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PREFACE 

The work reported herein was conducted by the Arnold Engineering Development 
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of Sverdrup & Parcel and Associates, Inc.), contract operator of AEDC, AFSC, Arnold 
Air Force Station, Tennessee. The work was conducted under ARO Project Nos. PF409 
and P32A-31A. The author of this report was M. C. Altstatt, ARO, Inc. The manuscript 
(ARO Control No. ARO-PWT-TR-75-103) was submitted for publication on June 27, 1975. 
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1.0 INTRODUCTION 

The computation of the flow field with viscous effects over an airfoil or similar body 

is usually carried out by an iterative method. The first step is to obtain an inviscid outer 

solution of  the basic profile. A displacement thickness is then calculated by using the 

resulting velocity or pressure distribution in a boundary-layer solution. This displacement 

thickness is added to the initial body profile to form an equivalent body and the process 

is repeated. Convergence is normally achieved with a few iterations. 

This iterative procedure is not often successful, however, if significant flow separation 

occurs. Standard boundary-layer methods, if used in a separated flow region, produce highly 

inaccurate displacement thicknesses. This is particularly true in transonic flows in which 

a shock appears, due to the strong pressure gradients induced by the shock and possible 
shock-induced separation. 

Two examples of transonic flows exhibiting the shock boundary-layer interaction are 

shown in Fig. !. The first case, a modified circular arc bump mounted on a wind tunnel 

floor, was investigated by Alber. et al. (Ref. 1). The second velocity distribution consists 

of data from the test of an airfoil-shaped bump mounted on the floor of  AEDC 

Aerodynamic Wind Tunnel (IT), a test performed by F. L. Heltsley in May 1974. While 
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this second flow is not fully separated, it presents the same difficulties due to the greatly 

increased boundary-layer thickness downstream of the shock. 

A comparison of the experimentally measured velocities with those obtained using 

Murman's inviscid solution (Ref. 2) clearly indicates the error resulting from ignoring the 
shock boundary-layer interaction. The large increase in boundary-layer thickness caused 

by the shock forms an equivalent body greatly different from the original body. 

As part of an effort to extend an iterative method of solution to separated flows 

of the type illustrated in Fig. 1, a" computer program for a turbulent, compressible, 
boundary-layer method, capable of carrying out computations in a separated flow region, 

has been developed and tested. The procedure used for extension through the separation 
point follows that used by Kuhn and Nielsen (Ref. 3). Instead of specifying a pressure 

or external velocity distribution, friction velocity is specified, so that the external velocity 
is obtained as a result. The prescribed friction velocity is adjusted so that the external 

velocity computed by the boundary-layer method matches a velocity measured 
experimentally or an inviscid computation. Alternately, in the present method, the 

boundary-layer thickness can be specified in the same manner. 

By prescribing either the friction velocity or the boundary-layer thickness, the 
singularity occurring as skin friction goes to zero is avoided, more accurate boundary-layer 
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velocity profiles are produced, and the displacement thicknesses obtained compare well 
with experimental results. 

2.0 BOUNDARY-LAYER METHOD FOR ATTACHED FLOW 

"Fhe turbulent, compressible, boundary-layer method used is a variation of the method 
of Nash and Hicks (Ref. 4) using a modification of Cole's wall-wake velocity representation 
(Ref. 5) to replace the shear stress equation proposed by Nash. The Stewartson 

Transformations (Ref. 6) are included for compressibility effects. This method was modified 
by Kuhn for boundary-layer analysis in a region of separated flow (Ref. 3). 

The reasons for choosing this method are speed, flexibility, and the previous 

experience gained by Kuhn in and near separated regions. The speed is particularly 
important as the future use of this method is part of an iterative solution. 

2.1 DEVELOPMENT OF THE BOUNDARY-LAYER EQUATIONS 

Starting with the continuity, momentum and energy equations for a turbulent, 
compressible boundary layer (Ref. 3) 

a ~ (pv) = 0 a--~ (pu) + -~ (1) 

pu ~ + pv a7 a7 ay] 

pu -~- + pv a7 a~ ~ ay] (3) 

where 

S = T/Tt - 1 (4) 

The Stewartson Transformations (Ref. 6) are applied in the following form 

X 

i Pe ae 
X ~ ~ 

p..a. 
o 

- -  d~' (5) 

Pe ae p F Y 
= J  p , . a  Pe 

0 
d~" (6) 
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a 
U = m u  ae (7) 

( a ~ 2  I p a** p 
P" u a Y peaep  dy" + v 

V = ~ \ a e  / ~ 0 p a,=pe Pe ae Pe (8) 

With the assumptions that the fluid is a perfect gas, the laminar and turbulent Prandtl 

numbers are unity, viscosity is linear with temperature, and the wall is adiabatic, the 

set of Eqs. (1 through 4) can be transformed to 

Ux --- Vy = 0 (9) 

UUx + VUy - (S + 1) UeUe x - i~Q~Uy)y = 0 (1o) 

TAW 
S = Tt 1 = constant (11) 

Equations (9 through ! 1) are combined using the usual boundary-layer integral approach 

(Ref. 4). 

'- Uxd~t - ~--~-t/UeUex " v(/] Uy)y yndy = 0 

0 

(12) 

Equation (12) is the integral of the momentum across the boundary layer for n = 0, and 

the moment  of  momentum for n = 1. 

With the addition of a boundary-layer velocity profile representation and an expression 

for eddy viscosity, a closed set of  equations can be formed. Crocco's theorem with a 

relaxation factor of  0.89 is used to determine density gradient across the boundary layer. 

The velocity profile is taken in the form given by Coles (Ref. 5) with an exponential 

term added for the viscous sublayer: 

U = u,r[2.5 £n (1 + y+) + 5.1 - ( 3 . 3 9 y  + + 5.1)e "0 -37 '+  ] + u_..~.# (1 -COS ~"~Y'~ (13) 
2 \ o , /  

where 

y÷ = l u r l y / v  (14) 

and 

8 
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uT-  i wl (15) 

The friction velocity, ur, is defined in this way to allow for reverse flow in a separated 

region. The wake velocity, u15 , can be eliminated by setting y = ~5 in Eq. (13)' 

u~ = Ue - Ur(2.5 ~n (1 + 5 +) + 5.1) (16) 

For the unseparated flow, the eddy viscosities are expressed in two forms, for an 
inner and outer region (Refs. 7 and 8). 

where 

and 

l~i = 1 + 0.0533 e 0.41U+ - l + 0.41U + + ~- (0.41U +) (17) 

U + = U/ur (18) 

( /3o = i + K i + 5.5 UcS*Iv (19) 

with K taken as 0.0168 for favorable pressure gradients and 

K = 0.013 + 0.0038 e x p ( - 8 * - ~ / 1 5 r w )  (20) 

for dp/dx positive (Ref. 3). 

In a separated flow region, following Alber (Ref. 9), the eddy viscosity is given by 

/~ = 0.013 + 5.5 T - dy (21) 

Yu=O 

Substituting the velocity, Eq. (13), and its derivatives into Eq. (12) results in the 
two equations 

r ~ r  i 
A l l  Ur + A12 + A13 Ue -u r lu r l  (22) 

' 6' U~ 6 A21 U,r + A22 + A23 = -v fo~Uydy (23) 

The prime denotes differentiation with respect to x. The Aij coefficients are functions 

of  ur, Ue and 6 as defined in Appendix A. 

9 
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2.2 METHOD OF SOLUTION 

Given the inviscid velocity distribution, Eqs. (22) and (23) form an initial value 

problem in the dependent variables u,- and 6. In addition to the velocity, initial values 

of  ur. 6. and the free-stream thermodynamic state are required. Input is in terms of  the 
physical variables and both compressible and incompressible results are output .  

Equations (22) and (23) were integrated using a fourth order Runge-Kutta method 
(Ref. 10) with the step size in x of  the order of 6. The interval for integration across 

the boundary layer was 6/20 for the cases shown. Accuracy is not very sensitive to the 
step size chosen if it is in that range. The time required for each streamwise integration 

step is approximately 0.05 sec on an IBM 3701165. A listing of  the computer program 

is given as Appendix B. 

Note that the problem is formally the same if either Ur or 6 is specified and the 

external velocity is treated as a dependent variable. 

2.3 TESTING OF THE VALIDITY OF THE METHOD 

The performance of  the present boundary-layer method was checked by comparison 

with other boundary-layer methods and with experimental data. Figure 2a shows the 

pressure distribution on the upper surface of  a 6-in. C-141 airfoil taken in Tunnel 16T 

(Ref. 11 ). The boundary-layer characteristics shown in Figs. 2b through e were calculated, 

using the C-141 data, by the present method, the method of  Nash and Hicks (Ref. 4), 
the method of Patankar and Spalding (Ref. 12) as modified by High and Felderman (Ref. 

13), and by Adams (Ref. 14). 

There is considerable difference in values for some of the results, particularly shape 

factor and friction coefficient (Figs. 2b and c). This difference, with the exception of  

shape factor variation, is not unusually large, even for comparison of  incompressible 

10 
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methods in moderate pressure gradients (Ref. 15). The momentum thicknesses compared 

in Fig. 2d are in better agreement, and the displacement thicknesses (Fig. 2e) are quite 

close. Since the result of principal interest for present purposes is displacement thickness, 
the agreement is considered satisfactory. 

The comparison with experimental data is shown in Figs. 3a and b. The computations 

are based on the experimental velocity distribution over the circular arc shown in Fig. 

la. The experimental data were presented by Alber, et al. (Ref. 1). The agreement with 

experiment for both the friction velocity and the displacement thickness is quite good 

up to the strong pressure gradient near the shock. Then the accuracy becomes poor, 
especially after separation. 
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3.0 PROCEDURE IN A SEPARATED FLOW REGION 

Three problems are most evident in boundary-layer computations involving a shock 

and separation. The first is the strong pressure gradients in the vicinity of the shock. 

The boundary-layer equations are not developed for use in strong pressure gradients anti 

the assumptions made in the derivations are not very appropriate. The second problem 
is prediction of the point of separation. Boundary-layer methods typicaUy do not predict 

14 
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separation accurately, as tile equations are singular at that point (Ref. 16), and while 

some prediction schemes such as Alber's (Ref. 9) and Stratford's (Ref. 17) are better, 

the accuracy in the transonic range is still inadequate. Finally, computing boundary-layer 

characteristics in a separated region with velocity specified normally results in very poor 

accuracy. This third problem is treated here by specifying either the friction velocity or 

the boundary-layer thickness in Eqs. (22) and (23) and solving for external velocity as 

a dependent variable. 

3.1 METHOD OF COMPUTATION 

Since Eqs. (22) and (23) are in terms of  three unknowns, extern.al velocity, 

boundary-layer thickness, and friction velocity, one of these variables must be prescribed. 

Usually the external velocity, either measured experimentally or from an inviscid solution, 

is specified and 6 and ur are calculated. Near separation, this results in large inaccuracies. 

Typically, the skin-friction coefficient (or friction velocity) decreases in value but does 

not reach zero (Ref. 16). Similarly, other boundary-layer parameters fail to reach accurate 

values. Figure 3 is an example of  this behavior as exhibited by the present method.  

The accuracy of the results can be improved by specifying friction velocity or 

boundary-layer thickness and solving for external velocity as a dependent variable. In order 

to produce the desired experimental or calculated (inviscid) external velocity, a trial and 

error procedure is necessary. The specified friction velocity or boundary-layer thickness 
is varied until the resulting external velocity matches that desired. 

Accuracy is improved both by forcing the boundary-layer velocity profiles to assume 

a more correct shape and by avoiding the singular behavior which occurs as skin friction 

approaches zero when external velocity is specified. 

3.2 RESULTS 

Figure 4 illustrates a case in which the friction velocity is specified. The body is 

the circular arc profile shown in Fig. la. Figure 4a ,gives the specified u r as compared 

with experimental values. This ur distribution is close to the experimentally determined 

value, and the computed external velocity is also near the experimental value (Fig. 4b). 

From Fig. 4c it can be seen that the displacement thickness is determined with good 
accuracy. 

Figure 5 illustrates the same process with boundary-layer thickness specified. Figure 
5a is the prescribed boundary-layer thickness, Fig. 5b is the resulting external velocity, 

and Fig. 5c compares the computed displacement thickness with experimental values. Again, 
the agreement is quite close. 
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Boundary-layer characteristics computed for the circular 
arc bump with boundary-layer thickness specified. 

Figure 6 compares computed and experimental boundary-layer velocity profiles for 
the flow when boundary-layer thickness is specified. Figure 6a is a profile upstream of 
separation, Fig. 6b is in the separated flow, and Fig. 6c is after reattachment. Similar 
accuracy is obtained when friction velocity is specified. 
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Figure 7. however, shows a difficulty that can arise while using this method.  The 

computations for this figure are based on the experimental velocity distribution shown 

in Fig. lb. Figures 7a and b demonstrate a specified friction velocity and the computed 

external velocity. Similarly. Fi~. 7c and d give a specified boundary-layer thickness and 

the associated velocity. Both calculuted velocities agree with experimental data; however, 

Fig. 7e shows the discrepancy between the displacetnent thickness resulting from these 

two computations, kven though the practical difference between these displacement 

thicknesses is not large. Fig. 7e indicates :m ambiguity that can occur in these solutions. 
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Figure 7. Calculation of boundary-layer characteristics for a flow near 

separation over an airfoil-shaped bump. 
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4.0 CONCLUSIONS 

The purpose of  this work was to develop a computer code for a compressible, 

turbulent, boundary-layer method which could be used for computations in a region of 
separated flow. 

The boundary-layer method presented here is fast and relatively accurate for attached 

flows in moderate pressure gradients. As with most available techniques, the accuracy is 

poor in very strong pressure gradients, such as those in the vicinity of a shock. 

Following Kuhn and Nielsen, the solutions can be extended to separated flow regions 
by specification of friction velocity as the independent variable in the boundary-layer 

equations and solving for external velocity as a dependent variable. In the present program, 
the boundary-layer thickness can also be specified instead of friction velocity. When either 

friction velocity or boundary-layer thickness is specified so that the resulting external 
velocity matches an experimental or calculated inviscid external velocity, accurate 
displacement thicknesses can be obtained. 
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and 

APPENDIX A 
DERIVATION OF DIFFERENTIAL EQUATIONS 

Using Eqs. (12) and (13) one obtains: 

f ' IUUx Y - Uy f Ux dr/ - (S ~ 1) Ue Uex - v (l~Uy)y I yndy = 0 
0 0 

n = O ,  1 

(A-l) 

U = Ur [2"5 £n (1 + Y+) + 5"1 " (3"39 Y+ + 5"1) e'°'37y+] + U# ( 1 7  - cos " ~ ' t  

where 
(A-2) 

"rw /.L~) 1/2 
ur - Ir w [ (A-3) 

u# = Ue - ur (2.5 tn (I + 8 +) + 5.1) (A-4) 

y+ = i" ly 
(A-5) 

Then let 

8+ ; l u l l 6  
u (A-6) 

Fl(y) = 2.5 ~n (I + y+) + 5.1 - (3.39 y+ + 5.1) e-O-37y + 

F2(y) - 
2.5 

(A-7) 

+ (1.254 y+ - 1.502) e-0-37y + 
I + y+ (A-8) 

F3(y) = -~- 1 - cos (A-9) 

~r Try 
F4(y) = ~ -  sin T "  (A-10) 
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so that Eq. (A-2) becomes 

U = u~Fl(y) + u~F3(y) (A-II)  

Taking the derivatives of Eq. (A-i 1) with the additional definition 

Fs(y) = FI(y) + y+ F2(y) (A-12) 

Ux = u~-(Fs(y)- F3(y) Fs(6))- ,' (Y~'~2 F4(y)+ u~- F3(y) Fs(y)~+ Ue F,(y) 
#, 

- (A-13) 

u~ 
U r = u~- F2(y) + " ~  F4(y) 

Defining 

F6 = Fs(y) - Fs(6)F3(y) 

(A-14) 

(A-15) 

F7 - y u~ 62 F4(y) - u~F2(6)F3(y) (A-16) 

'Y e [ul- + Ue F3(y) + 6'F7] dw 
o 

(s + I)UeU' - e - v (~ Uy)y y n d y  
) 

= 0 ( A - I  7 )  

Equation (A-l) can then be written 

~tU ' U' F3(y)+ ~'FT] + Uy [u~ F6 + e 
o 

Then the coefficients for Eqs. (19) and (20) become 

Akl =f F6 + U r F6 d y(k-1) dy 

Ak2 =SO F7 + U r F7 d y(k-1) dy 

) dy Ak3 ffi ~(UF3(y) + U r SY 
o o 

F3(y)d~/ - (s + 1) UeUe)Y( k'l 

These expressions were evaluated numerically. 

(A-18) 

(A-I 9) 

(A-20) 
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APPENDIX B 
FORTRAN IV PROGRAM 

8-1 DESCRIPTION OF PROGRAM FUNCTIONS 

Given initial values and the external velocity, this program computes characteristics 
of a turbulent, compressible boundary layer. For a given region in the flow, either friction 
velocity or boundary-layer thickness can be specified and external velocity computed as 

a dependent variable. 

B-2 INPUT 

All input except specification of friction velocity or boundary-layer thickness is read 
, in Subroutine Input. The specified variables are read in Subroutine Loop. 

Card Variables Format Description 

I M, N (315) M is the number of streamwise grid 

points, corresponding to the 
number of external velocities 
input. N is the number of points 
taken across the boundary layer. 

N = 21 is recommended. 

2 LS,LD,LT (315) LS is the first streamwise grid 

point at which friction velocity 
is specified. LD is the last 

point specified. If LS = LD then 

boundary-layer thickness is 
specified and LT is the last 
point. If LS is greater than M 
neither variable is specified. 

3 C,PI,RHOI, (8F10.0) 
UI,DLC(I) 
UM,XO, 

UTAU(I) 

C is the length of the computed 
area in feet. C/(M-1) is the 
streamwise computational interval. 

PI, RHOI and UI are the reference 
free-stream pressure, density 
and velocity in lb/sq ft, slugs/cu 
ft and ft/sec. DLC(1) is the 

initial boundary-layer thickness 
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Card Variables Format 

3 (Continued) 

4-K UEC(I) (7FIO.O) 

Description 

in feet. UM is the reference 
absolute viscosity in Ib sec/sq 
ft. XO is the streamwise location 
of the starting point. UTAU(1) 
is the initial value of the 
friction velocity, ~ ,  in 
ft/sec. 

External velocity in ft/sec. Must 
be given for each X station, but 
dummy values may be used if UTAU 
or DEL is specified at that 
location. 

(K+ 1 )- UTAU(I) (7F l 0.0) 
END or 

DEL(1) 

Either friction velocity (ft/sec) 
or incompressible boundary-layer 
thickness (ft) as determined by 
card 2. Input values for alternate 
points; the program will 
interpolate. 

B-3 OUTPUT 

Output is in the same units as input. Print interval is controlled for variables K4 
and K6 in Input. On the first page are starting conditions and initial profiles, in compressible 
and incompressible form. 

The next block gives results at the designated streamwise locations. The following 
variables are printed: 

N Number of  the station 

XC Compressible (physical) streamwise location 

UC Compressible external velocity input, or computed if UTAU or DEL is 
specified 

DU/DXC Derivative of the input external velocity, does not correspond to UC in 
regions where UTAU or DEL is specified 

DELC Compressible boundary-layer thickness 
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DEL* 

TH 

H 

CF 

NU 

X 

UEI 

DU/DXI 

DELI 

UTAU 

Compressible displacement thickness 

Compressible momentum thickness 

Shape factor 

Skin-friction coefficient 

Kinematic viscosity 

Transformed incompressible streamwise location 

Incompressible external velocity, computed value if UTAU or DELl is 
specified 

Incompressible velocity derivative, also computed if UTAU or DELl is 
specified 

J 

Incompressible boundary-layer thickness, this is one of the variables that 
can be specified 

Friction velocity - rw rw 
specified. ~ - '~- '  

UBET Wake velocity from Eq. (16) 

TW Wall temperature 

this is the other variable that can be 

The last print block gives compressible velocity profiles in the boundary layer. The 
profiles are given at streamwise locations corresponding to those having the same number 
in the preceding print block. Values printed are U/Ue in thousandths, with the decimal 
and leading zeros omitted. The spacing across the boundary layer is constant in compressible 
coordinates. 

29 



A E D C - T R - 7 6 - 2 7  ' 

'i r 

l l~I~ PNO(~H.AP CO,~Pt/IE~ ~ Itlwr41pL~.Ht HO~h~U/~RY LAYER Hy T~  mhT~OP 
C ~IVEN tJY KI)MN An~O ,wlt.LS[.,~e L,W-~ICAU UP ~PEt;IPYIiwb tHE VELOCITY 
(j. .  pWUF_|.t,.~.L_UT._~.UIi'wI(.II{)h.~ V r L . u C | r Y )  UN vELIA(HUUNf)ARY LAYEE THICR,~F_~S) 
C C~N H~. SPLCIPIEU I,, ueSIc,,~ArEu ,~LoIONS, IfwPUT 15 IN PELT, bLUbS 

AN0 ~E{()I~.US QP ~ ~t~ILAN (~t|*q0.'A[~r~L~ SYSTI-M. 
C INPUT VAe(IAHLEISI ~ I5 Tile t,U~,oc~< UP X VP-LuCITIE5 INPUI, THESE 
C *.OST HE SPaCEI) AT cv~.,~ i,~TENVALS= ,~ IS THE NIJ~dE~ OF GHIU PUINTS 
C IN THE Y (/IwECTIU~ ~, ~L)~,wAT l ~ l S ) ,  ENIEI~ LS~LTeLU (315) ,  L5 15 

fee  x L~RIu POIN[ ~,I wlilCl~ UTAU IS P l ~ T  SPLCI~IEL). LT IS tr~E LAST 
C GRID POIN( F(~R ~PLLIFY[,,~ UIAU, iF LSmLI THEN ULLTA IS SPECIFIEr) 

C STN(r.AM PNrSSUwL~')I'=.~SI[Y ~N~) VPLUCL[Y~, | N | I | A L  ~OUNUANY LAYEN 
C T~I.GKN0-55t AbSULUr¢. vIS~.O%IIY~ IN( [ IAL  A ~rAILUN AND I n i t I A L  UIALI 
C (FRICTION VELOCJIY), FOk~AI(t~0"I0,U), INPUt VELOCIIY AI EAC~ X 
C STAIION. F O R M A I ( I r I O . O ) .  P-I~IEK (*',IANTINt~ NEXT CAND| UTALI dR DELTa 
C Ik  &PPLICAHI.E. k,,~[f-hr EVERY O| r t k~  PdINT--PRO(~RAM ~ILL INTERPOLATE, 
G FORMAT(T~ I 0 . o | .  

C 

CQMMt)N YT(10|laYll0|)et~L(|fi|)=tlligl].wHOl|(ll|aXTl~0|l=~(~hll= 

uTP(~Oi|~K~KL~6~II;,)|Ip~I~I~U|oP~E~NM~L~NeMeC~OXe~Y~THe 
3 UELU,I~eUHEI~HU,L(wI,IJ'~,WW,IT,II,IE~h~TS 

L S T ~ B L I S h  CONSIANI~ 
HU(ZC~L~lmI*.IIg~(LP:I~I~*PelI'(LC/LEI~*Z) 
E ( I ) = I  
E ( ~ ) = Z  
E ( 3 ) = F  
E ( ~ ) = !  

dC=0 

Klma) 
Y l l ) = 0  
O i l ) = 0  
Y t l l | = u . _  
U C I I I = u ,  

. d=l 
C CALL ItviaUI ^Nit ES1a~LI_~H I N I T I A L  VALUe5 

. . . . . . . . . .  GALL I N e U I  . . . . . . . . . . . . .  
r~AM" I ,4 
r_~Z..c,r_~ ~_ -_.L . . . . . . . .  
T I - R R * P I / W M f ~ I  

--- A I = S Q R [  ( I . ~ * P I / k r , O  I )  
CALL E x I ( I )  
~ H O S = ¢ ( H H O I O Q _ _ ~ A _ f a  o_L~_~M01o°G~M/I~|)o(uI~O~|/ I ~ . Q G A H I  | *O | l / f i & M l )  

ASmSO~ I t . ~ *  ( U l * * ~ )  *a I * ' 2 )  
~ _ 5 ~  S*-2/(~Al., 
TSaiHHePS/I~HO~ 

t J E ( I )  =UcC ( 1 ) * A I / ~ E  
UUETmUL ( J )  - I )T~U I,J,) * l ' l  (@P_L ( J )  OUTL, U ( J ) / @ N U )  

G ITERATE POR I N i t i a L  VELUCI IY  P ~ u r l L E  
DU I | I=~eN 
Y r ( 1 ) - Y I i I - 1 ) + o v  
Y ( I ) = Y ( l - i ) + P Y  
U ( | ) = U I a U I , J I e P I  IwHS(UI,~UIJIIeYII)/(JNU)+,5*UUi:T*(I-CUS(3,14IS?* 

_ _ . _ _ L _ _  Y ( I ) / q L L J _ ~ ) . J ]  . . . .  
U C ( I ) " U ( I I * a L I & L  

._~___W.MO ( I ) ==NMUa- IHQ (~;t. ( I ) oUPC([) ) 
NC--N/'~ 

1.4 t l IES=dC INC) 

30 



AEDC-TR-76-27 + 

12 Y(I)sY(I-])+(~HU|T)+~m~I|oI)}eA~OOy/IH.UJOAIe~| 

U~T=UEIIIoIITAUILJOFIIU~L(I)oUTAU(II/~U) 

UIIIm~TAII(J)oFI(AH~(UTAUIJ]J~YII|/GNU)÷.%~UHET~(I-C~%(~.I~I~Qe 
1 Y ( l ) / U b L ( d ) ) )  

t J C I I ) = U I I ) e A ~ / A ~  

JCmJC+]  

C 

15 

IF ( J C . ~ T e 2 f l )  ~U TU l b  

U ~ L ( I ) = Y ( ~ )  

WRITE(be2UO))  J ~ t I J ~ T g U I A I ) ( X )  
00  6 Is~9~+ 
~flOI])~NHI)E/N~IU~(I)elJLC(I)) 

6 U(I)aUTAUIJIePII~HS(Ut~U(J))eY(I)/b,~U)*o~eU~ETe(I-CUb(3.1~]59e 
1 Y ( I ) / U ~ L ( J ~ ) |  

CALL HL 

PRINT 1 N I I l A L  V ~ L t J ~  

TKsO.  
w R I T E I b ~ u O ~  
d H I T L I b ~ U U 3  

1 ) 9 T T ~ I K g P S  
~ R I T E I b , ~ u u ~  

1 

~ R / T E ( b t ~ U 0 ~  
~ I T E ( b e ~ U O T  
W ~ I T E ( b , 2 0 0 ~  
CALL P H I N T I -  

G CALL EXECUTIVE 
] CALL LOOP 

) 
) UI,PfeAL.~IeII,LJ~I)i,~boAE,~UkoTEoTKoPEeAae~DI] 
, + ~ , - ~ u s , T S  
) U k L U e T n o ~ I [  l 
) 
) (1+ I t )  f u l L )  e Y t l l )  , u C I I I , H t t U ( I )  ) e l m l + ~ )  
) 
l~&3) 

5 U ~ 0 U T I ~ E  

2 0 0 1 F O H e A T ( / / | 6 o  I Z T ~ A T Z U ~ S  U U L T = O e F | O . 4 t o  
• ON~ F U R M A T I / I ~ X e t  UFLTA UE (JEXOJeO 

1 ~ F I 0 , ~ 9 / *  I N C O M P ~ E S ~ L U L E t t F | 0 , b t 2 F I 0 , ~ )  
• o o 3  FORMAT|*  U P A 

1 / e INF" 0 e 3 P | O o ~ g F l O o T i k | O o ~  
I e k D G E O o ~ t O . ~ , F I 0 . 7 e F 1 O . ~  

3 / o w A L L O o 3 ~ ) 0 o ~ o F l 0 o 7 t k l 0 ,  2 
4 / t S T A G O , 3 ~ ) D . 2 , F 1 0 . 7 e ~ I 0 . ~  ) 

~N04  F O H M A T I / e  U~L • T~EYA 
~ D ~  FURMATIO|  K x C u C ~ U / ~ X  C UEI £ 

ICF NU X Ub I U U / . A  I UEL I 
~ n n ~  FU~MaTLe y tJ YT 
2 0 0 7  F O H M A T ( ~ ( F l O e b t k X O e 2 ) t F | O e T )  
~OOR F O R H A T | / / / I |  

STOP 
[ N U  

U T A U = O . F ] 0 o S / )  
COMP~E~ ; IHLE  

~tMO 

0 t F 1 N . ~ t  

y 0 

C F t / e 6 F ] 0 e b )  
OELo TH M 

UTAU UU~T T W t / )  
U£ R ~ . 0 )  
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C 

SUBROUTINE INPU1 
INPUT HEAUS ALL IJ~OT E A C ~ P 1 1 d L  UTAU U~ UELTA, |HE VELOCITY 
D~RIVAT|VES ANU X ~RIU AH~ SE[ UP AN~ PHIN[  IHTEHVAL OLCIO~U. 

COMNON yT(I01)tVtl01)tUC(L01)tU(101)tR-U(101)tXT(201)tX(~01)t 
,[£1~O)).UEI~QI|mUXCIPO]|aUX(~D])e~LC(~OI).U[LI2OI|.IJIAH'I~G]|a 

2 UTP(2U])oK~KItK4t~btKT~U[tVLtALeH~@[tPEeA[t~OEtNtM~C~DXtUY~TH~ 

COMMON / ~ M /  LS~L0~LT 
~EAO Lh. RD l l  ~ .N  
REAU(S~U01 )LS tL I~L~  
~EAD (~ .~O~)  Cm~I.~HO/~OI~LCKI)eUMeXUeUTAO(I| 

~ETS P~[NT INTEHVAL- 'K~  FUH X ANO K~ FO~ Y 
K~ml 
KbmN/ |S 
0 E L ( I ) s U L C ( I )  
0 y a U L C ( I | / ( N - | J  
D X m C / ( ~ ' l )  
~ T I I ) s X O  
ATIN)mAU+C 
X l ] | m X O  
UXC(I)m(-Ie§eUEC(1)+2eeU~C(~)-,boUL{;(3))/DX 
H l m H - I  

AOI 
riO2 
II0:3 

D0 | Jm2 tN !  
~ T ( J ) J X T ( J - | ) * O ~  

| UXC(J)atUEC(J*I)-UEC(J-|))/(~.°IJA) 
U X £ ( M | I ( I . S t U E £ ( M | - ~ . O U E C [ M - ]  | ~ . ~ e I J E C I M - ~ | | / O X  
U E C ( M * I ) m 2 e e U E C ( M ) - I J t C { M - ] )  
FUR~AT(3 I~)  
FORMATISF|O.U) 
FURMATd/F|O.O) 
R~TU~N 
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SUBHOU11NE LQQP 
C EXECUTIVE SUBrOuTInE . .  CALLS NAUV(AbVANCE wITH VELOCITY SPECIFIED) 
C SAOVIAOVANCE R|1H UTaLI SPECIF Ied )  AND UAUV(AUVANCE mI lH  DELTA 
C S P E C I F I E U ) .  bLS0 MEA()~ U[At l  ON U~LrA ANO CALLS INTERPOLATION 
C SURHOUTIN~= EXIT JS FNOM MAIN ON NETuHN t 

COMMON YTIlOl)vYIlO1)tuCIlOl)oUIlOl)tHMO(|Ol)eXTi2OJ)tXi2Oilt 
I U(C(20])~UF(~O1)oUXC(ZOI)tUX(~OI)eULC(20]),UEL(~D])zU[AUIZOj)z 
2 UTP(~O|)tKtKJtK~tKb~7tUI~PttAI~RHOItP~tAEtRHOE~N~H~C~OXtOYtTH~ 
] U~LuI|IIU~[It~NdIE(¢)eUMtNHt~[eTI.TEI~ 

CON~ON / N ~ /  L S , L U , L T  
I CALL NAUVI i~ )  
2 K=K~I 

K I = K I * I  
X ( K ) m X I K - I ) e U A e P L e A E / P I / A I  
IF I K . 6 E . N  )CALL P R I N F ( I e & 3 )  
IF ( K I e S E , K 4 )  CaLL P R I N T ( - I ~ 4 )  

4 IF (K .EM.LS)  ~0 I0  S 
CALL NAUV(&?) 

S I F I L S . ~ g . L T ) 5 0  TU bQ 
UTAU INPUT 

R E A O I S e | O I I  | U | A I I I J I  e J l L S l L | t ~ l  
CALL LA6R4(UTAUtLToLSI  
L I = L T - I  

C 

LN=L$~I  
DO IB I = L N t L T  

|B UTAIJ(|)=IUTaU(I,I),2eoUTAU(I),UIAtjtt.|))I~. 
L T a L T o l  
CALL SAUV 
W k l T E ( 6 , 1 o 2 )  
GU TU 1 

DELTA INPUT 
50 R E A U | S t I O I ) I U L L I g I , J z L S t L I ) , ~ )  

CALL L&GR41DELeLUtLS) 
LOaLU- |  
bO SI [ =LS tLU  

S] UEL(I)z|O~L(L*I)*~e*ULL([)~UEL(I-]))I4, 
L U z L U - I  
CALL OaUv 
W N I T E I b t I b ~ |  
~U T~ 1 

1 o l  F U H M A T f I F I O . u )  
102 FOHNar(e VLLUCITY 

3 ~ErUR~ 
SPt.CIP ILUo ) 

I:ND 
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5UHROUTLNE UE~vIDELQ.UIA~eUEP.K9.11) 
C FORMS COLPFLCIENT5 FOR U~L IN IHL RUN@~-~UTTA SUBROUTINES. 

C~HMON y T L ] ~ ) )  . Y i ] O l )  . U C ( I ~ I )  ,U(IOIIIHMUIIO1).~T(PhlI.X|~I). 
I UECIEuI)~UEI~OI),U^C(Z01)tux(~0I)~ULCI~0I)~UEL(~0I)~UTAU(~01)~ 

u T P l P o l )  I~t~IIR~,K6eK@IUI,PIeA|e~HOIaPEeAEe~H"EeNmMeCeDX,~YeTHe 
3 uELO~Tw.U~ETtbNu,E(~),UM,RR,rr,II~TE,H~TS 

~ b = O ,  
d ~ = O ,  
B 7 = 0 ,  

___EdY=O, 
F b = O ,  
Ff=0'm 
A l l = 0 ,  
k l ~ = p .  
A 1 3 : 0 .  
A~ImQ, 
A2~=0. 

S m T T / T S  
U=DELQ/|~-I) 
D L Q = U E L ~ * A H S ( U I A ~ ) / G N U  
P I U = F I ( I ) L u )  
B 2 0 = 0 ,  
F ~ 0 = ( 2 . ~ / i I ÷ U L ~ I ) - H 2 0  
F b 0 ~ F I U ~ U L U * ~ ¢ U  

~ 3 L : A I 3 L ~ u ~ L u / ~  
H ~ =  - U T A ~ * p U S ( L I I ~ P  ) 

U ~ T : U E P - U T A ~ F ] U  

OU I l : ~ , , w  
Y ( I ) z ~ t ~ - I ) ~ U  

I ~ ( I . {Q ,N I  ~MVZlt 
B S A = F b  
B b A m F 7  
B / A m F 3 Y  

F | Y m F | ( Y L ~ I  
H ~ 0 : 0  

| F I Y L N , I . T , ~ ' J )  e,"0"-(I,i~i~'°YLO-LeS0~)eLAla('e3TeYLQ) 
F ~ Y • I ~ L b L L L t !  rL_~J.~_- d .~ !  
F 3 Y " , 5 ~  ¢ 1 - C 0 5  ( P l c ~  ( 1 ) / U E L ( ~ )  ) 
F ~y.~_~_J~Sl~.(_la~E_e ¥ ( I ) lUg.L(4 ) I;?., 
F ~ y = P  ] Y + Y L ~ e F i t Y  
P bmFSY- I "  3Y *_F.~U 
#" " f s -U6E  ! t y ( ! ) t l . ,  l r /L)[ . ] .~. l t  o~-I., i  ! O t l .  ~ Y~l-~1.~ 

~ _ U._ym=uTQ~I • ;~Y.... ÷UUP.., | t l " 4  YIL)E.I.Gi 
L41:- Bb ,m. ( ~SA *FO ) o U I  

__._...~=_._~.(~.,.~..C~ A ~,F f ,I * u l ?  __ 
H T - H  I +  (UTJ~f - . .4 f )  ~ l a t ~  
A11zA ] I • { U ( I ) eF ~-Uytb.':) ) eA,'~U 

A ~ I = A 2 1 ~ ( U ( I I e F 6 - U Y e H ~ ) e A : ! U  ~ Y C J )  
_ A I ~ m A  1 ~ * ~ U ; ]  ) 'm'F I - U  Y'm'~_.~ ) e ' a . U  

A ~ " A ~ t ( U ( I ) e P  I - | l Y e H o ) t t ,  mU t y ( | )  
A i 3-A 1~* (L, ( I } *~ 3y-VY*~7) * ~ ' V  
• ' ~ " A ~ +  (U ( i ' ) * P  3 I ' - U y ¢ . ~ / )  t~ ' , lU  * Y  ( l )  
~F..T = HF TA ( / ,m &sr.L |,l,m U T A P ,  UEla o / l J 
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h~4 =~/'4-Mr_ 1 +l J  T "'k.;,., j'~'l.+.WaJ 

_.1. _(. #J'+..!.I, +'L'r- . . . . . . . .  

. .  ~ I.~..:~ I ~'._<".L+'/_.+. . . . . . .  

. . . . .  ~ + ~ . ¢ ' * ! ~  ~ .  . . . . . . . . . . . .  

.~ J 3 _ : . ~  ++ °.~L_,,++- ~. 1 ~ L . . . . . . . . . . . . . .  

+~_~J ..:'_,,.Z_J/+ n-~_l:,.l ..0.. . . . . . . . .  

m. 
M , " . I : P / q . I I ) k  L 0 

| I -  1~'*,).~1 . ~ . )  u b  14') 3 
_ + ~_~._x ~.,~- u x q.~±. L J..~J.~...1_~. I._. 

I P  ( l l . c + ) . l )  o x u m n  
~ ) ~ l j : U J l  + (Is. ] .+ 'UXI. ' I I :  ( 1 1  ) 
i'~ I q ' : - '~  I ,.I * U X l)+' I,, l 

Uk.P"; .ut  u 
,'I 0 "  A" ~ ,J,.r~ + ~,e.~ / , i  o e . , ' • . . . . .  ~_i;.l,,, . . . .  . ( ~ _ . P . J _ ~ _ L + - . ~ +  + . . _ I _ L I L . + ~ . + . _  + * - + ~ t ~ t J ~ S . L , L . P . J ~ L  

t)T Ala= ( A ~P++PI 1 ++-+J~ ++~+ ,+ 1 ,+) / ( ~ l  l * A ~ ' , + - a 2  1 i ~  l ~- I 
Hr..T U6~rv 

P U T U s l J T P  11~.+I ) - I ) ' T ~  I I ,  ) 
_ _ J . . ~ _  ( Z L . . . t  ~!. 1 | u l + = n  

U T P P = U T k '  1~1 +UTq~/P. C ! [ ) 
w I k.=rJ 1 k , -~  1 l 'OU I Pi,- 
M , a ~ s r J ~ 4 - A ~  | * U  I PP 
U T A ~ ' = d T r ~  

| J L I  "):s { ~ ]. 4 ' I I 'A~ ~ "  n ~ 4 ~.~,L.~. .L  ( A 1 ~:I'II' +'~,," ~ -- A ~ J @ A ] ~ } 

R~.TU~N 

I P ( I I . i ' ~ . I )  ULU=~ , .  
L)LNP=!JLP~P ( K )  +01..U/I: ( 11 } 
H 1 4 , . ~  l ~ - k  ] p e O L  l.~l.. 

I ) I:,, L Q = IJ L. I"' P 
U I 'AP= ( 4~:'3+1'm ] 4- .A L.:Ie, VP+  ) ~ (~ I 1 . e A P J - A  I . '3 'oA+)  ) 
iJEP= ( A4~141'II J 41.-J~ I I * W ~ . ~  +) / ( A  | J~ 'A~ .  | - ~  ] ] @ A ~ 3 )  

~I:, T V~,,I 
k.,~U 
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C U I ~ O N  Y T I I U I }  t ' /  t ] ~ ) l )  , U L ( ) O | )  t l ~ l i O l )  e H ~ U ( ] O I )  t A r  ( ; ~ O ] )  t A ( ~ O | )  e 
. . . . . . .  J _  .U_I~_~ ( ~ (J.,L.)..z.~F___(g~uJ.). * . L U , , ~ ~ L U . . ~ .  ( ~J  ] ~ ~q,.].,Lle I )LL  ( ~l'J l ) • LIT ALJ ( P O  l ) • 

IJr ia (~. U J ) t~' e'F,, J ,e,,~l, ~ KS,=.K l tU ] .  tl,".l. I A  11 t R H i J ]  tr~l~, t AIr..IkHUI:. t l ~ l t f ~ t C e L ) X t  D y I [ H , I ,  

IAC:LPn= e). 
t .PEP•U.  . - -  

t J T A U P = U ,  . 

I.IU | = ( i .  

C R U N ~ E - R U ] I  A A I ) V A ~ L L  
. .. ttO ] [ = 1 , 4  

, V I & U P = U I A U ( K ) ÷ U I A U ~ D / ~  | l J  
I J E P = U E ( ~ ) * U F P e l ) / L ( t )  

U U I = U I ) I * E I | ) e C E L ~  
• l U u l = u U l . E l I l e p l A u P  

J = K * I  
~EJ. ( d )  =DE 'L . (~ )  * U b l * f ~ / ~  
U T A U ( J ) = U ] A U ( ~ ) * u A I I * ~ J / O  " 
C A L L  E A T ( J )  
U L I J ) = U E C ( J ) * ~ | / ~ E  

.BB U~(J)=UXC|g)eh|*(|,,2oUEC(JJee~l~e~llAE 
I P ( J , G E , ~ ) ~ I )  r g  
L = J * !  
IIAIL)=UACIL)e~IeII+o~eU~CIL.)ee~/AEte~)/AE 
~ E T U H ~  1 
I : r iU 
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SVURVU]~Nc |~ApV 
G RUNOA-RiJTT~ At)V~NL~ w~EN ~C)IjFWU~HY LA~EH r H I C K , ~ S S  IS SPEC' IF IEU.  

COMM~N YT(|~I)*YIIOI).IJC(1GI).U(IOI)oHHU('IOI).XT(~0I).X(~QI|I 
I UEC(~01)~UE(~0J)*O~C(ZUl)~UX(~UI)*ULC(~01}.DEL(~0]),UTAU(~01), 

uTPI~0])oKIRI~R~eK~,~I.UIePIeA]~H~U],P~.AE.NHOEeN.M,CeDx.~YeTH1 
3 UELUoI*,UEiEI,6NU.~(~),UM.RH,TItTI,fE,, 
COMMON /MMM/ LS*LU.LI 
COMMON / D O /  U L P H t ~ 0 | )  

El 

J I K  
U U L T = U E ( J I - U T A U I J I ~ F 1  I ~ S I u ~ A U I J I ) ~ E L I J ) / ~ N O I  
CALL P H I N T ( - ] ~ & ~ )  
bLPH(K)=(UEL(~*I)-~EL(K))/(DA~PEeAE/(pIeAI)) 
OLPR(K*I)=I~EL(~*~)-~L(K*I))/(t)X*pL*AE/(pIeAI)) 
~O ~ KK~L~o l  ~ 
K=KK 
O = U A e P E e A ~ / ( ~ l e A ~ |  
UELQ=0* 
UEP=U. 
UTAUP=0,  
tIT f i l l .  
U U I = 0 .  
UO 5 I = 1 . ~  
I)EL~=UEL ( K ) * U E L ~ * I ) / E  ( J )  
U r A I I P = b I A U I K ) i u T A I I p t ~ / ~ ( I  | 

CA l l  D ~ N I V I D L L U . u T A U P , U E ~ ,  J . [ )  
U I I = U T I * E ( I ) * U T A U P  
UUI=UIII*E(1)*U~ 
J = K + ]  
UX | J )  ~ U U I / b .  
UTAU ( J )  =UFAU (K)  * U T l e b / b ,  
UE ( J I  =b L (K}  * U U I o u ( ~ .  
CALL EXI(J) 
i ) i  PR | J )  I |[JEI ( J ~ l )  -DEL ( J |  } / I U X e P ~ e A E I  I P I e A I  ] ) 
IPIJ.G~.,}@O IO 
L = J * l  
ULP~(L)=(UEL(L*I)-UtL(L))/(UAOp~I~/(pIeAI)) 
t I E C | J ) I ~ E | J | I A [ / ~ |  
K=J 
K I = K | ~ I  
A ( K | = X ( K - I ) * U A e P ~ e A E I # I I A [  
|~  ( K I . b E . K 4 )  CALl P ~ I N I I - - | o & ~ )  
CONTI~u~ 
H~TuHN 

Ir_N~ 
u~LTA 5 ~ c C I F I ~ U , / )  
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S U B r O u T I N E  SAUV 
C R U N 6 E - K U T I ~  AI )V~NEL WHEN F R I C I I O N  V E L U C I I Y I $  b P E C I F | E D .  

CUHH~N Y T ( I ( | I }  t Y l l 0 l l e u C ( / O l l . u I l 0 l l  . ~ H O l l 0 l l . x T I ) f l l l . l ( ) O t ) o  
I U L C ( ~ 0 1 l t U E I ~ 0 1 .  JeUXC(~OII,UXI~OIloULCI~UII~L~ELIP01)eUTAU(201)e 

UTP(~0|I=hoKLeK~eKbeK/=U[=PIeAI=~MO|ePE=AE=NHOEeN*R=C=OXoBYeTHe 
3 DELD,I'w~U~ET~G~(~)otJ~H~IT~TI~TEeH 

~ l r ~ ( b o e ~ l )  

[;BkT=U~(J)-IlrauId)*tII~uS(UTAU(J))*~EL(J)/GNU) . 

H U T P ( K } = t U T ~ U ( ~  • I ) - U T ~ U ( ~  ) ) / ( U X t P E t A E / ( P | e A I ) )  
UTP(~*II=(UTAU(~*?I-tlIAU(~•III/(dlePEeAE/|PIeAI|J 
0 0  2 K K g L S ~ L I  

U ~ L Q = 0 =  
(JEP"O =. 

_ _  UTAUP=Cs- 
I.,iJ 1,= 0 e 
lJiJ l z¢/J. 

D~LQ=dF  L (.E.J...~.~P..LIaeU/[r" ( I I 
UTAIJPxlJ | AU 1111 ' •U]  A|JI~eL~/~.. ( I ) 
*JEPsUE le, ) 4,tsEPti.s/t.. ( l )  
CALL  U ~ ' N I V ( ~ 3 t ; L O t U T A L P ~ t U ~ P ~ - I , I )  
I ) U I m [ ) D I , ~  1.1 } * U L L .  

5 U U I = U U I • E  ( l ) * U ~ . t "  
d ' ~  • l 
UX ( J )  =bU t / 6 o  
OEL (J ' |  =UEL ( ¢ )  • u b J . t u / 6 .  
UI:. I d  ! =UIr. (r~) + U U L ~ , u / ~ e  
C ~ L L  E A i ( , J )  
t ITP ( J )  " ( t lT  t4lj ( d •  | | - U  I GLI l J )  ) / (U X:IIJI. e/,~r,./( i a ] I l k  I ) ) 

_ _  ___.U_t,.CJ..~_= u E ( d  I..*_a E / ~ I 
I f  ( J o ~ c . e ~ l t ~ l l  I 0  ,,f 

. . . . . . . . .  J . = d * _ L  
U I I  '~ (L.) • ( U 1 a I l  ( i . * l  J -o ITAU II..) ) / ( o ) X e t ' ~ E * 4 1 : / ( P I e A I )  ) 
K s J  

QOI  

X LIS 1_= &LK." 1 ) ±..U A* ~' r..~.t-=L~ l / a ! 
I F  {Klet~F.,,~¢4; CALL P r L , , 0 T ( - l o ~ 2 1  
C_tLti ! 1 NU.IL ........... 

ENd 
IJ I Al l  %#EC l l ,  IE I )  I i I 
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.,C,_. 
C 

SUo~a)UTI~E HL 
COM~OTb% UTS~LACE~t~I ~ i ' ~ . _ . ~ ~ T h I C K h E S ~ E % e E H A P E  ~ACTO~ ANU 
SKIN F~lC]IO~ 

COMMON ¥TllOl}eY(1Oll.oCllOll,iJildll,H~O{iDll.Xr(Pnll.xtp~| ! 
I UEC(~OI).UEI~OII.'J~CI~OI}tlJX(~OI),DLC(~OI).DLL(~OI)tlJTAI}(20|It 
2 uTP(~LI|}'~eKle~.KbeK~tOLeHI.ALeH~OiePL,AEoNNO~ei~eHeCeDXeDYe|H. 

LIELD=uY 
TM=Oo 
O0 T l=~e~ 
Z3=I,-I~OII'leU~(Ill/I~HOgeUbCIKI) 
ZlnZ3e(~HU(]}eUC(I))/(NHU~edLC|~)} 
Z 3 z Z 3 o ( 3 + ( - I ) e e l )  

Z l - l l ~ { 3 * ( - l ) O ~ !  
IF ( I . ~ . . N I  / l = i l t ~  
OELDsl)~LD*~3euY 

7 T.=TM¢ZIe~y 
0EL0=UEL0/3 
Y.sTM/3 
~=DELOt]H 
TwxUTAU(KIOAdb(U|AIJIK))o~=/U|Oe~ 
H~TUNN 
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C CUI~PUT!-.S r..IJL,Y vibt, ublrY 

. . . . . .  ~;.P.~ .~.J~_3.rJ . l .9  l J. LLLJ .~ .LL  ~J~L .UJ_LLL~  l 1 ,..~J_t~J.9..( ~ o z ) • x r ( a o z ) ~ x ( a o ~ ) .  
I UF . :C(~( I I I  , U P ( P O I I , , ' J l C ( t t J I , }  ~ U ~ ( ~ . V I }  ~ I , ' LC(~ .O ] }  e U I ' L ( Z O I }  ~ I J T A U ( ~ O ] }  

3 OELt.).  I * , I I ~ E I , ~ . ~ , U e I : . ( ~ , }  , l i . 4 , 1 a H . l l  g,T|q, Tk...,~. 
_ _ . . J l ' . . .  { ~ _  I ~ _ T _ u _ I  

TH=0. 
__..___J~_¢LO=_Z.. 

oJg 3 l=~. .e .  
I ' H = T w + I I o - L P ( I } _ / U u J e ( 3 * ( - I  } @ ° l } ~ l L I I l } / t l l l )  

~1 UF.LO=IIP.LI~,II.-IiIII/,.,U)'I] + ( ' l i ' . l )  
T M= ]'H~'V/"~.., m 
I I P. L L,I= i)l:.i. L) e L ' / ~  
PP,= ~,,_~.3 
T ~==IJP'I'/4HS ( U P )  e,,~PtU¥, 

IF {Ux  (e,) . b  r . u .  ) 
| I'~ ,1t, = ' N H U r - 4 ' U I J e d X  [l~J 

P l = a ~ 5  (Of; L I J e P A / (  I Wo| 5 .  ) } 
IP ! .PI . L  I .  ~_b_lL 

I I ~ K - .  u 134, .  0 0 : 4 ~ - ~ , ~ r  ( -  I L ~ L L U I T .  } " P X / 1  ~}  

4 

! 

2 I F I K / o ~ r . O )  OU T~ 4 
I I = U ( J } I A Q % I U ~ }  
I F I T I o ~ I . ~ b . )  bU TO 4 
T~ml+.Ob33*l~A~l.41*rl)-(l+.4IeIL*.be{.41*Tl}Oe~}} 
f3#P~eli+~oSe|Yl~|lUP|eebleel-JlOtJUtuELg/bNU~L 
I F I T 3 . L ~ . T ~ |  KT~k 
d E T A z A ~ I N I I T ~ 0 1 3 }  
~EIUwH 
HKTA=PKe(I+~o~ei~(.J)/uP)oQ~Iee|-I}oUUO~LL}/~U ~ |  
N E r U N N  
IP ( J . ~ l . ~ )  bLI 1 0  h 

I | = I  
I P ( U ( I I I m O ~ . O . }  

5 CONT |NU¢  
....... 7 D E L O = O  

uo Tu t 

O-UP/¢ N- l ! 
bO._JL~ :J.Lt~_ 

UELI )=DELL}+ (  ( | - ( L , | ] I / U U I  } + I | - I U I / - - | I t U U I I I  
DELL)=OI. LI')¢,. (1 ] J e U u t t  t)o • ~/~q',iU 
I~E TA=UP..LDO ( 1 + ~ ,,.b~ ! Y ( ,J ) /aJP I * t b  I e t  ( .  | | 
~ETU~N 
E,~u 
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SUBROUTINE P H I N l t K ~ t e )  
COMPUTES CO~PRESSIdLE VELOCITY PHOFILLS ANU PRINT5 OUTPUT 

C0HHON TTiIOI)tYtIOI)tUC(IUI)tU{IOI)tHHU(IOI)eXTI~0IJeXf~0])t 
1UEC(Z01),UE(Z01).~XC(~01),UX(Z~I),0LC(~01),0EL(~01),~TAUIZ01), 
2 ~TP(ZOI)oK.K1.K~.K6tKToUIoPI.AIo~HOI,P~AE.RHOE.N,~oC.DX.Oy~r~. 
3 UELU.TweU~ET,~NU,E(~)tUNtRNtTTtTI.TE.H • 

DI~EN~]UN L ( l O ~ t ~ O | )  
U~MENS|UN K O U ( ~ )  

IF l ~2 )  1 . 1 , 3  
3 K I l l 0 0  

U Y z D E L ( K ) / I N - I )  
UuETmuE(KI-IJTAuI~I~Ft|AH~IUTAU|K]eUELIKI/~NU} } 
R~0( I )mHHOE/HG(UtUE~(K) )  

R N O ( I ) = H ~ U E / H U ( U ~ ¢ I ) . U L L ( ~ ) )  
6 YTII)zYTII-1)*AleRH[)Ie~YeIILI/RnOIII)e(I/RHOiloIiJJ/Ak~.5) 

ULC(K)zYT(N)  
0YmULC(K) / IN=~ |  
DO 6 I = ~ . N  
Y(I]ZY(/--IJ+(HH~i|J+~([-|]}IAkfDY/iRH~IeAIO~| 
U(Z)aUTAU(K)eFIiA~S(UTAU(K))eY(I)/~NU)+eboUH£Te(I-CUS(3e|4ISge 

1 T E l ) l O l L ( K ) ) )  
6 U C ( I ' ) ~ U ( I ) e A E / A |  

CALL H~ 
00 8 I z i , N t K 6  

& L I I . K I z  U ( I ) /  Uk IK)  elOOfl 
L (N /K }mY99  " " 

wRITkI6.~00I)K.ATIK).UECIK).UXCIKI*ULCIK).OELO.IHtHtT*eGNUeX{K)e 

I UEIKI,UXIK),ULLIK),UTkUIK)tUecT,TT 
IF  ( K I . ~ T . S ~ I  GO TO 
K I l O  
HETUNN I 

2 CONTI~qUL 

I l z O  
UO 14 I z l , N . k ~  
l l s l I * l  

14 K O U ( I I ) = I  
i~IT~ibe2OO~)tKOutlJ.lzl.N.K6J.(ll.(Ltla/lJ.lzltN.K6~eIlal,MsK6) 

2001 FOH~AT(A4.FIo4.FOoOoFBoO.3FBeb.P~e~tZF9o6.Fbe3eF6eOtF8eO, 
1 P H - 5 . F T . ~ t F i .  I . F ~ . 0 )  

~002 FORMaT( t l  V~LOCITY PHOFILES'IIsSX.21151210 
l ( Z 2 I ~ / J )  

XETUHN 1 
ENU 
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5U~Hb~TLN~ L ~ b H ~ t X . ~ e L )  
C FOUHTH O~U[~ L A ~ , ~ I A N  LNT~HHOLATLON 

UZMENSL~N X(~UJJ 
L = L * 3  

OU 1 J = L . ~ . ~  
A|J)s-.06~S*(X(J-3)e~ide3)}e.Sb~e(X|J-l)eX(Je|)) 
L = L - ~  
~ ( L ) m ( ~ i L e I } e A ( L - I ) } / ~ .  
X ( ~ - I ) = ( X ( ~ ) ~ X ( ~ - 2 ) ) / ~ .  
L = L - I  
~ T U ~ N  
ENO 

~U~ROUT]h~ ~ X ; I J ~  
COMPUTES LObE CONDITION$ ANO INCOMPHESSIBLE VELOCITY PNOFILES 

COMMON YT(IOI)eyiIoI)oUC(IO|)eU(IOI}eRMO(IOI).XIi~OI}~XI~OI)e 
I UEC(Z01),UE(20I)~UXC(~0I)~UA(Z0|),0LCIE01),DELI~0I),UT~U(EOI}e 

UTP(~0|)tKeKle~qsKb~R~eUlePieAJe~MOleP~eA~e~MO~eNe~eCeOXeOYeTHe 
30ELO.T~U~ET~GNu,~(~)~U~RR.rI~II,r~H 

~O(ZC.Z~}aIe.|I~elLEI~E}Ie2eII-IZCli~}eePI 
G A ~ z I . ~  

A~=SQRl(.Ee(Ulee~-UEC(J)ee~)ealeeE) 
RMOEs(HHOlee~a~]eGA~le(HNOIee~AM/PI)e(uleeP-UECiJ}eea}/IPe~AMJlee 

l ( I / ~ A M I )  
PE=RHO~eAEeeZ/ Im~ 

~NUmUHeTE/_.[I/HMUL 
R M O ( | } = H H U E / H U I 0 e t U E C I J ) }  
TT=PEeRH/~MO( I )  
RE~UHN 

C 
PUNCTION F ) t Z }  

LOGN|THMLC PUNCr [o . ,  FOX VLLOCJIY 
F l  n ~ . S e A L U ~ ( I e T I e b .  I 
| P I Z e G T e k U . )  ~0 iO | 

P IMP!  - f J . 3 ~ e 2 e ~ . l l e ~ x P l - . ] l e T |  

ENO 
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a 

Fi 

H 

P 

S 

T 

U,V 

U,V 

u + 

X,Y 

X, y 

6* 

e 

0 

NOMENCLATURE 

Sound speed 

Coefficients (Eqs. 19 and 20) 

Skin-friction coefficient 

Pressure coefficient 

Def'med functions (Appendix B) 

Shape factor 

Pressure 

Enthalpy parameter 

Temperature 

Incompressible velocities 

Compressible velocities 

Wake velocity 

Friction velocity 

U/U T 

Incompressible flow coordinates 

Compressible flow coordinates 

[u ly/v 

1 + e/v 

Boundary-layer thickness 

Displacement thickness 

Eddy viscosity 

Momentum thickness 

AEDC-TR-76-27 
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p 

P 

Tw 

SUBSCRIPTS 

AW 

e 

t 

Kinematic viscosity 

Density 

Shear stress at wall 

Adiabatic wall 

Edge of boundary layer 

Stagnation 

Free stream 
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