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CALCULATED WIND - T U " E  L- BOUNDARY LIFT -INTERFERENCE 

FACTORS FOR RECTANGULAR PERFORATED TEST SECTIONS 

By Benferd L. Schilling and Ray H. Wright 
Langley Research Center 

SUMMARY 

Equations developed and presented in NASA Technical Report R-285 for approxi- 
mating the spanwise distribution of wind-tunnel-boundary interference on l i f t  of wings in 
rectangular perforated-wall tes t  sections a r e  modified slightly to facilitate machine cal- 
culations and are then used to  generate extensive tables of interference factors for a 
variety of wind-tunnel and wing parameters. Data a r e  presented for horseshoe-vortex 
representations of small-span and large-span wings mounted at the center of rectangular 
test  sections with five values of tunnel width-height ratio varying from 0.5 to 2.0 and with 
the ratio of permeability factor to compressibility factor ranging from 0.1 to 25.0. Span- 
wise distributions of upwash interference factor a re  given for each case, 
tables requires knowledge of the values of permeability factor applicable to the perforated 
tes t  section for which lift interference factors a r e  desired. 
used in the calculations a r e  presented as an appendix. 

Use of the 

Machine computer programs 

INTRODUCTION 

During the last two decades, a number of wind tunnels have been constructed with 
Such walls  a r e  of particular advantage in testing tes t  sections having perforated walls. 

through sonic speeds and at speeds slightly supersonic because they may reduce the 
severity of shock-wave disturbances reflected from the walls and impinging on the test  
models. However, these wind tunnels a r e  commonly used also for subsonic testing, and 
if  winged models are of appreciable size relative to the c ross  section of the tunnel at the 
test location, it is desirable to correct for the modification of tes t  conditions due to the 
upwash interference of the tunnel boundaries. 

For constructional and operational convenience and for avoidance of focusing of 
reflected shocks in the transonic speed range, perforated-wall test  sections a r e  commonly 
made rectangular in c ross  section. An approximation method for estimating the wind- 
tunnel-boundary upwash interference along the span of a lifting wing mounted at the center 
of such a perforated-wall tes t  section was developed in reference 1. However, the exten- 
sive calculations required to obtain numerical values of upwash interference factors 



involve the numerical evaluation of multiple infinite integrals containing integrands 
singular at the zero  point of the domain of integration. In order to facilitate the applica- 
tion of the theory of reference 1, machine computing programs for calculation of upwash 
factors were prepared and are presented herein along with tables of upwash factors 
applicable to a range of practical configurational and operational parameters. Figures 
constructed from the tables illustrate the variation of upwash interference factor with 
effective permeability of the test-section walls, with spanwise location along the wing, 
and with ratio of width to height of the test section. Although the theory of reference 1 
provides for the possibility that the permeability of the top and bottom walls is different 
from that of the side walls, it is assumed uniform for these calculations. 

SYMBOLS 

A cross-sectional a rea  of test  section 

a variable used for convenience to  represent more complicated expression in 
equation (A12) 

b semiwidth of test  section 

lift coefficient CL 

I 

h semiheight of test  section 

M Mach number 

2 

Symbols used for convenience to represent 
) functions of the indicated dummy variables 

, 



P,P' dummy variables of integration 

q dummy variable of integration 

R permeability factor 

r dummy variable of integration 

S a rea  on which lift coefficient is based 

S semispan of horseshoe vortex representing wing 

V velocity of tunnel test  stream 

V upwash interference velocity, positive in direction of Z-ax i s  

x,y,z axes of rectangular Cartesian coordinates 

X,Y,Z rectangular Cartesian coordinates, x in direction of tunnel flow, y along 
direction of wing span, and z vertical 

r circulation 

6 upwash interference factor 

8 dummy variable of integration 

P dummy variable of integration 

Subscripts: 

The subscript j is used as a secondary subscript only as a bookkeeping device. 
The subscript i is used as a primary subscript with the following definitions: 

1 2  pertaining to vertical boundaries 

3 pertaining to horizontal boundaries 
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pertaining to effect of horizontal boundaries on interference potential inside 
test  section due to vertical  boundaries 

pertaining to effect of horizontal boundaries on interference potential outside 
test section due to horizontal boundaries 

UPWASH INTERFERENCE APPROXIMATION EQUATIONS 

Approximation equations for calculating the upwash interference velocity v due to 
the boundaries of a perforated wind tunnel along a wing mounted at the center were derived 
in reference 1. The wind tunnel was assumed rectangular with semiheight h and semi- 
width b, and the wing was represented by a horseshoe vortex with span 2 s  and circula- 
tion r. A rectangular Cartesian coordinate system was used with coordinates z posi- 
tive in the direction of l i f t ,  y lying along the wing span, and x positive downstream in 
the direction of the trailing vortices. A schematic diagram showing the relationships 
between the various parameters is given in figure 1. 

The equations of interest in reference 1 a r e  equations (A14), which gives the inter- 
ference velocity due to  infinite vertical boundaries; equation (BlO), which gives the inter- 
ference velocity due to infinite horizontal boundaries; and equations (C10) and (C12), 
which give increments of interference velocity to satisfy more nearly the boundary condi- 
tions when both horizontal and vertical boundaries are present. These equations involve 
the permeability factors R2 along the vertical boundaries and R3 along the horizontal 
boundaries. If R2 = R3 = R; that is, if the permeability factor is assumed uniform and 
equal on all boundaries, then the equations approximating the various components of the 
interference velocity can be written in t e rms  of R/p (where p = \1- and M is 
Mach number) instead of separately in t e rms  of R2, R3, and p. 

The upwash interference factors 6i, which a r e  obtained from their respective 
upwash interference velocities by the relationship 

can be put in the form 

'from which the total upwash interference factor is calculated as 

P 
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The four equations referred t o  in reference 1 have been rewritten by means of 
equation (1) to  give their respective upwash interference factors. These have also been 
rewritten so that the t e rms  R and p never appear singly, but always appear in the 
form R/p. Finally, the equations have been rearranged and transformed to  the extent 
necessary to present them in forms more readily adaptable to machine calculations. The 
details of these manipulations are given in appendix A. The machine computer programs 
are presented in appendix B. 

RESULTS AND DISCUSSION 

As mentioned in the preceding section, the approximation equations have been 
rewritten so that the upwash interference factors are expressed in te rms  of R/p rather 
than singly in either the permeability factor R or  in p. For the purposes of calcula- 
tion, p was allowed to  take the values 1.0, 0.8, 0.6, 0.45, and 0.3 for each of the values 
of R, which were 0.1, 0.45, 2.0, and 7.5. 
lated for 20 values of R/p ranging from 0.1 to 25.0. 
this range of R/p for each of five different values of tunnel width-height ratio b/h, 
which were 0.5, 0.75, 1.0, 1.5, and 2.0, for both a small-span wing (s/b = 0.3), where s / b  
is the ratio of wing span to tunnel width, and a large-span wing (s/b = 0.7). 
interference factors were calculated for three locations along the wing span (y/s = 0.0, 
0.5, and 1.0) for each value of the parameters s/b,  b/h, and R/p. 

Thus, upwash interference factors were calcu- 
The calculations were made for 

Finally, the 

The resulting calculated upwash interference factors for a small-span wing mounted 
in the center of a rectangular perforated wind tunnel a r e  presented in table I. Each page 
of the table presents the variation of upwash interference factors along the wing span for 
the entire range of R/P for one of the five values used for b/h. Table II presents the 
corresponding calculations for a large-span wing. Values a r e  given for each of the indi- 
vidual upwash interference factors 62, 63, 64, and 65 (as defined by eq. (1) in con- 
junction with subscript definitions in the list of symbols) as well as for the total upwash 
interference factor 6. 

There is always the possibility of calculation e r r o r s  (such as round-off e r rors )  in 
calculations of this type, and a certain amount of effort is required to ascertain the extent 
of these e r r o r s  in order to  decide what level of confidence to place in the final calcula- 
tions. The infinite integration limits in these particular calculations necessitated an 
arbi t rary truncation of the calculating procedure beyond a certain point in order to con- 
serve computer time. To some extent with the double integrals, and especially with the 
tr iple integrals, compromises had to be made between the level of accuracy desired and 
the calculating time used. Therefore, the integration range was broken up into small 
equal intervals the lengths of which were chosen from information obtained in preliminary 
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computer runs of the program. Integrations were then made successively over each of 
the intervals, the integration limits increasing by the interval length with each integration 
step. When the integral over the last interval was l e s s  than some arbitrari ly chosen 
small number (a change of one unit in the fifth decimal place in this case), the integral 
was assumed to have converged and the integration procedure was terminated. In these 
calculations, the rapid approach of the integrands toward zero  with increase of the inte- 
gration variables lent credence to  this criterion of convergence. 

The accuracy of machine calculations also depends upon the number of points per  
integration interval used in the machine integration routine (the Gaussian quadrature 
method was used for these calculations). Here, again, compromises had to  be made 
between desired accuracy and calculating time. For the calculations herein, the number 
of points used was increased over several  preliminary runs of the program, and the final 
number of integration points chosen was that for which the value of the integral changed 
by no more than one unit in the fifth decimal place between successive trials with - 

increasing numbers of points. 

Special consideration and handling must be given to integrals whose integrands con- 
tain te rms  causing the integrands to oscillate about zero as the integration variable 
increases. In several  instances in the integrals reported herein (as discussed in 
appendix A), the integrands contained products of sines and cosines whose arguments 
contained the same variable but differed in the constants by which the variable was multi- 
plied. Thus, several t e rms  in the integrand were oscillating about zero at different f re-  
quencies. 
some particular integration interval in such a way as to  cause the integral over that inter- 
val  to be very small. The calculation process might then be truncated prema.turely 
because of a spurious indication of convergence of the integral. The approach used in 
handling this problem was to  combine the sine-cosine product t e rms  by means of multiple- 
angle trigonometric identities into sums of sine and eosine t e rms  whose arguments were 
the same and then to choose the integration interval to extend over some multiple of a 
half-cycle of the new argument. Tables I and II present data only to three decimal places, 
but the tes ts  on convergence and number of points per  integration interval were to five 
decimal places; therefore, the values in the tables are assumed free of arithmetic trunca- 
tion e r rors .  

This behavior indicates the possibility that oscillations might combine within 

If the approximation equations for the various components of upwash interference 
factors a r e  valid, then the total upwash interference factors should approach the values 
for  the completely closed tunnel as R//3 approaches zero and the value for the com- 
pletely open tunnel as R/P becomes very large. Such behavior is confirmed by the 
curves of figure 2 which show the variation of total upwash interference factor at the 
center of a small-span wing mounted in the center of a rectangular perforated wind tunnel 
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as a function of R/P for several values of tunnel width-height ratio b/h. Figure 3 
shows the corresponding curves for  a large span wing, and again the calculated values 
tend toward the closed-tunnel values for small R/P and toward the open-tunnel values 
for large R/P. Note that on the logarithmic scale of figures 2 and 3, the point on the 
abscissa corresponding to  the closed tunnel (R/p = 0) l ies infinitely far to the left, and 
the point corresponding to  the open tunnel (R/P - m) l ies infinitely far to the right. 

The open-tunnel and closed-tunnel upwash interference factors at the center of the 
test section, which a r e  given for comparison, were calculated from equations independ- 
ently derived by the method of images as in reference 2. For the closed tes t  section, 6 
at the center of the wing is 

and for the open test  section, 6 at the center of the wing is 

Machine computer programs corresponding to these equations a r e  given in  appendix B. 

Plots and cross  plots made from the extensive data presented in  tables I and II 
afford a great deal of insight into the variation of upwash interference factors with var i -  
ous tunnel and wing parameters. 
prehensive set of figures showing the interrelationships of the upwash interference fac- 
t o r s  with the various other parameters. 
type of information available a r e  given. 
interference factor along the spans of both small-span and large-span wings for several 
values of R/P and for several  tunnel width-height ratios. Figure 5 shows the variation 
of upwash interference factor with tunnel width-height ratio for several values of R/P 
for  both the small-span and large-span wings. 

No attempt will be made in this paper to  present a com- 

Two figures (figs. 4 and 5) illustrative of the 
Figure 4 shows the variation of total upwash 

A comparison of figures 4(a) and 4(b) shows that the variation of the interference 
along the span is small  for the small-span wing but substantial for the wing spanning 0.7 
of the test-section width. Also, the largest spanwise variation occurs for the test  sec- 
tion having the smallest width-height ratio, an effect that might have been anticipated 
since in  this case a large par t  of the interference is produced by the side walls. Note 
however, that in all cases  for  which the permeability is such as to  produce nearly zero 
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interference at the center of the wing, the interference at the wing t ips is also nearly 
zero. 

Figure 5 shows that except for the nearly open tunnel with height greater than the 
width, the downwash interference at the center of a wing spanning a given fraction of the 
width of the test  section increases with increase of the test-section width-height ratio. 

CONCLUDING REMARKS 

Equations developed in NASA Technical Report R-285 for approximating the span- 
wise distribution of wind-tunnel-boundary interference on lift of wings in rectangular 
perforated-wall test sections have been modified to  facilitate machine calculations and 
then used to  generate tables of interference factors for a variety of wind-tunnel and wing 
parameters. 3 

The upwash interference factors presented in  the tables a r e  applicable only if the 
permeability factor R is known. Inasmuch as R depends not only on the geometry of 
the perforated walls but also on operating conditions such as Reynolds number, Mach 
number, and boundary-layer thickness, it cannot be calculated but must be experimentally 
determined. The effective permeability factor may also vary from place to place over the 
perforated walls so that the use of some average values may be required. 

The approximation method used in the calculations is believed to  yield upwash inter- 
ference factors of adequate accuracy. Because the wing is represented by a single horse- 
shoe vortex, the calculated upwash interference factors are applicable only to wings of 
reasonably small chord. 

Langley Research Center, 
National Aeronautics and Space Administration, 

Langley Station, Hampton, Va., October 16, 1969. 
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APPENDIX A 

ADAPTATION OF UPWASH INTERFERENCE EQUATIONS 

TO MACHINE CALCULATIONS 

Equation (A14) of reference 1, which represents the upwash interference velocity 
due to  infinite vertical boundaries, can be rewritten by means of equation (1) in the body 
of the present report to give the upwash interference factor 

r 1 

where 

and 

q'sinh - pzp2 + q 2) cosh (YJ - p 2 - 2 - 7  p + q2 

i/p2p22pp2 i- q2 sinh2(E,/p2p2 + q2) + p2cosh 2 b  2 2  p + q2 
G2(q,p) = 

R2 

If the transformation of variables 

pp = r cos e q = r s i n e  

is made in the double-integral portion of equation (Al),  then the differential element 
p dp dq is replaced by r dr de and the double integral becomes 

sin28 de dr 

Rearrangement of the integral over 8 by means of the double-angle trigonometric 
identities gives an integral in 8 which can be integrated analytically. If the dummy 
variable of integration r is replaced by q, the result can be combined with the single- 
integral portion of equation (Al) to give the upwash interference factor 
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APPENDIX A 

where 

Y 

In the limits, as the permeability factor R approaches zero (closed-tunnel case) and 
infinity (open-tunnel case), equation (A2) approaches the same limits as those obtained in 
reference 1. 

The upwash interference velocity due to infinite horizontal boundaries, given by 
equation (B10) of reference 1, is written in t e rms  of the upwash interference factor as 

where 

a cosgq)s ingq)  

eq cosh q 
F3(4) = 

and 

In order to write the second integral in t e rms  of R/p, the transformation p = r/R 
(where R is a finite constant) is made. The machine calculations a r e  made more 
accurate if the product cos is written as 

Finally, using the identity sinha x = cosh2 x - 1 and simplifying give equation (A3) in the 
form 
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APPENDM A 

where 

7r sin[@ + $91 + sin[: - $q] 
Fj(d = z 

eq cosh q 

and 

The upwash interference factors due to  the effect of horizontal boundaries on the 
interference velocity potential inside the test  section due to vertical boundaries 
(from eq. (C10) of ref. 1) and to the effect of horizontal boundaries on the interference 
velocity potential outside the test  section due to horizontal boundaries 
eq. (C12) of ref. 1) a r e  given by 

64 

65 (from 

and 

L -I 

where the symbols common to both equation (A5) and equation (A6), that is, G(q,r) and 
H(q, r,p) represent 

G(q,r) = 

(92 + r2)ek cosh r 
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APPENDIX A 

and 

The symbols Gi(q,r) and Hq(q,r,p) in equation (A5) represent 

and 

where 

and 
~~ q cos q s i n h / p i  

H4,5(q,r,p) = sin q cosh p p + r - 
/ p p  
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APPENDIX A 

In equation (A6), the symbols Gh(q,r) and Hg(q,r,p) represent 

Gb(q,r) = q cos (kr) - r s in( i r )  

and 

Consider for a moment only the double-integral portions of equations (A5) and (A6). 
These represent the case of the completely closed tunnel. As with equation (A3), the cal- 
culation procedures are made more accurate by writing the 

the product cos (l -r ) cos (kr) as sines and cosines with 

The double integrals of equations (A5) and (A6) can thus be written 

64 (double-integral portion) = - - - b/h lmlm G'(q,r)Gi(q,r)dq dr 
274 s/h 0 0 

and 

65 (double-integral portion) = - - b/h G'(q,r)Gg(q,r)dq dr 
2 T r 2 a  0 0 

where 

d ( q , r )  = q sinh (k q ) cos c(. b - h)j + r cosh(Eq)sin[E - :)q 
Kq(q,r) = q sinh 
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APPENDIX A 

The triple-integral portions of equations (A5) and (A6) are formulated in te rms  of 
R/P by writing the dummy variable p as p'/R. If the obvious cancellations a r e  made 
and the expression for Hq,~(q,r,p) is simplified by writing it in t e rms  of exponentials 
rather than as the sum of hyperbolic terms,  triple integrals in t e rms  of the dummy vari-  
ables q, r, and p' are obtained. For convenience, the prime on the variable p' is 
dropped, and the triple-integral portions of equations (A5) and (A6) become 

and 

where 

+ c o s h 2 / F )  
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APPENDIX A 

q cos q si*/- 2 2  + r2  
R2 Hi,4(q,r,p) = sin q cosh 

and 

Investigation of the integrand of equation (A9) reveals a singularity at the simulta- 
neous zero of all three integration variables. For small  values of R/p this singularity 
can be ignored in the numerical integrations, but for moderate and large values it leads 
to difficulties in the calculation. In order  to car ry  out the machine calculations for the 
entire range of R/p considered herein, it is necessary to  break the triple integral of 
equation (A9) into several  integrals, one of which is used to obtain an approximation for 
the integral near the simultaneous zero of the integration variables, and the others a r e  
used to calculate the integral over the remainder of the integration range. 
tion (A9), assume that the integration variables p, q, and r a r e  all so close to zero 
that the transcendental functions in the integrand can be well approximated by the first- 
order t e rms  in their s e r i e s  representations. After the indicated substitutions and sim- 
plifications a r e  made, equation (A9) becomes 

Thus in equa- 
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APPENDIX A 

64 (triple-integral portion) 

64 (triple-integral portion) 

- €1 R dp _ - -  
near 
origin 

where the integration limits €1, €2, and €3 must be chosen small  enough to  make the 
approximation to  equation (A9) valid. Equation ( A l l )  becomes more amenable to integra- 
tion by use of the transformation of variables 

.@ = p sin e g = p COS e R 

Whence, 

R and the differential element is -p dp de. As a result of applying this transformation 

and using the identity sin28 + cos20 = 1, equation ( A l l )  becomes 
P 

I origin 

where a2 = p2 + 
in the transformed coordinate system of €2 and €3 in  the former system, but the inte- 
gration region is now a quarter of a circular disk instead of a rectangle. Equation (A12) 
is a standard integral form in 8 which can be integrated to give 

. In this expression, the integration l imi t .  E; is the equivalent 
(b/h)2 
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APPENDIX A 

This expression may then be integrated over p to  yield 

64 (triple-integral portion) 

I origin 

In order to perform the integration of equation (A9) over the remainder of its inte- 
gration range, it is necessary first to apply the same coordinate transformation used to 
obtain equation (A12). The following equation results: 

64 (triple-integral portion) = @q. (A131 + 2 lw dr li dp f H;(r,p,e)de 
n3 s/h 0 

1 I 7T 

+ S~ dr 1; dp f H;(r,p,B)de 
E l  

where 

Li,2(r,p) = p sinh(ip)cosKk - E).] + r cosh(kp)sin[E - $)! 

17 



APPENDIX A 

1 

+ COS 0 COS@ cos 0)cosh p2sin20 + r2 i-i 
2 

Hiy4(p,8) = sinh(Ep) - (;) sin28 cosh(kp) 

and 

- sin(p cos O)cosh/p- 

In the expression for H i  2(r,p,8), the t e rms  L;,z(r,p) and L4,2(rYp) a r e  the result of 

expressions of equations (A7) and (A8). In a like manner, the integrand of equation (A10) 
may be written as 

the product cos (h x r  ) sin * (Er) and the product cos , similar to the analagous 

where 

\ I 

i a  



APPENDIX A 

and 

, 
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APPENDIX B 

F O R T R A N  P R C G R A M  F O R  C A L C U L A T I A G  S P A R h I S E  V A R I A T I G h S  I N  
N I I N O - T U h h E L - B C t J N C P R Y  L I F T - I N T E F F E R E N C E  F A C T O R S  FOR W I h G S  OF 
V A R Y I N G  S P A N  C E V T E K - M C U N T E D  I F  R E C T A N G L L A R  P E R F O R A T E D  T E S T  
S E C T I O N S  O F  V P R Y I R G  W I D T H - T C - b E I G H T  R A T I O S .  

T H I S  PRCIGRAV h A S  h R I T T E - N  I A  CCC F C F T R A N ,  V E R S I O N  2.1, T O  R U N  O N  CCC 6C00 
S E R I E S  C P V P U T E R S  N I T H  T H E  S C D P E  3 . 3  C P E R A T I N G  S Y S T E M  A N D  L I R R A R Y  T 4 P E .  M I N O R  
C O D I F I C A T I O N S  M A Y  E k  R E Q l l I R E O  P 2 I O R  T O  U S E  I N  O T H E R  C O M P U T E R S .  T H I S  P R O G R A M  
H A S  BEEN FOUNL) T O  ~ i :  S P T I S F A C T C R Y  cA T F E  AFCRECE~TIONEO C O M P U T E R S  W H I C ~  C A R R Y  
T H r ‘  E Q U I V A L E r d T  gF A P P Q C X I P P T E L Y  L5 C E C I C A L  D I G I T S .  C O M P U T E R S  C F  L E S S E R  P R E -  
C I S I O N  M A Y  V k O L I I d F  b V D I F I C A T I O h  T O  D C U e L E  P R E C I S I C h  I N  O R D E R  T C  O E l T A I N  R E S U L T S  r 
O F  E Q U P L  A C C l J R A C Y o  

I h  r l ,PUEH TC C C h S E H V E  C C P F L T t R  T I M E  P A C  S P A C E ,  T H I S  P R O G R A M  
I S  A Y I T T € h  A S  A h b M B E 2  QF S M A L L E R ,  I N D E P E N D E N T  P 9 C G R A C S  WHOSE 
PUIUC’ iE I ) -C4RO C I J T F L T S  A R E  C C L L A T E D  I h T C  F I h A L  F C R M  F O R  P R O C U C T I O N  
O F  T A H L t S  R Y  b’€4hS O F  b P P 2 C P K I A T E  C O M P L T E K  C O L L A T I N G  PROGRAVS.  
F O R  THE S A K E  C F  C C N S I S T E N C Y ,  TERI’S C O P P C N  T O  A L L  P R O G R A M S  H A V E  
B € E U  A S S I G h i O  T H E  S A M E  N A P E S  I h  A L L  P R C G R A M S .  T H E S E  T E R M S  F C L L O W  

r l P ,  AC,  A R  = L C r J E F  L I M I T S  C F  I h T E E R A T I C N  ON T H E  I N T F G R A T I C N  
I U T f R V A L S  O V E R  T I - t  DUF‘PY V P R I P R L E S  P, G I  A N D  R e  

9H = A C h t - D I b E h S I C N A L  A K R b Y  I R  W k I C H  A R E  S T O R E D  T H E  L A L U E S  CF 
T U N Y E L  S C M I - d I C T k  T C  S E M I - k E I C P T  R A T I O +  E!/H 

R P ,  RG;, B R  = LPG’FR L I M I T S  C F  I h T E G R A T I C h  C N  T H E  I Y T E G F A T I J N  
I V T F K V A L S  C V E R  T I E  C U P P Y  V C R I F E L E S  P t  6 ,  P N D  R o  

R S  = T H E  K t C I P K U C P C  O F  SF3o 

Y T  = A O h E - t D I C E N S I C N 4 L  P R R P Y  I N  w h I C H  A R E  S T ’ I R t U  T H F  V A L U E S  O F  
R E T A  T O  P E  U S E D  I h  T H E  C A L C L L A T I C h S a  

C N V  = T H E  h U f 4 P E R  n Y I C H  D F T E R M I N E S  I N T E G R A L  C O N V E R G E N C E .  IF TI -E 
E V A L L J A T I C N  i2F T H E  l F . ! T F C R A L  C V E R  A P A R T I C U L A R  I N T E R V A L  I S  L E S S  

T F R V  I PIA T € D 
THArd C N V ?  C h V V t Y C t h C E  I S  A S S U b ’ F D  PhC T k E  I N T E G R A T I O N  P R f l C Z S S  

F P ,  F o ,  F R  = Chk C I F I E N S I O N A L  O R R A Y S  I N  k H I C H  A R E  S T O R E D  T b E  V A L U E S  
C F  I F J T F G R A N I )  E V 4 L L A T I C h S  C L R I h C  T I - €  I h T E G R A T I O N  P R O C E S S E S .  

F t J U C P ,  FLNCC), FUhCR = N A M E S  C F  S U e F i f l U T I h E  S U B P R O G R A P S  N R I T T E N  T f l  
E V A L I J A T E  TF‘E I N T E G Q A N D S  I N  T Y E  CUb‘tJY V G R I A B L E S  P c  GI, P N D  R. 

I h F I N T ? ,  I N F I N T 3 ,  I N F I k T R  = N A P E S  C F  S U R R C U T I N E S  k i t l I C C  U S E  M G A U S P ,  
‘YIGAUSD, A h D  M G A J S H ,  R E S P E C T I V E L Y ,  T O  E V A L U A T E  T k E  + I N F I N I T E #  
I N T E G P A L S  n V E R  T I C  DUMMY V P R I A 5 L E S  P, C ,  A N D  R o  

I P  = I l V t ’ E X  Of\l V A R I A B L E  R P o  
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I S  OK I s h  = I N D E X  C N  T H E  V P R I A R L E  S H  

I Y  OR IVI- = I N D E X  O N  T H E  V A R I A H L E  Y H  

J P ,  JQ, J R  = T k E  P A X I V U M  N U M B E R  OF I Y T E G R A T I U N  I N T E R V P L S  L S E D  B E F O R E  
N C h - C G N V E R G E N C E  C F  T H E  I N T E G R P L S  IS  ASSUMED.  

N G A U S P ,  W G A I I S G ,  C G A U S R  = R P V E S  CF S L B R O U T I N E S  F O R  E V A L U A T I N G  
I i \ I T E G P . A L S  RY l t i 5  G A U S S  Q U A C R A . T L R E  C E T H C C  C V E R  T H E  D U P P Y  V A R I A B L E S  
P, C t  A N D  R, R t S F E C T I V E L Y o  

h F P ,  hFC, N F K  = I N T E G E R S  D E F I h I N G  T H E  N U M B E R  OF I N T E G R A N D S  TO BE 
E V A L L J A T E D  I N  TkiE I h T E G R A T I C K  S L B R C L T I h E  C P L L  F C R  ANY CF T I - E  
DUMMY V A K I A H L E S  PI ‘2, OR K O  

fuMY = NUMREK CF F C I N T S  A L O N G  l l - E  W I N G  S P A N  A T  W H I C H  C A L C U L A T I C N S  
A R E  T O  R E  “ ID€ 

N P ,  N Q v  hP  = 1 k T E G E P . S  D E T E F C I h I h G  T H E  h U C @ E R  OF P O I N T S  T F E  G A U S S  
G U A D R A T U R E  P R C C E C U R E  U S  t S  P E R  I h T E E R A T I C K  I N T E R V A L .  T H E  N U M B E R  
O F  P O I N T S  I J S E U  I S  T E N  T I M E S  T k E  V A L U E  CF h P t  NGc OR NR. 

P I  = ‘ - 2 4 1 5 9  it534 

P h L ,  L p l C ,  P‘JC = V A k I A B L E S  h k I C t  S E T  T k E  I h T E R V A L  L E K G T H  F C R  
I N T t ~ G ~ A T I C : . ]  O V c <  T h t  DUMMY V A R I A B L E S  PI Q, A N D  K o  

P,!:,R = CUPMY V A H I A E L E S  OF I N T E G R A T I U N  

P N T ,  Q N T , . R N T  = C k E - D . 1 P E U S I C N A L  P F K A Y S  I N  W H I C H  A R E  S T O K E D  T h E  
V A L U E S  (1F- TWE A N S k E R S  T C  TI-E I h T E G R A T I C A S  O V E R  T I - E  DUWMY V A R I P B L E S  
P c  Q ,  A K D  R o  

R 3  = h , A T I O  O F  T U h f u F L  P E k M E A @ I L I T Y  F A C T r R  T O  B E T 4 9  R / R E T A  

a?P = A ~ C I N E - O I M E ~ ’ S I O N A L  A R K P Y  I R  h H I C H  A R E  S T O Y E D  T H E  L A L U E S  CF 
T H E  P E R M E A F I L I T Y  F A C T C K  O F  T H E  T U N h E L  

SH = k I N G  S E M I - S F P N  Tfl T U N h E L  S E M I - W I D T P  R A T I O ,  S / B  

SH = A C h E - D I V E N S I O N A L  P R R P Y  I N  W P I C H  A R E  S T O K E D  T H E  L A L U E S  CF 
T H E  K A T I C  OF k I W G  S E M I - S P 4 R  T C  T U h N E L  S E C I - H E I G H T ,  S / t o  

S Y P ,  SFnQ, SMK = C N E - D I P E K S I C h A L  A R R P Y S  I N  W H I C I -  T I - E  I h T f R M E D I A T E  
A N T W E K S  T(: T H E  I N T E G R A T I O N  P R C C E S S E S  A R E  STOREO, 

Y H  = A T M O - D I M E N S I O N A L  A R R A Y  I N  k H I C H  A R E  S T O R E D  T H E  L A L U E S  OF 
THE R A T I O  OF T H E  C I S T P h C E  P L C F G  T H E  W I N G  S E M I - S P A N  TO T H E  T U N N E L  
S EM I- bE. I G H  T 9 

Y S  = N O R M A L I Z E - I 1  C I S T A N C E  PLCNC-  k I N G  S P A N ,  Y / S  

Y /H 
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F O R T R A N  P R C G P A M  F O R  C A L C U L A T I N G  U P h A S H  I N T E R F E R E N C E  F A C T O R S  
A T  T H E  C E k T L R  CF WINGS C E N T E R - P O U N T E D  I N  R E C T A N G U L A R  C O M P L E T E L Y  
C L O S E D  ( F G U A T I O Y  (3) I n  M A I h  @ C O Y  C F  R E P O R T )  A N D  C O M P L E T E L Y  O P E N  
( F Q U 4 T I O N  (4) I Y  P A I N  R 0 3 Y  CF R E P G R T )  T E S T  S E C T I C N S .  T H E S E  
E a U A T I r l N S  A R E  I V F I N I T E  S U F P A T I C N S  D E R I W E D  B Y  T H E  M E T H C D  OF I M A G E S  
A S  IY R E F E K E N C E  2 .  

I h  A D D I T I C N  T C  T H E  CCPt 'Ch V A R I t e L E  h P M E S  A L R E A D Y  C E F I k E D v  
T H E  F G L L U N I N G  N h M E S  A R E  O F  I M P C R T A h C E  T C  T H I S  P A R T I C U L A R  PROGRAM, 

O L T C  = C A L C U L 4 T E D  L P W A S t i  I h T E R F E R E h C E  F A C T O R  F O R  C L O S E D  T L N N E L  

D L T ; l  = C A L C U L A T E D  U P W A S H  I k T E P F E K E N C E  F A C T O R  F O Q  @ P E N  T U N k E L  

I = I N O E X  ClV V A K 1 A F ) L E  S Y  

J = I N D E X  Or\! b A K I A E L E  P H  

K = I r V i I E X  ON S L P C A T I O N o  K IS T t - E  S A M E  A S  T H E  N OF E Q U b T I O N S  ( 3 )  
A N D  ( 4 1 .  

K C O  = T H E  V A L L E  CF K A T  N H I C H  T H E  S U M M A T I C N  I S  T R U K C A T E D .  

A L L  O T l i E P  V 4 K I A B L E  N A P E S ,  E X C E P T  A S  N C T E D t  A R E  USED M E R E L Y  A S  
R O C K K E F P  IIUG O f V  I C E S .  

X A " t L I S 1  I h P C l 5  A R E  P k t  Sh 
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F O P T H A N  P R C G P A M  F O R  E V A L U P T I N G  T H E  C L O S E D - T U N N E L  P O R T I O N  O F  
E U U A T I [ J N  ( A - 2 )  O F  A P P E h D I X  P ( T H I S  I S  1 t E  T E R M  C ' J N T A I h I N G  T t E  
E X P O N E N T I P L  F P C T C k ) .  T H E  R E S L L T S  G I V E  U P k 4 S H  I Y T E S F E R F N C E  F A C T O R S  
F O R  W I N G S  C c Y l E K - C O U N T F C  R E T W E E N  I h F I  h I T E ,  V E R T I C A L ,  C L O S E D  
B O U Y D A k I E S o  

I N  4 C D I T I C h  T C  Tk !E C 0 C t " C N  V A R I A B L E  h A M E S  A L R E A D Y  C E F I h E D ,  
T t i E  F / l i L C : b I I r V G  N4b 'ES A R E  O F  I M F C G T A h C E  T C  T H I S  P A R T I C U L A R  PROGRAM. 

O L T Z Z  = T t i t  U P h 4 S t i  I N T E R F E R E h C E  F P C T D R  C A L C U L A T E D  F O R  T H E  C L O S E D -  
T U N V C L  P C i A T I C N  O F  E Q U A T I C N  ( A - 2 )  , W H I C P  R E P R E S E Y T S  C E L T A - S U B - 2 .  

4 L L  O T I i E P  V A R I P H L E  h A Y E S ,  E X C E P T  P S  N O T E C ,  A R E  U S E D  W E R E L Y  A S  
B n C K K L E  F I N G  C I E V I C E S .  

N A W L L I S T  I h P L l S  A 7 E  P H  

T t l l  F T ' C L I 3 . r l I N C  N E S T  OF C C - L C O P S  I N D E X E S  ON B t i ,  S t i t  A N D  Y H T  
C A L C U L A T I N G  T H t  V P L U E S  O F  S B c  SP, YH,  A h D  Y S  T H E N  U S I N G  T H E S E  
T!iKT;CIGti 1 P E  S L H R C L T  I N E  S O R P R O C K A M S  I N F I h T Q ~  F U N C Q ,  A N C  Y G 4 U S C  TO 
F I N I )  T t I E  I M T E G R 4 C  A N D ,  F K C P  T t C T ,  C L T C i .  T H E  P E S U L T I h G  D P T A  ARE 
P R I Y T t n  C U T  A h l l  F U N C P E D  O N T C  C A T A - P K n C E S S I N G  C A R D S  F O P  L A T E R  
C O L L A T I C h  I N  A h C T l - E K  F P G G P P Y  h I T H  T H E  C A T A  R E P G E S E N T I h G  T F E  
P K I l G 9 E S 5 I V E L Y  ~ I C R E  C P E N  T i l h h E L .  
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S U B R O U T I N E  F l i h C Q  I S  C h E  h P I T T E N  T O  E V A L U A T E  T H E  I h T E G R A N D  O f  
I N T E R t S T  O V L R  T H E  V A R I A B L E  S I h  A C C O R D A & C E  W I T H  T H E  I h T E G R A T I O N  
S I J 5 4 r 3 ( J T I N E  P G A L S C .  I T S  C A L L I h G  P R G U M E N T S  A R E  Q T  T H E  V A R I A B L E  OF 
I N T E G F A T I C N  W h C S E  V A L U E  IS S U P P L I E D  B Y  P G A U S Q T  A N D  F Q T  T H E  N A P E  OF 
AW A R R A Y  T H A T  W I L L  C O h T A I N  V A L U E S  OF T I E  I N T E G R A N D S  C C M P U T E D  
D U R I N G  T i - E  I N T E G R A T I O N .  

I' 

S U R R C U T I N E  I h F I h T G  I S  P G E h E R A L I Z E C  S L H K O U T I N E  S U P P R O G R A M  
' 4 R I T T E N  T O  E V A L U A T E  * I N F I N I T E +  I N T E G R A L S  B Y  M A K I N G  U S E  OF S U B -  
S O U T I N E  M G A U S Q  I k k i I C H  E M F L C Y S  T H E  G A I J S S  C L A D R A T U R E  M E T H C D  I N  I N T E G R A L  
E V A L U A T I C N )  I N  S L C C t S S I V E  S T E P S  B E G I N N I N G  A T  T H E  L O N E R  L I M I T  OF 
I N T E G F A T I C K .  T Y E  I k T E G R A T I C h  I h T E H V A L  F C R  EACI-  S U C C E S S I V E  I N T E G R A T I O N  
S T E P  I S  S F T  E X T F R R A L L Y  B Y  TI-E V A R I A B L E  Q I N C  I N  T H E  C A L L I N G  A R G U M E N T S  
GF I N F I K T G .  T H E  I N T E G R A L  V P L L E  I S  I N I T I A L I Z E D  A T  Z E R C  A N C  T H E  V A L U E  
O F  E A C H  S U C C E S S I L E  I N T E G Q A T I O h  S T E P  I S  PDUED T C  I T .  T H E  I N T E G E R  
N F Q  D E T E R F I Y E S  T I E  h U P @ E R  C F  I h T E G R n N C S  T C  B E  E V A L U A T E D I  h I T b  
A N S j l E h S  S T n V E C  I N  T H E  A R R A Y  Q I h T .  k H E N  T H E  S U M M E D  V A L U E S  OF T H E  
I N T E G P A L S  C V E P  S C P E  P A R T I C L L A R  S T E P  A R E  L E S S  T H 4 N  C O N V ,  T H E Y  ARE 

T E Q M I N A T E D .  I F  T t - K  NlJMRER C F  I N T L C K A T I G N  S T E P S  I S  L A R G E R  T H A N  T H E  

A N D  AN i lF9GK P E S S A G E  T i - A T  T I -E  I N T E G R A L  IS N O N - C O N V E R G E N T  h I T H  T H E  

ALL A S S l J M € D  T O  d A V E  C C h V E K G E C  A N D  T H E  I R T E G K A T I C K  P R O C E S S  I S  

I r V T F - G F P  J C ?  S C T  ~ X T F R N A L L Y T  TI -E  I h T E G R A T I C N  P R C C E S S  I S  T E R M I N A T E D  

G I V E N  U P P E R  L I M I T  [ S  P R I N T E C .  T H E  C A L L I N G  P R O G R A M  M U S T  D I M E N S I O N  
T H E  APF.4YS S U M 2 1  FCFQT A N D  C I h T  A T  T H E  F A X I M U Y  N U M B E R  T O  @ E  l j S E D  
IF1 T Y A T  P 2 C S R A P o  
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T H E  S U G Y O U T I K t  MGAClSQ E V P L O Y S  T H E  G A L S S  Q U A D R A T U R E  M E T H C D  T O  
E V A L U A T E  + N U Y H E R #  N U P R E R  CF I h T E G R b h D S  F ( X ) O X  @ € T W E E N  T h E  L I M I T S  A 
P N D  B o  P N S h t R S  A K E  S T O R E 0  I N  T H E  A R R A Y  SUM. F U N C Q  I S  T H E  N A M E  O F  A 

O F  P C I N T S  U S E E  H I T H I N  1I.E I h T E C R A T I C N  L I M I T S  I S  T E N  T I M E S  T H E  
I N T E G F R  F. T H I S  S U B R C L T I N E  S U B F R C G R A M  IS A P R E L I Y I N A R Y  V E R S I O N  OF 
T Y E  S U R F O U T I N E  C G A U S S  NOW CN T I - €  L I B R A R Y  T A P E  OF THE C n C  C O M P U T E R  

S U H R O U T f h E  SI.)F!PkOGPAM b S F 9  T O  E V A L L P T E  T h E  I N T E G R A N D S .  T H E  N U M B E R  

S Y S T E M  A T  L A N G L E Y  R E S E A R C I -  C E h T E R .  P F C R E  C O M P L E T F  C I S C U S S I O N  O F  
I T  T H A I 1  G I V E N  P E R E  IS G I V E N  I S  S E C T I O N  D 1.3.1 V O L U M E  I t  O F  T H E  
L A N G L E Y  R E S E A R C H  C E N T E R  C C C F U T E R  F F O G R A C C I N G  M A N U A L 0  

S U R R C U T l N F  ~ G A U S C ( P , B , N I S U M I F C F X T N U M ~ E R ~  (I3 4 9 )  
D I P E N S I O N  U t  51 ,  R ( 5  1 ,SUM[  1 )  ,F(3FX( 1 ) S D O 1 L L = l , i \ L M B E R  ( B  50) 

1 S U P (  LL)=;:’c.T ( R  51) 
I I= ( A *  EQ. R 1 9  E. TUP N BU ( z ) =. 4 2 5  5 6  Z E  ?r) ~ c . 4 2  E ~ C U  ( i 1 =. 283 3 0 2 3 0 2 9 8 5 3 7 6  ( B  5 2 )  
U ( 3 1 = e  1 6 r  2 9 C 2 1  5 5 5‘14 E E $ U  ( 4 ) =. C 6 746  E 3 1 6 6  55 5C 8 BU ( 5 1 =. ’.I 1 30 4 6 7  3 5  7 4 1  4 1  4 ( B 5 3 1 
P ( I1  = o  f477C.i L ! 2 3  5 7 1 7 6 E R f  2 1 3 4 6 3 3 3 5 5 6 5 4 9 c @ S R (  3 )  =. I C 9 5 4 3 1  81257991  I S  5 4 )  
K ( 4 )  =., ‘1747256745 7 5 7  9C AR 1 5 )  =. 5 3 3 3 3 5 6 7 2 1 5 4 3 4 4 S F I  N E = N  ( B  5 5 )  
I l € C T A = F  I N E  / [ +A I D ? 3 K = l .  9 k B X I = K - l  I F 1  N E = A + X I  / O E L T A $ D O 2  I I = L  15 ( H  5 4 )  
U U = U [  1 1 )  / @ ~ L T A + F I N F $ C A L L F L ~ C C ( L L ~ I F C F X )  $ D O Z J C Y B O Y = ~ T N U M B E P  ( B  5 7 )  

2 S L I M ( J h Y B [ l Y  ) = R ( I  I ) * F O F X ( J O Y R O Y ) +  ‘ L M ( J O Y B C Y ) S D O 3 J J = l r 5  ( B  5 8 )  
O U = (  1 e 3-U( J J 1 1 / O  i L T A t F  I N E $ C 4 L L F U h C Q ( U U  ,F O F X  I B D 0 3 N N = I  T N I J M R E R  ( B  5 9 1  

3 S U M ( N ~ I = ~ ( J J ) * F O F X ( h ~ ) + S ~ M ( N N ) $ O C 7 I J K = ~ , h U ~ R E R  ( 6  6 7 )  
7 SU:.l( I J K I = S U P ( I J K ) / C E L T A  E R E T U F h S E h C  ( 6  611 
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., . ..,., , .. . -. ,. ........-. . . .. .--- , 

F O R T R A N  P R C G F A M  F O R  E V A L L b T I N G  TI-iE C L C S E D - T L J N N F L  F C K T I C I N  OF 
E Q U A i I ( I Y  ( A - 4 )  OF A P P t h D I X  4 ( T H I S  IS T H E  T E R M  C O N T A I N I N G  THE 
S I N G L E  I A T F C R A L  1. T H E  K E S L L T S  G I V E  U P W P S H  I N T E R F E R F N C E  F A C T O R S  
F O X  W I N G S  C E V T E R - k C U N T E C  A E T W E E h  I K F I N I T E ,  H O R I Z C N T A L ,  C L G S E O  
BOUNDGR I E S e 

I N  A E U T T I C N  TC T H E  C O P F C h ;  U A K I E E L E  h A P E S  A L K E A O Y  C E F I h E D ,  
T' lE F O L L C k I N G  \ A P E S  A R E  O F  I M F C R T A N C E  T O  T H I S  P A R ' T I C U L A R  PROGRAY. 

A i i G Y S  = T t f  V P R I P e L E  Y ( J L T I F L 1 E l :  CtVTO TI -F  V A R I A B L E  O F  I N T E G R A T I O N  
T O  YAK,F L P  T t i C  A R G U M E N T  OF T H E  S I h E  T E R F  CF T H F  I N T E G R A N D .  

I): = T t ' c  VALIJE C F  T i i E  1 R ; T E C F P L  R f S L L T I h G  F K O Y  U S E  CF 4 P O S I T I V E  
5 I G h  I N  T k E  V F Y I E P L E  ARC-YS.  

[I2 = T 4 E  V A L U E  C F  T H t  I N T E G R A L  R E S U L T I h G  F R O M  USE O F  A N E G A T I I E  
S I G N  I N  T d F  V P R I P B L E  APRGYS. 

D L T C 3  = T l i t  U P ' d A S t i  I N T E R F E R E K C E  F A C T O R  C A L C U L A T E D  F O R  T H E  C L O S E D -  
T U N A E L  F C K T i O N  O F  E O U P T I O V  ( A - 4 )  , h h I C h  R E P R E S t Y T S  D ! Z L T A - S U E - 3 a  

ALL C T t l E h  V A Y I A I 3 L L  N P M F S 1  E X C E P T  A S  N ' I T E D ,  A 4 E  U S E D  M E R E L Y  A S  
O C C K K !  E P I k G  3 k . V I C t S e  

Y A h ' t L I S T  I X P L T S  A R E  R H  

II\' A O E I T I C ~  T C  T H E  LIPEXPTICNS P E R F O R M E D  B Y  TI -E N E ~ T E D  D O - L O O P S  
3 F  T H t  o R C L ~ 3 1 9 i ;  PRI :GH4M,  T h C S E  C F  T 4 1 S  F G U G Q A P  P E 9 F f l F K  TWC S E P A R A T E  
I Y T E G 2 . O T I C N S o  I N  T l l E  F I R S T ,  TI-F V A q I A B L E  M t J L T I P L Y I N G  T H E  I N T E G R A T I O N  
V A X I A H L t  I N  ThC: P l l G U b l E h T  O F  T I - E  S I R E  T E P M  i l F  T b E  I N T E T R A Y O  H A S  A 
P O S I T I V E  S I r ; N e  I h  T H E  S E C C A D ,  I T  H A S  A N E G A T I V E  S I G N .  F C R  F P C H  
f R T 6 G G A T I C Y ,  GNC -- TI -E V P G I A E ! L F  S E T T I h G  T I i E  I N T E G R A T I O Y  I U T E R V A L  -- 
L I M I T S  CI\ ANY P A i l T I C U L A 2  I h T E C P A T I C t V  I U T E R V A L  SIJCH T F P T  T h E  
A' IGIJ 'JENT CF T b E  S I N E  T E K Y  I h  T I - E  I h T E G R A N D  I S  SOME C U L T I P L E  C F  

I S  A F t J \ I C T I n N  C F  A 9 G Y S e  T H I S  F G P C E O U R E  R E S T R I C T S  T H E  I N T E G R A T I O N  

? I  A T  T H t  L I Y I T S .  
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I f :  I Y H  = L M Y r  T H E  V A R I A B L E  P K C Y S  = J A N C  T H E  VALlJE C F  T H E  I N T E G R A L  
I S  ZFCi('. 

I F ( I Y I'D E (3 Q h C Y ) G C T C 5 ( B  7 5 1  
( R  7 6 1  

C P  LL  I h F  I N T  C ( hCr SPG, F C  ( N F Q  9 JQ r C h C  ( C h V  , Q N T  1 f D 2 = O N T $ G O T O 7  ( H  7 7 1  
6 C l 2 = J .  ( B  7 8 )  
7 n L T C 3 = ' 3 S *  ( C L - D Z  ) / (  4 .  * P  1 1  8 4 K I  T E  (6 2 )  Y S  ,D1 C 2 ,  D L T C 3  ( I 3  7 9 )  

h R I T F  ( 2 , : )  Y S  , D i t  D i ,  C L T C 3  ( 9  8 3 )  
3 F [ l K M A T ( i H  , 2 X F t . r o Z r ? ( 4 X F l ; . 6 1  1 ( B  A7.1 

P U [ \ I C k 4 r ~ ' l (  I f l l i l t  S D ( Y S r D L T C 3  ( B  R Z )  
4 F l J H M A T ( 2  ( F 7 . ? 1 7  F 6 0 2  q F I C . 6 )  ( 0  8 3 )  
1 C O ~ V T I N U E B S T O P S E N C  ( R  8 4 )  

A R G Y S = Y t I (  I YH p I Ski ) - S b  ( I SHI $CYC=PI/FFS ( P R G Y S  1 S Y S = Y H (  I Y  I-, I St ) / S b (  I S H )  

S U 1 4 C U T I N E  F L h C G  I S  C I i E  W R I T T E N  T O  E V A L U A T E  T H E  I N T E G R A N C  OF 
I N T E R E S T  U V t R  T t - E  V A R I A B L E  C I h  A C C O R D A h C t  W I T H  T H E  I h T E G R A T I C N  
S l , R I I U l J T I h F  YGAUSC.  R k F E R  TC C I S C I J S S I C ~  I h  T H E  P R E C F D I N G  PROGRAM. 

$ I N P T  H P = o 5 r o 7 5 , 1  o , 1 . 5 ~ 7 . §  ( B  1 1 2 )  

T ' I I S  P < O G R A V  W A K E S  U S E  CF THE S U B R C U T I h E  S U B P R C G R A V S  I N F I h T Q  AND 
PJCAUSG 4s O t F l h L C  4hD C I S C L S S E C  Ihi T H E  P R E C E D I N G  PROGRAM. 
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F C R T P P N  P F C G P C M  F O P  E V b L U A T I h G  E Q U A T I C N  ( A - 7 )  -- k H I C H  R E P -  
R E S E N T S  T H E  U P W A S d  I N T E R F E R E K C E  F A C T O R S  D U E  T O  T H E  E F F E C T  O F  
H C R I Z O N T P L  C L C S E C  e O U N C A R I E S  C N  T H E  I N T E R F E R E N C E  V E L O C I T Y  P O T E N T I A L  
I N S I D E  T H E  T E S T  S E C T I G h  D U E  T C  V E R T I C A L  C L O S E D  B O U N D A R I E S  -- O F  
A P P E N D I X  A 4NC E C U A T I C N  ( F - 8 )  -- W k I C H  R E P R E S E N T S  T H E  E F F E C T  O F  
H O R I Z O N T A L  C L C S E O  H C I U N O A R I E S  C h  T H E  I N T E R F E R E N C E  V E L O C I T Y  P O T E N T I A L  
O U T S I D E  T E E  T E S T  S E C T I C N  D U E  T C  T H E  H O R I Z O N T A L  C L O S E D  B O U N D A R I E S .  
T H I S  P R O G R A M  C I F F E R S  F R C M  T H E  F R E C E D I h G  C h E S  I N  T H A T  C O U B L E  IN-  
F I N I T E  I k T E G R P L S  I h  T d C  V P R I A e L E S  A R E  C A L C U L A T E D  R A T H E R  T H A N  T H E  
S I N G L E  I k F I N I T E  I h T E G R A L  Ih. G h E  V A R I A B L E  C A L C U L A T E D  I h  T H E  P R E -  
C E D I N G  P R C G R A t J S o  

I N  A C D I T I C N  T U  T H E  C C P C C N  V A R I A e L t  N A M E S  A L R E A D Y  D E F I h E D y  
T H E  F O L L O h I N G  h A C E S  A R E  O F  I P F C R T A h C E  T C  T H I S  P A R T I C U L A R  PROGRAM. 

A i  = A O R E - D I P E N S I O N A L  P R R A Y  I h  h l - I C H  P P E  S T f l R E C  THE V A L U E S  OF T H E  
I N T E G R A L S  P E S U L T I h C  FRQW L S E  C F  A P O S I T I V E  S I G N  I N  T H E  V A R I A B L E  #BY*.  

A2 = A O N E - D I P E N S I O N A L  P R R A V  I h  W H I C H  A R E  S T O K E D  T H E  L A L U E S  C F  T H E  
I r V T E S V A L S  K i S L L T I h G  F R C C  U S E  CF A h E G P T I V E  S I G N  I N  T F E  V A R I A B L E  *BY+. 

'3Y = A V P P I A B L E  k l - I C H  S E R V E S  T I - E  S A M E  F U N C T I O N  A S  T H E  V A R I A B L E  
A H G Y S  I N  Tbt? P E E C E D I N G  PROGRAP.  

D L T C 4  = T H E  U P k A S H  I N T E R F E R E N C E  F A C T O R  C A L C U L A T E D  F C R  E Q U 4 T I O h  ( A - 7 ) .  

I ) L T C 5  = T H F  U P h A S H  I N T F R F E R E N C E  F A C T O R  C A L C U L A T E D  F O R  E Q U b T I C h  ( A - 8 ) .  

I L L  O T ' i E R  V A K I A d L t  N A M E S 7  E X C E P T  A S  NOTED, ARE U S E D  M E R E L Y  A S  
B f l C K K k E  F I N C  D E V I C E S .  

N A M E L I S T  I N P L T S  A R E  Rl- 
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I N  A C C I T I C N  T C  P E K F C K Y I N G  T H E  F U N C T I C N S  P E R F O R M E D  B Y  S U R R O U T I N E S  
O F  T H F  S A F E  N A V E  I h  P P E C E C I h G  FROGRAMS,  T I - E  S U R R O C T I N E  F U N C Q  I N  T H I S  
P R O G R A M  V A K E S  U S E  O F  T H E  S U e R C L T I N E S  I N F I N T R  A N D  M G A L S R  I N  O R D E R  
T I 1  P E R F O R M  T H E  S E C n h D  I N T E G R A T I C N  C V E R  T H E  V A R I A B L E  R R E Q l J I R E C  BY 
E Q U A T I C I N S  ( A - 7 )  b N C  ( A - 8 ) .  

S UOR G U T  I CI E F U N C  Q ( Q 9 F Q ) S 0 I ME N S I O h  F Q ( 2 ) SMR ( 2 1 F R  ( i 1 7 R N T  ( 2 1 , B H  ( 5 1 ( B 1 3 5 1 
CUb’MOhSH(2) , I S , Y ~ ( ~ ~ ~ ) ~ I Y I R H ~ I @ , ~ ~ B Y , P I $ S = C $ N R = Z $ N F R = Z S ~ ~ = ~ ~  ( B  136) 

I N  T H I S  F R O G R A M *  T H E  I h T E G R A T I C N  I N T E R V A L  R N C  I S  A F U N C T I O N  O F  
T H E  V A R I A B L E  # B Y *  A N A L O G O L S L Y  7 C  A N D  FOR THE S A M E  R E A S C N S  T H A T  T H E  
I N T E G P A T I C h  I h T E R V P C  QNC IS A F U h C T I O N  CF T H E  V A R I A B L E  9 R G Y S  I N  T H E  
P R E C E O I U G  P K O G R A P  F O R  D L T C 3 -  

~ N C = P I / A B S ( P Y ) A C ~ V = ! , ~ ~ - ~ 7 ~ C A L L I h f I N T R ( N R , S ~ R , F R , N F R , J R , R h C , C N V , F Q )  ( B  1 3 7 )  
R E T U i? h C E N D ( R  1-38) 

S U B R C U T I N C  FLhCR I S  ChE W F I T T E h  T O  E V A L l J A T E  T H E  I N T E G R A N C  O F  
I N T t R f S T  CIVCTR T H E  V A R I A B L E S  6 A N D  R I N  A C C O R D A N C E  W I T I -  T H E  I N T E G R A T I O N  
S U B K O U T I h F S  I h F I h T G ,  I h F I N T F ,  F G A L S Q ,  A h 0  MGAUSR. 
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TJ iE S U R R T I L T I h E  S U P P R O G R 4 P S  I N F I N T R  P h D  M G A U S R  I N  T H I S  P R C G R A Y  
A R E  N E C E S S A k Y  T C  A L L O N  I N T E C R F T I C h S  O V E R  TWO V A R I A B L E S  Q A T H E R  T H A N  

N A M E S  A N C  W H A T E V E R  V A X I A B L E  N A P E - C b A N G E S  A R E  N E C E S S A K L  T O  A L L O W  THE 
C A L C U L A T I C h S  T C  P R C C E E C  d I l l - O L T  C C h F U S I C N v  T H E Y  P R E  I C E N T I C A L  W I T H  
T H E  S L H K T U T I Y E S  I h f I N T C ;  A h 0  P G P U S G  A S  C I S C U S S E D  I N  A P R E C E D I F i G  
PROGRAM. ti 

T I i E  O N E  V A K I  A B L E  C F  P R E C E C I h G  PROGRAMS.  E X C E P T I N G  F O R  T H E  S U B R O U T I N E  

T H I S  PX;lGWAi.! p . ' ? K F S  U S t  OF T H E  S U R k C U T I h C  S U B P K C G H A M S  I N F I h T Q  AND 
V G A U S L  A S  qEFIh t rC  b k D  C I S C L Z S E C  I N  A P R E C E G I Y G  P;7GGRAP. 
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F O K T k A h  P R C G P A M  F O R  C O L L A T I h G  D A T A o  T d E  P U N C H E D - C A R D  O L T P U T  
O F  T i i t  T b I R E f  P P E C t D I N S  P R C G P A P S  -- h ! i I C b  R E P R E S E N T S  U F W A S H  I N T E K -  
F t Y E k C E  FACT!)RS F O R  W I N G S  C E N T E R - M O U Y T F O  I N  C L O S E 0  R Z C T A N G U L A R  W I N D  
T l l h l N E L S  A S  ~ J E F I N F D  I N  T H C S E  P R C G R P V S  PhC A P P E N D 1 7  A -- I S  T H E  I r J P U T  
T O  T H I S  F K C G R P M o  THE C P T A  P S  R E A D  I N T C  T H F  P R O G R A M  A P E  P R I N T E O -  

ARC A L S C  C I J T P L T  Ck P L I U C H E D  L A T A - P R C C E S S I N G  C A R D S  FOR L A T E R  C O L L A T I O N  
W I T > {  T r i F  D A T A  K F P K E S E h T I N G  U F h P S H  I Y T E R F E R t k C E  F A C T O R S  FOR W I N G S  
C E f d T E F ! - 4 ( 0 U P i T t C  I N  p F . O G R F S S I V E L Y  M O K E  O P E N  R E C T A N G U L A R  P E R F O R A T E D  
W I hD T { J l i h €  L 5 0  

r3!JT, T d E K  C O L L A T E D  A N 3  R E - F R I A T E D  A S  A C F E C K .  T P E  C O L L A T E D  D A T A  

I F 1  4 D D I T I C h  T C  T t i E  C O V V C N  V A K I P R L E  N P M E S  A L R E A D Y  C E F I ' J E O ,  
THE F C l L C @ i . i l h l i  N A W E S  A 9 E  OF I M F C P T A h C E  T C  T H I S  P A R T I C U L A R  PROGRAM, 

Ll2 = D L T C ?  OF A P k E C E D I N G  PROGRAM. 

E 3  = D L T C ?  !3F A F R E C F D I N G  FRGGRAM. 

114 = I l L T C 4  U F  A P R E C E D I N G  F2OGRAM.  

0 5  = D L T C C  r l F  A P R t C E D I N G  FRCGRbFI'. 

A L L  O l t I F F .  V A R I A b L F  N A P E S ,  E X C E P T  A S  N C T E D ,  A R E  b S E D  M E P E L Y  A S  
H O C K K C F P I k G  D E V I C E S c  
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FT;C;THAI\ P.4CGFAb' F C P  E V P L L F T I N C  T H E  F R C G R E S S I V E L Y - C G R E - O P E N -  
T!JVYEL PCHT1I:IL nF E C U P T I r l ? J  ( A - 2 1  CF 4 P F E N D I X  A ( T H I S  IS T H E  T E R M  

1 G I V t  U P . J A S H  I N T E R F E R E N C E  F A C T C R S  FCI? W I h G S  C € N T E R - M C U h T t D  6 E T W E E W  
C I ~ N T 4 1 N I h G  T ' i t  H Y P F k H C L I C  S E C 4 l r T  I N  T I i E  I h T E G k A N D I e  T H E  R E S U L T S  

I N F I N I T E ,  V C K T I C P L ,  P € K F O R A T E C  f 3 C L h C A R I E S o  

IF :  A U D I T I C I \  T C  T H E  C C C C C h  V P R I b C L E  hA(V'ES P L I ~ E D C Y  C E F I Y E D ,  
T ! i E  FCILLCX1I "G  h A V t S  A i i C  i)F I M P C K T A R C E  TI; T I M I S  P A R T I C U L A R  PROGRAM. 

O L T ' I L  = T I - F  I J P W 4 S k  I N T i b l < F t R E N C E  F A C T O R  C A L C U L A T E D  F C R  T H E  P R C G R E S S -  
I V ~ L Y - u C R C - l J P E h - P I - R F [ . ) K A T ~ r - T U h ~ € L  F C R T  I C N  OF E Q U A T I O V  ( A - 2 ) .  
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S I I R F . C I J T I Y C  f U h C G  I S  (3NE h P I T T E h  T O  E V A L U A T E  T H E  I h T E G a A N D  r)F 
I V T T R t . 5 T  C V k R  T H C  V P R I A d L E  C I h  A C C O Y C A h C E  W I T H  T H E  I h T E G R A T I O N  
C I J B Y O I J ' I  I h i  4 G A U S G o  h F F E R  T C  C I S C l J S T I C N  I N  A D R E C E D I N f  PRCGRAYW 

( 8  2 4 1 )  
( R  2 4 2 )  
( B  2 4 3 )  
( R 2 4 4 1  
( H  2 4 5 )  
( 8  2 4 6 )  
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F ( 7 K T R A N  P R C G R A M  F O R  E U A L U P T I N G  T H E  FRTGRESSIVELY-CCRE-OPEh- 
T U N N E L  P C Z T I G h  O f  E Q U P T I O N  ( A - 4 )  CF A P P E N D I X  A ( T H I S  IS T H E  D C U R L E -  
I N T E G R A L  P O R T I O N  OF T P E  E C U A T I C N ) .  T H E  R E S U L T S  G I V E  l i P W A S H  I N T E R -  
F E R E N C E  F A C T O R S  F O R  W I N G S  C E N T E R - M C U N T k D  B E T d E E N  I N F I ~ I T E v  H C R I Z O N T A L -  
P E R F O R A T E D  H O U N D F R I E S .  

I N  A D D I T I C N  T C  T H E  CCCCCN \ r A R I F @ L E  N A M E S  A L R E A D Y  C E F I N E D ,  
T H E  F C L L O l v I N S  N A P E S  A K E  O F  I M F C R T P h C E  T C  T H I S  P A R T I C U L A R  PROCRAM. 

A Y S  = A V A R I A S L E  r r H I C H  S E R V E S  T H E  S A M E  f U h C T I G N  A S  T H E  V A R I A B L E  
A R G Y S  I N  A P R E C E C I N G  PRCGPPP.  

3 ;  = T H E  V A L U E  CF T H E  I N T E G R A L  R E S U L T I N G  F R O M  USE O F  A P O S I T I V E  
S I G U  I N  T h F  V P R I P E L E  AYS. 

0.2 = T H E  V A L I J E  C f  T H E  I N T E G R A L  R E S U L T I h C  F k O Y  U S E  OF P K E G A T I V E  
S I G Y  I N  T H E  V B R I P E L t  A Y S .  

O L T 0 3  = T H F  l J F W A S H  I N T E R F E R E N C E  F A C T O R  C A L C U L A T E D  F O R  T H E  P R C G R E S S -  
I V E L Y - ~ C R E - I l P E ~ - F E R F O ~ P T E ~ - T U h h E L  P C R T I C h  OF E G U A T I O N  ( 4 - 4 ) .  

A L L  C T t j E F  V A R I L H L E  N A V E S ,  E X C E F T  A S  N O T E C ,  A R E  I J S E D  M E R E L Y  A S  
B O O Y Y E F P I N G  O t V I C E S o  

\ A C E L I S T  I h P L T S  A R E  P k t  F T v  R P  
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( B  286) 
( B  2 8 7 )  
( B  2 8 8 )  
( B  289) 
(8 2 9 0 )  
( 6  2 9 1 )  
( 6  2 9 2 )  
( B  2 9 3 )  
( € 4  2941 
( B  295 )  

S U R P C U T I N E  FUlLCQ I S  ONE W P I T T E h  T O  E V A L U A T E  T H E  I h T E G R A N D  OF 
I N T E R E S T  C V F R  T H E  V A R I A B L E  C I h  A C C C R C A h C E  k I T H  T H E  I h T E G R A T I C N  
S U B K O U T I h F  MGAUSG.  R t F E R  TC C T S C L S S I O N  I h  A P R E C E D I N G  PRCGRAC. 

( B  2981  
( B  2 9 9 )  
( B  300) 

T H I S  P R O G R P Y  C A K E S  U S E  O F  T I - E  S U B R O U T I N E  S U B P R O G R A M S  I N F I h T Q ,  I N F I N T R ,  
~ G A U S G T  A N D  Y G P l l C R  A S  O E F I h E O  fhG C I S C L S S E D  I N  P R E C E E C I N G  P K C G R A Y S .  

35 



APPENDIX B 

FCIRTPA?J P R C G R A M  F O R  E V A L G P T I N G  E Q t l A T I C N  1 4 - 1 3 ]  O F  A P P E N D I X  4. 
T t l t  C A L C U L A T I C N S  G I V E  A N  A P P R C X  I M A T I O h ,  C L C S E  TO T H E  S I M U L l A N E C U S  
l l i ? I G I N  OF T d E  T H R E E  V A H I 4 8 L E S  C F  I A T E G K l T I O N  T O  TI-E U P d A S H  I N T E R -  
F C R E N C k  F A C T O K S  FLlP N I U G S  C E N T E R - M C U N T L  C I N  P R O G R E S S I L E L Y - M O R E - O P E N -  
P f h F O f A T E O  T t S T  S t C T I C r \ S .  T h E  I N T E R F E R E A C E  F A C T O R S  C F L C U L A T E D  
R F P Y E S E V T  T : ( E  t F F E C T  C F  I C 2 1  Z C N T A L  R O U N C A R I E S  CiU T H E  I N T E K F E R E N C E  
V F L O C I T Y  P ( ' T E h T 1 P L  I N S I U E  TI-E T E S T  S E C T I O N  D U E  T O  V F K T I C 4 L  B O U N D 4 R I E S .  

I h  s \ D t J l T I C r \ l  T C  T H E  CCMt'CN V A R I A R L F  h4I" 'ES A L Y E A C Y  C E F I h E D t  
T t I E  F ( 1 L L C N I Y I ;  h A C E S  A ? C  OF I Y F C R T A N C F  T O  T t 1 I S  P 4 9 T I C U L A R  PROGRAY.  

ALL  C T I i E k  V A K I A l j L F  N A Y F S T  E X C E F T  A S  h i C T E D ,  A R E  U S E D  Y F R E L Y  A S  
RI 'CKKCF P I r ; G  1 ) F V I C F r S .  
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F( ’FcTFAh P G C G F A M  F C V  E V b L U P T  I N G  T H E  F I R S T  T R I P L E -  I h T E G R A L  P O R T I O N  
OF E i J I J P T I C K  ( C - Z 4 )  O F  A P P E h C I X  A. T H I S  C A L C U L A T I C Q  R E G I Y S  AT T H E  
P C I Y T  T P E  I V Y t C I A T E L Y  P P E C E C I h G  P R C G R A Y  L K F T - O F F  A N 0  C A R Y I E S  T H E  
I N T E G F A T I C N  T P R L l L G t i  P A R T  C F  T k E  R E P A I h C E R  O F  TI -E  I N T E C R A T I O N  RANGE. 
T : i E  C A L C b C A T I C % S  G I V t  A N  AI ’PRCX I M A T I n N  A k A Y  F R O V  T H E  S I M U L T A N E O U S  
O Y I G I l u  O F  T t i E  T I i H E E  I % T E ( ; K A l  I C Y  V F P I A B L k S  T O  T t i E  U P W A S H  I Y T k R F E R E N C E  
F A C T I P S  F O k  d I N G S  C E N l E R - V C L N l F C  I h  P ~ ~ G R E S S I V i L Y - ~ C R E - O F ~ ~  P E R -  
F G W T L P  T C S T  S E C T I C k S o  T t E  I h T E P F E P E N C E  F 4 C T P R S  C A L C U L A T E D  R E P R E S E N T  
T Y E  E F F E C T  CIF ! i r ) ~ I  7C lWTAL R C L N C A R I E S  O N  T H E  I N T F R F E R F N C E  V E L O C I T Y  
P C T E N T I A C  I ; \ I S I C t  T H E  T E S T  S E C T I C h  C U E  T C  V E R T I C A L  F IOIJNDARIES.  

1‘1 C h C i - R  T C  C C W P A H E  W I T I -  F C U P T I C N  ( A - 2 4 )  OF A P P F Y C I X  A T  N O T E  
T i t  E F CiL L C w I N G  QCI I V PL Fh CF S 

* a #  i j f  T I - I S  P F ~ G F A I ~  = C K E E K  L E T T F R  + T H E T A #  O F  E Q U A T I O h  (A-1.4) .  

f P f  C F  T P I S  D K Z G F A F ,  = C R E E K  L E T T E r P  # R P C t  CF E G U A T I O N  ( b - ? 4 ) e  

I h I  A T ‘ C I l I C h  T C  T t i t  C C W P C h  L A R I A P L E  IUAh-lES A L R E A D Y  D E F I N E D ,  
T S E  F I ! L L T ) w I Y C  \ A W E S  A R E  OF I M F C P T A h C E  1 C  T I 1 1 5  P A R T I C U L A K  PRCGRAFA. 

I lLT ‘ l4  = T‘JF IJFCIISH I V T E R F t b ’ E h C E  F P C T O R  P E S t J L T I V G  f R C M  T H F  C A L -  
C U L A T T ‘ I k S  C F  T P I S  P K U C P A M ,  

ALL C T I ’ F P  V 1 ; I I A Y L E  N A ” t S 9  E F C k P T  A S  ’ I L lTkD,  A R k  L S E O  N E R E L Y  A S  
R f l C K K F i F I N G  d C V I C E S ,  
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S U B K C U T I Y E  F U k C Q  I S  O N E  W R I T T E N  T O  E b A L U A T E  T H E  I h T E G R A N D  O f  
I h J T t R E S T  I I V E R  T H E  V A K I A B L E  6 I A  A C C C H O A h C E  M I T k  T H E  I A T E G R A T I O N  
S U i 3 K f l U T I N E  MGAUSC.  R E F E R  T C  C I S C L S S I O N  IN A P K E C E D I N C  PRCGRAM. 

S L B R O U T I N E  F U N C C ( U , F O ) $ D I M E ~ S I C h F C ( P )  t F R ( 1 )  v R N T ( 1 )  ( B  3 9 2 )  
C U ; J M C h S Y (  2 1 T I S , Y h (  3 ( 2  1 ,  I Y T  B Y ( 5  1 T IH T S  P R  T P I  T R B T A Y S $ S = Q $ N R = I  $ N F R = l  ( B  3 9 3 )  
J R = 5  1 SCI\IV= 1 E-.' 5 I 4  Y S=VH ( I Y T I S 1 + 5 h ( I B ) S RlvC = P I  / A B S  ( A Y S 1 ( R  3 9 4 )  
C ~ L L I N F I N T ~ ( ~ H T F P T N F R T ~ R T R I \ C T C ~ V T ~ ~ T ) $ C ~ ~ = R N T ( ~ )  ( B  3 9 5 )  
I F  ( I Y  .Ea,? )CIlT! l6$AY ,C=@H( I H  ) -Yk I I V  I S )  E R Y C = F I  / A B S (  A Y S  ) (El 3 9 6 )  
C A L L I ~ F I ~ ~ T P ( I \ R T F ~ , N F P T J R T R N C , C ~ V T ~ ~ T ) ~ ~ ~ ~ = ~ N T ( ~ ) $ G O T O ~  ( € 3  3 9 7 1  

b 9 4 2 = 0 4 1  ( B  3 9 8 )  
5 FQ (1 1 = C O S  ( C 1 ( 2 4  ;+E42 B R E T U R M E N C  ( B  3 9 9 )  

S U E S @ l J T I Y K  FUNCP I S  nNE W R I T T E N  T O  E V A L U A T E  T H E  I N T E G R A N D  O F  
I Y T E i i t S T  C V E Y  T k E  V A R I A B L t S  6 A h D  H I N  PCCOROAFUCE W I T t -  T H E  I N T E G R A T I O Q  
SUEROCIT I K L S  I I \ F I N T P ,  M C A U S Q ,  A N D  M G 4 U S K o  

S i i Y P n u T I r r l E  F L N C P  I S  PNE ~ R I T T E A  T O  E V A L U A T E -  THE I ~ T C G P A N D  OF 
I ' d T E R E S T  C V t K  T F E  V A K I 4 d L F S  F T  C T  PND R I N  A C C O R C A N C E  W I T H  T H E  
I U T F 3 P A T I C Y  S L Y R C L T I N t S  I \ F I h T F ?  I S F I h T R ,  NGALJSP, M G A U S Q ,  A N D  Y G 4 U S R .  
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T l l c  S U H K O L T I h E  S U B P R O E R A C S  I h F I h T P  AhD M G A U S P  IN THIS P P O G R A Y  
A R E  N E C t S S A K Y  T O  A L L O W  I N T E E R b T I C h S  O V E R  T H R E E  V A R I A R L E S  R A T H E R  T H A N  
THE TECl V A R I A B L E S  C F  P R E C E C I N G  P R C G K A P S .  E X C E P T I N G  F T R  T H E  S U B R O U T I N E  
N A V E S  A Y C  d H A T E V F R  V A R I A B L E  NAWE-CHA,VGES A R E  N E C E S S A R Y  T O  A L L O W  T H E  

T: iF  S U S R G U T I N C S  I h F I N T Q  A h C  M G A U S Q  A S  D I S C U S S E D  I N  A P R E C E D I K G  
PROGdAM.  A L S C  N C T E  T H A T  T k E  I h I T I b L  V A L U E  CF T H E  L O W E R  L I M I T  + A Q +  
H A S  O E E N  C F A N G E I I  F R O M  Z E R O  T O  C . t i b  I N  A C C O R D A N C E  W I T H  T H E  L I M I T S  

C A L C U L A T I C h S  T C  P R C C E € C  W I T h C t T  C C k F U S I C N ,  T H E Y  A R E  I C E N T  I C A L  W I T H  

f lN THE I k T E G R P L S  B E I N G  P R C G R A C F E C .  

S L H ! ? C U T I l \ ; t  I ~ F I h T P ( h Q ~ F C F P ~ N F C , J Q , Q I h C ~ C C ~ V ~ Q I N T )  ( B  4 1 8 )  
D I ~ ~ E N S I O I V  SUF.!Q(I  ) y F C F P ( l ) , Q I N T ( l )  $DOiI=I,RFQ ( R  41.9) 

1 01 r \T ( I ) =:lo S A C = .  .7 3. $ U C Z  I '2=1 , J Q S  I F  ( 16-1 ) 4  9 4 9 3 ( 8  4 2 0 1  
3 AO=Q(JBG:)T17Q ( 8  4 2 1 )  
4 R Q = l .  ( R  4 2 2 )  
9 R C = H Y t Q l ~ C % C A L L Y C A J ~ P ( A ~ , B ~ , ~ ~ , S ~ ~ ~ , F C F P , h ~ S )  ( 8  423)  

C C C N V = . ' c % f l r S I = l  , b F G $ C C O N V = G C C h V + A P S ( S U M Q (  1 ) )  ( 5  424)  

G C T C 7  ( 6  426)  
7 k R I T E ( 5 t P ) ~ k R I T E ( ? t E ) b G U T 0 6  ( R  4 2 7 1  
8 F O R Y A T ( ; H  , i X * l Y T E G R P L  N C h C C N V E R C E N T  k I T H  G I V E N  U P P E R  L I C I T  CN P*) ( 8  4 2 8 )  
2 C O N T I N U E  ( B  4 2 9 )  
5 ? E T U R k \ B E h l D  ( 6  4 3 9 )  

5 Q I N T ~ I ~ ~ U I N T ~ l ~ + S U M ~ ~ I ~ $ I F ~ Q C C h V ~ L T ~ C ~ N V ~ G C T O ~ ~ I F ~ I ~ ~ E ~ ~ J ~ ~ G C T O 7  ( B  4 2 5 )  

T H I S  P F O G K A M  I J A K E S  U S €  OF T t E  S U B R O U T I N E  S U H P R O G R A M S  I N F I N T R ,  
MGAUSO,  A N D  Y G A U C t i  A S  O E F I h E D  PhD G I S C L S S E U  I N  P R E C E E C I N G  PRCGRAMS. 
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F C R T R A h  P P C G F b M  F 7 R  E V D L U b T I N G  T H E  S E C O N D  T R I P L E - I N T E G R A L  P D R T I O N  
OF E d U A T I C I N  ( A - ! . 4 )  OF A P P E h D I X  A o  T H I S  C A L C U L A T I C h  B E G I N S  P T  T H E  
P O I N T  T H E  I ~ 4 ~ l E C I P T f L Y  P K € C t C I h G  P R C G Q A M  L E F T - O F F  A N D  C A R R I E S  T H E  

E X C E P T  f C 4  T b F  L I P I T S  O F  I N T E G R A T I C N ,  T H I S  P R O G R A M  IS I D E h T I C A L  
I U T E G k A T I C h  T b R C L G H  T r l k  R F P P I h C E R  C F  T b E  I h T E G P A T I O N  F A Y G E e  

N I T i  T H E  P K I G R P M  1 M " E C I A T E L Y  P F E C E D I U G e  O N L Y  T H E  P C R T I O N  S H O W I N G  
T h E  C H A ' l C i  I N  T I - t  L I M I T S  O F  I h T E G K A T I C N  I S  R E P R O D U C E D  bERE. 

S I N C E  T I E  I N T t G P A T I C N  L I Y I T S  Ck T b I S  IP.!TEC,RdL A R E  F I N I T E  R A T Y E R  
T s i A Y  I h F I % I T 5  A S  h 1 T i - l  THE I A T E G R A L  CIF T V E  P R O G R A M  I M P E O I A T E L Y  
P K E C E I ~ I V ~ ,  T H E  S L E R ( 1 U T I N E  I A F I I L T P  I S  NCT U S E D  I N  T H I S  PROGRAM. 

I k  A C C C K C t h C €  w I T F  T I -E  I h T E G R A T I O N  L I P I T S  C F  E C U A T I O N  0-14) 
OF A P I P F u C I X  4, T b E  I N I T I A L  L A L L E  F C K  TI -E  L C 4 E K  L l N I T  P Q  I A  T H E  
5 I J S F I I ( J T I I \ L  I N F I V T R  I S  S E T  A T  C.<I R A T H E R  THPN ZERO. 

40 



APPENDIX B 

F ( ' P T P A N  P P C t i H P M  FI:R C C L L P T  I h G  D A T A .  T I i E  P U ' J C H E D - C A R D  O U T P U T  
rJF T t i i  T t { & r E  P H C C t l 3 I N G  P R f l G R P C 5  I S  TkIE I K P U T  T C  T H I S  F P C G R A M o  

D A T A - f ' ~ O C Z T S 1  hG C A k D S  F O P  L P T E R  C C L L ' A T I C N  k I T H  T t  t D A T A  Q E P K E S E N T I Y G  
'A INGS C F h T F Q - M C l l h T L C  I N  C L C S E E ,  R F C T A N G L L A R ,  P E Y F O P A T E D  T E S T - S E C T I O N S  
A N D  W 1 T : i  T H 2  C A T P  K E P H k S N T I h G  V P K I C L S  CCt 'PONENTS O F  UFW4SI-  
I h T t K F i R F N C t  F A C T L J L S  FOP. Vr1NG-C C E h T E R - M C L N T E D  I N  P R C G H F S S I V E L Y -  
Y C K f - I I I P F h  9 A E C T A h C U L A P  P t R F C P P T E O  T E S T - S E C T I C N S .  T k E  C O L L A T E D  
L A T A  CF T k I S  F P f l C F A P l  G I V E  TI -E  T O T A L  C O M P C h E N T  F O R  P R C G R C S S I V E L Y -  
P O R E - P P t h  T k S T - S E C T I O N S  UF UFhbSH I \ T E P F E k E N C C  F A C T O R S  D O E  TO THE 
E F F E C T  Of- t i ~ l i i I Z C h T A 1  Z C U Y C P F I F S  ON T H E  I N T E K F E R E N C E  V E L O C I T Y  

T I i E  D A T A  PI?! C C L L A T E D ,  P R I h T E C  O U T  45 b C k f C K ,  T H € N  P L h C H E D  C N T O  

P C T E N T I A C  INS I C E  T H E  T E S T - S E C T I O N  C U E  TG V E R T I C A L  B n U h D A R I E S .  

I h  4 1 1 ' 3 I T I C h  TC T H E  CflWb'Ch; b A K I A B L E  h A P t S  A L R E P 0 Y  C E F I h E C ,  
T H E  F ( r L L O ' n I % G  N A P E S  A R E  UF I M F C R T P N C E  TC T H I S  P A R T I C U L A R  PROGRAY. 

gi?.  = 04 C F  T t E  F H C G R A Y  E V A L U F T I N G  E D U P T I O V  ( A - 1 3 )  O F  A P P E N 3 I X  A. 

D 4 ?  = 0 L T C 4  O F  T I - E  P R O G R A M  E V A C U A T I N G  TI-E F I k S T  T R I P L E - I N T E G R A L  
P n Q T I ( 1 Y  C F  t G L A T I C N  ( A - l i 4 )  C F  4 P P E h C I X  P O  

3 4 3  = ULTCL, i ) F  Ti-€ PRCGRAW E V b L U A T I h G  T I - E  S E C C N L ,  T R I P L E - I h T E G R A L  
P[ ;RTIC N T F  E C L A T  I C N  ( 4 - 1 4 )  CF 4 P P E l v D I X  A. 

E 4 5  = T I - L  F L I S U L T  C F  C D L L A T I C N  CF T k E  F A C T C K S  041, 042,  A F \ C  043 I N T I 1  
THE: U F k A S H  I N T E F - F t V F N C E  F A C T C F  R E F F € S F h T I h G  W I N G S  C F k T t A - M O U N T E D  

DL'f Tt3 T t F  E F F E C T  C F  h C k I Z C h T D L  B C U N D A P I E S  ON T H E  I N T k R F E X E N C E  
IN P K ~ ~ K E S S I V ~ L Y - ~ C ~ E - ~ P E Y ,  K E C T A ~ G U L A P ,  P E W O F A T F D  T E S T - ~ E C T I U V S  

V F L O C I T Y  P t . ' T E t \ T  I A L  I N S I L I E  T h E  T F S T - S E C T I C N  DIJF TO V E R T I C 4 L  B C l i N D A R I E S .  

ALL Q T t j C G  V A H I A B L E  h A W E S t  E X C E F T  A S  N . I T E D ,  A H t  U S E D  M E R E L Y  A S  
H C C K K E E F I Y G  D E V I C E S ,  
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F O R T P A N  P F C G P A M  F O P  E V A L U D T I N G  E Q U A T I O N  ( A - 1 ) )  O F  A P P E N D I X  A. 
T H E  R E S U L T S  G I V E  U P W A S H  I N T E R F E R E h C E  F A C T C R S  FOR WINGS C E k T E R - M O U N T E D  
I N  P ~ O G R E S S I V t L Y - ~ C K E - C P E N ,  R E C T A N G U L A R  t P E K F O R A T E D  T E S T - S E C T I O N S  
D U E  TI1  T h k  E F F E C T  OF c l G K I Z C h T P L  H C U h D A P I E S  O N  T H E  I N T E R F E R E N C E  
V F L U C I T Y  P C T E h T I P L  O U T S I D E  T t - E  T E S T - S E C T I O N  D U E  T O  H O R I Z O N T A L  
SOUNDAg I E S o  

IN 4 D D I T I C h  TC T H E  C O P M C N  V A R I P E L E  R A P E S  A L R E P C Y  C E F I N E D ,  
THE F C L L O h I Y G  h A P E S  A R E  O F  I M F C P T A N C E  T O  T H I S  P 4 R T I C U L A K  PROGRAM. 

1 3 L T 3 5  = T H F  d F k A S H  I N T E R F E R E h C E  F P C T O R  C P L C U L A T k I )  

4 L L  C T ! i E P  V A k I A R L E  N A P E S ,  E X C E F T  A S  I \ 1 3 T E C ,  A R E  L S E D  M E R E L Y  A S  
S O ~ K K E E P I N G  U € V I C E S .  

I \ ; A M E L I S T  I N P L T S  A R E  9 k ,  CT,  P P  
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S t J 8 K G t l T I ! d E  F U R C O  I S  C N E  W R I T T E N  TC1 E V A L U A T E  T H F  I h T E G R A N D  OF 
I ! \ l T t C ; F S T  ClVEK T H E  V A K I A B L F  C I h  A C C O R C A k C E  W I T H  T H E  I h T E G R A T I O N  
S U H R U U T I h E  5 I G A U S G o  R E F E R  TC C I S C L J S S I O N  I K  A P R E C E D I N G  PRCGRAM. 

S U d K C U T I Y F  ~ l l ~ ~ C G ( ~ t F C l $ C I ~ ~ E h S I O R F Q ( ~  1 t S M P ( 1 )  t F ? ( L  1 t P N T (  1 )  p R H ( 5 1  ( B  5 9 7 )  

f ' JP=3$iyFP=I $ P N C =  5 * % R * F L O P T  ( I S / F L C A T  ( I P )  SChV=;  e E-C 3 5  J P = 5 C $ S = Q  ( E  5 9 9 )  
C A L L I  N F I F r T P  ( N P ,  S CF, F F  ( N F P t  J P  t F h C  t . C h V r P N T  1 b F C (  A ) = C * P N T (  L ( 6  6c)'i) 
K E T U H N B E N D  ( B  601) 

CO"'. lCNSH( i ) 9 I S T  Y H ( 7  t i  ) T I  Y t D Y t  I E!, F v S t P I  T R F ,  P Y S T  I P ,  H P  t R P Q t  P Q t  B Q t  N M Y  ( 8  5 9 8 )  

T H I S  P H I 3 C d A Y  FLAKES U S E  OF TFE S L B G C U T I N E  S U B P R O G K A P S  I N F I h T P ,  I N F I N T Q t  
I Y F I Y T T F T  M L 2 U S P T  C C - A U S G t  4 h C  F C A L S F  AS C E F I N E O  ANC D I S C l J S S E D  I N  
P R  E C E P I  YC; P t J n G K  P P ~ .  
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APPENDIX B 

F L H T F A h  P F C S F P M  F C R  C C L L A T I K G  TI-E C P T P  C A L C U L A T F n  BY W E A N S  O F  
E d U A T I I 3 N S  ( , ! - ? I ,  ( A - 4 1 ,  ( P - 7 1 ,  ( A - e I c  ( A - l . ~ + l v  ( A - l ? ) ,  A N D  ( A - 1 4 )  C F  
A P P i N O I  X P o  T b E  F U N C H E C - C P F D  C U T F U T  GF S E V E R A L  P R E C E C I N G  P R O G R A M S  
I S  J t iF  I N P I J T  TO T h I S  P R O G R A C .  T H E  D 4 T A  LIRE CCYBINEC, P R l h T E C - O U T  
A S  A L t l E C K ,  T t E k  F I J N C k E D  C h T C  C A T P - P R O C € S S I N G  C A R E S  F C R  USE I N  A 
P f c ) G K A M  L4l-ICti G F r h f - R A T E S  F I R A L  ' T A B L E S  C F  T H E  D A T A .  

I N  A C C I T I C I U  T C  T H E  CCVb'CN V P R I P R L E  N A M E S  P L K E A O Y  DfFIhED, 
T t l E  F O L L C w I N C  h A C E S  A R E  O F  I P F C R T A h C E  T C  THIS P A R T I C U L A R  PRCGRAM. 

D L T 2  = T t i F  U P h A S H  I N T E P F E R E h C E  F A C T C R  C E L T A - S [ J R - 2  O F  E Q U A T I O N  ( A - 2 1  
G F  & P P F X C I Y  a ,  

I D L T 3  = TI -E . JPhASt -  I N T E K F E H E h C E  F A C T C K  D E L T A - S U f ? - 3  O F  E Q U A T I C R  ( A - 4 1  
CF 2 P P t & ; l l I X  A. 

G L T +  = TI--E U P h b S t -  I N T E R F E R E h C E  F A C T C R  C E L T A - S U B - 4  L7F E Q U A T I C h  ( A - 7 . 4 1  
f lF  1 P P F V L : I X  A .  

' I L T F  = T H Y  I JPhASH I h T E C F E S E b C E  F A C T C ?  C E L T P - S U F - 5  CF E Q U A T I C N  ( A - I t 3 1  
C F  I P P F h C I Y  A, 

5 L T T  = T t - F  T O T A L  L P h 4 S k  I N T E R F E R E h C E  F A C T C R ,  T H E  S U V Y h T I C h  C F  D L T Z ,  
q L T ? ,  O L T 4 ,  Ah0 CLTC.. 

A L L  C T Y F F  V 1 9 I b 3 L t  h A I V F S ,  t X C E F T  A S  N O T E C ,  A R E  ' J S E D  Y E R E L Y  A S  
S C r < K t L - F I N G  7 l E V  I C t S o  
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APPENDIX B 

T r _ E T H A t \ :  ? R C S G A W  FCP G E h E R f T I N G  T A B L E S  C F  T k F  P R E V I O U S L Y  C A L -  
C I J L A T k D  b I \ C  C C L L b T F U  D A T A *  T E E  C A T A  C L T P U T  F K O Y  T t i E  I P M € G I A l E L Y  
P R E c t r ) I N c ,  W O C , P , ~ C  A F F  T H C  I ~ F L T  FCR T ~ I S  P R O G R A M .  THIS P R O G R A Y  
A K Q A r d G E S  T H r  Z A r b  P N C  P a I h l S  T k E M  I N  T A P U L A R  FORM. 

I r1  A r J D I T I C h  T C  T H E  CCIP,MCY b A R I A B L E  h A M L S  A L R E A D Y  C E F I h E D ,  
THE F f l L L S h I N G  K A P E S  A R E  CF I t ' F C R T F h C F  T C  T H I S  P 4 R T I C U L A R  PROGRAM. 

0 2  = D L T 2  CF T h t  I Y M E C I A T E L Y  F P E C E C I N G  PRCGRAM. 

0 3  = O L T ?  CF 7 H t -  I C P E C I A T E L Y  F F F C E C I N G  FRCGRAM.  

04 = C J L T L  CF T I i k  I M M C C I A T E L Y  F R E C f C I N G  F R O G R A n l o  

05 = [ , L T 5  TF' T h L  I Y P t C I A T F L Y  F P € C E C I N G  P R C G R A V .  

D T  = U L T T  I F  T H E  I M V E C I A T E L Y  F F E C € C I F \ I G  P R G G K 4 M .  

4 L L  C T t I E P  V A Q I A B L E  N 4 c t S t  E X C F F T  A S  N C I T L C ,  A R E  U S E D  M E R E L Y  A S  
R O n K K t t  P I % G  D t b I C t S .  
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TABLE I.- UPWASH INTERFERENCE FACTORS 6 IN RECTANGULAR TEST SECTIONS 
CALCULATED BY APPROXIMATION PROCEDURE WITH VARYING PERMEABILITY 

FACTORS FOR WING-SPAN-TEST-SECTION-WIDTH RATIO s/b OF 0.3 

(a) Tunnel width-height ratio b/h of 0.50 

RIP 

CLOSED 

. l o o  

. I 2  5 

- 1 6 7  

.222 

. 3 3 1  

.450 

.562 

.750 

1.000 

1.500 

2.030 

2.530 

3.333 

4.444 

t .667  

7.500 

5.375 

12 .500  

1 t. 6 6 7  

25 .000  

OPEN 

Y/S 

0.0 

0 .o 
. 5  

1 .o 

0.0 
. 5  

1 .o 

0 .O 
. 5  

1 .o 

0 .O 
. 5  

1 .o 

0.0 
. 5  

1 .o 

0 .o 
. 5  

1.0 

0.0 
.5 

1 .o 

0 .o 
. 5  

1 .o 

0 .o 
. 5  

1 .o 

0.0 
. 5  

1 .O 

0.0 
. 5  

1 .o 

0.0 
.5 

1 .O 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1 .0  

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
- 5  
1.0 

0.0 

62 
- 

-205  
.208 
- 2 1 6  

.194 
.197  
.205 

. 118  
. 180  
.I88 

-153 
- 1 6 1  
.169  

.127 
.129  
.135  

- 1 3 3  
. l o 1  
- 1 0 7  

.c75 
- 0 8 0  
. O E 4  

.049 . C50 

.c53  

.o 2 1 
. 0 2 1  
- 0 2 3  

-.017 -. C17 
- .o l e  
-.041 
- . C 4 1  
-.044 

-.055 
- .057 
-.Oh1 

- .07'1 
- . c 7 5  
- .073 

- .Os7  
-.C89 
-.09+ 

-. 1 0 2  -. 104 
-.111 

-. 106 
- . l o 8  
-.114 

-.111 
- .113 
-.120 

-. 117 
-.117 
-.127 

-. 1 2 1  
-.12+ -. 131 
-. 1 2 5  
-.123 -. 1 3 6  

63 

-027  
-027  
- 0 2 6  

-026  
- 3 2 6  
- 0 2 5  

- 0 2 3  
- 3 2 3  
- 0 2 3  

-020  
- 0 2 0  
.020 

-015 
-015  
-014  

-009  
009  

- 0 0 9  

.004 

.004 
-004 

-.304 -. 004 
-.004 

-.012 
-.012 
-.012 

- .024 
-.O24 
-.024 

-.032 
-.032 
-.032 

-.033 
-.037 
-.037 

- . 3 4 4  -. 044 
-.Ob3 

- . 3 4 3  -. 048 
-.048 

-.354 - -054 
-.053 

-.055 
-.055 
-.055 

-.057 
-.057 
-.356 

-.059 
-.059 
-.058 

-. 061 
-.060 
-.Ob0 

-. 062 
-.062 -. 061 

64 

-.014 
-.014 
-.014 

-.012 
-.012 
-.012 

-.010 
-.010 
-.009 

-. 007 
-.007 
- .007 

-. 0 0 5  
-.005 -. 004 
- .003 
-.003 
- .003  

-. 002 
-.a02 
- .002 

-.001 
-.OD1 
-.001 

.ooo 

.300 
.ooo 

.004 

.004 

.004 

-008 
.OO8 
.007 

.O 11 . 01 1 

.01 I 

.015  
-01 5 
.014 

.020 

.020  
-019  

.024 

.024 
.023 

-025  
.025  
.024 

.027 
.027  
-026  

- 0 2 9  
.025  
.028 

- 0 3 1  
.031 
.030 

-033 
.032 
.032 

-. 002 
-.002 -. 002 

-. 002 
-.031 -. 00 1 

-. 001 
- . O D 1  -. 00 1 

-. 000 
-.ooo 

.ooo 

.002 
.002 
- 0 0 2  

. 0 0 3  
- 0 0 3  
.003 

.004 

.004 
. 0 0 5  

- 0 0 6  
.006 
. 0 0 7  

. 00 9 
-009 
.009 

.011 

.012 

.012 

.013 
-013 
.013 

.014 

.014 

. 0 1 5  

. 0 1 5  
-015  
.016  

.016  
- 0 1 6  
. 0 1 7  

- 0 1 7  
- 0 1 7  
.017 

.017 
. 0 1 7  
.017 

.017 . 017 
.017 

- 0 1 7  . 017 
.018  

.017 
-01 7 
.016  

-017  
. 0 1 7  
.018 

ipproximated 6 

52 + 63 + 64 + 6 5) 
.266 

-216 
-219 
-227 

-191 
-193 
.201 

-172 
-174 
.1a1 

.139 
-141 
.147 

- 1 0 9  
.110 
-116  

-084 
.086 
.090 

. 0 5 1  
-052 
.055 

.017 
-018 
.019 

-. 026 
- .026 
-.027 

-. 052 
- -052 
- . 0 5 4  

- .069 
- -070 
-.073 

- - 0 8 7  
-.0b8 -. 093 

- . l oo  
-.102 -. 107 

-.116 
-.118 
- .124 

-.119 
-.121 
- -127  

-.124 
-.126 
-.133 

-.130 
-a132 
-.139 

--134 -. 136 
- . 1 4 4  

--138 -. 140 
- .148 

-.140 
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TABLE I.- UPWASH INTERFERENCE FACTORS 6 W RECTANGULAR TEST SECTIONS 
CALCULATED BY APPROXIMATION PROCEDURE WITH VARYlIiG PERMEABILITY 

FACTORS FOR WING-SPAN-TEST-SECTION-WIDTH RATIO s/b OF 0.3 - Continued 

(b) Tunnel width-height ratio b/h of 0.75 

- 1 3 7  
. 1 3 8  
-144 

-129 
- 1 3 1  
. 1 3 7  

.113 

.I20 
.125 

. l o 6  
- 1 0 7  
.112 

-085  
-086 
.093  

- 0 6 7  
- 0 6 8  
.C71 

.052  
- 0 5 3  
. a 5 5  

-033 
.034 
-035 

-014 
-0 1 4  
- 0 1 5  

-.c11 
-.012 -. 012 

-. 0 2 7  
-.028 -. C29 

- .038 
-.038 -. C40 
- .049  
- .053 
- . 0 5 3  

- - 0 5 8  
- .053  
- . O C 3  

-.C68 
-.069 
- .074 

-.070 -. c72 
-.C76 

-.07$ -. C76 
-.080 

-.078 -. c 7 9  
- .084 

-.OB1 
-.C82 
-.087 

-. C84 
-.Oe5 
-.091 

63 

.040 
-040 
-038 

-038 
.038 
.036 

-035 
- 0 3 4  
.a33 

-033 
.030  
.323 

.022 

.021  
.025 

.006 

.006 

.335 

-. 005 
-.OOb 
-.336 

- . O l f l  

- .SI8 

-.036 
- .036 
-.036 

-.048 
-.048 -. 047 
-. 056 
-.056 
-.055 

-. 065 
- . 0 5 5  -. 064 

-.073 
- .a72 
-.071 

-.OR0 
- .383  -. 079 

- .082 
- .a92 
- . O B 1  

-.085 
-.OR5 
- - 0 8 3  

- . o i n  

-.oe.a 
- .OR8 
-.OB6 

-.073 -. 090 
- .OH8 

-. 0 93 -. 092 
-.a91 

64 

-.031 
-.031 
-.030 

-.029 -. 02 8 
-.028 

-.025 -. 02 5 - - 0 2 4  

- .os2 -. 02 1 
-.021 

-.017 
-.016 
- .016 

-.013 
- .013  
-.012 

-.010 -. 010 
-.OlO 

-.006 
-.OO6 
-.306 

-.002 
-.002 
-.on2 

-004 
-004 
-004 

.010 

.OlC 

.010 

- 0 1 5  
.014 
.014 

.02c  
.020 
. 0 1 9  

.020  
- 0 2 6  
- 0 2 6  

- 0 3 2  
.032 
.031 

- 0 3 4  
- 0 3 3  
- 0 3 3  

- 0 3 7  
-036 
- 0 3 5  

- 0 3 9  
.039 
- 0 3 8  

- 0 4 2  
- 0 4 1  
.04c 

.044 

.043 
.042 

65 

.002 

.002 

.002 

.002  

.002 
-003 

- 0 0 3  
- 0 0 3  
- 0 0 3  

- 0 0 3  
.003 
.004 

.004 

.004 
- 0 0 5  

- 0 0 5  
- 0 0 5  
.006  

-006 
- 0 0 6  
- 0 0 7  

-037 
. 0 0 7  
.008 

. O D 9  
. 0 0 9  
.009 

.010 
-010 
.Oll 

.011 

.011 

.012 

-01 1 
.012  
.012 

.012 

.012 
-013 

.012 
.012 
-013 

.OIL 
.012 
- 0 1 3  

.01z 

.01z . 01 3 

.011 

.012 . 013 

. O l l  

.012 
.013 

.011 

.011 

.013 

.011 
.011 
.a12 

I Approximated 6 
fiZ + 63 + 64 + 6 

5) 

. I 7a 

I 
- 1 4 8  
a150 
- 1 5 5  

-141 
- 1 4 3  
; 1 4 8  

-131 
-133 
- 1 3 7  

-118  
-119 
- 1 2 4  

-094 
-095 
.099 

-072 
-073 
-077  

.054 
-055  
.058 

.029 
.029 
-031 

.002 
-003 
.004 

- .033 
-.033 
-.033 

-.054 
- . 0 5 4  
-.055 

-.068 -. 068 
- -069 

-.082 
-.0b3 
-.0b5 

-.093 - .093 
--a96 

-.105 - -106 
-.10r 

-.107 
-.108 
-.111 

-.ill 
-.112 
-.115 

-.115 
-.116 
-.120 

-.119 
-.120 
-.123 

-.1i2 
-.123 
-.i27 

-.121 
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TABLE I.- UPWASH INTERFERENCE FACTORS 6 IN RECTANGULAR T E S T  SECTIONS 
CALCULATED BY APPROXIMATION PROCEDURE WITH VARYING PERMEABILITY 

FACTORS FOR WING-SPAN-TEST-SECTION-WIDTH RATIO s/b OF 0.3 - Continued 

(c) Tunnel  width-height r a t i o  b/h of 1.00 

0.0 

0 .o 
. 5  

1.0 

0.0 
.5 

1 .o 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 
1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

c.0 
.5 
1.0 

0 .o 
.5 
1.0 

0 .o 
. 5  

1 .o 

0 .o 
.5 

1 .o 

0 r O  
.5 

1 .o 

0.0 
. 5  

1 .o 

0.0 
. 5  

1 .o 

0.0 
. 5  

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

c. 0 
.5 

1.0 

0.0 

62 

. l o2  

. l o 4  
-103 

-097  
-098 
.10 3 

.087 
-090 
-094 

. c 79 
.081 
.084 

. C t 3  
.Ob4 
- 0 6 8  

. C50 
.051 
. 0 5 3  

. c 3 s  

.043 
. 0 4 2  

.075 
.025 . C27 

.010 

.o 11 

.011 

-. 009 
-.009 
- . c c 9  

- .020 -. 0 2 1  
- .022 

- -0 23  -. 029 
-.030 

-.037 -. c 3 7  
- .043 
-.044 -. c 4 5  
- .047 

- .051 
- . c 5 2  
-.055 

-.053 
- .054 
-.05r 

-. 056 
- . 0 5 7  
-.063 

-. 058 
-.063 
- -063  

-. 0 6 1  
- . o t 2  -. 066 

-. C63 
-.064 
-.Ob8 

- 0 5 3  
.052 
.049 

-053 
. 0 4 9  
-046  

.346 
- 0 4 5  
-342 

.040 
- 0 3 9  
-036  

- 0 2 9  
.O2R 
.026 

. 01 7 
- 0 1 7  
- 0 1 5  

.007 
.007 
- 0 0 5  

-. 0 0 8  
-.008 
-.009 

-.024 
-.024 
- .025 

-. 048 
-.048 -. 04R 

-.064 
-.a63 
- .063 

-.075 -. 074 
- . 0 7 3  

- .os1 
-.OB6 
-.OB4 

-.096 -. 096 
-.093 

-.137 -. 1 0 6  
- . lo3 

-.119 -. 108 
-.135 

-.113 -. 112 
-.139 

-.117 
-.116 
-.112 

-.120 
-.119 
-.115 

-.123 
-.122 
-.118 

64 

- .042 
-.042 
-.O4C 

-.039 -. 03 9 
-.038 

-.036 
-.035 
-.034 

-.031 
- .031 
-.030 

-.025 -. 0 2 4  
- .024 

-.320 
- .019 
-.019 

-.015 
- .015 
- .015 

-.010 
-.010 
-.010 

-. 004 
-.004 
-.004 

.005  

.005 

.004 

. 0 1 1  
.011 
.011  

.Olb 

.Ol6 
.015  

.022 

.021 
. 0 2 1  

.028 
.028 
. 0 2 1  

.034 
. 0 3 3  
. 033  

- 0 3 5  
. 0 3 5  
.034 

-038  
- 0 3 8  
.037 

-041 
- 0 4 1  
-040 

-043  
.043  
-042 

- 0 4 5  
.045 
-044 

65 

.004 

.004 
-004 

-004 
.004 
.004 

-004 
.004 
- 0 0 5  

.004 
, 0 0 5  
-005 

.005 
- 0 0 5  
.OD6 

-005 
.006  
.OOb 

- 0 0 6  
.006  
.007 

.OOb 

. 0 0 7  

.037 

.007 

.oo 1 

.OOH 

. oon 
.oo 8 
- 0 0 9  

.008 

.038 
. 0 0 9  

.008 

.008 
- 0 0 9  

.008 

.008 
. 0 0 9  

.008 

.038 

. 0 0 9  

. 0 3 7  

.007 
-009 

.007  
.007  
. 0 0 9  

.007 
- 0 0 7  
-009 

.OO6 
-00 7 
. 0 0 8  

.OO6 

.007 

.008 

.OD6 
-006 
.008 

Approximated 6 
2, + 63 + 64 + 6 

5) 

. I38 

- 1 1 7  
-118 
.121 

.112 
-113 
.115 

- 1 0 3  
-104 
.1C7 

.092 

.093 
-096  

- 0 7 2  
.073 
.075 

-053 
-054  
-056 

.037 
- 0 3 7  
.039 

.o 14 

.014 
.015 

-.011 
- .011 
- .O 10 

-.044 -. 044 
- A 4 3  

-.065 
- .Ot5 
- .064 

-. 079 
- .079 
-.079 

-. 094 
- .OS4 -. 994 
-. 1C5 - . lo4  
-.104 

- -  117 
-.117 -. 117 

-.120 
-.120 
-.119 

- .124 
-.12* 
- .123 

- .128 
-.128 
- -128  

-.131 
-.131 
- -131  

- .135 
-.135 
-.134 

-.136 
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TABLE I.- UPWASH INTERFERENCE FACTORS 6 IN RECTANGULAR TEST SECTIONS 
CALCULATED BY APPROXIMATION PROCEDURE WITH VARYING PERMEABILITY 

FACTORS FOR WINGSPAN-TEST-SECTION-WIDTH RATIO s/b OF 0.3 - Continued 

(d) Tunnel width-height ratio b/h of 1.50 

R/S 

CLOSED 

. l o o  

.125 

.167 

.222 

.333 

-450 

.5h 2 

.750 

1.000 

1.500 

2.  c o o  

2.500 

3.333 

4.444 

6.667 

7.500 

5.375 

12.500 

l t . 6 6 7  

25.000 

OPEN 

0.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0 .o 
.5 
1.0 

0 .o 
.5 

1 .o 

0 .o 
.5 

1 .o 

0 .o 
.5 

1 .o 

0.0 
. 5  

1 .o 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

c.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 
1.0 

c.0 
.5 
1.0 

0 .o 
.5 

1.0 

0 .o 
.5 

1.0 

0 .o 
.5 
1.0 

0.0 

62 

- 0 6 8  
.C69 
.072 

. C65 
-066  
-068 

. c 55 
-063 
-0.5 3 

.053 

.054 
.056 

-042  
. 043  . c 4 5  

. 0 3 3  
- 0 3 4  
-036  

-026 
-027  
.028 

-016 
.017 
. 0 1 8  

.007 
.007 
.GO8 

-.OOb 
-.CC6 
-.006 

-. 0 1 4  
-.014 -. 01 5 
-. 019 
-.017 -. 020 

-. 0 2 5  
-.025 
-.O26 

-. 029 
-.033 -. 031  

-.034 
--035 -. c37  

-.a35 
-.036 
-.038 

-.037 
-.039 
-.040 

-.039 
- . 3 4 3  
-.042 

-.040 
-.041 
- .044 
-.042 
-.043 
-.045 

63 

-077  
-074  
-065 

.073 
-070  
.Ob1 

.066 
-063  
.055 

.058 
-055 
.047 

.041 

.039 
-032 

-024 
.022 
.017 

.010 

. 3 3 8  
-003 

-.012 
-.013 
-.017 

- .037 -. 037 
-.039 

-.372 
-.071 
-.070 

-.095 
-.094 
-.0?1 

-.111 -. 109 
-.135 

-.128 
-.12b 
-.121 

-. 143 
-.140 
-.133 

-. 1 5 8  
-.155 
-.146 

-. 1 6 1  
-.158 
- .149 

-. 167 
- - I 6 3  -. 1 5 4  

-. 172 
-.159 -. 1 5 9  

-. 177 
-.173 -. 163 

-.le1 
-.177 -. 167 

64 

-.048 

-.047 

-.OC5 
-.045 
-.044 

-.041 
--041 
-.OCO 

-.037 
-.037 
-.036 

-. 03C 
-.029 -. 029  

-. 023 
-.023 
-.023 

- .01s 
-.019 
-.ole 

-.012 
-.012 
-.012 

-.005 
-.005 
-.005 

.004 
-004 
.004 

.011 

.011 

.011 

.015 

.Olf 
-015 

.020 
.020 
.020 

- 0 2 5  
-025  
-025 

- 0 2 9  
. 0 2 5  
-030  

.030 
-030  
- 0 3 1  

- 0 3 3  
-033  
-033  

- 0 3 5  
-035 
.035 

.036 
-036  
.037 

- 0 3 7  
-038 
- 0 3  8 

- . 0 4 e  

65 

-003 
-003 
.004 

-003  
.003 
-004 

.OD3 
-003 
.oo 4 

-003 
.003 
-004 

- 0 0 3  
.DO4 
.004 

- 0 0 3  
.004 
.004 

- 0 0 3  
-004 
.004 

.004 

.004 

.005 

.004 
-004 
-005 

.003 

.004 

.005 

-003  
-004 
.OO 5 

-003  
.003 
-005 

.OO 3 

.003 
-004 

-003 
-003 
.004 

.002 

.003 
-004 

.002 

.002 
-004 

.002 

.002 

.003 

.002 

.DO2 
-003 

.002 

.002 
-003 

.001 
.OD2 
-003 

Approximated 

f 2  + 63 + 64 + 6:  

.116 

. loo 
-098 
-094 

.095 

.094 
-089 

-087 
-086 
.082 

-077 
.075 
-072 

-057 
- 0 5 6  
-052 

-038 
-037 
-034 

.021 

.020 

.018 

-.004 
- -005 
-.OOh 

-. 032 
-.032 
- .032 

- -070 
-.069 
- -068 

- - 0 5 5  
-.093 - -090 

-.112 
-.110 - -106 

- -1 30 
-.129 
-.123 

-.144 -. 142 
-.136 

-.160 
-.158 
-.150 

-.164 -. 161  
-.153 

-.169 
-.1t6 
- . iw  

-.175 
-.172 
- -163 

-.180 
-.176 
-.167 

-.1e4 

-.171 

- .191 

- . l e i  

50 



RIP 

CLOSED 

. l o o  

.125  

- 1 6 7  

.222  

. 3 3 3  

.450 

.562 

.750 

1.000 

1.530 

2.000 

2.500 

3 . 3 3 3  

4.444 

6.667 

7.500 

9.375 

12 .500  

16.6b7 

25.000 

OPEN 

TABLE I.- UPWASH INTERFERENCE FACTORS 6 IN RECTANGULAR TEST SECTIONS 
CALCULATED BY APPROXlkUTION PROCEDURE WITH VARYING PEFWEABILJTY 

FACTORS FOR WING-SPAN-TEST-SECTION-WIDTH RATIO s/b O F  0.3 - Concluded 

(e) Tunnel width-height ratio b/h of 2.00 

Y/S 

0.0 

0.0 
- 5  

1.0 

a. a 
.5  

1.0 

0.0 
.5 

1.0 

0.0 
. 5  

1.0 

0 .O 
. 5  
1.0 

0 .O 
.5 

1 .o 

0 .o 
. 5  

1 .o 

0 .o 
.5 

1 .o 

0 .o 

1 .O 

0.0 

1 .O 

0.0 
.5 

1 .o 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1 .c 
0 .o 

. 5  
1 .o 

0 .o 
. 5  

1 .o 

0 .O 
. 5  

1 .o 

0.0 
.5 

1 .O 

0 .O 
. 5  

I. -0 

0 .o 
.5 

1 .O 

0.0 

.* 

.< 

62 

- 0 5 1  
- 0 5 2  
.05+ 

. c 4 9  
-043 
- 0 5 1  

.c44  
-045 . c 4 7  

-043 
.041 
-042  

-032 
-032 
. 0 3 4  

.025 
-025  
- 0 2 7  

.020 
.020  
.021  

.012 

.013 
-013 

.005 
. c c 5  
.OOb 

-.00’1 - .004  
-.DO5 

-.013 
-.01c 
-.011 

-. 01 + 
-.014 
- .Ql5  

-. 01 8 
- .019 
-.020 

-.022 
-.022 
-.024 

-.02b 
-.026 
- .028  

-.O2b -. 02 7 
-.029 

-.028 -. 028 
-.033 

-.021 -. C30 
-.a32 

-.030 -. 0 3 1  
-.033 

-.031 -. 032 - -0 3 4  

63 ~ _ _ _  

-098 
.091 
- 0 7 4  

.093 
-086 
.Ob3 

.084 
-078 . Ob2 

.073  
-067 
- 0 5 2  

. 0 5 1  

.346  
-033 

-030 
-326 
- 0 1 5  

.010 

.007 
- .DO2 

-.018 -. 02 0 
-.gab 

-.050 -. 051 
-.OS3 

-.075 -. 094 
-.092 

-.I25 -. 1 2 3  
-.116 

- - 1 4 6  
-.142 
- . I 3 3  

-.I50 
- . lb4  
-.152 

-. 1 8 7  
- . 1 R 1  -. L67 

-.2Ob 
-.2JO -. 182  

-.210 
-.204 -. 186 

-.218 
-.211 -. 192 

-.225 
-.218 
-.197 

-.230 
-.223 
- .202 

-.236 
-.228 
- -206  

~ 

64 

-.044 -. 044 
-.044 

-.042 -. 042 
-.04l 

-. 03 8 
-.038 
-.038 

-.034 
-.034 -. 034 
-. 0 2 7  
-.027 -. 027 

-.022 
-.022 
-.022 

-.017 
-.017 
-.017 

-.011 
-.011 
-.011 

-.005 -. 005 
-.005 

.004 

.004 

.004 

.009 
.009 
.or9 

.013 
-013 
.013 

.017 

.017  

.017 

.02 1 

.02 1 

.02 1 

- 0 2 4  
.024 
.025  

- 0 2 5  
-025  
- 0 2 6  

.026 
-027  
.028  

.02e 

.028 
.025  

.025  

.029 
-030 

-030 
-030 
- 0 3 2  

65 

.002 
.002  
-002  

.002 

.002 
.002 

.002 

.002  

.002 

.002 

.002 

.002  
.002 
.002 

.002  
.002 
.002 

- 0 0 2  
.OD2 
.002  

.002  

.002 
.002  

.002  

.OD2 
-002 

. 00 1 

.002 

.002  

.001  

.001 

.002  

.03 1 

.001 
.002 

.001  

.001 
.002 

.001 

. O O l  
.DO2 

. O O l  
.001 
-001 

.OOl 
.oo 1 
.001 

.001  

.oo 1 
. O O l  

.ooo 
-00 1 
.001 

.ooo 

.001 . 0 0 1  

.000 

.ooo 

.001 

, 0 0 2  

Approximated 6 
6, + 6 + 64 + 6 ;  
. 3  

.i25 

-106 
-1 01 
-086 

.101 
-096 
.082 

-080 
-015  
-063 

-057 
-053  
-042 

-034 
.031 
.022 

.014 
-012 
-005  

-. 015 
-.017 
-.022 

-. 0 4 8  
- -049 
-.050 

- -054 
-.093 
-.090 

-. 1 2 5  
-.122 
-.116 

- - 1 4 6  
-.142 
-.133 

-.1b9 
-.165 
-.153 

-.1e7 -. 1E2 
-.167 

-.207 - .201 
-.1e4 

-.211 
-.205 
-.187 

-.218 
-.212 
-.193 

-.226 
-.219 
-.199 

-.231 
-.224 
-.p03 

-.237 
-.229 
-.208 

- .248 

51 



TABLE n.- UPWASH INTERFERENCE FACTORS 6 IN RECTANGULAR TEST SECTIONS 
CALCULATED BY APPROXIMATION PROCEDURE WITH VARYING PERMEABILITY 

FACTORS FOR WING-SPAN-TEST-SECTION-WIDTH RATIO S/b OF 0.7 

(a) Tunnel width-height ratio b/h of 0.50 

Approximated t 
( 6 2 + 6 3 + 6  4 5  i 6  

CLOSED 

. l o o  

.125 

.167 

.222 

.333  

-450 

.56 2 

.750 

1.coo 

1.500 

2.000 

2.500 

3.333 

4.444 

t. 667 

7.500 

9.375 

12.590 

16.667 

C5.000 

OPEN 

0.0 

0 .o 
.5 

1 .o 

0.0 
.5 

1 .o 

0 .O 
.5 

1.0 

0 .o 
.5 

1.0 

0 .o 
.5 

1 .o 

0.0 
.5 

1 .O 

0.0 
.5 

1 .o 

0.0 
.s 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 - 
.5 

1 .c  

0.0 
.5 

1. c 

0 .o 
.5 

1.0 

0 .O 
. 5  
1.0 

0 .o 
.5 

I .o 

0 .o 
.5 

1 .o 

0 .o 
.5 

1.0 

J .O 
.5 
1.0 

0.0 
.5 

1 .o 

0.0 

62 

-223 
-246 
. 3 4 4  

.211 
- 2 3 4  
.330 

-194 
. 2 1 5  
-307 

.174 
. 1 s 4  
.279 

* 143 
.I57 
-233 

.111 

.125 

.I86 

.C87 

.099 

.155 

-055 
. c c 4  
.099 

. C24 

.028 

.043 

-. C19 
-.021 
-.029 

-. 045 
- . o c 1  -. 075 
-. Ct3 
- .072 -. 109 
-.C82 
-.094 -. 146 
-.C98 
-.113 -. 175 
- . 1 1 5  
- . L 3 2  -. 208 
- .119 
-.137 
-.215 

-.125 
-.144 
-.227 

-.I32 -. 152 
-.240 

-.137 -. 1 5 8  
-.249 

-.I42 
- . l e 4  
-.259 

63 - 
-026 
.026 
-024 

-025 
,024 
.022 

.0?3 

.022 

.or0 

.020 

.019 

.017 

.014 
-014 
.012 

.339 
. 0 0 8  
.007 

.334 
.003 
.002 

- 2 3 3 4  -. 004 
-.005 

-.012 
-.01-2 
- .013 

-.024 
-.024 
-.024 

-.032 
-.032 
- . 3 3 1  

-.037 
-.037 
-.036 

- .043 
-.043 
‘-.042 

-. 0 4 8  
-.047 -. 046 
-. 053 
-.052 
-.051 

-.054 
-.054 -. 052 
-.OS6 
-.a56 -. 053 
-.058 
-.057 
-.055 

-.Ob0 
-.OS9 
-.057 

-.Ob1 -. 060 
- .05R 

64 

-.012 
-.012 
-.011 

-.011 
-.010 
-.OlO 

- . o c e  

- . c c e  
-.008 

-.act 
-.006 
- . oo t  

-.004 
-.004 
-.003 

-.002 
-.002 
-.002 

- .oo 2 -. 002 
-.001 

-.001 
-.001 
- -00 1 

.goo . ooc 

.001 

.do4 
-004 
.004 

. D O 8  

. o c a  

.007 

.Oll 

. 0 1 1  

.010 

.015 
.015 
.013 

.020 
‘-019 
.017 

.024 

.023 

.oz1 

.025 
-024 
.022 

.o2e 
-027 
.024 

-030 
.029 
.025 

.031 

.031 
-027 

.033 

.032 

.02a 

65 

-. 003 
-.003 -. 002 
-. 002 
-.002 -. 002 
-.002 
-.032 -. 001 
-.OOl- 
-.031 -. 000 

. O O l  

.OOL 

.001 

.003 
-003 
.003 

.004 

.004 
-004 

-006 
.006 - 00 7 
- 0 0 8  
.008 
.009 

.011 

.012 

.012 

- 0 1 3  
-014 
.015 

-014 
- 0 1 5  
-016 

-015 
.016 
.017 

.016 

.017 
. O L E  

.017 
-017 
-019 

. 0 1 7  

.018 

.020 

-017 
.o le  
-020 

.017 

.01R 
.020 

.017 

. o l e  

.020 

.017 

.021 

.918 

.2a6 

.234 
-256 
.354 

.223 
- 2 4 5  
.340 

.207 
-228 
-318 

.1e7 

.206 
-2 90 

-151 
.168 
.240 

.119 

.133 

.154 

.093 
-104 
. 1 5 5  

.057 

.065 

. l o o  

.020 
- 0 2 4  
.042 

-.027 
-.029 
- -036 
- -056 
-.061 - .OB6 
-.075 
-.053 
-.119 

- .095 -. 106 
-.157 

-.110 
-.124 
-.1a6 

-.127 
-.144 
-.218 

-.131 
- . 1 4 9  
-.226 

-.137 
-.155 
-.237 

-. 143 
-.1t3 
-.249 

-. 1 4 8  
-.1t8 
-.259 

-.153 
-.174 -. 268 
-.157 

52 



TABLE lI.- UPWASH INTERFERENCE FACTORS 6 IN RECTANGULAR TEST SECTIONS 
CALCULATED BY APPROXIMATION PROCEDURE WITH VARYING PERMEABILITY 

FACTORS FOR WING-SPAN-TEST-SECTION-WIDTH RATIO s/b OF 0.7 - Continued 

(b) Tunnel width-height ratio b/h 01 0.75 

RIP 

CLOSED 

.130 

.125 

-167 

-222 

.333 

.450 

.56 2 

.750 

1.000 

1.f00 

2.000 

2 -500 

3.333 

4.444 

e. 667 

7.500 

5.375 

1 2 . 5 0 0  

lt.667 

79.00C 

OPEN 

Y/S 

0.0 

0.0 
.5 

1 .o 

0.0 
.5 

1 .o 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 
1.0 

0.0 
.5 

1.0 

0 .o 
.5 
1.0 

0 .O 
.5 
1.0 

0 .o 
.5 

1 .o 

0.0 
.5 

1 .o 

0.0 
.5 

1 .o 

0.0 
. 5  

1 .o 

0.0 
.5 

1 .o 

0. c 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
-5 
1.0 

0.0 
.5 

1. c 
c.0 
.5 

1.C 

0 .o 
.5 
1.0 

0 .o 
.5 
1.0 

0.0 

62 

- 1 4 8  - 164 
.233 

.141 
156 

-223 

.129 
* 1 4 4  
.204 

-116 
-129 
-186 

.093 
-104 
.153 

.C74 
- 0 8 3  . 124 
-058 
.Ob6 
. l o o  

.C?7 

.042 

.066 

.Olt 
. 0 1 8  
.030  

-.012 
-.C14 
-.C19 

-.033 -. c34 
-.OS1 

-.042 

-.073 

-.055 
-.I363 
-.097 

-. 065 
-.c75 
- . 1 1 7  

-. c77 
- . 1 3 3  

-.c79 
- . O Y 1  -. 143 
- . C 8 4  
-.096 -. 151 
-.ces 
-.lo1 
-.160 

-.C91 
-.lo5 
-.l66 

-.c95 
- . l o 9  
-.173 

- . c 4 n  

- .on8 

63 

.038 
-036 
.O 30 

.03b 
-034 
.02 8 

.332 
-030 
.025 

A 2 8  
.026 
.022 

.020 
-01s 
-014 

.012 

.013 

.007 

.004 

.033 . 000 
- .006 
-.037 -. 009 
-.018 
-.019 -. 020 
-.036 
-.036 
-.035 

-.047 
-.047 
- .045 
-.055 
-.054 
-.051 

-.Ob4 -. 062 
-.059 

-.071 -. 069 
- . 0 5 5  

- .078 
- .076 
-.371 

-. O M 0  
-.I378 
-.a72 

-.083 
-.080 
-.075 

-. 085 
-.')a3 -. 077 
-. 087 
-.085 -. 079 
-. 090 
-.387 
-.080 

64 

-.028 
-.027 
-.023 

-.O26 -. 02 5 
- . 0 2 1  

-.023 
-.022 
-.019 

-.019 

-.016 

-. 01 5 
-.014 
-.012 

-. 01 1 
-.011 
-.009 

-.009 
-.OO8 -. OC7 
-.OO6 
-.005 -. 004 
-.002 
-.002 -. 001 
-005 
.005 . OC4 
.011 
.010 
-005 

.015 

.015 

.013 

.021 

.02c 
.018  

.028 
-026 
.023 

.034 
-032 
.028 

.035 

.034 

.029 

.03 8 

.036 
-031 

.041 

.039 
-034 

-043 
.041 
.035 

.046 
-044 
-037 

- . o l e  

65 

-001 
.DO1 
. D O 1  

. O O l  

.001 

.002 

.002 

.002 

.002 

.002 
. 0 0 2  
-003 

003 
.004 
.004 

-004 
.005 
.006 

.005 

.006 

.007 

-00 7 
.007 
.009 

. 0 0 8  
.009 
.011 

.010 
.011 
-013 

-01 1 
-012 
.015 

. 0 1 2  

.013 

.Ol6 

.012 

.013 

.017 

.012 

.014 
- 0 1 8  

. 0 1 2  
-01 4 
-019 

.012 

.014 

.019 

.012 

.01* 
-019 

.011 

.014 

.O2O 

.011 

.013 

.ozo 

.011 
-013 
.020 

ipproximated 6 
i2 + 63 + 64 + 6 3  

.191 

.159 
-173 
-238 

. 152 
-166 
. 2 2 8  

-141 
- 1 5 4  - 213 
-127 
-139 
-194 

.102 

.112 
-160 

.078 
. f lea  
-128 

-059 
-067 
. loo 
-032 
-037 
-061 

-004 
-007 
-020 

--033 
-.034 
-.036 

-.056 - -058 -. 071 
-. 070 - -074 
-.095 

-.Oeb 
--092 -. l i l  
- -097 
-.104 
- . 1 4 1  

- -109 
- .118 
-.1t3 

-.112 -. 122 
-.168 

-.116 -. 126 
-.175 

-.121 
-.131 
- .184 

-a124 
-- 135 
-.190 

-.128 -. 139 
- . 1 ¶ b  

-. 128 

53 



TABLE II.- UPWASI INTERFERENCE FACTORS 6 IN RECTANGULAR TEST SECTIONS 
CALCULATED BY APPROXIMATION PROCEDURE WITH VARYING PERMEABILITY 

FACTORS FOR WING-SPAN-TEST-SECTION-WIDTH RATIO s /b  OF 0.7 - Continued 

(c) Tunnel width-height ratio b/h of 1.00 

Approximated 6 
f2 + 63 + 64 + 6' 

5, ~ 

CLOSED 

. l o o  

- 1 2 5  

-167  

.272 

.333  

.450 

-562  

.750 

1.000 

1.530 

2.000 

2.500 

3.313 

4.444 

t. 667 

7.5CO 

5.375 

12.500 

16.667 

25.000 

OPEN 

0.0 

0 .o 
.5  

1.0 

0 .o 
. 5  

1 .o 

0 .O 
.5 

1.c 

0.0 
.5 

1.0 

0 . C  
.5 

1.c 

0 .O 
. 5  

1.0 

0 .O 
. 5  

1 .o 

0 .o 
. 5  

1 .o 

0 .o 
. 5  

1.0 

0.0 
.5  

1 .o 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.c 

0.0 
.5 

1.0 

0 .o 
. 5  

I .o 

0 .n 
. 5  

1 .o 

0.0 
. 5  

1 .o 

0.0 
. 5  

1 .o 

0.0 

62 

.I11 
- 1 2 3  
-112  

-106 
. 117  
. l e 5  

-097 
. l o8  
. 153  

. c e 7  
-097 
.139  

.C70 

.079 . 115 

-055  
.062 
. c93  

-344 
.049 
.075 

-028  
.032 
. c 4 9  

.!I12 

.014 

.073 

-.009 -. c 1 0  
-.014 

-.023 
- .025 
-.033 

-. 03 1 
-.036 
-.055 

-. C 4 1  
-.047 
-.073 

-. c49  
- . 0 5 5  -. o 8 e  

-. 059 
-.065 -. 104 
- . c 5 9  
-.068 
-.1CP 

-.063 
-.07? 
- . 1 1 4  

-.066 -. C76 
-.123 

-.C68 
- . c 7 9  
-.125 

-.071 
- . ce2  
- . 1 3 3  

63 

-047  
-043 
-033 

-045  
.041 
-031 

-040 
-037 
-027  

.035 

.031 
.022 

.024 
.021 
.014 

. 0 1 4  

.011 
.005  

-004 
-332 -. 003' 

-.010 
-.011 -. 014 

-.025 
-.026 
-.027 

-.047 
-.047 
-.045 

-.062 -. Ob1 
-.356 

-.372 
-.070 
-.Ob4 

-.383 
-.050 
-.373 

-.092 
-.OB9 
-.090 

- . lo1 
-.OY7 -. OR7 

-. 103 
-.099 -. 088 

- . l o7  
- . I 3 3  -. 091  

-.111 
- . l o b  
-.OY4 

-.113 

-.09b 

-.116 
- . I l l  
-.098 

-. 1 on 

-. 0 3 s  
-.037 
-.03C 

- .03t  
-.034 
- .028 

- .033 
- .031 
-.026 

-.029 -. 027 
-.022 

-. 02 3 
- .021 
-.ole 
-. 01 e 
-.017 -. 014 

-. 0 1 4  
- .014 -. 01 1 

-. 005 
-.009 
-.007 

-.004 
-.003 
- . 0 0 3  

.005 
.005 
.004 

.012 

.011 

.010 

-017 
- 0 1 6  
.014 

-023  
.022  
.019 

.030 
. 025  
.025 

.036 

.035 

.030 

. 0 3 8  
-036  
- 0 3 2  

.04 1 

.039 
- 0 3 4  

.044 

.042 
-037 

.Or6 
.045 
- 0 3 9  

.048 
. 047  
.04 1 
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. 002  
- 0 0 3  
-004 

.003 
.003 
-004 

. 003  
- 0 0 3  
.005 

.003 
,004 
.005 

-004 
.004 
.006 

-005 
.005 
.007 

. 0 0 5  
+OOb 
-008 

. 0 0 6  
-007 
.010 

. 0 0 7  

.008 
.011 

. 0 0 B  

.009 

.013 

.008 
-010 
.015 

.008 

.010 
.015 

.008 

.010 
-016  

.008 

.010 
.O 17  

.OO 7 

.010 

.018 

.007 

.010 

. o l e  

.007 

.010 

.o le  

.007 
- 0 0 9  
.018 

. 006  

.009 

.018  

- 0 0 6  
.009 
.018 

.145 

-122 
.1?2 
.178 

-116 
- 1 2 6  
-171 

- 107 
.117 
-159 

.096 . 105 

.145 

.075 . O E 3  

.117 

.055 
-062 
-091 

.039 

.044 
-069 

-015 
.019 
-038 

-.010 
-.0c7 

.004 

-. 044 
- .043 
-.0b1 

- .Ob5 
-.065 
-.070 

- .078 
-.079 
-.0b9 

-.093 
-.095 
-.110 

-.103 
-.106 
-.125 

-.115 
- + 1 1 9  
-.143 

-.118 -. 122 
-.147 

-.122 
- . l i b  
-.153 

-. 126  
--130 
-.159 

-.129 
-.133 -. 104 

-. 132 
-.137 -. 169 

-.134 
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R/S 

CLOSED 

. l o o  

- 1 2 5  

- 1 6 7  

.222 

.333  

-450 

.562 

.750 

1 .ooo 

1.500 

2.000 

2.500 

3.333 

4.444 

e. t 6 7  

7.500 

5.375 

12. 500 

1 C. 6 6 7  

25.COO 

OPEN 

TABLE II.- UPWASH IN'TERFERENCE FACTORS b IN RECTANGULAR TEST SECTIONS 
CALCULATED BY APPROXIMATION PROCEDURE WITH VAHYING PERMEABILITY 

FACTORS FOR WING-SPAN-TEST-SECTION-WIDTH RATIO s/b O F  0.7 - Conlinued 

(d) Tunnel width-height r a t i o  b/h of 1.50 

Y/S 

0.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0 .o 
.5 

1.0 

0 -0 
.5 
1.0 

0 .o 
. 5  

1 .O 

0.0 
. 5  

1 .O 

0 -0 
. 5  

I .O 

0 .o 
. 5  

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5  
1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.c 
.5 

1.0 

0.0 
.5 

1.0 

0.0 
.5 

1. c 
0.0 

.5 
1.0 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 

62 
- 

. c74  
-082 
- 1 1 5  

.C70 

.078 

.110 

. C t 5  
-072 
. l o 2  

- 0 5 8  
-065  
- 0 9 3  

-047 - 052 
.c77  

-037  - 042 
- 0 6 2  

-029 
- 0 3 3  
- 0 5 0  

.019  

. c21  
- 0 3 3  

.008 
-009 
-015 

- s o 0 6  
-.De7 
-.010 

-. C15 
- s o 1 7  -. 0 2 5  

-. 021 
- s o 2 4  
- . O 3 b  

- - 0 2 7  
-e031 -. c 4 9  

-.033 
-a038 
-.C58 

- .c3e  
- -044 
-- 069 

- . c 4 0  
-.046 
-.c72 

-. 042 
-.049 
- s o 7 6  

-. c44 
- s o 5 1  
-.os0 -. C46 
-.053 
- . C E 3  

- .a47  
-.055 -. 0 8 6  

63 

- 0 6 0  
.052 
.031 

- 0 5 6  
.048 
.O28 

- 0 5 1  
.343 
- 0 2 4  

- 0 4 3  
.O36 
- 0 1 9  

-028  
-023  
.008 

.014 

.009 
- .002 

.001 
-.003 
-.012 

- .ole  
-.020 
-.025 

-.333 -. 040 
-.040 

-.373 
-.Ob7 
- .Ob1 

-.089 
-.OB5 
-.074 

- . lo3 
-.097 
-.083 

-.117 
-.111 
-.093 

-. 129 
-.121 
- . loo 

-. I42  
- . I32  -. 108 

-. 1 4 4  
-.135 
-.110 

-.149 
-.139 
-.113 

-. 1 5 4  -. 1 4 3  
-.116 

-.157 -. 146 
-.L18 

-. 1 6 1  
-.150 
-.120 

- 

64 

-.047 
- .045 
-.036 

-. 045 
- . 3 4 2  
-.034 

-.041 
-.039 
-.031 

-.036 
-.034 -. 0 2  a 

-. 029 
-.028 
- .023 

- .023 
-.022 
- . o l e  
-.015 
-.ole 
-.015 

- .012 
-.012 
- . O l C  

-.005 -. 005 
-.004 

.005 

.005 

.004 

.012 
. 0 1 1  
.010 

.016 

. o l e  
.015 

.022 
- 0 2 2  
.020 

- 0 2 8  
.028  
. 0 2 6  

- 0 3 2  
.033 
.031 

- 0 3 4  
- 0 3 4  
- 0 3 3  

. 0 36 
- 0 3 7  
-035  

.038 
- 0 4 0  
-038  

.040 
-04 1 
.040 

- 0 4 2  
. 0 4 3  
.042 

.002 
003 

- 0 0 6  

.002 
s o 0 3  
- 0 0 6  

a003 
-003 
- 0 0 7  

- 0 0 3  
-004 
-007  

- 0 0 3  
-004 
-008 

- 0 0 3  
-004 
.008 

- 0 0 3  
-004 
a 0 0 9  

- 0 0 3  
-005  
.010 

.004 
- 0 0 5  
.011 

004 
005 

.012 

- 0 0 3  . 005 
-013 

- 0 0 3  
-005 
- 0 1 3  

- 0 0 3  
- 0 0 5  
- 0 1 3  

-003  
- 0 0 5  
-014 

.002 
-005 
-014 

.002 
- 0 0 5  
-014 

.002 

.004 

.014 

.002 

.004 
,014 

,002 
a004 
- 0 1 4  

.DO1 

.004 
a013 

Approximated  6 

pz + 63 + 64 + 6 5) 

.i06 

.0b9 
- 0 9 2  
.116 

-085 

-110 
. o m  

-077 
.0n0 
.102 

-067 
-070  
-090 

.049 
- 0 5 1  
-070 

- 0 3 0  
.033 
.050 

- 0 1 5  
.017 
.032 

-.009 
-.006 
.008 

- .0?3 
-.030 
- .019 

- .068 
-.064 
- .055 

-.089 
-.0b5 - .071 
-.104 
-.099 
-.052 

-.120 
-.115 
-.108 

-.132 -. 126 
-.119 

-.145 
-.1?9 
-.1?2 

-.148 -. 142 
-.135 

-.153 -. 146 
-.140 

-.157 
-.150 
- . 1 4 4  

-.161 -. 154 
-.148 

-.165 -. 1 5 7  
-.151 

-. 169 
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TABLE II.- UPWASH JNTERFERENCE FACTORS 6 IN RECTANGULAR TEST SECTIONS 

Approximated 6 

(b2 + 63 + 64 + 6 5) 

CALCULATED BY APPROXIMATION PROCEDURE WITH VARYING PEFUvIEABIWTY 
FACTORS FOR WING-SPAN-TEST-SECTION-WIDTH RATIO s h  OF 0.7 - Concluded 

CLOSED 

. loo 

- 1 2 5  

.167 

.222 

.333 

.450 

.562 

- 7 5 0  

1.000 

1.500 

2.000 

2.500 

'1.333 

4.444 

6.667 

7.530 

9.375 

.2.500 

.6.667 

! 5 * 0 0 C  

OPEN 

0.0 

0.0 
. 5  

1 .O 

0.0 
.5 

1.0 

0.0 
- 5  

1.0 

0.0 
.5 

1.0 

0.0 
.5 
1.0 

0.0 
.5 
1.0 

0 .o 
.5 
1.0 

0.0 
.5 
1.0 

0 .o 
.5 
1.0 

0.0 
.5 
1.0 

0 .o 
.5 

1 .o 

0 .O 
.5 

1 .o 

0.0 
.5 

1 .o 

0.0 
.5 

1 .o 

0 .o 
. 5  

1.0 

0.0 
.5 

1 .o 

0.0 
.5 

1.0 

0.0 

1 .o 

0.0 
.5 

1.0 

0.0 
.5 

1.0 

0.0 

... 

(e) Tunnel width-height ratio b/h of 2.00 
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.OS6 

.oc1 
-086  

- 0 5 3  
.OS8 
.OB2 

.049 

.054 
- 0 7 7  

- 0 4 3  
.048 . C 7 0  

- 0 3 5  
.039 
.057 

.C28 
- 0 3 1  
.047 

.022 
- 0 2 5  
.037 

- 0 1 4  
.Ol6 
.e25 

- 0 0 6  
- 0 0 7  
.011 

-.005 -. 0 0 5  
-.007 

-.011 
-- 0 1 3  
-.019 

-.016 -. 01 8 
-.027 

-.021 -. C24 
-.036 

-.025 
-.C28 
- - 0 4 4  

-.029 -. 033 
-.052 

-.033 -. c 3 4  
-.054 

-.031 
-.C36 
-.057 

-.033 
-.C38 
-.060 

-.034 
- .c39 -. 062 

-.035 
-.041 
-.065 

63 

.065 
.054 
.025 

.061 
.051 
.023 

.354 

.044 
.018 

.045 
.036 
.012 

.027 
.a23 . 001 

.010 

.005 -. 010 
-. 0 0 6  
-.039 -. 0 2 0  

-. 0 2 9  
-.030 -. 0 3 4  

-.054 
-.353 
- .050 

-.090 
- ,085  
- .072 

- . I 1 3  
- . lo5 
- .08b 

-.128 
-.119 
- .095 

-.146 
-.134 
- . l o 5  

-.159 
- .146 
- .113 

-.174 
-.159 
- .121 

-.177 
-.162 
-.123 

- .182 
-.167 
- . I26  

- .197 -. 171 
-.129 

-.191 -. 1 7 5  
-.131 

-.195 -. 178 
-.133 

64 

-.045 -. 0 4 4  
-.03E 

-.043 -. 042 
- .036 

-.039 
-.038 
-.033 

-. 0 3  5 
- s o 3 5  
-.030 

-. 02 5 
-.028 -. 0 2 4  

-- 0 2 3  
-.022 -. 0 2 0  

- . 018  
-.018 
-.010 

- .012 
-.012 -. 01 1 

-. OC5 
-.005 -. 0 0 5  

.004 
- 0 0 4  
- 0 0 4  

.01c 
-010 
.010 

.014 
- 0 1 5  
- 0 1 5  

.01s 

.020 
.a20  

- 0 2 3  
.024 
- 0 2 5  

- 0 2 7  
- 0 2 9  
-03 1 

- 0 2 8  
-030 
.032 

- 0 3 0  
- 0 3 2  
- 0 3 5  

-031 
-034 
- 0 3 7  

- 0 3 3  
- 0 3 5  
- 0 3 9  

- 0 3 4  
.037 
- 0 4 1  

65 

.001 

.002 
- 0 0 6  

.001 

.002 
- 0 0 7  

.001 
.002 
- 0 0 7  

.001 
- 0 0 3  
- 0 0 7  

.002 
- 0 0 3  
- 0 0 7  

.002 
- 0 0 3  
.008 

.002 
.003  
.008 

. 0 0 2  

.003 
-008 

.002  . 00 3 

.009 

.001 

.003 

.010 

.001 
-003 . 010 
.001 
- 0 0 3  
.OlO 

.001 

.002 

.010 

.001 

.002 

.010 

.001 

.002 
-010 

.001 

.002 

.010 

.001 

.002 

.010 

-001 
-002 
.010 

.ooo 
.002 
- 0 0 9  

.000 
.001 
- 0 0 9  

.094 

.077 

.074 
.080 

.072 

.070 
- 0 7 6  

.065 
-062  
-069  

-055  
.052 
.059 

.o 35 

.034 

.042 

-016  
.016 
.025 

-.ooo . OCO 
.o 10 

-.025 
- .023 
- .o 12 

-.051 
- .048 
-.035 

-. 0 8 9  
- .083 
- .066 

-. 112 
-.105 
-.0b5 

-.129 
-.119 
-.058 -. 146 
- . 1 3 6  
-.111 

-. 160 
- .148 
-.122 

-. 175 
-.1t1 
-.132 

-. 178 
-.164 -. 1'15 

-. 183 
-.169 
- .138 

-. l e 8  
-.174 -. 142 

- .193 
-.177 - .145 

- .1¶7 
-.181 
-.148 

-. 204 
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Figure 1.- Schematic diagram showing relationships between various parameters i n  a rectangular perforated wind tunnel. 



Figure 2.- Calculated total upwash interference factor 6 as a function of R/p at the center of a small-span (s/b = 0.3) wing 
mounted i n  the center of a rectangular perforated wind tunnel. 



Figure 3.- Calculated total upwash interference factor 6 a s  a function of R/P at the center of a large-span (s/b = 0.7) wing 
mounted i n  the  center of a rectangular perforated wind tunnel. 
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Figure 4.- Variation of total upwash interference factor along the span of a small-span (s/b = 0.3) and a large-span (s/b = 0.7) wing 
mounted in the center of a rectangular perforated wind tunne l  for various tunne l  width-height ratios b/h and various permeability 
factors R/P. 
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Figure 4.- Concluded. 
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Figure 5.- Calculated total upwash interference factor as a function of tunnel  width-height ratio b/h at the center of 
a small span (s/b = 0.3) and a large-span (s/b = 0.7) wing mounted i n  the center of a rectangular perforated wind 
tunnel  for three values of R/B. 
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