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INVESTIGATION OF NONLINEAR INVISCID
AND VISCOUS FLOW EFFECTS IN THE
ANALYSIS OF DYNAMIC STALL

by Peter Crimi
Avco Systems Division

SUMMARY

A recently developed method for analyzing unsteady
airfoll stall was refined by 1ncluding nonlinear effects
in the representation of the inviscid flow. Certaln other
aspects of the potential-flow model were reexamined and
the effects of varying Reynolds number on stall character-
istics were investigated. Refinement of the formulation
improved the representation of the flow and chordwilse
pressure distribution below stall, but substantlal quanti-
tative differences between computed and measured results
are s8till evident for sinusoldal pitching through stall.
Agreement 1s substantlally improved by assumling the growth
rate of the dead-ailr reglon at the onset of leading-edge
stall is of the order of the component of the free stream
normal to the airfoll chordline. The method predicts the
expected increase in the resistance to stalling with in-
creasing Reynolds number. Results indicate that a glven
airfoll can undergo both tralling-edge and leading-edge
stall under unsteady conditions.



INTRODUCTION

Unsteady airfoil stall is a problem of particular
concern in the design and operation of helicopter rotors.
Periodic stall and unstall of the blades at high advance
ratio cause severe oscillatory control loads, increased
vibration levels and, under some circumstances, a torsional
aeroelastic instability, effectively limiting aircraft per-
formance (Ref. 1). As a result, the problem has been the
subject of considerable research (Refs. 2-5, for example).

A method was recently developed for analyzing dynamic
stall of a helicopter rotor blade. The method, which is
described in Ref, 6, employs a model for each of the basic
flow elements involved in the unsteady stall of a two-
dimensional airfoil in incompressible flow. The interactions
of these elements are analyzed by forward integration in
time, with the aid of a digltal computer. Results are in
good qualitative agreement with measured loads, both dynamic
1ift overshoot and unstable moment variation being in clear
evidence 1n the computed loading. A number of approximations
were employed in the formulations which caused substantial
quantitative differences, however,

One of the approximations most open to question was the
use of a linearized representation of the potential flow.
This study was directed, first, to refining the model of the
potential flow by introducing second-order terms. Certain
other aspects of the model for a stalled airfoil were also
considered. The method was then used to investigate the
effects of varying Reynolds number and to determine the
relative importance of leading-edge and trailing-edge stall
under unsteady conditions.



SYMBOLS

b alrfoll semichord, m

Cm o/l moment coefficient, Cp /b = m/(2 o U° b2)

Cp normal-force coefficlent, C = n/( » U° b)

Cp pressure coefficient, C = 2 (P = Do )/( pU2)

c airfoll chord, m

k reduced frequency, k = w b/U

1 11ft per unit span, N/m

] length of dead-air region, m

m moment per unit span about quarter-chord, N

n force normal to chord line per unit span, N/m

p static pressure, N/m2

D free-stream static pressure, N/'m2

a fluid speed at airfoill surface, m/s

_Re( ) gigggigs number based on length indicated by
pt

Ty leading~edge radius, m

T alrfoll section thickness distribution, m

t time, s

U free-stream speed, m/s

u, fluid speed external to boundary layer

(x, ¥) foll-fixed coordinates, with origin at midchord
a angle of attack, deg or rad
Y vortex strength, m/s

5 boundary layer displacement thlckness, m



pitch angle, deg or rad-

fluid density, kg/m>

eoufce strenétﬁ m/s~ ef s..“ ‘ - - B : f:i
wall shear, N/m

»perturbation velocity potential ‘m /s Au”tj~:;;~ﬁ
frequency of pitch oscillation, rad/s :Qig;iea?i;f

A

&
- A
- .
.2 E
vin 1,
. N
1 W
.
{
v B
res ' 2
g \,
<3
v VA
.'.’ .
:
. . . - N - . X ) — .
. I . N L . ..‘_.,_‘_n%



DESCRIPTION OF BASIC- METHOD

-

The previously developed method for analyzing dynamic
sta116is outlined briefly below. Details can be found in
Ref. ©.

When the flow 1s attached (Figure la), the flow elements
represented are: (1) a laminar boundary layer extending
from the stagnation point over the leading edge; (2) a
leading-edge separation bubble .(1f separation .occurs prior .
to transition); (3) a turbulent boundary layer from the re-
attachment point of the leading-edge bubble (or the transi-
tion point) to the trailing edge; and (4) a potential flow
over the airfoll, including the effects of a vortical wake
generated by the variatlon in time of the circulation about
the airfoil. If the airfoll undergoes leading-edge stall
(Figure 1b), the flow elements modelled are: (1) a laminar
boundary layer to the point of separation; (2) a laminar
constant-pressure shear layer to the point of transition;
(3) a turbulent constant-pressure shear layer; (4) a turbu-
lent pressure-recovery region; and (5) a potential flow over
the airfoll and external to the viscous mixing region, again
including a vortical wake. If trailing-edge stall occurs
(Figure 1lc), the flow elements represented are: (1) the
laminar boundary layer; (2) the leading-edge bubble (if
laminar separation occurs prior to transition); (3) the
turbulent boundary layer; (4) a turbulent constant-pressure
shear layer; (5) a turbulent pressure-recovery region; and
(6) a potential flow with vortical wake. These elements
were formulated as follows.

Potential Flow

Given the airfoill section characteristics and motions,
together with the distribution of pressure 1in the dead-air
region if the alirfoll is stalled, the flow and pressure over
the airfoil must be determined to compute the integrated
load and analyze the boundary layer. The problem was formu-
lated by 1imposing linearized boundary conditions of flow
tangency and pressure, using a perturbation velocity poten-
tlal derived from source and vortex distributions. The
resulting coupled set of singular integral equations is
solved by casting the singularity distributlions in series
form and solving for the unknown coefficients by imposing
boundary conditions at prescribed points.
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Bouhdary Layer

Because the relatlve importance of the individual
elements of the boundary layer flow as they affect dynamic
stall could not be established 1n advance, the representation
in Ref. 6 was made as general as possible. The method of
finite differences for unsteady flow, with variable step
size in both streamwise and normal directions, was employed
with the error in each finite-difference approximation of
second order, The Cebeci-Smith eddy-viscosity model (Ref.

7) is used to compute turbulent shear. :

Dead-Alir Reglon

The function of the model of the dead-alr region is to
define the streamwise distribution of pressure in that
region, given the locatlons of the separation and recovery
points and the pressure at the recovery point. The dead-ailr
reglon 1s assumed to consist, in the most general case, of a
laminar constant-pressure free shear layer from separation
to transition, a turbulent constant-pressure mixing region,
and a turbulent pressure-recovery region. The lamlnar shear
layer 1is analyzed by the method of Ref. 8, assuming quasi-
steady flow. The turbulent mixing and pressure-recovery
regions are analyzed uslng the steady-flow momentum integral
and first moment equations. Profile parameters in those
regions are assumed to be universal functlions of a dimension-
less streamwise coordinate, wlith those functlions derived
from an exact viscous-inviscid interaction calculation.
Matching of approximate solutions for the mixing and
pressure-recovery reglons at thelr interface completes the
analysis.

‘Leading-Edge Bubble

The leading-edge bubble on an unstalled airfoil is
analyzed using the same basic relations employed for .the
dead~alr region. Given the boundary-layer parameters at
separation, the length of the bubble and the amount of pres-
sure rise posslble, for that length, in the pressure recovery
reglon, are computed. That pressure rise is compared with
the rise in pressure in the potential flow over the length
of the bubble. If the latter is greater than the former,
the bubble 1s assumed to have burst, and the stall process
is initilated.
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Loading Calcuitatlon Procedure

Calculations proceed.by forward integration in- time,

'glven the blade motions as a function of time. If, at-a  :. -

given instant, the airfoil is not stalled, the potential- -

flow is computed and the boundary layer and leading- edge
bubble are analyzed to check for bubble bursting. - If the .-
airfoll is stalled, the pressure distribution in the dead-
alr region 1is computed the potential flow evaluated and:-

the boundary layer 1is analyzed to locate the separation ,:~rw
point. The last two steps are repeated iteratively until.
assumed and computed’ separation points agree. Rate of ,‘;n 1
growth of the dead-air region is determined from an-estimate,;
of the rate of fluid entrainment derived from the potential-
flow solution. 1In the case of leading-edge stall, unstall

1s determined by first postulating its occurrence and analyz-
ing the leading-edge bubble which would then form to ascer-:7
tain whether that event did in fact occur. -During unstall;.i:
the dead-air region is washed off the airfoil. The rate:of: .
wash-off 1s normally taken to be the free-stream speed. ;5.7
There 1s some indication, though, that the rate should be i
considerably less than that value, as 1s discussed. subse-ﬁ.g.
quently.




FORMULATION OF POTENTIAL FLOW TO SECOND ORDER

‘The following specifically concerns the derivatilon of
the perturbation velocity potential to second order for
unsteady, attached flow. The formulations derived are also
used to compute flow and loading when the airfoil 1is
stalled. However, 1n the latter case, while -the solution
is uniformly valid to first order, strictly consistent
accounting of second-~order terms was not attempted. A
complete development to second order ¢ould not be Justified
without a corresponding refinement of the analysis of the
dead-alr region, which would be outside the’ scope of the
present study.

The problem of an airfoill in unsteady flow, including
nonlinear effects, has been treated -by several investigators.
Representative of these studies 1s the work of Glesing
(Ref: 9), who used a finite-element approach to obtain -
numerical solutions for arbitrary transient motions, and
Chen and Wirtz (Ref. 10), who employed-an éxpansion of the
acceleration potential to obtain integrated loading to
second order for oscillatory pitching and plunging.

The approach taken here was dictated primarily by the
requirement for compatibility with the formulation of the
linearized problem in Ref. 6. The velocity potential and
boundary conditions were systematlically expanded, following
the general procedure used in Ref. 11 for the steady problem,
as follows.

The perturbatlion veloclty potential can be written in
the form

b
- y

g (x, y,.t) = E}n_/ o(E,t)tanl(x_e)dE

-b

XO )
- é_lﬂ_/ v (¢, t) 1n (‘/(x-‘f)e +y° ) dé (1)
b

where coordinates (x, y) are fixed to the airfoil, with

origin at midchord. The surface of the airfoil, of chord

2b, 1s located at y =t T (x), -~ b x < b (consideration

-has been limited to symmetric alrfolils). Coordinate xo in
. (1) locates the end of the shed vortex wake.

11
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Wake displacement effects have been omitted. Their
contribution to the boundary conditions is of third order.
While there 1s a second~order effect from wake displacement
on the pressure at the airfoil surface, the contribution is
symmetric and so does not affect integrated load. 1In any
case, that term has reduced frequency as a factor, so for
all practical purposes 1t can be regarded as third order.

The potential istrequired to satisfy

_ +
Vo + 08/3y _ fox) y==T (x) (2)
U + 38/0x -b< x<b o
where U, and Ve are apparent free-stream components,

includlng effects of foil motlons.

The source and vortex distribution strengths are taken
to be sums of terms of ascending order in angle of attack
or a simlilar small parameter, i.e.,

0 = ol+ 02+ . s e

Y = Y+ Yot ..
If the derivatlves of ¥ in Eq. (2) are expanded in Taylor
series about y = O, terms of like order are assembled, and

symmetric and antisymmetric contributions separated, in the
usual manner, 1t results that

o = 27U T (x)

3
—.1—];o B e *'_"(”‘)
2w X - ¢



2 L) 0x | X =t
.-b
()
o 7y (& t) a
em X_s dX
-b

ijhere U 1s free-stream speed and w is the downwash imposed
by foll incidence and motions.

The second of Egs. (3) is, of course, the one solved
in Ref. 6, using a Glauert-type trigonometric expansion of
7. Comparing Eqs. (3) and (4), it is seen that 7Yp.can
be computed using the same procedure as for - 73, with

= (T v1)" substituted for w,

Some difficulty was encountered in implementing
Eqs. (4), because T was originally formulated as a rather
slowly converging trigonometric series. As a result, the
derivatlve of T 77, 1n serles form, did not converge satis-
factorily. The difficulty was resolved by replacing the
original serlies for T with the following more rapidly con-
verging one:

‘ .
T = bsine[-é—(l-cose) -52+sine§:-tnsinneJ
§ n::l l

where r, 1s leading-edge radlus, and x = b cos 6.

Vo The same baslc procedure as the one developed by
Iighthill for steady flow (Ref. 11) was followed in deriving
the formula for the flow at the surface, q. The x-component
of q, denoted qx, 1s of the order of free-stream speed U,
while the y-component, Ay, i1s of first order in whatever
expansion parameter one chooses to use. Thus,

Ay \/1 + qv/q )

q =
_ 1 qy (5)
= qx + §- E{— + aee
= + 2 %° + higher order te
= qx ) U g or r rms.

13
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‘.\

while

_ + 1 /v i
d, = U cos epv_ 2T(7l + 72) + Ug

b

4 = : + UTT + third-order terms.
21{ X = f .. . :‘; 3
-b

_ . N + + opm
’qy = U sin 6 Y ][ e -E ‘__vs - Uﬁ .
b .

+ second-order terms.

where ©p 1s pitch angle and ug and vg are contributions from
the source distribution representing the dead-air .region
when the airfoil is stalled (see Ref. 6). If these expres-
sions for qx and gy are substituted in Eq. (5), a term wh ch
is singular at the leading edge due to a factor (b + x )=l

is obtained, Jjust as in the linear approximation ' However,
there is also a second-order term which is S1ngular due to

a factor (b + x)~1, namely U [TT" + % (T')2], which is
approximately equal to -.25.Urg/(b + x) near the leading
edge.. A unlformly valid approximation for q is obtained,
using Lighthill's procedure, by subtracting off the singular
part of the offending term and multiplying by the factor .-r:

b + % + ro/Q j e ;:g%
which restores the complete expression to its original form,
to second order, some distance from the leading edge, and

- makes the result finlite at the leading edge. The complete

expression for q, uniformly valid to second order, wilth
attached flow, is then
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The pressure coefficiént on’the airfoll is computeéd from

G e -

oL : e _ . . -
:fgbﬂKXg-iT(ﬁ)faF)'? }JT-(%) -‘Eg'—gg-g (x, 07, t) (6)

The derivative of @ in Eq. (6) 1s computed by the same formu-
las as in Ref. 6, except that the second-order corrections
are added to the source and vortex strenths. A term of
second order which derives- from the Taylor expansion of ¢
about y = O has been omitted from Eq. (6) for the same
reasons wake displacement effects were neglected.

QTS
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RESULTS OF COMPUTATIONS

All calculations were performed for a modified NACA
0012 airfoll section. The section and a list of offsets
are shown 1n Fig. 2. Unless otherwise noted, chordal
Reynolds number was 2 millilon.

Preliminary Calculatlons

Computations were performed tor transient pitching at
a dimenslonless rate éb/U of .025 and a chordal Reynolds
number of 3 million, 1n order to determine whether quasi-
steady flow could be assumed in the analysis of the laminar
and turbulent boundary layers, and so effect a substantlal
savings in computer storage requirements and running time.
Results for the laminar boundary layer are shown in Fig. 3,
in which are plotted the external flow magnitude ug, dis-
placement thickness 6* and wall shear r, as a function of
distance along the airfoll surface from tge stagnation
point. Results obtained by omitting time derivatives are
seen to be virtually 1dentical to those using the complete
boundary-layer equations.

It should be noted here that the point of vanishing
wall shear 1s not generally coincldent with the separation
point 1n unsteady laminar flow. It was shown 1n Ref. 12,
though, that a sufficient condition for identifying the
separation point 1s that the boundary layer equations be-
come invalid downstream of the true separation point. 1In
the method of analyzing the boundary layer used here, there
1s a good 1ndication of when that event occurs, since the
solutlion 1s obtalned by 1teration on the wall shear. When
that iteration diverges, then presumably there i1s no solu-
tion to the boundary layer equations and unsteady separation
has occurred. It was found that, for the results of Fig. 3,
the points of vanishing wall shear and separation are
nonetheless colncident, for all practical purposes, since
the iteration on wall shear diverged at .the first streamwise
station downstream of the point where the wall shear went to
Zero.

A slight difference between the quasi-steady and un-
steady result was discernable near separation of the turbu-
lent boundary layer downstream of reattachment of the
leading-edge bubble, as shown in Fig. 4. However, the
difference 1in separation points, 3.5 percent of chord; is
less than the acceptable error of 5% used in the overall

17
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{—— NACA 0012 (MODIFIED) I ——

x1/c Yu/c - xqle "Yu/c
0 0 0 .0
0110 [ .0170 |.. . .. | -.4564 | 0499
.0220 0230 .5000 0472
0330 0270 5434 .0439
.0540 .0340 .6086 0383
~.0760 | .03%0 | 6521 | 10343
1087 | 0445 .6955 .0300
15217, .0493 .7607 .0230
2065 | .0527 .8042 0181
.2500 ' 0542 8477 0127
3043 |- .0547 .8911 .0070
3478 .0541 9346 | ' .0om
4130 .0520 1.000° | ..0011

ro/c = .0143

Figure 2 AIRFOIL SECTION

iteration for trailling-edge stall. The assumptlon of" quasi-
steady flow appears to be justified, then, at least for
those flow conditions and airfoil motions normally experi-
enced by a helicopter rotor blade. That assumption was
therefore employed: for all;subsequeht calculations.

e R . _— e o

Effect of Second-Order Terms
In order to assess. the-importance of the added terms

in the potential flow model, a number of calculatlons were
performed for direct comparison with results obtained using
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a 1inearized potential-flow formulation. Cases of both
transient and sinusoidal pltching motlions were considered.

Time histories of normal force and moment coefficient
and length of the dead-alr region for a linearly varying
pitch angle are shown in Fig. 5. The refined solution is
seen to produce somewhat less dynamic overshoot of normal
force than the linear formulation. However, the relative
overshoot 1s about the same, the maximum static Cp for the
linearlzed case belng somewhat larger than when second-order
terms are i1ncluded.

A comparison of the varilation of static normal-force
and moment coefficlients with angle of attack, generated by
series of transient pitch calculations, is shown in Fig. 6.
Including second-order terms 1s seen to reduce both the
maximum Cp and the stall angle of attack, and increase the
slope of the Cp curve below stall. The increase in
dCn/da 1is due to nonlinear thickness effects. The theo-
retical value of the slope for the airfoil analyzed is 6.82
per radian, while the computed value is 6.,76; the slight
difference 1s belleved to be due to numerical inaccuracies.

Including second-order terms significantly improved
the representation of the pressure distribution. The pre-
dicted moment coeffilcilent below stall using the nonlinear
potential model 1s essentlally zero, as it should be. The
linear solutlon makes the center of pressure somewhat aft
of the quarter-chord, the shift being due to the Lighthill
correction which was used to remove the leading-edge singu-
larity.

Results for sinusoldal pltching at a reduced frequency
of .13 are compared 1n Flg. 7, where Cp and Cm o/l are
plotted against instantaneous pitch angle. The dashed
curves are the statlc variations of the coefficients. The
correspondling measured loading varlation, from Ref. 2, is
shown in Fig. 8. Including second-order terms 1s seen to
cause some dynamic overshoot, while none had been obtained
with the linear model. The overshoot is st1ll considerably
less than what was measured, however., The nonlinear terms
are seen to cause unstall to be initiated at a pltch angle
somewhat above the static stall angle, while the linear
solution has unstall starting slightly below that angle.

Results for pitching at a reduced frequency of .26 are
shown in Fig. 9. The comparable measured loading is shown
in Flg. 10. The same effects of the second-order terms are
evident at the higher frequency, but the relative differences
are somewhat less.

21
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While a nonlinear potential-flow model improves the
predicted loading somewhat, substantial quantitative differ-~
ences between computed and measured results are still -
evident. The analysis does serve to demonstrate that the
errors in the original potential-flow model were not con-
tributing to any great extent to those differences. Atten-
tion can now be directed to other factors in improving the
method, as discussed in the next section.

Effect of Dead-Air Region Growth Rate

As was noted in the previous description of the basic
method, rate of growth of the dead-air region is computed
from an estimate of rate of entrainment obtained from the
potential-flow solution. That estimate, which is propor-
tional to the net source strength in the dead-air region,
can only be reasonably justified when thé length of the
dead-air region is near its steady state value.  However, a -
value for the growth rate is needed at the onset of leading-
edge stall, when the region does not yet extend beyond the
trailing ‘edge, and is much less than its steady-state
length of between two and three chords. It was beyond the
scope of the original study to attempt a definitive analysis
of this complex unsteady interaction of viscous_and inviscid
flows, so the growth rate was arbitrarily made equal to the
free stream speed at the onset of leading-edge stall.

Subsequent calculations revealed, though, that one of
the factors contributing to 1ift overshoot is an increment
in 1ift induced on the aft portion of the airfoil when the
dead-air region still terminates upstream of the trailing
edge: This effect is discussed in more detail in Ref. 6.
It would appear, then, that if the initial growth rate of
the dezd-ailr region were reduced, more overshoot would
result.

A series of transient pitch calculations were carried
out, parametrically varying initial growth rate 4, to
verify that this is the case. The loading time histories
obtained are shown in Fig. 11. As expected, the overshoot
in Cn is increased substantially by reducing £5. The
time to reach steady state is, of course, increased as well.

The greatest differences between computed and measured
loading during oscillatory pitch are the amount of 1ift
overshoot and the amounts of 1lift and moment hysteresis.

It would appear, then, that .considerable improvement in the
agreement would result if g5 were reduced. The following
arguments are put forth as Jjustification for doing that.
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The dead-air region consists of fluid garnered from
the free stream by the combined action of viscous shear
(mostly turbulent, probably) and pressure gradients. Let
it be assumed that this assimilation of fluid mass takes
place primarily at the downstream end of the dead-air
region, and that the fluild is trapped in the. funnel-shaped
region subtending an angle # , as sketched below (lengths
and velocities shown are approximate, assuming angle of
attack a 1is small). -

Let f be the fraction of fluld entering the funnel which
ultimately becomes part of the dead-air region. Then the
rate of increase of the mass of trapped air is given,
approximately, by

no= r [_p(‘!Z:’a.tan ﬁ.)(Ua)]

+. Bu ut m is proportional to the rate of increase of area;-
m =~

30

pQQa . Equating the two rates, 1t:follows that

% ~ (ftanp )Ua
v’ .
Thus, if f tan B 1is a number of order one, or less, 2,
is of the order of Ua, rather than U. :

Convincing evidence that 20 must be substantially
less than U was obtained by recomputing the loading for
oscillatory pitching with k = .13, using a value of .25U
for &. Presumably the process of unstall, in which the

free stream recaptures the _fluld . in the dead-air reglon,-

is similar to that of stall onset, so the rate of wash-off
of the dead-alr region during unstall was also reduced from
U to .25U. The resulting curves of Cp and Cnm e/l Vs. pitch
angle are shown in Fig. 12. The computed variatlon of Cn
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Figure' 12 COMPUTED LOADING DURING SINUSOIDAL PITCHING
WITH £o=.25 U AND k =.13
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is now seen to be in qulte good agreement with the measured
loading, Fig. 8. Maximum normal force is predicted almost
exactly, and the areas~within the loops are roughly the
same. The moment variations still differ appreciably, the
mailn discrepancy beling between when the alrfoll starts
pltching down and where unstall begins. There 1s apparently
considerably more suction over the aft portion of the air-
foll in the dead-air regilon than what 1s predicted. The
assumption of quasi-steady flow in the dead-air region is
the most likely cause for this difference.

The load during oscillatory pitching with; £, and
wash-off rate of .25U was also computed for k = .26, with
the results shown in Flg. 13.-- Again, the agreement with
the measured loading, Fig. 1Q, is much improved, the peak
Cyy computed being 1.88 while the measured maximum is 1.77.
The inadequacy in the model of the dead-air region:with op
decreasing is also evident at the higher frequency.

It might be conjectured that the wash-off rate should
be less than the initial growth rate of the dead-alr regilon,
since reentrainment presumably 1s dominated by viscous
shear, rather than pressure gradients. Therefore, the
effect of changing the ratio of &4 to wash-off rate was
investigated by repeatlng the oscillatory piltching calcula-
tions using a wash-off rate of .1U, with £5 agaln being
.25U. The results for k of .13 and .26 are shown in Figs.
14 and 15, respectively. The loading variation is seen to
be quite insensitive to wash-off rate, regardless of the
reduced frequency or the value of g, so making 1t equal
to Qg5 would appear to be a reasonable approximation.

Effect of -
Reynolds Number on Stall Characteristics

Stall characteristics of a given airfoll are necessar-
ily a function of Reynolds number, because~of the role
played by the boundary layer in the stall process. Specl-
fically, one would expect thdt an airfoll which 1is subject
to leading-edge stall at a certain Reynolds number would
undergo trailing-edge stall at a. much'higher Reynolds
number, since transition would then preclude formation of
a leading-edge bubble. At intermediate Reynolds numbers,
presumably either type of stall could occur. Calculations -
were performed to investigate the effect of varying '
Reynolds number on dynamic and static stall characteristics
in this intermediate range of Reynolds numbers.

. ) ] L oy
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The loading resulting from transient pitching through
stall was analyzed for chordal Reynolds numbers of 3 and
6 million, for comparison with the previous results obtained
at a Reynolds number of 2 million. Pitch angle was again
varied linearly with time up to a prescribed value and then
held constant.

Increasing Reynolds number to 3 million caused a
marked increase in the resistance to bursting of the
leading-edge bubble., The airfoil does not undergo leading-
edge stall for pitch angles as high as about 16 degrees,
but does experience tralling-edge stall between about 12
and 16 degrees. At a steady-state pitch angle of 15.8
degrees, separation of the turbulent boundary layer has
progressed upstream to near the quarter-chord point.

An interesting phenomenon is encountered during
pitching through higher angles. As the separation point of
the turbulent boundary layer moves up the chord, the resis-
tance of the leading-edge bubble to bursting continuously
decreases, even though the circulation and loading on the
airfoll are decreasing as well. The reason for this is
that the separated region has relatively 1little effect on
the flow in the immediate vicinity of the leading edge,
even though it reduces the loading over the rest of the
airfoil. At a sufficiently high incidence, the bubble
bursts and leading-edge stall ensues. Results for a case
in which both trailling-edge and leading-edge stall occur
are shown in PFig. 16, where the loading and the separation
point location xg are plotted against time for pitching up
to 18 degrees. Note that very 1little Cpn overshoot is pre-
dicted in this case. '

As expected, a further increase in Reynolds number to
6 x 100 increases the resistance to both leading-edge and
trailing-edge stall. When the steady-state pitch angle 1s
15.8 degrees, the separation point is only about .lc from
the trailing edge. At a slightly larger pitch angle, that
point moves rapidly up the chord. Figure 17 shows the
loading and Xg varilations with time for pitching up to
16.3 degrees. The steady-state separation point is seen to
be about .35¢c from the leading edge in this case. No Cp
overshoot at all is predicted for this case.

Leading-edge sta116ultimate1y occurs at high pitch
angles for Ree, = 6 x 10°, as well, but the separation point
of the turbulent boundary layer very nearly encroaches on
the leading-edge bubble before the bubble bursts. The dis-
tance separating them is only about .0Olc.



8 P rdeg
o
l

MAXIMUM STATIC Cp

0-4'__ t

0.2—

0.05p—

-0.05—

M ¢/a

-0.10 — ~

-0.15 L—

Ut/b

Figure 16 LOADING AND X VARIATION DURING TRANSIENT
PITCH, Re. = 3 x 106

37



— o ,
g‘ L ‘ ’ r
. 0] o '
o B
5 L

N Y

Uisb

Figure 17 LOADING AND X; VARIATION DURING TRANSIENT PITCH, Rec = 6 x 108

38



Results are summarized in Fig. 18, which shows the
computed variation of static normal-force and moment coeffi-
clents with angle of attack for . the -.three Reynolds numbers
considered. A flagged symbol indicates that the airfoil
-was undergolng trailing-edge stall. Results of measurements
for different Reynolds numbers for the section analyzed are
not available. However, data in Ref. 13 show that a regular
0012 section at Reynolds numbers between 3 and 6 million has
a maximum 1ift coefficilent of about 1.6, generated at an
angle of attack of 16 degrees, which agrees fairly well gith
the computed values of magimum Cn.of 1.7 at Rec = 3 x 10
and 1.8 with Re, = 6 x 10°, also occurring at™about 16
degrees angle o% attack.

The rapld falloff in normal force wilth angle of attack
at higher Reynolds numbers 1is quite different from the be-
havior of thicker alrfolls undergoing trailing-edge stall,
the falloff in the latter case being more gradual (see
Ref., 14). The reason for the sharp drop-off is apparently
that the pressure rise 1s qulte steep near the leading-edge,
but relatively flat aft of midchord. Thus, the separation
point moves rapidly forward, once incipient separation
occurs, until 1t encounters the region of steep gradlents
near midchord (note the variation of xg in Figs. 16 and 17).
On thicker airfoils, the pressure increase along the chord
1s more uniform, allowing the separation point to stabllize
at points closer to the trailing edge.

One case of sinusoidgl pltching through stall was
analyzed with Re, = x 10° and k = .13. The Cp and Cm c/4
variatlons with pitch angle are shown in Fig. 19. Only
trailing edge stall occurred during the cycle. As can be
seen from Fig. 19, the normal force did not exceed the
maximum static value., The moment variation exhibits a
fairly large unstable (i.e., clockwise) loop, and the-
moment undergoes rather 1arge positive excursions.

Since no direct determination of the type<of stall has
been made in the tests carried out to date, it is not clear
whether the lack of 1ift overshoot in the calculations 1is
symptomatic of trailing-edge stall or is an 1indication of
an inadequacy in the analytic model. If the latter is the
case, the most likely source of the problem would seem to
be, agaln, the assumption of quasi-steady flow 1in the
dead-alr region.
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CONCLUDING REMARKS

The representation of the potential flow in a
previously developed method for analyzing dynamic stall
has been refined by including second-order terms. The
effects of growth rate of the dead-air region during
leading-edge stall and the effect of Reynolds number on
stall characteristics were also investigated. Results can
be summarilzed as follows.

Including second-order terms improves the
representation of the flow and chordwise pres-
sure distribution on the alrfoil below stall,
but does not appreciably reduce the large
quantitative differences between computed and
measured results for sinusolidal pitching through
stall.

The amount of 1ift overshoot during dynamic
stall 1s a strong function of the rate of growth
of the dead-alr region at the onset of leading-
edge stall. Much improved agreement between
theory and test with a smaller growth rate
indicates that the growth rate is of the order
of the component of the free stream normal to
the airfoll chord, but further analytical and
experimental study of the stall onset process
is needed. 1In contrast to the strong dependence
on growth rate, the loading is quite insensitive
to the rate at which the dead-alr region is
washed off during unstall.

The method predicts an increase in the
resistance to both leading-edge and trailing-
edge stall with increasing Reynolds number, as
expected. Computations indicate that a given
alrfoil can undergo both tralling-edge and
leading-edge stall under unsteady conditions
at high Reynolds numbers, and that dynamic 1ift
overshoot is much less when trailing-edge stall
occurs. The latter effect may be due to the
assumption of quasi-steady flow in the dead-air
region.
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APPENDIX
PROGRAM LISTING

A listing of the FORTRAN coding of the computer
program follows. The program was written in FORTRAN 1V
for use on an IBM 360/75 computer.
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PROGRAM T3 ANALYZE UNSTEADY AIRFOIL STALL

DIMENSION USAVL 1,70),Ut 1,70,2),CMATI50,50) e e
DIMENS ION RMAT(130), -SCALE(300,2), V(LOO:ZL;,UC(LOO)3). Y(lOQ)
X, SCALS{300) K
DIMENSION ALAM(30),VvZ1IP(30)}, FPRES(lOO).CAMBR(Z#),X(BOO)

DOUBLE PRECISION CMAT, RMAT o .
DIMENS ION XGAM{30),XC{300},SBL(300)+XBSIG(100) I

. DIMENS ION ASZ (303, AS(30,30) 485130, 30).A5H1(30),A5H(3o.30).asH(30.3
10 ), AR(30) 4 ARH{30),UE( 300, 3) '

SR

DIMENS ION BLAM(301, FLAM{ 10) ,XFLAM(10) .
DIMENSION XU(.300yYUL30) 4 KLL30) VL300 s . . VZ2130)4AR2130)

10 )4 XSIGBI100)sNSIGANSIGB,DXI e

EE AR e W
. EQUIVALENCE (ASH(l)ySCALS(l)) g N
. DATA IN,MOUT,MD, NT IME, ISEPT,1WASH/5,6,250, O 0:2/'

DATA PI,TIME, RENELyUSTOP 73.14159+0. 6.20E4 3.0/ Fee

.- . 'DATA FPAST, FUP,VBUB /. lyedyle/

DATA VJFF /1.7

" DATA FLAM /1e75101e7541e72441.52T51. 354.1...663..452,.25‘j
144 .21/ P . S
DATA XFLAM /-100..-11.26,-7.01.—3.%8.—1;766,0..1.888.4,;-
©10346.77,7.19/7 ) '
" DATA NSBL, NZ'NY. NCORD ; LOWER yMSTOP  MOTR ,NOTBL, INDV/
1 150,100470, " ~~ ~20¥Lsbel41,4y07 -

_.DATA ELSIG+FRZsARRy AMPLU,FREQU,ALPH1,ALPH2,HEAVE, ARUT;FREQF:PHIH',
A RY1,DRYY(27,TEST,UPRIM, ISEP/ ' el 1e06+3¢5:04

1 0.00. 011 0-100"051 0-,0.11. 001..008,.01,.001 '.0001 ] 0/

NAMEL1ST /CASE/ NSBL ¢NZ,NY,MAXTyNGAM, NSIG,NOFF ,NCORD, LOWER, MSTGP,
IMOTR,NITBL, INDV, ELSIGyDXI yREB yRDBB sFRZyARRyAMPLU,FREQUsALPHL ¢ ALPH2
- 1, HEAVE) AROT; FREQF, PHIH; " RYL;DRY, ~YsTEST,UPRIM,XUsXLsYUsYLeNFs -

. INVOR, SVOR, HVORvBARG.XlVOR’EMIvTORFoSSPA'CMPA.CHPAS,USTOP.RENEL'}
1 FPAST,FUP,VBUB;HD, VOFF ™ '

NGAM=24

NS16=24
 NF=20

UINF=T,.

.. NWAKE=999
.. DXI=1,E10"
- .READU IN, CASE)

MX=NSBL #NZ~1
. NDIMC=50
"INDV=INDV#1
. RY=RY1 e e

NOTE - OFFSETS ARE PUT IN AS LISTED IN THEORY OF WING SECTICNSy I.E

AS~ A FRACT13N-3F-TOTAL CHORD, Xt BEING MEASURED FROM THE
. LEADING EDGE. BE SURE NF IS AN EVEN NUMBER.

“WRITE(MOUT, 6)

WRITE(YOUT,; CASE) ' : e L
GO TO (343,342), INDV

.- 000l .
- .0002
.0003

0004

.0005
. 0006

0007
0008

0009, .
-0010
0011

0012

.-;f”v-0013
"COMMON /L OADS7 CR,CRHAT THICK (24) s THAT (341 sNF yACAP (30931 y ACAP2 (304 . .
130 NGAM, GAMAW( 1000 ) » GAMAW2(:1000) s XI W{1000) NWAKE ¢ XSEP , XATT ,8CAPL10" -
10, 3),NSIG, RDBB,AA, BB, AKK'SS.SSLAM.ZS,UTyUN.UINFmXS[G(lOO),XSIGA(IO:f

0014
0015
0016

.-0017
. 0018

0019
0020

0021 .

0022
0023

10024
.. 0025 .

0026

. 0027
‘0028

0029

.7.0030
0031
.0032

0033
0034
0035
0036
0037
0038
0039

.. 00%0
0041 .
0042. .

‘0043
0044

0045

0046

0047
0048

0049

...0050

0051

. 0052

0053
0054

0055



342

343

7875

350

2419

2420
2421

WRITE(MOUT,25) NVOR,SVOR,HVOR yBARG 9 X1 VOR oEMI ¢ TORF , SSPA
HVOR=HYOR #%2

BARG=BARG/6,2832

RDBC = RDBB 7 2.

CALL secr(xu.vu.xL.YL.NoFF.NF.aosc. THICK, CAMBRY
RDBB = RDBC * 2.

DO 7875 N = 1, NF

CAMBRIN) = 2 & CAMBR(N)

THICK(N) = 2. * THICKIN)

CR=SQRT(RDBB)/ 2,

CALL THCALCICR, THICKsGRHATy THAT oNF )

WRITE(MOUT 4 4)

WRITE(MOUT,7) AMPLUsFREQUsALP HL +ALPH2 JHEAVE JARDT ,FREQF 4 RDBB, REB
WRITE(MOUT,8]

WRITE(MOUT,9) (NsCAMBRIN),THICK(N) THATIN) sN=1 ,NF)
WRITE(MOUT; TOTT CRCRHAT ~—

CALL SCAL(SBL,NSBL,FRZ,ARR,RDBB }

CALL CORDX{NSBLWNZyRDBBySBL sX3XC) _

UTU=CR ‘ ‘

DO 350 N=1,NF~ ™ ,

UTU=UTU+THICK(N)
UTU=2.%UTU ~

DO 2420 M=1,MX
IF(XCIM)-17) 2626.2t1§.2ar9
MEND=M-1

GO TD 24217

CONTINJE

MX=MEND

XATT = -100. '
MXMl=Mx-1"" " . ,
UE(MX+1,1)=1.

EPSLE=2 4 TXINZ)=XINZ=1TT

EPSTE=X(MX )-X(MX-1)
AUTC=11.5UE47SURTIREBT ‘
IF(MD.EQ.1) GO TO 2423

00 2422 MEL,MX™

SCALE(M, 1)=0.

SCALE(M, 2)=04

00 2422 N=14NY

2422

2423

ULH,Ny 10505
UM, N, 2)=0.

NS1GA=NSTG =

NSIGB=NS16

NS IG1SNSTG+T

MOTR=MITR +1

PITCH = ALPHT

IFCINDV + MOTR oLE. 2) PITCH = PITCH ~ ALPH2
UN=SINIPITCHT ~~ .

UT=COS{ PITCH) o : *
NOT BL=NOT BL¥I .

XMAX=1.-ELS 16

CONA=S3TS*PI7DXT——

ANGS=P I/FLOAT{NSIG)

. CALL SETSXINSTGIsI.T¢2.5sXSTGyANGS)

XSEP=1.1
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2430

2431

8456

1001
1002

8457
8458

8459

DO 2430 N=1,NSIG1

XSIGBIN)I=XSIG{N)

XSIGAIN)=XSIGIN)

DO 2431 N=1,NSIG

DO 2431 NU=1,3

BCAP{N, NU)=0,

PINT=2./FLOAT(NCORD) "
NCP1=NCORD+1

ThXI=1.5/DXI

NGP1=NGAM+1

NWM1=NA AK E-1

COUNT=D .

DO B456 N=1,NWAKE

GAMAH(“’=OO P
GAMA42(N) = O,

XIW(N)=1.+COUNT

COUNT=COUNT+DX I

ANGLE=P I/ FLOAT(NGANM)

COUNT=D.

DO 1002 M=1,NGP1

PHIM=CIUNT*ANGLE

XCAM{M) =COSTUPHIMN)

DOUNT =2,

DO 1001 N=2,NGAM

ASI{MyN)=COS{DOUNT*PHIM)

DOUNT=DOUNT +1. -

COUNT=COUNT+1.

CALL dASﬂ(XGAM,NGﬁHvTIME}ALPﬂTTKlPHZvHEKVEpARUToFREQF:PHIH'UINFQCA
1MBRyNFyVZ IPy1,1)

IF{ INDV .EQ.2) CALL VWASH(BARG,HVOR SVOR,NVOR y X1 VOR2UINF,VZIP, XGA¥,
INGP1,DX 1)

DO 8458 M=1,NGP1

CMAT(M, 1)=1.

RMAT{M) =2, %VZ'IPINT

CMAT(M, 2)=XGAM(M}

DO 8457 N=3,NGP1"

CMAT(MyN)I=AS(MyN-1) : . 1
CONTINUE .

CALL ALSOL(NGP1l, CMAT, RMAT, NDIMC)

DO 8459 N=1,NGP1-

ACAPIN, 1 )=RMATI(N) 4
ACAP{N,s 2)=ACAPIN,1)

CALL WASH2(VZ 2,XGAMy;NGAM,CRy THICK ,NF, ACAP,O.,O 0as32s)
DO ‘8470 M = I,y NGP1- ‘
RMAT(M)= VZ2(M) : 2

CMATIM, 1) =1
. CMAT{M,2) = XGAM({M)
DO 8470 N = 3,7 NGP1~

8470

8471

50

CMAT{(M, N) = AS(My N - 1)

CALL ALSOULINGPT,CHAT,RMAT,NDIMCT" :
DO 8471 M = 1y NGP1

ACAPZt My Y TERMATIM)

ACAP2(M, 2) = ACAP2{(M, 1)

DO 2784 M=1,MX ~

SIGN=1,

0111
0112
0113
0114
0115
0116
0117
0118
0119
0120
o121
0122
0123
0124
0125
0126
o127
0128
0129
0130
0131
0132
0133
0134
0135
0136
0137
0138
0139 .
0140
0141
0142
0143
0144
0145
0146
0147
0148
0149
0150
0151
0152
0153
015¢
0155
0156
0157
0158
0159
0160
olel
0162
0163
0164
0165



c
C
c

s N aXaNgl

2774
2775
2784

1004

[TF(M=NZ) 27T74,42775,2775
SIGN=~-S IGN

CALL QECAL(UE(M. 1),XC‘M’,SIGN.0,
JE(My 2)=UE(M, 1)~

DO 1004 M=2,NGAM

BLAM(M)=({ 1.125%XGAM(M) #+.1875% {1 .+ XGAMIM) )*{1.-3,8XGAMIM)) ®ALGG({].

L+XGAM(M ) )/ { 1.-XGAM{M))))/DX1T
BLAMINGP1)=-1,.125/0X1

INDEX ING IN TIME IS CARRTED ODUT AT THiS POINT.

9999
195

CONTINJE
GO TO (196,195),M0TR
READ( IN,2) ALPH1,ALPH2,HEAVE

NOTE - FOR READ-IN OF FO'IL MOTIONS, MAKE ALPH1 = ALPHA,

196
197

198

’

201
202°
8800

1003
2007
2008

4433

2009

2010

ALPHZ = ALPHA-DOT, AND HEAVE = H-DOT.

GO TO (198+197), INDV

CALL ELPITUALPHL,ALPH2,EMI, TORF ¢ SSPAs UINF,DXI CMPA,CMPAS)
X1VOR=X 1VOR +DX [*U INF

NITS=1

T IME=T IME+OX1
.PITCH = ALPHL "~

IF{ INDy # MOTR .LE. 2) PITCH = PITCH ~ ALPH2*COS(FREQF*TIME)
NTIME=NT IME+1 '
NWAKE=NTIME+2

IFINWACE-998BY 202,201,201

NW AKE=998
IF(MAXT-NTIME) 8989, 8800, 8800
SAVEU=J INF
UINF=1.+ARPLUSSIN{FREQUSTIME)
UBUB=UINFsVBUB
UN=UINF*SINIPTITCH)

UT=UINF*COS{P ITCH)
UDOT=FREQU*AMPLURCOSIFREQU*TINME )
STEPX=.5%DX I*( UINF+SAVEU)

DO 1003 J=2,NWAKE
JC=NWAKE-J+2
GAMANTJTT=GAMANTJC=T)

GAMAW2({ JC) = GAMAW2(JC-1)
XIWCSC)=XTW{JC-1Y+STEPX
IF(ISEP) 2009, 2009, 2007

DO 2008 N=1,NSIG™

BCAP(N, 3)=BCAP (N, 2}

BCAP(N; 2Z)=BCAPING I

DD 4433 N=1,NSIG1
XSIGB(N)=XSTGAIN] "~

XS IGA(N)=XSIG(N)

PRECS=PREC -

GO 70 2010

OEADC=D.

ELDOT=UBUB

DO 1014 M=1,MX

UE(M,3)=UE(M, 2]}

0166
0167
0168
0169
0170
0171
0172
0173
0174
0175
0176
0177
o178
0179
0180
0181
0182
0183
0184
0185
0186
0187
olss
0189
0190
0191

0192.

0193
0194
0195
0196
0197
o198
0199
0200
0201
0202
0203
0204
0205
0206
0207

. 0208

0209
0210
0211
0212
0213
0214
0215
0216
0217
0218
0219
0220
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1014

UE(M, 2)=UE(M,1)
DEAD1=DEADL . ' i
ELD1=ELDOT

‘-ALAM(I) (1.125+. 75*ALOG(STEPX¥ 5))/DXI

1035

DO 1005 'M=2,NGP1 -

ALAM(M)—BLAH(M)*.75*(l.+(1.-XGAM(MI)/STEPX)*ALUG((1 +STEPX-XGAM(M)

1)/(1.-(GAM(M)))/DXI

“ DD 2006 M=1,NGP1
ACAP2(4,3) = ACAP2(M,2)

- ACAP2(M4y2) = ACAP2(My1)
" ACAP( M, 3)=ACAP (M, 2)

2006

‘ACAP{ M, 2)=ACAP (M, 1) ‘ '
. AFACT=8. *(ACAP(I.Z)* S*ACAP [252))- Z.t(ACAP(1'3)0.5*ACAP(213))

;AFACZ =8.*LACAP2( 1, 2)+.5%ACAP212,2)})-2.% (ACAP2{1,3)+. 5*ACAP2(Zv3))
"ALPHS vZiIieil)

s CALL WASHIXGAM,NGAMTIME ,ALPH1,ALPH2, HEAVEvAROToFREQF.PHIH.U!NF Ca

71MBR:NF:VZIP,M0TR-INDV)

JFUINDV «EQe2) CALL VWASH{BARG ¢HVOR s SVOR ¢yNVOR ¢ X1 VORyUINFVZIP 4 XGAMy

CINGPLy DX 1)

DO 1006 M=1,NGP1

_fASZ(M)-l +2. ®ALAM(M)

AS{M,1)= XGAM(HT#KLKH(M)

"SuM=0.

“

SUM2=0.

© - NWM1=Nd AK E=1 : C o
" DO 4343 J=2,NWML : C

P=J+1

T OLX=XId{J)-XGAMINT"

-~ COX=DLX/(XIW(JIP )-XIW{J))

S ALX=ALIGU CXTWOJIP I-XGAM{M) /DL X) : I
SUM-SJH+(GAHAH(J)+(GAMAN(J)—GAMAH(JP))*COX)*ALX .

4343

SUM2= SJHZG(GAHAHZ‘J16(GEHKW2(J)—GAHAHZ(JP))'COX)*ALX

ELX=13-XGAM(M) - e

S TF(MeEQal)y EEX=T,"
CALX= (1.~XGAH(M))*ALDG(1.*STEPX/ELX)/STEPX

1006

(s NeXsNaRel

3247
3344

3347
© "ISEP=0

XSEP=101

00 3015 K=1,3

3015

3345
3348

52

- AR2(M)=AL AM{ M Y®AFAT2/ 3. % 'SUM2-GAMAW2 (2) ¥ALX) /PI b
AR(M) 2.*VZIP(H)*ALAH(M)*AFACT/3.*(SUH—GAMAH(Z)*ALX)/PI

YHE "FOLLOWING CALCULATIONS, THROUGH STATEMENY 4444, ARE PERFORMEC
ONLY IF THE AIRFOIL TS “STAULED: = THE ATRFOTL 1'S DESIGNATED TO BE
SIALLED IF INTEGER ISEP IS NONZERGO.

TFUISEP) 3247, 444443247

GO TO (3344433457, 1WASH N

XS EP=XSEP+DX I *VOFF ' !
1F(XSEP-XMAK ) “3248, 3357, 3347 '

IWASH=2

>~ DO 3015 N=1,NSIG

BCAPINYKT1=03

GO TO 4444

TF(INDT ) 33%8,33%8,3248 - ~
IFINITS-1) 3248,3349,3248

0221

0222
0223
0224
0225°
0226
0227
0228
0229
0230
0231
0232
0233
0234
0235
0236
0237
0238
0239
0240
0241
0242

‘0243

0244
0245,
0246
0247
0248
0249

- 0250

0251
0252
0253
0254
0255°

0256

0257
0258
0259

- 0260

0261
0262
0263
0264
0265

0266

0267
0268

‘0269
0270

0271

0272

0273
0274

" 0275



3

C
c
c

3349 [F(INOV.EQ.2) GO TO 6349
IF(VZIP(1)-ALPHS) 6349,6348,6348
6348 NITS=2
GO TD 3248
6349 CALL uvPop(Ncp1.AR.ALAM,AFACT,RMAT.CMAT chn.As.Mx.Nz.xc.ue noxrc.
1 AFAC2, AR2) ; .
GO TD 2785
3248 XATT=XSEP+DEAD1+.5¢ ( ELD1+ELDO T)*DXI
[FOINDT cEQe1<ANDXATT.LTo1.2) XATT=1.2
DEADL=XATT-XSEP '
DIFF=1.-XATT
CALL SETSX{NSIGL,XSEP,XATT,XSIGsANGS)
. DO 4434 N=1,NSIG .. - .
443% XBS IGIN)=.5%IXSIGIN ) +XSIGIN #1))-
DO 3086 M=1,NGP1
DO 3086 N=1,NSIG -
3086 BS(M,N)=0.
IF{DIFF-1.E~6) 5005,5006, 5006 : .
5005 PREC=0. C:
G0 TO 5007
5006 CALL ATTPR({PREC,ASZyAS,AR,CMAT,RMAT,NGPL,AR2, ND!NC.XGAH.UTU.PRECS)
5007 CALL HIXER(FPRES?FKEt}UINF‘UUUT-TH[CK“NF.XBSIG NSIG,INDT,DELL,THET
11 +REB,USEP,X4yCP1,RDBB)
. DO 3487 M=1,NGP1 ~ :
IF{XGAM(M)~XSEP) 3088,3088, 3089
3089 IF(XATT=XGAM{M}) 3187;3087,3091
3091 CONTINUE
ACOSXSARCOST T Z ¥XGAMUA} =~ XSEP-XATT) /DEADL)
DO 30 N= 2, NSIG
0 . BS(MyN)= SIN( FLOATIN=1)® "ACOSX)
BSIMy 1) =SQRT{ ( XGAM(M)~ XSEP)/(XATT—XGAH(H)))
3088 IF(DIFF-1.E-6) 3087,3098,3098
3098 BS(My1)=BS(M, L)+DIFF#%(-1, 5)‘SQRT(DEADL)‘(Z.*DIFF*(SQRT((l.-XGAHJP
1) )/ IXATT=XGARTMTII=T. V¥l 4 . ¥ XGAN TH)= 1.-3.txATT))
GO T0 3087 .
3187 BS(M,l)=DIFFe&(=1; SitSQRT(DEADL)'IJ.o XATT=4. $XGAM (M) )
3087 CONTINJE . :
3487 CONTINJE

SET-UP UF”Tﬂf;SECUNDfSEf*UF‘EQUKfTUNS'STKRTS'HERE;

-DO 4350 K=1,NSIG
IF(XBSIG(K)~-1s) 434844349,4349
4348 COSK=XBSIGIK)

.SINK-SQRT(I.-COSK‘CDSK)

- THETR=ARCT{COSK)

TANT=S IN( .5*THETK)/COS(.5*THE TK)
ASHZ(K)=TANT1CUV1‘TI‘¢CUSR)‘(I.-3.‘CDSK)IUINF*TNXI*(PX THETK#SINK+
1CONA®{ 1 .+COSK }*#SINK*#2)/UINF
ASH(K, 1) =, 5% TASHITK J=TANT )+ SINK
COUNT=1.

D0 4355 N=Z,NGAR

COUNT=COUNT+1.

4355 ASHIK, V)tSINTCUUNT‘THETKT‘_TF‘TSTNT1CUUNT¥1.)*THETK)l(COUNT*I )-S1.

lN((CDUNT-l )‘THETK)/(COUNT-I ))I(DXI‘UINF)

0276
0277
02718
0279
0280
0281

- 0282

0283

0284

0285
0286
0287 -
0288
0289
0290
0291
0292

- 0293

0294
0295
0296
0297

- 0298

0299

- 0300

0301

.0302.

0303
0304
0305
0306
0307
0308
0309

. 0310

0311
0312.
0313

‘0314

0315
0316
0317
0318

‘0319

0320 .
0321
0322
0323
0324
0325
0326

0327

0328
0329 -
0330 .
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LEN

GU TO 4350
4349 ASHZ{K)=0.
DO 4359 N=1,NGAM
4359 ASHIK,N)=0.
. 4350 CONTINJE -
CPOT=CP1 , o
DP 4800 K=1,NSIG , :
CORD=XBSIGIK )
BSHIK, 1)=-1.

ACOSX=ARCOS! 2.*CORD - XSEP-XATT)/DEADL)
DO 4808 N= 2, NSIG
4808 BSH{K,N)= COS { FLDAT(N-]) * ACUSX)

ARH( < )= "FPRES(K) "
IF(CORD-1.) 5008447994799 -
5008 CALL EGAMI{2,NGAM,ACAP,BCAP(1, 2)'XSIGAll)oXSlGAlNSlGAfl):GAMAH(Z)'
1CORDy VAL L)

CALL EGAMI(3.NGAM.ACAP08CAP(113)9XSIGB(1)oXSIGB(NS[GB+1).GAPAH(3)._

1CORDsVAL2}

ARHIK ) =ARHIK ) +{.2.#VAL 1-4 54VAL 2) / (DXI S UINF) #. 0625‘AFACT*PI*(1.*CCRD‘

l)*(1.'3.‘CORD+THXI'(1.—CDRD*CORD))I(DXI*U{NF)
4799 CONTINJE
4800 CONTINJE
4444 CONTINJE

'CALCULATIONS ‘FROM THIS POINT ON- COMBINE THE
CASES OF STALLED AND UNSTALLED ATRFOILS.

[aNaNelel

DO 6500 M=1,NGP1

RMAT{M)=AR(M)
CMAT (M, 1)=ASZ (M)
DO 6485 N=1,NGAM -

6485 CMAT{M,N+1)=ASIMN) ST

" IF(ISEP) 6486, 6500, 6486 :

6486 DD 6499 N=I;NS1G
NGG=N+NGP 1

6499 CMAT(N, NGG?—BS(M.N)

6500 CONTINJE
1F(ISEP) 6502.6501.5502, o L y

6501 NTOT=NGP1 ' ’ B

: GO T0 8751 -

6502 -DQ 6750 K= l.NSlG N L
KK=K+NGP1 ’ , >
RMAT(KK )= ARH{K )

CMATI{K ¢ 1I=ASHZEKY
DO 6748 N=1,NGAM .

6748 CMATIKSyN+1)=ASHECTNY L
DO 6750 N=1,NSIG - :
NGG=N+NGPL.

6750 CMAT(KK,NGG)=BSHIKsN]

NTOT=NS IG*NGPL
6751 CALL ALSOL{NTOT, CMAT, RMAT, NDIMC)
_ . DU 6800 N=IyNGP1

6800 ACAP(N, 1)=RMAT(IN)  ~ ~~ = ~ - : o :
1F( ISEP ) 6805, 6820; 6805

6805 DO 6810 N=1,NSIG
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0331
0332
0333
0334
0335
0336
0337
0338
0339
0340
0341
0342
0343
0344
0345
0346
0347
0348
0349
0350
0351
0352
0353
0354
0355
0356
0357
0358
0359
0360
0361
0362
0363
0364
0365
0366
0367
0368
0369
0370
0371
0372

© 0373

0374
0375
0376
0377
0378
0379
0380
0381
0382

0383

0384
0385



6810
6820

NGG=N +NGP 1
BCAPIN, 1) =RMAT(NGG)
CONTINJE
GAMAW(1)=GAM1{ACAP,DXI,PT)
DDEL=UTU*GAMAW( 1) :
DELP1=DDEL/PI

DO 6910 M = 1, NGP1

. CMAT(M,1) = ASZIM)

6910
339

340

1780
1785
2785

DU 6910 N = 2, NGP1L
CMAT{M, N) = ASIM, N-1) ]
CALL WASH2(VZ2¢XGAMyNGAMCRTHICK ¢NF ¢ACAP,GAMAW{1)ISEP,DELPI,

1 XIWl2))

DO 339 M=1,NGP1

RMAT{M)=  VZ2(M)+AR2(M)

CALL ALSOL(NGP1,CMAT,RMAT,NDINC)

DO 340 R=1,NGPI

ACAP2(M, L )=RMAT(M)

CONT INJE ' '
GAMAW2( 1) = GAMllACAPZ' oxx. PI) +DDEL
DO 1785 M=1,MX .
SIGN=1.

1EUM=NT)" 178071735*1785

S IGN=-$§ 16N

CALL QECAL(UE(M, 11, XCUM); SIGN,1SEPY

DD 8886 I=1,2

US2=UE(1,1)

© DO 8886 M=1,MXM1
US1=UE(MT I)

8886

8351
8352

8353

8370

8367

7735
7736

JE(My 1) =(US1+US2+UE(M+1,1))/3.

us2=us1

IFUISEPT.EQ.1) CALL TAYLOR(XSEP:UE.XCuX'NZ.HX)
GO 70 (8351,8353), IWASH ™

DO 8352 M=1.MX

SCALSTNY=U.

GO TD 1786
CALL YSETIRY 1, YU2T,NY, Y1~
RY=RY 1

DD 8354 M=1,MX
8354

SCALS(%)=0.

IF( INDV .EQ.2Z. INDJNTTHE_[I I0FV G0 TO 1786

IF({INDY .EQ.2) GO T) 8370

IF(ISEP .EQ.0.ANDV2IPTTY. LT ALPHS) 60 'TO 1786"

CALL STAG(HX;NY.NSTOP.HST.DX!qRV.DRYchY'UE.UC.V:USAV'SCALS.ISEPS

1 M0y T

LAMQ=1

XSEPS‘XSEF

DXX=DX 1

IF{ISEP.EQ. T-ANDSISEPT.EQ.0.AND.NITS,EQ. I} DXR=1, E30

CALL BLC(X,YyMST,MEND¢NY,RY,DRY yDXX,REB o UPRI MiF LAMy XFLAM, TEST 4U,SC

‘1AL E,UE,UC; Vo XSEPZUSEP, DISP, IHEllflUHERiLAHQpHSEPvXCvUSAV,SC§LScNIT
1S+NTIME, MD)

TFIXSEP=XMAXT TT367 T¥35, 1135
IFLISEP) 1786+1786,7736
DEL1=DISP

THET1=THETA

0386
0387
o3s8s
0389
0390
0391
0392
0393
0394
0395
0396
0397
0398
0399
0400
0401
0402
0403
0404
0405
0406
0407
0408
0409
0410
0411
0412
0413
0414
0415
0416
0417
0418
0419
0420
0421
0422
0423
0424
0425
0426
0427

- 0428
. 0429

0430
0431
0432
0433
0434
0435
0436
0437
0438
0439
0440
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378

8462
8563
8662
8562

INDT=1-LAMQ . .
TFUNOT o { INDT.EQ.1.AND .NOTBL.EQ.2)) GG TO 378
XSEP=XSEPS '
INDY=0

GO TD 1786

WRITE(MOUT,23) XSIG(1),CPOY,XSEP

IFLINDF ) 8462, 8462, 8463

IF(ISEP) 8562, 8562, 8563

ITFINITS~1) 8562,8562, 8662

IFUISEPT) TT42,774248562

CALL BJBB(DEL 1y THET1,REB ¢ XSEP gUSEP ¢ XC 5+DCP4DELS lXtXClMX'Nl »X5 WS U
1€, ALTC'RENEL'USTOP)‘ :

TFLUSEP .GT.USTOP) USEP‘USEP#.O75116‘(USEP-USTDP)
PDIFF={USEP-US )*(USEP +US) N

" WRITE(4QUT,22) PDIFF,DCP

8263
8366

8369
8467

8368
8168

8463
7741

7643
1742

7841

9307
9212

7743
1737

7842
7843

7834
7835

7836
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IF{DCP-PDIFF) B8263,8366,8366 -

{SEPT=0

GO TO 8463

IFLISEP) 8368y 8368, 8369

IFLISEPT) B8467,84567;8368 -

IWASH=1

NITS=2 -

GO TD 3344 _
GO TO (8168, 17867yNOTBL ' :

CALL REATT(UC,VsXsY, Mx,Nv,Rv.on,UE.xs.oELs.Msr.REB)
L AMQ=0

G0 TD 8367

1FUISEP ) " TT4LTT&41, 7142 -

ISEP=1

NITS=NITS+1

IFUINDT ) 7743, 7743, 7643

ISEPT=1

CALL CPC{CP1yXSEPy1l.,0)

GO TO 3248

CALL ELDER{BCAP,XSIGINSIGsUBUB,ELDOT,SIGSUM,YMX)
IF(ISEP .EQ.1.AND.ISEPT. EQ.O.AND.NITS.EQ.I) 50 TO 9210
[F(XSEP+.5) 7841y 7842, 7842 ' Co
EPS=EPSLE -

GO TO 7843

I F{ XS EP-XMAX-) 9212792127835

CALL CPC(CP1lyXSEPs1., ISEP)

GO TO 3248

IF{NITS-1) T7737,7737,3248

NITS=NITS*1 - -

ELDOT=ELDL

EPS=EPSTE~

DXSEP=ABS(XSEP-XSEPS)

IF{DXSEP-EPS ) 1834 783% 9210

IF(XSEP—XHAX) 17864 1786,7835

ISEP=0 -

. ISEPT=0

DO 7836 K=¥1,3 —~
DO 7836 N=1sNSIG
BCAPI(N, K )=05"
GO TO 1786

0441
0442
0443

0444

0445
0446
0447
0448
0449
0450
0451
0452
0453
0454
0455
0456
0457
0458
0459
0460
0461
0462 .
0463
04564
0465
0466
0467
0468
0469
0470
0471
0472
0473
0474

0475

0476
0477
0478
0479
0480
0481
0482
0483
0484

" 0485

0486
0487
0488

" 0489

0490
0491
0492
0493
0494
0495



9210
9211
9305

9306

1786

209

63
6

7432

7433

7545
7546

7102

7950

8989

~woeous N

NITS=NITS+1

TF{NITS .EQ.2.AND.INDT.EQ.0) XSEPS=XSEP

IFINITS-4) 9211,9211,1786

IF(XSEP-XSEPS) 9305, 9305, 9306

XSEP=(1.~FUP ) *XSEPS+FUP*XSEP

60 T 9307

XSMAX=XSEPS+FPAST*( Lo- XSEPS)

IF(XSEP .GT .XSMAX) XSEP =X SMAX

GO TO 3248

WRITE(MOUT,20) NTIME

XSEP=XS IG( 1)

WRITE(MOUT,26) X1VOR

PITC = PITCH * 180. / PI

WRITE(MOUT+10) TIMEsUINF,XSEP 4 XATT,PITC

WRITE(MOUT,11)

WRITE(MOUT,12) (NoXGAMIN),VZIP(N], AR(N)-ACAP(N-ID.XIH(N).GAPAU(N).
IN=1,NGP 1) :
WRITE(649005)

DO 63 4 = 1, NGP1 ' R
WRITE{MOUT,9006) M, XGAMIM),V22(M) AR2(M), ACAP2(M,1), XIW(MI),
A GAMAW2(MN) ~ '

IFUISEP ) T7432,7433,7432
WRITE(4OUT,13)

WRITE(NOUT, 17} (N.XBSTG(N),FPRES(N)pARH(N) BCAP(N,1) 4N=1,NS1G)
_ARITE(YOUT, 14) ELDIT.

WRITE(MOUT,18) XSIG{1),CPOT+x4,CPOT, XATT PREC
HR[TE(WOUTolS)

XPC--IQ s
DO 7102 N=1,NCP1

CALL QECAL{QEL+XPCy=1.,ISEP)

CALL QECAL{QEUyXPCy .1.4ISEP)

CALL CPCICPLXPCy=1.71ISEP) = -

CALL CPCUCPUsXPCy Llay ISEP)

IFUIN-1) 7548, 7545, 1546

cpL=CPJ

DL IFT=CPL-CPU -

HRITE(!OUTol6) XPC-QEL'CPLvﬁEU.CPU'DLIFT
XPC=XPC+PINT

CMPAS=CMPA .

CALL CLCMTPITCH, AROT, I SEP,CHPA,CAMBRY -

. IF(MD.EQ.1) GD TOD 9999

DO 7950 M=I,MX

'SCALE(Ms 2)=SCALE(M, 1)

SCALE( Y, 1)=SCACSIWI

DO 7950 N=1,NY

UCH R 20Ut NG T

U{M,N,1)=USAVIM,N)

GO TO 9999 - . o
CONTINUE . .
STOP

FORMAT( 3F10.4)

FORMATUIRIZZT  —

FORMAT( 6F10.4)

FORMAT{ LHT; 50X 34HENATYSTS OF UNSTEADY ATRFOIL STALL///)

'FORHATIBX.6HU898 =E13.5/7Xy HUFREQ =€13.5//3X,11HALPHA ONE =El3. 5/

JSE O

0496
0497
0498
0499
0500

. 0501

0502

0503 -

0504
0505
0506
0507
0508
0509
0510
0511
0512
0513
0514
0515

0516.

0517
0518

0519

0520
0521
0522

0523

0524
0525
0526
0527
0528

0529 -

0530

0531
0532
0533
0534
0535
0536
0537
0538

0539

0540
0541
0542
0543

0544 .

0545
0546
0547
0548
0549
0550
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, JFORMAT{:19X 1HN.25X.4HC(N),26X 4HT(N)v25X,5HTH(N)/) g‘

9 , FORMAT{120,3E30.5)

10. . FORMAT(5X s 3HT =E13.5/5X,3HU =E13.5/4Xs4HXS =E13. S/4x.4on =513 5/4

1X s 4HPA =E13.5//) .

11 | FORMAT(///4X, 1HN, 11x.1Hx 14x.5Hvz(x).1zx,5HR~(x).1zx.4HA(N) 21X 93k
S 1X IW 14Xy SHGAMMAY) o .

12  FORMAT(IS5,4E17.598Xy2E17. 5)A

13, -.FORMAT{ 1H1,8Xy IHN? 20Xy IHX ;21X 3 SHFP (XY 122 X¢sSHRH (N} 421X +4HBINI/) .
14 . FORMAT(//54X,9H .L-DOT =E13, 5///51x.21npaessuass IN SEPARATED FLCW

& L1/ /55Xy LHKy 19X 2HCP/ )

15, _FORMAT{ 1H1, 11x,1HX, 16X.3HQEL.15X,3HCPL'lSX'BHQEbglsX'BHCPUol3X.9HC .
_ .. 1PL ~ CPUZY :
16 ! FORMAT( 6E18.5) .

17 .. FORMAT( 110; 4E25.5) ’

18 - . FORMAT(3(40X,2E20.5/)) . . A
20 FORMAT(IHI.SOX.IZHTIHE STEP. NUIBIIJ A

22 FORMAT(;///740X, 26HINCREASE [N CP REQulRED lSElB.S//40X,26HINCREASE
. »iIN CP POSSIBLE TSEL3.S) - 7~ ..

23 -..;FORMAT(././ /45Xy 23HPOTENTIAL FLOW . XS -Elz.hleox.ancptxsx -512.4/
f,';llkSX,23HBUUNDARY‘IIYER”““"“XS SET2Z44T

25 . FORMAT{ 12X, 4HNV =12¢3X,3HS =E12.4,3X,3HH =512 4 93Xe3HG =EL12.4+3X04
C,lHX1 SEL2.%//712Xs 4HNT -ElZ.Q.BX}%HHT =512.4.3x.4HpA =E12. 4///» :
26 CFORMAT 14X, 4HX1 =E13. 5) . :

101. . FORMAT (/7 / 710X+ 4HCR™ SE13% 5/7X.1HCRHAT =513 5),

9005 FORMAT ( 1H1///T50, *SECOND ORDER SOLUTION®//

T 13X, llHALPHA TWO =E13.5/8X,6HHBAR =E13.5/L1K.3HA =E13, 5/8Xo6HFREQ

.. 1E13.5/78X46HR0O/B =E13. 5//9X'5HREB--E13.5//I)

90051 4Ky IHN}ITX}IHX.T#X{SHVZtXTpTZXpSHRN(Xl lZX:4HA(N):l3X.3F
90052X IW,y 14X, SHGAMMA/ ) . :

9006 FORMAT(!5.6E17 5: IR

o END B A

58

0551

-0552

0553
0554
0555
0556
0557
0558
0559
0560

- 0561

0562
0563
0564
0565
0566
0567
0568
0569

0570 |

0571

0572

0573
0574

0575

0576

- 0577

0578

0579,

0580

e

0581



OO0 0

SUBROJTINE BLC(X.Y.NST MEND,NY:RY.DRYoDXl REB:UPRIH:FLAH.XFLAN TES
_'lT,U.SCALE-UE.UCprXSEPoUSEP'DISS THFTS, LOHER:LAHQ;HSEP.XC USAV.SCA

lLSoNITSpNTIHEr HX)

S

oL

PROGRAM FIR ANALYZING LAMINAR AND TURBULENT BOUNDARY LAYERS‘f

By THE METHOD OF FINITE DIFFERENCES.
lS GREAT ER THAN ZERD,

"DIMENS ION ULRX, NY, "27," USAV (MX, NY)~
Y{300) 4 UC(IOO.3). V(lOOnZ)’

D IMENSION SCALS(300)y

X(300) ¢

R UE(300,3)y XC{300)
DIMENSION SD(100),SE( 100)¢SF{ 10005 VISC(100,2) sGRAD(100)

10

11

12
20

24

21
22
23
25
30
3s

810

900

DIMENSION Al1100),81100),C(100),D1100),F(100)

‘IF THE INTEGER LAMQ
THE BOUNDARY LAYER IS LAHlNAR.

OIMENSION ALPHA{100)+BETA(100),GAMMA(100),DELTAI100)

DIMENS ION 'SCALEL300, 27, VARITIU0],VAR2UIQOT

DIMENS ION FLAM{ 10}, XFLAM(10), YB1{100) ,¥B2(100) IR
DIMENS [ON CAPGI 100),CAPH{100) ;CAPJI1007,CAPK(100) °
DOUBLE PRECISION AP(IOO)oBP(IOO)oCP(lOO)oDP(lOO)vFP(lOOl’UP(IOO)

* FORMAT{ 1H1¢41X,38H ANALYSIS OF LAMINAR BOUNDARY LAYER///51X412KHT1 - )
IME STEP NOI3//51Xy12HITERATION NOI3///3X31HMy8Xe1HX 13X 2HXC ;12X y2

lHUEvIOT;BH‘DPIDX"?X’SﬂUEfT‘09175HDT$P1;9X05HTHETJ'9X.SHSHEAR'QX.

1 1HI/Z)

FORHAT(lHl.‘IX{36HlNl[YSIS UF_1TRBULENT BOUNDARY - LAYERIIISIX.IZHTI
IME STEP NOI3//51Xy12HITERATION NOT3///3X¢1HM 48X (1HX y13X 42HXC,12X42
lHUE.lOi.bH—DPIDX.?! 5H0ECTA.9X.SHDISPL'9X95HTHETA99X'5HSHEAR'6Xn '
.1 1HL/) :

FORMAT{ 14; BE143%: T3)

FORMAT{ 1H1 92Xy 3HM =]4//2Xy3HX =El4. 5/7/2Xy 4HUE

i

=El§.5.10xol1H-(IIR

1HO M DP/DXY SEL1#.5¢ 10Xy SHREB =sE14.5,10X4HU® =E14.5/7/1)-

FORMAT ( 2X ¢ 25HPHYSICAL

DELTA 8E14.5o8X012HOELTA STAR =El§."
15,8Xy THTHETA SEI#.,577ZXy25HTRANSFORMED =

ILTA STAR =E14.5,8X, THTHETA 'EIQ.SIIID
FORMAT 25X, IAY, 19X, THU, I9X,

FORMAT( 10Xy 5E20.5)

‘DELTA =E14.548X,12HDE

U7UV;I‘X”6HNUE/NUII

FORMAT ([ 7/730X, ITASEPARATION AT X SE13.5,6Hy XC -513.5)
FORMAT(// /740X, 12MMALL SHEAR =E14,5//)

FORMAT ( /7/ 50X TTHTRANSITION AT X’

=E1%.5) -

FORMAT( /20Xy 35HSCALE CHANGE - Y—MAX INCREASED FROHEIZ.#.)H TOEl264

1)

FORMAT{ 10X ¢ THAT STEP[3,22H,

DATA MOUT 767
8CON = 1.5/0x1

FCON = 1./702.%DX1) 7~

IF(MX.GT.1) GO TO ©99
8CON=0,

FCON=0.

CONTINUE

MAXIT=D

MTRAN=-1

" ¥YS

UBZ=YT2)
MST2 = MST - 2
MST1=M5T-1
GO TO (5439550),LOWER

THE WALL GRADIENT ISEl2.4)

"0582

0583 -
0584

"osaéf

0586

- 0587

0588

0589

. 1.0590 "
:.0591
170592

0593

0594

0595
T 0596
0597 -

0598 .

10599
‘0600
~.0601
0602

. 0603

C 0604
. 0605 .
‘0606

0607:
0608 °

‘0609 °
'0610
0611

0612
0613
0614
0615
0616
0617
0618
0619
0620
0621
0622
0623
0624
0625
0626
0627
0628
0629
0630
0631

0632

0633
0634
0635

© .59



543.
544

545.
550

41
. DO 42 W= HSTZ.HSTI

50

. CALL pGRAD‘"";X}UE.DXT'FRESS'SlISB'SC'SRDSS,

456

42

C

c

561

562

1

225 -
408

409

60

IF(LAMQ) 544y 544 545
WRITE{MOUT, 11} NTIME,NITS
GO Y0 550

WRITE(MDUT,10) NTIME,NITS

" CONTINJE

YTR = SQRT(REB}
Ucllyl) = 0.
vil,1) = o,

NV = Ny -~ 2
NVM1 = Ny = 1
NVP1 = NV + 1

CALL YDIFF(NY'ALPHA-BETA.GAHMA,DELTAoSDvSEvSFoCZ'C3'C4.Y)

DO 41 N=1,NVPIL -
VISCIN, 1) = 1,

VISCIN,2) = 1.

L = MST1-M+2
DO 50 N=1,NV

GRAD(N+1) = SD(N*I]‘UC(N#Z.L)OSE(Nﬁli‘UC(N*l.L)—SF(N*I)*UC(N.L)
_ GRAD{1) = C2%xUC(2,L 1#C3*UCT3, LI+ C4*WC(4,L)

MM=M~1}

D0 456 N=1,NY
UCINs 1)=UCINsLY

oy .

CALL SETUP(LAMQ,H NVsREB,y Xy Y, L, PRESSqGRADyDELTleSPvTHETAvVlSCoHT

1R AN)

CONTINVE

HENDI = A"EW""I“
GRADSS=GRAD(1}

C THE MAIN CALCULATION' STARTS HERE.

DO 99 M=MSTI,MENDI ~
" ITER=0

. WALLG=0,
MP1=M+]
DELTP = DELT/YTR
DISPT = DISP*YTR
THETT "= "THETAYYTR —
SHEAR = GRAD(1)/YTR

CIF(MAXIT.EQ. 10 .AND: EPWS:LESEP W)~ MAXIT=SS

6O 7O {561,562), LOWER

-HRITE(‘OUTrTZY Hoxfﬁiyxﬁfﬂi'UEtﬁ.ti.PRESS,ﬂEtTP.DlSP THETA,SNEAR’

1 MAXIV

¢« GO TO 225 T R
- WRITE(MOUT,20) n.x(n).UE(M.l).PRESS.REB.UPRIM
ARITE(MOUT, 24) DELTPyD ISP, THETAJDELT»DTSPT, THETT

WRITE(MOUT,21)

WRITE(MOUT,22) C¥(N), UC(N-Z):V(N;I).GRﬁD(N).VISC(N.I)9N=lthPl)

WRITE(MDUT,25) SHEAR

IF(GRADSS;GRﬁDS'1"E’5T"229’229ﬂﬂﬁr_
XSX=K (V=2 }+({X(M-1)- X(H—Z)D*GRADSS/(GRADSS—GRADS)

TF(XSX-X{M )Y ) 4#09+409+229 -

WFS=(XSX=X{M=1)})}/(X{M)-X(M-1))

0636
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0642
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0644

. 0645
0646

0647
0648
0649

0650

0651
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0654
0655
0656
0657
0658
0659
0660
0661
0662
0663
0664
0665

0666
0667

0668
0669
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0671
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c
c
c

229

2000

2217
224

GO TO 224

IFIGRADI 1)) 227,227,200C
IF{MAXIT.LT.10) GO TO 223
IF(EPWS .GT.EPW) GI YO 223
WFS=0.

GO 1D 224

WFS=GRADS/({ GRADS-GRAD( 1)}
WFS1=1.-WF$S
XSEP=WFS1&XCIM-1)+WFS*XC(M)
XBL=WFS 1*X{M~1 ) #WFSEX (M)

T USEP=WFS1*UE(M~1,1)+WFS*UE(M, 1)

223

802"

805

801,
620

WEP=(XBL-X{M=2))/(X{M-LI-X{M-2))"

‘WFPl=1.-WFP

DISS=DISSS*WFP 1+DISS*WFP
THETS=THETVSS*WFP 1+THETS*WFP

"IF(THETS.LT.0.) THETS=-THETS"
CIF(M.LT.MST1+3) GO TO 223

WRITE(MOUT,23) XBL»XSEP .
IFILAMQ.EQ.0.AND. M. LT.HTRAN#S) LAHQ‘I

‘G0 TO 222

CONT INJE

IFILANG) 801,801,802
CALL TRANS(UPRIH,PRESSQYHETA'REB UC NY:FLAH.XFLAH.LAHQ)

TF(LAMQ) 805,805,801 "

WRITE(MOUT, 30) X{My - )
MTRAN = M+l i
CONTINJE

TFUY(NV )~-DELTT 620, 841,641

RY=RY +DRY

RESCALING CALCULATION STARTS HERE.

632

DO 632 N=1.NY
YBL(N) "3 "VINT

" VARL(N} = UC(N,2)

VAR2(N) = UCINy3I) ™

" CALL YSET(RY,YSUB24NY,Y)

633

700

635

636

WRITE(MDUT35) YBIINY ), YINY) .

DO 633 N=2yNVP1

YIN = YUNY’

CALL TERP(Y[N.YBI;VAR1.NYoUPASI)

UCIN,2) = UPAST

CALL TERP(YlNcYBanARZoNY,UPASZ)

UCIN, 3} & UPASZ ' '

CALL YDIFF(NY.ALPHAvBETA-G&NHA.DELTA SDySE ¢SF 9C29C3,4C4yY)

" IF{LAMU)Y 700, 700, 701

DO 635 N=2,NVP1 . ;
VARLIN) = VISCIN71} ‘
VAR2(N) = VISC(N,2) A

DO 636 N#2yNVP1~

YIN = YIN)

CALL TERPUYIN; YBI; VARIZNVPIFUPASTT

VISC{N, 1) = UPASL1

CALL TERPUVIN,YBI,VARZ,NVPI,UPASZ) .
VISC(N,2) = UPAS2 : '

0691

0692

0693
0694
0695
0696
0697
0698
0699
0700
0701
0702
0703
0704
0705
0706
0707
0708
0709
o710
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0712
0713

0714

0715
0716

0717

0718
0T19
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0721
0722
0723
0724
0725
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701

637

638
641

[N e Mgl

OO0

521

522

523

610

820

574

575

576
88

89

62

v

DO 637 N=2,NVP1
VARLIN) = VIN, 1)

VARZ2(N) = VIN,2) '

DO 638 N=2,NVP1

S YIN = Y(N)

- CALL TERP{YIN,YB1,VAR1,NVP1,UPASL)
VINy1) = UPASL
CALL TERP(YIN,YBI.VARZ.NVPl,UPASZ) _ ‘
VINs2) = UPAS2 R
CONT INJE -

RESCALING CALCULATION ENDS HERE. = =~ -~
CALL PGRAD(My¢XyUEyDXIyPRESSsSAySB sSC s SR SS)

RECURSION RELATIONS ARE SET UP HERE.

IF(MX.EQ.1) GO TO 820
IF(SCALE(M+1l,1)-1.) 522,522,521
'IF(SCALE(M*IQZ, 1e) 522+522+¢523
LACKYU=1
FACUL= JE(H*I:Z’/UE(M*lot,
FACU2= JE(M+113)/UE(H*101)
‘GO TD 820
LACKU=2
- DO 610 NN=L3NY" - S
VARTINN) = U{M+1,NN,1)
VAR2(NN) = UM+1,NN32)"
CALL YSET(SCALE(H*lpl).VSUBZ'NYvYBl)

CALL YSET(SCALE(H*I.2)'YSUBZvNYvYBZ) ' ?

DO 88 N=24NV " ' T

CALL CAPS(ITER'N}CAPGvCAPH'CAPUvCAPKvSRQSS:SD:SE:SF VISC'V'UC)
A{N)=-SF(N)*CAPG(N)-DELTA(N )*CAPH(N)+SF (N)*CAPJ(N)

B(N)= BCUN+SA’thKTWT‘SETNT'CAPGTN,—GAHFA(Nl'CAPH(N)—SE(Nl‘CAPJ‘N,
C(N)=SDIN)}*CAPGIN)- BETA(N)#CAPH(N) SD(N)‘CAPJ(N)

DIN) = —-ALPHA{N)®CAPHIN)
IF(MX.EQ.l) GO TO 576

GO TO (57%, 575}, LACKU
UPAS1=FACUL*UCIN, 1)
UPAS2=FACU2#UC N )

GO TO 576
YIN = YIN) :

CALL TERP{YIN,YB1,VAR1,NY,UPAS])
CALL TERP{YINyYB27VARZ2¥NYUPAS2)

"FUN) = PRESS+FCON*(4. ‘UPASI-UPASZ)OCAPK(N)*(SR‘UC(NcZ) SC‘UC(N'3))'

CONTINJE —

SOLUTION FOR VELOCITY PROFILE STARTS HERE.

DO B9 N=2,NV ™ L
ALNG-- , : o .

APIN) =
BPIN} = BINT -
* CPIN) = CIN)
DP(N) = DINY
EPIN) =

FIN)

4

0746
0747
0748

< 0149
ar750

0751

- 0752
0753

0754
0755

0756

07157

- 0758

0759

‘0760
0761 -
0762
© 07637

0764
0765
0766
0767
0768

0769

0770
077y
o772,
0773

0774~

07175
0776
07717
or78
0779
0780
0781’

0782

o783
0T84
0785

0786 .
- - or87 -
- Q788
- 0789

0790
0791

- 0792
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‘0794

0795
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11

66
65

841

842.

843

55

56..

809

830
811

119

120

8la

812

44

48 .

DO 77 N=2,NVM]

CPIN) = CP(N}/BPIN)
OP{N}) = DP{N)/BP(N)
FPIN) = FP{N)/BP{N)

BPIN+1) = BPIN+1l) - CP(N)®AP(N+1)

CPIN+1) = CP(N+1) - DP(N)*AP(N+1)}

FPIN+1) = FPIN+1) - FP(N)*AP(N+1)

UPINY) = UEIM+L, 1)

UPINVP1) = UPINY)

UPINV) = (FPINV)-UPINY)®(DPINV] ¢ CP(NV)')IBP(NV)
DO 66 N=3,NV

. NN=NV+2-N o

UPINN) = FPINN) - DPUNN)I®UP(NN+2)} - CP(NN)I*UP(NN+1)
DO 65 N=2,NY

UCINg 1) = UP(N) o

LFCITER) 843,841,843

DO 842 N=2,NVP1

VING2) = VINg1)

VISCIN, 2)=VISCI(Ns1)

D1SSS=DISS

DISS=DISP

THETSSSTHETS :

THETS=T HETA ‘

" GRADSS=GRADS

GRADS=GRAD( 1)

DO 55 N=2,NVP1

VINy 1) = VIN-Lsl3-.58{Y(N)- Y(N‘l)l.(SA‘(UC(Nol'*UC(N-lol’) ses{uct
lNr2)+JC(N’I.ZITOSC'TUCpr3)0UC(N—113!T1 o

DO 56 N=1, NV

GRADIN#1) = SDIN®Y)SUCIN#2, 1) +SEINFII®UC(N+1,1)~ SF(N*I)‘UC(N.l)
GRAD{ 1) = CZ'UC(Z-I)*C3‘UC(3-1)0C4005(6v1) o

CALL SETUP(LAHQ.NPI.NV'REB'X'Y.UC PRESS'GRAD,DELT.DISP.THETA.V!SC:
IMTRAN) : . S I . . .
ITER=ITER#T" | e C e

GO TO {830+4809),LONER I S
WRITEtMOUT, 810} lTEK-GR!D(I) : c
IFLITER~9) 811|811v812

EPWS=EPW

* EPW=ABS (GRAD( 1 )-WALLG)

IF(WALL G- I.) T20, 120,119
EPW=EPA /NALLG
IF{EPW-TESTY 812,814, 814
.WALLG=GRAD( 1)

GO TO 820

DO 44 N=1,NY
UCIN:3) = UCINs2Y - -
JCINs2) = UCINy1)
MAXIT=ITER

IFIMX.EQ.1) GO TO 99
SCALS (M#1)=RY"

DO 48 N=1,NY

USAVIMFT; NTSUCTN, I
CONTINUE

XSEP=1.1"

USEP=UE(MX41)
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- 0806
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o81l1l
0812
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08ls
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0816
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0822 -
0823
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0826
0827
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.0830

0831

0832
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222

64

CONT INJE
RETURN

END

0856

0857
0858



o
c
C

SUBROUT INE STAG(MXyNYy MSTOP4MST D XI 4RY sDRY yX 3 YyUE ¢UC, Vo, USAV,,SCALS s

11SEP,MD)

PROGRAM FOR CALCULATING THE BOUNDARY LAYER PROFILE NEAR
THE STAGNATION POINT

19

20
21

22
23

309
310

311

408

33

410

80

DIMENSION USAV(MD, NY), SCALS(1)

DIMENS ION PHIZ(24&),PHIP(24) +ETAPL24)

DIMENS ION X(300),Y(100)+UEL300,3),UC(10043),V(100,2)

OIMENSION EF(100),EFP{100F o ’

DATA ETAP /009 .2..4'06,.8'1-'1.2.1."106’10812. 120202-#12.6’20813.
103629030491 3.693.8184.94:214.494,6/

DA'A PHXZ /0.. 002330.0881'01867'.312"-"5929.6221.7967'59198!10168
199103629 1055789175531 10953892.153924352692.552342.7522,2.9521,3,1
152193.3521, 3.5521+43.7521,43.9521/

DATA PHIP /0oy «2266941459.5863,,5859,.7779,.8467,.8968,+.9323,.956
18, ¢97329 29839 ¢99059 29946909971 .99849.9992 909996 1.99989.9999¢1.41.

l' 1.' lo/

BAG=.08

IF{ISEP) 10,1045
BAG=.35

EF(L) = O, °
EFP(1) = O,

00 20 M=1,MX

IFIUE(My 1)) 20420,19

MSP = M -

GO TO 21

CONTINJE

ASTAG = (UE(MSP#2y1)-UE(MSP#1,41))/7{X{MSP+2)-X{(MSP+1))
IFLASTAG) 22,422,233

ASTAG=(UE(MSPy 1)-UE(MSP-1,1)) /I X{MSP)-X{MSP-1}}
SQAS = SQRTUASTAG) . ’

DELT = 2.6/SQAS ,

[FIDELY-YTINY-37) 311,310,310

RY=RY+DRY

CALL YSETUIRY,Y{2)eNY,Y)

GO TO 309

CONTINJE

DO 80 N=2,4NY

YET = 'YUNT®SQAS

DO 33 'NN=1,24

[F(YET-ETAPINN)) 408,408,337

MARK = NN

GO TO %10~

CONTINJE

‘EFU(NY = YET-.5479

EFP(N) = 1.

GO YO 80

FRACT = (YET-ETAPIMARK-1))/(ETAP{MARK)~ETAP({MARK-1))
FRAC1 = TJ<FRACT

EF(N) = PHIZ{MARK-1)*FRAC1+PHIZ (MARK)*FRACT
EFPI(N) =" PHIPIMARK-TI*FRACT# RIPTRARK)*FRACT
CONTINJE '

M1 = MSP-RSTOP

M2 = MSP+MSTOP

0859
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 M=M1-1.

e M=Mel
. TMST=M+].
~o DO 71 N=1,NY
o UCINy3) = UC(N.Z)
. JCiNs 2) UE(M:I)*EFP(N)
- -V(NCZ) = V(N,l’ :
.- VINsl) = ~SQAS*EF(N)
; CCONTINJE

IFIMD.EQ.1) GO TO 73 -

. SCALS(M)=RY .

DO 72 N= lvNY

» USAV(M.N) =UCI(N, 2)

.- TFIM-M2) 50, 55,55
_;'lfluetn.l) BAG) 50450, 81
* CONTINJE -

- RETURN
. END

66

o,

0913

0914

0915

99 16
. 0917
0918 .
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10

12
15

20

SUBROUT INE THCALC(CR,THICK,CRHAT, THAT,NF)
DIMENSION THICK(24)s THAT(24),ARG( 6]} :

- DATA NSIMP,P1l /6043.14159/

SIGN=1.

SUM=0.

DD 5 N=1,NF

THAT(N)}=0.

SIGN=-SIGN
- SUM=SUM+S IGN*THICK(N)
CRHAT=(R#*({ 3,%CR+2.%SUM)
DY=PI/FLOAT(NS IMP)

. ARG(1)=0.

ARGI{NS IMP +1)=0.
ANGLE=0.

DO 10 N=2,NSINP
ANGLE=ANGLE+DT
S INT=S IN{ ANGLE)
COST=CIS(ANGLE)
ST=0.

STPR=0.

COUNT=0.

DO 6 I=14NF
COUNT=COUNT +1.
TTI=COJUNT®ANGLE
SINIT=SIN(TTI) ~
ST=ST#THICK{ [)*SINIT

STPR:STPF*THICK(IT‘TCUUNT*SINT‘S[NIT—Z.‘COST‘COS(TTl)D
ARG(N)’(CR*(1.-COST)+SlNTtST)*(CR‘(I.-Z.‘COST)*STPR) '

ARG(N)S(lRG(N)—CRHATfTl.-CUST))ISTNT
DT 2=DT +DT

ANGLE=0.

DO 15 V=2,NSIMP,2

NP1aN+1

ANGLE=ANGL E+DT2

ANGA=ANGL E-DT"™

COUNT=0 .

DO 12 I=1,NF"

COUNT=CDUNT ¢1.

THATL I T =THAT( 1) %%, 'IRGTNT'STNfCUUNT‘INGA)#Z}'ARG(NPI)‘SIN(CCUNT‘AN

1GLE)

CONTINJE °

FACT=DT 2/(3.%P1)

DD 20 N=1,NF
THAT(N}=FACT*THATIN)
" RETURN™

END
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99

10

20
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SUBROUY INE CLCMIPITCH,AROT,ISEP+CMPA,CAMBR}

COMMON /LDADS/ CRyCRHAT,THICK(24) THAT(Z#).NF.ACAP(30¢3).ACAP2(301
13), NGAH:GAMAH(lOOO)vGAﬁAWZ(lOOU)'XIH(IOOOIpNHAKEyXSEPnXATT.BCAPllO
10+ 3)4 NS IGsRDBB, AAyBByAKK, SS, SSLAMvZSvUTrUN:UlNFoXSlG(lOO)'XSIGA(IO.

10 )+ XSIGB(100)yNSIGAyNSIGBDXI

1 8(2),C(2)
DATA NSIMP,PI /8043.14159/
CN=0.
CT=0.
cMZ=0.
T1=0.
TE=P1
IFUISEP .EQ.1 .AND. XATT.LT.1,) TE—ARCDS(XATT)
DT=(TE- Tl)/FLUAT(NS["P)
X{1)=C3S(T1}
CALL CPC(CPL(I).X(l). l.vISEP)

“CALL CPC{CPU(L}yx(1)y 1.,ISEP)

CALL PRIMES(CPC1)s TP L1+ T1sCR,THICKCAMBR 4NF )
SUMN=(CPL(1)-CPU( 1) )*SIN(T1) .

SUMT=(CP( 11=TP (-1 ) 1*¥CPL LT )=tCPLLI#TP(1) I*CPUIL)
SUMM=S JMN#X( 1)

T(2)=T1

DO 10 N=2,NSIMP,2

T{1)=T( 2)+D7

T42)=T{1)+DY

DO S 1=1,2

X{1)=CIS(T(I))

CALL CPCUCPLIT) XU TFy=1a,ISEP)

CALL CPC(CPULI)sX(I)y 1lu,ISEP)

CALL PRIMES{CPUT)sTP{T)yT(I),CR; THICK CAMBR ,NF)
ACTI=(CPLUT)-CPUCT)I*SIN(T(I))

B8(1)={CP{ N=TP(TYT*CPLII)-(CP(TI+TPIT) I%CPUIT)
ClI)=Al 1)*x( 1)

SUMN=SUMN +4 ., $A[ 1) %2 .#A(2)
SUMT=SJMT +4.#B{ 1) +2.%B (2}

SUMM=S JMM +4 . #C( 1) #2.%C(2)
CN=CN+DT*(SUMN-A(2) )/6.

CT=CT+DT*{SUMT~B{ 211763~
CMZ=CMZ-DT#({SUMM-C(2))/12.

IF(TE.EQ.PI) GO TO" 20

T1=TE

TE=PI

GO TO 99

COSP=COS{PITCHY

SINP=SIN(P ITCH)

CL=CN*COSP=CT*SINP

- DIMENS ION CAMBR{ 24}, X(Z)oT(Z)pCPL(Z)’CPU(Z)vCP(Z)9TP(2).A(Z)o

CO=CT *COSP+CN*S NP

CMPA=CMZ + ., S¥AROT*CN~

HR‘TE(6'2) CL,CD'CNvCT'CHl'CNPA'AROT
FORMAT 67777 40X 4HCU =E 1375740 4HCD =E13.57740X+4HCN =E13.5/40X,

! 4HCT =E13.5//39XeSHCMZ =E13,5/38Xs6HCMPA =£13,.5+5Xy4HI{A =E13.5,1H
1))

RETURN

END

“



20

SUBROUT INE CPC(CP¢XC,ySIGN, ISEP)

COMMON /L DADS/ CR.CRHAT,THICK(Z#),THAT(Z#)yNFoACAP(3013)1ACAPZ(3Q..

13)NGAY, GAMAWT 10001, GAMAW2({ 10007 ¢ XIH{TO00) yNWAKE s XSEP , XATT yBCAP(10
109319 NS TGy RDBByAABBAKK, SS,SSLAMZSsUT,UN, UlNFyXSIG(lOO)'XSIGA(IO
10)yXS1GB{ 100} 4NSTIGA,NSIGB,DXI

DIMENSION GAMS(3),ASUM(30,3)

NGP1 = NGAM + 1

DO & l = l' 3

GAMS( 1) = GAMAWTIY + GARAWZ(I1

DO 6 J = 1y NGP1L

ASUMUJ, 1) = ACAP(J, 1) + ACAP21J.,T)

RECIP=1./1UVINF*U INF)

CALL QECAL(U,XCySIGN, ISEP)

cp = (UZUINF)es2 - 1,

CALL EGAH[(IpNG#ﬂpASUHoBCAP(ivl)'xSIG(IT.XS(G(NSIG+l)1GAH S(l)oXCv

1IVALL)

CALL EGAHI!ZyNGlelSUH.BCAP(IvZ)vXSIGA(l),XSIG&(NSXGA*I)yGAﬂ sz},

1XCyVAL2)

CALL EGAMI()&NGKH;‘SUH?BCAP(t}33.XSIGB(1)'XSIGB(NSIGBOI),GAH S(3),
IXCyVAL3)

CP=CP+STGN*RECTP*T, 5*VIE1-27'VILZ4“5'VII3T/DXI

ce=-Cp

RETURN -

END
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10

70

3

SUBROUTINE QECAL{QsX+SIGN,ISEP)

COMMON /LOADS/ CRyCRHAT,THICK(24) ¢ THAT(24) {NF 4ACAP(30,3)4yACAP2(30, a
13), NGAH.GAHEHI1000).6”““2(10001.XTH(IODO).NHAKEpXSEP.XATToBCAPIlO'~
10,3),NsIG,RDBB:AA.BB.AKK.SS,SSLAH:IS'UT'UNyUlNFvKSIG(lOO)pXSlGA(lOit%

" 10)4XSIGB{ 100), NSIGA,NSIGB,DXI ..
_DIMENS ION SN{30),CS(30)

- RDT=RDBB/2.

"US1G=0,

XP=1,+X

XM=1,-X

COST=X
THETA=ARCOS{X )}
NSUM=N G AM

T1FINF .GT «.NGAM) NSUH'NF
ANGLE=0.

DO S N=1,NSUM
ANGLE=ANGL E4THETA
SNIN)=S IN(ANGLE)

" CSIN)=COS{ANGLE)

SINT-SN(I)

SAS=O. ’

SAC=ACAP(1,1)

DO 6 N=1,NGAM

NP=N+1

5A5n5A50(ACKP(NP l)oACA?Z(NP.z)l'SN(N)
SAC-SACOACAP(NP.I)*CS(N) '

COST2=COST+COST

ST=0,

STi=0.

$T2=0,

ST3=Q,

EN‘O.

ENS=0.

DO 7 Ns1yNF

ENsEN®l.,

ENS=ENS S INT

STICK=SN{N J¥THICKIN)

ST3=ST34ST ICK®EN®EN

ST=ST+STICK —~
STl-STl#(THICK(N)#tHAT(N)l*(ENS#SN(N)-COSTZ‘CS(N)l
ST2aST2+ENSTHICK(INI®CSIN) - ~

$T3=3, tCoST#STZ-SINTO(Z.tSTIOST3)

ST2=S INT*ST2¢COST2¢ST ~—

ALTP=SAS+.25%XPe{ 3, ‘X-l.)‘(GAHAl(l)+5AHAH2lll)
ALTR=ACAP U T, IT¥ACAP 2TI 1T

IFUISEP .EQ.0) GD TJ 10

DEADL=X ATT=XSEP"-

CALL SIGF(xoUSlG.XSEP.XATT.BCAP.NSlG DEADL.RDTD
TFIXATT «GE.1. Y GUTU 1U "

IF{X.LT.XATT) GO TO 10

ALTPEATLT ) ;
llo-XATT)“l 5)‘8CAP(1:1) .
ALTP= 5SS TGN¥®AL TP #US IGAUINFF T ICRKF*CRHATIE (XA-X)¢STL+ {1 . =X& X 8X) SCRA®
12+(CREXM+SINTEST)&( 3 & X&CR+ST3))

DL*XN7TX=XATT#ROT ) ) 21
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ALTM= (S*SIGNSALTM-UINFSCR*{ 1. +X+X&X)*ST
DEN=XP +RDBB/ 2,

COP=SQRT( XP/DEN) - ‘ ' o R C \
. COM=SQRT{ XH/DEN). S T -
r0T=CDPt(unAuPncomAun . R S :
QN=UN-,5#SAC+ causmtx.mnw.xmmunxm umrtsxcm(cntsmnsrz
1)

QNS=COPS{ QN*$2-{U INF¥CR | ¥ 52%{ 2, =X- X+ X*X) ) - 2.‘UINF‘SIGN‘X‘CR*CON00A
Q=SIGN®(QT+.5%QNS/UINF) ‘
RETURN ’

END ’
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SUBROUT INE SIGF(X,USIG,XSEP ¢XATT, BCAP.NS[G.DEADL.RDT) S S 73 |
DIMENS ION BCAP( 100, 3) P Co.1122
[FIX.LE.XSEP .OR. X.GE.XATTI GO TO 40 A ST ena2s
COSB={2.%X~XATT-XSEP ) /DEADL . rll24

BET A=ARCOS(COSB) S § ¥4
ANGLE=0. e e . 1126
SUMC=0. IS § ¥4 4

, DO 10 N=2,NSIG ., 1128
* ANGLE=ANGLE+BETA . T T RO vt o129
10 ° ‘SUMC=SUMC+BCAP (N¢11#COS(ANGLE )~ c Ce e e ..o 1130
T USIG= «58( SUMC-BCAP (1, 1)) .. ;. 1131
~ "RETURN e 1132

40 XBAR={2,#X-XATT-XSEP)/DEADL s aen 1133
“' " SUMAND=XBAR-XBAR*SQRT(ABS{1l.-XBAR*%(~2))) o o, 1134
©*. FACTDR=SUMAND S 1138
© SUM=BCAP( 2, 1)%SUMAND . e, 4. 1136
DO 45 N=3,NSIG I & )

_ 'SUMAND=SUMAND*FACTOR C e e L o g 1138
45 - SUM=SJM+BCAP (N, 1)*SUMAND ‘ oo ’ ‘ St 1139
SRRV (e SUM+. S*BCAP(lgl)‘(SQRT((X—XSEPD/(X—XATT+RDT)) -1.) . .. 1140
'RETURN e e 114

"', END n 1142

|
L
/
=

72 ' N




FUNCTION GAMSUM{ Xy GAMAW¢ XIW ¢NWAKE)
DIMENSION GAMAW( 1000), XIW(1000)
DATA PI /3,141597

SUM=0.

NWM=NWAK E~1

DO 5 J=29NhM

JP=Jel _
DL=XIdl J )X )
SUN=SUﬂ*(GAHAH(J’T(GAHRWTJ?-GKHAW(JFTI'UL/(XIH(JP) XIH(J)))*&LUG(

1 {XIWN(JP)~ X)/DL)

"ARG=1.-X

XM= ARG , L
"LF({ ARG.LE.0.) ARG=1. o ST
XP=1,4X T ‘
AP=XP

IF(APOLE-O )} AP=1, .
D2=XIW(2)-X N

© GAMSUM= SUM+XM*( GAMAW{ 1 )~ GAHAH(Z))‘ALOG(DZ/ARG)/(XIN(Z) l. )
"1 +.25%GAMANT 1)*14, *ALOGfDZ)*XP*ll.-3.‘x)*kLOG(AP’06 *X

1 -XM&(5.+3,¢X )*ALDG{ARG))

GAMSUM=, S*GAMSUM7P T

RETURN

END
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SUBROUTINE HASHZ(VZ.XGAM NGAMsCRo THICKsNF 4yACAPsGAML , I1SERDELPT, ;
1 XI2) ‘

DATA NFOT /37 - .
NTOP=NGAM . . .. . Lol
[F{ISEP.EQ.1) NTOP=NTOT C

' Vl(l)—DELPI#(.806853+ALOG(X12‘1 )} IR

NGP1=NGAM+1. . . o e - ;
SIGN=1. ' T B S
'SUM=0. ' NI
DO 5 N= l’NF . I AONMPS T .
SIGN=-SIGN

SUM=SUM+S IGN®N*THICK(N)

FACT=2.%{ CR+2.%5UM) L Co
SUM=0. ' S s a4

T USIGN=1, ' - e

10

15

16

17

40

50

74

DO 6 N=1,NTOP R O Lo
S IGN=-S IGN _ ,
SUM=SUM+S IGN®N*ACAP (N+1,1)

VZINGPL)=2,%CR*(SUM+ACAP (1, 1)) #DELPI*((XI2+1. )*ALOG((XI2+1 )‘ 5)/ .

1(XIZ—l )J-1.5) »
VZINGP1)=VZ{NGPL)+FACT#ACAP (1,1)

I FINF .GT .NGAM) NSUM=NF
DO 50 “=2,NGAM
COST=XGAM(M)

' THETA=ARCOS{COST) - e

DO 15 N=1,NSUM
ANGLE=N*T HETA

- SNIN)=S IN{ANGLE)

CS{N)=COS (ANGLE )"
SINT=SN( 1) '
COTT=CIST/SINT

DO 16 N=14NF

- ST=ST+THICKINJ*SN{N) ~

STPR=STPR4THICK(N)®*{COTT#SNIN)+N*CS(N))

DO 17 N=I,NTOP

NP1=N+1

SA=SA+ACAP(NP1, 1)¢SN(N}
SAPR=SAPR+N*ACAP(NP1,1)*CS(N)

H= . 25%GAM1*( 1. ¥COST I¥ (3. *COST=1,1"
HPR=—GAM1#*SINT#(1.+1, S*CDST)

FACT1=CR+STPR

FACT2=CR*{ 1.~COST)+SINT*ST
TERM1=ACAP{ 1, 1)%(1.~COST)+SINTE(H+SA) -
TERM2=ACAP (1, 1)+COTT*{ H#SA) +HPR+SAPR

XP=1.,+COST ~

XM=1.—-COST

VZ{M)=FACT 1*TERMI+FACT 2*TERMZ ¥ DELr1+ 1145 UST+.25% (1.3, %COST ) aXP*
1ALOGUXP/XM)+{XI2-COST)*ALOGU( XI2-COST)/XM) / (XI2-1.))

RETURN
END

. .DIMENSION VZ(30)9XGAM(30).THICK(24)'ACAP(30-3)oSN(30)tCS(3O) -
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1182
1183
1184 -
1185

1186
_ ¢ r 1187
NSUM=NG AM e i

1188
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10

16 .

17

12 -

14
15

SUBROUT INE UNPOP{NGP 1, AR ALAM ,AFACT,RMATCMAT ¢ XGAMyAS ¢ MX'y NZ ¢XC,
L UEsNDIMC,AFAC2,AR2)

- : {COMMON /LOADS/ -CRyCRHAT, THICK (24T THATU24) s NF ¢ACAP (30 43) »ACAP2(30, ~
1314 NGAM, GAMAW( 1000), GAMAW2{ 1000) o XIW(1000) NWAKE y XSEP s XATT ,BLAP(10
104 3),NSIGeROBByAAsBBAKK s SS+SSLAM,2S,UT, UN:UINF.XSIGIIOO).XSIGA(IO'

10)4XSIGB{ 100),NSIGA,NSIGB,0OXI

_DIMENS ION VZ(30),AR2(30) :
"DIMENS ION AR(30),ALAM( 300, chnlao).AS(ao,aoa.xctaQO).UE(soo.an
‘DOUBLE PRECISION RMAT{130),CMAT{NDIMC,NDIMC)

DO 5 M=1,NGP1

SUB=AR({M)~ALAM({M)}*AFACT/3.

RMAT(M)=5UB ,
CMAT(M, 1)=1. Tt
CMAT(My 2)=XGAM{M)

DO 5 N=2,NGAM ~

CMAT(M, N+1)=AS(M,N)

CALL ALSOL(NGPly CMAT, RMAT, NDIMC}

D0 10 N=1,NGP1

ACAP(Nys L)=RMATIN) -

CALL uASHZ(Vl.xGAH.NGAH.CR.THICK.NF.ACAP.O..OyO..Z )
DO 16 M = 1, NGPI ~~

CMAT({M, 1) = 1.

CMAT(My 2) = XGAM(M)

RMAT(M)=s  VZIM)=ALAMIM )}*AFAC 2/ 3.¢AR2 (M)

DO 16 N = 3, NGP1 "

CMAT(M, N} = AS{M, N-1)}

CALL ALSOLINGP1; CMAT,; RWAT, NDTHC)

DO 17 M=1,NGP1

ACAP2(Ms 1)=RMAT(N)

GAMAd(1)=0.

GAMAW2( 1) =0,

DO 15 M=1,MX

SlGN‘lt

IF{M-NLZ) 12¢14s14

SIGN=-SIGN

- CALL OECAL(UE(H'ID XC(N).S!GN?O)

CONT INJE
RETURN

END
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76

SUBRDUT INE PRIMES(CPy TPy THETA yCR ¢ THICK,CAMBR s NF )
D IMENS ION THICK(Z#)QCAMBR(?A!
SST=0.

SCT=0,

SSR=0.

S CR=0.

ANGLE=0.

COUNT =0,

DO S N=1,NF .
ANGLE=ANGLE+THETA
COUNT=COUNT+1."

CN= COUNT‘COS(ANGLE)

SN=SIN{ ANGLE)}
SST=SST+THICK(N)*SN
SCT=SCT+THICKUN)*CN"

S SR=SSR+CAMBR({N )*SN

SCR=SCR +CAMBR (N )*CN
COST=CIS{THETA)

S INT=SIN(THETA)"
TP‘CR*(COST—COST‘*Z*SINT“Z)OSINT*(Z *COST*SST*SINT*SCT'
CP=COST*SSR#¥SINTE®SCR"

RETURN

END

1261
1262
1263

1264

1265
1266
1267
1268
1269
1270
1271

1272

1273

1274

1275
1276
1277
1278
1279
1280
1281
1282
1283



SUBROUTINE ATTPR(PRECvASZuASoARgCMAT'RMAT.NGPlvARZpNDIMC XGAH.UTU{

1 PRECS)

COMMON /LOADS/ CR'CRHAT.THXCK(Zk)nTHAT(Zé).NF.ACAP(30.3) ACAPZ(30.

13),NGAM, GAMAW( 1000)s GAMAW2({1000) y XIN{1000) sNHAKE s XSEP s XATT ,BCAPI10

 1043)4NSIGyRDBByAABByAKKs SS+SSLAMZSeUT,UN, UINF.XSIG(IOO),XS!GA(IO '

. 101, XS [GBL 100 )5 NS IGA, NS [GB s0XI

25
50-

75

60

65

DIMENSION XGAM{30)y, ASZ(30},AS{30430) +ARI30) +VZI(30) 4AR2(30)
DOUBLE PRECISION RMAT(IBO); CMAT(NDIMC ¢yNDIMC)

OATA PL /73,14159/° B

SAVE=XS IGINS IG+1)

- XATS=XS [GAINSIGA+1)

IFISAVE.LTXATS) GO TO 20
PREC=PRECS*(1.-SAVE)/{1l.-XATS)

.- RETURN
20 - .

DO 50 M=1,NGP1

CMAT(M, 1)=ASZ (M)

RMAT(M)=AR(M}

DO 25 N=1,NGAM L
CMAT(MaN+1)=AS(MsN) T
CONTINUE o TE e Mt e e
CALL ALSOL(NGPI:ACH]TTmRHAfprUrHC)'

DO 75 M=1,NGP1

ACAP(M, 1)=RMAT (M)

GAMAH(I”GAHI(ACAP DXI'P[’

DOEL=UTU*GAMANW (1)

DELPI=DDEL/P1

XSIGINSIG+1)=2,

CALL ‘ASHZ(VleG‘"oNGA",CR'THICK NF sACAP GAMAW(1) 4O ,DELPI XIN{2))
DO 60 M = "NGP1~

CMAT (M, 1) = ASZ(M)

RMAT(M)= VIIMI#AR2( M)

DO 60 N = 2, NGP1

CMAT{My N} = ASTM,  N=T}

CALL ALSOL(NGP1, CMAT, RMAT, NDIMC)

DO 65 M=1,NGP1 N

ACAP2( M, 1 )=RMAT(M)

GAMAW2({ 1) = GAM1UACAP2, DXI, Pl)+DDEL

CALL CPC(PREC,ySAVEy» 1.0}

XSIGINS IG+IV=SAVE "~

RETURN

END

ot
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85 -

61

88

99 -

78

" CONTINJE

,,UE(HoTT‘QSEP?TQDTF??B*tTTttT'—XTTXTST**Z

SUBROUT INE TAYLOR(XSEP yUE ¢ XC ¢ Xo NZ ¢ MX)
DIMENSION UE(30053),XC(300).X{300) .. .. .: . . i.% %a.. .o
DO 3 M=NZ,MX TS :
IFIXSEP.LT.XCIM)) GO TO 4 T UL T

MS=M-1

QSEP=UE(M, 1)

XSTOP=X{(MS) Yo
XBSEP=XSTOP+{XSEP-XCIMS))*{ X{M)~XSTOP) 7{XC (M) ~XC (MS))
QMAX=0,

DO S M=NZ,MS

IF(UE(M,1).L.T.QMAX) GO TO S

QMAX=UEIM, 1)

MQMAX =Y

CONTINUE

SMAX-’-O-

DO 6 M=MQMAX ,MS L e e Sl o

MP=M+1
SLOPE=({UE{My 1)-UE{MP, 1)) /7{X(MP)-X(M))
TF(SLOPE.LT.SMAX) GO TO 6 . .

' SMAX=SLOPE . ST
MSMAX =Y _ O U
CONT!NJE - ) T . - ’ . E3

" IF{MSMAX.LT.MS) GD TO 61 P

WRITE(6,85) XC(MS)

FORMAT{//10X,+*POSITION OF MAX SLOPE DOHNSTREAH OF X ='9E13.5,' SC
~ INO SMOJTHING NEEDED')

RETURN
MSM=MS-1 .
DO 7 M=MSMAX;MSM
" SLOPS=SLOPF
MP=M+]
SLOPE={UE(M, 1) UETHP{T1TITX(NF) =XTHT)
TLAM=(JE(M, 1 )-QSEP )}/ I XSTOP-X(M))
IF{TLAM.GT.SLOPE) GO TO 8
CONTINJE
WRITE(6,88)
FORMAT{// 10X, *SLOPE MONOTONIC -'NO SMOOTHING NEEDED')
RETURN ) .
SLOPE=SLOPS
K=M-1 )
K P=M
XKP=X{XP}
X I1S=XBS EP-XKP
QKP=UEIKPy 1)~
UDIFF=QKP-QSEP
=2.*QDIFF/X1S—-SLOPE
KPP=KP+1
DO 9 M=KPP,MS
X I=X{M)~-XKP,

WRITE(6+99) XCIKP)¢XCIMS)
FORMAT( /710Xy *FLOW SMOUTHED " BETﬁEEN”X =v3813.5+" AND*,El13. 5/)
RETURN

END

1325

111326

¢

1327

1328

"#1329

x1330

. 1331
1332
1333

1334
1335
1336
1337
1338
1339
1340

< 1341

1342
1343
1344

- 1345

1346
1347

1348

1349
1350
1351

1352 ..

- 1353

: 1354
- 1355

1356
1357

- 1358

1359
1360
1361
1362
1363
1364
1365
1366
1367
1368
1369
1370
1371
1372 .
1373
1374
1375

-1376

1377
1378



31

- .SUBROUT INE ELDER(BCAP.xsxc.nstc.UINF.ELD.v.thX.Az)

O IMENS ION BCAP(100,3),XSI1G{100)
: DAYA 'PT1/7 3.1415926/
:BCAP(NSXG+1.1)=O.

Xs=XsIG6{1)

XZ=XSIGI(NS IG#+1}

TFIXZ-1.) 16e16,1

. DEADL=X1-X$S o

NS IGM= NSIG~1"
DEADL 2= DEADL / <.
YMAX=]1,E-10 """ "' '
Y= Pl * DEADL2 #{ BCAP(I.I)* BCAP‘Z.I) /2.1
00 30 J= 2,1001
T= PI/1000, * (J-1)
YX= BCAP(151) ®U PTI=T = SIN(IT) "~ )

l + 5 % BCAP(2,1) t( Pl ~T +.5¢ SlN(T*Z )} )

SUmM=0. ‘
00 31 I= 2, NSIGM
SUM = SUM -+ BCAPtT®l,1) # ¢ sx~1 =11 N/U-1)

1l - SIN( (I+1) *T)/{1+1)

30

12

14

16

20
80

YX* DEADLZ 1 YX= S¥ SUNT™

IFL YX GT. YMAX) YMAX=YX

CINT INUE -
ELD=Y/YMAX o
1FLABS ELD)SUINFY 203200127
IFIELD) 14016516
ELD==UINF~
GO TO 20 _
ELD=U INF - '
CONTINUE
WRITE(S, 807 ELOD

. FORMAT{ /10X, THELDOT =E 13.5/) R A

RETURN™

* END

1380
1381
1382
1383
1384
1385
1386
1387
1388

1389

1390
1391
1392
1393
1394
1395
1396
1397
1398
1399
1400
1401
1402
1403
1404
1405
1406

1407 -
1408
1409
1410
1411
1412
1413



. DATA TABLl 724,984 23,29,21. 04919433,17.61915.29,13.46411.54,10. 36095'

16384843591 76329662945¢3114.493.5T792.22+1. 260.66-.31..141.01oO.-Oo/"_
- DATA TAB2 /20.05118485917e25916.04914.8913.12911.774104399.36:8.65
1970953 70296043950660%0914.1812.8991.86910119262 9232904000004/

SUBROUT INE REATTIUCs Vs Xo Y54 XsNY4RY,DRY, ue,xs,oELs.Msr.REe) e
" DIMENSION UC(100y3)eV(100421,Y{100) S e

-DIMENS ION "X(3007, UE(300,37
DIMENSION"TAB1{ 24),TAB2(24), TABB(ZQ).TAB4(24),XlTAB(24)

DATA TAB3 /16.65i15;8{13167'13-8912.91,11.66.10.65o9.48,8.71iB.ii}

T 176599 Te0196.4105eT7790501304050303192.289104892499¢5190919.01,04/

DATA TAB4 /10¢12,10405:9.93,9.78,9¢5819.17+8.7298.08+70617.2¢6.85,

1645306.1815,7915.36040919329893¢0592¢21 11057095 1022 4003,0.7"
. DATA XITAB /.0001, .0002,.00051. 0014, 00274005 +,011.027403,:043+05¢+
. _106'.07' .08. 009' .l' .12' ¢14|.16'.18'.2'.25'03’035/ o

[

"FORMAT[ 7/ /40Xy 23HAT REATTACHMENT, BETA =E13.5)

‘MOUT=6 , : BRIy

" RTR=SQRTIREB)

11

12

80

 MST=M+2 e e Tt

.60 TO 10 ) Fr.

T UCl1,2)=0.
Uty 3)=0,
.vily1)=0.

Vil,2)¥=0, -
‘DO S5 M=]1,MX
TFIXS5-X(M)) 444,5

GO TO & S e e
'CONTINUE »

X A=X{MST-2}

XB=X{(MST-1)

. UASUE(MST-2,1) ST
. 'UB=UE(MST-1,1) e o= e
. LAsALOGIUA#DEL 5#REB ’ '

PGRAD=2.*(UA-UB)/{{UA+UB)I*{ XB~XA)) . .
BETH2=(.O97l;SURIlUEtS‘PGRlDI)I(.0249*.006565*ZAD
IF(BET‘Z"l ) 8,7. I X e . ---<;" e B
BETM2=1. R S

IF(BETM2-.3) 9,9,10 S L

- BETM2=.3 Ty T
© BETA=1./UBETH2*BETM2) " . I

WRITE(MOUT,3) BETA

AGAM= .09T74%BETM2~-.0249/BETA
BGAM=,004565/BETA

TAHZ 1= (5 343 9%BETH21* (. 0574~ . 0249%BE TH2)

. BH=BETV2%(5,343.9¢BETM2)¢%.004565

G AN A= AGAN=BGAN®Z2 ™~

.. .DERIV= JA‘REB*EXP( ZA)‘GAHA'GAHA‘(l.*BETA*(l.*AHGBH*lA))I(AH#BH#BH* .
1ZA) i

- 2B=ZA+DER IV#(XB-XA) o
_DELB=EXP{ZBJ}/TUB*REB)" L e s ‘

. GAMB=AGAM-BGAM*ZB - - e

DELL';35*UEfBiﬂTﬁiBETﬂ27GIHB'
IFIDELL-Y(NY-3)) 14,12,12
RY=RY +DRY

CALL YSET(RY,Y(2)sNY,eY)

. lél4

1415

.7 1416

1417
1418,

© 1419
1420
" 1421

1422

1423
1424 -
1425
" 1426

1427

1428
1429
" 1430

1431

"1432
1433
1434

1435

1436

© 1437 -
© 1438
1439

1440
14%1
14%2

"1443

1444
1445
1446
1447

"1448
1449
1450
1451

14562
1453

1454
1455
. 1456 .
1457
1458
1459

1460

1461

1452
1463
1484
1465

1466

1467



14
101

102
103

104

110
50

16

17

18

19

20 -

21
32

a3
75

99

60

GO TO 11

IF(BETA-4.) 102,101,101
TERPB=1.~4./BETA

INDEX =3

60 7O 110

IF(BETA-2.) 104,103,103
TERPB=.5*BETA-1.
INDEX=2

GO Y0 110

TERPB=BETA-1.

INDEX=1

K=0

TERP1=1.-TERPB

K=K +1 '

GO TO (16,17,99),K"°
G=GAMA )

 DELTA=DEL 5

UEDGE=JA

L=3

GO TO 18

G=GAMB

DELTA=DELB

UEDGE=JB

L=2

XICO=G/ {DELTA®*RTREBETM2)
UCQW=RTR*(UEDGESGI¥*¥®2
EFCO=G/BETM2

NL AM=NY

DO 75 N=2,.NY

XI=YIN)exX [CO™
IF(X1-.35) 20.19.19
UCIN; L) =t EDGE

GO 70 75

"CACL TERPFUXT, INDEXy TABT, TABZ, TAB3, TABH: XTI TABoFPIT

INDP1=INDEX+1

CALL " TER?FTX1‘1NOPT‘T#BT‘TIB?‘TtB3iTIBt“ﬂTTlBTFPZ’

FP=TERP1*FP1+TERPB®FP2

UCIRyCT=UEDGE*T I=EFCO¥FPT

IFIN-NLAM) 21,75, 75
EYCOWSYING

" ALTER

lF(ALYER-UC(NyL)) 33, 33,32

"UCINyLT=ALTEL

GO 70 75

NLAM=N -

CONT INJE

GO-T0—50—

DO 60 K=2,3

S AVE2=0.

DO 60 N=34NY

SAVELI=JCEN—1¢K )~
UCIN-1,K)=({SAVE2+¢SAVEL+UCIN,K]) /3

"SAVEZESAVEL

DUDX=0,
CO0=. 57t XB=XA} -

DO 65 N=24NY

1468
1469
1470
1471
1472

‘1473

1474
1475
1476
1477
1478
1479
1480
1481
1482
1483
1484
1485
1486
1487
1488
1489
1490
1491
1492
1493
1494
1495
1496
1497
1498
1499
1500
1501
1502
1503
1504
1505
1506
1507
1508
1509

- 1510

1511
1512

.1513

1514
1515
1516
1517
1518

1319

1520
1521
1522

81



65

82

DUDXP= COD*(UC(N.Z)-UC(N.3))

VAN 1I=2VIN=-19 L)={Y(NI-YIN-1})*(DUDXP+DUD X}

VINy2)=V(N, 1)
DUDX=DJYDXP
RETURN

END

1523
1524
1525
1526
1527
1528



SUBROUT INE ELPITUALPH1,ALPH2,ERT,TORF , THETZ UL NF y0X1 +CMPA, CHPAS )
SAVET=ALPHL
. STEP=TIRF*DXT"
_ SINS=SIN(STEP)
COSS=CIS{STEP)
CONST=2 . #EM I6{ UINF/ TORF )82
ALPHL=THETZ +( ALPH1-THETZ y¥COSS+ALPH2* SINS/TORF#CONST#{2, #CMPA-CMP A
15 )%(1.~COSS)+CONST#(CMPAS—CMPA) * ( SINS-STEP*COSS )/ { TORF#DX1)
ALPH2=ALPHZ*COSS=TORF*SINS¥ tSAVET-THETZJ+CONST#® (CMPA-CMPAS)I*11,.~CC
155)/7DX] +CONST®CMPASTORFASINS
RETURN
END

1529
1530
1531
1532
1533
1534
1535
1536
1537
1538
1539
1540

83



5

10

84

"

 SUBROUT INE VWASH{BARGsHy S, 'NVOR, X1 yUINF,VZIP, XGAP:NGPI.DXI)

"D'IMENS ION VZIP(30)9XGAM(3O)»

" DO 10. N=14NGP1]
“UDIFF=XGAMIN)-X 1
“SUM=0.

DO S5 K=1,NVOR

" SUM=SUM+DIFF/(DIFF*DIFF4H)

DIFF=DIFF-$

© VZTPIN)=VZIP(N)+SUM*BARG -~ =~
" RETURN
.. END

154!
1542
1543

1544

1545
1546
1547,
1548

“1549
- 1550
1551



108
110

120

130

20

30
50
10

SUBROUT INE HASH(XGAH,NGAM,TIHE,ALPHI ALPHZ.HEAVE ARCT’FREQFoPHlH.U
"1INF,CAMBRyNFy VZIP¢MOTR,INDV)

DIMENSION XGAMI3014VZIP7307,CAMBR(24)

NGP1 = NGAM+1

_ANGLE = FREQF*TIME
. GO TO (1084120), INDV
+~G0 TO (110,120),M0TR

CONSY =-ALPH2*CDS(ANGLE)*UINF*HEAVE*CUS(ANGLE*PHIH)fALPHl*UlNF
FACT =-AL PHZ*FREQF*SINIANGLEJ*UINF =~

GO 70 130

CONST=J INF*ALPH1+HEAVE

FACT=~J INF*ALPH2

DO 10 M=14NGP1

X=XGAM{ M)

THETA = ARCT(X)

- SUM=0,

COUNT =0,

DO 20 N=1,NF

COUNT=COUNT+1:
SUM=SUM+COUNT*CAMBR (N )*COS{COUNT*THETA)
TF(M~1)"27%¢ 2

IFINGP1-M) 3,443

SUM = SUM + "SUM

G0 TO 50

COUNT = O,

COTT = X/SIN{THETA)

DD 30 N=1,NF

COUNT = COUNT+THETA
SUM=SUM+COTT*CARBRUNT*SIN{COUNT,
VZIP{M) = UINF*SUM+CONST+FACT*{AROT-X)
CONTINJE

RETURN

END

T, 1552
1553
1554
1555

1556
1557
1558
1559
1560
1561
1562
1563
1564
1565
1566
1567
1568
1569
1570
1571
1572
1573

1574 -

1575
1576

1577 -

1578
1579
1580
1581
1582
1583
1584

85



!

\ B

SUBROUT INE MIXER(FPRES.PREC.UINF,UDOT THICK,NF XBSIG, NSIGplNDT.DEL - 1585
119 THET1,REBJUSEP+X4+CP 4y RDBB) . 1586,
DIMENSION FPRESU100), THICK(ZQ);XBSIG(IOO) ... ~1587

e Xz X 3Anl

CIE

AT

25‘

10 -

30

urltx)--.46532*x+ 68425€X%X~, 452938 Xk 34,6592 ¢ *44 ‘1589
UT2(X 12-.045929¢X~1.9161 54 XX +2 ,91843% X$$3-5,42125¢X %% 1590
CR=SQRT(RDBB)/ 4. - 1591
DIST=.5%(XBSIG{2)~-XBSIG{1)) 1592
XSEP=XBSIG(1)-DIST 1593
XATT=xBSIGINSIG)+DIST A 1594
R : C ) 1595

INDT IS NONZERO, THE BOUNDARY LAYER IS TURBULENT . 1596
SEPARAT ION. i , 1597

' S : 1598

. CALL HbXé(INDT,XSEP'DELl.THETl:XATT.REB.USEP,XB.H3.X4.H4) 1599
LF(XSEP-1.) 24425,25 . 1600
‘CP4=0. ] 1601
GC Yo 27 ‘ - 1602
URAT=EXP( -.08712-Ul1{ H&)- .24723% (. 3255+UIZ(H4))) 1603
CP4=1.-(1.~PREC)/URAT#¥2 1604
DEADL=XATT-XSEP o 1605
IF{DEADL-2.). 5¢646 | 1606

., 6=l .S*DEADL J%#2 / 1607
.60 To 7 1608
G=1. \ v - 1609
CP4=PREC+(CP4-PREC)*( 1.-G*XSEP} 1610.
CONT INJE ’ : 1611
CP4LIN=2. * (1.~SQRT(1.-CP4)) 1612
PRLIN=2.%({1.- SQRT{1l.-PREC)) 1613

COEF= ( PRLIN-CP4LIN)/ (XATT- X&) 1614
CZ=2.*JDOT/UINF R 1615
€2 = -2.%UINF 1616
© DO 20 M=1,NSIG 1617
SuM=0., 1618
X=XBSIGIM) 1619

S TF{X=1e) 242,3 1620
THETA = ARCTIX) . o 1621

- COST=CDS{THETA) e . 11622
SINT=SIN(THETA) - Y ) 1623
COUNT=0. : : 1624
DD 10 N=IsNF L , o RO 1625
COUNT=COUNT+1. . o Lo Lwa 1626

. ANGLE=COUNT*THETA ~ ' ‘ : 1627
SUM'SUH+THICK(N)'(CDUNT‘SINT*SIN(ANGLE) 2.%COST#COS (ANGLE)) 1628
SUM=-4.#U INF¥{ SUN¥CR*{ 1.=2.%COSTI) 1629
GO 10 35 - 1630
SQSS=SQRT{X*X-1,) et 1631
XRAD=1./(X+5QSS) -~ , 1632 .

- COUNT=1. & .77 . . 1633

. _EACT=XRAD__~ ' . oo 1634
DO 30 N227NF~ 1635
COUNT=COUNT+1. 1636
FACT= FACT #XRAD 1637
SUM=SUM+THICKIN )*FACT* (2. #X~C OUNT*SQSS) 1638

86

FCAPI{X)=-19.556%X+107.535%X*X-336.33%X**3+508, l*K**4-295 96*X'*5 ??‘ 1588



35

50
55

20

SUM=SUM#2.42, % CRE(X X~ 1o~ SQSS*{ 1o ¢ X¢X)/ (1, +X)) ¢3¢ THICK(L ) $XRADS#2
SUM=SUM®U INF ’

CP=CP4L IN

IF{X-X4] 55, 50,50 "

CP=CP +( X-X4 ) *COEF

CONTINYE

FPRES(M)=~UINF#CP +SUM

CONTINJE

RETURN

END

1639
1640
1641
1642
1643
1644
1645
1646
1647
1648
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SUBROUT INE SECT{ XUy YUy XL o YL 4NOFF ¢ NF ,RDBC 4 ST, SC)

C PROGRAM TO COMPUTE CIEFFICIENTS TN AND CN OF THE FQURIER SERIES
C REPRESENTATION OF SECTION THICKNESS AND CAMBER DISTRIBUTIONS.

11
12
13

14

110

90
111

210

80
112
89

88

DIMENSION XU{30),YU(30),XL{30),YLI(30),YUC(30),YLCI30),5T(24),5C(24
1)4DUM{50)+sTBAR(50)4CBAR(50)
FORMATI 1H1,4X,6HRDBC =E13.5/4X, THRCDBC =E13.5)

. FORMATU////74TXy 26HINPUT AND COMPUTED OFF SETS/)
FORMAT( 19X,y 4HX 1/C» 12Xy 4HYU/C 9 L1 X9 SHYUL /C 920X 44HX1/Cs12X94HYL/Col1X

"1eSHYLC/C/)

FORMAT (8X s 3F 1659 8Xs 3F16.5)
NA=6

RNA=6, .

RNF-FLJAT(NFl

. MOUT=6

P1=3.14159

DELT=P1/( 2.%RNF)

NTC=2%NF-1

NINT=NTC+2

NSIMP=NTC+1

THETA=0.

DO B9 K=1¢NTC

THETA THETA+DELT

1= .5%( 1. +COS{THETA ]}

00 90 LAM=2,NOFF

ITF{X1-XU{LAM}) 110,90, 90

YUINT= YU(LAM-1)+(X1-KU(LAM-1))'(YU(LAH) YU(LAM-1))/ {XU{LAMI-XU(LAM
1-1))

G0 70 111

CONT INJE

DO 80 LAM=2,NOFF

TF{X1-XL{LAM)) 210,80,80

YLINT= YL(LAH-I)*(Xl—XL(LAM—l))*(YL(LAM) YL(LAH—I))/(XL(LAH)-XL(LAP
1-1))

GO 10 112

CONTINJE
TBAR(K+1)=,.5«(YUINT-YLINT) -
CBAR(K+1)=.5%{YUINT+YLINT)
TBAR(1)=0,

CBAR{1)=0.

TBAR{NINTY )=0,

CBAR(NINT )=D.

SAVT2=0.

SAVC2=0.

DO 39 I=2,NSIMP
SAVTI=SAVTZ

SAVCL1=SAV(C2

SAVT2=TBAR(1)

SAVC2=CBAR{( 1)

TBAR(I)={ SAVT1+SAVT2+TBAR (1
_CBAR(I)=(SAVC1+SAVC 2+CBAR(I
TTA=TBARINAY —

TTB=T BAR({NA+})
~-TTC=TBAR{NA+2ZY}
TAA=DELT*{RNA-1.)

+1))73.
+111/3,

1649
1650
1651

1652

1653
1654
1655
1656
1657
1658
1659
1660

" 1661

1662
1663

T l6b4

1665
1666

1667

1668
1669

1670

1671
1672
1673

1674

1675

1676

1677
1678
1679
1680
1681
1682
1683
1684
1685
1686
1687
1688
1689
1690
1691
1692

1693

1694

1695
1696

1697
1698

1699~

1700
1701
1702




456

457 .

458

©59

177

T8B=TAA ¢DELT L, o .. - 1103

TCC=TBB ¢DELT o - . . . - ce e o 1704
XA=.5%COS(TAA) = ... S o o - . .. 1705
. XB=,5%COSCTBBY " . e ‘ - 1706
- XC=,5%C0S(TCC) ‘ : 1107
SLOPE=({TTC-TTBI*{XB-XA) /{XC- x3)+|rrs TTA)*(XC-XB)/(XB-XA))/IXC-XA . 1708
1) , 1709
THETA=). - L . o . .. 1710
COSB=CIS( TBB) L ' ’ I ‘ R WA S
. DO 456 I=2,N& . e e J1niz2
THETA=THETA+DELT o ©173
COST=COS{ THETAY 1714
TBAR(I)=(SQRT(1.~COST)/(1.-COSBI**1.5)% (TTB* (1.+C0ST-2.8COSB)/(Li-" . 1715
1COSB)+.5%SLOPE*(COST=COSB ) .. 1716
TBAR( [)=TBAR( 1)%(1.~COST) S A Y 4
. NLE=2®NF+1-NA o . 1718
TT A=Y BAR{NLE+1) 1719
TTB=TBAR(NLE)" ... 1720
. TTC=TBAR(NLE-1) L1r21
. TAA=P |-DELT*(RNA=1,) N § -1
- TBB=TAA~DELT v .. 21723
.TCC=TBB-DELT" : T 1724
XA=.5%( 1,+COS{TAA)) . ) 1725
. XB=.5%( 1.+COS{TBBY) T ,j 1726
XC=,5%(1,+COS{TCC)) . B ¥ ¥ {
SLOPES((TFC-YTBT‘1XB—Xﬁ17fXC-X81111TB TTAI#(XC-XB)I(XB—XA)lllxc xn ir2s
1) - T1T29.
CAPA=SLOPE¥SURTUI2.¥XB/RDBCT ' o 1730
CAPB=TTB/SQRT( 2.#XB#RDBC) o113
AS={2.5%CAPB=5%CAPA~Z, 7 XB. , . 1732
BS=(,5%CAPA-1. Stcapaol.:/xa:tz , - Co. . 1133
THETASPT ‘ _ . Coe e . 1734
COEF=SQRT( 2. *RDBC) ' o 1735
DO 457 T£Z,NE .. 1738
- IND=2*NF+2-1 S 1737
- THETASTHETASDELT R S W £ 1
X=.5%(1,+COS{ THETA)) - .. v e, 17390
T BAR( IND)Y=COEF*SQRTE X1 *{ 1S+ASEX+B SEX® X) , CoT T T 1T%0
. COEF=CDEF/ 4. ST 1741
THETA=0 o 1Te2
DO 458 I=2,NSIMP PR ¥ £
THETA2T HETA¥DELT" , _ T 1T44
SINT=SIN(THETA) : ' . 1745
TBAR( I b={ FBARCEI-COEFSSENTOt1~COSETHETAI) 1 7SINT#2 . _ 1746
THETA=), ST T 1747
DO 459 T=2¢NSTHP" o 1748
THETA=THETA+DELT . . 1749
'CBAR( 1} =CBARC DIZ7SINTTHETAY \ .. ;1150
RKK=0, ‘ . A & £
‘DO 59 Ka1;NF T . U & 17
RKK=RKK+1. o T . 1753
THETASO T — - L. 1754
DO 777 I=1,NINT _ 1755
DUM( 1)=TBARU TT*SINT THE TA®RKKY S .. 1756
THETA=THETA+DELT _ e 1757

89



888
59

969

869

90

CALL SIMP(NSIMP,DELT,DUM, VARY)
ST(K)=2.%VARY/P1

THETA=) .

DU 888 T=1,NINT
DUM{1)=CBAR{ I1)%SIN{ THETA®RKK)
THETA=THETA+DELT

CALL SIMP{NSIMP,DELT,0UM,VARY}
SCIK}I=2.5VARY/PI

D0 969 I=1,NOFF

X=XU(T)

CALL EVAL(NFsX¢SCyST,CB,TB+COEF)
YUC{1)=CB+TB

DO 869 [=1,NOFF

X=XL{1)

CALL EVALINFyXsSCySTeCB, TB+COEF)
YLC{1)=CB-TB

RS AV=R DBC

ARITE{MOUT,11) RSAV,RDBC
WRITE{MOUT,12)

WRITE(MOUT,13)

WRITE(MOUT,14) (XU(l)yYU(I).YUC(l)'XL(l)yYL!}D,YLC(l).I=l.NGFF)

RETURN
END

1758
1759
1760
1761
1762
1763
1764
1765

1766

1767
1768
1769
1770
1771
1772
1773
1774
1775
1776
1777
1778
1779
1780



304

3013

305
403
404

551

SUBROUTINE EVALINNFsXX,SSCySST,CCB,TYB,COEF)

D IMENS ION SSC(50),SST{ 50}
COST=2.%XX~-1. '
COSTS=COST*s2
IFICOSTS-1.E-8) 303,304,304
TANT=SQRT(1./C0STS~-1.)
THE=ATAN( TANT)

GO TO 305

THE=1.5708

IF{COST ) 403,404,404
THE=3.14159~THE ~

ARG=0.

SUM1=0.

SUM2=0.

DU 551 N=1,NNF

ARG=ARG+T HE

SUM1=SUM1 +SSC(N)S*SIN{ARG)
SUM2=SUM2+SST(N )*SIN(ARG)
SINT=SINC(THE)
CCB=SUM1*SINT

TTB=S INT*(COEFS(1.=COST)¥SINT*SUMZ)
RETURN

END

1 1781

1782
1783
1784
1785
1786
1787
1788
1789
1790
1791
1792
1793
1794
1795
1796
1797
1798
1799
1800
1801
1802
1803

91



10

15

20
25
99

125
150

92

“SUBROUTINE ALSOL{NT, C, R, NDIMC)
DOUBLE PRECISION C  (NDIMC,NDIMC)s R(130).

'DOUBLE PRECISTON CMAX, SAVE; SUN ~—

NT1 = NT-1

DD 99 Jy=1,NT1

CMAX = CINT,J)

L=NT

DO 10 [=J,NT1

IF {DABS{CHMAX)-DABS{C(I,J))) 5,10+10
CMAX = C{1,J)

L=1

CONTINJE .

DO 15 JJ=JyNT

SAVE = ClL4JJ)

ClLyJJ) = CUJJJ)
ClJyJJ) = SAVE/CMAX
SAVE = R(L) T
RIL) = R(I

R({J) = SAVE/TMAX

JP1 = J+¢l

DO 25 I=JPLyNT

DO 20 JJ=JP1yNT

ClIyJdd) = ClI9dd) = ClIod)®CUL I,y JJ)
R{I) = R{T1) = R{JISC(I4J)
CONTINVUE -7 ~ 7 7
RINT) = R{NT)/CINT,NT)
DO 150 K=I,NTI " °
I=NT-K '

IPl = I+1°

SuM = D,

DO 125 J=TP1,NT "

SUM = SUM + R{J)®CII1,J)}
R{I) = RET) =" SUR™
RETURN

END

" 1804
.. 1805
. '1806
1807
1808
1809
1810
1811
1812
1813
1814
1815
1816
1817
1818
1819
1820
1821
1822
1823
1824
1825
1826
1827
1828
1829.
1830
1831
1832
1833
1834
1835
1836
1837
1838



FUNCT ION GAM1{ACAP,DX1,PI1) ) .
"DIMENSION ACAP{30,3)

CAM1=PI®{ <1, 5‘!CIP(T.11-.75'ACAP(2.I)FZ.'ACAP(I.Z)OACAP(Z.Z)-.S*AC
1AP{1, 3)-.25%ACAP( 2, 3) ) /DXI

RETURN

END

1839
1840
1841
1842
1843
1844

93




94

SUBRDUTINE EGAMI(NU NG!A:BQXSEP.XATT GAMMA , Y'Gl,

DIMENSION A(30,3)-

SINT=SQRT{1l.-Y*Y) - '

THETA=ARCT(Y) . ‘ . - ‘

SUM=0. . o N ' :
+COUNT =1,

DO 6 N=2¢NG. -

COUNT=COUNT+1. .

SUM=SUY +AIN+1NUI*{SINI(COUNT+1.) *THETA) /{COUNT#1.)-SIN{{COUNT-14)
1*THETA) /(COUNT-1e))

GI={(3. 14159—THETA*S[NT,*(A(leU)f 5*A(29NU))* 5‘SUM-.25‘GAHMA‘(10
LY ) #SINT #S INT . ‘
IFLY-XATT) 8,8, 7

DIFF=1.~XATT

IF(DIFF-1.E-6) 8,8,9

GI=Gl+2. *B*OlFF“('l 5,*SQRT((XATT‘XSEP'*‘[.‘Y"(Y—XﬂTT)'
CONTINJE

. " RETURN
- END

1845

1846
1847
1848
1849
1850
1851

- 1852
.1853

1854

~1855

1856
1857
1858
1859
1860
1861
1862
1863



25

30

40

41

16

SUBRDUT INE BUBB(DEL1, THETI'REBDXCIOUlOXCSODCP!DELSOXOXCO"X'NZOXS'U
15,UE, ALTC, RENEL,USTOP)

DIMENS [ION Xt 300¥:XCt300),UE(300,3)"
FCAP(X)=-19,556€X+107,535¢X*X~336,33¢X**34¢508,.1¢X*%4-295,36%X*%5
UIlIX)=-0e46532¥X+,6B425¢ X6X—, 452938 X%%3+,6592%X$%4
UI2{X)=-4045929%X~1,91615¢X6X+2.91843%X%$3-5,42]125%X%%4

FOELT{X )=EXP(2.5773-,34252%X- 4379 X0 X~, 07651 1% X33~ 0039707 #X**4 )

FAICH( X )=EXP{—-3.T481¢+. 038772‘Xf.41967*X‘X*-0710#6‘X“3*00032162‘X‘
1%4)
DEL!(X)’-.045929‘ALOG(X) 3.9242%X+,54535%X¢X~1, 39147‘X'*3 10.8425‘
1X *%4
FORMAT( LH1y 44X+ 31HANALYSIS OF LEADING-EOGE BUBBLE////34X91HX’19X'1
1HU019X01HH118X9‘HU|SP/, '
FORMAT ( 20X ¢ 4E20.5)
MOUT=6
H1= .25
H5=.429
DO 5 M=NZ,MX
IFIXC1-XCIMY) &.%,5
Mi=M
GO TO 6
CONT INJE
X1=X{M1-1)#( XTHL)=XTMI-1) Y& (XCI1=XC (M1~ ll)/(XC(Hl) XCi{M1I-1))
X4=X1+RENEL/(U1#REB)
ARG‘ALJGf(x¢5K177fWEB.DELI‘DELl*Ul))
H4= 25%FAICHI{ARG)
DEL 43 . S8*FDELTUARG)I¥*DEL1
X53X4+10. S‘DELQ‘(1-°(H4/ 429"*2.
1FUL-USTOPY 4I;&1y40
ALTL=ALTC*DEL 1
[FIXS=XT.LTIALTLY X3$leﬁtTt
JRAT=EXP{-,08712-UI1{HE4 )~ .24723¢(,3255+U12(H4)))
DCPaUTYU IS T, ~URAT*®R2)
DRAT=EXP(-2.24374-FCAP(H4)+.,24T723%(2. 02149DEL1(H4)))
DELS=DRAT *DEL G
D0 7 MaNZ,MX
IFIXS=XTMI) 16,16+ T
M5=M ,
GO TO 8 :
CONTYINJE
FACT=(XS=XTMS= 1Y 17 (XITMST=XtM5=T))"
FACTLI=1.-FACT
XNCS=XCE MS—1 S FACTI+XCAMSISFAC T
US=UE(45-1, 1)%FACTLI4¢UE(MS,1)*FACT
WRITELMOUT 29 )
WRITE(MOUT,30) X1,Ul,H1,DEL]
WRITE(MOUT y 307 X% Ul H&; DEL S
HﬂITE(WOUTo30) XSsUS5,HSyDELS
RETURN ’
END . ,

1864
1865
1866
1867
1868
1869
1870
1871
1872
1873
1874
1875
1876
1877
1878

1879

1880
1881
1882
1883
1884
1885
1886
1887

1888

1889
1890
1891
1892
1893
1894
1895
1896
1897
1898
1899
1900
1901
1902

-1903

1904
1905
1906
1907
1908
1909
1910
1911
1912
1913

95



10

96

SUBROUTINE YSET{RyA¢NY,Y)- .

DIMENSION Y(100)
RPl=1.¢R o .
Y{li=0.

Y{(2)=A

DO 10 N=3,NY
Y{N)=RPL&Y{N=1)-REY{N-2)
RETURN

END

1914
1915
1916
1917
1918
1919
1920
1921
1922



ﬂle

¢’
C.
¢

c

15

20

95

41
42
43

51
52
61

50

"IF INDT 1S NONZERO,
AT SEPARATION. ' :

SUBROUT INE H&4X4( INDT+X1yDEL 1y THET1 X5 ,REB UL ¢X3 yH3 4 X4 yH&)
CURLF{H)=26.703/H+305.03%ALOG{H)=-2111.3¢H+3327, 8%H*H-2403 .9 +H**3

FOELYIX)I=EXPU2.57TT3~.34252¢X~ ;43796 Xe X,
FAICH(X )=EXP(~ 3 1481+, 038772‘X+ 41967*X‘X0 071046*X%%3+,0032162%X*

1%4)

FORMAT(// 20X, 54HA SOLUTION FDR X4 COULD NOT BE OBTAINED IN 1000 TP

1TALS)
MOUT=6

TFUINDT ) 24542

H3= THETI/DELI

X3=X1

DEL3=DEL1

GO 10 20

X3zX1+5. EGI(UI‘REB)
ARG=ALIGL{X3-X 1)7{REB*DEL I*DELL)?
H3=THET 1*xFAICH(ARG)/DEL1
DEL 3= . 5B*FDELT(ARGI®DELT
IF(X3-X5) 20!15.15

H4= ,429

X4=X5

GO TO 50

CONTINJE

160=0

DIST=X5-X1

UNDER=0.

H4=H3+H3

COEF 1=DEL 3*RY

COEF2=10 .5%DEL 3%H3
SUB=X3=COEFI*CURLF(H3T
OVER=H4

Hé4= ,5%( H&FUNDER T
X4=CURLF(H4)*COEF1+SUB
ALTER=XS~=COEF2¢t 1= T"ﬁ7.4291t1231ﬂﬂ‘
[60=160+1
TFIX&~ALTERT &1, 50y 42

IF{ 1GO~1000) 95,61,61

IFLABSUX 4~ALTERY/DTST=400T) 50, 50,43

UNDER=H4

Hé= .S*UOVER#H4T

X 4=CURL F( H4)*COEF1+SUB
ALTER=KS=COEFZ*{ 1= THE /- 4291 ¢ 82  JHG ™
160=1G63+1

IF{X4-ALTER 52750551

IF(1GD-1000) 43,61, 61

IF(ABSTX4=AC TERI7DTST=3001) 50750+¢95"

H4= . 429
X4=X5
WRITE(40OUT,10)
CONTINJE
RETURN

END

076511 X#¢3~-,0039707%X2%4)

}

THE BOUNDARY LAYER IS TURBULENT

LN

1923
1924
1925
1926
1927
1928
1929
1930
1931
1932
1933
1934
1935
1936
1937
1938

1939

1940
1941
1942
1943
1944
1945
1946
1947
1948
1949
1950
1951
1952
1953
1954
1955
1956
1957
1958
1959
1960
1961
1962
1963
1964
1965
1966
1967
1968
1969
1970
1971
1972
1973
1974
1975
1976
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98

, SUBROUT INE SETSX{NSP1, XSEP, XATT,XSIG,ANGLE)
D IMENS ION XSI1G{100)
= 5% (XSEP +XATT)
B=.5«(XATT-XSEP)
ARG=0.
DO S N=1,NSP1
XS IG(N)=A-B8%COS( ARG)
ARG=ARG+ANGLE
RETURN
END

1978
19713
1980
1981
1982

1983

1984
1985
1986
1987



FUNCTION ARCT{X)
PI=3.14159
IFUABS{X)~1.E-6) 14252
ARCT=,5%pP 1]

GO 10 6

[FIX+.99999) 3,4,4
ARCT=p]

GO TO 6
ARCT=ATAN(SQRT( L.-X*X}/X)
IFCARCT ) S9646
ARCT=ARCT +P1

CONTINUE

RETURN

END

1988
1989
1990
1991
1992
1993
1994
1995
1996
1997
1998
1999
2000
2001

99



SUBRODUTINE SCAL(SBL»NSBL'FRI’ARR RDBB) . ... . 2002

DIMENSION SBLI( 300!} v T 7 2003
DELZ=FRZ*RDBB ' o . . 2004
EN=ARR/ FRZ T . 2005
DO 5 N=1, 300 ‘ .. 2006
IF{EN-N) 44445 o ' 2007
4 NE=N ] L . ] o . 2008
. 60 TD & I o - 2009
5 CONTINJE L S .y, 2010
6" NG=NSBL-NE C 2011
" EN=FLDATING) o - 2012
NGM1=NG-1 2013
" SBL(1)=0. ¢ 2014
. DO 7T N=2,NE . o . I 2015
7 SBLIN)=SBL(N-1)+DELZ ' ‘ , 2016
" FRACT=2,2/DELZ ‘ . . - 2017
-FRAC1=FRACT-1. .. 2018
R=FRACT#x( 1./FLOAT(NGM1)} L . e 2019
8 '~ SAVE=R ’ . ' .. ..2020
) R=R—( R ##NG-FRACT#R+FRAC1)/{EN*R*ENGH1—FRACT) , . 2021
~ - IFU{ABS{SAVE=-R}=1.E=6) "9,y9,8 - Lo . 2022
9 RP1=R+1. ' C p 2023
“° DO 10 N=NE,NSBL ' ‘ . . - 2024
10 - SBL(N+1)=RP1#SBLIN)-R*SBL (N-1) o , 2025
7 RETURN o ) o - 2026

END 7 . 2021

100



10
11
12
13
14
15
16

17
99

SUBROUT INE TERPFIX1,J,TABL,TAB2,TAB3,TAB4,XITAB,FP)
DIMENSION TAB1(241,TAB2{24),TAB3(24),TAB4(24) ,XITAB(24)

IFIX1-.0001) 242,10

GO TO (3¢44596),4
FP=2,53-2,439%AL0GIXI)

G0 TO 99
FP=3,54-1.,T725%AL0OG( . 7071%XI )
GO TO 99
FP=4,58—-1.2195%ALDGL .5%XI)

Go 10 99

FP=10.12

GU TO 99

DO 12 N=1,24

JFIXI-XITABIN)) 11,11,12

NX=N

GO 7O 13

CONTINJE :
TX=(XI-XITAB(NX-1))/{XITAB{NX ) XI TAB (NX-1)}
TX1=1.~-TX

GU TO (14,15,16917)4 4

FP=TX 1 *TABT{NX-1J+TX*TABI{NX]
GO T0 99
FP=TK1*TAB2(NX-11+TX*TAB 2{NX)
G0 TO 99
FP=TX1%TAB3INX-1)+TX&TAB3{(NX)
GO T0 99
FP=TX1®TABSNX=1J+TX®TAB&(NX}"
CONTINUE

RETURN

END

2028
2029
2030
2031
2032
2033
2034
2035
2036
2037
2038
2039
2040
2041
2042
2043
2044
2045
2046
2047
2048
2049
2050
2051
2052 .
2053
2054
2055
2056
20517
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88

102

_SUBROUT INE SIMP{NS, DXy ORD,+FIND)

.
e

. o B ° CE : ) 12'058
D IMENS ION ORD( 50) ' ' 2059
INTEGRAY ION OF NS + 1 EQUALLY SPACED ORDINATE VALUES .. - . .5 2060
BY SIMPSON'S RULE. NS MUST BE EVEN o - S < 212061
SUM = 0. 2062
DU 88 [=24NS5,2 . . Lt . .z 2063
SUM = SUM + 2.%DRD{I-1) .+ 4 $CRD{I} . :+ - L. . ., % - 2064
FIND = DX*{SUM - DRD{1) + DRD(NS+1))/3. PO 2065
RETURN : T T . 41,2066 .
END R ' A st . 2067



s NaXeXal

336

337
338-

255

256

333

335
334

341
342

258

257

262

261
263
264

SUBROUT[NE CORDX{NSBL yNZ+RDBB ySBL¢XyXC)

BOUNDARY LAYER COORDINATES AND‘CORRESPONDING CHORDAL
CDORDINATES ARE COMPUTED HERE.

DIMENSTON SBL(300),X({300),XC(300) I
FORMAT(//10X, 31HITERATION TO COMPUTE XC FOR M'=15,32H DID' NGT CONV
1ERGE IN 1000 STEPS.) ' : ' o
FORMAT{ 1H1425X 3 LHM, 20X 4 1HS» 25 X,y IHXQZIOXQZHXC//)
FORMAT{ 22X, 15, 3E25.5)

MOUT=6

MX = NSBL + NZ - 1

RZERO = RDBB/2.

XCINZ) = -1,

DO 255 M=1,NZ

MM = NZ + 1 - M

X(M) = SBLINZ) - SBL(MM)

DD 256 M=NZ,MX

MM = M ¢ 1 ~ NZ

X(M) = SBLINZ). + SBLIMM)

DO 257 M=1,HX -

IFINZ-M) 333,257,335

K=M+ 1 -NZ

GO TO 334

K=N - M + 1

XC{M) = -=1ls ¢ SBL(K)

IF{SBLUK)-RZERDT 3%1y341, 342

XC(M) = —1o + SBLIKI®*2/(4. *R ZERO)

CONTINJE

D0 258 L=1,1000

SAVE = XCI{M)

CALCL = SQRT{{1.¢XC{M))/RZERD)

CALC2 = SQRT(T.#[1.¥XCTH)I/RZERD)"
XCUM)=XC(M)+CALC1*(SBLIK) - RZERO*(CALC1%CALC2+ALOG (CALCL+CALC2))
1)/CALC2

IF(ABS (SAVE-XC(M))-1.E-6) 251.257 258
CONTINJE

WRITE(MOUT»336) M

CONTINJE

WRITE(MOUT,337)

DO 264 M=1,MX °

IFINZ-4) 261,261,262

K=NZ-M+1 -

GO TO 263

K=M+1-NT "~ -

WRITE(MOUT+338) My SBLIK) ¢ X(M) 4XC (M)

CONTINJE =

RETURN

END

103



e aksls)

104

SUBROUTINEéPGRAU(H{X{UE&SXTQPRESSJSK,SB;SC{S§.SSf

SUBROUTINE FOR ‘CALCULATION OF PRESSURE GRADIENT AND
DERIVATIVE COEFFICIENTS.

" DIMENSION X{300)sUE(300,3)" "+ s
D1Z=X(M+1)=-X(M) STet e ot Lo '
D2Z=X(4+2)-X(M) '

D21=X(442)-X{M*1) S .
DIM1=X(M+1)-X(M-1) ‘ ' !
DZML=X{M)=-X(M=-1)

XIM=D1Z/(D2Z*#D21)

ETAM=1./01Z-1./021

ZETAM=D21/(D1Z%D2Z)

PRESS = (3, tUE(ﬁ*I.ll-%.*uﬁtﬂil.2)*UE(H+1.3))I(Z..DXI)+UE(M*1vl)l(

IXTMFJELM+2, L) +ETAMSUEIM+1,1 )~ ZE TAMKUE (M,1))

SA=1./D1Z+1,/DINT ;

SB=DIM1/{D1Z*DZM1) ,
SC=D1Z/(DIM1%DZM1) ‘ ‘ ' .
SR=DIM1/DIM1 ‘
SS=D1Z/DIMNT " :

RETURN o ,

TND s ' ’

..

2117

2118

2119

2120

2121

2122

2123 .

2124

2125
2126
2127

2128
2129

2130
2131

2132

2133
2134
2135
2136 -
2137
2138
2139



‘00

I

" 24

15
16

10

50
99

2

- SUBROUTINE TO TEST FOR TRANSITION IN A-LAMINAR BOUNDARY LAYER.

SUBRJUT INE TRANS(UPRIM.RRESStIHgTA.@EBJUCnNX-EQ“NvXFLANfLAMCV.'“

DIMENSION UC(100,3),FLAMI10),XFLAM{10)
FIX) = 211746 = 1.0582E-3¢X - Lo LO2IF—4&XEX _ ;. - . "o iz . 020 =0
TKAY = PRESS*REB®THETA®%2/UCINY,2) el e
IF(TKAY=-.077) 2,2,99 e e -
IF(ABSITKAY)-.0001) 3,3,4 Lo T

ARG = TXKAY*T72.48 AR LR S
GO 10 5 i 3o b e o e
ARG = 0. G et vt
DO 6 N 1, 1000 5.. ﬁ»-;k LT
SAVE = ARG : A PR

ARG = ARG - (ARG®F{ARG )®¥2-TKAY)/(F(ARGI*{, 11766~ARG‘3 17465-3 —A
IRG*ARG¥5.5115E-4) ) e A S RS
© IF(ABS(1.-SAVE/ARG)-1.E-6) 'Ts 746 ' e e

IF(ARG+11.) 8+8/5 P

TF{ARG-XFLAM(N ) 24,24,15

NBAR = N

GO TO 16

CONT INJE

EF = FLAM{NBAR-1T+{TARG- XFLEH(NBAR-I))‘(FLAH(NBAR)-FLAH(NBAR—I))IIX
1FLAMINBAR )~ XFLAMINBAR-1))

B = .S5*EF

A = 3.36%(UPRIM/UCINY,2))%%2

RTH = F(ARG)*{ SQRT{B*B+9860,%A)-B)/A
I FIREB*THETA~-RTH) 99, 50,50

LAMQ = 0 °

CONTINUE

RETURN

END

CONTINJE AR TR,

EF = 1.75 e
GO YO 10 "~ PSRN
DO 15 \N=1,10 pg-_’_,;':,j

105



SUBROUT INE CAPS{ ITERyN,CAPG,CAPH,CAPJ CAPK)SRySS9SDsSESFVISC,yV,eU 2176

ic) 21717
DIMENSION CAPG{100),CAPH( 100) CAPJ(100) ,CAPK{100) 2178
DIMENSION VISC(10042)4V(10042),UCIL00+3),SD(L100) ,SE(100),SF{100} 2179
IFUITER) 4,2,4 2180

2. CAPGIN)= SREV{N, 1) - SS&VIN,2) : , ) " 2181
' CAPH{N)=SR®WISCINeL)~-SSEVISCIN, 2} - v G 2182

CAPJ(N)=SR*(SD(NI*VISCIN+1, l)+SE(N)*VISC(N,1) ~SFIN) #VISCIN-1+1)1-S ¢ 2183
1S*{SDINIEVISCIN#1y 2Z)+SE(N)IEVI SCIN,2}-SF{N)I®VISC {N-1,2)) 2184
CAPK(N)= SR*UC(Ny2)~SS*UC(N, 3) : 2185
GO T0 6 e ! 2186

4 CAPGINI=.5%( CAPG{N) ¢V(N, 1 }) 5 2187

CAPHIN)=,.5%( CAPH(IN ) #VISCIN, 1)) : 2188
CAPJ(N)-.S*(CAPJ(N)+SD(N)*VISC(N01,1)+SE(N)*VISC(N.l)-SF(N)‘V[SC!N 2189

1-1,1)) i 2190
CAPK(N)=,5*(CAPKIN)+UCIN, 1)) . : . 2191

I3 CONTINJE ' - 2192
RETURN . S J19i
LIND ¢ 214

et

106
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SUBROUT INE TERP{YIN,VYBASE ,VARY,NY,VALUE)

SUBROUTINE FOR DETERMINING INTERPOLATED VALUE OF THE

24

15
16

10

FUNCT ION VARY AT Y = YIN,

DIMENSION YBASE(100),VARY{100)
IF(YIN-YBASEINY-1)) 2,3,3
VALUE = VARY(NY)

GO TO 10

DO 15 N=1,NY

IF(YIN-YBASE(N)) 24,24,15
NBAR=N

GO YO 16

CONTINJE
D21=YBASEINBAR)-YBASE(NBAR-1)
D31=YBASE(NBAR+1)-YBASE(NBAR-1)
D32=D31-D21

D3A=YBASE(NBAR +1)-YIN

D2 A=Y BASE{NBAR )-Y IN

DAl=YIN-Y BASE(NBAR-1)

VALUE=Djl*DZA‘VARY(NBAR4I)IT021*031)ODBA‘DAI‘VARY(NBAR)/(021‘032i-

1D2A*DA1*VARY{NBAR+1)/(D31%*D32)
CONT INUE C
RETURN

END

2195
2196
2197
2198
2199
2200
2201
2202
2203
2204
2205
2206
2207
2208
2209
2210
2211
2212
2213
2214
2215
2216
22171’
2218
2219
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SUBROUTINE YDIFFINY,ALPHA,BETA,GAMMA ;DELTA,SD¢SESF+C2+C3,C4,Y) 2220

DIMENSION ALPHA( 100),BETA({100),GAMMA (100),DELTA(100) - 2221
DIMENS ION SD{100),SE(100),SF{100),Y{100) ° 2222
NV=NY -2 2223
NVP1=NV +1 » ' : ) 2224

DO 40 N=2,NV : L2225
ALPHA(N) = 2.%(2.¢Y(N)- Y(N—l) Y(N+1))/((V(NOZ)—Y(N—I))*(Y(N+2)-Y(h 2226

L1 )RV IN+2)-YINID) - 2227
DELTAIN) = 2, #(VIN#2)+YIN+1)-2.4YIN)I/UUYINGZ)-YIN-1D ) 6LV (NOL)-YIN 2228

-1 %Y EN DS IN-1))) 2229
BETA(N) = [DELTAINI*{Y(N)=-Y{N= 1))**3-ALPHA(N)*(Y(NoZ)-V(N))*tail(v 2230
1(N#1)-Y (N))e*3 A T 2231

~ GAMMA(N) = —ALPHA(N)-BETA(NI-DELTA(N) - o : : 2232
40  CONTINJE . ‘ 2233
DO 39 N=2,NVP1 o 2234
SDIN) = (YUN)=YIN-1))/({Y(N#L)-YIN-1))&{YIN+1)=YINI }) e 2235
SE(N) = 1./¢YIN)=YIN-1))=1./({YAN+T)=YIN)) 2236
SFIN) = (YIN#L)=YINDI/LOYANI-VIN-1))®(YINEL}=Y(N=1))) - 2237

39  CONTINJE : : : 2238
€2 = Y(3)%Y(4)/L{Y{2)%(Y(3)-Y(2))e(Y(4)=~Y(2))) : 2239

C3 = =Y(2)1%V (&) 7TV (3R IYI4)=Y(3))$(Y(3)-Y(2))) o 2240

C4 = YI2)8Y(3)/(YI4)%(YL4)-Y(3))%(V(4)-Y{2))) ' = - 2241
RETURN 2242

END ' 2243
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M sEalaNel

SUBROUT[NE SETUP(LGO "1NV REB’X’Y’UClPRESS.dRADibELT’DISP'THETA'v[
" 1SCy MTRAN) . ) s

SUBROUTINE FOR CALCULATION OF BOUNDARY LAYER THICKNESS,
'DISPLACEMENT THICKNESSy MOMENTUM IHICKNESS AND EDDY VISCOSITY.

41.

10
20 -

50

60

53

32
33
31

402

401

701
702

703
521

G IMENS TON X|300)oY(lOO).UC(100,3)'VISC(IOO-Z).GRAD(IOO)
RTR=SQRT{REB). - ) e L

NY = NV ¢+ 2

UEDGE = .995%¢UCINY,1) . ek

DO 10 N=1,NV

IF(UEDGE-UCIN+1y1)) 41,41,10 SR

NDELT = N

GO TO 20

CONTINJE

DELT = Y(NDELT)f(UEDGE UC(NDELT.I))‘(Y(NDELTOI)—Y(NDELT))/(UC(NDEL

- 1T ¢1,1)-UCI(NDELT, 1)), - -~ B . t

SUM = 0.
DO 50 N=2.NY
SUM = SUMS{YIN)}-YIN-1))®{UC (N, 1)*UC(N—1vl))
DISP = (Y(NY)~,5¥SUR/UCINY, 1))/RTR 2T L
SumMm = Q.
UEDGE = UCINY,1)
DO 60 N=2,NY
SUM = SUMS(YIN])-YIN-1))*((UEDGE-UCIN,1))#UCI{N,1)+ (UEDGE-UCIN-1,41))
1*UCIN-1,1))
THETA = 5%SUM/{RTR*UEDGE®*#*2)
IF{LGOD) 53.53056
NVP1l=NV ¢l
EASE = 1.
IFIM-MTRAN) 31,32,32
IF(MTRAN+5-M) 31,31,33
EASE = IXTMJ-XTMTRAN] ) 7{XTMTRAN+S5)=-X{MTRAN))
CONTINJE
INNER=0
FACL = .16%RTR*EASE
FAC2 = ,0168%UEDGE*DISP*REB®EASE
EFAC1 = -RTR/26.
EFAC2 = PRESS/RTR
TAUW = GRAD(1)/RTR
DO 160 N=2,NVPL~
ALTER = 1. *FACZ/(1.0505‘(Y(N)/DELT)“6)
IFUINNER) 4027%01,402"
VISCIN, 1)=ALTER
GO TO 160
CONTINJE
TAUMY=TAUN-YINJ*EFAC2
TF{TAUMY ) 701'7010702
VISCIN, 11=1"
GO TO 703
EX=YUN)Y*EFACI¥*SURTITAURY]J"
VISCI{Ny1) = 1.+FACL*Y(NI*YIN)*ABS(GRADIN}))*{1.-EXP{EX))*%2
IFIVISCING I)-ALTER) 160,160,521
VISCIN, 1)=ALTER

2244
2245
2246
2247

2248

2249

- 2250

2251
2252
2253
2254
2255
2256
2257
2258
2259
2260
2261
2262
2263
2264
2265
2266
2267
2268
2269
2270
2271
2272
2213
2274
2275
2216
2217
2218
2279
2280
2281
2282
2283
2284
2285
2286
2287
2288
2289
2290
2291
2292
2293
2294
2295
2296
2297
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160

162
56

110

INNER=1

CONTINJE

SAVE=1.

DO 162 N=24NV

RAVE=VISC(N, L)

VISCINs 1)={VISC(N+1, 1) +RAVE+SAVE) /3.
SAVE=RAVE

CUONTINUE

RETURN

END

2298
2299
2300
2301
2302
2303
2304
2305
2306
2307
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