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N O M E N C L A T U R E

I .  SYMBOLS

Computer
Text Program Definition

a Coefficient in the trial tempera-
ture profile , defined by Eq. (19)

AR 
FAH Coefficient in solution to mechani-

cal energy equation , defined by
Eq. ( 16)

A FAZ Coefficient in solution to momen-
Z turn equation , defined by Eq. (15)

*b B--- Coefficient in the trial tempera—
ture profile, defined by Eq. (20 )

BH FBH Coefficient in solution to mechani-
cal energy equation , defined by
Eq. (16)

Bz FBZ Coefficient in solution to momen-
turn equation , defined by Eq. (15)

c Coefficient in the trial tempera-
ture profile, defined by Eq. (21)

C
f 

CF Local skin friction coefficient,

C
f 2

* 

½P6u6

c Sonic speed at M = 1
I,

f Second derivative of dimensionless
W stream function used by Smith and

Clutter [2 6 ] ,

f ~~~~~~~~w 2 x

F1, F 2, F 3, FF1 ,FF2,FF3 , Universal functions in Eqs . (5),
F4 , F5,F6 FF4,FF5 ,FF6 (7), and (31)

*Blanks indicate that additional alphanumeric symbols may be
added for further identification, e.g., corresponding to sub-
script notation.
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Computer
Text Program Definition

H H--- Incompressible, adiabatic shape
factor,

(6 )
H =  3 u

*H H---S Shape factor,

* 3H~-

IDENT Computer variable used at Stan-
ford conference [18] for flow
identification purposes

k Thermal conductivity

K CHT-- Heat transfer correction para-
meter introduced in Eqs. (30)
and (31)

L Length measured along body sur-
face, Eqs. (37) and (38)

[L] [L] Denotes dimensions of length

M M---- Mach number

*M M----S Dimensionless speed ratio,

* uM -~~~~~~

MW Molecular weight

n N Exponent of R6., in definition of
Z , equal to-I for laminar boundary
layers , 0.268 for turbulent boun-

- - dary layers

p Pressure

Pr Prandtl number

q local heat flux

Q Total heat transferred from wall
to boundary layer, defined in Eqs.
(37) and (38)

R R Body radius

Vi].1

—
~~~~~ - -~~~~~~~

.
~~~

_
-- - 

~~
- 

~~~~~ -- - — 



~ -~ ---~ ~~~~~~~~ --~~~~~~~~~~~ -- - —~~~~~ - - _ - ---—~~~~~~~~ —~~- - ~~~~-- 

Computer
Text Program Definition

r RL ,RT Recovery factor, either laminar
or turbulent

R6 RD2 Re1 ~olds number based on momentum
2 thickness ,

— 

P 6u 6 6 2R62 — 
~ 
—

w

Re~ R E I N F L Uni t  Reynolds number of approach
L flow,

Re~ — 
p~ u~

L

Universal gas constant

s SL , ST Reynolds analogy factor , either
laminar or turbulent

st Stanton number

T 1--- Temperature

TI FSTINT Freestream turbulence intensity ,
in percent

u Streamwise velocity component

w W Exponent in viscosity power law
relation

x ,X x--- Streamwise coordinate defined in
Fig. 1; in Section II only , x
refers to coordinate along boun-
dary

y,Y Y--- Normal coordinate defined in Fig.
1; in Section II only, y refers
to coordinate normal to boundary

z Z--- Momentum parameter defined by

- Z = ó
2R62

n

Angle measured from stagnation
point on circular cylinder , Fig .
16
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Computer
Text Program Definition

8 BSTART 81r E BSTART*PL is included angle
at leading edge for plane or axi—
symmetric external flows , Fig. 1

Transformed angle for axisyminetric
flows,

8
E 3 - 8

y G Specific heat ratio of ideal gases

6 ---D Boundary layer thickness

6 Dl Displacement thickness,1 r ô
1( 1 - i— ~—)dy

oJ

6 2 
D2 Momentum thickness,

62 ~J :~ 
~~

— (1 — p—) dy

6 3 --D3 Mechanical energy loss thickness ,

63 
_
~J~ ~

-_ 1l — (~—)
2]dy

6 DLf-- Density loss thickness ,

64 ~~ 
!~_ (~~~. - l)ciy

U THET- -- Temperature ratio ,
T -T

~ e wV T - Te 6

-n P 1 Constant , 3.14159 — —— —

PPAR- -- Pohlhausen parameter,

— 

P
~~

(tS
2
)
~~ 

du6
dx

MU--- Absolute viscosity

F x
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Computer
Text Program Definition 

-

Dummy integration variable in
EqS. (37) and (38); streamwise
coordinate along boundary

p Density

T Shear Stress

xi
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II. SUBSCRIPTS AND SUPERSCRIPTS

Computer
Text Program Definition

e Denotes adiabatic wall conditions

i,i+l,i-l ----I , Subscripted quantity evaluated at
-----IP1, X = X1, X~~ 1 or X ._1
--- - I M 1  i

inst ---INST Instability

j , j + l  Superscripted quantity evaluated
at ( j ) t h  or (j + l ) s t  iteration

lam L Laminar

m ----M Mean value

r Reference

sep Separation

trans ---TRANS Transition

turb T Turbulent

u --U--- Subscripted quantity depends only
on velocity profile

w --W--- Subscripted quantity evaluated
at the wall

x Subscripted quantity based on
distance from stagnation point

6 -D---- Subscripted quantity evaluated at
the edge of the boundary layer

o Refers to stagnation conditions

---INF Refers to conditions of approach
flow

— ---B-- Refers to average values over in-
tegration step
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I. INTRODUCTION

In a large number of flow situations of engineering interest,
the characteristics of the developing boundary layer are of prac—
tical importance. Examples include the design of supersonic noz-
zles , flow over airfoils , incipience of separation in pressure
recovery devices , boundary layer growth on missile bodies and af—
terbodies and the resulting effect on the base region, etc.

The purpose of this study was to develop an easy-to-use
FORTRAN IV computer program which could be employed routinely
as a boundary layer predictive tool for a wide variety of two-
dimensional ideal gas flows. A number of the available methods
were considered , with the rather well—documented {l_3]* integral
method of Walz and his co—workers being chosen for use. The mo-
tivation for this choice was in part due to the fact that the
method described in [3] was one of the four integral methods
judged “good” at the Stanford conference on incompressible turbu-
lent boundary layers and in part due to the flexibility of Compu-
tational Method II which is detailed in [1]. This method may be
applied to incompressible or compressible , laminar or turbulent ,
plane two—dimensional or axisyinmetric boundary layers in arbitrary
pressure gradients, either with or without heat transfer. The
computations may be started at a stagnation point, a sharp lead-
ing edge , or at an arbitrary streamwise location for either lami-
nar or turbulent boundary layers with the proper specification of
the starting parameters. Transition is predicted using the lami-
nar instability calculations of Wazzan, et. al. [4], together
with the data of Granville [5] for the distance between the in-
stability and transition points. Alternately, the transition
point can be specified externally as an input. Separation is
also predicted .

Included in this report is an outline of the theory upon
which the method is based , a description of the computer program
(COMPBL) which has been developed , detailed input instructions
and example input and output , and comparisons of computed re-
suits to both experiments and analytical solutions for a number
of flow fields. A complete program listing and explanation of
error messages are included in the appendices.

*Numbers in brackets refer to entries in REFERENCES.
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I I . T H E O R E T I C A L  D E V E L O P M E N T

A . General

Computational Method II of Walz [1], on which program COMPBL
is based , utilizes the integral momentum and mechanical energy
equations for the boundary layer:

d6 du 6
+ 6~~~~— -

~~~
-
~~~~~

- [2 + — M6
2] — 

w 
= (1)

6 2 p6u6

d63 i du6 64 2 *
+ 6~~~- a— [3 + 2-~-— — M6

2] — 

3 J t du= O - (2)
6 3 p6u6 ~

Momentum equation (1) is transformed by introducing the new
dependent variable,

z = 62R62’~, (3)

p
6u662

where R62 = (4)
w

to Z’ + Z —~~—- F1 
- F2 = 0 where (‘ (5)

F1 and F2 are un iversal func tions which may be evaluated once the
trial solutions for the velocity profiles for laminar and turbu-
lent boundary layers and the coupling law between the tempera-
ture and velocity profiles are specified.

*The coordinate x used in this section is the coordinate along
the boundary and is not necessarily the same as the coordinate
x used in S ection III or program COMPBL.
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The ratio,
Pu u 2

6 [1 — (—) ]dy
3 ~~J ~-‘6u6H* — ~~~~
_ = 

6 (6)
2 Pu uJ p u (1 —

o 6 6  u6

is introduced into the mechanical energy equation (2) to obtain

F4H* +H* _ F - — = 0  (7)u6 3 Z

where F3 and F4 are also universal functions dependent on the
trial velocity profiles, the temperature-velocity coupling law,
and for the turbulent case, empirical shear stress and dissipa-
tion integral relations.

Except for the small influence of R62 on F4, the universal
functions may be reduced to depend only on H, M6, and 0 where
M5 (x) and the heat transfer parameter ,

0 (x) E T
:

T
w (8)

are specified inputs. H is defined by:
I-

-
~~ --- 1-

U t H~~ = = (9
‘ ‘u (6)2 u I u u

— (1 —

oJ ~6

where the u subscript denotes that the enclosed quantity depends
only on the velocity distribution in the boundary layer (i.e.,
incompressible and adiabatic). Noting the integral definitions
of H* and H in Eqs. (6) and (9) and, in particular , the similar
manner in which the factor P/Po enters the integrands in the
numerator and denominator of H*, it is reasonable to expect as
a first approximation that,

H. (10)

4 
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The f ina l  relation used for

H* = H*(H,M6,0) (11)

is based on the consideration of limiting cases as established
by Jischa [61. For M6 = 0 this relation yields H*/H = 1 and for
M~- > >  1, H*/H 1.18 (depending on the value of 0); thus the
approximation (10) is confirmed . The reduction of the universal
functions for the general compressible case with heat transfer
to H-dependent functions which characterize incompressible ,
adiabatic (constant property) flows requires the development of
additional relationships which will not be detailed here. The
interested reader is referred to [1].

Once the universal functions have been specified as func-
tions of H, M5, and U for laminar and turbulent boundary layers,
the solution proceeds as a step—by-step simultaneous integra-
tion of Eqs. (5) and (7), with E q .  (11) also utilized. This
procedure is carried out with a predictor-corrector iterative
scheme as follows. Given values of H1 and at point x, in
the boundary layer , a value of Hj+i at Xj+l is first predicted
(using dH/dx between X j  and xi_1). Average values of the uni-
versal functions over the_integration step ~x = (xi+l - X j )  can
then be evaluated , e.g., F1 = F1((Hj. + Hi~j)/2, (Msi + Moi÷i)/2,

~~ 
+ 01÷1)12). Using these average values and approximating the

variation of the freestreain velocity, us, as a straight line
over the interval t~x ,  i.e.,

flu6).÷1 
- (u 6)~~(x) = (u5) . + 

1 

— ~~ i (x — x.) , (12)
~~ 

L 

X~~~~~~
1 

X~~~~~~~

j 

1.

Eqs. (5) and (7) become linear, first-order , ordinary differen-
tial equations. They are integrated , respectively, to:

= Az Z~ + Bz P’2 L~X (13)

and Hi ÷1* = AR Hi* + BR F’
4 Cz~~1

2
+ Z

~
) t~X 

(14)5
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where
r 

1
u F6. 1 L u5~÷1 

-

z _ 
~~ 

‘ z
_ 

_ usii+1 (1 + F ) (1 — ______1 u5 j~~1

and
I— U 5~~

u 3 I l —
— 

6 i _ L U5j~~1AN — , B~ — - (16)
i+l ( 1 + ~~~~~~

) (1— uS i+:L
The value of Hi÷ 1 at x~~ 1 is then found by inverting Eq. (11)using the value of Hi+l* from (14). If this corrected value of
Hi+i agrees with the predicted value to within an amount speci-
fie~ by a convergence criterion , the boundary layer parameters
such as displacement and momentum thicknesses , skin friction
coefficient, etc . are determined . If not, iterations proceed
until convergence for Hi+l is obtained . Note that this scheme
obviates numerical differentiation of the given freestream velo-
city distribution and that the justification for linearizing
u~~(x) over the interval ~x rests on taking a large number ofbase points, x1, since any function can be approximated as
piecewise linear if the intervals are sufficiently small.

B . Laminar Boundary Layers

For laminar boundary layers, the universal functions are
evaluated using a one-parameter trial solution for the velocity
distribution based on the Hartree wedge-flow profiles. The
separation profile is given when H falls to a value of 1.515
in which case the skin friction simultaneously vanishes, viz . ,

(H ) = 1.515. (17)sep 1am

In accelerated flows values of H up to 1.7 are encountered .
The exponent n in the definition of Z, Eq. (3), has a value
of 1.0 for laminar flow.

The development of the universal functions for both laminar
and turbulent boundary layers is also dependent on the coupling

6
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relation between the velocity and temperature profiles. The
equation used is based on the analysis of van Driest [7] and
is essentially an extension of the Crocco—Busemann relation for
Pr ~ 1:

= a + b(-~-) + c(~2~_)
2 (18)

S u6 u5

where
T T - Tw ~Y l i  2 e w

2 M6 
- 

T 5

i + r~~ ~ 

l)
M 2(l - 0) (19)

T - T
— 

e w — c, — ~~~~ 2
— 

T 
— ~ r 2 LI

6S

—__i) 2c —r 2 M6 (21)

and r is the recovery factor in Eqs. (19—21).

Equation (18) is derived strictly under the assumptions that Pr
1 and that the streamwise wall temperature and pressure gra-

dients vanish (i.e., dTw/dx dp/dx = 0). However, as pointed
out by White [8], this approximation is “surprisingly accurate
for gases under general boundary—layer flow conditions at high
and low Mach numbers and for laminar and turbulent flow.”

Based on the temperature distribution of Eq. (18), the
dimensionless local heat f lux is given by the Reynolds analog
expression

p
6u~ 

= -
~~

-
~~~ 0 , ( 2 2 )

where s is the Reynolds analogy factor. Section E will give
an alternate method of calculating the heat transfer when strong
wall temperature and/or pressure gradients are present.
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C. Turbulent Boundary Layers

The trial solution for the velocity profile used in develop-
ing the universal functions for the turbulent boundary layer is
a combination of the turbulent log law and the law of the wake
suggested by Coles [9]. In addition, the empirical shear stress
relation of Ludwieg and Tillmann [10] and the empirical dissi-
pation laws of both Rotta [ll]-Truckenbrodt [12] and Felsch
[13 ,1,2,3] are used . The Rotta-Truckenbrodt relation is em-
ployed for flows with favorable pressure gradients, while in
regions of adverse pressure gradient, the Felsch law is used .
The temperature and velocity profiles are again coupled using
Eq. (18)

Near the separation point for turbulent boundary layers,
it has been noted that the velocity profiles actually depend
on two parameters, rather than the single one used in this
analysis. Hence , there is no single value of H which can be
assigned to the turbulent separation point, i.e., 1.50 <
(Hsep)turh < 1.57. However, the following approximation is
used :

(H ) (H ) 1.515. (23)sep turb sep lam
The upper bound on H for turbulent boundary layers is 2.0. The
Ludwieg-Tillmann exponent, n = 0.268, is used in the defini-
tion of Z, Eq. (3).

D . Transition

Transition from a laminar to a turbulent boundary layer
is accomplished in program COMPBL either by specifying the
axial location of transition as an input (variable XTRAN) or
by normal calling of the transition subroutine (TRANS). This
subroutine utilizes a correlation to the incompressible , adia-
batic , laminar stability computations of Wazzan , et. al. [4]
as listed in White [8]. The instability point is located when
(R~~) , which is monitored at each axial location in the laminar
bouf~d~ry layer, exceeds (R&2)inst from the Wazzan correlation .
The transition location is then found by calculating the mean
Pohihausen parameter, Am , from:

X
t

A = 
(X

t
— X inst J X (x)dx (24)

xinst
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where 2
— ~~~~~~~ 

du6A —  .
~~~— (25)

w

at each streamwise location and using the curve fit listed
in White [8]  to Granville ’s [5] data for the distance between
the instability and transition locations. In addition, a cor-
rection factor is employed to account for the effects of free—
stream turbulence intensity on the transition location. The
expression used is the correlation given by Korst, et. al.
[14] to Granville ’s f la t  plate data . The combination of these
two curve fits gives the following result:

(R ~ ) = (R~ ) .  +2 trans 2 inst

(450 + 400e6OA m) (900 — 760T1 + 159TI2)/900 (26)

where TI is the freestrealu turbulence intensity , in percent .
For freestream turbulence Intensities exceeding approximately
2.16%, the laminar instability and transition points coincide.

Once the transition point has been located , the calcula-
tions are switched from the laminar to the turbulent regime
with the aid of the following relations:

H = H  (27)turb lam

and 
~
62~turb 

= 

~
62~ lam ’ (28)

The second relation implies that,

— 0.268 —0.732Zt b  
— 6 21

~6 2 = z1 R52 (29)

Thus in this technique , the momentum thickness, 
~2, 

is continu-
ous across the transition point, whereas other of the derived
boundary layer parameters such as displacement and boundary
layer thicknesses, skin friction coef f ic ient, etc., are not,
due to their totally different behavior for laminar and tur-
bulent boundary layers.
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E. Heat Transfer Corr ection

The coupling law Eq. (18) was derived under the assump-
tions that the Prandtl number is approxirnately unity and -that the
pressure and streamwise wall temperature gradients vanish.
In the situation where only the properties of the velocity
boundary layer are of predominant interest, this relation is
adequate even if the assumptions are badly violated , since in
this case only the averag~e properties of the temperature pro-
file enter the analysis. But this is not the case when the
heat transfer is desired; then the actual shape of the tem-
perature distribution is of utmost importance since the local
heat flux is proportional to the derivative of this distri-
bution in the direction normal to the wall.

To account for the effects that the pressure and stream-
wise wall temperature gradients (with Pr 1) might have on
the calculation of the heat transfer , Walz [1] substituted
the following trial solution for the temperature profile ,

= a + [b + K(x)] ~~~~- + [c - K(x)] (..~_)
2 (30)

S 6 U
6

into the thermal energy integral equation to obtain:

K’ + KF5 
— F6 0. (31)

Note that Eq. (18) is a special case of Eq. (30) with K E 0.
Part of the rationale behind this choice is that analytical
solutions , such as [15], have shown that for nonisothermal
walls the local heat flux need not vanish when the temperature
difference (Te — Tw) vanishes (i.e., b = 0) as would be the case
when using Eq. (18). To account for this fact, Walz in-
cluded the correction factor K(x) in the coefficient of u/u5
in the trial temperature profile.

The coefficients F5 and F6 in Eq. (31) are again uni-
versal functions and are evaluated in the same manner as ex-
plained above for the universal functions of the momentum and
mechanical energy equations . Equation (31) is solved in
parallel with Eqs. (5) and (7), so that the complete scheme
involves simultaneous integration of the momentum, mechan ical
energy, and thermal energy integral equations together with
relation (11) for H*(H,M 6 , 0). The dimensionless heat flux
in this case is given by a “modif ied Reynolds analogy ” :

— o  ( l + ~~ ) .  (32 )
p 6u6
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As shown later , however, this heat transfer correction proce-
dure has met with only moderate success.

The theory discussed above in Sections A , B, C, and E is
a synopsis of that developed by Walz in [1]. For further de-
tails, this reference should be consulted .
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P~ecedzg~ ~~~~~~~~~~~~~~~~~ I
I I I .  C O M P U T E R  P R O G R A M

A. General Description

Program COMPBL has the following characteristics and capa-
bilities:

1. Computational Method II of Walz [1] is utilized to compute
the  integral parameters for two-dimensional laminar or
turbulent boundary layers.

2. Arbitrary pressure gradients are handled with the boundary
layer either compressible or incompressible , axisymmetric
or plane two-dimensional , and with or without heat trans-
fer.

3. The transition location may either be specified as an in-
put or predicted by the Wazzan [4]-Granville [5] method
described in Section II—D.

4. Separation is predicted when the value of the shape para-
meter H (6 3)u/(62)u falls to 1.515 in which case the
skin friction simultaneously vanishes.

5. The computations may be started with the boundary layer
either laminar or turbulent at a stagnation point , a
sharp leading edge, or an arbitrary axial location.

6. Freestream velocity input data may be specified by the
Mach number M or the dimensionless velocity ratio M*
u/c *, while wall temperature data may be input as either
0 (T e - Tw ) / ( T e  - T~~) or Tw/To~,.7 . Options are available whereby :
a. Calling of the transition subroutine is suppressed

for boundary layers thought to remain laminar ;
b. The heat transfer calculation is corrected using the

method descr ibed in Section ii-E; and
c. Intermediate values of H and other variables are

printed for debugging purposes .
8. COMPBL is written in FORTRAN IV with typical run times on

the CDC CYBER 175 of ½ — 1 CPU seconds.

Following is a list of the limitations of the method and program :

1. The program is limited to ideal gas flows with certain of
the input variables defaulted to values for air. However ,
these defaults are easily overridden on input (see Section
Ill—B )

2. The effects of surface roughness, freestreaxn turbulence
level (except for its influence on the transition loca-
tion), shock-boundary layer interactions, and varying
stagnation pressure are not considered .

3. Transition is assumed to occur at a point in an essentially
discontinuous manner.

4. The phenomena of relaminarization and laminar separation
with reattachment are not treated automatically . These

13
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cases may be calculated , however , by restarting the com-
putations at the proper location.

5. The output consists of only the integral boundary layer
parameters . Velocity and temperature profiles are not
calculated .

B . Input/Output Variable List and Discussion

A list of the input variables read from file INPUT follows.
The first four (4) variables are literal variables :

FLOW literal variable describing the initial flow regime
of the boundary layer; equal to “LAM I NAR” or
“TURBULENT”

GEOM literal variable describing the two-dimensional
geometry ; equal to “PLANE 2-D” or “ A X I S Y M ”

MTYPE.. . . literal var iable describing whether velocity input
data is in terms of Mach number , M, or M* = u/c*;
equal to “MACH” or “MSTAR”

TTYPE.. . . literal variable describing whether wall tempera-
ture input data is in terms of 0 = (Te - Tw ) / (T e T

~
)

or Tw/T~.,, equal to “THETA” or “TWTINF ”

The next seventeen (17) variables are entered via NAMELIST BL:

ZSTART...starting value of Z (default = 0.0); see Section
I l l— C

HSTART...starting value of H (default = 1.572); see Section
Ill—C

- 
B S T A R T . . .  ( B S T A R T  * P1) is the included angle at the leading

edge for both plane two-dimensional and axisyinmetric
external flows (default = 0.0); see Fig. 1 and Sec-
tion Ill—C

M I N F Mach number (or M* for MTYPE = “MSTAR”) of approach-
ing flow; see Fig. 1

RE INFL.. .unit Reynolds number of approach flow , p.c,U,D,/p,,; see
Fig. 1

X T R A N . .  . . x loca tion of specified transition point (default
= 0 . 0 )

F S T I N T .  . .freestream turbulence intensity , in percent (de-
f a u l t  = 0.0); used only in transition subroutine
to locate transition point

G ratio of specific heats (default = 1.405)
W exponent on viscosity power law, i.e.,

= ( T ) w (default = 0.7)

RL laminar recovery factor (default = 0.85)
RI turbulent recovery factor (defaulL = 0.88)
SL laminar Reynolds analogy factor (default = 0.80)

14
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ST turbulent Reynolds analogy factor (default = 0.82)
EPS convergence criterion variable , e.g., convergence

o n H i f :  -

— H)
1 1 

< EPS (default = 1.0 E—4)
H.
1

NOTRAN . . . logical variable which if .TRUE. suppresses calling
of the transition subroutine for boundary layers
thought to remain laminar (default = .FALSE.).
Note that NOTRAN = .TRUE. is equivalent to setting
XTRAN to a value greater than the largest X input
location.

HTCORR. .  .logical variable which if .TRUE. invokes the use
of the heat transfer correction procedure described
in Section I I— E  for calculation of the local dimen-
sionless heat flux (default = .FALSE.)

E R R O R . . .  .logical variable which if .TRUE. causes intermediate
H values and variables associated with the turbu-
lent dissipation integral and heat transfer correc-
tion parameter to be printed for debugging purposes
(default = .FALSE.)

The next five (5) input variables give the local informa-
tion for each point at which the boundary layer parameters are
to be calculated :

X axial location of the boundary point; see Fig. 1
Y normal location of the boundary point; see Fig. 1
M OR M~~. . local freestream Mach number or M* (depending on

the value of MTYPE)
R cross—sectional radius for axisymmetric bodies or

normal distance from centerline to boundary for
plane two-dimensional bodies; see Fig. 1

THETA OR
T W T I N F .  . .local wall temperature data (depending on the value

of ITYPE); for adiabatic flows THETA 0

The output variables written to file OUTPUT are:

X axial location of the boundary point
Z local value of Z = 62 R6 2

n

H local value of

H ~
5
3~ u = 

ru — (~~—) 2 ]dy

2 u f ~ -(l -

6 6
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D1D2 . shape factor,

~! 
~~~~~ 
- 

~~~~)dy -

2 J Pu (1 —

~ 
P6u6 u6 r 6

Dl displacement thickness, S = J (l — 
u )dy

1 
~ 6u6

D 2  momentum thickness ,

~2 
-

D999 99.9% boundary layer thickness , i.e.,

u ( y  = D999) 
= 0.999

P
6u6

6
2R D 2  momentum thickness Reynolds number, R62 

= ______

T
CF local skin friction coefficient, cf 

= 2
½P6u5

QDIM dimensionless local wall heat flux, ~~
3P S U S

The variables written to file TAPE’+ are:

X axial location of the boundary point
RCORR corrected radius or normal location , RCORR = R + Dl

File TAPE I+ contains corrected boundary coordinate infor-
mation consisting of the axial coordinate , X, and the corrected
axisymmetric radius or plane two—dimensional centerline dis-
tance obtained by adding the displacement thickness to R.
This information can be used, for example , in the design of su-
personic nozzles where the wall coordinates obtained from the
inviscid solution are relieved by an amount equal to the dis-
placement thickness or for external flows where the corrected
body shape is obtained by adding the displacement thickness
to the original body shape.

A sketch of the coordinate system setup is shown in Fig .
1. The orientation of the X—Y axes is completely arbitrary
as shown by the possible choices X—Y , X ’ -Y’ , and X” —Y” in each
of the two cases sketched . The only exceptions to this state-
ment are in the case where the transition location is speci-
fied as an input. In this situation it is assumed that axial
coordinate X increases in the downstream direction (which is
the case for all choices shown in Fig . 1), and that specified
location XTRAN is not equal to 0.0 (which is equivalent to
“OFF”). For all cE6Tces of the X-Y axes, R remains the body

16
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radius for axisymmetric geometries or the distance between the
centerline and the boundary for plane two—dimensional geome-
tries. In the axisymxnetric case R must be entered while for
plane bodies R is entered only if the corrected boundary co-

• ordinates are desired .

The boundary is approximated by a series of straight-
line segments; the distance between any two input points is
given by:

Lix = [(x.÷1 
— x .)2 + 

~~~~~~ 
— y•)2]½~ (33)

For increased accuracy , therefore , use of a large number of
base points is recommended since both the boundary location
and the freestream velocity distribution are approximated by
piecewise linear functions . The program also tends to run
faster when using a larger number of input locations because
savings in the number of iterations required for convergence
usually outweighs the fact that more points are calculated .
It should also be noted that the program does a certain amount
of interval subdivision automatically so that the number of
base points actually calculated is greater than the number
entered .

Also shown in Fig. 1 is the location of the upstream
variables MCO (MINF) , Re~/L (REINFL), and T~ . This location may
be either the undisturbed approach flow as shown in the ex—
ternal flow of Fig. 1(a) or the freestream adjacent to the
first input point as shown in Fig. 1(b). T,,0 is the approach
flow static temperature used in forming the dimensionless wall
temperature ratio T~/T,,, E TWTINF . For flows in which the
freestream stagnation conditions are known, the unit approach
Reynolds number Recx,/L E REINFL , may be calculated with the
aid of the following equation:

p
0M~

R E I N F L  = T y+l 
—

L r~~ .2.1½ r1 + 
‘
~ 

— 1 M 2~ 2(y—l)1M W y  ‘- 2

(34)

The meaning of variable BSTART is also shown in Fig. 1(a).

The input variables G , W , RL , RT , SL , and ST have been
defaulted to values corresponding to air. For gases other than
air the appropriate values for the specific heat ratio, G , and
the viscosity power law exponent, W , should be entered with the
following expressions for recovery factors and Reynolds analogy
factors being recommended :

17
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RL Pr”2 RT Pr~~
”3 SL ST Pr2”3 . (35)

For each base point , the output is written to files OUTPUT
and TAPELf and is identified only by the axial coordinate , X ,
of the point. In addition , the boundary layer parameters are
written only for locations corresponding to the input base
points , with two possible exceptions. If ERROR = .TRUE . is
specified , the output at all of the calculated points, in-
clud ing the automatic subdivisions , is printed together with
some intermediate results. The printout may become quite
long in this case. The second exception is that the output
data for the base point directly downstream from a transition
location may not be printed , with the results at an interme-
diate subdivided location being substituted . This is a con-
sequence of the automatic interval dividing scheme which is
used . When transition is to be predicted , it is recommended
that an initial run be made to approximately locate the laminar
instability and transition points and then the boundary layer
recalculated with a relatively fine gridpoint spacing around
these locations so that the instability and transition points
may be found more precisely.

The variables Z and H have been included in the output
to provide a means for monitoring the calculations and the
state of the boundary layer. As mentioned previously , in any
region where H is only slightly greater than 1.515 for laminar
boundary layers or where 1.515 < H < 1.57 for turbulent bound-
ary layers , the onset of separation is imminent. The output
values of Z and H are also helpful in setting the values of
ZSTART and HSTART when the boundary layer calculations are
restarted at some downstream location . Downstream restarting
of the calculations may be used , for example , if convergence
problems (hopefully nonexistent) are encountered in the in-
tegration scheme or if the phenomena of relaininarization or
laminar separation with reattachment, which are not handled
automatically, are to be analyzed . This procedure avoids re—
calculation of the upstream portion of the flow. -

The local dimensionless heat flux which is written to
OUTPUT is defined as:

q
QDIM = 

w (36)
P6u6

where q~ is the local wall heat flux. The total heat per unit
depth transferred from the wall to the boundary layer for plane
two-dimensional geometries is given by:

18 
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1L
Q = j q (~ )d~ , (37)

o w

while for axisymmetric bodies the heat transfer is given by,

L
Q = 2f f  J q~~(~ )R(I) d~ (38)

0

where ~ is measured along the boundary . Positive signs for
qw and Q indicate heat transfer from the wall to the boundary
layer.

The dimensional variables in the input/output lists are:
ZSTART , RE INFL , XTRAN , X, Y, R, Z, Dl , D2, D999, and RCORR.
All have dimensions of length , {L], except for REJNFL which
has dimensions of reciprocal length, [L]~~ The only require-
ment that need be met concerning units is that input variables
ZSTART , REINFL , XTRAN , X, Y, and R be entered with the same
length unit. On output Z, Dl , 02 and D999 will have this same
unit of length .

Specific instructions regarding the input procedure to-
gether with an example are given in Section 111—0.

C . Starting of the Computation s

In order to begin integrating the first order ordinary
differential equations given by (5) and (7) initial values of
Z and H must be specified . This is accomplished through input
variables ZSTART and HSTART as follows.

Z S T A R T  When the computations are started at a sharp lead-
ing edge or a stagnation point, the value ZSTART = 0.0 is used .
If , however , the calculations are started at an arbitrary stream-
wise loca t ion , where the boundary layer thickness is not zero ,
the def in i t ion  of Z is employed :

Z S T A R T  = S2R52
1
~ n = 1.0 for laminar boundary

layers
(39)

= 0.268 for turbulent
boundary layers

Hence , the momentum thickness, 62, must be known at the start-
ing location . The momentum thickness Reynolds number , R~2,

19
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may be calculated from the unit Reynolds number of the approach
flow , Re /L, as:

R = 

p
6u 5 6

2 
= 

-

1
M * y l  2 ~~~~~T

~ 
Rem, S

~ 
1 +  2 MQ,

2 1T M~,* 1 + ~ ; 
1 M6

2

r l +
~~~;

1 M5~
2

L 1 + r y 1 M5
2
[l — e~I ) ( l  + 

‘
~ 

1 M~,,
2 ) 

( 4 0 )

whe re the subscript “i”  denotes the starting location.

H S T A R T  For stagnation points or sharp leading edges the
procedure for determining HSTART is the same whether the bound-
ary layer is started in the laminar or turbulent regimes since
the first step is always calculated as laminar (although it
can be made arbitrarily small). For plane two-dimensional
geometries and non—zero included wedge angles, ~~~ i E B S T A R T
P 1 ~ 0 , the starting value of H in both the incompressible
and compressible cases is obtained from Table I, which is a
compilation of the Hartree solutions, since in the immediate
vicinity of the leading edge the flow may be considered incom-
pressible. For plane flat plate flows, ~-rr = 0, the starting
value of H is obtained from Fig. 2, which details the effect
of compressibi l i ty (M m) on HSTART .

For axisyrmnetric geometries with subsonic approach flow,
0 < < 1, HSTART is obtained from Table I using the trans-
formed angle 8E where :

(41)

For supe rsonic flow , M0, > 1, approaching on axisymmetric body ,
the flow fields along the cone approximating the bow of the
body and along a flat plate are similar so that Fig. 2 is also
used in this case.

To determine HSTART for boundary layer calculations ini-
tiated at an arbitrary axial location , either the local skin
friction coefficient , c~ , or the displacement thickness , ~~must be known at the starting location in addition to the
momentum thickness which is required for ZSIART. For laminar
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boundary layers HSTART may be determined by solving either
of the following transcendental equations for H: 

-

(H — 1.515)0.7158 cf R~2
c known: 1 2 = 3 4522

[1+r i~-±M~ . (H _ O
~
)(2 — H)]

or 
1 (42)

known :

[4.0306 - 4 . 2 8 4 5 ( H  — l.5l5)0.3886 ] [ l + r ~~~ M~ .2(H — - H)]

+ r ~~~~~~~~~ M~1
2(H — (43)

For turbulent boundary layers, the following equations are used:
C
f 
known : 0 268

(H — l.5l5)~~~ — 

cf R~2

[1 + r )j-~ M~1
2(H — — H)] 

— 

0.07788

or

~~
— known:02

[1 + 1 . 4 8 ( 2 — H )  + 104 (2—H) 6 7 ][l + r L~~~.k M5~~
2 (H _ 0

~~
) ( 2 — H ) ]

+ r Ij! MS~
2 (H

~
0
~
) = (45)

The approximation H* H is used in the above equations and
is completely adequate for the purpose of determining HSTART.
For incompressible boundary layers , M Si << 1, the above equa-
tions are greatly simplified and all but (45) can be solved
explicitly for H. For cases with heat transfer where the Stan—
ton number , St , is known , HSTART may be found from Eqs. ( 4 2 )
or (44) using c~ = (St) (2s), assuming that the Reynolds ana-
logy is accepted .

BSTART Variable BSTART is required only for boundary
layer calculations started at sharp leading edges or stagna—
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tion points . For either axisyminetric or plane geometries
BSTART P t  E ~ir is the total included angle at the nose.

A summary of the procedure used in determining the start-
ing values ZSTART , HSTART , and BSTART is presented in Table
II.

D. ~~p~it Instruct ion s and Example

The input variables listed in Section Ill—C are entered
in the following way. The first card (record) is used to en-
ter a title which is printed on files OUTPUT and TAPE4 to iden-
tify the results. Any message up to 80 columns can be used ,
but for aesthetic reasons the title should be centered in the
80 columns. It is suggested that the length unit for dimen-
sion [LI be entered as part of this title. On the next card
the four literal variables FLOW , GEOM , MTYPE , and h YPE are
input in 4A10 format. The value of these liter~ 1s should be
left justified in each 10 column block. NAMEL IST “BL” which
encompasses input variables ZSTART - ERROR is input via the
next card(s). The first column on each NAM EL JST card should
be blank . All variables in “BL” except MINF and RE INFL are de-
faulted so that at a minimum only these two and the selected
variables to be overridden need be entered . The remaining
cards (records) contain the local data: X , 1, M (or M~ ) , R,
THETA (or TWTINF ) for each point at which the boundary layer
parameters are to be found . These variables are entered in
5F10 format  and as many poin ts as desired can be used . For
boundary  layers start ing at sharp leading edges or stagnation
points , the first of these local data cards should contain the
i n f o r m a t i o n  for  the tip. In the case where the computations
are started at an arbitrary axial location , the first local
data card should consist of the information for the point at
which ZSTART and HSTART were determined .

As an example , the flow over a NACA 0012 airfoil at zero
angle of attack is considered . This example is taken from
the report by McNally [16] who cites Becker [17] as the ori-
ginal source of the data. The airfoil profile and freestream
M’~ distribution are shown in Fig. 4(b).

A schematic of the input file for this case is shown in
Fig. 3. The first card contains the centered title, while
the second contains the input values of literal variables
FLOW , GEOM , MTYPE , and TTYPE . For this example , the boundary
layer is assumed to begin in the LAMINAR regime; the airfoil
has PLANE 2-D geometry; the velocity input data is in terms
of MSTAR; and the wall temperature data is in terms of TWTINF.
Note that the value of each literal is left justified in its
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10 column block. NAMELIST BL requires only a single card for
this example and as required it begins with the first column
blank and the characters $BL and ends with $. Since the bound-
ary layer calculations are started at a stagnation point,
ZSTART z Ø~ , but this is the default value so it isn ’t entered .
From the average ang le between the first two input points , it
is easily determined that BSTART 0.73951. Entering Table I
wit- h this value of ~3 = B S T A R T  yields HSTART = 1.6190. From
the test conditions described in [16], the following values
for the approach flow M~ and unit Reynolds number are obtained :
MINF = 0.30863 and REINFL 2 .O’+l’46 X 106 [ ft ~-l]. Since a
norma l call to the transition subroutine is to be made , the
default values of both XTRAN and NOTRAN are used. Also the
fr~ estream turbulence intensity is assumed to be zero, the
flowing gas is air , and neither the heat transfer correction
nor the error options are desired ; consequently, all other
variables oxcept G (‘y) are left at their default values. G
is ove rridden from l.4~ 5 to 1.4. The remaining cards con-
tain the local data X , Y , MSTAR , R , and T W T I N F for  each base
point in T.FlO format. Note that R values are not necessary
and therefore not entered for this plane two-dimensional geo-
metry since corrected boundary coordinate data is not desired
in this case. The airfoil is assumed to be isothermal at the
approach f low s tagnat ion temperature , T00, so tha t  Tw/Too E

TWTINF = 1.0161. In this example the unit for input variables
(REINFL) l, X , and Y is feet.

The listing of file OUTPUT for this example flow is shown
in Fig . 4 ( a ) . The locations of the laminar instability and
transi t ion points are clearly indicated , as shown . Fi g.  4 ( b )
compares the results computed from COMPBL with the experimental
data.

As an example for calculating corrected wall coordinates,
turbulent boundary layer computations were carried out from
the throat to the exit of a plane two-dimensional Mach 2 noz-
zle. The listing of file TAPE4 for this example is presented
in Fi g.  5.
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I V .  C O M P A R I S O N S  TO E X P E R I M E N T  AND A N A L Y T I C A L  S O L U T I O N S

In order to test the accuracy of both the method and the
computer program , boundary layer computations were carried
out for a number of flow situations for which either data or
analytical solutions are available. The resulting comparisons
are shown in Figs . 6-21. In addition , the results of calcu-
lations for a conical boattail , a cylindrical missile body !
conical bo~ ttail combination , and a plane two-dimensional
Mach 2 no.~zle are presented in Figs. 22—24 to demonstratehow the boundary layer computations can be coupled to inviscid
soljt-ions . Unless otherwise indicated , adiabatic wall condi-
tions (THETA = 0.0) are used and the ideal gas is air.

A . T u r b u l e n t  Inco m p ressible Boundary Layers

Eince the turbulent regime is probably more common and
t~~’refore of more practical importance than the laminar , a
Iarg ? number of calculations were made for this case . The
f i v - examp le flows analyzed for the incompressible turbulent
reg ime were all test cases used at the Stanford conference
and were taken from reference [18]. In each case the value
of HSTART was determined by taking the average of the H values
fo und f rom Eqs. (44) and (45). The comparisons of the compu-
tations to the data are shown in Figs. 6—10.

The first case is the Ludwieg and Tillmann accelerating -j
flow (1DENT = l300)+ which may be considered as relatively
“easy ” to predict. As shown in Fig. 6, the agreement between
the calculations and the data is excellent. The remaining
four example flows can be placed in the “difficult” category ,
being either strong adverse pressure gradient, separating ,
or relaxing flows . The results for the Ludwieg and Tillmann
strong adverse pressure gradient case (1200) are shown in
Fig. 7. The agreement is good up to about X = 3m at which
point the data tends toward separation while the computations
do not. In this region, however , Coles and Hirst [18] point
out that the data contains large discrepancies in the momen-
tum balance . Figure 8 presents the comparison for Clauser ,
flow number 1 (2200). The computations and data agree reason-
ably well except perhaps in the downstream section where 

~2is overestimated and c~ is underestimated . Large momentum
balance discrepancies are again noted for this region. The
comparison for Moses, case 3 (3800) which is a case of ex-
tremely strong adverse pressure gradient leading to separa-
tion , is shown in Fig. 9. The data indicates separation at

+C o t  variable IDENT was used at the Stanford conference
on turbulent boundary layers for flow identification purposes.
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approximately X = 19 .2 in. while the calculations do not in-
dicate separat ion at a l l .  Although momentum balance discre-
pancies again occur for the data in the downstream section ,
they probably cannot fully explain the lack of agreement be-
tween the data and predictions . The final incompressible
turbulent boundary layer calculation is the Bradshaw and
Ferriss relaxing flow (2400) shown in Fig. 10. The predic-
tions and data are in good agreement except for the underpre—
diction of the skin friction coefficient , Cf. at the down-
stream stations .

Of all the flow cases used for the Stanford conference ,
Coles and H i r s t  [18] list those data sets which they feel are
preferable because of experimental reliability , superior in-
strumentation, etc . The Ludwieg—Tillmann accelerating flow
and the Bradshaw-Ferriss relaxing flow fall into this cate-
gory , and for these cases the program results agree well with
the data . In any event, since the nominal flow situation is
much less d i f f i c u l t  than the last four examples considered
above , it is valid to conclude that the program developed
here in  is reasonably accurate for incompressible turbulent
boundary layers .

B . Tur bulent Compressible Boundary Layers

Five test boundary layers were also computed for the com-
pressible turbulent regime . The first of these, shown in Fig.
11, is a very strong adverse pressure gradient supersonic flow
reported by McLafferty and Barber [19] .  The agreement between
the calculations and the data is relatively good, although
the streamwise gradients of the prediction curves are not as
large as those indicated by the data. Notice that the bound-
ary layer is very near separation for X > 2.5 in. It should
be mentioned that rather than determining HSTART from Eq. (45)
for  the given initial value of 61/62, HSTART was obtained by
computing the supersonic flat plate boundary layer at the given
entrance conditions in the streamwise direction until the ini-
tial entrance value of 62 was matched . This method was used
since it modelled well the entrance region to the test section
and since the data points for the shape factor , 61/6 2 ,  were
taken from a small graph in [19].

The next three cases are taken from the report by Winter ,
Smith , and Rotta [20] and consist of the flow over a waisted
body of revolution at approach Mach numbers of M~, = 0.6, 1.4,
and 2.8. The measured freestream Mach number distributions
indicate that the pressure gradient is initially adverse (for
x/2. > 0.4) followed by a relaxation region. The average value
of I-I determined from Eqs. (44) and (45) was used for HSTART .
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As shown in Figs. 12, 13, and 14 the shape factor , 61/62, ~ S
well predicted in all three cases as is the momentum thickness
for M~ = 0.6 and 1.4. However, the skin friction coefficient
and the momentum thickness for M0, = 2.8 are overpredicted ,
particularly in the region of the body waist (x/9~ = 0.7).
Lewis , Kubota , and Webb (21) have noted that the integral mo-
mentum balance is not satisfied in this region, although it
is doubtful that this can account entirely for the discrep-
ancy between the data and the computations.

The final compressible turbulent flow considered is the
transonic shock wave/boundary layer interaction case investi—
gated by Alstatt [22]. The freestream Mach number variation ,
shown in Fig. 15 , contains regions of both strong accelera-
tion and strong deceleration leading to separation . Since
only displacement thickness measurements were reported , the
values of ZSTART and HSTART were determined by computing the
flat plate boundary layer at the entrance conditions in the
strearnwise direction until the entrance value of 61, was
matched. As shown in Fig. 15, the measured and computed
values of the displacement thickness agree very well, except
perhaps near X = 14 in. where the calculations show a sharp
peak. The separation point was computed as X 21.4 in.
agreeing well with the measured value of X = 21.75 in..
Alstatt [221 reported an instability problem in the boundary
layer solution technique of Nash and Hicks [23] for a number
of different eddy—viscosity models occurring just downstream
of X = 16 in.; no such problems were encountered here .

Since all of the cases discussed above for the compres-
sible turbulent regime are considered as “difficult” and
since the computations and data agree reasonably well for the
most part , it can be concluded that program COMPBL yields ac-
curate approximations to the boundary layer behavior for this
regime .

C. Laminar Boundary Layers

For laminar boundary layers, three examples were calcu-
lated as shown in Figs. 16, 17, and 18. All three boundary
layers begin at a plane stagnation point, HSTART = 1.625,
BSTART = 1.0. The first two cases are incompressible non-
similar flows over a circular cylinder investigated by Hie-
menz [24] and over an elliptic cylinder reported by Schubauer
[251. For each of these cases, Smith and Clutter [26] have
computed the corresponding laminar boundary layers using their
well known finite difference technique, while for the ellip-
tic cylinder Hartree [27] reported earlier hand—performed cal-
culations. In both cases, the agreement between the results
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computed here from the Walz approximation theory and the “exact”
finite difference calculations is remarkable. The comguted
separation point for the circular cylinder is cz~~ 80.3 agree-
ing well with Hiernenz ’ observed value of ~ 80 . Neither
the present results nor Smith and Clutter ’s calculations m di-
cate separation for the elliptic cylinder , although Schubauer
measured it to occur at X = 1.99 -4- 0.02. However , using a
polynomial fit to Schubauer ’s measured pressure distribution ,
rather than the one given by Hartree , yielded separation at
X = 1.96 with the present method . The results shown in Fig.
17 are for the Hartree fit to the pressure distribution since
this is the one upon which the Smith and Clutter calculations
were based .

Figure 18 compares the results of the present computa-
tion scheme with the finite difference calculations of Flt~gge-
Lotz and Eichelbrenner [28] (taken from [29 1)  for a laminar ,
compressible airfoil-type flow. The agreement is good except
that the separation point is predicted to be somewhat too far
downstream .

Based on these examples, the present method appears to
be very accurate for laminar boundary layers .

D . Boundary Layers with Heat Transfer

Two heat transfer cases were considered. The first , shown
in Fig. 19, consists of a laminar , Mach 3 flow over a flat
plate with the wall temperature distribution shown in the
figure . An analytical solution of this problem is given by
Chapman and Rubesin [15]. The computation of the heat trans-
fer based on the simple Reynolds analogy , K = 0, is greatly
in error as may be expected for the strong axial wall tempera—
ture gradient present here. Using the heat transfer correc— - ;
tion procedure (“modified Reynolds analogy ”) discussed in Sec-
tion II-E , K = K(x) , puts the computed heat transfer into much
better agreement with the analytical solution although it
seemingly overcorrects for the effect of variable wall tern—
perature .

The second heat transfer case , taken from the report by
Boldman , Schmidt , and Ehlers [30], is a turbulent boundary
layer flow on the walls of a cooled , supersonic nozzle. Both
the wall temperature and freestream Mach number vary strongly
in the axial direction as shown in Fig. 20. The heat transfer
computations based on the Reynolds analogy , K 0, do not a—
gree well with the data and err, as expected , on the high side
for the strong favorable pressure gradient within the nozzle .
However, the “corrected” results, which are not presented , are
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in even poorer agreement with the data. As for the case above,
the .~orrections are too strong and in fact predict a change in
t~ e direction of the heat transfer for the region near thethroat which is clearly incorrect.

It is therefore recommended that the simple Reynolds
analogy be used if only a rough estimate of the heat transfer
is desired. These results should be adequate as long the
wal l  temperature and pressure streamwise gradients are not
too strong . If a more refined computation is necessary , it
is felt that the results of the correction procedure (invoked
by HTCORR = .TRuE .) should be used with caution . Also , it is
he]pful to remember that since the properties of the velocity
b o u n d a r y  layer depend only on the average aspects of the
t her m a l  layer , the computations for the velocity quantities
may be accurate even though those for the heat transfer are
not .

E . B o u n d a r y L a y e r  w i t h  T r a n s i t i o n

A transitional boundary layer case consisting of flow
over a NACA 0012 a i r foi l  was computed as shown in Fig. 21.
This example was taken from the report by McNally [16] and
was used in explaining the input procedure , Section III—D.
The data and predictions for the displacement and momentum
thicknesses agree very well except for just downstream of the
transition point where the computations for the displacement
thickness show a sudden drop . As discussed previously, this
is a consequence of the pointwise nature with which the tran—
sition process is assumed to occur in the calculations . Across
the transition location , H is taken as continuous , and Z is
chosen to make the momentum thickness , 62, continuous (as can
be verified in Fig. 21). Other boundary layer parameters such
as displacement thickness and skin friction , which are derived
from these two dependent variables , are therefore discontinu-
ous at transition. The comparison of the data and computa-
tions in Fig. 21 for the displacement thickness suggests that
perhaps a “hand—smoothing ” operation is warranted to remove
the discontinuity.

Note also that the predicted transition location agrees
well with the measured transition range .

F. Miscellaneous Examples

The final three examples illustrate the way in which pro-
gram COMPBL can be used in conjunction with inviscid solutions
to predict boundary layer characteristics in design situations.
The first two cases consider the flow over the 100 conical af—
terbody shown in Fig. 22. The inviscid wall Mach number dis—
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tribution was determined from the method of characteristics
using program TSABPP-2 developed by Addy [31]. The approach
Mach number is assumed to be M~ 2 and the ambient static
pressure and temperature are taken as sea—level values ,
~~ = 14.7  psia and T~ = 520°R, which yield a very high unit
Reynolds number , Re~ /L 1.4 x l0~ ft—1 . For the first case ,
Fig. 22, the turbulent boundary layer is assumed to start at
the expansion giving the integral parameters shown in the
bottom ha l f  of the f igure . Figure 23 shows the more realis-
tic situation for which the turbulent boundary layer is assumed
to begin growing on the missile body and therefore is of finite
thickness just upstream of the expansion . This second case
demonstrates the capability of program COMPBL to calculate
through a “discontinuity ” in the Mach number distribution . The
wall Mach number was assumed to be constant at M = 2 up to
X = -0.001 ft,. and then for 0 < X < 4 ft., the method of char-
acteristics results were used . Note that the expansion fan
produces rather large discontinuities in the shape factor ,

and the skin friction coefficient , c~~.

The last example , Fig. 24, is of the flow through a plane
two-dimensional Mach 2 nozzle. The wall Mach numbers were
computed using the method of characteristics nozzle design
program NOZCS written by Addy with typical laboratory operat-
ing conditions being chosen as: P0 600 kPa, T0 = 300 K ,
throat radius = 1 cm. The turbulent boundary layer is as-
sumed to start at the throat. Figure 5 shows the corrected
boundary coordinate results from file TAPE4. At the nozzle
exit the corrected centerline distance is 1.714 cm compared
to the method of characteristics inviscid design value of
1.686 cm.
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V. CONCLUSIONS

A FORTRAN computer program based on Computational Method
II of Walz Il l has been developed to calculate the integral
r~arame~ ors for the two-dimensional boundary layer flow of
ideal gases. The flexibility of the program allows plane or
ax~~symmetric geometries with the boundary layer either laminar
or turbulent , incompressible or compressible , and either with
or without heat transfer. In addition , the location of tran—
sition can either be predicted or specified as an input.

In order to tes t  the accuracy and reliability of the
method and program , a number of boundary layers were computed
ta r which either data or analytical solutions are available
for comparison . Five incompressible turbulent and five com-
pressible turbulent boundary layer examples were analyzed ,
most of wh ich f a l l  in the “difficult” category . For most of
these cas-~s the agreement between the data and the predictions
is gao-i. For the laminar and transitional boundary layers cal-
cul ated , the computed results agree with the data or analyti-
cal solutions extremely well. However , the heat transfer
predictions have met with less success. For rough estimates
of the hea t t r a n s f e r , it is suggested that the defaul t  Reynolds
analogy be used.  The heat t r ans fe r  correction procedure or
“modif ied i~eynolds analogy ” , discussed in Section II—E , should
be used cau tiously since it has been only moderately success-
f u l .

A major asset of the program is its computational speed .
A typical boundary layer can be calculated on the CDC CYBER
1 75 in ½ - I CP U seconds , mak ing parametric design studies
practical.

Based on these characteristics , it is felt that program
COMPBL is a useful and accurate tool for estimating the inte—
gral boundary layer parameters in a wide variety of flow
situations .
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TABLE I . ~ vs  H from Hartree Solutions

~~
or
~~E 

H

—0.1988 1.515

— 0.19 1.5200

— 0 . 18  1. 5250

— 0.16 1.5333

—0.14 1.5400

—0.10 1.5517

O 1.5720

0.1 1.5857

0.2 1.5950

0.3 1.6018

0.4 1.6070

0 .5 1.6113

0.6 1.6150

0.8 1.6207

1.0 1.6250

1.2 1.6290

1.6 1.6345

2.0 1.6380
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T A B L E  II. S u n i m a r y  of Procedure for Determining Starting
Values ZSTART , H S T A R T , B S T A R T

~~~~ arp Leading Edge or Stagnation Point

Z S T A R T : 0.0

HSTART :

plane two-dimensional

311 � O  Table l

~3n = 0 Fig . 2

a x i s y rnrnet r ic

0 < M < 1 Table I with

1~4 > 1 Fig. 2

BSTART: 
(total included ang le)

Arbitrary Strearnwise Location

Z S T A R T :  EqS . (39) and (40)

H S T A R T :

laminar Eqs. (42) or (43)

turbulent Eqs. (44) or (45)

BSTART: not needed
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(a) AX1SYMMETRIC CASE

V

MINF

RE1NFL

, 

L 

,

(b) PLANE TWO-DIMENSIONAL CASE

Fi gure  1. Location of coordinates X , Y , R; approach flow

variables M~, (MINF) , Re~/L (REINFL) , T,,:
and angle B (BSTART)
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1. 65

1.60

1.50
0 2 4 6 10

M~

Figure 2. H vs M~, used in determining HSTART
value for compressible flows
(after Walz [1]. , Fig. 6.5).
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Figure 21. Comparison of present computations and data
taken from McNally [16] for flow over a NACA~ 0012

airfoil. (This is a repeat of Figure 4(b)).

56

- 
— - -

~~~~~•



M~~- 2.O

~ 2.5
in

L2 ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

X (It)

X (tt )

0.003 -

X (ft )

Figure 22. Predicted boundary layer characteristics for
flow over a conical af terbody with turbulent boundary

layer assumed to begin at the expansion.

57 

-C’- - -



r - - C’--

~~~ ~~~~~

—C’ - --.-—

~~~~~~

-- -- --C’- - C’ C’—_- .-

~~

--— ---C’ -  -— -—

~~~~~

-- — - - - - - ----

~~~tI — 

M - 2 

— ______— 

12(1 
+ 

4 1t .—.1
P,,, - 14.lpiia

2.4 T,_ - 520 R

____  NC.
X (It )

~~ 0.04 &~ ‘
~ 2 

- 3.2 ~~

I 
I 

~~~~~~~~~

. 

!

z

2.8

X (IL)

0.003 -

z

c)
~ 0 002

I 
~ 8 

I I I i i  ~~
X (it)

Figure 23. Predicted boundary layer characteristics for flow
over a cylindrical missile/conical afterbody combination with

turbulent  boundary layer assumed to beg in on missile body .

58

- — — —-- -— .-—— - - , - C ’ - — ----—— -—--. ——--~~~~~~~-- -- .— - - - - - —~~~~~~~ ,— ---
— — - —

-.---~~~~~~~~~~~~



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 

—C’.— , -—

10 
—

T0-300K

U :0~~~~~~~~~T.I 

~ rt~~OM 1c~

X (cm)

— 0.01 - - 3

8
2

X (cm)

0.005 -

0

0.004 -

0.003 -

0.002 -

0.001 -
Cl)

I I~~ I I
0 2 4 6 8

X (cm)

Figure 24.  Predicted boundary layer characteristics for
flow in a Mach 2 plane two-dimensional nozzle
with hyperbolic entrance and expansion section.

59

~~~~~~~~~~ — ~~~~~~~~~ _~~~
— - -

~~~~
-
~~~~~



- - - - - -  
- -

R E F E R E N C E S

1. Walz , A . ,  Boundary Layers of Flow and Temperature, MIT
Press , Cambridge , Ma~iachusetts , 1969.

2.  Wal z , A . ,  “New General Law for the Turbulent Dissipation
Integral ,” The Physics of Fluids Supplement , pp. Sl6l-
S164, 1967.

3. Felsch , K. 0., Geropp, D., and Walz , A., “Method for Tur-
bulent Boundary Layer Prediction ,” in Kline , S. J., Cock—
rell , D. J., Morkovin , M. V., and Sovran , G., Proceedings
Computation of Turbulent Boundary Layers, Vol. I, Depart -
ment of Mechanical Engineering , Stanford University , Stan-
ford , Calif., pp. 170—176 , 1968.

4. Wazzan , A. R., Okamura , T .,  and Smith , A. M. 0., McDonnell-
Douglas Co. Report DAC—67086 , 1968.

5. Granville , P. S., “The Calculation of Viscous Drag of
Bodies of Revolution ,” U. S. Navy Department, The David
Taylor Model Basin , Report 849, 1953.

6 . Jischa , M., “Die Berechnung Laminarer Dissoziierter Hyper-
schallgrenzschichten mit Integralbedingungen ,” Thesis , Tech-
nical University, Berlin , 1968; and Deutsche Versuchsan—
stalt fI~r Luft—und Raumfahrt Rep. No. 872, 1969.

7. Van Driest, E. R., in: Lin , C. C., Turbulent Flows and
Heat Transfer, Sec . F, Princeton University Press, 1959.

8. White , F. M., Viscous Fluid Flow, McGraw-Hill , New York ,
1974.

9. Coles , D. E., “The Law of the Wake in the Turbulent Bound-
ary Layer ,” Journal of Fluid Mechanics , Vol. 1, pp. 191-
226 , 1956.

10. Ludwieg , H., and Tillmann , W.,, “Untersuchungen Uber die
Wandschubspannung in Turbulenten Reibungsschichten ,” Ing .
Arch., Vol . 17, pp. 207—218 , 1949.

11. Rotta , J., “Schubspannungsverteilung und Energie-Dissipa-
tion bei. Turbulenten Grenzschichten ,” Ing. Arch., Vol . 20 ,
pp. 195—206 , 1952.

12. Truckenbrodt , E., “Em Quadratur—Verfahren zur Berechnung
der Laminaren und Turbulenten Reibungsschicht bei Ebener
und Rotationssymmetrischer Stromung ,” Ing. Arch., Vol. 20,
pp. 211—228 , 1952.

60

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~.



. - - -

13. Felsch , K. 0., “Beitrag zur Berechnung Turbulenter Gren-
zschichten in Zweidimensionaler Inkompressibler Str8mung ,”
Thesis , Technical University Karisruhe , 1965.

14. Korst , H.  H . ,  Will , D . C . ,  and Bristow , D . R . ,  “Considera-
tions of Viscous Flow Phenomena Affecting Transonic High
Lift Airfoil Performance ,” McDonnell—Douglas Co. Report
G 430 , 1969.

15. Chapman , D. R., and Rubesin , M. W., “Temperature and Velo-
city Profiles in the Compressible Laminar Boundary Layer
with Arbitrary Distribution of Surface Temperature ,”
Journal of the Aero. Sd ., Vol. 16, pp. 547—565 , 1949.

16. McNally, W. D., “FORTRAN Program for Calculating Com-
pressible Laminar and Turbulent Boundary Layers in Arbi—
trary Pressure Gradients ,” NASA TN D—568l , 1970.

17. Becker, J. V . ,  “Boundary-Layer Transition on the N . A . C . A .
0012 and 230 12 Airfoils in the 8-Foot High-Speed Wind
Tunnel,” NACA WR—L—682 , 1940.

18. Coles, D. E., and Hirst, E. A., Proceedings Computation
of Turbulent Boundary Layers, Vol. II, Department of
Mechanical Engineering, Stanford University, Stanford ,
Calif., 1968.

19. McLafferty , G. H., and Barber, R. E., “The Effect of Ad-
verse Pressure Gradients on the Characteristics of Tur-
bulent Boundary Layers in Supersonic Streams,” Journal
of the Aero. Sci., Vol. 29, pp. 1—10, 18, 1962.

20. Winter, K. G., Smith, K. G., and Rotta, J. C., “Turbulent
Boundary-Layer Studies on a Waisted Body of Revolution in
Subsonic and Supersonic Flow,” NATO AGARDograph No. 97,
part 2, pp. 933—961 , 1965.

21. Lewis , J. E . ,  Kubota , T .,  and Webb , W. H . ,  “Transformation
Theory for the Adiabatic Compressible Turbulent Boundary
Layer with Pressure Gradient,” AIAA Journal , Vol. 8, pp.
1644—1650, 1970.

22. Alstat t , M. C., “An Experimental and Analytical Investi-
gation of a Transonic Shock—Wave/Boundary—Layer Interac-
tion,” AEDC—TR—77—47 , 1977.

23. Nash, J. F,, and Hicks , J. G., “ An Integral Method In-
cluding the Effect of Upstream History on the Turbulent
Shear Stress,” in Kline , S. J., Cockre ll , D. J ., Morkovin ,
M. V., and Sovran, G., Proceedings Computation of Turbu-
lent Boundary Layers, Vol. I , Department of Mechanical

61 

-—- — - —C’ - —— --—-—- —-- A



- - . C ’ C’C’C’. C’ _ ...C’ . 
- - — 

-

~~~~~

Engineering, Stanford University , Stanford , Calif., pp.
37—45.

24. Hiemenz ,,,K ., “Die Grenzschicht an einem in den Gleichf~ r-
migen Flussigkeitsstrom Eingetauchten Geraden Kreiszylinder ,”
Thesis, G~ttingen , 1911; Dingi . Polytechn . Journal , Vol.
326 , p. 321, 1911.

25. Schubauer , G. B., “Airflow in a Separating Laminar Boundary
Layer ,” NACA Rep. No. 527, 1935.

26 . Smith , A. M. 0., and Clutter , D. W.,, “Solution of the In-
compressible Laminar Boundary—Layer Equations,” AIAA Jour-
nal , Vol. 1, pp. 2062—2071 , 1963.

27. Hartree , D. R., Aeronautical Research Council , London ,
Reports and Memoranda No. 2427, 1953.

28. Fli:igge-Lotz, I., and Eichelbrenner , E. A., “La Couche
Limite Laininaire dans L’Ecoulement Compressible le long
d’ une Surface Courbé,” ONERA , Rapport No. 1/694 A , 1948.

29 . Fli~igge-Lotz , I., and Johnson , A. F., “Laminar Compressible
Boundary Layer Along a Curved Insulated Surface ,” Journal
of the Aero . Sci., Vol. 22, pp. 445—454 , 1955.

30. Boidman , D. R., Schmidt , J. F., and Ehlers , R. C. “Pre-
diction of Local and integrated Heat Transfer in Nozzles
Using an Integral Turbulent Boundary Layer Method ,” NASA
TN D—6595 , 1972.

31. Addy , A. L., “Analysis of the Axisyminetric Base-Pressure
and Base—Temperature Problem with Supersonic Interacting
Freestream—Nozzle Flows Based on the Flow Model of Korst ,
et. al., Part III: A Computer Program and Representative
Results for Cylindrical , Boattailed , or Flared After-
bodies ,” Report No. RD—TR—69-l4 , U. S. Army Missile Com-
mand , Redstone Arsenal , Alabama , 1970.

62

_ _ _ _ _ _ _ _ _ _ _ _ _  

--C’ . ---- —C’-— - - -  --—---C’- - -—C’- - .  ---~~-~~~~~~~— . :~~~~~~ C’——



___________ 
-~~~~~~~ - - ~~~~_ _— C’— 

APPENDIX A

COMPRESSIBLE BOUNDARY LAYER (COMPBL)
PROGRAM LISTING

63

___________________ ~~~~~~~~~~~~~~ :j~~~
C’
C ’ .



T&ilS PAI~E 15 B!S1 QUALITY PRA-CTICA3L&
1~ 0M COPY ~‘URL~-1Skik~D TO DDC

A P P E N D I X  A .  C O M P R E S S I B L E  B O U N D A R Y  L A Y E R  P R O G R A M . . . C O M P B I .  PAGE A— 1
P R OGRA M C OMP BL . -

P R O G R A M  C O M P B L ( I N P U I , 00IPUT .T A P E 4 . I A P E 5 = I N P U T , T A P E E = O U T P U T )  CON 10
C CON 20
C WRITTEN BY : CON 30
C J.C. DU ~~~ON CON 40
C D E P A R T M E N T  0? M ECHANICAL A N D  I N D U S T R IAL E N G I N E E R I N G  CON 53
C U N I V E R S I T Y  OF ILL I N O I S  AT U R B A N A — C H A M P A I G N  CON 60
C U R B A N A . I L L I N O I S  6 1 8 0 1  CON 10
C OCTOBER . 1977 CON 80

— C CON 9 0
C.. • P R O G R A M  COMPBL iS A T W O — D I M E N S I O N A L  B O U N D A R Y  L A Y E R  A N A L Y S I S  P R O G R A M  CON 100
C.. .?OR IDEAL CASES BA SED ON COMPUTATIONAL ~1EFH 0D II 0? W AL L (“BOUNDARY CON 110
C...LAYERS OF FLOW AND TEMPERATU RE” , NIT PLIH SS , 1969) A N D  TIl E DISSIPA— CON 120
C.. • TION LAWS 0? FEL SCU AND ROTTA—T l(UCKENBRODT . THE METHOD NAY BE CON 130
C.. • APPLIED TO INCOMPRESSIBLE *1)0 COMPH ESSI R LE , L A M I N A R  A N D  T U R B U L E N T , CON 1(4 0
C.. • P L A N E  2—0 AND AXIS YEINET RIC BO UND A R Y  LAYER S , WITH AND WITHOUT HEAT CON 150
C.. .TRANSFIR . THE CON FUTATIONS MA Y  BE STARTED AT AN ARBITRARY STREAM— CON 160
C.. .WL SE LOCAT ION W IT h THE BOUNDARY L A Y E R  EITHER LAM I NAR OR TURBULENT , CON 170
C... AN D TRANS ITiON A N D  SEPARATION AR E PREDICTED. THE INT EGRAL MO M ENTU M CON 180
C... AND  MEC HANICAL ENERGY EQUA TiONS A R E SOLVED ITERATIVELY IN A STEP—BY— CON 190
C.. • STEP FASHION WITH THE FREE STREAN VE LOCL TY APPROXI MAT ED W iTH A COIl 200
C. • .PLECEWIS }. LINEAR FUNCTION. FOR CASES W ITH HEAT TRANSFER AN OPTION CON 210
C... IS A V A t L A R L E  (UTCORR= .TRUH .,) W HE R E B Y  THE CALCULATION OF THE WAL L CON 22)
C.. • HEA T FLU X iS iM PROVED BY SOLVING THE THERM AL ENERGY INTEGRAL CON 230
C... EQUA T ICN FOR A CORRECTION PA R A M R T Y H ,  CUT, TO ACCOUNT FOR THE EFFECTS CON 24)
C. • .0? S T R E A M W i S E  W A L L  TEMPERATURE A N C  PRESSU RE GRADIE N TS . CON 250
C.. .THE DIM ENSIONAL VARIABLES IN THE A N A L Y S E S  A R E  ZSTART ,R E I N F L , X T R A N , CON 260
C...XI,Y I ,RI ,Z I , D 1 ,D2 .I)999, AND R COR R WHICH ALL H A V E  D IMENS LONS OF C ON 270
C.. .LEN GTH , [U OR LL ]** (_ 1) . £STA HT .R E I N F L .X T R A N .X1 ,Y1 , A N D  R I  M U S T  CON 210
C.. • BE INPU T WITH CONSIS TENT UNITS, A N D  TH EN ON OUTPUT , Z I , D1 ,D2 ,D99 9 , CON 290
C.. • A N D  R COR E WI L L  H A V L  THE S A M E  UNITS . CON 300
C CON 310
C...TRE IN r-UT V A R IA B L E S  FROM FILE INPU T  A R E: CON 320
C CON 330
C...  ? L O W — — - - — L I T E E A L  V A R I P , B L E  D E S C R I E . 1 N ~. F L O W  R E G I N E — — F . I J A L  TO CON 340
C. .  • “ L A M i N A R ”  Oti “ T U B B U I .EhT”  CON 353
C . .  • ~ L C ~1 — — — — L I T E A A L  V A R I A b L E  D E S C P I R 1 N G  M i T R Y — — ~~~ U A L  T )  CON 36)
C . .  • “ P L A N E  2— 0 ”  Ok “ A X I S Y M ”  CON 370
C..  • M T ’ I P E — — — L I T E R A L  V A R I A SL E  0ESC E~I B i N u  V E L I C I T Y  I N P J ~ D A T A  T Y P E  CON 38)
C.. .  — — E Q U A L  TO “ M A C H ”  O R  “ I S T A R ”  CON 390
C... TT !PE———L ITERA L V A R i A B L E  DE SCR1BI N~ W A L L  TEIPERA T )JLE INPUT DATA CON 430
C... TYPE — — E Q U A L  TO “T IETA ” CR “ T W ’r I N F ”  CON 410
C... ZS TA R T - — S TA R 1 I N G  V A L U E  CF Z, [U] ( D E ? 1 . U L T ). 3) CON 42)
C... II STA LI ’I——S TARTI NG V A L U E  OF Ii; SE! WA L E  PP 261—268 A N D  FIGS 1.1 CON (430
C . .  • A N D  6.5 A N D  A C C O M P A N Y I N G  R E P O R T ,  T A B L E S  I A N D  LI CCI) 414 3
C... AND ~~~~ 2 (DE?AULT= 1 .572 ) CON (450
C... BSTA RT—— B STAR T $P I IS THE IN C L U B Y D  A N ~;LE AT TIE LEADIN G EDGE CON 460
C.. • FOR BOTH PLANE 2—D AND AX ISYMMETR IC E X T E R N A L  FLOWS CON 410
C... (DEFAUL I’ O .O) CON 480
C... ML N ? — — — — N A C N  N U M B E R  (OR N STA R ) OF APP R OAC H FLOW CON 490
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A P P EN D I X  A. COMPRESSI BLE B O U N D A R Y  L A Y E R  P R O G R A M .. .CONPBL P A G E  A —  2

P R O G R A M  C OMP BL

C . . .  R E I N F L — — R E Y N O L D S  N U M B E R  D I V I D E D  BY C H A R A C TE R ISTIC LENGTH OF CON 5-3 0
C . . .  APPROACH FLOW , I.E. BHOINF*UINF /MUINF , (L]*$ (—1) CON 510

C. . .  rr a AN——- - x LOCATION FOR SPECIF IE D T R A N S I T I O N , ( L ]  CON 520
C . . .  ( D E P A U L T O. O) CON 530
C . . .  FST I N T—— F R EE SIR EA N T U R B U L E N C E  I N T E N S i T Y — — U S E D  iN T R A N S I T I O N  CON 540
C. . .  S U B R O U T I N E , I N  PERCENT ( DEF AU LT D .3 )  CON 550
C . . .  G RATIO OP SPECIFIC h E A T S  (DE FAU LT ~~1.405)  CON 560
C.. • V - E X P O N E N T  ON VISCOSITY POWE R LAW (D E F A U L T = 0 . 7 )  CON 570
C . . .  RE L A M I N A R  R E C O V E R Y  F ACTOR ( D E F & U L T z O . 8 5 )  CON 580
C . . .  RT T U R B U L E N T  R E C O V E R Y  FA CTCR ( D E F A U LT = O. 88} CON 593
C. .  • SE L A M I N A R  R E Y N O L D S  ANALOGY FACTOR ( D E F A U L T = O . 8 0 )  CON 600
C . . .  ST T U R B U L E N T  R E Y N O L D S  A N A L O G Y  FACTOR ( D E F A U L T O . 8 2 )  CON 610
C . . .  EP S C O N V E R G E N C E  CRI T E R ION V A R I A B L E  (DEFAULT ~~1.OE—4) CON 620

C . . .  N O T R A N — — L O G I C A L  V A R I A B L E  WHIC H 1? . T R U E .  SUPPRESSES CON 630
C . . .  C A L L I N G  OF THE T R A N S I T I O N  S U B R O U T I N E  F OR LAM I N A R  CON 640
C . .  - B O U N D A R Y  L A Y E R S  ( D E F A U L T = .PA LSE .) CON 650

C . . .  H T C O R R — — L O G I C A L  V A R I A B L E  WHICH IF . T W U E .  CAUSES TU E T H E R M A L  CON 663
C..  • E N E R G Y  I N T E G R A L  EQUATION TO BE SOLVED FOB THE HEAT CON 670
C . .  • FLUX CORRECTION P A R A M E T E R . CU T ( D EF A IJ L T ~~.P A LSE .)  CON 680
C . . .  E R R C R - — — L O G I C A L  V A R I A B L E  WHIC H iF . T R U E .  CAUSES INTERMEDIATE CON 690
C... H V A L U E S  A N D  VAR1AUI.ES ASSOCIATED WITH THE TURBU LENT CON 7 ) 3
C . . .  D I S S Z P A f l O N  INT EG RAL AND H E AT TRANSFER CORREC FI OW CON 710
C . .  • P A R A M E T E R  TO BE P R I N T E D  FO E DEBUGGING PUR POSES CON 720
C . . .  (DE ? AU L T = . FA L SE. )  CON 730
C . . .  X I — — — - - — — A X I A L  LOCATION , ( U  CO N 740
C . . .  XI N O R M A L  LOCATION , [ U ]  CON 750
C. .  • M DI  F R E E S T R E A N  M ACH NUMBE R (OR MSTA B )  CON 760
C. .  • R I  R O S S — S E C T I O N A L  R A D I U S  OP A X I SYN ME T R IC BODIES , OR CON 770
C . . .  LOCATION N O R M A L  TO CENTER LINE FOR 2 — D  BODIES , C L ]  CON 780
C.. • E U E T Z — — — W A L L  T E M P E R A T U R E  RATIO , ( T A D W A L L — T W A L L ) / ( T A D W A L L — T S T R E A M )  CON 190
C... (OR TVALL/TINF) CON 800

C CON 810
C.. . T H F S E  V A R i A B L E S  SI OU LD BE I N PUT IN THE FOLLOWING W AY. THE FIRST CON 820
C . .  • C A R D  ( R E C O R D )  IS FO R A TITLE TO HELP ID E NTIF Y TUE OUTPUT. ANY CON 830
C..  • M E S S A G E  UP TO 80 COLUMNS CAN 8E USED , BUT FOR AESTHETIC REASONS CON 840

C . . .  THE M ESSAGE SIOULD B E CE N TERED I N  TH E 80 CO LUMNS.  IT IS ALSO CON 850
C...SUGGLSTLD THAT THE UNITS FO R D I M E N S I O N  [ U)  BE ENTERED AS PART 0? CON 860
C . . . T H E  T ITLE.  ON THE NEXT CARD THE FOUR LITERAL V A R I A B L E S  F L OV ,GEO M , CON 870
C . . . N T Y P F . T T Y P E  A R E  ENTERED IN 4A 10 FCRNAT. THE V A L U E  OF EACH OF CON 880
C. • . T H E S E  L I T E R A L S  SHOULD BE LEFT JUS T IFIED IN EACH 10 COLUMN B LOC K . CON 890
C . .  • N A N E L I S T  “ DL ” W H I C H  ENCO MP AS SES VARIABLES ZST AR T— ER RO R IS  ENTERED CON 900
C . . . O N  THE N E X T  C A R D ( S ) . TUE FIRST COLUMN ON TUE NA ME LIST CARD (S) CON 910
C . .  . S H O U L D  BE B L A N K . A LL VA R IABL ES IN N A M E U S T  “ BL ” EXCEPT MIN T A N D  CON 920
C . . .  R E I N ? L  A R E  DE F AU LTED . SO ONL Y T H ESE TWO AND THOSE WHICH ARE TO BE CON 9 3 3
C. • . O V E R R I D D E N  N E ED BE ENTE R ED. THE R E M A I N I N G  CARDS CO N TAIN TUE LOCAL CON 940
C . . .  DATA : X , Y , M , B , THE T A FOR EAC H P O I N T  AT WHICH THE B O U N D A R Y  LAYER CON 95)
C. . .  P A R A M E T E R S  ARE TO BE POUN D. THESE VARI ABLES A R E EN TERED Ii) SF10 CON 960
C. . . P O R M A T , A N D  AS M A N Y POINTS AS D E S I R E D  CAN BE USED. CON 970
C - CO M 980
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APPENDIX A. COMPRESSIBLE BOUND ARY LAYER PROGRAM. ..COMPBL PAGE A— 3
P R O G R A M  CON PBL . -

C. • .THE OUTPUT VARIABLE S TO PILE OUTPUT ARE: CON 9R3
C COM1 00 0
C... X I— — —— — A I I A L  LOCATION , (U] COfiIO 1O
C.. • LI ZI~~D2* (RD2*•NJ (N 1.O FOR L A M I N A R  BOUNDARY LAYERS; CON 1O2O
C . . .  O. 26B FOR TURBULENT B O U N D A R Y  LAYERS) , ( U  C O N 1 O 3 O
C... HI UIa (D3/D2) U (D3 ENERGY LOSS THICKNESS) C0M104 0
C... D 1D 2— —— — S HA P E  FACTOR , D1/D2 CONl O SO
C... Dl DISPLACEMENT THICKNESS , (U) C0N1060
C... D2 M O M E N T U M  THECKNESS , (I.) CON1 070
C... D999———— 99 .9% B O U N D A R Y  LAYER THICKNESS ,(L] COI)1080
C... RD2 N ON E N T UM  THICKNESS REYNOLDS N U M B E R  (RUOD *UD *D2 /NUWALL ) CON1O 9O
C... CF LOCAL SKIN FRICTION COEFFICIENT (2*TAUW ALL /(RHODSUD**2)) CON1100
C... QD IN—— —— D IMENSIONLE SS LOCAL W A L L  HEAT FL U X  (QWALL/(RHOD*UD**3)~~ C OM 1 1 1 O

C... —R*STANTON*TRETI/2) CON11 2O

C C OM 1 1 3O
C...THE OUTPUT V A R I A B L E S  TO FILE TAPEW ARE: C ON i l V O
c C O M 1 1 S O
C.. .  XI AX IAL LOCATION , [ U )  C 0 M 1 1 6 0
C... RCORB—— — COBBE C ?ED RADIUS OR N O R M A L  LO CATION——EQUAL TO RI ’Dl , [U] COMI1 7O
C CON118 O

I M P L I C I T  REAL (J,N,N) C 0M1190
LOG iCA L ERRO R ,N O T R A N ,HTCORB COM I200
C O M M C N /CTRAN S/BD2 .N ,R , RT ,S,ST ,FLOW ,G ,M T Y P E ,I’TYPE,NI N F .KTR ANS V C O N1 2 1i)

$EINST ,R D 2 U ,P P A R I ,PPARIM1 .DELI ,?STINT C0M122 )
DII)FNSI (N FIMAIN (21) , UINNER (21),QWRITE (8) C0M1230

C COI)1240
C.. • DECLARE INPUT NAMELIST AND SET DEFAULT VALUES COM1 2SO
C C0N 1 2 6 0

N ?I M E EIST/IIL/ ZBTAR T ,HS TA R T , BSTART ,M I N F , R E I N P L ,X T R A N .FS FIN T ,G.’. • C0N 1 2 7 0
FP L ,RT ,SL ,ST ,EPS,ERROR ,NOTRAN ,HTCORB COM 1 28O
DATA ESTAEi T, USTART , BSTAR’E,CSTART, Y T R A N ,  FST IN T ,G,W,R L ,RT.SL ,ST,EPS , COM1 9)

£ E R R O R ,N O I R A N ,UT CORR /O.O ,1.512 ,O .O ,O.O ,O.O ,O.O ,1.405,O .7,O .85. CONI300
V).88,O.bO ,O .62,l.OE—4 ..?A LSE. ..FALSE.,.FALSE./ CON1 3 1O

C COM 132O
C. • . FNERAL STATEMENT FUNCTIONS COM1 33O
C COM 13 I4O

CO N 1350
FTWTINF(R ,u ,MD,NINF.THETA) (1.*R* (G 1.)/2.*MDS*2* (1. THETA))* C0N1360

~~(1. 1 (G—1.)/2. *MINF**2)/(l.+ (G—1.)/2.*MD**2) C0N1370
F8 ( T H E TA ,ll ,G,ND)=THETA*R* (G—1.),2. *MD **2 COM 13 8 0
FC 1 ( R E I N F L ,MDS ,N I N F S ,N D , M I N F , R ,G,T~iLTA ,W )=REIN FL* NDS/MINFS* ((1.. C0M13 90

$ (G—1 .)/2. *MIN F **2) /(1.+ (G—1 .)/2 . *MD * *2))**(1./ (G—1.))* ((1..(G— l.) COMl4))
$/2.*MD**2 ) / ((1.4R I (G—1 .)/2.*MD*S2*(1. — THETA ))* (1 ..(G—1.) /2.*MIN ? CON14 1O

C OM1’420
F D 2 ( N , 1,C 1 ) = ( Z / C 1* * N )* * ( 1 ./ ( 1 . +N) ) C O N 1 L 4 3 O
F R D 2 ( N ,Z ,C 1 ) - (Z* C l )* ~~(1./ (1. +N) ) CO M1 ’ 44 O
FR0 2U(R0 2 , D 2 D 2 U ,R ,G,II D ,TUETA)= RD2/ (D2D2U* (1 .+R* (G—1.)/2. *MD’*2$ COM14S O

S(1.— IIIETA))) C0M 1 4 6 0  . 
-

FCF (A ,R0 Z,N ,D202U) 2. *A/ R02* * N* D2D2U COMI L 41O
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APPENDIX A. COMPRESSI BLE BOR N D AB Y  LATER PROGRAM. • .CONPBL PAGE A— 4
P R O G R A M  CON PBL

F Q D I M ( CP ,S,B ,CHT ,G ,MDp —CF/(2.*S)S(8.CliT)/(MD*.2.(G~~1.)) C0111480
P D E L X ( X i ,Y I,XIM 1 ,Y I M 1 ) ~~ SQRT ((XI—XIN 1) S~~2.(YI—YIM1).S2) CONII$90
FPPAR (CI ,DN SDXPI S.D2 U ,R ,G,ND ,TEETA)aC1*DMSDXMS*O2U*~~2/ (1..R*(G_1.j/ CONI500

$2.*Mt’S2.(1.—THETA)) COM1S1O
C C 0M1 52 0
C.. • U N I V E R S A L  FUNCTIONS FOE THE METHOD C0M1530

C CO M1 54O
F A Z ( U I M 1U I ,P 1 B , N U W k N ) ~~UIM 1 UI~~* F 1 B S M U W R N  CO N1 S5O
? B Z ( U I M l U I , F1B.MUWBIhN ) (1.— U X M 1 U I * S (1..FlB))/((1..F1B)*(l.~~U IN1IJI CON1S 6O

A )) * N U W B R N  CON 1570
F A H ( U I N 1 U I , F 3 8 ) = U L M 1 U I * S F J B  C011158 0
? B I I ( U I N 1 U I , P 3 B ) = ( 1 . — U I ) I 1 U I $ * ( 1 . . F 3 8 ) ) / ( ( l . .F 3 B ) . ( 1 . — U I M 1 O I ) )  C O M I S 9 O
F F 1 ( N ,D 1 D 2 , M D ) = 2 . , N . ( 1 . .N) *0 1 02 — N D * *2  C O N 1 630
FF 2 ( N , D2 D 2 U , A ) = ( 1 . . N ) * 0 202U *A CO I)1 6 10
FI ’ 3 ( 0 1 D 2 , D 4 D 3 ) = 1 . — 0 1 D 2.2. *D1403 C 0M 16 20
FFL4 (RD2 ,N,CD ,A ,D2 D2U,HS)~~RD2**N*CD~ AsD2D2U*H5 C0M1630
F F 5 ( D M S D X M S ,hS,D 1D2 ,G,ID ,H SP ,DD2DXD2)= (DNSDXNS* (1..D1D2. COM164O

$ (G—1. )*MDs~ 2.HSS (1.—G*MD**2)).USP.HSsDD2DxD2)/(kés—1.) CON1653
FF 6 (HS . BP . B , D M S D I M S , D 1 D 2 ,G , M D ) z ( D P — B * D N S D X M S * ( 1 . + D 1 D 2 ~~(G — 1 . ) *  C 0M1 66 0

$M DS* 2 ) ) / ( I i S— 1 . )  C0N1673
FD 1 D 2 (H 1 2 ,D 2 D 2 U ,R ,G,M D ,HS,T H E T A .Ch(T)=812/D2D2U+B* (G—1.)/2. .MD**2* C0M1680

$ (HS— TUETA) .CHT S (hS— 1 .) COMI 69O
FD4 D 3 (R , G . ND , HS , TH ETA, C H T) = R* ( G — 1 . ) / 2. *MD * S 2* ( MS—TH E T A ) / HS CO N1100

$ .CHT* (H5—l.)/HS CONI 7IO
F D 2 D 2 U ( R ,G,N D ,HS ,LUr.TA~~=l ./(1.+R* (G—1.)/2. *Mfl**2* (ftS—THETA)* C0M1720

5 (2.—U S) ) C0M1130
F H S ( H ,PSI)~~H*PSI C0M1740
FR (H S. PSI) H S/P SI  CO M I7SO
!PSI (PSI12 ,MQ ,PSLJP)=1.. (PSII2— 1 .)*ND/ (ND . (PSI12—1.)/PSI)p) COM1 76O
FP S I 12 (D 1UD ,ki ,T H ET & ,G1)= (2 .— D 1 UD ) *THETA/H.(1.—D1UD) * (l .— CON117O

$THETA)/ (H*G1) C0M1783
FPSIOP (H ,TH ET A) =O. 0114S (2.—H )*(2.—?HETA)$.0.8 C0M1 790

c C0N1 8) 0
C...STATENENT PUNCIION~ FOR L A M I N A R  B O U N D A R Y  L A Y E R S  CO Mi B l O
c C O N 1 B 2O

F A L ( H ) = 1 . 7 2 b 1 * ( H — 1 . 5 1 S ) ~~*3 . 7 15 8  C 0M1 83 0
P C D L (H , k , G , M D , TH LTA , W , RD2 , D 2 D 2 U ) = 2 . *D 2 D 2 U / R D 2 * ( 0 . 1 5 6 4 , 2 . 1 9 2 1 .  C0 91 840

S ( H — 1 . 5 l 5 ) * S l . 7 3 ) * ( ( h + R * ( G — l . ) / 2 . *M D ** 2 * ( ( 1 . 1 6 0 * H — 1 . 3 7 2 ) — T H E T A *  C ON1BS3
$ (2.*d—2.581)))/(1.+R* (G_1.)/2 .*MD**2* (1._TkI ETA )))$$V COM1 86O
?H12L (H)=4.O306— 4 .2845* (U— 1.S15)*$).388b C0M 1870
FD1UDL (H) 0. 420- (H—I. 515) ** (0. 42’4~ III CON 1880
F G 1 L ( H ) ~~ O .324+0.)36* (H— 1.515) .*0.S55 COM1R 9O

C - C 0N1 9 00
C . . . S T A T E M E N T  FUNCT iONS FO R T U R B U L E N T  B O U N D A R Y  L A Y E R S  C O M 1 9 1 O
C C 0M 192 0

FAT (H) =0.03894* ( U— 1 . 5 1 5 ) * * O . 7  C 0 M 1 9 3 0
FCDTP (CF ,R D 2 , N ,JP ,J.JSP ,HS,D 1D2 ,PI)=C?/2.*((JP—II/2. *J)/(RD2 .* C0N1943

$(N/2.)*JSP)* (1..(01D2.1.)*PI/D 1 D2).Hs*(1. *(DID2—1. )/DID2*pI)) C0fl1950
FC DTRT (D2D2U ,RD2)~~ 0.O112* D2D2U*RD2** (—O.168) COfl1960
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APPENDIX A. COMPRESSIBLE B O U N D A R Y  LAYER PROGRAM.. .COMPBL PA GE A— 5
PROGRAM C0NPB L

N (D1D2 ,CF) (D1D2—i. )/ (D1D2*SQRT (CF/2.)) CON 1910
FA l (DID2) = ).329* (0.93—t.95* ALOG1O (DID2J )**1.705 COI)1 980
PJSP (A 1.DlD2 ,liS)~~~(D1D2— (D1D2 1.)*(1~~~ 0.O209366/Ai* (0.93—1 .95’ COM1 99O

S A L . O G i 0 ( D ~~D 2 ) ) * * 3 . 7 O 5 ) ) / ( S Q R T ( A 1 ) * D 1 D 2 * * 2 ) * (O • 5 5 2 1 6— O . 3 8 7 5 *H S+  C O n 2 3 ) 3
$O . 0 4 8 5 5 * S Q R T ( O . 7 7 S * 1 I S— 1 . 1 0 6 6 7 ) ) / ( ( U S— 1. 4 3 1 ) * *2 * S Q R T ( O . 7 7 5 .U S —  C O M 2 O 1 O
51.  10 6 6 7 ) )  C 0N2 02 0

? P I ( D 1 D 2 , D2 , C F , D M S D X M S ) =— 2. *D 1D 2 ’ D 2 ’D M SD X M S / C F  C 0 N 2 0 3 0
F i i l 2 T ( H ) ~~~1. + 1 . 4 8’( 2 . — H ) + 1 0 4 i . * (2 . —H) ’*6.1 C 0N2 040
? D 1 U D T ( U ) =  (2 . — L 1 ) / ( 2 . ’ ( H — l . )  ) C O N 2 O S O
F G1T( t1 ) 0. 3 0 6 +  (11— 1. 5) — 0 . 8 8 5 ’  (U— 1 .5) ” 1 . 5 3  C O M 2 O 6 O

C CO M 2 ) 7 0
C . . . R E A D , CHECK , A N D  W R ITE I N P U T  V A R I A B L E S  A N D  SET I N I T I A L  C0 N 2 08 0
C. .  . P A R A N E T E E S  C 0N2 0 90
C C O N 2 1 0 0

I P = K T R A N S = K I N S T = L C O U N T = L I N= O CO N 2 1 1 0
R R A T 1 P N = I . 3 $ DE L X DE L XIN 1=3. 3 C 0 M 2 12 0
R E A D ( 5 , 9 0 0)  Q W H I T E , F LOW ,GEO N , M T X P E , T T Y PE C O N 2 1 3 O
R E A D (5, B L )  . COM 2 14 0
K = 0  $ W R I T E ( 6 , 901)  $ W R I T E ( 4 , 90 1 )  C O f l 2 1 5 0
IF ( F L O W  .EQ. “ L A M I N A R ”  .OR. F L O W .E Q .  “ T U R B U L E N T ” )  GO TO 10 COM2 160
K~~K + 1  $ W R I T E ( 6 , 9)2 )  C 0 M 2 1 7 )

10 IF(GEON .EQ . “PLANE 2—D” .OR . GEON .E Q .  “ A X I S Y M ” )  GO TO 20 C 0 M 2 1 8 0
K K + 1  A WRI TE (6,9)3) C0 M 2 1 93

20 I F ( M T Y i ’~ .EQ .  “ M A C U ”  .0k.  NTY P~ . EQ. “ M O T A R ” )  GO TO 30 C 0 M 2 2 0 0
K = X + 1  S W H I T E ( 6 , 934)  C0M 2 1)

30 IF ( T T Y P E  . E Q .  “ T H E T A ”  .0k . T T Y P E  . LQ .  “ T N T I N F ” )  GO TO 40 C ON 2~~2 L
K = K + 1  $ W R I T E ( 6 .9) 5 )  C 0 M 2 2 3 0

40 I F ( I i 5 :~~RT .u T .  1.515  . A N D .  U S T A R T  .LL.  2 . 0 )  GO TO SO C 0 M 2 2 4 0
K = K ~~1 $ WRITE(6 ,906) C0M2253

50 IF (BsTA RL .JE. —0 .1988 .AND • BSlAaT .LE. 2.0) GO TO 60 CO’~22 63
K K + 1  $ .RLT }. (6 , 90 7 )  C 0 M 2 2 7 3

6) IF  (1 STA ~.T .G E .  ) . 3 . A N D .  MI ~ff • GT .  0 .0  . A N D .  R E I N F L  .G T .  0 .0  C O M Z 2 O U
$.~~ND. F S T I N T  .GE .  U . D  .~~ND . W .~~L . 0 . )  . A N D .  R E  . GT .  0 . 0  .A N ~~. }~T C0 M 2 2 9 ( ’-
£ . GT .  3 .)  . A N D .  SE . GT .  ). 3 . A N D .  ~T .GT .  0 .0  . A N D .  EP S .sT. 0 .0)  C 0 M 2 3 0 0
AGO re  70 C O M 2 J 1 O

K = K . 1 £ ~ R I T L ( 6 , 9 T h )  C 0 M 2 3 2 0
70 I F ( G  .~~~~~~. 1.0 . A N D .  G .L E .  1 .6! )  GO TO oO CC M 330

K = K G 1  $ W R I T E ( 6 , 9 ) 9 )  C 0 M 2 3 4 0
80 I :~ ( . N O T . ( M T Y ? E  . E~~. “ M S T A R ”  .A I .C.  N L ~~F .GT.  S Q H T ( ( G . t . ) / ( G — I . ) ) ) )  C O M 2 J S O

£~;-~ TC - i i  C 0 M 2 3 6 0
K= c . 1  ~ W R I T E ( 6 , 9 1 0 )  C O M 2 3 7 O

9-3 I F ( F  . E c.  ))  GO TO 1) )  C 0 M 2 3 0 0
W R I T I ( 6 , 9 1 1 )  $ GO TO 600 C 0 M 2 3 9 0

1) )  C A L L  M S O R T ( M I ’~F , M I N F S )  C O M 2 L 4 0 0
W R I T E ( 6 , 9 1 2 )  ~ W R I T E ,FL0 W ,G E O M ,N T Y P E , T T Y P E ,Z S T A R T ,H S T A B T ,B S T & R T , C 0 M 2 4 1 0

$ M I N ? , R E I N F L ,~~T R A N , F S T I N T , G . ,~, RL ,K T , SL, ST , EP S , N O T R A N ,H T C O R B , E R R O R  C 0 N 2 4 2 )
W B I T E ( 4 ,9 13) QW R 1T E  C 0 N 2 4 3 0
I F ( ? L O W  .E U .  “TURBULENT” .AND. ZSTAR T .EQ. 3 .0 )  K T R A N S ~~1 C 0 N 2 4 4 )
IF (FLOW .EQ. “TURS UL EN T” .&MD . KTRA NS .NE . 1) GO TO 110 C 0 M 2 4 5 )
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A P P F N D I X  A .  C O M P R E S S I B L E  B O U N D A R Y  L A Y E R  P R O G R A M . .  .CO N PBL PAGE A —  6
P R O G R A M  C O N P B L

N 1. 0  $ ~ s R L  S S=SL C0N2 146 0
F LO W ” L A N I N A R ”  $ GO TO 120 C 0M 2 470

110  N = 0 . 2 6 8  $ R = R T  $ S=ST COM2480
C C 0M24 9 0
C.  • . S T A R T I N G  S E Q U E N C E  FOR B O U N D A R Y  L A Y E R  C A L C U L A T I O N S  C 0 M 2 5 0 0
C COM 2S1O

120 W R I T E ( 6,9 14) C0M2 523
W R ITE (*4,915) C0N253O
I F ( Z S T A R T  . 1 1 K .  0 . 0 )  GO TO 150 CO M 2 S4O
IF (GECN .EQ.  “ A X I S Y M ’ ) B S ?AR T SST A R T / (3 . — B S T A R F )  C ON 2 550
N S T A R T = B S T A R T / ( 2 . — B S T A R T )  CO M 256 3
R E A D  (5 , 9 1 6 )  X I , !L , M D L , R I , TH ET I COM2 570
C A L L  M S C R T ( M D I , M D I S)  CO N 258 0
R C O R R ~~R1 S I P = I P + 1 CON 2 S9 O
IF(Mt I .EQ. 0.0) GO TO 130 C 0M 2 600
D 1 = D 2 = D999=Rt2~~)-. 3 $ 01D2~ CF=QD IM= ”— — —- ” CON26 1O
WRI TE( 6, 917)  XI ,ZSTART ,R STA RT ,D1U2,D1 ,D2 ,D~~99.RD2 ,CF,QDIN COM2623
GO TC 140 C0N2630

130 R D 2 = O . 0 $ D 1 D2 D99 9=D1D2 CF~~.1DIM ”— — — — ”  COM26 4)
W R ITE (6 ,91 8 ) X I , ZSTART ,H ST A RT ,0 1U2 , D1 ,D2 ,0999,R0 2 ,CF , QDIM COM265 0

140 WRI TE (l4 ,9 19 ) XI ,R C O R R  COM 266 0
X IM 1=X I $ TI1I1=YI $ M D I N 1 ND I C0M2670
M D 1 r 1 _I3=~1DIS $ ?PAR IM1=O .O CON268O

150 READ (5, 91 6 ) X L ,YI ,MD I ,RI ,TH ETI C0N2690
CALL M SORT (MD I ,N D IS )  COM2 100
CALL TSORT (TUETI,T W T I I ,BI ,N D I )  $ KPOINT 1 CON2 71O
IF (ZSTART .NE. 3.3) GO TO 16-3 $ DE LX=F DEL X (XI ,YI ,XJ.M 1 ,Y IN1) C0N2720
D M S D X M S (MD IS—MD IM1S) / (DELX’FMS (G ,(MD I .ND IM1 ) /2.)) C0M2730
CALL LL RRO R(DLLX ,MD1 ,MD IS ,G ,RI ,GLO M ,TWTII ) ,RETURN S (60)) COM2740

160 i I I = H S T A R T  .~ ZI ZSTAR T S CIIT=CSTART COM27S O
IF( FLO W .LQ. “TURBULENT” ) GO TO 17 ) CON27fi O
A= FAL (iLI) $ 1112= F1i12L (UI ) CON277O
D 1 1 J D = F D I U D L ( LI L) $ Gi= FG1L (HI) $ GO TO 180 C0M2780

170 A=F AT (84 ) $ h1 2 = F h1 1~~T ( H I )  CO M279 0
D1UD=FD1UDT (H1) $ G1=FG 1T(H1) COIi2800

180 IF(AflS (THETI) .LE. 2.0) GO TO 190 COM281O
P 5 1 = 1 . )  5 GO TO 23 3  C O M 2 8 2 0

190 PSIO P=F PSIO P (H1 ,T U E T I )  coti2B O
PSI1 2= IPS I12 (D1UL ,HI, T H E T I ,Gl ) C0M2840
PSI PL’Si (?S112,MD I ,PSIOP) CON2BSO

200 UIs~~F14S (aI,P s l)  C 0M 28 63
D 2 0 2 U = F D 2 D 2 U ( R , G , N D I , H IS , TH E T I )  C O M281O

- Dl D2=FD1D2 (H12,D2D2U,R,G , M D I ,1IIS,TRETL,CH’r) C0M2880
IF (ZSTART .EQ. 0.0) Z1=PF2(N ,D 2 D 2U ,A) *DELX /(1..MSTART.FF1 (N ,D 1D2 , COM2890

$ N D I ) ) COM29 00
L P ( Z S T A B T  .k . Q.  3 .)  .A N D .  GE ON . EQ. “ A X L S Y M ” )  ZI=ZI/3. C 0N29 10
C 1 = F C 1 ( R E I N F L , M D I S , M I N P S , MDI , M L N F , R , G .T H L T I , W ) CO M 292 0
GO TC 560 C 0 N2 9 3 0

C 0 M 2 9 4)
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A P P E N D I X  A .  C O M P R E S S I B L E  BOUNDARY LAYER PROGRAM. ..COMPBL . PAGE A— 7
PROGRAM C O N P B L

C.. • R E A D  A N D  CH ECK I N P U T  D*TA FOB NEXT POINT CO$ 2 95O
C C0M 2960

210 R E A D ( 5 , 9 16)  XI , Y 1 ,NDZ , R L , DHETI C 0fl2 970
IF ( E O F ( 5 ) ) 600 , 220 C 0M 298 0

220 C A L L  M S O R T ( N D I , MD L S)  COM299O
CALL IS O R’T (T UE T I , T W T I I , B I , ND I ) COM3 000
D E L X = F D E L X ( X 1 , YI , X I M 1 , Y L N 1 )  C O N 3 O 1 )
CALL IERROR (DELX ,MD I ,MD I S ,G ,R1 ,GEON ,T W T I I ) , RETURN $ (600) C0N3 020
K P C IN T= K POIN L +1 $ K T R I P O S ~ O TO 250 C O N 3 J 3

C C O M 3 O 4 O
C.. .LINEAR INTERPOLATION FOR SUBDIVIDED POi NTS CON 3OSO
C C0M3060
230 Di V= FLOAT (LIFI) C0N3070

DX1= (X I—XINI ) /DIV $ DY1=(YI — YIM1 )/D IV CON 3OBO
DM1= (NBI—NDIM1)/GIV cON3O9O
D-rl= (TUETI—TIIETIMT)/DIV $ DR1= (R1—L1IM1 )/D IV COM3100

240 XI X IM 1+DX 1 S YL = Y III1 +D Y 1 $ M D I = M D I N 1 + D M 1  C O N 3 1 I O
TUI.TI TIIETII1+DT 1 $ RI RIM1+ DR1 $ MDIS FMS (G,M0I) C0M3120
BI F B ( T U E T I ,R ,G ,N D I )  S TWTII FTWTLNF (K,G ,MD I ,N I N F ,TUETI) COM313O
IF (FLOW .EQ. FLOWIN1 .OR. ICOUNT .E~~. 1) GO TO 260 COM314O

C COM31SO
C.. .ALLOW FOR IN TERVAL SUBDIVISION IF N E C E S S A R Y  C0M 3 16 3
C COM3I7O
250 ICOUNT=L COtJNT LIM O CON 31BO
263 ICCUN T= I COUN T+ 1 CON 3 I9O

U I M 1 U I = N D I M 1 S / M D I S  C0M 3 2 0 0
IF ( I C O U N T  .k ) .  1) LLN1=IPIZ (AB.~- (1 ./UIM1UI—l.)/3.)15J.1 C0fl3210

C C O N 3 2 2 0
C. .  . C A L C T I L A T E  S O M E  c~ J A N T i T 1 E S  W k I I C H  AR E C O N S T A N T  T U B O U G H O O T  T U E  CON32 30
C... ITERATi ONS CONJ 2UO
C C O M J 2 S 3

D E L X = F D L L X ( X l ,YI ,I I N 1 ,Y L M 1 )  £ ~1DB=(MDI+NDIMl )/2 .
M D SD= F 1- - (G ,MDB ) S I t I E T B = ( T t I K I I + T k I A T I H 1 ) / 2 .  C 0N 3 2 1 0
T W T I B FT F ( ~~, G ,~~D~J , M I N ? .T H E T F )  4 BB FB ( T H E T B ,R ,~~, ?~ D i )  C ON 3 2 ~3 )

i~~ D X M - ~= (~~Di~~— ~DI~~1S)/(DELX*MDsfl) C0N3290
RP ~~ ( 3 I - B I ~~1) / L i~.LX C 0 M 3 3 0 0
~u w r ~ J- (lWTIIN1/T~~Ti I )  ‘* ( i~’N) C0M3310

~J~~UR N = (TWT1B/T ~e tJI )** (W*N ) CONJJ 2 )
L F ( G E O ’ ~ ~~~~~~~ “- ‘~~IS!M”) R R A T 1 P N = ( i ~I / i d M l )’ ’( 1 . + N )  CO~~~rI~~~O
C 1 B= F c 1 ( R E I N F L , I D S B , M I N F S ,N D B , N I N F , R , G , T 14ETD, W )  C 0N 3 3 4 3
C t ~~F C 1 ( R K 1 N ? L , MD 1S , M i N F S , MDI , M I N F , R , G ,T }jkT1 ,W) C0M 3350

C CONJ 3 6O
C . . .  MA1~J ITFUA TION LOOl FOR B O U N D A R Y  LA YE R CALCULATION S CON 337-)
C C O M 3 3 B )

I = K C D S = K T R I P O £ DH DX D H D X I N 1  S CU T CH T L M 1 C 0 N 3 3 1 0
I F ( 0 E L X I M 1  .EQ. 0 . 0 )  GO TO 270 C O N 3 4 0 0
IW ( A B S ( D F . LX / D E L X I M 1 )  .GT. 2.3) CILDX=).) C0M3410

270 HIOUD’ .HMA1N(1)~~HIM1 +DHDX* DELX CON3420
I F ( E R R O B )  W R I T E ( 6 . 9 2 3 )  H M A I N ( 1 )  C 0 N 3 4 3 )
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A P P E N D I X  A .  C O M P R E S S I B L E  B O U N D A R Y  L A Y E R  P R O G R A M .  . . C O M P B L  PAGE A— 8
P R O G R A M  C ONP BI .

280 I = I + l  $ U B = ( H I O L D ’ H I M 1 ) /2 . S C U TB— ( C U T + C H T I N 1 ) / 2 .  C 0N3 4 ’ O
I F ( E B R O R )  W R I T E (6 , 921) Ha C 0N3 450
I F ( H B  .LE. 1 . 5 1 5)  GO TO 510 C 0M 3460
I F ( H B  . L E .  2 . 0)  GO TO 293 $ W R I T E  (6 ,9 2 2 )11 S GO TO 600 C OM 3 IA 7O

290 I F ( ? L O W  . EQ. “ T U R B U L E N T ” )  GO TO 300 C OM 3 4BO
C COM3 ’*9 3
C. .  • E V A L UATE A V E R A G E  Q U A N T I T I E S  FOR L A M i N A R  PLOWS C OM 35 00
C C 0M 3 510

A B = F A L ( H B )  S 1 L 1 2 8 = F H 1 2 L (UB )  C0N3520
D I U D B = F D 1 U D L (H8 ) $ G1B ~~P G l L ( H B )  S GO TO 310  C 0N3530

C C0M 3540
C . . .  E V A L U A T E  A V E R A G E  Q U A N T I T I E S  FO R T U R B U L E N T  FLOWS CO N3SSO
C C 0 M 3 56 0

300 L.~~F A T ( H B )  $ H 1 2 B = F H 1 2 T (H B )  CO N3 S7O
D 1UD B= FD100 T (Hb) $ G 1 B F G 1 T ( U B )  C 0M 35 83

C C0N3 590
C... EVA L U A T E  U N IV E R S A L  FUNCTIONS IN ORDER TO O B T A I N  A N E W  C O N3600
C... VALUE FOB 2 AT STATION I COM361O

C 0M 36 20
31 ) IP(AE S (TU ETB) .LE. 2.)) GO TO 323 C0M3630

PSIB=1.O S GO TO 330 COM3640
3 23  P S I ) P B = F P S I O P ( H B , TU ET B) CO MJ 6 SO

P S i 1 2 B F P S I 1 ~~ ( D 1 U D b , HB , TH ET B , G 1 U )  C OB 366 0
P . i I B = F P S I  ( P S I 1 2 B , N D B , P S I ) P B )  Co M 36 70

130 H S B - = F H S ( H B , P S I B )  C 0N3680
D 2 D 2 U U = ? D 2 D 2 U  ( R , G , MD B , H S B , T H E T B )  C0M 36 9 3
04 C 3 B = F U ~~D 3 ( R , G , N U B , H SB , TH E TB ,CHT B ) C 0N3700
0 1 D 2 8 = F D 1 D 2 ( U 1 2 8 , 02D2 08 , R , G , NDB ,H SB ,T UE T B . C HTB ) C O N 3 7 1 O
F1 B = F F I (N ,D 1D2 B ,M DB) $ F 2 B = F F 2 ( N , D 2 0 2 U 6 , AB ) C0N 372 0
P 3 D = F F 3 ( C 1 D 2 B , D 4 D 3 5 )  C 0M 3 7 3 0
B Z = M t ’ W B R N  C 0M 37 40
I F ( U I M I U I  .112.  1. 0)  BZ F B Z ( U I M 1 U L , F 1 U , N U W B R N )  C 0ff375O
Z I = ( F A Z ( U I N 1 U I , F 1 B , M U W R $ ) ’Z I N 1 . B Z * F 2 B * D E L X * ( 1 . . R R A T 1 P N ) / 2 . )  C Ofl 3 76 0

S/R R A ’ I l ? N  C 0M37 70
1B ( Z I + Z I M 1 ) / 2 .  $ D2 F D 2 ( N . Z I ,C 1)  C 0M 3 78 0

C C0M 3 79 0
C . . .  E V A L U A T E  F U N C T I O N S  TO O B T A I N  A N E k  V A L U E  FOR HST AR AT C O NI 800
C . .  . S T & T I O N  I C O N 3 8 1 O
C C 0 M382 0

R D 2B F R D 2 ( N , ZB , C 1B) S D2 B~~F C 2 ( h , z B , C 1B )  C 0 M 3 8 3 0
I ? ( F L O W  .E Q .  “ T U R B U L E N T ” )  GO TO 340 C 0N38 40
CD B F C O L ( H B , R , G , MDB , T H E T B .V , 9D 2 8 , D 2 D 2 U B )  C 0M 385 3

- GO TC 360 C 0N386O
340 I ? ( X C D S  .EQ .  1) GO TO 350 C ON3 87 0

D 2 U B D 2 B / D 2 D 2 U B  C O N38 80
A 1 8 = F A 1 ( H 1 2 B )  S R D 2 U B R D2B/ t 2 D2U 8 C 0M 3 890
C F I B =2 . *A 1 8/ R D 2 U B * * N  $ C?B= F C F ( A B , R D2B , II , D2 02U 8)  CO N 39 00
JB FJ (H12B ,CFIR) S JSPB~~FJ SP (Aib ,H l 2 B ,H8) COM3 91O
PIB=? P I(d128 ,D2 UB ,CFIB ,DM SDXN S) COM3920
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APPENDIX A. COMPRESSIBLE BOUNDARY LAYER PROGRAM. • .COM PBL PAGE A— 9
P R O G R A M  CONP BL

JPB FJP (J8,PIB ,KCDS) C0N3933
I F ( K C D S  .EQ. 1) GO TO 350 C0M 39 14 0
CD~~~ FCD T? (CFB , 9D2 US , N , J PB ,J B . JS PB .H B, H 1 2 b , P I B )  S GO TO 360 C 0M 3950

350 CDB F CD T R T ( D 2 D 2 U B , R D 2 B )  C0M 396 0
360 F 4 8 = F F 4 ( R D 2 B , N ,C DB , AB , D2 D 2U B , USB) C 0M 3 970

1 P ( B R R O B  . A N D .  FLOW .E Q .  “ T U R B U L E N T ” )  W RI ’FE (6 , 9 2 3 )  A 1 B ,C F I B , J B , C 0 N3 9 8 0
$ J SP B , P I B , J P 8 , C D B , P W B  C 0 N 3 9 9)
811=1.0 CONW000
LF (UIII1 U I .NE. 1.0) BR=FBH (UIM 1U I ,?38) C O M W O 1 O
lIIS~~FAH(UIM1OI ,F3B) ‘HIM 1S +B11*PI4B/ZB*D I~LX C 0 N 40 2 0

C C0N4030
C.. .ALLOW FOR INTERVAL SUBDIVIS ION I? NECESSARY CON4OIIO
C C0N4050

I? (ICOUNT .GT. 1 .08. I •GT . 1) GO TO 373 COM4-360
LI M 2=L FLX (ABS( H IS—H I Iti S) /O.0025).1 C0N4070
L IM .tiAXO( L !M 1 ,LIN2) $ L IMU P=5O CONRO 8O
LIN=MINO (LIN,LIMU?) COM4O9 O
IF (FLOW .EQ. “LAMI NAR” . A N D .  K PO 1NT .L E .  10) L Z M = 2O C O M 4 I O O
IF (KPOI NT •LE. 2 .08. FLOW .NE. FLOWIM1 ) LIN=SO CON411O
IF (tIN .GT. 1) GO TO 230 CONII 120

C C0M 4 1 3 0
C. .  • E V A L U A T E  F U N C T I O N S  TO F I N D  A N E W  V A L U E  OF CUT FOR UTCORR .TRUE. COM41’lO
C COM4 153
370 IF(.NOT. (IITCORR)) GO TO 390 C0M4160

H3P-=(HIS—HIMIS) /DELX $ DD2DXD2= (D2—D21111)/ (D2B*DELX) COfl4170
FSB=FF5 (LISDXNS ,H S B ,D 1 D 2 B .G,1iDB ,HSP ,DD2DXD2) COMI418O
?6B=FF6 (HSB ,IIP,BU ,D N S D X M S .D1028,G ,MDB) COM41 90
I F ( P 5 B  .N E .  3 .) )  GO TO 380 C0M4200
CHT=CHTIM 1+FbB *DELX $ GO TO 390 C 0 N 4 2 1 0

3B 1) C”r’P68/f581’(CIJTINI—?611JF5B)*EXP (—F5B.DELX) CONW22D
c C 0 N 42 3 0
C.. .A NEW VALU E FOR HSTAH AT STATIO N I IS NOW K N O W N .  ITERATE CON4 2 (4O
C... TO FIND T H E  C O U R ~. S P O N D I N U  H V A L U E  C0N42 50
C C0M14260
39) 11=) $ ~1I=41INNER(1)=FU(HIS ,PSIB) COMW 27O

LP (ERROR ) WRITE(6 ,924) HLNNER (1) C0M4280
(4 ) )  1I=II+ 1 CON’429O

1F (HI .LE . 1.515) GO TO 510 C0N4300
I?(HI .LE. 2.3) GO TO 4 1 -) $ WRtIE(6 .922)XI S GO TO 6)3 C0N4431)

410 (FLfl~ . E~. “TURBULENT”) GO TO 420 COM’4320
D 1 U D = F D 1 0 0 L ( R I )  A G 1= F G 1L (Ui) $ GO TO 430 C0M4330

4 2 )  D1UC=FD1tJDT (ht) S G1= FG1T (HI) CON ’4340
43-3 IF (ABS (THETI) .LE. 2.3) GO TO 443  C O N 4 3 S O

PSI 1.0 S GO TO 450 C0N4 360
e 4 )  PSI)P= Fi?SI)P (HI,THETI) S PSI12=FPSI 1? (01UD ,HI ,TH ET I ,G1 ) C 0ML1370

PSI=FPSI (PSI12 ,NDI ,PSIOP) C0N4380
4 5)  1IIN EW= UIN NER( I1+1)= FH (UIS,PSI) COM43 9)

LF (ERR O 8) WRI TE (6,925) II + 1,HINMER (1I+1 ) CON4400
t?(AB S( (Hi— U1NEW ) /IIINEW ) •LE. EPS/1O.) GO TO 470 CONI4 IA1O
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PROGRAM CONP BL

IF (II .GE. 20) GO TO 460 C0M6 20
HI=H INEW S GO TO 433 C0N4’$30

460 VR ITE (6,926) XI ,(IP1 ,HINNER (IP1),IP1= 1,2 1)  S GO TO 600 CO N *4N0
47) HI=HMA III (I+i)= (L11’HINEN) /2. CON4le5O

I!(ERROR) WRLT! (6,927) I + 1,HMA LN (I.1 ) ,BI ,CHT COM IIW6O
C COMW I$73
C... THE V A L U E  OF H AT STATION I FOR TH iS iTERATION IN THE MAIN C0fl44$80
C.. .LOOP IS NOW KNOW N . CON TINUE ITERAT ING IN M A I N  LOOP IF  COMI$490
C . . .  N E C E S S A R Y  CO fl*500
C COM W51O

IP (A BS ((HI— EMA IN (L)) /UI) .1.3. EPS) GO TO 533 COR6523
I F ( I  .GE. 20) GO TO 490 COM4530
IF (.N0T. (ICOUNT .EQ. 1 •AND. I .GE .  5 . A N D .  E TRIP .EQ . 0 ) )  CO M4$543

$00 TO 480 C00t4 550
K T R I P 1 $ L 1M 20 $ GO TO 230 C O N W S 6 O

483 HIOLD=HL S GO TO 283 CO*4$570
490 WRIT!(6,928) XI , (IP2 ,H M A I N ( 1P 2 )  ,IP2= 1,21) $ GO TO 600 c0N4580

C C0N4590
C.. • CONVERGENCE FOR 11 AT STATION I IN T H E M A I N  I T E R A T I O N  LOOP HAS C 0M4 600
C.. .OCCURRED. CHEC K FOR SEPARATION CONI$ 613
C C0N4620
500 H1=(H I+HMA IN (I))/2. COM*630

IP (HI .GT. 1.515) GO TO 520 C0N464$0
510 IF (FLOW .EQ. “ L A M I NAR”)  WR ITE (6 ,929)  XI C O M N 6 5 O

IF (FLOW •EQ. “TURBULENT”) WRITE (6,933) XI COM W 6 6O
GO TO 600 COM W 67D

C COM468O
C. • .CAL CU LATE AND 281W? OUTPUT VARIABLES OF INTEREST C0M4690
C C0M4700
520 I?(HI .LE. 2.0) GO TO 530 $ WRITE (6,922) XI $ GO TO 600 COM R 7 1O
53) IF (FLOW .EQ. “ T U R B U L E N T ” )  GO TO 540 C 0M4 72O

A = F A L ( H I )  $ H 1 2 F li12L (HI ) $ D 1 U D F D 1 U D L (HI) C O M W 7 3 O
GO TO 550 COM4740

54$ ) A=FA T (11l) $ H12=FU 1 2T (fII) S DIU D=F D1UDT QII) CONW7SO
550 D202U P02020(R ,G,IID I ,t1IS,TKETI) CONI$760

D1D2= FD1D 2( 1112,D 2 D 2 U , R ,G ,N DI ,UIS,THETI,CIIT) CONW7 7O
560 D2=FC2(N ,ZI ,C1) $ R D 2~~FRD 2 (N ,ZI ,Ci) COfl4180

R D 2 U z F R D 2 U  (802 , D 2 D 2 U , R , G , M DI , TH E T I )  $ D2 U~~D2/D2D2U C0M790
D1=D2 ’01D2 $ CF =F C? (A ,RD 2 .W ,D 2 D 2 U )  S R C O R R = R I . D 1  C OMR 800
QD IM=FQDLM (CF ,S,Bi ,CHT,G,ND I) S D999= (H 1 2 ’ 0 2 ) / ( D 1 U D * D 2 D 2 0 )  C O N W 8 1 O
LCCUNT LCOUNT +1 ~‘ON482O
IP(LCOUNT .LT. LIM .AND . (.MOT.ERROB) ) GO TO 583 COM 4833
IP (EBN OB .08. (IP .13. 17 .AND . ?LOAT (IP— 17) .NE . 25..PLOAT (( COM II84O

$Ie— 17)/25))) GO TO 510 C 0M4 853
W R I T ! ( 6 ,901) S WR ITE(6,91 (4) C0M4860
WRITE(4 ,901) $ WRIT E (4$,915) C0N4870

57)  IP ~~I P + 1  C O N W 8 8 O
W R I T E ( 6 , 9 3 1)  XI ,ZI , HI , D I D 2 , D1 ,02 , 099 9 ,8D 2 ,CF , Q D I M  C 0N4890
W R I T E (4 ,9 19)  X1 , R CORR C O M N 9 J )
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P R O G R A M  CO M P B L

C C O N 4 9 1 O
C... CHEC K FOR TRANSITION C0M11923
C C OMW 93 O

580 F L O V I M 1 = F L O W  C0M 4940
I F ( P L O W  .EQ .  “TURBULE N T” .O R .  N O T R A N  . O R . ( X T R A N  .141. 0 . 0  . A N D .  XI  CO M1$ 95 0

$ .L1. X TRA N ) ) GO TO 593 COM4 963
P P A R I ~ F PPAR( C 1 .DP( SDXMS , D 2 U ,9,G ,MDI ,THHTI) C0M4970
IF (Z STA ZI T . 1 4 2.  0 .0 . A N D .  ((POI NT . E Q .  2) P P A R I M I = F P P A R ( C 1 I M 1 , CO(111983

$ D N S D X M S , D 2 U I M 1 , R .G , M D I M I , TLI E T Z M 1)  C OM4 99 0
IF ( X T R A N  . N E .  0 .0  . A N D .  I I  .G E .  I T R A 1I ) K T R A N S I CO M 5 000
CALL T R A N S ( Z 1,H I) C O M 5 O 1 O

C C0 M 5 0 2 0
C...SHIFT I QUANTITiES TO 1—1 QUANTITIES AN D REA D THE NEXT POINT COMS33)
C... FOR THE BO U N D A R Y  LAYER COMPUTATIONS COII5OWO
C C0M5 350
590 DU D XIM1 = O. 0 COM 5O6O

IF ( ( ( P O i N T  . G T .  1) D IIDXIII1 =( RI -elIMl )/DELX COM5O 7O
X I M 1 = X 1  S M D IM1 MD I $ 1tLIMIS =M D IS S DELXIMI DELX COMSO8 O
TR ETIM1=TII ET I $ TW T IIM1 = TldTII $ R I411=R I S YIII1= Y I C0M5090
H L M 1 = M I  $ HIM1S=II IS $ ZIM1~~ZI $ PPAR IN1 PPAR I COM5100
B I M 1 = B 1  $ D 2 1 N 1 D2 $ C H T I M 1 = .II T S D 2 U I M 1 = D 2 U  C 0 M 5 1 1 0
C 1 I M 1 C1 C0N5 120
IF ( L C O U N T  .LT. t iN )  GO TO 244 0 C O M S 1 3 O
GO TC 2 1 3  C O N 5 1’4 -)

600 STOP C0fl5150
C CONSI6O
C. • .FORM ~~T S T A T E M E N T S  C0M 51 70
C C O N 5 18 O

9) 3  F O R N A T ( 5 A 1 3 ,/ , 4 A 1) )  C0M51 9 0
901 FO 3 M A T ( 1 H 1 )  C0fl5200
9)2 ?OR M A T (/ ,4 3 X , *INPU T ER R OR: FLOW MOST EQUAL “ L A M I N A R ”  OR $ , C O N S 2 1O

3 * ”TURB U LEN T ” *) COMS22O
903 F O R M A T (/ ,L $ D X .* L N P U T  E R R O R : G E O N  M F J S T  E Q U A L  “ P L A N E  2 — U ”  OR *, COM S 2 3)

S*”AXISfl”) COM5243
904 FORMA I (/,-~)~~,*L N P U T  E R R O R :  M TY E ’ E M U S T  E Q U A L  “ M A C H ”  OR ‘, C0N5250

$ * “ M S T A R ” * )  C0N526 3
905 ? O R M A T (/ , 4 ) X , * L N P U T  E R R O R :  T T Y P E  M U S E  E Q U A L  “ T H E T A ”  OR ‘, C0M527 )

$S”TWTINF”*) COMS2H)
906 FORNAT (/,4)X .,”IMPUT ERROR: L1S’LA RT MUST BE .07. 1.515 AN D  .LE. ” , COMS 2 9O

5” 2 . 0 ’ ) C0M 5 330
907 ~0i4MA T (/,4)X.”INPUT ERROR: BSTART MUST BE .0 3.  — 0 . 1 9 8 8  A N D  “ , C O N 5 3 1 O

- S” .LE . 2.0”) COMS 32J
908 FOHMAT (/ ,,JOX ,”INPUT P.880k: ZSTART,F S T I N T , W MUST BE .02. 3.) “ , C0N533)

$ “A N D  M L N F ,R E L N F L ,RL ,,R T ,SL,ST.EPS MUST BE .GT. 3.3”) COM5 3L4 3
909 F O R M A T (/ , 4 ) X , ” I N P U T  £44808 : 0 M U S T  BE .uE.  1. ’) A ND . LE . 1 . 6 7 ” )  C O M S 3 5 )
910 FORMATV , 4)X , ”iNPUT~~E .RR3R: MLNF’ MUST BE .LE. SQRT ((G+1.)/”, C0M5360

A” (0—1.))”) C0M537)
911 PORMAT (// .58X ,”EXECUTION Dk.LETED”) C015380
9 12  F O R M A T  ( 3 2 X , ”C O Z~PRE5 S1 BLE R O U N G A R Y  L A Y E R  R E S U L T S — — C O M P U T A T I O N A L ” , COM 539 3

I

74

~

C’

~

--.-- - ~~~~~~~ ~~~~~~~~~~~ 



THu PAG! IS BEST QUALITY ACTLCA~I1
J~ )3L COPY PUB2’i-ISkiE4D TO DDC ..._.,.. -.—-

A P P E N D I X  A. COMPRESSIBL E BOUNDAR Y LAYER PROGRAM.. .COMPBL PAGE A — 1 2
PROG R A M CCM PB L

$ “ METHOD II OF W ALZ ” ,//j,261,8A10,/.58X ,”INPUT PARAMETERS :”,//, COMS400
536X ,”FLOW = “.1X ,A13 ,6X, ”GEOM = “,1X ,A13 ,51, ”M?Y PE =“,lX ,A l O ,/, COM54 $13
535X ,”TTYPE •“.1X ,A 10,’41,”ZST*RT = ,G10. ’s ,SX ,”HSTART ““,G1O.4,/, COMS II2O
$3 4X . ”BS TART =“ ,0 1) . 4 , 1X , ” M I N F  = “,G13.4$ .Sx ,”REIWFL “,G10.4,f, C0115’$30
335X ,”LTR AN = “,G10. l4,SX , ”FSTINT “,Gl3.4 ,1-3X,”G = “,G~~0.le ,/, C0M5443
$ 3 9 X . ”W ~ “ . o 1) . .9 X , ”R L “ ,G 1 3 . ( 4 , 9 3 , ” Rr “ , G 1-) . 4 ,/ , C 0M 5 450
$38X . ”SL = “,G10.4 ,9X ,”ST “,G13. 4,UX ,”EPS “,G13 .4,/, CON5460
£14X. ”NOl’t1AN = “,IX ,L 1.131,”4ITCORLI = “, l I ,L I ,l’AX ,”ZBBOR = “,lX ,Ll , COM 5W7O
A///,62 1 , ”RESULTS : ”,/) COMS4SO

913 FORM )I T(//.5)X .”CORRECTED BOUNDARY CO—ORD INAT ES ” ,//// ,2 5X ,8A 10 ,///) C0M549 ()
91 (4 FO IIMAT (4X ,” A X I A L ” ,1)X ,” Z ” ,11X, ”kt = ”,9X, ”SHAPE” ,5X, ”DISPLACEM ENT ” , C0M 5533

$JX ,”M O N E N T U M ” ,l4X ,”99.9% B .L.”,2X, ”MOIl . THICK .”,33,”LOCAL SKIN” , C0M5513
$21 ,”D IM E N SIONLESS ’ ,/,31, ”LOCAT ION” .3X ,”D2* (8D2*SN ) ”,41, CONS52O
4 ” ( D 3 /D~~)U ” ,6 X ,”FACT OR” ,5X ,”THiCKN,.SS” ,4$X .”TuICKNESs ”,4x, C0N5530
$“TUI CKNESS” ,5X ,”F~.YNOLDS ”,5X ,”FkjCTtoN ” ,4X, ”LOCAL VALL” ,/,51, C0M5543
$“ (L)” ,lOX. ”I L ]”,21X ,” (D1/D2)” ,8X ,” [L]” ,1)X ,UL L ] ” ,13X ,”(L)”,9I , COM SSS3
$“NUMBER” ,41, ”COEFFICI EN T”,l$X .”HEA T FLUX ” ,//) COM556 3

9 1 5  F O R M A T ( 3 4 $ X , ” A X I A L  L OCA T 1O N” ,29 1, ” A X I S Y N N E T R I C  R A D I U S , OR ” ,/, C 0M5513
$4Ox, ”LL)” ..31X ,”2—D DISTANCE FROM CENTERL INE” ,/,871,”[LJ” ,//) C0M5583

916 FO RMAT (SF1O. 5) COM5593
917 FO RM AT (3 (1X ,012 .6) ,51,A4 ,4$X ,4$(1z,G12 .6),2(51,A4 ,4$x) ,/) COMS 600
918 F O R M A T ( 3 ( 1 X ,012. b).4 (SX ,A4 ,41), 1X, G12 .6 ,2 (51,A4 ,4X) ,/) C0M5 610
919 FO RM AT (2 (35 1,G12 .6) ,/) C0N562O
920 FOEM AT( 17X ,”UM&I44 ( 1 ) ” ,G12.6) COMS6JO
921 PORNA T(2 2X ,” H B A R = ”,G12 .6) C0115640
922 F O R M A T ( 1 X . o 1 2 . 6 ,// ,2 41 , ”PLI O BABL E C O N V E R G E N C E  PROBLEMS:  H “ , C0M5650

$“EXC EY.OS 2.0——BOUN DARY LAYER COMPUTAI LONS TERM INATED ”) CO 145660
923 ?ORMAT (2X. ”A= ”,G12.6,1X, ”CPI~~”,G12. 6,1X,”J= ”,G12.6,1X , C0M5670

COM S6BO
S1X ,”VL4= ”,014.6) C0M5693

924  F O R M A T ( 1 6 X , ” H L I I N L R (  1) - = ” , G 1 2 . 6 )  - CO M5 7) 0
925 F O R M A I ( l o X , ” H I N N E B ( ” , 12, ” ) = ” , G 1 2 . 6 )  C O M 5 7 1 3
926 F O R I i A T ( 1 1 , G 12 . 6 . / / , 38X, ” CON VE RGEN CE PROBLEMS FOR B G I V E N  USTAB: ”, C0M5723

5” E X E C U T I O N  H A L T L D ” ,// , (514 3 , ” H I N N E R (” , I2 , ” ) = ” , G 1 2 . 6 ) )  C 0M57 3 3
927 FORMAT( 1 7K , ”nMAL N (” ,X 2 , “) = ‘~, 0 12 . 6 , 23 X , ’a 8&’.G l 2 . 6 , 2O X ,~ I C H?= 1I ,G 1 2 . 6 )  C O M S 1 W O
928 F O R M A T ( I X , G 1 2 . 6 .// , 32X , ”CO N V E K G E N C E  PRO BLEMS FOR ii IN MAIN “ , C0M5750

$ “ I T E R A T I C N  L O O P :  E X E C U T I O N  H A L T E D ” ,// , ( 55 X , “ U M A I N  (“ ,12 , ”) = “, C Ofl5 763
$012.6) ) C0M5773

929 F O R M A T ( 1X ,G12. b ,//,3 1X ,”LAMI N A R  S EPAR A TION——BO UNDARY LAYER “ , C0N5780
$“COMPUTA TION S TERMINATED” ) C0N5793

93 ) FORM A T ( 1 X ,012.6,//,381, ”TURBULE.$T SE PARATION——BOUNDARY LAYER “, C0145830
$“COM PUTATIONS TERMINATED”) coM SBl3

931 FO RM A T (1 0( 1X , 012.6),/) C0M5820
RIl E COMS 8JO

75



______________ 
- ;_.. •, _—_____.__ ~_ .____._____. _____ -_ ~~~— -— ~---——~~~~ ----‘-..=—~ —— _ _ _ - -~~-._~~~~ .— —-.—_. - -

]~HIS PAGE IS BZ~T QUALITY P AC1~I(~&~LI
~~~ QQ?~ zsi~~ TO DDC

A~~~EN D IX A. COML’~~.S.iIøLH U O U N U A I 3 Y  LAYk .E PRCGRAM. ..COMPB L PAGE A — 1 3
FUNCTiO N FJP

?(J N CTIOK FJP (J ,P ,XC DS ) FJP 10
C FJP 20
C.. .FU’IC TICN SUBP ROGRA M FJP EV A LUATES J’ ~~~ FLLSCII’S TU HBU L LN T FJP 30
C . . .  C I S S L P A 1 I O N  L A W  1? 3 A$ D P ARE iN 111~ P R O P & R  R A N G E S .  O T I L E R —  FJ P 40
C.. • W I S E  KC D S IS  SI T TO 1 A N D  TIl E R C TI *—T RU CKENBRO DT DISS11~A TiON FJP 50
( . .  • L A W  IS US~~D IN TLIE ~~~~ PR OGR A M FJP 6)

P3? 70
I I P L I L L t  i~E A L ( J )  ?JP dO
D I M E N . I ON . I ? ( 1 7)  ~jp 90
D A T A  J P / — i O O . , -2 0 0 . , — 1- J J . , — 5 0 ., — 4 0 . .— 2 0 . . O . , 2u . , 4 0 . , 6 0 . , R D . ,  FJP 100

P3? 110
J?10O (X )=—9. ~~188 b5878d 72 9.1 .1903454lJ2O6 3*Y PiE’ 120

3 1 50  2 2 7 l~— J * X * * 2 — J . 1 8 3 4 3 , 4 3 J ) 5 4 4 b 8 j - — 3 * X * 4 J  P3? 130
£ . ) . 1 4 1 4 ~u 9 1 3 3 3 l I 1 f ~L — S ’ X * ’ 4  FJP 1(4 0

. l P 8 ) t X ) = — 4 .3 l 4 1 i 7 3 1 7 o 1 ~~16 * 1 . 3 O 1 (4 2 b J 1 1 5 , j 4 * X  PiP 150
~— O. 1 1 2 5 J 0 b 7 1 5 9 9 2 4 L — 1 ” X * * 2 , O . 4 7 2 7 5 5 1 0 5 4 b 3 0 8 E — 4 4 * X * * 3  PiP 160

J? 6 ) ( X ) = — 1 . ) ) ) b 4 4 4 7 8 4 4 8 4 4 3 ~~1 . 3 5 o ? 9 0 U 1 3 7 3 ’,*X PJP 170
~ — 3 . 1 3 2 2 ~~1Jt ~ i Q E— 1 * ~(’* 2,0. 165~9o6r,5,h 44i_4.L,*3 P3? 180

J P 4 ) ( ~ ) = 1 . 5 4 ~ 23~4 5 1 1 7 1 9 ) + 1 . O 5 4 L 1 J 5 ~ O5 b3 O * ) 4 FJP  190
3 - 0 . 3 ( 4 l b O S 9 t d l L — 1 * 1 ( * * 2 + O . 4 4 4 1 3 3 3 1 4 3 1 2 3 4 2 E — 3 * X * * 3  F iR 200
~~
- ). 2 2 J 7 6 ~i 17 5 87  ) 5 4 E — 5 * X * * 4  FJP  210
J ~~2 3  ( X )  = 3 . f - U 7 S 1 D 5 3 1 1 7 9 4 i ’ 1 . 8 5 3 5 2 ~~32~,1j 1 0* ,( P iP  220

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ PiP  2 3 - )
4 (J . 3 8-4  )~~,, 75 ,t , ..— 5 * X * * 4  FiR 2 4 0

JR 3 ( X )  = 7. )1- 1 , 44 Jhj~,6 )2~ + 1 . 0 4 06 6 1  1~ 1 7 5 14 1 * X  P iP 250
c— -).51~ 1 1.~22d 1 - ~~~ — 1*X** 2,O .8174-94i08 3B9 - 9~._ i*X **3 PiP 263
5 — ) . (4604 3 ) ) ) 5 7 8 J 9 2 E — 5 * X ’ *  PiP 270

J r ” 2 0  ( X )  ~~- .- 4 2 3 h 1 7 2 1 8 2 1 6 8 + 2 . O L 4 5 5 3 1 j 6 2 5 1 3 3 * X  P iP  2 4 4 3
5 — ) . ~~S 5 j 6 ) 5 1 1 t ~~~ 

)r ._ —1 *x** 2 +) .13J) 7115 3155 9 81_ 2 ,X** 3 FJ E ’  2~~ )
£ — ) .  £~~J~ 50 j C 5 o - ~~ L —  5’ X* *44 pj p 33)
it’ ~ -4 3 ( X )  1) . 75 d ?j ) i 6  ) 0 4  i 9 +2 .  )h2~ic 273L4 b j J J ’ X  F JP  3 1 3

~— O . F J 7 ) 2 1 0 0 ) 3 5 . f ~_ 1 * ~~~ * 2 + 0 . 1 1 7 S C 6 4 1 1 1 5 5 1 1 L _ 2 * X * * 3  FJP 320
~— ).(993 2~~12d1~~)1~~~— 5*h** (4 FJP 3 3 0
JPMS3(X) = 11 . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ PiP  340

2 2 1 1 2 3  ~.— 1 * ( ~~*~~+ ) . t 1 - j )5329 .. 1 - J 4 84 ,~— 2 * X * * 3 FJ4’ 3 1 - ,
s- . 7 1~ -3j C t .  3~i. 175 ’4 h — 5 ’  ~* *4 FJP 360

~~ - i1 )~ ~X )  = 1 3 . 2 , 2 1 3 7 , 6 ) 3 2 ) 4 - 2 .  1 7 9 0 y 8 5 5 1 b 8 f - 1 ’ X  FiR 3 7 0
5 — ) .  7 5 1 : , 1  J 3 4 0 ~~~~~~~ — 1 *~~* * 2t u .  12 6 3 2 7 4 1 i  146O6 ~’— 2 * X * * 3  P iP  3 4 )

)~ 7 l 4 ) ,..~ j~- ) - ~ L4 1 h - ) — 5 4 -  j( * *4 4 P iP  19-)
1i~~ 2 ) )  ( < 3  3 • L 4 u 3 4 1 , 2 3 9 ’4 4 2 4 4 + 2 . 4 6 3 5 4 3 Q 9~, 4 7 9 2 *X  F iR 3

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ PiP 4 1 ~~~

~4 — ) . )~~7 2 3 7 3 5 ~~4 1 3 5 L — 5 * X * * 4  F,],’ 4 2 0
J? ” 3 ) ) ( . ( ) = 1 5 . 4~~- - 1 5 3 3 6 i 6 ) d + 2 . 5 9 U 4 5 1 1 7 - 1 3 ’ j -, * .( P iP  4 3 0

FJP - 4 4 3
FiR 4 45 0
FJP 4460

- 3 P ) 1  (~~) -~~~ ; . 4 ) + ) . .~~’A  PiP  -47 )
FiR 441 3
FJP 44 44 )
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A P P E N D i X  A .  C OML ’8t -3 S I D L E  B O U N D A ? X  L A Y E R  P R O G R A ’ i . . . C O M P B L  P A G E  A — l W
FU’4CT1O~ ~‘Jt

J 1?M3 31( X )=C3 .79+O.4’X P3? 530
JLtMU= J~’M300(P) ~ JL~~1L JP1 )) (2)  P3? 5 1 )
I F ( P  .G T .  73 . )  J L I M U J~’ M 3 O 1 ( P )  ?JP 520
I’{P .G T. 73 .)  iLI~1 L = J? 1 0 1 ( i )  PJP 533
IP (.NG1. (P .LT. 0.0 .044 . ,J .GT. 0~.t M ~J .044 . 3 .LT. JLIM L)) 00 TO 10 P3? 540
K C D S = 1  S R E 1 ’ U R N  P3? 550

1) IP (P .-~,T. 7).)) 01.) TO 1 2)  P3? 560
i F ( J  .LE. JPM2O3(R ) ) 00 TO 20 FJP 570
1= 1  3 F R ,~C= ( J — J P M  3 3 )  (P)  ) 7(1 ~M 2  3)  ( 1’) —JP’(l)) (P )  ) S ~O IC 1(~ 3 FJP 58)

2 0 L F ( J  ~~~~~~~ JP6 13 3 ( P ) )  oo 10 3 3  PiP 590
1 = 2  ~4 = ( . ~ - J P i 2 ) ) ( ~’) ) / ( J 1 ’ 1 1 ) ) ( P ) — , J p 1 2 J 3 ( P ) ) S 0 ~‘C 16) PiP 6) )

30 ~ F ( J  . L E .  J 2~-’5 3 ( P ) ) ii 1. ) 4 4 0  FJP 610
3 = 3  $ i R A C = ( J_ J ?~1 1) ) ( ? ) ) / ( J F 9 3 ( L ? ) _ J~4 M 1 ) ) ( P ) ) S GO TO 160 P3? 6 2 3

~ IP(J .L ~.. J P M L e J ( [ ’ ) ) GO TO 50 FJP  630
1~~~~4 S ~R A C = ( J — J ? 1 5 ) ( P ) ) / ( , J J M 4 . ) (P ) - J i ’ M 5 ) ( p ) ) $ GO TO 16)  P J P  644 )

53 I F ( J  . L _ .  J2Y23([)) JO ‘10 60 PiP 650
~ ~~~~~~~~~ (i—J1’14 )(P))/ (Ji’~ 2 ) ( ~~~) —J P~~4 4 ) ( P ) ) S GO TO 160 P3? 6 6)

t I F  (3 . LF. TPC (1’ ) 3 00 TO 70 PiP 610 ‘ -

~ F 14A C = (i -J ~~~ 2 3  (P 3 ) / ( J t ’ J ( t ’ )  — J P 1 1 2 ) ( P ) )  $ GO TO 16)  PiP 603
13 ~~(J .LE. 3P20fr)) GO TO 80 YiP 690

1= 7 $ ?E- 4C (J - - - J ? ) ( P ) ) / ( J P ~~) ( L ’ ) — i 2 ) ( P ) ) S GO TO 1 6)  PiP 7) 3  -

B )  I” 3 - J  .L ~~. Ji’ 440 (P),4 GO TO 90 PiP 710
1 - h A C = ( J — J i ~~ ) ( ~~) ) / ( i i~4 ) ( P) — J ~= 2 ) ( P ) )  $ GO ‘10 16) FJP 723

4 3  I F ( J  .L.: . Ji’LO(P)) GO TO 100 FJP 730
1= ,  F t 1 A L =  ( d -~,i~ 44 ) (2) 3/ ( JP 6  ) (~ ‘) —JP4 3 ( 2 ) ) $ GO TO 16)  P3? 7’4 0

1 ) )  I P ( J  . L F .  J 4 0 0 ( I ? ) ) JJ TO 110 F iR 750
1= 1-3 •~ P - A C = ( 3 — 0 2 ’  )(P))/(Jt’i)(~ ) — J t ’6 ) ( i ’ 3 ) $ 00 10 16) PiP 76)

110 1 - 1 1  ~, F C= ( J — J P O O ( L ’ ) ) / ( J j 1 0 3 1 .P ) — J P 8 0 ( p ) ) $ GO TO 160 PiP 7 7 0
12 3  L F ( J  . 3 . E .  J 2 M 2 ) 1 ( 2 ) ) JO TO i i i  PiP 780

1= 1 3  ~ F(, ,~~ - ( J — J 2 ? 1 i 0 1  ( E ) ) / ( J j ’ M 2 0 1  (P)— J ~’M 3J1 (2) 3 P3? 790
GO £ C  ) t , ) PiP ~ 0-3

3 3 - ) U’ (.1 . L~~. J2~1 10 1( 2 ) )  GO 10 34 0  FJP 010
~ Fl~ . C = ( J — J ? 3 ~2 3 1 ( ? ) ) , ’(JP~~13 1 ( 2 ) — J p M 2 J 1 ( p ) )  FJP 82 3

.4) IC 1 60 PiP 4430
1t4 ’.) L ? ( J  .L h .  J~~u 1 ( P ) )  00 TO 153 PiE ’ 84)

1= 1 5  4 ? r i A L =  ( J — J 2 3 t 1 3 1  ( P ) ) / ( J ~’O 1  ( P ) — J i ’~~1O1 (P ) ) $ GO TO 160 P.7? 850
1 50 1= 16 Fl  A L =  ( J — i P 0 1  ( P ) )  / (J2 1)1 (?) —J23 1 (P)) PiP 86)
16) PJ 2 = J P ( L )  +PI$ ?1C* ~iP (i+ I) —iP (I)) PiP 870

YiP 88(3
P3? 890
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~ LIS PAGE IS BEST QUAId1T~ PP~L~~ICABI4
~~~~~~~~~ OO.PY Ft~~ zSi~~ TO ~~~a

A ?PENDL X A. C 0 R ~~SSIB L~ BOUND A&t l LAIEL PROGRAM.. .COM PBL PAGE A — i S
S U B R O U T I N E  T R A N S

SUIJEOUTINE T K A R S (~~,6) TRA 1)
C I RA 20
C . . .  S U D R O U I I N L  T E A R S  C EE CKS FOR T R A N S I T I O N  FL4ON A L A M L N A b  TO A T U K B L I —  TR A 30
C . .  • T , E N T B O U N D A R Y  L AY ~~E U S I N G  TH E R E Y N O L D S  N U M B E I ’  B A S E D  ON T I L L  I N C C M —  TEA 4- )
C . . .  P R L S S IB L I ,  A D I A B A T I C  M O M E N T U M  T L I i CK N 6 S S .  144 E POINT OP I N S T A R X L I T Y  IRA 50
C.. .15 FOUND USiN G A L U k V E  FiT TO 111k. INC OM2H ~~SSIRL I COMPUTATIONS OF IRA 60
C ...WAZZAN , E.T. AL. III.. TRANSIT ION PCJ,NT iS 1HEN POUND USiNG A CON— IRA 70
(... R E L A T i O N  TO G 1 4 A N V l L I . ~’5 DATA P OE ‘I Ll S D I S T A N C E  IJ ETWELE TkIF IRA 80
C . . . I N S T A B I L L T X . A L I D  T t 4 k M S I T I O N  P O I N T S , A N D  A C O P H E C T I O N  i”OR F R E E S T I < E A N  ThA 90
C . .  . T U E I 3 U L E N L . E F F E C T S .  IRA 100
C - T R A  1 1 )

I ’ i RLI C I ’ i  I ( F A ~~ (J , I~, N) TRA 12t )
R E % L  N T G P A I .  IR A  1 3)
co C N/ cT I)A / R o 2 , s , N , R 1 , s, S-r ~~F Lo ~~, G, i c Y L - E , T T Y P E , M I N F , K T a A N S , TIlk 140

S K I N S T , RD 2 3J . L L A ~~I , 2 P A R I i 1 , DE L X , F S T i N T  IRA 150
IP(KIL ~sN S  .~ Q. 1) 06 10 2)  T E A 150
L F ( r C I N S T  . r c ~ . 1 )  -38 TO 1 )  I R A  170

C T R A 7 8 )
C. .  .6412 C ,< 100 1N S T A 3 I L ~~T Y U S I N G  W A Z Z A N ’  S R R S U L 3 S TEA 190
C T E A 2)0

k D 2 1 N S 1 = 1 J .~~* (—5077986. 1 J 33 9 8 2 # 1 5 9 32 1 0 1 . 4 0 3 09 6 * i I  T E A  2 10
$ - 1 8 4 2 ø 6 . 12 1 77 8U ’ *2 * 1 2 52 6 9 1 4 . 45 05 8 4& *Li ’*3  114A 220
$ — 3 3 2 4 ) S b . 6 8 ) . i J 9 * L i * *4 4 4 9 14 l 5 . 2 S 7 3 5 7 8 5 * I 1 * * 5)  TEA 230

IF  ( H  . )2 .  1. 625) 1402.4 N S T = 5 O 9 3 . . 177209 . ’ ( H —  1.625)  T E A  240
L F ( P D 2 U  .L T .  OD2iNST ) ~ L r U R N  TEA 250
W R h I E ( 6 , 9 0 0 )  T R A  260
IF ( F S T I N ’ I  .01. 2 . 1 6 3 )  00 TO 2 0  TEA 2 7 )
K I 5 S 1 = 1  4 D r 1 S U M = 0 . 0 $ 1 N T t 3 R A I . 0 .0  I R A  280
TC ) E F  ( - j O ) .  - 1 6 -) .  ‘,“ S 1I N I  *159 . *FS~~i NT * *2 ) /930.  $ ELTURN T E A  2 9 )

C TEA 300
6 .. .~~I ’4 D 110. 1~~~~N S 1 T i - O  P O I N T  JSI N G A ~ 0R1fl- L P , i L O N  10 G L ( A N V I L L E ’  S I R A  3 70
c .. . :~~~- ;  T E A  3 2 ( 3
C TEA 330

1)  1’( A L 1 NT ~~E A L + ( i 2 A R 1 . t ’ P A~1I ~~1) / 2 . * D L L ~ I R A  3 4 4 0
t’~~ 1 4 U ~~~ LE LS J) +DL LA I R A  ~5O

T E A  3 6 3
11021 ~‘,s  = r , : - I , j t +  (~~5O. ÷4 03. * EX [ ’  (61.. ‘pp A ~L ’1))  ‘ ) C O N R  I R A  110
t~’ ( 4 C ) ’ J  .LT . ~ )2i [LN ) R E T U R N  I R A  34 3 )

2 0  , 1 ( t I E  (6 .90 1)  IR A  390
J .  2e - ,~, .5 - , i  0 S T  S L 3 i :~~ T U R I 3 U L L N ’ t ” T R A  4 4 ) )

L = ~~ ( ~ 2 4 -  ( — 0 .  I l L ) ) T E A  4 1 )
TR. ~ ‘420
T E A  4 3 0

C . . .  ~~‘~~~5 1  ~. 1 L i’ ’ ~~., IRA 4 4 4 4 3
O T E A  450

~,~~~O T 1 ~~’lA (/ ,5 3 x , ” L\ ’~~i t . AR  I N S T A 6 I L J . T Y  P0 4. ” ,/ /)  I R A  4 6 )
-301  -~ l . (/ ,’ 2 X ,” LA F i i l h P- t i s B UL6 PT  T RAN.411i04 ” ,//3 T E A 4410 -

I R A  ‘48)
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THIS PAGE IS BEST ~UAIiITY P A ~CX~1CM~~
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A PPENOIX A. CO.’IP*lSSj,ULE BOUNDAR Y LAYER ?ROGRAM ...CO$PBL PAGE A — l b
S U f l 4 4 O U T I~IE NSO RT

S U S R O U T I N E  M S O L ( T ( M , NS) M SO 13
C - M SO 20
C . .  .SU 3ROU Ii- N F- MS0 (~T D E T E R M 1 ~4E S W H ~.T1U R N iS  A MACH N U M B E R  O R  M SO J O
C... N STA 44 A N D  CONYE443’~ .M TO A MAC Il N U l ~13L~ AND MS TO AN M STA R 1150 140
C 1150 50

£1i [’LI._~ T R!AL(J,l1 ,N) MSO 60
OO MIION / cq t4AN S/ R D2 , N , R, ltT , S , ST ,FLO’ u , c~,~~T Y P E ,T TY P E ,MI NF ,K TR A N S , MSO 70

-S I c I N 3 T , 1 , D 2 U . P P A R i , P ? A R I M 1 , D ~~L X . F S T I N ’ I  M SO 83
C M SO 90
c . . . iTA -r ~~N E N r  F U N C T i O N S  .~~o 100
C NSO 1 1 0

M SO 120
F 13(J , M)~~3Qie i ( (~~t1.) /2. S’1** 2/ (1. + (G—1. ) / 2 . * M * * 2 ) )  1150 130

C MSO 1(4 0
C . . .  T) )  SC’PT1’4 0 A ) ~J C O N V E R T I N G  N SO 150
C MSO 160

IF (l~TI~’ ,~ . ~~~~. “:iUtAt~”) ~.J TO 10 MSO 170
10’FM-’ (G , 1) ~ ~It (fdN MSO 180

i i )  M S M  ~ 1 F!1 (G , N ) M SO 190
U~~I ’) 0 N  115(1 200

1150 210

79



T3US PAGE IS BEST ~~~~~~~~~~~~~~~~
~~~~ 0~~~~~~~iS~a) i~~~Q ~~~~~~~~~~~~~~

APPEND IX A. (O PHESSLBLft BOUNDAR Y LA Y ER PROGMALI. . .COM PBL PAGE A — I l
S0000UTINE ‘154)441 . -

SUBR CUT L ’111 TH0RT(I~.ETA ,TiTINF ,44.ND ) ISO 10
C 150 20
C. • . SU U P O I I T I N L  15061 D E T E R M I N E S  W H E T H E R  TilE IN P U T  T E M P E R A T U R E  DATA TSO 30
C.. .15 I N  T E R M S  OP TR ET?. oa T W ALI . / TINF AND C A L C U L A T E S  A N D  STORES ISO ~40
C.. .TBETA VALUES ~N THETA,. TWALL/TINP VALUES IN TWTINP , AND B VALUES ISO 53
C . . .IN II ISO 60
C ISO 7)

IMPLICIT RFAL( ),M~~N) ISO 80
C O M N C N / C T I IA N S/4302 ,NDE ,RT ,S,ST,F L OW ,U.M T Y P E ,T T Y P E ,.M I N F ,K T R A N S . ISO 90
$K I N S T ,RD 2U. P P A R I ,P P A R I M 1 ,DELX ,FSTINT ISO 1,70

C TSO 110
C... STATEMENT FUN CTION~3 ISO 120
C ‘ISO 130

1 T l l F T A ( E ,0 .11D, 11iNF , IWTI NF) ~~((1. # 6 * ( u — 1 . ) /2. * 1 D * * 2 ) — ( 1 . + (G —1. ) /2. ISO 140
TSO 150

FT W T 1 N F ( R , o , E L ) , MiNP ,31tlETA)~~ ( 1 .  * ( U I . ) / 2 . ’M I N F * ’ 2 ) / ( 1 .  4 (0— 1.)/2. ISO 16 ~
$SM P **2)* (1. 4h* (U—1. ) /2.*M D**2*(1.—THE TA ) ) ISO 17 )
F9 (TLlEt A ,E,~.,N D)=i1

-LETA ’L4S (G—1.)/2.’11D**2 ISO 18(3
C ISO 19-3
C.. .00 S O 1 . T I M J  A N D  C O N V E R T I N G  TSO 200
C ‘15(3 210

I F  ( T T Y P L  . k .~~. “ T W T I L I F ” )  GO TO 10 ISO 2 2 0
-1 w - r 1 N F = F T ( 4 T~~N F ( R . o , r .0, M t N ?,TU t T A) $ JO TO 2 )  ISO 23)

10 T~( T I N F 1L1 LTA S TiIL ’ 1A~~P TL1ET A (f4 ,0 ,M J , 1 LN ? ,T r I E T A )  ISO 2 ( 4 0
2)  [ = F 8  ( T t . k L A , R , 0 , M1) ) ISO 2S0

R E T U R N  ISO 260
O N U  TSO 27)
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APPEND IX A. COM PRC SSLBLE HOrJNO A R~ LAY E N PNOGRAN. ..COMPBL PAGE A 1 8
SUB ROUTINE IE RRO R

SU~~RCUTiN.. LLRR OL4 (DELX ,M D I ,N D LS ,G ,RI .GEOM ,TWT IN F) ,RETURN S (I) lEN 10
C lEN 20
C.. .SURROUTINE IERROI. CHECKS POW INPUT ERROES OK THE VALUES OF XI,YI , lE E 30
C . . .  MD I , M D I S , R I ,  A N D  T W I I N Y  lEN ( 43
C lE N SO

I M P L I C U  R E A L ( J , M V N) - LE E 60
lE E 70

— IF (0~ LX . o T .  0 . 0 )  GO TO 10 S ~~~K + 1  S W R I T E  (6 , 900)  lEE 80
1) 1? ( M O l  .GT . ). )) oO TO 2) 5 K~~K+1 S WRITE (6,90 1 ) lEE 90
20 IF  ( ID 1S .L E .  S~ 9’1 ( ( 0 . 1 . ) / ( G — 1 . J )  . A N O .  -‘ lOiS . G T .  0. 0) (.0 TO 30 LE N 100

N = K + 1  4 W R i I i ~ (6 ,9 ) 2 )  lEE 11)
30 IF (.NOT. (G~- ’JM . ~~~~ . ‘A X L S Y N ”  . AND. Ilk .LE. 0.0)) GO ‘10 ‘40 lEE 123

E K’- 1 S 1LIITL (6, 90J) IER 130
(40 IF  ( .N O T .  (OFOr’ .E4.,. “PLANE 2— D” .1.ND. Hi .LT .  3 . 0 ) )  GO TO 50 lEE 1440

K= K 41 5 WLIITE (6,9)14) lE N  154)
50 I F ( T ~~T i N F  ~~~~~~~ 0 .0)  00 ‘10 60 lEE 160

K K 4 1 S W 4 IT L ( 6 , 9)5 )  lEN 170
4-0  T F ( K  .~ç,. 0) [~tTURN lEN 180

R E T U R N  1 lEN 190
C 

- 12R 200
C..  . F O E N A T  O T A T E M E N I S  IER 2 1)
C lE N 220

900 ‘0 3 1 A T (// , 3 J X ,” I L.~N T I C i ~L iN P U T  1) 1455: D k . L X = 0 . 0 — — B O U M D A R Y  “ , lEE 230
£ “ L A Y  ~~ C C i P ~J T A T I O ~~S T E R M I N A T E D ” )  IER 2(4 3

9 ) 1  ~O~’.~AT (/ / , 2 7 L , ” N L G A T U 1E OR Z ERO MACLI NUMBER ENTERED”, IRE 253
$“—— i1OU i4DAll L A Y E R  C O ) I P J TA T I O N S  I L R N L N A L h D ”)  lEN 263

4402 FOl’NAT (//.1~~X , ”N1oATE 41 E MSTAI4 ‘314 MS ’L A i (  .oT. SQET ((G+1.J/(G—1.)) “ lEE 2 73
S ” P . N T E 4 4I . D——CO UND AI - Y LA Y ER COM PU TA TLON o TERMINATED”) tEN 283

‘103 P O P M A T (// , 1 S X , ”N C (OR N E G A T I V E )  R O U T  R A D I U S  ~. K T E R E D  FOR A X I S Y N ” , lE N 290
$ “r l f T R I C  G~~OM~~I R Y — — 0 O U N D A E Y  LAY E R COMPU TATIONS TERMINATED”) lEN 3)3

90 ’4 P O N M A T (/ /, 1 I X .” L JA T I V E  C E N T ~. R L L N ~~ D i S T A N C ~. E N T E R E D  POE P L A N k .  “ , lEN 313
5 ” 2 — D  (.EC ~l E T R Y — — R O U N D A R Y  L A Y E R  C O F , P 1 I T A T 1 O N S  T k . R M I N A I R D ” )  INN 3 2 )

‘fl_i ‘o)iI~~T (/ /, 3)x . ” N r G A T I v E  V A L U E  OF 1~~T I N F  E N T E R i ~D—— B O U N D A R Y  “ , I~ R 13)
~“1.AYEt1 C CM2 U TA TION S TERMINA TED” ) LEN 343

lEN 353
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APPENDIX B

ERROR MESSAGES ~4 ND DISCUSS ION

Program COMPBL consists of a main program , in which most
of the calculations are performed , and five subprograms: func-
tion FJP evaluates the quantity J’ in Felsch’s [13] turbulent
dissipation law; subroutine TRANS locates the laminar instabil-
ity and transition points; subroutine MSORT sorts and converts
M and M~ velocity input data; subroutine TSORT sorts and con-
verts 0 and Tw/Too temperature input data; and subroutine IERROR
checks for input errors.

A listing of the error messages generated by program COMPBL
and subroutine L E R R O R  is given below , together with an explana-
tion of each. Most of these messages involve incorrect input
values.

1. INPUT ER ROR : FLOW MUST EQUAL “LAM INAR” OR “TURBULENT ”
Literal variable FLOW , entered in A 1O format, must have
one of the values given.

2. INPUT ERROR : GEOM MUST EQUA L ‘PLANE 2— D” OR ‘ASIXYM”
Literal variable GEOM , entered in A 1Ø format , must have
one of the values given .

3. INPUT ERROR: MTYPE MUST EQUAL “MACH” OR “MSTAR”
Literal variable MTYPE , entered in A 1Ø format, must have
one of the values given.

4.  INPUT ERROR : TTYPE MUST EQUAL “THETA ” OR “TWTINF ”
Literal  variable TTYPE , entered in A 1Ø format, must have
one of the values given.

5. INPUT ERROR: HSTART MUST BE .GT.  1.5 15 AND .LE. 2 . 0
Variable HSTART ,entered in NAMELIST BL , must satisf y
the mequalities: 1.515 < HSTART < 2.0. (These inequali-
ties must be satisfied for H at any location.)

6 . I N P U T  ERROR: BSTART MUST BE .GE. —0 .1988 AND .LE. 2.0
Variable BSTART , entered in N A M E L I S T  BL , must satisf y
the following inequalities: -0.1988 < BSTART < 2 . 0 .

7. INPUT ERROR : ZSTART , F S T I N T , W MUST BE .GE. 0 .0  AND MINF ,
RE INFL. R L , R T , SL , ST , EPS MUST BE .GT. 0. 0

Var iables ZSTART , F S T I N T , W, M I N F , R E I N F L , R L , RI , SL ,
SI, and EPS , all entered in NAMELIST BL, must satisfy
the following inequalities: ZSTART , F S T I N T , W > 0 . 0 ,
M I N F , R E I N F L , RL , RT , SL , SI , EPS > 0 .0 .
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8. INPUT ERROR : G MUST BE .GE. 1.0 AND .LE. 1.67
Va riable G , entered in N A M E L I S T  BL , must satisf y the
following inequalities:  1.0 < G < 1.67.

9. INPUT ERROR : MLN F~ MUST BE .LE. SQRT ((G+1.)/(G—j.))
If MTYPE M STAR , variable MINF , which is entered in
N A M E L I S T  BL , must satisfy the following inequality :

M I N F  < 
_ _ _ _

SI (G-1)

10. EXECUTION DELETED
If any of the errors above are detectec~, this messageis also printed .

11. IDENTICAL INPUT LINES: DELX = 0 . 0— — B O U N D A R Y  L A Y E R  COMPU-

T A T I O N S  T E R M I N A T E D
If the X, Y coordinates of successive points are iden-
tical , the distance between them , given by Eq. (33) is
zero, which would lead to division by zero.

12. NEGATIVE OR ZERO MACH NUMBER ENTERED--BOUNDARY LAYER COM-
P U T A T I O N S  TERMINATED

The Mach number velocity input data must satisfy the
inequality M > 0 (first point not checked in order
to allow stagnation there).

F 13. NEGATIVE MSTAR OR MSTAR .GT. SQRT ((G+1.)/(G-1.)) ENTERED--
BOUNDARY LAYER COMPUTATIONS TERMINATED

The M~ velocity input data must satisfy the inequali—
ites : 0 < M~ < cc T)7(

~~~~
T) ( f i r s t  point not checked in

order to allow stagnation there) .

14. NO (OR NEGATIVE) BODY RADIUS ENTERED FOR AXISYMMETRIC
GEOMETRY—-BOUNDARY LAYER COMPUTATIONS TERMINATED

For axisynhxnetric geometries , a radius value , R , must
be entered , and for all but the first point it must
sa t i s fy :  R > 0.

15. NEGATIVE CENTERLINE DISTANCE ENTERED FOR PLANE 2—D GEOMETRY——
BOUNDARY LAYER COMPUTATIONS TERMINATED

For plane geometries the centerline—to-boundary distance ,
R, must satisfy the inequality : R > 0.

16. NEGATIVE VALUE OF TWTINF ENTERED--BOUNDARY LAYER COMPUTA-
TIONS TERMINATED

For TTYPE TWTINF , the temperature input data must
satisfy the inequality : TWTINF > 0.

17. PROBABLE CONVERGENCE PROBLEMS: H EXCEEDS 2.0-—BOUNDARY
LAYER C O M P U T A T I O N S  T E R M I N A T E D
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The largest value that H can obtain is 2.0. If H ex-
ceeds this value, it is probable that the iterations for
H have become unstable. This may occur in starting
laminar boundary layers if an incorrect value of HSTART
is specified or if the base points are too widely sepa-
rated . Re-examination of HSTART , finer base point
spacing , and/or use of the ERROR = . T R U E . option are
recommended .

18. CONVERGENCE PROBLEMS FOR H GIVEN HSTAR : EXECUTION HALTED
An i t e r a t i v e  technique is utilized to solve for II given
the corresponding H~ value . If the required number of
i te ra t ions  exceed s 20, the message above is wr i t ten.
This error condition has never been encountered .

19. CONVERGENCE PROBLEMS FOR H IN MAIN ITERATION LOOP:EXE—
CU T I O N  HA LTED

This message is printed if the number of iterations re-
quired to determine H in the iterative technique ex-
p1~iined in Section Il-A exceeds 20. This error condi-
tion has been encountered , although very infrequently.
Increasing the number of base points and/or use of
the ERROR = .TRUE . option to determine the source cf
the problem are recommended .

20. LAMINA R SEPARATION --BOUNDARY LAYER COMPUTATIONS TERM I NATED
or

TURBULENT SEPARATION——BOUN DARY LAYER COMPUTATIONS TERMINATED
Although these are not normally error messages, they may
indicate instability in the iterations for I-f if they occur
at totally unexpected locations , e.g., regions of favor-
able pressure gradient. This is true because separa-
tion is defined as : H < 1.515. As explained above in
Error 17, the most likely occurrence of this condition
is in starting laminar boundary layer computations. Re-
examination of the value of HSTART , finer base point
spacing , and/or use of the ERROR = . T R U E .  option are re—
commended .

86

- -



Off MECHANICAL E1C Pm 20/It*BANA—CHANPA I SN DEPT
PROIRAN, AND ILLUSTRAlIVE EXAMPLES FOR TIC TWO—ETC(U)

I.

N



I

Defense

A1exar~h

D1~~PM-HE
DI

~~

MI-t

~

DRDMI-T,

I .i ;
i ~ IDI~ ~~

I I.’ ~
00

1.8

hIO~
25 HID~

4 . IHI~
MICRO OPY RESO L Ut IO N TES t CHAqI

*IA~ f3 UR(AII Hf STANI ,AP DS



,p~~~~IBUrIa ~

/ r~~. of

/
/ C~~ies

Defense I)Dclrentatiol Center 6
Can~ r~~ Station .‘
A1exar~~ria , VA 2244

D~~PM-HEL, Ms. ‘tevaas 1
DRSMI-W, Mr.,A/oigt 1
Dprtvtr-T, Dr . i(thler 1

-ThK , ,br. Walker 50
—T~~ / 3
_TI

/ 2

87

- __ —--


