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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. 1. 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 (1T), a test performed by F. L. Heltsley in May 1974. While

T L T T ol Ll T T
M =0.7325
1300 |- Re= 3.68 x 10° /11 o .
O EXPERIMENTAL DATA
{REF. 1) le]
1200 | ——INVISCID CALCULATION 1
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oo | ' ° -
o]
/ o
& 1000 | ;
>
5 900 | o le] o
(o}
800 -
700 F ° 1
0083 ft
sw ' L A 1 l 1 L 1 ']
0 ol 02 03 04 0.5 06 o7 08 09 10
X, feet

a. Circular arc bump
Figure 1. Comparison of experimental velocity distributions
with velocities obtained by inviscid computation.
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b. Airfoilshaped bump
Figure 1. Concluded.

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 thicknesscs obtained compare well
with experimental results.

2.0 BOUNDARY-LAYER METHOD FOR ATTACHED FLOW

The 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 proposcd 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)

) 3 _
w (pu) + Ed (pv) = 0 8]
Ou | ooy L =00 5 0u
3, .8 _op 2 (.8
Mt T w T (“B a'y') 3
where
S=T/T -1 (C))

_ Pe ac¢ ~ S
X -I p_a. dx (5)
0
y Pede p
= L (6
y { poa. pe O )
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— a.’
U=t Q)
V= P. 1, 2 0 j-; Pec 2ep a5+ p.a., P v

" Pe ae u ax A P23, Pe y Pe 3¢ Pe (®)

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 Egs. (1 through 4) can be transformed to

U £V, =0 (9)

UUx + VUy - (S + 1) UelUe, - »(BUy)y = 0 (10)
Taw -

S = T, 1 = constant (1)

Equations (9 through 11) are combined using the usual boundary-layer integral approach
(Ref. 4).

& Y T
j%uux -~ Gy [ Uxdn - (—,?—t!’) UeUe, - v(8 U,,),% yndy = 0 (12)
0 0

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=ur(25 fn (1 + y*) + 5.1 - (3.39y* + 5.1)e0-37v*] + “—2" (1 - cos -%’i) (13)

where
vyt = |urlylv 14)

and
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i/2
by = % (M) (15)

aly

The friction velocity, uy, is defined in this way to allow for reverse flow in a separated
region. The wake velocity. ug, can be eliminated by setting y = § in Eq. (13):

ug = Ue - ur(2.5 & (1 + &%) + 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).

Bi=1+ 0.0533gc°-“u+ i [1 + 041U + 5 (O.41U+)2]% amn
where

U+ = Ulur (18)
and

bo = 1+K (l +55 (%)6)1 Up 8%/ (19)

with K taken as 0.0168 for favorable pressure gradients and
d
K = 0.013 + 0.0038 exp (-s* F,':—,lls-rw) (20)

for dp/dx positive (Ref. 3).

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

-1 8
g = 0.013 [1 + 55 (%)6] U—: ( - U—Ue)dy (21)

Yu=0

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

Ajy ur + Ajz2 8 + A3 Ul = -urfug| (22)
&
Az; ur + Az 8 + Az Uy = foﬁUydy (23)

The prime denotes differentiation with respect to x. The A;; coefficients are functions
of ur, U and & as defined in Appendix A.
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22 METHOD OF SOLUTION

Given the inviscid velocity distribution, Eqs. (22) and (23) form an initial value
problem in the dependent variables ur and &. In addition to the velocity, initial values
of uz. 8. 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 8. The interval for integration across
the boundary layer was 8/20 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 1BM 370/165. A listing of the computer program
is given as Appendix B.

Note that the problem is formally the same if either us or & is specified and the
external velocity is treated as a dependent variable.

23 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.

-0.3 T T O—'o
O M 20.85
o Re=4.92 x 10%/f1
06} o) -
o o
o
o
04} 4
o © o
Ce { o oo o
0.2} o J
© SEPARATION °
o)
o J
o2} J
o
0.4 1 I 1
0 0125 0250 _ 0375
X, feet
| 1 1 1 ]
o 025 0.50 0.75

CHORD STATION, X/C

a. Pressure coefficient on the airfoil
Figure 2. Comparison of results from four boundary-layer methods using
the pressure distribution on a C-141 airfoil.
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c. Skin-friction coefficient
Figure 2. Continued.
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Figure 2, Concluded.
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b. Displacement Thickness
Figure 3. Boundary-layer characteristics computed from the experimental
velocity distribution on the circular arc bump.

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

14
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separation accurately, as the 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 Egs. (22) and (23) and solving for external velocity as
a dependent variable.

3.1 METHOD OF COMPUTATION

Since Egs. (22) and (23) are in terms of three unknowns, external 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 & and ug 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; as compared
with experimental values. This u; 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. Sc compares the computed displacement thickness with experimental values. Again,
the agreement is quite close.

15
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Figure 4. Boundary-layer characteristics computed for the circular
arc bump with friction velocity specified.
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Figure 5. Boundary-layer characteristics computed for the circular
arc bump with boundary-layer thickness specified.

Figure 6 compares computed and experimental boundary-layer velacity 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. 6¢ is after reattachment. Similar
accuracy is obtained when friction velocity is specified.

17
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Figure 7. however. shows a difficulty that can arise while using this method. The
computations for this figure arc based on the experimental velocity distribution shown
in Fig. 1b. Figures 7a and b demonstrate a specified friction velocity and the computed
external velocity. Similarly. Figs. 7¢ and d give a specified boundary-layer thickness and
the associated velocity. Both culculated velocities agree with experimental data; however,
Fig. 7¢ shows the discrepancy between the displacement thickness resulting from these
two computations. Lkven though the practical difference between these displacement
thicknesses is not large. Fig. 7e indicates an ambiguity that can occur in these solutions.

o) ALBER, ETAL.,REF. |
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60 ] T | T \ 7 T T T T
\
—-=—=SPECIFIED U, \
a0l \ -
° \
4 \
~ N\
= 20} N -
* SN e
oo N o
o 1 L 1 1 1 1 1 1 L

1600

1400

1200

1000

Ue, ft/sec

800

600 1 1 L 1 1 L I ] 3
0 0.1 o2 03 04 0.5 0.6 07 08 0.9 10
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b. Resulting velocity profile
Figure 7. Calculation of boundary-layer characteristics for a flow near
separation over an airfoil-shaped bump.
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Figure 7. Continued.
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(o] ol 02 03 04 05 06 0.7 o8 09 10
X, feet

e. Comparison of displacement thicknesses computed by this method
Figure 7. Concluded.

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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APPENDIX A
DERIVATION OF DIFFERENTIAL EQUATIONS

Using Eqs. (12) and (13) one obtains:
§ y
JUU - U, fUcan -5 £ D) U U, - v U ay =0 A
0 0

n=401

and

U= ur [25 20 (1 + y*) + 5.1 - (339 y* + 5.1) e030*) 4 % (1 _ cos ﬂ)

5
(A-2)
where
_ Tw ITWI 1/2
o= ey () e
ug = Ue - ur (2.5 0 (1 + &*) + 5.1) (A4)
_ Juely
y* — (A-5)
u, |8
5+ = I Tl .
" (A-6)
Then let
Fi(y) = 25 fn (1 + y*) + 511 - (3.39 y* + 5.1) e0.37y* (A-7)
Fa2(y) = 25, (1.254 y* - 1.502) e0.37y*
2(y Ty 254 y 302) e (A-8)
1 Ty
F3(y) = > (l - cos (5—)) (A-9)
w R n
Fa(y) = 5 sin Ty (A-10)
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so that Eq. (A-2) becomes
U = urFi1(y) + ugF3(y) (A-11)

Taking the derivatives of Eq. (A-11) with the additional definition

Fs(y) = Fi(y) + y* Fa(y) (A-12)
Ux = ur (Fs(y) - F3(y) Fs5(8)) - &' (y—;"- F4(y) + ur F3(y) Fs(y))+ Ue Fi(y)
(A-13)
Uy = uf F2) + = Fa@®) (A-14)
Defining
Fs = Fs(y) - Fs(8)Fs(y) (A-15)
Fy = - S Fa(y) - uiFa(8)Fa(y) (A-16)

Equation (A-1) can then be written

8 y
[ {utui Fe + Ui Fa)+ 8F11 + Uy [ [uf + U] Fa) + 8'F1] dn
0 0

-+ DU, - v B Uy)y}yndy =0 (A17)

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

5 y
A = [ (UF.s + U, [ Fe dn) y-1) dy (A-18)
0 0

5 y
Az = | (UF7 + U, [ F dn) y(k-1) dy (A-19)
0 0

5

Ag3 =I

y
(UFs(y) + UyI F3(y)dn - s + 1) UeUé)y(“'” dy (A-20)
0 0

These expressions were evaluated numerically.
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APPENDIX B
FORTRAN IV PROGRAM

B-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 boundarylayer thickness can be specified and external velocity computed as
a dependent variable.

B2 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
1 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,LRHOI, (8F10.0) C is the length of the computed
UL,DLC(1) area in feet. C/(M-1) is the
UM, XO, streamwise computational interval.
UTAU(1) PI, RHOI and Ul are the reference

free-stream pressure, density

and velocity in 1b/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)

4K

(K+1)-
END

B-3 OUTPUT

UEC() (7F10.0)

UTAU(I) (7F10.0)
or

DEL(I)

Description

in feet. UM is the reference
absolute viscosity in lb sec/sq

ft. XO is the streamwise location
of the starting point. UTAU(1)
is the initial value of the

friction velocity, V7w /p, 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.

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

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
XC

uc

DU/DXC

DELC

Number of the station

Compressible (physical) streamwise location

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

specified

Derivative of the input external velocity, does not correspond to UC in
regions where UTAU or DEL js specified

Compressible boundary-layer thickness
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DEL*

TH

CF

NU

UEI

DU/DXI

DELI

UTAU

UBET

AEDC-TR-76-27

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 DELI is
specified

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

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

Friction velocity - —% ¥

—, this is the other variable that can be
specified. lr“’l p

Wake velocity from Eq. (16)

Wall temperature

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/U, in thousandths, with the decimal
and leading zeros omitted. The spacing across the boundary layer is constant in compressible

coordinates.
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THIS PrROOGKA® COMPUTES A TurkduyLbpnT nOUnoARY LAYER B8Y Thne METHQD
GIVEN oY KUHN AnD nTELScive INSTea) OF SPECIFYING The VELOCLTY
_PROFILrs UTAUCERICITON vertOC]TY) OR DELTA(BOUNDAKRY LAYER THICKNESS)
CAN Bk SPECIFTEU 1w UESIONMATEUL REVIOUNS. INPUT 1S IN FEETe SLUGS
AND SECONDS OR a SimILAR COMPATIDLE SYSTEM,
INPUT VAR]JARLES: “w IS THE NUroer UF X VELUCITIES INPUT. ThESE
SUST HE SPACED AT gvbw [wwTERVALS i 5 I ~ 3
IN THE ¥ UDIRECTLIONe FURMAT (2]15). ENTER LSHLTsLD (31I%)s LS IS
[ 5 j N 3 wiil it \ 5 ) y :
C GRIU POINT FUR SKFLLIFYInw UTAU. IF LS=L1 THEN DELTA 1S SPECIFIED
€ AND LD IS TrE LAST GRID FOINTe wbXT CARD:E CHOKD LENGTIHe FREE
C STREAM PReSSUNE«DENSITY ant) VELUCLTYs INITIAL BOUNUARY LAYER
€ TRICKNESSe abSULUIE VISWLUS N i
C (FRICTLON VELOCLITY)e FORMAT(B8F1040)e 1InPUT VELOCITY AT EACH X
£ STATION, FORMAL(fr1040)e EivTER (STARTING NEXT CARD) UTAU OR DE
C IF APPLICABLE, EwTEK EVERY OTAER PUINT==PROGKAM wIlLL INTERPOLATE.
[
[ 4

clocieoleele

FORMAT (TF10a0) e

MAIN PROGHAIM

o 10101 ] (10] (040 (101 o
1 UEC(201)oUF(20]1) eUXGC(01) oUR(201)0oULC(201)oEL(201)sUTAU(Z20]1)
2 UTP(201) ek e lonsarntronloilT ol oAl RNV sPE AL sRNUE INeMeCoDXo Yo THe
3 VELD o TwoUBEToGRNUSE (4) sUriaRReTTolIaTEoNeTS
C ESTABLISH CONSTAN]S
RO(ZColt )=l )l fE% (Zr/pr)usp8(|=(/C/LE)RR2)
E(l)=1]
E(eg)=2
E(3)=pP
E(a)=1
L LUV T8 RN SRRSO T
JC=0
K=1
Kl=0
Y(l)=0
ull)=0
YI(l)=u,
uC(l)=ve.
J=1
C CALL IwnPUT AND ESTansLlISn INITlaL VALUES
et G AL L CINPUL A S P ; S
GaM=] .4 .
g G RM T RGeS § o T R - SR
TIsRR#P]/KHN]
AI=SURT(le4*PL/ke01)
CaLL EXT(1)
—  RHOS=(KHOI®##GAM|+GAM]# (KHOT#®GAM/P LI ® (U9#2) /(2.%GaM) ) ##(]1/0aM])
ASSSORT (ez® (ULRsZ) +n]lee2) |
—_— . PSSRAUSHAS##2/GAM
TSERR®PS/RKRHOS |
AN=SQRT (GAMSPE /KO (1))
UE(l)=UeC(l)#al/nE
UBET=UE () =UTAR () #FL (VEL () *UTaU(J) /GNY)
C ITERATE FOR INITIAL VELUCITY PRurlLE
DU 11 1=2aN
YT(I)=YT(1=1)+0Y
Y(l)=Y(l=1)+ULY
VLD =UTAU (D) #*r 1 (ABSIUTAUJ) ) #Y (L) /GNU) ¢ o5#UBET® (1 =CUS(3,14159%
ceas ok s YER) JUELAGY ) )"
UC(I)=su(T)#ak/A]
1) RAO(I)=RAUE/RULLLIT) sUEC(L))
NC=N/S
14 UTESSUCINC)
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VO le 1=2sN
12 Y(I1)=Y(1l=1)¢ (RHO(T)+RAU(I=1))*ALDY/ (KnUl®aLl®#P)

: DEL (1) =Y ()
UbET=UE (1) -UTAU(A)*F L1 (DEL (1) *UTAUCL) Z6NU)
DU 13 1=2yN
L s : » +a5% ®(1=C0S 9w
1 Y(I)/DEL(J)))
UC(I)=U(I)®AL/A]
13 RRO(I)=rHUE/RU (UL (T) UL (1))

JC=Ce )
IF (UCeGTe20) GU TO 15
; cu 3
15 DEL(1)=Y(N)
UBET=UE (1) =UTAU(L)®F 1 (DEL (1) %UTAULL)ZGNU)
WRITE(6+2001) JCLyUBETeULTAUC(L)
DO 6 [=gen
RAO (1) =RHOE/KO(LL (L) yUEC (1))
) w])é(Hm &R - $ALEH rOI#AL#P)

6 UGI)3UTAU(J)*F ] (ABS(UTAUIJ) ) #Y (L) /6NU) +eSRURET® (1=CUS(3.14159¢
1 Y(I)ZVEL(J)))
CALL BL
UK(L)=UXC(l)®afe(le 2o EC(l)en/apeup) /AL
UA(2)=UXC(2)%AT®(1+,22UEC(2) %02/ AL®#2) /AL
=
WRITE(692007) ULC(1)sUEC(L1) oUXC(1)sUFL (L) gUE(L) suR(])
Tm;
WRITE (6+7008)

1 DoeTTelIKePSekSenHUSHTS

ARITE(6+200A)
— WHRITE(6+2007) ({y(I)oU(L) e YTUI)oUC(I) e RHUIL))el=10eN)
WRITE(6+2005) :
—CALL PRINT (=]e83)
[ CALL EXECUTIVE SURKROUTIWE
3 Call LOQP
2001 FORMAT(//16¢" ITERATIUNS UBET="9F 10eby? UTAU='4F10.5/)
2002 FORMAT (/159Ke! DELTA UE UEX'/s" COMPRESSIHLE 9Fl0a6e
1 2Fl0e29/7" INCOMPRESSIBLE"9F10e692F10e2)
—2003 FORMAT (¢ U o A LTalV) It
/%" UINF '43F10e420F10aTotF10s2
L' EDGE'e3r10.24F10,79F10a2
/" WALL'"93F10e29F10,TsF10.2
£ ' STAG' e3P 10s2+F10s79F10.2 )
2004 FORMAT (/0 VEL® THETA L} CF'/4+4F1046)
2005 FORMAT('] K Rl o G gUruk € HEREG PEL® I H
1CF NU X Ut 1 WLu/ux 1 DEL I UTAU UBET TWt/)
L Y u uc RrQ*)
2007 FORMAT(2(F1l0e69F10e2)9F10,67)
— 2008 FORMAT (////)
STOP
Enb

W -

X
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INPUT

— SUBROUTINE
c INPUT READS ALL IwPUT EXCEPT THAk UTAU Uk VELTA. THE VELOCITY
COMMON YTIIOI);Y(IOI).UC(IOI)uU(lOl)oRHUCIOI)QXT(201);!(?91)o

2 UTP(201) oK oK1l oK@eKO9KToULoPLoALl s RAVIJPE 9 AE s RHOE o NoMeCoDX9DY o THy
30N slTaTlelt et .

COMMUN /MMM/ LSoLDWLT

READ(Seb01)LSeLI1HLD
3 . e XU UTAUI]L)

READ (59803) (VEC (L) 9I=19M)
- 3 Y

Kém]
KO6sN/15

DEL(1)=DLC(1)
DY=DLC(1)/Z(N=1)

DX=C/ (M=1)
XT(1)=X0

KT (M)=X0+C
X0

UXC(1)Z (=] SHUEC(]) ¢2,%UEC(2)=sD%#ULL(3)) /70X
MlsM=]

D0 1 J=2eMl
XT(J)=XT (J=]1)¢DX

1 UXC(J)=(UEC(J*1)=UEC(J=]1))/(2.%01K)

- » =22% (M=) S UEC(M=2)) /DX
UEC(M¢]1) =22, %UEC (M) =ULC (M=]1)
(315)
802 FORMAT (8F10.0)
—B03 FORMAT(7F10,0)
RETURN

EnD
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SUBROUT ANE LOQP
Cc EXECUTIVE SUBROUTINEe: CALLS NAUV (AUVANCE WITH VELOCITY SPECIFIED)
€ SADV (ADVANCE wlTH UTAU SPECIFIey) AND DAUV(ADVANCE wITH QFELTA :
C SPECIFIEU)e ALSO nEADS UTAU UK VELTA AND CALLS INTERPOLATION
£ SUBROQUTINE, EXJT 1S FROM MAIN ON RETUKNS

COMMON YT(lOl)oY(lOl)-uC(lOl)-U(lOl)cHHU(lOl)cX'(ZOl)vl(ZOl)o

F (¢ . " ¢

2 UTP(ZOI)QKOKIoKQQKﬁoﬂfoUloPlvAlQRHOI'PthLoPHOEoNoMoCoDXQDYOTﬂo

i ’ INUSE (4) sUMeRR e TTeTleTk et

COMMON /MMM/ LSeLDLT
—— 1 CALL NADV(&2)

2 K=K+]

Kl=K]le+])

A(K)sX(K=])eUX®pL®at/Pl/zal

I1E (Ko

IF (K1eGEosK&) CaLL PRINT(=1sa4)

4 IF (K.EW.lLS) GO 0 S

CALL NALV(&2)
— 5 IF (LS.kWQ.LT)60 TU 50
C UTAU IinPUT

Ld) ed=LSel Te2)
CALL LAGR&4 (UTAUsLTLS)
Li=LT=-]
LN=LSe]
PO 18 I=InNelT
18 UTAU(I) S (UTAU(L+ 1) *2.%UTAU(L)*UTALIL=]1)) /%,
LI=LI~-1
CALL SAwv
WITE(64102)
GO To 1
PUT
S0 READ(Se101) (VEL (V) su=LSeLe2)
CALL LAGR4(DEL sl UsLS)
LO=Lyv=]
DO S1 I=1LSelU
51 VEL(I)=(DEL(L*1)*24%UEL(I)+VEL(I=1))/06,
L=l D=1
CALL Oavv
WRITE(6GelUZ)
60 To 1
101 FORMAT((Fl0,.u)
102 FORMAT (" VELUCITY SPECIFIEUY)
3 RETURN
enD
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SUBROUT (NE RERIVIDELQeUIAPUEP eK9e L)
< FORMS COcPFICIENTS FUR uSE IN THE RUNGE=KUTTA SUBROUTINES,
e COMMON YT (101) oY (101)+UCCIOL)oU(101)eRHOCIONL)SXT(201)aX(201) e
1 UEC(201)9UE (201) sUAC(201) sUX(20]1) sULCL201) 9DEL(201)sUTAU(201)»
e 2 UTP(201)eKeR]loR4eKOeRToUlePleALsRAOIoPESAF qRHOE oNoMaCoDXoDYoTHe
3 VELDsTWeUREToONUGE (4) sUMeRReTToTIoTE9He TS
COMMON /D07 LUILPKR(201)
8o=0, !
ge=0,
BT=0,
F3Y=0,
F6=0,
Fi{=0,
All=(.
Al2=0,
Al3=0,
A2l=0,
A22=0,
A23=(,
S=TT/TS
PD=PELQ/ (N=1)
DLQ=DELW®ABS (UTAF) /GNU
i P LDEF)EDEGY
X B20=0,
FRu=(2e5/(1+0LW))=20
FOO=F 1O+LLG#*F 2L
Al3L=ULPHUEL WS
A23L=Al3L%0ELLV/ ¢
Blée= =UTAP#AES (UTAP)
B24%=6]14
PIlE=3,14159
.UdETSUEPOUTAP'FlU
UlQ=uTar#ABS (UTar) /6Ny
DO 1 I=¢en
Y(l)=Y(l=1)+U
YLO=Y(1)®ADS (UTAr) /6Ny
UCI)SUTAP#F 1 (YLuw) ¢+ S#URET#(]=CUS(PIE*Y(f)/0kLG)) =
AMUZE3e (=] ) s8]
IE (JEQaN) AMU=],
BSA=F6
———___BOA=FT
BTA=F3Y
YLQ=Y (L) #aBS(UTAF) /GNU
FlYy=fFl(YLw)
B20=0
IF(YLWel TobU) rcl==(1e254%YLU=1e502) *EXP(=¢3T7%YLQ)
FEY=(2e9/(1¢YL0W))=r20
F3Y=,5#(1=COS(PleeY(])/0DELR))
FaY=p[EoSIN(RPIE®Y (])/UELQ) /2,
FSY=rlYsYLURF2Y
FoO=FSY=F 3Y#FSU
Fr==PBETRY (1) ®P4Y/DELURS2=0T0%F IJY*F 20
_UY=UTQ®F2Y+UBET®#F&4Y/DELQ
Bo=B5¢ (BE5A+F6) #D/?
—__Bo=Bb6e (bApSF () #U/P
BT=Bie(BTAsF Ir)#u/2
= * “F - * #*AMU
A2Ll=A21+(U(I)*Fo6=UY®HY) #%amy #Y(])
Al2=Al+ (UT)®F (=l Y®EH) *amy
A22=n2e+ (Ul1)#F (=liY#HD) ®# MU #Y (1)
Al3=a]3+«(L(])%F3Y=UYHET)#aMy
Ag3=A23¢ (U(L)®F3Y=UY®BT)%aMU #Y(])
HET= BETA(LoLELWIUTAPSUEPIT)
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Al)=all®wn/3

YA VAR ARV
S INARENEE®INES S e

heé=nle#|is3

i v 1 DL ARV A L B R A B s

a23=haro%)/3=Ar 3|

V-0 817 A A VIR e R
Age=b27/0b L1

HE4=RP4/DELO
i Sy | pisueg e ) B LD SRS 0 L0 e silrs

[F(K9e0Te) oL 10 3 |
—UXYEUA (A L) =UR(R) o

IF (II.e0el) UXU=0
UXD=uX (n) X2z (A1)

Blé==al3®uXlierls

_ B24=n2e-Ac3®uAD__
UeP=u AU
_.NELU=(Az1#]e=rnoe®all)/(al2%Ag]l~-AlLl®"Agd)

UTAP= (AgP#H14=Bcatale)/ (Al L#A2E=AZ2]1%AL2)
RETURN

?2 UTD=UTP(K¢))=UTr (k)
_IF ([letQe1) UlL=0

UTPP=UTP (R)«UTD/E (1]
Hle=u]lé=8]1%U [Py

H24=rn2b4=-Az]RUIPP
UTAP=UTrP

DELW= (Bl4waPd=824#A13)/(A12%A23=A22%A)3)
_ UEP=(Hl4®#AzP2=nla%wnl2)/(Al38ng2=in23%Al2)

RETURN
3 DLUSULPKIK®L1)=OLrR(K)

IF(Il.ERe]l) ULU=U,.
OLPP=0LPrR(K) +ULU/E (1)

Hle=ple=-A]2#ULPK
pBo4=u26=A22% PP

NeELQ=ULFP
UTARP= (Ag8H)4=A] spPa)/(A]|%A23=-A)3%A2])

UEP= (A2l ®#nlé=al l#F24)/ (ALI®A2]=n]l]l%A23)
HETURN

EnD
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SUBRUOUT Iivk MAUY (%)

C HUNGA KUTTA ADOVANCE aHEN EXTERNAL VELOCLTY IS SPECIFIEU.e CALLS
L _DERIY fOw COEFFICTEN S Ur JHE UERIVATAIVES.

ComMmOn Y"]Ull!‘l]ﬂl)OUL|)U|’QU(IUI)ONNU(IUI)OA'(ZUI’OK(ZUI"
— el VEC(Z0L) oLk (2u)) ay2ClcUL) sUXAILUL) oL C(2NL) 910 z

2 UTP(PUL) ol el onaarkh oK ol oPioALolHOT oFE s AL o KHUE sNeMeCoOXoDY o THy
— 3 DELUeTuwourE Ty oy (4) sUMyHRy [ ToT[eTEen

DelLP=0,
E DeErP=i,

UTAUP=U, .

RSl )| V) €L S B I 2

”U‘ ‘(l .
D=X4PE AL/ (Fi%a])

C  RUNGE=RUTTA ADVan(eL
O 1 [=)leé

DELP=UEL (K) +uELF*L/E (L)
UTAUPSUTAU(K) *UTAR®0O/E (1)

UEP=UE (n) ¢UFF#*U/E (1)
e CalLl UEhIV(DELPUTAUP UEPs]le))

DLEI=VDL+E (1) %LELY
— 1 UUl=UULE () *uTaup

JEKe+] :
e DEL (J)=UEL(K) *DRI®D/6

UTAU(J) =SUTAUIR) sul) I #0/6
CallL EXT(J)

UE (J)=UEC(J) *Al/AE
UXCJ)ZUXC(J)#AL® (10 o 2RUEC()) #e2/aES02) /AL

IF (JeGEM)GOD TO
_L=eJe] el

3 UX(L)ZUACIL) %al® (1+o2%ULC (L) #02/AL#02) /A
RETURN | :

EnY

36



SUBROUT INE DAUYV

AEDC-TR-76-27

C

M 120

RUNGA=KITTA ADVANCE wHEN BOUNUWRY LAYER THICKNESS IS SPECIFIEUD.

1 UEC(201)9UE(201) +UXC(201) 9UX(201) 9DLC(201) «DEL (201) sUTAU(Z0L) »

P
3 VELU s TwoUBET oGNUsE (4) sUMeKR o TToTIoTEeH
COMMON /MMMm/ LSeLDeLT

COMMON /DU/ ULFR(P0])
_WRITE (be9ul)

______U!hl_uhiJJ_MIAuiJ1__lJAﬁhiulaulull_nhLidLLhNUi

J=K

CALL PRINT(=19&8)
R(K)= e 3 #pPr #a1))

OLPR(KOl)=lUEL(ﬂ'2)-DtL(K01))/(Ux’?t'l&/lPl’Al))

PO 2 KK=L.Sel )

K=KK
P=PXxePE®AL /(PI®*a])

VELQ=0,
UEP=0,

UTAUP=0,
UTL=0,

VUI=0.
DO S I=]1.46

DELQ=VEL (K)+UELG*D/E(])

: UTaUP=UTAU(K) *uTAUP*D/E (])

UEPSUE (K) sUEP®OD/E ()
: aUTAUPsUEPs Jdel)

UTI=UTI+E(I)®UTALP

S UUI=UUL+E([)*UEY

——

JEKe]
UX(J)=Uul/b,

UTAU(J)=UTAUIK) +uTI®0L/6,

UE (D =UE (KD +UUI®*u/6,

CALL EXT (W)

_— PRI (UFL (Jel)=DEL (J))/ (UXSPESAF/(PI®AL))

IF (JeGEeM)GO TO 5
L=Je]

3 ULPR(L)S(UEL(L+]1)=DEL(L))/Z (DA®PERAL/ (PI®A]))

UEC(J)=UE () ®AF/Zal

K=y
KlsKle]

X(K)=X(R=])+LAspeeab/PI/nl
IF (K1a0OFaK4) CALL PRINTI(=1s82)

¢ CUNTInNuUE
AR | 2 41T}

901 FORMAT (/7" StPurATEY REGLON UELTA SPECIFIELY/)
s eI

37



AEDC-TR-76-27

SUBROQUTINE SAUy

C RUNGE=KUTTA ANVANCE WHEN FRICIION VELUCIIY 1S SPECIFIED.
i A101)9UC(L0
1 UEC(201)oUE(201) ¢UXC(201)eUX(201) sULC(201)9DEL(201)+UTAU(201) ¢
% X 7 okt : A e
3 DELDeTwoUREToGMUsE (&) yUMsRReTToTLeTEWH
COMMON _ZMMMZ | Seiliel T

WRITE (69901)
NET 4

UBET=UE (J)=UTau(y) *F 1 (ABS(UTAU(J) ) #DEL (J) /6GNUY)
Call PRINT(=lebH)

B UTP(K)=(UTAUIR ¢ 1) =UTaUlR ))/Z(DX®PE#AE/(PL®AL))
* = + -)) * o # % 1)

00 2 Kr=LSeL1
KEKK

U=pDxappeAe/(Pieal)
DELD=0,

UEP=0,.
UTAUP=(,

bOl=0e
UUl=0,

DO S5 [=1es
— DL Q=VEL (K) eDELW®O/F (])

UTAUP=LTAU(K) *UTaURP®D/E(T)
YEP=UE (n) sUEP*/E (1)

CaLL vERIVIDELAsUTAUPILEPI=191])

=j +t hed
5 UYul=uuler (1) ®*UEP
JEKe ]

UX(J)=LUl/E,
DEL(J)ZDEL (K) *LL AU/ O,

Ut (J)=Ut (R) +UUL*L/ A,

UTP(J)‘(UTAJ(J'])OUIAU(J)l/(Ut“Pt“AL/(FI'AI))
— e URC(J) =B () ®ntsn]

IfF (JeeeM)GO 10 3
L=Jsl 218

3 UTPIL)I=(UTAU(L*1)=0UTAUIL) )/ (DXSPE®AL/ (PL19Al))
K=

KlsK)e]
e . RIK)EX(K=]1)+UA#pcab/P /8]

IF (K1eGEor4) CALL PRINT(=1942)

ieon S EUNLENUE. Tl
RETURN :
901 FORMAT(// ' StPuralby) REGIUN Uuray SPECIFIEQY /)
Env
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SUBROUTINE BL
L _COMPUTES DISPLACENMENT AND MUCENTUM THICANESSESoSHAPE FACTOR AND
C  SKIN FRICTION

COMMON YT (101) oY (101)oUCILIOL)oU(101) o RHVCIGI)eXT(201) X (20]) s

1 UEL(eOIl-utleoll.uxcleulloux(ZUI)-ULC(enl).DtL(?Ul)oUIAu(ZOIlo

[ ) .
3 DELDeTwoUHET9GNUSE (4) gUMeRKeTToTIeTEGH
DELD=PY
YHGO.
DO 7 [=Zeiv

Z3=] o= (RHO(I)®UL(I) )/ (RRVERUEC(K))
Z1=73% (RRO (L) *UC(I)) Z (KHOE®JEC (K))
238738 (3¢ (=])0&])
1F (lobaiv) LI3=L3/4
Z182]1% (3¢ (=))8u])
It (JebwenN) L1l=L1/76
DELD=DELD«Z3®pY

7 In=TreZ]l®#DY
DELL=DELN/3
In=In/3
HE=DELD/1H

______;DL41LAu151_Aub(ulAH(A))'2./u1°02

RETURN
END
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¥ FUNCTION fETA(JaUPiIP UIeRK)

C CUMPUTES ebuY viISLUSLITY

s e o COMMON_YTL10)) oY (10L)sUCCLOL) s (LDL) oD (101 g

1 VEC(201)9UE(70]) oXC(20L) sUALLZ0L) »ILC(20]1) sUEL(20]1) 2UTAU(R201)
2 UIP(P0])sKenlopesnton/ollioP oA lonriUlert s AL o KNOE 9o NoMoCoDXoYolHe
3 VELODeTasubETsOnUsE (@) gti4eRReT I o TIloTE e
e EP. OB SLE ) QO T -]
) Ir (JeOTa2) 0O 19 2
L=PP/ (N=1)
TH=0, ;

e L MEREYS] oS
DU 3 I=Zen
TH=Tne(le=Ull)/yu)B(3+(=1)8%] ) () /UU)

3 VRELO=DHELD* (Je=U (L) ZtU) (34 (= )0u])
TH=TH®U/ 3,
DeELL=DEILLRL/S
PA=4ul3
TW=UF®ARS (UP) # Ryl
PA=(
IF (UR(R) oL To00)
APAS=RHUC®UUSUX (1)
PLlsAHS (DFLL®PA/Z (1VW9]15,))
MRS TR | 33 Ub W B )
IPK= U134 VOIABHEXP (= (DLLU/TW) #PX/ 1Y)
Kiz==]
2 IF(K7,6T40) GO TU &
—_ T1=U(J) /ADS (UP)
IF(T1eGlal%e) LU TU 4
J2=21¢,09330 (EAF (4 ]®T])=(leob]®])le % (,4]1%]))0®2))
T3=PR® (L +5,5% (Y (V) /7LP)#eg) a8 (=] ) SYURUELD/0NU )
JF (T3.0keT2) KT=)
BETA=AMINL(TZe13)
RETURIM
4 BETASPK® (1+S0% (Y(J)/uP)#ea)oe (=])@pUtuelL/GNY ¢]
at o0 CRE TR e
1 IF (Jeble2) GO 10 &
DO 5 I=g2eN
11=1
I CUCIL) oGk a0g) w0 TO
5 CONTINUE
—d DELD=0 ; ;
D=DP/ (N=1)
-0 & Lls]1eN
8 VELL=DELD+ ((l=(L(I)ZVL) )+ (1=(U(J=])ZUU)))
ANVE] & o ) SNy
6 BETA=DELD® (145,5% (Y (J)70P) #E6) 88 (=])
RETURN
EnD
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R NE PRINT(K2s*)
C  COMPUTES COMPRESSISLE VELOCITY PROFILES ANV PRINTS OUTPUT
M
1 UEC(ZUI)'UE(ZOI)vUXL(CUl)vUX(ZUl)QDLC(ZOI)'DEL(ZOI) UTAU(201)
KoK 4K P [
3 DELUs TwoUBETeGNUGE (4) yUMeRKoTToTIsTEWH -
DIMENSION L (101+201)
DIMENSION KOU(24)
RO(ZCeZb) =140 )l IB# (ZE/AE)RBDW (|l= (7C/7F ) 88P)
IF (K2) 19193
Es
1 DY=DEL(K)/(N=])

—  UBETSUE (K)=UTAU(K)®F 1 (ABS (UTAUCK) SDEL (K) ZGNU))

RAO (1) =RHOE/RU(0UEC(K))

D0 & [=2N
RHO (1) =RHUE/RO (LL(]) oU_t.(.(K))
& YT(I)=YT(l=1)+Al®RHOI®DY®*(((1/RHO(I))*(1/RHO(l=1)))/AE®,.5)

DLC(K)=YT(N)
DYSDLC(K)/ (N=]1)

DO 6 I=2+N
- e . - SAE® apI#2)

U(l)=UIAU(K)'FICABS(UTAU(K))'Y(l)/GNU)0.5'UHET'(1-C05(3-14159'
L S Y1) ZDEL(K)) )
6 UC(I)=U(l)®AL/A]

DO B8 I=)eNeK6
= “

L(NsK) =999

1 UE(K)sUX(K)sDEL(K) sUTAU(K) sUBETSTT
IF (Kla0GTaS0) GU TO 2
Kl=0
RETUKN 1
2 CONTInUE
11=0
VO 14 I=1eNeko
11l=11+1
14 xOU(l]I)=1]

= Y = =
2001 FORMAT (140F 7Te4oF0,00FBo0e3FBe50r5,202F9,69F6¢34F6,09F8.0s
J fﬂ-Slf7-3!F'-l.Fb-0)
2002 FORMAT(*] VELOCLITY PROFILES"//+5X+2115/210
L2 ReRISs) )
RETURN )
EnD
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NEg LAGKG (XeMol )

C FOURTH ORDEK LAURANGIAN INTERPULATION
DIMENSLION X (201)

L=L+3
NEMe= 3

DO 1 JsLene?2
1 A(J)== 0625 (X (J=3)eX(Je3))* 5629 (X (J=1)eX(Jo1))

LaL=2
Xll)=(X(lel)ex(l=1))/2,

X(M=1)=(X (M) +xX(m=2)) /2.
Lsb=1

RETURN
END

—  SUBROQUTINE EXT (J)

C COMPUTES EDGE CONDLITIONS AND INCOMPRESSIBLE VELOCITY PROFILES

1 UEC(201)9UE(201)9UXC(201)9oUX(201)9oULC(201)DEL(201)9UTAU(201)
¢ P Kol P Lo AL o K

3 DELDTWoUBETIGNUIE (4) yUMeRReTToTIeTEWH
RO(ZCelb)=]lo | 7Be(/E /0L ) #6428 (|=(F7Cr/7L)®®2)

GAM=] . &
GAM]=GAM=]

AE=SSOGRT (2% (UiR8s=UEC(J) #42) sp®82)
= SRGAM]L +GAM]L® (RHO T *#G ® B4 - e o v
1 (1/0AM])
X L RAERR2/] .4

TE=RR*PL/RHOE
—  GNUsUM®TE/]I/HHUE

RHO (1) =RHOE/RO(0eyUEC(J))
TT=PE*RR/RHO (1)

RETURN
EnND

FUNCTION FL1(Z)

C LOGRITHMIC FUNCTIOwW FOR VELOCITY
— Fl  =r.5%al0G()e7)+5,]1

IF(2.GTehk0e) 6O 10 1
rl=rl (31,3992 9, 1)0FEXP (=,37®7)

1 RETURN
END
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NOMENCLATURE
Sound speed
Coefficients (Egs. 19 and 20)
Skin-friction coefficient
Pressure coefficient
Defined functions (Appendix B)
Shape factor
Pressure
Enthalpy parameter
Temperature
Incompressible velocities
Compressible velocities
Wake velocity
Friction velocity
u/u,
Incompressible flow coordinates
Compressible flow coordinates
urly/v
1 + el
Boundary-layer thickness
Displacement thickness
Eddy viscosity

Momentum thickness
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7 Kinematic viscosity

p Density

Tw Shear stress at wall
SUBSCRIPTS

AW Adiabatic wall

e Edge of boundary layer
t Stagnation

o Free stream
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