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SUMMARY

A numerical algorithm and computer program are presented for solving the laminar,
transitional, or turbulent two-dimensional or axisymmetric compressible boundary-layer
equations for perfect-gas flows. The governing equations are solved by an iterative
three-point implicit finite-difference procedure. The software, program VGBLP, is a
modification of the approach presented in NASA TR R-368 and NASA TM X-2458,
respectively. The major modifications are: (1) replacement of the fourth-order
Runge-Kutta integration technique with a finite-difference procedure for numerically
solving the equations required to initiate the parabolic marching procedure;

(2) introduction of the Blottner variable-grid scheme; (3) implementation of an
iteration scheme allowing the coupled system of equations to be converged to a speci-
fied accuracy level; and (4) inclusion of an iteration scheme for variable-entropy
calculations. These modifications to the approach presented in NASA TR R-368 and
NASA TM X-2458 yield a software package with high computational efficiency and flexi-
bility. Turbulence-closure options include either two-layer eddy-viscosity or
mixing-length models. Eddy conductivity is modeled as a function of eddy viscosity
through a static turbulent Prandtl number formulation. Several options are provided
for specifying the static turbulent Prandtl number. The transitional boundary layer
is treated through a streamwise intermittency function which modifies the turbulence-
closure model. This model is based on the probability distribution of turbulent
spots and ranges from zero to unity for laminar and turbulent flow, respectively.
Several test cases are presented as guides for potential users of the software.

INTRODUCTION

A number of finite-difference and integral methods are currently available for
numerically solving the two-dimensional, or axisymmetric, compressible boundary-layer
equations. No attempt is made in the present paper to present a literature review of
either solution techniques (ref. 1) or turbulence closure (ref. 2). Reference 2
includes a tabular summary of 34 additional two-dimensional programs available as of
1975. The purpose of the present paper is to present modifications of the algorithm
and software presented in references 3 and 4 that render the approach more accurate,
more efficient, and easier to implement.

In the present approach, a coupled, iterative implicit finite-difference proce-
dure, similar in many respects to that presented in references 5 and 6 for laminar
flows, is used to solve the system of equations for laminar, transitional, or turbu-
lent boundary-layer flows. The major modifications presented in the present approach
as compared with references 3 and 4 are as follows: (1) replacement of the fourth-
order Runge-Kutta integration technique used in reference 4 with a finite-difference
procedure for numerically solving the equations required to initiate the parabolic
marching procedure; (2} introduction of the variable-grid scheme proposed by Blottner
in reference 7; (3) implementation of an iteration scheme allowing the coupled system
of equations to be converged to a specified accuracy level; and (4) implementation of
an iteration scheme for variable-entropy calculations. For most applications, because
of the quasilinearization technique, the iteration cycle for constant-entropy calcula-
tions can be omitted if a sufficiently fine grid distribution is chosen for the coor-
dinate normal to the wall boundary. (See ref. 8.) The present program can be easily
applied to any attached, compressible, perfect-gas (two-dimensional or axisymmetric),
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boundary-layer flow. Transverse-curvature terms are retained in the system of equa-
tions with the option of being neglected if the user so desires. The program is also
structured to allow the user the option of obtaining locally similar solutions.

Options are provided for either two-layer eddy-viscosity or mixing-length

turbulence-closure models. No attempt has been made to generalize the closure models
to empirically include the effects of streamwise pressure gradient, wall curvature,
wall roughness, wall mass transfer, and low Reynolds number. (See ref. 2.) The

models are structured in subroutine TURBLNT such that the user can easily modify the
formulation to best represent the specific type of flow under investigation. The
static turbulent Prandtl number can be specified in one of three ways: (1) as a
constant; (2) as an analytic function of the coordinate normal to the wall boundary;:
or (3) as tabular input from experimental data.

The transitional region of the boundary layer is modeled through the streamwise
intermittency function (ref. 9), which modifies the turbulence-closure model.
Boundary-layer transition location and the extent of the transition (length of transi-
tion region) can either be specified from experimental data or computed from empirical
correlation equations. The laminar boundary-layer equations are recovered by equating
the streamwise intermittency function to zero.

Five test cases are presented in the present paper. These cases cover external
and internal flows, including flows with wall mass transfer, transverse-curvature,
and variable-entropy effects. The cases are designed to serve as guides for assisting
potential users as they become familiar with program VGBLP prior to applying the pro-
gram to their specific problems.

SYMBOLS
A damping function, 26\)/uT
at damping constant, AuT/V

Aln’Bln'Cln'Dln coefficients in difference equation (45a) and defined by

equations (B3)
El, ,F1,,G1l,

A2nrB2n,C2, D2y coefficients in difference equation (45b) and defined by

equations (B4)
E2n,F2n,G2n

a speed of sound

ayra,sag,a, coefficients in molecular viscosity relations (see egs. (7))

Cg skin-friction coefficient

Cp specifiq heat at constant pressure

D damping term {eq. (17a)) 7 I

F , VelOCith??F?Q’ u/ug 7 7
2
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h heat-transfer coefficient POOR QUAUTY
i index used in grid~point notation (see eg. (41))
k geometric progression constant, Ani+l/Ani
k2 thermal conductivity
kT eddy conductivity (see eg. (2c))
kl constant in eddy-viscosity model (see eq. (1l6a))
ks constant in eddy-viscosity model (see eq. (16b))
k3 constant in intermittency function (see eq. (17c))
Ky constant in intermittency function (see eqg. (l7c))
k5 constant in mixing-length model (see eqg. (20b))
L, reference length
A defined in equation {30)
i mixing length (see eq. (20a))
M Mach number
m grid-point index in S-direction
N number of grid points normal to wall boundary
N, reference number of grid points normal to wall boundary (see eq. (42))-
Np, Prandtl number, cpu/kg
NPr,t static turbulent Prandtl number (see egs. (3))
Nge unit Reynolds number, ue/\)e
NRe,r reference Reynolds number, prurLr/ur
NRe,s Reynolds number based on s, ues/\)e
NRe'St,i Reynolds number at transition, uest’i/\)e
NRe, §* Reynolds number based on displacement thickness, ueé*/\)e
NRe,G Reynolds number based on momentum thickness, uee/ve
NRe,m free-stream unit Reynolds number, uoo/\)00

NSt Stanton number, h/(cppu)
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n grid-point index in Y-direction (see fig. 1)

P(l),P(2),P(3) defined in equations (50)

P pressure

Q(l),Q(2),Q(3) defined in equations (50)

q heat-transfer rate

R,2 body axis system with origin at stagnation point, where Z is positive

downstream and R is positive radially outward (see fig. 2)

Rg gas constant (see eq. (6))

r radial body coordinate measured normal to Z-axis (see fig. 2)

T, body radius (see fig. 2)

rg radial coordinate of shock wave (see fig. 2)

S,Y orthogonal boundary-layer coordinate system with origin at stagnation

point, where S 1lies along the body surface and is positive downstream
and Y 1is normal to the body surface and positive outward (see fig. 2)

s boundary-layer coordinate along S-axis (see fig. 2)
end of transition (see fig. 2)

beginning of transition (see fig. 2)

t,1
T static temperature
t transverse-curvature term (see eqgs. (23))
u velocity component in S-direction (fig. 2)
U friction velocity, Tw/ P
v transformed normal-velocity component (see eq. (26))
v velocity component in Y-direction
~ . plvl
v velocity component, v + °
+ : ~
\Y velocity component, v NRe,r
Xl’XZ""’XS functions of grid-point distribution (see egs. (A4) to (A8))
Yl’YZ""’Y6 functions of grid-point distributions (see egs. (A12) to (Al7))
y boundary-layer coordinate along Y-axis (see fig. 2)
; stretched y-coordinate (see eg. (15))
4
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Ym match point for two-layer eddy-viscosity model
z axial body coordinate (see fig. 2)
o defined in equation (30)
B defined in equation (30)
r streamwise intermittency distribution (see eq. (38))
Y ratio of specific heats
? transverse intermittency distribution (see eq. (17c))
As, Ay grid-point spacing, physical plane
Asy transition extent, St f = St,i
AE,An grid-point spacing, transformed plane (see fig. 1)
A* defined in equation (50g)
8 boundary-layer thickness
§* displacement thickness
o
6:nc incompressible displacement thickness, .I. (1 - F) dy
_ 0
£ eddy viscosity, -p BE;;;
€ defined in equation (5a)
g€ defined in equation (5b)
O] static-temperature ratio, T/Te
8 momentum thickness
O shock-wave angle (see fig. 2)
A defined in equation (40)
u molecular viscosity
v kinematic viscosity, L/p
&N transformed boundary-layer coordinates (see fig. 1 and éqs. (22))
E defined in equation (39)
P density

T shear stress
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¢ local surface angle (see fig. 2)
. y2 du
X vorticity Reynolds number, 7?(5;)
Xmax maximum value of (X)m+l
U] stream function (see fig. 2)
Subscripts:
aw adiabatic wall
e based on boundary-layer edge conditions
i inner region of turbulent layer
m mesh point in £-direction (see fig. 1)
max maximum value
n mesh point in 7n-direction (see fig. 1)
o outer region of turbulent layer
r reference quantity
S shock
t total condition
w wall value
o free stream
Superscript:
3 flow index; Jj = 0 for planar flow, j =1 for axisymmetric flow
An asterisk ( )} * on a sympol denotes a dimensional quantity.
A prime on a symbol denotes a fluctuating component.
A bar over a symbol denotes the time average value.
A coordinate used as a subscript denotes the partial differential with respect
to the coordinate. (See egs. (Al).)
6
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PROBLEM DESCRIPTION

This section presents the governing equations for compressible laminar, transi-
tional, or turbulent boundary-layer flows together with the required boundary condi-
tions. It should be noted that the system of equations can be found in numerous
references (e.g., see refs. 2 and 3); however, for completeness, the equation set is
presented in order to allow the user to modify the software if required. The alge-
braic turbulence closure, transition location and extent, and transitional-flow-
structure models are presented and briefly discussed; however, the reader interested
in a detailed discussion of these models is referred to references 2, 3, and 8.

Basic Partial Differential Equations

Dimensional governing equations.- The mean turbulent boundary-layer equations can
be written as follows:

Continuity
| ) ; *v; -
as* (r*Jp*u*) + BY* r*]p* (v* + pp* ) =0 (la)
Momentum
[ ] '
Jdu* p*v*>3u* dp* 1 J j Ju* ] ')
% | g* + * 4 = - + * * —— - okgkyr
A Ry (V p* /oy* ds* r*j ay* r H ay* pruty (1b)
Energy B
1 1 k*
3 pry* d dp* 1 3 L
nx | u* *Tk) 4 * 4 * Tk = y* _ *] * Tk ~
T e pT) <V p* )3Y*(CP ) o as 7 3 oy*|" °f ay* T e

Bu*)Z l a . ( ' l)
* *) | cakpkyrme
+ U (8y* + r*j By * r cpp v*T

- O*U;V; *
Iy *

(1)

The mean turbulent equations are identical to those for laminar flow with the excep-
tion of the correlations of turbulent fluctuating quantities. These correlations must
be related to the mean flow in order to obtain a closed system of equations. In the

1 ] ] 1
present analysis, the apparent mass-flux term p*v*, the apparent stress term p*u*v*
T ]

(Reynolds stress), and the apparent heat-flux term c*p*v*T* are modeled or repre-

sented by a new velocity component 5*, an eddy viscosity ¢€*, and an eddy conduc-
tivity k%, respectively, as follows:

n



v = v* + prv
p*
-
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The static turbulent Prandtl number is defined as follows:

Npp,t = 77
V*T*

Equation (3a) can then be rewritten in terms of equations (2b) and (2c) as

C*e*

N -
Pr,t k*
T

In terms of equations (2) and (3),

written as follows:

Continuity

ds*

Momentum

Ju* ~, du*)

Energy

p*[“* Sex(CET) +

u;v;(BT*/ay*
ou*/Jy*

Il

(r*jp*u*) + 53;1r*jp*§*)

1

cxJ oy*

e 22)

(2a)

(2b)

(2c)

(3a)

(3b)

the governing differential equations can be

{4a}

(4b)

(4c)
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The terms €* and &% appearing in equations (4) are defined as follows:

— E*

£* = u*(l + a;—T (5a)

N * % N

-~ (1 G F) (5b)
Pr HE Npy ¢

The function [' appearing in equations (5) represents the streamwise intermittency
distribution for the transitional-flow region. The I distribution assumes a value
of zero for laminar flows, a value of unity for fully turbulent flows, and a range
of 0 to 1 for the transitional region of flow. The variation of T in the transi=
tional region depends upon the statistical growth and distribution of turbulent
spots. The model used to represent [ is discussed in a subsequent section of the
present paper.

The system of equations is closed by the addition of the perfect-gas law and a
viscosity-temperature relation. The perfect-gas law is written as

p* = PXR*T* (6)
g
Two viscosity-temperature relations are Qrovided: (1) the Sutherland law
a* (T*) 3/2
WS T ar )

and (2) the power law
bx = ay o™ (7b)

The pressure-gradient term in equations (4) is replaced by the Bernoulli
relation

dp* du;
= n¥* % 8
ds* peue ds* (8)

for constant entropy flows; however, for variable entropy flows the value of dp*/ds*
is explicitly retained in the egquation system.

The equations are rewritten in nondimensional form where the nondimensional
variables are as follows:

190

[T TN



u = u*/u*
/ r

v = v*/u*
/r

p = /D*u

(9)
= %
¢ P /o’r‘
T = T*/T;
= *
u u*/ur )

where all dimensional lengths are nondimensionalized by a reference length L;. The
reference values of density and velocity are taken to be those of the free stream, the

reference temperature is taken to be uit/c;, and the reference viscosity is the

viscosity obtained from either equation (7a) or (7b) evaluated at the reference
temperature.

Nondimensional governing equations.- The nondimensional equations are as
follows:

Continuity
g—(rjpu) + (vt = 0 (10)
S ay
Momentum
p(u du o+ a—‘j) - -9, L a—~<r3€ 9—‘}) (11)
ds 3y ds J oy 3y
Energy

=]

9T , o+ 3T\ _ dp, 1
Q(u oy + v 8?) =u g0 + 3

2
+ 5(@) (12)
dy

Equation of State

p = (Y > 1>0T (13)

11
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Viscosity-Temperature

1 ™~
+ a
"= T3/2( 2)

T + a2
or ? (14}
a
u=or14 J
where
- Y
Y=Y NRe,r
L~
vt = U Np, > (15)
= ak /m%
a, a2/Tr )

Turbulence closure.- Algebraic models are used to close the system of equations.
Two options are provided: (1) a two-layer eddy-viscosity model (KODVIS = 2), and
(2) a mixing-length model (KODVIS = 1).

Two-layer model

The equations describing the two-layer model are as follows (see ref. 8):

2] 9u*

£ = Qimk *D) % | —— (0 £ y* S y*) (16a)

T ST Sy * Sy* s oyx

gy _ P* * sk A KD .

(u)o = v Koue O5ne) 7Y lyp < v*) (16b)
where

D=1 - exp(—y*/A*) (]_73)

(kA =f (l - l) dy* (17b)

inc o U,

12



and

Y = (17¢)

The boundary-layer thickness § in equation (17c) is defined as the distance normal

to the wall boundary where u/ue = 0.995. The empirical constants ky to k, are

assigned values of 0.4, 0.0168, 5.0, and 0.78, respectively.

The location of the boundary separating the two layers y; is defined from the
continuity of eddy viscosity; that is, where

(5 - G ue)

Mixing-length model

A mixing-length option (KODVIS = 1) is provided for those interested in utilizing
experimental mixing-length data. The eddy-viscosity distribution across the boundary
layer can be written as follows:

€ p* —*2 du*

—_— = ——— ———— l

" = v * (19)
where the mixing length * can be expressed as

L sy

§ DYf(d) (20a)

An analytic formulation is provided in subroutine TURBLNT for f(%) as follows (see
ref. 10):

k
v\ _ 1y
f(6> = k5 tan h <k5 6) (20Db)

where k5 is assigned the value of 0.108. It should be noted that the assigned
values of kl’ k2, ey k5 and the definition of & can be modified through input
to program VGBLP.

13



Eddy conductivity

The eddy conductivity (eq. {2¢)) is modeled as a static turbulent Prandtl number
(eq. (3a)). Three options are provided in subroutines TURBLNT for Np,. .: (1) a
!

constant, for example N = 0.95 (KODPRT = 1); (2) the Rotta (ref. 11)

Pr, t
2
) (21)

distribution (KODPRT = 2)
(
> specified in tabular form from experimental data

N _ NPr,t)w 2 -
Pr,t 2

and (3) a distribution NPr,t = g(
{KODPRT = 3).

o<

[«210S

Transformed plane.- The system of governing equations is singular at s = 0.
The Probstein-Elliott (ref. 12) and Levy-Lees (ref. 13) transformation is used to
remove this singularity as well as to reduce the growth of the boundary layer as the
solution proceeds downstream. This transformation can be written as follows:

S .
£ (s) =f o uwu ) as (22a)
0 e e e O
j ~
pur 3% .
nis,y) = —==2 f t]<£) ay (22b)
22 Jo Pe

where the parameter t appearing in equation (22b) is the transverse-curvature term,
defined as

£ = = (23a)
Y
(o]

or, in terms of the y-coordinate, as
£=1+ 2 cos ¢ (23b)
o

The relation between derivatives in the stretched physical (s,y) and transformed (&,n)
coordinate system is as follows:

) - 23(3_ an\(3_
(BS)§ = Pelete’o <3€>n * (85)(8n)€ (24a)

) PeteTo 0 )(B )
9 ) - eeo [O)I (24b)
(a§)s J2g (pe /g

14
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Two parameters F and 0O are introduced and defined as

F o= %
Ue
(25)
o= T
T
e
together with a transformed normal velocity
S 3.3
pvr -t
Vz__z_g___._]_:‘a_n. +._9~ (26)
0 uu r2j 9s fzg
e eeo

The governing equations in the transformed plane can then be written as follows:

Continuity
v JF B
ﬁ+2£§—€—+F—O (27)
Momen tum
oF 9F _ 3 [, 23;- 9F 2 _ -
28F 3E + V 5 8n<t le Bn) + B(F 0y =0 (28)
Energy
2
30, 90 _ 3 (23, 30 , 25-(3F)? _
28F ag+van ar](t le an) alt €8n =0 (29)
where
N
1 = puy
(oW g
@ = (v - DM ) (30)
B_z—g(ﬂue)
u, 3t J

15



By using the viscosity relations (eqgs. (14)) and the equation of state (eq. (13)), the
parameter [ can be written as follows:

Sutherland law

1+ a,/T
I = \16(————2*—‘3—) (31a)

0 + a2/Te

Power law

a4—1

o~
Il

(©) (31b)

The transverse-curvature term can be written in terms of the transformed vari-
ables as

co
t=11+ i s ¢ Jf 0 dan (32)
p u

eeo

The physical coordinate normal to the wall is obtained from the inverse transforma-
tion; namely,

cos ¢

Y
v o= —l1 + (1 E;cosd)fedn (33)
P u

eeo

The boundary conditions in the transformed plane are as follows:

Wall boundary

F(£,0) =0 )

V(E,0) = V()

0(£,0) = 0,(8) f (34a)
or

()0~ ()

/e, o an/y )
16
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Edge boundary

il
—

F(g/ng)
(34b)
0(g,/ng)

|
fowr}

The boundary condition at the wall for the transformed V component can be related to
the physical plane as (see eq. (26))

PV
Vy = gﬁ%; L (35)

J\p_u
uro\e'e

Transition

Transition location.- Because of the large parameter space influencing transition
to turbulence (refs. 14 to 17), it is not possible to predict with assurance the loca-
tion of transition for general flows. However, for certain classes of geometry

(e.g., flat plate, cone, etc.), empirical correlations are available. These empirical
correlations can be used with confidence provided one realizes that a probable range
of transition locations is being predicted. In program VGBLP either the transition

location (SST) or the stability index at transition (SMXTR; see ref. 8) must be
specified; however, any correlation can be directly incorporated into the program.

Transition extent.- The assumption of a universal intermittency distribution
implies that the transition-zone length (transition extent) can be expressed as a
function of the Reynolds number at transition u.S¢ i/ve. In reference 9 it is shown,

’

for the transition data considered, that the data are represented on the average by
the equation

0.8
N = 5(N (36)
Re,Ast < Re,st’i>

_ e
Re,Ast - Ve

then be obtained directly from equation (36) as follows:

where N (St,f - St,i)' The location of the end of transition St,f can

-1
S £ = Sp,i t SNRe<NRe'St i)o.s (37)
’

where Ngpe is the local unit Reynolds number, ue/ve.

In program VGBLP the extent of the transition region (s¢ £ - St,i) can be
’

specified in one of two ways: (1) from equation (37) (KTCOD = 1); or (2) from the
specification of S¢ f/st i obtained from experimental data (KTCOD = 2). It should
’ ’

be noted that the program can be easily modified to include any desired correlation
or equation in place of equation (37).

17
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Transition-flow structure.- The parameter [ (egs. (5)) is the streamwise inter-
mittency function which models the turbulent spot distribution in the transitional
region. The parameter is a function of the s-coordinate only and is defined (see
ref. 9) as follows:

T(E) = 1 - exp(-0.412E2) (38)
where
- 5 - 8 -
£ = -—775L3 (39)
and
A = (s) - (s) ; (40)
3 1
r=% r=g

It should be noted that [ = 0 for laminar flow, I = 1 for fully turbulent
flow, and T ranges from 0 to 1 for the transitional-flow region. Equations (27)
to (29) rocduce to the classical laminar boundary-layer equations when [ is set =
to zeroc. o ’ T ' B

SOLUTION TECHNIQUE

The system of governing equations (egs. (27) to (29)) is parabolic and, therefore,
can be numerically integrated by a marching procedure in the streamwise direction. 1In
order to cast the equations into a form in which the marching procedure can be imple-
mented, the derivatives with respect to & and 1 are replaced by finite-difference
quotients. The method of linearization and solution used in the analysis closely
parallels that of references 5 and 6.

Finite-Difference Mesh

Because of the magnitude and variation of the gradients of the dependent variables
(6F/9y; 90/9y) near the wall boundary for turbulent flow, it is computationally
inefficient to use equally spaced mesh points in the y-coordinate. This problem can
be alleviated by selecting a variable mesh-point distribution such that Ani+l/Ani > 1
where the distribution in the wall region is chosen sufficiently small to resolve all
gradients. One approach to grid specification is to use a geometric progression

An,

;= 0 ang (i=2,3,4, ..., N) (41)

where k 1is defined as the geometric progression constant Ani+l/Ani. A schematic of
such a grid is presented (not to scale) in figure 1.

Blottner (ref. 7) introduced a variable-grid scheme that is more computationally
efficient than the differencing scheme and mesh distribution used in references 3

and 4. The Blottner variable-grid scheme (ref. 7) and the Cebeci-Keller box scheme
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{(ref. 18) appear to be two of the most promising schemes currently available in the
literature for solving the boundary-layer equations. The Cebeci-Keller box scheme,
although efficient for two-dimensional flow, vields block-tridiagonal matrices and
requires greater computational effort than the simple-tridiagonal matrices of the
Blottner variable-grid scheme. Blottner has shown (ref. 7) that the variable-grid
scheme is as accurate as the box scheme for the two-dimensional boundary-layer equa-
tions and, furthermore, that large values of the geometric progression constant can be
used for the normal mesh-point distribution, provided the variable grid is interpreted
as a coordinate transformation. 1In reference 8 it was shown that k wvalues on the
order of 1.04 could be used for turbulent flows. In reference 19 it was shown that an
accuracy requirement on T, of 1 percent required approximately 220 mesh points
normal to the wall with k = 1.04. 1In order to increase the computational efficiency
of such schemes one can reduce the number of mesh points while simultaneously increas-
ing the value of k; however, this approach generally results in unacceptable levels
of accuracy. Blottner (ref. 7) demonstrated that with the variable-grid scheme satis-
factory results could be obtained with approximately 20 mesh points for k = 1.82.
Vatsa and Goglia (ref. 20), using the method of reference 4, showed that the variable-
grid scheme proposed by Blottner (ref. 7) could reduce the number of grid points from
approximately 201 to 61 for a specified l-percent accuracy in wall shear stress. They
also showed that for most applications one could obtain reasonably accurate solutions
for turbulent boundary layers with as few as 25 to 30 mesh points, as compared to
approximately 200 mesh points for the method of reference 3.

Blottner (ref. 7) introduced a modified definition for the geometric progression
constant such that

kK= (k) ° (42)

where k is now defined as the conventional geometric progression constant for Ng
mesh points normal to the wall. Using equation (41l), one obtains

ki-1 - 1
neo=n ot (43)
i e(kN-l B 1)

which when combined with equation (42) yields the following for the n-mesh
distribution:

(i-1) (Ng=1)/ (¥-1)

ny = n | e 1 (2a)
&) °© -1

Two options are provided in program VGBLP: (1) specify nNpayr N, and k
(IGEOM = 1); or (2) specify Npax: N and Anl (IGEOM = 2). Of these two options,
it is recommended that the user select the first option (IGEOM = 1) where the value
of k 1is computed from equation (42) for specified values of k and N,. Typical
values for k and N, are 1.5 and 25, respectively, for N 2 41. (See ref. 20.)
It is obvious that the larger the selected value of N and the smaller the value
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of k-1 (k 2 1), the more accurate the solution. Since program VGBLP is very effi-
cient in terms of computer resources, it is suggested that potential users of the
program perform a series of numerical experiments over a range of k¥ and N values
in order to gain experience with the procedure. If the second option (IGEOM = 2) is

selected (specify Nmaxr No and Anl), the user is cautioned to exercise care in

selecting the number of grid points. If transitional or turbulent flow occurs in a
given problem, the laminar region of the boundary layer is calculated with the value
of k used for the turbulent region; that is, for a given solution, k 1is invariant.

Difference Equations

Three-point implicit difference relations (see appendices A and B) are used to
reduce the transformed momentum and energy equations {egs. (28) and (29), respectively)
to finite-difference form. The difference quotients produce linear difference equa-
tions when substituted into the momentum and energy equations provided truncation
terms of the order Agm-l Agm and Ann_l Ann are neglected. (It should be noted
that the truncation term for d2F/9n2 is of the order (fnp-7 - Any).) The resulting
difference equations may be written as follows:

Momentum equation

AlnFm+l,n—l * BlnFm+l,n + ClnFm+l n+l * Dln®m+1,n—l
+ Eln®m+1 n* Flnem+l n+l ~ Gln (45a)
Energy equation
Aanm+l,n—l + anFm+l n + C2nFm+1 n+l + Dznom+l,n-l
+ E2n®m+l at F2n9m+l,n+l = G2, (45b)
The coefficients Al,, Bln, ey Gln and A2, B2, ..., G2n (see appendix B) are
functions of known quantities at stations m and m-1. It is important to note that

equations (45) are coupled through the dependent variables F and ©O; however, the
dependent variable V does not appear explicitly as an unknown at station m+l. The
variable V is uncoupled from the system because of the particular way that the non-

F
linear terms V %ﬁ' and V %%- are linearized. (See eqg. (A23).)

Solution of Difference Equations

The system of difference equations (egs. (45)) represents a set of 2(N - 1)
linear algebraic equations for 2(N ~ 1) unknowns. The boundary conditions to be
used with the difference equations are specified in equations (34). The 2(N - 1)
linear algebraic equations may be written in tridiagonal matrix form; consequently,
an efficient algorithm (Thomas algorithm) is available for simultaneous solution.
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The simultaneous or coupled-sclution technigue is presented in appendix B of

reference 5; however, because of differences between the present work and that pre-

sented in reference 5,

Because of the special form of equations (45), the following relations exist

(see ref.

Next, equations (46)

relations:

where

and

21)

Fro+1,n-1

Q

m+l,n-1

Bl

B2

G2m+l,n

*
m+1,nF

*
m+l,nF

(1)
m+l,n-1

(1)

+ E1*

m+l,n m+l,n"m+l,n

m+l,n + E2

m+l,n

= +
Elm+1,r1

= Glm+l,r1 -

= +
B2m+l,n

m+l,n

m+l,n

+ P

+ (2) F
Qm+1,n—l Qm+l,n—l m+l,n

S)

*
m+l,n"m+l,n

Al

(2)

m+l,n—

1F

(2)

= G1

m+l,n

*

+ P

the solution technique is discussed here in some detail.

(3)

m+l,n-1

€]

m+1l,n

(3)

Qn+1,n-1"m+1,n

are substituted into equations

m+l,n

- F1

G2

m+1,

*
m+l,n

- F2

m+l,n m+l,n-1

Al

(3)

m+l,n m+l,n-1

Al

(1)

m+l,n m+l,n-1

A2

(2)

m+l,n m+l,n-1

A2

A2

(3)

(1)

m+l,n m+l,n~1

m+l,n m+l,n-1

m+1,

+ D1

+ D1

- D1

+ D2

+ D2

- D2

= Clos, nfme, nel

nom+1,n+l

- C2m+1,nFm+1,n+1

nOm+l,n+l

(2)

m+1l,n"m+1,n-1

(3)

m+l,n"m+l,n-1

O(l)
m+l,n"m+1,n-1
Q(2)
m+l,n"m+l,n-1

(3)

m+l,an+l,n—1

(1)

m+l,n*m+1l,n-1

(45) to obtain the following

(46a)

(46b)

(47a)

(47b)

(48a)

(48b)

(48c)

(484d)

(48e)

(48f1)
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The unknown values of F

as follows:

m+l,n

m+l,n

where

(1)

m+l,n

p(2)

m+l,n

(3)

m+l,n

(1)
Qm+l,n

(2)
m+l,n

(3)

m+1,n

*
Am+1,n

Next, equations

m+l,n

0

m+l,n

The "no-slip" boundary condition (Fm+1,1

obtain the values of P

p1)

m+l,1
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(1)

m+l,n

(1)

and 0O

(2)
m+l,n

(2)

at station

m+l,n+1

Qm+l,n + Qm+l,nFm+l,n+1

(E2

*
m+l,nGl

*
m+l,n

*
- Elm+1,n

m+l,n

(3)

m+l,n m+l,n+1

(3)

Qm+1,r1 m+l,n+l

G2* )

are obtained from equations (47)

A*

m+l,n/"m+l,n
(Elpe1,nC2me1,n _7ﬁé;+l,nClm+l,n)A;+l,n
(El;+l,nF2m+1,n - E2;+1,nFim+1,n)A;+1,n
(Bl;+l,n62;+l,n - B2;+l,nclg+1,n)A;+l,n
(B2;+1,nClm+1,n - Bl;+1,n 2m+l,n>A;+l,n
(82;+l,nF1m+l,n - Bl;+l,nF2m+1,n) ;+1,n

1

(Blre1, nB2met,n = B2mel,nElnel,n)

(L)
Pm+l,n

(1)

Qm+1,n

(1)
m+l,1

(2) _
m+1,1

=P

(46) are rewritten

p(2)

m+l,n

(2)

wher

(3)
m+l,1

as follows (where

m+1l,n+1

Qm+l,nFm+1,n+1

e i=1,

=0

(3)

m+l,n m+l,n+l

(3}

Qm+1,n m+l,n+1

n =

= 0) is applied at the wall boundary to

2, 3; that is,

(49a)

(49Db)

(50a)

(50b)

(50¢)

(504)

(50e)

(50f)

(509)

{51a)

(51b)

(52)
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The thermal condition at the wall boundary can be specified in one of two ways:

(1) specified wall-temperature distribution (KODWAL = 1); or (2) specified heat-
transfer distribution (KODWAL = 2). For a specified wall-temperature distribution it
can be seen directly from equation (51b) that

(1)
Om+1,1 = Ome1,1

(53)

(2) o (3) _
Om+1,1 = Q1,1 T

The case in which a heat-transfer distribution is specified presents a somewhat more
difficult problem; however, this class of flows is often of interest; for example,
adiabatic flows where q; = 0.

The heat transfer at the wall boundary can be written in the transformed plane
as follows (see ref. 3):

*x k2 ]
* MYy Vre, /;eueTeUero 39

u+1,1 ~ ~ * [y Zm+l l(sﬁ)
’ L ’ m+l,1
r \ Npy 28 m+1,N

(54)

Then, for a specified value of gf the gradient of O can be obtained directly

as follows:

m+1,1’

(g@) = ~n : Yo % 3 (55)
M/m+1,1 ML L *2 ] J Lme1,1
' Hplpy YNpe,r PeleTeHelc o m+l,N

For the grid-point spacing used in program VGBLP, the gradient of 0 evaluated at
the wall, by using a three-point relation, is as follows:

- a+w?o £ 1+ K20 -0

(g@) _ m+1,1 m+l,2 m+1,3 (56)
N/ m+1 .1 k(1 + k)Anl

Equations (55) and (56) then yield the following expression for ®m+1 1t
7

2
(L + k) 0 N 1 0 (57)

Bn)m+l,l l P (1 + k)2 m+172 1 - (1 + k)2 m+1,3

o _ k(1 + 1)Anl (@2
m+l,1 1- (1 + k)2

(52)
where ~
N /1,1

+ . . . .
at the m+l,2 point to obtain two equations in terms of Fm+1,n and ®m+1,n where

is evaluated from equation (55). Equations (45) are next written
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n=1, 2, 3. (Note that Fm+l 1
r
these two equations to obtain one equation in terms of F

n=1, 2, 3. The quantity ©
to obtain the relation

= 0.) The quantity F is then eliminated from
m+1,3

and O where

m+l, 2 m+l,n

n+l .3 is next eliminated through use of equation (57)

= (1) =(2) =(3) 0

On+1,1 = Qmr1,1 * Omi1,1Fme1,2 * Qme1,1%m41, 2 (58)
where
50"
NI [}cz)(cl) - (c1)(c2{}m+1'2 + BC2)(F1) - (c1)(F2{]m+1’2[k(; f k)Ani](5ﬁ>m+1,1
meld Am+1;2 -
(59a)
o) BCI)(B2) - (C2)(Blﬂln+1,2 o
m+l,1 Am+1,2
. 2
_ 3 (1) (E2) - (C2)(El{]m+l,2 + [ (F2) - (C2)(Fl£]m+l’2(l + k)
Qm+l 1 A (59c¢)
’ m+1,2
and
By 5 = {{}Cz)(Dl) - (c1) (02)] + Bcz)(Fl) - (cD) (r2)] [1 -+ k){]} (594)
’ m+1,2
By comparing equations (51b) and (58), it is observed that
(1) = (1) (i =1, 2, 3) (60)

Q41,1 = me1,1

which completes the desired boundary condition for the case of a specified heat-
transfer distribution along the wall boundary. The temperature at the wall is
obtained from equation (57) once Om+l,2 and Om+l,3 are known,

- (i) (1) .
The gquantities Pm+l,n and Qm+1,n where 1 =1, 2, 3 (see egs. (51)) must
first be determined across the boundary layer at the m+l station where
n=1, 2, ..., N. These quantities are calculated by the following procedure:

(1) Perform the following steps at the first grid point away from the wall
(n = 2):
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(a) Calculate Alz, B12, e eey Gl2 from equations (B3)
(b) Calculate A2,5, B25, ..., G2, from equations (B4)

(c) Using the results from steps (a) and (b) and the boundary conditions
(egs. (52) and (53) or (59)), calculate Bl}, B2}, El}, E23, G173,
and G2§ from equations (48)

(d) Using the results from steps (a) to (c), calculate P and Qél)

where i =1, 2, 3 from equations (50)

(i)
2

(2) The procedure outlined in step (1) is now repeated at the second grid point
off the wall (n = 3) by using the results obtained at n = 2. This procedure is
repeated until the entire boundary layer is traversed (n = N) and all values of

(1) (1)
P

m+l,n and Qm+l,n are determined where i =1, 2, 3 and n = 2, 3, 4, ..., N.
(3) Using the values of P(i) and Q(i) where i =1, 2, 3 and
m+l,n m+1l,n roes
n=2, 3,4, ..., N, the values of Fm+1,n and Om+1,n where n = N-1, N-2, ..., 2
are calculated from equations (49). It should be noted that Fm+1,N and Om+1,N are
specified edge boundary conditions (egs. (34b)). The wall-boundary values of F

and 0O are obtained from equations (34a), or from equation (57) for the case of a
specified wall-boundary heat-transfer distribution. At this point in the procedure,

the values of Fm+1 n and 0 are known for n =1, 2, ..., N, and it remains
r

only to determine V

m+l,n

m+l.n for all values of n to complete the first iteration.
4

(4) The continuity equation (eg. (27)}) is solved numerically for the N - 1

unknown values of V as follows:
m+l,n
n
n oF
Vm+1,r1 = Vm+l,l _.j; (26 §€ * F>m+1 an (61)
where Vm+1,1 Yrepresents the wall-boundary condition V,- (See eq. (35).) The

trapezoidal rule of integration is used to numerically solve equation (61).

(5) The solution is now checked for convergence where the convergence criterion
is as follows (g is iteration index):

(3F/3m) 4

1- -1
(3r/3m 4

DIF = (62)

m+1,1

If DIF £ CONV, station m+l is declared converged and m is incremented by 1.
During the development of program VGBLP, a global convergence check was initially
applied to each of the three dependent variables over all values of n. Global con-
vergence was declared once all three variables were converged over all values of n;
however, it was observed numerically that a local check on the gradient of F at the
wall was a sufficiently accurate criterion. Consequently, the logic and storage
requirements for the global check were removed from the software.
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Initial Profiles

A major change in the present approach compared with that of references 3 and 4
is the technique for numerically generating the initial profiles at & = 0. These
initial values are required to initiate the three-point implicit marching procedure.
In references 3 and 4, the equations at the initial station (£ = 0) were numerically
solved using a fourth-order Runge-Kutta scheme for an equally spaced grid
(An = nmax/(N - 1)) in the n-direction. The converged solution on the equally spaced

grid was then interpolated onto the variably spaced grid (Ani =k Ani_l). This pro-
cedure introduced some interpolation error into the initial profiles which, although
decaying in &, could cause oscillations in the neighborhood of the stagnation point
for blunt-body flows. These oscillations, if they occurred, made it difficult to
accurately determine parameters such as 1lim q, and 1lim T,. Another problem some-
s>0 s>0

times encountered by users of the approach presented in reference 4 was the sensi-
tivity of the convergence of the initial solution to the selected initial values

JF 20

for == and =— required to initiate the Runge-Kutta integration. To ensure
Mln=o N ln=0

convergence, the user would often have to make several trial runs before the initial

guesses were sufficiently close to the converged values.

In the present approach these two problems (interpolation and convergence) are
completely eliminated. The locally similar form of the momentum and energy equations
is numerically solved in finite-difference form for the variable grid used in the
marching procedure. Initial value guesses and interpolation procedures are not
required. The momentum and energy equations are of tridiagonal form and are easily
solved. The continuity equation is uncoupled from the system and solved using the
trapezoidal rule of integration. The initial profiles are generated in subroutine
SIMILAR.

The marching procedure requires evaluation of the £-derivatives at two backward
points; consequently, the first solution station SS(1) + SS(2) in the E-coordinate
requires special attention to assure local accuracy in the neighborhood of the stag-
nation point. For flows with a stagnation point (IBODY = 1), the profiles at
£ = Agl are reflected about the stagnation point to impose symmetry. For flows
without a stagnation point (IBODY = 2), it is assumed that the solution at § = A&y
is identical to that at & =0 (s = 0). As a result of this approach, the solutions
are physically correct and merge smoothly with the downstream marching solution
(§ > A&y). The quantity AE; is evaluated using Simpson's rule for stagnation-point
flows.

Bvaluation of Wall Derivatives

The shear stress and heat transfer at the wall are directly proportional to the
gradient of F and 0 evaluated at the wall, respectively. By using G to repre-
sent a general quantity, where Gm+1,l is the value of G at m+l evaluated at the
wall, the four-point difference scheme used to evaluate derivatives at the wall is
given as

+ Yy (63)

(B—G> = Y70n+1,1 * YgOme1,2 * YoOms1,3 0%m+1, 4
m+l,1
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where the coefficients are defined by the following relations:

1+ x + k) [k + k) - 1] + (1 +x)

7 L+ K+ Kk + kK3 any
2
+ k +
Yo = (1 2k k) (64b)
kK 4nyg
2
v, = {1 +k +3k ) (64¢)
(1 + X)k Any
and
1
Y = (644)
R e
For the case of equally spaced grid points in the n-direction (k = 1), equa-
tion (63) reduces to the familiar four-point relation:
%G = - —j;—(llc - 18G + 9G - 2G ) (65)
M Jm+1 .1 - 6 An m+1l,1 m+1, 2 m+1,3 m+1l,4
14

PROGRAM DESCRIPTION

Program VGBLP is run on the Control Data CYBER 170 series computers under the
NOS 1.4 operating system at the Langley Research Center.

Array Dimensions

Program VGBLP and subroutines TABLE, VARENT, TURBLNT, MESH, SIMILAR, and SOLVE
use the variable-dimension capability of the preprocessor at the Langley Research
Center. This capability allows the user to designate the minimum storage require-
ments for a given problem. If the preprocessor capability is not available at the
user's installation, the dimension statements can be modified by inserting the
required dimensions in place of their equivalent designations (UPDATE, MODIFY, etc.)
in accordance with the following definitions for program VGBLP and its subroutines.

Program VGBLP

Variable dimension Assigned value
JI 1 - (KODPRT # 3); NUMB1l -~ (KODPRT = 3)
JK IE + 2
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JL 1 - (constant entropy); IEND1l - (variable entropy)
JM INTEGER (Smax/PRNTINC + IPRNT)
IN INTEGER (s ,./PROINC + IPRO)
JH IENDL + 1
Subroutine TABLE
JH See definition in VGBLP
JJ NUMBER
Subroutine VARENT
JL See definition in VGRBLP
Subroutine TURBLNT
JI See definition in VGBLP
JK See definition in VGBLP
Subroutines MESH, SIMILAR, SOLVE
JK See definition in VGBLP

Input Description

. Standard CDC NAMELIST is used for all data input. Program VGBLP reads input
under $NAM1. Subroutine TABLE reads input under $NAM2. For cases where the variable
entropy option is required (IENTRO = 2), subroutine VARENT reads input under $NAM3.

Input/output flexibility is provided to the user wherein either the International
System of Units (SI, KODUNIT = 1} or the U.S. Customary Units (U.S., KODUNIT = 0) can
be used. The required input and resulting output data are listed in the following
sections with appropriate dimensional units. The SI Units are listed first, followed
by U.S. Units in parentheses. If no units are listed, the guantity is nondimensional.

Input data for S$NAM1l.-

Variable name Variable description

CONV Convergence criterion for boundary-layer solution;
DEFAULT = 1 x 1074

CONVE Convergence criterion for variable entropy
iteration; DEFAULT = 1 x 102

DETAl Anl {see fig. 1)
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FT

GLAR

IBODY

IE

IEND1

IENTRO

IGAS

IGEOM

IPRNT

IPRO

ITMAX

IYINT

J

KODAMP

KODE

KODPRT
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1.0 - nonsimilar solution; 0.0 - locally similar
solution; DEFAULT = 1.0

Y; DEFAULT = 1.4

yv/8 array corresponding to PRTAR array, used only
if KODPRT = 3; NUMBl values

1 - flows with stagnation point; 2 - flows without
stagnation point

Number of mesh points in N-coordinate

Number of steps in S-direction
JEND1

Smax = :E: SS(m) where S8S(1) = 0

m=1

1 - constant entropy; 2 - variable entropy;
DEFAULT = 1

1 - Sutherland's viscosity (see eq. (7a));
2 - power-law viscosity (see eq. (7b));
DEFAULT = 1

1 - specify XEND, IE, XK; 2 - specify XEND, IE, DETAl

Number of specified wall-value printouts desired
other than those determined by PRNTINC;
DEFAULT = O

Number of specified profile printouts desired other
than those determined by PROINC; DEFAULT = 0

Maximum number of iteration cycles, 1 £ m £ IENDI,
for variable-entropy calculations; DEFAULT = 3

1 - normal intermittency function, ? set to 1.0;
2 - normal intermittency function, Y calculated
from equation (17¢); DEFAULT = 1

ji 0 - two-dimensional; 1 - axisymmetric

1 - local values used in equation (5b) for damping;
2 - wall values used in equation (5b) for damping;
DEFAULT = 2

1 - both laminar and turbulent profile prints are
desired for diagnostic reasons once flow is
turbulent; 0 - otherwise; DEFAULT = 0

1 - constant NPr £ 2 - Rotta distribution (see
!

ed.- (21)); 3 - tabular, Np, . = f(y/8);
DEFAULT = 1 '
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KODUNIT

KODVIS

KODWAL

KTCOD

NAUXPRO

NITMAX

NUMB1

PHIT

PR

PRNTINC

PRNTVAL

PROINC

PROVAL

PRT

PRTAR

PT1

SMXTR
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0 - all dimensional input and output in U.S. Units;
1 - all dimensional input and output in SI Units;
DEFAULT = O

1 - mixing-length model; 2 - two-layer eddy-
viscosity model; DEFAULT = 2

1 - specified wall temperature distribution;
2 - specified wall heat-transfer distribution;
DEFAULT = 1

1 - transition extent calculated from equa-
tion (37): 2 - transition extent specified as
TLNGTH; DEFAULT = 2.0

1 - auxiliary profile prints are desired (see out-
put description); 2 - otherwise; DEFAULT = 2.0

Maximum number of iterations allowed at any given
station; DEFAULT = 1

Number of values read into PRTAR and GLAR arrays if
KODPRT = 3

Opening angle of body at s = O, tan_l ds , deg
dz j5=0

N._ ; DEFAULT = 0.72

Pr

Incremental s*-value for which wall-value printouts
will be made, m (ft); DEFAULT = 0.1

Array of IPRNT specified s*-values for which wall-
value printouts are desired, m (ft)

Incremental s*-value for which profile printouts
will be made, m (ft); DEFAULT = 1.0

Array of IPRO specified s*-values for which profile
printouts are desired, m (ft)

NPr,t; DEFAULT = 0.95

NPr,t array, used only if KODPRT = 3;

NUMBl1 values

p; , Pa (1b/ft?)

10

R;, gas constant (eq. (6)), m2/ (s%-K)
(£t2/(s2-CR)); DEFAULT = 1716 £t?/(s%-CR)

Critical-vorticity Reynolds number;
DEFAULT = 1 x 108
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SST s*~location of transition, S¢ jr M (ft);
DEFAULT = 1 x 108 !

TLNGTH Sy f/st i transition extent (see fig. 2);
14 ’
DEFAULT = 2.0

TT1 T} o+ K (OR)
14
VELEDG Value of F +to be used in defining edge of
boundary layer; DEFAULT = 0.995
VISICl a; (see eq. (7a)), Pa-s (lb—s/ftz);
DEFAULT = 2.27 x 1078 1b-s/ft?2
VISiC2 a5 (see eq. (7a)), K (°R); DEFAULT = 198.6 °R
vVis2cl a; (see eqg. (7b)), Pa-s (lb—s/ftz)
VIs2Cc2 a, (see eq. (7b))
W 0 - neglect transverse curvature; 1 - include
transverse curvature; DEFAULT = 0
WAVE O; + shock-wave angle at s = 0 (see fig. 2),
s=0
deg
XEND Nnax (see fig. 1)
XK k, constant in geometric progression (see eq. (42))
XMA M
s o]
XT1 ky (see eq. (l6éa)); DEFAULT = 0.4
XT2 k5, (see eqg. (l6b)); DEFAULT = 0.0168
XT3 k3 (see eg. (17c¢)); DEFAULT = 5.0
XT4 ky (see eq. (17c¢)); DEFAULT = 0.78
XT5 kg (see eq. (20b)); DEFAULT = 0.108
XT6 a*, damping function; DEFAULT = 26.0
Input data for $NAM2.-
Variable name Variable description
L Order of interpolation to be used for $NAM2 tables;
DEFAULT = 1
NUMBER Number of values read into $NAM2 tables
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PE CF POOR QUAUTY Edge pressure-distribution array (NUMBER values),
Pa (1b/ft?)
oW Wall heat-transfer-distribution array (NUMBER

values); KODWAL = 2, W/m? (Btu/ft2-s)

RMI Body radial-coordinate array r, (NUMBER values),
m (ft)
RVWALD Wall mass-flux array V,, (NUMBER values);

DEFAULT = 0, Pa-s/m (lb-s/ft3)

S S-station array (NUMBER values); independent
variable for tabular input, m (ft)

SS Array of incremental values between adjacent solu-

tion stations (s;, S;, ey ); step size

STENDI
can be arbitrary and not directly associated
with the S-station array other than

IEND1

:z: SS(1) = s;ax; the first two members of the
m=1

array must be equal (SS(2) = 8S(1))

TW wWall-temperature-distribution array (NUMBER
values); KODWAL = 1, K (°R)

Z Axial-coordinate array {(NUMBER values), m (ft)

Input data for $NAM3.-

Variable name Variable description
NUMBER Number of values read into $NAM3 tables
RRS Array of radial coordinates of shock wave (NUMBER

values), m (ft)

ZZS Array of axial coordinates of shock wave (NUMBER
values), m (ft)

A unique relationship exists between the print contrcl parameters (PROINC;
PRNTINC; IPRO; IPRNT; PROVAL; PRNTVAL) and TENDl in $NAM1 and the SS array in $NAM2.
The potential user of program VGBLP should note that there are exactly IEND1l values
in the SS array and that these values specify the solution-station locations along the
s-coordinate. Also, a solution station must be located at the s-coordinate locations
designated as print (profile or wall) stations. A failure to understand this rela-
tionship generally results in a computer run with no output. Consider the following

input where the program user wishes to march the solution to Smax 1.0:
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IENDL = 75

PRNTINC = 0.201, PROINC = 0.501
IPRO = 1, IPRNT =1

PROVAL = 0.751, PRNTVAL = 0.751

Two errors have been made in the preceding input that will result in the program
stopping at s = 0.66 (instead of s = 1.0) without any output (wall print or profile
print). The two errors are as follows: (1) TEND1 is not equal to the number of
values in the SS array; (2) the designated print locations do not agree with the
solution stations designated by the SS array. An example of correct input is as
follows:

58 = 10*.001, 99*.01

IEND = 109

PRNTINC = 0.2, PROINC = 0.5,
IPRO = 1, IPRNT = 1,

PROVAL = 0.75, PRNTVAL = 0.75

The program would now have a normal STOP at s = 1.0 with wall prints at s = 0.2,
0.4, 0.6, 0.75, 0.8, and 1.0 and profile prints at s = 0.5, 0.75, and 1.0. Finally,
it should be noted that the SS array can be composed of completely arbitrary As
values with the restriction SS(1) = SS(2), but to obtain output the user must specify
print-control input corresponding to the location of the solution stations.

Intermediate Data Storage

The output (S, PE, RMI, TW, Z, DPEDS, RVWALD, DRDZ, QW) required at station m+l
generated in subroutine TABLE is written on TAPE 4. Program VGBLP reads this output
just prior to obtaining the boundary-layer solution at station m+l. For cases where
variable entropy is included (IENTRO = 2), TAPE 4 is rewound at the end of the last

computed station s_ .. to enable restart for the next variable-entropy iteration.

Output Description

Program VGBLP first prints namelist data for $NAMl. Next, subroutine TABLE
prints $NAM2. If the case includes the effect of variable entropy (IENTRO = 2), sub-
routine VARENT then prints $NAM3 input. It should be noted that for many cases the
user can take advantage of many of the DEFAULT values for S$NAM1 and $NAM2.

Following the input data prints, the similar-solution profiles at the initial
station (£ = 0) are printed as follows:
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Variable name Variable (see "Symbols")

ETA n

FZ dF/an

T/TE Q

TZ 30/an

U/UE F

\Y \Y%

XL (ow) / (pu) o

The initial station parameters are then printed.

MUE WY, Pa-s (1b-s/ft?)
PE pl, Pa (1b/ft?)

* 2 2
QSD Qe w/m< (Btu/ft“-s)
TE T:, K (°R)
UE ul, m/s (ft/s)

The units used in input and expected as output for dimensional quantities are next
declared as either SI or U.S. Customary.

Free-stream and reference variables are then printed.

AAl a;, m/s (ft/s)

PREF p*ux?, pa (1b/£t2)
PTR pt,m/(owui)

PTT P . Pa (1b/£ft2)

Pl p, Pa (1b/ft2)

REY r%&m,mﬂ (£t~ 1)
RREF p¥, kg/m3 (1b-s2/ft)
RT1 p;,m, kg/m3 (1b-s2/ft4)
R1 pX, kg/m3 (1b-s2/ft4)
TREF u;Z/E;, K (°R)

TT1 T;,w. K (°R)
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T1 T, K (°R)

UREF u;, m/s (ft/s)

Ul ul, m/s (ft/s)
VISREF ul’j, Pa-s (lb-s/ft)
XMA M_

The profile-print and wall-print stations are next printed in accordance with input
specified in $NAMI.

Laminar-profile

T, = T

CROCCO ——~t—_—¥—
Tt,e w
ETA n
F
Fz (g_)
N m+1l,n
M/ME M/Me, Mach number ratio
PT/PTR pt/pt rr total pressure ratio
’
T/TE e)
TT/TTE T /T, o
T2 (%9)
n m+l,n
U/UE F
VORTREY [ v (e ticity R 14 mb
Xm+l,n = | vy - n, vorticity Reynolds number
(pu)
XIM11 1o
(o) o
Y/YE y/ye

Additional values for transitional and turbulent profiles

u, - u

UDEF L
YUt

UPLUS 2

Ur

£ . . .

VISEFF 1+ ﬂ I', effective viscosity parameter

YUr
YPLUS e

v
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=1)

DAMP <c

EP

EP1

EP2

PCl

GRAD (U/UE)

GRAD (T/TE)

MIXDEL

v

Wall print

BETA

CFE

CFw

DLTAST

DPEDS

DSMXO

DTEDS

36

X>:]
A m+l,n

- exp (-

(see eq. (l6a})

m+l,n

(see eq. (16b))

Jm+1,n

>m+l,n

g 93

Osl o=

(

V (see eq.

ln+1,n

(26))

B, pressure-gradient parameter (see egs.

TW
I
2 Qeue

condition

Tw

1 2
7 Pulle
density

§*, displacement thickness, m (ft)

dpe .
35 pressure gradient
(meax)
as m+l
daT
35 ! temperature gradient

SR 1k

(30))

skin-friction coefficient based on edge

;, skin-friction coefficient based on wall
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dug
DUEDS 35 velccity gradient
ERROR value cf DIF at convergence (see eq. (62))
(S *
FORM —_—
0
Ty . 2
HD P heat-transfer coefficient, W/m“-K
1% aw
(Btu/ft?-s-°R)
ITRO number of iterations performed for variable entropy
ME Me' edge Mach number
MUE iy, Pa-s (lb-s/ft?)
NOITER number of iterations required for convergence
NSTE ———E~7~, Stanton number based on edge condition
cp(pu e
h -
NSTW —_— ; Stanton number based on wall condition
ppwue
NUE Nusselt number based on edge condition
NUW Nusselt number based on wall condition
Pruyly e
OMEGA I
Hy
2
PE P, edge pressure, Pa (lb/ft“)
P
t,e
P20 >
Prly
2 2
QSD a,r heat transfer, W/m” (Btu/ft“-s)
RE pe, edge density, kg/m3(1b—s2/ft4)
Oeueé*
REDELT ._h » Reynolds number based on local displacement
e
thickness
PeleS
RES ——ﬁ-——, local Reynolds number
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RETHET € € , Reynolds number based on local momentum
e
thickness
T - T
aw e
RFTRUE ——————, recovery factor
T, - T
t e
RMI Yo body radius (see fig. 2), m (ft)
23
ROUSE X - (i— a—“—)
max v Y m+l,n max
RSHK local radius of shock wave, m (ft)
RVWAL (pv),/ (pu) o
RVWALD (pv)w, dimensional mass flux at wall, Pa-s/m
(1b-s/£t3)
S s, boundary-layer coordinate (see fig. 2), m (ft)
SWANG local shock-wave angle, deg
TAUD L wall shear stress, Pa (lb/ftz)
TE Tar edge temperature, K (OR)
THETA 8, momentum thickness, m (ft)
TRFCT I', intermittency distribution (see eq. (38))
T
TW/TT1 v
T
t, o0
UE u,, edge velocity, m/s (ft/s)
Ty
UTAU ur =\ m/s (ft/s)
VW Vim+l,1
XAL (y - 1)M?
e
XI £
YE ée' boundary-layer thickness, m (ft)
YMP n-value at Ym
Z z, axial coordinate of body (see fig. 2), m (ft)
ZSHK axial coordinate of shock wave, m (ft)
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Flow charts and listings for program VGBLP and its subroutines are presented in
appendix C.

SAMPLE CASES

A range of test cases is presented as guides for assisting users of program VGBLP
in their own specific applications. Five major test cases are presented that include
external and internal flows, flows with wall-mass transfer, flows where transverse-
curvature effects are important, and flows where variable-entropy effects must be
included. For each test case presented, the following information is given: (1) sche-
matic of geometry; (2) boundary conditions; (3) all input data including variable
dimension specification; (4) samples of output (see appendix D); and (5) plots of
selected results. It is suggested that users compute two or more of the test cases
prior to applying program VGBLP to their own particular problem. This approach is
beneficial in that it (1) confirms that the software has been correctly implemented on
the user's computer system and (2) provides experience in using the program and speci-
fying the correct input data; however, the user need not understand the algorithm in
order to successfully apply program VGBLP. The first test case, flat-plate flows, is
especially useful in developing experience with the grid specification and control.

Test Case No. 1

This case represents the simplest class of flow that is usually encountered.
The flat-plate boundary layer need not be similar; for example, turbulent flow, arbi-
trarily distributed wall-mass transfer, arbitrary heat transfer, or externally imposed
pressure gradients result in nonsimilar boundary-layer development.

For the present case, the test conditions of reference 22 are selected. A sche-
matic of the model, including flow conditions and numerical results, 1is presented in
figure 3. The input and sample output are presented in appendix D. Comparisons

107 T T T TTTTT T LA T I A f T T
o -

—  Free-stream conditions p = p -

- Pt o = .14 MPa e ° B

p— 1 R ]

— Tt,m =31 K q, =0 (adiabatic)

L M, = 2.8 //_ B

T T LT LN S T S SO S —>
T G
- SMXTR = 2400 —
cf.e

03F ]

-4 Lo b )b prny i [ | TR HE 0 I T
10 6 7 9
10 10 108 10

NRe,s
Figure 3.- Test case no. 1.
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of numerical results with the experimental data of reference 22 are presented in
reference 3. A grid refinement study showing the order of accuracy of the numerical
approach 1is presented in reference 20.

Test Case No. 2

This test case is for the flow past a waisted-afterbody configuration (ref. 23).
Transverse-curvature terms must be included; also, the flow is supersonic with an
attached shock wave. A schematic of the model, flow conditions, and typical numerical
results are presented in figure 4. The input and sample output are presented in
appendix D. Comparisons of the numerical results with experimental data are pre-
sented in reference 3.

s R Shock wave
Free-stream conditions

47.511 kPa

o
1"

298 K

—
"

M, = 1.7
-3 0 (adiabatic)
W

—With transverse curvature

Without transverse curvature

1 I 1 { Ll . | | i |
0 .5 1.0

s/s

maXx

Figure 4.- Test case no. 2; skin-friction coefficient.

The pressure distribution was taken directly from the experimental data (ref. 23).
Results for two calculations are presented: (1) without transverse-curvature (TVC)
terms; (2) with TVC terms. This particular configuration is an example of a body
where the boundary-layer coordinate s cannot be expressed as an explicit function
of the body-coordinate system R,Z, and as such must be obtained by numerical integra-
tion. 1In the previous example for flat-plate flow, this presented no difficulty
since S and Z were congruent. It is suggested that the user of program VGBLP
develop software to numerically generate the s-coordinate from a specified body-
coordinate system and to interpolate edge-pressure and wall-boundary data, often
specified as a function of the body-coordinate system, to the $,R-coordinate system.
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The trapezoidal rule is sufficiently accurate and can be easily implemented to inte-
grate the following relationship:

2
) dz (66)

Test Case No. 3

Flows with wall-mass transfer are often encountered and can be efficiently
solved by program VGBLP. The sample case selected is that of reference 24 for laminar
boundary-layer flow. A schematic of the model, including flow conditions and numeri-
cal results, is presented in figure 5. The required input and sample output are pre-
sented in appendix D. It should be noted that program VGBLP can be applied to turbu-
lent flow with wall-mass transfer if the user modifies the A%* definition in
subroutine TURBLNT. (See ref. 2.)

The numerical results for three wall-mass transfer boundary conditions are pre-
sented in figure 5: (1) (OV)w < 0 (suction); (2) (ov)y, = 0 (solid wall); and
(3)  (pv)y, > 0 (transpiration). The input and sample output are presented in
appendix D. Comparisons of the numerical results with experimental data are pre-
sented in reference 3. Tt should be noted that program VGBLP is not limited to fixed
values of (pv);; that is, (Ov); = g(s) can be input in $NAM2 if required.

Free-stream conditions
Dt,m = 4.14 MPa

Ty »= 311 K —>5
Me =7.4 - >
-3 Solid tip
4 (x 10 Shock wave
3|
c RVHALD = -9.01 x 102
f,e _/_
2L
1+ /_o
\ -2
N _~—9.01 x 10
A | 1 i Ry | ] I 1 i J
o] .5 1.0
$/Smax

(a) Skin-friction coefficient.

Figure 5.- Test case no. 3.
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1.0

RVWALD x 1072
u - -9.01

¥/6

(b) Velocity profiles; s = 0.100 m.

FPigure 5.- Concluded.

Test Case No. 4

For hypersonic, blunt-body flows, the effect of variable entropy introduced by
the bow shock wave can significantly affect the boundary-layer development. As an
example, the flow over a 45° spherically blunted cone in helium flow is considered.
(See ref. 25.) A schematic of the model, including flow conditions and numerical
results, is presented in figure 6. Experimental pressure data, supplied by the
authors of reference 25, were used as input. The shock-wave data were obtained from
figure 7(d) of reference 25. The input and sample output are presented in appendix D.

Test Case No. 5

Boundary-layer solutions are usually required for the design and analysis of
nozzle flows. A typical wind-tunnel design case (see ref. 26) is presented in fig-
ure 7. It should be noted that the solution for this case is initiated in the stagna-
tion chamber and marched downstream to the nozzle exit. The input and sample output
are presented in appendix D. Extensive comparisons of the numerical results with
experimental data are presented in reference 26.

Nozzle flows are typical of the more difficult applications of boundary-layer
theory because of the large variation of pressure gradient dp./ds as the solution
proceeds from the settling chamber through the sonic throat and into the supersonic
region of the nozzle. The thinning effect of the pressure gradient on the boundary-
layer thickness in the throat region of the nozzle necessitates care in selecting the
grid distribution in the normal-coordinate as well as the marching-coordinate
direction.
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15 A Free-stream conditions
\
| y pt’m = 7 MPa
Tt,m = 289 K
- Mo =20.3
Y = 5/3 (Helium)
Shock wave
10
B z
T, r MPa
[~ |
\
5 b~ \
\
\
| \ /—Variable entropy
\\ _____
Constant entropy
-
n 1 i 1 1 L L 1 i J
2 .5 1.2
S/Smax
(a) Shear stress.
1.0~
-
1
]
Y, mm 5 (4
/
’
d
B s
4
e
e
- Constant entropy ol
- -
i = =7 ‘\Variab]e entropy
L L L i 1 1 1 i L 1
0 .5 1.0
F

(b) Velocity profiles; s = 0.0495 m.
Figure 6.- Test case no. 4.
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Lx 1073

~N

103

= Stagnation-chamber conditions
Py o = 3.5 MPa
L T, =377 X

M =1.0258 x 1072

107!

1Etj§§->JL>;>;»;>J>—>—‘4>;>A>‘ALA;L—A >3
— ——— - —— - ——>7

- /f4/r7_;?777~77”7ﬁr‘7f7jri7ﬁ7—77

o 9, =0 (adiabatic)

10
Figure 7.- Test case no. 5; displacement thickness.

A common problem often encountered in large pressure-gradient flows is oscilla-
tions in &* caused by the specification of Pe = g(s) and/or step size in the
s-coordinate. For many applications (e.g., rocket nozzle design), these oscillations
may be acceptable, but for facility design, where the design goal is usually to
achieve a shock-free flow that meets the design test-section flow conditions, caution
and judgment must be exercised in specifying the inviscid pressure distribution and
step-size distribution in the s-coordinate. For example, if a relatively course
distribution of Pe = g(s) and a fine distribution of As were specified, the

dpe _dlgs)]
ds ds
functions for linear interpolation. Spline functions or higher-order interpolation
could be used to obtain p, and dp./ds at the solution stations from the specified
input values; however, care must be exercised since higher-order interpolation can
introduce oscillations resulting in changes in the sign of the pressure gradient.
Splines with tension represent the optimum technique for generating p, and dpg/ds
at the solution stations from the input data; however, experience has indicated that
it is more efficient to input a sufficiently dense distribution of p, = g(s) and

use linear interpolation. It is suggested that the user of program VGBLP work several
problems with large pressure variations in order to gain experience in specifying
pressure input and step-size distributions.

resulting pressure-gradient distribution would be a series of step
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CONCLUDING REMARKS

A computer program, VGBLP, has been presented for solving the compressible
laminar, transitional, or turbulent boundary-layer equations for planar or axisym-
metric perfect-gas attached flows. A three-point implicit, variable-grid finite-
difference procedure is used to solve the governing equations. The algorithm and
software are modifications of the procedures presented in NASA TR R-368 and NASA
TM X-2458, respectively. The modifications render the approach easier to implement
while increasing the efficiency (computer resources) and accuracy as compared with
the original approach presented in NASA TR R-368.

Test cases have been presented and should serve as guides for potential users of
the software. These cases cover external and internal flows including flows with
wall-mass transfer effects, transverse-curvature effects, and variable-entropy
effects.

Langley Research Center

National Aeronautics and Space Administration
Hampton, VA 23665

November 6, 1981
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APPENDIX A

DIFFERENCE RELATIONS

Three-point implicit difference relations are used in references 3 and 4 to
reduce the transformed momentum and energy equations (egs. (28) and (29)) to finite-
difference form. The differencing scheme proposed by Blottner (ref. 7) is used in
program VGBLP. For completeness, both differencing techniques are presented.

It is assumed that all data are known at the solution stations m-1 and m.
(See fig. 1l.) Then, it is possible to obtain the unknown quantities at the grid
points for the m+l station. In the subsequent development the notations G and H
are utilized to represent any typical variable.

Taylor-series expansions are first written about the unknown grid point (m+l,n)
in the &-direction as follows:

2 3

_ A At AE4
Gm,n = Sm+1,n ~ g2(GE)m+1,n + —5~(G£g)m+l’n B —E—(Gggg)m+1,n * ... (ala)

and
2
. (Mg, + AE,)
Gm-1,n = Gm+l,n = (881 + 880 (Gg) o ¥ 2 ©eg) a1, n
3
(AE) + AE,)

- 5 (Ggig)m+l,n + ... (Alb)

where subscript notation has been utilized to denote differentiation; for example,
Gg Z 3G/9E.

Equations (Ala) and (Alb) can be solved to yield

X, G - X5G + X.G,_ AEL (AEy + AES)
(BG) _ 21”m+l,n 2¥m,n 3*m-1,n + 2 1 2 G . (A2)
1 2 0E, 6 333

and

AE, AE, AE,
47°m,n XSGm—l,n * T L+ ZEIiGgE R (A3)

Terms of the order of A€1 Agz, or smaller, are neglected. This produces truncation
errors of the order of AL; A, instead of AfL, as in reference 5 where two-point
difference relations are used. The X3, X5, ..., X5 coefficients appearing in

equations (A2) and (A3) are defined as follows:
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A, + 2 AE
1 2
X] = 2 —0———t (A4)
Agl + AEz
A8+ AE
_ 1 2
Xy =2 X3 (A5)
Aig
X, = 2 (AB)
37 T AE (AE] + AT
AE. + AL
-1 72
Xy = RE; (A7)
and
AE;Z

Taylor-series expansions are next written about the unknown grid point (m+l,n)
in the n-direction as follows:

2
Ann
=G + + —
Gm+1,n+l m+l,n Ann(Gn)m+1,n 2 (Gﬂﬂ m+l,n
Ani
+ —6—(Gnnn)m+l'n + . . . (A9a)
and
2
Ann-l
Sm+1,n-1 = Cm+1,n ~ Ar]n-l(Gn)m+l,n + 2 (Gnn)m+l’n
3
Ann—l
- ( ) 0., (A9b)

[$) Gm'm m+l,n

Equations (A9a) and (A9b) can be solved to yield

3% v _
3 ) T 71¥Vm+1,n+1 Y2Gm+l,n + Y3Gm+l,n—l
N /m+1,n

(Anp_y - Anp)

+ 3 Gnnn

+ ... (A10)
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and
An_ An
G n n-1
(5ﬁ)m+1,n = Y4%n+1,n+1 T YsOmi1,n T Y6Cmrl,n-1 T 6 Snnn *
(A11)
The Y Yor «ver Yo coefficients appearing in equations (Al10) and (All) are
defined as follows:
v. = 2 (Al12)
1=
An_(&n -+ An )
Y, = O — (A13)
2 Ann Ann—l
Y, = 2 (Ald)
3 bn,_y(&n, + An )
An
n-1
Y, = (Al5)
4
An_(An_+ An )
An__; - &n
YS — ﬁ.—n (A16)
nn nn—l
and
Ang
Y, = (A17)
6 Ann_l(Ann + Ann_l)
For the case of equally spaced grid points in the - and n-coordinates, equa-
tions (A4) to (A8) and (Al2) to (Al7) reduce to the following relations:
« -3
X2 = 4
X3 =1 (al8a)
X4 = 2
X5 =1 )
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An
Y, = 2Y,
Y3 =¥y
(A18b)
1
Y, = —~—
4 2 An
Yo =0
Yo =Y, )

where AZ and An represent the spacing between the grid points in the &- and
nN-coordinates, respectively.

Equations (A2), (A3), (Al0), and (All) can then be written for constant grid-
point spacing as follows:

(@E) _ 3Cm+1,n ~ m,n * Sm-1,n R AE? G . (A19)
9% /m+1,n 2 OE 3 vggg Tt

- _ 2
Gm+l,n a 2Gm,n Gm—l,n + A Ggg e (a20)

3G Cm+1,n+l ~ 2Gm+1,n * Gpe1,n-1 Anz
— = - G + .. . (A21)
2 A 2 12 nnnn
an m+1l,n n
and
-G _ 2
(gg) _ Cmtl,n+l mtl,n-1 _ AnZ A (a22)
ON/p+l,n 2 An 6 N

. d . . .
Quantities of the form QS 3?) that appear in the governing equations must be

linearized in order to obtain a system of linear-difference equations. Quantities of
this type are obtained from equations (A2) and (A3).
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The procedure used to linearize nonlinear products such as (g%)(g%) is the

. same as that used by Flugge-Lotz and Blottner (ref. 5) and is as follows:

., - B 8., (.
an/\an m+l,n an m,n an m+1l,n an m,n\oN m,n

BH) (BG) 2
+ | == — + 0 (AE.) (A23)
(3n m,n an m+l,n 2

G J
where the terms (%—) and (gﬁ) are evaluated from equation (All), but at the
N/m,n N/m,n

known station m. By equating G to H in equation (A23), the linearized form for

2
quantities of the type (%%) is obtained; that is,
B (P (), ] ouear
MN/m+1,n an m,n an m+l,n an m,n 2

3G '
where <§—> is obtained from equation (All).
m+l,n

The preceding relations for the difference quotients produce linear-difference
equations when substituted into the governing differential equations (egs. (45)). 1In
references 3 and 4 it is noted that in practice the nonlinearities do not require
iteration provided a sufficiently fine mesh-point distribution is chosen. However, if
one wishes to increase the computational speed by reducing the number of grid points
to a minimum, then iteration may become necessary.

Blottner (ref. 7) proposed a variable grid scheme that in principle is only
- first-order accurate in the normal step size Ann, but approaches second-order
accuracy when the grid defined by equations (42) to (43) is used. In the variable
grid scheme, the following difference relations are used:

aG _ Gm+l,n+l - Gm+1,n—1 (Ann - Ann—l)
= = - G + . . . (A25)
on/m+1,n An._q + &ng 2 nn

325

(———) = Equation (Al0)
3 2
" /m+1,n
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The nonlinear term is evaluated as follows:

B_(Za_q> =2 |y Sm+1,n+1 ~ Smt1,n
an an m+l,n Ann + Ann_l m+1,r1+l Ann

2
_ 3 ®m+1,n = Sm+l,n-1
m+l,n—5- n-1
1
12[7’Gnrm + 3(ZGn)ﬂn]m+1,n(An” - Angy_q) (A26)
where
A + 1
+
7 L= _m+l,n+l m+l,n (A27)
m+1,n+—2— 2
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COEFFICIENTS FOR DIFFERENCE EQUATIONS
Equations (45) are the difference equations used to represent the partial dif-
ferential eguations for the conservation of momentum and energy, respectively. These

equations are repeated for convenience as follows:

Momentum egquation

AlnFm+l,n—1 + BlnFm+l,n + ClnFm+l,n+l + Dlnom+l,n-l

¥ Eln©m+1,n + Flnem+1,n+1 = Gl (B1)

Energy equation

A2 F + B2nF

nm+l,n-1 + Can

+ D2n®

m+l,n m+l,n+l m+l,n-1

+ E2nem+l,n + F2n@m+1,n+l = G2n (B2)

These equations are obtained from equations (28) and (29) and the difference quotients
presented in appendix A. The coefficients Aln, Bl and so forth, in equations (Bl)

nl
and {(B2) are functions of known quantities evaluated at stations m and m-1l. ({See
fig. 1.) Therefore, equations (Bl)} and (B2) can be solved simultaneously. In refer-

ences 3 and 4, equations (Bl) and (B2) were solved simultanecusly without iteration.
The reader interested in the coefficients for the noniterative simultaneous solution
is referred to appendix B of reference 4. In the present approach, using the Blottner
variable grid scheme (ref. 7), the coefficients are written as follows:

Momentum equation

(v ) 2377 v (e23E
m+l,n’g (t Zg)m+l,n (t Zg)m+1,n—l
Ann—l + Aﬂn ?
E(F ) 237z RIS
Bl = ___Tiilfgg X1 + (t ZE)m+1'n v ZE)m+l’n+l Y1l
n Agz 2
237z 237z
(£2318) + (£ 1)
m+l,n m+l,n-1
N 5 [ Y3n + 28(Fm+1,n)g (B3b)
(v ) 2318 21z
L. mtl,n'g (t Zg)m+l,n vl ZE)m+1'n+l vl (B3c)
C n = Ann-l ¥ Ann 2 n
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Dl = 0 (B3d)
ORIGINAL Proz (5

El, = -8 OF POGR QuaLiTY (B3e)

F1, = 0 (B3£)

(F )
& m+l,n g

2
Gl, :'——_Zgz_ﬁ"—_BX2)Fm,n - (X3)Fm—1,n] - B<Fm+1,n)g (B3g)
Energy eguation
23z JF
2(ait E)m‘Llrn':(an)ml n:l
o Jg
A2, = - (B4a)
n Ar]n--l + Ann
B2, =0 (B4b)
)
2t €)m+l”“[3n m+1,nlg
C2p = - (B4c)
n Ann—l + Ann
- . . =
2 ~ ~
Vm+1,n)g W)y 0+ (910 00g 0y
D2n = - A Yy - 5 Y3n (B44d)
nn-l r]n - |
E(F ) (2377 + (2318 )
B2 = | m+l,n <1 + m+l,n m+l,n-1 vl
n Agz L 2 o
23 23 %
(=2 7g) + (£°J1€) _
* wan > ML lys (Bde)
F2_ = “m1,n) g € @I 0 v1 (B4E)
n - An + An 2 n
n-1 n
- g _ _ 23= §£
G2, = iz, EX2)®m’n (X3)@m_llrJ (alt E-‘)m+1,r1 <3n>m+1,n g e

These equations are solved using the coupled solution technique presented in refer-
ences 3 and 4. A major difference between the present approach (program VGBLP) and
that of reference 4 is that the system of equations can be iterated in the present
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approach as opposed to no iteration in reference 4. The iteration cycle is as
follows: (1) the g subscripted quantities are first obtained from known values at
stations m-1 and m using equation (A3) for the initial solution of the system at
station m+l (note that the continuity equation is integrated using the trapezoidal
rule of integration); (2) for the remaining iterations the g subscripted quantities
assume their value at the previous iteration at station m+l. The eddy viscosity is
updated after each iteration.

ORIGINAL PAGE 1S
OF POOR QUALITY
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FLOW CHARTS AND PROGRAM LISTING
Main Program VGBLP

Program VGBLP controls the sequence of finite-difference solutions for the
boundary-layer equations.

It reads the input and, through its subroutines, sets up
the computational grid, generates the initial solution, controls the parabolic march-
ing procedure wherein the nonsimilar solutions are obtained,

calculates all boundary-
layer parameters, and prints the output at spec1f1ed locations. The flow chart for
the main program is as follows:

( VGBLP )

Y

Initialize program constants
and variables

)

LRead NAMELIST data ]

Y
(:) = U.S. Customary Units

/  Call INUNIT \
Convert data to
U.S.Customary Units

v
®
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/ Call MESH \
Set up
grid and difference-

quotient coefficients
normal to wall

Calculate
thermodynamic constants

/ call TABLE _ \

Read tabular data,
nondimensionalize if
necessary, and write on
TAPE 4

No Variahle

entropy?

[ Call VARENT \

Read variable-entropy input,
compute derivatives, and
convert to U.S. Customary

Units if necessary

Call SETUP

Set up print

control

Is
PEOP10>1
?

gq10

i

1

i
[



Set up starting procedure
for flows with
stagnation point

APPENDIX C

ORIGINAL PACE 15
OF POGR QUAL!TY

©)

Does flow
have stagnation
point?

/  call SIMILAR  \
\jéenerate 10ca11y.simi]5;\l

Yes

Set up starting procedure
for flows without
stagnation point

solution at initial
station

Set up initial profiles

Is data
output expected in
U.S. Customary Units?

™S

Convert data to SI
Units

Call OUTUNIT
Call WALLOUT

///,,/’

)Lf’

Write 1n1t1a1
,_station parameters
|
\\write NAMELIST dataw\

@
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Yes

U.S. Customary Units

/ Call INUNIT T\

Convert data to
U.S. Customary Units

Begiﬁ marching procedure

O

in s-direction

Read s, pys rs 2z, EBQ ,

d ds
r‘0
(OV)W,’,W’ q,, from TAPE 4

y

Calculate inviscid quantities
using isentropic relations

y

Set up difference-quotient
coefficients for s-coordinate

y

/ Call SOLVE \
Solve the momentum, energy, )
and continuity equations in ®
finite-difference form

Y

Determine location of
boundary-layer edge.

v

Determine wall and initial
values required for basic
. boundary-layer parameters

)
©
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isrgnel o SRS
GF PCUOR QUALITY
?

Calculate basic
boundary-layer parameters

J

Calculate vorticity Reynolds
number (stablity index)

No

Is flow
turbulent

[ call TURBLNT  \
Compute eddy-viscosity,
parameters

Yes

Check

convergence

DIF>CONV
?

Compute output quantities

Calculate
total-pressure ratio

No Variable

entropy?

Perform Vvariable-entropy
calculations

Is data

output expected in
U.S. Customary Units

Yes
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©
l

[ call WALLOUT __\
Convert output data
to SI Units

)

Write wall values ®
\ Write oprofiles : ®

Update variables
for marching procedure

Has

end of body
been reached

another pass for
variable entropy
calculations
required

Is

Yes
XMX < CONVE Stop

300




OO

ORIGINAL PAGE 15
OF POGR QUALITY

APPENDIX C

The program listing for program VGBLP is as follows:

PKOGRAM VGBLP{INPUT»OUTPUT» TAPESSINPUT,TAPE6G=UUTPUTSTAPES)

DIMENSION PTOPT(JUK)y STAS2(JK)» MUME(JK)» TTUTT(uK)s CRUOCCO(JK)s U
10UPL(JK)s TCORD(JX)s UDEF(JK)» NOUNDEL(JK)» UEE(JH)s PROVAL(JN)» PR
SNTVAL(JM)» TAUP(JK)s RRS(JL )y ZZS(JLYs» DRSUZS(JIL) s DVT(JL22)s ANSH
32)s PKTAR(JI)

COMMUN /MESHLI/Z XNUJK)»ONCJIKI»YLIJIK)pY2(JIK)»YI(IK)I»YGUJK)I»YS(JK)sYE
1(JK)

COMMON /S50LV1/ FLUJK)»F2{JR)sF3CIKI»TLIJKIPT2{IK)»T3(JIK)»VI(JIKIV2
L{wK) s VI(UK)ISEP2(IK)SEPI(UK)ISFL2(UK) 2 F23(JK)2TZ2(JK)»TI3(JK)pXL2(JIK
2)a XL3 UKD s XLP2UJK)» XLP3(UK) S RATOL(UK) »RATOZ2(UR)»KATO3I(JUK)ISEH2(JIK) )
3EH3(UK) s DRATULI(IKIHDKATC2(UK) s DRATO3(UK)» VARALJK) » VARBIJK) s VARC (JK
4) s VARD(JX) o VARE(IK) s Y(UKISEPLIUGJK)PEHL(UK) o XLI (UK o XLPLOJK)

CUMMON /7SOLV27 215225235245 25s TEsFAASFAB)FACS)FADSBEXLSBEX2)BEX3»BE
Ixa

EQUIVALENCE (ZZS,0VvT{(l,1))y (LRSDZ3,DVI(1,2))

COMMUN /TRBULNT/ SsKSTRITULNGTHs TRrACTSOISINC»XT1 s XT2sXT6sXT35xT4sX
1TOsPRTIWIRESUESXNJESJsRMISLPS»JPOINT) IEsWhHlsoWw2sWW3s WiwayWwWSs NEOGE
2y KODVISs As XBEs Xs PRyKUUPKT»PKT»PRTAR) GLARS NUMBLs XK

COMMON /JUNIT/ VIS1C1svISIC2,VIS2C1oVIS2C2sPTLlsTTLswAVESRSPHIOSDSSS
I5TsRT1IsPLsTISR1»ULsAALS TREFSVISKEFIPESTARSTESTARSRESTAK, UESTARSMUE
2STAR)YESTAR, THETA» TAUD» GSO»HD» UPLUS» DISPsPE»Z»TWsAQWsRVWALDs PROINC»
3PRNTINC» ZS»RS

INTEGER W

REAL MOMEsNUESNUWIKWD»KEU ) INTEGT,INTEGL,NONDEL s MUESTAK

EXTERNAL INTEGT

NAMELIST /NAM1/IGEUMy XENDSIESXKsDETALs XMA» PT1sTT1sI6GAS,VISICLsVIS]
1C2,VIS2C1,)VIS2225GsRs PR IBUDY ) WAVE sPHIL»JsWp IENTRU»SSTH»SMXTR,KODVI
S s KTCUDs TUNGTHs IYINT S KOUAMP ) XT Lo XT2s XT39XT4sXT5sXT69sPRTSKODPRTSNUM
3BlsGLARSPRTAR,IENDL)PRCINCH)PRNTINCSIPRUSIPRNTyNAUXPRO» PROVAL PRNTV
AL FToKODE)KODANAL S VELEUG) CUNVoNITMAX»yKODUNIT,1TMAX,CONVE

INITIALIZE DATA TO STANDAKD INPUT

DATA G/144/pR/170L647sPRIT2/sPRT/ o957/ 3w/ 0/ sKODE/O/s KIDWAL /175 IENTR
10/1/ A/ 10/ KODVIS/2/SST/Le€8/sFTsLo/sSMXTRILLEB/s TLNGTH/24/sXT1 /
204/)XT2/ 40168/ pXT3/ 50t sKT4f T8/ 9XT5/ o108/ 9 XT&/26479 PROINC/1 4/ s PRNT
3INC/o1/sNAUXPRO/O/sNPUTYPE/ L/, IPRG/O/ 91 PRNT/C/5CUNV/.000175 NUMBL /0
4/

OATA THATS/04/sRS/04/sP20/D4/sNITMAX/L/»STGN/1a/s3T24AX7/ 10000017, T
LRFACT/0./,KSTR/0/, LTMAX/3/s NOIT/0/9»DPELS/ 04/ 3270475 KIDPKT/1/»KTCQD
2/2/9KTCD/0/ s 1GAS/ L/ 9KQUAMP/2/s VELEDG/ o995/ IYINT/ L/ 9 SMXN/O /s SHXO/
304/5SMXP/0s/sPTW/ 095/, KODUNIT/O/»ANRAD/14745329E~2/,VIS1C1/2,27E~
43/5VIS1C2/19646/5XVALL/04/sCUNVE/4OL/

Y(1)=0,

NONDEL(1) =0,

DO 1 Is=l,JN

PKOVAL(I)=0,

DG 2 I=1,JM

PRNTVAL(I)=(,

DO 3 1=1,JL

DKSVZS(I)=0.

61



[N N o

Ao,

62

4 3aAd JAMLT APPENDIX C ORIGINAL PAGE IS

kg BUOS W OF POCR QUALITY

3 UEE(I)=0.
DU 4 I=1lyJK
EP2(L)=EP3(1)=XL2(I)=xXL3(L)=rRATULLI)=RATO2(L)=RATO3([)=T1(I)=T2(I)
1aT13({)=Fl(I)=F2(I)=F3(1)=EF1(1)=1.0
TAUP(i)=1,
>TAB2(T)=F22(1)=TZ2(1)=xLP2(1)=XLP3(I1)=F23(1)=TZ3(I)=DRATOL(I)=0RA
1TC2(1)=DRATG3(I)=N.
4 CONTINUE

Rt AD NAMELIST INPULT

READ (5,NAM1)
IF (EJF(5)) 5,5
5 5T3P 3
6 WRITE(6982) IGEDMyXENDsIESXKsUETAL)XMA,PTL,TT1,IGAS,VIS1CL»VIS1C2y
IVIS2CLlsVIS2C2sGsRsPRyIBODY» WAVESPHIL s Wy IENTRO2SSTHSMXTRIKUDVISHK
2TCOUs TUNGTHs IYINT s KUDAMPs XT1oXT2s XT3, XT4» XTS5 XTESPRTKOUPRT sNUMB1,
3GLARPRTAR
JRITE(B6sB83)TENDLy PRIINC ) PRNTINC)IPRO» IPRNTs NAUXPRU,FT,KOOE, KUDWALS
IVELEDG»CONVSNITMAX, KOUUNIT, ITMAXsCONVE
IF (KODUNIT.NE.1) GO TO B8
AT1l=TT1
AT22TT1/2,
IF (IGAS.EQ.2) GO TO 7
AXL1=ViSICI*(ATL**1,5)/(ATLl+VIS1C2)
AX2sVIS1Z1#(AT2%«1,5)/(AT24VIS1CZ)
AClaSGRT(S./9.)/747.878253
VISLCL=AC1#SQRT(AXLI*AX2*(ATL+VISIC2)*(AT2+4VIS1C2)/((AT1*AT2)%%1.5)
1)
VI>1C2=VIS1C2*%3./5.
6L TO 8
7 CONTINUE
AX1avIS2C1*(AT1*%xV]15C2)
AX2=y]1S2C1*(AT2%%xV]IS2(C2)
ACLls( (5479, )%xvIS2C2)r47,860258
VIS32C1l=AC1*SQRT(AXL*AX2/{ (ATL*AT2)*%V]52C2))
8 CUNTINUE
PHIO=PHII
IF (KODUNIT.EQ.1) CALL INUNIT (PRUVALPRNTVAL,»JMsJN)

SET UP GRID NORMAL TO wALL

wlaXK

A2=l+nl

W3sl+wleWlsWl
AWlsW3*kW3k(Wlxwe-1,)+w2
Aw2aWl*W2%W3*y3
Whlsw3ikW3

“W4'10+k1

AWS 2wl WlkwlkW2%d3

CALL MESH (XKyXENDs IE» IGtOM»UETAL)
RPR=1./PR

DU 9 nNsly JdK

EH2{N)=RPE

RE 1B



OO

O ON

10

11
12

13

14

APPENDIX C ORIGINAL PAGE I3

EH3(N)=RPR GF POGR QUALITY

EH1(N)}=RPR
CONTINUE

PRUGRAM CONSTANTS

CUNTINUE

XMAC‘I.+.5*(G‘1.)*XMA**2

RTL=PT1/(R%*TT1)

PlsPT1/{XMAC)**(5/(6-1,.))
R1=RT1/(XMAC)*%(1l./(G=-1.))

TI=TT1/XMAC

AALlsSGRT(G*P1/R1)

UlsXMA¥AA]

TREF=UL*%2/((G/(G-1.))%R)

GPlaG+l,

GMl=G-1,

GM1OG=GM1/6G

XWAVE=ANRAD*WAVE

If (KUDWAL.EQ.L) GO TU 12

IF (XwAVE.EQ.04) GU TO 11

XAF=s( XMAXSIN(XWAVE) ) *%2
T20T1=(2%G*XAF=GML1)*(GM1*XAF+2.)/(GPL*GPL1¥XAF)
XF2= (GPL*¥GPL1¥XMAXXMARXAF -4, % (XAF—14) ¥ (G¥XAF+1,))/((2.%G*XAF-GM1)*{

1GML*XAF+2.))

AWT=TI*T20T1*(1e+SURT(PR)*GM1*XM2%0,5)
60 TO 12

AWwT=TI¥ (1, +SQART(PR)*GMLI*XMAXXMAX(0,5)
CONTINUE

I (IGAS.EQ.2) GJ T4 13
VISLI=VISICLl*(TI*#*1.5)/(TL+VISiC2)
VISReEFsVISICLI*(TREF*x1.5)/(TREF+VISiCZ)
GO TO 14

VIS1sVIS2C1*(TI**xvi>2(C2)
VISREF=VIS2C1*(TREF**VIS2(2)

CONTINUE

REYsR1¥UL*A/VIS1

REYREF=REY*VIS1/VISREF

XCONE=ANRAD*PHIO

EPS=1./SQRT(REYREF)
ABCs{XMA¥SIN(XWAVE) ) **x2
PlO=PT1/(R1¥ULl*ULl)

IF (XWAVE.GT+,0000001,0Ke XWAVE.LT+=-+0000001) PlO=(1./(G*XMA*XMA))*

LTO(XMACKABCH(G+14))/(ABCH(G-1e)+24) ) %X (G/(G-14))*((G+1s)/(2,%G*ABC~
2(G=1e)))*¥*(14/(G-1,))

T1020.54¢1.0/ (XMA*XMAa®(5=-1.0))
R10=G*P10/(T10*(G~=1,0))
TCaVISIC2/7(TI*XMACZ)
RFL=SQRT(PK)

RFTapr*¥%0,33333

READ TABULAR DATA

IF (NOIT.GT.0) GJ TO 20
NABCsNPUTYPE+!L
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66U TO (19»15515)s NABC

CALL TABLE (IENDL,SOsR1)UL»)ASTREFIKODWAL,VISREFSKIDUNIT» ANWT)
GU TO 17

CalLlL TABLE] (IEND1,»SDsR1»ULyA» TREFsKODWALSVISREF,KODUNIT»AWT)
GO TO (19518)» IENTRO

CALL VARENT (RS5,7ZZS,DR>2LS5»NNNpKOGOUNITHA)

CONTINUE

SET UP PRINT CONTROL

SD=S0*A

CALL SETUP (PROINC,PROVALsSU» JN»IPRDO)

CALL SETUP (PRNTINC»PRNTVALSSL»JIMy IPRNT)

ARIT E(6,97)

IF(KODUNIT.EQ,1) WRITE(6,84) (PRUVAL(I)*,3048,5121,JN)
LF(KODUNIT.FQel) WRi1Tce(65,85) (PRNTVAL(I)*,304851=1, JM)
IF{KOGOUNTIT.NEL.L) WRITE(E,B4) PROVAL

IF(KODUNIT.NEW1) WRITE(6,55) PRNTVAL

CONTINUE

RKEAD (4) TWsRVAALDIGSOSPESDS

SI=D>

Ut=0,

PEJP10O=PE/PL1O

IF (PEOP10.GT.1l,) GO TO 21

GO TUu 22

CONTINUE

ABYZ=ABS(1.,-PEOP10)

WRITE (6,81) ABYZ

STOP 600

CONTINUE o
IF (1o0DYeNEel) UE=SQRT(2.%T10*(1.-(PEUPL10O)**GM10G))
TE=T10-.5*%UE*UE

RE=u*PE/((G-1.)%TE)

TksT10*TC/TE

TsTwW/TE

SUT=v[S1C2/TREF

IF (IGAS.EQsl) XNUE=(TE*%1,5)*((1.+5UT)/(TE+5UT))
IF (IGAS.EQ.2) XNUE=TE*#%v][S52C2

GO To (23,25), I300Y

STAKTING PROCEDUKRE FUOK FLOWS WITH STAGNATIGN POINT

SUT=T10*TC Cw

IF (IGAS.EQ.Ll) VISLO=(T10%*1,5)*%(1.+5UT)/(T1C+5UT)
IF (IGAS.FQe2) VIS1O=T1lOU**V]S2C2

P1PT2sP1/PT1

Ir (XMAJLE.1ls) GO TU 24

PLPT2=({ (L (G+1e)%XMAXK2) /2, ) %% (=G/(G=1a)))*¥((G+14)/((2.,%G*XMAXK2)~{(
16-1e)))%%(=-1,/(G=14))

CONTINUE .

QUEDS=SART (2% ((G=-141/G)*T10*¥(1.=-P1PT2))
BELA=R1O*VIS10*DUEDS

RMI=351]

DX10S=BELA®(SI-DS)*%(2%J+1)
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DXDS=BELARSI#%(2%J+1) OF POGR QUALITY
DX1=(BFELA®STI**x(2%J+2))/(2%J+2)
X=DX1
ARGMa=T778,26%EPS*¥A*PR/(VISKEF*UL*UL*T10*SQRT((J+1)*R10*VIS10*%DUEDS

1))

XAL=0,
XBE=1./(FLOAT(J)+1.)
GO TO 28

STAKTING PRJCEDURE FOR FLOWS WITHOUT STAGNATION POINT

COUNTINUE

IF (J.EQ,0) GO TI 26
RMI=>I*SIN(XCONE)
BELEX=RE*UE*XNUE*{SIN(XCUNE)**(2%J)})
IF (JoNEJOGAND.PHIO.EQ.0Os) BELEX=RE*UE*XNUE
DXLOS=BELEX*{(SI-DS)*%(244))

GU TO 27

CONT INUE

RMI=l,

BELEX=RE*UE*XNJE

Dx1DS=BELEX

UXDS=8ELEX*SI*%(2%J)
OX1=(BELEX*®{ST**(2%J+1)))/(2%J+]})
X=DX1

Q5S=DI5P=3,

XAL=UE**2/TE

XbE=0.

ARGM={0,

DUEDS=0,

CONTINUE

CENERATE SELF SIMILAR SOLUTIUN

CALL SIMILAR (IE»IGAS»XAL»XBE)PRyKODWALs TWsDTDZwsXKsTRyVIS2C2sF3,F

125T35T25V3sV2,FZ3,T2Z3,XL35EP35,ARGM»QSD)

IF (KODWAL.EQeloANDWIBODYEQel) QSO=TZ3(1)*XL3(1)/ARGM
MUESTAR=XNUE*VISREF

UESTAR=UE*U1]

TESTAR=TE*TREF

PESTAR=PE*k1*Ul%xUl

RESTAk=RE*R]

X=0,

DX2=DX1

SET UP INITIAL PROFILES

DG 29 N=1,1FE
V2IN)=V3(N)
VI{N)=V3(N)
T2(N)=T3(N)
TL(N)=T3(N)
F2IN)=F3(N)
F1(N)=F3(N)
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XL2(NY=XL3(N)
XLLIN)=XL3(N)

XLP2{(N)=XLP3(N)

XLPL(N)=XLP3(N)

TZ2(N)=TZ3(N)

FZ2(N)=FZ3(N)

CONTINUE

LF (KODUNITL.EQ.1) ZALL CuTUNLT (PROVALsPRNTVAL,JMsJdN)
1F (KUDUNIT.EQ.1) CALL WALLUOUT (PrRUVALsSPRNTVAL» My JN)

WRITE INITIAL STATIOUN PARAMETEKS

WKITE (6572) MUESTARSUESTARK» TESTARSPESTAR,»GLSD» XALs XBESRESTAK

IF (KCDUNIT.NE.1) WRITE (6,09)

IFf (KODUNIT.EQ.1) WRITE (6,70)

PTREF=PT1/(R1*J1%Ul)

WRITE (6571) PT1sTTLsRT1»PLlsTIsR1,UL»AALsXMASREY,R1I*UL*UL,TREFSR]1)
1ULy VISREF»PTREF,P1C»T10s»x1GC

IF (KUDUNITLEQ.Ll) CALL INUNIT (PROVALSPRNTVAL,JMsyJN)

520,

IF((lENTRO.EQQZ’ IANDI ‘NOIT.EQ-O)) HRITE(6’88)

3EGIN MARCHING PRUCEDURE ALUNG SURFACE
SM1=3-DS
S=0,
OX03=0X10S
IENDPL=sIENDI+1
00U 68 M=2, 1ENDPL
SM2a5M1
SM1sS
READ (%) SsPEsMIsTWsZsDPEDSsRVWALD)DRDZy dW
PHI=ATAN(DKDZ)
CUSTH=COS (PHI)
PPsDPLEDS
UE=SQRT(2,0%T10%(1.0-(PE/P1O)**((G~-1.0)/G)))
IF (NOIT.GT.O0) Je=UEE(N)
Te=T10-0.5%UE*UE
XAL=UE*UE/TE
REsG*PE/((G-1.0)*TE)
IF (IGASEQel) XNUEa(TE*%1,5)%(1,0+4T10%TC)/(TE+T10%*TC)
IF (IGAS.EQ.2) XNUEsTE*#%y152(C2
0X205=DX1DS
DXx1DS=DXDS
DXO3=RE¥UERXNUE*(RML%%(2%J))
Dx2={uXDS+DX1NSY*,.5%D>
IF (IBODY.EQ.1) DX2=DX2%.5
IF (MsEQ.2) DX1mDX2

IF (MsEQ.2) GO TIJ 31
CHECK FOR CHANGE IN STeP INCREMENT
CKK=(5=5M1)/{(35M1-5M2)

[F (CKKeLT4e93399369%9) U TO 30
IF (CKKeGT«1.0203001) GO T3 30

1
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DX2%(5S=-SM1)#(DXDS+4.*%0Xx1D5+DX205)/73,.,-Dxl
60 TO 31
IX2=(S-SM1)*{OX1DS+DXD35)/2.
X=xX+DX2

OY=2 %X

0Z=SQRT (DY)
DUEDS==PP/(RE*UEXDADDS)
DTEDS=-UE*DUEDS
KAL=UE*UE/TE
XBE=0Y*DUEDS/UE
TksT10*TC/TE

SET UP DIFFERENCE-QUOTIENT CUEFFICIENTS FOR X-CJORDINATE

2122 % (DX1+42,%DX2)/(0X1+DX2))

1222 ,¥(DX1+D0X2)/0x1

L1332, %((DX2*0X2)/7(DX1*{ux1+DX2)))

Z4=([Xx1+4DX2)/DX1

1530X2/DX1

FAA=UGZ/ (RE*UE* (R MLl %%y))

FAB=2 (*EPSHWHFAAKCUSTH/ (RMI%x%y)

FACa2 *%EPS*0Z*COSTH/ (KE*XUE*RMI*KM])

FAD=RMI/(EPS*CLOSTH)

BEXL=(RMI**%J)/(EPS*¥CU3TH)

IF (JeEQ.0Q) SIGN=ABS(SIGN)

BEX2asSIGN*%y L
BEX3=2(2,%%J)*%EPSACOSTH*SORT{2*X) /(REXUE®X(RMI**(2,%))))
BEXé=l,/7(J+1)

DFDOZw=1l,

N1T=Q

CUNTINUE

NLTaNIT+1

IF (KODWALWNE.1l) ARGM=-QwW*773.,26%(EPS*¥A/(VISKEF*¥ULl*%2))%(PR*0Q2/(RE
1*UE*TEXXNUE*RMI*%J))

CALL SOLVE (KODWAL,AKRGMyTRyVIS2C2)XALsABESXsDX2sTWoIGAS»IEs JsNITHR
IVWALDIRI»ULsWNLy A2 s WH3 s Wb s WnDs ANUES XK»EPS» My IBODYSFT)
CG=0.

DiSINC=0,

DIsP=(,

TPK=G,

THETA=0,

KON=IE+?2

DU 33 N=2,KON

TPK=TPK+o 5% {T3(N=-1)+T3(N)IRDNIN=-1)
RATU3(N)=SIGN*SQRT(1l.+FAB*TPK)

DRATU3I(N)=sFA3*T3(N)
YUON)=BEXL*(=1,+3EX2* ()l +BEX3*TPK)**8EX4)

ODISP= ISP+ 5% ({(T3(N=1)=-F3(N=1))+(T3IN)=-F3I(N)))*DN(N-1)
C=l./(RATO3(N)**J)

CaC*(F3(N)*(1.=F3(N)))

THETA=THETA+4.,5%(CO+C)*0ON(N-1)

CO0=C

DISINC=DISINC+ 5% {{(T3(N=L)*{1e=F3IN=-1))/RATO3I(N=-1))+(T3IN)*(1.-F3(
IN))Y/KATO3(N) ) I*DN(N=-1)
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CUNTINUE
DISINC=DISINC*EPS¥FAA%A
THETA=THETAXEPS*FAa*xA
DISP=DISPHEPS*FrAA*A

DETERMINE THE LJCATIOUN CF THE BOUNDARY-LAYER EDGE
SEE INPUT DESCRIPTIUN FUR DEFINITION FOR VELEDG

NCOuNT=0

DO 34 Ns=sl,IE

NCUOUNT=NC OUNT+1

IF (F3(N) .GELVELEDG) 6O TO 35

COUNTINUE

NEDGEsNCIJUNT
YEDGEaY(NFDGE=-1)+(VELEDG-F3(NEDGE~1) ) *(Y(NEDGE)-Y(NEOGE~1))/(F3(NE
10GE)-F3{(NEDGE-1))

CHECK THE CONVERGENCE

DIFsA8S(1.-FZ3(1)/0FDLw)
ODFDZw=FZ3(1)

DIFL=DIF

IF (NIToGTNITMAX) DIF=0.

CALCULATE WALL AND INITLIAL VALUES KEQUIRED FOR BASIC BOUNDARY
LAYER PARAMETERS

MOME(L)=F3(1)/SORT(T3(1))

XMF1l=2,4+XAL

XMF2=T3(1)*TE/T1D

XMF3=l,-XMF2
TTOTT(L)=(2.*T3(L)+xAL¥F3(L)*F3(1))/xMF1
CROCCO(LIY=(TTATT(L)=XxMF2)/XMF3

JOUPL(1)=0,

TCORD(L)=0.

UCEF(1)=0.

NCNDEL(1)=0,

XMF4=EPSH*XNUEXUF*UE* (RMI**J)*XL3(1)*FZ23(1)/0Z

CALCULATE 3ASIC B80JNDARY LAYEK PARAMETERS

KONsIE+2

00 37 N=2,KON

IF (TKFACTLEQ.0.0) GO TO 36
JPLJS=SQRT(XMF4*T3(1))
UOUPL(N)=UEXF3(N)/UPLJS

TCORD(N)= (Y (N)*UPLUS*RE)/ (EPS¥XNUE*((T3(N)*XL3(N))*%2))
UDEF(N)=UE*(1.=-F3(N))/UPLUS

CONTINUE

TTOTTUN) = {2 ¥ T3IN)+XAL*¥F3(N)XF3(N))/XNF1
CrROCCO(N) = (TTOTTIN)=-XMF2)/XMF3
MOME(N)=F3(N)/3QRT(T3IN))

CONTINUE
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CALCULATE VORTICITY RLYNUOLDS NUMBER
AND DETERMINE STASILITY INDEX

ILF (TKkFACTeGTedeDeANCTRFACT.LT.049999) GO TO 40

DO 38 I=1,NEDGE
TERMB=RE*RE*ULKUS*Y (L1 )*#Y(L)* (KMI*RATO3(I))**Ji/(SURT(2.,%¥X)*XNUE*EPS
1)

STAS2(I)=TERMI*FZ3I(I)/(XL3(I)*T3(])%%3)

ST2MAX=5TAB2(1)

JO 39 IX=2,I1E

IF (ST2MAX.GT.3TAB2(iX)) G0 TU 39

ST2MAX=STAB2(IX)

CONTINUE

SMXP=5T2MAX

CONTINUE

DSMXO=(SMXP-SMXN)/(5-5M1)

SMXN=SMXO

SMXJ=3MXP

IF (KTCODeEQe2eORWKTCDSEUS1) GO TO 41

KTCD=1

RRRR=RE*UEXRI*UL/ (XNUE*ViSREF)

TENGTH=1 o+ (5, ¥ RRRAR*¥¥ (=1 )% (KRRK*¥A¥S3T ) **,8)/5357

CONTINUE

Ir (SMXTR.LEST2MAX) CALL TUKBLNT (T3sXL3»FI3,KATU3sY»EP3,F3,EH3,V
LARASVARBs VARCZ» VARD ) VARE »XOUAMP,IYINT, YEDGE,TALP)

IF (SSTeLE«S*¥A) CALL TURSLNT (T3sXL3,FZ3,RATU3,Y»EP3,F35EH3»VARA,YV
TAR3s VARC s VARD W VARE,KIDAMP»IYINT, YEDGESTAUP)

I+ (DIF.GT.CONV)Y GU Tu 32

JUTPUT QUANTITIES

DO 42 N=2,KON

NONDEL(N)=Y (N)/YEDGE

CONTINUE

IF (JoNEel) GI TI 44
TIBURON=2,*¥DISP/RM]
IF(TIBURON.LT.=-1.)G0 TO 43
DISPuRMI*(-1,+S0RT(1.+TIBURON))

GO TG 44

WRITE(6,93)

CONTINJE

THADLSsDISP/THETA
REDELT=(RE¥UEXDISP/ (XNUEXA) )*¥REYREF
RETHET=REDELT/THADIS

RE>S= (RE*UE*S/XNUS)*KEYREF
XMAE=UE/SQRT(TE*(G-1.))
TWOTTL=T3(1)*TEXTREF/TT1
RECTOR=(T3(1)=1s)/((TTL/(TEXTREF)I=14)
TAUD=vISREF*UL*(XL3 (1)*REXXNUERUERUE* (RMI**J)*F23(1)/0Z)/(EPS*A)
CFe=TAUD/ (. 5%R1*J1*UL*¥RE*JE*UL)
CFW=CFE*TW/TE

IF (KUDWAL.NE.1) GU Tu 45
QS==XL3(1)®RE*JEXTEAXNUER (kMI**J)*TZ3(L)/ (PR¥OZ*EPS)
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QSD=QS¥VISREF*UL*UL/(778.20%A)
GU TU 4¢

QSU=uW

CONTiNUE

IF(F23(1).GEsD4) GO Ta 92
WRITE(6»91)S»TAUD»QSD

STaP 400

CONTINUE

TwO=sTREF*®TW

TAWOS (RFL4(RFT=RFL)®TRFACTI*®*(TT1-TEXTREF) +TE*TREF
HLaaSD/(TwD-TAWD)

CHE2T78,26%HD*(G=14)/ (G*k*R1*XUL*RE*UE)
CHa=(HE*TW/TE

HSD=HD*A¥S
KEDsR*VISREF*XNUE*G/ (778, 26%PR¥(G-1.))
KWD=KED®XL3(1)*T3(1)

NUEsHSD/KED

NUW3HSD/KWD

TOTAL PRESSURE RATIG, (PT2)BL/(PT2)IREF

00 49 I=1,IE

ZEd= (MOME (1) *XMAE ) **¢

IF (SQRT(ZEB)I=1.) 47547548
PT2aPE*((144(G=-1s)*ZEB/24)%*(G/(6=10)1))

GO TO 49

BBA= (ZEB*(G+1.)/2)%2(G/LG-1e))

BisBa((G+la)/ ((2.*¥GHZEB)=(G=14)))2*(14/(G-10))
PT2=pE*BBA*EBR

PTIPT(I)=PT2/PTREF

VAKIABLE ENTRIPY CALCULATIUNS

6L TO (51,50), IENTRO
INTEGL=INTEGT(F3,NcOGESDN)

XXJd=J

RSa((J+1)REPSHIZXINTEGL)**((2.=XXJ)/24)

IPT=-l

CALL IUNI (JLoNNNskRS»253VT22sKSsANS»IPTHIERR)
I5=ANS(1)

TANTHTS=ANS(2)

THATS=ATAN(TANTHTS)

SWANG=ETHATS/.0174533
PTTAUE(G+1.) ¥ XMA®X2%S IN(THATS) *%2
PTTWOsPTTWO/ ({G=1a ) s (XMA)X#24SIN(THATS)*¥242,)
PTTWUSPTTIWOR*(5/(6-1.))%PT1

PTTAOSPTTWOR({G+14)/(2%GkXMARXZXSIN(THATS) ¥ %2 (G~

1))

Pe2OosPTTwWO/(RL*¥J1*UL)
ULE(M)=SQRT(2.*¥T10%(1.=(PE/P20)**((G-1.)/G)))
XVAL2=ABS((UEE(M)-LE)/UE)

I+ (XVAL2+GESXVALL) xMx=XVALZ

XVALL=XVALZ

NNa[E+2

ORIGINAL PAGE I3
OF POOR QUALITY
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51 CUNTINUE
NN=JE+2

IF (IENTROLEQ.1) P20=P10
PRINT PROFILES ANO wALL VALUES

KPRNT=Q
If (ABS(A-1,).LE.0.,0Q000031) GO TU 52
SES¥A
I=Z%A
RM[2RMI*A
L3=75%A
RS=RS*A
52 CONTINUE
D0 53 NUMBR=1,JN
IF (SeGT,PROVAL(NUMBR)=4000001 «AND«S«LT.PROVALI(NUMBR)+.000001) GO
1TO 54
53 CONTLINUE
G0 TO 63
54 CUNTiNUE
I[F (KUGDUNIT.EQel) 5=25%,3048
ARITE (6,73) 3
Ir (KODUNIT.EQ.1) S=25/.304b
IEUGEX=NEDGE+1D
IF (IEDGEXsGTsIE) LEDGEX=IE
IF (NAUXPROJNE«1) GU TO 56
WKITE (65,74)
00 55 I=1,I1EDGEX
55 WRITE (6975) (XN(I)sTAUP(L)sV3(I)pFZ3(1)sT23(I),VARA(L)»VARB(I)»VA
IRC(EL)»VARD(IDV,EP3(i)sVAREL(L))
56 COUNTINUE
Ik (KuDE.EQ.1l) GJ TO 58
Ifr (TRFACT.GT4D4999%) GU TO 61
Ir (TRFACTeGT 04D ANCTRFACTLT0.,9999) GU TU 58
WRITE (6,76)
DG 57 I=1,1FDGEX
57 WRITE (6577) XN(IDsNUNDEL(I)»F3(I)»T3(1),TTOTT(L)»CRICCA(I)HPTOPTI
LID»MOMECI)»FZ3(I)»T23(1)p5TAB2(I)sXL3(])
GO TO 63
58 WKITE (6,75)
D0 59 I=1,IEJDGEX
56 WRITE (6577) XNUI)sNINDELCID»F3UL)sT3(1), TTOTT(I),CRACCO(IIHPTIPTH
LI)oMOME(I) L FZ3(I)»TZ3(I),5TAB2(I)»XL3 ()
WkITE (6578)
DU 6C I=1,TEDRGEX
60 WKITE (6577) XN{I),NONDELCI)SF3(u)sT3(L)sTIOTT(L)»CRICCO(IIHPTOPTH
LIy MUMECT)» TCORDI(I)» LOUPL (I UDEF(L)»EP3(I)

GO TU 63

61 WRITE (6578)
D0 o2 I=1»IEDGEX ,

62 WRLITE (6577) XN(I)y NONDEL(I)»t3(I)»T3(1)T10TT(I),CRICCO(I)HPTAPTH
1I)p MCMECT) > TCORD( L) LOUPLIT)»UDEF(L)SEP3L])
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63 CUNTINUF

ba

65

66

DU 64 NUMBER=1,JM

IF (SeGTePRNTVAL (NUMBER)-+000001AND +SeLTPRNTVAL(NUMBEK)+,.000001)
1 GO TU 65

CONTINUE

GO TOU 66

CONTINJE

PESTAR=PE*R1*yUl*Jl]

TESTARSTE*TREF

RESTAR=RE*R]

UESTAKk=UE*U1

MUESTAR=XNUE*VISREF

YESTAk=YEDGE*EPS*A

RVWALSRVWALD/(RESTAR*UESTAR)

GANDOG=RVWALD

IF(KOUUNITCEQ.1)GANCOG=GANDOG/ 00063658804

IF (KODUNITL.EQsl) CALL WALLOUT (PKUVALsPRNTVAL,JIM»JIN)

WRETE (6579) SsRETHET,PPyCFWsZS»YESTARIXsRESSDTEDS»QA5D,RS»UPLUS,RM
LISPESTARSDUEDS»HIs NOITs TRFACT»Z»TESTARSDISP»CHE» TWOTT1, JPUINT,XBE,

2RESTARY THETA, CHW» RFCTOK, P20

WKITE (6580) XAL,UESTAR,THADLISSNUESST2MAXSEPS,GANDDG, XMAES TAUDY NUW

15 DSMXCsREDELTSMUESTARSCFE» SWANGs V3 (1) sRVWALSNIT,OIF1

KPRNT=1

CONTINUE

AINV=1,/4A

IF (KODUNIT.EQ.l ANDKPENTsEWsel) AINV=AINV*3,280839895
S=3%AINYV

I=Z*AINV

RMIsRMI*AINV

Z>=IS*AINV

KS=RS*¥AINV

JPUATE VARIABLES FOR MARCHING PROCEOURE

DU 67 N=1,NN
FI1{N)=F2(N)
TLIN)=T2(N)
VIIN)sV2({N)
RATIL{(N)=RATO2(N)
VKATUL(N)=DRATO2(N)

XLL1(N)=XL2(N)
XLPL{(N)=XLP2{N)
Fe{N)=F3(N)
T2{N)=T3({N)
VE(N)=V3(N)
RATU2(N)=KATO3(N)
DRATUO2(N)=DRATO3(N)
XL2(N)=XL3(N)
XLP2(N)=XLP3(N)
TZ2(N)=TZ3(N)
EPLIN)=EP2(N)
EF2(N)=EP3(N)
EP3IM=EP3(N)

IF (NeGTol AND N LT 1E) EP3M=(EP3(N-1)+EP3(N)+EP3(N+1))/3,
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TAUP(N) =14 /7(XL3CL)*rZ3(1))*XL3(NI*ABS(FZ3(N))*EP3M
EHL{(N)=EH2{N)
EH2(N)=EH3(N)
FZ2(N)=sFZ3(N)

67 CUNTLINUE

68 DX1=Dx2
IF (IENTROL.EQ.1) STOF 100
ITFINDIT.EQ.ITMAX) WRITE(5,89)
IF (NOIT.EQ.ITMAX) STUP 20C
IF(XMXsLESCONVE) WRITE(b590)
IF (XMX.LELCONVE) STOP 300
NUIT=NOIT+1
WRITE(6,86) ITHAX,NOIT
REWIND 4
GO TO 10

69 FUORMAT (1H1,20Xsb4H*% %% I MENSLIONAL OUTPUT QUANTITIES ARE IN U.S. S
1TANDARD UNITS*xk%x,/)

70 FORMAT {(1H1,20Xs55A%*%*%DIMENSIUNAL JUTPUT QUANTITIES ARE IN S.I. U
INITS*%x%, /)

71 FORMAT (2Xs30HFREE STREAM VALUES-DIMENSIUNAL»/»5Xs5HPT] =,E14,.6,2X
Ly 5HTTL =sF14.692Xs5HRTL =5 £14.692Xp5H Pl 3)El4.652Xs7H Tl=sEl4%.,
2692Xs5H R1 =)El44655/55Xs5H UL =2yE144622X9s5HAAL =,E14.652Xs5HXNA =,
3E144692X95HREY =9E L4465 //»2Xs28BHREFERENCE VALUES-DIMENSIONALs/»5Xs
S55HPREF=,E14,592Xs 5HTREF=)EL1446»2Xs SHRREF®sELlb 652X SHUREF®,E14.652
6Xs THVISKEF=s E14456,2XsOHPTK =9 E1l4eb9//2Xs25HPARAMETERY-NUONDIMENSION
TAL»/ 35X 5HP1O 3,E144692X95HT10 =29E144692Xs5HR1I0 =3ELlb465/)

72 FURMAT (2X»5HMUE =5E124002X9 5HUE =»E12.652X»5HTE  ®,EL12.652Xs5HPE
1 =5E12.692Xs5HQAS) =,E12469/92Xs5HXAL 35EL12.692XsSHXBE =pE124652X»
25HRE =,F1246)

73 FURMAT (//1Xs2HS=Fl4,4594 PROFILE/)

74 FORMAT (130H ETA TAUP v GRAD(U/UE) GRAD
1(T/TE) FC1 DAMP EPI EPJ EP
2 MIXDEL/)

75 FDORMAT (11£12,.3)

76 rURMAT (//74X,3HETA,8Xs 4HY/YE97Xs 4HU/UES TXs 4HT/TE» 6X» 6HTT/TTES 5Xs 6H
LICRICCU» SX» 6HPT/PTRyOXs 4HM/MEs BX9 2HFZ s IX22HTZs6X» THVORTREY 26X SHXLM
211/)

77 FORMAT (12E11,3)

78 FORMAT (/74Xs3HFETA,BXy4HY/YES TXs HU/UEs TXs4HT/TE»6Xs6HTT/TTES»S5X» 6H
ICRJICCOs 5X»6HPT/PTR,)O6Xp4HM/ME» 7TXs SHYPLUS»6X» SHUPLUS» 6X» 4HUDEF» 6X» 6H
2VIi3ErF/)

79 FORMAT (/72X 7HS BpE12 592X s THRKETHET®)EL12e592Xs THOPEDS =5E1245
12Xs 7HCF W 9E12e552X» THLSHK  ®=5E124552Xs THYE 3,E12659/2X9 THXI
2 2,£124552%X5 THRES T9E124292X, THDTEDS =2,£124552X» THQSD s,E12,
3592Xs THRSHK =9 EL124552X, 7THUTAU =5 E12.55/72%Xs THRMI 2yE124552X9 THP
4E =9E12e¢552Xs 7THOUEDS =2,E124552%s THHD 23,3E124592Xs THITRO =,]11
522Xy THTRFCT =2,E12.55/2xs THZ ®=yFE12.552Xs THTE 2s5E124592Xs 7THD
GLTAST=9EL124552Xs THNSTE  =25t12¢592Xs THTW/TT1=sEL124552Xs THYMP 2,1
725 /2Xy THBETA 3,E124552X%s THRE *yE12¢592X» THTHETA my3EL12e592Xs THN
BSTW 39E12.592XsTHRFTRUE=IEL2,4,%52Xs 7HP20 2y E12.5)

73
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80 FORMAT (2X,7HXAL 2y E12459 2%y THUE 25E12.952Xs THFORM =,E1245,2
1X, 7HNUE 2yE12e592%x THRKOUUSE =3E1209592Xs THUMEGA =5E12455 /72X s THRVHA
2LU=E124592Xs THME 29 E124592Xs THTAUD =sELl24502X» THNUW 2,E12.5
352XKs THOSMXD =, E124572Xs THREDELT=»t124552Xs THMUE 23E1245,2Xs THCFE
4 23E126¢592Xe THSWANG =518 124592Xs THV W 2wy E124592Xs THRVWAL =,ELl2
55 72Xs THNOITER=,I112,2Xs THEKKUR =2sE1245)

BL FOURMAT (/2Xs5HMISTAKE=sE1245937H MISTAKE=ABSOLUTE VALUE OF 1l.-PE/
1PlU/1GX,»106HYQU HAVE MADE Aiv ERROR IN YUJUR INPUT SUCH THAT THE RAT
210 OF STATIC TJ TOTAL PRESSURE IS GREATER THAN UNITY/11X,66HERROR
3C0ULD INVOLVE EITHER OR ALL OF THE FOLLOWING:XMA»PT1lsPE»WAVE//12X>
497HTHE PROBRAJSILITY [S VERY HIGH THAT YOUR SPECIFIED VALUE DOF PE(1)
5 IN $NAM3 IS NOT CZURRECT FOR YUUR /7912Xxs40HSELETED VALUES OF XMA»P
6T1sWAVE IN SNAM2.//7512Xs27HPE/P10 CANNUT EXCEED UNITY./)

82 FORMAT(1H1»2X s 54SNAM1,//52X»BHIGEUGM =y 1252Xs BHXEND x,E124592Xs
18HIE 2y 11292Xs8HXK 2yFE12e592Xs8HDETAL =p£12.592XsBHXMA
2 ®9EL2459/92%XsBHPTL 2y E124552Xy6HTTL 29E124592X»8HIGAS =]
31252X%XsBHVISIC]l =25512e592XsbHVISIC2 ®9E12e592Xs8HVIS2C1 =,E12455/52
4XyB4VIS2C2 =5E12.292Xs BHG 2,12 .552Xs bHK =pE12.552X»8HPR
5 xgE12e59 /792X 8HIB0DY =,112,2XsBHWAVE =5E124592X»8HPHII

62y FE12,592Xs &HJ 25 ]12y2Xs»8BHW 2y [12s2XsBHIENTRD =5112»//»2
7X5BA55T 2,3 F12.552XsBHIMXTR  =,E12.52X,8HK0ODVIS =5,11252X,B8HKTCO
ED  my]1292Xs8HTLNGTAH 25812699 2XsBHIYINT =51125/792X»3HKODAMP =,112
Gs2X» BHXTL 29E12.552450HXT2 Byt 12.592XsEHXT3 myF124552X58H
1XT4 =3FE12.5s2X9sBHATH 2yE12e59792XsBHXTO 29 FE12¢552X,8HPRT
2 23 E124552Xs IHKALPKT =2, I1252Xs 8HNUMBL 35,112, 2X» 6HGLAR =yEl245
45 /»2X%Xs BHPRTAR s/ {10E12.5))

B3 FURMAT(/s2Xs8HIENDL =,]11252Xs8HPROING =9 b124522Xs EHPRNTINC=5EL245
1,2X,8HIPRO 29112, 2Xs6HIPRNT =511252XsBHNAUXPKRU=»1125 792Xy 8HFT
L 2,£12.5,2Xs34K0DE 5, [1252Xs8BHKOUWAL =5112s2Xs8HVELEDG =5E12,5
ls2Xy, 5HCONV 2,612,559 2% HNITMAX =91125/92Xs EHKOUUNIT=, 1125 2Xs8HIT
2MAK =9 T11292XsAHCINVE  =)EL2e59//»2X» L19HTHIS COMPLETES THE OUTPUT
3 UF SNAM1 wITH THE EXCEPTLION uF PRGVAL AND PRNTVAL. THESE VALUJES A
4RE PRINTED JUST PRIOR TU THbs/92Xxs22HINITIAL STATIOGN PRINT.)

B4 FORMAT(2X,»6HPROVAL,/,(10E1245))

85 FURMAT(ZX»EHPRNTYAL »/5(10E1245))

o6 FDRﬂAT(//’BBX’SOH*#********#****#*********************************
1%,/35Xs 1H*y 10X, 23HVAKIBLE ENTROPY CALCULATIUNS» 10X 1lH%y/,535Xs1H*%s1
21Xy BHITMAX=s IRy 2XpSHNDIT=9 168Xy LH*» /535X 1H*p48Xs1H¥p /535X 50H***
Ik rakkkkkkkhkh ke hk ok ko ko kk kR ok kkkx k%)

"67 FORMAT(/»2X,63HPRINT >TATIONS DESIGNATED IN $NAM1 INPUT AND GENERA

74
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88 FURMAT(/,2X,1254F0r YOUR VAKIBLE ENTKOPY CASE (IENTRQO=2) THE FIRST
1 PASS OVER THE B8IDY IS LQUIVALENT TO A CUNVERGED CUNSTANT ENTROPY(
2IENTRO=1)/,2Xs924S3LUTIIN, VARIBLE ENTKROPY EFFECTS ARE TREATED IN
3SUBSEWUENT FPASSES; THAT IS FUR NOIT=1s2see4)

69 FORMAT(/52%X,1174YDUR vAKIBLE ENTKOPY CASE HAS NGT CONVERGED FOR YU
1UR INPUT VALUES JF CONVE AND ITMAX. YOU MUST EITHER INCREASE ITMA
2X» /92X 66H0R REDUCE YJUKk CONVERGENCE LEVEL B8Y INCREASING THE VALUE
3 OF CUNVE.)

90 FORMAT(/»2X»77HYIUR VARIBLE CASE ENTROPY IS CUNVEXGED TO YOUR SELE
1CTED INPUT vALUE DBf CUONVEL)

91 FORMAT(2X»47H3IJUNDARY-LAYER SEPARATION INDICATED 8Y SOLUTION»/»2X,
L12HS=5E12¢552X» SHTAUUS,E124592X54HASD=»E1245)
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93 FORMAT(IHL1,2Xs»51H4FCR J=1 01SP IS UEFINED AS(SEE AIaA PAPER NO. 69-
1687) FOLLOWS» 7/ 4Xs41lHDISP2RMI*(~14+SQRT(Le+2.%DISP(J=0)/RMI)I),»//
252Xs 1OGHFOR YJQUR CURRENT S5=S5STATION DISP(J=20) IS NEGATIVE(ALLOWED)
3AND 24*%DISP(J=D)/RMI IS LESS THAN -1.(NUT ALLOWED);»/»2Xs112HCONSE
4QUENTLY»THE VALUE PRINTED ABOVE IS DISP(J=0) WHEKE DISP(y=0) IS TH
5E TWG DIMENSIONAL G"EFINITION. THE PROBLEMs/»2X»111HNORMALLY OCCURS
6 FOR (1)EXTREMELY FINE D5 NEAR S=C. FJIR BLUNT 8CDIE> WHERE RMI IS
TVERY SMALL; (2) FLUA GOVvER VERY» /52X, 110HSLENDER BJOY OF REVOLUTION
B(NEEDLE). THE PRIBLEM IS EASILY SOLVED BY REFINED GRID DISTRIBUTIO
INe HOWEVER, IF YJ1J,/s2X,100HARE NOT INTERCSTED IN THE TwWO ABOVE ME
INTIJINED CTASES,»IGNIKE THIS MESSAGE AND PRJBLEM wWILL CURE ITSELF,/s2
2X»50HAS S INCREASES FOR ALL PHYSICALLY REALISTIC FLOWS.)

END
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Subroutine TURBLNT

ORIGINAL PARBE IS
OF POOR QUALITY

Subroutine TURBLNT calculates either the eddy viscosity or mixing-length param-
eters required for the transitional and/or turbulent boundary-layer equations.
flow chart for subroutine TURBLNT is as follows:

Calculate two-layer
eddy-viscosity model

TURBULNT

First
entry to
TURBLNT

Calculate
streamwise intermittency

Yes

Calculate A

Turbulence
model

KODVIS

The

Calculate mixing-length
mode]l

Calculate

KODPRT

w\\Egi?u1ent Prandt? nuTEi:///f

3

A

z
Use
constant Prandtl number

Calculate Prandtl number
from Rotta distribution

Calculate Prandtl number
from tabular input data

L

Return

v
e S

11

i
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The program listing for subroutine TURBLNT is as follows:

SUBROUTINE TURBULNT (T3,XL3,FZ3,RATO3,Y,EP3,F3,EH3,VARA,VARB,VARC,V
1ARDs VARE, KODAMP, IYINT, YEDGE, TAUP)

DIMENSION VARA(JK)s VARB(JK)y VARC(JK), VARD(JK)» VARE{JIK)})y Y(JK))»
1 T3(JK), XL3(JK)y, FZ3(JK), RATO3(JK), EP3{JK)y F3(JK)y EH3I{(JK), TA
2UP(JK)

DIMENSION PRTAR(JI)» GLAR(JI)» DVT(JI,1)

EQUIVALENCE (PRTAR,DVT(1,1))

COMMON /TRBULNT/ SpKSTRsTLNGTHs TRFACT,DISINC I XTLaXT2sXTEsXT3,XT4yX
1T5,)PRTWSIRESUEs XNUEpJsRMISEPSHJPOINTHIE)WWloWW2 ) WW3oWW4pWW5s NEDGE
2o KODVIS»ApXBE» Xy PRy KODPRTSPRT,PRTAR) GLAR)NUMB1y XK

COMMON /JUNIT/ VIS1Cl,VIS1C2,VIS2C1oVIS2C29PT1pTT1sWAVESRyPHIO,DS,»S
1STHRTYISP1sT1»R1ISUL,AAL,TREF)VISREF,PESTAR)TESTARSRESTARL,UESTAR,,MUE
2STAR,YESTARSTHETA»TAUD» QSDsHDpUPLUS»DISP,PE,2, TWsQWsRVWALD,PROINC)
3PRNTINC,ZSs»RS

GD 70O (152)» KSTR+1

KSTRal

PRTW=PRT

STRsS

XLAMDAsSTR*(TLNGTH=-14)7(SORT((ALOG(50.))/.412))

CONTINUE

CALCULATE STREAMWISE INTERMITANCY

SNORM= ,412%(((S~STR)/XLAMDA) *%*2)
TRFACT=],
IF (SNORM.LT.20.) TRFACT=1,-EXP{-SNORM)

CALCULATE EDDY-VISCOSITY
2 LAYER MODEL

IFC=0
A2=RE¥RE¥XUEXUEX(RMI*%xJ)*XL3(1)*FZ3(1)/(SQRT(2.*X)*XNUE*EPS)
A3sRE¥REXUE*UE*(RMI*%J)/ (A*AXEPSH*EPSHEPS.kXNUE*SQRT(2.%X))
AGuRE*UE*XT2*DISINC/(EPSH*EPS*XNUE*A)
ASsSQRT(A2/(XL3(1)*XL3(1)%T3(1)**3))

NDAMP=0

DO 8 N=2,1FE

ERA=XT3*((Y(N)/YEDGE)-XT4)

CALL ERF (ERA,ERB)

YINTER= ,5%(1,-ERB)

IF (IYINT.EQ.1l) YINTER=],

IF (IFC.EQ.1) GO TO 3
YPLUS=Y(N)*SQRT(A2/(XL3I(N)*XLI(N)*TI(N)**3)})

IF (KODAMP.EQ.2) YPLUS=Y(N)*AS5

DAMP=],

B2e~-YPLUS/XT6

IF (NDAMPL,EQ.O0) DAMP=1,.,-EXP(B2)

IF (DAMP+GT e0¢e9999.AND.NDAMP,EQ,0) NDAMP=]
VARA(N)=sA3*(RATO3(N)*%J)*ABS(FZI(N)})/(XLI(N)*TI(N)*%3)
VARB(N)}=DAMP

IF (KODVIS.EQ.1) GO TO &
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XMIXLeXT1#A*%Y(N)*DAMP*EPS
EP1m1+TRFACT*VARA(N)*XMIXL*XMIXL

VARC(N)=EP1
CONTINUE

DUTER EDDY VISCOSITY LAW

EP2e1.+TRFACT*AG*XYINTER/ (XLI(N)*TI(N)*T3(N))
VARD(N)sEP2

IF (IFC.EQ.1) GO TO 6

IF (EP1.LE.EP2.AND.IFC.EQ.0) GO TO 5

IFC=1

JPOINT=N

GO TO 6

MIXING LENGTH MODEL

CONTINUE

YRAT=1.

IF (Y(N).LE.YEDGE) YRAT=Y(N)/YEDGE
XMIXLeXTS5*TANH(XT1*#YRAT/XT5)#EPS*A*YEDGE*DAMP
EP3(N)s1,+TRFACT*YINTER®VARA(N)*XMIXL*XMIXL
GO0 10 7

EP3(N)=EP1

G0 T0 7

EP3(N)s=sEP2

CONTINUE

VARE(N)=XMIXL/YEDGE

CONTINUE

CALCULATE TURBULENT PRANDTL NUMBER

DD 12 N=2,I1E

GO TO (11,9,10), KODPRT
PRTePRTW-PRTW*,5%({(Y(N)/YEDGE) **2)
IF {(Y(N).GE.YEDGE) PRT=PRTW*,5

60 TO 11

GL=sY{(N)/YEDGE

IF (GL.GT.1) GlL=1,

CALL IUNI (JI,NUMB1,GLAR,1,DVT,2,GL,PRT,IPT,IERR)
EH3I(N)=(PRT+(EPI(N)-1.)%PR)/(PR*PRT)
CONTINUE

DO 13 Ns2,IE

IF (EP3(N).LT.1,) EP3(N)=1,

CONTINUE

VARA(1)sVARA(2)

VARB({1)=0.

VARC({1)=1,

VARD(1)=VARD(2)

VARE(1)=0,

RETURN

END
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Subroutine VARENT

Subroutine VARENT reads the variable-entropy input (coordinates for shock wave;
see fig. 2), computes the derivatives dRg/dz, and writes the input and derivatives.
The flow chart for subroutine VARENT is as follows:

C VARENT D

LRead NAMELIST data /

Y

dr
Compute {-—3) . where

dz /i
i=1,2,...,IEND1

v

Write
data and derivatives

—t

Yes

Convert data to
U.S. Customary Units

4

>(:fﬁ Return 4:)
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The program listing for subroutine VARENT is as follows:

SUBROUTINE VARENT (RRS,22S,DRSDZS,NUMBER,KODUNIT,A)
DIMENSION RRS(JL)» ZZS(JL)» DRSDZS(JL)

NAMELIST /NAM3/ NUMBER,)RRS,ZZS,DRSDZS

READ (5,NAM3)

NUMM1=NUMBER~-1

DO 1 I=2,NUMM]
DRSDZS{I)=(RRS(I+1)~RRS(I-1))/(Z2S(I+1)-225(1-1))
DRSDZS(1)=(RRS{2)-RRS(1))/(Z2ZS(2)-225(1))
DRSDZS(NUMBER)=(RRS(NUMBER)=RRS(NUMBER=1))/(ZZS(NUMBER)~-ZIS(NUMBER
1-1))

WRITE(653) NUMBER,RRS

WRITE(b6s54) ZIS

WRITE(6,5) DRSDZS

CS5=1,

IF (KODUNIT.EQ.1) C5=23.28083985

C6=C5/A

DO 2 I=1,NUMBER

RRS(I)=RRS(I)*C6

ZZS(I)=22S{I)*C6

CONTINUE

FDPNAT(ZX}5HSNAH3’/l,ZX;BHNUMBER '}IlZp/)ZX;3HRRS’/:(10E12.5))
FORMAT(2X»3HZZSs»/»{10E12.5))

FORMAT(2X,6HDRSDZS, /5 (10E12. 5))

RETURN

END

1



Subroutine SOLVE is the main subroutine of program VGBLP wherein the nonsimilar
laminar, transitional, and/or turbulent boundary-layer equations are solved using a
coupled algorithm for the energy and momentum equations.
solved using the trapezoidal rule.
gence of the system of equations to a preselected value.

routine SOLVE is as follows:

No

APPENDIX C

Subroutine SOLVE

SOLVE

ORIGINAL Pac: i3
OF ::COR QuaLTy

The continuity equation is
An iterative loop is provided to assure conver-—
The flow chart for sub-

Set boundary conditions

First
pass for this

station?

Make first guess at
profiles

¥

A

Set up matrix elements

for momentum and energy
equations

v

Calculate solution vector

y

Integrate
continuity equation

v

Cohpute
normal derivatives

Update viscosity

Return
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The program listing for subroutine SOLVE is as follows:

SUBROUTINE SOLVE (KODWAL,ARGM,TR,VIS2C2,XAL,XBE»X3,DX2,TWyIGAS,IE,
1JoNIT)RVWALD)RI UL, WW1sWW2o WW3sWH4 s WW5» XNUE, XKy EPS,» My IBODY,FT)
COMMON /SOLVY/ FLCJIK)»F2(JK)sF3(JK)»TIUJIKI»T2(JIK)I»T3(JIK),V1(IK),V2
1(JKY»VI(IK)HEP2({JK)sEP3(JK) s FZ2(JIKI»FZ3{JIKI»TZ2(JIK)I»TZ3I(JK)sXL2(JIK
2V XL3(JK)p XLP2(JK)p XLP3(JK)pRATOL(JK)»RATD2(JK)»RATO3(JK)pEH2(IK))
JEH3I(JK)»DRATOL(JK)»DRATO2(JIK)»DRATO3(JK)» VARA(JIK)» VARB(JIK),VARC(JK
4) s VARDUJK) s VARE(JK) pY(IKISEPL(JK)I» EHL(JKI» XL1CJK) s XLPL(JK)

COMMON /SOLV2/ 2151257135245 25,TE)FAASFAB)FAC,FAD,)BEX1»)BEX2,BEX3,BE
1x4

COMMON /MESH1/ XN(JK)»DON(JK)pYI(JK),Y2(IK)»YI(JIKI»YL(JIK)»Y5(JIK)»YOE
10JK)

DIMENSION XK1(JK)s XK2{JK)p XK3(JKDIp XMI(JK)p, XM2(JK)» XM3(JK)

THIS SUBRDUTINE SOLVES THE COMPLETE B.L. EQUATIONS

SET UP THE BOUNDARY-CONDITIONS
XK1(1)=xK2(1)=XK3(1)=XxM2(1)=eXM3(1)=0,
IF (KODWAL.EQ.1) GO TO 1
TZ3(1)=ARGM/XL3(1)

GO 70 2

CONTINUE

XM1(1)=TW/TE

T3(1)=sXM1(1)

CONTINUE

F3(1)=0,

IF (NIT.GT.1) GO TO &

MAKE FIRST GUESS AT THE CURRENT STATION PROFILES

DO 5 N=2,IE

T3(N)=Z4%xT2(N)=25%T1(N)
FI(N)aZ4*F2(N)-2Z5%F1(N)

IF (T3(N)oLTe0o) WRITE (6518) T3(N)yNyM
IF (T3(N)oLTe0.) T3(N)= 5%(T2(N)+T1(N))
RATO3(N)=24%RATO2(N)-2Z5%RATOL(N)

IF (IGAS.E0.2) GO TO 3

XU3(N)= ({1 +TR)*®SQRT(T3(N))/(T3(N)+TR))
XLP3(N)eXL3(N)*(TR=T3(N))/(2.*¥T3(N)*(T3(N)+TR))
GO TO &

CONTINUE

XL3(N)=T3(N)*%(VIS2C2-1,)
XLP3(N)s(VIS2C2=-1.)*({T3(N)**(VIS2C2-2.))
CONTINUE

TZ3(N)sTZ22(N)

FZ3(N)sFZ2(N)

EP3(N)SEP2(N)

V3{N)=Z4*xV2{N)-Z5%V1(N)

EH3(N)=EH2 (N)

CONTINUE

6 CONTINUE

IM=IE-1

SE
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SET UP MATRIX ELEMENTS

DO 8 N=2,1IM
MOMENTUM EQUATION

All=sX3%F3(N)/DX2*FT

Al12=V3(N)/(DN(N)+DN(N=-1))

CLEBP= 5%RATO3(N+1)*# (2% J)*XLI(N+1)¥EPI(N+L) ¢+, S*¥RATOI(N)*% (24 ) X[
13(N)*EPI(N)

CLEBM= 5%RATO3(N-1) %% (2% J)*XL3(N-1)%EP3I(N=-1)+,5%RATO3(N)*%(2%J) *XL
13{(N)*EP3(N)

Al3=XBE

Al4=~XBEXF3{(N)*x%x2

Ale-A12-Y3(N)*CLEBM ,
BleAll*7Z14YL1(N)*CLEBP+Y3(N)*CLEBM+2,%A13%F3(N)

Cl=A12-Y1(N)*CLEBP

D1=0.

El=-A13

Hls=0,

Gl=All#%(Z2*%F2(N)=-23*%F1(N))-Al4

ENERGY EQUATION

CLEHP= S5*RATO3(N+1)** (2% J)*XLI(N+L)HXEHI(N+1)+,5%RATOS(N) ##(2%J) %XL
13(N)*EH3(N)

CLEHM® ;5*¥RATO3(N-1)%*(2%J)%XL3(N-1)*¥EHI(N-1)+,5%RATO3(N)**(2%J) XL
13(N)*EH3(N)

Al5=XAL*XL3(N)*EP3(N)*RATO3(N)*%(2%])

Al6w=A15%F73(N)*%2

A17=FZ3(N)/(DN(N=1)+DN(N))

A232 ,%A15%A17

B2=0,

C2==A2

D2s~A12-Y3(N)*CLEHM

E2=A11%7Z14Y1(N)*CLEHP+Y3(N)*CLEHM

H2sA12-Y1{(N)*CLEHP

G2=A11*(22*%T2(N)-23*%T1(N))+Alb

IFf (KODWAL.EQ.1) GO TO 7

IF (N.GT,2) GO TO 7
DID=s(C2*D1-C1#D2)~(({C2%HL1=CL*H2)*(((1.+XK)*%x2)=1,))
XM1(1)m((C2%G1-C1l*G2)+(C2¥HL1~C1¥H2)*#(XK*{1,+XK)*DN{1))*TZ3(1))/DID
XM2(1)s-(C2%B1-C1%B2)/DID

XM3(1)e=((C2%¥E1-C1*%E2) +((C2*¥H1-C1*H2)*((1.+XK)*%2)))/DID

CONTINUE

SET UP MATRIX ARRAYS

B1S=Bl+A1*XK2(N=-1)+D1*XM2(N-1)
R258B2+A2%XK2(N=1)+D2%XM2(N=-1)
E1SeEL1+A1*XK3(N-1)+¢D1*XM3{N-1)
E25=E2+A2%XK3(N=1)+D2%XM3(N-1)
G1S=Gl-A1*XK1(N=1)=-D1%*XM1(N-1)
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G2S=G2-A2%XK1(N=1)=D2%XM1 (N-1)
D=le/(B1S*E2S~E1S*B2S)
XK1{N)=D* (G1S*E2S-G2S*E1S)

XK2(N)=D*(E15%C2-C1%E2S)
XK3(N)=D*(E1S5*%H2-H1*E235)
XM1(N)=D*(B15%G25-B25%G1S)
XM2(N)=D*(C1*825-B1S5*C2)
XM3(N)=D*(H1#%B2S~B1S*H2)
CONTINUE

KON=TM

CALCULATE THE SOLUTION VECTOR

DO 9 N=2,1IM

FA(KON)SXKI(KON)+XK2(KON)*F3{KON+1)+XK3I(KON)*T3(KON+1)
T3(KON)=XML(KON)+XM2({KON)*FI(KON+L1)+XMI(KONIRTI(KON+1)

KONs=s KON-1

CONTINUE

IF (XKODWAL.EQ.l) GO TD 10

TA(1)m(XK*( 1o #+XK)XDN(LI*TZ3(1)=(1.4XK)**2%xT3(2)4T73(3))/(1le—=(1.4XK)
1%%2)

TweT3(1)*TE

CONTINUE

INTEGRATE CONTINUITY EQUATION

V3(1)s(RVWALD*FAA)/(R1*U1*EPS*XNUE)

BO=0.

A28m® 5%X3/DX2%*FT

D0 11 N=2,IE
BeA28%(Z1*F3(N)-22%F2(N)+Z3%F1(N))+F3(N)*.5
V3(N)=sV3(N=-1)=-(B+BO)*DN(N=-1)

BO=B

CONTINUE

COMPUTE NORMAL DERIVATIVES

DO 12 Ns=s2,IM

RONs1./(DN(N=-1)+DN(N))

TI3(N)=(T3(N+1)=T3(N~-1))*RDN

FZ3(N)=(F3(N+1)-F3(N-1))*RDN

CONTINUE

FZ3(IE)=0.

TZI3(IE)=0,

IF (KODWAL.FQel) TZ3(1)s(—WW1*T3(1)+WW2*T3(2)~-WW3*T3(3)+WWa*T3(4))
1/7(WW5%DN(1))
FI3(1)m(-WW1*F3(1)+WW2%F3(2)-WW3*F3(3)+WW&*F3(4))/(WW5%DN(1))

UPDATE VISCOSITY
KON=TE+2
DO 17 N=1,KON

IF (T3(N).LT.0.) GO TO 13
GO TO 14

TF
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13 WRITE(6519) T3(N)sNyM OF ¢ QuiA
STOP 500
14 CONTINUE

IF (IGAS.EQ.2) GO TO 15
XLI(N)a({1.+TR)*SQRT(T3II(N))I/(TI(N)+TR))
XLP3(IN)eXL3I(N)*(TR=T3(N))/(2.%¥TI(N)*(T3(N)+TR))
GO 70 16
15 CONTINUE
XL3(N)=T3(N)**(VIS2C2-1.)
XLP3(N)=(VIS2C2-1.)*(T3(N)**(VIS2C2-2.))
16 CONTINUE
IF (IBODY.NE.1) GO TO 17
IF (M.NE.2) GO TO 17
T1(N)sT3(N)
F1{N)=F3(N)
RATOL(N)=RATO3(N)
DRATO1(N)=DRATO3(N)
XL1(N)=XL3(N)
XLPL(N)=XLP3(N)
VI1(N)=V3(N)
17 CONTINUE
RETURN

18 FORMAT (2X,12HNEGATIVE T3myF15.,7»2X»27H REPLACE WITH MEAN OF T1,T2
1o2Xs 7THAT N = ,15,2X,20H AND AT STATION M = ,15)

19 FORMAT(//52Xp125HSOLUTION HAS RESULTED IN GENERATION OF NEGATIVE T
1EMPERATURE WHICH CANNOT BE PHYSICALLY ACCEPTED. THIS GENERALLY OCC
2URS IN THE»/»2X»125HREGION OF ADVERSE PRESSURE GRADIENT AND/OR MAS
3S INJECTION AT WALL BOUNDARY AND IS AN INDICATION OF BOUNDARY LAYE
4R SEPARATION» /792X, 118HIF DPEDS IS NEGATIVE AND THERE IS NO MASS
SINJECTION AT THE WALL BOUNDARY, THE PROBLEM IS PROBABLY CAUSED BY
6700 COURSE»/»2X»32HA STEP SIZE IN THE S—=COORDINATE«»//s2Xs6HT3(N)s=
TsF15.752HN=,15,2X,2HMa,15)

END
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Subroutine MESH

Subroutine MESH generates the grid in the y-coordinate and obtains the difference

quotient coefficients descriptive of the grid. The flow chart for subroutine MESH is
as follows:

OO

86

)

1 2
IGEOM
N
Given: XEND, IE and XK Given: XEND, IE and n
Compute: ny Compute: XK
Compute n;s i=2,3,....,1E

¥
Compute difference -
quotient coefficients

( Return j)

The program listing for subroutine MESH is as follows:

SUBROUTINE MESH (KyETAMAX,IE,IGECM,DETAL)

REAL K

COMMON /MESH1/ XNUJK)»DN(JKI»YL{JKD)»Y2(JKI»Y3(JIKI»YLLIKDI»Y5(JK)»YE
1(JK)

XN(1)=0.

JKP1=JK

IGEOMs1 SPECIFY ETAMAX,IE,K »=2 SPECIFY ETAMAX,IE,DETA(1)

IF (K.EQ.1.) GO TO 5
IF (IGEOM.EQ.2) GO TO 1
GO TO 4
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CONTINUE

XK0=1,0001

DIF=1,

RATIO=sETAMAX/DETAL

NIT=0

CONTINUE
All=sl.+(XKO=-1,)%RATIO
Al2=1.,/FLOAT(IE~1)
XKNmAll%*%A12

NITaNIT+]1
DIF=ABS(1.=XKN/XKO)
XKQO=XKN

IF (NIT.GY.20) DIfs=Q,

IfF (DIF.GT.0.0005) GO TO 2
NIT2=0

DIF2e1,0

CONTINUE

ANl1=FLOAT(TIE-1)

AN2= AN1-1,

FKe {XKO)**%AN1~-1.-(XKO-1.)*RATID
DFKs AN1*XKO**%AN2=-RATIO
XKN=sXKO-FK/DFK

NIT2=NIT2+1
DIF2=ABS(1.-XKN/XKD)

XKO= XKN

IF (NIT.GT.,100) DIF2=0,

IF (DIF2.6T7,0,00000001) GO TO 3
WRITE (659) NIT,NIT2,DIFsDIF2,XKN
Ke XKN

CONTINUE
DN(1)=s{(1=K}/(1-K**(IE-1)))*ETAMAX
GO T0 6
DN(1)=ETAMAX/{IE-1)
XN(2)=DN(1)

DN(2)=K*DN(1)

D0 7 Ne=3, JKP1

DN(N)s (K*¥*(N-~1))*DN(1)
XN{N)=XN{N=-1)+DN(N-1)

DO 8 N=2, JKP1

D1=DN(N-1)

D2=DN(N)
YI(N)=2,/(D2%{D1+D2))

Y2(N)=2,/(D1%D2)}
Y3I(N)=2,./(D1%(D14D2))
Y&(N)=D1/(D2%(D1+D2))
Y5(N)={D1-D2)/7(D1%*D2)
Y6(N)=D2/(D1*(D1+D2))
CONTINUE

RETURN

FORMAT (2X»215,3E16.8)
END

ORIGINAL PAGE 7
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Subroutine SIMILAR

Subroutine SIMILAR generates the similar solutions for the boundary-layer equa-
tions at the initial station (£ = 0). The flow chart for subroutine SIMILAR is as

follows:
( SIMILAR )

Initialize profiles

v

Set up tridiagonal-
> matrix coefficients
for energy equation

v

Set boundary condition

v

Invert tridiagonal matrix
to obtain g distribution

y

Set up tridiagonal -
matrix coefficients for
momentum equation

Invert tridiagonal matrix
for F distribution

v

Integrate
continuity equation
using trapezoidal rule

Is
solution
converged?

No

\L, Write profiles \
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The program listing for subroutine SIMILAR is as follows:

SUBROUTINE SIMILAR (IESIGAS,XAL»XBEsPRsKODWALs TWsDTDZWsXKsTR,VIS2C
12,F3,F25T3,T2,V35V2,sDFDZ,0TDZ,VIS,EP,ARGM,OW)

DIMENSION F3(JK), F2(JUK)p T3(JK)y T2(JK), V3(JK)y V2(JK)y DFDZ(JK)
1y DTD2(JK)s VIS(JK), EP(JK)» E(JK)y» F(JK)

COMMON /MESHY/ XN(JK)sDNCJIK)pYICJIK) s Y2(0IK) Y3 (JK)oYLLJK)YS(JIK),YE
1(JK)

THIS SUBROUTINE GENERATES THE SELF-SIMILAR SOLUTIONS TO THE
BOUNDARY-LAYER EQUATIONS

NITMAX=30

CONVe,0001

INITIALIZE THE PROFILES

DO 1 N=1, JK

FI(N)=F2(N)sT3(N)=T2{(N)sVIS(N)=EP(N)=1,0

DFDZ{(N)}=sDTYDZ(N}=0,0

VI{N)aV2(N)s=XN{N)

1 CONTINUE

DFDZW=1,
NIT=1

2 CONTINUE

IF (KODWAL.NE.1) DTDZW=QW*ARGM/VIS(1)
SET UP FOR ENERGY EQUATION

E(IE)=O,

F{IE)=1,0

IMeIE-1

NeIM

DO 3 I=2,1IM
RDON=1,/(DN{N=1)+DN(N))

VISMle ,5%VIS(N=-1)+.5%¥VIS(N)
VISP1=,5*%VIS(N+1)+,5%¥VIS(N)
As<VI{N)*RDN~-VISM1/PR*Y3(N)
BsVISP1/PR*Y1(N)+VISM1/PR*¥Y3(N)
CaV3(N)*RDN=VISP1/PR*Y1{N)
DeXAL*VIS(N)*DFDZ(N)**2
E(N)==A/(B+C*E(N+1))
FIN)s(D=C*F(N+1))/(B+C*E(N+1))
NeN-1

3 CONTINUE

T3(1)=TW
IF (KODWAL.EQ.1l) GO TO ¢

HEAT TRANSFER BOUNDARY CONDITION
ANMRaXK*(14+XK)XDN(L)*DTDZW=(1e+XK)*(1 o+ XK)XF(2)+E(3)%F(2)+F(3)

DNMR=E]1 ¢ =(1o4XKI*¥ (1o ¢XKI+E(2)* (1o +XKI*(Lo+XK)=E(3)*E(2)
T3(1)=ANMR/DNMR

& CONTINUE

DO 5 N=2,1IE
T2(N)=T3(N)
T3(N)sE(N)*¥T3(N=1)+F(N)
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CONTINUE
DO 7 N=1,IE
IF (T3(N)LT.0.) T3(N)el.

IF (IGAS.EQ.2) GO TO 6
VISIN)=({1,+TR)I*SORTITI(N))I/(T3I(N)+TR))
GO 10 7

CONTINUE

VIS(N)sT3(N)*x(VIS2C2~1.)

CONTINUE

SET UP FOR SOLVING MOMENTUM EQUATION gR'G'NA'L FAGE Is
F POOR QuaLiTy

E(IE)=0,

F(IE)=1,

IMeIE-1

N=IM

DO 8 Is=2,IM

RON=s1./(DN{N=1)+DN(N))

VISM1s,5%VIS(N-1)+.5%VIS(N)

VISPL= S*VIS(N+1)+.5%VIS(N)

As—V3{N)*RDN-VISM1*Y3 (N)

BaVISPL#Y1(N)+VISMI*Y3 (N)+2.#XBE*F3(N)

CsV3(N)*RDN-VISP1*Y1(N)

DeXBE*(F3(N)*%24T3(N))

E(N)==A/(B+C*E(N+1))

FIN)=(D=C*F(N+1))/(B+C*E(N+1))

N=N-1

CONTINUE

F3(1)=0.

DO 9 N=2, IE

F2(N)=sF3(N)

F3(N)=E(N)*F3(N-1)4F(N)

CONTINUE

IF (NIT.LT.5) GO TO 11

DO 10 N=2,IE

F3(N)= 5% (F3(N)+F2(N))

T3(N)= 5% (T3(N)+T2(N))

CONTINUE

CONTINUE

DO 12 N=2,1IM

RON=1./(DN{N-1)+DN(N))

OTDZ(N)=(T3(N+1)-T3(N-1))*RON

DFDZ(N)=s(F3{N+1)~-F3(N=-1))*RDN

CONTINUE

XK1sXK+1.

XK2= XK1%#2

DTDZ(1)=DTDZW

IF (KODWALGEQ.1) DTDZ(1)=((1,=-XK2)*T3(1)+XK2%T3(2)=T3(3))/(XKEXK1*

1DN(1))
DFDZ(1)=s((1,=XK2)*F3(1)+XK2%F3(2)-F3(3))/7({XK*¥XK1*DN(1))
DTDZ(IE)=0.
DFDZ(IE)=0.

RE
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SOLVE THE CONTINUITY EQUATION

Vi(1l)e=0,

DO 13 N=2,I€
V3(N)=V3(N=1)-DN(N-1)*.5*%(F3(N)+F3(N-1))
CONTINUE

DIF=ABS(1.-DFDZW/DFDZ2(1))

DFDZW=DFDZ(1)

NITeNIT+1

IF (NIT«GT NITMAX) WRITE (6515) DIF,NIT
IF (NIT.GT.NITMAX) DIF=Q,

IF (DIF.GT.CONV) GO VO 2

ASSIGN PROFILES AT THE PREVIOUS STATION
AND PRINT THE SIMILAR SOLUTION

WRITE (6,18)

WRITE (6,19)

D0 14 N=1,IE

WRITE (6520) XN(N),F3(N)sT3(N),V3(N),DFDZ(N),»DTDZ{(N),VISIN)

F2{N)sF3(N)
T2(N)=T3(N)
V2(N)=V3(N)
CONTINUE

WRITE (65,17) NIT
WRITE (6,16)
RETURN

15 FORMAT (2X,27HTHE ERROR IN WALL SHEAR IS=,E15.7,5HAFTER,I5,12HITER

1ATIONS= /)

16 FORMAT (1HO»20X,26HINITIAL STATION PARAMETERS,/)
17 FORMAT (9X,4OHCONVERGED SELF-SIMILAR SOLUTION REQUIRED,I5,11HITERA

1TIONS.»/)

18 FORMAT (1H1,20X,46HSIMILAR SOLUTION REQUIRED TO INITIATE MARCHING,

110H PROCEDURE,S///9p20Xs14HPROFILE VALUES,/)

19 FORMAT (15X’3HETA:11X;4HUIUE:10X,4HTITE;10X’1HV:13X;2HFZ’12X;2HTZ)

20

112Xp2HXLy /1)

FORMAT (10X, 7E14.6)
END
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Subroutine TABLE
Subroutine TABLE reads tabular input data for body geometry, pressure distribu-

tion, and wall-boundary conditions. These inputs are nondimensionalized and dis-
tributed to the solution stations designated in the SS array. The flow diagram for

subroutine TABLE is as follows:

( TABLE ) ENTRY
TABLE 1

h 4
L Read NAMELIST data /
[ Read NAMELIST data /
Y
es Yes
No
EMndimensiona1ize input No

v

Check step-size input
for starting procedure

v

Compute s values

/ CALL IUNI \
Interpolate to find
tabular values
corresponding to
computed s values

A
compute |97s| and dpe
dz |4 ds |
1, 2, ..

where i = ..., TEND

¥

‘write computed va1ues\

z
( Return )
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The program listing for subroutine TABLE is as follows:

SUBROUTINE TABLE (IEND1,SDsR1sU1»A,TREF,KODWAL s VISREFsKODUNITyAWT)
DIMENSION PE(JJ)» Z(JJ)s RMICJJI)s TWCJIJ)s SUJJ)» RVWALDUJJ)), Qw(JJ
1), PD(JH), ZED(JH)» RMIDD(JH)y SS(JH)

DIMENSION DVT1(JJ»3), ANS1(3)

EQUIVALENCE (Z,DVT1(1,1))s (RMI,DVT1(1,2)), (PE,DVT1(1,3))
NAMELIST /NAM2/ NUMBERsL)PE»ZsRMI,» TWoRVWALD)»OW»S»SS

DATA Cl/.020885434611C2/1.8/;C5/3.280839895I,CIS/-0063658804/)Clb/
1.0000881/5S5(2)70./5L 717

DO 1 I=1,JJ

QW(I)=RVWALD(I)=0,0

RMI(I)=1,

TW(T)=sAWT

CONTINUE

READ (5,NAM2)

IF (EOF(5)) 2,3

STOP 5

CONTINUE

WRITE(6523) NUMBER,L,S

WRITE(6,24) Z

WRITE(6525) RMI

IF(KODWALJEQ.1) WRITE(6,26) TW

WRITE(6,27) QW

WRITE(6,28) RVWALD

WRITE(6,29) PE

WRITE(6530) SS

IF (KODUNIT.NEL1) GD TO 7
CONVERT SNAM2 INPUT DATA TO U.S.STANDARD UNITS

DO 4 I=1,IEND1
SS(I)=SS(I)*C5

DO 6 Is=1, NUMBER
S(I)=S(I)*C5
Z(I)=Z(1)#*C5
RMI(I)=RMI(I)*C5
PE(I)=PE(I)*C]
RVWALD(I)=RVWALD(I)*C15
IF (KODWAL.NE.1) GO TO 5
TW(I)=TW(I)*C2

G0 TO 6

QW(I)=Qw(I)*Cle6

CONTINUE

DO 9 I=1,NUMBER
PE(I)=PE(I)/(R1%U1%*U1)
S(I)=S(I)/A
RMI(I)=RMI(I)/A

IF (KODWAL.NE.1) GO TO 8
TW{I)=TW(I)/TREF

GO 70 9
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CONTINUE
Z(I)=2(1)/A
DO 10 I=1,IEND1

SS(I)eSS{T)/A

60 TO 12

ENTRY TABLE1

READ (5sNAM2)

IF (EOF(5)) 11,12

STOP 14

CONTINUE

DS=SS(1)

IF (SS(1)«G6T.0S+,000001.0R.S5S5(1).LT.DS-,000001) GO TO 13
IF (SS(2).GT.DS+.000001,0R.S5S(2).LT.DS-,000001) GO 7O 13
IF (SS(3)eGToDS+.000001.0RS5S5(3).LT.DS-,000001) GO TO 13
GO TO 14

WRITE (6522) SS5(1)s55(2),SS(3),DS

STOP 77

CONTINUE

TEMP=O,

DO 15 I=1,1ENDI1

SS{IVsTEMP4+SS(I)

TEMP=SS({I)

WRITE(6s31) SS

TEMP1=0,

TEMP2=S5S(1)

DO 16 I=1,1END]

SS({I)=TEMP]

TEMP1sTEMP?2

IF (I LTLIEND1) TEMP2=SS(I+])

IPT=~-]

SOsDS*(1I-1)

IF (SS{2)eNEsO4) SD=sSSH(I)

CALL TUNI (JJsNUMBER,S»3,DVT1sLsSDsANS1,IPT,IERR)
ZED(T)}=ANS1(1)

RMIDD(I)=ANS1(2)

PD(1)mANS1(3)

CONTINUE

SD=TEMP1

TENDPI=TEND1+1

1PYTs=-1

CALL TUNI(JJpNUMBER,S»3sDVT1sL»SDs» ANS1»IPTH»IERR)
ZED(IENDP1)=ANS1(1)

RMIDD(TENDP1)=ANS1(2)

PD(IENDP1)=ANS1(3)

SS(IENDP1)=sTEMP]

WRITE (4) TW(l),RVWALDI(1),QW(1),PE(1),DS
TWODS=2,.,*DS

DO 21 Is=2,IENDP1

IPTe-~1

SDaDS*(I-1)

IF (SS{(2)eNE.O.) SD=SS(I)

IF (KODWAL.EOQ,1) GO TO 17

CALL IUNI (JJ)NUMBERyS»1,0QWsL»SD»QWD, IPT,IERR)
G0 TO 18
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CONTINUE
CALL TUNI (JJyNUMBER»S»1»TWsLsSDsTWDy IPT,IERR)
CONTINUE

CALL IUNI (JJsNUMBER,S»1,RVWALD,LsSD,RVWALDD,IPT,IERR)
IF (1.EQ.,IENDP1) GO TO 19
DRDZ=(RMIDD(I+1)-RMIDD(I-1))/(ZED(I+1)-ZED(I-1))

IF (SS(2)eNE.O.) TWODS=SS(I+1)=SS(I-1)
DPEDSD=(PD(I+1)-PD(I-1))/TWODS

GO0 T0O 20

IF (SS(2)«NE.O.) DDSeSS{I)=-SS(I-1)
DPEDSD=(PD(I)-PD(I-1))/DDS
DRDZ=(RMIDD(I)-RMIDD(I-1))/(ZED(I)-2ED(I-1))

WRITE (4) SDsPD(I),RMIDD(I),TWDsZED(I)»DPEDSD»RVWALDD,DRDZ, QWD
CONTINUE

REWIND 4

RETURN

FORMAT (1Xs7THSS(L1) =pFQ.4y/1XpTHSS(2) =pF9,45/1XpTHSS(3) =yF0.4,/1

1X, THDS =sF9,4y /1Xs 53HTHESE VALUES MUST BE EQUAL FOR THE STARTIN
2G PROCEDURE)
FORMAT(/92Xs5HSNAM2, / /52Xy BHNUMBER =,112,/52Xs 8HL my1125/52X%y

11HS»/»(10E12.5))

FORMAT(2X»1HZ»/7,(10E12.5))

FORMAT{ZX»3HRMI»/»(10E12.5))

FORMAT(2X»2HTW» /s (10E12.5))

FORMAT(2X»2HQW,/»(10E12.5))

FORMAT(2X»6HRVWALDs /5 (10E12.5))

FORMAT(2X»2HPE»/»(10F12.5))

FORMAT(2X»2HSS,»/»(10€12.5))

FORMAT(//52Xs117THTHE FOLLOWING SPOINT VALUES DESIGNATE THE S-COORD
1INATE LOCATIONS WHERE THE SOLUTIONS ARE OBTAINED DURING THE S~-MARC
2Hes /92X5116HYOUR PRINT STATION MUST AGREE WITH ONE DR MORE OF THE
3SPOINT LOCATIONSS IE», YOU CAN PRINT ONLY AT SOLUTION STATIONS.s /52
4X9113HIF THE CASE COMPLETES WITH A NORMAL STOP AND NO QuUTPUT IS PR
SINTED, YOUR PRINT INPUT IS IN ERROR. THE ERROR CAN BEs /92X 50HNQOTE
6D BY COMPARING PROVAL AND PRNTVAL WITH SPOINT.»/7/7/792Xs6HSPOINT, /5 (
710E12.5))

END
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Subroutine INUNIT
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Subroutine INUNIT converts the International System (SI) of dimensional input
data to the U.S. Customary System of Units for calculations in the program. The sub-
routine then converts the output data back to the SI System of Units before output.
The flow diagram for subroutine INUNIT is as follows:

<: INUNIT 4j>

y

ENTRY
OUTUNIT

4

ENTRY
WALLOUT

Convert NAMELIST input
from SI System to U.S.
Customary System of Units

Convert NAMELIST input
from U.S. Customary System
to SI System of Units

Convert output at
wall-value stations to

ST System of Units

y
(j' Return )

The program listing for subroutine INUNIT is as follows:

SUBROUTINE INUNIT (PROVAL,PRNTVAL, JMyJN)

COMMON /TRBULNT/ SyKSTRyTUNGTH) TRFACT)DISINC ) XT1oXT2,)XTEpXT3,XTé,X
175, PRTWHRESUES XNUES JyRMILEPSyJPOINT, TE, WW1ls WW2)WW3,WWasWW5, NEDGE
29KODVIS,»AsXBE»X»PRyKODPRTHPRT,PRTAR,GLARSNUMB] ) XK

COMMON /UNIT/ VIS1C1,VIS1C2,VIS2C1,VIS2C2,PT1,TT1,WAVE,R,)PHIO»DSy»S
1STHRT1sP1sT1»R1IpULSAALSTREFSVISREF)PESTAR)TESTARYRESTAR UESTAR,MUE
2STAR,YESTAR, THETA,TAUD»QSDsHD»UPLUSyDISPsPES,Z»TWsOWsRVWALD,PROINC,
3PRNTINC)2S,RS

DIMENSION PROVAL(JN), PRNTVAL(JM)

REAL MUESTAR

DATA RT1,P1,T1,R1,U15AAl,TREF,VISREF/8%1,0/5UPLUS/0.0/

DATA TAUD»SsRMIsZ»ZSsRS»YESTAR,DISP, THETA»QSD,HD/11%0,./

DATA CC1/.,0208854346/5CC2/1.8/9CC4/5.97995/,CC5/3.280839895/,CC6/,
10019403196/, CCT/7/47.880258/5CCB/e555555557,CC10/7/.1672254787,CC11/7.3
2048/7,CC127/5154379/5CC13/11348,93/,CC14/720428,0758/

C
C
C CONVERT $NAM1 VALUES TO UsSe STANDARD UNITS
c

PROINCsPROINC*CCS

PRNTINCePRNTINC*CCS

DO 1 I=1,JN

1 PROVAL(I)=PROVAL{I)*CCS

DO 2 Is=1,JM
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2 PRNTVAL(I)=PRNTVAL(I)*CCS
A=sA%CCS5
UlsU1#*CC5
AAl=AA1%*CCS
SST=sSST*CCS
PT1=PT1%CC1
Pl=P1#CC1
VISREF=VISREF*CC1
TREF=TREF*CC2
Tl1=T1%*CC2
TT1=TT1%CC2
RaR*¥CC4
RT1=RT1*CCé6
R1=R1%CC6
GO T0 5

QuaLiyy

CONVERT $NAM1 VALUES TO INTERNATIONAL STANDARD UNITS

ENTRY OUTUNITY
PROINC=PROINC*CC11
PRNTINCsPRNTINC*CC11
DO 3 I=1,JN

3 PROVAL(I)=PROVAL(I)*CC11

DO & I=1,JM

& PRNTVAL(I)=PRNTVAL(I)*CC11

AsA*CC1l1
SST=SST#CC11
Ul=U1*CCl1
AAl=AAL1%CC11
PT1=PT1%CC?
P1l=P1*CC7
VISREF=sVISREF*CC?
TREF=sTREF*CCS8
Tl=T1%CC8
TT1=TT1%*CC8
R=R*CC10
RT1=RT1#CC12
R1=R1#*CC12

GO 70 5

CONVERT WALL VALUES 1O

ENTRY WALLOUT
PESTAR=PESTARXCC?
MUESTAR=MUESTAR*CCY
TAUD=TAUD®*CC?
TESTAR=TESTAR*CCS8
S=S*CC11
RMI=RMI*CC11
7=7%CC1l1

IS=75%CC1l1
RS=sRS*CC11

INTERNATIONAL STANDARD UNITS
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UPLUS=UPLUS*CC11
DISP=DISP*CC11
UESTAR=UESTAR*CC11
YESTAR=YESTAR*(CC11
THETAsTHETA*CC11
RESTAR=RESTAR*CC12
QSD0=QSD*CC13
HDO=HD*CC1l4

RETURN

END
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Function subroutine INTEGT integrates the continuity

APPENDIX C

Function INTEGT

rule. The flow diagram for function INTEGT is as follows:

(:f INTEGT 4:)

N

Integrate using
trapezoidal rule

<: Return j)

©F [POOR QUALH

The program listing for function subroutine INTEGT is as follows:

N

REAL FUNCTIONINTEGT(YY,NOPTS,DYX)

DIMENSION YY(NOPTS)s DX(NDPTS)

INTEGT=O0,

IF (NOPTS.LT.2) GO TO 2

DO 1 N=2,NOPTS
INTEGTSINTEGT+(DX(N=1)/2¢)*(YY(N=1)+YY(N))
RETURN

END

equation by the trapezoidal
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Subroutine SETUP

Subroutine SETUP determines from input where profiles and wall values are to be
printed. The flow diagram for subroutine SETUP is as follows:

(:7 SETUP 4j:>,

Determine stations to be
printed as given by
input data

(:7 RETURN )

The program listing for subroutine SETUP is as follows:

SUBROUTINE SETUP (A»ByCrJdrK)

DIMENSION B(J)

IF (A+EQ.0) RETURN

KPLUS2=K+2

B{(K+1)=A

IF(KPLUS24GT.J) RETURN

DO 1 I=KPLUS2,J

B(I)=B(I=-1)+A

IfF (B{I).GF.C) RETURN
1 CONTINUE

RETURN

END
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RESULTS FROM TEST CASES - INPUT/OUTPUT

The input and selected output from each of the test cases is presented in the
following order: (1) VARDIM data; (2) input data for $NAM1, $NAM2, and $NAM3 (note
that $NAM3 data are required only for test case number 4); (3) initial profile
(E = 0); (4) free-stream and reference values; (5) selected wall-print locations;

(6) selected profile-print locations. It should be noted that (5) and (6) are
selected locations and not all the print locations obtained for the input data. The
selected print values allow users to verify that the software has been correctly
implemented on their computer system.
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