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PREDICTION OF TRANSITORY STALL IN TWO—DIMENSION AL DIFFUSERS

A method has been developed that predicts the performance of diffu-

sers operating in the transitory stall mode of the flow regime chart of

Fox and Kline. The calculations are accurate within ± 6%, which is of

the same order as the uncertainty in the data for diffusers with diver-

gence angles that are 1.2 times that at which line a—a occurs. This

corresponds approximately to the line of appreciable stall.

Singular behavior in the neighborhood of detachment is avoided by

simultaneous calculation of the inviscid core and the shear layers. A

new boundary layer scheme using Bradshaw ’s entrainment—maximum shear cor-

relation is developed that is valid for both attached and detached flows.

The irrotational core is first assumed one—dimensional and then extended

to the two—dimensional case by an iterative scheme consisting of alter-

nate calculations of the boundary layers and Laplace’s equation in the

core.

The basic boundary layer method is shown to be of comparable accu—

racy as the best calculation presented in the 1968 Stanford Conference

on Computation of Turbulent Boundary Layers. When compared against the

data maps of Reneau et al. and the measurements of Carlson et al., the

one—dimensional core model gives excellent agreement for the streamwise

distribution of the shape factor H, the displacement thickness, and

skin friction coefficient C
f/2~ as well as for the locations of inter-

mittent detachment and time—averaged zero wall shear. The two—dimensional

model predicts the same quantities to the accuracy in the data for the

flow of Strickland and Simpson. However, in the reversed flow portion,

the predicted skin friction is somewhat low, and the entrainment much

too high . In all cases, the largest deviation from data occurs in the

reg ion between intermittent detachment and the location of time—averaged

zero wall shear. Complete verification of the method , or its improvement

In this zone, must await further data.
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CHAPTER ONE

INTRODUCTION

A. Objective

The objective of this investigation is to develop a method for pre-

dicting the performance of two—dimensional (2—D) diffusers operating in

the “unstalled” and “transitory stalled” regimes of the diffuser perfor-

mance chart of Fox and Kline [1], as shown in Fig. 1.

A typical curve of static pressure recovery , Cp, as a function of
1•

the divergence angle 20 is shown in Fig. A. Line a—a on both fig-

ures represents the approximate dividing line between the unstalled and

the transitory stalled regimes. Current calculation methods [4,5] can

make successful predictions in the shaded zones only. These consist of

the fully stalled regime and the unstalled zone for diffusers with

20/20 0.6 to 0.8. It will be noted that the peak pressure recovery ,

Cp , occurs in the transitory stall regime, where the flow is unsteady

and the boundary layers (b.l.’s) along the diffuser walls are partially

detached . (Separated or stalled b.1.’s shall be referred to as detached

b.l.’s to avoid confusion between stalled b.l.’s and stalled diffusers.)

The ability to predict diffuser performance in the region near Cp*

is of obvious interest to the designer of flow equipment. However, a

prerequisite to being able to do this is the calculation of b.l.’s which

are attached and partially detached . Accordingly, the first few chapters

of this report are devoted to the development of such a turbulent bound—

ary layer prediction method (TBLPM) , which is then used to predict diffu—
*sers operating in the region near Cp

B. Cyclic Iteration

The classical method for predicting the development of b.l.’s is to

prescribe the pressure gradient dp/dx in the flow direction and calcu—

late the dependent b.l. parameters through a parabolic marching scheme

Figures with lettered titles (Fig. A, Fig. B, etc.) are embodied
within the text. Numbered figures (Fig. 1, Fig. 2, etc.) are collected

• at the end .
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- ,

[2 ,3] .  The a priori  imposition of the pressure g rad ien t  imp lies tha t  the

b .l .  does not g r ea t ly  a f f e c t  the free s t ream ve loc i ty ,  an assumption tha t

is t rue  only for  a t tached flows wi th  b . l . ’s that are thin compared to

passage heigh t .

The pressure gradient acting on the h . l .  is in fac t  the resul t  of

mutual interaction between itself and the adjacent irrotational fluid .

This interaction assumes an increasingly important role in adverse pres-

sure gradients , as the “blockage” of the b.1. becomes greater and greater.

Finally ,  for flows at and near detachment , it will be shown to be the

controll ing factor  in determining whether or not such calculations can

be made to converge.

This problem is much more serious for  internal flow than for  exter-

nal flow, because in internal flow the irrotational core is confined be-

tween b .l . ’s growing on the  bounding walls and the blockage is large

enough in typical passages to cause a substantial amount of mutual inter-

action .

Several schemes for fu l ly  stalled and at tached flows have recent ly

appeared [4 , 5 ] ,  wherein the classical turbulen t boundary layer predict ion

methods (TBLPM ’s) wi th  prescribed pressure gradien t have been coup led

wi th  an inviscid core and the calculation i tera ted to closure using a

scheme such as shown in Fig. B. An in i t ia l  est imate of the pressure gra—

dient is impressed upon and used to calculate the b .l . ’s , which in turn
*supp ly an estimate of the displacement thickness, 6 . The blockage is

subtrac ted  from the channel width , giving a new body shape , which is then

used to calculate the new pressure gradien t and so on , hopefu l ly  to con-

vergence. We shall call such schemes “CYCLIC ITERATION” .

Consider the case of a rapidly detaching flow, such as in a stalled
*diffuser. As the b.1. approaches detachment , 6 grows very rapidl y.

In a real physical situation , this rapid increase in blockage will result

in a simultaneous decrease in pressure gradient . This is so because the

mutual interaction between the b.l . and the potential core decreases the

effective flow channel (EFC) available to the outer flow , thereby relax-

ing the pressure gradient as shown in Fig. C.

In cyclic iteration , however , t he  p re s sur e  gradient is  f i x e d  b c f o r e—

hand for the entire iteration , and there is no mechanii’n available to

3
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DETACHMENT

*Fig. C. Behavior of 6 in a real flow .

*
reduce the pressure gradient in reaction to the sudden growth of 6

(Fig. D) in that iteration . The adverse pressure gradient is therefore
*

maintained unchanged , resulting in runaway growth of 6 and catas-

trophic failure of the prediction scheme. This is the so—called “sepa-

ration singularity”, the effects of which can be seen rather dramat ically

in many of the “separating flows” of reference [3 1.
A related effect is the inability of the calculation method to pre—

dict detachment , even though the prescribed pressure gradient was ob—

tam ed experimentally from a separated flow in which pressure gradient

relaxation has occurred . This, too , may be observed in several of the

predictions in [3], and is again the result of not including the free—

stream interaction explicitly into the calculation .
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x/L
DETACHMENT

*Fig. D. Behavior of 6 in cyclic iteration.

Because of the unavoidable approximations involved in modeling the

turbulen t shear stresses and small errors in measurement , the phase re—

lationship between the pressure gradient and the dependent b .l. variables

in the actual flow can never be exactly duplicated in a calculation using

this very same pressure gradient as a boundary condition . Therefore the
*experimental growth of 6 does not exactly match the calculated value.

If the calculated value is slightly ahead of the measured one, runaway
* *growth of 6 will occur. Conversely, if the calculated 6 lags,

the freestream pressure gradient will relax prematurely and the b.l . will

not detach; near detachmen t, the classical b.1. procedure tends to become

unstable.

Several methods are used in practice to avoid this problem of non-

detachment of a calculated b .l. from exper imental data. A very popular

scheme is the “frozen - dp/dx ” method , wherein the pressure gradient is

maintained at Its maximum value and prescribed on the h .I . until it de—

t a c h e s.  Cehec i et al . (61 present several comparisons of this method

against t he  s~- lm r a  t Ion r i t er  I ~ i of Head , G o l d s c hm i e d  and S t r a t f o r d .

6
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There are several objections to the use of methods such as the fro-

zen dp/dx method . A primary one is that it will predict detachment in

cases where none should occur , such as in the case of a flow which is

decelerated and then allowed to relax. In addition , there is no physical

basis for the method , even though it gives good answers for the location

of zero wall shear for rapidly detaching flows.

C. Simultaneous Iteration

The heuristic explanation given above suggests that the “separation

singularity” and the inability to predict detachment is nothing more than

prescription of the wrong boundary conditions on the b.1. equations.

If a method could be devised wherein the pressure gradient at any

given point is the result of autual interaction between the b.l. and the

inviscid core, then no such singular behavior should occur. In this type

of calculation , the pressure gradient (or equivalently the core velocity

at the edge of the b.l., u )  is assumed unknown, and an additional equa-

tion, commonly a l—D continuity equation in the core, is added . This set

of equations is solved simultaneously at each step along the flow. We

shall call this scheme “SIMULTANEOUS ITERATION”; its main features are

outlined in Fig. E. In Chapter Five the method will be extended to the

case where the edge velocity is obtained from a solution of the 2—D La—
-
~~~~~ Place ’s equation in the inviscid core.

A mathematical description of cyclic and simultaneous iteration

follows. For steady , two—dimensional, incompressible flow, the b.1.

equations are

au au 1 •~.2• ~ T
x momentum : u — +v — — — + —- , (1—1)

3x ~y p~~x ~y

continuity: -
~~~

— + -
~~

—
~ = 0 , (1—2)

y momentum : 0 , so that — = u,,, -~~~~~~ . (1—3)

Consider cyclic iteration number n. The dependent variables are

calculated using the pressure gradient obtained in iteration (n—l).

7
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(n) 
= [
~ 

d u]  
U (n) 

(1-4)

If the pressure gradient is approximately the same for both itera-

tions, such as for attached flows, then this set of equations gives a

good solution . If, however , dp/dx varies greatly between iterations,

i.e.,

~~x
1 

~

then either one obtains the solution to the wrong problem, or the equa-

tions diverge , giving no solution at all.

In simultaneous Iteration , the pressure gradien t is replaced by that

at the curren t iteration , so that all quantities are now at step n.

That is , Eqn .  ( 1—4) becomes

• — (n) r du

[u?+v?] [u-~
--
~

+
~ 1 

. (1-5)

(n)
u , du,,/dx] is now unknown and must be supplied from an addi-

tional relationship involving the potential core . In Chapter Two a one—

dimensional core equation is used , while in Chapter Five the method will

- 
- 

be extended to include a two—dimensional core. In either case, all quan-

tities are expressed in terms of values at step n. In effect , we have

converted from an explicit to an implicit set of equations , with a cor-

responding gain in numerical stability.

A clear explanation of simultaneous iteration as applied to a dissi-

pation integral type b.l. calculation can be found in Gerhart [50].

D. Previous Work

Moses [7] used the simultaneous iteration concept to calculate the

flow in Incompressible diffusers with detached b.l.’s. Even though he —
used a power—law velocity profile and rather simple prediction schemes,

he was able to obtain fair agreement with data for diffusers operating

In the early portions of the transitory stall regime . The most signifi-

cant contribution of his work was to recognize the need for including a

9 

•~ ~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~



_______~~~~~~~~~~ , - -~~~~~~~~~~~ •~~~•-.~-~~~~ ~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
- 

— • ~~— -~~~- • _ .~~~~ :-~~~~~~~ _ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ /

l—D core equation , thereby enabling him to avoid the singular behavior

of the equations near detachment.

Moses was much criticized for having the audacity to attempt the

calculation of flows at and beyond detachment [8]. Unfortunately, some

of the correlations used by him were questionable in the light of the

then available data. The discussion of his work in the l i t e r a t u r e  quickly

became bogged down in arguments over the validity of details of these

correlations, and the central idea, that of simultaneous iteration , was

largely forgotten.

The next few years saw tremendous activity in the development of

prediction methods for turbulent b.l. ’s, as exemplified by the 1968 Stan-

ford Conference [3] on Computation of Turbulent Boundary Layers. In all , j
28 methods for the calculation of TBL’s with prescribed pressure gradient

were presented . These varied from simple correlative integral methods to

rather complicated differential methods using sophisticated turbulence

closure schemes. None of the methods presented was able to calculate

separating flows near detachment adequately. This is not surprising ,

since they were all calculated with prescribed pressure gradient without

taking the freestream interaction into account.

It Is apparent from the discussions that some predictors were

acutely aware of the need for including this interaction for separating

flows. Nevertheless, the majority of attendees bypassed this in favor

of discussions Involving the validity of the b.l. equations, the contri-

butions from normal stresses, curvature effects , etc.

The controversy regarding the inability of the b.l. equations with

prescribed pressure gradient to predict detaching flows is still raging.

As late as 1975, attendees at the AGARD Separating Flow Conference [9]

were still debating the same questions as at the ‘68 Stanford Conference.

The idea of simultaneous iteration being the key to removing the singular

behavior near detachmen t is still far from being universally accepted .

In 1972, Bower [10] extended Moses ’ calculation to include compres-

sible flow in axisymmetric diffusers. He retained the 1—D core assump—

tion and used a dissipation integral b .l. method . The dissipation inte—

gral , CD 
was related to the shape factor H through an empirical

10
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correlation due to Alber [11]. The energy shape factor , H, w. elated

to H through the Escudier—Nicoll correlation [3],

H = 1.431 — .0971/H + .775/H2 . (1—6)

A limiting form of Coles’ velocity profile was used , with Re6
giving a one—parameter family .

u 
= (

3_H)
[
~ + in (-~)/2.n (.565 Reö)] + ~~~ (~~~~)(l - cos iT

(1—7)

Skin friction , C
f
/2~ was obtained through the Ludweig—Tillmann corre—

lation ,

= 0.123 Re~~
268 lO~~

678 H 
(1-8)

Bower’s predictions for the diffusers operating in the early por-

tions of the transitory stall regime are quite good . Nevertheless, his

calculation method can be criticized on several grounds.

The one—parameter velocity profile, Eqn. (1—7), is a poor represen-

tation of actual b.l.’s in adverse pressure gradients, even though it

does permit backflow. The empirical H vs. H relationship, Eqn. (1—6),

is valid only for 1.25 < H < 2.8 (Ref. [3], pp. 136—138), but is used

in this method for H up to 12.0. The Ludweig—Tillman correlation ,

Eqn. (1—8), is always positive, so that zero or negative wall shear val-

ues cannot be represented , no matter how large the values of Re6 
and

H. As a result, the location of zero wall shear cannot be determined ,

and the rather arbitrary value of H = 1.8 was used as an indication of

detachment .

However, it is well known that detachment Is not a unique function
*of H, being in fact a stronger function of the blockage , 6 . This is

apparent in the work of Sandborn and Kline [51], who postulate the begin—

ning of intermittent detachment at a point where H — 

~sep’ 
where

H = 1+ 
1 

(1—9)
sep 1—6 /6

11
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Also , Senoo and Nishi [13] obtaIned an empirical stall limit rela-

tion for diffusers ,

H = 1.8 + 3.75 B , (1—10)

*
where B is the local value of the blockage factor , 26 /W.

The use of any empirical correlation to determine detachment is

clearly undesirable , since it limits the probable generality of the pro-

cedure and is hence to be avoided if possible.

In view of these residual difficulties in the work of Bower , the

relatively good results  achieved strongly support (but  do not d e f i n i t e l y

prove) the idea tha t the central  d i f f i c u l t i e s  in predic t ing  detachment  
—

and separated flows can be cured or strongly alleviated by simultaneous

iteration . To put this differently, as already found by Woolley [4] and

White [5] for fully stalled flows, the crucial matter is to get the in-

teraction between the blockage effects of the separated zone and the

outer flow modeled adequately; all other effects are less important to

adequate predictions . What is suggested here, then , is that the same is

true of detachment and detaching flows, and that for such cases simulta-

neous rather than cyclic iteration is necessary . It is this idea plus

the specific details needed to alleviate the problems relative to Bower ’s
— 

• work that are central to the work that follows .

12 
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Ch APTER TWO

UNIFIED INTEGRAL METHOD

A. Requirements f or Boundary Layer Prediction Method

The survey of currently available prediction method s for turbulent

b.l.’s presented in the last chapter showed that calculation methods for

attached b.l.’s are highly developed . The converse is true for detached

flows and b.l. ’s that are in the process of detaching , both of which must

be calculated in simultaneous fashion with the bounding freestream . It

was felt that a new calculation method was needed to be able to extend

the diffuser calculations deeper into the transitory stall regime. The

requirements for such a method are that:

(a) The equations simultaneously solve for the boundary layer and

the freestream .

(b) The velocity profile family be capable of representing both

attached and detached flows.

(c) The auxiliary equation, turbulent shear stress model and its

associated correlations be valid for attached and detached flows.

(d) The set of equations should not introduce any singidarlties at

the detachment point .

(e) Detachment should occur “naturally” and be perceptible as hav-

ing occurred without recourse to any empiricism such as the frozen

dp/dx method or a detachment criterion. That is, the desirable detach-

ment criterion is Cf 
= 0 (on the average).

(f) The method should be fast, since we expect to use it in an

iterative fashion.

(g) The core velocity should be obtained from a solution of the

elliptic irrotational core, so as to include downstream effects on the

upstream flow.

The rest of this chapter develops such a method , the “Unified Inte-

gral Method “ (UIM), with a l—D core. The extension to the 2—D case is

deferred to Chapter Five.

13 
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B. Integral Methods in General

A brief summary of integral b.l. methods will be presented before

proceeding with the development of the UIM equations.

All integral methods use the von Kármán momentum integral equation ,

+ (2+H) -
~~
- —

~
-

~~~ -# + 1f 
~~ ~~~~~~~~~~~~ 

(2-1)

The norma l stress term is usually neglected , although there is some

evidence tha t its value may be large near detachment. This equation may

be parametrically expressed as

-
~~~~

- = f 1(H , 0 , u,,, , Cf /2)  . (2—2)

Consider the case of a prescribed pressure gradient calculation

where u is a known function of the streamwise coordinate x .  Two

more equations are needed to solve for the three unknowns 0, H, and

Cf/2. The differences in the various methods arise in the procedure

used to close the set of equations .

Many methods use an empirical equation relating the skin friction

C
f/2 to the calculation variables. The most commonly used is the

Ludweig.-Tillmann correlation,

= 0.123 Re~~~~
28 l0~~~

678 H (2-i)

The last equation remaining is called the “auxiliary” equation and

relates the growth of the shape factor H to the other b.l. parameters.

One method of obtaining this equation is by taking moments in u or y

of the two—dimensional b.1. equations before integrating across the layer.

The first momen t in u gives the “mechanical energy” equation ,

0 = (H—i) ~~~ -~
j--

~
- — H —~~ + CD . (2-4)

where

2 au• C D = 
~~~ 

T -i---- dy . ( 2 — 5 )

14
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The f i r s t moment in y gives the “moment of momentum” equation ,

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
= U

~~~~~~~~~~~~
C

T 
(2—6)

-

• 
where

6
C
T f -~~dy . (2—7)

Additional unknowns H, C0, 
CT have appeared in both auxiliary nx—

ment equations (2—4)  and (2—6) , and these mus t be related back to the

primary variables H, 0, and C
f
/2. At this stage a model equation for

the turbulent shear stresses and a velocity profile family must be intro-

duced. The turbulence model relates CD 
or C

T to the mean flow param-

eters, while the velocity profile family allows H to be expressed in

terms of H for Eqn. (2—4) and permits Equ. (2—6) to be integrated . For

details of this process, see the review papers by Reynolds [3], Rotta

[14], and the introductory sections of Hirst and Reynolds [15].

Head [161 used the growth rate of the turbulent—nonturbulerit front

to derive an auxiliary equation . The rate at which the b.l . spreads into

the irrotational fluid is the entrainment rate dQ/dx and may be ex—

pressed as a function of a new shape factor

6 
*Q = u dy = u~~(tS— ó ) , (2—8)

0

= F
1

(H 6 6 * , u~,, 
6_6*) , (2—9)

where

H6 6 * = 
6_6 * 

( 2-10)

H6 6 * is in turn related back to H through another correlation ,

• closing this set of equations .

A survey of the literature will show the large variety of auxiliary

equations that have been used. This is a consequence of the fac t that

no “exac t” independent equation Is available. It is therefore important

~~~~~~~~ 
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to understand exactly what the auxiliary equation provides in the way of

new informat ion .

We note that there is no term involving the turbulent shear stresses

in the momentum integral equation (2-i). Therefore, the most important

funct ion of the auxi l iary  equation is to supp ly informat ion  regarding the

shear stresses in the b . l .  The second requirement is tha t it t ru l y con-

tain independent informat ion . For instance, Hirst et al. [15] found

that  the mechanical energy equation may not be completely independent of

the momentum integral  equation.  This is so since u is f a i r l y  constan t

across the layer, and the resulting set of equations is almost redundant.

Studies by Hirst et al. [15] and Thompson [35] showed that the en-

trainment method of Head appeared to work better than other available

methods for a la rge variety of b . l .  ‘s. They hypothesized that  perhaps
this  technique  contained “more” independent in fo rmat ion  regarding the

turbulence.  We shall therefore  use the entrainment concept , hut  extend

i ts  app l icab i l i ty  to enable calculat ion of detached flows .

To summarize, the auxiliary equation is of the form

= 0, u , Cf
/2~ ~ (T)) . (2—li)

The turbulenc e model equation is of the form

~(T) = f
3

(H , 0 , u , C
f

/2)  . (2— 12)

4 ( T )  is a funct ional  representation of shear stress integrals such

as C
D 

or C
T in Eqns . (2—4) and (2—6). The closure model for ~(T)

relates it back to known quantities such as H, 0, u , and C
f
/2~ as

shown through Eqn.  ( 2 — 1 2 ) .

The skin f r i c t i o n  equa t ion  is obtained f rom a co r r e l a t i on  of the

form •

Cf
/2 = f 4 (0 , H , u )  . ( 2 — 13 )

Eq u a t i o ns  ( 2 — 2 )  and ( 2 — 1 1 )  t h r o u g h (2—13)  permit the b .l . parameters

to be c a l c u l a t e d  in a . s t e pw i s e  m a r c h i n g  f a s h i o n  a long the f l o w .

I 6
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As mentioned before, all of the above methods work quite well for

accelerating and flat—plate flows, and reasonably well for decelerating

flows which are far from detachment. Neither the velocity profile fam-

ily nor the auxiliary equations are valid at or beyond detachment. We

proceed therefore to tailor the UIM to be able to do this by first exam-

ining a velocity profile family that is capable of representing both

attached and detached flows, and then developing an auxiliary equation

that works over this entire range.

• C. Velocity Profile Family

It is generally accepted that typical TBL velocity profiles can be

• represented by the combination of an inner—wall—dominated layer plus an

outer “wake—like” structure. One such velocity profile family is the log

law of the wall matched to Coles’ [17] “law of the wake” outer profile ,

= -
~~
- in (ti) + c + ~~ (i — cos IT , (2—14)

where

K is the von Karman constant 0.41,

c is the wall constant = 5.0,

is the shear velocity = /T / p ,

II is the wake amplitude.

This profile gives excellent results for attached flows, but cannot

be used without modification for either detached or detaching flows. The

difficulty in representing detaching flows may be seen by taking the limit

as u -~ 0 after setting u = u,, at y = 6.

Eu iyu ~, 211u 1
u lim l _

~L R n 1~~~~)+cu 
. —.i J

1 K  \ V f  T K
u -~0 LT

i.e.,

u -~~ 1im (flu ) .
K I

U -~0I

17 
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So I! -~ as u
1 

- 0 in order to keep the limit finite.

Beyond detachment, the wall shear T is negative and U
T 

is not

even defined .

However, a simple modification of (2—14) together with redefinition

of U for reversed flows permit the desired representation.

Let

U = (sgn T ) y  
~

and

+ ~ 
Y I U T I

• y =

The modified velocity profile family is

= 

y Iu1I 
+ 

~
j + ~~~~~~ (1 

— cos !1~) , (2—15)

where u~ is the redefined wake amplitude , and c is a new constant ,

= cK = 2.05.
Define

UA
V = —
T Ku

A
= — 

, (2—16)

n

At the ed ge of the b . l .,  r~ = 1, and u = u .

u 6ju~~. . U = —1 [in ( ~~ 
) 

+ 
c] 

+ u
8 

. ( 2 — 1 7 )

Subtracting Eqn . (2—17) from (2—15) and substituting from Eqn.

(2—16) ,  we get the desired p ro f i l e ,

18
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- = 1 + V L n r~ — V 2~~n (2—18)

(a) (b) (c)

Fig. F shows the contribution of each of the terms in this equation

to the velocity profile.

We note from Eqn . (2—18) and the above sketch that u
8 

is normally

positive and that u < u for attached flows while u > u for de—

tached flows . This form of the velocity profile has been used by McDon-

ald and Stoddard [18] and Nash and Hicks [3] for attached flows. Kuhn

and Nielsen [19] attempted to calculate detached flows using this pro-

file. The ability of Eqn. (2—15) to represent attached and detached

flows is shown in Figures 2 and 3.

Alber et al. [20] extended the applicability of this profile to

represent compressible flows, and concluded that the Coles type formula-

tion is an adequate representation of the velocity field both upstream

and downstream of detachment. The measured detachment profile does not,

however, correspond to Coles’ zero wall—frictIon profile. Over most of

the flow, however, a fair to good fit with experimental data was obtained .

It should therefore be adequate for use in an integral prediction method.

Using the velocity profile, Eqn. (2—18), it is possible to develop
*relationships among the b.l. integral parameters, 6 , 0, and V,,,, V

* 
1~

Substitut ing Eqn. (2—18) Into the definitions of 6 and 0 and on

integrating across the b .l ., we get

* V
= V~~+-~~ , (2—19)

— 2V~ + -
~~ V~ + 1.58949 VT

V
B 

. ( 2— 2 0 )

These two equations give an unambiguous definition of 6.

D. Momentum Integral Equation

The momen tum integral equation for steady, 2—D , incompressible flow

is

+ (2+H) —
~~
- -

~
-

~~ - -
~~~~ + -41 ~~~

- (u~
2_v I 2) dy . (2-21)
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I 

• (c)

1 
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(a)

,

~~~,) 

_ _ _ _

U ~~~~I+V Tin71 VB COS 2
(a) (b) (c)

DETACHED FLOWS
/8

• 

~~~~~~~~~ 
(a)

U/UcD

Fi g. F. Components of the velocity profile for attached and
de tached flows .
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This may be rewritten in terms of the proposed dependent variables

6 , u0, UT~ and Ut,, by defining

VN ~ -5f 

6 

~~ 
(u 1 2_v 1 2 ) dy ( 2—22)

• and noting that

‘ U ’
2

f 
— ~ 

T 23-

Differentiating (2—19) with respec t to x,

d6* 6* d6 6 
du 6 / u u8 \ dU~ ~ 

du~
= 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ 
. (2-24)

Similarly, differentiating (2—20) and rearranging gives

= (~ 
- 2V~ — -

~~ V~ 
- 1.58949 V

T
V
B) ~ 

— (
~ 

~~ + 
1.58:4: V~6 

-

/ 4V~ 6 
3 2 6 3.17898 6V

T 
6V 8~ dU ,,,

+ ~ V8 jj— 
+ — U~ U1

ó - -

KU

/ 6 3 6u~ 1.58949 \ du0
+ — 4 2 

— 
2 u

T6) -a—— (2 25)
U KU

-
~~ Substituting (2—22) through (2—25) into (2—21), rearranging , and

using (2—19) and (2—20) gives

(U ~~~~~ 
+ (~

_ ) (
~

- — 
~ 

V
B 

— 1.58949 VT) ~
_
~j 

(2-2~~)

+ (—4— ) (i 
— 4V

T 
— 1.58949 v8) ~~~~ L }  + (~ -) {

~
-
~1 = K V

T 
+ V

N -

Equation (2—26) is the form of the momentum integral equation used

in the computations . The normal stress term , VN. has been carried

along for completeness and is not used further in this investigation .

2!
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F.. Outer—Edge Matching Equation

Differentiating Eqn. (2—17) in the streamwise direction and rearrang—

ing gives

du I 6ju  I du (sgn u ) I dju du
1 1  T ‘-1 T T I  T d ó i  0

— = — u n  + c J  — + 16 + u  — 1+dx K v dx K6 dx t dx, dx

( 2—27)

Now , -

(sgn ) I I  = u , (2—28)

and

d lu du
T I

(sgn u )  dx = . ( 2 — 2 9 )

Equation (2—29) is valid everywhere except in the case where u1
changes sign . There is then an amb igui ty  in the sign of the resu l t ing

value of uT, which may be resolved by using physical insight from the

velocity p ro f i l e .  When u
0 

> u , then u < 0 and vice—versa .

Therefore,

U = U 1  sgn(u
6
— U) . (2—30)

Rearrang ing Eqn . ( 2 — 1 7 ) ,  we get
‘--- I

I S i u l U — u
A- (in 

T + = 
U 

( 2 — 3 1 )

Substituting (2—28) throug h (2—31) in (2—27) g ives

u 2 
du u du dU

+ ( u )  ~-~
--

~-~ + (_i + U — u
O) {-~

_
~j + (_u

T
) 

~~~~~~~~~~~ 
= 0

( 2 — 3 2 )

F. En t ra inment  Equation 
- —

The concept of entrainment will be used to derive the auxiliary

e q u a t i o n .  ih e  c a l c u l a t i o n  method of Brad shaw et al. [21] uses a cerre—

lat ion between t h e  nond imens i on a l  e n t r a i n m e n t  r a t e

I d 1 * 1
tJ ( ‘ — - )

l , (IX L
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and the maximum shear stress in the b . l . ,  T / ç ~tJ . Thi s correlation

has been revised in Fig. 4 to include data from recen t experiments , and

shows that the entrainment rate is about  ten t imes the  maximum shear

stress. That is,

~ ~~~~~ 
= 10 T /pU . (2-33)

The remarkable feature of this correlation Is that it seems to apply

to both attached and detached flows. It works equall y well for b .1.’s in

favorable or adverse pressure gradients , provided that for accelerating

flows the maximum shear stress is evaluated at ii = y / 6  = 1/4 , desp ite

the fact that the maximum shear stress for an accelerating b.1. occurs

at the wall.

Differentiating Eqn. (2—33) in the x direction and substituting
*for dIS /dx from (2—24)  gives

( — ~) ~-
~e ÷(-

~ )I~
i
~I 

+ ( ) ~~~c~ + (1 )I~
i
~

( = 10 T /PU
2

(2—34)

We require T / P  to be able to use (2—34). The distance from the

wall y/6 at which the shear stress is maximum will be obtained from

another correlation. The velocity profile can be differentiated and

evaluated at this yIIS location to give the value of ~u/~y correspond—

ing to maximum -r. It is then possible to compute t i p  by using an

eddy—viscosity model.

A plot of (u/U ) at which the maximum shear stress occursTmax
(Fig. G) as a function of the ratio of the wall to wake velocities ,

2u /K U
B 

, is shown in Fig. 5. There is a fair amount of scatter and a

clearer picture emerges when only equilibrium b.1.’s and detached flows

are plotted (Fig. 6). It is apparent that the velocity ratio at which

Tmax occurs, denoted by (~—) , may be quite well represented by

m x

equilibrium h .l.’s: 0.76 ,

\ o, !Tmax

Iu tdetached flows: i — i  — 0.60
\U / ~~ max

23

_ _ _ _ _  •



r’~ ~~~~~~~~~~~~~~~~~~~ -~~~~~~--~~~~~ -~~~~~~~~~~~ ~~~~ -~~~~~

y/8 

-

0 .76 1
u/u co T/pu~~

2

-

~~~ y/8

u/u~ r/pua,2

Fig. C. Location of maximum shear for adverse and favorable
pressure gradients.

Knowing V
T. 

V8,  and (u/t1 ) T , Eqn . (2—18) may be used in a
max

straightforward Newton—Raphson scheme to obtain 
~
Tmax 

= 
~
‘/
~~

Tmax 3t

which T Occurs , by sol vingmax

24
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f(~1 ) — V
T 

9.n 11
T 

— VB cos 2 11
T 

+ I — (~)~ = 0
max max max ~ max

(2—35)

This gives r~ . Differentiating Eqn. (2—18), we get
Tmax

U / V  V i~
(au) = 

(,~ 

T 
+ —

~~
— ~~~ ~~~~ ) 

. (2—36)
max I maximax

On substituting n 1 we obtain (~u/ay)1 . This may now be
max max

used through an eddy viscosity formulation to obtain the maximum shear

stress T ; i.e., we assumemax

.1. = , (2—37)

where c is an eddy viscosity.

For the outer portion of equilibrium b.1.’s (y/ó > 0.2), Clauser

[22] showed that c may be approximately represented by

c = K U 6  , (2—38)

where K .0168.e
For nonequilibrium b.l.’s, the relationship is no longer this simple,

and many efforts have been made to obtain a universal formulation for c.

McD. Gaibraith and Head [23] present an extensive st~~ ary of many of

these attempts and compare the results with experiments.

Kuhn and Nielsen [19] included the effect of pressure gradient and

intermittency and obtained

-r
— K~YU~=6 ~~~ 

(2-39)

where
K — .013 + .0038 e

_8/’15

t dx
w

and intermittency y — (1+9n6)~~ .

25 
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The pressure gradient parameter B is small for mild pressure gra-

dients and flows far from detachment . This allows K
e to approach Clau—

ser’s value of .0168 for attached equilibrium b.l.’s and the limiting

value of .013 for free shear flows such as the flow at a free jet bound-

ary (Schlichting [2], pp. 681—707) for which 8 -+ . For accelerating

f l ows , B is set equal to zero.

The maximum shear stress in an equilibrium b.l. can thus be obtained

from

I T ’ —B~l5 6 —l *
= (.013 + .0038 e )(l + 9~ ) U 6 1—

max,eq max

(2—40)

For a nonequilibrium b.l., this expression has to be modified to

take into account upstream history effects. The fluid near the wall in

a TBL is in local equilibrium in the sense that it adjusts very rapidly

to external changes, such as the pressure gradient . The outer layers,

however, are dominated by large eddIes that have considerable inertia ,

so that it has finite adjustment time. The outer layer therefore “lags”

behind the local pressure gradient. Typical behavior of the velocity

profile in response to sudden removal of the pressure gradient is shown

schematically in Fig. H, adapted from White [25].

PRESSURE x

U+

/ LOGARITHMIC
EQUILIBRIUM ’ OVERLAP LAYER

LOG (y
~~~~)

Fi g. H. Rel axat ion f o l l o w i n g  removal of pressure gradient.
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For the flow shown in Fig. H, the velocity profile takes 56 after

removal of the pressure gradient before it reaches equilibrium . Another

example of shear stress lag may be seen in the relaxing flow of Goldberg

[261, as presented by McDonald et al. [18]. Fig. I shows the lag between

the measured shear stress integral C and its equilibrium value C .

The calculation of shear stresses from an equilibrium condition will

therefore give erroneous results.

One method of accounting for the departure from equilibrium is to

relate the equilibrium and nonequilibrium values through a first—order

differential equation, commonly called a lag equation .

I I I
d ( max~ = ~ 

( max,eq — 
max ‘

~ (2—4 1)
d x \ p /  6~~ p

The lag parameter A is obtained from numerical experiments.

It should be noted that the lag equation does not model a primary

term , but only corrects a deviation of what would otherwise be an error

in a primary term. Since this deviation is usually small and only sig-

nificant for rapid changes in the “environment” of the shear layer in

the streamwise direction , the form of the lag equation used is not criti-

cal. Hence a simple first—order diffusion equation should be sufficient .

That this is so is demonstrated by the results in the 1968 Conference

[3’.

A summary of the process used to obtain the right—hand side of the

entrainment equation, which is now expressed entirely in terms of known

quantities , is shown in Fig. 7. Fig. 8 compares tmax/P measured by

Strickland and Simpson [32] with that from Eqn. (2—40). The measured

entrainment rate is also shown. The agreement is quite good for the

attached flow, and the last few detached flow points, and fair to poor

for the rest. Except for the last station , i / p  is overpredicted .

This is consistent with our expectations, since these values were calcu-

lated from the measured mean velocity profile and correspond to the

equilibrium case. Shear lag will decrease these computed values. The

worst match is at station 124.3, the location of intermittent detach-

ment , where the uncertainty in both the measured and calculated values

is the greatest .
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To calculate a b .l. with prescribed pressure gradient , terms involv—

— ing dUjdx are moved to the right—hand side of Eqns . (2—26), (2—32),

and (2—34), which may then be integrated in a stepwise fashion along the

flow.

For de tach ing flows that must be calculated by simultaneous itera—

tion , an add itional equation is needed since is now an unknown . In

this chapter we shall use a l—D continuity equation across the diffuser

width.

C. One—Dimensional Core Equation

Consider flow in a diffuser of width W(x) with a uniform l—D

veloci ty distribution in the core (Fig. J).

_

tzzii::II 
_— ~

Fig. J. l—D core diffuser nomenclature.

Assuming symmetrical b .l.’s and ignoring end—wall effects , the con—

tinulty equation at any section x is

*Q = U(W — 26 /cs 8) . (2—42)
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On d i f f e r e n t i a t i n g  (2—42)  in the x direction , substituting for
*d6 /dx from (2—24), and mani pula tthg, we get

( ‘f) )~-~- ( + (a— ) {
~ 

+ 
~~~~~~~~~~~ 

~~~~~~~ ~~~~~~~~~~~~~~~~ 
(w - 

~ 26 *~
) 

+ 6
*] 

u~~

— cos O dW 
2

2 dx

H. Solution of the UIM Equations

The addition of Eqn. (2—43) to (2—26), (2—32), and (2—34) closes the

set. These may now be written as a 4 x 4 matrix equation at each step

along the flow.

— - ‘d o  I
a11 a12 a13 a14 b

1

du
Ba21 

. . -a--- b~

du = (2—44)

a31 
. . — .

dU
a41 a44 b

4 -•

The unknown x derivatives are first uncoup led using Gauss elirni—

na tion and the resulting set of ODE ’s solved with a fourth—order Adams—

Bashforth predictor—corrector routine.

At de tachmen t, u
T 

= 0, and both sides of (2—32) become identically

equal to zero. To prevent the coefficient matrix from becoming singular ,

this  equation is removed for  u i  < .025 and the reduced set solved

with the value of du /dx frozen at the predetachment value . The re-

sults are negligibly affected by varying this threshold value of uT I
between .005 and .050.

In the next few chapters , the TBLPM developed herein will be used

to predict diffusers after being calibrated by comparing its performance

with that of a large number of  c u r r e n t l y ava i lable  c a l c u l a t i o n  methods .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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CHAPTER THREE

RESULTS - BOUNDARY LAYER CALCULATIONS WITH PRESCRIBED PRESSURE GRADIENT

A. Determination of Lag Parameter

The lag parameter A is still not known . The relaxation times for

attached and detached flows are expected to be quite different , since

the former is wall—dominated while the latter is inertia—bound . Two lag

parame ters , A for attached and A
d 

for de tached flows were therefore
used . It is expected that the “time constan t” for detached flows will be

vety short compared to that for attached flows , since the effect of the

wall is neg ligible and the large fluctuations present here tend to rapidly

destroy any upstream history effects.

I t must be noted tha t the existence of a lag be tween the equilibr ium

and actual shear stress values for detached flows is a hypo thesis only ,

and tha t no t enough data are available to rule out or confirm its exis-

tence. This is in sharp contrast to the corresponding case for attached

flows , for which shear lag is a well—established phenomenon . The results

of the present investigation are also ambiguous in this regard and do

not conclusively support or rule out the necessity for using a lag equa—

tion for detached flows.

Both A and A
d 

were varied independently and the resulting pre-

dictions compared with data . The effect of vary ing A for the relaxing

flow of Bradshaw et al. [49] is shown in Figs. 9a and 9b. Fig. 20 shows

the effect on the unstalled diffuser flow of Carlson and Johnston [27].

Varying A
d 

while keeping A
a 

constant is shown in Fig. 21 for a dif-

fuser in transitory stall , also measured by the same experimenters. The

results of not using any lag equation is shown in all the above cases.

For attached b.l.’s, varying A
a 

from .015 to .035 has negligible

effec t on the flow. Not using a lag equation , however , does cause a

small but discernible deviation from the data.

Similar effects are seen for detached flows. As A is varied

between 0.3 and 0.7, the exit velocity ratio U/UREF changes from 0.68

to 0.64. This change is of the order of the exper imental uncertainty.

Not using any lag again causes a small but detectable overprediction of Cp.
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We conclude that a lag equation is necessary for accurate predic-

tions, although there is a large Latitude in the choice of the numerical

• values for A and A
d • The numbers f ina l ly  used were those g iving the

best match wi th a large number of flows , and are

attached lag parameter : A
a 

= 0.025

detached lag parameter : A
d 

= 0.70

These results are cons isten t with the remarks concerning lag equa—

tions following Eqn . (2—41).

B. Experimental Data for Turbulent Boundary Layers

The bes t collection of TBL da ta is the extensive compila tion of

Coles and Hirst [44]. These data have been reduced in a consistent man—

• ner ; moreover , the results of a large number of TBLPM ’s using pres cr ibed

pressure gradient to compute these data are presented in Kline et al. [3].

Any new calculation method must be able to predict satisfactorily all

classes of flows in this reference bef ore it can be accep ted as a viabl e

predic tion tool. This is akin to a “calibra tion” technique for TBLPM ’s.

One way of classifying the available TBL data is in terms of the

sign of the appl ied pressure gradien t and whe ther or no t the f l ow is in

equilibrium .

Reference [3] h,.s ranked the data according to the difficulty en-

coun tered by the 28 calculation methods in predicting the flows. In

order of increasing difficulty, these were

(a) zero and mild favorable pressure gradients ,

(b) strong favorable and mild adv er se pressure grad ien ts,

(c) separating, rel axing , and reattaching flows .

All the data were checked for two—dimensionality by normal izing the

momentum integral equation and integrating in the x d irec t ion , giv ing

(u
2
o) 

1 
~~~~4f = ~~~:(~~~)2 d (~~~). (3-1)

P1 PR
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The subscript o indicates quantities at the start of the flow .

The left and right sides of this equation were called PL and PR , respec-

tively. If the measured values are exact , the b.l . two—dimensional , and

the norma l stress terms negligible , then PL = PR. Since all these con—

ditions can never be me t in prac tice , abou t all tha t can be said is tha t

PL PR , and tha t strong departures from this equality suggest that

some or all of these conditions are not met.

Interestingly, the degree of difficulty in predicting a flow is

directly proportional to the imbalance between PL and PR. The obvious

conclusion is that if the data do not satisfy the 2—D momentum integral

equation , then a calculation method using this equation cannot predict

the da ta!

C. Three—Dimensional Correction

Assuming that the imbalance in PL and PR is due to sidewall b .l.

growth and that it can be modeled as a source or sink placed along a

plane of symmetry, Sehlichting [2] showed that the momentum integral

equation can be balanced by including a crossflow term ,

dU C
dO ~~~, 0 — f 8
dx ~~

‘
~ ‘ U dx 2 ‘x — x

c
“ -- - I

where X is the location of the fictitious source or sink, and may be

ob tained by solving Eqn. (3—2) for x , giving

GU 2/(0U2)
x = x +  . (3-3)
C 

~~~~~ 

(PL—PR)

Unfortunately, the PL and PR values are quite noisy, leading to

violent fluctuations in the value of x~ . A second method is to arbi—

trarily adjust X to give the best match with experiments.

There are serious objections to using this correction term. Both

methods for obtaining X depend on having experimental data available.

This can hardly qualify as a prediction method! This correction term

will not be used for a priori diffuser calculations. However, it will
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be employed in this chapter during the calibration process , so as to

enable comparison with TBLPM ’s in [3].

D. Initial and Boundary Conditions
*Values of H, 6 are known at the starting location , and the ini-

tial T I P  is calculated assuming equilibrium conditions. The pres-

sure gradient is prescribed and 6, u8, u calculated along the flow .

Instead of imposing smoothed dp/dx values, as was done in [3], a ten—

sioned spline [48] was fitted through the data and the derivative ob—

tam ed numerically. Three—dimensional correct ’ ns were applied to

detaching flows only.

It is again emphasized that detaching d i f f u s e r  flows have to be

calculated in simultaneous iteration , and the present prescribed pres-

sure gradient mode is for comparison purposes only.

E. Comparison with Experiments

Predictions using the UIM equations are shown in Figs. 9 throug h 19.

The numbers in parentheses after each flow is the identification assigned

in [3].

Close agreement is obtained with data for accelerating and deceler-

ating flows, including equilibrium b.l.’s of both types (see Figs. 9—13).
Figs. 9a and 9b show the prediction for the relaxing flow of Bradshaw

et al. (2400). With the attached lag parameter A = .025, excellent

agreemen t of H , 6*, and C
f
/2 are obtained . Fig. 9b shows the devel—

opment of T /p along the flow. If the data satisfied Bradshaw ’s
max

correlation exactly, entrainment and maximum shear would coincide at

every station . The predicted entrainment rate is somewhat low at the

beginning, but is quite good for the rest of the flow. The low starting

value is probably due to the assumption of equilibrium starting condi-

tions, while in fact the flow is far removed from this state.

The program has problems predicting the reattaching Tillmann ledge

flow (1500), Fig. 14. H and 6* are overpredicted , while the skin

friction values are too low. Nash and Hicks [3] were able to improve

agreement with data by doubling the initial shear stress value. This



is expected to improve the present prediction , hut has not been attempt ed

since this type of flow would normally be calculated in simultaneous It—

era t ion.

Problems encountered in calculating detaching b.1. ’s with prescribed

pressure gradient (cyclic iteration) were discussed in Chapter One.

These are evident in Figs. 15 through 18. In all cases the flow proceed s

towards detachment but relaxes prematurely. A 3—D correction term was

included and adjusted to give the best possible match with data. The

agreement is improved , but premature detachment occurs if too small a

value of x is used . Moses’ asymmetric diffuser flow , Fig 17 , and

Strickland—Simpson ’s airfoil flow , Fig. 18, will be recalculated with a

full 2—D core in simultaneous iteration to show the improved prediction

possible (see Chapter Six).

For con tras t, Perry ’s flow (2900) was recalculated as a diffuser with
a l—D core , as described in the next chapter . The results, Fig. 16, bear

out the claims made for the simultaneous iteration concept. The predicted

b.l. quantities found by simul taneous itera tion are much closer to the

data than those obtained for the prescribed pressure gradient method ,

especially in the detaching region . In calculating the flow , it was

assumed that the upper and lower b.l.’s were identical at the starting

section . This is not the case, and it is expected that improved agree-

ment would result if the correct starting values were available.

Finally ,  So and Mellor ’s [46] b.l. growing over a convex surface is

shown in Fig. 19. The results are in accordance with Bradshaw ’s [47]

observation tha t the turbulence production is suppressed on a convex wall

b .l. and enhanced on a concave one. The skin friction falls along the

flow as the turbulence level decreases, and the pred ict ion is too high.

This flow was included since the curved throat reg ion of many d i f fuse rs

is a convex surface , even though the flow length is small. It is pres-

ently not known how long the curved region has to be in order to have a

significant effect on the downstream flow, nor is the magnitude of the

curvature effect wel l established at this time (1976). However , th is

phenomenon Is known to be important in many passage applications , and the

effect needs to be pointed out so that improved TBLPM ’s that properly

account for curvature effects will be created .
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F. Chapter Conclusions

(a) The current TBLPM is capable of accuratel y predicting equilib-

rium flows , as well as accelerating and decelerating b.1. ’s. For at-

tached b .l.’s, its per formance is as good as the best prediction method

presented in the 1968 Stanford Conference. It has the additional advan-

tage tha t it is capable of calculating detached flows .

(b) The method has no difficulty in predicting accelerating, mildl y

decelerating, and equilibrium flows. For detaching flows , the inclusion

of the 3—D co r rec t ion  te rm improves the accuracy un t i l  the f low nears

detachment ; after this point the computed values are no longer accurate.

Inclusion of the shear—stress lag equa t ion is believed to be the reason

for the good prediction of strongly perturbed flows . An exception is

T i l lmann ’s rea ttaching f l o w , which was no t well predicted . B.l.’s over

curved surfaces are not well predicted either.

(c) The proced ure does extremely well for b .l. ’s encountered in a

typ ical diffuser , which exhibit mild acceleration in the in le t , strong

acceleration around the throat , and strong decelera tion in the d i f f using

section. Thus this method , when used in cyclic iteration (prescribed

pre ssure gradien t ) , shows the weaknesses seen in all the method s of the

1968 Conferenc e for  f l ows ne ar ing detachment. However , all the method s

in the 1968 Conference also use cyclic iteration . As shown in rhe next

chapter , these difficulties near detachment do not occur when the simu l-

taneous iteration procedure is used .
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CHAPTER FOUR

RESULTS — ONE-DIMENSIONAL CORE DIFFUSERS

A. Discussion of Available Data

We restrict ourselves to two—dimensional diffusers and briefly re-

view the currently available data .

Diffusers have either straight or curved centerlines, as depicted

in Fig. K. They may be symmetric or asymmetric about the centerline.

The most widely studied is type (a), for which flow—regime charts

were established by Fox and Kline [1]. Reneau et al. [45] created a set

of data maps that can be used to estimate the overall pressure recovery,

Cp. Carlson et al. [27] compared the performance of types (a) and (b).

Fox and Kline[30] established flow—regime charts f or type (c), sometimes

called a circular arc diffuser . Sagi et al. [31] made measurements of

both types (c) and (d).

In all the above experiments, only “zeroth—order” quantities were

measured . These were Cp(x) and the gross qualitative features of the

flow, such as the levels of unsteadiness from visualization of wall

tufts and whether or not backflow was present in an Intermittent or

steady basis. The b.l. integral thicknesses at the inlet were recorded .

There were no detailed measurements of the b.l. development along the

flow, and no skin friction or turbulence data were taken.

Moses [7] measured the variation of Cp(x) and integral parameters

along the wall of a type (e) diffuser in transitory stall. Unfortunately,

the diffuser throat had a small radius, and it is possible tha t strong

curvature effects may have introduced unexpected behavior in the b.l.

The most extensive data for a single unit available today is the

airfoil type flow of Strickland and Simpson [32], also on a type (e)

diffuser . Detailed measurements of the b.l. development are available,

including details of the turbulence quantities along the flow. These

data were taken with a directionally sensitive laser anemometer , so that

the measurements are expected to be more accurate than pitot or hot—wire

data En regions where the fluctuations are large and the meanf low direc-

tion uncertain.
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B. Results and Discussion

Figures 20 through 27 compare predictions of the current method with

data. Figs. 20 and 21 compare the variation in velocity ratio U/UREF
along the diffuser walls with the data of Carlson et al. [27]. Fig. 20

is for an unstalled diffuser , for which the velocity variation is pre—

dicted within the uncertainty of the data . Fig. 21 is for a d i f f user in
transi tory stall , and the calculated values are barely outside the uncer-

tainty band in the region between the intermittent and fully developed

detachment points. Fig. 22 shows the predicted Yariation in H, 6 ,

and C
f/2 along this d i f f user — — no data are available for comparison .

The predictions for a complete series of N/Wl = 6, Bl = .030 dif-

fusers with area ratios (AR) vary ing from 1.5 to 2.65 are shown in Fig.
23. The calculations compare very well with the measurements of Carlson

et al. [27]. The Cp values from the data maps of Reneau [45] are some-

wha t higher , but are well within the uncertainty of the data.

The predicted exit conditions for the same series of diffusers are

shown in Fig. 24. Only one data point is available, for AR = 1.8. The

agreement in this case is excellent .

Figure 25 is a replot of the predicted variation in exit Cp, in

addition to which are shown the locations of the intermittent (H = HSEP)

and fully developed (C
f
/2 = 0) detachment points as fractions of the

diffuser length (x/L). Also shown are the locations designated TI

(incipient transitory stall) and IT (intermittent transitory stall) from

flow visualization of Ca~lson et al. [27]. For the few data points

available , the TI location is quite well pred icted by the intermittent

detachment point according to the Sandborn criterion. The location of

fully developed detachment occurs somewhat downstream of this point .

Figure 26 is a summary of the performance of N/Wl = 12 diffusers

as a function of the divergence angle 20, for the inlet blockage Bl

varying from .007 to .050. The accuracy of the prediction decreases as

20 and Bl increase. This conclusion is in accordance with the find-

ings of Woolley et al. [4]. For small 81 , the b.l . is a correction to
*the throughflow , so that small errors In 6 cause even smaller errors

in Cp. As the b .l . becomes a significant portion of the flow , the accu-

racy of the Cp predictions decreases. The data for 81 = .050 have a
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sharp peak, following which it levels off at a constant value of Cp.

The beginnings of this peaky behavior can be seen in the curve for B1 =

.030. The calculation is unable to follow this trend . The behavior of

the calculated results is similar for all inlet blockages.

The locations marked X indicate the value of 20 at which the

shear layers from the upper and lower walls begin to interfere with each

other. No irrotational region remains, and , viewed strictly, the calcu-

lation method is not valid beyond this point.

Finally, Fig. 27 is a summary of all diffusers that have been run .

The current method is able to predict Cp of all tested units to about

the uncertainty in the data, with the exception of the Bl = .050 case.

For all Bi, the present calculation is capable of predicting Cp

within ± 6% of the data for all diffusers whose divergence angle 20 is

less than 1.2 x 20 . The range of calculation has therefore been

doubled from 20/20 = 0.6 in the method of Woolley and Kline [4] to

20/20 = 1.2 in the present method . This extension carries the method
a—a 

*well into a region beyond the peak Cp —— up to approximately the line

of appreciable stall.

C. Chapter Conclusions

(a) T’-e diffuser calculation method assuming a l—D core and symmet-

rical b.l.9s iS capable of predicting the performance in the transitory

stall regime wAIl past the peak in the Cp curve. Accuracies of ± 6%

can be obtained up to divergence angles that are 1.2 times the location

of 20 , even when the difficult case of Bl = .050 is included.
a— a
(b) Prediction accuracy decreases with increasing inlet blockage.

Neglecting the highest blockage value of .050, the ± 6% accuracy in Cp

can be obtained for 2 e/28  = 1.8.

(c) The pred icted location of intermittent detachment (H = HSEP
)

according to the Sandborn criteria occurs very close to the point desig-

nated as “incipient transitory stall” (TI) in the flow visualization data

of diffusers. The location of zero wall shear occurs a small distance

downstream of this point.

(d) The program was tailored to model detached flows using very

sparse data. The program output consists of turbulent quantities , wall
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shear stresses and entrainment values for which experimental data are

almost nonexistent . Much more data of detailed b.l . development and

turbulence quan tities in the de taching reg ions is needed to extend the

applicability and either fully verify or improve the present model.
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CHAPTER FIVE

DEVELOPMENT OF PREDICTION METHOD FOR 2-D CORE DIFFUSERS

A. Limitations of the l—D Core Method

The predictions of symmetric diffusers with symmetric b.l .’s using

the l—D irrotational core model were shown to be quite acceptable for

engineering purposes.

There are many cases, however , for which such a l—D core is ob—

viously a poor approxima tion , such as for a grossly asymmetrical diffu-

ser . Not so obvious is the fact that the use of the l—D core approxi—

mation and the simultaneous streamwise marching procedure has enabled us

to convert from an ellipt ic  problem to a fu l ly parabolic one . Certa in

essential information has been inevitably lost in this process. The

flow of information in the numerical procedure is in the downstream di-

rection only —— all upstream propagation is totally absent.

It is well known that the effect of downstream blockage can p lay an

important role in determining the upstream pressure gradient and hence

can control the detachment process. This elliptic field effect can be

clearly seen in the experiment of Chui et al. [33] on a fully stalled

d i f fu s e r . The dominant adverse pressure gradient occurs well ahead of

the d i f f u s e r  throat , and is due mainl y to the blockage of the s tal led

flow downstream of the throat. The elliptic field e f f ec t causes the

streamlines to diverge ahead of the throat , in a region that is bounded

b y paral lel  wal ls .  A l—D ca lcu la t ion  would predic t  accelerat ion in th i s

reg ion and could obviousl y never predic t this flow even approximatel y

for the lowest—order quantities.

The impor tance of the elliptic field effect in the transitory stall

regime is not known . It is probably not as pronounced as in the fully

stalled regime , on account of the smaller detachmen t zones and the con—

sequent smaller curvatures of the streatnlines .

There is a basic d i l emma , however . I t  was pointed out  in Chap te r

One that detached b . l . ’s can onl y be calcula ted simu ltaneously wi th the

adjacent  i r ro t a t i o n a l f r e e s t r e a m .  Numer i ca l  s t a b i li t y  requ i res  tha t t h e
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pressure gradient  ac t ing on a b . l .  at and near  de tachment  be exac t ly  that

whi ch occurs as the result of mutual in terac t ion be tween it and the i r ro—

tational core. The solution to Laplace ’s eq ua tion in the core requires

inf orma t ion along the en tire boundary in order to be well posed . There

is thus a basic conflict between the requirements of the b .l. and the

inviscid core. The final solution will therefore have to be obtained

itera tively,  each itera tion being designed in such a manner as to satisfy

— these separate and conflicting requirements.

B. Procedure for Calculation of Diffusers with 2—D Core

The basic outline of the calculation method for diffusers with 2—D

core will now be developed . The next few sections present the b.l. and

potential flow schemes.

In cyclic iterativ e calculations of the type used by Woolley [4] and

White [5], the solution of Laplace ’s equa tion in the domain bounded by

the d i f f user walls g ives an es t imate of the velocity grad ien t in the

streamwise direction , which is prescribed to calculate the b.l. growth.
*The displacement thickness 6 is subtracted from the diffuser walls to

g ive a new e f f e c t i v e  flow channel (EFC). Laplace ’s equation is solved

in thIs  new EFC , giving a new est imate of the velocity gradient , which
*is used to obtain a new 6 , etc. The process is considered to have

*converged if the change in 6 or the velocity gradient between success-

ive iterations is smaller than a preselected tolerance.

This scheme works for unstalled diffusers and for the fully stalled

case for which the simplifying assumption of constant pressure in the

stal led zone permits  the detached b . l .  to be modeled as a free stream—

line problem . In this case of a fully stalled diffuser , the prescribed

pressure gradient calculation is terminated before intermittent detach—
*• ment , and the 6 line is extrapolated into the stalled zone, where i t s

location is iterativel y determined . For detaching b.l.’s, however, cyc—

lic i te ra t ion  is numerically unstable , and this procedure diverges.

Further , the pressure in the transitory stalled zone is no t cons tan t,

and subs t an t i a l  pressure recovery occurs in th i s  s ta te , so tha t  a f r ee

streamline model is inappropriate. A new scheme that avoids these prob—

lems is needed .
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An examination of the data of Moses [7 ]  and S t r i ck land  et a l .  [32]

shows that the velocity profiles in the irrotational core of diffusers

opera ting in the transitory stall regime are quite linear , excluding , of
*course , regions of sharp curvature in 6 such as near the throat.

Tha t is , da ta show tha t there is a linear varia tion in ed ge veloci ty be—
*tween the upper and lower 6 lines. In fact , af ter de tachmen t, the

profile becomes almost one—dimensional , which may be why the l—D core

method ic so successful.

We note further from the data of Smith and Kline [34] tha t transi-

tory stall beg ins and is res tric ted to one wall , even if the two walls

of the d i f f user are nominally symmetric. This is not surprising since

when one b .l. detaches, the pressure gradient on the opposite wall is

immediately relaxed . In an asymmetric diffuser there is no question

that detachment is restricted to the diverging wall.

The diffuser will therefore be modeled with an upp’. r wall that has

an attached b.l. and a lower wall in which the layer may or may not be

detached . The upper b.l. and that portion of the lower b .l. well ahead

of detachment can be calculated with prescribed pressure gradien t , while

the detaching and detached regions have to be simul taneousl y calcula ted

with the inviscid core.

If the ed ge veloci ty,  UW1D, from the lower wall b.l. calculation

is the same as the ed ge veloci ty, U , ob tained f r om the solution of2D 
*Lap lace ’s equation in the EFC defined by the new 6 lines, the solu—

tion is considered to have converged . Otherwise , the process is contin-

ued by prescribing U 2D on the upper wall and using the 6 so ob-

tained to define a new EFC. Laplace ’s equa tion solved in th is new

doma in gives a new U 2D against which the edge velocity U 1D from a

new lower wall b.l. calculation may be compared , and so on.

The convergence criterion used is that for all stations , Cp <

Cperor , where

Cperor = Cp lD 
- Cp2D~

wh er e Cp 1D = 1 - (U 1D /U REF)
2 

(5-1)

and Cp 2D 1 — (U 2D /U REF)
2
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A Cperor = .025 can be achieved in 8 to 10 i t e r a t i o n s, and has

been used for the predictions described in the next chapter.

The onl y regions where the linear variation in velocity between the

upper and lower walls breaks down, is in those areas where the streamlines

are sharply curved , such as near the throat and in the rapidly growing

zone ahead of intermittent detachment. The b.l. is accelerating around

the throat and can therefore be calculated with prescribed pressure gra-

dient. The reg ion of strong streaml ine curva ture is also well ahead of

detachment , and it, too, can be calcula ted in a similar manner . The

lower wall is therefore calculated with prescribed pressure gradient and

switched over to the simultaneous linear velocity p rof i l e  scheme fo r

H > 0.9 H SEP , where H SEP is the Sandborn criterion. The entire proc—

ess is shown in Figs. L and M.

In summary, the present scheme is broadly similar to a predictor—

corrector method . The linear core profile method is the predictor , wh ich

provid es an estimate of the lower wall 6
* and ed ge velocity

The correc tor is the values of the edge velocity U ob tained f r om2Ds
the solution of Laplace ’s equation in the EFC. When the predicted and

corrected C values agree within an acceptable tolerance , a converg ed

solution is obtained . The final solution reflects the accuracy of the

correc to r , and the approximations of the predictor are no longer present.
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EFC

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
H O.9HSEP LC~:O
A 1. B

A = prescribed pressure gradient calculation
B = simultaneous linear core profile method

Fig. L. Sketch of the 2—D core diffuser illustrating regions
where the two types of calculation methods are used .

C. Simultaneous B.L. Calculation with Linear Core Velocity Profile

The location of the upper wall 6 line is known from the last

iteration , as is the velocity distribution U
2~~ 

from the 2—D potentiai

flow calcula tion in the resulting EFC. The diffuser width W is known

from the input geometry. We wish to calculate the lower wall 6
: 

and
the corresponding edge velocity, U

1 , assuming l inea r varia t ion of
velocity between the upper and lower 6 lines. The figure below shows
the situation at location x. 

— — —8 :  1
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START

Solve V2
~ 0 with bare

diffuser walls as EFC.

Estimate fro m flat plate solution. —

Assume linear core profile a~d calculate lower wall
b .l. in channel defined by ó

~ 
and bottom wall.

Locate new EFC bounded by
6* and 5*, Solve V 2~ — 0.

U S

Is — 

~ ‘2D ’ 
< CP error Yes END

in entire channel?

Prescribe U on lower wall b.l.
Is this an No and calc~~~ te 6* and Heven iteration? Stop if H8 > 8.9 ~~~~~~

____jYes

f ~~
_ _t

o

Continue lover b.l .  calculation
using linear core prof~ 1e in
channel defined by 6

~ 
and 

*Lb~
e bottom wall. Calculate

Fig. ii. Flowchart i l lustrating the two—dimensional core calculation
method .
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Knowns: U 2D~~ 
6~~, W

Unknowns: U , 6lDs s

The volumetric flow at section x is

Q = (w - 6
* 

- 6*)(c2DU
÷
~~lD5) . (5-2)

Define

* *W = W ’- ó — 6  , (5—3)e u 5

U = 

U 2D + U 1D 
(5—4)

Differen tia ting Eqn. (5—2) with respect to x, setting dQ/dx = 0 - -

from mass conserva tion , and rearranging gives

I_6 * \ ~d6 1-o \ 
du~ /-6 \ du 16* W dU

‘\
-
~-1 

~~~ 
-a-- + 

k—)  

~~~~

- + + 
~~~~~~~~)  

-

~~~~~~

= ~~d 
(w 

- 6*)I ){~~LIn the above equation , U 1D has been written as U for brevity.

The right—hand side of this equation is known from previous iteration .

Therefore , Eqn . (5—5) can be used to replace the l—D core equation (2—43)

and the new set of equations , ( 2 — 2 6 ) ,  ( 2 — 3 2 ) ,  ( 2 — 3 4 ) ,  and (5—5)  solved

in a stepwise fashion along the flow .

The dependent variables can be processed as before to obtain the

location of the lower 6 line , wh ich , together with the upper 6 line

obtained in the last iteration , forms the beundary of the EFC .

The 2—D Lap lace solver is next outlined .

D. Solution of the 2—D Lap lace Eq ua tFon

We de-dre to solve Laplace ’s equation in the domain bounded by the
*upper and lower 6 lines and the  i n l e t  and exi t  p lanes of the d i f f u s e r .

The velocit y is assumed constant across the inlet , and it is s p e c i f i e d
*tha t there Is no flow a c ro ss  the upper and l ower 6 lines , which are
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thus approximated as streamlines. The situation is depicted in the

fo l lowing  f i g u r e .

U IN U~~2DU
-

~~~ — S

V24 = O I N EFC
— — ~~~~~~~~ I

U~~2DS $

The edge velocity U 2D is needed along the en tire boundary of the
EFC . This is similar to the problem solved by Woolley et al. [4], and

• lends itself naturally to a boundary integral method , since only the

values along the boundary are required .

Two shortcomings of the method used in [4) were that the exit veloc-

ity was assumed to be one—dimensional and the equation formulation used

the Cauchy—Rlemann conditions , which necessi tated the taking of numerical
derivatives with their potential for large errors.

Recently my colleague Rinehart [361 has developed a siaiilar method

for solving the 2—D Laplace equation which avoids both these difficul-

ties. Since his work is soon to be published , only an outline of the

method will be presented.

Cons ider a simply connec ted doma in V in the comp lex p lane bound ed

by a smooth closed contour C. Let z
~ 

be an interior point , and , if

f ( z )  is analy tic in V . Cauchy ’s integral formula gives the value of

the function at this point as

2iri f(z ) — J ’ 
z—z 

dz . (5—6)

Now let z approach the contour C . In the limi t when z is

on C , we have the Pleinelj formula ,

i-~i f(z ) ~J ’ dz . (5—7)
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The integral  on the  r ight—hand side is to be in t e rp re t ed  in the

Cauchy principal value sense .

e

z~

If C is not a smooth curve and z is a corner point , Eqn . (5—7)

is mod if ied to

ici f(z ) = dz , (5—8)

where ci is the in ter ior  angle at the corner.  For a smooth curve ,

ci = i~ and Eqn. (5—8) reduces to (5—7). For further details , see Mti sklie

I islivil i [37].

The boundary C is discretized into N segments whose end po i li ls

are numbered increas ing in the counterclockwise direction , as shown oil

the  next  page.

Let the boundary po in t z0 at which the function is to be evalua-

ted be located at node C
m~ 

Then , since the singularity is present at

~t h i s  point  alone , Eqn .  (5—7)  can be rewri t ten  as the sum of an ordina ry

contour integral p l us a pr inc ipal val ue in tegral ,

ITT f(z ) = dz + I dz . (5—9)
o cp~ 

z— z 0 Jc—c~~ 
~~~~

f(z) Is expanded in a separa te  Taylor series expansion along each in—

terval of t h e  boundary , and on performing integrations of t h e  r e s u l t i n g

t erms we get
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m-2 m+l
iii f ( z

O k
) = 

, E 1
j6jk 

+ 
. E f

j
A
~ k 

, k = 1, 2, . . . , N— I

(5— 10)
wher e

f . = f(z.),

= the geometry factors for the principal value segment at the

node j when the singularity is at node k,

6j k  
= the geometry fac tors of the rest of the boundary.

H c CN~i

Cm_ i Cm Cm+I

Cp~ , PRINCIPAL
VALUE SEGMENT

Rewriting Eqn. (5—10) for the m
th node and transposing gives

m+N-2

~~~~~ 
~j
”
~k 

+ e
m—i 

fi n_ i k + f
m~~mk _1TT ) + f~~ 1 

6m+l k =

f or k 1, 2, . . . , (N—i) . (5—11)

Define

- G
ik 

+ iH .k 
(5-12)

6
jk  

G
~
’
k + i H

~ k

-

~

-

~ 
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Choosing the analyt ic  func t ion as f ( z )  = in V — in , where V is

the magni tude of the veloci ty and n is the local streamline angle,
-l I v \

a = tan t j , we have

f~ = in V~ 
— in . , j = 1, 2, . . . , N . (5—13)

Substituting Eqns. (5—12) and (5—13) into (5—11) and taking the

imaginary part gives

m+N—2 m+l m+N-2
in V . lm (A .k) + in V . lm (A

~
’
k

) — ri in V
k 

= E a .R ( A .k)
j=m+l j in— l j m+l ~

+ E n .R ( A
~ k
) , k = 1, 2, ... , (N—i)

3 —fl1— 1
(5—14)

This set of equat ions may be wr itten as the ma tr ix equation ,
A in = ~~, as shown on the next page.

The geometry factors and are all known, as are the cx , .

Eqn. (5—15) can thus be solved for the unknown V~ , the velocities along

the EFC.

Given the geometry of the EFC , the veloc ities along its edge can

thus be calculated .
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CHAPTER SIX —

RESULTS - TWO—DIMENSIONAL CORE DIFFUSERS

A. Moses’ Asymmetric Diffuser Flow

Moses’ diffuser was of type (e) with one diverging wall at an angle

of 11.31 degrees, AR = 2.5, L/Wl = 7 . 5 , and the b.l. thickness at the

throat, OfWl = .007. The sharp throat radius, R/Wl = .57, caused con—

vergence pr.~~lems because of the rapid change of Cp(x) in the throat

reg ion. An artificial increase of R/W1 to 1.0 allowed convergence with-

ou t mater ially affecting the downstream solution . A 3—D correction with

X = 100.0 ft was necessary to match the data. The results are shown in

Figs. 28 and 29.
Cp on both walls is predicted to the accuracy in the data , which is

estimated to be ± 6%. The qualitative trends of Cp(x )  are correc t ,

including the sharp suction peak at the throa t of the diverg ing wall ,
and the steady increase on the unstalled wall. The suction peak value

is considerab ly underpredicted , but the data here are quite questionable

on account of the rapid streamwise variation of Cp in this region .

The greatest deviation from the data occurs in the region of detachment.
*

H and 6 are quite well pred icted before detachment , but are consid—
— erably overpredicted in the reversed flow region.

S. Strickland—Simpson Airfoil Type Flow

This flow is in a type (e) diffuser with a flat bottom wall. The

top wall converges and then diverges, giving a pressure distribution

similar to that on the upper surface of an airfoil.
The flow was calcula ted wi th prescribed pressure gradient up to

8.11 ft , at which poin t the experimenters had to remove most of the upper

wail b.l. to force the flow to detach on the lover vail. The rest of the

flow was calculated simultaneously with a full 2—D inviscid core.

Initial attempts to predict this flow resulted in very rapid growth

of 6* and H af ter detachmen t , similar to tha t for the Moses diffuser

flow . To prevent this through a 3—D correction would have required
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negative values of X
c 

which is not realistic for a decelerating flow

wi th growing sidewall b.l.’s. Instead , the lag equation was removed

after detachment , giving the results shown in Figs. 30 and 31.

The b.l. growth, H, 5
*
, and Cf/2 for both the upper and lower

walls are very well predicted , except for a small deviation near the

exit. The location of both intermittent and fully developed detachment

is closely pred-icted, but the skin—friction values in the reversed flow

reg ion are somewhat smaller in magnitude than the data. C
f
/2 for the

upper wall is slightly overpredicted , bu t the uncertainties in these

data are quite large on account of the thinness of this b.l. and the

consequent poorer definition the wall regions of the velocity profiles.

Figure 31 shows the variation of Cp (x), U , and the nondimensional

entrainment rate -
~~ dQ/d x .  U is underpredicted by about 5% in the

detached reg ion , leading to a 6% overprediction of Cp. The entrainment

rate is quite good until detachment , when it abruptly rises in response

to the removal of the lag equation . The value is almost 100% too large

at de tachmen t , following which the deviation begins to decrease. The

reason for the excellent agreement of the mean flow parameters using this

incorrect value of the entrainment rate is not known. It is a peculiar

coincidence, however, that the values of T /PIJ computed from the

data using Eqn. (2—40) and plotted in Fig. 8 display this same trend .

The maximum shear stress computed from the data also have their largest

deviation near the detachment point.

C. Discussion

Both diffusers used for comparing with the 2—D core calculation are

type (e), with one diverging wall , these being the only data available.

This is an unfortunate choice, since the flow regimes for asymmetric dif-

fusers are expected to be somewhat different from those for symmetric

units. Since the divergence is limited to one wall , the b.l. on this

wall begins to detach much earlier than on a symmetric unit with the same

20. Line a—a therefore occurs at a lower 20 and the entire flow re-

gime shifts downward.

Preferent ial  s tal l  occurs and is res t r ic ted  to the diverging wall .

The t ransi tory stall reg ime is expected to be a lmost nonexistent for
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asymmetric diffusers , the flow changing from an essentially unstalled to

a quasi—steady fully stalled flow as the divergence angle is increased

at constant L/Wl. The limited data available support this description .

As a consequence, both diffusers are actually operating in the

fully stalled mode with a relatively steady recircuiating separation

bubble , even though they should both be in the small transitory stall

reg ime, according to the flow regime chart , Fig. 1. The present calcu—

la tion method was not designed for, and does not give accurate values for ,
b.l. parameters in the fully stalled zone, aven though the zeroth—order

quan tities , the Cp, and locations of detachment are quite well predic-

ted . The justification for removal of the lag equation in the reversed

flow region is that the detached lag parameter A
d 

was determined by

matching data from a diffuser operating in the transitory stall regime ,
while the Strickland—Simpson flow is closer to that of a fully stalled

case. It appears from the good predictions obtained with no lag equa-

tion in detached flow, that perhaps a higher A
d 

is appropria te in this

zone , since A
d 

4 corresponds to an instan taneous response be tween

the local velocity profile and the shear stresses.

An interesting feature of the Strickland—Simpson flow is the region

in the neighborhood of partial removal of the upper b .l. at the entrance

to the diffusing section . The upper b.l. undergoes a severe perturba—

—_ I tion and slowly relaxes.

The largest deviation from the data in all the diffusers that have

been run occurs in the region between intermittent detachment and the

location of zero wall shear . This is evident in Fig. 29 (2—D Moses dif-

fuser) and Figs. 20 and 21 (l—D Carlson diffuser). The present calcula-

tion eviden tly cannot model the flow closely in this reg ion. The agree-

ment improves both upstream and downstream of this zone.

The reasons for this deviation may be:

(a) The Coles ’ prof i le  does no t adequa tely represen t measured

velocity profiles in the neighborhood of zero wall shear. • -

(b) The eddy—viscosity formulation , Fig. 8, has the greatest devi— . -

ation from data in this region.

(c) The effec t of neglected terms in the momentum integral equa—

tion , such as the norma l stress terms , is greatest in the detachment zone .
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(d) The turbulence measurements have the greatest uncertainty in

this reg ion on accoun t of the small mean and large fluctuation magnitudes.

Considering all these negative factors , the overall success of the

. current method is gratifying .

i i
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CHAPTER SEVEN

SUMMARY

A. Conclusions

(a) A calculation method has been developed that successfully pre-

dicts three types of flows :

turbulen t boundary layers wi th pre scribed pressure grad ient,
symmetric diffusers with one—dimensional core ,

diffusers with two—dimensional inviscid core.

The last two types can have attached or detached boundary layers.

(b) Diffuser predictions to about ± 6% accuracy in Cp can be

made up to about the location of the line of appreciable stall in the

transitory stall reg ime. This corresponds to 20/20 = 1.2. Predic-

tion accuracy increases with decreasing inlet blockage.
*

(c) The mean boundary layer parameters H , 6 , C
f

/2~ etc., are

ex tremely well predic ted . For diffusers , the locations of both inter—

mittent detachment and zero wall shear are also predicted with remarkable

accuracy. However , skin friction and entrainment in the reversed flow

region are onl y fair.

(d) Execution times for the program on an IBM 370/168 are on the

order of 0.25 seconds for a straight boundary layer calculation , and 1.0

sec for a 2—D Laplace equation solution . A l—D core diffuser takes about

0.5 sec. A typical full 2—D calculation involves 6 to 10 iterations of

the boundary layer and inviscid core and takes about 10 secs to execute.

(e) The overall success of the method legitimizes the concept of

simultaneous iteration as a means of preventing the singular behavior of

the classical boundary layer calculations in the neighborhood of detach—

ment.

(f) The edd y—viscosity scheme used In this report was based on ex—

tremel y sparse informa tion , Improved ji~red ic t ions w i ll he possibl e onl y
when more data on detached and detaching boundary layer behavior become

available.
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B. Recommendations for Further Work

(a) An understand ing of the factors controlling the behavior of

detached flows is a prerequisite to being able to predict it. The

studies of Cp and flow visualization of diffusers by the Stanford RTTM

grou over the last 15 years have greatly increased the understanding of
the qualitative features of these flows. These studies no~ need to be

extended to include detailed quantitative flowfield information , such as

the turbulence field , intermittency and skin—friction along the walls.

Because of the complica ted na ture of the detached flow reg ions , these
measurements will not be easy, and new measurement techniques such as

laser Doppler anemometers, etc., may have to be developed .

(b) The currently used eddy viscosity concept is a gross approxima—

tion to the actual flow. When new data become available, scaling laws

relating the shear stresses to the turbulent kinetic energy or entrain—

men t will permit Improved calculation methods to be developed .

(c) The current mechod can be extended quite readily to the l—D

core axisymmetric case for both incompressible and compressible diffu-

sers. The next step is the case with the incompressible inviscid core

calculated from a solution of Laplace ’s equation in the axisyimnetric

effective flow channel. The corresponding compressible case must await

the development of a fast algorithm for compressible potential flow.

(d) An alternative approach to the iterative matching procedure

between the boundary layer and the core, and the inherent convergence

problems thereof , is to couple bo th regions in to one large domain and

solve the whole fiowfield as an elliptic problem . The equations for

such a scheme have been developed , but no solution has been attempted.

The approach looks promising.
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Fig. 8. Comparison of Tmax /PU~ and entrainment rate data with that
obtained from Eqn . (2—40). Data are from Strickland—Simpson
[32]. Intermittent detachment is at x = 127 in and 0
at x = 132 in.
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*• Fig. 22. Predicted variation of boundary layer quantities H, 6 and
Cf/2 along the walls of a diffuser operating in the transitory
stall regime. Diffuser is same as from Carison et al. [27),
Run 62430, N/W1 — 6, AR — 2.4, B1 

— .030. No data are
available for comparison.
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and the data maps of Reneau et al. [45].
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Fig. 24. Predicted exit conditions for N/W1 — 6, Bi — .030 diffuser
family. Only one data point is available for comparison.
Data are from Carison et al. [27], Run 62430.
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are available for comparison . c f
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pressure gradient calculation from inlet to x 8.11 ft , at which point
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USER ’S GUIDE TO PROGRAM TSTALL

UG1. INTRODUCTION

TSTALL is a FORTRAN program that performs four types of computa-
tions.

(a) Turbulent boundary layer development with prescr ibed pressure

(b) Calculation of diffusers operating in the unstalled and transitory
stall reg imes with 20/20 = 1.2 , assuming one—dimensional core
and symmetric b.l.’s. 

a

(c) Calculation of the same diffusers as in (b) but with a two—
dimensional core assumption.

(d) Solution of Laplace ’s equation using a boundary integral method .

Access to the subroutines for each calculation is done in the MAIN
routine according to inputted keywords for geometry, problem , and core
types. The options available are:

• Standard symmetric diffuser (STDD), where the co-
ordina tes defining the geome try are in ternally

/“ generated.

Geome try type /~~~ Non—standard diffuser (NSTD), where the user en ters
(GEOMT) the geometry.

Standard asymmetric diffuser (HALF), where again
the geome try is in ternall y generated .

Calculate the TBL , given the pressure gradient
- (TBLP).

• Problem type 
________ Two—dimensional inviscid calculation onl y (NOBL) .

One— or two—dimensional diffuser calculation (DIFF).

- . One—dimensional core (ONED).
Core tYPe .......g~~~~
CORET) — Two—dimen sional core (TWOD).

Flowchar t for  the MAIN ro uti ne is shown in the f i gure below. Names
of called subroutines are marked above the relevant boxes.
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START

Read and print title

Is this
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UG2. GENERAL CONSIDERATIONS

The input data and output for each type of computation is presented
in the next few sections.

All input format field widths are ElO.O for real variables and 110
for integers. Integer inputs must of course be right—justified .

Multiple runs can be made by stacking the corresponding input cards.
The program recognizes two blank cards as the end of input data.

Either FPS or MKS units may be employed . Data entered in either
• system will result in output of the same type. For exam le, SWU(in),

VISCOS(m2/sec), etc., will give ou tpu t X(xn) , DSTAR(m) , UB(m/sec), etc.

The diffuser is divided into N segments which are numbered in—

• creasing in the counterclockwise direction , as shown in Fig. U6. The
node number 0 is assigned to the lower wall inlet location. Since zero
subscripts are not allowed in FORTRAN, the zeroth node is reassigned the
value of N , and is equal to 36 for the sample case shown in Fig. U6.
The program does this automatically when GEOMT is set equal to STDD or
HALF. When using the nonstandard option (NSTD), the user must adhere
to this numbering system.

In ternally generated segments allow for a non—constant node spacing
to allow for greater resolution in this region. The points are spaced
according to a geometric progression , the spaces increasing in both direc-
tions away from the throat.

Default values have been used wherever possible , and m a y  be used as
indicated on the input card image data outlined next. A blank or zero
entry will result in the use of the default value.

Diffusers that are to be calculated using this program must meet
the following requirements:

(a) Aspect ratio AS > 5.

(b) Straigh t walls, since the b.l. cannot handle curvature.

(c) Inlet blockage, B1 < .050, and flow at inlet must be turbulent
and l-D.

U3



~~TT~ ~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~ •:~~~ i~~~~i~~~~ — ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

I I 
• UG3 . B.L.  CALCULATION WITH PRESCRIBED PRESSURE GRADIENT

The input data may be conveniently entered using the template
shown in Fig. Ill . A description of the input parameters on each card
follows, with the format information in parentheses at the end.

Card 1. Title for user identification (A(80)).

Card 2. Keywords specifying geometry (NSTD) and problem (TBLP),  as
shown (3(6X,A4)).

Card 3. Number of stations along the flow for which velocity data will
be inputted (110).

Card 4. Starting values of XX ,DELST ,H and the kinematic viscosity
VISCOS (4ElO.5).

Card 5. Interval between b.l. printouts, IPR (recommended—i) , location
of 3—D source XC (default=lE5 if left blank).

• Card 6. Repeated values of XX station location SWU and the correspond-
ing velocity VIES, until all data are exhausted (8E10.O).

• Card 7 

Card 8 

• Sample input for Bradshaw—Ferriss relaxing flow (2400) is shown in
Fig. U2. The corresponding output is presented in Fig. U3 and plotted
in Figs. 9a and 9b.
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UG4. STANDARD DIFFUSER CALCULATION WITH l-D OR 2’-D CORE

The template shown in Fig. U4 details input data for diffuser cal—
culations with either a one— or two—d imensional inviscid core. Refer to
Figs. U5 and U6 for standard diffuser geometry and nomenclature.

Card 1. Title for user identification (A(80)).

Card 2. Keywords specifying geometry ( HALF or STDD), problem (NOBL or
DIFF) , and core type (ONED or TWOD) . (3(6X ,A 4 ) ) .

Card 3. Xl , Rd 1 N, RC2 , X2 , Wl (Fig. U5), TWOTHD (20 in degrees —— for
asymme tric uni t, enter twice the angle of the diverging wall),
aspect ratio AS (default AS—8). (8E10.5).

Card 4. Number of segments in inlet (Nl), throat curve (NC1), d i f f u sing
section (N2) , exit curve (NC2), tailpipe (N3). ND1 and ND2 are
fractions of the inlet and diffusing sections where node nearest
the throat is to be located (default ND1 5*Nl, ND2 5*N2). (7110).

*
Card 5. Inlet blockage Bl=26 /Wl, inlet velocity U4,,(U I ) ,  kinematic vis-

cosity VISCOS, location of source or sink for 3—D correction XC
(default XC=1ES). (4ElO.5).

*
Card 6. Inlet b.l. parameters , lower wall H and iS (HS,DELSTS) , and

upper wall (HU , DELSTU). Leaving EU and DELSTU blank implicitly
sets them equal to the lower wall values. (4E10.0).

Card 7. Boundary layer print interval IPR (recommended=2) , type of pr int—
— out for interior points in the inviscid core NORMPR (for NOBL

op tion onl y,  —l ,+l ,O for normalized , dimensional or both),
ITMAX the maximum allowable iterations for 2—D core diffuser
calculation (recommended 8 to 10), CPEROR is the convergence
criterion (recommended .025). (3110 ,El0.0).

Sample input for the l—D core diffuser of Carlson and Johnston [27]
AR=2.4, N/Wl=6, B1= .025 , is shown in Fig. U7. The corresponding output
is shown in Fig. U8 and plotted in Fig. 21.

For inviscid calculations (PROBT= ’NOBL’), additional input data are
needed for determination of the values of the comp lex f unc tion and its
derivatives at interior points.

Card 8. LINES is the number of lines along which interior point values
are to be computed (default 0). (110).

U8
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Card 9. Enter one card for each line along which interior point valt.
are desired. Xl,Yl (coordinates of start of line), X2,Y2 (en.
of line), NSEGS (number of segments that each line is divided
into). Do not place any interior point on a node location.
(4ElO.0,IlO).

Card 10 

Card 11 

Sample input for an inviscid solution of the Carlson et al. diffuser
is shown in Fig. U9 and the corresponding output in Fig. 1110.

U9 
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UG5. NONSTANDARD DIFFUSER CALCULATION WITH l-D OR 2-D CORE

For nonstandard diffusers, node points describing the geometry have
to be entered by the user . The location of the axes and the numbering
system must be the same as that for the standard case . Fig. U6. The tern—
plate, Fig. Ull, describes the input data.

Card 1. Title for user identification (A(80)).

Card 2. Keyword specifying geometry (NSTD), problem (NOBL or DIFF). and
core type (ONED or NOD). (3(6X,A4)).

Card 3. Number of segments, total N, lower wall NR , upper wall NL. For
a 2—D core calculation , NR should be = NL .  N=NR+N L+2 . (3 110) .

Card 4. Enter (XW,YW) coordinates of segment end points , and ALW the
angle between the segment and the positive X direction (CCW posi-
tive CW negative). Enter one card for each node , beginning with
node 1 and ending with node N (which is really node zero). (3E10.0).

Card 5 

Card 6 

Card (4+N).

Card (5+N). Inlet width Wi, divergence angle TWOTHD (degrees), aspect
ratio AS (default AS 8). (3E10.0) .

Card ( 6+N) . Inlet blockage Bi , inlet velocity UI , kinematic viscosity
VISCOS, location of 3—D source or sink XC (default 1E5).
(4E10.0).

Card (7+N). B.l. print interval IPR (recommended 2), type of printout for
interior points in the inviscid core NORMPR (for NOBL option
only, =—l ,+l ,0 for normalized , dimensional, or both), u MAX
the maximum number of iterations allowed for 2—D core calcula-
tion (recommended 8 to 10)., CPEROR is the convergence criter-
ion (recommended= .O25). (3110 ,ElO.O).

Card (8+N). Inlet b .l. parameters , lower wall H and 6 (HS,DELSTS), and
upper wall (HU , DELSTU). Leaving HU and DELSTU blank im-
plicitl y sets them equa l to the lower wall values. (4E10.0).

Fig. U12 is sample inpu t data for a 2—D core calculation of Strick—
land—Simpson ’s flow. Fig. Ul3 Is the first and last few pages of outpu t .
which are plotted in Figs. 30 and 31.

If only an lnv ls-i d solution is desired , cards 8 throug h the end of
the standard d i f f u s e r  Input should he added to the end of this deck.
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/ / S0 - A N P .  JOH ‘,T1 D1,531’ ,’S.GHOS?’,CL&SS=E,TIIW=(.30)
E T ?C P OR ’TCL ,PARH.?ORT=’0PT 2’

//PORa-.SYSTN DO *
C -  N A ! N  P01111W? TO CALCUL AT? THE PPRPOR~~ANCE OF 1—0 A N t 2—0
C DIP?USER S, OP~ R A T I N G  IN TIl E U N S T A L L E D  AND TRAN SITCRY STALL
C R E c , I N E S. PH? SCHEM E USES A NEW 1~~~t WL EN T B O U N D A R Y  LAYER
C DRE!) T CTTON N?lil rn’. , TOGETHER WIT H SIMULTA N EOUS ITEPATION
C B E T W E E N  THE CORE AND THE RI.. AN ADDITIONAL INVISCID HATCHING
C T!CHNT QU~ IS USED TO HATC H THE 2-1) FLOVFIEL D WITH THE
C THE STRE ANTUPE ENVELOPING THE RL.
C WRITTEN PT SANJ OY GROSE , MECHANICAL ENGG DEPT. STANEORD U N I V .
C LAST ~~VISIOH MA DE (IN NOV 1 ,19T6.
(S

I N T E C 5 F P  H!AD(21’I),G?OM(U),COR?.(14),PROB ((I),GEOMT ,CORFT ,PROBT.1C1 .
~~fl7, 101
COMMON/ODE1S/JSTRTS,J?NDS ,NDIM ,SW(90),WI (90),DWI(90),DDWI(90),

~D5 (9f ~)
COM’ION/NSTOfTC1,t D 2 , 103,!IST,SWT( 9 0 )
0 A 1’T~ c,EOM/’STI)r).,

1 ‘,‘NST D’ ,’H AL P’/ , CORE/ ’ ON ED’ ,’’IWOD’ ,
“XXxx ’/,PROD/”r131,P’,’NOBL’.’r)IPr’,’ ‘I
NDIH=9 0

1(~l’. ~~~~~~~,q0~~,END=ROO~~(HEAD (J),J=1 ,2O)
W R I T E (F ~, 9 10) ( H EA D (3) ,J= 1 ,2f l )
R~’AT ) (~~,O7~~) ( ~E oMT ,Pq oT3T, COp ?-T
W R t T E ( 6 , 910) G ?O1’1T , PROB? , CO R ET
‘01=~
102=0
t D 1~~~
NST ’ ’)
~‘.r~ ir’,c j = 1 , (~
I?1C~~ON ( . f l .F Q .G~ 0N T) I O i =j
1F(PRO”‘ (3) .EQ.P!)013’l’)ID7 J

1(’~’) r E ( C O R E ( . 1 ) . P Q . C O H P T ) I f l 3 J
T F ( N A X 0 (ID1 ,I E ~2 ,I D l ) . G T . 0 ) G O  TO 111)

ST O D
11” !? ( t f l i.~~Q .3 ) C ,O TO 112
~~~ C A L L  STA ’.’l)

—-  r,o “o 17fl
1 17  I~ ’(T 1’ .7 .?0 .i)f’,O TO 121)

‘IST=1
C~ I,T ‘ISTA ’fl)

i’” “C’ T O ( 1) 1 ,i 2 2 ,l’1,121) , ID?
121 C IT .~, P STP ST

TO ‘T~~’
17” rI~~~ IHVCTD

r o ’ ~’r’. i ’ . ’
17”  TF ’fl’I . F , Q . 1 ) C ALT D1FP1 1’.

T~~ (t ’ ’~.”a- .1)CA1 ,y ,  O IFP” D
‘U’ 1”) 1” .~

‘~O5) ‘.1 PT ” s -  Us, Q
~~0’I

STOD
.Ini’ PM A” (7”. J~’4) —

11-’ a-r ’.p~~~~~p ( ‘ t  , —“ 14//)
.
~~

,() v n p M A a - ( ( ~~, A 4 ) )
.I~~~ rnp s~~~1 ’ ( s  ( a - i ’ M~ ”” PY-  ‘ ,~~~~~, ‘ P” .OPL~ ’N “Y P F  ‘ , A~~,t .  Cr’.” ’- ““in’-” ’v nF 1t ,r~ ‘

5~~($ I ‘~ r)n~~~~ a ’ ç ,  • , * *C A N~~
-r5’ P r r ’ .’)C, I, T7~W PP OT’ .L?M ‘ r Y P P — — C l~!ClI C A F E  S 2 ***f//)

I’.C” ~~‘15’~ i i ” ( s 1 * * . * *S T ’ ’~~ 5$’

a-S I T,
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S t7B~~O t r r I N ”  A D A M S ( r v ,N E n , O N J I I E , I R I I W G F )
C —  U S a - S  4 H  O R D E R  A T ) A N S — M O I I L T O N  PF F D I C ? O P — c O R P F C T O R  M I T H O D
C SO S O L V E  A SE’ ~)F  FIRST O R D E R  O D E ’S  E X P R F S S F D  IN ‘t il E F O R M

Y ’ = ~ (X ,Y ). USES A 14TH ORDER RUNGE— I~UTTA METE O D FOR
C- S T A D T I W c ,  ( A N D  R E S T A R T I N G )  CALL TO THIS ROUTINE R !URNS VALUES
C OP T H F  FUNCT ION A~ X + D X , G I V E N  V A L U E S  AT I.

R A T E  M A T R I X  CON T A I N S  D E R I V A T I V E S  FOB T H E  LAS’ 4 STFPS.
C TR ~ ROW R A T R (i ,J),J 1 ,NEQ UAS VALUES FOP STEP N ,
C ROW RA T E (2.J) FOR STEP (N—1), ?TC. VA LS (J),J=1 ,NF Q A B E
C VAT.UE S OF ‘HE VARIABLES .

SET IPTTNG?= 1 TN THE CALLING ROUTINE TO PROVIDE STAP’t ING
C VAL U ES VIA CALL TO PKS4. I R U N G ? ~~~ CAUS E S A D A M S — M O U L 7 O N
C 4’H O~~)F .R PREDICTOR—CORR ECTO R METHOD TO BE INVOKED .
C

F X T P R N A L  O N l I N E
P E A L  V A L P (8) • V A L C ( R )  ,R A T E P  (8)
C C I M M ( I N / , A D A N 1/ X  , V A L S (Iê) , RAT E S ( 14) ,P A T E ( ( 4 ,R )
COMII OW/ C)DE1 S/ J STR I’S,J ? N D S , N D I M ,S W ( 9 0 ) ,W I ( 9 0 )  ,D W I ( 9 t ’ . ),D D W I ( 9 0) ,

to
IAP7i S’EP?R/l.E-l/
IF (NE0.La-.8)GO TO i’m
WRY’!’ ? (6 , 400) N E Q
STOP

10”. C O N P IN T J ?
E R R T OW = S T ?P E R/ 5 . O

11V’ IF(TRrIWGE .!Q.S)GO TO 2’)~C A L L  RKS4 (DX ,N I!(4 ,D N A H E )
00 14’) J= 1 ,N? Q

140 RAT? (IPUNG? ,J)=RAT?S (J)
IPUNG?=IPUNG !+i
RET URN

C- 
S T A R T  A D A M S — B A S H F O R T H  PRE D ICTOR R O U T I N E  H

700 X = X + D X
T) H ’~DX/ 2 8 .fl
DO 2 3 0  J= i ,N!Q
V A T . P ( J ) = V A L S ( J ) +D H *( 5 5 . O *R A T E ( 1 ,J) — S 9 . 0 *R A T E ( 2 ,J ) + 3 7 .0 *RA T E( 3 ,J)

9. (‘*R AT (LI , 3) )
210 CONTINUE

C
C A L L  D N A N ? ( X ,VAL P ,R A T E P )

C
C B~’GTN A D A N S — M O C T L T O N  CORRECTOR I T E R A T ION.

D ? R R O.0
740 DO 2S0 3 1 ,NEC

NITEP NIT FR + 1
V A T , C ( J ) VAL S ( J ) + D H * ( 9 . 0 *R A T ~~P ( J ) + 1 9 .0 *PA T E ( 1 ,J) 5 . O *R A T E (2, J )

t .R A T ? ( 1 , J ) )
250 T ) E P R = A M A X 1 ( D E R R ,A B S ( V A L P ( J ) — V A L C ( 3 ) ) / ( 1 4 . 0 *A B S ( V A L C ( J ) ) ) )

1? ( D E P P . L ! . S TP P F R )  GO TO 270
I ! (NT 1’!R.GE .2)G C)  TO 31 1)
C A L L  D N A M E ( X ,VALC ,RAT!P)
‘OPO 2140

77”‘ DO 10’) i’= 1 ,1

00 290  3a 1 ,N E Q
290 R A ? ! ( IR ,J ) z R A ? ! ( I R — 1 ,J)
31)0 C O N T I N U E

DO 305 J~~1,N !Q
V A L S ( J ) = V A L C ( J )
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Rk1’!S(J) R A t E P (J )
105 R L ! P 1 ( 1,J)~~R&T!P(J)

I R U N GEZS
IP ( U ! R R . GT . E R R L O W )  RETURN
DX ~ 2.O*DI
I R U R GE 1
RETURN

C
C U N A B L E TO CONVERGE IN 2 ITERAT I ON S OF THE CORRECTOR.  CU T
C STEPSIZE IN HALF A N D  RESTART.

310 X = X — D X
01=0. 5*01
I R D N G F 1
GO TO 110

900 F O R M A ’ r ( ’  N U M B E R  0? EQUATIONS EX CEEDS A R R A Y  B O U N D S , AS NEQ ‘,tS ,
$‘ I N C R E A S E  DI.M !WSION S OF SCRATC H A R R A Y S  1$ A D A L I S A N D  RK SI $ ’)

END
S U BR O U T I N E  DIFF 1D

C ROUTINE TO TEST 1—D CORE DIFFUSERS IN SIMULTANEOUS ITERATION.
COH M O N / D E R 2 / D ? L T ,US ,UT ,UI ,VT ,VB ,U D U I , TAU M ,R ,T H E T A ,DELST ,CF D 2 ,

~V !SC0S ,N B L
CONMOII / ODEI S/ .T STRTS,JEN1) S,NDIII ,SW ( 9 0 ) ,W I (90) , D W I ( 9 0 ) , DDWI ( 9 0) ,

~ T)S (90)
CO M M ON / S P L Y 1 I/ X X,WT ,DWT ,DD WT , ISFTUP ,KHI D
COMMON/I’? M P I / X CN X ,IW ALLY
X X O. 0
N B L = 2
CALL ¶‘RT.SI(O)
WRITE (6,930)

930 ?ORM AT( ’O**********!ND OF R O U T I N E  DIPFID********’)
RE T URN
a-N D
SUBROUTINE FACTOR (A ,W ,IPIVO’1’,C,N ,IF LAG)

C
C THIS SUBR OUTINE PERFORMS A L—U DECOM POSITION ON TP !
C G I V E N  M A T R I X  A ( N ,N ) ,  A N D  R E T U R N S  THE M A T R I X N . IPIVOT
C’ - IS A VECTOR C O N T A I N I N G  THE PIVOTING O R D E R .
C

REAL A (W ,PJ),W ( N ,N),D ( N )
I N T E G E R  I P I V O T ( N )
T F L A G = i

C INITIALIT.? W,IPTVOT ,D
00 1”. 1=1 ,11
IPTVOT(I) =1
R O W M A X O • C’.
1)0 4 3 1 , N
N (I ,J) P I ( T ,J)
ROW MA X AM A X 1  ( R O W M A X ,A B S ( W ( I ,3) ) )

9 C O N T I N U E
IP(POWMAX.EQ.O. 0)C,O TO 999
0(1) T R O W N A X

10 CONTINUE
C G A U S S  “ L I M I N A T I O N  W I T H  S C A L E D  P A R T I A L  PIVOTING

N M 1 N — 1
IF (14 91 .?O. 0) R E T U R N
DO 2”. K 1 , P 4SI1
J z p(

K P1 a -K .  I
t P = T P ’V ” . l’ (K)
C O L M A X A P S  (U ( T P , K)  )/fl(IP)
00 11 “ = W P 1 , W
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!P=IPIVOT (I)
A WT KO V= AR S(W(IP,K))/D(TP)
‘a- (AWT’(OV.L?.COLMAX) GO TO 11

3=1
11

I P ( C O L M A Y . PO. 0.0) C.’) TO 999
C
C

I PK= I PIVOT (3)
TP IVOT (J) =I P I V O T  (K)
Ia- I  VOT (K) IP K
DC 20 I=KP1 ,N
T P = I P T V O I ’ (I)
W ( IP,K ) = W ( IP,K)/ W ( IPK ,V)
RPITTO=—W (tP ,K )
00 20 3 = K P 1 , N
W (IP ,T)=PATTO*W(IPK ,J) +W ( I P ,J)

7(3 (‘rI N TIN U a -
T ? ( W ( IP , N) • PQ. 0 .f l ) C.O TO 999
1’ N

C
7 SE P  IF L A G = 2  TO I N D I C A T E  I N A R t L I T Y  TO F ACTORIZE M A T R IX.
C

9~~Q !?LA C.=2
WP!I’ V (6 , 9994)

(~f l QQ F O R M A T ( 1 HO , ’ ****UPIA BLE TO COM PLET E L—U DECOM POSITIO N OF M A T R I X ’ )
S TOP
EN !’.
SUBROUTINE P’SL
~!,PIL *S lI (R6 ,R’7 )
CO M P LEX C (91)
C O MP LEX C ’M P L X ,I C M P L X
R E A L  L N V ( 9 0 )  .V E L ( 9 0 )  ,X O ( 1 2 0 )  ,Y O ( 12 0)
C O M M O N / F ! C Y A L / I C ( 9 t ’ . ) ,Y C ( 9 f l ) , A L ( Q ’ ) ) , LNY
C O M M O N / G E O M 1 / X D , XL ,TH ,U ID T H ,X 1 ,B 1 ,SIHTH ,COSTH ,TWOTII R ,TWOTH 1 ,

tS I14T H1 ,C2 STH1 ,A S ,WH ,XS ? ,X2 ,X M A X ,IDE
COMMO’/G EOM2/N ,NR ,NL ,NU ,N H 1 ,NLC,NPC
(‘OPif’, - 4/TNITAL/DELST 1,H 1,UI1 ,IPR 1 
COM Sq O I .l/PF SL1/C,A , X0 ,Yf,

C N N T I H ’  ~1 OF S E G M E N T S ( ? R OM  S T A N D  OR N STAND) • XC (J) ,YC(J) , A N D
C A L (3) , A R E  V A L U E S  AT THE EDG E OF THE EFC AS P A S S E D  VIA
C C OM M O N / F F C V A L / .
C N A P O W = N O  OF ROWS OF A , W A C O L a - N O  OF COL S OF A .
C 

DA ’A N A R O W ,NAC OL , V I N O R N ,’86 ,87 ,1.0/
N T l = N — 7
1 4 U P 1= N U +  1
VSCAL?=Uh1

C COMPUT E TN? B O U N D A R Y  C O O R D I N A T F S  IN THE COMPLEX P L A N E .
DO 2 0 0  3= 1 ,N

200 C (J) = C M P L X ( X C ( J ) ,Y C ( 3 ) ) / Z L
C A S SI G N  S T A R T I N G  V A L U E S

L NY ( N )  a-C) • 0
LN V ( W M 1 ) a O . ’)
C A L L  F E R S E G
CALL GJR (A ,NU , 1. E — 1 O ,N A R O N ,N ACOL )

C A ( NU * 1 I UP 1)  I S  M A T R I X  OF COEFFS W I T H  8 VECTOR S T O R E D  IN LA ST COL.
C A N S W E R  t N t  VECTO R R E T U R N E D  IN LAS? COL , N U P I .

1)0 72 S 3 1 ,N0
725 L N V ( J I z A ( J ,N UP 1)
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DO 810 3=1,1!
810 V !L (J ) E X P ( LN V ( J ) )

V EW OR M (TEL (NL C) +VE L( NRC))/ 2 .0
WRITE (6,940) XL,VSCAL!,V IN ORM ,V EN O RN
V HIT E (6,942)
DO 883 J 1 ,N
CP~t1 .O—VEL tJ)**2

983 VRI?E (6,943)J ,C(J),AL(J),LNV (J),VEL (J),CP
R E T U R N

91$fl ?ORMAT (19 1,1$61,’LEIIGT H SCALE ’,141,’=’ ,1PE114.5/1H,461,’ VELOCITY SC
B A L E ’  ,12X ,’=’,1PE1I$.5,/1H,416X,’NORMALIZED INLET VELOCITY’,’a’,lPE
t14.5/1H,l$61,’NORMALIZED EXIT V E L O C I T Y’, ’ =‘,IPE1LI.5/tILO,531,
~,‘N 0RMALIZED SOLUTION’)

942 !ORIi AT (1HO ,’*’,9X,’XC’,121,’YC’,12X ,’ALPHA’ ,7X ,’LN (V!L) ‘,6X,
P,’ VELOCITY’ ,SX ,’CP’)

9I~3 F O R M A T (1H ,13,6F11$.6)
END
SUBROUTINE RKS4 (N,WEQ,DN AH E)

C SOLV E A SET OF FIRST ORDER ODE’S, Y’=F(X,Y(1),Y(2),..Y(NEQ))
C USIN G FOURTH ORDER RUNGE— KUTTA SCHEME WITH FIXED STIPSIZE H.
C RETU RNS V A L U E S  O P  VEC TO R V AT X + D X GIVE N V A L U E S  A? 1.
C

REAL K V ( A ,ft ) , S P AI I (4 )  ,Y O( 14)
COMMOW /’ADAM1/I,Y(ll) ,F() ,RATE (4, 8)
F . X T E R N A L  D N A M E
DAT A S PA N/ O . S ,O .5 , 1.O ,1.O/
101
DO 200 3=1,NEQ

700 YO (J)=Y(J)
DO 400 Ia- 1,4
CALl . D I C A N E ( k , Y ,F)
DO 300 J 1 ,N EQ

31)0 K V (I ,J) f f *F (J) - 
-

DO iSO J 1 ,NE Q - 
‘ —

3~~O y (3) = Y O ( J ) + S P A N ( I )  * K V( I ,J)
400 X XO+H*SPAN (I)

DO 500 I=1 ,NEQ
50 0 Y (I) YO ( I ) + ( K V ( 1 ,I ) + K V ( 4 ,I ) + 2 . 0 *( K V ( 2 , t ) + K V ( 3 ,I ) ) ) / 6 .0

R E T U R N
—~~~ END

S U BROUTINE SUBSI’ (W ,B ,X ,IPIVOT , N)
C PERFORM BACK AND F O R W A R D  SUBSTITUTION TO CALCULAT E
C T HE UN K N O W N  V E CT OR I, AS THE SOLUTION OF A*X B.
C

REAL V (N,N) ,B (N) ,X (N) ,SUM
INT E GER IPIVO T (N )
T?(N.GT.1)GO TO 30
V (1) a-B (1) /W(1 .1)
RETURN

34’. tP IP IV O T ( 1 )
I (1) B(IP)
00 50 K=2 ,N
IP= T PIVOT (K)
K91 =K— 1 - -

SUHa-0.O
DO Le t) J= t ,KPU

(41) SUM = V ( IP , t) *X (J) +S UM
5”. T ( K ~~~8( IP ) — S U M  . 

-

C
C

X(N) X(14)/U (IP ,14)
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DO 70 NP1MK 2,W
KP1 K

r P = IU T V O T ( I C )
S tJM O . O
D O  60 J = KP 1 ,N

60 S U M W ( T P , 3) *X (J) + SU M
7~’ V (K) = (X(K) — S U M )  /V  (I P, K)

R E T U R N
E N!)
SUBROUTINE TRIDAG(IV,L,A ,B,C,D,V,8,N D I M )

C SUBRO UTINE FOB SOLVING A SYST EM OP LINEAR S I M U L T A N E O US
?1)IJ A’T’I OWS HAVING A TRIDIAGONA L COEFFICIENT M ATR IX.

C ‘9? E Q U A T I O N S  A R E  N U M B E R E D  FROM I? THROUGH L , A N D  THEIR
C SUB—DIAGONAL , DIAGONAL , AND SUPER—DIAGONAL COEPEICIENTS
C A R E  STOR E D IN T H E  AR R AY S A,B, AND C. THE COMPU TE D
C SOLUTI ON V ECTOR V ( I F )  • . . V ( L )  IS STORED IN TN! A R R A Y  V.

P F A L  A (N) , B (N )  ,C ( N )  ,D ( M )  ,V ( 1 4 D ! M )  ,BETA (101) , CAM ! A ( 1O  1)
C . . . CO H P U T E I N T E R M E D I A T E  A R R A Y S  BET A A N D  G A M M A . . .

R F T A ( t F )  = B (IF)
G A 9 M A ( I F )  = f l ( t F ) /B~~~A (IF)
TFR1 = t?G1
DO 1 I=I1’Pl,L

= B (I)—A (T)*C(I—1)/B!TA (I_1)
1 GA MMA( T ) = ( D ( f l — A ( t ) * G A M M A ( I — 1 ) ) / B E T A (I)

C ...COMPTTT E F I N A L  SOLUTION VECTO R V . . .
VIL) = GANMA(L)
L A ST = L—IF

• 1)0 2 K=I ,LA ST
I =

2 V(I) = GAMMA( I)—C (T ) *V(I+1)/B!TA(I)
R E T U R N
PM!)

SUBROUTINE CH ANGE
CO M MO N/G E 0 M 2/ N , N R , 14 L , MU , N M 1 , MLC , NR C
CO M # O N / !’ E N P I / X CN X ,I W A L L V
CC)PIMOPI/CON/SVAL(40) ,Y V P I L ( 90)
C1)MM ( 3H/ ODE1 S/J STRTS,J ? ND S ,N D I N ,SW ( 9 0 ) ,W I ( 9 0 ) ,DVI (90) ,DD WI (90) ,

—~ S(90)
COMMON/OD?I U/JSTRTU ,JENDU ,SWU(40),WIU (90)
CO M M ON / O D ?2 U / J T SL U ,ST BL O(90) ,D S T A R U ( 9 0 ) ,U I 1 D U (90) ,D !LTU(90) ,

~f lT 2f l U(90)
COMMON/ OD !2S/J TRL S ,STBLS (90) ,D S T A R S  (90) ,UI1DS (90) ,DEITS(90),

tyJT2DS (90)
C OM M O N / SP L Y N / X I N T ,FIHT ,PPINI’ ,FPP INT ,I SE?UP, K M I D
R E A L  HET .P (90)
N M N L C a - N - N L C

C SET U P  T H E  SPLIP I R COEFFICIENTS FOR SY AL , YVAL.

I SE? U
K MID 2

C I N T E R P O L A T E  FOR THE V A L U E S  0? Y V A L  AT THE W A L L  LOCATION S SYIL.
I ’( I VA LLY . !Q. l)G()  TO 500
C A L L  SP t I N ? ( S V AL , !VAL ,D W I , DDV I ,DS , I ,J?BLS ,N D IN , 1)
91) lOt) Ja-1,NRC
X I N T = S W ( J + 1 )
C A L L  SP LtN E (SV AL ,YVAL ,DWI,DDW I,DS,1,JThLS,W D IM ,1)

11)0 H?LP(J) !!WT
00 200 3=1 ,M RC

2~~” YVAL(3)=RELP (J)
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R E T U R N
500 CONTIN UE

CALL SPLINE (SVAL ,YVAL,DWI,DDV X,DS,I.JTRLU,N D IM ,1)
DO 600 J= l , N M N L C
ZINTa-SWU (3)
CALL SPLIN!(SVAL,YVAL ,DWZ ,00WI,DS,t ,JTBf.U,N D IM ,t)

600 H!LP(J) PINT

— 
DO 800 JzNLC,Nfl1

800 YVAL (J) NELP(1I—,J)
RETURN
END
SUBROUTINE GJR (A,N,EPS ,$AROW ,NACOL)

— C DOUBL E PRECISION SOLUTION OF A~ X=B. THE VECTOR B IS AUGMENTED ONTO THE
C LA ST COLUMN OF A. THE ANSWER , 1, IS ALSO RETURNED IN
C THE LAST COL OF A.
C IPIVOT IS A VECTOR CONTAINING THE PIVOTING ORDER .
C

REAL*8 A (NAROV ,1!ACOL),D(90),B (90),X(90),ROWMA X ,COL R A X .AVIK OV ,RATI O
SUM , DAB S , 0! All

INTEGER IPITO? (90)
I?LAG 1
NP1 N+I

C IN I TIALIZE  I PIVO? ,D ,B
DO 10 Ia-l,N
IPIV OT (I) a-!
BONN &X 0. 0
B (I) a-A (I,NP 1)
DO 9 3=1 ,!!
R OW N A X D M A X 1 (R OV M A!,DABS (A (1,3) ) )

9 CONTINUE
I? (ROWMAX.EQ .0.O) GO TO 999
1) (I) ROWMA X

10 CONTINUE
C GAUSS ELIMINATION WITH SCALED PARTIAL PIVOTING

NM l a - N — I
IF (NN1.EQ. 0) RETURN
90 20 K l ,NM1

• 3=1
KP I K+ 1
IP=IPI VOT (K)
COLN Ala-DABS (A (I? ,K ) ) / D (IP)
D O 11 I=KP 1 ,N
IRa-I?! TOT (I)
AVIKOV DABS (A(IP ,K))/D(IP)
IV(AWIKC )V.LE .COLMAX)GO TO 11
COLP!AX=IWIKOV
J I

11 C ONTINUE
t F ( C O L M A I .!Q.O.O) GO TO 999

C
C

I FK~ I PIVOT (3)TPIV OT (J) a-IPIVOT (K)
TRY VOI’ (K) 1P1
00 20 T = K P l ,N
IPa-IPIVOT f I )
A ( T P ,K ) = A ( I P ,K ) / A f I P K ,K)
RATI Oa-—A (tP,K)
00 20 J = K P 1 ,N
A (IP ,J)=RAI’Ifl*A (IPK ,J)+A (IP ,J)

71) CONTI NUE
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TF (A(IP,N) .PQ .O .0)  GO TO 999
GO TO 25

C
C SET IFLAG=2 TO INDICATE INABILITY TO FACTORIZ E MATRIX.

990 IFLAG=2
W R I T E  (6 , 9999)
S TOP

25 IFfN .CT.l)GO TO 30
1(1) =B (1) /A (l ,1)
R E T U R N

3C IP=!PIVOT(l)
X (1) =RfIP)
DO 5”. K=2 , N
I P T T ’ T V O T  (K)
KM1 K— 1
S UN =O • 0
DO U”. J=1 ,KM1

40 SUN= A (10,3) *X (3 )  +STJ!
~~~ X(K) B (rP)—SUN

C
C

‘((N) =1 (N) IA (IP ,N)
1=14
00 70 N P 1 N K = 2 ,N
K P 1= 1 (

1=1— 1
IP=IPIVOT (K)
SIJM=O .O
00 fO 3=KP1 ,N

60 SUM=A(IP ,3)*X (3) + S U M
I (K) ( X ( K ) — S U M ) / A ( I P ,K)

C PLACE ANSWER VECTO R IN LA ST COL OF A.
DO 90 3=1 ,N

Sn A ( 3 ,NP1)=X (J)
R E T U R N

999° FORMAT ( lHO ,’****UNABLE TO COMPLETE L—U DECOMPOSITION OP MAT RIX’)
END
SUBROUTIN E DERPS (X,V A L S .RA TES)

C R E T U R N S  D D R L D X ,DURDX ,DUTDX TO CALLING ROUTIN E. THIS IS
C STORED IN VECTOR RATES.
C- TBL COMPUT AT ION WITH PR ESSURE SPECIFIED.

R E A L  K A P ,VAL S (3),R A T E S (3)
R E A L  A (i,3),B(3),W (3,3),D(3)
I N T E G E R  I P I V O T ( 3 )  , IFLAG
CONMON/DER1/DDRL DI, D UBDX ,DUTDX ,DUI D XI
COMMON/DRR2/DELT, U B,UT ,UI1 ,VT ,VB ,U D UI ,? AU M , H, THET A , DWLST,CPD2,
cVrSCo S,NB L

C O M P I O N / O D E 1 S/ J S T R T S,JENDS ,NDI! .SU (90) ,VX (90) ,DVI (90) ,DD YI ( 90 ),

COMMON/ODE1U/JSTRTU ,JEND U,SWD (90) ,VIU(90)
C OMMON/ODE2U,’iTHLU ,STBLU (90) , DS ’EARU (90) ,UI1 DV (90) , DEL TU (90) ,

$UT ’n TI  (90)
C O M M O N / S P L Y N / X X ,U I ,DI J I DX ,U D U I ,  I SETUP ,KPII D
C 0 M M O M ,/TENP1/XC ,IV AL LV
COPUION/TEMP2/IEXTT,VFL (90)
DATA KAP/.141/

C SET UP COEFFICIENTS FOP THE A MATRIX , INS SOLV! A*RITES B
X X=X
T F ( I W A L L V . !Q . 1 ) G O  TO 100
C A L L  SPLIN! ( SW ,VEL ,DVI ,DDV I,DS .JS? RTS ,JE1!DS ,N D I f l ,1e)~
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GO TO 150
100 CALL SPLI KE ( SW D ,VIU ,DVI ,DDVI,DS,JSTRT U,J!NDU,N D IM ,*)
150 CONTINUE

OELT=VALS (l)
UB VAL S (2)
UT=VALS (3)
CALL BLVALU
DKIT DELT/(KAP*UI)
CALL T A U N A X ( T A UME Q)
TA DMa-TAUM EQ
A ( 1 , I)~~rNET A/DEL T
A ( 1 ,2)=(DELT/tlI) *(O.5—0.75*VR—1.58949*YT)
A ( I ,3) DK U * ( 1 .O — 1 4 .O * V T— l .5 8 94 9 *V B)
A (2,1) =UT**2/(KAP*DELT)
A (2,2) a-UT
A (2,3)a-rrr/KAP+UI—UB
A (3, 1) =1 . O—DELST/DELT
A (3 ,2 )— 0.5*DELT/OI
A (3,3)=—DKU
B(1) =(KAP*TT) **2—2.O*DELsT*DUIDX/tJI+THETA/ (XC—X)
8 (2) UT~~D U I D X
B (3) 10.0*TAUM /UI**2—(DE LT—DELST+DELT* (VT+O.5*VB) ) +DU IDX/UI
CALL FAC’TOR(A ,W,I P IV OT ,D,3,!FLA G)
CALL SUBST ( W ,B,R A T E S,IPIVOT,3)
RETURN
END
SUBROUTINE FERSEG

C SET UP THE A M A T R I X  OF COEFFICIENTS TO SOLVE L A P L A C E ’ S  E~~N
C IN 2 — 0  USING P L EN E L J ’ S  FORM OP THE CA U C H Y  I N T E G RA L  FO R M ULA .
C L I N E A R  APP R OX FOR THE FUNCTION B E T W E E N  MOD E POINTS.

COMPL EX C( 9 1)
REA L VO(12 0) ,YO(12 0)
P!AL*8 A (86,R7 ) ,88,DIM AG ,D RE AL
COMPL EX Z ERO , ICNPLI
COMPLE! * 16 CS (180) ,L A N D A O ( l 8 O )
CON PLEX * 16  ZO ,ERP ,LER P ,DP!P 1,D M M 1 ,T EM P
COMPLEX~ 16 CD LOG
C OMMOM / EF C V A L ,/X C(90)  ,YC( 90) ,A L (90) , A L N V ( 9 0 )
C O M N ON ,’GEON2/N ,N R ,WL ,NU , N M 1 , NLC , NRC
COMN ON /PF SL1/ C ,A ,X0 ,Y’)
DAT A P1/3.141593/
N U P 1= W U + 1
N N 2 I I — 2
ZERO= (0.0 , 0. 0 )
IC M P L X  (0 .0 ,1.0 )

C 4 + 4  E~~1’END C A R R A Y  • .++
00 30 3=1 ,?!
CS (3) a-C (3

30 CS (J+N)=C (i)
C + 4 + ’  EACH PASS C O R R E S P O N D S  TO O N E  U N I N  ZO B O U N D A R Y  POINT +4 + .

DO 500 M= 1 ,NU
Z0=C S (II )
JSTART=N+l

M JEII D=J ER D— l
C •.+. FORM GEOME T RY COEFFI CENTS ‘4”

LAPI D P t O ( J S T A R T )  Z ERO
01) 5’) J=.7S1’ART,M JE N D

L 
PRP (CS (J+l)—ZO) /(CS (3)—ZO)
LERPa-CDLOG (?RP)/(?RP-1.O)
L A M T ’ . A 0 ( J )  a-LA MD A 0 (.7) +“R~*LER p
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c~ L A M D A O ( 7 + l ) = — L E R P
D M P 1= C S  (,ISTAPP) -ZO
D M M 1  7 0—C 5 (~T E N D )
T E M P =  ( D M P I — D M M 1)/2 . 0
L A M D A C ( M ) = C D L O C . ( D N P 1 / D M N I ) — ( I C ! P L Y •4 PT )

( T E N  P~ ( I . &/DPIP1+ 1. 0/DNM 1)
IF (N. EQ. NRC.OR . N . Fç~. NLC) L AMD AO (N) rCDLOG ( (ICNPLX*DfiP1)/(—DNM1 ))

~—ICMPLV*(PI/2.O)—(TEMP*(1.”./!)NP1+1.’)/DMM1))
LAM DP ’) (3S’ART)=LANDA’) (.1START) +(TEM P,’DNP1)
L A M D A 0 ( ~T FNT ) ) = L A N D A O ( J ? N D )  + (??MP /D(IN1 )
!F(M.EQ.1) (‘.0 TO 7(~
N
00 60 3= 1 ,M 1

‘~~~ L A M T ) A 0  (3)  = L A M  OA f ’ ( 1 4 + 3 )
70 CONT!N(J E

C 4 + 4 +  P O R N  A MAT P! X # + i +
R R = O . O
00 2 50 T=1 ,Nt!
A ( M ,J)  = D I M A G  ( L AM U A O ( J ) )

)50 D R= R B +A L( 3 ) *D R E AL ( T. A ND A Q ( 3) )

A (N , N U P 1 )  =B R
G+ AL (MM1) *DSP AL (LAN DAO (NM 1))
c.AL (N) *DREAL (LAN! )A ”. (N))

5~~ ’. C~’N ’ . ’T NU E
+ 4 + 4  A MATRI X TORMITIATI ON COMPLET E + 4+ .

R E T U R N

S U B R O T I T I N F EFCW) M
C r,IVEN ~HE WALL LOCATION COORT’.INATES,XW (t),YW (I),ALW(I),
C A N D  D I S P L A C E M E N T S  D SI ’A R S ( I ) ,D S T A R U ( I ) , LOCA TE THE B O U N D A R Y
C’ OP T H E  FE C .  NOT E STBLS A N D  STBL U A R E  D I S P L A C E D  ONE E L E M E N T
C A H E A D  0? THE R E S T .

P E A L  D S H I E T ( 9 0 )
P!A L *A A ( 86 ,R7)
C O M P L E X  C ( 0 l )
PEAT. X0(120),Y O ( 1 2 0 )
C O M M O N / E E C  V A t / V  (00)  ,Y (90)  , AL (90) ,A L N Y (90)
C O N M O N / G ! 0 M2 / N  ,N R  ,NL , MU , NM 1, 1ILC , NRC
C O M P ? ON / O D E 1 S/ J S T R T S ,J F N D S ,N I ’ . T M,SW ( 9 0 )  ,WI (90) ,DVI  (90) ,00WI (90) ,

~ D S ( 0 0 )
C O M M O N ,/ OD F 1U/ JSTR TU ,J ?N D U ,SWU (90) • WI U (90)
COMMON/00E25/JTBLS ,STBLS (qo) ,DSTARS (90) ,tJIl OS (90) ,D?tTS (90)

~!J t2 f l S  (0 1 ))

coHNoN/ oD?2r1 / J TRLU .S T BL U ( 9 0 )  , D S TA R U ( 9 0 ) ,U I 1 D U ( 9 0 ) , D E I T U ( 9 O ) ,
Bfl12011 (00)

C O M M O N / P E S T .  1/C , A , 10 ,10
COM M1 ) 11/ SP L YN / XIM T,FI N T  , 00STDX ,P PP IN T , TSETU P, K N I D
C O M M O N / T E M P  1/ I C-MV , I W A L L V
C O P ! M O I 4 / W A L V A L / X W ( 9 0 )  , Y W ( 9 0 )  ,A L W ( 9 0 )
NRCP1 a-NRC’ 1
N N Nt Ca- N—NLC

T~~(tWALtV .EQ. 1)GO TO 105
C ON LOW’R W A L L , D S R I F T (J + l ) D S TA R S( J ) , I .E.  D I S P L A C E D  ON E
C ELEM ENT.

D S H I P ? ( 1 ) =D ST A R S ( N )
01) 50 J = 2 ,N R C P 1

5’~ USHIFI’(J)a-DSTARS (J—l )
C SET U P  D ST A R S  A N D  ITS DER IVATIVE DDSTS OH LOVER B$UIDARY .

T I N T 2 S W ( 1 )
I S ? TT lP z O
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!CP!I0 2
CALL SPLI ME (SV,DSHIF? ,DWI ,DDW I,DS,1,N H CP1,N D IM ,2)
X (N) a - I N  (H )
V (N~ =YW (N) 4DSTARS (N)
T0(!!)a-XW (’l)
10 ( N )  a - T W ( N )  +D !LTS (N )
A L f l 1 )  a -A t . W ( ! ! )+ ATA N ( DD STOX)
DO 100 3=l ,N R C
I TN T= SW (3+ 1)
CALL SPLIV(E(SW ,DSHIPT ,DWI ,DLVI ,DS,1,!!RCP1,!!DIM,2)
SI N A L J S I N ( A L W ( J ) )
C OSA U =CO S ( AL V (3 ) )
1 ( 3 )  =10(3 ) — D S T A R S  (3) *S T N A L J
1(3) = Y W f J ) + D S T A R S ( 3 ) * C O S A U J
X0(J)=lW (3) —DF .LTS (3) ‘SIN AU
Y O ( J ) = Y V ( J ) -u-DELTS (J) *COS ALJ

100 A L ( J ) =AL W ( J ) + A T A N ( D D S T D X )
GO TO 160

r.
C SET UP O S T A R U  A N T )  ITS D ? R I V  DDST S ON UPPER B O U N D A R Y .
C FLI P INDICE S TO M A K E  D STARL J INC R E A S E  IN  SAM E DIRECT ION AS SWU.

11)5 00 110 J=$LC ,N M 1
110 DSHI FT ( N — J ) = D S T A R U ( J )

XINT=SWU(1 )
TS?TUP ()
K MI D 2
CA LL S P T . I N ? ( SW U ,DSHI ?T ,D WI ,00WI . DS , 1,M N N L C ,N D T N ,2)
DO 150 •1=l ,N M N L C
I INT=SWU (3)
CALL SPLINE (SWU ,DSH IF T ,DWI ,00W I,DS ,1,N NN LC,NDIM ,2)
N N 3 = N - 3
S I NA UJ=ST N (ALW (NM 3) )

C’ O SAU J=COS ( A L W ( N M J ) )
1 ( M M  3)  a - lW ( N M J )  + D S T A R U  ( N M J )  5 SIN Y I U J
I (N?!J)  =10 ( N N J )  — O S T A P U  (N M J )  *COSAL.T
X0(NMJ) XR(MMJ) +DELTU (NMJ) *SINALJ
Y~ (NM 3)  =10 ( W M 3 )  — D P LTU (NM J) *CO SAU J

15~ AT. (NN.T)=ALV(NMJ)—ATAN (DDSTPX)
160 CONTINUE

C 160 W R I T ? ( 6 , A07)
C PQ’ P 0 P M A T ( ’ l W A L L  COORDINATES ANO EFFECT IV E FL OW C H A N N E L  LOCATION’/ / )

!JPtP !16 ,R99)
C BOA FORMA T( ’fl ’,T4,’J’ ,T10,’X W (J)’,T25 ,’YW (J)’,T40,’AtW( 3)’,T55 ,
C ~~‘X ( J ) ’,T7t) , ’Y ( J ) ’ ,T85 , ’A L (J ) ’ ,T1fl0 , ’DELSTAP ’/ )
C W R I T ? ( 6 , 900) (3 ,X W ( J )  , YW (J’. , A L W (3) ,X (J) ,Y ( J )  ,A L ( J )  ,D S I A P S ( J ) ,
C t J= 1 , N R C )
C VR ! T ? ( 6 , 900) (J , X W ( . T ) , Y W ( J ) , A L V ( J ) ,X ( J ) , Y (J) ,A L ( J ) ,DSTARU (J) ,
C’ ~ 3=MRC~~1,NN1)
C W R I T ? ( 6 , 000 ) N .X W ( N ) , Y W ( N ) , A L W ( N ) , X (N ) ,Y ( M ) ,A L ( N ) ,D S I A R S ( N )
C 91)0 POPNAT(rS, 1p 7P15 .5)

REI’ I T R N
- E N D

SUB RO UTINE DF RE !( T ,VAL S ,R A T E S )
C RETU RNS DDEL DX , D U R D I ,D U T D X ,D U ! DX  TO C A L L I NG R O U T I N E , V I A  T H E
C VFC ” OR R A T E S .
C ‘RL C O M P U T A T I O N  W I TH SIMU L T A N E O U S  I T E R A T I O N  B E T W E E N  THE

B O U N D A R Y  L A Y ER A N D  O N E — D I N E N S I O N A T. CORE .
R E A L  1A1’ , V A T . S (1*) , P A ” ! S ( 4 )

A (4 , (4) ,R (4)  ,W (4,4) .0(U)
T N TEt ~ P P I !’I VOI’ ( 14 ) , !F LA C ,
C O M M O ~Vr, F t , 1/Uf lp !  DX , r ! J F D X ,D U T D X ,D T J T D X
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~~‘) M M O ~~~/ D E R 2 / DE T . T
. I I U , I !T . I T I  ,V’ , V P , t I T ’ U I , T A U M , !I , TH ~~’ T A , t E T  ST , CPji 2 ,

~ “I S  CO S , N AL
C O M M 0 M /r,E O M 1 / ~~D, W 1 , ’H , WT) T~!,X 1 ,E 1 ,S T N T H ,r0STIf , ’ r W O T H f l ,T w O T H 1 ,

‘~S T N ” U 1 , r O C  -~ 1 , AS , W H .XC , 12 , Y’ AX , X O F
COMM /OflP1S/ .T~~~R T S , J P N 0 S , N D I M , S W ( 9 O ) ,VI (90) ,D W I ( 9 0 ) ,0 L W 1 ( 9 0 ) ,

~0S (Q~’)
COMM-1N /ODE1T1/3STDPU ,JFMDU ,SWU(9~~),W!fl(Or)
C0MM ON/()fl!25/3TPLC,S”Bt.’ (9fl) ,OSTAPS(90),IJI1DS (90),DELTS(90),

~~‘J I 2 T )S (Q
~~ ) —

CONMON/00E2li/.vrRr.ll,STBI.1J (90),DSTAPU(90),UI1DU (90),DELTU(9 O)
“UT7 I )T !  (Sri)

CO~~~0N/ SPT Y N / X X , W T D T H ,D W D X ,P D W 0 X , I S E T U P ,K N t D
COMMPI/r!!Mp1/XCMX ,IWALLV
~1A 1’ k KAP/ ’~.’41/

C W IDI’H W I D T P  OF 1— 0  COPE S F C T I O N ( C H A N N E L  SIZ E M I N U S  B L O C K A G E )
C S~~~T C(W F P I C I E N T S  FOR TR E A M A T R I X , AND SOLVE A~~RA?ES fl

‘(1=1

~‘fl STH 1. 0
r~~ ( N R T ..~~Q. 1)C.O TO 1OC
T F ( V Y . L a - . 11 . O R . X 1 . G E . X D E ) G O  TC 1QO
CO 5” H =COS TN 1
‘
~ W O T H R T W O T H 1

1’~-~ C O N T I N U E
P E L T = V A T , S (1)
rT B = V~ T S (2)
U T = V A L S ( 3)

SI VALS (4)
O TDT H = U T
O 00 Y =r ) T7 ID X
T F ( ( C T A — T J T ) * U T . L F . O . O ) C.O TO 110

1 1f ~ “PttT. PLV JILtT
f l V U = U E T T / ( K A P *t J I )
C A L L  T A ’ l M A X ( T A U M EO)
T A T I M = T A U M ! O  

t W A L L V = ~ - IS TH’~ L O W E R  W A L L . I W A L I V = 1  IS U P P E R  W A L L .
TF (TWALLV.FO. 1)G0 TO 13’l
CAL !, SPLIWE (SW ,WI ,00I,000I,DS ,JSTRTS,J!NDS,N DI M ,14)

_ i  (‘,O 1’O 140
11~~ C A L L .  S P T I N F ( S W T T , WITI , DW! , 000 I , DS , JSTPT U, J E N O C J, N D I M , 4)
1(1 0 C O N V T N U ~~

flfl S- 1’DX= P~~L S’T” f l f lPLD X/D F LT—D EL T * (VT. . 5*VR) *D U I D X / U I + D E I T *D U T D X /
A ( K A P * T 1 T ) , D E T . 1’*DVT RD1 / (2 . ~”*U!)
I?(ABS (DDSTDX ’P.C,I’.1.E— 4)XCNX= (0.5*WH—DELST)/DDSTDX
A ( t , 1I = ’I’HET A/ DELI ’
A ( 1 , 2 ) = f D EL T / U T ) * (. S— 0 . 75* V B — 1 . 5 8 9 (4 9* VT)

A ( 1 , 1) = D V U * ( 1 . ’~—4 .0* V T— 1 .5 R 9 L & 9 * V B)
A ( 1 , Ii) 2 . ri *DEU ST/ tT r
A (2 ,1)=U1’**?/ ( K A P S D E L T )
A (2 , 2) =rr?~I (2 ,3) rJT/KAP +Ut—UB

A (3 , 1 ) = 1 . 0—DELST/UELT
A (3,2) =- 1) .5* D~~L’r/U T
A (1 , 3 ) = — D K t 3

A (1,4) = ( D E L ? — D E L S T + D E L T * ( V ’ r . O . S*VB ) ) /U I
A (4 , 1 )  a -A  (1 , 1) — 1 . 0

A (4 ,2) a-A (1,2)
A (4,1)a-—UPC U
A ( f t ,4) z ( C O S ’ r N/ ( N R L *U ! ) ) . ( v I r l T H -N R L *D E L S T/ C O S ? H ) , ( D E L Y / U X *S2) *

U4 S 
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S (UT/KAP4O.5*UB)
9(1) a-(KAP*V?)**24TH?TA/XCNX
9 (2 )  a-()~~ ()

9 ( 3 )  a- 1fl . 0 S T A UPI/UT ’*2
9 (~) a-— 000X*COSTH/NBL

C
C
C I? UT BEc OME S S M A L L , T H E N  THE M A T R I X  BECO M ES I L L— C O I D I T I O W E C .
C F R E E Z E  DO TUX , A N D  REMOV E THE DSP E CN . SOLVE T H E  R E C O C E D  SET.

t ! (A B S ( U T ) . G T . 0 . 025) GO TO 200
A (1 ,3 ) A ( 1 ,4)
A (2,1) a-A (3,1)
A (2 ,2 )A  (1,2)
A(2,3)a-A (3,4)
A (1, 1) a-A (4 ,1)
A ( 3, 2) a-A (44 , 2)
A (3 ,3) A ( 4 ,14)
B (2) = 0 ( 1 )
B (3) a - B ( U )
CALL F A C T O R ( A ,W, IP IVO T ,D ,1, I P LA G )
C A L L  S U B S T ( W ,B,RA T E S ,IPIVOT,3)
R A T E S  ( 4 ) = R A T E S ( 3)
RA ’rE S ( 3 ) = U U T D X
RETURN

C
— C

2 10 C A L L  F A C T O R ( A .W ,IP I VO T .D ,4 , I F LA G )
C A L L  SUBS? (N , B,P R T ES , IP IV OT ,44 )
R E T U P N
END
SUBROUTINE S P L I N E ( X ,P ,FP ,PPP , DI , J STAR T,J E N D ,M D I M , I N T F R P )

C
C +4 4 +  ~PLIN! IN TENSION FIT OF P(X)

‘IRST DER I V A T IVE AT P OIN T FP
C SECOND D E R I V A T I V E  AT PO!NT P P P
C S’ART A N D  E N D  OF I N T ! R V A L = J S T A R T ,J F N D
C TENSION PACTOP=SIGNA
C ROUTINE BY RINEHART
- 

R E A L  I (NOIN),~~(N9TM) .PP (NDIN) ,PPP (NDIN) ,DX(NDIM)
R E A L  A ( 1 0 1 )  ,B (1~~1) ,C ( 1 O 1 )  ,D ( 1~~1)
COPIMOP4/SPLYN/XINT,FINT ,?PINT .F P P I N T ,TSET U P,K N I D

C
C SD L I N F  P IT OF F f1) U S E D  POP F I N D I N G  FIRST 6 2N D D E R I V A T I V E S AT
C T H E P O IN T S , F, A L S O  FOP IN~~F P P O I A I ’T ON .  I SE T U P =  CCU4I’E R CF I OP
C’ T I M E S  PO TI TI N E C A L L E D  U S I N G  S A M E  P IT .  WH E N I SE T U P = O  FPP T A P I R
C D E ’ r F P N I N E D .  CU B I C  P U N OU T  EN ?) C O N D I T I O N .  K N I D  IS GUESS
C I N D E X  OP I N T E R V A L  W H E R E  !( F P T D )  < l IN T  < l ( F - M T D + 1) , W H E N
C (tN1’PPP l , FIND P I N T )  • ( = 7 , FIN ?) PPINT), (=3, F I N D  FP P IN T) ,
C (=4 , F I N D  PIN T F. P R I N T )  . POP I N I ’ P R P > U NO I N T E P P O L A I I O N , F I N D
C ONLY DERIVATIVES AT POINT S . FOR I W T E P P O SE T U P  ONLY. H

S IC, MA a-2.
S 5 = S t C , M A * S I C , MA
SV GMA=SI C.MA * (,1 EN D—.ISTAPT)/(X(3!ND)—X (JSTART) )
S ISQa- I. ()
T ’( T S ? ” T T P .N E . ’) ) C.O I’O 150
.T ENOM1 = ,TF.Nf l —1
DO 1?’) , 1= 1 S T A T 4 T ,3 P ’ l D M l

17 1) DI (.1) =Y (3+1)—If,))
DV (3F,N D) 0X (.1 VN ’~— 1)
.ISr~ i = -~ ‘ T A  RI” 1
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DO 1(4 0 1=JS TP 1, . 1 E N D M I
H ia-fl! (~1)
W M i a - f l X ( J — 1 )
S Hi a-ST C.M A4 Hi
c H M 1 = S Y G M A * H p I i
A (J)= ((1 .O/HNI)— (STGNA /S INH(SHM1)))*SISQ
R ~1 =5 IOU ( (1 .~~/ T A N H  ( SH I 1 )  ) + (  1, ‘)/“ANN (50 1)))
0 (J) ( U P I — ( 1 . Ofl 1 ) — ( 1 .1)/NM 1 ) )* S I S O
C (J) ((1 .0/H1)—(STGMA /SINH (SH1)))*STS Q
0 (3) = ( (‘ ( 3 + 1 )  —F(J) )/H1) — ((P(J) —P(J—1) )/HM1)

1(1,” COWTTNTT~
.,OP!,c = 1)
NUIAG 1O1
14 (.1S TA~~T)

( J”4 0)  =0 . ”
r C U B I C  D Y T N O U T  E N D  C O N D I T I O N S

1 =J ST AP T
Ii~~ = ’~ X (3)
S H T = S T C W A * D X  ( 3 )
0 ( 3 ) = ( ( S T G !A *2 . ” / T A ’ 4 H ( S H I ) ) — ( 2 . 0 / H I) ) *SI S Q+ B (J + 1)
C (J) = (1 .0/~4 T — S I G M A / S I N H ( S H I )  ) *SISQ+C (J+1)
.1 = 3? MD
‘4I~- 01 ( 3 )

~ H T S I C , I A S D X  (3)
~1M t = ’1V (3— 1)
A (J)= (1.0/HM1_STGMA/STN f4 (NPIT) )*SISQ+A(J_1)
n ( a ) = ( ( S ~~r . N A s 2 . O / T A M H ( s H T ) ) — ( 2 . O / H I ) ) * s I s o . a ( J — 1 )
(3END) O.1)

C A ! , L  T P Y D A C ,  (JSTP 1 ,J ENDPI 1 ,A ,9,C,D ,?PP , NDI AG ,PD IN )
‘P P ( . lSTP,PT) =0. 0
F p P ( 3~~~~~f l )  =0 . 1)

I I ( I N I ’ ? R P .L ? .r i )  GO ¶0 1000
IS” !V ( INT?R P.GT .4 )  GO TO 700

C E T N U  T N T E P V A L  OF IN T E R P O L A T I O N . X ( K M I D )  < lINT ( X ( ~~N ID+1)
I?(X(JS”AR’fl.GT.1(JEM9)) GO TO 250
TP (XIWT.L ! X(JSTART).OP.XINT .C?,.X(JENfl~) GO TO 2000

C V IS A NONOTOHICALLY INCREASING FUNCTION WITH TN! INDEX .
? O f l  T~~(XINT .G!.X (KMTD) ) GO TO 22~

K M T O  = K I l O — i
(‘.0 TO 200

22 0 IP (VINT.LF.1 (KMTD+l)) GO TO 30()
= KMID+1

Or) TO 220 
V IS A MONOTONICALLY DECREASING FUNCTION WITH TB! INDEX.

250 IP(ITNT.C,E .X(JSTART).OR.XINT .L!.X(JEND)) GO TO 2000
76” ‘r ’(XT NT . L? .X (KMIO ) ) GO TO 270

KMT D = KN ID—i
GO ‘1”) 260

2 7”  I F ( X T M T . G E . I ( K M I T ’ + l ) )  GO TO 300
~ M Ifl = K M I D + 1
(‘.0 TO 270

C P’R?OR$ INTERPOLATION.
31)1) DELI = l I N T — I  ( K N I D )

F M I U P 1  = K M I D + 1
D E L X P = !( K N I O P 1) — ! I W T
£ 5 T K M I D  = DX (KMID)
(‘.0 TO (4’”),500,600,is00), !N T ERP

C INTERPOLATE FOR ?(IINT) a- FIN?
41)0 F!Wr=PPP (KMID)*SISQ*SINH (SIGMA*DELX P)/STJH(SImIA*DUNID)

6+(V(KMID) —?PP (KNID) ‘SISO)*(D!LIP/DXKNID )
(PPP (KNIOP1) *SISQ) * (SINH (SIGMASDEL S) )/SIHH(SIGMA*DXINXD)
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S+ (F(KMIDP1) —PPP (KMIDP1)*SISQ) *DELX/DIKMID
GO TO (1000,500 ,600 ,500) , IN ?FBP

C INTERPOLATE FOR FP(XINI’) IPINT
500 PP!W?a—SIGMA* !PP(KMID)*COSH(SIGMA*D!L IP)/StNH(SIGMA*DXKHID)

~-(F(KMID) —PTP(KMrD~)/ D X K N I D
S+SIGMA*FPP(KMIDP1) COSU(SIGMA*DELX)/SINH(SIGMA*DXKMIC)
$4 (!(KMIDP1) —PPP(KMIDP1))/DXKMID
GO TO 1000

C IN T E R P O L A T E  FOR FP P ( X I NT) = PPP INT
600 PPPIN?=SS’ (FPP(KM ID) *SINH ( SI GNA*DEL XP) ‘SINK ( S I G M A * D X N M I D )

S.PPP (KMIDPI )*SINH(SIGMA*DFLX)/SINH (SIGM A*DIKMID))
GO TO 1000

700 CONTINUE p
C 4 4 + 4  INTE RPOLATI ON FO R PP AT POINT S, AV ERA GE OF FOR W ARD
C AND B A C K W A R D FO RM ULA S +4+4

00 750 .T=JSTP1,JEMDMI
C + + + +  BA CK W A R D S DIF FE R E N CE 4 + 4 +

P P B = P P P ( 3 — 1 ) * ( — S I G M A / S I N H ( S I G M A * D X ( J — 1 ) ) )
& — ( F ( J — 1 ) — F P P ( J — 1 ) ) / D X (J— 1)
&+PPP (3)*SIGMA*COSH (SIGMA*DX (J—1) )/SINH(SIGMA*DX(J—1))
64 (F (3) —!PP(3))/DI(J—i)

C 4 + 4+  F O R W A R D  DIFF ER ENCE 4+4+
F P P = F P P ( 3 ) * ( ( — S I G M A ) *C O S H ( S I G NA *D X ( J) ) / S I N H ( S I G M A *D X ( J ) ) )

6—(F(J)—FP P(3))/DX (J)
6+FPP (J+ 1) *SIGMA/ ( S I N H ( S I G N A * D X ( J ) ) )
~ + ( ? ( J 4 1 ) — F P P ( J + 1) ) / D X (3)

C + 4 4 +  A V E R A G E  F O R W A R D  AND B A C K W A R D S  D I F F E R E N C E S  4 +4 +
v P(3) =~~.55 ( F PF + FPB)

‘5’~ CONTINUE
C USE F O R W A R D  DIP? FOR START SEGMENT , A N D  B A C K W A R D  01FF
C F OR THE L A S T  S E G M E N T .

J = 3 S TAR T
PP( ,T ) FPP ( J ) * ( ( - S I G M A ) *COS H (S I G N A *f l X ( J ) ) / S I N H ( S I G M A *D X ( J ) ) )

6— (F (J) —FPP (3) )/DX (3)
5+VPP (3+l) *SIGMA,’(SI!49(SIGP1A*DX(3)))
6. (F (J+ 1 ) —  FPP( J+1 )  ) /DX (3)
~I 3EN D
FP ( J ) =PPP (~I—l) * (—SIGMA/S INH (STGMA*DX (J—1)))

5— (F (3—1) — F P P ( J — 1 ) ) /DX (3—1)
~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
&.(! (J)—FPP(J))/DX (J-1)
IF(TNTEPP.LT.5)G O TO 1000
DO 500 J J S T A R T ,J E N D

1300 PPP(J)=?PP(J) *SS
10 00 IS?TUP = ISETUP41

R ETURN
20”fl JOPPS JEND

IP (ABS(XINT —X (JSTART)) .LT.ARS(XINT—X(JENU))) JOPPS = JSTART
C ElSE F O R W A R D  DIP? FOR START S E G M E N T , AND BACKWARD DIE?
C FOR THE L A S T  SE GM E N T .

3=JSTAPI’
!P(J) =?°P ( J ) * ( ( — S I C . M A ) *C O S H ( S I G M A *D X ( J ) ) / S I N K ( S I G N A ’D X ( J ) ) )

6- (F (3) — P PP (3) )/M  (3)
F , + P P P ( J + 1 ) * S I G M A / ( S I $ H ( S I G M A * D T ( J ) ) )
& + ( P (J + 1) — P P P ( J + l f l /D X (J)
Ja-3END
?P ( J ) FPP ( J — l ) * ( — S I G M A / S T N H ( S I C . M A * D X ( J — I ) ) )

5— (P (3—1) — ? P P ( . T — i )  I / OX ( J—  I)
&+ ? P P  (3) * s I G M A * C O S H ( S I r , M A 4 D I ( J _ 1 ) ) / S I N H ( S I G M A* DX (3— 1) )
&+ ( F f 3 )  — P P P ( J )  ) /0! ( 3 — 1 )

PINT’ = P (J O P P S)
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= ~ P (J OPP S)
PP PI NI’ = ?P P ( J OD P S)
R E T I J O N

E N D
F U N C T I O N  Y I N T ( X ,Y ,11P4T)

C G I V E N  1 COORDIN AT ES (I ,!) , FIT SECOND O R D E R  L A G R A N G E
C P O L Y N O M I A L  A N D  R E T U R N  T H E  V A L U E T IN T , C O R R E S P O N D I N G  TO TIN? .

R T A T .  X ( 1)  , Y ( 1 )  ,X I W ”
0 1= 1 (2 ) — V  (1)
T42=V (1)—! (2)
? ) 1 1 ( 1 )— X ( 3 )

YIN ” ’ = — Y ( 1 ) * ( X I N T — X ( 2 ) ) * ( X T N T — X ( 3 ) ) f ( O 1 * D 3 )
— Y ( 2 ) * ( X I N T — X ( 1 ) ) * ( X I N T — X ( 3 ) ) / ( D l * D 2 )
— 1 ( 1 ) ”  ( I I N T — X ( 1) ) * ( X I N T — X ( 2 ) )  / (D3*02 )

C E T U R N
E N D
S T 1 R P O U T I N E  S T A N D

C GEN ER A!? N O D E  POINTS FOR S T A N D A R D  DI FFUSERS.  S TR A I G H T  W A L L E D
C U N I T S  W I T H  ROPH WALLS DIVERGING (G!OMT= ’STDD’) OR A SSYMMETRIC
C UNITS WI”’H O N E  D I V E R G I N G  W A L L ( G E O M T ’ H AL F ’ ) .  FOR N O M E N C L A T U R E
C 5!? USER S GUIDE .
C
C

R~~AL N ,!
~ O M M O N / T 3 L T V / H S ,DELS ’r S,HU ,DPLSTU
C O M N O N / f l ? R 1 / D C R L t)X , DU B D X ,T) UT DX ,D U I D X
C O M M O N / !) F P 2 / OE L T ,U R ,U T ,U t  ,VT,VB ,UDUI,’FAUM,H,THETA ,D!LST,CPD 2,

~V TSCf) S ,N BL
C O M M O N / ~ ?CVAL/ X (90) , V (90) ,AL (90) ,A L N V  (90)
COT4MON/GFOM1/N,W i  ,TH ,WI D TH ,X 1 ,P1 ,SINTH ,COSTH,TWO?HR ,TWOTHI ,
~STPII’H1,CO STH1 ,AS ,W H ,!C1,X 2 ,X M A X ,X DE

OMMON/GEOM2/N S,N R ,NL ,NU ,NSM1 ,NLC,NB C
C OM M ON / OD ! 1 S/ J ST R T S ,J E N D S ,N D I M ,SW ( 9 0 )  ,W I ( 9 0 ) ,D W I ( 9 0 )  ,DDVI (90)

~ I ) S ( S D )
COMM0N/ODEirT/JSTp ’~’U,J E N D U ,SwU(91)),WIU (90)
COMMON/INTTAI./DELST1 , H1 ,UI1,IPR I
COMMON/NSTD/IC1 ,1D2 ,I03,’4ST,SWT(90)
C O M M O N / P R  INT/IPR , NOR M P P ,CPER OR, ITI AX
COMMON/SRLY’I/IX,WT,DWT ,DD W T,ISETUP,KMID
COMUON/’1’!MP1/XC,T W A L L V
COMMON/W A LVAL/xw (91)) ,YW (90) ,ALW (90)
DAT A P1/3.141593/
R E A D  (5 ,Q02) 11 ,RC 1 ,M ,R C 2 ,X2 ,W 1 ,TW OTHD, AS

C I? BOTH THP INLET A N D  D I F F U S I N G  SECTIONS A R E  OP ZERO LENGT H , QUIT.
EO .O.O .AND . X 1.?Q.0.0) RETURN

WRITE (6, 903)
0 PIT? (6 ,9044) I 1,RC 1, N ,RC2 ,X 2
U PIT! (6,910)
W R T ’~’E(6,D 15) W 1 ,T UO TH D ,AS

C
C ST O R E  STARTING VALUES .

~P (AS.LE .
1).0) AS R. O

P PAD (S , 90 1) Ni , MCi , N2 , NC2 ,N 3 ,  N D 1 , N D2
WRITE(6,93L4)
U R I ” F (E ,9 3 5 ) N i ,NC 1 ,N 2 ,NC 2 , N1
R P A I ) ( 5 ,900) B 1 , UI , VISCOS ,XC
IP (IC.EO. 0.0) XC=l.!5
W R I T E  (6 ,920) 01 ,UI ,VTSCOS ,XC

C N ,W 1 ,0!LST(FT) , T W O T H ( D !G R R E S ) , B1 (N—D) , U! (PT/SEC) , VISCOS(fl2/SEC)
B E A D  (5,905) HS ,D?LSTS,00,DELS?U
R ! A U ( 5 , 4 0 6 ) I P R ,N O R M P R , I T M A I ,CPE R OR 

—
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Ha- MS
H la-MS
D!LS? DEL SI’S
DELS?1 DELS?S
I’ HE? A a-DEL ST 1/if I
T ? ( H U . NE . 0 . 0 ) G O  TO 60
if fla-Hi
fl!LSTU DELS? 1

6~ CONTINUE
U R 1 T ! ( 6 ,907) HS ,D!LSTS ,HU ,DELSTU
W RIT? (6,90R)IPR,NORNPR ,ITNAX ,CPER O R
NPCa-W14NCI+W2+NC2+N3 , -
NLC=NPC+ 1
N S=2+2’NRC
M R C P I MRC + 1
N SM 1 W S — i
WSM?=NS— 2
N EN D 0
TWIY?H Pa-! WOTHD*P I/ 180 .0
I’HP TWOT HP/2 .  1)
TI,N02 a-TAN (THR/2.0)
TA N T O la-TA N (TNR)
S IN T H 1 SIN (THR )
C ()S’H l a-CO S (TH R)
TW OTH l ” WO THR
S I N T H = S IN T H 1
COST Na- CO ST H 1
RCIM’T ’ RCl ‘TAN 02
P C2M T=P C2 *TAN 02
Cia-Il—PC i MT
C7 114 PCi MT*COSTH1
C1=X1+N—RC2MT*COSTR1

UTI=UT
H 1 9
DELSPI =02 LST
T P R 1 IPR

C 
W i ,W 2  A R E  IN LE T , ?XIT WIDTHS (FT),L IS SLA NT LENGTH ALONG WALL.

L=N/COS’T’Rl
ID ! X1 +1-
T U A X I D E 4 X 2
W2 = W 1 + 2 . 0 *L *S I N T H 1

C S TA R T I N G  V A L U E  AT N ODE Z !R O ( =N S ) .

A L ( N S)  ~ . 0
I qNSM1 ) =0 .~V ( N S M I )  = W 1
01 (11=01
S W ( 1)  =0 , 1)
S W U ( 1 )  =0 . 0

C C O O R D I N A T E S  FOR I N L E T  S ECU ’ION , Ni SE GMENTS.
V O V  (NS)
TFI N1.!O. 0) GO TO 120

C AP!~ H~ ?TIC PBOGRFSSION FF01 INLET TO THROAT.
I?  (N DI . £9 .“) ND1 S*N I
pt= y1—PC I MI’
A F 1./! 1
0 = 5 , ”

Uso 
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~ ? ( N 1 . F Q . 1) C . O  Tfl 1”’~
A =FL/N01
D2. OS (~‘L — A ’N  i )/  ( N i ’  (N 1— 1) )
N STA PT a-”

1fl~ DO 110 3=l ,N 1
0 1=14 + ( N I — i )  SD

1 (3) = 10+01
Y ( J ) = 0 . 0

SW (3+1) X(J)
h f )  1 0 = 1 ( 3 )

r’ 

T H R O A T  C U R V E , N C 1  S E G M E N T S .
1~~” ‘~‘(NCl.!0. ”)GO ¶0 1440

X C t R C I ~’T*(1 . A+C O STH 1)
f lV~-ICt/NCl
‘4~~~ A R T = N 1 + 1

~~‘N ~’= N S P ~ P T+ Nd — i
00 1 30  T = N S T ~~~RT , N ?’1D
1 (3) =10+ DX
Y (J)=—RC 1 +SQDT (RC1**2_ (1(3)— (11-RC 1 MT))**2)
AL (3) =—APSTN( (X(J)—C1)/RC1)
SW ( 1 + 1 )  SW ( Y I S T A R T )  + P C 1*A B S (A L ( J ) )

110 X O X (3)
C
C DIFFUSIN G SECTION , N2 SEGMENTS .

iL l ” T F ( N 7 . F Q . 0) G O  TO 160
C .A” ITHMrrIC PROG R E S S I O N  FROM THROAT TO T A I L P I P E .

I F  (N O P  • ~‘O .0) N 02=S*N2
? L = N —  (PC i M T +P C 2 M I ’) * C O S T H I

14= !T-/N 0?
~ =2.(’* (PL—A*N2)/(N2*(N2—1 ))
N START =N!Nfl+1
N F N D N S ’A R T 4 N 2— 1
I T O  155  J = ’ 4 ST A R T , N E P I D
01=14+ (J-NST ART) ‘fl
V(J)=X O+DX 

—

V (J) = ( 1 1— 1  (3) )*TANTH1
— ‘ A I . ( 3~ = — T R P

5 0 ( 3+  i) SW (NSTA PI’) + (1(3) —C2) /COST H1
i5~ 10=1(3)

C’ ¶ A I T . P T P ?  INtE l ’  C U R V E , N C 2  S E G M E N T S .
1~~0 I V ( M C 2 . E Q . D ) G O  TO 1Sf)

VT?MP=Y (N?ND)
X C I = R C 7 M T S ( 1 .O + C O S ’ I ’ Ff l )
fl I=XCL/NC 2
N S T A R T = W  END ’  1
MEN D=NSTART#NC2— 1
DO 170 3=N S’T ’ A RT , N!N fl
1(3) =10+01
1 (3) = R C 2 — N ’ T A N T H l — S O P T  (R C2 **2— (1 (3) — (X1+N+PC2MT) ) ‘*2)

R E I ’ A = 2 . D *A R S I N  (D Z/ ( 2 .O ’R C 2 ) )
S W ( 3 + 1 ) = S W ( M S ’ F A P T ) + R C 2 S B E I ’ A
A t ( J )  a-PET A — T H R

111) !O V (J)
C

C TAILPIPE SECTION , N3 SEGMENTS.
113(’ I ? (N 3 .F Q . 0) GO TO 200
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TCL I2—RC2MT
DX ICL/N 3
N STAR?=N!ND+i
N !ND N ST A R T + M  3—i
130 190 J a -N S T A R T ,N? N D
X (J)XO4DX
Y (3) —N *TAN TH 1
A L ( i) O.0
SW (J+1)=SW(NSTART) +X(J)—CL$ 1 1

190 10=1(3)
C
C M A P  UPPER B O U N D A R Y  FROM LOWER W A L L .

200 00 250 J=1 ,N R C
NSM 1MJ=NSM 1—J
X (NSN1NJ) X(J)
T ( N S M 1 M 3 ) = W 1 — Y (J)
A L ( N S M 1 P I 3 ) = — A L (J)
SWU (J+i) =SV(J+1)

25’s WI (34 1) W 1 — 2 . 0 * Y ( J )
JST!?S=i
3 ST PT U =1
J F ND S a- NRC P1
3 END TJ =NPCP 1
JENDP1=JENDS+ 1
W R T T F . ( 6, 12 i2 ) (J , X (J) , t ( J) ,A L ( J ) ,W I ( J )  ,SW (J) ,3 1 ,J E N D S )

1212 ?ORMAT (’ ‘,15,1P5E1S.5)
DO 30fl J=1 ,NS
X W ( J ) X ( J )
TV (3) Y(3)

300 A L W ( J ) = A L (i)
VP Tl ’E (6 ,13i1) (J , I(J) ,Y(J) ,A L ( J ) , .7=JEN DP 1,N S)

1311 ? O P M A T ( ’  ‘,I5 , 1P3 F1S.S)
C
C I? 101=4 THEN SET UP STANDARD DIFFUSER WITH O N L Y  I D I V E R G I N G
C W A L L , AT AN ANGL E —THETA —(TWOTHD/2). NOTE TWOTHD ENTERED MUST
C B? DOU BT.? THIS V A L U E .  M O D IF I E S  OU T PU T FROM S T A N D  BY C H O P P I N G
C O F F  TOP W A L L .

u~~i. N E .  4) RETURN
NSTAR ” Ni +2

— S S T = S W ( N i + 1 )
1)0 15’) .J=NSTART ,NRCP1
500(J ) 1 (J —  1)
N I  (3) a-UT (3)— ( W I ( J ) — W 1 ) / ’ .’)
N NJ N S—i
X V  ( N M J ) 1W ( 3 —  1)
V U  (Nh ) =W 1

150 A L W ( N M J ) = 0 . 0
D~) 400  J= 1 ,N S
X (J) X W ( J )
1 (.1) a-TV (3)

400 AL (J) ALW (J)
THD=!WOT KD/2 .
VP!!! (A ,qI$0) TN!)
V R T I ’ 2 ç 6 , 1S1S) (3,1(3) ,T(J),A L ( J )  ,SW(3) ,J=i ,J?.NDS)

IS IS  P O P M A T ( ’  ‘,TS , lPI$ ? iS. c)
V RT ’ r?(6 ,iL$ 1(4 ) (J , X( .1) ,Y ( J ) ,A L ( J ) ,3 .I F N D P 1 ,NS )

1414  ? O P I A T ( ’  ‘ ,!S, lPI ? lS.S)
RETURN

944 0 ?OPM A T I ’ I * S * S I ’ A N D A R D  D I F F U S E R  WITH 1 DIVF .R ( ’PI N G W A L t  AT AN ANGLE ’

~,?7.1,’(D~ GRE !S)***’//’ WALL COCSDINAT !S—NO OEI’,T30,’X— COORD’,
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900 ~ flRM A’!’ (L*F10. 6)
~~~~ Pf ) ~II ~~14 ” ( ’7T~~~9)
cL1~~

’)

Q CI  F0BMAT (I~~~DTFFTJSP~! GEOMET RY—INLET (11—PT) , T h R O A T  R A E ( R C 1 — F T )  , 01FF

~U 5 T N G  TF NC ’ .’ !H(N—PT ) , PIT T R A D I U S  ( P C 2 — F T )  , ¶141 I- Pt PE(12 -PT) 1)
0
~~

4 ~OP”AT(’ 
1 ,T1S ,F1~~.S ,!344,F10 .S,T54,F1O .S,T7R ,~~h l .5,T99,F1O.5//) 

~~~~ QOPNA T (LlF10.C)
006  FO~~~~ T ( 1 T 1 l ,T 1’) .~~)
S’~’ F O R M A T  ( ‘ “ I N L E T  R L V A L T J !S:L O W F . R  W A L L — H ’, P 5 .2 , ‘ , DELSTS ’,E12.5,

~~‘(F1i ’/TI7,’cJPPER W A L L — H ’,F5.2,’, DEL STIJ = ’, E i 2 . 5 , ’(F ’r ) ’/ /)
S U B  PO PM AT (’ — B L  P R I N T  I N T !R V A L ( I P P ) = ’ , 12 , ’, N O R M P R = ’ ,

~ t ’, ’ , “A X  * I T P R A T I ON S ’,12 , ’ , M A X  A L L O W A B L E  CP E R R O R= ’,
~ 1O!12.5//)

~‘1” ~ 1PM A T ( ’ — ’ ,T 17 , ’ W T D T F 1 ( W 1 — F T ) , TV C T H D ( D E G R E E S ) , A SP ECT—RATIO’)
0 15  F0RMA ~’( ’  ‘,T 1 q , F 1 O. 5 ,T 3 4 ,P1 0 .5 ,T 544 ,F 1O.5// )
97” Pfl0~T 1 4 T ( t9~~,’ 91 ,UI , V I SCOS ,XC= ’, 2 F 12 . 5 ,F h 2 . 7 , E I 2 .  5/)
~~1U F O R M A T (’ SW G M FNT D I S T R I B U T I O N  — INL ?T ,T H R O AT C U R V E , D I F F U S I N G  SEC T

‘T I O N , ~X I ~ CURVE , TAILPIPE’)
‘~‘5 F~~P M A T ( ’  t , ’~’24 ~,I2 ,T3 1 , T2 ,T45 , I2 ,T6Ll , I2 ,T76 , I2// )

END
S U P R 0 T J ~~T M F  D F . I S T L ( X ,V A L S ,R A T E S )

C’ PEl’URNS DDFT.OX ,D U B O X ,DUTD X ,DUIDX TO CALLING ROUTINE , V I A  T H E
C V~CTOP RATES.
C TRL CO MT ’UTAT T ON WIT’l SIMU LTANEOUS ITERATION BETWEEN THE
C R O I J N D 1 4 P Y  LA YER ANT ) COPE , ASSUM ING LINEAR VELOCITY VARIATION
C RETWEP~T THE UPPER AND LOWER DELTASTAR LINES.

P E A L  !( AP, VA t S  (4 ) ,R?tTES(U)
~~‘At A ( 4 , 4 ) , 9 ( 4 ) , W ( 4 , ’4 ) , D ( 4 )
T N T F G P O  I P I V O T ( 4 ) , T ? L A G
C O M M O N / R E P  1/ DCEL DX , D U B D I  ,D U T D X , DTJIDX

~‘ OM M O N / f l ! R 2 / 0 ? L T , flB ,Ui’ ,f h I  ,V T ,V B ,U D U I ,T A(JM , H , TH F TA ,DEL ST ,CFD 2 , —

~V ~SCO? ,9BL
CCT P4’ION/C,1’OMi/XD,W1 ,TH ,00TH ,X 1 ,111 ,S INT H ,COSTH ,TW OT HM ,IW OTH 1,

CC” STHl , .145 ,W H  ,XC1 , 12 ,X MAX , ID ?
C0M ~~O N / L I N ! A R / W D I P~ 9O) ,D U 2 f l ( 9 0 ) ,U D U 2 D (90) ,W M D ,D W E D X ,U E F F , D U E D X
CO~1MON / 0DF1S / , 1STR T S , J P . N D S,N D I M ,S W ( 9 O ) ,W t ( 9 O ) , D W I (9 0 ) , D D W I ( 9 O ) ,

~~0S (9-1)
COMMON/OUE1IT/JSTRTTJ ,J F N D U ,S W U ( 9 0 )  , W I U ( 9 0 )
CBMMON/ODF2S/JTBLS ,STBLS (90),DSTAPS(90),LII1DS(90),DELTS(90),

~Ut2DS (Q0)
Cfl!ITMON/ODE2IT/,ITRLU ,STBLU (90) ,DSTAPU (90) ,UI1 T)U (90) , DE L TU (90)

C O M M 0 N / SP L Y N / X X ,Y ,D T D I , 00 Y DX , I S FT U P ,F M I D
~~0M’l0N/TEMPl/VC ,TW14tLV

D A T A  KA”/ 0 .41/  - 

WI CONTAINS (UDIF—OSTARU) . WIU CONTAINS tJI2DtJ(WITH PROPER INDICES).
C SET C0??FICIFNTS FO~ THE A M A T R I X , A N D SOL V E  A~ RATPS=B

11=1
D E L T = V A L S  ( 1)
Ti P=y 141.5(2)
TJT VA LS (3)
IT T V A L S ( 4 )
V a - U T
DID 1= P AT ES ( 4)
tF ((IJR—UT)*TTT.LE•0,C)C,O TO 110
U ¶ a-—TI !

110 C A L L  R L V A L U
DNU=DEL’!/ (KA T ’*U I )
CAT.L  T A I I N A X ( T A U M EQ)
P A  TIM = TA U I?Q

C I W A L L V = 0  IS THE LOW E R V A L L . I W A L L V ~~1 IS UPPER W A L L .
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C A L L  SPLI NE (SW,VI ,DWI ,00WI,DS,JSTRTS,JENDS ,N U IM ,4)
WI fl V
DWEDXZDYDX
W !!’?a-WMD—D!LST
C A L L  SPL I NE (SW ,VIU ,DU2 D,DDU 2D ,DS,JSTR?S,J3NDS,N D IM ,4)
U!?P~~O.5* (Y+UT)
DUEDIa-DYDI

C
A (1 ,1)&rH?TA/DELT
14 (1,2) =(D?LT/UI) S (.S—0.75*VB—I .58949* IT)
A (1,3)=DKUS (1.f)—ll.0*Yr—1.589149*V P) —

A( 1 ,I&)=2.O*DELST/UI
A (2 ,1) =U’r**2/(~ RP*DFLT)
A (2,2) UT
A (2,3)=tTT/KAP+UI—UB
14(2,44) a-—UT
A(3 ,1)=1 .O—DELS’/DELT
A(3 ,2) —0.5*DELT/U1
A(3,3) —fl Kt J
A ( 3 ,14)= (DELT—DELST+DELT* (VT+O.S* V13))/UI

1 4 ( 4,1) a-A (3 , 1) — 1 . 0
1 4 ( 4 ,2) ~~ (3 ,2)
A (il,3)=—DKU
14 (4 ,4 ) = f l EL S T/ D I + 0 .5 *V R F F/ U h~P!
CORP3 D=THETA/(XC-X)
t ! (UT .L P . .O . O)  C O R P 3 D = O . O
8(1) = (XltP*VT)**2+COPP3D

8(2) =0.0
B (3) = 1O.0*TAUM ,’Ut**2
B (4) a-—DUE DX—0 • 5*W!FF’DUE DI/TI EFF

C

C I? UT BECO M ES SMALL , T H E N  THE M A T R I X  BECOMES ILL—CONDITIONED.
C FREE~~F DUTU X , A N D  REMOV E THE DSP E QN.  SOLVE THE R E D U C E D  SET .

t P ( A R S (UT) .GT. O . 0 2 5 ) G O  TO 200
A (1 , 3 ) A  ( 1 ,4)
1 4 ( 2,1) =14 (3,1)
A (2,2) a-A (3,2)
A (2,14) A(1,Ll)
A ( 3 ,1) A ( 4 ,1)
A (3, 2) a-A (4,2)
A (3 , 3) = 14 (4 ,4)
R(2) 8(1)
B (3) a -H (4)
CALT. F A C T O P ( A ,W , IP IV OT , T) ,3, IFLA G)
C A L L  SU B S T ( W ,B ,R A T E S ,IPIVO’, 3)
RATES (II) a-RATES (1)
RATES (3)a-DUTDX
RET URN

C
C

~~~~ C A L L  ?ACP OR (A ,W ,IPIVO T ,D,4,IFLAG)
C ALL SU R S T ( W ,B ,R A T E S , IPIVOT , II)
R E T U R N
EN !)
SUBROUTINE 01FF20

C’ CALCULATION OF DIF’USERS w r rR  2-0 dOPE.
C NSl’ 0 IS STANDARD DI?FTJSFP,NS!=1 IS NONSTANDARD. SW (J) ,J i ,$R CP 1
C IS L OW E R  W A L T .  VA T. TI?S FOR SW .  S W U ( J ) , . 1z 1, l( M NLC IS U P P E R  WALL V A L U E S
C POP SW!!. SWT (J) CONTAINS VALUES FOR LOWER WALL , AND Ja-1,R R C P 1  OR
C’ 1,NMNL C ,WHI CHFVFR IS LARGER.
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P E A L S R  14 (86 ,87)
C O M P L EX C( 9 1 )
R E A l .  X~ - ( 12 f l )  , Y f l ( 120)  ,SW T !N P ( S 0 )  , LNV (90)
C O M M O N / B T . I V / H S ,DEL STS , HU ,D ELSTU
COMMON/D!i~2/DEL T ,UB ,UT,UI ,VT ,VB ,tJDU I,TAUM ,H,T H E T A ,t ELST,CF D2 ,

~ V I SC O S ,N R L
COMMO’4/?FCVAL/XC(90),YCI9O),AI.(90),L N V
~
•CMMf)M/GEOMi/XD,Wi ,TH ,WI D TH ,X i ,R1 ,SINTH ,COSTH ,TVOTHR ,TWOTH1 ,

X S I N T H 1 ,COSTH1 ,AS,WH ,X C1 ,X2 ,X M A X ,XD E
COMMON/GFOM2/N .N R ,NL , NU ,N M 1 ,N LC , NRC
COM”ON/INITAL/DF.LSTl, H1,f lh1 ,TPR1
COMMON/NSi’D/1t1 ,102,1fl3 ,N ST,SW T (9 0 )
COMMON / OD !1S/ JS I ’ RT S ,J E N D S .N D I N ,SW ( 9 0 )  ,WI (90) ,D W I (90) ,DDW I (90) ,

~rT S (9O)
COMM ON/ O DE1U/JS TRT U ,3ENDU , ST i U ( 96 ) , WI U (90)
rOp !PhoN/O fl~~25fJTI3L s,S’!BL5(90),DSTARS (9O) ,UI1DS (90),DELTS (9O), :1
~TTI2DS ( B R )
COPIMON/ODE2U/JTT3LU ,STBLU (90),DSTARU (90),UI1DU (90) ,OElTU(9O),
~T1r2DU 

(Go )
rCMMON/T,IWF.AR /W DIF(’~0) ,DU?D (90) ,DD U 2D (90) ,V M D ,D U E D X ,U EF F .D U E D X
COMMON/T’FSL 1/C,A ,XO ,Y O
COMM0H/PPTNT/TPR ,NOPMPR ,CPEROR , IT N AX
COMMON/S I AD/IT, !R,CP?R R ,OMEGA
COMMON /SPLVN/X X,WT ,D141T,DDWT , IS?TUP,~~NID
COMMON/TEMP 1/IC?, I W A L L V
COMMON/TFMP2/I EXIT,V !L ( 9 0 )
COMMON/V ALVAL/XW (90) , YW(90) ,ALW (9O)
NLCP1 =NLC +1
‘I RCP 1 ’4P C+ 1
N MWLC =N— NLC

C S I M U L T A N E O U S  IT ER AT ION ON THE EN T I R E  C H A N W E L .
X X O . I
I? (C PE POP • LE.  0) CP ?R OR= .02
T F ( I T M A X .  LE . O ) I T M A ! 1
T T 0

C’ S T O R E  W I D T H OF E N T I R E D I F F U S E R  IN WOl F .
0’) 5 J=1 ,N RC P1

S WT)I?(.1) WT(J)
C
C C A L C U L A T E P O T E N T I A L  FLOW IN DIFFUSER WIT H B A R E  WALLS.

00 10 J= 1 , N
YC(J) a-lW (3)
YC (J) =1W (3)

10 AL(3) =AL W (3)
C A L L  PP SL
00 50 J = N L C ,N M 1
DSTARU (.1) =DELSTU+O .00l4*SVU (N— .J)
11120!! (.1) U 11 t E IP  ( T . N V ( J ) )
L I T 1 O T I  (J) U !2 D U ( J )
, J T U ( N — 3 )  ‘U I 2D I J (3)

SO DEL’ rU (J) =fl .O
C S I M U L T A N E O U S  I T E R A T I O N  OH E N T I R E  C H A N N E L .

~1 WALL V= ’~
N RT 2
CALL TBLSTL (fl)
CALL CONVRT (O)
W R I T E  (~~,12 12 )
V R T T ? ( 6 , 1313)
W R I T E  (~~, I111) (k ,SR (N ) ,Wt (N)  ,Ka-1 ,NR CP 1)

C SET UP TH E BOU N D A R I E S OF THE EEC A N D  SOLVE 2 — U  POTENtIA L PLOy.-
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C*********SS*MAIN LOOP HEGINS H!R!*** *****

100 IT*IT+1

‘ 
CALL EPGE OM
CALL PFSL

C THE VECTORS 10 TO ALONG WHICH TIE UI2DS AND 012Dt1 ARE
C TO B! FOUND ARE SET UP BELOW.

DO 150 J 1 ,N
VMA G EXP(LNV (J))

150 XO(J) VMAG*TJI1
D O 25 0 J 1 ,NR C

250 UI2DS fJ)=X O (J)
00 260 J NLC,NI1

260 U T2DU (3) XO (3)
UI2DS (N)a-X0 (N)
W RITE(6,2222)
WR I TE (6,2223)

C COMPARE THE 1—D AND 2—0 VELOCITIES AND CP’S ALONG THE Y DELSTAB LINE.
CPERR=O.O
?R=0. 0
DO 280 J=1 ,NRC
ERR UI1DS (J)—UI2DS (J)
CP1D=1.O— (UI1DS (J)/UI1)**2
CP2D=1 .0— (UT2DS(J)/Ul1)**2
DCP C PlO-C P213
CP?RR A N A l  1(CPER R , ABS (DCP) )
W R I T E  (6 ,3 33) J,UI1DS (J) ,UI2DS(J) ,E R R ,CP 1D,CP2D ,DCP

• 280 ?R A M A X 1 F E R , AB S (ERR) )
DO 2 135 J NLC , N Il
E R R = U I 1 T I U ( J ) — U I 2 D U (J)
C P 1 D = 1 . O— (UI 1DU (J )/U I 1) S*2
CP2D 1.’)— (U120U (J) IUI1)**2
D CP = CP 1D—CP2 D
C P E R R A N A X 1  (CPFRR , ABS (DC P ) )
WRITE (6,3333)  3,(JI1DU (J),UI2DU (3) ,ERR ,CP1D,CP2D , DCP

285 ER=AMAX1(E R ,AB S ( ER R) )
E R P = U I I D S  (N) — U I 2 D S ( N )
CP 1T) = 1. O— (UT1DS fN ) / UI 1) ** 2
CP 2D= 1. 0— (UI2DS ( N ) / U I i )  5*2
!)CP CP1D—CP2D
CP?RP=A 9AXi(CPER R,ARS(DCP))
WRIT E (6,3333) N ,UI1DS (N),III2DS (N) ,ER R ,CP 1D .CP2D , DCP
!R=ANAX 1 (FR ,ABS(?RR))
W R I T E  (6,550) ER ,CPERR

C
C

TF(CPERR.L?.CPEROR) RETUR N
W H I P? (6 ,1414)1?
IP (IT.LE.ITMAX ) GO TO 290
WRITE (6,94 0 ) T T
R E T U R N

C
C STORE UI2DU IN WIU AF T E R FLIPPING INDICES.

2Q’~ DO 100 J 1 ,N M N L C
300 WXU (J)=UI2DU (II—J )

UT =111 1
I U R= I PR 1
N H L i
X !a-O. 0
IP(M 0D(T’r,2h EQ.0)GO TO ‘*50

C
C LOWER W A I L  B.L. CALCULATION .
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WRIT? (6,970)
W R I T ?  (6, 975)
DO 120 J=2 ,NR CP 1

3 0  WI (J)=WDIF(J)—DSTARU (N—J)
WI (1) =WDI? (1) —DSTARU (III)
WRIT1!(6,5555) (J,SW(J),VI (J).WIU (J),J=1,NB CP 1)
O F tSP = 0? L S TS
R=HS

C C A L C U L A T E Pt W I T H  P R E S C R I B E D  P R E S S U R E  G R A D I E N T . ! ?  R E T U R N E D
C V A L U E  OF IEX IT O , T H E N  BL H A S  R E A C H E D  POINT OF I N T E R N I T T ENT
C S E P A P A T I O N f F I > = H S ? P ) , A N D  THE REST HAS TO BE C A L C U L A T E D  WITH
C STREAM’UR? I1’?R.

DO) ‘42~ J= 1 ,N RC
4 4 2 0  V EL (J + 1 )=U 1 2 0 5 (J)

V E t  (1) = T I I 2 D S ( N )
I Ti A LL V =0
C A L L  TB LP S
T ? ( I ? X I T .t F F . 0) G O  TO 430
W RY!? (6 , 965 )
CAL!. PPLSIL (0)

430 CALL CON V P? (0)
GO TO 100

C
C TI PPER W A L L  • 115? BL C A L C U L A T I O N  W I T H  SPECIFIED
C P R E S S U R E  G R A D I ? N T ( F R O M  U I 2 D U  O B T A I N E D  IN LAST IT EP A II ON ) .

‘430 TWALLV=1
U RITE (6, 9 60)
WRITE (6,975)

• D?LST=DELSTU

H a -H IT
3 FNDU=NNNLC
C A L L  TPL.PS

• CALL CONV RT(1)
GO TO 100

040 ?ORM AT (’ *~~~~UNABL? TO CONVERGE IN’,12 ,’ ITERATIONS’//)
‘~5” ~~ORM14T(’0LARGEST ABSOLUTE ERRORS, V ELOCITY~~’,1P!12.5 ,’(?T/SEC)’,

!5X , ’C P E R R = ’  ,1P !12.5//)
961) V09M14’!’(’ ~**5**IJPpER W A LL VALTJES******I//)

hi’— 565 ? O R M A T ( ’  CONT I N U E  B .L .  CALCULATION WITH LINEAR V.P. METHOD’)
071’ ‘ORMAT (’ ******LOWFR WALL VALU ES******’//)
975 F O R M A T ( ’  BOUN D A R Y  L A Y E R  C A L C U L A T I O N — P R E S C R I B E D  P R E S S U R E  G R A D I E N T ’)

1111 ? O R M A T ( ’  ‘,I5 , 1P2?15.5)
121’) FORPIAT (’lDIP?USER WIDTH FOR THE FIRST I T E R A T I O N ’)
1311 ~ORM AT (’—’,T44,’K’,T1O,’SW (r)’,?25,’WI (K)’/)
1414 PORNAT(’l******TTERAT ION NUMBER ‘,14,’ ******I/ /)

2’22 F0PMPLT(~ 1VEIOCVP Y COMPABISON ’//)
2221 ?ORMAT(’ONODER’ ,T 12 ,’1—D V !L’,T27,’2—D VEL’,?42,’(ID—2D VEL)’,

~T57,’CP l— D’ ,’r72,’CP 2—I l ’,T87,’(1D—2D CP)’/)
1311 PORMAT (’ ‘,I5,1P6E15.5)
5565 FOPMAT (I6,1P3F15.5)

F NI)
SUBROUTIN E WSTAND

C R E A D S  IN AND PROCESSES GEOMETRY FOE A NOR—ST AN VA IN DUCT.
C ALSO SUPPLIES AN ESTIMATE FOR DUC T WID TH TO BE U S E D  FOR
C S IM U L I ’ A N F O U S  ITER AT ION IN THE F IRST LOOP.

C DM 10 W/BLI V/ ifS ,DE LST S , HIT , DEL STU
C0IMON/ D!R1/ DC~~ DI , DUBD X ,DTPtDI ,DU I D I
CONPION/TIEP2/DELT,TT8,U’r,UI ,vT ,vB ,UDUI ,TA oM ,R,TaErk ,DILST ,CrD2,

$V ISCO S,NH L
CCTMI ON / ??CVAL/X (50) ,Y (90) ,AL (90) ,A LNV (90)
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COMPI OhI/GEO M 1/XD,V 1,?H ,UIDT H,X1 ,R1,SIN TR,COSTfI,TWOTHR,TWOTHI,
ESIWTHI,COSTH1 ,AS,WH,X C 1,12,X M A I ,XDE
COMMONIGEOII2/R ,NR, WL , NU ,NNI ,RLC,NRC
COPIM OR/WST D/ ID 1 ,1D2 ,1D3,N ST, SW’r (90)
CONNOH/ODEIS/JSTRTS,JEWDS,KDI H ,SI(90) ,VI (90) ,DWl(90),DDV1(90),

$135 (90)
COIqHONfl~D !1U/JSTRTU,J?1DU ,SWU (90) ,VIII (90)
CONNOW/INITAL/DELST 1,H1,UI 1,IPP 1
C OPIMOW/PRI WT/IPR ,I!OR PIPR , CPEROR , 1PM AX
CONMON/SPLYN/XI,WT,DWT ,DD WT , ISETUP ,KNI D
CONMOW/TE IPI/IC, I WALL !
CONNOI/WALVAL/IW(90) ,YW(90) ,AL W (90)
WRITE (6,897)

— 1397 !ORIAT(’1****NOW—STANDAR D DUCT, USER INPUTTED WALL CCORDIN&TES’//
~~‘ NODF$’,T10 ,’XW’,T25,’YW’ ,T4O ,’ALW’/)
R E AD (5,500) N,WR ,ML
R E A D (5,910) (IW(J),YW (J) ,ALV (J).J=1 ,N)

• WRITF (6,899) (3,XV(J),Y W ( J ) ,ALW(J ),J=1 ,W)
I?(IW (N).FQ.O,O.AND.YW(N).!Q.O.O)GO TO 50
W RITE (6,915) XW (W) ,YW (N)
STOP

50 P EATI (5,510) V1 ,TW OTHD ,AS
R E AD (3,511)81 ,UI,VISCOS,XC
IF(XC.EQ.0.O) XC 1.E5
R E A D  (5 ,Q20)IPR, NOR M P R ,I TN A X ,CPEROP
R ? A D ( 5 ,925) HS,D?LSIi’S,NU,D?LSTU
H H S
H 1=HS
DELST DEL STS
I)ELST 1 DEL STS
IF (HtJ.W?.1).0) GO TO 60
H U a-H 1
DEL STU~~DEL ST 1

61) CONTINUE
WRITE (6,9130)N ,NR ,N L
WRITE (6,935) V1 ,TW OTHD ,AS ,XC
W RTT ?(6,940)B1,UI,TISCOS
W RII ? (6 ,945) HS ,T)ELSTS ,RU ,DELSTU
W R ! T E ( 6 , 950)1PR .N O R M P R ,CP EROR .ITMA X

C IF THIS IS AM INVISCID CALCULATION (NOBL),RET U R N TO M A I N ,AF T FR SETTIN G
C E?CVALUES=WALLVALU?S.

IF (ID2.WE.2) GO TO 70
130 65 J=1 , N
I (J)=XW (J )
Y (J)=YW(J)

63 AL (J1=ALW (J)
RET UR N

70 THPT A* D?L ST/H
!4M1= I1—1
N RC a- N B
MLC=NRC+ 1
N RCP1 N R C + 1
MMNLC N—WLC
H 1 H
1111=111
U!LSI’ t f)PLST
I PR 1 a-V PR

C FIND ARC LENGTHS BETWEEN INPUTTED WA LL COORDINATES USING A
C STRAIGHT TIN? A P P R O X I M A T I O N .

SW(1) z0.’~
SW (2)=SQRT((XW (l)—lW(N ))**2.(YW (1)—YW (N))**2)
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90 100 3=2 ,NRC

J M I  =3 — 1
100 SW ( 3 + 1 )  SW (3) +SQRT ((XW (J)—XW (JMl)) ‘*2’ (VU (3) —YW (311)) “2)

SWII (1) =‘~~, 
1)

flO 110 J=?,NMPILC
3 M  1=3—1
N I N — i
N P a -HI 3 + 1

111) SWTI(J) =SWU (JI1)+SQRT ((XW (NNJ)—XV(NP))*’2+ (YW (NMJ)—YW (NP))”2)
SCAL P=SW (WRCP1)/SWU(NMNLC)
IP (NRCP1 .r,T.NNNLC)GO TO 300

C GREATER NO 0? SEGS ON UPPER WALL (WRCP1.LE.NMNLC). SO WILL
C MA P TJPP?R WALL COORDINATES ONTO THE LOWER ONE.

130 ?1’~ J=1 ,N M N L C
210 SWT(J) SWU(J) ‘SCAL E

WI (1) W1

DO 250 J=2 ,N M N L C
1M1 ,1 — 1
N M J = N — 3
T?(SWT (J).GT .SW12) )GO TO 230

C SW” (J) I ?  B E T W E E N  NODES N AND 1 .
RATTO=SWT(J)/SW (2)
X” PATIO*XW(l)
YT=RA”TO*YW(l)

GO TO 760
C SWI’(J) LIES BETWEEN NODE 1 A N D  N R C .

22~ K = K + 1
‘)1O ‘?(SWT(J) .GT.SW(K))GO TO 220

KP1a-N+ 1
N I la -Il — 1
‘(12=11—2

R A T I O =  (SWT (3) —SW (KM 1))/(SVQT)—SW (NIl))
XT=XW (NM?) +PATIO*(XW(KM1) —XW (K12))
Y T=YW (NM 2) + R A T I O ’ ( Y W ( K M l ) — Y v  ( 11112))

750 VT (3) SQRT ((1W (Nh ) —IT) ‘~~2. (YW (NMJ) —VT) *52)
V~ IT? 

(
~, 955)W RIT! (6 ,800) (J ,SWU (3) ,SWT (J) ,WI (J) ,J=1 ,NMW LC)

GO TO 1RR

C
C GP?ATFR MO OF SEGS ON LOWER WALL (NRCP1.GT.NMWLC) . MAP LOWER
C W ALL ONTO UPPER ONE.

1” Or) 110 •T=1 ,NPCP1
110 SUT ( . T ) = SW ( 3 ) I S C A T . E

VT (1) W1
N a - ,
DO 3S~ J=2 ,NRCP1
GO TI) 310

1?~~ N’N+ l
110 T~~( S U T ( J )  . GT . S W U (K) ) GO TO 320

1111=11—1

R A T T O = ( S W ? ( . 7 ) — S W U ( E N 1 ) ) / ( S W U (K) — S W I J ( N f l 1 ) )

3M 1=3—1
NI NMK ’l

XT=IW ( NI )  ‘RAT IO’ (1W ($111) —1W (NM))
YT YW (NI) +RAT IO* (YV(NMK) —~~~( N M ) )

• ISO VIVJ)=SQRT ((IW(JN1)—XP)**2.(YW(JN1)—YT)**2)
130 160 J=1 ,NRCP I

16fl SW! (3) 3W (J)
WR t’P?(6,960)
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WR IT? (6 ,8OI))(3,SW (J),SWT (i) ,Wt (J),J=1 ,N~~~P 1)
100 CONTINUE

3 ST RI’S t
JSTRTU=1
3 FM OS a-N P CP 1
JEMOUa-NMNLC

800 !ORM AT ( ‘,15, 1P3F15.5)
895 FOR MAT (’ ‘,I5 ,1P3E15.5)
91)0 FOPUAT (3110)
910 FO R M A T ( 3 ? 1 0 . O )
511 ?ORMAT (4E10.O)

915 F O R M A T  ( ‘D ***I ) R I GIN  I M P R O P E R L Y  L0CATED ,X W ( W ) = ’ , 1P F 1 2 .~~, ’Y W ( N ) ’,
$1PE12.5///)

52’~ FORMAT (II1O ,?l0.O)

925 ? O R M A T ( 4 E 1 0 . 6)
930 !ORMA’r (’lSEGMEN” COUNT, TOTAL= ’,I2 , ’ LOWER WALL= ‘.12,

UPPER WALL = ‘,12//)
933 FORMAT(’OINL?T WIDTH= ‘,lPPl2.5,’(PT), TWOTHETA= ‘,1PEI2.5,

W’ (DEG) , ASPECT RATIO= ‘,lPF12.~~,’ XC ’ ,1PE12.5//)
Q UO FORMAT (’OINLET RLOCKAGE= ‘,1 P F 12 • 5,’, INLET C O N E  V E L O C I T Y =  ‘,

$1P!12.5 , ’ (?T/S?c) , K I N E M A T I C VI S C O S I T Y = ’ , 1P E 1 2 . 5 , ’ (FT 2/SEC ) ’//)
945 FORMAT (’OINLET BL VALUES :LOWEP WA LL— H ’,F5.2,’, DELSTS ’,

‘~~~2.5,’ (F”)’/T17 ,’tJpPER WALL— H ’,F5.2,’, DELSTU= ‘,
$r12.5,’(FT)’//)

951) ?ORMAT (’OB.L.PRINT TNTERVA I= ’,I2 ,’, PRINT TYP !(NORMPR)= ’,14,
$‘ , MAX CP ERRO )R=’ ,?7 .5,’, MAX U ITERATIONS=’,12//)

955 F O R M A T ( ’ — B O U N D AP T W I D T H  FOR THE FI RST I T ’ E R A T I O W — — ’ / /
$‘ *‘,T l O , ‘SWU (J) ‘,T25 ,’SWT (J) ‘,T140,’WI (J) ‘/)

Q60 ?ORIAT(’-BOUNDA PY WIDTH FOR THE FIRST ITERAT ION—— ’//
~~‘ *‘,T1O ,’SW (J)’,T25 ,’SWT (J) $ ,Tt*0,’WI (J)’/)

R E T U R N
END

• SUBROUTIN E THLPS
C CALCULATE TURRITLENT ROUNDARY LAYF R PARAMETERS WITH S P E C I F I E D
C PRESSURE GRA DIFNT.

EXTE R N A L  D E R P S
R E A L  N A P ,VALSM1(1 ),R A T E M 1 ( 3 )
R E A L  X P ( l )  , Y P ( 3 )  , ZP ( 3)
INTEGER KITO ,JST A RT .J E N D ,JTBL ,IRUN GE ,I EXI T
C O M M O N / A D A M 1/X ,V A L S ( 4 ) , R A T E S ( 4 ) ,R A T E (4 , R)
CI)MMON/RLIV/HS,T)ELSPS , HI1 ,DEL STU
C OPTM O PI ,’D?P1/DDELDX ,D II BD X ,DUTD X , D I T I D X 1
COM M O N /DER 2/DELT , UT) , UT ,U11 , VT , VP , UD UI ,T A U M ,I~,TH ETA , DFLST , CFD2 ,

~VISCOS,W R L
COMION/T.A C,/X0,T A U M L ,TA TIM EQ
C O M M ON / OO F 1 S/ J S T R T S ,JI!NO S , N D T M ,SW ( 5 0 )  , VI (90) ,1VI (90) ,00VI(90),

COMMON/OT)F1TT/JSTRTU ,JENDU ,SWU (90),VTU (90)
CONMON/ODE?S/3T0LS ,STBLS (90) ,DSTARS (50),UI1DS (90),DELTS(90),

$11 !,DS (°~)CO I IO N/ 0 0 E2U/ J T BL U ,STBI U (90) ,D S T A R U ( 9 0 )  ,U I 1 f l U ( 9 0 )  ,DFLTU (90)
$111200 (50 )
COMMON/PR INT/YPR , NORM PR , UERR , ITM A X
C OMMON/SPI.YN/XX ,U T ,D U TOX ,013TI,ISFT U U, K I l O
C01’TMON/TFMPl/XCN X ,I W A L L V
Cr)MMON/’r!~~P2/IP1IT,VEL(9O)
‘OUTV AT FNC~ (RATEM 1 (1) ,D D E L U X )  , (YALSI 1(1) ,D!T.T)

C INPOSFO PR~ SS!JP? GRA D IS ORTATNP .D VIA CALL TO SPLIW!.
C THE EOIJTVM .?4CTNG IMPT.ICTTLY SETS DE LT,UB ,LJT EQUAL TO YALS .
C SET T I P  TI4 ~ E X T ~~” N A L L Y  I M P O S E D  P R E S S U R E  F I E L D

TP (TW M.T.V . EQ. 1) ~,) TO) 20
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IF  ( X X .  Ti’ . 0.0) 11=5W (1)
Ia-lI
Y I AX a -S W (3 ElI DS
1S?”1P=~
1111fla-JSI’RTS+l
CALL SPLIN? (SW ,VEL ,DVI,DDV I,DS,JST RTS,JE NDS,$DIM ,4)
G0 1’O 10

2~ ‘F ( X X . T T . O . O ) X X = S V t J f l )
la- l I
I M A X a - S W U  (3 !ND U)
T SFTIIP=0
! N T D = J SF R T U + l
(‘ALL SPLINE(SWU ,VTU ,UVI,DD VT ,DS,JSPRT U,J!NDU,W D I M ,4)

— C
— C INITIALIZE COUNTERS , COMPUTE START VALUES OP UT,UB ,VELT.

10 ~1TBL =0
N L O OP= f l
UIR!F TTI
CALL START
C ALL T A T T M A X ( T A U M )
yn= X
H0=H
!AUML TAUM!Q
‘ATIM=I’ATTMEQ
U RTTE(6,900)
IRTINGE 1
0 Ia- 1) Ft ST
1~~IIT 1)
oo ci) 3=1 ,3
VALS (J)=VALSM1 (3)
RA i ’!M1 (J)a-O.0

SO ‘UiT?S (J) 0.O
HSFP=1.+l./(1 .-DELST/DFL?)

C

C 5 ? G I N  M A I N  LOOP.
— C PRINT INITIAL VALUES .
— - GO TO V’S

1~)0 PILOOP=WLOOP’l
— H s F P= 1. .1 ./ (1. — DEL Sr / DE L T)

C IF I W A L L V ~~ (LOWER WALL) AND H>=O.Q*HSEP OR H<HO ,SIITC H OVER TO
C L I N E A R  V . P .  I T E R A T I O N . RETU RN TO CALLING R O U T I N E  AFTER
C S?I ’TTWG B .L .  V A L U E S  TO THAT AT THE LAS T P R I N T O U T .

1 ?( I W A LL V . !0 . 1 ) GO  TO 106
(‘Pa-i • 0— (UI/UIREF) **2
I~ (CP.t!.I).2)GO TO 107
T P ( H . L T .fl .9 * H SE P . A N D . H . G T . HO) GO fO 107
WRIT? (6,920)X

521’ ‘ORM AT (’ ‘***R>.9*HSEP OR 11(00 AT X ’ ,1P!12.S)

H a-HO
U 8 !JBO
‘T ra-UTO
DUTflX1=DUIDXO
T A U N = T A U M O
IP(IVALT.V.!Q. 1) GO TO 104
XX STBLS (JTBL)
DEL ST OS? A RS (JTBL)
DEL T a- DELTS(JT 8L)
17 V i a - U t  lDS (JTPL)
.7TRLSZJTR L
RETu RN
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104 XI STBLU (JTBL)

D!LST=DSTA RU (JTBL)
DEL?. DELTU(JTBL)
Utia-UIIDU (J?BL)
JTBLU *JTBL
lETUP N

C
C IF H > a -if SEP , AND UPPER W A L L ,  THEN SET D?LS? COW ST ?O EX IT. -

106 T F( H . L? . O .9 *H SFP) GO TO 107
WRrFE (6,530)x

930 FOPMAT (’ INTERMITTENT SEPARATION AT 1a’,1PEI2.5,
$‘F?, SE? D!LST=COWST TO EXIT’,’)

JTBLU JTBL
RETURN

C
C STORE CURRENT VALUES .

107 DO 110 3.1,3
YALSMI(J) V*LS (J)

110 RA ’!Eh1 (3) RATES (J) - -

C STORE THE LAG PARAMETERS .
10=1
P AU ML =T AU I

C PRINT CURRENT VALUES.
11=1
I?(MOD(NLOOP,IPR) .NLO)GO TO 150

105 JTBL=JTR L +1
HS?P 1. +1./(1.—DELST/DELT)
DQDX a -1 0.0 *?AflN/TJI**2
CP=i .O— (UI/UIPEF)**2
WRITE (6,910) XX ,DELS?,H,HSEP,CP,DELT,U B,UT,UI . CFC2 ,DQDX
I F (I WA L L !. !Q . 1) GO TO 120
STBLS (JT8 L) ~~
DSTIIRS (J’?BL)=D!LST
DELI ’S (JTBL) D!LT
U 1105 (3TRL) a-UI
GO TO 130

120 S’!PLU (JTBL)=XX
1) ST A R U  (JT BL) = DEL ST
DET .TU (JTRL) a-DELT
011011 (3TRL) a-UI

130 00=11
UBO UR
PTOa-UT
D U I D I O a - DU I D X
T AUIIOa-TAUN

C
IF (IEXIT.!Q.i)G0 TO 260

151) C A L L  A D A P ! S ( D X ,3,DE RP S ,IRUWG?)
IP(1.tT.IMAX)GO TO 100

C
C EXIT VAL UE COMPUTATIONS.
C OBTAIN VALUES AT Ia-XMAX BY EXTRAPOLATION .

I !XIT I
h a - I  11 AX
T?(VWALLV.FQ.I)GO TO 165
00 l~~0 3=1 ,1JJa-JT BL- 3+3
XP(J) STRTS(JJ)
YP(J) =DSTARS (i3)

160 ZP(.T) flT 1 US (JJ)
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CO T’) 170
165 rrn 168 3=1 ,3

JJ JTBL-34J

lP(~7)=STBLU(JJ)
YP(J) DS?A RU (33)

168 ZP ( J ) = UI 1DU (JJ)
170 DELSr=YINT(XP ,YP ,X M A X )

U I=UT2DU (JEII DU)
JTBLS=J”BL+i
3TBLUa-JTBL+1
GO ¶0 106

260 CONTINUE
900 FORMAT (100,’ I DSTAR H HSEP CP Dl

UT) UT UI CF/2 DQDI/UI’/)
910 FOPIAT(2F10.5,UX ,2F7.3,21,F6. 3,14F12.5,P12.6,F12.5)

RETURN
END
SUBROUTINE BLVALII

C GIV EN UT,UT ,UB,DEL T. ~ONPUTE B.L. TRICINESSES DSTAR ,D2S ?&R ,
C ANT) SOAP ! FACTO RS H AND HBAR . ALSO CP/2 C?D2.

COMNO)N/RLOLD/ETOLD ,!JMINO ,UZOLD
COMMON/fl? R1/DDEL DX, DUB DX , DU T D X ,DUI DX1

— COMNON/’T)!P2/DELT,UB.UT,U11,VT ,VB,UDUI ,TAUM ,R,TH!TA ,DSTAR,CP02,
!~V 1SCO S,N 8L
CI)MMON/LAC,/XO,TAUP!O,TA UN EQ
COMMON/SPLYN/X ,UI ,DUI,DDUI ,ISETU P,N M I D
R E A L  PI ,P I D 2
D A T A  PI ,P!D2/3.141593 ,1.57~ 79/
VTzUT/(D.41*UI)
V R a - U B / U I
DSDD!L=VT +0.S’VB
13 STA P =D SD 1) EL’ DE LT
TRDTI!L=DSDDFL—2.0*VT**2—0 .375*VB’*2—1.58949’VT*VB
THEPA=THDDEL*D!LT
H a-D S’A R/? H ETA
CPU2= (UT/UI)**2
IP (Ur.LT .0.O)CFD2 —C?D2

~ !TURN
C

C
E N T R Y  STA RT

C GIVEN H,DSTAR ,UI, FIND UT, UP. ZI=DSTAR/D!LT.
C OBTAINED BY PITTING COLES’ WALL~VA 11E PROFILE TO TM! INPUT •
C I N I T I A L I Z E  L A G  EQUAT I ON PAR A ME T ERS , AND T A U M .

b a - I
T !V P A t I M . L E . 0 . 0 ) T A U M 1O.0
TAU MO a-PA U N
RPDST UI’ OSTAR/V ISCOS

C USE FLAT PLATE VALUES FOP PTRST GUESS.
VT=O . 0168 5/RE DST**O. 1666 67
71a-O.125
VR= (ZT—V’l’)*2.0
013011 7f/(H—1 .0)
N 001= 0

.
‘ 99 M t2 = O

WLOOPa-fl
A OS!’=DSTAR’O. 41*UI/VTSCO S

100 V !O=VT
Z TOa-ZI
!IL Ofl P NL O OP+ I
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TF(10.C!.1ILOOP)GO TO 150
WRITE (6,900)H,DS?AR,UI ,UT,UB,VT
STOP

130 FV’r.VT*(2.05+ALOG (ADST*ABS (YT)/ZI))+2.0*(ZI—VT) —1 .0
FPVT 1 • 05+ALOG (ADST*ABS (VT)/Z I)
VT VT-PVT/FPV’!
tFç i).0001.Lf.ABS(1.0— VTO/VT))GO TO 100

C BEGIN LOOP FOP YB ITERATION .
170 v FO=VP

ML2 1L2+1
IP(1O.G!.NL2)GO TO 1813
WRIT ! (6,915)H ,DSTAR ,Ut ,UT,UB,ZI
S TOP

181) FVR DIfNl*(2.O*VT*VT+ .375*VB*YB+1.598949*VT*VB) VT 0.5*VB
?PVP HDHMI*(0.75*VB+1.598949*VT)—O.5
VB VB — PVR / F PV B
IF(O.0001.LT.ABS (1.O—VBO/VB) )GO TO 170
Z1=1100NI*(2.O*VT*VT +0.T75*VB’V8+1.598949’VT*VB)
IF ( O .000l.C,T.ABS (1.0—ZIIZ1O))GO TO 200
!IOTTT=NOUT+l
T?(MOTJ?.LE.1O)GO TO 99
WRITE (6 ,9 1 0 )H ,D S TAR ,UI ,UT ,UB ,ZI
STOP

21)0 U F=VTS.41*Ut
IT Ba-YB ‘UI
DELTa- DSTAR/ZT
C F D 2 a -  (UT/UI) “2
TF (U P. LE. 0.0) CFD2=—CFD2
WRIT? (6,920) UT,UB ,DELT ,DST A R , H

C 
I N I T I A L I Z E  S T A R T I N G  GUESSES POP T A U M A X .

C
?I’Otfla-O.25

C 0

90” F O R M A T (’ VT F A I L E D  TO CONV E RGE III 10 ITERS , H ,DSTAR ,UI ,UT ,U S, VT
= ‘,&E12.5)

510 ?OPMAT (’ ZI F A I L E D  TO C O N V E R G E  IN 10 I TER S ,H,DS’!AR,U I ,UT ,UB ,Z
a- ‘,6!12.5//)

-~~~ 
Q15 FOPMAT(’ YB FAILED TO CONVERGE III 10 ITFRS,H,DST AR ,U I,UT ,UB .V B ’ ,

$ 6fl2.S//)
Q2~ ?op PcA ’r( ’ START V A L U E S ,UT= ‘,F10.5,’ IJR= ‘,F1O.5,’ DPLTAa- ‘,

$F 1O.5 ,’ UELSTa- ‘,PlO.S,’ 0= ‘,F1’) .5/)
0 FT U P N

C

C
ENTRY ‘AUMAX (TAULAG)

C GIVEN UDTJ T AT WHICH TAIl IS MAI .FTND THE CORRESPONDING ETA=Y/DELT
C •M A X  DUO! , AND THE MAX SHEAR PATTI/RHO.
C (IDOl IS SFT .76 FOR ATTACHED FLOW S AND =0.6 FOP DETACHED FLOWS.

TI OUT = . 76
tF(UT .L?.O.~ ) UDUIa-O.613rJDN1 1.0—UDUT
?I’=ETOLI)
TP(T)UI.LT.O.I))GO TO 290

GO TO 120
290 NL=O
11)0 ‘I’O=Ei’

TP(?T.GT.fl .0)(0 TO 110
VRTi” (6, ~~(~0)  ri
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!T=O . 25
GO TO 320

110 NL=NL+1
T?(ML.C.1’.10)CIO TO 5130
FE1’=V’*ALOG(?T)—VB*(COS(PID2*ET))*’2+TJDM1

: FpET=vl’/rv.p102’vB’srN (pI’ET)
VT ET~ ?FT/F P?T

L • T? O.O001 .LT.ABs 1.0~~ET/ETO))GO TO 301)
T?(ET.L1’.0.25)ETO.25

ETO T .fl ?P
320 DUDY (tlT/DELT)*(VTfET+YB*PID2*SIN(PI’FT))

C — USING KUHN-NIELSEN’S EDDY VISCOSITY, W H I CH I N C L U D E S  EFFECTS
C OF TNT?RMITT !NCY PINT ) PR ESSU RE G R A D I E N T  P A R A M ETER ,
C RFT A IS THE C L A U S E R  P R E S S U R E  G R A D I E N T  P A R A M E T E R .  EPS IS EDDY
C VTSCOSt1’!, GAMMA IS INTERMITTFNCY .

SET PpS=0.Oh l THE PR!! SHEAR LIMIT EON FLOWS THAT
C ARE N?AR AND PEYOND DETACHMENT .

E2=~ .~)

~P (TTT .LP.~~.5)GO TO 341)
?2 0. 0018
RETA —DS’T’ AR*UI*DUI/(15.O’UT*UT)
tF(D’TT.C!.O.~~.OP .AT3S(BETA) .GE.17’4.0)G0 TO 340
E 2=” .OO lR*FXP(—T)ETA )

11(0 EPS O.”13+F.2
GA M M A= 1 .O)/(i .O.q .r*ET .*6)
TAUMEQ=PPS*C,A MMA’DIIOY*VJI’ DST AR

C’ INCLUDE SHPAR STRESS HISTORY BY LAGGING THE E Q U IL  STRESS
H L A I 0 .”2 S
T F (f l ’ .LP . 0 . 0 )  H L A M a - 1 3 .70
O T M D X = R L A M ’  (PAUl !Q—TATT MO)/DELT

~ ALILAG=TAu )nO+rYrMo x* (l— Xo)
RETURN

SOrT WRIT” (6,9S1))NL,!T,UT,UI,UB
STOP

950 P’)RMAT (IOO ,’ E~’A FAI LED TO CONVERGE IN’,I’4,’IT!PA?IOWS,ET ,UT ,UI,UB
$= ‘,UFlS .S)

Q~ ’) PORMAT (’ FT S E T O.25, OLD VALUE WAS ‘,FlO.S)
END
SUBROUTIN E PST?ST

C D R I V E R  ROUTINE TO TEST ‘URRULFNT BOUNDARY LAYER CALCULATION
C W T ~ 9 SPECIFIED PRESSURE GRADIENT.
r’ SUBROUTINES REQUIRED: ADA MS ,BLVAL U,DERP S ,FACTOR,PS TF ST,RKSII,
C ST’LTN?,SUBST ,TRIDIA G.
C “POTITIN! TO TEST NEW BOUNDARY LAY ER PREDICTION METHOD
C (JST’4C ¶AUMAX—ENT RA IPINEN T CORRELATION .
C
C

C O M M O N / B L I V / H S ,DELST S ,HU ,D!LSTTT
• COMNOW/T)FR 1/UCFLDX ,00BDX ,D UT D X ,D 1)1011

COMMON/DER2/DELT, UB,VJT ,U Ii ,VT ,VB ,UDUI,P AUN , H, I’ll ETA , D EL S?,CFD 2,
$V TS C O S,N R L
COMNON/ODEIS/JSTRTS ,J!NDS ,NDIH,SW (90),VI(90),DVI( 90),DDVI(90),

• $DS (9O)
COMMO !VOD?1U/JSTRTU,J E N D U ,SVU(90) ,Y I U ( 9 0 )
C O U M O N ,1013F211/JTBLU,STBLU (90) ,D STAR U (90) ,U I 1 D U ( 9 0 ) , DELT U( 90) ,

• $1112011 (91))
COMI’)N/PPTNT/IPR, N’)RNPR,CPEROR ,ITNPIX
C’)MM ()W/SPLYW/XX,UI ,DU !,DDU T , TSETUP,K PI I D
COMMONPr?1P1/XC,IW AL L V
MDII a-

C EMT’P THE IMPOSED VELOCITY DISTRIBUTION
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•1

1=0.0
C — HEAD IN THE B.L.D?ITA. END LAST CASE WITH 2 BLANK CARDS.

: C - DEL S? A N D  THETA A R E  IN FT.
C TAUPI IS TN! STARTING VALU E OF THE MAX SHEAR STRESS.

RFAD (3,9’T2)NPTS
TP (NPTS.L!.O)GO TO 800
READ (5,91)4) XX ,DELST,H,VISCOS
READ (5,905) IP R ,XC
IF (XC .FQ.O.O) XC=1.E5
IP ( T P R . T . P i . O) I P R a - 2
WRITE (6,906)XI,D?LSP,H,VI SCOS ,XC,IPR
RPAU (5,91O) (SWU(I) ,VIU (I) ,I=1 ,NPTS)
WRIT ! (6,913)

W RI T ?( 6 ,92O) ( S VU ( I ) , YI U ( I ) , I=1 ,HP?S)
THETA PELST/1f
JSTRTU 1
3?NDIJ NPTS
D !LSTU DEL ST
H 11= H
I WALL Va -i
U 12011 (JENDU) a-VITT (3 EN flU)
CALL ?PLPS
WRI T E (6,9 10)

Q~ 1) C ONTINUE
907 FORMAT (!10)
gnu !OPMAT(TFlfl.5)
9Øc FORMAT (I1O ,!10.S)
906 ?ORMAT (1ffn ,~ l,D?LST,H,YISCOS,XC,IPR= ‘,IPSEI2.4,V 5///)
Slfl FORM AT (SF10.0)
915 ?ORMAT(1H0 ,I I UI’/)
920 WORM AT (100,2!20. 5)
530 FORMAT (1HO ,’”*IN MAtH ROUTINE”)

RETURN
END
SU B ROUTIN E INV CID
C A L L  PFSL
CALL (JUTINT (I POINT)
R E T U R N

— I END
S UBR OUTI N E OUT T N T(IPO IN T)

C COMPUTE FUNCTION V A L U E S A N D  D E R I V ATIVES AT I N T E R I O R  POINTS.
REAL’S A (86,87)
PEAL Ifl(121)),T 0 ( 1 2 0 ) , LNV (00),Tb0 (120),TYO(120)
COIDLEX ?PZ(90),ETA (120),C(91),?PZO(120),FPPZO(120),20(120)
COM P L E X  Z O,ZE RO ,ITWOPI ,C MPLI ,CEX P ,CON.JG,FPZ O,PGR A D ,PGRADS
CONPL EX ’16 C A I N A I ( 1 2 0 ) , G A M M A 2 ( 1 2 0 )
CONPLPX’16 ETAJ ,?TAJ P ,!T A J M ,FP P,L E R P ,CDLOG ,PD Z O,PflDZO
CONI’)N/??CVAL/XC(Qfl) ,YC(9O),AL (90) ,LNV
COIMON/CEOM 1/XD,XL ,TH , WIDTH , X 1 ,P1 , SIN TO ,COSTH ,TW OTH R ,TW OTHI ,

ESINTH1 ,COSTHI ,~ 5 ,WH ,XC!,X2 ,X M A X ,X DE
COMMON/GE012/l1,T P ,T4L ,Nfl,NM 1 ,NLC • NRC
CONMON/TNITAL /DELST 1, H1 ,V I N , IP R I
CONMON/P?SL1/C,A ,Xñ ,Y0
COMION/PPTN1’/IPR,N OR M P R ,UERP • ITMAX
C’)MMON /WALVAL/XW(Q0),YW (9fl) ,A LW ( 90 )
ZERO (O.0.0.0)
ITWflPI (~ .

0,6 .2S 118c)
P~~AD (~~,901) LINES

C’ LINV’S= lT. YNFS ALONG WHICH ANALYT IC ?UNCTTON AND DERTYS A RE CALCULATEL.
!‘ (LINES . EQ.”) RETURN

TP(L T N” S . tT • ” )CO TI) 7 1S
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I P OTNT= 0
130 7114 La-1,T,INFS

C E N T E R  1 C A R D  FOR EACH L I N E  ALONG W H I C H  THE I N T E R I O R  POINTS
C AR ? ¶0 0? CALCULATED.  (I1 ,Y 1 ) , (X 2 ,Y2) , A R E  START A N t  E N D
C POINTS 0? LINE, AND NSEGS IS NO. OP SEGMENTS ALONG LINE.

P EAD (5, 95 1) 11 , Yl , 12 , Y2 , ((S EGS
TD(NSEGS.GT.0)GO TO 712
IPOINT=IPO!NT+ 1
XO(IPOINT)=X1
TO (IPOTtIT) =Yi
GO TO 71(4

712 !IDOTNT NS!GS+1
f l X a - ( X  2—Il) /NS EGS
flY (Y2—Y1)/NS!GS
Of) 71 3 1 1 ,NPO INT
311=3—1
I POINT a-I POINT + 1
XI) (TPOINT) a-Il +01*311

711 YO (TPOINT )=Y1+DYtJM1
714 C ON’INUE

~ ic NPI = P4+1
VSCAL! = YIN
DO 7 17  3 1 ,N

717 ?PZ(3) = CEXP (CMPL X (LNV(J),—AL (Jfl )
WRI T ? (6 , 9313) IPOI NT
00 760 Na- 1,TPOI’lT

a- C M P L X ( X C (K) , Y0 (I () ) /X L
= ZO

C (N P 1 ) C ( 1)
DO 720 Ja-1,(1P1

72” E T A ( 3)  a- C (3) —ZO
1)0 710 T a - 1 , N
ETAJ = ?TA (J)
!TA3 P = ETA (JG1)
?RP = F’AJP/ETAJ
LE RP a- CDLOG (ERR)
G A M M A I ( 3 )  = LERP/(ETA.~P— ETAJ)
G A M M A 2 ( 3 )  = 1 . 0 /( E T AJ ’E TA JP~

— ~~1’~ C O N T I N U E
POZO = Z E R O
FUDEO = ZERO
1)0 71(0 3=1 , 0
.TP1 = 3+1
311 a- 3—1
I?(JM1.EQ .0) 311 = II
‘I’AJ = E?A (J)
ETAJ P a- ?T A (JP 1)
!?AJM = E TA (311)
FOZO a- ?DZO+FPZ(J)*(!TAJP*GANNI1 (J)—ETAJM’GAITMAl(JHl ))

7IV~ P D f l Z O  = ? f l D Z O + F P Z ( J ) * ( G A N M A I ( J N 1 ) — G A N I I A 1 ( J ) + E T A J P ’ G A N I I A 2 ( J ) —
S E T A J M * G A M M A 2 ( 3 M 1 ) )
‘PZO (I() Pt)ZO/ITWOPI

760 ?PPZ 0 (K) a- PDDZO/ITWOPT
850 I?(NORNPR) 860,860,870

C NORMALIZED NEUMANN PRINTOUT.
,‘ 860 WRITE (6,95’)

W RI1’!(6, 960)
0’) 863 K=1 ,IPCINT
!PZ O = ?PZO(K)
VIAC = CABS (Fp !0)
U T  REAL (FPZO)

U67

-~ - - -~ -~~-- --  -- -—~~~~~~~~~~-—  -•~ “- - - - - --A



VI  a- — A I M * G (F PZO)
A L P H A  a- ATA N2 (VI ,U I )

C STORE VELOCITY COMPON ENTS LOCALLY PA RALLEL TO THE WALLS
C I N ‘I’XO AND TYO A P R A Y S .

A M A A L W ( K ) — A L P H A
PlO (K) a-TN AG’ COS (AM A)
TYO (K) =VMAG*STN (AMA)

865 W RIT E (6 , 955) K ,ZO (K) , U I , tI , V M A G , A L P H A ,K
IF ( N O R M P R )  880 ,870 ,870

C D I M E N S I O N A L  NEUM ANN PR INTOUT.
870 WRITE (6,95~1).W R T T E ( 6 ,961)

00 R7~ K=1 ,IP OTNT
FPZO FPZO (K)*VSCAL E
YN A G  a- C A B S ( F PZO)
111 = R EAL (FPZO)
VI = —AIM AG (FPZO)
ALPH A ATAW 2 (VI ,UI)

975 W R ITE (6,956) K ,X0 (K),YO (K),111,VI ,YMAG ,ALP H A ,K
C PRESSURE AN C PRESSURE GRADIENT CALCULATIONS.

980 !F(NORMPR) 882,882 ,895
C NORM ALIZEC PRESSURE DATA .
982 WRIT E (6,952)

W RITE (6, 970)
DO 88(4 K l ,I P C I NT
EPZ O = ?PZO (K)
VIAG = C A R S ( F P Z O )
V N A G S Q  a- V M A G ’ V M A G

C CR a- (P—PTN)/QI N a- 1 -( V/ V IN ) **2
CP a- t . O— VMA GSQ
PGRAD = —FPZO*CONJG (FPPZO (K))
P O R A D S  = PGP A D *?P Z O/ VMPI G
CURVE = —AI NA G (PGRAOS) /V IIAGSQ

884 (IRIT!(6,965) E,ZO (K),PGP A D ,PCRADS ,CURVE ,CP,K
T F ( N O R M P R )  1000 ,885 , 885

C DIMENSIONAL PRESSURE DATA.
985 WRTTE (6,054)

W R I T E ( 6 , 975)
VINSO = VIN*VIN
Y SCIL = V SCAt F/IL
DO 840 K=1 ,IPOTNT
!PZO = ?PZO ( K ) *V S C A L E
VIAG = CABS (FPZO)
V M A G S Q  = VMA G ’VMAG
POlE? = (VINSQ—VMAGSQ )/2
P O R A D  — F P Z O *C ON 3 G (F P P Z O ( II) ) ‘VSCXL
P O R A D S  = P G R A D ’F P Z O/ V M A G
CURVE = — A I M A G ( P G R A D S ) / V M A G S Q

890 WRITE (6,966) K ,X0 (K) ,Yt’(K) ,P G R A D ,PG RADS ,C U R V E ,P D I F V ,K
C RETU RN THE Y !LOCTTY COMPONENTS LOCALLY PARALLEL TO THE WALL
C IN X() A N D  TO.
l0O~ DO 900 3=1 ,0

10(3) a-TIC (3) ‘YSCAL!
9~!O VI) (37 a-PlO (3) *VSC A LE

R ETURN
501 F O R M A T  (110)
qcn ? O R M A T ( 1 1 1” / 1 H O ,2 4 X ,’ V A L U E OF A NALYTIC FUNCTION A N D ITS D E R I V A T I V E S

S AT ’ , 14, ’ RrT I J N D A R Y  A N D / O R  I N T E R I O R  POINTS. ’)
951 FORMA T (t4r lfl .O ,T1O)
45? ?‘)PlAT(1H~~,67X ,’N0RMAL IZED V ALUES’)
954 PORM AT (1H0 ,671,’DTMPMST ONAT. VALUES’)
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9~~S ?OR”ATfI H ,T1X,I($,6E1(ê.f~,T3)
956 EOPMAT (1fl ,2 7 X ,t4  ,1P6F14.5,13)
96’) FOPM A T (I H O ,1OX ,’#’ ,PX ,’bO ’,12X ,’YC’,12X ,’U’.1IX ,’V’,i2X ,

S’YEL—MAG ’,RX ,’ALPHA ’ ,IX ,’*’)

~61 FORMAT(llf O,30X ,’t’,7X , ‘XO ’,12X ,’YO ’ ,121,’U’ ,131,’V’, 121,
VEL—M AG ‘ ,IX , ‘ ALPHA’ , Sb,’ I’)

9f5 a-OPM AT(1H ,13X ,It4 ,8P114.6,I1)
966 FORMAT (1H ,131,Ii4 ,1PR!14.5,13)
Qln EORMA T (1HO ,16X ,’~~’,8X ,’X0 ’,12X ,’Y0’,7X.’(DP/DX) /RHO ’,3X ,’(DP/DY)/R

& H O ’ , 1X , ’ (TIP/OS) / R H O ’ , IX ,’ (DP/DN ) /R H O ’ ,5X , ’CU R V A T U R !’ ,81, CP’ ,61,
1’ 

~‘)
975 FORPIA r (1HO ,l61,’*’,7X ,’XO’,12X ,’YO . SX ,’(DP/DX) /RHO ’,31,’(DI/DY)/ —

‘~RHO’,1V ,’(DP/DS)/RW)’,3I,’(DP/DN)/RHO’,5X ,’CURVATUBE’ ,3X ,
5’ (P—PIN)/RHO’,21,’#’)
END
SUBR OUTINE CONVPT(IWALL)

C INTERPOLATE AND CHANGE INDICES PROM .ITBLS OR JTBLU TO N.
C OONP BY CALLING SUBROUTINE CHANGE .

C O M NON /CO N /SVAL (95) ,Y V A L (~’0)

COM M O N/ r ,E O 12/ !4, NR , NL , NU , N M 1 , NL C , NR C
COMMON/ODE1S/JSTRTS ,J!NDS,NDI N,SW(90),WI(90),DWI(90),DDWI (90),
$DS(90) I
COMMONfODE1TT/JSTRTIJ,JEN D U,SWU (9O),WTU (90)
C O M M O P I / O D E 2 U / J T B L U ,STBLU (90) ,D ST A P U ( 9 0 )  ,U I 1D U (90) , DEL TU(9 0)
Il 12 011 (9(1)
COMMON/ODE?S/JTBLS,STBLS(90),DSTAPS(90),UI1DS (90),DELTS(90),

$1! I?DS(90)
C O M P I O N / S P L Y N / X IN T ,PIN T ,FPINT . FPP IN T ,ISETUP ,K M I D
CfTMMON/TPNP1/XCN X ,IW ALLV
T~~(TWALL. !Q. 1) GO TO 600
lF (3TBLS .GT.90)GO TO 151)0

C
T1=DSTARS (1)
~ 2=DELTS(l)
T la-UT 11)5(1)
nO 5’)” K 1 ,3
l~~(K—2) 100, 7O C, 30(1

1’~0 DO 150 3=1 ,JTBLS
SVAL (J) STPLS(.1)

15” VVAL (J) T)STARS(J)
CALT .  C H A N G E
~0 16(1 J=1 ,PRC

160 nSTARS (3) = Y V A L  (3)
5O pr~ 5(10

C
2~~’ DO 25’) 3=1 ,J TR LS
75(1 YVAL IJ) DFLTS (J)

CALL CHANGE
no 7~~0 J=1,N R C

25” 1)!LTS(J)=YVPIL(J)
GO TO 500

V~” no ~S0 J=l ,3rPLS

~~_ O YVA L (J) =UI1TTS (3)
C A L L  C H A N G E
fl’T 360 3=l ,NRC

‘~~~~ ‘iT IOS (3) =YVAL (3)
~~~~

S~~l N ’ T W 5  VALU E S AT NODE N.
‘~~~‘I~ (N) T1
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R E T U R N
C
600 IF(JTBLU.GT.9O)GO TO 1600

DO 11300 ? C l ,1
IF (K— 2)  700 ,800 ,900

704’ 00 750 Jzl ,JT?LU
SVAL (J ) STBL U (3)

75’) Y V A L ( 3 ) - D S T A P U (3)
CALL C H A N G E
00 760 J NLC , N M l

760 D S TA R U ( 3 I  Y V A L  (3)
GO TO 100’)

801) 00 850 J 1 ,JTBLU
85” YVAL (J)=DELTU (J)

CALL C H A N G E
DO 860 3=NLC , N Il

860 DELTU (3) Y V AL (3)
GO TO 1000

900 1)0 950 3 1 ,JT RLU
951~ Y V A L ( J ) - U I 1 D U (J)

C ALL CHANGE
DO 960 J=NLC ,NM1

960 U T ID U (3) = Y V A L (J)
lOO fl CONTINUE

RETURN
r JTBLO OR JTBLS IS GT 90. PRINT ERROR MESSAGE
C AND STOP. CORRECT BY INCREASING IPR.
1500 WRIT? (6,920) JTB LS

STOP
161)0 W R I T E  ( . , 9 10) 3 TB LU

S TOP
92” FORMAT(’ —JTRLS= ’,12 ,’,VRIC H IS .GT.90, INCREASE IPR AND RERUN ’//)
91” ?ORMAT (’—JTBLTI= ’,12 ,’,WHICH IS .GT .90 , INCREASE 1PM AND RERUN’//)

END
S U B R O U T I N E  TBT .ST(IWALL )

C CA L C U L A T E  DSTAP S,U I 1 D S  FOR A TBL A N D  1—D C O R E  I N  S I M U L T A N E O U S
C ITERATION.
C TWALL= ’) IS LOWER WALL. IWALL 1 IS U P P E R .

— EXTERNAL DEPSI
D E A L  KAP ,VALSM1(4 ),RATEM 1 (l4)
REAl. XPfl) ,YP (3) ,Z P ( 3 )  ,t T p ( l )
INTEG?P KNrn ,JSTAR T ,JEN D,JT8L ,IRUNGE ,IEXIT
C OM M O N / A 13 A PI1 / X ,VALS(l4) ,RATES (l4),RATE(L4 ,8)
C O M M O P 1 / D ? R 1/ D C E L D X  ,D U R O X  ,DUTD X , DUI DX
CONMON/0?92/DELT,UR ,UT,U I ,VT,VB,U PU I ,T AUM ,H,TH?TA ,DE LS T ,CFD2 ,

~VTSCOS ,N8L
COMMON/GEOM1/ID,W 1 ,TH ,W 1DT H,X1 ,R1 ,SINTH,COSTK ,TWOTHR ,TV O TN1 ,
‘SINTMI ,COSTHI ,A5 ,WH ,XC ,12,X M A X ,XD E
COMMON ,’CP0M2/N ,NR , NL , MU , N I l , NLC , NRC
COMMON/TP TTAL/DELST1,H1 ,nh1 ,TP P1
~OP1MON/L AG/XO ,TATIMO ,T A U M E Q
COMPIOM/OD?1S/3STPTS ,JENDS ,ND IN ,SW(90) ,WI (90),DWI (90) ,DDWI (90)

$ 135 (90)
C0MMON/OD?111/JSI’RTU ,JE ND U ,SWU(90),WIU (90)
Cr)MMON/(1DP?S,’JTRLS ,STBLS (gO) ,USTARS(90) ,tJI1DS (90),DELTS (90) •

(9f~)
COMMr4 N/’)DF7tJ/.TTRLU,STBLO(90).DSTARU(90) ,UT 1 DU (90) ,TIEITU(90),

~‘1I2DU (Q~)
C O M M O N / P P I M r / I p R ,N O B M P R ,U E R R  , I T M A X
COMION / SP I . Y W / X 1 ,WT .OWI’ ,DD VT , IS?T UP , K I I f l
~ OMMON/1’FM P1/XC’~Y ,IWALLV
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POU TV *1 ?NC? (RA”EMl (1), DOELDX),(VALSM1 (1),DFLT)
I WA LL V=T U A L T.

C
C THE CHANNEl . WIDT H IS OBTAINED VIA CA LL TO SPLINE.
C ? O U I V A L E N CT N G I M P L I C I T L Y  S?T S D PI.T .U 8 ,UT ,U T  E Q U A L  TO V A L S .
C Wtl=DIF?IIS?R HEIGHT, A N D , I? NOT S P E C I F I E D  IS SET
C TO A N A VERAG E ASPa-cT RATIO 0? 8. XC IS THE lOCATION
C 0? THE FICtITIOUS SOU RCE TO CORRECT FOR 3—D EFFECTS.
C XCMX=X (~—X , T H E  DISTANCE OF THE SOU RCE FROM PRES ENT 1.
C’ SE’ UP THE CHAMNEL WIDTH AS A PUNC TION OP XX.
C

,ITRL= ’)
ISF’U P=fl
I~~ ( T W A L L . E Q . 1) G O  TO 25

C I V t X X . r,T . ’l) , TH E N  THIS  IS A CO N T IN U A T I O N  OF Ot ROU T IN E
C FOIl WHICH H)HSDP.

T ? ( Wb  CT. ‘).O)JTPLa-JTRLS-l
I a - T x
XMAX=SW (N PC +1)

~M!t1=JS’T’RT54 1
CAL!. SPLINE (SW ,WI, DWI,00WI,DS ,JSTPT S,JE NDS,ND IM ,4)
GO ‘~~ ) 3’)

?‘~ TP’(XX.G1’ .O.’It JTPL=3TBLII—l
1=11
‘!MAX= SWU(W—NLC )
CALL SPLINE (SWTT ,WIU ,DWr ,DD WI ,DS,JSTRT U,J ?N DU ,N DIM ,1()

10 CON’TNUF
C
C IN I T I A L ! ? .? C O UN T E R S  A N D  C O M P U T E  T H E  START V A L U E S  OF DELT ,UR ,UT .

START VALUE FOP III WAS READ IN AND PASSED TURD COMMON/OER2/
N LOOP =‘)
T PUNG’~~l
DX= OELST
fl~XTT=O
UTREF=!T!l
0 = U TR P ? *  ( W i — N  BL *DEL ST 1)
C PCOEF 1 .f l/ ( 1. ’) — N P L * DE L S T 1/ W 1 ) * *2
WP!T ! (6 , 94I~) U I P ? P ,Q , CPCOEF
‘~ H = A S * W 1
ICMX = l .?b

C IF T H I S  IS N E W  R U N , CALL START .
¶4T TII

I? ( X X . G T .fl .O) GO TO ItO

C A L L  S T A R T
It’) no 50 3=1 ,4

V A t S  (3) =VALSN I (3)
IP (XX.?r).0.O )PAT!M1(J) =0.0

5” P A T E S  (3) R A T ! M 1( 3 )
C IN r T I A L T Z E  L A G  P A R A M S  W I T H  E Q U I L I B R I U M  V A L U E S .

T F ( X X . G T . ’) . ’ ) ) G O  ¶0 60
C A L L  T A I T U A X ( D I I M M Y )
10=1
TAUIO=TAUM?Q
1’ AUM TAIIM ‘Q

5’) 
PRINT INITIAL VALU ES . 

BEGIN MAIN LOOP ~~~~~~~~~~~~~~~~~~~~~~~~~~~~
100 NT.OOP=I1! OOP+1
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STORE CURRENT VALUES.
DO 110 3=1 ,4
V A L S M 1 ( J ) =VAL S (3)

1 1’) RATEM1(J)=PA ’rES (.l)
11=1 

STORE THE LAG PAREMETERS.
10=1
T A U M O = T A U M
IP((UB—UI)*t5T.LE.fl .0)Gfl TO 101

C CHANC .? TO! SIGN OF UT TO REMOV E THE DOU BLP.—V ALUEDNESS OF UT.
UT=-UT

VALS (3)=UT
WT=UI
C ALL BL V AL U 

- 
-

1’)’ C ONTINUE
C P R I N T  CU R R E N T  V A L U E S .

~P (NOD(MLOOP ,IPR).NE.(1)GO TO IS’)
105 JTRL JTRL +l

H S P P = i . + 1./ ( 1 .~~DFLST ,FT) FLT)
UODX 1(1.fl*TAUM/UI**2
C P=1 • 0— (UI/DIRE?) ‘*2
WRIT? (6 ,910)XX ,OELSP,H,H SEP ,CP,DELT ,UB,UT ,III,CFD 2 ,OQCX
Tp (IWALL. EQ. 1)CO TO 110
STRLS (J’RL)=XX
TISTARS (3’ HL) =CELST
UI1DS (JTRL)=UI
DELTS (JTBL)=DELT
GO TO 111 ’)

110 STBLU (JTBL) =XX
D STARIJ (JPRL )=DELST
UI1UU (JTRL)=UI
D E L T U  ( J T R L) = D ? L T

1(40 COW”INU?
TF(T?IIP.EQ.1)GO TO 26(1

15’) C A L L  A D A ’ I S ( O X,It ,D E R S T , I R U N G ? )
I?(X.LT.XMAX )GO TO 100

C

C EX IT VAL UE CALCULATIONS .
C OB’~A I N  V A L U E S  AT b a - I M A X  RI E X T R A P O L A T I O N .

I E X I T = l
X X = h M  A X
DO 150 .1=1 ,1
.1J JT BL— 3,3
Y p ( . 7 )  = S ” RT S ( J i )
Y P ( J )  =D ARS( .T .1 )
tl P (J) =D’LTS (JJ)

150 Zp(,1) 1311flS (.13)
DELS’=YINI’(XP ,TP ,X M A X )
U t=YINT rXP ,ZP ,X M A X )
DELT=YT N (XP ,UP ,XMA Y ) 
I! LASa- TWO VALIJ~’S 0! 1 A R E  V E R Y  CLOSE T O G E T H E R , T H E N  C A N  H A V E

C P P 0 R L ~’MS W I T H  S P L I N E — F L I M I N A T E LAST BUT ONE P O I N T .
IP (h1q AX—S TRL S fJTRL~~i).T,T.’).’)05*(STBl.S (JTBL—1 ) —STBLS(JTBt— 2)))

$JTBL=JT!~L—1
•7’PLS ,l’BL 41
(1,4) TO i(’c

25’) CO N ” T N T 1 ’~’
9’) ’) Qflp ’l~~ r ( 1 M ’ ) , ’ I U S T A N  H H SE P  Cp DE

HR UT UT CF/2 DQDX/Dt’/)
qlr’ rriDM r l’).5,ux .,p7.1,2X ,?6. 3,4F12.5,?l7.6,Fl2.S)
4~I” F0R~~~’”(~~ , ‘ R~:Pr ’~’NCr OIJANTTTT?S ,VRLOCITYa-’, ’lO . S,’VOLIJ IA E FLOWRAT
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P E TUP N
END
S U B R O U T I N E  T R L S I L ( I W A L L )

C — CALCUI- A’T’E DSTARS ,U!10S FOR A TBL AND 1— 0 CORE IN SIMULTANEOUS
C IT!13AT ION, ASSUMIN G LINEAR VEt PROFILE ACROSS CHAN NEL .
4- IWALL P IS LOWER WALL. TWALL 1 IS UPPER.

E X T E R N A L  D E R S I L
‘A T. !(AP ,VALSM1 (4) ,RATEN1(4)

R E A L  X P ( 3 ) ,YD(3) ,ZP(1) ,U P ( 3 )
I N T E G E R  K M ! D ,J S T A R T ,J E N D ,JTB T. ,IRUNGE ,IEXIT
COMIOM/ADAI1/X ,VALS (4) ,RATFS (Il),R A T E ( 4 ,8)
COMION/DERI/DUELD ! ,1)UBDX ,DUTD I , 01)1 DX
COMMOW/fl ?R2/DELT,UB ,UT ,Ur ,VT,VR ,UDUI ,TAUN ,H,TIIETA ,D!LST ,CFD2 ,

I V T S C O S ,M B L
COtIMON/C,?OM1/XD ,W 1 ,TH ,WID T H,X 1 ,B1 ,SINTH ,COSTH ,T WOTHR ,TWOTH1 ,

~ SIN T H l ,COSTH1 ,AS ,U H ,X C 1 ,X 2 ,X M P i X ,X D E
COMMON /G?OM2/N ,NR ,NL,NU ,NM1 ,NLC ,NBC
COMM OP1/INTTAL/D!LST 1, H i ,tlIl ,I P R 1
C O I M ON / L A G / X O ,T A U M O ,’T’A I J M EQ
COMMON/T.INEAR/WT)I F (90),DU2D(90),DDU2D(90),W M D ,DW !DX ,UEFF ,D U E C X
COMMON/OD?lS/JSTRTS,JE ND S ,N D I M ,.SW (90),W I ( 4O ) , DWI(90),DDVI(90),

~DS (Q’))
COMM ON/ 0DE1t1 / J S~~R T U ,J E N D U , SWtJ (9O) , W I U ( 9 0 )
C OM M ’)N/OT)E?S/JTRLS,STRLS (90) ,DSTARS (90) ,UI1D S (9O) ,DF.LTS (90),

tUI2DS (94~)
COMMON/0DE2U/.TTPLU ,STBLTT(90) ,DSTAR II (90),UI1DU (90),DELTU(90),

~U I 2 T I H ( 9 0 )
COIMON/PRTNI’/IPP,N O R M P R ,C P E R O R , ITI AX
C O N M O N / S P L Y N / X X ,WT ,DWT ,D D W ’ , ISETU Il, K M I D
C O N M ON / T ? P I P 1/ X C , I W A L L V
F O H I V A T E N C !  ( R A T E N 1  (1)  • D D ? L D X )  , (VALSM1 (l) ,DE LT )
IWAT .LV IWALL

C THE CTITIMNEL WIDT H IS ORTAINED VIA CA LL TO S P L I N E .
C ~QUIVAL!NCING IMPLICITLY SETS D!LT,U B,UT ,UI EQUAL TO VALS.
C W H a -D I F F U S ER  HEIGHT, A N D , I? NOT SPECIFIED IS SET
C TO A N  k V ! R A G ~ A S P E C T  R A T I O  0? 8. XC IS TH E LOCATION
C 0? TH E F I C T I T I O U S  SOU RCE TO CORRECT FOR 3-D EFFECTS.
C IC IS T H E  D I S T A N C E  OF THE SOURCE PROM TH E O R I G I N .
C WIIJ C O N T A I N S  U120U , W I  CO N T A I N S  ( W D I ? — U S T A R U )
C

,1’RL O

C T ! ( XX . C . T . ” ) ,  T H E N  T H I S  IS A CONTINUATION OF BL ROUTIN E
C FOP WHICH CP>(1.3.

I ’( b X . C .”. ‘) .‘l ) J ’ l ’ R L = J T B L S— l
Ia - lb
YMAI SW (NRC+l)
K M T U .ISTRTS+1

CALL S P L I N ? ( S W ,WI ,D W I ,DD UI ,DS ,JSTPTS,JENDS ,1I D I M ,4)
I SETU P a- ’)
CALL SP~.TME (SW ,W I ’,DU2 D ,f lD U2 D ,flS ,JSTRTS,JEMD S ,NDI N ,4)

C
C INI’IALIZ ? COUNTF S AND COMPUTE THE START VALU ES OP DELT,UB ,UT.
C S’APT VALUE FOR ill WAS R E A D  IN AND PASSED TH RTJ CONMON/DER2/

!AT.OOP=0
IRtfllC.Ea-1
O X a - D E I S T
IEXITa-’)
IJTR!? UIl

U7 3
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Q~~UIR !F * ( W 1 — N BL *D E L ST 1)
CPCOEP I. 13/(1.0-NBL*DELST1/W1)**2
WRITE (6,91$0)UIREP,Q,CPCOEF
W H A S’W l

C — I? THI S IS NEW RUN , CALL START.
WTzUI
IF (XX.C,T.O.0)GO TO 40
0WT ’). 0
CALL START

IsO no 50 3=1 ,4
V A L S ( J ) V A L S M 1  (3)
IE (XX .EQ.O.O)RATEM 1 (J) =O.0

54) RATE S (3)=RATEM1 (3)
~: C INITIALIZE LAG PAEAN S WITH EQUILIBRIUM VALUPS.

IF(XX.GT.O.0)GO TO 60
: CALL TAUMAX(DUMM !)

10=1
; . T A U M O TA UME Q

— T A I JM = T A U M PQ

60 WR ITE (6 ,900)
CFD2 (UT/UI) ‘*2 ~ -

C PRINT INITIAL VALUES.
GO TO 1’lS

C
C BEGI N MAIN LOOP “**‘*“* “

100 NLOOP=NLOOP+l
C STORE CURRENT VALUES.

DO 114) 3 1 ,t
V ALSM1 (J) VALS(J)

110 RATEM1 (3) =RATES(J)
b X =X

C STORE THE LAG PAREMET !RS.
bOa-b
T A U M O T A U N
IF((UB—UI)*U1’.L?.O.0)GO TO 103

C CH ANG E T H E  SIGN OF (IT TO REMOV E TUE DOUBLE-YALUEDWFSS OF UT.
U T - U T
VALS (3)=UT
WT=UT
CALL BLV ALU

103 C O N T I N U E
C P R I N T  C U R R E N T V A L U E S .

t ? ( M O D (NL OOP , I P R ) . N E . 0 ) G O  TO 150
11)5 .ITBL JTBL+1

9S!P 1. + l ./ ( 1. -DELST/DEL?)
000X 1 O.’)”rAuM/UI”2
CP=1 . 0— (UI/DIR??) “2
WRITE (6,910) XX ,DELS T ,H,HS!P,CP,DELT ,UR ,UT,UI ,CFD 2 ,DQ D X
STBL S (JTR L)  a-Il
F) S’?A H S (.7TH L) = DEL ST
111105 (.TTBL)=UT
DELTS (JTRL) =DELT
I ?(IF .XI ’.E Q. 1) GO TO 260

15’) CALL ADAMS (IIX ,(4,DE R SIL ,I R U N GE)
t P ( X . L T . ! N A X) GO TO 100

C
C EXIT V A L U E  C A L C U L A T IONS.
C OBTAIN VALUES AT Za-IMAX BY EXTRAPOLATION .

T!X IT=1
X X X N A X
134) 164~ 1=1 ,1
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‘(( 0 (7) = S1’R L5 3  (J J)

VD (j) =TISTARS(.JJ)
UP(J)=D1!T.TS (JJ)

15’) Zp (J)=IIT1DS (JJ)
r ) E L S T = Y T M T (xp ,Yp , X M A X )
UT=YTNI (YP ,ZP ,X M I t X )
DELT=YTNT (XP ,UP ,X M A X )

C IF LPtST TWO VALUES OF X ARE VERY CLOSE TOGETHER , TH!N CAN HAVE
C PROBLEM S WITH SPLINE— F .LIMTMATF LAST BUT ONE POINT.

IF()(MAX— STBLS (JTBL—1) .LT .f).”0~~*(STBLS (JTBL—1 )~~STHLS(JTB L~~2 ) ) )
~J !’RL=.7TRL—1

JTP LS=3’rRT . +l -

0 ~ O 1’)’S
?~~‘) C O N T I N U E
9’)’) FORMAT(1 HO ,’ x DSTAR H I(SEP CP DE

!~~ LT (18 UT UI CF/2 DQDX/UI’/)
910 ?r)PMAT (2F10.5 ,I4X ,2P7 .1,2X ,?6. 3,11F12.5,F12.6,F12.5)
~I I (1 F O R M 7 t ’ r( lH  , ‘ BEFFPFNCE QUTtNTITIES,VEL OCITY=’,FlO .S,’VOLUPI! FLOWRAT

~r=~ ,t’10.5,Icp MTJLTtPLIFP ’ ,F 1C .~~)
RETURM
EN!)

I’
t

S
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