r ta in ty  fo r  th e  d i f fe re n c e  between hard 

and s o f t  In tunnel I I  were then c a lc u la te d  by

S . -

and the  r e s u l t s  a re  I l l u s t r a t e d  In  Tables A- 6  and A-7.
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TABLE A-1

FORCE DEVIATIONS (TUNNEL I)

V e lo c l ty ( f t / s e c )  29_______ 6 6 ________ 92 121 180 189

X 10"4 +3.875 +2.89 +1.542 +0.892 +0.58 +0.364DF — — — — —

TABLE A-2 

FORCE DEVIATIONS (TUNNEL I I )

V elocity  ( f t / s e c ) _________m ________ 130________ 150_______ 170

X 10"4 +4.35 +3.11 +2.34 +1.82DF — — — —

TABLE A-3

MECHANICAL FRICTION DEVIATIONS (TUNNEL I I )

V elocity  ( f t / s e c )  110 130 150 170

AC_ X 10"4 +4.35 +3.11 +2.34 +1.82
dm — — — —

TABLE A-4 

VELOCITY DEVIATIONS (TUNNEL II)

V elocity  ( f t / s e c )  29 6 6  92 121 150 189

ACgy s 10"^ +2.0 +0.7 +0.6 j p . 6  +0.4 +0.4
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TABLE A-5 

VELOCITY DEVIATIONS (TUNNEL I I )

V e lo c ity  ( f t / s e c ) ________UO________ 130 150  170

+0.3 +0.5 +0.5 +0.8
Hard

-1 .1  -0 .4  -0 .1  -0 .3

+0.5 +0.7 +0.6 +0.2
Soft

-0 .4  -0 .3  -0 .4  -0 .3

TABLE A- 6

EXPECTED UNCERTAINTY (TUNNEL I)

V e lo c ity  ( f t / s e c )  29 6 6  92 121 150 189

C „  +3.52% +2.29% +1.38% +0.93% +0.198% +0.156%

TABLE A-7

EXPECTED UNCERTAINTY (TUNNEL I I )

V eloc ity  ( f t / s e c ) ______ UO____________130 150 170

S e +8.74% +5.95% +4.74% +3.78%

- 8 . 8  % -5.94% -4.69% -2 .7  %
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PAGE ER020801

/ /  JOB T ER0 208 01 0 7 5 4 0 1 H CHU

LOG DRIVE 
0000

CART SPEC 
OCOl

CART AVAIL 
OCOl

PHY DRIVE 
0000

V2 M09 ACTUAL 8K CONFIG 8K

/ /  FOR
*♦ ER020801«HUMPHREY 
♦ONE WORD INTEGERS 
«EXTENDED PRECISION 
« L IS T  SOURCE PROGRAM 
PAGE 2 ËR02 080 1

CHU«ASME599

ER020801.HUMPHREY CHU.ASME599

C THIS SUB-PROGRAM PLOTS THE POINTS ON THE X AND Y AXIS
COMMON X ( 4 . 2 S ) . Y( 4 . 2 5 ) . A I ( 4 . 7 7 ) . J X ( 4 ) . MX( 5 ) . CCC( 4 . 1 0 ) . IX.XMAG
SX=.075*XMAG
S Y = 2 4 0 . «XMAG
CALL SCALE!S X . S Y . 9 0 . . . 0 0 5 )
DO 4001 1 = 1 , IX
I R = l - I
NUMb=JX(I)
DO 4 0 0 2  J=1.NUMB 
X P = X ( I . J )
Y P = Y ( I . J )
CALL E P L O T ( - 2 . X P . Y P )
CALL P O IN T !IR )
CALL E P L O T ! I .X P .Y P )

4 0 0 2  CONTINUE
DO 4 0 0 3  J = 1 , 1 8 1  
R J = J
MXX=MX!I)+1 
Y P = C C C !I . 1 )
X P = 1 7 5 . 5 - . 5 « R J

00ho



0 0  4 0 0 4  K=2,MXX
4 0 0 4  Y P = Y P + C C C (I» K )* X P * * (K -1 ) 

I F ( Y P - . 0 3 )  4 0 0 5 , 4 0 0 7 . 4 0 0 7
4 0 0 5  I F ( Y P - .O O S )  4 0 0 7 , 4 0 0 7 , 4 0 0 6  
4 0 0 7  l P = i

GO TO 4 0 0 3
4 0 0 6  CALL E P L O T * IP ,X P .Y P )

IP=2
4 0 0 3  C O N T I N U E

C A L L  6 P L 0 T ( 1 , 9 0 . , • 0 0 5 )
4 00 1  CONTINUE

CALL EPLOT*1 , 9 0 . , . 0 0 5 )  
EPLOT( - 2 , 8 2 . , . 0 0 5 )  
P O IN T *1)
EPLOT*1 , 9 0 . , . 0 0 5 )
EXIT

CALL
CALL
CALL
CALL
END

FEATURES SUPPORTED 
ONE WORD INTEGERS 
EXTENDED PRECISION

0 0w

CORE REQUIREMENTS FOR 
COMMON 16 58  VARIABLES 30  PROGRAM 2 6 2

END OF COMPILATION

/ /  OUP

*STORL WS UA DRAW
CART ID OCOl 0 8  ADOR 45DB 08  CNT 0012

C THIS SUB-PROGRAM PLOTS THE X AND Y AXIS
COMMON X * 4 , 2 5 ) , Y * 4 . 2 5 ) , AI * 4 , 7 7 ) , JX* 4 ) , MX* 5 ) , CCC* 4 , 1 0 ) , 1 X,XMAG

11 FORMAT*1 3 , I X , 7 7 A 1 )
3011  FORMAT * F 4 . 0 )
3 0 1 ?  FORMAT ( F S . 3 )
3 0 1 3  FORMAT * 14HVELOCITY *F P S ) )



3 0 1 4  FORMAT (16H0RAG COEFFICIENT)
XMAG=2«
SX=.075*XMAG 
SY=240,*XMAG 
SNX=.09*XMAG 
SNY=.15+XMAG 
SLX=«I8*XMAG 
SLY-.30*XMAG
CALL SCALE( S X , S Y . 9 0 . . . 0 0 5 )
CALL EPLOT( - 2 . 8 2 . . . 0 0 5 )
CALL P O I N T ! 1)
CALL E PL O T (1 , 9 0 . , . 0 0 5 )
CALL EGRI D ( 0 , 9 0 . , . 0 0 5 , 2 . , 4 5 )
CALL EGRI D ( 1 , 9 0 . , . 0 0 5 , . 0 0 1 , 2 5 )
DO 3001 1 = 1 , 1 0
Riz: I
XNO=80.+ 1 0 . *RI
YAX=.0 0 3 7 5  g
XAX=XNO-2.4*XMAG
CALL ECHAR(XAX,YAX,SNX«SNY,0.)

30 01  WRITE(7 , 3 0 1 1 )  XNO 
DO 3 0 0 2  1 = 1 , 6
R1 = I
Y N 0=.005*R1
XAX=82.8
YAX=YN0-.00 0 3 1 2 5
CALL ËCHAR(XAX,YAX,SNX,SNY,0.)

3 0 0 2  W R I T E ( 7 , 3 0 1 2 )  YNO
CALL ECHARC1 2 1 . , . 0 0 1 6 7 5 , SLX, SLY, 0 • )
W R I T E ( 7 , 3 0 1 3 )
CALL E C H A R ( 8 1 . 6 , . 0 1 1 , S L X , S L Y , 1 . 5 7 0 8 )
WRITEC 7 , 3 0 1 4 )
DO 3 0 0 3  1 = 1 , IX
R I = I
I R = I - 1
Y AX= .035+SN Y*( . 5 - 1 . 5 * R I ) / S Y  
CALL EPLOT( - 2 , 1 0 0 . , YAX)



CALL POINT(IR)
CALL ECHARC103.,YAX,SNX.SNY,0.)
W«ITE(7.115 I.(AI(1,J),J=1,77>

3003 c o n t i n u e
CALL EPLOTC1,90...005)
CALL LINK(DRAW)
END

FEATURES SUPPORTED
ONE WORD INTEGERS 
EXTENDED PRECISION 
IOCS

CORE REQUIREMENTS FOR 
COMMON 1658 VARIABLES 40 PROGRAM 436

END OF COMPILATION

// DUP *  ̂

♦STORE WS UA GRID
CART ID OCOl DB ADDR 45ED DB CNT OOIE 

/ /  FOR
♦♦ ER020801.HUMPHREY CHU.ASME599 
♦IOCS(1403 PRINTER)
♦ONE WORD INTEGERS 
♦ tiXTENDED PRECISION 
♦LIST SOURCE PROGRAM

C THIS SUB PROGRAM FITS THE CURVE BY USING LEAST SQUARE METHORD.
DIMENSION D D tV ( 1 0 ) • YYCALC2 5 ) . A( 1 0 , 1 0 ) . B ( 1 0 ) , C ( 1 0 ) . C C ( I O . I O ) , P ( 2 0 )
COMMON X(4,2S),Y<4,25),AI(4,77),JX(4),MX(5),CCC(4.I0),IX.XMAG 

II FORMAT!IH .///.I3.5X.77A1,/)
7S7 FORMAT (I3.5X,EI4•7)
755 FORMAT (13.I X.I 0(EI 0.3.IX))



6 0 0 1  FORMAT( / / )
DO 1012 LX=1. IX 
NUM8=JX(LX)
DO 1001 M = l ,9
MX2=M*2 
DO 13 1 = 1 . MX2 
P ( I ) = 0 . 0  
DO 13 J=1.NUMB 

13 P(  I ) = P (  n + X ( L X .  J ) * * I
N=M + 1
DU 30 1 = 1 . N 
DO 3 0  J = 1 . N  
K=t + J-2 
1 F ( K ) 2 9 » 2 9 . 2 8

2 8  A ( I . J ) = P ( K )
GO TO 30

2 9  A(1.1)=NUMB
30 CONTINUE „

B ( 1 ) = 0 . 0  O'
DO 21 J=1.NUMB

21 B( 1 )=B( 1 H-Y(LX. J )
DO 22  1 = 2 . N 
B ( I ) = 0 . 0
DO 22  J=1.NUMB .

2 2  B{ l ) = B (  I ) + Y ( L X . J ) * X ( L X . J ) * * (  1-1>
NMI=N-1 ■
DO 3 0 0  K=1.NMI
KPI=K+1
L=K
DO 4 0 0  I = K P I . N
I F ( A B S ( A d . k ) ) - A B S ( A ( L . K ) ) )  4 0 0 . 4  0 0 . 4 0 1

401 L=I
4 0 0  CONTINUE

I F ( L - K ) 5 0 0 . 5 0 0 . 4 0 5  
4 0 5  DO 4 1 0  J= K .N

TEMP=A(K.J)



410

500

301
300

710

700

800

900
1001

1002

620
610

A(K*J)=A(L«J)
A(L.J)=TEMP 
TEMP=B(K)
B {K )= B (L )
B<L)=T.FMP 
ÜU 300 I-KP1,N 
FACT=A(1 *K}/A(K«K)
A( 1 * K ) = 0 . 0
UO 301 J=KPI.N
A ( 1 , J ) = A ( I , J ) - F A C T * A ( K . J )  
B ( 1 ) = B ( I ) - F A C T * D l K )  
C ( N ) = B ( N ) /A ( N # N )  
1=NMI
IPl=I+l
SUM=0.0
DO 700 J = I P 1 * N  
SUM=SUM+A(I, J ) * C ( J )
C(1)=(B(I)-SUM)/A(I,:)
1 = 1 - 1
1F(I)a00*800«710 
CONTINUE 
DO 900 1=1,N 
CC(M,I)=C{I)
CONTINUE
W W I T E (5 . I 1) L X . ( A 1 ( L X . J R ) . J R = 1 . 7 7 )
DO 1002 MY=1*9
I=MY+1 
WRITE( 5 . 7 5 5 )  MY. ( CC( MY. J ) . J = I , I )
DO 601 1=1.9
DO 610 J=1.NUMB 
1 1 = 1 + 1
YCAL=CC( I .  I )
DO 620 K=2.I I
YCAL=YCAL+CC(I. K ) 4 X ( LX. J ) ♦ ♦ ( K - 1)
YYCAL(J)=YCAL
DEVV=0.

0 0"U



DO 630 K=1,NUMB 
6 JO DEVV=DEVV+(ABS( YYCAL( K) - Y ( LX»K) ) * * 2 )

DEV=DEVV/NUM8 
W K I T £ ( 5 . 7 5 7 )  I*DEV 

601 DDEV(I)=DEV
STD£V=DDEV(1)
DO 621 1 = 1 , 9
IF (D D E V ( l ) -S T D E V ) 6 2 2 , 6 2 2 . 6 2 1

6 2 2  STDEV=DDEV(I)
MDEG=I

621 CONTINUE
MX(LX)=MDEG 
MM=KD£G+1 
DO 6 2 3  J=1,MM

6 2 3  C C C(L X ,J)=C C (M D E G ,J)
W H 1 T £ (5 ,7 S S )  MDEG,( CC(MDEG,1 ) , 1 = 1 , MM)

1 0 1 2  CONTINUE oo

DO 1013  M=1 , I X  °°
W R I T E ( S , l t ) M . ( A l ( M . J ) . J = 1 . 7 7 >
IO=MX(M)
IDD=ID+l
WRITE( 5 , 7 5 5 )  I O , ( C C C ( M , J ) , J = 1 , 1 0 0 )

1 0 1 3  CONTINUE
W R IT E < 5 ,6 0 0 1 )
CALL LINK(GRID)
END

FEATURES SUPPORTED 
ONE WORD INTEGERS 
e x t e n d e d  PRECISION 
IOCS

CORE r e q u i r e m e n t s  FOR 
COMMON 16 58 VARIABLES 8 7 4  PROGRAM 1174

END OF COMPILATION



(.

/ /  DUF»

♦STORE WS UA F I T
CART ID OCOl DB ADDR 4 6 0 8  0 8  CNT 004E

/ /  FOR
** E R 0 2 0 8 0 I .HUMPHREY CHU.ASME599 
♦ 1 0C S (C A R D .1 4 03  PRINTER)
♦ONE WORD INTEGERS 
♦EXTENDED PRECISION 
♦L IS T  SOURCE PROGRAM

C THIS I S  THE MAIN PROGRAM WHICH REDUCES THE EXPERIMENTAL DATA 
C OSGR=ORIGINAL STRAIN GAGE READING
C AREA=AIRFOIL PROJECTED AREA . S
C C8R=C0RRECTED BAROMETRIC READING 
C DELP=CHANGE OF STATIC PRESSURE!INCH OF WATER)
C SGR=STRAIN GAGE READING %
C TEMP=TUNNEL TEST SECTION TEMPERATURE

COMMON X ( 4 . 2 5 ) . Y ( 4 . 2 5 } . A I ( 4 . 7 7 ) . J X ( 4 ) . M X ( 5 ) » C C C ( 4 . 1 0 ) . IX.XMAG
C RE6=RE410+46
6 0 0 1  FORMAT!IHl)
10 FORMAT II3.77A1)
11 FORMAT!IH . / / / . I 3 . 5 X . 7 7 A 1 , / )
12 FORMAT!IH , 3 H N 0 . . 5X. 8HVEL! F P S ) , 9 X , 2 H C D . 1OX .8H D ELP!IN) . 7X,

1 7HREY.n o . . / )
2 FORMAT ! 3 F 1 5 . 8 )
6 FORMAT!IX.I3.2X.4IE13.6.2X))
3 R E A D !2 .1 0 )  1 X . ! A I ! I X . J ) . J = 1 . 7 7 )

I F ! I X )  5 . 5 . 8
8 CONTINUE

WKITE(S.Il) IX,{AI{IX.J),J=l.77)
READ ! 2 . 2 )  OSGR. AREA.CBR 
WRITE!5 . 1 3 )
WRITE!5 . 2 )  OSGR.AREA.CBR

13 FORMAT!IH.4H0SGR.11X.4HAREA.11X.3HCBR)



W R I T E ( 5 . 14)
14 FORMAT( 1H .4H 0E L P * IIX .JH S G H ,1 2 X .4H T E M P )

W R IT E (5 * 12)
J=0

1 READ ( 2 , 2 )  DELP. SGR.TEMP
W RIIE(5 ,2)DELP*SG R,T EM P 
I F ( D E L P ) 5 , 3 , 4

4 J = J + 1
J X ( I X ) = J
ORAG=ABS((OSGR-SGR)* . 1 1 4 )
R 0 = C B R * 1 4 4 .* 1 4 . 7 / ( 2 9 . 9 2 * 5 3 . 3 5 * 3 2 . 2 * ( T E M P + 4 6 0 . ) )  
V 2 = 3 . 3 8 5 * D E L P * 3 . 3 8 5  
V = ( V 2 / R O ) * * . 5  
CD=DRAG/(.5*V2*ARfcA)
R E 6 = (V*3-33)/(160.+(reMP-68.)*.64)*10.**6 
W R I T E ( 5 .6 )  J» V ,C D ,D E L P ,R E 6  
X( I X , J ) = V  
Y( I  X ,J )= C D  
GO TO I

5 CONTINUE 
W R 1 T E ( 5 , 6 0 0 1 )
CALL L I N K ( F Î T )
END

FEATURES SUPPORTED .
ONE WORD INTEGERS 
EXTENDED PRECISION 
IOCS

CORE REQUIREMENTS FOR '
COMMON 165 8  VARIABLES 4 6  PROGRAM 4 2 2

END OF COMPILATION

/ /  XEQ L



1 SOFT 0009 40 THIN WITHOUT DUMMY 6-18-70

OSGR AREA COR
4 S 9 7 . 0 0 0 0 0 3 8 I  1 0 . 0 0 0 0 0 0 0 0  2 8 . 7 0 0 0 0 0 0 1

DELP SGR TEMP
NO. VEL(FPS) CD O ELP(IN) REY.NO.

2 . 2 0 0 0 0 0 0 0 4 5 7 9 . 0 0 0 0 0 3 8 1 9 3 . 0 0 0 0 0 0 0 5
1 0 . 1 0 8 5 9 9 E 0 3  0 . 1 6 2 8 0 4 E - 0 1 0 . 2 2 0 0 0 0 E 01 0 . 2 0 5 4 7 5 E 07

2 . 7 4 0 0 0 0 0 0 4 5 7 5 . 0 0 0 0 0 3 8 1 9 4 . 0 0 0 0 0 0 0 5
2 0 . 1 2 1 3 0 6E 0 3  0 . 1 5 9 7 6 7 E - 0 1 0 . 2 7 4 0 0 0 E 01 0 . 2 2 8 6 8 5 E 07

3 . 3 2 0 0 0 0 0 0 4 5 7 0 . 0 0 0 0 0 3 8 1 9 5 . 0 0 0 0 0 0 0 5
3 0 . 1 J 3 6 5 0 E 03  0 . 1 6 1 6 2 4 E - 0 1 0 . 3 3 2 0 0 0 E 01 0 . 2 5 1 0 4 6 E 07

3 . 9 8 0 0 0 0 0 0 4 5 6 7 . 0 0 0 0 0 3 8 1 9 6 . 0 0 0 0 0 0 0 5
4 0 . I 4 C 4 6 4 E 03  0 . 1 4 9 9 8 7 E - 0 1 0 . 3 9 8 0 0 0 E 01 0 . 2 7 4 1 2 7 E 07

4 . 2 9 0 0 0 0 0 0 4 5 6 4 . 0 0 0 0 0 3 3 1 9 7 . 0 0 0 0 0 0 0 5
5 0 . I S 2 I 9 8 E 03 0 . I 5 3 0 6 4 E - 0 1 0 . 4 2 9 0 0 0 E 01 0 . 2 8 3 8 3 7 E 07

4 . 8 0 0 0 0 0 0 0 4 5 6 0 . 0 0 0 0 0 3 8 1 9 8 . 0 0 0 0 0 0 0 5
6 0 . 1 6 1 135E 03  0 . 1 5 3 3 8 3 E - 0 1 0 . 4 8 0 0 0 0 E 01 0 . 2 9 9 4 3 1 E 07

5 . 3 0 0 0 0 0 0 0 4 5 5 5 . 5 0 0 0 0 3 8 1 9 9 . 0 0 0 0 0 0 0 5
7 0 . I 6 9 4 7 I E 03  0 . 1 5 5 8 0 7 E - 0 1 0 . 5 3 0 0 0 0 E 01 0 . 3 1 3 8 0 1 E 07

4 . 4 5 0 0 0 0 0 0 4 5 6 4 . 0 0 0 0 0 3 8 1 9 9 . 0 0 0 0 0 0 0 5
8 0 . 1 5 5 2 8 8 E 03  0 . 1 4 7 5 6 0 E - 0 1 0 . 4 4 5 0 0 0 E 01 0 . 2 8 7 5 3 9 E 07

3 . 7 1 0 0 0 0 0 0 4 5 7 0 . 0 0 0 0 0 3 8 1 9 9 . 0 0 0 0 0 0 0 5
9 0 . I 4 1 7 9 0 Ê 0 3  0 . I 4 4 8 I 2 E - 0 I 0 . 3 7 I 0 0 0 E 01 0 . 2 6 2 5 4 5 E 07

2 . 6 0 0 0 0 0 0 0 4 5 7 9 . 5 0 0 0 0 3 8 1 9 9 . 0 0 0 0 0 0 0 5
10 0 . I 1 8 6 9 8 E 03  0 . 1 3 3 9 3 1 E - 0 1 0 . 2 6 0 0 0 0 E 01 0 . 2 1 9 7 8 8 E 07

2 . 4 0 0 0 0 0 0 0 4 5 8 1 . 5 0 0 0 0 3 8 1 9 9 . 0 0 0 0 0 0 0 5
I I 0 . I 1 4 0 4 2 E 0 3  0 . 1 2 6 S 1 0 E - 0 1 0 . 2 4 0 0 0 0 E 01 0 . 2 1 1 1 6 5 E 07

2 . 8 5 0 0 0 0 0 0 4 5 7 5 . 5 0 0 0 0 3 8 1 9 8 . 0 0 0 0 0 0 0 5
12 0 . 1 2 4 1 6 3 E 0 3  0 . 1 5 0 1 1 0 E - 0 1 0 . 2 8 5 0 0 0 E 01 0 . 2 3 0 7 2 7 E 07

3 . 2 3 0 0 0 0 0 0 4 5 7 4 . 5 0 0 0 0 3 8 1 9 8 . 5 0 0 0 0 0 0 5
1 3 0 . I 3 2 2 4 1 E 0 3  0 . 1 3 8 6 1 0 E - 0 I 0 . 3 2 3 0 0 0 E 01 0 . 2 4 5 3 Q 0 E 07

3 . 6 9 0 0 0 0 0 0 4 5 7 0 . 0 0 0 0 0 3 8 1 9 9 . 0 0 0 0 0 0 0 5
14 0 . 14 140 7E 0 3  0 . I 4 5 S 9 7 E - 0 1 0 . 3 6 9 0 0 0 E 01 0 . 2 6 1 8 3 6 E 07



4 . 2 5 0 0 0 0 0 0 4 5 6 5 .
15 0 . 1 5 1 8 2 6 E 03

4 . 5 9 0 0 0 0 0 0 4 5 6 1 .
16 0 . 1 5 7 8 5 3 E 03

5 . 0 0 0 0 0 0 0 0 4 5 5 7 .
17 0 . 164B26E 03

3 . 9 0 0 0 0 0 0 0 4 5 6 9 .
18 0 . 1 4 5 6 3 5 E 03

3 . 1 0 0 0 0 0 0 0 4 5 7 5 .
19 0 . 1 2 9 8 4 2 E 0 3

2 . 4 5 0 0 0 0 0 0 4 5 8 0 .
20 0 . 1 15429E 03

0 . 0 0 0 0 0 0 0 0 0 .

5 0 0 0 0 3 3 1
0 . 1 4 7 4 8 2 E -
5 0 0 0 0 3 8 1
0 . 1S3B98E-
0 0 0 0 0 3 8 1
0 . 1591 86E -
0 0 0 0 0 3 8 1
0 - 14 2 8 6 0 E -
00000381*
0 . 1 4 1 2 1 4 E -
0 0 0 0 0 3 8 1
0» 1380 70E -
00000000

9 9 * 5 0 0 0 0 0 0 5  
01 0 . 4 2 5 0 0 0 E  01

1 0 0 . 0 0 0 0 0 0 0 5
01 «0 . 4 5 9 0 0 0 E ■01

1 0 0 . 5 0 0 0 0 0 0 5  
01 0 . 5 0 0 0 0 0 E  01

10 1 . 0 0 0 0 0 0 0 5  
01 0 . 3 9 0 0 0 0 E  01

1 0 1 . 0 0 0 0 0 0 0 5
01 0 . 3 1 0 0 0 0 E  01

10 1 . 0 0 0 0 0 0 0 5  
01 0 . 2 4 5 0 0 0 E  01

0.00000000

0 . 2 8 0 6 3 0 E  07 

0 . 2 9 1 2 5 2 E  07  

0 . 3 0 3 5 7 9 E  07 

0 . 2 6 7 7 5 9 E  07  

0 . 2 3 8 7 2 2 E  07 

0 . 2 1 2 2 2 4 E  07

SOFT 0 0 0 9  40  THIN WITH DUMMY 6 - 1 8 - 7 0
VOro

OSGR
4 5 9 9 . 0 0 0 0 0 3 8 1

DELP 
NO

AREA
10.00000000

SGR

CBR
2 8 . 7 0 0 0 0 0 0 1

TEMP
1. VEL(FPS) CD DELP(IN ) REY.NO.

2 . 3 4 0 0 0 0 0 0 4 5 7 1 . 0 0 0 0 0 3 8 1 9 6 . 0 0 0 0 0 0 0 5
1 0 . 1 12304 E 0 3  0 . 2 3 8 1 0 0 E - 0 1 0 . 2 3 4 0 0 0 E 01 0 . 2 1 0 1 9 3 E 07

2 . 7 5 0 0 0 0 0 0 4 5 6 7 . 5 0 0 0 0 3 8 1 9 7 . 0 0 0 0 0 0 0 5
2 0 . 1 2 1 8 5 6 6 03 0 . 2 2 7 9 2 6 E - 0 1 0 . 2 7 5 0 0 0 E 01 0 . 2 2 7 2 5 2 E 07

3 . 6 0 0 0 0 0 0 0 4 5 5 9 . 0 0 0 0 0 3 8 1 9 8 . 0 0 0 0 0 0 0 5
3 0 . 1 3 9 5 4  7E 0 3  0 . 2 2 1 0 9 2 6 - 0 1 0 . 3 6 0 0 0 0 E 01 0 . 2 5 9 3 1 S E 07

4 . 0 8 0 0 0 0 0 0 4 5 5 5 . 0 0 0 0 0 3 8 1 9 8 . 0 0 0 0 0 0 0 5
4 0 . 1 4 8 5 5 9 E 0 3  0 . 2 1 4 5 9 0 6 - 0 1 0 . 4 0 8 0 0 0 E 01 0 . 2 7 6 0 6 2 E 07

4 . 4 5 0 0 0 0 0 0 4 5 5 0 . 0 0 0 0 0 3 8 1 10 0 . 0 0 0 0 0 0 0 5
5 0 . 1 5 5 4 2 7 E 03  0 . 2 1 9 1 0 S E - 0 1 0 . 4 4 5 0 0 0 E 01 0 . 2 8 6 7 7 6 E 07



4 . 7 5 0 0 0 0 0 0 4 5 4 6 . 0 0 0 0 0 3 8 1 10 0 . 0 0 0 0 0 0 0 5
6 0 . 160 5 8 1 E 0 3  0 . 2 2 2 0 2 3 E - 0 1 0 . 4 7 5 0 0 0 E 01 0 . 2 9 6 2 8 5 E 07

2 . 1 0 0 0 0 0 0 0 4 5 7 5 . 0 0 0 0 0 3 8 1 9 9 . 5 0 0 0 0 0 0 5
7 0 . 1 0 6 7 2 4 E 0 3  0 . 2 2 7 4 0 9 E - 0 1 0 . 2 1 0 0 0 0 E 01 0 . 1 9 7 2 6 4 E 07

2 . 6 8 0 0 0 0 0 0 4 5 7 0 . 0 0 0 0 0 3 8 1 9 9 . 0 0 0 0 0 0 0 5
8 0 .  12051 IE 0 3  0 . 2 1 5 3 1 8 E - 0 1 0 . 2 6 8 0 0 0 E 01 0 . 2 2 3 1 4 3 E 07

3 . 4 0 0 0 0 0 0 0 4 5 6 1 . 0 0 0 0 0 3 8 1 9 9 . 0 0 0 0 0 0 0 5
9 0 . 1 3 6 7 3  fE 0 3  0 . 2 2 2 3 9 3 E - 0 1 0 . 3 4 0 0 0 0 E 01 0 . 2 5 1 3 3 7 E 07

3 . 8 2 0 0 0 0 0 0 4 5 5 7 . 5 0 0 0 0 3 8 1 10 0 . 0 0 0 0 0 0 0 5
10 0 . 1 4 4 00 5 E 0 3  0 . 2 1 6 1 7 3 E - 0 1 0 . 3 8 2 0 0 O E 01 0 . 2 6 5 7 0  IE 07

4 . 3 0 0 0 0 0 0 0 4 5 5 2 . 0 0 0 0 0 3 8 1 10 0 . 5 0 0 0 0 0 0 5
1 1 0 . 15 285 3E 0 3  0 . 2 1 7 4 9 3 E - 0 1 0 . 4 3 0 0 0 0 E 01 0 . 2 8 1 5 2 8 E 07

4 . 8 0 0 0 0 0 0 0 4 5 4 5 . 0 0 0 0 0 3 8 1 10 1 . 0 0 0 0 0 0 0 5
12 0 . 1 6 1 5 6 8 E 0 3  0 . 2 2 3 8 S 6 E - 0 1 0 . 4 8 0 0 0 0 E 01 0 . 2 9 7 0 5 2 E 07

S . 5 0 0 0 0 0 0 0 4 5 3 7 . 5 0 0 0 0 3 8 1 10 3 . 0 0 0 0 0 0 0 5
13 0 . 17 3 2 5 6 E 0 3  0 . 2 2 2 4 9 9 E - 0 1 0 . 5 3 0 0 0 0 E 01 0 . 3 1 6 3 0 6 E 07

4 . 7 5 0 0 0 0 0 0 4 5 4 7 . 0 0 0 0 0 3 8 1 10 3 . 0 0 0 0 0 0 0 5
14 0 . 1 6 1 0 1 OE 03  0 . 2 1 7 8 3 4 E - 0 1 0 . 4 7 5 0 0 0 E 01 0 . 2 9 3 9 5 0 E 07

4 . 2 2 0 0 0 0 0 0 4 5 5 2 . 5 0 0 0 0 3 8 1 10 3 . 0 0 0 0 0 0 0 5
15 0 . 1 5 1 7 6 2 E 0 3  0 . 2 1 9 2 S 9 E - 0 1 0 . 4 2 2 0 0 0 E 01 0 . 2 7 7 0 6 6 E 07

3 . 3 6 0 0 0 0 0 0 4 5 6 3 . 0 0 0 0 0 3 8 1 10 2 . 5 0 0 0 0 0 0 5
16 0 . 1 35358E 0 3  0 . 2 1 3 1 9 6 E - 0 1 0 . 3 3 6 0 0 0 E 01 0 . 2 4 7 5 S 2 E 07

1 . 9 0 0 0 0 0 0 0 4 5 7 9 . 0 0 0 0 0 3 8 1 10 2 . 0 0 0 0 0 0 0 5
17 0 . 1 0 1 7 4 1 Ë 0 3  0 . 2 0 9 4 5 6 E - 0 1 0 . 19 000 0E 01 0 . 1 8 6 3 9 9 E 07

0 . o o o o o o o o 0 . 0 0 0 0 0 0 0 0 0 . OOOOOOOO

VOW

HARD 0 0 0 9  4 0  THIN WITHOUT DUMMY 6 - 1 7 - 7 0

OSGrl AREA CBR
4 6 4 4 . 5 0 0 0 0 3 8 1  1 0 . 0 0 0 0 0 0 0 0  2 8 . 7 5 0 0 0 0 0 1

DELP SGR TEMP
NO. V E L (E O S )  CD D E L P ( I N ) REY.NO,



4

2 .

1 0

1 1

12

13

14

15

16

1 7

5 .

3 .

4 9 0 0 0 0 0 0  
0 . 1 5 4 9 4 0 E  
9 5 0 0 0 0 0 0  
0 . 1 6 2 8 3 1 k  
5 0 0 0 0 0 0 0  
0 . 1 7 1 8 7 1 E  
6 0 0 0 0 0 0 0  
0 . 1 57 25 2E  
1 0 00 0000  
0 . 1 2 9 1 4 9 E  
3 5 0 0 0 0 0 0  
0 . 1 123 45E  
8 5 0 0 0 0 0 0  
0 . 1 2 3 6 0 9 E  
12000000 
0 . 1 2 9 3 3 2 E  
5 0 0 0 0 0 0 0  
0 . 1 36982E  
8 0 0 0 0 0 0 0  
O . 1 4 2 7 9 6 E  
4 0 0 0 0 0 0 0  
0 . 153 79SE  
8 5 0 0 0 0 0 0  
0 . 1 61 5 4 1 E  
3 0 0 0 0 0 0 0  
0 . 1Û9021E 
20000000 
0 . 1 5 0 52 9 E  
6 7 0 0 0 0 0 0  
0 . 1 4 0 6 4 8 E  
OOOOOOOO 
O . 1 2 7 0 4 9 E  
OOOOOOOO 
0 . 1 0 3 7 3 5 E  
OOOOOOOO

4 6 0 6 .  
0 3
4 6 0 2 .  
0 3
4 5 9 7 .
03
4 6 0 5 .
0 3
4 6 1 8 .  
0 3
4 6 2 4 .
0 3
4 6 1 9 .
03
4 6 1 8 .
03
4 6 1 5 .
03
46 11  .
0 3
4 6 0 7 .  
0 3
4 6 0 3 .  
03
4 5 9 9 .
03
4 6 0 9 .
0 3
4 6 1 2 .
03
4 6 1 7 .
03
4626.
03

0 ,

5 0 0 0 0 3 8 1
O. 16840 4E -
5 0 0 0 0 3 8 1
O .1 6 8 8 3 4 E -
0 0 0 0 0 3 8 1
0 . 1 71 849 E -
5 0 0 0 0 3 8 1
O .1 6 8 7 0 3 E -
0 0 0 0 0 3 6 1
0 .  1 7 00 98 E -
0 0 0 0 0 3 8 1
O. 1 7358 lE-
5 0 0 0 0 3 8 1
0 . 1 7 4 54 7 E -
0 0 0 0 0 3 8 1
O . 1 6 9 0 0 8 E -
0 0 0 0 0 3 8 1
0 . 1677 14E -
0 0 0 0 0 3 8 1
0 . 1 7 5 4 1 9 E -
0 0 0 0 0 3 8 1
0 . 1 6 9 5 8 8 E -
0 0 0 0 0 3 8 1
0 . 1 7 0 2 6 4 E -
0 0 0 0 0 3 8 1
0 . 1 7 0 8 2 5 E -
0 0 0 0 0 3 8  I
0 . 1 6 8 1 8 8 e -
5 0 0 0 0 3 8 1  
0 . 1 7 3 5 0 0 E -  
0 0 0 0 0 3 8 1  
0 . 1 8 2 4 0 1 E -  
0 0 0 0 0 3 8 1
O . 1 8 4 0 5 9 E -  
00000000

9 2 . 5 0 0 0 0 0 0 5
01 0 . 4 4 9 0 0 0 E  01

9 3 . 5 0 0 0 0 0 0 5
01 0 . 4 9 5 0 0 0 E  01

9 5 . 0 0 0 0 0 0 0 5
01 0 . 5 5 0 0 0 0 E  01

9 5 . 5 0 0 0 0 0 0 5
01 0 . -4 6000 0E  01

9 6 . 0 0 0 0 0 0 0 5
01 0 . 3 1 0 0 0 0 E  01
I 9 5 . 0 0 0 0 0 0 0 5  

01 0 . 2 3 5 0 0 0 E  01
9 4 . 0 0 0 0 0 0 0 5

01 0 . 2 8 5 0 0 0 E  01
9 4 . 0 0 0 0 0 0 0 5

01 0 . 3 1 2 0 0 0 E  01
9 4 . 0 0 0 0 0 0 0 5

01 0 . 3 5 0 0 0 0 E  01
9 4 . 5 0 0 0 0 0 0 5

01 0 . 3 8 0 0 0 0 E  01
9 5 . 5 0 0 0 0 0 0 5

01 0 . 4 4 0 0 0 0 E  01
9 6 . 0 0 0 0 0 0 0 5

01 0 . 4 8 5 0 0 0 E  01
9 7 . 0 0 0 0 0 0 0 5

01 0 . 5 3 0 0 0 0 E  01
9 7 . 5 0 0 0 0 0 0 5

01 0 . 4 2 0 0 0 0 E  01
9 7 . 0 0 0 0 0 0 0 5

01 0 . 3 6 7 0 0 0 E  01
9 6 . 0 0 0 0 0 0 0 5

01 0 . 3 0 0 0 0 0 E  01
96.00000005

01 0 . 2 0 0 0 0 0 E  01
0 . 0 0 0 0 0 0 0 0

0 . 2 9 3 6 8 8 E  07 

0 . 3 0 7 5 2 4 E  07 

0 . 3 2 2 8 4 0 E  07 

0 . 2 9 4 8 4 7 E  07 

0 . 2 4 1 7 2 0 E  07 

0 . 2 1 1 0 2 8 E  07 

0 . 2 3 3 0 2 8 E  07 

0 . 2 4 3 8 1 6 E  07 

0 . 2 5 8 2 3 7 E  07 

0 . 2 6 8 7 1 2 E  07 

0 . 2 8 8 3 6 6 E  07 

0 . 3 0 2 3 4 5 E  07 

0 . 3 1 5 2 1  IE 07  

0 . 2 8 0 2 2 3 E  07  

0 . 2 6 2 2 9 8 E  07 

0 . 2 3 7 7 8 9 E  07 

0 . 1 9 4 1 5 4 E  07

VO -



HARD 0009 40 THIN WITH DUMMY 6-17-70

OSGR
4 6 4 5 ,

D E L P
NU.

5 0 0 0 0 3 8 1
AREA

1 0 . 0 0 0 0 0 0 0 0
S G R

VEL(FOS) CD

CBR
2 8 . 7 5 0 0 0 0 0 1

T E M P
DELP(IN) REY.NO.

2 . 5 5 0 0 0 0 0 0 4 6 1 4 . 5 0 0 0 0 3 8 1 9 3 . 0 0 0 0 0 0 0 5
1 0 . 1 16 81 7E 03  0 . 2 4 1 9 0 1 E - 0 1 0 . 2 5 5 0 0 0 E 01 0 . 2 2 I 0 2 4 E 07

2 . 8 5 0 0 0 0 0 0 4 6 1 1 . 0 0 0 0 0 3 8 1 9 3 . 0 0 0 0 0 0 0 5
2 0 . 1 2349 8E 0 3  0 . 2 4 0 8 7 5 E - 0 1 0 . 2 8 5 0 0 0 E 01 0 . 2  336 64E 07

3 . 2 0 0 0 0 0 0 0 4 6 0 7 . 5 0 0 0 0 3 8 1 9 4 . 0 0 0 0 0 0 0 5
3 0 . 1 30980E 0 3  0 . 2 3 6 2 9 3 E - 0 1 0 . 3 2 0 0 0 0 E 01 0 . 2 4 6 9 2 2 E 07

3 . 7 0 0 0 0 0 0 0 4 6 0 2 . 5 0 0 0 0 3 8 1 9 4 . 0 0 0 0 0 0 0 5
4 0 . 1 4 0 8 4  IE 0 3  0 . 2 3 1 2 5 1 E - 0 1 0 . 3 7 0 0 0 0 E 01 0 . 2 6 5 5 1 3 E 07

4 . 2 0 0 0 0 0 0 0 4 5 9 7 . 0 0 0 0 0 3 8 1 9 5 . 0 0 0 0 0 0 0 5
5 0 . 1 5 0 1 9 2 E 0 3  0 . 2 2 9 7 7 8 E - 0 1 0 . 4 2 0 0 0 0 E 01 0 . 2 8 2 1 18E 07

4 . 6 0 0 0 0 0 0 0 4 5 9 4 . 0 0 0 0 0 3 8 1 9 6 . 0 0 0 0 0 0 0 5
6 0 . 1 5 7 3 2 2 E 0 3  0 . 2 2 2 7 7 5 E - 0 1 0 . 4 6 0 0 0 0 E 01 0 . 2 9 4 4 4 9 E 07

S . 0 5 0 0 0 0 0 0 4 5 8 7 . 0 0 0 0 0 3 8 1 9 7 . 0 0 0 0 0 0 0 5
7 0 . 1 6 4 9 8 6 E 0 3  0 . 2 3 0 5 0 5 E - 0 1 0 . 5 0 5 0 0 0 E 01 0 . 3 0 7 6 8 6 E 07

5 . 5 0 0 0 0 0 0 0 4 5 8 4 . 5 0 0 0 0 3 8 1 9 8 . 0 0 0 0 0 0 0 5
8 0 . I 7 2 3 3 5 E 0 3  0 . 2 2 0 6 9 1 E - 0 1 0 .5 5 0 O 0 0 E 01 0 . 3 2 0 2 4 3 E 07

4 . 6 5 0 0 0 0 0 0 4 5 9 1 . 5 0 0 0 0 3 8 1 9 8 . 0 0 0 0 0 0 0 5
9 0 . 1 5 8 4 5 9 E 03  0 . 2 3 1 0 7 7 E - 0 1 0 . 4 6 5 0 0 0 E 01 0 . 2 9 4 4 5 9 E 07

3 . 8 2 0 0 0 0 0 0 4 6 0 2 . 0 0 0 0 0 3 8 1 9 8 . 0 0 0 0 0 0 0 5
10 0 . 1 4 3 6 2 3 E 0 3  0 . 2 2 6 5 9 1 E - 0 1 0 . 3 8 2 0 0 0 E 01 0 . 2 6 6 8 8 9 E 07

3 . 4 0 0 0 0 0 0 0 4 6 0 5 . 5 0 0 0 0 3 8 1 9 7 . 5 0 0 0 0 0 0 5
11 0 . 1 3 5 4 3 7 E 0 3  0 . 2 3 4 0 9 8 E - 0 1 0 . 340O00E 01 0 . 2 5 2 1 2 7 E 07

2 . 4 5 0 0 0 0 0 0 4 6 1 5 . 5 0 0 0 0 3 8 1 9 7 . 0 0 0 0 0 0 0 5
12 0 . 1 1 4 9 1 7E 0 3  0 . 2 4 3 6 5 3 E - 0 1 0 . 2 4 5 0 0 0 E 01 0 . 2 1 4 3 1  IE 07

2 . 7 5 0 0 0 0 0 0 4 6 1 3 . 0 0 0 0 0 3 8 1 9 6 . 0 0 0 0 0 0 0 5
13 0 . 1 2 1 6 4 0 E 0 3  0 . 2 3 5 1 6 2 E - 0 1 0 . 2 7 5 0 0 0 E 01 0 . 2 2 7 6 6 6 E 07

3 . OOOOOOOO 4 6 1 0 . 5 0 0 0 0 3 8 1 9 6 . 0 0 0 0 0 0 0 5
14 0 . 1 2 7 0 4 9 E 0 3  0 . 2 3 2 1 4 7 E - 0 1 0 . 3 0 0 0 0 0 E 01 0 . 2 3 7 7 8 9 E 07

VOLn



3 . 3 0 0 0 0 0 0 0 4 6 0 8 . 0 0 0 0 0 3 8 1 9 6 . 5 0 0 0 0 0 0 5
IS 0 . 1 3 3 3 1 0 E 0 3  0 . 2 2 6 1 1 7 E -0 1 0 . 3 3 0 0 0 0 E 01 0 . 2 4 9 0 6 0 E 07

3 . 6 5 0 0 0 0 0 0 4 6 0 3 . 0 0 0 0 0 3 8 1 9 7 . 0 0 0 0 0 0 0 5
16 O. 1 4 0 2 6 5 E 0 3  0 . 2 3 1 6 9 3 E - 0 1 0 . 3 6 S 0 0 0 E 01 0 . 2 6 1 5 8 3 E 07

4 . 1 0 0 0 0 0 0 0 4 5 9 9 . 5 0 0 0 0 3 8 1 9 7 . 0 0 0 0 0 0 0 5
1 7 0 . 1 4 8 6 6 0 E 03  0 . 2 2 3 2 5 0 6 - 0 1 0 . 4 lOOOOE o i 0 . 2 7 7 2 3 9 E 07

4 . 6 9 0 0 0 0 0 0 4 5 9 1 . 0 0 0 0 0 3 8 1 9 8 . 0 0 0 0 0 0 0 5
18 0 . 1 5 9 1 3 9 E 03  0 . 2 3 1 2 2 8 E - 0 1 0 . 4 6 9 0 0 0 E 01 0 . 2 9 5 7 2 3 E 07

5 . 3 2 0 0 0 0 0 0 4 3 8 4 . 5 0 0 0 0 3 8 1 9 9 . 0 0 0 0 0 0 0 5
19 0 .  1Û9643E 0 3  0 . 2 2 8 1 5 8 E - 0 1 0 . 5 3 2 0 0 0 E 01 0 . 3 1 4 1 19E 07

4 . 6 5 0 0 0 0 0 0 4 5 9 2 . 0 0 0 0 0 3 8 1 1 0 0 . 0 0 0 0 0 0 0 5
20 0 . 1 58 7 4 3 E 0 3  0 . 2 2 8 9 J 6 E - 0 1 0 . 4 6 5 0 0 0 E 01 0 . 2 9 2 8 9 4 E 07

3 . 6 1 0 0 0 0 0 0 4 6 0 7 . 5 0 0 0 0 3 8 1 1 0 0 . 0 0 0 0 0 0 0 5
21 0 . 1 3 98 6 9 E 0 3  0 . 2 0 9 4 5 6 E - 0 1 0 . 3 6 1 0 0 0 E 01 0 . 2 5 8 0 7 0 E 07

2 . 9 0 0 0 0 0 0 0 4 6 1 1 . 0 0 0 0 0 3 8 1 9 9 . 0 0 0 0 0 0 0 5
22 0 .  I 2 5 2 5 0 E 0 3  0 . 2 3 6 7 2 1 E - 0 1 0 . 2 9 0 0 0 0 E Cl 0 . 2 3 1 9 2 0 E 07

2 . 1 0 0 0 0 0 0 0 4 6 2 0 . 0 0 0 0 0 3 8 1 9 8 . 0 0 0 0 0 0 0 5
23 0 . 1 0 6 4 8 8 E 0 3  0 . 2 4 1 6 2 3 E - 0 1 0 . 2 1 0 0 0 0 E 01 0 . 1 9 7 8 8 3 E 07 VO

O '

SOFT 0 0 0 9  40  THICK WITHOUT DUMMY 6 - 2 9 - 7 0

OSüR 
4 6 0 3  

DELP 
NO

0 0 0 0 0 3 8 1
AREA

1 0 .
SGR

OOOOOOOO
CBR

2 8 . 7 6 0 0 0 0 0 0
TEMP

1. VEL(FPS) CD D ELP(IN ) REY.NO.

1 . 8 0 0 0 0 0 0 0 4 5 9 0 . 0 0 0 0 0 3 8 1 8 8 . 0 0 0 0 0 0 0 5
I 0 . 9 7 6 8 4 7 E 02 0 . I 4 3 7 1 0 E - 0 I 0 . 1 8 0 0 0 0 E 01 0 . 1 8 8 2 4 6 E 07

1 . 8 5 0 0 0 0 0 0 4 5 8 7 . 5 0 0 0 0 3 8 1 8 9 . 0 0 0 0 0 0 0 5
2 0 . 9 9 1 2 2 5 E 02  0 . 1 6 6 7 1 6 E - 0 1 0 . 1 8 50 00E 01 0 . 190 3 1 2 E 07

2 . 3 5 0 0 0 0 0 0 . 4 5 8 5 . 0 0 0 0 0 3 8 1 8 8 . 0 0 0 0 0 0 0 5
3 0 . I 1 1615E 0 3  0 . 1 5 2 4 1 3 E - 0 1 0 . 2 3 5 0 0 0 E 01 0 . 2 1 5 0 9 2 E 07



2 . & 5 0 0 0 0 0 0 4 5 8 1 . 0 0 0 0 0 3 8 1 8 9 . 5 0 0 0 0 0 0 5
4 0 . 1 18 68 8E 0 3  0 . 1 6 5 1 9 4 E - 0 1 0 . 2 6 5 0 0 0 E 01 0 . 2 2 7 4 5 8 E 07

2 . 7 5 0 0 0 0 0 0 4 5 8 1 . 5 0 0 0 0 3 8 1 8 9 . 0 0 0 0 0 0 0 5
5 0 . 1 2 0 8 5 1 E 03  0 . 1 5 5 5 6 9 E - 0 1 0 . 2 7 5 0 0 0 E 01 0 . 2 3 2 0 3 1 E 07

3 . 3 0 0 0 0 0 0 0 4 5 7 5 . 2 5 0 0 0 3 8 1 9 0 . 5 0 0 0 0 0 0 5
6 0 . 1 3 2 5 6 7 E 03  0 . 1 6 7 3 2 7 E - 0 1 0 . 3 3 0 0 0 0 E 01 0 . 2 5 3 1 2 4 E 07

4 . 1 2 0 0 0 0 0 0 4 5 7 0 . 2 5 0 0 0 3 8 1 91 . 5 0 0 0 0 0 0 5
7 0 . 1 4 8 2 5 9 E 0 3  0 . 1 5 8 1 7 2 E - 0 1 0 . 4 1 2 0 0 0 E 01 0 . 2 8 2 0 5 1 E 07

4 . 5 2 0 0 0 0 0 0 4 5 6 8 . 0 0 0 0 0 3 8 1 9 3 . 0 0 0 0 0 0 0 5
8 0 . 1 5 5 50 0 E 0 3  0 . 1 5 4 0 8 0 E - 0 1 0 . 4 5 2 0 0 0 E 01 0 . 2 9 4 2 1 4E 07

4 . 9 3 0 0 0 0 0 0 4 5 6 4 . 0 0 0 0 0 3 8 1 9 4 . 0 0 0 0 0 0 0 5
9 0 . 1 6 2 5 4 6 E 0 3  0 . 1 5 7 4 1 l E - 0 1 0 . 4 9 3 0 0 0 E 01 0 . 3 0 6 4 3 1 E 07

5 . 6 5 0 0 0 0 0 0 4 5 5 7 . 5 0 0 0 0 3 8 1 9 5 . 0 0 0 0 0 0 0 5
10 0 . 1 74169E 0 3  0 . 1 6 0 2 4 3 E - 0 1 0 . 5 6 5 0 0 0 E 01 0 . 3 2 7 1 5 6 E 07

4 . 4 3 0 0 0 0 0 0 4 5 6 9 . 5 0 0 0 0 3 8 1 9 5 . 5 0 0 0 0 0 0 5
11 0 . 1 3 4 2 9 2 6 0 3  0 . 1 5 0 4 7 3 E - 0 1 0 . 4 4 3 0 0 0 E 01 0 . 2 8 9 2 9 7 E 07

3 . 7 0 0 0 0 0 0 0 4 5 7 4 . 7 5 0 0 0 3 8 1 9 5 . 0 0 0 0 0 0 0 5
12 0 . 1 4 0 9 4 4 E 0 3  0 . 1 5 1 9 2 6 E - 0 1 0 . 3 7 0 0 0 0 E 01 0 . 2 6 4 7 4 7 E 07

2 . 7 1 0 0 0 0 0 0 4 5 8 4 . 0 0 0 0 0 3 8 1 9 5 . 0 0 0 0 0 0 0 5
13 0 . 1 2 0 6 2 3 6 0 3  0 . 1 3 9 5 0 8 E - 0 1 0 . 2 7 1 0 0 0 E 01 0 . 2 2 6 5 7 7 E 07

2 . OOOOOOOO 4 5 9 0 . 0 0 0 0 0 3 8 1 9 4 . 0 0 0 0 0 0 0 5
14 0 . 1 0 3 5 3 0 E 0 3  0 . 1 2 9 3 J 9 E - 0 1 0 . 2 0 0 0 0 0 E 01 0 . 1 9 S 1 7 5 E 07

2 . 5 8 0 0 0 0 0 0 4 5 8 5 . 0 0 0 0 0 3 8 1 9 4 . 0 0 0 0 0 0 0 5
15 0 . 1 17588E 0 3  0 . 1 3 8 8 2 5 E - 0 1 0 . 2 5 8 0 0 0 E 01 0 . 2 2 1 6 7 6 E 07

3 . 2 8 0 0 0 0 0 0 4 5 7 9 . 0 0 0 0 0 3 8 1 9 3 . 5 0 0 0 0 0 0 5
16 0 . 1 3 2 5 2 4 6 0 3  0 . 1 4 5 5 9 7 E - 0 1 0 . 3 2 8 0 0 0 E 01 0 . 2 5 0 2 8 7 E 07

3 . 9 0 0 0 0 0 0 0 4 5 7 3 . 0 0 0 0 0 3 8 1 9 4 . 0 0 0 0 0 0 0 5
17 0 . 1 4 4 5 7 3 E 0 3  0 . 1 5 3 0 6 4 E - 0 1 0 . 3 9 0 0 0 0 E 01 0 . 2 7 2 5 4 7 E 07

4 . 5 5 0 0 0 0 0 0 4 5 6 8 . 5 0 0 0 0 3 8 1 9 5 . 0 0 0 0 0 0 0 5
18 0 . 1 5 6 2 9 7 E 0 3  0 . 1 5 0 8 7 7 6 - 0 1 0 . 4 5 5 0 0 0 E 01 0 . 2 9 3 5 8 7 E 07

6 . OOOOOOOO 4 5 3 5 . 0 0 0 0 0 3 8 1 9 7 . 0 0 0 0 0 0 0 5
19 0 . 1 7 9 8 0 5 E 0 3  0 . 1 5 9 1 8 6 E - 0 1 0 . 6 0 0 0 0 0 E 01 0 . 3 3 5 3 2 3 E 07

4 . 4 7 0 0 0 0 0 0 4 5 6 9 . 0 0 0 0 0 3 8 1 9 7 . 0 0 0 0 0 0 0 5
20 0 . 15519 6E 0 3  . 0 . 1 5 1 3 5 2 E - 0 1 0 . 4 4 7 0 0 0 E 01 0 . 2 8 9 4 2 8 E 07

3 . 6 1 0 0 0 0 0 0 4 5 7 5 . 2 5 0 0 0 3 8 1 9 7 . 0 0 0 0 0 0 0 5



2 1 .  O . I 3 9 4 7 0 E
2 . 6 1 0 0 0 0 0 0

22 - 0 . 1 1 8 5 3 6 E  
2 . 0 5 0 0 0 0 0 0

23  0 . 1 0 5 0 0 6 E  
0 . 000000*00

03  0 . 1 5 2 9 S 8 E - 0 1  0 . 3 6 1 0 0 0 E  01
4 5 8 4 . 5 0 0 0 0 3 8 1  9 6 . 5 0 0 0 0 0 0 5
0 3  0 . 1 4 1 0 4 2 E - 0 I  0 . 2 6 1 0 0 0 E  01
4 5 8 8 . 5 0 0 0 0 3 8 1  9 6 . 0 0 0 0 0 0 0 5
0 3  0 . 1 4 0 7 4 4 E - 0 1  0 . 2 0 5 0 0 0 E  01

0 . 0 0 0 0 0 0 0 0  0 . 0 0 0 0 0 0 0 0

0 . 2 6 0 1 0 0 E  07 

0 . 2 2 1 4 5 8 E  07 

0 . 1 9 6 5 3 2 E  07

SOFT 0 0 0 9  40 THICK WITH DUMMY 6 - 2 9 - 7 0

OSGR AREA
4 6 0 2 . 0 0 0 0 0 3 8 1  1 0 . 0 0 0 0 0 0 0 0

DELP SGR
NO. VEL(FPS) CD

CBR
2 8 . 7 6 0 0 0 0 0 0

TEMP
OELP{IN)

8

10

1 . 8 0 0 0 0 0 0 0  
0 . 9 8 0 4 0 6 E  

2 . 8 5 0 0 0 0 0 0  
O . 1 2 3 3 6 5 E  

3 . 3 8 0 0 0 0 0 0  
0 . 1 3 4 4 6 8 E  

4 . 1 5 0 0 0 0 0 0  
0 . 1 4 9 0 6 7E  

4 . 6 0 0 0 0 0 0 0  
O . I 5 7 1 5 4 E  

5 . 2 5 0 0 0 0 0 0  
0 . 1 6 8 0 4 1 E  

5 . 7 5 0 0 0 0 0 0  
0 . 1 7 6 01 9E  

4 . 7 2 0 0 0 0 0 0  
0 . I 5 9 4 7 7 E  

4 . 1 0 0 0 0 0 0 0  
0 . 1 4 8 7 0 1 E  

3 . 5 2 0 0 0 0 0 0  
0 . 1 3 7 7 8 2 E

4 5 8 0 . 5 0 0 0 0 3 8 1
0 2  0 . 2 3 7 6 7 4 E -
4 5 6 9 . 5 0 0 0 0 3 8 1
03 0 .2 2 6 9 1 lE -
4 5 6 4 . 0 0 0 0 0 3 8 1  
0 3  0 . 2 2 3 7 0 9 E -
4 5 5 6 . 0 0 0 0 0 3 8 1  
0 3  0 . 2 2 0 5 6 0 E -
4 5 5 0 . 5 0 0 0 0 3 8 1  
0 3  0 . 2 2 2 7 7 5 Ê -
4 5 4 4 . 0 0 0 0 0 3 8 1  
0 3  0 . 2 1 9 8 2 9 E -
4 5 3 8 . 0 0 0 0 0 3 8 1  
0 3  0 . 2 2 1 4 7 7 E -
4 5 5 0 . 2 5 0 0 0 3 8 1  
0 3  0 . 2 1 6 1 6 5 E -
4 5 5 8 . 5 0 0 0 0 3 8 1
0 3 0 . 2 1 1 1 1 6 E -
4 5 6 5 . 0 0 0 0 0 3 8 1  
0 3  0 . 2 0 9 1 5 9 E -

9 2 . 0 0 0 0 0 0 0 5
01 0 . 1 8 0 0 0 0 E  Cl

9 2 . 0 0 0 0 0 0 0 5
01 0 . 2 8 5 0 0 0 E  01

9 3 . 0 0 0 0 0 0 0 5
01 0 . 3 3 8 0 0 0 E  01

9 3 . 5 0 0 0 0 0 0 5
01 0 . 4 1 5 0 0 0 E  01

9 5 . 0 0 0 0 0 0 0 5
01 0 . 4 6 0 0 0 0 E  01

9 6 . 0 0 0 0 0 0 0 5
01 0 . 5 2 5 0 0 0 E  01

9 7 . 0 0 0 0 0 0 0 5
01 0 . 5 7 5 0 0 0 E  01

9 7 . 0 0 0 0 0 0 0 5
01 0 . 4 7 2 0 0 0 E  01

9 7 . 5 0 0 0 0 0 0 5
01 0 . 4 1 0 0 0 0 E  01

9 7 . 5 0 0 0 0 0 0 5
01 0 . 3 5 2 0 0 0 E  01

REY.NO.

0 . 1 8 6 1 7 4 E  07 

0 . 2 3 4 2 6 4 E  07 

0 . 2 5 4 4 2 0 E  07 

0 . 2 3 1 5 3 0 E  07  

0 . 2 9 5 1 9 5 E  07 

0 . 3 1 4 5 1 1 E  07 

0 . 3 2 8 2 6 2 E  07 

0 . 2 9 7 4 1 2 E  07 

0 . 2 7 6 8 1 9 E  07 

0 . 2 5 6 4 9 3 E  07
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00
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3 * 7 2 0 0 0 0 0 0  4 5 4 2 .
0 . 1 4 0 9 5 7 E  03  

4 * 4 0 0 0 0 0 0 0  4 5 3 8 .
0 . 1 5 3 3 6 9 E  03  

4 . 9 8 0  0 00 0 0 4 5 3 4 *
0 . 1 6 3 3 1 2 E  0 3  

5 . 5 5 0 0 0 0 0 0  4 5 3 0 *
0 . 1 7 2 6 3 6 E  03  

4 * 4 8 0 0 0 0 0 0  4 3 3 8 *
0 . 1 5 5 2 4 6 E  03  

3 * 6 7 0 0 0 0 0 0  4 5 4 4 *
0 . 1 4 0 4 4 9 E  03  

2 . 4 5 0 0 0 0 0 0  4 5 5 4 *
O*1 14702E  03  

1 * 6 0 0 0 0 0 0 0  4 5 5 9 *
0 . 9 2 6 5 2 2 E  02  

0 .00000000  O*

5 0 0 0 0 3 8 1  
O*152447E-  
0 0 0 0 0 3 8 1  
0 .  14 9237E -  
7 0 0 0 0 2 6 7  
O. 14 5042E -  
0 0 0 0 0 3 8 1  
O . 1 4 6 9 9 6 E -  
0 0 0 0 0 3 8 1  
0 * 1 46 572E -  
5 0 0 0 0 3 8 1  
0 * 1 4 3 6 8 0 E -  
0 0 0 0 0 3 8 1  
0 . 1 38 0 7 0 E -  
0 0 0 0 0 3 8 1  
0 . 1 4 9 2 3 7 E -  
00000000

9 2 * 5 0 0 0 0 0 0 5  .
01 0 . 3 7 2 0 0 0 E  01

9 3 * 0 0 0 0 0 0 0 5  
01 0 . 4 4 0 0 0 0 E  01

94* 0 0 0 0 0 0 0 5  
01 0 . 4 9 8 0 0 0 E  01

9 5 * 5 0 0 0 0 0 0 5  
01 0 . 5 5 5 0 0 0 E  01

9 6 * 5 0 0 0 0 0 0 5  
01 0 . 4 4 8 0 0 0 E  01

9 6 * 0 0 0 0 0 0 0 5  
01 0 . 3 6 7 0 0 0 E  01

9 5 * 5 0 0 0 0 0 0 5  
01 0 . 2 4 5 0 0 0 E  01

9 5 * 0 0 0 0 0 0 0 5  
01 0 . 1 6 0 0 0 0 E  01

0 .00000000

0 . 2 6 7 1 8 3 E  07 

0 . 2 9 0 1 8 1 E  07 

0 . 3 0 7 8 7 4 E  07 

0 . 3 2 3 6 9 7 E  07 

0 . 2 9 0 0 4 1 E  07 

0 . 2 6 2 8 6 8 E  07 

0 . 2 1 5 0 6 7 E  07 

0 . 1 7 4 0 3 6 E  07

oo

HAWD 0 0 0 9  40 THICK WITH DUMMY 7 - 1 3 - 7 0

OSGR AREA CBR
4 5 6 9 * 0 0 0 0 0 3 8 1  1 0 . 0 0 0 0 0 0 0 0  2 8 * 7 8 0 0 0 0 0 0

DELP SGR TEMP
NO* VEL(FPS) CD DELP( I N) REY.NO,

2 * 1 5 0 0 0 0 0 0  4 5 4 8 . 0 0 0 0 0 3 8 1  8 9 . 0 0 0 0 0 0 0 5
1 0 . 1 0 6 8 2 0 E  0 3  0 . 1 9 4 3 5 6 E - 0 1  0 . 2 1 5 0 0 0 E  01

2 * 9 6 0 0 0 0 0 0  4 5 4 5 . 2 0 0 0 0 2 6 7  8 9 * 5 0 0 0 0 0 0 5
2 0 . 1 2 S 3 9 4 E  0 3  0 . 1 S 9 9 9 3 E - 0 1  0 . 2 9 6 0 0 0 E  01

3 * 5 2 0 0 0 0 0 0  4 5 3 5 . 2 0 0 0 0 2 6 7  9 0 * 0 0 0 0 0 0 0 5
3 0 . 1 3 6 8 0 5 E  0 3  0 . 1 9 1 0 6 9 E - 0 1  0 . 3 5 2 0 0 0 E  01

4 * 1 3 0 0 0 0 0 0  4 5 3 0 * 0 0 0 0 0 3 8 1  9 1 * 0 0 0 0 0 0 0 5
4 0 . 1 4 8 3 2 0 E  03  0 . 1 8 7 9 0 2 E - 0 1  0 . 4 1 3 0 0 0 E  01

0 . 2 0 5 0 9 2 E  07 

0 . 2 4 0 3 1 0 E  07 

0 . 2 6 1 6 9 6 E  07  

0 . 2 8 2 6 8 4 E  07



5

6

7

8 

9

10 

1 1 

12

13

14

15

16

17

18 

19

4 .  

5*

5 .  

4 .

3 .

2 .
2 .
2 .
3 .

4 .

4 .

5 .  

4 .  

3 .  

1 .
—0 «

7 0 0 0 0 0 0 0  
0 . 1 5 8 3 6 8 E  
22000000  
0 . 1 6 7 0 5 0 E  
7 2 0 0 0 0 0 0  
0 . 1 7 5 0 2 5 E  
7 0 0 0 0 0 0 0  
0 . 1 5 8 6 5 4 E  
8 0 0 0 0 0 0 0  
O . 1 4 2 6 5 7 E  
9 2 0 0 0 0 0 0  
0 . 1 2 4 9 9 6 E  
10000000 
0 . 1 0 5 9 5 5 E  
9 2 0 0 0 0 0 0  
0 . 1 2 4 9 4 0 E  
4 7 0 0 0 0 0 0  
0 . 1 3 6 1 3 8 E  
11000000 
0 . 1 4 8 2 2 8 E  
3 5 0 0 0 0 0 0  
0 . 1 5 2 6 3 3 E  
6 0 0 0 0 0 0 0  
0 . 1 7 3 3 3 6E  
20000000  
0 . 1 5 0 1 13E 
1 8 0 0 0 0 0 0  
0 - 1 3 0 6 1 9 E  
7 5 0 0 0 0 0 0  
0 . 9 6 8 1 06E 
01000000

4 5 2 4 . 5 0 0 0 0 3 8 1  
0 3  0 . 1 8 8 3 9 9 E
4 5 1 9 . 0 0 0 0 0 3 8 1  
0 3  0 . 1 9 0 5 9 7 E
4 5 1 4 . 5 0 0 0 0 3 8 1  
0 3  0 . 1 8 9 5 9 1 E -
4 5 2 4 . 5 0 0 0 0 3 8 1  
03  0 . 1 8 8 3 9 9 E -
4 5 3 2 . 0 0 0 0 0 3 8 1  
03  0 . 1 9 3 7 4 7 E -
4 5 4 0 . 5 0 0 0 0 3 8 1  
03  0 . 1 9 4 2 I 3 E -
4 5 5 0 . 0 0 0 0 0 3 3 1  
0 3  0 . 1 8 0 0 3 2 E -
4 5 4 0 . 5 0 0 0 0 3 8 1  
0 3  0 . 1 9 4 2 1 3 E
4 5 3 6 . 5 0 0 0 0 3 8 1  
0 3  0 . 1 8 6 3 6 8 E -
4 5 3 0 . 0 0 0 0 0 3 8 1  
0 3  0 . 1 8 8 8 1 6 E -
4 5 2 2 . 5 0 0 0 0 3 8 1  
0 3  0 . 2 1 2 7 0 6 E -
4 5 1 5 . 2 0 0 0 0 2 6 7  
0 3  0 . 1 9 1 1 6 6 E -
4 5 2 9 . 7 0 0 0 0 2 6 7  
0 3  0 . 1 8 6 1 9 1 E -
4 5 3 9 . 5 0 0 0 0 3 8 1  
03  0 . 1 8 4 5 9 Î E -
4 5 5 2 . 5 0 0 0 0 3 8 1  
02  0 . 1 8 7 6 1 3 E -

0 . OOOOOOOO

9 2 . 0 0 0 0 0 0 0 5
-01 0 . 4 7 0 0 0 0 E  01

9 3 . 0 0 0 0 0 0 0 5
-01 0 . 5 2 2 0 0 0 E  01

9 4 . 0 0 0 0 0 0 0 5
-01 0 . 5 7 2 0 0 0 E  01

9 4 . 0 0 0 0 0 0 0 5
-01 0 . 4 7 0 0 0 0 E  01

9 4 . 0 0 0 0 0 0 0 5
-01 0 . .3 8 0 0 0 0 E  01

9 3 . 5 0 0 0 0 0 0 5
-01 0 . 2 9 2 0 0 0 E  01

9 3 . 0 0 0 0 0 0 0 5
-01 0 . 2 1 0 0 0 0 E  01

9 3 . 0 0 0 0 0 0 0 5
-01 0 . 2 9 2 0 0 0 E  01

9 2 . 5 0 0 0 0 0 0 5
-01 0 . 3 4 7 0 0 0 E  01

9 3 . 0 0 0 0 0 0 0 5
01 0 . 4 1 1 0 0 0 E  01

9 4 . 0 0 0 0 0 0 0 5
01 0 . 4 3 5 0 0 0 E  01

9 5 . 0 0 0 0 0 0 0 5
■01 0 . 5 6 0 0 0 0 E  01

9 5 . 0 0 0 0 0 0 0 5
01 0 . 4 2 0 0 0 0 E  01

9 5 . 0 0 0 0 0 0 0 5
01 0 . 3 1 8 0 0 0 E  01

9 4 . 0 0 0 0 0 0 0 5
01 0 . 1 7 S 0 0 0 E  01

0 .0 0 0 0 0 0 0 0

0 . 3 0 0 7 3 3 E  07 

0 . 3 1 6 0 6 6 E  07 

0 . 3 2 9 9 5 7 E  07 

0 . 2  99 09 4E  07 

0 . 2 6 8 9 3 7 E  07 

0 . 2 3 6 0 7 0 E  07 

0 . 2 0 0 4 7 1 E  07 

0 . 2 3 6 3 9 3 E  07 

0 . 2 5 8 0 4 8 E  07 

0 . 2 8 0 4 5 5 E  07 

0 . 2 8 7 7 4 2 E  07 

0 . 3 2 5 5 9 2 E  07 

0 . 2 8 1 9 7 1 E  07 

0 . 2 4 5 3 5 4 E  07  

0 . 1 8 2 5 0 6 E  07


