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A description is g iven of a computer program wh i ch c a l c u l , i t t ’’~ t h e
in compre ss i b l e bound ary l aye r f lo w and pressure d i s t r i b u t i on ov cr  ,nt

axisynmetric body. A brief out i inc is g i ven of the comput it  ion ~t ’tk ~d .

Detailed input instructi ons are provided . A sample problen i s  s~c l v e d  t O
illustrate usage of the  pr ogram and also to presen t  t h e  o u tp u t  . I ’he
general  out put  scheme is explained and the ou tpu t  va r  a D i o s  arc d e f i n e d
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ABSTRAC T

A description is given of a computer program which calculates

the incompressible boundary layer flow and pressure distribution

over an axisymmetric body . A brief out l ine is given of the computa-

tion method . Detailed input instruction s are prov ded. A sample

problem jc solved to illustrate usage of the program and also to

present the output . The general output scheme is explained and the

output variables are defined .

ADMIN ISTRA L I VI INFORMATION

T h i s  work ~as sponsored b y the Naval  Sea Systems Command under  the

D~ rect L a bn r a t o r y  Funding  Program on the Hydrodyn amics  of Very Hi gh-Speed

Submar ines , Element Number 62543N . The work was performed under internal

Work Units 1520-004 and 1500-200 .

I NTRODUCTION

A computer program is documented which calculates the inco mpr e ssible

boundary layer flow and pressure distribution over an axisymmetr ic body in

uni form fl ow at :ero ang le of attack.

The computation method , which is more fully described in Reference 1 ,

is first brief ly outlined here . Instructions are then provided on the

program , including a listing of th~ input REAP statement s, the defin ition

of the input variable s , a number of comments on usage of the program , and

the memory and computer tim c requ i rements of the progran . A sample p r o b l e m

is presented to illustrate usage of the program . The output for thi s

problem is presented and the output variable s are defined .

DE SCR I PT ION OF CO”~I ’D’i \ ~ ION ~U~’l’1IOb

The program c o n t a i n s  t h ree  n i a i o r  c . s lc u l a t  i o n s .  The Doug la s  Neumann

method 2
~~

3 is f i r s t  used to c a l c u l a t e  t h e  po ten t  sa l f l o w  pr e’~~sur e  d i s t r i b u t i o n

1Huang ,  1 .1., ~I . ’F . W a n g ,  N . ~: i n t e i 1  i , and N .C. Ol’ V V S , “ Pr o p e l l cr ,, ) I u l l
Interaction on :~ X i  svmmt ’ t r i  c R o d i e~. : Theory  and I x p e r i m e n t  , “
,Report 7(-’-0l1 3 (in rcvie~~ .

Sm i th , A . ~1 . 0. and .1 • P i e r c e , ‘1 ~ac t So 1 ut i on  of t h e  Neumann I r o h i  i n  -

C a l c u l  at  ion of N o n — C  i r c u l  a t o r y  P l a n e  and \x  ia  i i  ~ Symmet r : I l OSs s Ab ou t
or W i t h i n  A r b i t r a r y  B o u n d a r i e s , ’’ I l oug i , 4 S  A i r e r a f t  Comp an ’: Rep or t  1 S 2 4c ’i ,~S
(Apr  l~~5S) -

‘ Hess , . J . L . and A .~ I .O . Smi th , ‘‘ 1 aic u la t ion o t  I ’ L~ t eT 1 t i i i I l o t s  -\b~ t i t  \ t - t ’ i t r a r v
B o d i e s , ’’ f rom I’ r o gr c  ss i n  Aeronaut I L ’ :i I “cC i c f li ’i’ ‘ . 101 - , I’ erg.o”on ‘ r e ’. s
O~ ford and NOts \ o r k  (1 O( ’( ’c I 
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over the original body . In this method , the body is divided into a number

of frustrums of cones , each of which has a constant source density on its

surface . A set of linear algebraic equations is used to solve for the

strengths of these source densities . Once the source densities are known ,

the pressure coefficients everywhere in the flow field , including the body

surface , may be readily determined . This initial pressure distribution ,

with velocity ratio l inearly extrapolated in the stern reg ion , is then used
- ‘ 4 5,6by the Douglas Cebeci-Smith (CS) differential boundary-laye r method to

calculate the viscous flow over the body . This method makes the standard

thin boundary layer assumption of a constant pressure across the thickness

of the layer . The integra l wake relations given by Granvi lle ’ are then used

to calculate the flow in the wake . These relation s are essentiall y based on

experimentally measured wake data behind a body of revolution .

The calculated disp lacement thicknesses from the boundary layer and

wake methods are then used to generate a new ove ra l l  b o d y - w a k e  d i sp l a c e m e n t

model . In the stern/near- wake reg ion , where nei ther of ’ the  two methods

properly mode l the thick boundary layer , a fifth-degree polynomial is used

to fair the calculated stern displacement thickness surface into the

calculated wake displacement thickness surface . The polynomial coefficients

are selected to provide continuous disp lacements , slopes , and curvatures at

the intersections of the polynomial with the calculated stern and wake

displacement thickness surfaces. The Doug las Neumann method is again used

to c a l c u l a t e  the  pressure distribution over the resulting body -wake displace-

ment body, which is then used to calculate t h e  new boundary  l a y e r  (‘low over
4Ceheci , ‘I . and A .M .O . Smith , Anal ysis of’ I’urbtilent Boundary l ayers ,

~Academic Press , New York (l9~4).e
Ceheci T., C .J . Mosinskis , and A. M .O . Smith , “Calculation of’ V i s c o u s  Drag
and Turbulent Boundary-Layer Separation on Two-Dimensional and .-\xisymm etr ic
Bodies in Incompressible I’lows ,” Douglas Aircraft Company Report No ,
MI~C — ,D ) , — 0  1 (Nov 19 0~‘Ceh ec i , F . , ( . Mos j n s k i  s , and I, . C . Wang, “A F i n ite- U i f’f’c’rence Method for

a l c u l a t  ing  C o mp r e s s i b l e  L a m i n a r  and T u r b u l e n t  Boundary  L ay e r s , P a r t  I I  -

. tJ ser  ‘ 5 Manua l , ‘‘ Iioug l as A i r c ra  f t  Company Repor t  PA( ’ - (‘‘
~l 31 ~ay 1 ~) ( o ) )

‘ Gr ~i nv i  I le , P .S . ,  ‘‘Th e C a l c u l a t i o n  of t he  V i s c o u s  Drag  of ’ B o d i e s  ~ f Revo l uti on , ’’

DT~s1B R ep o r t  S-I ~) (Jul 1 ¶) ~ 3) -

_ _ _ _  _ _ _



the body and in the wake .  This process is repeated u n t i l  successive pressure
d is t r ibu t ions  agree to w i t h i n  a spec i f i ed  error c r i t e r ion  at a l l  points  along
the body-wake displacement surface or un t i l  the specif ied maximum number of

iterations is reached. A sketch of the original axisyminetric body , the body-

wake displacement surface , and the definition of coordinate systems is given

in Figure 1.

In order to simplif y the overall program and also to reduce the number

of input variables , a number of options in the two Douglas programs which are

not directly applicable to the present problem have been deleted . The major

deletions include the effect of compressibility contained in both programs ,

the calculation of vorticity and cross flows in the Douglas-Neumann program ,

and the option for calculating two-dimensional flows in the Doug las CS

program .

On the other hand , the output of the Doug las CS program has been

expanded in two areas . First , whereas the ori ginal program printed out onl y

the tangential velocity profile , the present program also prints out the

normal , axial , and radial velocity profiles in the boundary layer . It should

be noted that wake distributions in the propeller disk plane are usually given

in terms of the latter two profiles . Secondl y, three diffe rent methods are

used to compute the overall drag acting on the body. Two of these methods ,

by Squire-Young 5 and (‘,ranvil le , are essentially empirical formula~ for the

drag based on boundary layer parameters at the stern of the body . They .ire

commonly used in cases where the actual pressure distribution over the body

is unknown . The third , and more accurate , method consists of summing the

components of drag due to friction and pressure . [‘ti e resulting drag

coefficients are given in terms of three dit ’ferent re ference areas : frontal

area , wetted area , and (S,olune)J~
c
.

~~~~~~~~~~~~~~~~~ 
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INPUT INSTRUCTI ONS

INPUT STATEMENTS

The input  statements by means of which data are entered in to  the
program are as f o l l o w s :

REAI)(5,l012) IPROP , N XMM , I P F , IVF , FLPRN T , TITLP
*p,,fA[)(60) (TX 1 ( I ) , ‘I’Y l (I), I = 1 , NXM?.1)

**READ (64) (TX 1( I ) , TY1(I), I = 1 , NXMM)

READ ( 5 .5 010 )  N XT , LG 1o , LG 1”

REAI)(5,SOSl) ROMA X , RL , UI , RI
*RFAI)(5,l013) NTOT, I CUT , IC P
*p~EA [)(5,5Q25) XA , XTL , XWAK , XSLP , CPE RR

*p JA [) ( 5 2) ( X X ( I )  ~ = NN + 1 , NTO T)
**RE .~D ( 2 2 ’ ) ( U E ( I ) ,  I = 1 , NX MM )

**R[A [) ( 5 , 1013) N

**READ ( 5 , ) ( X ( I ) , I = 1 , N)

** REA[)(5 ) (Y(I), I = 1 , N )

*Skjp when velocity distribution is input , i .e ., IPROP > 1.

**Skip when velocity distribut ion is not input , i . e . ,  IPR O P < 0.

The corresponding FORMA l statements are as follows :

101 FORMA T (413 , F8 .4, l5A4)

Sf ) ! 1 )  FORMA T (14 , 711)

5051 FORMAT (3FlO .4, F12.2)

1 013 FORMAT (2(114)

5025 FORMAT (SF1 0 .4)

2 FORMA T ( SF 1 O . )

DEFINITION OF INPUT VARIABL ES

IPRO!’ -
~l veloc i ty (pressure) distribution is input

< 0 velocity distribution is not input

N X ” tM Number of ’ body p o i n t s  ( t y p i c a l l y , N X MM = 140 to 160)

IPF -‘1 output from potential flow program is printed after
each i teration

- —- ~~~~~_ -~~~~~ ‘~~~ 
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<0 output from potent ia l  f low program is pr inted only a f t e r
initial calculation on original body

IVF >1 full output from boundary layer program is printed after
each i te ra t ion

< 0  fu l l  ou tput  from boundary layer  program is p r i n t e d  on ly
af ter  f ina l  i t e ra t ion

FLPRNT Minimum value of X/RL for which velocity profiles are printed
after final iteration

TITLP Title

TX1(I) Axial distance measured from nose in feet

T Y 1( I )  Radius of bod y at X = TX1 (I) in feet

NXT Index of body station where flow becomes turbulent ; i f  t ran si t ion
is to be calculated b y p rog ram ,

N XT “ N X~ ’l

LG16 = 0 if transition point is not to he calculated by the pro~ ran:

= 1 if transition point is to be calculated b y the  p r o g r am

LG1” = (1 if transition is instantaneous

= 1 if transition is gradual

ROMA X Maximum rad ius of hodv/RL

RE Reference  l ength  = body l e n g t h  = FXI (NXMM )

U ! Free-stream velocit y in feet/second

RI Reynolds number /RI,

NTOT Number of bod y p o i n t s  + number of wake points , mus t he < .~f )O

ICUT Maximum number of i teration s for pressure on body-wake disp lace-
men t model , not includ ing initial potential t’low c a l c u l at ion on
the orig i na l  bod y (typ i c a l l y se t equal to 3)

ICP = 0 i t~ pressure coe i f  ic lent from pre~- totis it erati on i s  used to
calcula te boundary 1 at - e r  t’loi~

1 i f  aver a ge  o f pressure coi’ tt’i cien t i ron prey b u S  t \ s O

i teration s arc’ usc’d t o  calculate Ic cui:d ,irv l i ~ ,’t lot s  

— - “-- “-, - ——-~~~~~~~~ 
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XA Value of X/RL where initial guess for wake velocity reaches
0.99 of free stream v e l o c i t y  IJI ( typ i c a l l y  set equal  to
1 .15)

XTL Value of X/RL where initial potential flow velocity distribution
is linearly extrapolated to tail (usually set equal to 0.93)

XWAK Upstream value of X/RL where 5th-degree pol ynomial matches with
computed displacement body (usually set XWAK equal to 0.95 or
two body stations ahead of the separation point , whichever
occurs first)

XSLP Downstream value of X/RL at matching point (usuall y set equal
to l. i)5)

CPERR Max imum allowable error in pressure coefficient CF along the
entire body and wake (typ icall y set between 0. 005 and ().0 )

XX(I) Values of X/RL for the wake displacement model (typically
1.0< XX(I) ‘ 30)

UE(I) Input velocity ratio at the input body points TX1 (I) , ‘l’Yl (l)

N Number of points where changes to input velocity ratio are made

X (I) Values of X/RL where velocit y ratio change s are made , (X (i)>0 ,
X ( N )  = 1.0)

Y ( I )  ~e1ocity ratio ‘hange at X/RL = X (I)

CO~~’tENTS ON USAGE

1 . In mos t cases , where full output from the boundary  layer program is

desired only for the final pressure distrib ut ion , the setting of IVI - <

will give a total output which is typ ically one-third of the corresponding

output for IVF >1 . In the case when IVF<0 and IPF<0 , the program still

prints out various overall boundary layer characteristics at the ta il of

the body as well as the erro r in C~ at all po ints along the s u r f a c e  ot’ the

bod y-wake displacement model for intermediate iterations.

2. For input values of NXT ”NX~~I and L~ l6 = 0, the boundary 1 ayer is

assumed to be laminar up to separation , regardless of’ Reynolds number or

pressure di st rihut ion . l~’h i Ic such flows are not phvs ica l lv :-e tn i n~~ful  , t h ey

r ’av he o f ’ interest in certain th e oret icil stud iec of laminar boundai-v li t er s .

_ _ _ _  
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3. Since the  boundary  l aye r  program stops at s e p a r a t i o n , the program
has to be rerun for cases where the separation point occjis ahead of the

input value of XWAK , which ty’p~ ca 1ly is Q~ o5~ In these ~‘a’-e~ , the new ~aluc

of XWAK should he input  as a value i u ~-t less than ‘IX l (l- )/RL , where l\1 (I)RL

is the  value of X / R L  where s epa ra t ion  o c c u r s .

4.  As po in ted  out above , an inpu t  va lue  of IFJ ~Or~ l means that the

velocity distribution is not calculated by the program but is instead input

into the program . ‘I’hese d i s t i - i h u t i c n s  may he e xpei ’ i m e r t a l  va lues  or ’ may be

the results of a previous calculation using this pro~ i-am . In these cases ,

the program skips the potential flow calculations and goe s directl y to the

boundary layer calculations.

5. When I P R O P > l , p r o v i s i o n  ~s made in the progr.. for rc~ ding in

changes to the input v e l o c i t y  d i s t r i b u t i o n . These change s may correspond ,
for example , to modifications of the input bare hull velocity distribution

due to the presence of an operating propeller and/or appendage . }or the case

where no changes to the input distribution are desired , si m p l y  set th e

quantities Y(l) = 0 for I = I to N ,

6. For cases when a device is used to trip turbulent flow , the results

of Reference S indicate that the tripp ing device has measu rable parasitic drag.

The net effect is that the effectiee location of transition ~s no 1on~ er at

the t r i pp ing  dev i c e hut  is  instead moved forward to a virtua l. ot - i g i : : , which

depends on the trip l o ca t i on , geomet r i c  i n f o r m a t i o n  on t h e  bod y , and c om p u t e d

l aminar  b oundary  l ayer  p a r a m e t e r s  on the t’orebody, The procedure for making

t h i s  c a l c u l a t i o n  is  g iven in Re ferences  1 and S and hence is not i t ’p e a t e d  here ,

The va lue  of NXT d e f i n e d  above s h o u l d  be set equal to the  i n d e x  of t he  h o d >
s t a t ion  at the v i r t u a l ori g i n .

C0~IPUTFR [‘R Oi;RA~l STOR-\hl -\Nl I’ I ~lL RI-QU I :I.MI -~ 
-
~

On t h e  CI ) C f)O computer currently in use at t he  f e nt , - i - , t he p r o g r a m

requires a memory of approximatel y l-iS , )Oh octal wo rds and a pet ioU of

seconds to c o m p i l e .  h r o g i a m  exe~, i~t on t j ire depend s on a number of v a i ’i a h l e s

such is the number of body and wake points , and t he  number  of ’ ( t e l - i t  i O n s

r e q u i r e d t o  - i i ’ r i v e  a t  t h e  f i n a l  r e s u l t s  - -i’ a t v p i c . i l  e~ imp le ot a b o d y — w a k e

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~ i~~~~~~~~~~~~~~~~~=-’ipIl l ,:-,



displacement  model descr ibed b y 1 ’() points , an execution time of approximately

350 seconds is required to make four complete calculations ot the pressure

d i s tr ibu t ion , the boundary layer flow , and the wake flow (ICUT = 3) .  I f  one

uses the overn ight computer priority P2 , the total cost for this run is

approximately $60.

PROGRA M OUTPU’I’

The output  of t he  program is best illustrated by means of a samp le

problem .

SA”IP LE PROBLEM

The computer  program w i l l  be used to c a l c u l a t e  the pressure  and bounda ry

lay er  on an a x i s vm m e t r i c  bod y des i gna ted  as Model 4 h 2 0 - 3 . The body is

described by 13 points and is catalogued on permanent file C}ILX4t’203TP60 ,

ID=CIIHX . The body  has  a t o t a l  l e n g t h  of 10 .0 fee t  and a maximum radius of

O .44 ’S feet . The body is to be tested in the wind  tunne l  at an a i r  speed of

21~ feet  and a co r re spond ing  Reyno lds  number of 1 . 268 x 10 . A transi ti on

t r i p wi re  is p laced on the foreh od y at \ / P L  = 0.05 . W i t h  the procedure  o u t l i n e d

in R e f e rence 5 , the v i r tual o r i g in  of turbu lence  is c a l c u l a ted to he at X J R L

= 0.013 . Transi tion may be assumed to  be ins tan taneous . The iterations for

pressure are to stop when: (a) the difference in the pressure coefficient

C between two successive iterations is less than 0.01 at a l l  poin ts a long  the

bod -wake disp lacement surface , or (b) the number of iterations for pressure ,

a f t e r  the  i n i t i a l  p o t e n t i a l  f l o w  c a l c u l a t i o n , is  equal to 3 . (For  most  cases ,

the maximum difference in C is less t h a n  0 .02 after three  i t e r a t i on s .)  Use
p

the pressure from the previous iteration to compute the boundary  layer ard

wake f low . Use Fl points to model the body-wake surface. Pue ss that ttie

wake  v e l o c i t y  reaches  0.99 of free s t ream v e l o c i t y  on the  wake  s u r fac e  at

X / R L  = 1. 15. I n  order  to  a v o i d  s e p a r a t i o n  in  the stern re g ion , line arl~
extrapolate the initial po tential- flow velocity dis tribution to the tail t’o~
\ ‘PI. ’sI) .95 . Take the upstream and downstream matching points for the 5th-degree

p o l y n o m i a l  to he at  X / R L  = 0 .95 and 1 .05, respec tively. U se the shor t p r i n tou t

options. Velocity profiles are desired for X/RL>0.90 .

8
~cCarthy, 1 . 11 .,  i . L .  Power , and T I .  I l u a n g ,  “The R o l e s  of I r a n s i t i o n ,
Lam inar Separation , and Turbulence stimu lation in  the An a l y sis of
Axis vrtm etric Body Urag, ’ Eleventh Sympos ium on N a v a l  h ydrod ynamics ,,
[.ondon (19’t - j . 
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SOLU1’ ION

l’he data cards for this prob lem are listed in able 1 . The first

card attaches the permanent file describing the body points. l’he other

cards follow the order of the READ statements g iven previously. Ihe

symbo l b is used to denote a blank . Also , column numbers 1 , 11 , di , 31 ,

41 , and 51 have been indicated since most of the data start in these

column s .

GENERAL DESCRIPTION OF OUTPUT

Since the short printout options were used for the present problem ,

the program prints the full output from onl y the initial pass through the

p o te n t i a l  f low program and the  f i n a l  pass  th roug h the  f--~~nd ary  l a y e r  and

wake programs . Table 2 show’s samp le p o r t i o n s  of each section of the

output . The portions which are not shown are simply the remainder of the

station data for each section .

The potential fl ow program first prints the maximum erro r in the

source densi ty for each Seidel iteration of the simu lta tie -us equations

for source density. -table 2 shows that a total of eigh t iterations are

required to reach the convergence criterion for the maximum allowable error

in source density, whic h j~; 1 x 10
h~ The p o t e n t i a l  f l ow  p r o g r a m  tne n

prin ts various geometric and flow variables , inc ludin g the pre s-~ure

coeffi cient C , -it each station . After the initial poten tial flow p r int~~it ,

the boundary layer program prints out the geometry of the t o d y i n  d : m e n s i o r . l e -~s

and dimensional coordinates as well as other geometry and in p u t  v a r i a b l e s .

The following several pages of Table 2 give the abbreviated output for

intermediate iterations. The boundary layer program prints out th e  difference

in C between successive iterations a t  each p o i n t a long  the bod y-wake

displace m en t surface. ‘table 2 shows that this max i mum difference t o n

I t e r a t  i o n s  I , 2 , and 3 i s  r e spec t  i ‘.~‘l y (1 .235 , (1 , 0 2 5  , and i .013 . The i rog ri~
also prints out t he  d rag  of ’ t h e  bod y ca l  c i t l a t e d  by three separa t e me thod s

and r e fe renced  to th ree  d i  f f e r e n t  a r eas  ; s e ve r a l  b o u n d a r y -  a v - ’ i  - i r  i a b l e s

at  t h e  t a i l  are also printed out . The p o t e l l t  al  1 1  ow p r ) p r l m  jr nt s out on l> F

the max i mum error for each ‘~c ide I i ti’rat ion  f o r  SourL e d~,’i - - t -

~

- ‘ -

~ 
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Af ter the f inal itera t ion fo r C , the output from the boundary -

layer program is greatly expanded . First , the press ure coeff ic ient C~
for the initial potential flow calc ula tion CPPF , the final iterated

viscous pressure coefficient CP, and the difference CP-CPPF are printed

out at each station . The associated body pressure drag at each station ,

as well as the cumulative total pressure drag from the nose to the station

for the abov e three cases , are also printed out . Detailed velocity —

prof i le s are pr inted nex t over the rear of the body . These veloc ity profiles

are given in terms of components normal and tangential to the body as well

as in the axial  and radial d i rec t ions . Fol lowing these , a summary of local

and integrated boundary layer var iab les  at each s tat ion is p r in ted .  The

program concludes by printing the of fse ts  of the f inal  body-wake dis-

placemen t surface.

DEFI N ITI ON or: OUTPUT VARIABLE S

The output variables are defined in the order that they appear in

Table 2 .

Potential Flow Program

Dimensional axial distance in feet measured from the nose of the
body

V D i m e n s i o n a l  radius in feet of body

TI Local tangential velocity/ free stream velocity UI

CP Pressure  c o e f f i c i e n t  = 1 - (T l)

SIN A Si n a , where a is d e f i n e d  in F igure  1

COS A Cos a

SIGMA Source density

N Local normal velocit y/Ill

P il l  P e r t u r b a t i o n  po ten t i a l  due to presence of body

Boundary Laye r Program - Part 1

TRI LAG LGI6 (see D E F I N I T I O N  i1- INPU T VA R IAB LE S )
T R I N T  L(;11 (see D E F I N I T I O N  OF IN PUT VARIABLES )

PlC = 1 , transverse curvature effects are taken into account

SIIORTP = 1 , velocity profiles are printed for X/Rl, FLPRN T

I 0
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K Station number

xJC Ax ial dis tance/RL
S/C Arc length/RL

Y/C R adius / R L
X Axia l  d is tance in feet

S Arc length in feet

Y Body radius in feet

RL Body length in feet

RHORE F = M 1JREF * R I / U I , densi ty of fluid in slugs/ft ’
~, ba sed on

input Reynolds number/ ft RI and velocity UI

MU RE F i =  0. 3834 x io b lb sec/ f t2. dynamic viscosi ty of air at 60°F

UI Free s tream v e l o c i t y  in f t / s e c

RI Reynolds number per foot

RI *RL = RI*RL , Reynolds number

Boundary Layer Program - Part  U

N Station number

x/C Axial distance/RL

S Arc l eng th  in feet

RO/ C Body r a d i u s / R L

BETA f= (2~ / U E ) ( d U E / d f ,) , ~~= SQUIG , dimensionless velocity-gradient
term

CP PF Pressure coefficien t calculated using original bod y ,  i . e . ,  C
from initial potential flow calculation p

RO~~ 4
SQtJIG 

~~

= 5 U E (~ —.y’ ds , transformed arc length coordinate in lh sec~
’,ft

COS(ALP UA) Cos a, see Fi gure 1 for d e f i n i t i o n  of a

SIN(ALPIIA) Sir, a

CRINT = U Ac~~(Ro/c) *tana/ ( R O M AX) , ~.C = CP - CPPF

OF Local tangential velocity calculated by potent ial flow prograr~
using latest body-wake displacement model in f t / sec

CP = 1 - (tJE/EJI) , pressure coefficient calculated using the latest
body-wake d i s p l a c e m e n t  mode l

MIJF 0.3834 x lO b lb s e c /f r , d y n a m i c  v i s c o s i t y  of a i r  at i-0 i

11

_ _



CRLPF = 2 CP PF * DR / (RO MA X) 2
, CP PF = (CP P F ( N )  + CP PF(N - l ) ) / 2 ,

DR = RO(N) / C  - RO(N - 1 ) /C , component of CP PF in ax ial
direction referenced to f ronta l  area

CRLVF 2 CP * DR/(ROMAX) 2 , CP = (CP(N) + CP(N - l ) ) / 2 , compon en t
of CP in axial  d i rect ion re ferenced to frontal area

CRLDF = CRLVF - CRLPF
N

CRAPF = E C R L P F ( I ) ,  cumulative total from nose to stat ion N of CRLP F
1=1

N
CRAV F = ~ CRLVF( I ) , cumula tive total from no se to s ta t ion N of CRLVF

1=1

N
CRADF = ~ CRLDF( I) , cumulative total from nose to station N of CRLL)F

1=1

CRAFA , Drag co mpon ent of (CP - CP PF) for the e n t i r e  body re ferenced
CRAWA , to (frontal area , wetted area, (volume) 2/3), note : CRAFA =

CRAV23 CRAD F(NX M M )

Boundary Layer Program - Part 3

I Station number

ETA ~~ 
~!i~ (~~ -)dy,  t ransfomed y -coord ina te , y = distance measured

o/2~
norma l t o b ody ( see Fi gure 1)

F = , ~ = stream function , F = dimensionless stream fun c t ion
/2~ (RL)

FP = )f/~~ = u/UE , u = tangential velocity in ft/sec

FPP = ~
2f/Th 2 

= ~( u/ U E )/ ~~n

Y y, distance measured normal to body in feet (see Fi gure 1)

EPS+ c+ = c/ v  , c= eddy viscosity, ~~= u/p kinematic viscos ity

UPLUS u + = (u / E JE ) /  ~~~~ C
f 

= local skin-frict ion coefficient

\~ r F L / U E = v/IJE , v = v e l o c i t y  normal  to body in ft/sec

X/ C A x i a l  d is t a n c e  measured from n o s e / R E ,

R/C Radial distance measured from bod~ axis/RL

R/RMA X Radial distanc,~ measured from body axis/maximum radius of body-

R-RO/RM Radial distance measured from bod y surface/RMA X , R() = radius of
body in feet
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p

UX = u /UE, u = ax ial componen t of veloc ity in ft/sec
UR = uR /UE , U

R 
= radial component of velocity in ft/sec

UTOT = / OX 2 + OR 2

Boundary L ayer Program - Part 4

N Station number
S Arc leng th measured fr om nose in feet

THE TA 0 =5 
~~ 

~~~- (1-k) dy, momentum thickness in feet

~~~~~~~~~ R uDELS 
~ 

=J 
— (1-~~-) dy, displacement thickness in feet

o RU

CF C
f 

= i / ( l / 2 p U E 2 ) ,  r = shear stress at the wall , local skin

friction coefficient referenced to local velocity UI

CR1 = CRL D F , see Boundary ’ Layer Program - Part 2 ( B L P P 2 )

CD(CALC)  = CP~A ( N )  + CFA , CR A ( N )  = CRADF d ef i n e d  in BLPP 2 , c u m u l a t i v e
tota l  from nose to stat ion N of drag coefficient due to pressure
and friction , referenced to frontal area

4 RU UE [~~( H + 2 )  + 3]/8
CD(G RA N ) = ~~ ) °~ (

~
-
~
-) , RMA X = maximum radius of body,

r (RMA X)
drag coefficient referenced to frontal area computed by the
G r a n v il l e  f o r m u l a  fro m nose to s t a t i o n  N

IMA X Tota l  number  of p o i n t s  in the n - d i r e c t i o n  requ i red  to reach
the outer  ed ge of t h e  boundary  l a y e r  where u /UI  = 1

X/C Axial coordinate/RL

RX = (U E ) S / v , v = k i n e m a t i c  v i s c o s i t y ,  Reynolds  number ba sed  on
arc l eng th  S and loca l  v e l o c i t y  liE

RTHE TA = (UE)0/v , R e yn o l d s  number based on momentum thickness 0 and
local  v e l o c i ty  UI

II =
~~~~/ 1~ shape factor

= 
-RU + /~~~ 2 

~ UR ( *cOs~~~~, e f f e c t  ive  thickness ~1~e t~ di s~-1 ace-
cos -i

ment e f f e c t  of boundary layer to be added to orig inal body to
obtain body-wake displacement surface , in feet

Cl-A 1: 1:-- i 1 ; I t i ~~-e s k i n  f r i c t i o n  c o e f f i c i e n t  from nose to s t a t i o n  N ,
re f e r enced  to free -~r r ear  v e l o c i t y  I I I  and f r o n t a l  area

- - _ _ _ _ _
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CRA = C RAD F def ined in BLPP2

4r (RO) 0 LIE ( l l .5)/2CD(SQ -YN) = 
2 , drag coef f icien t  re ferenced to

i~(RMAX) 5fron tal area comp uted by the Squire-Young formu la

ETAINF Value of n at outer edge of boundary l ayer where u/LI E = 1

CDT(CALC ) = CRAFA + CRA , CR.AFA is defined in BLPP2 , sum of (total drag
coeffic ient on entire bod y due to pressure) and (cumulative
skin friction coefficient from nose to station N) referenced
to UI and frontal area

WA ,V23,FA Subscripts indicating that the drag coe f f i c i en t  is referenced
to (wetted area , (volume)2/3, frontal area)

N Station number

(X/C)OLD Axial  distance of a point on the ori ginal body/RL

RU Radius of body in feet

DELS 6* , displacement thickness in feet

I)ELGR = DEL(GRAN) , effective thickness in feet to be added to
original body to obtain body-wake displacemen t surface

(RU + DEL G) /C  = ( RO + DELG R ) /RL , (body radius + effective thickness)/RL ,
dimensionless radius of body-wake displacement surface ,
assuming the effective thickness is added norma l to the
x-ax i s

(X/C)NFW , (RO Value of (X/RL , R/RL) at surface of body-wake displacement model ,

+ DG* co s)/C assuming the effective thickness is added normal to the surface
of the original bod y

U TALL , X Value 01(01/UI , X/RL , II) at tail of ori ginal body’

TAIL , II TAIL

GAMA TAIL — 
(

~~~~~~
)

2 

TAIL ) [ (II TAIL + ) + 3J/8 , initial value of

dimensionless momentum area for the start of the wake calculations ,
based on overall drag coefficient C~C IA and velocit y ratio at
the tail (derivation is given in Reference 1)

Wake Program

X* Axial distance measured from nose in feet

£4Th1 AREA * R ( 1 4j~_) dy = (RO)  ( 0 )  , momen turn a r~ -~ i n  i t

FORM FAC 11* l)ISP ARLA /~’UM AREA , form factor

I)I SP AREA* R (I --k) d y = (RO) (& 
~~, d ~p 1a c r n e n t  ar e a  in  

U

I .1



_____________________  - - ------— —-- -~~ —--  —- - -- ____

1FF T LI ICK* = / 2 ( D I S P  AR I A) , e f f e c t i v e  radius of wake in feet

U / U I N F  = U I / U I  in wake

CP = 1 - ( U / U I N F )

*The dimensional definitions are given . The dimensionless quantities are
d iv ided by the appropriate power of body length RL .

COMPARI SON OF RESULTS FOR TWO DIFFERENT TRANSITI ON LOCAT iONS

In order to assess the importance of using the virtual orig in as the

location of transition , a second computer run was made in which all 0

the input parameters were kept the same except that transition was assumed

to be at the trip wire location , X/RL = 0.05 . Table  3 shows the results

at the tail of the body for the two assumed location s of transition . The

differences are , on the whole , not large . The largest differences ,

a p p r o x i m a t e ly  1 to 2 percent ., occur for the drag coefficients CL-A IVA ,

CRA WA , CDC WA , and the boundary layer displacement thickness DELS . These

are due to the parasitic drag and boundary laye r thickening effect of the

trip wire . On the other hand , the shape factor El TAIL and the velocity

ratio U TAIL agree to nearly four si gi-iifican t figures .

AC KNO (VLL I) GE ~u: Ni
The authors wish to thank Dr. Tuncer Cehec i  of M c D o n n e l l  D o u g l a s

Corpora t ion  w i t h  whom the  au thors  had a number of help ful technical

discuss ions
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TABLE 1

INPUT DATA FOR SAMPLE PROBLEM

Column Number

1 11 21 31 41 51

ATTACH ,TAPE 6O ,CHHX462U3TP6O , ID=CHHX.

hbol37bbobbObO ,90 CALCULATIONS FOR MODEL 4620-3

bbb400

0.04475 10 .00 2l~~. 1268000 .

bi lbbb3bhho

1.15 0.95 0.95 1. 05 0.01

18 
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TABLE 2

PROGRA M OUTPUT
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1 0 1  . 8 0 5 5 5 6  .0 0 2 5 4 6
1 02  . 8 1 ’ Q 8 7  . 0 6 2 5 8 8
16 3  .8 24,525 . 0 0 2 - 4 3 1 ,
101. . 83 6 9 5 7  .0 0 3 6 2 4
10 5  . 8 1 .5 5 8 8  • 01 1(1 iC 4

~ 

~~. . - ~~~~~~ .- “.“~~~~~~~~~~
_ _ ‘ . - --—

~~~~~~~~~~~



100 .837026 .003983
10? .A66 358 .0069 7 1
108 .876069 .004954

103 .805521 .006134
110 .695133 .005660
113 .906390 .0 0 5 9 1 9
112 .916122 .007732
113 •924968 .006138
114 .935010 .003530
115 .943000 .003076
115 .953300 .009580
117 .939500 .0155 68
116 .954500 .024754
119 . 9 6 8 5 0 0  . 0 3 2 0 1 3
120 . 9 7 1 0 0 0  .03833 3
121 .913000 . 0 1 . 5 3 1 7
122 .974 300 .049 4 92
123 . 9 7 53 0 0  . 0 53 3 0 6
02., .977000 .060950
125 . 978 500  .066 0 5 8
126 .980 000 .014651
121 . 9 6 2 0 0 0  . 0 6 1 . 9 6 9
126 .981.000 .09637?
129 . 9 6 2 0 0 0  . 1 06 9 7 9
130 . 90 8 0 0 0  .1229 9 1.
131 .990000 .138783
13 2 . 9 9 2 0 0 0  . 1 5 7 0 0 1
13 3 .993500 . 1 7 2 0 6 3
13 4  .995 0 00  . 1 9 1 8 0 8
135 .997000 .2 3 2 0 1 .7
036 .999300 .234576

M A X  CP 1RR O R ~ .231.576 
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OOU GL AS A I R C R A F T  COMPANY
L ON G B E A C H 0 0 V 1 S 0 01

POTENTIAL  FLOW CAL CULATION S

CP IT E RA TI ON 2
.359641— 01

2 .141.871—0 1
3 . 3 7 6 1 1 1 — 0 2

.810501—03

5 . 1 3 8 0 8 1 — 0 3
.8411. 00  .2171.30 .6851 .33

6 . 1 5 7 2 0 1— 0 1 .
7 .1091 41—05
8 . 8 0 6 5 0 1 — 0 6

8 0 f € R A T I c N S  RE Q U IRED FOR CONV E R GENCE

N K M IDPOINT CP ERROR
1 .0 0 2 5 0 0  . 0 0 0 0 0 0
2 .0 0 7 ~~00 . 0 0 0 0 0 1
3 .012500 .000012

1. .017506 .000037

5 . 0 2 2 0 0 0  . 6 0 0 0 3 3
6 . 0 2 6 0 0 0  . C C 0 3 ~~4
7 . 0 3 0 3 0 0  . 0 0 C 0 3 ~.
8 .033509 .00000 1
9 . 0 3 * 5 0 0  . 0 0 0 0 3 1

10 . 0 4 6 3 0 0  . C C 3 O ~~i
11 .~~c 2 5 o o  . 3 0 0 0 3 1
12 .0 5 7 5 0 0  . 3 6 3 3 3 2
13 . 6 2 5 0 1  . 0 0 3 3 1
1 1.  . p b l S ( S u . 3 0 3 0 0 1
15 . 0 7 2 ~~C O . 4 5 ~~J 3 ?
16 .0 7 16 0 0  . 3 0 0 0 0 4
1? . 8 2 5 0 0  . 3 0 0 0 0 6
18 . 3 8 7 5 0 0  . 0 0 1 0 0 8
19 .092500 .6 30 0 1 0

20  . 6 9 7 5 0 9  .2~~C - 3 1 2
2 1  . 1 0 2 500  . 0 0 0 0 1 6
22 . 1 0 7 5 9 0  .60.621
23 . 1 1 2 5 0 0  . 0 0 0 0 2 6
2 1. . 1 1 7 50 0  . 0 0 0 0 3 2
25 .1225 00 .000038

26 .127500 .0000.4

2 7  .132500 .001050

2 6  . 13 1 50 0  . 0 0 0 0 5 2
2 9  . 1 4 2 5 C C  . 1 , 3 0 . 8
36 . 1 1 . 7 5 0 0  . 0 0 0 9 3 1
3 1  . 1 5 2 5 0 0  . 0 0 0 0 0 5
32 . 1 5 7 3 0 0  . 6 0 : 0 6 3
33 • 1 6 2 5 0 0  . 6~~1 3 3 0
3 b. . 16 7 6 0 3 . :06097
05 .172500 .0 0 0 07 ?

32 . 1 1 1 5 00  . 1 , , : j 4~~
3?  . 1 8 2 5 C C  .3C~~J 2 -
3 M  . 1 8 7 5 0 3  . 3 ~~C 3 i ?
39 . 1 L 5 3C  .C.:31~

- - ._~~~~~~~ -~~~ -.. — .~~~~~~~~_



40 .197500 .000007
41 .205000 .000002
42 .215000 .000001,
43 .225000 .000 001
44 .233000 .000001
1.5 .245000 .000002
46 .255000 .000003
47 .265000 .000003
1.8 .275000 .006033
49 .205000 .000004
50 .295000 .000003
51 C305000 .000001
32 .313000 .000001
53 .325000 .000032
54 .335000 .000003
55 .345000 .00000k
56 .355000 . 00 0 00 4
57 .36 5000 .000001.
58 .375000 .000004
55 .385000 .000005
60 .395000 .000005
61 .405000 .000005
62 .415000 .000005
63 .425000 . 0 0 0 0 0 5
64 .435000 .000036
65 .445000 .000306
66 .455000 .000006
67 .~~65000 .000006
68 .475000 .000006
69 .485000 .000003
70 .495000 .000005
71 .505000 .000004
72 .515000 .000002
73 .525000 .000000
7 4 .535000 .000005
75 .5 4 5 0 0 0  .0 0 0 0 1 3
76 . 5 5 5 0 0 0  . 0 0 0 0 2 7
77 . 565000  . 0 0 0 0 5 2
78 .57’000 .000089
79 .585000 .000107
80 .595006 .000062
81 . 6 0 5 0 0 0  .C30047
82 .616275 .000158
83 .626362 .000225
84 .635893 .000163
85 .645425 .000104
86 .654956 .4000062
87 .666394 .000046
88 .675926 .000046
89 .665456 .000036
90 .696895 .000035
91 .706427 .300047
92 .715959 .090056
93 .725491 .C003SS
94 .735022 . 0 0 0 0 5 0
95 • 71.6460 . 0 0 0 0 7 0
36 .755992 .006093
‘17 .765523 .0090 8*
98 .776961 .000107
99 . 7 8 6 .9 3  . C 0 0 1 6

1 0 0  . 796024  . 6 0 0 1 * 4
100 .8 0 5 5 5 6  .0 0 0 2 0 4
102 .815087 .000214
1 3  .8 2 6 5 2 5  . 6 2 0 0 0 3
10.. . 8 3 6 0 5 7  . 3 0 6 1 . 3 1
1 0 5  . 8 4 5 5 8 *  . 0 0 3 1 . 3 3

3() 

—_ _ _— .— - -_- ‘_ _“_—-_—



106 . 8 5 7 0 2 6  . 0 0 0 6 0 3
107 .866358 .000044
108 .876089 .001186
109 .885621 .00151...
110 .895153 .00195*
111 .906590 .003327
112 .916122 .005521
113 .921.966 .007021
114 .935000 • 0 3  77~~
115 .945000 .007225
116 .953500 .007082
117 .959501 .0071.33
118 .964500 .0C 6806
119 .968500 .006225
120 .971000 .00 54.4
121 . 9 7 3 0 0 0  . 0 04 4 . 6 3
122 . 9 7 4 5 0 0  . 0 0 3 8 9 5
123 .M75 5 00 .003320
32 4 .977000 . 6 0 2 2 2 3
6 2 5  .9 7 65 0 6  . 0 3 1 1 . 8 4
1.26 . q ’ 3 0 0 3  . 00 0 2 88
1 7  . s * ’ 3 :.c . 6 6 1 3 1 1 .
3~~~8 ~~~~~~~~ .L~~2 6 7
129 . -~*6 0 0 0  . 1 . 6 4 16 7
130 •~~~ M 3 L  . 0 . 5 7 8 2
131 .6 9 60 1 1  . 0 0 ~~. . 0 7
632 . 9 L’ 3 6 6  . C .  f l .10
133 .,- ~_ 5 6 3  .61 0465
1,34 .9 ’ 1~~0 C 0  . 6 1 6 b 7 ~135 . ‘~~ 7 0 0 C  . C 1 3 3 ~~~
136 . 9 99 0 0 0  . 0 3 ’ 3 2 2
1 3 7  1 . 0 0 1 6 0 3  .0156 52
1.3 8 1 . 0 0 3~ , 6 1 ~~2 3 1 .
3 3 6  3 .3 9 5 3 3 3  .~~
143 1 . 0 0 7 0 0 0  . 0 2 1 2 2 0
11.1. 1 . 0 0 4 0 2  .02 2 7 1 1
11.2 6 .  3 1 2 0 1 7  . - .- 38 5 1

1’.3 0 .  3 1~~0 -  . 3 ’ ’ 1 9 ’

11.’ . 1 . 02~. 0 C .  . C ~~~ 1 3 7
1..S 1 . 0 3 5 0 0 0  . C ~’ c 3 1 . 7
11.6 1.3450 00 .3 1 3 ? b ’
11.7 1. 05 7006 . I C 1 3 33
14*  1. 0 7 2 0 0 0  .1 . . 4 5
11 .4  1 . 0 9 0 0 0 0  . . 3  “ — ( 1.
150 1 . 1 1 C 3 ~~C .6 ~~~~
151 1 . 1~~’ 9 6 0  . 0 3 1 7 6 7
1 ’ 2  1 .t 8 ’ - 0 0 0  . 0 : :~~s:
1’- ’  t . 2 2 ~~ 0 . L  .0 6 0 5 1 0
15’. 1 . 2 7 5 0 0 3  . 0 6 : 3 7 *
155 0 . 3 2 5 0 6 0  • ~~
156 : . 3 7 5 0 0 . 0 0 0 1 - ’ 7
157  1. ’ . 5 0 3 3 C  . C 6 J 1 ~~ 1
158 1. ~~~~~~~~~ .3 6 0 1 3 5
169 1 . 2 7 ” 0 1  . 0 0 0 0 7 ’
1 6 3  3 . M 7’-~~~~. ~~~~~~~~~
161 . . ? , 0 0 0 0  . C O C O 2 1 .
162 2 .  ‘ 6 C C 0 ~ . 0 3 3 0 3 3
163 3. ‘Q ~~0 6 L  • 3 - : .
16’. — .156. 00 .3 3 3 0 3 1
16 5 5.  3 C 0 3 3  . 6 3 1 6 2 0

C 3 •  C I l O U l  .~~0 10 0
167 8 .75 1363 . C s C J ~
168 1 . . l U 6 3 ~~, . 0 L ~~0 0 J
1 t 9  I 7 .0 1 6 3 6 .  .10 3 6 0 0
1,. 2” .3~~~0CC .1 133J ~

M A N  333~ ~~~~~ b~• • ~~,C ., ( CC
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C C P.
C
o ~~~— a  I~4 C 4.4
K LC . 4 ( 3  C C  o 15

~, 0  I 0~ C C
Cl — (1 (‘.4 £ I_I 4.)
3 5 1 4  1 4 4 4  S i C

(5 U n  4 0  5
3 5 7  0 .  o S
44, 7 C) S i .  N

1,4 0 5
.4 115 1 4 . 4  S

1 0’ 5
4 4 3 5  v s Z  C C ’  P. S
U 04 .j (5 1 0 55 S

3.~ (4. 0)
C C_C O n  4 4 ( 5

Ui C C  ( 5 0 4
O (4) • P.04

• 7 ...
S

• . 5 ( 5  ‘ 4 0 4  (5
(‘.4 0’ . 4 ) 4 5

P.144 0 . 5  ~~~ 13
. I IC  04 C C
7 0 4 1 4
1 4 . 3 5 0  111 . C

C C .
O 7

C
U

0 )0  0
C

( ‘ 4 0 4  0
C 0 3
1 ‘4 1 4 40

0 ‘ K O  C~~,( 1 5 1 4 . 4  ( 4 .  0 4 0
3 0 .

(.3 C( 4 4 . 4

.5
— _. 4) 3
Ci  04(14  SC

~J 0(0  .41
(44 b_C C  (14 1.1 (1.
3/’ ‘4 ( 3  ‘.~( 0  C S
C 7 4 4  C~~~ P.1(1

—
C:,
C’)

_ _ _ _



DOUGL AS *I~~~RAFT CO MPA N Y
LONG 8(8CM D O VIS !Oh

POTE N TIAL FL OW C A L C U L A T I O N S

CP IT E RAT I ON 3
.33964 (—0I

2 .14487(—01
3 . 3 7 6 1 1 0 — 0 2

. 8 1 0 5 3 1 — 0 3
S .138 09 1—03

.8410’02 .2781400 .688~~1 4 2 3
6 .15726 1—0 4
7 .109061—05
8 .805681-06

8 ITE RAT! CNS REQ U IRED FOR C O N V E R G E N C E

N A NI OP CIN T CP ER ROR
1 .302300 .C00000
2 .007500 .OC 000I
3 .012500 .00000 1
4 .017500 .000001
5 .022000 .006001
6 .026000 .000001
7 .33o00 0 .C0000 1
8 .033500 .000001
9 .038500 .00300 1,

10 .046000 .06003 1
11 . 3 5 2 5 0 0  . 3 0 0 0 0 1
12 .3575 03 .003001
13 .062506 .000301
1’. .367500 .0C 3001
15 . 0 7 2 5 0 0  .0 0 0 00 1
l b • 77500 .002031
17 .082500 . 3 0 0 0 0 1
18 .087500 . 6 0 0 0 0 1
1-1 .291500 .00000 1
20 .0 9 7 5 0 0  . 0 0 0 0 0 1
0 1 . 10 2 5 0 0  • 3 3 3 0 3 3

22 .107500 .000032
2 3  .112500 .603032
14 .117500 .000032
25 .122560 . 0 0 0 0 3 3
26 .127500 .000003
27 .132500 . C C 6 3 0 .
2 8 .1375 00 .006 005
2 3  . 14 2 5 0 0  .00003 6
30 . 1 1 . 75 6 0  . 0 3 0 3 0 5
31 .152500 .09(3000
32 . 1 5 7 5 0 0  . 0 0 0 0 0 3
33 .1.62503 . 0 0 3 0 0 7
3 .  . 1 67 5 0 3  . 0 0 6 3 0 7
35 . 1 , 7 2 5 0 0  . 0 0 0 0 0 4
36 . 17 7 5 0 3  . 0 0 0 0 0 0
3 7  . 1 8 2 5 0 0  . 0 0 0 0 0 3
38 . 1 8 7 5 0 0  . 0 6 0 0 3 3
39 . 1 92 5 0 0  . 0 0 0 3 3

.‘C .5



40 .191300 .000003
41 .205000 .000003
42 .215000 .000002
43 .225000 .000002
44  .235000 .000802
45 .245000 • 000002
‘.6 .255000 .000032
1.7 .265000 .000002
‘.8 . 2 7 5 0 0 0  .0 0 6 0 0 2
49 .285000 . 0 0 0 0 0 2

0 . 29 5 0 0 0  . 0 0 0 0 0 2
51 .305060 .006032
52 .315000 .003002
53 .325000 .7.C0032
54 .335000 .000002
55 .345000 .000003
56 .355000 .006033
57 .365800 .000003
58 .375060 .600003
59 .385000 .000003
60 . 3 9 5 0 0 0  . 6 0 0 0 0 3
61 . 4 0 5 0 0 0  . 0 6 0 0 0 3
62 . 1 . 1 5 0 6 0  . 0 0 0 0 3 3
63 . 4 2 5 0 0 C  . 0 0 3 0 0 3
64 . 4 3 5 0 0 0  . 3 0 C 0 3 3
65 . 4 4 5 0 0 0  . 0 0 0 3 0 3
66 .‘.550C3 . 6 0 6 0 0 4
o7 . 4 6 5 0 0 6  . 3 0 3 0 0 ’ .
68 . ‘ . 7 5 3 0 0  . 0 0 6 0 0 4
69 . 4 8 5 0 0 0  . C 0 1 0 0 4
70 .435300 .600035
7 1 . 5 0 5 0 0 0  . . . 0 0 0 3 5
70 . 5 1 5 0 9 k .  .C C C O O S
13 .525000 .000006
7’. .535000  . 0 0 3 0 3 6
75 .54 .5000  . 0 0 00 0 6
76 .555060 .000001.
77 .505021. .CC O.6
78 . 5 7 5 0 0 0  . 0 0 0 0 1 0
19 . 5 5 5 3 0 0  . 0 0 0 0 1 4
8 0 . 5 9 5 0 0 0  . 00 0 0 0 *
8 1 . s C S C C O  . 0 0 3 0 1 0
82  . 6 0 6 2 7 5  . 0 6 6 3 2 7
8 3  .b2~~362 . 6 0 0 0 3 7
84. .635*93 . 0 6 3 3 2 3
85 .645425 . 6 G 6 0 Z ~~
86 .€ 5 4 9 5 6  • 3 C 0 0 3 3
87 .66 639’. .0030 3 3
88 .675926  .303304
89 .685458 .600034
90 .6 9 6 8 9 5  . 0 6 0 0 0 5
91 .70b427 .300001
‘02 .715909 .603038
93 .725491 . 3 0 6 3 3 7
91 . 7 3 5 0 2 2  . C 0 0 0 3 5
95 .7461.60 .000006
96 .755992 .0000 3 7
97  .7 6 5 5 2 3  . 6 0 0 3 3 2
‘08 .776961 . C O C O J O
99 • 75E 493 . 6 0 6 0 3 2

100 .79~~32’. .‘.oo03o
1~~1 .805556 .0003 11
162 .815087 .003003
113 .8Of’S25 .066053
104 .836057 .110 03 51
105 .81.5568 . 0 0 0 0 8 8



106 .657026 .000129
107 .866358 .0 0 0 1 6 4
118 . 876089  . 0 0 0 2 0 9
109 .8836 2 1 . 0 0 0 3 8 7
110 •695153 .000399
111 .506390 .000070
112 .916122 .001001
113 .924568 .0019 45
114 .935000 .002518
115 .945000 .003191
116 .953500 .00 4790
117 .959500 .006516
118 .964500 .007091
119 .965500 .007 403
120 .971000 .6072 48
121 .973000 .006808
122 .974500 .006630
123 .975506 .00634’.
124 .977 000 .605614
125 .978500 .005355
1 26 .~~~0000 .604590
127 .482023 .063760
108 . 3 8 ’ . 3 6 0  . 3 C . ~~46
129 .986000 .061866
133 . 9 8 8 0 0 3  . 0 0 0 8 3 2
131 • ~‘ 0 C 1 . 0 C  . C 3 C : 2 ’ . ’ .
132 .9 9 2 0 0 0  . 0 0 1 3 5 1
133 •09~~500  . 6 C 1 1~~ ’
13’. .99’ 000 . 0 6 . 3 0 6 7
135 .~~i7300 .00 .196
13t  .99~~036 •C0’3 3 1
137 i. 011100 C . L C b 4 . 4 .~~
138 ~~. 1.~ ~U 0 C  .~~C75.1
139 l.D ~~~036 .108548
1 .0  1 . 6 6 7 6 0 0  . 1 3  t h O ’ 0
14 1 1 . 3 3 - ’ 0 0 3 . 6 1 0 6 4 9
142 1. 0 1 1 0 6 0 .0115 8
143 1 .0 17000 .C 127 ~~’.
o’.4 1.02530u .3 11267
14 5 1.~~-~’ I T O  . C 6 ~~? S 0
lb. b 1. 34.’. 0 6 0  .0 0 3 6 4 1
147 1.357000 .631651
14 8 1. 3 / 1 6 0 w  . C0 ~~1 7
149 1 . 3 9 0 0 0 0  . ,C 229
150 1 .1 1 63 00 .1.00924
151 1.13~~000 .0603 01.
152 1 .175 00 6 .0003 42
153 1.225000 .600015
15’. 1 .275000 .0003 1~,
155 1.320 000 .00 301~
156 1.375000 .000 012
157 1.450000 .001.33 7
158 1 .55 00 00 .3000 31.
159 1.67’036 .6C 00 1
1 b 0 1.815000 .3 0 00 01
16 1 2 . 2 0 0 0 0 0  . 0 0 6 3 3 0
162 2 .730006 .000000
06 3  3 . 3 1 0 3 0 0  . C 0 0 0 0 0
161. 4 . 3 5 0 0 0 0  . 3 0 0 0 0 0
lbS 5.256 3 60 .6000 00
166 6 . 7 5 0 0 0 0  . 0 3 3 3 3 0
1 7  8 .750000 .60 .333
168 12.306006 .61.303
169 1 7 . 00 6 0 1 6  .00 23 0 0
170 25 .0660 66 . C 0 U U ~~

M A O  CP ~ QR OR.  . C 1 . ’ 7 7 ~.
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TABLE 3

COMPAR ISON OF RESULTS AT TAIL FOR TWO

LOCATIONS OF TRANSITION

V irtual Or igin Tr ip Loca tion
X / RL = 0 .015 X/ RL = 0 .05

CFA WA 0.002928 0.002896

CRA WA 0.000102 0.000104

CDC WA 0.003030 0.003000

DELS 1.5914 1.5”34

H TAIL 1 .2765 1. .2768

U TAIL 0.9490 0.9489
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DTNSRDC I SSUES THR E E  TYPES OF R E P O R T S

1~ DTNSRDC REPORTS , A FORMAL SERIES PUBLISHING INFORMATION OF
PERMANENT TECHNICA L VALUE , DESIGNATED BY A SERIAL REPORT NUMBER

(2) DEPARTMENTAL REPORTS, A SEMIFORMAL SERIES , R E C O R D I NG I NFO RM A
lION OF A PRELIMINARY OR TEMPOMARY NATURE , OR OF LIMITED INTEREST OR
SIGNIFICANCE , CARRYING A DEPARTMENTAL ALPHANUMERIC IDENTIFICAT ION

(3) TECHNICAL MEMORANDA , AN INFORMAL SERIES , USUA L L Y  I N T E R N A L
WORKING PAPERS OR DIRECT REPORTS TO SPONSORS, NUM B E R E D  AS TM SER I ES
REPORTS , NOT FOR GENERAL DISTRIBUTION
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